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ABSTRACT: The binding site of the dopamine D2 receptor, like that of other homologous G protein-coupled
receptors, is contained within a water-accessible crevice formed among its seven membrane-spanning
segments. Using the substituted-cysteine accessibility method, we previously mapped the residues in the
third, fifth, and seventh membrane-spanning segments that contribute to the surface of this binding-site
crevice. We have now mutated to cysteine, one at a time, 22 consecutive residues in the sixth membrane-
spanning segment (M6) and expressed the mutant receptors in HEK 293 cells. Ten of these mutants
reacted with charged, hydrophilic, lipophobic, sulfhydryl-specific reagents, added extracellularly, and all
but one were protected from reaction by a reversible dopamine antagonist, sulpiride. Thus, we infer that
the side chains of the residues at the reactive loci (V378, F382, W386, P388, F389, F390, T392, H393,
1394, and 1397) are on the water-accessible surface of the binding-site crevice. The pattern of accessibility
is consistent with an-helical conformation with a wide angle of accessibility near the binding site itself
and a narrower stripe continuing toward the cytoplasmic portion of the binding-site crevice. This pattern
of accessibility is consistent with the presence of a proline kink which could bend the extracellular portion
of M6 into the binding-site crevice where it would be more broadly accessible than the cytoplasmic portion
of the membrane-spanning segment. Four highly conserved aromatic residues and a histidine are clustered
together on the water-accessible surface of the binding-site crevice. They define an interconnected “aromatic
cluster” that may be involved in ligand binding and receptor activation.

The dopamine receptors, like the homologous receptorsreceptors are expressed in heterologous cells. If ligand
for the other biogenic amines, bind neurotransmitters presentbinding to a cysteine-substitution mutant is near-normal, we
in the extracellular medium and couple this binding to the assume that the structure of the mutant receptor, especially
activation of intracellular G-proteind(2). The binding sites  around the binding site, is similar to that of the wild type
of these receptors are formed among their seven, mostlyand that the substituted cysteine lies in an orientation similar
hydrophobic, membrane-spanning segmeBfs3) and are  to that of the wild-type residue. In the membrane-spanning
accessible to charged, water-soluble agonists, like dopaminesegments, the sulfhydryl of a cysteine facing into the binding-
Thus, for each of these receptors, the binding site is containedsite crevice should react much faster with charged, polar,
within a water-accessible crevice, the binding-site crevice, sulfhydryl-specific reagents than should sulfhydryls facing
extending from the extracellular surface of the receptor into into the interior of the protein or into the lipid bilayer. For
the transmembrane portion. The surface of this crevice is such reagents, we use derivatives of methanethiosulfonate
formed by residues that can contact specific agonists and/or(MTS): positively charged MTS ethylammonium (MTSEA
antagonists and by other residues that may play a structuraland MTS ethyltrimethylammonium (MTSEY and nega-
role and affect binding indirectly. tively charged MTS ethylsulfonate (MTSES(10). These

To identify the residues that form the surface of the reagents are about the same size as dopamine, with maximum
binding-site crevice in the human D2 receptor, we have used dimensions of approximately 10 A by 6 A. They form mixed
the substituted-cysteine accessibility method (SCAM)- disulfides with the cysteine sulfhydryl, covalently linking
9). Consecutive residues in the membrane-spanning seg-sCH,CH,X, where X is NH*, N(CHs)st, or SQ~. We use
ments are mutated to cysteine, one at a time, and the mutanfyg criteria for identifying an engineered cysteine as forming
the surface of the binding-site crevice. (i) The reaction with
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an MTS reagent alters binding irreversibly; (ii) this reaction ences in binding affinity or accessibility to the MTS reagents
is retarded by the presence of ligand. were detected between receptor from transiently and stably
On the basis of site-directed mutagenesis experiments,transfected HEK 293 cells.
many laboratories have implicated residues in the sixth Harvesting Cells Cells were washed with phosphate-
membrane-spanning segment (M6) of G-protein-coupled buffered saline (PBS; 8.1 mM NaHFQ,, 1.5 mM KHPO,,
receptors (GPCRs) in binding and in receptor activatid).( 138 mM NacCl, and 2.7 mM KCl at pH 7.2), briefly treated
Moreover, in rhodopsin, thé2 adrenergic receptor, and the with PBS containing 5 mM EDTA, and then dissociated in
5HT2, receptor, movement of M6 has been associated with PBS. Cells were pelleted at 109€r 5 min at 4°C, and
receptor activationl2—16). Here, we report the application ~resuspended for binding or treatment with MTS reagents.
of SCAM in identifying systematically all the residues in  [*H]-N-Methylspiperone Binding Whole cells from a 35
M6 of the D2 receptor that contribute to the binding-site mm plate were suspended in 400 of buffer A (25 mM

crevice. HEPES, 140 mM NacCl, 5.4 mM KCI, 1 mM EDTA, and
0.006% BSA at pH 7.4). Cells were then diluted 20-fold
EXPERIMENTAL PROCEDURES with buffer A. [*H]-N-Methylspiperone (Dupont/NEN)

i ) ) , binding was performed as described previousy. (De-
Nurr_lbenng _of Re_5|duesReS|dues are nur_nbered according pending on the level of expression in the various mutants,
to their positions in the human dopamine DE&ceptor  jystments in the number of cells per assay tube were made
sequence. In some cases, we also index residues relative 194" hacessary to prevent depletion of ligand in the case of
the most conserved residue in the membrane-spanningery high expression or to increase the signal in the case of

segment in which it is located {). By definition, the most |,/ expression.

conserveszgzl residue is assigned tf;e position indgx 50 €.0.  Reactions with MTS Reagentévhole cells from a 35 mm
Pro3880, and therefore Leu3&7')and Phe389°. This a6 were suspended in 4@0 of buffer A. Aliquots (50
indexing simplifies the identification of corresponding | y of cell suspension were incubated with freshly prepared
residues in different GPCRs. MTS reagents at the stated concentrations at room temper-
Site-Directed Mutagenesis Cysteine mutations were  ature for 2 min. Cell suspensions were then diluted 20-fold,
generated as described previousl§). ( Mutations were and 300 uL aliquots were used to assay foPH]-N-
confirmed by DNA sequencing. Mutants are named as methylspiperone (200 pM) binding as describ& (The
(wild-type residue)(residue number)(mutant residue), where fractional inhibition was calculated as-1[(specific binding
the residues are given in the single-letter code. after the MTS reagent)/(specific binding without the re-
Construction of the Epitope-Tagged D2 Receptor Con- agent)]. We used the SPSS for Windows (SPSS, Inc.)
struct The sequence encoding tfie¢ adrenergic receptor  statistical software to analyze the effects of the MTS reagents
epitope-tagged at the amino terminus with the cleavable by one-way ANOVA according to Dunnett's post hoc test
influenza-hemagglutinin signal sequence followed by the (p < 0.05).
“FLAG” epitope (IBI, New Haven, CT) was a gift from B. The second-order rate constah) for the reaction of
Kobilka (18). The sequence encoding the epitope tag was MTSEA" with each susceptible mutant was estimated by
excised and ligated in-frame to the D2 receptor cDNA, determining the extent of reaction after a fixed time, 2 min,
thereby creating a fusion protein in which the epitope tag with four concentrations of MTSEA (typically 0.1, 0.25,
led directly into the sequence of the D2 receptor. This 1, and 2.5 mM) (all in excess over the reactive sulthydryls).
epitope-tagged D2 receptor fragment was then subcloned intoThe fraction of initial binding Y) was fit to e, wherek is
the bicistronic expression vector pcin4 (a gift from S. Rees, the second-order rate constantjs the concentration of
Glaxo) (19). MTSEAT, andt is the time (120 s).
Transient and Stable TransfectiorHEK 293 cells in
DMEM/F12 (1:1) with 10% bovine calf serum (Hyclone) RESULTS
and 293-TSA cells (a clonal line of HEK 293 cells stably Effects of Cysteine Substitution on Antagonist Bindihyg
expressing the SV40 large T antigen) in DMEM with 10% a background of the mutant C118S, which is relatively
fetal calf serum were maintained at 3C and in 5% CQ. insensitive to the MTS reagent®)(we mutated to cysteine,
For transient transfection, 35 mm dishes of 293-TSA cells one at a time, 22 consecutive residues, 11e3MAK398, in
at 70-80% confluence were transfected withug of the M6. Each mutant receptor was transiently or stably ex-
wild type or mutant D2 receptor cDNA in pcDNAL/Amp pressed in HEK 293 cells, and tig andBwax character-
(Invitrogen) or pcin4 (see above) usingP of lipofectamine izing the equilibrium binding of the radiolabeled antagonist,
(Gibco) and 1 mL of OPTIMEM (Gibco). Five hours after [3H]-N-methylspiperone, were determined. At 18 positions,
transfection, the solution was removed and fresh medium the Kp of the cysteine-substitution mutant was between 0.7
added. Twenty-four hours after transfection, the medium and 2.5 times th&p of C118S; in P388C and F390C, the
was changed. Forty-eight hours after transfection, cells wereKp's were 3.7 and 3.1 times th&, of C118S, respectively
harvested as described below. For stable transfection, HEK(Table 1). For these 20 mutanByax ranged from 10 to
293 cells were transfected with D2 receptor cDNA in pcind 110% of that obtained with C118S (Table 1). For W386C
as described above. Twenty-four hours after transfection, and F389C, the affinity offH]-N-methylspiperone was too
the cells were split to a 100 mm dish and 706/mL low for accurate determination of thH€, and Byax from
Geneticin was added to select for a stably transfected poolsaturation experiments; for these mutants, they$Cfor
of cells. The affinity of the epitope-tagged receptor for unlabeledN-methylspiperone in competition witi#H]-N-
N-methylspiperone, YM-09151-2, and sulpiride was un- methylspiperone were-23 orders of magnitude greater than
changed from that of the wild-type receptor, and no differ- that for C118S (Table 1).
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Table 1: Characteristics ofHi]-N-Methylspiperone Binding to Table 2: Inhibitory Potency of{)-Sulpiride on
Cysteine-Substituted Dopamine D2 Receptor [3H]-N-Methylspiperone Binding to Cysteine-Substituted Dopamine
mutant Ko (pM) Kmut/Kciiss  Bumax (molcm2) N D2 Receptot
1377C 62+ 14 0.8 176£58 2 mutant apparerti (M)  n  Kwwn/Kicuss)
V378C 75+ 14 0.9 250+ 66 3 I1377C 11+ 2 2 1.6
L379C 58+ 10 0.7 147+ 13 2 V378C 31 2 0.4
G380C 49+ 2 0.6 226+ 55 2 L379C 310 2 0.5
V381C 61+ 5 0.8 293+ 21 2 G380C 4+ 1 2 0.7
F382C 1214+ 31 15 97+ 1 2 Vv381C 4+1 2 0.6
1383C 66+ 13 0.8 136+ 10 2 F382C 54+ 13 3 8.0
1384C 55+ 13 0.7 265+ 57 2 1383C 71 2 1.0
C385 (C118S) 7% 14 1.0 373+ 31 5 1384C 3+0 3 0.5
W386C 110+ 30 nM 1600 ND 5 C385 (C118S) ®3 3 1.0
L387C 96+ 2 1.2 283+ 36 2 W386C >10uM 2 >1500
P388C 292+ 59 3.7 34+ 9 4 L387C 15+1 2 2.2
F389C 6600+ 650 82 ND 4 P388C 65+ 11 3 9.6
F390C 243+ 11 3.1 149+ 31 3 F389C >10uM 4 >1500
1391C 127+ 17 1.6 2724+ 62 2 F390C 24+ 11 2 35
T392C 86+ 11 11 152+ 0 2 1391C 15+1 2 2.2
H393C 59+ 12 0.7 2444 62 3 T392C 10+ 3 2 14
1394C 80+ 10 1.0 250+ 76 2 H393C 54+ 0 2 8.0
L395C 148+ 49 1.9 351+ 31 2 1394C 5+1 2 0.8
N396C 196+ 27 25 365+ 73 2 L395C 8+1 2 1.2
1397C 97+ 12 1.2 178+ 52 2 N396C 10+ 7 2 14
H398C 62+ 23 0.8 411+ 216 2 1397C 8+2 2 1.2
H398C 12+ 5 2 1.8

aCells transfected with the appropriate receptor were assayed as
described in Experimental Procedures. Data were fit to the binding 2 Cells transfected with the appropriate receptor were assayed with
isotherm by nonlinear regression. The means and SEM are shown for[®*H]-N-methylspiperone (150 pM) as described in Experimental
n independent experiments, each with duplicate determinatiws. Procedures in the presence of nine concentrations p§(lIpiride. The
values are presented as femtomoles per square centimeter of plate areapparenk, was determined by the method of Cheng and Prugkif (
b The values shown for W386C and F389C areohalues determined using the 1Go value obtained by fitting the data to a one-site competition
from the competition of 3H]-N-methylspiperone by unlabeleN- model by nonlinear regression. The means and SEM are shown for
methylspiperone. ND, not determined. independent experiments, each with duplicate determinations.

TheK; of the antagonist sulpiride in competition wift]-

N-methylspiperone was determined in the 22 mutants (Table MTSEA (2.5 m) ':ATS?{\ (2'25 mM)
2). At 16 positions, th&, was between 0.4 and 2.2 times H398C H398C
theK, of C118S; in F382C, P388C, F390C, and H393C, the 1397C 1397C B
K, was between 3.5 and 9.6 times tHe of C118S. In o hpiens
W386C and F389C the Kgwas>10 mM, more than 1500- 1394C 1394C
fold higher than the, of C118S. H393C H393C

Reactions of MTSEAwith the Mutants When statistical T392C T392C
significance was defined by Dunnett's post hoc test, 2.5 mM F';::,g F';::,ﬁ
MTSEAT" significantly inhibited fH]-N-methylspiperone F389C F389C
binding to 10 of 22 cysteine-substitution mutants (Figure 1A). P388C p388C
MTSEA" at 0.25 mM significantly blocked binding to 7 of e e
these 10 mutants (Figure 1B). The magnitude of inhibition ¢35 (c118s) 385 (C118S)
by 2.5 mM MTSEA" was smalll for the three mutants, 1377C, 1384C 1384C
V378C, and 1397C, which were not significantly inhibited 1383C 1383C
by 0.25 mM MTSEA'; moreover, the statistical significance :zzfﬁ 5§§f§ i
of the reaction with these three mutants depended on the G380C G3soc| [ie
choice of the post hoc test. Thus, we were not confident L379C L379C >[Hz
that these three substituted cysteines reacted with MTSEA g g }'fs
If, however, reaction of MTSEAwith a substituted cysteine e ABAmaanans

. . . 0 25 50 75 100 0 25 50 75 100

produced no change or only a small change in binding, then Inhibition (%) Inhibition (%)

our use of binding as an indirect measure of reaction might FioURe - Inhibition of specific PHI-N-methvispiberone (200 pM

produce a. false negatlye conclusion about _the access'b'“tybinding to intact cells tl?ansfegte]d with V\del?t)?pe or ﬁnutar?t 1)32

modification of Cys118 with MTSEA affected the binding  MTSEA* or (B) 0.25 mM MTSEA. The means and SEM are

of the antagonistH]YM-09151-2, a substituted benzamide, fShO\r/]Vﬂ- The ntutfgliﬁg ?;Pdegandd%gtr exggfci;gn;f ftg:“ea%lr mﬁ%zlt
i i H IS shown nex S. | S Indi u S whni

much more than it affected the binding 6H|-N-methyl- G Rue et G el differentyt < 0.05) from that of C385

splper_oneZO). Therefore, for all of the mutants which were (C118S) by one-way ANOVA.

negative at 0.25 mM MTSEA we determined the effect of

2.5 mM MTSEA" on [FH]YM-09151-2 binding (Figure 2). To quantitate the susceptibility to MTSEAwe deter-

[BH]YM-09151-2 binding to V378C, F382C, and 1397C was mined the second-order rate constants for the reaction with

significantly inhibited by 2.5 mM MTSEA, while the MTSEAT (Table 3).The most reactive cysteines were those

binding to 1377C was not significantly inhibited. substituted for Phe390 and His393. Cysteines substituted
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MTSEA (2.5 mM)
[ bl 1394C
H338C 3
1397C 3
H393C
N396C 3
L395C |—|3
1391C hs Taezc
L387C ha
cass (c1185) [ Jis F3soc
1384c| s
1383¢| 13 P388C
vagic [}
F382C
G3soc| s
La7ec 14
vaTac L v378C
1377C 3 0 25 50 75 100
0' T 2-5 5v0 7.5- ”1voo Protection (%)
Inhibition (%) FiGure 3: Sulpiride protection of cysteine-substitution mutants.

Ficure2: Inhibition of specific fH]YM-09151-2 (200 pM) binding  Dissociated cells were incubated in buffer 2 for 20 min at room
to intact cells transfected with wild-type or mutant D2 receptors emperature in the presence or a sencetgiuipiride, and then
resulting fran a 2 min application of 2.5 mM MTSEA The means ~ MTSEA™ was added, in the continued presence or absence of

and SEM are shown. The number of independent experiments fors?lpirid‘?fz f%r. dein.attﬁ cogcentrati%n clr\qsgn t((): inhibit;EBtl% ;
- : g of specific binding in the absence of sulpiride. Concentrations o
each mutant is shown next to the bars. Solid bars indicate mUtamSMTSpEA+ s ag Aoty V37%C ond F382C. 2 mM

{g;tvﬁ}'2‘35“5“'(%2"1';;;agysg%r;'f'v‘;g‘;t',{Nd(gffve;\?”tp( < 0.05) from  T355C. 1 mM P388C, 0.5 mM 1394C, and 0.25 and 0.1 mh H393C

and F390C, respectively. For most mutants, sulpiride was used at
a concentration of 1@M. To compensate for changes in tKe

Table 3: Rates of Reaction of MTSEAwith Cysteine-Substituted sulpiride concentrations were adjusted for several mutants as

Dopamine D2 Receptbr follows: 20u4M F390C, 50uM F382C and P388C, and 1Q0M
mutant kmrsea(M~1s79) Knut/Kwt H393C. Cells were washed by filtration though 96-well multiscreen
V378C 510 o1 plates containing GFB filters (Millipore). In the wash buffer, sodium

was replaced by choline in order to facilitate removal of residual
\5\/3??8260(: 4§D1 0.1 sulpiride. PH]-N-Methylspiperone binding $H]YM-09151-2 bind-
ing for V378C and F382C) to the washed cells was performed in

ESSSS 1?\1%4 0.3 buffer A in the multiscreen plates in a final volume of 0.25 mL.
F3900 88L 10 17 The means and SEM of two to five independent experiments, each
T3920 410 01 performed with triplicate determinations, are shown. Protection was
H393C 86+ 18 17 calculated as * [(inhibition in the presence of sulpiride)/(inhibition
1394C 154 3 0.4 in the absence of sulpiride)]. Protection by sulpiride was significant

1397C ND (p < 0.05) by paired-test for all of the mutants (filled bars) except
H393C (unfilled bar).

a2 The second-order rate constakit\was determined as described in
Experimental Procedures. We could not accurately determine rates for o : - : PR
W386C and F389C because of the low affinity of binding and for I397C 100% (Figure .3)' In contrast, ;ulpmde did not significantly
because of the small effect of 2.5 mM MTSEARates for V378C  SIOW the. reaction of H393C with MTSEA
and F382C were determined witPH]YM-09151-2 instead of H]- Reactions with MTSETand MTSES. All seven of the

N-methylspiperone. The means and SEM of two or three independent mutants most sensitive to MTSEA(Figure 1B) were
experiments, each performed with triplicate determinations, are ShOW”'susceptible to reaction with 1 mM MTSET(Figure 4A).

kmut/kwr Was obtained by dividing eadhvalue by thek determined . Lol
for the wild-type receptor in which Cys118 reacts (not C118S, which At 10 mM, MTSES, the negatively charged derivative,

does not react and which is the background for all the other mutants). Significantly inhibited binding to five of the seven mutants
that were susceptible to MTSETand also to F382C for

which inhibition by MTSET, despite being of comparable
for Pro388 and 11e394 were of intermediate reactivity with magnitude, did not reach statistical significance (Figure 4B).
MTSEA*. Cysteines substituted for Val378, Phe382, and
Thr392 were least reactive. (We could not accurately DISCUSSION
determine rates for W386C and F389C because of the low Residues Forming the Water-Accessible Surface of the
afflnlty of blndlng and for 1397C because of the small effect B|nd|ng-$|te Creice. We |dent|fy residues on the water-
of 2.5 mM MTSEA".) The reversible antagonist sulpiride accessible surface of the D2 receptor by the ability of the
significantly retarded the reaction of MTSEAvith V378C, MTS reagents to react with substituted cysteine residues. We
F382C, P388C, F390C, T392C, and 1394C. (Protection assume that the MTS reagents will react much faster with
could not reliably be determined with W386C, F389C, or water-accessible cysteine residues than with cysteines facing
1397C due to the low affinity of binding or the small effect the protein interior or lipid because the reagents are highly
of MTSEA™.) The degree of protection varied from 40 to polar. Furthermore, they react®lftimes faster with ionized
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H398C
1397C
N396C
L395C
1394C
H393C
T392C
1391C
F390C
F389C
P388C
L387C
W386C
€385 (C118S)
1384C
1383C
F382C
v3sic
G380C
L379C
v378C
1377C

BE
3

0 2'5 5'0 7'5
Inhibition (%)

H398C
1397C
N396C
L395C
1394C
H393C
T392C
1391C
F390C
F389C
P388C
L387C
W386C
€385 (C118S)
1384C
1383C
F382C
v381C
G380C
L379C
Varsc
1377C

MTSES (10 mM)

25 50 75
Inhibition (%)
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Ficure 4: Inhibition of specific fH]-N-methylspiperone (200 pM)
binding to intact cells transfected with wild-type or mutant D2
receptors resulting fra a 2 min application of (A) 1 mM MTSET

or (B) 10 mM MTSES. On the basis of the relative rate constants
for reaction with simple thiols in solution, namely 10:4:1 for
MTSET", MTSEA*", and MTSES (10), we used equireactive

concentrations of 1 mM MTSET (A) and 2.5 mM MTSEA 387(6.49)

(Figure 1A) and 10 mM MTSES(B). The means and SEM are

shown. The number of independent experiments for each mutant 384(6.46)

is shown next to the bars. Solid bars indicate mutants for which

inhibition was significantly different < 0.05) from that of C385 380(6 42)

(C118S) by one-way ANOVA. *
377(6.39)

thiolates than with un-ionized thiol21), and only water-
accessible cysteines are likely to ionize to a significant extent. Figure 5: Helical net (A) and helical wheel (B) representations of
We infer that the MTS reagents have reacted if the binding the residues in and flanking the M6 segment of the dopamine D2
of ligand is irreversibly affected. Thus, we infer that 10 of receptor, summarizing the effects of MTSEAN [H]-N-methyl-

the 22 residues tested are on the water-accessible surface giPiPerone and*flYM-09151-2 binding. Reactive residues are

the D2 receptor. These residues are Val3?3 Phe38%4) illed, and open circles indicate that MTSEAad no significant

effect on binding. In panel A, increasing sizes of the circles indicate
Trp386°48), Pro38&-0, Phe38%5Y, Phe39(5-2, Thr392654), increasingly extracellular localization of the indicated residues.
His3936-59), 11e394556) and I1e397-9) (Figure 1).

The residues that form the surface of the binding-site similar 10-fold reduction in the affinity of sulpiride was seen
crevice are a subset of the water-accessible residues. Wafter mutation of this histidine to leucin@2). The effects
infer that water-accessible residues are in the binding-site of this mutation were highly specific; only the affinities of
crevice if the reaction of the MTS reagents is retarded by certain members of the substituted benzamide class of
competitive antagonists or agonists. The competitive an- antagonists were altered. The decrease in affinity for
tagonist sulpiride protected all of the residues tested exceptsulpiride was hypothesized to result from the loss of a
H393C. We were unable to test for sulpiride protection with hydrogen bond between His393 and the 5-sulfonamide of
the mutants W386C and F389C because the binding affinity sulpiride. Loss of this interaction may prevent bound
was too low and with the mutant 1397C because the sulpiride from protecting the substituted cysteine in H393C
inhibition by MTSEA" was too small. from reaction with MTSEA. In addition, if the increase in

The extent of protection by sulpiride varied considerably the K, of sulpiride in H393C results primarily from an
among the mutants (Figure 3). Protection of a substituted increase in the dissociation rate of the ligand, this may also
cysteine is most simply explained by its proximity to the decrease the ability of sulpiride to protect the engineered
sulpiride binding site. Nevertheless, not every one of these cysteine.
residues need contact sulpiride. Sulpiride could protect Reaction of a MTS reagent with an accessible cysteine
residues deeper in the crevice by binding above them andcan inhibit ligand binding through a number of mechanisms,
blocking the passage of MTSEAfrom the extracellular  including steric block, electrostatic repulsion, and/or an
medium toward the cytoplasmic end of the crevice. We also indirect structural effect on the binding site. Whatever the
cannot rule out indirect effects through propagated structural mechanism of irreversible inhibition by the MTS reagents,
changes for the protection by sulpiride. The reason for the the effect itself, however, is evidence that the reaction had
inability of sulpiride to protect H393C is not clear. Sulpiri- occurred. Moreover, that the effect is seen with any ligand
de’s affinity was reduced nearly 10-fold in this mutant. A is evidence that reaction had occurred. Reaction of MTSEA
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with 1378C and with F382C had a larger effect on the binding on the water-accessible surface of the protein. It is also
of [BH]YM-09151-2 than on that ofH]-N-methylspiperone. possible, however, that local steric factors may make a water-
This is similar to the greater effect of modification of Cys118 accessible residue inaccessible to the MTS reagents. In
on the affinity of the substituted benzamid@§)( If these addition, in rare cases, a residue forming the surface of the
compounds extend deeper in the binding-site crevice, thenbinding-site crevice could be covalently modified by the
their binding might be more sensitive to the modification of addition of the charged SGBH,X without interfering with
these more cytoplasmic residues. Another possibility, how- binding 0).

ever, is that the substituted benzamides may be more Comparison of Reactions with MTSEAnd MTSET.
sensitive to an indirect structural perturbation of the binding When adjusted for the rate constants for their reactions with
site than isN-methylspiperone. Indeedl-methylspiperone  simple thiols in solutionX0), the reaction of MTSEA with
binding is insensitive to the presence or absence of sodiumcysteines in the binding-site crevice is accelerated ap-
while the affinities of substituted benzamides are sodium- proximately 10-fold relative to that of MTSET(Figures 1
dependent3, 24). Thus, compounds such as YM-09151-2 and 4A). MTSEA is smaller than MTSET, and its access
and sulpiride can differentiate conformational states of the to substituted cysteines may be less sterically hindered.
binding site whichN-methylspiperone cannot. Moreover, MTSEA, like dopamine, contains an ethylam-

Secondary Structure of M6The pattern of the residues monium group, and it could be the affinity of this group for
which are accessible to the MTS reagents is consistent withthe dopamine-binding site that accelerates the reaction of
M6 being o-helical, with a wide exposure for two helical MTSEA' relative to that of MTSET. This pattern is
turns near the binding site and a narrower stripe continuing broken, however, by F389C and F390C, which are nearly
toward the cytoplasm (Figure 5). A possible explanation equireactive with MTSEA and MTSET. Thus, at these
for the broadening of exposure, which begins at Pro388, is positions, the reaction of MTSETis accelerated ap-
the presence of a proline kinR%) at this position. Such a  proximately 10-fold relative to that of MTSEA We
kink could bend the extracellular portion of M6 toward the observed a similar effect with T412C in MB)( and we
binding-site crevice where a wide arc would be exposed to noted that the specific increase may be the result of an
MTSEA* (Figure 6). In contrast, the portion of M6 more interaction of the aromatic side chains of Trp41% and
cytoplasmic than the proline kink is either tightly packed Tyr41674%® with the hydrophobic quaternary ammonium
against neighboring membrane-spanning segments or exgroup of MTSET" (31) which would favor the reaction with
posed to lipid, resulting in an accessibility to MTSE#hich MTSET" at T412C. The cluster of aromatic residues in M6,
is restricted to a narrow stripe in this region. Phe382, Trp386, Phe389, Phe390, and His393 (Figure 7A,B),

Interestingly, highly conserved Pro residues are found in could have a similar effect. In particular, favorable interac-
M2, M5, M6, and M7 of GPCRs and may play a crucial tions of the MTSET cation with Trp386 and other nearby
structural and functional role26—29). In M7 of the D2 aromatic side chains are likely to be responsible for the
receptor, the pattern of accessibility of the cysteine-substitu- increase in reactivity seen at F389C and F390C (Figure
tion mutants was consistent with M7 being a kinkedielix, 7C,D). Aromatic residues from other membrane-spanning
but in this case, a significant face twist at the kink was segments may also contribute to this enhanced reactivity; in
required to fit the experimental dat@)( In M6, the pattern  particular, Tyr416-4 in M7 and Phel1984") in M5 are
of accessibility is straight, and thus, a simple bend and/or accessible in the binding-site crevi& 9), and both of these
conformational flexibility at the Pro kink is sufficient to residues are likely to be adjacent to this aromatic-rich region
explain the data (Figure 6). of M6.

A possible mechanism of receptor activation utilizing  The Binding Site and the Aromatic ClusteiThe four
flexibility about the proline kink in M6 has been proposed accessible aromatic residues in the cluster (Figure 7A,B) are
(15, 16). Movement of M6 has been demonstrated in the completely conserved within related neurotransmitter GPCRS,
homologous 52 adrenergic receptor by monitoring the and some of these residues have been show to be important
position of Cys28647), the residue which aligns with D2  for ligand binding and/or receptor activatior82 33).
receptor Cys3854"). We have demonstrated that, while Molecular modeling simulations have suggested that the
Cys285 is not accessible in the binding-site crevice of the conformations of the side chains of these aromatic residues
wild-type 32 receptor, this residue becomes accessible in theare interdependent and that ligand binding may induce
binding-site crevice of a constitutively activatgd receptor coordinated movements of these residues, resulting in a
(13). A rotation or translational movement of M6 would be rotational/translational movement about the proline Kink.
sufficient to bring this cysteine to the margin of the binding- Ligand—receptor interactions that can be supported by such
site crevice. Indeed, such a rotation and/or translational an “aromatic cluster” have been suggested from strueture
movement of M6 was found to be necessary for the activation activity data for dopamine agonists acting on the D2 receptor
of rhodopsin 12, 30). Movement about the postulated (34). Suggested requirements for potency included an
proline kink could produce such a rotation or tilting without electrostatic interaction between the protonated amine and
requiring a movement of the entire membrane-spanning a negative subsite which has been established to be Asp114
segment (see Figure 4c in rgf). in M3 (7, 35, 36), a hydrogen bonding group or groups which

According to the model, Asn3%5®), at the extracellular  interact with a serine or serines in M3&-38), and an
end of M6, is located within a continuous surface patch on aromatic ring which interacts with a hydrophobic site. This
M6 that is accessible to MTSEA However, none of the  hydrophobic site is likely to be the aromatic cluster in M6
MTS reagents had a significant effect on antagonist binding which extends to the adjacent M5 where it includes
to N396C. Thus, the engineered cysteine at this position
may be inaccessible to the MTS reagents and, therefore, not 2J. A. Ballesteros and H. Weinstein, to be published.
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Ficure 6: Molecular models of M6 illustrating how the bending induced by a proline kink could explain the extracellular broadening in
the pattern of residues accessible in the binding-site crevice. A side view of M6 and M3 (A) shows that the bend at Pro388 brings the
residues accessible to MTSEAyellow) toward the binding-site crevice indicated by Asp114 (purple) in M3, compared to panel B which

is the pattern in an ideal-helix. Note that the cytoplasmic portion of M6 is oriented similarly in all panels; these models differ only in the
extracellular portions. The relative positioning of M6 and M3 follows the experimentally derived data eMMBIgroximity in rhodopsin

(12). Panels C and D show an extracellular view of the observed MT'S&b&essibility pattern in M6 in the context of the entire bundle

of seven transmembrane segments arranged following the rhodopsin projectiod2pdpr(pané C a proline-kinked M6 and for panel

D an ideala-helix. The position of the binding site is indicated by Asp114 in M3 and Ser203, Ser204, and Ser207 in M5 (all in purple)
(11). Note the proximity of the accessible residues in M6 (yellow) to the binding-site crevice in the kinked helix (C) but not in the ideal
helix (D). Furthermore, several residues accessible to the polar MTS reagents, such as Pro388 and Thr392, would be facing the lipid
membrane in an ideal-helix (D).

Phel984) and to the adjacent M7 where it includes while F390A was reported to have undetectable binday
Tyr416743), both of which are also accessible in the binding- Thus, Cys is a much better tolerated substitution for Phe390
site crevice §, 9). than is Ala. The Cys substituted for Phe390 may interact
The role of some of these aromatic residues has beendirectly with ligand and/or stabilize the structure of the
examined previously in the D2 receptor by mutation to receptor by interacting with another residue. In known
alanine 82). In agreement with these previous results, we protein structures, about 50% of sulfur atoms from cysteine
found F389C to bind bothN-methylspiperone and sulpiride  and methionine residues are in contact with an aromatic ring
with greatly reduced affinity. Surprisingly, F390C had only (39), and in model systems, these interactions atithe
an about 4-fold decreased affinity fdi-methylspiperone,  (i-4) position can contribute up to 2 kcal/mol tehelical
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Ficure 7: Molecular model showing the aromatic cluster in M6.

Residues in M6 accessible to MTSE/re shown in yellow in Ficure 8: Interaction between Phe390 and Trp386 illustrated by

: . : der Waals representations. Panel A shows the interaction of
(A) a front view and (B) a top view from the extracellular side. V3"
Note the presence of a cluster of aromatic residues encompassind?ld-yPe Phe390 and Trp386. In panel B, the F390C mutant, the

Phe382, Trp386, Phe389, Phe390, and His393, shown in van decySteine sulfhydryl can partially replace the stabilizing effect of
! ! y ! ' the wild-type aromatie-aromatic interaction between Phe390 and

Waals representations. This aromatic cluster could be responsibl . g h
for the faster rates of reaction with MTSETelative to MTSEA, e:]—;zggri Walltr? ;Egulinﬁ\flgll dséjéfg:efggg&ag%I'q?tte:‘abmcugtrﬁ% r%%gge
with F389C and F390C, due to the attractive interactions of the (see Ta)E)Ie 1), In panel C. the mutant F39)Cl)A Whict)‘l, dg(gs o bind

hydrophobic quaternary ammonium group of MTSEWith the ; . - X SN
aromatic side chains, and in particular with Trp386 (panels C and N-Methylspiperone33), is depicted in the same geometry, indicat-

D). Note that the interaction of MTSETwith Trp386 could be ing that it cannot support this type of interaction. In panel D, the

complemented by interactions with other aromatic side chains from Sid€ chain which results from the reaction of F390C with MMTS
neighboring helices, which according to the projection map in (which adds an SCiigroup to the cysteine sulfhydryl) increases

Figure 6 would be (C) M5 for F390C and (D) M7 for F389C (see e compensating effect of the suffiaromatic interaction. MMTS
the text). The proposed interaction of MTSEWith Trp386 can re?clgon (ljncreases the a_kljnlty o e mhet yiSpiperone
support an orientation of the methanethiosulfonate moiety relative 4-70ld and restores the wild-type affinity (see the text).

to the substituted Cys at residues Phe389 (C) or Phe390 (D) that

accommodates the stereochemical requirements of a nucleophilicthat this potentiation resulted from a 4-fold increase in the

reaction (SN2) between the substituted Cys and MTSHfius affinity of the MMTS-modified receptor (data not shown)
contributing to the enhanced reaction rates. and is consistent with a more favorable interaction of the
new methionine-like side chain with Trp386 at thiedf
position as shown in the structural comparisons depicted in
Figure 8. The methionine-like side chain may be a better
substitute of Phe in the interaction with the aromatic moiety
of bound ligand as well. This illustrates the potential utility

stability (40). Thus, at position 390, the sulfur of cysteine
(Figure 8B), but not the methyl group of the alanine (Figure
8C), may stabilize the aromatic cluster as illustrated in Figure
8 for the interaction with the adjacent aromatic ring of

Trp386 at the if4) position. of the MMTS reagent in probing the interactions contributed

. We speculated tha_t i _the sulfur. were crlthal to such_an by aromatic microdomains to receptor stability and ligand
interaction then substitution at position 390 with Met, which binding

is also closer in size to the endogenous Phe, might be even

better tolerated than substitution with Cys. To test this A\ckNOWLEDGMENT

hypothesis, we reacted with F390C the methylmethanethio-
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