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ABSTRACT G protein—coupled receptor (GPCR) signaling is fundamental to physiological
processes such as vision, the immune response, and wound healing. In the budding yeast
Saccharomyces cerevisiae, GPCRs detect and respond to gradients of pheromone during
mating. After pheromone stimulation, the GPCR Ste2 is removed from the cell membrane,
and new receptors are delivered to the growing edge. The regulator of G protein signaling
(RGS) protein Sst2 acts by accelerating GTP hydrolysis and facilitating pathway desensitiza-
tion. Sst2 is also known to interact with the receptor Ste2. Here we show that Sst2 is required
for proper receptor recovery at the growing edge of pheromone-stimulated cells. Mathemat-
ical modeling suggested pheromone-induced synthesis of Sst2 together with its interaction
with the receptor function to reestablish a receptor pool at the site of polarized growth. To
validate the model, we used targeted genetic perturbations to selectively disrupt key proper-
ties of Sst2 and its induction by pheromone. Together our results reveal that a regulator of G
protein signaling can also regulate the G protein-coupled receptor. Whereas Sst2 negatively
regulates G protein signaling, it acts in a positive manner to promote receptor retention at
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the growing edge.

INTRODUCTION

Heterotrimeric G proteins are molecular switches that are activated
by ligand-bound receptors at the cell surface (Sprang, 1997). Regu-
lators of G protein signaling (RGS) proteins dampen signaling by
accelerating the GTPase activity of heterotrimeric G proteins.
Recently RGS proteins have received attention as potential drug
targets for treating diseases ranging from heart disease to neuro-
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logical disorders (Neubig and Siderovski, 2002; Sjogren et al.,
2010; Zhang and Mende, 2011). Therefore a better understanding
of the role of RGS proteins in signal transduction may facilitate the
development of therapeutic treatments. In addition to their ability
to accelerate GTPase activity, RGS proteins interact directly with G
protein—coupled receptors (GPCRs; Hague et al., 2005; Kovoor
et al., 2005; Ballon et al., 2006). This interaction with the receptor
presumably enhances the activity of the RGS protein toward the Ga.
subunit (Ballon et al., 2006). However, the effects of these interac-
tions on GPCR function have not been fully characterized. There-
fore we turned to the yeast RGS protein Sst2 to further elucidate
the role of these proteins in GPCR signaling. Sst2 is the founding
member of the RGS protein family.

The yeast pheromone pathway provides an excellent model sys-
tem for characterizing G protein-mediated signaling. Yeast can exist
stably as diploids or as one of two haploid mating types (Dohlman
and Thorner, 2001). To find a mating partner, haploid yeast detect
and respond to gradients of pheromone secreted by cells of the
opposite mating type (Segall, 1993). The response to pheromone is
mediated by a GPCR (Ste2; Dohlman and Thorner, 2001). Before
pheromone stimulation, the GPCR is bound to a heterotrimeric G
protein composed of an a-subunit, Gpal, and a By-heterodimer,
Ste4/Ste18. On pheromone binding to the receptor, Ga. releases
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GPy, which activates Cdc42 and promotes cell polarization. A sec-
ond branch of the pathway initiates a mitogen-activated protein
kinase (MAPK) cascade that leads to new gene transcription
(Dohlman and Thorner, 2001), which includes induced expression of
the RGS protein Sst2. Sst2 acts as a GTPase-activating protein
(GAP), enhancing the rate of Go-catalyzed GTP hydrolysis (Dohlman
et al., 1996; Apanovitch et al., 1998). GDP-bound Ga. rapidly reas-
sociates with Gy, terminating the pheromone response. Thus Ste2
is required for signal transmission, whereas Sst2 is required for signal
termination and pathway desensitization.

It is well established that pheromone receptors are delivered to
the cell surface via the secretory pathway but are later internalized
and delivered to the vacuole for degradation. Both processes are
accelerated by pheromone stimulation (Jenness and Spatrick, 1986).
Endocytosis requires that receptors be phosphorylated in the C-
terminal “tail” domain (Reneke et al., 1988; Chen and Konopka,
1996). Mutations in the Ser and Thr residues within the tail or re-
moval of the tail entirely result in a loss of ligand-induced endocyto-
sis and increased sensitivity to o-factor (Konopka et al., 1988;
Reneke et al., 1988; Chen and Konopka, 1996). Surprisingly, recep-
tor down-regulation occurs even in mutant cells that lack an active G
protein (Jenness and Spatrick, 1986; Zanolari et al., 1992). Similarly,
a receptor mutant that is defective in transmitting the pheromone
signal is still capable of undergoing ligand-dependent endocytosis
(Schandel and Jenness, 1994). Thus G protein—-mediated signal
transduction is not necessary for Ste2 phosphorylation or internal-
ization. Based on these observations, it is generally accepted that
o-factor binding induces a conformational change in the receptor,
thereby increasing its accessibility for both phosphorylation and in-
teraction with the endocytic machinery.

In addition to an RGS domain, which performs the GAP function,
Sst2 possesses a Dishevelled, Egl-10, and pleckstrin (DEP) domain,
which interacts with the receptor Ste2 (Ballon et al., 2006). Of inter-
est, the phosphorylation sites on Ste2 overlap with the binding site
for Sst2 (Ballon et al., 2006; Suchkov et al., 2010), suggesting that
Sst2 interaction with the receptor might influence receptor internal-
ization. Thus Sst2 interaction with Ste2 would represent a point of
convergence at which one desensitization mechanism in the phero-
mone pathway (Sst2 GAP activity) interacts with another desensiti-
zation mechanism in the same pathway (receptor internalization).

Recent advances in live-cell imaging and computational image
analysis have generated new insights into many aspects of cell sig-
naling. In yeast, these new tools have been combined with mathe-
matical modeling to investigate dose alignment (Yu et al., 2008),
noise regulation (Dixit et al., 2014), cell fate decisions (Doncic et al.,
2011), and gradient sensing (Hao et al., 2008; Jin et al., 2011; How-
ell etal., 2012; Dyer et al., 2013; Kelley et al., 2015). The success of
these investigations motivated us to apply a similar approach to
investigate Sst2's role in regulating receptor endocytosis. As de-
scribed later, we developed a computational model that captures
the dynamics of pheromone-dependent receptor internalization
and subsequent delivery of newly synthesized receptor to the cell
membrane. Using targeted genetic perturbations, we showed that
the model successfully predicts the response of cells in which the
two functions of Sst2 are selectively disrupted. Our investigations
also demonstrated that Sst2's interaction with the receptor, and
not its GAP activity, is necessary for proper localization of the re-
ceptor. Unexpectedly, the model suggested that Sst2 induction is
required for proper receptor localization, a prediction we con-
firmed experimentally. These findings reveal a new function for
RGS proteins in receptor trafficking and illustrate the utility of pre-
dictive computational models in cell signaling research.
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RESULTS

Pheromone-induced endocytosis and recovery of Ste2

is dose dependent

It is well established that receptor phosphorylation leads to endocy-
tosis and delivery to the vacuole. Sst2 binds preferentially to the
unphosphorylated form of the receptor Ste2, but the functional con-
sequences of this interaction have not been established. Therefore
we sought to determine whether Sst2 plays a role in regulating the
time-dependent localization of receptors after pheromone stimula-
tion. To that end, we first characterized receptor dynamics in wild-
type cells using live-cell imaging and yeast expressing an Ste2—
green fluorescent protein (GFP) fusion protein. The yeast were
maintained in a uniform pheromone concentration within a microflu-
idic device, as we used previously (Hao et al., 2008; Dixit et al.,
2014; Kelley et al., 2015; Figure 1A). We next quantified changes in
membrane-bound receptor over time using the method illustrated
in Figure 1B. Briefly, we created a region of interest three pixels wide
encompassing the plasma membrane and measured the fluores-
cence intensity within the region. As shown in Figure 1C (all indi-
vidual cell data are given in Supplemental Figure S1), we observed
an initial decrease in membrane-bound Ste2-GFP when wild-type
cells were treated with a saturating concentration (150 nM) of phero-
mone. This yeast strain, BY4741, expresses the pheromone prote-
ase Bar1, increasing the amount of pheromone required to elicit a
response. After 40 min, newly synthesized receptor began to ap-
pear at the plasma membrane. This new pool of receptor was dis-
tributed in a polarized manner, consistent with previous observa-
tions (Suchkov etal., 2010; Figure 1A). At a lower dose of pheromone
closer to the dissociation constant (10 nM), the membrane-bound
receptor pool did not decrease and instead remained constant until
~60 min, at which point, receptor levels on the plasma membrane
began increasing (Figure 1, A and C). From these data, we conclude
that the dynamics of receptor trafficking during the pheromone re-
sponse is dose dependent.

At both pheromone concentrations, Ste2 eventually became po-
larized at the growing edge. The level of receptor accumulation was
higher when cells were exposed to a lower dose of pheromone. This
led us to ask whether the different levels of receptor were also local-
ized differently. To best answer this question, we implemented a
quantitative method for determining the receptor distribution
(Kelley et al., 2015). The average receptor distribution was calcu-
lated by first smoothing fluorescence measurements made from in-
dividual cells and then aligning the distributions using the maximum
values of the smoothed data (Supplemental Figure S2). Once the
individual cell distributions were aligned, the raw data were aver-
aged. We found that at the higher pheromone dose of 150 nM, the
receptor distribution was sharper than at the low, 10 nM dose
(Figure 1D). This difference may be attributable to the slower rate at
which the receptor becomes occupied when exposed to lower con-
centrations of pheromone, thereby allowing the receptor to diffuse
further before it becomes internalized. Thus our results demonstrate
that receptor internalization, receptor recovery, and receptor distri-
bution on the plasma membrane are dose dependent.

Pheromone-induced endocytosis and recovery of Ste2

is regulated by Sst2

RGS proteins attenuate signaling by binding to the Go. subunit of
heterotrimeric G proteins and inducing the hydrolysis of GTP. In ad-
dition to acting as GAPs, Sst2 and other RGS proteins have been
shown to bind directly to GPCRs. Moreover, the Sst2-binding site on
Ste2 overlaps with the phosphorylation sites necessary to drive re-
ceptor internalization (Ballon et al., 2006). These observations led us
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FIGURE 1: Sst2 regulates pheromone-dependent endocytosis and receptor recovery. (A) Representative fluorescence
images of Ste2-GFP in WT cells treated with 150 nM (top) and 10 nM (bottom) pheromone. (B) Quantification of
membrane-bound Ste2-GFP from fluorescence microscopy data. Cell boundaries (red circles) were identified manually
and saved in ImageJ ROl Manager. The cell boundary (red circle) was shrunk by three pixels (cyan circle) to create an
annular ring around the cell membrane (region of interest [ROI], pink). Fluorescence intensity in the annular ring is a
measure of Ste2-GFP on the cell membrane. Fluorescence intensity inside the red circle is a measure of Ste2-GFP in the
cell as a whole. (C) Membrane-bound Ste2-GFP fluorescence plotted as a function of time in WT cells exposed to 10 or
150 nM pheromone. Solid lines represent the mean and shaded regions the SEM. (D) Spatial distribution of receptor in
high (150 nM) and low (10 nM) pheromone. Distributions from individual cells were aligned so that peak fluorescence is
located at 0 pm and normalized such that the area under the curve is 1. The individual distributions were then averaged
to produce the results shown. Inset, unnormalized profiles at high and low pheromone.

to hypothesize that Sst2's interaction with Ste2 could have signifi-
cant consequences for the spatiotemporal dynamics of the receptor.
To test this possibility, we monitored Ste2-GFP fluorescence in cells
lacking Sst2 (sst2A; Figure 2A). To compare results between wild-
type and sst2A experiments, we measured unstimulated Ste2 levels
in wild-type cells and the sst2A strain in a single experiment
(Figure 2B; note that in this experiment, we also measured Ste2
levels for all the strains used in these investigations; see Materials
and Methods for details). These measurements allowed us to nor-
malize all fluorescence data relative to wild-type (WT) cells. This nor-
malization adjusts for differences in illumination and other day-to-
day variation between experiments performed in our microfluidics
chamber (Dixit et al., 2014). Before pheromone treatment, there was
less Ste2-GFP at the plasma membrane of sst2A mutants than with
wild-type cells (Figure 2B). Thus expression of Sst2 lowers the base-
line concentration of receptor on the membrane.

Next we monitored the time-dependent behavior of mem-
brane-bound receptor. At high pheromone concentration, recep-
tor levels at the plasma membrane decreased in both sst2A and
wild-type cells (Figure 2C). At later times, however, membrane-
bound receptor levels increased in wild-type cells, whereas recep-
tor levels remained relatively flat in sst2A cells. At low pheromone
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concentration, receptor levels at the plasma membrane did not
decrease significantly in either sst2A or wild-type cells. At later
times, receptor levels increased above basal levels in both strains,
although sst2A cells showed a modest increase of membrane re-
ceptor levels over time in comparison to wild-type cells (Figure 2D).
These results demonstrate that Sst2 is required for recovery of re-
ceptor to the plasma membrane after pheromone stimulation.

Sst2 affects receptor distribution but not

its pheromone-induced expression

Transcription of the receptor is induced by pheromone stimulation
(Jenness and Spatrick, 1986), and it is possible that alterations in
gene regulation underlie the defect in receptor recovery observed in
the sst2A strain. To rule out this possibility, we monitored cumulative
receptor induction over time in WT cells and in cells lacking Sst2.
After internalization, the receptor Ste2 is degraded in vacuoles
(Jenness and Spatrick, 1986). However, GFP is resistant to proteolysis
in the vacuole (Shintani and Klionsky, 2004), and thus total cellular
GFP fluorescence is an indicator of cumulative Ste2 production. Mea-
surements of total GFP fluorescence in WT and sst2A cells revealed
that Ste2 levels increase in both cell types to roughly the same
amount after pheromone treatment (Figure 2E). The observation that
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FIGURE 2: Ste2 levels are regulated by Sst2. (A) Representative fluorescence images of Ste2-GFP in sst2A cells treated
with 150 nM (top) and 10 nM (bottom) pheromone. (B) Box-and-whisker plot of membrane-bound Ste2-GFP
fluorescence in untreated cells. Each box represents lower quartile (25%) to upper quartile (75%) of the data. Whiskers
(broken lines) represent values outside the upper and lower quartiles. Ends of the whiskers (solid black lines) represent
9th and 91st percentiles. Red bars represent the medians of the data, and the plus signs represent the means.

(C) Membrane-bound Ste2-GFP fluorescence plotted as a function of time in WT and sst2A cells exposed to 150 nM
pheromone. Solid lines represent the mean and shaded regions the SE in the data. (D) As in C, but cells were exposed
to 10 nM pheromone. (E) Total Ste2-GFP fluorescence in WT and sst2A cells as a function of time. Solid lines represent
the mean and shaded areas the SE in the data. Cells were treated with 150 nM pheromone starting at 0 min. (F) Spatial
distributions of receptor in sst2A cells at high (150 nM) and low (10 nM) pheromone, as in Figure 1D. Inset, unnormalized

profiles of WT and sst2A at high pheromone.

sst2A cells show somewhat diminished Ste2 levels at later times, even
though these cells are more sensitive to pheromone, might be at-
tributed to sst2A cells having fewer membrane-bound receptors
through which to signal. Despite equivalent levels of overall expres-
sion in WT and sst2A cells, significant levels of Ste2 were detected at
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the plasma membrane only in WT cells. We conclude that Sst2 en-
sures proper retention of Ste2 at the plasma membrane by mecha-
nisms other than by regulating receptor synthesis.

Because Sst2 is required for proper accumulation of receptor at
the plasma membrane, we sought to determine whether Sst2 also
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assumes that free Gy determines the rate of gene induction with-
out explicitly taking into account the activation of Ste12. Finally, the
rate of G protein inactivation depends on the Sst2 level.

We used the founder model to test whether Sst2's GAP activity is
sufficient to explain our experimental results. The behavior of any
mathematical model depends on the parameter values used to de-
fine it. Thus, rather than trying to determine a single set of param-
eter values that produce the best fit of the model to the data, we
implemented a Monte Carlo-based evolutionary algorithm to per-
form parameter estimation. This method produces sets of parame-
ter values that yield fits to the data that are roughly equivalent to
one another. We used the normalized time series for WT and sst2A
cells as training sets to evaluate the model and perform parameter
estimation. Based on this approach, the model successfully cap-
tured both the endocytosis and recovery behaviors of Ste2 in WT
cells (Figure 3B). However, the model failed to capture the require-
ment for Sst2 expression in receptor recovery (Figure 3B). This dis-
crepancy indicated that a second (non-GAP) function of Sst2 is
needed to stabilize receptors at the membrane.

We then considered a mechanism in which Sst2 impedes phos-
phorylation of the receptor and inhibits its endocytosis. To that
end, we expanded our founder model to include Sst2 interaction
with the receptor (Figure 3A). In the “expanded” model (gray
boxes), the receptor can exist in three states: inactive (Ste2), active
(Ste2*), and active and phosphorylated (Ste2*p). Sst2 binds to both
the inactive (Ste2) and active (Ste2*) forms of the receptor but not
the phosphorylated form (Ste2*p). Binding of Sst2 prevents the ac-
tive form Ste2* from becoming phosphorylated. Ste2 and Ste2* are
internalized at a basal rate that is slower than the internalization
rate of Ste2*p (see the Supplemental Information for model equa-
tions). We again used the Monte Carlo method to train the
expanded model. The expanded model captured both the initial
internalization and receptor recovery phases of WT cells and cap-
tured the loss of receptor recovery in sst2A cells (Figure 3C). Thus
our modeling results suggest that Sst2 interaction with the receptor
is necessary to stabilize the receptor at the plasma membrane after
pheromone treatment.

Loss of GAP activity of Sst2 enhances receptor polarization
The results of our modeling indicated an important role for Sst2 in
receptor localization. To investigate the role of Sst2 GAP activity in
receptor endocytosis, we ran simulations using our expanded model
in which the parameter that describes Sst2's GAP activity was set to
0. Simulations were run using the 50 best parameter sets obtained
from fitting the WT and sst2A data. In all cases, the model predicted
that selectively blocking Sst2's GAP activity would lead to higher
levels of free GBy and, thus, increased Ste2 synthesis and basal lev-
els at the membrane. In addition, the model predicted increased
receptor recovery in the GAP-deficient mutant after pheromone
stimulation (Figure 4B).

Just as Sst2 GAP activity and receptor binding can be altered
computationally by changing rate constants, these functions can be
altered experimentally using standard yeast genetic methods. To
that end, we tested our model through the replacement of the en-
dogenous genes with well-characterized point mutants that selec-
tively disrupt either Sst2 GAP activity or Sst2 binding to the receptor
(DiBello et al., 1998; Ballon et al., 2006). To investigate the effect of
Sst2's GAP activity, we used the point mutant gpa 193025, which pre-
vents the Go subunit from interacting with Sst2 (DiBello et al., 1998).
Consistent with the model (Figure 4B), the gpa 19302 mutant showed
increased basal levels of the receptor and higher receptor recovery
than that observed in WT cells (Figure 4C).
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Sst2 interaction with Ste2 is required for proper

receptor recovery

Next we used the model to investigate how Sst2’s interaction with
the receptor affects receptor accumulation at the plasma mem-
brane. To this end, we ran simulations in which the rate constant for
receptor-Sst2 binding was set to 0 and again used the 50 best
parameter sets. In all cases, Sst2's interaction with Ste2 was neces-
sary for receptor recovery (Figure 4D). In addition to interacting
with Go and Ste2, Sst2 interacts with multiple other signaling pro-
teins, including the MAPK Fus3 (Parnell et al., 2005; Yu et al.,
2008). Therefore the failure to recover Ste2 at the plasma mem-
brane of sst2A cells could be an indirect consequence of perturba-
tions in downstream signaling events. To test directly whether Sst2
binding inhibits receptor endocytosis, we used another point
mutant, sst23%N, which selectively disrupts the interaction be-
tween Sst2 and Ste2 (Ballon et al., 2006). Similar to sst2A cells, and
in contrast to gpal®3025, the sst22304N mutant did not show any
recovery of the receptor (Figure 4E). These results were in very
good agreement with model predictions (Figure 4D). Together
these results demonstrate that Sst2's interaction with the receptor,
but not its GAP activity or interactions with other binding partners,
is necessary for receptor recovery at the plasma membrane after
pheromone stimulation.

Sst2 induction is necessary for proper Ste2 recovery

at the membrane

Sst2 expression is induced in response to pheromone, and it is typi-
cally assumed that this increase in Sst2 represents a negative feed-
back loop that leads to signal attenuation. To investigate the effect
of this feedback loop on receptor recovery, we ran simulations in
which pheromone-induced synthesis of Sst2 was abolished (in the
model, this is accomplished by setting the maximum induced Sst2
synthesis rate equal to zero). Surprisingly, the model predicted that
blocking pheromone-dependent induction of Sst2 would inhibit re-
ceptor recovery (Figure 4F). To test this prediction, we replaced the
endogenous SST2 promoter with a noninducible promoter from
STES5 (Pstes; Flotho et al., 2004). Under conditions that constitutively
express Sst2, abundance of receptor on the membrane was compa-
rable to that of untreated WT yeast (Figure 2B). In agreement with
the model, cells containing Pstes-SST2 showed significantly less re-
ceptor recovery than the WT strain (Figure 4G). These results dem-
onstrate that after pheromone stimulation, increased Sst2 levels act
to promote receptor retention at the growing edge by blocking
internalization of Ste2.

Sst2 as a noise regulator

It is well established that Sst2 promotes G protein GTPase activity
and thereby dampens the activity of downstream effectors. More
recently, we showed that Sst2 suppresses cell-to-cell variability
(noise) in transcription and morphogenesis (Dixit et al., 2014).
Having now demonstrated a new role for Sst2 in receptor localiza-
tion, we wanted to know how Sst2 affects the variability in this mea-
sure. To that end, we analyzed single-cell traces of Ste2-GFP at the
plasma membrane over time (Supplemental Figure S1). Surpris-
ingly, we found that fluctuations, defined as the coefficient of varia-
tion in fluorescence, did not follow the typical scaling behavior
(~1/mean'?) expected when only synthesis and degradation events
are considered (Figure 5A; Kaern et al., 2005). In addition, when the
variance in fluorescence is plotted as a function of the mean, the
data for wild-type cells and all the mutant strains collapse on a sin-
gle curve (Figure 5B). Thus, whereas Sst2 suppresses noise in pro-
cesses downstream of the receptor, it does not appear to affect
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Model validation. (A) Representative fluorescence images of Ste2-GFP in gpa13025, sst22304N, and Psrgs-
SST2 strains treated with 150 nM pheromone. Wild-type results from Figure 1A are also shown for comparison. Black
arrows indicate polarized receptor. (B) Model predictions for membrane-bound Ste2-GFP in the gpa1©39%° mutant.
Individual predictions using the top 50 parameter sets are shown as thin green lines, and the mean of the top 50 time
series is shown as a dark green line. For comparison, the WT results are replotted from Figure 2C (blue lines).
(C) Experimental results for membrane-bound Ste2-GFP fluorescence in the gpa130?> mutant plotted as a function of
time. The solid green line represents the mean, and the shaded green region shows the SE in the data. Cells were
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FIGURE 5: Cell-to-cell variability in receptor levels is not regulated by Sst2. (A) The coefficient of variation (SD/mean)
for membrane-bound Ste2-GFP as a function of mean membrane-bound Ste2-GFP for each measured time point and

each strain. (B) Same as in A, except for the variance vs. the mean.

noise at the level of the receptor. One possible explanation for our
experimental observations is that the stochastic nature of vesicle
delivery and fluctuations in the Ste2 abundance on the vesicles
combine to generate the unexpected noise characteristics.

DISCUSSION

The primary functions of GPCRs are to translate external chemical
gradients into internally polarized protein distributions and initiate
intracellular signals that regulate gene expression. It seems reason-
able to assume that each function brings with it a distinct set of op-
erational requirements. Therefore it is evident that GPCR-mediated
signaling is regulated by multiple control mechanisms that both pro-
mote and inhibit pathway activity. Consistent with this idea, our re-
sults demonstrate how a single protein, Sst2, which is known to limit
G protein activity, also promotes receptor signaling. Specifically, we
showed that the Sst2-receptor interaction, but not Sst2 GAP activ-
ity, is required for proper receptor recovery after pheromone stimu-
lation. Central to our analysis were the gpal®3%?S and sst2@304N
mutants. We showed previously that these mutants are, by at least
four different measures, equally sensitive to pheromone stimula-
tion (Dixit et al., 2014). Thus the ability to separate the two known
functions of Sst2 allowed us to assess the contributions of each
binding interaction without the confounding effects of differences
in signal output. Consequently we did not need to consider differ-
ences in GBy-dependent MAPK activation or new gene transcrip-
tion, since these, too, are equivalent in the two mutants. This is
important in light of evidence that GB phosphorylation is necessary
for proper cell polarization (Zhu et al., 2011) and gradient tracking

(Deflorio et al., 2013; Surve et al., 2014). Thus the gpa1°3%?° and
sst2304N mutants provide powerful experimental tools for dissect-
ing the functional interactions of Sst2.

Our discovery that Sst2 is required for proper polarized recovery
of the receptor after pheromone-induced receptor endocytosis
adds to a growing list of roles for RGS proteins. For example, we
recently demonstrated that Sst2 acts to suppress pathway noise
(Dixit et al., 2014). In this case, we used the gpa1930?% and sst2304N
mutants to show that noise suppression requires Sst2 GAP activity
but not its interaction with the receptor. RGS proteins have also
been demonstrated to promote spatially focused signaling through
a mechanism referred to as kinetic scaffolding (Zhong et al., 2003).
In kinetic scaffolding, increased GTP hydrolysis by RGS proteins pro-
motes faster recoupling of the G protein to the receptor, generating
strong localized signals.

To investigate the function of Sst2 binding to the receptor, we
developed a mathematical model of Ste2 signaling and trafficking. A
key assumption of the model was that Sst2 prevents receptor endo-
cytosis by directly binding to the receptor. The key prediction of the
model was that pheromone-induced increases in Sst2 abundance
are required for proper receptor recovery. Through experimentation
we validated three key predictions of the model: 1) Sst2 GAP activity
is not required for receptor recovery, 2) Sst2 interaction with the re-
ceptor is required for receptor recovery, and 3) pheromone-depen-
dent synthesis of Sst2 is required for receptor recovery.

To test the model, we used the mutant gpa1%39%, which disrupts
Sst2's interaction with the Ga. subunit (DiBello et al., 1998) and thus
prevents Sst2 from accelerating GTP hydrolysis. Consistent with the

treated with 150 nM pheromone starting at 0 min. For comparison, the results for WT cells are replotted from Figure 1B
(blue lines). (D) Model predictions for the sst2234N mutant. Results are presented as described in B. (E) Experimental
results for membrane-bound Ste2-GFP fluorescence in the sst23304N mutant plotted as a function of time. Results are
presented as described in C. (F) Model predictions for the Psrg5-SST2 mutant. Results are presented as described in B.
(G) Experimental results for membrane-bound Ste2-GFP fluorescence in the Psre5-SST2 mutant plotted as a function of

time. Results are presented as described in C.
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model’s predictions, cells containing this mutant showed normal re-
ceptor recovery after pheromone-induced internalization. We then
turned to the mutant sst22%%4N, which disrupts Sst2 interaction with
the receptor (Ballon et al., 2006). Consistent with the model’s pre-
dictions, this mutant did not show any receptor recovery. These re-
sults suggested that Sst2's interaction with the ligated receptor pre-
vents receptor endocytosis. Finally, we validated the model by
placing SST2 under the control of a promoter that does not respond
to pheromone. Consistent with the model’s prediction, cells ex-
pressing constant levels of Sst2 did not recover to the level of WT
cells, and the recovery that did occur was at a significantly slower
rate. In addition to these explicit tests of the model, we asked
whether Sst2 binding promotes variability in receptor abundance at
the cell surface. Previously we demonstrated increased noise in
transcription and cell morphogenesis in the sst2A and gpa 193025
(but not in sst2230%N) cells. However, we found that the expression of
Ste2-GFP was equally “noisy” in the four strains tested: sst2A,
sst2304N, gpa 163925, and WT cells. Thus, whereas interaction of Sst2
with Gpa reduces noise at the level of transcription and morpho-
genesis, interaction with the receptor does not promote variability
in its expression at the plasma membrane. Taken together, our re-
sults establish a novel role for Sst2 in promoting receptor recovery
at the growing edge of cells responding to pheromone.

Our finding that Sst2's GAP activity is dispensable for receptor
recovery is in contrast to studies in neurons, which found that both
the GAP and DEP domains of the RGS9-2 protein were needed to
stabilize cell surface levels of D2-dopamine receptor (Celver et al.,
2010). There are differences between the yeast and neuronal sys-
tems that may account for this discrepancy. RGS9-2, in contrast to
Sst2, has a Gy-like domain and requires the expression of an atypical
GB (Celver et al., 2010). Although the details may differ from system
to system, the broader regulatory features are likely to be conserved
across species. Thus RGS proteins, which are well known as negative
regulators of G protein signaling, also have a positive signaling func-
tion that is likely to modulate a variety of receptor pathways.

MATERIALS AND METHODS

Cell growth conditions and strain construction

Standard yeast media preparation, culture growth, and maintenance
procedures were followed. All of the strains used in this study were
made in the BY4741 background. Standard protocols for transfor-
mation of yeast and bacteria and manipulation of DNA were used.
See the Supplemental Information for details of strain construction.

Live-cell imaging and microfluidics

Ste2 endocytosis was measured by monitoring the fluorescence of
GFP-tagged Ste2 on the cell membrane after pheromone stimula-
tion. Overnight starter cultures were diluted twice. The second dilu-
tion was made in 5 ml of synthetic complete medium with dextrose
(SCD), and the cells were grown in an incubator shaker at 30°C until
the ODgqp reached 0.2. The live-cell imaging experiment was car-
ried out in a microfluidic device described previously (Hao et al.,
2008). The microfluidic device is mounted on an Olympus (Tokyo,
Japan) IX81 microscope with a Yokogawa Spinning Disk (Yokugawa
Electric Corp., Tokyo, Japan) and Andor IXon Ultra EMCCD Camera
(Andor Technology Ltd., Belfast, UK) for live-cell imaging. Stage po-
sitions to be monitored during the time course were set using an
AS| PZ-2000 XYZ Series Automated stage with piezo z-axis top
plate (Applied Scientific Instrumentation, Eugene, OR). Differential
Inference Contrast (DIC) and fluorescence images were acquired at
2min intervals at 100x magnification using MetaMorph software
(Molecular Devices, Sunnyvale, CA). DIC images were acquired
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using 100-ms exposure and an electron-multiplying (EM) gain of 2.
GFP images were acquired using 400-ms exposure at 8% laser in-
tensity (488-nm line of an argon laser) and an EM gain of 200. Image
processing was done in ImageJ (National Institutes of Health,
Bethesda, MD), and the quantification of Ste2 was performed in
MATLAB (MathWorks, Natick, MA).

Quantification of membrane-bound Ste2 from fluorescence
microscopy images

Raw DIC images from microscopy experiments were loaded into
ImageJ. Cell boundaries were identified manually and saved in Im-
ageJ ROl Manager. Raw fluorescence images from the same experi-
ment were then loaded into ImageJ. The background fluorescence
was subtracted using a standard background subtraction algorithm
in ImageJ with a rolling ball radius of 150 pixels. The cell boundaries
identified using DIC images were used to calculate Ste2 membrane
intensity from fluorescence images. For each cell, an annular ring
was created by shrinking the cell boundary (red line) by three pixels
(cyan line; Figure 1B). The intensity of Ste2 on the cell membrane
was calculated as the difference between intensities inside red and
green circles in MATLAB. The time series of fluorescence intensities
of membrane-bound Ste2 in each cell was plotted. Mean and SDs
of all the single-cell time series were calculated to generate a mean
fluorescence intensity profile of membrane-bound Ste2.

Single-cell traces of membrane-bound Ste2

The intensity of Ste2 on the cell membrane was calculated as de-
scribed. The time series of fluorescence intensities of membrane-
bound Ste2 in each cell was plotted. Each cell trace was represented
in a different color. The mean of all the single-cell traces was plotted
as a thick red line.

Comparison of Ste2-GFP in different strains at steady state
Measured Ste2-GFP fluorescence varies with day-to-day fluctua-
tions in the laser intensity. To compare Ste2-GFP fluorescence across
different strains, we sought to normalize the fluctuations in laser in-
tensity between experiments done on different days by measuring
steady-state Ste2-GFP fluorescence in cells simultaneously. The
cells were grown in an incubator shaker at 30°C until the ODggg
reached 0.2 as described under Live-cell imaging and microfluidics.
A 10-pl amount of cells was plated on 2% agarose pads and covered
with a Corning (Corning, NY) microscope cover glass. The agar pads
were mounted on the Olympus microscope described earlier, and
fluorescence images were acquired at 100x magnification using
MetaMorph software. Background subtraction and cell boundary
identification was done in ImageJ, and annular rings of 3-pixel width
were created. The amount of Ste2-GFP on the membrane was mea-
sured as the fluorescence intensity in the annular rings. A box plot
was created for membrane-bound Ste2-GFP levels measured for
each strain. Because the cells were not treated with pheromone, the
box plot thus created is a measure of the steady-state Ste2-GFP in
the strains. Student’s t test was conducted to confirm that the
steady-state receptor levels in different strains were significantly dif-
ferent from those in the WT strain. Mean steady-state Ste2-GFP lev-
els and p values from Student’s t test are reported in the Supple-
mental Information.

Receptor distribution

The distribution of Ste2-GFP on the mating projection was mea-
sured using FIJI by drawing a line encompassing the polarized re-
ceptor across the mating projection. To avoid obscuring the signal
from plasma membrane-associated Ste2, we analyzed only those
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cells that did not have a vacuolar or endosomal signal coincident
with the polarized edge of the cell (Supplemental Figure S2A). The
resultant line scans were analyzed in MATLAB. The Ste2 profiles
were smoothed (MATLAB “smooth” function, span of 20 pixels),
and the maximum of the smoothed profile was used to determine
the center of the receptor distribution. The raw data from each
cell were then spatially aligned to the center of the distribution
(Supplemental Figure S2B), and then all cells were averaged. The
minimum value from the average profile was subtracted, as it
represented the background intensity on the membrane, and the
profile was normalized to sum to 1. The average values are shown
as circles, and the line shows the average values smoothed (as be-
fore, span of 3).

Mathematical modeling

We developed two mathematical models to investigate the role of
Sst2 in regulating endocytosis of the receptor Ste2 after pheromone
treatment. The models are based on ordinary differential equations
and take the pheromone concentration as input and compute the
time course of Ste2 abundance. The model that does not account
for Sst2's interaction with the receptor consists of eight coupled
ordinary differential equations (ODEs) and 30 parameters. The
expanded model consists of 10 coupled ODEs and 32 parameters.
Both models were solved using the ode15s solver in MATLAB. See
the Supplemental Information for the model equations and para-
meter descriptions and values.

Parameter estimation

Parameter estimation was performed using a modified evolutionary
algorithm as described previously (Fu et al., 2014). The model was
trained with Ste2-GFP time course data for wild-type and sst2A cells
treated with 150 nM pheromone. Twelve instances of the algorithm
were run in parallel, each starting with six different sets of parent
parameter values. Half of the initial parent parameter sets were esti-
mated from the literature, and the remaining half were chosen ran-
domly. In the algorithm, p was setto 6, C=6, p=30%, L= 10%, and
B =1.5. The algorithm was run for 3000 generations, which resulted
in 1.3 million trials in the parameter search. The top 50 scored pa-
rameter sets were used to compare remaining data sets and make
testable predictions. See the Supplemental Information for the
parameter estimation results.
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