


Chapter 1 

The Lowry Method for 
Protein Quantitation 

Jaap H. Waterborg and 
Harry R. Matthews 

University of California, Department of 
Biological Chemist y, School of 
Medicine, Davis, California 

Introduction 

The most accurate method of determining protein 
concentration is probably acid hydrolysis followed by 
amino acid analysis. Most other methods are sensitive to 
the amino acid composition of the protein and absolute 
concentratrons cannot be obtained The procedure of 
Lowry et al. (I) IS no exception, but its sensitivity is mod- 
erately constant from protein to protein, and rt has been so 
widely used that Lowry protein estimations are a com- 
pletely acceptable alternative to a rrgorous absolute deter- 
mination m almost all crrcumstances where protein mix- 
tures or crude extracts are involved. 
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2 Waterborg and Matthews 

Materials 

1. Complex-formzng reugen t: prepare rmmedrately before 
use by mixing the followmg 3 stock solutrons A, B, and 
C m the proportron 100: 1: 1, respectively. 

Solution A* 2% (w/v) Na2C03 m dlstllled water 
Sol&on B* 1% (w/v) CuS04 5H20 m dlstllled water 
Solution C: 2% (w/v) sodium potassium tartrate m distilled water 

2. 2N NaOH 
3. F&n reagent (commercrally available): Use at 1N 

concentration. 
4. Standards. Use a stock solutron of standard protein 

(e.g., bovine serum albumin fraction V) contammg 4 
mg/mL protein in distilled water stored frozen at 

- 20°C. Prepare standards by diluting the stock solu- 
tion with drstrlled water as follows* 

Stock 
solution FL 0 1 25 2 50 6 25 12 5 25 0 62.5 125 250 

Water PL 500 499 498 494 488 475 438 375 250 
Protein 

concentration &mL 0 10 20 50 100 200 500 1000 2000 

Method 

1. To 0.1 mL of sample or standard, add 0.1 mL of 2N 
NaOH. Hydrolyze at 100°C for 10 mm in a heating 
block or a boiling water bath. 

2 Cool the hydrolyzate to room temperature and add 1 
mL of freshly mixed complex-forming reagent. Let the 
solutron stand at room temperature for 10 mm. 

3. Add 0.1 mL of Folm reagent, using a Vortex mixer, and 
let the mixture stand at room temperature for 30-60 
min (do not exceed 60 mm). 

4. Read the absorbance at 750 nm rf the protein concentra- 
tion was below 500 kg/mL or at 550 nm if the protein 
concentration was between 100 and 2000 kg/mL. 

5. Plot a standard curve of absorbance as a functron of ml- 
tial protein concentratron and use rt to determine the 
unknown protein concentrations. 
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Notes 

1. If the sample is available as a precipitate, then dissolve 
the precipitate in 2N NaOH and hydrolyze as in step 1. 
Carry 0.2 mL aliquots of the hydrolyzate forward to 
step 2. 

2 Whole cells or other complex samples may need 
pretreatment, as described for the Burton assay for 
DNA (See Vol. 2). For example, the PCA/ethanol pre- 
cipitate from extraction I may be used directly for the 
Lowry assay or the pellets remaining after the PCA hy- 
drolysis (step 3 of the Burton assay) may be used for 
Lowry. In this latter case, both DNA and protein con- 
centrations may be obtained from the same sample. 

3. Rapid mixing as the Folin reagent is added is important 
for reproducibility. 

4. A set of standards is needed with each group of assays, 
preferably u-t duplicate. Duplicate or triplicate un- 
knowns are recommended. 
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Introduction 

An essential part of the characterization of any pro- 
tein is the determmation of Its molecular weight The 
method of choice for these determmatlons, because of its 
simplicity and rapidity, has most frequently been sodium 
dodecyl sulfate (SDS) gel electrophoresis (See Chapter 6). 
The alternatrve method of gel filtration under denaturing 
conditrons (1,2) has not been so widely used, in part as a 
result of the longer times required for a single run. How- 
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ever, recent developments in gel filtration supports for 
high pressure liquid chromatography (HPLC) have made 
more rapid separations possible, and thus gel permeation 
HPLC is becoming a widely used technique for molecular 
weight determmations (3,4). Gel permeation HPLC, in ad- 
dition to taking less time than SDS gel electrophoresis, al- 
lows easier quantitation and recovery of separated prote- 
ms, and the resolution is better than that achieved by gel 
filtration with conventional materials. 

The volume accessible to a protein m gel filtration 
supports depends on both its size and shape. Thus in or- 
der to determine molecular weight the sample protein 
must have the same shape as the proteins used for calibra- 
tion. In the presence of denaturants, such as 6M guani- 
dine hydrochloride, all proteins m their reduced state 
adopt a linear random coil conformation whose molecular 
radius is proportional to molecular weight (5). Under 
these conditions the molecular weight of a protein can be 
expressed m terms of its elution volume from the column 
(Z-3). 

Denaturation causes an increase in the mtrmsic vis- 
cosity of the protein, and hence an increase in its molecu- 
lar dimensions. Thus, under denaturing conditions the 
molecular weight exclusion limits of gel filtration matrices 
are lower than those m the absence of denaturant. Of the 
column supports used for gel permeation HPLC under 
denaturing conditions those of the TSK-G3000 SW type 
are suitable for proteins of less than 70,000 molecular 
weight (mw), whereas the TSK-G4000 SW type can be 
used for proteins up to 160,000 mw. 

Gel permeation HPLC in guamdme hydrochloride 
has proved to be a reliable and convenient method for ac- 
curate molecular weights determinations (3,4). A wide 
range of sensitivities can be covered, from femtomolar to 
nanomolar amounts. Because of the high absorbance of 
guanidine hydrochloride at < 220 nm, the eluate cannot 
be monitored at this wavelength, therefore proteins m the 
nanomolar range are detected by absorbance at 280 nm. 
The sensitivity of detection can be increased by 
mcorporatmg radioactive label mto the protein, for in- 
stance by reduction and [14C]-carboxymethylation of cys- 
teine residues 



Gel Permeabon HPLC 7 

Gel permeation HPLC is suitable for preparative pur- 
poses as well as analytical. Up to approximately 50 nmol 
can be separated on the standard size columns (7.5 x 600 
mm); amounts greater than this reduce the resolution of 
the separation Larger amounts can be separated either on 
preparative columns, or by successrve runs with 50 nmol 
aliquots. For preparative purposes, it may be advanta- 
geous to use buffers other than guanidine hydrochloride, 
such as urea/formic acid (6), nondenaturing buffers 
(4,7,8), or volatile buffers (8,9). However, the resolution of 
separation m these buffers is frequently not as good as 
that in guanidme hydrochloride, and inaccurate estimates 
of molecular weight will arise from any protein-protein or 
protein-column interactions that may occur. 

Materials 

1. 6M guamdme hydrochloride (GdHCl) in O.lM potas- 
sium dihydrogen phosphate. The pH of the buffer does 
not require adlustment and should be approximately 
4 5. GdHCl of the highest grade available must be 
used Filter the buffer through a 0.45 micron filter and 
thoroughly degas (either by applying a vacuum for 
5-10 mm until bubbling ceases, or by bubbling helium 
through the buffer for at least 5 min). Also filter and de- 
gas solutrons of water and methanol (HPLC grade) for 
washing the column after use. 

2. HPLC equipment, including an absorbance detector for 
280 nm and a chart recorder. 

3. Column for gel permeation HPLC, e.g., TSK-G type 
made by Toya Soda and sold by several manufacturers. 

4. 0.5M Tris HCl, pH 8.5, 6M GdHCl 
5. 10 mM Tris HCl, pH 8 5; 6M GdHCl 
6. 1M solution of dlthiothreltol. Store at -20°C in ali- 

quots; after thawing, use immediately and do not 
refreeze. 

7. [‘4C]-iodoacetamide (40-60 mCi/mmol) dissolved in 
0.5M Tris HCl, pH 8.5 and 6M GdHCl, and then stored 
at -20°C. Iodoacetamide (nonlabeled), stored at 4°C in 
the dark (if any yellow color is present, then 
recrystallize from heptanol) 
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8. 2,4-Dmltrophenyl (DNP)-lysine and Blue Dextran 2000, 
approximately 5 mg/mL solutions of each in 6M 
GdHCl, O.lM KH2P04 

Method 

1. 

2. 

3. 

4. 

Reduce and carboxymethylate the protein standards 
and the sample protem as described m Chapter 5, but 
dialyze first against 10 mM Tris HCl (pH 8.5) and 6M 
GdHCl, then agamst 6M GdHCl m O.lM KH2P04. 
Suitable protein standards are listed in Table 1. 
Flush the column at 1 mL/mm with water for at least 30 
min, followed by 6M GdHCl, O.lM KHJ?Oa until the 
absorbance at 280 nm drops and becomes stable. 
Zero the chart recorder and reduce the pump flow rate 
to 0.5 mL/mm. 
Determine the void volume (V,) and total available 
volume (V,) of the column by injecting a sample con- 
taining 90 ILL Blue Dextran and 10 FL DNP-lysine solu- 

TABLE 1 
Protein Standards for Gel Permeation HPLC in Guamdine Hydrochloride 

Column type Protein Molecular weight 

TSK-G3000SW Bovine serum albumin 66,300 
Ovalbumm 43,000 
a-Chymotrypsmogen 25,700 
Lysosyme 14,400 
Trypsln inhibitor 

(bovine) 6,500 
Insulin, B chain 3,420 
Insulin, A chain 2,380 

TSK-G4000SW RNA polymerase 
(E. co2z) B and B’ subunits 160,000 

Phosphorylase 6 92,500 
Bovine serum albumin 66,300 
Ovalbumin 43,000 
RNA polymerase 

(E. coli), IX subunit 39,000 
Trypsm inhibitor 

(soybean) 21,000 
Lysosyme 14,400 
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tions (peaks of a suitable height will be obtained at 280 
nm on the O-0.08 absorbance range). Measure the dis- 
tance on the chart recorder paper between the sample 
application and the location of the first and last peaks. 
V, and V, can then be calculated from the distances ob- 
tained for the first and last peaks respectively. After the 
DNP-lysme has been eluted, inject a mix of standard 
proteins, using amounts equivalent to the sample pro- 
tein. Adlust the sensitivity range to obtain suitable 
peak heights. 

5. For each protein, calculate the elution volume (V,) 
from the distance on the chart recorder between the 
sample application and the protein peak. The distribu- 
tion coefficient (&) can then be calculated using the 
following equation: 

A plot of molecular weight (M) to the power 0.555 
versus Kd to the power 0.333 will give a linear relation- 
ship. In Fig. 1 an elution profile and MO 555 vs Kdo 333 
plot are shown for a range of standard proteins on a 
TSK-G3000 SW 

6. Inlect the sample, after all standard proteins have 
eluted from the column. Calculate Kd and determine 
the molecular weight of the sample protein from the 
MO 555 vs Kdo 333 plot. 

7. Do not leave the column and HPLC equipment in 
GdHCl overnight, but flush with water for at least 30 
mm at a flow rate of 1 mL/min. If the column is not to 
be used the followmg day, then flush through with 
methanol for 30 min at 1 mL/min. 

Notes 

1. Reduction and carboxymethylation ensures that the 
protein adopts a linear random coil conformation m 6M 
GdHCl, and thus the elution volume will be gropor- 
tional to molecular weight (and hence M 55 vs 
Kd ’ 333 will be linear). This process also has the addi- 
tional advantage of allowing the introduction of 
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o 4 8 12 16 20 24 28 

Elutlon Volume (mls) 

MO.555 MO.555 
M M 

500 500 

300 4ooI 300 4ooI 

200 200 

100 100 

i\ jjx104 3x104 

0 , 

;-- jjx104 3x104 

- 2x104 - 2x104 

- 1x104 - 1x104 

- 5x103 - 5x103 
- 3x103 - 3x103 

OL-----J 
o-2 0.4 o-2 0.4 0.6 0.0 1-o 0.6 0.0 1-o 

0.333 
KD 

Fig 1 Typical elution profile obtained from TSK-G3000 SW 
column m 6M guamdme hydrochloride and the calibration 
curve for molecular weight determmations (Top) 40 PL of a 
mixture contammg bovine serum album (BSA), ovalbumm 
(OVA), lysosyme (LYSO), and bovine trypsm mhibitor (TI) was 
inlected onto a TSK-G3000 SW column (Pharmacia), equilibrated 
m 6M guamdme hydrochloride, O.lM KH2P04 wrth a flow rate 
of 0.5 mL/mm. The eluate was momtored at 280 nm. The void 
volume and total volume of the column were previously deter- 
mu-red with Blue Dextran 2000 and 2,4-dmitrophenyl-lysme 
(Bottom) The data were plotted accordmg to the equation grven 
m the text to give the calibration curve for molecular weight (M) 
determmation 
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14C-label into the protein, thus enabling more sensitive 
detection than absorbance at 280 nm. If 14C-label is not 
required, the [r4C]-iodoacetamide may be omitted 
from the carboxymethylation procedure. 

2. On TSK-G4000 SW columns, Blue Dextran 2000 may 
give two peaks, one at the void volume and one after 
the void volume. Thus ensure that V,, is determined 
from the first peak. For TSK-G3000 SW columns, 3H20 
gives more accurate determinations of Vt than does 
DNP-lysme. However, small inaccuracies m either V,, 
or Vt only effect the slope of the MO 555 vs Kdo 333 
plot, and do not effect the estimation of molecular 
weight. 

3. The chloride ions present in GdHCl will, when under 
high pressure, corrode stainless steel. It is therefore vi- 
tal that GdHCl is not left in the HPLC equipment for 
long periods-hence the necessity to flush out the 
equipment with water each day. 

4. To preserve the life of the column, all samples should 
be centrifuged before injecting into the system. If possi- 
ble a guard column sho- be attached m front of the 
analytical column. 

References 

1 Davison, I’. F. (1968) Proteins m denaturmg solvents gel 
exclusion studies Science 161, 906-907. 

2 Frsh, W W , Mann, K G , and Tanford, C (1969) The esti- 
mation of polypeptrde chain molecular weights by gel frltra- 
tion m 6M guamdme hydrochloride 1. Bzol Chem 244, 
49894994 

3 Ui, N (1979) Rapid estimation of the molecular weights of 
protein polypeptide chains using high-pressure liquid chro- 
matography m 6M guamdme hydrochloride Anal Blochem. 
97, 65-71 

4 Montelaro, R. C , West, M , and Issel, C J. (1981) High- 
performance gel permeation chromatography of protem m 
denaturing solvents and its application to the analysrs of en- 
veloped virus polypeptides Anal Blochem 114, 398406. 

5. Tanford, C (1968) Protein denaturation. Advan. Protean 
Chem. 23, 121-282. 

6 Waterfield, M D , and Scrace, G. T (1981) Peptrde separa- 
tron by liqurd chromatography using size exclusron and 
reverse-phase columns In Chromatographzc Sczence Series 
(Hawk, G L., ed ) vol. 18, pp. 135-158, Dekker, New York 



12 Mayes 

7 Jemk, R. A , and Porter, J. W. (1981) High-performance hq- 
urd chromatography of protems by gel permeation chroma- 
tography Anal. Blochem 111, 184188. 

8. Lazure, C , Denms, M., Rochemont, J , Seldah, N G., and 
Chretren, M. (1982) Purrfrcatron of radiolabelled and native 
polypeptrdes by gel permeatron high-performance hqurd 
chromatography Anal Brochem 125, 406414 

9. Swergold, G D., and Rubin, C. S (1983) Hugh-performance 
gel-permeatron chromatography of polypeptides m a vola- 
tile solvent. raped resolutron and molecular weight estlma- 
trons of protems and peptrdes on a column of TSK- 
G3000-PW Anal Btochem 131, 295-300 

0 



Chapter 3 

Immunoaffinity 
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Introduction 

The unique high specificity of antibodles, both 
polyclonal and monoclonal, makes them extremely valua- 
ble tools for rapid, selective purlflcation of antigens. In 
principle, the antibody immobilized on a column support 
is used to selectively adsorb antigen from a mixture con- 
taming many other proteins (1,2). The other proteins, for 
which the antlbody has no affinity, may be washed away, 
and the purified antigen then eluted from the 
immunoadsorbent. In order to dissociate the antigen from 
its high affinity antlbody, the conditions for elution are 
necessarily extreme (13) and thus must be carefully cho- 
sen to permit lsolatlon of active protem. 

Although the prmclples involved are relatively slm- 
ple, m practice many pitfalls may be encountered. How- 
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ever, by adopting a systematic approach to the develop- 
ment and optimization of the punfrcation protocol, these 
pitfalls can usually be avoided. 

Materials 

1. Monoclonal antibody, partially purified from ascites 
fluid or hybridoma supernatant by ammonium sulfate 
precipitation, ion-exchange chromatography (DEAE- 
cellulose), or affinity chromatography with either 
DEAE-Affi-Gel Blue (BioRad) or protein-A Sepharose 
(see Chapters 28-31). 

2. Affi-Gel 10 (BioRad), an N-hydroxysuccinimide ester of 
derivatized crosslmked agarose gel beads. 

3. O.lM HEPES, pH 7.5. 
4 1M ethanolamme HCl, pH 8. 
5. 10 mM sodium phosphate, 0.15M sodium chloride, pH 

7.4 (PBS). 
6. 10 mM sodium phosphate, 1M sodium chloride, pH 7.4 

(high salt buffer). 
7. 50 mM sodium citrate pH 3. 
8. 1M Tris. 
9. Stock solutron of sodium azide (20%). 

Method 

Preparation of Immunoadsorbent 
1. Dialyze the antibody solution (0.5-5.0 mg/mL) against 

HEPES buffer to remove all spurrous primary ammes 
such as Tris and free amino acids. 

2. Wash the Affi-Gel with 3 bed-volumes of rsopropanol, 
followed by 3 bed-volumes of ice-cold deionized drs- 
tilled water. This washing procedure must be com- 
pleted within 20 min and is best performed by filtration 
in a small Buchner funnel. 

3. Add the antibody solution to the washed gel (1 mg 
antibody/ml of gel) and agitate gently (e.g., by rotatmg 
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end-over-end) overnight at 4°C. Do not use magnetic 
stirrers since these may fragment the gel beads. 

4. Add 0.1 mL ethanolamine/mL gel, and agitate for 1 
hour further to block all unreacted ester groups. 

5. Assay the supernatant for unbound antibody; usually 
less than 10% of the antibody remains unbound. Since 
the N-hydroxy-succirumide released during the coup- 
lmg adsorbs at 280 nm above pH 2, dilute an aliquot of 
the supernatant in O.lM HCl and measure the protein 
absorbance at 280 nm. 

6. Wash the immunoadsorbent with HEPES buffer until 
all reactants are removed and the absorbance at 280 nm 
is zero. 

7. Precycle the immunoadsorbent with the buffers to be 
used for the purification procedure by washing with 5 
bed-volumes of high salt buffer followed by 5 volumes 
of sodium citrate buffer. 

8. Wash the immunoadsorbent with PBS to return the pH 
to neutrality and store at 4°C m the presence of 0.02% 
sodium azide. 

Immunoaffinity Purification 
1. Incubate the antigen containing extract (m PBS) with 

the immunoadsorbent by rotating end-over-end for 2 h 
at 4°C. 

2. Remove the supernatant by filtration and wash the 
immunoadsorbent with at least 10 bed-volumes of high 
salt buffer followed by 5 volumes of PBS. 

3. Elute the antigen batchwise as follows. Gently agitate 
the immunoadsorbent with 1 bed-volume of sodium 
citrate buffer for 10 min at 4°C. Remove the eluate by 
filtration. Repeat with three further applications of so- 
dium citrate buffer. Alternatively the immuno- 
adsorbent may be packed mto a column and eluted 
with sodium citrate buffer at a flow rate of 1 mL/min, or 
less. 

4. Adjust the pH of the eluate to neutrality with 1M Tris. 
5. Wash the immunoadsorbent with 5 bed-volumes of 

PBS and store at 4°C in PBS, 0.02% sodium azide. 
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Notes 

1. Since the most favorable conditions for purification 
may differ for each antigen and antibody, small-scale 
trials should be made to systematically optimize the 
various stages of the purification. In order to do this, a 
suitable assay for the antigen must be available (e.g., 
by enzymatic activity, radioimmunoassay, or SDS gel 
electrophoresis). The amounts of antigen and total pro- 
tein are therefore estimated in the extract before and 
after immunoadsorption, m the wash buffers and u-t 
the eluate. 
The various stages that can be optimized are discussed 
below 

(a) Antibody-to-Couplmg-Gel Ratio. Usually l-10 mg 
of antibody is coupled per mL of gel. High concen- 
trations may lead to reduced efficiency of binding 
because of steric hindrance, or to such strong bind- 
mg of the antigen that it cannot be readily eluted. 

(b) Couplmg Matrix. Cyanogen bromide (CNBr)- 
activated Sepharose (available commercially from 
Pharmacia) can also be used to couple antibody 
With both Affi-Gel and CNBr-activated Sepharose, 
the orientation of the antibody is random, and 
therefore the efficiency of the antigen-antibody in- 
teraction may be decreased. To overcome this, the 
antibody may be coupled usmg chemical 
crosslinkers, such as dimethyl pimelimidate, to ei- 
ther protein A-Sepharose or anti-immunoglobulm 
crosslinked to Affi-Gel or CNBr-activated Seph- 
arose. 

(c) Optimum Conditions for Antigen Binding. Buffers 
other than PBS may be more suitable for particular 
antigen purifications; optimum conditions are usu- 
ally within the pH range 6-9 and m the presence of 
approximately 0.15M salt. The time of mcubation 
of the antigen with immunoadsorbent may also re- 
quire optimization. 

(d) Reduction of Nonspecific Binding. Nonspecific 
binding of proteins to the immunoadsorbent may 
be minimized by addition to the antigen- 
containing solution of a nonantigen protein (e g., 
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bovme serum albumin), a non-ionic detergent 
(e.g., Trlton X-100), or an organic solvent (e.g., 
ethylene glycol). Altering the pH or increasing the 
ionic strength of the antigen solution may also de- 
crease nonspecific binding Alternatively, a non- 
immune antibody matrix (coupled in the same 
manner as the immunoadsorbent) can be used to 
pre-adsorb the extract before mcubatlon with the 
lmmunoaffmity matrix 

(e) Antigen-to-Antibody Ratio. Optimal elution and 
minimal nonspecific adsorption are usually ob- 
tained if the coupled antibody IS fully saturated 
with antigen. 

(f) Washing Procedures. To remove nonspecifically 
adsorbed protein, the lmmunadsorbent should be 
washed with several column volumes of buffer 
Optimal removal IS attained by altering either the 
ionic strength (e.g., 1M salt, or distilled water), or 
pH or by mcluslon of organic solvent (e.g., ethyl- 
ene glycol). Obviously under the conditions cho- 
sen the antigen must not be eluted from the 
immunoadsorbent. 

(g) Elutlon Conditions. The conditions used to elute 
immunoadsorbents are extreme (Table 1) and may 
cause denaturation and loss of activity of the antl- 
gen. Thus a study of the stability of the antigen un- 
der various potential eluting conditions must be 
made to determine the mmlmum and maximum 
conditions that the protein activity will withstand. 
These conditions can then be tested for elutlon of 
the antigen from the immunoadsorbent. Combma- 
tlons, such as denaturants at low pH, may be re- 
quired to disrupt antigen-antibody mteractlons of 
very high affmlty. Specific elution may be possible 
for some lmmunoadsorbents, e.g., if the lmmuno- 
determinant IS carbohydrate, the antigen may be 
eluted with the carbohydrate or an analogue. 

(h) Batch Procedure vs Column. The procedure de- 
scribed in the previous section uses a batch tech- 
nique throughout; alternatively, the lmmunoad- 
sorbent may be poured into a column at any stage 
during the purification. When the antigen extract 
is applied to the immunoadsorbent packed in a col- 
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Conditions for Elution from Immunoadsorbents 

Low pH (~3) 

High pH (<lo) 

50 mM glycme HCl, pH 2-3 
50 mM sodium citrate, pH 2.5-3 
1M propiomc acid 

0.15M ammonium hydroxide, pH 11 
0.15M NaCl 

Denaturants 

Chaotropic ions 
(up to 3 M) 

(CClaCOO- >> SCN- > 
CFaCOO- > C104 > I- > 

cl-) 

Polarity reducing 

Low ionic strength 

50 mM diethylamine, pH 11.5 
0.5% sodium deoxycholate 

4M guamdme hydrochloride 
8M urea 

3M sodium isothlocyanate 

3M sodium iodide 

Ethylene glycol (50%) 
Dioxan (10%) 

Distilled water 

umn, the flow rate should be low, < 20 mL/h 
Recycling the flow-through may allow further 
bmdmg of antigen. The direction of flow should be 
reversed for elution to prevent strongly bound an- 
tigens from interacting with the immunoadsorbent 
throughout the column before elution. If the affm- 
ity of the antibody for antigen is high, elution may 
be helped by stopping the flow for 10 min or 
longer when the column has been equilibrated in 
elution buffer. 

2. Monospecific polyclonal antiserum, obtained by immu- 
nization with purified protein, may be used instead of 
monoclonal antibody. The serum should be purified 
before use by one of the techniques suggested for 
monoclonal antibody purification. (See Chapter 31). 

3. Immunoaffmity chromatography has been successfully 
used to purify several membrane proteins. Because of 
the hydrophobic nature of these proteins, all solutions 
used throughout the purification must contain deter- 
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gent (e.g., Trlton X-100, NP40, or sodium deoxycho- 
late). Sodium deoxycholate 1s extremely effective for 
solubihzing membrane proteins, however, it IS mcom- 
patible with buffers of high ionic strength, or pH of less 
than 8.0 since a viscous gel is formed. One detergent 
may be exchanged for another during washing while 
the antigen 1s bound to the immunoadsorbent. Deter- 
gents may reduce the affmlty of antibody for antigen; 
thus, pilot studies must be made to determine the opti- 
mum conditions for solubilizatlon and the antigen-an- 
tibody interaction. 

4. If the antigen does not bind to the immunoadsorbent 
despite optimization of the extract conditions, then el- 
ther the affinity of the antibody IS too low or the coup- 
ling procedure has caused denaturation of the antl- 
body. The former cause is mtrmslc to the antibody and 
cannot be remedied. Denaturatlon upon coupling may 
be cu-cumvented by use of a different couplmg support, 
or by partially blocking some of the coupling groups 
prior to addition of antlbody (thus the gel is first mcu- 
bated with coupling buffer alone for a few hours, and 
then with the antibody). Alternatively the antibody 
may be noncovalently bound to lmmobllized protem A 
or anti-immunoglobulm. With this type of 
immunoadsorbent, antibody and antigen will be eluted 
together and therefore a further purification step will 
be required. 

5. Another problem that may be encountered IS that the 
antigen sometimes cannot be eluted from the 
lmmunoadsorbent. This may be the result of a very 
high affimty of the antlbody for antigen Since Fab frag- 
ments frequently have lower affmitles than the anti- 
bodies from which they are derived, an immuno- 
adsorbent made with Fab fragments may allow elution 
of the antigen. Alternatively the antigen may elute 
from the lmmunoadsorbent, but m an inactive form 
and therefore would not be detected. To test whether 
this IS the case, SDS gel electrophoresls should be used 
to analyze both the eluate, and an aliquot of the 
immunoadsorbent (boiled m 2% SDS for 2 min) for pro- 
tein of the appropriate molecular weight. 

6. The life of the lmmunoadsorbent will depend on how 
frequently it is used and the conditions required to 
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elute the antigen. The immunoadsorbent should be re- 
turned to normal conditions as soon as possible after 
elution, and should be stored at 4°C (not frozen) in the 
presence of a bacterial inhibitor. Centrifuging the 
antigen-containing extract to remove particulate matter 
will also preserve the life of the immunoadsorbent 
Also if proteases are present in the extract, inhibitors 
such as phenylmethyl sulfonyl fluoride (2 mM), 
iodoacetamide (2.5 mM), and EDTA (5 mM), should be 
added to protect both the antigen and antibody from 
proteolysis 
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Chapter 4 

Electrophoretic and 
Chromatographic 
Separation of 
Peptides on Paper 

E. L. V. Mayes 

Department of Protein Chemistry, Imperial 
Cancer Research Fund, Lincoln’s Inn 
Fields, London, England 

Introduction 

Electrophoresis and chromatography on paper have 
proved extremely useful techniques for the separation of 
small peptides prior to amino acid sequencing. Polarity 
determines the rate of migration of a peptide during chro- 
matography, whereas both charge and size are the mam 
determmants during electrophoresis. The two techmques 
therefore are complimentary, and when used in conjunc- 
tion can resolve most peptide mixtures into their pure 
components. 

Ideally the mixture to be separated should contam 
less than 20 peptides, since only a limited amount of a 
mixture can be loaded per chromatogram. These tech- 
niques therefore are frequently used for final separation 
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following an initial purification by either gel filtration or 
ion-exchange chromatography. On Whatman 3 MM paper 
up to 0.5 mg of peptrde mixture can be loaded per centi- 
meter (fivefold less on Whatman No. 1); heavier loadings 
result in distortion and streaking of the peptrde bands 
with a concomitant decrease m resolution. Optimum reso- 
lution 1s achieved with peptrdes of less than 20 ammo 
acids, thus these techniques are usually used for separa- 
tion of peptrdes obtained by enzymatic digestion (e.g , by 
trypsin, or Staphylococcus a~reus V8 protease) rather than 
those obtained by chemical cleavage (e.g., by cyanogen 
bromide). Peptrdes larger than 20 ammo acids remam at 
the origin in both electrophoresis and chromatography, 
and in addition then presence can cause streaking of 
smaller peptrdes during electrophoresis The peptrde mrx- 
ture must be free from salts that cause severe streaking of 
the peptide bands, thus the mitral purification steps, or 
the enzymatic digestion are best carried out in volatrle 
buffers (e.g., ammonium bicarbonate, acetic acid, pyridine 
acetate). 

Several stains can be used to visualize the peptides; 
some react with amino groups and therefore stain all pep- 
tides, e.g., nmhydrin, fluorescamme (I), whereas others 
are specific for peptrdes containing a particular ammo 
acid, e.g., phenanthrenequinone for argmme (2) or the 
Ehrlich test for tryptophan. Some stains are compatrble 
with others, thus allowing one chromatogram to be 
stained both for specific amino acids, and for all peptides 
(3). All these stains are destructive, and make the peptides 
unsuitable for amino acid sequencing. Thus for prepara- 
tive purposes narrow strips from the edges of the 
chromatogram are stained and the corresponding pep- 
tides marked and eluted from the unstained portion. 
Alternatively the whole chromatogram is stamed with a 
weak solutron of fluorescamme (Z), which reacts with only 
a small percentage of each peptide, but is sufficiently sen- 
sitive to allow their detection. 

Trial runs with small aliquots of the peptrde mixture 
are carried out in order to determine the optimum condr- 
tions for separation. By ludicious choice of the solvent 
mixture and the duration of the separation, all the pep- 
tides in a mixture can frequently be resolved by either 
chromatography or electrophoresis. More complex mix- 
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tures will require separation by one technique followed by 
the other. 

Materials 

1. Whatman chromatography paper No. 1 and 3 MM, 
sheet size 46 x 57 cm. 

2. Disposable plastic gloves. These must always be worn 
when handling the paper, since fingerprints will be 
stained by the sensitive stains used. 

3. Glacial acetic acid, pyridine and n-butanol, all A.R 
grade. 

4. Glass chromatography tanks for descending chroma- 
tography (at least 51 X 20 X 56 cm) complete with 
troughs. High-voltage flat-bed electrophoresrs appa- 
ratus fitted with safety cutoffs and cooling plates to 
take a maximum sheet size of 61 x 28 cm, and a high 
voltage power supply, to give at least 200 mA at 3 kV. 

5. Dressmaking pinking shears, sewing machme, and 
cotton. 

6. Electric fan heater or hair dryer. 
7. Mrcrosyringe with blunt-ended needle. The most use- 

ful sizes are 10 and 50 FL. 
8. Nmhydrin spray. Aerosols of nmhydrm solutron are 

commercrally available; otherwise a solution (0.25% m 
acetone) may be prepared and used with a universal 
aerosol spray. 

9. Oven (110°C) for developing ninhydrin-sprayed 
chromatograms. 

10 Flat-bottomed specimen tubes with approximately 10 
mL capacity. These are for collecting eluted peptides 
and should be siliconized with Repelcote. 

N.B.: n-butanol, pyrrdme, ninhydrin solutron, and 
Repelcote are all toxic and should therefore be used 
in a fume hood. 

Method 

Paper Chromatography 
1. Place a folded sheet of Whatman 3 MM m the bottom of 

the chromatography tank and saturate this with chro- 
matography solvent (see Table 1). Fill the trough with 



24 Ma yes 

-23 - 

2.5 t _ - - - 
41 _--_ 51 r DOWNWARD FOLD 

UPWARD FOLD 

SAMPLE AMPUCATION 
LINE 

EDGE CUT WITH 
PINKING SHEARS 

Fig 1 (a) Folding and marking of paper for chromatography. 
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Fig 1 (b) Posltlonmg of paper m chromatography tank. 
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UPWARD 
FLD 

9 

DOWNWARD 
FOLDS 

Fig. 1 (c) Foldmg of paper for electrophoresls All dlmenslons 
are given in centimeters 

solvent, close the lid, and allow the atmosphere within 
the tank to equllrbrate. Meanwhile, prepare the 
chromatogram. 

2. Cut a sheet of Whatman 3 MM m half lengthwrse and 
fold as shown in Fig. la. Draw a pencil lme 2 cm from 
the second fold to within 1 cm of either edge-this be- 
comes the guideline for loading the sample. The bot- 
tom edge of the sheet should be cut with pinking 
shears to ensure that the solvent runs evenly across the 
width of the chromatogram. 

3. Dissolve the peptlde mixture in aqueous solution (e.g., 
water, 0 1M acetic acid, or O.lM ammonmm bicarbon- 
ate) and centrifuge to remove any msoluble material. 
Using a microsyringe, load the sample (0.1-O 5 mg/cm) 
on the pencil line. The area of application should not 
touch the bench, the folds are usually sufficient to en- 
sure this does not happen Do not allow the width of 
the application strip to exceed 0.3 cm; this may require 
repeated applicatrons, drying between each with a 
warm au stream from a fan heater or hair dryer. 

4. When the sample IS dry, place the chromatogram in the 
tank with the downward fold in the trough and held m 
place with a glass rod; the upward fold should be over 
the antlslphon rod (see Fig. lb). 
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5. Leave the chromatogram to develop until optimum 
separation is achieved. The time required, usually be- 
tween 1 and 5 d, should be determined previously by 
trial separations of aliquots of the mixture (see notes). 

Paper Electrophoresis 

1. Cut a sheet of Whatman 3 MM in half lengthwise and 
fold as shown m Fig. lc. The position of the upward 
fold should previously be determined by trial runs on 
aliquots of the mixture (see notes), and for most pep- 
tide mixtures will be nearer to the anode. 

2. Load the peptrde mixture along the upward fold as de- 
scribed for paper chromatography. 

3. When the sample IS dry, evenly wet the electrophoreto- 
gram with the appropriate buffer (see Table 1). This is 
best done using a 10 mL pipet. First, run the pipet 
along the two downward folds, allowing a small 
amount of solvent to absorb onto the paper, which will 
then wet the sample application line by capillary action 
(do not wet the application line directly). The remam- 
der of the paper is then wetted by passing the pipet 
backwards and forwards across the width of the paper 
while allowing the buffer to slowly flow out of the pipet 
(do not overwet). Blot the paper (excluding the sample 
application line) between two sheets of Whatman 3 
MM and place it in the electrophoresrs apparatus. 

4. Fill the electrode troughs with buffer and make wicks 
the same width as the electrophoretogram by foldmg 
Whatman 3 MM paper. Wet the wicks with buffer, and 
blot with Whatman 3 MM. Place the wicks in the elec- 
trode troughs and overlap them onto the electro- 
phoretogram by approximately 1 cm. 

N.B.: Excessrve wettmg of either the electrophoretogram 
or wicks leads to condensatron, and subsequent 
short circuitmg of the current. 

5. Ensure that the water for the coolmg plates is turned 
on, and turn on the power supply. Electrophoresrs at 
l-2 kV for l-2 h is usually sufficient for the separation 
of most peptrde mixtures; the exact condrtions should 
be determined previously by trial runs. 
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Detection of Peptides and Their 
Elution 
1. When the chromatographrc or electrophoretrc separa- 

trons have finished, hang the paper to dry m a warm an 
stream from a fan heater or hair-dryer 

2. Cut 2-cm-wide strips from each long edge of the 
chromatogram and mark each so that they can later be 
lined up with the remainder of the sheet. 

3. Attach these strips to a sheet of Whatman No. 1 with 
paper chps, thus keeping them strarght and allowmg 
several side strips to be stained simultaneously. Spray 
the strips evenly with ninhydrin solution (do not 
overwet since this may cause the peptide bands to 
streak). After allowmg the strips to dry for a few mi- 
nutes, place them m a 110°C oven for 5 mm. The pep- 
tides should be clearly visible as blue bands; if not, the 
spraymg and heating process may be repeated. 

4. Match the strips wrth the chromatogram and draw 
lines across to connect the correspondmg peptrde 
bands on the two strips. 

5. The peptrdes are eluted from the unstained paper by 
descending chromatography with O.lM acetic acrd To 
do this, cut a sheet of Whatman No. 1 m quarters 
lengthwise. Sew a quarter sheet along each edge of the 
chromatogram and cut across the full width for each 
peptide band. One piece of the Whatman No. 1 1s 
folded as given for chromatography and the other cut 
mto a point (if the peptide band is wider than 3 cm, it is 
advisable to cut two pomts). These strips are placed m 
a chromatography tank with O.lh/I acetic acid m the 
trough. Silrconized tubes are placed under each point 
to collect the eluted peptrdes (if a large tank 1s used, the 
tubes can be placed on a glass shelf supported at the 
correct height in the tank). Leave for 24 h before 
removing the tubes and drying the eluted samples ZM 
uucuo over sodium hydroxide and phosphorus 
pentoxrde. 

Notes 

1. The optimum conditrons for peptrde separation wrthm 
one chromatogram or electrophoretogram are deter- 
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mu-red by preliminary trial separations wrth ahquots of 
the mixture. Approximately 0.1-0.5 mg of mixture is 
loaded across a 1 cm strip; thus one-half sheet of 
Whatman 3 MM can be used for 11 trial separations, 
each mixture being separated from the next by 1 cm. 
For chromatography it IS only necessary to determine 
the optimum time for separations, while for 
elecrophoresis the time, voltage, and positron for 
sample application must be determined. Some com- 
monly used chromatography solvents and electropho- 
resis buffers are shown in Table 1 

2. Other stains besides nmhydrin can be used for the de- 
tection of peptldes (see Table 2 and Chapter 21). Unfor- 
tunately the use of stained side strips does not detect 
irregularities m the peptrde bands across the width of 

TABLE 1 
Useful Solvents for Paper Chromatography and Electrophoresrs 

Method Composition, v/v 

Chromatography n-Butanol : acetic acid water 
. pyrrdme 

30 9 24:20 
n-Butanol * acetic 

acid water: pyrldme 
15 3 12.10 

n-Butanol acetic acid water 
4 1.5 (upper phase only, 

lower phase 
m bottom 

of tank) 
Electrophoresrs Pyrrdme * acetic acid water pH35 

1 10.289 
Pyrrdme acetic acid * water pH48 

3.3 395 

Pyrrdme : glacial acetic pH65 
acid. water 
25 1 225 

Formic acrd acetrc acrd water pH 1.9 
52.29.919 
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the chromatogram. This may be overcome by spraying 
the chromatogram lightly with a weak solution of 
fluorescamine (0.001-0.0005% in acetone), after an mi- 
tial treatment with 3% pyridine in acetone (I) Only a 
small portion of the free amino groups react under 
these conditions, allowing visualization of the peptides 
by fluorescence under UV light (366 nm) without ren- 
dering all the peptides unsuitable for sequencing. 
Fluorescamine (0.01% in acetone) is also considerably 
more sensitive than nmhydrin, detecting as little as 0 1 
nmol/cm*, compared to 5 nmol/cm*, and thus can also 
be used for staining side strips. 

3. The main problem encountered during paper electro- 
phoresis or chromatography is uneven migration 
and/or streaking of the peptide bands. Several factors 
can cause the occurrence of this phenomenon: (a) The 
presence of nonvolatile salts in the sample; (b) peptides 
too large (ideally < 20 amino acids); (c) too much 
sample applied (not more than 0.5 mg/cm); (d) exces- 
sive wetness during electrophoresis; (e) insufficient 
cooling during electrophoresis; (f) an uneven tempera- 
ture gradient m the chromatography tank (e.g., be- 
cause of exposure to draft or to direct sunlight); (g) ex- 
cessive wetting with staining agent. 

4. It is essential that pure solvents are used since impuri- 
ties such as aldehydes may lead to loss of aromatic 
acids. The addition of a trace of l.3-mercaptoethanol to 
the solvent prevents autoxidation of methionme and 
cys teine derivatives . 

5. Cleanliness is essential to avoid contammation of the 
peptides with either proteases or microorganisms. 
Thus all surfaces should be cleaned regularly with 70% 
ethanol to remove microorganisms and dust. Chroma- 
tograms must be handled at all times with either dis- 
posable plastic gloves or forceps 

6 The purity of eluted peptides can be assessed by trial 
runs under different conditions as outlmed previously. 
Ultimately N-terminal analysis (see Chapter 23) indi- 
cates whether the peptide is sufficiently pure for ammo 
acid sequencing. 

7. Yields from paper depend on the properties of the pep- 
tide, and are usually between 60 and 80%, but some- 



TABLE 2 
Alternative Stams for the Detection of Peutldes” 

Stain 

Nmhydnn-collzdzne (4) 

Specificity Color Sensitivity 

600 mL ethanol + 200 mL glacial acetic acid + 80 Free ammo groups Vanous (pink, yellow, 5 nmol cmm2 
mL collldme + 1 g nmhydrm green, blue purple) 

Store 4°C 
Develop 5-10 mm 80°C Colors fade, store stained 

papers -20°C 
lodzne-starch(5) 

Spray with lodme solution (0 5% m chloroform) 
Leave room temperature to dry 

Peptlde bond Blue black >5 nmol cm-2 

Spray with starch solution (1% m water) 

Ehrlzch reagent (3,4) 
2% (w/v) p-dlmethylammobenzaldehyde m ace- 

tone, lmmedlately before spraying muc 9 vol 
with 1 vol cone HCl 

Tryptophan Blue purple 5 nmol cmP2 

Develop for a few minutes room temperature 
Can be used after nmhydrm, but will bleach 

nmhydrm colors 

Phenanthrene-1,2-qumone (2) 
0 02% Phenanthrene-1,2-qumone m absolute eth- 

anol (A), store m dark 4°C for months 10% 
(w/v) NaOH m 60% (v/v) aqueous ethanol, (B), 
store 1 month 

Argmme Greenish-white fluores- 
cence against dark back- 
ground 

0 1 nmol 
cmm2 



MIX equal parts A and B prior to spraying 
Dry at room temperature, 20 mm 
Vlsuahze with UV (254 or 366 nm) 

Puuly test (3,4) 
1 g sulfarulamlde + 1OmL 12M HCl + 90 mL 

water, (A), 5 g NaN02 m 100 mL water, (B), 50 
mL saturated Na2C03 + 50 mL water, (C) 

Store all solutions 4°C MLX 5 mL A + 5 mL B 
Add 40 mL n-butanol after 1 mm Shake 1 mm, 

leave to settle, use butanol layer to spray or dip 
chromatogram 5 mm at room temperature 
Spray with C for lmldlzoles other than hlstldme 

Nzfrosonaphfhol Test (3) 

3 0 1% (w/v) cw-mtroso-/3-naphthol m acetone (A), 
a acetone cone HN03 (9 1, v/v) (B), freshly pre- 

pared 
Dip or spray with A. Dry 
Dip or spray with B Dry 5-10 mm 
Heat gently with hot air 

‘See also Chapter 21 

Hlstldme Cherry red 

Tyrosme Dull brown 

5 nmol cme2 

Tyrosme Rose on yellow, back- 
ground color fades 

10 nmol 
cmP2 
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times as low as 20%. If smaller amounts of peptides are 
fractionated Whatman No. 1 may be used and up to 0 1 
mg/cm loaded (when wet, Whatman No 1 tears easily 
and therefore should be handled with care). 
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Chapter 5 

Peptide Mapping by 
Reverse-Phase High 
Pressure Liquid 
Chromatography 

E, L. V. Mayes 

Department of Protein Chemistry, Imperial 
Cancer Research Fund, Lincoln’s Inn 
Fields, London, England 

Introduction 

Reverse-phase hrgh pressure liquid chromatography 
(HPLC) has proved to be an extremely versatile technique 
for rapid separation of peptides (reviewed u-t ref. 1). One 
of its uses is for peptide mapping, or “fmgerprmting” 
(2-5) as an alternative procedure to the conventional two- 
dimensional separations on paper or thin-layer supports 
(See Chapter 21). Although the map obtained IS one di- 
mensional, the excellent resolving power of reverse-phase 
HPLC enables separation of the majority of peptrdes 
within a mixture. HPLC offers the advantages of high 
reproducibihty, easy quantrtation, and rapid analysis 
time, and IS also suitable for automatron. 

33 
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A wide range of sensitivities (from subfemto- to 
nanomolar amounts) can be covered by use of an appro- 
priate method for detection of the peptides. For 
nanomolar quantities the eluate is monitored at two or 
more wavelengths, thus detecting all peptides (at < 220 
nm), and only those containing aromatic amino acids (ty- 
rosine and tryptophan at 280 nm; phenylalanine at 255 
nm). The sensitivity of detection IS increased to picomolar 
levels by either fluorescence detection of tyrosine and 
tryptophan (6) or postcolumn fluorescent derivatization 
with fluorescamme (3,7) or o-phthalaldehyde (6,7). By in- 
corporation of radioactive label into proteins, as little as 
subfemtomolar amounts may be analyzed. To minimize 
peptide losses at these low levels, unlabeled carrier pro- 
tein (e.g., bovme serum albumin) should be added prior to 
proteolysis. Protems can be labeled biosynthetically with 
ammo acids (e.g., 35S-methionme, 3 S-cysteine, 3H- 
lysine) thus allowmg positive identification of precursors 
produced during in vivo pulse labeling or m vitro transla- 
tion (4). Alternatively, the label can be introduced 
postsynthetically by modrficatron with radioactive rea- 
gents (e.g., 1251-iodination, i4C-carboxymethylation). Ra- 
dioactive labeling can also be useful for peptide maps on 
larger amounts of protein, thus allowing the identification 
of peptides containing specific ammo acids (e g , cysteine 
or methionme). 

For reverse-phase HPLC of peptides, the most suita- 
ble column supports are the cyanopropyl-(CN-), 
ocytl-(Ca-), or octadecyl-(Ci8-) sihca types (the latter two 
usually give better separation than the CN-silica types). 
Several buffers have been used for peptide separation, 
such as orthophosphoric acid (2), pyridine-acetic acid (3), 
triethylammomum phosphate (7), and trifluoroacetic acid 
(TFA) (8). Peptides are eluted with mcreasmg concentra- 
tions of organic solvents, most frequently acetonitrile or 
n-propanol. In this laboratory, TFA/acetomtrile is 
routinely used, since it is both volatile, and allows high 
sensitivity detection by absorbance at < 220 nm. 

Materials 

1. 0.1% TFA (buffer A) and 0 1% TFA/60% acetomtrile 
(buffer B). TFA and acetomtnle should be HPLC or 
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sequencing grade, and the water used must be free of 
organic contaminants (most laboratory distilled water 
requires further purification, e.g., by use of a Millipore 
Milli-Q system). Filter the buffers through a 0.45 p,m fil- 
ter to remove all particulate matter and degas (either by 
applymg a vacuum for 5-10 mm until all bubbling 
ceases, or by bubbling helium through for at least 5 
min) . 

2. HPLC equipment, includmg a solvent programmer and 
two detectors, one at 280 nm to monitor tryptophan- 
and tyrosme-containing peptides and the other within 
the range 205215 nm to monitor all peptides. 

3 Column for reverse-phase HPLC; either octyl-(Cs-) or 
octadecyl-(Cis-) silica type. 

4. 0 5M Tns HCl, pH 8.5-6M guanidine hydrochloride 
(GdHCl). The highest grade of GdHCl should be used. 

5. 10 n-&I Tris HCl, pH 8.5-2M GdHCl. 
6. O.lM ammonium bicarbonate. 
7. Stock solution of N-tosyl-L-phenylalanyl chloromethyl 

ketone- (TPCK-) treated trypsin, 10 mg/mL m 0.1 mM 
HCl. This solution can be stored at -20°C for months 
without loss of activity. 

8 1M stock solution of dithiothreitol (DTT). Store at 
-20°C in ahquots, after thawing, use immediately and 
do not refreeze. 

9. [r4C]-iodoacetamide (40-60 mCi/mmol) dissolved in 
0.5M Tris HCl, pH 8.5,6M GdHCl and stored at -20°C. 
Iodoacetamide (nonlabeled), if any yellow color is pres- 
ent the iodoacetamide must be recrystallized from 
heptanol Store the solid at 4°C in the dark. 

Methods 

Full Reduction and 
Carboxymethylation 
1. Dissolve the protein in 0.5M Tris HCl, pH 8.5-6M 

GdHCl at l-10 mg/mL. 
2. Make 10 mM m DTT and incubate at 37°C for at least 2 

h. 
3. Cool on ice and add 50 pC1 [i4C]-iodoacetamide. Incu- 

bate in the dark for 30 min on ice 
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4. Add iodoacetamide to 20 mM final concentration and 
incubate for a further 2 h m the dark and on ice. 

5. Dialyze against 10 mM Tris HCl, pH 8 5-2M GdHCl for 
at least 3 h and then twice against O.lM ammonium 
bicarbonate. 

These dialysis steps remove both the unreacted 
iodoacetamide (to ensure that methionine residues are not 
modified) and the GdHCl prior to proteolysis. 

Trypsin Digestion 

1. Add TPCK-treated trypsm (2% by weight of the pro- 
tein) and incubate for 24 h at 37°C. 

2. Stop the digestion either by inlectmg onto the HPLC 
column immediately, or by adding soyabean trypsin m- 
hibitor or N-tosyl-L-lysyl chloromethyl ketone (TLCK) 
in a slight molar excess over the protease. 

Reoerse-Phase HPLC 

1 Set a flow rate of 1 mL/min through the column and 
program a gradient of O-100% buffer B over 60 min 

2. Start the gradient and monitor at both wavelengths on 
the highest sensitivity If peaks are observed during the 
run then repeat this process until they disappear (see 
Notes) 

3. To check the system inlect a tryptic digest of a standard 
protein e.g., cytochrome c or bovine serum albumin. 
The injection volume can be up to 2 mL, but a better 
resolution is obtained with less than 200 FL. Up to ap- 
proximately 50 nmol of protein can be inlected per run 
on a 25 cm x 4.6 mm column. Ideally the amount of 
standard protein should correspond approximately to 
that of the protein of interest so that the sensitivities of 
the two detectors can be adlusted to give the optimum 
peak height. 

4. At 5 mm after the mlection, start the gradient. When 
the gradient has been completed, maintain 100% buffer 
B for a further 10 mm. The malority of peptides will 
elute between 0 and 40% acetomtrile (1 e., 0 and 67% 
buffer B), and should be sharp discrete peaks (see Fig. 
1) 
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Fig 1 Tryptlc peptlde map of bovine serum albumin. 500 kg 
of bovine serum albumin was dlgested for 24 h at 37°C with 
TPCK-trypsm (10 pg). The resultant digest was analyzed on a 
SynChropak C-18 column (SynChrom Inc ) m 0 1% TFA with an 
acetomtrlle gradlent of O-60% m 60 mm The eluate was mom- 
tored at 280 and 206 nm 

5. Allow the column to re-equilibrate at 0% buffer B for 10 
min prior to injection of the next digest. 

6 Repeat steps 3-5 for each protein digest. 

Notes 

1. Reductron of drsulfrde bonds followed by 
carboxymethylation of cysteine residues prevents the 
formation of mtermolecular disulfide bonds either be- 
fore or after proteolysis. Under the alkaline condmons 
used, the rodoacetamide reacts most rapidly with the 
cysteme residues, then with the throl groups of the 
DTT; thus, with a molar ratio of 1:2 of DTT to 
rodoacetamrde, alkylatron of methronine residues does 
not occur. The reaction may be optrmrzed rf the moles 
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of disulfide bonds in the protein are known; use a 2 
mM excess of DTT over disulfide bonds, and a 1. l-fold 
molar excess of iodoacetamide over the total thiol 
groups m the solution. 

2. If the protein is insoluble m ammomum bicarbonate, 
try the addition of urea to 2h4 to aid solubilization. Urea 
will not effect the digestion, but when mlected onto the 
HPLC column will give a large UV absorbing peak at 
the void volume; therefore, allow the absorbance to re- 
turn to baseline level before starting the acetonitrile 
gradient. 

3. At high sensitivities an increase m the absorbance at 
the lower wavelength may be observed as the propor- 
tion of buffer B increases. This results from absorbance 
by acetomtnle, and may be counteracted by addition of 
more TFA to buffer A (O.Ol-0.03%). Peaks may also be 
observed during the blank run that remain even after 
several acetonitrile gradients have been passed 
through the column. These peaks are caused by impu- 
rities in the buffers Provided the peaks are not too 
large, they can be subtracted from the peptide maps 
obtained; alternatively, the buffers will require further 
purification. 

4. To preserve the life of the column, all samples must be 
centrifuged before inlection. Also, if possible, a guard 
column (packed with a similar support material to that 
of the main column) should be used. 

5. Poorly resolved and broad peaks are normally a result 
of overloading the column with peptides; alternatively, 
the column may need to be replaced. 

6. Peptide mapping by HPLC covers a large range of 
sensitivity, from very small amounts of radioactive- 
ly labeled protein up to approximately 50 nmol. 
Protein may be radioactively labeled m vivo (e.g., 
35S-methionme, 3H-lysine) or in vitro (e.g., * I- 
iodination or 321’-phosphorylation). When the amount 
of radioactively labeled protein is small ( < 5 pg), a 
cold carrier protein (e.g , bovine serum albumin) 
should be added to mimmize losses; this has the addi- 
tional advantage of acting as an internal control on the 
reproducibility of the separation 
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7. In the procedure described here, trypsin is used to di- 
gest the protein This method of peptide mapping is 
also suitable for use with other proteases that generate 
small peptides, e.g., Staphylococcus aweus V8 protease. 
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Chapter 6 

SDS Polyacrylamide Gel 
Electrophoresis of 
Proteins 

B. J. Smith 

Institute of Cancer Research, Chester Beatiy 
Laboratories, Royal Cancer Hospital, 
Fulham Road, London, United 
Kingdom 

Introduction 

Probably the most widely used of techniques for 
analyzing mixtures of proteins is SDS polyacrylamrde gel 
electrophoresrs In this technique, proteins are reacted 
with the anionic detergent, sodmm dodecylsulfate (SDS, 
or sodium lauryl sulfate) to form negatively charged com- 
plexes. The amount of SDS bound by a protein, and so the 
charge on the complex, IS roughly proportional to Its size. 
Commonly, about 1.4 g SDS IS bound per 1 g protein, al- 
though there are exceptions to this rule The protems are 
generally denatured and solubrlrzed by their bindmg of 
SDS, and the complex forms a prolate elrpsoid or rod of a 
length roughly proportionate to the protem’s molecular 
weight Thus, proteins of either acidic or basic pl form 
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negatively charged complexes that can be separated on the 
bases of differences in charges and sizes by electrophore- 
sis through a sieve-like matrix of polyacrylamide gel. 

Thus is the basis of the SDS gel system, but it owes its 
popularity to its excellent powers of resolution that derive 
from the use of a “stacking gel.” This system employs the 
principles of isotachophoresrs, which effectively concen- 
trates samples from large volumes (within reason) into 
very small zones, that then leads to better separation of 
the different species. The system IS set up by making a 
“stacking gel” on top of the “separating gel,” which IS of a 
different pH. The sample is mtroduced to the system at 
the stackmg gel. With an electric field applied, ions move 
towards the electrodes, but at the pH prevarlmg in the 
stacking gel, the protein-SDS complexes have mobrlitres 
intermediate between the Cl- ions (present throughout 
the system) and glycinate ions (present in the reservoir 
buffer). The Cl- ions have the greatest mobility. The fol- 
lowing larger ions concentrate into narrow zones in the 
stacking gel, but are not effectively separated there. When 
the movmg zones reach the separating gel, their respec- 
tive mobilities change in the pH prevarlmg there and the 
glycmate ion front overtakes the protein-SDS complex 
zones to leave them in a uniformly buffered electric field to 
separate from each other according to size and charge. 
More detailed treatments of the theory of rsotachophoresis 
and electrophoresis generally are available u-r the literature 
(e.g., 1). 

The system of buffers used in the gel system de- 
scribed below is that of Laemmli (2), and IS used in a 
polyacrylamide gel of slab shape. This form allows simul- 
taneous electrophoresrs of more than one sample, and 
thus IS ideal for comparatrve purposes. 

Materials 

1. The apparatus required is available commercially or can 
be made m the workshop, but generally conforms to 
the design by Studier (3) The gel IS prepared and run 
m a narrow chamber formed by two glass plates sepa- 
rated by spacers of perspex or other suitable material, 
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as shown m Fig. 1. The spacers are longer than the 
glass plates (so that they are easy to remove), are about 
1 cm wide, and are of any thickness (say, 0.5-l mm for 
a thin gel). The sample wells into which samples are 
loaded are formed by a template “comb” that extends 
across the top of the gel and is of the same thickness as 
the spacers Typically, the “teeth” on this comb will be 
1 cm long, 2-10 mm wide, and separated by about 3 
mm. The chamber is sealed with white petroleum jelly 
(Vaseline). A dc power supply IS also required. 

2 Stock solutions. Chemicals should be analytical reagent 
(Analar) grade and water should be distilled. Stock so- 
lutions should all be filtered. Cold solutions should be 
warmed to room temperature before use. 

Fg. 1. The constructron of a slab gel, showmg the posltlons of 
the glass plates, the spacers, and the comb. 
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(1) Stock ncrylamlde s&&on (total acrylamrde con- 
tent, %T = 30% w/v, ratio of crosslmkmg agent to 
acrylamrde monomer, %C = 2 7% w/w) 

Acrylamlde 73 g 
BE acrylamrde 2 8 

Dissolve the above and make up to 250 mL m water 
This stock solutron IS stable for weeks m brown glass, 
at 4°C. 

(11) Stuck separatzng gel buffer 

SDS log 
“Tns” buffer 

[2-ammo-2-(hydroxymethyl)- 45 5 g 
propane-1,3-droll 

Drssolve the above in less than 250 mL of water, adlust 
the pH to 8.8 with HCl, and make the volume to 250 
mL. This stock solution is stable for months at 4°C. 

(III) Stock ammomum persulfate. 

Ammomum persulfate 1 0 g 

Dissolve in 10 mL of water. This stock solution is stable 
for weeks m brown glass at 4°C. 

(IV) Stock stackmg gel buffer. 

SDS log 
“Trrs” buffer 15 1 g 

Dissolve the above m less than 250 mL of water, adlust 
the pH to 6.8 with HCl, and make up to 250 mL. Check 
the pH before use. This stock solution is stable for 
months at 4°C. 

(v) Reservozr buffer (0.192M glycme, 0.025M Tris, 
0.1% w/v SDS). 

Glycme 28 8 g 
“Trrs” buffer 6.0 g 
SDS 2.0 g 

Dissolve the above and make to 2 L in water. The solu- 
tion should be at about pH 8.3 without adjustment. 
This solution is readily made fresh each time. 

(VI) Stock (double strength) sample solvent: 
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SDS 
P-Mercaptoethanol 

0 92 g 
2 mL 

Glycerol 
“7 rls” buffer 

Jog 

Bromophenol Blue 
03i3 

2 mL 
(0 1% w/v solution in water) 

Dissolve the above in less than 20 mL of water, adlust 
the pH to 6.8 with HCl, and make to 20 mL. Check the 
pH before use Exposed to oxygen m the air, the 
reducing power of the P-mercaptoethanol wanes with 
time. Periodically (after a few weeks) add extra agent or 
renew the solution. This stock solution 1s stable for 
weeks at 4°C. 

(~122) Protem stain. 

Coomassle Brilliant Blue R250 0 25 g 
Methanol 125 mL 
Glacial acetic acid 25 mL 
Water 100 mL 

Dissolve the Coomassle dye in the methanol compo- 
nent first, then add the acid and water. If dissolved m a 
different order, the dye’s staining behavior may differ. 
The stain 1s best used when freshly made. For best re- 
sults do not reuse the stain-its efficacy declines with 
use. If this dye 1s not available, use the equivalent dye 
PAGE blue 83. 

(VW) Destamng solutzon. 

Methanol 100 mL 
Glacial acetic acid 100 mL 
Water 800 mL 

Mix thoroughly. Use when freshly made. 

Method 

1 Thoroughly clean and dry the glass plates and three 
spacers, then assemble them as shown in Fig 1, with 
the spacers set l-2 mm in from the edges of the glass 
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plates. Hold the construction together with bulldog 
clips. White petroleum Jelly (melted in a boilmg water 
bath) IS then applied around the edges of the spacers to 
hold them in place and seal the chamber. Clamp the 
chamber in an upright, level position 

2. A sufficient volume of separating gel mixture (say 30 
mL for a chamber of about 14 X 14 X 0.1 cm) is pre- 
pared as follows. Mix the following: 

Stock acrylamlde solution 15 mL 
Distilled water 75mL 

Degas on a water pump, and then add. 

Stock separating gel buffer 7.5 ml 
Stock ammonmm persulfate sol&on 45 FL 
N, N, N’, N’-tetramethyl- 

ethylenediamme (TEMED) 15 PL 

Mix gently and use immediately (because polymeriza- 
tion starts when the TEMED is added). The degassmg 
stage removes oxygen, which inhibits polymerization 
by virtue of mopping up free radicals, and also discour- 
ages bubble formation when pouring the gel. 

3. Carefully pipet or pour the freshly mixed solution mto 
the chamber without generating air bubbles. Pour to a 
level about 1 cm below where the bottom of the well- 
forming comb will come when it IS m position. Care- 
fully overlayer the acrylamlde solution with butan-2-01 
without mixing (to eliminate oxygen and generate a flat 
top to the gel). Leave the mixture until it is set (0.5-1.5 
l-4. 

4. Prepare stacking gel (5 mL) as follows. MIX the 
following* 

Stock acrylamlde soiutlon 0 75 mL 
Distilled water 3 mL 

Degas on a water pump, then add. 

Stock stacking gel buffer 125 mL 
Stock ammomum persulfate solution 15 /.LL 
TEMED 5 FL 
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Mix gently and use immediately. 
Pour off the butan-2-01 from the polymerized 

separating gel, wash the gel top with water and then a 
little stacking gel mixture, and fill the gap remaining in 
the chamber with the stacking gel mixture. Insert the 
comb and allow the gel to stand until set (about 0.5-l 

h)* 
5. When the stacking gel has polymerized, remove the 

comb without distorting the shapes of the well. Re- 
move the clips holding the plates together, and install 
the gel in the apparatus. Fill apparatus with reservoir 
buffer. The reservoir buffer can be circulated between 
anode and cathode reservoirs, to equalize their pH 
values. The buffer can also be cooled (by circulating it 
through a coolmg coil m ice), so that heat evolved dur- 
ing electrophoresis is dissipated and does not affect the 
size or shape of protein zones (or bands) in the gel. 
Push out the bottom spacer from the gel and remove 
bubbles from both the top and underneath of the gel, 
for they could partially insulate the gel and distort elec- 
trophoresis. Check the electrical circuit by turning 
on the power (dc) briefly, with the cathode at the stack- 
mg gel end of the gel (i.e., the top). Use the gel 
immediately . 

6. While the gel is polymerizmg (or before making the 
gel), prepare samples for electrophoresis. A dry sample 
may be dissolved directly in single-strength sample sol- 
vent (i.e., the stock solution diluted twofold with 
water) or dissolved m water and diluted with one 
volume of stock double-strength sample solvent. The 
concentration of sample m the solution should be such 
as to give a sufficient amount of protein in a volume not 
greater than the size of the sample well. Some proteins 
may react adequately with SDS within a few minutes at 
room temperature, but as a general practice, heat 
sample solutions in boiling water for 2 min. Cool the 
sample solution before loading it. The bromophenol 
blue dye indicates when the sample solution is acidic 
by turnmg yellow. If this happens, add a little NaOH, 
enough to lust turn the color blue. 

7. Load the gel. Take up the required volume of sample 
solution in a microsyrmge or pipet and carefully inject 
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it into a sample well through the reservoir buffer. The 
amount of sample loaded depends upon the method of 
its detectlon (see below). Havmg loaded all samples 
without delay, start electrophoresis by turning on 
power (dc). On a gel of about 0.5-l mm thickness and 
about 14 cm length, an applied voltage of about 150 V 
gives a current of about 20 mA or so (falling during 
electrophoresis if constant voltage is employed) The 
bromophenol blue dye front takes about 3 h to reach 
the bottom of the gel. Greater voltage speeds up elec- 
trophoresls, but generates more heat in the gel. 

8. At the end of electrophoresis (say, when the dye front 
reaches the bottom of the gel), protem bands m the gel 
may be visualized by staining. Remove the gel from be- 
tween the glass plates and immerse it m the protein 
stain immediately (although delay of an hour or so is 
not noticeably detrimental m a gel of 15%T). The gel is 
left there with gentle agitation until the dye has 
penetrated the gel (about 1.5 h for 15%T gels of 0.5-l 
mm thickness). Dye that is not bound to protein is re- 
moved by transferring the gel to destaining solution. 
After about 24 h, with gentle agitation and several 
changes of destaining agent, the gel background be- 
comes colorless and leaves protein bands colored blue, 
purple, or red. Coomassle Brilliant Blue R250 and 
PAGE blue 83 each visibly stain as little as 0.1-l kg of 
protein in a band of about 1 cm width. 

Notes 

1 The reducing agent in the sample solvent reduces inter- 
molecular disulphide bridges and so destroys 
quarternary structure and separates subumts, and also 
oxidizes intramolecular dlsulflde bonds to ensure 
maximal reaction with SDS The glycerol is present to 
increase the density of the sample, to aid the loading of 
it onto the gel. The bromophenol blue dye also aids 
loading of the sample, by making It visible, and mdl- 
cates the posltlon of the front of electrophoresis in the 
gel. The dye also indicates when the sample solution is 
acldlc by turning yellow. 

2 The polymerization of acrylamlde and blsacrylamlde IS 
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mitiated by the addition of TEMED and persulfate. The 
persulfate activates the TEMED and leaves It with an 
unpaired electron This radical reacts with an 
acrylamide monomer to produce a new radical that re- 
acts with another monomer, and so on to build up a 
polymer. The bis acrylamrde is mcorporated mto poly- 
mer chains this way and so forms crosslmks between 
them. 

3. The gel system described is suitable for electrophoresls 
of proteins in the M, range of lO,OOO-100,000. Smaller 
proteins move at the front or form diffuse, fast-moving 
bands, whereas larger proteins hardly enter the gel, if 
at all. Electrophoresis of larger proteins requires gels of 
larger pore size, which are made by dilution of the 
stock acrylamide solution (reduction of %T) or by ad- 
justment of %C (the smallest pore size is at 5%C, what- 
ever the %T) The minimum %T is about 3%, useful for 
separation of proteins of molecular weights of several 
millions. Such low %T gels are extremely weak and 
may require strengthening by the mclusion of agarose 
to 0.5% w/v. Smaller pore gels, for electrophoresis of 
small proteins, are prepared by Increasing %T and ad- 
justment of %C. Such adjustment of %T and %C may 
be found empirically to improve resolution of closely 
migrating species. 

A combmation of large and small pore gels, suita- 
ble for electrophoresis of mixtures of proteins of wide- 
ranging sizes, can be made in a gradient gel, prepared 
with use of a gradient-making apparatus when pourmg 
the separating gel (see Chapter 7). 

4. Since proteins (or rather, their complexes with SDS) are 
resolved largely on the basis of differences m their 
sizes, electrophoretic mobility in SDS gels may be used 
to estimate the molecular weight of a protein by com- 
parison with protems of known size [as described in 
(I)]. However, it should be remembered that some pro- 
teins have anomalous SDS-binding properties, and 
hence anomalous mobilities m SDS gels. 

5. If necessary, the gel may be stored for 24 h (preferably 
in the cold) either as the separating gel only, under a 
buffer of stock-separating gel buffer diluted fourfold in 
water, or together with the stacking gel with the comb 
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Fig. 2. Examples of proteins electrophoresed on SDS 
polyacrylamide (15%T) gels and stained with Coomassie Bril- 
liant Blue R 250 as described in the text. Electrophoresis was 
from top to bottom. (a) Good electrophoresis. Sample, left, 
15qg loading of histone proteins from chicken erythrocyte nu- 
clei. Sample right, a 5-kg loading (total) of molecular weight 
marker proteins (obtained from Pharmacia). The M,s are, from 
top to bottom: phosphorylase b, 94,000; albumin, 67,000; oval- 
bumin, 43,000; carbonic anhydrase, 30,000; trypsin inhibitor, 
20,100; ol-lactalbumin, 14,400. (b) Examples of artifacts. Sample, 
left, the fastest (bottom) band has distorted as it encountered a 
region of high polyacrylamide density (which arose during very 
rapid gel polymerization). Sample, right, the effect on protein 
overloading of increasing a bands size (the sample proteins are 
as in sample, left). Extreme overloading may also cause narrow- 
ing of faster-migrating bands, as has happened here to some ex- 
tent (cf. fast bands’ widths with widths of bands in sample, left). 
(c) Example of an artifact. Sample, left, the “end well effect” of 
distortion of the sample loaded into the very end well, not seen 
in samples in other wells (e.g., sample, right). 
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Some Problems That May Arise During the Preparatron and Use of 
SDS Gels 

Fault Cause Remedy 

(1) 

(11) 

(14 
(4 

@I 

(3 

(4 

Farlure or a de- 
creased rate of 
gel polymeriza- 
tion 

Formation of a 
strcky top to 
the gel 

Poor sample wells 
The wells are dls- 

torted or bro- 
ken 

The wells contain 
a loose webbing 
of 
polyacrylamlde 

Unsatisfactory 
staining 

The staining IS 
weak. 

(a) Oxygen is pres- 
ent 

(b) Stock solutions 
(especially 
acrylamrde 
and persul- 
fate) are aged 

Penetration of 
the gel by 
butan-2-01 

(a) The stacking gel 
resists the re- 
moval of the 
comb 

(b) The comb fits 
loosely 

(a) The dye is 
bound meffr- 
ciently 

(a) Degas the solu- 
tions 

(b) Renew the stock 
solutions 

Overlayer the gel 
solution with 
butan-2-01 with- 
out mixing them. 
Do not leave 
butan-2-01 to 
stand on a poly- 
merized gel 

(a) Remove the comb 
carefully or use a 
gel of lower %T 

(b) Replace the comb 
with a trghter- 
fitting one 

(a) Use a more con- 
centrated dye so- 
lution, a longer 
stainmg time, or 
a more sensitive 
stain The stain 
solution should 
contain organic 
solvent (e g., 
methanol), 
which strips the 
SDS from the 
protein to which 
the dye may 
then bmd 

(contznued) 
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Fault 

Table 1 (confznued) 

Cause 

Smith 

Remedv 

(b) 

(4 

(4 

(4 

The stammg is 
uneven 

(b) The dye pene- 
tration or 
destaining is 
uneven 

Stained bands be- (c) The dye has 
come decolor- been removed 
ized from the pro- 

tein 

The gel is marked (d) Solid dye 1s 
nonspecifically present m the 
by the dye staining solu- 

tion 

Contammants are (a) The apparatus 
apparent and/or stock 

solutions are 
contammated 

(b) Nonprotem- 
aceous mate- 
rial u-t the 
sample (e.g , 
nucleic acid) 
has been 
stained 

(c) Samples have 
cross-contam- 
mated each 
other because 
of their over- 
loading or 
their sideways 
seepage be- 
tween the gel 
layers 

(confrnued) 

(b) Agitate the gel 
during stammg 
and destammg 
Increase the 
stammgidestam- 
mg time 

(c) Restain the gel Re- 
duce the 
destaining time 
or use a dye that 
stams protems 
indelibly, e g , 
Procion Navy 
MXRB (see 
Chapter 14) 

(d) Ensure full dissolu- 
tion of the dye, 
or filter the solu- 
tion before using 
1t 

(4 Cl ean or renew 
them as required 

(b) Try another stain 
that will not 
stain the 
contaminants 

(c) Do not overfill 
sample wells. 
Ensure good ad- 
herence of the 
gel layers to each 
other by thor- 
ough washing of 
the polymerized 
gel before appli- 
cation of subse- 
quent layers 
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Fault Cause Remedy 

(vi) Protem bands are 
not sufficiently 
resolved 

(vii) There are small 
changes m 
standard pro- 
teins’ electro- 
phoretic 
mobilmes from 
time to time 

(a) Insufficient elec- 
trophoresis 

(b) The separating 
gel’s pore size 
is incorrect 

(a) The amounts 
loaded differ 
greatly 

(b) The constituents 
of the gel vary 
in quality 
from batch to 
batch or with 
age 

(viii) Distortion of 
bands 

(4 Bands have be- (a) Proteins m the 
come smeared sample are m- 
or streaked soluble or re- 

main aggre- 
gated m the 
sample sol- 
vent 

There is msolu- 
ble matter or a 
bubble m the 
gel that has 
interfered 
with protein 
band migra- 
tion 

The pore size of 
the gel is m- 
consistent 

(a) Prolong the run 

(b) Alter the %T 
and/or %C of the 
separating gel 

(a) Keep the loadmgs 
roughly similar 
m size each time 

(b) Use one batch of a 
chemcial for as 
long as possible 
Replace aged 
stock solutions 
and reagents 

(a) Use fresh sample 
solvent and/or 
extra SDS and 
reducing agent 
in it (especially 
for concentrated 
sample solutions) 

Filter the stock so- 
lutions before 
use and remove 
any bubbles 
from the gel mix- 
tures 

Ensure that the gel 
solutions are 
well mixed and 
that polymenza- 
non is not very 

(contznued) 
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Smith 

Fault Cause Remedy 

04 Protein migration Part of the gel 
has been une- has been msu- 
ven (bands are lated 
bent) 

Electrxal leakage 

Coolmg of the 
gel is uneven 
(allowing one 
part of the gel 
to run more 
quickly than 
another) 

The band and/or 
Its neighbors 
are overloaded 

The sample well 
used was at 
the very end 
of the row of 

rapid (to slow It 
down, reduce 
the amount of 
persulfate 
added) 

(b) Remove any bub- 
bles adhering to 
the gel before 
electrophoresls 

Ensure that the 
side spacers are 
in place 

Improve the cool- 
mg of the gel, or 
reduce the heat- 
mg by reducing 
the voltage or 
ionic strength of 
buffers 

Repeat the electro- 
phoresls, but 
with smaller 
loadings. Leave 
gaps (I.e., un- 
loaded sample 
wells) between 
nelghbormg 
heavily loaded 
samples. If nec- 
essary, alter the 
system [e.g. see 
(vz)] and so the 
relative 
mobllltles of 
bands, so that 
they do not m- 
terfere with each 
other 

Avold using the 
end wells 

(contwzued) 



SDS Gels 

Table 1 (continued) 

55 

(4 

Fault Cause Remedy 

wells (the 
“end well ef- 
fect”) 

Bands are not of (c) The sample was (c) Check that the 
umform thrck- loaded une- sample well bot- 
ness venly toms are straight 

and horrzontal 
[see (m)] 

left in place to prevent drying out 
6. Proteins dissolved in sample solvent are stable for 

many weeks If kept frozen (at -10°C or below), al- 
though repeated freezing and thawing causes protein 
degradation 

7. The result of electrophoresrs m SDS gels ideally has 
protein(s) as thin, straight band(s) that are well- 
resolved from other bands. This may not always be so, 
however. Some faults and then remedies are given m 
Table 1. Some examples are shown m Fig. 2. 

8. Be wary of the dangers of electric shock and of fire, and 
of the neurotoxic acrylamide monomer. 
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Gradient SDS 
Polyacrylamide Gel 
Electrophoresis 

John 141. Walker 

School of Biological and Enoironmental 
Sciences, The Hatfield Polytechnic, 
Hatfield, Hertjordshire, England 

Introduction 

The preparation of fixed-concentration polyacryla- 
mide gels has been described in Chapter 6. However, the 
use of polyacrylamide gels that have a gradient of 
increasing acrylamlde concentration (and hence decreas- 
mg pore size) can sometimes have advantages over flxed- 
concentration acrylamide gels. During electrophoresis m 
gradient gels, proteins migrate until the decreasmg pore 
size impedes further progress. Once the “pore limit” is 
reached, the protein banding pattern does not change ap- 
preciably with time, although migration does not cease 
completely. There are three main advantages of gradient 
gels over linear gels 
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1. The advancing edge of the migrating protein zone is re- 
tarded more than the trailing edge, thus resulting in a 
sharpening of the protein bands. 

2. The gradient m pore size increases the range of molecu- 
lar weights that can be fractionated u-t a single gel run. 

3. Proteins with close molecular weight values are more 
likely to separate in a gradient gel than a linear gel. 

The usual limits of gradient gels are 3-30% acrylamide in 
linear or concave gradients. The choice of range will of 
course depend on the size of proteins being fractionated. 
The system described here is for a 5-20% linear gradient 
using SDS polyacrylamide gel electrophoresis. The theory 
of SDS polyacrylamide gel electrophoresis has been de- 
scribed m Chapter 6. 

Materials 

1. Stock acrylamide solution (30% acrylamide, 0.8% bis- 
acrylamide). Dissolve 75 g of acrylamide and 2.0 g of 
NJ’-methylene bisacrylamide in about 150 ml of 
water. Filter and make the volume to 250 ml. Store at 
4°C. The solution is stable for months. 

2. Buffers. (a) 1 875M Tns-HCI, pH 8 8 
(b) 0.6M Tns-HCl, pH 6 8 

I 

Store at 4oC 

3. Ammonium persulfate solution (5%, w/v). Make fresh 
as required. 

4. SDS solutron (10% w/v). Stable at room temperature. In 
cold conditions, the SDS can come out of solution, but 
may be redissolved by warming 

5. N,N,N’,N’-Tetramethylene diamme (TEMED). 
6. Gradient forming apparatus (see Fig. 1). Reservoirs 

with dimensions of 2.5 cm id and 5.0 cm height are 
suitable. The two reservoirs of the gradient former 
should be linked by flexible tubing to allow them to be 
moved independently. This is necessary since although 
equal volumes are placed m each reservoir, the solu- 
tions differ in their densities and the relative positrons 
of A and B have to be adlusted to balance the two solu- 
tions when the connecting clamp is opened. 
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A B 

I' 

-=P 
l%gnet1c 5!z1rrer Gel plates 

Perlstaltlc pump 

Fig. 1 Diagram of an apparatus for forming gradlent gels 

Method 

1. Prepare the followmg solutrons, A and B. 

Solution A, mL Solution B, mL 

Trls, pH 8.8 3.0 30 
Water 9.3 06 
Stock acrylamlde, 30% 2.5 10.0 
10% SDS 0 15 0 15 
Ammonium persulfate (5%) 0.05 0 05 
Sucrose - 22g 

(equivalent to 
1.2 mL volume) 

2. Degas each solutron under vacuum for about 30 s and 
then, when you are ready to form the gradient, add 
TEMED (10 kL) to each solution. 

3. Once the TEMED is added and mixed m, pour solu- 
tions A and B mto the appropriate reservons (see Frg. 
1). 

4. With the Starr stzrrzng, fractionally open the connec- 
tion between A and B and adjust the relative herghts 
of A and B such that there 1s no flow of lrquid between 
the two reservoirs (easily seen because of the differ- 
ence m densities). Do not worry if there is some 
mrxing between reservoirs-this 1s mevrtable 
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5. 

Walker 

6 

7. 

When the levels are balanced, completely open the 
connection between A and B, turn the pump on, and 
fill the gel apparatus by runnmg the gel solution 
down one edge of the gel slab. Surprizmgly, very little 
mixing withm the gradient occurs using this method 
A pump speed of about 5 mL/mm is suitable If a 
pump is not available, the gradient may be run into 
the gel under gravity 
When the level of the gel reaches about 3 cm from the 
top of the gel slab, connect the pump to distilled water 
and overlay the gel with 34 mm of water. 
The gradient gel is now left to set for 30 mm. Remem- 
ber to rinse out the gradient former before the gel sets 
in it. 

8. Prepare a stacking gel by mixmg the followmg: 

9. 

10. 

11. 

12 

Trls pH 6 8 10 mL 
Stock acrylamlde 135 mL 
Water 75 mL 
10% SDS 01 mL 
Ammonium persulfate (5%) 005mL 

Degas this mixture under vacuum for 30 s and then 
add TEMED (10 kL). 
Pour off the water overlayermg the gel and wash the 
gel surface with about 2 mL of stacking gel solution 
and then discard this solution. 
The gel slab is now filled to the top of the plates with 
stacking gel solution and the well-forming comb 
placed in position (see Chapter 6). 
When the stacking gel has set (- 15 min), carefully re- 
move the comb. The gel IS now ready for runnmg. 
The conditions of running and sample preparation are 
exactly as described for SDS gel electrophoresis m 
Chapter 6 

Notes 

1. The total volume of liquid m reservoirs A and B should 
be chosen such that it approximates to the volume 
available between the gel plates. However, allowance 
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must be made for some liquid remammg m the reser- 
voirs and tubing. 

2. As well as a gradrent in acrylamide concentration, a 
density gradrent of sucrose (glycerol could also be 
used) is included to mmlmlze mixing by convectional 
disturbances caused by heat evolved during polymeri- 
zatlon. Some workers avoid this problem by also 
including a gradient of ammonium persulfate to ensure 
that polymerlcation occurs first at the top of the gel, 
progressing to the bottom. However, we have not 
found this to be necessary m our laboratory. 





Chapter 8 

Acetic Acid-Urea 
Polyacrylamide Gel 
Electrophoresis of 
Proteins 

B. J. Smith 

Znstitute of Cancer Research, Royal Cancer 
Hospital, Chester Beatty Laboratories, 
Fulhar-n Road, London, England 

Introduction 

In SDS polyacrylamide gel electrophoresis, proteins 
are separated essentially on the basis of their sizes, by the 
sieving effect of the polyacrylamide gel matrix (see Chapter 
6). In the absence of SDS, the proteins would still be sub- 
lect to the sieving effect of the gel matrix, but their charges 
would vary according to their amino acid content. This is 
because the charge on a protein at any particular pH is the 
sum of the charges prevailing on the side chain groups of 
its constituent amino acid residues, and the free ammo 
and carboxyl groups at its termim (although these are rela- 
tively trivial m anything other than a very small peptide). 
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Thus, m an ionic detergent-free gel electrophoretic sys- 
tem, both the molecular size and charge act as bases for 
effective protein separation. The pH prevarlmg m such a 
system might be anything, but is commonly about pH 3 
Since the pK, values of the side chain carboxyl groups of 
aspartrc and glutamic acids are about 3.8 and 4 2, respec- 
tively, even these ammo acrds will contribute little to the 
negative charge on a protein at this pH. Thus at pH 3, all 
proteins are likely to be posmvely charged and to travel 
towards the cathode in an electric field. 

In such an acid-polyacrylamrde gel electrophoresrs 
system, two proteins of similar size but different charge 
may be separated from each other. Smce SDS gels may be 
unable to achieve this end, these two electrophoresrs sys- 
tems usefully complement each other for analysrs of small 
amounts of proteins. Protems that mrght be usefully stud- 
ied in the acid-gel system are minor primary structure var- 
rants (of slightly different charge), or modified forms of 
the same protein. Thus, a protein that has had some 
threonine or serme side chains phosphorylated, or lysme 
side chains acetylated, will be more acidic (or less basic) 
than the unmodrfred form of the same protein, and so ~111 
have a different electrophoretrc mobility m the appropriate 
acid-gel system (for instance, see the acetylated derrva- 
trves of H4 m Fig. 1) 

Commonly, the hydrogen bond-breaking agent urea 
IS added to the simple acid-gel electrophoresis system m 
amounts traversing its entire range of solubility. This de- 
naturant increases the frrctronal coeffrcrent of proteins and 
so alters their electrophoretic mobrlrtres This has often 
proved useful m obtammg optimal resolutron of proteins 
of interest and so urea 1s included m the system described 
below, which uses 2.5M urea The system IS buffered to 
about pH 3 with acetic acrd, and is similar to the system 
described by Panyrm and Chalkley (1) 

Materials 

1. The apparatus required for running slab gels IS availa- 
ble commercially or may be made in the workshop, but 
IS usually of the type described by Studrer (2). The gel 1s 
cast and used m a chamber formed between two glass 
plates, as are SDS gels (for further details, see Chapter 
6) A dc power supply 1s required. 
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a b C 

HI- 
H3- 

H2B’ 

“. “’ 

-HI 
m-H3 
-H2 
-H4 

H2B 
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Fig. 1. Examples of electrophoresis on acetic acid (0,9M, pH 
3)-polyacrylamide (20%T, 1.5%C) gels. (a) Slab gel containing 
2.5M urea, stained with Coomassie Brilliant Blue R250, as de- 
scribed in the text. Sample: 8 pg of a mouse liver nuclei extract. 
The histones are identified. The H3 band probably also contains 
another protein, Hl’. Note the mono- and the faint band of 
diacetylated forms of H4 (H4’ and H4”, resp.) migrating behind 
the non-acetylated H4. (b) Slab gel containing 2.5M urea, 
stained with Procion Navy MXRB as described in Chapter 14. 
Sample: mouse liver nuclei extract. Left, loading 8 pg; right, 
loading 24 pg. Note the different sensitivity of the stain [cf. (a)] 
and the distortion of bands that occurs with heavier loading. (c) 
Rod gel (5 mm diameter) containing no urea, stained with 
Procion Navy MXRB as in (10). Sample: 50 kg of pig thymus his- 
tones. Note alteration of H2B mobility relative to other histones 
because of the omission of urea. 
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2 Stock solutions. Use analytical grade (Analar) reagents 
and distilled water. Filter stock solutions and warm to 
room temperature before use. 

(i) Stock acvylamide solution (total acrylamide content, 
%T = 30% w/v, ratio of crosslmkmg agent to 
acrylamlde monomer, % C = 1.5% w/w). 

Acrylamlde 73 8 g 
BE acrylamlde 118 

Dissolve the above and make to 250 mL m water 
Filter the solution before use This stock solution 
IS stable for weeks m brown glass at 4°C. 

(11) Stock ammonzum persulfate 

Ammonium persulfate 1 g 

Dissolve m 10mL of water This stock solution IS 
stable for weeks m brown glass at 4°C. 

(iii) Reservorr buffer, pH 3 (0.9M acetic acid). 

Acetic acid (glacial) 51 5 mL 

Make up to 1L with water. Can be stored, but IS 
readily made fresh each time 

(iv) Sample so/vent 

HCl (1M) 1 mL 
P-mercaptoethanol 05mL 
Urea 5.4 g 
Pyronm Y (0 4% w/v solution in water) 0.5 mL 

Add 4.5 mL distilled water to the above and fully 
dissolve the urea. The final volume 1s 10 mL. Al- 
though it is probably best to use this solution 
when it IS fresh, it may be stored frozen at -20°C 
for weeks without apparent adverse effect. 

(v) Protean stazn 

Coomassle Brilliant Blue R250 
Methanol 
Acetic acid (glaaal) 
Water 

0 25 g 
125 mL 
25 mL 

100 mL 
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Dissolve the dye m the methanol, then add the 
acid and water. If dissolved up in a different order 
the dye’s stammg behavior may differ. The stain 
is best used when freshly made. For best results 
do not reuse the stain-its efficacy declmes with 
use If this dye is not available use the equivalent 
dye PAGE blue 83 

(vi) Destaznrng s&&on: 

Methanol 100 mL 
Acetic acid (glacial) 100 mL 
Water 800 mL 

Mix thoroughly Make when required and use 
fresh 

Method 
1. Assemble clean glass plates and spacers mto the form 

of a chamber (as described for SDS gels, Chapter 6), 
and seal it with molten white petroleum lelly. Clamp it 
m an upright, level position. 

2 Prepare a sufficient volume of separating gel mixture 
(30 mL for a chamber of about 14 x 14x 0.1 cm allows for 
some wastage), as follows Mix the following: 

Stock acrylamide solutron 20 mL 
Urea 45g 
Glacial acetic acid 1.57 mL 
N,N,N’,N’-tetramethyl- 

ethylenediamme (TEMED) 100 pL 

Make to 29 45 mL with distilled water, degas on a 
water pump, then add stock ammonmm persulfate so- 
lution (0.55 mL). 
Mix gently and use immediately because polymeriza- 
tion starts when the persulfate is added. The degassmg 
removes oxygen, which can inhibit polymerization (by 
virtue of mopping up free radicals), and also discour- 
ages bubble formation when pouring the gel 

3. Carefully pipet or pour freshly made solution mto the 
chamber and remove any bubbles present Pour to a 
level about 0.5 cm below where the bottom of the well- 
forming template (“comb”) will come when it is m po- 
sltion Carefully overlayer the acrylamide solution with 
butan-2-01, without mixing This insulates the solution 
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from oxygen and generates a flat top to the gel. The 
acrylamlde should polymerize m an hour or so at room 
temperature. 

4. Prepare the upper gel layer (5 mL) as follows. Mix the 
following: 

Stock acrylamlde sol&on 125mL 
Urea 0.75 g 
Glacial acetic acid 78 2 pL 
TEMED 25 pL 

Make to 4.75 mL with water, degas on water pump, 
then add stock ammonium persulfate solution (0.24 
mL) Mix gently and use immediately Pour off the 
butan-2-01 from the polymerized separating gel, wash 
the gel top with water and then a little of the upper gel 
mixture, and then fill the gap remaining m the chamber 
with upper gel mixture. Insert the well-forming comb 
and allow to stand until set (about 0.5-l h). 

5 When the upper gel has set, remove the comb without 
breaking or distorting the sample wells. Install the gel 
in the apparatus and fill the reservoirs with buffer 
(0.9M acetic acid). The gel may be run at room tempera- 
ture without buffer cu-culatlon or cooling. Coolmg 
tends to slow up the rate of electrophoresis and so the 
advantage of the decreased rate of protein dlffuslon 
(which causes band widening) 1s counteracted by m- 
creased diffusion occurrmg during the longer time re- 
quired to complete the run. Push out the bottom spacer 
from the chamber and, with the cathode at the bottom 
end of the gel, turn on the dc power supply, to give 
about 180 V. Continue this electrophoresis without 
added samples (“pre-electrophoresis”) at a constant 
voltage until the current falls to a steady level (say, 
from 25 to 5 mA for a 0.5-l mm-thick slab of this sort), 
or alternatively, at constant current until the voltage m- 
creases to a steady level. This process may take about 5 
h, but may be done conveniently overnight. The pre- 
electrophoresed gel may be stored under fresh 0.9M 
acetic acid for at least several days at room 
temperature. 

6. While the gel 1s polymenzmg, prepare samples for elec- 
trophoresls. Dry samples will be dissolved directly m 
sample solvent or aqueous solutions may be diluted 
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with not less than one volume of sample solvent The 
concentratron of protein m the solutron should be as 
great as possrble so that the volume of solution loaded 
onto the gel is as small as possible. 

7. Prepare to load the gel. Use fresh reservoir buffer m the 
apparatus. Take up the required volume of sample so- 
lution m a microsyrmge or pipet and carefully mlect rt 
into a sample well, loading it through the reservoir 
buffer without mixing. The amount of sample loaded 
depends partly on the sensrtrvrty of the method of de- 
tection (see below), but m any case It 1s often found that 
good, even, and straight bands are obtained most fre- 
quently when samples are lightly loaded, say about 1 
kg/l cm wide band u-r a 0.5-l mm thick gel Having 
loaded the samples without delay, start electrophoresrs 
at 180 V. The pyronm Y will take 4-5 h to migrate to the 
bottom of a thin, 14 cm-long gel of the type described 
here. Decreasmg the voltage will prolong the run, 
whereas an increased voltage will generate more heat, 
which may not benefit the appearance of the protein 
bands. 

8. At the end of electrophoresrs, remove the gel and rm- 
merse rt m protein stain for at least several hours with 
gentle agrtatron The dye that IS then not bound to the 
protein bands may be removed by washing the gel m 
several changes of destainmg solution After 
destaining, protein bands are seen to be colored blue to 
purplish-red Excessive destaining will decolorrze 
these protein bands, but they may be restained. 
Coomassre Bnlhant Blue R250 and PAGE Blue 83 each 
visibly stain as little as 0 l-l pg of protein m a 1 cm- 
wide band. 

Notes 

1. The purpose of the upper, weak polyacrylamrde, gel 
IS to provide a medium m which sample wells can be 
formed and from which the well-forming comb can be 
readily removed (20%T gel tends to break when the 
comb IS removed) Since the upper gel contains 
weaker acid than does the separatmg gel, its pH is 
slightly higher. However, the purpose of this design 
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is that the upper gel has lower conductivity than the 
rest of the system and when the electric field is ap- 
plied this has a small band-sharpenmg effect similar 
to that produced by the “stacking gel” used in SDS 
gels (see Chapter 6). 

2. A more typical stacking gel for 0.9M acetic acid/urea 
gels has been described by Spiker (3). It has been 
found in this laboratory that although bands may 
have an improved appearance, they may instead be- 
come smeared. 

3. Addition of TEMED and persulfate to the gel mixture 
inmates its polymerization. This occurs by their mter- 
action and formation of a TEMED radical that reacts 
with an acrylamide monomer. This m turn produces a 
radical that reacts with another acrylamide monomer, 
or occasionally one half of a brs acrylamide molecule. 
Incorporation of brs acrylamide molecules into drffer- 
ent chains forms crosslinks between them. 

4. The 9M urea m the sample solvent has two functions. 
First, to disrupt aggregates, and second, to increase 
the density of the solution (which aids in the loading 
of the sample beneath the less dense reservoir buffer). 
The p-mercaptoethanol that is also present reduces 
inter- and mtramolecular disulfide bonds and so, to- 
gether with the urea, destroys higher-order protein 
structures. The pyronm Y dye is present to aid sample 
application by making it visible, and also to mark the 
approximate position of the front of electrophoresis, 
near which it runs. 

5. The “pre-electrophoresis” treatment of the gel before 
addition of the samples removes persulfate and other 
ions that would otherwise slow up the rate of sample 
electrophoresis and also spoil the resolution of protein 
bands. 

6. As mentioned above, protein bands m this system are 
often slightly misshapen, and this problem is exacer- 
bated by heavy loading (see Fig 1) Thus, slab gels 
may give unsatisfactory resolution for quantification 
purposes (see Chapter 14). As an alternative, gels may 
be made in the forms of rods by casting them m tubes 
of glass. The result has the proteins as discs running 
through the rod (e.g., see Fig 1) These discs suffer 
less from distortion than do bands on slabs. The 
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separating gel for rod gels is prepared as for slab gels, 
and polymerized m glass tubes that have been silicon- 
ized before-hand. No upper gel is added, but samples 
are applied directly onto the separating gel The gel 
may be extruded from the glass tube, as described in 
(4), or removed after cracking the glass in a vice or 
with a hammer. The apparatus required for runnmg 
rod gels is available commercially or may be made to a 
simple design (see ref. 4). 

7. The 20%T gel described is suitable for electrophoresis 
of smaller protems (say, of M, below 50,000) For 
larger proteins a gel of larger pore size is more con- 
venient by virtue of allowing greater mobility. The 
pore size may be increased by reduction of %T by sim- 
ple dilution of the stock acrylamide solution, or by ad- 
justment of %C (which gives the smallest pores when 
at 5%). It may be found that adjustment of the gel’s 
pore size in this way may also improve the resolution 
of proteins of interest. 

8. If the resolution of the proteins of interest is not good 
enough, then alteration of pH of the system may be 
beneficial, by virtue of altering their respective char- 
ges by titration of the side chain groups (e.g., see ref. 
1). The literature describes polyacrylamide gel sys- 
tems of various pH values, e.g., pH 4.5 (5,6); pH 7.1 
(3, pH 8.9 (0 

9. The concentration of urea in the gel may be altered, to 
alter the relative mobilities of proteins in the system. 
The effects of altering the urea concentration have to 
be determined empirically. An example is shown in 
Fig. 1, in which it may be seen that in the absence of 
urea (as m 1M urea) histone proteins H2B and H3 
comigrate, whereas in 2.5M urea they are resolved 
from each other (see also ref. 2). 

10. In addition to urea, the non-ionic detergent Trlton X 
100 (or Triton DF-16) may be added to the gel (9). This 
agent binds to proteins m proportion to their 
hydrophobicity, and alters their electrophoretic 
mobilities accordmgly. This technique has proved 
useful in the study of proteins that differ slightly in 
their hydrophobic character and that are not sepa- 
rated by ordinary acid/urea or SDS gel electro- 
phoresis. 
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The acid-urea system described may be adapted for 
separation of nondenatured proteins, which can be 
detected m the gel by their enzymatic properties and 
prepared (undenatured) from the gel. For this pur- 
pose, denaturants (urea and Tnton) are omitted and 
instead of the sample solvent given above, with its 
urea and reducing agent, the 0 9M acetic acid, 30% 
w/v sucrose sample solvent of Panyim and Chalkley 
(2) may be used 
Coomassle Brllhant Blue R250 may not fully penetrate 
to and stain the center of bands of concentrated pro- 
tein, especially m thicker slabs and rod gels. Procion 
Navy MXRB does not suffer this defect, although it is 
several-fold less sensltlve (see Fig 1). The method of 
stammg with Procion Navy described by Goodwin et 
al. (10) is suitable for rod gels, but the heated 
destaining process IS mconvement for slabs. How- 
ever, the method described m Chapter 14 gives an 
equivalent result and is suitable for all forms of gel 
Various problems may arise to spoil the otherwise 
perfect gel. Failure of the gel to polymerize, dlstortlon 
of sample wells and other problems that are general to 
the process of polyacrylamlde gel electrophoresls are 
dealt with m Chapter 6 The main failing with the 
present system m particular 1s the common, uneven 
shape of the protein bands especially m condltlons of 
heavy loading (e g., see Fig. 1) As mentioned above, 
use of a stacking gel may alleviate this problem, but 
generally speaking light loading (about 1 kg/band or 
less) and small sample volumes go a long way to pro- 
mote good results. Avoid using the sample wells at 
the very ends of the row of wells, for samples m these 
often suffer dlstortlon during the electrophoresls. 
Be wary of the dangers of electric shock and of fire, 
and of the neurotoxlc acrylamide monomer. 
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The In Vivo Isotopic 
Labeling of Proteins 
for Polyacrylamide 
Gel Electrophoresis 

Jeffrey W. Pollard 

MC Human Genetic r)isease Research 
Group, Department of Biochemist y, 
Queen Ekzabeth College, University of 
London, Campden Hill, London, 
England 

Introduction 

Autoradrography (see Chapter 17 and Vol. 2) offers a 
convenient, quick, and cheap means of quantifying prote- 
ms separated by gel electrophoresrs 

For metabolic experiments proteins must be labeled 
with a radioactive isotope m vivo prior to isolation and 
subsequent electrophoretrc analysis. The isotope chosen, 
of course, must correspond to the question to be mvesti- 
gated, but they are generally 3H, 14C, 32P, and 35S, 
which are all beta-emrtters. The energies and half lives are: 
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0.018 MeV (12.43 yr), 0 159 MeV (5600~), 1.706 MeV (14.3 
d), 0.167 MeV (87.4 d), respectively. H IS a popular iso- 
tope for biological use, potentially available at high spe- 
cific activity, but its low energy precludes its 
autoradiography directly and it needs to be either treated 
for fluorography or quantified by gel slicmg and scintilla- 
tion counting. Thus the higher energy 4C- and 35S- 
labeled amino acids are commonly used as protein labels 
since they can be directly detected by autoradiography. 
However, the low specific activity of 14C labeled ammo 
acids often prevents their use, with the result that 
35S-methionine or 35S-cysteine labeling, either alone or in 
combmation, are more commonly used. Nevertheless, it is 
worth noting that, in a recent paper, Bravo and Celis (I) 
were able to detect 28% more proteins by labeling with a 
mixture of 16 14C-amino acids than could be detected with 
35S-methionme a nd that such labeling also allows the long 
term storage of data on gels. Unfortunately, the cost m iso- 
topes is often prohibitive. In this paper methods for la- 
beling both cells in culture and tissues m vitro with 
35S-methionine, 3H or 14C-amino acids, and 32P for 
phosphoprotems are described, with particular emphasis 
on sample preparation for two-dimensional polyacryla- 
mide gel electrophoresis (Chapter 10). But these tech- 
niques may easily be modified to encompass other uses, 
such as the isotopes59Fe, 1251, or i311 for specific studies 
of particular proteins. 

Materials 

1. Tissue culture medium: I use a medium rich m amino 
acids, alpha-minimal essential medium, but lacking in 
methionine and stored at 4°C. Any defined tissue cul- 
ture medium may be used. 

2 Dialyzed fetal calf serum (DFCS): serum is serially dia- 
lyzed against two changes of phosphate-buffered sa- 
line to remove ammo acids and stored at -20°C. Do not 
store this at 4”C, since endogenous proteolytic activity 
will result in a relatively high concentration of amino 
acids. 

3. Ca2+ and Mg2+-free phosphate-buffered saline (PBS) 
(0.14M NaCl, 2.7 mM KCl, 1.5 mM KH2P04, 8.1 mM 
Na2HP04). 



In VWO Labeling of Proteins 77 

4. 0.1% (w/v) trypsin in PBS citrate (PBS contammg 20 
mM sodium citrate). 

5. Lysis buffer: 9.5M urea, 2% v/v Nonidet, 2% v/v 
ampholmes (1.6%, pH range 5-7; 0.4%, pH range 
3.5-lo), 5% v/v beta-mercaptoethanol. Stored frozen at 
-20°C in 0.5 mL aliquots (see Chapter 10). 

6. Isotopes: 35S-Methionine, 32P-orthophosphate, and 
3H-amino acids are used as supplied. 14C-ammo acids 
are lyophihzed and resuspended in a medium lacking 
ammo acids at 500 $i/mL. 

Method 

Cells in Monolayers 

1. Cells are plated directly into microwells at about 2000 
cells/well In 0.25 mL of growth medium. They are left 
to attach for at least 5 h, but preferably overnight. 

2. The media IS removed and the cells washed with 0.5 
mL medium lacking methlonme and replaced with 0.1 
mL medium supplemented with 10% v/v dialyzed fetal 
calf serum, lacking methionine, but containing 100 PCi 
35S-methionine and 1 mg/L unlabeled methionme. 

3. The cells are labeled for 20 h at 37°C (wrap the 
microtiter plates in cling film to prevent evaporation). 

4. Followmg incubation, the medium 1s removed, the 
cells washed twice with PBS to remove serum proteins 
and, if a total cell extract for two-dimensional gel elec- 
trophoresls 1s required, the cells are lysed with 20 PL 
lysis buffer. The samples may be stored in small vials or 
in the microtiter wells at -7O”C, or loaded directly onto 
isoelectric focusing gels (see Chapter 10). 

5. Alternatively, cells may be trypsinized and processed 
according to the analytical technique required. 

6. Cells may also be adequately labeled for up to about 4 h 
in a medium completely lacking unlabeled methionine. 
But under these cu-cumstances, equilibrium labeling 
may not be achieved. 

7. It is difficult to maintain tight physiological control of 
cells growing in microwells and thus in some experi- 
ments where better control of cell physiology is re- 
quu-ed, cells growing in 25 mL flasks may be labeled in 
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2 mL of medium contammg 10% DFCS and methionme 
at 1 mg/L containing 100-200 t.Ki of 35S-methionine. 
Bottles are occasronally agitated to prevent desiccation 
of the cells. After labeling, the cells are washed twice 
with PBS and may be collected either by scraping with 
a rubber polrceman, or trypsimzed and processed as 
before 

Cells Growing in Suspension 

1. Cells growing in suspension are collected by 
centrifugation, washed m methronme-free medium, 
and regained by centrrfugation 

2. The cells are resuspended at about 25% of their satura- 
tion density m 15 mL Falcon plastic snap-cap tubes pre- 
viously gassed with a 5% COT95% au mixture m me- 
dium containing 10% DFCS 1ackmF methronme, but 
supplemented with 400 tKi/mL S-methronme and 
agitated with a small magnetic flea. 

3. Cells are labeled for 14 h at 37”C, collected by 
centrifugation, washed twice with PBS, and processed 
as before. 

Tissues 

1. The tissue to be labeled IS excised, blotted briefly onto 
filter paper, and chopped into small pieces (approxi- 
mately 2 mm diameter). 

2. These pieces are placed into glass scmtrllatron vials, 
gassed wrth a 5% COT95% air mixture with 1 mL of 
tissue culture medium contammg 10% dialyzed fetal 
calf serum, but lacking methionine supplemented with 
200 tKi/mL 35S-methionine. 

3. The vials are placed in a shaking water bath at 37°C and 
labeling is performed for 1 h; thereafter, the sample IS 
processed as appropriate. 

Notes 

1. Accurate protein synthetic rates over short periods may 
be determined concurrently in parallel flasks by 
measuring the rate of incorporatron of a mixture of 
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three 14C-labeled essential ammo acids mto acid insol- 
uble counts per cell. 

2 The handlmg of cells to be labeled with 3H or 
14C-amino acids or 32P-orthophosphate, is identical. 
The 3H or i4C-ammo acids are exposed to cells m 0.1 
mL of medium at 500 kCi/mL m medium lacking the 
appropriate amino acids or to 32P-orthophosphate at 2 
mCi/mL in medium lacking phosphate. 

3. To determine the number of counts mcorporated, a 
small ahquot (1-5 pL) should be removed from the final 
sample, added to 0.5 mL of water containing 10 Fg of 
bovme serum albumin, and precipitated with 0.5 mL of 
ice-cold 20% (w/v) TCA The precipitate is allowed to 
develop for 10 min and then collected onto Whatman 
glass fiber discs with four washings of 5 mL of 5% (w/v) 
TCA. The discs are finally washed with ethanol, dried, 
and either digested overnight with a tissue solubilizer 
for 3H samples, and counted u-t a compatible scmtil- 
lant, or counted directly m a scintrllation counter. 32P 
may alternatively be determined by Cerenkov 
counting. 

4. It must be remembered that mammalian cells show 
large changes m the synthesis of proteins when growth 
conditrons are changed. Thus, even amino acid depri- 
vation results m a reduction of the initiation rate of 
ribosomes onto mRNA, with the result of preferential 
synthesis of proteins whose mRNAs have high intrin- 
sic rates of mitiation. It is also worth repeating that ac- 
curate protein synthesis measurements may be 
achieved only when very small amounts of radioactive 
precursors are added to reduced volumes of the same 
conditioned growth medium containing large amounts 
of unlabeled precursors that has been removed from 
the growing culture (see ref. 2 for a full discussion). 
These above conditions are clearly not met when fresh 
medium, often lacking methionine, is used to label pro- 
teins for gel electrophoresis. Considerable care should 
therefore be exercised in standardizing growth and la- 
beling conditions for any experiments involving com- 
parison of different samples. Often a compromise has 
to be effected between high levels of incorporation and 
the physiological constraints of maintaining precursor 
pool sizes 
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5. The only other problems that may be encountered, pro- 
viding care is taken over sterility, pH, and temperature 
regulation, is the toxicity of isotopes This is rarely a 
problem for a day’s labelmg, but could potentially be so 
if proteins are labeled for longer Fibroblasts will sur- 
vive m 0 5 mCi 32P/mL m medium contaming 0.2 mM 
phosphate and m mutant isolation, 1 5 dpm of 
H-amino acid mcorporation per cell is considered le- 

thal, but only after a period in the cold for accumula- 
tion of radioactive damage. Thus, toxicity will not be a 
problem using the above labeling procedures 

6. The procedures given above will result n-r 
35S-methionme-labeled proteins with specific activities 
of around lo5 cpm/pg of protein. But obviously the 
optimal conditions and resultant specific activity of 
proteins will depend on the cell type and growth condi- 
tions. Nevertheless, the methods are applicable to a 
wide range of cells m culture and tissues It is also 
worth noting that, followmg slab gel electrophoresis, a 
1 mm2 spot containing 3 dpm of 35S-methionme may be 
readily detected (>O.Ol OD above background) after 1 
wk. 
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Introduction 

Since O’Farrell(1) introduced the improved technique 
for high resolutron two-drmensional polyacrylamide gel 
electrophoresls (2-D PAGE), it has become one of the most 
powerful tools for the separation and quantrfrcatlon of 
proteins from complex mixtures. The prmcrpal reason for 
this is that the method employs separation of denatured 
proteins accordmg to two different parameters, molecular 
weight and isoelectric point. Consequently, rt has suffi- 
cient resolutron to separate individual proteins as discrete 

81 



82 Pollard 

spots on the gel Each parameter may also be varied and 
therefore, with the modification of non-equilibrium pH- 
gradient electrophoresis (NEPHGE) to analyze basic prote- 
ins (2), almost any polypeptide may be investigated. Thus 
to date, the O/Farrell 2-D gel system has no serious rivals, 
with the possible exception of the Kaltschmrdt and 
Wittmann (3) gel system for analyzing rrbosomal proteins. 
Ribosomal proteins, however, may be adequately sepa- 
rated with NEPHGE. 

It has been estimated from mRNA complexrty studies 
that mdividual mammalian cells may contam 10,000 
polypeptrdes ranging m abundance from lo9 copies/cell to 
a few hundred However, by 2-D PAGE analysis only 
about 1800 mdivrdual proteins have so far been detected 
(4), even after long exposures This IS usually interpreted 
as the mabihty to detect minor proteins, but Duncan and 
McConkey (5) have argued that m fact 2000 is close to the 
number of protems in a cell and that the remaining rare 
mRNAs are rarely, if ever translated If this is the case, 
then 2-D PAGE represents an even more powerful tech- 
nique than previously expected for mvestrgating changes 
m cellular physrology. However, these investigatrons are 
still limited because, of these two thousand proteins, only 
a few have been positrvely identified, although protein 
maps of mdividual cell types and sera have been pub- 
lished (4) Nevertheless, with subcellular fractionation, 
antibody detection techniques, and the use of peptide 
mapping, whrch has been performed on proteins repre- 
senting as little as 0.01% of the total protem, it 1s to be ex- 
pected that a substantral increase m the number of prote- 
ms identified will soon occur, enabling rapid advances m 
the study of cell biochemistry. 

Because of its resolutron, the 2-D PAGE technique has 
been apphed to a great number of brologrcal problems ran- 
ging from the analysis of proteins m different tissues, un- 
der various hormonal states and at different stages of de- 
velopment, to the analysis of cells in culture, and finally to 
the analysis of polypeptides within a single cell. For these 
studies of different cellular states, the only technique that 
may rival the 2-D PAGE method is that of Rot curve analy- 
sis of mRNA populatrons, which m terms of the abihty to 
detect differences (although not m the rdentrfrcation of 
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proteins) has a similar degree of resolution (5). Other pow- 
erful apphcatlons of the 2-D PAGE system include the de- 
tection of proteins that contam single ammo acid substitu- 
tions, which confer a change m isoelectric point on the 
protein This has resulted m definitive identification of 
mis-sense mutations within proteins (2) and the vlsualiza- 
tlon of mistranslated proteins (6). 

The future promises not only further mvestlgations of 
different metabolic states, but also defmltlve protein 
maps, stored as computer matrixes, of cells and sera from 
a variety of pathological states These, with the develop- 
ment of speclallzed equipment to analyze thousands of 
gels a year m a single laboratory, may enable rapid clinical 
diagnosis of diseases by comparison of clinical samples to 
the computerized 2-D PAGE record. Similarly, computer 
data bases ~111 enable searches for information about the 
dlstrlbution and occurrence of different proteins m hun- 
dreds of cell types analyzed at different stages of develop- 
ment, hormonal stlmulatlon, and transformation How- 
ever, as yet we await the standardlzatlon of these 
techniques of protein nomenclature, and of rapid, reliable 
computer analyses (7). 

Materials 

One-Dimensional Isoelectric 
Focusing 

1 Lysls buffer. 

9 5M urea 
2% v/v Nomdet P-40 (NP-40) 
2% v/v Ampholmes (1.6%, pH range 5-7, 0 4~6, 
pH range 3-10) 
5% v/v P-mercaptoethanol 

This buffer may be stored frozen at -20°C for long pe- 
riods of time in 0 5 mL allquots. But do not continu- 
ally freeze and thaw it Use an aliquot once and dis- 
card the remamder 

2. 30% Acrylamlde stock solution 

28 38% wlv acrylamlde 
1 62% w/v N,N’-methylene-blsacrylamlde 
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All acrylamide solutions are light sensitive and should 
be stored in the dark at 4°C. It is usable for at least 1 
month. Acrylamrde is a potent neurotoxm, so caution 
should be exercised to protect against contact with the 
dust. It should neueY be mouth-pipeted. 

3. 10% w/v Nonidet m water 
4 Anode electrode solution. 

0 OlM phosphoric acid 

This should be made fresh from a 1M stock (63.64 mL 
phosphoric acid to 1 L water) 

5. Cathode electrode solution: 
0 02M sodium hydroxide 

This should be made fresh from a 1M stock and 
degassed 

6. Sample overlay buffer, 
8M urea 
1% Ampholmes (0 8% v/v, pH range 57, 0 2% viv, 

pH range >lO) 

This solution may be stored m frozen aliquots. 
7 Sodium dodecyl sulfate (SDS) sample buffer. 

0 06M Tns-HCl, pH 6.8 at 20°C 
2% w/v SDS 
5% v/v P-mercaptoethanol 
10% v/v glycerol 

8 Ampholmes are used as supplied m 40% solutions. 
They should be kept sterile and stored at 4°C. 

9. Ammonmm persulfate, 
10% w/v solution made up fresh every week and 

stored at 4°C 

10 Pancreatic ribonuclease (50 mg/mL) and deoxyribonu- 
clease (1 mg/mL) in sorucation buffer. Store frozen m 
aliquots. 

11 Sorucation buffer 
0 OlM Tns-HCl, pH 7 4 at 20°C 
0 005M M&l2 
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Two-Dimensional SDS-Slab 
Electrophoresis 
12. 30% Acrylamrde solutron* 

29 2% wlv acrylamrde 
0 8% N,N’-methylene-brsacrylamlde 

13 Running buffer: 

0 025M Tns base 
0 192M glycme 
0 1% w/v/ SDS 

For 3 L: 43 2 g glycme, 9.0 g Trrsma base, and 3 0 g 
SDS gives the correct pH, do not titrate this or add any 
salt. 

14 Separating gel buffer: 

1 5M Tns-HCl, pH 8 8, at 23°C 
0 4% w/v SDS 

15 Stacking gel buffer. 

0 5M Tns-HCl, pH 6 8, at 23°C 
0 4% w/v SDS 

36. Bromophenol blue 

0 1% w/v bromophenol blue rn water 

Solutrons 2, 3, 7, 8, 9, 11, 12, 14, and 15 are stored at 
4”C, and 4, 5, 13, and 16 at room temperature. All other 
solutions are stored as indicated. 

Method 

Sample Preparation 
The principle to follow here is to avoid causing any 

chemical modrfrcatron of proteins since any charge change 
will be detected on the gel and will result m an aberrant 
pattern. The following method should give satisfactory 
results 
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1. Pellets of cells should be resuspended m 100 PL or less 
of somcatlon buffer at 4°C They are somcated with the 
mrcrotlp of an 150W MSE somcator for 6 5-s bursts at 8 
km peak to peak. Be very careful not to overheat the 
sample. 

2. Add 2 PL of RNAse and DNAse to 100 PL and incubate 
for 5 mm at 4°C. 

3 Add solid urea to bring the sample to 9M (1 mg urea/FL 
of sample), which approximately doubles the volume. 
Add to this mixture one volume of lysls buffer, take rt 
off the ice, and solubrlrze the urea with the palm of 
the hand. Do not overheat smce this can result m 
modrfrcatrons of the protein Samples can now be used 
directly or stored at - 70°C until needed 

One-Dimensional Gels 
(Isoelectric Focusing) 

1. Standard glass tubes, l-l.5 mm internal diameter and 
10-15 cm long are thoroughly cleaned m chromic acid 
(5% Decon may be used, but beware of precrprtatron) 

2 The tubes are rinsed in water, placed m fresh KOH in 
ethanol (0 4 g KOH to 20 mL ethanol) for 20 mm, 
rinsed thoroughly first with drstrlled water, then etha- 
nol, and finally allowed to au dry. 

3. When dry, the tube bottoms are sealed with three lay- 
ers of parafrlm and lined up vertically around a 250 
mL beaker with elastic bands The tubes are marked 
to the same point with a felt-tipped pen to ensure that 
gel lengths are uniform (this is important to facilitate 
reproducibility between runs). 

4. To make 10 mL of isoelectric focusing gel solutron add 
to a 125 mL flask 

Urea 55 g 
Acrylamlde stock (2) 133 mL 
NP-40 (3) 20 mL 
Water 17 mL 
Ampholmes (pH 5-7) 06 mL 
Ampholmes (pH 3-10) 0 115 mL 

Gels may be made easier to remove by increasing the 
nonidet concentration by 10%. 
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5 To make non-equlhbnum polyacrylamide gels 
(NEPHGE), weigh out the same quantity of urea, add 
the same volume of acrylamlde stock and NP-40, but 
add 2.0 mL of water, 0 25 mL ampholme (pH 7-9), 
and 0 25 mL ampholine (pH 8-9 5) 

6. Dissolve the urea by swirling in a water bath whose 
temperature 1s set not higher than 37°C and then 
briefly degas under vacuum 

7. Add 7 PL (IEF) or 14 PL (NEPHGE) of TEMED and 10 
PL (IEF) or 20 FL (NEPHGE) of 10% ammomum per- 
sulfate solution You now have about 15 min to pour 
the gels at normal room temperature (20”(Z), but if 
room temperatures are substantially higher, reduce 
the TEMED concentration to about two-thirds. 

8. Using a long narrow-gage hypodermic needle (or 
Pasteur plpet) fill the tubes to about 1 cm from the 
top, being careful to avoid trapping air bubbles (these 
may be removed by carefully tapping the tubes). 

9. Overlay the gel mix with 10 FL of water, allow it to 
polymerize for 1 h, and then carefully remove 
parafllm to avold damage to the bottom of the gel The 
parafllm may be replaced by dialysis tubing clipped 
on with a rubber O-ring to prevent the gel slipping 
out, but generally this precaution 1s unnecessary. 

10. The gels are placed in the electrophoresls tank (we use 
an C-shaped tank rather than the conventional round 
one, since these are easy to manufacture and operate, 
and can be fitted with locking devices to prevent elec- 
tric shocks to the operator) 

11 The lower chamber 1s filled with 10 mIvl phosphoric 
acid (IEF) or 20 mM NaOH (NEPHGE), and any 
trapped air bubbles removed from the end of the gels 
by a gentle stream of fluid usmg a bent syringe 

12. For IEF, the water is removed from the top of the gel 
with a Pasteur plpet and replaced with 10 FL lysls 
buffer, 10 PL overlay buffer and 20 mM NaOH to fill 
the tubes. 

13 The cathode solution IS added carefully to the upper 
chamber and connected to the cathode and the lower 
chamber to the anode and the gels pre-run at 200 V for 
15 mm, 300 V for 30 min, and 400 V for 1 h or more At 
the end of this procedure, there should not be more 
than 1 5 mA/5 tubes or 2 mA/12 tubes. Do not cool the 
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gels during this procedure smce the urea will crystal- 
lize out 
After the pre-run remove the NaOH from the upper 
chamber carefully so as to avoid contact with the gel 
surface and discard. Remove the liquid from above 
the gels and wash the tops with three washes of 20 PL 
of water 
The samples are loaded m a volume of 5-50 PL with a 
syringe and overlaid with 10 ILL sample overlay buffer 
and 20 mM NaOH to fill the tubes 
The upper electrophoresis chamber is filled with 20 
mM NaOH, reconnected to the anode and elec- 
trophoresed for 18 h at 400 V One hour before the 
termmation of the run, turn the voltage up to 1000 V 
to increase the band sharpness But do not exceed 
10,000 V/h since bands will become distorted. 
Turn off the power-pack and wait a few seconds, then 
remove the tubes and force the gels out onto parafilm 
troughs with a syringe full of water connected to the 
tubes via a flexible plastic tubing. 
Put the gels (using the parafilm to handle them) into 
capped tubes contammg 5 mL of sample buffer with 
0 002% bromophenol blue. Leave for mmimally 20 
mm without agitation and at this point the gels may 
be stored at -70°C mdefmltely After defrostmg, rt is 
advisable to exchange the sample buffer and leave for 
a further 30 mm before loading onto the second di- 
mension, by which time the second dimension slab 
gel will have been prepared. 
For NEPHGE there IS no pre-running since a stable 
pH gradient 1s not formed; thus samples are loaded 
directly onto the gels, overlaid with 10 FL of sample 
overlay buffer and 10 mM phosphoric acid to fill the 
tubes The upper reservoir is filled with 10 mM phos- 
phoric acid and connected to the anode and the gels 
are run at 400 V for 4 5 h However, since this is a 
non-equilrbrmm procedure, very basic proteins (for 
example, some ribosomal proteins or hrstones) may 
migrate off the end Thus shorter total voltage-hours 
need to be used 
Investigators may wish to test their procedures at this 
point and gels may be stained as described m Chapter 
6 The bands should be razor sham. DH Eradients 
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may also be tested by slicing the gel into 0 5 cm 
pieces, then equlllbrated for 1 h m degassed water, 
and the pH 1s read using a mlcroelectrode on pH me- 
ter. Slmllarly, a pH contact electrode may be used or 
alternatlvely visible pH markers may be bought from 
a range of suppliers pH ranges should be from about 
3.5 to 7 5 for the IEF gels 

Two-Dimensional SDS-Slab Gel 
Electrophoresis 

1 Assemble the slab gel apparatus (we use the Blo-Radi 
Hoeffler design, which gives consistently good re- 
sults, but any homemade slab gel system 1s suitable), 
ensuring that there 1s a good seal Make it level and 
vertical The plates should have been thoroughly 
washed in 5% Decon, rinsed with water and ethanol, 
and air dried Do not wipe with tissues that leave lmt 
since this will interfere with gel polymerlzatlon. 

2. The SDS separating gel 1s made as follows for 100 mL 
of a 10% gel. 

Acrylamlde stock (12) 333mL 
Water 417mL 
Separating gel buffer 25 0 mL 

The solutions are mixed and degassed under vacuum. 
3 Fifty PL of TEMED and 333 FL of 10% ammomum 

persulfate are added and the gel 1s poured by plpetmg 
the solution down the side of the gel plates to about 
2.5 cm from the top. It 1s overlaid with deionized 
water applied at one end and left to polymerize for 1 h 
until the gel interface can be seen as a sharp straight 
boundary The gel may be left to stand overnight 

4 The water overlay 1s removed, the gel surface 1s 
washed with water, and the stacking gel poured. This 
IS prepared fresh and to make 25 mL of solution add 

Acrylamlde stock (12) 40 mL 
Water 14.75 mL 
Stacking gel buffer 625mL 

5 Briefly degas, add 25 FL TEMED and 87 5 PL ammo- 
nium persulfate, and pour (taking care to avoid 



90 Pollard 

trapping any air bubbles) up to a level 1 mm below the 
gel plate edge before inserting a Teflon edge. Overlay 
with water and allow this solution to polymerize for 
30 min. 

6. Remove the Teflon strip, rinse the surface of the gel 
with water, and load the first dimension on top of the 
second 

7. Take the defrosted, re-equilibrated gel and straighten 
it in a trough of parafilm. Remove the liquid and ap- 
ply rt directly to the top of the stacking gel. Press 
down gently with a curved spatula tip from one end 
to ensure the removal of air bubbles, but be careful 
not to stretch the gel since this is one stage where vari- 
ability can be introduced into the procedure. 

8. I find the gel adheres; however, the more conven- 
tional but slower method is to overlay the gel with 1 
mL 1% agarose in SDS sample buffer (not too hot) and 
then to allow it to set for 5 mm. If bromophenol blue 
had not been mcluded m the sample buffer, add a few 
drops of 0.1% bromophenol blue over the total length 
of the gel. 

9. The slab gel system is now assembled, the reservoirs 
filled with running buffer, and any air bubbles 
trapped under the gel removed with a bent syringe 
needle or Pasteur pipet. The lower gel reservoir is 
connected to the anode and the upper reservoir to the 
cathode, and the gels are then electrophoresed at 9 
mA/gel overnight or at 20 mA/gel for 4-5 h until the 
bromophenol blue reaches the bottom of the gel. It is 
essential to avoid overheating and thus if the gels are 
run fast, the whole lot can be run in the cold room or, 
alternatively, an efficient cooling system may be in- 
corporated into the gel apparatus. After 1-2 h, change 
the upper reservoir buffer (or alternatively, continu- 
ously mix the upper and lower reservoirs with a 
pump-siphon system) to prevent vertical tailing of the 
protein spots. 

10 At the end of the run, turn off the power, remove the 
plates, separate them with gentle leverage, and proc- 
ess the gel for staining (Chapters 6 and 13) or 
autoradiography (Chapters 16 and 17). 

11. Briefly, gels may be fixed in 45% (v/v) methanol and 
7.5% (v/v) glacial acetic acid (or 15% TCA) and stained 
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12 

13 

with 0 2% (w/v) Coomassie blue (prepared by drssolv- 
mg rt m a small volume of methanol) m 45% (v/v) 
methanol and 10% (v/v) glacial acetic acid for 30 mm 
to 1 h Gels may be destained using several changes in 
the fixer, the latter may be regenerated by absorbing 
out the Coomassre blue by passing rt through an actr- 
vated charcoal filter. 
Gels are then dried down using a gel drrer (see Chap- 
ter 16) and autoradiographed using Kodak-XO- 
mat-AR film for several different lengths of time. Ow- 
mg to the saturation of the film, this allows vrsuallza- 
tron and qualrfrcatron of a range of protems with 
drfferent abundances. 
Autoradrographs may be quantrfred using scanning 
gel densrtometry (Chapter 15) or more accurately by 
the slower method of quantrtatrve roster scannmg 
However, a better, raprd, and accurate method for 
handling a large number of proteins 1s to prepare 
transparent plastic sheets (the sort used for overhead 
projector transparencies) as templates. The posmon of 
the protein spots on the autoradiogram are marked on 
the sheet and they are then cut out This template IS 
used to punch out areas of the gel and these areas are 
then counted m a scintillatron counter. With appropri- 
ate labeling the plastic template becomes a permanent 
record of the protein spot posrtron and may be filed 
with the resultant counts and autoradrogram. This en- 
ables long-term handling of data from a larger number 
of gels for metabolic experiments A typical gel pat- 
tern is shown m Fig. 1 

Notes 

1. The malor problems associated with two-dimensional 
gels are spot streaking and artrfactual charge heteroge- 
neity The princrpal charge artrfacts are produced by 
post-translatronal modrfrcatrons of proteins, for exam- 
ple, the sponaneous deammatron of asparagme and 
glutamme or the oxrdation of cysteme to cysterc acid. 
Care should be taken when preparmg extracts and they 
should always be mamtamed in the cold and stored m 
lysis buffer. Proteins may also be carbamylated by 
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Fig. 1. An autoradiograph of a 10% two-dimensional 
polyacrylamide gel of 35S-methionine labeled cellular proteins 
from a temperature-sensitive leucyl-tRNA synthetase mutant of 
Chinese hamster ovary cells. 
About 5 x lo5 cpm of 35S-labeled proteins were loaded on the 
gels that were exposed to the X-ray film for 5 d. Note the charac- 
teristic protein spot shape and the distortion at the basic end of 
the gel caused by edge effects. 

isocyanate impurities in the urea solution, and there- 
fore it is worth investing in the highest quality urea, 
preparing it fresh, and storing it at -20°C. It is also ad- 
visable to have ampholines present wherever proteins 
are in contact with urea and to prerun the isoelectric fo- 
cusing gels to remove isocyanate contamination. Basic 
ampholines may precipitate nucleic acids, with the re- 
sultant binding of protein producing streaking, but this 
may be easily solved by treating the sample with 
ribonuclease and deoxyribonuclease. Nevertheless, 
sample preparation by the methods described above 
should result in trouble-free gels. 

2. Vertical streaking can also occur and this is caused ei- 
ther by not changing or recycling the running buffer or, 
more commonly, by poor equilibration of the first- 
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dimension gels. Occasionally, horizontal streaking can 
occur owing to poor solubihty of proteins, but high 
concentrations of NP-40 and urea usually increase solu- 
bihty sufficiently 

3 Spot size increases nonlmearly with high protein con- 
centrations and overloadmg may cause precrpltatlon at 
the top of the rsoelectrc focusmg gel, which can streak 
across the pH gradient. Overloadmg may also cause 
pH inversions in the isoelectric focusing dimension 
The best separation and resolution 1s therefore ob- 
tained when the lowest amounts of protein are applied 
to the gel, but concentrations up to 100 pg/gel are toler- 
ated. Obviously, the best results are obtained with 
small amounts of protein having high specific active- 
ties, although the evolutron of highly sensitive silver 
stains may dimmish this requirement If samples are 
too dilute or at too low a specific activity, they may be 
precipitated with ammonmm sulfate or better, 
lyophilrzed, followed by solubilization of the pellet di- 
rectly m lysis buffer. But remember that any salt will 
also be concentrated by these techniques and the salt 
may cause artifacts on the gel Cells, if they are grown 
m a small area, for example m a microwell (see Chapter 
9) may also be taken up directly m lysls buffer and ap- 
plied directly to the gel, consequently avordmg dilution 
during sample preparation. Overloadmg can be partic- 
ularly a problem with serum because of the enormous 
concentration of albumm Methods such as 
rmmunoprecipitation of the malor protem might im- 
prove resolution of minor components Interestingly, it 
1s possible to polymerize proteins within the isoelectric 
focusing gel, and this mcreases capacity, ameliorates 
the problem of precipitation, and gives acceptable gels. 

4 We have found that, when cells m culture are 
trypsmlzed, if they are not thoroughly washed, the 
trypsin may carry over and cause streaking and 
artifactual gel patterns Protease degradation, particu- 
larly of nuclear proteins, has also proved a problem 
and this has been remedied by adding protease mhibi- 
tors such as sodium bisulfite and dnsopropylfluoro- 
phosphate These should be omitted from the 2-D 
sample gel preparation since they may cause modrfrca- 
tion of proteins 
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5. Ampholmes also run as small proteins, are acid precipi- 
table, and ~111 stain. They can be eluted from the gel 
using the fixative described above and so avoid 
masking the detection of small proteins migrating near 
the gel front 

6 Workers often, when they first start running gels, find 
poor polymerization. This is usually caused by dirty 
plates or poor quality bisacrylamide or acrylamide. 
Commercial electrophoresis-grade chemicals are usu- 
ally of high enough quality, but acrylamide may be 
purified by heating 1 L of chloroform m a water bath at 
50°C and adding to it 70 g acrylamide. Filter through 
Whatman No. 1 grade filter paper, while it is hot, and 
leave the resultant liquor on ice for several hours to 
recrystallrze. Collect crystals m a Buchner funnel and 
wash with cold chloroform. Leave the crystals to dry. 
Bis-acrylamide may be recrystallized by brmgmg 1 L of 
acetone to a boil m a water bath, adding 10 g bis- 
acrylamide and re-boilmg it. Thereafter, continue as 
described for acrylamide, except that crystalization is 
performed at -20°C But remember these chemicals are 
highly toxic. Finally, to improve polymerization, we 
make up all solutions m double glass-distilled or deion- 
ized water (but be careful of flaking of ion-exchange 
resin from the column) and we filter all gel solutions 
through 0.45 km filters before use. 

7 Reproducibility can also be a problem and this is usu- 
ally caused by batch variation m ampholmes. If it can 
be afforded, batch testing is advisable. Manufacturers 
have also promised to improve the reproducibility of 
their ampholmes. To date, LKB manufactures the most 
consistent product. It is also important to keep gel 
lengths and run times the same from day-to-day and 
particularly to exercise care m handling the isoelectric 
focusmg gel to avoid stretchmg it During equilibration 
between 5 and 25% of protein may elute from the gel, 
and variable amounts of protein may also precipitate at 
the top of the gel during the run. This can be a problem 
when comparmg, for example, time courses of protein 
synthesis when it is desirable to add constant amounts 
of protein to the gels. Low concentrations of protein m 
the sample reduce the precipitation problem and 
O’Farrell (2) has described a technique for rapid equili- 
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bratron involving a high SDS buffer added directly to 
the isoelectric focusing gel already zn sztu on the slab 

IiF* 
8. SDS slab-gel electrophoresls separates according to mo- 

lecular weight since SDS binds to most proteins on a 
molar basis (1 4 to 1) giving a uniform charge-to-mass 
ratio. Thus, dependent on the size range of the prote- 
ins to be analyzed, a suitable percentage acrylamrde gel 
may be selected. Gradient gels may also be run and 
these give greater accuracy to molecular weight deter- 
mmatrons of glycoproteins. Nevertheless, anomalous 
results may be obtained with unusual protems, for ex- 
ample those containmg a large percentage of basic resl- 
dues, or those wrth large amounts of carbohydrate 
Care should be exercised by the mvestrgator m the in- 
terpretation of the experimental results. 

9. Given that all these procedures are correctly followed, 
however, the gels are remarkably reproducrble and 
provide one of the major analytical tools available to 
protein brochemrsts. 
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Chapter 11 

Starch Gel 
Electrophoresis of 
Proteins 

Graham B. Divall 

Metropolitan Poke Forensic Science 
Laboratory, London, England 

Introduction 

Starch gel IS one of a wide variety of supportmg media 
that can be used for horrzontal zone electrophoresls. Such 
gels are prepared by heating and coolmg a quantity of par- 
tially hydrolyzed starch m an appropriate buffer solutron 
The chorce of buffer IS somewhat empmcal and a wide va- 
riety of composmons have been used successfully 

A characterlstlc feature of starch gels IS that they ex- 
hibit molecular sieving effects Separation of proteins IS 
achieved, therefore, not only on the basis of differences m 
charge, but also of differences m molecular size and 
shape The contrrbutlon of these factors, however, 1s dlffr- 
cult to control because a starch gel of any particular con- 
centration will contam a range of pore sizes and there is no 
way of knowing what these are 
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The gels may be prepared with total concentrations 
between 2 and 15% w/v, but 10% IS a good startmg point 
for most separations. They are usually cast in rectangular 
slabs between 1 and 6 mm thick. The l-mm thick gels (thin 
layer) are most suitable for the electrophoretic separation 
of small quantities of protein mixtures, as encountered m 
forensic analysis. The 6-mm thick gels (thick layer) are 
used where the avarlablllty of sample IS not a crmcal fac- 
tor. They have been widely used m human genetics to 
study a variety of protein and enzyme polymorphrsms 
The preparation of both types of gel IS described here 

After electrophoresls, the gels are stained to reveal 
the separated components General protein stains can be 
used, but starch gels are commonly used u-r conlunctlon 
with specific stammg procedures m which only one or a 
group of closely related proteins IS located 

Materials 

1. Gel and tank buffers are selected empu-really to give the 
best separation for the protein system under investrga- 
tion. Some composmons that have been used success- 
fully are as follows: 

a. 

b. 

C 

d 

e 

Tank buffer, pH 7.4: 12.11 g Trls, 11.62 g malelc 
acid drssolved m 1 L water and adjusted to pH 7.4 
with 10N sodium hydroxide. Gel buffer. tank 
buffer diluted 1 m 15 with dlstllled water. 
Tank buffer, pH 8.5: 4.41 g sodium barbiturate, 
2.34 g diethylbarblturlc acid dissolved m 1 L dls- 
tilled water and adlusted to pH 8.5 with O.lN so- 
dium hydroxide. 
Tank buffer, pH 4 9 28.72 g citric acid; 10.69 g so- 
dium hydroxide dissolved m 1 L distilled water 
Gel buffer, pH 5.0. 0 945 g succmic acid, 1.113 g 
Trls drssolved m 1 L distilled water. 
Tank buffer, pH 7 2. 27.21 g boric acid; 1 68 g llth- 
mm hydroxrde dissolved m 1 L dlstllled water. Gel 
buffer, pH 7.4: 0.818 g Trrs; 0 378 g citric acid; 0 136 
g boric acrd drssolved m 1 L distilled water 
Tank buffer, pH 7.9: 18 6 g boric acid; 2 g sodmm 
hydroxide dissolved m 1 dlstllled water Gel 
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buffer, pH 8 6: 9.2 Tris, 1.05 citric acid dis- g g 
solved m 1 L distilled water. 

2 Hydrolyzed starch for electrophoresis. 
3. Glass plates, 22 cm long, 12 cm wide, and approxi- 

mately 4 mm thick. 
4 Glass edge strips, 22 and 14 cm long, 5 mm wide, and 

approximately 1 and 3 mm thick. 

Methods 

Preparation of Starch Gels 
Thin Layer Starch Gels 

1 Prepare the gel mold by sticking the l-mm thick glass 
edge strips to one of the glass plates to give a shallow 
tray 21 cm long, 14 cm wide, and 1 mm deep The UV 
light-sensitive glass adhesives are most suitable for this 
purpose 

2. For a 10% gel, mix 4 g of the dry starch with 40 mL gel 
buffer in a 250 mL conical flask to give a lump-free 
suspension 

3. Heat the suspension over a Bunsen flame while gently 
swrrlmg the flask. As the temperature rises, the starch 
begins to dissolve and the solution becomes VISCOUS. It 
is important to keep the flask moving at this stage since 
localized heatmg ~111 cause the starch to burn. Con- 
tinue the heating and at a certain pomt the viscosity of 
the solution will fall very rapidly. Contmue to swirl the 
flask and bring the starch solution to a boil. Contmue to 
boll for a few seconds. The bubbles will be seen to 
change from a frothy opalescent appearance to a clear 
transparent form 

4. Degas the solution by applying a vacuum to the flask 
for approximately 5 s. The solution will boil again un- 
der the reduced pressure. Release the vacuum slowly 
or else the hot starch solution will be violently mixed 
and can spit out of the flask. 

5 Place the mold on a horizontal surface and pour the hot 
starch solution across the width of the plate at one end. 
Spread the solution across the plate to form an even 
layer. This is best achieved by using a bevelled Perspex 
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scraper placed across the width of the plate and drawn 
down its length, allowing the excess starch solution to 
flow off the end. 

6. Leave the plate for 5 mm to allow the starch solution to 
cool and gel. Transfer the gel plate to a moisture cabr- 
net at 4°C. 

Thick Layer Starch Gels 
1 Prepare the gel mold by stickmg the 3-mm thick glass 

edge strips to one of the glass plates. Place a second set 
of edge strips on top of the first These are held m place 
by smearing the lommg surfaces with a non-srlrcone 
grease This will give a tray 21 cm long, 14 cm wide, 
and 6 mm deep 

2. For a 10% gel, mix 20 g of the dry starch with 200 mL 
gel buffer in a 2 L conical flask to give a lump-free 
suspension. 

3. Heat the suspension with contmuous vigorous swirlmg 
and bring the solution to a boil. Contmue boiling for a 
few seconds and then degas the solution by applying a 
vacuum to the flask 

4 Place the mold on a horrzontal surface, pour the hot 
starch solutron mto the center, and allow rt to spread 
over the surface of the mold If any bubbles form or if 
the solution does not reach the edge, touch the solution 
at the point with a rubber-gloved finger. 

5. Leave the plate for 30 mm to allow the starch solution 
to cool and gel It 1s important that the plate not be drs- 
turbed during this period or the gelling solutron will 
ripple Transfer the gel plate to a moisture cabinet at 
4°C. 

Sample Application 

Thin Layer Gels 
1. Make sample applicatron slots m the gel across the 

width of the plate approximately 6 cm from the cathode 
end This is most easily achieved by using a comb made 
of thm (0 5 mm) plastic, with teeth 1 cm wide and 0.5 
cm apart Press the comb into the gel and remove it 
cleanly 



Starch Gel Electrophoresls 101 

2 Soak pieces of l-cm long cotton thread (pulled from a 
plain cotton bed sheet) in the sample solution and m- 
sert mto the sample slots. Each thread absorbs approxi- 
mately 2-3 u.L of sample solution Ensure the threads 
are pressed well down to touch the base glass plate. 
The threads are best held and manipulated using a pair 
of fine forceps 

Thick Layer Gels 
1 Make sample application slots m the gel across the 

width of the plate approximately 6 cm from the cathode 
end. These can be made individually by inserting a 
piece of razor blade, approximately 1 cm wide, verti- 
cally into the gel or usmg a comb as described for the 
thm layer gels 

2. Soak a piece of Whatman 3 mm filter paper, approxi- 
mately 1 x 0 5 cm, in the sample solution and insert 
mto a sample slot. Ensure the inserts reach the base 
glass plate The inserts absorb approximately 15-20 PL 
of sample solution 

Electrophoresis 

1. Place the gel plate m an electrophoresrs tank and apply 
wicks to both ends of the gel. The wicks, consistmg of 
several thicknesses of filter paper or pieces of sheet 
sponge and cut to the width of the gel, should be 
soaked in tank buffer, and overlap the gel surface by 
1-2 cm. They can be held m place by a plam glass plate, 
22 x 15 cm, which will also cover the gel and reduce 
evaporation 

2. The gels must be cooled during electrophoresis by 
placing the whole tank m a cold room or refrigerator at 
4”C, or by using a cooling plate through which water is 
circulated at 4-K. 

3. It is difficult to generalize about the conditions of elec- 
trophoresis: time, voltage, and current are selected to 
give the best separation for the protein system being 
studied As a starting point, however, potentials be- 
tween 2 and 20 V/cm are used with running times be- 
tween 2 and 16 h. 
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Fig. 1. Part of a thin-layer starch gel electrophoresis plate 
used to detect phenotypic variation in human red cell 
phosphoglucomutase (PGM). The samples were approximately 
2-3 PL of human red cell lysate applied to the gel on l-cm cotton 
thread inserts. Electrophoresis was performed at 6 V/cm for 16 h 
in a cold room at 4°C. The plate was then developed for PGM 
activity using a zymogram agar overlay (see also Chapter 12 for 
the same analysis by isoelectric focusing). 

4. After electrophoresis, remove the top plate and wicks, 
lift the gel plate from the electrophoresis tank, and ap- 
ply a suitable stain. A typical electrophoretic run is 
shown in Fig. 1. The stain may be applied to the top 
surface of the thin layer gel, but the thicker gels must 
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be sliced. To do this, remove the filter paper inserts and 
the second set of edge strips Place a glass plate on the 
surface of the gel and draw a thin wire or cutting blade 
through the gel. During the cutting process, ensure 
that the wire or blade is kept firmly pressed to the sur- 
faces of the bottom edge strips. Remove the top glass 
plate and roll a piece of damp filter paper onto the gel 
surface. The upper half of the gel will adhere to the pa- 
per and can be peeled away from the lower half. The 
cut surfaces of each half can now be stained. 

Notes 

1. A wide variety of buffers have been successfully used. 
The pH, ionrc strength, and buffer constituents are all 
important considerations when trying to achieve a par- 
ticular separation When studying enzymes, start with 
a buffer whose pH is near the optimum and use short 
running periods with low voltages, e.g., 24 h at 24 
V/cm. It is sometimes necessary to mcorporate known 
activators or cofactors into the buffers, e.g , Mgzf ions 
or EDTA, since this can improve the resolution mto dis- 
tinct zones and increase the stainmg mtensities of 
enzymes. 

2. Hydrolyzed starch surtable for electrophoresis can be 
prepared m the laboratory by warming granular potato 
starch in acidified acetone. Most laboratories, however, 
use hydrolyzed starch powder that is commercially 
available. The methods described here have assumed 
30 g/100 mL to give a 10% gel, but the exact amount of 
powdered starch required varies from batch to batch 
and is always given with the manufacturers 
instructions 

3. The starch solutrons take between 5 and 30 mm to gel, 
but it has been noticed on numerous occasions that su- 
perior resolution of protein bands is achieved if the gels 
are stored m a moisture cabinet overnight. 

4. After preparation, the gels should appear clear or 
slightly opalescent and homogenous. The presence of 
undissolved starch, which appears as white speckles, 
bubbles, bacterial growth, or any other artefact renders 
the gel unsuitable. 
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5. The sensitivity of the method IS ultimately dependent 
on the staining procedure used. Samples that have a to- 
tal protein concentration of between 1 and 100 mg/mL 
are generally used 

References 

2 Smlthles, 0. (1955) Zone electrophoresls m starch gels 
group variations m the serum proteins of normal adults 
Bzochem 1 61, 629-641 

2 Wraxall, B G D., and Culhford, B J. (1968) A thin-layer 
starch gel method for enzyme typing of bloodstams ] Fo- 
renszc Scz Sot 8, 81-82. 



Chapter 12 

Isoelectric Focusing 
in Ultrathin 
Polyacrylamide Gels 

Graham B. Diva11 

Metropolitan Police Forensic Science 
Laboratory, London, England 

Introduction 

Isoelectric focusmg is an electrophoretic method for 
the separation of amphoteric macromolecules according to 
their isoelectric points (~1) m a stabilized natural pH gradr- 
ent It is a sensitive and reproducible technique, particu- 
larly valuable m the separation of closely related protems 
that may not be easily separated by other techmques. 

The method consists of castmg a thm layer of 
polyacrylamrde gel containing a large series of carrier 
ampholytes. A potential difference is applied across the 
gel and the carrier ampholytes arrange themselves m or- 
der of increasing pl from the anode to the cathode. Each 
carrier ampholyte mamtams a local pH correspondmg to 
its pl, thus creatmg a uniform pH gradient across the 
plate Samples are applied to the gel surface and under the 
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influence of the electric field each individual protein com- 
ponent migrates to the region m the gradient where the 
pH corresponds to its Isoelectric point. At its ~1, a protein 
1s electrically neutral and rt becomes stationary or focused 
at that point in the gel 

When focusing IS complete, the separated compo- 
nents are detected by applying a general or speclfrc stain 
to the gel surface. 

Materials 

1 Acrylamlde, N,N’-methylene blsacrylamide and ana- 
lytrcal grade sucrose. 

2. Stock riboflavin solution, 1 mg in 10 mL drstrlled water. 
Store the solution m a brown glass bottle at 4°C 

3. Carrier ampholytes of the desrred pH range. The au- 
thor has experience only with those available from 
LKB, Sweden (AmpholmeR). They are supplied as 40% 
w/v solutions. Store at 4°C. 

4. Anolyte and catholyte wick solutions conslstmg of 1% 
v/v acetic acid and ethanolamine, respectively. 

5 Plain glass plates, 22 cm long, 15 cm wide, and approxl- 
mately 4 mm thick. 

6. Fixing solution: 5 g sulfosallcyhc acid and 10 mL 
trichloroacetic acid m 90 mL dlstllled water 

7. Destaining solutron. 300 mL methanol, 100 mL glacial 
acetic acid, and 600 mL distilled water. 

8. Stammg solution: 0 2 g Coomassie Brilliant Blue R.250 
m 100 mL destaining solutron The solutron should be 
filtered before use. 

Method 

1. Prepare the ultrathin mold by stlckmg strips of PVC 
electric insulatmg tape, 1 cm wide and approximately 
0 15 mm thick, around the edge of a clean glass plate 
This will give a very shallow tray, 18 cm long, 13 cm 
wide and 0.15 mm deep Avoid overstretchmg the 
tape since rt will later shrink and gaps will occur at the 
corners. Small gaps are tolerable, but larger ones (1 
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mm or more) will hinder polymerization of the 
acrylamide and cause an unevenness in the gel at 
these pomts. 

2. Prepare the following solution, which is sufficient for 
making 12 plates. 3.88 g acrylamide, 0.12 g N,N’- 
methylene bisacrylamide, 10 g sucrose, and 80 mL 
distilled water. Ensure that all of the components are 
completely dissolved. This IS best done with a mag- 
netic stirrer, but vrgorous mixing of the solution 
should be avoided. The solution should not be stored. 

3 Add 0.6 mL riboflavm solution. The riboflavin does 
not completely dissolve in the stock solution, so that 
this solid material should not be picked up 

4. Add 4 mL of carrier ampholyte solution of the appro- 
priate pH range. The final concentration of carrier 
ampholytes is approximately 2% w/v. Ensure all the 
components are uniformly mixed by gently swnlmg 
the flask. Degassmg has been found to be unneces- 
sary so long as violent mlxmg has been avoided. 

5. Place the glass mold m a spillage tray (photographers’ 
developmg trays are ideal for this purpose) with the 
taped surface uppermost. Wipe the surface with an al- 
cohol moistened tissue to remove any traces of grease. 

6 Using a disposable plastic syrmge, transfer approxi- 
mately 7 mL of the acrylamide-ampholyte solution to 
along one of the short edges of the glass mold. 

7 Take a plain glass top plate (20 X 15 cm), wipe the 
surfaces with alcohol, and place one of the short 
edges along the taped edge of the mold adlacent to 
the acrylamide-ampholyte solution Gradually lower 
the top plate and allow the solution to spread over the 
mold. Care must be taken to avoid trapping air bub- 
bles between the two glass plates. If this happens, 
raise the top plate to remove the bubble, then lower it 
again. Excess solution will flow mto the spillage tray. 
Press the top plate into firm contact with the taped 
edge of the bottom plate. 

8. Lift the complete mold and top plate out of the 
spillage tray Gently scrape the bottom of the mold on 
the edge of the tray to remove excess solution. 

9. Place the whole plate m UV light for at least 3 h to al- 
low photopolymerization to occur. A viewing table il- 
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lummated by white strip lights or bright direct sun- 
light provides sufficient UV light To save space plates 
may be stacked, but no more than three m a pile, and 
each plate must be separated from the next by glass 
strips to prevent the plates strckmg to each other. 

10. Pour the excess acrylamrde-ampholyte solutron from 
the spillage tray mto a clean flask The dregs from four 
plates will be sufficient to pour one further plate 

11. Remove the plates from the UV light source and wipe 
the outside surfaces with a wet tissue to remove any 
solid material. This IS important since the whole sur- 
face of the bottom plate must be m intimate contact 
with the coolmg plate durmg the focusmg run. 

12. Store the plates m the dark at 4°C They can be kept 
for several months, but should not be used if the gel 
has drscolored or dried. If the plates are used rmmedl- 
ately, rt 1s still advisable to cool them to 4°C since this 
facrhtates removal of the top plate. 

13. Remove the top plate immediately prior to sample ap- 
phcatlon by placing the whole plate on a horizontal 
surface and msertmg a scapel blade between the top 
and bottom plate in one of the corners. Carefully twist 
the blade and pry the top plate away Sometrmes the 
gel sticks to the top plate, but as long as rt remams m 
contact, the top plate plus gel may be used for fo- 
cusing. Occasionally, part of the gel will stick to the 
top plate and part to the bottom plate The whole lot 
will then have to be discarded. 

14. Absorb sample solutrons on 5 x 5 mm pieces of 
Whatman No. 1 filter paper and lay these on the gel 
surface down the length of the plate at approxrmately 
5 cm from the anodal edge. Each piece of filter paper 
absorbs approximately 5-8 FL of sample solution 
Samples that have a total protein concentratron of be- 
tween 0.05 and 10 mg/L are generally used. 

15. Place the gel plate on a coolmg plate through which 
water IS circulating at approximately P8”C 

16. Apply electrode wrcks to the anode and cathode 
edges of the gel. These consist of 18 x 1 cm strips of 
Whatman No. 17 filter paper saturated with 1% acetic 
acid (anolyte) and 1% ethanolamme (catholyte), re- 
spectively Uniform soaking of the wicks 1s Important 
in preventing wavy iso-pH bands 
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17 Place a platinum electrode on each wick. These can 
consist of an 18 cm-long strand of platinum wire 
stretched and held taught across an 18 x 1 cm piece 
of Perspex Hold the electrodes in place with a glass 
top plate 

18. Apply a potential difference of between 130 and 160 
V/cm across the plate. This represents (for a 12 cm 
electrode gap) a workmg potential of approximately 
1600-2000 V. A special high voltage power pack will, 
therefore, be required. Starting currents are usually 
between 5 and 8 mA. 

19. Focusmg takes between 3 and 6 h This can be 
checked by placing identical samples on the cathode 
and anode sides of the gel. Equilibrium focusing con- 
ditions have been reached when the same compo- 
nents m each sample are seen to coincide. 

20 When focusmg is complete, disconnect the power 
supply, remove the top plate, electrodes, and wicks, 
lift the gel plate from the tank, and apply a general or 
specific stain to the gel surface. A typical example is 
shown m Fig. 1. 

21 Many general protein stains form msoluble complexes 
with the carrier ampholytes and these must be re- 
moved from the gel before the stain is applied. A sug- 
gested procedure IS as follows. Place the gel plate in 
the fixing solution for 20 mm; transfer the plate into 
destaining solution for 15 mm, transfer mto staming 
solution for 30 mm, then finally mto destaining solu- 
tion for 20 mm All stages are performed at room 
temperature. 

Notes 

1. When making ultrathin gels, some workers recom- 
mend employmg the process of silanization (m which 
the polyacrylamide gel is chemically bonded to the 
glass plate, thus preventmg the gel from becoming 
damaged or torn during use). In practice however, we 
have found this an unnecessary step. 

2. Prefocusmg of the plates prior to sample application, 
although carried out by some workers, is an unneces- 
sary step in most instances 



Fig. 1. Part of an ultrathin IEF plate used to detect phenotypic 
variation in human red cell phosphoglucomutase. The samples 
were approximately 5-8 PL of human red cell lysate (1: 5 with 
distilled water) applied to the gel surface on filter paper squares 
at 5 cm from the anode edge. They were subjected to electro- 
phoresis at 140 V/cm for 3 h in a pH 5-7 gradient. The run was 
stopped before focusing was complete and the plate was devel- 
oped for PGM activity using a zymogram agar overlay. 
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3. Theoretically, it should make no difference where the 
samples are applied since all components will move m 
the pH gradient to positions correspondmg to then iso- 
electric points. In reality, this is not always the case. 
Cathodal application may be more appropriate, for ex- 
ample, if a particular protein is easily denatured at acid 
pH values. 

4. The electrode wick solutions (acetic acid and 
ethanolamine) have been used successfully for separa- 
tions in the followmg gradients: pH 3-10, pH 5-7, pH 
4-8, and pH 4-6 

5. Adequate coolmg is essential, but remember that at low 
temperatures proteins take longer to focus. For some 
systems, overcooling produces an mferior resolution of 
the components. 

6 Considerable advantages can be obtained by not al- 
lowing the proteins to reach their isoelectric points. 
The runs are shorter, resolution can be improved, and 
an overall increase in clarity is sometimes observed. 
Under such conditions, the method is really one of 
electrophoresis m a pH gradient rather than true isoe- 
lectric focusing. 

References 

2 Randall, T , Harland, W A , and Thorpe, J W <1980) A 
method of phenotypmg erythrocyte acid phosphatase by 
isoelectric focusmg. Med Scz Law 20, 4347. 

2. Diva& G B. (1981) Studies on the use of isoelectric focusmg 
as a method of phenotypmg erythrocyte acid phosphatase. 
Forensic Scz lnt 18, 67-78. 

3 Divall, G B , and Ismail, M. (1983) Studies and observa- 
tions on the use of isoelectric focusmg m ultra-thin 
polyacrylamide gels as a method of typing human red cell 
phosphoglucomutase Forensx Scz ht. 22,25%263. 





Chapter 13 

High-Sensitivity Silver 
Staining of Proteins 
Following 
Polyacrylamide Gel 
Electrophoresis 

Keith Gooderham 

MRC Clinical and Population Cytogenetics 
Unit, Western General Hospital, Crewe 
Road, Edinburgh, United Kingdom 

Introduction 

Polyacrylamlde gel electrophoresls 1s a simple, inex- 
pensive, yet highly versatile and powerful method for the 
analysis of complex mixtures of proteins In part, the suc- 
cess of this method has resulted from the ease with which 
the fractionated proteins can be detected with the blue 
dye, Coomassle brllllant blue R 250. However, though this 
stain has proved to be ideal for many of the more tradl- 
tlonal apphcatlons of this method, it 1s of limited sensltlv- 
ity In particular, the recent development of two- 
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dimensional gel electrophoresis (Chapter 10) and tn situ 
peptide mapping techniques (Chapter 22) have demanded 
increasingly more sensitive detection methods. In part, 
this requirement has been met by the use of radioactively 
labeled protems, followed by either autoradiography or 
fluorography (Chapter 9). The principal drawback of this 
approach is that it involves additional sample preparation 
and it is often difficult to label the proteins to a sufficiently 
high specific activity, particularly where proteins are ob- 
tained from dilute physiological samples, and so on. 

The recent development of a number of very sensitive 
silver stains, which are between 20 and 200 times more 
sensitive than Coomassie brilhant blue (see, for example, 
Fig. 1 of Chapter 22), has been a very valuable addition to 
the range of protein detection methods that can be used 
with polyacrylamide gel electrophoresis. These silver 
stammg procedures have been developed from a variety of 
histochemical and photochemical techniques, where silver 
has long been recognized as a valuable and sensitive rea- 
gent. Silver staining has the considerable advantage of not 
requiring any special sample preparation and it can also be 
used in conlunction with standard Coomassie stains. A 
number of problems arise from the novelty of this method 
and our limited understanding of the precise chemistry of 
the reactions involved. The most significant of these are: 
lack of reproducibility, nonlinear staining, preferential 
staining of different proteins, and nonspecific background 
staining. However, silver staining remains a valuable 
method for the detection of proteins in polyacrylamide 
gels. 

The procedure described here IS based on a method 
originally published by Oakley et al. (I). Although this 
method is neither the most sensitive or rapid of the meth- 
ods that are currently available, we have found that it is 
both reliable and easy to use. 

Materials 

With the exception of Solution C, all of the followmg 
solutions are prepared from analytical grade reagents. De- 
ionized, glass-distilled water is used for the preparation of 
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all solutrons. The volumes of these solutrons are suffrclent 
to stain a gel measuring approximately 15 by 15 cm; where 
either larger or smaller gels are to be stained, these 
volumes should be adjusted accordingly 

1. Solutzon A 500 mL of 50% (v/v) methanol, 10% (v/v) 
acetic acid 

2. Solution B. 2000 mL of 20% (v/v) methanol, 7% (v/v) ace- 
tic acid 

3. Solutmn C 500 mL of 10% (v/v) glutaraldehyde 1s pre- 
pared by drlutmg 100 mL of 50% glutaraldehyde solu- 
tion (laboratory reagent grade) to 500 mL with water. 

4 Solution D. 200 mL of ammoniacal silver nitrate solution 
IS prepared as follows to approximately 170 mL of 
water, add 2.8 mL of concentrated ammonia solution 
(0.88 sp.gr ) and 3.75 mL of 1N NaOH solution. A 
volume of 8 mL of 20% (w/v) silver mtrate solution is 
then slowly added to this solution while vigorously 
mixing the solution The solutron 1s then made up to 
200 mL with water 

5. Solutron E 1000 mL of 0.005% (w/v) crtric acid, 0.019% 
(v/v) formaldehyde [0.5 mL of 38% (v/v) formaldehyde 
per liter] 
Solutrons A and B can be kept for up to 2 wk before be- 
mg used All other solutrons are prepared as required 
and used immediately. Both the concentrated ammonra 
and glutaraldehyde solutrons should be stored at 4°C 
when not m use 

6. The only items of specrahzed equipment required for 
the followmg protocol are an orbital shaker table and a 
number of clean glass “gel dishes”, shallow baking 
dishes are ideal for this purpose. 

Method 

In order to prevent the surface of the gel becoming 
contaminated by finger marks and so on (which are read- 
11y detected by this method), it IS essential that talc-free 
plastic gloves are worn whenever the gel IS handled. How- 
ever, m the majority of the followmg steps, the various so- 
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lutions can be removed with the aid of a water pump, thus 
avoiding any direct contact with the gel 

With the exception of Solutron D (Step 5) where only 
200 mL of this reagent 1s used, approximately 500 mL of 
each solution IS used for each wash and the gel IS contmu- 
ally agitated at between 20 and 50 rpm on an orbital shaker 
table. 

1. Protems are separated by polyacrylamrde gel electro- 
phoresis (see Chapters 6-10) and the gel is then placed 
in a glass dish and washed for 2-16 h in Solutron A 

2. The gel 1s then washed for a further 2-16 h m Solutron 
B. 

3. This solutron IS then replaced with Solutron C and the 
gel is washed for a further 30 mm, after which time rt IS 
washed with at least four changes of drstrlled water for 
a mmrmum of 2 h and preferably overnight. 

4 Upon completing the wash step, the ammoniacal silver 
nitrate solutron (Solutron D) 1s poured mto the dish and 
the gel IS vigorously agitated (-200 rpm) for 15 mm 
The gel IS then briefly rinsed with two changes of dis- 
tilled water and transferred to a clean gel dish between 
the first and second rinses. 

5. The proteins are then visualized by the addition of So- 
lution D and gently rocking the gel dish. When the im- 
age has developed to the required intensity (usually 
within 5 mm), the gel 1s again washed m Solution B for 
about 10 mm before finally being stored m this solutron 
in the dark at 4°C. Although the silver-stained proteins 
remain clearly visible for at least 18 h, there may be 
some slight change in color as well as an increase m the 
nonspecific background stammg during this time and 
the gel should therefore be photographed as soon as 
possible after staining. 

6. During the above stammg procedure the gel will un- 
dergo a considerable increase m size and the proteins 
frequently appear as diffuse bands This effect can be 
reversed by leaving the gel for 2-16 h in Solutron A (in 
the dark). The high concentration of methanol m this 
solutron will dehydrate and shrink the gel and the pro- 
teins will then appear as intense, sharp bands 
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Notes 

1. The importance of wearing talc-free plastic gloves and 
of touching the gel as little as possible has already been 
stressed. In addition it is important that all of the glass- 
ware used for the preparation of the gel, as well as the 
silver staining solutions, is scrupulously clean 

2 Ammoniacal silver nitrate solution (Solution D) is po- 
tentially explosive when dry, and therefore should be 
collected after it has been used for staining the gel and 
precipitated by the addition of an equal volume of 1N 
hydrochloric acid When large numbers of gels are be- 
ing silver stained, sufficient silver chloride may be col- 
lected to make the recovery of the silver worthwhile. 
However, if this method 1s used only occasionally, the 
silver chloride can be washed down a drain with a large 
volume of cold water 

3 In gels where either the proteins have been stained too 
heavily or there is too much background staining, the 
staining can be reversed with Kodak rapid fixer, as de- 
scribed by Oakley et al. (1) 

4. If gels are to be pre-stained with Coomassie brilliant 
blue, gels are treated with a 0.5% (w/v) solution of 
Coomassle brilliant blue R 250 in Solution A for 2-18 h, 
followed by destaining against several changes of Solu- 
tion B. The gel can then be silver stained by starting ei- 
ther at step 3 (see Method) or the gel can be “totally” 
destained by washing for l-2 d m Solution A and then 
contmumg from step 2 (see Method). This “total” 
destaining step will remove the Coomassie stain from 
all but the most intensely stained proteins and will en- 
sure a more uniform deposltlon of silver. 

5. The above procedure is designed for slab gels that are 
up to 1 mm thick. Where thicker gels are to be stained 
this method may fall to produce satisfactory results, 
with only the proteins at the surface of the gel being 
stained. Marshall and Latner (2) have recently pub- 
lished a technique designed for staining thick gels, and 
this should be used when the method described here 
proves unsatisfactory 

6 Most radloactlvely labeled proteins (125I 32P 35S, and 
14C) can be detected by either autoradio&aphy or 
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fluorography, as appropriate, followmg silver stammg. 
However, gels containing proteins that have been la- 
beled with trrtmm are unsurtable for fluorography fol- 
lowmg silver stammg because the silver grams absorb 
most of the weak beta emrssions from this isotope. 
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Chapter 14 

Quantification of 
Proteins on 
Polyacrylamide Gels 
(Nonradioactive) 

B. J. Smith 

Institute of Cancer Research, Royal Cancer 
Hospital, Chester Beatty Labor-atones, 
London, England 

Introduction 

It is frequently necessary m biochemical experiments 
to quantify proteins There are various methods for esti- 
mation of the concentration of total protein m a sample, 
such as total ammo acid analysis, the Bmret reaction, and 
the Lowry method [see ref (I)], but these do not allow 
quantification of one protein m a mixture of several This 
may be done by chromatography and estimation of the 
content of the appropriate peak m the elution profile by 
virtue of its absorption of light at, say, 220 nm However, 
it is usually quicker, easier, and more economical to quan- 
tify proteins that have been separated from each other on 
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a polyacrylamide gel This 1s done by scanning the gel and 
by densitometry of the stained bands on it. Microgram 
quantities of protein may be quantified m this way. The 
method described below for quantitative stammg uses 
Procron Navy MXRB and IS suitable for proteins on acid/ 
urea or SDS polyacrylamide gels (see Chapters 6 to 8) 

Materials 

1. A suitable densitometer, e.g , the Grlford 250 spectro- 
photometer with scanning capability and chart re- 
corder, or the Joyce-Loebl “Chromoscan “ 

2 Protein stam. 

Proclon Navy MXRB 0 4 g 

Drssolve m 100 mL methanol, then add 20 mL glacial 
acetic acid and 80 mL distilled water Make fresh each 
time. 

3. Destaining solutron 

Methanol 100 mL 
Glacial acetic water 100 mL 
Dlstllled water 800 mL 

Method 

1 At the end of electrophoresrs, Immerse the gel n-r 
Proclon Navy stain, and gently agitate untrl the dye has 
fully penetrated the gel. This time varies with the gel 
type [e g , 1.5 h for a 0.5 mm-thick SDS polyacrylamrde 
(15%T) gel slab], but cannot really be overdone. 

2 At the end of the stammg period, decolorrze the back- 
ground by immersion in destain, with agitation and a 
change of destain whenever the destain becomes 
deeply colored This passive destammg may take 2448 
h even for a 0 5 mm-thxk gel Thrcker gels will take 
longer 

3. Measure the degree of dye binding by each band of 
protein by scannmg densrtometry of the gel at a 
wavelength of 580 nm The total absorption by the dye 
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m each band (proportional to the area of the peak m the 
scan profile) may be automatically calculated by mte- 
gration of peaks m the scan profile, but if not then the 
peaks m the chart recordmg may be cut out and 
weighed For standard curves, the absorption at 580 
nm (i.e., peak size) 1s plotted versus the weight of pro- 
tein m the various samples 

Notes 

1. For quantification of proteins on gels, three simple con- 
ditions need to be fulfilled. 

(I) Protem bands on the gel should be satisfactorily 
resolved 

(ii) The dye used should bind to the protem of 
interest 

(111) Smce one sample will be compared to others, to 
overcome errors caused by differences m sample 
sizes, the binding of the dye should be constantly 
proportional to the amount of protein present 
over a suitably wide range. 

2 Errors that are difficult to eradicate arise when the 
above condition (I) is not fulfilled. Ideally, another elec- 
trophoresis system that does grve sufficient resolution 
should be used, but otherwise the operator has to de- 
cide where the division between two overlapping 
peaks should be and where the baselme is Use of a 
narrower beam of light for densitometry will improve 
resolution, but may worsen the baseline because of the 
increased effects of bubbles, dust, and so on 

3 Conditions (11) and (m) should be checked by construc- 
tion of a standard curve for the protein(s) of interest 
The range of protein quantities used should cover that 
to be found m experiments, and for accurate results the 
plot of dye-binding (measured by densitometry at a 
particular wavelength) versus protein quantity should 
be linear (or approach close to it) over that range 

4 Any stain may be used for quantification provided that 
it meets the above requirements (ii) and (in) However, 
various factors may influence the choice of dye to be 
used This can be illustrated by comparmg Coomassie 
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Brilliant Blue R250 (BBR 250) with Proclon Navy MXRB. 
Firstly, given time, Proclon Navy can penetrate dense 
bands of protein and stain them, but Coomassie BBR 
250 seems unable always to do this, so that the size of 
band that the protein forms may affect its stammg. 
Thus, since the size of a protein band will generally m- 
crease with mlgratlon during electrophoresls, the ex- 
tent of electrophoresis may have a small effect on 
stammg by this dye. Secondly, when Coomassle BBR 
250 binds to a protein, the resulting complex may be 
colored blue or red or anything in between, depending 
on the chemical structure of the protein. Such produc- 
tion of a variety of colors upon complexmg of dye with 
proteins IS called the “metachromatlc effect.” Maxl- 
mum sensmvlty IS achieved in this technique by 
densltometry at the wavelength at which the 
dye-protein complex absorbs maximally. The 
metachromatlc effect, therefore, dictates multiple estl- 
matrons at wavelengths optimal for each complex, or 
gives suboptimal sensitivity. Proclon Navy gives the 
same color with every protein Thirdly, Coomassle BBR 
250 binds proteins by electrostatic forces and can be 
completely removed from protein by extensive 
destaining. Thus, destaining may mtroduce an element 
of varlablllty to the experiment. Results are more con- 
sistent with Procion Navy, which binds covalently to 
proteins so that prolonged destaining does not remove 
it. Fourthly, the efficacy of Coomassle BBR 250 vanes 
from batch to batch of the solid dye and also with the 
method of its dlssolutlon m making the stain (see Chap- 
ter 6) We have not seen this with Procion Navy MXRB. 
From the above rt may be seen that Proclon Navy 
MXRB (and probably other members of the Procion dye 
family) IS potentially the better choice for quantlficatlon 
purposes. For the proteins studied m our own labora- 
tory, at least, rt also gives stoichlometric bmdmg to pro- 
teins over a wider range than does Coomassie BBR 250 
and so rt 1s the dye of choice for quantlfrcation, even 
though it 1s severalfold less sensmve than Coomassle 
BBR 250. 

5. Standard curves of Procion Navy MXRB binding to 
various proteins are straight lines passmg through the 
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ongin, although they do plateau at higher protein 
quantities The upper limit 1s dependent on the size of 
the gel, but m a 0.5 mm-thick gel the standard curve 
was found to be linear beyond a loading of 6 pg of his- 
tone Hl, and up to about 30 kg for a mixture of four 
proteins (hlstones) together (2) On such gels, a loading 
of less than 0 5 kg 1s detectable and 1 pg 1s sufflclent for 
quantification. 

6. The whole process of quantification should be stand- 
ardized to reduce variation. Sources of error should be 
recognized and countered if results are to be accurate. 
Thus, the densitometer should give a linear response 
over the range of dye densities measured. Sampling er- 
rors are inevitable, but their effect can be reduced by 
repetition and averaging the results The process of 
electrophoresls should be standardized, using samples 
of the same volume and electrophoresmg for the same 
time at the same voltage m each experiment. 
Multlsample slab gels are ideal for this purpose. The 
stammg time should also be the same each time. Since 
variation m band widths will still occur, m a slab gel at 
least, and because irregularities m band shape will oc- 
cur occasionally m any case, the whole of every stained 
band should be quantified If the band width IS greater 
than the width of the densitometer’s light beam, and 
the raster type of scan is not available, the whole gel 
may be sufficiently reduced in size by equilibration m 
aqueous ethanol. Too much ethanol causes the whole 
polyacrylamlde gel to become opaque, but if this hap- 
pens the gel may be rehydrated m a lower-percent eth- 
anol solution. For shrinking 15% polyacrylamlde gels, 
40% v/v ethanol n-t water for 1 h or so 1s suitable, 
reducing their size by about a third If the sample width 
1s still too great, it can be divided up and each section 
estimated separately. These estimates are then 
summed for an estimate of the whole sample. 

Despite efforts to reduce varlatlons between exper- 
iments, they may still occur. In this case it may be nec- 
essary to construct a standard curve for each experi- 
ment The type of standard curve required differs 
according to the aim of the experiment, which may be 
of the followmg types: 
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(a) Simple comparison determination of the relative 
concentratrons of the same protein in two or more 
samples 

(b) Complex comparison: determmation of the relative 
concentrations of two or more proteins m the same 
or different samples. 

(c) Absolute determmation. determination of the 
amount of a protein m one or more samples (that 
is, on a weight or molar basis). 

In experiments of type (a) the dye-binding 
capabilities of the (identical) protein m the different 
samples ~111 be the same and all that is needed is to 
know that dye bmdmg is stoichiometric over the appro- 
priate range of quantities. Thus, the standard curve can 
be set up with a serially diluted (or concentrated) 
sample, without any accurate protein quantification m- 
volved. To compensate for sampling errors, it is often 
useful to relate the protein of interest to an “internal 
standard” of another protein that is known to be at the 
same concentration in all samples This internal 
standard ~111 indicate the magnitude of difference m 
size between samples on the gel, and this factor can 
then be used to adlust the results of the experimental 
protein. It must be remembered that the internal 
standard protein should also have stoichrometric dye 
binding capabilities over the appropriate range. 

Two different proteins will not necessarily have 
the same dye-binding capabilities, so if they are to be 
compared on a weight or molar basis [experiment type 
(b)] it 1s necessary to determine the characteristics of 
each Thus, the pure proteins are isolated, and each is 
accurately quantified (say, by ammo acid analysis) and 
used to construct a standard curve. Experimental 
samples can be compared with these standard curves 
to give accurate weight measurements or it may be suf- 
ficient to determine the ratio between dye-binding 
properties of the different proteins for subsequent use 
with only one of the standard curves. 

Experiments of type (c) are similar to those of type 
(b) m that accurately constructed standard curves are 
required using well-quantified protein standards Note 
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that simple weighing is usually not accurate enough for 
such work as this, for It cannot drstingursh between 
protein and nonprotemaceous constrtuents (such as 
contaminating dust) 

For accurate results with experiment types (b) and 
(c), standard curves need to be run m each experiment 
(even rf they are relatively crude, with only 4 or 5 
points) 

7. Destammg of Procron Navy-stained gels may be 
speeded up by drrvmg free dye out of the gels by elec- 
trophoresrs. The protein-dye complex remains in the 
gel To do this, immerse the gel m destammg solution. 
Place a platmum electrode on either side of the gel and 
apply a dc electric field across the gel Change the 
buffer frequently (as it becomes colored) or cycle the 
buffer through a decolorrzing agent (1.e , an agent that 
bmds the dye) Disposable paper tissues have proven 
satrsfactory as a cheap, disposable decolorlzmg agent 
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Computer Analysis of 
Gel Scans 

Harry R. Matthews 

University of California, Department of 
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Introduction 

Gels are frequently scanned either to obtain quantita- 
tive data from the patterns of stain or radioactivity or to 
facilitate comparisons between samples. Both these proc- 
esses can be greatly enhanced by using a computer and I 
will describe the use of a desktop or microcomputer m this 
area There are several programs available for scanning 
and analyzing two-dimensional gels and I will mention 
these briefly, m passing. These programs need extensive 
computer facilmes and a full discussion of these systems is 
beyond the scope of this chapter (see ref 2 and references 
therein) One-dimensional gel scans, usually mdividual 
tracks from a slab gel, are routmely used for estimating the 
quantities of specific proteins, or the amounts of radioac- 
tivity m specific proteins I will describe an mteractive m- 
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tegratlon program that provides very flexible procedures 
for determining the areas under peaks in the scan. A more 
automatic integration system can also be used and a num- 
ber of such systems, designed for chromatography, are 
avallable. I will describe a peak picking routme that could 
be used to develop an automatic integration program if 
commercial software 1s not available. One characteristic of 
gel electrophoresls 1s that the conditions of electrophore- 
SE, unlike those m most chromatographlc procedures, are 
close to equlhbrium, so that the resultant band shapes are 
close to Gaussian. This means that a complex of 
overlappmg bands may be resolved mto its underlying 
Gaussian components I discuss approaches to this prob- 
lem and describe a flexible, robust program suitable for a 
good microcomputer. Finally, the comparison of gel scans 
involves transformations to correct for variations in run 
conditions and scan parameters. I describe a program that 
aligns and “stretches” gel scans and allows mathematical 
operations, such as generating the difference between two 
scans as a “difference scan.” 

Gel scans must be stored m a computer before they 
can be used In prmclple, a chart record can be dlgltlzed, 
but this IS slow and inaccurate. It is much better to record 
the scan directly into the computer, or onto a data-logger 
that gives a machine-readable output. Slmllarly, the pro- 
grams have to be fed into the computer The programs I 
will describe have been implemented in BASIC on 
Hewlett-Packard desktop computers. The BASIC hstmgs 
are available from me or from the Hewlett-Packard 
Desktop Software Catalog 

Main Menu 

The followmg options are available: 

1. Scan a gel and store the scan. 
2. Plot a stored scan. 
3. Determine areas under peaks in a scan. 
4. Resolve overlapping peaks mto Gaussian components. 
5. Compare two scans. 
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Options 

Scan and Store 
A digitized gel scan is a list of absorbance readings 

taken at equispaced positions, Dx, along the gel starting at 
a particular point, Xmm. The list of absorbance readings is 
stored together with the parameters Dx and Xmin and the 
number of readings in the list, Npts 

In some cases it is very useful to be able to digitally 
reduce the “noise” m a gel scan. This is particularly appro- 
priate for very weak bands or where there is a high back- 
ground, as m fluorography. Many methods to smooth 
curves are available, but the simpler ones, like a movmg 
average, are not very effective and also distort the data. 
The best choice is a low pass digital filter that removes all 
the components that appear to be narrower than a set 
value, such as the grams on a photographic emulsion Fig- 
ure 1 shows an example of the use of a 0 1 dB Chebychev 

A 

Fig. 1 Digital filtering. Scan A 1s the orlgmal data from a scan 
of a fluorograph of soluble hlstones (7) Scan B shows the result 
of passing the data through the digital filter with a relative cut- 
off frequency of 0 1 Scan C shows the result of reducing the 
number of data pomts m the filtered scan from 2840 to 568 Scan 
D shows the results of filtering the data of Scan A with a relative 
cut-off frequency of 0 02 
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filter on a noisy gel scan. The program uses a second-order 
recursive filter, which 1s very stable, and passes the data 
through it four times to give the effect of an 8th-order fll- 
ter. This technique 1s required for desktop computers be- 
cause of their modest number precision. Phase shift 1s 
eliminated by passing the data alternately backwards and 
forwards through the filter 

After filtering, it may be possible to reduce the num- 
ber of data points without affecting the quality of the scan. 
At this stage (or before filtering), it may be necessary to 
invert the scan on either axis For example, a photographic 
negative of a stained gel shows the bands as peaks below a 
high background. This may be inverted by the statement 
MAT Scan = (Ymax) - Scan m Hewlett-Packard BASIC, 
where Scan 1s an array contammg the absorbance values 
and Ymax 1s the maximum value m Scan Invertmg the 
X-axis may be necessary if some gels were scanned m dlf- 
ferent dlrectlons. Usually, gel scans are plotted with the 
top of the gel on the left. Inverting the X-axis requires a 
loop to move all the data pomts m the array as: 

FOR I = 1 TO INT(Nptd2) 
J =Npts-I+1 

Temp = Scan (I) 
Scan(I) = Scan(J) 
Scan(J) = Temp 

NEXT I 

1 Lower subscript of 
Scan is 1 

where I, J, and Temp are temporary variables and Npts 
and Scan have been defined above. Also at this stage It 
may be necessary to discard data points that are not 
needed at either end of the scan. This can be carrled out by 
entering the X-axis values at the ends of the required part 
of the scan from the keyboard, or by dlgltlzmg on a plot of 
the scan. Digitizing m this application 1s achieved by 
placing a “+” or cursor on the scan as it appears on the 
graphics display. Keyboard controls are used to move the 
cursor, which moves along the scan, and hence to select 
the required section of the scan The digitization 
subprogram 1s widely used m this set of programs to enter 
mstructlons A modified version allows the cursor to be 
moved anywhere on the screen, m two dlmenslons, rather 
than being constrained to move along the scan. 
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Fmally, changes to the baseline may be made, if 
desired. 

The processed scan is then stored on a disk file and is 
available for analysis by subsequent programs. An integer 
format is used in order to conserve storage space Suffi- 
cient descriptive mformation should be stored with the 
scan to allow it to be readily identified later 

Plot 

A versatile plotting program is needed to prepare 
plots of the scans for discussion and for publication (e g., 
2) The program should allow for both rapid plotting, with 
minimal operator input, and for highly formatted plotting, 
where the user exercises extensive control over the plot. 
This is achieved by offering default parameters and mak- 
ing some sections of the program optional. Ideally, the 
plot should be developed on the CRT screen and then 
dumped, when perfect, to a graphics printer or a pen plot- 
ter. Figure 2 shows an example of a highly formatted plot, 
where the user controlled almost all of the parameters 
Figure 1 is an example of plots produced automatically, 
with no user input Axes may also be generated automat- 

3H-acetate Soluble histones (S phase) 

HI 

2B 

H4 

Fig 2 Figure 1B replotted with axes and labels 
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Fig. 3 Integration of selected peaks on a gel scan The mte- 
grated areas are shown by shading and the results are given m 
the table below the plot. 

lcally, if required Figure 3 shows an example of a plot 
dumped to a graphics prmter. 

Areas 
The main problem with determmmg areas on a gel 

scan IS usually fixing the baseline. We use one of four op- 
tions. Option 1 IS to use the X-axis, which IS arbitrarily 
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drawn through the lowest point on the scan Option 2 1s to 
set a baseline by drgitizmg two points on the baseline and 
using them to define the baseline for the whole scan or 
part of the scan Option 3 is to set the baseline as in option 
2, but to set it separately for each area determined Option 
4 sets the baseline automatrcally for each area by drawing 
a straight lme through the initial and fmal points of the 
area. Other programs for automatic mtegration may set 
the baseline by sensing parts of the scan where the first 
derivative is essentially zero. 

A second problem with identifying the peaks 
interactively, i.e., with the digitizer is the lack of resolu- 
tion of most microcomputer graphics drsplays. This is 
overcome by allowing the operator to choose part of the 
X-axis for display and automatrcally scaling the display so 
that the largest peak visible goes to the top of the screen. If 
only a small number of data points ( < 100) 1s on the 
screen, they are lomed by a cubic splme curve. The actual 
points are shown rf there are < 50 pomts 

Each area determined is stored m memory with its as- 
sociated parameters starting X-value, fmishmg X-value, 
and baseline The results are tabulated and related to 
standards by three methods (1) each area is given as a per- 
cent of the total area determined, (11) these percent values 
are multiplied by a constant; (111) each area is given as a 
fraction of the area of a specified standard peak and these 
fractions may be multrplred by a constant. The table may 
be stored on disk and recalled for later study or additions 
or deletions. 

The integration routine uses a cubic splme approxi- 
mation to the peak if there are < 100 data points m the 
area chosen. For more than 100 points, trapezoidal inte- 
gration is used in order to reduce memory requirements 
and increase speed. If the starting and fmlshmg points he 
between data pomts, then the starting and fuushmg 
points are determined by interpolation (usually cubic 
spline interpolation) 

Overlapping Bands 
There are general procedures available for resolvmg 

overlappmg bands (e.g., 3) and these must be used if non- 
Gaussian band shapes are encountered However, m most 
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cases the bands on electrophoresrs gels that have not been 
overloaded or run too fast are Gaussian. Overlappmg 
bands can be resolved by trial and error using a DuPont 
curve analyzer, which is an analog device that generates a 
composite of Gaussian curves that the operator compares 
with the gel band and then modifies the parameters of the 
Gaussian curves to get a good visual fit. A similar ap- 
proach can be used on a digital computer (e.g., 4) A digi- 
tal computer may also be used to determine the parame- 
ters that automatrcally give a statistical best fit The 
general approach is to mmimize the sum of squares of dif- 
ferences between the actual absorbance values and the 
predicted absorbance values 

c (Scan(I) - Sum(I))2 
I=1 

where Sum is an array of predicted absorbance values for 
each of the Gaussians involved A sum of Gaussians IS 
mathematically nonlinear, so that an iterative process is 
used to mmimlze this function. A general nonlinear least 
squares fittmg program can be used on a large computer 
(5) but, m my experience, the lower numerical precision 
found on mrcrocomputers leads to problems m matrix m- 
version, so that the program frequently stops prematurely 
because of indeterminate equations. A simple intumve 
procedure that works m simple cases 1s to fit one Gauss- 
ian, by linear least squares, in a region where it is not 
much affected by the overlappmg Gaussians. Then extra- 
polate this fit mto the overlap area and subtract it from the 
experimental scan. Then fit a second Guassian to the re- 
mamder This type of approach has been used success- 
fully m sample cases (I), but I have found it to be unstable 
when extended to several Gaussians and substantial 
amounts of overlap I have used a general pattern- 
searching mmimization program, which avoids the prob- 
lem of matrix mversion mstability, but it converged very 
slowly when run on the microcomputer used for this ap- 
plication. These drfficulties led to the development of an- 
other mmrmization routme that has been found extremely 
stable and converges at least as rapidly as the less stable 
routines mentioned above. The routine minimizes the 
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function, one parameter at a time, by calculating the func- 
tion at the current value of the parameter and at two 
values a specified distance on either side of the current 
value A parabola is drawn through the three points and 
the mmimum value determined. This is repeated until the 
function is below a pre-set threshold or a given number of 
iterations IS exceeded. The pattern of iteration is shown in 
the flow diagram (Fig. 4). This program makes it easy to 
choose some parameters from the keyboard and to mtro- 
duce constraints such as making the bands equispaced 
and/or all the same width It can also be advantageous to 
mix the automatic mmimization with an interactive ap- 
proach. For example, an operator can make changes in 
two parameters simultaneously and bypass quite a num- 
ber of iterations of the automatic routine. 

The imtial input to this program is an estimate of the 
parameters of the Gaussians and the background. The 
mmimization routme is not very sensitive to these and 
they can usually be determined by a peak-picking routme 
that runs through the first and second derivatives of the 
experimental scan to locate the peaks (first derivative zero, 
second derivative negative) and their widths (distance be- 
tween pomts of mflexion, i.e., second derivative zero). 
The program allows the user to add, delete, or change 
Gaussians found by this peak-pickmg routme before en- 
tering the least squares minimization routine 

Output from the program is a table of the parameters 
of the Gaussians and their areas, and the parameters of 
the baselme plus plots of the experimental scan, the sum 
of Gaussians, the individual Gaussians, and the baseline. 
Figure 5 shows an example. 

Compare 

This program takes one scan as a standard scan, com- 
pares a second scan with it and, if required, generates a 
difference scan First, the digitizer routme is used to iden- 
tify a peak present on each scan that should be aligned 
The computer aligns them. Second, the digitizer IS used to 
indicate a second peak present on each scan that should be 
aligned. The computer scales (stretches or compresses the 
X-axis) one scan so that both pairs of peaks are aligned 
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1. 

2. 

3. 

4. 

7. 

8. 

10. 

11. 

12. 

13 increment the x of new starts 

14 Make the best erid of the old range Into the center of the new range. 

15. Calculate parailieter for new range 

16 Is d of new stdrts )2? --- yes --+ 12. 

17. 

id 

Matthews 

Check Input parmeters (avold neyatlve or zero width) 

Inltlallze number of lteratlons 

lrxreiilent number of Iterations 

Is the mmber of lteratlorls >J) 

lnltlallze number of new starts 
this lteratlon 

Lalculatf ~uiean square error for 

Print the parmleter values and errors on the LKT ,,iun~tor 

Conslderlny an ~may~r~ary parabola thruugtl the 3 $o~nts 
(error, parmeter value) 

i:i, 
IS there d ~~~XIIIIUIII within the rdt\ye? .._ yes . t 13 
dre the 3 CdlCUldted errors equal? --- yes -- * 13. 

(II 1) IS the mnimu~ of the ipdrdbola --- yes --t ]j 
outslde the rdnge? 

Is the current best error oelow rhrestrold? . yes . . > 1) 

Was there a worthwhile reduction 111 error? . yes -̂ . j 

Print the best estmate 
Pass out the new Garameters 

Fig 4 Flow diagram for mmlmlze routme 
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S phase 

- Aclabel 

-----Gaussian fit 

H4 

Fig 5 Example of resolving a complex band mto Gaussian 
components The solld lme shows the orlgmal scan and the bro- 
ken lme superimposed upon it shows the sum of the seven 
Gaussian bands shown below. 

Fig. 6 Menu for the program that aligns scans for comparison 
and calculates a difference scan 
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2 1' 1 

2’ I  

c ’ 

Fig 7 Example of a difference scan A Part of a gel scan 
showing hrstone H3 pulse-labeled with 3H m S phase of the cell 
cycle and separated on a Trrton-acid-urea gel. Solid lure 
Coomassre blue stain. Broken lme fluorograph B As A except 
that the pulse of 3H-acetate was given m G2 phase of the cell 
cycle. C Difference between the fluorograph scans m A and B 
The numbers, 1, l’, etc , refer to the numbers of acetate groups 
per H3 molecule m the band indicated. 



Gel Scan Analysis 139 

Third, the dlgltlzer IS used to mdlcate a peak that should 
be the same height on each scan The computer scales the 
Y-axls of one scan Each of these processes IS optional To 
generate a difference scan, the program takes each data 
pomt on the lower scan, then interpolates on the upper 
scan to fmd the absorbance value at the same X-axis value 
and then subtracts the absorbance values The resultant 
array IS the difference scan 

The mathematical manipulation of gel scans can be 
extended For example, Cooney et al (6) corrected a pair 
of gel scans of DNA restriction fragments for ImpuntIes m 
the samples by solving a pair of simultaneous equations at 
each pomt along the gel 

Figure 6 shows the mam menu for this program and 
Fig. 7 shows an example of a difference scan 
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Chapter 16 

Drying Gels 

Byan J. Smith 

Institute of Cancer Research, Royal Cancer 
Hosprtal, Chester Beatiy Laboratories, 
London, England 

Introduction 

There are several reasons why rt may be desirable to 
dry a gel after its use for electrophoresrs. Firstly, rt IS a con- 
venient way of storing the end result of the experiment. 
Secondly, drymg a gel that 1s fragile may make rt easrer to 
handle (say, during optical scanning). Thirdly, and most 
importantly, rt may be necessary to dry a gel to allow the 
most efficient detection of radioactive samples on it by 
autoradrography or fluorography. The method described 
below IS rapid and generally applicable to all types of slab 
gel, although the descrrptron below applies specifically to 
a thm (0 5-1 mm thick) polyacrylamlde (15%) gel being 
prepared for fluorography (see Chapter 17). 

Materials 

1. A high vacuum, or1 pump. Protect the pump and its or1 
from acid and water by mcluslon of a cold trap m the 
vacuum line. 

141 
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TO VACUW PUNP 

Fig 1. Diagram showmg the construction of a simple gel 
dryer 

2. A heat source (such as a hot air fan, infrared lamp, elec- 
tric hot plate, or a steam/hot water bath) 

3. A gel dryer, available commercially from various 
sources or readily made m the laboratory, along the 
lines of the dryer shown diagrammatically m Fig. 1. Es- 
sentially, a gel dryer has the gel placed on top of ab- 
sorbent paper, which in turn is supported by a firm 
sheet of porous polyethylene and/or a metal grille As 
shown in Fig. 1, the gel is covered with “plastic sheet,” 
such as Saran Wrap or Cling Film transparent domestic 
food wrapping. This construction is put under vacuum 
beneath a sheet of silicon rubber and is heated so as to 
help drive off moisture. Suitable polyethylene sheet, 
absorbent paper, cellophane, and other items may be 
obtained commercially. Preferably the absorbent pa- 
per, to which the dried gel adheres, should be about 1 
mm thick. If it is thinner (as is, say, Whatman 3 MM 
paper), it has a tendency to curl up once removed from 
the gel dryer. 

Method 

1. The gel will already have been run and, if carrymg out 
fluorography, suitably treated and then washed thor- 
oughly with distilled water (see Chapter 17). 
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2 Place the gel on a piece of absorbent paper that IS 
slightly larger than the gel itself. Do not trap air bub- 
bles between them. Place them, gel uppermost, on top 
of the porous polyethylene sheet and cover the whole 
with some of the nonporous Clmg Film plastic film. 
Place this construction on the gel dryer base and cover 
over with the sheet of silicon rubber, as shown m Fig. 
1. 

3. Apply the vacuum, which should draw all layers 
tightly together. Check that there is no air leak. After 
about 10-15 mm, apply heat (say, 60°C) evenly over the 
face of the gel 

4. Continue until the gel is dry, at which pomt the silicon 
rubber sheet over the gel should assume a completely 
flat appearance. The time taken to dry a gel is depend- 
ent on various factors (see Notes), but a gel of 0.5-l 
mm thickness, equilibrated with water, will take 1-2 h 
to dry. 

5. When the gel is completely dry and bound onto the ab- 
sorbent paper, it may be removed and the Clmg Film 
over it peeled off and discarded. 

Notes 

1 The plastic Cling Film layered over the geI is used for 
two reasons. Firstly, it prevents stickmg of the gel to 
the rubber sheet covering it. Secondly and more im- 
portantly, it reduces the likelihood of contammation 
of the dryer by radioactive substances from the gel. 
After drying, the plastic film may be discarded as radi- 
oactive waste. 

2. If a suitable high vacuum pump is not available for 
use with the gel dryer, a good water pump may suf- 
fice Instead, but m this case the gel will take longer to 
dry. As another alternative, the gel may be dried m 
atmospheric conditions, for instance as described m 
(2). In that case the gel is equilibrated with 2% (v/v) 
glycerol m water, covered with porous cellophane, 
and kept flat while it dries m the air at room tempera- 
ture This process may take a day or so. 

3 Gels for storage can be dried, as for fluorography, 
onto paper. However, gels for transmission optical 
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scanning obviously need to be transparent For this 
purpose the gel is sandwiched between two sheets of 
porous cellophane (with no trapped air bubbles), and 
then taken through the process described above The 
dry gel will not adhere to the absorbent paper 

4 The main problem with this method is that gels may 
crack up and so spoil the end result. This may occur as 
a chronic process, durmg the drying. Gels of higher 
%T acrylamide and of greater thickness are particu- 
larly prone to suffer this fate. However, to alleviate 
this problem the gel may be treated before drying 
with one of several solutions, which are* 

(1) 70% (v/v) methanol m water (2) Equilibrate the 
gel by soakmg m this solution (0.5-l h for thin, 
l-mm, gels or longer for thick gels) and then pro- 
ceed with drying. This treatment will cause the 
gel to shrink High %T gels may dehydrate and 
go opaque This process may be reversed with 
water, but if it is too extreme the gel may crack. If 
this is a danger, use a weaker methanol solution 
(say, 40% v/v) This treatment speeds up the dry- 
mg process somewhat since the methanol is 
driven off fairly quickly. 

(ii) Glycerol (1% v/v) and acetic acid (10% v/v) m 
water (3). Equilibrate the gel and proceed with 
drying. 

(111) DMSO (2% v/v) and acetic acid (10% v/v) m 
water (3). Equilibrate the gel and proceed with 
drying. 

Of these three, the DMSO solution is most hkely to 
prevent cracking of difficult gels and the 70% metha- 
nol the least likely, but the former will take the longest 
time to dry down, and the latter the least time 

5. As a further precaution, and also to speed up drying, 
a second sheet of porous polyethylene may be used, 
so that the gel, wzfhout the overlaid, nonporous plastic 
Cling Film sheet, is sandwiched between the two 
polyethylene sheets This arrangement provides a 
greater surface of gel for drying However, ensure 
that the face of the polyethylene sheet that is m con- 
tact with the gel is very smooth, for otherwise the gel 
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will dry mto it (as well as mto the absorbent paper) 
and they ~111 be drfflcult to separate. If this remains a 
problem, employ a sheet of porous cellophane be- 
tween the gel and polyethylene The cellophane may 
be removed after drying 

6. Another precaution 1s to use a lower temperature dur- 
ing the drying process, so that gradients of tempera- 
ture and hydration through the system are less 
extreme 

Thus, probably the best approach to drying a dif- 
ficult gel such as a 3 mm-thick 10% or 15%T 
acrylamide gel would be to use the DMSO (2%) 
soaking of the gel before drying, and two 
polyethylene sheets and less heat (say, 40°C) during 
the drying. Under these circumstances, a thick gel 
may take a whole working day to dry down. 

7 Gel cracking may also occur as an acute phenomenon 
when the vacuum is released from a gel that is not 
completely dry. Thus, it 1s important to check for au 
leaks m the dryer and not to end the drymg (1.e , re- 
lease the vacuum) too soon. So that this does not hap- 
pen, it is important to determine (by trial) the time re- 
quired to dry down a gel in one’s own gel-drying 
equipment This time increases with increased %T of 
acrylamide, thickness and surface area of the gel, and 
with decreased temperature and vacuum during the 
drying. 

8. A problem may arise if the gel is prepared for 
fluorography using DMSO as solvent The gel must 
be thoroughly washed in water (or other solution, see 
Note 4) to remove the DMSO. This is because DMSO 
has a boiling point of 189-193°C and is difficult to re- 
move under the condmons of drying. If remaining in 
the gel m sigmficant amounts, the gel will remain 
sticky and the photographic film it contacts may be- 
come fogged 

9. Agarose gels may be dried in the manner described 
Even 3-mm agarose gels dry quickly (about 0.5 h) and 
without cracking when using only one polyethylene 
sheet and room temperature for drying. Composite 
weak acrylamide-agarose gels are likewise readily 
dried down When dealing with gels containmg 



146 Smith 

agarose, beware the use of DMSO, which dissolves 
agarose. 

10. If using EN3HANCE (New England Nuclear) m the 
gel, do not employ temperatures above 60°C for dry- 
ing, for EN3HANCE 1s volatile above 65°C. 

References 

1 Gmhan, G G , Moss, R L., and Greaser, M (1983) Im- 
proved methodology for analysrs and quantrtatron of prote- 
ms on one-dtmenslonal silver-stamed slab gels Anal 
Bzochem 129, 277-287. 

2 Joshl, S , and Haenni, A L (1980) Fluorographic detection 
of nucleic acids labelled with weak p-emitters m gels con- 
tammg high acrylamlde concentrations FEBS Left 118, 
4346 

3 Bra-Rad, Bulletin 1079 (1981) Model 1125B high capacity gel 
slab dryer for protein gels and DNA sequencing 



Chapter 17 

Fluorography of 
Polyacrylamide Gels 
Containing Tritium 

Jaap H. Waterborg and 
Harry R. Matthews 

Department of Brological Chemistry, 
Unfuerslty of California School of 
Medicine, Davis, California 

Introduction 

Fluorography is the term used for the process of 
determining radroactrvrty in gels and other media by a 
combmatron of fluorescence and photography. Since most 
of the radiation of a low energy emitter will largely be ab- 
sorbed by the gel, m the technique of fluorography a fluor 
(e.g , PPO) IS mfrltrated mto the gel where rt can absorb 
the radiation and re-emit light that will pass through the 
gel to the film The resulting photographic image 1s analo- 
gous to an autoradiograph, but for a low energy 
P-emitting isotope like 3H, the sensitrvrty of fluorography 

147 
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Fig. 1. This shows two examples of fluorography of protein 
bands labeled with 3H. Basic nuclear proteins were isolated 
from the slime mold, Physarum polycephalum, pulse-labeled with 
3H-acetate in either S phase or G2 phase of the naturally syn- 
chronous cell cycle. The proteins were analyzed by acrylamide 
gel electrophoresis in acetic acid, urea, and Triton X-100. After 
electrophoresis, the gel was stained with Coomassie blue, pho- 
tographed, and then fluorographed. Individual lanes of the gel 
image were cut from the photograph (negative) and the 
fluorograph and then printed side-by-side to give the figure 
shown. 

Notice that the stain patterns of the two lanes are practically 
identical, except for the loading, while the radioactivity patterns 
show major differences, for example, the absence of label in his- 
tones H2A and H2B in G2 phase (4). 
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is many times the sensitivity of autoradiography The 
fluorograph may be used directly, as a qualitative picture 
of the radioactivity on the gel. It may also be used to locate 
radioactive bands or spots that can then be cut from the 
original gel for further analysis, or be scanned to give 
quantitative mformation about the distribution of radioac- 
tivity. Figure 1 shows an example of a gel that was stained 
with Coomassie blue and then fluorographed Notice that 
there is no loss of resolution m the fluorography of thm 
gels of normal size 

The procedures described here are based on those de- 
scribed by Laskey and Mills (I), Bonner and Laskey (2), 
and Randerath (3) 

Materials 

1. -70°C freezer 
2 Film cassette, preferably with enhancmg screen 
3 Small photographic flash unit 
4 Gel dryer 
5. Film developer 
6. Fixing solution 7% acetic acid, 20% methanol m dis- 

tilled water 
7 Acetic acid, 25% (v/v) 
8 Acetic acid, 50% (v/v) 
9 Acetic acid (glacial), 100% 

10. PPO solution* 20% (w/v) PI’0 (2,5-diphenyloxazole) 
m glacial acetic acid. 

11 Film. Kodak XAR5 

Method 

1 After electrophoresis, remove the gel from the appa- 
ratus and fix by soakmg m Fixing solution for 1 h If 
required, the gel may then be stained with Coomassie 
blue, destained, and photographed. 

2 Dehydrate the gel by shaking it for 10 min each m 25% 
acetic acid, 50% acetic acid, and glacial acetic acid 
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3. Completely cover the gel with not less than 4 gel 
volumes of PI’0 solution and shake the gel in the PI’0 
solution for 2 h 

4 Transfer the gel gently and evenly to a dish of distilled 
water and shake for 2 h. In water, PI’0 precipitates so 
that the gel turns opaque white 

5 Dry the gel completely (see Chapter 16), using Saran 
wrap on one side, on Whatman 3MM paper 

6. Open a film cassette and place the dry gel (after re- 
moval of the Saran wrap) in the cassette with the 
enhancing screen if used. Leave the top of the cassette 
beside the part with the gel m it with the white inner 
lining facing up. 

7. In complete darkness, place a sheet of film on the 
white lmmg of the open cassette and pre-flash it (see 
Note 5) 

8. Assemble the cassette with the film directly on the 
gel Wrap the cassette with aluminum foil and place m 
the -70°C freezer. 

9 Remove the cassette from the freezer after the appro- 
priate exposure time. (see Note 7) and allow to warm 
up for about 2 h at room temperature 

10. In complete darkness, open the cassette and develop 
the film. 

Notes 

1. Other fixing solutions may be used m step 1. For exam- 
ple, formalm can be used to fix peptides covalently m 
the gel 

2. Coomassie blue stammg gives mmlmal color 
quenching, but very heavily stained bands may show 
reduced efficiency for fluorography Amldo black gives 
more color quenching and 1s not recommended. Silver 
stammg has not been tested. It is possible to re-swell 
the gel after fluorography and stain it then, but some 
loss of resolution occurs 

3. The times given m steps 2 and 3 are for 0 5-1.5 mm 
thick gels containing 15% acrylamide. Thicker or more 
concentrated gels will require longer periods m all 
solutions. 
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4. Since PI’0 is expensive, it is normally recycled as fol- 
lows: Set up four 4 L Erlenmeyer flasks with a large stir- 
ring bar and about 2.5 L of distilled water in each Add 
about 0.25 L of used PI’0 solution, slowly, to each 
Erlenmeyer, stirrmg contmuously. The PPO crystal- 
lizes out. Collect the PI’0 by filtering the solutions. Dry 
the crystals at 20°C for 2-3 d. Dissolve the crystals m a 
mmimum volume of ethanol and precipitate, filter, and 
dry again Fmally, dry the PI’0 m a vacuum oven for 
about 1 wk, breaking up lumps at intervals. Glassware 
that was used for PI’0 should be rinsed m ethanol be- 
fore washing. 

5. Pre-flashzng is used to improve the sensitivity and line- 
arity of response of the film (1). Use a small, battery- 
operated, photographic flash unit Tape a red filter and 
a diffusing screen of Whatman 3 MM paper over the 
flash window Experiment with the number of layers of 
paper required to give an absorbance of about 0 1 when 
the film is pre-flashed. To pre-flash, hold the flash unit 
directly above the film, about 60 cm away, and press 
the manual flash button. Use a procedure that you can 
easily reproduce m the dark. Note that the first flash 
after the flash unit is switched on may be different from 
subsequent flashes, so avoid using the first flash The 
white inner linmg of the film cassette provides a uni- 
form, reproducible background for pre-flashing. 

6 Be careful not to place the cassette near penetrating ra- 
diation from sources such as a 32P or 1251 
autoradiograph or radioactive samples This radiation 
will fog the fluorograph. Make sure the cassette is hght- 
tight, too. 

7. Recommended exposure times are of the order of 24 h 
for lOOO-10,000 dpm 3H and correspondmgly longer 
for lower amounts of radioactivity. Exposure times of 
several months do not give a sigmficant increase m 
background. Sensitivity for 14C is reported to be about 
10~ that for 3H Note that high acrylamide concentra- 
tion such as the 50% gels used for peptide analysis se- 
verely quench the fluorescence and drastically reduce 
the efficiency of fluorography. 

8. An automatic developer is most convenient Manual 
development 1s described m Vol. 2, Chapter 8. 
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Chapter 18 

Recovery of Proteins 
from Dried 
Polyacrylamide Gels 
after Fluorography 

Jaap H. Waterborg and 
Harry R. Matthew 

Department of Biological Chemistry, 
University of California School of 
Medicine, Davis, California 

Introduction 

Several methods are available for recovermg proteins 
electrophoretlcally from polyacrylamide gels directly after 
electrophoresls or after stammg for protein (see, for exam- 
ple, Chapter 19) Fluorography (see Chapter 17) 1s used to 
detect small amounts of proteins or speclflcally modified 
forms of proteins by labeling these with specific precur- 
sors such as 3H-lysme or 3H-acetate. 

However, fluorography requires dried gels and thus 
prevents the use of existing methods for protein recovery 
from gels We have found that dried gels containing PI’0 
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(2,5-diphenyloxazole) can rapidly be reswollen m acetic 
acid The gels may then be eluted electrophoretrcally so 
that the labeled (and also the unlabeled) proteins can be 
analyzed for amino acid composrtion, tryptrc peptrde anal- 
ysis, and even Edman degradation to determine amino 
acid sequence (2,2) 

Materials 

1. Swellmg solutron: glacial acetic acid with 0.001 % (w/v) 
Coomassre Brilliant Blue. 

2. Equrlrbratron buffer (see Chapter 19). 1M acetic acrd, 50 
mM NaOH, 1% cysteamme. 

Method 

1 Determine the posrtron of the protein band(s) of inter- 
est m the polyacrylamide gel, dried on Whatman 3MM 
paper, after fluorography (Chapter 17). 

2. Use scrssors or a razor blade to cut out the required 
piece of dried gel together with its paper backing. 

3 Place up to 10 mL of gel pieces (see Note 4) m a 50 mL 
polypropylene tube with screw cap Add 10 volumes of 
swellmg solution to the tube, and gently rock, roll, or 
invert for 15 min. 

4. Decant the solutron from the swelling gel pieces and 
discard 

5 Repeat steps 3 and 4 once. 
6 Equilibrate the swollen gel pieces for 30 min m 10 

volumes of equrlrbration buffer, decant the equrlrbra- 
tron buffer from the gel pieces, and discard. 

7 Repeat step 6 once and use the reswollen and equrll- 
brated gel pieces in the electrophoretrc elutron proce- 
dure described m Chapter 19 

Notes 

1. This protocol for reswellmg dried and fluorographed 
polyacrylamrde gels is ineffective on dried gels that do 
not contain PPO. 
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2. Labeled protein bands can be precisely located in the 
dried gel by placmg the fluorograph film on top of 
the dried gel. Generally, a marker pen mlected with 
some ‘*C-labeled compound is used to mark the filter 
paper at several positions next to the gel with sufficient 
cpm to give a small dark spot on the film after 
the fluorography. In gels previously stained with 
Coomassie Brilliant Blue, the residual stain can assist m 
precisely superimposmg the film on the gel Although 
gel stammg prior to fluorography is not required when 
only labeled proteins are to be recovered, unlabeled 
proteins can only be isolated when they can be local- 
ized by their residual stain. 

3. Cut the pieces of gel-on-paper small enough to assure 
homogeneous swelling, e g., diameter less than 0.5 
cm. 

4. The “volume” of the pieces IS measured as a loose 
layer. During the first wash the gel pieces will be seen 
to rapidly swell to up to twice the original gel 
thickness. 

5. The gel pieces, m equilibration buffer, will generally 
display a white center of reprecipitated PI’0 Gel pieces 
from thick gels may even be completely white. This 
PPO will not Interfere with the subsequent elec- 
trophoretic elution, and reproducible and complete 
protein recovery is obtained when the gels are com- 
pletely reswollen. For very thick gels (more than 2 mm 
thick) steps 4 and 5 may need to be repeated twice, and 
care should be taken to reduce the size of the gel pieces 
as much as possible. Loss of protein may occur wen the 
number of washes m swellmg solution is increased, es- 
pecially when the trace of Coomassie is omitted from 
the swellmg solution. 
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Chapter 19 

The Electrophoretic 
Elution of Proteins 
from Polyacrylamide 
Gels 

Jaap H. Waterborg and 
Harry R. Matthews 

Department of Biological Chemistry, 
University of California School of 
Medicine, Davis, California 

Introduction 

The analytrcal power of acrylamrde gel electrophore- 
SE 1s one of the keys of modern protein chemistry. It 1s not 
surprrsmg, therefore, that many methods have been de- 
scribed for converting that analytrcal power mto a prepara- 
tive tool. None of the available methods is entirely satis- 
factory for general use since loss of resolution or low 
recovery is often mvolved The method described here has 
given both high resolutron and good recovery but suffers 
from the disadvantage of being relatively laborious (2,2). 
In addition, although the recovered proteins are good for 
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peptide analysis or amino acid composition determma- 
tion, we have found very low yields on Edman degrada- 
tion of proteins eluted from gels (3) 

The method described below works well for eluting 
proteins from acrd-urea-Trrton gels and should work 
equally well with acid-urea gels (Chapter 8). Wu et al. (1) 
describe an alternative set of buffers that can be used for 
SDS gels 

The method uses the prmciple of rsotachophoresrs, as 
in the stacking gel portion of a drscontinuous gel electro- 
phoresis system (see, for example, Chapter 6) The gel 
pieces containing the protein of interest are embedded in 
agarose above an agarose gel column. A detergent, CTAB, 
IS used to displace the Triton (or SDS) bound to the protein 
that IS electrophoretrcally eluted into the agarose gel col- 
umn. In the column, the protein IS concentrated by 
stacking between the leading ion (Na+) and the trailing 
ion (betame) The protein dye (Coomassie blue or Amido 
black) stacks ahead of the protein. The concentrated pro- 
tem band IS cut from the agarose gel and recovered. 

Materials 

1. Lyophrlizer 
2. Vacuum pump 
3. Electrophoresrs apparatus capable of running tube 

gels, preferably m glass tubes with small funnels like 
the BroRad Econocolumn #737-0243 (which IS 5 mm 
inner diameter and 20 cm long) with the lower end cut 
off. 

4. Staining solution (Coomassie) 0.1% (w/v) Coomassie 
Brrlllant blue R, 5% (v/v) acetic acid, 40% (v/v) etha- 
nol, O.l%, (w/v) cysteamme m distilled water 

5. Destaining solutron (Coomassre) 5% (v/v) acetic acid, 
40% (v/v) ethanol, 0 1% (w/v) cysteamme 

6. Staining solutron (Amido): 0.1% (w/v) Amido black in 
destaining solutron (Amido) (note: add the 
cysteamme immediately before use) 

7. Destaining solution (Amido): 7% (v/v) acetic acid, 20% 
(v/v) methanol, 0.1% (w/v) cysteamme. 

8. Equrlrbration buffer: 1M acetic acid, 50 mM NaOH, 
1% (w/v) cysteamine 
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9 Siliconizmg solution* 1% (v/v) Prosil-28 in distilled 
water. 

10 LMT agarose solution 0.5% (w/v) low melting tem- 
perature agarose m 1M acetic acrd, 50 mM NaOH. 

11. HMT agarose solution, 1% (w/v) high melting temper- 
ature agarose, 1M acetic acid, 50 mM NaOH, 0.0005% 
(w/v) methyl green in distilled water (see note 3). 

12. Upper reservoir buffer: 1M acetic acid, O.lM betame, 
0.15% (w/v) Cetyl Trimethyl Ammonium Bromide 
(CTAB) m distilled water. Lower reservoir buffer. 1M 
acetic acid, 50 mM NaOH 

13 Acidified acetone add cont. HCl to acetone to give a 
concentration equivalent to 0.02N. 

14. Elution buffer: 0.02N HCl with optionally 0 1% (w/v) 
cysteamme, 0 1M N-methyl-morpholme-acetate, pH 
80 

15. Agarose gels. (can be done 1 d before needed). 

(a) Thoroughly clean and dry the tubes and then sili- 
conize them, for example, by immersmg m 1% 
Pros&28 followed by thorough rinsing with 
water and drying. 

(b) Soak small pieces (3 cm square) of dialysis mem- 
brane m distilled water and fix one piece over the 
end of each tube with an elastic band. This is in- 
tended to hold the agarose n-t the tube. 

(c) Melt LMT agarose solution by heating to 
65-100°C. Use 7 mL per tube. Fill each tube care- 
fully, avoiding trapping air bubbles, lust to the 
bottom of the funnel. Let the agarose gel at 4°C. 

Method 

1. Stam the gel lust enough to visualize the band(s) of in- 
terest Either Coomassie blue or Amido black stammg 
may be used. If the gel is loaded heavily enough, then 
15 mm m either stammg solution and no destammg is 
recommended. 

2 Cut out the bands of interest and soak them for at 
least 1 h, or overnight, m equilibration buffer. 

3. Chop the gel bands mto small pieces with a razor 
blade and transfer them to the funnels on the tops of 
the agarose gels in the electrophoresis apparatus 
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4. Melt the HMT agarose solution m a 100°C bath and 
add between 2 and 5 mL to each funnel. Stir to re- 
move air bubbles and achieve a uniform distribution 
of gel pieces m the agarose. 

5. Let the agarose solution gel either at room tempera- 
ture or at 4°C. 

6. Place the bottom reservoir of the electrophoresis ap- 
paratus m a tray contammg melting ice as coolant Fill 
the upper and lower reservoir with upper reservoir 
buffer and lower reservoir buffer, respectively. Con- 
nect the negative terminal of the power supply to the 
lower electrode and the positive terminal to the upper 
electrode 

7. Start the electrophoresis, usmg 2 5-5 mA per tube 
(about 200 V) 

8 During electrophoresis, the stammg dye (Coomassie 
or Amido) migrates fastest, followed by the buffer dis- 
continuity, the protein, and the methyl green marker 
dye. Continue electrophoresis at least until the 
stammg dye front reaches the middle of the gel. If the 
buffer discontinuity IS clearly separated from the 
staining dye, then proceed to step 9. Otherwise, con- 
tinue electrophoresis until the staining dye is clearly 
separated 

9. Immediately remove the gel from the tube as follows. 

(a) Use a spatula to remove the acrylamide gel pieces 
and their supportmg HMT agarose gel. 

(b) Push the gel column with a plunger from a dis- 
posable syrmge out of the tube onto a clean glass 
plate 

10. Immediately cut the gel about 3 mm below the buffer 
discontinuity (above the staining dye) and about 5 
mm above the buffer discontmuity. The resulting 8 
mm section of gel contams the protein and the methyl 
green marker dye; the remainder is discarded Place 
the gel section m a 1 5 mL polypropylene centrifuge 
tube. 

11. Use the followmg procedure (steps 12-15) if the pres- 
ence of agarose, and protein denaturation during dry- 
mg, do not interfere with subsequent analysis. Other- 
wise proceed to step 16. 
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12. Add 1 mL of acidified acetone and leave overmght in 
the freezer, at -20°C. 

13. Centrifuge (10,OOOg; 5 mm) and slowly decant the ace- 
tone, which contains the dye, buffer salts, and 
detergent. 

14. Cap the tube, pierce the cap, and dry the gel under 
vacuum using a vacuum pump until the vacuum falls 
below 100 mtorr. 

15 Rehydrate the agarose with 20-50 PL of distilled 
water, or appropriate buffer, by mcubation at 65°C for 
a few minutes. This solution will remain liquid at 
37”C, allowing enzymatic digestion, or it may be di- 
luted to give less than 0 1% agarose when it will no 
longer gel. This is the end of this procedure 

16. This step follows step 11 if steps 12-15 were unsuita- 
ble. If this procedure is used, then the methyl green 
marker dye should not be used (see note 3). 

17. To the gel slice, add 0.5 mL elutron buffer. Mix very 
gently without breaking up the agarose Leave at 
room temperature for at least 1 h and preferably 
overnight. 

18. Equilibrate a small (-1 X 10 cm) desalting column of 
Sephadex G-25 with O.lM N-methylmorpholme ace- 
tate, pH 8 0. 

19. Centrifuge (10,OOOg; 5 mm). Carefully decant or pipet 
off the supernatant and set it aside 

20 Repeat steps 17 and 19, combmmg the supernatants. 
The extracted gel may be discarded. 

21 Load the combined supernatants onto the Sephadex 
desalting column equilibrated with O.lM N- 
methylmorpholme acetate, pH 8.0 (step 18). Elute 
with 0 1M N-methylmorpholme acetate and collect 
the material elutmg m the excluded volume. 

22. Lyophilize the protein to dryness. The resultmg pro- 
tein is salt-free since N-methylmorpholme acetate is 
volatile. This ends the alternative procedure. 

Notes 

1. Gels that have been normally stamed and destained 
may be used but the time of agarose gel electrophore- 
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2. 

3. 

4 

5 

6 

7. 

8 

sis may have to be increased or the capacity of the sys- 
tem will be reduced (Note that cysteamine should not 
be included for Coomassie staining of histone Hl ) 
For Amide black, but not for Coomassie, the equih- 
bration step (step 2) also acts as a destaining step. 
The presence of methyl green m the HMT agarose 
makes it easy to locate the buffer dlscontmuity durmg 
the subsequent electrophoresrs and is mostly re- 
moved by acetone precipitation of the protein. Small 
residual amounts do not interfere with subsequent 
peptide mapping However, if the protein is to be iso- 
lated and desalted by the Sephadex method (step 16 
on) the methyl green should be omitted from the 
HMT agarose solution.(If methyl green were mcluded 
it would elute partly with the protein and partly im- 
mediately after the protein). In this case the buffer dis- 
continuity must be located directly from the refractive 
index change 
At step 4, use the mmimum volume of agarose re- 
quired to suspend the gel fragments since the time of 
electrophoresis depends greatly on the volume of 
agarose plus gel fragments. 
Betame (rather than glycine) IS used as the trailing ion 
because of its higher acetone solubllity It also m- 
creases the capacity of the system. 
If ice coolmg is not used durmg electrophoresis, re- 
duce the current to 2 5 mA/tube 
The distance between the lower edge of the staining 
dye and the buffer dlscontmulty depends on the 
amount of stain and how full the funnels are on top of 
the gel, varying from about 5 to about 40 mm. The dis- 
tance between the upper edge of the stammg dye and 
the buffer discontmuity is fairly constant at 5-10 mm 
(reduces to 2-3 mm if the betame buffer is replaced by 
glycme). 
The time of electrophoresis will be 24 h at 4 mA/tube 
for low amounts m the funnels, and up to overnight at 
2.5 mA/gel for full funnels Different tubes may re- 
quire different runnmg times. In this case, remove the 
tubes whose electrophoresis IS complete as follows* 
(a) turn off the power, disconnect the power supply, 
and empty the upper reservoir buffer into a beaker 
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(b) Remove the required tube(s), block the resulting 
hole(s) with rubber bung(s), replace the upper reser- 
voir buffer, and contmue the electrophoresis, ad- 
lusting the power supply as necessary. 

If large volumes of reservoir buffers (e.g , 2 L) are 
used, then reservoir buffer changes are not needed 

9 It is important to remove the gel immediately after 
eletrophoresis since the staining dye drffuses rapidly 
once the current is turned off. It may be possible to 
remove the gel m other ways (e.g , see ref l), but we 
have found the method described in step 9 to be rapid 
and reliable 

10. Slice the gel immediately after electrophoresis, to pre- 
vent loss of resolution by diffusion In our experience, 
this 8 mm section of the gel contains at least 98% of 
the protein. 

11 The simple acetone extraction and drying procedure 
(steps 12-15) is suitable if the protein is to be digested 
with enzymes and the products analyzed by gel elec- 
trophoresis. Note that the procedure described by 
Cleveland (see Chapter 22) provides another peptide 
maPPIng approach for some applications. The 
alternative procedure (step 16 on) is recommended if 
the protein is to be analyzed for ammo acid composi- 
tion or characterized by nuclear magnetic resonance 
or other techniques, for example, thin layer analysis 
of tryptic digests. 

12. The protein will precipitate in the gel at step 12, possi- 
bly formmg a whrte band, but precipitation may not 
be quantitative with extremely small amounts of 
protein 

13. Drying of the extracted gel (step 14) takes several 
hours This procedure may result m u-reversible dena- 
turation of the protein, but it will probably still be 
solubilized by enzymic digestion 

14. At step 17, do not vortex or mix vigorously or you ~111 
get agarose m the final protein solution. Allow the 
protein to diffuse out. Do not include urea or other 
agents that would solubilize the agarose m the elution 
buffer 

15 The second extraction (step 20) need only be 1 h. In 
our tests, less than 5% of the protem remained m the 
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gel after the two extractions, although the white ap- 
pearance persisted The protein concentration in the 
eluate cannot be determined by the Bradford method 
(4) since CTAB strongly interferes. 
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Chapter 20 

Transfer Techniques in 
Protein Blotting 

Keith Gooderham 

MRC Clinical and Population Cytogenetics 
Unit, Western General Hospital, Crewe 
Road, Edinburgh, United Kingdom 

Introduction 

Polyacrylamrde gel electrophoresrs IS an extremely 
powerful tool for the analysis of complex protein mixtures. 
Although the value of thus method cannot be questioned, 
it is restricted m that the separated proteins remam buried 
within the dense gel matrix and are not readily available 
for further investigatron. A number of methods have been 
developed m order to try and overcome this problem, for 
example the elutron of proteins from excised gel slrces (see 
Chapter 19). Alternatively, proteins have been studied 
while they are still buried within the gel usmg a variety of 
zn situ peptrde mapping (see Chapter 22) and gel overlay 
techniques (for example, see ref 1). Unfortunately all of 
these methods have serious drawbacks. m the case of pro- 
tein elutron and zn sztu peptlde mapping techniques, the 
resolutron and number of bands that can be processed 1s 
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restricted, whereas the gel overlay techniques are gener- 
ally time-consummg and insensitive 

Recently a new technique-protein blotting-has 
been developed that promises to overcome many of these 
problems (see ref. 2 for a recent review). Usmg this 
method, proteins are transferred out of the gel and onto a 
filter or membrane, forming an exact replica of the original 
protein separation, but leaving the transferred proteins ac- 
cessible to further study. A wide range of different probes, 
mcludmg antibodies, DNA, RNA, and lectms, have been 
used m protein blottmg experiments and the potential ap- 
plications of this method are only limited by the availabil- 
ity of suitable probes and assay systems. 

As has already been emphasized, the great advantage 
of protein blotting is that the transferred proteins are no 
longer trapped withm the gel, but are freely accessible to 
further analysis by being bound to the surface of a filter. It 
is clear therefore that the transfer step is the crucial stage 
m any protein blottmg experiment and the resultmg trans- 
fer should be a faithful replica of the original gel The de- 
gree to which this is achieved is largely determined by the 
choice of transfer buffer, together with any pretransfer 
equilibration step, as well as the types of transfer media 
and transfer techmques that are used 

In the followmg sections two widely used methods of 
protein blotting-electroblotting (3) and passive-diffusion 
blottmg (4)-are described In addition, a method for 
staining proteins after transfer to nitrocellulose filters is 
given. 

Materials 

Unless otherwise indicated, all stock solutions and 
buffers are prepared from analytical grade reagents and 
are made up m deionized, double-distilled water Buffers 
used m electroblotting experiments are stable for at least 3 
months when stored at 4°C whereas passive-diffusion 
blotting buffers should be freshly prepared as required 

1. Equihbration buffer for electroblotting. The followmg 
chemicals are weighed out 24.2 g Tris-base, 144.0 g 
glycine, and 10.0 g SDS (electrophoresis grade), They 
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are dlssgIved m approximately 7 L water, and to this 
solution 2 L methanol are added and the buffer 1s then 
made up to 10 L with water. The pH of this buffer IS 8.3 
and should not require any adjustment. 

2. Transfer buffer for electroblotting. This buffer IS lden- 
tlcal to the equlllbratlon buffer above, except that SDS 
should not be added (see Note 4) 

3. Electroblottmg equipment. A number of different types 
of transfer apparatus are now commercially available. 
Alternatively, equally satisfactory transfer assemblies 
can be made, without too much difficulty, m a labora- 
tory workshop. One of the best designs for such an ap- 
paratus is described m a paper by Blttner et al (5). The 
basic design given m this paper can be Improved by 
substltutmg stiff nylon netting for the dialysis mem- 
brane used on the inner faces of the cassette frame to 
support the gel and filter paper “sandwich” (see 
Method) Also the efficiency of the packing can be fur- 
ther improved by using two Scotch Brute pads as addl- 
tlonal packing (see Method) and rubber bands, instead 
of the screws, can be used to hold the transfer assembly 
together 

4. Equlllbratlon buffer for passive-diffusion blotting The 
followmg solutions are added to approximately 350 mL 
of water. 5mL 1 OM Tns-HCl, pH 7 0; 5 mL 5.OM NaCl; 
10 mL O.lM Na*EDTA and 0.5 mL 0 1M dlthlothreltol, 
followed by the addition of 120 12 g of urea (“Anstar” 
grade or similar). The solution 1s then mixed until all of 
the urea has dissolved and made up to a final volume 
of 500 mL. 

5. Transfer buffer for passive-diffusion blotting. This 
buffer IS Identical to the equilibration buffer above, ex- 
cept that it contains no urea and a total of 4 L of buffer 
IS required 

6. Passive-diffusion blotting equipment. As yet, no com- 
mercial transfer apparatus IS available for passive- 
diffusion blotting experiments. However, the limited 
amount of apparatus required for this type of transfer 
can be easily made m a laboratory workshop (see Fig. 
1). 

7. Transfer filters Nltrocellulose filters are used for both 
electro- and passive-diffusion blotting experiments and 
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Fig. 1 Schematrc representatron of a transfer assembly for 
protem blottmg by the passive-drffusron method. (a) rigid plas- 
tic sheets (20 x 20 cm, rows of l-cm diameter holes at 2 cm m- 
tervals are drrlled through these sheets m order to allow the free 
passage of transfer buffer), (b) Scotch Brute pads, (c) filter pa- 
pers; (d) mtrocellulose filters and (e) the gel. N.B. The front left- 
hand corner has been cut off both the gel and the nitrocellulose 
filters m order to assist m the later orrentatron of the transferred 
proteins. 

can be obtained from a number of suppliers. The ma- 
lority of these suppliers produce filters with a 0 45 pm 
pore size and these are the most widely quoted m the 
literature. However, in common with a number of 
other workers, we prefer to use the smaller 0.2~pm 
pore size filters because of their greater binding capac- 
ity. Nitrocellulose filters should be stored m an airtight 
box at 4°C when not in use to prevent them from be- 
coming contaminated by exposure to volatile chemic- 
als, etc. Several other types of filters can be used m pro- 
tein blotting experiments and these are briefly 
discussed in Note 3 below. 

8. Amide black protein stain. About 30 min before the 
stain is required, a 1 L solution containing 20% (v/v) 
ethanol and 7% (v/v) acetic acid is prepared. Into 100 
mL of this solution 0.1 g of Amido Black 10 B is dis- 
solved by constant stirring for - 30 mm, the remammg 
900 mL of solution being held over for the destaining 
step. 
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Method 

N.B. Disposable plastic gloves should be worn when 
handling either the gels or transfer filters in order to pre- 
vent them from being contaminated by grease and other 
substances 

Electroblotting 

1. Protems are separated by SDS polyacrylamide slab gel 
electrophoresis (SDS PAGE; see Chapter 6). A smgle 
sample can be run on the gel where a variety of probes 
or binding conditions are to be studied. Alternatively, 
when only a limited number of probes and/or binding 
conditions are under investrgatron, a large number of 
different samples may be analyzed 

2. At the end of the run, the position of the sample tracks 
IS marked on both gel plates. The plates are then care- 
fully separated using a large spatula as a lever, while a 
second smaller spatula IS eased between the gel and 
one of the gel plates. (The separation of the gel plates 
can be further simplified by routinely silicomzmg one 
of the plates.) The comb and stacking gel (if any) are 
then removed and in the case of single sample gels side 
strips are cut. Alternatively, where several sets of 
samples have been run on the gel, these are cut mto 
separate strips Polyacrylamide gels can be easily cut 
mto strips with a large rounded scapel blade. In order 
to prevent the gel from tearing, the scalpel blade is 
slowly brought across the gel by advancmg wrth a rock- 
ing action of the blade. 

3. Before removing the gel strips from the plate one cor- 
ner should be cut off each strip so as to assist in their 
later orientation 

4 The side strips or duplicate gels are then stained in 
Coomassie brilliant blue R 250 or investigated by any 
other suitable detection system (see Chapters 6 and 17) 

5. The remaining gel strips are placed m a large glass dish 
containing approximately 750 mL of equilibration 
buffer The gel is then gently agitated m this solution 
on a rotary shaker table for 60 min. 
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6 Open the transfer cassette, and place rt m a large glass 
dish. The cassette IS then assembled by layering the fol- 
lowing, starting from the anode side: one Scotch Brite 
pad, two sheets of thick chromatography paper (e.g., 
Whatman 3MM grade), rutrocellulose filter, the gel to 
be blotted, followed by two further sheets of filter pa- 
per and a final Scotch Brute pad. The filter papers and 
the nitrocellulose filter should be thoroughly saturated 
with transfer buffer before being placed m the cassette. 
Uneven wetting of the mtrocellulose filters frequently 
presents a problem at this stage. However, this prob- 
lem can be easily overcome by floating the filter across 
the surface of a dish containing transfer buffer. After a 
few seconds, the filter rapidly loses its pure white 
color, turning a translucent gray-white color. Once the 
filter is uniformly saturated with buffer, the dish is gen- 
tly rocked, submerging the filter and ensuring its com- 
plete saturation. The Scotch Brute pads are very porous, 
quickly taking up the buffer when submerged in the 
transfer chamber, and consequently do not require any 
pre-wetting. As the transfer cassette is assembled, rt is 
vital that no air bubbles are trapped between either the 
filters or the gel, otherwise an uneven transfer will re- 
sult The transfer cassette IS then closed and secured 
with rubber bands (if required). 

7. The assembled cassette is placed m the transfer cham- 
ber containing transfer buffer and lifted m and out of 
the buffer a few times to ensure that no air bubbles are 
trapped in the Scotch Brite pads. The lid of the transfer 
chamber 1s then put in place and the electrodes con- 
nected (the right way round!) 

8 The transfer is performed at a current of -0.5 amps 
(-10-15 V/cm) for between 2 and 20 h at 4°C The pre- 
cise length of the transfer is dependent upon a number 
of factors, including buffer composition, the percent- 
age of acrylamrde m the gel, and the molecular weight 
distribution of the proteins (high molecular weight pro- 
teins transferring more slowly). The optimum transfer 
time should therefore be determined by runnmg a 
series of trial experiments, and monitormg the residual 
proteins m the gel as well as the proteins that have 
been transferred to the filter. (The transfer buffer can 
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be used for five transfers before rt needs to be 
replaced.) 

Passive-Diffusion Blotting 

1. Proteins are separated by SDS PAGE: see Steps l-4 
above. 

2. The gel IS then placed m a large glass dash containing 
500 mL of equrlibration buffer and gently agitated for 3 
h on a rotary shaker table. 

3. The transfer cassette is assembled essentially as de- 
scribed above (Step 6) except that two rutrocellulose fil- 
ters are used, one on each side of the gel (see Frg. 1). 

4. The assembled transfer cassette is submerged m ap- 
proxrmately 1.5 L of transfer buffer. After 24 h the 
buffer 1s replaced with fresh buffer and the transfer IS 
allowed to continue for a further 24 d. (Again the optr- 
mum transfer time IS dependent upon the cornpositron 
of the gel and transfer buffer, as well as on the size and 
solubrhty of the proteins under mvestrgatron, and 
should ideally be established for each different class of 
experiments). 

Protein Detection 

1. Protems can be detected by gently agitating the filter in 
the Amrdo black stain prepared prevrously (see Materi- 
als) for about 10 mm. 

2. The stain 1s then poured off and the filter is briefly 
rinsed wrth destain solution, followed by further 
washes in this solution, for approxrmately 1 h. 

3. The filter is then dried between several sheets of filter 
paper, that are held flat with a heavy weight. 

Notes 

1. The potentral appllcatrons of protein blottmg are very 
wide-ranging and beyond the scope of this chapter. Ex- 
amples of possible applications can be found in the fol- 
lowing papers: immunoblotting (6,7), DNA binding 
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proteins (8,9), glycoproteins (10, II), and receptor pro- 
teins (12). 

2. The two methods that have been described in this 
chapter are both well-characterized and there are many 
references to their use m the literature. However, there 
are a number of alternative transfer techmques, such as 
Southern blotting (13) and vacuum blotting (14), but 
while these methods may be preferred for some appli- 
cations they are not yet widely used. 

3. Although mtrocellulose filters are the most commonly 
used filters in protein blotting experiments, several 
other types of transfer media are currently available. 

(a) Nylon filters. These filters are reported to have 
similar binding properties to mtrocellulose, but 
they have the advantage of being considerably 
stronger. Although the fragrllty of mtrocellulose 
filters is seldom a serious problem, the nylon- 
based filters may be valuable where the filters have 
to be handled a lot, for example, m some rmmuno- 
blotting experiments where the filters are recycled. 
However, for the majority of applrcations the extra 
expense of these filters cannot be Justified. 

(b) Diazo papers. A range of drazo papers, including 
both dlazobenzyloxymethyl (DBM) cellulose and 
diazophenylthioether (DPT) cellulose papers, are 
now commerlcally available m their more stable in- 
termediate ammo forms. Alternatively, these pa- 
pers can be prepared m the laboratory (see refs 25 
and 16 for the preparation of DBM and DPT pa- 
pers, respectively). These papers are particularly 
useful where the transferred proteins need to be 
very tightly bound to the filter (as m some 
immunoblottmg experiments) or possibly m facilr- 
tated active transfer experiments (17) Again few 
experiments currently justify the extra expense 
and time mvolved m preparing these filters. 

Both ABM and APT papers have short half-lives 
and they should only be used m electroblottmg ex- 
periments. Also because the reactive dlazo groups 
will bind not only proteins, but free amino acids, 
the Trrsiglycineimethanol electroblottmg buffer 
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should be replaced with either a phosphate (5) or 
borate buffer (28). 

(c) Diethylaminoethyl (DEAE) anion exchange papers 
and membranes. These filters are available from a 
number of suppliers and have been successfully 
employed in DNA blotting experiments The ma- 
lor advantage of these filters is that they allow the 
recovery of the transferred molecules (19). 

4. It is important to note that, using the method described 
above, it is unlikely that all of the proteins will be 
transferred from the gel. The explanation for this 
would apppear to be that there is preferential loss of 
SDS from the gel. As long as the SDS remains in the 
gel, the proteins are readily solubilized. However, ow- 
ing to its small size and negative charge, the SDS ml- 
grates out of the gel more rapidly than the malority of 
the protems, which are then trapped m the gel. The m- 
elusion of SDS in the equilibration buffer considerably 
improves the transfer efficiency of this system. If SDS is 
also included m the transfer buffer, protein transfer 
reaches almost 100% Unfortunately many proteins 
then fail to bmd to the mtrocellulose filter, presumably 
because of the detergent action of SDS, which disrupts 
the hydrophobic interactions responsible for binding 
the proteins to the filter (see Fig. 2) Substituting non- 
ioruc detergents only aggravates this situation, the un- 
charged detergent doing little to improve the migration 
of the proteins out of the gel while at the same time 
preventing many proteins from binding to the 
nitrocellulose. 

5. Low molecular weight proteins (-60,000 daltons or 
less) are generally transferred far more efficiently than 
larger proteins, irrespective of the composition of the 
transfer buffer Gibson has recently published a simple 
method designed to improve the transfer of high mo- 
lecular weight proteins (20). Proteins are electro- 
phoretically transferred essentially as described above. 
The malor difference is that a filter paper soaked in a 
nonspecific protease is placed on the cathode side of 
the gel. Once the transfer starts, the protease migrates 
mto the gel digestmg any protein molecules it encoun- 
ters The resulting peptides are then easily transferred 
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Fig. 2. Electroblot transfer efficiency. Pharmacia low molecu- 
lar weight marker mix proteins and Chinese hamster nuclear 
proteins were separated by SDS polyacrylamide gel electropho- 
resis. The gels were then equilibrated in either (a) 20 mM Tris 
base, 192 mM glycine, 20% methanol or (b) the same buffer but 
containing 0.1% SDS, for 30 min. One gel from each buffer was 
then stained (I), while the remaining gels were electroblotted 
for 18.5 h at 0.5 A and 4”C, using the same buffers as used in the 
equilibration step. The post-transfer gels (2) and the filters (3) 
were then stained. [Polypeptides A and B, although minor com- 
ponents of the total nuclear protein sample, bind DNA probes 
with high affinity and in preference to all other nonhistone pro- 
teins (see Fig. 4, ref. 2).] 

out of the gel. The principal drawback of this approach 
is that potentially important sites within the proteins 
may be destroyed and will not be recognized by probes 
specific to these sites. 

6. Passive-diffusion blotting transfer efficiency is approxi- 
mately one-tenth to one-hundredth of that seen in 
electroblot transfers. Two major factors are responsible 
for this: (i) The transfer is a passive process as opposed 
to the active transfer that occurs in electroblotting ex- 
periments. (ii) The long equilibration step prior to the 
transfer removes most of the SDS from the gel, leaving 



Protein Blotting 175 

the less soluble proteins trapped m the gel. If the 
length of the equillbratlon step 1s decreased, the trans- 
fer efficiency 1s improved. However, the rationale m 
using such a long equilibration step is that the proteins 
have sufficient time to renature. These renatured prote- 
ms may then be expected to be more efficient than 
electrophoretlcally transferred proteins m binding the 
probe molecules. This mcreased bmdmg efficiency 
should therefore, m part at least, counterbalance the 
low transfer efficiency. 

7. Proteins from both acid and isoelectric focusing (IEF) 
gels can be electrophoretlcally transferred to mtrocellu- 
lose filters in 0.7% (v/v) acetic acid (3). Protems m this 
case are transferred towards the cathode and the posl- 
tion of the nitrocellulose filter should be reversed with 
respect to the gel therefore Alternatively proteins can 
be transferred from these gels following equilibration 
m electroblot transfer buffer containing 2.0% (w/v) SDS 
(store at room temperature), or for IEF gels by capillary 
blotting, as described by Remhart and Malamud (21). 

8. The detectlon of transferred proteins is an important 
step in any protein blotting experiment, providing both 
a qualitative and a quantitative measure of the transfer 
efficiency The staining of the transferred proteins also 
makes it easier to interpret the eventual probe binding 
pattern A number of alternative stain recipes for both 
Amldo black and Coomassie brilliant blue are to be 
found m the literature. However, we have been unable 
to fmd any method that produces results superior to 
those obtained using the method described above. In- 
deed some of these methods use very high concentra- 
tions of ethanol or methanol, which can severely dis- 
tort or even dissolve the filter! When radioactively 
labeled proteins are used, these can be detected either 
by fluorography for 3H, 14C, and 35S using Enhance 
spray (New England Nuclear), or u-t the case of lz51 by 
autoradlography. These methods have the consldera- 
ble advantage of increasing the sensltlvlty by several 
orders of magnitude and consequently are very valua- 
ble when determining the optimum transfer condltlons 
for a particular blotting experiment However, care 
must be taken when using labeled proteins to ensure 
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that they will not interfere with the detection of the 
probe, which is also often radioactively labeled. As an 
alternative to usmg radrolabeled proteins, a high sensr- 
trvrty silver staining method has recently been devel- 
oped for use on protein blots (22). Although m princi- 
pal this IS a very useful technique, the method IS 
unfortunately very time-consuming 
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Introduction 

Thin-layer chromatography and electrophoresrs, er- 
ther separately or in combmation, provide a simple, high 
resolution technique for producmg peptide maps. Re- 
cently, thin-layer methods have tended to be increasingly 
overshadowed by the development of high performance 
liquid chromatography (HPLC) Although thin-layer 
methods are generally not as sensmve as HPLC (reqmrmg 
milli- or microgram amounts of protein instead of the 
nanogram or less quantitres used m HPLC), they are still 
preferred for many applrcatrons. Thin-layer peptide 
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mapping not only has the advantage of being relatively m- 
expensive, but it is also a very simple technique and It is 
often possible to analyze a large number of different 
samples in a single experiment. In addition, a number of 
different stains can be used for the detection of specrfic 
ammo acids and these considerably increase the value of 
this method. 

Although thin-layer methods are probably most 
widely used m comparative peptrde mapping experiments 
(see, for example, Figs. 1 and 2), they also find a variety of 
other applications including. (i) monitormg enzyme and 
chemical cleavages of protems; (ii) the preparative isola- 
tion of peptides for microsequencing studies (Z), (ill) as- 
saying peptide purity following preparative paper 
chromatography/electrophoresis, ion-exchange and gel fil- 
tration chromatography, and so on-a single band on a 
thin-layer plate, together with a single N-terminal ammo 
acid, usually being a good indication that the sample con- 
tams only one peptide. 

Two different methods are used m thin-layer peptide 
mapping experiments, namely high voltage electrophore- 
sis and chromatography. In high voltage electrophoresis 
experiments, peptides are fractionated primarily upon the 
basis of charge, whereas the hydrophobic properties of the 
peptides are more important for chromatographic separa- 
tions. Both methods may be used independently to pro- 
duce one-dimensional peptide maps or alternatively these 
methods may be combined to produce two-dimensional 
peptide maps. In the latter case, it is usually necessary to 
first produce a series of one-dimensional peptide maps in 
order to establish the optimum separation conditions for 
the peptides under investigation Once these conditions 
have been established, they should be rigorously adhered 
to m a given series of experiments, m order to ensure that 
comparable peptide maps are obtained, and ideally all of 
the samples should be prepared at the same time and as 
far as possible worked up in parallel 

Materials 

1. Preprepared thin-layer cellulose plates (20 cm x 20 cm 
x 0.1 mm) can be obtained from a number of suppliers. 
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Fig. 1. Comparative one-dimensional tryptic peptide maps of 
pig and calf thymus HMG 1 and HMG 2 chromosomal proteins 
after staining with phenanthraquinone. Protein samples (a) pig 
HMG 1; (b) calf HMG 1; (c) pig HMG 2; and (d) calf HMG 2 at 5 
mg/mL in 0.2M ammonium bicarbonate solution were digested 
with trypsin at an enzyme to substrate ratio of 1:50 (w/w) for 48 
h at 37°C. Peptides were then separated by ascending thin-layer 
chromatography in a mixture of butan-l-01, acetic acid, water 
and pyridine (15:3:10:12, by volume) and arginine containing 
peptides were detected by staining with phenanthraquinone. 
HMG 1 and 2 proteins are two very closely related chromosomal 
proteins [ -80% homology (12) 1. However, when tryptic pep- 
tides from these proteins are separated by one-dimensional 
thin-layer chromatography followed by specific staining for 
arginine-containing peptides the two proteins are clearly shown 
to be different. 

For thin-layer chromatography, either glass or alumi- 
num supports are equally acceptable, but for thin-layer 
high voltage electrophoresis only glass-backed plates 
can be used. 
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2nd hmenslon 

Fig. 2. Comparatrve two-dlmensronal tryptrc peptrde maps of 
pig and calf thymus HMG 1 and HMG 2 chromosomal proteins 
Protein samples (a) pig HMG 1, (b) calf HMG 1, (c) pig HMG 2, 
and (d) calf HMG 2 at 5 mg/mL m 0 2M ammonmm bicarbonate 
solution were digested with trypsm at an enzyme to substrate 
ratio of 1 50 (w/w) for 48 h at 37°C. Peptrdes were then separated 
by thin-layer hrgh voltage electrophoresls m pH 6 5 buffer at 2 5 
kV for 25 mm (1st dimension) After drying the thin-layer plate 
the peptrdes were separated (2nd dlmensron) by ascending 
chromatography m a mrxture of butan-l-01, acetic acid, water, 
and pyrrdine (15:3*10 12, by volume). The peptldes were de- 
tected by stammg with nmhydrin-cadmium acetate solutron 
and their posmons were recorded on tracing paper. Although 
the primary sequences of HMG 1 and 2 proteins are very similar 
[80% homologous (II)] when the peptlde maps for these prote- 
ms are examined [i.e., compare (a) with (c) and (b) with (d)] 
marked differences between these proteins are observed (pep- 
tides unique to either HMG 1 or 2 are shown as solid spots) 
Similarly, although the primary sequences of these proteins are 
clearly very conserved [compare (a) and (b) and also (c) and (d)] 
species specific differences (shown by arrows) are clearly appar- 
ent using this method (c f , Fig 1) 
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2. Chromatography tanks capable of accepting two or 
more plates can be obtained through most laboratory 
supply houses. Ideally these tanks should be made of 
glass in order to avoid any possible reaction between 
the tank and the various solvents which will be used. 
In order to ensure an air-tight seal between the tank 
and the lid, the rim of the tank should be lightly coated 
with silicone grease. 

3. High voltage electrophoresls apparatus and power 
supplies are available from a number of suppliers. 
Probably the most versatile of these 1s the Model L24 
and associated power supply manufactured by 
Shandon Southern Instruments. All of the procedures 
described below are intended for use with this instru- 
ment, but they should be equally suitable for use with 
other instruments with little or no modification. 

4. Aerosol spray guns can be obtained from most labora- 
tory supply houses. 

5. Wherever possible, electrophoresis buffers are pre- 
pared with analytlcal grade reagents and distilled water 
is used throughout. All of these buffers should be 
stored at room temperature and they can be kept for up 
to 6 months without any apparent deterioration. Some 
suitable electrophoresis buffers are listed below. 

(a) pH 6.5 b u ff er is prepared by mixing together pyri- 
dine, acetic acid, and water m the following pro- 
portions 25:1:225 by volume. 

(b) pH 4.8 buffer 1s prepared by mlxmg together pyri- 
dine, acetic acid, and water in the followmg pro- 
portions 3:3:394 by volume. 

(c) pH 3.5 buff er is prepared by mixing together pyn- 
dine, acetic acid, and water in the followmg pro- 
portions 1:10:189 by volume. 

(d) pH 2.0 buffer 1s prepared by mixing together acetic 
acid, formic acid (98% v/v), and water in the fol- 
lowmg proportions 8:2:90 by volume 

6. Wherever possible, all chromatography solvents are 
prepared with analytical grade reagents and distilled 
water is used throughout. All solutions should be 
stored at room temperature and they can be kept for up 
to 6 months without any apparent detenoratlon. Some 
suitable chromatography solvents are listed below: 
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(a) Butan-l-ol:acetlc acid water:pyridme (“BAWP”) 
are mixed together m the followmg proportions 
15:3:10.12 by volume. 

(b) Butan-l-ol.acetrc acld.water are mixed together m a 
separating funnel m the followmg proportions 
4 1.5 by volume. After allowmg the phases to sepa- 
rate, the lower phase IS poured off and discarded 
while the upper phase IS retained. 

(c) Butan-l-ol.urea acetic acid are mixed together m 
the followmg proportions 4.5 1 (v/w/v). (This solu- 
tion should be freshly prepared for each 
experiment.) 

7 For preparmg stains, all stock solutions are prepared 
with analytical grade reagents wherever possible and 
distilled water IS used throughout Unless otherwise 
indicated, all solutrons should be stored m the dark and 
can be kept for up to 6 months Some commonly used 
stains are listed below Stains (a) to (d) are general pur- 
pose stams whereas stains (e) to (g) are stains for spe- 
cific ammo acids 

(a) Ninhydrm cadmium acetate (2). Two stock solu- 
tions are prepared, 

S&&on A 6 g of cadmium acetate 1s dissolved m 
a mixture of 600 mL of water and 300 mL acetic 
acid 

S&&on B. A 0 5% (w/v) solutron of nmhydrm m 
acetone is prepared. 

The stain IS made by mixing 15 mL of Solution A 
with 85 mL of Solution B and 1s used immediately 

(b) Nmhydrm butan-l-01 0.5% (w/v) solutron of 
nmhydrm m butan-l-01 1s prepared 

(c) Fluorescamme (3) A 0.001% (w/v) solution of 
fluorescamme in a mixture of acetone and pyridme 
(99:l v/v) is prepared. 

(d) o-Phthaldehyde (OPA) (4). A 3 g quantity of boric 
acrd IS dissolved m approximately 90 mL of water 
and adjusted to pH 10 5 with concentrated potas- 
sium hydroxide solution To this solution, 0.05 g of 
OPA drssolved m 1 mL of ethanol plus 0.05 mL of 
2-mercaptoethanol, IS added. The soiutrons are 
then mlxed and made up to 100 mL with water 
Finally 0.3 mL of a 30% (w/v) solution of Brij 1s 
added 



Thin-Layer Peptlde Mapping 185 

(e) Ehrlich stain for tryptophan (5). A 1% (w/v) solu- 
tion of p-drmethylammobenzaldehyde in acetone 
contammg 10% (v/v) hydrochlorrc acid IS prepared. 
This solution is then stored at 4°C and can be kept 
for up to 2 months. 

(f) Pauly stam for hrstrdme and tyrosme (5). The fol- 
lowing solutrons are prepared as required. 

Solutzon C. 5% (w/v) sodmm nitrite 
Soltltzon D. 1% (w/v) sulfamlic acid m 1M hydro- 

chlorrc acid 
Solutes E 15% (w/v) sodmm carbonate m water 

(g) Phenanthraqumone stain for argmme (6) The fol- 
lowing solutrons are prepared. 

Solz.&on F. A 0.02% (w/v) phenanthrenequmone 
solutron in ethanol 1s prepared This solutron 
should be stored m the dark and can be kept for up 
to 3 months 

Solution G. A 10% (w/v) NaOH solutron m 60% 
(v/v) ethanol IS prepared lust before the stain IS to 
be used. 
The stain is then prepared by mrxmg equal 
volumes of Solutions F and G and is used 
immediately. 

Method 

N.B. Disposable plastic gloves should be worn m all 
of the subsequent steps, not only to prevent the thin-layer 
plates from becoming contaminated, but also as a protec- 
tion agamst the varrous stains and solvents used during 
the course of this work. A fume hood should also be used 
wherever possible and particularly when drying or 
spraying plates. 

Tryptic Digest 

1. The protein sample 1s drssolved at a concentratron of 
between 2 and 10 mg/mL u-r 0.2h4 ammonmm brcarbon- 
ate. A freshly prepared solutron of trypsin (DCC- 
treated, bovine trypsm) at a concentratron of 1 mg/mL 
in water 1s then added to thus solutron, grvmg a final 
enzyme-to-substrate ratio of 1:50. 
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2. The sample is then mixed and incubated at 37°C for 48 
h. 

3. The resulting digest is either stored at -20°C until re- 
quired or taken straight on to the next step. 

Thin-Layer Electrophoresis 

1. An origm lme is carefully drawn across the center of 
the plate using a soft pencil. The samples are then spot- 
ted on to the plate using a 10 or 25 FL syringe as l-cm 
long bands along this line, leaving a 1.5-2.0 cm gap be- 
tween each sample. Ideally the syringe needle should 
never touch the surface of the plate or the cellulose thin 
layer will be damaged. Where large sample volumes 
(i.e., greater than 10 FL) have to be loaded, a hair drier 
can be used to accelerate the drying of the sample. 

2 Once the samples are dry the plate should be uniformly 
saturated with electrophoresis buffer, applied as an 
aerosol from a spray gun. If the surface of the plate be- 
comes too wet at this stage, i e., if pools of buffer form 
on the surface of the plate, the excess buffer should be 
carefully blotted off with a sheet of filter paper. 

3. The plate is then placed, sample side uppermost, on 
top of a sheet of cellulose acetate covering the cooling 
platen of the electrophoresis apparatus. The electrode 
wicks (Whatman No. 1 filter paper or similar) saturated 
in electrophoresis buffer are then positioned so as to 
cover about 1 cm of the top and bottom edge of the 
plate. Again excess buffer is blotted off with spare 
sheets of filter paper. (If there is too much free buffer 
present at this stage, a short-circuit is likely to occur 
once the run starts) 

4. The upper msulating sheet of cellulose acetate IS then 
placed on top of the filter paper wicks and the thm- 
layer plate and the lid of the chamber closed. In a pre- 
liminary experiment only a very short run is required, 
-10-15 mm at 2 kV. 

5 The plate is then removed and dried m a stream of 
warm air m a fume hood and the peptide separations 
are examined after staining with one of the nonspecific 
stains described below. 

6. Having determined the basic pattern of the peptide 
separation it is then possible to optimize the separation 
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by moving the origin towards either the anode or cath- 
ode as appropriate and increasing the length of the run 
proportronally. Alternatively, should the first buffer 
system fall to give a satisfactory separation, one of the 
other buffer systems given m the Materials section 
should be tried. (The electrophoresrs buffer should be 
replaced at least every 2 weeks.) 

Thin-Layer Chromatography 
1. An orrgm line IS drawn as for high voltage electropho- 

resis, but instead of being across the middle of the plate 
the lme should be 2 cm from one edge of the plate The 
samples are then loaded as described previously. 

2. The plate IS then placed m a chromatography tank con- 
taming sufficient solvent to cover about 1 cm of the 
plate, but not enough to risk covermg the samples or 
they ~111 be washed off The chromatography IS then 
allowed to proceed, usually overnight, until the solvent 
reaches the top of the plate. (The solvent m the chro- 
matography tank should be replaced every 2 weeks m 
order to ensure that the best separations are obtained ) 

3. At the end of the run the chromatogram IS removed 
from the tank and dried in a stream of warm an in a 
fume hood and stained. 

Two-Dimensional Peptide 
Mapping 

Havmg established the optimum conditrons for both 
the electrophoretic and the chromatographic separation of 
the peptrdes, rt is then possible to extend the analysis to 
two dimensions Although this means that only one 
sample can be analyzed per plate it 1s frequently lustrfred 
m terms of the Increased resolutron which can be obtained 
(compare Figs 1 and 2). 

The procedure for producing two-dimensional pep- 
tide maps 1s essentially as described in the previous two 
sections. Theoretrcally either electrophoresrs or chroma- 
tography may be used for the first drmensron separation, 
but generally better results are obtained where electropho- 
resis is used for the first dimension and chromatography 
m the second dimension. 
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1. The sample is loaded along a 1 cm origin line, parallel 
to the bottom of the plate and 2 cm from the left-hand 
side of the plate. The precise positron of the orlgm lme 
from the bottom of the plate should be determined by a 
trial one-dimensional separation as described above. 

2. After runnmg the sample m the first dimension the 
plate is thoroughly dried in a stream of warm air 

3. The plate is then rotated through 90” with the former 
left-hand edge of the plate now forming the bottom of 
the plate and the peptides are separated by ascending 
chromatography as described previously. 

Diagonal Peptide Mapping 
Two-dimensional thin-layer peptide mapping experi- 

ments rely on a combmation of two different fractionation 
techniques in order to obtain the best possible separation 
of peptides. If instead of using two different separation 
methods, the same system is used m both the first and sec- 
ond dimensions the peptides will form a single diagonal 
lme across the plate. Although this diagonal separation 
does not normally offer any advantage over a simple one- 
dimensional separation it can be exploited for the identifi- 
cation of cysteine containing peptides (7): 

1. The sample is loaded on to a thin-layer plate and the 
peptides are then separated by thin-layer high voltage 
electrophoresis or chromatography as described 
previously. 

2. At the end of the run the plate is thoroughly dried in a 
stream of warm air 

3. While the plate is drying, a solution of performic acid is 
prepared by mixmg together 95 mL of 98% (v/v) formic 
acid and 5 mL of hydrogen peroxide This solution IS 
then placed m a shallow dish, which is placed at the 
bottom of a chromatography tank. 

4. The dry plate is placed in this tank and left for 2 h, after 
which time the plate is removed from the tank and 
carefully dried once more. 

5. The thin-layer plate is then rotated through 90”, i.e., 
the former left-hand edge of the plate becomes the new 
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bottom edge of the plate and the peptides are run in the 
second drmensron, using the same separation system 
as before. 

6. At the end of the run the plate IS again dried and 
stained (see below). The majority of the peptrdes will be 
seen to lie along a single diagonal line. However, pep- 
tides that were prevrously joined together by S-S 
bridges ~111 now have different mobilitres owing to the 
intervening performic acid oxrdatron step and the re- 
sulting cysterc acid contammg peptides will fall off this 
line. 

Stains 
All of the followmg stains (see also Chapter 4) are ap- 

plied as aerosols from a distance of 30-50 cm, ensuring 
that the plate is uniformly saturated with reagent. It 1s rm- 
portant, however, that the plates do not become too wet 
or the peptrde separations will become blurred 

(a) Nmhydrm cadmium acetate. After spraying the plate 
it is left to dry for 5 mm before being placed m an oven 
at 110°C for 5-10 min. The majority of the peptrdes 
will appear as red spots against a pale pmk back- 
ground. However, peptides with either glycme or 
threonme N-terminal amino acids will initially appear 
as yellow spots that gradually turn red over the course 
of 1-2 d, while peptrdes with an N-terminal valme fre- 
quently stain weakly rf at all. 

(b) Ninhydrin butan-l-01. Peptides are detected as de- 
scribed u-r (a) above and appear as blue or purple spots 
against a light purple background. (The lack of con- 
trast between the nonspecific background staining 
and the peptrdes can make these separations more 
difficult to photograph u-t comparison to peptrdes 
stained with ninhydrin-cadmium acetate reagent). 
Unhke the nmhydrm-cadmmm acetate reagent this 
stain also has the disadvantage of reacting with the 
side chains of lysme residues that may give a false rm- 
pression of the abundance of peptrdes contammg a 
large number of lysme residues 
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(c) Fluorescamine. After spraying the plate it is left to dry 
for 15-20 mm (if the plate is too wet much of the fluo- 
rescence will be quenched) before examining the plate 
under a long wavelength (366 nm) ultraviolet light. As 
fluorescamme only reacts with primary amines pep- 
tides with an N-terminal proline residue will not be 
detected, but these peptides can be deteced by 
staining with nmhydrm once the fluorescamme 
stammg pattern has been recorded. The failure to de- 
tect prolme residues IS, however, more than 
comepensated for by the fivefold increase in sensitiv- 
ity compared to that obtained with ninhydrm. 

(d) Mhthaldehyde. After spraying the plate it is left to 
dry for 15-20 mm (again rf the plate is too wet much of 
the fluorescence will be quenched) before exammmg 
the plate under a long wave length (366 nm) ultravio- 
let light. Peptldes are visible by their intense blue fluo- 
rescence (visible for up to 2 h) and as little as 10 pmol 
of a smgle peptrde may be detected, making this by 
far the most sensitive of the general purpose stains. 

(e) Ehrlrch reagent for tryptophan. After spraying the 
plate rt IS allowed to dry and tryptophan-containing 
peptides are seen as bright purple spots that gradually 
fade over a number of hours. This stain may be used 
on a plate that has previously been stained with 
nmhydrm as the hydrochloric acid m the Ehrlich’s re- 
agent will bleach the nmhydrm-stained peptides. 

(f) Pauly reagent for hlstldine and tyrosine. Solutions C 
and D are left on ice for 20 mm. Equal volumes of 
these two solutions are then mixed together and the 
plate IS immediately sprayed with this solution. After 
allowing the plate to dry ( -20 min) the plate IS then 
sprayed with Solution E and again left to dry Histl- 
drne and tyrosme-containing peptldes will appear as 
either red or weak brown spots, respectively. 

(g) Phenanthraqumone stain for argmine After stammg 
the plate is thoroughly dried ( -20 mm) Argmine- 
containing peptldes may then be visualized by exam- 
ining the plate under a long wavelength (366 nm) ul- 
travrolet light; the stained peptrdes will remam 
brightly fluorescent for at least 18 h. After recording 
the dlstnbutlon of these peptldes they can be stained 
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with either nmhydrin-cadmium acetate solution or 
with the Pauly reagent if required. In the case of the 
Pauly reagent, the plate will already be sufficiently ba- 
sic following the phenanthraqumone staining to per- 
mit the Pauly reagent to be used without needing to 
use Solution E. 

Notes 

1. Although trypsin is a very effective protease it will only 
cleave those peptide bonds that are exposed on the sur- 
face of the protein In proteins that contam disulfide 
bridges some of these potential cleavage sites will be 
buried within the protein molecule and consequently 
will be protected from the trypsm In proteins where 
this is a problem this can be overcome by reducing the 
cystmes and then blocking the SH groups by 
S-carboxymethylation as described by Crestfield et al 
(8). (See also p. 35.) 

2. In the maIority of peptide mapping experiments pep- 
tides are produced by digestion with trypsin This en- 
zyme is a specific protease, which cleaves peptide 
bonds on the C-terminal side of argmine and lysme res- 
idues. These ammo acids are relatively abundant m 
most proteins, accountmg for approximately 11.5% of 
the total amino acids in an “average” protein (9). How- 
ever, a number of other specific enzymatic and chem- 
ical cleavages are available (for examples, see 20) and 
these can be successfully used where the ammo acid or 
sequence analysis for a particular protein mdrcates that 
they will produce a better range of peptides. 

3. The choice of which electrophoresis buffer to use is 
largely empirical. Peptides containing large numbers of 
acidic and basic residues are usually best resolved in 
the more basic buffers, while good separations of pep- 
tides rich m neutral amino acids are generally obtained 
with the more acidic buffer systems. 

4. In the majority of chromatography experiments the 
“BAWP” solvent will produce excellent results, how- 
ever, should this prove unsatisfactory, one of the other 
solvent systems should be tried 
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5. A number of the stains described m this chapter are 
now commercially available, m ready to use, aerosol 
cans Further details about these stains can be found m 
the catalogs of many of the leading chemical manufac- 
tures (see also Chapter 4 for other available stains) 
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Introduction 

Polyacrylamrde gel electrophoresrs IS a simple, yet 
versatile, high resolutron technique for the analysis of 
complex mixtures of protems. However, this is not to say 
that this method 1s without problems For example, where 
a series of different protein samples are run on a gel, many 
of the proteins will have the same mob&y and rt 1s fre- 
quently rmpossible to be certain rf these bands represent 
the same protein or whether they simply share similar 
mobrllties. Conversely the samples may contain degrada- 
tion products or structurally related proteins of differing 
mob&ties 
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In this chapter a simple zn sztu peptide-mappmg tech- 
nique, based on a method origmally developed by 
Cleveland et al (1) is described Briefly the method is as 
follows: Protems are separated by discontinuous sodium 
dodecyl sulfate polyacrylamide slab gel electrophoresis 
(SDS PAGE) and stained with Coomassie brilliant blue (see 
Chapter 6). After destaining, bands contammg poly- 
peptides of interest are cut out of the gel and equilibrated 
against Tris pH 6.8 buffer. The gel slices are then ready for 
re-electrophoresis and together with a suitable protease 
are loaded onto a second SDS polyacrylamide slab gel and 
run mto the stacking gel at a low current As the proteins 
and protease migrate through the low percentage 
polyacrylamide pH 6.8 stacking gel, the proteins are di- 
gested by the protease and the resultmg peptides are then 
resolved m the lower pH 8.8 separating gel 

Peptides are then detected by standard methods of 
staining, autoradiography, and so on. The recent develop- 
ment of high-sensitivity silver staining methods for the de- 
tection of proteins following polyacrylamide gel electro- 
phoresis (see Chapter 13) has proved to be a very valuable 
method when used in conlunction with the peptide- 
mapping technique described here Silver staining meth- 
ods are between 20 and 100 times more sensitive than tra- 
ditional Coomassie staining methods (see Fig. l), while not 
significantly less sensitive than fluorography following la- 
beling with tritium. Silver staining also has the advantage 
of not requirmg any special sample preparation, and the 
actual staining procedure takes appproximately the same 
amount of work as is involved m preparing a gel for 
fluorography. 

In sztu peptide mapping therefore requires very little 
extra work or equipment and yet considerably extends the 
mformation potential of both one- and two-dimensional 
polyacrylamide gels. There are a large number of possible 
applications of this method, the most obvious and impor- 
tant of which are: (1) comparison of comigrating proteins 
(see, for example, Fig. 1); (ii) identification of structurally 
related proteins; (iii) identification of degradation prod- 
ucts; and (iv) detection of different domains, e.g., antigen- 
bmding sites, following protein blotting (see Chapter 20) 
In addition, although this method has been most widely 
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used for the analysis of proteins separated by SDS PAGE, 
it is a very versatile technique, and with suitable modifica- 
trons, rt can be used with almost any combination of gel 
systems (2) 

Materials 

1. Gel apparatus. Both the primary protein separation 
and the secondary peptide-mapping gels are run in a 
vertical slab gel apparatus based on the design orrgr- 
nally described by Studier (3). The spacers and comb 
for the primary gel are 1 mm thick and a 14-well comb 
with 1 5 cm deep and 1 cm wide wells IS used. The spa- 
cers and combs for the secondary gel are 1.5 mm thick 
and a 20-well comb with 6 mm wide and 20 mm deep 
wells IS used. The increased thickness of the secondary 
gel IS necessary m order to accommodate the gel slices 
that swell considerably during the stammg and equrlr- 
bratron steps. Similarly the increased depth of the sec- 
ondary gel wells is required in order to accommodate 
the gel slices while leaving sufficient room for the addi- 
tion of the protease buffer. 

2. Equrlibratlon buffer. The followmg solutions are mixed 
together. 1 25M Tris-HCl, pH 6 8 (10 mL), 10% SDS (1 
mL, electrophoresis grade), O.lM Na*EDTA, pH 7.0 (1 
mL) and made up to a final volume of 100 mL with 
water. 

3. Overlay buffer. The following solutions are mixed to- 
gether. 1.25M Trrs-HCl, pH 6.8 (10 mL), 10% SDS (1 
mL, electrophoresls grade), O.lM Na*EDTA, pH 7.0 (1 
mL), glycerol (20 mL), l%(w/v) Bromophenol blue (1 
mL) and made up to a final volume of 100 mL with 
water. 

4. Protease buffer. The followmg solutions are mixed to- 
gether 1.25M Tris-HCl, pH 6.8 (10 mL), 10% SDS (1 
mL, electrophoresls grade), O.lM Na*EDTA, pH 7.0 (1 
mL), glycerol (10 mL), 1% (w/v) Bromophenol blue (1 
mL) and made up to a final volume of 100 mL with 
water. 

5. Proteases A number of different proteases have been 
used for peptlde mapping experiments with SDS 
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Fig. 1. In situ peptide maps of five standard proteins. The effect of protease con- 
centration and a comparison of Coomassie and silver stains. Six peptide maps, each 
containing an identical panel of proteins (from left to right: phosphorylase a, 100,000 
d (daltons); ovalbumin, 43,000 d; 3-phosphoglyceric phosphokinase, 43,000 d; actin, 
43,000 d; and @lactoglobulin, 35,000 d. 2.5 kg of each protein was loaded) are 
shown. The proteins were initially run on two 15% (w/v) polyacrylamide SDS gels 
(not shown). After staining with Coomassie brilliant blue the individual protein 
bands were cut out and loaded onto two 1.5 mm thick peptide mapping gels [15% 
(w/v) polyacrylamide] and subjected to in situ peptide mapping with (i) 0.05kg V8 
protease; (ii) 0.5 pg V8 protease; and (iii) no protease. The resulting peptides were 
then visualized by either (a) Coomassie brilliant blue or (b) by silver staining (see 
Chapter 13). 
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polyacrylamlde gels. Of these, the most frequently 
used are SfaphyIococcus aureus V8 protease, chymo- 
trypsin, and papain. V8 protease IS relatively expensive 
and is most conveniently prepared as a 1 mg/mL stock 
solutron m water and stored in allquots at -20°C. Each 
aliquot may be frozen and thawed several times wlth- 
out any apparent loss of actrvrty. The other two en- 
zymes are freshly prepared as 1 mg/mL stock solutions 
for each experiment Where other gel systems are to be 
used, e.g., acid gels, rt may not be possible to use these 
enzymes, but either pepsin or one of the chemical 
cleavage techniques (see Note 6) may well prove to be 
surtable alternatives. 

Unless otherwise indicated, all stock solutions and 
buffers are prepared from analytical grade reagents and 
are made up m delomzed double-dlstllled water With 
the exception of the SDS and Bromophenol blue stock 
solutions, which are stored at room temperature, all 
other solutrons and buffers are stored at 4°C and are 
stable for at least three months 

Method 

1 Protems are separated by polyacrylamlde slab gel elec- 
trophoresls (SDS PAGE or any other suitable system), 
followed by staining with Coomassle brllllant blue R 
250 (Chapter 6) 

2. The gel should then be photographed in order to pro- 
duce a permanent record of the protems under mvestl- 
gation. Bands containing proteins of interest are then 
cut out of the gel and placed m a 10 mL screw-top plas- 
tic test tube contammg 5 mL of equlhbration buffer. 
The tubes are then lard on a shaker table and gently agl- 
tated. After 1 h the buffer is replaced with a further 5 
mL of fresh buffer and the equrllbratlon continued for a 
further hour. 

3. The buffer 1s then dramed off and the gel shces can 
then conveniently be stored at -20°C until required. 

4. After thawing, the gel slices are placed (short-end 
down) m the sample wells of an extra thick (1.5 mm) 
SDS polyacrylamide gel with a 5 cm stackmg gel. (This 
1s twice the normal size of stackmg gel, but IS necessary 
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m order to allow sufficient time for the protease to di- 
gest the proteins, as well as to permit the efficient 
“stackmg” of the samples.) 

5. The gel slices are covered with overlay buffer followed 
by 10 ~J,L of protease buffer containing 0 05 l~,g of 
protease. 

6 The samples are then run at a constant current of 20 
mA until the marker dye reaches the top of the 
separating gel when the current is increased to 40 mA 
for the remainder of the run. The total run time is about 
6 h. 

7. Peptides are then stained overnight m Coomassre bril- 
liant blue R250 or fixed and subsequently visualized by 
silver stammg (Chapter 13), fluorography (Chapter 17), 
and so on 

Notes 

1. The versatility of the peptide mapping technique 
makes it suitable for use with a wide range of different 
gel systems. The peptide mapping gel can be either the 
same or different to the one used for the mitral protein 
separation, providing that a suitable intervening equili- 
bration step is included. However, for most applica- 
tions the SDS PAGE system (4) is compatible with the 
widest range of enzymes, as well as offering the best 
resolution of the resulting peptides. The percentage of 
acrylamide used m the separating gel is determined by 
the molecular weight of the proteins under mvestiga- 
tion as well as by the size of the resulting peptides. As a 
rough guide, an 8% (w/v) gel should be used for prote- 
ins of 90,000 daltons or greater, whereas for smaller 
proteins either 15% (w/v) or 20% (w/v) gels will pro- 
duce the best results. Alternatively, where a wide 
range of different sized peptides are generated a gradi- 
ent gel can be used (5) 

2. In Cleveland’s original paper (I), a very brief staining 
step (15 mm) is used prior to the removal of the protein 
bands and their being carried on to the equilibration 
step. However, this is not necessary and the protems 
can be completely stained before being removed from 
the gel, with the result that minor proteins can be de- 
tected more readily This also allows the protein sepa- 
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ration to be photographed and therefore avoids the 
need to run a duplicate gel. However, by exposing the 
proteins to the very acidic staining and destammg solu- 
tions for several days, peptide bonds between aspartrc 
and prolme residues may be hydrolyzed [see Fig. la (iii) 
and lb (iii)]. The extent to which this occurs depends 
upon a number of factors, mcludmg the length of the 
staining and destaining steps, as well as the tempera- 
ture at which the gel 1s stored. Therefore, in order to 
obtain comparable peptide maps, it is important that all 
of the proteins should, wherever possible, be taken 
from the same gel, or where this is not practical, the 
gels should be processed m exactly the same way. 

3. Once the bands containing the proteins of interest have 
been cut out of the gel they can be stored at -20°C im- 
mediately, or at the end of the first stage of the equili- 
bration step, or upon completmg this step. The gel 
slices should be carefully drained before freezing or 
they may disintegrate when thawed. Once frozen, the 
samples can be stored for as long as three months. 

4. In the methods section above, an enzyme concentra- 
tion of 0.05 pg/sample 1s recommended. At this con- 
centration all three enzymes will produce acceptable 
peptide maps over a wide range of protein concentra- 
tions (0.1-5 ug), assuming that the protein contains 
suitable cleavage sites. However, m some cases, it may 
be worthwhile to try a range of different enzyme con- 
centrations m order to obtain a better distribution of 
peptides. 

5. When a series of different gel slices contain varying 
amounts of protein, this can be overcome by inmally 
runnmg a trial gel and measuring the concentration of 
the proteins either by densitometry (Chapter 14) or 
alternatrvely by overnight extraction of the Coomassie 
stained protein with 25% (v/v) pyridine. The optical 
densities of these extracts are then measured at 595 nm 
(6) and the sample volumes adjusted accordingly so as 
to produce bands of equal intensity. However, this 
method will generally tolerate quite a wide range of en- 
zyme and substrate concentrations and any differences 
that do occur tend to be quantitative rather than quah- 
tative (see Fig. 1). 
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6. In addition to using the various proteolytlc enzymes 
described above, a number of chemical cleavage meth- 
ods have been described. These include N-chloro- 
succimmlde (7), cyanogen bromide (8), hydroxylamine 
(8), and formic acid (9). All of these methods involve 
rather extreme reaction conditions that are unlikely to 
be compatible with the gel system used for the peptlde 
separation. The proteins are therefore cleaved m the 
gel slices and prior to the equlllbratlon step. The sole 
purpose of the secondary gel is then to separate the 
peptides and consequently the size of the stacking gel 
can be reduced to 2.5 cm while proportionally 
increasing the size of the separating gel. 

7. Where marker proteins are required, either to identify 
the starting protein or as molecular weight standards, 
they should be taken from the same gel as the other 
protems. If this IS not done and they are simply loaded 
directly onto the peptide mapping gel m solutlon they 
will travel faster than the other proteins This is be- 
cause these proteins are delayed m their migration by 
first having to travel out of the gel slices before entering 
the mapping gel. 

8. A wide range of methods has been used for detecting 
peptldes produced by this technique and they all have 
their respective advantages and disadvantages Gener- 
ally, Coomassle brilliant blue is not sufficiently sensl- 
tive (see Fig. 1) and we have favored the use of one of 
the high-sensitivity silver stains (see Fig. 1 and Chapter 
13). The malor disadvantage of this technique 1s that it 
is nonspecific, staining not only the peptides, but also 
the protease Much cleaner results can be obtained 
using either radioactively labeled proteins or, 
alternatively, proteins that have been labeled with 
dansyl chloride, but both of these require advance 
planning and preparation. 
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Chapter 23 

The Dansyl Method for 
Identifying 
N-Terminal Amino 
Acids 

John M. Walker 

School of Biologm~l and Enulronmental 
Sciences, The Hatfield Polytechnic, 
Hatfield, Hertfordshire, England 

Introduction 

The reagent l-dlmethylaminonaphthalene-5-sulfonyl 
chloride (dansyl chloride, DNS-Cl) reacts with the free 
ammo groups of peptldes and proteins as shown in Fig 1. 
Total acid hydrolysis of the substituted peptlde or protein 
yields a mixture of free amino acids plus the dansyl denva- 
tlve of the N-terminal ammo acid, the bond between the 
dansyl group and the N-terminal ammo acid being reslst- 
ant to acid hydrolysis The dansyl ammo acid is fluores- 
cent under UV light and IS identified by thin-layer chroma- 
tography on polyamide sheets. This IS an extremely 
sensltlve method for identifying ammo acids and in partlc- 
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+ 26, R2 

NH CHCONHFHCO . . . 

dansyl chloride peptide 

I pH 8-9 

105OC, 18 h 

free amino acids 

dansyl amino acid 

Fig. 1. Reaction sequence for the labeling of N-terminal amino 
acids with dansyl chloride. 

ular has found considerable use in peptide sequence de- 
termination when used in conjunction with the Edman 
degradation (see Chapter 24). The dansyl technique was 
originally introduced by Gray and Hartley (Z), and was de- 
veloped essentially for use with peptides. However, the 
method can also be applied to proteins (see Note No. 12). 
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Materials 

1. Dansyl chloride solution (2.5 mg/mL m acetone). Store 
at 4°C m the dark. This sample IS stable for many 
months The solution should be prepared from concen- 
trated dansyl chloride solutions (in acetone) that are 
commercially available Dansyl chloride available as a 
solid mvarlably contains some hydrolyzed material 
(dansyl hydroxide) 

2. Sodium bicarbonate solution (0 2M, aqueous). Store at 
4°C. Stable mdefmltely, but check perlodlcally for signs 
of mlcroblal growth. 

3 5N HCl (aqueous) 
4 Test tubes (50 x 6 mm) referred to as “dansyl tubes ” 
5. Polyamide thm layer plates (7.5 x 7 5 cm). These plates 

are coated on both sides, and referred to as “dansyl 
plates ” Each plate should be numbered with a pencil 
in the top corner of the plate The origin for loading 
should be marked with a pencil 1 cm m from each edge 
m the lower left-hand corner of the numbered side of 
the plate The origin for loading on the reverse side of 
the plate should be immediately behind the loading po- 
sition for the front of the plate, I e., 1 cm m from each 
edge m the lower rzght-hand corner. 

6. Three chromatography solvents are used m this 
method 

Solvent 1 Formic acldawater, 1 5 100, v/v 
Solvent 2. Benzene:acetic acid, 9.1, v/v 
Solvent 3 Ethyl acetate*methanol acetic acid, 2 1 1, 

vivlv 

7 An acetone solution containing the following standard 
dansyl ammo acids Pro, Leu, Phe, Thr, Glu, Arg (each 
approximately 50 FgimL) 

8 A UV source, either long wave (265 rJ,m) or short wave 
(254 w4 

Method 

1 Dissolve the sample to be analyzed m an appropriate 
volume of water, transfer to a dansyl tube, and dry rn 
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UQCUO to leave a film of peptide (1-5 nmol) m the bot- 
tom of the tube 

2. Dissolve the dried peptide m sodium bicarbonate 
(0.2M, 10 pL) and then add dansyl chloride solution 
(10 FL) and mix 

3 Seal the tube with parafrlm and incubate at 37°C for 1 
h, or at room temperature for 3 h 

4 Dry the sample tn zlacuo. Because of the small volume 
of liquid present, this will only take about 5 min. 

5. Add 6N HCl(50 pL) to the sample, seal the tube m an 
oxygen flame, and place at 105°C overnight (18 h). 

6. When the tube has cooled, open the top of the tube 
using a glass knife, and dry the sample In zl~cuo. If 
phosphorus pentoxide 1s present m the desiccator as a 
drying agent, and the desiccator is placed in a water 
bath at 50-6O”C, drying should take about 30 mm. 

7. Dissolve the dried sample m 50% pyridme (10 FL) 
and, using a microsyrmge, load 1 FL ahquots at the 
origm on each stde of a polyamide plate. This is best 
done m a stream of warm air. Do not allow the diame- 
ter of the spot to exceed 3-4 mm 

8. On the yeueyse szde only, also load 0.5 FL of the 
standard mixture at the origin. 

9 When the loaded samples are completely dry, the 
plate is placed m the first chromatography solvent 
and allowed to develop until the solvent front is about 
1 cm from the top of the plate. This takes about 10 
mm, but can vary dependmg on room temperature. 

10. Dry both sides of the plate by placing it m a stream of 
warm air This can take 5-10 mm since one IS 
evaporating an aqueous solvent 

11 If the plate is now viewed under UV light, a blue fluo- 
rescent streak will be seen spreading up the plate 
from the origin, and also some green fluorescent spots 
may be seen within this streak. However, no mterpre- 
tatrons can be made at this stage 

12. The dansyl plate is now developed m the second sol- 
vent, at right angles to the direction of development 
m the first solvent. The plate is therefore placed in the 
chromatography solvent so that the blue ‘streak runs 
along the bottom edge of the plate 
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13 The plate 1s now developed m the second solvent un- 
til the solvent front IS about 1 cm from the top of the 
plate. This takes 10-15 mm. 

14 The plate IS then dried in a stream of warm air. This 
will only take 2-3 min since the solvent is essentrally 
organic However, since benzene is involved, drying 
must be done in a fume cupboard 

15 The side of the plate containing the sample only 
should now be viewed under UV light. Three major 
fluorescent areas should be rdentrfred. Dansyl hydrox- 
ide (produced by hydrolysis of dansyl chloride) IS 
seen as a blue fluorescent area at the bottom of the 
plate Dansyl amide (produced by side reactrons of 
dansyl chloride) has a blue-green fluorescence and IS 
about one-thud of the way up the plate. These two 
spots will be seen on all dansyl plates and serve as 
useful internal markers. Occasronally other marker 
spots are seen and these are described m the Notes 
section below. The third spot, which normally fluo- 
resces green, will correspond to the dansyl derivative 
of the N-terminal amino acid of the peptrde or protein. 
However, if the peptrde IS not pure, further dansyl 
derrvatrves will of course be seen. The separation of 
dansyl derivatives after solvent 2 IS shown m Fig. 2 
Solvent 2 essentially causes separation of the dansyl 
derivatives of hydrophobic and some neutral amino 
acids, whereas derrvatrves of charged and other neu- 
tral amino acids remam at the lower end of the 
chroma togram. 

16. A reasonable identrfrcatron of any faster-moving 
dansyl derrvatrves can be made after solvent 2 by 
comparing then positions, relatrve to the internal 
marker spots, with the diagram shown m Fig 2. 
Unambiguous ldentrfrcatron IS made by turnmg the 
plate over and comparing the position of the derrva- 
trve on this side with the standard samples that were 
also loaded on this side. 

N.B. Both sides of the plate are totally mdepend- 
ent chromatograms. There is no suggestion that fluo- 
rescent spots can be seen tl~rotrgh the plate from one 
side to the other 
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Fig 2 Diagrams showing the separation of dansyl ammo 
acids on polyamide plates after two solvents (A), and after three 
solvents (B) a = dansyl hydroxide, b = dansyl amide, 1 = tyro- 
sme (o-DNS-denvatlve), 2 = lysme (e-DNS-denvatlve); 3 = hlstl- 
dme (bls-DNS-derivative) The standard dansyl ammo acids that 
are used are indicated as black spots 
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17. Having recorded one’s observations after the second 
solvent, the plate is now run m solvent 3 m the same 
dire&on as solvent 2. The plate is run until the solvent 
is 1 cm from the top, and this again takes 10-15 min. 

18. After drying the plate in a stream of warm au- (1-2 
mm), the plate is again viewed under UV light. The 
fast-running derivatives seen m solvent 2 have now 
run to the top of the plate and are generally indistm- 
guishable (hence the need to record one’s observa- 
tions after solvent 2). However, the slow-moving de- 
rivatives m solvent 2 have now been separated by 
solvent 3 and can be identified if present. The separa- 
tion obtained after solvent 3 is also shown in Fig. 2. 
The sum of the observations made after solvents 2 and 
3 should identify the number and relative mtensitles 
of N-terminal ammo acids present m the origmal 
sample. 

Notes 

1. It is important that the initial coupling reaction be- 
tween dansyl chloride and the peptide occurs m the 
pH range 9.5-10 5. This pH provides a compromise 
between the unwanted effect of the aqueous hydroly- 
sis of dansyl chloride and the necessity for the 
N-terminal amino group to be unprotonated for reac- 
tion with dansyl chloride. The condition used, 50% 
acetone m bicarbonate buffer, provides the necessary 
environment. The presence of buffer or salts m the 
peptide (or protein) sample should therefore be 
avoided to prevent altering the pH to a value outside 
the required range. 

2. Because of the unpleasant and irritant nature of pyri- 
dine vapor, loading of samples onto the dansyl plates 
should preferably be carried out in a fume cupboard 

3. The viewing of dansyl plates under UV light should 
always be done wearing protective glasses or goggles. 
Failure to do so will result in a most painful (although 
temporary) conlunctivitis. 

4. Most dansyl derivatives are recovered m high 
( > 90%) yield However, some destruction of pro- 
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6. 

7. 

8. 

Walker 

line, serme, and threonme residues occurs during 
acid hydrolysis, resulting m yields of approximately 
25, 65, and 70%, respectively. When viewing these 
derivatives, therefore, their apparent intensities 
should be visually ‘scaled-up’ accordingly. 
The sensitivity of the dansyl method is such that as lit- 
tle as l-5 ng of a dansylated ammo acid can be visual- 
ized on a chromatogram 
The side chains of both tyrosme and lysme residues 
also react wrth dansyl chloride. When these residues 
are present in a peptide (or protein), the 
chromatogram will show the addrtional spots, o-DNS- 
Tyr and E-DNS-Lys, which can be regarded as addi- 
tional internal marker spots. The positions of these 
residues are shown m Fig 2 These spots should not 
be confused with his-DNS-Lys and bis-DNS-Tyr, 
which are produced when either lysme or tyrosme IS 
the N-terminal ammo acid 
At the overnight hydrolysis step, dansyl derivatives 
of asparagme or glutamme are hydrolyzed to the cor- 
responding aspartic or glutamic acid derivatives. Resi- 
dues identified as DNS-Asp or DNS-Glu are therefore 
generally referred to as Asx or Glx, since the origmal 
nature of this residue (acid or amide) is not known. 
This is of little consequence if one 1s looking for a 
smgle N-terminal residue to confirm the purity of a 
peptide or protein. It does, however, cause difficulties 
in the dansyl-Edman method for peptide sequencing 
(see Chapter 24) where the residue has to be identified 
unambiguously 
When the first two residues m the peptide or protein 
are hydrophobic residues, a complication can occur. 
The peptide bond between these two residues is par- 
ticularly (although not totally) resistant to acid hydrol- 
ysis. Under normal conditions, therefore, some 
dansyl derivative of the first ammo acid is produced, 
together with some dansyl derivative of the 
N-terminal dipeptide Such dipeptide derivatives gen- 
erally run on chromatograms m the region of 
phenylalanme and valine. However, their behavior m 
solvents 2 and 3, and their positions relative to the 
marker derivatives should prevent misidentification 
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as phenylalanme or valine Such dlpeptlde spots are 
also produced when the first residue is hydrophobic 
and the second residue IS prolme, and these dipeptlde 
derlvatlves run m the region of proline. However, 
since some of the N-terminal derivative is always pro- 
duced, there 1s no problem m identlfymg the 
N-terminal residue when this situation arises A com- 
prehensive descrlptlon of the chromatographlc behav- 
ior of dansyl-dlpeptlde derivatives has been pro- 
duced (2). 

9 Three residues are difficult to Identify m the three sol- 
vent system described m the methods section, DNS- 
Arg and DNS-His because they are masked by the 
E-DNS-Lys spot, and DNS-Cys because it 1s masked 
by DNS-hydroxide. If these residues are suspected, a 
fourth solvent is used. For argmme and histldme, the 
solvent is 

0.05M trtsodium phosphate:ethanol (3.1, v/v) 

For cysteme the solvent is 

1M ammoma:ethanol (1 1, v/v) 

Both solvents are run m the same du-ectlon as solvents 
2 and 3, and the residues are identified by comparison 
with relevant standards loaded on the reverse side of 
the plate. 

10. When working with small peptldes it 1s often of use 
also to carry out the procedure known as “double 
dansylation.” Havmg identified the N-terminal resl- 
due, the remaining material m the dansyl tube is dried 
down and the dansylation process (steps 24) re- 
peated The sample 1s then redissolved m 50% pyri- 
dine (10 FL) and a 1 PL allquot 1s examined 
chromatographlcally. The chromatogram will now re- 
veal the dansyl derivative of each ammo acid present 
in the peptlde. Therefore for relatively small peptldes 
( < 10 residues) a quantitative estimation of the 
amino acid composltlon of the peptlde can be ob- 
tamed. This method 1s not suitable for larger peptides 
or proteins since most residues will be present more 
than once m this case, and it 1s not possible to 
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12. 

quantitatively differentiate spots of differing 
intensity. 
Although the side chain DNS-derivative will be 
formed during dansylation if histidme is present in 
the peptide or protein sequence, this derivative is un- 
stable to acid and is not seen during N-terminal analy- 
sis. Consequently, N-terminal histidine yields only 
the (;u-DNS derivative and not the his-DNS compound 
as might be expected The bis-DNS derivative IS ob- 
served, however, if the mixture of free amino acids 
formed by acid hydrolysis of a histidme-containing 
peptide is dansylated and subsequently analyzed 
chromatographically (i.e , during “double dansy- 
lation”). 
The dansylation method described here was devel- 
oped for use with peptides. However, this method 
can also be applied quite successfully to proteins, al- 
though some difficulties arise. These are caused 
mainly by msolubility problems, which can limit the 
amount of reaction between the dansyl chloride and 
protein thus resulting m a lower yield of dansyl deriv- 
ative, and the presence of large amounts of o-DNS-Tyr 
and e-DNS-Lys on the chromatogram that can mask 
DNS-Asp and DNS-Glu. A modification of the basic 
procedure described here for the dansylation of prote- 
ms has been described (3). 
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The Dansyl-Edman 
Method for Peptide 
Sequencing 

John M. Walker 
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Sciences, The Hatfield Polytechnic, 
Hatfield, Hertfordshire, England 

Introduction 

The dansyl-Edman method for peptide sequencing 
uses the Edman degradation (see Chapter 26) to sequen- 
tially remove ammo acids from the N-terminus of a pep- 
tide Followmg the cleavage step of the Edman degrada- 
tion, the thiazolmone derivative is extracted with an 
organic solvent and &scar&d This contrasts with the direct 
Edman degradation method (Chapter 26), where the 
thiazolinone is collected, converted to the more stable 
PTH derivative, and identrfred. Instead, a small fraction 
( -5%) of the remaining peptide is taken and the newly 
liberated N-terminal ammo acid determmed m this sample 
by the dansyl method (see Chapter 23). Although the 
dansyl-Edman method results m successrvely less peptide 
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being present at each cycle of the Edman degradation, this 
loss of material is more than compensated for by the fact 
that the dansyl method for identrfymg N-termmal ammo 
acids is about one hundred times more sensrtrve than 
methods for rdentrfymg PTH ammo acids. The dansyl- 
Edman method described here was orrgmally mtroduced 
by Hartley (2). 

Materials 

1. Ground glass stoppered test tubes (approx 65 x 10 
mm, e.g., Qurckfrt MF 24/O). All reactions are carried 
out m this ‘sequencing’ tube. 

2. 50% Pyrrdme (aqueous, made with AR pyndme) Store 
under nitrogen at 4°C m the dark Some drscoloratron 
will occur with time, but this will not affect results. 

3. Phenylrsothrocyanate (5% v/v) m pyrrdine (AR) Store 
under nitrogen at 4°C m the dark Some drscoloratron 
will occur with time, but this will not affect results The 
phenyhsothiocyanate should be of high purity and IS 
best purchased as “sequenator grade.” Make up fresh 
about once a month 

4. Water-saturated n-butyl acetate. Store at room 
temperature 

5. Anhydrous trrfluoracetrc acid (TFA) Store at room tem- 
perature under nitrogen 

Method 

Dissolve the peptrde to be sequenced m an appropri- 
ate volume of water, transfer to a sequencing tube, 
and dry 1~1 oucuo to leave a film of peptrde in the bot- 
tom of the tube (see Note 1 ) 
Drssolve the peptrde m 50% pyrrdme (200 FL) and re- 
move an ahquot (5 pL) for N-terminal analysis by the 
dansyl method (see Chapter 23) 
Add 5% phenylisothiocyanate (100 pL) to the 
sequencing tube, mix gently, flush with nitrogen and 
incubate the stoppered tube at 50°C for 45 mm 
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4. Followmg this incubation, unstopper the tube and 
place it tn vacua for 3040 min The desiccator should 
contam a beaker of phosphorus pentoxide to act as a 
drying agent, and if possible the desiccator should be 
placed m a water bath at 50-60°C When dry, a white 
‘crust’ will be seen m the bottom of the tube. This 
completes the couplmg reaction. 

5. Add TFA (200 vL) to the test-tube, flush with mtrogen 
and incubate the stoppered tube at 50°C for 15 mm. 

6. Followmg incubation, place the test tube ZIZ uucuo for 5 
min TFA is a very volatile acid and evaporates rap- 
idly. This completes the cleavage reaction. 

7 ‘Dissolve’ the contents of the tube m water (200 FL). 
Do not worry if the material m the tube does not all 
appear to dissolve. Many of the side-products pro- 
duced m the previous reactions will not m fact be 
soluble. 

8. Add n-butyl acetate (1.5 mL) to the tube, mix vlgor- 
ously for 10 s, and then centrifuge m a bench centri- 
fuge for 3 min 

9. Taking care not to disturb the lower aqueous layer, 
carefully remove the upper organic layer and discard. 

10 Repeat this butyl acetate extraction procedure once 
more and then place the test-tube containing the 
aqueous layer zn U~CUO (with the desiccator standing m 
a 60°C water bath if possible) until dry (3040 min) 

11. Redissolve the dried material m the test tube m 50% 
pyrldme (200 FL) and remove an allquot (5 pL) to de- 
termme the newly liberated N-terminal ammo acid 
(the second one m the peptlde sequence) by the 
dansyl method. 

12. A further cycle of the Edman degradation can now be 
carried out by returning to step 3 Proceed in this 
manner until the peptide has been completely 
sequenced. 

Notes 

1 Manual sequencing 1s normally carried out on pep- 
tides between 2 and 30 residues m length and requires 
1-5 nmol of peptlde. 
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2 Since the manipulative procedures are relatively sim- 
ple it is quite normal to carry out the sequencing pro- 
cedure on 8 or 12 peptldes at one time 

3 A repetitive yield of 90-95% is generally obtained for 
the dansyl-Edman degradation Such repetitive yields 
usually allow the determmation of sequences up to 15 
residues m length, but m favorable circumstances 
somewhat longer sequences can be determined. 

4. The ammo acid sequence of the peptide is easily de- 
termined by identifymg the new N-terminal amino 
acid produced after each cycle of the Edman degrada- 
tion However, because the Edman degradation does 
not result m 100% cleavage at each step, a background 
of N-termmal ammo acids builds up as the number of 
cycles increases. Also, as sequencing proceeds, some 
fluorescent spots reflecting an accumulation of side 
products can be seen towards the top of the plates 
For longer runs (lo-20 cycles) this can cause some dif- 
ficulty m identifying the newly liberated N-terminal 
ammo acid. This problem is best overcome by placing 
the dansyl plates from consecutive cycles adjacent to 
one another and viewing them at the same time By 
comparison with the previous plate, the increase of 
the new residue at each cycle, over and above the 
background spots, should be apparent 

5 A single cycle takes approximately 2.5 h to complete. 
When this method is being used routinely, it is quite 
easy to carry out three or four cycles on eight or more 
peptides m a normal day‘s work During the mcuba- 
tion and drying steps the dansyl samples from the 
previous days sequencing can be identified 

6 As sequencing proceeds, it will generally be necessary 
to increase the amount of ahquot taken for 
dansylation at the begmnmg of each cycle, since the 
amount of peptide being sequenced is reduced at each 
cycle by this method The amount to be taken should 
be determined by examination of the intensity of 
spots being seen on the dansyl plates 

7. It is most important that the sample is completely dry 
following the coupling reaction. Any traces of water 
present at the cleavage reaction step will introduce 
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hydrolytic conditions that will cause internal cleav- 
ages m the peptide and a correspondmg increase m 
the background of N-terminal amino acids. 

8 Very occasionally it will prove difficult to completely 
dry the peptlde followmg the couplmg reaction and 
the peptide appears oily. If this happens, add ethanol 
(100 pL) to the sample, mix, and place under vacuum. 
This should result m a dry sample. 

9 When removing butyl acetate at the organic extraction 
step, take great care not to remove any of the aqueous 
layer as this will considerably reduce the amount of 
peptlde available for sequencing. Leave a small layer 
of butyl acetate above the aqueous phase This will 
quickly evaporate at the drying step 

10 Vacuum pumps used for this work should be pro- 
tected by cold traps Considerable quantities of vola- 
tile organic compounds and acids will be drawn mto 
the pump if suitable precautions are not taken. 

11 The ldentlhcatlon of N-terminal ammo acids by the 
dansyl method is essentially as described in Chapter 
23. However, certain observations peculiar to the 
dansyl-Edman method are described below. 

12. Tryptophan cannot be identified by the dansyl 
method as it 1s destroyed at the acid hydrolysis step 
However, where there is tryptophan present in the 
sequence, an intense purple color is seen at the cleav- 
age (TFA) step involving the tryptophan residue that 
unambiguously identifies the tryptophan residue 

13. If there 1s a lysine residue present m the peptlde, a 
strong e-DNS-lysme spot will be seen when the 
dansyl derivative of the N-terminal ammo acid is stud- 
led. However, when later residues are investigated 
the e-DNS-lysme will be dramatically reduced m m- 
tenslty or absent. This 1s because the ammo groups on 
the lysme side chains are progressively blocked by re- 
action with phenylisothlocyanate at each coupling 
step of the Edman degradation 

14. The reactlons of the lysme side chains with 
phenyllsothlocyanate causes some confusion when 
ldentlfymg lysme residues. With a lysine residue as 
the N-terminal residue of the peptlde it will be 
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identified as his-DNS-lysme. Howeve,r, lysme resi- 
dues further down the chain will be identified as the 
cr-DNS-e-phenylthiocarbamyl derivative because of 
the side chain reaction with phenylisothiocyanate. 
This derivative runs m the same position as DNS- 
phenylalanme m the second solvent, but moves to be- 
tween DNS-leucme and DNS-isoleucme m the third 
solvent. Care must therefore be taken not to 
misidentrfy a lysme residue as a phenylalanme 
residue. 

15. When glutamme is exposed as the new N-terminal 
ammo acid during the Edman degradation, this resi- 
due will sometrmes cyclize to form the pyroglutamyl 
derivative This does not have a free ammo group, 
and therefore effectively blocks the Edman degrada- 
tion. If this happens, a weak DNS-glutamic acid resr- 
due is usually seen at this step, and then no other resi- 
dues are detected on further cycles. There is little one 
can do to overcome this problem once it has occurred, 
although an enzyme that cleaves off pyroglutamyl de- 
rivatives has been reported (2) 

16. The mam disadvantage of the dansyl-Edman method 
compared to the direct Edman method is the fact that 
the dansyl method cannot differentiate acid and am- 
ide residues. Sequences determined by the dansyl- 
Edman method therefore usually include residues 
identified as Asx and Glx This is most unsatisfactory 
since it means the residue has not been un- 
ambrguously identified, but often the acid or amide 
nature of an Asx or Glx residue can be deduced from 
the electrophoretic mobihty of the peptide (3) 

17. Having identified any given residue it can prove par- 
ticularly useful to carry out the procedure referred to 
as “double dansylation” on this sample (see Chapter 
23). This double-dansylated sample will identify the 
ammo acids remaining beyond this residue. Double 
dansylatron at each step should reveal a progressive 
decrease m the residues remaming in the peptide, and 
give an excellent mdication of the amount of residues 
remaming to be sequenced at any given cycle 
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Introduction 

Manual methods for the stepwlse IV-termmal degra- 
dation of polypeptldes have been widely applied m pro- 
tem chemistry. The technique most commonly used up to 
now, has been the Edman degradation, carried out either 
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manually (1) or automatically (24). Although nowadays 
the reaction can be performed with high efficiency and au- 
tomatically m a sequencer, the manual methods are still of 
value. The reasons for this are: (1) The manual methods 
can be easily applied m any laboratory, even by an inexpe- 
rienced researcher, with a mmimum of equipment at low 
cost, (ii) It is possible to simultaneously screen many pep- 
tides for purity, and to gain mformation in a reasonable 
time about the N-terminal sequences of sets of peptides 
generated by proteolytic or chemical cleavage, (in) The se- 
lection of fragments of high purity for the sequencer or 
those peptides that need to be sequenced m a machme be- 
cause of length, hydrophobicity, or difficult sequence 
stretches IS made easier. 

For many years, the manual Edman degradation has 
been performed either directly (see Chapter 26) or by the 
dansyl-Edman techmque (see Chapter 24) The latter tech- 
nique has been applied to thousands of peptides and has 
proved especially valuable when proteins available m 
submicromol amounts must be sequenced However, this 
method has several drawbacks, such as the unavoidable 
deamidation of glutamme and asparagme during acid hy- 
drolysis of the dansyl-peptide (see Chapter 24 for a de- 
tailed discussion of this method) 

In 1976, Chang et al. proposed a new chromophoric 
reagent for protem sequence analysis, 4-N,N-di- 
methylammoazobenzene-4’-isothiocyanate (DABITC), 
which allows the identification of the released ammo acids 
as red-colored derivatives (5,6) Several other modified 
Edman-type reagents have been proposed for sequential 
degradation of peptides, however, it was shown that 
isothiocyanate derivatives with bulky side chains couple 
less efficiently than PITC itself Also, m the case of the 
DABITC reagent, couplmg efficiency was low, about 60%, 
for a reasonable reaction time and temperature, e.g., 40 
mm and 50°C. Therefore it was necessary to complete the 
couplmg with PITC prior to the cleavage reaction (7) m or- 
der to avoid severe carryover during degradation. This 
DABITCPITC double couplmg technique was adequate 
for practical sequencing m the low nanomol range In the 
past few years (8,9), these improvements have enabled 
the complete analysis of the primary structures of all 53 
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proteins derived from the Eschemhza colz ribosome. In this 
chapter we describe the DABITUPITC coupling method 
as it IS currently being used for microsequencmg. Further, 
we describe the use of this couplmg method m connection 
with manually performed solid-phase degradations. 

Materials 

Since the use of high purity reagents is necessary for 
optimal results when sequencing proteins and peptides, 
purificatron procedures for most of the reagents used are 
included in this section. 

1 The degradations are carried out m thick-walled glass- 
stoppered centrifugation tubes (borosihcate glass) and 
the peptides to be degraded remam in these tubes 
during the degradation process The tubes are nar- 
rowed at the bottom and have the followmg sizes* for 
5-10 nmol of peptide length, 45 mm and i.d., 0.8 mm, 
for 300 pmol to 2 nmol. 35 mm x 0 3 mm In the latter 
case, micro-mlection tubes, suitable for 5-100 FL 
volumes, and fitted with silicon stoppers are used All 
tubes must fit snugly mto thermostatically heated 
blocks maintained at 55 “C. 

2 For all centrifugation steps use a bench centifuge 
(e g I Labofuge I supplied by Heraeus/Christ) 
equipped with adaptors capable of holding the stop- 
pered tubes 

3 Two vacuum pumps that provide a vacuum of 2 Pa 
measured at the pump inlet One pump is used for 
the removal of alkaline solvents after the couplmg and 
the other for the removal of the acid after cleavage 
Each vacuum lme has a glass distributor for at least six 
desiccators, the acid vapors are trapped by KOH, and 
both pumps are protected by a cryostat placed m the 
vacuum Imes. 

4 For all experiments, nitrogen having 99 999 vol %, 
and contammg less than 2 vpm = 2 x lo-” vol % 
oxygen should be used. 
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5. Polyamide thin-layer sheets (DC-Mikropolyamide 
Foils, F1700, 15 x 15 cm, purchased from Schleicher 
& Schull) or silica gel thin-layer sheets (HPTLC 
Kieselgel, 60 F254, 10 X 10 cm, from Merck) are used 
for the identification of the DABTH-amino acid deriv- 
atives A paper cutter is used to cut the 5 X 5 cm, or 
2 5 x 2 5 cm-sized sheets. 

6. p-Phenylisothiocyanate (PITC) of the fourth highest 
purity grade is redrstilled under reduced pressure (oil 
pump) and nitrogen, while keeping the destillate at 
4°C Small amounts for the manual degradations are 
kept m sealed glass ampules under nitrogen at -2O”C, 
larger amounts are stored as stock m 3-4 mL portions 
also m ampules, under identical conditions. 

7. 4-NJ-dimethylammoazobenzene-4’-isothiocyanate 
(DABITC) is recrystallized from acetone and 1 g is 
then dissolved in 70 mL of boilmg acetone, filtered 
through a paper filter, and allowed to cool slowly 
This procedure yields about 0 7 g of brown flakes with 
a mp of 169-170°C The reagent is kept as stock m 
solid form under nitrogen. For manual sequencing, it 
is dissolved m redistilled acetone and portions of 0 6 
mg are transferred to 1-mL plastic tubes, dried zn 
DUCUO, and stored at -20°C. 

8. p-Phenylene diisothiocyanate (DITC) is recrystallized 
from acetone. A 2 g quantity of DITC is dissolved in 10 
mL of borlmg acetone and allowed to cool slowly This 
yields 1.55 g of needles, mp 129-131”C, that give a 
clear, colorless solution m DMF 

9. 1-Ethyl-3(3-dimethylammopropyl)-carbodumide/HCl 
WW, mp 112-115”C, is used without further 
purification. 

10. CPG-10, controlled pore glass (Serva) 40-80 brn diam- 
eter (mesh-size 200400) with a nominal pore diame- 
ter of 75 A. 

11. 3-Aminopropyl triethoxysilane (APTS) (Pierce) is used 
without further purification. 

12. Aminopropyl glass beads (APG). 4 g of CPG beads are 
degassed in uucuo for 2 h at 180°C (water pump), then 
cooled zn ZJUCUO. A 30 mL quantity of dry toluene and 3 
mL of APTS are added After degassmg, the reaction 
is performed at 75°C for 24 h m a stoppered flask un- 
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der nitrogen, with gentle stirring. The resin is filtered 
on a smtered glass filter and washed alternately with 
toluene, acetone, and methanol (2 x 50 mL, each). 
The APG is dried wz vucuo over P205 at room tempera- 
ture and stored at 4°C under nitrogen. 

13 p-Phenylene diisothiocyanate activated glass (DITC- 
glass). 1 g of DITC is dissolved in 13 mL of DMF, and 2 
g of APG are added m portions, with gentle stirring 
over a l-h period. The mixture is kept at room temper- 
ature for 2 h and the beads are washed with DMF and 
methanol (2 X 10 mL, each) on a sintered glass filter 
The resm is dried rn DIZCUO. Storage is as described for 
APG. 

14. Acetone, pro analysis grade (Merck) A 2.5 L quantity 
of acetone is passed through a column (id of 3.5 cm) of 
silica (Silica 100-200 active; filled to 8 cm height) and 
A1203 (aluminia, grade neutral, activity I, height 10 
cm), and then redistilled over charcoal (pro analysis 
grade) m a 30 cm glass column filled with glass rmgs, 
bp 56°C The solvent IS kept over molecular sieve 
type-3 8, pellets, 2 mm (Merck). 

15. Acetic acid, pro analysis grade (Merck) is used with- 
out further purification 

16. rz-Butyl acetate, pro analysis grade (Merck) is used 
without further purification 

17 Chloroform, pro analysis grade (Merck), is used with- 
out further purification. 

18. Dimethylformamide (DMF), pro analysis grade 
(Merck), is purified as follows. Add to 263 mL of 
DMF, 34 mL of benzene and 12 mL of H20. Redistill 
and discard the first 60 mL of distillation product, up 
to 150°C. The product above this temperature is col- 
lected and redistilled over P205 under reduced pres- 
sure (water pump). DMF is stored over molecular 
sieve pellets (see acetone) and under nitrogen. 

19. Ethanolamme (EA), synthesis grade (Merck), is 
redistilled Its bp at 15 mm Hg is 77°C Store in am- 
pules under nitrogen at -20°C. 

20 Ethyl acetate, pro analysis grade (Merck), is purified 
and stored as given for acetone (bp 77°C). 

21. Formic acid, pro analysis grade (Merck), is used with- 
out further purification 
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n-Heptane, Uvasol grade (Merck), is used without 
further purification. 
n-Hexane, pro analysis grade (Merck), is used without 
further purification. 
Methanol, Uvasol grade (Merck) is purified and 
stored as given for acetone (bp 64°C). 
N-methyl morpholme (NMM), synthesis grade 
(Merck), is drstrlled over nmhydrm and redistilled 
over a 30 cm column filled with glass rings It is stored 
in ampules under nitrogen at -20°C. 
Pyridme (PYR), pro analysis grade (Merck), is thrice 
distilled, once over KOH, then over nmhydrin, and 
finally over KOH (bp llP116”C) It is stored m 
lOO-mL glass stoppered flasks (sealed with parafilm) 
under nitrogen at -20°C. 
Toluene, pro analysis grade (Merck), is purified as de- 
scribed for acetone, and stored over molecular sieve. 
Triethylamme (TEA), synthesis grade from Merck, is 
distilled from phthalic anhydride (bp 89’C). It is 
stored in ampules under nitrogen at -20°C. 
Trifluoroacetic acid (TFA), purum grade (Fluka), is 
distilled over BaO, redistilled from CaS04 x 0.5 
Hz0 (dried at 500°C immediately before use) over a 30 
cm column filled with glass rings (bp 72-73”(Z). 
Attachment buffer 1: N-methyl morpholine/TFA 
buffer, pH 9.5: 5 mL of NMM and 5 mL of Hz0 are 
mixed under nitrogen (resultant pH 11.4). About four 
drops of TFA are added to adlust pH to 9.5. Use 
freshly prepared buffer and store it under nitrogen 
Attachment buffer 2. pyridine/HCl buffer, pH 5.0. 
8 mL of pyridme is added to 80 mL of H20, they are 
mixed under nitrogen, and then 5.3 mL of 32% HCl 
and Hz0 is used to adlust to a final volume of 100 mL 
at pH 5.0 Keep the buffer under nitrogen. 
Attachment buffer 3 anhydrous buffer, DMF/TEA 2 
mL volume of triethylamme is added to 200 mL of 
DMF. Alternatively, attachment of peptide under an- 
hydrous conditions is carried out m DMF alone. 
Attachment buffer 4. bicarbonate buffer, pH 9.0: 
0.2M NaHCOs is adjusted to pH 9.0 with 1M NaOH. 
High performance liquid chromatography (HPLC) of 
the DABTH-ammo acid derivatives is performed on a 
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250 x 4 mm column filled with Shandon MOS- 
Hypersil, 5 pm, at 45°C (see Fig. 2.) 

Methods 

Manual DABITCIPITC Double 
Coupling Method 

The following procedure is for peptide amounts of 2-5 
nmol. With amounts below 2 nmol it is recommended that 
volumes about one-quarter of those given here be used 
and that the reaction be performed in restricted tubes (see 
Materials). 

1. To the dried peptide add 80 FL of 50% pyridme m 
water, 40 PL of DABITC solution (2.3 mg/mL m pyri- 
dine), flush with nitrogen, and incubate at 55°C for 30 
mm. 

2. Add 5 PL of PITC and incubate at 55°C for a further 30 
min. This addition is necessary to avoid any carryover 
from one degradation step to the next. However, if the 
N-terminal residue of a peptide alone 1s wanted (end- 
group determination), this second coupling can be 
eliminated (see ref. 22). 

3. This solution is then extracted with 4 X 400 FL of 
n-heptanelethyl acetate (2:1, v/v) under nitrogen with 
stirring. Centrifuge and remove the upper organic 
layer with care. Great care should be taken to avoid 
withdrawal of the interphase layer, which often carries 
peptide precipitate when removmg the upper phase. 
This is the reason why we prefer to make four extrac- 
tions and to leave about 50 FL of the top layer at each 
centrifugation step. 

4. Followmg extraction, dry the lower aqueous phase in 
vucuo (-30 min). The complete dryness of the lower 
phase is crucial since any residual reagent or pyridme 
will lead to progressive salt accumulation at the cleav- 
age step. An efficient vacuum must therefore be main- 
tained to guarantee short, but complete drying stages 
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This is especially important if longer polypeptides are 
being degraded 

5 To the dried sample add 50 FL of anhydrous TFA, flush 
with mtrogen, and incubate at 55°C for 10 mm. TFA is 
then removed tn uucuo (-10 mm) This completes the 
cleavage reaction. Repetitions of the cleavage (2-4 
times) are recommended m the case of hydrophobic 
peptide bonds, mamly, if Pro-Pro, Pro-Ile, Pro-Val, 
Pro-Phe, Ile-Ile, Val-Val, Ile-Val, and Val-Ile are 
involved. 

6. To extract the thiazolmone, add 30 FL of water, flush 
with nitrogen, add 50 ~.LL of n-butyl acetate. Vortex and 
centrifuge. Remove the upper organic layer, repeat the 
extraction once, combme the extracts, and dry zn vucuo. 
The aqueous phase is also dried In zlucuo and IS sub- 
lected to further cycles. 

7 Conversion of the dried thiazolmone to the respective 
DABTH-ammo acid derivative is carried out by adding 
40 FL of 50% TFA, flushing with nitrogen, and 
incubating at 55°C for 20 min. The sample IS then dried 
zn ZMCUO, redissolved m 2-5 FL of ethanol and aliquots 
taken for analysis (see the section on Identification of 
the DABTH-Ammo Acid Derivatives). 

Attachment Procedures to Glass 
supports 

Attachment of Lysine Peptides via 
Epsilon-Amino Groups to 
DITC-Glass 
1. Transfer 5-10 nmol of salt-free peptide to a solid-phase 

tube and dry in zmuo. 
2. Redissolve the sample m 400 FL of 0.2M NaHC03/ 

NaOH buffer, pH 9.0 (alternatively use attachment 
buffer 1 or 2). Check the solubility of the peptide by 
withdrawal of an ahquot for picomole ammo acid 
analysis. 

3. Add 10 mg of DITC-glass (prewashed in methanol), 
flush with nitrogen, degas In ZMCUO, and stir at 50°C for 
60 mm 
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4. To saturate remammg sites, add 20 FL of 
ethanolamme, flush with mtrogen, and incubate at 
50°C for 15 mm 

5 Wash the beads twice with water (2 mL) and methanol 
(2 mL), and then dry zn OQCUO (but see note at end of the 
section on attachment via a Homoserme Lactone 
Residue) 

Attachment of Peptides via 
C-Termind Carboxyl Groups 

1 Transfer 5-10 nmol of peptide to a solid-phase tube and 
dry uz zucuo over P205. 

2 Add 100 FL of anhydrous TFA, flush with nitrogen, 
and incubate for 15 min at room temperature. 

3. Dry the sample vz z~lzcuu (20-30 min), add 2 mg of EDC 
in 200 PL of DMF, 10 mg of APG (pre-washed m meth- 
anol and DMF), flush with nitrogen, degas, and keep at 
40°C for 60 mm with gentle stirrmg. 

4. Centrifuge and wash the beads with water and metha- 
nol (2 X 2 mL) 

5 To saturate the remammg sites, add 20 PL of PITC m 
100 FL of DMF and 50 PL of pyridme m 200 PL of DMF. 
Flush with nitrogen, degas, and incubate at 50°C for 20 
mm. 

6. Centrifuge, wash the beads with DMF and methanol (2 
x 2 mL), and dry under vacuum (but see also note at 
end of the section on Attachment via a Homoserme 
Lactone Residue). 

Attachment via a Homoserine 
Lactone Residue 
1 Transfer 5-10 nmol of homoserme-contammg peptide 

to a solid-phase tube and dry ZM ZKZCUU over P205 
2. Add 300 ~J,L of anhydrous TFA, flush with nitrogen, 

and incubate at room temperature for 1 h This will 
convert all homoserine residues to the lactone Dry the 
sample llz zxzcuu. 

3. To achieve attachment, dissolve the peptide lactone m 
300 (IL of DMF, add 10 mg of APG (pre-washed u-t 
DMF), and 50 PL of TEA, flush with nitrogen, degas IM 
zluc~o, then incubate at 45°C for 2 h Centrifuge and dry 
the sample in zlac~o. 
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The final drying of the glass beads after attachment 
may be omrtted if the covalently bound peptide is sub- 
jected to degradation immediately. Saturation of the resid- 
ual amino groups of the APG after peptrde attachment 
should be made with PITC. This can be done with the first 
couplmg of the first degradation cycle if DABITC is re- 
placed by PITC (therefore, no DABTH-ammo acid can be 
obtained for the first residue of the peptide) 

The Manual Solid-Phase 
DABITCIPITC Sequencing 
Method 

The method described here is an improved version of 
one described previously (10,11). The reaction 1s carried 
out m larger Edman Tubes (1 x 7 cm) with gentle strrrmg 
by means of a stirring bar A magnetic stirrer is placed be- 
low the heating block. Special care has to be taken to pre- 
vent physical losses of glass-attached peptide durmg vac- 
uum drying. This can be a problem when removing the 
TFA after cleavage. ‘Bumping out’ of the glass beads zn 
zucuo is prevented by means of a glass adaptor fitted with 
a G-2 smter glass filter that replaces the stopper during the 
drying stages and restricts the vacuum. We further recom- 
mend that drying should be performed as follows: first, 
dry for 5 min in a Speed Vat Concentrator, then for 20 mm 
m a desiccator 

1 To the glass-attached peptrde add 400 PL of 50% pyri- 
dme and 200 PL of DABITC solution (2 3 mg/mL in pyr- 
idme) Flush with nitrogen and incubate at 55°C for 30 
mm. 

2. Add 20 )IL of PITC, flush with nitrogen, and incubate 
at 55°C for a further 30 min (At the first cycle, omit 
DABITC solutron, replace with 50 PL of PITC) This 
completes the coupling reaction. 

3. Centrifuge and remove the supernatant Wash the 
beads twice with 500 ~J,L of pyridine and then twice 
with 500 FL of methanol Dry zn ZMCUO (see above) 

4. Add 200 I.LL of anhydrous TFA, flush with nitrogen, 
and incubate at 55°C for 8 mm Dry zn UUCUO. This com- 
pletes the cleavage reaction. 
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5 The thiazolinone is extracted with 400 I.LL of methanol, 
and then 200 FL of methanol. The residual glass- 
attached peptide is dried uz zxxuo and then subjected to 
further cycles. 

6. The combined methanol extracts are dried wz ZXKUO, and 
the thiazolinone is converted by the addition of 80 IJ,L 
of 50% TFA The tube is flushed with nitrogen and in- 
cubated at 55°C for 20 mm. The converted sample is 
then dried zn uucuo and identified as described below. 

Identification of the 
DABTH-Amino Acid 
Derivatives 

Two-Dimensional Thin-Layer 
Chromatography (23) 

1. Standard markers for chromatography are prepared as 
follows add 500 IJ,L of pyridme to a test tube and 30 FL 
each of diethylamme and ethanolamme Add 250 FL of 
DABITC solution (2.3 mg/mL m pyridme) and incubate 
at 55°C for 1 h Dry zn UUCUO, dissolve m 1 mL of etha- 
nol, and apply a small spot together with each sample 

2 Dissolve the DABTH extract m 2-5 FL of ethanol (de- 
pending on the mitral amount of peptide) and load 0.5 
PL aliquots onto polyamide sheets (2 5 x 2.5 cm) to- 
gether with a standard marker sample. It may be neces- 
sary to spot more with increasing number of degrada- 
tion cycles because of extraction losses of peptide. 

3 The chromatogram is then developed m two dimen- 
sions (1 mm each) The solvents are. 

1st dimension 33% acetic acid m water 
2nd dimension toluene n-hexane * acetic acid, 2 1.1, 
v/v/v 

4 All DABTH-derivatives except DABTH-IleiLeu can be 
separated with these solvent mixtures as illustrated m 
Fig. 1. They are visible as red spots after exposure to 
acid vapors (hold over a flask containing 12M HCI) 
whereas byproducts of the degradation are not visible 
or form blue-colored spots. The positions of the re- 
leased DABTH-derivatives are correlated to the posi- 
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DABITC 

Frg. 1 Two-dlmenslonal thin-layer chromatography of 
DABTH-ammo acid derlvatrves About 20-50 pmol of standard 
DABTH-ammo acid derlvatrves are applied to 2 5 x 2 5 cm 
polyamide sheets (Schlercher and Schull) Details of the chro- 
matography systems and the marked spots are given m the text 
The DABTH-ammo acid derrvatrves are denoted by the smgle- 
letter code, T*, dehydrated DABTH-threonme, T” 

<2 
roduct 

formed after p-ehmmatlon of DABTH-Thr, Sn and S , corre- 
sponding products formed by DABTH-Ser, U, thlourea derrva- 
hve; K1, cr-DABTH-epsilon-DABTC-Lys, KZ, a-PTC-epsrlon- 
DABTC-Lys, K3, c-w-DABTH-epsilon-PTC-Lys, spots “e” and 
“d” are blue-colored reference markers 

tlons of two markers, DABITC-reacted dlethylamme 
(spot “d” of Fig. 1) and ethanolamme (spot “e” of Fig 

1). 
5. Thin-layer separation of DABTH-Ile and DABTH-Leu 

can be performed by one-dimensional chromatography 
on silica sheets (HPTLC, see materials section) using 
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formic acid:water:ethanol, 1.10:9, v/v/v, as the solvent 
mixture (22). As this type of thin-layer needs more ma- 
terial only isoleucme and leucme derivatives released 
in amounts from more than 5 nmol starting peptide 
material can be identified by this means. Alternatively, 
HPLC separations, as listed below, may be employed. 

HPLC Separation of DABTH-Amino 
Acid Derivatives 

DABTH-derivatives can be separated by isocratic elu- 
tion in about 30 min (13) The self-packed column contains 
Cs reversed-phase material, MOS-Hypersil, pore size 5 
urn (Shandon) and has a dimension of 250 x 4.6 mm. 
The solvent system used is 50% 12 mM Na acetate, pH 
5.0/50% acetomtrile/0.5% 1,2-dichloroethane. The flow 
rate is 1.2 mL/min at 45°C. The separation of the DABTH- 
amino acid derivatives is presented in Fig 2 DABTH- 
tryptophan elutes between valme and prolme, and the de- 
rivative of histidme after alanine DABTH-argmme is 
retained on the column under these conditions, but can be 
determined m a separate iqection It IS eluted from the 
column, separated from all other derivatives, with 20% 12 
mM Na acetate, pH 5.0/80% acetonitrile/0.5% 1,2- 
dichloroethane. This buffer may also be used to clean the 
column. 

Notes 

Manual Liquid-Phase DABITCI 
PITC Method 

1 The general reaction scheme (for the manual method) 
is presented m Fig. 3. A characteristic color change oc- 
curs between the reagent (purple), the thiocar- 
bamoylpeptrde (blue), and the released ammo acrd 
derivative (red) because of the differences in the reso- 
nance structures of the dimethylaminoazobenzene 
ring after exposure to the acid. 

2 The method described can be applied to peptides and 
proteins. Care has to be taken to avoid salt contamina- 
tion, as this prolongs all the drying stages, and can 
prevent the sample from being dried at all, m a rea- 
sonable time. After enzymatic cleavages peptides are 
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Fig 2 Isocratlc HPLC-separation of standard DABTH-ammo 
acid denvatlves. Separation was made on Shandon support, 
Hypersll MOS (C,), 5 km, column size was 250 x 4 6 mm, that 
of the pre-column (filled with the same support) was 40 x 4 6 
mm, flow rate was 1 2 mL/mm Elutlon at 45°C was made with 
50% 12 mM Na acetate buffer, pH 5 0150% acetomtrlle/O 5% 
1,2-dlchloroethane Injected were 100 pmol of a standard ammo 
acid-DABTH mixture; measurements were made at 436 nm and 
0 02 AUFS All derlvatlves can be separated under these condl- 
tlons, see text However, DABTH-Arg does not elute from the 
column with this solvent mixture, but migrates separately from 
all other derivatives by elutmg with 20% 12 mM Na acetate 
buffer, pH 5 O/80% acetomtnle/O 5% 1,2-dlchloroethane 
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Fig 3 Reaction scheme of the Edman-type degradation of 
polypeptrdes employing 4-N,N-dir lylammoazobenzene-4’- 
rsothiocyanate The degradation consrsts of three parts the cou- 
pling with the reagent m alkalme medium, the cleavage under 
acidic, water-free condmons, and the lsomerrzatlon of the 
thlazolmone to the hydantom ammo acid derlvatrve 

normally isolated by standard thin-layer techmques 
(see Chapter 4), and their elution 1s carried out prefera- 
bly m dilute acids, 0 07% ammonia or 20% pyridme m 
water (for details, see ref. 14). Peptrdes deriving from 
chemrcal cleavages are desalted on Sephadex columns 
prior to microsequencing Alternatively, modern 
HPLC techniques may be employed for peptide purr- 
frcation (see Chapter 5). 

Slmllarly, proteins should be isolated without re- 
course to ammonmm sulfate preclpltatrons, SDS or 
any method using high amounts of salt. Most suitable 
are proteins isolated by gel filtration on Sephadex, or 
by HPLC-methods employmg buffers of low salt con- 
centrations (see Chapter 2) Examples where proteins 
isolated from HPLC columns have been directly used 
for mrcrosequencing are presented elsewhere (15,16). 
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3. The length of a polypeptide does not limit the applica- 
tion of the method, whereas with the dansyl-Edman 
technique, difficulties arise with larger sized peptides 
or proteins The formation of a red-colored product 
with DABITC, which is easily visible by eye on thm- 
layer sheets, down to 20 pmol is a considerable advan- 
tage On the other hand, byproducts of the reaction, 
which are visible m UV light, are not seen All 
polypeptldes contammg asparagme or glutamme are 
preferably degraded with this method. Here, the 
choice of the conversion medium is important TFA m 
water (30-50%) produces high yields of the amide de- 
rlvatives (DABTH-Asn and -Gin), free of the acid de- 
rivatives, provided the time for the reaction and the 
temperature of the block are optimized with standard 
peptides. Further, argmine and histidme residues are 
recovered m good yields. On the other hand, serme 
contammg peptides give higher yields of DABTH-Ser 
if the conversion is performed m 1M HCl, or acetic 
acid saturated with HCl gas. 

4 Serme residues give several spots on the thin-layer 
chromatogram and lysme yields a number of products 
because of the use of two couplmg reagents, DABITC 
and PITC, and the presence of (Y- and epsilon-ammo 
groups during the reaction (see Fig. 1) When 
sequencing less than 1 nmol of peptide or protein, 
those ammo acids that produce more than one spot 
(lysme, serme, cysteme, and threonine) are difficult to 
identify or not seen at all Cysteme can be identified 
after oxidation or alkylation of the residue m the 
peptide 

5. Because of the extractions, hydrophobic peptides or 
those that have the hydrophilic residues m the first 
part of the sequence are washed out during extrac- 
tion. In such cases it is better to attach the peptide 
covalently to a support prior to manually performing 
the DABITCPITC degradation. 

Manual Solid-Phase DABITCI 
PITC Method 

6 Peptide attachment to solid supports 1s essentially as 
described for the use m solid-phase sequencers (17) 
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In prmciple, all the supports described for solid-phase 
sequencing, such as polystyrene or glass, may be 
used. However, the cleanest results are obtainable for 
peptides that are linked to glass supports (18) There- 
fore, we have described only these attachment 
procedures 

7 All types of peptides mcludmg the hydrophobic ones 
are suitable for the solid-phase DABITC method pro- 
vided they contain a group for the attachment Best 
peptide attachment has to be selected according to the 
solubility and the chemical nature of the peptide; all 
peptldes containing a C-terminal lysme are preferably 
attached via the epsilon-ammo group to DITC- 
activated glass (17) (with yields of 80% or better), all 
small peptides with free carboxyl-termmi but lacking a 
C-terminal lysme can be attached to APG vra carboxyl- 
activation with EDC (19,20), with sufficient yield (ap- 
proximately 50-80%); peptides containing homo- 
serme are bound to APG (17) m yields above 80% 
Protems are best attached via then side chain lysme 
residues If several lysines are present, a quantitative 
reaction of all lysmes is not necessary for a trght bmd- 
mg of the protem to the glass. Such bound protems 
may be satisfactorily sequenced. It is frequently ob- 
served that the sequencing ability of the bound pro- 
tem decreases with increased reaction of all lysmes. 
Polypeptides eluted from gels, even m the presence of 
SDS, can be subjected to solrd-phase sequencing by 
the manual DABITC method 

8 All peptides that are attached to the support m good 
yields can easily be sequenced to their C-terminal end 
by the manual method Only m cases of steric hm- 
drance, because of hydrophobic sequences mvolvmg 
prolme, isoleucme or valme, is a degradation with re- 
peated cleavages necessary to avoid severe carryover. 
A peptide or protein may be attached to glass m the 
presence of SDS (about 0 l%), which is often neces- 
sary for hydrophobic peptides. The easiest attach- 
ment is under waterfree conditions u-r DMF, with or 
without the addition of a base, after pretreatment 
with TFA (see Methods). 

9 Limits to the solid-phase method arise from the low 
solubllity of some of the polypeptides during the at- 
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tachment Sometimes, msoluble polypeptides behave 
better with the liquid-phase DABITC technique Even 
if they are not soluble in 50% pyndme, they react with 
the DABITCPITC reagents to a certain degree, and an 
efficient degradation can be obtained if the couplmg 
(and extraction thereafter) is repeated several times 
Polypeptides that form a separate layer between the 
phases or at the bottom of the tube can still become 
degraded 

10 All peptides lacking a lysine (or aminoethylated cyste- 
me) in the C-terminal region, a C-terminal 
homoserme or a free C-terminal carboxyl-group (car- 
rying a C-terminal amide) cannot be attached to a 
solid support by the methods described. Covalent 
bmdmg to a support may then be achieved via tyro- 
sine, tryptophan, or the cysteme-side chain Carb- 
oxyl-attachment is limited by lower yields. Further, 
peptides with C-terminal glutamme and prolme can- 
not be linked via their C-terminal carboxyl-group to 
APG. However, the presence of several side chain 
carboxyl-groups neither disturbs this attachment nor 
sequencing of the peptide sigruficantly Under mild 
attachment conditions (attachment at room tempera- 
ture for 30 min) at least 30-5070 of glutamic acid and 
aspartic acid residues can be positively identified 
upon degradation. Attachment via the carboxyl 
terminus of a protein is also possible, but although 
good attachment yields have been observed, the 
sequencing results are poor 

11 The glass beads used for couplmg are stable except m 
the presence of strong bases, especially at high tem- 
perature. Therefore, attachment should be carried out 
under the conditions described in the Methods sec- 
tion, and the coupling buffers should be kept below 
pH 10. The glass supports decrease m stability m TFA, 
as they are sensitive to hydrogen fluorides. Therefore, 
all cleavage times should be kept as short as possible 
and the acid removed quickly 

Identification of the DABTH- 
Amino Acid Derivatives 
12 Steel holders for drying 10 sheets after chromatogra- 

phy (by means of a cold fan) are helpful Plexiglass 
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holders have the advantage that they are acid resist- 
ant and may be placed m a desiccator over HCl 
vapors for color development of the ammo acid deriv- 
atives on the sheets The best solvent chambers for 
the small sheets are flat-bottomed 50-mL beakers. The 
rim of the beaker is cut away and the cut surface pol- 
ished, so that a polished glass plate can be used to 
close the chamber. 

13 The color difference between DABITC, DABTC- 
peptides, and DABTH-derivatives greatly facilitates 
the identification of released ammo acids. On thm- 
layers, 10 pmol of the DABTH-ammo acid derivatives 
is the lower detection limit, quantitative determina- 
tions by HPLC can be made with at least 20 pmol. 

14 Serme and threonine give additional spots, namely 
the dehydrated derivatives, and an additional blue 
colored spot, T”, near thiourea (marked with U), ly- 
sme forms as mam product cx-DABTH-epsilon- 
PTC-lysme, a red spot which is marked as K3 m Fig 
1, homoserme moves to an almost identical position 
as DABTH-Thr, but can be differentiated because of 
the missmg blue-colored extra spot described for ser- 
me and threonme above Carboxymethylated cysteme 
can be identified as a spot that moves mto the position 
of the ethanolamme marker, as shown m Fig. 1 

15. Problems with the identification of the DABTH- 
ammo acid derivatives can be caused by. 

(a) Low purity of the DABITC reagent, which is mdi- 
cated by the formation of an extra spot m the left 
upper corner of the chromatogram. 

(b) Inefficient extraction after the coupling leads to a 
similar spot, which disturbs the migration of the 
DABTH-derivatives. 

(c) The occurrence of double spots for each of the hy- 
drophobic residues, because of incomplete con- 
version, or destruction (after too long an expo- 
sure to the dilute acid). 

(d) Fast migration of the spots mto the front of the 
second dimension, because the solvent mixture 
quickly changes its composition (second dimen- 
sion solvent mixture should be stored at 4°C and 
used for less than 1 h m the small beaker). 

(e) Low resolution of spots, mamly m the area 
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DABTH-His/Arg, caused by salt contammation. 
This can result from increasmg salt accumulation 
during the degradation (mcomplete or inefficient 
drying) or from salt contammation of the original 
DABTH-ammo acid extract. In both cases, it is 
helpful to dry the DABTH-ammo acid extract, to 
reextract it with waterbutyl acetate, and to repeat 
the identification. 

Application to Ribosomal 
Proteins 

16. The DABITC methods described here have been ap- 
plied to a large number of proteins and peptides de- 
rived from different sources over the last few years. 
Most of the peptides from the E colz nbosomal prote- 
ms, whose sequences were finished m 1979-1982, 
were sequenced using these techniques. Especially 
difficult sequence areas can be determined in this 
manner. Further, purity controls of many ribosomal 
proteins isolated from other organisms were carried 
out using the manual method, m order to identify 
which proteins were pure enough to merit their 
sequencing in a sequencer. 

More recently, the DABITC techniques have ena- 
bled the complete sequence analysis of about 16 
ribosomal protems isolated from Bactllus stear- 
othermophdus in a rather short period of time and 
using only a few milligrams of material (21). The se- 
quence determmation of protein 55 from B 
stearothermophdus may serve as an example (24). 
This protein has been manually sequenced exclusively 
by the liquid and solid-phase methods. Long se- 
quence stretches of up to 30 residues were sequenced 
after attachment of the peptides via the C-terminal 
carboxyl-groups to ammopropyl glass. The combmed 
manual techniques enabled to complete the sequence 
of this protein m a few months using only 34 mg. In 
summary, all the methods described here are applica- 
ble to any type of protein, and the inexpensive instru- 
mentation makes microsequencmg possible m almost 
all laboratories. 
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Degradation of 
Proteins and 
Peptides 
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Unioersdy of Denmark, Lyngby, 
Denmark 

Introduction 

The Edman or phenyhsothrocyanate degradation (1) 
has been employed for the determmatron of the primary 
structures of peptrdes and proteins for approximately 
three decades The relative simplrcity of the method and 
its high efficiency m the sequentral removal of ammo acid 
resrdues from the ammo terminus of a peptrde or protein 
has resulted m a widespread popularity and usage. In 
sprte of the full automatizatron of the procedure by Edman 
and Begg m the nineteen sixties (2), the manual version of 
the sequential ammo acrd degradation still remains a very 
realistic and efficient alternative. 
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The malor advantages of manual Edman degradation 
of proteins or peptides reside m the cheapness and ease 
with which it can be established in any ordmary labora- 
tory. Indeed m its most simple form all that is needed, 
apart from the necessary chemicals IS a desiccator, a good 
vacuum pump, and a setup for thin-layer chromatography 
for identification purposes Furthermore, since all opera- 
tions are so easy to perform, httle or no previous training 
is required. The manual method cannot compete with the 
automated versions either m repetitive yield, 1.e , the 
amount of ammo acid derivative recovered per cycle, nor 
m the number of cycles performed per day (unless you 
want to work overnight) on a specific peptide or protein. 
Consequently the size of an amino sequence that can be 
established from the N-terminal region of a peptide or pro- 
tem falls m the range of 10-30 depending on the amount of 
startmg material and the particular sequence With auto- 
matic equipment this result IS normally surpassed by a fac- 
tor of 2. However, several samples, 1 e , 6-12 can ade- 
quately be degraded simultaneously with little extra work 
m the case of the manual procedure-a capability auto- 
matic sequencing equipment is not endowed with. 

Manual Edman degradation can favorably be applied 
to the followmg kmd of problems 

1 Characterization of N-terminal regions for 
identification purposes 

2 Elucidation of short N-terminal primary struc- 
tures for use in connection with DNA-sequence mfor- 
mation for the establishment of reading frames and 
starting points 

3 Limited sequencing prolects, e.g , a peptide 
hormone 

4 Sequencing of large number of peptides of up 
to 30-50 residues in connection with elucidation of 
complete protein sequences 

The reactions mvolved m the isothiocyanate degradation 
are depicted m Fig. 1. The entire cycle can conveniently be 
divided mto the followmg steps. couplmg, wash, 
cychzation, and extraction (Fig. 2). 

1. The couplzng reactzon. In this mitral reaction, the free 
a-ammo group of the peptide chain reacts with 
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Fig. 1. The Edman degradation reactions and conversion step 
(1) the couplmg reaction, (2) the cleavage reaction, (3) the con- 
version step 

phenyllsothlocyanate to form a phenylthiocarbamyl 
derivative (Fig. 1 1) The coupling reaction, which re- 
quires a charged ammo group @I$ = 9 5) is conse- 
quently performed m an alkaline milieu, e.g , aqueous 
pyrldme Furthermore, m order to avold oxldatlon, the 
couplmg 1s profitably carrled out in a nitrogen atmos- 
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Fig 2 Diagram showing the steps involved in the manual 
Edman degradation 

phere. The reaction is generally completed m lo-20 
mm at 50°C m the case of peptides, but usually takes 
longer with proteins, m which the a-ammo group can 
be less accessible. 

2. Washzng In order to remove excess reagent and 
byproducts from the coupling mixture, the latter IS 
washed with organic solvents, ideally without 
removing any protein or peptide. In the case of prote- 
ins this is normally not a problem. However, with 
highly hydrophobic peptides the risk of losses resulting 
from extraction m the organic phase is normally pres- 
ent. If identification by means of the parent ammo acid 
is employed (see later) the washing step can be dis- 
pensed of 

3. Cleavage reactzon. The next reaction (Fig. 1.2) mvolves 
cyclization of the phenylthiocarbamyl-peptlde and con- 
certed cleavage of the peptide bond. This results m the 
release of the phenylthlazoline derivative of the first 
ammo acid and demaskmg of the a-ammo group of the 
second residue. The cleavage reaction requires a 
strongly acidic milieu m order to proceed. At the same 
time the presence of water should be avoided to pre- 
vent hydrolysis of the peptlde chain The solvent of 
choice for this reaction is trifluoroacetic acid or other 
perfluorated carbon acids, which apart from providmg 
an adequate low pH are very good solvents and like- 
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wise volatile. The cychzatlon proceeds rapidly at 50°C 
and 1s completed within a few minutes, although pro- 
lme residues are liberated at a slower rate The condl- 
tions used in the cleavage step are unfortunately con- 
ductive for dehydration of serine and threonme 
residues. Special precautions to dlmmlsh this have 
been described extensively elsewhere (3). 

4. Extractzon After evaporation of the cycllzatlon me- 
dium, the residual polypeptlde cham 1s separated from 
the phenylthiazolinone denvative of the terminal 
ammo acid by llquld partition This 1s best performed 
by extraction of a neutral aqueous solution, e g , 5% 
pyridme, that 1s a good solvent for peptides with a 
moderate hydrophobic organic solvent like n-butyl ace- 
tate. The extraction 1s best carried out on an Ice bath m 
order to diminish side reactions and to provide better 
separation 

The cycle IS then completed and after drying a new 
series of reactions can be started that bring the Edman 
chemistry to play on the new N-terminal amino acid 
now constituted by the original second residue 

The phenylthlazolinone derlvatlves could m prm- 
clple be used for ldentiflcatlon of the respective ammo 
acid residues However, they are extremely unstable 
and in practice are therefore not useful for this pur- 
pose. Instead, the phenylthiazolmones are converted 
into the correspondmg phenylthlohydantom (PTH) de- 
rivatives, which are quite stable and can be separated 
and identified by various methods. The conversion re- 
action (Fig. 1) takes place by heating m dilute acid, e.g , 
20% trlfluoroacetlc acid. 

Identiflcatlon of PTH-derivatives 1s normally per- 
formed by thin-layer chromatography or high perform- 
ance llquld chromatography (HPLC). Both methods 
provide excellent resolution and reproduclblllty 

Thin-layer chromatography of PTH-denvatlves 1s 
best performed on silica sheets precoated with a fluo- 
rescent indicator Ascending chromatography 1s 
carried out with one or two mixtures of organic sol- 
vents and takes less than 20 mm to do. A reliable sys- 
tem 1s described in the Method section. 

High performance liquid chromatography of PTH- 
derivatives in reverse phase systems consisting of a hy- 



248 Klemm 

drocarbon resin eluted with increasing amounts of or- 
ganic solvent m water provides a fast, reliable and 
extremely sensmve means for identification, a descrrp- 
non of which IS outside the scope of this article, but has 
been treated extensively elsewhere (4). 

Alternatively, or to supplement the results ob- 
tained by analysis of the PTH-derivatives, these can be 
converted mto the correspondmg parent ammo acids 
The regeneration IS performed by hydrolysis wrth 
hydrorodlc acid. If analysrs of the parent ammo acids 1s 
used as a unique means of rdentlfrcatlon, the 
thlazolmone denvatlves may be hydrolyzed with 
hydrolodlc acid without prior conversion mto the 
PTH-derrva tlves. 

Materials 

1. Phenyhsothlocyanate IS redlstllled and stored m am- 
pules of 0.5 mL in the dark at -20°C 

2 Pyrldme IS llkewlse redistilled before use and stored at 
-20°C 

3 Solutions of 2.5% phenylisothiocyanate in 50% pyrr- 
dme for peptlde sequencing are freshly prepared and 
kept under N2 at -20°C as working solution for up to 2 
wk with no adverse effects 

4 n-Butyl acetate-saturated with water, for extraction of 
phenylthiazolmones, 1s kept at 0°C 

5. 0 5M NaHC03, adjust to pH 9.8 with 1M NaOH. 
6. 10% SDS IS kept at room temperature 
7 0 1% ninhydrm, 5% collidme in ethanol for spraymg of 

thin-layer sheets IS freshly made prior to use 

Methods 

Procedure for Proteins 

1 The protein (530 nmol) 1s freeze-dried from a volatile 
buffer system, e.g , ammonmm hydrogen carbonate 
The presence of non-amine contammg detergents does 
not interfere with the degradation reactions. A 10 x 75 
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mm Pyrex tube can convemently be used and all subse- 
quent reactions can be carried out m this 

2. Add 150 FL of 0 5M NaHC03 and 20 (IL of 10% sodium 
dodecyl sulfate Flush with nitrogen for approx. 20 s, 
add 10 FL of phenyhsothrocyanate, flush agam with r-u- 
trogen for approx. 20 s, and seal the tube (parafrlm or 
rubber cork) MIX vrgorously and place the tube m a 
water bath at 50°C for 45 mm and shake thoroughly at 
intervals of 5 mm 

3. Freeze the tube and add 1 mL of ice-cold acetone 
(stored m freezer) Shake thoroughly and collect the 
flocculent precrprtate by centrrfugatlon, withdraw and 
discard the supernatant, and repeat the washing twice. 
Evaporate the last acetone by flushing with nitrogen 
while vortexmg the tube to drstrrbute the precrprtate 
over the lower part of the tube. Place the tube at an 
approx 45” mclmatron in a desrccator and dry under 
vacuum for 10 mm at 60 

4 When dry, the sample is ready for the cleavage reac- 
tion Cool to room temperature and add 150 PL of 
trrfluoroacetrc acid Flush with nitrogen for 10 s, seal 
the tube and Incubate for 5 mm at 50°C Evaporate the 
trifluoroacetrc acid by flushing with nitrogen m the 
hood (use gloves) Dry the precrprtate under vacuum m 
a desiccator for 10 mm at 60°C 

5. Place the tube m an ice bath, add 100 PL of Ice cold 5% 
pyrrdine and extract three times with 300 PL of Ice cold 
n-butyl acetate saturated wrth water (shake and 
centrrfugate) During extraction take great care not to 
suck up any of the intervening layer separating the two 
layers where the protein tend to accumulate Dry the 
water-phase m the desrccator under vacuum for 20 
min The protein IS now ready for the next cycle of 
Edman degradation. 

6. The n-butyl acetate contammg the thrazolmone derrva- 
trve IS now dried down under vacuum m an desiccator 
at 60°C (takes approx 10 min), (Do not leave the tube m 
the desrccator longer than necessary to avoid srde- 
reactions ) Add 75 FL of 20% trrfluoroacetrc acid, seal 
the tube, and leave at 60°C for 15 mm (use the desrcca- 
tor) Dry under vacuum at 60°C for approx. 10 mm. The 
phenylthrohydantom IS now ready for analysis, and 
will keep well m a freezer for weeks 
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Procedure for Peptides 

1. Lyophihze the peptide (2-30 nmol) from a volatile 
buffer m a test tube Good results have been obtained 
with drawn-out Pasteur pipets, which provides large 
inner surface for the amounts of solvent used. 

2. For the couplmg reaction add 50 FL of 2.5% 
phenylisothiocyanate m 50% pyridine, flush with nitro- 
gen for 10 s, and seal the tube (small rubber corks are 
excellent). Incubate for 20 mm m a 50°C waterbath. 

3. Extract the solution once with 300 FL heptane: ethyl ac- 
etate (10: 1) and once with heptane. ethyl acetate (1: 2). 
Centrifuge and discard the organic layer. Dry under 
vacuum at 60°C in a desiccator for 10 mm. 

4. For the cleavage step add 50 ~.LL of trifluoroacetic acid 
and leave the tube open m a 45°C desiccator (evacuated 
for 3 s) for 10 mm The trifluoroacetic acid is removed 
by applying vacuum to the desiccator for 10 mm. 

5. To extract the released thiazolmone place the tube m an 
ice bath, add 50 FL of pyridme and extract three times 
with 250 PL ice-cold butyl acetate saturated with water 
The remammg solution is then dried under vacuum m 
a 60°C desiccator for 15 mm and the peptide is now 
ready for the next degradation cycle 

6. The thiazolmone present m the n-butyl acetate extract 
is then converted to the PTH derivative as described for 
proteins (see above). 

Identification of ITH-Deriuatioes 
Thin-Layer Chromatography 

1. Thin-layer chromatography of PTH-ammo derivatives 
is carried out on silica-gel thin-layer sheets containing 
fluorescence mdicator. The chromatogram is devel- 
oped m two solvents. 

2. Approx. 2 FL ahquots of derivative taken up m metha- 
nol are applied by capillary tubes. Ascending chroma- 
tography is performed m chloroform/methanol (9 * 1, 
v/v) as solvent one and m toluene/methanol (8.1, v/v) 
as solvent two Mixtures of standard PTH ammo acids 
are also applied to the chromatogram m lanes adlacent 
to the unknown sample 
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3. The plates are dried m a stream of cold air after each 
solvent and immediately inspected and photographlc- 
ally recorded under 254 nm hght (see Fig 3) 

4. Further mformatlon can be obtained by spraying the 
sheets with a solutlon of nmhydrm/collldme m ethanol, 
which is then treated in an oven at 110°C for about 5 
mm before mspectlon Using this method, many PTH 
derivatives develop specific colors, which aids in their 
identlflcatlon (see Fig 3). Plates thus stained should be 
read within 30 min since they tend to turn completely 
red 

Conversion with Hydriodic Acid 
1. Thiazolmone or thiohydantom derivatives are con- 

verted mto free ammo acids by adding 75 p,L of 56% HI 
to the dried derivative contained m a 7 x 50 mm Pyrex 
tube 
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Fig 3. Separation of PTH-ammo acids on slllca gel thin layers, 
showing the colors produced with the nmhydrmkollldme stain 
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2. After evacuatron the tube IS drawn out as an ampule, 
closed and incubated at 130°C for lo-15 h 

3. The solution IS then dried down m a 60°C desiccator 
under vacuum, and the content submrtted to ammo 
acid analysis 

Notes 

1 Cycling times are 2 and 1.5 h for the protein and pep- 
tide versions, respectively However, when a large 
number of samples are processed srmultaneously, extra 
time for handling must be included 

2 The repetmve yields for the presented methods are 
around 90%, drffermg slightly from protein to protein 

3. For the best results great care should be taken to use 
very clean glassware and pure chemicals 

4 Several of the chemicals mvolved m the Edman chemrs- 
try are toxic, notably phenylrsothrocyanate and 
trrfluoroacetrc acid, and great care should be taken to 
minimize exposure to these The extensive use of a 
hood and gloves 1s hrghly recommended. 

5 The peptrde procedure works well for most peptrdes 
up to 50 residues and have even been used for peptrdes 
up to 80 residues. Amounts of 2-30 nmol of peptrde can 
be used with the mdrcated amounts of reagents and 
solvents. More than 30 resrdues have been sequenced 
from a particular peptrde with this method 

6. Under the conversron with 20% TFA side chains of 
Asn- and Gln-derrvatrves are partially hydrolyzed and 
the presence of either of these residues will mevrtably 
result m detection of the correspondmg acid as well as 
the amide m roughly eqmmolar quantmes m later anal- 
ysrs. Furthermore, threonme and serme residues, al- 
ready largely dehydrated during the cleavage reaction, 
are prone to further degradation m the conversion 
step. Subsequently, PTH-threonme IS normally 
identified m the form of its dehydrated PTH-derrvatrve 
Serme often gives rise to multiple products because of 
polymerrzatron, whrch can be seen as multiple tell-tale 
spots/peaks during later rdentrfrcatron 
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7 On thin-layer sheets, the PTH-derivatives are visual- 
ized under UV-illummation as dark spots, but tend to 
disappear on prolonged illummation Consequently, 
their positions are best registered by photography 
(green filter) for permanent record. To complement the 
mformation provided by the one-dimensional pattern 
(see Fig. 3), the thin-layer sheet can be stained Several 
of the PTH-derivatives give quite specific color reac- 
tions with the ninhydrm/colhdme stain (Fig. 3) As httle 
as 0.1 nmol of a PTH-derivative can be detected by 
thin-layer chromatography 

8. It is quite normal to load up to a dozen samples on ad- 
latent tracks on a chromatogram, with standard mix- 
tures of PTH ammo acids flanking these samples Do 
not be alarmed if the chromatogram at first appears 
complex. Samples will all contam considerable 
amounts of side-products, particularly phenylthiourea 
and diphenylthiourea, which will often be present m 
greater amounts than the PTH-derivative being de- 
tected. However, background spots should appear 
fairly constant m each sample, whereas spots corre- 
spondmg to the PTH-ammo acids are detected by their 
appearance/disappearance in adlacent samples. Much 
of the side-product material can m fact be removed by 
heating the plate at 150°C for 10 mm. 

9. The hydriodic acid hydrolysis method gives reliable re- 
sults, but mformation about amides, methionme, and 
tryptophan residues is lost and serme and threonme 
are recovered as alanine and a-ammo butyric acid, re- 
spectively Identification of the ammo acids can be per- 
formed with thm-layer chromatography or preferably 
with an automatic analyzer. 
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Introduction 

No useful chemical method (slmllar to that of the 
Edman degradation) exrsts that allows a sequence mvestl- 
gation from the carboxy-termmal end of proteins and pep- 
tides Efforts have therefore been centered around the ex- 
ploltatlon of enzymatic methods, notably the use of 
carboxypeptldases for that purpose. Carboxypeptidases 
are enzymes that remove amino acids one at a time from 
the carboxy-termmus of a peptlde chain 
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Several types of carboxypeptidases have been used m 
protein chemical mvestigations, such as pancreatic 
carboxypeptidases A and B, but their use IS limited since 
they have rather narrow specificities (1) However, 
carboxypeptidase Y (CPY) from bakers yeast has proper- 
ties that makes it the enzyme of choice for C-terminal m- 
vestigations In contrast to most other commercially avail- 
able carboxypeptidases, CPY has a broad specificity and is 
able to release all ammo acids, mcludmg prolme, stepwise 
from the C-terminus of a peptide chain (2) Furthermore, 
since the enzyme retains its activity for extended periods 
m 6M urea or even m 1% sodium dodecyl sulfate solu- 
tions, it is excellently suited for the study of proteins that 
have maccessible and difficult accessible C-termini under 
normal assay conditions (3,4). 

The C-terminal sequence of a given protein or peptide 
is mvestigated by studymg the kinetics of ammo acid re- 
lease from the peptide chain after addition of CPY This is 
done by withdrawmg aliquots of the mcubation mixture at 
different time intervals, stoppmg the reaction (by acidifica- 
tion), and determination of the amounts of free amino 
acids present m the samples (Fig 1) 

In contrast to the Edman degradation an mvestigation 
with a carboxypeptidase seldom results m “lmear” se- 
quence data. However, m favorable cases (depending on 
the protein or peptide), the rate of appearance of the re- 
leased of amino acids during the digestion will give suffi- 
cient evidence to establish the C-terminal sequence. The 
method presented here has allowed establishment of 
C-terminal sequences of up to 12 residues flawlessly 

Materials 

1 Carboxypeptidase Y (EC 3 4 17 4) The enzyme is 
stored at -2O”C, and solutions of CPY m pyridme ace- 
tate buffer are made freshly lust before use m each 
case 

2. O.lM pyridme acetate buffer, pH 5 6, can be stored at 
0°C for long periods 

3. Digestion buffer; 0 1M pyridine acetate, pH 5 6, con- 
taining 1% SDS and being 0 1 mM m norleucme. 
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5 10 20 30 Min. 
Fig 1 Rate of release of ammo acids from the C-terminal of 
the CFAil-protein Ser - Leu - Val - Met - Thr - Leu - Gly - Ser (4) 

Methods 

Procedure for Proteins 

A prerequisite for the described procedure IS access to 
an automatic ammo acid analyzer The ammo acid 
norleucme (not naturally occurrmg) IS used as internal 
standard 

1. 20 nmol of protein IS lyophlllzed from a salt-free solu- 
tion The protem 1s dissolved m 200 PL of digestion 
buffer and the preparation then incubated at 60°C for 
20 mm m order to denature the protein 

2. After coolmg to room temperature a 25 PL allquot IS 
withdrawn as T = 0 background. 

3. Incubation takes place at room temperature 0 2 nmol 
carboxypeptldase Y (MW of CPY IS 61,000) m 5-10 PL 
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of 0 1M pyridme-acetate, pH 5.6, is added, the solution 
is thoroughly mixed, and 25 FL aliquots are withdrawn 
at T = 1, 2, 5, 10, 20, 30, and 60 mm. In order to stop 
the reaction, 5 FL of glacial acid is immediately added 
to a sample. Thereafter, it should be frozen and 
lyophilized The latter can conveniently be done when 
all samples have been collected. 

4 After freeze drying the samples can be submitted to 
amino acid analysis, without further preparation. The 
low amount of sodium dodecyl sulfate applied to the 
ammo acid analyzer does not interfere with the elution 
profiles, nor with the well-being of the analyzer. 

Procedure for Peptides 

In the case of C-terminal analysis of peptides, the pro- 
cedure given for proteins can be applied with the follow- 
mg modifications 

1 Sodium dodecyl sulfate can be omitted from the mcu- 
bation buffer since the C-terminal of peptides should 
be readily accessible 

2. The time intervals for sample withdrawal should be 
shortened since the rate of appearance of free ammo 
acids tends to be faster than m the case of proteins Use 
instead T = 0, l/2, 1, 2, 5, 10, 15, and 20 mm 

Notes 

1 Repeated freezing and thawing of solutions of 
carboxypeptidase Y can lead to denaturing of the en- 
zyme Likewise, prolonged exposure to room tempera- 
ture should be avoided as autodigestion of the enzyme 
can occur The use of very clean glassware is a prereq- 
uisite for good results. 
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Immunization and 
Fusion Protocols for 
Hybridoma 
Production 
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Wellcome Research Laboratories, 
Becker-ham, Kent 

Introduction 

Kohler and Milstems’ (1) technique of monoclonal an- 
tibody production is now being exploited m most areas of 
biology The essence of the method is to immortahze and 
then select for clones of plasma cells secreting antibody 
against a desired antigen Indivrdual plasma cells secrete 
antibody of a single antrgemc specrficrty and monoclonal 
antibodies are thus obtainable from a cell lme derived from 
a single plasma cell Once established, clonal lmes of 
hybridomas (hybrids composed of plasma cells fused with 
immortal myeloma cells) provide an mfu-ute supply of an- 
trbodies with reproducible properties Monoclonal anti- 
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bodres may be produced without extensive purrfrcatron of 
the immunogen, and without the tedious cross-adsorption 
steps often necessary for production of specrfrc antisera 
So far, only mouse and rat hybridomas are being pro- 
duced routmely, while human monoclonal antibodies of 
potential therapeutic value are technically more difficult to 
obtain 

Three prerequisites must be satrsfred for hybrrdoma 
production It must be possible to induce antibody- 
secreting plasma cells by immumzatron in vivo or m vitro. 
Secondly, a suitable method of rmmortahzation either by 
fusion with a transformed cell lme or direct viral transfor- 
matron must be available Thirdly, a quick simple and reh- 
able assay for detecting desired antibodies is necessary for 
selecting hybridoma clones 

In this chapter the simplest method of immumzation 
and plasma cell immortalization for production of rodent 
antibodies is outlined. The basic scheme IS shown m Fig. 
1 Should the antigen of interest be small, say less then 
5000 daltons, conlugation of this material to a high molec- 
ular weight carrier may be necessary to elicit an adequate 
immune response. Bovine thyroglobulm (mol. wt 
650,000) is a cheap and effective carrier (4) The method of 
coupling depends on the availability of reactive groups m 
the desired rmmunogen. Here the use of a water-soluble 
carbodirmide (EDAC) which crosslmks amino and car- 
boxy1 groups, and glutaraldehyde, which predommantly 
couples amino groups, is described As an example, we 
have chosen the pentapeptide Met-enkephalin. 

To elicit a strong immune response, adluvants are 
usually employed during immumzation Freund’s com- 
plete adluvant contams heat-killed bacteria to stimulate 
the animal’s immune system, with an oil base in which the 
immunogen is emulsrfred to ensure slow release. We de- 
scribe a protocol for immunizmg BALB/c mice. 

Where very small amounts of rmmunogen are availa- 
ble, or human monoclonals are desired, m vitro immum- 
zation of cultured plasma cells may be necessary. Some 
most impressive examples of this technique are now ap- 
pearing, but it 1s difficult and beyond the scope of this 
book (2). While B cell immortalization is usually carried 
out by polyethylene glycol-induced fusion with a mye- 



Monoclonal Antibody Productron 263 

Productlon of monoclonal antIbodIes 
- 

lmmunogen 

myeloma cells 

fn wtro 
sensltlsation 

HAT selection 

screen and clone 

i 
class-type and speclficlty analysis 

growth as ascltes tumor 

Fig 1 Diagram showmg the steps mvolved m producing 
monoclonal antlbodles. 

loma lme, recent developments wrth hrgh effrcrency elec- 
tric fusron may make this the future method of choice (3). 

After polyethylene glycol-induced fusion of lmmu- 
nized splenocytes and myeloma cells, the rmmortalrzed 
hybrldomas are outnumbered by residual immortal mye- 
loma cells In order to krll the myelomas and select 
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uniquely for hybrid growth, the HAT selection system is 
used Ammopterm (A) inhibits the de ~OUO synthesis of pu- 
rmes by impamng tetrahydrofolate metabolism In normal 
cells a second scavengmg pathway of purme synthesis, 
using the enzyme HGPRT (hypoxanthme guanme 
phosphoribosyl transferase) is present. Hybridoma cells 
derived from splenocytes can thus still grow m the pres- 
ence of ammopterm when the scavenging pathway is 
boosted by exogenous additions of hypoxanthme and 
thymidme (H and T). However, the myeloma cells used 
are deficient u-r the enzyme HGPRT, and they eventually 
die m the presence of HAT medium. After cell fusion, cells 
are therefore grown m medium contammg HAT for 2 wk, 
and then transferred to HT medium for a further week (m 
case residual ammopterm is still blocking the de nova syn- 
thesis of purmes). The HGPRT- mutant myeloma cell lme 
is obtained by passage m azaguanme (20 FgimL). Cells 
with normal levels of HGPRT take up the 8-azaguanine 
and mcorporate it mto DNA, leading to cell death. 

Simple procedures for the conlugation of haptens, 
production of hybridomas, their clonmg, and storage are 
presented below. 

Materials 

Conjugation and Immunization 

1 Thyroglobulm (bovme). Store frozen (-20°C or better 
-70°C) 10 mg/mL m PBS. 

2. Glutaraldehyde 5% solution m PBS made fresh from 
25% stock stored at 4°C m the dark. 

3 EDAC [l-ethyl-3-(3-dimethyl ammopropyl) carbodii- 
mide hydrochloride]. 

4. Hydroxylamme: 1M solution made fresh m water 
5 PBS (phosphate-buffered saline). KH2P04, 1 5 mM 

(0.2 g/L), Na2HP04, 8.1 mM (1.15 g/L), KC1 2.7 mM 
(0.2 g/L), NaCl 140 mM (8 0 g/L). 

Cell Fusion 

1. Polyethylene glycol (15004000 form) (PEG) 50% solu- 
tion m PBS. Store at 4°C m the dark after autoclaving. 
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2 Growth medium DMEM or RPM1 1640 supplemented 
with antrblotrcs (pemcrllm 100 u~‘rnL and streptomycrn 
100 PgimL), glutamme 2 mM and 10% fetal calf serum 
Store at 4°C preferably for not more than 1 month 

3 HT medium Drssolve 272 mg hypoxanthme (H) m 70 
mL of 0 1M NaOH and make up to 150 ml, with water 
Drssolve 77 6 mg thymldme (T) 111 20 mL H,O, add to 
hypoxanthme stock and make up to 200 mL. Filter 
sterrhze, and store at -20°C m alquots Dilute u-r 
growth medrum 100-fold to grve a final concentratron of 
H 13 6 pg/mL and T 3 88 t@rnL m HT medrum 

4 HAT medium dtssolve 3.82 mg ammopterm m 2 mL 
NaOH (0 1N) make up to 200 mL, filter sterrlrze, and 
store u-r alrquots at -20°C Dilute loo-fold mto HT me- 
drum to grve a fmal concentratron of 0 19 PgimL as 
HAT me&urn 

Cell Storage and Ascites 
Production 

1 10 percent analar DMSO (dimethyl 
growth medium, freshly prepared 

2 Pristane, store at room temperature 

Method 

Conjugation of Low Molecular 
Weight Haptens 

Carbodiimide Cross/inking 

sulfoxrde) m 

1 Drssolve the antigen u-r PBS at a molar ratio of 100 to 1 
wrth thyroglobulm (e g , 1 mg enkephalm, 10 mg 
thyroglobulm m 1 mL PBS) Add a 200 molar excess of 
EDAC (0 5 mg) to the mixture, to crosslmk ammo and 
carboxyl groups 

2 MIX well and leave at room temperature overnight 
3 Add an equal volume of 1M hydroxylamme, and mcu- 

bate for 4 more hours This IS to reverse a possrble mod- 
rfrcatron induced m the tyrosme aromatic ring by the 
carbodnmrde 
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4 Dialyze the solution exhaustively against PBS at 4”C, 
i.e , 100 vol of PBS changed five times. 

5. Freeze ahquots of the solution at -2O”C, or lyophihze 
them. 

Glutaraldehyde Crosslinking 
1 Dissolve the antigen in a 100.1 ratio with 

thyroglobulm, e g , 1 mg enkephalm with 10 mg 
thyroglobulm m PBS 

2 Add 50 ~J,L of 5% glutaraldehyde m PBS and agitate at 
room temperature for 30 mm. 

3 Dialyze against PBS at 4°C (five changes of 100 vol of 
PBS) 

4. Store frozen ahquots at -20°C or lyophilize. 

In order to estimate the level of bmdmg, it may be 
useful to add an aliquot of radiolabeled antigen and calcu- 
late percentage uptake mto nondialyzable material. 

Immunization 
See also Chapter 32 

1. Emulsify the antigen m Freund’s complete adluvant 
using an emulsifier, a chopping blade device, 
ultrasonication, or agitation between two syringes con- 
nected by narrow rubber tubing. Use an equal volume 
of adluvant to immunogen. A satisfactory emulsion 
should not separate into phases after prolonged stor- 
age at 4°C (weeks). 

2 Inlect from 1 to 100 tJ,g/anlmal m about 0.15 mL 
volume. Intraperitoneal mlections are probably the 
easiest. Immunize several animals if enough material is 
available 

3 Repeat immumzations with antigen emulsified m m- 
complete Freund’s adluvant (no bacteria) after about 2 
wk 

4. After a further boost without adluvant, tail bleed the 
mice for an antibody test, a few hundred microliters 
should be sufficient 

5. Allow the blood to clot m a microfuge tube containing a 
glass capillary. After 1 h at room temperature remove 
the clot with the capillary, and microfuge the sera. 
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6. Test the sera at various dilutions compared with a nor- 
mal mouse serum control (see Chapters 30 and 31). Ide- 
ally a well-immunized mouse should be giving a titer at 
a dilution of one m a thousand of 50% maximum bmd- 
ing. The mice may be identlfled by numbering with an 
ear punch or, less satisfactorily, painting rmgs on the 
tails with colored marker pens. 

7. When satisfactorily Immunized, a fmal mlectlon wlth- 
out adluvant should be given 34 d before fusion. 
Intraperitoneal or intravenous inlectlon (tail vein) are 
satisfactory. 

Fusion Protocol 

1. Grow HAT-sensitive myeloma cells (commercially 
avallable) that do not produce endogenous lmmuno- 
globulm (NSO, AG8 653, SP20 for BALB/c mice, Y123 
or YO for Lou rats) in growth medium at a density of 
about lo5 cells/ml to give enough cells for a fusion (2 
X lo6 for a mouse, 1 X 10” for a rat) 

2. Kill the immunized animal by cervical dlslocatlon and 
aseptically remove its spleen 3 or 4 d after a fmal lm- 
muruzatlon of antigen without adluvant. 

3 Dissociate the spleen m medmm without serum m a 
laminar flow hood, by homogenizing with a loose pot- 
ter, teasing with blunt forceps, or passage through a 
sterile sieve. 

4. Wash the splenocytes and the myelomas separately m 
about 50 mL serum-free growth medium by bench 
centrifugation. 

5. Resuspend both splenocytes and myeloma cells sepa- 
rately m about 25 mL serum-free growth medium and 
count them with a hemocytometer A mouse spleen 
contains between 50 and 200 x lo6 lymphocytes, 
whereas a rat spleen has about 2 x lo8 lymphocytes. 

6. Mix the cells m a ratio of 1 myeloma to 10 splenocytes 
for a mouse fusion, or 1 to 2 for a rat fusion Spm the 
mixed cells down with a bench centrifuge and asplrate 
all the medium. 

7. Fhck the cells around the bottom of the centrifuge 
tube. Add 1 mL of warm PEG1500 solution dropwise 
over 30 s Gently agitate the cells for 1 min. 
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8 Add 20 mL of serum-free medium dropwrse over 5 
mm to the cell pellet, slowly dilutmg out the PEG. 

9 Bench centrrfuge out the cells and resuspend m 30-50 
mL of warm HAT medium. 

10 Plate out the cells at l-2 x lo5 cells/well m 96-well 
microtrter plates. If a complrcated screenmg assay IS 
being used, plate mto 24 well-plates We generally use 
four plates per BALB/c fusron. 

11. After 5 d feed the cells with HAT medium 
12 At lo-14 d (vrsrble colonies) screen the trssue culture 

supernatants 
13. Expand posrtrve clones m HT medmm, from 96 to 24 

well-plates, thence to 25 mL flasks. The cells should 
now be cloned, and some frozen as soon as possrble. 

Cloning 
Posrtrve hybrrdomas must be grown from a single cell 

to obtain monoclonal rather than a mixture of antrbodres 
This clonmg process is most easily achieved by growmg 
up hybrids from very low cell densmes The presence of 
supportmg feeder cells 1s necessary to support growth of 
the hybrids, which usually die at the low cell densities 
( -1 cell/well) necessary for clonmg Here we describe a 
simple and effective cloning method using mouse 
splenocytes as feeder cells 

1 Tease out splenocytes from stock mouse spleens as de- 
scribed m the fusron protocol Plate out 4 x 96 well 
plates/spleen m growth medium contammg HT (100 
pL/well) 

2. The next day, very carefully count a suspensron of pos- 
itive hybrrdomas Serially drlute the cells to give con- 
centratrons of 0 1, 0 3, 1, 3, 10, and 30 cells/100 ~J.L 
(about 5 mL of each concentratron) Plate out cells at 
each density m half a 96 well plate (100 tJ,L/well) con- 
taining feeders 

3 When visible colonies appear (10 d), screen (Chapters 
29,30) and grow several posrtive wells from the lowest 
drlutrons 
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4. Freeze positive cells and repeat the clonmg When a 
cell line 1s truely cloned, all wells positive for growth 
will also be positive by screening 

Freezing Cells 

Cells can be stored m liquid nitrogen or, less satlsfac- 
tonly, in -70°C freezers when suspended at high concen- 
tration m 10% DMSO. 

1 Make sure the cells are in exponential growth. Bench 
centrifuge and resuspend in 10% DMSO/growth me- 
dium at a density of 0 5 X lo6 cells/ml. 

2. Freeze down in ampules at l”C/min by placing the cells 
in a polystyrene container in a -70°C freezer, or an ig- 
loo contammg cardlce, or the neck of a liquid nitrogen 
container 

3. When frozen, place m a liquid nitrogen container, be 
sure the ampules are mdellbly marked. 

4. Unfreeze cells when required by warming to 37°C 
quickly. Resuspend then in a large volume of growth 
medium, bench centrifuge, resuspend, and plate out 
doubling dllutlons in a 24-well plate. 

Ascitic Tumor Production 

By growing a hybrldoma lme as an ascltlc tumor m an 
lsogemc animal, high concentrations of monoclonal anti- 
body can be rapldly obtamed. To dlmmlsh the posslblllty 
of solid tumor formation, the animals are primed with 
pristane, a mineral oil. 

1. Inject pristane mtraperitoneally using a glass syringe 
0 2 ml/mouse, 1 ml/rat 

2. At 10 d to 1 month later, inject 24 X lo6 cells/ammal 
‘P 

3 When the tumor 1s clearly visible as a large swelling 
(l-3 wk), tap the ascltlc fluid mto a heparmlzed tube 
using a 21 gage needle, spm out the cells, and freeze 
the ascltlc fluid. 

4. Continue to tap the tumors If the animals are dls- 
tressed, kill them and aspirate the ascltlc fluid with a 
Pasteur pipet 
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Notes 

Wood 

1. It is imperative that animal work comply with leglsla- 
trve regulations and be supervised by a skilled techm- 
clan. Do not undertake the techniques described here 
without trammg by an experienced worker. 

2. Hybridomas are easy to make if one is competent at tis- 
sue culture Minor contamination can be knocked out 
by adding concentrated NaOH to infected wells Al- 
ways use the same tissue culture plastic type through 
the experiments, since changes m plastic type may kill 
the cells. It is wise to gam experience m a laboratory m 
which hybridomas are being made 

3. If too many positive wells are obtained hybrids can be 
frozen down at very low density (see ref 5) 
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Chapter 29 

Immunofluorescence 
and 
Immunoperoxidase 
Screening of 
Hybridomas 

J. N. Wood 

Department of Experimental Immunobiology, 
Wellcome Research Laboratories, 
Bc:kenham, Kent 

Introduction 

As mentioned m the prevrous chapter, the provision 
of a raprd, simple assay for screening monoclonal antlbod- 
les IS essential for their productron Although solid-phase 
bmdmg assays are the method of choice (Chapter 30) a 
number of applrcations require vlsualrzatlon of antlbody 
binding to cultured cells or tissue sections 

To give some examples, if a cell type can be defined 
by rmmunodetectlon of a speclfrc surface antigen, then pu- 
rlfrcation and characterizatron of this particular cell type 
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may be possible. Such an approach has been successfully 
used m defining lymphocyte subpopulations, and 
determining the origin of neuronal cell types in culture. 
The ability to visualize a viral antigen may elucidate the 
role of virus infection and expression in cellular transfor- 
mation Spatial or temporal variation in an antigen expres- 
sion during cell growth or differentiation may also provide 
useful markers to define different sorts of cellular organi- 
zation, while disease-state-specific antigen expression 
may enable the production of diagnostic monoclonal anti- 
bodies, even though the nature of the antigen is un- 
known. This chapter is concerned with the simplest 
method of fixing cells and tissue sections, and the visuali- 
zation of antibody binding by fluorescent- or peroxidase- 
linked second antibodies. 

Fluorescent antispecies second antibody, produced 
by coupling a fluorochrome to the affinity-purified 
antisera, is used to visualize monoclonal antibody bmdmg 
to cells or tissue sections by means of fluorescence 
microscopy. 

Indirect immunoperoxidase stammg gives a perma- 
nent record of antibody binding, and may thus be prefera- 
ble to immunofluorescence screening, which can fade. In 
essence, the peroxidase attached to the second anti- 
specres antibody IS used to produce an msoluble stam at 
the site of antibody binding. Excellent commercial 
enzyme-linked anti-species antibodies are now available. 
The sensitivity of the technique may be much enhanced by 
the use of Stenberger’s peroxidase-antiperoxidase method 
(2), but for routme screenmg this should be unnecessary. 

There are no hard and fast rules for predicting the 
best fixation method for an antigen Acid alcohol, 
paraformaldehyde, and picric acid are commonly used, as 
are unfixed frozen sections. A very useful method has 
been described by Lane (I), where cultured cells are fixed 
and dried on tissue culture plates using acetone/methanol, 
which does not render the plastic opaque. This enables 
many samples to be screened on a single petri dish. 

As well as describmg methods of visualizing antibody 
staining, a protocol for coupling fluorescent dyes to anti- 
bodies is described. Using fluorescein or rhodamine 
isothiocyanate, the dyes may be directly conlugated to an- 
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tibodies at alkaline pH without any coupling agent. 
Peroxidase conlugation is covered m the next chapter. 

Materials 

Fixation of Cultured Cells 

1. 90% Methanol/lo% acetic acid. Store at -20°C. 
2. 50% Acetone/50% methanol. Store at room tem- 

perature. 
3. 40% Formaldehyde. Store at room temperature. 

Dilute 1: 10 m phosphate-buffered saline (PBS) for 
working solution (see Chapter 28). 

Tissue Sections 

1. 40% Formaldehyde (see above). 
2. 4% Paraformaldehyde. Make fresh by dissolvmg 8 g 

paraformaldehyde m 50 mL HZ0 at 6O”C, adding 
NaOH (1N) dropwise, in a fume hood Add 50 mL dou- 
ble strength PBS (see Chapter 28) when the 
paraformaldehyde is dissolved 

3. 5% Sucrose in PBS (see Chapter 28) 
4. Glycerol. 

lmmunofluorescence 

1. Normal goat serum. Store at 4°C with 0.02% sodium 
azide . 

2. PBS (see Chapter 28). 
3 Goat anti-mouse heavy and light chains (FITC- or 

TRITC-conjugated) Store frozen ahquots in the dark. 
Dilute 1: 50 in PBS as a working solution and microfuge 
before use. 

4. Mountmg medium: 70% glycerol, 0.02% azide, 0.5% 
NaCl, 0.02% NaOH, 0.4% glycine 

Immunoperoxidase 

1. 70% Ethanol 
2. 100% Methanol, 0.1% H202 (make fresh from 30% 

H202 stock) 
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3. Peroxidase-conlugated goat anti-mouse heavy and 
light chains. Store frozen ahquots, dilute 1:50 in PBS 
and microfuge before use 

4. 4-Chloro-l-naphthol. 3 mg/mL m methanol. (Store m 
the dark at 4°C ) Dilute 1.5 v/v m PBS with 0.01% 
H202 immediately before use 

5. Mounting medium, see above. 

Conjugating Fluorochromes 
1 Sodium borate (50 mM, pH 9.3) containing 0.4M NaCl. 

Store at 4°C. 
2 Dimethyl sulfoxide (DMSO). 
3 TRITC (Tetramethyl rhodamine isothiocyanate). (Store 

dry, -20°C m the dark). 
4. FITC (fluorescem isothiocyanate). (Store dry, -20°C m 

the dark). 
5. Purified antibody. 

Methods 

Fixation of Cultured Cells 

1. Wash the cell cultures twice m PBS to remove serum. 
2 Fix cells m 

(a) 90% methanol-lo% acetic acid (-20°C) for 2 mm or 
(b) 4% formaldehyde m PBS for 30 min or 
(c) 4% paraformaldehyde m PBS for 30 mm 

3. Wash cells m PBS. 
4 Proceed directly to antibody stammg (2.3) if few 

samples are being tested. Otherwise continue with 
steps 5 and 6 

5. Add acetone/methanol (1: 1 v/v) for 2 mm 
6 Aspirate the acetone/methanol and air-dry. 

Tissue Sections 
For best results, it may be necessary to perfuse fresh 

tissue with fixation medium However, soaking small 
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chunks of tissue m fixative prior to sectioning, or usmg 
frozen unfixed tissue sections may be adequate 

1 Immerse fresh &sue in 4% paraformaldehyde over- 
night at 4”C, using 0.5 cm cube chunks of tissue 

2 Rmse in PBS, and soak m 5% sucrose PBS for several 
hours. 

3. Cut cryostat sections and lift them off the knife onto 
coversllps smeared with a thm layer of glycerol (a 
thumbprmt) 

4. Store sections at -2o”C, but try to use them as quickly 
as possible. 

Indirect Zmmunofluorescence 
Cells 

1 Spot 5 PL samples of tissue culture fluld m a known or- 
der onto a petri dish containing fixed air-dried cells, 
previously marked with -0.5 cm square grids 

2. Incubate m a moist box for 1 h at room temperature, be- 
mg very careful not to allow the samples to run mto 
each other 

3 Wash the plate four times in PBS, with a fmal longer 
wash (5 mm) m PBS 1% normal goat serum [this is to 
block any nonspeclflc second (goat) antlbody-binding 
sites, if you are using rabbit anti-mouse then use 1% 
normal rabbit serum]. 

4. Add ?/&I dilution of mlcrofuged goat anti-mouse globu- 
lins (FITC or TRITC labeled) Cut down the volume re- 
quired by covering the petri dish with coverslips when 
the second antibody has been applied. 

5. After 1 h, wash the petri dish five times m PBS, floating 
away the coversllps If samples are too near the rim of 
the dish to examine microscopically, tear off the sides 
with pliers. 

6 Coversllp the samples after addition of mounting me- 
dium (seal them with nail vanish), and examme by 
epifluorescence microscopy. 

If you are careful, it may be possible to quickly screen the 
samples at low power (obviously wlthout using oil or 
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Fig. 1. Indirect immunofluorescence of an anti-neurofilament 
monoclonal antibody staining rat dorsal root ganglia cultures 
[X710]. 

water immersion lenses) directly after washing, and with- 
out bothering to mount or coverslip the cells. 

Cover-slip Mounted Sections or Cells 
1. 

2. 

3. 

4. 

Add 100 ~.LL of tissue culture fluid to the section or fixed 
cells on the coverslip, and keep them in a wet box for 1 
h at room temperature. Number the coverslips with a 
diamond pen. 
Using coverslip racks, or Coplin jars, wash the 
coverslips four times in PBS, and once for 5 min in 1% 
normal goat serum (see above). 
Replace the coverslips the right way up (check the 
numbering) in the wet box, and add 50 PL 1: 50 FITC or 
TRITC goat anti-mouse globulins. 
After 1 h, wash five times in PBS, mount in mounting 
medium on slides, seal with nail vanish, and examine. 

Immunoperoxidase Screening 

1. Using fixed cells in petri dishes, or sections on 
coverslips, immerse in: 
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(a) 70% ethanol, 10 mm 
(b) 100% methanol, 0.1% H202, 10 mm 
(c) 70% ethanol, 10 min 

This mactivates endogenous peroxidases. 

2. Incubate m hybridoma supernatant and wash as de- 
scribed m the immunofluorescence protocol. 

3. Add l/50 dilution of peroxidase anti-species antibody 
for 1 h at room temperature 

4. Wash four times m PBS 
5. Add 4-chloro-1-naphthol working solution for lo-20 

min. 
6 Wash in PBS to stop the reaction, and mount m glyc- 

erol medium The reaction should be visible to the na- 
ked eye even before microscopic exammation 

Conjugation of Fluorochromes to 
Proteins 

With the commercial availabihty of fluorescent 
antispecies antisera, indirect immunofluorescence is the 
usual method of visuahzmg monoclonal antibody binding 
to cells or tissue sections However, drrect conlugatron of a 
fluorochrome to a monoclonal antibody may occasionally 
be useful, for example, in double labeling experiments 
with monoclonals of similar isotype. Direct conlugation of 
an enzyme, for example peroxidase, may be useful for a 
similar reason, and this is covered m Chapter 30 

1 Dissolve purified antibody (2 mg/mL) m 50 mM borate, 
pH 9.3, contammg 0.4M NaCl. 

2. Dissolve 3 mg FITC m 100 mL 50 mM borate buffer, pH 
9 3 For TRITC, dissolve 3 mg m 0 2 mL DMSO, then 
make up to 100 mL of 50 mM borate, pH 9 3 

3. Dialyze the antibody (l-5 mL) against the dissolved 
fluorochrome overnight at 4°C m the dark. 

4 Dialyze the conlugated antibody against several 
changes of PBS at 4°C m the dark for 3 more days 

5. Store the antibody m frozen aliquots (-20°C) m the 
dark. 
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Notes 

1. Cuttmg sections requires a sharp knife, careful reading 
of the cryostat mstruction manual, and some persever- 
ance It is easy enough to cut thick (30 pm) sections, 
which are quite adequate for prelimmary screening 

2. To examme surface stammg of live cells, it may be nec- 
essary to inhibit possible mternalization or shedding of 
the antigen-antibody complex For this reason, the 
cells are stained at 4°C m the presence of 0 02% sodium 
azide. Follow the previous protocol, using chilled rea- 
gents, unfixed cells, and 4°C incubations. For suspen- 
sion cells, mcubations and washmgs can be carried out 
using small plastic tubes (LP3) and a bench centrifuge 
At the end of the stammg protocol, small volumes 
(lo-20 kL) can be mounted and screened as usual. 

3 One potential problem is the presence of endogeneous 
peroxidase m some tissues and cell types. For this rea- 
son P-D-galactosidase-coupled second antibodies to- 
gether with a suitable substrate (e g., o-mtrophenyl 
@galactopyronoxide) may sometimes be useful. In the 
protocol described, an mactrvation step for 
endogeneous peroxidase is included although this step 
may be unnecessary for the cell type that you are 
investigating. 
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Chapter 30 

Solid-Phase Screening 
of Monoclonal 
Antibodies 

J. N. Wood 

Department of Experimental Immunobiology, 
Wellcome Research Laboratories, 
Beckenham, Kent 

Introduction 

By far the most convenient and simple assays for 
screening monoclonal antlbody-producing hybrldomas 
are those utlllzmg solid-phase bmdmg assays, where 
radlolabelled or enzyme linked antispecies antlbodles are 
used to detect bmdmg of the hybrldoma supernatants to 
msolublhzed antigen Such procedures require an ade- 
quate supply of antigen, preferably purified, which can be 
bound to a solid support, usually through noncovalent 
bmdmg to PVC microtiter plates or mtrocellulose sheets. 

The advantage of such methods lies m their slmpllclty 
and speed Hundreds of samples can be easily screened m 
a day After negative clones have been discarded, consld- 
erable mformatlon about the affinity of the antibody, and 
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species and tissue dlstrrbutlon of the antigen can be rap- 
Idly obtamed with minor modrflcatrons of the assay Thus 
allows a further level of selectron to be exercised on the an- 
tibody before exhaustive characterrzatron 

In this chapter, simple solid-phase bmdmg assays, 
rodmatron techmques, and conjugatron of enzymes to an- 
trbodres are described. 

The two solid-phase assays, which differ m the mcu- 
batron condmons for attachment of the antigen to plastrc 
(PVC) plates should be compared for then sensitivity with 
the particular antigen being mvestrgated Should antigen 
be m short supply, mtrocellulose has advantages as a solid 
support, m that very small amounts of antigen may be 
used, and a fme dlscrrmmatron between real and back- 
ground bmdmg can readily be made, either by 
radioautography or enzyme-linked assays (2) 

Although commercral lodmated antrspecles antrbod- 
ies are available, they are expensive, and rt may be neces- 
sary to prepare one’s own The protocols described below 
may be used to rodmate either antigens or antrbodres via 
tyrosme aromatic rings to a high specific activity (see Chap- 
ter 31) 

An alternative approach, using enzyme-linked sec- 
ond antibody to vrsuahze antrbody bmdmg IS equally 
good. If labelled antigen IS available, the assay may be 
carried out more conveniently by “dottmg” the 
hybrrdoma supernatants on a grid, and soaking the whole 
sheet m labelled antigen. Posmve wells ~111 be detectable 
by a dark spot on autoradrography 

Materials 

Iodination 
Chloramine T 

1. Chloramme T, fresh solutron. 5 mg/mL m water 
2 Dowex 1 X-8 resm 2 mL in a plastic syringe freshly 

equilibrated with PBS (phosphate buffered saline) 
(Chapter 28) contammg 0 1% bovine hemoglobm. 

3. Tyrosme m PBS, fresh saturated solutron (1 mL) 
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4. 25% Trichloracetic acid, store at room temperature 
(stable) 

5 Na *251 high-specific activity (carrier-free) m NaOH 
Always use a fume hood when dilutmg this mto PBS 
for iodmatrons. 

Iodogen 
Iodogen (1,3,4,6-chloro-3a,6a-drphenyl-glycoluril). 
Make up at 100 kg/mL in dichloromethane and add 25 

kL/microfuge tube Au dry the open microfuge tubes by 
rotating them briskly, and when dry, store them at -20°C 
(stable for weeks) 

Peroxidase Conjugation 

1. Horse radish peroxidase (store dry at -20°C). 
2. Immunoglobulm (preferably affinity-purified). 
3. Glutaraldehyde: 0.02% made fresh m PBS. 
4. Sephadex-G200 column equrhbrated with PBS. 

Plate Binding Assay 
Method A 

1. PBS contammg 5% bovine hemoglobm and 0.02% so- 
dium azide, store at 4°C. 

2. *251 antispecies antibody [e.g., rabbit anti-mouse, pref- 
erably F(ab’)2 mmimum specific activity 10 +i/pg]. 
Stored at 4°C with 0.02% sodrum azide. 

Method B 
1 Adsorption buffer. 50 mM bicarbonate, pH 9 6 

(1.59 g Na2C03, 2.93 g NaHC03, 0 2 g NaN3 m 1 L). 
Store at 4°C 

2 Wash buffer Tween 40 (0.05%) m PBS contammg 1% 
hemoglobm and 0.02% NaN3 (store at 4°C) 

3. 125I second antibody, as above 

Enzyme-Linked Assay 

1 Peroxidase-conlugated antispecies antibody [preferably 
F (ab’)2] store frozen alrquots after reconstitution, and 
dilute to 1160 in PBS and microfuge before use. 
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2. 4-Chloro-l-naphthol, 3 mg/mL m methanol stored at 
4°C m the dark (weeks). Working solution 1: 5 v/v m 
PBS with 0.01% hydrogen peroxide. 

3. Hydrogen peroxide 30%. Store at 4°C 

Nitrocellulose Binding Assay 
1. 5% Bovine hemoglobin in PBS plus 0 02% sodium 

azide (4°C). 
2. 1.5 dilution m PBS of above. 
3. ‘251-antispecies antibody [e.g., rabbit anti-mouse, 

preferably F(ab’)2 mmimum specific activity 10 t~Ci/ 
!%I 
or 

3a. Alternatively, enzyme-linked antibody reagents 
marked under ELISA. 

Methods 

Iodination 
Chlorumine T Iodination 

This fast oxidation may reduce the antigenicity of 
some molecules, but is usually satisfactory for iodmating 
immunoglobulins. 

1. In a fume hood, mix the antibody or protein (200 kg m 
250 ~J,L PBS) with 125I (sodium salt, 250 t.Ki in PBS) and 
25 ~,LL Chloramine T. 

2. After 1 min at room temperature add 50 FL tyrosine in 
PBS. 

3. Chromatograph the solution on a Dowex 1 X-8 column 
(2 mL m a disposable syrmge) equilibrated with PBS 
containing 0.1% hemoglobin 

4. Collect the column eluate (first 3 mL) and discard the 
column to which free 1251 is bound. 

5. Measure incorporation by mixing 10 PL aliquot with 
100 ~J,L of 1% hemoglobm in PBS. Add 1 mL 25% TCA, 
leave for 1 hr at 4°C then microfuge (lO,OOOg, 5 min) 
and measure both the precipitated and soluble counts. 
The percentage of counts mcorporated (precipitate) 
should be < 80%. 
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Zodination with Zodogen 
This slightly milder process uses lodogen-coated 

tubes and may be preferable for labellmg monoclonal anti- 
bodies or labile antigens. 

1. Add antibody or antigen (100 pg in 100 FL PBS) to a 
coated iodogen tube. 

2. Add 25OpCi 1251 (sodium salt diluted m PBS) and mix. 
3. After 20 min at room temperature, chromatograph on a 

Dowex column as described above. 

Conjugation of Peroxidase to 
Immunoglobulin 

1. Mix 1 mg of immunoglobulm with 5 mg of horseradish 
peroxidase in 1 mL PBS. 

2. Add 1 mL of glutaraldehyde and mix for 30 mm at 
room temperature. 

3. Chromatograph on a column of G200 Sephadex equili- 
brated with PBS (column size about 25 x 2 cm) and re- 
tain the first peak of conlugated antibody. Store frozen 
aliquots that should be stable indefinitely. 

Solid-Phase Binding Assays on 
PVC Plates 

Two protocols are described, one or the other of 
which has proved satisfactory with protein antigens ran- 
ging from small peptides to whole brain homogenates (1) 

Binding Assay A 
1. Pipet 50 FL of antigen (l-100 pg/mL) m PBS mto each 

well of a 96-well PVC plate and incubate overnight at 
room temperature, to allow antigen to bind to the well 
surface 

2. Remove the surplus antigen and wash three times with 
5% (w/v) hemoglobin in PBS (wash bottle). 

3. Fill the wells with Hb solution and incubate for 30 min 
at room temperature, to block further bindmg of pro- 
tein to the surfaces of the wells, then wash twice more 
with the same solution. 
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4. Pipet dilutions of antiserum, or samples of hybndoma 
supernatants into the wells (45 FL/well) and incubate 
for 1 h at room temperature. Remove the antiserum by 
aspiration, or more simply by flicking the contents of 
the plate mto a sink, and wash five times with 1% (w/v) 
Hb m PBS 

5. Pipet the second antiserum (‘251-labeled rabbit anti- 
mouse globulins, 45 kL/well about 20,000 cpm/well) 
mto the wells and incubate 1 h at room temperature 
Remove the labeled antiserum and wash six times with 
1% Hb m PBS, followed by one wash with PBS. Allow 
the plate to dry, then cut the wells and count samples 
with a gamma counter 

Binding Assay B 
1 Incubate the antigen (l-100 pg/mL) m adsorption 

buffer overnight on 96-well plates (50 FL/well) at 4°C 
2 Smk the plate m wash buffer for 2 h to block remaining 

sites Rinse the plate briefly m water, and dram. The 
plates may be stored at -20°C until required, or used 
immediately 

3 Add dilutions of antisera, or tissue culture superna- 
tants (50 pL/well) overnight at 4°C 

4. Wash four time in wash buffer 
5 Incubate ‘251-antispecies antibody (40 kL/well) con- 

tammg 20,000 cpm for 1 h at room temperature 
6. Wash four times m wash buffer, dry, and count 

Enzyme-Linked Immunoassay 
(ELlSA) 

Both of the assays above can be adapted by using 
peroxidase-conlugated second antibody. 

At step 5, substitute 1160 diluted peroxidase conlu- 
gated antibody for a 1 h mcubation 

6 Wash four times m PBS 
7 Add workmg solution of fresh 4-chloro-1-naphthol (50 

pL/well) 
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8. When dark blue spots have appeared, stop the reaction 
by washing the plate 

Nitrocellulose Assay 

1 Draw a 0 5 cm square grid on the mtrocellulose sheet 
using an ordinary biro, and “dot” the antigen solution 
centrally with a micropipet (1 ~.LL of 1 mg/mL m PBS). 
Au- dry 

2. Store the sheet desiccated at -20°C until required 
(months) 

3 Number the mtrocellulose squares with a biro, and 
then soak the grid m 5% Hb for 1 h 

4 Cut out the numbered squares from the grid and mcu- 
bate them overnight at 4°C m neat tissue culture super- 
natant or dilutions of antisera (serial tenfold) Use 5 mL 
biloux containing about 0.25 mL sample volume 

5. Wash the squares four times m PBS, then add -20,000 
cpm/square of ‘25I antispecles antibody (10 Q/l.i,.g) m 
1% Hb and incubate for one more hour. 

6 Wash the squares five times in PBS, dry, and 
autoradiograph 

Notes 

1. Neither PVC plates nor nitrocellulose blots should ever 
be allowed to dry out during assays 

2. Always mclude a blank plate as a control in these as- 
says, as nonspecific bmding is a common problem 

3 Always compare normal serum with immumzed 
mouse serum at various dilutions during an assay to 
give low and high control points. 

4. When starting to use these assays, it may be necessary 
to optimize antigen binding by varying the mcubation 
conditions (pH, iomc strength, time) For example, 
amomc carbohydrates may require poly-L-lysme coat- 
mg of the plate (100 kg/mL overmght) to facilitate anti- 
gen bmdmg 
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Chapter 31 

Subclass Analysis and 
Purification of 
Monoclonal 
Antibodies 

J. N. Wood 

Department of Experimental Immunobiology, 
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Beckenham, Kent 

Introduction 

Once hybndoma lines have been established that se- 
crete monoclonal antibodies of the desired specificity, it is 
useful to characterize the antibody subclass before mass- 
producmg the antibody (1,2) IgG isotypes may be sepa- 
rated by chromatography on protein A-sepharose, and 
such affinity columns are useful for concentrating as well 
as purifying antibody from tissue culture supernatants 
When the isotype has been determined, using commercial 
isotype-specific antisera conlugated to different 
fluorochromes and monoclonal antibodies of different iso- 
type and specificity, double indirect immunofluorescence 
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can allow similarities in antigen distribution to be as- 
sessed. Ideally, antibody should be purified by affinity 
chromatography using msolubilized antigen columns (see 
Chapter 3), although such a technique obviously requires 
adequate supplies of purified antigen For many practical 
purposes, a crude globulin fraction from ascitic fluid is 
quite adequate, however. 

This chapter describes a rapid simple subclass deter- 
mination, concentration and purification of antibodies, 
and the preparation of antibody fragments, for use where 
possible nonspecific binding may create problems of 
interpretation. 

The method of subclass determmation described is an 
obvious development from the mtrocellulose dot-blot 
technique described m the previous chapter. By “dotting” 
dilute samples of isotype specific antisera on rutrocellulose 
sheets, and then immersmg them m hybridoma superna- 
tants, the subclass of the antibody can be detected by addi- 
tion of a third radiolabelled antispecies antibody. Figure 1 
shows a typical analysis of six different hybridoma super- 
natants. By incorporatmg an antiglobulm antibody on the 
sheets, one can also be sure that the hybridoma is still 
producing antibody The method is far superior to the 
conventional double agar diffusion test m sensitivity, 
economy of reagents, simplicity, and speed. 

Sodium sulfate may be used to concentrate and purify 
the globulm fraction from ascitic fluid. If the antibody is of 
the Gl, G2a, or G2b subclass, a more effective purification 
may be obtained using protein A affinity chromatography, 
however. 

Staphylococcus uureus (Cowan strain) has a surface pro- 
tem (protein A) that binds the Fc portion of IgG The dif- 
ferent domain structure of the IgG subclasses is reflected 
m different affinities for protein A, which can be 
insolubilized on a sepharose matrix By sequential elution 
of such an affmlty column at different pHs, protein 
A-bound IgG can thus be purified mto different sub- 
classes. The protocol described is suitable for mouse 
immunoglobulins. 

In order to ascribe bmdmg to the variable region of 
antibody, and discount potential artifacts caused by 
nonspecific bmdmg, it may be useful to produce a F(ab’)2 
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Fig. 1. Subclass determination: 1 mL samples of hybridoma 
supernatants were analyzed. The dark spots correspond to the 
antibody subclass marked on the grid. The samples shown were 
autoradiographed for 3 d, but a clear answer could be obtained 
after overnight autoradiography or the use of enzyme linked re- 
agents (see Chapter 30). 

fraction. This immunoglobulin fragment is prepared by 
pepsin hydrolysis, which cleaves the molecule distal to 
heavy chain disulfide bonds, so that a bivalent antibody 
fragment-F(ab’)2-is left while the constant (Fc) region 
of the antibody is degraded. 

Materials 

Subclass Determination 

1. Nitrocellulose sheets. 
2. Commercial antispecies anti-isotype antisera and 

antiglobulin antisera: e.g., rabbit anti-mouse anti Gl, 
G2a, G2b, G3, M, and A. Store at 4°C in 0.02% azide. 

3. iz51-antispecies antibody (specific activity > 10 
tKi/pg) preferably F(ab’), (see Chapter 30). 
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Globulin Concentration 

1. 27% Na$O+ Store at room temperature m water 
2 Phosphate-buffered salme (PBS) (see Chapter 29) 

Protein-A Purification 

1. Protem-A-sepharose column, 5 mL commercial 
column 

2. O.lM Phosphate buffer, pH 8.0 (store at 4°C) 
3 Sodium citrate buffers, 20 mL each of 

100 mM pH 6 0 
100 mM pH 4 5 
100 mh4 pH 3.5 
100 mM Cltrlc acid 

Store frozen 
4 2M Trrzma base m water. Store frozen. 

Preparation of F(ab’), Fragments 

1 O.lM sodium acetate, pH 4.5. 
2 Pepsm, made up fresh from 10 mg/mL in 0 14M so- 

dium acetate, pH 4.5. 
3. 2M Trlzma base m water 
4 Sephadex G-200 column (20 x 1 cm) eqmhbrated m 

PBS (see Chapter 28). 

Purification of IgM 

1. Sepharose, 4B column (50 X 2 5 cm) equilibrated m 
PBS. 

Methods 

Subclass Determination 

1 Dot l/l00 dllutlons of commercial anti-lsotype antisera 
m a marked pattern on nitrocellulose sheets and an 

dry- 
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2. The sheets may be stored dry at -20°C mdefmltely. 
3. When samples are available, block the grids m 1 mL 5% 

hemoglobm m PBS m a bllou on a spu-amrx. 
4. Quickly transfer the grids to Universals contaming 1 

mL tissue culture fluid and rotate for 1 h at room 
temperature 

5. Wash the grids three times m large volumes of PBS (5 
mm/wash) 

6 Add lo” cpm F(ab’)* L251-antrspecles antibody (10 
tXr/p,g) m 1% hemoglobin m PBS for 1 h at room 
temperature 

7. Wash four times m PBS 
8. Dry, autoradrograph overmght at - 7O”C, and develop 

Globulin Concentration 
1. Add two volumes of 27% sodium sulfate to 1 vol of as- 

citic fluid at room temperature with stirring. 
2. Leave the solution for 1 h at 37°C 
3 Centrifuge at lO,OOOg, 10 min. 
4. Resuspend the pellet m a volume of PBS equivalent to 

the origmal volume of ascites. 
5. Dialyze exhaustively against PBS 
6. Store frozen or freeze dried. 

Protein-A Affinity 
Chromatography 
1. Pack a 1 mL protein-A Sepharose column for every 10 

mg of mouse IgG m your sample 
2 Equilibrate the column with O.lM phosphate buffer, 

pH 8 0, at 4°C 
3. Apply sample m the same buffer at 1 mL/mm or less. 
4 The run-through will contam IgG3, as well as IgA, 

most IgM, and other proteins. 
5. Sequentially elute the column with 10 mL of 

a. pH 6.0 citrate buffer for IgGl 
b. pH 4.5 citrate buffer for IgG2a 
c. pH 3.5 citrate buffer for IgG2b 
d. citric acid to clear the column 
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6. Neutralize both the acidified sample eluates and the 
column with Trizma base as quickly as possible. 

The column should be kept at 4°C m azide containing 
(0.05%) PBS and can be re-used mdefmltely. Tissue cul- 
ture monoclonal antibody from fetal calf serum containing 
medium should be essentially pure, whereas ascitic fluid- 
containing antibody may contam some contaminating 
host IgG. 

Production of F(ab’)n Fragments 

1. Dissolve 10 mg IgG m 1 mL acetate buffer. 
2. Add 20 ~.LL of pepsin (10 mg/mL in acetate buffer) and 

incubate overnight at 37°C 
3 Neutralize the mixture with Tris to inhibit further 

proteolysis. 
4. Separate the products of digestion by gel exclusion 

chromatography on a Sephadex-G200 column equih- 
brated with PBS. 

5 The first malor peak 1s the F(ab’), material A shoulder 
of undigested IgG may run ahead of the mam peak if 
digestion was mcomplete, and this material should be 
discarded 

Purijkation of IgM 

IgM monoclonal antibodies may best be purified from 
concentrated globulin extracts by gel exclusion chromatog- 
raphy on Sepharose-4B columns. The size (-900,000 
daltons) of IgM IS reflected m its elutron position as the 
first malor peak 

1 Concentrate the antibody by sodium sulfate pre- 
cipitation. 

2. Resuspend the precipitate u-t a mmlmal volume of PBS, 
and apply to a Sepharose-4B column. 

3. Collect the first peak of OD,,,-absorbing material. 

Notes 

Although antisera are commonly stored at 4”C, m our 
experience a number of monoclonal antibodies stored m 
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tissue culture medium at this temperature have proved to 
be unstable. It is safer to store the antibodies allquoted at 
-2o”C, and discard unfrozen material after a smgle use A 
number of textbooks claim that IgM antibodies are more 
stable at 4°C than -2O”C, but this is not true for many of 
the monoclonal IgMs we have studied. 
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Chapter 32 

The Production of 
Antisera 

G. S. Bailey 

Department of Chemistry, University of Essex, 
Colchester, Essex, England 

Introduction 

Suitable antisera are essential for use m all 
rmmunochemrcal procedures. Three important properties 
of an antiserum are avidity, specrfrcrty, and titer The avrd- 
ity of an antiserum IS a measure of the strength of the in- 
teractions of its antibodies with an antigen. The specificity 
of an antiserum IS a measure of the ability of its antrbodres 
to drstmgursh the rmmunogen from related antigens The 
titer of an antiserum IS the final (optimal) drlutron at which 
rt is employed m the procedure; rt depends on the concen- 
trations of the antrbodres present and on their affmrtres for 
the antigen. The values of those parameters required for a 
particular antiserum very much depend on the usage to 
which the antrserum will be put For example, for use m 
radroimmunoassay, rt IS best to have a monospecifrc antr- 
serum of high avidity, whereas for use m rmmunoaffmlty 
chromatography the monospecifrc antiserum should not 
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possess too high an avidity otherwise rt may prove impos- 
sible to elute the desired antigen without extensive 
denaturation. 

A substance that, when mlected mto a suitable am- 
mal, gives rise to an immune response is called an 
rmmunogen. The immunogemclty of a substance is de- 
pendent on many factors, such as its size, shape, chemical 
composition, and structural difference from any related 
molecular species indigenous to the mlected animal Nor- 
mally, cellular (particulate) materials are very 
immunogemc and induce a rapid immune response How- 
ever, the resultant antisera do not usually possess a high 
degree of specificity and do not store well (I). 

Soluble immunogens differ widely m their ability to 
produce an immune response. In general, polypeptides 
and protems of molecular weight above 5000 and certain 
large polysaccharides can be effective immunogens 
Smaller molecules, such as peptides, oligosaccharides, 
and steroids, can often be rendered immunogenic by 
chemical coupling to a protein that by itself will produce 
an immune response (2). For most situations it is best to 
use the most highly purified sample available for mlecting 
mto the animal. Furthermore, it is usual to inlect a mixture 
of the potential immunogen and an adluvant that will 
stimulate antibody production. 

Classically, the immune response IS described as 
occurrmg m two phases Initial admmlstration of the 
immunogen induces the primary phase (response) during 
which only small amounts of antibody molecules are pro- 
duced as the antibody producing system is primed. Fur- 
ther admmistration of the immunogen results m the sec- 
ondary phase (response) during which large amounts of 
antibody molecules are produced by the large number of 
specifically programmed lymphocytes In practice, the 
time-scale and nature of the immumzation process does 
not lead to a clear recognition of two distinct phases. 

All of the factors that influence antibody production 
have not yet been elucidated Thus the raismg of an anti- 
serum is, to some extent, a hit or miss affair. Individual 
animals can respond quite differently to the same process 
of immumzation and thus it is best to use a number of am- 
mals. The species of animal chosen for lmmumzation will 
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depend on particular circumstances, but, m general, rab- 
bits are often used 

Many different methods of producing antisera have 
been described, varying m amount of lmmunogen re- 
qulred (often milligram quantities), route of inJectIon, and 
frequency of mjectlon (3). This chapter will describe a 
method of antiserum production (4) that has been success- 
fully utilized in the author’s laboratory using small doses 
(microgram quantities) of soluble protein as immunogen 
(5). 

Materials 

1. SIX rabbits each of 2 kg body weight. Various types can 
be used, e g , New Zealand whites, Dutch, and so on. 

2 Solution of the purified lmmunogen in an appropriate 
buffer to maintain its stability 

3. Complete and mcomplete Freund’s adluvant, available 
from various commercial sources. 

4. Heat lamp. 

Method 

The followmg procedure 1s carred out for each rabbit 
in turn 

1. Thoroughly mix one volume of the immunogen solu- 
tion with three volumes of complete Freund’s adlu- 
vant with the aid of a glass pestle and mortar. Imtlally 
the mixture is very viscous, but after about 5 min the 
vlscoslty becomes less The mixture can then be 
transferred to a syringe. The syringe 1s emptied and 
refilled with the mixture a number of times resulting 
m the formation of a stable emulsion that can be m- 
lected mtradermally mto the prepared rabbit. The 
emulsion should be used wlthin 1 h of preparation. 

2. The rabbit IS prepared by cutting away the long hair 
along the center of its back The short hair 1s removed 
by shaving The emulsion of lmmunogen and com- 
plete Freund’s adluvant IS injected via a 1 mL syringe 
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plus 21 gage needle into two rows of five sites equidrs- 
tantly spaced along the rabbit’s back, each row being 
about 2 cm from the backbone, such that each site re- 
ceives 0.1 mL of emulsion contaming l-10 Fg 
immunogen, i e , a total dose of lo-100 kg 
immunogen/rabbit 

3. After B-10 wk, a test bleeding is carried out on the rab- 
bit. The fur on the back of one ear is removed by shav- 
mg The eyes of the rabbit are protected while the 
shaven ear 1s heated for less than 1 mm with a heat 
lamp to expand the vein. The expanded vein lust be- 
low the surface of the back of the ear is nicked with a 
scalpel blade. Blood 1s collected m a glass vessel (up to 
20 mL can be collected m 10 mm) removing the clot 
from the puncture wound by rubbing the ear with cot- 
ton wool from time to time. The blood is allowed to 
clot standing at room temperature for a few hours. 
The serum is separated from the clot by centrifugation 
and can be stored at 4°C m the presence of 0.1% so- 
dium azide as antibacterral agent until tested. 

4 If on testing the serum shows the characteristics re- 
quired for its particular usage, then further bleeding 
can be carried out. Up to three bleedings can be made 
on successive days. After that it is best to allow the 
rabbit to rest for about a month before further 
bleeding. 

5. If the orrgmal antiserum is unsatisfactory or if the 
quality of the bleedings taken over a period of several 
weeks or months starts to become unsatisfactory, 
then the rabbit can be boostered, 1 e , receive a second 
injection of rmmunogen. 

6. For the booster inlection, half the original dose of 
immunogen is administered m mcomplete Freund’s 
adluvant. The emulsion is prepared as detailed be- 
fore, but it is mlected subcutaneously mto the rabbit (for 
example, mto the fold of skm of the neck). 

7. After 10 d a test bleeding is obtained from the rabbit 
and the serum so produced is analyzed. 

8. Further bleedings can be carried out over a period of 
time if the boostered antiserum is satisfactory 

9 If after boostering, the antiserum is not of the desired 
quality it is best to disregard that rabbit. Hopefully, 
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one or more of the other rabbits m the group will have 
produced good antisera either directly or after boost- 
ermg. However, m some cases, particularly with 
weak immunogens, it may be necessary to repeat the 
process of immunization with a new group of rabbits 
or other animals. 

10. Each sample of antiserum can now be tested for its 
ability to form an immune precipitate with the 
immunogen by carrying out immunodiffusion and 
immunoelectrophoresis For example, the specificity 
of the antibodies can be determined by runnmg the 
antiserum agamst the immunogen and related anti- 
gens m Ouchterlony double diffusion (see Chapter 
33). The titer and a measure of the avidity of the anti- 
serum can be obtained by radioimmunoassay (see 
Chapter 37) 

Notes 

1 Many antisera can be satisfactorily stored at 4°C m the 
presence of an antibacterial agent for many months. 
After some time, the antiserum solution may become 
turbid and even contain a precipitate (mostly of dena- 
tured lipoprotem). Even so, there should be no sigmfi- 
cant reduction in the quality of the antiserum If neces- 
sary, the solution can be clarified by membrane 
filtration For prolonged storage, the antiserum can be 
kept at -20°C in small quantities so as to avoid re- 
peated thawing and freezmg. 

2 Animals other than rabbits can be used for immumza- 
tion, e.g , mice, rats, guinea pigs, sheep, goat, and so 
on. The rabbit is often a good mitral choice, but if re- 
sults are unsatisfactory, other species can be tried Ob- 
viously only small volumes of antisera can be gener- 
ated m the small species, whereas large volumes can be 
obtained from the larger species. The latter though do 
require more immunogen and are more expensive to 
maintain 

3. A clean sample of antiserum should be straw-colored. 
Pink coloration is due to partial hemolysis, but should 
not affect the properties of the antiserum. 
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4. The dose of lmmunogen employed can be of crucial rm- 
portance m many procedures for antibody production 
A state of tolerance can be induced m the animal with 
little or no production of antibody rf too much or too 
little immunogen is repeatedly given over a relatively 
short period of time The method described m this 
chapter should not suffer from that effect since there is 
a gap of at least 10 wk between the mmal and booster 
mIections In general, the lower the dose of antigen the 
greater is the avidity of the antiserum. 

5. Since the antisera produced by convential methods 
consist of mixtures of different antibody molecules, it 1s 
to be expected that the properties of the antisera col- 
lected durmg the prolonged period of immunization 
may change. Thus each bleeding should be tested for 
specificity, titer, and avidity 
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Chapter 33 

Immunodiffusion in 
Gels 

G. S. Bailey 

Department of Chemistry, Unioersity of Essex, 
Colchester, Essex, England 

Introduction 

Immunodiffusion in gels encompasses a variety of 
techniques that are useful for the analysis of antigens and 
antibodies (I) The fundamental immunochemical princi- 
ples behind their use are exactly the same as those that ap- 
ply to antigen-antibody mteractions m the liquid state 
Thus an antigen will rapidly react its specific antibody to 
form a complex, the composition of which will depend on 
the nature, concentratrons, and proportions of the mitral 
reactants. As increasing amounts of a multivalent antigen 
are allowed to react with a fixed amount of antibody, pre- 
cipitation occurs, m part because of extensive crosslmkmg 
between the reactant molecules Inmally the antibody is m 
excess and all of the added antigen is present m the form 
of an insoluble antigen-antibody aggregate. Addition of 
more antigen leads to the formation of more immune pre- 
cipitate. However, a point IS reached beyond which fur- 
ther addition of antigen produces an excess of antigen and 
leads to a reduction m the amount of the precipitate (see 
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Fig. 1) because of the formation of soluble anti- 
gen-antibody complexes. The analysis of such interactions 
occurring m gels is of much higher sensitivity and resolu- 
tion than that for the liquid state, thus explaining the ex- 
tensive use of immunochemlcal gel techniques. 

The methods employmg immunodiffusion m gels are 
often classified as simple (smgle) diffusion or double diffu- 
sion. In simple diffusion, one of the reactants (often the 
antigen) is allowed to diffuse from solution mto a gel con- 
taining the corresponding reactant, whereas m double dif- 
fusion both antigen and antibody diffuse mto the gel. A 
variety of mformation, both qualitative and quantitative, 
can be obtained from the numerous techniques (2). This 
chapter will be concerned with two methods that are very 
widely employed for immunochemical analysis. 

Ouchterlony Double 
Immunodiffusion 

This technique is often used in qualitative analysis of 
antigens and antisera (2). 

Amount of antigen + 

Fig 1 Variation m the amount of immune precipitate on addl- 
tlon of mcreasmg amounts of antigen to a fixed amount of 
antlbody 
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Single Radial Immunodiffusion 
(SRID) 

This method is used for the quantitative analysis of 
antigens (3). 

Materials 

1. Agarose. 
2. 0.07M barbitone buffer, pH 8.6, contammg 0.01% 

thimerosal as antibacterial agent. The buffer is pre- 
pared by dissolving sodium barbitone (14.5 g), 
disodmm hydrogen phosphate decahydrate (7.16 g), 
boric acid (6.2 g), and sodium ethyl mer- 
curithiosahcylate (0.1 g) in distilled water and making 
the final volume up to 1 L. 

3. Solutions of antigen and antiserum 
4. Plastic or glass Petri dishes or rectangular plates. 
5. Gel punch and template. Suitable gel punches of 

various sizes and templates of various designs can be 
obtained from commercial sources. 

6. Flat level surface. 
7. Humidity chamber at constant temperature. 
8. O.lM sodium chloride m distilled water. 
9. Staining solution. The solution is prepared by mixing 

ethanol (90 mL), glacial acetic acid (20 mL), and dis- 
tilled water (90 mL), and then adding Coomassie Bril- 
liant Blue R-250 (1 g). The solution can be re-used sev- 
eral times. 

10. Destaming solution. The composition is the same as 
that of the staining solution but without the dye. 

Method 

Ouchterlony Double 
lmmunodiffusion 
1. Agarose (1 g) is dissolved in the barbitone buffer (100 

mL) by heating to 90°C on a water bath with constant 
s tirrmg. 
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2. The agarose solutron is poured to a depth of 1-2 mm 
into the Petri dishes or onto the rectangular plates that 
had previously been set on a horrzontal level surface. 
The gels are allowed to form on cooling and when set 
(5-10 min) can be stored at 4°C m a moist atmosphere 
for at least 1 wk 

3. A template of the desired pattern, according to the 
number of samples to be analyzed, is positioned on top 
of the gel. Commonly used patterns are shown in Fig 
2. The gel punch, which is connected to a water vac- 
uum pump, IS inserted into the gel m turn through 
each hole of the template so that the wells are cleanly 
formed as the resultant agarose plugs are sucked out. 

4. The wells are filled with the solutrons of antigen and 
antisera until the meniscus lust drsappears. The con- 
centrations of antigen solutrons and the dilution of the 
antiserum to be used have to be established largely by 
trial and error by runnmg pilot experiments with solu- 
tions of different dilutrons. However, as a rough guide, 
for the analysrs of antigens, the following concentra- 
trons of antigen solutrons can be run against undrluted 
antiserum: for a pure antigen, 1 mg/mL; for a partially 
pure antigen, 50 mg/mL, for a very impure antigen, 500 
mg/mL, using 5 ~J,L samples of antigen solutions and 
antrserum. 

5. The gel plate is then left in a moist atmosphere, e.g., in 
a humidity chamber at a constant temperature of 20°C for 
24 h 

a) 0 0 00 (b) 

0 oao 
00 

(c) 000000 
l o0.e 

000000 
Fig. 2. Patterns of wells often used m double lmmuno- 
dlffuslon 0, well contains antigen, 0, well contains antlserum 
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6. The precrprtin lines can then be recorded either directly 
by photography with dark-field illumination or by 
drawing the naked eye observation on suitable oblique 
rlluminatron of the plate against a dark background OY 
after staining. Prior to staining, excess moisture is re- 
moved from the gel plate by application of a 1 kg 
weight (e.g., a liter beaker full of water) to a wad of frl- 
ter paper placed on top of the gel for 15 min. Soluble 
protein is removed by washing the gel (3 x 15 min) m 
O.lM sodium chloride solutron followed by further 
pressing. The gel IS dried using cold an from a hair 
dryer and is then placed m the staining solution for 5 
mm. The plate is finally washed with drstrlled water 
and placed in the destammg solutron for about 10 mm. 

Single Radial Immunodiffusion 
@RID) 
1. Agarose (2 g) is drssolved m the barbitone buffer (100 

mL) by heating to 90°C on a water bath with constant 
stirring. 

2. The solutron is allowed to cool to 55°C and is mixed 
with an equal volume of a suitable dilution of the 
monospecific antiserum also at 55°C. The optimal dilu- 
tion of the antiserum has to be found from pilot experi- 
ments using different dilutions of the antiserum. The 
dilution chosen depends in part on the range of antigen 
concentrations that is required to be measured. 

3. The agarose solution contammg the antiserum IS 
poured onto the rectangular plates that had prevrously 
been set on a horizontal level surface. The gels are al- 
lowed to form on coolmg and the gel plates are nor- 
mally used within 24 h, but can be stored for longer pe- 
riods at 4°C provided desslcatron 1s avoided. 

4. Using a gel punch and a template, a row of the desired 
number of wells of diameter 2 mm is cut mto the gel 

5. At least three of the wells are filled with standard solu- 
tions of antigen of known concentration. The other 
wells are filled with the solutions contaming the anti- 
gen at unknown concentrations. For the most accurate 
work rt 1s necessary to add all samples via a 
microsyringe. 
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6 The gel plate IS then left in a humidity chamber for an 
appropriate period of time. As the antigen drffuses mto 
the gel contammg the antiserum a disc of immune pre- 
cipitate IS formed. The final, maximum area of that disc 
IS directly proportional to the initial concentratron of 
the antigen m the well (and inversely proportional to 
the antibody concentration m the gel). The time re- 
quired to achieve maximum area of precrpitation de- 
pends on the velocity of diffusion of the antigen. That, 
in turn, IS dependent on temperature and molecular 
size of the antigen. In general, the diffusion at room 
temperature must be allowed to contmue for a few 
days, taking measurements of the areas of the discs ev- 
ery 24 h until no further increase takes place. 

7 The area of each disc is measured m terms of its diame- 
ter, which can be measured directly with the aid of a 
magmfymg glass on suitable oblique illummation of the 
plate positioned over a dark background For increased 
resolution of the discs, the plate can be placed m 1% 
tannlc acid for 3 mm prior to viewing 

8. At the end of the diffusion process the plate can be 
stained. Soluble protein is removed from the gel by 
washmg for 2 d with several changes of 0 1M sodium 
chloride solution The plate is then pressed, dried, 
stained and destained as detailed for Ouchterlony dou- 
ble immunodrffusron (see above) 

9. A standard graph is constructed by plotting the diame- 
ters of the discs against the logarithm of the antigen so- 
lutions of known concentration. The concentrations of 
the antigen m the test samples can then be determined 
by simple mterpolatron (see Fig. 3) 

Notes 

1. Ouchterlony double diffusion 1s frequently used for 
comparing different antigen preparations 

If the antigen solution contains several different 
antigens that can react with the antibodies of the antr- 
serum, then multiple lines of precipitation will be pro- 
duced. The relative position of each line is determined 
by the local concentration of each antigen and antibody 
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(a) 

(b) 

Diameter of preclpltln disk 

Fig 3 Single radial immunodlffusion (a) Preclpltm discs 
formed at termmation of diffusion of antigen into gel contammg 
monospecific antiserum Wells 1, 3, and 5 contained standard 
antigen solutions of mcreasmg concentration Wells 2 and 4 con- 
tamed samples of the antigen at unknown concentrations 
Shaded area, immunoprecipltate (b) Semilog plot of diameter of 
the precipltm discs of standard antigen solutions (0) against 
concentration Measurement of the diameters of the preclpitm 
discs of the unknown solutions ( X ) allows an estimation of the 
antigen concentration to be made by simple mterpolatlon 

m the gel In turn, those local concentrations depend 
not only on the initial concentratrons of the reactants m 
the wells, but on the rates at which they diffuse 
through the gel and hence are also dependent on mo- 
lecular size. 

If different antigen preparations, each contaming a 
single antigemc species capable of reacting with the an- 
tiserum used, are allowed to diffuse from separate 
wells, then the degree of similarity of the antigens can 
be assessed by observation of the geometrical pattern 



308 Bailey 

produced. For example, Figure 4 shows the four basic 
preclpltm patterns that can be produced m a balanced 
system by two related antigens interacting with an antl- 
serum that contains antibodies that can recognise both 
antigens. 

Puttevn (a) IS called the “pattern of identity” or 
“pattern of coalescence” and indicates that the antibod- 
ies m the antiserum employed cannot dlstmguish the 
two antigens, i.e., the two antigens are 
immunologically identical as far as that antiserum IS 
concerned. 

Pattern (b) IS called the “pattern of non-identity” or 
“pattern of absence of coalescence” and indicates that 
none of the antibodies m the antiserum employed react 
with antlgemc determinants that may be present m 
both antigens, i.e., the two antigens are unrelated as 
far as that antiserum is concerned. 

Pntterrz Cc) is called a “pattern of partial identity” or 
“pattern of partial coalescence of one antigen” and m- 
dicates that more of the antibodies m the antiserum 
employed react with one antigen (that diffusing from 
the left-hand well m Fig. 4c) than the other antigen. 
The “spur”, extending beyond the point of partial coa- 
lescence, is thought to result from the determinants 
present m one antigen but lacking in the other antigen 

1 2 1 2 

(cl y v tdi 

Fg. 4 Patterns of preclpltm lmes (a) pattern of coalescence, 
(b) pattern of absence of coalescence, (c) pattern of partial coales- 
cence of one antigen, (d) pattern of partial coalescence of two 
antigens Well 1 contains antigen 1, well 2 contains antigen 2, 
well 0 contains antlserum,-preapltm line. 
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Pat&~ (d) is called “the pattern of partial coales- 
cence of two antigens” and is another type of “pattern 
of partial identity. ” It indicates that some of the anti- 
bodies m the antiserum employed react with both anti- 
gens, whereas other antibodies only react wrth one or 
other of the antigens. Thus the two antrgens have at 
least one antigemc determmant m common, but also 
differ in other antigenic determmants. 

2. The followmg comments relate to Ouchterlony Double 
Immunodlffusion 

(a) If glass petri dishes or rectangular plates are used 
for this technique, it normally is necessary for 
them to be precoated with a 0 5% agarose gel prior 
to formation of the main gel to prevent the mam 
gel from becommg detached durmg the washing 
and stammg procedures. 

(b) Buffers of different composition and pH from the 
described buffer can be used if more convenient, 
e g., 0 05M phosphate buffer, pH 7.2, contammg 
0 1M sodium chloride. 

(c) The agarose gel solution, once made, can be sepa- 
rated mto test tubes and stored at 4°C for several 
weeks. Approxrmately 12 mL of 1% agarose gel so- 
lution is required for an area of 75 mL The con- 
tents of each test tube can be simply melted as 
required 

(d) Diffusion of antigens and antibodies is more rapid 
at higher temperatures Thus double immuno- 
diffusion is often run for 48 h at 4”C, or 24 h at 
room temperature or for as little as 3 h at 37°C. It IS 
important to mamtam a constant temperature oth- 
erwise artifacts may be produced. 

(e) Other artifacts can be produced by refillmg of the 
wells or by denaturation of the antigen during dif- 
fusion If the latter is a possrbility, it 1s best to run 
the immunodiffusion at 4°C 

(f) The sensitrvity of the Ouchterlony technique is 
largely determined by the relative concentrations 
of the antigens and antibodies, and by the separa- 
tion of the wells. In the latter case, the closer the 
wells the greater is the sensrtivrty. It should be 
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possible to detect protem solutions of 10 @mL 
concentration. 

3. The followmg comments relate to Smgle Radial 
Immunodlffusion. 

(a) If samples m neighboring wells are too concentra- 
ted, their precipitin discs will overlap and in that 
case the samples have to be run agam at higher 
dilutions. 

(b) If the antiserum employed is not monospecific for 
the required antigen in an impure sample a num- 
ber of precipitin discs ~111 be produced by the dif- 
ferent antigens interacting with their correspond- 
mg antibodies. The problem then is to identify the 
disc produced by the antigen under study One so- 
lution is to rerun each sample m duplicate with 
one well containing Just the sample and the dupli- 
cate well containing the sample plus a fixed 
amount of standard antigen The disc caused by 
the antigen under study can then be identified by 
its larger area around the duplicate well. 

(c) For maximum sensitivity the antiserum used in the 
gel should be diluted with non-immune serum, 
i.e., serum from a non-immunized animal. Fur- 
thermore, the dimensions of the wells and 
volumes of samples and standards applied can be 
increased. It should be possible to measure protein 
solutions of 1 kg/mL concentration. 
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Crossed 
Immunoelectrophoresis 

Graham B. Divafl 

Metropolitan Police Forensic Science 
Laborato y, London, England 

Introduction 

Crossed immunoelectrophoresis 1s a simple, quick, 
and sensitive technique for the qualrtatrve detection of a 
wade range of protein antigens 

The method consrsts of making two small wells, ap- 
proximately 5 mm apart, m a thin layer of agar buffered at 
pH 8.6 One of the wells (sample well) IS filled with a solu- 
tion thought to contain the protem m question. The sec- 
ond (antiserum) well IS filled wrth a monospecrfrc antrse- 
rum against that protein. The whole gel is then subjected 
to electrophoresrs for about 15 mm At pH 8.6, the vast 
majority of protems are negatively charged and migrate 
towards the anode The antibodies, contamed in the y- 
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globulm fraction of the antiserum, have a relatively low 
negative charge, but their net movement is towards the 
cathode as a result of electroendosmosrs. Protein antigen 
and correspondmg antibody are therefore caused to ml- 
grate towards each other in the gel and form lures of pre- 
cipitation between the wells. 

The phenomenon of electroendosmosrs IS caused by 
the presence of negatively charged groups in the agar gel 
and the surface adsorption of posrtive ions from the 
buffer. The agar gel as the supporting medium is, of 
course, fixed, but the adsorbed positive ions migrate to- 
wards the cathode. This accelerates the migration of cati- 
ons towards the cathode and retards or even reverses the 
migration of anions towards the anode. In the case of 
crossed lmmunoelectrophoresis, the net effect of electro- 
phoresis and electroendosmosrs is for the y-globulms to 
migrate towards the cathode 

The method is similar to simple gel immunodlffusion. 
However, rt is quicker and more sensitive because all the 
antigen and antibody are driven towards each other under 
the influence of the electric field rather than being allowed 
to diffuse radially. 

The technique is suitable for the detection of any pro- 
tem wrth an electrophoretrc mobility at pH 8.6 greater than 
y-globulm and for which a monospecrfic precipitating anti- 
serum is available. It is widely used to determine the spe- 
cies origin of bloodstams in forensic science and m many 
clinical screenmg procedures, for example, the detection 
of Australia Antigen 

Materials 

1. Agar gel buffer, pH 8.6, consrstmg of: 7.0 g sodium bar- 
biturate; 1.1 g dlethyl barbituric acid, 1.02 g calcium lac- 
tate dissolved in 1 L of distilled water. 

2. Electrophoresrs tank buffer, pH 8 6, consistmg of* 17.52 
g sodium barbiturate; 2.76 g diethyl barbituric acid; and 
0.77 g calcmm lactate dissolved m 2 L of distilled water 

3. Staining solution, consistmg of: 0 4 g naphthalene 
black 10 8, 200 mL methyl alcohol; 40 mL glacial acetic 
acid, and 200 mL distilled water. 
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4 Wash/destain solution, consrsting of 500 mL methyl al- 
cohol; 100 mL glacial acetic acid; and 500 mL distilled 
water. 

5. 2% w/v stock agar m distilled water: Prepared by 
mixing 10 g dry agar powder with 500 mL distilled 
water in a 2 L glass beaker. Heat the suspensron over a 
low Bunsen flame and stn- contmuously with a glass 
rod. Bring to the boll and continue boiling for a few ml- 
nutes to ensure that the agar 1s completely drssolved. 
Tip the hot agar solution into a storage container (plas- 
tic sandwich boxes are ideal) and allow to cool and gel. 
Fit a lid and store 2% stock agar gel at 4°C. 

6. Glass plates (mrcroscope slides) 7.5 X 5 cm, approxr- 
mately 1.5 mm thick. 

Method 

1. Take 50 g stock 2% agar and drssolve m 50 mL gel 
buffer by gentle heating in a boiling water bath or over 
a low Bunsen flame. 

2. Take 12 glass plates Scribe an rdentrfrcatron mark m 
one corner of each plate with a diamond pencil Clean 
the surfaces with a tissue moistened with methyl alco- 
hol and place the slides on a horizontal surface 

3. Carefully transfer 7 mL of the hot agar solutron to the 
surface of each glass plate. This is best achieved by 
using a large plastic hypodermic syringe. Leave the 
plates for 10 min to allow the agar to cool and gel, 
then place them m a moist chamber (plastic box with a 
tight fitting lid and lined with damp filter paper) and 
store at 4°C. 

4. Make a series of paired wells in the gel They should 
be approximately l-l.5 mm m diameter and 5-8 mm 
apart. The wells are made and plugs of agar removed 
by means of a glass Pasteur pipet or a piece of metal 
tubing attached to a vacuum pump. 

5. Place the gel plate on a dark surface with the rdentrfr- 
cation mark m the top right-hand corner For each 
pair of wells, fill the one on the left with a solutron of 
the sample and the one on the right with antiserum 
This can be difficult and is best done using finely 
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drawn Pasteur pipets. Be careful not to overfill the 
wells. For maximum reproducibility, use a 
mrcrosyringe and fill the wells with 2-3 PL of sample 
solution or antiserum 

6. Invert the gel plate (the solutions will be retained m 
their wells) and place rt across the bridge of an electro- 
phoresrs tank with the cathode on the left and the an- 
ode on the right. The edges of the gel surface should 
rest on filter paper wicks to form a bridge gap of about 
6.5 cm The identrfrcation mark should now be visible 
m the bottom right-hand corner. The sample well of 
each pair will be nearest the cathode and the antrse- 
rum well nearest to the anode 

7. Turn on the power pack and subject the gel plate to 
electrophoresis at 130 V (20 V/cm) for 15 min. 

8. After electrophoresis, remove the plate from the tank 
and view the gel with oblique lighting. A positive re- 
sult is mdrcated by a clear sharp white preciprtm lme 
between the two wells Very weak results cannot be 
seen at this stage. Furthermore, for some samples 
such as those encountered rn forensic analysis, a 
nonspecrfrc protein precipitate forms between the 
wells and can be confused with a true immuno- 
precipitate. For these reasons, the gel IS best washed 
and stained 

9 Place the gel plate m a 1M salme bath for at least 24 h. 
During this time all protein will be washed out of the 
gel except for immunopreclpltates that have become 
enmeshed in the gel matrix. Transfer the gel plate to a 
distilled water bath for 2 h to remove the salt. The 
washing procedures are more efficient if the salme/ 
water baths are shaken gently. 

10 Remove the gel plate from the water and cover the gel 
surface with a piece of wet filter paper The plate can 
now be left overnight at room temperature, or placed 
in a incubator at 50-60°C for several hours to allow the 
gel to dry. 

11. When the gel IS dry the filter paper IS removed. Take 
care here because the paper tends to stick to the sur- 
face of the dried gel and if rt is pulled off, the gel film 
can be torn and lost To avoid this, moisten the paper 
with tap water and then gently peel rt away from the 
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gel film. The dried gel will appear as a shiny film fixed 
to the glass plate. Wash the plate under running 
water while gently rubbing the gel surface with a fin- 
ger to remove fragments of adherent paper. 

12. Place the plate in the staining solution for 15 min. 
Shaking is unnecessary. Transfer the plate to the 
wash/destain solution for 10 min. Destaining is more 
efficient if the bath is gently shaken. 

13. Remove the plate, allow it to dry, and then view over 
a light bench. The immunoprecipitates appear as dark 
blue lines between the sample and antiserum wells 
against a colorless background. A typical result is 
shown in Fig. 1. 

Notes 

1. 

2. 

An obvious source of error occurs when the sample 
and antiserum wells, or the polarity of the electropho- 
resis tank, are reversed. In either case the reactants will 
be driven apart rather than together. 
The gels sometimes have a tendency to float off the 
glass plate during the washing stage. This can be mini- 

Fig. 1. A crossed immunoelectrophoresis plate used for the 
species identification of bloodstains in forensic science. The gel 
has been dried and stained. A dark (stained) precipitin line can 
be seen between some of the wells indicating a positive reaction 
between the bloodstain extract and a polyspecific antiserum to 
human serum proteins. 
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mized by precoating the glass plates with 0.2% agar. 
Simply brush the top surface of the plate with melted 
0.2% agar, allow to dry, and proceed from step 3. 
Alternatively, and less bother, cut the top left hand cor- 
ner of the gel off before washing. This allows the cor- 
rect orientation of gel to plate to be made before drying. 

3. The sensitrvity of the method is ultimately dependent 
on the titer and avidity properties of the antiserum 
used. For example, different antrsera have been able to 
detect human blood diluted to between 1 in 15,000 and 
1 in 500,000. 

4. The method is absolutely dependent on the agar gel ex- 
hrbrtmg electroendosmotic flow. Different agars show 
different degrees of electroendosmosis and the best 
agar for any particular system usually has to be found 
by trial and error. 

5. The formation of an immunoprecrpitate and its position 
between the wells is influenced by the anti- 
gen-antibody ratio. Precipitates ‘hugging’ the sample 
or antiserum well are to be avoided and it is sometimes 
necessary to test dilution series of the sample against 
the antiserum, the sample against a dilution series of 
the antiserum, or both. 
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Rocket 
Immunoelectrophoresis 

John M. Walker 
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Introduction 

Rocket immunoelectrophoresis (also referred to as 
electroimmunoassay) is a simple, quick, and reproducible 
method for determining the concentration of a specific 
protein m a protein mixture. The method, origmally mtro- 
duced by Laurel1 (2) involves a comparison of the sample 
of unknown concentration with a series of dilutions of a 
known concentration of the protein, and requires a 
monospecific antiserum against the protein under mvesti- 
gation. The samples to be compared are loaded side-by- 
side m small circular wells along the edge of an agarose gel 
that contams the monospecific antibody. These samples 
(antigen) are then electrophoresed mto the agarose gel 
where interaction between antigen and antibody takes 
place. In the presence of excess antigen, the anti- 
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gen-antibody complex IS soluble, but as the antigen 
moves further mto the gel, more antigen combines with 
antibody until a point of equivalence is reached. At this 
stage the antigen-antibody complex 1s insoluble. The end 
result IS a precipitation ‘rocket’ spreading out from the 
loading well. Since the height of the peak depends on the 
relative excess of antigen over antibody, a comparison of 
the peak heights of the unknown and standard samples 
allows the unknown protein concentration to be deter- 
mined. Although particularly useful for measuring the 
concentration of any given protein m a serum sample, the 
method may of course be used to measure or compare pro- 
tem concentrations in any mixture (e.g., urine, cerebrospl- 
nal fluid, tissue homogenates, and so on) as long as an an- 
tiserum to the protein is available. 

Materials 

1. 0.06M barbitone buffer, pH 8.4, is prepared from so- 
dium barbitone and barbitone. Dilute this buffer 1: 1 
with distilled water for use in the electrophoresis tanks 

2. Agarose, 2% w/v (aqueous). 
3 Protein stain: 0.1% Coomassle Brilliant Blue m 50% 

methanol/lo% acetic acid. (Dissolve the stam in the 
methanol component first, and then add the appropri- 
ate volumes of acetic acid and water). Destain: 10% 
methanol/7% acetic acid. 

4. Glass plates, 5 x 5 cm, 1.0-1.5 mm thick. 

Method 

1. Melt the 2% agarose by heatmg to 100°C and then 
place the bottle in a 52°C water bath. Stand a 5 mL pi- 
pet m this solution and allow time for the agarose to 
cool to 52°C. At the same time the pipet will be 
warming. 

2. Place a test-tube m the water bath and add barbitone 
buffer (O.O6M, 2 8 mL). Leave this for about 3 mm to 
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allow the buffer to warm up and then add agarose so- 
lution (2 8 mL). This transfer should be made as 
quickly as possible to avoid the agarose setting in the 
plpet. Using a pipet with the end cut off to give a 
larger orifice allows a more rapid transfer of the VIS- 
COUS agarose solution. Some settmg of agarose in the 
prpet is mevrtable, but is of no consequence. Briefly 
mix the contents of the tube and return to the water 
bath. 

3 Thoroughly clean a 5 x 5 cm glass plate with methyl- 
ated spirit When dry, put the glass plate on a leveling 
plate or level surface 

4. Add antiserum (50 pL, but see Note 3) to the drluted 
agarose solution and brzefly mix to ensure even disper- 
sion of the antiserum. Briefly return to the water bath 
to allow any bubbles to settle out 

5. Immediately pour the contents of the tube onto the 
glass plate. Keep the neck of the tube close to the cen- 
ter of the plate and pour slowly. Surface tension will 
prevent the lrqurd runnmg off the edge of the plate. 
Alternatively, tape can be used to form an edgmg to 
the plate The fmal gel will be approximately 2 mm 
thick. 

6. Allow the gel to set for 5 mm and then make holes (1 
mm diameter) at 0 5 cm spacings, 1 cm from one edge 
of the plate. This is most easily done by placing the gel 
plate over a predrawn (dark mk) template when well 
positions can easily be seen through the gel. The wells 
can be made usmg a Pasteur pipet or a piece of metal 
tubing attached to a weak vacuum source (e.g , a 
water pump). 

7. Place the gel plate on the cooling plate of an electro- 
phoresis tank and place the electrode wrcks (six layers 
of Whatman No. 1 paper, prewetted in electrode 
buffer) over the edges of the gel. Take care not to 
overlap the sample wells and ensure that these wells 
are nearest the cathode. 

8. Each well is now filled with 2 FL of sample. Samples 
should be diluted accordingly with buffer so that 2 FL 
Samples can be loaded. It is Important to completely 
fill the wells, and also to ensure that all samples are 
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loaded m the same volume. The loading of wells 
should be carried out as quickly as possible to mmi- 
mize diffusion from the wells Some workers prefer to 
load wells wrth a current (1-2 mA) passing through 
the gel, which should overcome any diffusion 
problems 

9 Once the samples are loaded, electrophoresrs IS com- 
menced For fast runs, a current of 20 mA (-200 V, 10 
V/cm across the plate) is passed through the gel for 
about 3 0 h. Alternatively, gels can be run at 2-3 mA 
overnight. It is important that water coolmg be used 
to dissipate heat generated during electrophoresis 

10. At the end of the run, precipitation rockets can be 
seen m the gel. These are not always easy to visualize 
and are best observed using oblique illumination of 
the gel over a dark background. 

11. A more clear result can be obtained by stammg these 
precipitation peaks with a protein stain. Firstly, the 
antiserum m the gel, which would otherwise stain 
strongly for protein, must be removed. One way of 
doing thus is to wash the gel with numerous changes 
of salme (0.14M) over a period of 2-3 d. The washed 
gel may then be stained directly or dried and then 
stained to give a permanent record To dry the 
washed gel, place it on a clean sheet of glass, wrap a 
piece of wet filter paper around the gel, and place it m 
a stream of warm air for about 1 h. Wet the paper 
again with distilled water and remove it to reveal the 
dried gel fixed to the glass plate. Any drops of water 
on the gel can be finally removed in a stream of warm 
air 

12. A more convenient and quicker method of prepara- 
tion is to blot the gel dry. With the gel on a sheet of 
clean glass, place eight sheets of filter paper 
(Whatman No. 1) on top of the gel and then apply a 
heavy weight (lead brick) for l-2 h. After this time, 
carefully remove the now wet filter papers to reveal a 
flattened and nearly dry gel. Complete the drying 
process by heating the gel m a stream of hot air for 
about 1 mm When completely dry, the gel will ap- 
pear as a glassy film. 
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13. Whichever method of gel preparation is used, the gel 
can now be stained by placing it in stain (with shak- 
ing) for 10 min, followed by washing in destain. 

14. Peak heights can now be measured and a graph of 
concentration against peak height plotted. A typical 
electrophoretic run is shown in Fig. 1. 

Notes 

1. The size of gel described here (5 x 5 cm) is suitable for 
routine use. However, for highly accurate determina- 

Fig. 1. A rocket immunoelectrophoresis gel (5 x 5 cm) run at 
20 mA for 3h, and stained for protein with Coomassie Brilliant 
Blue. The gel contained anti-bovine serum albumin (50 FL, anti- 
BSA) and the sample loading (2 kL/well) were (left to right): 1. 
40 ng BSA; 2. 67 ng BSA; 3. 100 ng BSA; 4. 200 ng BSA; 5. a 
1: 1200 dilution of bovine serum; 6. 130 ng BSA; 7. 100 ng BSA. 
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tions larger plates should be used (7 5 x 7.5 cm) with 
larger wells (5-10 PL volumes) so that sample loadings 
can be made with greater accuracy, and the corre- 
spondingly larger peaks measured more accurately 
The volume of agarose and antisera used should of 
course be increased accordingly. 

2. When possible, the gel plates used should be as thm as 
possible to maxrmrze the effect of the coolmg plate. 
This IS particularly important m the case of the shorter 
run time when considerable heat IS evolved, which can 
cause drstortron of rockets. 

3. The amount of antiserum to be used m the gel depends 
of course on the antibody titer, and 1s best determined 
by trial and error. The amount quoted m the Method 
section (50 FL) IS the volume of commercrally available 
anti-bovine serum albumin used m our laboratory 
when measurmg bovme serum albumm levels (see Fig. 
1) This 1s an ideal test system for someone setting up 
the technique for the frrst time 

4. Because of the thickness of the electrophoresrs wicks 
used, they are quite heavy when wet and have a tend- 
ency to ‘slip off’ the gel during the course of the run. 
This can be prevented by placing thick glass blocks on 
top of the wicks where they loin the gel, or by placing a 
heavy glass sheet across both wicks. This, by also cov- 
ering the gel, has the added advantage of reducing 
evaporation from the gel 

5 A uniform field strength over the entire gel is crrtrcal m 
rocket rmmunoelectrophoresrs. For this reason the 
wick should be exactly the width of the gel. 

6. When setting up the electrophoresrs wicks, rt 1s lmpor- 
tant that they be kept well away from the electrodes. 
Smce the buffer used IS of low ionic strength, rf elec- 
trode products are allowed to diffuse into the gel, they 
can ruin the gel run Most commercrally available appa- 
ratus IS therefore designed such that the platmum elec- 
trodes are masked from the wicks and also separated 
by a baffle To minimize these effects, the use of large 
tank buffer volumes (-800 mL per reservoir) is also 
encouraged. 

7 The time quoted for electrophoresls IS suitable for most 
samples. However, for protems with low electro- 
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phoretlc mobility under the condltlons used, these 
times may not be long enough to allow complete devel- 
opment of rockets The mmlmum time necessary for 
electrophoresls should be determined m mltlal trial ex- 
periments Do note that it is not possible to ‘overrun’ 
the electrophoresis. Once the rockets are formed they 
are quite stable to further electrophoresls. 

8. Rocket lmmunoelectrophoresls is accurate for samples 
with protein concentrations as low as 10 kg/mL and re- 
quire as little as 20 ng of protein to be loaded onto a gel. 

References 

1 Laurell, C-B (1966) Quantltatwe estimation of proteins by 
electrophoresls u-t agarose gel contammg antIbodIes Anal 
Btochem 1.5, 4552 





Chapter 36 

Radioiodination of 
Proteins 

G. S. Bailey 
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Introduction 

Many different substances can be labeled by 
radroiodination. Such labeled molecules are of malor im- 
portance in a variety of investigations, e g., studies of in- 
termediary metabolism, determinations of agonist and an- 
tagonist binding to receptors, quantitative measurements 
of physrologically active molecules m tissues and biolog- 
ical fluids, and so on. In most of those studies, it is neces- 
sary to measure very low concentrations of the particular 
substance and that m turn implies that it is essential to 
produce a radioactively labeled tracer molecule of high 
specific radioactivity Such tracers, particularly m the case 
of polypeptides and proteins, can often be conveniently 
produced by radioiodination. 

Two y-emittin 
available, ‘251 and i 

radioisotopes of iodine are widely 
‘I. As y-emitters they can be counted 

directly m a well-type crystal scmtillation counter (com- 
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monly referred to as a y counter) without the need for 
sample preparation m direct contrast to p-emitting 
radionuclides, such as 3H and ‘*C Furthermore, the 
count rate produced by 1 g atom of lz51 is approximately 
75 times and 35,000 times greater than that produced by 1 
g-at of 3H and i*C, respectively In theory, the use of 311 
would result m a further sevenfold increase in specific ra- 
dioactivity. However, the isotopic abundance of commer- 
cially available 13iI rarely exceeds 20%, because of 127I 
and *29I contaminants, and its half-life is only 8 d. In con- 
trast, the isotopic abundance of *25I on receipt in the labo- 
ratory is normally at least 90% and its half-life is 60 d. 
Also, the counting efficiency of a typical well-type crystal 
scintillation counter for 1251 is approximately twice that 
for 1311 Thus, m most circumstances, 125I is the radio- 
nuclide of choice for radioiodination. 

Several different methods of radioiodination of prote- 
ins have been developed (I). They differ, among other re- 
spects, in the nature of the oxidizmg agent fp2: fonverting 
* 51- mto the reactive species * I2 or I . In the 
mam, those reactive species substitute into tyrosme resi- 
dues of the protein, but substitution into other residues, 
such as histidine, cysteme, and tryptophan, can occur in 
certain circumstances. 

In this chapter two methods of radioiodination of pro- 
teins will be described. 

The Chloramine-T Method 

This method, developed by Hunter and Greenwood 
(2), is probably the mostly widely used of all techniques of 
protein radioiodmation. It is a very simple method in 
which the radioactive iodide is oxidized by chloramme-T 
m aqueous solution. The oxidation is stopped after a brief 
period of time by addition of excess reductant Unfortu- 
nately, some proteins are denatured under the relatively 
strong oxidizmg conditions, and so other methods of 
radioiodination that employ more gentle conditions have 
been devised, e.g., the lactoperoxidase method. 



Radlolodmabon of Proteins 327 

The Lactoperoxidase Method 

This method, introduced by Marchaloms (3), employs 
lactoperoxidase in the presence of a trace of hydrogen per- 
oxide to oxidize the radioactive iodide. The oxidation can 
be stopped by simple dilution. Although the technique 
should result in less chance of denaturation of susceptible 
proteins than the chloramine-T method, it is more technic- 
ally demanding and is subject to a more marked variation 
in optimum reaction conditions. 

Materials 

The Chloramine-T Method 

1. Nalz51: 1 mG, concentration 100 mCi/mL. 
2. Buffer A: 0.5M sodium phosphate buffer, pH 7.4. 
3. Buffer B: 0.05M sodium phosphate buffer, pH 7.4. 
4. Buffer C: O.OlM sodium phosphate buffer containing 

1M sodium chloride, 0.1% bovine serum albumin, and 
1% potassium iodide, final pH 7.4. 

5. Chloramine-T solution: A 2 mg/mL solution m buffer B 
is made just prior to use. 

6. Reductant: A 1 mg/mL solution of sodium metabisulfite 
in buffer C is made just prior to use. 

7. Protein to be iodmate: A 0.5-2.5 mg/mL solution is 
made in buffer B 

The Lactoperoxidase Method 

1. Naiz51: 37 MBq (1 mCi) concentration 3.7 GBq/mL (100 
mCi/mL) 

2. Lactoperoxidase: Available from various commercial 
sources. 
A stock solution of 10 mg/mL m O.lM sodium acetate 
buffer, pH 5.6, can be made and stored at -20°C in 
small aliquots A working solution of 20 kg/mL is made 
by dilution m buffer lust prior to use. 

3. Buffer A: 0.4M sodium acetate buffer, pH 5.6. 
4. Buffer B: 0.05M sodium phosphate buffer, pH 7.4. 
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5. Hydrogen peroxide. A solution of 10 &mL is made by 
dilution lust prior to use 

6. Protem to be iodinated: A 0.5-2.5 mg/mL solution is 
made in buffer B. 

It is essential that none of the solutions contam so- 
dium azide as an antibacterial agent since it mhibits 
lactoperoxidase. 

Method 

The Chloramine-T Method 
1. Into a small plastic test tube (1 X 5.5 cm) are added 

successively the protein to be iodinated (10 kg), radio- 
active iodide (5 ~J,L), buffer A (50 FL), and chloramine-T 
solution (25 ~.LL) 

2. After mixing by gentle shaking, the solution is allowed 
to stand for 30 s to allow radioiodination to take place. 

3. Sodium metabisulfite solution (500 ~.LL) 1s added to stop 
the radioiodination and the resultant solution is mixed 
It is then ready for purification. 

The Lactoperoxidase Method 

1. Into a small plastic test tube (1 X 5.5 cm) are added m 
turn the protein to be iodinated (5 pg), radioactive lo- 
dide (5 pL), lactoperoxidase solution (5 FL), and buffer 
a (45 FL). 

2. The reaction IS started by the addition of the hydrogen 
peroxide solution (10 FL) with mixing 

3 The reaction is stopped after 20 mm by the addition of 
buffer B (0.9 mL) with mixing. The resultant solution IS 
then ready for purification 

Purification of Radioiodinated 
Protein 

At the end of the radioiodmation the reaction mixture 
will contain the labeled protein, unlabeled protein, 
radioiodide, mineral salts, enzyme (in the case of the 
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lactoperoxidase method), and possibly some protein that 
has been damaged during the oxidation. For most uses of 
radioiodmated proteins, it is essential to have the labeled 
species as pure as possible with the constraints, however, 
that the purification is achieved as rapidly as possible. For 
that purpose the most widely used of all separation tech- 
niques is gel filtration. Various types of Sephadex resin 
can be employed, e.g., G-50, G-75, and G-100 depending 
on the differences m sizes of the molecules present in the 
mixture. 

Typically the mixture is applied to a column (1 x 25 
cm) of Sephadex resin and is eluted with 0.05M sodium 
phosphate buffer of pH 7.4 containing 0.15M sodium chlo- 
ride and 0.1% bovine serum albumm. Fractions (0.5-1.0 
mL) are collected m plastic tubes and aliquots (10 ~J,L) are 
counted Using those results, an elution profile such as 
that shown in Fig. 1 is drawn. 

Notes 

Several parameters can be used to assess the quality of 
the labeled protein. The specific rudzoactrvlty of the pro- 
tein is the amount of radioactivity mcorporated per 
unit mass of protein. It can be calculated in terms of 
the total radioactivity employed, the amount of the 
rodmation mixture transferred to the gel filtration col- 
umn, and the amount of radioactivity present in the 
labeled protein, in the damaged components, and in 
the residual radioiodme. However, m practice, the 
calculation does not usually take mto account dam- 
aged and undamaged protein. The specific activity is 
thus calculated from the yield of the radioiodination 
procedure, the amount of radioiodide and the amount 
of protein used, assummg that there are not sigrufi- 
cant losses of those two reactants. The yield of the reac- 
tion IS simply the percentage incorporation of the 
radionuclide into the protein. 

For example, consider the results shown in Fig. 1. 
In terms of elution volumes, rt is to be expected that 
the first peak of radioactivity represents the labeled 
protein and that the second peak represents 
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fraction number 

Fig. 1. Gel filtration of radloiodinated kallikrem of rat 
submandibular gland. The pure enzyme (10 pg) was iodmated 
with 1251 (18.5 MBq) by the chloramme-T method. It was then 
purified on a column (1 x 20 cm) of Sephadex G-75 resin at a 
flow rate of 20/mL/h and collecting fractions of 0.6 mL. Aliquots 
(10 ~J,L) of each fraction were measured for radioactivity By 
radioimmunoassay, immunoreactive protein was found only m 
the first peak and more than 90% of that radioactivity was 
bound by the antiserum to kalllkrem from rat submandibular 
gland. 

unreacted radroiodlde. For this case, and, more rm- 
portantly, for more complrcated elutron patterns, the 
nature of the materials giving rise to those peaks can 
be checked by employing a specific antiserum to the 
protein being radrorodinated. Aliquots (10 ~.LL) of drf- 
ferent fractions making up the two peaks are diluted 
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so that each gives the same number of counts (e.g., 
5000-10,000 counts/mm) per 100 pL. Those samples 
are incubated with an excess of the antiserum. Only 
samples containing immunoreactive protein will react 
with the antiserum. The amount of radioactive pro- 
tein associated with the antibody molecules can then 
be measured by radioimmunoassay (see Chapter 37). 

Having identified the peak or peaks containing 
the radioiodinated protein, the yield of the ra- 
dioiodination can be calculated in terms of the ratio of 
the total counts associated with the protein peak to 
the sum of the total counts associated with the protein 
peak and total counts associated with the iodide peak. 

It is obviously important that the radioiodinated 
protein should as far as possible have the same prop- 
erties as the unlabeled species. Thus the behavior of 
both molecules can be checked on electrophoresis or 
ion-exchange chromatography. The ability of the two 
species to bind to specific antibodies can be assessed 
by radioimmunoassav. 

2. To store the labelled plotein, immediately after purifi- 
cation split the sample into small aliquots and then 
rapidly freeze and store at -20°C. Alternatively the al- 
iquots can be freeze-dried. Each aliquot should be 
melted and used only once. Radioiodmated proteins 
differ markedly in their stability. Some can be stored 
for several weeks (though it must be borne in mind 
that the half-life of 1251 is about 60 d), whereas others 
can only be kept for several days. If necessary, the la- 
beled protein can be repurified by gel filtration or ion- 
exchange chromatography prior to use. 

3. The pH optimum for iodination of tyrosine residues of 
a protem by the chloramine-T method is about pH 7.4. 
Lower yields of iodinated protein are obtained at pH 
values below about 6.5 and above about 8.5. Indeed, 
above pH 8.5, the iodmation of histidine residues ap- 
pears to be favored. 

4. The total volume of the chloramme-T reaction mix 
should be as low as practically possible to achieve a 
rapid and efficient incorporation of the radioactive io- 
dine into the protein. Because of the small volumes of 
reactants that are employed it is essential to ensure 
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adequate mixing at the outset of the reaction. Inade- 
quate mixing is one of the commonest reasons for a 
poor yield of radioiodinated protein by this pro- 
cedure. 

5. If the protein has been seriously damaged by the use 
of 50 l.~g of chloramine-T, it may be worthwhile re- 
peating the radioiodmation using much less oxidant 
(10 kg or less). Obviously the mmimum amount of 
chloramme-T that can be used will depend, among 
other factors, on the nature and amount of protein to 
be iodinated. 

6. It is normal to carry out the chloramme-T method at 
room temperature. However, if the protein is espe- 
cially labile, it may be beneficial to run the procedure 
at a low temperature. 

7. For the lactoperoxidase method, the exact nature of 
buffer A will depend on the properties of the protein 
to be radioiodmated Proteins differ markedly in their 
pH optima for radioiodination by this method (4). Ob- 
viously the pH to be used will also depend on the sta- 
bility of the protein and the optimum pH can be estab- 
lished by trial and error. 

8 Other reaction conditions such as amount of 
lactoperoxidase, amount and frequency of addition of 
hydrogen peroxide, and so on also markedly affect 
the yield and quality of the radioiodmated protein. 
Optimum conditions can be found by trial and error. 

9. The longer the time of the incubation the greater is the 
risk of potential damage to the protein by the radioac- 
tive iodide. Thus it is best to keep the time of exposure 
of the protein to the radioactive iodide as short as pos- 
sible, but commensurate with a good yield of radioac- 
tive product. 

10. Some of the lactoperoxidase itself may become 
radioiodmated, which may result in difficulties m pu- 
rification if the enzyme is of a similar size to the pro- 
tem being labeled. Thus it is best to keep the ratio of 
the amount of protein being labeled to the amount of 
lactoperoxidase used as high as possible. 

11. Some of the problems may be overcome by the use of 
solid-phase lactoperoxidase systems. Such a system is 
commercially available m which immobihzed glucose 
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oxidase IS used to generate a small, steady stream of 
hydrogen peroxide from added glucose. The hydro- 
gen peroxide is utilized by immobilized lacto- 
peroxidase to oxidize the radioactive iodide. 
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Chapter 37 

Radioimmunoassay 

G. S. Bailey 
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Colchester, Essex, England 

Introduction 

Radroimmunoassay is often described m terms of the 
competition between a radiolabeled antigen (Ag*) and its 
unlabeled counterpart (Ag) for binding to a limited 
amount of specific antibody (Ab) (2). In most 
radioimmunoassays the reaction is allowed to proceed to 
equilibrium and thus, can be represented by Eq. (1) 

Ag* + Ag + 2Ab e Ag”Ab + AgAb (1) 

The concentration of the antibody is limited such that 
the labeled antigen, although present m a trace amount, is 
in relative excess over the antibody. Thus, even m the ab- 
sence of unlabeled antigen, only some of the radioactive 
antigen ~111 be associated with the antigen-antibody com- 
plex while the remainder will be free in solution. In the 
radioimmunoassay, the total amounts of antibody and 
radiolabeled antigen are kept constant. The presence of 
unlabeled antigen will result m less of the labeled species 
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being able to bind to the antibody. The greater the amount 
of unlabeled antigen (Ag) present, the lower will be the 
amount of radiolabeled antigen combined to the antibody 
(Ag*Ab) Thus, on suitable calibration, the amount of the 
unlabeled species can be accurately measured m terms of 
the amount of radioactivity associated with the 
antigen-antibody complex. 

The widespread use of radrommunoassays results 
from several significant advantages that the method has 
compared to many other quantitative assays, particularly 
for substances that are otherwise measured by pharmaco- 
logical assays Those advantages include very high sensi- 
tivity and high specificity. A wide variety of exogenous 
and endogenous substances can be measured in biological 
tissues and fluids at concentrations of pg/mL by the use of 
suitable radioimmunoassays. Such high sensitivity re- 
quires the use of antisera of high avidity and the use as 
tracers of antigens labeled to high specific radioactivities. 
The production of antisera and the radioiodination of pro- 
teins are dealt with in other chapters. 

1. Incubation of Antigens and Antiserum. The incubation 
conditions have to ensure the stability of all reagents as 
antigen bmds to antibody and allow equilrbrium to be 
reached. 

2. Separation of Free and Bound Antigen. When equihb- 
rium has been achieved, the antigen bound to antibody 
is quickly and efficiently separated from free antigen so 
that the radioactivity associated with either or both 
components can be counted. Many different separation 
procedures have been reported (2). This chapter will 
deal with two which are widely used. 

Fractional Precipifation wifh 
Polyethyleneglycol 

The basrs of the method is the ability of relatively low 
concentrations of polyethyleneglycol to bring about the 
precipitation of antibody molecules, presumably by re- 
moval of the attendant hydration shell of water molecules, 
without the precipitation of the smaller antigen molecules 
(3). The method is not efficient in all cases, but is worth 
trying because of its simplicity and very low cost. 
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Double (Second) Antibody 
Method 

This procedure is very widely used and can achieve 
an efficient separation of free and bound antigen in more 
or less all radioimmunoassays. The basis of the most com- 
mon type of this method is to use an antiserum (the sec- 
ond antibody), raised to antibodies of the antiserum (first 
antibody) employed in the incubation, to precipitate the 
antigen-antibody complex (4). The addition of non- 
immune y-globulin of the species in which the first antise- 
rum was raised increases the bulk of material that can in- 
teract with the second antiserum and so enables a 
precipitate to be formed. 

Materials 

Incubation of Antigens and 
Antiserum 
1. Antiserum. The antiserum to be used m the assay 

should be of high avidity, high titer, and high specifrc- 
ity for the antigen to be measured. 

2. Radiolabeled Antigen. Pure antigen must be used for 
labeling. Purification of the labeled species must also be 
carried out. Radioiodination is the method of choice for 
labeling proteins (see Chapter 36) to high specific 
radioactivity. 

3. Unlabeled Antigen. Pure antigen is used as the 
standard in the assay. It is essential that the standard 
and the antigen to be measured show identical behav- 
ior towards the antiserum. 

4. Buffer. Many different buffers can be used for 
radioimmunoassay. Whatever buffer is chosen must 
ensure the stability of all of the reagents. In practice, in 
order to achieve equilibrium m a reasonable time, as 
well as maintam stability, the buffer employed has a 
pH within the range pH 6-8.6 and a molarrty withm the 
range O.Ol-O.lM. A preservative such as sodium azide 
or sodium ethyl mercurithiosalicylate (O.Ol-0.1%) has 
to be mcluded. Proteins such as bovine serum albumin 
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or ovalbumin (O.l-1.0%) are normally added as a 
carrier. 

5. Disposable Plastic Tubes Tubes of various shapes and 
sizes can be used, depending on the volume of the in- 
cubation mixture and the separation procedure 
employed. 

Separation of Free and Bound 
Antigen 

Fractional Precipitation Using 
Polyethyleneglycol 
1 Polyethyleneglycol of molecular weight 6000. 
2 Bovine y-globulin (Cohn Fraction II) 

Double (Second) Antibody Method 
1. Antiserum to y-globulms of the species in which the 

first antiserum (1 e , that used m the mcubation) was 
raised. Such antisera are available from several com- 
mercial sources. 

2. Non-immune y-globulm (Cohn Fraction II) or serum of 
the species m which the first antiserum was raised. 

Method 

Incubation of Antigens and 
Antiserum 

1. At the outset, the amount of labeled antigen to be em- 
ployed in the incubation is chosen to be of the same 
order of magnitude as the smallest amount of 
unlabeled antigen that is required to be measured. In 
practice the amount of tracer used is often simply that 
which gives a specified number of counts per mm per 
unit volume (usually 5000-10,000 counts/mm/100 kL). 

2. The optimal dilution (titer) of the antiserum to be used 
in the assay is that which will bind 30-50% of the la- 
beled antigen That dilution is chosen with the aid of 
an antiserum dilution curve The curve is constructed 
from the results of mcubations, carried out at least in 



Radlolmmunoassay 339 

duplrcate, of serial dllutlons of the antiserum with the 
chosen amount of tracer. The mcubatlons, for exam- 
ple, conslstmg of diluted antiserum (100 FL), tracer 
(100 pL) and buffer (200 kL), are allowed to proceed to 
equilibrmm. The time required to reach equihbrmm 
obviously depends on the particular circumstances of 
the assay. For a completely new radloimmunoassay, rt 
may be necessary to run pilot experiments varying 
temperature from 4 to 37°C and time of incubation 
from 4 to 72 h to establish the optimal conditions. The 
bound and free forms of the radioactive labeled tracer 
are then separated and counted A typical antiserum 
dilutron curve IS shown in Fig. 1. In that particular 
case, the dllutron of antiserum to be used m the assay 
was chosen as 1: 60,000 (i.e., final dllutron 1*240,000), 
corresponding to 37% bmdmg of the tracer. The slope 
of the dllutron curve m its descending portion can be 

35 40 45 50 

Log,, i dllutton of antiserum 1 

Fig. 1 Antiserum Dilution Curve Radlolodmated kalllkrem 
(100 FL, 7000 counts/mm) was incubated with serial dllutlons 
(1 5000-l 160,000) of antiserum (100 pL) to kalhkrem from rat 
submandibular gland m a total volume of 400 PL for 20 h at 
25°C The bound antigen was separated from the free an&en by 
incubation at 37°C for 2 h with a solld-phase second antibody 
The bound radloactlvlty was measured and was expressed as a 
percentage of the total radloactlvlty that was used 
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used as a measure of the avidity of the antiserum (the 
greater the slope, the greater is the avidity). 

3. Having chosen the amount of tracer and dilutron of 
antiserum to be used, the radioimmunoassay can then 
be set up to measure the amount of antigen m un- 
known solutions with the aid of standard solutions of 
antigen 

4 Standard solutrons of antigen are made by drlutron of 
a master solution of accurately known concentratron. 
The working solutions are made lust prior to use and 
are kept at 4°C until required. 

5. The tubes to be used in the mcubatron are numbered. 
6. Buffer IS added to all of the tubes apart from the first 

three tubes, which will be used to measure the total 
counts in the assay. To each of those three tubes that 
will be used to measure nonspecrfrc bmdmg IS added 
300 PL of buffer To each of the three tubes that will 
represent the zero standard IS added 200 PL of buffer, 
while 100 PL of buffer IS added to every other tube 
The standard solutrons (100 pL) of antigen or un- 
known solutions are then added to the relevant num- 
bered tubes m duplicate Next the antiserum (100 pL) 
at the chosen dilutron IS added to all tubes except for 
the three tubes to be used to measure total counts and 
the three tubes to be used to measure nonspecific 
binding Finally the radioactive tracer (100 FL) is 
added to every tube. The contents of each tube are 
thoroughly mixed with the aid of a vortex mixer. Each 
tube IS then left at a constant temperature until equr- 
hbrium IS reached (often 2448 h at 4°C) 

7. When equrlrbrium has been reached the free and 
bound antigen are separated. 

8 Although rt is possible for either or both phases to be 
counted, rt 1s normal for the radroactrvrty associated 
with the antibody to be measured There should be 
good agreement between the counts of each tube m a 
particular pair or set of three 

9 The counts associated with the three tubes repre- 
sentmg nonspecific bmding are averaged and m turn 
are subtracted from the average counts for each set of 
tubes. 
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10. The resultant, average specific counts associated with 
the three zero-standard tubes can be expressed as a 
percentage of the average specific counts of the three 
tubes containing lust tracer. If the conditions of the as- 
say have been satisfactory, the counts of the zero 
standard should be 30-50% of the total counts of the 
tracer 

11. If so, the average specific counts of each set of duph- 
cates can then be expressed as a percentage of the av- 
erage specific counts of the three zero standards. 

12. A standard curve is constructed from the calculated 
results. 

Separation of Free and Bound 
Antigen 

Fractional Precipitation Using 
Polyethylene Glycol 
1. A solution (25-30%) of polyethylene glycol6000 is pre- 

pared m 0.05M sodium phosphate buffer, pH 7.4, with 
thorough mixing A separate solution (1%) of bovine 
y-globulm is made m the same buffer. 

2. To each of the tubes requiring separation of bound and 
free antigen is added at 4°C y-globulin solution (400 FL) 
and polyethylene glycol solution (800 FL) Each tube is 
vortexed and is allowed to remam at 4°C for 15 mm 

3. Each tube is then centrifuged at 4°C at SOOOg for 30 min. 
4. The supernatants are carefully removed by aspiration 

at a water pump The precipitate at the bottom of each 
tube IS then counted. If necessary, the precipitates can 
be washed at 4°C with 15% polyethylene glycol solu- 
tion (800 FL) followed by vortexing and centrifugation. 

Double (Second) Antibody Method 
1. Firstly, the optimal dilution of the second antiserum 

has to be carefully assessed. Serial dilutions of the sec- 
ond antiserum are made in 0.05M sodium phosphate 
buffer, pH 7.4, containing 0 5% non-immune serum 
and 50 mM EDTA. 
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2. Samples containing tracer (100 FL), first antiserum at 
optimal dilution (100 pL), and buffer (200 FL) are al- 
lowed to come to equrlrbrium at constant temperature 

3. Ahquots (100 pL) of the different drlutrons of the sec- 
ond antiserum are added. The tubes are vortexed and 
are kept at constant temperature for a further 18-24 h 
The tubes are then centrifuged at 5OOOg for 30 mm The 
supernatants are aspirated at a water pump and the 
tubes are counted. 

4. The highest dilution of the second antiserum that re- 
sults m the precrprtatron of a maxrmum percentage of 
the tracer represents the minimum amount of second 
antiserum that should be employed m the separation 

5. Aliquots (100 ~.LL) of the chosen drlutron of the second 
antiserum are added to each of the sample tubes 
requiring separation of free and bound antigen The 
tubes are then treated as m point 3 above 

Notes 

1. The purpose of a radioimmunoassay IS to measure the 
concentratron of a particular antigen m an unknown 
sample by comparison with standard solutrons of the 
antigen. From the measurements of the bound or free 
radioactivity in the presence of various known 
amounts of antigen IS constructed a standard curve 
The amount of antrgen in the test sample is then 
found from that curve by simple mterpolatron. The 
standard curve can be represented m several different 
ways. One straightforward method IS to plot the pro- 
portion of tracer bound expressed as a percentage of 
that in the zero standard against the correspondmg 
concentratron of standard antigen (see Fig 2) How- 
ever, to avoid the problems associated with the sub- 
jectrvrty of drawing a curve, rt 1s better to construct a 
linear plot. One such linear transformatron that 1s 
very widely used IS shown m Fig. 3, where the logrt of 
the tracer bound (y) IS plotted against log con- 
centratron. 
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Fig 2 Standard Curve for Radroimmunoassay. Radiorodr- 
nated kallrkrem (100 FL, 7000 counts/mm) was incubated with 
standard solutrons of kallrkrem from rat submandrbular gland 
(200 FL contammg 0.16-5 12 ng kallrkrein) and antiserum to the 
enzyme (100 FL of 1: 60,000 drlution) for 20 h at 25°C. The bound 
radioactrvrty was separated from the free radroactrvrty by use of 
a solid-phase second antrbody on mcubatron from 2 h at 37°C 
and was counted 

B-N 
Y=- x 100 

B, - N 
where 

B = counts associated wrth standard solutron 
B, = counts associated wrth zero standard 
N = counts associated with nonspecrfrc bmdmg 
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log10 i 100 x R SK concentration ) 

Fig 3 Lo@-log plot of the standard curve For details see 
end to Fig. 2. 

leg- 

and 

B-N 
Y= ~ x 100 

B, - N 

where B = counts associated with a certain concentra- 
tion of antigen 

B, = counts associated with the zero standard 
N = counts associated with nonspecrfrc 

binding 

Often the logrt plot becomes nonlinear near Its ex- 
tremes and in that case the points m those regions are 
not employed in construction of the straight lme 

2 There are a very large number of varrations to the pro- 
cedure outlined. The best set of conditions for a par- 
ticular case can be worked out by trial and error Of 
particular importance is the volume of the unlabeled 
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antigen m the mcubation mixture. In theory, an m- 
crease m that volume relative to the other components 
should lead to an increase m sensitivity of the assay, 
i.e , detection of a lower amount of antigen In prac- 
tice, there may actually be a decrease m sensitivity be- 
cause of interference in the antigen-antibody binding 
by other substances present m the sample. 

3 Other factors that often increase the sensitivity of the 
assay include 

(a) ‘Late’ addition of the tracer. The labeled antigen 
is added a considerable time after the unlabeled 
species and antiserum have been allowed to in- 
teract, but before the attainment of equilibrium. 

(b) Decrease m the amount of antiserum However, a 
limit will be reached beyond which a further re- 
duction m antiserum will be counter-productive 
because of a loss of precision m the assay. 

(c) Decrease m the amount of tracer. Again, there is 
a limit beyond which a further reduction will pro- 
duce no sigmficant change m sensitivity. 

It should be noted, however, that very high 
sensitivity may not be required of a radio- 
immunoassay. What is far more important is that 
the assay should be able to accurately, precisely 
and reproducibly measure antigen m the range of 
concentrations found m biologrcal tissues and flu- 
ids, preferably without the need for sample dilu- 
tions. However, the following note should be 
borne m mind. 

4. One major problem of radioimmunoassay, particu- 
larly when applied to undiluted biological samples, is 
that substances u-t the samples interfere with 
antigen-antibody interaction. High concentrations of 
salts and plasma proteins decrease antigen-antibody 
binding. Thus it may be necessary to dilute the 
samples to reduce such effects or to mclude such sub- 
stances m the standard antigen solutions. 

5. Another problem may be encountered if the biological 
samples contam proteolytic enzymes that will de- 
grade the antigen In those cases, it is necessary to m- 
elude a broad-spectrum inhibitor m the assay, e.g., 
aprotinin 
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6. Precipitation by polyethylene glycol is very sensitive 
to fluctuations m temperature Hence it is essential to 
keep all solutions and tubes at 4°C during the whole 
procedure. 

7. One problem that is often associated with the method 
of fractionation using polyethylene glycol is the occur- 
rence of significant nonspecific binding, 1.e , high 
blanks Washing of the precipitate with polyethylene 
glycol solution may reduce the nonspecific bmdmg 

8 When carrying out the double (second) antibody 
method, normal serum or non-immune y-globulin 
from the species m which the first antiserum was 
raised can be included m the mcubation mixture 
rather than be added with the second antiserum. 

However, the presence of components of the 
complement system m serum samples can affect the 
formation of the immune precipitate. Thus it is usual 
to include EDTA (0.05-O.lM) m the incubation and 
separation buffers to mactivate those components and 
avoid any such difficulties 

9 If the concentrations of reactants are low, it can take a 
considerable time for complete immunoprecipitation 
to occur. The use of higher amounts of y-globulm or 
serum will greatly speed up the process, but of course 
higher amounts of the second antiserum will also be 
needed 

10. Many of the difficulties associated with the double an- 
tibody method can be avoided through the use of a 
second antibody that is covalently linked to a suitable, 
inert, solid matrix Because of the solid-phase nature 
of such a second antibody, immune precipitation oc- 
curs relatively quickly and a carrier non-immune 
y-globulm is not required. Of course, considerable ef- 
fort, second antiserum, and a suitable solid support 
are necessary to produce the solid-phase second anti- 
serum (5). Certain preparations are commercially 
available, but are expensive, e.g., antibodies raised m 
sheep against rabbit y-globulms, coupled to cellulose, 
antibodies raised m goat against rabbit y-globulins 
and coupled to polyacrylamide 

11. One particularly useful modification of the double an- 
tibody method is to include a small amount of ammo- 
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mum sulfate or polyethylene glycol with the second 
antiserum (6). The inclusion of the chemical preapi- 
tant speeds up the Immune precipitation and enables 
a lower amount of second antiserum to be used. 
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Introduction 

In general, immunological methods are not very well 
suited for a quantitative determmation of the antigen to be 
studied. The ELISA technique, however, can be used for a 
quantitative or at least semiquantitative determination of 
the concentration of a certain antigen. The method was 
first introduced by Engvall and Perlmann (1). The princi- 
ple of ELISA (see Fig. l), also called the double antibody 
sandwich technique, IS the followmg: Antibodies against 
the antigen to be measured are adsorbed to a solid sup- 
port, in most cases a polystyrene microtiter plate. After 
coatmg the support with antibody and washing, the anti- 
gen IS added and will bind to the adsorbed antlbodles 
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iI+ t+ P- 

1 2 3 

* alt1gen b antibody 

e- 
cowuezted enzyme usually horserad_lsh 

peroxldzm or alkalme phosphatasc. 

Fig 1 The mam steps m a (noncompetitive) ELISA test. (1) 
The antibody to the antigen being quantitated is adsorbed onto 
a solld phase, usually polystyrene (2) The sample contammg 
the antigen being measured is then added (3) Followmg the m- 
cubation and washing steps, a second enzyme-labeled antibody 
is then added After further mcubation and washmg steps, en- 
zyme substrate is added (A substrate 1s chosen that will give a 
colored product) The amount of color produced is therefore 
proportional to the amount of antigen bound to the origmal 
antibody 

Next, a conlugate that will also bmd to the antigen is 
added. Conjugates are antibody molecules to which an en- 
zyme is covalently bound. 

After addition of a chromogenic substrate for the en- 
zyme, the mtensrty of the colored reaction products gener- 
ated will be proportional to the amount of conjugated en- 
zyme and thus indirectly to the amount of bound antigen 
molecules. Since the intensity of the developed color IS 
proportronal to the amount of antigen molecules present, 
determmation of the intensity of the color produced by a 
standard series of antigens will allow the calculation of the 
amount of antigen in an unknown sample. This chapter 
describes the double antibody sandwich technique to- 
gether with a method for preparing conjugates. 

Materials 

1. Microtiter plates, 96 wells, flat-bottomed polystyrene 
2. Multichannel pipet: O-250 ~J.L (&channel), used for pr- 

petmg of all reagents. 
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3. Gilson or Finnpipettes: ranging from 0 to 250 PL used 
for pipeting of blanks, standards, and samples mto 
wells. 

4. Titertek multiscanphotometer or equivalent if avarl- 
able. 

5. O.lM carbonate buffer (pH 9.6). (O.lM Na2C03 
brought to pH 9.6 with NaOH.) This buffer should be 
made of the purest chemicals available and double- 
distilled H20. 

6. Wash solution. 90 mL Tween 80 added to 910 mL 
H20. 

7. BST: 0.2% (w/v) BSA (bovine serum albumin), 0.01% 
Tween 80 and 0.9% (w/v) NaCl in distilled water. 

8. Substrate solutions. Depending on which enzyme is 
coupled to the conjugate (see Notes), different sub- 
strate solutions have to be used. The substrate solu- 
tions given here have to be used when horseradish 
peroxidase (HRP) 1s the enzyme coupled to the conlu- 
gate. There are two substrate solutions in use for 
HRP. One containing 5-ammo-salicylic acid (purple- 
redbrown color) and one contaming ortho-phenylene 
dlamme (yellow color). Both compounds are light- 
sensitive and the solutions containing them must be 
freshly made and protected against light. Both sub- 
strate solutions are possibly carcinogenic. 

Solution 1: Dissolve 80 mg 5-amino sahcyhc acid in 
100 mL 0.05M potassium phosphate buffer (pH 6.0) 
containing O.OOlM EDTA. Add 20 mL H202 (30%) and 
mix. 

Solution 2 Mix: 24 3 mL O.lM citric acid 
25.7 mL 0.2M Na2HP04 

50 mL HZ0 
40 mg ortho-phenylene diamme 
40 FL H202 (30%) 

In the case of solution 1, 0.3M NaOH is used to stop 
the reaction, when solution 2 is used the reaction is 
stopped with 1M H2S04. 

9. A diluted solution of IgG against the antigen to be 
measured. Depending on the quality of the IgG (titer), 
the dilution is usually 1500-2500-fold. Dilutions are 
made m O.lM carbonate buffer. 
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10. Antigen solutrons to be tested and standard antigen 
solutions. 

11. HRP-labeled diluted IgG solution As a rule the conIu- 
gate solution has to be diluted 500-2000 times m BST 
(but see also Notes section). 

Method 

The Double Antibody Sandwich 
Technique 

1. Add 150 ~J,L of the diluted IgG solution to each of the 
wells of a microtiter plate (or plates) using the 
&channel Titertek pipet. Cover the plate(s) and mcu- 
bate for 16 h at room temperature. 

2. Wash the plate(s). The wells are emptied by flickmg 
the plate over a sink. Residual liquid is removed by 
“beating” the plate upside-down against a filterpaper. 
If kept covered and cool, coated plates can be kept for 
a substantial period of time, up to several months). 
An appropriate amount of wash solutron is pipetted 
into the wells and left for a couple of minutes. The 
wells are then emptied as described above. This pro- 
cedure is then repeated once If a special washing de- 
vice 1s used (i.e., a Titertek Microplate Washer or a 
homemade device that can be connected to a 
waterpump), the plates are washed three times for 15 
s with the washing solution, after having been 
emptied each time as described above. Good washing 
is essential. One should rather wash for 20 than 10 s 

3. After washing add 100 PL BST to every well, using the 
multichannel pipet. 

4. Add 100 ~.LL of an antigen solution to be tested to the 
first well of each row. Mix carefully by taking the solu- 
tion up and down with the multichannel pipet several 
times Care should be taken to avoid air bubbles or 
splashing of small drops 

5. Take 100 ILL from the first wells and transfer them to 
the second wells with the multichannel pipet Repeat 
the mixmg procedure Take 100 PL from the second 
wells and add to the third and so on. In this way a 
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two-fold dilution series from wells 1-12 IS created. 
Finally, remove the 100 PL excess from the last wells. 

6. Incubate the plate for 2 h at 37”C, to let the antigen 
bind to the coated antiserum, and then wash 
thoroughly 

7. Add 100 ~J,L of the diluted conjugate solution to all 
wells and incubate for 2 h at 37”C, then wash the plate 
thoroughly. 

8. Add 100 ~J,L of substrate solution to all wells and mcu- 
bate for l-2 h at 37°C in the dark. 

9. Stop the reaction with 100 PL of stop solution. 
10. Read the titer of the antigen solutions. This can be 

done by either using a Titertek multichannel photom- 
eter or by determining the last well that still gives 
some coloring observable with the naked eye. The in- 
cubations with the antigen and conlugate solutions 
should be done while the plates are contmuously gen- 
tly shaken. This is not absolutely necessary for the m- 
cubation with the substrate solution. 

Preparation of a Conjugate for 
ELBA 

As stated above, a conjugate is the covalent complex 
of IgG and an enzyme In the procedure below, HRP is the 
enzyme that is coupled. See Notes section for other en- 
zymes that can be used. 

1. Dissolve 5 mg of horseradish peroxidase m 1 mL 0.3M 
Na2C03 (pH 8.1). This solution should be prepared 
fresh. 

2 Add 0 1 mL of 1% fluorodmltrobenzene m pure etha- 
nol. (N.B. Fluorodmitrobenzene IS suspected to be 
carcmogemc.) If the HRP used is not pure, a precipitate 
may be formed that must be removed by centrifugation 
(10 min, 18,000 rpm). 

3. Mix thoroughly and incubate for 1 h at room 
temperature 

4 Add 1 mL of 0.16M ethylene glycol, mix, and incubate 
for another hour at room temperature The total 
volume is now 2.1 mL. 
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5. Dialyze the mixture against O.OlM sodium carbonate 
buffer (pH 9.5) for 25 h. The carbonate buffer should be 
changed at least three times. 

6. Add IgG (see below) dissolved m O.OlM sodium carbon- 
ate buffer (pH 9.5) to the peroxidase-aldehyde solution 
in the followmg ratio: one volume IgG solution to one 
volume activated peroxidase-aldehyde, or 5 mg 
purified IgG (protein) to 3 mL peroxidase solution. 

7 Mix well and incubate 2-3 h, but not longer at room 
temperature. In the case of precipitate formation, the 
precipitate should be removed by centrifugation (10 
mm, 10,000 rpm). 

8. Dialyze extensively against O.OlM phosphate buffer 
(pH 7.2) containing 0.9% NaCl at 4°C Store the conlu- 
gate in a refrigerator or freezer 
N.B. Repeated freezmg and thawing of IgG and conlu- 
gate solutions dimmishes the activity of the protems. 
Thawed solutrons that are not completely used can be 
very well kept at 4°C. 

Preparation of a Purified I& 
Fraction from Whole Serum 
1. Take 100 mL serum and add 200 mL of 0.06M sodium 

acetate (pH 4.6). The pH of the mixture should be 4 8 
2. Add 8.2 mL caprylic acid dropwise at room tempera- 

ture (but see also Notes section). 
3 Stir for 30 mm and remove the precipitate (10 mm, 

10,000 rpm). 
4. Dialyze the IgG fraction agamst 0.9% sodium chloride 

and lyophihze. 

Notes 

1 The amount of capryhc acid needed for purification of 
an IgG fraction varies from sera to sera as mdicated m 
this table. 
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100 mL serum Caprylic acid, mL 

Rabbit 82 
Horse 76 
Human 76 
Bovine 68 
Goat 80 

2. The procedure described above can be varied m many 
ways. For example, one can add a fixed amount of en- 
zyme labeled antigen to the sample This ~111 then 
compete with the unlabeled antigen and from the de- 
gree of competition m regard to a standard antigen so- 
lution, the concentration of the antigen can be evalu- 
ated In some cases, the antigen can be coated to the 
wall of the polystyrene plate and then mcubated with 
the conlugate directly. In these cases then, there is no 
sandwich of the antigen The prmciple of the method 
however, remains the same 

3 Alkaline phosphatase is the other enzyme used m 
ELISA tests to prepare conlugates In this case the sub- 
strate is p-mtrophenylphosphate that the enzyme con- 
verts to the yellow p-mtrophenol that is measured at 
405 nm 

4 Occasionally an ELISA test will fail to give the desired 
result and m all wells the same amount of colour will 
develop. In most cases this problem can be overcome 
by preparing fresh solutions. 
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