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Residues in the Fifth Membrane-Spanning Segment of the Dopamine D2 Receptor 
Exposed in the Binding-Site Crevice? 
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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 membrane-spanning segment (M3) that are exposed in the binding-site crevice [Javitch et al. (1995) 
Neuron 14 ,  8251. We have now mutated, one at a time, 24 consecutive residues in and flanking the fifth 
membrane-spanning segment (M5) to cysteine and expressed the mutant receptors in HEK 293 cells. 
Thirteen of these mutants reacted with charged, hydrophilic, lipophobic, sulfhydryl-specific reagents, added 
extracellularly, and were protected from reaction by another reversible dopamine antagonist, sulpiride. 
Thus, the side chains of these residues are exposed in the binding-site crevice. Of the 13 exposed residues, 
10 are consecutive, from Phe189 to Phe198. This pattern of exposure is inconsistent with the expectation 
that M5, like M3, forms a fixed a-helix, one side of which is exposed in the binding-site crevice. The 
exposed region of M5, which contains the serines likely to bind agonist [Strader et al. (1989) J.  Biol. 
Chem. 264, 137521, might loop out into the lumen of the binding-site crevice and be completely accessible 
to water and thus to MTSEA. Alternatively, the exposed region of M5 might be embedded in the membrane 
and also in contact with other membrane-spanning segments. At any instant, only a limited set of residues 
might be exposed in the binding-site crevice: however, M5 might move rapidly to expose different sets 
of residues. 

The dopamine receptors, like the homologous receptors 
for the biogenic amines and for acetylcholine, bind neu- 
rotransmitters present in the extracellular medium and couple 
this binding to the activation of intracellular G-proteins 
(Civelli et al., 1991; Strader et al., 1994). The binding sites 
of these receptors are formed among their seven, mostly 
hydrophobic, membrane-spanning segments (Oprian, 1992; 
Strader et al., 1994) 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 plane of the 
membrane. The surface of this crevice is formed by residues 
that contact specific agonists andor 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 
adapted a new approach, the substituted-cysteine accessibility 
method (SCAM)' (Akabas et al., 1992, 1994; Javitch et al., 
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1995). Consecutive residues in the membrane-spanning 
segments 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 an orientation 
similar to that of the wild-type residue. In the membrane- 
spanning segments, the sulfhydryl of a cysteine can face 
either into the binding-site crevice, into the interior of the 
protein, or into the lipid bilayer: only sulfhydryls facing into 
the binding-site crevice should be accessible to hydrophilic, 
lipophobic, sulfhydryl-specific reagents. For such reagents, 
we use derivatives of methanethiosulfonate (MTS): posi- 
tively charged MTS ethylammonium (MTSEA) and MTS 
ethyltrimethylammonium (MTSET) and negatively charged 
MTS ethylsulfonate (MTSES) (Stauffer & Karlin, 1994). 
These reagents are about the same size as dopamine, with 
maximum dimensions of approximately 10 A by 6 A. They 
form mixed disulfides with the cysteine sulfhydryl, covalently 
linking -SCH2CHzX, where X is NH3+, N(CH3)3+, or S03-. 
We use two criteria for identifying an engineered cysteine 
as being exposed in the binding-site crevice: (i) the reaction 
with an MTS reagent alters binding irreversibly; (ii) this 
reaction is retarded by the presence of agonists or antagonists. 

We previously found that antagonist binding to wild-type 
D2 receptor was irreversibly inhibited by MTSEA and 
MTSET and that Cys118, in the M3 membrane-spanning 
segment, was responsible for this sensitivity (Javitch et al., 
1994). Therefore, we used the mutant C118S, which is 
insensitive to MTS reagents, as the starting point for further 
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mutation. In our initial application of SCAM to the D2 
receptor (Javitch et al., 1995), we found that 10 of 23 residues 
tested in the M3 segment were exposed in the binding-site 
crevice. From the pattern of exposure, we inferred that M3 
forms an a-helix, one side of which faces the binding-site 
crevice. 

Previous studies, first in the homologous P-adrenergic 
receptor and later in D2 receptor, have suggested that serine 
residues in M5 directly interact with the catechol hydroxyls 
of catecholamine agonists (Strader et al., 1989; Cox et al., 
1992; Mansour et al., 1992). To identify all the residues in 
M5 that contribute to the binding-site crevice, we applied 
SCAM. 

Javitch et al. 

EXPERIMENTAL PROCEDURES 

Site-Directed Mutagenesis. Cysteine mutations were 
generated as described previously (Javitch et al., 1995). 
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 37 "C and 5% C02. Thirty-five mm dishes of 
293 cells at 60-80% confluence were cotransfected with 1 
p g  of pcD2 or mutant pcD2 and 0.2 pg  of pRSVTag using 9 
p L  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 media were changed. 
Forty-eight hours after transfection, cells were washed with 
phosphate-buffered saline (PBS; 8.1 mM NaH2P04, 1.5 mM 
KH2P04, 138 mM NaC1, 2.7 mM KC1, pH 7.2), briefly 
treated with PBS containing 5 mM EDTA, and then 
dissociated in PBS. Cells were pelleted at lOOOg for 5 min 
at 4 "C, and resuspended for binding or treatment with MTS 
reagents. 

[-'H]-N-Methylspiperone Binding. Whole cells were re- 
suspended in 450 p L  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 20-fold with buffer A. [3H]- 
N-Methylspiperone (DuponmEN) binding was determined 
by a modification of reported procedures (Javitch et al., 
1995). For saturation binding, duplicate borosilicate tubes 
contained six different concentrations of [3H]-N-methylspip- 
erone between 5 and 400 pM in buffer A with 300 p 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 cell harvester through Whatman 
934AH glass fiber filters (Brandel). The filter was washed 
twice with 5 mL of 10 mM Tris-HC1 and 120 mM NaC1, 
pH 7.4 at room temperature. Specific [3H]-N-methylspip- 
erone binding was defined as total binding less nonspecific 
binding in the presence of 1 p M  (+)-butaclamol (Research 
Biochemicals). 

Reactions with MTS Reagents. For treatment with MTS 
reagents, whole cells were resuspended in 450 p L  of buffer 
A. Aliquots (50 pL) of cell suspension were incubated with 
MTS reagents at the stated concentrations at room temper- 
ature for 2 min. Cell suspensions were then diluted 20-fold, 
and 300 p L  aliquots were used to assay for [3H]-N- 
methylspiperone (300 pM) binding as described above. The 

~ ~ _ _ _ _  ____ 

Table 1 : Characteristics of [3H]-N-Methylspiperone Binding to the 
Cysteine-Substituted Dopamine D2 ReceptoP 

mutant KO (pM) K M u ~ / K c ,  18s B,,, (fmol/cm2) n 

C118S 
P187C 
A188C 
F189C 
V 190C 
V191C 
Y192C 
S193C 
s 194c 
I195C 
V196C 
S197C 
F198C 
Y 199C 
v200c 
P201C 
F202C 
I203C 
V204C 
T205C 
L206C 
L207C 
V208C 
Y209C 
I210C 

88 f 9 
140 4 24 

67 k 1 
I l O k  17 
7 7 f  16 
76 f 8 
3 3 3 ~ 6  
8 5 f  10 
75 f 7 
65 & 16 
35 f 8 

560 iz 55 
1 1 0 f  12 
160 f 42 
690 f 370 

80 k 37 
57 f 15 
92 f 8 
92 4 2 
83 k 15 
74 f 9 

120 f 38 
140 f 36 
120 f 40 

1 .o 180 k 18 3 
1.6 7 8 4 4  2 

0.8 51 f 9  2 
1.2 4 9 4  18 2 
0.9 29 k 1 2 
0.9 44 f 2 2 
0.4 80% 19 2 
1 .o 100 f 18 2 
0.9 1 7 f  10 3 
0.7 81 4 33 2 
0.4 20 f 2 2 
6.4 53 f 10 2 
1.2 180 k 26 2 
1.8 220 & 49 2 
7.8 6 9 k  17 2 
0.9 280 f 63 3 
0.6 170 4 17 3 
1 .o 270 f 33 3 
1 .o 330 k 3 2 
0.9 210 f 10 3 
0.8 210 4 10 3 
1.4 110 4 55 2 
1.6 170 k 22 2 
1.4 200 f 72 2 

no binding detected 

Cells transiently transfected with the appropriate receptor were 
assayed as described in 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 determina- 
tions. B,,, values are presented as femtomoles per square centimeter 
of plate area. 

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 Student-Newman-Keuls criteria (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 four concentrations of MTSEA, between 0.01 and 2.5 
mM (all in excess over the quantity of reactive sulfhydryls). 
The fraction of initial binding, Y,  was fit to e-kcf, where k is 
the second-order rate constant, c is the concentration of 
MTSEA, and t is the time (120 s). 

RESULTS 

Effects of Cysteine Substitution on Antagonist Binding. In 
a background of the mutant C118S, we mutated to cysteine, 
one at a time, 24 consecutive residues, Pro187 to Ile210, in 
and flanking M5. Each mutant receptor was transiently 
expressed in HEK 293 cells, and the KD and B,,, character- 
izing the equilibrium binding of the radiolabeled antagonist, 
[3H]-N-methylspiperone, were determined. At 21 positions, 
the KD of the cysteine substitution mutant was between 0.4 
and 2 times the KD of C118S (Table 1). For the mutants 
F198C and P201C, the KD was 6-%fold greater than that 
of C118S. For these 23 mutants, B,,, ranged from 10% to 
180% of that obtained with C118S (Table 1). Only the 
mutant A188C failed to bind [3H]-N-methylspiperone. 

The K, of the antagonist sulpiride was determined in the 
23 mutants which bound [3H]-N-methylspiperone (Table 2). 
At 18 positions, the KI was between 0.6 and 3 times the K, 
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MTSEA (2.5 mM) MTSEA (0.25 mM) Table 2: Inhibitory Potency of (-)-Sulpiride on 
[3H]-N-Methylspiperone Binding to the Cysteine-Substituted 
Dopamine D2 ReceptoP 

apparent 
mutant KI (nM) n KI(MUl$KI(Cl18S) 

C118S 8 f l  5 1 .o 
P187C 26 f 7 2 3.1 
F189C 180 4z 16 3 21.8 
V190C 21 f 5  2 2.5 
V191C 1 6 f 4  3 1.9 
Y192C 17 12 2 2.1 
S193C 0.7 f 0.1 3 0.1 
S194C 1 7 f 5  2 2.0 
I195C 1 6 i 4  2 1.9 
V 196C 7 f 2  2 0.8 
S197C 1 1 0 f 3 8  3 13.7 
F198C 39 f 16 3 4.7 
Y199C 9 f 3  2 1.1 
v200c 12 f 2 2 1.5 
P20 1 c 2100 f 980 3 257.6 
F202C I f 0  2 0.8 
I203C 6 5 1  2 0.8 
V204C 9 f 2  2 1.1 
T205C 5 1 0  2 0.6 
L205C 8 f l  2 0.9 
L207C 5 f l  2 0.6 
V208C 16 1 2.0 
Y209C 20 f 4 2 2.5 
I210C 8 f 1  2 0.9 

a Cells transiently transfected with the appropriate receptor were 
assayed with [3H]-N-methylspiperone (80 pM) as described in Experi- 
mental Procedures in the presence of nine concentrations of (-)- 
sulpiride. The apparent Kl was determined by the method of Goldstein 
and Barrett (1987) using the ICs0 value obtained by fitting the data to 
a one site competition model by nonlinear regression. The means and 
SEM are shown for n independent experiments, each with duplicate 
determinations. 

of C118S. For mutants F189C, S197C, F198C, and P201C, 
the KI was 5-260 times the KI of C118S. The KI of S193C 
was decreased 10-fold; i.e., the affinity was increased. 

Reactions of the Mutants with MTSEA. We tested the 
effects of 2.5 and 0.25 mM MTSEA on the mutants. The 
higher concentration significantly blocked [3H]-N-methyl- 
spiperone binding at 13 of 23 positions (Figure 1A). The 
lower concentration significantly blocked binding to 10 of 
these 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 Tyr192, Ser193, Ser194, 
Ile195, and Phe198. Cysteines substituted for Phe189, 
Va1190, Va1191, Va1196, and Ser197 were of intermediate 
reactivity with MTSEA. Cysteines substituted for Va1200, 
Pro201, and Tyr209 were the least reactive. While the 
reversible antagonist sulpiride significantly retarded the 
reaction of MTSEA with each of the reactive mutants, the 
degree of protection varied from 10% to 65% (Figure 2). 

Reactions with MTSET and MTSES. Nine of the 10 
mutants most sensitive to MTSEA (Figure 1B) were sus- 
ceptible to reaction with MTSET (Figure 3A); one of the 
sensitive mutants, S 197C, did not react with MTSET. Also, 
the mutants reacted more rapidly with MTSEA than with 
MTSET, since 2 min of 0.25 mM MTSEA gave about the 
same inhibition as 2 min of 1 mM MTSET. MTSES, the 
negatively charged derivative, reacted with seven of the nine 
mutants that were susceptible to MTSET (Figure 3B); V191C 
and S193C did not react with MTSES. 

P187C 
A188C 
Fl89C 
v19oc 
v191c 
Y19ZC 
Sl93C 
S194C 
H95C 

V198C 
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Yl99C 
VZOOC 
P201C 
FZOZC 
1203C 

VZMC 
T205C 
UO8C 
U07C 
V208C 
Y209C 
121oc 

C118S 

El 
4 

3 
3 

0 25 50 75 100 0 25 50 75 100 

Inhibition (%) Inhibition (%) 

FIGURE 1 : Inhibition of specific [3H]-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 different (p < 0.05) than C118S by 
one-way ANOVA. An asterisk indicates no detectable binding. 

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

F189C 7.4 f 2.7 0.2 3 
V 190C 8.8 f 2.7 0.2 4 
V191C 3.1 f 0.4 0.1 3 
Y192C 32 f 2.4 0.8 3 
S193C 25 f 3.7 0.7 3 
S194C 47 f 14 1.2 3 
I195C 27 i 5.9 0.7 4 
V 195C 6.1 f 1.0 0.2 3 
S 197C 6.1 f 0.9 0.2 3 
F198C 32 f 9.5 0.8 3 
v200c 1.8 f 0.1 0.05 3 
P20 1 c 1.5 f 0.3 0.04 3 
Y209C 2.0 f 0.3 0.05 3 

a The second-order rate constant (k) was determined as described in 
Experimental Procedures. The means and SEM of n independent 
experiments, each performed with triplicate determinations, are shown. 
kMm/kwT was obtained by dividing each k value by the k determined 
for the wild-type receptor in which Cvsll8 reacts. 

DISCUSSION 

Residues Exposed in the Binding-Site Crevice. In using 
SCAM to identify the residues exposed in the binding-site 
crevice, we make the following assumptions: (1) The highly 
polar MTS reagents react only at the water-accessible surface 
of the protein. (2) In the membrane-spanning segments, the 
lining of the binding-site crevice is the only water-accessible 
surface. (3) The addition of -SCH2CHzX to a cysteine at 
the surface of the binding-site crevice should alter binding 
irreversibly, and competitive antagonists and agonists should 
retard the reaction with MTSEX. On the basis of these 
assumptions, we infer that 13 of the 23 residues tested in 
M5 are exposed in the binding-site crevice (Figure 1). 

The extent of protection by sulpiride varied significantly 
among the mutants (Figure 2). Protection of a substituted 
cysteine is most simply explained by its proximity to the 
sulpiride and [3H]-N-methylspiperone binding site. Never- 
theless, not every one of these residues need contact sulpiride; 
sulpiride could protect residues deeper in the crevice by 
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FIGURE 3: Inhibition of specific [3H]-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) 1 
mM MTSET or (B) IO 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, respectively (Stauffer 
& Karlin, 1994), we used equireactive concentrations of 1 mM 
MTSET (A), 2.5 mM MTSEA (Figure IA), and IO 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. An asterisk indicates 
no detectable binding. 

A 

I 

FIGURE 4: Helical net (A, left) and helical wheel (B, right) 
representations of the residues in and flanking the M5 segment of 
the dopamine D2 receptor, summarizing the effects of MTSEA on 
[3H]-N-methylspiperone binding. Reactive residues are represented 
by squares, where the fill indicates the range of the second-order 
rate constants in M-' s-l for reaction with MTSEA (see Table 3): 
solid square = k > 20; striped square = IO > k > 3; open square 
= 2 > k > 1. The symbol is enclosed in a large circle for those 
mutants in which the KI for sulpiride is changed IO-fold or more 
by cysteine substitution itself. Small open circles indicate that 
MTSEA had no effect on binding. The filled circle indicates no 
binding after cysteine substitution. The arrow indicates where the 
helix is split to create the helical net. 

be much less than with water-accessible sulfhydryls. We 
observed, however, that MTSEA reacts with cysteines 
substituted for four consecutive residues, Tyr192 to Ile195, 
with rates comparable to its rate of reaction with the highly 
reactive Cys l l8  and not orders of magnitude more slowly.* 

One possible explanation for the continuous stretch of 
accessible residues is that the structure of some of these 
cysteine substitution mutants is sufficiently perturbed to 
expose an endogenous cysteine that was previously inac- 
cessible. C118S, the mutant used as background for all 
successive mutations, is 100-fold less reactive toward 
MTSEA than is wild-type D2 receptor. C118S is not, 
however, completely insensitive to the reagent; additional 
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cysteine(s) react(s) at very high concentrations of MTSEA 
(Javitch et al., 1994). To test whether the structure of some 
of the cysteine substitution mutants might be sufficiently 
perturbed to increase the exposure of the endogenous 
cysteines to MTSEA, we substituted all five endogenous 
membrane-spanning cysteines (C56V + C118S + C126S + C168S + C385S). We expressed four sequential mutants, 
V191C to S194C, one at a time, in this background devoid 
of any other membrane-spanning cysteines. Although the 
level of expression was significantly reduced in the "Cys- 
less" receptor background, the results of reaction with 
MTSEA were identical to those observed in the background 
of C l lSS  (data not shown). Thus, the reactions of these 
four mutants, and likely of the others as well, are with the 
substituted cysteine and not an endogenous cysteine. 

There are two additional explanations for the observed 
wide pattern of exposure. First, the exposed region of M5, 
which contains the serines likely to bind agonist (Strader et 
al., 1989; Cox et al., 1992; Mansour et al., 1992), might loop 
out into the lumen of the binding-site crevice and be 
completely accessible to water and thus to MTSEA (Figure 
5A). Such a loop is found in porin where it extends into 
the central pore and determines the functional properties of 
the channel (Cowan et al., 1992). Second, M5 might be 
completely embedded in the membrane and also in contact 
with other membrane-spanning segments. At any instant, 
only a limited set of residues might be exposed in the 
binding-site crevice; however, M5 might move rapidly, either 
by rotation, translocation, or a conformational change, to 
expose different sets of residues (Figure 5B). 

The most reactive mutants are located sequentially from 
Tyr192 to Ile195 plus Phe198. While these residues sur- 
round the serines thought to interact with agonists (Ser193, 
Ser194, and Ser197), the increased reactivity of MTSEA is 
seen at consecutive positions and not just on one side of a 
putative a-helix. Furthermore, it is these most reactive, 
consecutive residues which are best protected by sulpiride 
(Figure 2). This is consistent with their exposure within a 
loop near the dopamine binding site. 

Based largely on the structure of bacteriorhodopsin (Hend- 
erson et al., 1990), which is not homologous to the D2 
receptor, but also on biophysical data from rhodopsin 
(Findlay & Pappin, 1986; Schertler et al., 1993), which is 
homologous to the D2 receptor, the membrane-spanning 
segments of G-protein-coupled receptors are widely believed 
to he a-helical (Baldwin, 1993). However, others have 
inferred deviations from regular a-helical structure in the 
membrane-spanning segments of rhodopsin (Findlay & 
Pappin, 1986). A recent refinement of the low-resolution 
structure of rhodopsin, determined by cryoelectron micros- 
copy, shows four clearly resolved tracks of density likely to 
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'The second-order rate constants for the reaction of MTSEA with 
these substituted cysteines are 3-5 orders of magnitude less than the 
rate constants for the reaction of MTSEA with free sulfhydryls in 
solution or with the binding-site cysteines of the nicotinic acetylcholine 
receptor (Stauffer & Karlin, 1994). However. the rates are comparable 
with those observed with substituted cysteines exposed i n  the channel 
of the cystic fibrosis transmembrane conductance regulator (Akabas, 
personal communication) and are about one-tenth of those observed 
with substituted cysteines exposed in the closed state in the channel of 
the nicotinic acetylcholine receptor (Pascual and Karlin, personal 
communication). Steric hindrance and suppression of the ionizarion of 
the cysteine sulfhydryl are two factors that could lower the rate constants 
for the reaction of MTSEA in the binding-site crevice. 

B ,---. 

I V  

FIGURE 5:  Schematic representation of alternative models to explain 
the exposure of 10 consecutive residues to MTSEA. In (A), the 
N-terminal portion or extracellular end of M5 loops into the binding- 
Site crevice where it is completely exposed to water and to MTSEA. 
In (B), MS moves, either by rotation, translocation, or a confor- 
mational change, to expose consecutive residues to the binding- 
site crevice. The cylinders represent membrane-spanning segments. 

be a-helices and a less resolved continuous arc-shaped 
feature, which the authors interpreted to he highly tilted 
a-helices (Unger & Schertler, 1995). The sharpened 3D map 
shows a protuberance at one end, which the authors believe 
to be too big to he a resolved feature and rather to represent 
overlapping signals of tilted helices. Nonetheless, this 
protuberance might possibly represent the exposed portion 
of M5 looping into the retinal binding-site crevice. 

The alternative explanation is that M5 is completely 
embedded in the membrane but can move sufficiently, either 
by rotation, translocation, or a conformational change, to 
expose consecutive residues to the binding-site crevice 
(Figure 5B). Although the findings of Careaga and Falke 
(1992) support the notion that a-helices can move in the 
membrane to a significant extent, they studied the rotation 
and translocation of a-helices exposed to lipid and protein, 
not a-helices exposed to lipid, protein, and a water-filled 
space. 

Pro201 is conserved in the putative fifth membrane- 
spanning segment of nearly all G-protein-coupled receptors. 
A structural consequence of membrane-spanning prolines can 
he the creation of kinks in helices (von Hejne, 1991), and 
proline cis-trans isomerization has been suggested to 
contribute to the function of transport proteins (Brandl & 
Deber, 1986). Such a conformational change in M5 might 
be involved in the function of G-protein-coupled receptors 
and might alternately expose different sets of residues to the 
binding-site crevice. 

Whether M5 loops into the lumen or is embedded in the 
membrane, its orientation andor  secondary structure may 
fluctuate. Agonist binding to part of M5 may induce a 
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conformational change or stabilize one of multiple confor- 
mations, and this may be a critical step in the transduction 
of binding into receptor activation. Such a conformational 
change in M5 could be communicated to the intracellular 
loop at the C-terminal end of the segment, the major site of 
G-protein interaction (Strader et al., 1987). 

In related G-protein-coupled receptors, residues which 
align with the exposed Va1190, Ser193, Ser194, Ser197, and 
Pro201 have been implicated in the binding of agonists a n d  
or antagonists (Strader et al., 1989; Wess et al., 1991; Ho et 
al., 1992; Link et al., 1992; Pollock et al., 1992; Weitz et 
al., 1992; Fathi et al., 1993; Fong et al., 1993; Tomic et al., 
1993; Yamano et al., 1993). We found that sulpiride’s 
affinity is affected by mutation of Phe189 as well as Ser193, 
Ser197, and Pro201 (Table 2). An effect of mutation on 
binding does not prove that a residue contacts ligand; the 
effect may be indirect (Schirmer et al., 1995). However, 
cysteines substituted for each of these four residues react 
with MTSEA and are exposed in the binding-site crevice. It 
is curious that these four exposed residues which most affect 
sulpiride’s affinity lie along an arc on the helical net 
representation (Figure 4). One interpretation of these results 
is that the secondary structure of M5 is a-helical in the 
conformation which binds sulpiride. 

It is unclear why Y209C reacts with MTSEA, albeit very 
slowly, without the exposure of any intervening residues after 
Pro201. In M3, we found that residues are exposed to the 
putative cytoplasmic end of the membrane-spanning segment 
(Javitch et al., 1995). If the more cytoplasmic portion of 
M5 is a-helical, one might predict that an intervening residue 
would be exposed. While it is conceivable that modification 
takes place without an effect on binding, the absence of an 
effect may relate to local steric constraints which prevent 
access and orientation of the MTSEA for reaction with the 
sulfhydryl groups. Perhaps when the smaller cysteine side- 
chain replaces the side chain of Tyr209, a cavity is created 
(Ericksson et al., 1992), and this allows the access of MTSEA 
to the substituted cysteine. Alternatively, the structure may 
deviate from that of an a-helix in this region as well. 

Except for Ala188, none of the specific side chains in M5 
are indispensable for the binding of the antagonist [3H]-N- 
methylspiperone. The mutant A188C either did not reach 
the surface of the cell or it did not bind [3H]-N-methylspip- 
erone. In other G-protein-coupled receptors, the residues that 
align with Ala188 are highly variable, but do not include 
cysteine (Probst et al., 1992). It is possible that in A188C 
an aberrant disulfide bond is formed between the substituted 
cysteine and CyslO7 or Cysl82, the endogenous cysteines 
which normally form a critical disulfide bond in related 
G-protein-coupled receptors (Karnik & Khorana, 1990). Such 
an aberrant bond would likely impair the structure of the 
receptor. 

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, especially with the most 
reactive mutants. 

Javitch et al. 

Electrostatic Potential in the Binding-Site Crevice. In M3, 
we found that MTSES reacted only with cysteines substituted 
for exposed residues more extracellular than Asp1 14 (Javitch 
et al., 1995). In M5, MTSES reacted with the mutants 
F189C, V190C, Y192C, S194C, I195C, V196C, and F198C 
(Figure 3B). At these reactive residues, the negatively 
charged MTSES (10 mM) inhibited binding nearly as much 
as the positively charged MTSET (1 mM) (Figure 3). 
Because 1 mM MTSET and 10 mM MTSES are equireactive 
with simple thiols in solution (Stauffer & Karlin, 1994), we 
infer that the electrostatic potential near these residues is 
close to zero. The decreased reaction of V191C and S193C 
with MTSES may reflect the presence of a more negative 
electrostatic environment in their vicinity. 
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