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ABSTRACT: The yeast R-factor pheromone receptor (Ste2) belongs to the large superfamily of G protein-
coupled receptors (GPCRs) that characteristically contain seven transmembrane domains (TMs). A wide
range of GPCRs are thought to exist as dimers or oligomers. To identify the interface regions that mediate
oligomerization of Ste2, a set of 73 different mutants with Cys residues substituted near the extracellular ends
of the transmembrane domains were screened for the ability to form intermolecular disulfide bonds. Disulfide
bonds formed betweenCys residues at six positions in Ste2. Cys substituted for Val-45 formed disulfide bonds,
indicating contact between residues at the extracellular end of TM1. Disulfide bonds also formed with Cys
residues substituted for five different residues clustered near the extracellular end of TM4 (Val-183, Val-186,
Lys-187, Met-189, and Ile-190). Binding of the R-factor ligand to Ste2 did not change the sites at which cross-
linking occurred in these TMs, but it did increase the efficiency of dimer formation for the Ste2-V183C
mutant. Interestingly, oligomers of the class A family of vertebrate GPCRs are also thought to form
homomeric contacts at TM1 and TM4. These results support the conclusion that GPCRs form oligomers and
not just dimers, since TM1 andTM4 are too far apart in the class AGPCRs to form contacts in the same dimer
moiety. Similar dimer interface sites in Ste2 and class A receptors provide further evidence that many aspects
of structure and function are highly conserved across the divergent GPCR superfamily.

G protein-coupled receptors (GPCRs)1 transduce the signals
for a wide range of stimuli, including light, taste, olfaction, and
many biomedically important hormones. GPCRs function by
activating the R-subunit of heterotrimeric G proteins to bind
GTP and induce cellular signaling pathways. GPCRs also share
a similar structural organization in that they are composed of
a bundle of seven transmembrane domains (TMs) connected
by extracellular and intracellular loops (1, 2). Interestingly, in
spite of these similarities, GPCRs have divergent sequences and
have been grouped into at least five distinct classes with no
obvious sequence similarity between the receptors in the various
classes (3, 4). However, it is thought that there are underlying
similarities in the mechanisms of signal transduction by members
of the diverse GPCR family (5).

Another common feature of GPCRs is the ability to form
dimers and in some cases higher-order oligomers (6). The ability
to form homodimers or heterodimers between two different
GPCRs has been implicated in diverse receptor functions,
including biogenesis, plasma membrane targeting, and signal-
ing (6-9). Some GPCRs are also thought to form higher-order
oligomers. For example, oligomer formation of rhodopsin,
a prototypical class A GPCR, was proposed on the basis of
a membrane packing arrangement observed using atomic force

microscopy (10, 11) and electron cryomicroscopy (12). Cross-
linking studies also indicate that rhodopsin and other class A
GPCRs form oligomers (13-16). In spite of the widespread
evidence of GPCR oligomerization, the function of this type
of intermolecular interaction is not consistently defined across
theGPCR superfamily.Members of the classC family ofGPCRs
are thought to form homo- or heterodimers, but not higher-
order oligomers (17). There is also evidence that monomers of
rhodopsin (18) and the β-adrenergic receptor (19) can signal
efficiently.

Sites of interaction between GPCR monomers are being
defined to improve our understanding of the structural arrange-
ment of oligomers. One approach that has been successful for
identifying the dimer interface regions is to determine if Cys
residues substituted into different regions of GPCR monomers
are sufficiently close in space to form a disulfide-bonded dimer.
These studies are based on Cys cross-linking approaches that
have been very successful for mapping the TM orientations of
other membrane proteins, including bacterial chemotaxis recep-
tors and the lacY lactose permease (20-22). Application of these
approaches to class A GPCRs has implicated residues in TM1,
TM4, and TM5 as contact regions in oligomers (13-15). To test
whether the oligomer interface regions were conserved in a more
divergent GPCR, we examined the Saccharomyces cerevisiae R-
factor pheromone receptor (Ste2), which was previously impli-
cated in the formation of dimers or oligomers by FRET and
BRET studies (9, 23-25). Ste2 is well-suited for this type of cross-
linking analysis because it lacks essential Cys residues and does
not form an intramolecular disulfide bond between the second
extracellular loop andTM3 that is present inmanyotherGPCRs.
Contact sites at the oligomer interface of Ste2 were identified by
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screening a collection of 73 mutants in which Cys residues were
substituted near the extracellular ends of all seven TM regions.
Interestingly, cross-links were identified to indicate an interface
between the TM1-TM1 dimer and the TM4-TM4 dimer. Thus,
although Ste2 is very divergent frommammalian classAGPCRs,
the results suggest that the oligomerization interface regions are
conserved.

EXPERIMENTAL PROCEDURES

Strains and Media. The ste2Δ yeast strain used for the
analysis of receptor mutants was yLG123 (MATa ade2-1o his4-
580a lys2o trp1a tyr1o leu2 ura3 SUP4-3ts bar1-1mfa2::FUS1-lacZ
ste2::LEU2). Plasmids carrying wild-type or mutant versions of
STE2 were introduced into yeast using the lithium acetate
method, and then the cells were grown in synthetic medium
containing adenine and amino acid additives but lacking uracil to
select for plasmid maintenance. As described previously (26), a
set of Cys substitution mutants was constructed in STE2 carried
in plasmid pJL147 (YEp-URA3-STE2-T7-3XHA) (27). This
plasmid contains a modified STE2 gene in which the two
endogenous Cys residues at positions 59 and 252were substituted
with other amino acids, and it is also C-terminally tagged with a
tripleHA epitope (28). This modifiedSTE2 gene displays normal
signaling activity and was used as the Cys-minus control receptor
for this study.
Cysteine Cross-Linking. Cells were grown to log phase in

synthetic medium lacking uracil, and then ∼3.5 � 107 cells were
harvested by centrifugation. Cells were washed once in PBS
buffer and then resuspended in 500 μL of PBS (pH 7.4).
Oxidation was initiated by addition of the redox catalyst CuP
[Cu(II) (1,10-phenanthroline)3] to final concentrations of 500 μM
Cu and 1.5 M 1,10-phenanthroline, and then the cells were
incubated at room temperature for 25 min. The reaction was
quenched by addition of EDTA and NEM to final concentra-
tions of 10 mM. The cells were then washed with PBS and
collected by centrifugation. For experiments inwhich the samples
were reduced, the oxidized cells were incubated in 200 mMDTT
at room temperature for 25 min and then washed with PBS. Cell
pellets were stored at -80 �C. For the time course experiments,
the oxidization was terminated at the indicated time points by
addition of EDTA and NEM to final concentrations of 10 mM.
To examine the effects of ligand binding on cross-linking, cells
were first incubated with 10 mMKF and 10 mMNaN3 at room
temperature for 15 min to inhibit receptor endocytosis (29) and
then incubated with 10-6 M R-factor for 30 min and oxidized as
described above.
Western Blot Analysis. Cells were lysed by agitation with

glass beads in 400 μL of cold lysis buffer [10 mM Tris, 1 mM
EDTA, and 10% glycerol (pH 7)] with a protease cocktail
(1.5 μM pepstatin A, 1 mM benzamidine, and 0.5 mM phenyl-
methanesulfonyl fluoride). Samples were shaken in a Bead Beater
for three cycles of agitation for 45 s each, with cooling on ice
between cycles. The lysate was cleared by centrifugation at 600g
for 18 min at 4 �C. The supernatant was then centrifuged at
18000g for 20 min at 4 �C to spin down the membrane fraction
containing Ste2. The membrane fraction was washed with buffer
[10 mM Tris and 1 mM EDTA (pH 7)] and then resuspended
in SDS gel sample buffer [8 M urea, 4% SDS, and 50 mM Tris
(pH 6.8)] for 25 min at room temperature to solubilize Ste2. The
samples were then centrifuged at 22 �C and 18000g for 10 min
to remove the insoluble particulates before the samples were

subjected to electrophoresis on a 9%SDS-polyacrylamide gel to
separate the Ste2 dimer from the monomer. The gel was then
electrophoretically transferred to a nitrocellulose membrane,
which was probed with anti-HA monoclonal antibody 12CA5
(Roche Molecular Biochemicals), and then with secondary anti-
body IRDye 800CW-conjugated goat (polyclonal) anti-mouse
IgG. Images were acquired using a digital Odyssey infrared
imaging system (LI-COR), and quantitative analysis of the dimer
percentage was conducted using Odyssey software.

RESULTS

Site-Directed Cys Cross-Linking of Ste2 Dimers. A Cys
cross-linking approach was used to identify amino positions that
form the interface between oligomers of Ste2 based on the ability
of substituted Cys residues to form intermolecular disulfide
bonds. To systematically screen for contact sites, we examined
a set of 73 different Ste2 mutants that each contain a Cys
substitution near one of the ends of the seven TMs (Figure 1).
This set of mutants was constructed previously for mapping the
extracellular ends of the TMs based on the accessibility of the Cys
resides to a thiol-reactive probe (26, 27). The same set of Cys
substitutions was therefore also used in our study to screen for
intermolecular disulfide bonds, since residues near the extracel-
lular ends of the TMs are expected to be sensitive to oxidation.
Plasmids carrying the receptor mutants were constructed with a
modified version of STE2 in which the endogenous Cys residues
were mutated (Cys-minus control) (27, 28). Thus, each Cys
substitution mutant in the collection contains only one unique
Cys residue. Mutant receptor genes were also modified at the
C-terminal coding region to introduce the HA epitope tag to
facilitate detection of the mutant proteins. As described pre-
viously, only three of the mutants exhibited strong signaling
defects (F204C, N205C, and Y266C), but they all produced
significant levels of cell surface receptor proteins (26, 27). Four
other mutants exhibited slightly decreased levels of receptor
signaling but still produced significant levels of cell surface
receptors (A52C, L102C, N105C, and A281C) (26, 27).

To screen the collection ofmutants for sites of contact between
oligomers of Ste2, cells carrying the mutant receptor plasmids
were oxidized with 500 μM CuP and then analyzed on Western

FIGURE 1: Sites of Cys residues introduced near the extracellular
ends of the TMs in Ste2. Residues highlighted in black are sites of
Cys substitutions that formed disulfide bond-linked dimers, and
residues highlighted in gray are sites that did not form disulfide
bonds. The topology of Ste2 was predicted on the basis of an assay of
the accessibility to a thiol-specific reagent that reacts with solvent-
accessible Cys residues but not membrane-embedded Cys (26, 50).
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blots for gel mobility shifts to indicate the formation of disulfide-
bonded Ste2 dimers. This strategy has several advantages over
other cross-linking approaches. One is that each cross-link is
specific for a unique Cys substituted into Ste2 and does not
require further mapping. In addition, a Cys disulfide bond is
relatively short (∼2 Å) relative to other types of cross-linkers
which are usually much longer (>10 Å). The Cys side chain is
also relatively short, so the formation of a cross-link indicates
that the R-carbons of the adjacent molecules of Ste2 are expected
to be close in space (e7 Å apart) (30). Control studies demon-
strated that a Cys-minus version of Ste2 did not show any
significant increase in the extent of dimer formation when
incubated under oxidizing conditions (Figure 2). Some SDS-
resistant Ste2 dimer formation can occur that is independent of
disulfide bond formation, presumably because of hydrophobic
aggregation. Therefore, conditions that minimized this type of
nonspecific dimer formation were used. As described below,
residues in TM1 and TM4 were able to cross-link in response to
the oxidizing conditions. In contrast, cross-linking was not
observed for Cys residues examined in TM2, TM3, TM5,
TM6, and TM7 (data not shown).
Identification of aCross-Link near theExtracellular End

of TM1. Ten different mutants that contain Cys residues
substituted in place of residues Leu-44-Ile-53 near the extra-
cellular end of TM1 were examined for the ability to form
disulfide bonds.After oxidationwithCuP, the Cys-minus control
and most of the Cys substitution mutant versions of Ste2 still
migrated at themonomer position on aWestern blot (Figure 2A).
Interestingly, the Ste2-V45C mutant exhibited a strong increase
in the extent of dimer formation (Figure 2A). This mutant
typically showed 38 ( 5.6% dimer formation. This was greatly
increased relative to ∼3% dimer formation for the Cys-minus
control version of Ste2. This percent dimer formation is similar to

what has been observed for Cys residues at the interface regions
of mammalian GPCRs (13, 14, 31).

To confirm that dimer formation was due to a disulfide bond,
we incubated the samples with a reducing agent (200 mMDTT)
for 20 min at room temperature. Heating was not used, since it
promotes formation of SDS-resistant dimers that are not caused
by disulfide bond formation. Following reduction in thismanner,
the Ste2-V45C mutant migrated primarily as a monomer, con-
firming that dimer formation was due to a Cys disulfide bond
(Figure 2B).

The rate of dimer formation of Ste2-V45C was analyzed in a
time course experiment. Samples were oxidized for different
amounts of time, blocked with 10mMNEMand 10mMEDTA,
and then analyzed by Western blotting (Figure 3). The Ste2-
V45C mutant formed dimers rapidly with half-maximal dimeri-
zation occurring at ∼5.5 min.
A Patch of Cys Residues Substituted near the Extra-

cellular End of TM4 Form Cross-Links. Ten Ste2 mutants
with Cys residues substituted near the extracellular end of TM4
(Tyr-181-Ile-190) were oxidized and screened for the ability
to form dimers (Figure 4A). Interestingly, Ste2 mutants with
Cys residues substituted at five different positions showed a
strong increase in the extent of dimer formation. The Ste2-V183C
mutant was typically the weakest. The V186C, K187C, M189C,
and I190C mutants exhibited stronger ability to form dimers. All
of the dimers could be reverted back to monomers following
reduction with DTT, confirming that dimer formation was due
to a Cys disulfide bond (Figure 4B). Interestingly, as will be

FIGURE 2: Analysis ofCys residues near the extracellular endofTM1
for the ability to form disulfide cross-links. (A) Ste2-V45C forms a
dimer after oxidation. Ten different Ste2 mutants with Cys residues
substituted in place of residues Leu-44-Ile-53 near the extracellular
end of TM1 were examined for the ability to form disulfide bonds.
Samples were incubated in the absence or presence of the oxidizing
agent CuP as indicated, and then the samples were resolved on a 9%
SDS-polyacrylamide gel and analyzed on a Western blot probed
with anti-HA antibody to detect the presence of Ste2 at either the
monomer or dimer position. The blot images were spliced together
from different gels to place the mutants in order according to
residue number. (B) Dimer formation by the Ste2-V45C mutant
was reversed by incubating the sample with the reducing agent DTT
(200 μM). FIGURE 3: Time course of dimer formation after oxidation of Ste2-

V45C. Cells producing the (A) Ste2-Cys-minus control or (B) Ste2-
V45C were oxidized with CuP for the indicated time and then
analyzedonWestern blots for dimer formation.Quantitative analysis
of dimer formation was conducted using a Li-Cor Biosciences
Odyssey Infrared Imaging system. Quantitative results for each time
point represent the average of two to four different experiments.
Error bars indicate the standard deviation.
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described in Discussion, this set of Ste2 residues is predicted to
fall on one face of an R-helical representation of TM4.

Analysis of a time course of oxidation showed that the V183C,
V186C,K187C, and I190CSte2mutants all formed dimerswith a
half maximal time of ∼2 min (Figure 5). In contrast, the half-
maximal time for dimer formation was slightly slower for the
M189C mutant (4.8 min). Perhaps the kinetics are slower for
M189C because it is farthest from the main cluster of positions
where Cys substitutions form cross-links (see Discussion).

These results represent strong evidence that residues at the
extracellular end of TM4 form contacts in Ste2. The greater
number of positions that were able to cross-link at the end of
TM4 relative to only one position at the end of TM1 is also
interesting. This suggests that this region of TM4 may be more
flexible or may form a more extensive contact in the dimer than
TM1 does. The identification of TM4 as a site of oligomer
contact for Ste2 is also very significant because it suggests that
this feature is highly conserved amongGPCRs. TM4 homomeric
contacts have been reported in very divergent members of the
GPCR family, includingmammalian class AGPCRs (13, 14, 16).
Effects of Ligand Binding on Cross-Linking. Cross-link-

ing of the Cys residues in TM1 and TM4 was examined in the
presence and absence of R-factor to determine the effects of
ligand binding on the sites and efficiency of dimer formation.
Ligand binding could alter the efficiency with which Ste2
monomers associate, or it could change the spatial arrangement
of residues to promote new contact sites. Incubation of TM1
mutants with R-factor did not reveal any new contact sites. Ste2-
V45C was still the only TM1 mutant that formed dimers
efficiently (Figure 6A). Quantitative analysis did not reveal any
significant differences in the efficiency of Ste2-V45C dimer
formation in the presence or absence of R-factor (Figure 7).

Analysis of the TM4 mutants in the presence of R-factor also
did not reveal any new sites of contact (Figure 6B). The same five
mutant versions of Ste2 that cross-linked in the absence of
R-factor (V183C, V186C, K187C, M189C, and I190C) were still
the only mutants that exhibited a significant increase in the level
of dimers after oxidation in the presence of R-factor. The
efficiency of cross-linking for V186C, K187C, M189C, and
I190C mutants was not changed significantly in the presence of
R-factor. However, quantitative analysis of Ste2-V183C revealed
an increase in the extent of dimer formation in the presence of
R-factor (Figure 7). In an average of five assays, the level of Ste2-
V183C dimer formation increased from 21.2 to 33.4% in the
presence ofR-factor (p=0.024). IncubationwithR-factor caused
an increase in the level of dimer formation in all five independent
assays.

DISCUSSION

Formation of GPCR dimers or oligomers is thought to play
important roles in receptor biogenesis, trafficking, and signal-
ing (6-9). However, contact sites between the monomers are

FIGURE 4: Analysis ofCys residues near the extracellular endofTM4
for the ability to formdisulfide cross-links. (A)Ten Ste2mutantswith
Cys residues substituted inplace of residuesTyr-181-Ile-190 near the
extracellular end of TM4 were oxidized with CuP and then analyzed
on Western blots probed with anti-HA for dimer formation. Note
that Ste2 mutants with Cys residues substituted at five different
positions exhibited a strong increase in the extent of dimer formation,
including the V183C, V186C, K187C, M189C, and I190C mutant
versions of Ste2. The blot images were spliced together fromdifferent
gels to place the mutants in order according to residue number.
(B) Ste2 dimers were reverted back tomonomers following reduction
with DTT, confirming that dimer formation was due to a Cys
disulfide bond.

FIGURE 5: Time course of dimer formation after oxidation of Ste2
mutants with substitutions near the extracellular end of TM4. The
V183C, V186C, K187C,M189C, and I190C mutant versions of Ste2
were oxidized with CuP for the indicated time and then analyzed on
Western blots for dimer formation. For the sake of comparison, the
curve for the control Cys-minus version of Ste2 is shown as a gray
line. Quantitative analysis of dimer formation was conducted using a
Li-Cor Biosciences Odyssey Infrared Imaging system as described in
Experimental Procedures. Results represent the average of two to six
independent experiments. Error bars indicate the standard deviation.
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poorly defined. Therefore, in this study, we examined a set of
73Cys substitutionmutants of theR-factor receptor (Ste2) for the
ability to form homomeric disulfide bonds. These studies were
conducted in the normal cellular membranes and did not require
detergent extraction and purification, which could alter receptor
structure. The results indicate that contacts form between the
TM1-TM1 dimer and the TM4-TM4 dimer in Ste2. This
provides the first direct evidence for the involvement of TM4
as a contact site in Ste2 oligomers. In addition, these results also
identify the positions of residues involved in the oligomer inter-
face. As described below, these new data on the interface sites in
Ste2 oligomers reveal common features of receptor oligomeriza-
tion that are conserved across the diverse GPCR family (10, 13).
Homomeric TM1 Contacts in Ste2 and Other GPCR

Oligomers. The ability of Ste2-V45C to form disulfide-bonded
dimers (Figures 2 and 3) indicates that residues near the extra-
cellular end of TM1 form an interface site. Contact betweenTM1
domains in Ste2 dimers is in agreement with previous FRET
studies, which implicated a region including the N-terminus and
TM1 in forming dimers (32). Further FRET analysis implicated a

GxxxG sequence involving Gly-56 and Gly-60 in the middle
region of Ste2 TM1 as forming a glycophorin-type motif that
could stabilize the interaction between the TM1 helices (33).
A helical wheel prediction for the R-helical structure of TM1
predicts that Val-45, Gly-56, andGly-60 would all fall on the face
of TM1 that is generally predicted to face away from the helix
bundle (Figure 8A). However, if TM1 of Ste2 is tilted in the plane
of the membrane, as it is in the high-resolution structures of
several class A GPCRs, including rhodopsin, A2a-adenosine,
and β-adrenergic receptors (34-38), it would not be possible to
form contacts at both theGxxxGmotif in themiddle of TM1 and
Val-45 at the extracellular side of TM1 (Figure 8B). Furthermore,
the 40� tilt of the helices in glycophorin A dimers (39) also makes
it unlikely that the extracellular ends of TM1 would be in the
proximity in this type of configuration. This suggests that the
GxxxGmotif may be important for the proper structure of TM1,
but it may not form a direct contact in the dimer. Alternatively,
there may be flexibility in TM1 or a distinct structure in this
region of Ste2 that permits contact at both the GxxxG motif and
the extracellular end where Cys cross-linking occurs.

FIGURE 7: Increased extent ofdimer formation for Ste2-V183C in the
presence of R-factor. Quantitative analysis of the efficiency of dimer
formation for Ste2-V45C and Ste2-V183C in the presence and
absence of R-factor. Results represent the average of four to five
independent experiments. Error bars indicate the standard deviation.

FIGURE 6: Ste2 dimerization in the presence of R-factor. The Ste2
mutants with Cys residues substituted near the extracellular end
of (A) TM1 and (B) TM4 were incubated in the presence of 10-6 M
R-factor for 30 min and then oxidized with CuP. The plus and minus
symbols above each lane indicate whether the samples were oxidized
withCuP. Samples were analyzed onWestern blots probedwith anti-
HA.The blot imageswere spliced together fromdifferent gels toplace
the mutants in order according to residue number.

FIGURE 8: Models for the interaction of Ste2 dimers. (A) Models of
R-helix formation for the extracellular ends of TM1 and TM4 with
positions involved in dimer formation shown in bold. Note that
Val-45 in TM1 and the cluster of residues involved in dimer forma-
tion near the end of TM4 are predicted to face away from the helix
bundle. (B) Ribbonmodel of TM helices of rhodopsin (Protein Data
Bank entry 1L9H) with TM1 colored to help reveal its tilt relative to
the other TMs. On the right, two TM1 helices are docked in the
approximate position thatwould be expected for a cross-link atV45C
in Ste2. (C) Extracellular view of GPCR helix bundles forming a
dimer with contact at TM1 on the left and contact at TM4 on the
right. Note that TM1 and TM4 contacts are too far apart to form
contacts in the same dimer.
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Residues that form dimer contact sites involving the extra-
cellular end of TM1 have also been detected by cross-linking
studies with other GPCRs, including the D2-dopamine recep-
tor (13) and the 5HT2c serotonin receptor (14). Disulfide
bond formation was detected for Cys residues substituted at a
cluster of four positions at the extracellular end of TM1 in the
D2-dopamine receptor (residues 36, 37, 40, and 43) and for a
cluster of five residues that span the extracellular boundary of
TM1 in the 5HT2c receptor (residues 50-52, 55, and 56) (13, 14).
Since the dopamine and serotonin receptors are in the class A
family along with rhodopsin, TM1 is expected to be tilted in the
plane of the membrane as shown in Figure 8B. In addition, a
model based on atomic force microscopy analysis of rhodopsin
also suggests that the extracellular ends of TM1 interact (10).
Thus, contact between residues at the extracellular end of TM1 is
a conserved feature of oligomers for both class AGPCRs and the
very divergent class D Ste2 pheromone receptor.
TM4 Homomeric Contacts. Five different positions at the

extracellular end of TM4 in Ste2 showed a strong increase in
dimer formation after oxidation (V183C, V186C, K187C,
M189C, and I190C) (Figures 4 and 5). TM4 has not previously
been proposed to be a specific contact site for Ste2 oligomer
formation, although FRET analysis of Ste2 subfragments sug-
gested that there could be a second interface in the region
encompassing TM4-TM7 (32). Mapping of the five residues
that were involved in forming dimers onto a helical wheel
prediction for R-helical structure of TM4 indicates that all of
these residues fall on one side of TM4 (Figure 8A). Interestingly,
this side of TM4 is predicted to face away from the monomer
helix bundle (5), consistent with these residues forming part of the
oligomer interface. None of the residues in the extracellular end
of TM4 are highly conserved in Ste2 proteins produced by other
fungal species (5), suggesting that the TM4 interface forms via
general contacts and is not obviously mediated by a specific
amino acidmotif. Consistentwith this, scanningmutagenesis and
targeted random mutagenesis of this region of TM4 did not
identify mutations that cause significant phenotypic conse-
quences (26, 40), although two strong loss-of-function mutations
were identified in other studies that are caused by rather dramatic
S184R and A185P substitutions in Ste2 (41, 42).

Residues near the extracellular end of TM4 were also found to
form a dimer interface region in class A GPCRs. Cross-linking
analysis of selected Cys substitutions in opsin showed that a Cys
at the extracellular end of TM4 (W175C) could form a disulfide
bond (16). Similarly, Cys168 at a similar position near the end of
TM4 in the D2-dopamine receptor could cross-link (31). TM4 is
also predicted to form a contact for the C5a receptor (15).
Perhaps more contacts in this interface region would have been
identified in these other GPCRs if more Cys substitutions were
examined, similar to the results for Ste2. Interestingly, in the case
of the 5HT2c receptor, cross-links were detected between combi-
nations of Cys residues at the extracellular ends of TM4 and
TM5 (14). Thus, TM4 acts as an interface site in a wide range of
GPCRs.
Ligand-Induced Changes in Receptor Oligomerization.

Changes in cross-linking patterns in response to ligand can be
used to identify structural changes that occur at the oligomer
interface. Analysis of Cys residues substituted into TM1 failed
to detect any differences; Ste2-V45C was still the only mutant
that displayed dimer formation after oxidation (Figure 6A).
Interestingly, the extracellular end of TM1 in Ste2 has also
been implicated as a contact site for its ligand, R-factor (43).

This suggests that although TM1 participates in ligand binding,
the interaction with R-factor does not cause a major conforma-
tional change in the TM1 interface region of Ste2 oligomers.
Similar results were reported for the D2-dopamine receptor (13)
and for the 5HT2c serotonin receptor (14), in which no change in
Cys cross-linking was observed for TM1 residues after ligand
binding.

Binding of the R-factor ligand also did not cause a change in
which Cys residues substituted into TM4 could form dimers after
oxidation (Figure 6B). However, quantitative analysis indicated
that ligand binding increased the efficiency of dimer formation
for Ste2-V183C (Figure 7). Of the five positions in TM4 that
formed disulfide bonds, Val-183 is the most deeply buried in the
membrane (Figure 1). This suggests that portions of TM4 may
undergo a change in conformation in response to ligand binding.
In this regard, it is interesting that several substitution mutations
in Ste2 that cause defects in signaling have been identified that
affect this region of TM4, including those that cause a dominant-
negative phenotype (41, 42, 44). Alternatively, it is also possible
that the increased level of dimer formation for Ste2-V183C is due
to ligand-induced stabilization of oligomers (45).
Monomer Model of Ste2. The identification of dimer

contact sites in Ste2 not only helps to map the oligomer interface
but also contributes to an improved understanding of the Ste2
monomer. The structure of Ste2 is less well understood than some
of the other GPCRs for which high-resolution structures are
available. Ste2 is also too divergent for detailed homology
modeling with the class A GPCRs whose structure is known.
Thus, it is significant that Ste2-V45C forms dimers, since it
provides additional support for models proposing that the
corresponding side of TM1 faces away from the helix bundle (5).
Similarly, the identification of residues in TM4 that form the
oligomer interface also helps to determine the proper orientation
of TM4 in the monomer helix bundle of Ste2. This information is
particularly helpful for modeling the orientation of TM4, since
there are no strongly polar residues or other features to help
provide a guide for the proper orientation of this transmembrane
helix.
OligomerModel. The Cys cross-linking studies indicate that

Ste2 is similar to class A GPCRs in that both TM1 and TM4
can form homomeric interface sites in oligomers (13-15). These
cross-linking data for the class A GPCRs are also supported
by other types of analyses, such as atomic force microscopy
and electron cryomicroscopy, which indicate that the packing
arrangement of rhodopsin in membranes also involves interfaces
between TM1 and TM4 (10-12). This suggests important
conservation of the oligomerization interface regions across
widely divergentGPCRs that shownoobvious sequence identity.
However, Ste2 may not form an identical oligomer arrange-
ment, since oxidation of Cys residues substituted into the
extracellular end of Ste2 TM5 did not form dimers, as was
observed for the Y206C substitution at the extracellular end of
TM5 in opsin (16).

The detection of homomeric contacts for both TM1 and TM4
suggests that Ste2 forms oligomers and not just dimers.Modeling
of the contact sites using the crystal structure of rhodopsin
indicates that the corresponding regions are too far apart for
TM1-TM1 and TM4-TM4 homomeric contacts to form in the
same dimer (Figure 8C). Similar conclusions with regard to
separate contact sites in oligomers of class A GPCRs were
proposed previously on the basis of the distance between TM1
and TM4 (10, 13, 15). Thus, since the seven TMs of Ste2 are
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thought to form a helix bundle with the same general arrange-
ment as rhodopsin (5, 28, 46, 47), Ste2 is also likely to form
oligomers and not just dimers in vivo. A recent FRET study came
to the opposite conclusion and suggested that Ste2 exists only as
dimers (25). However, it is possible that FRET could detect only
one type of Ste2 dimer interface in this study since the fluorescent
proteins used as FRET donors and acceptors were fused to the
end of TM7.

Another interesting aspect of the identification of TM1 and
TM4 as sites of dimer contact is that these TMs are not predicted
to move much during rhodopsin activation (48, 49). TM1-TM4
are thought to form a core structure that interacts with TM5-
TM7, which are predicted to undergo movement during receptor
activation. Thus, sites of dimer contact at TM1 and TM4may be
conserved in divergent GPCRs from yeast to humans as part of
an underlying mechanism to permit oligomers to form without
constraining the ability of the TMs to undergo conformational
changes during receptor activation.
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