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How small eukaryotic cells can interpret dynamic, noisy, and spatially
complex chemical gradients to orient growth or movement is poorly
understood. We address this question using Saccharomyces cerevi-
siae, where cells orient polarity up pheromone gradients during mat-
ing. Initial orientation is often incorrect, but polarity sites then move
around the cortex in a search for partners. We find that this move-
ment is biased by local pheromone gradients across the polarity site:
that is, movement of the polarity site is chemotactic. A bottom-up
computational model recapitulates this biased movement. The model
reveals how even though pheromone-bound receptors do not mimic
the shape of external pheromone gradients, nonlinear and stochastic
effects combine to generate effective gradient tracking. This mech-
anism for gradient tracking may be applicable to any cell that
searches for a target in a complex chemical landscape.
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M any cells—including neutrophils, Dictyostelium amoebae,
cancer cells, neurons, and yeast—move or grow in a di-
rection influenced by chemical gradients (1-4). These cells use G
protein-coupled receptors (GPCRs) to sense external signals and
regulate cytoskeletal components to direct movement or growth
(5). How cells convert an external chemical gradient into a directed
response remains poorly understood. We address this question for
the genetically tractable budding yeast, Saccharomyces cerevisiae.

Haploid yeast of mating types a and a mate to form zygotes. a
and a cells express specific GPCRs that sense pheromones secreted
by the opposite mating type. Pheromone binding triggers GDP/
GTP exchange on Ga, freeing Gfy to activate downstream path-
ways. Gy recruits the scaffold protein SteS from the cytoplasm to
the membrane, activating a MAPK cascade that results in expres-
sion of mating-specific genes, cell-cycle arrest in G1 phase, and
polarization of Cdc42 (Fig. 14) (6).

Mating requires polarized secretion to remodel the cell wall at
the contact site between partner cells. Polarity is initiated and
maintained by the conserved Rho-family GTPase Cdc42, which
cycles between active GTP-Cdc42 and inactive GDP-Cdc42. Acti-
vation and inactivation are catalyzed by guanine exchange factors
(GEFs) and GTPase activating proteins (GAPs), respectively
(7, 8). GTP-Cdc42 at the plasma membrane recruits a GEF from
the cytoplasm that locally activates nearby GDP-Cdc42, raising the
local GTP-Cdc42 concentration to make a polarity patch (9-12).
After polarity patch formation, Cdc42 orients actin cables toward
the patch, delivering secretory vesicles that promote remodeling of
the cell wall (13-15).

How does a cell orient its polarity patch toward the partner?
Recent work indicates that many, and perhaps most, mating yeast
cells initially polarize in the wrong direction (16, 17). Subsequently,
polarity patches move and dissolve/reform in an erratic manner
during an indecisive phase before strengthening and stabilizing in
the correct orientation (16, 18, 19). Patch movement has also been
observed in artificial pheromone gradients (20-23) and even in
cells with genetically activated MAPK that were not exposed to
pheromone at all (24, 25). Patch movement is thought to represent
a search process that serves to improve orientation (26, 27).

PNAS 2021 Vol. 118 No. 22 €2025445118

Due to polarized secretion and endocytosis, GPCRs and as-
sociated G proteins become enriched at the membrane surrounding
the polarity patch, generating a sensitized region for pheromone
sensing (24, 28-33). The polarity patch also acts as a pheromone
emission site, because pheromones and pheromone transporters are
delivered by secretory vesicles (18, 34). This means that each
moving patch is both a signal-emitting hub (“here I am!”) and a
sensing hub (“is anyone there?”), suggesting that yeast cells find
their mates by “exploratory polarization” (Fig. 1B). In this model,
adjacent cells of opposite mating type whose patches are not aligned
sense low levels of pheromone because pheromone released from
one patch dissipates rapidly with distance (Fig. 1 B, ii). As the
patches move around the cortex (Fig. 1 B, iii), they may align
(Fig. 1 B, iv), so that each patch detects a large increase in phero-
mone concentration and stalls their movement (Fig. 1 B, iv).

When cells are exposed to high pheromone levels, patch move-
ment is stalled (20, 24). This reduction is due to a signaling pathway
in which free Gfy near pheromone-bound GPCRs recruits the
scaffold protein Farl, which binds to the Cdc42-directed GEF (24,
35-37). These observations suggest that yeast polarity sites may
search for each other by wandering randomly until they happen to
align, at which point both cells detect high pheromone levels and
the GPy-Farl-GEF pathway stops patch movement. This model is
conceptually very similar to the “speed dating” model proposed for
the fission yeast Schizosaccharomyces pombe (38). Alternatively, it
could be that the movement of the polarity site during the initial
search phase is guided toward the partner by a pheromone gradient.
Here we find that polarity patches of mating cells find each other
much more rapidly than can be accounted for by an undirected
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Fig. 1. Polarity patch movement is influenced by the mating partner. (A) Pheromone-receptor binding triggers release of Gy, which recruits the scaffold
protein Ste5 to the membrane and activates MAPK signaling. An artificially membrane-targeted Ste5-CTM activates MAPK signaling in the absence of
pheromone. (Bottom Left) Mating efficiency (Materials and Methods) of wild-type (WT) and Ste5-CTM cells. n = 113 cells for each condition. (B) Exploratory
polarization. Colors represent a-factor (green) and a-factor (blue) pheromones. (i) Cells of opposite mating type (MAT) prior to polarization. (ii) Cells initially
polarize in the wrong direction and secrete pheromones away from each other. (iii) Sensing low pheromone levels, polarity patches move along the cortex.
(iv) When polarity patches align, they sense high pheromone levels and stop moving. (C) Polarity patch movement in a mating pair. Cells (DLY20626 and
DLY20627) were treated with p-estradiol for 3 h to induce Ste5-CTM and then imaged. Inverted maximum projection images show Spa2 patches (blue ar-
rowheads). Dotted blue lines outline the cells. Time is in min. (Scale bar, 5 um.) (Right) The Spa2 centroid trajectory (projected from 3D to 2D). (D) Patch
trajectory analysis: each 2-min time step yields a step length and turning angle. (E and F) Patch trajectories in pairs of cells (DLY20626, DLY20627) treated and
analyzed as in C. Each pair consists of cells of the same MAT (E) or cells of opposite MAT (F). (G) Simulated patch trajectories were generated by sampling from
the experimental distributions of step lengths and turning angles (graphs). A single example is shown. (H) Cumulative distribution of the time it took for
patches to come within 4 or 2 pm of each other for populations of simulated cells (faint lines, Sim; 100 simulations of 52 pairs per condition) compared to
same-sex yeast cells (dark lines, Exp). Box and whisker plots indicate median, quartiles, and 95th percentiles for simulated data. (/) Cumulative distribution of
the time it took for patches to come within 2 um of each other for opposite MAT (blue, n = 57) and same MAT (yellow, n = 52) pairs. Two-sample KS test,
P=4x10""",

search and show that the direction of patch movement is biased  quantitatively reproduce polarity patch movement characteristics
toward the partner’s patch. in the absence of pheromone (25). We show that addition of a

A mechanistic computational model that incorporates Cdc42  pheromone signaling pathway (24) causes this model to exhibit
biochemistry (11, 39, 40) and vesicle trafficking (20, 41-43) can  biased patch movement up pheromone gradients. Analysis of the
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model suggests a mechanism whereby cells can effectively bias
patch movement despite highly variable GPCR distributions on
the cell cortex.

Results

Tracking Polarity Patches during the Search for a Mating Partner. The
simplest version of exploratory polarization is one where the
polarity patches of adjacent partners move randomly around the
cell cortex until they find each other. While polarity patches during
the indecisive stage are too fleeting to track accurately (16), arti-
ficial MAPK activation by expression of membrane-targeted Ste5
(Ste5-CTM, a gain-of-function condition) arrests cells in G1
(Fig. 14) and strengthens polarity (24), allowing us to track polarity
patches. In these cells, as in cells treated with high pheromone
levels, polarity patches form at sites designated by bud-site-selection
cues interpreted by the GTPase Rsrl (22, 44). Upon deletion of
RSRI, the polarity patch wanders around the cortex even in the
absence of pheromone, and its movement can be readily tracked
(24, 25). Mating efficiency is comparable in wild-type cells and cells
induced to express Ste5-CTM (Fig. 1 A, Inset). Tracking patch
centroids in three dimensions (3D) generates movement trajectories
that can be decomposed into a series of steps. Each step is char-
acterized by its magnitude (step length) and direction with respect
to the preceding step (turning angle) (Fig. 1D). This system allows
us to track polarity patch movement during the partner search that
culminates in mating.

Cells of opposite mating type (MAT) with a fluorescent polar-
isome component Spa2 (45) were separately induced to express
Ste5-CTM. The mating types were mixed together on agarose slabs
and imaged. Isolated cell pairs were selected for analysis, such that
each cell had only one potential (touching) mating partner (Fig. 1C
and Movies S1 and S2). Adjacent pairs of opposite mating type can
communicate via pheromones, while pairs of the same mating type
cannot. Thus, comparison of patch movement in same-sex and
opposite-sex pairs reveals the effects of pheromone-mediated
communication.

Example centroid trajectories are shown in Fig. 1 E and F' (Movies
S1 and S2). To measure search efficiency, we recorded the cumu-
lative fraction of cells whose patches got within some distance of
each other over time. The patch’s movement along the cell cortex
could be recreated by simulating random movement on a sphere,
sampling from experimentally obtained distributions of step lengths
and turning angles (Fig. 1G; Bootstrapped statistics in SI Appendix,
Fig. S1) (Materials and Methods) (25). Simulations displayed a similar
search efficiency as same-sex pairs (Fig. 1H), supporting the as-
sumption that same-sex cells do not communicate with each other.
In contrast, opposite-sex pairs displayed a much higher search effi-
ciency (Fig. 17), implying that patches do not simply move randomly
until they happen to find each other. Instead, signaling between
opposite-sex cells greatly improves search efficiency.

Pheromone Gradients Bias the Direction of Patch Movement. We
considered two potential mechanisms by which signaling might
improve search efficiency. The first is based on the observation
that patch movement decreases as the pheromone concentration
increases (24). As sensing is primarily confined to a zone around
the polarity patch, we imagine that in a pheromone gradient, the
patch might move more on the down-gradient side (sensing less
pheromone) than on the up-gradient side (sensing more phero-
mone) (Fig. 24). Alternatively, the direction of patch movement
might be biased by the pheromone gradient, so that a patch is more
likely to move up-gradient than down-gradient (Fig. 24). Regula-
tion of the amount or the direction of patch movement would im-
prove search efficiency, and the two mechanisms are not mutually
exclusive.

To ask if the amount of patch movement varies as a function
of the distance between the partners’ patches, we combined the
movies for 57 pairs of opposite-sex cells and plotted the step
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lengths taken by each patch in 2 min as a function of the distance
between the partner patches (interpatch distance) at the start of
the 2-min interval (Fig. 2B). For patch centroids that were far-
ther apart than about 1.2 pm, there was no correlation between
the step length and the interpatch distance (Fig. 2C). However,
when the patch centroids were very close to each other, move-
ment stopped. We conclude that at physiological pheromone
concentrations, patches only slow down significantly when they
are very close to each other (within one patch diameter).

To ask if the direction of patch movement is biased by the
partner cell’s patch, we measured the direction of movement for
each step relative to a vector pointing to its partner’s patch (the
optimal direction) (Fig. 2B) (see Materials and Methods and SI
Appendix, Fig. S2, for details). For same-sex cells, the direction of
movement was uniformly distributed with respect to the partner’s
patch, but for opposite-sex cells, smaller angles (movement ori-
ented in the direction of the partner patch) were overrepresented
(Fig. 2D and SI Appendix, Fig. S3). This difference was statistically
significant (Kolmogorov—Smirnoff [KS] test, P = 4 x 10~'?) but
modest in magnitude. To assess whether the extent of bias might
depend on the distance between the partner patches, we compared
the angles for steps taken from starting points with small (<4 pm)
or large (>4 pm) interpatch distances. When partner patches were
far apart, they showed almost no bias in the direction of patch
movement, while patches that were closer displayed a much larger
bias than the whole population (Fig. 2E and SI Appendix, Fig. S3)
(KS test, P = 107'"). Plotting the average angle of movement as a
function of the distance between partner patches supported the
same conclusion (Fig. 2F). In this plot, random movement yields
angles uniformly distributed between 0° and 180°, for an average
angle of 90°, while movement biased toward the partner patch yields
smaller average angles. We conclude that when partner patches are
distant from each other, movement is random. However, when they
approach within <4 pm of each other, their direction of movement
becomes increasingly biased toward their partners’ patch.

Effect of the Landmark Protein, Rsr1. Rsrl can lower accuracy of
shmoo orientation up pheromone gradients for cells in a micro-
fluidics device (22), suggesting that Rsr1 might also impair mating.
In cells that express Ste5-CTM, introduction of Rsrl made the
cells form lumpy shmoos (44) (Fig. 34), but they still relocated
their polarity patches (Fig. 3B and Movie S3) and mated with
comparable timing to cells lacking Rsr1 (Fig. 3C).

To ask whether patch movement is biased toward a partner
cell’s patch in cells with Rsrl, we adjusted our strategy to allow ef-
ficient analysis of more cells per movie. We mixed a and a cells
induced to express Ste5-CTM on an agarose slab infused with
saturating levels of a-factor. The a-factor immobilizes the polarity
patches in the a cells, converting them into stationary sources of
pheromone toward which « cells can track. Observing how several
a cells responded to a source patch substantially increased the data
yield from each movie. We quantified patch movement in a cells
that were adjacent to an a cell patch at the interface between the
two cells (Materials and Methods and SI Appendix, Fig. S4). As with
the rsrl mutants described above, we observed a clear bias in the «
cell patch’s movement toward the partner patch (Fig. 3D and SI
Appendix, Fig. S3) (KS test, P = 7 x 1073). Thus, Rsrl does not
prevent cells from biasing the direction of patch movement.

Gpy-Far1-GEF Pathway Biases Patch Movement. Our findings indi-
cate that the pheromone emitted by one cell biases the direction
of patch movement in its partner. An obvious potential mechanism
by which this could occur is via the Gfy-Farl-GEF pathway. Pre-
vious studies identified a point mutation in the GEF Cdc24, cdc24-
ml, that impairs Farl-GEF interaction but leaves other functions
of both proteins intact (36, 46). In mutant cells, the mobile patch
does not stop moving even in saturating pheromone (20, 24, 47),
indicating that an intact Gpy-Farl-GEF pathway is required to
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Fig. 2. The direction of polarity patch movement is biased by the pheromone gradient. (4) Potential mechanisms for accelerating patch alignment. (/) The
amount of movement is biased by the pheromone gradient, with less movement at higher pheromone. (/) The direction of movement is biased by the
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DLY20626 x DLY23007 or DLY20627 x DLY23008. Shading is 95% confidence interval. (D) Cumulative distribution of movement direction relative to the
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confidence interval.

restrain patch movement. To ask whether the Gpy-Farl-GEF
pathway is also required to enable the directional bias of patch
movement, we imaged opposite-sex pairs of 7sr! cdc24-m1 mutants
induced to express membrane-targeted SteS. As anticipated, these
cells did not mate, and the polarity patches continued to move
(Fig. 3E and Movie S4). In addition, these mutants failed to show
any directional bias toward the partner cells’ patches (Fig. 3F and
SI Appendix, Fig. S3), and the overall search efficiency was much
closer to that of same-sex pairs than that of opposite-sex pairs with
an intact GPy-Farl-GEF pathway (Fig. 3G). Thus, in addition to its
documented role in halting patch movement, the Gpy-Farl-GEF
pathway serves to bias the direction of patch movement.

A Computational Model for Patch Movement in a Pheromone Gradient.
The small size of the yeast cell makes it difficult for it to extract
directional information by comparing pheromone concentrations
across only a 4- to 5-um distance (48-50). That an even smaller
(<2 pm diameter) polarity patch should be able to bias its direction
of movement in response to a pheromone gradient therefore
seems remarkable. To understand how this occurs, we turned to
a mechanistic computational model of patch movement (25), to
which we added a computational representation of the Gfy-Farl-
GEF pathway based on (24). Previous work had shown that such a
model could exhibit reduced patch movement in the presence of
high levels of pheromone (24), and we wondered whether it would
also exhibit a bias in the direction of patch movement in response to
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an applied pheromone gradient. If so, we hoped that in silico
analyses would allow us to discriminate which mechanism would
best enable a polarity patch to track a gradient and suggest how
such a small patch could effectively respond to the gradient.

We begin by providing a brief description of the model; details
are provided in SI Appendix. The model considers polarity protein
biochemical reactions and actin-mediated vesicle traffic (25).
Reaction-diffusion equations simulate patch formation through
a positive feedback loop that promotes local GTP-Cdc42 accu-
mulation (11, 39) (SI Appendix, Fig. S5A4). This polarity module
produces a stable patch that is in dynamic equilibrium, balancing
diffusion of proteins with rapid protein exchange between the
plasma membrane and cytosol. Patch movement occurs upon
addition of the vesicle trafficking module, where GTP-Cdc42 directs
stochastic actin-mediated vesicle delivery to the patch (41-43).
Vesicles perturb the patch by dilution and inactivation of GTP-
Cdc42, which can displace the patch’s centroid. On a timescale of
minutes, vesicle-induced asymmetric gain and loss of Cdc42 from
opposite sides of the patch causes movement of the patch centroid
(SI Appendix, Fig. S5B). As expected from this mechanism, imaging
of both a polarity marker (Bem1-GFP) and a polarisome component
(Spa2-mCherry) that marks the sites of vesicle exocytosis (24)
showed polarity site movement away from the sites of vesicle accu-
mulation (SI Appendix, Fig. SSB, Bottom Inset).

In addition to exocytosis, the vesicle trafficking module in-
cludes stochastic endocytosis events, which allow for removal or
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mulative distribution of the time it took patches to come within 2 um of each other for opposite MAT (blue, n = 57), same MAT (yellow, n = 52), and cdc24-m1

opposite MAT (green, n = 32) pairs. Opposite MAT cdc24-m1 vs. CDC24, two-sample KS test, P = 4xX1078, cdc24-m1 vs. same MAT, not significant.

recycling of membrane proteins to an internal membrane com-
partment. Combining these processes leads to a Cdc42 concen-
tration profile whose dynamics quantitatively mimic the undirected
movement of a polarity patch that occurs in the absence of pher-
omone (Materials and Methods) (25).

To make the model responsive to pheromone, we introduced a
simplified GPy-Farl-GEF pathway (24). In cells, GPCR activation
releases Gy, which recruits Farl-GEF complexes from the cyto-
plasm to the membrane in the vicinity of active GPCR. Thus,
pheromone binding results in local activation of Cdc42, which can
then recruit more Cdc42 by positive feedback. This pathway is

Ghose et al.
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modeled through a species in the model called Rec, which rep-
resents the GPCR. Rec is delivered to the plasma membrane on
exocytic vesicles. There it can bind to extracellular pheromone,
making it susceptible to endocytic internalization and degradation.
Pheromone-bound Rec (now called RecGEF) is endowed with
GEF activity (SI Appendix, Fig. S5C). This assumes that the GEF
recruited by the GPy-Farl-GEF pathway remains localized to sites
with pheromone-bound GPCRs (or, equivalently, that active Gfy
does not diffuse far from its site of release before rebinding Ga).

Several parameters of the Gfy-Farl-GEF pathway are well
constrained by experimental data (Materials and Methods). However,
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the amount of Cdc42 activation induced by this pathway is un-
known and constitutes a free parameter in the model. Variation
of this parameter revealed three broad regimes of model be-
havior, depending on whether the amount of GEF recruited by
the Gpy-Farl-GEF pathway is small, similar, or large compared
to that in the polarity module. When it is small, the pathway has
little effect on polarity patch behavior. When it is large, the
polarity patch dissolves, and the active Cdc42 profile simply
follows the RecGEF profile arising from stochastic vesicle traffic
and pheromone binding. Neither of these regimes seems appli-
cable to cell behavior, so we chose values of the free parameter
that make the amount of GEF recruited by the Gfy-Farl-GEF
pathway comparable to that in the polarity module. In this re-
gime, a polarity patch persists, but its behavior is influenced by
pheromone.

Previously, a differently parameterized version of this model
was used to show that high levels of spatially uniform pheromone
could slow or stop polarity patch movement (24). This was inter-
preted as follows: 1) the vesicle delivery that perturbs Cdc42 at the
polarity patch also inserts new GPCRs; 2) upon binding phero-
mone, these GPCRs activate Cdc42; and 3) GPCR-induced Cdc42
activation counteracts the initial Cdc42 perturbation, returning the
patch centroid toward its previous position (S Appendix, Fig. S5D).
We first confirmed that our model also shows reduced patch
movement with increasing pheromone (SI Appendix, Fig. S5 E
and F and Movie S5). Patch movement displayed some persis-
tence (i.e., a tendency to keep moving in the same direction,
which makes turning angles smaller) on a 1-min timescale, and
persistence was higher in the absence of pheromone than with
spatially uniform pheromone (SI Appendix, Fig. SSG). On a longer
5-min timescale, patch movement in the absence of pheromone
appeared more randomy/less persistent (S Appendix, Fig. S5G). In
the presence of pheromone, the patch movement became anti-
persistent (i.e., displayed a tendency to reverse direction and return
to its previous position). A quantification of persistence confirmed
that the patch had lower persistence or antipersistence when ex-
posed to pheromone (SI Appendix, Fig. SSH). These results suggest
that a patch navigating a spatially varying pheromone landscape
would move persistently when it detects low pheromone levels but
tend to wiggle in place when it detects higher pheromone levels.

The Direction of Patch Movement in the Model Is Biased up Pheromone
Gradients. To ask how pheromone gradients would impact polarity
patch behavior, we exposed the model to linear gradients of
pheromone and tracked the centroid of active Cdc42 over 45 min
(Fig. 4 A-C and SI Appendix, Fig. S6). As expected, there was no
bias in patch movement orthogonal to the gradient (Fig. 4D).
However, averaging of around 400 simulations revealed a clear bias
of movement up the gradient, with greater bias up steeper gra-
dients (Fig. 4E). Most simulated patches showed net movement
up-gradient (Fig. 4F). Thus, a mechanistic model based on ob-
servations of patch behavior in uniform pheromone is capable of
tracking spatial gradients of pheromone.

How does the model track the pheromone gradient? The
computational patch moves less at higher levels of pheromone
(SI Appendix, Fig. S5), which could yield less movement on the
up-gradient side of a pheromone gradient (as in Fig. 2 4, Left).
Alternatively, the pheromone gradient could bias direction of patch
movement (as in Fig. 2 4, Right). These possibilities are not mu-
tually exclusive, and it seemed possible that both might contribute
to gradient tracking. To tease apart the contributions of changing
amount of movement vs. biased directionality, we generated
computational scenarios in which only one mechanism at a time
could be operative.

The key to tracking due to variable movement is that when the
patch happens to move up-gradient, it detects a higher level of
pheromone and hence moves less. This mechanism does not
require any difference in the pheromone concentration across
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the patch: the entire patch only needs to experience different
pheromone levels in different parts of the gradient. In contrast, the
key to a biased directionality is that there is a difference in the
pheromone concentration from one side of the patch to the other.
It is not necessary, for this mechanism, that there be any difference
in average pheromone level when the patch visits different
locations.

In the simulations of Fig. 4 A-F, there was both a position-
dependent difference in average pheromone and a gradient of
pheromone across the patch. However, by applying the gradient
in different ways, we generated scenarios where there is only one
(Fig. 4 G-I) or the other (Fig. 4 J-L). To expose the patch to a
position-dependent difference in average pheromone without a
gradient, we simulated the patch in uniform pheromone but made
the pheromone concentration change as a function of the patch
position (Fig. 4G and Movie S5). To expose the patch to a pher-
omone gradient without any location-dependent difference in av-
erage pheromone level, we generated a pheromone gradient that
moved with the patch’s centroid, so that the patch was always at the
center of the gradient (Fig. 4/).

When patches were exposed to only a position-dependent dif-
ference in average pheromone, the patch did not exhibit an obvious
bias in its final position (Fig. 4 H and I; compare to Fig. 4 D and F).
However, when patches were exposed to only a gradient of
pheromone across the patch, there was a clear bias that was even
greater than the bias in our original scenario (Fig. 4 K and L;
compare to Fig. 4 D and F). This held true even in a 0- to 100-nM
gradient, which exposes the patch to higher total pheromone (S
Appendix, Fig. S6). These findings suggest that a difference in
pheromone concentration across the patch is necessary and suffi-
cient for gradient tracking in the model. This outcome matches our
experimental observations of directional bias in patch movement
(Fig. 2).

Our findings also show that constrained movement of the
patch by higher local mean pheromone levels is neither necessary
nor sufficient for gradient tracking in the model. This is remarkable
as the model was initially constructed based on the behavior of cells
in uniform concentrations of pheromone (24), in anticipation that
this effect (biased amount of movement) could enable gradient
tracking. Instead, we found that this effect was undetectable for the
gradients and simulation times we employed and that directional
bias was much more effective. These findings raise the question of
how the pheromone gradient can effectively impart directional bias
on patch movement.

Directional Bias due to Asymmetric GEF Activity at the Periphery of
the Polarity Patch. The simplest way to envisage how a directional
bias is imparted to patch movement would be that the pheromone
gradient is translated via GPCRs into a gradient of GEF activity for
Cdc42. A difference in GEF activity across the patch would result
in greater recruitment of polarity factors on the up-gradient side of
the patch, displacing the patch centroid in that direction. In the
model discussed above, a pheromone gradient is first converted
into a spatially varying GEF activity that then affects patch move-
ment. To directly analyze how an applied GEF profile would affect
patch movement, we asked how a model containing only the po-
larity module of the model (without vesicle traffic or GPCRs) would
respond to an applied gradient of GEF activity.

A linear gradient of GEF caused the centroid of the patch to
move deterministically (if slowly) up the gradient (Fig. 54). To
better understand what part(s) of the GEF gradient contributed
to patch movement, we exposed the model patch to spikes of GEF
activity at different distances from the patch centroid (Fig. 5B).
GEF activity at the patch periphery was most effective at causing
centroid movement, while GEF activity at distant locations had no
effect (Fig. 5B). Indeed, applying the same GEF gradient to only
the periphery of the patch recapitulated the full patch movement
inspired by the entire gradient, while applying the gradient
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Fig. 4. Simulated polarity patch movement is biased by pheromone gradients. (4) Snapshots of simulated GTP-Cdc42 (Cdc42T + BemGEF42) concentration
profile in a 0 to 20 nM pheromone gradient. (B) Example trace of patch centroid in 45 min simulation. The net displacement at 45 min along the x and y axis is
shown. (C) Profiles of pheromone gradients presented to model. (D) Mean y displacement (n = 380 to 400 simulations) orthogonal to the gradient. Shading
indicates SEM. (E) Mean x displacement (n = 380 to 400 simulations) in the direction of the gradient. (F) (Top) Polar plots showing distribution of 380 to 400
patch centroids at 45 min. (Bottom) Fraction of simulations with patch centroids up-gradient. (G) Simulation paradigm where the patch is exposed to uniform
pheromone but pheromone levels change depending on the patch’s location. a.u., arbitrary units. (H and /) Same as E and F but using simulation paradigm in
G. (J) Simulation paradigm where the pheromone gradient moves with the patch centroid, so the mean pheromone is constant. (K and L) Same as E and F but
using simulation paradigm in J.
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everywhere else produced no movement (Fig. 5C). Thus, the
impetus for patch movement derives primarily from asymmetric
GEF activity at the periphery of the patch.

Localized negative feedback can counteract the tendency of
positive feedback to reinforce the current patch position, making
a peak more responsive to external cues (51). The destabilizing
effect of vesicle traffic on the polarity peak can be considered as
a localized negative feedback, in which case addition of vesicle traffic
should potentiate patch movement in response to a GEF gradient.
By promoting spontaneous patch movement, vesicle traffic intro-
duced significant noise in the direction of movement, but in the
presence of a GEF gradient, adding vesicle traffic enabled greater
net movement in the up-gradient direction (Fig. 5D). We conclude
that asymmetric GEF activity in the outskirts of the patch can bias
patch movement, in a manner potentiated by vesicle traffic.

Gradient Tracking by the Full Model. The preceding analyses sug-
gest that a GEF gradient across the patch (presumably caused by
differential binding of pheromone to GPCRs at the patch periph-
ery) could bias patch movement. However, translating an external
pheromone gradient into an internal GEF gradient is not straight-
forward. GPCRs are distributed nonuniformly on the cell membrane,
and the GEF distribution would depend not only on the phero-
mone gradient but also on the kinetics of GPCR secretion, GPCR
endocytosis, and pheromone-GPCR binding/unbinding (SI Ap-
pendix, Fig. S7A4).

To understand how an external pheromone gradient is trans-
lated into an internal GEF gradient, we visualized the spatial
distribution of RecGEF (pheromone-bound GPCR with associ-
ated Gpy-Farl-GEF) in simulations with a linear pheromone
gradient. RecGEF distributions were quite variable but generally
enriched in a broad zone reflecting where the polarity patch had

B

A Patch movement in response to GEF gradient

delivered new GPCRs in the recent past (Fig. 64 and Movie S6).
Averaging RecGEF profiles by aligning them by their centroids
(Materials and Methods) revealed a peaked distribution (Fig. 6B).
The asymmetry in RecGEF across the patch depends on the patch’s
location relative to the RecGEF’s centroid, which varied consid-
erably (Fig. 6C). When a polarity patch made an excursion away
from where it had recently deposited GPCRes, it often returned to
the RecGEF zone (Fig. 6D and Movie S6). This antipersistent
patch movement occurred on a 5-min timescale similar to that
observed in uniform pheromone (SI Appendix, Fig. S5 G and H).

Antipersistent movement can be understood as follows: when
a patch makes an excursion away from a zone where it had de-
posited Rec, the periphery of the patch is exposed to a steep GEF
gradient because the patch is now located on the flank of the
RecGEF peak (Fig. 6F). Histograms of RecGEF difference
across the patch (ARecGEF, a measure of the GEF gradient)
(Fig. 6 F, Top Left) (Materials and Methods) and patch movement
(Fig. 6 F, Top Right) indicated that model patches experienced a
broad range of GEF gradients both up- and down-gradient and
also moved in both directions. Plotting the observed movement
of the patch centroid as a function of ARecGEF revealed a strong
correlation between patch movement (y axis) and ARecGEF ex-
perienced by the patch (x axis) (Fig. 6 F, Bottom Left), suggesting
that RecGEF gradients motivate patch movement. In a gradient of
pheromone, the patch experiences slightly more frequent and
steeper GEF gradients in the direction of the pheromone gradient,
leading to more frequent and greater movement of the patch in
that direction (Fig. 6F). (Note increased frequency of points in the
upper right quadrant, where positive GEF gradients drive move-
ment up-gradient, for simulations in a pheromone gradient.) Thus,
the patch moves, on average, up-gradient.

Patch movement in response to GEF spikes
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Fig. 5. Patch movement directed by a GEF gradient. (A) GEF activity gradient applied across a polarity patch (Left) causes gradual patch movement in the
absence of vesicle traffic (Right). (B) Spikes of GEF activity (Left) cause patch movement (Right; 45 min simulation) whose amount depends on spike location.
(C) (Left) Concentration profiles of GTP-Cdc42 patch (Cdc42T + BemGEF) and different GEF gradients. (Right) Patch movement depends only on GEF gradient
at patch periphery (Donut). (D) Patch movement in response to GEF gradient is amplified by vesicle traffic. Shading indicates SEM for 400 simulations. (Inset)

Polar histogram of patch centroids after 45 min.
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Fig. 6. Mechanism of gradient tracking by the model. (A) Snapshots of RecGEF (pheromone-bound GPCR) concentration. Dark dots indicate sites of en-
docytosis, green circle indicates GTP-Cdc42 (Cdc42T + BemGEFA42) centroid, and yellow triangle indicates RecGEF centroid. (B) Averaged RecGEF distribution
from 395 simulations in 0 to 20 nM pheromone gradient, shown in 2D (Left) and 1D cross section along with pheromone, average GTP-Cdc42, and average
Bem1-GEF profiles (Right). Concentration normalized to maximum. (C) Histogram of distances between Cdc42 and RecGEF centroids. (Insets) Cartoons of
patch and RecGEF distributions centered (Upper) or 1 um apart (Lower). (D) Example of antipersistent patch movement: simulation showing Cdc42 (Top) and
RecGEF (Bottom) distributions. (E) Cartoon of antipersistent movement mechanism. Concentration profiles of Cdc42 and RecGEF at different times. (F) (Top)
Histograms of difference in RecGEF across the patch (ARecGEF; Left) and patch movement in 5 min (Right) in 10 nM uniform pheromone or 0 to 20 nM
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Summary cartoon: patch movement is undirected when partner patches are distant, but as patches approach each other they experience steeper pheromone
gradients that bias their movement toward each other until they meet.
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As might be expected, changing the pheromone-GPCR binding
parameters significantly altered the RecGEF profiles encountered
by the polarity patch, but in all cases the linear pheromone gradient
was translated into a peaked RecGEF profile that biased patch
movement in the manner discussed above, so that gradient tracking
was still effective (SI Appendix, Fig. S7).

Discussion

We show that yeast cells bias their polarity patch movement
toward potential mating partners, and we propose a mechanistic
basis for the bias. Because patch movement in wild-type cells is
chaotic, with variable numbers of weak and transient polarity
patches that are difficult to track, we used a strain in which
membrane-tethered Ste5 induced MAPK activity, arresting cells
in G1 with single clear polarity patches that allowed tracking using
image analysis tools. Our findings suggest that a difference in
pheromone concentration at the periphery of the patch can bias
the direction of patch movement up-gradient. The observed bias is
remarkable because the small size of the polarity patch (<2 pm in
diameter) means the expected difference in pheromone concen-
tration across that patch is minuscule. We argue that the unex-
pected efficacy of the directional bias stems from a combination of
factors: 1) The pheromone gradient experienced by mating cells is
steeper than previously appreciated because pheromones are se-
creted focally from the polarity site (18). 2) The external phero-
mone gradient is translated into an internal GEF landscape that
includes GEF gradients much steeper than the pheromone gradi-
ent itself (SI Appendix, Fig. S7D). 3) The movement directed by
steep local GEF gradients is amplified by vesicle traffic. These
factors, discussed further below, combine to bias the directionality
of polarity site movement, enabling rapid partner identification
(Fig. 6G).

Pheromone Gradients Experienced by Mating Cells. Pheromone is
emitted focally by secretion targeted to the polarity site, and
theoretical considerations indicate that the pheromone gradient
is much steeper closer to the emission site (18), thus providing a
stronger directional signal. Consistent with these expectations,
we found that partner sites within 4 pm of each other displayed
directional bias toward each other, with the bias increasing as the
sites got closer. At distances greater than 4 pum, the patches per-
formed random search (25).

Elegant work on cells exposed to exogenous pheromone gradi-
ents in microfluidic devices demonstrated that bud-site-selection
cues interpreted by Rsrl could compete with the pheromone
gradient to orient polarization, so that genetic removal of Rsrl
improved gradient tracking (22). In contrast, we found that the
presence of Rsr1 did not impair or delay the partner search process
in mating cells (Fig. 3C). We suggest that physiological pheromone
gradients are much steeper than those in microfluidics devices and
can outcompete Rsrl to position the polarity site.

In the wild, cells might be surrounded by multiple potential
mating partners (52, 53). The ability to engage with different
partners, depending on which polarity sites are closest, provides
a way to find single mating partners in a crowded environment.

Translating the External Pheromone Gradient into an Internal GEF
Landscape. To guide the polarity site, the external pheromone
gradient is translated into an internal GEF profile by GPCRs and
the Gpy-Farl-GEF pathway. The distribution of pheromone-induced
GEF activity depends not only on the external pheromone concen-
tration profile but also on the deposition of new receptors by the
polarity site and the rates of pheromone—~GPCR binding, unbinding,
and endocytosis. These factors combine to distort a monotonic
pheromone gradient into an uneven peaked distribution of GEF
activity. As the polarity patch moves within this constantly evolving
GEF landscape, it encounters local GEF gradients that are much
steeper than the applied pheromone gradient. Steep GEF gradients
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bias Cdc42 activation to the up-gradient side of the patch, dis-
placing the patch centroid in the direction of the gradient. While
GEF gradients can occur in any direction, an external phero-
mone gradient preferentially steepens GEF gradients that align
with the pheromone gradient, enabling gradient tracking.

Our computational model showed that the distribution of ac-
tive GPCRs changed considerably when pheromone binding rate
constants were varied over an order of magnitude (the reported
range from experiments). Nevertheless, the ability of the polarity
patch to track an applied pheromone gradient remained largely
intact, attesting to the robustness of the mechanism outlined
above.

Roles of Vesicle Traffic. In addition to its roles in sculpting the
distribution of active GPCRs at the surface, our work highlights
other important roles for vesicle traffic. One is the amplification
of the patch movement brought about by GEF gradients (Fig. 5D).
A second is to cause spontaneous polarity site movement even in
the absence of a nearby partner (20, 24, 25), which allows the patch
to explore the cortex and come within range of a partner’s local
pheromone gradient.

Roles of the Gpy-Far1-GEF Pathway. Previous work indicated that
the Gpy-Far1-GEF pathway played two distinct roles: biasing the
location at which a mating cell first assembles a polarity site (16)
and stabilizing the polarity site so that it stops moving once it
reaches a location where there is a high concentration of phero-
mone (24). Here we uncover a third role for this pathway, in bi-
asing polarity site movement in response to pheromone gradients.
Mutants that break the pathway by impairing Farl-GEF binding
showed no bias in the direction of movement, so that it took much
longer for adjacent cells’ polarity sites to align. Thus, this single
pathway connecting pheromone sensing to Cdc42 activation acts in
three different ways to enable mating partners to locate each other.

Implications Beyond Budding Yeast. Prior work suggested that S.
pombe sequentially assemble transient polarity patches at mul-
tiple locations (27, 38). When polarity patches from potential
mating partners happen to coorient, the sites are stabilized (as
they are in S. cerevisiae, though presumably by a different molec-
ular mechanism because fission yeast lack the Gpy-Farl-GEF
pathway). A computational model assuming that polarity disas-
sembly is prevented by exposure to high pheromone recapitulated
cell—cell pairing of S. pombe on physiological timescales, without
need for a mechanism to bias the location of polarity site for-
mation (38). In contrast, our simulations of undirected polarity
site movement in . cerevisiae were unable to recapitulate the rapid
timescale of partner alignment in budding yeast (Fig. 1 G-I). We
note that this timescale is much faster in S. cerevisize (minutes)
than it is in S. pombe (hours). The exigencies of mating on a shorter
timescale may have driven the evolution of an effective mechanism
to guide the polarity site toward its partner in S. cerevisiae.
Although focused on mating in budding yeast, our findings
have broad implications for any partner search process in which
diffusible signals enable partners to locate each other in poten-
tially crowded environments. In addition to other fungi (27, 54),
aspects of the exploratory polarization strategy we discuss may
apply to animal cells that develop cell type-specific local junctions
with other cells. The best known such junctions (synapses) occur
between neurons, or between neurons and various other cell types
(55). However, similar specialized junctions develop in other con-
texts including between epithelial cells (56), between alveolar stem
cells and fibroblasts in the lung (57), and between T cells and
antigen-presenting cells (58). Development of such cell-cell con-
tacts may involve cortical GTPase pathways like that of Cdc42,
which direct cytoskeletal remodeling and vesicle trafficking to pro-
mote directional outgrowth of cell protrusions that meet to form
junctions. It will be interesting to determine the extent to which

Ghose et al.
Chemotactic movement of a polarity site enables yeast cells to find their mates


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025445118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025445118/-/DCSupplemental
https://doi.org/10.1073/pnas.2025445118

principles uncovered in yeast mating apply to partner search
processes in other cells.

Materials and Methods

Yeast strains were generated using standard yeast genetics techniques and are
listed in S/ Appendix. Confocal time-lapse imaging was performed on spinning
disk microscopes, and image analysis used custom scripts as described in S/
Appendix. Computational modeling using MATLAB 2019b combined a
reaction—diffusion model of polarity with stochastic vesicle traffic as described
in SI Appendix.
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