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ABSTRACT: Although ligand-induced conformational changes in G protein-coupled receptors (GPCRs) are
well-documented, there is little direct evidence for G protein-induced changes in GPCR conformation.
To investigate this possibility, the effects of overexpressinggBbunits (G or Gaiz) with the k-opioid

receptor (KOR) were examined. The changes in KOR conformation were subequently examined via the
substituted cysteine accessibility method (SCAM) in transmembrane domains 6 (TM6) and 7 (TM7) and
extracellular loop 2 (EL2). Significant conformational changes were observed on TM7, the extracellular
portion of TM6, and EL2. Seven SCAM-sensitive residues ($33F-314-%7, and 13163°to Y320'*9)

on TM7 presented a cluster pattern when the KOR was exposed to baseline amounts of G protein, and
additional residues became sensitive upon overexpression of various G proteins. In TM72*S8ti1
N326"4° were found to be sensitive indge-overexpressed cells and Y3P8 N32245 S32346 and
L329752in Gaj-overexpressed cells. In addition, the degree of sensitivity for various TM7 residues was
augmented, especially indz-overexpressed cells. A similar phenomenon was also observed for residues
in TM6 and EL2. In addition to an enhanced sensitivity of certain residues, our findings also indicated
that a slight rotation was predicted to occur in the upper part of TM7 upon G protein overexpression.
These relatively modest conformational changes engendered by G protein overexpression had both profound
and differential effects on the abilities of agonists to bind to KOR. These data are significant because
they demonstrate thatdssubunits differentially modulate the conformation and agonist affinity of a
prototypical GPCR.

For many years, it has been clear that GP@Bonists One possible explanation for the phenomenon of functional
display functional selectivity or the ability of ligands (both selectivity is that G proteins differentially shift the conforma-
agonists and antagonists) to differentially modulate signaling tion of GPCRs from the ground state to a series of activated
pathways depending on the cellular miliel+6). Since G states. According to this model, different agonist molecules
proteins are heterogeneously distributed in various cell preferentially sample some conformational changes over
compartments and show cell type and developmental expres-others, leading to the establishment of an agonist-preferred
sion patterns§—8), it has been suggested that the cellular G protein-coupling pathway. Indeed, G proteins have recently
expression profile of G proteins and effectors will affect the been shown to precouple with receptors specifically before
pattern of activation of downstream signaling pathwa&ys ( the addition of agonistsl@, 14) leading, perhaps, to distinct
11). In fact, recent reviews of the G protein-dependent conformations. Alternatively, agonists have been proposed
pharmacology of ligands suggest the promise for designing to induce differential GPCR conformations, which then lead
conformationally selective ligand$2) (i.e., ligands that bind  to distinct patterns of G protein-coupling and pathway
preferentially to particular GPCR conformations). activation (L5, 16). Although it has been reported that G

proteins are present in 3100 molar excess as compared
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No Go. subunit overexpression Goyg-overexpressed cells Guoj-overexpressed cells
M_KOR (© Non KOR-coupling Gu subunits: Gos ete. (O Weakly KOR-coupling Go subunit: Gayg @ Strongly KOR-coupling Go subunit; Gete

Ficure 1. Go-subunit overexpression was used to stabilize receptor conformations in the various active states. In each cell system, KOR
exists in both G protein-coupled and uncoupled forms. However, KORs are more likely to be in the G protein-coupled form when G protein
alpha subunits (such aso and Guj,) are overexpressed. For clarification, abbreviations were used to describe the three cell systems:
KOR, KOR-Ga6, and KORGa,.

GPCR conformational change2lj. Therefore, the SCAM  a double mutant hKOR DNA incorporating the C3%%
approach was used along with the sulfhydryl reagent (2- mutation (124g/10-cm dish) using EasyTransgater (America
aminoethyl)methanethiosulfonate (MTSEA) to probe con- Pharma Source, Gaithersburg, MD). After a total of 48 h of
formational changes that might occur in TM6, TM7 and EL2 transfection, cells were harvested for experiments by detach-
of the KOR in various G protein backgrounds. To our ing with Versene solution (Invitrogen, Carlsbad, CA).
knowledge, this is the first direct evidence that G protein  petermination of I§ and Bnax Values for PH]Diprenor-
alpha subunits induce different conformational changes in phine BindingMembranes were prepared from transfected
their cognate GPCRs. To our surprise, our results revealed4ek 293T cells. Saturation binding ofH]diprenorphine
subtle Changes in CySt_eine Susceptlblhty to MTSEA indicatiV(_-} to the W||d_type and mutant hKOR receptors was performed
of modest conformational rearrangements upon G protein at ejght concentrations ofHi]diprenorphine ranging from
binding—similar to the modest conformational changes (.03 to 3 nM. Binding was carried out in standard binding
recently reported for rhodopsin upon activati@®)( buffer (50 mM Tris-HCI, 10 mM MgG}, and 0.1 mM EDTA,

pH 7.4) at room temperaturerf@ h intriplicate in a volume
MATERIALS AND METHODS of 0.25 mL with about 3@g of membrane protein. Naloxone

Materials. [*H]Diprenorphine (54.9 Ci/mmol) andj]- (10 uM) was used to define nonspegific binding. Protein
U69593 (41.7 Ci/mmol) were purchased from PerkinElmer contents of membranes were determined by the Bradford
Life Science, Inc. (Boston, MA). MTSEA was obtained from ~Protein assay met_hod Wlth BSA as the standard. Binding data
Anatrace, Inc. (Maumee, OH). Salvinorin A was kindly Were analyzed with Prism 4.03 (GraphPad Software, Inc.,
provided by Dr. Thomas E. Prisinzano (University of lowa). San Diego, CA).

Naloxone and U69593, together with other standard reagents, MTSEA ReactionTransfected cells were incubated with
were purchased from Sigma-Aldrich (St. Louis, MO). Versene solution (2 mL/plate) for 2 min, detached, and
Dynorphin A (1-13) was purchased from both Sigma- pelleted at 100§at 4°C. After being washed with cold Kreb
Aldrich and Bachem Bioscience, Inc. (King of Prussia, PA). buffer (130 mM NacCl, 4.8 mM KCI, 1.2 mM KgPQO,, 1.3
Stable cell lines expressing humarofs and G, were mM CaCh, 1.2 mM MgSQ, 10 mM glucose, and 25 mM
obtained by transfecting the G protein expression vectorsHEPES at pH 7.4), the pellets were centrifuged and
(pcDNA3.1, UMR cDNA Resource Center) into human resuspended. The cell suspension was incubated with freshly
embryonic kidney HEK 293 cells and selecting in 90§ prepared 1 mM MTSEA in 0.125 mL at room temperature
mL G418. Those cell lines were maintained and transfected for 5 min. The reaction mixtures were quenched by ice-cold
in 450ug/mL G418. The expressions obig and Gy, were 0.8% BSA Kreb's buffer, then pelleted and washed with
characterized with anti-humanoG and Gy, polyclonal regular cold buffer. After centrifugation, the pellets were
antibodies (Cell Sciences, Inc., Canton, MA). resuspended, and 100L aliquots were used for3H]-

Site-Directed MutagenesiSite-directed mutagenesis was diprenorphine binding.
based on the C315%S background of the human KOR in Radioligand Binding Assaysll assays were conducted
the vector pcDNA3.1 following the procedure of the in triplicate using standard polypropylene 96-well X812
QuikChange mutagenesis kit (Stratagene, Santa Clara, CA)format, 1 mL/well) plates (Laboratory Products Sales, Inc.,
In some situations, FLAG-tagged human wild-type KOR was Rochester, NY) as binding reaction containers. Nonspecific
subcloned into the vector pIRESneo. The presence of thebinding was defined by 10M naloxone prepared in standard
mutations was verified by automated dsDNA sequencing binding buffer. Reaction volumes were as follows: 100
(Genomics Core Facility, Case Western Reserve University, of standard binding buffer, 2&L of naloxone (or buffer for
Cleveland, OH) before use. total binding), 25uL of [3H]diprenorphine (0.2 to 0.4 nM

Transfection of HEK 293T, &, and Gu;; Cells. Cells final concentration), and 1Qd_ of membrane receptors. The
were grown in 10-cm culture dishes in medium with 10% plates were incubated in the dark at room temperature for
fetal calf serum in a humidified atmosphere consisting of 90 min. Filters were presoaked in 0.3% PEI in 50 mM Tris
5% CQ, and 95% air at 37C. Cells were transfected with  buffer (4°C, pH 7.4). The binding reaction was terminated
either the wild-type, the C315% hKOR single mutant, or by rapid filtration under vacuum by a Brandel harvester. Each
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Table 1: Kq and Byax Values of PH]Diprenorphine Binding to corresponding to the ”-2_ (N145 to G149) in rhodopsin were
Wild-Type KOR and EL2 Cysteine Mutants merged from the A chain into the B chain. A loop search
was performed to replace the missing three residues (A235
to Q237) in the IL3 of rhodopsin, and the IL3 (K231 to

EL2 mutant3 Kg (NM) Bmax (pmol/img)  Kagmutand Kawr)

\(I:v?j-lgg,-ls/zosc 064513; 8‘8% iﬁ 8'3 09 A241) was subsequently energy-minimized using the Tripos
C315S-D206C  0.29 0.05 0.61+ 0.28 0.6 Force Field (Gasteiger-Hiutel charges, distance-dependent
C315S-V207C  0.6@- 0.06 1.0+ 0.2 1.3 dielectric constart= 4.0 and nonbonded cutoff 8 A; unless
ggigg'ggggc %—‘é% 8-12 8-;& 8-12 1411 otherwise noted, these parameters remained the same through-
C3155.52116 038 0.11 0.83L 017 08 out the modeling prqc_ess). The N- anq C-termini of t.he
C315S-1.212C 013004  0.022- 0.002 03 hKOR were not explicitly modeled; residues representing
C315S-Q213C  0.480.03  0.99+0.22 1.0 these regions (M1 to E33 and C322 to P327) were removed.
ggigg;ﬁgg (O)'éi 8-% 06039% 8-2(2)2 g-g Residues in the structurally conserved transmembrane helical
C3155.D216C  0.39. 0.08 087+ 031 08 and IL1 regions were mutated to their cognate residues in

— . _ . the hKOR. The rotated extracellular portion of TM2 was

a Saturation binding of 3H]diprenorphine to wild-type and EL2 incorporated into the model by replacing residues3%&
mutants was performed according to the procedure in Materials and 69 . - h g
Methods. Data represent meanSEM from two to four independent  *402°® in bovine rhodopsin with residues A188 to
experiments. Receptors are transiently expressed in HEK 293T cells.S123-%8 from a previously described TM2-rotated hKOR-
salvinorin A interaction modeP®). The importance of Q115
well was washed 3 times with cold 50 mM Tris buffer (pH a5 & probable H-bonding interaction site for salvinorin A was
7.4). Filters were dried and placed into scintillation vials incorporated into this TM2-rotated hKOR model. This was
(Laboratory Products Sales, Inc.). To each vial, 4 mL of @ccomplished by modifying torsion angles in the Q115 side
Ecoscint (biodegradable scintillation solution, National Di- chain followed by unconstrained energy minimization with
agnostics, Atlanta, GA) was added. The scintillation vials the Tripos Force Field. The resulting receptigand
were counted in a liquid scintillation counter (PerkinElmer Complex remained essentially unchanged but with a signifi-
LifeScience, Inc.). The raw data were analyzed by GraphPadcant hydrogen-bonding interaction between the furan oxygen

Prism 4.03 to determine the inhibition number. The inhibition ©f salvinorin A and the amide nitrogen of the Q115 side
number was calculated using eq 1 chain. Loop searches were then performed to replace the

remaining bovine rhodopsin segments in the model with
hKOR segments. The sequence was renumbered, and SCWRL
x 100 (26) version 3 was used to place the side chains onto the
L) hKOR model backbone.

To reproduce the characteristic features of the binding site
where Kspe{ MTSEA+) is the specific binding after the in the previously described hKOR modé&g] in which the
MTSEA reaction andspe{ MTSEA—) is the specific binding ~ agonist salvinorin A was bound, additional refinement of the
without MTSEA. Statistical comparisons were made by one- model was carried out. First, to accommodate the ligand in
way analysis of variance (ANOVA) followed by Dunnett’s the binding site, EL2 was raised out of the binding cavity,
post-test (using < 0.01 as the level of significance). enlarging it. This was accomplished by replacing EL2 (S192

Determination of Second-Order Rate Constanihe to W221) with the one from the preViOUSly described hKOR
second-order rate constants of the reactions between KORModel @5, 27), in which molecular dynamics (MD) was used
cysteine mutants and MTSEA was determined (estimatedto enlarge the binding site cavity. Additionally, to reorient
using a pseudo-first-order equation) to gain quantitative Y313"*° and Y320 for consistency with the previously
information on cysteine sensitivity, according to the pub- Proposed salvinorin A-hKOR interaction model, the coor-
lished method 23, 24). Cells expressing a KOR mutant dinates of the atoms in the extracellular portion of TM7
receptor were incubated with indicated concentrations of (L309"%*to N322“) were replaced with the coordinates of
MTSEA (mostly 0.01, 0.25, 1.0, and 2.0 mM) for 5 min. the corresponding residues in the earlier hKOR moa8). (

Keped MTSEAT)

inhibition (100% )=
Keped MTSEA-)

1—

The results were fit to eq 2 Next, the side chain conformations of key residues in the
hKOR were modified to match those in the rhodopsin
Y = Ne %t + plateau (2) template, as these side chains had been assigned conforma-

tions by SCWRL that differed significantly from those of

whereY is the fraction of the initial binding\ is the extent  the original bovine rhodopsin template. Theandy, torsion
of inhibition, k is the second-order rate constant (\é 1), angles of Y330% in the NPxxY motif were readjusted to
c is the concentration of MTSEA (M), is the incubation place the side chain in a position to interact with the F337
time (300 s), and plateau is the fraction of residual binding side chain. As a result of this change, thetorsion angles
at saturating concentrations of MTSEA. The data were of 198243 and Y9742 were also modified to match those of
analyzed by the built-in kinetic function of GraphPad Prism the cognate residues in the B chain of 2137. This placed the
4.03. side chain of Y9742in a position to hydrogen bond with

KOR Modeling Modeling studies were performed using the side chain of D15%°of the D/ERY motif. They, torsion
SYBYL (version 7.3, Tripos Associates, Inc., St. Louis, MO). angles of N7%°0, N141-35 and N326“° were adjusted for
The hKOR model presented here was built using the optimal hydrogen-bonding interactions with D208 thus
coordinates of the recently obtained activated bovine rhodop-placing these residues in positions corresponding to those
sin crystal (B chain of PDB ID 2I37)2Q) as the initial observed in the activated rhodopsin crystal structure and
template. The coordinates of the atoms in the residuesfurther stabilizing the intracellular helical bundle. As a final
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Ficure 2: (a) SCAM analysis revealed differential MTSEA accessibility patterns in TM7 of the KOR upon various G protein-coupling
conditions. MTSEA (1 mM for 5 min) was used to react specifically with cysteine side chains, and the modified cysteines show different
inhibitions of PH]diprenorphine £0.2 nM) binding. The effects of MTSEA pretreatment 8H]diprenorphine binding were expressed as
inhibition number. Each point represents the megaBEM of three to six experiments. Black bars indicate mutants for which inhibition
numbers were significantly differenp (< 0.01) from the reference (C31%S) by ANOVA and Dunnett’s test. (b) SCAM analysis of the
upper part of TM6. (c) SCAM analysis of EL2. **:3{H]Diprenorphine binding was undetectable for the C3#5-P327-5C mutant.
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step in the refinement of the hKOR, the agonist salvinorin 7 > Changes in Inhibition upon Coupling of G Proteins:&
A was placed into the binding site in a manner previously and G,

described?7), and the receptetligand complex was energy-
minimized without constraints. The stereochemical integrity

inhibition number +inhibition numbet

of the final hKOR receptor model was verified by PROCHECK KOR KORGoss KOR-Goz
A EL2 Mutantg
and the ProTable facility within SYBYL 7.3. C315.85 0.054 0.03 0.04 0.13
C315S-V205C —0.134 0.05 0.17 0.43
RESULTS C315S5-D206C 0.06- 0.09 0.01 0.14
C315S-V207C —0.114 0.08 0.21 0.21
Creation of a Large Number of Cys Mutants in TM6, TM7  C315S-1208C 0.24- 0.08 -0.17 0.07
nd EL2 of KORPrior rformin ine- ibili C315S-E209C 0.0% 0.02 0.01 0.26
at O(Ij Ol © ob 0 pfe Ot N9 cy?te t c access? JYF C315S-S211C 0.0% 0.02 0.15 0.22
studies, a large number of cysteine mutants was created. FOrc3)55 5150 052 001 001 001
these studies, 23 consecutive residues in TM7 (not including c315s-Q213C 0.002 0.035 0.13 0.17
C315%), six residues in the upper part of TM6, and 11 C315S-F214C 0.32-0.09 0.05 0.08
residues in EL2 of KOR were mutated to cysteine based on ggigggggg 8-5& 8-82 8-8; 8-1111
the C31538S background48). TheKy andBnax vValues using ' : ) )
[3H]diprenorphine for TM6 and TM7 cysteine mutants have 2Verage 0.06 0.17
been previously reported by othe3( 24). Our pattern of TM6 Mutant$
results was similar and showed only minor alterations in S319°S 0.05+0.03 0.04 0.13
; : ar y C315S-E297C  0.46 0.003 0.15 0.13
diprenorphine affinity (data not shown). For EL2 mutants, c315s-v2965C 0.28+ 0.06 0.14 0.05
the Kq andBnax values are summarized in Table 1. Relatively C315S-L295%C 0.67+ 0.07 —-0.16 —-0.16
minor alterations inKg values (0.13 to~0.63 nM) were ggigg:ﬁ;g;s?c 822: 8-82 8-ég 8-%
Iﬁ“réd’ Wh'fh are S'”:]'l'?r to "(‘)"'(;j;gli’e i«l)R (0-36 ”MT)* ‘t’)"lh"f C315S-12905'C 0.72+ 0.06 ~0.01 —0.03
€Bmax value ranged from 0. 0 1.1 pmol/mg ( able 1). average 0.04 0.03
These results indicate that cysteine mutagenesis does not ¢
greatly alter the antagonist binding affinity. The sole excep- 5 TM7 Mutant
. ) . ; C3153s 0.05+ 0.03 0.04 0.13
tions were the P3Z7%C mutation, which resulted in @  ©3155..308%C  —0.13+ 0.09 0.37 0.28
nonexpressed receptor protein as judged by radioligand C315S-S310%C 0.324 0.06 0.14 0.13
binding studies, and the Y32€¢fC mutation. Surface bioti- C315S'S31%3;% 0.2240.06 0.17 0.24
nylation and anti-FLAG immunoblotting confirmed that the ggiggzgigﬁc %‘%i 8'82 8'32 g'ig
P3275%C mutant was not expressed and that Y320, along C315S-F312°7C 0.54+ 0.04 0.05 0.18
with other selected mutants, was expressed on the plasmaC315S-13163C 0.46+ 0.04 0.10 0.21
membrane (data not shown). Taken together, these findings C315S-A3174C 0.37+0.03 0.02 0.19
indicate that the examined cysteine mutations do not SSi>S-L3187C 0.46:£0.05 0.03 0.25
: i y . , C315S-G319*C 0.404+ 0.06 —-0.01 0.07
drastically affect the binding pocket for diprenorphine and c315s-v3284C 0.65+ 0.10 0 0.12
that among the mutants evaluated, surface expression isC315S-T3214C  —0.01+0.02 0.18 0.23
normal. C315S-N3224C 0.08+ 0.04 0.13 0.34
) ) ) C315S-S323%C 0.124+ 0.04 0.07 0.31
SCAM Elucidates Potential Conformational Changes €315S-S32%4C —0.07+0.04 0.16 0.35
Induced by G ProteinsgCo-overexpression of &subunits C3l5S-L325“fC 0.24+0.04 —0.12 0.10
and GPCRs will likely modify the local G protein environ- ggiggggg’s‘g 0.09+ 0.04 0.26 0.30
ment sensed by GPCRs, leading to potential conformational c315s.13285%c  —0.06-+ 0.07 0.20 0.36
changes in the GPCRs. These conformational changes c315s-13285C 0.1440.01 0.13 0.23
induced by @-subunits can be reflected by a change in the ggigglgg?g% 8-ﬁi 8-83 8-3% 8-%2
pattern of SCAM-sensitive re5|dl_Jes. Prior to determining C3155. F33D55C 0.18% 0.05 002 003
potential changes in conformation, however, the basal
average 0.09 0.20

MTSEA sensitivity patterns for the various cysteine mutants
needed to be determined. a +inhibition number represents the difference of inhibition number
L . . . between G protein-coupling and non-G coupling states. Negative sign
In initial studies, seven out of the 23 cysteine mutants in (—) indicates decrease of inhibition number under G protein-coupling;
TM7 of KOR were identified as being significantly more positive sign (omitted in Table 2) indicates increase of inhibition
sensitive to the MTSEA reagent than the C3¥5 cysteine- number." SCAM analysis revealed differential inhibition number

; ; ; ; changes in TM6, TM7, and EL2 of the KOR with various G protein-
less KOR as judged by an analysis of variance in HEK 293T coupling. MTSEA was used to react specifically with cysteine side

cells: S310%, F?’ldﬂ- 1316739, A31740, L318', G31g'_42- chains, and the modified cysteines show different inhibition ability of
and Y320 (Figure 2a). Upon stable overexpression of [3H]diprenorphine 0.2 nM) binding. The effects of MTSEA pre-
Gaye, an additional two residuesS317-34C and N3264C— treatment on3H]diprenorphine binding were expressed as inhibition

became sensitive (Figure 2a). Upon stable overexpression!Umber. Data shown represent the meanSEM of three to six
f the specific G-subunit Gr., even more residues became experiments. Inhibition numt_Jer was c_alcul_ate_d according to eq 1 in

0 - p 2y Materials and Methods.[*H]diprenorphine binding was undetectable

sensitive (Y3133, N32245 S32345 and L329%). In for the C315393-P32750C mutant.

addition, the absolute magnitude of average inhibition

induced by the MTSEA reagent increased to 0.20 upon G a critical residue essential for salvinorin A binding

overexpression (Table 2). In addition to a global change in Y313"3€C—which changed from being insensitive to sensitive

TM7 residue sensitivity, there was an interesting switch for upon G, overexpression.
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Table 3: Second-Order Rate ConstaktsM ™ s™1) of MTSEA Reaction with Cysteine Mutants of KOR

K (Mfl Sfl)a
KOR KOR:-Goues KOR-Gai, k(KOR-Gals)lk(KOR) k(KOR'Ga‘z)/ k(KOR)
C315S-S3103%C 85+1.1 7.8+24 7.7+ 0.9 0.9 0.9
C315S-S31%13¢C 47+ 1.0 7.14+1.3 4.7+ 0.3 15 1.0
C315S-Y3133¢C 58+1.7 71+ 14 11.14+ 3.2 1.2 1.9
C315S-F31437C 4.2+ 0.5 9.7+ 2.4 6.8+ 1.7 2.3 1.6
C3155-13163C 6.1+15 14.1+ 3.1 7.9+2.1 2.3 1.3
C315S-A3174C 4.7+ 1.0 594+1.3 4.2+ 1.4 1.3 0.9
C315S5-L.3184C 454+ 0.9 50+1.1 8.1+ 1.6 1.1 1.8
C315S-G319C 58+14 56+1.1 4.7+ 1.4 1.0 0.8
C315S-Y3204C 52+1.38 53+1.7 8.6+ 0.8 1.0 1.7
C315S-N3224C 10.1+ 3.5 53+1.1 11.6+ 3.2 0.5 1.2
C315S-S323*C 4.7+ 1.3 5.1+ 0.8 6.1+ 1.2 1.1 1.3
C315S-N326%C 4,94+ 0.8 15.2+ 4.4 544+ 2.0 3.1 1.1
C315S-L.3295C 13.5+ 4.3 7.3+22 6.7+ 1.5 0.5 0.5

a Selected rates of cysteine-mutant reaction with MTSEA were examined. Cells were treated with four concentrations of MTSEA, followed by
guenching, washing, andH]diprenorphine binding. The second-order rate constdgte/¢re determined in triplicate. Data represent in mgan
SEM of three to eight independent experiments.

Table 4: Differential Effects of G Protein-Coupling on Agonists (Salvinorin A, U69593, and Dynorphin A (1-13)) Binding AffirittiesN])
radioactive label3H]diprenorphine

salvinorin A U69593 dynorphin A (1-13)
tested agonists Ki (nM)® ratio® Ki (nM)® ratio® Ki (nM)® ratio®
KOR 33+8 69+ 12 0.944+0.21
KOR-Gaig 13+ 44 2.5 59+ 8 1.2 0.98+ 0.56 1.0
KOR-Gai, 8.6+ 1% 3.8 25+ 6¢ 2.8 1.5+ 0.7 0.6
radioactive labelJH]U69593
salvinorin A uU69593 dynorphin A (1-13)
tested agonists Ki (nM)P ratic® Ki (nM)P ratict Ki (nM)° ratict
KOR 0.80+ 0.33 1.0+ 0.2 0.19+ 0.06
KOR-Gae 0.045+ 0.019' 18 0.81+0.13 1.2 0.22+ 0.07 0.9
KOR-Gaz 0.12+ 0.06' 6.7 0.89+ 0.15 1.1 0.2H-0.02 0.8

a Salvinorin A and U69593 are small-molecule agonists (MO0 Da); dynorphin A (1-13) is the short form of the endogenous peptide agonist
(MW ~1600 Da).> Affinity constants Ki, nM) of the different agonists were determined in competition binding assays ftifrenorphine
(antagonist) orJH]U69593 (agonist) and increasing concentrations of agonists (frorh th010' nM). Data represent three to six independent
experiments as meah SEM. ¢ Ratio is Ki(KOR)/Ki(KOR~Gu15) or Ki(KOR)/Ki(KORGu‘Z)- d p=< 0.05 vs KOR.

For TM6, only residues that had previously been deter- since they displayed larger average inhibition changes (0.2
mined to be sensitive by other investigators were tedd ( under Gy, overexpression as discussed previously). The
It was found that the upper part of TM6 displayed only a reaction rate varied significantly depending on the milieu
limited change in the absolute amount of sensitivity from ranging from 0.5- to 3.1-fold changes (Table 3) upom; £
0.04 in Guye cells to 0.03 in @y, cells (Table 2). An overexpression. Most of the cysteine mutants displayed no
interesting observation was that V29& became insensitive  change in reactivity or became more reactive, with two
after Gy, overexpression (Figure 2b). These findings are notable exceptions (N322°C and L3235%C). For Guj,
consistent with a model that implies that V296is a half- conditions, a different pattern of reactivity was observed.
turn from 12945 and is facing either other TMs or lipids. Some mutants showed increased reactivity (Y343,

EL2 also presented a significant change in overall inhibition F31437C, L3184'C, and Y3204%C), while L3295 dis-

(0.06 for Guys and 0.17 for @, respectively), with two played a decreased reactivity. This kinetic method was not
residues L212 and F214 being identified as SCAM-sensitive applied to the sensitive residues of TM6 and EL2. Generally,
residues, being somewhat more sensitive in the G proteinthe second-order rate data were consistent with the SCAM
overexpression settings (Table 2 and Figure 2c). data, showing a distinct pattern of reaction rate for the

Second-Order Rate Constants of MTSEA Reactions withsensitive mutants upon different G protein-couplinglé
Sulfhydryls.The estimation of second-order rate constants infra).
was performed by using the pseudo-first-order method (see We also examined the effect of preincubation with
Materials and Methods). Briefly, the extent of reaction after naloxone on protection against the MTSEA reagent. Our
a fixed time with four concentrations of MTSEA (all in results were essentially similar to those previously published
excess over the reactive sulfhydryls) was determined. Forfor both sensitive and insensitive residues (data not shown)
kinetic studies, a slight fluctuation of reaction rate will affect (23, 24).
the inhibition number dramatically due to the exponential ~ Conformational Changes Induced by G Protein-Coupling
relationship between the reaction rate and the inhibition Have Significant Effects on Agonist AffinitieBo examine
effect. TM7 cysteine mutants were chosen for a kinetics study the consequences of these conformational changes induced
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by various G protein backgrounds, three KOR agonists
(salvinorin A, U69593, and dynorphin A (1-13)) were tested
against wild-type KOR transiently expressed in the three cell
systems (Figure 1). Two different radioactive ligands (the
antagonist JH]diprenorphine and the agonistH{]U69593)
were also used. In both theots and the G, environments,
salvinorin A and U69593 demonstrated significantly en-
hanced affinities (Table 4), although, surprisingly, the
endogenous peptide dynorphin A (1-13)’s affinity was almost
unchanged. UsingiH]U69593 revealed a differential prefer-
ence between salvinorin A and U69593 as well. The largest
effect (18-fold) was seen for salvinorin A in theog
background using®H]U69593 as the radioligand.

KOR ModelingThe proposed model for the activated form
of the hKOR, as recognized by the agonist salvinorin A, is
shown in Figure 3a,b. Figure 4 illustrates the axial and radial
distribution of side chains in TM6 and TM7 for those
positions that were tested in the SCARM]diprenorphine
binding experiments. The model shown in Figure 3b, unlike
earlier proposed hKOR model®5, 27) such as the one
depicted in Figure 3a, is based on the recently determined
crystal structure of photoactivated bovine rhodop<8).(
The side chain conformations in the TM helical regions of
the dark state (i.e., PDB ID 1U1929) and activated
rhodopsin crystals are essentially the same; however, there
is a subtle but distinct difference in the positions of the TM
helices relative to one another. In the activated crystal form,
TM3 and TM6 are rouglyl 1 A further apart from one
another in the intracellular region as compared to the dark
state. On the basis of the experimental findings reported here
and elsewherel@, 16), the binding of the G protein complex
is thought to induce an active or active-like state that is more
conducive to the binding of agonists than is the inactive state.
This change upon activation (or binding of G protein) of
the GPCR effectively extends the binding pocket to include
a narrow region bounded by the intracellular regions of TM2,
TM3, TM6, and TM7. As shown in Figure 3b, the residues
of TM7 that line this narrow extended binding site are those
residues that, under conditions of G protein overexpression,
were found to significantly affect the binding ofH]-
diprenorphine when those positions were subjected to the
SCAM procedure. This implies that these residues become
accessible to the relatively small MTSEA reagent when G
proteins are overexpressed, and this is reflected in the
activated rhodopsin-based model. The rate at which MTSEA
reacts with the sulfhydryl groups at various positions along
TM7 in the Ga-overexpressed systems relative to the non-
Ga-overexpressed system was visualized (see Figure 5). WithFicure 3: (a) Ribbon diagram of an earlier h(KOR model derived
the exception o N3ZH°in the Gsoverexpressed system, 17 3 i FS3eren Sty Suctre () ivor e o
residue positions closer tp the extracellular side (i.e., t'op) of structure. Ribbons are color-coded based og secondgry Stl’l)J/CIUI’EI
the KOR react more rapidly than do those near the intrac- yeq = g-helix, blue= g-strand, violet= turn, and yellow= coil.
ellular side when @-proteins are overexpressed. Selected side chains of residues in TM6, TM7, and EL2 whose

EL2 Residues olved in Salinorin A Binding.It has been ~ positions were tested foPii]diprenorphine inhibition are shown
previously suggested that EL2 is critical for salvinorin 2S capped sticks. Side chain color-coding indicates the conditions

. . under which significantly alterecHi]diprenorphine binding oc-
A-KOR binding, although no residues have been thus far ¢, eq rejative to the C315% reference (see Figure2e): green

identified. As the sensitive residues identified by SCAM, = KOR, KOR-Goys and KORGa,; yellow = KOR-Gays and

L212 and F214 have great potential to be critical residues KOR-Gaiz; red = KOR-Gai, only; magenta= KOR and KOR

for salvinorin A binding. Mutagenesis was applied to them Gous. Side chains containing gray atoms did not significantly alter

and because they are quite bulky hydrophobic residues,[ H]diprenorphine binding under any of the three conditions or were
. . 'not tested (i.e., C3%59). Cyan indicates conserved proline residues.

L212A and F214A were constructed to examine a potential A" connolly channel plot delineating the binding pocket in each

steric hindrance effect. Interestingly, alanine substitution at receptor is shown as a transparent gray surface (probe radius

L212 and F214 enhanced salvinorin A affinkyvalues (1.7 1.4 A). TM6 and TM7 are closest to the viewer.
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Ficure 4: Stereoviews (relaxed, separatiend.0® and opsis= 6.0°) of the activated KOR model, highlighting the residues of TM6 and
TM7 that were tested in the SCAM/diprenorphine binding experiment. (a) TM6 and (b) TM7. The side chains depicted and their color-
codes are the same as in Figure 3b.

and 1.0 nM, respectively; Table 5), while alanine mutagenesis a differential pattern of cysteine accessibility to MTSEA was
of neighboring residues (S211A and Q214A) had no effect. observed. In conjunction with these apparent changes in the
According to our recent model, the EL2 dips down into the KOR conformation, there was a selective alteration in
hKOR binding pocket (Figure 3), placing L212 and F214 salvinorin A’s affinity. These results are consistent with the
into the binding pocket. Some other critical residues 294 hypothesis that @-subunits differentially interact with
and Q1135%%A) were also examined. Q12%A decreased  GPCRs in the absence of agonists and that such interactions
the K; value 17-fold, consistent with the results reported by lead to conformational changes that are reflected in altered
Kane et al. 80). The role of Q115%in salvinorin A binding ligand affinities.

is not well-understood; however, a hydrogen bond with the
furan oxygen of salvinorin A is suggested by our latest
models (Figure 3a,b).

In the way it is applied here, SCAM is a biochemical
method capable of detecting averaged receptor conformations
in a defined time period (5 min in these studies). Both static
conformations as well as averaged conformational fluctua-
tions during the period the system is exposed to the MTSEA

Our major finding is that @, and Gy differentially reagent will be reflected in altered cysteine reactivity. The
modulate the conformation of a prototypical family A final SCAM pattern of MTSEA sensitivity thus represents a
GPCR-thek-opioid receptor (KOR). It was discovered that summary of the multiplicity of conformations of KOR in
when Gy, and Gus were overexpressed together with KOR, the presence and absence of-8ubunit overexpression. Our

DISCUSSION
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Side View:

KORGoug KOR+Goi»

= =

FiGure 5: Second-order rate constanks {1~ s™1) revealed a directional preference amdhelical periodicity. The ratioSk{se,q)/Knon-ca)

or Kcay,)Knon-ca)) Of MTSEA reaction rates upon G protein-coupling were divided into three subgroups, highlighted by labedincatien
with different colors: Red: ratie= 1.5; green, 0.5 ratio < 1.5; and blue, ratiaz 0.5. All of the residues presented inhibited the binding
of [®H]diprenorphine by greater than 35% upon;&coupling and were significantly different from the background C345in the SCAM
pattern (see Figure 2a). The KOR backbone is represented by a thin ribbon in which the individual TMs are color-coded ¢@MIM2

= orange; TM3= yellow; TM4 = green; TM5= cyan; TM6= blue; and TM7/helix 8= violet), and salvinorin A is rendered as capped
sticks (carbor= gray and oxygen= red).

data in Table 2 demonstrate that the averaged inhibition that G proteins can alter GPCR conformations in the absence
values of SCAM-sensitive residues are significantly changed of ligand and, in addition, these findings are consistent with

by Go-subunit overexpressierespecially by @,. This a growing literature suggesting the existence of precoupled
change in MTSEA sensitivity in the absence of agonist GPCR-G protein complexed g, 34, 35).
binding strongly supports the notion thatt&Gubunits can In this study, the patterns of residue accessibility (see

induce conformational changes in GPCRs. It has beenFigure 2a-c) were rationalized via the comparison of our
conventionally postulated that following agonist exposure, hKOR model with inactive and active rhodopsin structures.
GPCR conformations are altered. Indeed, some novel The analysis of these residue accessibility patterns was
methodological approaches have recently demonstrated agoedivided into three regions of the KOR. These regions
nist-induced conformational changes in several GPGRs ( consisted of (a) residues at the extracellular end of TM7,
33). To our knowledge, our results are the first to demonstrate (b) the regions comprising the bulk of the extracellular
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Table 5: Affinity (Ki, nM) of Salvinorin a Binding to Wild-Type KOR and Mutants

Kg (NM)?2 Bmax (pmol/mg} Kamutant Kaowr) Ki (nM)° Kigmutant/Kicw)
KOR-WT 0.46+ 0.10 2.0+ 0.4 33+ 8
S211A 0.47+0.10 2.7+ 0.8 1.0 38t 5 1.2
L212A 0.28+ 0.07 0.27+ 0.08 0.6 1.4 1.0 0.05
Q213A 0.51+ 0.15 0.76+ 0.04 1.1 40+ 12 1.2
F214A 0.46+ 0.22 0.8+ 0.7 1.0 1.0£0.1 0.03
12946557 0.53+0.18 0.9+ 0.8 1.2 12+ 6 0.4
E297-58A 0.91+0.08 1.8+1.2 2.0 15+ 3 0.5
Q1156 0.65+0.10 2.5+ 1.7 1.4 556+ 231 17

a Saturation binding of3H]diprenorphine to the wild-type and mutants was performed according to the procedure in Materials and Methods.
Data represent the mean SEM of two to four independent experimentffinity constants K;) of the different compounds were determined in
competition binding assays witAH]diprenorphine and increasing concentrations of salvinorin A (fror 1® 10* nM). Data represent the mean
+ SEM of two to four independent experiments.

portions of both TM6 and TM7, and (c) in and near the One possible explanation is that when N3%Zand perhaps
NPxxY region of TM7. S32346 depending on the rotational disposition of TM7)
Residues L30%2to Y3133 are located at the extracel- Was mutated to cysteine, a disulfide bond could be formed

lular end of TM7. L30932 and Y3125 were never acces- With an adjacent cysteine residue on TM6 (C28h
sible (or undetectable by inhibition of binding), while S3¥  rendering it unreactive to the MTSEA reagent.
was always accessible and significantly affected the binding  An intriguing pattern emerged when the SCAM-sensitive
of diprenorphine. S3T£4became accessible upon binding residues in TM6 and TM7 were evaluated. The overacces-
of Gous Or Goip. Y313% became accessible only on sibility patterns are likely due to the disorder of this region
overexpression of G. The reasons for this pattern were of the helix; also, dynamic movements and the proline kink
not clear, but it appears that Y3138 could easily interact  at P327-*°may play a role. In a recent stud23), Xu et al.
with residues of EL2, causing it to remain partially sterically also suggested that the large distance between TM1 and TM7
shielded under ordinary (normal G protein expression level) may allow MTSEA to penetrate the KOR TMITM7
conditions based on a comparison of the inactive and interface to react with substituted cysteines. However, some
photoactivated crystal structures of bovine rhodopsin. In the of the most sensitive residues are not directly facing to the
case of rhodopsin, photoactivation produced a subtle move-binding pocket (Figure 2a). Further study is necessary to
ment of TM7 away from EL2. Presumably, a similar clarify this. The most sensitive residues on TM6 (E287
conformational change could take place upon coupling and/ 1294555 and 1296°%) and EL2 (L212 and F214) point the
or activation of the hKOR by @ with the movement of  binding pocket, which is consistent with the current model.
TM7 with respect to EL2, making the 7.36 position more  a pseydo-first-order method was used for obtaining the
accessible. second-order rate of MTSEA reactions. For the 13 TM7
In the regions comprising the extracellular portions of both cysteine mutants examined (Table 3), most (3313,
TM6 and TM7, there are contiguous sequences of aminoy3137-36C, F314-37C, 1316-3%C, L318-41C, Y3204, and
acids (F293>to L299%and F314%to Y320 thatwere ~ N32674%C) have increased or unchanged reaction rates under
accessible. This cluster pattern of accessibility has previouslyeither G, or Gays overexpression systems, which are
been observed in TM6 and TM7 for the MOR and DOR as consistent with the SCAM data. S3BIC, 1316-3%C, and
well as the KOR 23, 24). To date, this pattern of accessibility = N3264C show enhancement undeo.G overexpression but
has been generally attributed to the inherent flexibility of not Gay,. The differences may be caused by an unfavorable
the helix and/or to the permeability of the MTSEA reagent |ocal environment change presented in the new conformations
through the lipid membran@g). Analysis of SCAM second-  in the Gu, overexpression system but could also be caused
order reaction rates had been used to predict which residuesy the proposed inherent flexibility of the extracellular
most likely (or most often) face the interior of the binding portion of TM7. Since the conformational change is not
cavity (24). Some of the reaction rates reported here were gramatic and those residues are located in the upper part of
lower than previously reporte®g, 24) and are likely due  the helix, a longer time exposure of MTSEA could com-
to differences in experimental techniques. In addition, the pensate and reveal a high SCAM inhibition. N3%&Z,
reactivity of individual residues (in TM7) did appear to S$32346C, and L3295%C, whose access to MTSEA is
indicate a directional preference anehelical periodicity ~ presumably less than that of more extracellularly located
(see Figure 5). residues (even under conditions of G protein overexpression)
An interesting pattern of accessibility was found near the and whose kinetic reaction rates are generally less than those
NPxxY region of TM7. Y3233 the site of retinal attach-  of more extracellularly located residues, can still significantly
ment in rhodopsin, is also the locus of one to two turns of affect the binding of diprenorphine when these mutants are
the more tightly wound 3 helix. The kink in TM7 also reacted with MTSEA. L3297 is furthest down in the
occurred one turn below Y32¢. On the intracellular side  pocket and theoretically least accessible to MTSEA (see
of Y320'43 residues were accessible and inhibited the Figure 3b). It should be mentioned that the mechanism by
binding of PH]diprenorphine by greater than 40% only when which the MTSEA reaches buried cysteine residues such as
Gy, was overexpressed. It is difficult to visualize, in the C329%?is not perfectly clear, as some studies have indicated
case of Gue expression, how N326° was accessible yet that MTSEA is lipid membrane-permeablg6]. In general,
N322"45 and S32346 (one turn above) were inaccessible. the reaction rates with G protein overexpression are within
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0.5—-3.1-fold of the corresponding non-G protein overex-
pression systems, and there is no large increase of rate
observed between different mutants.

The reactivity of TM7 cysteine mutants demonstrated a
directional preference ana-helical periodicity (Figure 5).
Figure 5 shows that TM7 may undergo a modest counter-
clockwise rotation (viewed from the extracellular side) when
in the presence of overexpressed;{ but the rotational
preference for TM7 of the G s-overexpressed KOR is less
clear; its pattern of reactivity is possibly due to the effects
of MTSEA membrane permeability and/or rotational flex-
ibility. However, it seems reasonable to expect that the KOR
presents a consistent and complimentary receptor conforma-
tion to approaching agonists, at least in the case of salvinorin
A and U69593, whose binding affinities increased by roughly
the same amount in both oz and Gu;-overexpressed
systems (see Table 4).

As compared to TM6 and TM7, the pattern of EL2 is
relatively simple, with only two residues (L212 and F214)
next to C216-which likely forms a disulfide bond with
C131-identified as sensitive. The residues next to C210,
L212 and F214, are likely not to be as conformationally
flexible as the other loop residues and are more likely to
present their side chains in a fixed direction pointing down
into the binding pocket. Similar observations were reported
for the D,-dopamine receptor ELAY), where two residues
(1184 and N186) were found to be SCAM-sensitive. In the
D, receptor, 1184 and N186 are adjacent to the disulfide
bond-forming C182, just as L212 and F214 are adjacent to
C210 in the KOR. The KOR modeling studies presented here
led to the prediction that L212 and F214 would cause a large
steric hindrance for ligand binding to KOR. A reasonable
prediction was that a smaller hydrophobic residue will lessen
the blockage and potentiate ligand binding. The profound
increase of salvinorin A binding for KOR mutants (L212A
and F214A) supports this model (Table 5).

In summary, our findings are consistent with the hypoth-
esis that @G-subunits differentially modulate the conforma-
tion of GPCRs, leading to distinctive patterns of ligand
selectivity. Our data also support an emerging body of data
demonstrating precoupling of GPCRs and G proteins. Finally,
our data provide evidence for the hypothesis that G protein-
induced conformational changes lead to differential ligand
selectivities and patterns of efficacy and provide biophysical
evidence in support of the functional selectivity hypothesis
of GPCR actions.
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