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Phosphoinositidase C Activation Assay I 

Cell Labeling, Stimulation, and Recovery of Cellular 
pH]Phosphoinositides and PHjPhosphoinositols 

Ian M. Bird 

1. Introduction 
1.1. Background 

The minor mosttol-contammg membrane phosphohpids, the phospho- 
mositides, play a central role m cell signal transduction. Activatron of a 
hormone-sensitive phosphohpase C (phosphoinositidase C) at the plasma mem- 
brane results in the rapid catabolism of the polyphosphoinosrtides to form the 
two second messengers inositol 1,4,5-trtsphosphate (Ins( 1,4,5)P,), a water 
soluble phosphomositol that promotes the release of Ca2+ from intracellular 
stores, and diacylglycerol (DG), which remains in the plasma membrane and 
activates protein kinase C (1-3). The metabolic pathways involved m the syn- 
thesis of phosphattdylinositol 4&bisphosphate, and the metabolic fate of the 
DG and Ins( 1,4,5)Ps formed on activation of phosphoinositidase C, are sum- 
marized m Fig 1. 

7.2. Experimental Sfrafegy 

Hormone stimulation of phosphoinositidase C causes a rapid (within sec- 
onds) loss of PIP2 and PIP, but slower loss of PI, together with a correspond- 
ingly rapid (within seconds) formation of IP, and IP2 (and possibly IPJ, but 
delayed rise in IP,. A complication in monitoring changes in the phospho- 
inositides alone is the ability of cells to resynthesize PI rapidly, and therefore 
PIP and PIP2 (see Fig. 1). However, inositol monophosphate phosphatases are 
inhibited by Li+; thus if cells are premcubated in medium containing 10 rnM 
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Fig. 1. Metabolic pathways activated as a consequence of phosphomosztidase C 
action (A) Major metabolic pathways activated by phosphomositidase C action on 
PtdIns(4,5)P, are shown with solid arrows Some of the additional pathways that may 
be activated are shown by broken arrows. Abbreviations: PtdIns, phosphatidylinosztol; 
PtdIns4P, phosphatidylinositol 4-phosphate; PtdIns(4,5)P,, phosphatidylinosztol 
4,5-bzsphosphate; DG, diacylglycerol, PtdOH, phosphatidic acid; CDP-DG, CDP- 
diacylglycerol; Ins, Inositol. For phosphoinositols, abbreviations are in the form 
Ins(x,y,z)P,, where x, y, and z refer to the positions of the phosphate groups on the 
myo-mositol ring and n refers to the total number of phosphates (B) A simplified 
outline of the metabolic pathways in (A) also showing alternative abbreviations. PI, 
phosphatidylinositol; PIP, phosphatidylinositol phosphate; PIP,, phosphatidylinositol 
bu-phosphate; DG, PtdOH, CDP-DG and Ins as above. Phosphoinositols are referred 
to as IP,, where n refers to the number of phosphates on the mositol rmg. In both 
panels, sites of Li+ mhibztton are also shown. 

LiCl, the water-soluble phosphoinositol products can accumulate over a longer 
stlmulatlon time (minutes), predominantly in the form of IP, and IP2. Such 
accumulation is a highly sensitive indicator of phosphomositldase C activation. 
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1.2.1. Cell Prelabeling 
Phosphoinositides (with the exception of PI) and phosphomositols in the 

small numbers of cells usually available are barely detectable by conventional 
means. Therefore most studies use radiolabels for “quantification.” Radio- 
labeled glycerol or fatty acids label all phospholipids, including phospho- 
mositides, but not phosphoinositols; 32P, on the other hand, labels not only all 
phospholipids and phosphoinositols, but also nucleotide and sugar phosphates. 
An alternative and widely used approach is to prelabel cells with myo- 
[3H]inositol. Both phosphoinositides and phosphoinositols become labeled so 
all metabolites can be monitored and, since myo-mositol is not rapidly 
metabolized through other pathways, a labeled product indicates an inositol- 
based structure. The only disadvantage is that it takes several days to label 
phosphomositides to isotopic equilibrmm, or at least a steady state; only under 
these conditions can changes m radioactivity be interpreted as changes in mass. 
Nevertheless, detection of phosphoinositidase C activation by increased for- 
mation of phosphoinositols can be successful with prelabelmg for several 
hours. However, the attendant problems of increased phosphomositide label- 
ing due to increased specific activity during stimulation and the nonlinear 
increase in labeling of phosphoinositols that results means that long-term 
labeling is the method of choice. 

1.2.2, Cell Stimulation Conditions 
The Li+ block technique requires preincubation of cells in a physiological 

medium containing Li+ for at least 15 min prior to stimulation, and Li+ should 
remain present for the stimulation period. It is also preferable to use medium 
free of any pH indicators, since phenol red binds to anion exchange resins. The 
volume of mcubatlon medium should be small (4 mL if possible), as salts 
present m the medium are recovered m the final extracts and may interfere 
with the subsequent chromatographic analysis (see Chapters 24). 

7.2.3. Extraction of Labeled Products from Cells 
Three extraction procedures are commonly used for maximum recovery of 

highly charged radiolabeled products, namely the Bligh and Dyer acidified 
solvent extraction procedure (451, and the perchloric acid (PCA) and trichlo- 
roacetic acid (TCA) procedures. An advantage of the Bhgh and Dyer proce- 
dure (4,5) is that it allows simultaneous and efficient recovery of both 
phosphoinositols and phosphoinositides. However, if the extraction is to be 
carried out on plastic culture dishes, or if samples are required for high-perfor- 
mance liquid chromatography (HPLC) analysis, the PCA or TCA extraction 
methods should be used. In these cases, the phosphoinositides can be recov- 
ered from the protein/membrane pellets of PCA (or TCA) lysates by the acidi- 
fied Bligh and Dyer method (see Subheadings 2.3. and 3.3.). 
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1.2.4. Stability and Storage of Recovered Samples 

Products are reasonably resistant to acid degradation, but only when kept at 
0-4”C, so all samples should be processed immediately and kept on ice during 
the extraction procedures. Phosphoinositides in membrane pellets from PCA 
or TCA precipttation are only stable for several hours at -2O”C, because of the 
presence of residual acid, Provided the aqueous extracts are neutrahzed, how- 
ever, they can be stored frozen at -2OOC for several weeks. Phosphoinositides 
extracted using the acidified Bligh and Dyer method can be stored for several 
hours (overnight) at -2O”C, provided they have been dried down (so removing 
acid) and redissolved in chloroform. To minimize oxtdatton of the unsaturated 
fatty acids, samples should be stored in stoppered tubes with a mmimum an 
space above flushed with nitrogen gas. If the phosphoinosmdes are deacylated 
(see Chapter 2) the neutral glycerophosphoinositol products can be stored fro- 
zen at -2O’C for several months. 

2. Materials 
General note: Purchase all solvents to analytical grade. Wear eye protection 

and use a fume hood when performing extraction procedures. Use standard 
radioactivity containment and disposal procedures. 

2.1. Prelabeling of Cells in Culture 

1. myo-[3H]Inositol: Aqueous solution (-20 Wmmol, 1 mCi/mL, Amersham, Ar- 
lington Heights, IL) with anion exchange bead (to adsorb radiolytic degradation 
products) (see Note 1). Store and use under sterile conditions. 

2. Cells: Prepare usmg appropriate conditions for cells, and preferably plate m 12- 
or 24-well plates at near confluence m growth medium (see Note 2). 

3. Cell labeling medium: Cell “growth” medium supplemented with 10 pC!i/mL 
myo-[3H]mositol (see Notes 1 and 2). 

4. Sterile tissue culture supplies including pipet tips and 12- or 24-well culture 
plates. 

2.2. Preparation of Labeled Cells for Stimulation 

1. Ml99 (basic physiologic medium or equivalent; see Note 3), 0.2% bovine serum 
albumin (BSA). 

2. Ml 99 or equivalent, 0.2% BSA, 10 mM Ins, 10 mM LiCl (see Note 8). 
3. Agonist stocks prepared to at least 100X cont., and diluted to 10X cont. m Ml99 

or equivalent, 0 2% BSA, 10 mMIns, 10 mMLiC1 (see Notes 4 and 8). 

2.3. Acidified Nigh and Dyer Extraction 
1. Chloroformmethanobconcentrated HCl (CHC13:MeOH:HCl), (100.200: 1 [v/v/v]). 
2. Chloroform. 
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3. 0.1 M Hydrochloric acid. 
4. 1 M Sodmm hydroxide. 
5 Solvent resistant tubes (5 and 10 m.L). 
6. Oxygen-free nitrogen gas. 
7. Bench centrifuge. 
8 Positive displacement or an displacement pipets (see Note 5) 

2.4. PCA Extraction 

1, 10 or 15% (w/v) Perchloric acid, as appropriate (see Subheading 3.4.). 
2. DistIlled water 
3. 1,1,2-Trichlorotrifluoroethane (freon):tri-n-octylamine (1: 1 [v/v]) (see Note 6). 
4. MicrocentrifUge tubes (1 S mL). 
5. Glass tubes (13 x 100 mm). 
6. l-mL Syringe. 
7. Microcentrifuge 
8 Vortex mixer 

2.5. TCA Extraction 

1. 10 or 15% (w/v) Trlchloroacetlc acid, as appropriate (see Subheading 3.5.) 
2. Distilled water 
3. Water saturated diethyl ether. 
4. Sodium hydrogen carbonate (100 mM). 
5. Microcentrifuge tubes. 
6. Glass tubes (13 x 100 mm). 
7. 1 -mL Syringe. 

2.6. Recovery of Phosphoinositides from Acid-Insoluble Pellet 

1. Chloroform:methanol:concentrated HCl (CHC&:MeOH:HCl), (100*200: 1 [v/v/v]). 
2. Chloroform. 
3. 0.1 M Hydrochloric acid. 
4. Distilled water. 
5. Solvent resistant tubes. 
6. Oxygen-free nitrogen gas 
7. Vortex mixer. 
8. Bench centrifuge. 

3. Methods 

Procedures are described for the extraction of 0.5 mL of a cell suspension or 
for extraction of a cell monolayer. These can be scaled up or down as appropri- 
ate. Alternative procedures scaled for extraction of whole tissue are also 
described in detail in Chapters 4 and 6 (see also Note 5). 
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3.1. Labeling of Cells in Culture 

1 Cells prepared and plated in 12- or 24-well plates are incubated for 24 h to allow 
attachment. 

2. Growth medium is removed and replaced with 0.5 mL of the same medium with 
added myo-[3H]inositol (10 pCi/mL). Cells are preferably left to incorporate label 
for 48 h before use (see Notes 1 and 2). 

3.2. Preparation of Labeled Cells for Stimulation 

3.2.1. Cells in Culture 

1. Remove the labeled medium from each well (to a container in which it can be 
stored safely for disposal) and wash once and replace with 0.5 mL of M199/BSA. 
Incubate the cells for 15 min This washes away extracellular inositol. 

2. Remove the medium from each well and replace it with 0 45 mL of M199/BSA 
with added inositol (unlabeled, 10 mM) and LiCl(l0 mM). (Overfill the 1-mL tip 
and dispense to resistance point only to eliminate large au bubbles m wells.) 
Incubate the cells for a further 15 mm (to allow the cold inosltol to enter the cells 
and start to chase out the labeled mositol, and to allow the LP to inhibit the 
inosltol phosphate phosphatases). 

3. At the end of the 15-mm incubation period, make additions as required in a vol- 
ume of 50 pL and incubate as required. 

4. Terminate stimulation as described in Subheadings 3.3.-3.6.) 

3.2.2. Cells In Suspension 

1. Label en mass as for plated cells (1.e , 10 pCl/mL medium). 
2. Spin cells at 400g for 5 mm and resuspend in M199lBSA. Incubate for 15 min. 
3. Spin as in step 2 and resuspend m Ml 99/BSA/LiCl/Ins 
4 Spin as in step 2 and resuspend in M199/BSA/LiCl/Ins at a density of 200,00& 

250,000 cells per 0.45 mL. Dispense to microfuge tubes or glass tubes (0.45 mL/ 
tube) as appropriate to extraction procedure (see Subheadings 3.3~3.6.) 

5. Incubate for 10 mm before adding agonists (50 pL) 
6 Incubate as required and extract as described (see Subheadings 3.3.-3.6.). 

3.3. Acidified Bligh and Dyer Extraction 
1 Add 1.88 mL of CHC13:MeOH:HCl to 0.5 mL of cell suspension; mix and allow 

to stand for 5-10 mm The sample should form a single clear phase (see Note 7). 
2 Add a further 0.625 niL CHC13 followed by 0.625 mL 0.1 MHCl, and mix gen- 

tly. Two phases will form and any protein will precipitate. 
3. Centrifuge the samples for 10 min in a bench centrifuge (16Og) to complete phase 

separation. Both upper and lower phases should be clear, with protein at the interface. 
4. Remove 1.8 mL (of approx 2.25 mL total) of the upper aqueous phase (contam- 

ing inositol and phosphoinosltols) and neutralize to pH 7.0 using 1 A4 NaOH 
(approx 70 pL). Store frozen at -20°C. 
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5. Transfer 1 mL (of approx 1.3 mL total) of the lower organic phase (contammg 
phosphoinosrtides) to a solvent-resistant tube (5-mL tube if deacylatton is to be 
carried out; see Chapter 2) and dry under a stream of nitrogen gas (warming the 
tube to 3540°C tf necessary). Redissolve the dried matenal m chloroform as 
reqmred 

3.4. PCA Extraction 
1. To cells (0.5 mL) incubated in solvent resistant (microcentrrfuge) tubes, add 

0.5 mL of 10% PCA (Ice cold). 
2 Alternatively, if cells are adherent to culture dishes/multiwell plates during stimu- 

lation, add 0.25 mL of 15% PCA, and scrape the substratum with a syringe 
plunger. Transfer all material to a solvent-resistant (preferably microcentrifuge) 
tube; rinse each well with a further 0.5 mL H,O and transfer these washings to 
the same (microcentrifuge) tube. 

3. Pellet the precipitate by centrifugation (3 min at 3300g) and transfer all the 
supernatant to a separate tube for neutralization. Complete transfer can be carried 
out by decanting, provided the pellet is firm (see Notes 8 and 9). 

4 Add 1 5 mL of freshly prepared freon:octylamine mixture (see Note 6) to the 
aqueous extracts and mix thoroughly by vortexmg for 10 s, until the mixture takes 
on a milky appearance Centrifuge samples for 2-3 min at 1300g. Three phases 
should form. water (top), octylamine perchlorate (middle), and freon:octylamine 
(bottom) 

5. Remove 0.7 mL of the top phase, or 0.9 mL for samples from multrwell plates. 
Check the sample pH; it should be neutral. Store samples frozen at -2O’C 

3.5. TCA Extraction 
1 Carry out steps l-3 of Subheading 3.4., substrtuting TCA for PCA. 
2. Mix the aqueous extracts with 2 mL water-saturated diethyl ether (see Note 10). 

After phase separation (using brief centrifugation if necessary to obtain a clean 
interface), discard the bulk of the ether and repeat the extraction four trmes. 

3. Evaporate the remaining ether by standing samples in a stream of an m a fume 
cupboard. Neutralize each sample to pH 6.0-7.0 by addition of 100 rnUNaHC0, 
(approx 50 )&/sample) Store samples frozen at -20°C. 

3.6. Recovery of Phosphoinositides from Acid-insoluble Pellet 
(see Notes 9 and 11) 

1. Add 200 pL Hz0 to each pellet from 0.5 mL of cell suspension prepared as in 
Subheadings 3.2. or 3.3. and freeze at -2O’C (this softens the pellet), Thaw 
samples to room temperature. 

2. Break up the pellet by vortexmg. 
3. Add 750 & of CHCls:MeOH:HCl to each tube. Allow samples to stand for 5-10 

min. A single clear phase should form. 
4. Add 250 & CHCls, and 250 pL 0.1 M HCl to each tube. Centrifuge samples at 

75g for 5 mm to separate the phases completely. 
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5. Carefully remove and discard 600 pL of the upper aqueous phase 
6. Carefully transfer 400 I.~L (83%) of the lower organic phase to a solvent-resistant 

tube (5-mL tube if deacylatton is to be carried out, see Chapter 2). Remove sol- 
vent and residual acid under a stream of nitrogen and redissolve in chloroform as 
required. 

4. Notes 
1. As a general rule, for any phosphoinositidase C assay based on myo-[3H]mositol 

labeling to be sensitive, cell labeling of the phosphoinositides after 48 h should 
achieve -100,000 dpmwell in a 12-well dish (200,00&250,000 cells) This is 
because, at basal level, the phosphoinositols are usually labeled to -0.1-l% of 
the total phosphomosmde (lipid) labeling, and sttmulation may only hberate a 
small percentage of lrptd label m a weakly respondmg tissue. Thus, if poor label- 
mg is achieved, more radioactive tracer can be added to the labeling medium and/ 
or the 20-Wmmol preparation can be replaced wtth a higher spectfic activity 
form (45-80 C&nmol, NEN DuPont) with labeling at 100 uCt/mL in growth 
medium 

2. Other factors that influence labeling efficiency are the “cold” inositol concentra- 
tion of the basic medium, as well as the percent serum present, since serum also 
contains inositol. Generally 10% serum m a balanced salt-nutrient medium with 
-10 @4 or less mositol will give good results (see also Note 1). 

3 Indicator-free medium should be used as a rule, since phenol red binds to amon- 
exchange resins. 

4. Many agomsts/pharmacological agents are poorly soluble m water and so must 
be made up in solvents such as ethanol or DMSO. However these agents can also 
have effects, at least in part, through changes in membrane fluidity. As a general 
rule, such vehicle effects are mimmtzed or absent by making agents up to at least 
100 times the final desired concentration in vehicle, and then diluting to 10 ttmes 
in M199, 0.2% BSA, 10 mM inositol, 10 mM LiCI. The diluted agent is then 
added as a 50 I.~L volume in a final total of 500 pL to give 1X concentration. 

5. If an-displacement ptpets are being used to dispense volatile solvents or recover 
the lower organic phase, then they should first be well-primed with the organic 
solvent so the air inside the pipet becomes saturated with the vapor; otherwise the 
first few samples will be short-measured. 

6. Freonloctylamine should be prepared immediately before use This mixture will 
react slowly on standing for more than 30 min. 

7. If cells are attached to culture plates, the CHCl+MeOH:HCl can be added directly 
and then rapidly transferred to a solvent-resistant tube for subsequent phase sepa- 
ration. This procedure, however, is not recommended smce it may dissolve some 
of the plastic (6,7). 

8. A firmer membrane pellet is obtamed on centrifugatton of the acid lysate if the 
cell incubation medium contams protein. If the incubation medium lacks protein, 
it may be added (50 pL of 2% [w/v] BSA) after the acid. 
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9. 

10 

II. 

When PCA or TCA lysates are pelleted and the acid supernatant decanted from 
the membrane-protem pellet, tt is most important to remove as much of the 
supernatant as possible Otherwise, too much water will remain to allow a single 
phase to form on subsequent phosphoinositide extractton (see Subheading 3.6., 
step 3; see also Note 8). 
An alternative to using diethyl ether to extract TCA is to carry out the freon/ 
octylamme procedure described for PCA extraction. Samples should be made 
2 rr& wrth respect to ethylene diamme tetra-acetic acid (EDTA) before neutral- 
ization is carried out. 
If large numbers of samples are extracted by the PCA (or TCA) method, there 
can be a considerable delay between decanting the supematant from the acid 
lysate and extractmg the phosphomosrtides from the pellet. Under such circum- 
stances, 200 pL H,O should be added to each pellet (Subheading 3.6, step 1) 
after the supernatant is removed and the pellets frozen immediately. The 
phosphoinositides are stable under these conditions for several hours only, 
allowing time to complete neutrahzation of the aqueous extracts; but they should 
be processed as soon as possible 
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Phosphoinositidase C Activation Assay II 

Simple Analysis of Recovered Cellular Phosphoinositides 
and Phosphoinositols 

Ian M. Bird 

1. Introduction 
In Chapter 1, procedures for cell labelmg with [3H]inosrtol, stimulatton 

with agonists, and extraction of the phosphoinositols and phosphomositides 
are described. In this chapter, simple low-resolution chromatography tech- 
niques capable of separating phosphoinositols and phosphoinositides into their 
general classes using inexpensive apparatus are described in detail. For higher 
resolutron chromatographic techniques capable of separatmg isomeric forms, 
see Chapters 3 and 4. 

7.1. Separation of Phosphoinositols 
by Anion Exchange Chromatography 

Traditionally, separation of phosphoinositols has been carried out by 
descending-paper chromatography or high-voltage iontophoresis (see Note 1). 
However, paper chromatography methods can be very slow (taking up to 10 d), 
and neither procedure readily allows detection of the trace quantities of mate- 
rial or radioactive material at the levels usually recovered from cells. Never- 
theless, they can separate different isomeric forms of phosphoinosrtols and 
provide a cheap and simple means of establishing the identity of phospho- 
inositols. Currently, the simplest and most widely used method to analyze 
phosphomositols is anion-exchange column chromatography. The individual 
classes of phosphoinositols (IPi-IP&, but not their isomeric forms, can be 
separated and quantified as described by Ellis et al. (I), and subsequently modi- 
fied as by Bet-ridge et al. (2) and Batty et al. (3) (see Fig. 1). Although separa- 
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Ftg 1 Separation of phosphoinositols by anion-exchange chromatography The 
separation of [3H]phosphomositols standards (top) and [3H]phosphomosttols from tts- 
sue extracts (bottom) with lOO-200-mesh AGlX8 resin are shown. Arrows indicate 
the buffers used for each fraction. Standards (prepared as m Chapter 5): (open tnangle 
down) GroPIns (see also Subheading 3.2.2.); (closed triangle down) InslP; (open 
diamond) Ins(1,4)Pz (thts IS contaminated with some InslP); (closed square) 
Ins( 1,4,5)P3, and (open triangle up) Ins( 1,3,4,5)P+ All standards were run m parallel 
on separate columns. Tissue extracts were prepared from cultured bovine adrenocortt- 
cal (zfr) cells prelabeled for 42 h with [3H]mositol and incubated m Li+-containing 
buffer with (closed circles) or without (open circles) angiotensin II (for further details, 
see ref. 23). Phosphomosttols were recovered by PCA precipitation (see Chapter 1). 

tion of standards is generally good, that of IP, and IP, may not be complete 
using this method if conditions are not optimized. To measure total phospholi- 
pase C activation alone, it is not always necessary to separate the phospho- 



Phospholnositides C Activation Assay II 13 

inosltols mto individual classes, and a simplified procedure can be used (see 
Subheading 3.1.1.). 

1.2. Deacylation of Phospholipids and Separation of Products 
by Anion-Exchange Chromatography 

A widely used method to separate phosphoinositides is to deacylate the 
water-insoluble PI, PIP, and PIP, to water-soluble glycerophosphoinosltols 
(GroPIns, GroPInsP, and GroPInsP,, respectively), which are then separated 
by a variation of the anion-exchange chromatography procedure (see Fig. 2) 
described in Subheading 3.1. (4). The deacylation procedure should give good 
recoveries, should not produce free mositol, should be reproducible, and most 
important of all, should yield a glycerophosphoinositol product with the same 
isomeric structure as m the parent lipid. A mild and highly specific alkaline 
hydrolysis procedure, capable of quantitatively deacylating trace amounts of 
phosphoinosltides without isomerization, has been developed by Clarke and 
Dawson (5). It involves transacylatlon of the fatty acids from the phospholiplds 
to monomethylamme The reagent is volatile and so can be removed easily by 
evaporation. The organic products of this reaction are subsequently separated 
from the aqueous products by solvent extraction (for full details, see ref. 5). A 
modification of their procedure is described below. Although deacylation/anion 
exchange chromatography is the most widely used approach, only separation 
of intact lipids (by thin-layer chromatography [TLC]) allows separation and 
quantification of LysoPI from PI. This may be important m some experimental 
systems where activation of phosphoinosltidase A2 may occur. 

1.3. Separation of Phosphoinositides by TLC 

If 32Pi-prelabeled cells are used, it 1s necessary to identify the phospho- 
mositides owing to the presence of other labeled phospholipids. Several meth- 
ods have been described using thin-layer chromatography. The methods 
described below give clear separation of PIP and PIP2 in one dimension (see 
Fig. 3). (For more information on phosphoinositide separations, see refs. 6 and 
7 and Note 12.) 

2. Materials 
2.7. Separation of Phosphoinositols by Anion Exchange 
Chromatography 

1. AGlX8 anion-exchange resm (formate form, 2OMOO mesh) (see Note 2) 
2. 10 mMNa2EDTA, pH 7.0. 
3 Polypropylene columns (containmg 70-m frits) 
4. Scmtlllatlon vials (7-mL) and fluid with high salt/aqueous capacity (e.g., Instagel 

XF-Packard, Downers Grove, IL). 
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Ftg. 2. Separation of phosphomositlde deacylatlon products (glycerophospho- 
inositols) by anion-exchange chromatography on 100 to 200-mesh AG 1X8 resin 
Arrows indicate the buffers used for each fraction. The [3H]glycerophosphomositols 
were prepared from bovine adrenocortlcal cells labeled for 42 h with [3H]inosrtol (23). 
Labeled products were recovered from cells using the PCA method and phospho- 
mosltides recovered by the acidified Bhgh and Dyer extraction procedure (see Chap- 
ter 1). [3H]Phosphomosltldes were deacylated in the presence of unlabeled lipid carrier 
using methylamme deacylatlon 

5. Racks for columns and vials (see Note 3). 
6. Buffer A: 60 mM ammonium formate and 5 rnM dlsodium tetraborate. 
7. Buffer B: 200 mM ammomum formate and 100 m/14 formic acid. 
8. Buffer C 400 m&I ammonium formate and 100 mM formic acid. 
9. Buffer D: 800 mM ammonium formate and 100 mA4 formic acid. 

10. Buffer E: 1.2 M arnmomum formate and 100 m&I formic acid. 
11. Buffer F* 2.0 M ammonium formate and 100 mA4 formic acid (see Note 4). 
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Jo/las et a/ (1981) 

------------- 

PIPJPS 

Ongm 

Mtchell et a/ (19861 

__--__---__-- 

PIPJPS 

Fig. 3. Separation of the phosphomosmdes by thin-layer chromatography. The sepa- 
ration of PI, PIP, and PIP, (mixed phosphomosittdes preparation, also contams 
phosphattdylserine [PSI) by the methods of Jolles et al. (6) (left) and Mitchell et al. (7) 
(rrght) are shown dtagrammattcally. For locatton of Lyso PI, see Note 16 

2.2. Deacyiation of Phospholipids and Separation of Products 
by Anion-Exchange Chromatography 

General note: All solvents to at least analytical grade. 

2.2.1. Deacylation of Phosphoinositides 
1. Monomethylamine:water:butanol(50: 15:5 [v/v/v]) (see Note 6). 
2. n-Butanollight petroleum ether (BP 40-60”C):ethyl formate, 20:4: 1 (v/v/v). 
3. Mixed phosphoinositides (Sigma, St. Louis, MO) as carriers dissolved m chloro- 

form (1 mg/mL). 
4. Water bath at 53’C. 
5. 5-mL Tubes and glass marbles. 
6. Oxygen-free nitrogen gas. 

2.2.2. Separation of Glycerophosphoinositol Products 
1. AG 1 X8 anion exchange resin (formate form, 2OwOO mesh). 
2. Polypropylene columns (70-pm frits). 
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3. Scmtillation vials (7-mL) and fluid with high salt/aqueous capacity (e.g., Instagel 
XF-Packard). 

4. Racks for columns and vials. 
5 Buffer 1: 180 n-& ammonmm formate, 5 mM disodium tetraborate. 
6. Buffer 2. 300 mM ammonmm formate, 100 mA4 formic acid. 
7 Buffer 3: 750 mM ammonium formate, 100 mM formic acid. 

2.3. Separation of Phosphoinositicfes by TLC 
General note: All solvents should be to chromatography grade if possible, 

or otherwise analytical grade. 
1 Silica gel 60 TLC plates. glass backed, with concentration zone, without fluores- 

cent indicator, 20 x 20 cm, 0.25-mm thickness (Merck, through EM Science, 
Gibbstown, NJ) 

2 Unlabeled lipid carrier Use phosphomositides mix (Sigma) 
3. Chloroform 
4. Filter-paper-lined chromatography tank, with air-tight lid. 
5. Second tank containing resubhmed iodine (for staining phosphohpids). 
6. Glass capillary tubes or Hamilton syringe for application of samples. 
7. Hair drier 
8. Single-edged razor blades 
9. Water (in an aerosol dispenser). 

10. 1% Potassium oxalate, 1 mM EDTA dissolved in methanol:H20 (2:3 [v/v]) m an 
aerosol dispenser (for solvent system 1). 

11. Solvent system 1: chloroform:acetone:metbanol:glacial acetic acid:H,O (40: 15: 13: 12.8 
[v/v/v/v/v]) 

12. Solvent system 2: chloroform:methano1:H20:concentrated ammonia (48:40:7.5 
[v/v/v/v]). 

3. Methods 
3.1. Separation by Anion-Exchange Chromatography 

1, Prepare a slurry of AGlX8 anion-exchange resin in an equal volume of water 
(see Note 2) 

2 With the slurry constantly mixing (usmg a magnetic stiffer), dispense 1 2 mL of 
slurry (i.e., 0.6 mL of resin) mto each column Add 2 mL of water to each column 
and allow to dram. Check each column for possible air locks at this stage. 

3. Thaw samples (if frozen) and add l/10 vol of EDTA (to a final concentration of 
1mM). 

If collection of [3H]inositol is required: 

4. Place a scintillation vial under each column. Load each sample onto a separate 
column, then rinse the sample tube with water (1 mL) and transfer this to the 
same column. Allow all columns to dram. 
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5 Remove vials to storage racks and place a fresh vial under each column Add 
2 mL H,O to each column and allow to dram. Repeat this step three more times. 

If collectron of [3H]inosrtol is not required: Place the columns over a tray for 
steps 4 and 5 and discard the eluate and washings as radioactive waste. 

6. Place a fresh vial under each column and elute each column with 2 mL buffer A 
Remove vials to storage racks. Repeat this process four more times (see Note 4). 

7 Repeat the procedure m step 6 but elute sequentially with 5 x 2 mL of buffers B, 
C, D, E, and F To each 2-mL fraction, add scintillation fluid and count m a 
hqurd-scintillation counter (see Note 4). 

3.1.1. Modified Procedure for Assessing 
Total Phospholipase C Activation 

1 Load samples as above onto 0.25mL columns of resin (1 e., dispensing 0.5 mL 
slurry), and elute unbound mositol with 2 x 4 mL HZ0 (without collecting 
[3H]mositol to vials) 

2. Elute columns with 2 x 2 mL buffer E, collecting both 2-mL fractions. Add scm- 
tillation fluid and count m a liquid scmtillation counter The total radioactivity 
eluted in these fractions reflects total (>98%) breakdown of labeled phospho- 
mositide (but see Note 5). 

3.2. Deacylation of Phospholipids and Separation of Products 
by Anion-Exchange Chromatography 

3.2.1. Deacylation of Phosphoinositides 

Carry out work in a fume cupboard. 

1. If assessment of radioactivrty, but not mass, of mdividual lipids is required, add 
25 pg (25 pL) mixed phosphomositides to each sample tube (see Note 7). 

2. Dry all samples under a stream of tutrogen gas. 
3. Add 0.5 mL of methylamine,water:butanol reagent (freshly prepared---see Note 6) 

to each tube and place m the water bath (53’C). To minimize evaporation of 
reagent, place a glass marble on each tube. 

4. After 30 min, transfer the tubes to ice. Remove the marbles, and munedrately dry 
down each sample under a stream of nitrogen gas (see Note 8). 

5. Add 1 mL HZ0 to each tube, followed by 1.2 mL of the butanol/petroleum ether/ 
ethyl formate reagent (freshly prepared), and mix thoroughly. 

6. Separate the aqueous and organic phases by centrifuging tubes m a bench centri- 
fuge for 1-2 mm at 1300g. Remove and discard 0.75 mL of the upper (organic) 
phase and add a further 0.75 mL butanol/light petroleum/ethyl formate reagent to 
each tube. 

7. Mix the two phases thoroughly and centrifuge the tubes as in step 6. Remove and 
discard 0 75 mL of the upper organic phase. 
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8 To recover all the lower (aqueous) phase, transfer the bulk (0.75 mL) of the lower 
phase to a separate tube. Then, carefully add a further 0.75 mL of water to the 
remaining lower aqueous phase; remove immediately, and combine the recov- 
ered lower phases 

9 Check the pH of the recovered matenal and neutralize if necessary (see Note 9) 
Store samples at -20°C. 

3.2.2. Separation of Glycerophosphoinositol Products 

1. 

2. 

3 
4 

Prepare a slurry of AGlX8 anion-exchange resin in an equal volume of water 
(see Note 10). 
With the slurry constantly mlxmg (using a magnetic stirrer) dispense 1 2 mL of 
slurry (i e., 0 6 mL of resin) to each column Add 2 mL of water to each column 
and allow to drain (check each column for possible air locks at this stage) 
Thaw samples (if frozen). 
Place the columns over a large tray. Load each sample, m turn, onto a column 
Rinse the sample tube with water (1 mL) and transfer this to the column Allow 
all columns to dram. 
Elute the columns with 2 x 4 mL of H20, allowing the columns to dram each 
time. 
Place a vial under each column and elute each column with 2 mL buffer 1 (see 
Note 11) Remove vials to storage racks. Repeat this process four times. 
Repeat the procedure m step 6, elutmg sequentially with 5 x 2 mL of buffer 2 
followed by 5 x 2 mL of buffer 3. To determme radioactivlty m each sample, add 
scmtlllation fluid to each 2-mL fraction and count in a ltqmd-scmtlllatlon counter 
(see Note 12) 

3.3. Separation of Phosphoinositides by TLC 
1. Add the chosen solvent (system 1 or 2) to the chromatography tank lined with 

absorbent paper to give a depth of 0.5-1.0 cm. Place the lid on the tank and leave 
to equilibrate (see Note 13). 

2. For separation of phosphoinositldes by system 1 only, evenly spray a TLC plate 
with the potassium oxalate reagent until the gel is completely wet but without 
excess surface liquid (see Note 14). Blot each plate gel-side down on tissue or 
filter paper to remove excess surface liquid and then lay the plates flat (gel 
upward) in a stream of an (in a fume cupboard) to dry. Activate the dry plates by 
heatmg m an oven (115°C for 10 min). Allow the plates to cool 

3. For separation of trace amounts of radiolabeled lipid, add mixed phospho- 
mosltldes (50 pg per sample) as carrier to samples as required Dry down the 
phosphoinositide samples under a gentle stream of nitrogen gas and redissolve in 
20 & chloroform. 

4. Gently draw a pencil line across the plate 1.5 cm from the bottom edge of the 
concentration zone (2 5 cm deep). Be sure not to press through the sdica. Mark 
crosses on this lme at 2-cm mtervals 
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5. Apply the first sample to the plate (on a cross, using a fine glass capillary or using 
a Hamilton syringe). Allow the applted sample to dry. Rinse the tube wrth 20 & 
chloroform and apply to the same cross. 

6. Repeat step 5 for the other samples, using a fresh capillary or rinsing the Hamilton 
syringe between each sample. Load standards m the same way. Dry the plates 
using a hair drier (cool) 

7. Place the plate(s) m the solvent (gel sides facing each other if in pans). 
8. When the solvent has reached the top of each plate, remove, and allow to air-dry 

m a fume cupboard 
9. When the plates are free of all traces of solvent, expose to resublimed iodine until 

the phosphohpid spots and standards are visible. Mark the positions of these spots 
before they fade. 

10 To measure radioactivity or assay phosphate m each spot, lightly spray the area 
to be scraped with water. 

11 Lift away the gel around the spot first, then lift the gel containmg the spot from 
the glass plate and transfer to a tube for phosphorus assay (see Chapter 20 of this 
volume), or a scintillation vial as appropriate (see Note 15). 

4. Notes 
1 For more details on paper chromatographic separation of isomers of 1P1, up to 

IP,, see refs. 8-14. For more details on iontophoretic separation of phospho- 
mositols on paper, see refs. 1616 and for separation on cellulose-backed TLC 
plates, see ref. 17. 

2 Although this method is best performed using 200-400-mesh AGlX8 resin 
(Bio-Rad Laboratories, Richmond, VA), it is possible to use other mesh sizes 
(loo- to 200-mesh resin gives columns that flow faster but give less sharp separa- 
tions) or less-expensive Dowex anion exchange resin. However, Dowex resin 
requires washing in bulk before use (5 vol 1 MNaOH; water to neutrality; 2 vol 
1 A4 formic acid; water to neutrality) and results can be more variable. 

3. This procedure is simple to carry out in principle, but it can become difficult if 
large numbers of samples are processed simultaneously. It will be necessary to 
have storage racks for several hundred collected fractions (each column produces 
up to 35 fractions), and a racking system that allows the columns to stand directly 
over the vials. Suitable racks (and columns) can be obtamed from most supphers 
of anion-exchange resins. 

4. Buffer F elutes a combined IP,/IP6 fraction. It has not been possible to separate 
IP, and IP6 using this method. However, all the other phosphomositol classes can 
be separated completely if the system is first fully optimized; even with AGlXg 
resin there can be variations in the performance of each batch of resin, so it may 
be necessary to adjust the buffer strengths used. To do this, first prepare unla- 
beled cell extracts by the method of choice and then spike each blank sample 
with an appropriate radiolabeled standard (see Chapter 5). Load each “sample” 
onto a separate column and elute sequentially as described. If a buffer not only 
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5 

6 

7. 

8. 

9. 

10. 

11. 

brings off the desired standard but also the next standard, then reduce the buffer’s 
ammomum formate strength (try 50-d steps). Alternatively, if a buffer fails to 
elute a standard completely within 5 x 2-mL vol, increase the buffer strength 
accordingly. There are additional advantages to carrying out this optimization 
procedure, as it is possible to collect the 5 x 2-mL fractions from each buffer 
straight mto smgle (20-mL) vials, rather than as individual 2-mL fractions. Thus 
only seven vials (one for each buffer) are produced from each column, Instead of 
35, making countmg and data processmg easier. 
The accuracy with which such an assay procedure reflects the true dose- 
dependency of activation of phosphomosmdase C will depend on the linearrty of 
the measured response with respect to time. If the true response is linear (i.e., 
does not rapidly desensitize), nonlmearity of the measured response may still be 
observed if the cells are not prelabeled to a steady state. 
The original method (5) used methylamine gas to prepare the methylamme 
reagent The procedure is potentially hazardous and the reagent is noxious, vola- 
tile, and dangerous. An alternate means of preparing the reagent uses 33% 
methylamme in ethanol (BDH, Poole, UK), mixed 10:3 (v/v) with water. The 
procedure described here mcludes butanol to increase phosphohpid solubihty. 
The methylamine in ethanol reagent is stable for several months at room tem- 
perature, and workmg reagent can be prepared fresh as required. 
Carrying out this procedure on [3H]mositol-prelabeled phosphoinosittdes recov- 
ered from labeled cells results m transfer of >95% of radioactivity to the aqueous 
phase High-performance hquid chromatography (HPLC) analysis of the prod- 
ucts prepared without unlabeled lipid carrier added (Subheading 3.2.1., step 1) 
shows that the products include 1% InslP and 1.5% Ins as well as the expected 
glycerophosphomosttols. If unlabeled lipid carrier is added, however, these fig- 
ures change to 0.03% InslP and 1 5% Ins, respectively (see also Note 11). 
Rapid coolmg of samples on ice (in Subheading 3.2.1., step 4) after 30 min with 
methylamme (Subheading 3.2.1., step 3) is particularly important if there is to 
be a delay m drying down the samples (because of sample numbers). Also, when 
removing the methylamine reagent under nitrogen, the tubes should not be 
warmed to accelerate the process until at least the bulk of the reagent (and there- 
fore the methylamme) has evaporated. Even then, tubes should not be warmed to 
above 40°C. 
If the final aqueous products are not neutral, but alkahne (Subheading 3.2.1., 
step 9), this is either caused by mcomplete removal of the methylamme reagent 
(Subheading 3.2.1., step 4) or incompletely mixing of the aqueous/organic 
phases (Subheading 3.2.1, steps 5 and 7) during the extraction of organic products 
For comments on the relative merits of alternative choices of anion exchange 
resin see Note 2. 
In this procedure, the buffer used to elute the GroPIns fraction contains 180 mM 
ammomum formate, whereas m the method described for separation of the 
phosphoinositols, a buffer containing only 60 mM ammomum formate is used. 
The reason for the higher buffer strength in this apphcatton is to elute both 
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GroPIns and any additional Ins 1P (produced by overhydrolysis of PI---see Notes 
for deacylation procedure), but not GroPInsP or GroPInsP,. This precaution 1s 
necessary because although only 1% of PI may be overhydrolyzed to Ins 1 P, the 
relative proportions of the original phosphomosltldes are >95: 1.1 (PI PIP:PIP,). 
Therefore, the quantity of material produced by a 1% formation of InslP from PI 
may equal or exceed the quantity of GroPInsP formed from PIP 

12. The analytical procedures described here can be carried out quickly and repro- 
ducibly using relatively simple and inexpensive apparatus However, to separate 
and quantify trace amounts of individual isomeric forms of the phosphoinositides 
and phosphoinositols accurately, high-performance liquid chromatography 
(HPLC) 1s used (see Chapters 3 and 4). Several sensitive methods for quantifying 
unlabeled phosphoinositols have also been recently developed Of these meth- 
ods, the most reliable are the competitive-binding assays for Ins( 1,4,5)P, and 
Ins( 1,3,4,5)P,. These assays exploit the existence of naturally occurrmg mlcro- 
somal binding sites (prepared from bovine adrenal cortex or rat cerebellum) to 
give assays of both high sensitivity and selectivity (18-22). Such high selectivity 
also makes it possible to assay samples without chromatographic preseparation 
These assays are now available m kit form. Unfortunately, specific binding sites 
for other phosphomosltols are unknown at present An alternative approach to 
determine the mass of mdlvldual phosphoinosltols 1s to separate them using 
HPLC and then apply a sensitive, but isomer-nonspecific assay to the recovered 
fractions. Several such spectrophotometric/fluorometric assay procedures have 
been developed, which generally measure phosphorus or mositol content (22). 

13. As for any TLC method, poor results will be obtained if the tank is not properly 
pre-equilibrated with the solvent or the tank is not air tight. If necessary, seal the 
lid with a thm layer of slhcone grease and/or place a weight on the lid. 

14. Prespraying plates with potassium oxalate/EDTA removes any dlvalent cations 

15. 

16. 

fro& PIP and PIP* so their migration 1s not retarded. However, the quality of the 
results obtained by this method in particular may be reduced by overwetting or 
unevenly spraying the plate in Subheading 3.3., step 1. The gel coat should be 
made wet, but not to the point where it starts to detach from the plate. Blotting 
should also be camed out without delay. 
Whether the intention 1s to carry out phosphate assays (see Chapter 20) or scmtil- 
lation counting on the samples, it is advisable to Include among the assay samples 
some blanks consisting of gel with no visible phospholipld bands. Also, the area 
scraped for each band should be kept as uniform as practical. If scmtlllatlon count- 
ing is to be carried out, add 1 mL water to each vial and sufficient scintillant to 
form a stable gel phase Mix the sample into the gel thoroughly so it 1s suspended 
evenly during counting. 
Using solvent system 1 (6), LysoPI (a product of phosphoinositldase A2 activa- 
tion) migrates between PIP and PIP,. Using solvent system 2 (7), LysoPI migrates 
slightly below PIP, on silica gel 60 TLC plates. However, Mitchell et al. (7) used 
silica HL plates (Anartech, Newark, DE) and reported that LysoPI migrates above 
PIP. Mitchell et al have also described a further solvent system (chloroform: 
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methanolformic acid, 55:25 5 [v/v/v]) used in the second dimension. This cleanly 
separates LysoPI from PI, PIP, and PIP, (as well as other phosphohprds) and can 
be used to confirm more rigorously the identity of phosphohplds. 
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Phosphoinositidase C Activation Assay III 

HPLC Analysis of Cellular Phosphoinositides 
and Phosphoinositols 

Ian M. Bird 

1. Introduction 
In Chapters 1 and 2, the extraction procedures for recovery of the phospho- 

mosltols and phosphomosltldes from cells in suspension or culture are 
described, together with simple separation procedures to resolve them into their 
general classes (InsPi, IMP*, and so on, and PtdIns, PtdInsP, and PtdInsP,). 
However, m reality, the metabolism of the phosphomositols 1s complex (1) 
leading to the formation of several isomeric forms in each class. Furthermore, 
since the discovery of a phosphoinositide 3-kinase (m addition to the prevl- 
ously known 4-and 5-kmases) (2), It is clear that the phosphomositides also 
exist in different isomeric forms. 

The initial unambiguous identification of the structure of these compounds 
has required a combmatlon of both chemical and high-powered chromato- 
graphic techniques. However, in recent years, high-performance liquid chro- 
matography (HPLC) methods have been developed to resolve most of the 
known naturally occurring phosphoinositol isomers on anion-exchange col- 
umns (like all standard anion-exchange methods, the only limitation is that 
enantiomeric pairs of phosphoinositols [see Chapter 5; Note l] cannot be sepa- 
rated). Such methods are now routinely used for the identification of phospho- 
mositol products from previously uncharacterized tissues. 

The ability of HPLC techniques to separate a complex mixture of phospho- 
inositols into individual isomers now plays a central role in monitoring changes 
in the radiolabeling and/or mass of the different phosphoinositols on agonist 
stimulation. This chapter describes three simple chromatographic procedures 
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for the separation of the glycerophosphoinositols and phosphomosrtols. For 
more rigorous identification of unknown peaks, methods for preparation of 
further commercially unavailable standards, as well as converston of glycero- 
phosphoinositols to phosophoinositols, are descrtbed (see Chapter 5). Gutde- 
lines for optimization of an HPLC procedure are also described (see 
Subheadings 4.1A.5.). 

1.1. Sample Preparation 

For HPLCYfast-protein liquid chromatography (FPLC) analysts, tt IS impor- 
tant that the sample is neutral, has a low salt content, and is free of particulate 
matter. To prevent isomerlzation of the phosphomositols and phosphoinositides 
(see Chapter 5, Note 2), it IS most important to work on ice and neutralize 
samples as qutckly as practical. Samples should be prepared to a volume of 
approx. 1 mL, to be loaded, with additions, mto an injection loop of 2 mL (or 
for FPLC, 4 mL). 

1.1.1. Phosphoinositols 

Full details of methods for the extractron of the phosphomositols from cell 
preparations are described in Chapter 1, and from tissues m Chapters 4 and 6. 
The acidified Bligh and Dyer solvent extraction IS not the method of choice for 
two reasons. First, the aqueous phase containmg the phosphomositols also con- 
tains some water-insoluble material and organic solvents. Freeze-drying the 
samples (in the presence of 1 mg manmtol to act as a carrier) and reconstttution 
in water, followed by either centrifugation in a mrcrofuge (at 12,OOOg, for 5 
mm), or preferably filtration (OS-~ filters), can overcome the solvent and 
particulate contamination. A second and more serious problem, however, 1s 
that m extracting the phosphomosrtldes into acidrfied medium containing 
methanol, some aqueous methylphosphoinositol byproducts can be formed 
through acid hydrolysis of the corresponding phosphoinosrtide. Although 
formed in small amounts, It is still sufficient for these products to give rise to 
additional but arttfactual peaks, comphcatmg the mterpretatton of results (3). 

The TCA precipitation method (see Chapter 1) is widely used for preparation 
of HPLUFPLC samples and produces samples free of methylphosphomositol 
byproducts, Where diethyl ether extraction of the TCA is carried out, traces of 
diethyl ether can be removed by lyophtlization (in the presence of 1 mg manni- 
tol), and reconstttution m water. Samples prepared in this way should be free 
of partrculate matter but centrtfugation in a microfuge (at 12,OOOg for 5 mm) or 
filtration (0.5~pm filter) IS advisable. 

The PCA prectpitatlon method (see Chapter 1) IS the most appropriate 
method for preparation of samples for HPLUFPLC analysis. Samples prepared 
in this way contain little particulate matter (however, sample centrifugation [at 
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12,000g for 5 min] or filtration [0.5-urn filter] is still recommended as a pre- 
caution). Also, in carrying out the freon/octylamme neutralisation procedure, 
no addition of salt is necessary to achieve neutralisation, and the samples con- 
tain little or no organic solvent. Therefore, lyophilisation is not required. 

1.1.2. Phosphoinositides 

Phosphoinositides are best recovered from the acid insoluble pellet of the 
TCA or PCA extraction procedure as descibed in Subheadings 3.4,3.5. of 
Chapter 1. Whereas the phosphoinositides cannot be analyzed directly by the 
HPLC methods described below, because of insolubility m water, they can be 
analyzed by HPLC followmg deacylation to their glycerophosphoinositol 
counterparts (see Subheading 3.2., Chapter 2). However, obtaining standards 
for isomeric forms of the glycerophosphoinositols (e.g., the 3-phosphate and 
4-phosphtae isoforms) is difficult, so for rigorous identification of individual 
isomeric forms, the glycerophosphoinosrtols should be further deglycerated to 
the correspondmg phosphoinositols using limited periodate oxidation (see Sub- 
heading 3.3 ., Chapter 5). Once again, the final product ready for HPLC should 
be solvent free, have neutral pH, and be free of particulate matter. 

1.2. HPLC Analytical Methods 

The HPLC methods described below are intended as a starting point for 
separation and identification of unknown phosphoinositols The HPLC meth- 
ods quoted are general methods for separation of phosphoinositol isomers from 
InsP to InsP4. The separations of individual isomers in a phosphoinositol class 
(e.g., isomers of InsP3) are by no means fully optimized because such optimt- 
zation (choice of buffer strength/pH and of gradient shape) will depend on the 
needs of the user. The optimization of HPLC methods, however, is also dis- 
cussed (Subheadings 4.1A.5.). 

To date, most published HPLC methods have used traditional silica-based 
anion-exchange HPLC columns that must be pumped at high pressure. To 
obtain good resolution ofphosphoinositol isomers on such columns, it has been 
necessary to have phosphate present in the elution buffer. However this presents 
practical difficulties m that samples cannot be assayed for mass by phosphate 
content, so these HPLC methods cannot be readily applied to determination of 
phosphoinositol mass or to checking the purity of unlabeled compounds. Also, 
because phosphate is not volatile, it is necessary to desalt any HPLC-purified 
products/standards by further chromatographic means, so increasing losses. 

In recent years, an alternative form of HPLC has evolved from the develop- 
ment of columns based on organic resin beads. This has allowed the develop- 
ment of columns with comparable performance to silica-based columns, but 
that can run at higher flow rates and lower operating pressure. Because these 
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columns were orlgmally developed for separation of proteins, this system is 
referred to as fast-protein liquid chromatography (FPLC). As such columns do 
not require phosphate to obtain sharp peak profiles, elution buffers that are 
phosphate-free (and so allow mass determination through assay of phospho- 
rous) can be used. Furthermore, if the buffer is made up of volatile compo- 
nents, they can be completely removed by lyophlllzation. Such a method for 
separation of phosphoinosltols on an amon-exchange FPLC column is also 
described. 

Most applications of HPLC to date have been to separate radiolabeled 
phosphomositols. Unfortunately, phosphoinositols do not absorb at UV wave- 
lengths, and, whereas in-line scintillation counting is possible (see Chapter 4), 
it 1s relatively insensltlve and costly both in capital outlay and running costs, 
Therefore, most workers collect fractions throughout the run and carry out scin- 
tlllatlon counting afterwards. However, this means samples must be run blind, 
and, if column performance deteriorates, then samples could be wasted. There- 
fore, to give an instant record of column performance and a measure of the 
reproducibility of sample separation, most workers apply internal nucleotide 
standards to the samples before mjectlon, and then monitor the column outlet 
at 254 nm (or 280 nm if monitoring at 254 nm 1s not possible). The nucleotides 
AMP, ADP, and ATP migrate in the regions of inosltol mono-, bls-, and 
trisphosphates, respectively in most systems. It must be remembered, how- 
ever, that such nucleotide markers should not be added where mass determma- 
tions are to be carried out by assay of collected fractions for phosphorous, or 
where HPLC is being used to prepare purified phosphomositol standards/ 
substrates for experimental use. 

2. Materials 

2.7. Radioactive Standards 

Standards can be purchased or prepared as described m Chapter 5. In gen- 
eral, standards should be applied to the HPLC as approx 5000-10,000 dpm 
each to allow easy detection with short counting times. 

2.2, HPLC Columns and Equipment 

2.2.1. HPLC Methods 1 and 2: Separation on SAX10 Using O-l.7 
Ammonium Formate/Phosphoric Acid, pH 3.7, or Gl.4 Ammonium 
Phosphate/Phosphor/c Aad, pH 3.7 

1. Main column: Partisil or Partlsphere SAX10 (25 cm x 4-mm cartridge). 
2. Guard column: Partisll or Partisphere SAX10 (1 cm x 4-mm cartridge). 
3. HPLC equipment. binary-gradient HPLC equipment with UV monitor, chart 

recorder, and fraction collector. 
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2.2.2. HPLC Method 3: Separation on MonoQ Using O-1 .O 
Ammonium Formate/Formic Acid, pH 4.5 

1. Main column. MonoQ HR5/5 (5 cm x 5 mm) (Pharmacla, Uppsala, Sweden). 
2. Guard column: none. 
3. HPLC equipment. bmary-gradient FPLC equipment (or HPLC equipment capa- 

ble of operating with low back pressure of approx 300 psi) with in-line UV mom- 
tor, chart recorder, and fraction collector. 

2.3. Chemicals 
1. Delomzed double-dlstllled water (solvent A). 
2. Salt buffers (buffer B). 1.7 M ammomum formate adjusted to pH 3.7 with ortho- 

phosphoric acid (method I); 1 4 Mmonobaslc ammonium phosphate (see Note 1) 
adjusted to pH 3.7 with orthophosphoric acid (method 2); 1 0 M ammonium for- 
mate adjusted to pH 4 5 with formic acid (method 3). 

3 AMP, ADP, ATP (sodium salts; make up a mix of nucleotides at 0.1 mg/mL 
each, pH 7 0 in water). 

4 Methanol and ethanol 
5 Scmtillatlon fluid (see Note 3) 
6. 50% v/v Acetic acid 
7. 1 OMNaCl. 
8. 2.0 MNaOH. 

2.4. Ancillary Equipment 
1. Scintillation vials. 
2. Liquid scintillation counter. 
3. pH meter (calibrated) 

3. Methods 
Because there are many different types of HPLC pumps and pump control- 

lers, it is not possible to give step-by-step instructions for carrying out HPLC 
analysis of samples, However, there are several practical points that should be 
noted: 

3.1. Preparation of Solvents/Buffers 
To ensure maximum reproduclbillty of results between analytical runs: 

1 Always use double-distilled, deionized water and high-purity reagents to prepare 
elutlon solvents/buffers. 

2. Calibrate the pH meter, and adjust the pH of solvent B to within 0.05 pH units to 
ensure absolute reproducibility of results from a given column. 

3. Filter solvent A (water) and solvent B (buffer) through a 0.2~pm filter before use 
on the HPLC 

4. Degas solvents A and B before use, or displace gas by bubblmg oxygen-free 
nitrogen through the liquid for a few minutes. 
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3.2. HPLC Method 1 and 2: Separation on SAX10 

1 Filter and degas water and appropriate buffer solutions (1.7 A4 ammonium for- 
mate/orthophosphonc acid, pH 3.7 for method 1; or 1.4 Mammomum phosphate/ 
orthophosphoric acid pH 3.7 for method 2) as described in Subheading 3.1. 

2. Set up the appropriate gradient program, using a flow rate of 1.25 mL/mm (oper- 
ating pressure* 600 psi for new column) and a loop volume of 2.0 mL. Set the m 
lme UV monitor to 254 nm. 

Method 1: O-l .7 M ammonium formate/orthophosphonc acid, pH 3.7 

Time (mm) 0 10 20 55 70 75 75.5 85 
% Buffer 0 0 8 60 100 100 0 0 

Method 2: O-l .4 M ammomum phosphate/orthophosphorlc acid, pH 3.7 

Time (mm) 0 10 55 70 75 75 5 85 
% Buffer 0 0 35 100 100 0 0 

3 Set up the fraction collector program (for both method 1 and 2) as follows. 

Time Interval (mm) O-10 10-75 75-85 
Time/Fraction (min) 1 0 0.5 1.0 

3.3. HPLC Method 3: Separation on MonoQ 

1. Filter and degas water and solvent B (1 .O A4 ammonium formate/formic acid, 
pH 4.5). 

2 Set up the appropriate gradient program, using a flow rate of 2.0 mL/min (operat- 
ing pressure* 300 psi for new column) and a loop volume of 4.0 mL. Set the 
in-line UV monitor to 280 nm 

Method 3: O-l .O M ammonium formate/formx acid, pH 4.5 

Time (mm) 0 5 25 65 85 90 90 95 
% Buffer 0 0 4 50 100 100 0 0 

3. Set up the fraction collector program for method 3 as follows: 

Time Interval (min) O-10 lo-70 70-90 
Time/Fraction (mm) 1.0 0.5 1.0 

3.4. Start-Up 

HPLC and FPLC columns are stored long term in alcohol/water mixtures to 
prevent microbial action and, where relevant, to stablllze the silica base. On 
start-up prior to analysis: 

1. Prime both the HPLC pumps with solvent A (water, degassed!). 
2. Pump the column at half the flow rate used in the method of choice until normal 

operating pressure IS achieved. 
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3. Prepare and degas solvent B. With the column isolated, prime pump B with this 
buffer Bring the column back in line. 

4. For method 3 only, carry out the following column-precleaning procedure (Sub- 
heading 4., Note 4): 
a. Reverse the column, and elute with water at 1 mL/min. 
b. At 5-min intervals, consecutively apply 4-mL injections of 50% acetic acid, 

methanol, 1 MNaCl, and 2 MNaOH. 
c. Return column to its normal flow direction 

5 For all methods, run the analytical gradient (without injection of a sample) to 
prerun the column. The column is now ready for sample analysis. 

3.5. Sample Application 

1. Make up a mixture of AMP, ADP, and ATP (sodium salt preparations to 0.1 mg/mL 
each, pH 7.0). 

2. Load the sample collector with empty vials. 
3 Either spin the sample at 12,000g for 5 min in a microfuge, or pass through a 

filter (0.5~pm) to remove particulate matter. 
4 Mix the sample with 0.25 mL of nucleotide mix as internal markers. Make up 

sample plus nucleotide mix to 2.0 mL (methods 1 and 2) or 4.0 mL (method 3) 
with water. 

5. Load the sample into the injection loop. 
6. Turn the Injection valve to bring the sample loop in line with the column, and 

start the fraction collector and chart recorder as necessary. At the end of a run, 
remove vials from fraction collector and add scintilation flmd (see Subheading 
4., Note 3). Repeat from step 2 for further samples. 

3.6. Shut-Down 

At the end of a day of analysts: 

1. If necessary, perform any column-cleaning procedure (see Subheading 3.8.). 
2. Isolate the column and reprime pump B with water 
3. Place the column back in line and pump for 10-15 min with water at the same 

flow rate used m the analytical gradient. 
4. Isolate the column once more, and reprime both pumps with alcohol/water stor- 

age mix (70% methanol for silica columns, 24% ethanol for MonoQ, filtered and 
degassed!). 

5. Switch the column back in line and pump for 20 mm at half the flow rate used m 
the analytical gradient. 

6. Remove the column and seal the column ends before storage 

3.7. Overnight Shut-Down 

For an overnight shut-down, it is still advisable to flush the column and 
pumps wrth water but not necessary to transfer the column to alcohol/water 
mix. Therefore, carry out the procedure m Subheading 3.4., steps l-3. 
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3.8. Column Cleaning 

Column cleaning becomes necessary either when the column becomes 
blocked through particulate matter, or when a loss of performance occurs 
through functional groups being occupied by molecules not removed by the 
elution buffer. This can be caused by tight binding of higher classes of 
phosphomositols (such as InsPS and InsP,) not eluted by moderately weak buff- 
ers. If the standard elution procedure removes classes up to InsP,, then clean 
the column with high-salt buffers at the end of each day. If weaker elution 
buffers are used such that InsP3 or InsP, also remam, then clean the column 
between samples using a higher salt strength buffer than solvent B, or 
prefractionate samples into mdividual phosphoinositol classes (see Chapter 2) 
and desalt by extensive lyophilization before injection. 

3.8.1. For Silica Based HPLC Columns 

1. Protection from blockage by particulate matter is through sample and solvent 
filtration. If pressure is elevated to more than twice that of a new column, change 
the disposable guard cartridge. 

2. For removal of higher phosphoinositols, inject 2.0 mL of 10 mA4 acetic acid or a 
salt buffer with a higher salt content than solvent B, buffered to pH 3.5. 

3.8.2. For the MonoQ FPLC Column 

1. If pressure is elevated to twice normal, reverse the column and thoroughly clean 
using the protocol described m HPLC Method 3 (Subheading 3.4.) to remove 
particulate matter. 

2 If blockage is not overcome, then the filter should be replaced. 
3. If blockage is still not overcome, some packmg material (1-2 mm) should be 

removed from the top of the column 
4. For removal of higher phosphoinositols between sample inJections, qect 1 M 

salt buffered to low pH (for further details, see the mstructions supplied with the 
column) 

3.9. Representative Separations of PhosphoinositoW 
Glycerophosphoinositols Using Methods 7,2, and 3 

Standards used m the figures shown were purchased (Ins( 1,4)P,, Ins( 1 ,4,5)P3, 
and Ins( l,3,4,5)P4) or prepared by the methods described as follows: a mixture 
of InslP and Ins4P by alkaline hydrolysis of Ins( 1,4)P,; Ins( 1 ,3)P2 and 
Ins(3,4)P2 by incubation of Ins( 1 ,3,4)P3 or Ins( 1,3,4,5)P, with rat brain homo- 
genate in the presence or absence of EDTA, respectively; Ins( 1,3,4)P, pre- 
pared by incubation of Ins( 1 ,3,4,5)P4 with erythrocyte ghosts (4,5). In addition 
to these standards, aqueous-tissue extracts containing a mixture of phospho- 
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mosltols were prepared from cultured bovine adrenocortical (zfr) cells that had 
first been prelabeled for 42 h with [3H]mosltol and incubated m Ll’ containing 
buffer with or without anglotensin II ( 10m7 M, 15 min) before extraction with 
perchloric acid and neutrahzatlon with freonloctylamine (6). The [3H]phospho- 
mositides from the membranes of prelabeled zfr cells were also recovered by 
acidified Bligh and Dyer extraction of the PCA pellets, and immediately con- 
verted to a glycerophosphoinosltol mixture by methylamme deacylatlon (see 
Chapter 2 for further details). 

3.9.1. Method 1 

The separation of phosphomosltol standards and tissue extracts by method 1 
are shown m Fig. 1. Retention times for adenine nucleotides on this system are 
24.0 min (AMP), 36.4 min (ADP), and 55.0 min (ATP). The method resolves 
Ins( 1 ,4,5)P3 and Ins( 1 ,3,4)P3, but separation of the monophosphate isomers 
Ins IP and Ins4P is poor and, whereas the bisphosphate isomers Ins( 1,4)P, and 
Ins(3,4)Pz resolve, the bisphosphate isomer Ins( 1 ,3)P2 comlgrates with 
Ins( 1 ,4)P2 (see Subheading 4., Note 2). 

3.9.2. Method 2 

This type of separation procedure is widely used because of its ability to 
achieve separation of the inosltol blsphosphate isomers Ins( 1 ,3)P2, Ins( 1 ,4)PZ, 
and Ins(3,4)P,, as well as the inositol trlsphosphate isomers Ins(1,4,5)P, and 
Ins( 1,3,4)P, (Fig. 2A), and the glycerophosphomosltols (Fig. ZB). In the 
method described here, resolution of the monophosphates InslP and Ins4P is 
not to baseline (Fig. 2A). However, this can be achieved, and separation of the 
other peaks l?.uther improved with this buffer system by modifying the gradi- 
ent shape further (e.g., see refs. 7 and 8) (see Table 1). Retention times for 
adenine nucleotides on this system are 22.5 mm (AMP), 37.6 mm (ADP), and 
62.0 mm (ATP). 

3.9.3. Method 3 

This method successfully resolves both the Ins(1,4,5)P3 and Ins(1,3,4)P3 
forms of mositol trisphosphate and gives good separation of InslP and Ins4P 
(Fig. 3A). This procedure also resolves the glycerophosphoinosltols from the 
phosphomositols (Fig. 3B). A limitation of this method is its inability to resolve 
Ins(3,4)P2 and Ins( 1 ,4)PZ, although separation of Ins( 1 ,3)P2 and Ins( 1 ,4)P2 is 
good (Fig. 4). Retention times for ademne nucleotldes on this system are 
17.2 min (AMP), 36.7 min (ADP), and 52.5 min (ATP). 
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Fig. 1 HPLC method 1. separation of standards and tissue extracts The separation 
of [3H]mositol-labeled standards and tissue extracts by HPLC method 1 are shown. 
The tsomenc identity of each standard is given by numbers m brackets where the 
numbers refer to the location of the phosphate groups on the mositol ring. Hence (1,4,5) 
refers to Ins( 1,4,5)P3. Standards were applied in two separate runs [run 1, solid lme; 
(1),(4),(1,3),(1,4),(1,3,4),(1,3,4,5): ~n2,do~edlw (1),(4),(1,3),(3,4)(1,3,4),(1,4,5), 
(1,3,4,5)] and the results are shown superimposed (top profiles) The lower profiles 
show the results for [3H]phosphoinosaol-containmg cell extracts recovered from zfr 
cells that had been incubated with (0) or without (0) angiotensm II (1 Oe7 M, 15 mm; 
see refs. 5 and 6). The programmed elution gradient is also drawn as a broken line, and 
is corrected for the dead time of the system. 

4. Notes 
1. Attention should be paid to the fact that both monobasic and dibasic forms of 

amrnomum phosphate exist. There are several similar methods m the literature 
using one or other of the ammonmm phosphate salt forms to prepare solvent B. 
These buffer-preparation methods should not be confused because if the dibastc 
salt is mistakenly used in place of the monobasic salt, then an elutton buffer of 
double salt strength will result. At high concentrations, the ammonium phos- 
phate becomes msoluble at room temperature, and any precipitation of salt m the 
HPLC equipment will lead to serious damage. 
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Fig. 2. HPLC method 2: separation of standards and tissue extracts. (A) The separa- 
tion of [3H]mositol-labeled standards [top superimposed: run 1, solid line, (l),(4), 
(1,3),(1,4),(1,3,4),(1,4,5),(1,3,4,5): run 2, dotted line; (1),(4),(1,3),(3,4),(1,3,4), 
(1,3,4,5)] and [3H]phosphomositol-contaming tissue extracts (lower profiles, [0] 
unstimulated; [O] stimulated) are shown (see Fig. l), together with the gradient pro- 
gram (broken line) corrected for dead time. (B) The separation of [3H]mosrtol-labeled 
standards (top profiles-for details, see [A]) and glycerophosphoinositols ([@I, lower 
profile) are shown. 
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Fig. 3. HPLC method 3: separation of standards and tissue extracts. (A) The separa- 
tion of [3H]inositol-labeled standards [top profile, solid lme; (1),(4),( 1,3),( 1,4),( 1,3,4), 
(1,4,5),( 1,3,4,5)] and [3H]phosphoinositol-containing tissue extracts (lower profiles, 
[0] unsttmulated; [O] stimulated) are shown (see Fig. l), together with the gradient 
program (broken line) corrected for dead time. (B) The separatton of [3H]mositol- 
labeled standards (top profiles-for details, see [A]) and glycerophosphoinositols ([O], 
lower profile) are shown. 



Table 1 
Optimized HPLC Methods for the Separation of Phosphoinositols Within a Single Classa 

Class Isomers resolved Column Solvent Ref 

InsP t l), (2), (4) LiChrosorb NH2 Ammonmm acetatel- 14 
acetic acid pH 4.0 

(l), (2)> (4) Partisrl SAX10 Ammonium formatef- 13 
phosphoric acid pH 5 0 

Cl), (4) Partisil SAX1 0 Ammomum phosphate/- 15 
phosphoric acid pH 4.6 

IllSP, (I,3)> (1,4), (1,2), (394) (495) Pa&sphere SAX 10 Ammonium phosphate/- 4 
phosphoric acid pH 3.8 

InsP, (I,3,4), (I,4,5), (1,5,6), Partisphere WAX5 Ammonu.un phosphate/- 16 
(4,W) phosphoric acid pH 3.2 

InsP, (I,3,4,6), (I,3,4,5), (3,4,5,6) Partisphere WAX5 Ammonmm phosphate/- 17 
phosphoric acid pH 3.2 

(I,3,4,5), (1,3,4,6) Partisil SAX 10 Ammomum phosphate/- 7 
ammonia pH 4.75 

GroPinsP, GPI, GPI(3)P, GPI(4)P, Partisphere SAX 10 Ammonium phosphatel- 4 
GPI(4,5)P, phosphoric acid pH 3.8 

=References for fully optimtzed HPLC methods for the separation of glycerophosphomosltols and of the phosphomosltols withm a smgle class 
are listed. The isomenc forms successfully resolved by the authors, and the coIumn/elut~on buffer system used are also shown. Note that the 
isomers are hsted m the order of elution 
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Fig. 4 HPLC method 3. separation of mositol bisphosphate standards. The separa- 
tion of standards for the mositol brsphosphates Ins( 1 ,3)P2, Ins( 1 ,4)P2 and Ins(3,4)P2 
by method 3 are shown. Samples were run as different mixtures in three separate runs: 
top profile, solid hne, (1,3) and (1,4) mix; middle profile, broken line, (1,3) and (3,4) 
mix; lower profile, dotted line, (1,3), (1,4), and (3,4) mix. Fraction collection was at 
OS-min mtervals in each case 

2 HPLC method 1 is a vartatton of the method orrginally developed for separation 
of Ins( 1,3,4)Ps and Ins( 1,4,5)Ps (9), and later modified to allow the further elu- 
tion of Ins(1,3,4,5)P4 (l&12). Separation of InslP and Ins4P has been achieved 
under modified conditions (13) 

3. HPLC method 2 uses ammomum phosphate/phosphoric acid for solvent B, in 
place of the ammomum formate/phosphoric acid buffer used m method 1. A prob- 
lem that arises with this method in particular is that the ammonium phosphate 
precipitates out when collected fractions are mixed with scmtillatton fluid, and 
an unstable gel can form. To overcome this, fractions can be diluted 1.1 (v/v) 
with 50% methanol (12) before addition of scmtillant 

4 Unlike silrca-based HPLC columns, the MonoQ column used m HPLC method 3 
is extremely resistant to strong acid and alkaline attack, and so can be thoroughly 
cleaned using strong reagents. The column performance can therefore be fully 
optimized on each day by carrying out the cleaning procedure described This 
ensures that consistent performance is observed even over a large number of suc- 
cessive sample runs over consecuttve days. 
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4.1. HPLC Method Development Strategy 

In general, inositol phosphates are loaded onto anion-exchange columns in 
water, as all phosphomositols are charged at approx. pH 7.0. The phospho- 
inositols are then eluted using a gradient from water alone (solvent A) to 100% 
solvent B (a salt buffer). The development or further optimization of any anion- 
exchange HPLC procedure will require optimization of both the salt concen- 
tration and pH of solvent B, as well as the gradient shape/flow rate applied to a 
given column. To ensure the reproducibility of a method, it may also be neces- 
sary to design a column cleanmg procedure. 

The choice of salt strength and pH of solvent B, and the final gradient shape 
used will be dependent on the column and the needs of the user. This section is 
simply intended as a general outline of the order in which to optimize each 
paramater, and is illustrated by examples from the development of the general 
separation method described below (HPLC method 3; see Subheading 3.3.). 

Over the past few years, many HPLC methods have been published that are 
fully optimized for the separation of individual isomers within a single class of 
phosphoinositols. Some examples of such methods are listed in Table 1. 

4.2. Choice of Column 

The choice of the column may be influenced by how much information is 
already available. Separations on a Partisil or Pa&sphere SAX 10 column are 
well documented, so a published method may provide a suitable starting 
point. However, it is worth remembering that the more phosphate groups on 
the inositol ring, the more strongly these groups ionize and bind to the posi- 
tively charged anion-exchange sites on the column. This binding may become 
excessive for InsP4, InsP,, and InsP6 on a highly positively charged, strong 
anion-exchange (SAX) column, necessitating the use of high-salt concentra- 
tions and a low pH (3.5 or below) for successful elution. Unfortunately silica 
columns are easily damaged by acidic buffers of high-salt strength, particu- 
larly at a pH below 3.5 In these cases, it is worth considering the use of a weak 
anion-exchange (WAX) column, to which the phosphoinositols bind less 
strongly. 

In the development of method 3, the MonoQ column was chosen because it 
was a chemically robust quaternary methyl ammonium anion-exchange col- 
umn that could withstand regular cleaning by the procedures described, and 
with anion-exchange properties somewhere between that of silica-based SAX 
and WAX columns. Also, this column is stable to elution buffers with high-salt 
content even at a pH as low as pH 2.0. Therefore, any general method devel- 
oped on such a column could be modified in the future for more detailed sepa- 
ration of any of the phosphomositol classes. 
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4.3. Initial Choice of Solvent B Composition 

Once a negatively charged phosphate has bound to a positively charged 
anion-exchange group, then the disruption of binding can be brought about in 
two ways. The first is to suppress the ionization of the phosphate itself by 
reducing the pH. The second is to introduce salts of strong acids and bases that 
will dissociate into anions and cations in solution. These anions and cations 
can then compete for the phosphate and anion exchange groups, respectively. 
Optimization of any HPLC procedure will therefore require optimization of 
both salt concentration and pH of solvent (buffer) B. 

The concentration of salt required and the choice of pH for solvent B will be 
interdependent. Because of the suppression of phosphate ionization at low pH, 
acidic buffers will generally elute any given phosphomositol with a lower cor- 
responding salt concentration than more neutral buffers. The aim is to establish 
a solvent B with pH low enough so binding of the phosphoinositols is not 
excessively strong and very high salt concentrations are not required for elu- 
tion, and yet high enough to ensure binding is not too weak and all phospho- 
mositols within a single class are not eluted together at the first trace of salt. As 
a rule of thumb on Parttsil or Partisphere SAX columns, a pH of 5 J-4.0 will be 
appropriate for separation of inositol monophosphates, whereas a pH of 
4-O-3.5 is generally appropriate for separations of the more strongly ionized 
trisphosphates and tetrakisphosphates (see Table 1). For a general method 
aimed at the separation of isomers within several phosphoinositol classes, such 
as those methods described below, a compromise pH must be chosen. 

In the event that no information is available on the salt strength necessary to 
elute the different classes of phosphoinositols from a given column, then for 
the inositol mono-, bis-, and trisphosphates at least, this can be estimated by 
attempting to elute the correspondmg adenme nucleotides from the column 
using solvent B preparations of the same pH, but different salt strengths. The 
elution program should include a lo-min water wash (to allow sample load- 
ing), followed by a 30-min linear gradient from 0 to 100% B at approx 1 mL/min. 
This approach also has the advantage that UV monitoring can be used to give 
an immedtate indication of results from several HPLC runs at different salt 
strengths. From this information it should be possible to at least estimate an 
appropriate salt strength for the elution of the phosphoinositols of interest. 

Remember that, if samples extracted from tissues are to be analyzed without 
prior subfracttonation, then phosphomositols of all classes will be present on 
the column. If a solvent B salt strength and pH are chosen, which is only suffi- 
cient to elute the lower phosphomositol classes (e.g., InsPt or InsPJ, then a 
column-cleaning procedure may be required between sample runs (see below) 
to remove the remaining phosphoinositols. 
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At the start of the development of method 3, it was found that the ademne 
nucleotides could be clearly separated on the MonoQ HR5/5 by a linear gradi- 
ent of 0-l 00% 1 M ammonium formate/O. 1 A4 formic acid (which has a pH of 
approx. 4.7). This solvent B was subsequently found to be able to elute InsP, 
InsPz, InsP3, and InsP4 standards with good baseline separation (Fig. 5). 

4.4. Optimization of pH of So/vent 8 
Having established an Initial salt concentration and pH, the next stage is to 

fully optimize the pH of solvent B to be used in the final method. To do this, a 
standard mixture of isomeric forms of phosphoinosltols in the classes of mter- 
est (or if these are not available, tissue extracts known to contam mixtures of 
isomers in each class of the phosphoinositols) should be separated on a linear 
gradient of O-100% B (30 min for initial investigations but 60 min for fine 
tuning of methods), where solvent B always has the same salt concentration, 
but the pH is adjusted to different values m each run. A pH is then chosen from 
the results given, according to the need of the user. 

In development of a general separation method (method 3), the salt concen- 
tration was fixed at 1 M ammonium formate, but pH was varied in each case 
between pH 5.5 and 3.5. The samples used in each run were extracts of angio- 
tensin II-stimulated zfr cells because, at this stage, standards for the mositol 
his- and monophosphate isomers were not all available, and previous analysis 
of such tissue extracts on HPLC had suggested the presence of multiple mosi- 
to1 mono-, brs-, and trisphosphate isomers. The samples resolved into major 
peaks consistent with InsP, InsP,, and InsP, and a minor peak of InsP4 at all pH 
values from 5.5 to 3.5 (Fig. 6). 

There was no evidence at this stage that InsP isomers could be separated, 
but the salt concentration used was high, so this was not too surprising. How- 
ever, there was some evidence of the partial separation of bisphosphate isomers 
at pH 5.5-4.5, but not below pH 4.5. At higher pH (5.5-4.5), a peak also eluted 
immediately before InsP, which was consistent with GroPIns (also known to 
be present in these cells). At lower pH, this small peak was seen to merge with 
InsP, and the split InsPz peaks merged into a single peak under these elution 
conditions. Thus, for a method investigating inositol monophosphates or InsP2 
alone, a pH in the range of 5.5-4.5, but not below 4.5, would be chosen. 

The effect of pH on resolution of peaks in the mositol trisphosphate region 
was the opposite of that described for the mono- and bisphosphates. The inositol 
trisphosphate region only showed a single peak at pH 5.5-4.5, but at the lower 
values from pH 4.0-3.5, a second minor peak became resolved, eluting before 
the major InsP3 peak. This could have been GroPIns(4,5)Pz or an unidentified 
InsP, isomer (m fact on analysis with a more optimized system and HPLC meth- 
ods 1 and 2, it turned out not to be GroPInsP2, authors unpublished data); but, 
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Fig. 5. Initial separation of adenine nucleotides and phosphomositol standards on 
MonoQ HR5/5. The separatron of [3H]phosphoinosltol standards (top profile, [O]) 
and the adenme nucleotrdes (bottom profile, dotted line, detected by absorbtron at 280 
nm) on a MonoQ HRY5 eluted with a 30 mm linear gradient of O-l M ammonmm 
for-mate/O. 1 M formic acid (pH 4.7) are shown. The gradient program used is indicated 
by the broken lme (corrected for dead time). AMP, ADP, and ATP and radrolabeled 
InslP, Ins(l,4)P,, Ins(1,4,5)Ps, and Ins(1,3,4,5)P4 were coqected and the column 
eluted at 1 mL/mm throughout while the column outlet was monitored at 280 nm and 
fractions were collected at 0 5-mm mtervals. 

in etther case, if identification of individual isomers of InsP, was to be achieved, 
it would be important to fully resolve this minor peak from the major InsP3 peaks. 

The final pH chosen for further method optimization was pH 4.5. This was 
based on the argument that, for a general method, good separation of all classes 
is required, and that at pH 4.0 or below, good separation could be achieved for 
the trisphosphate classes and above, but not the inositol bisphosphates, and 
certainly not the monophosphates. At a pH of 4.5, the resolution of isomers of 
the mono- and bisphosphates should be possible by optimization of gradient 
shape, and it may still be possible to resolve the trisphosphates and any 
tetrakisphosphates. 
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Fig. 6. Effect of pH on separation of phosphoinositols on the MonoQ HR5/5 col- 
umn. [3H]Phosphoinositol-containmg extracts from angiotensm II-stimulated zfr cells 
were chromatographrcally separated on a Mono Q HR5/5 with a 35 mm linear gradient 
of 61 Mammomum formate buffered to the pH values shown. The gradient program 
used IS shown as a broken line (corrected for dead time). Flow rate was held at 1 mL/mm 
throughout and fractrons were collected at 0.5-min intervals. When solvent B was 
changed after a sample run, the column was subjected to a blank run with the new 
buffer before the next sample application. 

4.5. Optimization of Gradient Program 

Having established the composition of solvent B, the final stage is to opti- 
mize the gradient conditions through development of the gradient program. It 
is important to remember that the actual gradient experienced on the column 
will not be that programmed into the controller as the column must equrlibrate 
with the elution buffer. The volume of the pumpmg/mrxing system and the 
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column itself will cause the actual gradient experienced to lag behind the pro- 
grammed gradient. Tighter control of the gradlent experienced by the column 
can be achieved by increasing flow rates and extending the program time. 

As a starting point for any method the best approach is to apply a long (90 min), 
linear gradient (or smooth, concave gradient with no sudden steps) to estabhsh 
both what the maximum number of resolvable peaks actually is, and at what 
percent of solvent B they are eluted. It 1s important to use known standards as well 
as tissue extracts for testing the method, so that the location of all possible peaks 
of interest can be determined and any possible adverse effects of sample prep- 
aration can be observed. Where the effect of flow rate on peak resolution is to be 
investigated, it is also best carried out at this stage, using a long, linear gradient. 

Having established which peaks can be resolved at what percent of solvent 
B, the final gradient program can be developed to give optimum separation but 
in a shorter total time if required. This stage of method development 1s the 
most laborious as it 1s simply a matter of trying different shaped gradients until 
optimum separation is achieved. It 1s best to be methodical in the approach 
used, and to optlmlze early stages of the program first. Where sudden steps are 
included, the column and system must be given time to equilibrate. Also, 
remember that, when a method 1s highly tuned with shallow gradients sepa- 
rated by sudden steps (such as the kind developed by Dean and Moyer, ref. 8), 
the system may need constant readjustment as column performance degrades. 
Thus, whereas simple, long, and unstepped gradients may take longer to elute 
the phosphoinositols, these methods are more robust. 

In developing method 3, a flow rate of 2 mL/min was found to shghtly 
improve peak shape, and the long (80 mm), concave gradient program shown 
in Fig. 3 was found to give baseline separation of the inosltol monophosphates 
as well as the bis- and trlsphosphate isomers shown. The minor unidentified 
trisphosphate was also successfully resolved from the Ins(1,4,5)P, and 
Ins( 1,3,4)P, peaks found in tissue extracts (Fig. 3 and unpublished data). 
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Measurement of Phosphoinositols and 
Phosphoinositides Using Radio High-Performance 
Liquid Chromatography Flow Detection 

Lubo Zhang and lain 1.0. Buxton 

1. Introduction 
1.1. Background 

Individual phosphomositols and phosphoinositides in tissues and cells are 
commonly analyzed by thin-layer chromatography (TLC), liquid chromatog- 
raphy, and high-performance liquid chromatography (HPLC) after labeling the 
phospholipid with a radionucleotide such as [Y~~P]ATP and/or [3H]myo-inosi- 
to1 (1,2). Whereas the TLC method is simple and rapid, it may not be suitable 
for the routine analysts of inositol phosphates (InsP) in small quantities of tis- 
sue or cell samples because of its low sensitivity and poor resolution. Indeed, 
the analysis of replicate samples in most experiments does not lend itself well 
to TLC analysis. The inability to separate isomers of the individual InsPs is 
one of the major disadvantages of low-pressure, ion-exchange chromatography 
and thus, limits its use. Furthermore, when one employs the ion-exchange 
approach, it is possible to see increased counts in the high-salt fraction in 
stimulated samples that are the result of spillover of radioactivity from a 
lower-order InsP. HPLC separation of InsPs on the other hand, provides 
high sensitivity and excellent separation of isomers, and thus, is the pre- 
ferred method if one’s goal 1s to study InsP metabolism and calcrum mo- 
bilization by mositol 1,4,Strisphosphate (Ins( 1 ,4,5)P3) and/or inositol 
1,3,4,5tetrakisphosphate (Ins( 1,3,4,5)P,) (3,4). 

A disadvantage of the chromatographtc methods employing [3H]myo- 
inositol-radiolabeled samples is the difficulty of quantification of the InsP 
mass. This is the result of difficulty in labeling all pools of the phospholipid 
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to isotoptc equilibrium and thus, the inability to determine the specific radio- 
activity of InsPs being measured. In Chapter 6, an Ins( 1,4,5)Ps radioreceptor 
assay is described that permits a reasonable approximation of Ins( 1,4,5)P, mass 
in cells and tissues. The radroreceptor method, however, only measures 
Ins(1,4,5)Ps and thus, InsP metabolism and knowledge of the relative abun- 
dance of the inositol lipids is not determined. In Chapter 3, HPLC separation 
techniques are also described m detail using the conventional approach of frac- 
tion collection and counting after separation is complete. In-line monitormg of 
column performance is achieved by adding adenme nucleotides to samples with 
UV detection at 254 or 280 nm. In this chapter, we describe a radio-HPLC 
method for separation of both labeled InsPs and then deacylated lipid pre- 
cursors using in-line, real-time radroactivity monitoring. This technique has 
obvious advantages but also requires specific modifications of the HPLC con- 
ditions to achieve compatibihty with the detector. In addition, whereas proce- 
dures for extraction and recovery of phosphomositols and phosphoinosltides 
from cells are described in detail in Chapter 1, we also describe modified pro- 
cedures suitable for recovery of phosphoinositols and phosphoinositides from 
whole tissues. 

1.2. Sample Preparation 

Depending on one’s experimental goal, two different strategies of sample 
preparation have been employed. If one is only interested in InsPs, cell or trs- 
sue samples are lysed and homogenized in either trichloroacetic acid (TCA) or 
perchloric acid (PCA), which serves to terminate metabolic reactions and pre- 
cipitate protein, and liberate InsPs in the supernatant. After incubation on ice 
for 15 min, the homogenate is centrifuged, and the supernatant collected. The 
acid is removed with either freonltri-n-octylamine for PCA-treated samples or 
water-saturated diethyl ether for TCA-treated samples prior to analysis 
(described m more detail in Chapters 1 and 6). The use of PCA precipitation 
may be a preferred method for preparation of samples for HPLC as the super- 
natant tends to contain less particulate matter followmg centrifugation (2). 

If one is interested in both phosphomositides and InsPs, a different sample 
preparation strategy can be used. Most commonly, the extraction of total lipids 
from tissue or cell samples is performed by homogenlzation/solubilizatron with 
chloroform-methanol-HCl solution (4,S). After centrifugation of the homoge- 
nate, both the organic and aqueous layers are recovered separately. The aque- 
ous upper layer contains the InsPs and can be directly used for HPLC 
separation. The lipids in the organic layer are subsequently deacylated by 
chemical removal of the fatty acid chains (4,6,7) and analyzed as glycero- 
phosphomositol phosphate species on HPLC. 
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7.3. Radio-HPLC Flow Defection 

There are many HPLC methods developed using different columns, solvent 
mixtures, and modes of detection for the analysis of InsPs (2,4,8). In general, 
the separation of InsPs depends on the type and size of the column, the compo- 
sition of the solvent mixture, and the gradient of the solvents. Among different 
columns used, a Whatman (Clifton, NJ) Partisil strong-anion-exchange (SAX) 
column or Its equivalent is recommended. Because short columns of high plate 
number provide a rapid and adequate separation of InsPs, one is advised to 
choose a Partlsll SAX 5 (4.6 x 100 mm) over the longer SAX 5 
(4.6 x 250 mm) column for this application. 

Lmear and/or stepwlse gradients of aqueous mobile phases consistmg of 
HPLC-grade water and ammonium salts are used to separate InsPs Ammonium 
salts commonly employed are ammonium formate, ammonium acetate, and 
ammonium phosphate. Acidic solvents (pH 3.54.0) generally produce sharp 
separation of the higher-order InsPs. For separation of InsP isomers at low pH, 
some have employed a stepwlse gradient and claimed superior separation (8). 

In general, there are two ways to determine radioactivity in each glycero- 
phosphoinosltol phosphate and/or InsP after their separation by HPLC. 
Whereas many studies involve collectton of HPLC fractions followed by hquld 
scmtillation countmg, in part, the resolution achieved by HPLC separation 1s 
often lost using this counting method. On the other hand, a contmuous and 
real-time measurement of radioactlvity in each InsP following HPLC separa- 
tion can be achieved by a radio-HPLC flow detection using an on-line liquid 
scintillation counter although counting efficiency is reduced under such condi- 
tions (see Notes 4 and 14). The authors have used both a Radiomatic@ radio- 
chromatography flow detector (Packard, Meridian, CA) and the p-Ram@ flow 
detector from INUS Systems (Tampa, FL). These are essentially liquid scintil- 
lation counters modified to count flowing, instead of static samples. When 
connected to an HPLC, the radioactivity from the HPLC effluent enters a flow 
cell within the detector and is counted, dlsplayed, and quantified while the 
sample continues to flow. 

2. Materials 

2.1. Radiolabeling with PHJmyo-lnositol 

1. [3H]n?yo-inositol (45-80 Ci/mmol) DuPont NEN (Wilmington, DE) NET-906 or 
equivalent. 

2. A sultable labelmg buffer: 118 mk! NaCl, 4.7 mM KCl, 0.6 mM KH,P04, 
0.6 mk! Na,HPO,, 1 2 rnkf MgCl,, 5.0 mM dextrose, 0.5 mM CaCl,, 10 mM 
HEPES, 5 mMNaHC03 (see Note 1). 
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3. A suttable sttmulation buffer. 115.2 mM NaCl, 4.7 mA4KC1, 1.18 n-&f KH,P04, 
1.16 r&4MgS04, 20 &dextrose, 1.8 mMCaCl,, 22.14 mMNaHCO,, 0.03 mM 
EDTA. (Li+ as LiCl may be added at 10 mM; adjust NaCl accordingly, see Note 6 ) 

4. Shaking water bath (35’C). 
5. Cell incubator if cells are used. 
6. Dissection scissors and forceps 
7. Low-speed centrifuge suitable for separating cells to tissue pieces from labeling 

and washing buffers. 

2.2. Sample Preparation 
1 Extraction solution. chloroform:methanol*concentrated HCl (CHCI,CH,OH:HCl)* 

66.33: 1 (v/v/v). 
2 Methylamme solutron: methylamine (40% [wtiv] with water; Aldrich, Milwau- 

kee, WI). water.methanol:n-butanol (CHsNH,:H,O.CHsOH.CHs[CH,I,OH). 
24*16:40: 10 (v/v/v/v) (see Note 2). 

3. Butanol reagent: butanol (CH,[CH,]30H)~petroleum ether:ethyl formate (HC02C,HS) 
20:4: 1 (v/v/v). 

4. Glass-glass homogemzer (Kontes, Vmeland, NJ). 
5. Glass or chloroform-resistant test tubes. 
6. Refrigerated, low-speed centrifuge. 
7 Vortex mixer. 
8. Shaking water bath capable of 53°C 
9. Liquid mtrogen. 

10 Distilled water 
11 Freeze-dryer; centrifugal concentrator/dryer (SpeedVac, SAVANT, Farmingdale, 

NY). 
12. 1-mL Syringes. 

2.3. Radio-HPLC Flow Detection 
1. [3H] InsP standard mix (2 pC1): [3H]Ins( l)P, [3H]Ins( 1,4)P,, [3H]Ins( 1,4,5)P3, 

[3H]Ins( 1,3,4)Ps, and [3H]Ins( 1,3,4,5)P, (DuPont NEN). 
2. HPLC-grade water. 
3 Salt buffer for HPLC: 0.05 M ammonium phosphate, 2 M ammonium phosphate, 

pH 3.8 (see Note 9). 
4. Whatman Partlsil SAX 5 analytic column (10 cm) or equivalent. 
5. 1 -mL Syringes. 
6. HPLC-sample filters (cellulose acetate) with pore size of 0.45 pm. 
7 High-ionic-strength compatible scintillation fluid: IN-FLOW@ BD (INUS Sys- 

tems) or FLO-SCINT IV from Radiomatic (Meridian, CA; see Note 3) 
8 HPLC-sample vials. 
9. HPLC equipment: gradient HPLC equipment, preferably with autosampler 

10. Computer-controlled, on-line radiochromatography flow detector: Radiomatic 
flow detector A-500 (Packard) or P-Ram flow detector from INUS Systems. 
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3. Methods 

3.1. Radiolabeling with PHh yo-lnositol 

In general, a higher specific activity of precursor [3H]myo-mositol will re- 
sult m a higher signal in inosrtol lipids and thus, their corresponding InsPs 
formed following stimulation. There are two [3H]myo-inositol preparations 
routinely available (10-25 Ci/mmol; 45-80 Ci/mmol). Choosing the htgher 
specific activity is preferable for most studies. The higher specific activity 
preparation (containing two rather than one labeled hydrogen atom) is not sim- 
ply more radiochemical per unit mass, rather it means that, for every 
[3H]myo-inositol molecule incorporated, one has mtroduced twice the 
radioactivity. The use of a higher radioactive concentration for labelmg 
(pCi/mL) also increases incorporation of [3H]myo-mositol into [3H]phospho- 
inositides, as it is apparent that free inositol in many cells exists at concentra- 
tions well below the Km (l-2 mM) of the inositol phospholipid synthase (9). 
The disadvantage of labeling freshly isolated cells and tissues with [3H]myo- 
inositol is that it may require long incubation periods that could effect agonist 
responsrveness of the preparation. For labeling cells m culture, long-term (over- 
night to 3 d) labeling usmg relatively low radioactive concentratrons 
(S-20 pCi/mL) of [3H]myo-inositol can easily be accomplrshed. For labeling 
tissues, short-term (h) labeling using high radioactive concentration (e.g., 
200 uCi/mL) of [3H]myo-mositol is advisable (see Note 7), but the data from 
such studies may be compromised if near steady-state labeling is not 
achieved. 

Because different phospholipids require different incubation periods of 
[3H]myo-inositol to reach isotopic equilibrium (8), rt is important to measure 
the time-course of radioisotope mcorporation in mdividual phospholipids to 
ensure that all pools of the phospholipid have been labeled to steady state. For 
many cells and tissues, where agonist stimulated InsP accumulation has been 
studied, control experiments such as these may not have been performed. In- 
corporation of [3H]myo-mosrtol (200 pCi/mL) into the inositol-containing 
phospholipids in gastromtestmal smooth muscle; phosphatidylmositol (PI), 
phosphatidylinositol4-phosphate (PIP), and phosphatrdylinositol4,5-bisphosphate 
(PIP,) reaches apparent steady state by 3 h (Fig. 1). 

1. Dissect tissues into 5- to 20-mg pieces (it is suggested that tissue wet weight be 
used to normalize radioactivity). 

2. Incubate tissues with [3H]myo-inositol in labeling buffer at 35’C for 3 h 
(different tissues may require different labeling times to reach apparent steady- 
state labeling). The labeling buffer should be adequately oxygenated with H,O- 
saturated gas. 
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[3H]D-myo-Inoskol labeling time (hr) 

Fig. 1 Time-course of [3H]myo-mosltol labeling of phosphoinosltldes in canine 
colonic circular smooth muscle. Labeled phosphomosltldes were extracted and sepa- 
rated by HPLC on Partlsll SAX column, as described m the text Areas under the 
HPLC peaks, in cpm, were quantltated by an on-line scmtlllatlon flow-detector and 
expressed in terms of tissue wet weight. The identity of each lipid was verified by 
deacylatron of lipid standards Samples were incubated with [3H]myo-inosltol 
(200 pCi/mL) for various times as shown. Values for PI (O), PIP (W), and PIP, (A) 
are the mean f SE of two experiments performed in triplicate. (Reprinted with permls- 
sion from Molecular Pharmacology.) 

3. After labeling, wash tissues with SIX changes of fresh Krebs’ buffer over 30 mm 
to remove unincorporated radioactivity Subject tissues to appropriate stimula- 
tion in physiological buffer (see Note 6). 

4 Terminating reactions can be achieved several ways from snap-freezing tissues 
in liquid N, (preferred when further manipulation is desired prior to extraction), 
to direct addition of the extraction solution for measurement of both hpld and 
InsPs (see Subheading 2.2., step 1) or TCA/PCA when measurement of InsPs 
alone are desired. 

3.2. HPLC Sample Preparation 
Lipids and water-soluble mositol phosphates are extracted simultaneously 

from tissue samples following stimulation using chloroform:methanol:HCl re- 
agent. Keep the samples frozen in liquid nitrogen before the extraction and 
keep them on ice throughout the procedure (see Note 8). 
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3 2.1. Extraction and Separation of Inositol Phosphates 
and Phosphoinositides 

1. For approx 20 mg tissue (wet weight), add 1 mL ice-cold CHCl,CHsOH:HCl 
(66:33:1, v/v/v) 

2. Homogemze at @-4”C for 1 mm. 
3 Rinse the homogenizer two times with 1 mL Hz0 each time. 
4 Combme the Hz0 (2 mL) with the homogenate and vortex for 30 s. 
5. Add 1 mL CHCI,:CH,OH.HCl and 1 mL HZ0 to the homogenate and vortex 

again for 30 s. 
6. Incubate samples on ice for 3 h. Vortex for 10 s every 30 mm. 
7. Centrifuge for 10 min at 400g (4°C). 
8. Followmg centrifugation, the sample 1s comprised of three layers, an aqueous 

layer on the top containing water-soluble inositol phosphates, an organic layer on 
the bottom containmg lipids, and a middle layer of msoluble material 

9. Collect the top, aqueous phase (care should be taken to avoid dtsturbing the 
phases) Retam the lower phase for recovery of phosphomosittdes (Subhead- 
ing 3.2.3.). 

10 Lyophtltze the sample taken from the aqueous phase to dryness using SpeedVac 
centrifuge (requires approx. 4-5 h). 

11. If samples are not analyzed by HPLC immediately, do not resuspend samples 
with H,O. Keep dried samples covered m the freezer (-2OT) until use within 
2-3 d 

12 Add 0 2-l 0 mL HPLC-grade H,O to dried samples and vortex for 30 s. 
13. Withdraw samples using a I-mL syringe 
14. Filter samples using cellulose syringe filters with pore size of 0 45 pm mto clear 

glass vials used for HPLC 
15. Samples are now ready for radio-HPLC analysts 

3.2.2. Monitoring Recovery of lnositol Phosphate Extract/on 

1. Dilute [3H]mositol phosphate mix (DuPont NEN), contaimng Ins( l)P, Ins(4)P, 
Ins( 1 ,4)P2, Ins( 1 ,4,5)P3, Ins( 1,3,4)P,, Ins( 1,3,4,5)P,, InsP6, from 2 to 100 ,uL us- 
ing H20. 

2 Add 2 pL of the diluted [3H]inositol phosphate mix to unlabeled control tissue 
samples to be processed alongside experimental samples 

3 Repeat steps 1-15 m the Subheading 3.2.1. 
4. Add 2 & of the diluted [3H]mositol phosphate mix directly into 0.2-l 0 mL 

HPLC-grade H20, and filter as with experimental samples mto a glass HPLC- 
sample vial. 

5. Spiked samples and standards can now be separated by HPLC 
6. After radio-HPLC analysis, determine the percent recovery of each mosttol phos- 

phate as (spike sample CPM/standard CPM) x 100 (see Note 4). 
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3.2.3. Deacylation of Extracted lipids 

Although the inositol lipids can be separated directly by HPLC (IO), for 
routing analysis the method of liptd deacylation described here is much 
easier because many samples can be analyzed at once. As shown in the 
Scheme 1, [3H]myo-mositol-labeled PIP2 (the same as for other lipids such 
as PI and PIP) is deacylated by transmethylation. The resulting [3H]m~o- 
inositol-labeled glycero-phospho derivatives can then be analyzed by the 
radio-HPLC method. 

1. The organic phase obtained from step 9 in Subheading 3.2.1., step 9 IS lyo- 
philized to dryness (since chloroform evaporates very fast, the samples could 
also be dried in a fume hood at room temperature) 
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2. Reconstitute dried lipids m 1 mL methylamine solution (see Subheading 2.2., 
item 2). 

3. Incubate the samples at 53°C in shaking water bath for 45 min. 
4. Lyophihze the sample to dryness using a SpeedVac concentrator (requires approx 

2-3 h). 
5. Add 1 mL H,O to the sample and vortex for 30 s. 
6 To remove acyl-moieties, add 1 mL butanol reagent (see Subheading 2.2., item 

3) and vortex for 30 s. 
7. Centrifuge for 10 min at 400g at 4°C. 
8. Following centrifugation, the sample is comprised of two layers, an aqueous layer 

on the bottom containmg water-soluble glycerophosphoinositol phosphate spe- 
cues and an organic layer on the top contaimng acyl-moieties 

9. Collect and save the aqueous phase. 
10. Collect the organic phase and lyophilize tt to dryness. 
11. Repeat steps 2-8. 
12 Collect the aqueous phase and combine it with the aqueous sample obtamed in 

step 9 Save the organic phase. 
13. Lyophihze the combined aqueous sample to dryness (approx 4 h). 
14. Repeat Subheading 3.2.1., steps 11-15 
15. Identify each deacylated lipid by repeating steps 1-14 using standards [3H]phos- 

phatidylmositol (PI) (DuPont NEN), [3H]phosphatidylinositol 4-phosphate (PIP) 
(DuPont NEN), and [3H]phosphatidylinositol 4,5-bisphosphate (PIP*) (DuPont NEN). 

3.2.4. Determine Efficiency of Deacylation 

1. Dry the organic phase obtained in Subheading 3.2.3., step 12 under a stream of N, 
2. Reconstitute in scmtillation fluid. 
3. Check for radtoactlvity by counting in a scmtillation counter 

If the deacylation is complete, the radioactivity in the organic phase obtained 
m Subheading 3.2.3., step 12 should be minimal (see Scheme 1). If there is a 
substantial amount of radioactivity remaining in the organic phase, the 
deacylation should be repeated. One can determine the approximate deacyla- 
tion efficiency by checking remaining radioactivity in the organic phase from 
Subheading 3.2.3., step 15. 

3.3. Radio-HPLC Flow Defection 

The inositol phosphates and deacylated phosphatidylinositols (glycerophos- 
phoinositols) are separated by HPLC over a Whatman Partisil SAX 5 column 
at a flow rate of 0.5-1.0 mL/min. The molecules of interest are identified by 
the recorded elution times of radiolabeled standards. Quantification of radio- 
activity of each inositol phosphate is achieved using an on-line liquid-scintilla- 
tion detector to determine HPLC peak height/area as recorded in counts per 
minute (CPM). 
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Diagram 1 

3.3.1. HPLC Separation 
1 Use only HPLC-grade H,O. 
2 Filter ammonium phosphate buffer using a 0.2~pm filter before use 
3. Degas all solutions (Hz0 and ammonium phosphate buffer) before use This also 

can be accomphshed by vigorously purgmg solutions with hehum for 10 min 
before use and maintaining a low flow of helium throughout the HPLC procedure 
as needed (some HPLC systems do not require continual flow for effective purging) 

4. Prime HPLC pumps with degassed Hz0 and appropriate salt solutrons. 
5 Eqmhbrate the column with H20 at the chosen flow rate for 20 mm. 
6. Without sample injection, condition the column by running the analytic gradient 

of the mobile phase used. 
7. Inject 90% of sample volume from Subheading 3.2.1., step 15 and Subheading 

3.2.3., step 14 as needed. 
8. Separate the sample using the gradient program m Diagram 1 (or a similar pro- 

gram) at a suitable HPLC flow rate (the example m Diagram 1 was accomplished 
at 0.6 mL/mm). 

9. The separation of phosphoinositol standards and tissue extracts are shown m 
Figs. 2 and 3. Retention times for phosphoinositols under these conditions are. 
inosrtol, 3.88 mm; Ins(4)P,, 12.06 mm; Ins(l,4)P2, 17.06 mm; Ins(1,3,4)P3, 
22.43 min; Ins(1,4,5)P3, 23.4 mm; and Ins( 1,3,4,5)P,, 29 12 min. The method 
resolves Ins( 1 ,3,4)P3 and Ins( 1 ,4,5)P3 as shown, and can distmguish Ins( l)P, and 
Ins(4)Pi as well. 

10. The separation of deacylated [3H]myo-inositol-labeled PI, PIP, and PIP2 in tissue 
samples (Fig. 4) yielded the following retention times under these conditions* PI, 
13 25 min; PIP, 15 92 min; and PIP2, 18.67 min. 

11 If the HPLC is heavily used, it is advisable to keep the system running overnight 
using H,O at a flow rate of 0.2 mL/min (see Notes 5 and 10). 

12. If the system must be shut down for several days or longer, isolate the column 
and prime pumps with H,O for 10 mm Place the column back m lme and pump 
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Fig 2. Separation of phosphomositol standards on a Parttstl SAX 5 column. The 
radtoactivity of each [3H]phosphoinositol standard was quantnated as cpm by an 
on-line scmtillation flow detector (INUS P-RAM). Using the gradient program listed 
in the text, [3H]phosphoinositols standards are well separated and the retention times 
for phosphomosltols on this system are 3.88 min (inositol), 12.06 min (Ins(4)P), 17 87 
mm (Ins( 1,4)P& 22.43 mm (Ins(1,3,4)P3), 23.40 min (Ins( 1,4,5)P3), 29 12 mm 
(W1,3,4,5)Pd. 

for 20 mm with Hz0 at a flow rate of 0.6 mL/min, followed by 70% (v/v) metha- 
nol for 20 mm at a flow rate of 0.6 mL/min. 

3.3.2. Radioactive Flow Detection 

The radioactive-flow detector should be the first detector m lme if the HPLC 
system employs multiple detectors, The radioactive flow detector is essentially 
an on-line liquid-scintillation counter. The liquid sample, after leaving the 
HPLC column, flows through tubing into the flow detector where, in the pres- 
ence of a scintillator, the radioactive emissions are counted and then available 
to be displayed and quantified. All this is done while the sample continues to 
flow through the detector cell and finally to waste or recollectron (see Note 11). 

Current radioactive-flow detectors provide a diverter-valve option that 
allows one to manage the delivery of HPLC flow away from the flow cell if 
desired. This can be useful during washing and equilibration of the HPLC col- 
umn. A reservoir of liquid-scintillation cocktail (LS) is connected to a pro- 
grammable liquid scmtillation (LS) pump. The flow rate of the LS pump is 
digitally programmed by the host computer. A built-in stream splitter, con- 
trolled by computer, can precisely split the HPLC sample stream m any desired 
ratio if only a portion of the sample stream is to be used for radioactive analysis 
and fraction collection is performed. 
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Fig 3. HPLC separation of [3H] phosphomositols from a vascular tissue extracts. 
The radioactivity of each [3H]phosphomositol was quantltated as cpm by an on-line 
scintillation flow detector. The dashed line represents an unstimulated tissue sample, 
whereas the solid trace 1s a vessel segment stimulated with catecholamine to activate 
PLC. Inositol and glycerophosphomosttol are eluted first followed by both Isomers of 
InsPi, Ins( 1 ,4)PZ, Ins( 1 ,3,4)P3, and Ins( 1 ,4,5)P3. These peaks show different retention 
times compared to Fig. 2 as a lo-mm isocratic step employing water was used to 
ensure removal of inositol species other that IP,, (Reprinted with permtssion from 
Life Sciences ) 

The internal microprocessor with a large memory buffer capable of storing 
several hours of data is used to accumulate the radioactive data in real time, 
and the chromatograms are bmlt, displayed, analyzed, and stored on disk. 

1. Calibrate the liquid-scintillation-cocktail pump. This needs to be done upon set- 
up of the use of the system and every 3 mo if the system is heavily used. 

2. Detector setup on the host computer will require: 

Isotope. 
Radio update: 
Cell type/size: 
HPLC flow rate. 
LS flow rate. 
LWHPLC ratio: 
Splitter control: 
Split ratio: 

3H 
3 or 6 s (see Note 12) 
Liqutd/lS-2.5 mL (see Note 14) 
0.6-l .O mL/min 
2.4-4 0 mLlmm 
4: 1 (see Note 13) 
Internal 
100% 
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Fig 4 HPLC separation of deacylated [3H]PI, [3H]PIP, and [3H]PIP2 samples from 
[3H]myo-mositol-labeled smooth muscle tissues on a Partistl SAX 5 column. Tissues 
labeled with [3H]myo-inositol were processed for detection of inositol-containing hp- 
Ids as described in the text. The radioactivity of each corespondent [3H]glycero- 
phospho derivative was quantitated as cpm by an on-line scmtillation-flow detector. 
The example data presented were captured from the HPLC data program as an ASCII 
file and imported m the data presentation program GraphPad Inplot@ (San Diego, CA) 
The first 10 min of HPLC flow data were subtracted to remove the large fraction of 
nonphosphate-containing counts 

3 Set the sample run conditions such as run file name(s), run length, and set the 
event table on the host computer as follows: 

Time (mm) Action 

0.00 Diverter off 
0.00 LS pump on 
0.00 Start acquisition 
35.0 LS pump off 

4. Load the sample on HPLC and start the gradient. 

4. Notes 
1. In many tissues or cells, the transport system responsible for inositol movement 

across the plasma membrane also transports glucose mto the cell Thus, m these 
cases, glucose and mosttol compete for the same transporter. Therefore, using a 
low concentratton of glucose (5 mA4 instead of 20 mA4) in labeling buffer con- 
taining [3H]myo-mosttol significantly increases inositol transport mto the cell. 
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Additionally, one may wish to evaluate the potenttal use of insulin (often con- 
tained in animal sera and required for glucose entry mto most mammalian cells) 
to stimulate hexose transport Other media can be used for cell or tissue labeling, 
but it should be noted that, if inositol enters the cell via the hexose transporter, 
glucose should be kept low Furthermore, the presence of mositol m complex 
medta such as tissue culture medium or ammal sera will result m competitton for 
uptake of radioacttve mositol, effecttvely reducing the specific activity of label- 
mg It may also be favorable to lower the [Ca2+] in the labeling buffer as this may 
increase the pool of labeled phosphattdylinositol bisphosphate m the cell (Buxton, 
unpublished observation) 

2. Methylamme (CHsNH,) 1s a flammable gas at ordinary temperature and pres- 
sure, and IS a fuming liquid when cooled in ice and salt mixture Handle It m a 
fume hood with care Avoid overexposure because it may cause irritation of the 
eyes and respnatory system, coughing, skm and mucous membrane burns, der- 
matitis, and conjunctivttis. However, methylamine 1s stable m methanol (CHsOH) 
with n-butanol (CH,[CH,],OH) (see Subheading 2.2., item 2). See NIOSH 
Pocket Guzde to Chemzcul Hazards (DHHSNIOSH 90- 117, 1990) p. 144. 

3. As a practical matter, the mvestigator IS cautioned that not all scintillation fluors 
are created equal For example, we have compared the htgh-salt compatible 
INFLOW BD scintillant from INUS System to Ecolume@ (ICN Research Prod- 
ucts, Costa Mesa, CA) and found that the counting efficiency at high salt is mark- 
edly different between the two. Indeed, whereas there was an improvement in the 
detection of all radioacttve inosttol phosphates with INFLOW BD, the greatest 
improvement was seen in the recovery of InsP species elutmg at htgh salt A 
comparison of the recovery of InsP, counts using Ecolume to that injected on the 
HPLC column and 18%, while m an identical sample detected using INFLOW 
BD, the recovery of counts was 41%. This is a crucial difference since the amount 
of InsP4 expected m biological samples is quite low 

4. The recovery of radioactivity through sample preparation and separation by 
HPLC will include the efficiency of InsP detection that is characteristic of the 
flow counter and the particular flow conditions employed Whereas knowledge 
of the flow-countmg efficiency is tmportant and can be determmed separately 
using spiked samples directly separated by HPLC, determmation of recovery fol- 
lowmg sample preparation steps 1s cructal for success Thus, one can count an 
aliquot of the spiked control tissue sample in the scintillation counter to get an 
accurate measurement of recovery. The recovery of counts determined in this 
way should not fall sigmficantly below 80%. 

5. The ammonium salts, particularly acidic ammonium phosphate, are hard on 
HPLC systems, and it is important to flush the system including the column 
adequately with water between samples (a 15-min posttime is advisable) and fol- 
lowing a day’s use for at least 2 h. It is important to note that the silica material 
that constitutes the matrtx of the column packing is eroded under the conditions 
described herem and thus, use of a silica saturator (a silica column used m-line 
upstream from the point of injection) is recommended 
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6. Many mvestigators have employed Li+ (as 10 mM LICI) pretreatment of tissues 
prior to stimulation on the assumption that it will enhance the accumulation of 
mosttol polyphosphates. One should note that there is httle evidence m smooth 
muscle tissues that blocking the inositol phosphomonoesterases with Lr+ has any 
effect on the breakdown of InsP, Indeed, one of us has shown that Li” does not 
block the phosphomonoesterase in myometrial smooth muscle (II). Thus, the 
mvestigator is encouraged to determine the effect of Li+ rather than employmg it 
blindly. This notwithstandmg, when employed, lithium can be added at a concen- 
tration of 10 rnA4 and included for 20 min prior to stimulation 

7. It is advisable to use high radioactive concentration of [3H]myo-inositol to label 
tissue samples. To improve cost-effectiveness, the volume of labeling buffer 
should be kept as small as possible. The time-course for labeling the phospha- 
tidylinositols is quite different in a given tissue as well as in different tissues 
Thus, to ensure that all pools of the phosphohprd have been labeled to isotopic 
equilibrium, it IS recommended that the time-course be determined for radio- 
isotope incorporation m individual phospholiptds such as PI, PIP, and PIP, 
Although TLC can be employed for this, details presented here for the analysis of 
the phosphatidyl inositols by HPLC is preferred. 

8. Repetitive freezing and thawing of the samples should be avoided because of a 
potential significant loss of inositol phosphates. After extraction of the tissues, 
freeze-drying should be used for reduction of sample size. If the samples are not 
immediately used m radio-HPLC analysis, it is advisable that they are kept dry 
and saved at -70°C until use 

9 On Partisil SAX columns, the HPLC mobile phase with pH 2 4.0 will generally 
provide sharp separation of higher mositol phosphates with a lower correspond- 
ing salt concentration than more neutral buffers. However, the pH of the salt 
buffer should be kept above pH 3.0 because of potential hydrolysis of inositol 
phosphates. 

10. The use of HZ0 m the separation of mositol phosphates is particularly useful in 
cleaning and re-equthbration of the column as the phosphate buffers are highly 
corrosive and thus, hard on the HPLC system. Furthermore, since water will tend 
to erode the silica column over time, it is useful to install a saturator (available 
from column suppliers) m order to presaturate the HPLC mobile phase with silica 
prior to entry onto the column. 

11. Inside the on-line scintillation-flow detector, the sample is counted while tt re- 
sides in the flow cell. Unlike a static liquid-scintillation counter, where the count- 
ing time is a selectable period in which a sample resides m a counting chamber, 
in a radiochromatography-flow detector, the counting time for the sample is 
actually the amount of the time that the sample flows into and out of the cell. The 
time is determined by the size (volume) of the flow cell and the total flow rate of 
the system (the combined HPLC flow rate and the cocktail rate). 

12. The selection of the update time used in calculating the current CPM in the flow 
cell is determined by the separation of inositol phosphates by the HPLC. For the 
method given in this chapter, it is recommended that 6 s be used as the update 
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time (3-s updates will provide better resolution when sample counts are adequate). 
When a shorter run time is used for HPLC gradtents and mositol phosphate peaks 
are very close to each other, less than 6 s should be chosen for the update time 
On the other hand, if a longer run time is used for HPLC gradients and inositol 
phosphate peaks are well-resolved, use of a update time of 6 s or greater will give 
greater sensitivity. 

13. Because ammonium phosphate tends to precipitate when it mixes with regular 
scmtillatron fluid and can thus cause a blockage and system failure of the flow 
detector, it is very important to choose an efficient liquid scmtillation cocktail 
that mixes well with high concentratron of salt solutron and produces a homoge- 
neous mixture. It is recommended that FLO-SCINT IV or IN-FLOW BD 
(described in Subheading 2.) be used because they are specifically designed for 
use with ammonmm-phosphate and ammonium-formate gradients up to 2 M m 
concentration. It should be kept in mind that the total flow rate through the sys- 
tem should be minimized to increase the residence time of the sample m the flow 
cell. Therefore, it is desirable to choose the lowest ratio of scintillation cocktail 
to HPLC solvent that gives a stable clear mixture and a good counting efficiency 
(we have had good success with a 4: 1 ratio) 

14. The detecting sensitivity and resolution of inositol phosphate peaks after HPLC 
are determmed by the detector flow cell size, the total flow rate, and the update 
time. The use of a large flow cell, a slow flow rate, and a long update time 
increases sensitivity, but decreases peak resolution. If the maximum sensitivity is 
desirable for low level counting, use shallow HPLC gradients, which provide 
better separation but longer chromatographic run times than steep gradients, a 
larger flow cell, and a slow total flow rate. 
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Preparation of [3H]Phosphoinositol Standards 
and Conversion of [3H]Phosphoinositides 
to [3H]Phosphoinositols 

Ian M. Bird 

1. Introduction 
Any chromatographic procedure for the separation of phosphomositols will 

require a supply of standards, both for validation of the technique and identifi- 
catton of the products. Tritmm-radiolabeled standards are commercially avail- 
able m l-2 pCi quantities for Ins( 1,3,4,5)P4, Ins( 1,4,5)P,, Ins( 1,3,4)P,, 
Ins( 1 ,4)P2, Ins4P, and Ins 1 P. Although such standards can often be purchased 
as a standard mixture, it is preferable to purchase them unmixed so they can be 
used as starting materials for other standards. At present, other standards that 
are unavailable commercrally must be prepared as required using chemical or 
enzymological methods. 

1.1. Enzymatic Preparation of Ins(l,3)P,, Ins(3,4)P,, 
and Ins4P Standards 

In rat brain homogenates, Ins( 1 ,3,4)P3 can only be dephosphorylated through 
1-phosphatase or 4-phosphatase activity. The studies of Batty and coworkers 
(1) have shown that, in the presence of excess EDTA and absence of free Mg2+, 
the 4-phosphatase activity remains, but 1 -phosphatase activity is abolished and 
Ins( 1 ,3,4)P3 is metabolized exclusively to Ins( 1 ,3)P2. In the presence of Mg*+ 
(2 mM)l-phosphatase activity exceeds that of 4-phosphatase activity, and 
Ins( 1,3,4)Ps is predominantly converted to Ins(3,4)P2. Therefore, to prepare 
the inositol &&phosphates Ins(3,4)P2 and Ins( 1 ,3)P2, the simplest approach is 
to degrade commercially available Ins( 1,3,4)P, by incubation with a high-speed 

From Methods In Molecular B/o/ogy, Vol 105 Phosphollprd Slgnabng Protocols 
Echted by I M Bird 0 Humana Press Inc , Totowa, NJ 
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supernatant prepared from homogenized rat brain, both with and without free 
Mg2+ present. 

The studies of Batty and coworkers (1) have also shown that m the same 
high-speed supernatants of rat brain homogenates, Ins( 1 ,4)P2 is metabolized 
exclusively by 1 -phosphatase action to Ins4P when 2 mMfree Mg2+ is present. 
Thus, the same procedure can also be used to prepare Ins4P from Ins( 1 ,4)P2. 

Rat brain supernatant also contains a Sphosphatase that is extremely active 
and will rapidly remove the Sphosphate from Ins( 1,4,5)Ps and Ins( 1 ,3,4,5)P4. 
Thus it is also possible to prepare Ins4P and Ins(3,4)P2 indirectly from 
Ins( 1,4,5)P, and Ins( 1 ,3,4,5)P4, respectively using exactly the same procedure 
as above. However, m the absence of Mg 2+, the activity of the 5-phosphatase is 
severely inhibited, so it is not possible to prepare Ins( 1,3)P2 indirectly from 
Ins( 1,3,4,5)P, by this method. 

7.2. Preparation of Phosphoinositol Standards 
by Chemical Modification 

There are two basic strategies for the preparation of phosphoinositol stan- 
dards. The first is to exploit the ease of phosphate migration around positions 
1, 2, and 3 under acidic conditions because of their mutually &-orientated 
hydroxyl groups; the second is to carry out partial alkaline hydrolysis of mosi- 
to1 polyphosphates that contain phosphate groups m the position of interest 
(see Notes 1 and 2). 

Limited alkaline hydrolysis can be used to partially dephosphorylate inosi- 
to1 polyphosphates right down to their monophosphate equivalents, without 
isomerization (see Note 2). The degradation products so formed will be a mix- 
ture containing phosphate groups in the same positions as were present before 
hydrolysis. Thus hydrolysis of o-myo-Ins( 1 ,4)P2 will give a mixture of D-myo- 

Ins 1 P and n-myo-Ins4P, whereas hydrolysis of o-myo-Ins( 1,4,5)P, will give a 
mixture of three inositol bisphosphates (n-myo-Ins[ 1 ,4]P2, n-myo-Ins[4,5]P2, 
and o-myo-Ins[ 1 ,5]P2) and three inositol monophosphates (o-myo-Ins 1 P, 
n-myo-Ins4P, and myo-InsSP). Remember, however, that phosphoinositols may 
exist m enantiomeric pairs. Thus, alkaline hydrolysis of Ins( 1 ,3,4,5)P4 would 
yield a mix including the monophosphates o-myo-InslP, n-myo-Ins3P, o-myo- 
Ins4P, and myo-InsSP, but o-myo-Ins 1P and n-myo-Ins3P are an enantiomeric 
pair, so as far as HPLC analysis is concerned, the monophosphate products are 
InslP, Ins4P, and InsSP. Note also that the mositol monophosphate products 
are not always formed in equimolar amounts because of the differing orienta- 
tion of the phosphates in each position and the effects of possible neighbormg 
phosphates on reaction rates. 
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a. myo-lnosltol 

9’ I ’ ’ rCH0 

P P P P 

Ptdlns 
Methylamme 

t GroPlns 
Periodate DlmethylHydrazme 

* InslP 

Fig. I. Basic chemistry of myo-mositol compounds: The three-dtmensional struc- 
ture (top left) and Haworth prolectlon of myo-mositol (top right) is shown, together 
with the numbering of the carbon atoms by the o-numbering system. Note that only C- 
C and C-OH bonds are shown, and the line of symmetry is indicated by a dotted line. 
(For further details on the stereochemistry of inositol and the phosphoinositols see 
Parthasarathy and Eisenberg /lOj). The reaction sequence for the converston of the 
phosphoinositides (PtdIns) to phosphomositols (InslP) via glycerophosphomositol 
(GroPIns) and the glycolaldehyde intermediate is also shown (bottom). 

1.3. Conversion of Unknown Phosphoinositides 
into Corresponding Phosphoinositols 

The phosphoinositides are extracted from samples of interest by the acidr- 
fied Bligh and Dyer extraction either directly from the cells or preferably from 
the msoluble pellet formed by PCA precipitation (see Chapter 1). The 
phosphoinositides recovered in this way cannot be analyzed intact by the 
HPLUFPLC methods described in Chapters 3 and 4 because of then insolubil- 
ity in water. However, they can be converted to their water-soluble glycero- 
phosphomositol counterparts if the fatty acyl groups are removed (Fig. 1). 

Deacylation can be achieved by a variety of methods, including strong acid 
or strong alkaline hydrolysis; but, in view of the formation of cyclic phosphate 
intermediates on the inositol ring, and so isomerization in each case (Note 2), 
these methods are not appropriate here. Instead, complete deacylation without 
rsomerization can be achieved using the methylamme transacylation proce- 
dure of Clarke and Dawson (2), exactly as described in Chapter 2. This method 
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also gives excellent recoveries and so quantification of the glycerophospho- 
inositols gives an accurate assessment of the phosphomosltide starting maten- 
als. Once formed, the glycerophosphoinositols can be separated by HPLC/ 
FPLC (see below), but obtaining standards to help identify the products is dlf- 
ficult, and most published methods are optimized to separate the phos- 
phoinositols. Thus, when unambiguous Identification of products is required, 
most workers choose to carry out further conversion of the glycerophospho- 
mositols to their phosphoinosltol counterparts through limited perlodate 0x1- 
datlon (Note 3) followed by reaction of the glycolaldehyde product with 
dimethylhydrazine (3,4) ( see Fig. 1). The phosphoinositol products are then 
identified using established HPLC procedures. It should be kept m mmd that 
this strategy is suitable for the identification but not quantification of the 
phosphoinosmdes, as recovery of the products of the deglyceratlon procedure 
described below 1s only 50-60%. 

2. Materials 
All chemicals should be HPLC grade or, where not available, analytical 

grade. 

2.7. Enzymatic Preparation of Ins(l,3)P,, lns(3,4)P,, and lns4P 
Standards 
2.1.1. Preparation of High-Speed Supernatant 

1 Sodium chloride, normal Saline (0.9% w/v). 
2. Homogenization buffer. 100 mM KCl, 20 mM NaCl, 2 mA4 MgCl,, 25 mM 

HEPES, adjust pH to 7.4 with KOH. 
3. Dissection scissors and forceps. 
4. Polytron tissue homogenizer 
5. Ultracentrifuge and IO-mL tubes. 
6. Ice bucket with ice. 

2.1.2. Preparation of lns(3,4)P2 and Ins4P Standards Using 
the High-Speed Supernatant 

1 [3H]Phosphomosltol substrates 
2 Perchlorlc acid (PCA), 15% (w/v) 
3. Bovine serum albumin (BSA); 0.2% (w/v). 
4. 1,1,2-trichlorotnfluoroethane/tn-n-octylamine (I: 1, v/v). 
5. Incubation medium (composition as for homogemzatlon buffer, see Subheading 

2.1.1., item 2). 
6. Microfuge. 
7. MicrofUge tubes (1.5 mL) and floating rack. 
8. 5-mL Glass tubes. 
9. Water bath set to 37’C. 
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2.1.3. Preparation of Ins(l,3)P2 Standard Using 
the High-Speed Supernatant 

Follow the procedure for preparation of Ins(3,4)P2, but add 5 mA4 EDTA to 
the incubation buffer (see Subheading 3.1.3.). 

2.2. Preparation of Phosphoinositol Standards 
by Chemical Modification 
2.2.1, Acid-Catalyzed Formation of InsPP and D/L-lns4P from Ins I P 

1. Ins 1P (cyclohexylammonium salt). 
2. Radiolabeled InsIP standard 
3. 2 M Hydrochloric acid. 
4. 10 M Sodium hydroxide. 
5. Water bath, with lid, set to SO’C. 
6. Small glass tubes with nonsealing caps. 

2.2.2. Limited Alkaline Hydrolysis of lnositol Polyphosphates 
1. 880 Ammonia. 
2. Radiolabeled inositol polyphosphate. 
3. Liquid nitrogen 
4. Mannitol. 
5. Pyrex glass ampules (capable of withstandmg very high pressure). 
6. Ampule-sealing torch and equipment. 
7. Freeze-dryer. 
8. Oven (capable of 1 10°C) 

2.3. Conversion of Glycerophosphoinositols to Corresponding 
Phosphoinositols by Limited Periodate Oxidation 

1. AG 50W cation-exchange resin (200-400 mesh, Bio-Rad, Hercules, CA) 
2. C 18 reverse-phase Sep Pak cartridge (Waters Chromatography, Milford, MA). 
3. Sodium periodate; 100 mM, see Note 4. 
4. Ethane diol; 1% (w/v) 
5. Dimethylhydrazine: 1% (w/v) to pH 4.5 with concentrated formic actd. 
6. Methanol. 
7. 2 M Sodium hydroxide. 
8. 1 MHydrochloric acid. 
9. Formic actd 

10. Nitrogen gas. 
11. Mannitol. 
12. Water bath (25’C). 
13. Freeze-dryer. 
14. Small (6-mL) chromatography column with 70-pm frit. 
15. 1 0-mL Syringe. 
16. Microfuge tubes (1.5 mL) and floating rack. 

Important: Prepare the periodate, ethane diol, and dimethylhydrazine 
reagents fresh. 
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3. Methods 
3.1. Enzymatic Preparation of lns(1,3)P2, lns(3,4)P2, 
and Ins4P Standards 
3.1.1. Preparation of High-Speed Supernatant 

1 Stun and decapitate a rat and remove the cerebral cortex to normal saline (on ice 
in a small beaker). Chop with scissors and wash free of excess blood by repeated 
changes of ice-cold normal saline solution. 

2. Decant off saline solution, transfer fragments to a 25mL tube, rinse fragments 
briefly in homogenization buffer, and drain. 

3. Add 10 mL of homogenization buffer (ice-cold) and homogenize with three x 
15-s bursts of a polytron. Make up to 20 mL with further buffer and transfer to 
2 x lo-mL centrifuge tubes 

4. Spm homogenate at 60,OOOg for 30 min at 4°C. Recover 5 mL of supernatant and 
keep on ice 

3.1.2. Preparation of lns(3,4)P, and Ins4P Standards Using 
the High-Speed Supernatant 

1 Place 450 pL incubation medium mto a microfuge tube and add substrate 
(0 1 uCi, 0 1 nmol; see Subheading 1.1. and Note 5) Prewarm to 37’C. 

2 Add 50 pL of high-speed supernatant to each tube and incubate at 37°C for 
10 min 

3. Add 250 pL of me-cold PCA to terminate phosphatase activity, followed by 
500 I,& 0 2% BSA Pellet precipitate material by centnfugation (12,OOOg for 
5 min in microfuge). 

4. Transfer supernatant to a separate tube (5 mL). Neutralize by addition of 1 5 mL 
freshly prepared freon/octylamine and mix thouroughly for 10 s. Separate phases 
by spinning at 1300g for 2-3 min. Recover the upper aqueous phase (containing 
the products) to a microfuge tube. 

5. To maximize recovery, wash the freon/octylamme:water interface by addmg a 
further 0.5 mL H20, mixmg, and separatmg the phases once more by centrifuga- 
tion. Recover the upper aqueous phase and combine with material recovered m 
step 4 

6. The final products can be semipurified into InsPt, InsPz and InsP, fractions on 
AGlX8 columns usmg the method described in Chapter 2, or purified to single 
isomers if so desired using HPLC method 3 (described m Chapter 3) Desalting of 
purified material can then be achieved by lyophihzation of recovered fractions. 

3. I. 3. Preparation of Ins( 1,3) P2 Standard Using 
the High-Speed Supernatant 

The above procedure can be repeated exactly but with 5 mMEDTA added to 
the incubation medium. Alternatively, a simpler incubation buffer has been 
used (5) consisting of 80 mM KCl, 50 mM HEPES, 2 rnA4 EDTA, pH 7.4. 
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3.2. Preparation of Phosphoinositol Standards 
by Chemical Modification 
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3.2.1. Acid-Catalyzed Formation of Ins2P and D/L-lns#P from Ins 1 P 

Note: This procedure mvolves the use of hot acids; work behind a transpar- 
ent protective shield in a fume cupboard, and wear protective clothing (see 
Note 6). 

1. Dissolve 1 mg cold carrier InslP in 0.3 mL HZ0 in a small tube and add radio- 
labeled standard (0.5 pCi; Note 7). 

2 Place 1 mL of 2 M HCl in a separate tube and place a loose-fitting cap on 
each tube. Warm both tubes in a water bath to 80°C (or lOO”C, as required; 
Note 6). 

3. Transfer 0.3 mL of hot acid to the sample tube and continue to heat for 10 mm, or 
30 min as required (see Note 6). 

4 Remove both tubes from the water bath and cool. Neutrahze the sample tube 
by addition of NaOH solution (approx 60 pL; see Note 8). Store products at 
-20°C 

3.2.2. Limited Alkaline Hydrolysis of lnositol Polyphosphates 

Note: This procedure mvolves the heating of alkaline in sealed ampules; 
work behind a transparent protective shield and see Note 9 for precautionary 
measures. 

1. Dry the phosphoinosltol starting material down in the bottom of a glass ampule 
(under mtrogen gas or by lyophilizatlon). 

2. Add 1 mL of 880 ammonia and freeze the liquid at the bottom of the ampule 
using hquid nitrogen (keep cooling until the ice cracks). Immediately seal the 
ampule. 

3. Check the ampule for leaks (as the ampule warms to room temperature and the 
liquid thaws, an ammoma odor will escape from the vial if a leak is present). 

4. Place the ampule in an oven and switch the oven on. Heat the ampule in the oven 
at 110°C for 48 h. 

5. Switch the oven off and allow it to cool to room temperature before opening. 
Remove the ampule and refreeze the contents using liquid nitrogen behind a 
shield (again, continue cooling until the ice cracks) Immediately open the 
ampule. 

6. Remove the ammonia by lyophilization. Resuspend the final products in HZ0 
and adjust the pH to 7.0 if necessary. Store the products frozen at -2OOC. 

7. The mixed products can be separated on AGlX8 columns as described in Chap- 
ter 2, or by HPLC method 3 (Chapter 3). Ammonium formate present in the re- 
covered fractions can then be removed by lyophihzation. 
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3.3. Conversion of Glycerophosphoinositols to Corresponding 
Phosphoinositols by Limited Periodate Oxidation 

Carry out all incubations in steps 2-4 in the dark and in a sealed tube with 
any air space above the sample flushed with nitrogen gas at each stage. 

1. Phosphomositides should first be converted to their glycerophosphoinositol coun- 
terparts using the methylamine deacylatlon procedure described m Chapter 2 (see 
Notes 10 and 11) The neutralized aqueous products should then be lyophilized, 
resuspended m H20 (900 &) in a 1 5-mL mlcrofuge tube (Note 12), and, if nec- 
essary, neutralized to pH 6.5-7.0 using concentrated formic acid. 

2. Add 100 pL of 100 mA4 sodium perlodate and incubate for 20 mm (m the dark at 
25°C). 

3. Add 300 pL of 1% (w/v) ethane dlol and continue mcubatlon for 20 min (m the 
dark, 25°C). (This step consumes the remaining periodate.) 

4. Add 60 pL of 1% (w/v) dimethylhydrazine reagent and incubate for 4 h (in the 
dark, 25°C). Durmg this time, flush the tube with mtrogen gas periodically. (Over 
this 4-h period, the mixture should turn orange.) 

5 Prepare a 0.5~mL column of Bio-Rad AG 50W resin (prewashed, see Note 13) 
during the 4-h incubation in step 4. 

6. Place a clean container below the AGSOW column Load the reaction mix onto 
the AGSOW column and elute with 2 x 4 mL water Collect all eluates and neu- 
tralize with ammonium hydroxide (concentrated). 

7. To remove organic material from the phosphoinosltol products, pass the neutral- 
ized product mixture through a C 18 Sep Pak Cartridge (prewashed, see Note 14), 
collectmg all washings. To maxlmlze sample recovery, wash the cartridge with a 
few milliliters of water and then air-purge. Lyophilize the combined washings 
(to reduce volume) with added manmtol to act as a carrier if desired 

8 Redissolve sample in water and neutralize as necessary. Analyze recovered 
material on HPLC. 

4. Notes 

1. myo-Inosltol is a six-membered cyclohexane ring with a hydroxyl on each car- 
bon atom. All the hydroxyls except for that m position 2 are arranged equatorially, 
which means that there is a line of symmetry between carbons 2 and 5 (Fig. 1). 
Thus, enantlomenc pairs may exist if phosphates are placed on positions 1 or 6 
(enantiomenc pairs being those on 3 and 4, respectively). This orientation of the 
hydroxyl groups on myo-mositol also means that those on carbons 1,2, and 3 are 
mutually cis to each other, whereas those on carbons 3, 4, 5, 6, and 1 are all 
mutually trans. This latter point is shown most clearly in a Haworth proJectIon of 
myo-mositol (Fig. 1). 

2. If a phosphate occupies any one position under conditions where it can momen- 
tarily form a cychc phosphate group across two adJacent hydroxyls, then the phos- 
phate group can migrate to new positions around the rmg. This cyclizatlon 
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reaction occurs extremely slowly across truns-orientated hydroxyls, but relatively 
quickly across mutually cu-ortented hydroxyls. Thus it is relatively easy to pro- 
mote phosphate migration around the 1,2, and 3 positions but not so easy around 
the 4, 5, and 6 positions (Fig. 1). 

For the phosphoinositols, cyclic phosphate intermediates are only promoted 
by acidic media and so migration may occur in the extraction procedures 
described (Chapter 1 and see below) if samples are not kept on ice Under alka- 
line conditions, cychc intermediates do not occur, but hydrolysis of the phos- 
phate groups may occur (6,7) 

For the phosphoinosmdes or glycerophosphomositols, cyclrc phosphate inter- 
mediates occur m acid media but may also be formed under strong alkaline 
conditions from the phosphate of the phosphodiester bond (8). The formation of 
cyclic phosphate intermediates does not occur, however, in mild alkaline 
conditions. 

3 The relative orientations of the hydroxyl groups around the myo-inositol ring and 
on the glycerol portion of the glycerophosphoinosttols is the reason that certain 
C-C bonds are more susceptible to cleavage through limited periodate oxidation 
than others. Attack by periodate on vicmal C-OH groups can result in C-C bond 
cleavage and the ultimate conversion of each C-OH to a CHO (aldehyde) struc- 
ture This reaction occurs most readily when the hydroxyls on the vicinal carbon 
atoms are closest m alignment, i.e., mutually czs. Thus, m the glycerol structure 
where the carbon chain is open and C-C bonds can undergo free rotation, very 
close ahgnment can be achieved and rapid attack occurs. In the myo-inositol ring, 
there is no free rotation of C-C bonds, so the mutually cu-orientated hydroxyls 
on positions 1, 2, and 3 are close but not ideally aligned and are attacked more 
slowly, whereas the mutually trans-orientated hydroxyls on positions 3,4, 5, 6, 
and 1 are completely resistant to attack. Thus, it is the glycerol portion of the 
glycerophosphoinositols that is attacked most rapidly by limited periodate oxida- 
tion, whereas the inositol ring structure is relatively stable (9) 

4. If using periodate that has been standing for a long time, mix the contents before 
weighing, as that which is on the surface will have degraded 

5. The procedure described here is only a slight modification of that of Batty et al. 
(I). An important consideration is the quantity and form of substrate added. Most 
commercially available preparations of phosphomositol standards are supplied 
m 10% (v/v) ethanol at approx 1 pCi /nmol/lOO pL. In the method described 
above, addition of 0.1 pCi (i.e., 10 pL,) of material results m a final concentration 
of 200 n&Y substrate and 0.2% ethanol. This quantity of ethanol has no adverse 
effect on the reaction, but if larger quantities of standard (e.g., 1 &!I) are to be 
used as starting material, then it IS advisable to dry the substrate under nitrogen 
gas or by lyophilrzation, and then redissolve m incubation buffer. 

6. This procedure carried out at 80°C will generate a mixture of o-myo-Ins 1 P, Ins2P 
and u-myo-Ins3P from Ins 1 P starting material (6,7). As u-myo-Ins 1 P and D-myo- 
Ins3P are enantiomers, then the standards will migrate on HPLC as InslP and 
Ins2P markers. Of the recovered material, approx 30% will be Ins2P If a marker 
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for Ins4P is also required, the same procedure can be carrred out, but heating 1s 
for 30 mm in a water bath set to just below 100°C (7). The water bath should not 
be boiling. The products from this modified procedure give markers for InslP, 
Ins2P and Ins4P (45,40, and 15%, respectively, the InslP marker being a mix of 
the enantiomers n-myo-Ins 1P and o-myo-Ins3P, and the marker for Ins4P being a 
mix of the enantromers o-myo-Ins4P and D-myo-Ins6P). 

Whichever temperature is chosen, it 1s essential to work behind a shield and 
wear protective clothing. Also place a loose fittmg cap or a cap with a needle 
through it on each tube (to prevent build-up of pressure while mimmizing evapo- 
ration and to avoid loss of material if sudden boiling occurs) and place a hd over 
the water bath as a precaution against splashing by boiling acid and radioactive 
material. 

7. The conditrons chosen here give approx 2 pm01 cold InslP carrier. Added radio- 
labeled standard may be [ 14C]Ins 1P or [3H]Ins 1 P, but the advantage of using the 
former is that standards so formed can be used as internal standards when analyz- 
ing [3H]mositol-labeled samples 

8. The final product formed by this procedure will contam approx 1 M NaCl 
Provided the starting material is of hrgh enough activity (i.e., use 0.5 pCi of 
radiolabeled startmg material) such that only small volumes (approx 1 O-20 $I,) 
of the recovered product are required as a standard marker per HPLC run, then 
this will not adversely influence the results obtamed. If a salt-free preparation is 
required, then, after heating the InslP m acid for the required time (Subheading 
3.2.1., step 3), remove the tubes from the water bath and freeze nnmedrately wnh- 
out neutrahzation. The hydrochloric acid can then be removed by lyophihzation, 
the dried matenal resuspended m water, and the pH adjusted to 7.0 as necessary 

9. Because the method involves heatmg and cooling a sealed ampule, and therefore 
some risk of explosion, it is absolutely essential that protective clothmg/glasses 
are worn, a suitable high-pressure (Pyrex) ampule is used, and heatmg is carrted 
out in a closed vessel Aways work behind a transparent protective shield and 
wear protective gloves when coolmg, sealing, or opening the ampule. 

10. A potential problem with the deglyceration method described is that, with only 
trace quantities of material, overoxidation can occur, resulting m destructron of 
the inositol ring. Ideally, for complete deglyceration without destruction of the 
mositol ring, the sample concentration should be l-5 mM (4). If the initial 
phosphomositide sample is a radiolabeled preparation of trace quantity, then the 
simplest way to avoid overoxidation is to first add cold lipid carrier (1 mg PtdIns 
or mixed phosphoinositides) and then deacylate exactly as described m Chapter 2 
using 1 mL of the methylamme reagent. When the glycerophosphomositol prod- 
ucts are finally resuspended m a volume of 900 pL (Subheading 3.3., step 1) 
the cold carrier will be approx 1 rnM. Alternatively, if mass measurements are 
required, so cold carrier cannot be added to the trace quantities of the material 
of interest, then it is still possible to carry out deglyceration as described, but it 
may be necessary to reduce the incubation time in Subheading 3.3., step 2 (see 
also ref. 4) 
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11. Do not use mannitol for freeze-drying m any steps before the periodate oxtdation 
reaction, as mannitol is a polyol and so may interfere with the reaction. 

12. A 1.5mL Eppendorf microfuge tube is sufficiently large to carry out Subhead- 
ing 3.3., steps 2-4, but small enough to have a limited au space above the solu- 
tion, and can be sealed after gently flushing with nitrogen. This is an important 
consideratton, as oxygen can attack the polyol during the reactions described and 
cause formation of byproducts. If a larger tube is used, then flush well with nitro- 
gen gas and seal at each stage. 

13 The AGSOW resin IS a cation-exchange resin and so will not bmd phospho- 
mositols. Its purpose here 1s to remove unreacted dimethylhydrazme (which is 
positively charged) The OS-mL column is best used after prewashing with 2 M 
NaOH (4 mL), water (to pH 7 0), 1 MHCI (4 mL), and finally water (to pH 7.0) 

14. The Cl 8 Sep Pak cartridge should be washed with 2 mL methanol and then 5 mL 
water (by syringe) before use. This is necessary because, being a hydrophobic 
column, it cannot be wetted with water alone. 
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lnositol 1,4,5=Trisphosphate Mass Assay 

Lubo Zhang 

1. Introduction 
7.7. Background 

The phosphomosmde cascade plays a central role in the transduction of 
many extracellular sttmuli. Activation of plasma membrane-associated 
phosphomosrtide-specific phospholipase C stimulates the hydrolyses of 
phosphatidylinositol-4,Sbisphosphate (PtdInsP,) and generates inositol 
1,4,5-trisphosphate (Ins( 1,4,5)P,), which in turn releases calcmm from intra- 
cellular stores (I). 

There are many methods for the determination of Ins( 1 ,4,5)P3. In Chapters 3 
and 4, measurement of Ins( 1,4,5)Ps using high-performance liquid chromatog- 
raphy (HPLC) has been described. This method depends on the labeling of 
cells or tissues with [3H]myo-inositol and the separation of inositol phosphates 
isomers by HPLC. Whereas the obvious advantage of the method 1s that it can 
assess the complete profile of inositol phosphates and then metabolism in 
stimulated cells, the difficulty of determining specific radioactivity of 
Ins( 1,4,5)P, inside cells limits its ability to quantify the Ins( 1,4,5)P, mass in 
most experiments. Other methods for determination of Ins( 1 ,4,5)P3 mass 
require prior extensive purification of Ins(1,4,5)P3 from other inositol phos- 
phates. The purified Ins( 1,4,5)Ps is then hydrolyzed chemtcally or enzymati- 
tally followed by different detection systems (2-5). These methods are 
relatively slow, expensive, and laborious to perform. 

The recently developed Ins( 1 ,4,5)P3 radioreceptor assays (6,7) provide 
simple, sensitive, and specific methods for the rapid determination of 
Ins( 1,4,5)P3 mass. The major advantage of these methods is that they can quan- 
tify endogenous Ins( 1 ,4,5)P3 mass m tissue or cell extracts with little purifica- 
tion. The range and sensitivity of the assays will ulttmately depend on the 

From Methods m Molecular Bology, Vol 105. Phosphol1pk-f Slgnalrng Protocols 
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Ins( 1 ,4,5)P3 receptor used. Commercially marketed Ins( 1 ,4,5)P3 radioreceptor 
assay kits utilize either bovine adrenals (Amersham [Arlington Heights, IL], cat. 
no. TRK 1000) or calf cerebellum (DuPont NEN [Boston, MA], cat. no. NEK- 
064) as a source of the Ins( 1 ,4,5)P3 receptor. The author has used both kits and 
found that the kit from DuPont NEN is more economic and easier to perform, 
and it 1s discussed in detail in this chapter. 

1.2. Sample Preparation 

Although inclusion of 10 rnJ4 lithium in the medium used to incubate the 
tissues or cells has been employed for many studies to increase agomst-stimu- 
lated accumulation of mositol monophosphate, the precise effects of this cat- 
ion on the metabolism of both phosphoinositides and their water-soluble 
products, especially Ins( 1 ,4,5)P3, remain unclear. It is therefore, suggested that 
lithium be excluded from the incubation medium. 

For extraction of Ins( 1 ,4,5)P3 from the samples, the acid is usually employed 
to separate the highly charged Ins(1,4,5)P3 from membrane proteins. Both 
trichloroacetic acid (TCA) and perchloric acid (PCA) extraction methods have 
been used. Although PCA precipitation is a better method for preparation of 
samples for HPLC because of its httle particulate matter produced, for 
Ins( 1,4,5)P, radioreceptor assay, TCA precipitation method may be a better 
choice for its speed and easy usage. Both methods will be given below. Because 
Ins( 1,4,5)P, binding to its receptors is optimized at pH 8.5 (8,9), acid-extracted 
samples should be neutralized before the assay. 

1.3. lns(1,4,5)P3 Radioreceptor Assay 

As for cyclic AMP assay developed in 1970 (10), the Ins(1,4,5)P3 radio- 
receptor assay is based on competltlve binding of unlabeled and radiolabeled 
ligand to endogenous proteins. As illustrated m the diagram, unlabeled 
Ins( 1,4,5)P, from samples or standards competes with a fixed quantity of tri- 
tium-labeled Ins( 1 ,4,5)P3 for a constant and limiting amount of the Ins( 1,4,5)P, 
receptor. Amount of Ins( 1,4,5)P3 in samples can be determmed from the stan- 
dard curve derived from known quantities of Ins( 1,4,5)P,. 

Ins( 1 ,4,5)P3 Receptor-[3H]Ins( 1,4,5)P3 
+ Receptor f) + 

[3H]Ins( 1 ,4,5)P3 Receptor-Ins( 1 ,4,5)P3 

The key component for the assay is the preparation of the Ins( 1,4,5)P, 
receptor. Individual investigators can prepare the membranes containing 
the Ins(1 ,4,5)P3 receptor from different tissues in the laboratories without 
extreme difficulties (6,7). The Ins( 1,4,5)P+eceptor membrane preparation 
used in the DuPont Ins( 1 ,4,5)P3-radioreceptor assay kit (NEK-064) is derived 
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from calf cerebellum, which contams higher levels of Ins( 1 ,4,5)P3 receptors 
compared with bovine adrenal membranes. The preparation has a very high 
specificity and sensitivity for Ins( 1 ,4,5)P3, and can be used for 192 assay tubes 
with a hands-on time less than 2 h. 

2. Materials 
2.1. Sample Preparation 

Certain laboratory equipment and supplies such as homogenizer, refriger- 
ated low-speed centrifuge, vortex mixer, polypropylene centrifuge tubes, or 
microfuge tubes are required. 

2.1.1. TCA Extraction 

1. Trichloroacetic acid (TCA), 16.7% (w/v) in water. 
2. Diethyl ether 
3 Trts-HCl, 500 mA4, pH 8 5 
4. 3-L Separatory funnel. 

2.7.2. PCA Extraction 

1 Perchlorlc acid (PCA), 100% (w/v) in water. 
2. 10 mMEDTA, pH 7 0 
3. Freon( 1,1,2-trichlorotrtfluoroethane) (Aldrich). 
4. Tri-n-octylamme (Aldrich, Milwaukee, WI). 

2.2. Radioreceptor Assay 

2.2.1. Preparation of Membranes Containing the lns(1,4,5)P, Receptor 

1. Buffer A: 20 mMTrn+HCl, 20 mMNaC1, 100 mMKC1, 1 rnA4EDTA, 5 mMDTT, 
1 mg/mL bovine serum albumin (BSA), 0.02% sodmm aztde (w/v), pH 7.7 

2 Buffer B: 50 mM Tris-HCl, 5 rnA4EDTA, 5 mM EGTA, 0.02% sodmm azlde 
(w/v), pH 8.5. 

3 Dissection scissors and forceps. 
4 Polypropylene centrifuge tubes and mtcrofuge tubes. 
5. Polytron tissue homogenizer. 
6. Ultracentrifuge with fixed-angle rotor for lo-mL tubes. 
7 Tissues (fresh IS recommended). 

2.2.2. Assay Protocol 

The DuPont kit contains most reagents needed for Ins( 1,4,5)P,-radioreceptor 
assay. These and others not included are listed below. 

1 Ins( 1,4,5)P,-receptor preparation (DuPont cat no. NEK 064). 
2. [3H]Ins( 1,4,5)P, (DuPont cat no. NET-91 1). 
3. Ins( 1,4,5)P, (DuPont cat no. NEK 064). 
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4. Blanking solution: 20 mM EDTA, 20 mM EGTA, 2% inosltol hexaphosphate 
(w/v), 0.05% sodium azlde (w/v), pH 7.5 (NEK 064). 

5. Assay buffer: 5 mMEDTA, 5 rnMEGTA, 50 mA4sodium TAPS, pH 8 6. An aitema- 
tive assay buffer IS 50 n&f Tris-HCl, 5 mA4 EDTA, 5 mM EGTA, 0.02% sodmm 
azide (w/v), pH 8.5 (NEK 064). 

6. 0.15 N Sodium hydroxide solution. 
7. 1 -mL Polypropylene mmltubes. 
8. Refrigerated low-speed centrifuge with swmgmg bucket rotor (capable of 2500g). 
9 Liquid scmtlllation counter. 

10. 7-mL Counting vials and caps. 
11. Liqutd scmtillatlon cocktail for aqueous samples 

2.3. Bradford Protein Assay 

1. 1 mg/mL BSA solution. 
2. Bio-Rad (Hercules, CA) protein assay dye reagent (cat no. 500-0006). 
3. 5 N Sodmm hydroxide solution. 
4. 12 x 75-mm Test tubes. 
5. Shaking water bath (3O’C) 
6. Semi microcuvets. 
7. Spectrophotometer (595 nm) 

3. Methods 

3.1. Sample Preparation 

The followmg acid-extraction procedures are given using blood vessel tls- 
sue as an example (see Note 1). The same procedures could also apply to 
cell suspensions except that the homogenization step may not be required. Tis- 
sue samples are snap-frozen in liqmd nitrogen after treatments, and kept at 
-8OOC before analysis. Depending on type of tissues and/or cells, approx 
2-10 mg tissue or l-5 x lo5 cells are needed to get on the standard curve. 

3.1.1. TCA Extraction 

1. For 10 mg tissue (wet weight), add 0.25 mL ice-cold 16.7% TCA. 
2. Homogemze at 0-4”C for 1 mm. 
3. Rinse the homogenizer twice with each of 0.25 mL 16.7% TCA. 
4. Combme three fractions (0.75 mL) and centrifuge for 10 mm at 15OOg at 4°C 
5. Collect supematant and mcubate at room temperature for 20 mm. 
6 Save pellet for protem assay (see Subheading 3.3.) 
7. During the 20-mm mcubatlon in step 5, prepare water-saturated dlethyl ether by 

mixing vigorously 1 L HZ0 and 1 L diethyl ether in separatory funnel (see 
Note 5). Care should be taken because ether IS a hazardous material and can 
release pressure when used m separating funnel. 
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8 Add 4 vol water-saturated dlethyl ether to 1 vol supernatant from step 5 and 
vortex 

9 Remove top layer with vacuumed pipet. 
10 Repeat steps 8 and 9 two more times. 
11 Remove the residual ether by standing samples in a stream of air m a ventilation 

hood for 5 mm. 
12 Samples are neutralized with 500 rnA4 Tris-HCl (pH 8.5), and kept on ice before 

assayed (see Note 4). 

3.72. PCA Extraction (11,12) 

1 Perform Subheading 3.1.1., steps l-6 substitutmg 10% PCA for TCA. 
2. Add 0.25 mL 10 mM EDTA (pH 7.0) to the supernatant (0.75 mL). 
3 Add 0 75 mL of freshly prepared 1: 1 (v/v) freon (1,1,2-trichlorotrifluoroethane) 

and tri-n-octylamme to the samples (total volume: 1.75 mL) (see Note 6) 
4 Mix thoroughly by vortexing for 30 s, followed by centrifigation at 1OOOg for 5 mm. 

This gives three phases. water containmg neutralized sample (top), tri-n-octylamine 
perchlorate (middle), and freon plus unreacted m-n-octylamine (bottom) 

5 Carefully collect the top layer using transfer pipet, and keep It on ice until assayed 

3.1.3. Recovery of lns(1,4,5)P3 from Acid-Extraction 

1. Add approx 10,000 cpm [3H]Ins( 1 ,4,5)P3 to samples before homogemzatlon. 
2. After acid-extraction, transfer 0 1 vol samples to scintillation vials. Add 5 mL of 

scintillation cocktail and count for 5 mm. 
3 Determine the percent recovery as (count [cpm] x lO/lO,OOO) x 100. 

3.2. Radioreceptor Assay 

The kit from DuPont (cat. no. NEK-064) supplies the Ins( 1 ,4,5)P3 receptor 
prepared from calf cerebellum. Alternatively, individual investigators can pre- 
pare membranes containing the Ins( 1,4,5)P, receptor m the laboratories. 

3.2.1. Preparation of Membranes Containing the lns(1,4,5)P3 Receptor (7,9) 

1 Isolated rat cerebella is minced and suspended in 10 vol ice-cold buffer A. 
2. Homogenize the tissue with a Polytron tissue homogenizer (Brinkmann Instru- 

ments, Westbury, NY) at setting 3.5 in two bursts of 15 s each. Keep the sample 
cold all the time. 

3. Centrifuge at 100,OOOg for 30 min at 4°C. 
4. Discard the supernatant Rehomogenize the pellet in half the original volume of 

buffer A at setting 3.5 for 15 s. 
5 Repeat step 3 
6. Discard the supernatant. The pellet 1s resuspended in buffer B at a protem con- 

centration of 10 mg/mL and saved in 1-mL ahquots at -70°C for subsequent use 
(see Note 2). 
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Table 1 
Preparation of Ins(1 ,4,5)P3 Standards 

Tube (pmol/O. 1 mL) 

Undiluted std 
0 20 mL std a + 0.30 mL distilled water 
0.25 mL std b + 0.25 mL dtstilled water 
0.25 mL std c + 0.25 mL distilled water 
0 25 mL std d + 0.25 mL distilled water 
0.25 mL std e + 0.25 mL dtstrlled water 
0.20 mL std c + 0.30 mL distilled water 
Disttlled water 

12 0 
4.8 
2.4 
1.2 
0.6 
0.3 
0 12 
0 

3.2.2. Assay Protocol 

3.2.2.1. PREPARE A SERIES OF Ins(1 ,4,5)P3 STANDARDS USING DISTILLED WATER 
AS DILUENT (SEE TABLE 1) 

3.2.2.2 PREPARE hs(l ,4,5)P3-R~c~~~o~ PREPARAT10N/[3H]h(l ,4,5)P3 

TRACER SOLUTION 

Although individual investigators can prepare the receptor preparation/tracer 
solution in the laboratory, the use of assay kit from DuPont NEN IS recom- 
mended for its simplicity and economy. 

1. To make the receptor preparation/tracer solution in the laboratory for 100 assay 
tubes, dilute 0.6 mL membrane solution contaming the Ins( 1,4,5)Ps receptor 
(approx 6 mg of protein, see Subheading 3.2.1.) into 40 mL with assay buffer. 
Add 50 pmols [3H]Ins( 1,4,5)P3. Keep the solution on the me until use. 

2. For the DuPont kit, resuspend the receptor preparation/tracer vial with the addt- 
tion of 2.5 mL of distilled water. Before the assay, dilute the concentrated recep- 
tor preparatton/tracer 1’ 15 (v/v) with assay buffer 

3.2.2.3. ASSAY PROTOCOL 

1. Follow the assay protocol schematic (in Table 2) (see Note 3). 
2. Vortex mix the tubes for 34 s except the two total counts tubes, which are 

directly transferred mto counting vials 
3. Incubate at 2-8°C for 1 h 
4. Centrifuge at 4OC for 10 mm at 24OOg, and decant all tubes by inverting and 

shaking sharply downward. Allow the tubes to remain upside down on absorbent 
paper for 10 s (see Note 9). 

5. Solubilize pellets in 50 pL of 0 15 N sodium hydroxide and vortex for 5 s. Incu- 
bate the tubes at room temperature for 10 min 

6 Place tubes m countmg vials and add 5 mL scintillatton cocktail Shake the vials 
vigorously for 5 s. 
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Table 2 
Assay Protocol Scheme 

Tube Blanking Distilled Standard, Sample, Receptor/ 
no. solution, pL water, pL pL & tracer, uL 

Total counts 1-2 - - - - 400 
Nonspecific 3-4 100 - - - 400 

bmdmg 
“0” Standards 5-6 - 100 - - 400 
Standards 7-20 - - 100 - 400 
Samples 21. - - - 100 400 

7. Place the vials in liquid scmtillatron counter and wait for 30 mm. Count for 5 mm 
(see Note 8). 

3 2.2.4. SAMPLE CALCULATION 

The amount of Ins( 1 ,4,5)P3 in the samples is determined from the standard 
curve (see Note 7). Typical results for the standard curve are shown in Table 3 
and Fig. 1. 

3.3. Protein Assay 

1. Add 0.5 mL of 5 NNaOH to the pellets obtained from Subheadings 3.1.1. and/or 
3.1.2. Vortex for 10 s 

2. Incubate for 30 min at 30°C m a shaking water bath. 
3. During the 30-mm incubation in step 2, prepare BSA standards by adding 0, 5, 

10, 15,20,25, 30,35, and 40 pL of I mg/mL BSA solution in test tubes. 
4. Dilute Bio-Rad protein assay dye reagent 1:4 (v/v) with distilled water before use. 
5. Depend on protein concentration, add 20-70 pL of samples to test tube. 
6. Add 1-mL diluted protein assay dye reagent to each test tube, and incubate at 

room temperature for 15 min. 
7. Read OD values at 595-nm wavelength by spectrophotometer 
8. Determine the amount of protein m each sample by interpolation from the BSA 

standard curve. 
9. Sample Ins( 1,4,5)P, mass determined from Subheading 3.2.2.4. can then be nor- 

malized as pmol/mg protem. 

4. Notes 

1. Acid extraction of samples converts inositol cychc phosphates to the correspond- 
ing noncyclic phosphates. Therefore, if there is appreciable amount of cyclic 
inosrtol 1:2,4,5-trisphosphate m the sample it will cause overestimation of 
noncyclic inositol 1,4,5-trisphosphate. Because cyclic mositol 1:2,4,5-trisphosphate 
is stable at neutral pH, validation of a neutral extraction procedure is advisable 



Table 3 
Representative Data of Standard Curve 

Tube no. w Average cpm Net cpm (-blank) % BIB,” % Recovery6 

Total counts 

Blank 

“0” Standard (B,) 

0.12 pm01 

m 0.3 pm01 
aa 

0.6 pmol 

1.2 pm01 

2.4 pmol 

4.8 pm01 

12 0 pm01 

1 7932 
2 7968 
3 254 
4 171 
5 3091 
6 3052 
7 2745 
8 2668 
9 2318 

10 2322 
11 1977 
12 1964 
13 1459 
14 1457 
15 1077 
16 1046 
17 762 
18 802 
19 483 
20 516 

7950 

213 

3072 

2707 

2320 

1971 

1458 

1061 

782 

500 

- 

0 

2859 

2494 

2107 

1758 

1245 

848 

569 

287 

- 

- 

100.0 

87.2 

73 7 

61.5 

43 5 

29.7 

199 

10.0 

38.6 

“% B/B, = (net CPM of standards/net CPM of “0” standard) x 100 
b% Recovery = (CPM of “0” standard/CPM of total counts) x 100 
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I ' ' 8 1"'#1 c ' 8 '"'1 
01 10 100 1000 

lns(1,4,5)P3 (pmol) 

Fig. 1. Ins( 1,4,5)P, standard curve. 

2 Constant freezing and thawing of membrane solution contammg the Ins( 1,4,5)Ps 
receptor should be avotded. The dtluted workmg receptor/tracer and Ins( 1,4,5)Ps 
standard soluttons should be freshly prepared before each assay. Do not store and 
re-use the working solutions. During preparation of working receptor/tracer solution, 
care should be taken to avoid vigorous vortex and temperature in excess of 4°C. 

3. Because the Ins( 1 ,4,5)P3 receptor tends to precipitate in the solution, it 1s advis- 
able to provide a constant slow stirring of the working receptor/tracer solution 
while adding it to all tubes. 

4. Binding of Ins(1,4,5)Ps to its receptor is pH-dependent and the opttmal pH is 8.5. 
If TCA is chosen to extract samples, neutralization of the extracts should be per- 
formed immediately after the acid extractton. 

5. The freon/octylamme procedure described for PCA extractton could also be used 
to extract TCA (13). EDTA (2 mM) should be included in samples before neu- 
tralization is carried out 

6. If PCA is chosen to extract samples, a mix solution of freon (1,1,2-trtchloro- 
trifluoroethane) and tri-n-octylamine (1: 1, v/v) should be freshly prepared before 
the extraction. Because trt-n-octylamine sticks to glass, use polypropylene or 
polystyrene ptpets or pipet tips to transfer solutions containing this compound A 
second freon (1,1,2-trichlorotrifluoroethane) and tri-n-octylamine extraction on 
the original extracted samples should be avoided because of a potential signiti- 
cant loss of Ins( 1 ,4,5)P3 

7. It is recommended that a standard curve and extraction recovery be run for each 
assay. If tissue culture medium is involved m the assay, it is desirable to run 
standard curve using the medium rather than distilled water. 

8. To obtain accurate results, any samples with an amount of Ins( 1 ,4,5)P3 above the 
upper limit of the standard curve must be diluted with distilled water and 
reassayed. 
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9 A key step of the assay is the separation of free unbound [3H]Ins(1,4,5)P3 from 
that bound to the receptor. It 1s very Important to remove all liquid from the tubes 
after centrlfugatlon (Subheading 3.2.2.3.) Residual 11quid containing unbound 
counts will cause a loss of sensltlvlty at the low concentration end of the standard 
curve. On the other hand, caution should be taken to avo1d prolonged inversion 
of tubes after decanting, because 1t may cause the pellets to become dislodged 
from the bottom of the tubes, resulting in incomplete retention of bound counts. 
The m1n1 sample tubes and foam centrifuge racks provided in the DuPont NEN 
k1t are very easy to use and are highly recommended 
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Measurement of Cellular Diacylglycerol Content 

Wendy Bollinger Bollag and Richard D. Griner 

1. Introduction and Theory 
With the discovery of the role of polyphosphomositide hydrolysis m medt- 

ating the action of calcium-mobilizing hormones, growth factors, and neu- 
rotransmitters (reviewed m ref. I), the development of methods for measuring 
the formation of the resultant second messengers, inositol 1,4,Strisphosphate 
and diacylglycerol (DAG), became essential The additional discovery of an 
effector enzyme, protein kinase C, for transducmg the changes m DAG levels 
(reviewed m ref. 2) underlined the importance of this second messenger. A 
sensitive and reliable protocol currently in use in many laboratories is described 
below for the measurement of DAG levels in stimulated cells. 

In 1987 the laboratory of Robert Bell (3) developed a technique utilizing a 
bacterial (Escherichia coli) DAG kinase to phosphorylate the DAG contained 
m lipid extracts of cell samples to yield phosphatidic acid (PA), which could 
then be separated by thin-layer chromatography (TLC). If this reaction was 
performed in the presence of 32P-labeled ATP, it became possible to calculate 
the DAG present in the original cell sample, using the radioactivity determined 
m [32P]PA and a standard curve generated at the same time using known 
amounts of DAG. One clear advantage of this method is that changes in DAG 
content, rather than radiolabeled DAG levels, are measured, with a sensitivity 
that makes the technique useful for cellular studies (in a range of 100 pmol to 
10 nmol) (ref. 3 and Fig. 1). In the case of DAG measurements using radiola- 
beling methods, it is often difficult to determine the specific activity of the 
phospholipid hydrolyzed m response to hormone treatment to produce DAG 
(particularly since the source may be unknown or may, m fact, change ref. 2; 
see Chapter 12 on the Measurement of Phospholipase D Activity). Moreover, 
the specific activity may be altered by the treatment itself, making a determina- 

From Methods m Molecular Bology, Vol 105 Phospholpd Slgnakng Protocols 
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Fig. 1. Dtacylglycerol standard curve* Duphcate samples of varying amounts of 
sn-1,2-dtacylglycerol (dioleoylgylcerol) were subjected to the dtacylglycerol kinase 
assay as described After separation by thm-layer chromatography, the radtoactivity 
found m [32P]PA was quantified on a PhosphorImager (Molecular Dynamics, Sunny- 
vale, CA) These values were averaged and plotted vs the amount of diacylglycerol m 
the original sample to give a correlation coefficient of 0.996. 

tion of the changes m the absolute mass of the DAG impossible. Thus, the 
DAG kinase method for the measurement of hormone-induced changes in DAG 
content yields information on the actual mass of this important second messenger. 

2. Materials 
The following equipment and supplies are needed for the assay of diacyl- 

glycerol mass using the DAG kmase method. Note that, when a reagent must 
be acquired from a specific source, that source IS noted. 

1. 25°C Water bath (preferably lucite). 
2. Vortex mixer and/or bath sonicator. 
3. Nitrogen tank and manifold. 
4. Lucite screens for 32P work. 
5 TLC chambers 
6 Oven. 
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7 Pasteur prpets and bulb. 
8. Test tubes and racks. 
9 2X reactron buffer 100 r&I rmidazole HCl + 100 mA4NaCl+ 25 mM MgCl, + 

2 mMEGTA, pH 6 6 (store at 4°C). 
10 Diethylene-triamine-pentaacetic acid (DETAPAC) stock solution 100 mA4 

DETAPAC, pH 7 0 (store at 4°C). 
11 DETAPAC working solution, 1 mM DETAPAC, pH 7.0 (store at 4°C) 
12. ATP stock solutron: 20 rmI4 ATP in 100 mM tmidazole + 1 mM DETAPAC, 

pH 6.6 (ahquot and store at -70°C). The concentration of this stock solution 
should be verified by measuring absorbance at 259 nm, using a molar extmctron 
coefficient of 15.4 (3) 

13. DAG kinase dilution buffer, 10 mM rmidazole + 1 mM DETAPAC, pH 6 6 (store 
at 4OC). 

14 E colr DAG kinase (Calbiochem [La Jolla, CA] or Biomol [Plymouth Meeting, 
PA]; store frozen in aliquots at -7O’C). 

15. Octyl-P-glucostde/cardiohpin solution: 7 5% D-octyl-P-glucoside + 5 mA4 car- 
diohpm in 1 mM DETAPAC, pH 7.0 (store at -20°C under an atmosphere of 
nitrogen or argon). For preparation of this reagent, 25 mg cardrolipm should 
first be dried under nitrogen m a glass test tube. 250 mg of Calbiochem’s Ultrol 
D-octyl-fl-glucoside and 3.37 mL of 1 mM DETAPAC, pH 7.0 are then added 
(alternatively, a less pure D-octyl-P-glucoside can be used following recrystalh- 
zation, see Note 1). The mixture is then sonicated to solubihze the cardiohpm 
and detergent (frothing of the mixture typically indicates solubilizatron). 

16 0.2% SDS in distilled water (store at room temperature) 
17. [Y-~~P]ATP (approx 6,000 C!r/mmol). 
18. 20 mM Dithrothrertol m 1 mM DETAPAC, pH 7.0 (prepared fresh each time). 
19. 0.2 M Sodium chloride (store at room temperature). 
20. Chloroform. 
2 1 Methanol 
22 Acetone. 
23. Acetic acrd. 
24. 20 x 20-cm TLC plates (silica gel 60 with concentrating zone, available with 

glass or alummum backing from EM Science [Grbbstown, NJ] or Merck 
[Darmstadt, Germany]) TLC plates are prepared by scoring lanes (the back of a 
razor blade works well) and marking an origin m pencil (approx 1.3 cm from the 
bottom of the plate wrthm the concentrating zone). Note that inhalation of silica 
IS hazardous and should be avoided. The plates are then “heat-activated” by bak- 
ing at 1 10°C for 30-60 min (however, see Note 2 for an alternative method for 
plate activation). Heat-activated plates should be stored in a dessrcating chamber 
(containing Drrerrte) and can be used for up to 24 h after heat actrvatron. 

25. Chromatography paper (Whatman 1MM works well) 
26. Microcapillary prpets (5 or 10 pL). 
27. Iodine. 
28. Phosphatidic acid (dioleoylphosphatidic acid). 
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29. Dlacylglycerol (dloleoylglycerol). 
30 Film (Kodak XAR-5). 

3. Methods 

3.1. Preparation of Samples for Assay 

The samples of cellular DAG for quantrtation are prepared for the assay as 
described below. Note that chloroform and methanol are hazardous and, as 
much as possible, should be dealt with in a chemical fume hood. Note also that 
both are quite volatile (particularly chloroform) and mixtures containing these 
agents should be made mrmedtately prior to use and capped tightly to prevent 
alteration of the relative proportions. As a final note, chloroform will dissolve 
polystyrene, the plastic of which tissue culture vessels and disposable plpets 
are made. Therefore, glass prpets and test tubes should be used, and care taken 
to prevent chloroform coming into contact with plastics. Tips used wrth 
Pipetmen and Reptpetmen are, for the most part resistant to chloroform, and 
are adequate for this assay. However, the Teflon seal and o-ring within the 
Pipetmen will be damaged upon repeated use of chloroform and should be 
periodically replaced. When Pipetmen are used with any organic solvent, rt is 
important to pre-equilibrate the air space in the tip by aspirating and ejecting 
the solvent prior to distributing the desired volume. Nevertheless, volumes are 
not precise and any manipulation requiring extreme precision, such as 
aliquotmg a chloroform solutton of a DAG standard, requires the use of 
Hamilton syringes. 

1. Cells are stimulated wrth the desired agents for the appropriate period of time. 
2 Reacttons are terminated by the addrtion of room-temperature 0 2% SDS (for a 

35-mm dish, 0 4 mL 0.2% SDS should be used, for a 60-mm dish, 0.8 mL) and 
swnling for several seconds (alternattvely, reactions may be termmated by the 
addition of me-cold methanol; see Note 3). After mcubatmg at room temperature 
for a few minutes, the SDS extracts are repeatedly aspirated with a Plpetman to 
minimize viscosity and transferred to test tubes (16 x 100 mm) At this point, a 
percentage of the SDS extract may be reserved for determination of protein con- 
tent and normalization. Alternatively, phospholrprd phosphate content can be 
used for normalization purposes (see step 7). 

3. Chloroform and methanol are added to the test tubes, whtch are vortexed thor- 
oughly. The ratio desired for optimal extraction of the cellular lipids, as described 
by Bligh and Dyer (4j, is 1:2:0 8 (volume to volume to volume [vv:v]) ofchloro- 
form to methanol to aqueous solution (SDS extract), which should produce a 
single phase. Thus, for a 60-mm dish, volumes of 0.8 mL SDS, 1 mL chloroform, 
and 2 mL methanol would yield the appropriate ratio. The cellular lipids are then 
extracted by incubating for 1-2 h on ice. 



Diacylglycerol Measurement 93 

4. Chloroform and 0.2 M NaCl are then added to the test tubes, with vortexing, to 
“break phase,” that is, the chloroform separates from the methanol/water and two 
phases become readily apparent. The final desired ratio for this step is 1:l:O.g 
(v:v:v) of chloroform to methanol to aqueous solution. As an example, for the 
above 60-mm dish of cells terminated with 0.8 mL 0 2% SDS and extracted 
with 1 mL chloroform and 2 mL methanol, 1 mL chloroform, and 1 mL 0.2 MNaCl 
would be added. The samples are then centrifuged briefly to promote complete 
phase separation (Phase separation can also be achieved, with time, courtesy 
of gravity.) 

5. The entire lower chloroform phase is transferred to a clean test tube using Pasteur 
pipets. Note that care should be taken to prevent transfer of the aqueous phase. 
Also note that this technique requires practice (one hint: the chloroform and aque- 
ous phases will separate in the Pasteur pipet to allow transfer of the final few 
drops of chloroform). 

6. The chloroform phase 1s “washed” with additlonal volumes of methanol and 
0.2 A4 NaCl, m a ratio of 1:O 5:0.5 chloroform to methanol to NaCl solution 
(v:v:v). For a 1-mL chloroform phase, 0.5-mL volumes of methanol and 
0.2 MNaCl are used This wash is particularly important with the described SDS 
termination protocol, as residual SDS m the chloroform phase may mhlblt DAG 
kinase. The samples are vortexed and centrifuged, and the entire lower chloro- 
form phase transferred to clean test tubes. 

7. The lower chloroform phases are then dried under nitrogen. After solubilization 
of the lipid extract m a small volume of chloroform/methanol at a ratio of 2 vol- 
umes to 1, a percentage of the samples may be removed for determination of 
phosphollpld phosphate content, as described by Van Veldhoven and Mannaerts 
(SJ, for normalization purposes. Samples can be stored dry at -20°C for up to 3 d. 

8. DAG standard(s) (m dry chloroform or chloroform/methanol at a ratio of 2 vol- 
umes to 1) should be aliquoted (using Hamilton syringes) and dried under nitrogen 
The standard curve is linear in the range of 0.1 to 10 nmol of DAG (see Note 6) 

3.2. Assay of DAG Content 

The DAG contained in the samples prepared as above is then determined 
using the DAG kinase assay: the lipids are solubilized and incubated at 25°C 
for 30 min with E. coli DAG kinase in the presence of [Y-~~P]ATP of known 
specific activity (3). The assay requires several procedures, including solubili- 
zation of the sample lipids, performance of the reaction and extraction and 
separation by TLC of the radiolabeled PA. Initially, however, a few initial 
actions must be taken to prepare for the assay. 

3.2. I. Assay Preparations 

Preparations to be made for beginning the assay are as follows: 

1. The water bath must be adjusted to 25°C and allowed to come to temperature. 
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2 The octyl-P-glucostde/cardtohpm solutton should also be removed from storage to thaw 
3. 20 mMDithrothreito1 m 1 mA4DETAPAC (pH 7.0) should be prepared and stored 

on ice until use 
4 The DAG kinase solution should be prepared by diluting the commercially avatl- 

able DAG kmase 1.1 (volume:volume) with DAG kmase dilution buffer before 
use. Note that repeated freeze-thawing of DAG kmase should be avoided: DAG 
kinase should be stored frozen m ahquots at -70°C. Diluted DAG kmase can be 
frozen once before discarding or may be stored at 4°C for several days (3). 

5. [Y-~~P]ATP must be removed from storage at -20°C and allowed to thaw (because 
of the thick lucite in which this reagent is normally packaged, thawing may 
take some time) Note that this ATP should be no more than 3 wk beyond its 
reference date (3) The final ATP solutron used to inmate the reaction is prepared 
by diluting the 20 mA4cold ATP stock solutron 1.1 (volume volume) inclusive of 
the radtoacttvrty, using approx 2 @I of [Y-~~P]ATP per sample. As an example, 
100 $ of the ATP stock 1s diluted with 95 & distilled water and 5 pL, (equal to 
approx 50 fir) of [Y-~~P]ATP This dilution would represent enough radtolabel 
for approx 20 samples (although extra volume should always be prepared to 
ensure adequate quanttttes) The ATP solutron should be stored on me until use. 
Note that all manipulations involving [Y-~~P]ATP (or [32P]PA) should be per- 
formed behind a lucrte shield to minimize radiation exposure 

3.2.2. Lipid Solubilization 

The hprd samples are solubilized by the addition of 20 & of the octyl-p-gluco- 
side/cardrohpin solution and sonicatron for 15 s (31, if a bath sonicator is avarl- 
able. Alternatively, a full 20 s of vigorous vortexing can be used. The samples 
are incubated at room temperature for 5-l 5 min. Note that a blank (octyl-p-gluco- 
stde/cardrolipin in a clean test tube with the additions described below) should 
always be performed (preferably in duplicate), since the E coli DAG kinase 
membrane preparation itself contains DAG (notice that the y-intercept for the 
standard curve m Fig. 1 is not zero). This blank value is then subtracted from 
all sample values to yield the DAG contributed by the sample (for an addr- 
tronal caveat concerning E coli DAG kinase, see Note 4). 

3.2.3. Reaction Mixture and Initiation 

The following reagents are then added to the solubilized lipid samples: 

1 50 pL 2X reaction buffer. 
2. 10 pL 20 mM DTT in 1 mM DETAPAC (prepared fresh each time). 
3. 10 u.L diluted E colz DAG kmase. 

The reaction IS initiated by the addition of 10 u.L [Y-~~P]ATP solution, the 
samples are vortexed and incubated for 30 min at 25OC. The specific activity of 
the [Y-~~P]ATP may be determined by diluting an ahquot 1 to 10 with distilled 
water (i.e., 10 pL [Y-~~P]ATP + 90 pL distilled water) and counting 10 $ of 
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this diluted [Y-~~P]ATP m a liquid scintillation spectrometer. While the samples 
are mcubatmg, the termination/extraction solution of chloroform/methanol 
(1 volume to 2 volumes) should be prepared, tightly capped and placed on ice. 

3.2.4. Reaction Termination and Extraction 

After 30 mm, the reactions are terminated by the addition of 2 mL of ice- 
cold chloroform/methanol termmation/extraction solutton. 1 mL of 0.2 MNaCl 
is then added with vortexing, followed by an additional 2 mL of chloroform. 
The samples are vortexed and centrifuged to promote phase separation (cen- 
trifugation is optional since the phases will separate well from the effects of 
gravity within a short time). The lower phases are removed to clean test tubes 
(as above m Subheading 3.1., step 5, except that the transfer should be per- 
formed behind a lucite shield), and the organic solvent is evaporated under 
nitrogen. The lipid residue can then be separated by TLC immediately or stored 
(in an appropriate container to mmimize radiation exposure) at -20°C overnight. 

3.2.5. Separation and Quantitation of f2P]PA 

For separation of [32P]PA by TLC, the mobile phase must first be prepared 
by mixing chloroform, acetone, methanol, acetic acid, and distilled water in a 
ratio of 50:20: 10: 10:5 (v*v:v:v:v), respectively. Approximately 100 mL of this 
mixture is placed in a TLC chamber lined with chromatography paper to aid m 
equilibration of the chamber with solvent vapor. The lipid samples are then 
solubilized m a small volume (40-50 pL followed by a 20-pL “rinse”) of chlo- 
roform/methanol at a ratio of 2:l (v:v) and spotted at the origm of the heat- 
activated TLC plate using microcapillary pipets. Cold PA (approx 25 pg) is 
also spotted to serve as a standard. The plate is placed in the equilibrated TLC 
chamber and allowed to develop to withm approx 2 cm of the top (develop- 
ment requires l-2 h). Followmg removal of the plate from the chamber and 
evaporatton of the solvent mixture, the standard is visualized by placing the 
plate in a TLC chamber equilibrated with iodine vapor for several minutes. 
(Note that because iodine vapor is hazardous, this TLC chamber should be 
maintained in a chemical fume hood; inhalation of iodine should be avoided.) 
The cold PA will appear as a yellowish-brown spot at an R, value of approx 
0.68. (Note that RF value is defined as the distance a spot migrates from the 
origin divided by the distance migrated by the solvent front.) The plate is 
wrapped in cellophane and exposed to film overnight (less time may be required 
depending on the amount of DAG in the particular cell type as well as the 
specific activity of the [Y-~~P]ATP). The autoradiogram is developed and can 
be used for densitometry or to identify the location of the [32P]PA for an alter- 
native method of quantitation (see Note 5). In most cell types a doublet with an 
RF value of approx 0.43 (as measured to the middle of the doublet) can also be 
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observed. This doublet represents phosphorylated ceramlde, as will be dis- 
cussed later (see Note 7). In addition, the origins will exhibit spots of varying 
intensities, depending on the quality of the transfer (i.e., the amount of aqueous 
phase containing unused [y3*P]ATP that contaminates the chloroform phase). 

4. Notes 
1. Ifpurified D-octyl-fl-glucoslde (Calblochem’s Ultrol grade) is unavailable, lower 

purity D-octyl+glucoside may be recrystallized for use. The protocol for recrys- 
tallization is as follows 
a. Add 4.2 mL dry acetone to 1 g D-octyl-/3-glucoslde and warm to dissolve 
b. Filter through Whatman no. 1 filter paper and wash vial and filter with a small 

(measured) volume of dry dlethyl ether. 
c. Add a total of 16 7 mL dlethyl ether to acetone/D-octyl+glucoside solution 

and incubate at -20°C for 2 d to allow crystal formation. 
d Crystals are collected by filtration, washed with cold, dry dlethyl ether, and 

allowed to air-dry prior to use m the DAG kmase assay. 
2. If an oven is not avallable for heat actlvatlon of TLC plates, plates may be acti- 

vated by placing them m a TLC chamber containing dry acetone. After the sol- 
vent has migrated to the top of the plate, the plate should be brlefly air-dried and 
used immediately or stored in a desiccating chamber. 

3. As an alternatlve to 0.2% SDS, reactlons may be termmated by addmg ice-cold 
methanol. The cells must then be scraped from the dish and transferred to test 
tubes as above The advantage of using methanol is greater speed with which the 
reactions are halted; the dtsadvantage is that the scraping of the cells for transfer 
1s more labor- and time-intensive and complete transfer is difficult to ensure, 
although washing the dishes with an addltional volume of methanol minimizes 
loss m transfer. In addmon, removal of samples for normahzmg using protein 
content 1s not possible; phospholipid phosphate content may be used instead (5). 
Alternatively, a combmatlon of the two termmatlon procedures can be used: 
reactlons are terminated with ice-cold methanol that is transferred to a clean test 
tube; cells are then solublhzed with 0 2% SDS and transferred. In either case, the 
final desired ratio 1s l-2:0.8 (v:v:v) of chloroform methanol:aqueous solution 
(when the methanol termmatlon is used alone, add water as the aqueous solu- 
tlon). Note that, if methanol is used to terminate reactlons, some evaporation of 
the solvent may occur, such that the addition of small amounts of methanol may 
be requxed to obtain a single phase. 

4 Some bacterial DAG kmase preparations contain low levels of phosphatidate 
phosphohydrolase activity, which hydrolyzes PA to yield DAG. Such activity is 
obviously a potential difficulty both in terms of hydrolysis of [32P]PA formed 
from DAG and of cold PA contained in the original sample with potential 
rephosphorylation to [32P]PA by the bacterial DAG kinase. The activity of 
phosphatidate phosphohydrolase in the DAG kinase preparation can be estimated 
by subjecting a PA standard (of 5-10 nmol) to the protocol. Little or no produc- 
tion of [32P]PA indicates minimal phosphatidate phosphohydrolase activity. If 
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significant activity 1s detected, a new lot of DAG kmase should be ordered and 
tested as above. 

5 The [32P]PA formed m the assay can be quantified m several ways. Densitometry 
(or quantttation using a PhosphorImager [Molecular Dynamics, Sunnyvale, CA]) 
can be performed on the autoradiogram to yield OD values. However, these OD 
values can be converted to absolute moles of DAG if a standard curve is assayed 
at the same time (see Note 6). Alternatively, the autoradiogram can be used to 
locate the [32P]PA, which can then be scraped from the plate (or cut if alummum- 
backed TLC plates are used) and counted in a liquid scintillation counter. If com- 
plete conversion of the DAG m the sample to [32P]PA is assumed, the orlgmal 
DAG content can be calculated using the radioactivity in [32P]PA and the spe- 
cific actwty of ATP: division of the counts measured in [32P]PA by the specific 
activity of [Y-~~P]ATP provides the quantity of DAG contained in the original 
sample (Note that the final concentration of ATP in the reaction mixture is 1 mM 
m 100 l.tL or 1O-7 mol; thus, the specific activity is the number of counts m the 
sample divided by 100 nmol to yield the counts per nmol.) To obtam an estimate 
of the efficiency of the conversion, a DAG standard containing approximately 
the amount of DAG m the cell samples may be run at the same time to determme 
the percentage of the DAG m the original sample likely converted to [32P]PA 
Ideally, however, a DAG standard curve should be performed with each experi- 
ment Note that m all cases, the blank values (a measure of the DAG present m 
the DAG kmase membrane preparation) should be subtracted from the sample 
values to give the DAG present in the original sample 

6 Standard curves are performed using known amounts of sn- 1,2-DAG (dioleoyl- 
glycerol works well) m the range of 100 pmol to 10 nmol (ref. 3 and Fig. 1). 
DAG should be diluted m cold chloroform and aliquoted rapidly (to prevent 
excessive solvent evaporation) using Hamilton syringes. Note that upon storage 
the acyl group m the 2 position of 1,2-DAG will migrate over time to the 3 posi- 
tion. However, standards can be stored for up to 1 mo m dry (water-free) chloro- 
form without significant acyl migration (3) (Note also that many commerctal 
1,2-DAGs contam 1,3-DAG (31), which will result in a lower apparent conver- 
sion effictency and/or greater calculated DAG contents in cell samples ) The 
DAG standard curve can then be used to calculate directly the DAG content of 
the original sample. 

7. Recent developments m the cellular signaling field indicate that sphmgomyelm 
hydrolysis, like phosphoinositide hydrolysis, may be regulated by hormones, 
cytokines, and stress stimuli and that a product of this hydrolysis, ceramide, may 
serve as a second messenger in response to these agents (reviewed m refs. 6 and 
7). Thus, it became of great interest to develop a method for exammmg the modu- 
lation of ceramide levels by extracellular signaling molecules. Prior studies had 
indicated that the E coli DAG kinase utilized by Preiss et al. (3) also phosphory- 
lated ceramide to yield ceramide phosphate (8), and the DAG kinase assay 
method was, therefore, exammed for its feasibility in quantifying ceramtde 
content With minor or no modifications, this method has proven useful for 
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the quantitatron not only of DAG mass but also of ceramide content (see, for 
example, ref. 9) Studtes Investigating the phosphorylatron of ceramtde by the 
E colz DAG kmase have indicated the optimal pH for activity on this com- 
pound to be slightly higher than that for activity on DAG (10). Accordingly, 
some investigators have modified the buffer solutions to perform the DAG kmase 
assay at a pH of 7.0 (10) or 7.4 (8). However, usmg the exact protocol described 
above, we have obtained good results with linear converston of a ceramide stan- 
dard (ceramtde type III) m the range of 10 pmol to 10 mnol. Note, however, that 
complete conversion cannot be assumed, makmg the performance of a standard 
curve critical for absolute quantitatton. On the other hand, the lmeartty of the 
response suggests that comparisons relative to an appropriate control should yield 
quantitative, although perhaps not absolute, values m terms of changes m mass 
quantities of ceramtde Thus, the assay is performed as described above, on ltpid 
extracts of cells m which reactions are terminated with ice-cold methanol Radlo- 
labeled PA and ceramtde are then separated by TLC. As previously indicated, 
ceramide phosphate displays an R, value of approx 0 43 (measured to the middle 
of the doublet) Ceramide phosphate can be quantified as described above and 
compared with a standard curve to yield the absolute mass of ceramide contained 
in the ortginal sample 
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Phosphatidylinositol4-Kinases 

Assays and Product Analysis 

Rachel E. Meyers and Lewis C. Cantiey 

1. Introduction 
1.7. Background 

Phosphoinositide metabolism plays a central role m the transduction of sig- 
nals triggered by a wide variety of growth factors and hormones. Phospho- 
mositides have been implicated in cellular processes as diverse as proliferation 
and differentiation, cytoskeletal rearrangement, cell survival, and vesicle traf- 
ficking (reviewed refs. I and 2). An ever-increasing number of hpid kinases 
are being discovered, each with its own substrate specificity, cellular localiza- 
tion, and umque biological function, 

These lipid kinases catalyze the phosphorylation of phosphatidylmositol 
(PtdIns) at a variety of positions around the inositol ring. PtdIns 4-kinases cata- 
lyze phosphorylation at the D4 position of the inositol rmg to yield PtdIns 4-P. 
In a second step, PtdIns (4)P 5-kinases catalyze phosphorylation of PtdIns 4-P 
at the D5 position of the mositol rmg to generate PtdIns 4,5-P2. These enzymes 
are part of the canonical PtdIns turnover pathway that generates mositol 
1,4,5-trisphosphate and diacylglycerol (3). In a second pathway, phospho- 
inositide 3-kinase (PI 3-kinase) catalyzes phosphorylation of all of these lipids 
at the D3 position of the ring, to generate an array of 3-phosphorylated lipids (4). 

This chapter focuses on the PtdIns 4-kmases and outlines protocols for 
assaying the PtdIns 4-kinases and analyzing the lipid products generated. 

1.2. Distinguishing Between Phosphatidylinositol 4-Kinases 

The PtdIns 4-kinases were divided into two types (II and III) based on 
their size (see Note 1) and sensitivity to various substances (5). The type II 
enzymes are inhibited by adenosine and the monoclonal antibody 4C5G (6) 
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(see Note 2) and are stimulated by detergent. The type III enzymes are rela- 
tively insensittve to adenosine, are only modestly stimulated by detergent, and 
are resistant to the 4C5G antibody. Subheading 3.2. describes the use of these 
reagents to type the PtdIns 4-kmase being studied. In addition to the reagents 
mentioned above, the PI 3-kmase mhtbitor wortmannin has also been used to 
characterize a novel, recently described PtdIns 4-kinase (7,s’. Subheading 3.3. 
outlmes assays to test for mhibition by this fungal metabohte. 

1.3. Choice of Substrate 
The PtdIns 4-kmases catalyze the conversion of PtdIns to PtdIns 4-P. 

The PtdIns substrate can be obtained m purified form from Avant1 or as a crude 
mixture with the other phosphohpids in a preparation purified from bovine 
brain (Sigma, St Louis, MO). The crude mixture is cheaper and may be satis- 
factory for most purposes. The crude brain mixture contains, among other hp- 
ids, PtdIns 4,5-P,, which is phosphorylated exclusively by PI 3-kmase to yield 
PtdIns 3,4,5-P,. By running the thin-layer chromatography (TLC) plate usmg 
the “long solvent system” (see Subheading 1.4.), one can determine whether 
the enzyme preparation being assayed contains PI 3-kinase activity. 

1.4. Lipid Product Analysis 
Subheading 3.2. describes the analysis of the lipid products generated in 

the kmase assay. For many apphcations, TLC separation will be sufficient to 
confirm the production of the various lipids. Several solvent systems can be 
used for this purpose. The first is referred to as the “short system” because it 
runs quickly because of the high content of organic solvents, uses only one half 
of a normal TLC plate, and is useful for separating PtdIns 4-P from PtdIns 
4,5-P2. A second solvent system, the “long system,” has a lower percent orgamc 
solvent and therefore runs over 6-7 h, requires a full TLC plate, and is useful 
for separating mono- from di- and triphosphorylated lipids. As previously men- 
tioned, triply phosphorylated lipids are the exclusive product of PI 3-kinase 
and their generation would confirm the presence of PI 3-kmase in the enzyme 
preparation being assayed. 

TLC procedures allow the identification of PtdIns-P, PtdIns-P,, and PtdIns-Ps 
but are relatively poor at separatmg the different isoforrns of lipids (9). For 
example, PtdIns 3-P and PtdIns 4-P do not resolve on the TLC systems described 
here. For this reason, high-performance lipid chromatography (HPLC) analysis 
is preferable to distmgmsh between the various isoforms. Subheading 3.5. out- 
lines procedures for deacylating lipids and Subheading 3.6. bnefly describes 
their analysis by HPLC. The protocol employs methylamme to deacylate the 
lipids, yielding glycerophosphoinositols, followed by strong anion-exchange 
HPLC using a very shallow ammonium phosphate gradient. 
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2. Materials 
2.1. Assay Reagents 

1. [Y-~~P] ATP (3OOOCi/mmol) (NEN). 
2. Phosphatidylinositol (Avanti, Alabaster, AL): 2 mg/mL in chloroform (see Note 

3). 
3. Crude brain phosphomositides (Sigma, St Louis, MO): dry powder resuspended 

in chloroform:methanol*l MHCl(2:l:O.l) at 2 mg/mL and stored at -70°C. 
4 Triton X- 100. 
5 10mMATP 
6 4MHCl 
7 1 MHEPES. 
8. Chloroforrnmethanol (I: 1). 
9. 1 MMgC12 

10. 10 mMAdenosine 
11. 10 mM Wortmannin in DMSO. 
12. 4C5G antibody. 
13. Bath sonicator (see Note 4). 

2.2. TLC Reagents 

1. Foil backed silica gel 60 plates (Merck, Darmstadt, Germany), coated with 1% potas- 
smm oxalate (see Note 5). 

2. 100°C oven. 
3 Short solvent system: chloroform:methanol:water*ammonium hydroxide 

(60:47-l 1:2). 
4. Long solvent system: n-propanol:2 Macetic acid (13:7). 
5. Nitrogen and air lines. 
6. TLC tank. 
7 TLC tank with iodine vapor (see Note 6) 

2.3. Deacylation and HPLC Reagents 

1. Methylamine reagent: 26.8 mL 40% methylamme in water (Aldrich, Milwaukee, 
WI), 16 mL water, 43.7 mL methanol, 11.4 mL n-butanol (see Notes 7 and 18). 

2. 53°C Heating block 
3 Speed-vat. 
4. Extraction solution: butanokpetroleum ether:ethyl formate (25:5: 1.75) 
5. Sulfuric acid trap (see Note 8). 
6. 1 M Ammonmm phosphate (dibasic), titrated with phosphoric acid to pH 3.8, 

degassed and filtered. 
7. [3H] PtdIns 4-P and [3H] PtdIns 4,5-P2 (NEN). 
8. 0.22-u filter Eppendorf (Costar, Cambridge, MA). 
9. Partisphere SAX anion exchange column (Whatman, Clifton, NJ). 

10. Nitrogen line 
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3. Methods 
3.1. Standard Ptdlns 4-Kinase Assay 

Assays are routinely performed in 100 pL final volume and should contain 
20 mM HEPES, 50 @4ATP, 10 pCi [Y-~~P] ATP, 10 mMMgC12, and 0.2 mg/mL 
sonicated lipids. Both the lipids and the ATP mix should be separately pre- 
pared in amounts sufficient for the entire number of assays to be performed 
(see Note 9). The volumes given below reflect requirements for a smgle assay 
and should be multiplied accordmgly to assay multiple samples. 

3.1.1. Lipid Preparation 

1. Aliquot 10 III., of either PtdIns or crude brain phosphohpids into an Eppendorf 
tube and dry under a nitrogen stream (see Note 10) 

2. Resuspend lipids m 50 & of 2X detergent buffer (40 mMHEPES, 2 WEDTA, 
0.3% Trrton X-100). 

3 Somcate at 50% duty m water bath sonicator for 5 mm (see Note 4). 

3.1.2. ATP Mix 

1. Combme 1 pL [Y-~*P] ATP (10 $I), 0.5 pL 10 mMATP, 1 pL 1 MMgC12, and 
37 5 pL H20 for a total volume of 40 pL. Store on me until ready to use. 

3.7.3. Reaction Set-Up 

1. Add protein sample in a final volume of 10 pL to an Eppendorf tube at 4°C (see 
Note 11). 

2 Add 50 pL of hprd mix 
3 Add 40 pL of ATP mix and place reaction at 25“C for 10-15 min. 
4. Add 25 pL of 4 N HCl to stop the reaction. 
5 Extract with 160 pL of chloroform*methanol (1.1) and save the lower chloroform 

phase (see Notes 10 and 12). 

3.2. Typing Ptdlns 4-Kinases 

This assay is a variation of that described above and allows for the addition of 
reagents designed to discriminate between the different types of PtdIns 4-kinases. 

3.2.1. Lipid Preparation 
1. Dry down lipids as in Subheading 3.1.1., but resuspend m 50 pL+ of 2X buffer 

(40 mA4 HEPES, 2 mM EDTA). 
2. Somcate as in Subheading 3.1.1. 

3.2.2. ATP Mix 
Add the reagents as in Subheading 3.1.2., but alter the amount of water 

added such that the final reaction volume is 100 pL. That is, if the other reagents 
added to the reaction total a volume of 10 pL, then decrease the water volume 
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m the ATP mix to 27.5 &, yielding 30 pL of the ATP mix for each assay. Thus 
the final reaction contains 50 pL of lipid mtx, 10 pL of protein sample, 10 & of 
additives and 30 pL of ATP mix for a total volume of 100 6. 

3.2.3. Reaction Set-Up 

3.2.3.1. ADENOSINE INHIBITION 

Assemble the assay as in Subheading 3.1.3., but titrate in adenosine from 
10 @4 to 1 Wprior to the addition of the ATP mix (see Note 13). 

3.2.3.2. DETERGENT ACTIVATION 

Assay as m Subheading 3.1.3., but add triton X-100 into the reaction at a 
final concentration of 0.15%, prior to adding the lipids (see Note 14). 

3 2 3.3. 4C5G INHIBITION 

Premcubate this antlbody at 20 pg/mL with an enzyme preparation for 
20 min at 4”C, prior to assembling reaction as m Subheading 3.1.3. 

3.3. Testing Wortmannin Sensitivity 

Assays to test for wortmanmn sensitivity are set up with a modified protocol 
to ensure that the concentration of wortmanmn is well-controlled (see Note 
15). 

3.3.1. Liprd Preparation 

Dried lipids are resuspended m 40 & of 2.5X detergent buffer (20 mMHEPES, 
1 mMEDTA, 0.375% Triton X-100) and somcated as in Subheading 3.1.1. 

3.3.2. ATP Mix 

Combine 1 & of [Y-~~P] ATP, 0.5 & 10 mA4 ATP, 1 & 1 M MgC12, and 
2.5 & of water for a final volume of 5 $. 

3.3.3. Reaction Se t-Up 

1, Add protein to Eppendorf tube at 4°C. 
2. Titrate m wortmannin from 10 nM to 1 pM and adjust volume to 50 & with 

20 mM HEPES (see Note 16) 
3. Incubate 10-20 mm at 4°C. 
4. Add 40 & lipid mix. 
5. Titrate in wortmannin m the same amounts as in step 2, and adjust the total vol- 

ume added to 5 & with water 
6. Add 5 $ of ATP mix. 
7. Place reactions at 25°C for 15 mm then proceed with the remainder of the assay 

as in Subheading 3.1.3. 
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3.4. TLC Analysis 
The lipid products in chloroform are spotted directly onto a coated TLC 

plate (see Subheading 2.2. and Note 5) developed usmg one of two solvent 
systems. If PtdIns was the assayed substrate then the short solvent system is 
preferred. If crude brain lipids were used then the long system may be desired. 

3.4.1. TLC Plate Preparation 
1. Using a pencil, draw a line across the plate approx 1 5 cm from the bottom. At 

equally spaced intervals along the line, draw a cross bar to mark the place where 
spotting will occur. Make one cross bar for each sample to be spotted and these 
should not exceed 15 samples on a given plate. 

2. Place plate in 1 OO’C oven for approx 30 mm 

3.4.2. Spotting and Running 
1. Prepare fresh solvents for the TLC tank and add to a tank that is lined with sol- 

vent saturated Whatman paper on one side 
2. Spot each sample on to the TLC plate by slowly pipeting small volumes of liquid 

and drying with a stream of air. 
3. When samples are dry, place the plate in the TLC tank and allow the solvent to 

run to the top of the plate (30 min for the short system and approx 6 h for the 
long system) 

4. Remove from tank, dry completely, and expose to film or phosphorimager (see 
Note 17). 

3.5. Deacylation of Phosphoinositides 
This step leads to the cleavage of the fatty acid chains from the phosphory- 

lated lipids generated in the lipid kmase assay The resulting glycero- 
phosphoinositol phosphates (GroPInsPs), which contam only the mositol head 
group and the glycerol side chain, can be easily separated by HPLC. The 
deacylation procedure can be performed on either the lipids extracted in the 
chloroform phase after lipid kinase assay, or on lipids excised from a TLC 
plate (see Note 17). 

3.5.1. Deacylation of Lipid Samples from Chloroform Extraction 
1. Dry chloroform-extracted lipids under a nitrogen stream. 
2. Add 1 mL of methylamine reagent (Subheading 2.3.) and mix well (see Note 18). 
3. Incubate at 53°C for 50 mm. 
4. Dry samples down m a speed vat using a cold sulfuric-acid trap (see Note 8) 
5. Resuspend in 1 mL of water and vortex well. 
6. Transfer to a 5-mL glass test tube. 
7. Add 1 mL extraction solution (Subheading 2.3.) and vortex gently. 
8. Remove and discard the upper phase and repeat the extraction. 
9. Transfer the lower aqueous phase to an Eppendorf tube and dry m a speed vat 

(sulfuric acid trap is no longer necessary). 
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10. Resuspend the samples m 120 pJ., water and mix with 3H deacylated standards 
(Subheading 3.5.3.). 

11. Transfer to a filter Eppendorf and filter samples by centrifugation. 

3.52. Deacylation of Lipids Excised from a TLC Plate 
1. Place the excised piece of TLC plate directly into an Eppendorf tube and crush 

slightly (see Note 17). 
2. Add 1 mL of methylamme reagent (Subheading 2.3.) and mix well. 
3. Incubate at 53°C for 50 min 
4. Spin out the slllca and transfer the solution to a new Eppendorf tube 
5. Proceed with speed vat and the remainder of the protocol as indicated in Sub- 

heading 3.5.1. 

3.5.3. Deacylation of PHIStandards 
The deacylated lipid standards can be prepared ahead of time and stored at 

-70°C. An aliquot (approx 10,000 cpm total) is then added to the samples 
prepared above, just before filtering. 

1. Add an equal number of cpms of [3H] PtdIns 4-P and [3H] PtdIns 4,5-P, to an 
Eppendorf 

2. Dry down m speed vat 
3 Resuspend in methylamme reagent and proceed as in Subheading 3.5.1. 

3.6. HPLC Analysis 
A more complete description of the HPLC analysis of the deacylated lrprds 

can be found m Chapter 3. Our remarks focus on the specific elution program 
used and the elutlon profiles expected. The Partisphere SAX amon exchange 
HPLC column is loaded with deacylated lipids, washed with water and then the 
bound material is eluted with a gradient of (NH,),HPO,, pH 3.8 over 125 min 
accordmg to the following program: After loading, wash the column for 5 min 
with water and then initiate a shallow gradient from 0 to 150 mM(NH&HPO,, 
developed over 55 min. Next, do an lsocratlc wash at 150 mA4(NH&HP04 for 
15 mm and then begin a steeper gradient from 250 to 650 mM (NH&HPO,, 
developed over 25 mm. Finally, wash the column for 15 min with 1 A4 
(NH&HPO,, followed by a water wash for 10 min. The eluate from the HPLC 
1s connected to an online contmuous flow liquid scmtillatlon detector that 
can monitor and quantify two different radioisotopes simultaneously. Using 
this gradient, the following elution profiles are expected: GroPIns 3-P, approx 
24 min, GroPIns 4-P, approx 26 min, GroPIns 3,4-P2, approx 60 min, GroPIns 
4,5-P*, approx 62 min. Elution times may vary over 2-3 min from run to run, 
but alterations in mobility will usually effect all of the lipids in a given sample 
equally. That is, PtdIns 3-P will always elute approx l-2 min before PtdIns 4-P 
and likewise for PtdIns 3,4-P* and PtdIns 4,5-P2. 
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4. Notes 
1. The PtdIns 4-kinases were originally described as membrane-bound enzymes 

with apparent molecular weight by gel filtration of either 55 kDa (type II) or 
>200 kDa (type III). Type I PdtIns kinase was shown to be a PtdIns 3-kmase (9) 
Recently, a novel PtdIns 4-kinase that is cytosolic, has a molecular weight of 
approx 125 kDa and has enzymatic properties of a type III enzyme has been 
described (8, IO) 

2 4C5G is a monoclonal antibody raised against a partially purified preparation of 
bovine brain type II PtdIns 4-kinase It recognizes all type II PtdIns 4-kinases and 
inhibits their activity by approx 80-90% (6). 

3. PtdIns is stored at -70°C as a 2-mg/mL solution in chloroform. This and all lipids 
should be thawed before use and returned to -70°C as soon as possible to avoid 
evaporation. 

4. The bath somcator is used at room temperature and should be cooled with ice If 
the water gets hot (usually following multiple uses). 

5. The oxalate treatment is performed to chelate the dtvalent cations that could act 
as counter ions for the inositol phosphates and decrease the mobdlty of the lipids 
on the TLC plate To oxalate-coat the TLC plates, till a TLC tank with the dry 
plates in a TLC holder. Slowly fill the tank from the bottom up, with the 1% 
potassium oxalate solution (m 50% methanol), such that the solvent front head- 
mg up the TLC is always ahead of the buffer tilling the tank. When the plates are 
completely submerged, remove them from the tank and allow them to air-dry 

6. This chamber can be used to stain the bulk phospholipids on a TLC plate and con- 
firm proper running of the system To do so, the TLC plate is placed into the iodine 
tank (with a gloved hand) for l-5 mm as the color develops. When the lipids can be 
easily visualized, the plate is removed and can be exposed to film as usual. 

7. This reagent can be made up to 6 mo m advance and stored in a dark bottle at 4’C 
8. To prevent methylamme vapor from damagmg the vacuum pump, a flask con- 

taining concentrated sulfuric acid is placed on dry ice and attached to the centri- 
fuge to serve as an acid trap. Ideally, the acid is cooled until it becomes a slurry 
that is not completely frozen, prior to pumping Replace with fresh sulfuric acid 
when the solution becomes brown. 

9. It is helpful to make enough mix for an extra one to two reactions to ensure that, 
upon repeated pipeting, enough solution remains. 

10. The lipids are in organic solvent and will drip out of the pipet tip readily-o 
pipet quickly. To avoid this problem, the tip can be prewashed with chloroform 
by pipetmg approx 150 pL of chloroform up and down two to three times before 
using the tip. Additionally, once the lipids are dry, they are stable and should be 
resuspended and sonicated just before use 

11 The protein sample can be a crude protein lysate or a sample that has been isolated on 
beads such as GST or protein A. If the protein is recovered and immobihzed on 
beads, then it should receive a final wash in 20 mM HEPES, 1 rnM EDTA, with the 
appropriate protease mhibitors before assay. If the protein is on beads, then one should 
also frequently tap the tube during the lo- to 15-mm reaction to maintam a slurry. 
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12. The methanol will partition mto the aqueous phase and yield a final orgamc (chlo- 
roform) phase that is approx 60-70 pL. This can be directly spotted onto a TLC 
plate (Subheading 3.4.) or stored at -70°C If the reaction is scaled up and yields 
a large amount of chloroform, then the volume should be reduced to <50 pL by 
evaporation under a nitrogen stream prior to spotting on the TLC 

13. The type II enzyme has a Ki for adenosine of approx 20 @4, whereas the type III 
enzyme has a Ki of approx 1500 pA4 (5). 

14. Both the type II and the type III enzymes are maxrmally active in detergent. However, 
the type II enzyme can be stimulated as much as 50-fold in the presence of Tnton X- 
100 (II), whereas the type III enzyme is only slightly stnnulated by detergent. 

15. Although wortmannin is known to Inhibit PI 3-kinase irreversibly (12), it may 
not covalently modify the PtdIns 4-kinase and therefore must be present through- 
out the preincubation and durmg the assay (REM and LCC, unpublished results) 
To do so, add a second ahquot of wortmannin mto the reaction prior to the addr- 
tion of the ATP mix. The reaction will be diluted twofold by the addition of lipids 
and the ATP mix, therefore equal amounts of wortmannm are added to both the 
preincubation and the final reaction For example, if the assay is to contain 
500 nM wortmannin, then add 2 5 pL of a lo-@4 stock of wortmanmn to the 
premcubation (Subheading 3.3.3., step 2) and then add 2.5 $ of 10 @4 
wortmannin and 2 5 pL of water to the reaction Just prior to the addition of the 
ATP mix (Subheading 3.3.3., step 5). 

16 Wortmannin is not stable in aqueous solution and should be diluted m waterJust 
prior to use and stored on ice. 

17 If the TLC spot is to be deacylated then leave the plate wet, wrap it m plastic 
wrap, and briefly expose to film Using the film to align, and a hypodermic needle 
to poke holes, mark the four corners of the spot by piercing through the film onto 
the TLC plate Now, using the same needle, lift or scrape the silica within the 
square and transfer to an Eppendorf tube. 

18. Methylamine is volatile and toxic. Use it only m a hood 
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Phosphatidylinositol(3,4,5)Trisphosphate 
(Ptdins(3,4,5)P,) Mass Measurement Using 
a Radioligand Displacement Assay 

Jeroen van der Kaay, Pete J. Cullen, and C. Peter Downes 

1. Introduction 
1.1. Background 

The phosphatidylinositol3-kinases (PI 3-kinases), which play a pivotal role 
m cellular signaling, represent a family of enzymes that phosphorylate 
phosphoinositides on the 3-position of the inositol ring (1). PtdIns(3,4,5)P, 
(phosphatidylmosito1(3,4,5)trisphosphate) is one of the principle products of 
this reaction and has been suggested to be a second messenger involved in 
many physiological phenomena. 

The traditional techniques employed to measure changes m this signaling 
molecule involve radiolabelmg with high levels of [32P]P04 or [3H]mositol 
and the subsequently extracted phosphoinositides are analyzed by multiple 
chromatography steps. Another more simple approach is to assay PI 3-kinase 
activity in cell extracts and/or appropriate immunoprecipitates. The latter pro- 
cedure, however, is an indirect measurement that detects the association of PI 
3-kinases m molecular complexes and does not necessarily correlate with the 
enzyme’s activity state. 

Therefore, a straightforward, highly specific, and sensitive method, avoid- 
ing costly, time-consuming, and hazardous procedures, has been developed to 
allow detection of subpicomolar quantities of PtdIns(3,4,5)P, in samples from 
either cell cultures or whole tissues (2). 
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1.2. Sample Preparation 

Agonist-provoked increases m PtdIns(3,4,5)P, are usually transient because 
of phosphatase action; therefore an instant quenching of cells or tissue is 
required in order to avoid enzymic degradation of PtdIns(3,4,5)P3 during the 
extraction process. Cells are preferably directly quenched with chloro- 
form:methanol:conc. hydrochloric acid (40:80: 1 by vol). Plastic culture dishes 
however dissolve in chloroform and in these circumstances ice-cold 10% 
trichloric acid (TCA) can be used to kill the cells. Whole tissue samples are 
best snap frozen in liquid nitrogen and can be stored at -8O’C. The tissue can 
then be finely powdered under liquid nitrogen using a pestle and mortar. After 
transferring the samples to a polypropylene tube the lipids are extracted as 
described above. Cell suspensions can be also be snap frozen and be stored at-8O”C. 

1.3. Assay of Ptdlns(3,#,5)P, 

7.3.1. Principle of the Assay 

The assay is based on radioligand displacement of radiolabeled inositol 
(1,3,4,5)tetrakisphosphate (Ins[ 1,3,4,5]PJ from bmdmg sites present m cer- 
ebellum or platelets that display high affinity and specificity for Ins( 1 ,3,4,5)P4 
(3,4). Following an ordinary Folch extraction of the phospholipids from cell or 
tissue samples, Ins( 1,3,4,5)P.,, the polar headgroup of PtdIns(3,4,5)Ps, is 
released by alkaline cleavage and its mass can be measured by radiohgand 
displacement using a calibration curve obtained usmg unlabeled Ins( 1 ,3,4,5)P4 
standards. The sensitivity limit is approx 0.3 pmol and, in general, lipid extracts 
from samples containing 1 mg of cellular protein are sufficient for determma- 
tion of the basal level of PtdIns(3,4,5)Ps. 

1.3.2. The Use of lns(1,3,4,5)P, Binding Protein from Cerebellum vs 
the Use of GAPl’p4Bp from Platelets 

The isolation procedure of both Ins( 1 ,3,4,5)P4-bmdmg proteins are described 
in Subheading 3.3. Ins(l,3,4,5)P,-binding protein can be isolated from the 
crude membrane fraction from cerebella of rat, sheep, and pig. Since sheep 
(and bovine) cerebella are banned in the United Kingdom and rat cerebella 
give a low yield of protein, pig cerebellum is recommended as a convenient 
source (six pig cerebella yield enough material for approx 4000 assays). 

The use of cerebellar protein in the displacement assay requires [32P]Ins 
(1,3,4,5)P, of high specific radioactivity (3000 Ct/mmol), which 1s not com- 
mercially available but can be prepared as described in Subheading 3.2. 

The gene encoding the Ins( 1 ,3,4,5)P4-binding protein m pig platelet mem- 
branes has been cloned and is classified as GAP11P4BP (4). The protein can be 
expressed in a truncated form as a glutathione-S-transferase (GST)-fusion pro- 
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tein inEscherichia coli under an IPTG-inducible promotor. A 500~mL culture in 
LB medmm gives enough Ins( 1 ,3,4,5)P4-binding protein for approx 750 assays. 
The recombinant GAP11P4BP protem can be used wtth [32P]Ins(1,3,4,5)P4, but 
also with the commercially available [3H]Ins( 1 ,3,4,5)P4 (2 1 Ci/mmol) because 
of the low nonspecific binding of this protein which is easily purified from the 
E. coli lysate usmg GST immobolized on agarose beads. 

Separation of bound from unbound labeled Ins( 1 ,3,4,5)P4 in both cases is 
achieved by filtration (Subheading 3.4.1.), although the GAPl’P4BP leaves the 
opportunity for separation by centrifugation after precipitation with y-globu- 
lins and polyethylene glycol (PEG) as described in Subheading 3.4.2.2. 

1.3.3. Required Components for the Ptdlns(3,4,5)P, Mass Assay 

The PtdIns(3,4,5)Ps mass assay requires some components that are not com- 
mercially available but can be prepared as described m this chapter. 

1. Recombinant or partially purified Ins( 1,4,5)P3 3-kmase for the preparation of 
[32P]Ins(1,3,4,5)P4 of sufficiently high specific activity (3000 Ct/mmol) to be 
used with the cerebellar-binding protein. 

2 Ins( 1,3,4,5)P4-bmdmg protein can be readily isolated from cerebellum freshly 
collected from a local slaughterhouse 

3. The availibility of the recombinant GAP1 twBp allows the use of commercially 
available [3H]Ins(1,3,4,5)P4 (specific actrvrty of 21 Ci/mmol) and obviates the 
need to prepare [32P]Ins(1,3,4,5)P4 and the precautions needed when processmg 
the samples. 

2. Materials 
2.1. Preparation of lns(1,4,5)P, 3-Kinase 

2.1.1. Partial Purification of Recombinant Rat Brain lns(1,4,5)P3 3-Kinase 
1 E colz containing a vector with DNA insert coding for ratbrain Ins( 1,4,5)P3 

3-kmase (5) 
2 200 mL LB medium 
3. Ampicillm (50 pg/mL final cont.). 
4. Isopropyl-S-o-thiogalactopyranoside (IPTG, at 1 mM final cont.). 
5 Centrifuge. 
6 10 mL of ice-cold lysts buffer (50 mMTris-HCl, pH 8.0, 1 mM EDTA, 0.4 mA4 

benzamidine, 0 4 mM phenylmethylsulfonyl fluoride, 5 pm leupeptm, 5 pA4 
pepstatm, and calpam inhibitors I and II at 5 pg/mL). 

7. Sonicator probe (Jencons Scientific [Bedfordshire, UK] ultrasonic processor) 
8. Triton X- 100. 
9. Ultracentrifuge and a rotor for 15,OOOg. 

10. Calmodulin (CaM) affinity column (1.25 x 3 cm; Sigma, St. Lotus, MO). 
11. Elution buffer (20 mM Tn-HCl, pH 7.5, protease mhrbitors [see item 61 and 12 mA4 

8-mercaptoethanol) with the following additions* 



112 van der Kaay, Cullen, and Downes 

12. 100 mL Elutton buffer supplemented wtth 0.2 mMCaCl,, 0.4MNaC1, and 0.5% 
Triton X-100. 

13 100 mL Elution buffer supplemented with 0.2 mM CaCl,, 0.4 M NaCl. 
14. 150 mL Elution buffer supplemented with 2 mMEGTA, 0.4 MNaCl. 
15. Amicon Centriprep 30 filter (Naperville, IL). 

2.1.2. Partial Purification of Ratbrain lns(1,4,5)P, 3-Kinase 

If recombinant Ins( 1 ,4,5)P3 3-kinase is not accessible, then the enzyme can 
be partially purified relatively easily from rat brain, which is a good source for 
this enzyme. The reader is referred to two papers describing this purification in 
detail (6,7). 

2.1.3. lns(l,4,5)P, 3-Kinase Activity Screen 

1. Dowex anion exchange resin. AG 1 x 8,200-400 mesh in the formate form (Bio- 
Rad, Hercules, CA). 

2 Column holders (or lo-mL syringe plugged with glass wool). 
3. Freon (1,1,2 Trichlorotrifluoroethane). 
4. Trioctylamme. 
5 [3H]Inositol( 1,4,5)trisphosphate ([3H]Ins( 1 ,4,5)P3 from Amersham). 
6. 80 pL of assay buffer, which in 0.1 mL gives final concentrations of 50 mMTns- 

HCl (pH 7.5), 20 m&f MgC12, 1 mM ATP, 1 mg/mL BSA, and 0.005 pCi 
[3H]Ins( 1,4,5)P, for each fraction/sample to be assayed 

7. 10% TCA (w/v). 
8. 0.8 M Ammomum formate/O. 1 M formic acid. 
9. 1 2 MAmmonmm formate/O.l M formic acid 

10. FloScint IV, scintillant vials, liquid scmtillation counter 

2.2. Preparation of [3-32P]lns(1,3,4,5)P, 

1. 60 pL of assay buffer, which in 0.2 mL gives final concentrations of 50 mMTris- 
HCI (pH 7.5), 20 mMMgClz, 1 mA4EGTA, 1 0 18 mM CaC&, 0.1 mA4 Ins( 1 ,4,5)P3 
(Cell Signals, Lexmgton, KY), 1 p&f CaM (Sigma), and 20 mg/mL BSA 

2. 100 pL of 10 mCi/mL [32P]ATP (3000 Wmmol) 
3. 40 pL of recombinant Ins( 1,4,5)P3 3-kinase (0 1 mg/mL). 
4. 10 mMEDTA. 
5. Screw-cap tube (1.5 mL, Sarstedt, Leicester, UK). 
6. Boiling bath or thermoblock at 100°C. 
7 High-performance liquid chromatography (HPLC) system. 
8 HPLC partlsphere-SAX column. 
9. 500 mL of water and 500 mL of 1 .O MNH,H,PO,, pH 3.8 (both 0.2 @4 filtered). 

10. Liquid scmtillation counter 
11. Scintillant vials. 
12. Dialysis tubing (molecular weight cutoff 12-14 kDa). 
13 3 L Distilled water 
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2.3. Preparation of Ins(l,3,4,5)P,-Binding Protein 

2.3.1. Preparation of Cerebellar Ins( 1,3,4,5) P,-Binding Protein 
1. SIX pig cerebella (approx 100 g) freshly collected from the slaughterhouse. 
2. 2.5 L Ice-cold homogenization buffer (20 mMNaHCOs, 1 mMdithiothreito1, 

2 mM EDTA, pH 8.0). 
3 Motor-driven homogemzer consistmg of glass mortar tube and a pestle with a 

steel shaft (minimum 75-mL capacity). 
4 Ultracentrifuge with 50-mL tubes to be spun at 5000g and 100,OOOg. 

2.3.2. Preparation of Recombinant GAPlip4sp 
1 

7 
8 
9 

10 
11 
12 
13 
14 
15 

16. 
17. 

E coli (strain BL2 1) contammg plasmid with insert coding for the truncated GST- 
tagged GAP 1 1P4BP (GST-sC2GAPl 1p4Bp) and cotransformed with a plasmid cod- 
ing for GroES/GroEl chaperones. 
IPTG (to induce expression of the proteins). 
Ampicillm and kanamycm 
500 mL LB medium 
Centrtfuge. 
100 mL Ice-cold lysis buffer (53 mA4Na,HP04, 3 mMNaH2P04, 45 rnA4NaCl [= 
PBS], 1 mM EDTA, 1 mM EGTA, 1 mM P-mercaptoethanol). 
Lysozyme 
Sonicator with probe (Jencons ultrasonic processor) 
Triton X- 100. 
Ultracentrifuge (100,OOOg) 
1 mL 50% Glutathione agarose (Sigma). 
Rotary shaker (4°C) 
50 mL High salt wash buffer (75 mMTris-HCI (pH S.O), 0.3 MNaCl). 
Glycerol 
Elution buffer if you choose to elute the GAP1 IplBp from the glutathione- agarose 
beads 75 mA4Tris-HCl, pH 8.0, 1 MNaCl, 0.1% Triton X- 100,20 mMglutathione 
(Subheading 3.4.2.2.). ReadJust the pH after addition of glutathione to 8.0. 
Polyethylene glycol (PEG) of average mol wt 3500 Dalton 
y-Globulm. 

2.4. lns(1,3,4,5)P, Isotope Dilution Assay 
1 Unlabelled Ins( 1,3,4,5)P4 (CellSignals). 
2 Radiolabeled Ins( 1,3,4,5)P4. 
3 Ins( 1,3,4,5)P4-binding protein (cerebeliar membranes or recombinant GAP1’P4BP). 
4. Assay buffer (0.1 M sodium acetate, 0.1 M KH2P04, 4 n&f EDTA, pH 5.0 with 

acetic acid). 
5 Samples to be analyzed. 
6 Glass microfiber filters (Whatman, Clifton, NJ, GFK, 25 mm). 
7. Vacuum manifold for 12 samples (Millipore, Bedford, MA). 
8 Ice-cold wash buffer (25 mM sodium acetate, 25 mM KH,PO,, 1 mA4 EDTA, 5 

mM NaHCOs, pH 5.0 with acetic acid). 
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9. Scmtillant (FloScmt IV). 
10. Scintillation vials (5 mL). 
11 Liquid scintillation counter. 
12 Open Eppendorf racks allowing Eppendorf tubes to be placed in ice 
13 Vortex mixer 
14. 1 MKOWacetic acid, pH 5.0, at 4°C. (Make up 0.5 L of 2 MKOH and add acetic 

acid to give a pH of 5.0, then adjust the volume to 1 L.) 

2.5. Sample Preparation 
1. Tnchloroacetic acrd (TCA, 10% w/v). 
2. Chloroform:methanol,conc. HCl(20.40: 1 by vol). 
3. Liquid nitrogen 
4. Pestle and mortar 
5 5% w/v TCA/l mA4EDTA 
6. Chloroform. 
7. 0.1 MHCl. 
8 Synthetic lower phase (prepared by mixing chloroform, methanol and 0 1 M HCl 

at ratio of 1: 1:0.9 by volume and collecting the lower phase). 
9 Polypropylene Eppendorf tubes (1 5 mL) 

10 Polypropylene screw-capped tubes (1.5 mL) 
11. Microcentrtfuge 
12. Vacuum concentrator. 
13. 1 MKOH. 
14 Boiling water-bath or hot plate at 100°C. 
15 1 A4 acetic acid. 
16. Butanokpetroleum ether (bp 40-60”C):ethylacetate (20:4: 1 by vol). 
17 Dilute acettc acid (Subheading 3.5.1., step 15). 

3. Methods 
3.1. Preparation of lns(1,4,5)P, 3-Kinase 
3.1.1. Partial Purification of Recombinant lns(1,4,5)P3 3-Kinase (2,5) 

1. Grow E coli containing bluescript plasmtd wrth the cloned DNA insert overmght 
in 50 mL LB medium supplemented with 50 pg/mL ampicillin at 37°C. 

2. Dilute culture to an Aeoo of 0.5 with fresh prewarmed medmm (30°C). 
3. Induce expression by addition of 1 mM IPTG. 
4. Grow for 2 h at 30°C. 
5 Harvest bacteria by centrifugation for 20 min at 10,OOOg. 
6 Resuspend in ice-cold lysis buffer (50 mA4Tris-HCl, pH 8.0, 1 &EDTA, 0.4 mM 

benzamidme, 0 4 rr&f phenylmethylsulfonyl fluoride, 5 @4 leupeptin, 5 @4 
pepstatm, and calpain inhibitors I and II at 5 pg/mL) (see Note 1). 

7. Sonicate on ice (5 x 30 s and cool on ice m between, output is set at 80% of the 
maximum) 

8. Add triton X-100 to a final concentration of 1% by vol. 
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9. Shake the lysate on a rotary shaker in a cold room for 1 h 
10. Centrifuge the lysate for 30 min at 100,OOOg. 
11, Apply the supernatant to a CaM affinity column (1.25 x 3 cm). 
12. Elutton is performed m elution buffer (20 mMTris-HCl, pH 7.5, protease inhtbitors 

[above-menttoned] and 12 mM P-mercaptoethanol) with the following additions. 
13. First elution step: 3 x 20-mL elutton buffer supplemented with 0.2 mM CaCl,, 

0.4 MNaCl, and 0 5% Trtton X-100. 
14. Second elution step 3 x 20-mL elution buffer supplemented with 0 2 mMCaCl,, 

0.4 A4 NaCl. 
15. Third elution step. 5 x 2&nL e&ion buffer supplemented with 2 mMEGTA, 0.4 MNaCl. 
16. The fractions are screened for Ins(1,4,5)P, 3-kinase activity (Subheading 3.1.2.). 
17. The acttve fractions are pooled and concentrated using an Amtcon Centrtprep 30 

filter (protein concentration is approx 0.1 mg/mL). 
18. Aliquots of 50 & are stored at -80°C 

3.1.2. lns(1,4,5)P,3-Kinase Activity Screen 
1. Reaction mixtures of 0.1 rnL contain 50 mA4Tns-HCl, pH 7.5,20 mMMgC12, 1 mA4 

ATP, 1 mg/mL BSA, 0 005 $1 [3H]Ins( 1,4,5)P,, and 0.02 mL of enzyme fraction 
2. Incubate at 37°C for 20 mm and quench the reactron wtth 0.1 mL 10% TCA (w/v) 

Assay the samples m duplicate. 
3. The protein precipitates are removed by centrifugatton, and the supernatants are 

neutralized by addition of 0.5 mL freon:trioctylamme (1.1 by vol). 
4. Vortex and spm for 1 mm at full speed m a microcentrtfuge. 
5 Apply supernatant onto a 1-mL Dowex column (Hercules, CA) (2 mL of 50% 

slurry of Dowex) 
6. First elutton 1s with 10 mL of 0.8 A4 ammomum formate/O 1 M formtc acid This 

“Ins( 1,4,5)Ps”-fraction will contam unconverted [3H]Ins(1,4,5)P3 (and eventual 
degradation products, i.e., [3H]InsP2, [3H]InsP, [3H]mosttol). 

7. Second elutton 1s with 10 mL of 1 2 M ammonium formate/O 1 M formic acid 
This “Ins( 1,3,4,5)P,“-fraction will contain the [3H]Ins( 1 ,3,4,5)P4 produced from 
[3H]Ins( 1 ,4,5)P3 by the Ins( 1,4,5)P3 3-kinase Since the separation of Ins( 1,4,5)P, 
and Ins( 1 ,3,4,5)P4 is not 100% absolute, control samples of [3H]Ins( 1 ,4,5)P3 and 
[3H]Ins( 1,3,4,5)P4 without added enzyme/or with boiled enzyme are analyzed m 
parallel. Ifthe separation is poor-i.e., more than 25% overflow of [3H]Ins( 1,4,5)P, 
m the “Ins( 1 ,3,4,5)P4”-fraction or vice versa-the first elutton should be adapted 
by increasing or decreasing the molarity of the ammonium formate, respectively 

8. Add 10 mL of FloScint IV to both fractions, mix well, and count the radioacttvity. 
9 Calculate the total radioacttvity of the samples-i.e., the sum of the “Ins( 1,4,5)P,” 

and the “Ins( 1,3,4,5)P,” fraction Screen for an increased percentage of the total 
radioacttvtty in the “Ins( 1 ,3,4,5)P4” fraction, 

3.2. Preparation of [3-32P]lns(1,3,4,5)P, 

1. Add 60 pL assay buffer, which m 0.2 mL gives a final concentration of. 50 mJ4 
Tris-HCl, pH 7 5, 20 mM MgCl,, 1 mA4 EGTA, 1 018 mM CaC12, 0 1 mA4 
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Ins( 1,4,5)P,, 1 @4 CaM, and 1 mg/mL BSA, to 100 p.L of 10 mCi/mL [32P]ATP 
(3000 Ci/mmol) m a screw-cap microtube. 

2 Start reaction by adding 40 pL of recombinant Ins( 1,4,5)P, 3-kinase (from prepa- 
ration descrtbed m Subheading 3.1.). 

3 Incubate for 30 min at 37°C. 
4 Terminate reaction by addition of 0.8 mL 10 mM EDTA and subsequent botlmg 

for 2 mm. 
5. Cool on ice and centrifuge for 2 min at 13,000g. 
6 Apply the supernatant via a 2-mL sample loop to an HPLC Partisphere-SAX 

column (4.6 x 250 mm) eluted with a gradient made of water and 1 0 M 
NH,H,PO,, pH 3 8 

7 The gradient used is O-2 min O%, 2-5 min 50%, 5-65 mm lOO%, 65-75 mm 
lOO%, 75-76 mm O%, and 76-90 0% at a flow rate of 1 mL/min. 

8 After the start of the gradient, Ins( 1,3,4,5)P, elutes at approx 42 mm Therefore 
collect [3-32P]Ins(1,3,4,5)P, in a 50-mL Falcon tube (Los Angeles, CA) from 
40-48 mm and collect the rest of column eluant in a conical flask. Always cah- 
brate the column when this 1s done for the first time-use either commerctal 
[‘H]Ins( 1,3,4,5)P, standard or 1% of the sample (see Note 2). 

9. Dilute [32P]Ins( 1,3,4,5)P, m 20 mL dtsttlled water. 
10 Dialyze the sample, using dialysis tubing with a molecular-weight cutoff of 12- 

14 kDa, three times against 1000 mL distilled water for 45 mm. The dialysates 
will contain radioactivity and should be handled with care (see Note 3). 

11. Collect retentate, which contains approx 0.5 mC1 [32P]Ins( 1,3,4,5)P, and dilute 
m dtsttlled water to 40 mL final volume. 

12 Ahquot [32P]Ins( 1 ,3,4,5)P4 m 20 x 1 mL and 1 x 20-mL portions (approx 10 pCWmL) 
(see Note 4). 

13 Store at -2OOC. 

3.3. Preparation of lns(l,3,4,5)P,-Binding Protein 
3.3.1. Preparation of Cerebellar Ins(l,3,4,5)P,-Binding Protein 

1 Collect six fresh whole pig brains from the slaughterhouse and keep them on ice 
(see Note 5). 

2 Cut the cerebella loose with a scalpel or scissors and collect them in a beaker on 
ice. The cerebellum is a clearly distmct tissue with a fine reticular structured motif 

3 Transfer three pig cerebella to a precooled 75-mL mortar tube and add 50 mL ice- 
cold homogemzatton buffer (20 mM NaHCOs, pH 8.0, 2 mA4 EDTA, and 1 m&f 
dithiothreitol) 

4. The steel shaft of the pestle is compatible with an electric drill and 5-10 strokes 
are given to grind the (soft) tissue. 

5. Transfer the homogenate to a centrimge tube and homogenize the next three cerebella. 
6 Pool the homogenates and centrtfuge for 10 min at 5OOOg. 
7. The supernatant is transferred to 50-mL ultracentrtfuge tubes and the pellet 1s re- 

extracted once with the same volume of homogenization buffer. 
8. The pooled supernatants are centrifuged for 20 mm at 100,OOOg. 
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9. The pellet 1s washed twice and resuspended m homogenisation buffer at a final 
concentration of 1 O-20 mg/mL. 

10. Aliquots of 4 mL are stored at --SOY. 

3.3.2. Preparation of Recombinant lns(1,3,4,5)P, 
Binding Protein (GA P 1 Ip4 Bp) 

1. Grow an overnight 100 mL culture of E coli transformed with plasmlds encoding 
GST-CYC~GAPI’~~~~ and the chaperones GroEL and GroES in LB medium supple- 
mented with ampicillin and kanamycin (50 pg/mL of each) at 29OC (see Note 6) 

2. Dilute culture 1: 10 with fresh LB medium (plus antlbiotlcs). 
3. Grow up to Asoo and then induce with 1 mMIPTG for 5 h 
4. Harvest bacteria by centrifugatlon for 20 min at.lO,OOOg. 
5 Resuspend bacteria m 20 mL ice-cold lysis buffer (PBS, 1 rnMEDTA, 1 mMEGTA, 

1 mA4 P-mercaptoethanol), transfer to a 50-mL Falcon tube and keep on ice 
6. Add 2 mg/mL (final concentration) Iysozyme and keep on Ice for 30 mm. 
7. Sonicate on ice (5 x 30 s with cooling on ice in between; output is set at 80% of 

the maxlmum). 
8. Add 2% (by volume) Trlton X-100 and keep on ice for 30 mm. 
9. Centrifuge the lysate for 30 mm at 100,OOOg. 

10. Transfer the supernatant to a 50-mL Falcon tube and incubate with 1 mL of 50% 
glutathlone immoblhzed on agarose beads overnight on a rotary shaker at 4°C 

11. To remove proteins that bind nonspecifically to the beads, wash twice with 20 mL 
of cold lysis buffer and then twice with 20 mL of cold high salt buffer (75 mA4 
Tris-HCl, pH 8 0, 0.3 MNaCl; centrifuge for 1 min at 1OOOg). 

12. Resuspend the beads in 10 mL high-salt buffer with added glycerol (50% by volume) 
13. Store at -20°C. 

3.4. lns(1,3,4,5)P4 Isotope Dilution Assay 

The assay involves measuring the quantity of [32P] or [3H]Ins(1,3,4,5)P4 
bound to a highly specific binding protein(s) in the presence of known amounts 
of unlabeled Ins( 1 ,3,4,5)P4 to generate a standard curve and unknown amounts 
in the case of the samples to be analyzed. A typical calibration curve using the 
cerebellar Ins( 1 ,3,4,5)P4-binding protein and the GAP 1rP4BP is shown in Fig. 1. 
Ins( 1,3,4,5)P, 1s cleaved from PtdIns(3,4,5)P3 by alkaline hydrolysis, the yield 
of Ins( 1 ,3,4,5)P4 by this method is 62%. So for absolute amounts of PtdIns(3,4,5)P,, 
the final values read from the calibration curve need to be corrected with this factor 
(see Notes 18 and 19). Figure 2 shows the amounts of the side products formed in 
a schematic representation of the alkaline hydrolysis. In ref. 2, it IS shown that 
these products do not interfere with or contribute to the measured signal. 

A very important feature of the assay is its selectivity for Ins(1,3,4,5)P4 
over Ins(1,4,5)P3. The latter compound is formed by alkaline cleavage of 
PtdIns(4,5)P2, which is usually present at lOOO-fold higher levels in resting 
cells. The Kd for Ins( 1,3,4,5)P4 is approx 5000-fold lower than the Kd for 
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--a- Ins( 1,3,4,5)P4 

0 Ins( 1,4,5)P3 

pmol Ins( 1,3,4,5)P4 or Ins( 1,4,5)P3 

Ftg 1. (A) Displacement of [32P]Ins( 1,3,4,5)P4 by authentic Ins(1,3,4,5)P, and 
Ins( 1,4,5)Ps using Ins( 1,3,4,5)P,-bmdmg protein isolated from sheep cerebellum. The 
dtsplacement of [32P]Ins( 1,3,4,5)P4 (3 x lo5 dpm) by Ins( 1,3,4,5)P4 (Cl) and Ins( 1,4,5)P3 
(0) at indtcated concentrattons was measured in a final assay volume of 0.32 mL after 
a 30-min incubation on ice Each data point represents a determmation m triplicate f SD 
obtained from five independent experiments 

Ins( 1,4,5)P,, so there will be no “noise” arising from PtdIns(4,5)P2 also present 
in the lipid extracts of cells. 

3.4.1. Assay Procedure Using the Cerebellar Ins( 1,3,4,5) P4 
Binding Protein 

1. Make Ins( 1 ,3,4,5)P4 stock of 10 mM m H20 and store at -80°C. 
2. Prepare 1 -mL aliquots of unlabeled Ins( 1,3 ,4,5)P4 standards of the followmg 

concentrattons: 0 67, 1,2, and 3 x lVg; 0.67, 1,2, and 3 x lWs; 0.67, 1,2, and 3 x 
1p7; 0 67, 1,2, and 3 x ltZ@ M(see Note 7). 

3 The calibration curve consists of 16 sample-se the above prepared Ins( 1,3,4,5)P, 
concentrations-assayed m triplicate (giving 48 samples in total) The samples 
contain 50 pL of Ins(1,3,4,5)P4 and 50 l.tL of 1 MKOH/acettc acid, pH 5.0 at 4°C. 

4. The samples to be analyzed are 100 pL of 0.5 M KOH/acetic acid (pH 5 0) 
obtained after alkaline cleavage of cellular (or synthetic) lipids (Subheading 3.5.) 
and are preferably assayed in triplicate, but at least m duplicate 



Ptdlns(3,4,5) P3 Mass Measurement 119 

0 i I I I 

s 
0 

0 

0 

pm01 Ins( 1,3,4,5)P4 

Ftg 1 (B) Displacement of [3H]Ins(1,3,4,5)P, by authentic Ins( 1,3,4,5)P, using 
recombinant GAP1*P4BP The dtsplacement of [3H]Ins(1,3,4,5)P4 (4 x lo4 dpm) by 
Ins(1,3,4,5)P, at indicated concentrations was measured m a final assay volume of 
0.40 mL after a 30-min mcubatton on me. Each data point represents a determmatlon 
m triplicate f SD obtained from two independent experiments 

RI-OL GroPtdINS(3,4,5)P, 4 % 

INS(3,‘$5)P3 11% 

INS( 1,3,4,5)P4 62 % 

W2,3,‘&5)p4 24 % 

Fig. 2. Schematic representation of the products from PtdIns(3,4,5)P3 subjected to 
alkaline hydrolysis. 

5. All steps are on ice. 
6. Each sample for the Ins( 1 ,3,4,5)P4 assay contains 400 pL final volume: 100 @. of 

sample (Ins(1,3,4,5)P4 standard or actual sample), assay buffer (Subheading 
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2.5.), [32P]Ins( 1,3,4,5)P, (0.05 pCr m H,O) and Ins(l,3,4,5)P4-bmdmg protein 
(Subheading 3.4.1.) (see Notes S-11). 

7. The incubation IS started by addition of the binding protein 
8 The samples are vortexed and put on ice for 30 min 
9. Meanwhile, set up the vacuum manifold with GF/C filters. 

10. Just before transfer of the samples onto the filters, prewet the filters with 1 mL 
ice-cold wash buffer (Subheading 2.5.). 

11, Prpet the samples onto the prewetted filters and mediately rinse twice with 2 x 5 mL 
ice-cold wash buffer. Ftltratron of the unbound from bound needs to be rapid 
(within seconds) Leave the vacuum long enough to dry the filters thoroughly 

12. The filters are transferred to scintillation vials and 4 mL of FloScint V or any 
other suitable liquid scmtillation coctail is added. 

13 Let the filters extract >12 h and determine the radioactivity in a liquid scintilla- 
tion counter 

3.4.2. Assay Procedure Using the Recombinant GAP1’p4Bp 

3.4.2.1. SEPARATION OF BOUND FROM UNBOUND RADIOACTIVITY BY FILTRATION 

1. All steps are essentially as described m Subheading 3.4.1. except that instead of 
cerebellar Ins( 1 ,3,4,5)P4-binding protein, GAP 1’P4BP is used 

2 The GAP11P4BP coupled to agarose beads is stored in high salt buffer with 50% 
glycerol. Just before the start of the assay, an appropriate amount of beads is washed 
two times in Ins( 1,3,4,5)P4 wash buffer and resuspended m this buffer. Use an 
appropriate amount of GAPl’P4BP m 100 mL wash buffer per assay (see step 4) 

3. Although [32P]Ins( 1,3,4,5)P4 can still be used it can now be replaced by 
[3WWL%WP4 ( commercially available from NEN DuPont [Stevenage, UK] 
at 21 Wmmol). Use 0.02 pCi of [3H]Ins(1,3,4,5)P4 in 100 pL Hz0 per assay. 

4. It is recommended that the amount of GAP11P4BP to be used for each assay is 
determined for every new preparation. Maximal and nonspecific bmdmg is 
determined m 0 5 A4 KOH/acettc acid pH 5 0 in the absence or presence of 1 mA4 
Ins( 1,3,4,5)P, (or 0.1 mMInsP6 [phytate], which IS cheap), respectively. Aim at a 
maximal bmdmg of approx 20% of the total input when you use [3H]Ins( 1,3,4,5)P4 
or 10% when [32P]Ins(1,3,4,5)P4 1s used. A maximal bmdmg of 20% is accept- 
able with respect to influence on the free-ligand concentration and, since 
[3H]Ins( 1,3,4,5)P4 is quite expensrve, thts approach is most economical 

5. Smce the agarose beads settle rather quick, it is recommended to revortex the 
samples halfway through the 30-mm mcubation on ice 

3.4.2.2. SEPARATION OF BOUND FROM UNBOUND RADIOACTIVITV BY CENTRIFUGATION 

1. All steps are essentially as in Subheadings 3.4.1. (up to step 7) and Subheading 
3.4.2.1. The assay starts by addition of the GAP11P4BP, either coupled to the agarose 
beads or eluted from the beads by four washes of 30 mm at room temperature with 
0 5 mL of elution buffer (Subheading 2.3.2., step 15) (see Notes 12-14). 

2. Ater 20 mm equihbrium bmdmg on ice, add 0 1 mg of y-globulm (as carrier 
protein) and 1 mL of 25% PEG (avg mol wt 3350 Dalton). 
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3. Leave for 5 mm on ice-5ind centrifuge at 12,000g for 5 min at 4°C 
4. Aspirate the supernatant and count the radioactivity in the pellet 
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3.5. Preparation of Samples 
3.5. I. Adhesive Cells 

1. Cells grown on tissue culture plasticware, are fixed with 10% TCA (w/v) and left 
on ice for 10 min. 

2 Cells are scraped off and transferred to Eppendorf tubes and the well/dish is 
washed once with 0.5 vol 10% TCA. 

3. Spin for 2 min at full speed in a mtcrofuge, aspirate the supernatant, and wash the 
pellet once with 5% TCA/l miMEDTA This step removes inositol phosphates 
and all other polar compounds. 

4. Folch extraction of the pellet ensures an efficient recovery of the phosphohplds. 
Add 0.75 mL of CHCls:MeOH:conc HCl (40*80*1 by volume) to the pellet and 
leave for 220 mm on ice (see Note 15) 

5 Add 0.25 mL of CHCl, and 0.45 mL of 0.1 A4 HCl. 
6. Vortex thoroughly and spin 1 mm at full speed m a microfuge. 
7 Transfer the lowerphase to a 1.5 mL screw-capped eppendorf tube and re-extract 

the upper phase and the protein interphase with 0.45 mL of synthetic lower phase 
(Subheading 2.5., item 7). Be careful not to transfer any of the protein inter- 
phase since protem contaminants will affect the efficiency of the alkalme hy- 
drolysis (see Note 17) 

8 The pooled lower phases are dried down m a vacuum concentrator (see Note 16). 
9. Add an appropriate amount of 1 M KOH to the dried lipids (50 pL/l mg of cellu- 

lar protein; see Notes 18 and 19) and vortex thoroughly to wash the lipid pellet 
from the bottom of the tube 

10. Incubate for 30 mm at 100°C (see Note 20). The polar headgroups (and fatty 
acids) from the phosphohplds are cleaved from the glycerol backbone. Releasing 
Ins( 1,3,4,5)P, from PtdIns(3,4,5)Ps, Ins( 1,4,5)Ps from PtdIns(4,5)P,, and so on 

11 Neutralize with an equal amount of 1 M acetic acid. 
12. Add 5 vol water saturated butanol/petroleum ether (40-60”C)/ethyl acetate, vor- 

tex, spm for 1 mm at full speed m a mrcrofuge, and aspirate the supernatant. This 
step removes the fatty acids 

13. Repeat step 12 
14. The lower phase is dried down m a vacuum concentrator to remove any traces of 

butanol. 
15. Resuspend in 110 pL of dilute acetic acid to a final pH of 5.0. This step is very 

important because the sample, which now contains approx 0.5 M KAc, dictates 
the pH of the subsequent Ins( 1 ,3,4,5)P4-binding assay. Use 40 rm!4 acetic actd 
and check the pH (using accurate mdicator strips, if necessary redry the sample 
and use appropriately redlluted acetic acid). 

16. Use 100 pL of the sample in the binding assay. The samples should register in the 
sensmve range of the calibration curve. Therefore it is advisable to run pilot 
samples, so that samples can be driuted if necessary. 
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3.5.2. Suspensrons of Cells 

1. Cells grown m suspenston can be processed as descrtbed m Subheading 3.5.1. 
Alternattvely, the cells can be killed by addmon of 1.11 vol of CHC13 and MeOH 
and 0.01 vol of concentrated HCl 

2 Leave for 220 mm on ice and vortex regularly. 
3 Process further as Subheading 3.5.1., step 4 

3 5.3. Tissue 

1, The Folch extraction of the phosphohptds is as described in Subheading 3.51. 
2. The tissue of interest needs to be snap frozen m hquid nitrogen and can be stored 

at -80°C Isolation of the tissue needs to be achieved as quickly as possible 
3. Use a ltquld nitrogen cooled pestle and mortar to powder the tissue finely 

Residual pieces of bone can be removed at this stage since bone 1s not pulverized 
and clearly dtstmguishable from powdered tissue. 

4 Add an appropriate volume of CHCl,:MeOH:conc. HCl (40 80: 1 by vol) to the 
powdered tissue and induce phase separation by addition of CHCls and 0.1 M 
HCl to final ratios of 1.l:O.g (by volume). 

5. Standardize for cellular protein and use equally weighed amounts of powdered 
tissue The latter is important because the efficiency of the alkaline cleavage IS 
dependent on the amount of lipids present at the start. The protein determination 
IS necessary to estimate the volume of 1 M KOH to be used for the hydrolysis 
(see Notes 17-19). 

6. Process further as Subheading 3.5.1., step 4 

4. Notes 

4.1. Preparation of lns(1,4,5)P3 3-Kinase 

4.1.1. Partial Purification of Recombinant /ns(1,4,5)P, 3-Kinase (2,5) 

1. It 1s essential to include the calpain inhibitors I and II since the Ins(1,4,5)P3 
3-kmase is extremely senstttve to enzymic cleavage by these proteases. Make up 
2-mg/mL stocks m ethanol 

4.2. Preparation of [3-32P]lns(1,3,4,5)P, 

2 Designate one column for the [32P]Ins( 1,3,4,5)P4 purtticatton and tf possible an 
injection needle, injection port, and sample loop. These Items tend to be very 
hard to clean and may trouble other users. 

3. For more detail on desalting of mosrtol phosphates by dialysis, see ref. 8 Do not 
dialyze the sample too long (e.g., overnight) because [32P]Ins( 1,3,4,5)P, dialyzes 
slowly but stgmticantly. 

4 The [32P]Ins( 1,3,4,.5)P, sample should be stored diluted at approx 10 pCt/mL to 
avoid radtolysrs at -2O’C 
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4.3. Preparation of lns(1,3,4,5)P, Binding Protein 

4.3. I. Preparation of Cerebellar Ins( 1,3,4,5) P4 Binding Protein 
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5. The cerebella can be snap frozen in hquid nitrogen and stored at -80°C for at 
least 3 mo A cooled pestle/hammer and mortar is used to powder the cerebella, 
which are then processed as m Subheading 3.3.1. 

4.3.2. Preparation of Recombinant lns(1,3,4,5)P, 
Binding Protein (GAPlIp4Bp) 

6. The E. colz strain expressing the truncated GST-oC2GAP 1’P4BP can also be grown 
at 37OC. 

4.4. lns(1,3,4,5)P, Isotope Dilution Assay 

4.4.1. Assay Procedure Using the Cerebellar Ins(l,3,4,5)P4-5inding Protein 

7 The Ins( 1,3,4,5)P4 solutions used for the cahbratton curve can be kept at 20°C for months. 
8. Premix the Ins( 1,3,4,5)P, assay buffer and the [3H] or [32P]Ins(1,3,4,5)P4 for the cal- 

culated number plus five samples to be assayed (i.e., standard curve plus unknowns). 
9 The unused remamder of the cerebellar Ins(l,3,4,5)P,-binding protein can be 

refrozen at -80°C. Unused GAP 1 tP4BP however can not be reused 
10. The bindmg assay IS facilitated by the use of two vacuum manifolds and a 

“repeating” ptpet for both the pipetting of the assay component and the washing 
of the filters 

11. The 30-min mcubatton on ice comfortably allows the processmg of three sets of 
24 samples. 

4.4.2. Assay Procedure Using the Recombinant GAPlip4Bp 

4.4.2.1. SEPARATION OF BOUND FROM UNBOUND RADIOACTIVITY BY CENTRIFUGATION 

12. The eluted GAP1 IPllBP can be dialyzed or kept in its elutton buffer and should be 
kept at -20°C with 50% glycerol added. 

13 Elution of the GAP 1 tP4BP from the beads is probably not necessary. 
14. If the background m the samples is too high, the pellets can be washed with ice- 

cold water or wash buffer. Carefully decant the supernatant into a small waste 
beaker (relatively high radioactive) and subsequently munerse the eppendorf 
tubes in a 5-L beaker, hortzontally. Decant the wash, into a bigger waste beaker 
(low radioacttve) Perform the wash procedure as qutckly as posstble to avoid 
dissociation of the radiolabeled Ins( 1 ,3,4,5)P4. 

4.5. Preparation of Samples 

4.5. I. Adhesive Cells 

15. Folch extraction of the (phospho)lipids can also be done at room temperature but 
if the extraction 1s longer than 1 h, maintain on ice or at 4°C 
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16. 

17. 

18. 

19 

20 

Samples can be stored at -20 or -80°C as drred lipids for at least 2 mo. Alterna- 
tively the samples can be stored dry after the butanol extraction (Subheading 
3.5.1., steps 8 and 14, respectively) 
Do not contaminate the orgamc phase with particulate material (mostly dena- 
tured protein) from the interphase. 
In a series of samples, start with approxtmately the same amount of materral to 
ensure equal efficiency of alkaline hydrolysis between these samples When the 
extracted amount of lipid is too high for the amount 50 pL of 1 M KOH, the 
recovery of Ins( 1,3,4,5)P, from PtdIns(3,4,5)P, can drop from 62 to 20% (each 
mole of esterbond consumes a mole of hydroxyl ions). Although the Ins( 1,3,4,5)P, 
assay will tolerate 125 mM of KAc (pH 5 0), increasing the amount of KOH for 
more efficient recovery of Ins( 1,3,4,5)P, is therefore limited. In many cells, 1 mg 
of cellular protein will correlate with a total lipid content of 0.6 mg, but 
adipocytes, for instance, will contain far more lipid per mg of cellular protein Do 
not exceed 5 mg of lipid (5-10 mg cellular protein) per sample 
Considermg Note 18, it is advisable to check the efficiency of alkaline hydrolysis 
of PtdIns(3,4,5)P, if absolute values are to be obtained This can be done by 
spiking 0.05 $i of [32P]PtdIns(3,4,5)P, mto the lipid extract prepared as in Sub- 
heading 3.5.1., step 8, and processmg further to step 14 Resuspend m 1 mL 
H,O, add 0.01 pCi of each [3H]Ins( 1,3,4,5)P, and [3H]Ins(1,4,5)P3 as internal 
standard, and analyze on an HPLC partisphere SAX column (4.6 x 250 mm) 
eluted with a gradient made of water and 1 .O MNH4H2P04, pH 3 8) The gradient 
used is: O-5 mm O%, 5-105 mm lOO%, 105-l 10 mm lOO%, 110-l 11 mm 100 %, 
and 11 l-120 min, 0% at a flow rate of 1 mL/min, and 1-min fractions are col- 
lected 
The time for efficient alkaline hydrolysis is at least 30 min but can be safely 
extended to 2 h. 
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Detection of Phosphatidylinositol-49Phosphate 
5Kinase Activity Using Thin-Layer Chromatography 

Gregory J. Parker, Joost C. Loijens, and Richard A. Anderson 

1. Introduction 
Phosphatidylinositol-4-phosphate 5-kinases (PIPSKs; EC 2.7.1.68) synthesize 

phosphatidylinositol4,5-bisphosphate (PI 4,5-P& from phosphatidylinositol 
4-phosphate (PI 4-P). The hydrolysis of PI 4,5-P* by phosphoinositide-specific 
phospholipase C generates the second messengers 1,2-diacylglycerol, which 
activates several protein kinase C isoforms, and inositol 1,4,5-trisphosphate, 
which stimulates the release of calcium from intracellular stores (1). PI 4,5-P2 
can also be phosphorylated by the PI 3-kinase, generating phosphatidylinositol 
3,4,5&sphosphate (PI 3,4,5-P& a second messenger of generally unknown 
function; however, some isoforms of protein kinase C may be targets (2) as 
well as proteins that contain pleckstrin homology (PH) domams (3). Further- 
more, PI 4,5-P2 regulates multiple enzymes and several actin-binding proteins 
(4)) is bound by PH domains found in some signaling proteins (5), and appears 
to play a role m the secretory vesicle cycle (6,7), 

PIPSKs have been isolated from brain, erythrocytes, adrenal medulla, liver, 
and other sources (8-13)) In cells, PIPSK activity is found on the plasma mem- 
brane (8,9,13), associated with the cytoskeleton (I#), on the endoplasmic 
reticulum (IS), and m nuclei (16). There is also a cytosolic population of 
PIP5Ks (8). The substrate, PI 4-P, and product of this kmase, PI 4,5-P*, are 
primarily found on the plasma membrane, but can also be detected on isolated 
endoplasmic reticulum and within nuclei (15,17). 

The cloning of PIP5Ks established a new family of kinases because their 
predicted amino acid sequence lacked homology to all known lipid, protein, 
and sugar kinases (18-20). The regulation and cellular function of these kinases 
is currently being addressed m a number of laboratories. Areas bemg examined 
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include yeast homologs (21), vesicular trafficking and secretion (6), the regu- 
lation of these kinases by G proteins and their subsequent involvement in 
cytoskeleton assembly (22-26), the role of phosphatidylinositol transfer pro- 
tein (27-29), the involvement of PIPSKs in a nuclear phosphoinositide cycle 
(14,16,30), alternative substrate use (311, the association (32) and tyrosine 
phosphorylation (1432) of PIPSKs by the EGF receptor, and the role of PIP5Ks 
in ~55 TNF-receptor signalmg (18). A more complete review of PIPSKs is 
available (33). 

1.7. Preparation of Assay Reagents 

The in vitro PIPSK assay described in Subheading 3.2. has three critical 
components: the kmase, the lipid substrate, and ATP. 

There are four primary sources for PIPSKs: purified recombinant proteins; 
cell or tissue extracts; column fractions from a biochemical purification; and 
immunoprecipitates, either with anti-PIPSK antibodies or as part of a larger 
immune complex. Testing purified Escherichia coli or mammalian-expressed 
PIPSKs is probably the easiest assay. Because E coli does not possess a 
phosphomositide cycle, crude bacterial lysates (usually l&20 &) may also be 
tested directly. Typically, recombinant PIPSKs will need to be dialyzed into an 
appropriate buffer, such as Tris- or phosphate-buffered saline. The presence of 
DTT and 20% glycerol appears to stabilize the kinase during dialysis, but not 
affect the activity of the enzyme (unpublished observations). A relatively large 
sample of purified enzyme or crude bacterial lysate (20 a) may be easily tested 
m the system described in Subheading 3.2. A representative PIPSK assay, using 
recombinant human enzymes expressed and purified from E. coli, appears in Fig. 1. 

Cell or tissue extracts can be assayed in the same manner as E. cob lysates 
or recombinant enzymes simply by adding a convenient volume of an extract 
to a single kmase reaction. Whereas there are no known specific inhibitors of 
PIPSKs, it has been shown that high concentrations of detergents, like Triton 
X-100, can nonspecifically inhibit the m vitro PIPSK assay. It also has been 
shown that most components of a standard, nondenaturmg lys~s buffer (such 
as RIPA without SDS) do not substantially inhibit the PIPSK assay, if at all 
(unpublished observations). 

For column fractions, it is typical to test 5-10 pL in a single-kinase reaction. 
For quantification of PIPSK activity from a column fraction, it is important to 
keep the tonic strength of the assay constant by adding iso-KC1 or water. 

When the PIPSKs to be tested are from immunoprecipitates, there are no 
obvious pitfalls, except for those already mentioned, such as the presence of 
detergents. This problem can be alleviated by washing the pelleted PIPSKs 
extensively in 1X kinase reaction buffer (Subheading 3.1.2.). Another trick is 
the handling of the bead volume. Typically, this is done by resuspendmg the 



Substrate: PI 3-P PI 3,4-P2 PI 4-P 
Isoform: Ia Ip IIa IIB Ia Ig IIa IID Ia Ip IIa IQ3 

+- lyso-PI 4,5-P2 

- PI 3,4,5-P3 
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Fig. 1. Recombinant human PIPSK isoforms phosphorylate PI 3-P, PI 4-P, and PI 3,4-P, in vitro: E. co/i-expressed 
enzymes (0.2 pg PIPSKIa, 0.7 ug PIPSKIP, 2 pg PIPSKIIa, and 180 pg PIPSKIIP) were assayed using 80 pMof each lipid 
substrate. The reaction was run for 10.5 min at room temperature (22°C). The positions of the reaction products are 
marked with labeled arrows. All lanes were from the same TLC plate. Exposures to X-ray film were for 5 min (lane 3) or 15 min 
(lanes 1,2, and !9-1 1) at room temperature or 1.5 h at -80°C (lanes 4-8 and 12). 
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mnnunoprecipitation support (for example, Protem-A Sepharose) m a small 
(20 pL) volume of 1X kinase reaction buffer or 50 mM Tris (pH 7.4) and then 
adding half (10 @) to 40 p.L of reaction mix, as described in Subheading 
3.2.1. It has been shown that some polyclonal antibodies raised against PIPSKs 
are inhibitory (ref. 8; unpublished observations). 

The substrate, PI 4-P, can be presented to the PIPSIS in a number of ways, 
mcludmg mixed detergent micelles, artificial hposomes, and membranes (that 
can be prepared from red blood cells by somcation). The protocol described 
here, however, deals strictly with the use of micelles to present lipid to the 
enzyme (Subheading 3.1.1.). The K, for PI 4-P for recombinant PIPSKs is 
50-80 l~J4 (whereas the K,,, for native enzymes is generally much less), so add- 
ing 50-80 fl PI 4-P exogenously allows the in vitro reaction to proceed 
unhindered. Similarly, the K, for ATP for the different PIPSKs has been 
reported to be 5-25 @4 in vitro (8). Therefore, by adding excess cold ATP 
(50 pJ4), the kmase reaction can proceed at its maximum rate. 

Recently, it has been reported that PIPSKs can utilize synthetic PI 3-P and 
PI 3,4-P2 (in addition to natural PI 4-P) as substrates, generating PI 3,4-P,, PI 
3,4,5-P,, and PI 4,5-P*, respectively (31). These substrates are now commer- 
cially available (Matreya [Pleasant Gap, PA] phosphatidylinositol3-phosphate, 
dipalmitoyl; cat. no. 1773; phosphatidylinositol bz’s-3,4-phosphate, dipalmitoyl; 
cat. no. 1774) and may be tested in the protocol described in Subheading 3.2. 
For an initial assay, simply substitute an equal amount of these substrates (see 
Note 2) for PI 4-P when preparing the kinase reaction mix (Subheading 3.2.1., 
step 2). It is important to note that synthetically prepared PI 3-P, when phos- 
phorylated by a PIPSK to produce PI 3,4-P2, will have a slower TLC mobility 
than PI 4,5-P, because of differences in the lengths of the acyl chains (the 
synthetic lipids are di-C16 esters). This can be seen by comparing Fig. 1, lane l-4 
to lanes 9-12. It is likely that natural PI 3,4-P2 and PI 4,5-P* will have nearly 
identical TLC mobilnies under the conditions described in Subheading 3.2.2. 

The regulation and stimulation of PIPSKs are relatively unexplored areas. 
Assays to address these issues will not be directly dealt with here, but there are 
two significant biochemical differences between PIPSKs worth mentioning. 
Initially, two distinct PIPSKs, called type I (PIPSKI) and type II (PIPSKII), 
were purified from erythrocytes (8). Type I PIPSKs were stimulated by phos- 
phatidic acid, whereas type II PIPSKs were insensitive to phosphatidic acid 
treatment (34). The other major difference between the activities of PIPSKI 
and PIPSKII was the mabillty of PIPSKII to phosphorylate PI 4-P m native 
membranes, whereas the activity of PIPSKI toward PI 4-P in membranes and 
hposomes was similar. Although PIPSKII could not phosphorylate PI 4-P m 
native membranes, it could utilize this substrate when it was presented m lipo- 
somes (8). 
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1.2. Assay of Phosphatidyiinositol4,5-Bis-phosphate Production 

This introductory section is designed to cover some of the more subtle aspects 
of the PIPSK assays described in Subheading 3.2.1. The easiest way to perform 
this assay will be to purchase all of the necessary reagents, m particular, the 
substrate PI 4-P and a standard for PI 4,5-P2. However, these two lipids can also 
be prepared from bovine brain using neomycin-affinity chromatography (35). 

It has been noted by a number of investigators that type I PIP5Ks can be 
stimulated by phosphatidic acid (26,34). Although the details of these experi- 
ments will not be described here, it is important to note that detergent is 
required to properly present phosphatidic acid to the PIPSK. In many cases, 
detergent inhibits PIPSK activity (unpublished observations), so, in testing 
phosphatidic-acid stimulation, the detergent that is present will mhtbtt some of 
the activity, but phosphatidic acid should stimulate activtty above the deter- 
gent-inhibited level. 

Depending on the source of the kinase being analyzed, separating the organic 
and aqueous layers during the lipid-extraction steps can be a dtfficult manipu- 
lation. Ultimately, the decision to remove the top or bottom layer IS up to the 
individual investigator; however, tt is important to note that as the amount of 
protein (or immunoprectpitation support, such as protein-A Sepharose) present 
increases, the more difficult it becomes to cleanly separate the two layers. 
Denatured protems will be found at the interface between the organic and aque- 
ous layers as a thin, white or yellowish film. These proteins must be separated 
from the organic layer. Very often, this protein film wtll become stuck to the 
side of the tube when removing either of the layers. In this case, using a pipet 
tip to scrape these protems out of the tube and into a radioactive waste con- 
tainer is probably the best solution. 

In the final analysis of the reaction products (Subheading 3.2.3.), it is com- 
mon to find labeled PI 4,5-P2 in two spots on the TLC plate (Fig. 1, lanes 9- 
12). The spot with the faster mobility is authentic PI 4,5-P2, whereas the 
slower-moving spot 1s lyso-PI 4,5-P,. Thts product arises via the removal of 
one acyl chain of the phospholipid via a chemical deacylatton. When attempt- 
ing to quantify reaction products (Subheading 3.2.3.), both of these spots 
should be removed from the TLC plate for analysis. 

2. Materials 
2.1, Preparation of Assay Reagents 

2.1.1. Phosphatidylinositol4-Phosphate 

1 L-a-Phosphatidylmositol 4-monophosphate (Sigma, St. Louis, MO, cat no 
P9638). 

2. 50 mA4Trls (pH 8.0). 



132 Parker, Loijens, and Anderson 

3 Bath somcator 
4. Argon or N, gas 
5 0 5-mL Eppendorf tubes. 

2.1.2. 10X Reaction Buffer(s) 
1. 1 A4 Trrs (pH 7.0-7 5) 
2 0.5 MEGTA (pH 8.0). 
3 1 MMgCl* 

2.1.3. /so-KC/ 
1. 1 MKCl. 
2. 1 MNaCl 
3. 1 MTris-HCl (pH 7 4) 
4 1MNaNs 

2.1.4. p2P]-y-ATP 
1 150 mCi/mL [32P]-y-ATP (DuPont NEN [Boston, MA]; cat. no NEG-035C). 
2. 95% Ethanol. 
3. ISO-KC1 (see Subheadings 2.1.3. and 3.1.3.) 

2.2. Assay of Phosphatidylinositol4,5-Bis-phosphate Production 
2.2.1. The Assay 

1. 10X Reaction Buffer (see Subheadings 2.1.2. and 3.1.2.). 
2 5 mMATP in dH20 or ISO-KC1 
3. [32P]-y-ATP solutton (see Subheadings 2.1.4. and 3.1.4.). 
4 2.5 mM phosphattdylmosrtol 4-phosphate solutron (see Subheadings 2.1.1. 

and 3.1.1.). 
5. 1 NHCl. 
6. Chloroformmethanol (1.1). 
7. Methanol:1 NHCl (1:l) 
8. Radioactive waste container for organic llqulds 
9. Radioactive waste container for sohds 

10. Eppendorf tubes (1.5 mL) 
11. Vortexer 
12. Microcentnfuge. 

2.2.2. Separation of Reaction Products by Thin-Layer Chromatography 
1 TLC plate pretreatment solutron 2% sodmm tartrate, 60 rmI4 EDTA (pH S.O), 

50% ethanol; dissolve 80 g sodium tartrate and 70.13 g EDTA in 1 5 L of dHaO 
Adjust the pH to 8.0 and bring up the volume to 2 L. While sturmg, add 2 L 
95% ethanol (see Note 1). 

2. Thin-layer chromatography (TLC) plates (Whatman, Clifton, NJ K6 silica gel 
60,20 x 20 cm, 250 wthick; cat. no. 4860-820). 
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3. Chromatography tank lined with filter paper. 
4. Razor blade (with a notch cut in the cardboard shteld, exposing 0.5-I .O cm of the 

razor’s edge). 
5. Soft pencil. 
6 Ruler. 
7. PI 4,5-P, standard (t,-a-phosphatidylinosttol 4,5-dlphosphate; Sigma P9763). 

Alternatively, if a recombinant source of PIPSK is available, that can be run in 
a control kinase reaction and used to identify the location of PI 4,5-P, on the 
TLC plate. 

8. Iodine vapor or a solutton of 3% cupric acetate and 8% phosphoric acid (w/v) to 
visualize unlabeled lipid standards. 

9. Chloroform~methanol*15 N NH,OH:dH*O (90*90:7:22). 
10. 50-pL Capillary pipets. 
11. X-ray film cassette. 
12 X-ray film 
13. Autoradiography orientation markers. 
14. Organic solvent waste container 

2.2.3. Quantification of Reaction Products 

1 Light box 
2. Soft pencil. 
3. Razor blade. 
4 Scintillation vials 
5. Scintillation cocktail (e.g., BioSafe II; RPI [Mount Prospect, IL], cat no. 

111195) 
6. Scintillatron counter. 

3. Methods 
3.1, Preparation of Assay Reagents 

3.1.7. Phosphatidylinositol $-Phosphate (see Note 2) 
1 Dissolve 1 mg of L-a-phosphatidylinositol4-monophosphate m 305 pL 50 mM 

Tris (pH 8.0). The final concentration of PI 4-P wtll be 2.5 mM. 
2. Vortex until dissolved 
3. Form PI 4-P micelles using bath sonication for 15 s. 
4. Place 20-pL aliquots mto 0 5-mL Eppendorf tubes 
5. Store under argon or N2 at -20°C. 

3.1.2. 1 OX Reaction Buffer 

1. For a typical 10X reaction buffer, mix 2.5 mL 1 MTris (pH 7.5), 0.5 mL 1 MMgC12, 
and 0.1 mL 0.5 MEGTA (pH 8 0) 

2. Adjust to pH 7 5 
3. Bring up the volume to 50 mL with dHzO (see Note 3). 
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3.1.3. Iso-KCI 
1 Mix 130 mL 1 M KCl, 20 mL 1 M NaCl, 10 mL 1 M Tris-HCI (pH 7 4), and 

250 pL 1 MNaN, 
2. Brmg up the volume to 1 L with dH,O and store at room temperature. 

3.1.4. p2P]-y-A TP 
1 For every 67 pL of 150 mC!i/mL [32P]-y-ATP (DuPont NEN; cat. no NEG-035C), 

add 500 pL 95% ethanol and 434 pL iso-KCl. At the reference date, this solution 
~111 have a specific activity of 10 pCi/pL (see Note 4) 

2 Store at -20°C. 

3.2. Assay of Phosphatidylinositol4,5-Bis-phosphate Production 

3.2.7. The Assay (see Note 5) 

1. Place each kmase sample to be assayed mto a 1 5-mL Eppendorf tube 
2 Prepare the reaction mtx (see Note 6). 

Stock solution Volume/tube (Final) 

1 OX Reaction buffer 5lJL 1x 
5 mMATP 05cLL 50 w  
[32P]-y-ATP solution x pL (see Note 7) 10 pC1InA4 

2 5 mA4PI 4-P 1.6 /AL 80 r-IM 
dH,O x pL (see Note 7) - 

3. At room temperature, start the reaction by adding the appropriate volume of the 
reaction mixture to each tube prepared in step 1 (save the extra reaction mix for 
quantification, Subheading 3.2.3.). 

4 To stop the reaction, add 100 pL of 1 NHCl (see Note 8) 
5. Immediately after stopping the reaction, add 200 pL of chlorofotmmethanol (l-1) 

and vortex (see Note 9) 
6. Centrifuge at maximum speed m a mtcrocentrifuge for 1 min Remove and dis- 

card the aqueous (upper) layer m a hquld-radioactive-waste container. 
7 To further remove reaction byproducts (such as ATP), add 80 pL of methanol. 1 NHCl 

and vortex. 
8. Centrifuge at high speed for 1 mm; remove and discard the aqueous (upper) layer 

in a liquid-radtoacttve-waste contamer. 
9 If desired, the lipids may be rewashed with another 80 pL of methanol: 1 N HCl 

(followed by vortexmg, spmnmg for 1 min, and removmg the aqueous phase) 
(see Note 10) 

3.2.2. Separation of Reaction Products by TLC 
1. Well m advance of then need, pretreat the slhca 60 TLC plates with 60 mM 

EDTA, 2% sodium tartrate, and 50% EtOH (pH 8.0). Using a chromatography 
tank, treat an entire box of plates by submerging them in 4 L of this solutton 
(Subheading 2.2.2., item 1) for 10 min. Allow the plates to air dry and then bake 
them in an oven for 10 mm and store m a cool, dry place unttl needed (see Note 1). 
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2. When reactions products are going to be analyzed, take a pretreated TLC plate 
and using the notched razor blade, scrape the silica gel off each edge of the plate 
(usmg the notch as a guide) 

3. With a soft pencil, draw a lme across the plate 2.5 cm from the bottom edge. 
Place marks no closer than at 1 .O-cm intervals along the line of origin to indicate 
where each sample will be spotted. A maximum of 14 reactions can be loaded 
onto a single plate. 

4. Bake the TLC plate again in an oven for 10 min and allow it to cool (see Note 11). 
5 Prepare the chromatography tank by lining rt with filter paper and adding 209 mL 

ofchlorofonnmethanol: 15 NNH,OH:dH,O (90 90.7:22) Allow it to equiltbrate 
for at least 30 min. 

6. Using a 50-pL capillary pipet, spot only the amount of lipid sample that can be 
drawn mto the ptpet by capillary action onto a pretreated TLC plate. Move onto 
the next spot, allowmg the previous spot(s) to dry. Repeat this stepwise spotting 
until the enttre sample has been loaded onto the plate (see Note 12) 

7. Develop the TLC plate with chloroform:methanol:l5 N NH,OH:dH,O (90:90. 
7:22) until the solvent front reaches the top of the TLC plate. This takes approx 2 h, 
but can be left longer to increase the separation between the labeled spots 

8. After runmng the plate, remove tt from the chromatography tank and allow tt to 
air-dry for 5-10 mm. Wrap the plate m plastic wrap and attach autoradtography 
orientation markers. Overlay with X-ray film and place it m a cassette. Expose 
the film at -70°C or room temperature for at least several hours or overmght 

9. Phosphohpids are visualized with iodine vapor or by spraying the TLC plate with 
3% cupric acetate and 8% phosphoric acid (w/v) and bakmg for 40 mm at 120°C. 
Labeled reaction products are vtsuahzed by autoradtography and identified by 
comparmg them to unlabeled phospholiptd standards. Radioactivity m each spot 
IS determined by scraping the silica gel corresponding to the [32P]-labeled phos- 
pholipid and quantifying by scintillation counting (Subheading 3.2.3.). 

3.2.3. Quantification of Reaction Products 

1. Using the orientation markers, overlay the TLC plate on the developed film. 
2. With a soft pencil, mark the areas contaming PI 4,5-P2 and lyso-PI 4,5-P2 in each 

lane based on the location of the lipid standards. 
3 Using a razor blade, scrape both the PI 4,5-P2 and lyso-PI 4,5-P2 regions from a 

single lane into a scintillation veal 
4. Add scintillatton cocktatl and count each vial using the [32P] channel of a scmttl- 

latton counter. 
5. Count 1 Ccs, of the reaction mixture so that the specific acttvrty of labeling can be 

calculated (see Note 13) 

4. Notes 
1. Sometimes, the sodium tartrate precipitates out of the TLC pretreatment solution 

while it 1s bemg made or durmg the pretreatment of the plates (most hkely because 
the solution becomes saturated). However, it appears that plates pretreated under 
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these condittons are still acceptable for the separation of labeled phospholipids 
using this protocol. 

2. If an alternative PIPSK substrate IS being tested (such as PI 3-P or PI 3,4-P,), 
prepare its stock solution in the same manner as described m Subheading 3.1.1. 

3 Depending on the system being tested, the 10X reaction buffers that have been 
published typically are made so that the final (1X) concentrations are: 50 mMTris 
(pH 7.4-7.6), 5-10 mMMgCl,, and 0.5-l mA4 EGTA (pH 7.5). 

4. To calculate the specific activity of the [32P]-y-ATP stock solutton after the refer- 
ence date has passed, use the followmg equation: 

e [(-I x number of days decayed x 0 693)/14 31 x 10 pCi/$ 

where 0 693 1s the decay constant (h) for [32P], 14 3 is the half-life of [32P], and 
10 uCi/pL is the reference activity ofthe solution (as made m Subheading 3.1.4.) 
on its reference date. 

5. The assay described in Subheading 3.2.1. is based on a final volume of 50 pL. 
The reaction can be scaled up or down, although the effects of changing the reac- 
tion volume by more the twofold are not known. 

6. Be sure to make enough reaction mix for at least one more assay than the number 
you will actually do For example, if you have five samples to assay, make up 
enough mix for six reactions. 

7. The volume of [32P]-y-ATP added depends on the solution’s specific activity 
(Subheading 3.1.4.; Note 4). The final volume of the reaction mix should be 
brought up to 50 pL (less the volume of sample to be assayed) wtth dH20 

8 A typical reaction time for a type I PIPSK is 5.5 min. Type II PIPSK reactions are 
generally 20 min long These reaction times can be varied depending on the 
application While these assays are usually done for short periods of time at room 
temperature, it is also possible to run the reaction for much longer times (2 h) at 
4°C. Reactions can also be run at 30 or 37OC. It is important to stop the reactions 
at specific times, especially tf the reaction products are to be quantified. If neces- 
sary, stagger the start and stop times when a large number of reactions are being 
processed 

9 It 1s critical that the 200 pL of chloroformmethanol (1.1) be added to the stopped 
kmase reaction immedtately. Thts is achieved by using two pipetmen (one for 
each hand). Deliver 100 uL 1 N HCl with one pipetman, followed by 200 pL of 
chlorofoimmethanol (1 1) with the other. Vortex. 

10. A second methanol* 1 N HCl extraction 1s recommended when the samples being 
analyzed are from unmunoprecipitates or contam a large amount of protein at the 
organic/aqueous Interface. 

11 Alternatively, you may microwave the TLC plate for 10 min on the highest set- 
ting. As with baking, allow the plate to cool before use. 

12. If the volume of sample to be spotted on the TLC plate is large (greater that 
80 pL), it may be desirable to dry the lipids down by vacuum centrifugation 
for 30 min (without heat). Resuspend them m 40 pL chloroform:methanol. 
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12 N HC1(200:200: l), vortex, and qmckly spm the tubes in a mmrocentrtfuge to 
collect the sample from the wall of the tube. Some mvestigators feel that a por- 
tion of the labeled product may be lost durmg these addttional steps and that 
experiments become less reproducible. In general, spotting samples onto the TLC 
plate can be a time-consummg process if multiple samples are being tested, so 
adding this step is one way to save time. 

13 To determine the specific activity (SA) of PI 4,5-P, labelmg by a PIPSK, one 
must first determine the specific activity of the reaction mix Start by counting 
1 pL of the reaction mix (or, to avoid pipeting errors, a dilution of the reaction 
mix equal to 1 pL) that was left over from the assay (Subheading 3.2.1., step 3). 
Multiply the Cpm of the reaction mix by the total volume of the reaction mix 
added to each reaction (in the sample protocol listed, this value is 40 pL) and 
divide this by the product of the volume of the mix counted (m this case, 1 pL) 
times the total ATP concentration (m Subheading 3.2.1., step 2, you added 
50 pA4 ATP to a 50-pL reaction, so the [ATP] is 2.5 nmol) times the constant 
2.2 x 106. The equation looks like this (and assumes PI 4-P + ATP + PI 4,5-P, 
+ ADP) 

SA = [(Cpm) (total mix volume per reaction)] 

[(mzx volume counted) ([ATP]) (2.2 x 106)] 

The final units for SA are pCi/nmol ATP. 
To determine pmol of PI 4,5-P* produced per minute, use the followmg equation. 

[(Cpm of scraped TLCspot) (lOOO)]l[(SA) (2.2 x 106) (reaction time)] 

Please note that the factor of 1000 is used to convert from nmol to pmol. 
The incorporated counts can be divided by the volume of lysate tested (giving the 
units pmol PI 4,5-P2/mm/pL) or if the protein concentration of a purified 
enzyme is known, this value can by divided by mg of protein (givmg a value 
with the final units pmol PI 4,5-P,/min/mg). 
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Determination of Phospholipase C- 
or Phospholipase D-Catalyzed 
Phosphatidylcholine Hydrolysis 

Michael J. 0. Wakelam and Trevor R. Pettitt 

1. Introduction 
Signal-activated phospholipase-catalyzed hydrolysis of phosphatidylcholine 

involves three distinct enzymes: phospholipase AZ, phospholipase C (PLC), 
and phospholipase D (PLD) (1). PLC-catalyzed hydrolysis generates sn- 1,2-diacyl- 
glycerol (DAG) and choline phosphate, whereas PLD stimulates the genera- 
tion of phosphatidate (PA) and choline. Choline and choline phosphate are 
probably not messengers, although there have been some claims of a signaling 
role for the latter. DAG is the physiological activator of protein kmase C, 
whereas PA has an incompletely defined messenger function but has been dem- 
onstrated to activate a number of serine/threonme kinases and to play a role m 
secretion and rho-dependent actin stress-fiber formation (2). PA and DAG are 
apparently interconvertable through the action of phosphattdate phosphohydro- 
lase and diacylglycerol kinase. However, work from this laboratory has 
recently demonstrated that the acyl structure of PLD-derived PA and PLC- 
derived DAG is distinct, the latter being polyunsaturated, whereas the former 
1s more saturated/monounsaturated suggesting a specificity between the two 
signaling pathways (3,4). Indeed, the DAG generated from PLD-derived PA 
does not activate protein kinase C in viva. It is thus of importance to be clear of 
the source of the DAG and PA when attempting to define the signaling of an 
agonist-stimulated cell. Polyunsaturated DAG is generally derived from phos- 
pholipase C-catalyzed phosphatidylinositol4,5-b&phosphate hydrolysis; how- 
ever, there are examples of agonist-stimulated phospholipase C-catalyzed 
phosphatidylcholine hydrolysis (5-7). Whereas this would suggest that deter- 
mining the production of choline or choline phosphate in parallel with DAG 
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would be sufficient to define the activated phospholipase, cells also contam 
choline kmase, which rapidly converts choline to choline phosphate. There- 
fore, although determining changes m cellular choline and choline phosphate 
levels in response to agonist stimulation will suggest whether a PLC or a PLD 
has been activated, it is essential to perform such an analysis together with an 
assessment of the lipid products. An indication of PLD activation can be gained 
by use of the transphosphatldylation assay (8), although it is not certain if 
the “alcohol trap” 1s complete, so it is unwise to rely fully on this approach 
to distinguish between the pathways. In this chapter, we present methods to 
determine the production of choline and choline phosphate (9) and also to deter- 
mine the acyl structure of DAG and PA (3,4). Together, these assays define if 
a PLC or a PLD pathway, or both, are being stimulated. 

2. Materials 
Note: All solvents should be chromatography grade or higher. 

2.1. Determination of Choline and Choline-Phosphate Generation 

1. [3H]Choline chloride (86 Ci/mMol, Amersham, Arlington Heights, IL). 
2. DMBGH (DMEM medium contammg 10 mil4 glucose, 20 mM HEPES pH 7 4, 

and 1% [w/v] BSA). 
3. Dowex-H”, 50 x 8,200 mesh (Sigma, St. Louis, MO) 

2.2. Characterization of Dowex 50 H+ Ion-Exchange Resin 

1. [3H]Choline (86 Ci/mMol, Amersham). 
2 [14C]Cholme phosphate (50 Ci/mMol, Amersham) 
3. [3H]Glycerophosphocholme (prepared by N + 0 transacylatlon as described in 

ref. 9) (see also Chapter 2). 
4. KCl. 

2.3. Diradylglycerol and Phosphatidate Analysis 

2.3.1. Extraction of Lipids 

1. Methanol. 
2. Chloroform. 
3. KC1 

2.3.2. Separation of Phosphatidic Acid 

1 Chloroform. 
2 Methanol. 
3. KCl. 
4. Ammonia. 
5 Plastic-backed, silica-gel 60 thin-layer chromatography (TLC) plates (1.05748, 

Merck, Darmstadt, Mannhelm, Germany). 
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6 Iodine crystals. 
7 Kromasil5-pm silica high-performance hqutd chromatography (HPLC) column, 

2.1 x 250 mm (Hichrom, Reading, UK). 

2.3.3. Phosphatidate Acyl-Chain Analysis 

1 17:0/17:0 phosphatidate (Avanti Polar Lipids, Alabaster, AL). 
2. Methanohc 3 N hydrochloric actd (Supelco, Bellefonte, PA). 
3 DB-23 gas chromatography column; 30 x 0 25 mm id x 0 25pm film thickness 

(J & W Scientific, Folsom, CA). 

2.3.4. Derivatization Diacylglycerol Species 

1 1,2-12:0/12:0 Dtacylglycerol (DAG) (Avanti Polar Lipids). 
2 3,5-dmitrobenzoylchloride (Aldrich, Milwaukee, WI). 
3. Pyridine (AR grade, Fisher, Pittsburgh, PA; stored/dried over KOH pellets). 
4. Sep-Pak Vat ~-CC 200-mg cartridges (Waters, Milford, MA, cat. no WAT054945) 
5 Diethyl ether (HPLC grade, Fisher, Loughborough, UK). 

2.3.5. HPLC Separation of Derivatized DAG Species 

1 Cyclohexane (HPLC grade, Fisher) 
2 2,2,4-trimethylpentane (HPLC grade, Fisher). 
3 Propan-2-01 (HPLC grade, Fisher). 
4 Acetomtrile (HPLC grade, Fisher). 
5 Kromasil5 un-~, 2 1 x 250~mm silica HPLC column (Hichrom). 
6 Spherisorb 5-pm, 3.2 x 250~mm S50DS2 HPLC column (Htchrom) 

3. Methods 

3.1. Determination of Choline and Choline Phosphate Generation 
Methods exist in the literature for separating choline metabolites by thin- 

layer chromatography, however ion-exchange separation (9) is quick, simple, 
and reproducible. 

1. Cells, in suspension or cultured in 24-well plates, are labeled for 48 h with 2 @i/n& 
[3H]choline chloride m DMEM (or other medium) containing 2% serum. The 
radiolabel concentration and the length of labeling may require variation depend- 
ing on cell type. 

2. 2 h prior to the experiment, the radiolabeled medium is replaced with 0.5 mL of 
fresh, unlabeled serum-free medium and cells returned to the incubator. 

3. After the 2 h preincubation, the cells are washed for 15 mm m DMEM containing 
10 mMglucose, 20 NHEPES pH 7.4, and 1% (w/v) BSA (DMBGH). This can 
also be done m other physiological buffers contammg BSA and glucose. 

4. The cells are then stimulated by aspirating the buffer and adding 150 uL agonist 
in DMBGH. 

5. The incubations are terminated by the direct addition of 0.5 mL ice-cold metha- 
nol to the well This permits the determination of both the choline metabohtes 
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associated with the cell and those released mto the medium. If only cell-associated 
metabohtes are to be analyzed, the medium is aspirated prior to methanol addr- 
tion and fresh buffer added to mamtain the methanol-water ratio. 

6. The contents of each well are scraped mto an insert vral and the well 1s washed 
with a further 0.2 mL methanol 

7 3 10 pL CHCl, IS added and the tubes are vortex mixed and stood for 20 mm at 
room temperature or overnight at 4°C. 

8. 390 pL CHCl, and 480 pL H,O are added to the tubes, which are mixed and 
centrifuged at 12OOg for 5 min to split the phases 

9 0.8 mL of the upper aqueous phase are taken and made to 5 mL with Hz0 This is 
then loaded onto a I-mL Dowex-50 H+ column. The run-through 1s collected 
together with a water wash of 5-8 mL (volume determined to elute a glycero- 
phosphocholme standard) as the glycerophosphocholine fraction. A 2-mL ah- 
quot of this fraction is transferred to a 20-n& scintillation vial, scmtillant is added, 
and the radioactivrty IS determined. 

10 A further volume of water (usually a further 10-l 5 mL for a 1 -mL column, again 
as determined from the characterization profile) is added to the column and col- 
lected as the cholme-phosphate fraction. A 2-mL ahquot of this fraction 1s trans- 
ferred into a 20-mL scmtrllatron vial, then scmtrllant is added and counted 

11, The choline fraction is then eluted with 5-7 mL of 1 M KC1 (depending on col- 
umn characteristics). Scintrllant is added to the whole sample and this is counted 

3.2. Characterization of Dowex 50 H+ /on-Exchange Resin 
1 Nonradrolabeled cellular extracts are prepared as above to which are added 1 @i 

each of [3H]cholme, [14C]cholme phosphate, or [3H]glycerophosphocholme 
2. A 1-mL Dowex-50 Ht column is prepared, the extract is loaded, and the column 

is eluted with 25 x 1 mL H,O, each of which is collected and rts associated radro- 
activity is determined by scintillation counting. 

3. The column is then eluted with 15 x 1-mL additions of 1 MKCl, each fraction 1s 
collected, and the radioactivity is determined Each sample is counted using a 
dual-label counting program cH/r4C) and, because the cholme 1s only eluted fol- 
lowing the addition of KCl, it is possible to characterize the elution profiles of 
each metabohte on the one column (See Fig. 1 for a typical column profile ) 

3.3. Diradylglycerol and Phosphatidate Analysis 

3.3.7. Extraction of Lipids 

l-2 nmol (OS-1 pg) of total diradylglycerol or phosphatidate per sample is 
required for molecular species analysis. This is usually obtainable from one 
75-cm2 flask of confluent fibroblasts (approx 1 x lo7 cells). 

1 Wash cells twice with phosphate-buffered salme, removing as much liquid as 
possible 

2 Add 2 mL methanol (this kills cells and starts extraction) followed by mternal 
standard(s) as required (see Subheading 3.3.3. and 3.3.4.). 
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Fig 1 Separation of labeled cholme metabohtes by ton-exchange chromatography. 

3. If usmg adherent cells, scrape and transfer to a 12-mL glass tube with PTFE- 
lined screw-cap. 

4 Rinse any remammg cells from container with 1 mL methanol and combme m tube. 
5 Add 6 mL chloroform to sample. 
6. Mix (rf two phases appear, add a little more methanol until a single phase is achieved) 
7 Leave to stand for 10 mm 
8 Add 0.88% KC1 (3 mL or to top of tube whichever 1s the lesser, thts should give 

a chlorofotm:methanol.water ratio of approx 2: 1: 1, v/v/v). 
9 Cap ttghtly and shake vigorously. 

10. Allow the two phases to separate. 
11, Carefully remove and discard upper aqueous phase (contains proteins, carbohy- 

drates, and so on) together with any mterfactal maternal. 
12 Wash lower organic phase containing the lipids with 3 mL synthetic upper phase 

(methanol:0.88% KCl, 1 1, v/v) 
13 Transfer organic phase to a clean glass tube and dry at room temperature under a 

stream of nitrogen. 
14 Resuspend m chlorofotmmethanol (1.1, v/v) and store at -20°C in a small, screw- 

capped tube 
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3.3.2. Separation of Phosphatidic Acid 

Wake/am and Pettitt 

1 Spot the lipid samples m 20 pL chloroformmethanol (2: 1, v/v) as 5-mm bands m 
a lme along the middle of a plastic-backed sihca TLC plate together with a spot 
of authentic unsaturated phosphatidate (10 pg) as a marker. 

2. Run to top of plate m chloroform:methanol:ammon~a solution (65-35.7, v/v/v), 
phosphatidate will remam at the origin, whereas most other, nonacidic lipids 
migrate away 

3. Cut plate 1 cm above the origin, discarding the upper portion (this contains most 
of the hpids). 

4 Take the lower portion, turn through 180” and run m chloroform:methanol.acetic 
acid (90: 10 10, v/v/v) to top. 

5. Allow to dry and detect lipids with iodine vapor by placing for several minutes in 
a tank containing iodine crystals. (Note* Iodine will only detect lipids containing 
carbon-carbon double bonds, saturated lipid will not be detected Minimum 
detection limit is approx 2 pg.) 

6. Mark spots with a pencil and then remove iodine stain by exposure to water vapor 
from a hot water bath 

7. Scrape phosphatidate spots (&of approx 0.5 m the second solvent system) mto a 
scmtered funnel (pore size 3) and elute from silica with 10 mL chlorofonnmetha- 
nol.water (5:5.1, v/v/v). 

8. Dry under a stream of nitrogen. 
9 Resuspend in chlorofonn:methanol(2: 1, v/v) and store at-20°C in screw-capped tubes 

3.3.2.1. ALTERNATIVELY USE HPLC 

1. Resuspend dried sample m 20 pL chloroformmethanol (2: 1, v/v). 
2. Separate total lipid sample on a silica column (Kromasil, 5 pm, 2.1 x 250 mm), 

usmg a solvent gradient of 100% chloroform:methanol*ammonia solution 
(70:28:2, v/v/v) and changing to 100% chloroform methanol.ammonia solution 
(50:48:2, v/v/v) over 30 mm at 0 5 mL/min, collecting the components of interest 

3 Dry under a stream of nitrogen. 
4 Resuspend m chlorofomr:methanol(2: 1, v/v) and store at-20°C in screw-capped tubes 

UV detection is often unsurtable since few lipids contain usable chromato- 
phores without prror derrvatrzatron, hence we use evaporative light-scattering 
detection (ELSD), as this can be quite sensitive without the requirement for 
any lipid modification. Whereas thus detectron 1s essentially destructrve, care- 
ful cahbratron of the HPLC separation allows diversion and collection of the 
lipid before it reaches the detector by using a switching valve. 

With minor solvent modifications this can be used to purify most phospholipids. 

3.3.3. Phosphatidate Acyi-Chain Analysis 
For fatty acid methyl ester analysis add, as an internal standard, 1 pg of a 

fatty acid not normally found at significant levels in the sample and that does 
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not coelute with another fatty acid-e.g., heptadecanoic acid (17:0), non- 
adecanorc acid (19:0), heneicosanoic acid (21:0), or a suitable glyceroliprd 
contammg these fatty acids, e.g., 17:0/l 7:0-phosphatidate. 

Dry sample together with an internal standard m a small, screw-capped tube with 
PTFE seal. 
Add 100 pL 3 N methanohc hydrochloric acid. 
Transmethylate sample at 100°C for 2 h. 
Remove from heat and allow to cool 
Dry under a stream of nitrogen and resuspend m a small volume of hexane 
Separate fatty acid methyl esters (and any dimethyl acetals denved from alkenyl 
lipids) on a polar, capillary gas-chromatography column (e.g , DB-23; 30 m x 0.25 mm 
rd x 0.25 pm film thickness [J&W Scientific] using sphtless inJectron at 220°C 
with purging at 1 mm, 12 psi head pressure, and a temperature program starting at 
55°C for 2 mm, then rrsmg to 14O’C at 70°C mm, then to 205°C at l”C/mm). 

3.3.4. Deriva tization of Diacylglycerol Species 

See Pettitt and Wakelam (3) for further details and examples of use of this 
method. For 1,2-DAG species analysis, we add 1 ~18 1,2-12:0/l 2:0 DAG as inter- 
nal standard and 1 ~18 I,2 + 1,3-20:0/20:0 DAG as marker to each sample prior to 
liprd extractron and then derivatrzation with 3,5-dinitrobenzoylchlorrde. 

1 Dry total lipid extract m 12-mL screw-capped Pyrex glass tubes 
2 Add 0 5 mL 3,5-dimtrobenzoylchlorrde (50 mg/mL in dry pyridme) 
3 Derivatrze for 15 mm at 6O’C. 
4 Stop reaction by addrtion of 2 mL methanohwater (3: 1, v/v), followed by 2 mL water. 
5 Pass onto Cl8 solid-phase extraction cartridge (e.g , Sep Pak Vat ~-CC 200-mg 

cartridges) prewashed sequentially with 5 mL drethyl ether, 5 mL methanol, and 
5 mL methanol*water (3.1, v/v). 

6 Wash sample with 15 mL methanol water (3 I, v/v) 
7 Elute sample with 10 mL drethyl ether (use a high-purity grade or redrstrll) 
8 Dry, resuspend in dlethyl ether, and store at -2O’C in small screw-capped tubes 

3.3.5. HPLC Separation of Derivatized DAG Species 

1. Dry crude dimtrobenzoylated samples under a stream of nitrogen. Resuspend m 
cyclohexane (20 &) 

2 Separate the dimtrobenzoylated material into lipid classes on a silica column 
(e.g., Kromasil; 5 pm, 2 1 x 250 mm), using a solvent gradient of 100% 2,2,4- 
trimethylpentane.cyclohexane,drethyl ether:propan-2-ol(49:49:2.0.1, v/v/v/v) and 
changing to 100% cyclohexane.drethyl ether:propan-2-01 (85: 15.0.1, v/v/v) over 
45 min at 0.5 mL/mm with detection at 254 nm, collecting the relevant peaks 

3 Dry the purified drradylglycerol derivatives and resuspend in acetomtrrle propan- 
2-01 (l:l, v/v). 
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4 Separate into the mdtvidual dtradylglycerol molecular species on a C 18 reverse- 
phase column (e g , Spherisorb S50DS2; 5 um, 3 2 x 250 mm), using a gradrent 
of 100% acetomtrile.propan-2-01 (9 1, v/v) and changing to 50% acetonitrile/ 
propan-2-01 (1.1, v/v) over 45 mm at 0.5 mL/mm with detection at 254 nm 

5. Identify individual peaks by cochromatography of authentic, derivatized stan- 
dards Gas chromatographic analysis of the component fatty acids in a particular 
peak can be used to confirm identity. 

In the first HPLC clean-up stage, 1,3-diacylglcerol elutes with a retention 
time of approx 16-18 min and 1,2-diacylglycerol at 19-21 min. 1 -alkyl,2- 
acylglycerol and I-alkenyl,2-acylglycerol coelute with a retention time of 14- 
15 min, but once collected from HPLC they can be separated on silica TLC 
using a solvent system of hexane:diethylether (65:35, v/v), which causes the 
alkyl forms to run slightly ahead of the alkenyl forms. Once eluted from the 
slltca with 10 mL diethyl ether, they can be dried and further separated into 
mdrvtdual species by Cl 8 reverse-phase HPLC Partial resolution of the 
molecular species on the silica column results m the longest radyl chain, most 
saturated species elutmg first with the shortest chain, most saturated species 
eluting last. By including 1,2-12:0/12:0 and 1,2-20:0/20:0 diacylglycerols as 
markers/internal standards, the sample 1,2-dtacylglycerols should normally 
elute between these two peaks. 

4. Notes 

1 A number of short-chain primary aliphatic alcohols can be utilized in the 
transphosphatidylation assay, i.e., methanol (l%), ethanol (l%), propanol 
(0 75%), and butanol (0.3%). We use butanol since it can be used at a lower 
concentration and is thus less toxic 

2. It is advisable to include an internal positive control in each experiment, 
e.g , 100 ml4 TPA m Swiss 3T3 cells induces a large increase m choline and 
choline phosphate. 

3 Whereas the level of glycerophosphocholme rarely changes m response to acute 
stimulation, there is a high level of radioactivity associated with this fraction m 
some cell types, therefore its separation from the choline phosphate fraction is 
advisable 

4. The use of Dowex 50 x 8-200 resm is recommended, this gives a good balance 
between bmdmg capacity and speed of use. 

5. All lipid work should be performed in glass, not plastic, since many of the sol- 
vents used will attack plastic, often leaching out plasticizers, dyes, and other 
components. 

6. All drying should be performed under a stream of nitrogen to mmimize lipid 
oxidation. 

7 Wear gloves when handling TLC plates to prevent contamination from finger lipids. 
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8 In separating phospholiptds, we have found that all sthcas continuously release 
small amounts of esterified fatty acid, in particular palmitate and stearate, whtch 
can cause problems with subsequent fatty acid analyses Thts problem is mmt- 
mized using HPLC since the amount of this contamination is related to the vol- 
ume of solvent to which the silica is exposed. For small samples (cl pg of 
separated lipid), where contamination can be a sertous problem, we recommend 
HPLC separation although this will take longer than TLC. 
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I.2 

Measurement of Phospholipase D Activity 

Wendy Bollinger Bollag 

1. Introduction and Theory 
The importance of diacylglycerol (DAG) as a second messenger for cal- 

cmm-mobilizing hormones, neurotransmitters, and cytokines was underscored 
by the discovery of an effector enzyme, protein kmase C, which was also a 
cellular receptor for phorbol ester tumor promoters (reviewed in ref. I). How- 
ever, with continued study it became apparent that hydrolysis of the polyphos- 
phoinositides by phosphoinositide-specific phospholipase C was not the only 
pathway through which DAG could be generated (reviewed m ref. 2). In addi- 
tion to phospholipases C that utilize other phospholipids as substrates (e.g., 
phosphatidylcholme-specific phospholipase C), a mechanism for DAG pro- 
duction involvmg the combined action of phospholipase D (PLD) and 
phosphatidate phosphohydrolase has been demonstrated (reviewed in ref. 3). 
Thus, phospholipid hydrolysis by PLD yields phosphatidic acid (PA), which 
can be dephosphorylated by phosphatidate phosphohydrolase to produce DAG. 
Furthermore, it appears that, whereas hormone-induced phosphoinositide 
hydrolysis by phospholipase C is an important pathway of initial DAG forma- 
tion, sustained DAG generation often arises through this second PLD mecha- 
nism (reviewed m ref. I). 

The potential activation of PLD in response to hormones can be monitored 
by utilizing a unique property of PLD: In aqueous solution this enzyme can 
catalyze not only the hydrolysis of phosphohpids to yield PA, but, in the pres- 
ence of small amounts of ethanol, phospholipids can be ethanolyzed by PLD to 
generate the novel phospholipid, phosphatidylethanol (PEt) (Fig. 1) (4). 
Whereas PA can be formed both by the action of PLD and the phosphorylatron 
of phospholipase C-derived DAG by DAG kinase (see Fig. 2), PEt is thought 
to represent a specific marker of PLD activity (5). Furthermore, this unusual 
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Fig 1 Phospholipase D activity in aqueous solutton m the presence of ethanoI 
generates phosphatldtc acid and phosphatidylethanol In aqueous solution, phosphoh- 
pase D (PLD) catalyzes not only the hydrolysis of phospholipid to yield phosphatidic 
acid (PA), but, in the presence of small amounts of ethanol (EtOH), PLD can effect the 
ethanolysis of a phosphohpid to generate phosphatidylethanol (PEt). Whereas PA can 
also be produced via the phosphorylation of phosphohpase C-derived diacylglycerol 
kinase (see Fig. 2), PEt is a novel phospholipid that appears to originate solely as a 
result of PLD activity. In cells m which phospholipids are prelabeled with radioactive 
fatty acid (Ri* or R2*), the activation of PLD in response to a hormone results in 
increases in the levels of radiolabeled PA and PEt. PLD activity also results in the 
release of the polar head group (X-H) from the phospholipid. 

phospholipid is metabolized slowly (6) or not at all (Sj, so even transient PLD 
activation may be detected by this method. Thus, cells are labeled with radro- 
active fatty acids and stimulated with hormones in the presence of a small 
amount of ethanol. The lipids are then extracted with chloroform/methanol, sepa- 
rated by thin-layer chromatography (TLC) and quantified as described in Sub- 
heading 3.3. 
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Fig. 2 The interconverston of phosphatidic acid and dtacylglycerol The hydrolysts 
of a phospholtptd (PL) by phosphohpase C (PLC) ytelds dtacylglycerol (DAG), hy- 
drolysis by phosphohpase D (PLD) produces phosphatidtc acid (PA). Whereas PA can 
be converted to DAG by the actions of PA phosphohydrolase, DAG can be metabo- 
lized by DAG kinase to generate PA or by DAG hpase to form monoacylglycerol 
(MAG) Thus, note that DAG can arise either directly via the acttvity of PLC or indi- 
rectly through the combined actions of PLD and PA phosphohydrolase Simialrly, PA 
can be generated directly by PLD-mediated phospholipase hydrolysis or indirectly vta 
the activtttes of PLC and DAG kmase. Therefore, because of the raptdtty of these 
interconversions, neither DAG nor PA can serve as a marker of the activity of a par- 
ticular phospholipase (PLC or PLD). 

2. Materials 
The following equipment and supplies are needed for assay of phospholi- 

pase D activity after labeltng cells with a radiolabeled fatty acid. When a 
reagent must be acquired from a specific source, that source is noted. 

1. Vortex mixer. 
2. Nitrogen tank and manifold. 
3. TLC chambers 
4. Oven. 
5. Pasteur prpets and bulb. 
6. Test tubes and racks. 
7. (9,10-3H[N])oleic actd (2-10 Ct/mmol) (or (9,10-3H[N])myrtstic acid [IO-60 Gil 

mmol]; see Note 1) 
8. Ethanol (absolute). 
9. 0.2 A4 Sodium chloride (store at room temperature). 

10. 0.2% SDS containing 5 mMEDTA (pH approx 7.0) (store at room temperature) 
11. Chloroform 
12 Methanol 
13. Ethyl acetate. 
14. Iso-octane. 
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15. Acetic acid (glacial). 
16 Mtcrocapillary pipets (5 or 10 pL) 
17 20 x 20-cm TLC plates (silica gel 60 with concentrating zone, available with 

glass or alummum backing from EM Science (Gibbstown, NJ) or Merck 
(Darmstadt, Germany) TLC plates are prepared for use by marking lanes and an 
origin in pencil (the origin should be approx 1 3 cm from the bottom of the plate 
within the concentratmg zone). The plates are then “heat-activated” by baking at 
110°C for 3&60 mm (however, see Note 4 for an alternative method for plate 
activation) Heat-actrvated plates should be stored in a dessrcatmg chamber (con- 
taining Dnerite) and can be used for up to 24 h after heat activation 

18 Iodine 
19 Phosphattdic acid. 
20. Phosphattdylethanol (available from Biomol, Plymouth Meeting, PA or Avanti 

Polar Lipids, Alabaster, AL) 
2 1 En3Hance spray (DupontiNEN, Wilmington, DE) 
22. Film (Kodak XAR-5) 

3. Method 

3.1. Labeling of Cells 
Typically, cells are “downregulated” in a serum-free medium containing 

bovine serum albumin (fatty acid-free or RIA grade) as a carrier for the fatty 
acid. Thus, using sterile techmque, cells are labeled for approx 24 h (but see 
Note 1) with approx 5 PCi per sample of [3H]fatty acid. An alternative method 
for determmmg potential PLD acttvation m response to an agent of interest 
involves labeling of cellular phosphatidylcholine with [3H]choline and exam- 
ining agent-induced release of the radiolabeled head group (see Note 2). 

3.2. Preparation of Samples for Assay 
Samples are prepared by stimulating radiolabeled cells with the hormone of 

interest for the desired time period in the presence of small amounts of ethanol. 
Lipids are then extracted with chloroform/methanol and separated by TLC. 
Note that chloroform and methanol are hazardous and, as much as possible, 
should be dealt with m a chemical fume hood. Note also that both are quite 
volatile (particularly chloroform) and mixtures containing these agents should 
be made immediately prior to use and capped tightly to prevent alteration of 
the relative proportions As a final note, chloroform will dissolve polystyrene, 
the plastic of which tissue culture vessels and disposable pipets are made. 
Therefore, glass pipets and test tubes should be used, and care should be taken 
to prevent chloroform from coming into contact with plastics. Tips used with 
Pipetmen and Reprpetmen are, for the most part resistant to chloroform, and 
are adequate for this assay. However, the Teflon seal and o-ring withm the 
Pipetmen will be damaged on repeated use of chloroform and should be peri- 
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odically replaced. When Pipetmen are used with any organic solvent, it is im- 
portant to pre-equilibrate the an space m the tip by asprratmg and ejecting the 
solvent prior to dtstributmg the desired volume. Nevertheless, volumes are not 
precise and any manipulation requiring extreme precision, such as reserving a 
portion for determination of phospholipid phosphate, requires the use of 
Hamilton syringes. 

1. Cells are stimulated with the desired agents for the appropriate period of time m 
the presence of 0 5% (volume to volume [v:v]) ethanol 

2 Reactions are terminated by the addition of room-temperature 0 2% SDS con- 
taming 5 mMEDTA (for a 35mm dish, 0.4 mL SDS solution should be used; for 
a 60-mm dish, 0 8 mL) and swirling for several seconds (alternattvely, reactions 
may be terminated by the addition of ice-cold methanol; see Note 3). After incu- 
bating at room temperature for a few minutes, the SDS extracts are repeatedly 
aspirated with a Pipetman to minimize viscostty and transferred to test tubes (16 
x 100 mm) At this point, a percentage of the SDS extract may be reserved for 
determinatron of protein content and normalizatton Alternatively, phospholiprd 
phosphate content (7) can be used for normalization purposes (see Note 3). 

3. Chloroform and methanol and acetic acid are added to the test tubes, which are 
vortexed thoroughly. The ratio desired for optimal extraction of the cellular lip- 
ids IS 1.2:O 8:0.08 (v:v:v*v) of chloroform to methanol to aqueous solutton (SDS 
extract) to acetic acid, a ratto which should produce a single phase. (Note that 
both the EDTA and acetic acid are added to maximize extraction of PA mto chlo- 
roform. PA can bmd calcium, thereby increasing its hydrophthctty EDTA pre- 
vents this associatton with calcium, and the acetic acid increases the protonatton 
of PA, both of which should increase the hydrophobictty of the PA and promote 
partitioning into chloroform.) Thus, for a 60-mm dish, volumes of 0.8 mL SDS, 1 
mL chloroform, and 2 mL methanol would yield the appropriate ratto The cellu- 
lar lipids are then extracted by incubating for l-2 h on ice 

4. Chloroform and 0.2 MNaCl are then added to the test tubes, with vortexing, to 
“break phase,” that IS, the chloroform separates from the methanol/water and two 
phases become readily apparent The tinal desired ratio for this step IS 1: 1 0.9 0.04 
(v v:v:v) of chloroform to methanol to aqueous solution to acetic acid As an 
example-for the above 60-mm dish of cells terminated with 0.8 mL 0.2% SDS 
and extracted with 1 mL chloroform, 2 mL methanol, and 0.08 mL acetic acid- 
1 mL chloroform and 1 mL 0.2 MNaCl would be added. The samples are then 
centrifuged briefly to promote complete phase separation. (Phase separation can 
also be achieved, with time, courtesy of gravity.) 

5. The complete lower chloroform phase is transferred to a clean test tube using 
Pasteur pipets. Note that care should be taken to prevent transfer of the aqueous 
phase. Also note that this technique requires practice (one hint: the chloroform 
and aqueous phases will separate m the Pasteur pipet to allow transfer of the final 
few drops of chloroform). 
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6 The lower chloroform phases are then dried under nitrogen. After solubrlrzatron 
of the lipid extract m a small volume of chloroform/methanol at a ratio of 2 vol to 
1, a percentage of the samples may be removed for determmatron of phospho- 
lipid phosphate content, as described by Van Veldhoven and Mannaerts (7), for 
normalizatron purposes. Samples can be stored at -20°C for up to 3 d 

3.3. Separation and Quantitation of Radiolabeled PA and/or PEt 

For separation of radrolabeled PA and PEt by TLC, the mobile phase 1s first 
prepared by mixing ethyl acetate, iso-octane, acetic acid, and distilled water m 
a ratio of 65:10:15:50 (v:v.v:v), respectively, m a glass bottle. Note that this 
mixture will appear as two phases. After capping tightly, the mtxture should be 
shaken well to thoroughly saturate the organic phase with water. Approxi- 
mately 100 mL of the upper, organic phase is placed m a TLC chamber. (Note 
that lining the TLC chambers with chromatography paper is not necessary for 
optimum separation.) The lipid samples are then solubilized in a small volume 
(40-50 pL followed by a 20-pL “rinse”) of chloroform/methanol (at a ratio of 
2:l vol:vol) to which IS added approx 25 ng of cold PA and PEt (the cold 
phospholipids aid in optimal separation of the radrolabeled samples). The 
samples are spotted at the orrgm of the heat-activated TLC plate, using 
mrcrocapillary pipets. Cold PA and PEt (approx 25 ng) are also spotted to serve 
as standards. The plate is placed in the TLC chamber and allowed to develop to 
within approx 2 cm of the top (development requires l-2 h). Followmg removal 
of the plate from the chamber and evaporation of the solvent mixture, the stan- 
dard is visualized by placing the plate in a TLC chamber equilibrated with 
iodine vapor for several minutes. (Note that, because rodme vapor is hazard- 
ous, this TLC chamber should be maintained in a chemrcal fume hood; inhala- 
tron of iodine should be avoided.) The cold PA and PEt will appear as 
yellowish-brown spots at RF values of approx 0.36 and 0.48, respectively. (Note 
that RF value IS defined as the distance a spot migrates from the origin divided by 
the distance migrated by the solvent front.) The PA and PEt spots are marked 
with pencil and after evaporation of the iodine, the plates are sprayed with 
En3Hance, according to the manufacturer’s recommendations, and exposed to 
film for several days. The spots corresponding to PA and PEt are then scraped 
into scmtillatton fluid and quantitated by liquid scmtillation spectrometry (see 
Note 5). 

4. Notes 
1, Typically E3H]oleic acid or myristic acid are used to radrolabel cells for determi- 

nation of PLD actrvation, although [3H]stearic, arachidonrc (6) and palmrtrc (8) 
acids have also been utrlrzed. [3H]Oleate has the advantage that it is a major 
constituent, and thus labels the phosphatidyl moiety of all phospholipids There- 
fore, using this fatty acid, PLD actrvrty can be momtored regardless of the iden- 
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tity of the phosphohpid that serves as the substrate of the enzyme On the other 
hand, m some cell types mynstic acid is mcorporated prrmarily mto phosphati- 
dylcholme (e.g , ref. 9). If, using other methods (e.g , by examining productton 
of [3H]cholme metabohtes, as discussed in Note 2), it is determined that phos- 
phatidylcholine 1s the likely substrate of hormone-induced phospholipid hydro- 
lytic enzymes, myristic acid may be a better choice for prelabelmg Prelabelmg 
periods of 2 h (Wendy Bollinger Bollag and EunMi Jung, unpublished observa- 
tion) to 3 d (10) have been successfully employed for monitoring PLD activation 
m response to hormones. A typical prelabelmg time is 20-24 h with [3H]oleic or 
myristic acid (e.g , ref. 22) Under certain circumstances, prelabelmg of cells 
may be impossible or ill-advised (see Note 6); m such cases postlabelmg with 
[ 14C]ethanol may be warranted, as described in Note 6. 

2. Since PLD often utilizes phosphattdylcholme as a substrate, another method for 
examining the hormone-induced actrvation of this enzyme is to momtor the for- 
mation of [3H]cholme and phosphorylcholine in [3H]choline-prelabeled cells 
This method is described in detail in Chapter 11 of this book. The disadvantage 
of this method is the rapidity of the interconversion of the various metabolites. 
Therefore, time-courses must be performed to determine which metabolite appears 
at the earliest time-point: the appearance of choline first suggests the activny of 
PLD, whereas initial productton of phosphorylcholme indicates the action of a 
phospholipase C 

3. As an alternative to 0 2% SDS containing 5 rnA4 EDTA, reactions may be termi- 
nated by adding me-cold methanol. The cells must then be scraped from the dash 
and transferred to test tubes as above. The advantage of using methanol IS the 
greater speed with which the reactions are halted; the disadvantage 1s that the scrap- 
ing of the cells for transfer 1s more labor- and time-mtennve and complete transfer 
is difficult to ensure, although washing the dishes with an additional volume of 
methanol minimizes loss m transfer. In addition, removal of samples for normal- 
tzmg using protein content is not possible; phospholipid phosphate content (7) 
may be used instead (see Subheading 3.2., step 2). Alternatively, a combmation 
of the two termmation procedures can be used: reactions are termmated with ice- 
cold methanol that is transferred to a clean test tube; cells are then solubihzed 
with 0.2% SDS containing 5 mM EDTA and transferred. In either case, the final 
desired ratio is 1:2:0.8:0.08 (v:v:v:v) of chloroformmethanol aqueous solution: 
acetic acid. Note that, when the methanol termination 1s used alone, add 5 mM 
EDTA (pH approx 7 0) as the aqueous solutton. Note also that, if methanol is 
used to terminate reactions, some evaporation of the solvent may occur, such that 
addition of small amounts of methanol may be required to obtain a single phase. 

4. If an oven is not available for heat activation of TLC! plates, plates may be acti- 
vated by placing them m a TLC chamber containing dry acetone. After the sol- 
vent has migrated to the top of the plate, the plate should be briefly air-dried and 
used munedtately or stored m a desstcating chamber 

5. For quantitation of the radioacitivity contained in PA and PEt, the autofluorogram 
is aligned with the TLC plate to locate the [3H]PA and PEt, which can then be 



scraped from the plate (or cut if alummum-backed TLC plates are used) and 
counted m a liquid scmttllation counter Theorettcally, the spots vtsuahzed usmg 
todme can be scraped and quantified; however, our laboratory has observed some 
incongruities between iodine-visualized cold standards and the radiolabeled phos- 
phollpids This disparity may reflect heterogeneity between the PA and PEt spe- 
cies found m cells vs m the standards. Therefore, ideally the autofluorogram 
should be utilized to identify the regions for scraping and quantitation. The use of 
densitometry is also not recommended, since the fluorescence, and thus the 
quantitation, of the radiolabeled phospholipids is critically dependent on the 
apphcatton of the En3Hance, the homogeneity of which is difficult to ensure. 

Note that if alummum-backed TLC plates are used to separate and quantify 
PA and PEt by lrqmd scintillation spectrometry, the pieces of the plate should be 
cut so as to ensure that they lie flat at the bottom of the scmtillatton vials (large 
vials should be used). Thus precaution will ensure minimal quenching of the 
counts by the pieces When the TLC plates are cut, sihca may flake from the 
aluminum backing To prevent possible loss of radiolabeled phosphohpid imbed- 
ded in the silica, spots should be cut out over an approprtate surface so that the 
flakes can be retrreved Weighmg paper works well m that it can be shaped mto a 
funnel to allow easy transfer of silica flakes to scmtillation vials. Because solubi- 
hzation of the radiolabeled PA and PEt into scintillatron fluid requires time, vials 
should not be subjected to liquid scintillation spectrometry nnmediately after the 
addition of scmtillation fluid Instead, the vials containing the TLC plate pieces 
should be allowed to sit at room temperature for several days before counting to 
achieve maximum efficiency. On the other hand, if the sihca IS scraped from the 
TLC plate into the scintillation fluid, solubihzation appears to be more rapid. It is 
also possible to extract the radiolabeled phosphohpids from the silica usmg chlo- 
roform; however, chloroform quenches luminescence of the scmtillant and must 
be completely evaporated before addition of the scmttllatlon fluid and subse- 
quent spectrometry 

Another potential problem with quantitation of the data is the fact that vana- 
tions m background radioactivity have been observed from TLC plate to TLC 
plate after separation of radiolabeled phospholipids Thus, differences between 
samples separated on various TLC plates may be either minimized or enhanced 
relative to the control values, depending on whether the background for that plate 
was greater or less than that of the plate on which the control samples were sepa- 
rated. This variability 1s more of a problem with PEt since the absolute levels of 
radioactivity found in this phospholipid are only approx one-half to one-third or 
less than that found m PA. 

The plate-to-plate variabrhty can be controlled for in several ways First, if 
possible, all samples can be separated on the same TLC plate. Obviously, this is 
impractical m many cases; however, if cell number permits, additional control 
samples can be performed such that control lipid extracts can be separated on 
each TLC plate and the treated samples compared to the appropriate control val- 
ues for that plate. Alternatively, experiments can be repeated many times. 
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Because the background fluctuates randomly between TLC plates, with repeti- 
tion the differences should compensate for one another Of course, this strategy 
will tend to increase vartabihty m the data, but the net result should be accurate. 
Finally, it should theoretically be possible to scrape or cut out small sections of 
each TLC plate on which no sample was separated and subject these sections to 
liquid scmtillation spectrometry. The resulting background counts could then be 
subtracted from the measured radioactivity m the PA and PEt separated on that 
particular plate With respect to which section of the TLC plate will yield back- 
ground counts most representative of the entire plate, the most likely candidate 
appears to be the section of plate on which the nonradioactive phospholipid (PA 
or PEt) standard was separated. However, it is not clear that this section will be 
entirely representative, since no radiolabeled lipids have traversed the lane, as 
occurs for sample lanes, m which radioactive neutral lipids migrate with the sol- 
vent front. If this option 1s selected, it is suggested that the mdividual investigator 
determine the section of the TLC plate most appropriate for each cell system 
Under certain ctrcumstances, radiolabelmg of cellular phospholipids prior to hor- 
monal stimulation is either not feasible or presents other problems As an 
example, if PLD activation is thought to occur with long-term exposure (e g , 
many hours to days), radiolabelmg m the presence of the hormone might result m 
differences m specific activity of potential phospholipid substrates with this pro- 
longed hormone treatment. Subsequent measurement of PLD activity might then 
yield en oneous results, because of production of PEt from substrates of different 
specific activities m control vs treated samples. In this case, it may be desired to 
stimulate unlabeled cells for long time periods prior to acute labeling with 
[ i4C]ethanol (l-5 mCi/mmol) Using this method, PLD activation m response to pro- 
longed hormone exposure can be monitored without the concern that the treatment 
may be altermg specific activrty of the substrate and yielding inaccurate results 

The critical point to remember when handling [ “C]ethanol is the extreme vola- 
tihty of the reagent. [i4C]Ethanol is purchased in special ampules that must be 
opened, according to the manufacturer’s directions, after coolmg in liquid mtro- 
gen. Our laboratory mixes the small volume of radiolabel with a small amount of 
a 1: 1 (v:v) mixture of absolute ethanol to water. Thus, 500 @ of cold ethanol/ 
water solution is added to 100 pCi of [i4C]ethanol. All manipulations should be 
performed in a chemical fume hood to prevent inhalation of the radiolabel. 
Unused [14C]ethanol should be stored m Wheaton reactivials with Teflon-lined 
screw caps (Aldrich, Milwaukee, WI). Labeling and storage of the [ 14C]ethanol 
should be performed in containers lined with activated charcoal paper to absorb 
volatilized radiolabel Charcoal paper can be purchased from Schleicher and 
Schuell (Keene, NH) and should be periodically disposed of and replaced to 
ensure maximum absorbancy. 

Unlabeled cells are stimulated with the desired agents for the appropriate period 
of time prior to addition of 0 5% (v.v) [ 14C]ethanol/ethanol (approx 5 pCi per 
cell sample). As an example, 20 p.L of the 1:l [t4C]ethanol/water solution 
described above is added to 2 mL of medium in a 35-mm dish Alternatively, 
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the [ 14C]ethanol can be added simultaneously with the agent of interest, much as 
described with the [3H]oleate-prelabeling method. The cells are then incubated 
for 30-60 mm (in a container lined with activated charcoal paper). Reactions are 
terminated as described m Subheading 3.2., step 2, for the [3H]oleate-prelabelmg 
technique, and the radiolabeled PEt extracted with chloroform, also as described 
m Subheading 3.2., steps 3-6. 

[14C]PEt is separated by TLC, basically as described in Subheading 3.3., 
except that samples are solubilized m a small volume of chloroform/methanol to 
which is added only cold PEt. After development of the TLC plate in the solvent 
system described above, autofluorography is performed using En3Hance, also as 
described. (We have found too httle incorporation of the radiolabel mto PEt to 
observe exposure of the film m the absence of the scintillant, although theoreti- 
cally this radioisotope should allow autoradtography.) The autofluorogram is then 
used to locate the PEt spot for excision and quantitation by liquid scintillation 
spectrometry. 
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Monitoring of Phospholipase A2 Activation 
in Cultured Cells Using Tritiated Arachidonic Acid 

Sandie I. Brian& Sylvie G. Bernier, and Gabtan Guillemette 

1. Introduction 
1.1. Background 

Phospholipase A2 (PLA,, EC 3. I, 1.4, phosphatide sn-2 acyl hydrolase) is a 
ubiquitous enzyme that plays a role in the response of a wide variety of cells to 
specific stimuli. PLA2 IS an important component of the cellular machinery 
that is activated by inflammatory stimuli and it maintains ceil homeostasis by 
membrane remodelmg. The role of PLA2 in the production of promflammatory 
lipid mediators makes this enzyme an interesting therapeuttc target for the treat- 
ment of inflammatory disorders (I). 

PLA2 catalyses the hydrolysis of the ~2-2 fatty acyl bond of membrane phos- 
pholipids to liberate free arachidonic acid (AA) and lysophospholipids (2). AA 
is a CZO polyinsaturated fatty acid containing four CIS double bonds (A5y8a1 l,r4 
eicosatetraenorde). Even if the major pathway of AA release IS via PLA,, AA 
can also be released from sequential cleavage of phosphatidylinositols by phos- 
pholipase C (PLC) to generate dracylglycerol (DAG), that IS subsequently acted 
on by DAG hpase to liberate AA (3). 

The release of AA from membrane phosphohpids is the rate-limiting step 
for the synthesis of eicosanotds (I), The eicosanoids family is made up of three 
clans: the prostanoids (prostaglandins and thromboxanes), which are synthe- 
stzed via the cyclooxygenase pathway; the leukotrienes, lipoxms, and hydroxy- 
eicosatetraenoic acids (HETEs), which are formed vra the lrpoxygenase 
pathway; and the epoxides, which are formed by a cytochrome P-450 epoxy- 
genase pathway (3). 
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This chapter focuses on PLA, activation m cultured cells. It describes a quick 
and simple method to label cells with [3H]AA and/or Its metabohtes and to 
measure the release of [3H]AA upon actlvatlon of these cells with a Ca2+-mo- 
bilizmg hormone. 

1.2. Experimental Strategy 

Since two major pathways of AA release are generally proposed, it 1s impor- 
tant to make sure that AA release 1s the result of PLA, activation. A simple 
control to verify involvement of PLA2, is to incubate cells with qumacrine, a 
potent blocker of PLA,, prior to their stimulation (4,s). Pretreatment with 300 
w qumacrine should completely inhibited the release of AA, thus indicating 
that the release phenomenon is prmcipally mediated by the action of PLA2. If 
the release of AA 1s not inhlblted m the presence of qumacrine (Sigma, St. 
Louis, MO), it suggests that the phenomenon is mediated by an alternative 
pathway, most likely through the sequential cleavage of phosphatidylmosltols 
by PLC and DAG hpase. The mvolvement of this pathway can be further ven- 
fied with a specific mhlbitor of DAG hpase, RHC-80267 (Calbiochem, La 
Jolla, CA) (6). Pretreatment with 10 pA4 RHC-80267 will completely inhibit 
the release of AA if the phenomenon is principally mediated via DAG lipase. If 
AA release is not inhibited in the presence of RHC-80267, the pathway through 
DAG lipase is not contributing importantly to the generation of AA, thus sug- 
gesting that AA is mostly released via the PLA2 pathway. Both pathways can 
contribute m concert to the generation of AA. Since, at the present time, the 
mechamsms of PLA2 activation are not clearly defined and appear to vary in a 
cell-specific and hormone-specific fashion, It is important to determine the 
contribution of each pathway in a particular system. 

One important thing to consider when using inhibitors is to make sure that 
these compounds do not affect the basal release of AA (see Note 3). 

This chapter describes the methods used for labeling phospholiplds with 
[3H]AA and for measurmg the release of [3H]AA and/or its metabohtes from 
cells cultured into 24-multlwell plates. Obviously, dependmg on the system to 
be studied, cells can also be cultured mto 6- or 12-well plates. Also, the incuba- 
tion medium and the culture medium used in the assays may vary depending on 
the different cell types and their optimal culture requirements. Subtle refine- 
ments may be needed to optimize the release of AA in a desired system. 

2. Materials 

2.1. Cell Labeling 

1. [5,6,8,9,1 1,12,14,15-3H]Arachidon~c acid (1 mCl/mL) (Amersham, Arlington 
Heights, IL), stored at -2O’C Use caution, this 1s radioactlve! 

2. Culture medium DMEM or as appropriate (see Note 4). 
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2.2. Release of rH]Arachidonic Acid 

1 Incubation medium* 25 mA4 HEPES pH 7.2, 150 mA4 NaCl, 5 mM KCl, 5.5 mM 
dextrose, 0.8 mA4 MgS04, 1 mM CaC12, 0.1% bovine serum albumin (BSA) 
Adjust to pH 7.2 with NaOH, prepared fresh (see Note 5). 

2. Water bath (37°C) (see Note 6) 
3 Scintillation vials 
4 0.1 NNaOH 
5. Scmtillation fluid. 
6. Liquid scintillation counter (p-counter) 

3. Methods 
3.1. Cell Labeling 

1, Grow cells to confluence (or required density) mto 24-multiwell plates 
2. Replace the medium with 1 mL of culture medium (DMEM without serum or as 

appropriate, see Note 4) containing 0.5 pCi/mL of [3H]AA (see Note 7) 
3. Incubate the cells for 16 h at 37°C 

3.2. Release of pH]Arachidonic Acid 

1 Premcubate the incubation medium at 37°C m a shallow water bath (see Note 8) 
2 Put cells plates in a shallow water bath and remove the medium (see Note 9). 
3 Wash the cells four times at 37°C with 1 mL of incubation medium (see Note 10). 
4 Add 400 pL of mcubatlon medium at 37°C (or 300 p.L incubation medium if you 

add 100 p.L specific Inhibitor, see Note 3) 
5. Incubate the cells for 15 mm at 37°C (see Note 11) 
6 Using start-stop time-course of 15 s between each stlmulatlon, add 100 pL of test 

agents (hormones) to stimulate the cells at 37°C (Vt = 500 &) (see Note 12). 
7. Incubate the cells for another 15 mm (for dose-response relationships) or for 

different periods of time (for time-course relatlonshlps) (see Note 13) 
8. Remove the medmm containing released [3H]AA and transfer it mto a scmtllla- 

tion vial. 
9. Solubilize the cells by adding 300 & NaOH 0.1 N in each well (see Note 14). 

10. Transfer the content of each well mto a scintillation vial. 
11 Add about 4 mL of scintillation fluid in each vial. 
12. Vigorously shake the vials. 
13. Determine the radloactive content by scintillation countmg, using a p-counter. 
14. Express the data as shown in Fig. 1 (see Note 15) 

4. Notes 
1. To minimize decomposition, it is recommended that stocks of [3H]AA be stored 

at -20°C. Under these conditions decomposition is not expected to exceed 3.5% 
per month m the first 2 mo, but thereafter may accelerate. This increase in the 
rate of decomposition during storage 1s characteristic of many tritium-labeled 
compounds. So make sure that the [3H]AA that you use 1s not degraded. 
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Fig 1 Typical dose-dependent effect of bradykinin on the release of [3H]arachrdonic 
acid by bovine aorttc endothehal cells: The [3H]AA-labeled cells were stimulated for 
15 min at 37°C with the indicated concentration of bradykmin. Radtoacttvity released 
into the medium was then determined. (A) Results expressed m cpm. Each value rep- 
resents the means I!I SD of triplicate determinations (B) Results expressed as ratio of 
total [3H]AA content 

2. All experiments should be performed at least m duplicate and more preferably in 
triplicate. 

3. The control sample IS stimulated with the mcubatton medium only. You can also 
stimulate with a specific inhibitor only to make sure that the inhibitor does not 
affect the basal level of [3H]AA release. 

4. Although we use DMEM in our own studies, there IS no reason to believe that it 
cannot be replaced with other basic media (Krebs, M199, Eagles, and so on), 
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depending on the different cell type requirements. It is important to remove serum 
18 h before evaluating PLA, activity m order to avoid the effects of growth fac- 
tors or other compounds that could interfere in the assay. 

5. For a 24-multiwell plate, you need approx 200 mL incubation medmm. Although 
we use HEPES buffer m our own studies, there is no reason to believe that it can 
not be substituted for another depending on the different cell type requirements. 
However, Ca*+ and BSA are needed. Also, it is important to mamtam a neutral 
pH with HEPES, HBS, or PBS. 

6. You need a shallow bath in which the plate sits 2-5 mm deep. The experiments 
can also be carried in a culture incubator; however it is not very convenient and 
the CO, content m the incubator’s atmosphere must be taken into account to 
maintain neutral pH. 

7 Prepare a stock solution (25 mL for a 24-multiwell plate) of 0 5 pCi/mL of 
[3H]AA and add 1 mL to each well. To quantify the radioactivity loaded into your 
cells, keep a portion of the culture medmm containing the [3H]AA and count it 

8 All the experiments are done in a shallow water bath at 37°C 
9. To save time in removing the medmm, use a suction apparatus. Use caution. The 

medmm is radioactive! 
10. To assure that your washing steps are efficient, count the medmm that you remove 

during washes. You have to wash until the radioactive content of the medmm 
reaches a stable and low value Four washing steps are usually enough to brmg 
the basal level approx 1000 cprn/mL Under these conditions, the expected release 
of AA will be at least twofold above basal level. 

11. This step is to allow equilibration of the cells. If you need to use specific mhibi- 
tors, some require longer mcubation periods to produce their effect. So, make 
sure that the exposure to the mhtbnor is long enough 

12. When adding hormones and Inhibitors, make sure to rock the culture plate deh- 
cately to get a homogeneous mixture. 

13. Depending on the system to be studted, cells may need to be stimulate for longer 
periods of time. A time-course relationship experiment may be needed 

14. The radioactive content of the cells is an mdrcation of [3H]AA mcorporation into 
the cells: It can allow the expression of data m percent of cellular [3H]AA released 
([3H]AA release/[{3H}AA mcorporated + {3H}AA release]). 

15. The usual method for data analysis is a dose-response curve, in which the [3H]AA 
release (expressed m cpm) IS plotted @-axis) against the concentration of activat- 
ing ligand (x-axis). The x-axis is normally drawn on a logarithmic scale (7) 
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Assay of Cellular Diacylglycerol 
and Monoacylglycerol Lipases 

Bryan A. Wolf 

1. Introduction 
Arachidonic acid has been implicated as a second messenger in numerous 

systems, and many agomsts stimulate the intracellular accumulation of arachi- 
donic acid (2,2). Arachidomc acid may be generated by phospholipase A2 
hydrolysis of phospholipids, or by hydrolysis of dracylglycerol through the 
sequential action of diacylglycerol lipase and monoacylglycerol hpase (3-6). 
These activities can be easily measured using sensitive radiometric assays as 
described herein. 

In brief, diacylglycerol lipase activity is measured as the hydrolysis of a 
commercially available sn-2-labeled diacylglycerol substrate followed by thm- 
layer chromatography (TLC) separation of the end-products (Subheadings 2.3. 
and 3.3.). Monoacylglycerol lipase is measured in a similar fashion, except 
that the substrate, 2-arachidonyl-sn-glycerol has to be synthesized by hydroly- 
sis of l-stearoyl-2-arachidonyl-sn-glycerol with Rhizopus arrhizus lipase (Sub- 
headings 2.1.2., 2.1.3., 3.1.2., and 3.1.3.). In order to mimmize loss of lipids 
by adsorption on glassware surfaces, srlanized glassware should be used (Sub- 
headings 2.1.1. and 3.1.1.). 

2. Materials 
2.1. Preparation of Assay Reagents 
2.1.7. Silanization of Glassware 

1. Glassware to be sllanized. 
2. Dimethyldichlorosllane (Sigma, St. Louis, MO, flammable and toxic; see Note 

1). 10% (v.v) in toluene Store in glass bottle at room temperature in chemical 
fume hood or ventilated flame cabinet. Solution can be re-used 5-10 times 
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3. Toluene. 
4 Methanol. 
5 Large beakers (150-500 mL) to hold the glassware to be silanized. 

2.1.2. Preparation of 2-Arachidonyl-sn-Glycerol 
and 2-[14C]-Arachidonyl-sn -Glycerol 

1. Round-bottomed, stlamzed 13 x 100~mm borostlicate tubes with Teflon-lined 
screw caps (Fisher, Pittsburgh, PA). 

2. l-stearoyl-2-arachtdonyl-sn-glycerol (Sigma or Avant1 Polar Lipids, Pelham, 
AL). Store at -20°C under nitrogen 

3 Chloroform (HPLC grade or better). 
4 l-stearoyl-2-[14C]arachidonyl-sn-glycerol (0.55 mCr/mmol from Amersham). 

Store at -2O’C under nitrogen 
5 50 mMTES buffer pH 7.40 supplemented with 2.5 mMCaC12 and 1 mMMgCl*. 

Store at 4°C. 
6 Rhzzopus arrhzzus lipase (Boehringer Mannhelm, Indtanapolrs, IN). 
7. Shaking water bath (37’C). 
8. Chloroform/methanol (1.2, v.v), at 4°C to stop reaction. 
9. Refrigerated table-top centrifuge 

10 Conical 13 x 100~mm stlamzed borosilicate glass tubes with Teflon-lmed screw- 
cap tubes. 

11. Silica gel G 20 x 20-cm channeled TLC plates with preadsorbent zone, (Analtech, 
Newark, DE), preactivated 30 min at 1 10°C 

12 Solvent system (high-performance liquid chromatography [HPLC] grade or better) 
for item 11; petroleum ether:diethyl ether:acetic acid (140:60*2, v*v:v), made fresh 

13 TLC tank 
14. Whatman chromatography paper, 20 x 20 cm. 
15 Disposable 50-pL microptpets. 
16. Flat-edged spatula for scraping stlica. 
17 Weighmg paper, 3 x 3 m. 
18 Silica gel G plate with 10% boric acid 
19 Solvent system (HPLC grade or better) for item 18, chloroform acetone*methanol 

(96:4:2, v*v.v), made fresh. 

2.1.3. Ester Assay 

1. 12 x 75-mm Borosihcate disposable tubes. 
2. Ethanol:ether (3: 1, v.v). 
3. 2 M Hydroxylamine hydrochloride. 
4 3.5 NNaOH. 
5 4NHCl. 
6. 0.37 M Ferric chloride in 0.1 N HCl. 
7 1 mM Cholesteryl acetate in ethanol Store at -20°C. 
8 Spectrophotometer or plate-reader (525~nm filter). 
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2.2. Sample Preparation 

1. Potter-Elvehjem homogenizer. 
2. 50 mMTES pH 7 40 supplemented with 1 mA4 EGTA. Store at 4°C. 

2.3. Assay of Diacylglycerol Lipase and Monoacylglycerol Lipase 

1. Srlanized 13 x 100~mm borosthcate glass tubes (round-bottom and conical) wtth 
Teflon-lined screw-caps. 

2. 50 mMTES pH 7.40, 1 mM EGTA, 2.5 mM CaC12, 1 mA4 MgCl*, made fresh. 
3. 1 -stearoyl-2-arachidonyl-sn-glycerol (Sigma or Avant1 Polar Lipids) or 2- 

arachidonyl-sn-glycerol (Subheading 3.1.2.). Store at -20°C under nitrogen 
4 l-stearoyl-2-[14C]arachidonyl-sn-glycerol (0.55 mCi/mmol from Amersham, 

Arlington Hteghts, IL). Store at -20°C under nitrogen. 
5 2-[‘4C]-Arachldonyl-sn-glycerol (Subheading 3.1.2.). Store at -20°C under nitrogen 
6. Multitube vortex mixer 
7 Water bath sonicator. 
8 Shaking water bath (37°C) 
9 Chloroform:methanol (1:2, v:v) supplemented with 0.25 mg/mL butylated 

hydroxytoluene 
10 Carrier lipids for extraction steps (monoacylglycerol, diacylglycerol, arachidonic 

acid, triacylglycerol) 
11 Table-top refrigerated centrifuge. 
12 Silamzed Pasteur pipets. 
13 Chloroform 
14 Distilled water. 
15. Nitrogen evaporator. 
16 Channeled silica gel G 20 x 20-cm TLC plate with preadsorbent zone, activated 

for 30 mm at 1 10°C 
17. Solvent system for item 16, petroleum ether:diethyl ether.acettc acid (140.60.2, 

v.v*v), made fresh 
18. Disposable 50-pL micropipets. 
19. Thin-layer chromatography tank 
20. Whatman chromatography paper, 20 x 20 cm. 
21 Radioactivity scanner or liquid-scmtillation spectrometer 

3. Method 
3.1. Preparation of Assay Reagents 

3.1. I. Silanization of Glassware (Note 2) 
1. In a chemical fume hood, add the dimethylchlorosilane solution (10% in toluene) 

to the glassware. Completely cover all the glassware with the solution and check 
that there are no air bubbles trapped in the vials, pipets, or tubes 

2. Incubate for 30 min at room temperature m the fume hood. 
3. Remove the silanizmg solution. 
4 Rinse the glassware with toluene twice. 
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5 Rinse the glassware with methanol twice. 
6 Dry glassware m oven at 110°C 

3.1.2. Preparation of 2-Arachidonyl-sn-Glycerol 
and 2-r4C]-Arachidonyl-sn-Glycerol (Note 3) 

1 To prepare 2-arachidonyl-sn-glycerol, resuspend 10 mg of 1-stearoyl-2-arachldonyl- 
sn-glycerol m 10 mL of chloroform and aliquot mto 10 silamzed tubes. To prepare 2- 
[ 14C]-arachidonyl-sn-glycerol, resuspend 10 pCi of 1 -stearoyl-2-t 14C]arachidonyl- 
sn-glycerol m 1 mL of chloroform in one silamzed tube. 

2. To each tube of cold material, add a trace amount (0.01 pCi) of 1-stearoyl-2- 
[ 14C]arachidonyl-sn-glycerol 

3. Evaporate under nitrogen and resuspend m 100 pL of 50 mM TES (pH 7.4) 
supplemented with 2.5 mM CaC12 and 1 mM MgC12. 

4. To each tube, add 2500 U of Rhlzopus arrhzzus lipase. 
5. Incubate 15 mm at 37°C m a shaking water bath. 
6 Add 2 mL ice-cold chloroform:methanol (1:2, v.v) 
7 Vortex for 1 min 
8. Add 1 mL of chloroform, and 1 mL of water. 
9. Vortex for 1 min. 

10. Centrifuge for 15 mm (4°C at 8OOg). 
11. Remove the lower phase with a sllamzed Pasteur plpet and transfer to a clean, 

silanized, conical tube 
12 Evaporate under nitrogen. 
13. Add 500 pL chloroform, vortex for 1 mm, evaporate under nitrogen, and recon- 

stitute in 25 pL chloroform 
14 Working in a fume hood, use disposable mlcroplpets to spot the content of each 

tube onto a separate lane of the silica gel G plate Let the plate air-dry at room 
temperature 

15. Develop the plate in the petroleum ether/&ethyl ether/acetic acid solvent system (Note 4). 
16. With a clean flat-edge spatula, scrape the silica spot corresponding to mono- 

acylglycerol (Rf 0.20). Use the weighing paper to transfer to a clean silamzed 
round-bottom tube (Note 5). 

17. To elute the monoacylglycerol from the slhca, add 1 mL of chloroform:methanol 
(1:2, v:v), vortex for 1 mm, centrifuge for 15 mm (4°C at 8OOg), and carefully 
remove supernatant to a clean silamzed tube, without disturbing the silica pellet. 

18 Repeat step 17 two more times, and combine the eluates. Evaporate under mtro- 
gen and reconstitute in chloroform 

19. The purity of monoacylglycerol can be checked by spotting a small aliquot of the 
preparation on the 10% boric acid silica gel G plate, which is developed in 
chloroform:acetone:methanol. In this system, 2-arachidonyl-sn-glycerol has an 
Rf of 0.22 (Note 6). 

20. The mass of 2-arachidonyl-sn-glycerol obtained is quantitated by ester assay 
using cholesteryl acetate as a standard (Subheading 3.1.3.) Store at -7O’C under 
nitrogen at a concentration of 0.1 mg/mL m chloroform. 
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3.1.3 Ester Assay (Note 7) 

1 Evaporate the hprd to be assayed and the standard curve of cholesteryl acetate (0, 
100 nmol to 2 pool) m 12 x 75mm disposable glass tubes 

2 Add 0 6 mL of ethanol ether. 
3 Add 0 1 mL hydroxylamme hydrochloride. 
4 Add 0 1 mL NaOH. 
5 Vortex-mix and incubate 20 mm at room temperature 
6 Add 0 12 mL of 4 N HCl. Vortex-mrx 
7 Add 0 1 mL of ferric chloride solution. Vortex-mix. 
8 Measure absorbance at 525 nm 

3.2. Sample Preparation (Note 8) 
1 Cells (l-2 mg protein) are homogenized with 1 O-20 manual strokes m a homog- 

enizer in 0 l-l mL of TES buffer with 1 mA4EGTA 
2. Homogenates are used fresh, or stored at -20°C prior to use. 

3.3. Assay of Diacylglycerol Lipase and Monoacylglycerol Lipase 
1 To a silamzed round-bottom glass tube, add 85 pL of 50 mM TES buffer pH 7 4 

(supplemented with 1 mA4 EGTA or 2 5 mM CaC12 and 1 mM MgCl*, Note 9) 
2 Add 10 n.L, of cell homogenate (10-100 ~18 protein) 
3 Add 5 pL of radioactive substrate dissolved in ethanol (for diacylglycerol llpase 

2 mA4 final of 1-stearoyl-2-arachidonyl-sn-glycerol [0.025 @J], for mono- 
acylglycerol hpase 10 @4 final of 2-arachidonyl-sn-glycerol [O-O25 &!i], Note 10) 

4. Vortex for 1 mm 
5 Somcate m a water bath somcator (4°C) for 5 mm (Note 11) 
6. Incubate for 5 mm m shaking water bath (37°C Note 12) 
7 Add 2 mL of ice-cold chloroform/methanol. 
8 Incubate for 15 min m a dry-ice/alcohol bath 
9. Add 5 ng of monoacylglycerol, dracylglycerol, arachidonrc acid, and tri- 

acylglycerol to each tube (Note 13) 
10 Add 1 mL of chloroform and 1 mL of water 
11. Vortex foi 1 mm 
12. Sonicate for 30 mm at 4°C in water sonicator 
13 Vortex for 1 mm 
14 Centrifuge for 15 mm (4°C at 800g). 
15 With a silanized Pasteur pipet, remove the lower organic phase and transfer to a 

clean srlamzed conical tube (Note 14). 
16 Add 1 mL of chloroform to the remaining upper aqueous phase and vortex for 1 

mm. 
17. Centrifuge for 15 min (4°C at SOOg) 
18. Remove the lower organic phase and combine to the previously removed orgamc 

phase (step 15) 
19. Repeat steps 16-18. 
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20 Add 1 mL of water to the combined organic phase, vortex for 1 mm, and centri- 
fuge for 15 mm (4°C at 800g). 

2 1. Discard the upper aqueous phase by aspiration 
22. Evaporate the organic phase under nitrogen 
23 Add 500 pL of chloroform, vortex for 1 min, and evaporate under nitrogen. 
24 Add 25 pL of chloroform. 
25 Working m a fume hood, use the disposable micropipets to spot the samples onto 

the preadsorbent zone of the channeled silica gel G TLC, plate (Note 15) Let the 
plate air-dry at room temperature 

26 Develop the plate for 30-45 mm in petroleum ether/dlethylether/acetic acid (Note 4) 
27. Locate the spots correspondmg to monoacylglycerol (Rr 0.19), dracylglycerol (R, 

0.45), arachldonic acid (R, 0 63), and trlacylglycerol (R, 0 88) by comparrson 
with iodine-stained cold standards (Note 16) 

28. Quantitate the radloactivrty m monoacylglycerol, dlacylglycerol, arachidonrc acid, 
and trlacylglycerol with the radioactivity scanner or by scraping the corresponding 
silica fractions that are measured by liquid scmtillatron spectrometry (Note 17) 

4. Notes 

1 Dlmethyldichlorosilane is flammable, highly toxic (by mhalatron, contact, and 
ingestion), and lachrymator. Handling must be in a chemical fume hood with 
suitable protective clothing, gloves, and eye/face protectron. 

2. Dlmethyldichlorosilane (10% m toluene) can be reused 5-10 times if the glass- 
ware to be silamzed 1s disposable. Rmsmg should be complete to remove any 
trace of dlmethyldrchlorosdane. In particular, vials and tubes should be over- 
turned and allowed to drain. Silamzed glassware should be stored n-r appropri- 
ately marked contamers, separate from general glassware. 

3 The starting matenal 1-stearoyl-2-arachldonyl-sn-glycerol should be as pure as pos- 
sible. Splitting the starting material into 10 ahquots is useful to allow separation of 
the end products (Subheading 3.1.2., step 14) on analytical (rather than prepara- 
tive) TLC plates Solvents should be HPLC grade or better, and clean, freshly 
silamzed glassware should be used throughout To avoid contammation from hand 
soaps, gloves are worn To avoid oxidation of the unsaturated bonds of arachldomc 
acid, samples should be stored under nitrogen The addition of radioactive material m 
Subheading 3.1.2., step 2 is useful to follow the yield of the reaction as well as to 
identify the end products on the TLC plate. 

4 Prior to use, the TLC tank should be extensively rinsed in methanol/chloroform, 
and an-dried m a fume hood The tank should be lined with chromatography 
paper, and the freshly made solvent system carefully poured into the tank approx 
30 min prior to its intended use. The tank is covered with a glass pane that should 
be tight-fitting (put a weight on), and allowed to equllrbrate for 30 min The plate 
is then introduced, and allowed to develop 30-40 mm or until the solvent front 
has reached the top of the plate. The separatron can be affected by temperature 
and ambient humidity, thus it is important to use a freshly activated plate, and to 
perform the development m a chemical fumehood. 
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5. 

6 

7 

8 

9. 

10. 

11. 

12 

13. 

14. 

The retention time of the various lipids in this chromatography system should be 
worked out in a prior test run usmg cold standard phosphohpid (does not migrate), 
monoacylglycerol (R, O-2), dtacylglycerol (R, 0.45), arachidonic acid (R, 0.63), and 
trracylglycerol (Rr 0.88). These cold lipids can be easily vrsuallzed by placing 
the dried plate in a tank with a few crystals of Iodine. The iodine vapors will 
react with unsaturated bonds, and should only be used for the test run with 
standards. Alternatively, radioactive standards can be used and the lanes 
scraped mto 1 -cm fractions that are counted for radioactivity by liquid scmtil- 
latron spectrometry. If a radioactivity scanner is available, the position of the 
radioactive standards and of the end products of the lipase-dtgested samples 
can be quickly and accurately determmed (6). 
Typically, greater than 90% of the monoacylglycerol formed is 2-arachldonyl- 
sn-glycei 01. 
The ester assay is hnear between 100 nmol and 2 prnol. The standard curve is 
fitted by linear regression analysts that 1s used to determine the ester content of 
the sample. Since each molecule of 2-arachidonyl-sn-glycerol has only one ester 
bond, the moles of ester measured reflect the mass of the sample. In practice, approx, 
0.5-l mg of monoacylglycerol are used to detect its ester content in this assay. 
Whole-cell homogenates can be used as well as plasma membrane and cytosollc 
fractions obtained by subcellular fracttonation (6). 
Standard condittons for measuring dlacylglycerol hpase and monoacylglycerol 
lipase are: pH 7.4, 2 5 mM CaCI,, and 1 mM MgC12. In a new cell system, tt IS 
important to characterize the pH dependency to determine the optimal pH for 
measuring lipase activity. TES buffer is used to achieve a pH between 6 0 and 
8 0 At pH 8 0 and above, Tris buffer is used. At pH 6 0 and below, MES buffer 
IS used The calcmm dependency of the lipase activities should be measured. The 
addition to the mcubatton buffer of 1 mA4 EGTA coupled with the omlssron of 
CaCl, and MgCl, will generate a calcmm- and magnesium-free media. The cal- 
cmm-dependency of the hpase activities can be tested with a detailed calcmm 
dose curve (t-&f to mM) obtained by varying the calcium:EGTA ratio (7). 
Preparing the radioactive substrate in ethanol enables complete dtssolution. The 
concentration of the substrate m ethanol is adjusted to achieve the desired final 
concentration in 100 pL of the reaction mix. The final concentration of substrate 
should be several-fold higher than the apparent K,,, The apparent K,,, of islet 
dlacylglycerol lipase is 0.86 mM and of islet monoacylglycerol hpase 0.14 M(6). 
Vortexmg and sonication are important to achieve complete mixing of the sub- 
strate. A water-bath somcator is used tilled with l-2 in. of ice-cold water. 
A time-course should be performed to determme the linear portion of the activity 
as a function of time. 
The addition of carrier lipids drastically increases the recovery of the radtoacttve 
material to >95%. Typically, relatively cheap neutral lrpids can be used such as 
monoolem, diolein, triolem, and arachidonic acid (Nu-Check-Prep, Elysian, MN). 
The multiple extraction steps with chloroform increase the final recovery of 
radioactive material. The purpose of the water wash (Subheading 3.3., step 20) 
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15. 

16. 

17 

is to remove any aqueous material that contaminates the organic phase and mter- 
feres m the chromatography step Subheading 3.3., step 23 is a concentratron 
step designed to recuperate any dried lipid from the inner sides of the tube 
The use of channeled plates with preadsorbent zones IS highly recommended 
Using the disposable microprpets, the sample is streaked onto the upper half of 
the preadsorbent zone (make sure that this is hrgher than the top of the solvent 
when the plate is placed m the tank). The channels prevent any possibility of 
crosscontammatron during development. 
See Note 5. Since carrier lipids are added routinely during extraction, the easiest 
approach is to lightly iodme-stam the plate to localize the various fractions of 
interest. Scrape the stained fractions into scintillation vials, add scintillation cock- 
tail, vortex, and count in a spectrometer. Alternatively, a radroactrvity scanner 
can be used to quantrtate the radroactivrty m each lane 
To calculate enzyme activity, the counts in either monoacylglycerol (for 
diacylglycerol lrpase) or arachrdomc acrd (for monoacylglycerol lipase) are 
expressed as a percentage of the total radioactrvity on the lane (sum of radioactiv- 
ity m monoacylglycerol, diacylglycerol, arachidomc acid, and tnacylglycerol). This 
percentage is then converted to the amount of diacylglycerol or monoacylglycerol 
hydrolyzed by multiplymg it by the mass of substrate ongmally present m each reac- 
tion tube. Enzyme activity is then normalized to the amount of protein present, di- 
vided by the incubation time, and expressed as the apparent specific activity (mass of 
substrate hydrolyzed/milligram of protem/min). 
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Isotopic Efflux Studies as Indices 
of Phospholipase Activation 

Jacob Vadakekalam and Stewart Metz 

1. Introduction 
TraditIonally, phosphohpase activation is monitored m static mcubatlons by 

the intracellular accumulation of lipidic byproducts of phospholipid hydrolysis. 
Thus, for phospholipase C (PLC), diacylglycerol accumulation can be assessed, 
as can intracellular accumulation of phosphorylated derivatives of inositol. For 
PLD, phosphatidic acid 1s often assessed, or one of its transphosphatldylatlon 
products (e.g., phosphatidylethanol) is used. For PLA2, the mtracellular accu- 
mulation of arachidomc acid (and/or lysophospholipld) IS quantified. How- 
ever, these approaches have several limitations in terms of both specificity and 
sensitivity (Table 1). 

Data from such traditional approaches can profitably be complemented by 
radioactivity efflux studies in which cells are prelabeled with choline, inositol, 
or arachidonate, and then perifused with medium mto which efflux of label 
(initially screened merely as total radioactivity) can be assessed every 1-2 min. 
This approach takes advantage of the facts that PLD (which is often directed at 
phosphatldylcholine) will directly release choline (or inositol if directed against 
PI). PLC will yield inositol phosphates in the aqueous fraction of the cell; in 
the absence of Li+, these will be dephosphorylated to inositol, much of which 
effluxes into the medium. PLA, will yield free arachidonate (AA), a portion of 
which will exit the cell as unmetabolized AA or as Its more polar metabohtes 
(1,2). (Conceivably, polar lysophosphohpids could also exit the cell, especially 
m the presence of albumm in the perifusate, although this has not been for- 
mally assessed,) This method offers several advantages over traditional static 
incubations that assess accumulation of hpidic metabolites intracellularly, but 
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Table 1 
Caveats in Use of Static Incubations to Assess Intracellular 
Accumulation of Lipidic Metabolites of Phospholipid Hydrolysis 

1 Metabolites can be rapidly metabolized, mterconverted, or re-esterified (10). 
2 Radiolabelmg of lipid pools with lipid-soluble precursors (e g , fatty acids) has 

many Interpretive problems. Also, metabolically “mactive” pools of phospho- 
lipid substrates may produce high “basal levels” of lipid byproducts, and 
obscure acute changes induced by agonists 

3. Accumulation m the medmm of certain constituents (e.g., H+, released hor- 
mones) may perturb physiologic changes (see Table 2, item 7) 

4. Important rapid and/or phasic changes can be easily missed (11). 

that have several sigmficant limitations (Table 1). However, it requires careful 
standardization and rigorous attention to methodologrc and interpretive cave- 
ats (Table 2). Furthermore, one must beware of the existence of distinct meta- 
bolic pools of the relevant metabolite; for example, disparate changes may be 
seen for mtracellular vs extracellular pools of metabolite (see ref. 3). 

In this chapter we describe in detail the study of [3H]inositol efflux from 
prelabeled islets in response to agonist stimulation, as an example of this tech- 
nique. Additional comments and illustrative data are also included, however, 
on the study of [3H]choline- or r3H]arachidonic acid-prelabeled islets to indi- 
cate the flexibility of this approach. 

2. Materials 
2.1. Labeling 

1 [2-3H]myo-Inositol (10-25 Wmmol; aqueous; DuPont NEN, Boston, MA) 
2 RPM- 1640 medium (Gibco-BRL, Grand Island, NY) 
3. HEPES 
4. Dextrose. 
5 Penicillin, streptomycin. 
6. Fetal bovine serum (FBS). 
7. 95% O2 and 5% CO2 mixture 
8. 60 x 15-mm Petri dish (Falcon, Los Angeles, CA, cat. no. 1007) 
9. Desiccator 

2.2. Perifusion 

1. Krebs-Ringer bicarbonate buffer (pH 7.4). 
2 Myo-mositol (unlabeled). 
3 95% O2 and 5% CO, mixture. 
4 Dextrose. 
5. Bovine serum albumin (BSA) (fraction V, RIA grade). 



Table 2 
Caveats in Using Isotopic Efflux Studies as Indices of Phospholipid Hydrolysis 

Problem S01ut10ns 

1 Exchange mechanisms (e g , base 
exchange) can also lead to 
efflux of label. 

2 Lack of isotopic equilibrmm 
(1.e , short labeling perrod) may 
limit conclusions, especially if 
“compartmentation” exists, 
provrsion of chase (to prevent 
reincorporation of label) can 
disturb rsotoplc equrhbrmm. 

3. Labeling of endogenous substrate 
may be perturbed by 
experimental conditrons or 
test agents 

4 Released label may be remcor- 
porated into substrate, or 
adhere to tubing 

5. Leakiness of cell membrane (or 
adherence to cells of dpm from 
the labeling period) can cause 
physrologrcally irrelevant efflux. 

6. Unanticipated metabohtes may 
contribute to efflux of 
radioactivity (see also 
item 5, above). 

a. Document reduction in substrate 
(phospholipid) by mass measurements 

b Demonstrate that quahtatrvely similar 
patterns of efflux occur in the absence of 
“chase” (but see item 4, below). 

a Document isotoprc steady state, ideally 
m both lipidic and aqueous 
compartments. 

b. See solutron lb, above 
c. Provide mass measurements of 

metabohte. 

a Document that labelmg is unaltered by 
test agents. 

b. Confirm results using exogenous 
substrate 

c. Express results as fractzonal efflux rates 
(i.e., in terms of total labeling m lipid 
extracts) 

a Provide “chase” (but see items 1 and 
2, above). 

b. Concomrtantly assess intracellular 
metabolites prior to their metabolism 
or reincorporation (e.g., IPs). 

c Block remcorporation (10). 
d. Block adherence by adding albumin to 

perifusate (including during 
premcubation period), or flushing 
line with chase 

a. Document a concurrent rise (rather than 
a declzne) m mtracellular levels of the 
metabolite (I.e., in the aqueous phase 
of cell extracts) (12) 

b. Document integrity of cell membranes 
c. Eliminate bubbles in perifusron line 
d. Wash cells extensively after labeling 

(until basal efflux rates are stable). 
a Identify metabolites in medium (amon 

or canon exchange chromatography; 
TLC system for aqueous samples) (2). 

b. Block interconversion or breakdown of 
metabohtes (e.g., using Li+ ) (4,5). 

(contmued) 
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Table 2 (continued) 

Problem Soluttons 
c. Document stotchiometrtc mtracellular 

generation of lipidic byproduct (e.g., 
dtglycertdes, phosphatidic acid, 
lysophosphohpid). 

7. Constttuents of perifuston medium a Maximize test condittons for all 
(e g., albumin [3j, fatty acids) variables. 
may Influence results. b. Confirm results from stattc mcubations 
In static mcubattons, compounds with dynamic incubattons (pertfusions) 
which mtght influence results 
(e g , Hf, msuhn (II], phospho- 
hptd metabohtes) may accumulate 
in the medmm. 

8 In neurosecretory cells, unmcor- a Vertfy findings m the presence of a 
porated label might accumulate secretory inhibitor (one not directly 
in secretory granules or vesicles, altering phospholipase acttvatton) 
and be cosecreted passively. 

6 Syringe holder (e g , cat no. 09 753 IOA, Fisher, Pittsburgh, PA) 
7. Solvent debubblers (Alltech, Deerfield, IL) 
8. Nylon filter, pore size to depend on the cells studied, e g.,62+ mesh IS used for 

perifusmg islets (Tetko, Brtarchff, NY). 
9. Pertfuston pump (e g , Monostat, New York) and tubing (l/16 m. td) 

10. Fraction collector (e g., Gilson fracttonator, Mtddleton, WI) 
Il. Water bath at 37’C 

2.3. Phospholipid Extraction from Pancreatic Islets 

1 Chloroform (high-performance hqmd chromatography [HPLC] grade) 
2. Methanol (HPLC grade) 
3 12NHCl 
4. Argon gas 
5 500 mM KC1/50 mM EDTA mixture. 
6 Polypropylene centrifuge tubes (15 mL; solvent reststant). 
7. Sonifier (Branson 450, Danbury, CO). 

3. Methods 
3.7. Labeling the Cells 

Islets are routinely cultured in Petri dishes for 18 h (see Notes 1 and 2) m 
batches of 100, m RPMI- 1640 medium containing 10% FBS, 100 U/mL peni- 
cillin, 100 pg/mL streptomycin, 11.1 mA4 glucose, 5 mA4 HEPES, and [3H]myo- 
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mositol(25 @l/mL; see Note 3) under 95% OZ. For other cells/tissue prepara- 
tions, media and labelmg conditions will require optimization along the lines 
indicated elsewhere in this volume. 

3.2. Perifusion 

1 After completion of the labeling period, groups of 100 islets are transferred mto 
each of the syringe holders, which are already fitted with the nylon mesh (see 
Note 4 and Fig. 3 inset). 

2. The islets are perifused (see Note 5) at 1 mL/mm for 30 min at 3 3 mMglucose to 
wash off any superficially adherent label and to establish a stable basal rate of 
mositol efflux and insulin secretion 

3 The preincubatton medta is then replaced by the incubation media (see Note 6), 
Islets are routmely incubated for 30-60 min. 

4 The perifusion medium consists of Krebs-Ringer bicarbonate buffer containing 
0 2% BSA (see Note 7), 1 &unlabeled myo-mositol (see Note 8), gassed with 
95% Oz, 5% CO, gas mixture and maintained at 37°C. 

5. Samples of the effluent are collected every l-2 min using the fractionator 
6. The perifusate is analyzed for the content of [3H]inositol usmg 4 mL of the scm- 

tillatlon cocktatl (Ulttmagold, Packard, Merrden, CT) and 0.5 mL of the per&sate 
(see Note 9). The rest of the medium 1s stored at -2O’C for subsequent measure- 
ment of insulin (see Note 10) 

3.3. Phospholipid Extraction 

1. At the end of the incubation (see Note 1 l), the syrmge holders are taken apart and the 
islets on their polyethylene filters are transferred to polypropylene centrifuge tubes 

2 1 mL absolute methanol, 2 mL chloroform, and 10 uL of concentrated hydro- 
chloric acid (see Note 12) are added 

3. Islets are sonified for 2 X 10 s (constant pulse) and are left overnight at 4°C under 
argon gas 

4 The next day, phase separation IS induced by addition of 750 pL of KCl/EDTA 
mix (see Note 12), followed by centrifugatton at 1200 rpm for 6 mm. 

5 The upper (aqueous) and the lower (organic) phases are separated and an aliquot 
(100 uL) of both phases is counted for content of [3H]inositol The organic phase 
is stored under argon gas at -2O’C until sample can be analyzed by TLC for 
phosphoinositides within 1 wk (see Note 13). 

3.4. Data Presentation 

1 Efflux of [“HI 1s expressed as fractional efflux/mm per 100 islets, calculated using 
the DPMs in each pertfusate sample as the numerator. The denommator is the 
(initial) total [3H]phospholipid content (determined by adding the total DPMs in 
the perifusate samples to the final [3H]-contammg phospholipid fraction of the 
islets, obtained by phosphohpid extraction of the islets at the end of the expen- 
mental incubation). At each ttme-pomt, the DPMs released during the previous 2 
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mm are subtracted from the initial total DPMs to yield the corrected denominator 
for the next sample 

2. Data are corrected for the dead space of the perifusion apparatus. 
3 The incremental responses for [3H] release can be calculated by subtracting the 

mean of the last four basal values during the premcubation period from each of 
the values during the mcubation period. Areas under the curve can be calculated 
from total mcremental DPM (i.e , after subtracting basal values) and can be 
expressed as a percentage of the [3H]-containmg phosphohpid fraction 

4. Notes 
1. The labeling compound used depends on the phospholipase activity to be stud- 

ted. For example, [3H]mosttol IS used to study phosphomositide-directed hpases, 
[3H]choline to study phosphatidylcholine (and sphingomyelin)-directed lipases, 
[3H]arachrdonlc acid to study either phosphollpase A, activity (directly) or phos- 
phohpase C acttvtty (which generates arachidonoyl- enriched diglyceride, which 
m turn is hydrolyzed sequently by dtacyl- and monoglycerol hpases). The enzy- 
matic source of the released arachidonic acid must be determined for each cell 
type (see ref. 3). The labeled islets are perifused and efflux of [3H] is monitored 
(see Fig. 1 and 2) 

2. The cells should be labeled with mosttol to tsotopic steady state. Although this 
has been shown to take many hours, some mvestigators have studied islets after 
labeling for a shorter period, even as short as 2 h (4) However, even when islets 
were studied after labeling for 18 h, only PIP2 and PIP had reached apparent 
steady-state labelmg, 50 h were required for PI (which composes 85% of total 
islet mosittdes) to be labeled to steady state (5) Hence, observattons using shorter 
periods of labeling need to be confirmed with cells labeled to isotoptc steady 
state Similar considerations should be made for studies based on labeling with 
[3H] fatty acids or choline 

3. The final specific activity of the labeled mosttol depends on the medium used For 
example, RPMI-1640 contains 35 mg/L of inositol, whereas CMRL 1066 contams 
only 0.05 mg/L of mositol. Thus, the appropriate amount of label required for the 
system needs to be established for each medium and the type of cells 

4. The nylon mesh is fitted between the metal mesh and the “0” rmg (see Fig. 3 
inset). The perifusion apparatus 1s set up as outlined m Fig. 3 Islets are pertfused 
with the chamber lying on its side or held vertically If the islets are perifused with 
holder held vertically, then chambers should not be positioned mto the water bath 
until the medium has started to flow in order to prevent the cells falling off the 
mesh Note that cells can also be retained tf suspended on columns of Sephadex 
GlO (for cells ~20 p) (6). Alternatively, cells may be grown on bto-beads (7,s). 

5 The tubing size and length should be manipulated to optimize the dead space for 
the system We routmely use tubing of l/16 in id The tubes can be primed with 
BSA (e.g ,0.5%) to prevent released msulm from adhering to the tubing. 

6 Switching of the media permits an bubbles to enter the perifusion system. To 
prevent the bubble-induced agitation of the cells, debubblers are connected to the 
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- 500 MM carbachol + 28 mM glucose 
(chase present In pre and wubabon) 

-10 0 10 20 30 40 50 

Time (minutes) 

Fig 1. Fractional efflux of [3H]cholme. illustrative responses. Islets were prelabeled 
with [3H]choline (10 pCr/mL) in batches of 100. Premcubatron media contained 3.3 mM 
glucose The mcubatron medium for first group (0) contained 2 pM TPA (without any 
chase m the medium), the second group (0) contained 200 @4 cholme (as the chase 
alone); the third group (V) contained 2 @4 TPA plus 200 luW choline, starting at 0 mm 
The fourth group (m; n = 3) was perimsed with media containmg 200 flcholme (dur- 
ing preincubatton and incubatton periods) and then was incubated with 500 l.t~U carba- 
chol plus 28 mM glucose starting at 0 mitt; the result is shown as mean f SE. The efflux 
of [3H]cholme induced by cold cholme alone presumably represents base exchange 

system as close as possible to the chambers. They are filled with adequate amount 
of the perifusion media (approx 300 pL). Instead of debubblers, a sample valve 
(Fisher, three port) may also be used 

7. Although the cell labeling for our studies has been performed using RPMI- 1640 
medium, other basic serum-free media (e.g., TCM 199 or Eagle’s medium) may 
be used for other cells/tissues 
During the actual pertfusions, we observed a dose-dependent mhtbitton of PLC 
by BSA (fraction V, RIA grade, Sigma, Fig. 4), confirmmg a previous observa- 
tion (9) Smce some BSA is required for optimal islet function and to maximally 
recover secreted insulin (see Note 5), 0.2% BSA was chosen as the best concen- 
tration to study the efflux of [3H]inositol when insulin secretion is studied con- 
currently. BSA is also recommended as a general component of perifuston media 
for other cell types, particularly in studies of fatty acid efflux. 

8. Presence of cold inosrtol in the per&ate (chase) helps to augment the response 
by inhrbrtmg reincorporatton of released label (a similar approach can be taken to 
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Fig. 2 Fractional efflux of [3H]arachidonate: representative response Islets were 
prelabeled with [3H]arachldonlc acid (10 pCl/mL) m batches of 100 One group (0) 
was perifused at 3.3 mM glucose. The second group (m) was incubated with 11 1 mA4 
glucose plus 100 pMcarbacho1, starting at 0 mm followmg the premcubatlon period at 
3 3 mh4 glucose. The media (premcubation and incubation) contained 0.5% BSA 

Syringe holder 
medium 

Male body 

Female body 

Fig 3. Perifuslon apparatus. The components of the per&ion apparatus are con- 
nected serially as indicated in the diagram The syrmge holder’s components are shown 
m the inset 

study choline efflux; see Fig. 1) We have routinely used 1 mM inositol chase in 
the preincubation and mcubatlon media. Further increases m the concentration of 
cold inositol augmented the basal efflux, but the incremental response to the ago- 
nist was unchanged (Fig. 5). 
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16 7 mM glucose 

--m- 0 2% BSA 

-10 0 10 20 30 40 50 

Time (mwtes) 

Fig. 4. Effect of BSA on fractional efflux of mositol. The islets were prelabeled 
with [3H]mosttol m batches of 100 as described The mcubation media (following 
premcubatton at 3.3 tiglucose) contained 16.7 mMglucose, starting at time 0, m the 
presence of 0% BSA (a), 0.2% BSA (m) or 0.5% BSA (A) 

9. In order to establish the identity of the [3H]metabolites in the medium, the 
medium can be analyzed by column chromatography (anion-exchange chroma- 
tography for inositol phosphates and cation-exchange chromatography for cho- 
line metabolites), as described elsewhere in this volume. Analysts of the [3H] 
content of the perifusate of the islets labeled with [3H]inositol revealed that it 
consisted almost entirely of [3H]mosttol. The increase in mositol efflux in 
response to agonist could be further abolished by mtroductron of lithium into the 
media (to impede the catabohsm of IP to inositol), indicating that the augmenta- 
tion of inositol efflux reflects phosphohpase C activation (5). 

10 Depending on the BSA concentration routinely used for insulin measurement 
(i.e., m the RIA standard curve), the perifusate concentration of BSA should be 
brought up (to a maximum of 0.5%) to prevent insulm adhering to the glass tubes 
in the assay If less than the concentration of BSA needed for RIA is present m 
the perifusate, additional BSA should be added to each sample immediately after 
collection. 

11. When the pump is turned off, cells may be washed back mto the tubing In order 
to prevent this, the chambers are removed from the inverted position in the water 
bath before the pump is turned off 

12. For studies of [3H]fatty acid-prelabeled cells, similar extractions are carried out 
without any modification. For studies of [3H]choline-prelabeled cells, stmtlar 
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I 16 7 mM glucose 

-10 0 IO 20 30 40 50 

Time (mmutes) 

Fig. 5 Effect of chase at two concentrations on fractional efflux of mositol. The 
islets were prelabeled with [3H]inositol m batches of 100 as described. The incubation 
media (following premcubation at 3.3 mM glucose) contained 16 7 mA4 glucose m 
presence of 1 mM inositol chase (0) or 5 mM mositol chase (M) 

extractions are carried out except that HCl, KCl, and EDTA are omitted and phase 
separation is mduced with 750 pL of water. 

13. For thin-layer chromatography to separate the phosphomosmdes, 2.50~pm thick 
SL60 silica gels (Whatman, Clifton, NJ) are treated with oxalate by runnmg the 
plates overnight in 1.2% potassium oxalate, dissolved in methanol and water 
(2:3). The plates are then preactlvated by heating at 1 10°C for 30 mm prior to 
loading the samples. The organic phase of the islet extract 1s dried down on ice 
under argon gas and is resuspended in 20 pL chloroformmethanol (2.1) x 2 and 
loaded onto the plates. The plates are then developed m a solvent system consist- 
mg of methanol, chloroform, ammomum hydroxide, and water (100.70 15.25) 
The relevant areas (PtdIns, PtdIns(4)P and PtdIns(4,5)P& of the plates are subse- 
quently scraped after autoradiographic exposure for 2 d at-70°C using EN3HANCE 
spray (DuPont). The scrapings are counted for [“HI content after adding 1 mL of 
methanol and 4 mL scintillation fluid. For separation of [3H]cholme-contammg moi- 
eties or identification of [3H]arachidonate metabohtes, see elsewhere this volume 
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Extraction and Measurements of Prostanoids 
and Leukotrienes by Radioimmunoassays 

Bruno Battistini, Serge Picard, Pierre Borgeat, and Pierre Sirois 

1. Introduction 

1.1. Background 

Recent advances in the mechanisms of regulation of leukotriene and pros- 
taglandin biosynthesis, as well as their mechanisms of action, have generated a 
renewed interest in this field. One can cite the cloning of enzymes involved m 
the lipoxygenase (LOX) and cycle-oxygenase (COX or PGHS) pathways, such 
as the leukotriene C4 synthase and the novel inducible COX enzyme named 
COX-2, and the clonmg of receptors to eicosanoids. The discovery of the 
inducible prostaglandm synthase, COX-2 or PGHS-2, distmct from the consti- 
tutive enzyme, renamed COX-1 (I-l., opened a new area of research toward 
the development of novel and selective nonsteroidal anti-inflammatory com- 
pounds (NSAIDs) for the improved treatment of inflammatory diseases. 
Indeed, the specific inhibition of the COX-2 isoenzyme is expected to reduce 
inflammation without the side effects (gastric and renal toxicity) associated to 
classical nonselective NSAIDs. 

1.2. Pathways 

Eicosanoid synthesis is initiated by the activation of an ubrquitous enzyme, 
the phospholipase A2 (PLA,) (EC 3.1.1.4), a phosphatide sn-2 acyl hydrolase 
(Fig. 1; ref. 5). Several types of PLAz have been reported: the 85kDa cytoso- 
lit PLA2 and the 14-kDa secreted PLAz have been most investigated in regard 
to their potential role in eicosanoid synthesis. The PLA2 catalyzes the hydroly- 
sis of sn-2 fatty acyl of membrane phospholipids generatmg free arachidomc 
acid (AA) and lysophospholipids (6). The release of AA is the rate-limiting 
step for the synthesis of eicosanoids (5). A second pathway of AA release 
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Fig. 1. Llpoxygenase (LOX), cycle-oxygenase (COX or PGHS), and other meta- 
bolic pathways of arachidotuc acid 

mvolves the sequential cleavage of phosphatidylinosrtols by PLC and diacyl- 
glyceride hpase. AA 1s a C20-unsaturated fatty acid contammg four czs double 
bonds. Once released, AA is rapidly metabolized via enzymatic and nonenzy- 
matic pathways. The mam products of AA metabolism are the prostanoids 
(prostaglandins and thromboxanes), which are synthesized via the COX/PGHS 
pathways (EC 1.14.99. l), the leukotrienes formed via the 5-LOX pathway, the 
lipoxms formed by the 5- and 12- or 15-LOX, the hepoxilins formed by the 12- 
LOX, and a number of hydroperoxy- or hydroxy- or epoxy-derivatives formed 
by the actron of either LOX or epoxygenases (cytochrome P-450 pathway). In 
the COX pathway, other enzymes are involved in the formation of prostanoids, 
for instance the thromboxane synthetase and the prostacyclin synthetase (Fig. 1). 
In the 5-hpoxygenase pathway, a cascade of enzymes such as the LTA4 hydro- 
lase and the LTC4 synthase are involved m LT synthesis (Fig. 1). 

The present chapter focuses on the measurement of prostanoids and 
leukotrienes. It describes tested methods such as radioimmunoassays (RIA) 
using 3H- or 1251-labeled tracers and charcoal or Amerlex-M magnetic separa- 
non (AM) with a brief outlook of scintillation proximity assay (SPA). 
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1.3. Mediators 

1.3.1. From the Cycle-oxygenase Pathway 

Prostaglandins were discovered in the 1930s and chemically identified in 
the early 1960s (7). Prostaglandms are classified in several types (mainly D, E, 
and I) according to the nature of functional groups on the prostanoic acid skel- 
eton, whereas thromboxanes form a different class of compounds. Prostaglan- 
dms are not stored but synthesized on cell stimulation. PGI*, also named 
prostacyclin, is the main product of the arachidomc acid metabolism in endot- 
helial cells of arteries and veins and is chemically unstable, being spontane- 
ously converted mto 6-keto-PGF,,. It inhibits platelet aggregation and 
promotes vasodilatation acting via the stimulation of adenylate cyclase m un- 
derlaying smooth muscle cells. PGEZ, another primary prostaglandin, evokes 
vasodilatatron, and increases blood flow and cardiac outflow. In vivo, PGE2 is 
very rapidly converted to an inactive metabolite ( 13,14-dihydro- 15keto PGE2) 
via the prostaglandin 15dehydrogenase and 13-reductase and excreted into 
the urine after further w-oxidation (Fig. 1). PGF2, is a weak vasoconstrictor 
but a potent bronchoconstrictor. TxA,, initially isolated from human platelets, 
is another unstable compound derived from the endoperoxldes, and spontane- 
ously hydrolyzes to yield TXB2. TXAz induces platelet aggregation and con- 
tracts numerous vascular and nonvascular smooth muscles. It opposes the 
action of PGIZ on platelets. 

1.3.2. From the Lipoxygenase Pathway 

The lipoxygenases lead to the formation of other series of arachldonic acid 
metabohtes. Three lipoxygenase isozymes, the 5-, 12-, and 15-LOXs, have 
been described in mammalian cells; the initial product of a LOX reaction with 
AA is an hydroperoxide (HpETE). In the 5-LO pathway, 5-HpETE is the pre- 
cursor of the leukotrienes. Leukotriene B4 (LTB,) is a potent chemotactic, 
chemokinetic, and leukocyte-aggregating agent. It plays a role in inflammation 
and tissue damage. LTC4, Dq, and E4 are the biologically active constituents of 
the slow-reacting substance of anaphylaxis (SRS-A). They are potent vasocon- 
strictors and bronchoconstrictors, causing also mucus secretion, vascular wall 
permeability, plasma leakage, and edema. They play a major role m an-way 
inflammation and asthma (8-10). 

2. Materials 
2.1. RlAs of Prostaglandins and Thromboxane 

1 Polyclonal antibodies (PAb) (1 bottle of lyophllized rabbit antiserum of anti-& 
keto-PGFi,, anti-PGE*, anti-PGF2,, anti-TxBz) from Sigma (St. Louis, MO). 
Store at -80°C for up to 1 yr or use as soon as possible once reconstituted at 4°C. 



2. Tritlated tracers (925 KBq [25 $!l] of [5,8,9,1 1,12,14,15(n)-3H] 6-keto-PGF,,, 
1 85 KBq (50 $i) of [5,6,8,11,12,14,15(n)-3H] PGE2, 1.85 KBq (50 ~0) of 
[5,6,8,9,11, 12,14,15(n)-3H] PGF,,925 KBq (25 @I) of [5,6,8,9,11,12,14,15(n)- 
3H] TxB,) from Amersham Store at -2O’C and use within 1 yr. Use caution, this 
1s radioactive 

3. Prostanoid standards (1 mg of PGE,, PGF,, 6-keto-PGFI, TxB,) from Sigma. 
Store at -80°C and use within 1 yr. 

4. Other chemicals (50-500 g of TRIZMA-HCl, TRIZMA base, sodium azide, gela- 
tm type A from porcine skin [300 bloom], activated charcoal untreated 100-400 
mesh, dextran T70) from Sigma Store at 25°C 

5. Scintillation flmd (4 L of PicoFluor 40) and disposable polypropylene tubes (500 
tubes of 12 x 75 mm) from Packard (Downers Grove, IL), ICN (High Wycombe, 
UK), Amersham, Hughes & Hughes (Wellmgton, Somerset, UK), and/or Sarstedt 
(A. Laurent, QC, Canada). Store at 25°C. 

2.2. RlAs of Leukotrienes 

1. The antiserum (anti-LTB4, anti-LTC4 [monoclonal], anti-LTC4/D4/E,) from 
Amersham Store at -15 to -30°C and use within 1 mo. 

2 Tritlated tracers (18 5 kBq [0 5 pCl] of [5,6,8,9,1 1,12,14,15(n)-3H] LTB4 and 
[ 14,1 5(n)-3H] LTC4 [also use for the LTC4 /D4 /Ed assay]) from Amersham Store 
at -15 to -30°C once diluted and use within 1 mo 

3 Leukotrlene standards (10 ng, 50 ng of LTB4, LTC4 [also for the LTC, /D, /Ed 
assay]) from Amersham Store at -15 to -30°C once reconstituted and use within 
1 mo. 

4. Other chemicals (assay buffer, charcoal suspension) from Amersham Store at 
-15 to -30°C once reconstituted and use within 1 mo. 

5 Scintillation fluid and tubes as Subheading 2.1., item 5. 

2.3. Extraction and Purification Procedures of Prostanoids 
or Leukotrienes 

1. Cartridges (1 box [Sep-Pak or Amprep] of 50 columns of C 18 reverse phase, 360 
mg or C2, 100 mg) from Millipore (Bedford, MA), Amersham, Bond Elut, or 
Bakerbond (Phillipsburg, NJ) Store at 25°C. 

2 Buffers (4 L of phosphate buffer, ethanol, ultrapure water, hexane, ethyl acetate, 
methanol, methyl formate, and chloroform) from BDH (Toronto, ON, Canada) 
or other suppliers. Store at 25°C under a fume hood. 

3. Methods 

3.1. RIAs for Prostaglandins and Thromboxane 

1. The antibodies are prepared by diluting one bottle of the stock antlbody m 13 mL 
of mixed TRIS buffer. This preparation will be enough to run an assay of 130 
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Table 1 
Range of Concentrations for the Standard Curves of Four Prostanoids 

Curve range, ng/mL 
Standards l”2 3456 7 8 9 10 11 12 13 

6-keto-PGF,, 2.0 10 5 2 5 125 0625 0 3125 0 156 0078 
PGF;, 80 40 20 10 5 25 125 0625 03125 0156 0078 

PGFza 10 5 25 125 0625 03125 0156 0078 
TxB, 5 25 125 0625 03125 0156 0078 0038 0019 

2 

3 

4 
5. 

6. 

tubes The mixed TRIS buffer is prepared as follows. 25 mL of TRIZMA-HCl 
(0.05 M, 1 e ,3 3 g m SO0 mL, adjust pH with HCl at 7.4 at 25°C) plus 25 mL of 
a mixture of TRIZMA-base (0 05 M, i.e., 3 3 g m 500 mL), sodium azlde (0 I%, 
1 e., 0 5 g in 500 mL), and gelatin (0.2%, i.e , 1 .O g m 500 mL) 
The [3H] tracers are prepared by diluting a certain volume (pL) of radiolabeled 
C3H] tracer in 13 mL of mixed TRIS buffer to obtain approx 5000 cpm/lOO pL 
The standard curves are prepared by adding 1 mL of TRIZMA-HCI buffer to 1 
mg of each standard to obtain stock solutrons of 1 mg/mL. Take 10 pL and add 
9 990 mL of buffer to obtain stock solutions of 1 pg/mL. Further dilute with the 
same buffer to obtain the indicated (see Table 1) concentrations by twofold dilu- 
tions For instance, to obtain the first concentration (80 ng/mL), add 80 $, of 1 
pg/mL solution to 1 mL buffer, then take 500 pL and add it to the next tube 
containing SO0 pL buffer to obtain 40 ng/mL, and so on. 
The overall RIA protocol is summarized in Table 2 
Add the various components (add first the buffer, standards, or samples, then the 
tracer, and complete with the antiserum) in 5-mL plastic tubes, mix the samples 
vigorously, cover the tubes with aluminium foil, and incubate at 4“C for 12-24 h 
(overnight). The next day, add 200 pL of activated charcoal suspenston (0 5 g of 
activated charcoal plus 0.1 g of Dextran T70 in 25 mL of 0.05 A4 of TRIZMA- 
HCl, pH 7.4) per tube on ice, except tubes 1 and 2 (1 e., corresponding to the total 
counts). It is tmportant that the dextran be in solution before the addition of the 
charcoal The suspension should be stirred and kept at 4°C on ice for at least 30 
mm before use. It should be vortexed once more just prior to use. Vortex and 
keep on ice for 10 mm. Centrifuge for 10 mm at 3000 rpm at 4°C. Transfer the 
supernatant m scmtrllation vials. Add 4 0 mL of scintillation fluid. Radioactivity 
count for 60 s/sample (cpm) 
Calculate the average counts per minute (cpm) for each set of duphcate tubes. 
Substract the NSB from all specific binding tubes (B,, standards and samples) 
Calculate the %B/Bo for each standard and sample = (std or sample cpm-NSB 
cpm)/(B, cpm-NSB cpm) x 100. Generate the standard curve by plotting % B/B, 
as a function of the lee rorostanoidsl m oe/mL. 
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Table 2 
Summarized RIA ProtocoPfor Prostaglandins and Thromboxane 

Tubes 

Volume, pL 

L3Hl 
Buffer Standards Samnles Tracer Antiserum Charcoal Total 

1,2TC 200 0 0 100 0 200 buffer 500 
3,4 NSB 200 0 0 100 0 200 500 
596 Bo 100 0 0 100 100 200 500 
Standards* 0 100 0 100 100 200 500 
Samples++ 0 0 100 100 100 200 500 

aThe standard curves (*) require 8-l 1 tubes m duphcate. The amount of buffer, tracer, etc IS 
calculated to safely run 120 tubes (++) TC, total counts (no charcoal added), NSB, nonspecific 
binding; B,, zero standard 

3.2. R/As for Leukotrienes 

1. Reconstitute the bottle of antiserum by adding 12.5 mL of assay buffer. The LTB4 
assay buffer is made of 50 mL UltraPure water, Tns-HCl(O.05 M, pH 8 6, at 25°C) 
and gelatin (0.1% w/v). The LTC4 assay buffer 1s made of 50 mL of Ultrapure 
water, phosphate (0 05 M, pH 7 4), NaCl(O.14 M), and gelatin (0.01% w/v). 

2 The tracer is m 250 $ of methanol:water:acetic acid (60:40:0.1), pH 5.6. Add 
250 @, to 12.5 mL of assay buffer. It gives approx 2700-2900 cpm/lOO $ (total 
counts). 

3. The standard curve for LTB4 is prepared by addmg 2 5 mL of assay buffer to the 
lyophilized vial (10 ng). Pipet 500 pL of the stock (4 ng/mL) and add to 500 pL 
of assay buffer (tube 1: 2 ng/mL) Further dilute with the same buffer to obtain 
the indicated (see Table 3) concentrations by twofold diluttons. 
The standard curve for LTC, /D, /E4 (include LTCJ is prepared by dilutmg 50 pL 
of the stock (50 ng in 250 pL of 0.05 M phosphate buffer:ethanol [2: l] pH 6 9, 
i.e., 200 ng/mL) with 1.2 mL of assay buffer (resulting: 8 ng/mL). Ptpet 500 pL 
of the stock (8 ng/mL) and add to 500 $ of assay buffer (tube 1: 4 ng/mL). 
Further dilute wtth the same buffer to obtain the indicated (see Table 3) concen- 
trations by twofold dilutions. 

4. The overall RIA protocols are summarized m Tables 4 and 5. 
5. Add first the buffer, standards or samples, then the tracer and complete with the 

antiserum. After the addition of the various components in polypropylene tubes, 
mix the samples vigorously and incubate for 2 h at 25OC (for LTB,) or 1 h at 
37’C (for LTC,/D,&) Alternatively, the tubes may be incubated for both LTB4 
and LTC4/D4/E4 assays overnight at 2-8°C Cover the tubes with alumimum foil 
The next day, prepare the charcoal suspension; gently mix and keep at 4’C on ice 
for at least 30 min before use. It should be vortexed once more just prior to use. 
Add 200 & of activated charcoal suspension (50 mL Ultrapure water, 2 0% w/v 
charcoal, 0.4% w/v of Dextran T70, 0.05 M Tris-HCl, pH 8.6, and 0.1% w/v 
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Table 3 
Range of Concentrations for the Standard Curves of Leukotrienes 

Curve range, ng/mL 

Standards la 2 3 4 5 6 7 8 

LTB, 2 1 0.5 0.25 0.125 0 062 0031 0 016 
LTC,/DJE, 4 2 1 0.50 0.25 0 125 

aTubes 

Table 4 
Summarized RIA Protocol for LTB4 

Volume, pL 

Tubes [3H1 *“l- 1 Charcoal 1 Total Buffer Standards Samples Tracer serum 

1,2TC 200 0 0 100 0 200 buffer 500 
3,4 NSB 200 0 0 100 0 200 500 
596 B, 100 0 0 100 100 200 500 
Standards* 0 100 0 100 100 200 500 
Samples++ 0 0 100 100 100 200 500 

TC, total counts (no charcoal added), NSB, nonspecific bmdmg, B,, zero standard 
The standard curve (*) requires 8 tubes m duphcates. The amount of buffer, tracer, and so on 

IS calculated to safely run 125 assay tubes (j-7) 

Table 5 
Summarized RIA Protocol for LTC4/D4/E4 

Tubes 

Volume, & 

[3H] Ant]- 
Buffer Standards Samples Tracer serum Charcoal Total 

1,2TC 300 0 0 100 0 250 buffer 650 
3,4 NSB 300 0 0 100 0 250 650 
5,6 B, 200 0 0 100 100 250 650 
Standards* 100 100 0 100 100 250 650 
Samples++ 100 0 100 100 100 250 650 

TC, total counts (no charcoal added), NSB, nonspecIfic binding, B,, zero standard 
The standard curve (*) requires 6 tubes m duphcates. The amount of buffer, tracer, and so on 

IS calculated to safely run 125 assay tubes (tt) 
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gelatin) per tube on ice, except tubes 1 and 2 (i e , correspondmg to the total 
counts). Vortex and keep on ice for 10 mm. Centrifuge for 10 min at 3000 rpm at 
4°C Transfer-t the supernatant in scmttllatton vials Add 10 mL of scintillant. 
Radioactivtty count for 4-mm samples in a p-scmtillation counter 

6 To calculate the average cpm, average the absorbance readings of NSB wells and 
Bo wells Bo - NSB = corrected Bo %B/Bo = (Isamples and standards cpm - 
NSB cpm] / corrected Bo) x 100. Plot %B/Bo (v-axis) agamst the Log of the LT 
concentration (in pg/mL) (x-axis) Values X30% and <20% should be reassayed. 

3.3. Extraction and Purification Procedures of Prostanoids 
or Leukotrienes 

3.3.1. Solid Phase Extraction of Prostaglandins and Thromboxane 

3.3 1 .l. ACCORDING TO CAYMAN CHEMICAL (ANN ARBOR, Ml) 

1, Add 4 mL of 0.1 Mphosphate buffer, pH 4 0, to 250 pL of plasma, urine, or other 
fluids and vortex. 

2 Activate the Cl8 reverse-phase cartridge (360 mg) by rmsmg with 2 5 mL of 
ethanol and then 2.5 mL of Ultrapure water. Do not allow the cartridge to dry 

3. Run the sample through the column. 
4. Rinse with 2 5 mL of water and then 2.5 mL of HPLC-grade hexane 
5. Elute with 2.5 mL of ethyl acetate contaming 1% methanol and keep the eluant. 
6. Evaporate under reduced pressure (for example, using a Speed-Vat evaporator) 

or under a stream of nitrogen. 
7. Reconstitute with * 250 pL of EIA buffer, vortex, and run the assay. 

3.3.1.2 ACCORDING TO AMERSHAM (ALSO INCLUDE LEUKOTRIENES) 

1 Add 125 pL of 2 MHCl, to actdtfy at pH 3.0, 500 pL of plasma, urine, or other 
fluids and vortex 

2 Activate the C2 cartridge (100 mg) by rmsmg with 2 mL ethanol and then 2 mL 
of Ultrapure water Do not allow the cartridge to dry 

3. Run the sample through the column 
4. Rinse with 5 mL water, then 5 mL 10% ethanol and finally 5 mL HPLC-grade 

hexane. 
5 Elute with 5 mL methyl formate and keep the eluant. 
6. Evaporate under reduced pressure (for example, using a Speed-Vat evaporator) 

or under a stream of nitrogen. 
7 Reconstttute with +250 pL EIA buffer, vortex, and run the assay. 

3.32. So/id Phase Extraction of Leukotrienes 

3.3.2.1. ACCORDING TO CAYMAN CHEMICAL 

1 Add 4 mL of 0.1 Mphosphate buffer, pH 4 0, to 250 pL of plasma, urine, or other 
fluids and vortex 

2 Activate the Cl8 cartrtdge (360 mg) by rinsmg with 2.5 mL ethanol and then 2.5 mL. 
Ultrapure water 
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3. Run the sample through the column. 
4 Rmse with 2.5 mL water and then 2.5 mL HPLC-grade hexane. 
5. Elute with 2.5 mL 90 ethanol: 10 water and keep the eluant. 
6. Evaporate under reduced pressure (for example, using a Speed-Vat evaporator) 

or under a stream of mtrogen. 
7 Reconstitute with 250 p.L EIA buffer, vortex, and run the assay 

3.3.3. Liquid Phase Extraction for Prostaglandins, Thromboxane, 
and Leukotrienes 

3 3.3.1. ACCORDING TO AMERSHAM 

1. Add 1 mL acetone to 500 pL of sample and shake for 2 mm. 
2 Centrifuge at 10,OOOg at 4°C for 5 min. 
3. Add 2 mL HPLC-grade hexane to the supernatant. 
4 Shake for 2 min and centrifuge at 10,OOOg at 4°C for 5 mm. 
5. Discard the upper layer of hexane. 
6 Adjust pH of the lower layer to 3.04.0 with 1 M citrtc acid. 
7 Add 2 mL chloroform and shake for 2 mm 
8 Centrifuge at 10,OOOg at 4°C for 5 mm. 
9. Keep the lower layer and re-extract the top layer with 2 mL chloroform. 

10. Combme the two chloroform extracts 
11 Evaporate under reduced pressure (for example, using a Speed-Vat vacuum 

evaporator) or under a stream of nitrogen. 
12. Reconstitute with 250 pL EIA buffer, vortex, and run the assay. 

4. Notes 

4.1. R/As of Prostaglandins and Thromboxane 

1. The RIAs are dextran-coated charcoal [3H] RIAs, using charcoal adsorption as a 
mean of separation. The assay is based on the competition between unlabeled 
prostanords (either standards or samples of PGE2 6-keto-PGF,,, PGF,, or TxB2) 
and a fixed quantity of the respectrve tracer ([jH] or [125I] prostanoids) for a 
limited number of bmdmg sites on a specific antibody With fixed amounts of 
antibody and radioactive hgand, the amount of radioactive ligand bound by the 
antibody will be inversely proportional to the concentration of added nonradio- 
active ligand (either a standard or a sample) 

2. The proposed methods can be used without any extraction procedures with samples 
containing culture medra with less than 10% serum, or superfusion buffers (i.e., perfu- 
sates from lungs or kidney). Important: These assays are not suitable for direct use with 
plasma For plasma, urine, or other biological fluids, tt is necessary to extract before 
assaying (see Subheadings 2.3., 3.3., and 4.3.). Blood samples should be centrifuged 
nnmedrately after collection in sodium citrate or EDTA to obtain plasma samples 

3. Antisera have been developed m rabbit using a given prostanoid lmked to BSA 
as the immunogen. Antisera are provided as prediluted and lyophthzed with either 
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no preservative added or 0.02% sodmm azide. Prior to reconstitution, they can be 
stored for months at 24°C (see Subheading 2. for stability and Subheading 3. 
for reconstitution) 

4. The spec#iclty of each antisera, as evaluated by the manufacturer (m the present 
cases, Sigma), 1s presented m Table 6. 

5 The sensitivity of each RIA, as evaluated by the manufacturer (Sigma), IS pre- 
sented in Table 7 

6 Again, use caution while handling, storing, and dlsposmg of radioactive mate- 
real All chemicals should be considered as potentially hazardous. For Instance, 
sodium azlde IS classified as toxic when undiluted. 

7. Antibodies, tracers and/or standards are available separately (from Sigma, 
Amersham, NEN Du Pont [Wilmmgton, DE], Cascade-Assay Designs [Ann Ar- 
bor, MI], Cayman, or ICN [Costa Mesa, CA]) for the RIAs of PGE,, 6-keto- 
PGF,,, PGF,,, TxB,, and some other prostanolds. Prostanold RIA kits (using 
either [3H] prostanoids or [1251] prostanoids with various separation techniques 
such as charcoal adsorption and second antlbodylprotem preclpltatlon, Kodak 
Amerlex-M (antibody-coated magnetic particles), or the Scmtlllatlon Proximity 
Assay (SPA system) containing all necessary reagents are available from 
Amersham (Blotrak) or NEN DuPont. 

8. The Amerlex-M second antibody reagent 1s a donkey antirabbit serum coated on 
to magnetizable polymer particles. A specific antibody bound to a given prosta- 
noid 1s reacted with the Amerlex-M second antibody. Separation of the antlbody- 
bound fraction 1s made by either magnetic separation or centrlfugatlon (for 10 mm 
at 1500g) and decantatlon of the supernatant. Radioactivity 1s measured m the 
pellet (Note: In the charcoal adsorption, it IS measured m the supernatant). 

9 The Amersham SPA assay use specific antibodies (for example PGE, antiserum) 
that are coupled onto fluomlcrospheres (beads containing scmtlllant) It ehml- 
nates the need to separate antlbody bound from free ligand, and the use of 
scmtillant. It is rapid, simple, and as sensitive as common RIAs In the case of 
PGE2, the assay 1s based on the conversion of PGE2 to methyl oxlmate PGEz 
derivate (more stable) by methoxamme hydrochloride. (Contact Amersham for 
more details ) 

4.2. RIAs of Leukofrienes 
10. The RIAs are charcoal [3H] RIAs. The assay is based on the competition between 

unlabeled leukotrienes (LTB4, LTC4, or LTC4/D4/E4) and a fixed quantity of the 
respective tracer ([3H] leukotnenes) for bmdmg to a limited quantity of an antl- 
body With fixed amounts of antibody and radioactive hgand, the amount of 
radioactive hgand bound by the antibody will be inversely proportional to the 
concentration of added nonradioactive ligand (either a standard or a sample). 
Measurement of the protein-bound radioactivity enables the amount of unlabeled 
LTs in the sample to be determined. Separation is achieved by adsorption of the 
free LTs on to charcoal followed by centrifugation (see above). Measurement is 
done m the supernatant 
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Table 6 
Percent Crossreactivity (50% B/B, displacement to) 

Crossreactant 6-keto-PGFr, PGE2 PGb. TxB2 

6-keto-PGF 1 a 
13-14-dihydro-15- 

keto-PGE2 or PGFza 
PGA, 
PGA, 
PGB, 
PGB2 
PGE, 
PGE2 
PGFI, 
PGFza 
TxA2 

100 
0.1 

0.8 
0.2 
06 
0.6 

23.0 
4.0 
17.5 
7.0 
0.6 

co. 1 
co. 1 

1.5 co.01 
2.0 co.01 
0.6 co.01 
1.4 co.01 

270 x0.1 
100 <o 1 
3.2 60 0 
34 100 

co. 1 
<o 1 
co. 1 
co 1 
co.1 
co.1 
co.1 
0.5 
100 

Table 7 
Maximal Sensitivity of Prostanoid 
RlAs Using the Charcoal Adsorp 
tion Method and Sigma’s Antisera 

Prostanoids 
Detection limit 
(at 90% B/Be) 

6-keto-PGFr. 
PGE, 
PGF2, 
TxB, 

10 pg/tube 
15 pg/tube 
5 pgltube 
4 pgltube 

11. SeeNote 
12. The specificity of each antisera, as evaluated by the manufacturer (in the present 

cases, Amersham), is presented in Table 8. 
13. The sensitivity of each RIA, as evaluated by the manufacturer (Amersham), is 

presented in Table 9. 
14. Again, use caution while handling, storing, and disposmg of radioactive material. 
15. Antibodies, tracers and/or standards are available separately (from Amersham, 

NEN Du Pont, Cascade-Assay Designs, Cayman, and ICN) for the RIAs of LTB4, 
LTC$, and LTC,/D4/E,. A number of RIA kits (using [3H] leukotrienes) are avail- 
able for the determination of these leukotrienes, one of which usmg the SPA 
system (Amersham or NEN DuPont). An SPA kit assay is also available for LTB4 
from Amersham 
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Table 8 
Percent Crossreactivity (50% B/B, displacement to) 

Crossreactant LTB4 LTC4 LTC4/D4/E4 

S(S)-HETE 
6-trans-LTB4 
11 -trans-LTD4 
11 -trans-LTE4 
12(S)-HETE 
1 S(S)-HETE 
20-hydroxyl-LTB4 
20-OH-LTB4 
LTB4 
LTC, 
LTD, 
LTE4 
LTF‘, 
TxB, 
PGF2, 
6-keto-PGF , a 
AA 

co.043 
16 6 

co 001 
co 001 

co.07 
co 04 

co.00 1 
39 
100 

<O 025 
~0 025 
CO.025 

co.035 
co.047 
<o 039 
co.039 

0 355 

co.00 1 0.455 
100 100 
54 181.8 
05 92.9 

121 3 
CO 018 
CO 018 
~0 018 
0218 

Table 9 
Selectivity and Maximal Sensitivity of Leukotriene RlAs According 
to Amersham Assay Kits 

Leukotrlenes 
Nonspecific 

bmdmg 
Specific bmdmg 

of tracer 
Detection limit 
(at 90% B/Be) 

LTB, 
LTC, 
LTC,/D,/E, 

2 3-2.6% 

46-53% 

39-44% 

2 8-3.0% 

15 pg/mL (1 5 pg/tube) 
80 pg/mL (8 pg/tube) 
50 pg/mL (5 pg/tube) 

4.3. Extraction and Purification Procedures of Prostanoids 
or Leukotrienes 

1. Solid-phase extraction procedures as modified from Cayman or Amersham and 
liquid phase extraction from Amersham. 

2. Although many assays (see Table 1 m Chapter 18) have been validated for urine, 
plasma, or other biological fluids, interferences may lead to erroneous results. It 
1s prudent to purify the sample for consistency It 1s very important that all the 
organic solvent be removed as traces interfere with the assays. These extraction 
procedures can be validated by using an exogenous sample of radiolabeled 
metabolite (spike) run through the same procedure to assess the recovery rate. 
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I.7 

Measurements of Prostanoicis, Leukotrienes, 
and lsoprostanes by Enzyme lmmunoassays 

Bruno Battistini, Serge Picard, Pierre Borgeat, and Pierre Sirois 

1. Introduction 
We have summarized in Chapter 16 the recent advances in the mechanisms 

of regulation of leukotriene and prostaglandin biosynthesis and then pathways 
of synthesis. We have outlined a detailed summary for measurmg prostaglan- 
dins, thromboxane, and leukotrienes via radioimmunoassays, and evoked the 
new scintillation proximity assays (SPAS). This chapter also focuses on the 
measurement of prostaglandins, thromboxane, leukotrienes, and isoprostanes, 
but via enzyme immunoassays (EIAs). 

We are adding one group of mediators that we have not discussed until now: 
The isoprostanes. Lipid peroxidatton (free-radical catalyzation) leads to the 
formation of this unique series of nonenzymic (non-COX-derived) arachidonic 
acid metabolites dubbed isoprostanes. They are potential mediators of oxidant 
inJury (1). F2-isoprostane (or 8-epi PGF,,) is a potent renal vasoconstrictor 
(2); it also constricts guinea pig and human airway smooth muscles (3). The 
measurement of isoprostanes may have a diagnostic utility in the assessment of 
lipid peroxidation in humans. 

2. Materials 
2.1. E/As of Prostaglandins and Thromboxane 

1. Antibodies (anti-&keto-PGF,,, anti-PGE2, anti-PGF*, and anti-TxBJ from Cay- 
man (Ann Arbor, MI). Store at -2O’C for up to 1 yr or use within 4 wk once 
reconstituted at 4°C. 

2. Tracers (linked to acethylcholmesterase; AChE:6-keto-PGF,,, AChE.PGE*, 
AChE:PGF2, AChE:TxB& from Cayman. Store at -20°C for up to 1 yr or use 
within 2 wk once reconstituted at 4°C. 

From Methods m Molecular Biology, Vol 705. Phospholrpd S/gnalmg Protocols 
Edited by I M Bird 0 Humana Press Inc , Totowa, NJ 
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3. Buffers (EIA buffer, wash buffer, Tween-20) from Cayman Store at -20°C for 
up to 1 yr. 

4. Prostanoid standards (5 ng/mL of PG&, PGF,,, 6-keto-PGF,,, and TxB,) from Cay- 
man. Store at -20°C for up to 3 mo or use within 6 wk once reconstituted at 4°C 

5. 96-Well plates are precoated with mouse antirabbtt monoclonal IgG antibodies 
for 6-keto-PGF,,, PGFZa, and TxBz or with goat antimouse polyclonal antibodies 
for PGE2, from Cayman. Store at -20°C for up to 3 mo. 

2.2. ElAs of Leukotrienes 

1 These Cayman EIA kits can be stored at -80°C for more than 6 mo. 
2. Antibodies (rabbit anti-LTB,, anti-LTC4, and anti-LTE,) 
3 Tracers (linked to acethylcholmesterase; AChE.LTB4, AChE:LTC,, andAChE:LTE4). 
4 Buffers (EIA buffer pack, wash buffer pack, Tween-20) 
5 Leukotriene standards (5 ng/mL of LTB4, LTC$, and LTE,) 
6 96-Well plates are precoated with mouse antirabbit monoclonal IgG antibodies. 

2.3. E/A of Sisoprostane (8-iso PGFzJ 

1. This Cayman EIA kit can be stored at -20°C for more than 6 mo. 
2. Antibodies (anti-8-uo PGF2,). 
3. Tracers (AChE.S-uo PGF,,) 
4. Buffers (EIA buffer packet, wash buffer packet, Tween-20). 
5. Standards (5 ng/mL of 8-zso PGF,,) 
6. 96-well plates are precoated with mouse antirabbit monoclonal IgG antibodies. 

3. Methods 
3. I. E/As of Prostaglandins and Thromboxane 

1. The antibodies are prepared by reconstituting the antiserum (one bottle) with 30 
mL EIA buffer. The EIA buffer is prepared by dissolving one EIA buffer packet 
in 500 mL Ultrapure water. The EIA-mixed buffer is a 1-L phosphate buffer 
preparation (to prepare, add 500 mL of 1 MNaH2P04 [59.99 g m 500 mL] to 500 
mL of 1 MNa,HPO, [70 98 g m 500 mL] until reaching pH 7 4) to which you add 
100 mg sodium azide, 23.4 g sodium chloride, 370 mg tetrasodmm EDTA, and 1 
g bovine serum albumin (BSA). Stir at 25°C until dissolved. 

2. The AChE tracer (bottle) are reconstituted with 30 mL of EIA buffer. 
3. The standard curves are prepared by reconstitutmg the standard vial with 1 mL 

EIA buffer. Further dilute with EIA buffer to obtain the followmg concentrations 
by doubling dilutions Take 100 pL of the first tube (5 ng/mL), add 900 pL of 
EIA buffer to give 500 pg/mL, take 500 pL and add it to the next tube containing 
500 pL of EIA buffer to obtain 250 pg/mL, and so on (see Table 1) 

4. The overall EIA protocol is summarized in Table 2. 
5. Use plates precoated with mouse monoclonal antibodies (which are antirabbit 

IgG) blocked with a proprietary formulation of blocking agents. After the addi- 
tion of various components m wells (see Table 2), cover the plate with a plastic 



Prostanoid, Leukotriene, and lsoprostane Measurement 203 

Table 1 
Range of Concentrations for the Standard Curves of Four Prostanoids 

Curve range, ng/mL 

Standards la 2 3 4 5 6 7 8 

6-keto-PGF,, 1000 0 500 0 250 0 125 00625 0.0313 00156 0 0078 
PGEz 1000 0 500 0 250 0.125 00625 0.0313 00156 00078 

PGF2, 1000 0.500 0 250 0 125 0.0625 0.0313 00156 0 0078 
TxB, 1000 0 500 0.250 0.125 0 0625 0.03 13 0 0156 0 0078 

“Tubes 

Table 2 
Summarized EIA Protocol for Prostaglandins and Thromboxane 

Volume, pL 
- 

AChE 
Tubes Buffer Standards Samples Tracer Antibody Total 

1,2 B 0 0 0 0 0 0 
3,4 NSB 100 0 0 50 0 150 
536 B, 50 0 0 50 50 150 
7,8 TA 0 0 0 0 0 0 
Standards* 0 50 0 50 50 150 

9-24 
Samples 0 0 50 50 50 150 

25-98 

The standard curves (*) require eight wells m duphcate. 
B, blank, NSB, nonspecific bmdmg, B,, maxlmum bmdmg; TA, total actlvlty 

film, and incubate at 4°C for 18 h (overnight) Empty the plate and rinse five 
times with washing buffer (the washing buffer is prepared by dissolving one 
washing buffer pack m 500 mL of Ultrapure water; the buffer IS a 4.0 Mphosphate 
solution at pH 7.4). Add 0.25 mL Tween-20 to the buffer before use. Add 200 pL of 
Ellman’s reagent to each well (one vial reconstituted with 50 mL of Ultrapure 
water; protect from light) Add 5 & of AChE tracer to the “TA” well Shake with 
an orbital shaker m the dark for 90-I 20 min, i e., until Bo wells equal m the range 
of 0.3-0.8 AU (absorbance umt). Read at 412 nm (distinct yellow color). 

6. Calculate the average of the absorbance readings of NSB wells and Bo wells 
Bo-NSB = corrected Bo. % B (for samples and standards)/B, = (samples or std 
absorbance+NSB) x 100 Plot % B/B, (y-axis) vs the Log of the eicosanoid con- 
centration (m pg/mL) (x-axis). Values greater than 80% and less than 20% should 
be reassayed. 
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Table 3 
Range of Concentrations for the Standard Curves of Leukotrienes and 84soprostane 

Curve range, ng/mL 

Standards la 2 3 4 5 6 7 8 9 

LTB, 1000 0 500 0250 0 125 00625 00313 00156 0 0078 0.0039 
LTC, 1000 0 500 0250 0 125 0 0625 00313 00156 0 0078 0 0039 
LTE, 1000 0 500 0 250 0.125 00625 00313 0.0156 0 0078 0 0039 
8-lsoprostane 1000 0 500 0 250 0 125 0.0625 00313 0 0156 0 0078 0.0039 

OTubes 

3.2. ElAs of Leukotrienes and 8-1 lsoprostane 

Proceed as described in Subheading 3.1., but with the Standards m Table 3. 

4. Notes 
4.1. EIAs of Prostanoids 

1 These EIAs are acetylcholinesterase (AChE)-based EIAs available as krts from 
Cayman The assay can also be run with your own anttbody (or from another 
source) to a specific prostanoid. Each of the kit components are available sepa- 
rately The assay is based on a competition between a free prostanoid (the stan- 
dards or the samples) and the correspondmg prostanotd tracer (metabolite lmked 
to an AChE molecule) for a lrmtted number of the prostanoid-spectfic rabbit an- 
tiserum binding sites (II). The concentration of the tracer is held constant as the 
concentration of the standard or sample varies. Thus, the amount of tracer that 1s 
able to bind to the antiserum ~111 be mversely proportional to the concentration 
of the free prostanoid in the well (absorbance a [bound tracer] a [ Uprostanotd]) 

2 It is imperative to have good ptpetting technique. If nonspecific bmdmg (NSB) is 
high, it might have been exposed to the specific antibody or poorly washed. If the 
maximum binding (B,) is low, the water may be contaminated with organic sol- 
vents (use deionized water that is ultrapure), the plates require more develop- 
ment time, or the Ellman’s reagent 1s degraded 

3. Although many assays (see Table 1 in Chapter 18) have been validated for urine, 
plasma or other biological fluids (i.e., culture medta), interferences may lead to 
erroneous results using EIAs. Therefore, it remains prudent to purify the sample 
for consistency. Solrd-phase extraction or liquid phase extraction procedures for 
prostaglandins, thromboxane, and leukotrienes, as modified from Cayman or 
Amersham, are described m Chapter 16. 

4 The antiserum for three of the four prostanords is isolated from rabbit blood and 
bound to the mouse monoclonal rabbit antrbodtes previously attached to the well. 
The anttserum for PGE, is a monoclonal antibody that binds to goat antimouse 
polyclonal antibodies (PAb). 
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Table 4 
Percent Crossreactivity (50% B/B, displacement to) 

Crossreactant 6-keto-PGF ia PGE2 PGF2, TxB2 8-isoprostane 

6-keto-PGF,, 
13-14-dihydro 

- 15-keto-PGE, 
or PGFza 

PGA, 
PGA, 
PGB, 
PGB, 
PGD2 
PGE, 
PGE2 
PGFl, 
PGb. 
TxB, 

100 1.0 
co.01 

co.0 1 

co.01 
co.01 

co.01 co.01 
18.7 

0.92 100 
08 co.01 
2.1 co.01 

coo1 KO.0 1 

2 co.01 0.1 
co.01 

co.01 
coo1 
co.01 
<O.Ol 

7 0.44 01 
co. 1 0.2 
co.1 <O.Ol 0.2 
100 0 05 02 
100 0 22 0.14 

co. 1 100 0.04 

Table 5 
Mid and Maximal Sensitivity of Prostanoid 
and 8-lsoprostane ElAs According to Cayman Assay Kits 

50% B/B,, Detection limit 
Prostanoids m&L (at 80% B/B,,) 

6-keto-PGF ia 58 4 15 4 
8-isoprostane 31.4 6.0 
PGE2 112 29 
PGF2, 84.6 14 2 
TxB, 53 9 7.4 

5. The specificity of each antisera, as evaluated by the manufacturer (in the present 
cases, Cayman), is presented in Table 4. 

6. The sensitivity of each antisera, as evaluated by the manufacturer (Cayman), IS 
presented in Table 5. 

7. Some of the kits from Cayman (i.e., for PGD2) require derivation prior to use. 
For the detemination of PGE,, it may be advisable to use the bicycle PGE2 EIA 
that involves conversion of all major PGE2 metabolites into one single dertvative 
(i.e., bicycle PGE2) since PGE2 is rapidly metabolized m the circulatory system 
(half-life: 30 s). The enzyme label is still acetycholinesterase (AChE). It may 
offer a kinetic superronty, low background, high sensitivity, precision, and ver- 
sat&y (unlike peroxtdase) 
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Table 6 
Percent Crossreactivity (50% B/B, displacement to) 

Crossreactant LTB4 LTC4 LTE4 Pepttdo-LT 

5(S)-, 12(S)-DIHETE coo1 
5( S)-HETE 0.03 
6-trans LTB4 39 
6-trans- 12-epi-LTB, 0.7 
12(S)-, 15(S)-HETE co.01 
20-carboxy-LTB4 co.01 co.01 
20-hydroxy-LTB4 0.5 
LTB4 100 coo1 coo1 co 01 
LTBs 100 <o 01 co.01 
LTC4 co 01 100 10 100 
LTDz, co.01 20 9 100 
LTE,, <o 01 16 1 100 67 
LTF4 coo1 NA 

Table 7 
Mid and Near Maximal Sensitivity of Leukotrienes 
ElAs According to Cayman Assay Kits 

50% B/B,, Detection limit 
Prostanoids pg/mL at >80% B/B, 

LTB4 27 7 
LTC4 93 25 
LTE4 191.9 28 7 

8. EIA kits are also available for the determination of prostanords from Amersham 
using horseradish peroxidase (HRP) analytes as tracers instead of AChE. Coat- 
mg is done with donkey antirabbit. 

4.2. E/As of Leukotrienes 

9. Antibodies, tracers, and/or standards are availabe separately (from Cayman) for 
the EIAs of LTB4, LTC4, and LTE4 Leukotrtene EIA kits (also for a nonselective 
peptido-leukotrienes, i.e., LTC4/D4/E4 together) containmg all necessary reagents 
are available from Cayman, Amersham, or Cascade-Assay Designs. 

10 The specificity of each antisera, as evaluated by the manufacturer (Cayman), 1s 
presented m Table 6 

11. The sensitivity of each RIA, as evaluated by the manufacturer (Cayman), is pre- 
sented m Table 7. 

12. An EIA kit (only for LT C4/D4/E4) is available from Amersham, using horserad- 
ish peroxtdase (HRP) analytes as tracers instead of AChE. 
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4.3. E/A of 8hoprostane 
13 Antibodies, tracers, and/or standards are all available separately (from Cayman) 

for the EIA of 8-isoprostane (g-u0 PGF,,). 
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Measurements of Arachidonic Acid Metabolites 
Derived from the Lipoxygenase Pathways by High- 
Pressure Liquid Chromatography 

Pierre Borgeat, Serge Picard, Bruno Battistini, and Pierre Sirois 

1. Introduction 
We have summarized in Chapter 16 the recent advances m the mechanisms 

of regulation of leukotriene and prostaglandin biosynthesis and their pathways 
of synthesis. This chapter focuses on the measurement of the leukotrlenes and 
other LOX products by high-pressure liquid chromatography (HPLC). At this 
point, we also present a complete summary m Table 1 comparing the various 
approaches used for the measurements of arachldonic acid metabolites derived 
from the prostaglandin endoperoxide synthase and the hpoxygenase pathways, 
as presented in Chapters 16-l 8. 

2. Materials 
1. Two HPLC pumps (Beckman, Fullerton, CA model 1 10B). 
2 Two pumps (Scientific System, State College, PA, model 300). 
3. Autosampler allowing inJection of 2-mL samples (such as the Waters, Milford, 

MA, Wisp autosamplers). 
4. Photometer allowing dual wavelength (229-235 and 270-280 nm) detection, or 

two fixed-wavelength photometers. 
5. Solvent selectlon valve (Waters SSV). 
6 Two double, three-way, air-actuated high-pressure valves (Rheodyne, Colalt, CA 

models 7030 and 5701) 
7 Dynamic mixmg chamber 
8. Inline filters (2-w pore size). 
9. One Lee Visco-Jet Micro-Mixer with 250 pL internal volume. 

10. Computer for the integrated control of the HPLC system and for data acquisition 
and processing. 

From Methods in Molecular Biology, Vol 105 Phospho/pd S/gna/mg Protoco/s 
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11. Columns and cartridges: Waters Resolve Cl8 Radial PAK cartridges (5-pm par- 
ticles of 5 x 100 mm) or Waters Resolve C,, steel column (5-pm particles of 
3.9 x 150 mm); Beckman Ultrasphere ODS C,s column (5-pm particles of 
4.6 x 150 mm); Waters analytical Resolve Silica and Resolve C,, Guard-Pak 
mserts (precolumns). 

12 Arachtdomc acid metabolite standards (prostaglandin B,, leukotrtene B,, 
leukotrtene C,, leukotrlene D,, leukotriene E,, 5-HETE, and 19-OH prostagl- 
andm B2) from Cayman (Ann Arbor, MI), Cascade Biochem (Ann Arbor, MI), or 
Biomol (Plymouth Meeting, PA). 

3. Methods 
3.1. Mobile Phases (see Table 2) 

3.2. HPLC System Program (see Table 3) 

Suitable for the HPLC system tllustrated m Table 3. 

3.3. The HPLC System 
1 The scheme of the HPLC system used for automated on-line extraction and pro- 

filing of lipoxygenase products is shown in Fig. 1. 
2. Brological samples and HPLC standards are prepared as follow To 1 mL of cell 

suspension (containing no serum or plasma; see Note 9 for more complex 
samples), add 0 5 mL of a mixture of methanol:acetonitrile (1.1, v:v) contaming 
12 5 ng each of 19-OH-PGBz and PGB2 as internal standards 

3. Complete the volume to 2 mL with methanol. 
4 Store at -20°C overnight 
5. Centrifuge at 1 OOOg for 10 min to pellet the precipitated material 
6. Pour out the supernatants mto autosampler vials (4-mL vials are used with WISP 

autosampler) 
7 Prepare a mixture of HPLC standards contammg 12 5 ng each of the following 

products. 19-OH-PGB2, 20-OH-LTB4, PGBz, LTB4, LTC,, LTD4, LTE4, and 
50 ng 15-HETE per mL of methanol:water (1: 1) Add 1 mL methanol.water (1.1) 
to 1 mL of the mixture of HPLC standards, and pour the diluted mixture mto a 4-mL 
vial. Figure 2 shows a chromatogram illustrating the separation of the various 
hpoxygenase product standards 

4. Notes 
1 The HPLC methodology described offers several advantages for analysis of 

lipoxygenase products. In contrast to EIA or RIA methods that measure a single 
compound at a time, HPLC allows the profilmg of several products present in a 
biological sample, such as HETEs, various LTs (LTB4 and cysteinyl-LTs), 
metabohtes of LTB, (and cystemyl-LTs), lipoxins, and even the COX product 
12-hydroxy-heptadecatrienoic acid, thus providing more mformatton on the AA 
metabolite content of a given sample. The on-line extraction not only ehmmates 
time-consuming procedures, but most importantly, mmlmrzes sample losses and 
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Table 2 
Composition of Solvent Mixtures 

Volume, % 
A B C D 

Water 54 5 20 100 
Methanol 23 63 80 
Acetonitrlle 23 32 
H3P04 0.01 0.01 0.06 0.05 
DMSOa 0.011 0 0036 

“DMSO, dlmethylsulfoxlde. 
%e pH of solvent mwtue C 1s adJusted to 4.5 (apparent pH) wng ammonum hydromde (2 A$ 

Table 3 
HPLC System 

Time 

Solvent Mixtures Q % 3 
A B C External events 

0 

2mm 45s 
2mm 50s 
3 mm 00 s 
3mm 30 s 
5 min 00 s 
5 min 05 s 
7min 05 s 
7min 35 s 
lOmm05 s 
12mm35 s 
15mm05s 
15 min 25 s 
22 mm 25s 
22 mm 30 s 
30 min 00 s 
30 min 05 s 
36 mm 00 s 
37 min 30 s 
42 min 30 s 
45 min 00 s 

100 0 0 

100 0 0 
85 15 0 
85 15 0 
55 45 0 
55 45 0 
30 70 0 
30 70 0 
0 100 0 
0 100 0 
0 0 100 

100 0 0 

100 0 0 Injection of the next sample 

Pump 3 ON, 1.5 mL/mm (solvent A) 
Pump 4 ON, 3 mL/min (solvent D) 
Valve 1 in on-line extraction mode 
Valve 2 in re-equilibration mode 
Pumps 3 and 4 OFF 
Valve 1 m elutlon mode 
Valve 2 m elutlon mode 
Autozero of the UV photometers 

SSV in position 2 
Valve 2 m reeqmllbration mode 
Valve 1 m on-line extraction mode 
Pump 4 ON, 3 mL/mm, solvent D 
SSV in position 1 
Pump 4 OFF 

QPump 1 and/or pump 2 deliver the indicated mixtures of solvents A, B, and C at 1.5 mL/nun. 
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Fig. 1. Scheme of the HPLC system used for automated on-line extraction and pro- 
tilmg of hpoxygenase products 

deterioration; the presence of mternal standards allows correction for variation m 
amounts of sample injected The method provides elution of cystemyl-LTs with 
excellent peak shape and complete separation from other eicosanords (and most 
contaminants) and thus allows htgh-sensitivity measurement of these compounds. 
Finally, the UV momtormg of the solutes at two wavelengths (229-235 nm and 
270-280 nm) ensures a high level of selectivtty, especially for compounds carry- 
ing a conjugated triene or tetraene (leukotrrenes and lipoxms) Indeed, these 
chromophores provide high absorptton coefficient at 270-280 nm, whereas 
absorbance at 229-235 nm is weak 

2. The limttatron of the HPLC method IS at the level of the sensitivity; the method is 
suitable for samples containing a minimum of l-5 ng of compounds containing a 
conjugated triene (or tetraene) and 5-25 ng for compounds contaming a conju- 
gated diene, such as HETEs. The limit of detection will vary according to the 
performance of the column and of the UV photometers; the limit of detection 
may also be higher in analysis of samples such as tissue homogenates or media 
containing serum or plasma, and so on, which often yields chromatograms with 
noisy baselme (numerous contaminants) For analysts of such samples, tt IS espe- 
cially important to monitor elution at both wavelengths in order to assess the 
Identity of solutes 
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Fig. 2, HPLC chromatogram of various hpoxygenase product standards (12.5 ng 
each, except 15-HETE, 50 ng) Attenuation settmgs of the UV photometers were 0 2 
AU (absorbance units) at 229 nm, and 0.03 and 0 05 (before and after 35 mm of elu- 
tion time, respectively) AU at 280 nm 

3. The Waters Resolve C,s packing 1s a non-end-capped packing. The selection of 
this column is required for the separation of cystemyl-LTs (leukotrienes C,, Dq, 
and E4) as described herem An ionic interaction between the free silanols m the 
Cts silica supports and the amino groups of the cysteinyl-LTs enables the reten- 
tion and separation of these compounds. If analysis of cystemyl-LTs is not 
required, the Beckman Ultrasphere ODS (C18) column (or other columns con- 
tammg end-capped Cl 8 packmg) may be used 

4 It is imperative that the mobiles phases (i e , water, methanol, and acetonitrile 
used m the preparation of solvents) be of the highest purity. H,P04, 85% aqueous 
solution, and DMSO must be HPLC grade. The composition of solvent mixtures 
does not take mto account the small volumes of DMSO, H,P04, and NH40H 
added Prepare 4 L of each solvent mixture. Solvents A and B are filtered through 
a 1 x IO-cm steel column packed with octylsrlyl srlica particles (37-45 mm). The 
column is washed with 100 mL methanol and 30 mL acetonitrile:water (75.25) 
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The first 100 mL of solvent mixture filtered is discarded. The column IS washed 
between each 4-L batch 

5. Trace amounts of DMSO have no effect on the separation of the various com- 
pounds. DMSO has a htgh UV cutoff and is added to solvents A and C to counter- 
act the effect of the mcreasmg concentratton of organic solvent on the UV 
absorbance (baseline drift) durmg the gradient elution. The volume of DMSO 
added to solvents A and C may be modified as required to control the baseline 
drift When solvent mixture C reaches the column, a solvent front ts observed on 
the chromatogram. LTC4 may elute too close from this front. If it is the case, 
increase the water content m the solvent mixture C by 5 or 10%. If analysts of 
cysteinyl-LTs is not required, the runnmg time of the solvent mixture C may be 
decreased by 50%; this will still allow an adequate washing of the Guard-Pak 
inserts (precolumns) and column and will shorten the run time per sample. 

6. The HPLC system descrrbed (Fig. 1) includes a high-pressure valve (valve 1) 
that protects the autosampler from the system back pressure Depending of the 
type of autosampler used, valve 1 may or may not be necessary. For example, the 
Waters WISP 7 10 or 7 12 autosamplers can stand the system back pressure and 
valve 1 is not necessary. With the Waters WISP 7 15 or 717 autosamplers, the 
high-pressure valve is necessary 

7. On-line sample dilution (via pump 4 and the static micromixer; see Fig. 2) 1s a 
useful feature of the system described; it allows direct injection of large volume 
samples (up to 4 mL with appropriate modification of the sample loop in the 
autosampler) containing up to 75% organic solvent directly onto the Cl8 
precolumn for sample concentration and extraction. The elevated organic solvent 
content of the samples (50-75%) prevents adsorption of lipophiltc solutes to vials 
and inner parts of the mJection system 

8. PTFE inserts (TTS-3 13 from Chromatography Sciences) used with the 4-mL vials 
of a WISP autosampler allow an almost complete aspiration of samples Without 
inserts, more than 0 5 mL of samples cannot be aspirated from the vials. 

9 For the preparation of samples containing serum or plasma, add 0 5 vol of the 
organic solvent mixture containing the two internal standards (see Subheading 
3.3., step 2) to the samples plus 10 vol of acetomtnle and store overnight at -20°C 
to allow precipitation of the proteins. Centrifuge to eliminate the precipitate. Then 
concentrate the supernatants with a stream of nitrogen (or other evaporation sys- 
tem) to a final ratio of approx 50:50 organic solventwater m the samples; it 1s 
sometimes necessary to centrifuge the samples agam to remove a fine precipitate 
prior to HPLC analysis. The same procedures can be applied for the preparation 
of samples such as tissue homogenates, which also contain large amounts of pro- 
terns. Denaturation of plasma samples or tissue homogenates with only one or 
two volumes of organic solvent results m rapid loss of the HPLC column effi- 
ciency (and clogging) Vartous problems specific to HPLC assay of ltpoxygenase 
products m plasma have been addressed previously by Surette et al. (I). 

10 For the quantitatlon of ltpoxygenase products, the peak heights (or areas) are 
proportional to the mass of compounds injected Quantitation is achieved by com- 



216 Borgeat et al. 

parlson of the peak heights (or areas) of hpoxygenase products m samples with 
those obtained using a mixture of calibrated standards (see Borgeat et al. [2] for 
more details on quantitation procedures). PGB, used as HPLC standard enables 
conectlons for variation in sample recovery, Injection volume, and so on. 19- 
OH-PGB, IS a relatively polar compound that elutes before the LTB, metabolites 
and lipoxms. Its presence on the chromatograms attests of the efficiency of the 
on-line extraction. 
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Measurement of Sphingomyelin 
and Ceramide Cellular Levels 
After Sphingomyelinase-Mediated 
Sphingomyelin Hydrolysis 

Pino Santana, Luisa F. Fanjul, and C. M. Ruiz de Galarreta 

1. Introduction 
Sphmgomyelin (SM) IS the latest addition to the family of membrane 

phospholiptds that IS a source of molecules behaving as mtracellular mes- 
sengers (1). Ceramide is one of the products of sphingomyelm hydrolysis 
by specific sphingomyelinases (SMases) and appears to be involved m the 
signaling of apoptosis initiated by regulatory molecules that include 
cytokines, interferon-y (IFN-y), and chemotherapy drugs, as well as UV 
and ionizing radiations (2-4). 

The existence of SMase-dependent sphingomyelin hydrolysis may be easily 
assessed because, as illustrated in the Fig. 1, serme, fatty acids, and 
phosphocholine (P-chohne) are successively incorporated into the SM biosyn- 
thetic pathway, and therefore SM and its products of hydrolysis may be suc- 
cessfully labeled using any of the above molecules. Although the ceramide 
moiety may also be labeled usmg serine or a fatty acid (i.e., palmttic), 
the choice of serine is grounded on the higher specificity that is obtained, since 
only phosphatidylserme is labeled in addition to SM and ceramide when using 
C3H]serine, in contrast to the wide array of other membrane lipids that are 
labeled with fatty acids. In addition the incorporation of [14C] choline labels 
the polar moiety, and water-soluble metabolites of choline can be separated 
and quantified, thus allowing the confirmation of the existence of a SMase- 
dependent breakdown of sphingomyelm. 
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Same Paimitoyl CoA 

Sph!nganne - - 

Sphingomyehn ’ 

Fig 1. Synthesis of sphingomyelin 

2. Materials 
2.1. Quantitation of Sphingomyelin and Its Products 
of Hydrolysis Labeled with pH}Serine and r4C-Methyl]Choline 

2.7.1. Labeling and Extraction 

1. [3H]Serine (22 Ci/mmol) 
2. [14C-Methyl]cholme chlortde (53 Cmnrnol) 
3. Serme and chohne (tissue-culture grade, Gibco-BRL, Gauthersburg, MD, or similar) 
4. Chloroform (analytical grade). 
5. Methanol (99 8% analytical grade). 
6 0.1 NHCl. 
7 0.01 NHCl 
8. 18 x 120-mm Glass tubes 

2.1 .P.Alkaline Hydrolysis 

1. 0.1 NKOH m 100% methanol. 
2 Chloroform (analytical grade) 
3. Balanced salt solutton (BSS) 135 mMNaC1,4.5 mMKC1, 1.5 mMCaCl,, 0.5 m&I 

MgCl,, 5.6 mMglucose, 10 WHEPES, pH 7.2. 
4 100 mMEDTA sodium salt, pH 7.5. 
5. 12 x 75-mm Glass tubes. 
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2.7.3. Separation and Quantitation of SM and Ceramide 

1. TLC plates: 60 A sihca gel, 0.25-mm layer thickness, glass backing (Merck, 
Darmstadt, Germany, kerselgel60, Whatman, Clifton, NJ, 486582 1 or srmilar). 

2. Sphingomyelin standard (Sigma, St. Loius, MO, cat. no. 7004). 
3. Chloroform.benzene.ethanoi (thin-layer chromatography [TLC] grade; 80:40:75, v/v) 
4. Chloroform.methano1:NH40H 28% (TLC grade; 65:25:5, v/v) 
5. Vials and scintillatron cocktail 

2.7.4 Separation and Quantitation of Water Soluble Metabolites 

1. TLC plates: 60 A srlrca gel, 0.25~mm layer thrckness, glass backmg (Merck 
keiselgel60, Whatman 4865821 or similar) 

2. Ethanol 50% (analytrcal grade). 
3 Methanol:NaCl 0.5%.NH40H (100: 100:4, v/v). 
4. Vrals and scmtillatton cocktall. 

3. Methods 

3.1. Quantitation of Sphingomyelin and Metabolites Labeled 
with pH]Serine and r4C-Methyl]Choline 

3.7.1. Labeling and Extraction 

1. Label cells (l-2 x 106) for 24/48 h with l-2 pCi/mL of [3H]serine and/or 
[ i4C-methyl]cholme (see Notes l-3). 

2. Wash the cells twice wrth warm, serum-free medium and equrhbrate for 30 mm 
m medium supplemented with 25 mA4 serine and/or 25 m&I choline 

3. Perform the treatments and stop the expenment by aspiratmg the medium, add 1 mL 
ice-cold methanol, and keep 15 mm at -4’C. 

4. Scrape the cells and transfer to 18 x 120~mm glass tubes Rinse the wells wtth an 
additional 1 mL methanol to maximize recovery 

5. Add 4 mL chloroform and 0.5 mL 0.1 N to all the tubes, vortex, and centrifuge 
for 10 min at 800g 

6. If the cells were labeled only with [3H]serine, discard the upper phase, wash 
the organic phase with 3 x 2 mL 0.01 NHCI, and dry the lipids under nitrogen 
(see Note 4) 

7. If the cells were labeled with both [3H]serine and [14C-methyl]choline, pool the 
the upper methanolic phases and speed vat evaporate to measure water-soluble 
metabobtes (see Note 4) 

3.7.2. Alkaline Hydrolysis 

Alkaline hydrolysis is performed to remove phosphatidylserrne and phos- 
phattdylcholine that are labeled with [3H]serine and [t4C-methyllcholine, 
respectively, and may interfere with SM separation by TLC. 
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1 Add 2 mL of 0.1 NKOH in methanol to the lipid film m each tube and incubate at 
37°C for 1 h Vortex the tubes and cover with parafilm. 

2. Extract the sphmgolrptds with 2 mL chloroform and 1.2 mL BSSIEDTA 
100 mA4 (1.08 mL/O.12 mL). Vortex and centrifuge at 800g for 5 min (see 
Note 5). 

3. Transfer 1.75 mL of the lower organic phase to 12 x 75-mm glass tubes (it IS 
sometimes beneficial to transfer 1.75 mL in three steps of 0.75, 0 5, and 0 5 mL 
with drymg after each transfer) 

4 Add 50 pg of sphingomyelm standard to each tube to act as a carrier and aid 
vrsuhzatton of the lipid after TLC Dry under nitrogen (see Note 4) 

3.1.3. Separation and Quantitation of SM and Ceramide 

1. Redisolve the lipids with 50 pL chloroform/methanol ( 1 1) and spot on a TLC plate 
2. Run wrth solvent descrrbed in Subheading 2.1.3., item 3, up to 2 cm from the 

plate end. Dry the plates with a hair dryer. 
3 Run the plates as above but with the solvent system described n-r Subheading 

2.1.3., item 4. 
4 Scrape the plates m l-cm fractions starting from the ongm (SM Rc0.05, ceramtde 

R{0.75), transfer sihca to a scmtillation vial and count (see Note 6). 

3.1.4. Separation and Quantitation of Water-Soluble Metabolites 

1. Redisolve the evaporated samples in 100 $ of 50% ethanol and spot on a 
TLC plate. 

2. Run twice to the end of the plate with the solvent system described m Subhead- 
ing 2.1.4., item 3. Phosphocholme (Rf 0 32) ~111 be separated from choline 
(RfO.088) and CDP-choline (Rf:O 5) (see Note 6). 

3 Scrape the plates m fractions of 1 cm from the origin and transfer silica to a 
scintillation vial to count 

4. Notes 
1. The time and amount of isotope needed to label the cells may change from cell to 

cell, but they wrll usually be wtthm the limits that are provtded here. 
2. A higher efficiency m the labeling may be achieved tf set-me-and/or choline-free 

media are used Also, labeling m serum-free condittons (when possible) wtll 
increase labelmg. 

3. The cells may be labeled separately or simultaneously wrth the two com- 
pounds 

4. The lipids and water-soluble metabolrte extracts may be stored at this point at 
-20°C If desired 

5. BSWEDTA may be premixed smce the solution IS stable for 1 mo at 4°C. 
6 Rp may change dependmg on the environmental humidity 
7. See Fig. 2 
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0 1s 30 46 60 0 16 30 46 00 

Time (mm) Time (min) 

Fig. 2. Sphingomyehn (left panel) and ceramide and cholme (right panel) levels 
m HL-60 cells labeled with [3H]serine (Cl---O and H--m) or [14C]methyl choline 
(A-A and A-A), as described above and without (open symbols) or with the addi- 
tion of bacterial sphingomyelmase (Sigma cat. no S8633; 0 3 U/mL; solid symbols) 
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Sphingomyelin and Ceramide Mass Assay 

Pino Santana, C. M. Ruiz de Galarreta, and Luisa F. Fanjul 

1. Introduction 
As described m Chapter 19, a demonstration of changes m sphingomyelin 

(SM) and ceramtde cellular contents (in response to regulatory molecules and/ 
or other stimuli) is essential to stablish their involvement in the signaling 
proccess. The study of variations m SM and ceramrde cellular levels, resulting 
from SMase-mediated SM hydrolyses, may be performed using the method 
described m Chapter 19. However, increased levels of ceramide and/or SM 
may occur under circumstances in which the isotopic labeling method would 
be inefficient in evaluating the changes (i.e., increased rate of synthesis), or 
simply impossible to use (i.e., when working with whole tissues or organs). 
The measurent of sphingomyelm and ceramide mass provides the best solution 
to these problems. 

To quantitate SM mass, a method that evaluates SM phosphate content 
against a standard curve of disodium phosphate may be used (I). Because 
ceramide is almost as good a substrate for DAG kinase as diacylglycerol itself, 
ceramide mass may be measured with few changes by the DAG-kmase method 
(2), as rt is described m Chapter 7. A method adapted and modified from an 
amino acid analysis procedure (3,4) IS described below as a nonradroactive 
alternative to the DAG-kinase method (5). 

The method takes advantage of the low basal levels of sphingosine existent 
in the cells and tissues, and the fact that ceramide can be deacylated to generate 
the free amino group containing sphingosine. Sphingosine can, in turn, be 
derivatized to form a fluorescent compound, separated by HPLC from the other 
sphmgoid bases, and quantrtated by fluorescence detectron. Basal tissue or cel- 
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lular levels of sphingosine are also measured m each sample and thereafter 
subtracted from the total sphingosine accumulated as a consequence of 
ceramlde deacylatlon, to obtain the tissue/cell content in ceramlde. 

2. Materials 
2.1. Sphingomyelin Content by Phospholipid Phosphorus Assay 

2.1.7. Lipid Extraction 

1 Kill solution: chloroform methanol: 1 N HCl (100. 100: 1 v/v), analytical grade 
2. Balanced salt sol&on (BBS): 135 mA4NaCh4.5 mMKC1, 1.5 mMCaCl,, 0.5 mM 

MgCI,, 5 6 mUglucose, and 10 mMHEPES, pH 7.2. 
3 100 mM EDTA sodium salt, pH 7.5 
4. 50-mL Polypropylene tubes 
5. 16 x 100 mm Glass tubes. 

2.1.2. Alkaline Hydrolysis 

1. Sphingomyelin standard (Sigma, St. Louis, MO, cat. no. 7004) 
2 0.1 N KOH in 100% methanol (99.8%), analytical grade 
3. Chloroform, analytical grade. 
4 Balanced salt solutton (BSS). 135 mMNaC1,4.5 mMKC1, 1.5 mA4CaClz, 0 5 mM 

MgCl,, 5.6 mM glucose, and 10 ~uV HEPES, pH 7.2 
5. 100 mA4EDTA sodium salt, pH 7.5. 
6. 12 x 75 mm Glass tubes 

2.1.3. Sphingomyelin Separation and Extraction 

1. CHCl,:MeOH( 1.1, v/v), analytical grade 
2. TLC plates 60 A silica gel, 0.25~mm thickness, glass backing (Whatman, Clifton, 

NJ, cat. no 4865821, or similar characteristics). 
3. Chloroform:methanol:glactal acetic acid:water (50:30:8:4, v/v), chromatography 

lo:o. 

grade. 
4. Iodine crystals. 
5. 16 x 100~mm Glass tubes. 
6. Chloroform:methanol:concentrated HCl(20: 
7. 12 x 75mm Glass tubes. 

2.1.4. Phosphorus Determination 

1. 74.7 mg of Na2HP04 m 50 mL of water. 
2. Isopropanol, analytical grade 
3. 70% Perchloric acid. 

1) v/v). 

4. Color reagent: Mix 1 vol of 6 NH2S04 (4 15 mL concentrated H2S04 in 20.9 mL 
H,O) with 1 vol of 2.5% (NH&MoOq (0.125 g in 5 mL H20), 4 vol of 2 5% 
ascorbic acid (0.5 g m 20 mL H20), and 4 vol dlstllled Hz0 (see Note 1). 
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2.2. Cell and Tissue Ceramide Content by HPLC 
2.2. I. Cell Lipid Extraction 

1. Kill solution* chlorofotmmethanol: 1 N HCl (100. 100 1 v/v/v). 
2 Balanced salt solution (BSS)* 135 mMNaCJ4.5 rr&KCI, 1 5 mMCaCl,, 0.5 mA4 

MgCl,, 5.6 mA4 glucose, and 10 mA4 HEPES, pH 7.2 
3. 100 mMEDTA sodium salt, pH 7.5 
4. 12 x 75-mm Glass tubes. 

2.2.2. Tissue Lipid Extraction 
1 Polytron tissue homogenizer 
2 16 x loo-mm Glass tubes. 
3. Phosphate-buffered saline (PBS). 137 mM NaCI, 2.7 mM KCI, 4.3 mA4 

NazHP04 7HZ0, 1.4 mM KH2P04, pH 7 3. 
4. Chloroform*methanol (2.1, v v), chromatography grade. 

2.2.3. Alkaline Hydrolysis 
1. 0.1 NKOH in 100% methanol. 
2 Lipid standards* Sphmgosme (Sigma cat. no. S 6879), Ceramide (Type III. from 

bovine brain, Srgma cat. no. C 2 137). 
3 Chloroform, analyttcal grade 
4 Balanced salt solution (BSS). 135 mMNaC1,4 5 mMKC1, 1 5 mMCaC12, 0 5 mM 

MgClz, 5 6 mM glucose, and 10 mM HEPES, pH 7.2. 
5 100 mA4EDTA sodium salt, pH 7.5. 

2.2.4. Deacylation with 7 N KOH 
1. 1 N KOH in 100% methanol. 
2. 1 NHCl in 100% methanol 
3 Chloroform, analytical grade. 
4. 1 MNaCl 

2.2.5. Derivatization with o-Phthalaldehyde (OPA) 
1. OPA reagent: Mix 99 mL 3% boric acid in water (adjust pH to 10 5 with KOH) and 

1 mL ethanol containing 50 mg of OPA (o-phthalaldehyde, Sigma cat. no. P 0657) 
and 50 pL of 2-mercaptoethanol (see Note 2). 

2 Methanol (HPLC grade). 
3. 5 n&f KPHPOd (to pH 7.0 using KOH) 
4. HPLC vials. 

2.2.6. HPL C Separation and Quan tita tion 
1. Methanol (HPLC grade). 
2. Nova Pack Cl8 column (pore size 4 pm, 3 9 x 150 mm, Waters). 
3. Fluorimetric detector (excitation wavelength 340 nm and emission wavelength 

455 nm). 
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3. Methods 
3.1. Sphingomyelin Content by Phospholipid Phosphorus Assay 

3.1.1. Lipid Extraction 

1 Add 10 mL kill solutton and 3 mL BSS/EDTA 100 miw(2.7 mL/O 3 mL) to 30 x 
lo6 cells, to extract the lipids, vortex and centrifuge 8OOg, 10 min. Thts can be 
done m a 50-mL polypropylene tube 

2 Transfer 90% of lower orgamc phase to 16 x 100~mm glass tubes (i.e , for an 
extraction with 10 mL of ktll, transfer 4.5 mL), and dry down under nitrogen (see 
Note 3). 

3.1.2. Alkaline Hydrolysis 

1 Make up two 30-pg sphingomyelin standards (ST]), dissolved m chloro- 
formmethanol (1.1, v:v) to be used m the calculation of the sphmgolipid recov- 
ery at the end of the experiment Dry down 

2. Add 2 mL of 0 1 N KOH m methanol to the hptd film m each standard and 
samples tubes and incubate at 37°C for 1 h Vortex the tubes and cover with 
parafilm 

3. Extract the sphmgohprds wtth 2 mL Chloroform and 1.2 mL BSYEDTA 100 
m&l (1.08 mL/O. 12 mL) (see Note 4) 

4. Vortex and centrifuge 8OOg for 5 mm. 
5. Transfer 1.75 mL of the lower organic phase to 12 x 75-mm glass tubes (It is 

sometimes beneficral to transfer 1 75 mL m three steps of 0 75, 0.5, and 0.5 mL 
wrth drymg after each transfer). 

6. Dry down under mtrogen. 
7. Re-extract the lipid again wtth 0 5 mL chloroform, 0.5 mL methanol, and 0.3 mL 

dH,O. Vortex and centrifuge SOOg for 5 mm Transfer 0 5 mL of the lower phase 
to clean glass 12 x 75-mm glass tubes (see Note 5). 

8. Dry down under nitrogen (see Note 3) 

3.1.3. Sphingomyelin Separation and Extraction 

1. Resuspend the lipids in 50 pL of chloroform.methanol(1: 1 v/v) and load 40 pL 
on a TLC plate. 

2. Develop the plate with the solvent system described m Subheading 2.1.3., item 
3, for 16 cm. 

3. Allow the plate to dry and vrsuahze the hprds by iodine staining, mark the SM 
spots (Rr 0 37), and remove the iodine with a harr dryer (see Note 6). 

4. Scrape the sphmgomyelm from the plate and transfer the silrca Into 16 x 1 00-mm 
glass tubes. Also scrape two comparable areas of the plate that do not contain any 
lrprds to be used as zero for the calculattons 

5. Wash the silica 3 x 500 pL of the solvent described m Subheading 2.1.3., item 6 
Pool the washes into 12 x 75-mm glass tubes. Dry the tubes under nitrogen (see 
Note 3) 
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3.1.4. Phosphorus Determination 

1. Prepare two tubes containing the same amount of sphmgomyelin as done m Sub- 
heading 3.2.1., step 2 (ST*), and dry them down. The ratio ST#T, allows an 
estlmatron of the losses occuring in the procedure. 

2. Make up phosphorus standard curve by diluting 74.7 mg of Na2P04 m 50 mL of 
water, make serial dilutions to yield the following standard tubes: 25, 10, 5, 2.5, 
1,0.5,0.25,0.1,0.05,0.025,0 01, and 0 pg phosphorus (PO4 equivalent) in 25 pL. 
Add 100 pL isopropanol and dry these tubes down prior to use. 

3. To all tubes, add 50 pL 70% percloric acid. Cap the tubes with glass marbles and 
heat at 18O’C on a heating block for 30 min (see Note 7). 

4. Centrifuge to pull down any condensation on the walls and then vortex 
5. Add 1 mL color reagent descrtbed in Subheading 2.1.4., item 4, to all the tubes, 

cover the tubes wtth paratilm, and heat at 50°C in water bath for 1 h 
6. Vortex and centrifuge again and transfer 0.8 mL to fresh tubes, carefully avotd- 

mg the silica gel fines. 
7 Read standard curve and samples absorbance at 760 nm, and calculate the esti- 

mate PO4 equivalent of the samples against standard curve 

3.1.5. Calculations 

Total SM (pmol) = [(pg PO, EE) -zero value] x recovery x 10530 pmol SM 

where g PO, EE = estimated phosphate equivalent (calculated agatnst the 
absorbances of the standard curve); zero value = ~18 PO4 EE of the blank silica; 
recovery = [(pg PO4 EE for the two SM standards put m at Subheading 3.1.4., 
step 2/(pg PO, EE for the two SM standards put in at Subheading 3.1.1., step 
2 -zero value)]; and 10530 pmol SM = picomol of SM that contain 1 pg P04. 

3.2. Cell and Tissue Ceramide Content by HPLC 

Although the method is specially useful to evaluate tissue levels of ceramide, 
it may equally be used to measure ceramide cellular content. The differences in 
lipid extraction and calculations for cell and tissue are therefore described. 

3.2.7. Cell Lipid Extraction 

1. Add 2 mL kill solution and 0.6 mL BSS/EDTA (540 pL/60 pL) to 6 x lo6 cells, 
vortex and centrifuge the tubes. 

2. Transfer 90% (500 pL) of the lower organic phase to two different sets of 12 x 
75-mm glass tubes, and dry under nitrogen (see Note 3). 

3.2.2. Tissue Lipid Extraction 

1. Wetgh the tissue and homogenize in 8 vol (w/v) of me-cold PBS with a polytron 
tissue homogenizer. 

2. Transfer the homogenate (0 4 mL) to 16 x 100~mm glass tubes. 
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3. Add 3 mL chloroform:methanol(2: 1 v/v) to extract the lipids. Vortex and centri- 
hge at 8OOg for 10 mm. 

4 Transfer 250-& ahquots of the organic phase m duphcate to two different sets of 
of 13 x 100~mm glass tubes and dry down under a nitrogen stream. 

5. One set of tubes marked “basal” will be used after mild alkaline hydrolysis to 
evaluate tissue basal content of sphingosine. 

6 The other set marked “total” will be deacylated to convert ceramlde to sphm- 
gosine (see Note 3). 

3.2.3. Alkaline Hydrolysis 

1 Make up a sphingosme (SP,) standard curve (1000,500, 100, and 50 pmol), dls- 
solved in chloroform:methanol (1’ 1, v/v) m duplicate, and dry under nitrogen 

2 Add 500 $ of 0 1 N KOH m methanol to the lipid film of each standard or 
sample tube and incubate at 37°C for 1 h. Vortex the tubes and cover with 
parafilm 

3. Add 500 pL CHCl,, 270 pL BSS, and 30 pL 100 mM EDTA, to all tubes to 
extract the sphmgohpids. Vortex and centrifuge SOOg for 5 min. 

4. Transfer 500 mL lower phase to new glass tubes. 
5. Dry down under nitrogen (see Notes 3 and 8) 

3.2.4. Deacylation with 7 M KOH 

1 Make up standard of sphmgosine (SP,) and ceramlde (1000, 500, 100, and 50 
pmol), dissolved m chloroform:methanol (1.1, v/v) to calculate the recovery of 
the deacylation procedure and dry under nitrogen (see Note 9). 

2. Add 500 pL of 1 M KOH m methanol to the lipid film of each standard and 
sample tube. Incubate l-l .5 h at 100°C m a heat block (see Note 7). 

3. Allow the tubes to cool down and neutralize with 500 $ of 1 NHCl m methanol 
4 Extract the sphmgoid base addmg 1 mL of chloroform and 900 pL of 1 MNaCl. 
5. Vortex, centrifuge and remove the upper phase 
7. Dry down under a nitrogen stream the lower phase (see Note 3). 

3.2.5. Derivatization with o-Phthalaldehyde (OPA) 

1. Redissolve the sphingold base in 50 @L methanol. 
2 Mix with 50 pL OPA reagent described in Subheading 2.2.4., item 1. 
3. Incubate for at least 5 mm at room temperature. 
4. Add 500 pL methanol:5 mMpotassium phosphate, pH 7 0 (90: 10, v/v) 
5 Centrifuge for 30 s m a microcentrifuge to clarify. 
6 Transfer 500 & to HPLC vials. 

3.2.6. HPLC Separation and Quantitation 

1 Use the Nova Pack C 18 column. 
2. Make the injection with a loop size of 20 pL, 
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3. Elute isocratically with methanol:5 mA4potassium phosphate, pH 7.0 (90: 10, v.v) 
at a flow rate of 0.6 mllmin. 

4. Adjust the fluorescence detector to 340 nm excitation and 455 nm emtssion to 
quantrtate. A profile of the retention ttme of sphingosme is shown in Note 10 

3.2.7. Calculations for Ceramic/e Tissue Content 

pmol ceramtdelg tissue = [(pmol total x recovery1 x recovery2) -pmol basal] x 4800 

wherepmol total = ptcomol in the total sample (deacylated) tubes read agamst 
the standard curve made in Subheading 3.2.3, step 1; recovery1 = mean value 
of all points (50, 100,500, and 1000 pmol) calculated as follows: peak area of 
each point in SM standard curve/peak area of each point of SP2; recovery 2 = 
mean value of all points (50, 100, 500, and 1000 pmol) calculated as follows: 
peak area of each point of SP, standard curve/peak area of each point of SP,; 
pmol basal = ptcomol m the basal sample (alkaline hydrolysis) tubes read 
against the standard curve made in Subheading 3.1.3., step 1; and 4800 (30 x 
8 x 20) = pmol contained m 20 pL injected x 30 = pmol contained in the 250- 
pL aliquots of the organm phase after lipid extraction x 8 = pmol m 2 mL 
chloroform or 0.4 mL homogenate x 20 = pmol m the total 8 vol(8 mL), where 
1 g of tissue would have been homogenized. 

3.2.8. Calculations for Ceramide Cellular Content 

pmol ceramide/106 cells = [(pmol total x recovery] x recovery2) -pmol basal] x l/ 
milhons cells 

4. Notes 
1. Ascorbic acid has shelf life of 30 d when stored at 4°C. 
2. OPA reagent should be prepared fresh daily. 
3. At this pomt, lipids may be stored at -2O’C for several days rf desired. 
4. BSS/EDTA may be premrxed and stored for 1 mo at 4°C. 
5. Re-extraction is recommended, because the extraction with BSS generates salt 

and water contamination of the lipid extract, which may, in turn, produce changes 
in SM mobrlity on the TLC plates. 

6. Rp may experience large changes depending on the room humidrty. 
7. Thts procedure as well as deacylation should be performed in a fume hood. 
8. Alkalme hydrolyses is performed to remove glycerophospholiptds, particularly 

those containing a free amino group (phophatldylserine or phosphatidylethanola- 
mine) that might be derrvatlzed, and interfere during the HPLC separation and 
quantitation of the sphmgold base. 

9. Although the efticiency of ceramide deacylatron is usually close to lOO%, varta- 
trons may occur from experrment to experiment. Because of this, the use of the 
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0 4 6 12 16 

Retentmn t:me (mm) 

Fig. 1. Profile of OPA dertvattzed sphingosme. OPA fully eluted after 3 mm. OPA 
derivatized sphmgosme 1s usually eluted at approx 8 mm retention time. 

pm01 in 20 j&l inJeCted 

Fig. 2. Fluorescence values (arbrtrary units) of the OPA derivattzed sphingosme 
(O---O) and deacylated ceramide (U) standard curves. 

two different standard curves (sphingosine and ceramrde) to calculate the efti- 
ciency of the deacylatron (ceramrde curve) and the extraction procedures (sphin- 
gosine curve) 1s recommended. 

10 See Fig. 1. 
11. See Fig. 2. 



Sphingomyelin and Ceramde Mass Assay 231 

References 
1. Chen, J. P S., Torrbara, T Y , and Warner, H (1956) Microdeterminatton of 

phosphorus. Anal Chem 28, 1756-1758. 
2. Preiss, J., Loomis, C R , Bishop, W. R., Stein, R., Nredel, J. E., and Bell, R M 

( 1986) Quantitatwe measurement of sn- 1,2-dracylglycerols present m platelets, 
hepatocytes and ras and sis-transformed normal rat kidney cells J Biol Chem 
261,8597-8600. 

3. Jarrett, W., Looksy, K. D., Ellis, B., and Anderson, J. M. (1988) the separatron od 
o-phthalaldehyde derwatwes of amino acids by reversed-phase chromatography 
on octylsihca colums. Anal. Biochem. 153,189-l 98. 

4. Merrill, A. H., Wang, E., Mullins, R. E., Jamison, W. C. L., Nrmkar, S , and Ltotta, 
D.C. (1988) Quantrtatton of free sphingosme in liver by htgh-performance liquid 
chromatography Anal Blochem 171,373-381. 

5. Santana, P., Peiia, L. A., Harmovitz-Friedman, A , Martin, S , Green, D., 
McLaughlin, M., Cordon-Cardo, C., Schuchman, H., Fuks, Z., and Kolesmck, R. 
(1996) Acrd sphingomyelmase-deficient human lymphoblasts and mice are de- 
fective in radiation-Induced apoptosis. Cell 86, 189-l 99. 





21 

Sphingosine Kinase 

Assay and Product Analysis 

Ana Olivera and Sarah Spiegel 

1, Introduction 
The phosphorylatron of long chain sphingoid bases on the primary alcohol 

group occurs in cells by the action of sphingosine kinase (I-3). Sphingosine 
kmase is present in the cytosolic fraction of most cells (&7) and m the mem- 
brane fraction of certain tissues and organisms c&9). The reaction product, 
sphingosine-1 -phosphate (SPP), was considered for more than 20 yr to be 
merely an intermediate in the cataboltsm of long-chain sphingoid bases to 
palmitaldehyde and phosphoethanolamine (3,IO). Studies in our lab stimulated 
new mterest in the potential roles of SPP as a second messenger. Initially, we 
found that exogenous SPP inmated cell diviston of quiescent SWISS 3T3 fibro- 
blasts (II) and induced inosrtol trisphosphate-independent release of calcium 
from mtracellular stores (11,IZ). SPP also has been shown to affect several 
signal transduction pathways including phospholipase D actlvatron (13), stimu- 
lation of the Raf/MEK/ERK signaling pathway (14,15), and inhibition of 
ceramide-induced activation of stress-activated protein kinase (SAPIUNK) 
that leads to apoptotic responses (IS). Additional effects of SPP include stimu- 
lation of tyrosme phosphorylation of focal adhesion kinase (FAK) and the 
cytoskeleton-associated protein paxrllin (16). These tyrosine phosphorylattons 
are mediated through the activation of the small G protein rho, which also 
mediates stress fiber formation induced by SPP (16). Most importantly, SPP 
levels and sphingosine kinase activity can be modulated in cells by external 
stimuli, including PDGF (17), NGF (181, TPA (15,19), and the B subunit of 
cholera toxin (20), suggestmg that SPP might play an important role as a sec- 
ond messenger in pathways modulated by these growth factors. PDGF-induced 

From Methods rn Molecular Bology, Vol 705 Phospholpd S/gnal/ng P~olocols 
Edlted by I M Bird 0 Humana Press Inc , Totowa, NJ 

233 



234 Olivera and Spiegel 

mitogenesis and cell survival in Swiss 3T3 fibroblasts is mediated, at least m 
part, by the formation of SPP (17). Similarly, in PC12 cells, activation of sph- 
ingosine kinase and generation of SPP is involved in the neurotrophic actions 
of NGF (18). Moreover, antigen clustering of IgE receptors on mast cells stimu- 
lates SPP formation, but not inosrtol trisphosphate, leading to calcium mobih- 
zation (21). Further support for the notion that SPP functions as a second 
messenger emerged from the use of mhibitors of sphmgosine kinase. For 
example, the competitive mhibttors, dihydrosphingosine and NJ/-dimethyl 
sphingosine, not only inhibit cell growth (17) and survival responses (25), but 
also block MAPK activation, phosphorylation of the SH2/SH3 adaptor protein 
Crk, and inhibit stimulation of AP- 1 DNA-binding activity and cyclin-depen- 
dent kmase activation (cdc2 and cdk2) induced by PDGF (22,23). 

1.1. Sphingosine Kinase Assay 

In view of the importance of SPP m cell growth and survival and the respon- 
siveness of sphingosme kinase to external mediators, we developed a reliable 
and sensitive method to measure sphingosme-kinase activity. Previously, sev- 
eral types of assays have been used to determine sphmgosine-kinase activity 
utilizing either [32P]ATP or [3H]sphingosme as a tracer. A major deficiency of 
these methods has been the separation of the product from the substrate, since 
SPP is soluble, at least to some extent, in both polar and nonpolar solvents. 
Complex isolation procedures were developed when [3H]sphingosine was used 
as substrate (2,5,7), in which either the [3H]SPP product was separated on a 
Dowex 1 (OH- form) ran exchange column in several large-volume fractions 
from [3H]sphingosine (7), or separated using TCA precipitation, acetone 
extraction, basic extraction, saponification, acidification, and finally extrac- 
tion with chloroform to eliminate most of the contaminating [3H]sphmgosine 
(2). Perhaps the simplest method of separating [3H]sphingosine from [3H]SPP 
is chloroformmethanol (2: 1) extraction in alkaline conditions, in which most 
of the [3H]SPP has been reported to partition m the aqueous phase (5). How- 
ever, for samples that do not contam high sphmgosme kinase activity, we have 
found that this assay with [3H]sphingosme is not reliable. Moreover, synthesis 
of [3H]sphingosine is not a simple task and the commercially available mate- 
rial is very costly. 

A quantttative sphmgosme kmase assay using [32P]ATP has been described 
by Buehrer and Bell (9), in which the product is acylated to form N-caproyl- 
SPP. After alkaline hydrolysis to eliminate glycerophospholipids and excess 
caproic anhydride, N-caproyl-SPP was extracted with a biphasic system and 
the radiolabeled N-caproyl-SPP in the organic phase was resolved by thin-layer 
chromatography (TLC). We have developed a different method that is simple, 
sensitive, reproducible, and relatively rapid to measure sphingosme kinase 
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Fig. 1. Autoradiogram from a representative experiment demonstrating increased 
formation of SPP with increasing amounts of BSA complex added. Arrow indicates 
the location of standard SPP visualized with ninhydrin spray. 

activity using [32P]ATP and sphingosine as substrates. The protocol, described 
below in detail, includes a description of the preparation of sphingosine kinase 
from Swiss 3T3 flbroblasts, which can be used for the measurement of sphin- 
gosine levels in cells (17). A similar protocol can also be used for preparation 
of sphingosine kinase from other cell types or tissues. In brief, the samples to 
be assayed are incubated with sphingosine and [32P]-labeled ATP at 37°C. As 
specified in the Subheading 4., attention should be paid to the form of delivery 
of sphingosine and the presence in the reaction mixture of Mg2+, the only ion 
required for activity. After the incubation period, [32P]-labeled lipids are 
extracted with a solvent in acidic conditions, in which 7040% of the labeled 
SPP partitions in the organic phase, separated from the [32P]ATP. The extracted 
phospholipids are then separated by thin layer chromatography, visualized by 
autoradiography, and radioactive spots corresponding to authentic SPP are 
scraped from the plates and counted in a scintillation counter for quantitation. 
In some instances, the only radioactive spots detected had the same rela- 
tive migration as standard SPP (see Fig. 1). In such cases, TLC separa- 
tion is not necessary. 

Determination of sphingosine-kinase activity in crude enzyme preparations 
by assays described above have demonstrated a high degree of substrate ste- 
reospeciflcity. The naturally occurring u(+)-erythro-isomer of sphingosine is 
the most favored substrate (9,24,25). The u(+)-threo (9,241 and L(-)-threo forms 
(9,251 have been found to inhibit sphingosine kinase activity, whereas the 
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L(-)-erythro isomer has been reported to be either a poor substrate (9) or an 
inhibitor (24). 

7.2. ldenfificafion and Characferization of the Product 

Although comigratlon with authentic SPP on TLC and the absence of a 
radloactlve spot corresponding to SPP when sphingosme is not included in 
assays are important routme controls to identify [32P]-SPP, it 1s important 
when measuring sphmgosine kmase activity from different sources to ml- 
tially characterize the product unequivocally. Various solvent system com- 
binations can be used m TLC to determine whether the putative radioactive 
SPP comigrates with standard SPP. Apropriate solvent systems other than 
that described below include:choloroform:ethanol:water (65:35*8, v/v) 
(SPP Rf= 0.3 l), choloroform:methanol:ammonium hydroxide (13:7: 1, v/v) 
(Rf= O.O), m which most phospholipids, but not SPP, migrate from the orl- 
gin; choloroform:methanol:acetlc acid (30:30:2:5, v/v) (Rf= 0.35) (II); and 
choloroform:methanol:ammonium hydroxide (4: 1 :O. 1, v/v). 

In addition, the resistance of SPP to alkaline hydrolysis can be used to fur- 
ther identify the product. Thus, the organic phase containing standard SPP 
together with the radiolabeled hpld IS evaporated to near dryness, resuspended 
in methanolic KOH (0.1 M), and incubated at 37°C for I h. After neutraliza- 
tion, lipids are extracted with chloroform/water and the lipids in the organic 
phase resolved by TLC. SPP can also be cleaved by periodate oxidation fol- 
lowed by borohydrlde reduction to yield [32P]-ethylene glycol monophosphate, 
which can then be separated and identified by paper chromatography (6). 

2. Materials 
2.1. Preparation of Sphingosine Kinase from Swiss 3T3 Fibroblasts 

1 Culture media for Swiss 3T3 fibroblasts: cells are subcultured at a density of 1.5 
x 1 O4 cells/cm2 m DMEM supplemented with 2 mM glutamme, pemcillin (100 
LJ/mL), streptomycin (100 pg/mL), and 10% calf serum 

2 Phosphate-buffered saline (PBS) 
3 Ice tray. 
4 Aspiration system. 
5. Sphingosine kinase buffer* 20 mM Tris-HCl (pH 7.4) (or 0.1 M potassium phos- 

phate, pH 7.4) contammg 20% glycerol, 1 mMmercaptoethano1, 1 WEDTA, 1 
mM sodium orthovanadate, 15 mM NaF, 10 pg/mL leupeptin and aprotmin, 1 
mA4PMSF, 0.5 mM 4-deoxypyndoxme, and 40 mM P-glycerophosphate. 

6. Ice bucket with liquid mtrogen 
7 Mlcrofuge tubes and floating rack 
8. Ultracentrifuge and lo-mL ultracentrifuge tubes. 
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2.2. Substrate Solutions 
2.2.1. Sphingosine 

1 n-erythro-sphingosme: dtssolve in ethanol at 50 mA& m a screw-capped glass 
tube, and store at -70°C. This solution is stable for months 

2 Bovme serum albumin (BSA), tissue culture grade (4 mg/mL in PBS), or 5% 
Triton X- 100 

3. Vortex mixer 
4. Bath sonicator. 

2.2.2. fj*P]ATP/Mf mixture 

1. ATP: 20 n&f, freshly prepared m a solutton containing 200 m/U MgC12. 
2 y[32P]ATP (10 mCl/mL). 

2.3. Reaction Mixture and incubation 

1 Ice bucket. 
2. Sphingosme kinase buffer (see Subheading 2.1.). 
3. 15-mL Conical glass centrifuge tubes with screw caps. 
4 Test tube rack. 
5. Vortex mixer 
6 Water bath at 37°C 

2.4. Separation and Analysis of Sphingosine-7-Phosphate 

1. 1 NHCl 
2. Choloform*methanol:HC1(1OO:2OO: 1, v/v). 
3. Chloroform 
4. 2 NKCl. 
5. Vortex mixer. 
6. Centrifuge. 
7. Asptration system. 
8. TLC glass chamber contaming butanokethanol:acetic act&water (80:20:10:20, v/v). 
9. TLC stlica gel G60 plates (20 x 20 or 10 x 20 cm). 

10. Ruler and pencil. 
11. Standard SPP solution (1 mA4 in 4 mg/mL BSA) 
12. Hamilton syringe or lOO- to 200-pL pipet. 
13. Hair dryer. 
14. Autoradiography film 
15. 0.2% (w/v) Ninhydrin spray solution in ethanol 
16 Silica gel scraper. 
17. Scintillation tubes and scmtlllation flmd. 
18. Scintillation counter set to count [32P] 



238 Olivera and Spiegel 

3. Methods 
3.7. Preparation of Cell Lysates Containing Sphingosine Kinase 

1. Culture Swiss 3T3 fibroblasts to confiuency in 100~mm Petri dishes in DMEM 
containing 10% calf serum, then serum-starve them overnight if the effect of 
various growth factors on sphingosine kmase IS to be investigated. 

2. Wash cells twice on Ice with 10 mL cold PBS, aspirate, and add 500 pL of sphm- 
gosine kmase buffer 

3. Scrape cells, transfer to 1.5~mL tubes on ice, and immediately freeze in liquid 
nitrogen 

4. Disrupt cells by freeze-thawing. This step is performed by succeslvely placing 
cells m liquid nitrogen, then thawing in 37°C bath Repeate six times 

5. Transfer cell lysates to prechilled ultracentrifuge tubes and spin at 105,OOOg for 
90 mm at 4°C. 

6 Measure protem concentration of the supernatants, which correspond to cytoso- 
hc fractions. Supernatants can be stored at-70°C and sphmgosine kinase activity 
is stable for several months However, when cells have been treated with dlffer- 
ent stimuli to determine their effect on sphingosine kmase activity, it is better to 
perform the assay as soon as possible 

3.2. Preparation of Substrates 
3.2.1. Preparation of Sphingosine 

1. To prepare 1 mM sphmgosme complexed with BSA, plpet 1 mL of the BSA 
solution m a glass tube and vortex while adding 20 & of 50 mM sphingosine 
drop by drop. Vortex for an additional few seconds. Somcate the solution m a 
bath somcator for l-2 min. This solution may be slightly cloudy, but no particu- 
late matter should be present. 

2. To prepare 1 mA4 sphingosme-Triton X- 100 mlcelles, pipet 1 mL of 5% Trtton-X 
100 into a glass tube Add 20 & of 50 mA4 sphmgosme, vortex, and somcate for 
a few seconds A clear solution should result 

3 Both preparations of sphingosine are stable at -20°C for a few months. 

3.2.2. Preparation of Radiolabeled ATP/Mg2’ Mixture 
1 Calculate the volume of ATP/Mg2+ mixture required by multiplying the number 

of samples times 10 (10 pL of ATP mixture/sample). 
2. Irnmediatly before starting the reaction, mix 9 parts of unlabeled ATP- MgCl, 

and 1 part [Y~~P]ATP (approx 10 @l/sample), and vortex. Keep on ice 

3.3. Reaction Mixture 
1. Place glass conical tubes in rack m ice-water tray 
2 Add cell extracts. The protein concentration suitable for assays ranges from 

40-l 20 pg for Swiss 3T3 fibroblast extracts, but this must be determined inde- 
pendently for each tjrpe of cell to be analyzed. 

3. Add sphmgosme kinase buffer to 180 pL. 
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4. Add 10 pL of 1 mMsphingosine (the final concentratton, 50 pA4, IS saturating) deliv- 
ered either as sphingosine-BSA complex or sphingosine-Triton X-100 micelles 

5 Vortex tubes gently. 
6. Start reactions by additton of 10 pL of [y3*P]ATP (10 pCi, 20 mM/ MgCl,, 200 

mM) and vortex gently. 
7. Place rack in water bath and incubate for 30 min at 37°C (linearity with time of 

incubatron must be established for each cell type). 
8. Pipet an aliquot (1 pL) of the [y3*P]ATP into a scintillation vial and count to 

detemine total radioactrvrty added 

3.4. Separation and Analysis of Sphingosine-l-Phosphate: 
Quantitation of Sphingosine Kinase Activity 

1 After the mcubatron period, place the rack m iced water. 
2. Terminate reactions by addition of 20 pL of 1 N HCl followed by 0.8 mL of 

chlorofotmmethanol HCI (100:200: 1, v/v). 
3 Vortex vrgorously and let stand at room temperature for S-10 mm 
4. Add 240 pL of chloroform and 240 pL of 2 N KC1 to separate phases. 
5 Vortex vigorously and let stand for 5-10 min. 
6 Centrifuge for 5-10 min at 400g. 
7 Aspirate the aqueous (upper) phase and cap tubes. 
8. With a pencil and a ruler, mark the origin on a TLC plate where samples will be 

applied 2 cm from the bottom of the plate and 0.5 cm apart. Apply standard SPP 
in lanes at the end of each plate 

9. Spot samples of the organic phase (SO-100 p.L) drop by drop onto the TLC plates, 
wrth erther a Hamilton syringe or 200~pL prpet with a gel loading tip. For more 
rapid application of the sample, dry each spot with a hair dryer or heat the TLC 
plate on a warm hot plate. 

10 After the sample spots are completely dry, place the TLC plate m a TLC chamber 
containmg 1-butanol*methanol:acetrc acid water (80.20.10:20, v/v) 

Il. When the solvent front reaches the top of the plate, remove the plate from the 
chamber and allow it to air dry m a fume hood. 

12. Expose the plate to autoradiography film for 5-16 h and then develop the film. 
13. As shown m Fig. 1, the only major radlolabeled phosphobpid detected has the 

same Rf as standard SPP. However, when sphingosme kinase activity is mea- 
sured usmg extracts from other types of cells, additional spots may be detected 

14. To determine the Rf of standard SPP, spray the end of the plate where SPP stan- 
dard was spotted with ninhidryn solution, while covering up the rest of the plate 
Warm the sprayed area wrth a hair dryer. After a few seconds, the band corre- 
sponding to standard SPP will be stamed pink. 

15. Mark the areas on the TLC plate that correspond to the radioactive spots and 
authentic SPP 

16 Spray these areas lightly with water to wet the plates and scrape the marked areas 
onto a piece of weighing paper Transfer to scmtrllatron vials 

17. Add scintillation flmd, shake, and count in a scmtrllatron counter 
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18 To determine specific activity, expressed as pmol of SPP formed per mmute per 
mg protein (U), it IS assumed that the ratio of radiolabeled ATP to unlabeled ATP is 
the same as the ratio of radiolabeled SPP to unlabeled SPP generated. First, calcu- 
late the specific activity of ATP as cpm/pmol by dividmg cpm of [Y~~P]ATP added 
per tube (from the total counts) by 180 run01 of unlabled ATP. From the specific 
activity of [Y~~P]ATP, convert the cpm of the SPP spots into pmol of SPP. 

4. Notes 
1. When sphmgosme is added as Triton X-100 micelles (final concentration of Tri- 

ton X-100 in the assay, 0.25%), the apparent activity of the enzyme is two to 
threefold higher than when sphingosine is added as a BSA complex. In sphm- 
gosine-kmase preparations from Swiss 3T3 fibroblasts and some other cell 
types and tissues, the stimulatory effect of Triton X-100 IS detectable at con- 
centrations as low as O.l%, and is maintained up to 0 5%. However, the effect 
of Triton X-100 in other cell types should be examined independently. 

2. The conditions for the sphingosme-kmase assay descrrbed (concentration of pro- 
tein, time of mcubation, saturating concentration of sphingosme) have been opti- 
mized for Swiss 3T3 cells In these experiments, the K,,, for sphingosme was 
found to be 9 Nand V,,, was reached at concentrations of 30-50 l.uV (26). 

3. The specific activity of ATP can be modified, depending on the application If 
the sphingosme kinase activity is very low, ATP specific activity can be increased 
for greater sensitivity. 
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Analytical Methods and Steps 
to Sample Preparation for Determination 
of Molecular Species of Fatty Acids 

Sanda Clejan 

1. Introduction 
1.1. Background 

The generatlon of the lipid-signal molecules dlacyiglycerol (DAG) and 
phosphatidic acid (PA) from phosphohpids like phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), and phosphatidylinositols (PIs) has been 
implicated in the transduction events essential for proliferation and differentia- 
tion in many cells. If the DAG or PA produced by cells is bemg generated by 
hydrolysis of a given phospholipld, then the fatty acid molecular species 
(MSFA) profile of the lipid-signal molecule should be nearly identical to that 
of the hydrolyzed phosphohpid. Therefore, it 1s possible to find the source of 
stimulated DAG or PA by comparing the molecular species profile of the cel- 
lular DAGs or PAS to those of parent phospholipids (1,2). Lipids can be char- 
acterized by their fatty acids that differ in chain length, degree of unsaturation, 
configuration, and position of the double bonds, and the presence of other 
functlonalitles (see Note 1). High-performance hquld chromatography (HPLC) 
methods have been developed and are now routinely used to resolve most of 
the molecular species, either with or without denvatlzation. The nonderivatized 
HPLC procedures are fast and simple but relatively large amounts of lipids are 
required and the resolution 1s sometimes questionable. The derlvatized HPLC 
procedures are more complex, but have a good resolution and are essential 
when diacyl, alkylacyl, and alkenylacyl subclasses have to be separated. 

This introductory chapter explains how to prepare lipid samples from cells 
or tissues for subsequent determination of molecular species of fatty acids. 
Also described here are the separations mto neutral and PLs species and meth- 

From Methods In Molecular Biology, Vol 105 Phosphollpld Signabng Protocols 
Edited by I M Bird 0 Humana Press Inc , Totowa, NJ 

243 



244 C/elan 

1 Cells, Tissues 1 

1 

(Extradlonof 

Separation of neutral lrplds Separation of PLs 

1 c 

1 TLC or HPLC for separation of DAG TLC or HPLC for separation of PL classes { 

I I 
PC PE PS PI CL LPC PA 

HPLC with or without denvatization for separation of MSFA 

I 
Calculation of the source of MSFA in DAG and PA by subtraction of each MSFA of 

PC or PE or PI from each MSFA from DAG and PA 

Fig 1 Flowchart of the methods used to separate DAG and PLs for analysis of 
MSFA and final calculations of the source of DAG and PA 

ods for separation of DAG from neutral lipids and of classes of PLs. Chapter23 
describes three simple HPLC procedures for the identification of the molecular 
species of these extracted and separated lipids, namely DAG and PA and the 
separated PLs classes. Some methods may require multrple steps, mcludmg 
different procedures of derivatization and lipid hydrolysis, which are also 
described m detail. 

1.2. Experimental Strategy 
For subsequent HPLC analysts, tt is important that lipids are extracted and 

separated at the appropriate pH and salt concentration and are free of parttcu- 
late matter. To protect fatty actds from peroxrdatton and prevent acyl migra- 
tion, rt IS important to keep the samples on ice, gently flush N2 contmuously, 
and add butylated hydroxy toluene (BHT) and boric acid at key steps in the 
process (see Notes 2 and 3). A flowchart for the different steps necessary to 
separate molecular species of fatty acids (MSFA) IS presented m Fig. 1. 

1.3. Extraction of Lipids 

Many methods for extraction are available. The mam procedures mvolve 
extraction by a combmation of organic solvents. The Folch procedure is better 
suited for subsequent MSFA separatton. 
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The most serious problem with the Folch wash procedure (3) is acyl migra- 
tion and for extraction from specific cells, like endothelial cells, peroxidation 
(see Notes 2 and 3). Tocopherol addition, together with BHT will solve this 
problem. The centrifugation and removal of the organic layer and two addi- 
tional extractions are precautionary steps to eliminate particulate matter. In 
general, lyophilization is not required but division of the cell lipid extract into 
four portions, i.e., triplicates plus a reserve sample is a recommended approach 
(see Note 4). The polyphosphoinositides are not well-extracted by Folch pro- 
cedure and require specialized procedures. 

1.4. Separation of Neutral Lipids by TLC or HPLC 
for Quantitative Separation of Diacylglycerol 

For DAG analysis, the liptd extracts must be separated m a neutral lipid 
fraction by a simple silicic acid-column method. Complete separation of DAG 
may be achieved by thin-layer chromatography (TLC) and scraping off the 
band with subsequent extraction of DAG from the TLC powder, or by a very 
simple HPLC method that will also quantitate the DAG. If MSFA of DAG are 
identified by benzoylation, the TLC method is preferred (4). If DAG MSFA 
are quantitated by HPLC without derivatization, the second method of separa- 
tion of DAG offers better results (6,7). 

1.5. Separation of Phospholipid Classes 
After separation from neutral lipids, PLs classes can be resolved by a two- 

step single dimensional HPTLC (6,s) or by a simple, isocratic, silica column 
HPLC method (9). Again, the TLC method is preferred when used with 
derivatization methods or separation of ether alkenyl PLs (when necessary), 
whereas the HPLC method which preserves fatty acid composition is more 
efficient with MSFA, which does not involve derivatization (see Note 5). 

2. Materials 
All chemicals should be at least analytical or HPLC grade. 

2.1. Extraction of Lipids from Cells or Tissues 
1. Chloroform 
2. Methanol. 
3 BHT. 
4 Tocopherol. 
5 Potassium chloride. 
6. Capped polypropylene microcentrifuge tubes. 
7. Glass wool. 
8. Pasteur pipets. 
9. N2 Gas. 

10. Polypropylene vials (see Note 6) 



246 Clejan 

2.2. Silicic Acid Fractionation into Neutral Lipids and Phospholipids 

1. Chloroform 
2 Acetone. 
3 Methanol. 
4. Sillcic acid (commercial grade, 100-200 mesh). 
5. Glass wool. 
6. Pasteur pipet 

2.3. Separation of Diacylglycerol by TLC 

1 Sonicator. 
2 Centrifuge. 
3. N2 Tank. 
4. Toluene/ether/methanol. 
5 Dlethylether 
6 Prlmuhne (Merck Darmstadt, Mannhelm, Germany) (10) 
7. UV light viewer. 
8. 20 x 20-p Slhca gel 60, 0 25 mm thick (Merck) 
9. Standard DAG. dlpalmitoyl-sn-glycerol, 1 -stearoyl2-arachldonyl-sn-glycerol. 

2.4. Separation of Diacylglycerol by HPLC 

1. Equipment: 
a. High-pressure isocratic-solvent delivery system. 
b. Waters (Mllford, MA) M6000 delivery pump 
c. U 6K injector 
d. Detector: R-401 dlfferentlal refractometer. 
e Fraction collector 
f. Recorder + convertor (analog/digital) + integrator (CPLOT). 
g. Column and guard column (see Note 7) Stainless steel column packaged with 

slliclc acid (5 pm), mlcroporosll column, 30 cm x 4.0 mm. 
2 Standard DAG. dlpalmltoyl sn-glycerol, 1- stearoyl-2-arachldonyl-sn-glycerol. 
3 Chemicals. 

a. Diethylether 
b. Hexane 
c Isopropanol 
d Glacial ace& acid 
e. NZGas 

2.5. Separation of Phospholipid Classes by HPLC 

1. Equipment. 
a. High-pressure pump-solvent delivery system with microprocessor control 

programming and fraction collector (Model 6000 A, Waters), UV wavelength 
detector (Model 450), operated at 205 nm, with Model U6K Injector 

b. Guard column: silica particles (35-55 p) (see Note 7). 
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c. Main column: Htbar II, 250 x 4 6 mm (EM Laboratories, Gibbstown, NJ). 
d Column packing. 10-p SI~CIC acid LiChrospher St-100 (EM Laboratories) 

(see Note 8). 
2. Chemicals: 

a. 2-Propanol. 
b. Potassium-phosphate, 25 nnl4 (pH 7.0). 
c. Hexane. 
d. Absolute ethanol. 
e Milhpore (Bedford, MA) filter 0 5-pm FH. 
f. Glacial acetic acid 
g Commercial standards: PC, PE, PI, PS, SM, LPC, PA (Sigma, St. LOUIS, MO). 

2.6. Separation of Phospholipid Classes by HPTLC 
1. HPTLC plates (10 x 10 cm) silica gel 60 (Merck). 
2 Horizontal TLC chamber (vertical not suitable). 
3. Microapphcator with micrometer adJustment (Microapphcator Company). 
4 Phospholiprd standards from commercial sources (Sigma). A composite standard 

phosphohpid mixture can be prepared m accordance with the composition of the 
sample (approx 0.3 &/mL). 

5 Reflectance densitometer, run in the slit-scanning mode with scannmg speed at 
5-mrnlmin. 

6 Chloroform 
7 Methanol. 
8, 2-propanol 
9. Potassium chloride 

10 Ethyl acetate 
11. Copper acetate. 
12 Phosphoric acid. 

3. Methods 
3.1. Extraction of Lipids from Cells or Tissues 

Carry out all incubations in capped polypropylene tubes (see Note 6) and 
flush with N2 at each stage. 

1. Add to the cells (at least lo4 cells or 2-4-mg protein in the cell suspension), 
sequentially with vortexing, 1 mL of chlorofoimmethanol (1:2, v/v), 0.66 mL 
chloroform and 0 6 mL of 0.88% (w/v) potassmm chloride. Methanol contains 
0 05% boric acid 

2 Vigorously mix for 5 min. 
3. Allow phases to separate. 
4. After a minimum of 5 mm, centrifuge the samples at 2000g for 5 mm 
5. Discard the upper layer 
6. Add 1 mL chloroform to the lower organic phase. 
7. Filter the solution through glass wool m a Pasteur pipet. 
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8. The collected eluate is then evaporated under N, at room temperature and redts- 
solved in 0.5 mL chloroform 

3.2. Silicic Acid Fractionation into Neutral Lipids and Phospholipids 

1 For lipid loads of maximum 20 mg, use a Pasteur ptpet with l-2 g stlicic acid 
(prepared as a slurry in chloroform) and contaimng a ptece of glass wool at the 
narrow end of the tube (see Note 8) 

2. Add the chloroform lipid extract from Subheading 3.1 
3. Add, twtce, 4 mL chloroform; collect the neutral lipids 
4. Add, twice, 8 mL acetone, collect glycolipids and cerebrosides (see Note 9) 
5. Add, twice, 4 mL methanol, collect the phosphohpid fraction. 

3.3. Separation of Diacylglycerol by TLC 

1 Spot at the origm (1.5 cm from base of the plate), side by side, the neutral lipid 
extract and the DAG standard on a 20 x 20-cm silica gel 60 plate. 

2. Prepare the TLC chamber, and then introduce the TLC plate m the chamber con- 
taming 10 mL of toluene:ether:methanol(80: 10: 10, v/v/v). 

3 Develop to 10 cm from the origm 
4. Remove the plate from the chamber and, for 15 mm, allow the excess solvent to 

evaporate in a chromatography tank flushed with N2 
5 Spray the plate with 0.001% primulme. 
6 Identify the DAG band by comparison with the standard DAG by viewmg under 

UV light R, of the DAG is 0.58-0.62. Delineate the band. 
7 Scrape off the band 
8. Extract the DAG from the TLC powder with 2 mL diethylether with vortexmg 
9. Sonicate for 30 s. 

10. Centrifuge at 1OOOg for 5 min 
11 Repeat steps 8-10 two more times and pool the extracts 
12 Remove the ether with N, bubblmg and use immediately for benzoylation. 

3.4. Separation of Diacylglycerol by HPLC 
1. Prepare the mobile phase hexane:isopropanol:acetic acid (100: 100 0.1 ,v/v/v); degas. 
2. Start-up: Preclean the mtcroporosil column and the guard column (see Note 7) Prime 

HPLC pump with hexane at half the flow rate used in the method (1 mL/min) 
3. Load the injection loop with 0.15 mL of the neutral lipid sample, passed prior 

through a filter (to remove particulate matter) or, separately, load 0.15 mL of 10 mg 
DAG standard (see Note 10) 

4. Turn the injection valve to bring the sample loop m lme with the column. 
5. Adjust flow rate at 2 mL/mm. 
6 DAG elutes, as a bimodal peak at 8 6-12 0 mm, followmg the nonesterified cho- 

lesterol that elutes at 7 min (Fig. 2). 
7. The DAG collected m the fraction collector is flushed with N, and used immedi- 

ately for MSFA determination (see Note 11) 
8. Proceed with the standard end-of-analysis shut-down or overnight shut-down 
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Fig. 2. HPLC separation of DAG after silicic acid separation of neutral lipids (60 pg 
of lipid phosphorus from platelet membranes). CE, cholesterol esters; TG, triglycerides; 
FC, free cholesterol; DAG, diacylglycerol. 

3.5. Separation of Phospholipid Classes by HPLC 
1. Prepare standards (2 mg/mL) m hexane-2-propanol-water, (40 54.6, v/v/v). 

2 Prepare the phosphohpids separated as described m Subheading 3.2., step 5, in 
1 mL hexane solvent. 

3. Prepare the elutmg solvent hexane 2-propanol.potassmm phosphate:25 mM 
ethanol:acetic acid (367.490:62+100:0.6) as follows: add 490 mL of 2-propanol 
to 62 mL of 25 mA4potassmm phosphate (pH 7.0). Mix well. Add 367 mL hex- 
ane and 100 mL absolute ethanol. Filter through a 0.5~pm type FH Millipore 
filter and only then add 0.6 mL glacial acetic acid. Degas (see Note 12). 

4. Start up. Prime HPLC pump with the elutmg solvent at a flow rate of 0.5 mL/min 
5. Load into the injection loop: 0.2 mL of PL sample or 0.2 mL of standards and a 

mix of each phospholipid separately (PC + PE + PI + PS + SM). 
6. Turn the injection valve to bring the sample loop m line with the column. 
7. Adjust flow rate at 0.5 mL/min for the first hour (60 mm) 
8. PE, PA, PI, PS, and CL elute, respectively at 10, 16,24, 38, and 57 min and are 

collected 
9 Adjust flow rate at 1 mL/min for the next hour PC, SM, and LPC elute at 82, 96, 

and 110 mm and are collected (Fig. 3). 

3.6. Separation of Phospholipid Classes by HPTLC 

1. Prewash the HPTLC plates by developing them with methanol for 1 h. Dry them 
for 1 h at 110°C 
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Fig 3 HPLC separation of PLs classes after stlicic acid fractionation of PLs (approx 
1.5 mg PL from TFl hematopoietic cells) PE, phosphatidylethanolamme; PA, phos- 
phatidtc acid; PI, phosphattdylinositol; PS, phosphatidylserine; CL, cardiohpin; PC, 
phosphattdylcholine; SM, sphingomyelin; LPC, lysophosphatidylcholine. 

2. Prepare the plate by using a sharp and soft pencil. Number the samples and stan- 
dards at a distance of 8 mm between samples. Begin the apphcation line at 8 mm 
from the edge. 

3. Prepare the samples from the dry hpid extract by resuspending them with 2 pL 
chloroform and load the samples on the plate with a Hamilton syringe Load two 
samples, one standard and contmue m this order Load two plates with the same 
samples and standards, in the same order 

4. Wash the syrmge 10 times with chloroform 
5 Prepare the runnmg solutton: chloroform methanol:2-propanol potassium chlo- 

ride, 0.25%.ethylacetate (30.9:25:6: 18, v/v/v/v/v). 
6. Prepare the chamber for running, by introducing a Whatman paper m the cham- 

ber and wetting tt with the runnmg solution 
7. Put the plate in the horizontal chamber, leaning the upper edge against the cham- 

ber wall. The solvent should wet the plate, but not above the start line. 
8 Let the solvent ascend to the upper line. For optimal separation, the plate may be 

developed twice, but has to be dried with N2 gas between the two runnings 
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9. Develop one plate after drying rt for 15 min at room temperature wtth 3% copper 
acetate m 8% aqueous phosphorrc acid, spray to transparency, and then char the 
plate at 180°C for 10 min. 

10. Calculate the Rf of the black spots and note the precise location on the second 
plate, which was not sprayed (see Notes 13 and 14). 

11. Scrap the PL spots and extract the samples from the TLC powder with 2 mL 
chloroform with vortexing. 

12. Centrifuge at IOOOg for 5 mm. 
13. Repeat steps 11-12 twice more. 
14. Remove the chloroform with N, bubbling and use immediately for benzoylatton. 

4. Notes 
1. Phospholiprds are characterized by a phosphate group estentied to the sn-3 positron 

of glycerol; and a number of acyl residues (1-4 acyl residues) attached through an 
ester bond at m-2 posrtion of glycerol and either an ester, ether, or vinyl ether bond 
at the sn-1 positron. The various head groups of phospholipids, which are the 
phosphate base, make the separation of different PLs m separate classes possible. 
The PL classes can then be separated into molecular species based on the acyl 
composition. 

2 The lipids should be m undegraded and uncontaminated state after they under- 
went all the procedures The effectiveness of the procedures depends on the 
chemical nature of the hprd components and the kind of assoctation m which 
they occur The rsomerrzatron of monoglycerides and of dtglycendes by acyl 
migration can be prevented by adding boric acid, but m large quantittes boric 
acid can interfere with the fractionation procedures 

3. In general, to avoid peroxidation of double bonds, all solvents should be de-aerated 
by bubbling NZ, and all extractions and subsequent operations should be carried out 
under NP. An antioxidant, like BHT or tocopherol, or a combination of both 
should be used, but high quantities of antroxidants can Interfere with subsequent 
quantitations of fractionated lipids when monitored by absorbance in the 200- to 
2 14-nm range. 

4. Because of general labihty of lipids (peroxidatton and hydrolysis), one should never 
store them for extended pertods of time or in a dry form. Lipids should be 
stored at -8O”C, dissolved m a small volume of benzene or chloroform, Wtth 
dry samples, there 1s a high possrbilty of polymenzatton reactions ofpolyunsaturated 
lipids. 

5. The strategy of which method to use for separation of PL classes depends also on 
the quantity of the desired PL to be separated and, thus, whether enough maternal 
is present for subsequent MSFA analysis. For example, cardiolipin (CL), a four- 
acyl chain PL, whose MSFA cornpositron cannot be analyzed by standard proce- 
dures, requires high yields of separated CL. The isolatron and quantitatton of 
lysophosphatrdyl choline, whose MS determination is very important in study of 
cardiac tissues, also offer challenges that require high yields. 
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6 

7. 

8. 

9 

10 

11. 

12. 

13 

14. 

Lipid samples are best kept m polypropylene vials that do not release plasticizers 
when exposed to chloroformmethanol (II). 
To protect the column against blockage by finely suspended particles in the elu- 
ates or in the neutral lipid solution apphed to the column, a guard column packed 
with silica particles, 35-55 pm, is inserted ahead of the analytic column. If the 
column pressure 1s more than twrce that of a new column, one has to change the 
disposable guard cartridge 
Since there are significant differences m the selectivity of silica columns even from 
the same manufacturer, it is necessary to make adJustments in the concentration of 
water and acetic acid m the elution solvent wtth each column to maximrze the 
resolution of phosphohpids and to obtain consrstently the same retention times 
If not used for separation of MSFA from glycohpids, this fraction can be dls- 
carded. When the material originates from brain lipids, the fraction may contain 
small amounts of cardiolipm that will be lost if analysis of MSFA of CL IS 
intended, and, therefore, must be pooled with the methanol fraction containing 
phosphollprds and most of cardiohpm. 
In using both dipalmityl glycerol and 1-stearyl-2-arachidonyl-sn-glycerol to con- 
struct standard curves that are equivalent, one confirms that this quantrficatron 
does not dtscrrmmate between hpids wrth regard to the number and location of 
double bonds. 
Recovery of DAG is typically 96103% with a good reproductbihty (SD of 2 mV 
on a total of 18-35 mV) 
The order in which PL classes elute depends mostly on the polarity of the head 
group, whereas the retention time depends mostly on the amount of water in the 
mobile phase. If the amount of water in the mobile phase increases, the retention 
time decreases for all PLs but PA, which is not affected. Conversely, an increase 
m the concentration of acetic acid in the mobile phase does not affect PLs, but 
only CL, which has an increased retention time. 
Good separation of all major classes of PL is achieved by this method, except for 
SM, which overlaps with the PC component. 
The Rf of different PL wtth this method are SM 0 04; PC. 0.07; PS 0.14; PI* 
0.19, PA: 0.25; PE: 0 30; and ceramrde: 0 58. 
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HPLC Analytical Methods for the Separation 
of Molecular Species of Fatty Acids 
in Diacylglycerol and Cellular Phospholipids 

Sanda Clejan 

1. Introduction 
7.7. Background 

Separation of PLs or the liptd mediators DAG and PA into mdividual 
molecular species is a complex multistep procedure. For example, first, phos- 
pholipid classes must be quantitatively tsolated in amounts large enough for 
further analysis. In Chapter 22, we described the multiple steps and analytical 
methods necessary to achieve this fractionation with good resolution and 
recoveries. Once pure phospholipid fractions (PC, PE, PI, and CL) or pure 
DAG or PA are obtained, analyses of their molecular species have customarily 
been performed m a series of steps that include partial hydrolysis, derivative 
formation, and/or a combmation of several different types of chromatographic 
procedures (1,2). These methods would ideally be simple enough to be per- 
formed routinely, but at the same time, the methods have to be rigorously con- 
trolled qualitatively and quantitatively to show that the fractions of fatty acids 
collected are not changed by the method used. It is also important to differen- 
tiate changes in molecular species of fatty acids because of dietary mampula- 
ttons. These are not easy tasks. Length and unsaturation of fatty acids, the 
double-bond position in the chain or m the PL molecule, and the proporttons 
and the topographically heterogenous distribution of lipid constituents inside 
the cell membrane, are all factors responsible for the structural and dynamic 
properties of the membrane edifice. 

Because of these factors, a variety of techniques have been developed. The 
HPLC of intact glycerophospholipids (without dertvatization), as described 
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here, may be followed in special circumstances by transmethylation of indl- 
vidual peaks and analysis of fatty acid methylesters by gas chromatography 
(2). Other examples of such techmques used for separation and analysis of 
molecular species of fatty acids (MSFA) are gas chromatography-mass spec- 
troscopy (GC-MS); GC-MS of trimethyl silyl derivatives (or t-butyl dimethyl 
sllyl derivatives (3,4); HPLC with fluorescent detection, using naproxen 
derivatives of DAG (5); positive and negative ion electrospray MS (6); fast 
atomic bombardment (FAB) (7); electron capture negative chemical ionization 
(CI) MS (8); and HPLC in tandem with CI (9). 

1.2. Experimental Strategy 

In this chapter, we first describe a relatively simple and sensitive HPLC 
direct method for separation of MSFA of PC, PE, PS, and PI, which can be 
applied with few modifications to DAG analysis. We also describe a derivative 
method (benzoylation) for DAG, which can also be apphed to specific phos- 
pholiplds after their conversion to DAG by hydrolysis with phospholipase C. 
Finally special cases, like PA and cardiolipm (CL), that need separate methods 
for quantitation of MSFA are covered. 

1.3. Reverse-Phase HPLC Without Derivatization for Separation 
of Intact Molecular Species of Fatty Acids 

As currently performed, purified PC, PE, PI, and PS, or other PL classes are 
each chromatographed on a C 18 reverse-phase column with optimal separa- 
tions for quantitation by phosphorus analysis for PC or PE in the range of 
100-1000 pg and PI or PS in the range of 25-400 pg (see Note 1). Within any 
class of phosphohpid, the order of elutlon of MS 1s constant and dependent 
only on the composition of the component fatty acids. A relative retention time 
(RRT) is calculated by dividing the retention time of each peak by the retention 
time of the reference peak. An example of the calculation of the RRT in cul- 
tures of a murine stem-cell line responsive to erythropoietin is given m Table 1. 
Each molecular species is numbered based upon its retention time, as shown in 
Fig. 1 and identified in Table 1. Based on theoretical considerations, the RRT 
of a particular molecular species 1s the same m all the phosphollpid classes. 
Using RRT relationship based on the predictability of the effective carbon num- 
ber in ~~1-1, as well as the position of the unsaturated fatty acid in sn-2, it 1s 
possible to calculate the RRT for FA molecular pairs which are not being spe- 
cifically identified. 

The method can be used only when the cell or tissue extracted PLs have no 
or very minor completely saturated pair species (e.g., 16:0/18:0, 18:0/18:0, or 
16:0/l 6:0) that are not detected by the HPLC online UV-detector response at 
205 nm. Also, as the method is based on absorbance of double bonds at 205 nm. 
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Table 1 
Relative Retention Time (WIT) 
of Intact Individual Molecular Species of Fatty Acids 

Peak no. sn- 1,s~2 Molecular species 

1 14*0,22:6 
2 18:2,18:3 and 14:0,20:4 
3 16:1,18:2 
4 18*2,22:6 and 15:0,22:6 
5 16 0,20.5 and 18:2,20:4 
6 18 2,18 2 
7 16:0,16:1 
8 16*1,18:1 
9 16*0,22:6 
10 16.0,20:4 
11 16:0,18:2 
12 18.1,18:2 
13 16:0,22*5 (n-3) 
14 16 0,22*5 (n-6 ) and 18.0,20.5 
15 16 0,20:3 (n-6) 
16 17:0,18:2 and 16:0,20*3 (n-9) 
17 16*0,18 1 
18 18*1,18*1 
19 18:0,22*6 
20 18*0,20 4 
21 18 0,18.2 
22 18*0,18*1 
23 18:0,22.5 (n-3) 
24 18.0,22.5 (n-6) 
25 18.0,20:3 (n-6) 
26 18:0,20,3 and 18:1,20:4 
27 20,0,22:6 and 20:0,20:4 

The major fatty acid species were separated as descrtbed m 
Subheading 3.1. Peak numbers correspond to the elutlon sequence 
shown m Fig. 1 RRT was calculated with respect to 16*0,22*6 FA 
(peak 9). The actual molecular species represented by each peak were 
determined by comparison with either the RRT of standards deter- 
mmed by gas chromatography or with the predicted RRT calculated 
as described m Subheading 1.2. 

where completely saturated species are not detected, a cahbratlon curve-m 
order to compensate for absorbance differences of more saturated versus 
polyunsaturated species at 205 nm-1s necessary (IO). The method may also 
overestimate MSFA of diacyl species, when alkenyl or alkyl ether lmkages 
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Fig. 1. (contznued on opposite page) HPLC separation and MS distribution of PC, 
PE, and PI in cultures of B6SUt cells performed as shown in B Subheading 3.1. Inter- 
nal standard 16.0,22:6 (peak 9). Thesn-1 and sn-2 MS are described In Table 1, each 
MS was numbered based on Its retention time. 

are present (see Note 2). But, when most PLs or DAGs species are dlester 
compounds, the separation to resolve ether lipids from diester compounds 
need not be pursued. 
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Fig 1 (continuerS) 

1.4. Separation of Molecular Species of Diacy/g/ycero/ 
and Phospholipids Classes 
with Derivatization by Dinitro-Benzoylation 

A summary of the methodology used to determine quantitatively the molecular 
species present in a phosphohpid class is outlined in the flowchart depicted m 
Fig. 2. Lipids that contain 1 -ether linked or alkenyl ether linked FA chains may 
be ehrted differently than ester-( 1,2 diacyl) linked lipids, when otherwise identi- 
cal lipids are separated by HPLC. To determine the chemical lmkage between 
FA moieties and glycerol, a method based on converston of DAG into 
32P-labeled PA, TLC separation of the radiolabeled PA and treatment with acid 
or acid + base (alkenyl ether linkages are acid labile and ether linkages are base 
stable) can be used (IO). 

The step of HPLC separation of subclasses of drradyl classes can thus be 
avoided when it is proven that cells have little (1%) or no alkenyl 2-acyl- 
glycerobenzoates. Thus, two basic strategies can be used: The first 1s to exploit 
the ease of separation of drradyl benzoate compounds, the second is to carry out 
complete analysis of subclasses of phospholipids. 

Some steps have to be carried out with all HPLC applications. For example, 
for in-line monitoring of column performance and reproducibility of sample 
separatron, most workers add internal standards with fatty acid pan-s with a 
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PLS (PC, PE, PS, PI), PA 

/ \ 
Alkaline Phosphatase 

Water-Soluble DAG (endogenous) or from endogenous PL 
Phosphoryl compounds 

I 
extract DAG 

DAG : DNB 

I 
Purification by C,, Sep Pak mlmcolumn 

1 
Extract DAG-DNE 

1 HPLC separation of diradyl olasses 

1,2 dlacyl-DNB 1 alkyl, 2 acyl + 1 alkyl. 2 acyl - DNB 

HPLC h 
1 alkyl, 2 acyl- DNB 1 alkyl, 2 acyl - DNB 

4 1 1 

HPLC for separation of MSFA 

Fig 2. Flowchart of the methods used to quantltate the three subclasses of PLs for 
HPLC separation of MSFA by hydrolysis and dinitro-benzoylatlon (DNB) 

variety of short sn- 1 chain (C 12) and long sn-2 chain (C 20), and long SW 1 and 
short ~2-2 pairs, and parrs with both a monounsaturated (18: 1) or a polyunsatu- 
rated (20:4) FA in sn-2 position and a medium sn- 1 chain (18:O). The internal 
standards are added to the samples before injection and the column eluate is 
monitored at 254 nm. Next, an optimization of the gradient program is required. 
Initially, it is better to apply a long linear gradient to establish the elution pro- 
tile of all components, using known standards as well as tissue extracts to test 
the method, locate all possible peaks, detect any adverse effects of sample 
preparation, and analyze the effect of flow rate on peak resolution. All this 
will eliminate costly repeats later, The early stages must be optimized first 
and when a change in gradient is necessary, the column must be given time to 
equilibrate. 
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1.5. Analysis of Molecular Species 
of Fatty Acids of Phosphatidic Acid 

PA is not hydrolyzed by bacterial phospholipase C. PA can, however, be 
analyzed after conversion to DAG by hydrolysis with alkaline phosphatase 
(II). The DAG produced in this way is then purified, benzoylated as 
described above (see Subheading 1.4.), and the MS analyzed as for benzo- 
ylated DAG (see Subheading 3.2.). As quantitative hydrolysis by alkalme 
phosphatase is not complete for some more saturated molecular species, 
the results will overestimate polyunsaturated species, yet underestimate 
more saturated species. Thus, when plant or bacterial materials are 
extracted, a different strategy for separation of PA’s MSFA is advocated. 
This is based on a reverse-phase ion-pair HPLC technique, in which PA 
being a negatively charged compound, requires an external cationic 
counter-ion, present in the mobile phase to form neutral species. As there 
are two negative charges in the PA molecule, they require two cationic ions 
for neutralization. In order to optimize the HPLC system, tetraalkyl- 
ammonium phosphates (TAAP) are used. The retention characteristics of 
PA components are affected by both the size and the concentration of qua- 
ternary ammonium counter-ions present in the mobile phase. The capacity 
factors of molecular species increases with increase in the chain length of 
the alkyl group m alkyltriethylammonmm counter-ion, thus the ammonium 
counter-ion with the largest number of carbon atoms (Cl 8-dodecyl- 
triethylammonium phosphate [DTAP]) tends to offer better selectivity (12). 
Other HPLC variables to be optimized in addition to types and concentra- 
tion of ion-pair reagents are stationary-phase specifications and mobile- 
phase composition (see Note 3). 

7.6. Analysis of Cardiolipin Molecular Species of Fatty Acids 

CL is a phospholipid with two DAG moieties, a fact that provides particular 
challenge for molecular species analysis (13). Attempts to separate non- 
derivatized CL (see Subheading 2.1.) failed because of the presence of 
peroxidized CL analoges and impossibility to make molecular species assign- 
ment. Preliminary species analysis of CL of its DAG moieties, which can be 
released by phospholipase C treatment and subsequent benzoylation (see Sub- 
heading 1.4.), failed because of the extremely high number of peaks, all present 
in very low amounts. 

The method described here mvolves derivatizatlon by methylation of the 
phosphate group and benzoylation of the free hydroxyl (Fig. 3). Such 
derivatization gives highly apolar products that are UV-detectable after reverse- 
phase HPLC separation into well-defined MS. 
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CL: X=H, Y=H 
MCL: X&H,, Y=H 
BMCL: X=CH,, Y=CO-C,H, 
R,-Fi,=Acyl Groups 

Fig 3. Structure of the cardrohpm CL, the mtermedrate methyl-cardiolipm 1,3- 
bisphosphatidyl-2-benzoyl-sn glycerol dimethylester (MCL), and the product of the 
derivatization benzoyl-methyl-cardiolipm (BMCL) 

2. Materials 
All chemicals should be HPLC grade or, where not available, analytl- 

cal grade. 

2.1. Reverse-Phase HPLC for Separation of Intact 
Molecular Species of Fatty Acids of Phospholipid Classes 

1 Test samples and standards: 
a Prepare PC, PE, PI, and PS extracts from cellular experimental material (Chapter 

22). Dissolve PC and PE in 100 @, ethanol and PI and PS m 20 )JL chloroform. 
b Standards of most fatty acid molecular pairs (prepared at 2 mg/mL) can be 

purchased commercially, and for the ones that are not available, the RRT may 
be deducted. 

2. Chemicals: 
a. Double-distilled water. 
b. Choline chloride, 20 and 30 mM. 
c. Dibasic potassium phosphate, 25 mM. 
d Methanol. 
e. Acetomtrile. 
f Acetic acid 
g. Ethanol. 
h. Chloroform. 

3. HPLC Equipment: Standard reverse-phase HPLC equipment with isocratic pump, 
UV monitor, chart recorder and Fraction collector; mam column-Ultrasphere 
ODS, C 18,25 x 4 6-mm cartridge (see Note 4). A guard column is not necessary, 
but a screen-type filter IS recommended. 
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2.2 Methods for Separation of Molecular Species 
of Fatty Acids with Derivatization 

2.2.1. Phospholipase C Hydrolysis 

1 Diethylether containing 0.01% BHT. 
2 Incubation buffer: 0 2 Mpotassium phosphate (pH 7.0). 
3. 1 mA4 2-Mercaptoethanol. 
4. 0 5 &Zinc chloride 
5. 0.001% Boric acid, pH 7.0. 
6 10 U/mL Phosphohpase C (from Badus cereus and Baczllus thunngzensu) 

(Sigma, St Louis, MO). 
7. Sonicator. 
8 Water bath. 

2.2.2. Sample Derivatization 

1. Pyrtdine (dried over NaOH for 30 mm before use) (see Note 5). 
2 3,5-Dinitrobenzoyl chloride (DNB). 
3. Glass-sealed tubes 
4 Water bath. 
5 Methanol. 
6. C 18 Sep-Pak minicolumn (Waters, Milford, MA). 
7 Dtethylether 
8 Methanol 
9. N2 tank. 

2.2.3. HPLC Separation of Diradyl Classes 

1 Resuspension solution:cyclohexane.diethyletherethanol (85*15:0 1, v/v/v) 
2. Basic binary gradient HPLC equipment with pump mlector, detector, Model 48 1 

LC-Spectrophotometer, data module (Waters), Fraction collector and a pPorasi1 
main column (5 pm, 3.9 mm x 30 cm). 

3. Mobile phase: solvent A hexane:cyclohexane:dtethylether:ethanol(49:49:2:0 1; 
v/v/v/v); solvent B cyclohexane:dtethylether:ethanol(85:5:0.1; /v/v/v). 

2.2.4. TLC Separation of Alkylacyl and Alkenylacyl Species 

1. TLC plates: silica gel G60 containing F254 fluorescent indtcator (20 x 20 cm) 
(Merck, Darmstadt, Mannheim, Germany). 

2. Hexane. 
3. Dtethylether. 

2.2.5. Separation of Molecular Species 
of Fatty Acids by Reverse-Phase HPLC 

1. Internal standard: 1,2-12:0,12:0-DNB, prepared as described m Subheading 3.2.2. 
2. Resuspension solution: acetonitrile:propane-2-ol(1: 1, v/v). 
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3. Basic isocratic HPLC equipment with reverse-phase C 18, LiChrosorb RP-18 
column (5 pm, 4 mm x 25 cm) (see Note 6). 

4. Mobile phase. A- acetomtnle.propane-2-ol(9.1, v/v), B- acetomtrlle:propane-2-01 
(l:l, v/v). 

2.2.6. Hydrolysis of Phosphatidic Acid with Alkaline Phosphatase 

1. Internal standard: dlstearoyl PA. 
2 Sonicator. 
3. Incubation buffer: 50 mM Tris-HCl, pH 7.4, and 3 nuJ4 deoxycholate 
4. Calf intestine alkaline phosphatase, specific actlvlty 3000 IU/mg. 

2.2.7. Reverse- Phase Ion-pair HP1 C of Phosphabdic AciMolecular 
Species of Fatty Acids Without Derivatization 

1 PA standard* distearoyl PA (Sigma, 10 mg/mL in hexane). 
2. Tetraalkylammonium phosphate 
3 Basic HPLC equipment with injector fitted with a 20-& loop, solvent delivery 

system, interfaced with a spectrophotometer variable-wavelength UV detector 
and stationary phase: Octadecyl slllca Column, like high efficiency Nova Pak 
C 18 (4 p, 30 cm x 3.9 mm) or LlChromosorb RP- 18 (10 p, 25 cm x 4 6 mm) 
(EM Science). 

4. Mobile phase. acetonltrile:methanol:water:dodecyltr~ethyIammonium phosphate 
(DTAP), 3 mM(70*22:8.1, v/v/v/v) 

2.3. Analysis of Cardiolipin Molecular Species 

1. For derlvatizatlon of CL. 
a. Standards: tetrapalmytoyl CL and bovine heart CL (Sigma). 
b. Dlazomethane (see Note 7). 
c. Chloroform. 
d. Methanol. 
e HCl,O.lM 
f Anhydrous pyndme. 
g. Benzoylatlon reagent: 0.2 mL Pyridine, 10 pm01 Benzoic anhydnde, and 

10 pm01 4-(dimethyl ammo) pyridme. 
h. n-Hexane. 

2 For purification of BMCL. 
a. Sihca gel GlOO column. 
b. Elution solvent. n-hexane.propane 2-ol(9.1, v/v). 
c n-Hexane. 

3. For HPLC separation of BMCL. 
a. Bmary-gradient HPLC instrument with: mam pumps, dynamic mixer, system 

controller, channel-variable wavelength UV detector. 
b. Stationary phase: Nucleosil 100-5 C 18 reverse-phase column (25 cm x 4 mm) 

(Ramin) 
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c. Mobile phase. Solvent A-acetonitile.propane-2-ol.methanol:water (50:25.20.5, 
v/v/v/v) Solvent B-acetomtrtle:propane-2-ol(2: 1 ,v/v) 

3. Methods 
3.1. Reverse-Phase HPLC for Separation of intact 
Molecular Species of Fatty Acids of Phospholipids Classes 

3. I. I. Preparation of Elution Buffers 

1. Calibrate the pH meter and adjust the pH of buffers to within 0.05 pH units to 
ensure reproductbility of results 

2. Filter solutions and buffers through a 0.2~pm filter before use 
3. Degas all solutions before use, by bubbling N2 through the liquid for 5 mm 
4. For separation of PC, PE, or PI samples, prepare the mobile phase: cholme chlo- 

ride, 20 mM in methanol*water:acetomtrile (90.5:7*2.5, v/v/v) 
5 For PS samples prepare the mobile phase: choline chloride, 30 mM, m meth- 

anol:25mMdibasic potassmm phosphate:acetonitrile:acetic acid (90.5.7:2.5.0.8, 
v/v/v/v) (see Notes 8 and 9). 

3.1.2. Start-Up 

1. Prime HPLC pump with degased chloroform for PI and PS species analysts and 
with ethanol for PC and PE samples 

2 Pump the column with chloroform or ethanol at 1.0 mL/mm and then with the 
mobile phase 

3 Carry out column precleanmg and bring the column back m lme 

3.1.3. Sample Application 

1 Pass each sample or standard through a 0.5-l~rr filter. 
2. Make up the sample: Mtx the sample for PC and PE m 100 & ethanol, for PI and 

PS in 20 pL chloroform (or mix the samples in the mobile phase) 
3 Load the sample into the injection loop. 
4. Turn the injection valve to bring the sample loop in line with the column 

3.1.4. Flow Rates 

1. The elution is kept at a constant flow rate at 2.0 mL/min for 150 min for PC and 
PE, 120 min for PS, and 75 min for PI. 

3.1.5. Collection of Molecular Species 

1. Set UV detector at 205 run, and collect accordingly. 
2. As shown in Table 1, molecular spectes separation occurs even on the basis of 

the position of double bonds. 
3. Since many molecular species of PI and PS are present only in trace amounts in 

samples to be analyzed, tt may be necessary to collect them m batches to have 
sufficient material for analysis (see Notes 10 and 11). 
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3.2. Methods for Separation of Molecular Species of Fatty Acids 
with Derivatization 
3.2.1. Phospholipase C Hydrolysis 

1. Dry under N2 the phospholipid standards and the individual phospholipids col- 
lected from HPLC (Chapter 22, Subheading 3.5 ) or HPTLC (Chapter 22, Sub- 
heading 3 6 ). 

2. Resuspend m 25 pL dlethylether. 
3 Sonicate with 1.25 mL incubation buffer for 5 min on ice (see Note 12) 
4. Incubate the sonicated phosphohpids with 50 IU phospholipase C from B. cereus and 

2 IU from B. thunngiensls m a shakmg water bath at 37°C for 4 h (see Note 13) 
5 Extract the generated DAGs with 2 mL dlethylether at room temperature under 

N2 bubbling. 
6. Repeat step 5 three times (see Note 14). 

3.2.2. Sample Derivatization (see Note 15) 
1. Before derlvatizatlon prepare enough fresh DNB solution of 3,5-dmitrobenzoyl 

chloride (25 mg) m 0.5 mL dried pyndme, to derlvatize all samples and stan- 
dards. Add 0.5 mL DNB solution to each sample m a glass test tube, top with NZ 
gas and seal immediately after the addition of the DNB solution. 

2 Leave the sealed test tubes m a shaking water bath at 60°C for 15 mm (see Notes 
16 and 17). 

3. Stop the reactlon by adding 2 mL methanol:water (4: 1, v/v). 
4. Prepare a Cl 8 Sep-Pak minicolumn, by washing sequentially with 10 mL 

diethylether, 15 mL methanol, and twice with 15 mL methanol:water (4.1 ,v/v) 
5. Add each derivatlzed sample and elute with 25 mL freshly redistilled 

diethyl ether 
6 Dry under NZ, resuspend the sample in 1 mL diethylether, and store at -2O“C (see 

Note 18). 

3.2.3. HPLC Separation of Diradyl Classes 

1 Resuspend the DNB materials m 20 pL of cyclohexane:dlethyl ether:ethanol 
(85:15:0 1, v/v/v). 

2 Prime both HPLC pumps with degased diethylether and run the mobile phase 
analytical gradient (step 4) without mjection of the sample to prerun the column. 

3. Apply the DNB sample into the injection loop. 
4. Set up the followmg linear gradient program, using a flow rate of 1 mL/min, O- 

30 min, 100% solvent A and 30-40 min, 100% solvent B. 
5 Set in lme the spectrophotometer monitor to 254 nm 
6. Collect the samples (see Fig. 4; Note 19) 

3.2.4. TLC Separation of Alkylacyl and Alkenylacyl Species 
1 Pass the plates through diethylether (containing 0.01% boric acid) and activate 

them by drying at 60°C for 1 h 
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Retention Time (Min ) 
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Fig. 4 HPLC separation of DNB-molecular species of DAG in cultures of Myco- 
plasma caprzcolum cells performed as shown in Subheading 3.2. Internal standard 
12:0,12 0. The principal peaks are: (11) 18 O/20:4; (12) 18:1/18.2 + 16:1/18.1; (13) 
16:0/18 2; (14) 18*1/20.3; (19) 18.M8.1; (20) 18:0/18:2; (22) 16:0/16:0; (23) 18:0/ 
18:l; (29) 16:0/18:0; (30) 18:0/18*0. 

2. Spot at a distance of 1 cm the peaks collected from HPLC (see Subheading 3.2.3.). 
3. Separate, using hexane.diethyl ether (13:7,v/v). 
4. Dry the plate 
5 View under UV, 254 nm The DNB derivatives appear as dark spots on a green 

background. 
6. Scrape off the samples of alkyl and alkenyl glycerols (Rr I,3 DNB-DAG 0.29; 

1,2 DNB-DAG 0.33; I-alkenyl,2-acylglycerol-DNB 0.37, and I-alkyl,2-acyl- 
glycerol-DNB 0 43) and elute with diethylether (see Note 20). 

3.2.5. Separation of Molecular Species 
of fatty Acids by Reverse-Phase HPLC 

1. Resuspend each sample from Subheading 3.2.4. m 20 pL of resuspension solu- 
tion under NZ. 
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2. Add 5 p.L of the internal standard 1,2-12:0/12:0-DNB. 
3. Prime HPLC pump, run the mobile phase, prerun the column as described m 

Subheading 3.2.3. 
4. Apply the sample mto mjection loop. 
5. Set up the following linear gradient program using a flow rate of 1 n&/mm o-45 

mm, 100% solvent A, 45-90 mm, 100% solvent B 
6. Set m line the UV monitor to 254 nm. 
7. Collect the samples. Identify the peaks via retention times m relation to the inter- 

nal standard (see Note 21; Fig. 4) 

3.2.6. Hydrolysis of Phosphatidic Acid with Alkaline Phosphatase (14) 

1 Dry the separated PA samples under N2. Add as an Internal standard 1 nmol/mg 
total pospholipid of distearoyl PA to 30-w PA sample. 

2 Disperse the mixture by sonication for 5 min m the Incubation buffer with Tris- 
HCl and deoxycholate 

3 Preincubate the dispersed mixture m a water bath for 15 mm at 37’C 
4. Add 5 pL alkaline phosphatase solution (10 IU) and mcubate at 37°C for 30 mm. 
5 Termmate the reaction by addition of 2.5 mL HCl, 0.2 N 
6 Extract the formed DAG with chloroform:methanol (1.1, v/v) and vortex for 

5 min Discard the upper phase 
7. Neutralize the lower organic phase with 2.5 mL sodium bicarbonate, 1 N 
8 Centrifuge at 3000g for 15 mm. Separate the chloroform phase (see Note 22) 

3.2.7, Reverse-Phase Ion-Pair HPLC 
of Posphatidic Acid Molecular Species of Fatty Acids Without Derivatizatlon 

1 Prime the HPLC pumps, prerun the columns with solvents 
2. Inject 10 & of 1% PA in chloroform with 5 pL internal standard into the guard 

and mam column via the mjector fitted with the loop. 
3. Pump the degased and filtered mobile phase under isocratic conditions at a flow 

rate of I mL/mm. 
4 Set m lme the UV momtor at 208 nm. 
5. Identify the peaks monitored by a recorder via retention times in relation to the 

internal standard (Fig. 5) 

3.3. Method for Analysis of Cardiolipin Molecular Species 
I Convert CL to the free acid form by adding 2 mL chloroform, 4 mL methanol, 

and 2 mL 0.1 A4 HCl. 
2 Incubate for 5 min at 0°C on ice and extract the acid form of CL into the organic 

phase by adding 2 mL chloroform and 2 mL 0 1 M HCl 
3. Dry under N, bubbling and dissolve m 1 mL chloroform, recover organic 

lower phase 
4. Add 1 mL chloroformic diazomethane to CL and incubate for 15 mm at 0°C 
5. Remove chloroform and excess reagent by bubbling NZ, The residue is MCL (see 

Note 23). 
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I I I 
5 15 25 

Retention Time (Mm ) 

Fig. 5. Reverse-phase ion-pair HPLC of PA in cultures of TF 1 cells performed as in 
Subheading 3.3. on Nova-Pak Cl8 stationary phase and UV detection at 208 nm. 
Peaks* (1)18:0/20:4; (2)16-O/18:3; (3) 16:0/18:2, (4) 16:0/18:1, (5) 18:0/18:2, (6) 18:1/ 
18:l; (7 + 8) 18.0/18.1 

6. Dry the MCL by resuspenston m anhydrous pyrtdine and evaporatton. Repeat twice 
7. Dtssolve the final residue m the benzoylation reagent m a glass tube with screw- 

cap, fill with NZ, and seal wrth screw-cap. 
8. Shake gently in a water bath at room temperature for 1 h. 
9. Evaporate the pyrldine and add 1 mL water. 

10. Extract the BMCL product with 5 mL n-hexane. 
11. Purify the BMCL by a silica gel column (eqmhbrated m n-hexane) with 10 mL 

elution solvent (see Note 24) 
12. Dissolve the BMCL m 0.2 mL ethanol, inject m the 0.5-mL loop 
13. Run a linear gradient as follows: O-150 mm solvent Asolvent B (80:2O,v/v); 150 

min-215 min solvent B 100% 
14. Quantitate HPLC chromatograms using a UV detector set at 228 nm (see Note 25) 
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4. Notes 
1. The use of large samples for MSFA separation in PS or PI is not possible because 

it will result in obhteration of the small peaks adjacent to the predommant peaks 
and/or tarlmg of the one or two predominant species of PI and PS If intact 
molecular species are quantitated by phosphorus analysis, it is necessary to reduce 
the amount of choline chloride by Folch extraction This is because large quanti- 
ties of salt interfere with phosphorus determination 

2. Fatty acid chains at position sn-1 of PC or PE are Joined to the glycerol backbone 
via an ester or by an alkenyl or alkyl ether linkage and analysis of PL fatty acid 
chain linkage is recommended when there are doubts about the presence of a 
1 -alkenyl-2-acyl glycero1 phosphate indicated by the generation of lyso-PA fol- 
lowing acid hydrolysis, or about the presence of 1-alkyl-2-acyl glycerol phos- 
phate, indicated similarly by the generation of lyso-PA followmg both acid and 
base hydrolysis 

3. When injecting a sample into an HPLC column, it is best to dissolve the sample 
in a solvent very similar to the mobile phase. With whole lipid extracts, there is 
still nonlipid material that is msoluble in the mobile phase. If this material is 
inJected into the HPLC column, it will precipitate on the column This causes a 
rapid increase m the back pressure of the column and may alter the chromato- 
graphrc characteristics of the column. 

4 All good-quality reverse-phase columns are adequate for reverse phase separa- 
tion of MSFA, if the carbon load (% carbon) is high and thus free stlanols (silica) 
are in a smaller amounts. By mcreasing the carbon load, there are less problems 
with tailing. Also, these columns are best stored for longer periods in the mobile 
phase used m the separation 

5. Careful drying of the pyridme, immediately before use, gives the best recoveries, 
since even small amounts of moisture decrease the derivatization efficiency. 

6 The mam characteristic to consider m choosing the reverse-phase column for 
benzoylated DAG molecular species is the efficiency of the column = number of 
theoretical plates/column or = plates/meter/length Thus the column described 
(25 cm, 5 pm) will have 15,000 plates (60,000 plates/m x 0.25 m). A good 
I5-cm, 3-urn particle column ~111 be very similar in number of plates (100,000 
plates/m x 0.15 m). 

7. Drazomethane is both toxic and explosive All manipulations have to be carried 
out under a hood, avoiding the use of rough glass surfaces and grease, and all 
incubations done at 0°C 

8 The addition of choline chloride to the mobile phase helps to increase the effl- 
ciency of chromatography and thus narrow the peaks and decrease the tailing A 
decreased efficiency is caused by interactions between the polar groups immobi- 
lized m the stationary phase and those dissolved in the mobile phase, and 
interreactions between polar groups of the PL and exposed silanols on the reverse- 
phase column. When tailing obliterates the molecular species separation m spite 
of addition of cholme chloride, acidtfication of the mobile phase with phosphoric 
acid, 1 mL of mobile phase, is helpful. But if Intact molecular species are to be 
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collected for further analysis, the higher acrdic mobrle phase may hydrolyze the 
acyl chains and therefore neutralization of the phosphoric acid with sodium 
bicarbonate IS recommended. 

9. The role of acetomtrile is to form a complex with the double bonds of the fatty 
acid, makmg the molecular specres with double bonds more soluble m the mobile 
phase and decreasing the retention time of MS in proportion to the number of 
double bonds in the acyl groups Thus, by increasing the concentration of aceto- 
mtrile in the mobile phase, a repositioning of molecular species is possible. How- 
ever, increased acetomtrile concentration also increases tarlmg. 

10. Recoveries, as determmed by phosphorus measurement, are: for PI, PE, and PC, 
93.5-103%; for PS, 78.5-88.8% The variation of mtra and inter assays is below 
10% for PE, PC, and PI, but 16.4% for PS. 

11. HPLC analysis of l-50 mg of 16:0/22:6 MS grves a linear standard curve Caltbra- 
tion of MS can be performed by comparing each MS obtained, based on the absor- 
bance at 205 nm, with analyses by gas chromatography of the same peaks, in order to 
compensate for absorbance differences of more saturated vs polyunsaturated species 

12. Drying and resuspension of phospholipids are carried out to concentrate the fatty 
acids for subsequent dertvatization and analysis Nevertheless, this step IS also a 
source of exogenous (e.g., from glass wall, solvents, pipet ups) and endogenous 
contamination (hydrolysis of covalently bound fatty acids). 

13. Incubation with 50 IU phospholipase C from B. cereus is sufficient for complete 
hydrolysis of PC, PE, and PS phospholipid classes. PI is not completely and effi- 
ciently hydrolyzed. Addition of 2 IU of PI-specific phospholipase C (from 
B thunngzensis) is thus indicated. 

14 Inadvertently heating the diethylether extract while drying can promote rear- 
rangement of the DAG and yield a mixture of 1,2 and 1,3 DAG 

15. In general, after step 6 of Subheading 3.2.1., DAG can be derivatized directly 
However, if relative amounts of DNB subclasses are to be quantitated by UV 
absorbance, rt is necessary to further purify the DAG before derivatization and 
remove impurities that will interfere with quantitation of alkylacyl classes 

16. The DNB group has a high molar absorption with a maximum at approx 254 nm, 
where nonderivatized lipids and usual HPLC solvents do not absorb The 
benzoylation reaction is completed within 15 min at 60°C without isomerrzatron 
of polyunsaturated fatty acids. However, because some samples need a longer 
incubation time to yield internal standard recoveries of >95%, one may increase 
the incubation trme to 30 min 

17 Because the method involves the heating and cooling of a sealed ampule, there is 
some risk of explosion It is absolutely essential to work behind a protective shield 
and wear protective clothing/glasses. A suitable high-pressure test tube or ampule 
must be used and heating carried out with a lid over the water bath as a precaution 
against splashing. 

18. Reaction mixtures contaming the dertvatrzed samples should be kept frozen 
below -20°C if not analyzed during the next 24 h because storage at 4°C leads to 
a slow increase of saturated pairs of MSFA. 
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Table 2 
Relative Retention Time of Molecular Species of Cardiolipin 

Peak no. RT, min 

1 42 
2 51 
3 56 
4 61 
5 68 
6 74 
7 82 
8 90 
9 106 
10 130 
11 152 

12 176 

13 212 

RRT 

0.25 
0 30 
0.32 
0.36 
0.40 
0.44 
0.48 
0.53 
0.63 
0.78 
Present only 

m hydrogenated CL 
Present only 

m hydrogenated CL 
Present only 

m hydrogenated CL 

Molecular species 
R,, WL R4 

20.4, 18:2/18.2, 18.3 
18:2, 18.3/18.3, 18.3 
18.2, 18:3/18.2, 18 3 
18:2, 18:2/18:3, 18.3 

7 
18:2, 18:2/18.2, 18.2 

? 
182, 18.U18.2, 18:2 
182, 18.1/18:2, 18:l 
18.1, 18:1/18.2, 18.1 
18:1, l&1/18.1, 18:l 

18:1, 18.0/18:1, 18.1 

18.1, 18.0/18:1, 18.0 

Separation on HPLC as shown in Subheading 3.3. The positional assignment of the R1, RJR,, 
R4 is tentative according to the preferred esterification site of individual FA (other additional 
positional isomers are possible) RRT calculated relative to synthetic tetra-palmitoyl-CL 
(16 0,6:0/16.0,16~0) 

19. HPLC using a p silica column (Porasil) with change of the gradient solutron at 
30 min was found to clearly separate 1,2 and 1,3 DAG, DNBs from other compo- 
nents but only partially separate I-alkyl,2-acyl glycerol-DNB from 1 -alkenyl,2- 
acyl glycerol-DNB. When there is little or no alkenyl DAG (less than 1% of total 
DAG), the susequent TLC step (Subheading 3.2.4.) can be avoided, and the 
HPLC peak can be assumed to be solely 1-alkyl,2-acyl glycerol for all subse- 
quent analyses of endogenous DAGs.The presence of different molecular species 
within a specific dnadyl class has minimal effects on peak mobility on pPorasi1 

20. A large peak just ahead of 1-alkyl,2-acyl glycerol DNB may appear if there are 
still contaminants from the derlvatlzation procedure 

21. A limitation of this method is that separation of mdividual DAG classes on a 
reverse-phase C 18 column is unable to fully resolve all the molecular species 
(i.e , over 27 are present solely m 1,2 DAG from hematopoietlc cell Imes) As 
different C 18 columns have slightly different retention characterrstrcs, most 
species can be identified when two columns are used. Identrfrcation by refer- 
ence to authentic standards and collection of peaks, transmethylatlon, and 
analysis by capillary GLC can be done if peaks not identified in Table 1 
are present. 
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22 The maximal activity of alkaline phosphatase occurs at neutral pH with a deter- 
gent concentratton of 3 mA4deoxycholate (with SDS and Triton X-100, the activ- 
tty is considerably less). Alkaline phosphatase hydrolyzes all phosphomonoesters 
(ROP) at similar rates, regardless of the size or chemical nature of the R group, 
because dephosphorylation of the enzyme-product intermediate is rate-limiting. 

23. To check the conversion of CL to MCL, use a TLC silca gel 60 F254 and deter- 
mme phosphate in the iodine-stamed spots. CL remains at origin (R,= 0) and 
MCL IS spotted at R, = 0 24 (near solvent front) A yield of minimum 90% is 
acceptable 

24. The silica column method of purification is fast and removes contaminants, like 
4-(dimethylammo)pyridme. If there is also excess of benzoic anhydride, this will 
remain and appear in the solvent peak of the subsequent HPLC separation 

25. Since CL consists of two DAG moieties, the assignment of CLMS needs precise 
knowledge of the molecular composrtion of these moieties. Table 2 gwes some 
FA pairs with positional distribution of individual acyl groups among sn-1 and 
sn-2 ester sites. 
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Analysis of Molecular Species 
of Cellular Sphingomyelins and Ceramides 

Sanda Clejan 

1. Introduction 
1.1. Background 

Ceramides (CER) have been proposed to be the intracellular mediators of 
responses to such agents as interferon-y (IFN-y), dexamethasone, tumor 
necrosis factor-a (TNF-a), mterleukin-1 p (IL-lp), and vltamm D3, These 
agents induce hydrolysis of the plasma membrane sphingomyelm (SM) by a 
sphingomyelmase, followed by downstream activation of signaling kinases and 
nuclear translocation of NF-kB, with the final effect of induction of cell dlffer- 
entiatlon and/or apoptotic death (I). The growing interest m the SM-CER- 
dependent cell signaling makes an accurate and simultaneous determination of 
molecular species (MS) of both SM and CER desirable. Numerous MS are 
found in SM and CER, and these occur in characteristic proportions in different 
species, organs, subcellular organelles, and developmental stages. More than 
half of the fatty acids (FA) m CER contain a hydroxyl group at the 2 carbon 
position, the other half being non-hydroxy FA. In Chapter 22 the methods for 
extraction and separation of lipids from cellular samples, the separation of 
classes of phospholiplds (PLs), and finally, the molecular species (MS) analy- 
sis are described. Separation of SM and ceramides CER follow very similar 
pathways (e.g., hydrolysis of SM to CER 1s similar to hydrolysis of PLs to 
diacylglycerol [DAG]). However, as seen in Fig. 1, SM consists of an N-acyl- 
fatty acid linked to a long-chain hydrocarbon and phosphorylcholme. The FA 
position of the molecule varies as in PLs, but with more major long-chain 
(C20-C24) saturated and monounsaturated FAs present than m PLs. The 
sphingoid base is much simpler than the second FA chain (sn-2) m PLs, with 

From Methods m Molecular B!o/ogy, Vol 105 Phosphol/pid Slgnalmg Protocols 
Edlted by I M Eli-d 0 Humana Press Inc , Totowa, NJ 
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Fig 1 Structure of SM (N-oleoyl-[4E]-sphingenine phosphorylcholme). 

C 18-sphmgenme (18:O) as the major component and addmonal small amounts 
of Cl 8-sphmganme (18: 1) and C20-sphmgenme (20:O). Whereas C20- 
sphmgenine IS associated mostly with 18:0 FA, the Cl8-sphingenine and Cl 8- 
sphinganine are associated with a variety of long-chain FAs. Reverse-phase 
(RP) HPLC separations (without derivatrzatron) srmrlar to those described in 
Chapter 23, Subheading 3.1.) are not efficient for the separation of Intact SM 
molecular species because “critrcal pairs” are not completely resolved (2) (e.g., 
SM with 24:l and 22:0 FA are eluted together). Stall, for specific, very lnnited 
purposes, such as to gain approximative knowledge of the MS Involved, this 
method can be used for separation of MS of SM (see Notes 1 and 2). 

A method using positive and negative ion-spray mass spectroscopy (3) also 
does not separate the pairs with C20-sphingenine. Therefore the methods for 
separation of MS of SM or CER described m this chapter involve multiple 
steps with hydrolysis, benzoylation, gradient elutron HPLC for separation of 
nonhydroxy FA of CER (NFA-CER), and hydroxy FA of CER (HFA-CER) and 
argentation chromatography for separation of saturated from monounsaturated 
FA, prior to reverse-phase HPLC separation of MS. 

1.2. Experimental Strategy 

Two different strategies for separation of MS are presented in Fig. 2. Path- 
way 1 involves: benzoylation of SM that is very similar to the method dis- 
cussed in Chapter 23, Subheading 3.2.2. (see Note 3); separation of saturated 
and monoenoic benzoylated SM (BSM) by argentatron chromatography; and 
separatton of MS by a reverse-phase HPLC. Pathway 2 involves hydrolysis of 
SM with sphmgomyelmase or hydrofluoric acid (HF) to CER and benzoylatron 
to B-CER. Subsequent separation of NFA-CER and HFA-CER will be 
described m detail in this chapter. The subsequent steps to analysis of MS of 
CER are similar to the ones m pathway 1 for SM. 
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2. SM 

i 
BSM 

argentation HPLC 

hydrolyses 

with sphlngomyehnase with HF 

\/ 
CER 

BSM with saturated FA BSM with monosaturated FA 

1 1 

benzoylation 

1 
Reverse phase HPLC 

I 

BCER 

I 

[MSofSMI gradlent eluhon HPLC 

NFA-CER HFA-CER 

\J 
argentation HPLC 

I 
Reverse phase HPLC 

I 
4 

r MSofCER 1 

Fig. 2. Flowchart of the pathways for separation of molecular species of SM and CER. 

1.2.1. Hydrolysis of Sphingomyelin to Ceramide 

The common method of hydrolysis of SM with hydrochlorrc acid m anhy- 
drous methanol or m methanol/water mixtures (4) leads to incomplete dephos- 
phorylation of the base and formation of byproducts of sphingosine (5). 
Alkaline hydrolysis also IS unsurtable because it produces low yields of sphm- 
gosine bases (6). To circumvent these limitations, methods mvolvmg enzy- 
matic hydrolysis of SM to CER (7) with bacterial sphingomyelinase and an 
efficient hydrolysis with HF (8) are described. 

1.2.2. Gradient Elution HPLC for Separation of BenzoylatedNonhydroxy 
fatty Acid-Ceramide from Benzoylated Hydroxy fatty Acid-Ceramide 

Many different HPLC separations with isocratic elution and detection at 
280 run of benzoylated CER (B-CER) have been described (9). However, the 
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sensrtivtty of the assay is increased 15-fold if the detection IS performed at 
230 nm, at which B-CER have the absorption maximum (IO). The solvent 
system used also is Important, because only a few solvents do not absorb at 
230 nm. The solvent chosen, dioxane-hexane, has some other drawbacks 
(see Note 4), but the separation can be achieved in only 10 min with high 
sensitivity. 

7.23. Argentation Chromatography for Separation 
of Saturated Fatty Acid- Ceramide 

and Monounsatura ted Fatty Acid- Ceramide 

Argentation HPLC separates the lipids based on the number of double bonds 
independently of the number of carbon atoms, taking advantage of the capacity 
of Ag+ ions to complex with oletinic double bonds m the molecule (II). Thus, 
separation of B-CER m saturated and monounsaturated FA-CER or B-SM m 
the same two specres makes the next step HPLC reverse-phase separation of 
molecular species almost 100% complete. The Ag+ in the column is complexed 
with sulfonic acid that IS bonded to silica particles. Argentation HPLC has the 
capacity to separate CLS and tram geometric positronal isomers with different 
degrees of unsaturation. 

1 2.4. RP-HPLC for Separation of Molecular Species 
of Benzoylated Sphingomyelln or Benzoylated Ceramide 

As seen in Fig. 3, when compared with RP-HPLC analysis without prelimt- 
nary argentation chromatography (Fig. 3A), the saturated (Fig. 3B) and unsat- 
urated (Fig. 3C) fatty acids, separated by argentatron chromatography and 
subsequent reverse-phase HPLC, showed a near complete separatron of all criti- 
cal molecular species pairs (see Note 5). 

2. Materials 
All materials should be at least analytical grade or HPLC grade. 

2. I. Hydrolysis of Sphingomyelin 

For extraction and separation of SM prior to hydrolyses follow the proce- 
dures in Chapter 22 ( see Note 6). 

2.1.1. Hydrolysis of Sphingomyelin with Sphingomyelinase 

1. Standard: bovine brain ceramlde type IV (Sigma, St. Louis, MO). 
2. Sonicator. 
3. 0.1 MTrrs-HCl, pH 7.4. 
4. 6 mM Magnesium chloride 
5. 0.1% Tnton X-100 
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Fig. 3. (A) Analysis of cells of B-SM neuroblastoma NlE 115 by RP-HPLC on 
Nucleosyl-5 C 18 column (solvent* methanol:acetonitrile:phosphate buffer, 5 mh4, 
pH 7 4) (100:20:1, v/v/v) at a flow rate of 2 mL/min. B-SM approx 60 ~18 (B,C), 
same RP-HPLC analysis from the two peaks collected from argentation chromatogra- 
phy (B) From saturated SM fraction (C) From monounsaturated SM fraction. Near 
each peak, the major FA composition is given in the numerator and the long chain base 
composition in the denominator 

6. Sphingomyelinase (ca 2000 IU). 
7. Diethylether (HPLC grade). 
8 N, Gas 
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2.7.2. Hydrolysis of Sphingomyelin with HF 

1. Chloroform. 
2 Polypropylene tubes 
3. 40% HF. 
4. 10% Ammonia 

2.2. Gradient Elution HPLC for Separation 
of Benzoyl Nonhydroxy Fatty Acid-Ceramide 
from Benzoyl Hydroxy Fatty Acid-Ceramide 

1 HPLC equipment* constant-pressure pump with solvent delivery system and sol- 
vent programmer, Model U-6K injector, variable UV spectromomtor with pres- 
sure resistant cell, fraction collector 

2 Stationary phase. stainless-steel column (50 cm x 2.1 mm) packed with Zipax 
pelhcular particles (27 pm) covered with porous silica (Vanan, San Fernando, CA). 

3. Linear gradient 2 8-5% droxane in hexane. 
4. Other solvents. carbon tetrachloride, methanol, dlchloromethane, and hexane (for 

the regeneration of the column) 

2.3. Argentation Chromatography for Separation of Saturated 
Fatty Acid-Ceramide and Monounsaturated Fatty Acid-Ceramide 

1. HPLC basic equipment: (see Subheading 2.2.). 
2. Stationary phase: Chromopak silver column (25 cm x 4 6 mm). 
3. Mobile phase for argentatlon HPLC of B-SM. methanol:isopropanol (8.2, v/v); 

and hexane:isopropanol(9: 1, v/v) for B-NFA-CER and/or B-HFA-CER. 

2.4. RP-HPLC for Separation of Molecular Species Benzoyl 
Sphingomyetin or Benzoyl Ceramide 

1. HPLC basic equipment (see Subheading 2.2.). 
2. Stationary phase: Nucleosll 5 Cl8 column (5 l.tm, 30 cm x 4 mm). 
3. Mobile phase* methanol:acetonitrrle:potassium phosphate buffer, 5 mM, pH 7.4 

(100:20.1, v/v/v) for B-SM or methanol for B-NFA-CER and/or B-HFA-CER 

3. Methods 
3.1. Hydrolysis 

3.1-I. Hydrolysis of Sphingomyelin with Sphingomyelinase 

1, Prepare 1.5 mL 0.1 A4 Trrs-HCl, pH 7 4, 6 mM magnesium chloride, and 0 1% 
Triton X- 100. 

2. Immediately resuspend the SM lipid extract (from 1 O4 cells or 2-4 mg protein m 
cell suspension) and the SM standard (2 mg/mL) (see Note 7) 

3 Somcate each sample for 5 mm on ice. 
4. Add sphmgomyelmase, 2 IU 
5. Incubate for 2 h at 37°C. 
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6 Re-extract with 3 mL of diethylether, twice. 
7. Pool the two diethylether extracts, dry under N, and store at -20°C (see Notes 8 

and 9) 

3.1.2. Hydrolyses of Sphmgomyelin with HF 

1 Dry the chloroform solution of SM cellular extract (l-2 pm01 SM) or the SM 
standard m a polypropylene tube by passing gently N2 gas so that the SM dries as 
a thm film at the bottom of the tube. 

2 Add to the dry film HF 40%, 0.2 mL and allow the reaction to take place at 40°C 
for 72 h (see Note 9). 

3 Partition the content of the tube with 1 mL chloroformmethanol (2.1, v/v), col- 
lect the lower organic phase (see Note 10) 

4. Transfer the tubes to an me bath and neutralize with ammonia 

3.2. Gradient Elution HPLC for Separation of Benzoyl Nonhydroxy 
Fatty Acid-Ceramide from Benzoyl-Hydroxy Fatty Acid-Ceramide 

1. Start up. Preclean the column and prime (equilibrate) with dioxane, 2.8% m hex- 
ane at a flow rate of 2 mL/mm, followed by a 20-min linear gradtent, O--10%, at 
2 mllmin 

2. Set up m-line UV monitor at 230 nm. 
3 Load the injectton loop wtth 10 pL, B-CER (l&50 nmol) dtssolved m 100 uL of 

carbon tetrachlorrde or, separately, load 10 pL standard B-NFA-CER or B-HFA- 
CER, prepared in tetrachlorrde, m the same way as the B-CER samples. The 
samples are first passed through a filter (0.5-c”) to remove parttculate matter. 

4. Turn the injection valve to bring the sample loop m lme with the column 
5. Elute 3 mm with a linear gradient of 2.8-5 5% droxane m hexane (v/v). The 

gradient IS mmated at the time of mjectron at a rate of 4 mL/min (see Note 11) 
6. B-NFA-CER elutes at 2 mm, followed by B-HFA-CER, which elutes at 3 mm 

(Fig. 4). 
7 Collect the fractions and use Immediately for argentation chromatography. 
8 Regenerate the column to its mmal polarity by reversing the gradient for 1 mm 

and equilibrating the column with 2.8% dioxane in hexane (v:v) for 4-5 mm. 
9. Once the column resolution deteriorates, wash successively with methanol, 

dtchloromethane, and hexane (see Note 12). 

3.3. Argentation Chromatography for Separation of Saturated 
Fatty Acid-Ceramide and Monounsaturated Fatty Acid-Ceramide 

1. Start up: Preclean the column and equilibrate with methanol:isopropanol (8.2, 
v/v). Run the solvent at a flow rate of 0.5 mL/min. 

2. Set up in-line UV monitor at 230 nm. 
3. Load the injection loop with 10 pL filtered BSM (10-50 nmol) or B-HFA-CER 

or B-NFA-CER sample, dissolved m methanol-rsopropanol solvent. 
4. Proceed wrth standard HPLC procedures. 
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Fig 4. Gradtent-elutron HPLC of benzoylated CER (8 nmol) on a Ztpax column 
(elutron with a linear gradient of 2.8-5.5% dioxane in hexane [v/v] at 4 mL/mm, 
detectron at 230 nm). Separation of NFA-CER from HFA-CER. 

5. Elute with methanol.rsopropanol(8:2, v/v) pumped tsocratically at a flow rate of 
1 mL/min for B-SM. Elute with hexane’isopropanol (9: 1, v/v) at a flow rate of 
0 5 mL/mm for B-NFA-CER and at a flow rate of 1 5 mL/min for B-HFA-CER. 

6. Two fractrons are obtained, one with saturated FA at l&20 mm retention 
time and one with unsaturated FA at 30-38 min retention time (Fig. 5, shown 
for B-SM). 

7. Collect the fractions. 
8. Proceed with regular, end-of-analysis shut-down, carrying all the column clean- 

mg procedures necessary 

3.4. RP-HPLC for Separation of MS of Benzoyl Sphingomyelin 
or Benzoy! Ceramide 

1. Filter and degas the potassmm phosphate buffer adjusted at pH 7.4. 
2. Prime both the guard and the main column with methanol:acetonitrile:potassmm 

phosphate buffer (100:20* 1, v/v/v), and pump the solvent rsocratically (without 
injection of a sample) at 1 mL/mm 

3. Add (apply) samples obtained from argentatron chromatography (Subheading 3.3.). 
4 Turn the inJectron valve to brmg the sample loop m lme with the column 
5 Pump the solvent isocratically at a flow rate of 2 mL/mm. 
6 Set up the UV momtor at 230 nm. 
7. Collect the fractions (see Fig. 3 and Note 13). 
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20 40 
Retention Time (Min.) 

Fig. 5. Argentatlon chromatography of B-SM (40 pg) from neuroblastoma NlE 
115 cells on Chromopak silver column, solvent: methanol.2-lsopropanol(8.2, v/v), 
flow rate 1 mL/min Peak 1, as analyzed by GC, contains only saturated FA 
(16:0, 18*0,22 0,23:0,24 0,25 0,26*0). Peak 2 contains only monoenolc FA (23 1, 
24.1, 25:1, 26.1) 

4. Notes 
1 The mobile phase methanol:potassrum phosphate buffer, 5 mA4, pH 7.4 (9.1, v/v) 

has to be used for separation of intact SM molecular species Then follow exactly 
Subheading 3 1 5. in Chapter 23 

2. The differences in the hydrophobic interactions between the SM and the ligand 
of the stationary phase are mostly because of the nature of the double bond (CW 
trans) The double bond m the sphmgold IS truns, whereas most of FA side chains 
have CES double bonds. As expected on the basis of their conformational dlffer- 
ences, CES unsaturated FAs have shorter retention times than the corresponding 
tram unsaturated FAs. 

3. The benzoylatlon reagent can be simplified to a 0.5 mL benzolc anhydrlde m 
tetrahydrofuran and mcubatlon at 20% for 2 h. For purlficatlon of the benzoylated 
product (B-SM) follow exactly the method described in Subheadmg 3.2.2. of 
Chapter 23. After sillclc actd fractionation, the methanol fraction contains the 
3-O-benzoylated SM (B-SM) 

4. The precautions necessary when workmg with toxic substances, such as workmg 
under an efficient hood with good aeration, behind a shield, and wearmg protec- 
tive clothes have to be taken when using this solvent system. 

5 Figure 3A shows that SM with monounsaturated FA can not be separated from 
SM with a saturated FA that has two less carbon atoms 

6 For the separation of SM from PLs, follow the method described m Subheadmg 
3 5. of Chapter 22 Only by HPLC can SM be separated efficiently from PC. 
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7 Several drawbacks affect the enzymattc converston and lower the rehabtltty of 
the procedure, including the presence of contammatmg lipases in the crude hptd 
extract, or even m the sphmgomyelmase 

8 The enzymatic reaction converts only 40-50% of SM into the product CER 
9 At 0°C only 15% of SM IS hydrolyzed m 24 h, whereas under the same condi- 

tions complete degradation of PC to DAG is observed Thus, the reaction of SM 
with HF is much slower than the reaction of PLs wtth HF. At 40°C complete 
hydrolysis (90-95%) occurs m 72 h 

10 The extent of hydrolysis of SM is determined by TLC on siltca gel G and forma- 
tion of a single lipid-soluble product (CER) with an R, of 0.45 and with the TLC 
plates developed in chlorofotmmethanol (95 5, v/v), and the plate stained wtth 
iodine vapors. 

11. The viscosity of dtoxane at 20°C is high enough to require higher pressure for 
delivery through the column 

12 Amounts as low as 10 pmol of B-CER present m the injection sample can be 
detected and quantttated. 

13 In general, the B-NFA-CER samples are resolved m four to five peaks. When 
“shoulders” appear on peaks, repeating the chromatography with a more nonpolar 
solvent, like changing the ratio of hexane to tsopropanol from 9.1 to 9.5.0 5 may 
help However, for better resolutton of these minor peaks, the flow rate has to also 
be lowered to 0.5 mL/min and the time required for the latter resolution is twice as 
long. As the amount of CER m these better-resolved minor peaks is too small for 
accurate GLC analysts of the fatty actds and long-chain bases, the determination of 
the composttton of these pans must be based more on the locatton of the peaks 
(e g., peaks in the front of the chromatograms may be caused by sphmgenme-con- 
tammg CER with saturated and monounsaturated FA, whereas peaks further up m 
the chromatograms could be caused by CER with di- and n-t-unsaturated FA) Thus, 
accurate assignment of these minor peaks remains in doubt. 
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Solubilization and Assay of Cellular and Tissue Protein 

Cynthia E. Shaw 

1. Introduction 
Solubilization and accurate quantification of cellular protein are central to 

analytical methods such as Western analysis. Alternate homogenization buff- 
ers can be used according to need, but must match the assay used. The Bio-Rad 
(Hercules, CA) assay, based on the method of Bradford (I), is faster, but is not 
able to tolerate SDS although it can tolerate P-mercaptoethanol. In contrast the 
bicmchommc acid (BCA) assay (2) has greater linear range, and has greater 
tolerance for SDS but not P-mercaptoethanol. However, there is also less toler- 
ance for a large sample volume. Salt buffers can also be used with PMSF, 
leupeptm, or aprotimn added in each assay, as long as the interfering reagents 
are omitted as appropriate. In this chapter, procedures are described for both 
assays, scaled for use with a microttter plate and plate reader. If a plate reader 
is unavailable, however, the same assays can be run m a visible-wavelength 
spectrophotomoter, but with all assay/sample volumes scaled accordingly to 
match the cuvet volume used. 

2. Materials 
2.1. General Equipment 

1. Polytron or glass homogemzer 
2. Cell scrapers. 
3, Sonicator 
4. Microfuge. 
5. 14-mL Polypropylene tubes. 
6. 1.5-mL Microfuge tubes. 
7. 96-well Microtiter plates. 
8. P2, P20, P200, and PlOOO pipets, and tips. 
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Table 1 
Bio-Rad Protein Assay Standards Preparation 

Std # l-Ml0 PL pg/l .O mL pL water pL BSA (2 mg/mL) 

Sl 0.0 0 2000 0 
s2 0.5 50 1950 50 
s3 1.0 100 1900 100 
s4 2.0 200 1800 200 
s5 3.0 300 1700 300 
S6 4.0 400 1600 400 
s7 5.0 500 1500 500 

Freeze standards as 200~pL ahquots at -2OT, sufficient for 20 assays each. 

9 s-Channel pipet, 12-channel plpet, or repeat dispensing pipet if available 
10. Plate reader or spectrophotometer capable of reading absorbance at 570 or 

595 nm 

2.2. Reagents 

2.2.7. Bio-Rad and BCA Assay 

1. 1000X Stock PMSF, 0.1 M in EtOH, stored at -20°C 
2. 1000X Stock aprotmm, 5 mg/mL in water, stored at -20°C 
3. 1000X Stock leupeptm, 5 mg/mL m water, stored at -20°C 
4 Prepare a lo-mg/mL stock of BSA for long-term storage (200 mg in 20 mL water 

as 1 mL aliquots). Dilute 0 4 mL of stock to 2.0 mL volume to use as 2 mg/mL 
stock for standards preparation (see also Note 1). 

2.2.2. Bio-Rad Protern Assay Only 

1 1X Salts buffer Prepare 50 mM Trls base, 10 mM EDTA, 150 mM NaCl, pH to 
7.4, and add 0 1% (v/v) Tween-20 Store at 4°C. 

2. P-Mercaptoethanol, store at 4°C 
3 Blo-Rad protein assay reagent (Blo-Rad cat. no. 500-0006): Dilute with water, 1 vol 

reagent to 4 vol water. Filter through Whatman (Clifton, NJ) no 1 filter paper. 
Store at 4°C. 

4. To prepare standards, dilute 2 mg/mL bovme serum albumin (BSA) according to 
Table 1 (see also Note 1) 

2.2.3. BCA Protein Assay Only 

1. 5X Salts Buffer: 750 mM NaCl, 250 mM Tris-HCl, 2 5 mM MnCl,, 2.5 mA4 
MgC12, 25mM EGTA, pH to 7.4. Store at 4’C. 

2. 10X SDS stock: 10% SDS, pH to 7.4. Store at room temp. 
3. BCA reagents A and B (Sigma, cat. no. B9643 and C2284). 
4. To prepare standards, dilute 2 mg/mL standard as in Table 2 (see also Note 1) 
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Table 2 
BCA Protein Assay Standards Preparation 

Std. # l-%/l0 N- pg/l .O mL pL water pL BSA (2 mg/mL) 

Sl 0 0 1000 0 
s2 0.25 25 987 12 5 
s3 0.5 50 975 25 
s4 10 100 950 50 
s5 2.5 250 875 125 
S6 50 500 750 250 
s7 75 750 625 375 
S8 10.0 1000 500 500 

Freeze standards as 200~pL ahquots at -20°C, sufficient for 20 assays each 

3. Methods 
3.7. Sample Preparation 

3.1.1. Lysis Buffers Preparation 

Prepare lysis buffer acccordmg to the protem assay you intend to use. For 
BCA assay lysis buffer, all steps involving use of lysls buffer should be carried 
out at room temperature. For Bio-Rad (Bradford) assay lysis buffer, keep 
reagents and samples on ice at all times (see Note 2). 

3.1.1.1. BIO-RAD ASSAY 

1 Prepare lysis buffer fresh by adding 1 pL/mL each of stock aprotmm, PMSF, 
leupeptin, and /3-mercaptoethanol to the salt buffer. Keep on ice. 

3.1 .1.2. BCA ASSAY 

1 Prepare lys~s buffer fresh by mixing 2 vol of salts buffer with 7 vol of water. 
Then add 1 vol of SDS stock (see Note 3). 

2. Add 1 pL/mL each of stock aprotinin, PMSF, and leupeptin solutions to the salt 
buffer. Keep at room temperature (see Note 2) 

3.1.2. Tissue Homogenization 

1. Obtain fresh tissue or allow frozen tissues to partly thaw on ice. If dissection is 
required, this can be cartred out whde tissue is still partly frozen if using a sharp scalpel. 

2. Cut tissue to approx 3-mm cubes and transfer one cube to a sterile polypropylene 
tube (14-mL) Add lysis buffer to 1 mL (for approx 100 mg, or as convenient). 
Immediately polytron tissue for 30 s (repeating if necessary until the tissue 1s 
disrupted, but chill on ice between 30 s grinds). 

3. Dispense 4 x 200~& aliquots to separate tubes and make each up to 1 mL with 
lysis buffer. Sonicate tissue samples, and immediately spin for 3 mm at 12,000g 
in microfuge (to pellet msoluble tissue fragments). 
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Table 3 
Lysis Buffer Volumes Recommended for 
Common Cell Culture Dishes 

Plate/dish size 
Recommended volume/ 

well or dish, pL 

24 well 25 
12 well 50 
6 well 100 
35 mm 100 
60 mm 200 
100 mm 500 
T75 500 

4. Take off 0 9 mL supernatant from each to clean tube, mix, and dispense m 0 5-mL 
ahquots to nucrofuge tubes for storage. Retain 50 pL for protein assay (assay 10 pL, 
both undiluted and diluted IO-fold). Store remaining samples at -2O”C, or long 
term at -70°C. 

3.1.3. Cell Lysis 
1 Aspirate medium from wells/plates using a fine-point pipet tip or blunt needle 

attached to a vacuum line. Replace with cold, serum-free balanced salt medmm 
(0.9% NaCl, PBS or equivalent) to remove any residual serum/protein. 

2 Aspirate medium completely from wells 
3 Add lysis buffer to each well (see Table 3 for volumes) and scrape cells from 

plate using a cell scraper, or plunger from a 1 -mL syringe 
4. Collect all lysate carefully and transfer to storage tube. 
5. Somcate brlefly to complete solublllzatlon. 
6. Assay l-2 pL for protein if cells were near-confluent (see Note 4 and Table 3) 

3.2. Bio-Rad Protein Assay Procedure 

See Note 4. For plate layout, see Fig 1. Samples should not exceed 5% of 
total volume (see Note 5). 

1 Set-Up: Thaw BSA standards and samples Prepare sheet with sample layout of 
96-well plate. Turn on plate reader Warm-up takes 15 min 

2 Add 10 & (or sample vol if less; see Note 5) sample buffer to trlpllcate standard 
wells Sl through S7 (there IS no S8 m this assay) 

3. Add 10 pL water to each triplicate sample well (Ul-U24). 
4. Add 10 & of standards to standard wells S 1 -S7 working from lowest to highest 

concentration: 0, 0.5, 1, 2, 3,4, and 5 pglwell 
5. Add samples (10 pJ+ or sample vol If less, see Note 5) to trlphcate sample wells 

U l-U24. 
6. Add 200 pL Bio-Rad protein reagent to each well usmg a “repeating” or “multl- 

channel” plpet. 
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Fig. 1. Plate layout for 96 well microtlter plate assay. S 1 -S8 denote posItIons of stan- 
dards l-8, and Ul-U24 denote layout of unknown samples, all assayed in triplicate 

7. Place plate in plate reader Set up Blo-Rad program: 
a. Single wavelength, 595 nm 
b. Mix for 2-5 s 
c. Delay: at least 5 mm, no more than 1 h. 

8 Save or print results as appropriate, and analyze as m Subheading 3.4. 
9. It may be necessary to dilute some samples and rerun Always use new std curve 

if fresh reagent is mixed. 

3.3. BCA Protein Assay Procedure 
See Note 4. For plate layout, see Fig. 1. Samples should not exceed 2.5% of 

total volume (see Note 5). 

1. Set-up. If available, set oven or Incubator at 37’C. Thaw BSA standards and 
samples. Prepare sheet with sample layout of 96-well plate. 

2. Add lysmg buffer to each standards well only. The volume used will depend on 
the sample volume used (see step 5 and Note 5). 

3. Add 10 pL deionized water to each sample well (Ul-U24). 
4. Add 10 p.L of BSA standard to approprrate standard wells Sl-S8 working from 

lowest to highest concentration. 0,0.25,0.5, 1 .O, 2.5, 5.0,7.5, and 10 pg/well 
5 Remix each sample before dispensing to wells (Ul-U24) in triplicate. Use same 

volume for each as m step 2, and no more than 5 pL (see Note 5). 
6. Calculate the volume of BCA reagent needed to add 200 $/well. A full plate 

requires 20 mL. Mix 1 part (0 4 mL) reagent B plus 50 parts (20 mL) reagent A. 
Dispense 200 @well. 

7. Incubate for 30 min at 37”C, or 2 h at room temperature. Turn on plate reader 
15 min before assay ends 

8. If incubated at 37”C, allow samples to cool HO min. Read immediately at 562 nm 
(for plate reader use 570-nm filter, single wavelength). 

9. Analyze data as for the Bradford assay. 
10 It may be necessary to dilute some samples and rerun Always use new standard 

curve if more reagent 1s mixed 
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3.4. Calculations 

1 Calculate the mean absorbance for the zero standards and subtract from all other 
values. 

2 Calculate the means of the triplicate determinations for each standard. 
3. Graph the mean absorbance for each standard against the protein for each stan- 

dard, and perform a linear regression tit. For a good assay, the lme should pass 
through the origin without bemg forced. The ti value should routmely exceed 
0 95 for both assays. 

4. Calculate. 

Protein value m sample = (absorbance - intercept)/gradient 

4. Notes 
1. Both Bio-Rad and Sigma sell standardized protein soluttons, but check the con- 

centration of the stocks and adjust drlutions accordmgly 
2 The SDS m the lysrs buffer for BCA protein assay precipitates out of solution 

when samples or lysis buffer are kept on me. This is the reason stock salts buffer 
1s stored at 4°C without SDS added. Thus samples are actually more stable at 
room temperature unless frozen solid for long term storage. In contrast, the 
Tween-20 m the lysrs buffer for the Bio-Rad protein assay remains m solutton 
when cold, and so samples and lysis buffer should be kept on ice. 

3. Because of the poor solubrhty of SDS m the BCA assay lysis buffer, it is important 
to prepare the lysis buffer by mixing the 2 vol salts buffer and 7 vol water first, then 
adding the 1 vol of SDS buffer If SDS solutron and 5X salts buffer are mixed first 
and water added last, solubrlization can be achieved by warming to 37°C. 

4 Both the accuracy and precision of these protein assays is entirely dependent on 
accuracy and prectston of pipeting. Be sure to use calhbrated prpets for all steps, 
but, when using sample volumes of l-2 ,uL, the use of a P2 pipet (Gilson) or 
equivalent 1s recommended. 

5 For both assays, the accuracy of the values obtained also depends on the premise that 
each well contains identical amounts of lysis buffer, water, and reagent. This IS 
because lysis buffer in partrcular can raise the baseline absorbance even without pro- 
tein present. The limits given (2.5% sample volume for Bra-Rad protein assay and 
5% total volume for BCA assay) are the point at which the baseline is raised suffi- 
ciently to render the linear range almost unusable. Best results are obtained m both 
assays if the sample volume is well below these limits, but it IS also of vrtal rmpor- 
tance therefore that the same volume of lysrs buffer IS added to standard wells SlS8, 
for blankmg purposes, as IS used for sample volume in the sample wells U&U24 
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Western lmmunoblot Analysis 

Cynthia E. Shaw and Jing Zheng 

1. Introduction 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

(1) combined with Western immunoblot analysis (2,3) is a widely used tech- 
nique for quantitattvely and qualitatively evaluatmg specific protein expres- 
sion. This chapter describes a Western immunoblot technique routinely used 
m our laboratories for protein analysis with representative data shown in Fig. 1. 
The protocols for SDS-PAGE and electrophoretic transfer are based on using 
the Mini-PROTEAN II system (Bio-Rad, Hercules, CA). Protein detection is 
based on using the enhanced chemiluminescence (ECL) detection method 
(Amersham, Arlington Heights, IL). In this technique, mixtures of solubi- 
lized proteins under denaturing conditions (in the presence of detergent 
[SDS], and reducing agent [mercaptoenthanol]) are separated by electro- 
phoresis based on their molecular weights, followed by transferring proteins 
to PVDF membrane and identifying a protein of interest using a specific 
antibody. It is highly recommended that, before beginning the protocol, the 
operator read Subheading 4. 

When usmg Western blotting techniques to quantify a protein of interest by 
densitometry from film, it is important to check that the quantification is truly 
linear for the sample loading and exposure time of interest since film is nonlm- 
ear at extremely high or extremely low levels of exposure. We recommend 
performing a test blot with a serial dilution of a single sample or standard and 
then checking the correlation between signal and loading to establish the linear 
range. An optimized Western blot probed for endothelial cell nitric oxide syn- 
thase in human endothehal cells is shown (Fig. 2). 
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Fig. 1. Western imrnunoblot analysis of protein expression of eNOS in ovine 
fetoplacental artery endothelial cells in culture: Proteins (2 pg protein/lane) were sepa- 
rated by electrophoresis (7.5% SDS-PAGE gels). After transfer to the membrane, 
immunoblotting was performed using a mouse monoclonal ecNOS antibody (I:750 
[0.33 pg/mL]; Transduction Laboratories, Lexington, KY) with ECL dectection at 
5-min exposure, as described. Lanes l-2, controls; lanes 3-8, cells treated with basic 
fibroblast growth factor (1 or 10 ng/mL) for 24 h. 

2. Materials 
All to electrophoresis grade where available: 

1. MiniProtean II Electrophoresis Cell and Transfer Apparatus (Bio-Rad). 
2. Gel combs 10 or 15 wells (x2). 
3. Power supply (200/2.0 [Bio-Rad]) or equivalent. 
4. Rocking platform. 
5. Heating block or boiling water bath. 
6. Vacuum line. 
7. Glass plates and 1 .O-mm gel spacers. 
8. Immobilon-P (PVDF) membrane (Millipore, Bedford, MA). 
9. “Rainbow” molecular-weight markers (Amersham). 

10. Filter papers (Bio-Rad). 
11. Acrylamide. 
12. Bis-acrylamide. 
13. Tris-base. 
14. Ethylene-d&nine tetra-acetic acid(EDTA) (disodium salt). 
15. SDS. 
16. Glycine. 
17. Ammonium persulfate. 
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Fig. 2. Validation of quantification of Western analysis for protein expressions of 
ecNOS in human umbilical vein endothelial cells: Proteins obtained from endothelial 
cell lyses were serially diluted and separated by electrophoresis (7.5% SDS-PAGE 
gels). After transfer to the membrane, immunoblotting was performed using ecNOS 
antibody with ECL dectection, as described above. Levels of ecNOS were then quan- 
tified by scanning densitometry (Bio-Rad 670 scanning densitometer). Note: The lin- 
ear increase in signal for ecNOS is only in the range of 0.542 but not 12-16 pg 
protein, at 5-min exposure. 
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18. N, N’, N’-Tetramethylethylenedlamme (TEMED) 
19. P-Mercaptoethanol. 
20. Glycerol. 
2 1. Coomassle blue dye. 
22. Tween-20. 
23. Skim/low-fat milk powder. 
24 Glass wool (Fisher, Itasca, IL) 
25. Parafilm 
26. Gel-loading pipet tips. 
27. Eppendorf/microfuge tubes. 
28. ECL detection kit and HRP conjugated second antlbody (Amersham) 
29. X-ray film cassette 
30. Amersham Hyperfilm MP 
3 1. Access to dark room and film processor 
32 Densitometer (Blo-Rad). 

2.7. Preparation of Assay Reagents (see Note 1) 
2.1.1, Solutions for SDS-PAGE 

1. 30 8% bu-acrylamlde. 30% (w/v) acrylamlde, 0.8% (w/v) bu-acylamide. Dls- 
solve 30 g acrylamide and 0 8 g bzs-acrylamide in 100 mL delomzed Hz0 (di H20) 
Store at 4°C (see Note 1). 

2. Resolving gel buffer: 1.5 MTris base, 8 mM EDTA, 0.4% (w/v) SDS. Dissolve 
90.75 g Tris base and 1 52 g EDTA with 2 0 g SDS m approx 450 mL dl H20. 
Adjust pH to 8 8, and make up to 500 mL. Store at 4’C. 

3. Stacking gel buffer: 0.5 A4Tris base, 8 WEDTA, 0 4% (w/v) SDS. Dissolve 6 0 
g Tris base and 0 3 g EDTA wtth 0.4 g SDS in approx 75 mL di Hz0 Adjust pH 
to 6.8 and make up to 100 mL Store at 4°C 

4. 20% Ammomum persulfate solution. Dissolve 10 mg per 50 & dl Hz0 before use. 
5. N, N, N’, N’-Tetramethylethylenedlamine (TEMED). Store at 4°C. 
6. 10% (w/v) SDS: 50 g SDS in 500 mL di H,O, Adjust pH to 7 0. 
7 5X Electrophoresls buffer: 125 n-&!Trls base, 960 tiglycine, 0 5% (w/v) SDS. 

Dissolve 15.0 g Tns base with 72 0 g glycme and 50 mL of 10% SDS stock m 
approx 800 mL H20. Make up to 1000 mL. Store at 4’C. There is no need to 
adjust pH. Dilute to 1X with di Hz0 immediately before use. 

8 5X Sample Buffer: 0.25 MTrls base, 10% (w/v) SDS, 50% (v/v) glycerol, 10 mM 
EDTA. First prepare 0.5 MTrls, pH 6.8 by dissolvmg 6.0 g Trls base in approx 
75 mL di H20. Adjust pH to 6.8 and make up to 100 mL. Mix 5 mL 0 5 MTns, 
pH 6.8 with 1 0 g SDS, 5 mL glycerol and 0.0372 g EDTA. Combine above in 
20-mL glass scintillation vial containing stir bar. Heat briefly to 40°C to dissolve 
EDTA. Add a small amount of Coomassle blue dye (mg). 

2.1.2. Preparation of Reagents for Transfer to PVDF Membrane 
1. 10X Transfer buffer: 200 mMTns base, 1.5 M glycme. Dissolve 48.4 g Trls base 

and 226.0 g glycine m dl Hz0 and make up to 2 L (see Note 2). 1X Transfer buffer 
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is then prepared from 10X stock as needed by diluting 10X stock to 1X working 
solutron containing 20% (v/v) methanol (MeOH). Chill for 1 h at -2O’C before use. 

2.1.3. Preparation of Reagents for lmmunoblotting 

1. Buffer A: 20 mA4 Tris-base, 500 mMNaC1, pH 7.5. Combine 87 66 g NaCl with 
7.27 g Tris base in 2.5 L dt HzO. Adjust pH to 7.5 and make up to 3.0 L. 

2. Buffer B (wash buffer, normal): Buffer A, 0.1% (v/v) Tween-20 (see Note 3). 
Combine 1 L buffer A with 1 mL Tween-20 (see Note 3). 

3 Buffer C (blocking buffer) Buffer B, 5% (w/v) powdered milk. Dissolve 10 g 
powdered milk m 200 mL buffer B. Filter through glass wool, dispense m 50-mL 
volumes, and store at -20°C 

4. Primary antibody buffer Buffer B, 1% (w/v) BSA. Dissolve 2 g BSA (Fraction 
V) m 200 mL buffer B, dispense in 50-mL volumes, and store at -20°C. 

5. Secondary antibody buffer Buffer B, 0 5% (w/v) powdered milk. Prepare by 
diluting 20 mL buffer C to 200 mL final volume with buffer B. Dispense in 
50-mL volumes and store at -20°C. 

3. Methods 
3.1. SDS-PAGE 

3.1.1. Assembly of Glass Plates. 

1 Clean glass plates and spacers thoroughly with water, and then 95% ethanol 
before assembly. 

2 Cut a 1 -cm wide strip of parafilm. Place rubber pads over red pads of a gel cast- 
ing stand, and place (stretch) parafilm over gray pads. 

3. Position glass plates in a clamp assembly with all screws opened as follows: 
acrylic block, a larger glass plate, two spacers (one on each side), and a small 
glass plate. Fasten screws hand-tight. 

4 Place the assembled unit into the gel-casting stand, on top of the rubber pads and 
parafilm, with acryhc block facing inside. Make sure plates and spacers line up at 
bottom or it will leak! Push down firmly to click mto position (see Note 4). 

5. Number each gel and put mark 2.5 cm from the top of small glass plate. 

3.1.2. Pouring the Resolving Gels 

1. Prepare the resolving gel solution at a desired percentage of acrylamide as 
directed m Note 5. Add 30.8% bzs-acrylamide, the resolving buffer glycerol, and 
di Hz0 in a vacuum flask (see Note 5). 

2 Clamp the flask securely to a stir plate. Degas by applying vacuum for 15 mm 
while stirrmg (see Note 6) 

3 For the volumes given m Note 5, add 10 $ TEMED and 45 pL 20% ammonmm 
persulfate. Swirl after each addition 

4 Quickly transfer the mixture between glass plates to the pen mark using a transfer 
plpet. Immediately and very gently overlay gel with dt H,O. 

5. Polymerize for 60 min (see Notes 7 and 8). 
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3.1.3. Pouring the Stacking Gels (3%) 

1 Invert the gel-casting stand to drain off water overlay Wash the top of the 
polymerized resolving gels gently with d H20. Invert again and remove excess 
water using the corner of a paper towel. Posttlon the combs Make sure combs 
are completely dry 

2. Make up 3% stacking gels. To a small, conical flask add 0.610 mL bis- 
acrylamrde (30:0 S), 1.520 mL 0.5 M Tris (stacking gel) buffer (pH 6 8) and 
3 870 mL d H,O. Degas 5 mm. This is enough for two gels. 

3 Add 10 @ of TEMED and 30 pL of 20% ammomum persulfate. Swirl after 
each addition 

4. Quickly transfer the mtx down the side of the comb on the top of the resolving gel 
using a fine-tipped transfer prpet Immediately displace any air bubbles beneath comb 

5 Polymerize 45-60 mm (see Note 7). Squnt a small amount of electrophorests 
buffer on top of the stacking gel and remove combs by lifting verttcally. 

6 tise the wells with electrophorests buffer and fill the wells with electrophorests buffer 

3.1.4. Preparation and Loading of Samples 

1. Thaw molecular-weight rainbow markers and samples on ice (both should be 
stored at -20°C) (see Note 9). Turn on boiling water bath or heat block. 

2 Prepare sample buffer by prewarming buffer to ensure complete solutton, and 
adding 5 & S-mercaptoethanol to 0.5 mL of 5X sample buffer. Mix before use. 

3 Label mmrofuge tubes and pipet calculated volume of sample mto each tube 
Also prepare a tube with molecular-weight markers (10 @, for 1 O-well comb, 
5 uL for 15-well comb) and empty tubes for blank lanes. 

4 Adjust sample volumes with d H20 such that they are equal in volume, prefer- 
ably to a total volume of 10-20 pL (up to 40 Ils, for a lo-well comb, and 25 ~.IL 
for a 15-well comb) Prepare blank samples with an equal volume of water for all 
other lanes. 

5 Add calculated volume of 5X sample buffer (5 $ for a 20-t.tL sample) to make a 
final concentration of 1X. 

6. Close caps, punch hole in cap with an 18-gage needle. 
7. Centrifuge a few seconds to brmg sample down m bottom of the tube 
8. Place tubes m boiling water for 3 mm or heating block (75’C) for 5 mm. 
9. Centrifuge a few seconds to concentrate sample m bottom of the tube. 

3.1.5. Electrophoresis (see Note 10) 

1. Fill lower chamber two-thirds full with electrophoresis buffer Fill gaskets of 
electrode/plate assembly with d H,O. 

2. Take the assembled gel units off the gel-casting stand and snap mto position on 
the electrode assembly, with the smaller glass plate facing in and acrylic block on 
the outside Place the electrode assembly into the tank. 

3. Fill inner reservoir to halfway between the top edges of the small and large glass 
plates. Check assembly for leaks; in case of leaks, repeat the electrode assembly. 



Western lmmunoblot Analysis 301 

4. Add more electrophoresis buffer to outer chamber, to 1 cm below top of inner/ 
lower plate, to equalize pressure. To prepare a “buffer dam,” which is used if 
you will run only one gel, assemble glass plates m block as above, except 
omitting the spacers 

5. Using gel-loading ptpet tips, add sample buffer to any blank lanes first, then add 
molecular-weight markers. Finally add samples/standards to remaining lanes 

6. Align electrode leads, labeled red and black, with red and black power termmals 
(see Note 11). Put top over electrophoresis unit, connect leads to power unit 

7. Run at constant 100 volts until blue dye front reaches end of gel (approx 2 h). 
The resistance for a 7 5% gel should be 30-40 mA at the beginning and should 
be 12-15 mA at the end of the electrophoresis for one gel apparatus, and double 
for two run at the same time (Note 12). 

8 When the gel electrophoresis has begun, prepare the Ice pack and 1X transfer buffer 
for the transfer apparatus Store transfer buffer m cold room to chill before use. 

3.2. Electrophoretic Transfer to PVDF Membrane (see Note 10) 

1. At the end of the run, turn off power unit and disconnect electrodes. Prepare two 
dashes containmg cold transfer buffer. 

2. Disassemble plate assembly. Remove clamps and spacers. Separate glass plate 
carefully and then remove the stacking gel by scrapmg upwards wtth a gel spacer 

3 Notch the upper right-hand comer of the gel then carefully pick up at comers/ 
edges (use gloved hands and, if necessary, lift a comer of the gel using a wet gel 
spacer first) and transfer into dash containing transfer buffer 

4 Soak gels in 1 X transfer buffer for 15 min at room temp with very slow or no agitation. 
5. Wash electrophoresis umt with tap and then distilled HZ0 Clean glass plates 

with detergent, then rinse by soaking with distilled HzO. 
6. While gels are soaking, prewet sponges (two per gel) and filter papers (two per 

gel) in transfer buffer. Prewet Immobilon P membrane (cut to size) m methanol 
(Important!), and then di H,O 

7 Fill half of the electrophoresis tank with the transfer buffer. 
8. After 15-mm incubation of gels, set up the followmg layers: 

- plastic holder - 
- _ _ - - _ _ - -yoqp- - _ - - - - * - 
-__-_-_---_ filter _--_-___-_- 

gel 

Top[Smoke] (-ve, Black) 

--membrane------ 
__-_-- _______ filter _____________ -_ 
_ _ - - _ _ _ - -~p~g~- - - - - - - - - 
= plasnc holder = Bottom [Clear](+ve, Red) 

Before each subsequent layer is added, pour a little buffer over the uppermost 
surface so an is excluded wtth each addition. If air becomes trapped, remove by 
rolling a wet 10-r& pipet over the surface. 
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9. When complete, snap hmge m place and Insert cassette mto apparatus such that 
gel (top) IS on black cathode (-) side and the membrane (bottom) m on the red 
anode (+) side 

10. Place frozen Ice pack mto transblot tank. 
11. Add more transfer buffer in the tank. Do not overfill the tank. Buffer should 

cover transfer cassettes, but should not contact the electrodes. 
12 Turn on power umt to 30 V, and run at constant voltage overnight (15 h). Begm- 

nmg resistance should be between 30 and 40 mA, and should be between 50 and 
60 mA at the end of the transfer. The resistance will double if two gel apparatus 
are run at the same time (see Note 14). 

13. Turn off power unit. Disassemble cassettes one at a time. Rmse briefly m d H,O, 
and blot away excess H,O (see Notes 15 and 16) 

14. Mark each colored molecular-weight marker band with a pencil. Notch corner of 
membrane, and store frozen m plastic wrap If required or block overnight in milk 
buffer C and incubate with antibody immediately 

15. Rinse apparatus and components with tap H,O, and then H,O. 

3.3. /mmunob/otfing (see Note 17) 

It is important m Western-blotting applications to optimize both the first 
and second antibody concentrations. The second antibody IS initially screened 
alone (i.e., without first antibody incubation at all) on a test blot with the pro- 
tein of interest (loaded with 20 pg protein per lane if no tirther information is 
available on loading). This 1s to ensure that no bands are “nonspecifically” 
detected near the molecular weight of the protein of interest. If they are, then 
another source of antibody must be used. Initially this is performed at the dilu- 
tion recommended by the manufacturer. 

The dilution at which the first antibody is used will depend on the antibody 
preparation. If m doubt, run multiple lanes of a known standard (20 c(g each) 
and cut the resulting membrane mto strips. Then for each strip try a range first 
of 1:250-l :5000. Choose the dilution that gives the strongest signal combined 
with the lowest background. 

Finally, the second antibody dilution is reoptlmlzed. Again a blot of a repli- 
cated standard or sample 1s run and cut in lanes. All strips are incubated at the 
optimum first-antibody dilution, and the a serial dilution of the second anti- 
body is tested on the strips, initially spanning 1:250-l:lOOO-fold. The dilution 
glvmg the strongest signal with the cleanest background 1s used for future blot- 
ting applications. 

3.3.7. Antibody Binding to Membrane 

1. Dilute primary antibody specific to the protein of interest, m the primary antl- 
body buffer, according to specific instructlons; or, thaw reserved primary anti- 
body (see Note 18) 
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2. Rinse the membrane with buffer A to remove transfer buffer (see Note 20) 
3. Block the membrane with buffer C for 2 h, or longer, rocking gently at room 

temperature. 
4. Incubate membrane 2 h m the primary antibody at room temperature. If protein is 

not abundant, mcubation can be continued overnight at 4°C. 
5. Briefly rinse the membrane with buffer A to remove excess primary antibody 
6. Wash the membrane: buffer B, 15 min; buffer B, 3 x 5 mm. 
7. Choose horseradish peroxidase (HRP)-conjugated antibody specttic to species 

used to raise prtmary antibody; for example, goat-antimouse, or goat-antirabbit. 
Dilute secondary antibody m the secondary-antibody buffer, according to suppli- 
er’s recommendatton (and experimental results). incubate the membrane in the 
second antibody for 1 h at room temperature. 

8. Wash the membrane: buffer A; 5 mm, buffer B, 15 mm; Buffer B, 3 x 5 mm; and 
buffer A, 3 x 5 mm (see Note 21). 

3.32. ECL Detection of Bound Antibody 

1. Mix ECL reagents 1: 1 immediately prior to use. For one mmigel membrane, use 
10 mL total volume, or 5 mL each of reagent 1 and reagent 2 

2. Dram excess buffer from the membrane by blotting the membrane on clean 
paper towel. 

3. Place the membrane protein-side up m clean ECL-only dish (see Note 19) Add 
mixture of ECL reagents to protein-side of the membrane. Gently rock the mem- 
brane by hand to keep surface evenly covered; do not allow surface of membrane 
to be uncovered 

4. Incubate for exactly 1 mm 
5. Dram excess ECL reagents from the membrane on clean paper towel, but do not 

allow the membrane to dry. 
6. Place the membrane with protein-side down on clean plastic wrap. Carefully wrap 

membrane and smooth out air pockets. 
7 Place membrane m autoradrography cassette with protem-side up. Tape opposite 

edges to the intensifying screen, to ensure that the blot will not slip, and to ensure 
that it does not stick to the film. 

8 Expose the membrane to ECL hyperfilm for a destred time (generally I-15 min) 
in darkroom, as required. It is safe to work under a red safety light. The ECL 
reaction remains approximately linear for up to 30 min. 

9. Cover film cassette with black bag to prevent light leaks, Develop the film in 
darkroom. 

10. Lay the film over the membrane and mark positions of each molecular-weight marker 

3.4. Membrane Reprobing 

While Northern and Southern blots are easily stripped and reprobed because 
of the UV crosslinking of RNA or DNA to the membrane at the time of prepa- 
ration, this is not so for Western blots. Stripping procedures have been 
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described by Kaufmann et al. (4), but in our experience a significant propor- 
tion of bound protein is lost. However, because of the lability of the horse- 
radish-peroxidase enzyme used for the ECL procedure descrrbed here, 
reprobing can be performed following freezing of the membrane overnight, 
which destroys activity of bound enzyme, and reblocking of the mem- 
brane for l-2 h with the blocking buffer. The best results are obtained if the 
reprobing uses a new primary antibody raised in a different species, so the 
appropriate second antibody does not encounter any residual primary antr- 
body from the first probing. However, if probing and reprobing with antibod- 
ies raised in the same species, the signal from the first probing will still be 
diminished by extensive reblockmg. It will obvrously help rf the second 
probed signal is much stronger than the first. In our experience, membranes 
can be reprobed up to three times before signal loss becomes excessive. The 
time between probmgs IS not apparently relevant as long as membranes are 
stored wrapped and frozen at -20°C. 

4. Notes 
1. Electrophoresis-grade chemicals should be used, because impurities may mter- 

fere with the gel polymerization and electrophoresls mobility Acrylamtde mono- 
mer is neurotoxic, so wear gloves and mask when handling it. Take slmtlar 
precautions when weighing SDS. 

2. For htgh-molecular-weight protems (>150 kDa), SDS (0.1%; w/v) may be added 
to transfer buffer However, SDS may interfere with protein binding to transfer 
membrane 

3. Sufficient Tween-20 m buffer B 1s critical for reducing background, Tween-20 has 
a density of approx 1 .O Because Tween-20 IS very VISCOUS, we recommend taking 
up m a prpet tip and then ejectmg the whole tip mto buffer B with mixing for at least 
30 min. For a more strmgent wash buffer, we recommend buffer A, 0 05% NP 40 
(tergitol, w/v), 0.05% SDS (w/v), 0.125 sodium desoxycholate (w/v). 

4. To check leakage, you may add dH20 between glass plates. After checking, dram 
excess HzO. If leakage occurs, reassemble glass plate. 

5. A recipe for commonly used resolving gels is given in Table 1 
6. If using an aspirator, connect vacuum hose first, then turn on water Remove hose 

from flask before turning off water. Best results are obtained if gel solution 
reaches room temperature before degassmg. 

7 After polymerization, a sharp optical discontuunty will be visible at the interface 
between the gel and water. Failure of gel polymerizatron is generally caused by 
aged AP and/or TEMED. If polymerization failure occurs, reprepare fresh 
acrylamide mixture with a new batch of ammonium persulfate or/and TEMED. 

8 If gels are not used on the same day, cover with parafilm and store for 1-2 d at 4°C 
9. Total sample protein per lane should be between 10 and 50 clg, in less than 40 pL 

for a lo-well comb (adjust accordingly for other combs). The tdeal amount 
depends on your preferred detection system and the relative abundance of your 
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Table 1 
Recipe for Common Resolving Gel@ 

Final acrylamide concentratlon6 

Stock solution 40% 6.5% 7% 7 5% 10% 12% 

30.8% bu-acrylamide 2 60 4.22 4.54 4 86 6.49 8.12 
Res. gel buffer 5.00 5 00 5.00 5 00 5.00 5 00 
dl H,O 9.07 7.45 7 13 6.81 5 18 3 55 
Glycerol 3.33 3.33 3.33 3.33 3.33 3.33 

aThe acrylamide-bu IS reserved at 4°C This recipe makes 20 mL, enough for two muugels 
hUnlts In the table are mL 

10 

11. 

12. 

13. 
14 

15. 

16. 

17. 
18. 

19. 

target protein Coomassle-blue staining is relatively insensltlve, and can detect 
0 l-l 0 mg of protein per band, whereas ECL can distinguish as little as 1 pg per 
band (depending on the specificity of the primary antibody). In addition to 
molecular-weight standards, it 1s good idea to run a sample containing the protein 
of interest as a control. 
Never handle high-voltage leads unless the voltage 1s turned down to zero and 
the power supply is turned off. 
If you reverse the leads, your samples will migrate out of the wells and will be 
lost in the electrophoresls buffer. 
Leakage between upper and lower chamber of the electrophoresls apparatus could 
change resistance out of these ranges. During electrophoresis, check levels of the 
electrophoresls buffer in the upper chamber frequently. If leakage occurs, you 
can add more electrophoresis buffer into upper chamber 
Make sure buffer level covers cassettes, and secure top and electrodes 
Transfers can also be run at 100 V, 2 h; however, efficiency is greater for higher 
molecular-weight proteins using the overnight transfer Alternatively if transfer- 
rmg high molecular-weight proteins, transfer 1.5-2 h at 100 V, with 0. I % SDS m 
transfer buffer. 
You may recover used transfer buffer and store at 4”C, which can be used at least 
once more. 
If you need to check the efficiency of transfer, you can stain the remaining gel 
with Coomassie blue, and the membrane prior to the blocking with 0.1% (w/v) 
Ponceau-S m 5% acetlc acid (v/v) (Sigma). 
All incubations and washes should be done on a rocking platform. 
You may recover and reuse the primary-antibody solution, however, multiple 
usage will reduce sensitivity In our laboratories, we routinely use the recovered 
antibody once more. Store the recovered antibody at 4°C or -2O”C, according to 
manufacturer’s suggestion 
HRP-conjugated antibodies may stick to sides of containers and bmd to the ECL 
reagent, which will reduce the sensitivity of detection 
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20. If the membrane has been stored m freezer, first wet with MeOH, rinse m d H,O, 
then buffer A If the stored membrane was blocked before storage; reblock mem- 
brane 15 mm, then proceed with lmmunoblottmg 

2 1. Since Tween-20 in buffer B will interfere with the ECL reaction, wash the mem- 
brane thoroughly with buffer A before ECL detection. 
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Immunohistochemistry and lmmunocytochemistry 

Jing Zheng 

1. Introduction 
Immunohistochemtstry and immunocytochemistry are powerful techniques 

for localizmg the molecular expression of proteins in tissues and cells, especially 
when combined with the in situ hybridization technique. Immunohistochemistry 
and unmunocytochemistry techniques are primarily considered to be qualitative 
measurements, but when used together with a computerized imaging program, 
staining distributton and intensity can be semiquantified. This chapter describes 
immunochemical techniques routinely used in our laboratories for protein local- 
ization in tissue sections and cultured cells with the representative staining shown 
in Figs. 1 and 2. The protocols are based on an indirect unmunoperoxidase 
detection via the avidin:biotinylated-peroxidase complex method with 3,3’- 
diaminobenzidine as the chromogen, a popular method suitable for bright-field 
microscopy. The first immunohistochemical protocol described is intended for 
paraffin-embedded tissue sections and the second immunocytochemical proto- 
col is intended for cultured cells. It is highly recommended that, before begin- 
nmg the protocol, the operator read Subheading 4. 

2. Materials 
2.1. Preparation of Reagents and Solutions 

2.1.1. Buffer 

1. Buffer A (10 m&I phosphate-buffered saline [PBS], 0.14 A4 NaCl, pH 7.4): 8 g 
NaCl, 1.2 g Na2HP04, 0.2 g KC1 Dissolve in distilled water (dH*O). Adjust pH 
to 7.4. Make up to 1 L with dHzO. Store at room temperature. 

2. Buffer B (wash buffer) Buffer A, 0.3% (v/v) Triton X- 100. Store at room temperature 
3. Buffer C (antibody-dilution buffer): Buffer A, 1% (w/v) bovme serum albumm 

(BSA), 0.1% (w/v) sodium aztde, pH 7 4. Store at 4’C. 

From Methods m Molecular Bology, Vol 105 Phospholrpld S/gnakng Protocols 
Edited by I M Bird 0 Humana Press Inc , Totowa, NJ 
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Fig. 1. Immunohistochemical localization of endothelial cell nitric oxide synthase 
(ecNOS) and angiotensin II type 1 receptors (AT,-R) in the ovine placental artery 
from a representative ewe at 142 days’ gestation. Dark cytoplasmic color indicates the 
positive staining. Dark nuclear color is hematoxylin counterstaining. Tissue sections 
were incubated with mouse antibody against ecNOS (2.5 pg/mL; upper panel) or rab- 
bit antibody against AT,-R (2 pg/mL; bottom panel). An adjacent section was used for 
controls, replacing the primary antibody with an equivalent amount of mouse (for 
ecNOS) or rabbit (for AT,-R) IgG protein (seefigure inserts). 
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Fig. 2. Immunocytochemical localization of ecNOS and AT,-R in ovine feto-pla- 
cental artery endothelial cells. Dark cytoplasmic color indicates the positive staining. 
Dark nuclear color is hematoxylin counterstaining. Endothelial cells were incubated 
with the primary ecNOS (2.5 pg/mL; upper panel) or AT,-R (2 pg/mL; bottom panel) 
antibody. The endothelial cells in adjacent chambers were used for controls, replacing 
the primary antibody with an equivalent amount of mouse (for ecNOS) or rabbit (for 
ATI-R) IgG protein (seefigure inserts). 
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4 0 2 M Sodium cacodylate (Electron Microscopy Sciences, Fort Washington, PA) 
buffer 42 8 g of sodium cacodylate and 900 mL of dHzO. Adjust pH to 7.5, and 
make up to 1 L. Store at 4°C. 

5. Tissue-storage buffer: 0.1 M sodium cacodylate buffer, 0.0 1% sodium azide, pH 
7.5. Store at 4°C. 

6 Tissue-wash buffer 0.1 M sodium cacodylate buffer, pH 7.5 Store at 4°C. 

2.1.2. Tissue Processing 

1. Fixative (4% formaldehyde [Electron Microscopy Sciences] m 0.1 M sodmm 
cacodylate buffer, pH 7.5). 200 mL of 16% formaldehyde, 400 mL of 0.2 A4 
sodium cacodylate, and 100 mL of dHz0. Adjust pH to 7 5 Add dH,O and make 
up to 800 mL Store at 4°C. 

2. Dehydration: 100,95, 85, and 70% ethanol (EtOH). 
3 Clearing agent: Hemo-De (Fisher, Itasca, IL) 
4. Paraffin: TissuePrep with a melting pomt of 55-57°C (Frsher) 
5 HistoPrep pen (Fisher) 

2.7.3. Staining 

1 Endogenous peroxidase-quenching solution: 3% Hz02 in 60% methanol Make 
up fresh solutton before use. 

2 Immunoperoxrdase stammg kit: Vectastam ABC elate Kit (Vector, Burlmgame, 
CA). Prepare the reagent following the instructions provided by the manufacturer 

3. Peroxidase substrate kit* 3,3’-dtaminobenzidme (DAB) kit (Vector). Prepare the 
reagent followmg the mstructions provided by the manufacturer 

4. 10% (v/v) Chlorine bleach m water. 
5. PAP pen (Research Products, Mount Prospect, IL) 

2.1.4. Counterstaining 

1 Hematoxylm* Harris modified hematoxylm wtth acetic acid (Fisher) 
2. 1% Acid alcohol: 1 L of 70% EtOH and 10 mL concentrated HCl 
3. 0.2% Ammonia H,O: 1 L of tap Hz0 and 2 mL of 28% NH40H. 

3. Methods 
3.1. Tissue Preparation (see Note 1) 

1. Fix tissues (3-4 mm thtck) m 4% formaldehyde in sodium cacodylate buffer, 
pH 7 5, for 2 d at 4°C (see Note 2) 

2 Discard the fixtive and immerse &sues in 0.1 h4 sodmm cacodylate buffer over- 
night at 4’C (see Note 3) 

3. Label cassettes with a HistoPrep pen. 
4. Remove any excess tissues and cut the tissue with a fresh razor blade so it fits 

into a cassette 
5. Transfer a piece of tissue to a labeled cassette and store cassettes in 70% EtOH 

overnight. 
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6 Transfer the cassettes m 85% EtOH, 1 h, 100% EtOH, 2 x 2 h; and the clearing 
agent, 3 x 1 5 h 

7. Transfer cassettes to the melted paraffin in a 57-58°C oven and incubate over- 
night (see Note 4). 

3.2. Tissue Embedding (see Note 1) 

1, Fill warm embedding molds on warm plate (approx 60°C) with melted paraffin 
Remove and discard cassette lid. 

2. Use a warm forceps to transfer the tissue to the center of mold bottom m melted 
paraffin, and orient at desired position (see Note 5) 

3. Use cassette bottom with flat-side down to cover the mold and add more paraffin 
until the cassette bottom is submerged. Move the mold to a freezer at -2O’C (see 
Note 6) 

4. When paraffin IS cool (approx 15 min), remove the cassettes with tissue from 
molds. Store tissue blocks at 4°C (see Note 7). 

3.3. Tissue Sectioning (see Note 1) 

1. With a razor blade, trim excess paraffin surrounding the tissue and leave an equal 
margin (3-4 mm) of paraffin on all four sides of the tissue 

2. Label positively charged glass slides (Fisher) using an HistoPrep pen and set on 
37-4O”C heating plate or slide warmer Add several drops of dH20 onto one end 
(away from frosted end) of the slide 

3. Place a tissue block onto the mlcrotome. 
4. Cut cross sections at 5-6 pm thick. Transfer tissue sections with a wet paintbrush 

to a glass slide and let the sections float on water. Place two adjacent sections on 
each slide, one for primary antibody staining and one for control (see Note 8) 

5. After the sections have stretched and wrinkles are removed (approx IO-15 min), 
drain out excess water 

6. Place slides m a slide box and dry the slides in an oven at 35-37’C overnight. 

3.4. lmmunohistochemical Staining Procedure (see Note 9) 
1. Mark the slides with an HistoPrep pen (i.e., the antigen you are staining, concen- 

tration of the primary antibody, and date). Put tissue sections in slide rack. 
2. Deparaffimze m the clearing agent m a staining dish: 2 x 5 min 
3. Rehydrate: 100% EtOH, 2 x 1 min; 95% EtOH, 1 min, 70% EtOH, 1 min. 
4. Quench endogenous peroxidase activity. 3% H202 m 60% methanol for 15-20 min. 
5. Wash m dH,O for 5 min. 
6. Lay slides with tissue sections face up in a slide box with wet paper towels on 

the bottom. Add the buffer B onto the slides to cover whole sections and incu- 
bate for 5 mm 

7. Replace the washing buffer with blocking serum (from Vectastam ABC elm kit) 
in the washing buffer, close the slide box, and incubate for 20 mm 

8. Use Kimwipes to wipe off excess wetness surrounding the section and encircle 
each tissue section with the PAP pen (see Note 10) 
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9. Ptpet the pmary antibody and control (2&60 pL/tissue section, depending on size 
of the section) m buffer C into the center of the PAP pen circle. Make sure the whole 
tissue section IS covered. Close the slide box and incubate for 1 h (see Notes 11-13) 

10 Wash in buffer B for 2 x 5 mm. 
11. Add brotmylated secondary antibody (from Vectastain ABC elzte kit), close the 

box, and incubate for 40 min. While incubating, prepare avidm btotmylated-per- 
oxidase complex solution (from Vectastam ABC elzte kit) according to the kit 
mstructtons and let the solution sit at room temperature for at least 30 mm 

12 Wash in buffer B for 2 x 5 mm. 
13 Add avidu-btotinylate peroxidase complex solution, close the box, and incubate 

for 40 mm 
14. Wash m buffer B for 2 x 5 mm 
15 Wash m dH,O for 5 mm. While washing, prepare DAB according to the DAB kit 

instructions. 
16 Incubate the sections with DAB at room temperature for 3-7 min or until stammg 

is at desired intensity (see Note 14). 
17. Wash in buffer B for 5 min. 
18. Wash m tap H,O for 5 min 
19. Transfer slides back to the baskets. 
20 Counterstain wtth hematoxylm for 1 min (see Note 15). 
2 1. Wash in tap H,O briefly. 
22. Dip the slides m 1% acid alcohol three times 
23. Wash in tap Hz0 briefly 
24. Dip the slide in 0.2% ammonia HZ0 1 S-20 times 
25 Wash in runnmg tap Hz0 for 5 min. Check counterstain under microscope If 

counterstain is too strong, go back to step 22 and then repeat steps 23-25. If 
counterstain is too weak, go back to step 20 and then repeat steps 21-25, 

26 Wash in gently running tap HZ0 for 10-15 min Dehydrate m following solu- 
tions: 70% EtOH, 2 mm, 90% EtOH, 2 mm; 100% EtOH, 2 x 2 mm. 

27. Clear in clearing agent for 3 x 3 mm. 
28 Mount: Put a drop or two of mounting reagent (Fisher) onto sections and place a 

cover slip. Wipe off bottom of slide and let them dry overnight at room tempera- 
ture (see Note 16) 

3.5. lmmunocytochemical Staining Procedure 

This procedure ts essentially the same as that described above in The 
Immunohistochemical Staining Procedure (Subheading 3.4.), with slight 
modification. This procedure ts intended for cells plated tn appropriate medium 
at approx 5000 cells/chamber in eight chamber glass slides (Nunc, Napervtlle, 
IL) and incubated for 24 h to allow attachment. 

1 Rinse subconfluent cells cultured in glass chamber slides with the buffer B 
2. Fix cells m 4% formaldehyde m sodmm cacodylate buffer, pH 7.5, for 1 h at 

room temperature. 
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3. Wash m dH,O for 5 mm 
4. Quench endogenous peroxtdase m 3% H202 in 60% methanol for 15-20 mm. 
5 Wash m dH,O for 5 min 
6. Incubate m buffer B for 5 min. 
7. Replace buffer B with blocking serum in buffer B and incubate for 20 mm. 
8. Pipet the primary antibody and controls (100-200 &/chamber) in the buffer C 

mto desired chambers of slide, close lid of the slide box, and incubate for 1 h 
9. Follow Subheading 3.4., steps 12-17. 

10. Remove upper structure and gasket of the slide according to the manufacturer’s 
mstructions and transfer slides to the shde rack. 

11. Follow Subheading 3.4., steps M-28. 

4. Notes 
1. Tissue fixation, embedding, and sectioning are critical for successful immun- 

ostaining and should be processed under the advice of a tramed histologist 
2. The volume of the fixative should be at least 10 times the tissue volume The 

length of time for fixation depends on the size and type of the tissue block. In our 
experience, 2-d fixation at 4°C is suitable for most tissues such as blood vessels, 
adrenal, uterus, and placental tissues. 

3 For long-term storage, fixed tissues can be kept in 0.1 M sodrum cacodylate 
buffer, pH 7.5 with 0.01% sodmm azide at 4’C. Before immunostaimng, the tis- 
sues should be washed thoroughly with 0 1 Msodium cacodylate buffer (without 
sodium azide) to avoid aztde interfering with peroxidase-substrate Interaction. 

4. The length of time for impregnation (the process in which hot paraffin pen- 
etrates the tissues) depends on the stze and type of the tissue block In our 
experience, impregnation overnight without vacuum in a 57-58°C oven 1s suit- 
able for most ttssues. 

5. Quickly transfer tissue from impregnation container to embedding molds to pre- 
vent formation of a thm layer of solidified paraffin around the tissue. If it forms, 
put the tissue back in hot paraffin until solidified paraffin around the ttssues is 
completely melted 

6. When pouring hot paraffin mto the mold, avoid trapping air bubbles under the 
cassette bottom. If this occurs, add more hot paraffin on one side of mold to drive 
air bubbles out. 

7. After the paraffin is cooled, tt should be easy to take the tissue block attached 
to the cassette bottom out of the mold. If not, put the tissue block m mold back 
at -2O’C until it is easily removed. Do not force the tissue block out of the 
mold, which may separate the tissue block from the cassette bottom. If by chance 
this occurs, melt the tissue block completely and re-embed it. 

8. Leave a space (approx 3 mm) between two tissue sections for PAP pen encirclement. 
9. During the immunostaining, never let tissue sections dry (in order to prevent high 

nonspecific staining). Before Introducing new solutions m every step mcludmg 
deparaffimzation, dehydration, washing, treatment with antibodies, and counter- 
staining, drain the old solution and tap the slides on stacked paper towels. Also, 
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in all washmg steps, add the washing buffer on an area alongside the tissue sec- 
tions rather than directly on the tissue sections, which may damage or wash away 
the tissue section. 

10 Make sure the PAP pen encirclement surrounding the section is dry to avoid a 
leak that may cause mixing of the primary antibody with the control solution you 
use If by chance a leak forms, wash the section and re-encircle the section 

11. Use several concentrations of the primary antibody in the preliminary study 
to determine one optimal concentration for a desired tissue. In our experience, 
l-5 pg/mL of affinity purified primary antibody works most times 

12. If you plan to compare staining intensity among different tissue sections, stain all 
tissue sections for comparison in one run 

13. Controls usually consist of omitting the primary antibody and/or the secondary 
antibody; staining a tissue section that has been known to contain (positive con- 
trol) and/or not to contam the antigen (negative control); replacing the primary 
antibody with the premunune serum/IgG preparation or unrelated antibody at the 
same concentration of the primary antibody used; and absorbing the primary 
antibody with excess amount of the antigen, which may be the most reliable con- 
trol. It IS generally acceptable, however, to only use the the first three controls. 

14. Staining development can be checked under microscope. DAB is carcmogemcl 
Wear gloves and lab coat when working with it and dispose the waste mto the 
1: 10 chlorine bleach container. When usmg DAB as a substrate for peroxldase, 
positive staining will be indicated by brown or black color, depending on whether 
nickel solution is added (see instructions for DAB subtract kit from Vector). Other 
color chromagens also are available from Vector, which are useful, especially 
when colocahzatlon of two antigens IS needed 

15. Hematoxylm counterstammg will give blue nuclear staining. Other colors (green 
or red) of nuclear counterstammg are also available by using methyl green or 
nuclear fast red solutions (also from Vector) 

16. Make sure no air bubbles are entrapped under the cover slides If by chance this 
happens, gently press the cover slide down to force bubbles out or carefully lift 
the cover slide and remount it 
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Extraction of Cellular and Tissue RNA 

Daniel S. Millican and Ian M. Bird 

1. Introduction 
Total undegraded cellular RNA, largely free of contammatmg DNA, can be 

rapidly and easily isolated from homogenized tissue or cultured cells using 
acid pH-guanidmmm thiocyanate/phenol/chloroform extraction (I). Commer- 
cially available acid phenol/guanldinmm thtocyanate solutrons (2), such as 
RNAzolTM B (Cinna Scientific, Cleveland, OH) and TRIzol (Gibco-BRL, 
Gaithersburg, MD), allow one-step, complete solubihzation of ttssue or cells 
under conditions that inhibit RNAse activity. By subsequent addition of chlo- 
roform, phase separation is forced to occur and RNA is extracted into an aque- 
ous phase, separated from lower organic phase by an insoluble protein 
interphase. Guamdinium thiocyanate remains in the aqueous phase and so con- 
tinues to act as an RNAse inhibitor by disrupting protein-nucleic acid mterac- 
tions. However, the protein interphase is still rich m RNAse and, on accidental 
recovery with the aqueous phase, may result in degradation of the RNA. To 
eliminate this contammation, aqueous phase can be re-extracted m fresh phe- 
nol/chloroform/isoamyl alcohol solution (see Note 1) such as PC1 reagent 
(5 Prime+3 Prime [Boulder, CO]) and spun through a barrier material that 
separates phases of greater and lesser density The lighter aqueous phase does 
not penetrate the barrier, whereas the organic phase and any residual protein 
interphase migrate through the barrier to become trapped underneath. Heavy 
grade phase-lock gel tubes (5 Prrme-+3 Prime) are suitable for procedures 
using guanidinmm thiocyanate, which imparts higher density to the aqueous 
phase (3). RNA isolated by this procedure is suitable for use in Northern analy- 
sis, slot blotting, and RT/PCR. Commercially available kits can be used to 
further isolate poly(A+) RNA-enriched fractions for use m detection or amph- 
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ficatton of rare transcripts. We describe here a procedure for total RNA extrac- 
tion from homogenized tissues or cultured cells using RNAzolTM B, purtfica- 
tton by passage through phase-lock gel tubes, and an optional chromatographic 
poly(A+) RNA enrmhment procedure usmg mm1 oltgo(dT) spm columns 
(5 Prime+3 Prime), together with the spectrophotometrtc determination of 
RNA yield and purity. Ultimately, RNA quality should be further evaluated by 
ethidium bromide vtsualization followmg agarose/formaldehyde gel electro- 
phoresis (see Chapter 29). Good quality RNA is indicated not only by clear 18 
and 28s subunits, but also by discrete RNA bands, especially of high molecu- 
lar weight, together with an absence of excess low-molecular-weight (C200 bases, 
degraded) RNA. 

2. Materials 
Unless otherwise stated, all reagents are molecular-biology grade. 

1 Autoclave 
2. NanoPure/UltraPure (18S2) Water. 
3 Microcentrifuge, 12,OOOg, Fisher (Pittsburgh, PA) Micro H. 
4. Vacuum centrifuge/vacuum pump, Labconco (Kansas City, MO) (78 110) 
5. Dtethyl pyrocarbonate, Sigma (St. Louis, MO, cat. no. D5758). 
6 Sterile, disposable 1 00-mm Petri dishes. 
7 Chloroform. 
8. Isopropanol. 
9. Ethanol (200 proof). 

10. RNAzol B, TelTest (Friendswood, TX) (CS105) 
11. Heavy grade phase-lock gel (PLG) tubes, 5 Prune+3 Prime (Boulder, CO) (cat. no. 

~1-183182) 
12 Phenol chloroform isoamyl alcohol (PCI) reagent, 5 Prime-+3 Prime (cat no. 

l-737642). 
13 Molecular biology grade (MB grade) water, 5 Prime+3 Prime. 
14 Sterile dissection instruments. 
15 Liquid tutrogen (NJ. 
16. Na2HP04, anhydrous. 
17 KH2P04, anhydrous. 
18. NaCl. 
19. Trichloro acetic acid (TCA). 
20. Polytron homogenizer with approx 0.25-in. blade, Fisher (cat. no. 15338700P). 
21. 2-mL Cryovials, Fisher (cat. no. 033377D). 
22. 15-mL Homogemzation tubes, Fisher (cat no 1495910B). 
23. Cell scrapers, Fisher (cat. no. 087732). 
24. Mini oligo (dT) spm column kit, 5 Prime+3 Prime (cat. no. 2-600750). 
25. Centrifuge, 50-mL conical tube, 200g 
26. Ohgo dT spm column carrier tubes (1.6-cm inner diameter). 
27. Centrifuge rotor adapters which accommodate chosen carrier tubes 
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2.1. Preparation of Solutions 

All glassware should be thoroughly cleaned and autoclaved before use. Wear 
gloves at all times and use new weighmg boats with autoclaved spatulas. Weigh 
reagents to 1% accuracy. When using a pH meter, calibrate first for pH 4.0-7.0 
range, then rinse electrode m distilled water, followed by DEPC water. Store 
magnetic stir bars m ethanol and rinse in DEPC water before use. Unless other- 
wise stated, keep solutions at room temperature. Store and handle hazardous 
items m accordance with safety guidelines. 

I. DEPC Water: Add 500 $ diethyl pyrocarbonate (DEPC) per L to 5 L filtered 
deiomzed water m a comcal flask and swirl to mtx. Stand at room tempera- 
ture 4 h (to inactivate RNAses), then autoclave (liquid cycle) to deactivate 
DEPCi sterilize. Allow to cool overnight before making up other aqueous 
solutions, 

2. Molecular-biology (MB) grade water: MB quality is essential for makmg solu- 
tions coming m direct contact with RNA. Store at 4°C. 

3. RNAzol B: Store protected from light at 4°C. 
4. CHC13: Store working stock in lOO-mL bottle at 4°C 
5. Phenol/chloroform/isoamyl alcohol (PCI) solution: Store at 4°C. 
6. 75% ethanol: Dilute 75 mL of 200-proof ethanol with 25 mL MB grade water 

Store at 4’C Replace after 1 mo 
7. Isopropanol: Store working stock m a lOO-mL bottle at 4°C. 
8. 12% TCA: Dissolve 60 g trichloroacetic acid m DEPC water to a final volume of 

500 mL. Store at 4°C 
9. Phosphate-buffered saline (PBS) pH 7 4: To 4 L DEPC water, add 6.186 g 

Na2HP0, (mol wt 142), 1.633 g KH,PO, (mol wt 137.99), and 52 60 g NaCl 
(mol WI 58.44), and adjust pH to 7.4. Adjust volume to 6 L with DEPC water 
Dispense in 500-mL volumes to glass bottles and autoclave on liquid cycle (lid 
looseI) Store at 4°C. 

3. Methods 

Before performmg the procedure, ensure that RNAzol B, chloroform, PC1 
solution, isopropanol, fresh 75% ethanol, and MB-grade water are stored at 
4°C. Microcentrifuge temperature should also be equilibrated to 4°C in a cold 
room. For optional poly(A+) RNA isolation, ensure that absolute ethanol, and 
appropriate kit reagents (mussel glycogen, 3 M sodium acetate, pH 5.2) are 
also at 4°C. Clean and store the spectrophotometer cuvet in a 50-mL tube con- 
taining DEPC water. During the procedure, keep everything on ice. Wear 
gloves and work over sterile napkins. Each ZOO-mg tissue cube processed will 
require four microcentrifuge rotor wells, so up to three cubes can be processed 
simultaneously using a 12-well rotor. Alternatively, each cell culture dish pro- 
cessed will require only one rotor well. 
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3.1. Tissue and Cell solubilization in RNAzol B 
3.1.1. Collection and Storage of Tissues 

1, Place fresh weigh boats in shallow Styrofoam containers and add hquld nitrogen 
(NJ mto and around weigh boats Add Nt to an additional container for transfer of 
processed samples to a-70°C freezer. Also place sterile Petri dishes on ice and add 
cold PBS. 

2. Transfer freshly obtained tissues to sterile Petri dishes contammg cold PBS (to 
rinse away blood that contains abundant RNase) Working quickly with a sterile 
scalpel, slice into cubes of approx 3-4 mm size wetghmg approx 100 mg 
each Immediately transfer cubes to weigh boats immersed m Nr to snap 
freeze the tissue 

3 Immerse appropriately labeled cryovtal into N, surrounding the weigh boat 
Holding the vial with a hemostat, transfer cubes (usmg forceps) mto the tube, 
cap, and transfer m NI to -70°C freezer or N,-dewar. Tissues are stable long term 
at I-70°C 

3 7.2. Tissue Solubiiization 

1 

2 

3 

4 

5. 

Clean the polytron blade at 3/4 speed m 12% TCA (30 s), then DEPC water, and 
finally ethanol Allow to air-dry 
Prepare eight phase-lock gel (PLG) tubes per lOO-mg tissue cube. Centrifuge 
for 3 min at 12,000g to spm the barrier material to the bottom of the tube. 
Label 4 for first and 4 for second-round extractions and stand at room tem- 
perature. 
Transferthe 1 00-mg tissue cube directly from the I-70°C storage mto 4 mL cold 
RNAzol B in a 15-mL polypropylene tube (see Note 2) Disrupt the tissue com- 
pletely with the polytron, (15 s at one-thud speed, then 5 s at three-quarter speed) 
Place the homogenate on ice, and dispense mto 4 x 1.5-mL microcentrifuge tubes 
at 1 mL per tube. Keep all tubes on ice. 
Between samples rmse the polytron blade m fresh RNAzol B (30 s at three-quarter 
speed). Repeat the homogenization process from step 3 for the remaining tissue 
cubes, remembering that each cube will requtre four microcentrrfuge rotor wells 
for processmg. 
Proceed to Subheading 3.2. Finally, clean the polytron blade before autoclavmg 
and long-term storage. 

3.1.3. Ceil Soiubiiization from 60- to IOO-mm Dishes 

1 Prepare one phase-lock gel (PLG) tube per cultured dish: Centrifuge (3 mm at 
12,000g) to spm the barrier material to the bottom of the tube. Also, prepare a 
suction lme (to efficiently and completely remove the culture medium from 
culture plates/dishes) and place a cell scraper in a 15-mL tube containing 5 mL 
RNAzol B. 

2 Remove the cell-culture dishes from the incubator one at a time (see Note 3). 
Quickly remove all medium by suction (serum contains RNase). 
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3 Add 1 mL cold RNAzol B to the center of the dish. Scrape the cells mto the 
RNAzol B with a scraper by first scraping left to right from top to bottom of dish 
Then turn the dish through 90” and repeat the process. Finally, scrape around the 
outer edge, wipe all liquid to the bottom of the dish and transfer 1.0-I. 1 mL of 
material to a 1 S-mL microcentrifuge tube, on ice 

4. Shear the cells by aspirating IO-15 times with a pipet (1-mL tip; see Note 4). 
5. Discard the used pipet tip and return the scraper to the storage tube (containing 

RNAzol B). Repeat the scrapping/homogenization process from step 2 for as 
many culture dishes as can be processed, remembering that each dash will require 
one mtcrocentrifuge rotor well for processing. 

6. Proceed to Subheading 3.2. 

3.2. Recovery of Total RNA 

3.2.1. Phase Separation 

1. Add 0.15 vol cold CHCls (150 p.L) to each microcentrifuge tube. Vortex for 10 s 
and stand on ice for 5 mm. Vortex each tube again for 10 s and spm at 12,OOOg m 
a microcentrifuge (30 mm at 4°C). 

3.2.2. Phenol-Chloroform Extraction 
of Residual Protein from Aqueous Phase Using PLG Tubes 

1. Recover up to 550 pL of the upper aqueous phase to a prespun PLG tube (more 
aqueous solutton may be present, but complete recovery increases the risk of 
RNAse contammation from the protein interphase). Add 500 pL of PCI reagent 
to each tube, and mix thoroughly by mversion (10 ttmes, do not vortex). Place on 
me for 10 min, and then spur at 4500g for 5 mm at 4°C (5 Prime+3 Prime, also 
states that it is possible to perform this step at 12,OOOg). 

2. Transfer the upper aqueous phase to a fresh prespun PLG tube and repeat the 
extraction procedure exactly as described above. (This second extraction step IS 
not so necessary for cell extracts but is for tissue extracts ) Transfer the final 
aqueous phase to a fresh, sterile 1 5-mL tube and stand on ice. 

3.2.3. Total RNA Precipitation 

During all stages involving the pelleting and washing of RNA, be careful 
not to disturb the pellet when discarding the supernatant. Look for a small 
brownish disk or smear at the bottom of the tube. Preparations for poly(A+) 
RNA Isolation (Subheading 3.3.) can also be made while performing the total 
RNA precipitation (step 1 below). 

1. Add a small excess (600 pL) of cold isopropanol to each tube containmg PCI- 
purified aqueous phase. Invert each tube several times to ensure thorough mixing 
of the samples and then move the samples from the ice tray to a dry rack (no ice) 
before transfer to the -2O’C freezer Place on the bottom shelf (coldest) for 1 h to 
allow RNA precipitation 
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2 During the mcubatton, set a water bath or block heater to 65°C Make prepara- 
tions for poly(A+) mRNA spin column chromatography if reqmred. 

3. After 1 h, remove the precipitated RNA from the -20°C freezer and invert twice 
Spm at 12,000g at 4°C for 30 mm. 

For immediate poly(A+) RNA purification, proceed to Subheading 3.3., 
and perform steps l-3 during centrifugation. Otherwise continue with total 
RNA solubilization as below. 

4 Discard the supernatant (tip swiftly and smoothly m one movement) and add 
800 pL of cold 75% ethanol (down the side of the tube so the pellet is not dis- 
lodged). Spin the tubes again at 12,000g for 10 mm at 4Y! 

5. Qurckly and smoothly tip off the supernatant, and dry the pellets by inverting 
the tubes on a clean paper towel for 5 mm, followed by spinning for 5 min m a 
vacuum centrifuge, wtth mrcrocentrifuge tube lids open. Do not overdry pel- 
lets! (see Note 5). Remember. Always have the rotor spinning while there is a 
vacuum applied. 

For immediate poly(A+) RNA purification, proceed to Subheading 3.3., 
step 4. OtherwIse continue with total RNA solubllization as below. 

6 For cultured cell extracts dedicated to total RNA quantitation add 110 pL MB- 
grade water to each tube. For tissue extracts, add 27 5 pL MB-grade water to 
each of the four tubes used to process one tissue cube To solubihze the RNA 
completely, transfer the tubes (lids closed) to a water bath at 65°C for 3 mm, 
vortex 10 s, return to the water bath for 2 mm, and then place on ice for 3 mm 
Vortex and centrifuge (300g for 5-10 s) each tube briefly to draw all hquid to the 
bottom of the tube(s). For tissue extractton, pool contents of the four tubes, mix, 
and spin brrefly (see Note 6). 

7 Transfer 10 pL of the final product to a fresh 1.5~mL tube and add 90 pL MB-grade 
water. Immedrately store the remaining 100 pL undiluted total RNA at ‘: -70°C 
Keep the diluted samples on Ice for spectrophotometry (see Subheading 3.4.) 

3.3. Poly(A+) RNA Isolation 
from Total RNA Using Oligo (dT) Spin Columns 

1. While pelleting the total RNA samples, remove the required mmi ohgo (dT) spm 
column kit (5 Prime+3 Prime) components from storage at 4”C, and allow to 
come to room temperature Lay out and label one oligo dT column per tts- 
sue cube or culture dish. Perform the entire procedure over sterile napkms. 

2 Resuspend the column resin/storage buffer evenly by repeated inversion When 
initially removing the tip stoppers (to release pressure), hold the column ttp 
upwards so that pressure will not force the liquid out of column. Slowly remove 
the tip stopper, position the slot of an RNAse-free collectron tube over the col- 
umn trp, then Invert and remove the “top” stopper (i.e., loading-end stopper). Place 
the entire column/collection tube assembly mto a suitable carrier tube. Spin out the 
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storage buffer into slotted collection tube at 200g for 10 s using a centrlmge fitted 
wtth appropriate carrier-tube adapters (see Note 7). Discard the storage buffer from 
the collectron tube, replace the ttp stopper, and add 1 mL 0.5 MNaCl buffer (from 
kit) to the column Replace the top stopper and suspend the resin evenly by 
repeatedly inverting the column. 

3. Transfer 0.6 mL of elutron buffer per set of tubes (four for each tissue, or mul- 
tiple cell-culture dash extracts) to a correspondmg single mtcrocentrtfuge tube. 
Bring a water bath or block heater to 65°C 

4. Following vacuum drymg of the total RNA, for each set of tubes (four for each 
ttssue, or multiple cell-culture dish extracts) add water to a combined volume of 
1 mL. To solubihze the RNA completely, transfer the tubes (lids closed) to a 
water bath at 65°C for 3 mm, vortex for 10 s, return to the water bath for 2 mm, 
and then place on ice for 3 min Vortex and spm each tube briefly to draw all 
liquid to the bottom of the tube(s) Pool the tube contents as appropriate to a 
combined volume of 1 mL, mix, and spin briefly (see Note 8). 

5 Transfer a 10-a ahquot to a separate tube containing 90 ).tL, MB-grade water 
and store frozen for later estimation of total RNA yield. 

6. Add 250 pL loading buffer to each tube containing 990 & resolubrlized RNA, 
vortex briefly, and place on me 

7. Spm 0.5 MNaCl buffer from each column (200g for 10 s) into the collection tube 
and discard buffer. Load the RNA samples onto the correspondmg columns. Stop- 
per both ends and incubate for 15 mm, with mversions every 3 mm to suspend the 
resin. (Excessive resuspension will hinder binding of poly(A+) RNA to the ohgo- 
dT resin.) 

8 When removing tip stoppers, hold the column tip upwards so that pressure will 
not force liquid out of column. Slowly remove the tip stopper, posmon the slotted 
collectron tube over the tip, invert and remove the other (top) stopper Spin the 
columns for 10 s at 200g and discard all lrqurd from the collection tube. 

9. Transfer the elutron buffer ahquots to a 65°C water bath or heating block 
10. Wash each column sequentially with 750 pL of 0.5 MNaCl buffer once, and then 

twice with 1 mL of 0 1 M NaCl buffer. Spin the columns for 10 s at 200g and 
discard llqurd from the collection tubes each time 

11. Change to fresh carrier and collection tubes Add 500 p.L of 65°C elution buffer 
to each column, and mnnedrately spin for 10 s at 200g (see Note 9). 

12. Split the contents of each collection tube to two fresh microcentrifuge tubes. To 
each tube add 10 & mussel glycogen solution, and 25 pL 3 M sodium acetate, 
pH 5.2 solution (both reagents are provided in the spin-column kit). Then add 
750 p.L cold absolute ethanol. MIX and chill overmght at -2O’C. 

13. Spin samples for 30 mm (12,000g at 4°C) and discard the supernatant. Add 
800 pL of 75% ethanol to each tube and spin (12,000g at 4’C for 10 mm). 
Discard the supernatant and invert tubes onto sterile napkins to dry. Vacuum 
centrifuge for 3 min only. 

14 Add 55 pL MB-grade water to the bottom of each tube Transfer all samples to a 
65°C water bath for 3 mm, vortex for 10 s, and return to the 65’C water bath for 
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2 mm, then place on ice for 3 mm. Vortex each tube and spur briefly to draw the 
liquid to the bottom of the tubes Recombine appropriate pans of samples, vor- 
tex, and spm briefly to recover the liquid. 

15. Transfer 10 pL, from each tube of recombined material to a fresh microcentrifuge 
tube and add 90 $ MB-grade water for spectrophotometric quantitation. Store 
the remaining 100 pL of undiluted poly(A+) RNA solution at I-70°C. 

3.4. Specfrophofomefric Quantifation 
Measure total RNA and poly(A+) RNA absorbance (A& against an MB- 

grade water blank using a 260-nm light source. Purity can be determined by the 
A260:A2s0 ratio. A ratio of 1.7 is generally acceptable, wrth improved purrty 
indicated by ratios up to 2.0: 1 (see Note 10). 

1 RNA concentration can be calculated using the equation: 

d@- = (0 04)&60) (llfi> (OF) 

where n is the cuvet pathlength and DF is the dilution factor (see Note 11) RNA 
ahquots measured by spectrophotometry were generally diluted by a factor of 10 
Calculate to three decimal places for yields below 1 &pL, and to two places for 
higher yields. 

2. Total yield can be calculated by multiplying concentration (ug/pL) by the pL 
volume m which the RNA was resolubihzed. 

3 Efficiency of poly(A+) recovery can be determined as a percentage of the total 
RNA initially recovered (calculated from the ahquot taken prior to oligo dT spm 
column purification). 

[(l&L poly(A+) RNA)(I 10 pL vol)]/[(pg/pL. total RNA aliquot)(990 pL vol)] 

Recovery of 5% is normal for single-pass column purification (see Note 12) 
4 Do not add diluted spectrophotometry ahquots back into undiluted samples. Store 

concentrated RNA samples at I-70°C. 

4. Notes 
1. Isoamyl alcohol acts as an antifoaming agent. 5 Prime+3 Prime also adds 8- 

hydroxyqurnolme (an antioxidant) to the PC1 reagent that also imparts a yellow 
color to the organic phase, making it easier to distinguish from the colorless aque- 
ous phase 

2. This volume is sufficient for most tissues, including liver and kidney which con- 
tain much endogenous RNAse activity. If extracted RNA is consistently 
degraded, however, reoptrmrzatron of this volume may be necessary 

3. Alternatively, all dishes can be removed at once and medium quickly removed by 
suction before snap freezing in a shallow tray of N, and storage at I-70°C. This 
gives slightly lower yields, but can be useful if runnmg tightly time-controlled 
experiments. If degradation of the final RNA product is consistently seen, try 
also rmsmg the dish with serum-free medium before extraction. 
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4 Aspirate smoothly, allowing a small amount of air into the tip on the first few 
strokes. On subsequent strokes, foaming will occur. This will cause shearing of 
the cells, but not the RNA, when drawn back and forth through the tip. 

5. It is important not to overdry the pellets since they will be more difficult to 
resolubtlize. 

6. We have frequently observed coprecipitatlon of a water msoluble, transparent pel- 
let using this total RNA Isolation procedure on some tissues. As the coprecipitate 1s 
water insoluble, RNA can be pipetted away from transparent pellet after heating, 
mto a fresh tube, and spectrophotometric quantitation is not affected. Do not attempt 
to resolubihze by further mixing or aspuation, as RNA will shear. The coprecipitate 
is removed during passage through oligo (dT) columns when performing the 
optional poly(A+) RNA isolation procedure. In other tissues, a whitish, pellet, prob- 
ably of polysaccharide composition (4), is coprecipitated with RNA and solubt- 
lizes after mcubation at 65°C. 

7. Begin timing of spin after centrifuge has achieved 200g. 
8 Alternatively, total RNA previously solubthzed as in Subheading 3.2. can be 

diluted to 1 mL. However, poly(A) tails of solubtlized mRNA may degrade with 
long-term storage, even at I-70°C. 

9 This elution recovers approx 90% of column bound poly(A+) RNA A second 
elution will recover all remaming poly(A+) RNA 

10. Nucleic acid and protein absorption spectra overlap, but nucleic acids show a 
maximum at 260 nm, whereas proteins show a maximum at 280 nm. To allow 
for this, the purity of RNA recovered by the described techniques 1s tradltion- 
ally quoted as a ratio of the AZ6a*A2s0. The ratio, without correction, should be 
1.5-2.0, with a value of 1 7 and above considered good However tt is wtse 
initially to check the RNA by Northern analysts, since these values will not 
reveal whether RNA is intact (it all absorbs the same-intact or degraded), and 
values can be thrown by contaminating phenol. If a sophisticated spectropho- 
tometer capable of three-wavelength measurement, perhaps with automatic cor- 
rection, is available, the value at .4s2s can be used as background correction for 
the Aa6a and A2s0 values. The ratio will then be lower (typically 1 45-l 9), but 
more consistent. Remember also, whichever method you use, the reliability of 
ratios as a measure of purity decreases with decreasing yields of RNA. Thus for 
small yields of RNA (<I pg) it may be best to measure undiluted product. The 
cuvet should be rinsed thoroughly between samples, however, to ensure no 
cross contamination 

Il. Given the absorbance of an analyte in solution, concentration can be determined 
from the equation (5): 

A = (4 (4 (n> 

where A is absorbance, or optical density (OD), by analyte at a particular wave- 
length, ~1, is the specific absorbance of the analyte, c IS the analyte concentration, 
and n is the cm length of light pathway through solution Given the specific 
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absorbance (6) of RNA IS 0.025 ml/cm/M (I e , 1 OD umt = 40 pg/mL/cm 
pathlength), this equation becomes: 

c = (A) (l/a,) (l/n) = (A) (40) E/mL/cm (l/n) cm = (40) (A) (l/n) pg/mL 

Taking further into conslderatlon a dilution factor (OF> for spectrophotometry 
samples and a unit-correctlon factor for concentration expresslon in pg/pL, the 
equation becomes* 

c = (40) (A) (l/n) pg/mL (OF) (l/ 1000) mL/pL = (0.04) (A) (l/n) (OF> pg/pL 

12 Percentage poly(A+) RNA recovery does not reflect mRNA levels relative to 
total RNA, as poly(A+) RNA IS only mRNA enriched with less tRNA and rRNA. 
Percentage poly(A+) RNA 1s measured Instead to ensure the efficiency and con- 
sistency of the method. Typically poly(A+) RNA should be 2-5% of the total 
RNA mltlally applied to the column. 
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Size Separation and Quantification 
of mRNA by Northern Analysis 

Ian M. Bird 

1. Introduction 
Most acute changes in cell acttvity often mvolve changes m activity of 

existmg metabolic pathways either as a consequence of cell signaling chang- 
ing the phosphorylation of rate-limiting proteins, or allostertc control as a con- 
sequence of changes in the envnonment. Long-term changes m cell activity, 
however, may also relate to changes in expression of key proteins. This is par- 
ticularly true in changes in gestation/development or in removal of cells from 
an in vivo to an extended m vitro culture system. Changes in protein levels 
may occur through mechantsms that are transcriptional (i.e., altered rates of 
transcription) or posttranscrtptional (changes in mRNA turnover), translational 
(altered synthesis of protein from existing mRNA) or posttranslattonal (altered 
protein stabtlity). Northern analysis is a standard procedure by which abundant 
levels of mRNA can be characterized by size and quantified so that effects of 
treatment on message level can be determined. Whereas a change in message 
level with treatment is an indication that regulation may be occurring at the 
level of mRNA tt is not, however, sufficient alone to demonstrate whether this 
IS transcriptional or posttranscripttonal. Results from Northern analysis should 
always be normalized for loading using an appropriate housekeeping gene 
product (see Note 1) and should also be compared to the results of Western 
analysis for quanttficatton of the corresponding protein wherever possible. 

The procedure described below is based on that of Sambrook et al. (I) 
Recovered RNA is size separated in the presence of formaldehyde, both to 
maintain denaturation and to inhibit RNAse activity. Electrophoresls is also 
performed in the presence of ethydmm bromide, to provide a means of visual- 
ization of the RNA under UV light. The principle changes in this procedure 

From Methods m Molecular Bology, Vol 105 Phospholrprd Bgnalmg Protocols 
E&ted by I M Bird 0 Humana Press Inc , Totowa, NJ 
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over that initially described are the more rapid and complete transfer of the 
RNA to membrane usmg vacuum blotting, and the improvement in membrane 
manufacturmg technology, which, in our experience, allows the recommended 
nylon membrane to be reprobed as many as four to five times. 

7.7. Laboratory Practices for Handling RNA 
It is vital that good sterile technique is used when working with RNA. Clean 

spatulas and glasswear and thoroughly rinse with plenty of 18-a ultrapure 
water or DEPC water before air-drying. Place hds loosely on bottles, and cover 
flask necks/bottle lids with foil. Wrap spatulas m autoclave bags. Autoclave on 
dry cycle for 40 mm. We keep stir bars specifically for preparing solutions in 
75% ethanol, which we dry with a clean paper towel before use, and rinse 
thoroughly in DEPC water before returning. All other disposables such as 
weigh boats should be kept in appropriate boxes/cabmets/drawers free of 
dust/contamination. Glass/plastic plates and plastic equipment (gel rigs) that 
cannot be autoclaved should be rinsed thoroughly in excess water and then 
DEPC water before an-drying and storage in a closed drawer/cabinet. When 
using a pH meter, rinse the electrode thoroughly m DEPC water before placing 
m the solution. Pipet tips and microfuge tubes can be purchased certified as 
RNase/DNase free, or can be more economically prepared by autoclavmg 
(put tubes m empty pipet-tip boxes). One additional, but often overlooked 
source of contamination is aspirated material inside pipets. This can be avoided 
by attention to technique, routine cleaning of pipets, and the use of pipet tips 
containing air filters. 

2. Materials 
Purchase all reagents as molecular-biology grade, i.e., RNase- and DNase-free. 

1 Dlethylpyrocarbonate (DEPC) (see Note 2 concerning safety) 
2 Sodium chloride. 
3. Trisodium citrate. dehydrate. 
4. MOPS. 
5. Tris base. 
6 EDTA: disodlum salt, dehydrate 
7 Sodium hydroxide: pellets 
8. Sodium acetate: trihydrate. 
9. Glacial acetic acid 

10. Sodium pyrophosphate: decahydrate. 
11. Polyvynilpirrolidone (mol wt 360,000). 
12. Ficoll (mol wt 400,000) 
13. Sodium dodecyl sulfate (SDS). 
14. Ethidium bromide: sodium salt. 
1.5. Glycerol. 
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16 Bromophenol blue 
17. Xylene cyan01 FF. 
18 Formaldehyde. 
19. Formamide. 
20. Ethanol: 200 proof. 
21 tRNA: RNAse free, purified from E coli MRE600 (Boehringer Mannhelm, 

Mannheim, Germany, cat no. 109 550). 
22. Bovme serum albumm (BSA, Fraction V) (Sigma, St. Louis, MO). 
23. MW ladder. as appropriate (Gibco-BRL, Grand Island, NY). 
24. Submarine gel apparatus with 15 x 15-cm gel tray (Bio-Rad, Hercules, CA). 
25. Matching multiwell comb (e.g., Bio-Rad 15-well comb). 
26. Power supply (e.g , Bio-Rad 200/2.0 or, for low-voltage overnight runs, Bio-Rad 

Powerpac 300) 
27 Vacuum transfer apparatus (Bio-Rad) with vacuum/regulator 
28 Hybridization oven with roller bottles (Techne, Model HB-1 D, Princeton, NJ) 
29 UV crosslmker (Bio-Rad). 
30. Vacuum centrifuge 
3 1. Water bath. 
32. Microfuge (4“C). 
33. Heat-sealable bags and bag sealer (KayPack, Mmneapolis, MN) 
34 Sample heating block (95°C). 
35. High-strength, analytical-grade agarose (Bio-Rad) 
36. Magna graph hybridization membrane (MSI, Westboro, MA). 
37. Sterile 1.5-mL microcentrifuge tubes 
38 Sterile pipet tips. 
39. Filter paper Whatman no 1 (Chfton, NJ) 
40 Filters: 0 45 and 0 2 pm 

2.1. Stock Solutions 

(Most of these are also available commercially.) Wear gloves at all times, 
since hands are a source of RNase and DNase. Prepare all solutions using auto- 
claved glassware and work in a clean work area (see Subheading 1.1.). 

1 DEPC water: 0.5 mL DEPC (diethyl pyrocarbonate, see Note 2) per L Add 
DEPC to 5 L filtered, distilled, and deionized water m a conical flask, and 
swirl to mix. Let stand at room temperature for 30 min, then autoclave (liquid 
cycle) to deactivate DEPC/sterilize Allow to cool overnight before making up 
other aqueous solutions. Alternatively use molecular-biology grade water (SPrime- 
3Prime, Boulder, CO). 

2. I. 7. For Preparing and Running the Gel 

1 0.5 M EDTA, pH 8.0. Weigh 16.8 g disodium EDTA mto 80 mL DEPC water, 
and adjust pH to 8.0 with concentrated or pelleted (2 g) NaOH AdJust volume to 
100 mL and autoclave to sterilize. 
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2. 20XSSC: 3.0 MNaCl, 0 3 Mtnsodium citrate, pH 7.0 Weigh out 175 3 g NaCl 
and 88.2 g Na+trate and dissolve in 800 mL DEPC water. Adjust pH to 7.0, 
adJust volume to 1 L, and autoclave to sterilize 

3. SXMOPS bu#er flormaldehyde-gel-running buffer): 0.1 M MOPS, 0 03 M sodium 
acetate, 0.005 MEDTA. In a stertle 1-L container, put 20.6 g MOPS, 4.1 g sodium 
acetate, and add 800 mL DEPC water. Adjust pH to 7.0 with NaOH (approx 
10 pellets), and add 10 mL 0 5 MEDTA (PH 8.0). Bring up to 1 L, and sterilize 
by filtration (0 2 w) mto preautoclaved 500-mL bottles Cover bottles m foil 
(to keep out light) and store m the dark. 

4 Ethldlum bromide stock. Caution: Wear gloves and mask’! Add 100 mg of 
ethldmm bromide to 10 mL water, and stir for several hours. Store at 4°C m a 
dark or foil-wrapped tube (light-sensitive) 

2.1.2. For Loading the Samples 

1. 3 M Sodwm acetate, pH 5 2: Weigh 204.1 g sodium acetate into 400 mL DEPC 
water and add glacial acetlc acid (>50 mL) until all sodium acetate is dissolved and 
pH is 5 20 f 0 01 Make up to 500 mL with DEPC water, dispense into 100-n& 
bottles, and autoclave to stenhze Store at 4°C m sterile screw-capped bottle. 

2 75% Ethanol 75 mL absolute ethanol, 25 mL DEPC water. Store at 4°C in sterile 
screw-capped bottle. 

3 Formaldehyde-gel loadmg buffer: 50% glycerol, 1 mM EDTA (pH 8.0) bromo- 
phenol blue, xylene cyan01 FF Prepare by mixing the following: 5 00 mL glyc- 
erol (sterile by autoclave), 20.0 pL 0 5 M EDTA (pH 8.0; m DEPC water), 
25.0 mg bromophenol blue, 25.0 mg xylene cyan01 FF, 4.98 mL DEPC water 
Ahquot as 1-mL volumes and store at 4°C 

2.7.3. For Vacuum Blotting to Membrane 

1 Denaturing solutzon 0.15 M NaCl, 0 05 M NaOH Weigh 8 8 g NaCl and 
2 02 g NaOH into 1 L of DEPC water. Autoclave to sterilize. (Alternatively m 
the absence of any available DEPC water, weigh 2.02 g NaOH into 1 L of sterile 
normal saline solution and sterlllze ) 

2 Neutralzzzng solutzon. 0.15 MNaCl, 0.1 MTris, pH 7.5 Weigh 8 8 g NaCl and 
12.1 g Trls base into 800 mL DEPC water, and adJust pH to 7.5 with concentrated 
HCI. Make up to 1 L. Autoclave to sterilize. (Alternatively m the absence of any 
available DEPC water, weigh 12 1 g Trls base mto 1 L of sterile normal saline 
solution, adjust pH to 7.5, and sterilize.) 

2.7.4. For Hybridization 
1. tRNA: 10 mg/mL. Stored frozen in DEPC water at -20°C in 200~@, aliquots. 
2. SXPE buffer. 0 25 MTris-HCl pH 7.5,0.5% w/v sodium pyrophosphate, 5% SDS, 

1% polyvynilpyrrolidone (mol wt 40,000), 1% ficoll (mol wt 400,000), 25 rnM 
EDTA. First make the following solutions: 

1 M Trzs HCl, pH 7 5. weigh 15 8 g Tns HCl into 80 mL DEPC water, and adjust 
pH to 7 5 Make up to 100 mL m DEPC water and filter (0.2 pm) to stenhze 
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5% BSA: Weigh 5 g BSA (fraction V) into 100 mL DEPC water and dissolve, 
with warming to 37°C If necessary, Do not shake! Sterilize by filtration 
(0.45 pm). Store in 20-mL aliquots at -20°C for use. 

To 45 mL DEPC water m a lOO-mL bottle, add 25 mL 1 A4 Tris-HCl pH 7.5, 
0 5 g sodium pyrophosphate, 5 0 g SDS, 1 .O g polyvmylpyrrolidone (360 kDa), 
1.0 g ficoll (400 kDa), 5 0 mL 0.5 M EDTA, pH 8.0 Heat to 65°C until com- 
pletely dissolved (approx 1 h with occasional mixing). Cool to 37”C, then add 
20 mL of 5% BSA (fraction V) stock solution (reserved at -20”(Z), for a final 
concentration of 1% BSA. (Do not add powdered BSA directly to 5X PE.) Once 
dissolved, reheat to 65°C for 15 min, and filter unmediately (while still hot) 
through a 0.45-p filter. Note: This will take at least 45 mm to filter 100 mL, and 
recovery will only be 85-95 mL. Do not use 0.2-w filter, as it will take much 
longer! Store at room temperature 

3. Prehybrldtzatlorv’hybrrdizatlon buffer (prepare fresh as needed) In a sterile 
50-mL tube mix 10.0 rnL formamide, 5 0 mL 20X SSC, 4 0 mL 5X PE, 1 .O mL DEPC 
water, 100 pL tRNA stock (tRNA does not have to be boiled) Total volume IS 
20 mL, sufficient for one to two blots. 

4. 10% SDS: Dissolve 50 g SDS m 500-mL sterile (bottled) water and adjust pH to 
7.2 with HCl This solution does not require further stenhzatlon. 

5 For posthybrldizatlon washmg, make up the followmg buffers (1 L each prepared 
from stock 20X SSC and 10% SDS) for membrane washing (see Note 3) 
a Low-strmgency wash buffer: 2X SSCIO 1% SDS. 
b. High-strzngency wash buffer: 0.1X SSUO. 1% SDS. 

2.2. Membrane Stripping 
1 Stripping solutzon. Prepare I L of 0 IX SSCfO 5% SDS from stock 20X SSC and 

10% SDS. 

3. Methods 
3.1. Northern Analysis 

Work under sterile condltlons; wear gloves. 

1. Turn on vacuum centrifuge refrigeration trap and 65°C water bath 
2. Wash gel apparatus, tray, and comb with ethanol, water, and then DEPC water. 

Dry carefully, and tape open ends of plastic tray with autoclave tape to seal Put 
the gel apparatus m the hood (formaldehyde!) and set the unit level. Place 
tray in the tank, and set the comb/holder such that the comb teeth are approx 
2 mm above the gel tray and 1.5-2 cm inside the taped end. Fill with tray one-half 
full with DEPC water to check for leaks. 

3.1.1. Gel Preparation 

1. For a 15 x 15-cm gel tray, rmx agarose to desired percentage w/v (typically l-l .5%), 
The final vol is 150 mL, so for a 1% gel use 1.5 g agarose with 95 mL DEPC 
water in flask 1. Mix 25 mL formaldehyde with 30 mL 5X MOPS gel-running 
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buffer (to give a final concentration of 2.2 Mand 1X, respecttvely) in flask 2. 
Add 10 p.L stock ethydmm bromide solution. 

2 Allow agarose to stand for 5 min, then heat the agarose solution m a microwave 
oven (2 min, swirlmg every 30 s; be careful-it will boil) Then cover both flask 
necks with foil, and incubate both flasks at 65°C for 15 min (water bath) 

3. Pour the formaldehyde solution (flask 2) into the agarose solution (flask 1) 
(slowly, down the side of the flask to avoid making bubbles) Incubate at 6YC 
for another 15 mm 

4 Tip out the DEPC water from the tray and dry the tray and comb wtth a paper 
towel and set in place. 

5. Pour the agarose solution mto the tray Wait 45 min to set. Meanwhile prepare 
1.6 L 1 X gel-running buffer (320 mL 5X MOPS buffer to 1600 mL final volume 
m DEPC water) 

6. Once the gel is set, pour some buffer over the wells of the gel and wait 10 mm 
before pulling out the comb Pull straight up, not at an angle, or the divisions 
between wells will tear. Then lift out the gel tray and remove the tape from the 
gel ends. Place the gel tray back m the tank. Add all of the buffer until the gel is 
completely submerged (at least 5 mm). 

3.1.2 Sample Preparation 

Work on me: 

1 Take required amount of sample (m molecular-biology grade water) mto 
Eppendorf tube and make up to 100 l.tL. Add 10 & 3 M sodium acetate (pH 5.2), 
and 500 pL ethanol (ice-cold) Stand on ice 5 mm and spin 12,OOOg for 15 mm 
at 4*C 

2 Tip off supernatant and add 0.5 mL ethanol (75%) Invert but do not mix 
3 Spm once more for 10 mm, and tip off supernatant Add 500 l.tL more ethanol 

(75%), and spm for 5 mm. 
4. TIP off supernatant, drain inverted for 5 min, then dry 5 min m vacuum centrifuge 
5. Put BRL RNA molecular-weight markers (3 pL) in tube and process as a sample 

below (do not worry about 3-ClT, volume error, as markers are not quantified) 
6 Premix 100 & DEPC water, 40 pL 5X MOPS gel-running buffer, 70 Ilr, formal- 

dehyde, and 200 & formamide, in a sterile tube (sufficient for 20 samples) and 
add as a single ahquot of 20 5 l.tL to each sample/standard. 

7. Cap samples and incubate at 65°C for 15 mm. 
8. Add 2 l.tL, formaldehyde gel-loading (dye) buffer to each sample/standard and 

mix for 10 s. 
9 Incubate 5 min at 65Y! and then transfer to ice 

10. Durmg the 5 mm incubation, prerun gel at 70 V 
11 Turn off power, load samples mto wells (see Note 4). Be careful not to poke 

through the base of the well or tear the divisions between wells (see Note 5) Run 
samples mto gel at 50 V for 30 mm. Then lower voltage to 18 V for overmght run 
(assuming 16 h run time-adJust accordingly) (see Note 6) 
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3.1.3. Vacuum Blotting to Membrane 
1. Turn off power and remove gel tray to a glass dish Photograph the gel as required 

under UV light (see Note 7). 
2. Put the gel tray/gel back m the glass dish and cover with NaCl/NaOH denaturmg 

solution (approx 200 mL) Carefully slide the gel out of the tray by pushing from 
the top end, wtth fingers well spread to give even pressure. Incubate for 30 min. 

3 Carefully aspirate off the solution using a suction device. 
4. Add Tris-NaCl neutralizing solution until gel is submerged, and incubate for 

30 min. 
5 Remove liquid as above, and then add 250 mL 10X SSC (make by dllutmg 

250 mL 20X SSC with 250 mL DEPC water) to submerge the gel. Incubate for 
15 mm Durmg this time prepare the blotting apparatus (steps 6-8). 

6 Cut a filter paper pad (2 5 cm larger height and width than gel) to fit on the 
membrane support (see diagram in step 9). 

7. Use the gel tray as a guide to cut a piece of membrane for blotting. Remove the 
top piece of protective paper but leave the membrane on the bottom sheet and 
place on a larger sheet of foil Turn up the edges of the foil (to act as a shallow 
dish) and pour sufficient DEPC water on the membrane to Just wet it completely. 

8 Clean a glass plate with ethanol (The plate will be used to transfer the gel to the 
pressure blotter The plate should be larger than the gel but narrower than the 
glass dish.) 

9. Assemble the blotting apparatus as described below (and manufacturer’s diagram). 

I Lid=----+ 
------Buffer---------- 
I I - -----Gel-J - 
-~~-~~~--~~ Mask --..----mmm 

-___--_--_ Membrane __________ 
---------Filter Paper --__-__ 

I= = = =Membrane Support= = = = 1 
I -Base------- -l 

Wet the porous base with 10X SSC and spread along the gray tubular seal 
around the edge of the vacuum-blotter base Put the filter pad on the porous 
base and completely saturate by pouring 10X SSC over the top surface. Pick up 
the wet membrane by the left and right edges, and bend slightly so the vertical 
center lme 1s dropped below the edges. Immediately lower the membrane cen- 
ter line down onto the wet filter paper center line, and then slowly lower the left 
and right membrane edges. Check for air bubbles between the membrane and 
the paper; there should be none by this procedure. Put the mask in place, with 
the opening centered on the membrane, and edges of the opening overlap- 
ping the membrane on all four sides, while the outer edges are over the tubular 
gray reservoir seal Put the upper retainer/reservoir on and press down evenly 
to secure the latches. 
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10 

11 

12 

13 

14 

15. 

Pour some 10X SSC on the membrane again so that it will eltminate au gaps 
when the gel is placed on top. Check between the membrane and the mask for air 
bubbles before transferrmg the gel It 1s important at this stage that all three com- 
ponents are centered relative to each other, and that the mask overlaps the mem- 
brane evenly on all stdes. 

Slide the clean glass plate under the submerged gel (Do not remove the 10X SSC 
first, leave the gel submerged. Start by placing the plate under the side of the gel, 
rather than the top or bottom, so that the wells do not tear as the gel bends 
slightly.) Transfer the gel/glass plate onto the membrane/mask so that it 1s cen- 
tered. Use a UV translllummator (see Note 7) to check that the outermost lanes 
containmg samples will be directly over membrane, not the mask. Then place 
fingers evenly spread to support the gel edge, and slide out the glass plate. Check 
alignment with the transilluminator 
Connect the vacuum regulator and gage between the vacuum Imefpump (see Note 8) 
and a solvent trap. With a thumb over the vacuum inlet, check that any vacuum 
applied will not exceed 5-7 psi. Only then connect hose to vacuum blotter and 
switch on. Immediately set vacuum to 7 psi. As the vacuum IS applied, the mask 
should flatten out and a sharp lme should form at the edges of the filter paper below 
the mask. The gel will pull down except at the edges if a true seal 1s formed. At this 
point pour l-l 5 L 10X SSC over the gel and check the vacuum is 7 psi Leave for 
90 mm Put cover on tank to protect gel dunng this time. (Optzonal Place the 
sponge soaked m 10X SSC on top of the gel instead of 1 5 L 10X SSC m tank ) 
At the end of vacuum blottmg, turn off the vacuum, and undo the latches on the 
retainer to release the unused SSC. Remove the lid and sponge Gently lift one 
corner of the gel and view both the gel and membrane with the transillummator 
(see Note 7). At least 90%, if not all of the RNA should have been transferred. If 
transfer was poor (because of low vacuum), decide whether to contmue blottmg 
for longer (although you will now need fresh SSC). 
Once transfer is complete, remove the gel and mask Then place the membrane m 
a glass dish and rmse briefly m DEPC water (to remove SSC). Then dram by 
holding vertically for a few seconds, and lay flat on clean filter paper Leave until 
the membrane looks visibly dry Then place on a clean paper towel or filter paper 
and transfer to the UV crosslinker. Close door, turn power on, and then crosslmk 
at 120 mJ. Once the crosslinker has finished, and the beeper has sounded, turn 
off, open the door, and remove the membrane. 
Vlewing the membrane under UV (see Note 7), use a pencil to mark the posltlons 
of the wells that were loaded with samples, and on the right side the levels of the 
28s and 18s subunits. Also mark the positions of any molecular weight markers 
Cut the top right comer (for future orientation) and mark the blot with expen- 
mental date(s) and tissues. 
Place the blot m a clean hybridization bag and seal for future hybridization Store 
at -20°C. 
Clean the blotter thoroughly. Salt residues left behmd on the mask or seals will 
interfere with forming a vacuum. Keep the unit clean’ 
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3.1 4. Hybridization Protocol Using tRNA 
1 The 20-mL vol hybridization buffer is more than sufficient for one large (15 x 

15-cm) blot in a hybridization tube. Open one end of the tube, and place the 
semidry blot into the dry hybridization tube (this 1s the easiest method for large 
blots). Tip/plpet the solution directly onto the center line of the Northern blot, 
and then replace end cap Place the bottle on a bench and slowly rock left and 
right until all the membrane 1s wet. Try to avoid large an bubbles. If they occur, 
open the bottle agam and peel one edge of the membrane back using forceps. 
(Grip the edge only. Do not rub the membrane surface with forceps since this will 
result III nonspecific bmding later on m the signal area) Do not worry about 
small air bubbles. Place m the hybridization oven for at least 4 h (overnight 1s 
best) at 42°C Carry out all remaining steps behind a radioactivity shield 

2. Take sufficient probe (preferably generated by asymmetric PCR /3/, see 
Chapter 30) for 1 x lo6 dpm/mL hybridization mix and dilute to minimum of 
100 pL using DEPC water, m a microfuge tube. Heat probe to 95°C (1 e., without 
boiling) for 5 mm and then transfer directly to ice/water for 3 mm Spin briefly to 
bring condensation down from hd/tube sides. 

3 Open the small port of the tube containing prehybrldized membrane, and add 
the appropriate volume of boiled cDNA probe to the prehybrldlzatlon buffer 
(The same solution can be used for prehybrldlzatlon and hybndlzatlon.) 

4 Put the tube back in the oven at 42°C (water bath) overnight. 
5 After the incubation: Remove the tube from 42°C oven Working behind a shield, 

remove the port cover and tip all the hybridization buffer to a waste beaker Dls- 
card as hot waste. 

6. Add 10 mL of 2X SSC/O. 1% SDS, to remove excess unbound probe. Then tip off 
2X SSC/O.l% SDS to a beaker and discard as radioactive waste. 

7 Add 20 mL 2X SSC/O 1% SDS, and incubate for 15-30 min at 42°C Tip off and 
discard as hot waste. 

8 Repeat with 20 mL 0.1X SSUO. 1% SDS for 30 min at 42”C, but discarding waste 
down radioactive designated sink. 

9 Repeat with 20 mL 0.1X SSC/O. 1% SDS for 30 min at 42°C (see Note 3). 

3. I. 5. Autoradiography 
Wrap the dry blot in plastic wrap, scan on a direct radiolmagmg scan- 

ner (e.g., Phosphonmager) if required, and then tape down on a film cassette. 
Keep under film (Amersham Hyperfilm MP [Arlington Heights, IL] is best 
for [32P] at -70°C). Develop the film after the required time (varies both with 
probe and tissue mRNA level). Quantify by densitometry. 

3.2. Probe Stripping and Rehybridization 
1. Prepare 1 L of 0.1X SSC/O.S% SDS 
2. Put the membrane in hybridization bottle and set oven to 65“C Bring 100 mL of 

0.1X SSC!/O.S% SDS to boll (microwave). Pour over the membrane and return to 
oven. Repeat three more times over 60 min. 
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3. Check the membrane by overnight exposure or by Geiger counter 
4 Rehybridize as required for other signals and/or housekeeping mRNA (see Note 

1). MagnaGraph membrane can be reliably reprobed four ttmes without sign& 
cant loss of signal 

4. Notes 
1. Because of the cumulative effect of possible errors m accurate spectrophotomet- 

ric quantification of RNA, loading errors (sample loss) and variattons m transfer 
efficiency, the quantity of RNA loaded into a lane and transferred to membrane, 
even by an expertenced operator, can vary by 1 O-20%, and by more for an mex- 
perienced operator Convention therefore states that data from Northern analysis 
should be normalized to the level of message for a housekeeping gene m the 
same lane (1 e., the level of message m the same lane of a gene product expressed 
at constant and preferably abundant level under all circumstances). Thts, as many 
workers m the field will tell you, is easier sard than done, because all so called 
housekeeping genes can change m then expression at one time or another. Popu- 
lar candidates are p-actm, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 
and 28s or 18s subunits, for which probes/sequences are widely available (see 
Fig. 1). In reality other messages are often used by different groups, but this is 
acceptable provided the cells/tusue m questton can be shown to express this 
housekeepmg message at a constant level under the condmons of interest On a 
more practical note, the number of replicate experiments necessary to achieve 
significance in demonstratmg a change m level of the message of interest IS 
reduced considerably by normalization procedures 

2. DEPC IS both a potent carcinogen and, under rare ctrcumstances, explosive The 
material should always be handled carefully, with gloves, and the bottle should 
always be stored sealed at 4°C. 

3. If room temperature is low, salt prectpitation may occur, particularly in the 
2X SSC/O.l% SDS buffer. To be safe, the temperature must be above 20°C for 
all washing steps. Use a water bath set to 20°C to preheat the buffer if this 1s a 
recurrent problem. These wash buffers were opttmized for asymmetric PCR gen- 
erated probes (3), but also be aware that those generated by other methods such 
as random-primer labeltng or end labelmg of ohgonucleotides may require the 
use of elevated temperature (up to 65°C) for the 0 1X SSC/O 1% SDS wash m 
order to remove the higher background radioactivrty. Alternatively strmgency of 
washing can be further increased by raising the SDS% or lowering the SSC con- 
centration further. Conversely if initially strong signal 1s unduly lost, stringency 
can be reduced by lowermg the % SDS or raising the SSC concentration. 

4. With a pipet set to approx 22 pL, this should not be a problem Try to avoid creating air 
bubbles at the end of loading as they may dtsturb the sample and wash it out of the well. 
In the event that samples actually float out, this usually indicates ethanol was not com- 
pletely removed at the vacuum-centrit?tgation step, and is likely to be caused by mcom- 
plete tipping of the 75% ethanol from the pelleted RNA. In the event the sample is 
extremely viscous, this often indicates an RNA preparation contaminated with salt 



Northern Analysis of mRNA 335 

2.4. 

1.b 

0.24. 

RNA Samples (20 pg per lane) 

75= . 

4.4 

id 

1.4 

0.24- 

185 

Fig. 1. Size separation and Northern hybridization analysis of total cellular 
RNA. Total cellular RNA was recovered from cultured cells by the procedures 
described in Chapter 28. RNA (20 pg per lane) was size separated overnight on a 
1.1% formaldehyde/agarose gel as described. Following transfer to hybridization 
membrane, detection of GAPDH mRNA (approx 1.4 kb) was achieved using an 
antisense probe generated by asymmetric PCR (3) (Chapter 30). Note the consis- 
tency of expression between lanes, consistent with the appearance of 28s and 
18s subunits under UV light. 
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Further RNA precipitation and wash steps, or use of larger volumes of RNAzol B 
should be considered during preparation of samples. 

5. If you are not familiar with this technique, it is a good idea to prepare a practice gel 
and samples and try it first. In particular, see just how much effort it takes to break 
the wells and experiment with the pipet position m the well When loading samples 
mto gels of this type, the sample falls into the well by virtue of its higher density 
Thus it is not necessary to place the tip deep in the well, which runs the risk of 
poking a hole through the bottom with subsequent loss of sample In my expen- 
ence, successful loading occurs best when you are comfortably leaning forward 
over the gel rig and, hold the plpet at an angle and approach the well from one side 
Place the tipJust into the center of the well and Just below its surface You should 
be able to do this without touching the walls of the well at all. If you are havmg 
trouble with shaking hands, make sure the elbow of your pipetmg arm is also down 
on the bench This is not a difficult technique once you are used to It 

6. The values given (50 V for 30 min = 25 Vh, and 18 V for 16 h = 290 Vh) are for 
a Bio-Rad DNA Subcell with 30 cm between electrodes. Thus the total Vh will 
need to be adjusted if your electrodes are at a different distance. In addition, If 
you want to run gels more quickly, reduce the time to yield the same total Vh. In 
the rig described herein, we do not recommend voltages higher than 50 V long 
term because of excess heating. Note also for shorter runs a higher ethydmm 
bromide background may result. An alternatlve to overcome this is to add 
ethydmm bromide to the tank buffer Instead of the gel Note however that RNA 
~111 not be vlslble for the first hour using this approach since It takes time for the 
ethydium bromide to enter the gel and bmd to the RNA. Alternatively, add 
ethydmm bromide to the sample (but see ref. 2 for llmltatlons of this approach) 

7. Wear eye protection when using UV light sources or severe eye damage can occur 
8 For vacuum transfers, the vacuum necessary IS not that great Manufacturers of 

vacuum and pressure blotters will provide an electric pump dedicated to the blotter, 
which is the most convenient solution. House vacuum lines found m many laborato- 
nes are also sufficient d used m conjunctlon with a bleed valve and pressure gauge. 
M&stage vacuum pumps such as those on a freeze dryer would be too much. 
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Preparation of Single-Stranded Antisense cDNA 
Probes by Asymmetric PCR 

Daniel S. Millican and Ian M. Bird 

1. Introduction 
Monitormg the changing levels of mRNA in cells is often used to determine 

if changes in protein level may relate to changes in mRNA stability or gene 
transcription. A commonly used technique by which this can be achieved is 
Northern analysis (see Chapter 29), or for low levels of mRNA, reverse tran- 
scriptase-polymerase chain reaction (RT-PCR) assay (see Chapter 3 1). In both 
cases, sensitive detection methods still rely on use of labeled probes. Whereas 
oligonucleotides have widely been used as probes, their short length and vari- 
able GC:AT content contributes to difficulties in consistently achieving sensi- 
tivity without high background. Many other improved methods of generating 
larger probes have been developed over the years, but they can generally be 
described as three types, namely double-stranded DNA (dsDNA) generated by 
random primed or symmetric PCR methods, riboprobes by RNA polymerase 
generation of antisense copy from target cDNA, and, more recently, antisense 
single-stranded DNA (ssDNA) synthesis by unidirectional or asymmetric PCR. 
The most commonly used approach is a technique called random priming (1,2), 
which uses random hexomers or nanomers to prime abundant quantities of 
purified template to extend into short complementary copies. The advantage is 
flexibility, since any template can be used without knowledge of sequence, and 
kits are readily available. However a limitation of random priming is that prod- 
uct formed is both sense and antisense, so setting up competition between the 
target membrane and sense products for antisense probe, and this is exacer- 
bated still further by the yield being less than the starting template. The result 
is higher backgrounds and poorer linearity of quantification than with other 
methods (3). Whereas symmetric PCR-generated probes offer better results, 
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higher background still occurs (4) because of equlmolar yield of sense strand. 
Whereas rlboprobes offer the other extreme of detection, i.e., low backgrounds, 
high sensitivity, and good linearity, their setup (5) IS comphcated since dedi- 
cated constructs are required to set the probe sequence next to an appropriate 
priming site for RNA polymerase. The more recent development of antisense 
single-stranded cDNA probe methodologies (unidirectional PCR amphficatlon 
or asymmetric PCR amphfication) has resolved this dilemma, producing probes 
of high sensitivity and low background with up to 15 times the sensitivity of 
random primed probes and excellent linearity of detectlon even at the lowest 
levels of target RNA (3). Since the methods are PCR-based, however, tem- 
plates do not need extensive modification since selection of oligonucleotlde 
sequences determines the target amplified. Thus, such methods are flexible, 
being successfUlly achieved on a variety of templates including recombinant 
plasmids or dsDNA from RT-PCR, and the complications of estabhshing 
rrboprobe methodologies are avolded. In addition, these probes are relatively 
easily stripped from hybrldizatlon membranes, so allowing repeated probing 
in Northern analysis up to four times. 

Of the two methods for single stranded antisense probe generation by PCR, 
we favor asymmetric PCR over unidirectional PCR since it requires less initial 
template; by providing forward and reverse primers at a 1: 100 ratio, double- 
stranded amplification in the first half of the reaction generates additional sense 
strand to act as template for an excess of antisense strand generation in later 
cycles. In this chapter we describe a general protocol for the development of 
predominantly antisense cDNA probes labeled with [a-32P]dCTP by asym- 
metric PCR. Using this methodology, probes can be routmely generated in a 
range of sizes from 200-2000 bases, at high specific activity (3.12 x 1 OS dprn/ 
pg) using a one step reaction. The resultant product is >90% antisense, exceeds 
mltial template by >20-fold, and does not require clean up before use. Although 
these protocols were developed and optimized for Northern analysis, we have 
found them equally useful in detection of DNA targets such as in RT-PCR 
product Southern analysis and m screening of isolated clones. 

7.7. Strategy 

I. 7. I. Recombinant Plasmid Template 
and Custom Oligonucleotide Primers 

Although PCR amplification could be performed using template in the form 
of a heterogeneous pool of dsDNA, the possibility of spuriously primed prod- 
ucts is virtually eliminated by isolation of a cDNA containing the desired probe 
template within it. Llgatlon of the dsDNA containing the template region mto 
a plasmid allows improved replication fidelity when cloned in transformed cells 
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over that achieved by pooling symmetrically amplified product (see Note 1). 
The region of the insert to be amplified as probe should be specific to your 
message of interest, not common to a family of proteins. Oltgonucleotide prim- 
ers specific to the region of interest can be designed using software such as 
“Primer” (Sci-ed Software, Durham, NC), which selects primer sequences 
based on criteria including melting temperature, GC content, secondary struc- 
ture potential, and paired primer complementary. Alternatively, universal plas- 
mid primers may be used, in which case the entire insert and plasmid sequence 
flanked by the primer pair sequence will be amplified (see Note 2). 

1.1.2. Thermal Cycling Profiles for Symmetric 
and Asymmetric Amplification 

Each thermal cycle consists of dsDNA template denaturation, primer 
annealing, and Tuq DNA polymerization temperature plateaus. The tempera- 
ture and/or period of each plateau can be surted to probes dependent on their 
length and on the melting temperatures of the primers. The denaturatton of the 
dsDNA template is consistently performed at 94°C. Annealing can generally 
be performed at 45°C 10-I 5°C below the desired primer melting temperature, 
to promote greater yield (see Note 3). Taq DNA polymerase synthesizes most 
efficiently at 72OC, incorporatmg approx 1000 bases per minute. Maximal sym- 
metric yield occurs prior to 30 amplification cycles (6) after which free nucle- 
otides and Taq activity become limiting. However, since the later cycles of 
asymmetric amplification are linear, cycle number should be increased to 40 
(7). Products of 500 bases or less consume fewer nucleotides, so asymmetric 
amplificatron cycle number should be increased still further to 50. 

1.1.3. Evaluating PCR Parameters by Symmetric Amplification 

Template is amplified using abundant forward and reverse primers (30 pmol 
each). Repeated thermal cycles give rise to an exponential increase of both 
sense and antisense strand copies of template DNA. If the thermal profile is 
appropriate, minimal overextension or premature termination will occur and 
electrophoresed product will appear as a sharp band. If conditions are not opti- 
mal, target sequence can be restricted from neighboring sequence to improve 
product specificity (see Note 2). 

1.1.4. Agarose/TAE Electrophoresis of Symmetric Products 

Symmetric products are size separated in agarose/TAE and visualized by 
ethldium bromide staining to confirm amplification efficiency and fidelity. 
Figure 1A shows, left to right, discretely resolved 936-, 1083-, 957-, 1092-bp 
bands amplified from different recombinant plasmids, p l-p4, using different 
custom primer pairs (3). All reactions were performed using the same cycling 
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Fig. 1. Ethidiurn bromide-stained symmetric PCR products amplified using cycling 
profiles for templates (A) 750-2000 bp and (B) 5500 bp. Note in B that templates 
were amplified both uncut, and cut by restriction digest. 

profile (see profile 1, Subheading 3.1.2.) for 750-2000 bp templates, demon- 
strating robust cycling conditions. Cycling profile 3 for templates 1500 bp was 
used to amplify 143- and 432-bp templates from plasmids p5 and p6 using 
custom primer pairs (Fig. 1B) (see Note 4). Separate amplifications with insert 
intact and excised from plasmid were performed. Ethidium bromide staining 
does not show improved size specificity using restricted insert as template 
under these optimized conditions, although overextension is more likely for 
smaller templates if conditions are not optimized. 

1.1.5. Asymmetric Probe Generation 

Having validated cycling conditions, predominantly antisense [w’~P] dCTP 
labeled cDNA probes are amplified using a 1: 100 forward/reverse primer asym- 
metric molar ratio. Exponential amplification occurs until limited forward 
primers are consumed, after which antisense cDNAs are linearly amplified to a 
relative abundance over dsDNA in proportion to the remaining number of ther- 
mal cycles. To increase specific activity, [dCTP] is reduced to 0.025X the 200 pM 
concentration each of other nucleotides. Figure 2 demonstrates typical 
radiolabel incorporation and mass generation for approx 1000 base probes 
through a range of [dCTP], which is optimal at 2-5 pM. A >2OX yield of probe 
mass is typically generated from 10 ng dsDNA template at 5 p&I dCTP (3). 

As shown in Fig. 3, although asymmetric PCR yields less product than sym- 
metric amplification because of limited forward primer and reduced [dCTP], 
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Fig. 2. Effect of [dCTP] on radiolabel incorporation, probe mass, and specific 
activity. Results were obtained for amplification of a 936 bp target using protocol 1. 
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Fig. 3. Determination of single-stranded vs double-stranded product formation 
under symmetric vs asymmetric amplification conditions. Templates pl-p4 were 
amplified under symmetric (S) and asymmetric (A) PCR conditions in the absence of 
radiolabeled dCTP. 10 pL, of each reaction product was then resolved in a 1% TAE gel 
and transferred to nylon membrane before probing with respective symmetrically 
amplified radiolabeled probes in order to detect both forward and reverse strand prod- 
ucts. Note that ssDNA apparent MW is approx 2/3 that of dsDNA. 



342 Millican and Bird 

signal from ssDNA increases to >90% of total stgnal for asymmetrtc products, 
up dramatically from ~20% for symmetric products. 

1.1.6. Measurement of Radiolabel Incorporation. 

Small aliquots of amplified product are dried on ion exchange filter disks 
and washed with sodium phosphate buffer to remove unincorporated radrola- 
bel. Percent tncorporatton is determined by scintillatton counting against 
washed and unwashed disks m order to ascertam whether sufficient mcorpora- 
tion, and thus sufficient probe mass generation, has occurred. Probes are ready 
for use without further cleanup, which is a distinct advantage over other con- 
ventional probe generation methods. 

2. Materials 
1 Autoclave 
2. NaOH, FW 40.0, Sigma (St. LOUIS, MO, cat no S0899). 
3. HCl, 12 0 IV, Sigma (cat. no. H7020) 
4. 0 5 mL thin-walled reaction tubes, Perkin Elmer (Foster City, CA) (8010180). 
5. Sterile water, molecular-biology grade 
6. Taq DNA polymerase, 5 U/pL, Gibco-BRL (Gaithersburg, MD, cat no 18038042) 
7. 10X PCR buffer (200 mA4 Tris-HCl, pH 8.4, 500 nnl4 KCI), provided with Tag 
8 50 mA4 MgC!12, provided with Taq 
9. 10 mM dATP in Tris-HCl pH 7 5, Gibco-BRL (cat no 18252015) 

10. 10 mA4dCTP in Tris-HCl pH 7 5, Gibco-BRL (cat no 18253013) 
11 10 mMdGTP m Tris-HCl pH 7.5, Gibco-BRL (cat. no. 18254011). 
12. 10 mMdTTP m Tris-HCl pH 7.5, Gibco-BRL (cat. no. 18255018). 
13 Custom oligonucleotide primers, Midland Certified Reagent (Midland, TX). 
14. Recombmant plasmid templates. 
15 Mineral oil, Perkin Elmer (cat. no 1862302). 
16 Trizma base, FW 121.1, Sigma (cat. no. T8524). 
17. Acetic acid, Sigma (cat. no. A6283) 
18. Disodmm EDTA, FW 372.2, Sigma (cat. no. E5 134). 
19. Glycerol, FW 92.1, Sigma (cat. no. G5516) 
20. Lauryl sulfate, sodium salt (SDS), FW 288 4, Sigma (cat. no. L4390). 
21. Bromophenol blue, FW 691.9, Sigma (cat. no. B5525). 
22 Ethidium bromide, FW 394 3, Sigma (cat. no E7637). 
23 Agarose, DNA analytical grade, Bio-Rad (Melville, NY) (cat no 1620 125) 
24. kb DNA MW ladder, 0.2-12 kb, Gibco-BRL (cat no. 15615016) 
25 [c+~*P] dCTP 3000 Ci/mmol, 10 pC!i/$, Amersham (Arlington Heights, IL, cat. 

no. PB 10205) 
26 Aluminum foil 
27. Anion-exchange paper circles, Whatman (Clifton, NJ, cat. no. DE8 1). 
28. Na,HPO,, FW 142 0, Sigma (cat. no. S9763). 
29 Scintillation vials. 
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30 Scmtillatton fluid, Fisher (Pittsburgh, PA, cat. no. SXl84). 
3 1. PCR cycler, Perkm Elmer (model TCl or 480). 
32 Submarine gel apparatus with gel tray and comb, Bio-Rad. 
33. Power supply, Bio-Rad 300 or 20012.0. 
34. Transparent lucite radiation shield. 
35 Scintillation counter 

2.1, Stock Solutions and lnstrumen tation Requirements 

1. 0 5 A4 EDTA, pH 8.0: Weigh 16.8 g disodium EDTA mto 80 mL sterile water, 
and pH to 8.0 with concentrated or pelleted (approx 2 g) NaOH. Adjust volume 
to 100 mL and autoclave to sterlhze 

2. 10% SDS Dissolve 50 g lauryl sulfate, sodium salt m 500 mL sterile water and 
pH to 7 2 with HCl This solution does not reqmre further sterilization. 

2.1.1. For Template and Oligonucleotide Working Stocks 

Recombinant plasmld working stocks should be diluted in sterile water to 
10 ng/pL and stored in 2OO+L ahquots at -20°C. Primers should be least 
17 bases, with either a G or C residue m 2 of the last 3 bases of the 3’ terminus, 
with annealing temperatures of 55-60°C, with approx 50% GC content (see 
Note 5), having no secondary structure and minimal primer dimer formation. 
Given the mass of primers m optical density units (see Note 6), solubllize in 
sterile water to 1 pg/$ using an As60 of 20 pg/OD unit * cm. Using an estimate 
of 330 g/mol per base, prepare 20 w working stocks by further dilution as 
necessary. Prepare an additIonal nA4 stock of forward primer for asymmet- 
ric amplification by diluting 1 pL of 20 w stock to 100 pL with sterile water. 
Store stocks at -20°C. 

2.1.2. For PCR Cycling 
The step cycle, which holds temperature plateaus for the trme interval pro- 

grammed, should be used for both symmetric and asymmetric amplifications. 

2.1.3. For Symmetric Amplification 
1. 2.5 mA4 dA/C/G/TTP Combme 20 pL each of 10 m&I dATP, dCTP, dGTP, and 

dTTP. Store at -2O’C in 20-& aliquots to prevent freeze/thaw degradation of 
repeatedly used bulk stocks (see Note 7). 

2. 50 mA4 MgC12 and 10X PCR buffer Dispense these reagents, provided with Taq 
DNA polymerase, in 50-pL aliquots and store at -20°C 

2.7.4. For Agarose/TA E Electrophoresis of Products 
1. 5X TAE buffer: Bring 24.2 g Trizma base, 5.7 1 mL acetic acid, and 10 mL 0 5 A4 

EDTA pH 8.0 to 1 L using sterile water (see Note 8). Store at room temperature. 
2. 10 mg/mL ethidium bromide: Dilute ethidmm bromide to 10 mg/mL with sterile 

water and store protected from light at room temperature. 
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3 10X Sample buffer: To a 1.5-mL Eppendorf tube add 500 pL glycerol, 200 pL 
0.5 MEDTA pH 8.0, 100 & 10% SDS, 1 0 mg bromophenol blue, and 200 pL 
sterile water (see Note 9). Store at room temperature. 

4 Sterile 0 5-mL thin-walled tubes: Sterilize tubes with caps open by autoclavmg 

2.7.5. For Asymmetric Amplification 

1. 2.5 mMdA/G/TTP Combine 20-h volumes each of 10 mMdATP, dGTP, dTTP, 
and water. Store at -20°C in 20-pL aliquots. 

2. 0.25 mM dCTP. Dilute 20 pL 10 mM dCTP to 80 pL with sterile water. Then 
dilute 10 pL ofthe 2.5 mMdCTP solution to 100 @., with stenle water. Store at-20°C 
in 10-a aliquots 

2.1.6. For Measuring Radiolabel Incorporation. 

1. 0.5 MNa2HP04 pH 7.5: Bring 7 1 .O g Na2HP04 to 1 L with sterile water and pH 
to 7 5 Store at room temperature. 

3. Methods 
3.1. General Methods for Amplification 

The followmg methods apply generally for probes regardless of size, with 
the exception of thermal cycling profiles and possible restriction digest excl- 
slon of templates less than 500 bases. Three different cycling profiles are rec- 
ommended, one for 7X&2000 base probes, another for 500-1000 base probes, 
and a third for 1500 base probes. Size criterion IS based upon Tug mcorpora- 
tion of approx 1000 bases/mm, and profile overlap allows simultaneous robust 
amplification of approx 1000 base templates with either longer or shorter tem- 
plates, m separate tubes, using the appropriate thermal profile. 

3.1.1. Determine Amount of Plasmid to Amplify 
Using a IO-ng/+ working stock, the microliter volume used will equal the 

size in kb of recombinant plasmld. 

3.1.2. PCR Cycling Programs 
Program the appropriate step cycle thermal profiles mto a PCR cycler: 

3.1.2.1. PROFILE 1 750-2000 BASES 

1. Symmetric amphficatlon: 94°C 1 mm, 45°C 1 mm, 72°C 2 mm, 30 cycles, linked 
to 4°C soak. 

2. Asymmetric amplification. 94°C 1 min, 45°C 1 mm, 72°C 2 mm, 40 cycles, 
linked to 4°C soak. 

3.1.2.2. PROFILE 2:500-1000 BASES 

1. Symmetric amplification: 94°C 1 min, 45°C 1 min, 72’C 1 min, 30 cycles, linked 
to 4°C soak 
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2. Asymmetric amplrficatron. 94°C 1 min, 45°C 1 mm, 72“C 1 min, 40 cycles, 
linked to 4°C soak 

3.1.2.3. PROFILE 3: ~500 BASES 

1. Symmetric amplification: 94OC 30 s, 45’C 30 s, 72°C 30 s, 30 cycles, linked to 
4“C soak 

2. Asymmetric amplification 94OC 30 s, 45OC 30 s, 72’C 30 s, 50 cycles, linked to 
4’C soak. 

3.1.3. Generation of Symmetric Products 

1. Thaw PCR reagents, except Taq (see Note 10) on ice. Mix each reagent prior to 
use. Aspirate template stock, rather than vortex, to prevent shearing of plasmid. 
Do not mtx Taq. Add volumes in order shown in Table 1 to a sterile OS-mL tube. 

2. Cap and transfer tube to cycler. Amplify using appropriate step cycle thermal profile 

3.1.4. Agarose/ TAE Separation of Symmetric Products 

Cast an agarose/TAE gel (see Note 11) of sufficient thickness to create well 
spaces for up to 20 pL loading volume, allowing approx 2 mm between casting 
tray and bottom of comb: 

1. Clean gel-casting tray and seal ends with tape. Position comb such that bottom of 
teeth are approx 2 mm above casting tray 

2. Transfer agarose to microwave-safe glass container and brmg to appropriate vol- 
ume with 1X TAE Add 10 pL ethidmm bromide solution (see Note 12) Micro- 
wave for 2-3 mm with frequent mixing until solution IS clear and all agarose IS 
melted. Pour solution into casting tray and allow to cool and harden for 45 mm 

3 After 45 min, overlay agarose gel with 1X TAE Allow 5 min for liquid to soak 
into wells Carefully remove comb by lifting straight up. Remove tape and place 
gel in tank under 1 X TAE buffer, oriented such that samples migrate through the 
length of the gel toward the positive (red) electrode. 

4 Thaw Gibco kb DNA ladder on ice and mrx Transfer 4 pL ladder and 5 pL stertle 
water to fresh 0.5-mL tube and add 1 pL 10X sample buffer. 

5. When symmetric amplification is complete, transfer each 48 pL aqueous volume 
to a fresh 0.5-mL tube avoiding mineral oil layer above. Then transfer IO-20 p.L 
of this to a fresh tube containmg l-2 pL 10X sample buffer. Load ladder and 
samples mto wells. 

6. To rapidly move DNA mto gel, initially run at high voltage (50 V for 30 min on 
Bio-Rad rigs; see Note 13). Continue at this voltage until bromophenol dye front 
migrates l/2-2/3 down gel. Alternatively decrease voltage to as low as 0 5 V/cm 
for overnight run rf desired 

7. Wearing eye protection, view ethidmm bromide-stained DNA bands using a 
short-wave UV wand (see Note 14). Products should be prominent and discretely 
resolved into tight bands, with minimal smearing. Estimate size and mass of sym- 
metrtc product band(s) by comparison to ladder (see Note 15). 
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Table 1 
Symmetric PCR Reaction Mix 

Add m the following order Fmal condmons 

10 X Buffer 50 10 mit4 Tris, 50 nuI4 KCl, pH 8.4 
50 mA4 M&l2 1.5 1.5 mA4 MgC12 
2 5 miU dATP/dCTP/dGTP/dTTP 4.0 10 nmol each 
Primer oltgo F (20 pmol/pL) 15 30 pm01 
Primer olrgo R (20 pmol/pL) 15 30 pm01 
Sterile Hz0 To 50 total 
Plasmtd 1 pL/kb 10 ng/kb template 
Tug polymerase 1.0 5u 
Mineral or1 25 

3.1.5. Asymmetric Probe Amplification 

1. Thaw radiolabel behind transparent luctte protective shield Aspirate to mix. Do 
not vortex. 

2 Thaw PCR reagents, except Tag (see Note lo), on ice and mix prior to use ASPI- 
rate template stock, rather than vortex, to prevent shearing of plasmrd Do not 
mix Taq. Add volumes in order shown in Table 2 to a sterile 0 5-mL tube (see 
Note 16). Work behind lucrte shield during and after addmon of radiolabel 

3 Cap and transfer tube to cycler. Amphfy using appropriate step cycle thermal profile. 

3.1.6. Radiolabel Incorporation Measurement 

Work behind lucite shield. On completion of the reaction, remove 48 & of the 
products from below the 011 layer into a fresh tube. Dilute to 200 & with stenle 
water and mix by aspiration. Check probe incorporation of label as follows: 

1 Spot 1 pL of products onto each of three DE81 disks (placed on tin foil) and 
allow to dry for 5 mm 

2 Transfer one drsk to a scmtrllatton vial for estrmatron of total radtolabel. 
3. Transfer the two other drsks to a 50-mL conrcal tube. Wash the two drsks four 

times with 0.5 MNa2HP04 pH 7 5 (10-15 mL), standing for 5 min each time 
4. Finally rinse the discs m water, methanol (twice), and au-dry for 3-5 mm Trans- 

fer disks to separate scmtrllatton vials, add 10 mL scintillatron fluid, and count 
both “washed” and “total” disks in a scintillation counter for 1 mm. 

5. Calculate incorporation using the mean of washed counts agamst total counts 
Typical incorporatton is 65-70% for all probes. Probe mass should be sufficient 
to provide 5.0 x lo5 to 1 0 x lo6 dpm/mL media used to hybridize probe with 
membrane-bound RNA. 

6 Store in lucrte container at -20°C. 
7. At the time of probe use, heat at 95°C for 5 mm, then snap chrll on ice 3 mm 

before addmon to hybrrdizatton buffer. 
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Table 2 
Asymmetric PCR Reaction Mix 

Add m the followmg order FL Final condttions 

1 OX Buffer 5.0 
50 mA4 MgCl* 1.5 
2 5 rnA4 dATP/dGTP/dTTP 4.0 
0.25 m&f dCTP 1.0 
Primer Ohgo F (0.2 pmol/pL) 15 
Primer Oligo R (20 pmol/&) 1.5 
Sterile Hz0 To 50 total 
Plasmtd 1 &/kb 
[32P]dCTP 3000 Wmrnol, 10 pCi/uL 5.0 
Tuq polymerase 10 
Mineral oil 25 

10 n&fTrts, 50 mMKC1, pH 8.4 
1.5 m/r4 M&l2 
10 nmol each 
0.25 nmol 
0.3 pm01 
30 pm01 

10 ng/kb template 
50 @i, 0.01666 nmol 
5u 

4. Notes 
1. Glycerol stocks of transformed cells (50% glycerol, 50% hqmd culture medta) can 

be stored mdefimtely at -70°C for future moculatton of culture medta. A vanety of 
commercially avatlable plasmid isolation kits, such as those offered by Qiagen, 
offer plasmid extracts of purity satisfactory for use as template m PCR. 

2 Universal primers, which anneal to sites on plasmid sequences bordering mserts, 
are effective for probe generation for use in Northern analysis but, by definmon, 
preclude amplification of a subregion in the cloned insert. Probe use in apphca- 
ttons such as cDNA library, genomtc, or recombinant plasmid screenmg, is also 
compromrsed because of the presence of plasmtd sequence in the probe. Addi- 
tionally, cDNAs amplified from template regton of inserts will have discrete 5’ 
ends but overextended 3’ ends may incorporate neighboring sequence or plas- 
mid-linker arm sequence, particularly for small probes. Such addittonal sequence 
incorporation m this small fraction of the cDNA pool can be eliminated, as dem- 
onstrated m Fig. 4, by amphfymg template restricted from vector 

3. Primers designed for use m both asymmetric probe generation and RT-PCR 
amplification having meltmg temperatures >60°C will still anneal specifically if 
template is limited to recombinant plasmid, rather than cDNA library or genomtc 
DNA. The higher melting temperature (T,,,) promotes a greater proportton of binding 
to available template at 45°C (approx 15’C below the r,) and so enhances yield. 

4. Plasmtds p5 and ~6, containing partial ovine clearance natriurettc clearance 
factor receptor and ovine guanylate cyclase type B natrmrettc factor receptor 
cDNAs (J), respectively, were provided by G Peter Aldred, University of 
Melbourne, Australia. 

5. G and C residues contribute greater hydrogen bonding and thus increase melting 
temperature. If GC content is low, extending primer length will increase melting 
temperature 
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Al A2 Bl B2 

4072 - 

3064 - 

2036 - 

1636 - 

1018 - 
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insert excised 

4 coiled plasmid 

-: i”r 
ml 4 excised insert 

Fig. 4. Plasmid-vector detection by probes generated from intact plasmid template 
and from plasmid with insert excised. 3.9 kb plasmid with 7 1%bp insert removed by 
restriction enzyme digestion was resolved alongside intact, coiled recombinant plas- 
mid (Lanes Al and A2, respectively), transferred to membrane, and hybridized with 
asymmetric PCR probe amplified with primers annealing to the termini of the insert of 
intact plasmid template. Lanes B 1 and B2 contain the same analytes as Al and A2 but 
were hybridized with probe amplified with the same primers using restriction enzyme 
digested plasmid, i.e., free insert. Signal from linearized host plasmid in Al is signifi- 
cantly higher than that in Bl. Thus even when using insert specific primers, cutting 
insert from plasmid template prior to probe generation will reduce detection of false 
positives when performing transformed colony screening. 

6. Synthesized primers, commercially available through various vendors such as 
Midland Certified Reagent Company (Midland, TX), are usually sent at ambient 
temperature in a lyophilized state. 

7. Degradation of nucleotides usually occurs after 3-6 mo storage at -20°C. Reac- 
tions incorporating [a-32P]dCTP in the presence of diluted dCTP are more sensi- 
tive to nucleotide instability and fail before conventional PCR. 
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8 Resultant 1X TAE solution is 40 mMTris acetate, 1 mMEDTA. 
9 Resultant 1X concentration is 5% glycerol, 10 mJ4 0.5 A4 EDTA, 0.1% SDS, 0 1 

mg/mL bromophenol blue. 
10. Remove Taq from-20°C immediately prior to addmg it to reaction mix and return 

directly to -20°C storage. 
11. Resolve products > 1000 bases in 1% agarose/TAE and < 1000 bases m 2% aga- 

rose/TAE. 
12. Alternatively, 10 I.~L ethidmm bromide/500 mL can be added to submarine tank 

buffer, which will prevent formation of a gradient formed by mtgrating ethtdmm 
bromide cast mto gel. When adding ethidium bromide mto buffer rather than 
casting m gel, allow time for ethrdmm bromrde to penetrate gel and mtercalate 
with DNA samples before viewing with UV light (about 30 mm). 

13. Voltage conditions will depend on the gel rig, namely the distance between elec- 
trodes The values given (50 V for 30 min = 25 Vhr) are for a Bio-Rad DNA 
Subcell with 30 cm between electrodes. Thus the total Vhr will need to be 
adjusted if your electrodes are at a different distance. Higher voltages should not 
be used, particularly on small rigs because of excess heating. 

14 Negatively charged dsDNA, intercalated with ethidium bromide, migrates 
downward toward anode as excess ethidrum bromide migrates upward toward 
cathode. 

15. kb DNA ladder (Gibco) contains 100 ng 1636 bp dsDNA/pL. For low mass 
products, use low-mass DNA ladder (Gibco), which contains 40 ng 400 bp 
dsDNA/pL 

16 Equal dpm/ug is mcorporated for all probes, but shorter probes mcorporate 
less radiolabel per strand. Specific activity may be further increased by 
Increasing radiolabel added Further dilution of dCTP to 2 p.&4 will also 
increase specific activity, however, a small number of reactions may fall to 
generate product (3) 
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Optimization of a Reverse Transcription-Polymerase 
Chain Reaction (RT-PCR) Mass Assay 
for Low-Abundance mRNA 

Jacqueline M. Cale, Cynthia E. Shaw, and Ian M. Bird 

1. Introduction 
Whereas Northern analysts is a standard procedure by which abundant lev- 

els of mRNA can be quantified and charactertzed by size, there 1s a limit to the 
sensttrvrty of this techmque, even with the best probes and the use of poly(A+) 
mRNA enrichment (see Chapters 28 and 30). At these times, rt 1s necessary to 
move to more sensitive techniques. RNase protectton assays or equivalent 
are much more sensitive but are technically difficult to perform, and 
require expensive dedicated equrpment as well as productton of riboprobes. 
More recently, there has been a predominance of the use of equally sensmve reverse 
transcription-polymerase chain reactron (RT-PCR) methodologtes, which rely 
on the now more universally available PCR cycler and otherwise mexpensrve 
and easily performed Southern Blot analytical methodology. 

Whereas RT-PCR has many advantages, it is important also to know the 
limitations. There are actually two levels of RT-PCR assay, regarded as quan- 
titative and semiquantitatrve. Quantitative assays are accurate and precise. They 
usually compare amphficatron of the unknown message with amplification of 
a synthetic deletion mutant RNA added at known amounts. This competitive 
type of assay allows for variations in reverse transcription efficiency and Taq 
efficiency between assays and therefore yields mformation on the true level of 
mRNA transcripts. Standard curves are highly reproducible, so full curves can 
be run less often with only a few standards run m every assay (I). However, 
they rely on the formation of deletion constructs and reverse transcrtptton of 
the cDNA to provide the RNA competitor. Semiquantttattve assays (2) do not 
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usually include such a competitor and so are easier to set up, and can be accurate 
(i.e., detect fold increases m mRNA) but not precise or as highly reproducible. 

A particular concern of semiquantitative assays has been possible varia- 
tion m reverse transcrtption products between tubes. In the past, this has been 
a particular problem smce reverse transcription and PCR reactions were per- 
formed separately and addtttonal volumetrtc errors would arise from transfer 
of RT products to the PCR tube. In the case of a competttive/quantitative 
assay, this would be compensated for since both unknown and competitor 
products would be equally affected. Attempts are often made to allow for this 
by coamphfication of an internal control such as actm, GAPDH, and so on. 
However, there is a problem with this since the primers for the unknown and 
the internal control are different and so may bind with different efficiencies. 
Furthermore, the use of additional internal control primer sets m subsequent 
PCR will also potentially disturb the kinetics of amplification of the unknown 
sequence both through mispriming or, more likely, the more rapid amplifica- 
tion of the GAPDH or actm target because of the greater abundance of those 
internal control mRNA spectes. Thus, the target of interest may fail to amplify 
efficiently before the amplified internal control sequence has consumed all 
the reagents. 

Whereas competitive assays may be the preferred method, the recent devel- 
opment of a single-tube RT-PCR method based on combined AMV-RT with 
Taq polymerase in a PCR buffer (2) has overcome many, but not all, of the 
limitations of semiquantitative PCR assays. Since AMV-RT can operate at tem- 
peratures up to 60°C and do so m PCR buffer, then transfer errors are ehmt- 
nated, as well as problems with secondary structure that can occur during 
reverse transcription at lower temperatures. We have been using such assays 
recently to “quantify” low levels of mRNA in as little as 0.1 pg total RNA 
(3,4). These assays are very easy to perform once established, and give highly 
reproducible results within an assay. By monitoring the results from a pooled 
RNA standard withm each and every assay we have been able to easily identify 
the very few assays that perform poorly (because of reagent/enzyme failure). 
Using a single-tube assay and operating at higher reverse transcription tem- 
perature, we have not found it necessary to provide an internal control per tube 
for reverse transcriptton. This is, m part, also because of our use of an opti- 
mized RNA extraction procedure that consistently yields high-quality RNA 
(Chapter 28) together with always dispensing reagents as a homogenous mas- 
ter mix, so further ehmmatmg tube-to-tube pipetmg errors. The only normal- 
ization necessary is for errors m the initial RNA spectrophotometric quantification, 
i.e., as applies to Northems. This can be achieved separately by slot-blot analy- 
sis of RNA from the same sample for a housekeeping gene or, as described 
here, 28s rRNA. 
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With the precautrons and changes described, semlquantrtative RT-PCR 
assays can be reliable, accurate, and reasonably reproducible. We describe 
below the procedure to set up such an assay for a new target, detecting from 
103-lo* cDNA products of reverse transcription. Restated, the assumption of 
the assay is that RNA quality IS consistent, and reverse transcription efficiency 
is constant between samples. The assay will reveal changes in RNA relative to 
control, i.e., is accurate, but not the true quantity of RNA, i.e., is not precise. 
Should further precision be required, the assay can be rapidly established as 
described and then standards can be replaced with synthetic cRNA followed 
by addition of a fixed quantity of deletion-cRNA competttor mto each tube. 

2. Materials 
Purchase all reagents as molecular-biology grade, i.e., RNase-and DNase-free. 

2.1. RT-PCR Assay and Southern Analysis 

1. DNA thermal cycler, Perkin Elmer (Foster City, CA). 
2. AMV reverse transcrlptase (2.5 U/pL), Gibco-BRL (Gaithersburg, MD) (cat. no 

18020024). 
3 Taq DNA polymerase (5 U/a), Gibco-BRL (cat. no. 18038042). 
4. 10X PCR Buffer, Supplied with Taq DNA polymerase. 
5. MgClz (50 r&Q Supplied with Tag DNA polymerase. 
6 10 mMdATP m 1 mMTris-HCl, pH 7.5, Gibco-BRL (cat. no. 18252015). 
7. 10 mA4dCTP m 1 mMTris-HCl, pH 7.5, Gibco-BRL (cat. no 18253013) 
8 10 mA4 dGTP in 1 mA4 Tris-HCl, pH 7.5, GibcoOBRL (cat. no. 18254011). 
9. 10 WdTTP m 1 rr#Tris-HCl, pH 7.5, Gibco-BRL (cat. no. 18255018) 

10 Forward and reverse primers, Midland Certified Reagent Co (Midland, TX). 
11. Molecular-btology grade water, 5 Prime+3 Prime, (Boulder, CO). 
12. Sterile 0.5-mL PCR reaction tubes, Perkm Elmer 
13 Sterile 1.5-mL mlcrocentrtfuge tubes. 
14. Sterile pipet tips. 
15. Insert-containing plasmid at known concentration (see Note 1). 
16 Total RNA samples and controls at or above 1 pg/5 p.L concentration 

2.2. Gel Electrophoresis 

See Chapter 30, Subheading 2. (materials 16-24, 32, 33). 

2.3. Transfer to MagnaGraph Membrane 

See Chapter 29, Subheading 2. (materials 2, 3, 5, 7,26, 28, 32, 35). 

1. Concentrated hydrochloric acid. 

2.4. Southern Hybridization 

See Chapter 29, Subheading 2. (materials 6, 10-13, 19, 21, 22, 27). 
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2.5. Quantification 

1 X-ray film cassettes and Amersham (Arlington Heights, IL) Hyperfilm MP or 
phosphorimager equipment 

2.6.28s rRNA Slot-Blot Analysis 

1 Blodot SF cell-slot blot apparatus, Bio-Rad (Melville, NY) (cat. no. 170 6542). 
2. Quick SpinTM columns, Boehrmger Mannhelm (cat. no. 1273922) 
3 T4 polynucleotlde kmase , Glbco-BRL (cat no 180040 IO). 
4 5X kmase buffer, supplied with T4 polynucleotlde kmase. 
5 32P-yATP, >6OOOCl/mmol, Amersham (cat. no PB 102 18) 
6 28s ohgonucleotlde* S-AAA ACG ATC AGA GTA GTG GTA TTT CAC CG -3,’ 

(Clonetech, Palo Alto, CA, cat. no. 90341) 
7. Dlsodium EDTA. 
8. Formaldehyde. 
9 Tris base. 

2.7. Solutions and Reagents for RT-PCR Assay 

Wear gloves when working with RNA, preparing solutions, or using cheml- 
cals classified as Irritants. Keep hands clean, and prepare all solutions and 
reagents using autoclaved or sterile glassware, microcentrifuge tubes, reaction 
tubes, and pipet tips. Also keep Instruments and work area clean. In general, 
molecular-biology grade water (RNase and DNase free) should be used for all 
RT-PCR assays. Solutions for Southern blotting of PCR products can be pre- 
pared with Nanopure (18 Sz) sterile water, and solutions for RNA dilution and 
loading to slot blots should be prepared with molecular-biology grade or DEPC 
water (see Chapter 28, Subheading 2.1.). 

2.7. I. RT-PCR Assay 

All RT-PCR reagents should be aliquoted to smaller volumes to mmlmlze 
damage from repeated freeze/thaw. Taq polymerase should be stored long term 
at -20°C and reverse transcriptase at -70°C. Working stocks of both enzymes 
can be stored at -20°C. 

2 5 mM dA, C, G, TTPs: Allow each reagent to completely thaw on ice and vortex 
each thoroughly before mlxmg together. Place equal volumes of 10 m/14 dATP, 
dCTP, dGTP, and dTTP m a sterile 1.5-mL mlcrofuge tube Vortex and aliquot 
approx 50 pL mto sterile 0.5-mL tubes clearly labeled with contents and date. 
Store at -2O’C 
Forward and reverse primers. Primers should be approx 17 bases or greater, 
with either a G or C residue in 2 of the last 3 bases of the 3’ terminus, with 
annealing temperatures of 55-65”C, but wlthm 2°C of each other (see Note 2). In 
addition, primers should have approx 50% GC content with no stable secondary 
structure and minimal primer-dimer formation. Given the quantity of primers in 
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Table 1 
ExamDIe of Plasmicl Stock Solution Calculations 

No. of bases: 
plasmld + insert 

2960 301 = 

Molecular weight: 
total bases no of strands 

3261 
X 

2 
x 

Mol/pL in working stock: 

ng& x convert to g/$ L 
10 10-g 

Copies/pL in working stock: 
mol/pL 

465 x l&l5 ’ 
avogadros 

6.022 
X 

@ for 100 x 1O’O copies: 
copies 

- 
copies@ 

100 x 10’0 2.80 x lo9 = 

Prepare top standard A: 
pL stock + N- H2O = 

357 4 142.6 

total bases 
3261 

mol wt per base 
330 

total mol wt 
2 152 260 

number 
1023 

$ stock needed 
357 4 

final volume (pL> 
500 

total mol wt 
2 152 260 

mol/pL 
4 65 x 1@15 

copies/& 
280x log 

optical density units, solubilize in molecular-biology grade water to 1 pg/pL 
(using an Aleo of 20 pg/ OD unit) and keep on ice. Using an estimate of 330 g/m01 
per base, dilute an aliquot of forward and reverse pnmers at 1 pg/& to a final 
concentration of 20 pmol/niL Aliquot approx 30 pL into sterile 0.5-mL tubes 
clearly labeled with contents and date. Store at -20°C. 

3. 10 XPCR buffer: Ahquot approx 75 $ into sterile 0 5-mL tubes clearly labeled 
with contents and date. Store at -20°C. 

4. MgCI,, 50 mM Aliquot approx 50 pL mto sterile 0.5~mL tubes clearly labeled 
with contents and date. Store at -20°C. 

5. Plasmid dilution series: Determine the concentration m pg/& for the most con- 
centrated stock plasmid and insert of Interest. Working on ice, dilute the most 
concentrated stock to either 10 or 50 ng/pL using molecular-biology water The 
working stock solution should be 10 ng/pL for plasmid plus insert of c4.0 kb (for 
>4.0 kb, see Note 1). Perform calculations in Table 1 specific to the combined 
plasmld and insert of interest Dilute the plasmld with molecular-biology grade 
water to get the desired number of copies The calculations in Table 1 are an 
example from our ovine ecNOS RT-PCR assay (4). Prepare the remaining dllu- 
tlon series standards as outlined in Table 2 and distribute as 100~pL ahquots. 
Store at -20 or -70°C. 
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Table 2 
Preparation of Plasmid Dilution Series (Standards) 

Standard Amount 
Molecular 

+ brology HZ0 Copies/ 5 ).IL 

Standard A 

Standard B 
Standard C 
Standard D 
Standard E 
Standard F 
Standard G 
Standard H 

Calculated 
from Table 1 
50 pL A 
50 pL B 
50 pL c 
50 pL D 
50 uLE 
50 pLF 
50 J.L G 

Calculated 
from Table 1 
450 /AL 
450 jlL 
450 /AL 
450 pL 
450 pL 
450 pL 
450 pL 

10’0 

109 
10s 
107 
106 
105 
104 
103 

Control - 500 pL 0 

2.7.2. Gel Electrophoresis 

See Chapter 30, Subheading 2.1.4., for detailed solutions information. 

2.7.3. Vacuum Blotting to Membrane 

1 Depurinating solutzon: 0.25 M HCl. Usmg a lo-mL prpet or a graduated cylm- 
der, add 24 mL of concentrated HCl to 1 L of nanopure or ultrapure water 

2 Denaturing solutzon: 0 15 MNaCI, 0 05 MNaOH Weigh 8.8 g NaCl and 2 02 g 
NaOH into 1 L of nanopure or ultrapure water Autoclave on lrqurd cycle. 

3 Neutralizing solution: 0.15 M NaCl, 0.1 M Trrs, pH 7.5. Weigh 8 8 g NaCl and 
12.1 g Trrs base into 800 mL nanopure or ultrapure water, and pH to 7 5 with 
concentrated HCI. Make up to 1 L Autoclave on liquid cycle. 

4. 2UXSSC: 3 0 MNaCl, 0.3 M trrsodmm citrate, pH 7 0. Weigh 175.3 g NaCl and 
88.2 g Na3 Citrate and drssolve in 800 mL nanopure or ultrapure water Adjust 
pH to 7.0 and adjust volume to 1 L Autoclave on liquid cycle. 

2.7.4. Southern Hybridization 

Use the same solutrons as for Northern hybrrdrzation. See Chapter 29, Sub- 
heading 2.1.4., for detatled solutions information. 

2.8. Solutions and Reagents for Slot Blot Analysis 
1 0 5 MEDTA pH 8 0 Weigh 16.8 g disodmm EDTA into 80 mL DEPC water, and 

adjust pH to 8 0 with concentrated or pelleted (approx 2 g) NaOH. Adjust vol- 
ume to 100 mL and autoclave to sterrlrze. 

2. 10 mM Tris (pH 7 5)/l mM EDTA (TE bufferpH 7.5) Dissolve 0.12 1 g Tris base 
and 0.037 g disodium EDTA in 80 mL sterile water. pH to 7.5 and make up to 
100 mL. Filter sterilize at 0.2 pm 
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3. Methods 
3.1. RT-PCR Mass Assay 

Optimization of an RT-PCR mass assay includes four essential steps that we 
recommend be completed in the following order: optimization of annealing 
temperature, optlmlzatron of Mg2+ concentration, optimization of cycle num- 
ber, and generation of a standard curve. While setting up RT-PCR reactions, 
keep reagents on ice until they are returned to storage at -20°C (see Note 3). 
Use fresh pipet tips between all reagents, standards, and samples. Precision 
and accuracy are key in this procedure; use care when plpettmg since these are 
small volumes. 

3.1. I. Optimizing Annealing Temperature 

This amplification 1s run m the absence of reverse transcriptase since 
reverse transcriptase does not affect annealing, but inhibits Tug polymerase 
activity. An excess concentration of template is tested alongslde an mterme- 
dlate level since the temperature sensitivity should differ between the two 
template concentrations. The lower amount of template will be more sensi- 
tive to changes m annealing temperature, enabling one to detect the optimal 
annealing temperature. For each annealing temperature tested, a separate 
amplification will have to be run (a total of four amplifications). Choose a 
basal annealing temperature that 1s 10°C below the lowest oligonucle- 
ottde T,. Initially run amplifications that anneal at this basal temperature, 2, 
4, and 6°C above this temperature (see Note 4). 

1 Clearly label a OS-n& PCR reaction tube for each amplification to be run 
2. Plpet 5 pL each of the lOlo copies/5 Ccs, or lo6 copies/5 pL standards mto their 

respective reaction tubes 
3 Make a master mix to ensure that each tube has an equal concentration of 

reagents. Make the master mix for more tubes than actually needed Table 3 can 
be used as a guide, The number of tubes (n) is two at each temperature m this 
case, so calculate a master mix for three total tubes. Place the specified amount of 
each reagent m a sterile 1 5-mL microcentrifuge tube 

4. Vortex master mix to ensure that reagents are equally concentrated throughout. 
5. Distribute 45 $. of master mix to the two reaction tubes Briefly vortex each 

reaction tube to equally mix the template and reagents. Centrifuge each of the 
reaction tubes brlefly to eliminate any bubbles and to clear liquid from the side 
walls of the tubes. 

6. Overlay each reaction with 30 pL of mineral oil. 
7. Step cycle using the program m Table 4. 
8. Pipet 45 pL of the PCR products from under the mineral oil and place into sterile, 

clearly labeled 0.5-mL tubes If products are not to be Immediately separated on 
a gel, store at -20°C. 



358 Gale, Shaw, and Bird 

Table 3 
Master Mix Guide for Annealing Temperature Optimization 

Calculated for 
Reagent For one tube three tubes Final concentratron 

10X PCR buffer 
MgC12 50 mit4 
dNTPs 2 5 &each 
Forward primer, 

20 pmol/$ 
Reverse prtmer, 

20 pmol/uL 
Tuq polymerase 
Hz0 
Total master mix 

5& 
1.5 pL 
4& 
15& 

1.5 /AL 

l$ 
30.5 f.L 
45 clr, 

15 ClL 
4.5 /AL 
12 & 

4.5 pL 

4.5 pL 

3& 
915j.L 

- 

1 X PCR buffer 
1.5 mM 

0.20 mA4 each (A, C, G, T) 
30 pm01 

30 pm01 

5.0 u 
to 50 pL 

- 

Table 4 
Step Cycle Program 

Thirty-five cycles of amplification 
Denature at 94°C (time varies wtth length of insert ([see Note 51) 
Anneal Exp 1: basal temp. (T,--1O’C) for 30 s 

Exp 2: basal temp + 2°C for 30 s 
Exp 3: basal temp + 4°C for 30 s 
Exp 4: basal temp. + 6’C for 30 s 

Extend at 72°C (time varies with length of insert [see Note 51) 
Link to 4’C soak 

Soak at 4°C (no longer than overnight) 

9 Separate 10 pL, of each product (with 1 pL of DNA 1 OX sample buffer) on a 1 5 or 
2% TAE gel (see Note 6) until the loading dye 1s about half-way down the gel (see 
Chapter 30, Subheading 3.1.4., for details on gel electrophoresis methodology). 

10 Turn off power supply and remove gel and gel tray to a glass dish. Photograph 
the gel in the gel tray on a UV light box. Use the photograph to determine the 
proper annealing temperature as illustrated in Fig. 1. 

3.1 2. Optimizing [MF] 

This reaction is run in the presence of an intermediate amount of either plas- 
mid template ( lo6 copies) or total RNA (1 .O clg). Both the plasmid template 
and RNA sample concentrations should be sensitive to changes in [Mg2’]. 
Results will differ since DNA template does not require reverse transcrrptton, 
and only Tug sensitivity is revealed. We recommend trying four (final) con- 
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Fig. 1. Effect of annealing temperature on PCR quantification: These representa- 
tive data clearly show the greater sensitivity of product loss with increasing tempera- 
ture when initial template is more limiting. In this case we chose an annealing 
temperature of 62OC for subsequent assays. At this temperature and below, tempera- 
ture changes did not affect product yield, whereas further increases in temperature 
above 62°C resulted in increasing loss of product. 

centrations of MgClz: 1 S, 2.0,2.5, and 3.0 mA4. Run a total of eight amplifica- 
tions (2 templates x 4 concentrations). Choose optimum conditions based pri- 
marily on results from RNA template. 

1. Clearly label a 0.5-n& PCR reaction tube for each amplification to be run. 
2. Pipet 5 l,tL of the lo6 copies/5 pL and 1.0 clg/5 pL into their respective reaction 

tubes (see Table 5). 
3. Pipet the specified amount of 50 mM MgCl, (from 1.5-3 mL) into the reaction 

tubes containing template. Add molecular-biology grade water so that all reac- 
tion tubes have the same volume (outlined in Table 5). 

4. Make a master mix to ensure that each tube has an equal concentration of 
reagents. Make the master mix for more tubes than actually needed. Table 6 can 
be used as a guide. The number of tubes (n) is eight in this case, so calculate a 
master mix for nine total tubes. Place the specified amount of each reagent in a 
sterile 1.5-n& microcentrifuge tube. 

5. Vortex master mix to ensure that reagents are equally concentrated throughout. 
6. Distribute 42 & of master mix to each reaction tube. Briefly vortex each reaction 

tube to equally mix the template and reagents. Centrifuge each of the reaction tubes 
briefly to eliminate any bubbles and to clear liquid from the side walls of the tubes. 

7. Overlay each reaction with 30 pL of mineral oil. 
8. Step cycle the reaction. Reverse transcribe according to Table 7 and link to the 

program determined in the first assay optimization step (Subheading 3.1.1.). 
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Table 5 
Template and MgC12 Distribution for [MS*+] Optimization 

Template DNA RNA DNA RNA DNA RNA DNA RNA 

(5 &L>. 106cps 1.0 pg 106 cps 1opg 106cps 1opg 106 cps 1offi 
MgCI,(&) 1.5 1.5 20 20 2.5 2 5 3 0 3 0 
W ($1 15 15 10 1.0 0.5 0.5 0.0 00 

Table 6 
Master Mix Guide for [MS*+] Optimization 

Calculated for 
Reagent For one tube mne tubes Final concentration 

1 OX PCR buffer 
dNTPs 2.5 mM each 
Forward primer, 

20 pmol/& 
Reverse primer, 

20 pmol/& 
Tag polymerase 
Reverse transcrlptase 
H20 

Total master mix 

5cLL 
4cIL 

1.5 clr, 

45 ClL 
36 clc 

13.5 pL 

1X PCR buffer 
0.20 mA4 each (A, C, G, T) 

30 pm01 

1.5 /,lL 13.5 & 30 pm01 

1cLL 9& 5.0 u 
Iti 2.5 U 

28 CtL 252 pL to 50 /AL 
42 k - - 

Table 7 
Reverse Transcription and Step Cycle Program 

Reverse transcription-l cycle 
Anneal at 62°C for 5 mm 
Reverse transcribe at 50°C for 10 mm 
Denature at 94°C for 2 mm 

Link to PCR amplification program optlrmzed in Subheading 3.1.1. - 
35 cycles 

Lmk to 4°C soak 

9 Plpet 45 pL of each PCR product from under the mineral 011 and place mto a 
sterile, clearly labeled OS-mL tube If products are not to be immediately sepa- 
rated on a gel, store at -20°C. 

10. Separate 10 pL of each product (with 1 clr, of DNA 10X sample buffer) on a 
1.5 or 2% TAE gel (see Note 6) until the loading dye is about half-way down 
the gel (see Chapter 30, Subheading 3.1.4., for details on gel electrophoresls 
methodology) 
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Template: 
[Mgz+l bw: 

plasmid: 106 copies 
1.5 2.0 2.5 3.0 

Fig. 2. Effect of Mg*+ concentration on PCR quantification: For both DNA and 
RNA starting materials, both 2.0 and 2.5 mM Mg*+ gave the best yields of product. 
However, looking more closely at the products from RNA amplification, concentra- 
tions of 2.5 and 3.0 mM Mg*+ also gave rise to additional higher molecular-weight 
byproducts. Thus, the optimum Mg*+ concentration for maximum yield with maxi- 
mum specificity of product was 2.0 miUMg*+, which was used in all subsequent assays. 

11. Turn off power supply and remove gel and gel tray to glass dish. Photograph the 
gel in the gel tray on a UV light box. Use this photograph to determine the proper 
[Mg*‘] as illustrated in Fig. 2. 

3.1.3. Optimizing Amplification Cycle Number 
A high standard is run alongside an intermediate standard and the cycle num- 

ber is varied from 25 to 35 cycles with two cycle intervals. Reverse tran- 
scriptase is included even in the absence of RNA template since it inhibits Tuq 
activity, presumably by competitively binding to the oligokemplate pair but 
remaining inactive. The lower amount of template will be more sensitive to 
changes in cycle number because of its position in the middle of the standard 
curve, enabling one to detect an optimal cycle number. The higher standard 
allows one to detect a difference between the high and intermediate standards 
that will produce an optimum range for quantification of data. A water control 
is also run in this experiment. This amplification requires one to remain close 
to the cycler so that reactions can be removed promptly after the specified 
number of cycles has passed. There are 13 reactions (2 templates x 6 intervals 
+ 1 water control). 

1. Clearly label a OS-mL PCR reaction tube for each amplification to be run. 
2. Pipet 5 pL each of the lo6 copies/5 & or lo* copies/5 pL into their respective 

reaction tubes (see Table 9). 



362 Gale, Shaw, and Bird 

Table 8 
Master Mix Guide for Cycle Number Optimization 

Calculated for 
Reagent For one tube 15 tubes Final concentratron 

1 OX PCR buffer 75 & 1 X PCR buffer 
MgCl* 50 mM ,zJ (30 a> (2 mM-adjust) 
dNTPs 2 5 &each 4@- 60 P- 0 20 mMeach (A, C, G, T) 
Forward primer, 15cIL 22.5 $ 30 pm01 

20 pmol/pL 
Reverse primer, 1.5 p.L 22.5 pL 30 pm01 

20 pmol/pL 
Tag polymerase 1fJ.L 15 ClL 5.0 u 
Reverse transcrlptase 

,:9”,, 
15 N- 25U 

H20 (435 $1 (to 50 PL-adjust) 
Total master mix 45 r-LL - - 

Table 9 
Template Distribution and Cycle Number Guide 

Copy no lo6 10s lo6 lo8 lo6 lo8 lo6 lo8 lo6 lo8 lo6 lo8 Hz0 

Cycle no. 25 25 27 27 29 29 31 3 1 33 33 35 35 35 
Counter, 9 9 7 7 5 5 3 3 1 1 4°C 4°C 4°C 

3. Make a master mix to ensure that each reaction tube has an equal concentration 
of reagents (see Table 8). Make the master mix for more tubes than actually 
needed. In general, for an assay exceeding 10 tubes, where n 1s the number of 
tubes, make enough master mix for n + 2 For illustrative purposes, 2 mM final 
MgC12 is shown in the remaining assay examples but this should be adJusted 
according to resultsfrom Subheading 3.1.2. Place the specified amount of each 
reagent in a sterile 1.5-mL microcentrifuge tube. 

4. Vortex master mix to ensure that reagents are equally concentrated throughout 
5. Dispense 45 uL of master mix to each reaction tube Briefly vortex each reaction 

tube to equally mix the template and reagents. Centrifuge each of the reaction tubes 
briefly to ehmmate any bubbles and to clear liquid from the side walls of the tubes 

6. Overlay each reaction with 30 pL of mineral oil 
7 Cycle the reaction as in the second optimization assay (reverse transcribe, step 

cycle amplify, 4°C soak). Start all reactions at the same time and remove when 
the counter displays the remaining cycles indicated m Table 9 (see Note 7). 

8. Pipet 45 pL of the PCR products from under the mineral 011 and place into sterile, 
clearly labeled 0.5-mL tubes. If products are not to be immediately separated on 
a gel, store at -20°C. 
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9. Separate 10 pL of each product (with 1 p.L of DNA 10X sample buffer) on a 
1.5 or 2% TAE gel (see Note 6) until the loading dye is about half-way down 
the gel (see Chapter 30, Subheading 3.1 4., for details on gel electrophoresrs 
methodology). 

10. Turn off power supply and remove gel and gel tray to glass dish. Photograph the 
gel m the gel tray on a UV light box. Continue as in Subheading 3.1.3.1. 

3.1 3.1. SOUTHERN BLOTTING 

1, Prepare the gel for transfer: Carefully push gel out of mold and mto the glass dish 
by pressing on the top end with even pressure along length of gel. 

2. Add equal volumes of nanopure water and 20X SSC in a sterile glass bottle to 
make 10X SSC. 

3 Incubate the gel in the followmg solutions for the specrfied amount of time The 
gel must be completely submerged for each mcubation period Remove each 
solutron wrth a suction device taking care not to damage the gel. 
a. Depurinate: 0.25 N HCI for 10 min. 
b. Denature: 0.15 MNaCI, 0.05 MNaOH for 30 min. 
c. Neutralize: 0.15 MNaCl, 0.1 MTris, pH 7.5 for 30 min. 
d. Equilibrate: 1 OX SSC for 15 min. 

4. Vacuum blot the gel to MagnaGraph hybridrzation membrane (Molecular Sepa- 
rations, Westboro, MA), for 90 min at 5-7 psi. (See Chapter 29, Subheading 
3.1.3., for methodologtcal details on vacuum blotting.) 

5 Turn off the vacuum and remove the gel from the vacuum apparatus 
6. Use a UV lamp to illuminate the membrane (short wave). Important: Wearpro- 

tective eye goggles With a pencil, mark corners of sealing mask, lane openings, 
and mass ladder. 

7 Remove the sealing mask and then crosslink the damp Southern membrane (125 mJ) 
Date and label the membrane with a pencil Store at -2O’C in a heat-sealed bag 

8 Prehybridtze the membrane overnight, as detailed in Chapter 29, Subheading 3 1.4. 
9 Probe membrane with asymmetric PCR-radiolabeled probe (see Chapter 30, Sub- 

headings 3.1.5. and 3.1.6., for details on generating asymmetric PCR probes). 
10 Follow the hybridization protocol outlined m Chapter 29, Subheading 3.1 4. 

When working with radioactivity, wear gloves, and keep materials behind a pro- 
tective shreld 

11. Hybridize overnight or at least 6 h. 
12. Discard used probe m radroactrve hqmd waste Wash once wrth 20 mL 2X SSC/ 

0.1% SDS, 15 min, 42°C and discard as radioactive liquid waste. 
13. Wash blot with 20 mL 0.1X SSC/O. 1% SDS, 30 mm, 42”C, m hybridrzatron oven. 

Discard first wash as radioactive liquid waste. 
14 Wash blot wtth 0.1X SSC/O.l% SDS, 30 min, 42”C, m hybridization oven. 
15. Dry the blot on a clean paper towel. 
16. Wrap the blot in plasttc wrap, making sure that it 1s not wet. Cover with screen 

protective film (supplied with scanning equipment) and scan on a direct radro- 
imaging scanner for the required amount of time (see Note 8). 
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* * DNA Template (1 O6 copies) 
-)- DNA Template (lo* copies) 

22 24 26 28 30 32 34 36 

Number of Cycles 

Fig. 3. Effect of cycle number on PCR quantification, These data show the sensmv- 
ity of lower template to change in cycle number. Between 25 and 32 cycles there IS a 
steady increase of amplified product. At 32 cycles and beyond the formation of prod- 
uct tails off for the lower concentration template Choose a cycle number at least two 
cycles less than the end of the linerar range for product formation as a cycle number 
for all subsequent reactions (m this case, 28 cycles of PCR amplification). 

17 Tape the blot (still covered in plastic wrap) down on a film cassette and expose to film 
for the required amount of time determined by the radioimaging scan (see Note 8). 

18. Quantify signal from method of choice by scanmng denatometry, correctmg for 
background. 

19. Generate a plot of cycle number vs densttometry counts from the Southern blot 
as m Fig. 3. Select a cycle number as described m the legend 

3.1.4. Generation of a Standard Curve 

In this assay, the complete plasmrd dilution series standard curve (see Sub- 
heading 2.7.1.) is run alongside a total RNA dilution series. In addition to the 
water control, a control RNA sample is run in the absence of reverse tran- 
scriptase (RT-). All other samples are run in the presence of reverse tran- 
scriptase (RT+). This amplification has 15 reactions. 

1. Make the additional RNA dilution series in clearly labeled, sterile 0 5-mL 
tubes Starting with a concentration of 1 pg/5 pL, make dilutions of 0 5 pg/5 pL, 
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Table 10 
Master Mix Guide for Generation of Standard Curve 

Reagent 
Calculated for 

For one tube 17 tubes Final concentration 

10X PCR buffer 
MgC12, 50 mM 
dNTPs 2.5 mM each 
Forward primer, 

20 pmol/pL 
Reverse primer, 

20 pmol/pL 
Tag polymerase 
H20 

Total master mix 

4w 
15cLL 

85 r-1L 
(34 ClL) 
68 6 

25.5 pL 

1X PCR buffer 
(2.0 a-adjust) 

0 20 mA4 each (A, C, G, T) 
30 pm01 

1.5 pL 25.5 pL 30 pm01 

(3lO”,) 
45 & 

17 IJ- 
(510 clL> 

- 

5.0 u 
(to 50 &-adjust) 

- 

0.1 pg/5 @, (used as RT+ and RT-), 0 05 clg/5 pL, and 0.01 pg/5 &. Use the 
following list as a guide 

1 l-&5 CLL Dilute from concentrated RNA stock to 50 pL 
0.5 pg/5 pL 15 pL (1 pg/5 pL) + 15 pL molecular biology grade HI0 
0.1 pg/5 pL 6 I.& (0.5 pg/SpL) + 24 pL molecular biology grade Hz0 
0 05 pg/5 pL 15 pL (0.1 pg/5 pL) + 15 pL molecular biology grade H,O 
0.01 pg/5 pL 6 pL (0.05 pg/5 pL) + 24 pL molecular biology grade H,O 

2. Clearly label a 0.5-mL PCR reaction tube for each ampliflcatton to be run. 
3. Ptpet 5 pL of each template mto then respective reaction tubes. Also pipet 1 $ 

of molecular-btology grade Hz0 mto the RT-reaction tube 
4. Make a master mix to ensure that each reaction tube has an equal concentra- 

tion of reagents (see Table 10). Do not yet add reverse transcrtptase to the 
mix. Make the master mix for more tubes than actually needed In general, for 
an assay exceeding 10 tubes, where n is the number of tubes, make enough for 
n + 2. Dispense 45 pL mix into the single RT-RNA control tube 

5 Add n+l pL (16 pL, in this case) of AMV-RT to the remaining master mix 
and vortex. 

6. Dispense 46 pL into the rest of the reaction tubes Briefly vortex each reaction 
tube to equally mix the template and reagents. Centrifuge each of the reaction 
tubes briefly to ehmmate any bubbles and to clear liquid from the stde walls 
of the tubes. 

7. Overlay each reaction with 30 pL of mineral oil. 
8. Cycle (reverse transcription, PCR amplification, 4°C soak) the reaction usmg 

the [Mg2’] and cycle number chosen in the previous experiments from Sub- 
headings 3.1.2. and 3.1.3., respectively. 
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copies 0 102 lo) 1 

let4 
I I I I I I, I, I 

0 1 2 3 4 5 6 7 8 9 10 

Log of Copy Number 

Fig. 4. Quantification of plasmid dilution standard curve: initial copy number is 
plotted against counts from the phosphorimager scan (log-log scale). The high corre- 
lation of the regression line indicates that range of quantification is accurate between 
lo3 and lo* copies. The lOto standard appears to tail off and is not in the linear range 
of accurate quantification. This will also happen at lower standards (108, 107) if the 
amplification cycle number is too high. If this occurs, reduce the cycle number by two 
and rerun the experiment. 

9. Pipet 45 pL of the PCR products from under the mineral oil and place into 
sterile, clearly labeled 0.5~mL tubes. If products are not to be immediately 
separated on gel, store at -20°C. 

10. Separate 10 pL of each product (with 1 pL of DNA 10X sample buffer) on a 
1.5 or 2% TAE gel (see Note 6) until the loading dye is about half-way down 
the gel (see Chapter 30, Subheading 3.1.4., for details on gel electrophoresis 
methodology). 

11. Turn off power supply and remove gel and gel tray to glass dish. Photograph 
the gel in the gel tray on a W light box. 

12. Prepare the gel for transfer: Continue as outlined in Subheading 3.1.3.1. 
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0.01 0.05 0.1 0.5 1.0 

1.268, 

l&+8 - 

0.0 0.2 0.4 0.6 0.8 1.0 

Total RN/I W 
I 

Fig. 5. Quantification of RNA dilution curve: These data show a representative 
RNA dilution and the resulting signal as detected by Southern blotting and hybridiza- 
tion to OecNOS asymmetric PCR probe. Total RNA is plotted against counts from the 
phosphorimaging scan (linear scales). The high correlation of the regression line indi- 
cates that 0.05-l pg of total RNA may be accurately quantified. We chose 0.1 pg of 
RNA since the counts for this standard fell well below that of the top standard. It is not 
best to choose a concentration that is too small. Alternatively, if the signal is so high 
that less than 0.01 pg of RNA is needed, Northern analysis may be more appropriate. 

13. Generate a plot of log of plasmid copy number vs densitometric counts from 
the Southern blot as in Fig. 4. Generate a plot of total RNA concentration vs 
densitometry counts from the Southern blot as in Fig. 5. 

3.2. Slot-Blot Analysis 
Slot blotting of as little as 1 pg RNA per slot is sufficient for normalization of 

data using end-labeled 28s rRNA oligonucleotide probe. This method takes some 
practice if one is not familiar with it. Prepare the apparatus first. Calculate vol- 
umes for 1 pg of total RNA before taking aliquots for analysis and keep on ice. 
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3.2.1. Slot-Blot Setup 

1. Soak the lid, gasket, and support base in DEPC water before use (overnight pref- 
erably). Rinse in ethanol and dry before use 

2. Cut MagnaGraph membrane to size using template and soak with three precut 
filter pads m 20X SSC Place in apparatus so the filter paper fits in the recess and 
the membrane is sandwiched between the hd and the gasket Tighten the thumb 
screws to ensure vacuum seal. 

3 From the vacuum tap to the slot blotter fit in this order vacuum regulator, 250 mL 
conical flask trap, three-way tap with bleed (needle) valve, and slot blotter. 

4. Place 125 pL 20X SSC m each well Wait until samples are m the water bath 
before continuing. 

3.2.2. Preparation of Samples 

1 Aliquot 1 pg of sample and make up to 10 pL with molecular-biology grade H,O 
Add 40 pL TE pH 7 5 (alternatively, take samples up to 45 pL molecular biology 
grade H20, but add 5 uL 10X TE pH 7.5). 

2. Denature samples by addmg 35 pL 20X SSC and 20 pL formaldehyde. Heat all 
samples for 15 mm m a 60°C water bath. 

3 Remove all samples to ice and wait 3 mm. 

3.2.3. Loading Samples to Membrane 

1 Open the bleed valve and the vacuum regulator valve Turn the three way tap so 
the slot blotter is not subject to vacuum Set the vacuum to read 1 psi only, with 
the vacuum regulator valve closed Open the bleed valve three more turns 

2. Turn the three way tap to allow vacuum to the membrane Retighten/check the 
screws. The liquid (Subheading 3.2.1., step 4) should take at least 7 5 mm to 
dram. If not, readJust bleed valve 

3 Turn three way tap to allow air flow through both the bleed valve but isolate the 
slot blotter 

4. Load samples to wells (105 pL each), and reset the tap to apply vacuum to 
samples. Allow to draw through (at least 7.5 mm). Do not allow the pipet tips to 
touch the membrane, causing a false signal 

5. Apply 20X SSC to each well (150 pL) to wash samples on. Contmue vacuum 
until all are drained If any dram early keep the membrane wet by spottmg with 
20x ssc 

6. Disassemble apparatus and crosshnk the membrane 120 mJ Store m a heat-sealed 
bag at -2OOC until hybridization 

3.2.4. Generation of End-Labeled 28s Oligonucleotide Probe 

The PCR thermal cycler can be used for all incubations in this process. One 
may also use water baths. Since two incubations are needed (65”C, then 37OC), 
the cycler is a more efficient tool. Program the incubations as soak programs or 
time delay programs linked to 4°C soak. 
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1. Dilute oligonucleotide to 100 ng/pL in molecular biology grade water. 
2. Add to a OS-mL reaction tube: 12 pL. molecular biology grade water and 2 p.L 

oligonucleotide 
3. Incubate 6YC, 2 mm, then immediately place on ice 
4. Add 5 p.L 5X Kmase buffer, 5 l.tL [32P-y]dATP, and 1 pL T4 Kinase (10 U/l.tL) 
5. Mix reaction mrxture by repeated pipeting action. Incubate 37°C for 30 min. 
6. Stop labeling reaction by addition of 1 pL of 0.5 MEDTA (final concentration of 

15 mM). Place on ice (see Note 9). Add 24 pL of TE pH 7.5 (final volume 50 pL). 
7. Purtfy the labeled oiigonucleotide using the Quick Spin columns Follow the 

manufacturers instructions. 
8. Determine activity of labeled ohgonucleotide. Place 1 pL of the purified ohgo- 

nucleotide m 10 mL of scinttllatton fluid. Usmg a scintillation counter, deter- 
mine dpm for 32P. Use enough labelled ohgonucleottde for lo6 dpm per mL of 
hybridizatton buffer. 

9. Store at -20°C. Labeled probe can be stored at -20°C for approx 1 wk. 

32.5. Hybridization wrth Labeled Probe 

1 Prehybridize the membrane overnight, as outlined m Chapter 29, Subheading 3.1.4 
2. Immediately before usmg the probe, pellet any partrculate matter present by cen- 

trifugation for 5 mm. Transfer volume of probe to be used to fresh PCR tube and 
incubate 95°C for 2 mm. Chill on ice for 3 mm. 

3 Add 32P-oligonucleotide probe to prehybridtzation solutton 
4 Hybridize overnight or at least 6 h. 
5. Discard used probe in radioactive liquid waste. Wash once with 20 mL 2X SSC/ 

0.1% SDS, 15 min, 42”C, and discard as radioactive liquid waste 
6. Wash blot with 20 mL 0.1X SSC/O.l% SDS, 30 min, 42”C, m hybridization oven. 

Discard first wash as radioactive liquid waste. 
7 Wash blot with 20 mL 0.1X SSC/O. 1% SDS, 30 min, 42”C, in hybridization oven 
8. Dry the blot on a clean paper towel. Wrap the blot in plastic wrap 
9. Expose to phosphorimager or film overnight and then expose to film for several days 

as appropriate. Quantify usmg scanning densitometry, correcting for background. 

4. Notes 
1. The plasmid plus Insert stock solution should be made up, tf possible, to between 

0.5 and 1.0 &L. The working stock should be a dilution of the concentrated 
stock to 10 ng/& If the plasmid plus insert sequence is longer than 4.0 kb, a 
more concentrated working stock (approx 50 ng/pL) will be needed. 

2. The T,,, used is that calculated from the primers design A calculated T,,, may vary 
for the same oligonucleottde from one manufacturer to the next according to the 
allowance for neighboring groups. Therefore, we recommend using the T, given 
by the software package “Primer Designer” (Durham, NC), version 1 .O 1 (1990) 
or later, Sctenttfic and Educational Software (see also Note 4). 

3 All PCR reagents and templates should be kept on ice throughout the procedure. 
RNA should be kept thawed for minimum time. Make one master mix of the 
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reagents so that an equal concentratron is present m each of the reactron tubes. 
To ensure maximum performance from enzymes, do not take them out of the 
freezer until you need to add them to the master mrx, and put them back right 
after use. It is also helpful to vortex all reagents and templates before use, since 
they have been frozen at low temperatures of -20 or -70°C. Gently vortex RNA 
samples (setting 4-5); shearing or deterioration of the strands will occur at 
hrgher speeds. 

4 r, may be different according to method of calculation. Therefore, tf no apparent 
change in products is observed, then repeat experiment over a wider temperature 
range until the top annealing temperature tested shows a loss of product relatrve 
to products from lower annealing temperatures. 

5. Generally, the followmg list can be used to determme denaturmg and extending 
periods for PCR amplrfication: 

Length of insert < 500 bases 500-750 bases 
Denature 30 s 1 min 
Extend 30 s 1 min 
Whereas we have successfully run assays for products from 200-750 bases, 

we recommend generating products of 300-500 bases using the shorter program 
6. For products ~500 bases, use a 2% gel. For products between 500 and 1000 bases, 

a l-1.5% gel can be used. The mass ladder ~111 mdrcate the product size if no 
standard IS avarlable 

7 On a Perkm Elmer TCl or 480 cycler, the counter displays the number of cycles 
remaining not including the cycle that IS presently runmng After the 25th cycle 
has been completed, 10 cycles remain, however the counter reads 9 smce a cycle 
IS already runnmg 

8. Exposure must be suffictent to allow detectron of the lower standards as well as 
the upper standards. Our experience 1s that 5- to 15-mm exposures to phos- 
phorimager are sufficient when there 1s moderate signal and the probe/radro- 
actrvrty is fresh. The time needed to expose to film is approx four times longer 
than used for phosphorrmagmg. 

9. At thus point, one may skip the bindmg column if abundant message is expected 
or if background IS not usually a problem (depending on membrane). In that case 
bring the labeled product up to 200 uL with molecular-biology grade Hz0 (after 
stoppmg the reactton with 0.5 MEDTA).Use half to all of the final volume in the 
hybridization procedure. 
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