
The G�protein coupled receptors (GPCR) form a

major family of membrane proteins in human cells

including about 1000 representatives. As biological sen�

sors, they provide signal transduction and cell response to

various extracellular stimuli, from inorganic ions to pro�

teins [1, 2]. The common structural features of these pro�

teins include seven hydrophobic transmembrane seg�

ments, extracellular N�terminus, and intracellular C�ter�

minus. The binding sites of small organic molecules are

often located within the transmembrane segments, while

peptide hormones and proteins interact with the N�ter�

minus of the GPCR and extracellular loops [3].

Proteins of the GPCR family are associated with var�

ious human diseases and are targets for many drugs.

Development of new generation drugs possessing higher

specificity and lacking side effects requires detailed study

of mechanisms of ligand binding and signal transduction

by these proteins, which can be ensured only by exact

information about their spatial structure. Previously,

molecular modeling of receptors of the GPCR family has

been based on the spatial structure of bovine rhodopsin

obtained by X�ray crystallographic analysis [4]. There

were no data about other GPCR structures due to diffi�

culties in obtaining protein preparations such as low con�

centration of the receptors in tissues, instability, and het�

erogeneity. There has been significant improvement in

this field during the last two years. Construction of sys�

tems for heterologous expression and stabilization of

GPCR molecules by protein engineering methods has

enabled establishment of three�dimensional structure of

three more family representatives: β1� and β2�adrenergic

and adenosine receptors [5�8]. However, for crystalliza�

tion of each of these receptors, specific methods includ�

ing individual selection of the expression system and

modification of the protein molecule were used.

Obviously, deciphering of the spatial structure of most

GPCR molecules by X�ray methods or NMR spec�

troscopy requires development of a more universal

approach applicable for, with small variations, most of

these receptors.

The most important part of this approach is selection

of the optimal system for expression of the GPCR gene.

Mammalian and insect cells provide the most suitable

medium for synthesis and posttranslational processing of

eukaryotic receptors, but their cultivation is quite expen�

sive [9]. In yeast cells, hyperglycosylation of recombinant

proteins is often observed, and folding of the GPCR is

often incorrect [10]. Expression of foreign genes in bacte�

ria, first of all, in Escherichia coli, is not followed by any

posttranslational modifications of the recombinant pro�
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teins and can provide enough material for study of the

structure by NMR spectroscopy and X�ray analysis [11].

Cultivation of bacteria does not require costly media and

the equipment and is easily scaled. Thus, E. coli cells pro�

vide a promising system for heterologous expression of

GPCR genes.

The goal of this work was to elaborate a high�per�

formance system for expression of human GPCR genes in

E. coli cells. Various methods of direct and hybrid expres�

sion of 17 GPCR genes and strains and conditions of cul�

tivation of bacteria were comparatively analyzed. Based

on the data obtained, an effective approach for expression

of GPCR genes in E. coli cells is suggested for studies of

GPCR structure.

MATERIALS AND METHODS

Reagents from BioRad (USA), Sigma (USA), Merck

(USA), and Panreac (Spain) and bacteria cultivation

media components from Difco (USA) were used in this

study. Solutions were prepared using MilliQ deionized

water.

Construction of GPCR expression plasmids. DNA

manipulations were performed using standard methods

[12] in E. coli cells XL�1 Blue (Stratagene, USA) using

Fermentas enzymes (Lithuania). The oligonucleotides

were synthesized by Evrogen (Russia). The plasmids and

fragments for cloning were purified using Qiagen kits

(Germany).

cDNA from the Novartis collection (Switzerland)

were amplified by PCR using gene�specific primers con�

taining NdeI site at the 5′�end and  XhoI site at the 3′�end

(Table 1) and Pfu DNA polymerase. The following PCR

conditions were used: 3 min template denaturation at

95°C; 25 cycles (denaturation at 95°C for 45 sec, primer

annealing at 52�55°C for 45 sec, elongation at 72°C for

1 min); final elongation at 72°C for 5 min. The resulting

fragments were treated with NdeI and XhoI, purified by

electrophoresis in 1% agarose gel, and cloned into the

pET32a vector obtained by treatment with the same

restrictases.

The insert sequence of the resulting plasmids was

confirmed by sequencing in both directions (Center of

Multiple Access “Genome”, Russia) using T7prom and

T7term primers as well as gene�specific primers (Table 1).

Then the plasmid DNA was treated with NdeI and XhoI

and the gene�containing fragment was purified and

cloned into the expression vectors treated with NdeI and

XhoI.

To construct the pET28F plasmid, the DNA frag�

ment encoding signal sequence and the first 12 amino

acid residues (a.a.) of mature OmpF was amplified on a

genomic DNA template of E. coli using PCR with

primers OmpF�Nco (5′�ACATACCATGGTGAAGCG�

CAATATTC) and OmpF�Nde (5′�ACATACATAT�

GATCTACTTTGTTGCCATC), treated with NcoI and

NdeI restrictases, and cloned at the corresponding sites of

the pET28a vector (Novagen, USA).

The pET28DA plasmid encoding DsbA signal

sequence was constructed by cloning following the same

scheme of synthetic DNA fragment obtained as a result of

annealing of oligonucleotides DA1 (5′�CATGAAAAA�

GATTTGGCTGGCGCTGGCT), DA2 (5′�GGTT�

TAGTGTTAGCGTTTAGCGCTTCGGCGGCGCA),

DA3 (5′�CTAACACTAAACCAGCCAGCGCCAGC�

CAAATCTTTTT), DA4 (5′�TATGCGCCGCCGAA�

GCGCTAAACG).

The pMT32 plasmid was obtained by cloning of the

Mistic gene of B. subtilis amplified on a template of the

plasmid DNA of pET�Mistic (provided by O. V.

Nekrasova) using primers T7prom and MisRev (5′�
GGAATTCCATATGAGATCCACGCGGAACCA�

GACCAGAAC) and treated with XbaI and NdeI restric�

tases at corresponding sites of the pET32 plasmid. The

pMT32H10 plasmid was obtained by ligation of the XhoI�

AdeI fragment of the pETH10 plasmid (provided by L. N.

Shingarova) at corresponding sites of the pMT32 plas�

mid.

The pOmpF and pGST plasmids were constructed

by replacement of the Mistic gene in pMT32 by the OmpF

and GST genes, respectively. With this goal, the genes

were amplified using E. coli genomic DNA and the

pGEX2T plasmid (GE Healthcare, USA), respectively, as

templates for PCR using primers OmpF�Nco and

OmpF�rev (5′�ACATACATATGGAACTGGTAAACG�

ATAC) for obtaining pOmpF and GST�Nco (5′�ACAT�

ACCATGGGTTCCCCTATACTAGGTTATTG) and

GST�Nde (5′�ACATACATATGATCCGATTTTGGAG�

GAT) for obtaining pGST, treated with NcoI and NdeI

restrictases, and cloned at the corresponding sites of

pMT32. The structures of all of the resulting plasmids

were confirmed by sequencing within the insert.

Screening of expression by dot�blot analysis. To exam�

ine the expression, E. coli strains Rosetta2(DE3)pLysS

(Novagen) and C41(DE3)R2 obtained by transformation

of the C41(DE3) strain (Avidis SA, USA) using the

pRARE2 plasmid (Novagen) were used. Samples (0.2 ml)

of the autoinduction medium [13] containing 100 µg/ml

ampicillin (or 50 µg/ml kanamycin in case of pET28a�

based plasmids) and 34 µg/ml chloramphenicol in 2 ml

test tubes were inoculated with separate colonies obtained

from the surface of the dish containing L�agar. The test

tubes were incubated for 24 h at 37°C and 72 h at 18°C in

a thermomixer (Thermomixer Comfort; Eppendorf,

Germany). The culture was precipitated by centrifugation

in an Eppendorf 5415R table�top centrifuge for 5 min at

7000 rpm, and the precipitate was resuspended in 50 µl of

CelLyticB reagent (Sigma) with addition of 5 µg/ml

DNase I solution (Sigma). After incubation at room tem�

perature for 15 min, 50 µl of 2XTES buffer containing

20 mM Tris�HCl, pH 6.8, 2 mM EDTA, 2% SDS was
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added to the suspension, then incubation was continued

for 10 min at 37°C and the mixture was centrifuged for

10 min at 13,000 rpm. A 2�µl sample of the supernatant

was applied to a nitrocellulose membrane (BioRad)

together with serial dilutions of purified GPCR with

known concentrations as a standard. The protein was

visualized using monoclonal antibodies to the His�tag

(Novagen) and secondary antibodies conjugated with

alkaline phosphatase (Sigma) according to the manufac�

turer’s recommendations. For fractionation of the cell

proteins, the suspension preliminarily incubated with

CelLyticB was centrifuged and the supernatant (soluble

fraction) was taken. A 50�µl volume of 2XTES buffer was

added to the precipitate, and then the sample was treated

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Table 1. GPCR genes used in this study

Sequences of the primers
used for cloning (5′�3′)

ACATACCATATGGGTAACCACACGTGG
ACATCTCGAGTTGTGCTGGCGGCAGC

ACATACCATATGAACCCCACGGATATAGC
ACATCTCGAGCGGGGGCCCATTTGCC

ACATACCATATGGAGGAATGCTGGGTG
ACATCTCGAGGCAATCAGAGAGGTCTAG

ACATACCATATGGAAACTCCAAACACC
ACATCTCGAGGAACCCAGCAGAGAGTTC

ACATACCATATGGATCAGTTCCCTG
ACATCTCGAGGAGAAGGAGCAATGC

ACATACATATGGGTCAACCAGGGAACGG 
ACATCTCGAGCAGCAGTGAGTCATTTGTAC

ACATACATATGGCATCTCTGAGCCAG
ACATCTCGAGGCAAGACAGGATCTTGAGG

AATTCCATATGGGTCCAACCAGCGTCCCGC 
CCGCTCGAGGGAAGAAGAGTTGACGTTTCC

ACATACCATATGGCAACTGCCCTCCC
ACATCTCGAGGTTGCAGAAGATCCCATTC

ACATACATATGCTGTCCACATCTCGTTC
ACATCTCGAGTAAACCAGCCGAGACTTCC

ACATACATATGCGTAGTGTGGCCCCTTC
ACATCTCGAGGGCCAACCTGCCCGTGG

ACATACCATATGGAGCCACTGTTCCC
ACATCTCGAGCAGCTTGCTGGTCTGC

ACATACCATATGGAGCTGGCGGTCG
ACATCTCGAGCACATGAGTACAATTGGTTG

ACATACATATGCCTGCTAATTACACGTG
ACATCTCGAGGCATAATTCAGGTGTCATGG

AATTCCATATGACGCCAAACAGCACTGG
CCGCTCGAGGTTCAAGTCCAGGTCGACAC

AATTCCATATGAAGCACATTATCAACTCG
CCGCTCGAGCCAGTACCTGCTGCAGAAG

ACATACCATATGGAGGGGATCAGTATATAC
ACATCTCGAGGTTTCTTTAGTTTTTGTG

Number of amino
acid residues

362

361

360

356

355

413

401

381

378

375

365

364

349

333

333

297

352

Full protein name

G�protein�coupled receptor, 4

chemokine receptor 4 
(C�C motive)

cannabinoid receptor 2 
(from macrophages)

chemokine receptor 1 
(C�C motive)

chemokine receptor 1 
(C�X3�C motive)

β2�adrenergic receptor

dopamine receptor 3

sphingolipid receptor 1

sphingolipid receptor 3

chemokine receptor 2b 
(C�C motive)

G�protein coupled receptor, 68

somatostatin receptor 5

galanin receptor 1

G�protein coupled receptor, 174

G�protein coupled receptor, 1

melanocortin receptor 2

chemokine receptor 4 
(C�X�C motive)

Short
name

GPR4

CCR4

CNR2

CCR1

CX3CR1

β2AR 

DRD3

EDG1

EDG3

CCR2b

GPR68

SSTR5

GALR1

GPR174

GPR1

MC2R

CXCR4

Note: Cloning sites in primer sequences are underlined. GPCR gene sequences are in bold type.
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as described above (the fraction of inclusion bodies).

Aliquots of both fractions (2 µl) were separately applied to

the dot�blot.

Cultivation of producer strains. A 200�ml sample of

2ZYM5052 medium containing ampicillin (100 µg/ml)

and chloramphenicol (34 µg/ml) in a 1�liter flask was

inoculated with about 100 colonies of the strain trans�

formed by one of the expression plasmid from the surface

of a fresh dish with L�agar. To obtain the inclusion bod�

ies, the culture was incubated at 37°C and 260 rpm for

24 h or, to obtain the membrane fraction, at 25°C for 72 h.

The cells were precipitated by centrifugation at 8000 rpm

for 15 min.

Isolation of membrane fraction. The cell precipitate

obtained as described earlier was resuspended in sonica�

tion buffer (50 mM Tris�HCl, pH 8.0, 5 mM EDTA, 20%

sucrose), lysozyme was added up to 0.2 mg/ml, and the

sample was incubated at room temperature for 20 min.

Then the suspension was 5�fold diluted with cooled

deionized water containing 1 mM phenylmethylsulfonyl

fluoride (PMSF), kept on ice for 5 min, and sonicated

(Branson Sonifier 450; Branson, USA) for 3 min. The

suspension was centrifuged for 30 min at 6000 rpm, and

the supernatant was repeatedly centrifuged for 1 h at

45,000 rpm using a 70Ti rotor (Beckman, USA). The

resulting membrane fraction precipitate was resuspended

in 50 mM Tris�HCl, pH 8.0. Total concentration of the

protein was estimated using Protein Assay dye (BioRad).

For Western�blot visualization, the membrane frac�

tion proteins separated by gel electrophoresis according

to Laemmli [14] (50 µg per lane) or purified GPCR

(15 µg per lane) were applied onto nitrocellulose mem�

brane (BioRad) by the method described earlier [15]. The

membrane was stained as described above for dot�blot.

Purification of recombinant GPCR. The cell precipi�

tate obtained as described above was resuspended in

20 mM Tris�HCl buffer, pH 8.0, 1 mM EDTA, 200 mM

NaCl containing lysozyme (0.2 mg/ml) and then ultra�

sonicated. After centrifugation, the precipitate was

washed twice with buffer containing 20 mM Tris�HCl,

pH 8.0, 2 M urea, 1 mM EDTA, 10 mM β�mercap�

toethanol. Then it was washed twice with buffer contain�

ing 0.5% Triton X�100 instead of urea and diluted in

20 ml of buffer A (20 mM Tris�HCl, pH 8.0, 0.5 M NaCl,

1.5% lauroyl sarcosine, 10 mM β�mercaptoethanol, and

10 mM imidazole) and incubated for 16 h at room tem�

perature. The solution was centrifuged, the supernatant

was applied to a 4�ml Ni2+�charged column with

Chelating�Sepharose CL�6B (GE Healthcare) equili�

brated in the same buffer, washed with 40 ml of buffer B

(20 mM Tris�HCl, pH 8.0, 1 M NaCl, 1% lauroyl sarco�

sine, 10 mM β�mercaptoethanol, 50 mM imidazole) and

eluted with buffer B containing 0.5 M NaCl and 300 mM

imidazole. The fractions were analyzed by protein elec�

trophoresis according to Laemmli in 12% polyacrylamide

gel.

The concentration of the purified protein was esti�

mated using individual absorption coefficients based on

the results of 280�nm absorption measurement. In the

case of the Mistic�GPCR fusion protein, the solution was

two�fold diluted with buffer containing 20 mM Tris�HCl,

pH 8.0, and thrombin solution (1 unit/mg protein;

Technology�Standard, Russia) was added. The mixture

was incubated for 4 h at room temperature, and the com�

pleteness of cleavage was analyzed by protein elec�

trophoresis. One millimolar PMSF was added to the solu�

tion, and imidazole and salt concentrations were brought

to 0.5 M and 30 mM, respectively. Then the protein was

applied to a 2�ml Ni�Sepharose Fast Flow column (GE

Healthcare) and washed with 10 ml of buffer B and 10 ml

of the same buffer containing 10 mM NaCl. The protein

was eluted with buffer B containing 0.5 M NaCl and

300 mM imidazole. Fractions containing protein as visu�

alized by electrophoresis were combined, and then con�

centration was estimated as described above.

RESULTS

The literature contains data about the expression of

GPCR genes in E. coli cells using various systems includ�

ing direct [16] and hybrid expression, where glutathione�

S�transferase [17], ketosteroid isomerase [18], and other

proteins play the role of partner in a fusion protein. In a

number of studies GPCR has been expressed as a protein

fused with maltose�binding protein on the N�terminus

and with thioredoxin on the C�terminus [19]. In this case,

the fusion proteins are mainly found in the membrane

fraction of the bacterial cells, and the yield is not more

than 1 mg per liter of the culture [20]. Significantly more

efficient synthesis of recombinant GPCR (dozens of mil�

ligrams per liter of culture) necessary for structural stud�

ies can be provided by formation of inclusion bodies in

bacterial cells. The disadvantage of this approach for

expression is the necessity to dissolve insoluble aggregates

using denaturing agents and subsequently refolding the

proteins obtained. Nevertheless, in a number of studies

examples of successful use of this approach and restora�

tion of native activity of the GPCR after renaturation

have been described [21, 22]. At the first stage of the

work, it was proposed to compare the potentials of both of

the approaches to provide high level synthesis of the tar�

get proteins as well as efficiency of various partner pro�

teins for hybrid expression.

To solve the problem, a collection of 17 cDNAs of

GPCR was used (Table 1). To obtain plasmids for direct

expression, the genes were amplified by PCR using gene�

specific primers and cloned into the pET32a vector by

NdeI�XhoI sites (Scheme, part (a)). Full�size GST,

OmpF, Mistic, and DsbA and OmpF signal sequences

were selected as fusion partners for hybrid expression. To

provide an opportunity to simultaneously obtain various
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expression constructs, the fusion partner protein genes

were cloned into NcoI�NdeI cleavage sites  so that they

formed a single reading frame containing GPCR genes

cloned by NdeI�XhoI sites (Scheme, part (b)). The

pET28a plasmid was used as a vector for expression of

hybrid proteins fused with DsbA and N�terminal frag�

ment of OmpF or, for expression of fusion proteins

Mistic�GPCR, GST�GPCR, and OmpF�GPCR, a plas�

mid based on pET32a containing NcoI site was used.

Thus, all of the resulting genes were placed under the

control of tightly regulated promotor T7lac and con�

tained the sequence encoding six or ten histidine residues

(His�tag) at the 3′�end for the subsequent purification of

the fusion proteins by metal�affinity chromatography

providing the standard conditions of expression and

purification of the recombinant proteins in the ranges of

the elaborated approach.

To study the expression, two E. coli strains were

selected: Rosetta2(DE3)pLysS and C41(DE3)R2. The

cultures were incubated in LB medium at 37 and 18°C. It

was supposed that cultivation at the lower temperature

would enable insertion of the recombinant receptors into

the membrane of the bacterial cells [23]. At the first stage,

the expression of the genes in the presence of 0.05�1 mM

isopropyl�β�D�thiogalactoside (IPTG) was screened. It

should be noted that a large number of membrane pro�

teins, especially GPCR, display abnormal mobility dur�

ing gel electrophoresis [24]. In addition, the correspon�

ding bands on the gel are diffuse [17]. Therefore, to

improve the screening efficiency the level of synthesis of

the recombinant GPCR in culture was estimated by

intensity of staining of dots on dot�blots using antibodies

to the His�tag.

To simultaneously analyze the maximal number of

variants, the cultures were incubated in 200 µl in 2 ml test

tubes. It was first established that, on culturing in a small

volume of the medium, the level of GPCR synthesis cor�

relates with the amount of protein that can be obtained

on scaling up the experiment (data not presented). The

results of the dot�blot showed that IPTG induction

enables direct expression of only two of 17 GPCR genes

in both strains (GPR4 and GPR68, Table 2). Western�

blot analysis of lysates of the cells expressing GPR68

gene with antibodies to the His�tag confirmed that the

target recombinant protein is synthesized (data not pre�

sented).

At the next stage of the study, cultures were incubat�

ed in 2ZYM5052 autoinduction medium elaborated by

Studier [13] at 37 and 18°C. Use of this medium enabled

to reduce the number of analyzed parameters, especially

the culture absorption at the time of induction and the

concentration of the inducer, and, respectively, to

improve the efficiency of screening. At the same time, the

number of genes, the direct expression of which was

detected by dot�blot, increased from two to six (Fig. 1a

and Table 2). During study of hybrid expression of the

GPCR genes with various partner proteins in autoinduc�

tion medium, expression of 13 more genes were detected

(Table 2). Thus, during expression of 17 genes from the

collection, negative result was obtained only in the case of

DRD3. This suggests that the elaborated approach for

expression of GPCR genes in bacterial cells is universal.

Structural scheme of GPCR genes with adjacent regulatory elements within plasmids for direct (a) and hybrid (b) expression

a

b

thrombin site
lac operator

lac operator

T7 promotor

T7 promotor

T7 terminator

T7 terminator

fusion partner
protein gene
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Notably, the proteins and the protein fragments used

as fusion partners for hybrid expression of the GPCR

genes have shown different efficiency. The use of full�

sized OmpF as well as DsbA signal sequence was fully

inefficient. Expression of GST hybrids promoted an

increase in synthesis of seven GPCR, but high expression

level was observed only in the case of GPR4. Expression

of hybrid proteins containing the signal sequence and the

N�terminal fragment of OmpF (12 a.a.) was more suc�

cessful. We detected the expression of 13 of 15 hybrid

OmpF�GPCR genes, and the expression level of six of

them was more than 10 mg per liter of the culture (Table

2). However, full�sized Mistic was the most effective part�

ner protein. Expression of 16 of 17 of the studied genes

was detected by dot�blot analysis, and the expression level

of 11 genes cultured in rich autoinduction medium was

≥10 mg protein per liter of culture (Fig. 1b and Table 2).

Higher synthesis level (>20 mg protein per liter of cul�

ture) was detected in samples obtained by cultivation at

37°C. In most cases, use of the Rosetta2(DE3)pLysS and

C41(DE3)R2 strains was accompanied by nearly the

same level of synthesis of recombinant GPCR, but the

yield of the hybrid proteins containing CCR1, CX3CR1,

and some other target proteins was higher in the

C41(DE3)R2 strain.

Fractionation of the proteins in culture samples

expressing fusion proteins Mistic�GPCR at 37°C revealed

that the expression products are mainly located in inclu�

sion bodies (Fig. 2a). However, in a number of samples

cultivated at 18�25°C, dot�blot analysis revealed that

expression of the target proteins in soluble fraction was

quite high (Fig. 2a). To specify the location of the Mistic�

GPCR fusion proteins, the membrane fraction of the

cells expressing β2AR fused with Mistic was isolated.

Using Western�blot analysis with antibodies to the His�

tag, the presence of the fusion protein was confirmed in

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Table 2. Expression level of GPCR genes

Yield of the purified
protein, mg/liter**

50/4

10/10

n.d.

n.d.

n.d.

20/4

n.d.

n.d.

n.d.

20/4

50/10

50/10

n.d.

n.d.

n.d.

50/10

n.d.

Hybrid expression
with OmpF*

++

n.d.

+

+

+

++

–

+

+

++

++

++

–

n.d.

+

++

+

Note: (–), <5 mg/liter; (+), 5�10 mg/liter; (++), 10�20 mg/liter; (+++), 20�50 mg/liter; n.d., not determined.

* Expression was observed only after culturing on autoinduction medium. Screening data confirmed by preparative purification of the recom�

binant proteins are designated by gray shading.

** Yield obtained using the most effective expression system and culturing the strain on rich/minimal autoinduction medium is presented. In

case of similar yield using direct and hybrid expression, direct expression was used.

Direct
expression

+++

++*

–

–

–

–

–

–

–

–

+++

+*

–

–

+*

+*

–

Hybrid expression
with Mistic*

+++

+

+

+++

+++

+++

–

++

++

+++

+++

+++

+

++

++

+++

+
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Fig. 1. Expression of GPCR in E. coli cells. Screening of direct (a) and hybrid (with Mistic as partner (b)) expression of GPCR genes by the

dot�blot method using antibodies to the His�tag. Cells of Rosetta2(DE3)pLysS (a, b) and C41(DE3)R2 (b) strains containing corresponding

plasmids were incubated at 18°C (a, b) and 37°C (b). Amount of protein (ng) added as a standard is designated by numbers.

18 37

b

T, °C

Ros2              C41              Ros2              C41 

18 37 18 37 18 37

8

10

11

13

14

15

16

No.No.

17

1

2

3
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Fig. 2. Analysis of recombinant b2AR localization in E. coli cells. a) Dot�blot analysis of soluble (s) and insoluble (i) fractions of cell pro�

teins of the Rosetta2(DE3)pLysS strain containing the pMT6H10 plasmid cultured in 2ZYM5052 medium at 20 and 37°C. b) Western�blot

analysis of membrane fraction of cells expressing b2AR with antibodies to the His�tag. The lane on the left is molecular mass markers
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the inner membrane of the bacteria (Fig. 2b). However,

along with the monomer, there was a significant amount

of aggregated protein in the sample. Similar results were

obtained during the study of localization of the Mistic�

SSTR5 fusion proteins in cells (data not presented).

To confirm the screening results, eight recombinant

GPCR from the fractions of insoluble cellular proteins

were purified using metal�affinity chromatography in

buffer containing lauroyl sarcosine and mercaptoethanol

(Table 2). Due to thorough washing of the inclusion bod�

ies, after one stage of chromatographic separation the

preparation of the target protein is obtained with purity

>90% (Fig. 3a, lane 1). After analysis of the chromatog�

raphy results, it was found that binding of the fusion pro�

teins containing hexahistidine tag to the nickel�affinity

resin is not strong enough. Elution of the target protein

bound to the sorbent was observed already after washing

with buffer containing 30 mM imidazole. To increase the

sorbent�binding strength, the length of the histidine tag

was increased to 10 residues, with increase in the concen�

tration of imidazole in the washing buffer to 70 mM.

In the next stage, the purified Mistic�GPCR fusion

proteins were treated with thrombin for separation of

Mistic and the target protein. Cleavage of the fusion pro�

teins appeared to be complete after 4 h of incubation at

room temperature (Fig. 3a, lane 2). Then the target pro�

teins were separated from the partner proteins by repeat�

ed Ni�Sepharose chromatography (Fig. 3a, lane 3). Using

the standard purification method, we obtained >20 mg of

recombinant GPR68, b2AR, CCR2b, SSTR5, MC2R,

and other GPCR from 1 liter of rich medium (Fig. 3b).

Analysis of the N�terminal sequence of three purified

proteins (b2AR, SSTR5, and MC2R) confirmed correct�

ness of cleavage of Mistic by thrombin (data not present�

ed).

To study the spatial structure of proteins by NMR

spectroscopy, it is necessary to obtain proteins containing

isotope labels. With this goal, bacterial strains must be

cultivated on minimal media containing the correspon�

ding additives. Efficiency of expression of several hybrid

Mistic�GPCR genes (6, 10, 12, 16) was studied by incu�

bating the cultures on minimal autoinduction medium

(M5052 [13]) at 37°C. It was established that, under the

given conditions, higher level of synthesis of the recombi�

nant GPCR is observed in the Rosetta2(DE3)pLysS

strain. Therefore, it was selected as the basic strain for the

elaborated expression system. The strains were cultivated

on the minimal medium for 3�5 days, and the protein

yields were several times lower than that when using the

rich medium (Table 2). Nevertheless, even when cultivat�

ing the strains on the minimal medium, the suggested

approach provided recombinant GPCR yield, which rep�

resents sufficient amount of material for structural stud�

ies.

DISCUSSION

Construction of systems for expression of human

membrane receptors in bacterial cells is an extremely

Fig. 3. Purification of recombinant GPCR. a) SDS�PAGE in 12% polyacrylamide gel of purified Mistic�b2AR fusion protein (1), the same

protein after incubation with thrombin for 4 h (2), and purified b2AR (3). Positions of the Mistic�b2AR, b2AR, and Mistic monomers are des�

ignated by arrows. 4) Molecular mass markers (Fermentas). b) Western�blot analysis of purified GPCR with antibodies to the His�tag. Lane

on the left, molecular mass markers (Fermentas). Numeration of the GPCR is presented according to the Table 1. 12d and 12h, SSTR5

obtained by direct and hybrid (with Mistic) expression systems, correspondingly.
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important problem for fundamental research and molec�

ular medicine. To solve the problem, accurate analysis of

effects of a great number of parameters to find a compro�

mise between level of synthesis of the recombinant pro�

tein and cell viability is necessary, since heterologous

expression of membrane proteins is often toxic for bacte�

ria [25]. The present work was oriented to obtain materi�

al for study of spatial structure of the proteins by NMR

spectroscopy. This fact determined the presence of addi�

tional requirements on the constructed expression sys�

tems, such as high protein yield and possibility to obtain

isotope�labeled preparations. Another feature was the

attempt to develop a universal approach for efficient

expression of large number of GPCR. The cDNA library

used in the present work included 17 genes of various

GPCR, and the data about the possibility of expression in

bacteria were available for only two of them (β2AR and

CNR2 [26, 27]).

The approach is based on the standard scheme of

cloning of encoding sequences of the GPCR and partner

proteins for hybrid expression at the same restriction sites

into the plasmids based on the same vector. This fact

enabled rapid construction of plasmids for expression of

each of the GPCR genes as fusion proteins and compara�

tive analysis of their efficiency. The expression level was

estimated by dot�blot assay, which enabled simultaneous�

ly study of a great number of the samples using a standard

reagent kit for all of the studied proteins.

One of the common expression problems is the pres�

ence of rare codons in the target gene. This can be a rea�

son for low expression level of the gene in bacteria [28]. In

a number of works, this problem has been solved by con�

struction of synthetic GPCR genes taking into account

usage of the codons in bacterial cells [21, 29]. However,

use of this approach for expression of a great number of

genes is quite expensive. Therefore, we have employed a

more universal strategy – expression of the target genes in

strains containing plasmid pRARE2, which provides syn�

thesis of an extra amount of rare tRNA. It is known that

E. coli strains C41 and C43 provide the increase in the

synthesis level of recombinant membrane proteins and

decrease their toxic effect on cells [30]. In several cases,

we did observed an increase in expression of the GPCR

genes using strain C41(DE3)R2. However, expression

level of majority of genes in Rosetta2(DE3)pLysS and

C41(DE3)R2 cells appeared to be comparable. The final

choice of the strain was made by comparing yields of the

target proteins after incubating the cultures on the mini�

mal medium. Under these conditions, the expression

level of recombinant GPCR was significantly higher in

Rosetta2(DE3)pLysS cells.

Use of autoinduction medium played a significant

role in the development of the universal approach for

expression of GPCR genes in bacteria. Rational combi�

nation of three carbon sources (glucose, glycerin, and

lactose) as well as additives promoting more intensive

growth of the culture enables tighter control after the

induction process and production of a great amount of

biomass [13]. At the same time, it is not necessary to

select individual parameters of cultivation (stages of cul�

ture growth, amount of inducer), which complicates

standardization of traditional expression experiments by

IPTG induction. Comparison of the results obtained by

IPTG induction and using the autoinduction medium

proved higher efficiency and ease of the second method

for solution of the problem. Notably, using homemade

autoinduction medium and OvernightExpress medium

(Novagen), there was no significant difference in the

amount of biomass obtained and the yield of the target

proteins (data not presented).

The easiest method for heterologous expression of

GPCR genes in bacteria is direct expression of the target

protein gene under control of regulatory elements provid�

ed by the plasmid vector. Such systems have been

obtained for a number of membrane proteins including

GPCR [16]. The possibility of direct expression of a cer�

tain gene depends on various factors, especially on the

secondary structure of the 5′�end region of the mRNA,

which determines its translation efficiency [31]. It should

be noted that the 5′�end regions of most genes from our

collection had high content of G and C nucleotides that

could promote stabilization of the hairpin structures of

the corresponding mRNA and decrease protein synthesis

level in direct expression. On screening the cultures incu�

bated in the presence of IPTG, direct expression of only

two GPCR of 17 (GPR4 and GPR68) was detected and,

using autoinduction medium, the synthesis of CCR4,

SSTR5, GPR1, and MC2R was additionally detected.

In a number of cases the level of synthesis of the

recombinant proteins was increased by use of hybrid

expression systems in which translation is initiated in the

5′�end region of the mRNA encoding a partner protein

with high expression level. In addition, expression of the

proteins fused with several partners promotes increase in

solubility and protection of the target protein from degra�

dation by bacterial proteases, which can be a reason for

decreased yield. Thus, a hybrid expression system based

on GST is widely used for increase in synthesis level and

solubility of recombinant proteins in bacterial cells [32].

There are data about excretion of fusion proteins con�

taining full�sized OmpF into the medium of E. coli cul�

ture [33]. Conjunction of encoding sequences of the sig�

nal peptides and N�terminal fragments of excreted bacte�

rial proteins to the genes of the target proteins can enable

their incorporation into inner membrane of the cells [34,

35]. Finally, it was established recently that expression of

genes of a number of membrane proteins (including

GPCR) in E. coli is facilitated by construction of proteins

fused with the Mistic integral protein of B. subtilis mem�

brane [36].

Our research has confirmed the efficiency of use of

hybrid expression systems for obtaining recombinant
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GPCR in E. coli cells. The total number of the GPCR

genes with expression level more than 5 mg/liter of medi�

um increased from 6, when expressed directly, to 16. Use

of the N�terminal fragment (signal sequence and first

12 a.a.) of OmpF and full�sized Mistic appeared to be the

most effective. According to our data, use of Mistic as a

partner protein promotes higher synthesis level in E. coli

of most of the GPCR. This must be due to the presence of

different mechanisms of binding of the proteins with the

membrane. OmpF is transported through the plasma

membrane by a complex of bacterial proteins (translo�

con), and this process is limited by its “capacity” [37].

Mistic does not possess a typical signal sequence and

integrates into the membrane without using the excretion

apparatus of bacteria. So, its superproduction as well as

expression of fusion proteins with Mistic does not cause

toxicity for cells [36].

Most of the Mistic�GPCR fusion proteins are local�

ized in a fraction of insoluble cell proteins (inclusion bod�

ies) and in the membrane fraction. However, it was found

that Mistic�β2AR and Mistic�SSTR5 fusion proteins

alongside with the monomer found in membrane fraction

of the bacteria contain the same amount of aggregates as

the protein localized in inclusion bodies. It is known that

orientation of bacterial proteins in membrane is deter�

mined by distribution of charged amino acid residues in

their loop regions [38]. This distribution can differ dra�

matically in the molecules of eukaryotic membrane pro�

teins. In addition, for correct folding of most of the

GPCR, the presence of certain lipids absent in bacterial

membrane is required [39]. Thus, the possibility of

Mistic�GPCR fusion protein to incorporate into the

membrane is likely to be determined by the properties of

the target protein, and violation of this process leads to

formation of aggregates.

To confirm the screening results, four target proteins

obtained by direct expression (GPR4, GPR68, CCR4,

and SSTR5) and four proteins expressed as proteins fused

with Mistic (β2AR, CCR2b, SSTR5, MC2R) were isolat�

ed. The standard purification method using metal affinity

chromatography in denaturing conditions yielded high�

purity recombinant GPCR in all cases. Notably, in all

preparations of the target GPCR obtained, high molecu�

lar weight aggregates as well as monomeric forms of the

protein are observed (Fig. 3b). This phenomenon can be

explained by formation of strong intermolecular interac�

tions provided by hydrophobic transmembrane domains

of the proteins during formation of inclusion bodies.

Consequently, treatment with lauroyl sarcosine is not suf�

ficient to break these interactions. In addition, all of the

studied GPCR contain a large number of cysteine

residues localized predominantly in hydrophobic zones,

which limits the possibility of their reduction using water�

soluble agents (β�mercaptoethanol or dithiothreitol).

Thus, study of the structure of recombinant GPCR

obtained by expression in bacterial cells in the form of

inclusion bodies will require further elaboration of meth�

ods for purification and renaturation of the target pro�

teins.

Comparison of the results of primary screening of

expression of GPCR genes with the yield of the purified

proteins has convincingly demonstrated efficiency of the

suggested approach. In all cases when high expression

level was observed during screening, it correlated with

high yield of the purified target protein. When the same

protein could be obtained using different expression sys�

tems, the screening results enabled us to use the more

effective system. For example, according to the dot�blot

results, expression of SSTR5 fused with Mistic was more

efficient than direct expression, which was confirmed by

comparison of the yields of the purified proteins.

Thus, as a result of our study, a high�efficiency

approach for expression of genes of recombinant GPCR

in E. coli cells including optimized plasmid vector, selec�

tion of partner protein for hybrid expression, producer

strain, and cultivation strategy was elaborated. Efficiency

of the approach has been demonstrated on 17 human

GPCR. Our data can be used for construction of expres�

sion systems and production of preparative amounts of

recombinant GPCR and other membrane proteins for

study of their structures as well as for obtaining mutants of

these proteins with the goal of determining the molecular

mechanisms of their functioning.
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