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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 (SCAM), we previously mapped the residues
in the third, fifth, sixth, 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
second membrane-spanning segment (M2) and expressed the mutant receptors in HEK 293 cells. Eleven
of these mutants reacted with charged, hydrophilic, lipophobic, sulfhydryl-specific reagents, added
extracellularly, and 9 of these 11 were protected from reaction by a reversible dopamine antagonist, sulpiride.
We infer that the side chains of the residues at the 11 reactive loci (D80, L81, V83, V87, P89, W90, V91,
V92, L94, E95, V96) are on the water-accessible surface of the binding-site crevice and that 9 of these
are occluded by bound antagonist. The pattern of accessibility suggests anR-helical conformation. A
broadening of the angle of accessibility near the binding site is consistent with the presence of a kink at
Pro89. On the basis of the enhanced rates of reaction of positively charged sulfhydryl reagents, we infer
the presence of an electrostatic microdomain composed of three acidic residues in M2 and the adjacent
M3 that could attract and orient cationic ligands. Furthermore, based on the enhanced reactivity of the
hydrophobic cation-containing reagent, we infer the presence of an aromatic microdomain formed between
M2, M3, and M7.

The dopamine receptors, like the homologous receptors
for the other biogenic amines, bind neurotransmitters present
in the extracellular medium and couple this binding to the
activation of intracellular G-proteins (1, 2). The binding sites
of these receptors are formed among their seven, mostly
hydrophobic, membrane-spanning segments (2, 3) and are
accessible to charged, water-soluble agonists, like dopamine.
Thus, for each of these receptors, the binding site is contained
within a water-accessible crevice, the binding-site crevice,
extending from the extracellular surface of the receptor into
the transmembrane domain. The surface of this crevice is
formed by residues that can contact specific agonists and/or
antagonists and by other residues that may play a structural
role and affect binding indirectly.

To identify the residues that form the surface of the
binding-site crevice in the human D2 receptor, we have used
the substituted-cysteine accessibility method (SCAM)1 (4-
10). Consecutive residues in the membrane-spanning seg-
ments are mutated to cysteine, one at a time, and the mutant

receptors are expressed in heterologous cells. If ligand
binding to a cysteine substitution mutant is near normal, we
assume that the structure of the mutant receptor, especially
around the binding site, is similar to that of wild-type and
that the substituted cysteine lies in a similar orientation to
that of the wild-type residue. In the membrane-spanning
segments, the sulfhydryl of a cysteine facing into the binding-
site crevice should react much faster with charged sulfhydryl-
specific reagents than should sulfhydryls facing into the
interior of the protein or into the lipid bilayer. For such
reagents, we use derivatives of methanethiosulfonate
(MTS): positively charged MTS ethylammonium (MTSEA)
and MTS ethyltrimethylammonium (MTSET), and negatively
charged MTS ethylsulfonate (MTSES) (11). These reagents
are about the same size as dopamine, with maximum
dimensions of approximately 10 Å by 6 Å. They form mixed
disulfides with the cysteine sulfhydryl, covalently linking
-SCH2CH2X, where X is NH3

+, N(CH3)3
+, or SO3

-. We
use two criteria for identifying an engineered cysteine as
forming the surface of the binding-site crevice: (i) the
reaction with an MTS reagent alters binding irreversibly; (ii)
this reaction is retarded by the presence of ligand.
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On the basis of site-directed mutagenesis experiments, a
number of laboratories have implicated residues in the second
membrane-spanning segment (M2) of G-protein-coupled
receptors (GPCRs) in antagonist binding (12, 13). Moreover,
a reactive antagonist covalently labeled this region, although
the specific residue labeled could not be identified (14). M2
contains the highly conserved Asp80, which has been
implicated in Na+ binding and in receptor activation (15,
16), and this residue has been postulated to interact with a
highly conserved Asn in M7 (17, 18). Here, we report the
application of SCAM to identify systematically all the
residues in M2 of the D2 receptor that contribute to the
binding-site crevice.

EXPERIMENTAL PROCEDURES

Numbering of Residues.Residues are numbered according
to their positions in the human dopamine D2Short receptor
sequence. In some cases, we also index residues relative to
the most conserved residue in the membrane-spanning
segment in which it is located (19). By definition, the most
conserved residue is assigned the position index “50”, e.g.,
Asp80(2.50), and therefore Ala79(2.49) and Leu81(2.51). This
indexing simplifies the identification of corresponding
residues in different GPCRs.

Site-Directed Mutagenesis.Cysteine mutations were gen-
erated as described previously (7). 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 and Stable Transfection.The cDNA encoding
the dopamine D2S receptor or the appropriate cysteine
mutant, epitope tagged at the amino terminus with the
cleavable influenza-hemagglutinin signal sequence followed
by the “FLAG”-epitope (IBI, New Haven, CT) (10) in the
bicistronic expression vector pcin4 (a gift from Dr. S. Rees,
Glaxo) (20), was used for all transfections, which were
performed as described previously (10).

HEK 293 cells in DMEM/F12 (1:1) with 10% bovine calf
serum (Hyclone) and 293-TSA cells (a clonal line of HEK
293 cells stably expressing the SV40 large T antigen) in
DMEM with 10% fetal calf serum were maintained at 37
°C and 5% CO2. For transient transfection, 35 mm dishes of
293-TSA cells at 70-80% confluence were transfected with
2 µg of wild-type or mutant D2 receptor cDNA in pcin4
(see above) using 9µL of lipofectamine (Gibco) and 1 mL
of OPTIMEM (Gibco). Five hours after transfection, the
solution was removed and fresh media added. Twenty-four
hours after transfection, the media was changed. Forty-eight
hours after transfection, cells were harvested as described
below. For stable transfection, HEK 293 cells were trans-
fected with D2 receptor cDNA in pcin4 as described above.
Twenty-four hours after transfection, the cells were split to
a 100 mm dish and 700µg/mL Geneticin was added to select
for a stably transfected pool of cells.

HarVesting cells.Cells were washed with phosphate-
buffered saline (PBS; 8.1 mM NaH2PO4, 1.5 mM KH2PO4,
138 mM NaCl, and 2.7 mM KCl, pH 7.2), briefly treated
with PBS containing 1 mM EDTA, and then dissociated in
PBS. Cells were pelleted at 1000g for 5 min at 4°C and
resuspended for binding or treatment with MTS reagents.

[ 3H]N-Methylspiperone Binding.Whole cells from a 35
mm plate were suspended by pipetting in 400µL of buffer

A (25 mM Hepes, 140 mM NaCl, 5.4 mM KCl, 1 mM
EDTA, and 0.006% BSA, pH 7.4). Cells were then diluted
with buffer A, typically 20-fold. Depending on the level of
expression in the various mutants, adjustments in the number
of cells per assay tube were made as necessary to prevent
depletion of ligand in the case of very high expression or to
increase the signal in the case of low expression. [3H]N-
Methylspiperone (Dupont/NEN) binding was performed as
described previously (9).

Reactions with MTS Reagents.Whole cells from a 35 mm
plate were suspended in 400µL of buffer A. Aliquots (45
µL) of cell suspension were incubated with freshly prepared
MTS reagents (5µL) at the stated concentrations at room
temperature for 2 min. Cell suspensions were then diluted
16-fold, and 200µL aliquots were used to assay for [3H]N-
methylspiperone (200 pM) binding as described (9). The
fractional 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 Dunnett’s post hoc test (p < 0.05).

The second-order rate constant (k) for the reaction of
MTSEA with each susceptible mutant was estimated by
determining the extent of reaction after a fixed time, 2 min,
with six concentrations of MTSEA (typically 0.025-10 mM)
(all in excess over the reactive sulfhydryls). The fraction of
initial binding, Y, was fit to (1 - plateau)e-kct + plateau,
where plateau is the fraction of residual binding at saturating
concentrations of MTSEA,k is the second-order rate constant
(M-1 s-1), c is the concentration of MTSEA (M), andt is
the time (120 s).

RESULTS

Effects of Cysteine-Substitution on Antagonist Binding.In
a background of the mutant C118S, which is relatively
insensitive to the MTS reagents (6), we mutated to cysteine,
one at a time, 22 consecutive residues, Ala77 to Gly98, in
M2. Each mutant receptor was transiently or stably expressed
in HEK 293 cells, and theKD andBMAX characterizing the
equilibrium binding of the radiolabeled antagonist, [3H]N-
methylspiperone, were determined. At all 22 positions, the
KD of the cysteine substitution mutant was between 0.3 and
2.4 times theKD of C118S (Table 1). For 21 of these mutants,
BMAX ranged from 33 to 250% of that obtained with C118S
(Table 1). P89C expressed at only 5% of the level observed
with C118S (Table 1).

TheKI of the antagonist sulpiride in competition with [3H]-
N-methylspiperone was determined in the 22 mutants (Table
2). At 20 positions, theKI was between 0.4 and 1.3 times
the KI of C118S; in D80C and L81C, theKI was 7 and 10
times theKI of C118S.

Reactions of MTSEA with the Mutants.When statistical
significance was defined by Dunnett’s post hoc test, 2.5 mM
MTSEA significantly inhibited [3H]N-methylspiperone bind-
ing to 11 of 22 cysteine substitution mutants (Figure 1A).
MTSEA at 0.25 mM significantly blocked binding to 4 of
these 11 mutants (Figure 1B).

To quantitate the susceptibility to MTSEA, we determined
the second-order rate constants for the reaction with MTSEA
(Table 3). The most reactive cysteines were those substituted
for Val83, Val91, Leu94, and Glu95. Cysteine substituted
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for Pro89 was of intermediate reactivity with MTSEA.
Cysteines substituted for Asp80, Leu81, Val87, Trp90,
Val92, and Val96 were least reactive.

The reversible antagonist sulpiride significantly retarded
the reaction of MTSEA with D80C, L81C, V83C, V87C,

P89C, W90C, V91C, L94C, and E95C. (Protection could
not reliably be determined with V92C and V96C due to the
small effect of MTSEA.) The degree of protection varied
from 17 to 94% (Figure 2).

Reactions with MTSET and MTSES.Only five of the
mutants, P89C, V91C, V92C, L94C, and E95C were
susceptible to reaction with 1mM MTSET (Figure 3A). At
10 mM, MTSES, the negatively charged derivative, signifi-
cantly inhibited binding to P89C, V91C, and V92C and
significantly potentiated binding to E95C (Figure 3B).
Because we observed much greater inhibition of binding to
V91C by MTSET than by MTSES, we determined the rates
of reaction of these reagents with this mutant. The rates of

Table 1: Characteristics of [3H]N-methylspiperone Binding to
Cysteine-Substituted Dopamine D2 Receptora

mutant KD (pM) KMUT/KC118S BMAX (fmol/cm2) n

C118S 79( 14 1.0 133( 11 5
A77C 63( 7 0.8 126( 36 2
V78C 112( 49 1.4 273( 50 2
A79C 74( 32 0.9 140( 28 2
D80C 28( 7 0.4 44( 8 2
L81C 106( 8 1.3 275( 4 2
L82C 70( 32 0.9 194( 138 2
V83C 70( 23 0.9 280( 128 2
A84C 54( 8 0.7 111( 35 2
T85C 55( 12 0.7 166( 27 2
L86C 71( 21 0.9 184( 79 2
V87C 22( 2 0.3 74( 1 2
M88C 68( 4 0.9 225( 6 2
P89C 114( 22 1.4 7( 1 2
W90C 83( 5 1.0 103( 36 2
V91C 191( 13 2.4 334( 68 4
V92C 53( 7 0.7 117( 33 2
Y93C 97( 17 1.2 207( 18 2
L94C 66( 9 0.8 153( 46 3
E95C 134( 11 1.7 185( 42 2
V96C 33( 0 0.4 86( 6 2
V97C 62( 8 0.8 210( 84 2
G98C 46( 3 0.6 147( 50 2

a Cells transfected with the appropriate receptor were assayed as
described in the Experimental Procedures. Data were fit to the binding
isotherm by nonlinear regression. The means and SEM are shown for
n independent experiments, each with duplicate determinations.BMAX

values are presented as femtomoles per square centimeter of plate area.

Table 2: Inhibitory Potency of (-)Sulpiride on [3H]N-methylspiper-
one Binding to Cysteine-Substituted Dopamine D2 Receptora

mutant apparentKI (nM) KI(MUT)/KI(C118S) n

C118S 7( 3 1.0 2
A77C 7( 4 1.0 2
V78C 4( 2 0.6 2
A79C 5( 3 0.7 2
D80C 47( 18 7.0 2
L81C 69( 4 10.3 3
L82C 5( 0 0.8 3
V83C 4( 1 0.6 2
A84C 5( 1 0.8 2
T85C 5( 1 0.7 3
L86C 4( 2 0.6 2
V87C 3( 0 0.4 3
M88C 4( 0 0.7 2
P89C 8( 3 1.3 2
W90C 9( 0 1.3 2
V91C 4( 1 0.5 2
V92C 6( 1 0.9 2
Y93C 5( 1 0.8 2
L94C 4( 1 0.7 2
E95C 7( 0 1.1 2
V96C 3( 0 0.4 2
V97C 3( 1 0.5 2
G98C 2( 0 0.4 2
a Cells transfected with the appropriate receptor were assayed with

[3H]N-methylspiperone (150 pM) as described in the Experimental
Procedures in the presence of nine concentrations of (-)-sulpiride. The
apparentKI was determined by the method of Cheng and Prusoff (40)
using the IC50 value obtained by fitting the data to a one site competition
model by nonlinear regression. The means and SEM are shown forn
independent experiments, each with duplicate determinations.

FIGURE 1: The inhibition of specific [3H]N-methylspiperone (200
pM) binding to intact cells 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 different (p < 0.05) than C118S by one-way
ANOVA. Only the mutants that were significantly different from
C118S at 2.5 mM MTSEA were studied at 0.25 mM in panel B.

Table 3: Rates of Reaction of MTSEA with Cysteine-Substituted
Dopamine D2 Receptora

mutant kMTSEA (M-1 s-1) kMUT//kWT n

D80C 4( 0 0.1 3
L81C 2( 0 0.1 2
V83C 49( 7 1.3 5
V87C 2( 1 0.1 3
P89C 17( 13 0.4 3
W90C 2( 0 0.1 3
V91C 290( 4 7.4 2
V92C 2( 1 0.1 2
L94C 169( 59 4.3 4
E95C 90( 19 2.3 4
V96C 2( 1 0.1 2

a The second-order rate constant (k) was determined as described in
the Experimental Procedures. The means and SEM ofn independent
experiments, each performed with triplicate determinations, are shown.
kMUT/kWT was obtained by dividing eachk value by thek determined
for the wild-type receptor in which Cys118 reacts, 39 M-1 s-1 (7).
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reaction of MTSET and of MTSES were 94.6( 2.7 M-1

s-1 (n ) 2) and 0.8( 0.2 M-1 s-1 (n ) 2), respectively.
After normalizing by the ratio of the rate constants for their
reactions withâ-mercaptoethanol in solution (11), we found
that the positively charged reagent reacted at V91C ap-
proximately 10-fold faster than did the negatively charged
reagent.

DISCUSSION

Residues Forming the Water-Accessible Surface of the
Binding-Site CreVice. 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. The
MTS reagents react greater than 109 times faster with ionized
thiolates than with un-ionized thiols (21), and only water-
accessible cysteines are likely to ionize to a significant extent.
Moreover, MTSEA, MTSET, and MTSES are charged and
hydrophilic. Thus, we assume that these reagents will react
much faster with water-accessible cysteine residues than with
cysteines facing the protein interior or lipid. We infer that
the MTS reagents have reacted if the binding of ligand is
irreversibly affected. On the basis of the near-normal

affinities of the cysteine mutants for ligand, it is likely that
the global structures of the mutants are near normal and that
the substituted cysteines are reliable reporters for the
accessibility of the wild-type residue for which they are
substituted. Thus, we infer that 11 of the 22 residues tested
are on the water-accessible surface of the D2 receptor. These
include 2 charged and 9 hydrophobic amino acids: Asp80(2.50),
Leu81(2.51), Val83(2.53), Val87(2.57), Pro89(2.59), Trp90(2.60),
Val91(2.61), Val92(2.62), Leu94(2.64), Glu85(2.65), and Val96(2.66)

(Figure 1).
The residues that form the surface of the binding-site

crevice are a subset of the water-accessible residues. We infer
that water-accessible residues are in the binding-site crevice
if competitive antagonists or agonists retard the reaction of
the MTS reagents. The competitive antagonist sulpiride
protected all of the residues tested2, but the extent of
protection by sulpiride varied considerably among the
mutants (Figure 2). L94C and E95C are likely located at
the extracellular margin of the binding site such that the
presence of sulpiride in the binding site only partially
decreases access of MTSEA, resulting in relatively poor
protection of these mutants. Protection of a substituted
cysteine is most simply explained by its proximity to the
sulpiride-binding site. Nevertheless, not every one of these
residues need contact sulpiride. Sulpiride could protect

2 We were unable to test reliably for sulpiride protection with the
mutants V92C and V96C because the inhibition by MTSEA was too
small.

FIGURE 2: Sulpiride protection of cysteine substitution mutants.
Dissociated cells were incubated in buffer A for 20 min at room
temperature in the presence or absence of (()-sulpiride and then
MTSEA was added, in the continued presence or absence of
sulpiride, for 2 min at a concentration chosen to inhibit 50-75%
of specific binding in the absence of sulpiride. Concentrations of
MTSEA were as follows: 2.5 mM, D80C, L81C, V87C, P89C,
W90C; 1 mM, V83C; 0.25 mM or 0.1 mM, L94C, E95C; 0.025
mM, V91C. For most mutants, sulpiride was used at a concentration
of 10 µM. To compensate for changes in theKI, 50 and 100µM
sulpiride were used for D80C and L81C, respectively. Protection
was calculated as 1-[(inhibition in the presence of sulpiride)/
(inhibition in the absence of sulpiride)]. Protection by sulpiride was
significant (p < 0.05) by pairedt-test for all of the mutants.

FIGURE 3: The inhibition of specific [3H]N-methylspiperone (200
pM) binding to intact cells transfected with wild-type or mutant
D2 receptors resulting from 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, (11), we used equireactive
concentrations of 1 mM 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 indicate mutants for which inhibition
was significantly different (p < 0.05) than C118S by one-way
ANOVA.
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residues deeper in the crevice by binding above them and
blocking the passage of MTSEA from the extracellular
medium toward the cytoplasmic end of the crevice. We also
cannot rule out indirect effects through propagated structural
changes for protection by the antagonist sulpiride, although
such changes are less likely caused by an antagonist than
by an agonist.

A reactive derivative of aâ2-adrenergic receptor antagonist
was covalently incorporated into the second membrane-
spanning segment of theâ2 receptor (22). These authors
speculated that Ser92(2.63) and/or His93(2.64) were the labeled
residues. In the homologous D2 receptor, we found that
Tyr93(2.63) was not accessible in the binding-site crevice,
while Leu94(2.64) was accessible. These results support the
aligned His93(2.64)as the labeled residue in theâ2 adrenergic
receptor. Moreover, Phe86(2.64), the aligned residue in the
R1A adrenergic receptor, has been shown to be the critical
determinant of the subtype selectivity of dihydropyridine
antagonists (13), further supporting a functional role for this
residue at the surface of the binding-site crevice. We also
have recently determined that accessible residues in M2 of
the dopamine D2 receptor are critical determinants of the
pharmacological differences between the D2 and D4 recep-
tors (Simpson et al., manuscript in preparation).

Secondary Structure of M2.The pattern of the residues
which are accessible to the MTS reagents is consistent with
M2 beingR-helical, with a wider exposure for two helical
turns near the binding site and a narrower stripe continuing
toward the cytoplasm (Figure 4). A possible explanation for
the broadening of exposure, which begins at Pro89, is the
presence of a proline kink (23) at this position. Such a kink
could bend the extracellular portion of M2 into the binding-
site crevice where a wider arc would be exposed to water,
an effect similar to that which we recently proposed for the
conserved Pro in M6 of the D2 receptor (10). In contrast,
the portion of M2 more cytoplasmic than the proline kink is
either tightly packed against neighboring membrane-spanning
segments or exposed to lipid, resulting in an accessibility to
MTSEA restricted to a narrower stripe in this region. In this
more tightly packed region, replacement of Leu81 by the
smaller Cys may create a small cavity in the structure, which,
along with the negative potential near Asp80 (see below),
may increase the access of MTSEA to this substituted
cysteine.

Highly conserved Pro residues are found in M2, M5, M6,
and M7 of GPCRs and may play a crucial structural and
functional role (24-27). In M7 of the D2 receptor, the pattern
of accessibility of the cysteine substitution mutants was
consistent with M7 being a kinkedR-helix, but in this case,
a significant face-twist at the kink was required to fit the
experimental data (9). In M2 and in M6, the pattern of
accessibility is straight and thus a simple bend and/or
conformational flexibility at the Pro kink is sufficient to
explain the data (10).

The reason for the significant reactivity of P89C is unclear.
The helical wheel and net (Figure 4) demonstrate that the
residues at the margin of the stripe of accessibility, namely
Trp90 and Val96 react more slowly with MTSEA (Table 3)
and do not react at all with the slightly larger MTSET or
MTSES. Thus, these residues are likely to be at the margins
of the binding-site crevice near the interface with M1 for
Val 96 and with M3 for Trp90. Pro89 would be expected to

be even more toward the interface with M1, but the reactivity
of P89C with both MTSEA and with MTSET is significantly
greater than with V92C or V96C. The explanation for this
finding is not clear. While this mutant boundN-methylspip-
erone and sulpiride with near-normal affinity, its level of
expression was only about 5% of C118S. Because of the
significant role that prolines can play in kinkingR-helices,
it is possible that the structure of the P89C mutant is altered
in such a way as to make the substituted-cysteine an
imperfect reporter for the position of the wild-type Pro at
this position.

None of the MTS reagents affected antagonist binding to
V97C or G98C. Thus, these residues are probably not on
the surface of the binding-site crevice, but rather in the loop
from M1. The apparent inaccessibility of V97C would still
be compatible with theR-helical pattern of accessibility for
M2, but the apparent lack of accessibility of G98C breaks
this pattern, thus defining the likely end of the M2 helix.
With residues out of the membrane-spanning segments,
however, the lack of an effect of the reagents is difficult to
interpret. We have observed, in rare cases, that a residue
forming the surface of the binding-site crevice can be
covalently modified by the addition of the charged-SCH2-
CH2NH3

+ without interfering with binding of a particular

FIGURE 4: Helical wheel (A) and helical net (B) representations of
the residues in and flanking the M2 segment of the dopamine D2
receptor, summarizing the effects of MTSEA on [3H]N-methyl-
spiperone binding. Reactive residues are solid filled for residues
with rates of reactiong49 M-1 s-1 and shaded for residues that
were significantly inhibited by MTSEA but had a ratee17 M-1

s-1. Open circles indicate that MTSEA had no significant effect
on binding. In panel A, increasing sizes of the circles indicate
increasingly extracellular localization of the indicated residues.
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ligand (28). A lack of effect of chemical modification would
be less surprising in a loop not directly involved with binding.
It is also possible, either in a loop or in the membrane-
spanning segment, for local steric factors to make a water-
accessible residue inaccessible to the MTS reagents.

Electrostatic Potential in the Binding-Site CreVice. The
relatively high rate of reaction of V91C with MTSEA likely
results from the presence of Glu95, which attracts the
ammonium moiety of MTSEA, thereby positioning the
disulfide moiety of the reagent where it can be attacked by
the thiolate of V91C (Figure 5A). A similar interaction with
Glu95 likely contributes to the reactivity of MTSEA with
V94C (not shown). Consistent with such an interpretation,
the rate of reaction of V91C was more than 100-fold faster
with the positively charged MTSET than with the negatively
charged MTSES. After normalizing by the intrinsic reac-
tivities of the reagents (11), reaction of V91C with MTSET
was favored by approximately 10-fold over reaction with
MTSES, consistent with a substantial negative electrostatic
potential (11). Although we did not determine the rates of
reaction at L94C, the greater extent of reaction seen with 1
mM MTSET than with 10 mM MTSES is consistent with a
local negative electrostatic potential at this position as well.

It is also notable that the rate of reaction of MTSEA with
V83C, relatively deep in the binding-site crevice, was greater
than that seen at the more extracellular V87C. An electro-
static interaction between Asp80 and MTSEA may also
explain the relatively high rate of reaction of V83C.

While reaction of E95C with the positively charged
MTSEA and MTSET inhibited subsequent ligand binding,
reaction of E95C with MTSES potentiated binding. Potentia-
tion of binding by MTSES was also observed with D108C
in M3 (7). In both cases, mutation of the acidic residue to
cysteine slightly decreased the binding affinity of the
radiolabeled antagonist. Reaction with MTSES covalently
adds -SCH2CH2SO3

- to the cysteine. This restores a
negative charge to the side chain, as found in WT, and
increases the affinity of the receptor for ligand. In contrast,
reaction of the positively charged reagents adds a positive
charge to the side chain, further disrupting binding. Thus,
the two negatively charged residues, Glu95 and Asp108,
likely play an electrostatic role in ligand binding. Steric
contributions of these residues appear to be less stringent
than for Asp114, as D114C did not bind ligand even after
treatment with MTSES (7).

There are only four acidic residues that are accessible in
the binding-site crevice within the transmembrane domain
of the D2 receptor: Asp80 and Glu95 in M2 and Asp108
and Asp114 in M3 (7-10). Current structural knowledge of
related receptors allows an analysis of the relative spatial
distribution of these four acidic groups. Electron cryomi-
croscopy studies of bovine rhodopsin have revealed the
presence of seven helices in the transmembrane domain (29,
30), and M2 and M3 have been proposed to be adjacent in
the tertiary structure of the receptor (31). This inference has
been further supported in the NK1 receptor by the spatial
proximity inferred between His(2.64) and His(3.28), which form
a Zn2+-binding site (32). In the D2 receptor, these residues
correspond to Leu94(2.64) in M2 and Phe110(3.28) in M3, and
based on the structural similarity among these receptors these
residues are also likely to be in proximity (Figure 5B).
Glu95(2.65), which is adjacent to Leu94(2.64), is, therefore, likely

FIGURE 5: A negatively charged electrostatic microdomain in the
binding-site crevice of the D2 receptor. (A) Molecular model of
the interaction between M2 and MTSEA. The positively charged
ammonium group of MTSEA is attracted to E95(2.64), orienting the
disulfide of MTSEA in the right geometry for a nucleophilic attack
by the thiolate of the substituted Cys at Val91. (B) The only four
acidic residues (red) identified by SCAM as accessible in the
binding-site crevice of the D2 receptor are located in M2 and M3,
modeled here as adjacentR-helices (see text) viewed from the
interior of the binding-site crevice. The axial displacement between
these helices is dictated by the proximity between Phe110(3.28) in
M3 and Leu94(2.64) in M2 shown in yellow, inferred from an
engineered bis-His zinc binding site in the equivalent positions of
the homologous NK1 receptor (32). Note that Glu95(2.65) in M2 is
in the vicinity of Asp108(3.26) and Asp114(3.32) in M3, thus defining
a negatively charged electrostatic microdomain within the binding-
site crevice of the D2 receptor that would attract cationic ligands
toward M2-M3 (see Figure 6B for a projection on the plane). The
fourth acidic residue Asp80(2.50) is relatively far away from the other
three acidic residues and, thus, belongs to a different motif within
the receptor.
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to be close to Asp108(3.26) and to Asp114(3.32) in M3 (Figure
5B). These three residues generate a negative electrostatic
potential that likely attracts and orients positively charged
ligands to the M2-M3 portion of the binding-site crevice,
thereby facilitating the direct interaction of the protonated
amine of dopamine with Asp114.

The fourth acidic residue accessible in the binding-site
crevice is Asp80. This residue, 15 amino acids away from
Glu95, is likely to be too far from the three acidic residues
at the top of M2 and M3 to be part of the same structural
motif (Figure 5B; see below)

Aromatic Microdomain within M2, M3, and M7.Another
factor that may contribute to the enhanced rate of reaction
of MTSET with V91C and with V94C is the known affinity
of hydrophobic cations for aromatic moieties. We have
observed such an enhanced rate of reaction of MTSET with
T412C in M7 (9) and with F389C and F390C in M6 (10),
and we have noted that the specific increase may be the result
of an interaction of the aromatic side chains of nearby
residues with the hydrophobic quaternary ammonium group
of MTSET (33), which could attract the reagent and favor
the reaction of MTSET at these positions. This proposed
mechanism is illustrated in Figure 6A: the favorable
interaction of the quaternary ammonium group of MTSET
with the aromatic moieties of Trp90 and Tyr93 positions the
disulfide moiety of MTSET in the right geometry for a
nucleophilic attack by the thiolate of the substituted Cys at
position 91, thus facilitating the reaction. A similar affinity-
driven attraction and reorientation of MTSET to react with
V94C could be modeled (data not shown). Although the
substituted Cys at Tyr93 was not accessible to the MTS
reagents, the longer aromatic moiety of the native Tyr may
extend sufficiently toward the receptor interior at the level
of the M2-M3 interface to interact favorably with Trp90
and other accessible aromatic side chains (Figure 6B). Figure

6B illustrates our results in the structural context of the
transmembrane domain of the D2 receptor, modeled follow-
ing the seven helical template of bovine rhodopsin derived
from electron microscopy (29, 30). Notable is the presence
of a dense cluster of aromatic side chains contained within
M2, M3, and M7 (in red), that define a structural micro-
domain (34) within the D2 receptor. Except for Tyr93 (see
above), all of these aromatic residues from M2, M3, and
M7, shown in red in Figure 6B, were found to be accessible
in this and our previous studies (7, 9).

The increased MTSET reactivity seen at particular sub-
stituted Cys in M6 and M7, which we rationalized based on
ET-aromatic interactions at the level of a single helix similar
to Figure 6A (see Figure 7 in ref9, and Figure 7 in ref10),
can now be understood within the context of the aromatic
microdomain within M2, M3, and M7 (Figure 6B), which
includes and expands the previously proposed ET-aromatic
interactions.

The functional role of this newly identified aromatic
microdomain contained within M2, M3, and M7 of the D2
receptor is not yet known. Its positioning next to the
dopamine binding site at the level of the protonated amine
(Figure 6B), however, suggests a role in ligand selectivity.
This hypothesis is supported by the observation that several
of these aromatic side chains are subtype selective. For
instance, bulky substituents arising from the protonated amine
would be expected to clash with this aromatic microdomain
in the D2 receptor and, yet, fit in another subtype, such as
the D4 receptor, which lacks several of these aromatic
residues. We have recently corroborated this hypothesis by
an extensive mutagenesis approach exchanging this M2-M3-
M7 microdomain between the D2 and the D4 receptors
(Simpson et al., in preparation).

Role of Asp80.The highly conserved Asp80(2.50) has been
implicated in the binding of sodium (15, 16), and its mutation

FIGURE 6: An aromatic microdomain in the binding-site crevice of the D2 receptor. (A) Molecular models of M2 and MTSET (liquorize)
showing the favorable interaction of the quaternary ammonium group of MTSET with the aromatic moieties of W90 and Y93 (van der
Waals), which positions the disulfide moiety of MTSET in the right geometry for a nucleophilic attack by the thiolate of the substituted Cys
at position 91 (liquorize), thus facilitating the reaction. (B) Dopamine (purple, liquorize) is shown binding between M3, M5, and M6.
Residues in these helices previously proposed to contact dopamine (Asp114 in M3, Ser193, Ser194, and Ser197 in M5, and Trp386, Phe389,
and Phe390 in M6) are shown in yellow. Enhanced reactivity of MTSET at several positions in M2 (this work), M6 (10) and M7 (9)
identifies a dense cluster of aromatic residues contained within M2, M3, and M7, shown by van der Waals representations in red. The
three-dimensional motif defined by this aromatic microdomain is positioned next to the dopamine binding site at the level of the protonated
amine. All these aromatic residues shown in red were accessible in the binding-site crevice, except Tyr93 in M2, the aromatic moiety of
which is significantly longer than the substituted Cys and thus may reach toward the receptor interior at the level of the M2-M3 interface.
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has been found to affect agonist binding to a great number
of GPCRs (12, 15, 16, 35, 36). Our results support an indirect
role of Asp80 in agonist binding. The rate of reaction of
MTSEA is quite slow at D80C, more than 10 times slower
than its reaction with Cys118 in M3, a residue one helical
turn below Asp114, which is directly involved in ligand
binding (37). The slow rate seen at D80C is consistent with
that observed deep in the binding-site crevice of the other
membrane-spanning segments and is not consistent with
ready access of agonist to a binding site at this position.
Moreover, Asp114 is likely to be in the second helical turn
of M3, while Asp80 is likely to be in the fifth helical turn
of M2, making the distance between them (>16 Å) too great
to be spanned by a catecholamine agonist.

Mutation of Asp80 led to a loss of high-affinity agonist
binding and severely impaired inhibition of adenylyl cyclase
by D2 receptors (16). Mutation of Asp80 also decreased the
regulation of the affinity of D2 receptors for agonists and
for substituted benzamide antagonists (such as sulpiride) by
sodium and pH. Thus, it is likely that Asp80 is necessary
for the receptor to adopt its active conformation. While we
observed a 7-fold decrease in the affinity of D80C for
sulpiride, its affinity for N-methylspiperone, which is not
sodium dependent, was increased nearly 3-fold. A receptor
that cannot achieve the active conformation would be
expected to gain affinity for an inverse agonist, which binds
with higher affinity to the inactive state of the receptor.
Consistent with this prediction, recent work has suggested
that a number of antagonists, including spiperone, are inverse
agonists at the D2 receptor (38, 39).
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