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Structural genomics on membrane proteins: comparison of more than 100 GPCRs in 3 expression systems
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Introduction G protein-coupled receptors (GPCRs) represent more than 50% of current drug targets, which generate more than $50 billion in annual sales. The functions of GPCRs are many and include various signal transduction pathways but also intercellular mechanisms (Lundstrom and Chiu 2005). GPCRs can be activated through peptides, neurotransmitters, hormones, odors, ions, light, odorants, pheromones, amino acids, amines, nucleotides, nucleosides, prostaglandins and other low weight molecules. Due to the broad spectrum of functions, GPCRs play important roles in various indications such as cardiovascular, metabolic, neurodegenerative, neurological, psychiatric, viral diseases and cancers.

The success in obtaining high resolution structures of membrane proteins has in general been very modest. In comparison to the current number of more than 30,000 entries for soluble proteins in public databases, only 104 unique structures have been solved for membrane proteins (http://blanco.biomol.uci.edu/ Membrane_Proteins_xtal.html). The situation is even worse for GPCRs for which only a single structure has a unique opportunity to evaluate the expression properties of a large number of GPCRs. The selection of GPCRs was preliminary based on ligand availability to be able to monitor the functional activity of receptors expressed in yeast and mammalian cell membranes by radioligand assays and also later on to perform binding assays for purified and solubilized GPCRs as well as refolded receptors from E. coli inclusion bodies. Other criteria were to have representation of different classes and subtypes of GPCRs and to link the targets to human disease. In this context, the majority of GPCRs studied were from class A (95 GPCRs) receptors, which are represented by light (rhodopsin), adrenaline (adrenergic) and olfactory receptors. Only two members of the class B hormone and neuropetide receptors were included in the study. The class C GPCRs with the characteristically large extracellular N-terminal were represented by 4 members. Finally, two yeast receptors were from class D. Of the total number of 104 GPCRs in this study, 82 were of human origin, 9 from rat, 7 from mouse, 2 from bovine, 2 from yeast, 1 from pig and 1 from hamster.

The choice of expression systems was based on previous experience of convenience in handling a large number of clones in parallel, the potential of scale-up and obviously the possibility to obtain yields compatible to structural biology applications. E. coli-based expression was chosen because of the speed, the inexpensive process and the ease of use. The straight forward scale-up to fermentor cultures was also considered as an advantage. E. coli vectors chosen in this study were pET15 vectors with N-and C-terminally engineered 10-histidine tags, respectively. Fiftyfive of the 103 GPCRs were also introduced into 6 Gateway vectors containing various fusion partners. Under the expression conditions used in this study, GPCRs were always produced as insoluble inclusion bodies in the cytoplasm of E. coli. It was decided to use E. coli vectors in this study that uniquely promote expression in bacterial inclusion bodies although relatively high expression have been reported for GPCR expression in bacterial membranes (Tucker andGrisshammer 1996, Weiss andGrisshammer 2002). However, recent improvement in refolding of GPCRs from inclusion bodies [START_REF] Andre | Protein Science[END_REF] was encouraging and the extensive need for construct engineering (mutations, deletions, evaluation of different fusion partners and tags) required for membrane-based expression was not feasible for 100 GPCRs in parallel. For this reason, pET15 vectors with N-and C-terminally engineered 10-histidine tags, respectively, were employed. A large portion of the 103 GPCRs were also introduced into Gateway vectors ) or BamHI-SpeI restriction enzymes when feasible. These fragments were then subcloned into the BamHI-SpeI digested pET15N2, pET15C2, pPIC19KHisFLAGBio, pSFV2genB and pSFV2genC expression vectors (Fig. 1). For Gateway TM (Invitrogen, Carlsbad, CA, USA) cloning PCR fragments were amplified containing the respective attB1 and attB2 recombination sites into Gateway TM destination vectors. Six Gateway TM expression vectors were used (Fig. 1).
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E. coli based expression in bacterial inclusion bodies

The bacterial expression vectors were transformed into four E. coli strains: BL21(DE3)pLysS and Rosetta(DE3)pLysS from Novagen and C41(DE3) and C43(DE3) from Avidis SA (Saint-Beauzire, France) (Miroux and Walker 1996). Freshly transformed bacteria were cultured in LB medium supplemented with 100 lg/mL ampicillin (34 lg/ml clhloramphenicol for BL21(DE3)pLysS and Rosetta(DE3)pLysS) at 37°C until an OD 600 value of 0.7-0.8 was reached. The expression of recombinant GPCRs was induced by addition of 1 mM IPTG (isopropyl-b-D-thiogalactopyranoside) at 37°C for 3 h or at 25°C or 15°C for 16 h.

Cells were harvested at +4°C by centrifugation at 5000 • g for 20 min, lysed in 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, 0.25 mg/ml lysozyme and 1 mM phenylmethylsulfonyl fluoride and stored at -20°C prior to Western blotting. The optimal growth conditions were applied to 1 L flask and 8 L fermentor cultures. Additionally, a number of GPCRs were analyzed for the localization recombinant receptors in E. coli. Total lysates of bacteria were obtained by lysosome treatment and sonication. Inclusion bodies (pellet) were separated from soluble protein (supernatant) by centrifugation at 10,000 • g for 30 min followed by SDS-PAGE and Western blotting.

Yeast-based expression from Pichia pastoris vectors The yeast expression vector constructs for the 100 GPCRs were linearized with PmeI or SacI and the P. pastoris strain SMD1163 electroporated at 1500 V, 25 lF and 600W using a Gene Pulser I (Bio-Rad, Reinach, Switzerland). Selection of clones was done as previously described (Weiss et al. 1998, Andre ´et al. 2006). In conclusion, recombinant His + clones were first selected on MD agar plates (1.34% yeast nitrogen
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base without amino acids, 2% dextrose, 0.00004% biotin, 1.5% agar). In a second step the His + clones were cultured on YPD agar containing various concentrations of G418 (1% yeast extract, 2% peptone, 2% dextrose, 2% agar and 0.05-0.5 mg/mL G418) to obtain multicopy transformants. For the production of GPCRs P. pastoris was precultured in BMGY medium (1% yeast extract, 2% peptone, 1.34% yeast nitrogen base without amino acids, 0.00004% biotin, 1% glycerol, 0.1 M phosphate buffer, pH 6) at 30°C and 250 rpm until an OD 600 value of 2-6 was reached. The induction was carried out in BMMY medium (identical to BMGY except 0.5% methanol instead of 1% glycerol) at 30°C from an initial OD 600 value of 1. After 18 h cells were pelleted at 3000 • g for 5 min and subjected to membrane preparation. Cells were washed once with ice-cold lysis buffer (50 mM sodium-phosphate buffer pH7.4, 100 mM NaCl, 5% glycerol, 2 mM EDTA, 1 mM PMSF) and resuspended to 30% wet weight. After 0.5 mm glass beads were added to the cell suspension, yeast cells were broken by vigorous vortexing at 4°C for 10 min. Breaking efficiency was inspected with a light microscope and was usually > 80%. Intact cells and cell debris were separated from the membrane suspension by a low speed centrifugation (3000 • g, 5 min, 4°C). Membranes were then pelleted using an ultracentrifuge (100,000 • g, 45 min, 4°C), resuspended in membrane buffer (50 mM Tris pH8.0, 120 mM NaCl, 20% glycerol, 1 mM PMSF) using a dounce homogenizer. Membrane proteins were quantified applying the BCA method (Pierce, Rockford, IL, USA), using BSA as a 
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as previously described (Hovius et al. 1998). Approximately 0.5 g of frozen cell pellets were resuspended in 10 ml of 10 mM HEPES containing 1 mM EDTA (pH 7.4) and homogenized for 10 s with an Ultra-Turrax T25 (IKA, Staufen, Germany) homogenizer. Membranes were pelleted by centrifugation at 27,000 • g for 30 min after a two-fold dilution and resuspended in10 mM HEPES (pH 7.4).

Immunodetection methods

The expression evaluation was visualized by dot blots and/or Western blots. Dot blots. Membranes from P. pastoris cells expressing GPCRs were diluted in TBS buffer containing 0.2% SDS. PVDF membranes (Millipore, 0.45 lm) were washed with methanol and 38 mM Glycine, 10 mM Tris, 20% methanol in a 96 well microfiltration apparatus (Bio-Dot, Bio-Rad, Reinach, Switzerland) and 1 lg of total membrane was added. The PVDF membrane was blocked with 5% low fat powder in TBS for 60 min at room temperature, washed three times for 1 min with TBS and incubated with alkaline phosphatase-conjugated anti-FLAG M2 antibody (Sigma, Buchs, Switzerland).

After three 15 min washes the blots were developed in AP-buffer (100 mM Tris pH 9.5, 100 mM NaCl, 5 mM MgCl 2 ) containing 330 lg/mL 5-bromo-4-chloro-indolylphosphate p-toluidinium salt and 165 lg/mL nitroblue tetrazolium chloride. For P. pastoris membranes, a standard curve for the b2 adrenergic receptor corresponding up to 25 pmol receptor per mg protein, was applied as a reference. In this context, signals of a lower intensity than observed for 1 pmol b2 adrenergic receptor were classified as low level (+), intensities corresponding to 1-10 pmol as medium (++) and > 10 pmol as high (+++). However, these extrapolations are only relative as only part of the signals obtained by immunodetection corresponds to functional receptors. Western blots. Samples were subjected to 10% SDS-PAGE and the proteins electrotransferred for 30 min to Hybond ECL nitrocellulose membranes (GE Healthcare, Uppsala, Sweden) and blocked with 5% milk in TBST (TBS with 0.1% Tween 20) at +4°C. The filter was then treated with primary antibodies (anti-FLAG 1:1000 dilution or anti-His 1:1000 dilution) (Sigma, Buchs, Switzerland), washed, and treated with the secondary anti-mouse antibody 1:2000 dilution (Sigma). The anti-His antibody is directly conjugated to peroxidase and requires no secondary antibody use. The visualization of GPCR-specific bands was done with the ECL chemiluminiscence kit from GE Healthcare (Uppsala, Sweden).

376 Radioligand binding assays 377 Membrane fractions were prepared from yeast (Andre ´378 et al. 2006) and mammalian (Hovius et al. 1998) 410 The Pichia pastoris expression vector used in this study 411 has been previously described [START_REF] Andre | Protein Science[END_REF]) and 412 was designed on the basis of previous results obtained 413 for GPCR production (Weiss et al. 1998). To facilitate 414 purification efforts and to improve stability of 415 recombinant GPCRs various tags and fusion partners 416 were also introduced into the expression vectors as 417 illustrated in Fig. 1. A signal sequence from the influ-418 enza HA (hemagglutinin) gene was further introduced 419 into the SFV vector to promote transport and trans-420 location to the plasma membrane as previously dem-421 onstrated for GPCRs expressed in insect cells from 422 baculovirus vectors (Guan et al. 1992). The biotinyla-423 tion domain from Proprionibacterium shermanii
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coli revealed that the recombinantly expressed GPCRs were uniquely located in inclusion bodies and not inserted into membrane structures, demonstrated by subjecting total bacterial lysates to lysosome treatment and sonication after which inclusion bodies (pellet) were separated from soluble protein (supernatant) by centrifugation and the expressed GPCR verified by SDS-PAGE and Western blotting. Other factors influencing the expression levels were the E. coli strain applied and the growth temperature of bacteria. In this context, the C43 strain was superior to BL1(DE3), Rosetta (DE3) and C41. The initial expression evaluation was carried out at 4 mL scale. Next, 23 well expressed GPCRs were selected for large-scale production in 1 L shake flask cultures. Among the 23 GPCRs 9 were expressed from the pET15N2 vector, 1 from pET12C2 and 15 from Gateway vectors. The yields in flask cultures varied between 2 mg/L and 40 mg/L and the recombinant receptors were only localized in inclusion bodies. Although the yields were relatively high the produced material was not sufficient for extensive purification and refolding exercises. For this reason, 7 of the 23 targets were further subjected to fermentation in 3 or 8 L bioreactors. The yields in the fermentor cultures were generally higher (75-350 mg/L) than in flask cultures and provided now sufficient material for the establishment of purification and refolding conditions.

Only a single vector construct was engineered for P. pastoris (Fig. 1B). Briefly, the vector contained an inducible AOX1 promoter followed by an a-factor signal sequence and FLAG-and deca-His-tags at the N-terminus. The GPCRs were introduced as BamHI-SpeI fragments and flanked by Tev protease cleavage sites. These sites were engineered into the expression vector to allow removal of all tags after purification to avoid any interference of tags during the crystallization procedure. Furthermore, the Bio-tag was engineered at the C-terminal to potentially improve expression and stability of the recombinant GPCRs [START_REF] Reinhart | levels were monitored by meta-434 bolic labeling and saturation binding assays, which 435 indicated similar levels of receptor density for wild 436 type and NK1R-biotin domain constructs[END_REF]. After subcloning of the GPCRs into the P. pastoris vector pPIC9K, a high-throughput screening method based on in situ immunoblotting was established (Magnin et al. manuscript in preparation). This method facilitated significantly the clone selection process of the large number of GPCR constructs studied in parallel. The expression profile in yeast cells applying P. pastoris vectors was quite different from what was obtained in bacteria. The success rate was much higher, partly due to the clone selection process for each individual GPCR, which was established to obtain constructs with optimum number of copies integrated into the yeast genome [START_REF] Andre | Protein Science[END_REF]. 
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554 and the rat neurokinin-2 receptors. The effect of his-555 tidine addition was favorable for 12 GPCRs and 556 indifferent for 8. To further optimize the expression 557 those parameters with a positive effect were combined, 558 which resulted in doubled production levels for 13 559 GPCRs. The B max values were more than 4 times 560 higher for 5 receptors and the maximum increase of 8.7 561 fold was obtained for the human kappa opioid recep-562 tor. Interestingly, when the expression levels in Dot 563 blots were compared to the B max values, it was evident 564 that optimization did not affect the receptor quantity 565 (Fig. 2). It rather looked like the quality of the re-566 combinant GPCRs was enhanced resulting in larger 567 proportion of receptors with functional binding activ-568 ity. The optimal expression conditions for individual 569 GPCRs have been described in more detail previously 570 [START_REF] Andre | Protein Science[END_REF]). 571 Two expression vectors were designed for SFV-572 based expression (Fig. 1C). In the pSFV2genB vector a 573 Kozak sequence was introduced downstream of the 574 subgenomic SFV 26S promoter to optimize the initia-575 tion of ribosomes (Kozak 1986). A signal sequence 576 from the influenza hemagglutinin (HA) gene was 577 introduced to facilitate the translocation of the GPCRs 578 to the plasma membrane. Furthermore, a FLAG tag 579 was engineered at the N-terminus in front of the full-580 length GPCR flanked by Tev protease cleavage sites. 581 The C-terminal contained a deca-His tag. The second 582 SFV vector, pSFV2genC, was otherwise identical to 583 pSFV2genB except for an additional biotin tag placed 584 downstream of the His-10 tag. One hundred and one 585 GPCRs were evaluated for expression in mammalian 586 cells using SFV-infected host cells. Due to the broad 587 host range of SFV, several mammalian cell lines can be 588 efficiently transduced. However, dealing with such a large number of targets, it was decided to initially limit the expression evaluation to three cell lines, BHK-21 (baby hamster kidney), CHO-K1 (Chinese hamster ovary) and HEK293 (human embryonic kidney) cells, previously shown to express high levels of GPCRs (Lundstrom 2003). A few GPCRs were also expressed in the human T lymphocyte cell line C8166. The success rate for SFV expression was very high with 97 GPCRs showing positive signals and only 4 targets no detectable specific response in Western blots (Table 1).

According to expression evaluation 44 GPCRs were classified as high (+++), 25 as medium (++) and 28 as low (+) expressers. More interestingly, among the GPCRs studied sev-653 eral belonged to the same subfamily of GPCRs. For 654 instance, 4 muscarinic, 4 a-adrenergic, 6 dopamine, 14 655 serotonin, 4 neuropeptide Y, 4 opioid, 5 neurokinin, 4 656 purinoreceptor P2Y and 4 metabotropic glutamate 657 receptors were studied (Table 2). The expressability of 658 the GPCRs was evaluated by immunodetection and 659 grouped as previously into categories of no expression 660 (-), low expression (+), medium expression (++) and 661 high expression (+++). The serotonin receptors, the 662 group with the highest number of subtypes, demon-663 strated no expression for 64.2% of the targets in E. 664 coli, medium expression for 42.9% in P. pastoris and 665 high expression of 57.1% in SFV. Overall, high 666 expression levels were obtained for 31.0% of the 667 serotonin receptors. Another subfamily of receptors 668 that was well expressed for all three expression sys-669 tems, were the neurokinin receptors. Of the 5 neu-670 rokinin receptors tested 60% were expressed at high 671 levels in all three expression systems. None of the 672 neurokinin receptors showed a negative signal. The 8 673 adrenergic receptors showed variable expression lev-674 els. None of them were successfully expressed in E. 675 coli, the expression levels in yeast were either low or 676 medium, whereas in mammalian cells 4 GPCRs 677 showed low, 1 target medium and 3 targets high 678 expression levels. Dopamine receptors were also 679 problematic to express in E. coli as all 6 subtypes were 680 negative. In P. pastoris the majority of dopamine 681 receptors were expressed at medium levels, whereas 682 for SFV 4 of the 6 GPCRs belonged to the group of 683 high expressers.

684 Target size and GC content 685 The size of recombinantly expressed proteins might 686 play an important role in relation to the expression 687 levels obtained. In general, smaller proteins have given 688 better expression yields especially in bacterial systems. 689 In the case of the 100 targets studied here, they rep-690 resented GPCRs ranging in size from a postulated molecular weight of 33.9 kD to 102.3 kD. Comparison of molecular weight to expression levels suggested that size played an important role in bacterial expression. In this context, the largest class A GPCR expressed successfully from E. coli had a postulated molecular weight of 53.6 kD. Similarly, the class B receptor with a size of 54.0 kD gave a positive signal whereas the GPCR of 57.3 kD was negative in Western blots. All 4 class C GPCRs were negative in E. coli. These metabotropic glutamate receptor are large (95-102 kD) and it is therefore not surprising that no expression was observed. Of the two class D yeast STE receptors, only the smaller STE2 (47.8 kD) was expressed, whereas the STE3 (53.7 kD) showed no signal. According to the expression results for the 93 class A GPCRs expressed in E. coli, 54 kD seemed to be the limit where positive signals were detected. In contrast to bacterial expression, when the 100 GPCRs were analyzed for expression in yeast and mammalian cells, no correlation could be observed between size and expressability.

For example, all of the large size class C receptors were expressed in P. pastoris and 3 out 4 of them expressed in SFV. Among factors influencing gene expression in general, the different codon usage in pro-and eukaryotes has been indicated as a cause. This issue has been addressed by developing special bacterial strains for recombinant proteins with poor codon usage for mammalian proteins (Kleber-Janke and Becker 2000). It has also been shown that the frequency of some codons and amino acids correlate with the GC content in the genome (Sueoka 1961). Recently, the trends in codon and amino acid usage in relation to GC composition have been studied (Knight et al. 2001). Here we have investigated whether the GC content has any effect on the expression levels of 103 GPCRs in bacterial, yeast and mammalian cells. The GC content for the 103 GPCRs varied between 36% and 75% for class A receptors. The two class B GPCRs had GC contents of 47% and 63%, respectively. Class C receptors showed a range of GC content from 51% to 61% and the two class D receptors had both a GC content of 38%. In none of the three expression systems was there any correlation between the expression levels and the GC content. Also the GPCRs that showed no signal showed a large variation in GC content. Immunoblotting versus binding activity GPCRs expressed in E. coli inclusion bodies are present in aggregates and require refolding before any functional activity can be restored. In contrast, expression of GPCRs in yeast and mammalian cells
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762 Table 4. This comparison could obviously only be 763 performed for GPCRs expressed in yeast and mam-764 malian cells as the E. coli expressed GPCRs were lo-765 cated in inclusion bodies and required refolding to 766 regain functional binding activity. In this case, there 767 seemed to be no evident correlation between the 768 intensity of the signals obtained in immunoblots and/or 769 Western blots and the specific binding in agreement 770 with previous observations [START_REF] Andre | Protein Science[END_REF]. More 771 than half (56.3%) of those targets that showed low 772 expression levels by immunodetection also produced 773 specific binding below 1 pmol/mg. 38.9% of the 
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GPCRs demonstrating medium expression levels also showed medium binding activity (1-10 pmol/mg) although almost the same percentage was achieved for binding over 10 pmol/mg (33.3%). Almost half (47.1%) of the GPCRs which showed high expression levels by immunodetection also belonged to the group of targets with high binding activity. The situation for SFV-expressed targets was similar. Among the GPCRs with low expression levels in Western blots also 21.4% showed binding activities below 1 pmol/mg, 41.7% of this group produced specific binding values between 1 pmol/mg and 10 pmol/mg. Those targets that were expressed at medium level generated medium binding activity for 40.0% of the GPCRs. GPCRs with high levels of expression in Western blots, showed an equal distribution (44.0% each) of the specific binding in the groups for medium and high binding activity. However, some GPCRs with only weak signals in Western blots showed high functional binding activity. For example, the rat serotonin 5-HT7 receptor (5H7_RAT) generated no signal by immunodetection, but demonstrated a specific binding of 2.18 pmol/mg. This might be a reflection of the ratio between functional and nonfunctional receptors. A significant effect on the binding level was seen from the expression optimization efforts conducted in P. pastoris. Less efforts have so far been made for optimization of SFV expression. In this context, only limited studies in three cell lines (BHK-21, CHO-K1 and HEK293) were performed in parallel and also the optimal harvest time was established for each GPCR.

The two SFV vectors used in this study did not show any significant difference in expression levels for the GPCRs tested in parallel (Hassaine et al. 2006). It has also previously been demonstrated that a C-terminally fused Bio-tag had no effect on the expression levels and specific binding of the human neurokinin-1 receptor (Lundstrom et al. 1995). In contrast, some of 812 the GPCRs expressed from the pSFV2genB and 813 pSFV2genC vectors showed significantly lower specific 814 binding activity than previously reported. For instance, 815 the human a2-adrenergic receptor (a 2-AR) showed 816 specific binding of only 0.05 pmol/mg in comparison to 817 previously published values of 176 pmol/mg (Sen et al. 818 2003). Likewise, the human histamine H2 receptor 819 (HH2R) generated 20 pmol/mg receptor compared to 820 another SFV-based study of 100 pmol/mg (Hoffmann 821 et al. 2001). However, in the case of the a 2-AR, an 822 SFV vector with a translation enhancement signal from 823 the SFV capsid vector was used. This has been dem-824 onstrated to increase the expression level by 5-10 fold 825 (Sjo ¨berg et al. 1994). Moreover, in the previously 826 published study on the HH2R, ligand was added to the 827 cell culture medium, which significantly increased the 828 specific binding. Although these differences might 829 explain the discrepancy in the results, also the presence 830 of the influenza HA signal sequence as well as other 831 tags in this study could have an effect. Interestingly, the 832 adenosine A2A receptor generated extreme specific 833 binding values (287 pmol/mg) from the vector with the 834 signal sequence in comparison to 40 pmol/mg from the 835 standard SFV vector (Lundstrom 2000).

836

Conclusions and future prospects 837 In summary, all three systems provided high expression 838 levels of several GPCRs. The bacterial expression 839 allowed production of large quantities of GPCRs albeit 840 in inclusion bodies. This strategy was, however, 841 justified by the positive development of refolding 842 technology on GPCRs and also by the large number of 843 targets evaluated. Expression of GPCRs in bacterial 844 membranes requires substantial engineering of con-845 structs and with the resources available, it was impos-846 sible to perform studies on more than 100 targets in 847 parallel. For this reason, direct comparison between 
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848 the success of GPCR expression in prokaryotes and 849 eukaryotes is inappropriate. Thus, not surprisingly, the 850 yeast-and SFV-based systems generated a much 851 higher number of successfully expressed GPCRs than 852 E. coli. Moreover, the functional activity could be 853 verified by radioligand binding assays at each step of 854 expression and purification. The post-translational 855 modifications and particularly glycosylation was ob-856 served in both yeast and mammalian cells, but the 857 different glycosylation patterns in the two cell types 858 were not studied here. The effect of glycosylation on 859 crystallization will only be discovered later, but from 860 this aspect it might be an advantage to express the non-861 glycosylated GPCRs in E. coli. 862

The current study has provided a massive amount 863 of information on the expression of more than 100 864 GPCRs in three expression systems. Although only 865 50% of the GPCRs were expressed in i, all the 866 recombinant GPCRs could be located in inclusion 867 bodies and for some targets huge amounts, up to 868 350 mg/L, could be produced in fermentor cultures. 869 Plenty of material is therefore available for refolding 870 studies and the development of improved refolding 871 technologies. Although the purpose of this study was 872 not to perform extensive studies on refolding, pre-873 liminary results from trials on several GPCRs suggest 874 that receptor binding activity could be re-established, 875 which will be communicated in future publications 876 in detail. Similarly, several of the GPCRs expressed in 877 P. pastoris were subjected to large-scale production in 878 yeast cell cultures, which generated huge biomasses, 879 providing material for further studies on solubilization, 880 purification and crystallization. Likewise, well ex-881 pressed GPCRs from SFV-infected mammalian sus-882 pension cultures have been subjected to solubilization 883 and purification. Preliminary observations indicated 884 that several GPCRs expressed both from P. pastoris 885 vectors in yeast cells and SFV vectors in mammalian 886 cells can be solubilized and purified to high homoge-887 neity. Detailed results will be presented elsewhere 888 shortly. Selected GPCRs have now been subjected to 889 crystallization screening and optimization. 890 Acknowledgements We are grateful for the technical assistance 891 provided by Juliette Kempf and Tania Steffen (UMR7175, Ill- 892 kirch, France), Gabriele Maul (Max Planck Institute of Biophys- 893 ics, Frankfurt, Germany), Marie-Eve Gravie `re and Ce ´line Huyghe 894 (University of Marseille, France) and Mrs. Nouzha Hassaine 895 (BioXtal, Epalinges, Switzerland). We are also thankful for the 896 help with E. coli scale-up and fermentation from Prof. Rainer 897 Rudolph and Mr. Jan Oschman (Martin-Luther University, Halle, 898 Germany). We would like to thank all those academic and 899 industrial contributors who provided us with cDNAs for several 900 GPCRs used in this study. The financial support received for the 901 MePNet program from the industrial partners is acknowledged.

  Fig. 1 Schematic presentation of expression vectors. a F, yeast a Factor; Bio, biotinylation domain from Proprionibacterium shermanii; FLAG, FLAG-tag; His, 10-histidine tag; GST, Glutathion-S-transferase; K, Kozak consensus sequence; MBP, maltose binding protein; NusA, transcription factor NusA; ss, signal sequence from influenza HA (hemagglutin) gene; Tev (Tobacco Etch Virus), Tev protease cleavage site; Trx, Thioredoxin; white triangle, T7 promoter; grey triangle, yeast AOX1 promoter; black triangle, SFV 26S subgenomic promoter

Fig. 2

 2 Fig. 2 Expression of the human NK2 receptor in P. pastoris: comparison of Western blots to binding activity before and after optimization. Sample 1, 30°C; sample 2, 20°C; sample 3, 20°C + 2.5% DMSO. (A) Western blots using anti-FLAG M2 antibody. Molecular weight marker indicated on the right. (B) Saturation binding using [ 3 H] SR48968

  163 containing various fusion partners. Pichia pastoris 164 vectors were applied for expression in yeast cells as a 165 proven lower eukaryotic system. The P. pastoris system 166 is well establish and fairly rapid to work with and 167 generates large biomasses in fermentor cultures.

	168 Moreover, several GPCRs have been previously suc-
	169 cessfully expressed with this system (reviewed in
	170 Reinhart and Krettler 2006). Finally, the third system
	171 represents expression in mammalian cells. Semliki
	172 Forest virus (SFV) has previously been shown to be
	173 applicable to the expression of a large number of
	174 recombinant proteins, including many GPCRs (Lund-
	175 strom 2003). The expression levels have been very high
	176 with B max values of 150-200 pmol/mg and large-scale
	177 bioreactor production in mammalian suspension cul-
	178 tures has been established for SFV (Blasey et al. 1997).
	179 The inclusion of members of all GPCR families and
	180 several subtypes provided additional interesting infor-
	181 mation in relation to expression patterns. The study of
	182 103 GPCRs also allowed to describe which receptors
	183 were not successfully expressed and in which system.
	193 Materials and methods
	194 Cloning and subcloning of GPCR genes
	195 into expression vectors
	196 Appropriate primers were designed for the 5¢ and 3¢
	197 end coding regions of each GPCR, which were
	198 amplified from plasmid DNA when available or from
	199 commercial polyA + RNA preparations (Clontech,
	200 Palo Alto, CA, USA). In the latter case, RT-PCR
	201 reactions were performed to amplify the full-length
	202 ORFs using the Titan One-Step RT-PCR kit from
	203 Roche (Penzberg, Germany) according to the manu-
	204 facturer's instructions. In both cases, the amplified
	205 fragments were subcloned into the pCR4 Ò Blunt-
	206 TOPO

184 Finally, the expression evaluation study has provided a 185 large number of well expressed targets that currently 186 are subjected to further structural biology exploration. 187 We have previously described the overexpression of 20 188 GPCRs from P. pastoris

[START_REF] Andre | Protein Science[END_REF]

) and 101 189 GPCRs from SFV-infected mammalian cells

(Hassaine 190 et al. 2006

), but this is the first time a comparison of 191 more than 100 GPCRs is presented for three expres-192 sion systems. Ò vector (Invitrogen, Carlsbad, CA, USA) and 207 the accuracy of the sequence verified. In case of dif-208 ferences from the published sequence, the existence of 209 potential polymorphism was investigated. Mutations 210 introduced by the RT-PCR procedure were corrected 211 accordingly. Orientation-defined GPCR fragments with 5¢ end BamHI and 3¢ end SpeI sites were obtained using type IIS restriction endonucleases (Esp31 or BbiI

Table 1

 1 Expression evaluation by immunodetection

		MePNet#	E. coli	P. pastoris	SFV	Size	GC%
	ACM1_HUMAN	23	-	+	+++	51.4
	ACM1_MOUSE	24	-	+	+++	51.3
	ACM2_PIG	26	-	+	+	51.7
	ACM2_HUMAN	25	-	+	+	51.7
	A1AA_HUMAN	104	-	+	+++	51.5
	A1AA_RAT	14	-	+	+++	51.6
	AA1B_HUMAN	15	nd	++	++	56.8
	AA1B_MESAU	105	-	+	+	56.5
	A1AD_RAT	106	-	+	+	59.4
	A2AA_HUMAN	107	-	+	+++	49
	A2AB_HUMAN	16	-	++	+	50
	A2AC_HUMAN	18	-	++	+	49.6
	B3AR_HUMAN	31	-	+	+	43.5
	D2DR_HUMAN	43	-	++	++	50.6
	D2DR_MOUSE	44	-	+++	+++	50.9
	D3DR_HUMAN	45	+	++	+++	44.2
	D4DR_HUMAN	46	+	++	+++	48.4
	DADR_HUMAN	109	-	++	++	49.3
	DBDR_HUMAN	110	-	++	+++	53
	HH2R_HUMAN	61	+	+++	+++	40.1
	HH2_RAT	62	+	nd	+++	40.3
	5H1A_HUMAN	1	-	+++	+++	46.1
	5H1B_HUMAN	2	+	+++	+++	43.6
	5H1D_HUMAN	3	-	+++	+++	41.9
	5H1E_HUMAN	4	-	++	+	41.7
	5H1F_HUMAN	5	-	+++	+++	41.7
	5H2A_HUMAN	6	++	++	+	52.6
	5H2A_MOUSE	7	++	-	+	52.8
	5H2B_HUMAN	8	-	+	+	54.3
	5H2C_HUMAN	9	-	-	+++	51.8
	5H4_HUMAN	144	-	++	+++	43.8
	5H5A_HUMAN	10	-	++	+++	40.3
	5H6_RAT	111	-	++	+++	46.9
	5H7_HUMAN	12	+	+	+++	53.6
	5H7_RAT	117	+++	++	-	49.8
	AG2R_HUMAN	28	++	++	+	41.1
	BRB1_HUMAN	32	++	+	+++	40.4
	BRB2_HUMAN	33	-	+	+++	44.5
	FSHR_HUMAN	131	-	+	+	78.3
	IL8A_HUMAN	63	+	+	++	39.8
	IL8B_HUMAN	136	-	+	+	40.8
	CCR3_HUMAN	39	-	+	+++	40.7
	CCR4_HUMAN	135	nd	nd	+++	39.7
	CKR1_HUMAN	40	+	+++	+++	41.1
	CKR2_HUMAN	41	+	nd	+	41.9
	CKR6_HUMAN	42	+++	+	++	42.5
	CKR7_HUMAN	145	+	+	++	42.9
	CKRB_HUMAN	153	-	+	+++	39.9
	CCKR_HUMAN	38	-	+++	++	47.8
	GASR_HUMAN	57	-	+++	++	48.4
	ET1R_BOVIN	50	+++	+++	-	48.5
	ET1R_HUMAN	51	+++	+	+	48.7
	ACTR_HUMAN	27	+++	++	+	33.9
	ETBR_BOVIN	52	+	++	+	49.4
	MC3R_HUMAN	64	++	+++	+	40
	MC4R_HUMAN	65	+++	+++	+	37
	MC5R_HUMAN	66	++	+++	+	36.6
	NY1R_HUMAN	79	+++	+++	+++	44.4
	NY2R_HUMAN	80	-	+++	++	42.7
	NY4R_HUMAN	81	++	++	++	42.2
	NY5R_HUMAN	82	-	+	nd	52
	OPRD_HUMAN	83	-	+	+	40.4

536 temperature, addition of ligands and additive supple-537 ments to the yeast culture medium strongly influenced 538 the expression levels. In this context, the lowering of 539 the temperature from 30°C to 20°C, addition of specific 540 ligand at concentrations close to 100 times the K d value

Table 3

 3 Immunodetection vs. binding activity of selected GPCRs

					J Struct Funct Genomics
		MePNet#	Pichia IB	Pichia B	SFV ID	SFV BA
	ACM1_HUMAN	23	+	0.23	+++	2.44
	ACM1_MOUSE	24	+	1	+++	2.93
	ACM2_PIG	26	+	1	+	22
	ACM2_HUMAN	25	+	1.5	+	6.1
	A1AA_HUMAN	104	+	0.45	+++	0.25
	A1AA_RAT	14	+	0.25	+++	4.7
	AA1B_HUMAN	15	++	5	++	0
	AA1B_MESAU	105	+	0.14	+	0
	A1AD_RAT	106	+	0.21	+	0
	A2AB_HUMAN	16	++	11	+	0.05
	A2AC_HUMAN	18	++	0.25	+	0.65
	B3AR_HUMAN	31	+	0	+	nd
	D2DR_HUMAN	43	++	39	++	29.2
	D2DR_MOUSE	44	+++	65	+++	21.8
	D3DR_HUMAN	45	++	1.7	+++	1.8
	D4DR_HUMAN	46	++	2	+++	3.47
	DBDR_HUMAN	110	++	0	+++	nd
	HH2R_HUMAN	61	+++	50	+++	20
	5H1A_HUMAN	1	+++	0.9	+++	12.7
	5H1B_HUMAN	2	+++	38	+++	19.2
	5H1D_HUMAN	3	+++	102	+++	11
	5H1E_HUMAN	4	++	0.8	+	0.75
	5H1F_HUMAN	5	+++	0	+++	0.69
	5H2A_HUMAN	6	++	1.8	++	8.5
	5H5A_HUMAN	10	++	24	+++	31
	5H6_RAT	111	++	1	+++	1.4
	5H7_HUMAN	12	+	11.8	+++	2.2
	5H7_RAT	117	++	1.5	-	2.18
	AG2R_HUMAN	28	++	0	+	nd
	BRB1_HUMAN	32	+	0.11	+++	0.19
	BRB2_HUMAN	33	+	0.13	+++	7.9
	ET1R_BOVIN	50	+++	3.5	-	nd
	ET1R_HUMAN	51	+	0.1	+	nd
	ETBR_BOVIN	52	++	0.4	+	nd
	NY1R_HUMAN	79	+++	60	+++	2.3
	NY2R_HUMAN	80	+++	0	+	1.85
	OPRD_HUMAN	83	+	3	+	1.85
	OPRD_MOUSE	84	++	3.7	++	4
	OPRK_HUMAN	85	++	25	++	1.6
	OPRK_MOUSE	86	+++	45	++	1
	SSR1_HUMAN	93	+++	0.1	+++	nd
	SSR3_HUMAN	95	+++	0	+++	nd
	NK1R_HUMAN	72	++	15	+++	56.7
	NK1R_RAT	73	+++	1.9	+	68.9
	NK2R_HUMAN	74	++	39	+++	3.6
	NK2R_RAT	75	+++	162	+++	46.4
	NK3R_HUMAN	76	+++	23	++	26.5
	V1BR_HUMAN	103	+++	0	+++	26.1
	MCR1_HUMAN	60	+++	0.01	nd	nd
	AA1R_HUMAN	19	+	0.8	++	0.4
	AA2A_HUMAN	20	+	180	++	287
	Expression levels as for Table 1					
	123					

Table 4

 4 Correlation between immunodetection and specific binding

		+	++	+++
	P. pastoris	16	18	17

742 generate receptors located in cell membranes, which 743 can be directly monitored for their functional activity 744 by radioligand binding assays. Selected GPCRs were 745 subjected to binding assays and the correlation 746 between immunodetection and binding activity was 747 evaluated (