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Abstract

The Saccharomyces cerevisiae a-factor receptor Ste2p has been used extensively as a model to
understand the molecular mechanism of signal transduction by G protein-coupled receptors
(GPCRs). Single and double cysteine mutants of Ste2p were created and served as surrogates to
detect intramolecular interactions and dimerization of Ste2p using disulfide cross-linking
methodology. When a mutation was introduced into the phylogenetically conserved tyrosine
residue at position 26 (Y26C) in the N-terminus of Ste2p, dimerization was increased greatly. The
amount of dimer formed by this Y26C mutant was greatly reduced by ligand binding even though
the ligand binding site is far removed from the N-terminus; the lowering of the dimer formation
was consistent with a conformational change in the N-terminus of the receptor upon activation.
Dimerization was decreased by double mutations Y26C/VV109C or Y26C/T114C indicating that
Y26 is in close proximity to V109 and T114 of extracellular loop 1 in native Ste2p. Combined
with earlier studies, these results indicate previously unrecognized roles for the N-terminus of
Ste2p, and perhaps of GPCRs in general, and reveal a specific N-terminus residue or region, that is
involved in GPCR signaling, intrareceptor interactions, and receptor dimerization.
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Introduction

Transmission of extracellular signals across the plasma membrane is one of the most
fundamental biological processes. G protein-coupled receptors (GPCRs), the largest family
of signaling molecules on the cell surface, play central roles in the signaling processes by
responding to a plethora of signals, including photons, hormones, neurotransmitters, ions
and lipids [1-4]. Despite the diversity of signals and the pathways they regulate, all GPCRs
have a common architecture consisting of seven transmembrane domains. Upon translation
of these signals into appropriate responses, cells regulate many crucial physiological and
pathophysiological processes [5]. Inappropriate and / or altered GPCR functions cellular are
directly or indirectly associated with many diseases including schizophrenia, Alzheimer's,
cancer, blindness, obesity, hypertension, and diabetes [2, 6, 7]. Not surprisingly, GPCRs are
the therapeutic targets for a large portion of currently prescribed drugs [8-12].

Ligand binding promotes a conformational change in the receptor that triggers the cellular
response via intracellular transducers - the heterotrimeric (a, B, -y subunits) guanine
nucleotide binding proteins (G proteins) and/or B-arrestin [13, 14]. The conformational
changes involve the movement of transmembrane domains [15-21]. However, concomitant
changes are also expected to occur in other domains of the receptor, including the loop
regions and the N- and C-termini. Despite containing several distinct regions, the majority of
GPCR structure and function studies have focused on the transmembrane helices. However,
a growing number of studies indicate that the N-terminus also plays an important role in
receptor function [22-27]. For example, studies with class B secretin GPCRs indicate that
the N-terminus is the ligand binding domain for these receptors [28]. It has been proposed
that binding of the cognate ligand to the N-terminus induces a conformational change in the
receptor's N-terminus. This enables a segment of the N-terminus to dock near the top of
transmembrane domain 6 and this in turn triggers a conformational change in the
heptahelical bundle to initiate downstream signaling [29]. In class C glutamate receptors, the
conserved N-terminal Venus flytrap module has been reported to regulate ligand binding and
receptor activation [22, 24, 25, 30]. The N-termini of protease-activated receptors (PARS)
and glycoprotein hormone receptors (GpHRS) have also been associated with receptor
activation [31, 32]. The N-terminus of adhesion G protein-coupled receptor GPR56 has been
reported to constrain receptor activity [33]. Truncation of the N-terminus of several GPCRs
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including CB1 cannabinoid [34], a 1p adrenergic [35] and GPR37 [36] has been shown to
enhance cell surface expression [37].

A growing number of studies indicate that GPCRs interact with each other to form dimers
and / or oligomers with important functional consequences. For example, dimerization is a
prerequisite for the expression of a fully functional y-aminobutyric acid (GABAD) receptor
at the plasma membrane [38-40]. Taste T1 receptors also exist as obligate heteromers [41].
Dimerization between D2 and D3 receptors was reported to confer novel functional
properties [42]. GPR83, an orphan receptor involved in body weight regulation and the
control of circulating adenopectin levels, can form homodimers and heterodimers with other
GPCRs. Heterodimerization of this receptor with the ghrelin receptor (GHSR1a) has been
shown to impede GHSR activity [43]. The dimerization across the various CXCR4 crystal
structures is consistent with reports of CXCR4 homo- and heterodimerization in cells and its
possible physiological relevance [44]. These and many other studies have confirmed that
dimerization and / or oligomerization play important roles in receptor function.

The Saccharomyces cerevisiae pheromone receptor Ste2p is a GPCR activated upon binding
a factor, a 13-residue peptide, which triggers signaling through a cytoplasmic heterotrimeric
G protein in MATa haploid cells [45, 46]. Ste2p has been used as a model for understanding
structure-function relationships of GPCRs using the power of yeast genetics and analysis of
the yeast pheromone response pathway. Although Ste2p lacks strong sequence similarity to
mammalian GPCRs, some mammalian GPCRs have been expressed in yeast and are capable
of coupling to and activating the yeast mating pathway [47, 48]. Ste2p also exhibits
signaling when expressed in mammalian cells [49].

The N-terminus of Ste2p is ~50 amino acids long and contains two glycosylation sites,
neither of which is essential for receptor function [50]. The N-terminus was reported to be
involved in forming a domain for Ste2p dimerization [51, 52]. Previous studies of the first
extracellular loop using the substituted cysteine accessibility method (SCAM) reported that
several residues (L102C, N105C, S108C, Y111C and T114C) in this loop were inaccessible
to the sulfhydryl reagent (MTSEA-biotin) used to assess solvent accessibility [53]. It was
also reported that mutation of these residues to cysteine affected the glycosylation pattern of
the receptor. Because two glycosylation sites of the receptor are located in the N-terminus at
N25 and N32 [50] and the mutations in the ECL1 affected the glycosylation pattern, we
hypothesized that the N-terminus interacted with ECL1. More recently, several residues in
the N-terminus, including Y26C, were also found to be inaccessible to MTSEA-biotin and
the Y26C mutant also exhibited markedly increased dimerization [51]. This residue is in the
consensus sequence of N-glycosylation N-X-S/T (where X is any amino acid except Pro).
The tyrosine in this position is conserved among the a-factor receptors in several fungal
species (Fig. 1). These observations stimulated this investigation into whether ECL1
interacts with N-terminus. In this paper we report on an interaction between the N-terminus
and ECL1 influenced by ligand binding.
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Materials and Methods

Media, Reagents, Strains, and Plasmids

S. cerevisiae strain LM102 [MATa ste2 FUSI-lacZ::URA3 barl ura3 leuZ2 his4 trpl meti]
[54] was used for growth arrest, FUSI-/acZ gene induction and saturation binding assays,
and the protease-deficient strain BJS21 [MATa, prc1-407 prb1-1122 pep4-3 leu? trpl
ura3-52 ste2:Kan [55] was used for protein isolation, immunoblot analyses, and disulfide
cross-linking studies in order to minimize receptor degradation during analysis. To facilitate
disulfide cross-linking, plasmid pBEC2-FXa was constructed from plasmid pBEC2 [53]
containing a Cys-less Ste2p using primers to introduce tandem Factor Xa protease cleavage
sites between residues T78 and P79 in ICL1. The plasmid pBEC2-FXa containing C-
terminal FLAG™ and His-tagged S7TE2with a tandem Factor Xa cleavage site was
transformed by the method of Geitz [56]. Transformants were selected by growth on yeast
media [57] lacking tryptophan (designated as MLT) to maintain selection for the plasmid.
The cells were cultured in MLT (2% glucose, 1% casamino acids (Research Products
International Corp., IL, USA), 0.17% yeast nitrogen base without ammonium sulfate
(Research Products International Corp., IL, USA), 0.5% ammonium sulfate (Research
Products International Corp., IL, USA), amino acid dropout mix containing (arginine 0.026
g/L, asparagine 0.058 g/L, aspartic acid 0.14 g/L, glutamic acid 0.14 g/L, histidine 0.028
g/L, isoleucine 0.058 g/L, leucine 0.083 g/L, lysine 0.042 g/L, methionine 0.028 g/L,
phenylalanine 0.69 g/L, serine 0.52 g/L, threonine 0.28 g/L, tyrosine 0.042 g/L, valine 0.21
g/L, adenine sulfate 0.058 g/L, uracil 0.028 g/L) and grown to mid log phase at 30°C with
shaking (200 rpm) for all assays.

Growth Arrest Assays

S. cerevisiae strain LM102 expressing Cys-less Ste2p (ICL1-Xa2) or site-directed Cys
mutants was grown at 30°C overnight in MLT, harvested, washed three times with water, and
resuspended to a final concentration of 5x 106 cells/mL [58]. Cells (1 mL) were combined
with 3.5 mL of agar noble (1.1%) and poured as a top agar lawn onto a MLT medium agar
plate. Filter disks (BD, Franklin Lakes, NJ) impregnated with a.-factor (4, 2, 1, 0.5, and 0.25
ug/disk) were placed on the top agar. The plates were incubated at 30°C for 24h and then
observed for clear halos around the disks. The experiment was repeated at least three times,
and reported values represent the mean of these tests.

FUS1-lacZ Gene Induction Assay

Cells expressing Cys-less Ste2p (ICL1-Xa2) and Cys mutants were grown at 30°C in MLT,
harvested, washed three times with fresh medium and resuspended to a final concentration
of 5 x 107 cells/mL. Cells (500 ul) were combined with a-factor pheromone (final
concentration of 1uM) and incubated at 30°C for 90 min. The cells were transferred to a 96-
well flat bottom plate (Corning Incorporated, Corning, NY) in triplicate, permeabilized with
0.5% Triton X-100 in 25 mM PIPES buffer (pH 7.2) and then S-galactosidase assays were
carried out using fluorescein di-p-galactopyranoside (Molecular Probes, Inc., Eugene, OR)
as a substrate as described previously [59]. The reaction mixtures were incubated at 37°C for
60 min. The fluorescence of the samples (excitation of 485 nm and emission of 530 nm) was
determined using a 96-well plate reader Synergy2 (BioTek Instruments, Inc., Winooski, VT).
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The data were analyzed using Prism software (GraphPad Prism version 6.02 for Windows,
GraphPad Software, San Diego CA). The experiments were repeated at least three times and
reported values represent the mean of these tests.

Immunoblots

Immunoblot analysis of Ste2p was carried out as described previously [60]. Cells (BJS21)
expressing various Ste2p constructs grown in MLT were used to prepare total cell
membranes as previously described [53, 61]. For studies of disulfide cross-linking,
membranes were solubilized in SDS sample buffer (30% glycerol, 3% SDS, 0.01%
bromphenol blue, 0.1875 M Tris, pH 6.8) without S-mercaptoethanol (B-ME). Proteins were
fractioned by SDS-PAGE (10% acrylamide) along with pre-stained Precision Plus protein
standards (BioRad, Hercules, CA) and transferred to an Immobilon™ P membrane
(Millipore Corp., Bedford, MA). The blot was probed with anti-FLAG™ M2 antibody
(Sigma/Aldrich Chemical, St. Louis, MO), and bands were visualized with the West Pico
chemiluminescent detection system (Pierce, Rockford, IL) using ChemiDoc™ XRS+ system
(BioRad, Hercules, CA). The intensity of Ste2p signals from blots was measured by
densitometry using Image Lab™ software (version 4.1, BioRad, Hercules, CA). Although
blots were overexposed to be able to see the mutants, blots with less exposure time were
used for accurate quantification of band intensity. Multiple repeats of immunoblot
experiments yielded similar results. The constitutively-expressed membrane protein Pmalp
was used as a loading control as described previously [62] using Pmalp antibody (Thermo
Scientific, Rockford, IL).

Disulfide Cross-Linking with Cu-Phenanthroline

Disulfide cross-linking was carried out as described previously [60]. One hundred
micrograms of the membrane preparation was incubated in the absence or presence a-factor
(1 uM final concentration) for 30 min prior to Cu-P treatment in experiments performed to
examine the influence of ligand on dimerization. To initiate the cross-linking reaction, the
membrane proteins were treated with a fresh preparation of Cu(l1)-1,10-phenanthroline (Cu-
P; final concentration, 2.5 uM CuSO4 and 7.5 uM phenanthroling, in phosphate-buffered
saline, pH 7.4). The reaction was carried out at room temperature for 20 min, terminated
with 50 mM EDTA, and kept on ice for 20 min followed by adding SDS sample buffer
without S-mercaptoethanol.

Factor Xa digestion

The membrane protein preparation (40 pg) was incubated with 0.4 unit of Factor Xa
(Novagen) in Factor Xa cleavage buffer (0.1M NaCl, 50 mM Tris-HCI, 5 mM CaCl2, pH
8.0) containing 0.1% Triton X-100 for 16h at 4°C. Each sample was divided into two
portions. The reactions were terminated by adding one-third the volume of Laemmli sample
buffer (30% glycerol, 3% SDS, 0.01% bromphenol blue, 0.1875 M Tris, pH 6.8). To
simulate reducing conditions S-mercaptoethanol (final concentration, 1%, v/v) was added to
one of the portions. Samples were analyzed by SDS-PAGE and Western blotting as
described above.
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Construction of Ste2p Cys mutants

To investigate possible intra-receptor interactions one residue (Y26) in the extracellular N-
terminus (NT) and five residues (N105, S108, V109, Y111 and T114) in the extracellular
loop 1 (ECL1Y) of Ste2p were chosen for mutation to Cys. These residues were chosen for
several reasons: (i) Y26 was found to be one of the two invariably conserved residues in the
N-terminal domains of a-factor pheromone receptors of many fungal species:
Saccharomyces cerevisiae, Ashybya gossypii, Candida albicans, Candida dubliniensis,
Candida tropicalis, Debaryomyces hansenii, Eremothecium cymbalariae, Kluyveromyces
lactis, Lachancea kluyveri, Naumovozyma castelllii, Naumovozyma dairenesis, and
Scheffersomyces stipits. The N- terminal regions of the a-factor pheromone receptors of
these fungi were predicted using TMHMM 2.0 [63] and aligned (Fig. 1) by Clustal Omega
[64]. The twelve receptors analyzed in this study were predicted to have an N-terminal
domain of 45-53 residues, (ii) Y26 was determined to be solvent inaccessible by the
substituted cysteine accessibility method (SCAM) suggesting a possible interaction between
Y26 and extracellular loop of Ste2p [51], (iii) Y26 is located within one of the two known
glycosylation sites (N25 and N32) of Ste2p [50], and (iv) mutation of residues N105, S108,
V109, Y111 and T114 to Cys led to changes in the glycosylation pattern of the receptors
[53].

The template for the introduction of these mutations was a Cys-less receptor to eliminate the
possibility of cross-linking between Y26 and endogenous Cys residue in the wild-type
receptor [51, 53, 60]. The Cys-less template contained two C-terminal epitope tags (FLAG
and 6XHIS) and also tandem Factor Xa cleavage sites (IEGRIEGR) in the first intracellular
loop in order to allow detection of interdomain cross-linking (Fig. 2). The Cys-less Ste2p-
FLAG-His receptor (referred to herein as “wild-type” and used extensively in previous
studies from our lab), and the receptor with the Factor Xa cleavage sites in ICL1 (referred to
herein as “ICL1-Xa,”), demonstrated similar expression levels as well as almost identical
biological activities in growth arrest and FUSI-/acZ assays to that of wild-type Ste2p
indicating that incorporating the protease cleavage sites and other modifications of Ste2p did
not alter receptor function (Fig. 3).

The signaling activities of the cysteine mutants

Signaling activities of the Cys mutants were examined by two independent assays:
pheromone-induced growth arrest and FUSI-/acZ reporter gene assays. The growth arrest
assay measures the ability of the receptor to promote a-factor-induced cell division arrest. It
is a rigorous test of receptor function that can be used to compare the relative sensitivity to
a-factor. This assay also monitors the ability of the cell to maintain the pheromone response
for a relatively long time period (18-24 hours). On the other hand, the pheromone-induced
FUSI1-/acZ reporter gene assay is a short term measurement of signaling activity of the
receptor during the early (1 to 2 hours) response of the yeast cells to pheromone. The strains
used in this study were engineered to contain a reporter gene construct consisting of a fusion
between FUSI promoter and the /acZ gene encoding the enzyme S-galactosidase [65]. The
FUS1-lacZ assay allows for fast, sensitive detection of mating pathway activation by
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assessing the induction of S-galactosidase activity in response to mating pheromone. The
growth arrest and FUSI-/acZ activity of the mutants ranged from ~30-90% of the ICL1-Xa,
control. Although all mutants were active for signaling in both assays, some mutants
exhibited dissimilar activities in the two assays (Table 1). For example, compared to the
ICL1-Xay control, the S108C mutant exhibited a 35% reduction in growth arrest and 70%
reduction in FUSI-lacZ activity. In contrast, the Y111C mutant exhibited only a 10%
reduction in growth arrest and a 70% reduction in FUSI-/acZ activity. The double mutant
Y26C/V109C exhibited 66% reduction in growth arrest activity, but only a 28% reduction in
FUSI-lacZ activity. The differences in functional readouts between the FUSI-/acZ activity
and growth arrest activity of various Ste2p mutants have been observed in many studies and
has been explained on the basis of the assay used to measure signaling [66-70]. These
differences in signaling are similar to those observed in functional selectivity induced by
different ligands binding to the same receptor, a phenomenon termed signal bias [71, 72].

Expression of the Ste2p mutants

The total cellular expression level of each single and double-Cys mutant receptor was
determined by Western blot analysis. All mutant receptors showed several bands between
~44 and ~55 kDa (Fig. 4A). The multiple bands are typical of Ste2p expression and are due
to differences in the glycosylation state, which does not influence receptor function [50].
While all of the Cys constructs were expressed as judged by the Western blot, there was a
large variability in the amount of receptor expressed, the glycosylation pattern, and the ratio
of monomer to dimer among these mutants (Fig. 4A). For example, the expression of the
S108C mutant was the lowest and it showed very little dimerization (Fig 4A; fifth Gel from
Left). Similar expression levels for this mutant were found previously [53].

Although the two intrinsic Cys residues have been substituted with Ser, a weak band at ~110
kDa, corresponding to a dimerized form of Ste2p, was observed for the ICL1-Xa, receptor
(Lane ICL1-Xay, Fig. 4A). This band is likely a native, noncovalent dimer which was not
disrupted by membrane protein preparation or SDS-PAGE. Such dimers have been observed
on SDS-PAGE gels in our lab [51, 59, 60, 73] and those of others working with Ste2p
[74-78]. On the other hand, the Y26C mutant exhibited strong dimer formation with only a
small amount of monomer detected (Lane Y26C, Fig. 4A). The single Cys mutants N105C,
S108C, V109C, Y111C and T114C were present primarily in the monomeric form with just
a small amount of dimer. With the exception of V109C, the monomeric banding pattern of
the single Cys mutants (N105C, S108C, Y111C and T114C) was different from that of the
ICL1-Xay control; the main bands were spread over a larger molecular size range in
comparison to that of the ICL2-X2a, ranging in size from ~55 and ~70 kDa. The diffuse
banding pattern of the N105C, S108C, Y111C and T114C mutants was attributed to changes
in the glycosylation state of the receptors, as these bands collapsed into a single monomeric
band upon treatment with PNGase F [53]. Furthermore, the Ste2p receptor expression levels
of the four ECL1 single Cys mutants (N105C, S108C, Y111C and T114C) and the
corresponding double Cys mutants (Y26C/N105C, Y26C/S108C, Y26C/Y111C, and Y26C/
T114C) were weaker than that of the ICL1-Xa, (Fig. 4A). Moreover, the banding pattern of
the monomeric form of the double Cys mutants was different from that of the ICL1-Xa, as
exhibited by a strong band (at ~50 kDa) along with a small amount of diffuse bands between
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~50 and ~70 kDa. The differential banding pattern in the double Cys mutants can be
attributed to mutations in ECL1 as observed previously in our lab [53].

The majority of the double Cys mutants exhibited more dimer and less monomer compared
to the ICL1-Xa, under non-reducing condition (Fig. 4A). As stated above, the ICL1-Xa, and
virtually all of the single Cys mutants of Ste2p exhibited no or faint bands at about 110 kDa
consistent with a small amount of dimerized Ste2p. Since the dimer was the predominant
form for the majority of the double Cys mutants containing Y26C, with weak dimer in the
corresponding single Cys mutants, the dimers formed by these double mutants can be
attributed to the presence of Y26C. The dimer at ~110 kDa of all the double Cys mutants
decreased in the presence of S-mercaptoethanol indicating the involvement of disulfide
bonds in stabilization of the dimer (Compare Figs. 4A & B; See Table 2).

The dimer to monomer ratio in the gels under non-reducing conditions for Y26C was ~28
fold greater than that of the ICL1-Xa, control, whereas that of the double Cys mutants
(Y26C/N105C, Y26C/S108C, Y26C/V109C, Y26C/Y111C and Y26C/T114C) ranged from
about 4- to 8-fold greater (Table 2). The dimer to monomer ratio of the single Cys mutants
ranged from 2-4 fold greater than that of the ICL1-Xa, control. Under reducing conditions,
the dimer to monomer ratio of the Y26C and all the double Cys mutants decreased
significantly (p<0.05), whereas the ratio did not change significantly in any of the other
single Cys mutants suggesting that the dimerization in the double Cys mutants required
Y26C. The dimer to monomer ratios of three double Cys mutants (Y26C/N105C, Y26C/
S108C and Y26C/Y111C) under non-reducing conditions ranged from 8.0-8.3, and were not
significantly different from each other. On the other hand, under non-reducing conditions the
ratios of the two other double Cys mutants, Y26C/V109C and Y26C/T114C, were 5.7 and
4.1, respectively. The differences between the Y26/N105C, Y26C/S108C and Y26C/Y111C
double mutants and the Y26C/V109C and Y26C/T114C double mutants is addressed further
in the discussion.

Conformational Changes in the N-terminus Upon Ligand Binding

It is generally believed that activation of GPCRs upon ligand binding results in a
conformational change involving rearrangement of the various receptor domains [79-82].
Previous studies have also shown that binding of a-factor affected Ste2p dimer formation
[52, 60, 78]. Additionally, the N-terminus of Ste2p was reported to be involved in
dimerization in several studies [51, 52]. Disulfide crosslinking can also be used to probe
ligand-induced conformational change in GPCRs in cysteine-substituted mutant receptors.
[78, 83, 84]. We investigated whether incubation with a-factor would influence dimerization
of the mutants examined in this study. We observed that dimer formation by the ICL1-Xay
control and majority of the mutants was not affected by agonist. However, four mutants
(Y26C, S108C, Y26C/N105C and Y26C/S108C) exhibited a significant difference in the
ratio of dimer to monomer in the absence or presence of agonist (Compare Figs. 4A & C;
see Fig. 5 for a graphical representation of the dimer/monomer ratio as determined from
densitometry measurements; see Supplemental Fig. S1 and Table S1 for graphical
representation of how the information in Fig. 5 was determined). The dimer to monomer
ratio of Y26C significantly decreased upon incubation with a-factor. In contrast, the dimer
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to monomer ratio of S108C, Y26C/N105C and Y26C/S108C increased significantly. These
results suggest that a-factor binding induces conformational changes in the N-terminus and
ECL1 of Ste2p which alters the availability of the Y26C, S108C, Y26C/N105C and Y26C/
S108C residues for cross-linking. These results indicate that the dimer interface formed by

the N-terminus of the receptor changes upon receptor activation.

Determination of intramolecular interaction between N-terminus and extracellular loop 1

The experiments described above indicated that dimerization mediated by Y26C was
hindered by the V109C and T114C mutations in ECL1 suggesting a possible interaction
between the N-terminal domain and the first extracellular loop through Y26C and these two
positions in Ste2p. To test this idea, we took advantage of the protease (Factor Xa) digestion
site engineered into ICL1 of Ste2p. If intramolecular cross-linking between Y26C and
V109C or T114C occurred, subsequent Factor Xa digestion would result in a split Ste2p
with the N-terminus linked by a disulfide bond to the ECL1 region (Fig. 6A, diagram of
expected results). If cross-linking occurred, under non reducing conditions a protein with an
apparent molecular weight equivalent to the full-length receptor (~50 kDa) would be
detected by antibody against the C-terminal FLAG epitope tag. Under reducing conditions,
the disulfide bond between the two fragments would be reduced and only the 42 kDa
fragment would appear on the gel probed with anti-FLAG antibody. If cross-linking did not
occur, the receptor would be cut into two fragments, and only a 42 kDa band would be
detected on immunoblots under non-reducing or reducing conditions using the C-terminal
FLAG antibody (Fig. 6B).

Digestion of ICL1-Xa2 receptor with Factor Xa led to detection of a ~42 kDa fragment,
although most of the receptor was not cleaved by Factor Xa under these conditions (Fig. 7,
see Supplemental Fig. S2 and TableS2 for graphical representation of how comparisons of
fragment levels in Fig. 7 was determined.). The total amount of Ste2p detected in both the
monomer and dimer (non-disulfide) forms also decreased due to non-specific proteolysis of
Ste2p during the overnight incubation with Factor Xa (compare lanes 1 and 2 in Fig. 7A).
The monomer bands (~55 kDa) are due to incomplete Factor Xa digestion. We performed
partial digests because a longer incubation led to very extensive degradation of proteins. In
contrast, the ~42 kDa fragment protease digestion fragment was not detected in Y26C/
V109C and Y26C/T114C mutants (lanes 4 and 6 in Fig. 7A). Similar results were obtained
when the receptors were incubated without (lanes 1-6) or with a-factor (lanes 7-12) before
digestion with Factor Xa. In control experiments run under reducing conditions(p-
mercaptoethanol) all receptors cut with Factor Xa showed the 42 KDa band (Figure 7B).
These results are consistent with the formation of a disulfide bond between Y26C in the
extracellular N-terminus and V109C and T114C in ECL1 of Ste2p and demonstrate that
these positions are in close proximity in this receptor.

Discussion

Previous studies indicated that the N-terminus of Ste2p is involved in dimerization and
contains two glycosylation sites, and that mutation of specific residues in ECL1 affected the
glycosylation pattern of the receptor. These results would be consistent with an interaction
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between the N-terminus and ECL1[51-53]. We now present evidence that a mutation of the
highly conserved tyrosine residue to cysteine (Y26C) in the N-terminus will promote
receptor dimerization and that Y26 interacts with specific residues (V109 and T114) in the
ECL1. We also present data suggesting that the N-terminus-mediated dimer interface of the
receptor changes upon receptor activation.

Disulfide cross-linking methodology was used to detect the interaction between two residues
of Ste2p in its membrane-bound state. The maximum distance between a-carbons linked by
disulfide bonds was shown to be about 7A [85]. Thus, this method should only identify
amino acid side chains that are within this distance. Cysteine residues engineered into
GPCRs have been applied to facilitate disulfide bond formation in several GPCRs including
Ste2p [60, 73, 78, 81, 86-90].

The mutant receptor Y26C showed significantly increased dimerization (Figs. 4A, 4B, Table
2) over that of the ICL1-Xa, receptor (Fig. 2.). The finding that Y26C participates in dimer
formation is in good agreement with the report that Y26C is solvent-inaccessible to the
sulfhydryl reagent MTSEA-Biotin [51] since the Y26C-Y26C interaction likely prevents
MTSEA-labeling of this residue. The fact that this residue formed a linkage suggests that the
Ste2p-Ste2p interactions involving this region of the N-terminus have significant spatial
restrictions, which might make this region relatively rigid. This is consistent with the
prediction that this region of the receptor has a p strand [51, 91, 92]. Thus our mutational
analysis defines Y26C as a specific residue involved in Ste2p dimerization.

It is interesting that dimerization mediated by Y26C in the N-terminus was hindered by
mutations in the ECL1 of the receptor (Table 2). This is consistent with the idea that
formation of disulfide bond between Y26C and a residue in the ECL1 decreases the amount
of Y26C-Y26C dimer. This results in the reduction of dimer to monomer ratio of the
corresponding double Cys mutant receptors. It had been shown previously that mutations in
ECL1 affected the glycosylation pattern of the receptor [53], although the glycosylation sites
are located in the N-terminus [50]. The mutant receptors Y26C, Y26C/N105C, Y26C/
S108C, Y26C/V109C, Y26C/Y111C and Y26C/T114C exhibited markedly increased
dimerization over that of the ICL1-Xa, (Figs. 4A, 4B & Table 2). The dimerization of these
mutants was reversed by treatment with g-ME. On the other hand, the single Cys mutants
(N105C, S108C, V109C, Y111C and T114C) exhibited weaker dimerization as compared to
the double Cys mutants (Figs. 4A, 4B & Table 2) and no significant decrease in dimer to
monomer ratio was observed upon treatment with S-ME, indicating that the small amount of
dimers formed by these single Cys mutants was due to SDS-resistant association between
receptors that is not mediated by disulfide bonds. SDS-resistant dimerization has been
observed in previous studies with many proteins including Ste2p [77, 93-101].

Out of the five double Cys mutants tested, two mutants (Y26C/V109C and Y26C/T114C)
exhibited a greater decrease in dimerization compared to that of the other three mutants
(Y26C/N105C, Y26C/S108C and Y26C/Y111C) indicating that Y26C-mediated
dimerization was prevented to a greater extent by cysteine incorporation at positions V109
or T114. These results are consistent with the idea that intra-receptor interactions of Y26C
with either V109C or T114C will hinder inter-receptor Y26C-Y26C interactions thus
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reducing dimerization. The other positions (N105C, S108C, Y111C) appear to interact to a
somewhat lesser extent with Y26C and thus the intermolecular Y26C-Y26C interaction is
not as greatly affected. These results support the hypothesis that Y26 in the flexible N-
terminus interacts with residues of EL1. We note, however, that the flexibility of the N-
terminus would change if dimerization occurs and that the competition between
intramolecular and intermolecular interactions would influence the flexibility of this region.
Since Y26C is located adjacent to a glycosylation site (N25), it is expected that mutations
blocking the interaction might influence the glycosylation pattern. Indeed, it was observed
previously that mutation in positions T114, N105, S108, and Y111 affect the glycosylation
pattern [53].

It is important to note that reduced dimerization of Y26C/VV109C and Y26C/T114C might
result from non-specific effects of mutation rather than interaction between the N-terminus
and ECL1. To ascertain if specific interactions between Y26C and the two residues in ECL1
existed, we used disulfide cross-linking followed by Factor Xa digestion. We found that
these two residues (V109C and T114C) in ECL1 indeed cross-link to Y26C (Fig.8). This
strategy has been used previously in our lab to determine the involvement of TM regions in
dimerization [60]. In a recent report we showed that the N-terminus plays an important role
in the regulation of Ste2p signaling [69]. The finding herein begins to reveal at the residue
level a possible basis for this regulatory control.

We also report here that the N-terminus of Ste2p is involved in a dimer interface that
changes upon receptor activation. Specifically, dimerization of Y26C, S108C, Y26C/N105C,
and Y26C/S108C was found to change in the presence of a-factor (Fig. 5). The dimerization
mediated by Y26C was found to decrease in the presence of a-factor. However, the
dimerization mediated by S108C, Y26C/N105C and Y26C/S108C mutants was found to
increase. Previous studies in our lab demonstrated that solvent accessibility of several
residues (Y101, Y106, and A112) in ECL1 changes upon incubation with a-factor thereby
indicating the involvement of this region in receptor activation [53]. A 310 helix was also
predicted between residues 106-114 in the ECL1. The results in this study suggest that Y26
interacts with residues that are part of this 310 helix. This is certainly consistent with the
periodicity that we observed in the Y26 interactions where mutation at residues 105, 108 and
111 leads to one phenotype and mutation of residue 109 results in a different phenotype. It is
possible that in the presence of a-factor, the N-terminus and/or ECL1 undergoes
conformational change affecting Y26-mediated dimerization.

A growing number of studies have demonstrated that GPCRs form dimers or higher-ordered
oligomers, which have been proposed to be essential for modulation of receptor function
[83, 102-108]. In most receptors, the transmembrane domains were reported to be involved
in receptor dimerization/oligomerization. However, several studies demonstrated the
extracellular N-terminal domain of Ste2p is also associated with dimerization [51, 52]. The
residue identified in this study, Y26C, is highly conserved in fungal GPCRs. Conserved
residues are often important for structure and function of proteins and conservation is
stronger at protein-protein interfaces compared to elsewhere on the protein surface
[109-112]. Thus, analysis of sequence conservation in a protein family is a useful strategy to
identify key residues that are important for protein function [113-122] as protein-protein

Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Uddin et al.

Page 12

interaction sites are subjected to substantial selective pressure throughout the course of
evolution [123, 124].

These findings provide valuable information relating to the arrangement of the receptor in
which the N-termini of two receptors appear to face each other. In the absence of a crystal
structure for Ste2p, the disulfide cross-linking results contributes to understanding structural
features of the functional receptor such as inter-amino terminal interactions that may be
involved in oligomerization.
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Highlights

Dimerization of Ste2p is greatly increased when Y26 in the N-terminus is
mutated to Y26C.

The amount of dimer formed by the Y26C mutant is greatly reduced by
ligand binding and is consistent with a conformational change in the N-
terminus of the receptor upon activation.

Dimerization was decreased by double mutations Y26C/V109C or Y26C/
T114C indicating that Y26 is in close proximity to V109 and T1 14 of
extracellular loop 1 in native Ste2p.

The results indicate previously unrecognized roles for the N-terminus of
Ste2p, and perhaps of GPCRs in general, and pinpoint a specific N-terminus
residue involved in GPCR signaling, intramolecular interactions, and receptor
dimerization.
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~ N-termini

Figure 1.
Sequence alignments of yeast a-factor pheromone receptors from different fungi. The N-

terminal regions of S. cerevisiae, Ashybya gossypii, Candida albicans, Candida dubliniensis,
Candlida tropicalis, Debaryomyces hansenii, Eremothecium cymbalariae, Kluyveromyces
lactis, Lachancea kluyveri, Naumovozyma castelllii, Naumovozyma dairenesis, and
Scheffersomyces stipits a-factor pheromone receptors were compared by amino acid
sequence alignment. Invariably conserved residues are shown in bold letters with asterisk (*)
at the bottom of the aligned sequences.
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Figure 2.
Diagram of Ste2p showing positions of Cys mutations and modifications introduced to

facilitate disulfide cross-linking and intramolecular interactions. “XX” marks the site of the
tandem Factor Xa protease cleavage (IEGRIEGR) engineered into ICL1. The FLAG and
HIS epitope tags engineered into the C-terminus are also shown. The two endogenous Cys
residues (C59 and C252 — hatched circles) were mutated to Ser to generate Cys-less Ste2p.
The sites of Cys mutation engineered into the NT and ECLL1 regions for disulfide cross-
linking (Y26C, N105C, S108C, V109C, Y111C and T114C) are shown in grey circles. The
two known glycosylation sites are shown with “y” symbol.
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Figure 3.
Comparison of the expression levels and signaling activities of the WT and ICL1-Xa,

receptor used in this study. (A) total membranes prepared from the cells expressing wild-
type and ICL1-Xa, constructs were immunoblotted using anti-FLAG antibody. The bottom
panel shows the same immunoblot re-probed using antibody against Pmalp, a constitutively
expressed plasma membrane protein used as a loading control. (B) The zone of growth
inhibition of strains carrying the indicated receptors was measured in response to various
concentrations of a-factor. (C) Signaling activities of the constructs determined by
pheromone-induced FUSI-/acZactivity. The grey bars represent the constitutive signaling
and the black bars represent the a-factor induced signaling activity. The signaling was
normalized to that of the wild-type construct.
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(A) Ste2p expression levels of various Cys mutants. Total membranes from cells expressing

various mutants were prepared as described in Materials and Methods. The membrane

preparations were fractionated by SDS-PAGE under non-reducing conditions; the gel was
blotted and probed using antibody against the C-terminal FLAG epitope tag to detect the
presence of Ste2p at either the monomer or dimer positions, (B) Effect of reducing agent (5
mercaptoethanol) on dimerization. (C) Effect of ligand binding on dimerization. Membranes
were incubated with a-factor (1M final concentration) prior to SDS-PAGE gel under non-
reducing conditions and immunoblotting. Molecular mass markers (kDa) are indicated on
the left-hand side. Blots were overexposed to be able to see the mutants. Blots with shorter

exposure time were used for accurate quantification of Ste2p band intensity (Fig. 5).
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Figure 5.

Effect of ligand binding on dimerization. Band intensity of dimer and monomer forms of
Ste2p was quantified from Western blots (Figs. 4A & C) using Image Lab (version 4.1). The
dimer/monomer ratio of the mutants was normalized to that of the ICL1-Xa, (Labeled F-H-
Xa in figure for Flag-His-Xa, receptor). Black and grey bars represent the ratio of dimer to

monomer in the absence or presence of a-factor, respectively. Statistical significance

(p<0.05) in the dimer-monomer ratio is indicated by an asterisk.
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Figure 6.

Diagram showing the predicted SDS-PAGE profile of Ste2p with and without disulfide
crosslinking between the N-terminus and ECL1 after Factor Xa digestion as detected by
immunoblot using antibody against the C-terminal FLAG epitope. Non-reducing and
reducing conditions of the sample buffer are indicated by NR and R, respectively. The
immunoblot on the left (A) shows the result of crosslinking between ECL1 and the N-
terminus. The diagram of immunoblot on the right (B) would result from no N-terminal-
ECL1 crosslinking. The N and C-termini of Ste2p are indicated by N and C, respectively.
The XX in ICL1 indicates the location of the protease Factor Xa cleavage site. The FLAG

and His epitope tags are shown in black.
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Factor Xa digestion. Membranes prepared from cells expressing the indicated receptors were
prepared and digested as described in Materials and Methods. The samples were separated

by SDS-PAGE in non-reducing (A) and reducing (B) conditions. The 42 kDa Ste2p fragment
detected is marked with an arrow. The molecular markers are shown on the left.
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Figure 8.

Ste2p dimer mediated by Y26 and its interaction with ECL1. Two Ste2p molecules (orange
and green) are shown with the Y26 positions (green and orange dots), V109 (black) and
T114 (black) indicated. Intramolecular and intermolecular interactions are shown on the left

and right panels, respectively.
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Table 1

Biological activities of Cys mutants
Receptor Growth arrest activities (%)1  Fusl-LacZ Induction (%)2
ICL1-Xa, 100 100
Y26C 60 53
N105C 79 43
Y26C/N105C 40 47
S108C 65 30
Y26C/S108C 59 45
V109C 84 89
Y26C/\V109C 34 72
Y111C 90 30
Y26C/Y111C 70 64
T114C 87 57
Y26C/T114C 75 39

Page 28

lReIative growth arrest activity compared to that of the ICL1-Xa2 receptor at 1.0 g of a-factor applied to a disk (the halo size of the ICL1-Xa2

receptor was 18 mm). The standard deviation (not shown) of the halo activity for each of the receptors was within 10% (three replicates).

Relative maximal FUSI-/acZ activity compared to that of the induced activity of ICL1-Xa2 at 1.0 uM of a-factor. The standard deviation of the

FUS1-lacZ activity (not shown) was within £5% for each of the receptors (three replicates).

Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Uddin et al.

Table 2

Dimer to monomer ratio of Cys mutants in non-reducing and reducing conditions

Receptor Dimer to Monomer Ratio under Non-reducing Conditions®  Dimer to Monomer Ratio under Reducing ConditionsP
ICL1-Xa, 1.0 1.0
Y26C* 21.9 123
N105C 2.2 2.3
Y26C/N105C * 8.0 5.9
S108C 3.1 2.3
Y26C/S108C " 8.3 44
V109C 3.7 2.2
Y26C/v109C ™ 5.7 34
Y111C 4.4 3.2
Y26C/y111C™ 8.2 45
T114C 1.9 13
Y26C/T114C ™ 41 26

a - . .
Relative dimer to monomer ratio of the Cys mutants as compared to that of the ICL1-Xa2 in the absence of S-ME.

bReIative dimer to monomer ratio of the Cys mutants as compared to that of the ICL1-Xa2 in the presence of g-ME.

Significant difference (p<0.05) in dimer to monomer ratio of the receptors in non-reducing and reducing conditions is indicated by “*”.

The dimer to monomer ratio of the mutants of the all the mutants was normalized to that of the ICL1-Xa2. The standard deviation of the relative

dimer to monomer ratio for all receptors was within +0.6.
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