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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 that
form the surface of the binding-site crevice in the third and fifth membrane-spanning segments (M3 and
M5). We have now mutated to cysteine, one at a time, 26 consecutive residues in and flanking the
seventh membrane-spanning segment (M7) and expressed the mutant receptors in HEK 293 cells. Nine
of these mutants reacted with charged, hydrophilic, lipophobic, sulfhydryl-specific reagents, added
extracellularly, and were protected from reaction by a reversible dopamine antagonist, sulpiride. Thus,
we infer that the side chains of these residues are in the water-accessible surface of the binding-site
crevice. The pattern of accessibility of the cysteine-substitution mutants is consistent with M7 being a
kinked o-helix.

The dopamine receptors, like the homologous receptorsaround the binding site, is similar to that of wild type and
for the other biogenic amines, bind neurotransmitters presentthat the substituted cysteine lies in an orientation similar to
in the extracellular medium and couple this binding to the that of the wild-type residue. In the membrane-spanning
activation of intracellular G-proteins (Civelli et al., 1991; segments, the sulfhydryl of a cysteine can face either into
Strader et al., 1994). The binding sites of these receptorsthe binding-site crevice, into the interior of the protein, or
are formed among their seven, mostly hydrophobic, mem- into the lipid bilayer; sulfhydryls facing into the binding-
brane-spanning segments (Oprian, 1992; Strader et al., 1994}ite crevice should react much faster with hydrophilic,
and are accessible to charged, water-soluble agonists, likéipophobic, sulfhydryl-specific reagents. For such reagents,
dopamine. Thus, for each of these receptors, the bindingwe use derivatives of methanethiosulfonate (MTS): posi-
site is contained within a water-accessible crevice, the tively charged MTSethylammonium (MTSEA) and MTS-
binding-site crevice, extending from the extracellular surface ethyltrimethylammonium (MTSET) and negatively charged
of the receptor into the plane of the membrane. The SUffaceMTSethylsquonate (MTSES) (Stauffer & Karlin, 1994).
of this crevice is formed by residues that can contact specific These reagents are about the same size as dopamine, with
agonists and/or antagonists and k_)y chgr rgsidues that maynaximum dimensions of approximately 10 A by 6 A. They
play a structural role and affect binding indirectly. form mixed disulfides with the cysteine sulfhydryl, covalently

To identify the residues that form the surface of the linking SCHCH,X, where X is NB*, N(CHz)st, or SQ~.
binding-site crevice in the human D2 receptor, we have usedWe use two criteria for identifying an engineered cysteine
the substituted-cysteine accessibility method (SChMAka- as forming the surface of the binding-site crevice: (i) the
bas et al, 1992, 1994; Javitch et al., 1994, 1995a,b). reaction with a MTS reagent alters binding irreversibly and
Consecutive residues in the membrane-spanning segmentsgii) this reaction is retarded by the presence of agonists or
are mutated to cysteine, one at a time, and the mutantantagonists. The binding regions for agonists and antagonists
receptors are expressed in heterologous cells. If ligandin the D2 and related receptors may be similar but not
binding to a cysteine-substitution mutant is near-normal, we jdentical (Barak et al., 1995; Javitch et al., 1996; Kozell et
assume that the structure of the mutant receptor, especiallya|., 1994; MacKenzie et al., 1993). We have used sulpiride

because antagonists are less likely to cause conformational
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1 Abbreviations: SCAM, substituted-cysteine accessibility method; MTSET and that Cys118, in the third membrane-spanning
M3, the third membrane-spanning segment; M5, the fifth membrane- segment (M3), was responsible for this sensitivity (Javitch

spanning segment; M7, the seventh membrane-spanning segment; MTS ;
methanethiosulfonate; MTSEA, MTSethylammonium; MTSET etal,, 1994). Therefore, we used the mutant C118S, which

MTSethyltrimethylammonium; MTSES, MTSethylsulfonate; GPCRs, IS insensitive to MTS reagents, as the background for further
G-protein-coupled receptors; Pro kink, proline kink. mutation. In our initial application of SCAM to the D2
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receptor (Javitch et al., 1995a), we found that 10 of 23
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as described previously (Javitch et al., 1995b). For saturation

residues tested in the M3 segment are in the water-accessibléinding, duplicate borosilicate tubes contained six different

surface of the binding-site crevice. From the pattern of
accessibility, we inferred that M3 forms anrhelix, one side

of which faces the binding-site crevice. Additionally, we
found that 13 of 24 residues tested in the fifth membrane-

concentrations ofH]-N-methylspiperone between 5 and 800
pM in buffer A with 300 L of cell suspension in a final

volume of 0.5 mL. The mixture was incubated at room
temperature for 60 min and then filtered using a Brandel

spanning segment (M5) are in the water-accessible surfacecell harvester through Whatman 934AH glass fiber filters

of the binding-site crevice (Javitch et al., 1995b). Of the
13 accessible residues, 10 were consecutive. This patter
is inconsistent with M5 being a fixed-helix, one side of
which is accessible in the binding-site crevice.

(Brandel). The filter was washed twice with 5 mL of 10
rmM Tris-HCI and 120 mM NaCl (pH 7.4) at room temper-
ature. SpecificIH]-N-methylspiperone binding was defined
as total binding less nonspecific binding in the presence of

On the basis of site-directed mutagenesis experiments,1 #M (+)-butaclamol (Research Biochemicals).
many laboratories have implicated residues in the seventh Reactions with MTS Reagent®Vhole cells were sus-

membrane-spanning segment (M7) of G-protein-coupled

pended in 450uL buffer A. Aliquots (50 uL) of cell

receptors (GPCRs) in binding and in receptor activation (van suspension were incubated with freshly prepared MTS

Rhee & Jacobson, 1996). In addition, a Trp in M7 of the

reagents at the stated concentrations at room temperature for

B-adrenergic receptor was photolabeled by an antagonist2 min. Cell suspensions were then diluted 20-fold, and 300

derivative (Wong et al., 1988). This residue is highly

uL aliquots were used to assay féH]-N-methylspiperone

conserved in other biogenic amine receptors, including the (300 pM) binding as described above. The fractional

D2 receptor. In this paper, we report the application of
SCAM to identify systematically all the residues in M7 of
the D2 receptor that contribute to the binding-site crevice.

EXPERIMENTAL PROCEDURES

Numbering of ResiduesThe positions of all residues in
the human D2receptor sequence are given. In some cases
we also index residues relative to the most conserved residu
in the membrane-spanning segment in which it is located

(Ballesteros & Weinstein, 1995). By definition, the most ., tion of initial binding,, was fit to e*et

inhibition was calculated as-1 (specific binding after MTS
reagent)/(specific binding without reagent). We used the
SPSS for Windows (SPSS, Inc.) statistical software to
analyze the effects of the MTS reagents by one-way ANOVA
according to Duncan’s post hoc tegt € 0.05).

The second-order rate constahk) for the reaction of
MTSEA with each susceptible mutant was estimated by
‘determining the extent of reaction after a fixed time, 2 min,
&vith four concentrations of MTSEA (0.1, 0. 25, 1, and 2.5
mM) (all in excess over the reactive sulfhydryls). The
, wherek is the

conserved residue is assigned the position index 50, €.9.gecond-order rate constaais the concentration of MTSEA,

Pro42%-9 and therefore Asn422*9 and lle424’ 50, This
indexing simplifies the identification of corresponding

andt is the time (120 s).

residues in comparisons and sequence alignments of differenRESULTS

GPCRs.
Site-Directed Mutagenesis.Cysteine mutations were

generated as described previously (Javitch et al., 1995a)

Mutations were confirmed by DNA sequencing. Mutants

are named as (wild-type residue)(residue number)(mutant
residue), where the residues are given in the single-letter

code.

Transient Transfection.HEK 293 cells were grown in
DMEM/F12 (1:1) containing 3.15 g/L glucose in 10% bovine
calf serum at 37C and 5% CQ. Thirty-five millimeter
dishes of 293 cells at 6680% confluence were cotransfected
with 1 ug of wild-type or mutant D2 receptor cDNA in
pcDNAI/Amp (Invitrogen) and 0.2g of pRSVTag using 9
uL of lipofectamine (Gibco) and 1 mL of OPTIMEM
(Gibco). Five hours after transfection, the plates were diluted
with 1 mL of media containing 20% bovine calf serum.
Twenty-four hours after transfection, the medium was
changed. Forty-eight hours after transfection, cells were
washed with phosphate-buffered saline [PBS; 8.1 mM NaH
PO, 1.5 mM KH,PO,, 138 mM NacCl, and 2.7 mM KCI
(pH 7.2)], briefly treated with PBS containing 5 mM EDTA,
and then dissociated in PBS. Cells were pelleted at §000
for 5 min at 4°C and resuspended for binding or treatment
with MTS reagents.

[3H]-N-Methylspiperone Binding Whole cells were sus-
pended in 45QL of buffer A [25 mM HEPES, 140 mM
NaCl, 5.4 mM KCI, 1 mM EDTA, and 0.006% BSA (pH
7.4)]. Cells were then diluted 20-fold with buffer A3H]-
N-Methylspiperone (Dupont/NEN) binding was performed

Effects of Cysteine Substitution on Antagonist Bindihyg.
a background of the mutant C118S, we mutated to cysteine,
‘one at a time, 26 consecutive residues, Val406 to 1le431,
from the extracellular loop between M6 and M7 to near the
end of M7. Each mutant receptor was transiently expressed
in HEK 293 cells, and th&p and Buax characterizing the
equilibrium binding of the radiolabeled antagoniSH]JFN-
methylspiperone, were determined. At 24 positionsKbe
of the cysteine-substitution mutant was between 0.4 and 1.6
times theKp of C118S; in Y416C, th&p was 3 times the
Kp of C118S (Table 1). For these 25 mutafgax ranged
from 5 to 120% of that obtained with C118S (Table 1). Only
the mutant G415C failed to bindH]-N-methylspiperone.

TheK, of the antagonist sulpiride was determined in the
25 mutants which boundHi]-N-methylspiperone (Table 2).
At 19 positions, the&K, was between 0.5 and 1.5 times the
K, of C118S; in the mutants N422C, P423C, and Y426C,
the K, was 2.3-3.3 times theK, of C118S. In Y416C,
N418C, and S419C, th, was 185, 5, and 8 times th§
of C118S, respectivel§.

Reactions of the Mutants with MTSEAVe tested the
effects of 2.5 and 0.25 mM MTSEA on the mutants. The

2 The much greater effect of mutation of Tyr416 to Cys on sulpiride
binding than onN-methylspiperone binding is consistent with the
hypothesis that Tyr416 forms part of an accessory binding site for the
substituted benzamides and piquindone, but not other antagonists (Teeter
& DuRand, 1996). However, the modification of Tyr416 to a lysine-
like side chain by the reaction of Y416C with MTSEA dramatically
interferes with the binding di-methylspiperone as well as sulpiride.
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Table 1: Characteristics ofHi]-N-Methylspiperone Binding to
Cysteine-Substituted Dopamine D2 Receptor

Table 2:

Inhibitory Potency of-{)-Sulpiride on
[®H]-N-Methylspiperone Binding to Cysteine-Substituted Dopamine
D2 Receptot

mutant Kp (pM) Kmut/Kci1ss Bmax (mel/Crnz) n

C118S 895 10 197+ 8 2 mutant apparer, (nM) n Kimun/Kiciies)
V406C 884+ 26 1.0 105+ 61 2 C118S 81 5 1.0
L407C 58414 0.7 73+ 11 2 V406C 7+£0.4 2 0.9
Y408C 130+ 19 15 136+ 21 2 L407C 11+ 1 2 1.4
S409C 885 1.0 89+ 28 2 Y408C 124+ 3 2 1.5
A410C 88+ 13 1.0 169+ 45 2 S409C 5+ 2 2 0.6
F411C 75+ 14 0.8 92+ 30 2 A410C 7+0.9 2 0.8
T412C 74+9 0.8 161+ 23 2 F411C 11+ 0.2 2 1.4
W413C 143+ 7 1.6 58+ 24 2 T412C 6+ 0.2 2 0.8
L414C 71+1 0.8 57+ 14 2 W413C 5+ 0.7 2 0.6
G415C no significant binding L414C 8+ 0.6 2 1.0
Y416C 266+ 35 3.0 49+ 2 3 Y416C 1500+ 600 2 185
V417C  75+£5 0.8 164+ 38 2 V417C 13+ 4 2 1.6
N418C 66+ 23 0.7 102+ 11 2 N418C 42+ 3 2 5.2
S419C 53£9 0.6 205+ 8 2 S419C 64+ 11 2 8.0
A420C 63+5 0.7 105+ 6 2 A420C 44 0.3 2 0.5
V421C 106+ 37 1.2 167+ 19 2 V421C 6+ 1 2 0.8
N422C 35+ 6 0.4 26+ 1 2 N422C 24+ 0.3 2 3.1
P423C 45: 15 0.5 10+ 6 2 P423C 275 2 3.3
1424C 45410 0.5 55+ 21 2 1424C 44 0.1 2 0.5
1425C 69+ 11 0.8 27+ 7 2 1425C 5+ 1 2 0.7
Y426C 81+ 14 0.9 39+ 6 3 Y426C 184+ 0.3 2 2.3
T427C 70+ 11 0.8 242+ 117 2 T427C 8+ 0.7 2 1.0
T428C 62+ 12 0.7 260+ 104 2 T428C 54+ 0.2 2 0.6
F429C 61+ 3 0.7 189+ 46 2 F429C 5+ 0.2 2 0.7
N430C 80434 0.9 183+ 84 2 N430C 5+ 0.2 2 0.6
1431C 39+ 8 0.4 344+ 10 3 1431C 44+ 0.0 2 0.5

@ Cells transiently transfected with the appropriate receptor were

& Cells transiently transfected with the appropriate receptor were

assayed as described in Experimental Procedures. Data were fit to theassayed with®H]-N-methylspiperone (80 pM) as described in Experi-
binding isotherm by nonlinear regression. The means and SEM are mental Procedures in the presence of nine concentrations-pf (
shown forn independent experiments, each with duplicate determina- sulpiride. The apparett was determined by the method of Goldstein
tions. Buax values are presented as femtomoles per square centimeterand Barrett (1987) using the 4gvalue obtained by fitting the data to

of plate area. a one-site competition model by nonlinear regression. The means and
SEM are shown fon independent experiments, each with duplicate
determinations.

higher concentration significantly blocke@H]-N-methyl-
spiperone binding at 12 of 25 positions (Figure 1A). The
lower concentration significantly blocked binding to seven
of these mutants (Figure 1B). To quantitate the suscepti
bility to MTSEA, we determined the second-order rate
constants for the reaction with MTSEA (Table 3). The most $2
reactive cysteines were those substituted for Trp413 and % La 414
Tyr416. Cysteines substituted for Leu407, Phe41l, and ya
Thr412 were of intermediate reactivity with MTSEA. Cys- gg
teines substituted for Ser409, Asn418, Asn422, Pro423, and
Tyr426 were less reactive, and Tyr408 and Ala410 were least P4
reactive. The reversible antagonist sulpiride significantly
retarded the reaction of MTSEA with L407C, F411C, T412C,
W413C, Y416C, N418C, N422C, P423C, and Y4Z6Che
degree of protection varied from 15 to 70% (Figure 2).
contrast, sulpiride did not slow the reaction of S409C with
MTSEA.

Reactions with MTSET and MTSE®Il seven of the
mutants most sensitive to MTSEA (Figure 1B) were sus-
ceptible to reaction with MTSET (Figure 3A); in addi-
tion, Y426C, which was susceptible to 2.5 mM MTSEA,
was also susceptible to reaction with MTSET. Although
MTSEA reacted most rapidly with F411C, W413C, and
Y416C, 1 mM MTSET inhibited T412C substantially more
than it did these other mutants. MTSES, the negatively
charged derivative, significantly inhibited binding to four
of the eight mutants that were susceptible to MTSET
(Figure 3B).
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MTSEA (0.25 mM)
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Ficure 1: Inhibition of specific H]-N-methylspiperone (300 pM)
binding to intact cells transiently transfected with wild-type or
mutant D2 receptors resulting from a 2 min application of (A) 2.5
mM MTSEA or (B) 0.25 mM MTSEA. The means and SEM are
shown. The number of independent experiments for each mutant
is shown next to the bars. Solid bars indicate mutants for which
inhibition was significantly differentd < 0.05) than that for C118S

by one-way ANOVA. * represents no detectable binding.

DISCUSSION

Residues Forming the Water-Accessible Surface of the
Binding-Site Creice. We identify residues on the water-
accessible surface of the D2 receptor by the ability of the
MTS reagents to react with substituted-cysteine residues. We

8 The inhibition of T408C and A410C by 2.5 mM MTSEA was too
small to test for protection reliably.
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MTSET (1 mM) MTSES (10 mM)
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Table 3: Rates of Reaction of MTSEA with Cysteine-Substituted

{
Dopamine D2 Receptdr _ ¥§ Zg ] ;5&'5 B
mutant kutsea (M™1s™) kmuti/kwt n $409€ 1 s
L407C 4.0+0.3 0.10 4 PN T s
Y408C 1.2+0.3 0.03 6 Wil 7 "
S409C 2.3£0.7 0.06 4 Sa15C o .
A410C 0.9+£0.2 0.02 4 varrc 4 S
F411C 6.6+ 1.1 0.17 4 s419¢ | Fa
T412C 4.1+ 0.9 0.11 3 faz0e 1 B4
W413C 11.5£ 2.5 0.30 5 Naz2€ 4 s
Y416C 11.4+ 1.3 0.29 5 ja2ic o B,
N418C 2.0+ 0.4 0.05 5 Y426€ ¢
N422C 1.6+ 0.5 0.04 3 14286 s
P423C 2.9 0.5 0.07 4 N30 i
Y426C 2.4+ 0.2 0.06 2 Mg B
L L U R L L BRI B
@ The second-order rate constak} vas determined as described 0 25 50 75 0 2¥5 5]0 7|5
in Experimental Procedures. The means and SEM ofdependent Inhibition (%) Inhibition (%)

experiments, each performed with triplicate determinations, are shown. o - )
kmut/kwr was obtained by dividing eadhvalue by thek determined Ficure 3: Inhibition of specific fH]-N-methylspiperone (300 pM)
for the wild-type receptor in which Cys118 reacts (not C118S, which binding to intact cells transiently transfected with wild-type or

does not react and which is the background for all the other mutants). mutant D2 receptors resulting from a 2 min application of (A) 1
mM MTSET or (B) 10 mM MTSES. On the basis of relative rate

constants for reaction with simple thiols in solution, namely 10:
4:1 for MTSET, MTSEA, and MTSES, respectively (Stauffer &
Karlin, 1994), we used equireactive concentrations of 1 mM
$409C | MTSET (A), 2.5 mM MTSEA (Figure 1A), and 10 mM MTSES
(B). The means and SEM are shown. The number of independent
experiments for each mutant is shown next to the bars. Solid bars

L407C

F411C

Ta12C indicate mutants for which inhibition was significantly differept (

< 0.05) than that for C118S by one-way ANOVA. * represents no
warsc detectable binding.
Y416C |

binding of PH]-N-methylspiperone is irreversibly inhibited.
Thus, we infer that 12 of the 25 residues tested are on
N422C the water-accessible surface of the D2 receptor. These
P423C 4 residues are Leudf?4, Tyr40873%, Ser409-36), Ala410"%7),
Phe4138), Thr412739), Trp413740), Tyr416743, Asn418 45,
e Asn422749) Pro42% %0, and Tyr42659 (Figure 1). The
0o 25 s 75 reactivity of Gly41%'42) could not be assessed because the
Protection (%) mutant G415C did not binc®iH]-N-methylspiperoné.
FiGUrRe 2: Sulpiride protection of cysteine-substitution mutants. ~ The residues that form the surface of the binding-site
Dissociated cells were incubated in buffer A for 20 min at room crevice are a subset of the water-accessible residues. We
temperature in the presence or absencet9idulpiride, and then — jnfer that water-accessible residues are in the binding-site

MTSEA was added, in the continued presence or absence of L - .
sulpiride, for 2 min at a concentration ch%sen to inhibit-58% crevice if the reaction of the MTS reagents is retarded by

of specific BH]-N-methylspiperone binding in the absence of COMpetitive antagonists or agonists. The competitive an-
sulpiride. Concentrations of MTSEA were as follows: 2.5 mM for tagonist sulpiride protected all of the residues except S409C.
S409C, N418C, N422C, P423C, and Y426C; 1 mM for L407C, We were unable to test for sulpiride protection with the

F411C, and T412C; and 0.25 mM for WA413C and Y416C. For 1 tants Y408C and A410C because the extent of inhibition,

most mutants, sulpiride was used at a concentration @¢f\MOTo Ith h statisticallv sianificant ¢ I
compensate for changes in tg sulpiride concentrations were ~ &ithough statstically significant, was too small.

adjusted for several mutants as followsu/@ for W413C; 50uM The extent of protection by sulpiride varied considerably
for N418C, N422C, P423C, and Y426C; and 204 for Y416C. among the mutants (Figure 2). Protection of a substituted
Cells were washed by filtration though 96-well multiscreen plates cysteine is most simply explained by its proximity to the

containing GFB filters (Millipore). In the wash buffer, sodium was o N . o . )
replaced by choline in order to facilitate removal of residual sulpiride and {H]-N-methylspiperone binding site. Never

sulpiride. PH]-N-Methylspiperone binding to the washed cells was theless, not every one of these residues needs to contact
performed in buffer A in the multiscreen plates in a final volume sulpiride. Sulpiride could protect residues deeper in the
of 0.25 mL. The means and SEM of three to five independent crevice by binding above them and blocking the passage of
experiments, each performed with triplicate determinations, are MTSEA from the extracellular medium toward the cyto-

shown. Protection was calculated as {inhibition in the presence . . L
of sulpiride)/(inhibition in the absence of sulpiride). Protection by Plasmic end of the crevice. We also cannot rule out indirect

sulpiride was significantp( < 0.05) by paired test for all of the effects through propagated structural changes for either the
mutants (filled bars) except S409C (unfilled bar). inhibition by the MTS reagents or the protection by sulpiride.

Whatever the mechanism of irreversible inhibition by the

N418C

Y426C +

assume that the MTS reagents will only react with water-
accessible cysteine residues because the reagents are highly 4 The mutant G415C either does not reach the surface of the cell or
polar. Furthermore, they react6 1@° times faster with does not bind 3H]-N-methylspiperone. An aberrant disulfide bond

ioni i i _ioni i between the new Cys in G415C and Cys883in M6 could lead to
lonized thiolates than with un-ionized thiols (Roberts et al., either effect. This, however, is unlikely since, although C385S bound

_198_6)1 and _Only water-accessible cysteines are ”ke_ly 1O [3H}-N-methylspiperone normally, the double mutant C385S and G415C
ionize. We infer that the MTS reagents have reacted if the did not bind at all (data not shown).
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A

406(7.33)

407(7.34)
41007.37)

417(7.44)
421(7.48)
424(7.51)

416 (7.43) 4
* 427 412 423 Ficure 5: Helical net representation of highly conserved residues

(7.39) and residues accessible to MTSEA in M7. In parts A and B, the

residues in M7 of the D2 receptor that are highly conserved in
FicUre 4: Helical net (A) and helical wheel (B) representations of neurotransmitter G-protein-coupled receptors are shaded. In part
the residues in and flanking the M7 segment of the dopamine D2 A, bold lines illustrate an apparent kink in the membrane-spanning
receptor, summarizing the effects of MTSEA oit]-N-methyl- segment, and in B, the segment is bent and twisted to illustrate
spiperone binding. Reactive residues are shaded, and the thicknesBow the conserved residues may lie on a single face of a kinked
of the circle indicates the range of the second-order rate constantsa-helix. In part C, the residues accessible to MTSEA are shaded
in M~1 51 for reaction with MTSEA (see Table 3). Open circles and superimposed on the apparent kink from part A.
indicate that MTSEA had no effect on binding. The hatched circle
indicates no binding after cysteine substitution. In part B, residues, Findlay & Pappin, 1986), have inferred deviations from
for which there is evidence in homologous receptors that they face _hali ;
the binding-site crevice, are indicated by *. The binding specificity regularo-helical st.ructure in M7. We have.found that the
of wild-type o2-adrenergic receptor can be converted to that of a Pattern of the residues which are accessible to the MTS
B2-adrenergic receptor by substituting Asn for Phé4¥2(Surya- reagents is not consistent with M7 being an idedtelix
narayana et al., 1991); if-adrenergic receptor, Trp380% is (Figure 4, Figure 6A). The irregular pattern of accessibility

grfinli(tyollat?eled b)?.gg’o gntagor.lis}.deri(\j/ati(\\/ﬁs, andt ‘hlis 'fg%eéi)”% IS of substituted cysteines in M7, however, could be consistent
oCcke Yy Specifigo-adrenergic ligands ong et al., . 1n . _ . . . . .
rhodopsin, Lys29643) is covalently attached to retinal (Oprian, with an a-helix with a proline kink (Pro kink) (Barlow &

1992). Residues which are likely to face other membrane-spanning Thornton, 1988) at the strictly conserved Pro423

e e o Dok o e mebore: 7 i b modeled 5 & Kihelc on thebasks o
tions identify Asn42¢-49) which interacts with a residue in M2 &1 analysis of the conservation of _reSId_ues In neurqtrans-
(Sealfon et al., 1995; Zhou et al., 1994), Phéa®lwhich interacts ~ Mitter receptors (Ballesteros & Weinstein, 1995). Highly

with residues in M3 and/or M6 (Mizobe et al., 1996), and conserved residues were considered to play a critical
Ser409-3 which interacts with a residue in M1 (Liu et al., 1995).  structural role and to be involved in proteiprotein interac-

e e S ing, S20me L a2 ons with other merbrane.spanming segrents (Ballsteros
and Schertler and Hargrave (1995)], then in the idehélix shown, & Weinstein, 1995). This hypothesis is supported by an

Asn422749) could not interact with a residue in M2. analysis of the known structure of the photosynthetic reaction
center where highly conserved residues face the interior of

MTS reagents, the effect itself, however, is evidence that the bundle (Rees et al., 1989). With a kink between
the reaction had occurred. Ser41949 and Pro4289), the highly conserved residues

Secondary Structure of M70n the basis of the structures in the neurotransmitter receptors are aligned on a single face
of bacteriorhodopsin (Henderson et al., 1990) and rhodopsinof an a-helix (Figure 5A,B). When such a kink is super-
(Schertler et al., 1993), the membrane-spanning segmentsmposed on the experimentally observed pattern of acces-
of G-protein-coupled receptors have been modeled assibility to MTSEA (Figure 5C), all accessible residues except
a-helices (Baldwin, 1993). Others, however, based on NMR the first helical turn (discussed below) are predicted to face
studies in the neurokinin | receptor (Berlose et al., 1994) toward the binding-site crevice or other membrane-spanning
and photolabeling studies in rhodopsin (Donnelly et al., 1989, segments.
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FiGURE 6: Molecular models of M7. The residues from Thr4£) to 11e431758 are shown (A) in an ideak-helix and (B and C) in a

kinked a-helix. The residues accessible to MTSEA are shown in yellow; GKj432%nd Ser4164% are shown in an olive color to emphasize

their location on a continuous surface patch of accessible residues (see text); all other residues are shown in green and were not accessible
to MTSEA. Note that in part A the accessible residues do not lie in one face. In parts B and C, all accessible residues now lie in a common
face of the kinkedx-helix. In part C, because of the twisting induced by the Pro kink, Asfi428 now oriented toward M2 and Phe41%)

is oriented towards M6 and M3, in agreement with experimental data (see the legend to Figure 4). Note th&t3Phiap213749, and

Tyr416743) all face the binding-site crevice.

Membrane-spanning segment interactions identified from of the helical segments before and after the Pro kink
experiments with double-revertant mutants are also not (Ballesteros & Weinstein, 1992; Sankararamakrishnan &
compatible with M7 being an ideal-helix (Figure 4B and Vishveshwara, 1992). The reorientation produced by the
legend). In the context of a complete three-dimensional kink positions Asn42249 toward M2, on a different face
model of the receptor, the Pro kink in M7 as shown in Figure than Phe411:38) (Figure 6, legend to Figure 4). The modeled
6B,C incorporates both the bend illustrated in the helical net kink, while stronger than typically found, is within the
representation (Figure 5) and a twisting of the exposed facesobserved range of kinks in known structures (Sankarara-



11284 Biochemistry, Vol. 35, No. 35, 1996

makrishnan & Vishveshwara, 1992). Interestingly, highly
conserved Pro residues are found in M2, M5, M6, and M7
of GPCRs and may play a crucial structural and functional
role (Ballesteros & Weinstein, 1992; Sansom, 1992; Williams
& Deber, 1991; Woolfson et al., 1991). A possible mech-
anism of receptor activation utilizing Pro kink flexibility has
been demonstrated (Luo et al., 1994; Zhang & Weinstein,
1993).

The modeled kink is also consistent with the pattern of
accessibility to MTSEA seen in the current study (Figure
6B,C). Thr41239 Trp413740, Tyr416743, Asn418’4%),
Asn422749) Pro428 %9, and Tyr426-°% all lie on a continu-

ous surface patch based on such a model, and cysteines

substituted for all of these residues react with MTSEA. In
addition, the highly conserved Gly41%? is predicted to

be accessible, and while we could not assess this due to the

fact that we obtained no binding to G415C, the pattern of
accessibility surrounding Gly4{32 is consistent with its
accessibility as well.

According to the model, Ser4¥99 is located within a
continuous surface patch on M7 that is accessible to MTSEA
(Figure 6B,C). However, MTSEA had no significant effect

on antagonist binding to S419C. There are several possible

explanations for this discrepancy. First, if the structure of
the mutant receptor deviates significantly from the native
structure, the resulting accessibility of the new Cys in S419C
may differ from that of Ser419%). This Ser is highly
conserved among GPCRs and is likely involved in a
hydrogen-bonding network that modulates the Pro kink of
M7.5 However, while the affinity of S419C for sulpiride is
decreased 8-fold, the normal bindingmethylspiperone

to S419C suggests the absence of a major structura
perturbation. A second possibility is that side chain interac-
tion within M7, or the packing of this region against other
membrane-spanning segments, may sterically hinder acces
to the new Cys or change the ionization state of the new
Cys, making it less reactive. A third possibility is that the
actual structure of this “hinge” region in the receptor differs
from the model used here.

Extracellular End of M7. At the extracellular end of M7,
we observed that a continuous stretch of seven residues, fro
Leud07"3% to Trp413'49, was accessible to the MTS
reagents. This pattern of accessibility is inconsistent with
a-helical periodicity (Figure 4A). There are two plausible
explanations for the observed pattern. First, the membrane
spanning segment may end at Pheé4¥lor Thr41247-39)
making the residues from Val406% to Ala4107%") acces-
sible in the M6-M7 loop. The rates of reaction of the

cysteines substituted for these residues are consistent Witha

an “every other” pattern of accessibility; i.e. Leud@?,
Ser40% -39, and Phe411:3® are considerably more reactive
than are the intervening residues (Figures 1 and 3A). This
pattern suggests the presence ¢#-atrand in this region;
cysteines substituted for residues which face away from the
binding-site crevice, i.e. Val4063), Tyr40873%), and
Ala41073", would have less of an effect on binding, even
if they react with MTSEA. An alternative explanation is
that this region may bex-helical and yet maintain the
reactivity of consecutive residues toward MTSEA. The
orientation of the —Cs bond toward the N-terminal end

5 Note that Ser41949is i — 4 residues from Pro4%39),

Fu et al.

Ficure 7: Molecular model showing the quaternary ammonium
(in purple) of MTSET after reaction with T412C in van der
Waals contact with the aromatic side chains of Trpg24% and
Tyrd167-43),

of an a-helix may allow the side chains of all cysteines
substituted for the residues in the first turn of@elix in

[M7 to protrude into the extracellular environment where they

could react with MTSEA. Such an orientation-based reac-
tivity is consistent with our finding that S409C, which would

Qe on the opposite side of thehelix, was not protected by

the presence of sulpiride in the binding site.

Comparison of Reactions with MTSEA and MTSET.
When adjusted for the rate constants for their reactions with
simple thiols in solution (Stauffer & Karlin, 1994), the
reaction of MTSEA with cysteines in the binding-site crevice
is accelerated approximately 10-fold relative to that of

"MTSET (Figures 1 and 3A). MTSEA, like dopamine,

contains an ethylammonium group, and it could be the
affinity of this group for the dopamine-binding site that
accelerates the reaction of MTSEA. This pattern is broken,
however, by T412C, which is nearly equireactive with
MTSEA and MTSET. Thus, at this position, the reaction
of MTSET is accelerated approximately 10-fold relative to
that of MTSEA. This specific increase may be the result of
n interaction of the aromatic side chains of Trp413and
Tyr41674% with the hydrophobic quaternary ammonium
group of MTSET which stabilizes the product of the reaction
with MTSET at T412C. The feasibility of this catient
interaction (Dougherty, 1996) is illustrated in the model
shown in Figure 7, where the SGEH,N(CHs)s™ moiety of
MTSET is covalently attached to T412C and the quaternary
ammonium is shown to be positioned perfectly for intercala-
tion between the aromatic side chains. This local interaction
(Figure 7) is consistent both with the observed increase in
reactivity and with theo-helical nature of this part of the
structure.

SCAM and Tertiary Structure.lt is interesting that
MTSEA reacted with Cys substituted for residues proposed
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to be involved in interactions among membrane-spanning Javitch, J. A, Li, X., Kaback, J., & Karlin, A. (1994roc. Natl.
segments. Specifically, the residues at 7.36, 7.38, and 7.49 Acad. Sci. U.S.A. 9110355-9.

have been proposed to have interactions with residues in M

1 Javitch, J. A., Fu, D., Chen, J., & Karlin, A. (1995sguron 14

825-31.

M3 and/or M6, and M2, respectively (see the legend to Javitch, J. A., Fu, D., & Chen, J. (1995Bjochemistry 3416433

Figure 4) (Liu et al., 1995; Mizobe et al., 1996; Sealfon et
al., 1995; Zhou et al., 1994). It is possible that substitution
of Cys at these positions subtly alters the local interaction

9.
Javitch, J. A, Fu, D., & Chen, J. (1998lol. Pharmacol. 49692—
8.

and makes the engineered Cys more accessible than is th&ozell, L. B., Machida, C. A, Neve, R. L., & Neve, K. A. (1994

wild-type residue, but the minimal effects of mutation to Cys
on the binding of bothN-methylspiperone and sulpiride

J. Biol. Chem. 26930299-306.
Liu, J., Schoneberg, T., van Rhee, M., & Wess, J. (120Biol.
Chem. 27019532-9.

argue against any significant perturbation in the structure of | yo, X., Zhang, D., & Weinstein, H. (199#rotein Eng 7, 1441~
these Cys-substitution mutants. The present results may 8.

indicate that the dynamic structure of the receptor allows

MacKenzie, R. G., Steffey, M. E., Manelli, A. M., Pollock, N. J.,

the access of water and MTSEA, at an appreciable rate, to_ & Frail, D. E. (1993)FEBS Lett. 32359-62.

residues involved in interactions among membrane-spanning

segments.
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