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Purification of Recombinant G Protein o Subunits
from Escherichia coli

Wendy K. Greentree and Maurine E. Linder

Summary

The purification of recombinant G protein a subunits expressed in Escheri-
chia coli (E. coli) is a convenient and inexpensive method to obtain homoge-
neous preparations of protein for biochemical and biophysical analyses.
Wild-type and mutant forms of Go. are easily produced for analysis of their
intrinsic biochemical properties, as well as for reconstitution with receptors,
effectors, regulators, and G protein By subunits. Methods are described for the
expression of G;0r and G,0 proteins in E. coli. Protocols are provided for the
purification of untagged G protein a subunits using conventional chromatogra-
phy and histidine (His)-tagged subunits using metal chelate chromatography.
Modification of Ga. with myristate can be recapitulated in E. coli by express-
ing N-myristoyltransferase (NMT) with its G protein substrate. Protocols for
the production and purification of myristoylated Go. are presented.

Key Words: G protein; o subunit; signal transduction; protein purifica-
tion; affinity chromatography; GTPase; membrane protein; myristoylation;
N-myristoyltransferase.

1. Introduction

Heterotrimeric G proteins are localized at the inner leaflet of the plasma
membrane where they convey signals from cell-surface receptors to intracellu-
lar effectors (1). G proteins function as dimers of an o subunit and a tightly
associated By complex. The o subunit harbors the guanine nucleotide-binding
site. In the inactive guanosine diphosphate (GDP)-bound state, Go. is associ-
ated with the By complex. Exchange of GDP for guanosine triphosphate (GTP)
on Ga results in a conformational change that causes the subunits to dissoci-
ate. Both o-GTP and By interact with downstream effectors and regulate their
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activity. The intrinsic GTP hydrolase activity of the o subunit returns the pro-
tein to the GDP-bound state, thereby increasing its affinity for GPy, and the
subunits reassociate.

To date, 17 genes that encode G protein o subunits have been identified and
they can be grouped into four subfamilies: G, G;, G, and Gy3. Significant
advances in our understanding of the structure and function of G protein o
subunits have been made possible by the availability of purified recombinant
proteins produced using bacterial expression systems. However, a significant
limitation in using bacteria to prepare purified recombinant Ga is that not all G
protein o subunits are amenable to purification after expression in Escherichia
coli (E. coli). The criterion for successful purification from bacteria is the pres-
ence of Go in the soluble fraction of cell lysates. Efforts to solubilize and/or
refold Ga associated with the particulate fraction have not been successful.
Wild-type and mutant forms of G,a., G;0t;, G;0,, G;03, and G, are soluble and
easily purified in active form after expression in E. coli. Small quantities of
recombinant G,o have been purified from E. coli (2), but expression in insect
cells using recombinant G,o0 Baculovirus is the method currently used by most
investigators. G,o is expressed in E. coli, but the protein is insoluble. Hamm
and coworkers, noting that G,a. is 68 % identical to G;0,; at the amino acid level,
constructed chimeric molecules of G;a and G;0,; (3). Regions of G,0. were sys-
tematically replaced with the corresponding G;o; region in an effort to create a
G,o-like molecule that would fold properly in E. coli. A chimeric protein con-
taining only 11 amino acids different from native G,o. functioned essentially
the same as native G,0. and could be purified in large quantities (4). Members
of the G, and G, families of o subunits have not been successfully purified in
active form after expression in E. coli, but they can be produced in insect cells
using recombinant Baculovirus (5-7).

Initial protocols for the purification of G protein o subunits utilized con-
ventional chromatography. However, the use of affinity tags on Go. to sim-
plify purification has been adopted. This chapter describes how to purify Go
subunits using an affinity tag that consists of six consecutive histidine resi-
dues (6-His-Ga). This tag results in high-affinity binding of the protein to a
resin-containing chelated Ni**. Most of the contaminating proteins in the
E. coli extract either fail to bind or bind with low affinity and can be washed
off the matrix with solutions of increasing ionic strength. 6-His-Go. is eluted
with a buffered solution of imidazole, which competes for Ni**-binding sites
on the resin. This method provides a simple and rapid method for purifica-
tion of Go in an active form (8).

Addition of hexahistidine tags to proteins is typically at the N- or C-terminus.
6-His-G;0; or 6-His-G,o-tagged at the N-terminus (Met-Ala-6-His-Ala-G,0 or -
G;0, sequence) behaves similarly to the untagged recombinant protein in assays
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of guanine nucleotide binding and hydrolysis, effector interactions, and receptor
interactions (Linder, M. E., unpublished results). However, addition of the
N-terminal tag replaces the consensus sequence for NMT and is therefore
incompatible with the coexpression system described below for producing
myristoylated recombinant Go.. Expression of a myristoylated His-tagged G;o,
has been achieved by insertion of a hexahistidine tag at an internal site (position
121, where the yeast o subunit Gpalp has a long insert when compared to the
mammalian protein) (5). It should also be possible to produce a C-terminal His-
tagged protein that is myristoylated. G o has been tagged at the C-terminus (9)
and purified in large quantities for structural analysis (10). Because the C-termi-
nus is an important site for interaction of Ga with receptor, an N-terminal or
internal tag may be a better choice when the recombinant protein is used to study
interactions between receptor and G protein (11). Hexahistidine tags have also
been inserted into G,0 in exon 3 where splice variants are produced (9). Although
the internally tagged 6-His-G;o; and 6-His-G,0 proteins are active in many
assays of G protein activity, detailed side-by-side comparisons of their activity in
comparison to untagged proteins have not been published.

A typical problem with eukaryotic proteins expressed in bacteria is the lack of
posttranslational modifications. G protein subunits are fatty acylated with amide-
linked myristate, thioester-linked palmitate, or both (reviewed in ref. 12). Mem-
bers of the G;a family (G, 0., G;0, G,0., G,0, and gustducin) are cotranslationally
modified with myristate at Gly2, following cleavage of the initiator methionine.
The process of N-myristoylation of G 0 and G;o can be recapitulated in E. coli
by coexpressing NMT (13). Stoichiometrically myristoylated G, o, G;0.;, G;0t,,
and G;03 have been purified from E. coli using the coexpression system (14).
Unmodified G,o. and G;o. produced in E. coli have reduced affinity for By sub-
units (15) and adenylyl cyclase (16). In contrast, the recombinant myristoylated
proteins are indistinguishable from G,o. and G;o purified from tissues with
respect to their subunit (15) or effector interactions (16).

To produce N-myristoylated Ga subunits in E. coli, the cDNAs for NMT and
Ga are cloned into separate plasmids, each under the regulation of a promoter
inducible with isopropyl-1-B-p-galactopyranoside (IPTG). The plasmids carry
either kanamycin or ampicillin resistance markers and different (but compatible)
origins of replication. The Saccharomyces cerevisiae NMTI gene is subcloned
into a plasmid designated pBB131 (17). The promoter for NMT (P,,.) is fused to
a translational “enhancer” derived from the gene 10 leader region of bacterioph-
age T7 (18). The cDNA for Go is expressed using pQE-60. Both plasmids are
transformed into bacterial strain JM109. When protein expression is induced by
adding IPTG, NMT is synthesized and folds into an active enzyme that is able to
N-myristoylate G;o. or G,o cotranslationally. This system is very efficient,
approx 90% of the soluble pool of Go. is N-myristoylated (14).
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This chapter describes the protocols for the purification of N-myristoylated

G protein o subunits using conventional chromatography, which can be used
for G;o, G0, or G, that is expressed in its native form (i.e., lacking any tags
for affinity chromatography). Purification of hexahistidine-tagged G protein o
subunits is also described.

2. Materials
2.1. Bacterial Culture and Preparation of Cell Extracts for Myristoylated Go
2.1.1. Bacterial Strains and Plasmids (see Notes 1 and 2)

1.
2.
3.

Plasmid pQE®6 containing G,a, G;0;, G;0,, or G;05 (14).
Plasmid pBB131 (17).
JM109 bacteria (New England Biolabs E4107S).

2.1.2. Culture Media

1.

Stock solutions and powders.

a. Tryptone (Difco, cat. no. DF0123-17-3): store at room temperature.

b. Yeast extract (Difco, cat. no. DF0127-17-9): store at room temperature.

c. Sodium chloride.

d. Ampicillin (Fisher, cat. no. BP1760-5): store powder at 4°C; 50 mg/mL stock
made in water, store at —20°C.

e. Kanamycin (Fisher, cat. no. BP906-5): store powder at room temperature; 50
mg/mL stock made in water, store at —20°C.

f. IPTG (Sigma, cat. no. I-5502): 1 M stock made in water, store at —20°C.

g. Chloramphenicol (Sigma, cat. no. C-7795): store powder at 4°C; 20 mg/mL
stock made in ethanol, store at 4°C.

Luria-Bertani (LB) plates: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
NaCl, 1.5% (w/v) Bacto Agar (Difco, cat. no. DF0140-01-0).

Enriched medium: 2% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl,
0.2% (w/v) glycerol, 50 mM potassium KH,PO,, pH 7.2 (see Note 3).

2.1.3. Cell Lysis

1.

2.

b

Dithiothreitol (DTT, Amresco, cat. no. 0281): store powder dessicated at
—20°C; 1 M stock made in water, store in aliquots at —20°C.
Phenylmethylsulfonyl fluoride (PMSF, Sigma, cat. no. P-7626): store powder at room
temperature; 100 mM stock made in ethanol, store at —20°C (see Note 4).

. Lysozyme (Sigma, cat. no. L-6876): store powder at —20°C; make fresh

10 mg/mL stock in water.

DNAse I (Sigma, cat. no. D-5025): store powder at —20°C.

1 M Magnesium sulfate (MgSO,).

TEDP: 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, | mM DTT, 0.1 mM PMSF (see
Note 4).
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2.2. Bacterial Culture and Preparation of Cell Extracts for His-Tagged Go
2.2.1. Bacterial Strains and Plasmids

1.
2.
3.
4.

6-His-G;o; in pQEG60 (8) (see Note 5).

Plasmid pREP4 available in M 15 bacteria (Qiagen, cat. no. 34210).
BL21(DE3) bacteria (Novagen, cat. no. 69387-3).

Culture medium (see Subheading 2.1.2.).

2.2.2. Cell Lysis

1.

2.
3.

TBP: 50 mM Tris-HCI, pH 8.0, 10 mM B-mercaptoethanol (Sigma, cat. no.
M-6250) (see Note 6), 0.1 mM PMSF (see Subheading 2.1.3.).

Lysozyme (see Subheading 2.1.3.).

DNAse I (see Subheading 2.1.3.).

2.3. Purification of Myristoylated Go.
Using Conventional Chromatography

2.3.1. Batch Diethylaminoethyl (DEAE) Chromatography

1.

AN

DEAE-Sephacel resin (200 mL) (Amersham Biosciences, cat. no. 17-0709-01)
store at 4°C .

TEDP (see Subheading 2.1.3.).

300 mM NaCl TEDP.

1 M NaCl TEDP.

Buchner funnel: capacity for 200 mL DEAE resin.

Whatman 4 filter paper.

2.3.2. Phenyl Sepharose Chromatography

1.

(98]

10.

100 mL Resin phenyl Sepharose (PS) (Amersham Biosciences, cat. no. 17-0973-
05): store at 4°C.

C26/40 column (Amersham Biosciences, cat. no. 19-5201-01).

3.6 M Ammonium sulfate (NH,),SO,.

25 mM GDP (Sigma, cat. no. G-7127): store powder at —20°C; 25 mM stock in
water; pH should be 6.0-8.0, store in aliquots at —20°C.

PS equilibration buffer: 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 1l mM DTT, 1.2M
ammonium sulfate, 25 uM GDP.

PS elution buffer: 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 1 mM DTT, 35%
glycerol (see Note 7), 25 uM GDP.

PS bump buffer: 50 mM Tris-HCI, pH 8.0, | mM EDTA, 1 mM DTT, 25 uM
GDP.

400 mL vol Amicon stirred cell (Fisher, cat. no. 5124).

Filter: 30,000 molecular weight (MW) cutoff, 76 mm (Amicon, cat. no. PM-30,
Fisher, cat. no. 13242 or PBTK-30,000 high flow polyether sulfone (PES) filter,
Fisher, cat. no. PBTK-076-10).

Desalting buffer: 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 1 mM DTT.
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2.3.3. Q Sepharose Chromatography

1.

W

Q Sepharose (QS) Fast Flow (Amersham Biosciences, cat. no. 17-0510-01): store
at 4°C.

C26/40 column (Amersham Biosciences, cat. no. 19-5201-01).

QS equlibration buffer: 50 mM Tris-HCI, pH 8.0, 1| mM EDTA, 1 mM DTT.
QS elution buffer: 50 mM Tris-HCI, pH 8.0, | mM EDTA, 1| mM DTT, 250 mM
NaCl.

2.3.4. Hydroxyapatite Chromatography

1.

(98]

Biogel Hydroxyapatite (Hap) resin (Bio-Rad, cat. no 130-0420): store powder at
room temperature (see Note 8).

2.5 X 10-cm column (Bio-Rad, cat. no. 737-2512).

1 M potassium phosphate buffer (pH 8.0) (see Note 9).

Hap equilibration buffer: 10 mM Tris-HCI, pH 8.0, 10 mM potassium phosphate
buffer, pH 8.0, 1 mM DTT.

Hap elution buffer: 10 mM Tris-HCI, pH 8.0, 300 mM potassium phosphate
buffer, pH 8.0, | mM DTT.

HED: 50 mM NaHEPES, pH 8.0, 1 mM EDTA, | mM DTT.

Concentration of Ga pool. 50 mL-vol Amicon stirred cell (Fisher, cat. no. 5122).
44.5-mm Amicon filters (Fisher, cat. no. PBTK-043-10).

2.4. Purification of Hexahistidine-Tagged Go
Using Metal Chelate Chromatography

2.4.1. Ni#* Chromatography

1.
2.

50-mL Ni?* resin (Qiagen, cat. no. 30230).
2.5 x 10-cm column (Bio-Rad, cat. no. 737-2512).

2.4.2. Buffers for Ni Column Chromatography

1.

Lysis buffer: 50 mM Tris-HCI, pH 8.0, 20 mM B-mercaptoethanol (see Note 6),
0.1 mM PMSEF (see Note 4).

Column equilibration buffer: 50 mM Tris-HCI, pH 8.0, 20 mM [-mercaptoethanol
(see Note 6), 0.1 mM PMSF (see Note 4), 100 mM NaCl.

Wash buffer: 50 mM Tris-HCI, pH 8.0, 20 mM B-mercaptoethanol (see Note 6),
0.1 mM PMSF (see Note 4), 500 mM NaCl, 10 mM imidazole.

Elution buffer: 50 mM Tris-HCI, pH 8.0, 20 mM -mercaptoethanol (see Note
6), 150 mM imidazole, 10% glycerol (see Note 10).

2.4.3. Concentration of Go. Pool

1.
2.

Amicon stirred cell and filter (see Subheading 2.3.4., step 7).
TEDG: 50 mM Tris-HCI, 1 mM EDTA, 1 mM DTT, 10% glycerol.
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2.5. GTPgS-Binding Assay (see Note 11)
2.5.1. Stock Solutions

A

*®

1 M Na HEPES, pH 8.0: store at 4°C.

0.1 M EDTA, pH 8.0: store at 4°C.

1 M DTT: store at —20°C.

4 M NaCl: store at 4°C.

1 M MgCl,: store at 4°C.

10% Polyoxyethylene-10-lauryl ether (Sigma, cat. no. P9769): prepared as a 10%
solution (v/v) and deionized with mixed-bed resin AG501 (Bio-Rad, cat. no. 143-
6424); store at 4°C.

10 mM GTPyS (Roche, Indianapolis, IN, cat. no. 220-647): store powder dessicated
at —20°C, dissolve powder in a solution of 2 mM DTT. Store in aliquots at —70°C.
[3SIGTPYS 1500 Ci/mmol (DuPont NEN).

Filters BA85 (Schleicher and Schuell, Keene, NH, cat. no. 20340).

2.5.2. Working Solutions

1.

Dilution buffer: 50 mM NaHEPES, pH 8.0, | mM EDTA, 1 mM DTT, 0.1%
polyoxyethylene-10-lauryl ether.

2. 100 uM GTPyS stock: dilute 10 mM stock 1:100 in water.
3. GTPyS filtration buffer: 20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 25 mM MgCl..
4. GTPyS binding mix (1.5 pL for 60-tube assay): 75 uL 1 M NaHEPES, pH 8.0,
15 uL 0.1 M EDTA, 1.5 uL 1 M DTT, 15 pL 10% polyoxyethylene-10-lauryl
ether, 30 uL 1 M MgCl,, 60 uL 100 uM GTPyS, [¥S]GTPYS, 1.5 x 107 cpm
(specific activity 2500 cpm/pmol), water to make 1.5 mL.
3. Methods

3.1. Bacterial Culture and Preparation of Cell Extracts
for Myristoylated G o (see Note 12)

3.1.1. Large-Scale Culture

1.

Prepare 10.2 L enriched medium. Dispense 10 x 1 L in 2-L Erlenmeyer flasks
and 150 mL in a 500-mL Erlenmeyer flask. Dispense the remaining medium in a
100-mL bottle for small-scale cultures. Autoclave.

Inoculate a culture from a frozen glycerol stock (see Note 2). Quickly transfer a
few crystals of the frozen glycerol stock using a sterile toothpick to a LB agar
plate containing 50 pg/mL kanamycin and 50 pg/mL ampicillin. Streak for single
colonies and incubate the plate overnight at 37°C.

Pick a single colony from the fresh plate and inoculate a 3-mL culture of enriched
medium containing 50 pg/mL ampicillin and 50 pg/mL kanamycin.

Incubate 8-20 h overnight at 37°C.

Transfer the 3-mL overnight culture to a flask containing 150 mL enriched
medium with 50 pg/mL ampicillin and 50 pg/mL kanamycin and incubate over-
night at 37°C.
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Add 10 mL of the 150-mL overnight culture to each 10 L of medium.

Grow the cells at 30°C until the ODg, reaches 0.5-0.7.

Add IPTG to a final concentration of 100 uM and chloramphenicol to a final
concentration of 1 nug/mL.

Grow the cells for the appropriate period depending on the Go. subunit expressed
at 30°C with gentle shaking at 200 rpm. See Table 1 for induction times.
Harvest the cells by centrifugation at 9000g in a Beckman JA-10 rotor or equiva-
lent for 10 min at 4°C.

. Discard the medium and scrape the cell pellet directly into liquid N,. Once fro-

zen, transfer to a plastic container and store at —70°C.

3.1.2. Cell Lysis (see Note 13)

The following steps are all performed at 4°C.

[

Thaw the cell paste in a beaker containing 1.8 L TEDP with gentle stirring.

. Disrupt any clumps with a syringe and 18-gauge cannula.

Add lysozyme to a final concentration of 0.2 mg/mL and incubate for 30 min on
ice. The solution should become viscous.

Add MgSO, to a final concentration of 5 mM and 20 mg DNAse I in powder
form.

Incubate for 30 min. The viscosity of the solution should diminish.

Remove insoluble material from the lysate by centrifugation in a Beckman JA-14
rotor or equivalent at 30,000g for 1 h at 4°C. Collect the supernatant fraction.

3.2. Bacterial Culture and Preparation of Cell Extracts for His-Tagged Go.

3.2.1. Large-Scale Culture

Optimal expression of His-tagged G protein o subunits occurs under condi-
tions that are identical to those described for unmodified proteins. The cell
culture procedures are the same as those described previously.

3.2.2. Cell Lysis

The following steps are all performed at 4°C.

[

b

Thaw the cell paste in a beaker containing 1.8 L of TBP with gentle stirring.

. Disrupt any clumps with a syringe and 18-gauge cannula.

Add lysozyme to a final concentration of 0.2 mg/mL and incubate for 30 min on
ice. The solution should become viscous.

Add MgSO, to a final concentration of 5 mM and 20 mg DNAse I in powder
form.

Incubate for 30 min. The viscosity of the solution should diminish.

Remove insoluble material from the soluble fraction by centrifugation at 4°Cin a
Beckman Ti45 ultracentrifuge rotor for 30 min at 100,000g. Collect the superna-
tant fraction (see Note 14).
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Table 1
Incubation Times for Expression of Go. in E. coli

Postinduction time (h)

Go Unmodified® N-myristoylated”
Giou, 9-12 16-18
G0 16-18 16-18
Gi(X3 16-18 6

G,o 16-18 16-18

G,o 12-15 Not applicable

4Taken from ref. 8.
b Taken from ref. 14.

3.3. Purification of Myristoylated Go
Using Conventional Chromatography

3.3.1. Batch DEAE Chromatography

1.

2.

Perform all steps at 4°C.

Fit a Buchner funnel on a vacuum flask with Whatman 4 filter paper. Add 200 mL
DEAE-Sephacel. Wash with 1 L TEDP. Remove excess buffer by vacuum suction.
Transfer resin to a plastic beaker containing the supernatant fraction (Subhead-
ing 3.1.2.). Incubate the extract with the resin for 20 min with occasional stirring.
Collect on a Whatman no. 4 filter in the Buchner funnel. Wash the resin with 1.5 L
TEDP. Elute protein with three 200-mL vol TEDP containing 300 mM NacCl.
Collect in a plastic flask without vacuum.

3.3.2. PS Chromatography

Perform all steps at 4°C.

. Prepare a 100-mL PS column (2.6 x 40 cm) by washing the resin with 1 L PS
equilibration buffer.

Adjust the DEAE eluate to 1.2 M ammonium sulfate by the addition of 0.5 vol
(300 mL) of 3.6 M ammonium sulfate. Add GDP to a concentration of 25 uM
(see Note 15).

Incubate the mixture on ice for 10 min and remove any precipitated protein by
centrifugation at 11,000g for 10 min in a Beckman JA-14 rotor.

Apply the supernatant fraction to the column and collect the flow-through.
Elute protein with a 1-L descending gradient of ammonium sulfate (1.2 to 0 M).
The 500-mL starting buffer for the gradient is PS equilibration buffer. The 500-mL
diluting buffer for the gradient is PS elution buffer. Wash the column with
250 mL PS bump buffer. Collect 15-mL fractions across the gradient and the
final wash step.
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Assay 2.5-uL aliquots of the fractions from the PS column by GTPYS binding
(Subheading 3.5.). Unmodified Go will elute as a single peak of activity in the
later fractions of the gradient. When purifying myristoylated Ga, the
myristoylated protein will resolve from the unmodified protein at this step, elut-
ing very late in the gradient or in the no-salt wash of the column (see Fig. 1 and
Note 16).

Pool the peak fractions (typically 100—125 mL) from the PS column. Desalt the
pooled fractions using an Amicon ultrafiltration stirred cell. Use desalting buffer
as the diluent (Subheading 2.3.2., step 10). Take the protein through successive
concentration and dilution cycles until the ammonium sulfate concentration is
reduced below 20 mM.

3.3.3. QS Chromatography

Perform all steps at 4°C.

1.

2.

3.

Prepare a 2.6 x 40-cm column of QS by equilibrating 100-mL resin with 500-mL
QS equilibration buffer.

Apply the desalted PS pool to the column. Collect the flow-through. Wash the
column with 100-mL QS equilibration buffer and elute protein with a 500-mL
gradient of NaCl (0250 mM). Generate the gradient with 250 mL QS equilibra-
tion buffer and 250-mL QS elution buffer. Collect 8-mL fractions.

Assay 2.5-uL aliquots by GTPYS binding.

3.3.4. Hydroxylapatite Chromatography

Perform all steps at 4°C.

. Prepare a 2.5 x 10-cm 20-mL column of Hap by equilibrating the resin with 100-mL

Hap equilibration buffer (see Note 8).

Pool the peak fractions (usually 25 mL) from the QS column and adjust to a
phosphate concentration of 10 mM by the addition of 1/100 vol of 1 M potassium
phosphate buffer, pH 8.0. Dilute the protein solution with an equal volume of
Hap equilibration buffer.

Apply the protein to the Hap column and collect the flow-through. Wash the
column with 25 mL Hap buffer, and elute protein with a 200-mL gradient of
phosphate (10-300 mM). Generate the gradient with 100-mL Hap equilibration
buffer and 100-mL Hap elution buffer. Collect the gradient in 4-mL fractions.
Assay the fractions by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and GTPYS binding. Pool fractions according to activity
and purity.

Concentrate the pool using an Amicon ultrafiltration device to a protein concen-
tration of 1 mg/mL or more. During the concentration step, the buffer should be
exchanged into HED. The final pool should be stored at —70°C in aliquots to
avoid repeated freeze-thaws.
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Fig. 1. PS chromatography of recombinant G;o, co-expressed with NMT. Cell
lysates from E. coli cultures coexpressing G;0, and NMT were prepared and processed
by diethylaminoethyl (DEAE) chromatography as described in Subheading 3.3.1. The
DEAE eluate was applied to a column of PS. Protein was eluted by a descending
gradient of ammonium sulfate (dashed line). Fractions containing G;0, were detected
by adenosine diphosphate (ADP)-ribosylation (see Note 16; closed circles). Unmodi-
fied G0, elutes in the first peak in fractions 43—49. Myristoylated G;o., elutes in frac-
tions 60-70. (From ref. 18a. Reprinted with permission.)

6. Preparations of myristoylated and nonmyristoylated G;o,; are purified to near
homogeneity at this step. However, other Go. subunits are not expressed as well
and may require additional steps of purification (see Notes 17 and 18).

3.3.5. Characterization of the Final Pool

1. Measure the protein concentration of the final pool using standard techniques.

2. Determine the GTPYS-binding activity of the final pool as described in Subhead-
ing 3.5. GTPyS-binding stoichiometries typically exceed 0.8 mol GTPyS-bind-
ing sites/mol protein. However, measurements can range from 0.4 to 1.1 mol
GTPyS-binding sites/mol protein.

3.4. Purification of Hexahistidine-Tagged Go
Using Metal Chelate Chromatography

Perform all steps at 4°C.
1. Prepare a 50-mL column (2.5 X 10 cm) of Ni**-agarose column by equilibrating
the resin with TBP containing 100 mM NaCl.

2. Apply the crude supernatant directly to the Ni**-agarose column and collect the
flow-through.
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Wash the column with 125 mL TBP containing 500 mM NaCl and 10 mM imida-
zole, pH 8.0.

4. Elute protein with a 600-mL linear gradient of 0—150 mM imidazole in TBP con-
taining 100 mM NaCl and 10% glycerol. Collect 8-mL fractions (see Note 10).

5. Identify fractions containing Go. by SDS-PAGE; assay 10-uL aliquots.

6. Pool the fractions, desalt, and concentrate using an Amicon ultrafiltration device.
The dilution buffer is TEDG. The final pool should be stored at —70°C in aliquots
to avoid repeated freeze-thaws.

7. Recombinant Ga is often purified to near homogeneity at this step. If contami-
nating proteins are still present, they are usually removed by further chromatog-
raphy on QS. The protocol for QS chromatography described in Subheading
3.3.3. can be used, but should be scaled according to the amount of protein in the
pool. A good rule of thumb is 10-mg protein/mL QS resin.

3.5. GTPyS Binding as an Assay of G Protein Activity

1. Prepare GTPYS-binding cocktail and dilution buffers as described in Subhead-
ing 2.5.3., step 4.

2. Dilute samples to be assayed in dilution buffer.

3. Add 25 pL diluted protein to 25 pL-binding mix.

4. Mix well and incubate at 30°C for G;o and 20°C for G,0. and Go.. The time
course of the incubation also varies with the subunit assayed; a 30-min incuba-
tion is sufficient for G, o and G,t; a 90-min incubation is appropriate for G;oL.

5. At the end of the incubation, dilute the binding reactions with 2 mL ice-cold
filtration buffer and filter through BAS8S5 nitrocellulose filters. Wash the filters
with a total volume of 12 mL of the same buffer and dry completely.

6. Suspend the filters in liquid scintillation cocktail and quantitate using liquid scin-
tillation spectrometry.

7. Determine the specific activity of the [3*S]GTPYS by counting 5 UL of the bind-
ing mix (5 UL = 20 pmol GTPYS).

4. Notes
1. A number of bacterial expression vectors have been used to express Go subunits

in E. coli. The pQE vector series from Qiagen (Chatsworth, CA) has been par-
ticularly useful for production of large quantities of Ga. for structural studies and
this system will now be described in detail. Expression of Gou using T7 RNA
polymerase-driven vectors has also been successful, but expression levels for
some Ga are not as high as with the pQE vectors (8).

The prokaryotic expression vector pQE-60 contains a very strong coliphage
TS5 promoter upstream of two /ac operators. Transcription of genes subcloned
into pQE-60 is induced with IPTG, which relieves repression by binding to the
lac repressor and clearing it from the promoter. Efficient transcriptional termi-
nation is mediated by the terminator, t,, from phage 1. Translation of the recombi-
nant protein is initiated by the binding of ribosomes to the synthetic ribosomal
binding site (RBS II). Go. cDNAs are usually subcloned into pQE-60 as Ncol-
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HindIII fragments, where the Ncol site is at the codon for the initiator methionine
of Gal (8,14), which results in the production of Go. with native protein sequence.
Construction of plasmids to express Go is performed using standard molecular
biological procedures as described by Sambrook and colleagues (19).

The pQE-60 plasmid must be maintained in a host strain that expresses lac
repressor (lacl gene). It is convenient to carry out subcloning procedures using the
bacterial strains JM109 or TG1, as these strains carry the mutated gene lacI? and
produce up to tenfold more /ac repressor than strains carrying the wild-type lacl
(20). The pQE-60/Go. plasmid is then transformed into the appropriate expression
host. In cases where the host strain expresses either low levels or no /ac repressor,
cotransformation of the pREP4 plasmid, which carries the lacl gene, is performed.
The pREP4 plasmid contains a kanamycin resistance marker and is compatible
with pQE-60. Double transformants containing both plasmids are selected with
LB plates containing 50 pg/mL kanamycin and 50 pg/mL ampicillin.

Selection of a suitable host strain for expression of Got subunits is determined
empirically. Various host strains have been tested for the ability to accumulate
high levels of G protein a subunits in the soluble fraction. BL21/DE3, a protease
deficient strain of E. coli, is able to accumulate high levels of G;a, G0, G;03,
and G,o.. However, greater expression of G,o can be obtained in strain M 15 than
in BL21/DE3. Because lac repressor is absent in M 15, cotransformation with the
plasmid pREP4 is required to maintain the G,o. plasmid. For expression of
myristoylated Go. subunits, JM109 is the bacterial strain that gives the highest
levels of soluble myristoylated protein.

Glycerol stocks of the bacterial strain harboring the expression plasmid should
be prepared and stored at —70°C. To prepare glycerol stocks, mix equal volumes
of a fresh overnight culture and sterile 40% glycerol and aliquot into 1-mL
aliquots. To inoculate a culture from the frozen stock, quickly transfer a few
crystals of the frozen glycerol stock using a sterile toothpick to an LB agar plate
containing the appropriate antibiotics. Streak for single colonies and incubate the
plate overnight. The glycerol stock can be returned to —70°C if it has not com-
pletely thawed during the transfer process. We have found that glycerol stocks
are stable for years at —70°C. However, permanent storage of the expression plas-
mid as purified DNA at —20°C is strongly recommended.

The 50 mM KH,PO, solution is brought to pH 7.2 using NaOH.

PMSF should be added to prechilled buffers immediately before use.
Expression of the plasmid 6-His-G;o,; (8) in pQE60 results in production of a
protein with a noncleavable hexahistidine tag. A vector containing a cleavable
hexahistidine tag has been constructed by Lee and Gilman (8). The vector is
designed with an N-terminal sequence Met-6-His-Ala-Glu-Asn-Leu-Tyr-Phe-
GIn-Gly-Ala. Cleavage of the H,TEVGa fusion protein by tobacco etch virus
(TEV) protease results in the removal of the hexahistidine sequence and most of
the TEV cleavage sequence. Details regarding the vector and the cleavage proto-
col are given elsewhere (8). TEV protease tagged with histidine residues rTEV-
6-His) is commercially available from Invitrogen (Carlsbad, CA).
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B-Mercaptoethanol (Sigma, cat. no. M-6250) is sold as a 14.3 M solution; store at
room temperature.

Glycerol is included to increase the density of the dilution buffer to stabilize gradi-
ent formation and slow the rate of dissociation of GDP from the o subunit (21).

. To prepare powdered Hap resin for chromatography, mix resin with 2 vol water.

Let settle for 5 min, then pour off fines. Repeat three to four times.

To prepare a 1 M stock of potassium phosphate buffer, pH 8.0, mix 6 mL 1 M
KH,PO, with 94 mL 1 M K,HPO,. Check pH of a 1:100 dilution and adjust as
necessary to pH 8.0.

Glycerol is included in the buffer to prevent precipitation of the His-tagged pro-
teins. Solubility is a particular problem following elution from the Ni** column.
The GTPYS-binding assay is a modification of the method described by Sternweis
and Robishaw (22).

The key to a high yield of purified recombinant Ga. is to optimize the accumula-
tion of soluble protein. Standard protocols for induction of protein expression
call for cell growth at 37°C and 1-2 mM concentrations of IPTG. Higher levels
of soluble Go accumulate with cell culture at 30°C and induction of protein with
low concentrations of 30—100 uM IPTG. For some Ga subunits, including a
1 wg/mL concentration of chloramphenicol during the induction period, increases
the yield of soluble protein. There are no deleterious effects associated with
including chloramphenicol at this concentration; therefore, we routinely include
it when expressing all Go. subunits. The time period postinduction for peak accu-
mulation of protein varies with the Gou expressed and is another important vari-
able to optimize. In Table 1, the peak expression times are shown for unmodified
and myristoylated Go. subunits.

A frequently encountered problem is that Go is expressed but is insoluble.
The conditions of cell culture and induction of the protein can be modified as
described previously. Reducing temperatures below 30°C with longer times of
induction may permit the accumulation of soluble protein. Yields of soluble pro-
tein have also been increased by using a French Press to lyse the bacteria (2). The
chimera strategy used by Hamm and colleagues to express a G,o.-like molecule
was discussed in the Introduction (3).

Alternative lysis protocols include the use of a French Press or sonication of the
lysate following treatment with lysozyme. Cells are sonicated (5 X 30 s, on ice)
using a probe-tip sonicator (Heat Systems Ultrasonics, Farmingdale, NY).

The high-speed centrifugation removes aggregates that interfere with the binding
of the His-tagged protein to the chelated Ni** resin.

GDP is included in the buffers during this stage of purification because high
ionic strength facilitates dissociation of the nucleotide from G protein o sub-
units. The protein is more sensitive to denaturation when in the nucleotide-free
form (21).

A commonly encountered problem is that there are multiple peaks of GTPYS-
binding activity eluting from the column. GTPYS binding provides a rapid
means of screening column fractions throughout the purification. However,
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there are E. coli proteins that will bind GTPYS, which are usually resolved from
Go in the PS chromatography step. If Go expression is high, the signal associ-
ated with recombinant Go will be the predominate signal and minor peaks of
activity resulting from endogenous E. coli proteins that bind GTPYS can be
ignored. However, if purifying a Go that expresses at low levels, it may be
more difficult to identify the peak of activity that corresponds to Go. In that
case, several alternative methods are available to assay for Go.

Western blots using G protein antibodies provide a simple and specific method
for identifying fractions that contain Go., but does not discriminate between active
and denatured protein. However, used in combination with GTPYS binding, it
will not be difficult to identify fractions with active Go. protein. Immunoblots are
not a rapid assay, but after the PS step, most Go. are stable at 4°C for several days.

Pertussis toxin-catalyzed adenosine diphosphate (ADP)-ribosylation is a rapid
and very specific assay for G,o0 and G;o subtypes. G0t is not a substrate for
pertussis toxin-catalyzed ADP-ribosylation. When soluble lysates containing G,0.
or G;o. are subjected to ADP-ribosylation by pertussis toxin in the presence of
[32P] nicotinamide adenine dinucleotide (NAD) and analyzed by SDS-PAGE and
autoradiography, the predominant-labeled band seen is recombinant Go.. Because
E. coli proteins are not labeled significantly, the presence of recombinant G,o or
G;a can be easily identified in column fractions using a rapid precipitation and
filtration assay. The disadvantages of this assay are the expense and requirement
for a source of purified G protein By subunits. ADP-ribosylation is carried out as
described by Bokoch et al. (23) with minor modifications (24).

Another problem that may be encountered is that myristoylated Go. does not
elute from the PS column. Unmodified Ga typically elutes from the PS column
as a uniform peak during the gradient. Myristoylated Go should begin to elute
from the column before the end of the gradient, but the peak elution is often
during the final TEDP wash at the end of the gradient. The myristoylated protein
is more hydrophobic than the unmodified Go and binds tightly to the resin. If the
myristoylated protein does not completely elute from the column, wash the col-
umn with additional TEDP buffer and continue to collect fractions. Alternatively,
myristoylated Go. can be eluted with TEDP buffer containing 1% sodium cholate.
However, this has the undesirable consequence of eluting more contaminants.

Occasionally, myristoylated Go. does not resolve from the unmodified Go on
the PS column. A typical PS elution profile is shown in Fig. 1. However, there
may not be a well-resolved peak of unmodified protein preceding the
myristoylated protein. Under this circumstance, avoid pooling the initial frac-
tions that have Ga activity. The electrophoretic mobility difference between
myristoylated and unmodified Ga can be detected on immunoblots and used to
identify fractions that contain exclusively the myristoylated form. NMT of Go
results in a faster electrophoretic mobility (see Fig. 2). Although this difference
can sometimes be detected by standard SDS-PAGE, the mobility shift is exag-
gerated when urea is added to a final concentration of 4 M in the resolving gel
mix (15). The difference is also more apparent on longer resolving gels (~12 cm).
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-+ Myristate

- Gia2

Fig. 2. Unmodified and myristoylated G;o, can be distinguished by electro-
phoretic mobility. Recombinant 2 ug G;o, was purified from E. coli in the absence
(left lane) or presence (right lane) of NMT and resolved by SDS-PAGE in gels
supplemented with 4 M urea. Protein was detected by staining with Coomassie blue.
(From ref. 18a. Reprinted with permission.)

17. If the preparation of Go is not sufficiently purified after Hap chromatography,
additional steps may be used. The most commonly used method is a second round
of hydrophobic interaction chromatography (PS). If possible, a high resolution
PS column on a fast protein liquid chromatography (FPLC) system (Amersham
Biosciences) should be used as described by Lee et al. (8). However, if that sys-
tem is not available, conventional chromatography using PS is a suitable substi-
tute and is described here.

Pool the fractions containing Gou after Hap chromatography (Subheading
2.3.4.) and add ammonium sulfate and GDP to final concentrations of 1.2 M
and 50 uM, respectively. Apply the pool to a 10-mL PS column that has been
equilibrated in PS equilibration buffer. Elute protein with a 120-mL gradient of
decreasing ammonium sulfate from 1.2 to 0 M. Include 35% glycerol (v/v) in
the gradient diluting buffer (Subheading 2.3.2., step 5). Collect 2-mL frac-
tions and assay for Go. by SDS-PAGE for purity. Pool the peak fractions and
process for storage as described in Subheading 3.3.4., step 5.

Another method to remove contaminating proteins from the Hap pool is gel-
filtration chromatography, but this method is only useful when the contaminating
proteins are significantly different in size from Ga.
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18. Yields reported for N-myristoylated Ga. are 60, 8, 4, and 15 mg for G;o,, G ;0,,

G043, and G0, respectively, from a 10-L preparation (14). Yields reported for
unmodified Go subunits are 400, 40, 65, and 35 mg for G;0, G;0,, G,0, and
G,0, respectively (8).
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Purification of G Protein Subunits from Sf9 Insect Cells
Using Hexahistidine-Tagged o and By Subunits

Tohru Kozasa

Summary

G protein-mediated pathways are the most fundamental mechanisms of cell
signaling. In order to analyze these pathways, the availability of purified
recombinant G proteins are critically important. Using Sf9-Baculovirus
expression system, a general and simplified method to purify various G protein
subunits is described in this chapter. This method is useful for purification of
most of G protein subunits.

Key Words: G protein; recombinant protein; Sf9-Baculovirus expression
system.

1. Introduction

G protein-mediated signal transduction is a fundamental mechanism of cell
communication, being involved in various cellular functions (1-3). G pro-
teins receive signals from a large number of heptahelical cell surface recep-
tors, and they transmit these signals to various intracellular effectors. Each
heterotrimeric G protein is composed of a guanine nucleotide-binding o sub-
unit and a high-affinity dimer of B and 7y subunits. Agonist-bound receptor
activates G protein to facilitate guanosine diphosphate—guanosine triphosphate
(GDP-GTP) exchange on Gao. subunit, which induces subunit dissociation to
generate GTP-bound o and free By subunits. Both of these molecules are able
to regulate the activity of downstream effectors. GTP on Go. is hydrolyzed to
GDP by its own GTPase activity as well as GTPase-activating proteins, such
as regulator of G protein signaling (RGS) proteins. GDP-bound Ga. reassoci-
ates with By subunit to form an inactive heterotrimer to complete the G pro-
tein cycle.
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Go subunits are commonly classified into four subfamilies based on their
amino-acid sequence homology and function: G, family (G o and G;0; acti-
vate adenylyl cyclase); G; family (Gj;a, G0, Gizo, G0, Giat, G0, and G,0;
substrate for pertussis toxin-catalyzed adenosine-5'-diphosphate (ADP)
ribosylation except for G,o, inhibit adenylyl cyclase, or stimulate guanosine-
2'.3'-cyclic phosphate (¢cGMP) phosphodiesterase, and so forth); G, family
(Gyo, G0, Gg0., Gys0, and G stimulate phospholipase C-3 isozymes);
and G, subfamily (G,o. and G30; regulate Rho guanine nucleotide exchange
factor [GEF] activity) (4-6). Five 3 subunits and 13 y subunits have been iden-
tified in mammals. By subunits directly regulate several effectors, such as
adenylyl cyclase, phospholipase CP3, K* channels, Ca* channels, or P13 kinase
(7). Functional specificity of different combinations of By subunit have been
shown for several cases, particularly for the combination with 35 subunits.

Purification of G proteins from natural tissue requires lengthy procedures,
and quantity is often limiting. It is also difficult to resolve closely related
members of Gou subunits or practically impossible to purify specific combi-
nations of By subunit. Expression of G,a, G;o., and G0 in Escherichia coli
(E. coli) yields large amounts of protein that can be myristoylated where
appropriate (G;a and G,a) (8), but the proteins are not palmitoylated and
may be missing some other unknown modifications. Alpha subunits of G
and G, subfamilies and the By complex have not been successfully expressed
in E. coli as active proteins.

The Sf9-Baculovirus expression system has advantages to overcome these
problems. First, a variety of posttranslational modification mechanisms, espe-
cially lipid modifications, such as palmitoylation, myristoylation, and
prenylation, are present in Sf9 cells. These lipid modifications are critically
important for the interactions of G protein subunits with receptors, RGS pro-
teins, or effectors. With these modifications present, the recombinant G pro-
tein subunits from Sf9 expression system are almost as active as native proteins
(9,10). Second, we can coinfect multiple viruses encoding o, 3, and y subunits
to express desired G protein heterotrimer or y complex on Sf9 cells. The inac-
tive heterotrimer is the stable structure for Gou subunits. Coexpression of By
was particularly required to purify properly folded o subunits of G4 subfamily
(10,11). Without By subunit, these o subunits aggregated in Sf9 cells and could
not be purified. It was also shown that the amount of membrane-bound Go.
increases by coexpressing of By subunit. In spite of these advantages, the yield
of recombinant G protein subunit from Sf9 cells was often low, and the purifi-
cation procedure was laborious with conventional purification methods.

A general and simple method for purification of G proteins from Sf9 cells is
described in this chapter. The G protein subunit to be purified is coexpressed
with an associated hexahistidine-tagged subunit. The oligomer is adsorbed to a
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Ni%*-containing resin and the desired untagged protein is eluted with alumi-
num tetrafluoride (AlF),~, which reversibly activates the o subunits of G pro-
teins and causes dissociation of o from By. This method takes advantage of the
high affinity and large capacity of Ni-NTA resin for the hexahistidine tag, as
well as the extremely specific elution of the untagged subunit with AIF,". It is
especially useful for purification of Go subunits that can not be purified using
E. coli expression system (G, 0, G40, G0, G,0, and G30) and for the puri-
fication of defined combinations of By subunits. The detailed procedures to
purify each of these subunits are described in the following sections.

2. Materials
2.1. Sf9 Cells, Baculoviruses, and Culture Supplies

1. Baculoviruses for expression of the appropriate G protein combination: For all o
subunit purifications, 6-His-y, or with hexahistidine tag at the N-terminus, a wild-
type B, subunit and the appropriate wild-type o subunit are needed. For By subunit
purification, 6-His-G;; 0. (hexahistidine tag is inserted at position 121 of G;;0t) and
the appropriate wild-type B and y subunit combinations are necessary. Recombi-
nant viruses encoding each G protein subunit have already been described (9,10,12-
14). General methods for construction, isolation, and amplification of recombinant
viruses are described in refs. 15 and 16 (see Note 1).

2. Frozen stock of Sf9 cells (Invitrogen/LifeTechnologies, American Type Culture

Collection, or Pharmingen).

IPL-41 medium (see Note 2).

10% Heat-inactivated fetal bovine serum (FBS): heat-inactivated at 55°C for 30 min.

10 mL to 2 L Glass culture flasks with steel closure (BELLCO).

Chemically defined lipid concentrate (Invitrogen/LifeTechnologies).

0.1% Pluronic F-68 (Invitrogen/LifeTechnologies).

N kW

2.2. Chromatography Supplies and Solutions

Different supplies are required for different G protein subunit preparations.
Check the specific G protein purification protocol outlined in Subheading 3.4.
for the columns and solutions that will be required.

Ni?* containing resin (Ni-NTA agarose; Qiagen, cat. no. 30230).

Ceramic hydroxyapatite (macroprep; Bio-Rad, cat. no. 158-4000).

2.5 x 5-cm Econo chromatography column (Bio-Rad).

Mono Q HR5/5 anion-exchange column (Amersham/Pharmacia).

Mono S HR5/5 cation-exchange column (Amersham/Pharmacia).

Fast Protein Liquid Chromatography (FPLC) system (Amersham/Pharmacia).
Centricon YM30 centrifugal concentration devices (Millipore/Amicon).

Cholic acid (Sigma). Make a 20% stock solution in water and store at 4°C.
Sodium cholate is purified from cholic acid by diethylaminoethyl (DEAE)
Sepharose column as described (17).

NN R L=
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. Polyoxyethylene-10-lauryl ether (C,E,y; Sigma). Make a 10% stock solution in

water and store at 4°C.

CHAPS (Calbiochem or Sigma). Make a 0.1 M stock solution in water and store

at 4°C.

. N-octyl-B-p-glucopyranoside (octylglucoside). Prepare a fresh 10% stock solu-
tion in water.

. N-dodecyl-B-p-maltoside (dodecylmaltoside; Calbiochem). Prepare a fresh 10%
stock solution in water.

. The stock solutions of proteinase inhibitors (Sigma) are prepared as follows;
800 mg each of phenylmethylsulfonyl fluoride (PMSF), N-tosyl-L-phenylala-
nine-chloromethyl ketone (TPCK), and No-p-tosyl-L-lysine chloromethyl
ketone (TLCK) are dissolved in 50 mL of 50% dimethylsulfoxide (DMSO)/50%
isopropanol. 160 mg each leupeptin and lima bean trypsin inhibitor are dissolved
in 50 mL H,O. The stock solutions of proteinase inhibitors are stored at —20°C
and used as 1000X stock.

. The following solutions are used to prepare the buffers for purification; 1 M
HEPES-NaOH, pH 8.0; 1 M HEPES-NaOH, pH 7.4; 0.1 M EDTA, pH 8.0; 4 M
NaCl; 1 M MgCl,; 1 M KPi, pH 8.0; 14 M 2-mercaptoethanol; 1 M DTT (store
frozen); 2 M imidazole-HCI, pH 8.0; 1 M NaF, 10 mM AICl;; 50 mM GDP
(store frozen); and 10 mM GTPYS (purified over Mono Q column, store fro-
zen). The compositions of the purification solutions are shown in Tables 1 and 2.

Methods
The methods outlined in Subheadings 3.1.-3.3. are general methods

required for purification of all G protein subunits. Subheading 3.4. gives
specfic protocols required for the individual G protein subunit desired.

3.1. 19 Cell Culture (see Note 3)

1.

2.

Sf9 cells are grown and maintained in IPL-41 medium supplemented with 10%
heat-inactivated FBS heat-inactivated at 55°C for 30 min and 0.1% pluronic F-68.
Freshly thawed Sf9 cells are cultured in a 25-mL tissue culture flask at 27°C for
about 1 wk to recover.

Then, they are transferred to suspension culture at 27°C with constant shaking at
125 rpm.

Stock culture, usually 50 mL in 100-mL flask, are passaged every 3 d and main-
tained at a density between 0.5 and 3 x 10° cells/mL.

3.2. Infection of Sf9 Cells and Membrane Preparation

1.

2.

The membrane preparation procedure from 4 L of Sf9 cell culture is described.

Sf9 cells are expanded from 50-mL stock culture to 250 mL (0.5—1 x 10° cells/mL)
by IPL-41 medium with 10% FBS and 0.1% pluronic F-68 in a 500-mL flask.
After 2-3 d, they are further expanded to 1 L (~ 1 x 10° cells/mL) with IPL-41
containing 10% FBS and are divided into four 500-mL flasks.
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10.

11.

12.

Table 1

Solutions for Sf9 Membrane Preparation

Stocks Lysis buffer Wash buffer
1 M HEPES-NaOH, pH 8.0 20 20

4 M NaCl 25 25

100 mM EDTA 1 0

1 M MgCl, 2 1

14 M 2-mercaptoethanol 0.7 0.7

50 mM GDP 0.2 0.2
Total volume (mL) 1000 1000

Addition in milliliters. Adjust volume of solutions to the indicated final vol-
ume. Stock solution of 1000X proteinase inhibitors are added before use.

. After 2 d, cells are transferred to four 2-L flasks and diluted with 750 mL of IPL-41

medium containing 1% FBS and 1% lipid concentrate and 0.1% pluronic F-68.
The following day, cells (usual density of 1.5-2 x 10° cells/mL) are infected
with amplified recombinant Baculoviruses encoding the desired combination
of G protein subunits. For purification of Go subunit, viruses encoding Ga, 3,
and 6-His-y, are infected. For purification of By subunit, 6-His-G; 0 is
coinfected with the desired combination of B and 7y viruses. The typical infec-
tion is 15 mL of o, 10 mL of B, and 7.5 mL of y amplified viruses to 1 L Sf9
culture (see Note 4).

. After 48 h of infection, cells are harvested by centrifugation at 500g for 15 min in

a JLA-10 rotor (Beckman Coulter). Cell pellets can be frozen in liquid nitrogen
and stored at —80°C, or they can be further processed for membrane preparation.
Cell pellets from 4 L of Sf9 cells are resuspended in 600 mL ice-cold lysis buffer:
20 mM HEPES, pH 8.0, 0.1 mM EDTA, 2 mM MgCl,, 10 mM 2-mercaptoethanol,
100 mM NaCl, 10 uM GDP; with fresh proteinase inhibitors.

Cells are lysed by nitrogen cavitation (Parr bomb) at 500 psi for 30 min at 4°C.
The lysates are collected and centrifuged at 500g for 10 min in a JLA-10 rotor to
remove intact cells and nuclei.

. The supernatants are collected and centrifuged at 35,000 rpm for 30 min in a

Ti-45 rotor (Beckman Coulter).

The pellets are resuspended in 300 mL wash buffer: 20 mM HEPES, pH 8.0,
100 mM NaCl, 1 mM MgCl,, 10 mM 2-mercaptoethanol, 10 uM GDP, and fresh
proteinase inhibitors. Then, the pellets are centrifuged again as above.

The pellets (cell membranes) are resuspended in 200 mL wash buffer and the
protein concentration is determined using a Bradford protein assay (Coommassie
Protein Assay Reagent, Pierce).

The membranes are frozen by slowly pouring into a container of liquid nitrogen
to form small chunks that are similar to popcorn and stored at —80°C. The amount
of membrane protein from 4 L of Sf9 cells is 1.2-2 g.
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Table 2
Solutions for G Protein Subunit Purification

Stocks A B C D E F G H I

1 M HEPES-NaOH, pH 8.0 30 2 0.6 0.6 0.6 0.6 4 1 0.6
4 M NaCl 37.5 7.5 0375 0375 0375 0375 5 0.625  0.75
1 M MgCl, 1.5 0.3 0.09 1.5 0.09 0.006 0.2 2.5 0.03
14 M 2-mercaptoethanol 1.05 0.07 0.021  0.021 0.021 0.021 0.14 0.035 0.021
50 mM GDP 0.3 0.02 0.006  0.006  0.006 0.04 0.02 0.012
1 mM GTPyS 0.15

2 M Imidazol-HCI, pH 8.0 0.5 0.15 0.15 2.25 0.15 1.5 0.25 2.25
1 M NaF 0.3 0.5

10 mM AICl; 0.09 0.15

10% C,E g 75 5 10 2.5 1.5
20% Sodium cholate 0.3 1.5 1.5 1.5

Total volume (mL) 1500 100 30 30 30 30 200 50 30
Stocks J K L M (0] P Q

1 M HEPES-NaOH, pH 8.0 0.6 0.6 0.6 0.6 0.4 0.4 0.4

4 M NaCl 0.75 0.75 0.375 0375 05 0.5 0.5

1 M MgCl, 0.03 0.03 1.5 0.03 0.02 1 0.02

14 M 2-mercaptoethanol 0.021 0.021 0.021 0.021 0.014 0.014 0.014

50 mM GDP 0.012 0.012 0.012 0.012 0.004 0.004 0.004

2 M Imidazol-HCI, pH 8.0 0.15 0.15 0.15 2.25 0.1 0.1 1.5

1 M NaF 0.3 0.2

10 mM AICl; 0.09 0.06

10% Dodecylmaltoside 0.18 0.6 0.6 0.6

10% Octylglucoside 0.6 2 2

Total volume (mL) 30 30 30 30 20 20 20
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Table 2 (Continued)
Solutions for G Protein Subunit Purification

Stocks R R1000 S S1000 T T150  T300
1 M HEPES-NaOH, pH 8.0 8 2 0.8 0.4 0.4
1 M HEPES-NaOH, pH 7.4 8 2

4 M NaCl 25 25 0.5 0.25 0.25
0.1 M EDTA 2 0.5 2 0.5

1 M MgCl, 0.8 0.2 0.8 0.2 0.04 0.02 0.02
1 MDTT 0.4 0.1 0.4 0.1 0.04 0.02 0.02
0.1 M CHAPS 44 11 44 11

10% Dodecylmaltoside 0.8 0.4 0.4
1 M KPi, pH 8.0 3 6
Total volume (mL) 400 100 400 100 40 20 20

Additions are in milliliters. Adjust volume of solutions to the indicated total volume.
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Detergent Extraction of SF9 Cell Membranes

and Loading onto Ni-NTA Agarose

1.

2.

3.4.

3.4

1500-mg Frozen cell membranes are thawed and diluted to 5 mg/mL with wash
buffer containing fresh proteinase inhibitors.

20% Sodium cholate stock solution is added to a final concentration of 1% (w/v),
and the mixture is stirred on ice for 1 h prior to centrifugation at 9600g for 30 min
in a Ti-45 rotor.

The supernatants (membrane extracts) are collected, diluted threefold with buffer
A: 20 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM MgCl,, 10 mM 2-mercapto-
ethanol, 10 uM GDP, 0.5% C,E,, and loaded onto a 2.5 X 5-cm Econo Column
packed with 4 mL Ni-NTA agarose and equilibrated with 20 mL buffer A. The
loading of approx 1 L of diluted membrane extract onto 4 mL Ni-NTA resin
usually takes 6-7 h. After loading, the Ni-NTA column is processed differently
according to the subunit to be purified as described in Subheading 3.4.

Purification Procedures for Individual G Protein Subunits

1. G0
. Ni-NTA column is washed with 100 mL buffer B: 20 mM HEPES, pH 8.0, 300 mM

NaCl, 3 mM MgCl,, 10 mM 2-mercaptoethanol, 10 uM GDP, 10 mM imidazole,
0.5% C1,E. This is followed by 12 mL buffer C: 20 mM HEPES, pH 8.0, 50 mM
NaCl, 3 mM MgCl,, 10 mM 2-mercaptoethanol, 10 uM GDP, 10 mM imidazole,
0.2% sodium cholate, at 4°C.

The column is incubated at room temperature for 15 min, then washed with 12 mL
buffer C at 30°C.

The G,0. protein is eluted with 32 mL buffer D: 20 mM HEPES, pH 8.0, 50 mM
NaCl, 10 mM 2-mercaptoethanol, 10 uM GDP, 30 uM AICl;, 50 mM MgCl,, 10 mM
NaF, 10 mM imidazole, 1% sodium cholate, at 30°C and 4-mL fractions are col-
lected (Fig. 1A; see Note 5).

Finally, B; 6-His-y, is eluted with 12 mL buffer E: buffer D without AICI;,
MgCl,, NaF (AMF) and containing 150 mM imidazole. 4-mL Fractions are col-
lected (Fig. 1A).

The peak fractions containing G,0 from the Ni-NTA column are diluted three-
fold with buffer R: 20 mM HEPES, pH 7.4, 0.5 mM EDTA, 2 mM MgCl,, 1 mM
DTT, 0.7% CHAPS. The fractions are loaded onto Mono S HR5/5 column, which
was equilibrated with buffer R at a flow rate of 0.5 mL/min using an FPLC sys-
tem (Amersham Pharmacia).

G, is eluted with a 25-mL gradient of 0-550 mM NacCl. Fractions of 0.5 mL are
collected and assayed for protein staining after sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) and GTPyS-binding activity.

G, elutes as a broad peak in fractions approx 400—450 mM NacCl (Fig. 1B). The
peak fractions are concentrated and the buffer is exchanged into buffer R with
100 mM NaCl and 5 uM GDP by repeated concentration and dilution in Centricon
30 concentration device (see Note 6).
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Fig. 1. Purification of G,0. (A) Ni-NTA column for purification of G,a. Frac-
tions of 4 UL were subjected to SDS-PAGE and stained by silver nitrate. Lane 1,
load; lane 2, flow-through; lanes 3—5, wash with high salt and low imidazole; lanes
6—11, elution with AMF; lanes 1214, elution with 150 mM imidazole. (B) Mono S
chromatography of G,o. The peak fractions from the Ni-NTA column were loaded
onto a Mono S column and chromatographed as described. Fractions of 4 uLL were
subjected to SDS-PAGE and stained by silver nitrate. Lane 1, load; lane 2, flow-
through, lanes 3-21, NaCl gradient 0—-500 mM.

3.4.2. quc

1.

2.

After loading the membrane extract from Sf9 cells expressing Gyo, B; and
6-His-y,, the Ni-NTA column is washed with 100 mL buffer B and 12 mL buffer C.
The column is incubated at room temperature for 15 min and is further washed
with 12 mL buffer C at room temperature.

. The column is then incubated with buffer F: 20 mM HEPES, pH 8.0, 50 mM

NaCl, 10 mM 2-mercaptoethanol, 0.2 mM MgCl,, 5 uM GTPyS, 10 mM imida-
zole, and 0.2% sodium cholate, for 15 min at room temperature and washed with
32 mL the same buffer. Endogenous Sf9G,a-like protein is removed from the
column at this step (see Note 7).

Recombinant G40 is eluted from Ni-NTA column by washing with 24 mL buffer
D at room temperature and collecting 4-mL fractions (Fig. 2).
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Fig. 2. Purification of Gy0.. Ni-NTA column for purification of G0 Fractions of 4
UL were subjected to SDS-PAGE and stained by silver nitrate. In this purification, G40
was eluted with two steps; first with 1% cholate containing buffer, then with AMF con-
taining buffer. Lane 1, load; lane 2, flow-through; lanes 3—5, wash with high salt and low
imidazole; lanes 612, elution with 1% cholate; lanes 13 and 14, elution with AMF.

The peak fractions containing G40 from the Ni-NTA column are diluted three-
fold with buffer S and loaded onto a Mono Q HRS5/5 column that was equili-
brated with buffer S. CHAPS in buffer S can be replaced with 1% octylglucoside.
Ggyo is eluted with a linear gradient of 0—400 mM NaCl 20-mL gradient with a
flow rate of 0.5 mL/min: collecting 0.5-mL fractions. Fractions are assayed by
immunoblotting with G,0/G ;0. antiserum Z811 and G ;0. antiserum B825 (18).
Recombinant G0 is recognized by both Z811 and B825 and eluted in fractions con-
taining approx 220 mM NaCl. An endogenous Sf9 G,o.-like protein is recognized by
Z811, but not by B825 (10), and eluted later in the gradient (~ 280 mM NaCl).

The peak fractions that mainly contain recombinant G o are pooled. The sample
is concentrated and the buffer is changed into buffer S containing 100 mM NaCl
and 5 uM GDP by repeated dilution and concentration using Centricon YM30
(see Notes 8 and 9).

3.4.3. G72a

Gy, has several different biochemical properties from other Gal subunits,
and the purification method for G,0 or G0 cannot be used for Gy,0.. The high-
salt wash on Ni-NTA column disrupts the interaction between G0 and 3;7,.
Also, Gy, cannot be eluted from Ni-NTA column with buffers containing
sodium cholate.

1.

After loading the extract expressing G,0., ;, and 6-His-},, the Ni-NTA column
is washed with 100 mL buffer G: buffer A containing 15 mM imidazole and
100 mM NaCl.
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Fig. 3. Purification of Gy,a. (A) Ni-NTA column for purification of Gy,0.. Frac-
tions of 4 UL were subjected to SDS-PAGE and stained by silver nitrate. Lane 1, load;
lane 2, flow-through; lanes 3—5, wash with low imidazole; lanes 6—10, elution with
AMF,; lanes 11 and 12, elution with 150 mM imidazole. (B) Mono S chromatography
of Gy,0.. The peak fractions from the Ni-NTA column were loaded onto a Mono S
column and chromatographed with NaCl gradient of 200-400 mM. Fractions of 3 uL
were assayed for GTPYS binding activity with 5 uM GTPyS and 10 mM MgSO, for
90 min at 30°C. (Reproduced from ref. 12 with permission.)

2. The column is incubated at room temperature for 15 min. Then the column is
washed with 12 mL buffer G and 32 mL buffer H: 20 mM HEPES, pH 8.0,
50 mM NaCl, 10 mM 2-mercaptoethanol, 20 uM GDP, 50 mM MgCl,, 10 mM
NaF, 30 mM AICl;, 10 mM imidazole, and 0.5% C,E,, at 33°C (Fig. 3A) col-
lecting 4-mL fractions.

3. The dissociation of G0 from By on Ni-NTA column is usually incomplete.
Approximately 50% of G;,0 remains on the column after AMF elution based on
Western blot. The temperature of the AMF elution buffer can be raised to 37°C to
further facilitate the dissociation.

4. The peak fractions of Gy,0. are diluted threefold with buffer S and loaded onto
Mono S HR5/5 column, which was equilibrated with buffer S and chromato-
graphed with the gradient of 200400 mM NaCl at 0.5 mL/min, and 0.5-mL frac-
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tions are collected. 0.7% CHAPS in buffer S can be replaced by 1% octylglucoside.
G ,0 elutes from Mono S column as a sharp peak near 250 mM NaCl (Fig. 3B).
The peak fractions containing G, are concentrated and the buffer is exchanged
into buffer S containing 100 mM NaCl, 1 uM GDP, and 10% glycerol using a
Centricon YM30 and repeated dilution and concentration (see Note 10).

3.4.4. G ;0

1.

After loading the membrane extract from Sf9 cells expressing G;30., B; and 6-His-
Y,, the Ni-NTA column is washed with 100 mL buffer B, then is warmed up to
room temperature for 15 min.

Then the column is washed with 12 mL buffer J: 20 mM HEPES, pH 8.0, 100 mM
NaCl, 1 mM MgCl,, 10 mM 2-mercaptoethanol, 20 uM GDP, 10 mM imidazole,
0.06% dodecylmaltoside.

Wash with 12 mL buffer K: buffer J containing 0.2% dodecylmaltoside.

24 mL buffer L: buffer K containing 50 mM NaCl, 30 uM AICl; 50 mM MgCl,,
and 10 mM NaF. 4-mL Fractions are collected. As shown in Fig. 4A, the peak
fractions are almost pure on SDS-PAGE.

. The column is then eluted with12 mL buffer M:buffer K containing 50 mM NaCl
and 150 mM imidazole, at 30°C to elute By and to check for any remaining G 30..
The fractions from the elution containing relatively pure G;;0 are combined and
applied onto 1 mL of ceramic hydroxyapatite column equilibrated with buffer U:
20 mM HEPES, pH 8.0, 50 mM NaCl, 1 mM MgCl,, 1| mM DTT, 0.2%
dodecylmaltoside, 10% glycerol.

The flow-through is collected and applied again onto the column.

The column is then washed with 4 mL buffer T, 4 mL T150 (buffer T containing
150 mM KPi, pH 8.0), and 4 mL T300 (buffer T containing 300 mM KPi, pH 8.0).
1-mL fractions are collected. G 3¢t elutes in fractions of T150 (Fig. 4B).

The peak fractions are combined and the buffer is exchanged to buffer T containing
100 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 uM GDP and 10% glycerol by repeated
dilution and concentration with a Centricon YM30 (see Note 11).

3.4.5. Wild-Type By Subunit

Because By subunit expresses at much higher level than the o subunits

described previously, the purification from 1 L of Sf9 cells is usually enough
for most of the experimental purposes.

1

. To purify wild-type Y, subunit , 1 L of Sf9 cells are infected with recombinant
baculoviruses encoding B, ¥,, and 6-His-G;j;0,, the membrane extracts are pre-
pared and loaded onto 1 mL Ni-NTA agarose column following the same proce-
dure as described in Subheadings 3.2. and 3.3.

Then the column is washed with 25 mL buffer B and 10 mL buffer O: 20 mM
HEPES, pH 8.0, 100 mM NaCl, 1 mM MgCl,, 10 mM 2-mercaptoethanol, 10 uM
GDP, 10 mM imidazole, 0.3% octyglucoside.
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Fig. 4. Purification of G;0. (A) Ni-NTA column for purification of Gi;o. Frac-
tions of 4 UL were subjected to SDS-PAGE and stained by silver nitrate. Lane 1, load;
lane 2, flow-through; lanes 3-5, wash with low imidazole; lanes 6—11, elution with
AMF; lanes 12 and 13, elution with 150 mM imidazole. B. Hydroxyapatite chroma-
tography of G 30t The peak fractions from the Ni-NTA column were loaded onto a
hydroxyapatite column and chromatographed as described. Fractions of 5 UL were
subjected to SDS-PAGE and stained by silver nitrate. Lane 1, load; lane 2, flow-
through; lane 3, wash ; lanes 4-8, elution with 150 mM KPi; lanes 9-11, elution with

300 mM KPi.

3. The column is incubated at room temperature for 15 min and washed with 4 mL
buffer P (buffer O containing AMF and 1% octylglucoside) and 4 mL buffer Q
(buffer O containing 150 mM imidazole and 1% octylglucoside).

4. 1-mL Fractions are collected. 3,7y, or 6-His-G;, o elutes in fractions with buffer P

or buffer Q, respectively (Fig. 5A).

5. The elution fractions from Ni-NTA column can be further purified by Mono Q
chromatography. The peak fractions are diluted threefold with buffer S: 20 mM
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Fig. 5. Purification of By subunit.Ni-NTA column for purification of wild-type By,
(A) or 6-His-B,Y, (B) Fractions of 4 UL were subjected to SDS-PAGE and stained by
silver nitrate. Lane 1, load; lane 2, flowthrough; lanes 3—5, wash with high salt and
low imidazole; lanes 6-11, elution with AMF; lanes 12 and 13, elution with 150 mM
imidazole.

HEPES, pH 8.0, 0.5 mM EDTA, 2 mM MgCl,, | mM DTT, 0.7% CHAPS. The
fractions are loaded onto Mono Q HRS5/5 column that was equilibrated with
buffer S. 0.7% CHAPS in buffer S can be replaced with 1% octylglucoside.

6. BiY, elutes from the column with a 20-mL gradient of 0-400 mM NaCl. Fractions
of 0.5 mL are collected. Peak fractions at approx 200 mM NaCl are concentrated
and the buffer is exchanged into buffer S containing 100 mM NaCl by Centricon
30 (see Note 12).
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3.4.6. Purification of 6-His-Tagged By Dimers

Functionally active By subunit can also be purified without Go. coexpression

using either 6-His-tagged [3 or Y subunits (19,20).

1.
. Membrane extracts are loaded on Ni-NTA column as described previously.

Sf9 cells are infected with Baculoviruses encoding 3, and 6-His-7,.

The column is processed with the same procedure for wild-type By. Washing
with AMF-containing buffer removes endogenous Sf9 Go subunits. However,
this step can be omitted, and the entire procedure can be performed at 4°C. Fig-
ure SB shows the elution profile.

The peak fractions are concentrated and the buffer is exchanged into buffer S
containing 100 mM NaCl by Centricon-30 (see Note 13).

4. Notes

1.

We keep low passage viruses as the progenitor stocks at 4°C and at —80°C. The
operating virus stocks (usually 200-500 mL/batch) are amplified from these stocks
and are stored at 4°C. These viral stocks are stable for at least several months.
Preparation of IPL-41 medium from powder (JRH) is more cost effective for
large-scale cultures.

Early passage cells are frozen in medium containing 10% FBS and 10% DMSO
and can also be used as cell stocks. Cells from one vial of frozen stock can be
maintained for approx 4—6 mo. We change to a new frozen stock when we start to
see cells with irregular shapes, a decrease of growth rate, or a reduction in the
expression level of recombinant proteins. For large-scale culture >1 L, IPL-41
medium containing 1% FBS, 1% chemically defined lipid concentrate, and 0.1%
pluronic F-68 is used.

To increase the yield of G protein subunit, the freshly amplified recombinant
viruses are recommended. Among three G protein subunits, y subunit usually
expresses most efficiently. The excess expression of y subunit may inhibit the
expression of Go. subunit. Therefore, if the expression level of the Go subunit to
be purified is low, infecting less amount of 6-His-y, (and/ or ;) virus may be
helpful to increase the Ga expression.

The presence of AMF and the increase in cholate concentration facilitate the dis-
sociation of a subunit from By subunit on the column.

The yield of G,a from 1500-mg membrane protein is approx 300 pg. It was dem-
onstrated that G,o purified with this method directly inhibited specific subtypes
of adenylyl cyclases (12). Such activity could not be detected using G,o pro-
duced in E. coli. It is likely that the myristoylation that is present in G,o from Sf9
cells, but not from E. coli, is critical for the interaction with adenylyl cyclase.
G40 has slow GDP-GTP exchange rate and cannot be activated by incubation
with buffer F. In contrast, endogenous G;o. subunit has faster GDP-GTP
exchange rate and is activated with this procedure. Contamination of Sf9 G;o
increases the GTPase activity of the purified Gyo sample and interferes with
GTPase assays, especially assays with receptor reconstitution.
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The final yield of recombinant G40 is approx 200 mg from 1500-mg membrane
protein. The same procedure can be applied for the purification of G;;o.. How-
ever, the yield of G0 is much less than that of Gya.. G560t could not be puri-
fied using this method because of its low expression in Sf9 cells and its inability
to be activated by AMF (11).

. In order to perform GAP assays for Ga, GTP-bound form of Go has to be pre-

pared as a substrate for the reaction. Because the intrinsic GDP-GTP exchange
rate of G0 is low, it is quite difficult to generate enough amount of GTP-bound
Ggou by simply incubating G,or with GTP. The agonist-activated receptor is usu-
ally required to facilitate the GDP-GTP exchange of G 0. (21). GuoR183C mutant
in which arginine183 in switch I region is mutated to cysteine has much reduced
GTP hydrolysis rate than wild-type. This helps to increase the fraction of GTP-
bound Gq(x subunit during incubation with GTP. Furthermore, this mutant can
respond to GAP activities of RGS proteins. Since the receptor reconstitution sys-
tem takes a lot of effort to establish, qucR183C mutant has been used as a conve-
nient alternative tool to detect GAP activity of G40 (22,23). Although the affinity
of G4oR183C to By is lower than wild-type G40, it can be purified on Ni-NTA
column using the method as described previously for wild-type G,0.. After the
elution with AMF and 1% cholate containing buffer D, the peak elution fractions
are concentrated, and the buffer was exchanged into buffer S with 100 mM
NaCl and 5 mM GDP to remove AMF (final volume is <1 mL from 4-L culture).
The final sample is not pure as wild-type G40, but GAP assays of approx 20
tubes can usually be performed using 20-30 pL of the purified sample.

The presence of glycerol prevents the aggregation of the protein during concen-
tration. It is also recommended to occasionally mix the sample gently during
concentration by Centricon. The yield of Gj,0 from 1500-mg membrane is
approx 200 pg.

Becuase G ;0. tends to aggregate during concentration, it is also recommended to
occasionally mix the sample gently during concentration by Centricon. The yield
is approx 200 pg from 4 L of Sf9 culture.

The yield of Y, from 1200-mg membrane is 1-2 mg. The same protocol can be
applied to purify different combinations of By subunits, such as B,Y, , B1Yi» B1¥s»
B1vs, or B;Y7. The methods to purify Bs subunit complexed with y, or RGS pro-
teins with G protein 7y subunit-like domain have been described in refs. 24-26.
Hexahistidine-tagged BV, can be further purified over Mono Q column as
described for wild-type By subunit. The same procedure can be applied to purify
the combination of 6-His-f3; and ¥,. In both cases, the yield of hexahistidine-
tagged By, is 1-2 mg from 1-L culture. The presence of hexahistidine tag at the
amino terminus of 3; or y, does not interfere with the interactions with effectors.
Mutant By subunits that have less affinity for Go. subunits can be purified with
this method. Wild-type, nontagged By subunit is recommended for receptor
reconstitution assays. The imidazole bump fractions from Ni-NTA column of
Go purification that contain hexahistidine tagged BV, can also be used as
sources to purify 6-His-f3,y, with Mono Q column.



G Protein Subunit Purification from Sf9 Cells 37

References

1.

10.

1.

12.

13.

14.

15.

16.

Gilman, A. G. (1987) G proteins: transducers of receptor-generated signals. Annu.
Rev. Biochem. 56, 615—-649.

. Kaziro, Y., Itoh, H., Kozasa, T., Nakafuku, M., and Satoh, T. (1991) Structures

and function of signal-transducing GTP-binding proteins. Annu . Rev. Biochem.
60, 349-400.

. Neer, E. J. (1995) Heterotrimeric G proteins: organizers of transmembrane sig-

nals. Cell 80, 249-257.
Hepler, J. R. and Gilman, A. G. (1992) G proteins. Trends Biochem. Sci. 17,
383-387.

. Hart, M. J., Jiang, X., Kozasa, T., Roscoe, W., Singer, W. D., Gilman, A. G., et al.

(1998) Direct stimulation of the guanine nucleotide exchange activity of p115
RhoGEEF. Science 280,2112-2114.

. Kozasa, T., Jiang, X., Hart, M. J., Sternweis, P. M., Singer, W. D., Gilman, A. G.,

et al. (1998) p115 RhoGEEF is a GTPase activating protein for Ga, and Go3.
Science 280, 2109-2111.

. Clapham, D. E. and Neer, E. J. (1997) G protein By subunits. Annu. Rev.

Pharmacol. Toxicol. 37, 167-203.

. Mumby, S. M. and Linder, M. E. (1994) Myristoylation of G protein o subunits.

Meth. Enzymol. 237, 254-268.

. Iniguez-Lluhi, J. A., Simon, M. 1., Robishaw, J. D., and Gilman, A. G. (1992) G

protein By subunits synthesized in Sf9 cells: Functional characterization and the
significance of prenylation of y. J. Biol. Chem. 267, 23,409-23,417.

Hepler, J. R., Kozasa, T., Smrcka, A. V., Simon, M. L., Rhee, S. G., Sternweis, P.
C., et al. (1993) Purification from Sf9 cells and characterization of recombinant
G40 and Gy ;0 Activation of purified phospholipase C isozymes by Go. subunits.
J.Biol. Chem. 268, 14,367-14,375.

Kozasa, T., Hepler, J. R., Smrcka, A. V., et al. (1993) Purification and character-
ization of recombinant G400 from Sf9 cells: activation of purified phospholipase
C isozymes by G protein o subunits. Proc. Natl. Acad. Sci. USA 90, 9176-9180.
Kozasa, T. and Gilman, A. G. (1995) Purification of recombinant G proteins from
S19 cells by hexa-histidine tagging of associated subunits: Characterization of 0.,
and inhibition of adenylyl cyclase by «,. J. Biol. Chem. 270, 1734—1741.
Singer, W. D., Miller, T. R., and Sternweis, P. C. (1994) Purification and charac-
terization of the o subunit of Gy3. J. Biol. Chem. 269, 19,796-19,802.

Ueda, N., Iniguez-Lluhi, J. A., Lee, E., Smrcka, A. V., Robishaw, J. D., and
Gilman, A. G. (1994) G protein By subunits: Simplified purification and proper-
ties of novel isoforms. J. Biol. Chem. 269, 4388—-4395.

Summers, M. D. and Smith, G. E. (1987) A manual of methods for baculovirus
vectors and insect cell culture procedures, College Station, TX: Texas Agricul-
tural Experiment Station, TX, Bulletin no. 1555.

O’Reilly, D. R., Miller, L. K., and Luckow, V. A. (1993) Baculovirus Expression
Vectors. A Laboratory Manual. W. H. Freeman & Co., New York.



38

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kozasa

Pang, I.-H. and Sternweis, P. C. (1990) Preparation of G proteins and their sub-
units, in Receptor-Effector Coupling. A Practical Approach (Hulme, E. J., ed.),
Oxford University Press, Oxford.

Gutowski, S., Smrcka, A. V., Nowak, L., Wu, D., Simon, M. 1., and Sternweis, P.
C. (1991) Antibodies to the o, subfamily of guanine nucleotide-binding regula-
tory protein a subunits attenuates activation of polyphosphoinositide 4, 5-
bisphosphate hydrolysis by hormones. J. Biol. Chem. 266, 20,519-20,524.

Li, Y., Sternweis, P. M., Charnecki, S., Smith, T. F., Gilman, A.G., Neer, E.J.,
and Kozasa, T. (1998) Sites for Ga binding on the G protein 3 subunit overlap
with sites for regulation of phospholipase CP and adenylyl cyclase. J. Biol. Chem.
273, 16,265-16,272.

Panchenko, M. P., Saxena, K., Li, Y., Charnecki, S., Sternweis, P., Smith , T.
F., et al. (1998) The sides of the G protein By subunit propeller structure contain
regions important for phospholipase C B2 activation. J. Biol. Chem. 273,
28,298-28,304.

Hepler, J. R., Berman, D. M., Gilman, A. G., and Kozasa, T. (1997) RGS4 and
GAIP are GTPase-activating proteins for Gqo. and block activation of phospholi-
pase Ca by y-thio-GTP-Gqo.. Proc. Natl. Acad. Sci. USA 94, 428-432.

Chidiac, P. and Ross, E. M. (1999) Phospholipase C-B1 directly accelerates GTP
hydrolysis by Goq and acceleration is inhibited by Gy subunits. J. Biol. Chem.
274, 19,639-19,643.

Chidiac, P., Gadd, M. E., and Hepler, J. R. (2002) Measuring RGS protein inter-
actions with Gqo.. Methods Enzymol. 344, 686—702.

Lindorfer, M. A., Myung, C. S., Savino, Y., Yasuda, H., Khazan, R., and Garri-
son, J. C. (1998) Differential activity of the G protein B5y2 subunit at receptors
and effectors. J. Biol.Chem. 273, 34,429-34,436.

Yoshikawa, D. M., Hatwar, M., and Smrcka, A. V. (2000) G protein B5 subunit
interaction with a subunits and effectors. Biochemistry 39, 11,340-11,347.
Posner, B. A., Gilman, A. G., and Harris, B. A. (1999) Regulators of G protein
signaling 6 and 7. Purification of complexes with GB5 and assessment of their
effects on G protein-mediated signaling pathways. J. Biol. Chem. 274, 31,087—
31,093.



3

Expression and Purification of Soluble Adenylyl Cyclase
from Escherichia coli

Jeff A. Beeler and Wei-Jen Tang

Summary

This chapter outlines methods to purify soluble adenylyl cyclase (AC7)
expressed in an Escherichia coli (E. coli) heterologous expression system.
Guidelines are provided for constructing the expression plasmids, optimizing
expression, culturing, and purifying the proteins. Purification requires two
chromatographic steps. A histidine tag (H6) is incorporated into the expression
vector and utilized for affinity purification on a Ni-NTA column. Subsequently,
an anion exchange column is employed to further purify the protein.

Key Words: Mammalian membrane-bound adenylyl cyclase; engineered
soluble adenylyl cyclase; protein expression in E. coli; 3-5-cyclic adenosine
monophosphate; Ni-NTA affinity purification.

1. Introduction

Adenylyl cyclase (AC), the enzyme that catalyzes the conversion of adenosine
S-triphosphate (ATP) to 3-5-cyclic adenosine monophosphate (cAMP), is a pro-
totypical cell signaling molecule involved in regulating numerous physiological
processes, including sugar and lipid metabolism, cardiac function, memory for-
mation, olfaction, and cell growth and differentiation. Biochemical characteriza-
tion of the catalysis mechanism and regulation of mammalian membrane-bound
AC has proven challenging because purifying functional AC is difficult. AC is an
integral membrane protein and labile, requiring detergent for purification.

A significant advance in the field was the development of soluble AC systems
(1). All nine isoforms of mammalian membrane-bound AC share a common
structure of a short cytoplasmic N-terminus, followed by a six-transmembrane
spanning region (M1), a cytoplasmic loop (C1), another six-transmembrane span-
ning region (M2), and a second cytoplasmic loop (C2). The two cytoplasmic
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loops, C1 and C2, each contain a region (Cla and C2a, respectively) that is homo-
logous with each other (~50% identity) and highly conserved across cyclases
(50-90% identity) (2). When expressed as recombinant soluble proteins, Cla
and C2a can be mixed together to reconstitute AC activity that exhibits many of
the key properties of the full-length enzyme, including stimulation by G, Fsk,
calcium/calmodulin, and inhibition by G;o and P-site inhibitors (3—-13).

Soluble AC systems have also enabled important advances in the study of
the adenylyl cyclase enzyme, including a crystallographic structural model of
the enzyme (14-19). Although a number of soluble AC systems have been
developed (1,3,5,9-11,20), the construction of such a system is still not rou-
tine. One of the primary challenges is determining the initiation and termina-
tion points for Cla and C2. If C1 and C2 are constructed solely on sequence
homology, they are typically subject to significant problems in proteolysis and/
or folding, making it difficult to obtain a stable, functional, and uniform soluble
protein. The method described here identifies the initiation and termination
points we have arrived at for stable 7Cla and 7C2 proteins. Constructing other
Cla and/or C2 isoforms would require making an initial hypothesis based on
alignment of the target cyclase sequence with previously successful soluble
Cla or C2 proteins, followed by empirically testing various constructs using
functional assays in combination with mass spectrometry to arrive at an opti-
mal soluble protein (21).

A more difficult issue is the degree to which a soluble protein accurately
reflects the properties of the full-length enzyme. In particular, the nonconserved
region of C1, designated as C1b, is generally not included in soluble C1 pro-
teins because it is labile and can significantly reduce the expression of C1 pro-
tein. However, considerable evidence suggests that the C1b region plays a
crucial role in isoform-specific regulation of AC (3,4,8,9,11,22-26). In an
effort to construct a soluble system with more verisimilitude with the full-
length enzyme, we have constructed a soluble 7C1b protein that consists of
C-terminal two-thirds of C1b, designated as 7C1b-4h. Initial analysis indicates
that this protein has activity when added to 7Cla and 7C2, exhibiting a capac-
ity to both stimulate and inhibit activity depending on conditions (Beeler, J. A.
and Tang, W.-J., unpublished observations).

The method that is outlined focuses on purifying 7Cla, 7C2, and 7C1b-4h
as model systems. To purify soluble proteins from isoforms other than AC7,
this method could serve as a starting point, but would need to be modified to
optimize expression and purification.

2. Materials
2.1. Constructing Expression Plasmid

1. pProEX-1 and the modified version of this plasmid, pProEx-H6, pProEx-
HAHG6, and pProEx-H6EE prokaryotic expression system (Invitrogen, cat. no.
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10711-018; pProEx-HT, newer version of pProEx-1, www.invitrogen.com) (see

Note 1).

Vent DNA polymerase (New England Biolabs, cat. no. M0254S, www.neb.com).

Thermal cycler.

Restriction enzymes (New England Biolabs, www.neb.com).

10X DNA loading dye: 20% Ficoll 400, 0.1 M EDTA pH 8.0, 1% sodium dodecyl

sulfate (SDS), 0.25% bromophenol blue, 0.25% xylene cyanol.

Agarose.

10 mg/mL ethidium bromide in ddH,O.

8. 1X TAE buffer: 40 mM Tris-acetate, | mM EDTA. 50X Stock solution: 242 g Tris-
base, 57.1 mL glacial acetic acid, 100 mL 0.5 M EDTA, pH 8.0, ddH,Oto 1 L.
9. 1-Kb Plus DNA Ladder (Invitrogen, cat. no. 10787-018, www.invitrogen.com).

10. Wizard DNA Clean-up System (Promega, cat. no. A7260).

11. QIAEX II Gel Extraction Kit (Qiagen, cat. no. 20021).

12. T4 DNA Ligase (New England Biolabs, cat. no. M0202S, www.neb.com).

13. XL10Gold competent cells (Stratagene, www.stratagene.com)

14. SOB medium: 20 g Bacto-tryptone, 5 g yeast extract, 0.5 g NaCl, ddH,O to
approx 800 mL. Adjust pH to 7.5 using 1 M KOH. Add ddH,O to 780 mL. Auto-
clave. Add 20 mL filtered (0.2 um) 1 M MgSOy,.

15. SOC medium: Add 0.5 mL 2 M sterile glucose to 49.5 mL SOB.

16. Ampicillin (AMP): 100 mg/mL in water, filtered with 0.2 um filter.

17. Kanamycin (KAN): 100 mg/mL in water, filtered with 0.2 um filter.

18. Luria-Bertani (LB) medium: 10 g Bacto tryptone, 5 g yeast extract, 10 g NaCl,
ddH,0 to 1 L. Autoclave.

19. LB-AMP agar plates.

20. DNA sequencing kit BigDye Terminator Cycle Sequencing Ready Reaction
(Applied Biosystems, cat. no. 4303149, Foster City, CA).

21. Wizard Plus Midipreps DNA Purification System (Promega, cat. no. A7640,
WWWw.promega.com).

Rl

=

2.2. Optimizing Expression of Soluble Protein

1. BL21(DE3) competent cells (Stratagene, cat. no. 200131, www.stratagene.com)
(see Note 2).

2. SOB medium, SOC medium, LB medium, LB-AMP plates (see Subheading 2.1.).

3. 0.1 M 3-Isobutyl-1-methylxanthine (IBMX) in double-distilled water (ddH,0),
filtered (0.2 um filter).

4. 14-mL Falcon polypropylene round-bottom tubes.

5. T7 medium: 80 g Bacto-tryptone, 40 g yeast extract, 20 g NaCl, 16 mL 50%
glycerol, 200 mL potassium phosphate buffer (720 mL 1 M K HPO4+ 280 mL 1 M
KH,PO,). Adjust pH to 7.3 with 10 N NaOH. Autoclave.

6. 96-Well plate reader with 595- or 600-nm wavelength filter or spectrophotometer.

Refrigerated shaker/incubator.

8. 1.5-mL Polyallomer microfuge tubes to spin at 200,000g (Beckman, cat. no.
357448).

~
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. Table-top ultracentrifuge with fixed angle rotor for 1.5-mL microfuge tubes.
. Lysis buffer for small samples: 20 mM Tris-HCI, pH 8.0, 10 mM B-mercapto-

ethanol, 0.1 mg/mL lysozyme, 100 uM phenylmethanesulfonyl fluoride (PMSF;
see Note 3).

Equipment to cast and run SDS-polyacrylamide gels (Amersham Biosciences,
www.amershambiosciences.com).

Reagents for SDS-polyacrylamide gels: 30% acrylamide/bis solution, 1 M Tris-
HCI, pH 8.6 and 0.5 M Tris-HCI, pH 6.8, TEMED, 10% ammonium persulfate,
10% SDS.

4X SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer: for 10 mL,
2.5 mL 0.5 M Tris-HCI, pH 6.8, 4 mL glycerol, 0.8 g SDS, 0.1 mg Bromophenol
blue, ddH,O to 10 mL. Aliquot 500 uL and store at —20°C. Prior to use, add
100 pL/mL dithiothreitol (DTT) and 40 uL/mL B-mercaptoethanol.
SDS-PAGE running buffer: 25 mM Tris-base, 250 mM glycine, pH 8.3, 0.1% SDS.
Optitran supported nitrocellulose transfer and immobilization membrane
(Schleicher & Schuell, cat. no. 10439380, Keene, NH).

Equipment for gel transfer (Amersham Biosciences, www.amershambiosciences.com).
Anti-H5 monoclonal antibody (Qiagen, cat. no. 34660, www.qiagen.com).
Horseradish peroxidase (HRP)-conjugated anti-mouse IgG (y chain) monoclonal
antibody (Sigma-Aldrich, cat. no. A3673, St. Louis, MO).

1X Transfer buffer: 25 mM Tris base, 250 mM glycine, electrophoresis grade, pH
8.3, 0.1% SDS, 20% methanol.

PBST: 80 mM Na,HPO,, 20 mM KH,PO,, 100 mM NaCl, 0.1% Tween-20,
pH 7.5.

Fat-free powdered milk.

Supersignal West Pico Chemiluminescent Substrate (Pierce, cat. no. 34080,
Www.piercenet.com).

Digital imaging system or film for visualizing enhanced chemiluminesence
(ECL) blots (Kodak Image Station, cat. no. 440CF).

Culturing and Purifying Protein

BL21(DE3) competent cells, isopropyl B-p-thiogalactopyranoside (IPTG), T7
medium, LB medium, and AMP (see Subheading 2.2.).

PMSF: 0.1 M stock in 100% ethanol.

Four 500-mL or 1-L centrifuge bottles for super-speed centrifuge.

Super-speed refrigerated centrifuge.

Lysis buffer for purification: 20 mM Tris-HCI, pH 8.0, 100 uM PMSF, 5 mM
B-mercaptoethanol, 100 mM NaCl (see Note 4).

Lysozyme lyophilized, from chicken egg white (Sigma-Aldrich, cat. no. L6876,
St. Louis, MO).

18-Gauge hypodermic needle and 30cc syringe.

50-mL Polystyrene Falcon tubes.

Sonic dismembrator, probe size appropriate for 50-mL vol (i.e., I-cm tip probe).
Ultracentrifuge with fixed angle rotor and centrifuge tubes.
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Equipment and columns for protein purification capable of regulating flow rate,
fractionation and buffer gradients (e.g., fast protein liquid chromatography
[FPLC], Gradi-fract, Akta-prime; consult Amersham Biosciences, www.amer
shambiosciences.com).

Ni-NTA Superflow resin (Qiagen, cat. no. 30410, www.qiagen.com).

Q Sepharose High Performance resin (Amersham Biosciences, cat. no. 17-1014-
01, www.amershambiosciences.com) (see Note 5).

Ni-NTA buffer 1 (equilibration buffer): 20 mM Tris-HCI, pH 8.0, 100 mM NaCl,
100 uM PMSF, 5 mM B-mercaptoethanol.

Ni-NTA buffer 2 (high-salt wash): 20 mM Tris-HCI, pH 8.0, 500 mM NaCl,
100 uM PMSF, 5 mM B-mercaptoethanol.

Ni-NTA buffer 3 (low-imidazole wash): 20 mM Tris-HCI, pH 8.0, 100 mM NacCl,
100 uM PMSF, 5 mM B-mercaptoethanol, 20 mM imidazole, pH 7.0.

Ni-NTA buffer 4 (elution buffer): 20 mM Tris-HCI, pH 8.0, 100 mM NacCl,
100 uM PMSF, 5 mM B-mercaptoethanol, 200 mM imidazole, pH 7.0.
Q-Sepharose buffer A (no salt): 20 mM Tris-HCI, pH 8.0, 1 mM DTT, 100 uM
PMSF, 1 mM EDTA.

Q-Ssepharose buffer B (1 M NaCl): 20 mM Tris-HCI, pH 8.0, 1| mM DTT,
100 uM PMSF, 1 mM EDTA, 1 M NacCl.

SDS-PAGE equipment and reagents as in Subheading 2.1.

Coomassie blue staining solution: for 1 L, 300 mL isopropanol, 100 mL glacial
acetic acid, 2.5 g Coomassie Brilliant blue R-250, 600 mL H,O.

Coomassie blue destaining solution: 300 mL methanol, 100 mL glacial acetic
acid, 600 mL H,O.

H,oM,E, buffer: 20 mM HEPES, pH 8.0, 2 mM MgCl,, | mM EDTA.
Recombinant G,o. protein (27).

1 mg/mL Pyruvate kinase (Roche Diagnostics, cat. no. 0128155, Indianapolis, IN).
10 mM Forskolin in dimethylsulfoxide (DMSO).

10 mM AlCl;.

0.5 M NaF.

32P-ATP (NEN, cat. no. NEG003X, http://lifesciences.perkinelmer.com).
SHcAMP (NEN, cat. no. NET275, http://lifesciences.perkinelmer.com).

Stop solution for assay: 2.5% SDS, 50 mM ATP, 1.75 mM cAMP.

0.15 M K,PEP: 0.15 M potassium phosphenolpyruvate (Sigma-Aldrich, cat. no.
P7127, St. Louis, MO) brought to pH 7.0 with 5 M potassium hydroxide (potas-
sium ion is required).

Basic cocktail mix (BCT): 1.67 mM ATP, 33.3 mM MgCl,, 3.3 mM EDTA,
0.33 mg/mL bovine serum albumin (BSA), 166.66 mM Na-HEPES, pH 8.0,
10 mM K,PEP (step 32), 666.67 uM 4-(3-butoxy-4-methoxybenzyl)-2-
imidazdidinone (BMI, Calbiochem, cat. no. 557502, La Jolla, CA).

Columns for assay: large plastic pipet tips as columns (Baxter Scientific Prod-
ucts, cat. no. P5079-5 [for dowex] and cat. no. P5079-6 [for alumina], McGaw
Park, IL).

AG501-X8 (dowex) resin (Bio-Rad Laboratories, cat. no. 142-6424, Hercules, CA).
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Alumina (Sigma-Aldrich, cat. no. A9003, St. Louis, MO)

1 N HCL.

Imidazole buffer for assay: 200 mM NaCl, 20 mM imidazole, pH 7.5.

Biosafe II scintillation cocktail (Research Products International, cat. no. 111195).
50-mL capacity Amicon-stirred cell filtration device (Model 8050) and associ-
ated equipment (Millipore, www.millipore.com/amicon).

Amicon YM10 and YM3 ultrafiltration discs (NMWL 10,000) 44.5-mm diam-
eter (Millipore, cat. no. 13622 and 13422, www.millipore.com/amicon).
Centricon YM10 and YM3 centrifugal filter units (Millipore, www.millipore.com/
amicon).

Protein assay dye reagent (Bio-Rad, cat. no. 500-0006, Hercules, CA).

3. Methods
3.1. Constructing Expression Plasmid

1.

2.

10.

11.

12.

Select restriction sites for subcloning target sequence in pProExH6 vector (see
Note 1).

Amplify target sequence from full-length AC cDNA using polymerase chain
reaction (PCR, 100 pL reaction; see Note 6).

Set up restriction digest of pProExH6 vector and PCR product, with selected
restriction enzymes (see Note 7).

Take 2-5 uL samples (approx 100-300 ng) of digested PCR product, digested vec-
tor, undigested PCR product and undigested vector and add 1 uLL 10X bromophe-
nol blue-loading dye and ddH,O to a final volume of 10 puL for each sample.

. Load samples on a 1% agarose gel (0.5 wg/mL ethidium bromide in gel) in 1X TAE

buffer. Load 100 ng 1 kb + DNA ladder and run gel at 96 V for approx 30 min.
Visualize gel bands on ultraviolet illuminator to verify digestion.

Clean digested DNASs using a clean up kit (e.g., Promega Wizard DNA Clean-up
system, cat. no. A7260).

Add 5 pL bromophenol blue-loading dye to 45 UL each of digested and cleaned
insert and vector and load onto a 1.0% agarose gel, without ethidium bromide,
and run at 50 V for 2-3 h to obtain maximum separation of DNA bands.

Stain gel in 50 mL of 1X TAE buffer with 0.5 pg/mL ethidium bromide for 10—15
min. Place stained gel on ultraviolet illuminator, excise DNA bands, and recover
DNA from gel using DNA extracting kit (e.g., QIAEX II Gel Extraction Kit, cat.
no. 20021).

Again load approx 5 UL purified insert and vector as in step 4, visualize gel
under ultraviolet light, and estimate concentrations of DNA.

Set up ligation reaction using T4 ligase. Total volume should be 30 L with total
DNA in reaction at approx 100 ng in a 10:1 molar ratio of insert:vector. Reaction
includes 0.75 uL T4 ligase (300 enzyme units), 3 uL 10X T4 ligase buffer, DNA,
and ddH,O to 30 pL. Incubate reaction overnight at 16°C. Set up a vector-only
ligation as a control.

Transform ligation reactions into E. coli-competent cells (e.g., XL1Blue or
XL10Gold) using 20 pL ligation reaction, including vector-only control, and
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3.2.

. Transform expression plasmid purified previously into E. coli-competent cells

200 puL-competent cells. After thawing competent cells on ice and adding DNA,
incubate them on ice for 1 h, then heat shock cells at 42°C for 1.5 min, followed
immediately by 2 min on ice. Add 500 uL SOC medium and place in 37°C shak-
ing incubator for 1 h. Plate on LB-AMP plates at various volumes (i.e., plate 50,
100, 250, 500 uL) and place in 37°C incubator overnight.

. Ligation reaction of vector and insert should produce colonies in considerable

excess of vector-only control. Inoculate 10-20 colonies from the cells trans-
formed with the ligation mix containing insert and vector into 3 mL LB-AMP
and shake overnight at 37°C.

. From each inoculation, remove 500 uL cells and place in microfuge tube with

500 UL 50% sterile glycerol and freeze at —80°C for frozen stock for future use.

. Prepare mini-prep DNA from inoculated colonies using method of choice (see

Note 8) and load 5-uL miniprep DNA from each colony onto an agarose gel as
in step 4 to estimate DNA concentration.

Set up restriction enzyme digestion to test for positive clones. Use approx 100—
300 ng DNA and visualize bands with ultraviolet (UV) light (see Note 9).
Verify correct sequence of positive clones by DNA sequencing (e.g., BigDye
Terminator Cycle Sequencing Ready Reaction or other methods of choice).

Optimizing Expression of Soluble Protein

(e.g., BL21[DE3]) (see Note 2) using 10-50 ng of midiprep DNA to 100 uL of
cells. After thawing cells on ice and adding DNA, incubate them on ice for 1 h.
Heat shock at 42°C for 1.5 min and immediately place on ice for 2 min. Add 0.8 mL
SOC medium and place in shaking incubator at 37°C for 1 h. Plate on LB-AMP
plates (LB-AMP-KAN if pUBS520 plasmid present), plating 50 and 200 pL.
Incubate overnight at 37°C. Transform the expression vector alone as well as a
negative control.

Select three colonies and inoculate into 3 mL LB-AMP (+KAN if using pUBS520)
overnight at 30°C. Select one colony from vector control and also inoculate.

Set up screen to test various expression conditions. Typically, we initially test
two inductions temperatures (30° and 25°C), two IPTG concentrations (30 uM
and 100 uM) and three induction times (4 and 8 h and overnight), and all three
colonies (see Note 10). Using 14-mL Falcon round bottom polyethelene tubes
for 6-mL cultures. Each colony using the previous conditions would require four
cultures (i.e., two at 30°C for each IPTG concentration and two at 25°C for each
IPTG concentration). Thus, testing three colonies necessitates twelve 6-mL cul-
tures (the time points are drawn from the same cultures). A culture should be set
up for the vector control as well, however, testing only 30°C and 100 uM is
sufficient for the control.

Add 6-mL warm T7 media into each culture tube and transfer 60 pL of cells from
the overnight inoculation to the appropriate cultures (i.e., colony 1, 2, 3, and
vector only). Place all cultures in 30°C shaking incubator. Grow cultures for 2 h,
then remove from each culture 250-pL sample and place in 96-well plate reader
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and check ODgy. Target density for induction is 0.4 ODg,. Continue growing,
checking OD as needed to determine when cells are between 0.4 and 0.45 ODg.

. When cells have reached appropriate density, add IPTG at concentrations being

tested. Place cultures to be grown at 25°C in refrigerated incubator.

At 4 h, remove from each culture 1.5-mL cells and place in clearly labeled
microfuge tubes (use hard-walled Beckman tubes, cat. no. 357448, appropriate
for ultracentrifuge in later steps). Pellet cells with microcentrifuge at maximum
speed for 1 min. Aspirate all medium and freeze samples at —80°C. Repeat this
process for all cultures at 8 h and overnight time points.

To prepare lysates, resuspend thawed cell pellets in 150 UL lysis buffer. Incubate
on ice for 30 min. Centrifuge samples at 200,000g for 20 min at 4°C. Transfer
supernatant into appropriately labeled microfuge tubes and freeze on dry ice.
Store at —80°C.

Prepare SDS-PAGE mini-gel (11% for Cla and C2, 15% for C1b) using 15 puL wells
(15 wells per gel). Prepare samples (see Note 11) using 10 uL lysate and 3.3 uL. 4X
SDS-PAGE loading buffer (with freshly added 100 mM DTT and 0.5 M -mercapto-
ethanol. Denature protein in 100°C heat block for 5 min. Load entire sample onto gel
and run gel at 250 V until dye front has reached bottom of gel.

Transfer protein to nitrocellulose blot. Place transfer cassette and foam sponges
into dish with sufficient 1X transfer buffer so that the apparatus and blot may be
kept under the buffer. Remove gel from plate assembly and place on blotting
paper moistened in 1X transfer buffer. Moisten nitrocellulose blot of appropriate
size and place on gel, being careful not to introduce air bubbles. Place a second
moistened blotting paper on top of the nitrocellulose. Ensure that no air bubbles
have been introduced, then close and clip the transfer cassette, placing it in the
transfer tank unit, orienting the gel toward the negative pole and the nitrocellu-
lose toward the positive. Transfer at 80 V for 2 h.

Remove blot and place in 5% fat-free milk made in PBST and block overnight at 4°C.
Perform Western blot analysis using chemiluminescent kit of choice following
manufacturer’s instructions (e.g., Pierce SuperSignal West Pico Chemilumines-
cent Substrate, cat. no. 34080). Our standard protocol is to wash the blot once for
15 min in PBST, then twice for 5 min in PBST. We then apply the primary anti-
body diluted in PBST for 1 h, repeat wash, apply the secondary HRP-conjugated
antibody diluted in PBST for 1 h, then repeat wash (see Note 12). Chemilumines-
cent reagents are then applied and gel visualized using either film or digital imager
(e.g., Kodak Image Station 440CF).

Analyze gel to determine which conditions yield the greatest expression.

3.3. Culturing and Purifying Protein

1.

Inoculate the appropriate BL21(DE3) frozen cell stock into 3 mL LB-AMP
(include KAN if pUBS520 plasmid present) and grow overnight at 30°C. Make
4 L (see Note 13) of T7 medium and autoclave. Prepare columns according to
manufacturer’s instructions (manuals can be found online at www.apbiotech.com
and www.qiagen.com).
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Add ampicillin to medium (final concentration of 50 pg/mL) (see Note 14).
Take 1-mL sample of medium to blank OD readings later. Add 1 mL of inocu-
lated cells to each liter of T7 and incubate at 30°C in shaking incubator. Grow
to ODgqg of 0.4-0.45 (typically 4-6 h). Add IPTG at concentration determined
to be optimal in expression test and grow at the optimal temperature and time.
To harvest cells, place cultures on ice and add PMSF to final concentration of
100 uM (i.e., 1:1000 dilution of 100 mM stock). Place in two to four centrifuge
bottles (smaller bottles may require pouring out supernatant, refilling with ad-
ditional culture, and centrifuging again, perhaps multiple times) and spin for
15-20 min at 12,000g. Remove all supernatant and freeze/store pellet at —80°C.
To prepare lysate from 4 L culture, thaw cell pellets on ice for approx 10-15
min and resuspend in 200 mL lysis buffer, aliquoting buffer between all bottles
saving approx 50 mL of buffer for later step. Combine resuspended cells into
one bottle and pass through 18-gauge syringe to further resuspend cells. Add
0.2 mg of lysozyme to unused buffer and add to preparation and stir. Aliquot
preparation into 50-mL Falcon tubes, adding approx 40-45 mL to each tube.
Keep on ice.

Sonicate preparation on ice at maximum level using a cycle of 1 s on and 3 s off to
prevent overheating of preparation for a total of 1 min sonication. Typically, the
preparation will turn darker after sonication. After sonication, incubate on ice for
30 min.

Combine preparation into tubes for ultracentrifuge (prechill tubes and rotor) and
centrifuge for 30 min at 95,000g. Collect and combine supernatant for loading
onto Ni-NTA column. Add additional 200 L. PMSF and keep at 4°C.

Attach Ni-NTA column to purification equipment and equilibrate column with
Ni-NTA buffer 1 (pump 1-2 column volumes). Zero chart recorder. Load lysate
at 3 mL/min flow rate, saving approx 1 mL for subsequent analysis. Collect
flow-through.

. Wash column with Ni-NTA buffer 2 (high salt) and buffer 3 (low imidazole) at

2 mL/min flowrate for approx 12 and 6 column volumes, respectively collect
flow-through.
Elute with Ni-NTA buffer 4 (high -imidazole) into twenty 6-mL fractions.

. Analyze 10 uL lysate, flow through, washes, and fractions by SDS-PAGE and

Coomassie blue staining (staining gel with Coomassie blue stain for 25-30 min
and destaining for additional 30 min; see Note 15). Pool the fractions containing
the expressed protein (typically from fractions 3—12. Dilute 1:5 in Q-Sepharose
buffer A to reduce salt concentration to 20 mM. Load onto Q-Sepharose column
using 3 mL/min flow rate. Collect flow-through.

Set up elution gradient using buffer A (no NaCl) and Buffer B (1 M NaCl). Elute
protein from Q-Sepharose column using a 2 mL/min flow rate and 3-min frac-
tions (see Note 16). Using chart recording from UV reading, identify peaks. Using
10-uL samples as in step 9, run peak fractions, Q-Sepharose load, and Q-
Sepharose flow-through on SDS-PAGE to determine fractions containing
expressed protein.
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Conduct AC assay to determine/confirm activity of expressed protein. Include
in assay samples from: lysate, Ni-NTA flow-through, Ni-NTA flow-through
from wash 1 and 2, Q-Sepharose load, Q-Sepharose flow-through, and all
Q-Sepharose fractions that potentially have protein (see Notes 17 and 18). Use
10 mL of sample for each 100-mL assay reaction. For Cla and C2, add 1-2 ug of
the complementary soluble protein (i.e., Cla complementary to C2) for each
assay reaction (see Note 19). We typically perform 100-uL reactions comprised
of 50 uL of assay mix and 50 UL of sample preparation per reaction. Per reac-
tion, the assay mix contains 30 uL. BCT (final concentrations: 0.5 mM ATP,
10 mM MgCl,, 1 mM Na-EDTA, 0.1 mg/mL BSA, 50 mM HEPES, pH 8.0,
3 mM K,PEP and 200 uM BMI) and 1 pg pyruvate kinase, plus activators, 32P-
labeled ATP and water to 50 uL/per reaction. We typically stimulate with final
concentrations of 1 uM Gy, 50 uM AlCl;, 10 mM NaF, and 100 uM Forskolin.
32P_ATP should yield approx 100,000 cpm/5 UL of assay mix. All preparation
should be done on ice and the assay conducted at 30°C for 20 min. Activity
should confirm the presence of expressed protein in fractions identified in pre-
vious step through Coomassie staining. For detailed instructions on setting up
AC assay, see ref. 28.

. Pool fractions that show activity (see Note 20) and concentrate to 10 mL using

Amicon filtration device at 40-55 psi (maximum is 70 psi). Use YM10 filters for
Cla and C2 (YM3 filters for C1b). Based on chart recorder graph, calculate an
estimated salt concentration based on where gradient protein eluted. Dilute and
concentrate using Amicon (repeated cycles may be required) so that salt concen-
tration is approx 20 mM or less. Final volume should be 5-10 mL (see Note 21).
Prepare two centricon filtration devices (10 Cla and C2, 3 C1b) by adding 500
UL buffer A and centrifuging at recommended speed for 5 min at 4°C. Empty
wash and load protein from Amicon into two centricon devices and centrifuge
at recommended speed for 30—45 min until volume reduced to approx 500 pL.
Repeat process as necessary until all of protein solution from Amicon device
has been loaded into centricon device. Final concentration should result in 0.8—
1 mL protein solution. Make 50- or 100-uL aliquots and freeze protein on dry
ice. Store at —80°C.

Determine protein concentration using method of choice (e.g., Bradford method;
see Note 22).

4. Notes

1.

We use a pProEx-1 prokaryotic expression vector in which we have inserted
either an H6, HAHG6, or HOEE tag immediately upstream the multiple cloning
site (MCS) (5).

Codon bias may affect expression if AGA and AGG codons, which are com-
monly used in eukaryotic genes, but rare in E. coli, constituting more than 2% of
codons in cDNA of target protein. To improve expression in these cases, we use
BL21(DE3)-competent cells transformed with pUBS520, which expresses dnaY
that enhances expression of protein with high-codon bias (29). pUBS520 con-
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tains a pl5a origin of replication and is compatible with the pBR322-based
pProEx-1. pUBS520 encodes a KAN selection marker, necessitating the use of
KAN along with AMP (pProEx-1 antibiotic-resistant marker) to ensure
propogation of both plasmids. Use of pUBS520 will enhance 7C2 expression.

. Additional protease inhibitors may be used. For purification of 7C1b-4h, we

include 0.5 pg/mL aprotinin, 0.1 uM pepstatin A, and 0.1 mM benzamidine.
Again additional protease inhibitors may be used (i.e., for 7C1b-4h). If used for
purification, we typically include the additional protease inhibitors in the lysis
buffer and all buffers for the first purification step (Ni-NTA), then use only PMSF
and EDTA during subsequent steps (Q-Sepharose).

Both Ni-NTA and Q-Sepharose columns may be regenerated multiple times.
Selecting a functional initiation and termination point for Cla, C2, and C1b has
to be empirically determined. The N-terminus of C2 (3,8), as defined by sequence
homology, is subject to proteolysis. Consequently we initiate our soluble 7C2 at
amino acid (aa) 864, which excludes 50 residues from the N-terminus of the
highly conserved 7C2 region. Similarly, we find that 7C1a expresses stably from
aa 263-476, which excludes 66 residues from the N-terminus of the highly con-
served 7Cla region and adds 21 residues to the C-terminus that is typically con-
sidered to be within the 7C1b region. 7C1b domain when expressed as a soluble
protein is highly unstable. We have expressed a stable 7C1b protein, named 7C1b-
4h, which is comprised of aa 506-584. 7C1b-4h exhibits activity when added to
7C1a/7C2, showing both stimulation and inhibition depending on conditions
(Beeler, J. A. and Tang, W.-J., unpublished observations). All AC7 soluble pro-
teins were constructed from human AC7.

5 UL PCR product may be run on 1% agarose gel to estimate concentration and
confirm PCR reaction before proceeding to the next step.

We generally use either alkali lysis or boiling method. Consult any molecular
biology protocol book (30).

For Cla and C2, digesting with the sites used for cloning will yield a fragment of
sufficient size to clearly differentiate positive and negative clones. Given the
small size of C1b (249 bp), we typically select restriction sites that yield a 600—
800-bp fragment. This makes screening for positive clones simpler as the differ-
ence between 800- and 1050-bp fragments is easily observed.

. Additional parameters to vary would include cell density prior to induction (i.e.,

0.4-1.5) and £ chloramphenicol (27), as well as higher and lower temperatures
(i.e., 37°C or 22°C).

Exhaustive testing of conditions may yield a high number of samples to be
checked. Typically, only a subset at a time is examined, such as all conditions for
one colony. Subsequently, we would select the conditions that show better
expression and compare those among colonies. Generally, thorough expression
testing will involve some sequential strategy of checking samples as opposed to
running innumerable gels and all samples at once.

The antibodies used for blotting depend on initial expression plasmid. Anti-HS
antibody will always work for His-tagged proteins. We also use anti-EE mono-
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clonal antibodies and 12CAS, which targets the glu-glu (EE) and hemagglutinin
(HA) epitope tags, respectively.

8- or 12-L cultures may also be used without requiring a commensurate increase
in lysis buffer. For 8-L cultures 200-300 mL lysis buffer is adequate. For 12-L
cultures, use 300—400 mL lysis buffer. Four liters provide reasonable yield for
7Cla and 7C2. Generally, 8 L is necessary for 7C1b.

For large cultures of BL21(DE3) cells with pUBS520, we generally discontinue
the KAN after the inoculation step.

Sampling strategy alternatives include sampling only peaks, every other fraction,
or the first 10—12 only. Generally, His-tagged proteins primarily elute from the
Ni-NTA column (200 mM imidazole elution buffer) in the second or third frac-
tion with diminished elution continuing up to 12 additional fractions.

7Cla and 7C2 are eluted with a 500-mL linear gradient of 0-500 mM NaCl.
7C1b is eluted with a 500-mL linear gradient of 100—400 mM NaCl.

Again, a variety of sampling strategies may be employed, including every other
fraction, sampling peak fractions or a combination of these.

Assaying each step (e.g., lysate, washes, Q-Sepharose load, flow-through)
allows the calculation of total initial activity (i.e., activity from lysate multi-
plied by starting volume of lysate) and estimation in percentages of where that
activity went throughout the purification process. Additionally, specific activ-
ity may be calculated at each purification step to quantitatively determine the
increase in purified activity (21).

If purified complementary protein is not available, 10 uL lysate prepared from
cultures expressing the complementary protein may be used instead and should
be prepared in advance.

Both the Coomassie blue-stained gel and the assay should be examined to
determine fractions to pool and concentrate. In some instances, fraction exhib-
iting activity may be excluded as they contain less target protein and more
contamination.

7C1b-4h precipitates easily when salt concentration is reduced. Consequently,
we maintain a 50 mM NaCl concentration in all subsequent buffers. After pool-
ing the Q-Sepharose fractions, we use the Amicon ultrafiltration device to con-
centrate to approx 10 mL without diluting, then use dialysis to set the NaCl
concentration to 50 mM (i.e., dialyze against buffer A with 50 mM NaCl). We
use Spectra/Por 1 membrane, molecular weight cut-off (MWCO) 6000-8000.
After the dialysis, we continue on with the centricon step.

Typically, 7Cla will yield approx 5 mg/L of E. coli culture; 10 mg/L 7C2; 0.3—
0.8 mg/L 7C1b (Fig. 1).

Acknowledgments

This research was supported by NIH grants RO1GM53459 and
R0O1GM62548 and an American Heart Association Established Investigator
Award. Stipends were provided by NIH training grant DA07255 (JAB).



Expression and Purification of Soluble AC 51

N —

[ N
= 80
RI\

Fig. 1. Purified 7Cla, 7C2a, and 7C1b-4h. 1 pg 7Cla, 2 ug 7C2, and 7C1b-4h were

run on 15% SDS-PAGE gel and stained with Coomassie blue.
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Purification of Phospholipase C 3
and Phospholipase C ¢ from Sf9 Cells

Mousumi Ghosh, Huan Wang, Grant G. Kelley, and Alan V. Smrcka

Summary

Phosphatidylinositol-specific phospholipase C (PLC) enzymes catalyze
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) generating diacyl-
glycerol (DAG) and inositol 1,4,5-triphosphate (IP3). The PLCJ isoforms of
PLCs are activated by G proteins after hormone or neurotransmitter stimula-
tion of G protein-coupled receptors (GPCR). PLCet is a recently identified PLC
isoform that is activated by Ras and Gy subunit although the physiological
role of this enzyme is not well understood. Methods for purification
of PLCP and PLCe from Sf9 cells are described. In the case of hexahistidine
(6-His)-tagged PLC B the purification involves two steps, affinity chromatog-
raphy with Ni-NTA agarose followed by heparin Sepharose chromatography.
6-His-tagged PLCe can be purified in a single step with nickel nitrilotriacetic
acid-agarose (Ni-NTA) affinity chromatography.

Key Words: Phospholipase C B; phospholipase C ¢; purification; G pro-
tein; affinity chromatography; Sf9 cells.

1. Introduction

Phosphoinositide-specific phospholipase C (PLC) enzymes carry out the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) to generate the two
second messengers, diacylglycerol (DAG) and inositol-1,4,5-triphosphate
(IP5), which activate protein kinase C and cause release of intracellular Ca?*,
respectively (1). The PLCJ isoforms of PLC are activated by heterotrimeric G
proteins in response to the extracellular signal-mediated activation of G pro-
tein-coupled receptors (GPCR). This activation can be reconstituted in an in
vitro assay with purified PLC and G proteins, which is described in Chapter 5.

From: Methods in Molecular Biology, vol. 237: G Protein Signaling: Methods and Protocols
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PLCe is a novel member of the PLC isoform family. It has homology to
other PLC isoforms in the catalytic X and Y domains, but differs from these
other isoforms in that it contains two Ras-binding domains (RA domains) at
the C-terminus and a Ras guanine nucleotide exchange factor-like domain in
the N-terminal domain (2). When transfected into cells, PLCe activity is
increased by the cotransfection of a variety of proteins, including Ras, G pro-
tein By subunits and Goj, subunits. The physiological significance of activa-
tion by these regulators has not been clearly defined. For reasons that remain
unclear, regulation of PLCe by protein activators has not been reconstituted in
vitro as has been done for the PLCJ isoforms.

This chapter describes the methods for purification of PLCP,, ,, and ;
isoforms and PLCe using a Baculovirus insect cell expression system. Attempts
to purify PLCP using bacteria have been relatively unsuccessful because of the
high degree of proteolysis and difficulty in obtaining pure protein. On the other
hand, the insect cell expression system yields large quantities of pure protein.
For these purifications, the PLC[} isoforms were modified with a hexahistidine
(6-His) tag at the amino-terminus and PLCe was modified with a 6-His tag at
both the N- and C-termini to facilitate purification. The PLC enzymes are
highly soluble, but a significant portion of the expressed protein is associated
with the insoluble membrane fraction. The enzyme associated with the particu-
late fraction is readily extracted with salt and combined with cytosolic frac-
tion. Both PLC and PLCe enzymes are purified using nickel-nitrilotriacetic
acid-agarose (Ni-NTA) affinity chromatography. PLC[ isoforms are further
purified by heparin Sepharose chromatography. Both PLC and PLCe are
highly susceptible to proteolysis, so extra care is taken to ensure that cleavage
does not occur during the purification.

2. Materials
2.1. Insect Cell Culture Reagents and Baculoviruses

1. Sf9 cells (Invitrogen/Life Technologies) (see Note 1).

2. S£-900 IT media (Invitrogen/Life Technologies).

3. Recombinant Baculoviruses directing the expression of 6-His-tagged PLCP or
PLCe enzymes (see Note 1).

2.2. Stock Solutions (see Note 2)

1. Phosphate-buffered saline (PBS): 1.5 mM KH,PO,, 8.1 mM Na,HPO,, 140 mM
NaCl, 2.7 mM KCL

1 M Na-HEPES, pH 7.0.

1 M Na-HEPES, pH 7.4.

1 M Na-HEPES, pH 8.0.

4 M NacCl.

AW
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0.1 M Dithiothreitol (DTT) stored at —20°C.

0.1 M Ethylenediamine tetra-acetic acid (Na-EDTA), pH 8.0.

0.1 M Ethylenebis(oxyethylenenitrilo)tetra-acetic acid (Na-EGTA), pH 8.0.
10% Polyoxyethylene-10-lauryl ether (C,E() (Sigma, cat. no. P-9769).
Protease inhibitors: stored as stocks at —20°C.

a. PMSF/TPCK/TLCK. We make a 1000X stock that combines Phenylmethylsul-
fonyl floride (PMSF), No-p-tosyl-L-lysine chloromethyl ketone (TLCK) and
N-tosylphenylalanine chloromethyl ketone (TPCK). 160 mg Each of TPCK and
TLCK are dissolved in 2.5 mL dimethylsulfoxide (DMSO). 1 mL of 1 M PMSF
in DMSO is added to this solution followed by 4 mL 95% ethanol (EtOH) for a
total of 7.5 mL 1000X stock. PMSF is a potent neurotoxin. Always wear a
laboratory coat and gloves when handling this stock solution.

1 mg/mL 1000X Aprotonin dissolved in 0.1 M Tris-HCI, pH 8.0.

10 mg/mL 5000X Leupeptin dissolved in water.

1 mg/mL 1000X Pepstatin A dissolved in DMSO.

21 mg/mL 1000X Tosylarginine methyl ester (TAME) dissolved in DMSO.
10 mg/mL 1000X Soybean trypsin inhibitor (SBTI) in water.

-0 a0 o

. 10 mg/mL Deoxyribonuclease 1.

2.3.

Chromatography Resins

Ni-NTA resin (QIAGEN).
Prepacked Hi Trap Heparin Sepharose HP column (Amersham Pharmacia
Biotech AB).

Cell Lysis and Chromatography Buffers (see Note 3)

The buffers described in this section are made on the day of the purification
using the stock solutions described in Subheading 2.4. and are chilled to 4°C
prior to using.

2.4.

1.

1. Bufters for PLCJ Purification (see Note 4)
PBS with 0.1 mM EGTA, 0.1 mM EDTA, and 1X PMSF/TPCK/TLCK.

2. S19 cell Lysis buffer: 50 mM Na-HEPES, pH 7.4,0.1 mM EGTA, 0.1 mM EDTA,

0.1 mM DTT, 100 mM NaCl, and protease inhibitors (133 uM PMSF, 21 pg/mL
TLCK, 21 pg/mL TPCK, 1 ug/mL aprotonin, 2 pug/mL leupeptin, 1 pug/mL
pepstatin A, 21 pg/mL TAME, and 10 ug/mL SBTI).

. Dilution buffer: 10 mM Na-HEPES, pH 8.0, 10 mM B-mercaptoethanol, 0.1 mM

EGTA, 0.1 mM EDTA, 0.5% lubrol, and protease inhibitors.

Wash buffer 1: 10 mM Na-HEPES, pH 8.0, 0.1 mM EGTA, 0.1 mM EDTA, 800 mM
NacCl, 0.5% lubrol, 15 mM imidazole, and protease inhibitors.

Wash buffer 2: 10 mM Na-HEPES, pH 8.0, 0.1 mM EGTA, 0.1 mM EDTA, 100 mM
NacCl, 15 mM imidazole, and protease inhibitors with no SBTI.

Elution buffer: 10 mM Na-HEPES, pH 8.0, 0.1 mM EGTA, 0.1 mM EDTA, 50 mM
NacCl, 125 mM imidazole, and protease inhibitors without SBTI.
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Heparin Sepharose buffer A (low-salt gradient buffer): 20 mM Na-HEPES, pH 8.0,
1 mM EDTA, 1 mM EGTA, 100 mM NaCl, 1 mM DTT and protease inhibitors
without SBTI.
Heparin Sepharose buffer B (high-salt gradient buffer): 20 mM Na-HEPES, pH 8.0,
1 mM EDTA, 1 mM EGTA, 800 mM NaCl, 1| mM DTT and protease inhibitors
without SBTT.

2.4.2. Buffers for PLCe Purification

1.

Lysis buffer: 50 mM Na-HEPES, pH 8.0, 50 mM NaCl, 5% glycerol, 0.3 mM
EDTA, 0.3 mM EGTA, 2 mM B-mercaptoethanol, and protease inhibitors.

2. Membrane suspension buffer: 50 mM Na-HEPES, pH 8.0, 800 mM NacCl, 5%
glycerol, 2 mM B-mercaptoethanol, and protease inhibitors.

3. € Ni-NTA equilibration buffer: 50 mM Na-HEPES, pH 8.0, 300 mM NacCl, 5%
glycerol, 2 mM B-mercaptoethanol, 10 mM imidazole, 0.2% C,,E, and protease
inhibitors.

4. € Wash buffer 1: 50 mM Na-HEPES, pH 8.0, 1 M NaCl, 5% glycerol, 2 mM
B-mercaptoethanol, 30 mM imidazole, 0.2% C,,E,, and protease inhibitors.

5. € Wash buffer 2: 5 0 mM Na-HEPES, pH 7.0, 400 mM NacCl, 5% glycerol, 2 mM
B-mercaptoethanol, 50 mM imidazole, and protease inhibitors without SBTIL.

6. ¢ Elution buffer: 50 mM Na-HEPES, pH 7.0, 400 mM NacCl, 5% glycerol, 2 mM
B-mercaptoethanol, 400 mM imidazole, and protease inhibitors without SBTI.

3. Method

3.1. Purification of PLC[3

The method described here is essentially the same for purification of PLC;,
PLCR,, or PLCf;s.

3.1.1. Expression of Recombinant 6-His PLCP in Insect Cells (see Note 5)

1.

2.

Infect 1 L of S9 cells at a density of 1.5-2 x 10° cells/mL with 10 mL 6-His-PLCJ
Baculovirus and incubate with continuous shaking at 125 rpm for 48 h at 27°C.
Harvest the cells by centrifugation at 5000g for 20 min (Beckman Centrifuge,
JA-10 rotor).

Resuspend the cells in 40 mL PBS containing protease inhibitors PMSF/TPCK/
TLCK, 0.1 mM EDTA, and 0.1 mM EGTA; transfer to a 50-mL conical tube and
centrifuge again at 1000g for 20 min at 4°C.

Discard the supernatant and continue as in Subheading 3.1.2. or rapidly freeze
the pellet by submerging the tube in liquid N, until the pellet is frozen. Store at
—70°C until further processing is done.

3.1.2. Cell Lysis (see Note 6)

1.

Suspend Sf9 cells expressing 6-His-PLCP pellet in 25 mL Sf9 cell lysis buffer. If
the cells have been stored at —70°C use room temperature lysis buffer, otherwise,
use buffer that has been chilled to 4°C.
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2.

7.

Freeze the suspended cells in liquid N, and thaw in a 37°C water bath until only
a small amount of ice remains (see Note 6). Repeat three more times.

. Adjust the volume of the thawed lysate to 45 mL with ice-cold lysis buffer and

add 15 mL of ice cold 4 M NaCl to obtain a final concentration of 1 M NaCl.
Centrifuge the cell extract at 40,000 rpm (100,000¢) in a Beckman Ti60 rotor for
45 min and collect the supernatant.

Dilute the supernatant by adding 240 mL dilution buffer to obtain a fivefold dilution.
Centrifuge the diluted extract at 40,000 rpm (100,000g) in a Ti45 rotor for 45 min
at 4°C and collect the supernatant. Discard the pellets. Save 100 UL supernatant
in an Eppendorf tube as “load” for later analysis.

Add 300 pg deoxyribonucleasel to the supernatant.

3.1.3. Affinity Chromatography Using Ni-NTA Agarose

1.

W

Pack a 2 x 8-cm glass column with 4 mL Ni-NTA resin and equilibrate with 10
bed-volumes of dilution buffer (see Note 7).

Load the supernatant onto the column at a flow rate of 2—2.5 mL/min and collect
the flow-through for later analysis.

Wash the column with 80 mL of wash buffer 1.

Wash with the column with 12 mL of wash buffer 2.

Elute the protein with six successive 4-mL applications of the elution buffer,
collecting each elution in a separate tube.

Analyze the load, flow-through, wash, and elution fractions of 10 uL each on a
9% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
followed by staining with Coomassie blue.

Pool the fractions containing PLCP from the Ni-NTA column based on the extent
of purity as seen on the SDS-PAGE gel. PLCP can be identified as a strongly
staining band running at between 130 and 150 kDa. At this point, the intact PLC3
is usually the most intensely staining band, but a number of contaminants, some
of which may be proteolytic products, will be visible. Store at 4°C until ready to
be loaded onto a heparin Sepharose column. Preferably, this column is run on the
same day, but the sample can be saved on ice overnight.

3.1.4. Heparin Sepharose Chromatography

1.

w

Equilibrate a 5-mL prepacked Hi-Trap heparin Sepharose column with 20 mL
heparin Sepharose buffer A using a 10-mL syringe. Be sure not to push air into
the column during this procedure.

Load the pooled fractions on the column using a syringe and collect the flow-
through and store at 4°C for later analysis.

Wash the column with 25 mL of heparin Sepharose buffer A using a 10-mL syringe.
Elute with a 150-mL linear gradient from heparin Sepharose buffer A to heparin
Sepharose buffer B (100-800 mM NaCl), collecting 6-mL fractions (see Notes 8
and 9).

Analyze each of the fractions for PLCP by running on a 9% SDS-PAGE gel and
monitoring by Coomassie blue staining.
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Pool in all the fractions containing pure PLC[}, enzyme running at between 130
and 150 kDa and eluting at approx 300 mM NaCl (Fig. 1).

Concentrate the pooled fractions to 1-2 mL using a 10-mL Millipore diafiltration
device with a PM 30 membrane filter at 4°C or with a Centriprep centrifuge-
based concentrator following the manufacturer’s instructions.

. Estimate the yield of the protein by determining the protein concentration by

Amido black protein assay (11) or Bradford protein assay. In general, we obtain
1-5 mg of protein from 1 L of Sf9 cells.

Make small aliquots of the concentrated sample in Eppendorf tubes and rapidly
freeze in liquid N, before storing at —70°C. Usually the aliquots of PLC are
thawed immediately before use and then discarded, and very small amounts of
protein (1-500 ng) are needed for a full set of PLC assays. Thus, the smaller the
aliquots that are made, the further the prep will go.

3.2. Purification of PLCs

PLCe expression virus is constructed with 6-His tags on both N-terminal
and C-terminal of the protein. Sf9 cells are infected and harvested in the same
manner as PLCP. We use nitrogen cavitation to disrupt the cells instead of
freeze-thaw, and some of the chromatography buffer conditions are changed to
get the nearly pure protein after a single-affinity column.

3.2.1. Lyse the Cells with Parr Bomb

1.

Chill a 500-mL capacity Parr N, cavitation bomb in cold room for 2 h or overnight.

2. Resuspend frozen Sf9 cell pellet from 1-5 L cells with room temperature lysis

10.
11.
12.

buffer at ratio 50 mL/L of culture. Swirl it in 37°C water bath to melt the pellet,
but do not allow to thaw completely.

Put the cells in the Parr Bomb and add a stir bar. Check that the bar works prop-
erly at low speed.

Equilibrate the bomb by connecting to a N, tank and raising the pressure to
600 psi. Seal the bomb, disconnect from the N, tank, transfer to the cold room
and stir for 30 min.

Place the outlet tube into a flask and release the pressure to allow the cells to flow
smoothly out of the outlet into the flask (see Note 10).

Transfer the lysate to the appropriate-sized centrifuge bottles and centrifuge the
lysate at 1000g for 10 min to remove intact nuclei. The pellet is often quite large
at this stage.

. Transfer the supernatant to tubes for ultracentrifugation and centrifuge at approx

100,000g in Ti45 rotor for 1 h.

Decant the supernatant into a graduated cylinder and measure the volume (X mL).
Resuspend the pellet in 1/2 X mL buffer salt extraction buffer with a tissue
homogenizer.

Put in ice for 30 min and centrifuge again at approx 100,000g in Ti45 for 45 min.
Take the supernatant and combine with the supernatant of previous centrifugation.
The combined extracts can be frozen in liquid N, and stored at —80°C.
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Fig. 1. Purification of PLC[, with heparin Sepharose chromatography. Fractions

are as indicated: LD, loaded lysate; FT, column flow-through; W, column washes;
numbers are fraction numbers. Molecular weights in kDa.

3.2.2. Ni-NTA Affinity Chromatography

1.

2.
3.

®

10.

Pack 2 mL Ni-NTA agarose into either a glass column or a disposable plastic
poly-prep column (Bio-Rad).

Equilibrate the column with 10 mL buffer Ni equilibration buffer.

To the combined extracts from steps 11 or 12 in Subheading 3.2.1., add imida-
zole to 10 mM, C,E;, to 0.2%, and all the protease inhibitors listed in Sub-
heading 2.2.

Suspend the 2 mL Ni resin in 10 mL of equilibration buffer and add 5 mL of the
suspended resin to each of two 50-mL Falcon tubes.

. Add 40 mL cell lysate to each tube containing the Ni resin and rotate in the cold
room for 4 h.

Combine the two tubes and pour the lysate and the resin through an empty col-
umn, allowing the resin to pack into the column and the remaining lysate to flow
through the column. Save the flow-through for later analysis.

Wash the packed resin with 30 mL wash buffer 1 at 4°C and save the wash.
Wash with 30 mL wash buffer 2 at 4°C.

Elute with five successive applications of 2 mL elution buffer. Collect each frac-
tion separately.

Run 1 pL of the load, flow-through, washes and elutions on 7% SDS-PAGE gel
and stain with silver stain. Use Bio-Rad, Unstained and Broad Range Precision
Protein Standards as molecular weight standards. PLCe runs near the uppermost
standard at 250 kDa. Fractions 2 and 3 usually contain most of the protein (Fig. 2).
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Fig. 2. Purification of PLCe using Ni-NTA agarose chromatography. Fractions are
as indicated: LD, loaded lysate; FT, column flow-through; W, column washes; E, col-
umn elutions. Molecular weights in kDa.

11. The yield from 1 L of Sf9 cells is approx 200 pg. We have experienced significant
loss of protein during concentration by Centricon, so we aliquot the protein and
freeze in liquid N in the Ni column elution buffer. If necessary, we change the
buffer of PLCJ samples by dialysis of small aliquots in Slide-A-Lyzer mini-dialy-
sis units (Pierce) with 10—100-pL capacity and a 10,000 molecular weight cut-off.

12. The protein can be assayed for activity as described in Chapter 5.

4. Notes
1. Baculoviruses have been generated for expression of amino-terminally 6-His-

tagged PLCJ,, PLCJ,, and PLCP;. Here the sequence, MHHHHHHG, was
cloned in frame immediately upstream of the PLCB-coding sequences starting
with the amino acids immediately following the endogenous methionine, result-
ing in the deletion of this methionine. For PLCe, 6-His tags were cloned at the
amino- and C-termini. Both clones were inserted into pFastbac for production of
Baculoviruses using the Bac-to-Bac system (Invitrogen/Life Technologies) fol-
lowing the manufacturer’s instructions or the Baculoviruses can be obtained from
our laboratory.
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2.

We grow Sf9 cells in suspension shaking at 125 rpm in Bellco flasks (50 mL
flasks for 10 mL, 250 mL for 50 mL, 1 L for 200 mL, and 2 L for 1 L of cell
culture) at 27-28°C. Cells are maintained between 0.5 to 8 x 10° cells/mL and
have a doubling time of 24 h. Flasks are washed with 0.1 M NaOH, then by water,
followed by 0.1 M HCl followed by water. Flasks are autoclaved, then baked over-
night at 190°C. Sf9 cell cultures are successively scaled up to a 200-mL culture
with a cell count of approx 8 x 10° cells/mL. This 200 mL cells are then poured
into a 2-L flask containing 800 mL of Sf900 II media of the same to obtain 1 L of
the culture with a cell count of approx 1.5-2 x 10° just prior to infection with
Baculoviruses. Maximal expression of the protein is obtained when the Sf9 cells
are maintained up to approx 25-28 cell passages.

Stock solutions are stored at 4°C unless otherwise indicated. The Ni-NTA resin
and the prepacked heparin Sepharose columns are stored at 4°C.

The buffers are made just prior to use. Overnight storage results in the inactiva-
tion of some of the protease inhibitors and oxidation of the DTT.

Maximal expression of PLCP is at 48 h. Once the cells are harvested, all process-
ing from cell lysis, and until the purified protein is obtained, is done at 4°C to
minimize any proteolytic degradation of the enzyme.

During cell lysis, the freeze-thawing process should be done rapidly to prevent any
degradation of the protein either because of proteolytic cleavage or from changes
in the temperature. During the process of thawing, the temperature of the lysate
should not exceed 4°C. All the centrifugation steps are also done at 4°C.

All the steps for affinity chromatography are done at 4°C. Loading of the super-
natant onto the column should not be at a flow rate greater than 2—2.5 mL/min
because this may prevent binding of the protein to the matrix. An overnight load-
ing at a slower flow rate could also be done for loading the sample.

. We use fast protein liquid chromatography (FPLC) to control the gradient more

accurately. This procedure can also be readily accomplished using a gradient
maker and a peristaltic pump to deliver the gradient.

. The heparin Sepharose column may be reused for several purifications if regen-

erated with 1 M NaCl.

. The cells are broken in the discharge tube. During the discharging, temperature

of the solution will drop and sometimes ice will form. Try to prevent ice to form
by using a warm flask.
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Assay for G Protein-Dependent Activation
of Phospholipase C 3 Using Purified Protein Components

Mousumi Ghosh and Alan V. Smrcka

Summary

The activity of mammalian phosphoinositide-specific phospholipase C 3
(PLCB) is regulated by the o, family of G protein o subunits and by By sub-
units thought to be released from G;. Interactions between G protein subunits
and PLCP can be assayed by measuring the stimulation of PLCP} enzymatic
activity on reconstituting the purified G protein subunits with purified PLCf
on artificial phospholipid vesicles containing the substrate, phosphatidylinositol-
4,5-bisphosphate (PIP,). These vesicles are doped with [*H]-inositol PIP, and
the rate of hydrolysis is determined by quantitating the amount of [*H]-inositol
triphosphate (IP;) released from the vesicle into the aqueous phase. This assay
provides a relatively simple method for assessing the activity PLC activity and
its ability to be regulated by By and o, subunits. It can also be used to assess the
functionality of the components after modification by mutagenesis, chemical
modification, or in the presence of competing molecules.

Key Words: Phospholipase regulation; PLCP; G protein; Go,, GPY.

1. Introduction

A large number of extracellular signals stimulate the hydrolysis of the minor
membrane phospholipid, phosphatidylinositol 4,5-bisphosphate (PIP,), by
phosphoinositide-specific phospholipase C (PLC) (I—4). This is one of the ear-
liest key events in the regulation of various cell functions initiated by a wide
range of hormones, neurotransmitters, and chemoattractants that bind to trans-
membrane receptors coupled to heterotrimeric G proteins (oy). G protein-
coupled receptors (GPCRs) regulate PLC by stimulating the activation of
specific G protein o or By subunits (5-8). These activated subunits, in turn, can

From: Methods in Molecular Biology, vol. 237: G Protein Signaling: Methods and Protocols
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independently activate PLC through direct protein—protein interactions, result-
ing in the production of the two intracellular second messengers, inositol triph-
osphate (IP3), and diacylglycerol (DAG).

Mammalian PLC enzymes have been grouped into four classes: f3, v, 8, and
g, based on sequence homology with multiple isoforms in each class (3). Lower
eukaryotes, such as yeast and slime moulds, contain only the § type isozymes.
The three-dimensional crystal structure of PLCS1 has been resolved, recently
providing insights into the multidomain structure of the enzyme (9,10). On the
basis of the structural information, a catalytic mechanism comprising two
steps—tether and fix—was proposed. The pleckstrin homology (PH) domain
of the enzyme would tether to the membrane by specific binding to PIP,, and
the C2 domain would fix the catalytic domain in a productive orientation on
the membrane. The EF domain serves as a flexible link between the PH domain
and the rest of the enzyme. Calcium is required for the function of the C2
domain, and another Ca®* ion located at the active site participates directly in
enzyme catalysis.

PLCP isozymes are activated through interactions with the o subunits of the
pertussis toxin-insensitive o, family of heterotrimeric G proteins (11,12). The
GPCRs that are known to utilize this Gqo/ PLC[ pathway include the bradyki-
nin, bombesin, angiotensin, histamine, vasopressin, muscarinic, ¢ adrenergic,
thyroid-stimulating hormone, and endothelin-1 receptors. The GTPYS/AIF,-
activated Goy, or Goyyy subunits stimulate PLCP isoforms with the rank order
of potency: PLCB, = PLCP; > PLCB; > PLCR..

PLCJ isozymes are also activated by the GBY subunits (4). The sensitivity of
PLCp isozymes to GBy subunits differs in contrast to Go,, and decreases in the
order PLCB; > PLCP, > PLCJ,;, whereas PLCP, is not activated to any extent.
The M2 and M4 muscarinic acetylcholine receptors, interleukin-8 receptor, V2
vasopressin receptor, and the luteinizing hormone receptor are involved with
this pathway mediated by Gy subunits.

Although the concentrations of Gy that are required for maximal activation
of PLCP isoforms in vitro are much larger than that of Go, the final extents of
activation are similar. Thus, both Go,, and GBy are transducers of PLC[3
signaling, however, the region of PLCP that interacts with Goy differs from
the region responsible for interaction with GBy. The COOH-terminal end,
downstream of the Y domain, is essential for binding and activation of PLCP3
by Go,, subunit (12,13), whereas the site of interaction of GBy in PLCP, is
localized in the PH domain and in the Y domain of the catalytic region of the
enzyme (14,15). By use of synthetic peptides derived from the region Leu580-
Val641 from the Y domain of the catalytic region in PLCJ, the GBy-binding
domain was further localized to amino acids Glu574-Lys583 of PLCJ, (16).
Unlike the regulation of PLCP by G protein subunits, members of the PLCy
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family are activated by receptor and nonreceptor protein tyrosine kinases,
whereas the activation of PLCe is regulated by the small G protein Ras and
possibly many other small G proteins. The regulation of the members of PLCd
family is not yet clearly understood.

G protein By-subunits activate the PLCJ enzymes both in vitro and in trans-
fection assays (17-21). In the in vitro assays, artificial bilayers composed of
a mixture of 1:4 PIP,: L-a-phosphatidylethanolamine (PE) in sonicated
vesicles are used (22,23). Vesicles are doped with approx 8000 cpm/sample
[*H-inositol] PIP, to follow the PLC catalyzed hydrolysis of PIP, and release
of H-1Ps.

2. Materials
2.1. Lipids (see Note 1)

1. Brain PIP, (Avanti Polar-Lipids): 1 mM stock solution in chloroform stored in a
desiccator in glass vials with PTFE lined caps under N, at —20°C.

2. Liver PE (Avanti Polar-Lipids): 13 mM stock solution in chloroform stored in a
desiccator in glass vials under N, at —20°C.

3. [’H]-labeled PIP, (Dupont, New England Nuclear [NEN]) aliquoted into
Nensure vials.

2.2. Purified Proteins (see Note 2)

1. Purified PLCP enzyme stored in aliquots at —70°C.
2. Purified Go, subunit stored at —70°C.
3. Purified GBy subunit stored at —70°C.

2.3. Stock Solutions (see Note 3)

1. 2X Assay buffer: 100 mM HEPES, pH 7.2, 6 mM EGTA, 160 mM KCI.
2. 2X Incubation buffer: 100 mM HEPES, pH 7.2, 6 mM EGTA, 2 mM EDTA,
200 mM NaCl, 10 mM MgCl,.
3. 10% Octyl B-p-glucopyranoside (OG) (Calbiochem).
4. 0.1 M Ca(Cl, stock.
5. 10% Trichloroacetic acid (TCA).
6. 10 mg/mL Bovine serum albumin (BSA).
7. 100 mg/mL BSA.
8. GPy blank (solution in which purified GBy is stored).
9. Go, blank (solution in which purified Go, is stored).
10. 0.1 M Dithiothreitol (DTT).
11. 1X Sonication buffer: 500 uL 2X assay buffer, 10 uL. 0.1 M DTT, 490 uL water.
12. CaCl, Solution: 500 uL 2X assay buffer, 60—180 uL 0.1 M CaCl,, 10 uL 0.1 M
DTT, and balance water up to 1 mL.
13. 10X AlF, solution: 100 uL 1 M NaF, 30 uL. 10 mM AICl;, 870 uL water.
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3. Methods

This assay is performed in a final volume of 60 pL with four different com-
ponents added:

20 uL Sonicated phospholipid vesicles containing the substrate.
20 uL Solution containing the PLC.

10 uL Solution containing the G protein subunit.

10 uL CacCl, solution.

N S

Each of these solutions is prepared separately and added to the final assay
mixture. Because the components of the solutions will be diluted when added
to the assay, they are made at 3x or 6X the final concentration. The following
describes the preparation of each of the first three components from the stocks
described previously, followed by the assay itself.

3.1. Preparation of Lipid Vesicles (see Note 4)

1. Calculate the volume of lipid vesicles that will be needed by counting the number
of individual enzyme reactions with each measurement using 20 UL of sonicated
vesicles. Do not make too much more than necessary for the assay because the
lipids are expensive.

2. Calculate the volume of the lipid stock solutions necessary to make the total vol-
ume of lipid vesicles calculated in step 1, at 3 the final concentration of the lipids
in the assay. The final concentration of the lipids in the assay are 50 uM PIP, and
200 uM PE, so the concentration in the lipid vesicle solution will be 150 uM PIP,
and 600 uM PE.

3. Calculate the amount of [*H]-labeled PIP, needed to give 6000—8000 cpm/assay.
This can be calculated based on the total volume of lipid vesicles necessary (cal-
culated in step 1) and multiplying by 0.03.

4. Transfer the amounts of lipid stock solutions in chloroform calculated in steps 2
and 3 into a 10-mL glass Pyrex tube using a 50-100-uL glass Hamilton syringe.
Rinse the syringe at least 3x with chloroform between transfer of each of the
different lipids.

5. Dry down the lipid mixture under N, for 15 min. Connect a hose between a regu-
lator on a tank of nitrogen gas and a glass Pasteur pipet mounted on a ring stand.
The glass pipet is lowered about one-fourth of the way down the tube containing
the lipids. The flow of nitrogen is very slowly increased until it can be seen that
the surface of the chloroform solution is gently moving. If the flow is increased
too much the chloroform solutions will be blown out of the tube, or worse, the
glass pipet could blow off the end of the tubing and cause injury. The dried lipids
will form a film at the bottom of the tube.

6. Add the calculated volume of sonication buffer from step 1 and sonicate in a bath
sonicator for 5 min. The sonicated vesicles should form a homogeneous translu-
cent suspension with no particulate matter.
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7.

3.2.

3.3.

Count 20 pL lipid solution by liquid scintillation counting. This will convey how
much radioactivity is being added to each assay, serving as an indicator that the
vesicles were sonicated successfully. There should be between 4000 and 8000
counts per minute (cpm) in 20 uL vesicle solution. If the cpm is significantly
lower than this, the vesicle preparation was incorrect.

Store in ice until ready to be added to the reaction.

Purified PLC3 Enzyme Solution (see Note 5)

. The PLCP enzyme is used at a final concentration of 1-10 ng/reaction, depend-

ing on the type of the assay. Determine the number of reactions that will be per-
formed to calculate the volume of PLC solution needed for the assay, given that
each assay will get 20 UL PLC solution.

For GPy activation of PLC[}, make the PLC enzyme in 1X assay buffer, 3 mM
DTT, 3 mg/mL BSA. Add the purified PLCJ, such that 1-10 ng are added in the
20 uL solution that is added to each reaction. For G40 activation of PLCR, the
enzyme is prepared in a similar fashion, except AlF, is added from the 10X stock,
such that it is 2.5x the final concentration in the reaction.

For example, for 10 reactions, 200 uL are needed, plus a little extra so the mix-
ture would be made as follows for a By activation assay: 125 puL 2X assay buffer,
7.5 uL 100 mg/mL BSA, 7.5 uL 0.1 M DTT, 62.5 ng PLC, and H,O to 250 uL
total volume for a final of 5 ng PLC/assay. For an assay of PLC activation by o,
62.5 uL 10X AlF, would be substituted for 62.5 uL. H,O.

Purified GBy Subunit Solution (see Note 6)

. Dilute the GBy stock in By blank, if necessary, prior to addition to the incubation

buffer.

Mix the Byin 1X incubation buffer at 6x the final concentration in the assay. Add
DTT to make the solution 1 mM. Make enough of the solution so that each assay
can be done in duplicate (see Table 1).

. A control reaction is always performed where a volume of By blank solution is

added to the incubation buffer to equal that containing the By subunit protein to
control for detergent or other solution artifacts.

When performing titrations of varying amounts of By or o, protein, we calculate
the volume of By containing solution that will be required for the highest concen-
tration of By (fixed value A in the example in step 5). For each of the lower
amounts of protein, we balance the volume of By added with By blank, such that
the By + By blank volume equals the volume of the highest concentration of [y.
This ensures that all reactions have an equal amount of detergent solution. A
similar approach is used for other titrations.

For example, if you need 50 UL each of By solution at different concentrations, all
tubes will get 25 uL 2X incubation buffer, 5 uL. 10 mM DTT, By stock (to give 6x
the final concentration) + By blank = the fixed volume A in step 4, and water to
bring to a total of 50 UL (see Table 1).
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Table 1
Setup of By Subunit Dilutions

Final By concentration ~ 2X Incubation 2 uM By By blank 10 mM Water

in assay (nM) buffer (uL)  stock (uL)  (uL)  DTT (L)  (uL)
0 25 0 15 5 5
10 25 1.5 13.5 5 5
30 25 4.5 10.5 5 5
100 25 15 0 5 5

3.4.

1.

2.

3.5.

AW

10.
11.

12.

Purified Goy Subunit (see Note 7)

Dilute the stock Gocq into O blank solution, if necessary, prior to addition to the
incubation buffer.

Mix Goy in 1X incubation buffer at 6X the final concentration in the assay with
I mM DTT and 1X AIF,". The final concentration of o, in the assay should be
between 1 and 60 nM.

. A control reaction is always performed where a volume of o, blank solution is

added to the incubation buffer to equal that containing the o, subunit protein to
control for detergent or other solution artifacts.

PLC Assay (see Note 8)

Add 20 pL sonicated phospholipid vesicles to individual 5-mL polypropylene
tubes (VWR, cat. no. 60818-383).

Add 10 uL o,/By or blank solutions to the vesicles.

Incubate the reaction tubes in an ice bath for 30 min.

Add 20 pL PLCB solution to all tubes.

Add 10 pL calcium solution to the reaction tubes, resulting in a final volume of
60 uL. A set of duplicate blank reactions with no Ca?* added should be left on ice
to account for free [*H]-IP; in the stock lipid.

Transfer the rack of tubes from the ice bath to a 30°C water bath to initiate the
enzyme reaction. Leave the blanks on ice.

Incubate for 5 min and transfer back to the ice bath.

Add 200 pL ice-cold 10% TCA to each tube, including the blanks, to terminate
the reaction.

. Add 100 pL 10 mg/mL BSA to each tube.

Remove precipitated proteins and lipids by centrifuging for 5 min at 2000g.
Pipet out 300 UL supernatant with a bent pipet tip and transfer to a 6-mL capacity
scintillation vial. Tilt the pellet so that it is up and direct the bent tip so that it will
only touch the supernatant (see Note 9).

Add 4 mL scintillation fluid, shake, then place in scintillation counter.
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13. Do a 5-min reading by liquid scintillation counting to measure the [*H]-IP;
released.

3.6. Calculations

Each assay gets 3 nmol of PIP,. The cpm from the counting of the lipid vesicles
(Subheading 3.1., step 7) is divided by 3 nmol to give the specific radioactivity
in cpm/nmol.

Enzymatic specific activity (nmol/mg PLC/min) = (assay cpm — blank cpm)/specific
radioactivity (cpm/nmol)/mg PLC/min of reaction.

4. Notes

1. These lipids are stored in chloroform solution at —20°C in glass vials. Before begin-
ning each experiment, the vials containing the lipids are warmed to room tempera-
ture in a dessicator before opening to prevent the absorption of any moisture.

2. Purified proteins are stored in —70°C in small aliquots and rapidly thawed at
37°C immediately before the experiment. PLC[ is generally not frozen and
thawed more than once. Being comparatively stable to denaturation because of
repeated freeze-thawing, G protein subunits can be used several times if rapidly
frozen in liquid nitrogen and stored at —70°C immediately after use.

3. Solutions 1-6 can be stored at 4°C for 2 mo. Solutions 7—10 should be stored at
—20°C. Solutions 11-13 are made fresh each time before the experiment.

4. The concentrations of the lipids can be varied, but usually 50 uM PIP; is used as
the final concentration for each reaction. The PE:PIP, is added in the ratio of 4:1
in order to obtain a lipid bilayer. Therefore, PE is added at a final concentration
of 200 uM. The lipid vesicles are stable for approx 4 h at 4°C.

5. The amount of OG that will be added to each reaction will depend on the amount
of By or o, blank added because both contain 1% OG. In general, the final con-
centration of octylglucoside is kept below 0.1%. AlF," is included in the reaction
mixture for Go,, activation.

6. Make the initial concentration of By 6x of the final concentration that is desired
in the reaction. Dilute the By as needed in By blank before adding to the incuba-
tion buffer. By blank is the same as the solution in which the By protein is stored.
All tubes should get an equal amount of By solution. A final concentration of
100 nM By is sufficient to obtain Py-mediated in vitro PLC[ activation. The
concentration range that we usually prefer is 3300 nM By with saturation occur-
ring at 100 nM.

7. The o, blank may or may not contain OG. OG is not an obligate requirement for
the Go,, activation of PLCP. The initial concentration of o, like that for By, is
made 6X the desired concentration required in the reaction mixture.

8. This assay is used to determine the G protein-mediated activation of PLC enzyme.
The basic procedure is similar for both Go, and GBy activation, except that AIF,~
is included in the reaction when Go, regulation is studied.

9. While removing the supernatant, care has to be taken to ensure that the bent tip of
the pipet tip does not touch the pellet.
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Assays of Recombinant Adenylyl Cyclases
Expressed in Sf9 Cells

Ronald Taussig

Summary

This chapter outlines procedures for the expression of mammalian membrane-
bound adenylyl cyclases (AC) in Sf9 cells and subsequent in vitro methods for
assessing the activity of these cyclases. Membrane preparations derived from
this overexpression system provide homogeneous sources of mammalian AC
because AC that are endogenously expressed in Sf9 cells contribute low amounts
of activity relative to the overexpressed enzyme. These approaches are appli-
cable to all nine isoforms of mammalian membrane-bound AC isoforms.

Key Words: Adenyly cyclase; cAMP; heterotrimeric G proteins; Baculovirus;
Sf9 cells; recombinant proteins; membrane-bound isoforms.

1. Introduction

Regulation of intracellular 3-5-cyclic adenosine monophosphate (cAMP)
concentrations is principally controlled at the level of its synthesis through the
hormonal regulation of adenylyl cyclase (AC), the enzyme responsible for the
conversion of adenosine 5-triphosphate (ATP) into cAMP. Currently, 10
isoforms of AC have been identified by molecular genetic approaches (1,2).
Nine of these contain two structural regions each that are comprised of six
stretches of hydrophobic amino acids that anchor the proteins to the plasma
membrane. These AC systems are comprised of three components: seven-trans-
membrane-spanning receptors for a variety of hormones and neurotransmitters;
heterotrimeric G proteins; and the catalytic entity itself. Studies of these nine
enzymes reveal that these isoforms are regulated by subunits of heterotrimeric
G proteins (3—6) and demonstrate both common and unique regulatory features.
Regulation of the activity of membrane-bound AC is not solely limited to the
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actions of heterotrimeric G proteins; in addition, AC activity has been shown to
be directly regulated in an isoform-dependent manner by calmodulin, protein
kinases and phosphatases (7-9), and small molecules, such as calcium, adenos-
ine analogs (P-site inhibitors), and the plant diterpine, forskolin (10-12).

Native cells typically express multiple isoforms of AC; therefore, it is diffi-
cult to assess the relative contributions that each isoform makes to the overall
regulation of intracellular cAMP in these systems. Preparations derived from
cells expressing a single isoform of AC are clearly valuable reagents whereby
the regulation of each isoform can be directly assessed. The Baculovirus/Sf9
cell system has been widely used for the production of large quantities of pro-
teins suitable for biochemical analysis (13) and has been employed for the
expression and characterization of the membrane-bound forms of AC (14-17).
These preparations provide a homogeneous source of single isoforms of mam-
malian AC, containing minimal amounts of interference from the endogenous
cyclase present in Sf9 cells. This chapter describes procedures for the isolation
of membrane preparation derived from Sf9 cells overexpressing single isoforms
of mammalian AC as well as methods for assessing the activity of these cycla-
ses in vitro.

2. Materials
2.1. Construction and Generation of Baculovirus

pFastBac plasmids (Invitrogen/Life Technologies).

Competent cells (e.g., DH5a).

DH10Bac-competent cells (Invitrogen/Life Technologies).

Sf21 cells, SFM-adapted cells (Invitrogen/Life Technologies). Sf21 cells are a
serum-adapted version of Sf9 cells.

5. CellFECTIN reagent (Invitrogen/Life Technologies).

6. Sf-900 II SFM media (Invitrogen/Life Technologies).
7
8

b

. Ampicillin.
. Kanamycin.
9. Gentamicin.
10. Tetracycline.
11. X-gal.
12. Isopropyl B-p-thiogalactopyranoside (IPTG).

2.2. Preparation of Membrane Fractions

1. Lysis buffer: 20 mM HEPES, pH 8.0, 150 mM NaCl, 5 mM EDTA, and 1 mM
EGTA, 2 mM dithiothreitol (DTT).

2. Membrane storage buffer: 20 mM HEPES, pH 8.0, 200 mM sucrose, and 1 mM

DTT.

Nitrogen cavitation apparatus (Parr Instrument).

4. Protease inhibitors (final concentrations): 16 ug/mL each of L-1-tosylamido-2-
phenylethyl ketone, 1-chloro-3-tosylamido-7-amino-2-heptone, and phenyl-

(98]



Assays of Recombinant AC in 59 Cells 79

methylsulfonyl fluoride (PMSF); 3.2 pg/mL each of leupeptin and lima bean
trypsin inhibitor; and 2 pg/mL aprotinin.

5. Potter glass homogenizer.
6. Bio-Rad Protein Assay (Bio-Rad).
2.3. Assay of AC Activity
1. HMED: 10 mM HEPES, pH 8.0, 2 mM MgCl,, | mM EDTA, pH 7.0, and 1 mM
DTT.
2. Stop solution: 0.25% sodium dodecyl sulfate (SDS), 5 mM ATP, and 0.175 mM
cAMP, pH 7.5.
3. [*H] cAMP (American Radiolabeled Chemicals, St. Louis, MO).
4. [0-32P] ATP (Perkin Elmer Life Sciences, Boston, MA).
5. Dowex S0AG-WX4 resin (200-400 mesh; Bio-Rad Laboratories, Hercules, CA).
6. Alumina (Sigma).
7. 10 x 75-Siliconized glass tubes.
8. 1 M HEPES, pH 8.0.
9. 500 mM EDTA, pH 7.0.
10. 10 mg/mL Bovine serum albumin (BSA).
11. 150 mM Phosphoenolpyruvate (potassium salt), pH 7.0, with KOH.
12. 50 mM ATP.
13. 1 M MgCl,.
14. 1 mg/mL Pyruvate kinase.
15. Polyoxethylene-10-lauryl ether (C,E(). A detergent that can be substituted for
lubrol that is no longer sold, but is often seen in the literature.
16. 10 mM 3-Isobutyl-L-methylxanthine (IBMX).
17. 1 N HCL
18. 1 N NaOH.
19. Imidazole buffer: 200 mM NaCl, 20 mM imidazole.
20. 20 mL Scintillation vials.
21. Cytoscint scintillation cocktail (ICN, Costa Mesa, CA).
22. Scintillation counter.
3. Methods
3.1. Construction and Generation of Baculovirus (see Note 1)
1. cDNAs encoding mammalian AC are ligated into the multicloning site of the
pfastbac transfer vector (see Notes 2 and 3).
2. Ligation reactions are transformed into competent bacterial cells (DH5) and
plated on Luria-Bertani (LB) plates containing 50 pug/mL ampicillin.
3. Colonies are grown in 2 mL LB medium containing 50 pg/mL ampicilin, and
plasmids are prepared by the use of commercially available kits (Qiagen).
4. Recombinant plasmids are verified by restriction mapping and sequencing.
5. To generate recombinant bacmids, 5 UL miniprep pfastbac DNA is transformed

into 100 uL competent DH10Bac cells. Transformation mixes are plated on LB
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plates containing 50 pg/mL kanamycin, 7 pg/mL gentamicin, 10 pg/mL tetracy-
cline, 300 ng/mL X-gal, and 40 ug/mL IPTG (see Note 4). Incubate plates for at
least 24 h at 37°C.

Select isolated white colonies from a plate and streak each onto LB plates con-
taining 50 pg/mL kanamycin, 7 pg/mL gentamicin, 10 pg/mL tetracycline,
300 pg/mL X-gal, and 40 pg/mL IPTG to ensure they do not contain any blue
cells (see Note 5).

. Inoculate a single isolated bacterial colony into 2 mL. LB medium containing

with 50 pg/mL kanamycin, 7 ug/mL gentamicin, and 10 pg/mL tetracycline.
Grow at 37°C to stationary phase up to 16 h, shaking at 250-300 rpm.

. Bacmid DNA for transfection of Sf9 cells and subsequent Baculovirus produc-

tion is prepared from the bacterial culture using alkaline lysis methods, followed
by isopropanol precipitation and ethanol washing. The final DNA pellet is resus-
pended in 100 UL sterile water (see Note 6).

To generate recombinant baculovirus, transfect the isolated bacmid DNA into
Sf9 cells that have been plated in 2 mL Sf-900 II SFM medium (2 x 10° cells per
350-mm well) using CellFECTIN reagent as outlined by the manufacturer.

The media, which contains a low titer of recombinant Baculovirus, is harvested
72 h posttransfection (see Note 7).

Virus stocks are amplified by sequential infection of Sf9 cells with Baculovirus.
For the initial amplification, 10 mL cells (1 x 10° cells/mL) are infected with
100 uL harvested virus stock. Following 6 d in culture, the culture is centrifuged
at 2000g for 5 min, and 1 mL of the recovered supernatant is used to infect a
second culture of Sf9 cells (50 mL, 1 x 106 cells/mL). Following 6 d in culture,
the supernatant-containing Baculovirus is recovered by centrifuging the culture
at 2000g for 5 min (see Note 8).

Preparation of Membrane Fractions

infected with recombinant baculovirus at an MOI = 2 (see Note 9).

. 46-52 Hours postinfection, cells are harvested by centrifugation at 2000g for

5 min at 4°C (see Note 10).

Cell pellet is suspended in 75 mL lysis buffer containing protease inhibitors and
lysed by nitrogen cavitation at 600 psi for 30 min on ice.

Nuclei are removed by centrifugation at 500g for 30 min at 4°C.

Membranes are recovered from the supernatant by centrifugation at 70,000g for
30 min at 4°C.

Membranes are washed by suspending the pellet in 85 mL membranes storage
buffer containing protease inhibitors and recovered by centrifugation at 70,000g
for 30 min at 4°C.

The final membrane pellet is suspended in 10 mL membrane storage buffer con-
taining protease inhibitors (see Notes 11 and 12).

Protein concentration is determined using Bio-Rad Protein Assay (see Note 13).
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3.3. Assay of AC Activity

1. On ice, add 5-20 ug membranes, and G protein subunits to the reaction tube.
HMED buffer is added to bring the volume to 60 UL (see Notes 14-16).

2. The reactions are sequentially initiated by the addition of 40 uL cocktail (see
Note 17).

3. Reactions are incubated at 30°C for 10-20 min (see Note 18).

4. Thereactions are sequentially terminated by the addition of 0.8 mL stop solution.

5. 100 pL Solution containing 1-2 x 10* cpm of [*’H] cAMP in water are added to
each tube (see Note 19).

6. The contents of each reaction tube are poured onto a column containing Dowex
50AG-WX4 resin (see Note 20). The flow-through is allowed to drain to waste.

7. Add 2 mL water to each column; discard the flow-through to waste.

8. Elute the cAMP directly into a second set of columns containing alumina with 2 mL
water (see Note 21). Allow the flow-through to drain to waste.

9. Elute the cAMP from the alumina columns directly into scintillation vials using 3 mL
imidazole buffer.

10. Add 8-10 mL scintillation fluid to each vial.

11. Prepare controls for scintillation counting. [*H] controls vials contain 100 pL
[*H] cAMP solution (1-2 x 10* cpm). [3?P] vials contain 10 mL dilution of the
assay cocktail (1:20 dilution). All vials also contain 3 mL imidazole buffer and
8—10 mL scintillation cocktail.

12. Samples are counted on a scintillation counter set to capture [*H] and [3?P] in
separate channels.

13. Calculate the activity of the AC preparation in each assay (see Note 22 and Fig. 1).

4. Notes

1. Recombinant Baculoviruses are prepared using the Bac-to-Bac Baculovirus
Expression Systems (Invitrogen/Life Technologies). A manual outlining detailed
procedures is available at: http://www.invitrogen.com/content/sfs/manuals/bac.pdf.

2. A restriction map of pfastbac is available at http://www.invitrogen.com/content/
sfs/vectors/pfastbacl.pdf.

3. To aid in subsequent identification and purification of the expressed AC protein,
sequences encoding small-affinity tags can be included on the amino- or car-
boxyl-termini of the protein without altering the activity of the cyclases (6,15,18).

4. As the goal is to isolate single isolated colonies, appropriate dilutions of cells
must be plated to account for differences in transformation efficiencies obtained
with different preparations of competent DH10Bac cells. Cells are diluted (1:10,
1:100, 1:1000) with SOC medium.

5. Most white cells (>80%) contain bacmids that have recombined with the recom-

binant pfastbac plasmid; however, some colonies contain sectors of blue cells
that are not readily visible. Additionally, the development of the blue color usu-
ally takes 36—48 h. It is therefore advisable to process multiple colonies that have
been derived from independent pfastbac miniprep DNAs and to avoid colonies
that have any blue sectors.
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Type | Type |l Type V

x x
-
% 2

Fig. 1. Activities of mammalian AC. Representative activities determined from
membrane preparations derived from Sf9 cells infected with recombinant Baculo-
viruses-encoding type I (A), type II (B), or type V (C) AC are shown. Activities were
performed in the absence (Basal) or presence of the following regulators: calmodulin
(CAM), recombinant Gyo (+G,0t), recombinant myristoylated G;o (+G,0), recombi-
nant Gy (+f7), and a combination of regulators.

6. Bacmid DNA is too large to prepare using commercially available miniprep kits.
Repeated freezing and thawing of the isolated bacmid DNA should be avoided,
and it is advisable to use the DNA in transfections immediately after isolation.

7. The titer of this initial stock of Baculovirus isolated from the transfection plates
is estimate to be 1 X 107 pfu/mL. At this stage, it is difficult to determine if the
virus has actually been produced. If the virus has been produced, infection of
subsequent suspension cultures with the supernatant (as outlined in Subheading
3.1., step 11) should significantly slow or stop doubling of the cells.

8. The titer of this stock of baculovirus is estimate to be 1 x 108 pfu/mL. The actual
titer of the stock can be determined using procedures outlined in the Bac-to-Bac
Baculovirus Expression Systems manual.

9. We grow Sf9 cells in suspension shaking at 125 rpm in Bellco flasks (20-mL
flasks for 10 mL, 125-mL for 50 mL, 500-mL for 200 mL and 2-L for 1 L cell
culture) at 27-28°C. Cells are maintained between 0.5 to 3 x 10° cells/mL and
have a doubling time of 24 h. Flasks are washed with 0.1 M NaOH, followed by
water, then by 0.1 M HCI, and again followed by water. Flasks are then auto-
claved and then baked overnight at 190°C. SF9 cell cultures are successively
scaled up to a 200 mL culture with a cell count of approx 3 x 10° cells/mL. This
200 mL cells is then poured into a 2-L flask containing 800 mL Sf900 II media of
the same and grown to obtain 1 L culture with a cell count of approx 1.5-2 x 10°
just prior to infection with Baculoviruses. Maximal expression of the protein is
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Uninfected Sf9 cells

Fig. 2. View of Sf9 cells infect with Baculovirus-encoding type V AC. (A)

Uninfected Sf9 cells. (B) Cells (initially grown to a density of 2 x 10° cells/mL) were
visualized 60 h postinfection with a recombinant Baculovirus-encoding type V AC
(MOI = 2).

10.

11.

12.
13.

14.

15.
16.

obtained when the Sf9 cells are maintained up to approx 25-28 cell passages.
Inspection of cells at the time of harvest is recommended. Cells become enlarged
48 h after infection with Baculovirus (see Fig. 2).

It is important to fully suspend the membranes to an even consistency; clumps of
membrane in the suspension will lead to inaccurate determination of AC activity
when assayed. The use of a glass potter homogenizer (20-30 strokes) is recom-
mended for this step.

Membranes are stored at centrifugation at —80°C. Avoid repeated freezing and
thawing of the preparation; AC activity is lost during this process.

The preparation yields 50-100 mg of membranes/L of culture.

The reactions are assembled in 10 x 75 glass tubes that have been treated with a
siliconizing agent.

Membranes and recombinant G protein o subunits (purified from bacteria) are
diluted in HMED; G protein By subunits are diluted into HMED containing 0.05%
Cy,E( detergent and should be diluted in the assay 10-fold. The presence of
detergents may affect the activity of AC in this assay. If G protein subunits solu-
tions are used that contain other detergents, it is advisable to test the effect of
these detergents and to utilize appropriate boiled preparations as controls.
Duplicate samples are prepared for each condition to be tested.

All reactions contain the following components (final concentrations): 50 mM
HEPES, pH 8.0, 0.6 mM EDTA, pH 7.0, 100 pug/mL BSA, 3 mM potassium
salt, 0.5 mM ATP, 10 mM MgCl,, 10 pg/mL pyruvate kinase, 100 uM IBMX,
and 10° cpm [0-32P] ATP. A solution containing the first five components can
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be prepared in advance and stored at —20°C. The remaining components are to
be added fresh. For assays that utilize G;a subunits, the MgCl, concentration is
reduced to 4 mM.

The assay is linear with time up to 20-30 min.

[*H] cAMP is added in order to monitor sample loss during subsequent column
chromatography.

. The dowex resin is prepared by defining the resin, washing with 3 vol 1 N HCI,

followed by three washes with 5 vol water, and three washes with 3 vol 1 N
NaOH. The resin is then resuspended in water (1:1 slurry), and 2 mL are added to
each column. Prior to use, the columns are washed with 3 mL 1 N HCI, and
followed by an additional wash with 10 mL water. The columns can be regener-
ated for reuse by washing with 3 mL 1 N HCI, followed by an additional wash
with 10 mL water.

Alumina columns are prepared by equilibrating 0.75 g resin with 3 mL 100 mM
imidazole (overnight). Prior to use, the columns are washed with 20 mL imida-
zole buffer, followed by an additional wash with 10 mL water. The columns can
be regenerated for reuse by washing with 20 mL imidazole buffer, followed by
an additional wash with 10 mL water.

The activity of each sample is calculated by first determining the amount of
cAMP that is recovered from each of the alumina columns; then, the specific
activity of the cAMP in the assay is determined from the [3?P] control vials
(approx 20 cpmpMol!). This value is then adjusted for the losses incurred dur-
ing the dowex/alumina chromatography steps; this is determined by calculating
the percentage of the [°’H] cAMP that was recovered for each of the alumina
columns. The activities are expressed as pmol cAMP formed-(min~')-(mg of
cyclase membrane protein!).
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Measurement of G Protein-Coupled Receptor-Stimulated
Phospholipase D Activity in Intact Cells

Stephanie ). Walker and H. Alex Brown

Summary

Mammalian phospholipase D (PLD) activity hydrolyzes phosphatidylcho-
line (PC) into phosphatidic acid (PA) and free choline. This activity can be
stimulated by a wide variety of extracellular agonists, including those for G
protein-coupled receptors (GPCRs). This chapter outlines a protocol for the
measurement of PLD activity in intact cells following stimulation by an extra-
cellular agonist. The protocol takes advantage of a unique property of mamma-
lian PLDs—the ability to substitute a primary alcohol for water in the
hydrolytic reaction. This transphosphatidylation reaction results in the forma-
tion of a phosphatidylalcohol, which is a specific and unique marker for PLD
activity. This protocol is highly sensitive for the detection of PLD activity fol-
lowing the stimulation of intact cells, being a valuable method for studying the
regulation of PLD activity in vivo.

Key Words: Phospholipase D; G protein; lipid signaling; transphosphatidyla-
tion; phosphatidic acid.

1. Introduction

Phospholipase D (PLD) enzymes catalyze the hydrolysis of phospholipids
at the distal phosphodiester bond. Mammalian PLDs are primarily phosphati-
dylcholine (PC)-specific; hydrolysis of PC by these enzymes generates phos-
phatidic acid (PA) and choline. PA is a second messenger involved in
membrane-remodeling events that are critical to cell growth (e.g., vesicle traf-
ficking and regulated secretion). PLD-produced PA levels are transient;
dephosphorylation of PA by lipid phosphate phosphatase (LPP) is a major path-
way for diacylgycerol (DAG) production. Because of the important cellular
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