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G protein-coupled receptors (GPCRs) are the largest family of cell-surface receptors in mammals and facilitate a
range of physiological responses triggered by a variety of ligands. GPCRs were thought to function asmonomers,
however it is now accepted that GPCR homo- and hetero-oligomers also exist and influence receptor properties.
The Schizosaccharomyces pombe GPCR Mam2 is a pheromone-sensing receptor involved in mating and has pre-
viously been shown to form oligomers in vivo. The first transmembrane domain (TMD) of Mam2 contains a
small-XXX-smallmotif, overrepresented inmembrane proteins andwell-known for promoting helix–helix inter-
actions. An ortholog of Mam2 in Saccharomyces cerevisiae, Ste2, contains an analogous small-XXX-small motif
which has been shown to contribute to receptor homo-oligomerization, localization and function. Here we
have used experimental and computational techniques to characterize the role of the small-XXX-small motif in
function and assembly of Mam2 for the first time. We find that disruption of the motif via mutagenesis leads
to reduction of Mam2 TMD1 homo-oligomerization and pheromone-responsive cellular signaling of the full-
length protein. It also impairs correct targeting to the plasma membrane. Mutation of the analogous motif in
Ste2 yielded similar results, suggesting a conservedmechanism for assembly. Using co-expression of the two fun-
gal receptors in conjunction with computational models, we demonstrate a functional change in G protein spec-
ificity and propose that this is brought about through hetero-dimeric interactions of Mam2 with Ste2 via the
complementary small-XXX-small motifs. This highlights the potential of these motifs to affect a range of proper-
ties that can be investigated in other GPCRs.

© 2014 Published by Elsevier B.V.

G protein-coupled receptors (GPCRs) form a large ubiquitous family
of transmembrane receptors that share a common topology of sevenα-
helical transmembrane domains (TMDs). GPCRs are conserved in all
eukaryotes, where they act as key regulators of many cellular processes
by triggering intracellular signaling cascades in response to environ-
mental stimuli. Although alternative modes of activation exist, trans-
mission of information across the lipid bilayer is commonly achieved
by binding of ligand in the GPCR binding pocket, which forces a confor-
mational change in the receptor's transmembrane domains [1,2]. This
typically leads to G-protein binding, GDP–GTP exchange on the associ-
ated G protein, and propagation of the signal. GPCRs have also been
shown to form dimeric or higher order oligomeric complexes, which
may be a prerequisite for the correct subcellular targeting and func-
tioning of the receptor [3,4] and may modulate receptor function [5].
Hetero-association of two (or more) GPCRs to form new receptor com-
plexes that participate in “cross-talk” has also been reported, leading to
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modified G protein coupling and signaling [6]. Despite these and other
excellent studies highlighting the importance of GPCR homo- and
hetero-oligomerization, the specific interactions mediating complex
formation are poorly understood due to the significant technical chal-
lenges involved in structural characterization of membrane proteins.

Lower eukaryotes are attractive model organisms in which to study
GPCRs as they are amenable to genetic manipulation and exhibit less
cross-talk between signaling pathways [7]. Several studies of the GPCR
Ste2, the pheromone receptor from the budding yeast Saccharomyces
cerevisiaewhichmediates the mating response, agree that oligomeriza-
tion of this protein is facilitated (at least in part) by interactions involv-
ing transmembrane domain 1 (TMD 1) [8–11]. These interactions were
further traced to a small-XXX-small motif (specifically a G56-XXX-G60

motif) in TMD 1 [12]. Small-XXX-small motifs aremotifs of two residues
(typically glycine, but also alanine or serine) separated by three amino
acids in the polypeptide chain, thus physically placing them on the
same face of an α-helix. Co-location of these two small residues results
in a “groove” which allows two helices to interlock via many favorable
van der Waals contacts, thereby promoting helix–helix interactions.
While these motifs have been frequently found at the oligomeric inter-
face of helical membrane proteins [13–16], they have also been shown
to be highly dependent upon the surrounding amino acid sequence
[17,18], and are not always effective in driving protein interactions.
Therefore, simple identification of thesemotifs in the primary sequence
of a transmembrane domain is not a silver bullet to understanding pro-
tein interactions, but their presence can be used to design targeted mu-
tagenesis strategies to verify their role (or lack thereof) experimentally.
In this way, mutation of the G-XXX-Gmotif in Ste2 TMD1was shown in
one study to interfere with oligomerization and localization (but not li-
gand binding) of the receptor [12]. However, other studies before and
since have reported that Ste2 TMD 1 is not sufficient to drive oligomer-
ization on its own, and that other domains in the receptor are also in-
volved in complex formation including the N-terminus and TMD 2,
TMD 4, and TMD 7 [9–11]. Evidence also exists that suggests the sites
of contact between receptors change upon ligand-binding [9]. More-
over, it should be noted that, while small residues may mediate TMD
packing, this is not always essential and indeed some GPCRs have
been known to include more bulky residues such as isoleucine and leu-
cine. In short, this growing body ofwork has not yet yielded a consensus
model for Ste2 oligomerization, apart from the agreement that TMD 1
participates in some way.

The Schizosaccharomyces pombe P-factor receptor Mam2 [19] is
orthologous to the Ste2 receptor, and immunoblotting (performed
under non-denaturing conditions) has suggested the existence of oligo-
meric complexes [20] although a direct interaction has not been deter-
mined. Unfortunately, classical approaches to confirm dimerization of
Mam2 have proven unsuccessful. In the past we have been able to im-
munoprecipitate heterologously expressed mammalian receptors from
S. pombe cells [20,21], but somewhat surprisingly this has not been pos-
sible for Mam2 despite the production of two in-house antibodies. Like-
wise, we have been unable to utilize fluorescent-based techniques such
as Förster resonance energy transfer (FRET) and bioluminescence reso-
nance energy transfer (BRET) due to the large size of the C-terminal tail
of Mam2 (45 amino acids). Unlike Ste2, where it has been possible to
delete the C-terminal tail and still produce a functional receptor [12],
Mam2 has an absolute requirement of its C-terminal tail to facilitate ef-
ficient downstream signal transduction [22]. The tail of Mam2 is abso-
lutely required for an interaction with the regulator of G protein
signaling 1 (Rgs1) protein that both negatively and positively modu-
lates signal transduction dependent upon the dose of stimulating pher-
omone [22,23]. Deletion of the Mam2 C-terminal tail generates a
receptor with severely attenuated signaling abilities. Consequently, a
novel approach that attempts to understand theMam2 dimerisation in-
terface has been required andwe described here our use of the bacterial
expression system TOXCAT [24] to investigate the Mam2 dimerization
interface.

Along with the suggestion that Mam2 forms oligomers [20], Mam2
further resembles Ste2 in that it also contains two consecutive small-
XXX-small motifs (G49-XXX-S53, S53-XXX-A57) in TMD 1. Given the lack
of a consensus as to the precise mechanisms governing oligomerization
of fungal GPCRs, and guided by previous studies of Ste2 as well as the
presence of well-known helix interaction motifs, we describe here for
the first time the effects of targeted mutation of the small-XXX-small
motifs on oligomerization, function, and localization of Mam2. Equiva-
lent experiments were performed on Ste2 for comparison to Mam2
and the wider literature. Our results demonstrate that the TMD 1
small-XXX-small motifs play a critical part in the correct localization
and function of full-length Mam2, and this behavior is mirrored in par-
allel experiments performed on Ste2. The small-XXX-small motifs also
promote strong self-association of Mam2 TMD 1 in isolation (a result
which is not observed in parallel experiments on Ste2 TMD 1). Using a
series of chimeric G protein expressing strains [21], we also demon-
strate that Mam2 can form functional heterodimers with Ste2, and our
mutagenesis data suggest that this occurs via complementary small-
XXX-small motifs in the first TMD of each receptor. Molecular models
of the relevant helix–helix interactions are used to support the experi-
mental results and illustrate plausible interaction modes. The data
presented here highlight the importance of this well-known motif and
offer novel insight into the mechanisms used by Mam2 to functionally
assemble into homo- and hetero-oligomeric complexes.

1. Materials and methods

1.1. TOXCAT assay and construction of chimera

The self-association of the first transmembrane domains of
S. cerevisiae Ste2 (V49–W70) and S. pombeMam2 (L46–C67) were studied
using the TOXCAT assay, which has been described previously [24].
Briefly, the DNA sequence encoding the transmembrane domain of in-
terest was cloned into the pccKAN vector between the dimerization-
dependentDNAbinding domain of ToxR at theN-terminus, andmaltose
binding protein (MBP) at the C-terminus. The resulting fusion protein
was expressed in Escherichia coli NT326 cells lacking endogenous MBP.
TM domain-driven oligomerization of the fusion protein leads to ToxR
mediated activation of the reporter gene chloramphenicol acetyltrans-
ferase (CAT), with CAT expression levels indicating the strength of TM
self-association. Before performing assays, correct insertion and orien-
tation of the TOXCAT constructs in the E. coli inner membrane was
confirmed using the protease sensitivity in spheroplast assay [24]. Ex-
pression levels for all constructs were determined via western blots
against maltose binding protein (MBP). The chloramphenicol acetyl-
transferase (CAT) reporter gene was quantified using the FAST CAT kit
(Invitrogen). CAT activity was normalized to the expression level of
each construct using the ImageJ tool [25] to quantify band intensities
on a western blot, and all CAT activities are reported relative to the
value obtained for the positive control, the strongly-dimerizing TMD
of Glycophorin A (GpA). A point mutant of GpA, G83I, which impairs
TMD association, was used as a negative control. Values given are the
means (±S.D.) for three or more independent measurements and a
student's T-testwas performed to determine the significance of changes
in CAT activity.

1.2. Yeast strains, plasmid construction and culture conditions

The yeast strains used in this study are listed in Table S1. All yeast
strains were derived from JY546 which contains the sxa2 N lacZ con-
struct for quantification of pheromone-dependent transcription. To fa-
cilitate the expression of heterologous GPCRs in S. pombe, we have
previously described the generation of a series of Gα-transplants, inte-
grated at the gpa1 locus, in which the C-terminal five amino acids of
Gpa1 were replaced with the corresponding residues frommammalian
Gα-subunits [21]. General yeast procedures are as described previously
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