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Expression and Purification of the Amphipathic
Form of Rabbit Cytochrome b, in Escherichia coli

Lucy Waskell

1. Introduction

Cytochrome b, (cyt by) is an electron transfer protein that exists in a
membrane-bound form in the endoplasmic reticulum where it is anchored to the
membrane via a carboxyl-terminal transmembrane o«-helix (1-3). The
membrane-bound form of cyt by provides reducing equivalents for the biosyn-
thesis of a variety of lipids including unsaturated fatty acids, plasmalogens, and
cholesterol. In addition, it facilitates the cytochrome P450 catalyzed oxidation
of selected substrates (2). The membrane domain is linked to the amino-
terminal catalytic heme-containing domain via an 11 amino acid linker. The
mammalian cyts b, are typically greater than 90% similar in sequence and may
be interchangeable in some systems (4). Nevertheless, our laboratory uses rab-
bit cytochrome P450 2B4 and cytochrome P450 reductase and has elected to
use the rabbit cyt b, so all proteins are from a single species. Cyt b also exists
in a soluble form in red blood cells where it functions to maintain hemoglobin
in its ferrous oxygen-carrying form (5).

2. Materials

2.1. Escherichia coli (E. coli) Strains, Media, and Equipment

1. The key to the marked and reproducible overexpression of the membrane bound
form of cyt b5 is use of the E. coli strain C41, a derivative of E. coli DE3 (Avidis
SA, Saint Beauzire, FR) (6). This strain moderates the expression of genes down-
stream from a T7 promoter, thereby, decreasing the toxicity of the large amount of
mRNA generated (7) (Life Technologies-Gibco BRL) (see Note 1).

From: Methods in Molecular Biology, vol. 228:
Membrane Protein Protocols: Expression, Purification, and Characterization
Edited by B.S. Selinsky © Humana Press Inc., Totowa, NJ

3



LA

Waskell

LB Agar, 32 g/LL water. Autoclave at 121°C for 15 min. Cool and pour into plates. Add
carbenicillin to a final concentration of 100 wg/mL (Life Technologies-Gibco RBL).
Luria Bertani (LB) medium: 10 g/LL NaCl, 10 g/L peptone, 5 g/L yeast extract, |
mL 1N NaOH.

Terrific broth (TB) medium: prepare by dissolving 12 g of bacto-tryptone, 24 g
bacto-yeast extract and 4 mL glycerol in 900 mL water. Sterilize for 20 min and
allow to cool. Immediately before use, add 100 mL of a sterile solution of 0.17 M
KH,PO, and 0.72 M K,HPO,. If the TB medium is autoclaved in the presence of
phosphate buffer, a precipitate will occur.

Sterile filtered stock solution of 100 mg/mL carbenicillin made fresh prior to use.

1 M isopropyl-1-thio-B-D galactopyranoside (IPTG) in water. Store at —20°C.

200 mM A-aminolevulinic acid (A-ALA). Store at —20°C.

Equipment includes 2.8-L. Fernbach flasks, Beckman JA10 rotor, Beckman J2-21
centrifuge (or equivalent), Vibra Cell sonicator (Sonic Materials) 3 mm and 1 cm
diameter probe, spectrophotometer (Cary 1, Cary 300 Bio or equivalent). Innova
Incubator Shaker 4430 (New Brunswick Scientific, Edison, NJ) or equivalent
shaker and autoclave.

2.2. Reagents, Chromatography Resins,
and Equipment for Cyt b, Purification

1.

Nk w

I

10.
11.
12.
13.

14.

A 1 mM solution of heme is prepared by adding hemin chloride to a solution of
50% ethanol in water and 0.1 N NaOH. After the hemin chloride dissolves, filter the
solution through a 0.2 pm filter. Store at 4°C.

Detergents: 10% (v/v) Tergitol NP-10 (Sigma). Store at 4°C. Solid Na deoxy-
cholate (Fisher Biotech).

Sodium hydrosulfite (sodium dithionite, [Sigma]).

BCA protein assay (Pierce).

Mini-Protease inhibitor tablets (Boehringer Mannheim).

All buffers should be filter sterilized using a 0.2 pm filter.

Buffer A: 10 mM phosphate buffer, 1 mM ethylenediaminetetraacetic acid (EDTA),
pH 7.0.

Buffer B: 10 mM phosphate buffer, | mM EDTA, pH 7.0, 1% Tergitol NP-10.
Buffer C: 20 mM Tris-HCI, 1 mM EDTA, pH 8.0 at 25°C, 0.4% Na deoxycholate.
20 mM phosphate buffer can be used instead of Tris-HCI.

Buffer D: Buffer C, plus 0.4 M NaCl.

Buffer E: 20 mM phosphate buffer, pH 8.0, 1| mM EDTA, 0.4% Na deoxycholate.
Buffer F: 50 mM Tris-acetate, pH 8.1 at 22°, 1 mM EDTA.

Resins: DEAE Sepharose Fast Flow (Sigma), Superdex-75 prep grade (Amersham
Pharmacia Biotech), Sephadex G-25 optional (Sigma).

Equipment includes chromatography columns from Bio-Rad, Foxy Jr., or Foxy 200
fraction collector (Isco, Lincoln, NE) or equivalent, Cary spectrophotometer.
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3. Methods
3.1. Expression of cyt b,

1.

C41 cells were transformed with the plasmid pLWO1-b,mem using standard proce-
dures (8,9). The transformed cells were plated from a 15% glycerol stock solution
onto a LB plate containing 100 wg/mL carbenicillin and incubated overnight at 37°C.
A single colony was picked and inoculated into a 2.8 L Fernbach flask containing
500 mL of TB medium supplemented with 0.5 mM A-aminolevulinic acid and 250
pg/mL carbenicillin.

. The cultures were incubated at 37°C on an Innova Incubator Shaker 4430 (or

equivalent) with shaking at 140 rpm.

. When the OD of the cultures was 0.35 at 600 nm, IPTG was added to a final concen-

tration of 10 wM and the cells were incubated with shaking for an additional 16-20 h.
Remove 2 mL of the culture and set aside for determination of cyt b, content (see
later).

The remainder of the cell culture was chilled, poured into 500-mL plastic bottles
and centrifuged at 11,000g for 10 min at 4°C to pellet the whole cells. The cell cul-
ture was centrifuged in a JA10 rotor at 8000 rpm for 30 min at 4°C in a Beckman
J2-21 centrifuge.

Discard the supernatant and resuspend the cells in = 25 mL of cold Buffer A.
Repellet the cells under the same conditions. An average of 8.8 g bright pink cell
paste is recovered from 500 mL cell culture (see Note 2).

3.2. Determination of the Amount of Apocyt b,
in the Cell Culture and Reconstitution of Holocyt b, with Heme

1.

Because most of the cyt b, is expressed as the apoprotein without the heme, it must
be reconstituted with heme prior to purification (see Note 3). Centrifuge the 2 mL
aliquot of the cell culture at 10,000g for 1 min at room temperature.

Discard the supernatant and resuspend the pink cell pellet in 2 mL Buffer B.
Sonicate the cells using a Vibra Cell sonicator (Sonic Materials) with two 30 s pulses
at 40% power at 50 W. Immerse the cell suspension in a ice/water slush to keep the
temperature below 9.5°C. Cool to 4°C between each pulse. Be sure to sonicate vig-
orously enough to lyse all the cells. The heme cannot penetrate the bacterial cell
membrane and will not be able to reconstitute the apocyt b, within the cell. Incom-
plete reconstitution of the cyt b, will result in a poor yield.

Dilute the sonicated cells 20-fold with Buffer B and record the absorbance spec-
trum between 350-650 nm.

Add 2 pL aliquots of a = 1 mM heme solution to the sonicated cells and record the
spectrum after each addition. The difference spectrum (final spectrum-initial spec-
trum) should resemble the spectrum of cyt b, as long as the added heme is forming
holocyt b, (7). When the difference spectrum caused by addition of the heme
begins to resemble that of the heme and not cyt by, the apocyt b, has been com-
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pletely converted to holocyt b.. An alternative procedure is to titrate the sonicated
cells with the 2 pL aliquots of heme and plot the increase in absorbance at 412 nm.
When the apocyt b, is completely reconstituted, the absorbance increase at 412 nm
produced by a 2-pLL heme aliquot will decrease, i.e., the slope of the line found by
plotting AA at 412 vs heme added will decrease. The point at which the change in
slope occurs indicates that the apocyt b has been saturated with heme. Once the
amount of heme required to reconstitute the apocyt b, in a 2-mL sample is known,
the amount of heme necessary to reconstitute the apocyt b, in the 500 mL cell cul-
ture is readily determined. Reconstitute holocyt b, with no more than a = 10%
molar excess of heme. If too much excess heme is added, it will be difficult to
remove and will interfere with quantitation of cyt b..

3.3. Measurement of Holocyt b,

1.

2.
3.

Holocyt b, is measured as previously described (10). Briefly,

Place 1 mL of sample into both a reference and sample cuvet and record a baseline
in the spectrophotometer.

Reduce the cyt b, in the sample cell by addition of = 1 mg of solid sodium dithionite.
Record a difference spectrum by subtracting the oxidized spectrum from the reduced
spectrum and determine the change in absorbance between 426 and 409 nm. Upon
reduction, cyt b, increases its absorbance at 426 nm and decreases its absorbance at
409 nm. An extinction coefficient of 185 mM~' cm™" for the absorbance change at
426 minus 409 nm was used to calculate the amount of cyt b, present. When the pro-
tein is pure and other interfering compounds are absent, an extinction coefficient of
117 mM~" cm™ at 413 nm was used to calculate the amount of cyt b (11).

3.4. Lysis of E. coli and Membrane Isolation

All of the following procedures with the exception of the chromatography on

DEAE were performed at 4°C (see Note 4).

1.
2.

Defrost the pink cell pellet and resuspend in = 25 mL Buffer A.
Add two Mini-Protease inhibitor tablets and dissolve them in the cell paste (see
Note 5).

. Sonicate the cells using a 1-cm-diameter probe that is immersed 2 cm into the cell

suspension. Sonicate the cells with = 6 pulses of 2-min duration at 80% power
using a 50-W setting. Immerse the cell paste in an ice/water slush during the soni-
cation and do not let the temperature rise above 9.5°C. Other equivalent methods of
cell lysis can be used. Regardless of which method of cell lysis is used, it is impor-
tant to ensure that all cells have been lysed in order to obtain a good yield.
Following cell lysis, reconstitute the apocyt b, by adding a 10% molar excess of
heme based on the amount of apocyt b, present in 2 mL of the lysed cell suspension.
Centrifuge the sonicated cells at 3000g for 15 min at 4°C to remove any unlysed
cells. If the pellet is red, resonicate to lyse any remaining intact cells.

Centrifuge the membrane containing supernatant at 100,000g for 1 h at 4°C.
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7.

10.
11.

12.

Discard the supernatant and resuspend the cyt b, membrane containing pellet in =
30 mL of Buffer B. The pellet can be resuspended by using either a teflon homoge-
nizer or a brief 30s sonication pulse.

After resuspending the cell pellet, dilute to 100 mL with Buffer B and stir at 4°C
while determining the protein concentration of the solution using the BCA assay.
Dilute the cyt bg containing membranes with Buffer B to a volume which will give
a protein concentration of 4 mg/mL. The final volume is usually = 150 mL with a
detergent: protein (w/w) ratio of 2.5:1.

Stir at 4°C for = 3 h to solubilize the cyt b..

Centrifuge the solubilized cyt by at 100,000g for 1 h. The pellet should be almost
colorless.

Load the dark red supernatant which contains the cyt b, onto the DEAE-Sepharose
column.

3.5. DEAE-Sepharose Chromatography

1.

(O8]

Equilibrate a 2.5 X 16-cm column of DEAE-Sepharose with = 1 L of Buffer C (see
Note 6). The DEAE-Sepharose chromatography was performed at room tempera-
ture in order to prevent deoxycholate gel formation which occurs at 4°C, pH less
than 8.0, and high-salt concentration.

Load the cyt b, containing solution onto the column at a rate of = 3 mL/min. Cyt b
will bind to the top one-third of the column.

Wash the column with = 300 mL of Buffer C.

Elute the cyt by with a linear gradient formed with equal amounts of Buffer C and
Buffer D (i.e., Buffer C in 0.4 M NaCl).

Pool the fractions with an A, /A, ratio greater than 1.6 and then concentrate in a
50-mL Amicon stirred cell using a YM-10 membrane. An equivalent method of
concentration such as Centriprep can be used.

When the volume has been reduced to = 30 mL, dilute four-fold with 120 mL of
Buffer C and reconcentrate to = 30 mL to decrease the salt which can cause gelling
of the deoxycholate containing buffer. The sample is now ready to be applied to the
sizing column.

3.5. Superdex-75 Chromatography

1.

2.

Prepare a 5 X 62-cm column with Superdex-75 prep grade and equilibrate with
Buffer E. At a flow rate of 0.25 mL/min it can be equilibrated over the weekend.
Apply the concentrated sample carefully to the column, taking care not to disturb
the top of the column. The smaller the volume loaded onto the column the better
the resolution. Load the sample by gravity flow at a rate of = 0.5 mL/min.

Begin eluting the column by gravity flow with Buffer E until the cyt b has entered
4 cm of the column. The rosey pink protein should elute in a regular band for best
resolution.

At this point, add a pump to elute the column slowly at a rate of 1 mL/min. In 0.4%
deoxycholate, cyt b, elutes as a dimer of 35 kDa (3).

Combine fractions with an A, /A, , nm ratio greater than 2.5.
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The deoxycholate can be removed either by extensive dialysis against 20 mM
KPO, buffer pH 8.0 and 1 mM EDTA or size-exclusion chromatography on a
Sephadex G25 column (1 X 100 ¢cm) preequilibrated with 10 mM KPO, buffer pH
8.0 and 1 mM EDTA.

This procedure should yield approx 120 mg of pure protein from 500 mL of

E. coli cell culture.

4. Notes

1.

2.

Contact information for obtaining C41 from Avidis: isabelemounier @avidis.fr, or
fergalhill @avidis.fr, Tel: +33(0)4 7364 4390, Fax +33 (0)4 7364 4393.

In previous procedures, our laboratory and other laboratories have reported signifi-
cant proteolysis of the membrane-bound form of cyt b, to the soluble form of cyt b,
during bacterial cell lysis (12,13). The simple procedure of washing the cells in
buffer removes a significant amount of the proteases found in the cell culture
medium and other contaminating proteins. The marked decrease in proteases dur-
ing cell lysis is one of the factors that allows complete recovery of the membrane
bound form of cyt b,. No soluble cyt b, is formed during the purification procedure
if appropriate precautions are taken.

. Only approx 10% of the cyt b, expressed under our experimental conditions is

holo protein. The remaining 90% is apoprotein which must be reconstituted with
heme as soon as possible after cell lysis because the apo form is more susceptible
to proteolysis.

Because loss of the membrane anchor of cyt b, by proteolysis results in inactiva-
tion, the purification procedure is performed under “almost” sterile conditions with
filtered buffers (0.2-pum filters) to prevent contamination.

The protease inhibitors must be present during cell lysis to prevent cleavage of the
hydrophobic membrane anchor from the amphipathic form of cyt b..

Equilibration of the DEAE column is critical. The column is adequately equili-
brated when the pH and resistance of the buffer eluting from the column is identi-
cal to that being loaded onto the column. Proper equilibration ensures good
resolution and reproducibility with the DEAE-Sepharose column.
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Dihydroorotate Dehydrogenase of Escherichia coli

Kaj Frank Jensen and Sine Larsen

1. Introduction

1.1. Different Types of Dihydroorotate Dehydrogenases (DHODs)

Dihydroorotate dehydrogenase (DHOD) catalyzes the fourth reaction in
the pathway for de novo synthesis of UMP and forms the 5,6-double bond of
the pyrimidine base. In this reaction, two electrons and two protons are trans-
ferred from dihydroorotate to an electron acceptor that varies between differ-
ent types of the enzyme. Sequence alignments have shown that all DHODs
contain a polypeptide chain that is encoded by a pyrD gene. This polypeptide
forms the catalytic core structure, folding into an (a/B),-barrel. The active
site, which contains a tightly bound molecule of flavin mononucleotide
(FMN), is formed by loops that protrude from the top of the barrel (e.g., ref.
I). The first half reaction, in which the enzyme is reduced and dihydroorotate
is oxidized to orotate, is initiated by binding of dihydroorotate at the si-side of
the isoalloxazine ring of FMN (2) and, after abstraction of a proton from the
5'-position of dihydroorotate by a cysteine or a serine residue in the enzyme,
a hydride ion is transferred to FMN from the 6-position of the substrate (3,4).
The first half reaction is common to all DHODs, but different types of
DHODs deviate from each other in quaternary structure, subcellular location,
and use of electron acceptors to reoxidize the reduced enzyme in a second
half reaction (5).

1.1.1. The Soluble Class 1 DHODs

The class 1 DHODs are soluble proteins. Two types have been identified.
Class 1A DHODs are dimeric proteins able to use fumarate as electron accep-
tors. The enzymes are found in milk fermenting bacteria like Lactococcus lac-
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tis (6,7) and Enterococcus faecalis (8), in the anaerobic yeast Saccharomyces
cerevisiae (9,10) and in some eukaryotic parasites (11,12). The enzyme from
L. lactis (DHODA) has been studied in considerable detail and the crystal
structure has been solved of the free enzyme and as a complex with the prod-
uct orotate (1,2).

Class 1B DHODs are heterotetrameric enzymes that use NAD* as electron
acceptor (13). The occurrence is restricted to Gram positive bacteria. The
closely related strains L. lactis (14) and E. faecalis (15) have both a class 1A
and a class 1B DHOD (6), but species of Bacillus (16,17) and Clostridium
(4,18) only possess a class 1B enzyme. The protein from L. lactis (DHODB)
has been studied in detail (13) and the crystal structure has been solved for the
free enzyme and as a complex with the product orotate (19). Two of the subunits
are encoded by the pyrDb gene, and together they form a dimeric protein like
DHODA. Associated with this catalytic core are two tightly bound electron
transfer subunits, which are encoded by the pyrK gene and protrude from the
catalytic dimer like two moose horns. The PyrK polypeptides belong to the fer-
reredoxin reductase superfamily. They have flavin adenine dinucleotide (FAD)
and a [2Fe-2S] cluster as cofactors and are engaged in the channeling of elec-
trons to NAD* (13,19).

Other types of soluble DHODs exist. For instance, a class 1B-like DHOD
able to use molecular oxygen, but not NAD*, has been found in Lactobacillus
and is devoid of an electron transfer subunit (20,21). In addition, the archacon
Sulfolobus solfataricus has a class 1B-type DHOD associated with an iron-
sulfur cluster protein different from PyrK. The electron acceptor preferences of
this protein is unknown (22).

1.1.2. The Membrane Associated Class 2 DHODs

The membrane associated class 2 DHODs use quinones of the respiratory
chain as electron acceptors. They are found in Gram negative bacteria like E.
coli (23) and Helicobacter pylori (24), where they are associated with the cyto-
plasmic membrane, and in most eukaryotic organisms, where are anchored in
the inner mitochondria membrane (25). The class 2 enzymes are monomeric
proteins with a strong tendency to aggregate (26,27). The core part of the
enzymes, with the active site, forms an (a/B)g-barrel structure similar to the
structure of the class 1 enzymes (28,29) although the sequence similarity
between the two classes of DHODs is very low, 12-20% identity (5,30). The
polypeptide chains of all class 2 enzymes are extended in the N-terminal rela-
tive to the class 1 enzymes (see Fig. 1). In bacteria this extension sequence is
just a little more than 40 amino acid residues. In the E. coli enzyme (DHODC)
it forms a separate helical domain with a hydrophobic cavity between two of the
helices, located at the side of the core domain (28). The small N-terminal
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Fig. 1. Schematic representation of the functional roles of sequence elements in the
polypeptide chains of different dihydroorotate dehydrogenases. See main text for fur-
ther explanation.

domain enables DHODC to use respiratory quinones as electron acceptors
(menaquinone appears to be the physiological electron acceptor of DHODC
[31]) and is essential for the association of the enzyme to the membrane by a
mechanism that essentially is unknown (28). We call the domain “a suction
disk”, but do not know if the quinones, which bind to this domain, are involved
in membrane association through their long hydrophobic tails.

The mitochondrial class 2 DHODs share the “suction disk domain” with the
enzymes of prokaryotic origin (29), but the N-terminal extensions of the mito-
chondrial enzymes are longer than their prokaryotic counterparts, as they con-
tain a short segment of 16—20 amino acid residues which (from the sequence) is
predicted to form a transmembrane helix just upstream of the “suction disk
structure” and carry sequences that target the proteins for import in mitochon-
dria (25) (see Fig. 1).

Our current procedure for overexpression, purification, and crystallization
dihydroorotate dehydrogenase from E. coli consists of the following major steps:

a. Growth of cells and over-production of DHOD from a plasmid encoded, inducible
gene.

b. Disruption of cells by ultrasonic treatment and release of the enzyme from mem-
branes by Triton X-100 in the crude extracts.

c. Chromatography on a DE-52 anion exchange column in the presence of Triton X-100.

d. Hydrophobic interaction chromatography on a column of Phenyl Sepharose and elu-
tion with Triton X-100.

e. Chromatography on a second anion exchange column to remove the detergent.

f. Crystallization with sodium formate as precipitant.

The procedure yields about 20 mg DHODC per liter bacterial culture (27).
The crystal structure was published by Ngrager et al. (28).
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2. Materials

1. The expression plasmid: The expression vector pAG1 (27) is a derivative of the
ampicillin resistance plasmid pUHE23-2 (32). It carries the 336 codons reading
frame of the E. coli pyrD gene, encoding DHODC, cloned behind the strong
T7 /04103 Promoter, which is a synthetic derivative of the T7,, early promoter and
contains two operator sites for binding the Lacl repressor.

2. Bacterial strains: The E. coli strain S@6645 (araDI139A(ara-leu)7679 galU
galKA(lac)174ApyrD(BssHII-Mlul::Km") [F' proAB lacl"ZAM 15Tn10] overproduces
the Lacl repressor from the lacl? gene on the episome and is deleted for the promoter
proximal part of the chromosomal pyrD gene (7). Strain S@6735 (rph-1 metA recA56
srl::Tnl0) [F proAB lacl4’Z::Tn5] (28) is derivative of the methionine requiring strain
DLA41 previously used for production of selenomethionine substituted proteins (33).

3. Preswollen diethyl aminoethyl cellulose (DE-52) is available from Whatman Ltd.
(Maidstone, England).

4. Phenyl Sepharose® CL-4B is available from Pharmacia LKB (Uppsala, Sweden).

5. LB-broth: 10 g Bacto® Tryptone (Difco, Detroit, MI), 5 g yeast extract (Oxoid
Ltd., Basington, UK) and 5 g NaCl per liter of ion exchanged water. If needed, the
pH was adjusted to 7.0 by addition of NaOH before autoclaving (34).

6. Solution A: 20 g (NH,),SO,, 75 g Na,HPO,.2H,0, 30 g KH,PO,, and 30 g NaCl
per liter.

7. Solution B: 20 mL of 1 M MgCl,.6H,0, 2 mL of 0.5 M CaCl,.2H,0, and 3 mL of
10 mM FeCl,.6H,0 per 9 L (35).

8. (A +B) basal salt medium: Mix together autoclaved Solution A and Solution B, one
part A to nine parts B.

9. Supplements are added from sterile solutions that had been autoclaved separately at
100°C, glucose as a 20% solution, amino acids at a concentration of 5 mg/mL and
uracil 2 mg/mL. Ampicillin (Sigma, St. Louis, MI) and isopropyl-3-p-thiogalactoside
(IPTG; Bingswood Industrial Estate, Whaley Bridge, UK) are added as solid material.

10. Buffer A: 5 mM sodium phosphate pH 7.0 containing 0.25 mM ethylenediamine
tetraacetic acid (EDTA) (see Note 1).

11. Buffer B: 5 mM sodium phosphate pH 7.0, 0.25 mM EDTA, 5 mM MgCl,, 0.1%
Triton X-100 (Sigma).

12. Buffer C: 50 mM sodium phosphate, pH 6.2, containing 0.1 mM EDTA, and 0.1%
Triton X-100.

13. Buffer D: 50 mM sodium phosphate pH 7.0 containing 0.1 mM EDTA.

14. Centrifugation spin columns (Amicon, Centriprep®).

3. Methods
3.1. Growth and Harvest of Cells

Strain S@6645 transformed with the expression plasmid pAG1 was grown at
37°C in LB-broth medium containing ampicillin (100 mg/L). To ensure a high
production of DHODC we always use freshly transformed cells (see Note 2). A
preculture (100 mL) is inoculated in the morning with 4-5 single colonies from
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a fresh transformation agar plate and grown to an OD . of circa 0.5, when it is
cooled in an ice bath. The preculture is stored at 4°C overnight and diluted into
2 L of prewarmed medium on the morning of the next day (see Note 3).

The culture is grown with vigorous aeration by shaking. IPTG (0.5 mM) is
added at OD,;, = 0.7-1.0 to induce expression of the pyrD gene and growth is
continued overnight, while the culture reaches stationary phase at an OD436
about 5 (see Note 4). Cells are harvested by centrifugation, washed with 0.9%
sodium chloride and frozen at —20°C. The cell-pellet is strongly yellow because
of the content of FMN in DHODC.

3.2. Extraction and Purification

All operations during purification are carried out at 4°C.

3.2.1. Extraction

1. Frozen cells from 2 L culture (circa 16 g) are resuspended in 80 mL of buffer A and
disrupted by ultrasonic treatment.

2. Add MgCl, to a final concentration of 5 mM, and Triton X-100 to a final concen-
tration of 0.1% to dissolve the membranes.

3. The extract is cleared by centrifugation in an SS-34 rotor (Sorvall) at 13,000 rpm
(20,000¢) for 1 h (see Note 5).

3.2.2. First Chromatography on DE-52

1. The clear yellow extract is pumped (flow 1 mL/min) onto a column of DE-52 (1.6
X 25 cm) equilibrated with buffer B. The enzyme binds in a narrow zone at the top
of the column.

2. After application of the sample, the column is washed first with 50 mL of buffer B
and then with 50 mL of buffer C.

3. The enzyme is eluted with a linear gradient (400 mL) from O to 0.25 M sodium
chloride in buffer C, while 10 mL fractions are collected. The enzyme appears from
the column with a peak around 0.15 M NaCl.

3.2.3. Hydrophobic Interaction Column Chromatography

1. The active, yellow fractions from the DE-52 column are pooled and solid ammo-
nium sulfate is dissolved in the liquid at a final concentration of 1.1 M.

2. A turbidity that forms after the addition of ammonium sulfate is removed by cen-
trifugation (10 min at 12,000g). The pellet is colorless.

3. The clear supernatant is pumped (flow 0.5 mL/min) onto a column of Phenyl
Sepharose (1.6 x 20 cm) which has been equilibrated with buffer D containing 1.1
M ammonium sulfate. The enzyme binds in a highly concentrated zone at the top of
the column.

4. After application of the sample, the column is washed with a linear gradient (160
mL) from 1.1 M to 0 M ammonium sulfate in buffer D followed by 100 mL of
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buffer D. The washing removes a substantial amount of contaminating protein, but
DHODC remains bound although it spreads a little on the column during the wash.
5. The enzyme is eluted as a sharp peak by pumping buffer D containing 1% Triton
X-100 through the column. This high concentration Triton X-100 gradually replaces
the enzyme from the column, and the column material changes appearance to a more
white and nontransparent texture above moving yellow zone of DHODC (see Note 6).

3.2.4 Second DE-52 Column Chromatography

1. The pooled fractions from the Phenyl-Sepharose column are loaded on a second
DE-52 column (1.6 X 25 mL) equilibrated with buffer D. The flow rate is 1
mlL/min.

2. The column is washed thoroughly with about 300 mL of buffer D to remove all Tri-
ton X-100, which is monitored by the UV-light absorption at 280 nm.

3. The enzyme is eluted in a somewhat broad peak by a linear gradient (400 mL) from
0 to 0.3 M sodium chloride in buffer D. The chromatography on the DE-52 column
in the absence of Triton X-100 results in a loss of about one-third of DHODC,
which remains stuck at the top of the column even at very high concentrations of
NaCl, but we have accepted this loss of enzyme in order to be able to replace Triton
X-100 with other detergents (see Note 7).

3.2.5. Concentration and Storage

1. The active fractions from the second DE-52 column are pooled and concentrated
using centrifugation spin columns (Amicon, Centriprep®).

2. For most purposes, the enzyme was dialyzed against buffer D containing 50% glyc-
erol and stored in liquid form at —20°C at a concentration around 10 mg/mL.

3. Prior to crystallization the protein sample was dialyzed against a solution of 25 mM
of sodium phosphate pH 7.0 containing 0.1 mM EDTA and 10% glycerol and
stored in 0.5 mL aliquots at —20°C.

3.3. Crystallization

The crystallization of DHODC has been described previously by Rowland et
al. (36). Crystals were obtained by the vapor diffusion technique using 5 L sit-
ting drops in microbridges placed over a 0.6-mL reservoir solution in the Linbro
plates closed with cover slides. The experiments were carried out at room tem-
perature. The drops were made from 2.5 pL protein solution (12-15 mg/mL
DHODC) and 2.5 pL of the reservoir solution. Crystals could be obtained with
reservoir solutions that have the following composition: 0.1 M sodium acetate,
sodium formate in the concentration range 3.9-4.4 M, pH 4.0-5.5, and 25 mM
B-n-octyl B-p-glucoside (3-OG). Prior to equilibration the drops had a compo-
sition contained 6.0-7.5 mg/mL of DHODC, 12.5 mM sodium phosphate pH 7,
0.05 mM EDTA, 5% glycerol (from the protein solution), 12.5 mM -OG, 0.05
M sodium acetate, and 1.95-2.2 M sodium formate with a pH of 4.0-5.5, while
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the reservoir solutions contained 0.1 M sodium acetate, and 3.9—4.4 M sodium
formate with a pH of 4.0-5.5. With reservoir solutions in the afore mentioned
range of sodium formate concentrations and pH, the enzyme crystallized within
1-2 wk as yellow needles of the approximate dimensions 1.5 X 0.15 % 0.15 mm.
The crystals have small whiskers at one end that was cut away to make the crys-
tals suitable for X-ray diffraction experiments. To be able to measure diffraction
data from crystals under cryogenic conditions, the crystals had to be soaked for
a few seconds in a cryoprotecting reagent containing 4.5 M sodium formate, 0.1
M sodium acetate at the crystallization pH and 10% glycerol. The X-ray dif-
fraction experiments showed that the crystals are tetragonal. To overcome the
phase problem the selenomethionine substituted protein was prepared (see Note
8). It could be crystallized under the same conditions as the native enzyme. The
structure determination was achieved by the MAD (multiple anomalous disper-
sion) method based on diffraction data collected with synchroton radiation at
three different wavelength around the Se-absorption edge. Further details are
described by Ngrager et al. (28).

4. Notes

1. Buffers are prepared using doubly distilled water. They were prepared by dilution of
five-times concentrated stock solutions and mixed with NaCl from a 5 M NaCl stock
solution that was passed through a nitrocellulose filter to remove unwanted particles.

2. Other E. coli strains can be used, but the F’ proAB lacl’ZAM15 Tnl0 episome,
which directs the overproduction of the Lacl repressor, is needed because the plas-
mid does not itself carry a lacl gene. The overproduction of all types of DHOD is
toxic to E. coli and transformation with plasmid pAGI is not possible unless the
DHOD expression is kept repressed.

3. It is advisable to use freshly transformed cells and keep the culture exponentially
growing until the final culture reaches stationary phase before harvest. If growth of
culture is interrupted, it should preferably be done at a low cell density, e.g., at
OD,;, < 0.5. If the preculture has been grown into stationary phase, plasmid-free
cells tend to outgrow the plasmid containing cells when the preculture is diluted into
fresh medium, because the added ampicillin is rapidly broken down. This behavior
is in all likelihood related to the fact that the copy number of plasmid pAG1 (and
other relaxed plasmids), and hence the production of 3-lactamase, increases dramat-
ically when the culture approaches stationary phase. It is possible to store the trans-
formed cells if an aliquot of the uninduced culture at a low cell density (OD, <0.5)
is mixed with 20% glycerol and the frozen at —20°C. However, in that case, it is
advisable to spread the cells to single colonies on an LB-agar plate with 0.1 mg/mL
of ampicillin and test a few colonies for high-protein production in small cultures.

4. An “autoinduction” of pyrD expression from plasmid pAG1 occurs at a cell density
about OD . = 2. The reason is that the concentration of repressor binding sites on
PAGTI in cultures approaching stationary phase exceeds the amount of Lacl repres-
sor produced from the stringently controlled F’-episome. The production of
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DHODC from pAGH is almost as high in “uninduced” stationary cultures as it is in
cultures that are induced by addition of IPTG, but because this “autoinduction”
may depend on subtle differences in the culture conditions, we have retained the
induction with IPTG as described. The “autoinduction” of protein expression in
stationary cultures, which we have seen with several plasmids where repression
relies upon a lacl gene on an F’-episome, may also contribute to the strong ten-
dency of plasmid-loss and low protein production in cultures that are inoculated
with outgrown precultures.

. When DHODC was purified from bacteria that expressed the protein either from
the chromosomal pyrD gene or from low production plasmids (23) we disrupted
the cells by use of a French press and isolated the membranes, which contained
near 100% of the enzyme, by centrifugation. The protein was then released from
the membranes by addition of Triton X-100 (37). The isolation of membranes prior
to release of the enzyme gave a substantial purification (= 10-fold), but with the
large overproduction of DHODC, achieved by the use of plasmid pAG1, the major-
ity of DHODC remains in the supernatant, when the membranes are isolated.
Therefore, this step is omitted from the purification procedure and the membranes
are dissolved by addition of Triton X-100 prior to all fractionation.

. The Phenyl-Sepharose column can be regenerated by extensive washing with 20%
ethanol in water. The removal of Triton X-100 can be followed by monitoring the
UV-absorbance.

. The behavior of DHODC during chromatography on the DE-52 ion column in the
absence of detergent is unusual. At low ionic strength, the enzyme appears to bind
to the column material primarily by electrostatic forces and be released by a mod-
erate salt concentrations. However, at high-salt concentrations, it sticks to the col-
umn material by hydrophobic interactions. In an attempt to elute the protein from
the DE-52 column in a more-concentrated manner than obtained by the described
salt gradient, we applied a solution of 1 M NaCl in buffer D to the column directly
after Triton X-100 had been removed. All of the enzyme remained at the column
during the high salt wash, and a part of it (about two-thirds) was eluted by a back-
ward gradient from 1 M to O M NaCl in buffer D with a peak about 0.15 M NaCl.

. Strain S@P6735 transformed with pAG1 was used to produce selenomethionine sub-
stituted DHODC for crystallization and structure determination (28). The strain
was grown in the phosphate buffered minimal (A+B)-medium (35) supplemented
with glucose (0.5%), methionine, leucine, isoleucine, and valine (all at a concentra-
tion of 50 mg/L) and with uracil (20 mg/L) and ampicillin (100 mg/L). Uracil was
added because the rph-I mutation in strain DL41 (a derivative of MG1655) has a
polar effect on transcription of the pyrE gene, which generates a strong stress in the
supply of pyrimidine nucleotides and a reduced growth rate in pyrimidine free
media (38). The preculture was grown in a medium supplied with normal
L-methionine. At OD,,, = 0.5 the preculture was cooled in an ice bath. The cells
were harvested by centrifugation, washed with basal salt medium, and resuspended
atan OD_, = 0.05 in 2 L of prewarmed medium, similar to the medium described
aforementioned, but with DL-selenomethionine (0.1 g/L) replacing L-methionine.
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After a few minutes, the growth rate declined to half of that seen in the preculture,
indicating that all L-methionine had been consumed and that the cells were now
thriving on selenomethionine. The synthesis of DHODC was induced at OD,,, =
0.5 and the culture was left to reach stationary phase overnight at an OD,; of 2-3.
Harvest of the cells, extraction, and protein purification was performed as afore-
mentioned with the notable exception that 1 mM dithiothreitol (DTT) was included
in all the buffers to prevent oxidation. Furthermore, only 0.9 M ammonium sulfate
was added to the enzyme solution prior to application on the Phenyl-Sepharose col-
umn and the subsequent gradient changed accordingly to go from 0.9 M to 0 M
ammonium sulfate. The reduction in the ammonium sulfate concentration was
made because the selenomethionine substituted DHODC precipitates in the pres-
ence of 1.1 M ammonium sulfate. The yield of DHODC, fully substituted with
selenomethionine, was circa 10 mg per liter of medium was.
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A General Approach for Heterologous Membrane
Protein Expression in Escherichia coli

The Uncoupling Protein, UCP1, as an Example

Alison Z. Shaw and Bruno Miroux

1. Introduction

It is well accepted that one of the major limitations in membrane protein struc-
ture determination is to obtain enough protein material (for review, see ref. I). A
batch of approx 5 mg is necessary for the first round of crystallization screening,
for example. Because many of the most interesting membrane proteins are often
expressed at very low levels, it can be difficult, and perhaps not desirable, to
purify them from their natural source; using an overexpression system is the obvi-
ous alternative. Owing to the great range of expression vectors available and the
ease of use, Escherichia coli has proven to be the expression host of choice, par-
ticularly for small, cytoplasmic proteins. Heterologously expressed membrane
proteins are often toxic to E. coli, which prevents cell growth and limits protein
yields. In this chapter, we describe how an “in vitro evolution” approach can be
used to produce E. coli strains, e.g., C41(DE3) and C43(DE3), which are better
suited than BL21(DE3) to expression of some membrane proteins. Expression
of the uncoupling protein (UCP1) in C41(DE23) is given as an example.

UCPI1 plays a part in what is known as “proton leak.” This curious phenome-
non has been recognized for many years and is defined as the dissipation of the
proton gradient existing across the inner mitochondrial membrane by routes
other than through ATP synthase. The significance of this phenomenon is grad-
ually coming to light through the study of the uncoupling protein family. UCP1,
the most well-characterized member is known to provide this “unproductive”
proton conductance pathway in brown adipose tissue (BAT) mitochondria and

From: Methods in Molecular Biology, vol. 228:
Membrane Protein Protocols: Expression, Purification, and Characterization
Edited by B.S. Selinsky © Humana Press Inc., Totowa, NJ

23



24 Shaw and Miroux

is activated during nonshivering thermogenesis, leading to the production of
heat (for review, see ref. 2). The recent cloning of UCP2 and UCP3, both
exhibiting high sequence identity with UCP1 has promoted interest in this field
(3,4). They are expressed in tissues other than brown adipose tissue and provide
potential therapeutic targets for the treatment of metabolic diseases such as dia-
betes and obesity and of inflammatory diseases (5-7).

Hydropathy analysis of these 33-kDa membrane proteins proposes six trans-
membrane domains, confirmed for UCP1 by antibody mapping which also
reveals the location of N and C terminals in the intermembrane space (8). The
organization of UCP1 into three repeats of approx 100 amino acids is apparent
from the amino acid sequence, with each domain containing two transmem-
brane segments (9).

Both the full-length rat UCP1 and fragments of the protein (corresponding to
each of the three repeats) have been expressed with histidine tags, in E. coli C41
(DE3) (10) as inclusion bodies. A method for the expression is described here,
alongside a protocol to generate improved E. coli strains for membrane protein
expression and some tips on finding the best conditions for maximizing protein
yields.

2. Materials

1. 1X LB Medium: 10 g Bacto Tryptone (Difco #0123-17-3), 5 g Bacto Yeast Extract
(Difco #0127-17-9), 5 g NaCl. Add sterile water to 1 L. Adjust the pH to 7.2-7.5
with NaOH (a few pellets of the solid) and autoclave.

2. 2X TY Medium: 16 g Bacto Tryptone (Difco #0123-17-3), 10 g Bacto Yeast
Extract (Difco #0127-17-9), 5 g NaCl, 2 g glucose. Add sterile water to 1 L. Adjust
the pH to 7.0 with NaOH (a few pellets of the solid) and autoclave.

3. IPTG (Isopropyl-beta-D-galactoside): A 1 M stock can be prepared in water and
stored at —20°C. IPTG can be obtained from Sigma-Aldrich.

4. Antibiotics: Working concentrations of some antibiotics:

Antibiotic (pg/mL)
ampicillin 100
carbenicillin 100
chloramphenicol 34
kanamycin 30
rifampicin 200
tetracycline 12.5

5. 5X sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sam-
ple buffer: 4.0 mL distilled water, 1.0 mL 0.5 M Tris-HCI, 0.8 mL glycerol, 1.6
mL10% SDS, 0.4 mL B-mercaptoethanol, 0.2 mL 0.05% (w/v) bromophenol blue.

6. Inclusion body buffer: 300 mM NaCl, 10 mM NaH,PO,/Na,HPO, pH 7.5, 4 mM
phenyl methyl sufonyl fluoride, (PMSF) (Sigma-Aldrich), added at the time of use.
A 1 M stock of PMSF can be prepared in methanol and stored at —20°C. This pro-
tease inhibitor is highly toxic.
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3. Methods
3.1. Designing Contructs for Expression

As well as making expression constructs of the full-length protein, it may
make sense to break up your protein into smaller fragments. In that case, it is
essential to think carefully about where to put the boundaries. Check hydropa-
thy data and use programmes such as SMART (protein domain identification)
and Jpred (secondary structure prediction) to identify potential domain bound-
aries (see Note 1). In general, it is best to avoid having hydrophobic residues on
the ends of protein constructs because they may induce aggregation.

3.2. Choosing Expression Vectors

Having decided on which sequences to clone, the next step is to choose from
the plethora of expression vectors. It is very difficult to know which vector will
give the highest yields for the particular protein of interest and often the best
strategy is to try a number of different vectors in parallel and screen for expres-
sion on a small scale (see Subheading 3.4.).

Optimal conditions are achieved when the plasmid remains stable throughout
the growth of the culture and when expression of the protein is slighly toxic to
the cell, but not so much that cell growth is seriously impaired. Unfortunately,
expression systems are unpredictable because the strength of the promoter
depends very much on the stability of the mRNA of the target gene (11). For
instance, if the mRNA is very stable then a weak promoter will make a good
balance to achieve a high level of expression of the target gene without toxicity
to the host. On the other hand, if the mRNA of the target gene is highly unsta-
ble, then even the strongest E. coli promoter will be useless. Therefore, as a
general rule, we advise you to clone your target gene in two to three very dif-
ferent expression vectors and to transform two to three different bacterial
strains in order to cover weak, intermediate, and strong expression systems. In
the case of the well-known T7 based RNA polymerase expression system (12),
the low copy number pET vectors (Novagene) could be tested alongside the
high copy number pRSET vector (Invitrogen) or the pMW?7 vector (13). Other
low or high copy number vectors with weak promoters should also be tested,
such as the arabinose promoter or the lac promoter (see Note 2).

3.3. The Bacterial Host

When it comes to expressing the protein, the main difficulties are to balance
the efficiency of protein production with the toxicity of expression; and to opti-
mize yields of correctly folded protein without driving the equilibrium too far
toward formation of inclusion bodies. This depends very much on the combina-
tion of vector and bacterial host. In this section we describe a general method
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that allows you to assess (see Subheading 3.3.1.) and improve your expression
system by selection of the bacterial host (see Subheading 3.3.2.).

3.3.1. Identifying a Suitable Host Strain

The method relies on the fact that the growth behaviour of your host strain on
solid medium (LB-agar plates) will closely reflect its behaviour in liquid
medium. For instance, if the bacterial host harboring the plasmid is unable to
form a colony on an agar plate containing the expression inducer, then in liquid
medium, cells may well start to die once expression is induced, and may lose
the plasmid very rapidly. Eventually cells lacking the expression vector will
overgrow the culture and very little heterologous protein will be obtained. This
is what we have observed in experiments using the T7 expression system (10).

A strategy for identifying a suitable host is described in Fig. 1. It can be
divided into several stages, the first of which is to check that your empty vector
is not toxic to your bacterial host, especially if you use a T7 expression system
(14). Cells harboring vectors that do not contain your inserted gene should form
regular sized colonies on plates containing the inducer. If not, then you should
either change the combination of vector and host or select mutant hosts by fol-
lowing the procedure described in Subheading 3.3.2. (see Fig. 2).

This first step is important so you can be sure that any potential toxicity
comes as a result of the inserted gene and is not from the plasmid alone. You
should now proceed with the vector containing the membrane protein gene and
check the appearance of colonies on both LB-Agar plates (+antibiotic) and on
plates also containing inducer. It is possible that only very small colonies form
on the LB-agar plates, even without inducer (see Note 3). The only option in
that case is to try a new host or a new vector.

Provided the colonies are normal sized in the absence of inducer, you should
see how they look when inducer is added to the plates. As shown in Fig. 1, there
are three possibilities at this stage. The first possible outcome is that the size of
the colonies does not change at all with or without the inducer. This is a bad
sign and probably indicates that the level of expression of your protein is very
low or at least not optimal. Of course you can proceed and check the expression
level of the target gene in liquid medium, but it is also wise to change to a
stronger expression system.

The second possibility is that cells form smaller colonies in the presence of
the inducer. This is a good sign but does not always guarantee that expression
will be successful (see Note 4). In the case of the T7 expression system this
observation has been associated in many cases with a high level of expression
of the target gene (15), which could still be optimised by changing the growth
conditions (see Subheading 3.4).
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Fig. 1. General strategy for choosing the best combination of expression vector and
bacterial host. The strategy relies on the fact that the expression system by itself should
not be toxic and that the expression of the target gene is optimal when the growth of the
cells after induction is only slightly reduced. This is reflected on agar plates containing
the inducer by the formation of small size colonies.

In the third case, cells are unable to form colonies in presence of the inducer.
This is very typical for membrane proteins but does not necessarily mean that the
target gene is toxic. Our experience with the expression of the mitochondrial car-
riers and of the F1Fo ATP synthase is that some optimization is necessary to
identify the right timing of induction or the appropriate strength of the promoter
(see Note 5). Opting for host selection would be a sensible choice at this stage.

3.3.2. Obtaining Mutant Strains by Host Selection

A procedure for selecting a bacterial strain, which is better suited to express-
ing your target gene is illustrated in Fig. 2. In this example, the starter strain is
BL21(DE3) and the expression plasmid, pGFP encodes the green fluorescent
protein from Aequora Victoria (16). The steps are as follows:
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Fig. 2. Selection of mutant of E. coli BL21(DE3) using GFP as a gene reporter.

The green fluorescent protein is expressed in BL21(DE3). Three hours after induc-
tion of its expression, cells were diluted and plated out onto agar medium containing
IPTG and ampicillin. The following morning, the plates were illuminated either with a
UV lamp or with a normal lamp. Mutants that have kept the ability to express GFP form
small fluorescent colonies while normal size bacterial colonies do not express GFP.
White arrows and circles indicate the exceptions to rule.

1. Use a fresh colony to inoculate 50 mL of LB medium and induce expression (in this
case, by adding IPTG to 0.7 mM final concentration). Monitor cell growth by mea-
suring the optical density (OD) at 600 nm.

2. Typically, the OD decreases slightly after induction because some of the bacteria
have immediately lysed. Cell growth does not recover until 1-3 h after the inducer
is added. At the point just before the OD starts to increase again, cells should be
diluted with LB medium or sterile water to make serial dilutions between 1:10 and
1:10,000. Cells are then immediately plated out on to LB-agar plates containing the
appropriate inducer (e.g., 0.7 mM IPTG and antibiotic). Because the frequency of
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viable cells and of mutants is variable, it is critical to make progressive dilutions of
the culture in order to isolate individual colonies.

3. After overnight incubation at 37°C, two populations of cells should appear and in
the case of GFP, the interesting mutants are immediately revealed under UV light.
As illustrated in Fig. 2, most of the normal-sized colonies are not fluorescent. They
represent mutants that have lost the ability to express GFP but keep ampicillin
resistance. In some rare cases, some of these mutants like those indicated by a
white arrow in Fig. 2, are poorly fluorescent. In contrast, almost all small colonies
(except two of them highlighted by a white circle) are highly fluorescent, indicating
high GFP expression. These are the mutant hosts to be isolated.

4. In order to have a strain you can work with, the cells must be cured of the plasmid.
To do this, it is better to avoid the use of mutagenic compounds such as acridine
orange; the simplest method consists of maintaining the selected strain in exponen-
tial phase for a week in LB medium without antibiotic or IPTG. Each day, you
should make a serial dilution of the culture and plate out the cells on LB-agar plates
containing IPTG but without antibiotic. After selection, the size of the colonies on
IPTG plate can be considered as a signature of the mutant. On IPTG plates, mutant
cells that have lost the plasmid will form normal size colonies and in the case of the
GFP mutant, they will, of course, have lost their green fluorescence. To check that
the mutation is in the bacterial host and not in the plasmid it is important to retrans-
form the original plasmid into the isolated host and verify that the “colony size phe-
notype” on an IPTG plate is conserved.

3.4. Optimization of Growth Conditions

Optimization of expression conditions is essential for proteins that are diffi-
cult to express in high quantities and this can be done quite easily on a small
scale. Temperature, type of medium, concentration of inducer, timing / length
of induction, and degree of aeration can all influence cell growth and the yield
of protein. The efficiency of aeration depends very much on the type of vessel
used to grow the bacteria in, the speed of rotation, and the volume of culture. It
is difficult and, therefore, not useful to test the influence of that factor in a
small-scale screen. However, temperature, IPTG concentration, timing and
length of induction can all be easily tested provided you have an Eppendorf
thermomixer, or similar shaking / heating block.

A simple screen for growth conditions can be performed with 200-wL cul-
tures, set up in 2-mL Eppendorf tubes. The number of tubes you prepare will
depend on how many conditions you want to test at one time and how many dif-
ferent constructs you have. Eppendorf thermomixers contain 24 spaces, so 24
conditions at one temperature is the maximum you could try. If you have more
than one shaker, it is convenient to test several temperatures in parallel.

A manageable setup is a total of 24 cultures split between two temperatures
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Table 1
Optimization of Growth Conditions of the E. coli Culture

Temperature of induction: 37°C or 15°C

Construct A Construct B
(IPTG) (IPTG)
0.2 mM 0.2 mM Induce at
0.7 mM 0.7 mM OD(,,=0.6
1 mM 1 mM
0.2 mM 0.2 mM Induce at
0.7 mM 0.7 mM OD(,, =1
1 mM 1 mM

(room temperature [RT] and 37°C or RT and 15°C, for example). Two different
constructs can be tested for a range of inducer concentrations and also timing
and length of induction. A sensible range of conditions is illustrated in Table 1.
The two constructs tested simultaneously are called A and B; 0.2 mM, 0.7 mM,
and 1.0 mM refer to IPTG concentrations (see Table 1).

1.

Prepare 5 mL master cultures of A and B by inoculating LB medium + antibiotic
with a single colony from a fresh transformation (see Note 6). Incubate at 37°C and
monitor cell growth by measuring the OD,

When the OD approaches 0.6, distribute 200-.L of each culture into 2-mL Eppen-
dorf tubes; three for each construct in both the 37°C shaker and the 15°C shaker
makes a total of 12 tubes. Induce expression by adding the appropriate volume of
100 mM IPTG.

Continue to measure the OD, of the master cultures and repeat the previous steps
once the optical density approaches 1.0 (see Table 1). Keep a sample of the unin-
duced master cultures. These will serve as controls for the SDS-PAGE to help you
detect which band corresponds to the overexpressed protein.

Take 10-pL samples of the induced cultures after 3 h, 6 h and after overnight
incubation.

Mix with 5X SDS-PAGE buffer and boil for 10 min to lyse the cells and denature
the samples.

Spin them on a bench-top centrifuge for 10 min at 14,000g before analysing the
supernatant on SDS-polyacrylamide gel electrophoresis (SDS-PAGE) together
with the control “uninduced” samples. You should end up with a total of 72 samples
+2 controls. That is a rather colossal number if you want to run SDS-PAGE
minigels so cut them down by being selective over the “induction time” samples.
Only run the 3-h samples of the cultures grown at 37°C, run just the 6-h samples of
those at grown at RT and take the overnight samples if the induction temperature
was 15°C (see Note 7).
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3.5. Large-Scale Expression and Harvesting of Cells

Once the optimum growth conditions have been identified in the small-scale
screen, protein can be expressed in larger volumes. The level of expression will
determine what volume of culture you should grow. It is wise to start with 1 or
2 L and perhaps grow two different constructs in parallel and then scale up later
if necessary.

1. Make a 50-mL starter culture in a sterile 250-mL conical flask by inoculating medium
+ antibiotic with cells from a single colony. Grow overnight at 37°C with shaking.

2. The following morning prepare a chosen number of 2-L Erlenmeyer flasks with

500 mL of medium + antibiotic each. Prewarming the medium to 37°C will speed

up the cell growth, but is not essential.

Inoculate each 500 mL with 5 mL of starter culture.

4. Grow the cells at 37°C with shaking at about 150-200 rotations per min. Monitor
cell growth by measuring the OD, every 30 min.

5. When the induction time is up, harvest the cells by centrifuging at 2000g for 15 min
at 4°C (see Note 8).

(O8]

3.6. Expression Conditions for UCP1

It has not been possible to find conditions where the full-length UCP1 protein
can be both highly expressed and correctly inserted into the plasma membrane; in
C41(DE3) the recombinant protein accumulates in high amounts as inclusion
bodies instead. Our strategy for obtaining pure, functional protein has been to
denature and refold these inclusion bodies. However, there are a number of diffi-
culties associated with refolding of membrane proteins. The absence of a native
membrane to insert into is a potential problem and the chances of misfolding are
certainly likely to increase according to the size of the protein and number of
transmembrane domains. Our logic was to isolate each of the three repeats of
UCPI as individual constructs. With each one possessing two transmembrane
spans and a 40-residue loop, the chances of correct refolding are higher than for
the full-length protein.

The full-length UCP1 and the fragments of the protein were cloned into a
pET like vector and a T7 based high copy number plasmid (gift of M. Runswick)
derived from pMW?7 (13), which both give protein with a 6X histidine tag.
Depending on the vector, the tag is either at the N-terminus and separated
from the protein by a Tev (Tobabcco Etch Virus) protease cleavage site, or is
C-terminal and not cleavable. As a selectable marker, both vectors confer
ampicillin resistance and a T7-lac promoter initiates transcription in the pres-
ence of IPTG.

1. C41(DE3) cells that harbor the expression plasmid are grown at 37°C in LB
medium until the OD, reaches 0.6.
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2. Overexpression is induced by adding IPTG to a final concentration of 0.7 mM. Pro-
tein yields are equally good whether cells are induced at 37°C for 3 h or at 25°C
overnight.

3. Cells are harvested by centrifugation and lysed at 4°C by passing them twice
through a French pressure cell. Unbroken cells are isolated by spinning the lysate at
600g for 15 min.

4. The supernatant is recentrifugated at 10,000g for 20 min to isolate the inclusion
bodies.

5. A homogeniser is used to resuspend the inclusion bodies in Inclusion body buffer to a
concentration of 30 mg total protein per mL. Comprising mostly overexpressed pro-
tein (see Fig. 3), the yield of inclusion bodies is typically 250-300 mg L of culture.

Notes

1. The following Web resources are useful in planning and implementing the expres-

sion of membrane proteins:

SMART (protein domain database)

http://smart.embl-heidelberg.de/

Jpred (secondary structure prediction)

http://jura.ebi.ac.uk:8888/

EMBL Protein Purification and Expression Unit

http://www.embl-heidelberg.de/Externallnfo/geerlof/draft_frames/frames_
which_vector_ext.htm/

ExPasy

http://www.expasy.ch/

2. With such a large variety of vectors to test out, it is not difficult to get overloaded so
keep the number of constructs well within a limit you can realistically manage and
keep the cloning steps as simple as possible (try to use the same restriction sites for
all the constructs, for example). For more details on the types of vectors available,
the web page of the EMBL Protein Purification and Expression Unit is a good
resource. http://www.emblheidelberg.de/Externallnfo/geerlof/draft_frames/frame_
which_vector_ext.htm/

3. We have frequently observed that some expression systems are so leaky (i.e., over-
expression occurs before inducer is added) that even in the absence of inducer on
the plates, cells are unable to form regular sized colonies. In severe cases, such as
the mitochondrial ADP/ATP carrier or the B-subunit of the E. coli ATP synthase
expressed in BL21(DE3) with the pMW?7 vector, cells form pinhead sized colonies
which do not grow in liquid medium (15). In such cases, a new combination of vec-
tor and host needs to be found.

4. If in spite of attempts to optimize growth conditions, the expression level is still
very low you should consider investigating the stability of both the mRNA and the
target protein. Predictive programmes allow the determination of secondary struc-
ture susceptible to RNA degradation (11) and of the half-life of your protein in var-
ious expression systems (see ExPasy web site). Silent point mutations may help in
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Fig. 3. Analysis by SDS-PAGE of the inclusion bodies preparation of four different
constructs of rat UCP1: the full length UCP1 (FL), its N-terminal third (NT), middle
third (MT), and C-terminal third (CT). Ten micrograms of inclusion bodies were loaded
on the gel. The gel was stained using Coomassie blue dye.

stabilizing mRNA and using a protein fusion tag (e.g., Glutathione S transferase,
GST) has also been known to increase protein stability.

5. Obtaining stable, correctly folded protein does not stop at translation, membrane
insertion is necessary and the cell may need time for metabolic adaptation such as
lipid synthesis and membrane proliferation. Expression of the b-subunit of the E. coli
ATP synthase is a very interesting example. The BL21(DE3) strain was intolerant to
the pPMW7(Ecb) plasmid even before induction of expression. Equally, expression in
C41(DE3) was toxic to the cell and the b subunit was somehow misfolded. A specific
mutant host, C43(DE3) was then selected as described in Subheading 3.3.2. and
expression gave no signs of toxicity. Upon induction of expression, the bacterial host
produced an internal membrane network in which the b-subunit was concentrated
(17). This is why we strongly recommend selecting mutant hosts in order to specifi-
cally optimise the expression system for your membrane protein.

6. When inoculating a starter culture for expression, it is wise to start from a fresh
colony rather than a liquid culture. There is a possibility that the cells may lose the
plasmid or some recombination may occur. Ideally, you should start from a plate of
freshly transformed cells.
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7. It is important to bear in mind that good expression does not necessarily mean the
final yield of purified protein will be high enough. It is worth extending the screen
and testing for purification and cleavage (in case the protein has a tag or fusion pro-
tein) before deciding which vector is best. It is not uncommon that a tagged protein
can be purified in high amounts but precipitates as soon as it is cleaved from the
fusion partner!

8. When growing large cultures, if you want to induce the overexpression at a temper-
ature lower than 37°C, it is important to lower the temperature of the incubator well
in advance (1 h-30 mins) of the point at which you want to add the inducer. The
incubator may cool down quickly, but the cultures will take some time to reduce in
temperature. If you overshoot the point at which you should start cooling the incu-
bator, put the flasks at 4°C until they reach the correct temperature.
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Expression of Membrane-Bound
Iron—Sulfur Proteins

Dirk Schneider, Christian L. Schmidt, and Andreas Seidler

1. Introduction

Overexpression of membrane-bound proteins to obtain milligram quantities
for biochemical and biophysical studies is usually a difficult task, especially for
those proteins that span the membrane several times (3). An additional difficulty
arises when these proteins need to incorporate organic or inorganic cofactors. In
order to obtain a functional protein, this requires a host that is able to produce
this cofactor or the cofactor has to be added to the growth medium and subse-
quently taken up by the host cells. Alternatively, the protein can be expressed as
inclusion bodies and then refolded in the presence of the cofactor(s), a strategy
successfully applied for bacteriorhodopsin and the light-harvesting complex of
higher plants (3).

There are few examples of successful overexpression of membrane-bound
FeS proteins; most of them are Escherichia coli (E. coli) proteins overproduced
in E. coli. In fact, these proteins were globular subunits of large membrane-
associated complexes like NADH dehydrogenase or fumarate (2) reductase (19).

The Rieske FeS protein is a membrane-associated compound of the electron
transport chain of photosynthesis and respiration (4). It is a subunit of the
cytochrome bc complex in mitochondria, chloroplasts, and bacteria. The pro-
tein consists of an N-terminal transmembrane helix and a globular domain
located on the P-side (intermembrane space/thylakoid lumen/periplasm) of the
membrane carrying a 2Fe2S cluster. In addition, this protein contains a disulfide
bridge, which is known to be important for the stability of the FeS cluster.
Because of the important role of this protein in electron transfer (5), it has been
studied intensively in recent years. Successful overexpression of the Rieske
protein with incorporated FeS cluster was reported only for those proteins
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derived from thermophilic archea (5,12) but not for those from mesophilic
organisms. However, a truncated version of this protein from a mesophilic
cyanobacterium was heterologously expressed and a significant fraction was
found to carry a 2Fe2S cluster (6). In this chapter, we describe methods used for
overexpression of three full-length Rieske FeS proteins from the cyanobac-
terium Synechocystis PCC 6803. Two of them, PetC1 (product of ORF sll11316)
and PetC2 (product of ORF slr1185), are rather similar to the Rieske protein
found in cytochrome b f complexes, whereas the other (PetC3, product of
sll1182) is quite different in both sequence and size. The PetC1 protein had to
be refolded and the iron—sulfur cluster had to be reconstituted in vitro after
purification of the protein (13), the two other proteins were also obtained in a
membrane-bound form carrying the 2Fe2S cluster (see also ref. 14).

2. Materials

. pPRSET6a expression vector, pLysE plasmid (Novagene).
. E. coli strains DH5a, BL21(DE3).
. Oligonucleotide primers for polymerase chain reaction (PCR).
. Restriction enzymes, Tag DNA polymerase, T4 DNA ligase.
. Plasmid miniprep kit, DNA purification kit (for purification of DNA from agarose
gels).
6. LB medium containing 100 pg/mL ampicillin with or without 50 pg/mL chloram-
phenicol.
7. Isopropyl (3-D-1-thiogalactopyranoside (IPTG).
8. PBS buffer: 137 mM NaCl, 2.7 mM KCl, 12.8 mM Na,HPO,, 1.76 mM KH,PO,,
pH 7.2.
9. Sonicator.
10. Proteinase inhibitors:phenylmethylsulfonyl fluoride (PMSF), p-tosyl-L-lysine chloro-
methyl ketone (TLCK).
11. Magnesium chloride.
12. DNase I (Boehringer).
13. 50 mM Tris-HCI, pH 8.3.
14. Wash buffer: Phosphate-buffered saline (PBS) containing 25% sucrose, 1% Triton-
X-100, 5 mM ethylene diamine tetraacetic acid (EDTA).
15. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) equipment.

| R O R N R

3. Methods
The following paragraphs describe

1. The construction of expression plasmids for the overexpression of three different
Synechocystis Rieske proteins;

2. Conditions for successful protein expression; and

3. Characterization of the expressed proteins.
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3.1. Expression Vector

In general, the conditions for successful overexpression of membrane pro-
teins cannot be predicted and must be determined empirically. Many mem-
brane proteins seem to behave differently and the expression levels depend on
many factors as discussed in (3). For the expression of proteins in E. coli,
many different plasmids and promoter systems have become available in the
recent years. The different features of these systems strongly influence the
expression of foreign proteins in E. coli. Therefore, each system has to be opti-
mized either to obtain a functional membrane protein incorporated into E. coli
membranes or to produce large quantities of insoluble protein, localized in
inclusion bodies.

In recent years, it turned out that the integration of proteins into the E. coli
membrane is an important and rate-limiting factor (I-3). In the case of poly-
topic membrane proteins, the use of a low-copy-number plasmid in combina-
tion with a weak promoter may be most promising, because low-level bacterial
expression could result in a higher degree of integration of the protein into the
cytoplasmic membrane of E. coli (3). However, in our hands, the use of the
strong {10 promoter of the bacteriophage T7 for the Rieske FeS protein was
most successful.

3.1.1. pRSET6a

The pRSET family of expression plasmids are T7 promoter-based expression
vectors derived from pBluescript (15). They are high-copy-number vectors fea-
turing translational start and stop elements and a multiple cloning site. Because
of the T7 promoter, which is not recognized by the E. coli RNA polymerase, the
system is “off” in E. coli strains not carrying the T7 RNA polymerase gene. In
strains bearing this gene (like BL21 [DE3]) the T7 RNA polymerase gene is
under the control of the lacUV5 promoter and after promoter induction, proteins
are usually produced at a very high level. In the uninduced state, the gene of
interest is transcribed at a low level, even without additional induction of the
promoter. This allows a moderate level of protein expression without significant
inhibition of cell growth. The coexpression of T7 lysozyme from the plasmids
pLysE or pLysS allows more stringent control of protein expression, because
lysozyme is a natural inhibitor of the T7 RNA polymerase (17).

The described characteristics make the pRSET vectors a suitable system for
the large scale production of proteins (after induction with IPTG) and for low-
level expression (without induction), which can result in the functional expres-
sion and folding of a membrane protein and its incorporation into the E. coli
cell membrane.
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3.1.2. Preparation of Genomic DNA From Synechocystis PCC6803

Usually, the purification of genomic DNA from the cyanobacterium Syec-
hocystis involves several steps. Briefly, after cell disruption the DNA is
extracted by phenol/chloroform and afterward further purified. For the purpose
of performing PCR, the DNA preparation does not have to be very pure, and
quicker methods are effective. In (8), the authors describe a relatively fast
method for the small-scale isolation of genomic DNA for PCR applications.
Trying to use the simplest approach, we harvested 1.5 mL of cyanobacterial
cells (see Note 1) by centrifugation, resuspended the cells in 100 wL TE buffer
(11), and incubated the cells for 2-3 min at 100°C. Afterwards, the cells were
sedimented again and the supernatant was transferred to a new reaction tube.
5-10 L of this solution were used as DNA template in PCRs.

3.1.3. DNA Cloning

Molecular cloning was carried out using standard techniques described in
(8). The three full-length Synechocystis petC coding regions were amplified
individually by PCR. For cloning purposes, an Ndel site was introduced at the 5'
end of the ORF including the translation start codon ATG, and a BglII or a
BamH]I site was introduced at the 3' end of the ORFs. The PCR-amplified DNA
fragments were cleaved with Ndel and BglII or BamHI, respectively, and cloned
into the appropriate restricted expression plasmid. After transformation of the
plasmids into E. coli DH5a, the cells were grown overnight on standard LB
plates containing 100 g ampicillin/mL. Single colonies were tested afterwards
for the insertion of the petC coding regions into pRSET6a. In order to exclude
any error introduced by the PCR, the insert of one clone of each expression
plasmid was finally sequenced.

3.2. Protein Expression

The level of expression, the localization of a membrane protein in E. coli
(soluble, inclusion bodies, membrane), and its structure (folded vs unfolded)
depends on many factors. It should be noted that the optimal expression condi-
tions have to be determined for each individual protein by testing a number of
important parameters like the E. coli strain, the growth medium, the expression
temperature, the expression time, the addition of supplements, and so on.

3.2.1. E. coli Strain, Transformation, and Induction

Because the gene of interest in the pRSET plasmid is under the control of the
T7 promoter, a strain carrying the ADE3 lysogen has to be chosen for protein
expression. One of the most commonly used strains is E. coli BL21 (DE3),
which was also used in this study (see Note 2). The cells were transformed with
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the individual expression plasmids by standard techniques (11), plated on LB
plates that contain the appropriate antibiotics, and incubated overnight at 37°C.

3.2.2. Expression of PetC1

1. Inoculate 10 mL LB medium containing 100 pwg/mL ampicillin with a fresh single
colony and shake the culture for 6 h at 37°C.

Centrifuge this culture to sediment the cells at 3000g for 10 min.

Resuspend the cells in 500 mL fresh medium.

Incubate the culture for 15 at 37°C with continuous shaking without addition of IPTG.
Harvest the cells for further protein purification and characterization.

Al e

3.2.3. Expression of PetC2 and PetC3 (see Note 2)

1. Select a fresh single colony and inoculate 10 mL LB medium containing the appro-
priate antibiotics (100 pwg/mL ampicillin plus or minus 50 pwg/mL chloramphenicol).

2. Let the cells grow for 6-8 h at 37°C.

3. Sediment cells by centrifugation for 10 min at 3000g and resuspend the sediment in
SmL fresh medium containing the appropriate antibiotics.

4. Store cells overnight at 4°C.

5. The next morning, inoculate 500 mL fresh medium with 5 mL of cells (see step 4)
and shake at 37°C.

6. Atan OD(y, = 0.6, induce protein expression by addition of 0.5 mM IPTG from a
freshly prepared stock solution.

7. Harvest cells after 3—4 h for protein purification.

3.2.4. Cell Harvest

1. After protein expression, harvest cells by centrifugation (5000g, 10 min) and resus-
pend the cells in 20 mL PBS buffer.

2. The cells can be frozen at —20°C at this step without any degradation of the overex-
pressed proteins. Because of the freezing step, some cells are already disrupted and
DNA is released. This can result in a slimy, tacky pellet if the cells were not resus-
pended before. Therefore, we recommend resuspending the cells before freezing.

3.3. Protein Extraction

3.3.1. Cell Disruption

1. Add I mM PMSF and 0.1 mM TLCK to the resuspended expression cultures.

2. Break the cells by sonication (see Note 3).

3. Add 25 mM MgCl, and 0.1 mg/mL DNase. Incubate the broken cells for 30 min at
37°C (see Note 4).

3.3.2. Fractionation of E. coli Cells

Possible strategies for the purification of the individual Rieske proteins from
E. coli after overexpression are shown in Fig. 1. The strategy of choice depends
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E. coli

1

Cell disruption

l

Centrifugation (10,000g)

Low speed pellet Supernatant
(inclusion bodies+cell debris) l

Isolation of inclusion bodies Centrifugation (100,000g)
itography High speed pellet (membranes)

olding of the protein Characterization of the Solubilization of intact protein
incorporated proteins J{

Fig. 1. Flowchart of the procedure used to purify the Rieske proteins overexpressed in E.
coli. Black steps are described in detail in the text. Gray steps indicate possible further steps
not described in this chapter.

on the localization of the expressed protein and the structure of the protein
(native vs inclusion body).

3.3.2.1. INCLUSION BobDY ISOLATION

1. Centrifuge the broken cells at 10,000g for 10 min.

2. Save the supernatant for the membrane preparation (see Subheading 3.3.2.2.).

3. Resuspend the sediment (inclusion bodies and cell debris) in 10 mL wash buffer
with ImM PMSF and 0.1 mM TLCK.

4. Centrifuge for 10 min at 10,000g and discard supernatant.

Repeat steps 3 and 4 twice.

6. Resuspend the sediment in 20 mL water and centrifuge as in step 4. Repeat this
step once.

b
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Fig. 2. Localization of the overexpressed Rieske proteins PetC1 (A), PetC2 (B), and
PetC3 (C) in E. coli. CE, cell extract; IB, inclusion bodies; M, membranes.

7. Resuspend the pellet in 1 mL PBS buffer with 1 mM PMSF and 0.1 mM TLCK (see
Note 5).

8. The purified inclusion bodies can be stored for further purification at —20°C (see
Note 6).

3.3.2.2. MEMBRANES

1. Centrifuge the supernatant from step 2 (see Subheading 3.3.2.1.) in an ultracen-
trifuge for 30 min at 100,000g.

2. Resuspend the sediment in 500 wL 50 mM Tris-HCI, pH 8.3, 1 mM PMSF, 0.1 mM
TLCK.

3. This membrane fraction can be stored at —20°C.

3.4. Characterization

The success of protein overexpression and purification can be easily deter-
mined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The described method leads to a highly enriched Rieske protein (see
Fig. 2); in the case of the Synechocystis PetC3 protein no additional purifica-
tion step is necessary after isolation of the inclusion bodies (see step 3.3.2.2.
and Note §).
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3.4.1. Rieske-Type EPR Signals

The Rieske protein was originally characterized by Rieske et al. (19) by the
existence of the typical EPR signal of the iron—sulfur cluster. To check if the
individual E. coli fractions (membranes, inclusion bodies) show a new EPR
signal typical for the Rieske iron—sulfur cluster EPR spectra were recorded on
a Bruker EPR200 spectrometer. The sample temperature was kept at 15 K by a
helium cryostat. Typical parameters for a measurement were: 6.3 mW micro-
wave power, 10 G modulation amplitude, and 9.44 GHz microwave frequency.
The samples were completely reduced by the addition of a few grains of
Na,S,0,, partly reduced by addition of 5 mM sodium ascorbate, and com-
pletely oxidized by addition of 5 mM CeO, (see Note 7). For the first measure-
ments, the protein samples were measured undiluted.

By this method it could be shown that in E. coli membranes of the strains
overexpressing the Synechocystis PetC2 and PetC3 proteins, the typical
Rieske EPR signal can be observed indicating the presence of a correctly
folded protein in the membrane with an incorporated cluster (see Fig. 3).
Whereas the iron—sulfer clusters of both PetC2 and PetC3 were completely
reduced after addition of Na,S,0,, the PetC3 EPR signal was almost not
observable after partial reduction with ascorbate in contrast to PetC2. Under
oxidizing conditions, a Rieske EPR signal was observed in none of the sam-
ples (see Note 8).

In the case of the PetC1 protein, a fraction of the protein is incorporated in E.
coli membranes, but no typical EPR signal was detected. In order to obtain a
folded protein with incorporated iron—sulfur cluster, this protein has to be
folded and reconstituted in vitro (6,13).

4. Notes

1. The cultivation medium and conditions are described in (10).

2. As mentioned in Subheading 3.1., the pRSET vector has some background expres-
sion even without extra induction of the expression by IPTG. Although this can be
used for low-level expression of proteins (like described here for PetC1), this can
also lead to cell death of the transformants if the protein is very toxic for E. coli. In
the case of the petC3 gene, no protein expression was achieved using BL21(DE3).
Even the cotransformation of the helper plasmid pLysS, from which lysozyme is
constitutively expressed at a certain level, is not sufficient to block the protein
expression strongly enough. PetC3 can only be overexpressed successfully in a
BL21(DE3) strain harboring the plasmid pLysE.

3. Alternative methods can be utilized for cell lysis including the use of a French
press, treatment with lysozyme, or several cycles of freezing and thawing.
BL21(DE3) cells harboring the pLysS or pLysE plasmids can easily be lysed by
freezing once and incubation of the cells afterward at 37°C. The freezing step
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Fig. 3. EPR spectra form E. coli cell membranes containing PetC2 (B) and PetC3
(C). (A) Shows the EPR signal from the isolated and in vitro reconstituted PetC1 pro-
tein (13), and in (D) a control of E. coli cell membranes is shown. The positions of the
8., values are indicated in (A). The g -value could only be determined accurately for
the PetC3 protein (C).

In all membrane protein preparations an additional EPR signal with a g-value of 2.02
was detected, most likely caused by the presence of small amounts of copper. Beside
this signal additional signals, typical for the presence of Rieske iron—sulfur clusters
were detected. The samples were completely reduced by addition of Na,S,0,. The pro-
tein concentration was 40 mg/mL.

breaks some cells, which leads to the release of internal lysozyme produced by the
lys gene. The addition of 25mM MgCl, is recommended.

4. The released nucleic acids often result in the formation of a slimy, sticky pellet. The
further fractionation of this pellet (cell debris, inclusion bodies, and membranes)
can be more problematic under such conditions. The treatment of the sediment with
DNase (and RNase) can improve further purification steps.
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5. Although the overexpressed protein is highly enriched in inclusion bodies, usually
the protein is not completely pure and further purification steps are required. Because
PetC3 is virtually insoluble at this pH, the pellet can further treated with 50 mM phos-
phate buffer (pH 12.0). By this step, almost all of the E. coli proteins are solubilized,
whereas PetC3 can still be sedimented by centrifugation. This additional washing
step results in an electrophoretically pure PetC3 protein without further purification.

6. For further purification of the protein, we solubilize the final inclusion body pellet
in 50 mM Tris-HCI pH 8.3 + 8 M urea and filtered this protein solution through a
0.45 wM filter. After the isolation of the inclusion bodies, the protein is already
highly enriched (see Fig. 2). In the case of the PetC3 protein, the inclusion body
fraction is already electrophoretically pure. The proteins PetC1 and PetC2 can be
further purified by one anion-exchange chromatography step and refolded and
reconstituted in vitro. Because these steps are beyond the scope of this article, the
interested reader is referred to (6,14).

7. Usually, K;Fe,(CN), is used for the oxidation of Rieske proteins. Because the iron
shows a very high electron paramagnetic resonance (EPR) signal, the usage of
CeO, is recommended.

8. The midpoint potential of the Rieske protein strongly depends on the amino acids
surrounding the iron—sulfur cluster as discussed in (5,7). By this theoretical analy-
sis of a given amino acid sequenced, the range of the midpoint potential of the
Rieske protein of interest can already roughly be estimated and its EPR character-
istics after complete or partial reduction can be predicted.
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Heterologous Expression of Human Scavenger
Receptor Class B Type | (SR-BI) in Pichia pastoris

Chang-Hoon Han, Moritz Werder,
Wilk von Gustedt, and Helmut Hauser

1. Introduction

The advent of recombinant DNA technology made the overexpression of other-
wise scarcely available proteins possible. The expression of recombinant proteins
in Escherichia coli (E. coli) is characterized by large yields in a short period of
time. The recombinant protein may account for 30-50% of the total E. coli pro-
tein. The expression of the extracellular domain (ECD) of human Scavenger
receptor (SR-BI) in E. coli was reported to yield large quantities of denatured pro-
tein (16.7mg/g wet weight of E. coli cells) present in inclusion bodies (7). To the
best of our knowledge the overexpression of native, glycosylated SR-BI has not
been reported in the literature. Here, we describe the overexpression of human SR-
BI and the ECD of this protein in the methylotroph Pichia pastoris (P. pastoris).

As a eucaryote this yeast cell has the advantage of higher eucaryotic expres-
sion systems such as proper protein folding, protein processing and posttransla-
tional protein modification while yielding relatively large amounts of the
protein of interest and still being as easy to manipulate as E. coli. The methods
utilized for the expression of the wild-type protein and the truncated form of
SR-BI, the extraction, purification, and the characterization of the recombinant
proteins are discussed.

2. Materials

2.1. Plasmid Constructions

1. Expression vectors pPICZB and pPICZaC (Invitrogen; Paisley, U.K.).
2. mRNA isolation kit (Oligotex Direct mRNA mini kit; QTAGEN; Hilden, Germany).

From: Methods in Molecular Biology, vol. 228:
Membrane Protein Protocols: Expression, Purification, and Characterization
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Oligonucleotide primers (Dept. Chemistry, ETH Zurich).

Tag DNA polymerase, restriction enzymes (Kpnl, Clal, Xbal), and T4 DNA ligase
(Amersham; Freiburg, Germany).

5'/3" RACE (rapid amplification of cDNA ends) kit and protease inhibitor tablets
(Roche Applied Science; Mannheim, Germany).

2.2. Preparation of Spheroplasts from P. pastoris

1.
2.

10.

11.

P. pastoris (Invitrogen).

Components of media: yeast extract, peptone, D-sorbitol, dextrose, sucrose, yeast
nitrogen base, biotin, Tris-HCI, CaCl, (Sigma; Buchs, Switzerland).

Yeast extract peptone dextrose (YPD) medium containing 1% yeast extract, 2%
peptone, and 2% dextrose.

YPD plates containing 1% yeast extract, 2% peptone, 2% dextrose, and 1% agar.
Regeneration dextrose (RD) medium: 1 M D-sorbitol, 2% dextrose, 1.34% yeast
nitrogen base, 4 X 107% biotin, and 0.005% amino acids.

RDB plates containing 1 M D-sorbitol, 2% dextrose, 1.34% yeast nitrogen base, 4
x 107 biotin, 0.005% amino acids and 1% agar.

Buffered glycerol-complex (BMGY) medium: 1% yeast extract, 2% peptone, 100
mM potassium phosphate pH 6.0, 1.34% yeast nitrogen base, 4 x 107% biotin, and
1% glycerol.

Buffered methanol-complex (BMMY) medium: 1% yeast extract, 2% peptone, 100
mM potassium phosphate pH 6.0, 1.34% yeast nitrogen base, 4 x 107% biotin, and
0.5% methanol.

Buffer A: 10 mM Tris-HCI pH 7.5, 0.7 M sorbitol, 30 mM 1,4-dithiothreitol (DTT;
Sigma).

Lyticase (2 IU/wL) kindly provided by Dr. Howard Riezman of the Biocenter of the
University of Basel;.

CaS buffer: 10 mM Tris-HCI pH 7.5, 10 mM CaCl,, 0.7 M sorbitol.

2.3. Transformation of P. pastoris

1.
2.
3.
4.
5.

40% (w/v) polyethylene glycol 6000 (PEG 6000; Amersham; Freiburg, Germany).
CaT buffer: 20 mM Tris-HCI pH 7.5, 20 mM CaCl,.

SOS medium: 0.7 M sorbitol, 0.3 X YPD medium, 10 mM CaCl,,.

0.7 M sorbitol.

Zeocin™ (Invitrogen).

2.4. Expression of Recombinant Proteins in P. Pastoris

1.
2.

BMGY medium containing 100 pg/mL Zeocin.
Methanol.

2.5. Extraction and Purification of Recombinant Proteins

1.

2.

Nickel-Sepharose (QIAGEN; Hilden, Germany). The purchased slurry is diluted
with 9 aliquots of wash buffer, followed by five washing steps using wash buffer.
Wash buffer: 50 mM Tris-HCI pH 7.8, 0.5 M NacCl.
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Elution buffer: 50 mM Tris-HCI pH 7.8, 0.5 M NaCl, 0.5 M imidizole.

Breaking buffer: 50 mM Na*-phosphate pH 7.4, 1 mM disodium salt of ethylene-
diaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride (PMSF;
Sigma; Buchs, Switzerland), 5% glycerol, and 0.1% protease inhibitor tablet.
Acid-washed glass beads (Sigma; Buchs, Switzerland).

25% (w/w) sucrose.

35% (w/w) sucrose.

Phosphate-buffered saline (PBS), pH 7.4.

2.6. Characterization of the Recombinant Proteins

1.

Ll

12.

N-glycosidase F (New England Biolabs; Bioconcept, Allschwil, Switzerland), 500
NEB units/ pL.

Protein lysis buffer: PBS pH 7.4 containing 5% SDS and 10% {3-mercaptoethanol
(Sigma).

G7 buffer: 50 mM Na*-phosphate pH 7.5.

10% NP-40 (Sigma).

Sodium dodecyl sulfate (SDS) sample buffer: 0.25 M Tris-HCI pH 6.8, 40% glyc-
erol, 8% SDS, 160 mM (DTT) and 0.04 mg/mL bromophenol blue.

SDS polyacrylamide gel electrophoresis (SDS-PAGE) equipment: Mini-Protean II
dual slab cell (Bio-Rad).

Egg phosphatidylcholine (Lipid Products; South Nutfield, U.K.).

Cholesteryl oleate (Sigma).

[1a, 2a(N)*H]cholesteryl oleyl ether, 58 Ci/mmol (Amersham; U.K.).
Anti-SR-BI antibody (pAb230) raised against the extracellular domain of mouse
SR-BI (Novus Biological; AbCam, Cambridge, U.K.).

. Anti-SR-BI antibody (pAb589) raised against the C-terminus of human SR-BI

(Genosys; Cambridge, UK).
Anti-c-myc antibody (Santa Cruz Biotech; Santa Cruz, CA).

3. Methods

The methods described next outline: 1) the construction of the expression

plasmids; 2) the preparation of spheroplasts from P. pastoris; 3) the transforma-
tion of P. pastoris; 4) the expression of the recombinant proteins; 5) the extrac-
tion and purification of recombinant proteins; and 6) the characterization of
these proteins in terms of purity and enzymatic activity.

3.1. Plasmid Constructions

The construction of the expression plasmids for both the full-length SR-BI

and the ECD of SR-BI are described in Subheadings 3.1.1. and 3.1.2. This
includes the description of the expression vectors, the cDNA inserts and the
cloning.
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3.1.1. Expression Vectors pPICZB and pPICZa.C

Both expression vectors contain a methanol-inducible AOX1 (alcohol oxidase)
(see Fig. 1) controlling the expression of alcohol oxidase (2), which catalyzes the
first step in the methanol metabolic pathway. The P. pastoris expression system
takes advantage of the powerful AOX1 promotor to drive high-level expression of
recombinant proteins (3,4). In the absence of a carbon source such as glucose, P
pastoris can utilize methanol as a sole source of carbon and energy. The full-
length sequence of human SR-BI (amino acids 1-509) and the truncated sequence
L41-A421 comprising the ECD of human SR-BI are inserted into the multiple
cloning sites of the expression vectors pPICZB and pPICZaC, respectively. Both
expression vectors contain a Zeocin resistance gene for selection and a C-terminal
polyhistidine (His), tag for rapid purification on nickel-Sepharose and for possi-
ble detection of the recombinant proteins with an anti-His antibody. In addition,
both vectors have a c-myc epitope for convenient detection of the recombinant
proteins by Western blotting using an anti-c-myc antibody. Furthermore, the
expression plasmid pPICZaC includes an N-terminal a-factor, a secretory signal,
for efficient export of the protein into the cell medium (see Fig. 1).

3.1.2. Cloning

DNA manipulations are performed using standard recombinant DNA meth-
ods (5). Total mRNA is isolated from human enterocytes, and full-length cDNA
of SR-BI is obtained by SRACE (1). The cDNA of either the full-length SR-BI
(amino acid residues 1-509) or the ECD of SR-BI (amino acid residues 41-421)
is amplified by (polymerase chain reaction [PCR]; see Note 1). For PCR of full-
length SR-BI (the ECD of SR-BI) the forward primer is designed to introduce a
Kpn1(Clal) site followed by the initiation codon and the reverse primer to intro-
duce a stop codon and an Xbal site (see Fig. 1). The PCR products are ligated
into the corresponding cloning sites of pPICZB (for the expression of full-length
SR-BI) and pPICZaC (for the expression of the ECD) (see Fig. 1). Prior to the
transformation of P. pastoris, the expression constructs were verified by diges-
tion with the appropriate restriction enzymes and DNA sequencing.

3.2. Preparation of Spheroplasts from P. Pastoris

The steps described here involve the preparation of spheroplasts from P. pas-
toris. Spheroplasts are more susceptible to transformation than the original cells
surrounded by a protective cell wall, and spheroplasts are also used to measure
lipid uptake, i.e., the catalytic competence of cells overexpressing full-length
SR-BI. The method of spheroplast preparation used is an adaptation of Invitro-
gen’s protocol (6).
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Fig. 1. Expression plasmids for the expression of recombinant SR-BI in P. pastoris. Schematics of the expression vec-
tors pPICZB and pPICZaC for the expression of full-length SR-BI and the ECD of SR-BI, respectively. The expression
vector pPICZaC is constructed either with or without an enterokinase (EK) cleavage site. The recombinant protein
resulting from the vector containing the EK site can be digested with EK to remove the c-myc and the (His), sequence.
This sequence may affect the folding and activity of the protein expressed.
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3.2.1. Cell Growth

1.

2.

Plate cells by streaking a glycerol stock of P. pastoris cells on a YPD plate and
incubate at 30°C for 2 d. Isolated single colonies form.

Inoculate 10 mL YPD medium in a 50-mL conical flask with a single colony from
the YPD plate and allow to grow overnight at 30°C under vigorous shaking (250
rpm). The cell culture may be stored at 4°C for several days.

Inoculate 200 mL each of YPD medium (in three 500-mL culture flasks) with 5, 10,
and 20 pL of overgrown cells from the cell culture (see step 2) and incubate
overnight at 30°C under vigorous shaking (250 rpm).

Monitor the optical density at 600 nm (OD, ) in each of the three cell cultures and
harvest the cells from cultures with an OD, = 0.2 — 0.3 by centrifugation at 1500g
for 5-10 min at room temperature (see Note 2).

3.2.2. Cell Washing

1.

2.

3.

Wash the cells by centrifugation at 1500g for 5 min at room temperature and resus-
pension in 20 mL sterile water by swirling the tube, and transfer the cell suspension
to a sterile 50-mL conical tube.

Cells are washed again by centrifugation and resuspension by swirling in 20 mL of
buffer A.

Repeat step 2 and divide the cell suspension in buffer A into two portions of 10 mL
each filled in two 50-mL conical tubes.

3.2.3. Lyticase Treatment (see Note 3)

1.

Fill 200 pL of cell suspension from the first sample tube (see Subheading 3.2.2.,
step 3) in a tube marked zero time point, add 5 pL lyticase (2 IU/uL) and deter-
mine immediately the optical density at 800 nm (OD 4, ).

Add 245 pL lyticase (490 IU) to the first sample tube, mix gently by inversion and
incubate at 30°C. The suspension in the first sample tube is used to determine the
optimal incubation time for spheroplast formation.

Withdraw 200 pL of cell suspension from the first sample tube at timed intervals of
1=2,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, and 50 min of lyticase treatment
and determine the optical density ODy, , for each time point 7.

Calculate the percentage of spheroplast formation for each time point using the fol-
lowing equation (6): % spheroplasting = 100 — [(ODy, /ODy, o) % 100].

In this way the average time ., of the lyticase treatment is ascertained that results
in approx 70% spheroplast formation. Under the experimental conditions used (200
pL cell suspension OD,, = 2--3, in the presence of 10 IU of lyticase), the average
incubation time 7., =23 + 7 min (mean * SD).

Spheroplasts are made from the cell suspension in the second 50 mL sample tube
(see Subheading 3.2.2., step 3) by adding 5 pL of lyticase (10 IU) to 200 L

aliquots of cell suspension, mixing gently, and incubating at 30°C for about 20 min.

. Harvest the spheroplasts thus formed by centrifugation at 750g for 10 min at room

temperature.
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8.

9.

Wash the pellet of spheroplasts once with buffer A by gently dispersing the pellet
(by tapping the tube rather than vortexing) and pelleting the spheroplasts by cen-
trifugation as described in step 7 (see Note 4).

Wash the spheroplasts once with CaS buffer by centrifugation and gentle resuspension
in 0.6 mL CaS buffer. For transformation spheroplasts must be used immediately, at
least within 30 min. The yield of spheroplasts is sufficient for six transformations.

3.3. Transformation of P. Pastoris

The next step involves the transformation of spheroplasts with the expression

plasmids.

1.

Dispense 100 L of spheroplast suspension (see step 9, above) into a sterile 15-mL
centrifuge tube, add 10 g plasmid DNA and incubate at room temperature for
10 min.

To induce transformation add 1 mL of a freshly prepared 1:1 mixture of a 40% PEG
(polyethylene glycol) dispersion in H,0O and CaT buffer by gentle mixing.
Incubate the mixture at room temperature for 10 min and pellet the cells by cen-
trifugation at 750g for 10 min at room temperature.

Remove the supernatant carefully by aspiration and invert the sample tube to drain
residual supernatant.

. Resuspend the pellet of transformed cells in 150 pL SOS medium and incubate at

room temperature for 20 min.

Add 850 wL of 0.7 M sorbitol.

Plate a mixture of 200 pL of transformed cells and 10 mL of molten RD (regener-
ation dextrose) agarose onto (regeneration dextrose base RDB) plates containing
Zeocin (100 pwg/mL) and incubate the plates at 30°C. Zeocin-resistant transfor-
mants appear after 4-6 d.

3.4. Expression of Recombinant Proteins in P. Pastoris

The next steps describe the induction with methanol to initiate protein

expression and the harvesting of the resulting recombinant proteins.

1.

Inoculate 25 mL BMGY medium containing Zeocin (100 pg/mL) with a single
colony of transformed cells in a 250-mL baffled flask and allow to grow to an opti-
cal density OD,, = 2-6 at 30°C in a shaking incubator (250 rpm).

After 16—18 h (cells are in the logarithmic growth phase) harvest the cells by cen-
trifugation at 1500g for 5 min at room temperature.

Resuspend the cells to an OD, ;= 1 in BMGY medium (about 100-200 mL), trans-
fer the suspension to a 1-L baffled flask and cover with a sterile cotton plug.

Add 100% methanol to a final concentration of 0.5% at time 0, 24, and 48 h to
maintain induction of protein expression.

. At timed intervals (0, 6, 12, 24, 36, 18 h) transfer 1 mL of the expression culture to

a 1.5-mL microcentrifuge tube, pellet the cells by centrifugation at maximum speed
in a microcentrifuge for 2-3 min at room temperature and measure the level of
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expression by SDS-PAGE and Western blotting using pAb230. In this way the opti-
mal expression time, the time between induction of SR-BI expression and harvest-
ing of cells, is determined.

6. Harvest cells overexpressing the full-length SR-BI by decanting the supernatant
and freezing the cell pellet at —80°C using liquid N, or a dry ice/alcohol bath. These
cells are used for the production of spheroplasts (see Subheading 3.2.) and the
preparation of a total membrane fraction (see Subheading 3.5.2.).

7. For harvesting the ECD of SR-BI excreted into the culture medium, pellet the cells
and collect the culture medium, i.e., the supernatant, in a separate vessel and adjust
the pH to 8.0 by adding 0.5 M NaOH.

3.5. Extraction and Purification of Recombinant Proteins

As shown in Subheading 3.6., the full-length SR-BI as an integral mem-
brane protein is located in the plasma membrane of P. pastoris. In contrast, the
ECD of SR-BI is secreted into the cell medium.

3.5.1. Isolation and Purification of the ECD of SR-BI

1. Add 2 mL Ni**-Sepharose slurry to 100 mL of the supernatant (see Subheading
3.4., step 7) and incubate the mixture on a turning wheel for 1 h at 4°C (see Note 5).

2. Wash the slurry of Ni**-Sepharose beads three times with several volumes of wash
buffer.

3. Elute proteins bound to Ni?*-Sepharose with elution buffer. Proteins thus eluted are
analyzed by SDS-PAGE, Western blotting, and activity tests (see Subheading
3.6.). The purity of the protein varies, but greater than 91% pure protein can be
obtained by this single-step purification.

3.5.2. Isolation and Enrichment of Full-Length SR-BI

For the isolation and enrichment of full-length SR-BI, a total membrane frac-
tion is prepared from cells of P. pastoris according to Villalba et al. (7). Cells
overexpressing this protein are broken by vigorous shaking with glass beads
and a total membrane fraction is prepared from these cells for the characteriza-
tion of full-length SR-BI by SDS-PAGE and Western analysis.

1. Harvest cells overexpressing full-length SR-BI from 50 mL of culture by centrifu-
gation at 3000g for 10 min at 4°C yielding a cell pellet of 2.5-3 g wet weight.
Alternatively, an equivalent amount of frozen cells (see Subheading 3.4., step 6) is
thawed and used.

2. Disperse the cells (2.5-3 g) in 2.5 mL breaking buffer followed by centrifugation at
3000g for 10 min at 4°C.

3. Resuspend the cell pellet in 2.5-mL breaking buffer and add 5 mL acid-washed glass
beads (0.5 mm diameter), vortex the mixture for 30 s, and incubate on ice for 30 s.

4. Vortexing and incubation on ice are repeated at least eight times.
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5. Centrifuge the mixture at 3000g for 10 min (in a Sorvall SS-34 rotor) to remove the
glass beads and cell debris.

6. Centrifuge the supernatant resulting from step 5 at 200,000g for 60 min (in a Beck-
man 50 Ti rotor) to obtain the “total membrane” fraction.

7. Apply the total membrane fraction from about 2.5 g of cells to a discontinuous
sucrose gradient made of 1 mL 25% (w/w) sucrose and 1 mL of 35% (w/w) sucrose.

8. Centrifuge at 200,000g (in a Beckman TLS 55 rotor) overnight and collect the plasma
membrane fraction enriched at the 25%/35% sucrose interface with a Pasteur pipet.

9. Dilute with 4 vol of water and pellet the plasma membrane fraction by centrifuga-
tion at 200,000g (in a Beckman 40 Ti rotor) for 20 min.

10. Resuspend the pellet in 0.6 mL PBS (pH 7.4) for deglycosylation, SDS-PAGE, and

Western blotting of the proteins.

3.6. Characterization of the Recombinant Proteins
3.6.1. Deglycosylation of Proteins

Deglycosylation of the recombinant proteins is performed with N-
glycosidase F (New England Biolabs) following the manufacturer’s protocol.
Briefly, 5 wL. of protein lysis buffer are added to 45 pL protein dispersion in
PBS buffer (2 mg protein/mL) and the sample is boiled at 100°C for 10 min.
The denatured protein sample (40 wL) is mixed with 5 wL of G7 buffer, 5 pwL of
10% NP40 and 1 WL N-glycosidase F (8,9). The mixture is incubated at 37°C
for 1 h and an equal volume of SDS sample buffer is added. SDS-PAGE using
silver staining (10) is performed according to the Bio-Rad instruction manual,
Western blotting as described previously (11).

3.6.2. Catalytic Competency of the Recombinant Proteins

First and foremost, the question is addressed whether the recombinant pro-
teins are properly folded and biologically active. In order to assess the biologi-
cal activity of the ECD of SR-BI, the binding of apolipoprotein A-I (apo A-I), a
well-known ligand of SR-BI, is measured using an apo A-I overlay technique
described previously (11). For assessing the biological activity of full-length
SR-BI, the uptake of cholesteryl ester (CE) by spheroplasts is determined using
small unilamellar egg phosphatidylcholine vesicles as the donor. The CE uptake
measurements are carried out as described in previous publications from our
laboratory (1,11-13). The donor vesicles contain 0.15 mol% cholesteryl oleate
radiolabeled with tritiated cholesteryl oleyl ether as an unhydrolyzable ana-
logue of the cholesteryl ester (for the preparation of small unilamellar lipid
vesicles (see refs. 1,12,13). Spheroplasts from P. pastoris overexpressing full-
length SR-BI are used as lipid acceptor. As a control, spheroplasts are used that
are made from either untransformed cells or transformed cells lacking
methanol, i.e., uninduced cells not expressing SR-BI. At time zero 60 pL of
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donor vesicles dispersed in buffer A (100 g lipid/mL, 1.5 wCi/mL) are mixed
with 600 pL of spheroplast suspension in buffer A (OD,, = 1), and the mixture
is incubated at room temperature for 4 h. Donor and acceptor are then separated
by centrifugation as described earlier and the radioactivity in both donor and
acceptor is determined in a Beckman LS 7500 scintillation counter.

3.6.3. Characterization of the ECD of SR-BI

The results of the SDS-PAGE and Western analysis are summarized in Fig. 2.
The SDS-PAGE pattern of the glycosylated ECD of SR-BI is an uninterpretable
smear of bands. Upon deglycosylation of the protein the unresolved pattern is
replaced by well resolved bands (see Fig. 2C, lanes 1 and 2) indicating that the
lack of resolution is due to the glycosylation of the protein. The SDS-PAGE pat-
tern of the deglycosylated ECD consists of a major band at 52 kDa and three
minor bands (see Fig. 2C, lane 2): one band at about 120 kDa assigned to resid-
ual glycosylated protein, one at 38 kDa just below the 52 kDa band that can be
assigned to N-glycosidase F, and a third one at 28 kDa. This band is either an
impurity or a degradation product of the ECD of SR-BI. Densitometry of the
SDS-PAGE pattern (see Fig. 2C, lane 2) indicates that the minimum purity of
the ECD of SR-BI is 95%.

Western blots of the glycosylated ECD of SR-BI using two different antibod-
ies (the anti-c-myc antibody and the anti-SR-BI antibody pAb230) show diffuse
bands centered at about 120 kDa (see Fig. 2A,B). Upon deglycosylation using
N-glycosidase F, the diffuse band at 120 kDa disappears or its intensity is
greatly reduced, and a single, sharp band at 52 kDa appears (see Fig. 2A,B). It
is evident from deglycosylation that the diffuse band centered at 120 kDa is
owing to protein molecules differing in the degree of glycosylation. The appa-
rant molecular weight of the deglycosylated protein derived from SDS-PAGE
and Western analysis (see Fig. 2) is in excellent agreement with the value of
52.1 kDa calculated from the amino acid composition of the ECD of SR-BI. In
contrast, the diffuse band at 120 kDa assigned to the glycosylated ECD is
apparently caused by dimerization. This is evident from a simple calculation
based on the molecular weights of deglycosylated full-length SR-BI (M =
57,000) and the deglycosylated ECD of SR-BI (M = 52 100) derived from the
amino acid composition and on the apparent M values of the monomeric and
dimeric forms of glycosylated, full-length SR-BI. These apparent M values
were derived from SDS-PAGE (11) and the values used in the calculation are
84,000 and 145,000, respectively. Apparently, deglycosylation leads to the dis-
sociation of the dimer.

Furthermore, apo A-I overlay experiments using the blotted membranes (see
Fig. 2A,B, lane 1) yield a diffuse band centered at 120 kDa entirely consistent
with Western blot analysis (data not shown). The fact that apo A-I, a natural lig-
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Fig. 2. SDS-PAGE and Western blot analysis of the ECD of SR-BI expressed in P.
pastoris. The protein isolated and purified as described in Subheading 3.5.1. is
resolved on 10% SDS-PAGE and transferred to nitrocellulose for Western blot staining
with anti-c-myc antibody (c-myc Ab) (A) and anti-mouse SR-BI IgG (pAb230) (B). The
original silver-stained SDS-PAGE pattern is shown in (C). The fully glycosylated form
of the protein is applied in lanes 1, the deglycosylated protein in lanes 2. The position of
molecular mass markers in kilodaltons is given on the left side of panel A.

and of SR-BI, is bound to the ECD of SR-BI is taken as an indication that this
protein is properly folded. As a secretory protein, the ECD of SR-BI is secreted
into the cell medium. This observation lends further support to the notion that
the ECD is properly folded and biologically active. An unfolded or misfolded
protein is bound to be either retained in the endoplasmic reticulum or to aggre-
gate in the cytosol. This is clearly not the case.

3.6.4. Characterization of Full-Length SR-BI
by SDS-PAGE and Western Blot Analysis

The results of SDS-PAGE and Western blotting of the plasma membrane frac-
tion of P. pastoris overexpressing full-length SR-BI are shown in Fig. 3. Similar
results are obtained by Western blotting using either the anti-c-myc antibody or
the antihuman SR-BI antibody (pAb589). Both antibodies give four bands at
about 84 kDa, 145 kDa, 209 kDa, and 237 kDa in order of increasing approxi-
mate molecular mass. The band at an apparent molecular mass of 84 kDa is
characteristic of fully glycosylated SR-BI. This conclusion is supported by deg-
lycosylation using N-glycosidase F: the 84 kDa band disappears or its intensity
is greatly reduced and a new band at 57 kDa appears which is characteristic of
the sugar-free form of SR-BI (1). The molecular mass of 57 kDa is entirely con-
sistent with the value calculated from the amino acid composition of SR-BIL
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Fig. 3. Western blots of the total membrane fraction of P. pastoris cells overexpress-
ing full-length SR-BI. The total membrane fraction is prepared as described in Sub-
heading 3.5.2., resolved on 10% SDS-PAGE and transferred to nitrocellulose for
Western blot staining with c-myc Ab (A) and antihuman SR-BI IgG (pAb589) (B) as
afore described (11). The fully glycosylated protein is applied in lanes 1, the deglyco-
sylated protein in lanes 2. The position of molecular mass markers in kilodaltons is
given on the left side of each panel.

Because upon deglycosylation all four bands of the Western blot (see Fig. 3A,B)
move to lower molecular masses, these bands are assigned to glycoproteins. The
four bands obtained by deglycosylation and detected with both antibodies are at
57 kDa, 120 kDa, 175 kDa, and 227 kDa (see Fig. 3A,B lanes 2). The high-
molecular-weight proteins are apparently multiples of 57 kDa, the monomeric
form of SR-BI. We conclude that human SR-BI expressed in P. pastoris has a
tendency to aggregate within the plane of the plasma membrane (see Fig. 3A,B).
A similar aggregation of SR-BI to dimers, trimers, tetramers, and higher
oligomers can be detected by Western blotting of rabbit BBMV using pAb230 or
PADb589 (data not shown). Fig. 3 provides good evidence for the tendency of the
membrane protein SR-BI to aggregate within the plasma membrane consistent
with a previous report (11). It is, however, still unknown whether the monomeric
form and/or the oligomeric forms are biologically active.

3.6.5. Biological Activity of Full-Length SR-BI Expressed in P. Pastoris

As a test of the biological activity of full-length SR-BI, the uptake of choles-
teryl oleate (CE) is determined at room temperature using small, unilamellar egg
phosphatidylcholine vesicles as the donor and spheroplasts as the acceptor. In
order to make the plasma membrane of P. pastoris accessible to lipid donor parti-



Expression of Human SR-BI 61

CE Uptake by Spheroplasts

100
95 1
907 T 1T
85 1
80 7
75 7
70
65 1

% of CE in Supernatant

60 1
55 1

50

Fig. 4. Cholesteryl oleate (CE) uptake by two kinds of spheroplasts. CE uptake is
measured as detailed under Subheading 3.6. Sheroplasts made from P. pastoris overex-
pressing full-length SR-BI are used as the CE acceptor (black bars). The CE uptake of
these spheroplasts is compared to that of spheroplasts prepared from transformed, but
uninduced cells, i.e., cells to which no methanol is added and hence no expression of
SR-BI takes place (open bars).

cles, at least the partial removal of the cell wall is required. Intact cells of P. pas-
toris show no CE uptake. Spheroplasts are made from transformed cells in which
overexpression of full-length SR-BI is induced by the addition of methanol as
described in Subheading 3.4. As a control spheroplasts are prepared from either
untransformed cells or transformed cells lacking methanol (uninduced cells). In
spheroplasts from cells overexpressing SR-BI, the CE uptake exceeds that of con-
trol spheroplasts by a factor of 2.9 + 0.2 (mean + SD) (see Fig. 4). Both types of
control cells behave similarly. We can conclude that spheroplasts made from cells
overexpressing SR-BI exhibit selective CE uptake closely resembling the CE
uptake observed with brush border membrane vesicles (11). The results in Fig. 4
are good evidence for SR-BI (expressed in the plasma membrane of P. pastoris)
being biologically active and, hence, properly folded. The determination of the
optimal expression time, the time between induction of SR-BI expression and
harvesting of cells, is important. Starting with a cell suspension of OD,, = 1 an
expression time of less than 4 h is insufficient to detect SR-BI-mediated CE uptake.
The optimal expression time is about 6 h. Prolonged expression has the effect of
reducing CE uptake relative to optimal expression. For instance, spheroplasts pro-
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duced from cells cultivated for 24 h exhibit no SR-Bl-specific CE uptake.
Freeze—fracture electron microscopy (EM) indicates (data not shown) that spher-
oplast formation from these cells is negligible. Apparently, the thickness of the
cell wall increases with expression time, and at times exceeding 6 h the digestion
of the cell wall by lyticase becomes increasingly ineffective.

4. Notes

1. For PCR, the primer is designed to have a Kozak consensus sequence for proper
translational initiation, for example ACC ATG G where ATG corresponds to the ini-
tiation codon of the gene of interest (14-16).

2. If the ODy, of the cell culture is over 0.3 (see Subheading 3.2.1., step 4) dilute the
culture 1:4 with fresh medium and incubate at 30°C for 2—4 h until the OD, is
between 0.2 and 0.3.

3. For optimizing the lyticase treatment (see Subheading 3.2.3.), it is important to
determine the minimum time required to produce the percentage of spheroplasts
needed. Prolonged incubation with lyticase can be deleterious resulting in low
transformation efficiency and eventually in cell lysis.

4. Lyticase digests the cell wall of P. pastoris and makes the cells extremely fragile.
Gentle handling of the cell suspension is imperative.

5. For the purification of the ECD of SR-BI secreted into the medium, it is important
to adjust the medium to pH 8.0 before adding nickel-Sepharose.
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Expression of Oligomeric Amiloride-Sensitive
Epithelial Sodium Channel in Sf9 Insect Cells

U. Subrahmanyeswara Rao

1. Introduction

Elucidation of the structure and function of proteins isolated from cell lines
or tissue source is limited by their lower abundance. Thus, it is a common prac-
tice to utilize a heterologous expression systems such as Escherichia coli
(E. coli), yeast, mammalian, and Sf9 cells for the large-scale production of the
protein so as to carry out detailed structure-function relations on the expressed
protein (I-4). In most cases, the expressed recombinant proteins are monomeric
and function independently without association with other proteins. However,
the scenario is different for multimeric proteins, which require coexpression of
all the subunits to elicit their functional characteristics (5-8). Similarly,
although certain proteins, involved in cell signaling, for instance, may indepen-
dently be expressed, the biological effects of the expressed proteins can only be
ascertained by their interactions with other proteins. Production of biologically
active multimeric recombinant proteins has been difficult because of a lack of
simple procedures for the coexpression of all the required subunits in each of
the expressing host cell. Whereas expression of such multimeric proteins in
yeast can be accomplished easily as a result of the availability of multiple aux-
otrophic yeast strains and vector DNAs, the formidable and inefficient yeast
cell-wall breakage procedures greatly reduce the recovery of the expressed pro-
teins to unacceptable levels for any structural or functional analyses (9). The
focus of our laboratory is to understand the amiloride-sensitive epithelial Na*
channel (ENaC)-mediated Na* transport (10,11). ENaC is a multimeric protein
composed of three subunits termed, o-ENaC, B-ENaC, and vy-ENaC (12).
Although yeast is well suited for the expression of ENaC complex, ENaC sub-
units could not be detected in stably transformed yeast clones in our laboratory.
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Thus ENaC has provided us with an opportunity to explore ways to express the
multimeric membrane protein in Sf9 insect cells in amounts sufficient for struc-
tural studies.

The S19 insect cell-baculovirus expression system is considered as an effi-
cient low-cost protein factory (13). This expression system uses baculovirus,
Autographa californica nuclear polyhedrosis virus (AcNPV), to express foreign
proteins in cells derived from the ovary of the fall armyworm, Spodoptera
frugiperda (S19 insect cells) (14). The AcNPV genome contains several genes
(e.g., polyhedrin and P/0) that are nonessential in the tissue culture life cycle of
the baculovirus and can be replaced with the genes of interest. However, the
AcNPV genome is >130 kb and is not amenable for direct subcloning of the
cDNA of interest. Thus, the genes to be expressed are subcloned first into spe-
cialized vector DNA (e.g., pVL1393 transfer vector), which are specific for the
construction of recombinant baculoviruses. Two important features of these
vectors are the presence of recombination sequences flanking the multiple
cloning sites and strong baculoviral promoters, which facilitate the transfer of
cDNA along with the promoter into the baculoviral genome and high-level
expression, respectively. Cotransfection of the transfer vector carrying the
cDNA and wild-type baculoviral DNA into the host Sf9 insect cells results in
the recombination between homologous sites in these two DNAs, transferring
the cDNA along with the promoter from the vector to the baculoviral genome.
Owing to the use of slightly modified baculoviral genome (e.g., linearized) in
these experiments, only the recombinant baculoviruses are packaged in the host
cell, which are released into the culture medium. The culture medium thus con-
tains highly homogenous baculoviral particles, which is directly used as recom-
binant baculoviral stock for further infection of Sf9 insect cells. Infection of Sf9
insected cells with this recombinant baculoviral stock usually results in the high
yield expression of foreign protein. It must be noted that Sf9 cells carry out
most of the posttranslational modifications, which normally occur in the mam-
malian cells.

A survey of the literature has pointed out that the expression of multimeric
proteins in Sf9 insect cells is accomplished by coinfection with multiple bac-
uloviruses, each harboring the required subunit cDNA. To coexpress all of the
three ENaC subunits, we have first followed this popular strategy of infection
of Sf9 cells with three recombinant baculoviruses carrying the individual sub-
unit cDNAs. Our data indicate that the amount of ENaC expressed in this man-
ner is very low. In addition, most of the Sf9 insect cells infected with this pool
of three baculoviruses appeared to be expressing only one subunit, suggesting
that an Sf9 cell infected with one baculovirus may become immune to further
infection with other baculoviruses. Thus, this experimental procedure appeared
inefficient in the production of ENaC as a complex. To fully utilize the poten-
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tial of the Sf9 insect cell-BV expression system, we have examined several
strategies to coexpress all of the three ENaC subunits in Sf9 cells. This resulted
in the development of a procedure in which the most commonly used pVL1393
transfer vector was manipulated to carry all of the three subunit cDNAs, each
of which is under the control of a polyhedrin promoter. A recombinant bac-
ulovirus generated using this transfer vector was able to induce high-level pro-
duction of all ENaC subunits in each infected Sf9 insect cell. This strategy of
preparing a transfer vector carrying multiple cDNAs is found to be applicable
to the coexpression of multimeric proteins in mammalian cells as well (unpub-
lished data).

2. Materials

1. Baculoviral Transfer Vectors (see Note 1). The first step in the expression of for-
eign proteins in Sf9 insect cells involves the subcloning of cDNA into a baculoviral
transfer vector. A number of transfer vectors are available commercially, which dif-
fer mainly in their size, number of promoters, and the multiple cloning sites. The
most commonly used pVL1393 transfer vector that contains a single strong poly-
hedrin promoter is useful. The quality of the vector DNA preparation is critical for
the success of the experiment. The vector DNA should be prepared either by the
cesium chloride/ethidium bromide density gradient centrifugation or by the com-
mercially available plasmid DNA preparation kit procedures.

2. ENaC cDNAs. The plasmids carrying the ENaC cDNAs should also be of high
quality, and should be prepared using the aforementioned procedures (see Sub-
heading 2.1.). If the ENaC cDNAs are in propagation vectors such as pBluescript,
these cDNAs should be subcloned into pVL1393 vector, under the control of poly-
hedrin promoter. The ENaC subunit cDNAs in our laboratory were first subcloned in
the multiple cloning sites of pVL1393 transfer vector and generated pVL1393/aENaC,
pVL1393/BENaC, and pVL1393/yENaC all of which are under the expression
control of polyhedrin promoter.

3. The Sf9 insect cells and growth medium (see Note 2). Although several insect cell
lines susceptible to baculoviral infection are available, the Sf9 cell line is com-
monly used. The Sf9 insect cells do not require CO, for growth and can grow at
room temperature. These cells can be maintained as suspension culture in spinner
flasks containing Grace’s medium supplemented with 10% fetal bovine serum
(FBS) at a density of 1 x 10%ml, which can be accomplished by splitting the cul-
tures three times/wk with fresh growth medium. The cells can be made adapted to
serum-free medium, which is commercially available. Because of the cost, we do
not see any advantage of the use of this medium in the ENaC expression. The dou-
bling time of these cells is approx 18 h at 27°C.

4. Baculoviral DNA. The commercially available linearized AcNPV DNA, is superior
to the wild-type DNA isolated from AcNPYV, in that the recombinant baculoviruses
prepared from using the linearized AcNPV DNA do not require plaque purification.

5. Buffer A. Grace’s medium supplemented with 10% FBS.
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6

7.

3.

1.
2.

. Buffer B. 25 mM HEPES, 125 mM CaCl,, 140 mM NaCl, pH 7.1, sterilized by

filtration.
Tissue culture supplies. 60-mm tissue culture plates; sterile 1.5-mL microcentrifuge
tubes; 12-well tissue culture plates.

Methods
Construction of recombinant baculovirus involves two steps:

Preparation of baculoviral transfer vector carrying all three ENaC cDNAs and
Cotransfection of Sf9 insect cells with transfer vector and baculoviral DNA.

3.1. Construction of Bicistronic Transfer Vector, pVL1393/x3

1.

10.

Subclone the o, B and vy cDNAs into the multiple cloning site region in the
pVL1393 transfer vector and generate pVL1393/a, pVL1393/3, and pVL1393/y
transfer vectors (see Fig. 1).

Make certain that the orientation of the inserted cDNA is correct so that the expres-
sion of cDNA will be under the control of polyhedrin promoter. Note the presence
of a restriction site Nael in the recombination sequence, upstream to the polyhedrin
promoter, which should be a unique site and available for digestion of the vector.

. Linearize the pVL1393/p by digesting with any restriction site available at the 3'-

end of the 3 cDNA. In our experiments, we have linearized with Bg/II.

If necessary, fill in the 3'-end with Klenow enzyme to make both ends blunt.
Purify this linearlized vector by using the commercially available kits and save.
Digest the pVL1393/ac with Nael (in the recombination sequence upstream to the
polyhedrin promoter) and a site at the 3'-end of the o« cDNA. If required, blunt this
latter site with Klenow.

Isolate the released approx 3-kb fragment with both ends blunted, containing the
polyhedrin promoter and the entire o« cDNA, termed PHDRN-a by using the com-
mercial kits.

Ligate the PHDRN-a with the linearized pVL1393/3 that was also blunted, with
T4 DNA ligase enzyme.

. Follow the standard molecular biological procedures of transformation into E.coli,

and isolation of plasmid DNA from the clones.

Carry out the restriction analyses on the plasmid DNAs prepared. Because this
is blunt-end ligation, it is possible that the PHDRN-a could be inserted in
pVL1393/8 either in the right or reverse orientation. Use only the plasmid in which
the PHDRN-« is oriented in right orientation, as shown in Fig. 1. Thus, the B and «
cDNAs are present tandemly in the vector, which is called pVL1393/Ba.

3.2. Construction of Tricistronic Vector, pVL1393/03y

1.

2.

Digest the pVL1393/y with Nael and a site at the 3'-end of the y cDNA, and blunt
this site if required, as described in Subheading 3.1.

Isolate the approx 3-kb fragment containing the polyhedrin promoter and the entire
v-cDNA, termed PHDRN-v.
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Fig. 1. Schematic representation of the construction of pVL1393 vector carrying
three ENaC subunit cDNAs. The pVL1393/aENaC, pVL1393/BENaC, and
pVL1393/yENaC are first constructed. The «ENaC along with the polyhedrin promoter
(PHDRN-o) was then transferred to pVLI1393/BENaC vector, to generated
pVL1393/Ba. The yYENaC cDNA along with the polyhedrin promoter (PHDRN-vy) was
transferred to pVL1393/Ba to generate pVL1393/Bavy.
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3. Digest the pVL1393/Ba prepared in Subheading 3.1. with a unique restriction
enzyme available at the end of the o cDNA, and blunt it if necessary.

4. Ligate the PHDRN-y with the linearized pVL1393/Ba DNA, and follow the stan-
dard procedures of transformation and isolation of clonal DNA.

5. Select the clone in which the PHDRN-v is inserted in the right orientation. Desig-
nate this plasmid as pVL1393/Bavy. In this vector, all three ENaC cDNAs are in
tandem and each is under the transcriptional control of a polyhedrin promoter.

3.3. Cotransfection of Sf9 Insect Cells with Plasmid DNA

In this step, the linearized baculoviral DNA is mixed with a baculoviral
transfer vector carrying the ENaC cDNAs (see Subheading 3.2.) in the pres-
ence of calcium. The DNA—calcium mixture is added to Sf9 insect cells attached
to the tissue culture plates.

1. Use two 60-mm culture plates, one for the cotransfection and the other for negative
control. Seed 2 million exponentially growing Sf9 insect cells from spinner flask in
each culture plate, at least 1 h before the transfection experiment (see Subheading
3.5). The cells should be attached to the culture place within 5 min. The dead cells
do not stick to the plate. If the percent of dead cells is more, discard the plate. Use
only the cultures that contains nearly 95% healthy cells.

2. In a sterile 1.5-ml microcentrifuge tube, combine 0.5 g of linearized baculoviral
DNA and 5 pg of transfer vector (see Subheading 3.2.). As a negative control, avoid
the addition of either one of these two DNAs in the mixture. Total volume should be
less than 75 pL. Mix gently and leave the mixture at room temperature for 15 min.

3. Add 1 mL of Buffer B to each 1.5-mL microcentrifuge tube containing DNAs and
leave them at room temperature for an additional 5 min.

4. Aspirate the medium in the 60-mm culture plates in which the Sf9 insect cells are
firmly attached. Wash the cells twice gently with Buffer A (section 2.5). Finally add
1 ml of Buffer A to each plate.

5. Using a 200-p.L pipetman, add the DNA-calcium mixture (see step 3), dropwise to
the corresponding plate prepared in step 4. The distance between the pipet tip to the
surface of the plate should be about 10 cm. Gently swirl the plate after each drop of
DNA plummeted, to ensure proper mixing and formation of DNA-calcium phos-
phate precipitate. At the end of DNA-calcium mixture addition, the culture medium
will turn slightly whitish, indicating the formation of calcium phosphate precipitate.

6. Transfer the plates into a Rubbermaid box, cover the lid, and incubate at 27°C for 4 h.

7. Aspirate the medium from the plates. Gently wash the cells twice with Buffer A (3
mL each wash). Add 3 mL of Buffer A to each plate.

8. Transfer the plates back to the Rubbermaid box, in which a few wet Kimwipe
wipers are placed and incubate at 27°C for 4 d. The purpose of wet wipers is to pre-
vent drying of the Grace’s medium in the plates. Check every day and, if required,
wet the wipers with distilled water.

9. After incubation for 4 d, aseptically transfer the medium from each plate to sterile
15-mL centrifuge tubes. Centrifuge at 3000g for 5 min. Carefully collect the super-
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natants and save at 4°C. This is the First transfection fluid, and contains the recom-
binant baculovirus particles released form Sf9 insect cells.

3.4. Analysis of ENaC Production and Preparation of Viral Stocks
1. Seed 30,000 fresh Sf9 insect cells in each well of a 12-well plate, with a final vol-

4.

ume of 0.5 mL Grace’s medium containing 10% FBS. Five wells are required for
the analysis of each first transfection fluid. Add 0, 1, 10, 50, and 100 L from each
first transfection fluid to each well, and incubate for 3 d in a 27°C incubator.
Collect the supernatants from each well and save, which are the first amplification
supernatants. Add 50 nL of Laemmli disaggregating buffer to each well to dissolve
the infected Sf9 insect cells. Collect the cell lysates in 1.5-mL microcentrifuge
tubes and centrifuge at 14,000g for 10 min. Do not heat these samples, as heating
promotes aggregation of membrane proteins.

Set up the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Load 10 pL from each cell lysates in the wells of SDS-acrylamide gel, and
electrophorese the proteins. Electrotransfer the proteins from the gel onto a PVDF
membrane, and probe the blots with appropriate antibodies, by following the stan-
dard procedures of Western blotting.

Determine the wells of 12-well plate in which ENaC subunits are overexpressed by
comparing the Western blots. Use 0.2 mL of these first amplification supernatants
for further amplification of the virus by infecting 8 x 10° cells growing in T-75 tis-
sue culture flask for 3 d. The supernatants obtained at this stage will have approx
2 x 108 virus particles/ml, and serve as baculoviral stocks.

Notes

The pVL1393 and other baculoviral transfer vectors, linearized baculoviral DNA
and the Grace’s medium are available at different commercial sources (PharMin-
gen, Invitrogen, Life Technologies, Novagen, and others).

The Sf9 insect cell-baculovirus expression system offers several advantages in
addition to the overproduction of foreign proteins. The Sf9 cells do not require any
CO, incubator and grow rapidly at room temperature, eliminating the need for an
expensive incubator. The Sf9 insect cells can also grow in serum-free medium,
which is specifically advantageous in the production of secretory proteins. We sup-
plement the growth media with antibacterial and antifungal agents, which do not
appear to affect the baculoviral production or the protein expression levels.
Because the cells can be maintained as suspension cultures in spinner flasks, we
have compared the production of ENaC in suspension cultures with that of infec-
tions carried in tissue culture flasks. The results suggested that Sf9 insect cells in
suspension cultures produce extremely low levels of recombinant proteins when
compared to the cells attached to the tissue culture plate.
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Functional Expression of His-Tagged Rhodopsin
in Sf9 Insect Cells

Giel J.C.G.M. Bosman, Jenny van Oostrum, Githa Breikers, Petra
H.M. Bovee-Geurts, Corne H.W. Klaassen, and Willem J. DeGrip

1. Introduction

The structure/function relationship of G protein-coupled receptors consti-
tutes one of the most challenging areas of the present postgenomic era. It is
estimated that at least a quarter of all human proteins are membrane proteins,
with most of them belonging to the superfamily of GPCRs. Not only the rela-
tive number of GPCRs, but especially the key roles they play in cell function—
and thus their pharmacological importance—warrant the attention they are
presently receiving as a major focus of research. Indeed, more than 50% of the
presently marketed medication targets this GPCR superfamily. This confronts
us with the fact that their activation mechanism is still poorly understood,
owing to a serious lack of information on structure and structure/function rela-
tionships. For almost all GPCRs, only models are available for the prediction
of affinity, specificity, and/or effect of putative (ant)agonists. Detailed informa-
tion on structure and function is not only hampered by the fact that, being inte-
gral membrane proteins, GPCRs are notoriously difficult to purify, but also by
the lack of natural sources in which GPCRs are abundantly present. The rod
visual pigment rhodopsin, a prototype of a major subclass of the GPCREs, is the
only GPCR that can be isolated from native tissue in sufficient amounts to
allow biochemical and biophysical studies. However, for detailed studies on
the complex structure/function relation at the molecular level, there is a need
for functional expression of recombinant protein (see Note 1). In our experi-
ence, the baculovirus expression system is an excellent option for this pur-
pose. This system combines ease to handle with the ability to perform the
posttranslational modifications required for correct folding—and thus correct
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function—of membrane proteins (see Note 2). Optimized procedures for large
scale expression and purification of visual pigments allow yields of up to 4
mg/L. Here we describe the experimental details for the production, purifica-
tion and functional analysis of recombinant rhodopsin. These procedures are
used as a starting point for the production of other visual pigments, and
GPCRs in general.

2. Materials
2.1. Production of Recombinant Baculovirus

All components necessary for the generation of recombinant baculovirus can
be obtained from commercial sources either separately, and/or as part of ready-
to-go expression systems (1; see Note 3).

2.2. Cell Culture

Insect cells are cultured at a temperature of 27 + 1°C and do not require CO,
supplementation. TNM-FH medium consists of Grace’s basal insect cell
medium (1) supplemented with yeastolate (3.3 g/L), lactalbumin hydrolysate
(3.3 g/L), and bovine serum albumin (fraction V; 5.5 g/L). This medium can be
prepared from the individual components, but can also be obtained from various
commercial sources in liquid and in powder form. For serum- and protein-free
medium we routinely use InsectXpress medium (BioWhittaker); similar media
can be obtained from other commercial sources.

2.3. Production and Analysis of Recombinant Rhodopsin

1. Buffer A: 6 mM PIPES, 10 mM ethylene diamine tetraacetic acid (EDTA), 2
pg/mL leupeptin, 2 mM dithioerythritol, pH 6.5.

2. Buffer B: 20 mM PIPES, 130 mM NaCl, 10 mM KCI, 3 mM MgCl,, 2 mM CaCl,,
0.1 mM EDTA (see Note 4), 1 wg/mL leupeptin, pH 6.5.

3. Buffer C: 20 mM bis-trispropane, 0.5 M NaCl, 20% glycerol (v/v), 5 mM 3-mer-
captoethanol, 1 mM histidine, 2 wg/mL leupeptin, 20 mM n-dodecyl-B-1-D-
maltoside (DoM; Anatrace), pH 7.0.

4. Buffer D: 20 mM bis-trispropane, 15% glycerol (v/v), 0.5 M NaCl, 20 mM n-nonyl-
B-1-p-glucoside (nonyl; Anatrace), 5 mM B-mercaptoethanol, 2 pwg/mL leupeptin.

5. Buffer E: 20 mM bis-trispropane, 150 mM NaCl, 15% glycerol (v/v), 5 mM 3-mer-
captoethanol, 20 mM nonyl, 50 mM histidine.

6. Buffer F: 20 mM HEPES, 100 mM NaCl, 2 mM MgCl,, 0.2 mM DoM, 1 mM DTE,
pH 7.4.

3. Methods

New batches of medium (TNM-FH, serum-free medium) and bovine serum
albumin, as well as new batches of cells are routinely tested for their perfor-



His-Tagged Rhodopsin 75

1001
= 80+
=
0
£
£
£ 607
[72]
o
©
3
é 40+
20 -{F moi 0.01
X/ moi 0.1
-O-moi 1.0
0 | RS | E. o T T 1

0 1 2 3 4 5 6
Days post infection

Fig. 1. Production of His6-tagged rhodopsin by Sf9 insect cells in spinner bottles.
Spinner cultures were infected in their midexponential phase of growth at various
MOIs. Rhodopsin yields were monitored for up to 6 h after infection. Note the signifi-
cant larger production of functional pigment per unit volume for the lowest MOI (0.01).
This appears to be largely caused by continuing cell division during the early phase of
infection, whereas the net production per cell does not differ significantly for the three
conditions.

mance with respect to cell growth and production of functional recombinant
protein, before upscaling. For each recombinant protein we also determine the
optimal multiplicity of infection (MOI) and optimal time of harvesting after
infection (DPI) as required for maximal production of functional protein (see
Note 5).

3.1. Production of Recombinant Baculovirus

We have used various procedures to generate recombinant baculovirus (2—4;
see Note 6). The commercially available expression system we now routinely
use (Bac-to-Bac® system; Life Technologies) is based on site-specific transpo-
sition of an expression cassette into a shuttle vector containing a somewhat
adapted Autographa californica baculovirus genome (bacmid) that is propa-
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gated in Escherichia coli. The recombinant bacmid DNA is used to transfect
insect cells, resulting in the generation of a transfection supernatant containing
recombinant baculovirus. These systems come with detailed protocols.

3.1.1. Preparation of a Virus Stock

Starting with a transfection supernatant (see Subheading 3.1.), we use at
least one round of plaque purification prior to the production of a working virus
stock:

1. In a 6-well culture dish, seed 8.10° Sf9 cells from a log-phase culture in 2 mL of
TNM-FH medium per well (see Subheading 2.2.). Swirl the dish to distribute the
cells evenly, and allow at least 15 min at 27°C to attach.

2. Remove the medium and replace with 0.6 mL TNM-FH.

3. Prepare tenfold dilutions of the transfection supernatant in TNM-FH (10%-107), add
100 wL per well, and incubate for 1 h at 27°C.

4. Meanwhile, for one 6-well culture dish, autoclave 0.225 gm low temperature
gelling agarose (Sea-Plaque agarose, FMC Bioproducts) in 7.5 mL of distilled
water in a 50-mL polypropylene tube. Keep at 37°C in a water bath.

5. Add 6 mL 2X concentrated TNM-FH to the agarose, as well as 1.5 mL fetal calf
serum and 7.5 pL of a concentrated antibiotics solution (streptomycin 50 mg/mL,
penicillin 50.000 U/mL).

6. Remove the medium from the wells, and add 2 mL of the agarose overlay gently
along the side of the well. Keep at room temperature for 30 min, and incubate for at
least 5 h at 27°C in a humidified atmosphere.

7. Check for the presence of plaques after 5—-10 d. Under a bright field microscope
with the lamp switched off, plaques are visible as white cells on a background of
darker, uninfected cells. If no plaques can be detected after 10 d, repeat the proce-
dure with lower dilutions of the transfection supernatant.

8. For determination of the titer, MTT can be added to the well (1 mg/mL PBS); after
15-30 min, living cells form a colored product, whereas the plaques remain with-
out color.

9. Place the microscope in a sterile hood, and pick 3-6 plaques into 0.5 mL TNM-FH
using a pipet tip. Select the most isolated plaques from the highest positive dilution.
Keep overnight at 4°C to elute the viruses from the agarose.

10. In a 6-well culture dish, seed 1.10° Sf9 cells in 2.0 mL TNM-FH per well. Add 200
L of the eluted viruses and incubate at 27°C for 6 d.

11. Dislodge the cells from the well by pipet. Transfer to a sterile tube and centrifuge
for 5 min at 3000g. Store the supernatant (P1) at 4°C. Use the cells for the detection
of production of recombinant protein using appropriate methods (ELISA, dot blot,
immunoblot).

12. Prepare a virus stock solution by infecting Sf9 cells, growing in midlog phase in
182 c¢m? culture flasks, using various amounts (1, 10, 100 L) of P1. After 5-10 d,
prepare the P2 working solution by centrifugation as aforementioned.
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13.

14.

Determine the titer as described in steps 1-8. This will usually be around 1.108
PFU/mL.

Viral stocks can be stored at 4°C for at least 1 yr. A frozen stock (—80°C) can be
used as a long-term backup (7).

3.2. Cell Culture

We routinely use the Spodoptera frugiperda-derived cell line Sf9 (ATCC

CRL 1711) to amplify recombinant baculovirus and to express recombinant
protein (see Note 7). The Sf9 cells are routinely cultured as a monolayer in
TNM-FH medium (see Subheading 2.1.) supplemented with 10% heat-
inactivated fetal calf serum (see Note 8) at a temperature of 27°C.

3.2.1. Maintenance of Insect Cells in Serum-Supplemented Medium

1.
2.

When the cells are 90% confluent, dislodge the cells from the flask by gentle pipet.
Dilute the cells 1:8 to 1:10 into a new flask. The cells will be ready to subculture
again in 4 d. The volume of medium to be used is 5 mL, 10 mL, and 20 mL for T25,
T75, and T182 flasks, respectively. The cell numbers that are reached at confluency
are 5.10°-10.10° cells for T25 flasks, 20.10°=30.10° cells for T75 flasks, and
40.10%-60.10° cells for T182 flasks.

. Cultures of 100 mL are maintained in spinner bottles (Bellco) with an adjustable

hanging bar, and are used for production of microgram amounts of protein. To
inoculate a spinner bottle, cell densities as low as 1.10° cells/mL can be used when
cells are growing (and kept) in serum-supplemented medium. For production of
milligram amounts of protein, large-scale cultures are grown in stirred bioreactors
(see Subheading 3.2.3.). In spinner bottles and bioreactors Pluronic® F-68
(Sigma) is added to the medium at a final concentration of 0.1% (v/v) to reduce
foam formation and to minimize damage by shearing.

3.2.2. Adaptation of Insect Cells to Serum-Free and Protein-Free Medium

A

Dislodge the cells from a near-confluent monolayer by gentle pipeting.

Dilute 1:5 into a 50/50 mixture of serum-supplemented and serum-free medium.
Incubate until confluency.

Repeat steps 2 and 3 once.

Increase the percentage serum-free medium gradually during subsequent passages
(e.g., from 50% to 75% to 90% to 95% to 100%).

If required, transfer cells that grow in serum-free medium to suspension cultures by
seeding the cells into a 250-mL spinner bottle in a starting density of at least 5.10°
cells/mL in volumes of 50-100 mL. If not present in the medium, add Pluronic-F68
(see Subheading 3.2.1.).

. Monitor cell growth daily; as soon as a stationary phase has been reached (usually

at approximately 5.10¢ cells/mL), dilute the cells into a new spinner bottle (see
Note 9).
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3.2.3. Cell Culture in Bioreactors

1.

8.

9.

Transfer cells that are in midlog phase in spinner flasks in serum-free medium (see
Note 10) at a starting density of 5.10° cells/mL in the minimum working volume
(300 mL) of a 3-L stirred bioreactor (we use bioreactors from Applikon).

Keep the oxygen tension at 80% of air-saturated water using pure oxygen and a
porous sparger, with the oxygen flow at 5 mL oxygen/min/L medium.

Keep the overlay aeration at 100 mL air/min/L (volume bioreactor minus volume
medium) in order to remove gaseous metabolic endproducts such as CO, and NH,.
Agitate at 80 rpm using a marine impeller.

Monitor the cell density every day.

Add medium progressively to the maximal working volume (2.5 L for 3 L bioreac-
tors, 5 L for a 7-L bioreactor, 10 L for a 15 L bioreactor) while maintaining a cell
density of approx 1.10° cells/mL.

Infect at a density of 1.5-2.10° cells/mL using a MOI of 0.01-0.1.

Monitor the oxygen consumption as an indication of cell growth and of progress of
the infection.

Harvest at the maximal production level (see Subheading 3.3.2.; see Note 11).

3.3. Production of Recombinant Rhodopsin

Recombinant his-tagged rhodopsin is expressed as the apoprotein opsin, and
is first regenerated with its ligand (11-cis-retinal) in a membrane environment
in order to generate the more stable holoprotein. The following procedures rep-
resent the optimal conditions for production, solubilization, and purification of
the holoprotein (see Note 12).

3.3.1. Infection of Insect Cells With (Recombinant) Baculovirus

1.

2.

3.

Grow the cells to approx 80% of confluency (in flask), or to approx 1.5-2.10°
cells/mL (in spinner/bioreactor).

Infect at an MOI of 0.5-1 (in flask) or 0.01-0.1 (in spinner/bioreactor; see Sub-
heading 3.2.3.; see Note 13).

Harvest at 4 d postinfection (see Note 11). If necessary, the cell pellet can be stored
at —80°C.

3.3.2. Harvesting of the Infected Cells and Isolation of Cellular
Membranes

Nk e =

Perform all reactions at 4°C, unless indicated otherwise.

Dislodge the cells from the culture flask by pipeting or with a cell scraper.

Collect the cells by centrifugation at 1000g for 10 min.

Suspend the cell pellet in Buffer A (see Subheading 2.3.1.) at 108 cells/mL.
Homogenize with six strokes in a motor-driven Potter-Elvehjem homogenizer at
150 rpm.

Centrifuge for 10 min at 40,000g. Discard the supernatant.
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3.3.3. Regeneration and Extraction of Rhodopsin

1.

Resuspend the crude membrane pellet in Buffer B (see Subheading 2.3.2.) at a
concentration equivalent of 10% cells/mL. Starting with the next step, all experi-
ments are performed in the dark room under dim red light using a long-pass (>630
nm) filter (Schott).

For regeneration of rhodopsin, add to this suspension 11-cis-retinal from a stock
solution in dimethylformamide (5) to a final concentration of 5 nmol per 108 cells-
equivalent and rotate for 1.5 h at room temperature under an argon atmosphere.
Add DoM to a final concentration of 1% (w/v), and 3-mercaptoethanol to a final
concentration of 5 mM.

Rotate for 1 h at 4°C under an argon atmosphere to solubilize the pigment.
Centrifuge for 30 min at 120,000g to remove aggregates and unsolubilized mate-
rial. Use the supernatant for affinity purification (see Subheading 3.3.4.).

3.3.4. Purification of his-Tagged Rhodopsin by Immobilized
Nickel Affinity Chromatography

1.

Determine the yield of functional rhodopsin by recording the spectrum of an
aliquot of the supernatant from 250 to 700 nm (we use a Perkin-Elmer Lambda-15
spectrophotometer). The concentration of rhodopsin is determined from the differ-
ence in absorbance at 498 nm before and after photobleaching in the presence of 50
mM hydroxylamine for 5 min with a 100 W Tungsten light bulb, equipped with a
430-nm long-pass filter (Schott). The molar absorbance coefficient at 498 has been
determined as 40,500 M~'.cm™! (see Note 12).

Dilute the supernatant with Buffer C (see Subheading 2.3.3.) to the equivalent of
108 cells/mL. Adjust the pH of the membrane extract to pH 7.0-7.2 with 200 mM
bis-trispropane. This pH is the best compromise between maximal stability of
rhodopsin (pH 6.5) and maximal binding potential of the Ni**-matrix (pH
7.5-8.0).

. Wash the required amount of Ni**-nitriloacetic acid resin (Qiagen; 10 wL of packed

gel per nmol rhodopsin) with 10 volumes of destilled water, followed with 10 vol-
umes of Buffer A (see Note 14).

Apply the diluted supernatant to the column at a flow rate of 1 mL/h/mL gel and
wash with 10-15 column volumes of Buffer A, until no more protein is detected by

measuring the A, of the flowthrough.

. Wash with two column volumes of a linear gradient from 1-5 mM histidine in

Buffer D. This will remove contaminating proteins with low affinity for the Ni**
matrix such as cytochromes.

Elute with approx 2 column volumes of Buffer E (see Subheading 2.3.3.), screen
the fractions with UV-VIS spectroscopy, and combine the active fractions (A, >
0.02). The purification of his-tagged rhodopsin as monitored by SDS-PAGE and by
spectral analysis are shown in Figs. 2 and 3, respectively (see Note 15).

Proceed immediately with the reconstitution (see Subheading 3.3.5.), because the
purified protein has a low stability under these experimental conditions.
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Fig. 2. Purification profile of recombinant his-tagged rhodopsin using a Ni**-affinity
column analyzed by PAGE and protein staining. Fractions were analyzed by SDS-
PAGE followed by protein staining with Coomassie blue. 1: Sf9 cell extract that was
loaded on the column; 2: nonbound fraction; 3, 4: fractions eluted upon washing with
buffer D; 5, 6: fractions eluted with Buffer E. The positions of the glycosylated and
non-glycosylated forms of rhodopsin are indicated with a large arrow and a small filled
arrowhead, respectively. Note the minor contaminants in the eluted fraction (lane 6;
indicated with open arrowheads). These are no longer detectable in the reconstituted
pigment (lane 8). Also note the His6 tag-induced difference in migration rate between
native rthodopsin (lane 7) and recombinant, his-tagged rhodopsin (lane 8).

3.3.5. Reconstitution of Rhodopsin with Retina Lipids

Determination of functional characteristics is performed after reconstitution
with lipids, because a lipid bilayer mimicks the native membrane environment,
and consequently provides the best preservation of thermal stability and func-
tional integrity (see Note 16).

1. Combine the purified fractions and add an approximately 100-fold molar excess of
bovine retina lipid extract (6) in Buffer B (see Subheading 2.3.2.).

2. Extract the detergent from the mixed proteolipid/detergent micelles by adding solid
B cyclodextrin ([heptakis 2,6-di-O-methyl]-B-cyclodextrin; Sigma) to a final con-
centration of 25 mM (7). Formation of proteoliposomes can be monitored as a pro-
nounced increase in light scattering, e.g., measured as an increase in absorbance
over the range 500-700 nm.

3. Purify the proteoliposomes by layering the mixture on a sucrose step gradient (10,
20, 45% sucrose (w/w) in Buffer B, and centrifuge for 16 h at 200,000g.

4. Isolate the proteoliposome fraction from the 20-45% interphase, dilute with four
volumes of distilled water and pellet by centrifugation for 30 min at 200,000g.

5. Store the membrane pellets in light-tight containers at —80°C.
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Fig. 3. Purification profile of recombinant his-tagged rhodopsin using a Ni**-affinity
column monitored by UV-visible spectroscopy. Fractions were analyzed by measuring
their spectral characteristics. (A) Spectrum of the total membrane extract that was
loaded on the column; (B) spectrum of the major fraction that was eluted with 50 mM
histidine. This shows the characteristic absorbance spectrum of rhodopsin. The abscissa
presents wavelength in nm and the ordinate presents absorbance in arbitrary OD units.

3.4. Functional Analysis of Rhodopsin

Ligand binding (“regeneration” in case of the visual pigments; see Sub-
heading 3.3.3.) and ligand affinity represent important functional parameters
for any receptor. The other most relevant functional parameter for G protein-
coupled receptors is binding and activation of its cognate G protein. Here we
describe the G protein (transducin) activation assay we use for the analysis of
rhodopsin (8; see Note 17). In the case of visual pigments, time-resolved spec-
troscopical studies of the photocascade also present useful indicators of func-
tionality, and FT-IR studies provide structural information, that has high
functional relevance as well. For further information we refer to comprehensive
reviews (9,10).
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3.4.1. Transducin Activation Assay

1.

hd

10.

4,

Iluminate the transducin stock in the presence of 10 mM hydroxylamine on ice for
30 min with a 100 W Tungsten light bulb behind a KG-1 filter, in order to quench
any background photoactivity caused by impurities, left during the transducin
extraction from bovine eyes (8; see Note 17).

Combine rhodopsin (final concentration 5 nM) and transducin (approx 100 nM) in
Buffer F (see Subheading 2.4.1.).

. Activate the rhodopsin by illumination for 5 min with a 100 W Tungsten light bulb

behind a KG-1 heat filter (Schott) at room temperature.

Pass the solution through a 0.2-pM filter in order to reduce background scattering.
Transfer the reaction mixture to to a quartz cuvette containing a magnetic stirring bar.
Measure the fluorescence on a spectrofluorometer at room temperature with con-
stant stirring (excitation at 295 nm / bandwidth 1.5 nm; emission at 337 / band-
width 15 nm; we use a Shimadzu RF-5301 spectrofluorometer) with a recording
speed of one data point per second.

Record for 200 s in order to establish a baseline.

Add guanosine 5'-[y-thio]triphosphate (GTP+yS) to a final concentration of 2.5 uM
and record for at least another 600 s. The activation of transducin is measured as the
increase in emission intensity (see Note 17).

. Repeat the reaction with 5 nM opsin for the determination of background activity.

Opsin is prepared by illuminating a concentrated rhodopsin suspension in the pres-
ence of 50 mM hydroxylamine (10 min, 100 W light bulb, OG530 long-pass filter).
The initial rate of increase in the fluorescence intensity during the first, linear part
of the curve represents the initial G protein activation rate, and is a good indicator
for the signalling capacity of the pigment (a typical example is shown in Fig. 4).
We refer for a more complex treatment of the data to extract rate constants to
(10,11).

Notes

. For detailed structural and functional studies, expression of GPCRs as recombinant

proteins is a sine qua non, as only heterologous systems allow the production of
proteins with purification tags, targeted mutations, and/or stable isotope-labeled
amino acids in sufficient quantities.

Although the insect cell is capable of complex glycosylation, baculovirus infection
results in partially processed high-mannose forms, depending on the time period
post infection. Nevertheless, the majority of the proteins expressed in the bac-
ulovirus system shows a biological activity that is identical to that of fully pro-
cessed, native proteins. Mutations that affect correct folding, membrane insertion,
and/or translocation of rhodopsin to the plasma membrane usually manifest them-
selves in defective glycosylation and reduced ligand binding (regeneration).

. Most commercial vectors employ the very strong, late-phase polyhedrin promoter

to control expression. This is the promoter we also use routinely. We did obtain
comparable expression levels with the late P10 promoter, but the use of the early
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Fig. 4. G protein activation assay of rhodopsin. Activation of the G protein trans-
ducin was assayed by the increase of Ga tryptophan fluorescence upon binding of
GTPvS. Bovine rhodopsin, recombinant His-tagged rhodopsin (his-rhodopsin), and
bovine opsin were mixed with transducin and illuminated. After stabilization of the flu-
orescence emission intensity, GTPyS was added (GTP). The rate of the subsequent
increase in emission intensity represents the capacity of rhodopsin to activate trans-
ducin. The emission level was normalized to zero before the addition of GTPyS. It is
obvious that the his-tag does not significantly influence the activity of rhodopsin. The
apoprotein opsin has very little residual activity. The gap in the curve is caused by open-
ing and closing of the lid of the spectrofluorometer, necessary for the addition of
GTPyS.

Basic Protein promoter was not successful (12). In our experience, the baculovirus
has no clear codon preference, although the base composition around the start
codon may have some influence (13,14). Large (His10) as well as smaller (His6)
tags will result in a modest reduction of the expression level of up to 30%.

4. A low concentration of EDTA is present in order to complex heavy metal cations
with pro-oxidant activity, for which EDTA has a high affinity.

5. The total yield of recombinant protein can be determined by ELISA (15) or esti-
mated by immunoblot using a concentration range. For most purposes, however,
the yield of functional protein is the most important parameter. The fraction of
functional over total protein may vary between 80% (rhodopsin) and 30% (e.g.
cone pigments). For GPCRs the functional yield is best assayed by ligand binding
(see Subheading 3.3.3., Subheading 3.3.4.).

6. In the two most commonly used procedures recombinant virus is generated by: 1)
homologous recombination after cotransfection of Sf9 cells with fragmented viral
DNA and a transfer vector containing a plasmid for bacterial replication, a viral
promoter and flanking sequences, and the cDNA insert; 2) site-specific transposi-
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tion with Tn7 to insert cDNA into bacmid DNA that is propagated in E. coli. The
major advantage of the latter system is the easy maintenance of the viral genome as
bacmid DNA in E. coli.

We observed no significant differences in the yield of functional rhodopsin per cell
between the Sf9 cell line and other cell lines such as the Sf21 cell line, the
Trichoplusia ni BTI-TN5B1-4 (High five) cell line, and a Mamestra brassicae-
derived cell line [unpublished results and (2)]. We routinely use the Sf9 cell line
since, in our hands, it performs best in suspension culture.

We found that Sf9 cells adapted to serum-free medium (InsectXpress, BioWhit-
taker; see Subheading 3.2.2.) can be propagated as a monolayer for at least 6 mo.
These adapted cells reach a higher cell density at confluency than cells growing in
TNM-FH supplemented with 10% fetal calf serum.

After propagating Sf9 cells in spinner cultures for a period of approx 3 mo while
diluting the cells twice a week, they start to grow slower, to fragment more easily,
and to produce less recombinant protein. At that time, we thaw a new batch of cells
from a liquid nitrogen stock and, if necessary, restart the procedure to adapt the
cells to serum- and protein-free medium.

In bioreactors, we prefer to use serum-free and protein-free medium mostly to
reduce the costs, but also to facilitate the labeling of recombinant proteins with sta-
ble isotope-containing amino acids. For the latter, we refer to (3).

The optimal MOI and especially the number of DPI before the cells are harvested
should be determined for every type of protein individually, as the yield of functional
protein may differ considerably between proteins and the baculovirus promoters that
are used. We describe here the data obtained with the polyhedrin promoter.
Functional expression levels vary depending on the type of receptor over a range of
2-50 pmol/10° cells. For rhodopsin, a functional expression level in the range of
10-20 pmol/10° cells (6-12.10° copies/cell) is acceptable. For cone pigments func-
tional yields may vary between 4—10 pmol/10° cells.

In order to monitor the capacity of fresh cells or new recombinant virus for expres-
sion of recombinant protein, we routinely use cells growing in monolayers and an
MOI of at least 1. Under these conditions production levels usually peak at 3 DPI.
Lower MOIs are used for recombinant protein production in spinner flasks
(0.05-0.5) or bioreactors (0.01-0.1). In the latter conditions, production levels
should be checked over a period of 47 DPI. In fact, low MOI’s may result in a
higher production per unit volume (4; see Fig. 1).

Although a N-terminal and a C-terminal hexahistidine-tagged rhodopsin are
equally functional, we have found no condition in which N-terminally His-tagged
rhodopsin bound to the immobilized metal (4). A more stable binding to the col-
umn is obtained with a His10, although we usually see a higher cellular produc-
tion using a His6 tag. Results depend on the type and make of the matrix
(unpublished data). For a maximal recovery of functional protein, the type of
detergent(s) and its concentration should also be determined for each membrane
protein individually. Criteria are the thermal stability of the pigment in the solubi-
lized state and the affinity of the pigment-detergent complex for the affinity
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matrix. In this respect, DoM is a good choice for rthodopsin, whereas for cone
visual pigments good results may be obtained with a mixture of 0.5% CHAPS
(Sigma) and 0.5% DoM (12,16).
At this stage the purity varies between 60-80% and minor contaminants are
detectable, that are largely removed during reconstitution (see Fig. 2). The purity
can also be estimated from the A, /A, ratio. This ratio is 1.7 + 0.1 for highly puri-
fied rhodopsin.
We have observed that, instead of a natural lipid mixture, the commercially avail-
able soybean extract asolectin (Sigma) also produces fully functional proteolipo-
somes with many receptors at a molar lipid to protein ratio of 100—150.
Activation of transducin results in binding of GTP to its a-subunit with a concomi-
tant increase in fluorescence of a nearby tryptophan residue, that is employed for
assay purposes (17). Instead of GTP we use GTPyS, that after binding cannot be
hydrolysed by the intrinsic GTP-ase activity of the a-subunit (17,18). A crude trans-
ducin preparation is obtained by a hypotonic wash of isolated bovine rod outer seg-
ments (19). Such preparations contain 80 + 10% transducin (Ta,[3,y) on a protein
basis. This suffices for this activation assay, provided that background activity is
eliminated by preillumination (see step 1). The transducin content in such a prepa-
ration is estimated from a protein determination (Biorad), taking the transducin
proportion as 80% and 86 kDa as the molecular weight for Ta,f3,y.

Constitutive activity of the pigment can be assayed in the dark by a modification
of the here described transducin activation procedure (20).
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Preparation of Glycerol Facilitator for Protein
Structure and Folding Studies in Solution

Darren Manley and Joe D. O’Neil

1. Introduction

Progress in the elucidation of protein folding pathways is contributing to a
deeper understanding of the information encoded in genomes (1). However, the
study of membrane protein folding lags behind similar studies of water-soluble
proteins (2). Some of the impediments include poor expression of membrane
proteins possibly caused by their misfolding, aggregation, improper transport,
and insertion into membranes, or their toxicity when overexpressed (3). In
vitro, poor solubility properties lead to difficulties in purification, refolding,
crystallization, and nuclear magnetic resonance analysis. The Escherichia coli
glycerol facilitator (GF) is an attractive model for studying membrane protein
folding (4-6). E. coli is by far the most successful and versatile vehicle for the
production of recombinant proteins and by expressing a native bacterial protein
in E. coli difficulties associated with the expression of foreign genes, such as
rare codon usage (7) and posttranslational modifications, are avoided. High lev-
els of GF protein are unlikely to be toxic to the cell; the facilitator is highly spe-
cific for glycerol transport (5,6) and glycerol can be omitted from the growth
medium. Uncontrolled water transport might be problematic owing to osmotic
pressure effects, however, the facilitator does not transport water nearly as effi-
ciently as the aquaporins, and aquaporin-1 is naturally highly expressed in red
blood cells (5,6). In addition, it seems unlikely that high levels of intracellular
glycerol would be toxic to E. coli and in indeed we find maximum expression
using the glycerol-rich medium Terrific Broth (TB) (§).

The glycerol facilitator expression system described here uses a commer-
cially available vector that places the glpF gene under the control of the T7 pro-
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moter (9). A major advantage is that it permits the use of rifampicin to inhibit
the E. coli RNA polymerase (but not the T7 RNA polymerase), thereby halting
bacterial protein synthesis permitting the bacterium to use all available
resources for recombinant protein synthesis (10,11). In our hands, this results in
a two—threefold increase in the yield of glycerol facilitator compared to expres-
sion in the absence of rifampicin (4). The E. coli strains BL21(DE3) and
BL21(DE3)pLysS (9) can both be used as protein expression hosts for glycerol
facilitator however the pLysS-containing cells express small amounts of T7
lysozyme, a natural inhibitor of T7 RNA polymerase. This is useful for reduc-
ing basal protein expression in the absence of inducer and has been reported to
improve the viability of cells expressing toxic proteins (3,12). The pLysS
strains enjoy an additional convenience because T7 lysozyme accelerates cell
lysis by hydrolysing E. coli cell wall peptidoglycan, which it can access after
the cells have been frozen and thawed.

The recombinant glycerol facilitator described here incorporates an
amino-terminal His, tag for rapid protein purification by immobilized metal
affinity chromatography (13,14) that works just as well for the purification of
membrane proteins solubilized in detergent solutions as for water-soluble
proteins. The protein also contains a thrombin cleavage site for removal of the
His, segment and an 11-residue T7-epitope for Western immunodetection.
Up to 7 mg of pure recombinant GF are produced per liter of cell culture, the
protein is soluble in a variety of detergents suitable for spectroscopic analysis
in concentrations up to 90 wM, and is stable over a period of weeks (4).

2. Materials

1. (PCR) Polymerase chain reaction primers are made in the Department of Microbi-
ology, University of Manitoba.

2. DNA amplification is performed using the Expand High Fidelity PCR system
(Boehringer Mannheim, Laval, QC, Canada).

3. Prep-A-Gene DNA purification kit is purchased from Bio-Rad Laboratories (Mis-
sissauga, ON).

4. Mutagenesis primers, restriction endonucleases, T4 DNA ligase, T4 polynucleotide
kinase, and the Klenow fragment of DNA polymerase I are purchased from Life
Technologies (Rockville, MD).

. Helper phage R408 is obtained from Promega (Madison, WI).

6. Ready-to-go pUCI1S, pre-cut at the Smal site, is from Pharmacia Biotech (Baie

d’Urté, PQ).

7. The pET28b(+) expression vector, anti-T7 antibody-alkaline phosphatase conju-
gate, and the bacterial strains Novablue, BL21(DE3), and BL21(DE3)pLysS are
obtained from Novagen (Madison, WI).

8. Nickel-nitrilotriacetic acid (NTA) resin is from Qiagen (Toronto, ON).
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9. Sodium dodecyl sulphate (SDS), octyl-B-D-glucopyranoside (OG), rifampicin,
diatomaceous earth, nitroblue tetrazolium, and 5-bromo-4-chloro-3-indolylphos-
phate are obtained from Sigma (St. Louis, MO).

10. Deoxynucleotidetriphosphates are from Boehringer Mannheim (Laval, QC) that
was also the source of the 5-bromo-4-chloro-3-indolyl-3—D-galactopyranoside
(BCIG).

11. Suspension solution: 50 mM Tris-HCI pH 8.0, 10 mM ethylene diamine tetraacetic
acid (EDTA), and 100 pg/mL Deoxyribonuclease-free Ribonuclease A.

12. 0.2 M NaOH containing 1% SDS.

13. 4 M potassium-acetate, pH 4.8.

14. 6 M guanidine hydrochloride.

15. Wash buffer: 20 mM Tris-HCL, pH 8.0, 2 mM EDTA, 0.4 M NaCl, 50% ethanol.

16. TE buffer: 20 mM Tris-HCI, pH 8.0, 1 mM EDTA.

17. 1 mM IPTG.

18. Buffer A: 50 mM sodium phosphate pH 7.6, 50 mM NaCl, and 10 mM 3-mercap-
toethanol.

19. Buffer A with 150 mM SDS, pH 7.6.

20. Buffer A with 150 mM SDS, pH 7.2.

21. Buffer A with 150 mM SDS, pH 6.5.

22. Buffer A with 3 mM dodecyl-B-D-maltoside (DM; Anatrace, Maumee, OH), pH 7.6.

23. Buffer A with 3 mM DM, pH 6.5.

24. Buffer A with 30 mM DM, pH 4.0.

25. Buffer A with 250 mM xylitol.

3. Methods
3.1. Expression Vector Construction.

This section outlines the strategy used in the construction of the expression
plasmid and gives references where standard molecular biological protocols are
used. The g/pF gene can be spliced into pET28b(+) (14) as follows: GIpF DNA
is amplified from E. coli genomic DNA (15) using the PCR (16) and the Expand
High Fidelity PCR system from Boehringer Mannheim. The forward PCR
primer oligonucleotide (*CATTAACTCTTCAGGGATCCGATTATGAGTC?)
is identical in sequence to residues 188-218 of the published sequence of the
glpF gene (17) (see Fig. 1) and its upstream region that encodes a naturally
occurring BamHI restriction site (shown above in bold type). The reverse
primer is complimentary to residues 1043—-1081 of g/pF and its downstream
region except that a noncomplimentary Xhol restriction site (bold) is incorpo-
rated between residues 1070-1075 CATGTTTCTCGAGCCCGTAGTCATATT
ACAGCGAAGCTTT?). The amplified DNA is purified by agarose gel elec-
trophoresis (18), the glpF DNA band is excised, and the DNA is extracted from
the agarose using the Prep-A-Gene DNA purification kit (19). The 3' adenine



BamHI site GIpF start codon

* ¢ SCAT TA4A CTC TTC 199

AGG GAT CCG ATT ATG AGT CAA ACA TCA ACC 229

TTG AAA GGC CAG TGC ATT GCT GAA TTC CTC 259
GGT ACC GGG TTG TTG ATT TTC TTC GGT GTG 289
GGT TGC GTT GCA GCA CTA AAA GTC GCT GGT 319
GCG TCT TTIT GGT CAG TGG GAA ATC AGT GTC 349
ATT TGG GGA CTG GGG GTG GCA ATG GCC ATC 379
TAC CTG ACC GCA GGG GTIT TCC GGC GCG CAT 409
CTT AAT CCC GCT GTIT ACC ATT GCA TTG TGG 439
CTG TIT GCC TGT TTC GAC AAG CGC AAA GTT 469
ATT CCT TIT ATC GTT TCA CAA GTT GCC GGC 499
GCT TTC TGT GCT GCG GCT TTA GTT TAC GGG 529
CTT TAC TAC AAT TTA TIT TTC GAC TTC GAG 559
CAG ACT CAT CAC ATT GTT CGC GGC AGC GTT 589
GAA AGT GTT GAT CTIG GCT GGC ACT TTC TCT 619
ACT TAC CCT AAT CCT CAT ATC AAT TTT GTG 649
CAG GCT TTC GCA GTT GAG ATG GTG ATT ACC 679
GCT ATT CTG ATG GGG CTG ATC CTG GCG TTA 709
ACG GTC GAT GGC AAC GGT GTA CCA CGC GGC 739
CCT TTG GCT CCC TTG CTG ATT GGT CTA CTG 769
ATT GCG GTC ATT GGC GCA TCT ATG GGC CCA 799
TTG ACA GGT TTT GCC ATG AAC CCA GCG CGT 829
GAC TTC GGT CCG AAA GTC TTIT GCC TGG CTG 859
GCG GGC TGG GGC AAT GTC GCC TIT ACC GGC 889
GGC AGA GAC ATT CCT TAC TTC CTG GTG CCG 919
CTT TTC GGC CCT ATC GIT GGC GCG ATT GTA 949
GGT GCA TIT GCC TAC CGC AAA CTG ATT GGT 979
CGC CAT TTG CCT TGC GAT ATC TGT GTT GTG 1009
GAA GAA AAG GAA ACC ACA ACT CCT TCA GAA 1039
CAA AAA GCT TCG CTG TAA TAT GAC TAC GGG 1069

CTC GAG AAA CAT3

GIpF stop codon
Xhol site

Fig. 1. The expected DNA sequence of the glpF PCR product based on the sequence
of the gene (17) and the introduction of an Xhol restriction site. The gIpF start and stop
codons and the restriction sites used for cloning purposes are indicated. Also indicated
are the locations of the forward and reverse PCR primers (bold, italic, underline).
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overhangs, introduced by 7ag DNA polymerase, are filled in by the Klenow
fragment of DNA polymerase I (20) to produce a DNA fragment with two blunt
ends. The 5'DNA termini are phosphorylated with T4 polynucleotidekinase
(18) and the DNA is inserted into the blunt-end Smal site of pUC18 using T4
DNA ligase (18). The resultant plasmid is designated pUC18-gIpF.

Competent Novablue cells are transformed with pUCI18-glpF (12) and
transformants are selected (see Note 1) by growth on plates containing LB
(Luria-Bertani) medium (18) supplemented with 12.5 pwg/mL tetracycline, 25
pg/mL ampicillin, 30 pg/mL 5-bromo-4-chloro-3-indolyl-B3-D-galactopyra-
noside (BCIG), and 30 pg/mL isopropylthio-3-D-galactoside (IPTG). Plas-
mids containing glpF DNA are purified using the Prep-A-Gene purification kit
as described below (19). The DNA encoding the glycerol facilitator is excised
from pUC18 using the BamHI and Xhol restriction sites. The DNA is purified
by agarose gel electrophoresis, recovered using the Prep-A-Gene kit, and
inserted into a similarly digested pET28b(+) expression plasmid. The resulting
construct is designated pET28glpF. The E. coli strains BL21(DE3) and
BL21(DE3)pLysS (9) can both be used as protein expression hosts. Transfor-
mants containing the pET28g/pF construct are selected on LB-agar plates sup-
plemented with 34 wg/mL chloramphenicol and 30 pg/mL kanamycin.

3.1.1. DNA Isolation and Sequencing

Highly pure plasmid DNA is rapidly isolated from 2 mL E. coli cultures
using a method adapted from that of Kim and Pallaghy (22).

1. Cells from an overnight culture are chilled on ice for 5 min, centrifuged at 4000g
for 10 min at 4°C and resuspended in 500 pL of suspension solution.

2. The cells are lysed by addition of 500 L of 0.2 M NaOH containing 1% SDS.

3. After incubation for 5 min at room temperature the mixture is neutralized with the
addition of 500 pL of 4 M potassium-acetate, pH 4.8.

4. Precipitated protein, genomic DNA, and cellular debris are removed by centrifuga-
tion on a microcentrifuge (12,700g, 5 min) and the DNA-containing supernatant is
transferred to a microcentrifuge tube containing an equal volume of diatomaceous
earth suspension (see Note 2).

5. An equal volume of 6 M guanidine hydrochloride is added to the DNA/diatoma-
ceous earth mixture, it is mixed gently, and centrifuged; the supernatant is carefully
removed and discarded.

6. The guanidine wash is repeated twice (see Note 3) followed by three washes with
Wash buffer.

7. The pellet is air-dried and the pure plasmid DNA is eluted by resuspending the pel-
let in 100-200 wl of water or TE buffer followed by removal of the diatomaceous
earth by centrifugation and retention of the supernatant. The purity and yield of the
DNA is checked by agarose gel electrophoresis (23), and then is stored at —20°C.
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All plasmids containing the glpF gene should be checked by restriction map-
ping using the BamHI and Xhol enzymes, and DNA sequencing. DNA is pre-
pared for sequencing by precipitation with polyethylene glycol using a modified
alkaline lysis method suggested by Perkin-Elmer (http://www.ucalgary.ca/~
dnalab/Plasmidprep.html; see also ref. 24). We sequenced the glpF DNA using
a commercial service and two PCR-induced mutations, Asp168Val (GAC—GTC)
and a silent mutation for valine-146 (GTG—GTA), were discovered. The D168V
mutation was reverted to wild type by Kunkel mutagenesis (25) using f1 helper
phage R408 and the f1 origin of replication on the pET28b(+) vector to produce
the single-stranded plasmid DNA (26,27).

3.2. Glycerol Facilitator Overexpression and Purification

Here, we describe the preparation of glycerol facilitator dissolved in SDS
and dodecyl-3-p-maltoside (DM). We have used similar procedures to prepare
protein in octyl-B-D-glucopyranoside (OG).

1. BL21(DE3) pLysS cells containing pET28glpF are grown in antibiotic-supplemented
(34 pg/mL chloramphenicol and 30 pg/mL kanamycin) TB (8) at 37°C.

2. Glycerol Facilitator expression is induced with the addition of 1 mM IPTG when
the culture reaches an optical density at 600 nm (OD ) of 0.6-0.7.

3. The bacterial RNA polymerase is arrested by the addition of rifampicin (200 pg/mL)
at 1 h following induction and the cells are harvested after a further 2 h of growth. The
cell cultures are chilled on ice for 5 min and collected by centrifugation.

4. The cell pellets are flash frozen in liquid nitrogen and, if necessary, stored at —20°C.

5. The cell pellets are thawed, resuspended in Buffer A, and lysed by passage through
18- and 22-gage needles.

6. DNA is sheared by sonicating (Fisher Sonic Dismembrator Model 300) the lysed
cells on ice three times for 30 s at 30% power.

7. The ruptured cells are centrifuged at 4°C for 20 min at 2800g.

8. The resulting pellet is resuspended in about 100 mL of a Buffer A-detergent solu-
tion per liter of cell culture, and stirred at room temperature for 1 h. The concentra-
tions of the detergents are 150 mM SDS or 3 mM DM. For solubilization with DM
it is necessary to extend the incubation time a further 30 min, or until the majority
of the visible cellular material has dissolved. Alternatively, a higher concentration
of DM may be used.

9. For SDS-solubilized cells, centrifugation is performed at room temperature using a
Dynac bench top centrifuge for 20 min at 1100 g. In the case of DM-solubilized
cells, insoluble material is removed by centrifugation at 4°C.

10. The supernatant is added to 1 mL of settled Ni**-NTA Sepharose resin preequili-
brated in a Buffer A-detergent solution, and the slurry is stirred gently at room tem-
perature for 1 h.

11. Prior to being poured into a glass column the Ni>*-NTA Sepharose is separated
from excess buffer by low speed centrifugation for 5 min at 500g.
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1 2

Fig. 2. Coomassie-stained SDS-PAGE electrophoregrams of glycerol facilitator puri-
fied in: lane 1, 150 mM SDS; lane 2, 30 mM DM.

12. For the preparation of protein in SDS, the resin is then washed with several vol-
umes of Buffer A plus 150 mM SDS at pH 7.6, followed by a second wash at pH
7.2. For the DM preparation the column is washed in several column volumes of
Buffer A plus 3 mM DM at pH 6.5. Elution is begun once the A, is below 0.1.

13. Glycerol Facilitator is eluted in Buffer A plus 150 mM SDS at pH 6.5 (see Note 4)
or 30 mM DM at pH 4.0. One ml fractions are collected and analyzed by standard
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (29,30)
and Western immunoblotting (29) techniques (see Note 5).

Fig. 2 shows Coomassie-stained electrophoregrams of SDS- and DM-
purified glycerol facilitator. Although only monomeric protein is observed in the
Coomassie-stained gels, Western blots (not shown) indicate that small amounts
of dimer, trimer, and tetramer are invariably present (4). The expected molecu-
lar weight (M) of the expressed glycerol facilitator including the N-terminal
fusion tags is 33,505 kDa and its predicted isoelectric point (p/) is 7.56 (calcu-
lated using the program MacVector 6.5, designed by Oxford Molecular).

3.3. Xylitol Transport Assay

The recombinant glycerol facilitator inserts into the bacterial inner mem-
brane and is functional (4). However, glycerol is transported with a half time of
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less than 10s and this necessitates the use of rapid kinetic methods, such as
stopped-flow, for measurement (32). An alternative exploits the fact that the
glycerol facilitator transports xylitol more slowly than glycerol and this permits
functionality to be ascertained with the use of a spectrophotometer and manual
mixing (33). Water and solute transport cause changes in the volume and shape
of E. coli that are detectable as changes in turbidity. The theory behind these
effects is clearly explained in a review by Koch (34).

1. Induced and noninduced E. coli are harvested by centrifugation at 4°C for 10 min
at 2800g.

2. The cell pellet is resuspended in Buffer A at a volume equal to one third of the orig-
inal cell culture.

3. The concentrated cells are then diluted into Buffer A containing 0 or 250 mM xyli-
tol giving a final OD, of about 1.0. Dilution into xylitol results in an immediate
increase in turbidity (OD) owing to cell shrinkage from the sudden increase in
external osmotic pressure; this is followed by a slower cell swelling and drop in tur-
bidity that is complete within 5 min. The noninduced cells, lacking glycerol facili-
tator, initially shrink but cannot transport glycerol and do not re-swell.

3.4. Circular Dichroism

Circular Dichroism (CD) spectropolarimetry can be used to quantify sec-
ondary structure in proteins, detect the presence of tertiary structure, and fol-
low structural changes during protein folding and unfolding. We acquire CD
spectra with a Jasco-500A CD spectropolarimeter interfaced to a personal
computer via an analog-digital converter. Sample temperature is controlled by
a Haake G circulating water bath. For far ultraviolet (UV) CD experiments, GF
is eluted from the Ni**NTA column as aforementioned except that the buffer is
10 mM sodium phosphate containing 10 mM NaCl and detergent (150 mM
SDS at pH 6.5 or 30 mM DM at pH 4.0 or 100 mM OG at pH 4.0). If required,
the pH of the eluted protein can be adjusted by dilution with detergent-buffer
solutions at the appropriate pH. Usually, several fractions collected from the
column are at the appropriate concentration (6—10 wM) for far UV CD analy-
sis. CD spectra of purified GF are acquired utilizing the CD optimization
parameters of Hennessey and Johnson (35). It is imperative that the absorbance
properties of all buffer components, including detergent, be measured before
attempting to measure CD spectra on protein solutions. Total absorbance,
including the cell, solvent, and protein, is kept below 1.0 above 200 nm so that
at least 10% of the light is transmitted above 200 nm (36). The samples are
placed in a water-jacketed quartz cuvet with a 0.05-cm path length and main-
tained at 25°C. Nitrogen gas is used to flush oxygen from both the optics of the
spectropolarimeter and the sample chamber and is applied at a flow rate of 5
L/min. CD spectra are collected at 2 nm/min between 260-205 nm with a time
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constant of 8. Below 200 nm, atmospheric oxygen absorption increases. To
increase the number of photons collected at lower wavelengths the N, (g) flow
rate is increased to 25 L/min and spectra are collected at 0.5 nm/min with a
time constant of 32 between 210-185 nm. Baselines are collected in the same
fashion on detergent-buffer solutions and spectra are baseline corrected. The
two portions of the far UV spectra are digitally combined using the overlap
region between 210-205 nm.

Far UV CD spectral analysis requires precise determination of protein con-
centration. Recombinant glycerol facilitator concentration is determined using
the calculated molar absorptivity of 38,305 M~!-cm™ at 280 nm. Ellipticity (6)
is calculated using the equation: 6 = m°® (mV - C) where m® is the sensitivity set-
ting of the spectropolarimeter in millidegrees per cm, mV is the baseline-
corrected signal in millivolts, and C is an experimentally determined conversion
factor (see Note 6). Mean Residue Ellipticity ([BMRE] x 107 deg - cm? -
dmole™) is calculated using the equation: [BMRE] = {M /n)-0} {(10-R)-c}
where M is 33,505 grams per mole, n is 315 peptide bonds, 0 is the measured
ellipticity in millidegrees, [ is the cell pathlength (0.05 cm), and c is the protein
concentration in g/L.. Deconvolution of the far-UV CD spectra into pure com-
ponent spectra can be done with a variety of available algorithms. The Convex
Constraint Algorithm written by Perczel et al. (37) contains a basis set of CD
spectra of integral membrane proteins. Fig. 3 shows typical far UV CD spectra
for glycerol facilitator dissolved in SDS and DM. The protein contains slightly
higher helix content in DM than in SDS (4).

Aromatic ellipticity is significantly weaker than peptide bond ellipticity and
this necessitates the preparation of more concentrated protein solutions. We rea-
soned that elution of concentrated glycerol facilitator would result from a rapid
reduction in the pH of the Ni?>*-NTA resin. For near-UV analysis, protein was
prepared as aforementioned except that in the case of SDS-solubilized protein
elution was done with SDS-containing Buffer A at pH 5.0. Before applying the
elution buffer to the resin, the wash buffer is drained from the column. This per-
mits the elution of protein in detergent at concentrations between 50 and 90 M.
For the acquisition of near UV CD spectra the concentrated protein is placed in
a cylindrical quartz cuvette with a 0.5-cm pathlength and spectra are collected at
2 nm/min between 320-260 nm with a time constant of § s.

4. Notes

1. pUC vectors carry the amino-terminal fragment of the (3-galactosidase gene. Upon
expression in the presence of IPTG, the pUC-encoded fragment complements the
defective 3-galactosidase encoded by the host cell (a-complementation). Bacteria
expressing both fragments of the enzyme form blue colonies in the presence of
BCIG. Successful insertion of glpF DNA into the Smal site of pUC18 disrupts the
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Fig. 3. CD spectra of glycerol facilitator solubilized in 10 mM sodium phosphate
buffer containing 10 mM sodium chloride and detergent at 25°C. ( ) GF dissolved
in 150 mM SDS at pH 7.6; (——-) GF dissolved in 30 mM DM at pH 7.0.

amino-terminal portion of the (3-galactosidase gene and results in the production of
white colonies (18).

2. The diatomaceous earth is prepared by suspension in double deionized water at 50
mg/mL followed by sedimentation for 1 d. The water and milky suspension above
the sediment is carefully removed, replaced with an equal volume of fresh water,
and the sediment is resuspended. This process is repeated until the water above the
sediment remains clear and suspension-free, at which point the diatomaceous earth
solution is ready for use (22).

3. Before proceeding to the next wash, the purity of the plasmid can be checked by
agarose gel electrophoresis (23). The presence of low molecular weight impurities
may indicate that up to three further guanidine washes are required.

4. Glycerol facilitator elutes at a higher pH in SDS presumably because the local pH
at the micelle surface is lower than that measured in the bulk solution by the pH
electrode. SDS micelles are known to condense protons near their surfaces (28).
The protein can also be prepared in OG by elution in buffer A plus 100 mM OG
at pH 4.0. 10 mM acetate can be added to the elution buffers to improve buffering
at pH 4.0 however this is not necessary and is avoided in the preparation of sam-
ples for CD as it elevates the optical density of the solutions especially at lower
wavelengths.
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5.

All SDS-PAGE samples are prepared by incubating protein in 50 mM Tris-HCL
(pH 6.8), 2% SDS, 0.1% bromophenol blue, 10% glycerol, and 100 mM dithiothre-
itol (DTT) for 10 min at 37°C prior to gel loading. Boiling of GF samples is
avoided as this results in protein aggregation to such a degree that a large portion is
retained at the interface between the stacking and resolving gel and in the sample
well itself. This is a problem commonly associated with boiling of membrane pro-
teins (31). Separation is achieved by SDS-PAGE in Laemelli discontinuous gels
(30) composed of a 2.5% acrylamide stacking gel and a 10% resolving gel. After
electrophoresis, proteins are visualized either by Coomassie staining or by immun-
odetection following electrophoretic transfer to a nitrocellulose membrane using
the Mini Trans-Blot® Cell from Bio-Rad. Following the protocol described by
Novagen (14, see also 29), the nitrocellulose is incubated in anti-T7-antibody alka-
line phosphatase conjugate which binds to the 11 amino-acid T7 epitope on the
amino-terminus of the recombinant GF. Immunoreactive proteins are visualized by
color development in nitro blue tetrazolium (334 pg/mL) and 5-bromo-4-chloro-3-
indolylphosphate (175 pg/mL) in a buffer composed of 100 mM Tris-HCI, pH 9.5,
100 mM NaCl, and 1 mM MgCl,.

The spectropolarimeter is routinely calibrated using an aqueous solution of 1.0
mg/mL (4.31 mM) (+)-10-camphorsulphonic acid. The concentration of the cali-
brant is determined using the molar extinction coefficient of 34.5 L - mol™! - cm™ at
285 nm and the M of 232.3 (35). Wavelength calibration is done using the positive
band at 290.5 nm and the negative band at 192.5 nm. Millivolt output is converted
to millidegrees using the known ellipticity of camphorsulphonic acid at 290.5 nm
(Ae =236 L -mol™!-cm™; AA=5.08 x 107*; 0 = 16.76 millidegrees) in a 0.05-cm
pathlength cell. A second calibration can be done at 192.5 nm (Ae =—4.9 L - mol™!
cm™; AA = —1.05 x 1073; 0 = —34.6 millidegrees). If the ratio of the ellipticities
measured at 192.5 nm and 290.5 nm is smaller than 2.0 this indicates that the
instrument is not performing well at the lower wavelengths.
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Solubilization of Chemokine Receptors
from Cell Membranes

Robert Staudinger and Juan C. Bandrés

1. Introduction

Detergent solubilization is a crucial step for the purification and biochemical,
biophysical, and structural characterization of receptor molecules. The depend-
ence of the native conformation of these proteins on the hydrophobic,
intramembrane environment has complicated attempts to isolate those integral
surface receptor molecules. Irreversible protein denaturation may occur during
solubilization of the cell membrane. Peripheral or membrane-associated pro-
teins have been partially or selectively extracted by various procedures such as
use of chelating agents or protein perturbants, manipulations of ionic strength,
or pH and enzymatic digestions (1).

The typical experimental approach for solubilizing a receptor from the cell
membrane is to use biological detergents, which are agents whose physical
properties resemble those of the lipophilic environment of the membrane
bilayer. In the solubilization procedure, the choice of detergent is critical,
because the solubilized receptor must retain at least some of its relevant proper-
ties, most importantly, its native ligand-binding properties because this is the
way to “trace” a solubilized protein throughout the subsequent steps of purifica-
tion (2). Although the literature on solubilization procedures is vast, the use of
detergents has largely been empirical. Although we cannot review detergent
properties and detergent/lipid interactions in this chapter, we will provide some
suggestions on the choice of these critical components of the solubilization pro-
cess. Detergents have three distinguishing characteristics: structure of the mol-
ecule, size of the micelle, and critical micellar concentration (CMC), which is
the concentration above which micelles form. Both nonpolar and polar parts of
detergents are highly variable. The shape of the molecule determines the pack-
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ing arrangement and thus, the size of the micelle and the interaction between
the polar groups determines the CMC. Detergent molecules exist as monomers
and micelles in aqueous solution. Above the CMC, most of the excess detergent
will form micelles rather than monomers. This is desirable when one wants to
remove detergent by dialysis or replace it with another detergent. However, in
general, detergents with a large CMC and a high concentration of monomers
will denature proteins more readily than those with a low CMC. On the other
hand, detergents with a low CMC may not be able to solubilize the protein. The
properties of detergents are reviewed in detail elsewhere (3,4).

By definition, a protein is solubilized if it remains in the supernatant after cen-
trifugation at 100,000g for 1 h. For a successful solubilization process, the
amount of detergent or the ratio of detergent to lipid and protein of the membrane
is essential. In general, to obtain maximal exchange of lipid for detergent around
the proteins, at least 10 mg of detergent per mg of lipid should be used. The
detergent concentration must be sufficiently above the CMC to provide approx
1.5-2 micelles per protein molecule, otherwise proteins may be trapped in the
same micelles. Although efficient in disrupting lipid—lipid and lipid—protein
interactions in membranes, nonionic detergents are ineffective in breaking inter-
actions among proteins and can thus be used to study the subunit structure of
membrane proteins or their association with extrinsic proteins; however, nonspe-
cific aggregation of proteins in the presence of detergent should be excluded (5).

Before the solubilization process, one must have a reliable assay in place to
detect the activity of the solubilized protein. However, the presence of the deter-
gent may interfere with the detection method and the assay condition must be
modified (6). If the protein is a cell surface receptor, a method for the separation
of bound from free ligand in solution must be developed. Precipitation of recep-
tor with polyethylene glycol is often used for this purpose. However, if the lig-
and is a protein itself, this method may not be useful. Here, we describe as an
example, the successful solubilization of the chemokine- and HIV-1 co-receptor
CXCR4 (7) and share our experience with this procedure. We have used this
same protocol for the solubilization of other chemokine receptors (IL-8) so it
can be used for the solubilization of chemokine receptors (as well as other
membrane receptors with transmemebrane domains) in general.

2. Materials
2.1. Crude Membrane Preparation
1. CEM cells (see Note 1).
2. Lysis buffer: 50 mM HEPES, pH 7.4, 1 mM EGTA containing protease inhibitor
cocktail (Sigma).
3. Dounce homogenizer, tight pestle.
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2.2. Binding Experiments with Membrane Preparations

1.

Nk

Assay Buffer A: 20 mM HEPES, pH 7.4, 1 mM CaCl,, 5 mM MgCl,, 150 mM
NaCl, and 1% BSA.

['>1]SDF-1a (NEN Life Science Products).

SDF-1a (Peprotech).

Whatman GF/C glass fiber filters.

Wash Buffer A: 20 mM HEPES, pH 7.4, 1| mM CaCl,, 5 mM MgCl,, and 500 mM
NaCl.

2.3. Solubilization Protocol (see Note 2)

1.
2.
3.

n-dodecyl--p-maltoside (DDM; Roche).

Cholesteryl-hemisuccinate (CHS; Tris-Hcl salt, Sigma).

Solubilization buffer: 2% DDM (w/v) and 0.25% CHS (w/v) in 20 mM HEPES, pH
7.4,1mM EGTA, 5 mM MgCl,, 20% glycerol (v/v), and protease inhibitor; always
prepare fresh; mix gently in an end-over-end rotator over night at 4°C. CHS is dif-
ficult to dissolve; mix 1:1 with membrane protein suspension; avoid foaming,
which may denature proteins (see Note 3).

CHAPS (Pierce).

Cyclo-hexyl-pentyl--D-maltoside, (Zymal™ -5, Anatrace).

2.4. Binding Assay for Solubilized CXCR4

1.

2.
3.

Assay Buffer B: 20 mM HEPES, pH 7.4, 1 mM EGTA, 5 mM MgCl,, 1% BSA, 150
mM NaCl, and protease inhibitor cocktail.

Whatman GF/F glass fiber filters.

Wash Buffer B: 20 mM HEPES, pH 7.4, 1 mM CaCl,, 5 mM MgCl,, 500 mM NaCl,
0.1% BSA, and 0.1% DDM.

3. Methods
3.1. Crude Membrane Preparation

1.
2.

Rinse CEM cells with phosphate-buffered saline (PBS).

Resuspend the cells in lysis buffer and homogenize gently with 40 strokes with a
tight pestle in a Dounce homogenizer. Check lysis of cells under the microscope;
nuclei should be intact.

. Spin the suspension at low speed (800g for 10 min at 4°C) to pellet nuclei and

unbroken cells.

The supernatant is then centrifuged at 45,000g for 30 min at 4°C.

Wash the crude membrane pellet once and then centrifuge at 45,000g for 30 min
at 4°C.

Resuspend the pellet in lysis buffer with the aid of a Dounce homogenizer, quickly
freeze in methanol-dry ice, and store at —80°C.
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3.2. Binding Experiments with Membrane Preparations

1. Incubate 15-20 g of CEM crude membrane protein with 0.5-0.6 nM of '>’I-SDF-
la in Assay Buffer A, in a volume of 100 L at 4°C for 3 h (see Note 4). It is essen-
tial to include NaCl in the assay buffer, since SDF-1a is quite “sticky.” Define
nonspecific binding with 500 nM SDF-1a.

2. Separate receptor bound radioligand from unbound ligand by rapid filtration through
Whatman GF/C filters, presoaked in 0.3% polyethylenimine. Whatman GF/C filters
work best for membrane-bound receptors. Rinse filters twice with 4 mL of ice-cold
Wash Buffer A and then determine filter bound radioactivity in a y-counter.

3. To determine the affinity of SDF-1a for membrane-bound CXCR4, generate full
homologous competition curves. For this purpose, mix a fixed concentration of '>I-
SDF-1a with increasing concentrations of unlabeled SDF-1a. Not more than 10%
of total radio-ligand should be receptor bound. If a ligand has very high affinity,
you may increase the assay volume in order to decrease its concentration. Because
I5[-SDF-1a has a very high specific activity (2200Ci/mmol), only a “cold satura-
tion” technique (mixing radiolabeled SDF-1a with increasing concentrations of
unlabeled SDF-1a) can be used to determine its affinity. It is assumed that labeled
and unlabeled SDF-1a have identical binding properties.

4. Vary the concentration of unlabeled ligand from 0.1 to 10 times K, (dissociation
constant).

3.3. Solubilization Protocol

1. Mix the CEM membrane preparation (at a protein concentration of 4—4.5 mg/mL)
1:1 with solubilization buffer containing protease inhibitor cocktail.

2. Incubate the mixture gently at 4°C for 30 mins in an end-over-end rotator, then sub-
ject to ultracentrifugation at 100,000g for 60 min.

3.4. Binding Assay for Solubilized CXCR4

1. Measure '>I-SDF-1a binding to solubilized receptor in Assay Buffer B, containing
75-90 g of solubilized protein and 0.37-0.4 nM 'I-SDF-1a in a volume of 100 L.
Again, inclusion of NaCl in the assay buffer is essential for specific binding. The
final detergent concentration should be reduced to no more than 0.3% (see Note 5).
Nonspecific binding is determined by inclusion of 500 nM unlabeled ligand.

2. Incubate for 3 h at 4°C with the solubilized receptor and then recover bound radi-
oligand by rapid filtration through Whatman GF/F filters, presoaked in 1% poly-
ethylenimine for 3 h, followed by one rapid rinse with Wash Buffer B (see Note 6).

3. As for membrane-bound CXCR4, incubate a fixed concentration of '2I-SDF-1a
with increasing concentrations of unlabeled SDF-1a to determine the affinity by
Scatchard analysis.

We tested several detergents, including CHAPS, digitonin, Cymal-5™ and
DDMY/CHS for their ability to extract CXCR4 with functional binding properties
for SDF-1a. Only DDM/CHS, and to a lesser extent, CHAPS and Cymal™-5
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were successful in releasing the binding sites in an active form. A single class of
binding sites was found in Scatchard analysis and the slope of the competition
curve was not different from unity (r,=0.92 + 0.05). We calculated a dissocia-
tion constant of 5.7 = 0.9 nM and a binding capacity of 365 + 25 fmol/mg of
protein. Detergent solubilization resulted in the extraction of 56-62% protein
and 11-15% of active binding sites. The solubilized receptor remained stable at
4°C without loss of binding activity for at least 1 wk.

4. Notes

1. Successful solubilization of cell surface receptors requires a rich source of the pro-
tein. In our case the cell line CEM expressed relatively high levels of the HIV-1
coreceptor CXCR4 (2.69 pmol/mg of membrane protein) (7). In case of the second
principal HIV-1 coreceptor CCR5 a codon-optimized canine thymocyte cell line
was generated, expressing high levels of CCRS5 (8). If the tissue of interest
expresses too low levels of receptor and an immortalized cell line instead is used to
purify the relevant receptor, it is important to ensure that the binding sites are iden-
tical by comparing the physicochemical and pharmacological properties of the
receptors (9).

2. Commercial detergents are as a rule chemically impure and heterogeneous. Even
one batch may differ from the next. It is advisable to purchase high quality deter-
gents. In our experience, detergents from Boehringer Mannheim, Pierce, and Ana-
trace are of excellent quality. If a particular detergent works for the solubilization
of your receptor, reorder the same batch.

3. Inclusion of glycerol, EGTA or ammonium sulfate may increase the stability of the
solubilized receptor.

4. Although it is sometimes advisable to determine efficiency of solubilization at dif-
ferent temperatures, it is our experience that integral membrane proteins, in particu-
lar G-protein coupled receptors (GPCR) with several transmembrane domains, do
not tolerate temperatures above 4°C, at which irreversible denaturation may occur.
Therefore, it may be necessary to carry out all steps of the solubilization and purifi-
cation process at 4°C or in ice. If an agonist to a GPCR is used to follow the activity
of the receptor during solubilization, one needs to consider that binding of an ago-
nist to a GPCR is highly temperature dependent (10,11). Reduction of incubation
temperature from 20°C to 4°C resulted in a 58% inhibition of SDF-1a binding to
CXCR4, which was due to a conversion of high affinity binding sites to a lower
affinity state (11). However, the lower affinity SDF-la binding site is still
detectable. In contrast, reduction of the incubation temperature from 20°C to 4°C
resulted in inhibition of MIP-1[3 binding to CCRS, the second principal HIV-1 core-
ceptor, by 95% (12). Presumably, the affinity of the low affinity state of CCRS5 for
MIP-1[3 was beyond the limits of detection in our binding assay and we were unable
to demonstrate activity of CCRS after solubilization (unpublished observation).

5. The detergent may interfere with detection of the solubilized receptor. It is usually
necessary to further reduce the final detergent concentration, however, aggregation
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or precipitation of the solubilized protein may occur below the CMC of the deter-
gent. Although we mentioned earlier that the usefulness of a detergent is often
determined empirically and it may be advisable to compare detergents from each
chemical category, digitonin, CHAPS, n-dodecylmaltoside plus cholesteryl-hemi-
succinate, and Zymal-5™ were successfully used for solubilization of receptors of
the G-protein coupled superfamily. When performing exploratory experiments with
various detergents and solubilization conditions, it is important to account for the
recovery of all biological activity. Determine whether a detergent (at different incu-
bation periods and possibly temperatures) is able to release a prelabeled receptor
into the supernatant after centrifugation at 100,000g. Determine if the radioactivity
is free or receptor-bound and keep an exact balance of the receptor activity. In con-
trol experiments, dissociation of the labeled ligand from its receptor during the
course of the solubilization procedure should be assessed. In this way, the effec-
tiveness of a detergent in solubilizing a particular receptor or the inactivation of the
receptor can be effectively determined.

As aforementioned, a method to detect receptor activity must be developed to fol-
low the solubilized protein after the solubilization procedure. The easiest and most
convenient procedure is the rapid filtration technique. Usually, receptor-bound lig-
and can be precipitated with polyethylene glycol (PEG) and y-globulin as a carrier
protein (13). The solubilized receptor-ligand complex is retained on glass fiber fil-
ters. However, coprecipitation of free ligand can be a serious problem with the PEG
precipitation method. The proper concentration of PEG required to precipitate the
receptor-ligand complex should be determined for each radioligand under your
own conditions. When we tested the PEG precipitation method in a binding assay
for solubilized CXCRA4, variations in PEG concentration or ionic strength of the fil-
tration method did not result in the preferential precipitation of the receptor-ligand
complex. Therefore, if the ligand of a receptor is a peptide, this technique may not
be helpful. A modification of the routine filtration method was however useful in
the binding assay for solubilized CXCR4. Glass fiber filters (Whatman GF/F) pre-
soaked in 0.3% polyethylenimine for 2 h retained the CXCR4-'>I-SDF-1a com-
plex with little retention of free '>I-SDF-1«. The pretreated filters should be placed
into the filtration machine without rinsing.
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A Systematic Approach for the Solubilization
of the Integral Membrane Protein Lysophospholipid

Acyl-Coa Acyltransferase (LAT)

Claus Kerkhoff and Volkhard Kaever

1. Introduction

The lysophospholipid:acyl-CoA acyltransferase (LAT, EC 2.3.1.23) cat-
alyzes the reacylation of lysophospholipids with coenzyme A-activated fatty
acids, and is part of the Lands cycle (1). The LAT is an important enzyme par-
ticipating in the rapid turnover of phospholipids thereby: 1) maintaining the
membrane lipid composition and the asymmetrical distribution of unsaturated
fatty acids within the phospholipids (for review, see refs. 2,3), and 2) control-
ling the free arachidonic acid levels (for review, see ref. 4). In addition, LAT is
thought to play a crucial role in the early phase of T-cell activation by the ele-
vated incorporation of polyunsaturated fatty acids into plasma membrane phos-
pholipids (5,6). LAT is suggested to be an integral membrane protein, and it is
established that there are separate acyltransferases with different specificity
toward both lysophospholipids and acyl-CoAs (7,8).

Despite a great deal of effort by several groups, little progress has been made
so far in the purification of LAT because of the enzyme’s instability and its sen-
sitivity toward detergents. The solubilization of functional membrane proteins
is the critical first step in protein purification (for review, see refs. 9,10) because
the substitution of lipids by detergent may cause enzyme inactivation. More-
over, membrane proteins are extremely sensitive to their hydrophobic environ-
ment. Thus, there is no single detergent or solubilization scheme that is equally
applicable to all membrane proteins.
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However, two general considerations have to be explored in a systematic
approach for the solubilization of a membrane protein (11): First, initial solubi-
lization experiments have to survey conditions that extract membrane proteins
from membranes as protein/lipid/detergent mixed micelles and maintain the
enzyme activity. Once solubilization has been achieved, the further effects of
changes in detergent concentration on size and composition of the solubilized
complexes should be examined to yield protein/detergent complexes that are
free of lipid and accessible to protein purification.

Here, we describe a four-step protocol by which experimental conditions
were defined that allowed: i) the extraction of the integral membrane protein
LAT from membranes; ii) its reconstitution with artificial membranes, thereby
restoring the LAT enzyme activity; iii) the development of a solubilization pro-
tocol by which protein solubilization was achieved under the preservation of the
full enzyme activity; and iv) the dissociation of the protein/lipid/detergent mixed
micelles, thereby yielding protein/detergent complexes with partial enzyme
activity. These mixed micelles were accessible to protein purification, and we
are currently analyzing the protein composition of a LAT candidate protein.

2. Materials
2.1. LAT Standard Enzyme Assay

1. LAT assay buffer: 150 mM NaCl, 10 mM Tris-HCI, pH 7.4, 1 mM ethylenediamine
tetraacetic acid (EDTA).

2. 1-Palmitoyl-GPC was from Fluka-Biochemika (Neu-Ulm, Germany). Coenzyme A

was from Boehringer (Mannheim, Germany). Arachidonoyl chloride was from Nu

Chek Prep (Elysian, Minnesota, USA). ['*C]-1-palmitoyl-GPC (spec. act. 55

mCi/mmol) was from NEN/DuPont (Bad Homburg, Germany). Fatty acid-free

bovine serum albumin was from Sigma (Taufkirchen, Germany). 2,6-di-t-butyl-4-

methylphenol was from Sigma (Taufkirchen, Germany). Scintillation cocktail

(Emulsifier-Safe) was from Canberra Packard (Frankfurt/Main, Germany).

Silica gel plates (Merck HPTLC 60) were from Merck.

4. Phospholipid solvent system: chloroform : methanol : deionized water : acetic acid
(50:25:2.5:8, v/vIviv).

5. Coomassie blue stain solution: 100 mM NaCl, 25% (v/v) methanol, and 0.1% (w/v)
Coomassie brilliant blue G-250

(O8]

2.2. Extraction of LAT from Crude Membranes

1. Homogenization buffer: 250 mM sucrose, 50 mM Tris-HCL, pH 7.4, 1 mM EDTA,
20% (w/v) ethylene glycol.
2. LAT assay buffer (see Subheading 2.1.).
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2.3. Reconstitution of LAT Enzyme Activity with Artificial
Membranes

1. Phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine were
from Sigma (Taufkirchen, Germany).
2. LAT assay buffer (see Subheading 2.1.).

2.4. Development of an Optimal Solubilization Protocol

1. LAT assay buffer (see Subheading 2.1.).
2. CHAPS, OGP (n-octyl glucopyranoside), Triton X-100, sodium cholate, and
sodium deoxycholate were from Sigma (Taufkirchen, Germany).

2.5. Dissociation of the Protein/Lipid/Detergent Mixed Micelles

1. 30% (w/v) acrylamide-bis-acrylamide mixture (7' = 30%, C = 0.8% Roth, Karl-
sruhe, Germany).

1.5 M Tris-HCI, pH 8.8.

40% (w/v) ammonium persulfate solution.

TEMED.

Electrophoresis buffer: 50 mM Tris-HCI, pH 8.8.

A

3. Methods
3.1. LAT Standard Enzyme Assay

The lysophosphatidylcholine:acyl-CoA acyltransferase activity is measured
by the formation of ['*C]-PC using arachidonoyl-CoA and ['*C]-lyso-PC as
substrates. Arachidonoyl-CoA is available from commercial sources. Alterna-
tively, arachidonoyl-CoA 1is synthesized according to Reitz et al. (12), using
arachidonoyl chloride and Coenzyme A. Immediately after termination of the
reaction 1 mole 2,6-di-t-butyl-4-methylphenol to 2 mol arachidonoyl-CoA is
added as antioxidant. The arachidonoyl-CoA is dissolved in LAT assay buffer,
and aliquots are frozen at —80°C (see Note 1).

1. The complete assay mixture contains 0-50 g of protein, 50 wmol/L [*“C]-lyso-PC
(5,000 dpm/nmol), 30 wmol/L arachidonoyl-CoA, and 12.5 wmol/L fatty acid-free
bovine serum albumin (BSA), and LAT assay buffer to a final volume of 200 pL.

2. The reaction mixture is preincubated for 15 min at 4°C, and the reaction is initiated
by incubation at 37°C.

3. After 30 min, the reaction is stopped by the addition of 1.5 mL methanol : chloro-
form (2:1, v/v) and 200 p.L deionized water.

4. Lipids are extracted according to the method of Bligh and Dyer (13). Briefly,
after 1 h incubation at room temperature, the phase separation is caused by the
addition of 0.5 mL deionized water and 0.5 mL chloroform followed by brief
centrifugation for 10 min at 400g. The upper organic phase is removed and dried
under vacuum.
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5. Nonlabeled PC (20 g in 20 pL chloroform:methanol = 2:1v/v) is added as stan-
dard and the extracts are carefully vortexed. Aliquots (5 L) are applied onto 20 X
20 cm thin-layer chromatographic silica gel plates, and the plates are developed
with chloroform : methanol : deionized water : acetic acid (50:25:2.5:8, v/v/v/v)
solvent system.

6. The lipids are visualized according to the method of Nakamura and Handa (14).
Briefly, the plates are air-dried and then are dived in a tank containing a solution of
100 mM NaCl, 25% (v/v) methanol, and 0.1% (w/v) Coomassie brilliant blue G-250.

7. The areas corresponding to PC and lyso-PC are scraped from the plates and the
radioactivity is measured after transfer to scintillation vials containing 10 mL of
scintillation cocktail.

Enzyme activity is given as nmol ['*C]-PC formed per 30 min. All assays are
performed in duplicate or triplicate. The rate of incorporation of arachidonoyl-
CoA into lyso-PC is linear for at least 15 min, has a broad pH range from 6.0
to 8.8, and is not affected by calcium concentrations up to 5 mM (data not
shown).

3.2. Extraction of LAT from Crude Membranes

In the initial solubilization experiment, crude membranes, prepared from
pig spleen by differential centrifugation similar as described by Szamel et al.
(15), are treated with various detergents in the presence and absence of 0.5
mol/L NaCl (see Note 2). The remaining LAT enzyme activity is then mea-
sured in the membranes. (Note: LAT enzyme activity of the solubilized frac-
tions is measured after reconstitution with artificial membranes as described in
Subheading 3.3.)

1. Pig spleen (400 g) is washed in ice-cold homogenization buffer, minced, and
homogenized in 400 mL homogenization buffer using a loose-fitting motor-driven
glass/Teflon homogenizer.

2. The homogenate is first filtered through cotton mesh and then centrifuged at
15,000g for 60 min at 4°C.

3. The supernatant is centrifuged again at 200,000g for 90 min at 4°C. The pellet is
washed with homogenization buffer, resuspended in LAT assay buffer to a protein
concentration of 50 mg/mL, and stored frozen in aliquots at —80°C. Upon storage
for 4 wk, nearly 90% of the original LAT activity was recovered.

4. For solubilization of LAT the crude membranes are resuspended in LAT assay
buffer to a final protein concentration of 10 mg/mL and treated with combinations
of increasing concentrations of detergent and 0.5 mol/L. NaCl as indicated.

5. The mixtures are then incubated at 4°C for 60 min with constant stirring, and cen-
trifuged at 100,000g for 60 min at 4°C. Aliquots are applied to the LAT standard
enzyme assay as described in Subheading 3.1.
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The solubilization is completed within this time frame. The enzyme activ-
ity located in the supernatant immediately after centrifugation is regarded as
“solubilized.”

3.3. Reconstitution of LAT Enzyme Activity
with Artificial Membranes

Solubilized membrane proteins have been shown to retain full enzyme activ-
ity after reconstitution with artificial membranes (16-18) (see Note 3).

1. 5mg PC, 3 mg PE, and 1 mg PS are dissolved in chloroform.

2. The solution is dried under N,. The lipids are then reconstituted in 1 mL LAT assay
buffer and sonicated at 4°C for 5 min at 20 W to obtain liposomes.

3. After centrifugation at 1000g for 10 min at 4°C the liposomes are mixed with the
solubilized proteins at ratios from 1:1 to 1:10 (w/w).

4. To remove the detergent, the solution is subsequently dialyzed against LAT assay
buffer overnight at 4°C followed by LAT standard enzyme assay.

3.4. Development of an Optimal Solubilization Protocol

For the development of an optimal solubilization protocol, we treat P2 mem-
branes with increasing detergent concentration at different salt concentrations.
P2 membranes contain the integral LAT (iLAT) that differs from the peripheral
LAT in its topological localization and its specificity toward CoA-activated
fatty acids (19). Whether both enzyme activities represent different acyltrans-
ferases still remains unclear (see Note 4).

1. Crude membrane suspensions containing 10 mg/mL protein each are treated with
solutions of high ionic strength (LAT assay buffer supplemented with 1 M NaCl)
for 60 min at 4°C. The solubilization is completed within this time frame.

2. The mixtures are centrifuged at 100,000g for 90 min at 4°C to obtain the super-
natant (S1) and the pellet (P1).

3. The pellets P1 are resuspended in LAT assay buffer containing 10 mM CHAPS to a
final protein concentration of 10 mg/mL and again centrifuged at 100,000g for 60
min at 4°C.

4. The resulting pellets P2 are resuspended in LAT assay buffer to a final protein con-
centration of 10 mg/mL and treated with combinations of increasing concentrations
of detergent and NaCl as indicated in Fig. 1.

5. The mixtures are incubated at 4°C for 60 min with constant stirring, and centrifuged
at 100,000g for 60 min at 4°C. The solubilization is completed within this time frame.

The enzyme activity located in the supernatant immediately after centrifuga-
tion is regarded as ‘“solubilized.” The LAT enzyme activity measurements are
performed with aliquots of the different supernatants as described later. The
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Fig. 1. Solubilization of P2 membranes with different concentrations of OGP and
NaCl. P2 membranes from human placenta were prepared as described in experimental
procedures, suspended in LAT buffer to a final protein concentration of 10 mg/mL and
treated with combinations of increasing NaCl and OGP concentrations for 60 min at
4°C as indicated. After centrifugation LAT enzyme activity in the resulting supernatants
was assayed by the formation of ['*C]-PC with 50 wM ['“C]-lyso-PC (5000 dpm/nmol)
and 30 wM arachidonoyl-CoA. Lipids were extracted and separated by TLC. The LAT
enzyme activity is expressed as nmol formed ['*C]-PC per min and mg protein. The
bars represent mean data + range from duplicate determinations of a representative
experiment from three similar ones. (-e-) 150 mM NaCl; (-0-) 650 mM NaCl; (-m-)
1,150 mM NaCl; (-0-) 2,150 mM NaCl.

(The figure is taken from ref. 31 with permission of Blackwell Science.)

supernatant S1 contains a distinct LAT enzyme activity that we refer to as
peripheral LAT (pLAT) (19).

3.5. Dissociation of the Protein/Lipid/Detergent Mixed Micelles

To dissect the resulting protein/lipid/detergent mixed micelles, different
amounts of CHAPS are added to aliquots of the dialyzed protein-lipid-OGP
mixed micelles to yield detergent-to-protein ratios from 1:1 to 20:1. Aliquots
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are analyzed upon their LAT enzyme activities (see Note 5). The molecular
sizes of the protein/detergent micelles are analyzed by native polyacrylamide
gel electrophoresis (PAGE). For native PAGE, a uniform polyacrylamide con-
centration (5%) is used in conjunction with a single homogeneous buffer sys-
tem according to Andrews (20) with some modifications.

1.

4.

1.

Briefly, 2.5 mL of 30% (w/v) acrylamide-bis-acrylamide mixture, 3 g glycerol, 0.5
mL of 1.5 M Tris-HCI, pH 8.8, and 9 mL deionized water are mixed and polymer-
ized overnight by addition of 15 WL TEMED and 15 pL of a 40% ammonium per-
sulfate solution.

Bromphenol blue is added to the protein sample (40 wg/10 nL) as tracking dye.
The electrophoresis is started at 70 V. After about 1 h, when the sample has com-
pletely entered the gel, the running conditions are set to 200 V.

For LAT enzyme activity measurements, the gel is cut into pieces, and the gel pieces
are each incubated with 200 wL LAT assay buffer containing 10 nmol ['*C]-lyso-
PC, 6 nmol arachidonoyl-CoA, and 1.5 nmol fatty acid BSA for 30 min at 37°C.
The lipids are extracted and analyzed as described for the LAT standard enzyme
assay.

Notes

The assay with ['*C]-lyso-PC and unlabeled acyl-CoA is not recommended when
there is a substantial amount of lyso-PC:lyso-PC acyltransferase activity in the
enzyme preparation. The spectrophotometric assay is more rapid, but less specific
due to the principle of the assay to determine free thiol groups (7).

In addition to the complexity to define experimental conditions for an integral
membrane protein allowing solubilization under the preservation of the enzyme
activity, there are further requirements to take into consideration. The lysophospho-
lipid:acyl-CoA acyltransferase (LAT) catalyzes the reaction of two hydrophobic
molecules. The detergent-like effects of both long chain acyl-CoAs and 1-acyl-
GPL must be considered when utilizing an in vitro-assay system. Ratios of 1:4
(mol/mol) for albumin and arachidonoyl-CoA were found to be most effective to
maintain the LAT enzyme activity and to minimize the detergent-like properties of
long chain acyl-CoAs (19). In addition, 1-acyl-GPLs represent amphiphilic mole-
cules that form monomers only at low concentrations. At concentrations above
their critical micellar concentration (CMC), they form micelles. It has been sug-
gested that a micellar substrate is not utilized by acyltransferases (21). The addition
of organic solvents or detergents to increase their water solubility is disadvanta-
geous because it has been shown in several reports that LAT activity is sensitive to
both detergents and organic solvents. To overcome this fact, we have earlier
reported the use of n-octyl glucopyranoside (OGP) as a dispersing agent for the
hydrophobic and amphiphilic lipid substrates in the LAT enzyme activity assay (8).
At low concentrations below its CMC (final concentration of 0.1% [w/v]) OGP
exhibited no inhibitory effect upon LAT enzyme activity.
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2. Choice of the optimum type and concentration of detergent for the successful solu-
bilization of most integral membrane proteins is still very much a matter of trial and
error. As documented in the literature various detergents have been tested for their
ability to solubilize LAT from membranes such as lyso-PC (22,23), Triton X-100
(24,25), sodium deoxycholate (26-28), and CHAPS (29). However, despite a great
deal of effort by several groups, little progress has been made so far in the purifica-
tion of LAT.

One reason might be that detergents at higher concentrations do not improve the
solubilization and cause an inactivation of enzyme activity. In order to reduce any
inactivating effect of detergents upon enzyme activity, we performed initial studies
with various detergents in the presence and absence of 0.5 M NaCl (19). High ionic
strength reduces the CMC significantly and the combination of detergent and high
ionic strength may enhance the solubilizing effect of the detergent. Consequently,
the detergent concentration can be reduced and the inactivating effect of detergents
upon enzyme activity may be minimized.

In our initial studies using membranes from pig spleen we compared the activi-
ties of the detergent-insoluble enzyme in the resulting membrane pellet at the same
detergent concentration in the presence and absence of 0.5 M NaCl (see Table 1).
Triton X-100 had a strong inactivating effect on enzyme activity at low concentra-
tions, lyso-PC was ineffective to solubilize LAT from the membranes up to about
500 wmol/L. Sodium deoxycholate had a remarkable inactivating effect on enzyme
activity and was little effective to solubilize LAT from the membranes. Sodium
cholate had a slight inactivating effect on enzyme activity but was little effective to
solubilize LAT from the membranes, too. In these experiments n-octyl glucopyra-
noside (17 mM) had a very little inactivating effect on LAT activity and was found
to be most effective for the solubilization of the enzyme from the membranes. Up
to 83% of the total activity was solubilized when remaining LAT enzyme activities
in the membrane pellet after detergent treatment in the absence and presence of
NaCl were compared.

3. Enzyme activity of integral membrane proteins has been successfully restored by
reconstitution with artificial membranes (16-18). Therefore, the various detergent-
solubilized membrane proteins were reconstituted with artificial membranes
(liposomes) to exclude the possibility that the different supernatants contained
inactive enzymes because of the detergent treatment. We prepared liposomes
(PC:PE:PS=5:3:1, w/w/w) under consideration of the asymmetrical distribution
of phospholipids in membranes (30).

The detergent-solubilized membrane proteins were mixed with liposomes at the
ratio 1:10 (protein : lipid, w:w) for reconstitution, and the LAT standard assay was
performed with aliquots (see Table 1). After reconstitution the sodium deoxy-
cholate supernatants contained no LAT enzyme activity, and the sodium cholate
supernatant contained only little LAT enzyme activity. Up to 25% of the total activ-
ity was found in the n-octyl glucopyranoside supernatant, but the specific activity
of the enzyme was reduced to one-third of the original activity. Higher concentra-
tions of n-octyl glucopyranoside did not improve the solubilization and after recon-
stitution LAT enzyme activity was undetectable (19).
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Table 1
Solubilization of LAT from Pig Spleen Crude Membranes

Yo(W/v) conc. mM LAT activity in the pellet LAT activity in the super

after detergent treatment natant after reconstitution
[nmol min~! mg™] [nmol min~! mg™]
Yo(WIV) conc. mM LAT buffer LAT buffer
+ 0.5 M NaCl
Control 13.037
Triton X-100 0.5 0.314 0.249 n.d.
Lyso-PC 0.5 10.228 9.636 n.d.
Sodium cholate 1.5 34.8 11.372 6.293 0.01 £0.01
Sodium deoxycholate 1.5 36.3 4.492 2.501 0.04 £0.01
Sodium deoxycholate 3.0 72.6 3.467 1.760 0.14 £0.02
Octyl glucopyranoside 0.5 17.0 11.354 0.575 0.96 + 0.03

Crude membranes from pig spleen were diluted in LAT buffer in the presence and absence of 0.5 mol/L NaCl to a final pro-
tein concentration of 10 mg/mL and treated with various detergents as indicated. After incubation for 30 min at 4°C and cen-
trifugation at 100,000g for 60 min at 4°C the pellets were resuspended in LAT buffer, and the supernatants were mixed with
liposomes (PC:PE:PS=5:3:1; w/w/w) at a ratio of 1:10 (protein/lipid, w/w). In both pellets and supernatants the LAT enzyme
assay was measured. The LAT enzyme activity is expressed as nmol formed ['“C]-PC per min and mg protein.
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Table 2
Reconstitution of Solubilized LAT
with Liposomes at Different Molar Ratios

Molar ration lipid:protein % (w/v) LAT enzyme activity ol min~! mg~']
Control 2.88 +0.03
1:10 5.62 £0.06
1:5 6.71 £0.24
1:2.5 8.58+£0.93
1:1 10.00 = 0.82

Crude membranes were resuspended into LAT buffer containing 0.5 mol/L NaCl to a
final protein concentration of 10 mg/mL and treated with 0.5% (w/v) n-octyl glucopyra-
noside for 30 min at 4°C. After centrifugation at 100,000g for 60 min at 4°C the super-
natant was mixed with liposomes (PC:PE:PS=5:3:1, w/w/w) at a ratio from 1:1 to 1:10
(protein/lipid, w/w) and a standard LAT enzyme assay was performed with aliquots of the
different reconstituted LATs. Control is defined as the original LAT enzyme activity of
the n-octyl glucopyranoside supernatant without reconstitution. The LAT enzyme activity
is expressed as nmol formed [*C]-PC per min and mg protein.

For further consideration of reconstitution conditions the supernatant after treat-
ment with n-octyl glucopyranoside was mixed at ratios from 1:1 to 1:10 (protein :
lipid, w/w) with liposomes (see Table 2). At 1:10 ratio, the LAT enzyme activity
was slightly enhanced compared to the LAT enzyme activity in the supernatant.
When liposomes were added to the n-octyl glucopyranoside supernatant at the 1:1
ratio, the total activity of the membranes was restored to the original LAT activity
before detergent treatment. The n-octyl glucopyranoside-solubilized and reconsti-
tuted proteins were stored at 4°C. Upon storage for 4 wk, 70-90% of the original
activity was recovered.

4. We used the conditions of the initial solubilization approach as basis for refine-
ment. Fig. 1 shows the solubilized LAT enzyme activity as a function of increasing
detergent concentration at different salt concentrations. The maximum of enzyme
activity depended on the ionic strength of the solubilization buffer. The maximal
enzyme activity was observed at 1.25% (w/v) = 42.5 mM OGP in buffer containing
150 mM NaCl, at 1.0% (w/v) = 34 mM OGP in buffer containing 650 mM NaCl, at
0.75% (w/v) = 25.5 mM OGP in buffer containing 1150 mM NaCl, and at 0.5%
(w/v) = 17 mM OGP in buffer containing 2150 mM NaCl, respectively (31). The
peak of solubilized LAT enzyme activity was presumably the result of a progressive
solubilization and inactivation at higher detergent concentrations. It is worthwhile
to note that the amount of extracted protein did not correlate with the salt concen-
tration at a fixed detergent concentration. The protein content in the supernatant
was enhanced when the salt concentration was increased to 650 mM NaCl. A fur-
ther increase in the salt concentration did not raise the amount of extracted protein.

The effect of increasing salt concentrations on the solubilization efficiency of
OGP might be a result of the dependence of the CMC on salt concentration. It has
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Fig. 2. DPH fluorescence as a function of concentration of CHAPS for (-e-) 0 mM
NaCl; (-0-) 500 mM NaCl; (-m-) 1,000 mM NaCl; (-0-) 2,000 mM NaCl. The fluores-
cence scale is in arbitrary units. (The figure is taken from ref. 31 with permission of
Blackwell Science.)

been shown that addition of salt drastically decreased the CMC of charged detergents
such as SDS (32-34) because the ionic interactions are reduced with increasing salt
concentrations leading to a more effective dissociation of the membrane protein from
the nonsoluble membrane constituents as well as from other soluble molecules.
Chattopadhyay and Harikumar (35) have shown that the CMC of the zwitterionic
detergent CHAPS depended on the NaCl concentration. The effect of salt on the
CMC of nonionic detergents has been expected to be less pronounced because of
the absence of charge interactions (36). However, the determination of the CMC
at different salt concentrations using a method developed by Chattopadhyay and
London (32) revealed evidence that the CMC of the nonionic detergent OGP also
depended on the salt concentration. Fig. 2 shows the dependence of DPH fluores-
cence upon detergent concentration for OGP at four different salt concentrations.
Fluorescence was weak at low OGP concentrations, followed by a rapid rise in
DPH fluorescence that took place at and above the CMC of OGP. The CMC was
obtained from the intersection of the straight line through the fluorescence at low
detergent concentrations with the straight line through the fluorescence values in
the region of rapid intensity increase. The CMC of OGP was calculated to 24.5 mM
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in the absence of salt (31). This is in agreement with the literature value of 23.2 mM
as the CMC of OGP (37). When the salt concentration was increased to 500 mM and
1000 mM, the CMC progressively decreased to 21.1 mM and 14.0 mM, respec-
tively. At 2000 mM NaCl concentration, a peculiar behavior of the fluorescence
with increasing salt concentrations was observed that is assumed to be caused by
insolubility of THF-diluted DHP at this salt concentration. In addition to ionic
strength, the CMC of OGP was also sensitive to temperature: whereas 24-26 mM
OGP (close to CMC) was sufficed to solubilize rhodopsin from membranes at
23°C, a considerably higher concentration (32—34 mM) was necessary to attain the
same level of solubilization at 4°C (38). Furthermore, the higher the concentration
of membranes, the higher the detergent concentration required for solubilization,
irrespective of whether one is close to or well above the CMC.

In analogous studies using human placenta, we determined that optimal solu-
bilization of LAT enzyme activity is achieved at 12.2 mM CHAPS in the pres-
ence of 2150 mM NaCl (31). This concentration is far in excess of the CMC of
CHAPS because the CMC of the detergent was estimated to 4.1 mM in the pres-
ence of 1500 mM NaCl (35). It is obvious that the solubilization efficiency of
CHAPS did not correspond with premicellar concentrations. However, in our sol-
ubilization approach, the solubilization efficiency of CHAPS depended on the
ionic strength of the solubilization buffer.

It is worthwhile mentioning that the different LAT solubilization efficiencies of
the various detergents may be caused by the lipids replaced by the detergent. We
found that the protein-lipid-OGP mixed micelles were relatively enriched in
sphingomyelin (SPM) compared to protein-lipid-CHAPS mixed micelles (31).
There was no difference in their content of other phospholipids. It is obvious that
the higher the salt concentration the higher the amount of extracted SPM (see
Table 3). Thus, the basis for the more efficient extraction of LAT enzyme activity
by OGP may be a result of the ability to extract a higher amount of SPM from
membranes. Therefore, SPM may represent an essential cofactor for both the sol-
ubility and the stability of membrane proteins in aqueous media. This is in accor-
dance with the finding that SPM-induced activation of LAT in membranes of
ras-transformed NIH 3T3 fibroblasts (39).

5. When adding detergents with increasing concentrations to biological membranes,
three stages are defined:

i) At low ratios of detergent to membrane lipids, detergent monomers incor-
porate into the lipid bilayer without disruption.

ii) If the detergent concentration is further increased and a saturation point is
reached, the membrane is fragmented, and protein-lipid-detergent mixed
micelles are released into the aqueous medium.

iii) A further increase in the detergent concentration leads to a progressive
delipidation of the complexes, forcing the lipid to distribute among the
increasing amounts of detergent micelles.

Size-exclusion chromatography revealed evidence that the extracted protein-
lipid-OGP mixed micelles from the optimized solubilization protocol represented
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Table 3
Lipid Analysis of Protein-Lipid-Detergent Mixed Micelles
0.75% (w/v) CHAPS 0.75% (w/v) OGP
SPM PC SPM PC

150 mM NaCl 3103 244 +26 13515 18507
650 mM NaCl 29+06 21179 186 +48 200 +57
1150 mM NaCl 119+ 11 224 +44 183 +38 18148
2150 mM NaCl 15156 282x76 316 £ 86 288 +33

Crude membranes from human placenta were suspended in LAT buffer contain-
ing either 0.75% CHAPS or 0.75% OGP in the presence of increasing NaCl con-
centrations as indicated and incubated for 60 min at 4°C prior to centrifugation.
Then aliquots of the supernatants each containing 200 g protein were delipidated,
and the extracted lipids were separated on high-performance thin-layer chromatog-
raphy. The contents of cupric sulfate-charred lipid bands were quantified by densio-
metric scanning in comparison with standards. The table represents mean data +
range from two independent experiments.

large particles in size with molecular weights on the order 0.5—1 million Da (31).
Therefore, the further effects of change in detergent concentration on both size and
composition of the solubilized complexes were examined. Various detergents were
added to the OGP/NaCl-extracted LAT enzyme. The LAT enzyme activity mea-
surements revealed that enzyme activity was not affected by the addition of either
CHAPS or digitonin compared to control. In contrast, OGP at higher concentrations,
NP40, or sodium deoxycholate had inactivating effects on the enzymes activity.
Then different amounts of CHAPS were added to aliquots of the dialyzed
protein-lipid-OGP mixed micelles to yield detergent-to-protein ratios from 1:1 to
20:1. As shown in Fig. 3, the LAT enzyme activity decreases with increasing deter-
gent concentrations. When the detergent-to-protein ratio was adjusted to 20:1, 10%
of the original LAT enzyme activity could be determined. It is established that:
i) The further increase of the detergent results into further delipidation of the
mixed micelles; and
ii) At detergent-to-protein ratios from 10:1 to 20:1 protein-detergent complexes
are formed that are free of lipid (11). The observed LAT enzyme inactivation
may be owing to conformational changes within the macromolecule when the
lipids in the microenvironment of the enzyme are substituted by detergent.
When these CHAPS-treated mixed micelles were separated by native PAGE,
two additional high-molecular-weight proteins migrated into the gel, generated by
detergent treatment. It is concluded that the LAT-lipid-OGP mixed micelles were
dissected by the excess of detergent. Unfortunately, the two additional Coomassie
blue-stained protein bands did not express any LAT enzyme activity. Evidence that
one of these two additional high-molecular-weight protein complexes may contain
the LAT enzyme was derived from photoaffinity studies with ['?°I]-18-(4'-Azido-2'-
hydroxybenzoylamino)-oleoyl-CoA. The fatty acid analogue represents a competi-
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Fig. 3. LAT enzyme activity versus increasing concentrations of CHAPS. To aliquots
of dialyzed protein-lipid-OGP mixed micelles (100 pg/mL) increasing amounts of
CHAPS were added to yield detergent-to-protein ratios from 1:1 to 20:1 as indicated,
and incubated for 30 min at 4°C followed by LAT enzyme activity measurements. The
decrease of LAT enzyme activity is expressed as % deviation from LAT enzyme activ-
ity in the absence of CHAPS. The LAT enzyme activity was estimated to 552 + 27 nmol
min~' mg~!. The bars represent mean data from three independent experiments with
duplicate determinations + SD. (The figure is taken from ref. 31 with permission of
Blackwell Science.)

tive inhibitor of LAT enzyme activity in the dark and an irreversible inhibitor after
photolysis (40). The ['?°I]-labeled LAT complex did not enter the gel in the absence
of excess CHAPS. However, when the detergent-to-protein ratio was raised to 20:1
(w/w) a high-molecular-weight protein complex labeled by ['21]-18-(4'-Azido-2'-
hydroxybenzoylamino)-oleoyl-CoA co-migrated with one of the two additional
high molecular weight protein complexes.

5. Conclusions and Perspectives

Despite a great deal of effort by several groups, little progress has been made
so far in the LAT purification because of the enzyme instability. Here, we defined
experimental conditions that allowed the extraction of LAT from membranes
while maintaining the full enzyme activity. The further increase in the detergent
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concentration led to a progressive delipidation of the complexes, forcing the lipid
to distribute among the increasing amounts of detergent micelles, but also
resulted into the partial enzyme inactivation. However, the enzyme might be
accessible to further protein purification. Photolabeling with ['%1]-18~(4'-Azido-
2'-hydroxybenzoylamino)-oleoyl-CoA may allow the purification of the ['*I]-
labeled LAT complex. We are currently analyzing its protein composition.
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Purification of Omp50, a Minor Porin
of Campylobacter jejuni

Jean Michel Bolla

1. Introduction

The porins are proteins involved in the exchange of hydrophilic solutes
between Gram-negative bacteria and their outer environment (7). These proteins,
which are exclusively localized in the outer membrane, are transmembranous
and interact with the constituents of the membrane, lipids, and lipopolysaccha-
ride. They also interact with the periplasmic peptidoglycan layer (2).

When purified, these proteins can be reconstituted into artificial lipid bilayers
(proteoliposomes or black lipid bilayers) in order to analyze their channel activ-
ity by size exclusion of solutes or by ion conductance measurements. Both
analyses establish the channel characteristics that represent the in vitro identity
of a porin. Channel activity of porin was first described by Nakae in 1976 (3).
Further studies demonstrated either selectivity or specificity, depending on the
porin considered. The size exclusion limit is in direct relationship to the channel
diameter, whereas the conductance speaks to its ionic selectivity (cationic or
anionic). Taken together, these data may corroborate the structure of the porin
deduced from crystalographic analysis, especially the structure of the channel.
The understanding of porin structures and their relationship with other bacterial
components may help in the development of new purification methods, espe-
cially when applied to new unknown porins.

The outer membrane of Gram-negative bacteria is a biologically unusual
membrane in that it is a fully asymmetric lipid bilayer. The inner leaflet is com-
posed mainly of phospholipids, whereas the outer one contains lipopolysaccha-
ride (LPS) as the unique lipid species. This molecule is composed of the lipid A
region, which is inserted into the membrane, the core region, and a hydrophilic
oligosaccharide motif with a structure depending on species and strains (4).
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The porins are, for the most part, assembled as homotrimeric structures,
forming three independent and identical channels. After cleavage of the signal
peptide the trimers are assembled during the export pathway. Numerous and
very efficient interactions between the three monomers allow the trimer to be
generally stable even in high-detergent concentrations (2). In several cases,
however, no trimeric form can be evidenced, which may suggest a simpler way
of assembly into the outer membrane.

In order to assemble its outer membrane, a Gram-negative bacteria encounter
two main difficulties: 1) the movement of a membrane protein across the aque-
ous periplasmic space; and 2) the integration of the protein into an asymmetric
membrane with a very hydrophobic outer part. The outer membrane assembly
process is favored by two major structural properties of porins. First, the primary
sequence analysis of porins does not show any hydrophobic stretch of amino acid
residues, which differentiates them clearly from typical membrane proteins such
as inner membrane proteins of Gram-negative bacteria (5). Second, crystalo-
graphic analysis of porins demonstrated an asymmetric organization of the mol-
ecules through the membrane. From the periplasmic side to the outer side of the
membrane, one can found three distinct structural regions within porins: short
periplasmic loops that are able to interact with the peptidoglycan layer, a long
transmembrane barrel with a hydrophobic surface, and long external hydrophilic
loops that are able to interact with the oligo-saccharide part of the LPS (6-9).

The three-dimensional structural studies also demonstrated how a hydrophilic
polypeptide could be arranged in order to interact with a lipid bilayer. The major
transmembrane domain is comprised of antiparallel (3-sheets, which expose
their hydrophobic amino acid residues to the lipidic membrane, thus forming
the B-barrel, whereas the other residues are involved in the sheet to sheet
interactions. Such numerous bounds may explain the unusual stability of these
proteins.

Moreover, in the case of trimeric porins, interactions between monomers
involve hydrophobic bonds associated to hydrogen bonds. In several cases,
divalent cations also reinforce the trimeric structure.

In the Gram-negative rood Campylobacter jejuni (C. jejuni), the major outer
membrane protein (MOMP) was first considered as a monomeric porin by
Huyer et al. (10). We further demonstrated that, when mild solubilization con-
ditions were applied for the purification, this protein behaved as a typical
trimeric porin (11,12), thus demonstrating that purification conditions may dra-
matically affect the in vitro properties of such a molecule. MOMP was then
described at the in vitro functional level as an OmpC like porin, one of the two
major porins of Escherichia coli (E. coli) (13). At the structural level, however,
molecular modeling of MOMP suggested an analogy with the family of sugar
specific porins (14). More recently, we identified a second pore forming protein
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in Campylobacter. This new porin, named Omp50 according to its molecular
weight, showed neither sequence homology nor functional properties of already
known porins (15). Structural data may help in the understanding of its role in
the functional adaptation of the outer membrane of C. jejuni.

The method described in this chapter was first developed to purify the
MOMP of Campylobacter (11) and then applied to other outer membrane
porins of the bacteria, such as the recently identified Omp50 (15). The method
follows four successive steps:

culture and preparation of bacteria;

membrane preparation by ultracentrifugation;
selective extraction of membrane proteins;

ion exchange chromatography and chromatofocusing.

e

2. Materials
2.1. Culture and Preparation of Bacteria

Muller—Hinton media supplemented with 5% sheep blood (Biomérieux).
Columbia Agar (Biomérieux) plates stored at 4°C for less than 1 wk.

2YT medium: 10 g/L Bactotryptone, 16 g/L Yeast extract, and 10 g/L. NaCl.

TE buffer pH 7.2: 10 mM Tris-HCI, pH 7.2, 1| mM ethylenediamine tetraacetic acid
(EDTA), autoclaved, and stored at room temperature.

Glycine-HCI: 200 mM glycine, pH 2.2, stored at 4°C for less than 1 wk.

6. 100 mM Tris-HCI pH 7.2, and 10 mM Tris-HCI, pH 7.2, autoclaved, and stored at
room temperature.

el NS
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2.2. Membrane Preparation

1. Sonicator apparatus.
2. High-speed centrifuge.
3. Ultracentrifuge.

2.3. Selective Extraction of Membrane Proteins

1. Sodium lauryl sarcosinate 0.1% w/v in 10 mM Tris-HCI, pH 7.2.

2. Octyl-POE (Bachem AG, Bubendorf, Switzerland). Dilution of Octyl-POE in
buffer must be prepared extemporaneously.

3. 20 mM sodium phosphate buffer pH 7.4.

4. Extraction buffer: octyl-POE (1% v/v) in 20 mM sodium phosphate buffer (pH 7.4).

2.4. Chromatography

1. An Akta Explorer 10 equipped with a MonoQ HR 10/10 column and a MonoP HR
5/20 from Amersham Biosciences were used for the ion exchange chromatography
and the chromatofocusing, respectively.

2. Buffer A: NaPi pH 7.4, 0.6% Octyl-POE, 10 mM NaCl.

3. Buffer B: NaPi pH 7.4, 0.6% Octyl-POE, 1.0 M NaCl.
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4.
5.

Equilibration buffer: 25 mM histidine, 10 mM NaCl, 0.6% octyl-POE, pH 6.0.
Elution buffer: Polybuffer 74 (Amersham Biosciences) 1/13 dilution, 100 mM
NaCl, 0.6 % octyl-POE, pH 4.0 (see Note 1).

3. Methods
3.1. Culture and Bacteria Preparation

Because the Omp50 porin is not produced in Campylobacter coli (C. coli)

(15) we used a C. jejuni strain to carry out the purification. Campylobacter was
cultivated in microaerobic conditions at 42°C for all the experiments.

1.

2.

The C. jejuni strain is inoculated onto a blood Agar plate and cultivated for 24 h at
42°C.

The bacteria are then recovered in 1 mL of 2YT medium and 4 Columbia Agar
plates supplemented with Campylosel (BioMérieux) are inoculated with this sus-
pension (150 L on each plate) and cultivated for about 48 h.

. Each plate is then flooded with 2 mL of 2YT and the bacterial suspensions are

pooled and inoculated onto 40 plates of Columbia Agar (150 L on each plate) and
cultivated for 48 h at 42°C.

Each plate is flooded with 5 mL of TE and incubated on a rotary agitator for 20 min
at room temperature.

The bacterial suspension is then recovered, and each plate was rinsed with 1 mL of
2YT. At this point, the OD at 600 nm should be about 3.0.

The bacteria are recovered by centrifugation at 8000g for 30 min, resuspended in
an equal volume of ice cold glycine-HCI, and incubated for 20 min at 4°C under
agitation.

Washed bacteria are pelleted by centrifugation at 8000g for 30 min, washed once
with 100 mM Tris-HCI (pH 7.2), and resuspended in 120 mL of 10 mM Tris-HCI
(pH 7.2). Samples can be frozen at this step until used (see Note 2).

2.2. Membrane Preparation

1.

The bacterial suspension is sonicated on ice 10 times for 2 min with a resting time
of 2 min between each period in order to avoid overheating. The temperature is
checked regularly and resting time should be lengthened if necessary.

Unbroken bacteria are recovered by centrifugation (8000g 30 min) and the super-
natant was kept on ice.

The bacterial pellet is then resuspended with 80 mL of 10 mM Tris-HCI (pH 7.2)
and a second run of 10 sonications was performed. Cell debris is removed by cen-
trifugation (8000g 30 min).

The two supernatants are pooled and a final centrifugation was performed (8000g
30 min) to ensure that all cell debris was removed.

Membrane vesicles are then recovered by ultracentrifugation 100,000g 1 h at 4°C);
the supernatant containing soluble proteins was discarded.
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2.3. Selective Extraction of Membrane Proteins

1. The membrane pellet is resuspended in 180 mL of ice cold sodium lauryl sarcosi-
nate (0.1% w/v in 10 mM Tris-HCI, pH 7.2) and incubated for 20 min at 4°C under
agitation to solubilize the inner membrane proteins.

2. Outer membrane vesicles are recovered by ultracentrifugation (100,000g 1 h at 4°C).

3. Selective extraction of integral outer membrane proteins is performed by resuspen-
sion in octyl-POE (1% v/v) in 20 mM sodium phosphate buffer (pH 7.4). Vesicles
are gently resuspended in 120 mL of ice cold extraction buffer and incubated for 30
min under agitation at 4°C.

4. The insoluble residue is removed from the solubilized proteins by ultracentrifuga-

tion (100,000g 1 h at 4°C), and the supernatant was kept on ice.

The pellet is reextracted once with 60 mL of extraction buffer and centrifuged.

6. The supernatants are pooled, divided into 45-mL aliquots, and frozen at —20°C
until used.

9,1

2.4. Chromatography
2.4.1. lon Exchange Chromatography

Classical anion exchange chromatography was used in this step with a flow
rate of 2 mL/min. Conductivity and OD at 280 nm were checked during all the
chromatography steps (see Note 3).

1. A MonoQ HR ion exchange column is equilibrated with column buffer A.

2. A 45-mL aliquot of solubilized protein is thawed and centrifuged at 10,000g for
20 min.

3. The supernatant is loaded onto the column, and the column is washed with two col-
umn volumes (CV) of buffer A (see Note 3).

4. Proteins are eluted using a linear gradient (12 CV) from 10 mM NaCl to 1 M NaCl.
Notice that the OD 280 nm and conductivity must be at the basal level before start-
ing the gradient.

As shown in Fig. 1, two major peaks were identified on the chromatogram.
Because the extraction procedure is very selective there were not many
unbound proteins (low OD 280 nm) during the loading step and only a very low
level of contaminants was detected on the chromatogram. At this step, the two
major peaks correspond to the Omp50 and to the MOMP protein of Campyl-
obacter (peaks 1 and 2, respectively). Ion exchange was repeated four times and
the fractions corresponding to Omp50 and MOMP were pooled.

2.4.2. Chromatofocusing

Omp50 was eluted at about 300 mM NaCl during the ion exchange chro-
matography (see Fig. 1). In order to bind the protein onto the Mono-P column,
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Fig. 1. Ion exchange chromatography of outer membrane proteins from C. jejuni. 45 mL

of Octyl-POE extract were loaded onto the Mono-Q column. OD 280 nm is indicated
on the left (mAU and black line) and conductimetry on the right in milliSiemens/cm
(mS/cm and gray line). The volume is indicated in mL on the abscissa.

the salt concentration must be lowered to avoid competition with the protein.
We chose dilution instead of dialysis, which is time and detergent consuming
and which might induce loss of material.

1.

2.

4,

The pooled fractions are thus diluted into sodium phosphate buffer (NaPi pH 7.4)
supplemented with Octyl-POE (0.6%).

The Mono-P column is equilibrated with the same buffer containing 10 mM NaCl
(Buffer A) before loading at a flow rate of 0.5 mL/min; this flow rate was main-
tained during all the chromatofocusing steps.

After loading and extensive washing, the buffer is changed to the equilibration
buffer (25 mM histidine, 10 mM NaCl, 0.6% Octyl-POE, pH 6.0) until the pH and
OD 280 nm reached their expected values (6.0 and about 0, respectively).

Elution was then performed with Polybuffer 74, and 1-mL fractions were collected.
The pH and OD at 280 nm were checked during the elution process. As shown in
Fig. 2, no contaminants were detected, however, several repeated experiments
showed that after the ion exchange chromatography step, the protein solution was
contaminated with a large amount of lipopolysaccharide, which was not detected
by monitoring the optical density at 280 nm. After chromatofocusing, the LPS was
undetectable by specific silver nitrate staining after Sodium dodecyl Sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Notes

. The dilution of Polybuffer is the maximal dilution recommended by the manufac-

turer, which allowed us to obtain a longer pH gradient. Moreover, NaCl was added
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Fig. 2. Chromatofocusing of the pooled fractions corresponding to peak 1 of Fig. 1.
OD 280 nm is indicated on the left (mAU and black line), pH is indicated on the right
(dotted line). The volume is indicated in mL on the abscissa.
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Fig. 3. SDS-PAGE electrophoresis of samples from chromatography. M, molecular
mass standards (molecular weight are indicated on the left in Kilodalton); lanes 1 to 11
selected fractions from the ion exchange chromatography; lanes 12 and 13, pure
Omp50 protein after chromatofocusing. Lanes 3 to 6 and 7 to 11 correspond to peaks 1
and 2 from Fig. 1, respectively. Samples were heat denatured before loading, except for
lane 12, which was treated in sample buffer at room temperature allowing us to evi-
dence the peculiar apparent molecular weight of Omp50 in these conditions (see ref.
15, for details).

into the elution buffer and its concentration (100 mM) was determined experimen-
tally in order to favor elution of the porin.
2. A Potter crusher was used in order to facilitate all the resuspension steps.
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3.

Octyl-POE was included in each buffer and 10 mM NaCl was also added in the
equilibration buffer in order improve protein solubilization by detergent micelles
and column loading.
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