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Although well documented for mammalian G-protein-
coupled receptors, alternate functionalities and asso-
ciated alternate signalling remain to be unequivocally
established for the Saccharomyces cerevisiae phero-
mone Ste2p receptor. Here, evidence supporting alter-
nate functionalities for Ste2p is re-evaluated, extended
and quantified. In particular, strong mating and consti-
tutive signalling mutations, focusing on residues S254,
P258 and S259 in TM6 of Ste2p, are stacked and
investigated in terms of their effects on classical G-pro-
tein-mediated signal transduction associated with cell
cycle arrest, and alternatively, their impact on down-
stream mating projection and zygote formation events.
In relative dose response experiments, accounting for
systemic and observational bias, mutational-derived
functional differences were observed, validating the
S254L-derived bias for downstream mating responses
and highlighting complex relationships between TM6-
mutation derived constitutive signalling and ligand-
induced functionalities. Mechanistically, localization
studies suggest that alterations to receptor trafficking
may contribute to mutational bias, in addition to ex-
pected receptor conformational stabilization effects.
Overall, these results extend previous observations
and quantify the contributions of Ste2p variants to
mediating cell cycle arrest versus downstream mating
functionalities.

Keywords: alternate functionalities/G-protein-coupled
receptor/pheromone mating/site-directed mutagenesis/
yeast.

Abbreviations: CSA, constitutive signalling activity;
CSM, complete synthetic media; GPCR, G-protein-
coupled receptor; MAPK, mitogen-activated protein
kinase; OD, optical density; Ste2p, Saccharomyces
cerevisiae Mata pheromone receptor; Ste3p,
Saccharomyces cerevisiae Mata pheromone receptor;
TM, transmembrane.

Saccharomyces cerevisiae pheromone G-protein-
coupled receptors (GPCRs), Ste2p and Ste3p, mediate
mating responses through binding of opposite mating
type pheromones (1, 2). The Ste2p signal transduction
pathway, which includes G-protein activation and
stimulation of downstream mitogen-activated protein
kinase (MAPK) cascades, culminates in cell cycle ar-
rest. Subsequent to cell cycle arrest, the yeast under-
goes mating, which includes projection formation and
agglutination, followed by cell fusion (plasmogamy
and karyogamy) to form the diploid zygote (Fig. 1).
The Ste2p signalling pathway has served as a model
par excellence for GPCR signal transduction, where
the Gbg protein subunits, the Ste5p scaffold and the
RGS protein (Sst2p; regulators of G-protein signal-
ling) were all first identified in yeast, and subsequently
found in human GPCR pathways (3, 4). It has also
served as a simplified system for analysis of human
GPCRs and G-proteins which can be expressed in
yeast and linked to the mating-associated pathway,
enabling mechanistic analyses and characterization of
orphan receptors in an isolated system (2).

However, recent reports have highlighted the exist-
ence of important alternate functionalities and asso-
ciated alternate signalling pathways for many human
GPCRs. These alternate functionalities and pathways
are linked to many of the known side effects associated
with drugs today, and must be addressed in future drug
development. For example, distinct functionalities
(vasodilation and cardiac performance) have been
linked to a biased-signalling mechanism of action for
the angiotensin receptor (5). G-protein signalling me-
diates the vasodilation, while strong cardiac perform-
ance has been linked to signalling through b-arrestin.
Similar biased functionalities and signalling mechan-
isms have been elucidated for a variety of mammalian
GPCRs, by application of alternate ligands or select
mutations of the receptors, that influence the GPCR
conformation such that it preferentially interacts with
either b-arrestin or G-proteins (6, 7). These effects are
referred to as mutational- and ligand-derived bias,
respectively.

A review of the literature does highlight some evi-
dence supporting alternate Ste2p functionalities. In
particular, alternate roles for Ste2p in mating events
that occur downstream of cell cycle arrest have been
proposed. Reports supporting this have included dem-
onstration of roles for pheromone gradients in
projection formation (8, 9), high concentrations of
pheromone in prezygote cell fusion (10, 11) and
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observed localization of the receptor to the mating
projection (12). Furthermore, inhibition of mating pro-
jection formation and subsequent mating events in
Ste2p null yeast which otherwise maintain strong G-
protein-mediated cell cycle arrest functionalities (4, 13)
have been reported. A number of potential mechan-
isms by which Ste2p might be mediating these down-
stream events have been proposed, such as the
existence of distinct high and low affinity phero-
mone-binding sites (14), transactivation (15) or direct
mediation of membrane fusion (16). However, now,
the possibility of biased signalling for the yeast phero-
mone receptors cannot be ignored. This is particularly
true in light of the recent demonstration of a direct
interaction between a-arrestins and Ste2p in internal-
ization events (17).

In addition to these genetic studies, a number of site-
specific mutations in Ste2p have been shown to yield
differential effects on G-protein-mediated MAPK sig-
nalling and diploid zygote formation. Some examples
of these include mutations I24C and I29C in the
N-terminus, yielding a phenotype that has strong
G-protein-dependent MAPK signalling and cell cycle
arrest activity, but no actual mating functionality (18).
Similarly, mutation S251L, in the central region of
transmembrane (TM) 6, also yielded normal signalling,
but a weak-mating phenotype (19) (Fig. 2). In contrast,
other TM6 mutations such as S254L produced normal
signalling, but exceptionally strong mating, while the
double mutation P258L/S259L yielded high levels of
basal signalling or constitutive signalling activity
(CSA), with normal inducible signalling, but weak
mating (19, 20). Although these mutations highlight
the possibility of alternate functionalities for
Ste2p, their significance remains to be addressed com-
paratively to account for observational and systemic
bias (6).

In this report, the possibility of alternate Ste2p-
mediated functionalities is investigated by mutation-
derived functional bias experiments. Results validate
previously proposed alternate functionalities for
Ste2p in post-cell cycle arrest mating events, while ac-
counting for systemic and functional bias, and suggest
that alterations in trafficking and localization may in
part contribute to these effects.

Materials and Methods

Chemicals
All chemical were obtained from Sigma-Aldrich unless otherwise
noted below. CSM-His-Ura, CSM-Leu-Ura and CSM-His-Leu-
Ura were obtained from MP Biomedicals, USA. Bacto-Agar,
Bacto-Tryptone and Bacto-Yeast Extract were from BD, Canada.
CSM-Lys-Met was obtained from Sunrise Science products, USA.
Mutagenic primers were obtained from Integrated DNA
Technologies Inc. (USA).

Strains and plasmids
Escherichia coli strain DH5a and Top10 cells were used as hosts to
propagate and amplify plasmids for different experiments. All yeast
strains used in this study are described in Table I with their relevant
genotype and source. For site-directed mutagenesis, STE2 was intro-
duced into the BAMH1 site of pUC19 (New England Biolabs,
USA), which was used as the template for all mutagenic reactions.
The STE2 gene was mutated using the QuickChange site-directed
mutagenesis (Agilent technologies, Canada) kit according to the
manufacturer’s instructions. The wild type (WT) and mutated
STE2 genes were first cloned into the pENTR/D-TOPO vector by
blunt-end PCR amplification and cloning according to the manufac-
turer’s specifications (Life Technologies, USA). Primers included
Ste2-Forward 50-CACCATGTCTGATGCGGCTC TTC-30 and
Ste2-Reverse 50-TAAATTATTATTATCTTCAGT CCAGAACTT
TCTGGCTTCCTC-30, which places a 50-CACC-30 sequence at the
50 end of the forward primer. Target genes were subsequently recom-
bined into the pDEST52 (Life Technologies, USA) or pAG426Gal-
GFP (Addgene, Cambridge, MA) vectors according to Gateway
specifications. Recombination in pAG426Gal-GFP yielded a
Ste2p�GFP (Green Fluorescent Protein) fusion with the GFP
added at the 30end of the receptor. The WT and mutant STE2 con-
taining expression plasmids were transformed into select receptor
null yeast strains by the LiAc/PEG-mediated transformation
method (21). Positive transformants were selected by growth on
�Ura media.

FUS1-lacZ gene induction assay
Ste2p mutants were quantitatively assessed for MAPK signalling
activity using the FUS1-lacZ gene induction assay as described pre-
viously (22). JKY78, JKY79 and JKY127-36-1 strains have the
FUS1-lacZ reporter cassette integrated into their chromosomal
DNA (19), while the WT SCY060 strain was made to express the
FUS1-lacZ reporter gene from the uracil selectable vector pSB234
(23). Yeast strains were grown (5ml cultures) overnight, in CSM
(complete synthetic media) minimal media, lacking uracil, with 2%
glucose. STE2 gene expression was induced the following morning
by transfer of the cells into an equal volume of rich induction media
[YPD (Yeast extract (1%) Peptone (2%) Dextrose (2%)] media with
2% galactose+1% raffinose). After 4�5 hr growth in the rich in-
duction media, yeast cultures were either treated with the indicated
concentration of a-factor (Zymo Research), including a second dose
45min later, or not treated. After 2 hr of incubation with or without
pheromone, yeast cells were centrifuged and re-suspended in 300ml

Fig. 1 Overview of the events that comprise the Saccharomyces cerevisiae pheromone mating response.
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Z-buffer (60mM Na2HPO4, 40mM NaH2PO4, 10mM KCL, 1m
Mg2SO4) and the optical density (OD) measured at 600 nm. All
samples were then frozen in liquid nitrogen and stored at �20�C.
For analysis, samples were thawed, incubated at 30�C for 30min and
diluted with the addition of 700ml Z-buffer containing b
mercaptoethanol+0.2% sarcosyl to permeabilize the samples.
O-nitrophenyl-b-D-galactopyranoside (4mg/ml) was added and the
mixture was incubated at 30�C until a yellow colour developed
(�2�3 hr). A total of 400ml of 1.5M Na2CO3 was added to stop
the reaction. The samples were then centrifuged (10min at
18,000�g) and the OD at 420 nm measured. The relative b-galacto-
sidase activity was calculated assuming b-galactosidase
units=OD420�1,000/t�v�OD600, where t is the time and v is
the volume. All experiments were conducted in triplicate.

Quantitativemating efficiency assay
Strains were cultured overnight in minimal CSM media, lacking
uracil or leucine for selection, but containing 2% glucose. These
were transferred the following morning to rich induction media for
4�5 h. WT MATa SCY060 (-Leu) cells (2�107 cells) were mixed
with pDEST52-Ste2p (WT and mutants) transformed MATa
JKY78, JKY79 or JKY-127-36-1 (-Ura) cells (8�107 cells) to initiate
mating, and then filtered using 0.22 mm filter paper. Equal quantities
of each strain were independently filtered to serve as negative con-
trols. The filter papers were placed on rich induction media plates
and incubated for 5 hr at 30�C. Collected cells were washed and
sonicated in a water bath for 30 sec in phosphate buffered saline.
A total of 5�104 cells as well as 3- and 9-fold dilutions of these were
plated on CSM minimal media plates lacking both uracil and leucine
for 48 hr at 30�C. The number of single zygote colonies was then

quantified and the mating efficiencies calculated according to the
method described previously (24).

Cell cycle arrest andmating projection formation assays
Yeast strain LM102 was transformed with WT and mutant Ste2p
expression constructs and was grown overnight on CSM minimal
media, lacking leucine. The cultures were inoculated into rich induc-
tion media for 4�5 hr. Logarithmic phase cultures were then treated
with different concentrations (ranging from 10�10 to 10�5M) of
a-factor for 4 and 7.5 hr. The cultures were sonicated in a water
bath for 3min and cells fixed in 3.7% formaldehyde solution
(F-79; Fisher Scientific) for 1 hr at room temperature. Cells were
washed thrice with 1� PBS (Phosphate Buffered Saline) solutions
and stored at 4�C. The total number of cells was determined using
a Z1 threshold Coulter counter (Coulter, FL, USA) according to the
manufacturer’s instructions. Yeast cells treated with a-factor for 4 hr
were evaluated for percent-unbudded cells (representative of cell
cycle arrest) under a 60X LEICA DMR contrast phase microscope.
Yeast cells treated with ligand for 7.5 hr were examined for the
proportion of cells with projection formation (representative of
mating projection formation). The yeast cultures were diluted 20
times and 10 ml of sample was applied under the microscope.
Approximately 200 yeast cells were observed using C-chip disposable
hemo-cytometer chambers (Incyto, Korea) for counting the
unbudded cells and projections.

Localization of Ste2p by confocal microscopy
Yeast strains expressing GFP-tagged receptors were cultured over-
night in minimal media to maintain the vector. Cells were washed
with TE buffer (10mM Tris, 1mM ethylenediaminetetraacetic

Fig. 2 Model of Ste2p. Coordinates are from Eilers et al. (28). (A) Three-dimensional arrangement predicted for the Ste2p TM bundle, as viewed
from the extracellular surface. The close proximity of TM6 and TM3 is highlighted. (B) Residues comprising the interactions between TM6 and
TM3, including those targeted for mutagenesis in this report.

Table I. Description and source of yeast strains used in different experiments

Strain Genotype Source

SCYO60 MAT� his3-11,15 leu2-3,112 trp 1-1 ura3-1 kan1-100 ade2-1 are1::Leu-2 S. Sturley (Columbia University, NY)
SCYO61 MATa his3-11,15 leu2-3,112 trp 1-1 ura3-1 kan1-100 ade2-1 are1::his-3 S. Sturley (Columbia University, NY)
SY1793 Mat a STE3 mfa1delta mfa2delta FUS1P::HIS3 ura3-52 leu2-3,112 ade1 N. Davis (Wayne State University, MI)
JKY78 MATa far1 bar1::hisG ste2::LEU2 lys2::FUS1-lacZ arg4 his3 leu2 lys2o trp1 ura3 (19)
JKY79 MATa bar1::hisG ste2::LEU2 ste5-3tslys2::FUS1-lacZ ade2-1o ade3 cry1 his4-580a

leu2lys2o trp1a tyr1o ura3 SUP4-3ts
(19)

JKY-127-36-1 MATa bar1::hisG far1 sst2-1 ste2D mfa1::LEU2mfa2::his51 ade2 his3 leu2 ura (19)
LM102 MATa bar1 his4 leu2 trp1 met1 ura3 FUS1-lacZ:URA3 ste2-dl (27)

Mutation-derived bias for Ste2p
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acid, pH 7.4) and sterile water and re-suspended in an equal volume
of rich induction media. After 4�5 hr of growth, cells were treated
(or not) with 1.5 mM a-factor ligand for different time periods. The
cells were mounted on microscope slides with 1.5 ml of cell suspen-
sion mixed with 25 ml of hard mounting media and covered with a
coverslip. Cells were fixed in 3.7% final concentration of formalde-
hyde solution (F-79; Fisher Scientific) for 1 h at room temperature
before mounting in hard-set media. The slides were left undisturbed
overnight at 4�C and examined by confocal microscopy (LEICA
SP5, 63�, oil immersion lens), with excitation at 488 nm wavelength
and emission monitored at 493�582 nm wavelength. For each
mutant, at least three cells were imaged, looking at the top and
bottom surfaces of each cell in focus to determine z-thickness.
Subsequently, two-dimensional images (16 bit, 512�512,
24.6�24.6 micron, both brightfield and epifluorescent) were taken
at the centre of the yeast cell in focus with the same zoom factor (10),
power and gain settings (750) across all images. Fluorescence was
assessed using ImageJ software (25). The peripheral region was
defined as 0.5 micron from the yeast plasma membrane towards
the inside of the cell.

Bias plot and statistics
Data for the bias plot was taken from experiments depicted in Fig. 5.
The average functional responses (n=3; signal transduction or
mating projection formation) detected in the presence of 0 pM,
100 pM, 1 nM, 10 nM, 100 nM and 1mM pheromone were normal-
ized on a scale of 0�1 to obtain relative functional response values
for each mutant. The obtained relative functional responses were
then plotted against each other (relative signalling versus relative
mating) for each mutant, at each concentration of pheromone
tested. All statistical analyses through this report were performed
using GraphPad Prism 6 (GraphPad, CA, USA) software. All data
are reported as mean ± SEM. Treatment groups were compared
using either t-test or analysis of variance after assumptions of nor-
mality and equal variance were met for all data analysed. In case of
proportionate data, arc-sine transformation was done to normalize
the data before applying statistical tests. Differences between mul-
tiple groups for different endpoints were tested using Fisher’s least
significant difference and probabilities �0.05 were considered
significant.

Results

Functionalities of Ste2p variantswith TM6
substitutions
To investigate mutational-derived functional bias in
Ste2p, basal (CSA) and ligand-induced MAPK sig-
nalling, as well as mating abilities of a selection of
TM6 mutants, targeting residues Ser 254, Pro 258
and Ser 259 were initially characterized (Fig. 2). In
addition to the previously reported S254L, P258L
and double P258L/S259L mutants (19, 20), the
double S254L/P258L mutant and the triple S254L/
P258L/S259L mutants were also evaluated. This
allowed consideration of the effect of incorporating a
‘strong mating’ mutation into weak-mating CSA
mutants.

As determined by the FUS1-lacZ reporter gene in-
duction assay carried out in MATa JKY78 cells,
ligand-induced MAPK signalling was strong in all mu-
tants, similar to that observed for WT (Fig. 3A). In
contrast, basal signalling activity of the mutants varied
dramatically (Fig. 3B). As expected, the WT receptor
showed no basal activity above the empty vector con-
trol sample, while P258L and the double mutant
P258L/S259L showed �15% and 50% increases in
relative basal activity respectively, consistent with a
previous report (20). Interestingly, although S254L
yielded less than a 10% increase in basal signalling
activity on its own, stacking this mutation with

P258L in particular yielded a very significant increase
of almost 40% relative basal activity above P258L
alone. Incorporation of S254L into the double
P258L/S259L mutant yielded basal activity similar to
that of the double S254L/P258L mutant. Finally, the
enhanced constitutive activity of the mutants was
shown to not be a consequence of enhanced receptor
surface expression, as the expression of mutants, deter-
mined by confocal microscopy, looking at C-terminal
GFP-tagged receptors, was at least 50% decreased
compared with WT GFP-tagged receptor (Fig. 3C).
Western analysis (Supplementary Fig. S1) shows that
all the mutants investigated are expressed at approxi-
mately comparable levels with the WT receptor. These
results were validated in additional cell lines, JKY79
and JKY127-36-1 (Supplementary Figs S2 and S3, re-
spectively). JKY79 does not include the far1 deletion
and carries a temperature-sensitive mutation in a post-
receptor component of the pheromone signalling
pathway, ste5-3ts, allowing accumulation of receptor
following galactose induction, while maintaining in-
hibition of the pheromone pathway, demonstrating
that galactose and receptor alone are not yielding the
basal MAPK signalling activity. JKY127-36-1 cells
contain both sst2 and mf�1 deletions, controlling for
autocrine signalling and demonstrating that the CSA is
not a consequence of a defect in Sst2p-mediated
adaptation.

Evaluation of the mating ability of these same
MATa mutant Ste2p (-ura) expressing strains was sub-
sequently carried out by assessing numbers of diploid
zygotes formed following mating with the SCY060 WT
MATa (-leu) strain, by selection on media lacking both
uracil and leucine (Fig. 3D). WT and the previously
characterized S254L, strong mating mutant (19), both
showed strong mating as expected, with the double
mutant S254L/P258L showed moderately reduced
mating compared with these. P258L alone as well as
the double mutant P258L/S259L and the triple mutant
all showed significantly reduced mating, although
some low level of mating was observed in all cases.
Again, similar results were obtained using cell line
JKY79 (Supplementary Fig. S2D). Interestingly,
when tested for basal mating activity, which might be
expected for mutants with high basal MAPK signal-
ling, by mating against a MATa strain (SY1793) that is
mfa1-mfa2 null (i.e. no pheromone ligand produced),
no evidence of any basal mating was detected (data not
shown). Interestingly, other weak mating mutants,
I24C and S251L, were not rescued by stacking of the
strong mating S254L mutation with these
(Supplementary Fig. S4).

Dose response analyses demonstrate TM6
mutation-derived functional bias
The putative alternate functionality of Ste2p in down-
stream mating events was tested according to current
standards (6), by comparing relative a-factor dose re-
sponses for classical G-protein-mediated signal trans-
duction to downstream alternate mating events. Initial
dose response experiments carried out on Ste2p null
yeast overexpressing WT Ste2p yielded EC50 values
of 1.7 nM for elicitation of cell cycle arrest and
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45 nM for elicitation of mating projection formation
(Fig. 4B and C; Table II). Mating projection formation
is the furthest downstream trait that can be detected in
the presence of exogenous a-factor and absence of an
actual mating partner, and thus was used instead of the
direct quantitation of diploid zygotes as carried out in
our preliminary analyses. These EC50 values, while not
identical, are both in the same range and relative af-
finity as those reported previously for the same experi-
ments (�0.25 and �14 nM, respectively) (14).
Differences between the original values and those re-
ported here are likely attributable to variations in cell
lines and other experimental conditions used (observa-
tional bias). Interestingly, based on this earlier work, it
was proposed that Ste2p might play an alternate role in
mating events, mediated by two distinct (high affinity
versus lower affinity) pheromone binding sites (14). To
further calibrate and investigate this possibility, the
dose response for WT Ste2p in the FUS1-lacZ b-galac-
tosidase reporter assay was also determined. With an
EC50 of 6 nM (Fig. 4A; Table II), while again in the
same range as that obtained for cell cycle arrest above,
this value is somewhat higher. These results emphasize
that direct comparison of WT Ste2p dose responses
between assays cannot be used to evaluate receptor

signalling or functional bias due to the interference
of observational and systemic bias.

However, precedent for alternate functionalities for
GPCRs has now been set in the literature, and stand-
ards for demonstrating alternate functionality based
on ligand and mutation-mediated bias have been re-
ported (6, 7). Essentially, evaluation of dose responses
of an array of ligands or receptor mutants relative to a
single standard enables comparison of two assays by
accounting for systemic and observational biases that
might otherwise mislead comparative interpretations.
Thus, dose response data and EC50 values for all the
mutants described herein against both the FUS1-lacZ
b-galactosidase reporter assay and the mating projec-
tion formation assays were obtained. The FUS1-lacZ
b-galactosidase reporter assay was selected over cell
cycle arrest as the representative assay for classical
signal transduction, based on it being more reliable
and more efficient for ease of reproducibility. The mu-
tants showed MAPK signalling dose responses ap-
proximately comparable with WT (EC50’s in the
range of 3.5�4.3 nM) with the exception of those con-
taining the S259L mutations, which showed a 5-fold
reduction in response (EC50’s of 27 and 28 nM, re-
spectively; Fig. 4D; Table II). In contrast, mating

Fig. 3 Characterization of Ste2p mutants overexpressed in the JKY78 receptor null strain. (A) Ligand-stimulated Ste2p-induced MAPK signal-
ling. Cultures expressing WT or mutant versions of STE2, or empty vector (NC), were treated with 1.5 mM a-factor and induction of the FUS1-
lacZ reporter gene assayed. Comparisons between mutant values with those of WT were made using one-way analysis of variance test. *P50.001
was used as the cutoff value to define significant difference between mutant values compared with the WT. (B) Basal Ste2p-induced MAPK
signalling. As for (A) but FUS1-lacZ reporter gene activity was measured in the absence of added a-factor ligand. P50.001 was set as cutoff
value to indicate significant difference between groups. Values with no common superscript are different. (C) Ste2p expression levels. WT STE2
and mutant genes were tagged with GFP expressed in JKY78 cells and total cellular fluorescence measured by confocal microscopy. (D)
Quantitative mating assay. WT MATa SCYO6O was mated with cultures expressing WT or mutant Ste2p. The number of diploid zygote nuclei
was quantified. All results represent three independent assays, each done in triplicate. P50.001 was used as the cutoff value to define significant
difference between groups. Values with no common superscript are different (P50.001).
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projection responses were more variable, with the
strong mating mutant, S254L, yielding the most
potent response representing a 32-fold increase in
EC50 (EC50 1.4 nM; Fig. 4E; Table II) consistent with
the observed trend in diploid zygote formation
(Fig. 3D). Overall, these results provide strong evi-
dence in support of a-factor-dependent alternate
functionalities for Ste2p in downstream mating
functionalities.

TM6 substitutionsmodified ligand-stimulated
receptor internalization
Although increased mating and constitutive activity of
the mutants was not associated with increased receptor

expression (Fig. 3C), it is well established that ligand
binding and activation of the receptor stimulates re-
ceptor internalization (26, 27). Indeed, in other
GPCR systems, internalization has been shown to be
critical for mediation of alternate signalling through
b-arrestin (7). Thus, the effect of TM6 mutations on
ligand-stimulated Ste2p internalization was assessed by
confocal microscopic evaluation of Ste2p null yeast
expressing WT and mutant C-terminal GFP-tagged
Ste2p (Fig. 5 and Supplementary Fig. S5). WT Ste2p
demonstrated the expected internalization in as little as
10min after stimulation with exogenous a-factor, with
levels remaining low for at least 30min. Levels of per-
ipheral localized mutant receptors at time 0 were lower

Fig. 4 a-Factor-induced signal transduction and mating dose responses. Dose response curves for the yeast strain LM102 expressing WT Ste2p for
FUS1-lacZ b galactosidase activity (A), cell cycle arrest (B) and mating projection formation (C) yielding EC50’s of 6, 1.7 and 45 nM, re-
spectively. (D) Ligand-stimulated Ste2p-induced MAPK signalling dose responses for WT and mutant Ste2p’s. Yeast strains expressing WT or
mutant Ste2p were incubated with the indicated concentration of a-factor and assayed for FUS1-lacZ induction. (E) Mating projection for-
mation dose responses for WT and mutants Ste2p’s. Mating projection formation was assessed for the yeast strain LM102 expressing WT or
mutant Ste2p following incubation with a-factor. Project formation was quantified microscopically. WT (filled circle) S254L (filled square)
P258L (filled triangle), S254L/P258L (filled inverted triangle), P258L/S259L (filled rhombus), S254L/P258L/S259L (�).

Table II. Functional analysis of Ste2p WT and mutants

Mutation

Constitutive activity
(CA)a

MAPK signalling activity: FUS1-
lacZ induction

Mating activity: mating projection
formation Relative ac-

tivity ratio

CA
Fold
change

log EC50±SE
(n=3) Fold EC50

log EC50±SE
(n=3) Fold EC50 Mat:Sig

WT 31±2 1 �8.2±0.3 1 �7.3±0.1 1 1
S254L 33±1 1.1 �8.4±0.4 1.4 �8.8±0.2 32 23.2
P258L 47±1 1.5 �8.4±0.5 1.6 �7.6±0.3 1.8 1.1
S254L/P258L 67±0.3 2.2 �8.4±0.7 1.7 �8.5±0.2 14.5 8.5
P258L/S259L 62±1 2.0 �7.5±0.8 0.2 �6.8±0.3 0.35 1.7
S254L/
P258L/
S259L

69±2 2.2 �7.5±0.8 0.2 �7.0±0.2 0.5 2.1

aCA=total basal activity/Emax�100.
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than WT levels, consistent with the overall lower ex-
pression levels. All mutations containing the P258L
variation demonstrated similar initial responses to
ligand stimulation as WT, with peripheral levels drop-
ping to about 10% of the total. However, unlike WT,
by 30min most of these P258L containing mutants
were beginning to see receptor content back in the per-
iphery. In contrast, 10min after application of ligand,
the single S254L mutant showed only a very slight de-
crease in localization to the periphery, and these levels
were maintained for at least 30min.

Discussion

Towards validating reported alternate functionalities
of Ste2p (10, 12, 14, 16, 18) according to current stand-
ards (6), a relative mutational-derived bias method was
applied. This method accounts for systemic and obser-
vational bias that makes direct comparison of data
between assays otherwise impossible. Indeed, examin-
ation of a bias plot of the relative responses of WT and
the Ste2p variants in MAPK signalling versus mating
projection formation assays highlights the presence of
significant observational and systemic bias (Fig. 6). In
particular, the degree of curvature of the WT data to
the right of the diagonal is representative of the bias
that exists between the assays used in this study.
Although there are likely a number of sources of ob-
servational bias, including differences in cell lines and
sensitivity issues in detection methodologies, the
degree of curvature towards the signalling response
suggests the presence of systemic bias potentially asso-
ciated with proposed differences in ligand concentra-
tions needed to stimulate MAPK signalling versus
mating functionalities of Ste2p (10, 12). Indeed at

50% relative response for MAPK signal transduction,
the WT receptor shows only half as much (�25%) re-
sponse in the mating assay. This confirms that data
arising from each of the two assays for a given Ste2p
variant cannot be directly compared in a meaningful
manner. It is only when the data for a given variant are
compared relative to some standard that real func-
tional bias can be detected. Here, comparative data
in the form of relative activity ratios (Table II) and a
bias plot (Fig. 6) are reported, which provide un-
equivocal quantitative evidence of functional bias in
Ste2p variants.

The dramatic shift in the S254L bias curve, relative
to WT, above the diagonal towards the mating re-
sponse axis provides a clear illustration of the S254L
variant receptor’s functional bias for mating (Fig. 6).
Mirroring the relative activity ratio of 23 (Table II),
the full extent of the effect of this mutation is more
evident here in the bias plot, where half maximal sig-
nalling yields 60% of the mating response. Further to
this, the lack of effect of S254L alone on MAPK signal
transduction relative to WT (EC50 values in Table II)
emphasizes that Leu at residue 254 contributes to a
mechanism or ligand-binding site that selectively me-
diates one function (mating), and not the others tested
herein.

The extent of impairment to mating (bias for signal-
ling) imposed by the P258L variation (with CSA;
Fig. 3D; Table II) is illustrated by the overall shift in
the P258L bias curve even more towards the signal
transduction response compared with WT (Fig. 6).
This is further emphasized by a similar shift in the
S254L/P258L double mutant curve back towards the
diagonal, relative to S254L alone. That the S254L/
P258L curve only shifts as far as the diagonal, and
not as far to the right as WT or P258L alone, further

Fig. 5 Localization of Ste2p WT and mutant receptors. The JKY78
strain was transformed with GFP-tagged WT or mutant and eval-
uated by confocal microscopy before and after addition of a-factor
ligand. The amount of GFP signal in the peripheral cell membrane
region (within 0.5 micron of the membrane) was assessed. The results
represent the average 3�13 images for each sample. P50.001 was
used as the cutoff value to define significant difference between
groups. Values with common superscripts are not significantly
different.

Fig. 6 Bias plot of relative functional responses of Ste2p WT and
mutant receptors. Averaged projection formation dose response data
for Ste2p WT and mutants was normalized and plotted as a function
of the averaged, normalized data for the same receptor’s MAPK
signal transduction dose response. Points comprising each curve
represent relative functional responses detected at 0 pM, 100 pM,
1 nM, 10 nM, 100 nM and 1mM pheromone. The dashed black line
represents a theoretical state of non-bias, where responses in the two
assays are equivalent. Curvature away from this diagonal represents
bias towards one or the other response.
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highlights the potency of the S254L bias for mating.
Further comparison of the P258L data, however, sug-
gests the possibility of differential effects on diploid
zygote formation compared with mating projection
formation, highlighting the possibility of two distinct,
receptor-mediated downstream events in mating.
Although both functionalities are downstream of the
classical G-protein-mediated cell cycle arrest and
might be expected to respond similarly to mutations,
comparison of the data obtained here suggests other-
wise. For mutation P258L, diploid zygote numbers
show a significant decrease compared with WT
(>60% decrease; Fig. 3D), while mating projection
formation numbers at given concentrations of ligand
are approximately comparable with WT (Fig. 4E).
Whether this difference is simply related to observa-
tional bias (a distinct possibility not accounted for
here), a role for some aspect of the mating partner
cell (e.g. localization of a ligand concentration gradi-
ent) or represents mechanistic differences associated
with roles for Ste2p early in mating projection and
later in diploid zygote formation remains to be deter-
mined. Finally, it should be noted that slight increases
in MAPK signalling dose response observed for these
three mutants (S254L, P258L, and double S254L/
P258L mutant; Table II) might account for the WT-
like ligand-induced signalling activity of these mutants
(Fig. 3A), despite reduced overall expression levels
(Supplementary Fig. S1) and the relatively low level
of peripheral localization of the mutants (Fig. 5).

Indeed, comparison of receptor trafficking and in-
ternalization for WT and the mutants highlight a
number of interesting differences that may in part con-
tribute to functional bias. P258L containing mutants
were found to recover content back into the cell per-
iphery significantly faster than WT (Fig. 5). Whether
this increased rate of recovery is linked to higher CSA
levels remains to be determined. As well, whether the
constant levels of peripherally localized S254L are a
product of an increased rate of trafficking/turnover
or decreased rate of internalization remains to be
determined. At the same time, whether the increased
localization to the periphery following ligand stimula-
tion contributes to the mating functionality bias of the
S254L mutant also remains to be investigated.

For obvious reasons dose response analyses of CSA
is not possible to evaluate, limiting what can be inter-
preted from the results presented here. Non-the-less an
overview of potential mechanisms of action related to
CSA and functional bias are presented below.

From a structure�function perspective, the P258L
variation is proposed to stimulate CSA activity
through release of the P258-induced kink in TM6
(Fig. 2B) (20, 28), where the straight helix stabilizes a
conformation in the cytosolic domain similar to that
achieved by ligand binding to WT. It is, in this context,
interesting then to consider the loss of ligand-induced
mating ability (according to diploid zygote formation
levels) of P258L containing mutants with the stabiliza-
tion/increase of basal signalling activity (Fig. 3B and
D; Table II). Notably, beyond the data reported here,
an S254F variation, while having a strong CSA effect,
was also reported to have very weak ligand-induced

mating, like P258L (19). Interestingly, although the
double mutant S258L/S259L does show heightened
CSA compared with P258L alone (Table II), consistent
with previous reports (19, 20), both of the S259L-
containing mutants have significantly reduced ligand
dose responses for all functionalities, including signal
transduction (Table II) as well as diploid zygote for-
mation (Fig. 3D) and mating projection formation
(Table II). The outcome of this general loss of ligand
responsiveness is represented in the bias plot, with both
S259L containing mutants yielding bias curves shifted
back towards WT (Fig. 6). Overall, although a unique
effect of these CSA mutations is to stabilize the cyto-
solic domain in an orientation that stimulates basal
MAPK signalling, they also inhibit ligand-induced
mating (and in the case of S259L ligand-induced
MAPK signalling as well), suggesting that (i) the con-
formation of the cytosolic domain of the receptor is
critical to mediating its alternate mating functionality
and (ii) the MAPK signalling conformation is distinct
(and in a sense competing) with the mating conform-
ation. Furthermore, the S259L mutation highlights
that potent CSA conformations can even compete
with ligand-induced signalling conformations.

Not too surprisingly, stacking the strong mating mu-
tation, S254L, with the CSA mutations (P258L) at
least partially rescued the very weak mating phenotype
of the CSA mutants. However, unexpectedly, stacking
S254L also stimulated (doubled to almost WT-like
ligand stimulated levels) the relative CSA activity
induced by P258L, despite that fact that S254L on its
own did not induce any significant change in CSA ac-
tivity previously (19), or in the experiments reported
here (Fig. 3B; Table II). The effect of S254L on CSA
(in the presence of P258L) is similar to the effect of the
alternate large space filling variation at S254F, as well
as a variation at the adjacent residue Q253L, which
showed 2.4- and 4.6-fold increases in basal activity re-
spectively on their own (19). That strong basal sig-
nalling can co-exist with at least moderately strong
ligand-induced mating suggests a more complex mech-
anism than non-redundant cytosolic domain conform-
ations mediating alternate signalling. Looking again at
the structural model (Fig. 2B) (28), clearly S254F
introduces sufficient bulk to cause a steric clash with
residues L146, I142 and E143 in TM3, likely leading to
a significant shift in the orientation of TM6 and/or
TM3 and like the P258L mutation stabilizing a cyto-
solic domain conformation similar to the WT ligand-
induced conformation. Thus while the S254L mutation
does not introduce sufficient bulk in itself to elicit a
CSA effect, the structural impact of the P258L muta-
tion may shift the 254 side chain closer to TM3 such
that the added bulk in the S254L variation is in this
instance sufficient to mediate additional conform-
ational impact on the cytosolic domain conformation
like S254F. That the effect of the two residues appear
to be additive for CSA suggests that their effects may
be mediated through different conformational effects,
perhaps with P258L primarily modulating TM6 and
the S254L mutation modulating the orientation of
the neighbouring TM3.
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But what of the mechanism of strong mating? On
the one hand, it may be possible that S254L on its own
introduces sufficient bulk to clash with residues L146,
I142 and D143 in TM3, eliciting a small but significant
conformational change in the cytosolic domain, stabi-
lizing the mating conformation without impeding the
MAPK signalling conformation. One might also specu-
late that the S254L mutation enables an inducible
(more redundant) cytosolic conformation that can be
induced to interact with alternate signalling partners in
their presence. As well, although the possibility of
S254L having an impact on the extracellular surface
seems unlikely (no effect on extracellular I24C,
Supplementary Fig. S4), it also cannot be strictly elimi-
nated. And indeed the impact of S254L on the extra-
cellular domain would fit with the possibility of there
being two different a-factor ligand binding sites, a high-
affinity site associated with MAPK signalling, and a
lower affinity site associated with mating functionalities
described here (14). Although also consistent with a
previous report indicating a 5-fold increase for S254L
a-factor affinity (19), modulation of the extracellular
domain by S254L remains to be demonstrated.

Conclusion

Together these analyses of the effects of variations in
the TM6 of Ste2p confirm mutational-derived bias for
different functionalities of Ste2p modulating different
events in yeast mating. Although the classical MAPK
signal transduction pathway is very well defined, elu-
cidation of mechanisms and signalling pathways asso-
ciated with Ste2p functionalities in downstream mating
events such as projection and diploid zygote forma-
tions remain enigmatic. Will yeast arrestins be linked
to alternate Ste2p receptor functionalites, as is the
case in mammalian systems? Although this remains
to be tested, a recent report has highlighted roles for
arrestin-like proteins in Ste2p desensitization (17), set-
ting the stage for possible roles for arrestins in mediat-
ing Ste2p-linked signalling pathways downstream of
classical MAPK signalling. Overall, possible continued
relevance of the yeast pheromone-mating pathway as a
simplified model for GPCR research, in the broader
context of alternate functionalities for GPCRs, is sup-
ported based on validation of alternate functionalities
for Ste2p in modulation of mating events.

Supplementary Data

Supplementary Data are available at JB Online.
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