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Abstract. G protein-coupled receptors (GPCRS) repre-
sent a class of integral membrane proteins involved in
many biological processes and pathologies. Fifty percent
of all modern drugs and almost 25% of the top 200 best-
selling drugs are estimated to target GPCRs. Despite
these crucial biological implications, very little is known,
at atomic resolution, about the detailed molecular mech-
anisms by which these membrane proteins are able to rec-
ognize their extra-cellular stimuli and transmit the as-
sociated messages. Obviously, our understanding of GPCR

functioning would be greatly facilitated by the availabil-
ity of high-resolution three-dimensional (3D) structural
data. However, expression, solubilization and purifica-
tion of these membrane proteins are not easy to achieve,
and at present, only one 3D structure has been deter-
mined, that of bovine rhodopsin. This review presents
and compares the different successful strategies which
have been applied to solubilize and purify recombinant
GPCRs in the perspective of structural biology experi-
ments.
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Introduction

G protein-coupled receptors (GPCRs) are integral mem-
brane proteins composed of seven transmembrane span-
ning domains [1]. Among the numerous vital functions
subserved by GPCRs are those of three of the five senses:
vision, taste and smell. These cell surface receptors me-
diate signal transduction of numerous hormones, neuro-
transmitters and drugs across the plasma membrane. Fifty
percent of all modern drugs and almost 25% of the top
200 best-selling drugs are estimated to target GPCRs [2].
GPCR-targeting drugs are used to treat a wide variety of
pathologies including cardiovascular and gastrointestinal
diseases, central nervous system and immune disorders
and cancer [2]. Despite these crucial biological implica-
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tions, very little is known, at atomic resolution, about the
detailed molecular mechanisms by which these mem-
brane proteins are able to recognize their extracellular
stimuli and transmit the associated messages through en-
dogenous heterotrimeric G proteins. The association of
the receptor with its cognate ligand is expected to give
rise to conformational and structural changes of the pro-
tein, but, for the vast majority of GPCRs, no direct proof
has yet been found. Obviously, our understanding of
GPCR functioning would be greatly facilitated by the
availability of high-resolution three-dimensional (3D)
structural data. In this perspective, the two main tech-
niques available providing 3D structural information at
atomic resolution, namely nuclear magnetic resonance
(NMR) and X-ray crystallography (Table 1), both require
large amounts of purified protein. Consequently, at pre-
sent, the only GPCR 3D structure which has been deter-
mined is that of the vision receptor rhodopsin, a GPCR
which is naturally present nearly pure in retina, and in
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high quantities [3]. In contrast to rhodopsin, other GPCRs
are naturally weakly expressed and their direct purifica-
tion from natural sources would be unfeasible in the per-
spective of structural biology experiments. Thus, the het-
erologous over-expression of GPCRs is a necessary step,
which, as discussed elsewhere [4], is not easy to over-
come. In addition, once this first step has been achieved,
the recombinant protein has to be extracted from the host
organism (solubilized) and purified. At this stage, two
strategies may be followed. The first one preserves the re-
ceptor functionality during the solubilization and purifi-
cation steps. In this manner, the availability of high
amounts of receptor protein has allowed the determina-
tion of the receptor-bound conformations of pituary-
adenylate-cyclase-activating polypeptide [5], glutamate
[6], muscarine [7] and neurotensin [8]. The second strat-
egy is focused on the refolding of an initially inactive and
unfolded form of the receptor. Kiefer et al. [9, 10] were
the first to demonstrate the validity of this approach for
an olfactory receptor over-expressed in Escherichia coli.
More recently, Baneres et al. [11-13] were able to pro-
duce the human leukotriene B4 receptor, BLT, and the 5-
HT,-hydroxytryptamine receptor in E. coli and to refold
them from inclusion bodies with yields that were suffi-
cient for the structural characterization of these receptors
in solution. Whatever the strategy employed, a large num-
ber of detergents and/or chaotropic agents, purification
strategies, reconstitution and/or crystallization trials can
be foreseen (Table 1), so that the preliminary work to any
structural study is lengthy. The objective of this review is
to present and compare the different successful strategies
that have been applied to solubilize and purify recombi-
nant GPCRs.

The solubilization step

Principle and objectives

GPCRs naturally function in a membrane environment
mainly constituted of proteins, phospholipids and choles-
terol. The functionality of GPCRs embedded within this
environment is essentially affected by the physical and
chemical properties of the surrounding membranes.
When a GPCR is expressed as a recombinant protein, it
can follow the host cell membrane protein trafficking
pathway to finally reach the plasma membrane. Alterna-
tively, the over-expression of foreign and recombinant
proteins can also induce the formation of misfolded and
aggregated forms of proteins named inclusion bodies
when this phenomenon happens in E. coli [14]. Whatever
the initial state of the expressed protein, it needs to be sol-
ubilized, purified, concentrated and frequently reconsti-
tuted in a lipid environment before structural biology
experiments. The lipid environment surrounding over-ex-
pressed GPCRs and the occurrence of misfolded and ag-
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gregated forms imply that before any purification at-
tempt, the solubilization of the protein has to be achieved
(Table 1). The objective of the solubilization step is to
extract, using detergents and/or chaotropic agents, the
membrane protein from its initial environment. During
this step, the hydrophobic membrane protein will pass ei-
ther from a lipid environment to a detergent micelle envi-
ronment or from an aggregated form to a strong deter-
gent- [e.g. sodium dodecyl sulfate (SDS)] or strong de-
naturant- (e.g. urea, guanidine-HCl) solubilized form.

Solubilization with detergents

The ability of detergents to extract integral membrane pro-
teins such as GPCRs from biological membranes relies, in
general, on their ability to solubilize membrane lipids [15].
Detergents are compounds with amphipathic properties
with the occurrence, in the same molecule, of a polar
head group and a hydrophobic tail. Detergents are classi-
fied into three main categories according to their struc-
tures. lonic detergents contain either a head group with a
net charge that can be cationic (e.g. cetyl-trimethyl-am-
monium bromide) or anionic (e.g. SDS) together with a
hydrophobic chain, or a polar and an apolar face, instead
of a well-defined head group, in the case of bile acid salts

Table 1. A synthetic flowchart showing the main steps and multiple
choices involved in the expression of recombinant GPCR in the per-
spective of structural biology.

Recombinant GPCR expression

Eukaryote

Insect cells
Mammalian cells
Yeast

Prokaryote
Escherichia coli

Solubilization of membranes or inclusion bodies

Detergent Chaotropic agent
Cationic Urea

Anionic Guanidine
Zwitterionic

Purification

Intrinsic properties Specific tags

Ion exchange
Gel filtration

Immobilized metal affinity
Biotin-streptavidin affinity

Lectin affinity Large-tag affinity
Immunoaffinity
Ligand-based affinity
Renaturation

Artificial membranes (bilayers)
Detergent (micelles, cubic phases)

Structure at atomic resolution

NMR
Cryo-electron microscopy
X-ray crystallography
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(e.g. sodium cholate). Non-ionic detergents contain un-
charged hydrophilic head groups of, in general, either
polyoxyethylene or glycosidic groups [e.g. Triton X-100,
n-dodecyl-B-D-maltoside (DM)]. Zwitterionic detergents
are composed of chemical groups bearing anionic and
cationic net charges (e.g. lauryl-dimethyl-amine-N-oxide)
[16-18].

The solubilization of protein-containing membranes can
be described using a three-stage model [15]. In stage I,
detergent is taken up by the membrane phase without sol-
ubilizing it. In stage II, detergent-saturated membranes
coexist with saturated mixed-micelles whereas in stage
III, membrane components are fully solubilized by incor-
poration into mixed micelles. Together with the removal
by the detergent of a substantial part of the lipids, the hy-
drophobic membrane-embedded region of the membrane
proteins, including some lipids, becomes enwrapped in
a layer of protective detergent coating. At this stage, the
membrane protein can be considered to be in a solubi-
lized state, unless extensive protein-protein contacts pre-
vent or retard dissociation of the protein units. Regardless
of the existence of specific protein contacts, removal of
all, or virtually all, lipids is usually required to ensure sol-
ubilization at the protomeric level in order to avoid non-
specific protein contacts, mediated by lipids. On the other
hand, if the objective is to maintain protein function in the
detergent solubilized state it may be unwise to carry de-
lipidation and deaggregation of oligomers too far [15].

Solubilization with chaotropic agents

Urea and guanidine-HCI are small chaotropic agents able
to increase sample solubility and to minimize protein ag-
gregation by decreasing hydrogen bonds and hydropho-
bic interactions. In the case of aggregated proteins found
in inclusion bodies, 8 M urea and 6 M guanidine concen-
trations are usually used to solubilize proteins in a dena-
tured state. Urea-containing buffers should not be heated
in the presence of proteins because carbamylation will
occur on amino groups (N terminus and lysine) due to the
creation of isocyanates [19].

Criteria for the choice of solubilizing agents

Two major criteria can drive the researcher in his or her
choices. The first one is the compatibility of the detergent
used with the purification strategy chosen and the wish,
or not, to preserve the functionality of the receptor during
the solubilization and purification steps. Non-ionic deter-
gents are generally considered to be mild and relatively
non-denaturing, as they break lipid-lipid interactions and
lipid-protein interactions rather than protein-protein in-
teractions [16]. This allows many membrane proteins to
be solubilized in non-ionic detergents without affecting
the structural features of the protein and explains the high
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percentage of GPCRs solubilized with non-ionic deter-
gents such as DM and digitonin (Table 2). Among ionic
detergents, SDS is extremely effective in the solubiliza-
tion of membrane proteins but is also known to be dena-
turing. Some membrane proteins can be renatured from
SDS by transferring the protein to a renaturing detergent
or lipid environment [20-23]. Zwitterionic detergents
combine the properties of ionic and non-ionic detergents
and are in general more deactivating than non-ionic de-
tergents. The second criterion is the facility with which
the detergent employed can subsequently be removed
[detergents with a high critical micellar concentration
(CMC) will be easier to eliminate], or its compatibility
with crystallization trials. Nevertheless, reconstitution
experiments can use a wide panel of detergents since de-
tergents with a low CMC can be removed efficiently (and
over a short period of time) using polystyrene beads [24].
The establishment of appropriate solubilization condi-
tions still seems to be totally empirical [16]. Indeed, con-
siderable differences in behavior exist from one mem-
brane protein to another, from one heterologous expres-
sion system to another. Furthermore, the solubilization
step is influenced by numerous parameters such as buffer
composition, initial protein concentration, detergent con-
centration, temperature, pH, salt concentration, presence
of ligand and addition of osmoprotectants such as glyc-
erol.

Quantification of the yield of solubilization

The efficiency of each solubilizing agent can be quanti-
fied and this is generally performed by determining the
receptor protein content in the solubilized sample before
and after a centrifugation step at 100,000 g, using a
method that specifically follows the GPCR. A method
frequently used consists in employing radioactive ligands
that specifically bind to the receptor [25, 26]. Despite its
efficiency, this technique detects only the functional frac-
tion of the solubilized receptor. Furthermore, in the pres-
ence of a solubilizing agent, numerous proteins tend to
lose their ability to bind ligands. If we except harsh de-
tergents such as SDS or N-lauroyl sarcosine (NLS), it is
difficult to predict which detergent will be suitable for
solubilization. Some methods such as immunoblot quan-
tification [27, 28] or fluorescence measurements using
green fluorescent protein (GFP)-tagged receptors allow
quantification of the total yield of solubilization [29-32].
In the latter experiments, two different GPCRs were ex-
pressed in the same host, Pichia pastoris. The ETg-en-
dothelin receptor was solubilized in DM with a 30% sol-
ubilization yield and further purified on a nickel column
[29]. Although DM was not the best solubilizing deter-
gent, it was chosen because the authors argue that it was
already used for successful crystallization of membrane
proteins. In contrast, DM was unable to solubilize the p-



Solubilization and purification of GPCR

V. Sarramegna et al.

1152

%¢0°0/20°0/1°0

¥6 18w 170 "WOIYD e 1IN SHo1 INA/SHD/SdVHD [/3W S0 noo> g 'SIN!
SHo1 %1/21°0/9°0
8¢ - aN "WoIyd ‘e IN DV T4/519 INA/SHD/SdVHD Suwyjourd g1 noo>'q 'SINI
‘woIyd “Je IN 10
WoIyd He YIN -¢
uonenIy [03 17 10 dong/DVTd %1/21°0/9°0
8¢ - aN uiprAg dLIwouow /s1y9/3ey org INA/SHD/SdVHOD Suyjowd 101 noo>q 'SINI
6¢€ Od aN “WOIYD “JFeounuuwl uou TINS %S 0 Swyjowd g7 420 g Yooy
woxyd e . IN -C IN SIy9 B
LL - aN DV1d Jyeounuuu ;| INDVTA WA %t Suyowd 9°¢=¢1°0 €6TMIH oy
[ojouaidye 10 osojAwe 17 1D SIY9
9 od aN “WOXYD JJB IN INdEN as010ns D %1 Swyjowd /| 6JS Ay
93 asojAwe :7 31D SIY9
¥9 unoojose aN WoIYd “JJe IN ‘1 IN ddIN 9so1ons DA %S0 Suy/jowd 9 noo>'q ‘g
€6 Dd ueaqAos aN 9s0JeTe-unod9[ (U uou WA %S0 Swyjowd £ 6/S Wy
‘woyo “yye jojouaide :g /Swgy
6 - 18wz "WOIYD JJ° . IN 1 10 S9 N % 1/10wd oLt LS o
uonen(y [0 :¢
198 urredoy :7 Q110D BN %20
9% Sd ure19/440d [/10wu 170 "woxyd ‘Jye jojoudide 11 ouou UIUONSIP 9] [/1owu 64§ o
‘wouyd “yye jojouaide :g IN OV .
S9 - [/lowu g TWOIYD “JJe ZIN ‘1 30 s19 N %l aN 648 “Jy
6 - aN “woxyd “jje [ojouside ouou uruonsIp % | Suyjowd 611 6/S ‘gu
‘woIyd ‘jje [ojouaidfe :¢
Jeounwl HY TS 17 INDOVIA
79 - [/jowu g “WOIYD JFe . IN 1D S9 N %1 Suyjowd ¢z 648 du
‘woyd “jje jojouaide :g
99 - [/jowt -1 Jyeounuiwit €1 1 10 €1 INA %ST'0 Swyjowd gz—¢ 64§ du
adonoeyd [9A9] wo)sAs
syuag1oep/sprdry amg sdays uonjeoryung s3e], uasigeg uorssardxg uorssaxdxg 101dooay
Q0UQIRJOY uonMmISU0INY uonedIyung uonezI[Iqnos

'SYDD paryund pue pazijiqnjos jo Apnys oaneredwo)) g d|qel,



1153

Review Article

Vol. 63, 2006

Cell. Mol. Life Sci.

“geounwwi OV
woryd e, IN ¢
uonen|iy [958 :g IN OV
3% - anN “WOIYD “Jy& unody 1| 1D sIy9 NA %1 Suyjowd 0 €6TdH dw
“Jeounwwi OV A
woryd e IN ¢
“WOIYD “Jj& unodf g IN OV
Ly - Swyjowd ([ uonen|y 03 :| 1D SIy9 NA %1 Swyowd (] €60dH ow
ST/SL “WOIYD “Jye puesdi| :g 10 s19 NA %I 1o
86 Dd0d/Dd 839 an WOIYD Jye AIN 1| 1D 24w DO W (¢ aN OHD oY
“Jeounwwi OV ¢ IN OV %t 0/1
9T - aN WOIYd e N ‘T IN STY9 SHO/WA Swyjowd ¢1—¢ sod i ‘ay
diD-nue
uoneydroardounwr ;g 1D ddD
18 - aN WOIYO e N ‘T IN STY9 N %C Swyjowd z—| X0TSN 'qu
“geounwwi OV 17 1D OV
19 spidif ueaqAog /3w 00 WoIYd e L IN 1| 1D s19 NA %t Swyjowd ¢1°0 420§ 'ay
“Jeounuiwr ¢
uonen[ij 193 :g
uoneydroard
L6 - /8w | ““OS)'HN 1 VH 20d %01 Swyjowd ¢ 648 urja102gy
89 - an “Jeounwut - UOILLL, %T' | aN S[[e0 T YOO/HT1d
[199/s103d22a1
96 - 18 gLe “Jeounwit y(J | 10 ey oy N %ST0 s01X8'T €603dH IIHLdY
1/€/9  sded wo §1X0T
SL OJNA/dd/Dd0d 3l 001 “Jeounuwrl (| 1D ey oy NA %ST0 Swyjowd (g LS0D 'H1dY
S6 - [/Bw sz WoIYd e IN IN SIY9 001-X UOILLL %] aN 1702 7 YHSLY
“WOIYD AZUBYIXD UONED ¢
ST[90 19M ‘woxyd ‘e puedi| :g %T0/1
w - 8001/8w | “WOIYD e N ] 1D so| SHO/WA [/1owu 0z—0 1 1702 Veyy
<IN "WoIyd e g IN SIY9
8L - anN “geounwwi OV 1| IN OV UIUOYISIP %7 Suyjowd (¢ I3-OHD 'V
8¢ aunod[ose [/3w $—¢ “WOIYD e IN ST O] N %] [/sw [~ 645 'HY
adonoeyd [9A9] WA)SAS
syuagiojop/spidiy amg sdojs uonjeorjung sSeL, uadioeg uorssardxg uorssardxyg 10)doooy
QOUIJY uonmISu0dITY uonesrjung uonezifiqnos

“(ponupuo)) 7 dqeL



Solubilization and purification of GPCR

V. Sarramegna et al.

1154

“JFeounuItr

DV Td/o4w-0 10
AmedeAxoIpAy :¢

asoreydes 19V 7 oAw-o 9)B[OYD 9%/ 170
94 - aN asoxeydes gvA( :1 OVTd UILON3IP %98°0 - 6/S 9Ny
AmedeAxoIpAy :g - Q1[OYD %10
9t Sd urexq/4d0d [/jowu /—G'y osoreydes gV 11 - UIUOYSIP %] [/1owu G1—0[ 6/S AU
amedeAxoIpAy :g - QJe[OYD %170
9t Sd ureiq/4d0d [/lowu ¢°0 osoreydes 1V 1] - UIUONSIP % J/1owu g 6/S AL
‘woxyd ‘e puedif 1o 9)B[OYD %G
€9 Sd ureiq/4d0d [/jowu 'y “WoIyd e 0D 1D SIy9 UILONSIP % [/lowu 8°0 [ 6/S 9Ny
asoreydas 1 gV ¢
1°0/1/1 OHD payoed aededxoIpAy :g 9JB[OYD %70 OHO poyoed [w ¢
S8 SHO/Sd/Od Jw og/Sw g asoIese VOM | - UIUONSIP % /lowu /1] OHD Ind
1/01/S€/tS “WOIYD 9FULYDXA UOLED 17 IN SIY9 . P=L1I0Y
LT dddd/Sddd/SHO/OINA aN WOIYD “Jye A IN [ INDOVTA Dd 0SA] %8| aN 6/S (0%
Vi LSD uruoysIp %z0 urojoxd [ej0)
6 Dd/0d /3w 0 “WOIYD “JJe ,INXT 1D 19 SIN %ST'1 %01 11027y [3(6)
O RIL (]|
DdOs 10 “WOIYD 9FULTOXD UOIUE :7 1D VXL %1°0/S°0/1 (18w 1)
€01 odd [/w | WOIYD “Jye  IN 1| IN d9IN SHO/SdVHO/INA Suyjowd ¢ 11027y ‘gou
BN A
201 - [/1owu £ “WOIYD e 0D 1D s1Y9 N %S°1 Swyjowd g 7S g0y
BAIN N §
101 - aN “WOIYd e 00 1D 19 NA %S'T Swyjowd ¢°6 178 ‘goy
1D sIy9
001 - an WOIYd “Je IN 1D ohwd NA %1 aNn svd a0y
10 s1y9
WoIYd e OV T 3D dAwd
66 - an WOy “Je IN 1| IN OV 71S0d %1 Swyjowd 9°¢ sod 'gou
IN ddD"
1D 24w SAs %10
0€ - /8w gl "WOIYD e IN 1D sy eom A 8 /3w 0g-01 sod iy
adonoeyd [9A9] wo)sAs
muﬁom‘aﬁwv\mﬁﬁrq Ind mﬂoam uonesijung ww.m..ﬁ \HCow.Gqu ﬁommmouaxm ﬁoﬂmmou&mm HOHQDQQM
QIUIYY uonmISu0dIY uonesrjung uoneziqnjos

‘(ponunuo))) *g dqeL



1155

Review Article

Vol. 63, 2006

Cell. Mol. Life Sci.

“WoIyd e 0D 1D sIyg
- /3w | ‘woIyd “jye urpiaeydons 1D 3ey dong
IO
1D ddD 422 °§
LOT - [/Swg “woxyd “jye v urdjord IN °4Y NA %1 - €6C dH [N
0t/09 10 s19 122 °§
09 0d0d/DdOd 1/3d 05 WoIyd e IN 1D OV NA %1 Swyjowd (g¢ 422§ 78
SoySIp SoySsIp
6S — WG X [/[OWU 9¢"() WoIyd e IN 10 s19 SAVHD W 0] WIG[X([/[OW | LSOD d1y
€6 Od ueaqLos aN 0s0IESE-UT9] (U] - SAVHD IWUW(T Suy/jowd g—| a/S "SINT
SQUBIqUIAW /S 1O
1/1/¢ uonen[Iy 193 :7 %S00 :9°0
ST Dd1/SHD/Od0d aN wory) Je  IN :[ ORIl DO/SdVHD aN 7S ISINY
WOIYD “Jye 0D 1T EORIL (]| SHD %S00
901 - aN WOIYD e IN 1] IN VH NA %T [/Bwgo  s[ed g-oxd w 640U
1/€/9
9¢ d0d/4d0d/Dd0d aN Jgeoununut | 1D Ser oyt OSdVHD %] an YLaO FIOXOU
8/8/87/9S 1D sIy9
S01 SHO/INS/dd/Od aN WoIyd e IN 1D 2Awd 001-X UOILLL, %] an OHD SIO0Y
€€ + aN Jeoununt | 1D ey oy S [ewkD %] an Lo SID0Y
0L - aN “WOIYD “jyeounuuwi - TIDANW S Swyowd 1] 6/S o
S1/01/0T/SS peay £y
69 819/vd/0d/Ad 38t oL1 “WOIYD “jFeounuuwi - T1-0d %¢€ Suwyjowd 0 wq nou
9L unos[ose aN “Jeounwwit (| Sey oyt SAVHD %I aN L-SOD ‘niouwy
YL - 1/3d 08-0% “Jeounwiwt | - NA %1 [/Swg 422§ oyq
€LTL - /3w 6 JFeoununt (| - DN %2 /8w Qr SE6THAH oIq
v01 sprdiy eunor /8w [-6°0 WO “JJe . IN 1D SIy9 SdVHD W 0T [/sw f S oq
S99 ,01
1L - S99 ,01/31 ¢ "WYY *JFeOunTuT - SAVHO %I B o1 [-50D oq
adonoeyd [9A9] WA)SAS
syuagiojop/spidiy amg sdojs uonjedrjung s3eL, uadioeg uorssardxg uorssardxg 10y)doooy
QOUIJY uonmISuU0ITY uoneorjung uonezifiqnos

“(ponupuo)) 7 dqeL



Solubilization and purification of GPCR

V. Sarramegna et al.

1156

"[01004131Apneyd
-soyd [LojsuAwIp ‘DJNG ‘eurwejouryeApneydsoyd [Aojrwredrp ‘Ggdq ounesiApneydsoyd [Aojrwedip ‘Sddd ‘proe orpneydsoyd ‘v [0121sod1o ‘S17 <oreydsoyd-¢-01004]3-us-[L02[01p-7° |
403 ‘aurjoydiApneydsoydosA] ‘Hd1 ‘ourjoyoidpneydsoyd-1Lo9jorp ‘D40 ‘Qurwrejoueye[Apneydsoyd-jLosjo-jAojwured ‘GJOd 0109413 [Apneydsoyd-jLosjo-1hoyuured ‘Ddod ourjoyojApneyd
-soyd-[Aoao-1Aoytred ‘HJod ‘eurjoyd [Apneydsoyd ‘Hg ‘ouwes [Apneydsoyd ‘gq ‘ourwejoueyie [Apneydsoyd ‘g <ourjoysjApneydsoydjLoisuAwp OJNGA Fuewderj o, HDI[ uewny DYy
‘u10j01d JU2ISAION[J UITF PIOUBYUD JJDH OSBISWOSI Pro1d)so1dy ‘IS osoreydas ‘ydog (Ape-ourwe-1Aye-1p ‘GyHJ ‘UrunnSse widdieaym YO UOHED JB) UISU)0INAU Y N ‘UIXOPAIOIY)
‘yxiL ‘urarord Surpuig-osoyewr A ‘serdjsuen-g-auoryren|s ‘1So urejoid jusdsaronyy usaid 4o ‘ouedon (AxojhipAyzusqourwe-,7)-¢ ‘1gV ‘AydeiSojeworyo Ajuije ‘woyo ‘JJy uonis
-od [euruIg)-N N ‘uonisod [euruiol-)) 1)) Quagoouo dAw Ay} woif odojids proe-ourwe ()| OAW-0 PIUTULINP Jou ‘N SSnIIA ezuanjjul urunnggeway woiy adojide proe-ourwe ¢ “yH ‘ursdopoyr
9SNOW JO SPIOB OUTWE G| ISe[ Ay} Surpooud juowdesy YN “'oqy ‘ursdopoyr woiy odoyda sproe ourwe ¢ ‘oyy odoyda sproe outwe ¢—8 ‘dong odojrda sproe ourwe $7—G| ‘org ‘odoyda sproe
ourwe § ‘Oy] ‘eurpnsiy [euas ‘siy ‘odojido sproe ourwe § ‘¢ 1Y (01L]OYIAX00P WNIPOS ‘DO (T ‘¥eJ[ns [A09pOp WNIpos ‘S op1soon3--g-[Auou-u ‘DN ‘oursodres [Lomel-N ‘STIN ‘ourjoyooyd
-soydj£oapop ‘Z1-D4 ‘op1soon|S [£100 ‘D ‘oreurdonsiuoy [£10)S9[0yd ‘SH ‘JBINE[OUOW 9S0IoNS “TINS ‘9s01ons [Kourddpop D ‘OpIso}[ew-(-g-[£00pop-u ‘N 91e[oyd WNIPOS ‘9Je[oyd BN
‘proe oruojnsauedord- [ -Axo1pAy-z-[oruowrwe-Ayjow-1p(jAdordoprureoys-¢)]-¢ ‘OSdVHD oreuojnsauedoid-|-(ourwe-Ayow-1p (JAdoxdoprureioyo-¢))-¢ ‘SGVHD OPIX0 ourue-[Ayjow-1p-[A1
-ne| ‘Oy’] 103dooar urayopud ‘1 $103dooar 1030y Sunew QS (0 [-JJS) 10198 POALIOP-[[OI [BUION)S ULOWAYD ) 10] 103dadal ‘LY DX 103dosar sunjowoydo YD) 103dodor 9 durjowdyo
‘9 ‘103dooar g auarnoynd ‘1 11g ‘1oydasar osurweydAxorpAy ‘10jdeoar JH-¢ <103dooar o1drounind ¢ xzd ‘103deoar apndadAjod Juneanoe-oseoho [Audpe Areymid ‘TOvd 103daocar duexoq
-woay} 1, ‘10ydasar ururjoinau YN :I0ydadar arewrein|3 ordonogejowr ‘ninHwr sursdopoyl ‘oyy 103dooar ourjoyd[A)2d. dIuLIBISNW “JA] (5103d2001 2A1ORJ[0 YO (103d2da1 prourqeuued ‘g ¢s10jdooar
prordo ‘¢ ‘1l ‘103deder ourwredop ‘q (103deoar suowroy Sunernwms-o[o1[0F “YHS] :103dooar urdonopeuos sruoroys/euourioy Surziurein “gn)/HT 103deoar suourtoy proifyjered ‘' J (103dooar
suowoy Sunenuns-proiAy) YHS L (103dosar ursusjoInau ‘SN 103dood1 oudipe ‘g <o S[[90 QULIDOPUD ‘S[[09-T YIgFD) SAIAO0WAL) UIURd ‘YIZFD S[[09 g-o1d 7' 1T ounmu ‘s[[o0 g-o1d ' [ Tu $S[[0d
BUWIO)SB[QOINAU ‘A ()Z-SN ‘S[[29 ATBAO IR)SUIRY 9SAUIYD) ‘OHD ‘[[99 AUPIY O1UOAIqUIS UBWNy ‘C47HH 190 Aouow uaaI3 uedLye ASupy ‘SO -1u visnjdoyori] ‘] ‘ajsp3ouvjou vjiydosoq ‘ud
pptadidn.if vioidopods S ‘s1i01spd viyorg ‘svd g ‘av1s102.420 S22AUO0IDYIIDS 42" 110D DIYILIdYIST ‘17027 ‘S1aap] sndoudy ‘S1aap] y ‘Kaxan) 9 duiaoq ‘q ‘ourdrod ‘d fer 1 ‘osnow ‘w fuewny ‘Y

UIPIAR JLISWOUOW 10 1D Sey org
“Jeounwwt DV ¢ O NIL (1]
6C - Swyjowd g WOIYD e IN 1| IN OV14 N %I Swyjowdgy sod a4
41 ova /8w ¢—¢ WOIYD e IN 1D sIy9 BAIN JA9 /8w Q[ 1027y 'I1gy
Swyjowd 91°0 3eyloyy Suwyjowd g7
801 - ojodpey/3u ¢ “Jeounwil | IN 41D N W | sjodpey/3u 6—1 s140D] "X VILHSY
%20°0/1/1 IS SAS %T0
€l SHO/SAVHO/DIINA [/3W §°0-€°0 WoIyd e IN 1D s1y9 BN N 9 1/3uw 8¢ o2 g FLHSW
1/€1/02 “WOIYd dZUBYIX UOIUE :7
44 SHD/Sd/dd /8 ¢1-, WoIYO Je N ‘T IN STY9 UIuONSIP 0% aN 6S “dxTdy
9s0IeFe-unodd[ (U9 :7
IS 10BIXA UlRIq 9UIA0q 131 05T “WOIYD ‘JJ® UIPIA® :] - UruoN3Ip %1 Suyjowd (510§ as 'ovdy
WOIYd Jje 0D 1D s1yg 122§
LOT - [/8w §Q “wouyd “yye urpraeydons 1D Sey domg N %I - €67 JdH €18
adonoeyo [9A9] wo)sAs
syuag1oep/sprdry amg sdas uoneoaryuNg s3e] uagivleq uorssardxg uorssardxg 10)dooay
QIUAIRJY uonmNSuU0IY uonedryung uonezifqnjos

“(panunuo)) g dqeL



Cell. Mol. Life Sci.  Vol. 63, 2006

opioid receptor [30]. Mirzabekov et al. [33] used another
method and tested a broad spectrum of detergent condi-
tions to determine the detergent that allowed solubiliza-
tion and isolation of native CCRS5. The method was guid-
ed by the comparison between the amount of solubilized
CCRS capable of being precipitated by a conformation-
dependent CCRS5 antibody versus precipitation by an an-
tibody directed against a linear non-conformational epi-
tope tag.

Solubilization of recombinant GPCRs

Table 2 presents recombinant GPCRs for which both the
solubilization and purification steps have been described.
Heterologous expression has been realized in various sys-
tems such as prokaryotes (E. coli), yeasts (P pastoris,
Saccharomyces cerevisiae), insect cells (Drosophila, Le-
pidoptera) and mammalian cells (CHO, HEK, etc.). A
rapid analysis of the data clearly reveals that the intrinsic
nature of the receptor considered, the expression system
employed (in particular the lipid composition of the cor-
responding membranes), the composition of the solubi-
lization buffer and numerous other parameters (e.g. initial
protein concentration, temperature, time allowed for sol-
ubilization to occur) can influence the efficiency of the
solubilization of a particular membrane protein [18, 34,
35]. The solubilization studies performed on the CCRS
and CXCR4 chemokine receptors are prototypes: 18 dif-
ferent detergents were tested for solubilization of the
CCRS receptor [33] and a hundred different conditions
were explored to extract the CXCR4 receptor [36]. These
experiments show that among a family of recombinant
GPCRs, expressed in a special organism, the solubiliza-
tion agents and conditions differ from one receptor to an-
other. Indeed, Cymal 5 (a non-ionic detergent), perfectly
adapted to the solubilization of CCRS5 in a functional
form [33], is totally inefficient to extract CXCR4 in a
functional form [36]. Moreover, the results also depend
on the initial membrane environment. Hence, the func-
tional solubilization of CXCR4 from canine thymocytes
is feasible using 1% 3-[(3-cholamidopropyl) di-methyl-
ammonio]-2-hydroxy- 1-propanesulfonic acid (CHAPSO,
a zwitterionic detergent) [36], while a mixture of DM and
cholesterol hemisuccinate (CHS) is necessary to extract
the endogenous receptor from human T lymphocytes [37].
Differences in the initial lipid composition of the mem-
branes of these two cell types could explain this discrep-
ancy.

Table 2 demonstrates that a low number of detergents like
digitonin, 3-((3-cholamidopropyl)di-methyl-amino)-1-pro-
panesulfonate (CHAPS, a zwitterionic detergent) and
DM are of rather general use for GPCR solubilization and
have been appropriate choices in many solubilization and
purification experiments. In fact, these detergents often
combine good efficiencies of solubilization with stability
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of proteins in the detergent-solubilized state [15]. Some
GPCRs require the use of several detergents simultane-
ously for solubilization, and this considerably increases
the complexity and the number of tests to perform in or-
der to establish optimal solubilization conditions. For ex-
ample, the combination of CHAPS, DM and CHS al-
lowed solubilization of the neurotensin receptor with an
efficiency of 85% whereas solubilization with CHAPS/
CHS resulted in an efficiency of 35% against 30% with
DM alone [38]. One should note that most of the solubi-
lized GPCRs described in table 2 remained active in the
lipid-protein-detergent mixed micelles formed, allowing
investigators not only to follow the receptor using ligand-
binding tests but also to consider purification strategies
based on ligand-receptor affinities (see below on purifi-
cation). Nevertheless, this kind of strategy does not give
access to the total expression yield. Several studies show
that the stabilization of the receptor using the tight bind-
ing of a specific ligand can increase the stability of the
protein during solubilization and therefore favor its func-
tional solubilization. For example, the functional solubi-
lization of the human a,. adrenergic receptor was only
possible in the presence of an antagonist [39]. The stabil-
ity of the rat M; acetylcholine (muscarinic) receptor sol-
ubilized in the presence of digitonin is also dependant on
pre-stabilization of the receptor by a specific ligand [40].
However, the functional solubilization by a mixture of
digitonin and CHS of human M,, M,, M and rat M, and
M, receptors is independent of pre-stabilization by any
ligand [41]. The human M, receptor, common to these
two studies, and expressed in each case in insect cells,
seems to be stabilized in an active conformation in the
presence of CHS. Some authors have shown that the ini-
tial functionality of recombinant GPCRs is not an ab-
solute prerequisite for its functional reconstitution. This
is the case for an olfactive receptor [9] and for BLT, and
5-HT, receptors [11-13] expressed in E. coli. In these ex-
amples, the recombinant receptors were expressed in in-
clusion bodies and were initially totally inactive in terms
of ligand binding. Obviously, the optimization of the sol-
ubilization step was not conducted to preserve the protein
activity, and the purified protein was subsequently re-
folded in a functional form into proteo-liposomes [10] or
lauryl-di-methyl-amine-N-oxyde (LDAO) micelles [11—
13]. However, maintaining a functional protein through-
out the solubilization and subsequent purification proce-
dure is advantageous because the reconstitution of an ag-
gregated GPCR form is still a very challenging task.

The purification step: principle and objectives
Purification of membrane proteins such as GPCRs is not

as easy as the purification of water-soluble proteins, al-
though the methods used are generally the same. A typi-
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cal membrane protein isolation protocol often involves,
as a first step, the preparation of a receptor-enriched frac-
tion prior to the use of detergents. In many cases, i.e. when
the receptor is embedded in a membrane compartment,
this initial step consists in the preparation of a crude
membrane fraction after cell disruption. Alternatively,
GPCRs can also be pre-purified from E. coli inclusion
bodies by differential centrifugation. Whatever the origi-
nal environment they are sitting in, GPCRs, which are hy-
drophobic molecules, tend to form aggregates even in the
presence of detergents, a phenomenon which increases
the difficulties encountered during their purification.
Chromatographic methods based on the intrinsic proper-
ties of the protein can be used. These methods rely on the
chemical and physical properties of the protein (cationic,
anionic, hydrophobic behavior) or on the presence of post-
translational protein modifications such as glycosylation,
which allow the use of lectin affinity chromatography.
Gel filtration chromatography (also known as size exclu-
sion or gel permeation chromatography), which separates
molecules on the basis of their size, can also be used. The
specificity of interaction of a recombinant receptor to-
ward a chromatographic matrix can be modulated by the
addition of specific tags thanks to molecular biology
techniques. The most frequently used tag consists of sev-
eral consecutive histidines (usually 6 to 10) at the N or C
terminus of the protein. This tag presents affinity for a
metal phase matrix. It is also possible to add an immuno-
tag that binds to an antibody matrix, a glutathione S-
transferase (GST) tag that binds to a glutathione phase or
a Bio tag, which can be in vivo or in vitro biotinylated, and
binds to a streptavidin matrix. These affinity tags do not
allow discrimination between active and non-active re-
ceptor molecules. The purification of GPCRs can be per-
formed on proteins that either have or have not retained
their functional conformation during the solubilization
procedure. According to the preservation of the binding
properties, the adopted strategies may be different. For
example, the active form of a receptor can be purified on
a specific ligand column but also by immunoaffinity on a
conformational antibody column.

Chromatographic methods based on the intrinsic
properties of the protein

These methods rely on the intrinsic properties of the re-
ceptors such as charge and molecular weight but also on
the occurrence of post-translational modifications.

Ion exchange chromatography

Depending on the isoelectric point of the receptor and the
pH of the buffer, the protein can be chromatographed on
cation or anion exchange columns [27, 42—45]. The solu-
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bilizing detergent must be chosen carefully depending on
the ion type of the column phase, and in general, neutral
detergents are preferable. Among the ion exchangers, one
can mention heparin sepharose constituted of a highly
sulfated glycosaminoglycan, which acts as a cation ex-
changer due to its high content of anionic sulfate groups
[46] and hydroxy-apatite, which is an inorganic chro-
matographic material containing calcium phosphate, and
thus containing both positive and negative charges. Even
though the binding mechanisms are not completely un-
derstood, ionic interactions as well as adsorption effects
seem to contribute to protein binding [43, 46].

Gel filtration chromatography

Gel filtration chromatography, also known as size exclu-
sion chromatography or gel permeation chromatography,
separates molecules on the basis of their size. As shown
in table 2, these chromatographic methods are often used
as a complement to other methods [25, 38, 46—48]. This
method is unable to give the molecular weight of the pro-
tein when it is solubilized in detergent, since the solubi-
lized receptor is contained within detergent micelles.
Thus, the mouse 6-opioid receptor solubilized in DM and
chromatographed on a gel filtration column migrated
with an apparent molecular weight of approximately 340
kDa, whereas the molecular weight of the recombinant
receptor is 46 kDa [47]. Tucker and Grisshammer [38]
used an intermediate gel filtration chromatography in or-
der to eliminate the biotin used to elute the biotinylated
receptor from a monomeric avidin column.

Lectin affinity chromatography

Lectin affinity chromatography was initially largely em-
ployed to determine the nature of the glycosylations ad-
ded on the recombinant receptors expressed in a given ex-
pression system [40, 49]. This strategy is based on the
affinity of glycans for immobilized lectins [50] and it ob-
viously works on proteins expressed in organisms per-
forming this specific type of post-translational modifica-
tion, i.e. eukaryotic cells. Different categories of lectins
are available and can be used to purify glycoproteins.
Concanavalin A (ConA) or lentil lectin binds with a very
high affinity to proteins presenting N-glycosylated amino
acids with high (oligo)-mannosidic carbohydrates, but
has a very low affinity for other glycoproteins. In con-
trast, wheat germ agglutinin (WGA) lectin selectively in-
teracts with proteins containing complex N-glycans [50].
Proteins bound to lectin resins are specifically eluted
with monosaccharides, a-D-methyl mannoside or a-D-
methyl glucoside for ConA, and N-acetyl glucosamine
for WGA. The human 2 adrenergic receptor expressed
in Sf9 cells binds to a ConA resin, but does not interact
with a WGA resin, and the authors concluded that the re-



Cell. Mol. Life Sci.  Vol. 63, 2006

ceptor mainly contains high (oligo)-mannosidic sugars
[49]. In contrast, the rat M, receptor expressed in Sf9 cells
was able to bind both on WGA and ConA resins, demon-
strating a microheterogeneity in glycosylation [40]. This
last result underlines one of the major limitations of lectin
affinity chromatography for the purification of recombi-
nant GPCRs: the glycan microheterogeneity of the pro-
tein to purify. Moreover, because of the presence of nu-
merous glycosylated proteins capable of interacting with
the resin employed, this type of chromatography must al-
ways be coupled to other purification methods, more spe-
cific for the target protein [38, 48, 51].

Chromatographic methods based on the presence of
specific tags on the protein

Immobilized metal affinity chromatography

This chromatographic method uses the chelating and
affinity properties of a set of serial histidines for divalent
metal ions attached to an immobile phase. His-tag re-
combinant proteins are eluted from the column using
a gradient of imidazole or by decreasing the pH of the
buffer. The use of immobilized metal affinity chromato-
graphy (IMAC) has already been largely successful for the
purification of soluble proteins either in denaturing or na-
tive conditions [52, 53]. This approach has subsequently
been successfully employed for membrane protein purifi-
cation in the presence of detergents [see for example refs.
54-57], using the divalent Ni** cation most of the time.
The results presented in Table 2 clearly show a very large
utilization of the IMAC technique for GPCR purification.
The efficiency of purification is dependent on a number
of parameters such as detergent concentration or His-tag
length and no consensus is found about the C terminus or
N terminus position of the serial histidine tag. Investiga-
tion of the effect of His-tag length on purification has
shown, for the neurotensin receptor expressed in E. coli,
that the deca-histidine sequence was more efficient than
the hexa-His tag [58]. In this work, a twofold increase in
receptor enrichment was shown in one step, by exchang-
ing a hexa-histine tag for a deca-histidine tag. The uti-
lization of an extended histidine tail allowed stringent
washes at high concentrations of imidazole in order to re-
move non-specifically bound contaminants. The impor-
tance of the detergent was also shown: in general, anionic
detergents such as SDS or sarkosyl are not recommended,
while non-ionic detergents such as DM or Triton X-100
can be employed up to 2%. Nevertheless, the hexa-His-
tagged p-opioid receptor solubilized in 0.1% SDS could
be purified by IMAC with an excellent yield [30]. The in-
troduction of a C terminus deca-His tag to the H, hista-
mine receptor allowed, after solubilization in DM, the pu-
rification, in a single step, of the recombinant protein
with a purification yield higher than 90% and an excel-
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lent recovery of function (up to 70%) [28]. In addition,
demonstrating once again that each receptor has a spe-
cific behavior, Pawate et al. [59] obtained only 14% pu-
rification yield and 36% recovery for the CHAPS-solubi-
lized hexa-His-tagged thromboxane A2 receptor. After
solubilization of a membrane fraction isolated by cen-
trifugation on a sucrose gradient, the Ste2 receptor from
S. cerevisiae was purified in a single step on a Ni** resin
[60], while the same strategy applied to the yeast over-ex-
pressed dopamine D, receptor did not lead to complete
purification of the protein [61]. To purify the ORS5 ol-
factive receptor, two serial Ni-NTA affinity columns
were used [9]. This hexa-His-tagged receptor was ex-
pressed as a GST fusion protein and the first imidazole
elution was able to produce a receptor-enriched fraction.
After cleavage of the GST tag with thrombin, the sam-
ple was chromatographed again on an Ni-NTA column.
Hence, combining different purification steps is some-
times necessary to increase the purification yield. Nev-
ertheless, the coupling of this first affinity step on a
nickel resin to a second one using the FLAG tag did not
lead to the complete purification of the D, dopamine or
B, adrenergic receptors [61, 62]. Finally, Hayashi and
Haga [63] in 1996 showed that Co?"ions used instead of
Ni?* cations can be used to purify to apparent homo-
geneity the human M, receptor. Lastly, the human neu-
rokinin NK, receptor has been purified to homogeneity
in two steps, a first IMAC step followed by gel filtration
chromatography [25].

Biotin-streptavidin affinity chromatography

This purification method uses the exceptional affinity of
either avidin, a glycoprotein derived from egg-white, or
its bacterial counterpart, streptavidin, for biotin (vitamin
H). Bio-tag or Strep-tag can both be used as fusion tags.
Bio-tag is a 15-24 amino acid sequence recognized by a
biotin protein ligase, whose function is to covalently at-
tach biotin to the Bio-tag. This tag can be biotinylated in
vivo or in vitro. Tucker and Grisshammer [38] have shown
that the NTS, neurotensin receptor with the Bio-tag fused
to its C terminus can be purified to homogeneity in two
steps. The crucial first step involved the purification of
the in vivo biotinylated protein on a monomeric avidin
column. This yielded essentially pure receptor with a re-
markable 60-fold purification and 38% yield. The use of
the Strep-tag, an 8—9 amino acid peptide sequence, which
selectively binds streptavidin, was less efficient than that
of the bio-tag [38].

Ohtaki et al. [51] used an original strategy to purify the
PAC, receptor: the solubilized recombinant receptor was
mixed with the biotinylated PACAP 38 ligand and puri-
fied on an avidin affinity gel. The fully active receptor
was then further purified by lectin affinity chromatogra-

phy.
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Large-tag affinity chromatography

Large tags such as proteins can be used to help in the pu-
rification of GPCRs. For this purpose, the maltose-bind-
ing protein (MBP, 10 kDa) was fused to the 3, adrenergic
receptor [64]. The fusion protein was purified on an amy-
lose column and the elution was performed using maltose
in the buffer. The 27-kDa GST protein can also be used,
and in this case, the fusion protein was purified on a glu-
tathione column and the elution performed with glu-
tathione [9].

In the experiments reported by Kiefer et al. [9], after sol-
ubilization in detergents, the ORS5 olfactory receptor
fused to GST was unable to bind to the glutathione ma-
trix, probably because the GST domain was misfolded.
More often, these protein tags have been used for their
chaperone-like properties, assisting in correct protein
folding and leading to active proteins [38].

Ligand-based affinity chromatography

This approach has been frequently employed to purify
GPCRs from natural sources, particularly when recombi-
nant protein technology could not be performed. It ne-
cessitates the production and solubilization of a fully ac-
tive receptor able to bind a specific ligand chemically at-
tached on a chromatographic phase. Purifying a GPCR
this way is very advantageous since it both isolates the
protein of interest from others and discriminates between
active and non-active receptor molecules. The S, adrener-
gic receptor has been the most frequently purified recep-
tor by means of ligand-based affinity chromatography us-
ing the specific ligand alprenolol [46, 49, 62, 64—66]. In
the same way, acetylcholine (muscarinic) receptors have
been purified on a 3-(2’-aminobenzhydryloxy) tropane
(ABT)-agarose affinity chromatography gel [43, 46, 63].
ABT is an antagonist ligand that binds to muscarinic re-
ceptors with nanomolar affinity, and the elution of the re-
ceptor from the column is performed with atropine. The
specific activity of the receptor was threefold higher
when the receptor was purified with ABT sepharose com-
pared with receptor purified with chelating sepharose. In
their report, Zeng and Wess [67] showed that both
monomeric and dimeric/oligomeric forms of a modified
rat M, acetylcholine (muscarinic) receptor were capable
of binding muscarinic ligands. In the case of the A,,
adenosine receptor [42], an efficient ligand affinity chro-
matography using the antagonist xanthine amine con-
gener was reported. The receptor was eluted using theo-
phylline. However, a final ion exchange step was neces-
sary to achieve the purification.

Immunoaffinity-based chromatography
This technique relies on the use of the very specific
recognition between a monoclonal antibody and an epi-
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tope. The specific antibody can be directed either against
the receptor [39, 68—74] or against a sequence fused to
the recombinant receptor.

Several tags are often used as epitopes for immunoaffin-
ity purification, such as the rhodopsin tag, which consists
of the C-terminal 9 amino acids of bovine rhodopsin (also
known as the rho tag), [33, 36, 75, 76], or the FLAG tag,
which is the 89 amino acid leader peptide of the gene-10
product from bacteriophage T7 [26, 43, 48, 61, 62, 77,
78]. For this latter peptide, the affinity of the correspond-
ing monoclonal antibody is Ca*" dependent, and elution
of the bound receptor can either be performed with EDTA
or the FLAG peptide. This FLAG tag is also cleavable
with enterokinase [79].

As examples, the human f, adrenergic, CCR5, CXCR4
and o, adrenergic receptors [33, 36, 39, 51, 66, 80] have
been purified by immunoaffinity chromatography. Ex-
cept for the B, adrenergic receptor for which two steps
were necessary [66], the three other GPCRs were purified
to apparent homogeneity in a single step. In a few cases
[36, 81], immunoprecipitation with protein A or protein
G sepharose allowed preparation of enriched receptor
fractions.

Renaturation and structural biology of GPCRs

Using a variety of detergents (Table 2), numerous GPCRs
can be solubilized in membrane-mimetic environments
with their binding activity preserved. Nevertheless, this
detergent environment is quite different from their natural
environment. Thus, the best environment for the func-
tional reconstitution of GPCRs should be extracts from
the original membrane they are sitting in. In the context
of structural biology experiments, a complex environ-
ment is not desirable and reproducibility is not guaran-
teed with biological membranes. This explains why pro-
tein reconstitution is very often performed in artificial
membranes (Table 2). In the same way as different deter-
gents must be tried for solubilizing a given receptor [33,
36], different model membrane compositions must be
tested for receptor reconstitution. For example a Dro-
sophila melanogaster metabotropic receptor was solu-
bilized in the detergent lyso-phosphocholine-12. After
exchanging it for S-octyl-glucoside, the receptor was re-
constituted into various concentrations of phosphatidyl-
ethanolamine, phosphatidyl-choline, phosphatidic acid
and cholesterol. The receptor was found inserted into li-
posomes in all cases, independently of the lipid composi-
tion, but recovery of glutamate binding was strictly de-
pendent on the presence of ergosterol (the sterol origi-
nally found in Drosophila membranes). Then, the optimal
concentration of ergosterol was determined, and the high-
est specific binding was obtained with 15% ergosterol. In
the same way, cholesterol has been reported to modulate
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the functional activity of other GPCRs [82-84]. Efficient
restoration of ligand-binding activity upon reconstitution
of a GPCR in artificial membranes may also require the
addition of catalytic amounts of natural membranes. This
is the case for the S. cerevisiae a factor receptor [60]. Af-
ter solubilization in 2% DM, the receptor was purified on
a Ni-NTA column and reconstituted in artificial vesicles
composed of 60:40 1-palmitoyl-oleyl-phosphatidylcho-
line: 1-palmitoyl-oleylphosphatidyl-glycerol. The specif-
ic activity of the reconstituted receptor indicated that only
6% of the receptor was capable of ligand binding, but the
addition of solubilized plasma membranes from S. cere-
visiae to the artificial membranes restored most of the ex-
pected ligand activity (at least 80%). Nevertheless, the
co-factors responsible for this effect were not identified
[60].

Once solubilized, full-size GPCRs can be directly struc-
turally characterized in a soluble form. One of the easiest
methods employed to characterize receptor refolding is
circular dichroism (CD). This spectroscopic method al-
lows the determination of the secondary-structure con-
tent of the receptor and was used for the porcine M,
acetylcholine (muscarinic) receptor solubilized in 0.1%
digitonin, 0.02% cholate [85], for the mouse 5-HT4 re-
ceptor solubilized in dimyristoylphosphatidylcholine/3-
((3-cholamidopropyl) di-methyl-amino)-1-propanesulfo-
nate/cholesterol (1%/1%/0.02%) [13] and for the human
leukotriene B4 receptor solubilized in 2 mM LDAO [12].
As shown in all these studies, the far-UV spectra in the
200- to 250-nm range were characteristic of a folded pro-
tein with a high content of secondary structures, ~50% of
these being a-helical. These results were consistent with
the generally admitted seven transmembrane-spanning
structure for the GPCRs. In addition, the analysis of the
CD spectra in the near-UV region (250-310 nm) of the 5-
HT, and BLT, receptors demonstrated the occurrence of
a tertiary fold made of a disulfide bridge between extra-
cellular loops. Despite these interesting results, no de-
tailed 3D structural information is available yet for full-
size recombinant GPCRs. Nevertheless, two very promis-
ing pathways in the structural biology of GPCRs are
currently being developed. The first consists in the deter-
mination of the receptor-bound conformation of specific
ligands. This was performed using NMR techniques for
two acetylcholine analogues bound to the M, acetyl-
choline (muscarinic) receptor [7], for the pituary-adeny-
late-cyclase-activating polypeptide bound to the PAC, re-
ceptor [5], for the neurotensin peptide bound to the NTS,
neurotensin receptor [8] and by X-ray crystallography for
the glutamate bound to the extracellular domain of the
mGlu, receptor [6]. All these results were enabled by the
availability of milligram quantities of pure receptor. The
second research field concerns the structure of extracel-
lular domains of GPCRs [for a classification of GPCRs
see ref 86]. These domains present ligand-binding prop-
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erties, are located in the N-terminal part of the receptor
and hence show the same characteristics as water-soluble
proteins. The conformation of the soluble ligand-binding
domain of the glutamate receptor [6], the ectodomain of
Methuselah, a Drosophila GPCR [87], the extracellular
cysteine-rich domains at the amino terminus of Frizzled
proteins [45] and the extracellular domain of human fol-
licle-stimulating hormone receptor in complex with its
hormone [88] were determined by X-ray crystallography,
and the conformation of the extracellular domain of the
corticotropin-releasing factor by NMR [89].

Conclusion

The difficulties to get, at atomic resolution, structural in-
formation on GPCRs arise largely from the problems en-
countered during their solubilization and purification. A
great number of research consortiums have been created
in recent years to set up high-throughput screening strate-
gies for the determination of 3D structures of GPCRs [90,
91]. The various steps involved in this strategy include
vector production, receptor expression, expression scal-
ing up, solubilization, purification, refolding and struc-
tural biology. At present, different efficient recombinant
GPCR expression experiments have been reported [4],
and the solubilization and purification steps are well ad-
vanced. Together with other research teams all over the
world that do not engage in high-throughput screening
strategies but are concentrated on a particular GPCR, we
are confident that in the near future, an increasingly num-
ber of GPCR structures will be obtained at atomic reso-
lution.
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