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Temporal regulation of cell polarity via the 
interaction of the Ras GTPase Rsr1 and the 
scaffold protein Bem1

ABSTRACT The Cdc42 guanosine triphosphatase (GTPase) plays a central role in polarity 
development in species ranging from yeast to humans. In budding yeast, a specific growth 
site is selected in the G1 phase. Rsr1, a Ras GTPase, interacts with Cdc42 and its associated 
proteins to promote polarized growth at the proper bud site. Yet how Rsr1 regulates cell 
polarization is not fully understood. Here, we show that Rsr1-GDP interacts with the scaffold 
protein Bem1 in early G1, likely hindering the role of Bem1 in Cdc42 polarization and 
polarized secretion. Consistent with these in vivo observations, mathematical modeling 
predicts that Bem1 is unable to promote Cdc42 polarization in early G1 in the presence of 
Rsr1-GDP. We find that a part of the Bem1 Phox homology domain, which overlaps with a 
region interacting with the exocyst component Exo70, is necessary for the association of 
Bem1 with Rsr1-GDP. Overexpression of the GDP-locked Rsr1 interferes with Bem1-depen-
dent Exo70 polarization. We thus propose that Rsr1 functions in spatial and temporal regula-
tion of polarity establishment by associating with distinct polarity factors in its GTP- and 
GDP-bound states.

INTRODUCTION
The establishment of polarity and proper positioning of the cell divi-
sion plane are critical for cell proliferation and development. In the 
budding yeast Saccharomyces cerevisiae, selection of a growth site 
(i.e., bud site) occurs in a specific pattern depending on cell type 
and determines the axis of polarized growth. Haploid a and α cells 
bud in an axial pattern, whereas diploid a/α cells bud in a bipolar 

pattern (Freifelder, 1960; Hicks et al., 1977; Chant and Pringle, 
1995). Selection of a proper bud site depends on cell-type-specific 
cortical markers and the Rsr1 guanosine triphosphatase (GTPase) 
module, composed of Rsr1 (also known as Bud1), its GTPase activat-
ing protein Bud2, and its GDP-GTP exchange factor (GEF) Bud5 
(Bender and Pringle, 1989; Bender, 1993; Chant et al., 1991; Chant 
and Herskowitz, 1991; Park et al., 1993). These proteins interact with 
Cdc42 and its regulators to direct organization of the actin cytoskel-
eton and septin filaments for polarized growth at the selected site 
(Bi and Park, 2012).

In the absence of spatial cues, yeast cells can still polarize at a 
single random site. This spontaneous cell polarization (often re-
ferred to as symmetry breaking) may occur via positive feedback 
loops involving the actin cytoskeleton or a Cdc42 signaling network 
that includes Bem1, the Cdc42 GEF Cdc24, and the Cdc42 effector 
(p21-activated kinase) (PAK) (Irazoqui et al., 2003; Wedlich-Soldner 
et al., 2003, 2004; Goryachev and Pokhilko, 2008; Kozubowski et al., 
2008). Despite a large number of studies, several aspects of the 
mechanisms underlying Cdc42 polarization have been under 
debate (Smith et al., 2013; Woods et al., 2015; Rapali et al., 2017). 
Although these polarity factors are also required for polarity estab-
lishment during spatial cue-directed polarization of wild-type (WT) 
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cells, whether and how similar mechanisms are involved in cell po-
larization have been less clear, as these studies in spontaneous cell 
polarization used cells lacking RSR1.

Another important aspect that has been unclear is temporal regu-
lation of polarity establishment. The G1 phase in budding yeast is 
partitioned into two distinct steps, T1 and T2, by the exit of the tran-
scriptional repressor Whi5 from the nucleus (Di Talia et al., 2007). Yeast 
cells pass through the cell-cycle commitment point, known as Start, 
when 50% of Whi5 has exited the nucleus (Doncic et al., 2011). We 
previously found stepwise activation of Cdc42 in relation to these two 
steps in G1: Cdc42 is activated by Bud3 in early G1 and subsequently 
by Cdc24 (Kang et al., 2014). The Rsr1 GTPase module is involved in 
the first step of Cdc42 polarization in haploid cells (Lee et al., 2015; 
Kang et al., 2018). Rsr1 also interacts with the polarity proteins: Rsr1-
GTP interacts with Cdc24 and Cdc42 (Zheng et al., 1995; Park et al., 
1997; Kozminski et al., 2003; Kang et al., 2010) and directs Cdc24 lo-
calization to a proper bud site (Park et al., 2002; Shimada et al., 2004). 
Surprisingly, Rsr1 was found to interact with Bem1 preferentially in its 
GDP-bound state in vitro (Park et al., 1997), although the physiologi-
cal significance of this interaction has been unclear.

Bem1 functions as a signaling hub linking many binding partners 
that interact with its different domains (Bose et al., 2001; Ito et al., 
2001; Stahelin et al., 2007; Yamaguchi et al., 2007; Takaku et al., 
2010; Liu and Novick, 2014). How could these multiple interactions 
be temporally regulated? Previous studies have suggested that 
Cdc24 activity is enhanced by Bem1 (Smith et al., 2013; Rapali et al., 
2017), which associates with Cdc24 after Start (Witte et al., 2017). 
Contrary to these studies, a recent report argues that Bem1 and 
Cdc24 are active and promote Cdc42 polarization before Start 
(Moran et al., 2019). In this study, we sought to resolve these discrep-
ancies and answer the following outstanding questions: When does 
Bem1 function in spatial cue-directed polarization of WT cells? Does 
Rsr1 indeed have two active states where the GDP-bound form inter-
acts with Bem1 in vivo? If so, what is the functional significance? To 
address these questions, we examined polarization of proteins in-
cluding Cdc42-GTP, Cdc24, and Bem1 in haploid and diploid yeast 
cells as well as interactions between Rsr1 and Bem1 in vivo. Addi-
tionally, we used mathematical modeling to address how Rsr1-Bem1 
interaction affects Cdc42 polarization. Here we report that Bem1 and 
Rsr1-GDP interact in early G1. We provide evidence that the associa-
tion of Rsr1-GDP and Bem1 hinders Bem1-dependent Exo70 local-
ization and may thus prevent premature polarized secretion.

RESULTS
Rsr1-GDP associates with Bem1 in early G1
We confirmed that Rsr1 interacts with Bem1 preferentially in its 
GDP-bound state in vitro, as previously reported (Park et al., 1997). 
This GDP-specific association was evident at relatively low levels of 
Bem1 in vitro, but at higher concentrations, Bem1 exhibited promis-
cuous interactions with both GTP- and GDP-bound states of Rsr1 
(Figure 1Aa). To examine the interaction between Rsr1 and Bem1 in 
vivo, we performed a bimolecular fluorescence complementation 
(BiFC) assay, which is based on the recovery of split fluorescent pro-
teins (Hu et al., 2002; Kerppola, 2009). We expressed Bem1 fused to 
YN (the N-terminal half of yellow fluorescent protein [YFP]) together 
with YC (the C-terminal half of YFP) fused to WT Rsr1 and mutant 
Rsr1G12V and Rsr1K16N, which are expected to be in the GTP- and 
GDP-locked states in vivo, respectively (Ruggieri et al., 1992). YFP 
fluorescence was observed in haploid cells expressing Bem1-YN 
and YC-Rsr1K16N (and YC-Rsr1), whereas little fluorescence was de-
tected in cells expressing Bem1-YN and YC-Rsr1G12V. Similarly, 
Bem1-YN associated with YC-Rsr1K16N but not with YC-Rsr1G12V in 

diploid cells (Figure 1Ab). The absence of YFP signals in cells ex-
pressing Bem1-YN and YC-Rsr1G12V is unlikely due to low levels of 
expression or instability of the mutant protein because all YC fusions 
of Rsr1 were present at approximately equal levels (Figure 1A, b and 
c). Taken together, these observations suggest that Rsr1 indeed 
associates with Bem1 in its GDP-bound state in vivo.

The BiFC signal from static images of cells expressing Bem1-YN 
and YC-Rsr1K16N was most evident at the bud neck of large budded 
cells, at the division site in unbudded cells, and also weakly at the 
tips of growing buds in some cells (Figure 1Ab). Consistent with 
these static images, time-lapse images of cells expressing Bem1-YN 
and YC-Rsr1K16N along with the cell cycle marker Whi5-RFP showed 
strong BiFC signal at the division site from late M until early G1, 
although weak fluorescence was also visible at the periphery of 
large buds (Figure 1Ad). Because a potential caveat of BiFC assays 
is irreversible association of fusion proteins (Kerppola, 2009), we 
next used fluorescence recovery after photobleaching (FRAP) to 
address when in the cell cycle Rsr1-GDP interacts with Bem1 near 
the division site. If Bem1 associates with Rsr1 at a specific stage in 
G1, dynamics of Bem1-GFP might be different in rsr1 mutants com-
pared with WT during T1 or T2. Indeed, we found that Bem1-GFP 
recovers faster after photobleaching in rsr1Δ cells than in WT during 
T1 (i.e., when Whi5 was in the nucleus), while Bem1-GFP dynamics 
were similar during T2 in these cells (Figure 1Ba). These data suggest 
that Rsr1 interacts with Bem1 during T1 but not after the T1–T2 tran-
sition. Interestingly, Bem1-GFP exhibited slower dynamics during T2 
in rsr1K16N cells than in WT (Figure 1B), suggesting that expression of 
the constitutively GDP-bound or nucleotide-empty Rsr1 may con-
tinue to hold Bem1 longer in G1.

Bem1 polarizes in early G1 but may not function 
before start
While our results discussed above suggest that Rsr1-GDP is likely to 
associate with Bem1 in early G1, it has been unclear when in the G1 
phase Bem1 polarizes in haploid cells. Even in diploid cells, which 
were often used to investigate Cdc42 polarization during symmetry 
breaking (i.e., in rsr1Δ cells), when Bem1 associates with Cdc24 dur-
ing polarity establishment has been under debate (Witte et al., 
2017; Moran et al., 2019). To clarify these discrepancies and to gain 
insight into the timing of Bem1’s function in spatial cue-directed cell 
polarization, we examined Bem1 localization together with Whi5-
GFP or other polarity markers, Cdc24-GFP and PBD-RFP (the p21-
binding domain (PBD) fused to tdTomato, a biosensor for Cdc42-
GTP) (Ozbudak et al., 2005; Tong et al., 2007; Okada et al., 2013) 
throughout the G1 phase. Our analyses focused on daughter cells, 
which have longer T1 length compared with mother cells. Bem1-RFP 
localized to the division site shortly after Whi5-GFP entered the 
nucleus and then to the incipient bud site around the T1–T2 transi-
tion (Figure 2Aa), and this localization pattern appeared overlap-
ping with the Cdc42-GTP cluster throughout G1 in WT haploid cells 
(Supplemental Figure S1; see below). Colocalization of Bem1-RFP 
with Cdc24-GFP to the incipient bud site was evident during T2 
(Figure 2Ba), when the majority of Cdc24 exited the nucleus, as ex-
pected from Cdc24 localization in haploid cells (Toenjes et al., 1999; 
Nern and Arkowitz, 2000; Shimada et al., 2000). Nonetheless, we 
observed weak Cdc24-GFP signal around the division site during T1 
(Figure 2Ba) and also detected the bimolecular fluorescent complex 
of Cdc24-Bem1 at the division site in large-budded cells (Figure 
2Bc), suggesting that a minor portion of Cdc24 is able to interact 
with Bem1 in T1.

Because we observed the association between Rsr1-GDP and 
Bem1 (see above), we asked whether the localization of Bem1 
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during early G1 depends on Rsr1. We quantified the local Bem1-
RFP intensity near the division site during G1 in haploid WT and rsr1 
mutants after time-lapse imaging (see Figure 2, A and B). These 
analyses indicated that the Bem1-RFP peak intensity was reduced in 
rsr1Δ cells during T1 compared with those in WT and rsr1K16N cells, 
whereas it was about the same in these cells during T2 (Figure 2Ac). 
These results suggest that Bem1 localization during T1 depends on 
Rsr1-GDP, consistent with the association of Bem1 and Rsr1-GDP. 
However, Bem1 localization to the division site is not completely 
abolished in rsr1Δ during T1 (Figure 2Bb), likely due to the presence 
of other Bem1-interacting protein(s) during this time window.

We next examined localization of Bem1 and these polarity 
factors in diploid cells to determine how Rsr1 might affect their 
polarization. In WT daughter cells, Bem1 localized to the division 
site and to the distal pole (i.e., the pole distal to the birth scar) dur-
ing T1, whereas it became polarized solely at the distal pole after 
T1–T2 transition (Supplemental Figures S2a and S3Bb). In diploid 
rsr1Δ and rsr1K16N cells, Bem1 localized to the cell division site as in 
WT cells, but its localization to the distal pole became evident only 
after T1–T2 transition (Supplemental Figures S2, b and c, and S3, Ac 
and Bb). Unlike Bem1, Cdc24 localization to the distal pole was not 
evident in T1 in the majority of WT daughter cells (Supplemental 

FIGURE 1:  Association of Rsr1-GDP with Bem1 during T1. (A) (a) Preferential association of Rsr1-GDP with Bem1 in 
vitro. GTP[γS] or GDP loaded GST-Rsr1 (∼750 nM) was incubated with His6-Bem1 at each concentration as marked. 
His6-Bem1 associated with GST-Rsr1 (bound; top panel) and added in each reaction (50% of input; bottom panel) were 
detected by immunoblotting with polyclonal antibodies against Bem1. (b) BiFC assays in haploid (a) and diploid (a/α) 
cells expressing YC-Rsr1, YC-Rsr1G12V, or YC-Rsr1K16N, along with Bem1-YN. Arrowheads point to BiFC signal. Bar, 5 µm. 
(c) The YC fusion proteins of WT and mutant Rsr1 detected with polyclonal anti-GFP antibodies. A nonspecific cross-
reacting band (marked with an asterisk) was used as a loading control to normalize the relative YC-Rsr1 protein levels 
(as indicated with the number in each lane below). (d) Time-lapse images of cells expressing YC-Rsr1K16N, Bem1-YN, and 
Whi5-RFP at 22°C. Numbers indicate time (min) from the onset of cytokinesis. Bar, 3 µm. (B) (a) FRAP analysis of 
Bem1-GFP at the division site during T1 (WT, n = 11; rsr1Δ, n = 12; and rsr1K16N, n = 14) or at the incipient bud site during 
T2 (WT, n = 16; rsr1Δ, n = 13; and rsr1K16N, n = 11). (b) FRAP curves of Bem1-GFP in WT or rsr1K16N cells during T1 or T2. 
Representative images of cells expressing Bem1-GFP and Whi5-RFP during T1 or T2 are shown.
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Figure S3, Aa and Bc), and colocalization of Bem1 and Cdc24 to the 
distal pole of daughter cells was evident only when the incipient 
bud site was established after T1–T2 transition (Supplemental Figure 
S3Ab, red arrow). Interestingly, however, this distal-pole localization 

of Bem1 and Cdc24 in late G1 was also observed in daughter cells 
of rsr1 mutants (Supplemental Figure S3A, b and c), consistent with 
Cdc42 polarization after Start (see Supplemental Figure S4) and the 
distal-pole budding of diploid WT and rsr1Δ daughter cells 

FIGURE 2:  Localization of Bem1 together with Whi5 or Cdc24 in haploid cells. (A) Time-lapse images of Bem1-RFP and 
Whi5-GFP in (a) WT and (b) rsr1K16N cells at 30°C. Asterisks mark T1–T2 transition in daughter cells. Numbers indicate time 
(min) relative to the onset of cytokinesis (t = 0). Bars, 3 µm. (c) Peak Bem1-RFP localized intensity during T1 or T2 is plotted 
for individual daughter cells (WT, n = 20; rsr1Δ, n = 7; and rsr1K16N, n = 24). (B) Bem1-RFP and Cdc24-GFP in (a) WT and 
(b) rsr1Δ cells at 22°C. Numbers indicate time (min) relative to the onset of cytokinesis (t = 0). An arrow in a points to 
weak Cdc24-GFP signal at the division site. Bar, 3 µm. (c) BiFC assays in haploid WT cells expressing Bem1-YN and 
Cdc24-YC. Arrowheads point to BiFC signal at the division site of large-budded cells. Bar, 5 µm.
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(Michelitch and Chant, 1996). Importantly, even though Bem1 and 
Cdc24 localizes to the division site in diploid WT as well as rsr1 
mutant cells during early G1 (Supplemental Figure S3), the Cdc42-
GTP signal (monitored by PBD-RFP) was not evident around the 
division site during T1 in rsr1Δ cells despite some sporadic appear-
ance of Cdc42-GTP cluster (Supplemental Figure S4; see below). 
These observations suggest that Bem1 and Cdc24 are unlikely to be 
functionally active in Cdc42 polarization before Start.

Cdc42 polarization and bud emergence are delayed in cells 
expressing GDP-locked Rsr1
As described above, we observed little Cdc42 polarization around 
the division site in diploid rsr1Δ cells during early G1, despite 
colocalization of Bem1 and Cdc24 to the division site. Why is Bem1 
unable to activate Cdc24 in early G1? We hypothesized that the 
association of Rsr1-GDP with Bem1 in early G1 might hinder Bem1’s 
function and thus prevent premature activation of Cdc24 until Start. 
If this were the case, Cdc42 polarization during T2 might be delayed 
in rsr1K16N cells, which express the constitutively GDP-bound Rsr1. 
To test this idea, we monitored Cdc42-GTP polarization in WT and 
rsr1 mutants expressing PBD-RFP and Whi5-GFP. Consistent with 
previous reports (Atkins et al., 2013; Okada et al., 2013; Kang et al., 
2014; Lee et al., 2015), the Cdc42-GTP level was minimum at the 
onset of cytokinesis but started to increase soon after cytokinesis 
(Figure 3Aa). From analyses of the PBD-RFP cluster, we estimated 
the time span from the T1–T2 transition until the Cdc42-GTP level 
peaked during T2 in daughter cells (Figure 3Ba). The Cdc42-GTP 
level reached a maximum slightly earlier in rsr1Δ cells after the T1–T2 
transition but was particularly delayed in rsr1K16N cells––on average 
4 min later––compared with WT cells (Figure 3B). Similarly, the maxi-
mum Cdc42 polarization during T2 was established ∼6 min later in 
the diploid rsr1K16N daughter cells compared with the WT diploid 
daughters (Supplemental Figure S4). Taken together, these results 
suggest that the expression of GDP-locked Rsr1 delays Cdc42 
polarization, although the peak level of Cdc42-GTP cluster during 
T2 was about the same among these strains.

What could be the consequence of delayed Cdc42 polarization 
during T2? We postulated that delayed Cdc42 polarization in 
rsr1K16N cells might result in delayed bud emergence. Indeed, we 
observed that T2 was longer in rsr1K16N cells compared with WT or 
rsr1Δ cells, while the average T1 length was similar among all these 
strains despite cell-to-cell variations in both haploid and diploid 
cells (Figure 3Ca; Supplemental Figure S4Ca). Remarkably, the T2 
length in individual cells positively correlated with the time when the 
Cdc42-GTP cluster reached its peak level in T2 in both haploid and 
diploid rsr1K16N daughter cells (Figure 3Cb; Supplemental Figure 
S4Cb). These observations suggest that expression of GDP-locked 
Rsr1 in haploid and diploid daughter cells leads to a delay in bud 
emergence.

Computer simulations recapitulate inhibition of Cdc42 
polarization by Rsr1-GDP
It was somewhat surprising to find that Rsr1-GDP might hinder 
Cdc42 polarization, given the positive role of Rsr1 in Cdc42 polar-
ization (Lee et al., 2015; Kang et al., 2018). To gain insight into the 
significance of the Rsr1-Bem1 interaction in Cdc42 polarization, we 
next employed mathematical modeling. We considered a cross-
section of a cell representing the plasma membrane as a one- 
dimensional domain in which the landmark cue is located at the 
center (Figure 4Aa). We implemented a number of observations and 
assumptions in our modeling using reaction-diffusion equations 
(Figure 4A; see Materials and Methods). First, we assumed that the 

total number of each signaling molecule, such as Cdc42 and Rsr1, in 
the whole cell remains constant in time (Altschuler et al., 2008; 
Howell et al., 2009; Lo et al., 2013). Second, the activation rate of 
Cdc42 depends on Bud3, which links to the spatial cue and Rsr1 
during T1 (Kang et al., 2014; Lee et al., 2015), while the activation 
rate of Cdc42 during T2 is likely to depend on Cdc24 and thus the 
Bem1/Cdc42 complex via positive feedback (Goryachev and Pokh-
ilko, 2008). Third, Rsr1-GDP may interact with Bem1 to inhibit the 
Bem1-mediated feedback during T1 (see above), but this interaction 
may be reduced during T2 since Bem1 is likely to join the polarity 
complex after Start (Witte et al., 2017). Finally, Cdc42-GTP binds 
with Gic1/2, which likely stabilizes the Cdc42 cluster, promoting 
Cdc42 polarization (Kang et al., 2018).

To address the question whether Bem1-mediated feedback af-
fects Cdc42 polarization during T1 or only after Start, we compared 
our simulations of Cdc42 polarization dynamics in WT, rsr1Δ, and a 
GDP-locked rsr1 mutant with different levels of Bem1-mediated 
feedback strength (represented by β14) during T1. In rsr1Δ cells, both 
[Rsr1GTP] and [Rsr1GDP] equal to zero. In cells expressing the GDP-
locked Rsr1, the activation rate of Rsr1 was set to zero, as Rsr1 is 
present constitutively in the GDP-bound state. We assumed that the 
GDP-locked Rsr1 persistently interferes with Bem1-mediated feed-
back during T2 but at a lower level compared with its effect during T1. 
Ten simulations for each scenario (Figure 4Ba) uncovered two impor-
tant features regarding Cdc42 polarization. Regardless of the Bem1- 
mediated feedback, Cdc42 polarization during T2 is mostly delayed 
in the presence of GDP-locked Rsr1, consistent with the results 
observed in live-cell imaging (see Figure 3 and Supplemental Figure 
S4). Interestingly, when strongest Bem1-mediated feedback was 
assumed (β14 = 20 min-1; Figure 4Ba), Cdc42 polarization in the 
absence of Rsr1 most closely mimicked in vivo observations of rsr1Δ 
cells, that is, sporadic appearance of the Cdc42-GTP cluster during 
T1 and slightly earlier arrival of the Cdc42-GTP peak during T2 in 
rsr1Δ cells than in WT cells (Lee et al., 2015; see Figure 3 and Supple-
mental Figure S4). Yet the simulations for WT cells are about the 
same, regardless of the level of Bem1- mediated feedback (Figure 
4Ba). Since we quantified Cdc42 polarization cluster (rather than the 
peak Cdc42-GTP level along the plasma membrane) from our in vivo 
images, we compared the integrated level of the Cdc42-GTP cluster 
for each scenario. These simulations of WT and rsr1 mutants also 
revealed Cdc42 polarization dynamics similar to those when the 
peak Cdc42-GTP was analyzed (Figure 4Bb). Taken together, our 
modeling supports our results from live-cell imaging that Rsr1-GDP 
inhibits Bem1-mediated positive feedback in WT cells during T1. This 
modeling also implies that Bem1 could function in Cdc42 polariza-
tion during T1 if Rsr1-GDP were not present.

Rsr1-GDP may not interfere with the Bem1-Cdc24 
interaction
Since we observed a delay in Cdc42 polarization in rsr1K16N cells (see 
above), we considered the possibility that the interaction between 
Bem1 and Rsr1-GDP may limit the number of free Bem1 protein in 
the cell, reducing the Bem1-Cdc24 association. To test this idea, we 
determined by BiFC assays how the Bem1-Cdc24 association was 
affected by overexpression of the GDP-locked Rsr1 (Rsr1K16N). While 
Bem1-YN interacted with Cdc24-YC, as expected, we found that 
overexpression of Rsr1K16N did not have any obvious effect on the 
BiFC signals (Figure 5A).

Next, we used a “visible” immunoprecipitation (VIP) assay (Katoh 
et al., 2015), which combines immunoprecipitation and microscopy, 
to examine whether overexpression of Rsr1K16N affects the Cdc24-
Bem1 interaction. When lysates prepared from cells expressing 
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both Cdc24-GFP and Bem1-RFP were subjected to pull-down as-
says using agarose beads bound to a GFP nanobody (see Materials 
and Methods), both Cdc24-GFP and Bem1-RFP were visible on the 
beads, indicating that Bem1-RFP was efficiently brought down with 
Cdc24-GFP. When the same strain carrying a multicopy Rsr1K16N 
plasmid or an empty vector was subjected to VIP assays, Bem1-RFP 
was recovered similarly, unlike in a control reaction in which cell ly-

sates containing only Bem1-RFP were used (Figure 5B). Collectively, 
these results suggest that Cdc24-Bem1 interaction is not disrupted 
by overexpression of Rsr1-GDP.

Bem1 binds to Rsr1-GDP via its Phox homology (PX) domain
As discussed above, Rsr1 may control proper timing of the second 
phase of Cdc42 polarization by interacting with Bem1. How does 

FIGURE 3:  Cdc42 polarization in the second phase is delayed in cells expressing GDP-locked Rsr1. (A) Time-lapse 
images of PBD-RFP and Whi5-GFP in (a) WT and (b) rsr1K16N cells at 30°C. Numbers indicate time (min) from the onset of 
cytokinesis (t = 0). Bars, 3 µm. Green and red arrowheads denote the T1–T2 transition point and the time at which the 
Cdc42-GTP cluster reaches a maximum value during T2, respectively, in daughter cells. (B) (a) The time interval between 
the T1–T2 transition point and when Cdc42-GTP peaks during T2 (marked with a blue bracket on the scheme) is 
quantified for individual daughter cells of WT (n = 13), rsr1Δ (n = 15), and rsr1K16N (n = 27). (b) Representative graphs of 
Cdc42-GTP polarization in daughter cells. Values were normalized to the peak Cdc42-GTP level during T2. (C) (a) Length 
of T1 and T2 (min) in individual daughter cells. (b) Correlation analysis of T2 length and the peak Cdc42-GTP arrival time 
after T1–T2 transition in rsr1K16N cells (n = 27).
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Rsr1 regulate Bem1? Bem1 is known to interact with Cdc24 via its 
PB1 domain (Ito et al., 2001) and with Cdc42 and Ste20 through its 
second SH3 domain and the C-terminal flanking region (amino acids 
159–251) (Bose et al., 2001; Yamaguchi et al., 2007; Takaku et al., 
2010). The Bem1 PX domain contains a region that interacts with 
phosphoinositides (Stahelin et al., 2007). A region containing both 
the PX and PB1 domain (amino acids 309–510) of Bem1 has been 
shown to interact with the exocyst component Exo70 (Liu and 
Novick, 2014) (Figure 6Aa). To gain insight into the mechanism by 
which Rsr1 regulates Bem1, we first determined by BiFC assays 
which region of Bem1 binds to Rsr1-GDP. We found that a deletion 
of the C-terminal half (amino acids 345–408) of the PX domain 
almost completely abolished the BiFC signal, while a deletion of its 

N-terminal half (amino acids 281–345) slightly reduced the BiFC sig-
nal (Figure 6). In contrast, deletions of either the first or the second 
SH3 domain or the PB1 domain did not result in an obvious defect 
in Bem1-YN association with YC-Rsr1K16N. Similarly, the K482A 
mutation in the PB1 domain, which disrupts the interaction between 
Bem1 and Cdc24 (Ito et al., 2001), did not affect the Bem1-Rsr1 
interaction (Supplemental Figure S5). These results indicate that the 
C-terminal half of the Bem1 PX domain is required for interaction 
with Rsr1K16N.

Rsr1-GDP hinders Bem1-dependent Exo70 polarization
Interestingly, the C-terminal PX domain of Bem1, which is necessary 
for interaction with Rsr1, overlaps with the region that mediates 

FIGURE 4:  Modeling Cdc42 polarization in WT and rsr1 mutants. (A) (a) The one-dimensional computational domain 
representing the cross-section of the cell membrane. (b) The scheme represents the Cdc42 and Rsr1 cycles functioning 
during T1 and T2. (B) The dynamics of (a) the peak value of Cdc42-GTP and (b) integrated level of Cdc42-GTP cluster in 
WT, rsr1Δ and GDP-locked rsr1 with different levels (β14) of Bem1-mediated feedback during T1.
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actin-independent localization of Exo70 (Liu and Novick, 2014). 
Thus, we asked whether the association of Bem1 with Rsr1-GDP in-
hibits Bem1 from promoting Exo70 localization. To test this, we ex-
amined how overexpression of Rsr1K16N affects Exo70 polarization in 
cells transiently inhibited for actin polymerization to block actin-de-
pendent delivery of Exo70. We imaged cells expressing Exo70-RFP 
(and Whi5-GFP) carrying a multicopy Rsr1K16N plasmid or a vector 
control after treatment with latrunculin A (LatA), an actin assembly 
inhibitor (Ayscough et al., 1997), and analyzed Exo70 localization in 
these cells at different cell cycle stages. Exo70 polarization was not 
affected by overexpression of Rsr1K16N in cells with a small bud or 
unbudded cells in T1. In contrast, overexpression of Rsr1K16N did 
cause decreased polarized localization of Exo70 in mock-treated 
(dimethyl sulfoxide: DMSO) unbudded cells in T2, and this decrease 
was even more pronounced in LatA-treated cells in T2 (Figure 7A; 
Supplemental Figure S6).

In a second approach, we used BiFC assays to determine how 
overexpression of Rsr1K16N affects the Bem1-Exo70 interaction. We 
observed strong BiFC signals in cells expressing Bem1-YN and 
Exo70-YC, indicating the Bem1-Exo70 association, as expected 
from a previous study (Liu and Novick, 2014). When these cells were 
examined after transforming with a multicopy plasmid expressing 
the GTP- or GDP-locked Rsr1 or a vector control, we found that the 
number of large budded or unbudded cells with positive BiFC sig-
nals decreased in cells with YEp-Rsr1K16N but not with YEp-Rsr1G12V 

or the empty vector (Figure 7B). These results indicate that overex-
pression of the GDP-locked Rsr1 specifically interferes with the 
Bem1 and Exo70 interaction in large-budded and unbudded cells 
but not after bud emergence.

Polarized secretion is delayed in cells expressing the 
GDP-locked Rsr1
How does expression of the GDP-locked Rsr1 delay bud emer-
gence? A recent report suggests that the timing of bud emergence 
is governed by the onset of polarized secretion (Lai et al., 2018). As 
discussed above, overexpression of rsr1K16N inhibits actin-indepen-
dent Exo70 localization during T2 by interfering with the interaction 
between Bem1 and Exo70. Exo70 mediates targeting and tethering 
of vesicles to the polarity site and is thus needed for directing polar-
ized secretion to the incipient bud site (Boyd et al., 2004; He et al., 
2007). We postulated that the constitutively GDP-bound Rsr1 might 
continue to hold Bem1 into T2, resulting in delayed polarized secre-
tion toward the bud site and consequently delayed bud emergence. 
To test this idea further, we compared timing of polarized secretion 
using the Rab GTPase GFP-Sec4, together with Whi5-RFP, in WT 
and rsr1 mutants by time-lapse imaging (Supplemental Figure S7). 
The onset of Sec4 polarization was evident ∼10 min after the T1–T2 
transition in WT cells but was delayed in rsr1K16N cells by 4 min 
(Figure 7C), suggesting that the interaction between Bem1 and 
Rsr1-GDP indeed affects the timing of polarized secretion.

FIGURE 5:  Overexpression of the GDP-locked Rsr1 does not affect Bem1-Cdc24 interaction. (A) (a) BiFC assays in 
haploid BEM1-YN CDC24-YC carrying YEp13 or YEp13-Rsr1K16N. Bar, 5 µm. (b) BiFC signal was quantified from three 
separate experiments (n = 60–170 for each sample per experiment). (B) (a) Diagram of visible IP assay to test Cdc24-
Bem1 interaction. (b) Images of beads from visible IP assays using lysates from the BEM1-RFP CDC24-GFP strain 
carrying YEp13 or YEp13-Rsr1K16N and from the BEM1-RFP strain (as a control) as marked. (c) Ratio of mean intensity of 
Bem1-RFP over Cdc24-GFP from individual captures of multiple beads.
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FIGURE 6: Bem1 interacts with Rsr1-GDP likely via its PX domain. (A) (a) Diagram of Bem1 
protein domains and known interactions (see text). (b, c) BiFC assays in haploid cells 
expressing YC-Rsr1K16N, YC-Rsr1G12V, or YC-Cdc42 along with (b) bem1ΔNPX-YN or 
(c) bem1ΔCPX-YN. See a scheme on the right for each deletion. Bar, 5 µm. (B) Normalized 
BiFC signal intensity in individual cells expressing YC-Rsr1K16N and Bem1-YN (large-budded, 
n = 43; unbudded, n = 94), bem1ΔNPX-YN (large-budded, n = 51; unbudded, n = 32), or 
bem1ΔCPX-YN (large-budded, n = 63; unbudded, n = 100).

DISCUSSION
Rsr1 is involved in the spatial control of polarity establishment by in-
teracting with multiple polarity factors in its GTP-bound state (see Bi 
and Park, 2012, and references therein). Rsr1 also plays a critical role 
in Cdc42 polarization before Start (Lee et al., 2015; Kang et al., 
2018). In this study, we present in vivo evidence, supported by math-
ematical modeling, for the role of Rsr1 in temporal regulation of po-
larity establishment via its association with Bem1 in its GDP-bound 
state. Our findings answer some outstanding questions regarding 
Bem1-mediated Cdc42 polarization, while raising new ones.

Our live-cell imaging and FRAP analyses reported here suggest 
that Rsr1-GDP and Bem1 likely interact in early G1, whereas the 

interaction may be negligible after Start. How 
this interaction is regulated in correlation with 
cell cycle progression remains an open question. 
One possibility might be that more Rsr1 is con-
verted to the GTP-bound state after Start and 
thus less Bem1 associates with Rsr1, but the cell-
cycle-dependent regulation of Rsr1 is currently 
unknown. Previous studies propose that Bem1 
may be phosphorylated by Cdc28 (Holt et al., 
2009) and may not be active until after Start 
(Witte et al., 2017), suggesting that Bem1 could 
be modified at Start and thus no longer interact 
with Rsr1-GDP. When and how Bem1 functions in 
polarity establishment has been under debate 
(Smith et al., 2013; Woods et al., 2015; Rapali 
et al., 2017; Witte et al., 2017; Kang et al., 2018; 
Moran et al., 2019). Our data presented in this 
study suggest that Bem1-mediated positive 
feedback is unlikely operating before Start. In-
triguingly, we observed colocalization of Bem1 
and Cdc24 in early G1, consistent with a recent 
report (Moran et al. 2019), and an interaction of 
these proteins by a BiFC assay in large-budded 
cells (see Figure 2). However, our in vivo analyses 
of Cdc42 polarization as well as computational 
modeling suggest that Bem1 is unlikely function-
ally active in Cdc42 polarization during early G1 
despite its localization. In fact, Bem1 polarizes to 
the division site in early G1 in haploid and diploid 
rsr1Δ or rsr1K16N cells but no clear Cdc42-GTP 
polarization is evident at the site (see Supple-
mental Figures S2–S4). Moreover, computational 
modeling suggests that Bem1-mediated feed-
back can affect pre-Start Cdc42 polarization only 
if Rsr1 is absent (see Figure 4B). Consistent with 
these findings, previous studies observed step-
wise Cdc42 activation by Bud3 and Cdc24 dur-
ing T1 and T2, respectively, in haploid cells (Kang 
et al., 2014) and two modes of the cell-cycle- 
dependent Cdc42 activation in diploid cells 
(Witte et al., 2017). In contrast, another study 
(Moran et al., 2019) argues that both Bem1 and 
Cdc24 are involved in pre-Start polarization of 
Cdc42. The reason for this different conclusion of 
Moran et al. (2019) is not clear, but we speculate 
that their use of hydroxyurea (HU) treatment of 
cells might have led to different observations. 
Arresting cells in early S phase with HU was found 
to increase Whi5 concentration (Neurohr et al., 
2018), and thus HU treatment might have re-

sulted in longer T1 in the subsequent cell cycle after release, likely 
affecting localization of the polarity factors. Additional studies are 
required to distinguish these different models and to fully under-
stand the underlying mechanism of Cdc42 polarization.

Cdc42 polarization during T2 is delayed in rsr1K16N cells but not 
in rsr1Δ cells (see Figure 3; Supplemental Figure S4), indicating that 
the constitutive expression of Rsr1-GDP hinders Cdc42 polarization. 
How Rsr1-GDP interferes with Cdc42 polarization remains unclear. 
We favor the idea that the majority of Bem1 protein normally 
associates with Rsr1-GDP (and Cdc24) during different phases of G1 
in WT cells (see above), but the constitutive expression of Rsr1-GDP 
keeps Bem1 bound to Rsr1 and thus hinders Cdc42 polarization 
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continuously after Start. Alternatively, Bem1 may interact with these 
proteins simultaneously, since the Bem1 domain that associates with 
Cdc24, Rsr1-GDP, or Cdc42 does not overlap. Bem1’s interaction 

with Rsr1-GDP might, however, interfere with its ability to stimulate 
Cdc24 activity (Smith et al., 2013; Rapali et al., 2017). In fact, we 
did not find any evidence that Rsr1-GDP interferes with the 

FIGURE 7:  Rsr1-GDP hinders Bem1-dependent Exo70 polarization and polarized secretion. (A) WT haploid cells 
expressing Exo70-RFP and Whi5-GFP and carrying each plasmid as marked (x-axis) were treated with LatA or DMSO. 
The percentage of cells with polarized Exo70-RFP (n = 100–270 for each sample per experiment) was determined from 
static images. Representative images of cells expressing Exo70-RFP and Whi5-GFP are shown for each cell cycle stage 
analyzed. Student’s t tests were used, with the following notation: ns (not significant) for p ≥ 0.05, *p < 0.05, **p < 0.01, 
and ***p < 0.001. (B) (a) BiFC assays in the haploid BEM1-YN EXO70-YC strain carrying YEp13, YEp13-Rsr1K16N, or 
YEp13-Rsr1G12V. Bar, 5 µm. (b) Large-budded, unbudded, or small-budded cells with BiFC signal was quantified from 
three separate experiments (n = 50–130 for each sample per experiment). (C) (a) Quantification of the time interval (min) 
from the T1–T2 transition to initial GFP-Sec4 polarization in individual daughter cells of haploid WT (n = 13), rsr1Δ (n = 
17), and rsr1K16N (n = 36). (b) Representative graphs of GFP-Sec4 accumulation at the polarity site in individual daughter 
cells over time after the T1–T2 transition.
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FIGURE 8:  Model for the role of Rsr1 during biphasic Cdc42 polarization. In early G1, Rsr1-GDP associates with Bem1 
so that Bem1-mediated positive feedback and Exo70 recruitment may not occur until Start. In mid–late G1, more Rsr1 
may be converted to the GTP-bound state, and/or Bem1 may be modified, and thus Bem1 no longer associates with 
Rsr1 and promotes Cdc42 polarization and polarized secretion to the incipient bud site (see text).

Cdc24-Bem1 interaction in two different assays (see Figure 5). 
Instead, we find that Rsr1-GDP interacts with Bem1 via a region 
overlapping with the domain that mediates actin-independent 
localization of Exo70 (Liu and Novick, 2014) and that Rsr1-GDP likely 
inhibits premature Bem1-mediated Exo70 polarization.

Our findings in this study suggest that Rsr1 plays a delicate role 
in the coordination of spatial and temporal events leading to bud 
emergence by associating with distinct polarity factors in its GTP- 
and GDP-bound states. On the basis of previous reports and find-
ings from this study, we propose a model whereby Rsr1 plays a dual 
role in polarity establishment (Figure 8): in early G1, the Rsr1 GTPase 
cycle may be involved in linking the spatial landmark to Cdc42 po-
larization in haploid cells (Kang et al., 2014, 2018; Lee et al., 2015). 
Gic1 and Gic2 share a partially redundant role with Rsr1 in Cdc42 
polarization during T1 (Kang et al., 2018). Rsr1-GDP associates with 
Bem1 during T1, and this interaction may inhibit Bem1-mediated 
positive feedback until Start and ensure the proper timing of polar-
ized secretion for bud emergence (this study). After Start, more Rsr1 
may be converted to the GTP-bound form, and/or Bem1 may be 
modified (Witte et al., 2017) so that Bem1 no longer associates with 
Rsr1 (this study) and promotes Cdc42 polarization (Irazoqui et al., 
2003; Wedlich-Soldner et al., 2004; Goryachev and Pokhilko, 2008; 
Kozubowski et al., 2008) and Exo70 polarization (Liu and Novick, 
2014), leading to polarized secretion to the incipient bud site. The 
interaction between Rsr1-GDP and Bem1 may ensure proper timing 
of polarized secretion and thus bud emergence. While Rsr1-GDP 
associates with Bem1 and delays Cdc42 polarization in diploid cells 
as well (this study), Rsr1 appears less critical in selection of a proper 
bud site in diploid daughter cells. Diploid cells polarize almost ex-
clusively to the distal pole even in the absence of Rsr1 during their 
first budding event (Michelitch and Chant, 1996; this study). Thus 
distal-pole polarization in diploid daughter cells likely occurs via a 
mechanism that does not involve Rsr1, but further investigation is 
required to fully understand the underlying mechanism of cell polar-
ization in different cell types.

MATERIALS AND METHODS
Strains, plasmids, and general methods
Standard methods of yeast genetics, DNA manipulation, and 
growth conditions were used (Guthrie and Fink, 1991). Yeast strains 
were grown in the appropriate synthetic medium containing 2% 
dextrose as a carbon source. To maintain plasmids, strains were cul-
tured in synthetic medium lacking the appropriate nutrient(s) (e.g., 
SC-Ura). Yeast strains and plasmids used in this study are listed in 
Supplemental Tables S1 and S2, respectively, with a brief descrip-
tion of construction methods.

Microscopy and image analysis
Cells were grown in synthetic medium overnight and then freshly 
subcultured for 3–4 h in the same medium. Time-lapse imaging was 
performed essentially as previously described (Kang et al., 2014; 
Miller et al., 2017) using a spinning disk confocal microscope (Ultra-
VIEW VoX CSU-X1 system; PerkinElmer) equipped with a 100×, 1.4 
NA Plan Apochromat objective lens (Nikon); 440-, 488-, 515-, and 
561-nm solid-state lasers (Modular Laser System 2.0; PerkinElmer); 
and a back-thinned electron-multiplying charge-coupled device (EM 
CCD) camera (ImagEM C9100-13; Hamamatsu Photonics) on an in-
verted microscope (Ti-E; Nikon). Images in Figures 5 and 7 and Sup-
plemental Figure S6 were captured on the same inverted microscope 
but with EM CCD camera (ImageEM X2 C9100-23B; Hamamatsu 
Photonics). For most time-lapse imaging, images were captured (9 z 
stacks, 0.3 μm step for haploid cells; 11 z stacks, 0.4 μm step for dip-
loid cells) every 3 or 5 min using cells mounted on an agarose slab at 
either room temperature or 30°C, as indicated in the figure legends.

Image processing and analyses were performed using ImageJ 
(National Institutes of Health). Figures are generated using maximum 
intensity projections of z stacks for fluorescent images and a single 
middle z-section for DIC images. The nuclear Whi5-GFP or Whi5-RFP 
intensity was measured by drawing a circular region of interest (ROI) 
that included the Whi5 signal in the nucleus using summed intensity 
projection images after background subtraction. The T1–T2 transition 
was marked when the Whi5 intensity in the nucleus was ∼50% of its 
peak level (Skotheim et al., 2008; Doncic et al., 2011). The duration 
time of T1 was considered from the onset of cytokinesis (estimated 
when PBD-RFP level was the lowest (Okada et al., 2013), which was 
∼3–5 min after the nuclear entry of Whi5 at 30°C (Di Talia et al., 2007; 
Lee et al. 2015) until the T1–T2 transition. The duration time of T2 was 
determined from the T1–T2 transition until bud emergence (which 
was estimated from PBD level and DIC images).

Polarized Bem1-RFP was quantified by a threshold method 
(Okada et al., 2013; Kang et al., 2014) using average intensity 
projections after background subtraction. The Bem1-RFP inte-
grated density values were obtained for each time point captured 
over the G1 phase by drawing an ROI around daughter cells. The 
peak Bem1-RFP values during T1 or T2 were normalized to the 
average Bem1-RFP peak level in WT cells during T1 or T2, respec-
tively (Figure 2A).

The PBD-RFP cluster in daughter cells was quantified using a 
threshold method (Okada et al., 2013; Kang et al., 2014) from aver-
age intensity projection images of five selected z-sections after 
background subtraction. The PBD-RFP integrated density values 
were obtained for each time point captured over the G1 phase. The 
peak PBD-RFP level during T2 was determined and the time from 
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the T1–T2 transition until the peak PBD-RFP level was calculated for 
each individual daughter cell (Figure 3B and Supplemental Figure 
S4B). Sec4-GFP polarization was analyzed similarly using a threshold 
method, and the time from the T1–T2 transition until detection of 
initial Sec4-GFP polarization at the incipient bud site was deter-
mined for each individual daughter cell (Figure 7C)

To quantify BiFC signals, summed intensity projections were ana-
lyzed after background subtraction. A fluorescence threshold was 
set above background that selected fluorescent pixels at the divi-
sion site of large budded and unbudded cells. The mean gray value 
of the YFP signal above the threshold at the division site of each cell 
was measured. Values were normalized to the average BiFC signal 
intensity with Bem1-YN in large-budded or unbudded cells, respec-
tively (Figure 6B). To quantify the percentage of cells with positive 
BiFC signals (Figures 5A and 7B), summed intensity projections 
were analyzed after background subtraction. A fluorescence thresh-
old was set above background that selected fluorescent pixels at 
the division site of large budded and unbudded cells. The percent-
age of cells with a BiFC signal above the threshold was determined 
from three independent experiments (Figures 5A and 7B).

Cells with polarized Exo70-RFP were quantified at different cell 
cycle stages based on localization of Whi5-GFP and DIC images: 
large budded cells with Whi5-GFP in the nucleus (late M), unbud-
ded cells with Whi5-GFP in the nucleus (T1), unbudded cells without 
Whi5-GFP (T2), and small budded cells. Summed intensity projec-
tions of Exo70-RFP z-stack images were created after background 
subtraction. A fluorescence threshold was set above background 
that selected fluorescent pixels at the division site in late M and T1 
cells, or at the incipient bud site in T2 cells, or at the tips of the grow-
ing buds in small budded cells. The percentage of cells with a signal 
above the threshold was determined from three independent 
experiments (Figure 7A and Supplemental Figure S6).

To quantify Bem1-RFP and Cdc24-GFP from VIP assays, 
summed intensity projections of z-stacks were analyzed after back-
ground subtraction. Images of the Bem1-RFP alone control were 
used to determine a threshold that selected fluorescent pixels 
above background. The same threshold was applied to all images, 
the mean gray value of all pixels above the set threshold was mea-
sured, and then the ratio of Bem1-RFP/Cdc24-GFP was calculated 
(Figure 5B).

FRAP analysis
To perform FRAP experiments, images were captured at a single z 
section on a gelatin slab at 22°C using the photokinesis unit on the 
Ultra-VIEW VoX confocal system (see above), as previously de-
scribed (Miller et al., 2017; Kang et al., 2018). Before beginning 
each FRAP experiment, a z-stack image was taken with the 561-nm 
laser to examine the Whi5-mCherry signal and select cells in T1 or 
T2. The middle focal plane of cells was chosen to bleach. After col-
lecting five prebleach images, selected ROIs were bleached to 
<50% of the original fluorescence intensity. Postbleach images 
were acquired for a duration long enough so that the recovery 
curve reached a plateau. After background subtraction and cor-
recting for photobleaching, the data were normalized to the mean 
prebleach intensity of the ROI set to 100% and the intensity just 
after bleaching set to 0% so that FRAP curves show the percent-
age of recovery. To reduce noise, the intensity of every three con-
secutive postbleach time points was averaged. The intensity data 
were plotted and fitted using the exponential equation y = m1 + 
m2 * exp(-m3 * X), where m3 is the off-rate, using Prism 6 (Graph-
Pad Software). The half-time of recovery was calculated using the 
equation t1/2 = (ln2)/m3.

BiFC assays
YC fusions of WT or mutant Rsr1 proteins and VC-Cdc42 were 
expressed from their chromosomal loci, as previously described 
(Kang et al., 2010). YN fusions of WT or mutant Bem1 proteins were 
expressed either using multicopy plasmids or from the chromo-
some. Cdc24-VC or Exo70-VC were expressed from each chromo-
somal locus (see Supplemental Tables S1 and S2). Each combination 
of YC (or VC) and YN fusion proteins were expressed in haploid cells 
(unless indicated otherwise) and subjected to microscopy (see 
below). Since the same split site (154/155) was used to generate 
both YFP and Venus truncated forms for BiFC, YC, or VC fusions 
were tested in combination with a YN fusion.

For BiFC assays, cells were grown in the appropriate synthetic 
medium overnight and then freshly subcultured for 3–4 h in the 
same medium prior to imaging. Cells were mounted on an agarose 
slab containing the same medium, and static images were captured 
(5 z-stacks, 0.3 μm step for haploid cells; 5 z-stacks, 0.4 μm step for 
diploid cells) using a spinning disk confocal microscope (see above) 
at room temperature. Time-lapse images of haploid cells expressing 
YC-Rsr1K16N, Bem1-YN, and Whi5-mCherry were captured similarly 
except every 10 min (Figure 1A).

LatA treatment
Cells were grown in SC-LEU medium (to maintain YEp13 plasmids) 
overnight and then freshly subcultured for 3–4 h in the same me-
dium at 30°C. Cells were harvested and treated with 100 μM LatA 
for 10 min or mock-treated with DMSO before imaging using a spin-
ning disk confocal microscope (see above).

Visible IP assay
DLY13038 (CDC24-GFP BEM1-RFP) carrying YEp13-RSR1K16N or 
YEp13 were grown in SC-LEU, and HPY3336 (BEM1-RFP) was grown 
in YPD medium overnight. These cells were then freshly subcultured 
for 3–4 h in the same medium at 30°C until mid–log phase. A total of 
44 OD600 units of cells were harvested and cell lysates were prepared 
using buffer VII (200 mM KCl, 1% Triton X-100, 10% glycerol, 1 mM 
MgCl2, 50 mM HEPES, pH 7.6, 1 mM ethylene glycol-bis(β-
aminoethyl ether) [EGTA]) along with a cocktail of protease inhibitors 
(Research Products International) and 0.1 mM phenylmethylsulfonyl 
fluoride (PMSF). Crude cell lysates were centrifuged for 12 min at 
10,000 × g, and the supernatant (S10 fraction) was used for subse-
quent assays. This S10 fraction was then diluted with an equal volume 
of buffer VII lacking KCl and Triton X-100 and incubated with 10 μl of 
GFP-Trap beads (gta-10, Chromotek) for 1 h at 4°C by rocking. The 
beads were then washed 4× using a wash buffer (50 mM KCl, 0.1% 
Triton X-100, 10% glycerol, 1 mM MgCl2, 50 mM HEPES, pH 7.6, 1 
mM EGTA, 1 mM dithiothreitol). Beads were resuspended in a small 
volume of the same buffer and immediately mounted on an agarose 
slab, and static images were captured (5 z-stacks, 0.5 μm step) using 
a spinning disk confocal microscope (see above) with a 40×, NA 1.3 
Plan Fluor oil objective lens (Nikon) at room temperature.

Cell lysis and immunoblotting
To determine the WT and mutant Rsr1 YC-fusion protein levels in 
the strains used for BiFC assays, HPY1213 (YFPC-RSR1), HPY1522 
(YFPC-rsr1K16N), and HPY1552 (YFPC-rsr1G12V) were grown to mid–
log phase (OD600 of ∼0.7) in YPD at 30°C and subsequently har-
vested. In brief, 50 OD600 units of cells were used to prepare cell 
lysates using lysis buffer (50 mM HEPES, pH 7.6, 200 mM KCl, 1 
mM EGTA, 1 mM MgCl2, 10% glycerol, 1% Triton X-100). The 
crude cell lysates were centrifuged for 10 min at 10,000 × g and 
the supernatant (S10 fraction) was removed and mixed 1:1 with 2× 
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Laemmli sample buffer (2% SDS, 10% glycerol, 0.1 M β-
mercaptoethanol, 60 mM Tris-HCl, pH 6.8, 0.001% bromophenol 
blue). Equal volumes of each sample were loaded onto an SDS–
PAGE gel. YC fusion proteins were detected with polyclonal anti-
GFP antibodies (Novus Biologicals).

In vitro binding assays
In vitro binding reactions were performed as previously described 
(Park et al., 1997). GST (glutathione S-transferase)-Rsr1 and six-histi-
dine-tagged Bem1 (His6-Bem1), carrying Bem1 residues from 44 to 
551 (the last C-terminal residue), were purified from the protease-
deficient Escherichia coli strain NB42. Approximately 750 nM of 
GST-Rsr1, preincubated with 1 mM guanosine-[γ-thio]triphosphate 
(GTP[γS]) or GDP, was incubated with His6-Bem1 in a pair (estimated 
as 15, 75, and 300 nM) in 100 μl of binding buffer (20 mM Tris-HCl, 
pH 7.5, 85 mM NaCl, 6 mM MgCl2, 10% glycerol, 0.6 mM GDP or 
GTP[γS]). After incubation, GST-Rsr1 was collected using glutathi-
one-Sepharose. After washing with buffer (binding buffer plus 0.1% 
Triton X-100 and 0.1 mM PMSF), bound proteins were eluted using 
elution buffer containing 10 mM reduced glutathione and subjected 
to SDS–PAGE. GST-Rsr1 and His6-Bem1 were detected by immu-
noblotting with polyclonal antibodies against GST and Bem1, re-
spectively, as previously described (Park et al., 1997).

Statistical analysis and graph presentation
Data analysis was performed using Prism 6 (GraphPad Software). 
Graphs in figures show Mean (horizontal lines) ± SEM (error bars) 
unless indicated otherwise. The bar graphs of FRAP data show me-
dian as a line, quartiles, maximum, and minimum (Figure 1B). A two-
tailed student’s t test was performed to determine statistical differ-
ences between two sets of data: ns (not significant) for p ≥ 0.05; *p 
< 0.05; **p < 0.01; and ***p < 0.001. Pearson correlation analysis 
was used to determine the strength of a linear association between 
T2 length and the peak Cdc42-GTP arrival time after T1–T2 transition 
(Figure 3C; Supplemental Figure S4C).

Modeling
A model of Cdc42 and Rsr1. The computational domain, denoted 
by M in the model, is a region representing cell membrane. For 
simplicity, we consider the cross-section of the cell membrane which 
is a one-dimensional domain parameterized by the arc length of the 
circle, [–2π, 2π], in which the landmark cue is located at the center 
[–0.5, 0.5] (Figure 4A, a). The model consists of six variables (Figure 
4Ab): membrane-bound Rsr1-GTP and Rsr1-GDP, denoted by 
[Rsr1GTP] and [Rsr1GDP]; membrane-bound Cdc42-GTP and 
Cdc42-GDP, denoted by [Cdc42GTP] and [Cdc42GDP]; Bem1-Rsr1-
GDP complex, denoted by [Bem1Rsr1]; and Bem1-Cdc42-GTP 
complex, denoted by [Bem1Cdc42].

The dynamics of the molecules is governed by the following sys-
tem of reaction-diffusion equations:
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where the functional φ ( )⋅  is defined as the average value of a func-
tion over the membrane: ∫φ ( ) =a adx M/

M

 and |M| equals the total 

area of the domain M (Lo et al., 2013, 2014). As Cdc42-GTP inter-
acts with Gic1/2 to reduce the diffusion rate of Cdc42 (Kang et al., 
2018), the diffusion rate of Cdc42-GTP depends on [ ]Cdc GTP42  
and is defined as

D Cdc GTP D d d
K

K Cdc GTP
42 1

42
.CT CT1 min min( )[ ] [ ]( )= + −

+






The function τ ( )t  represents the switch from T1 to T2:

t
t t1 if ;

0 otherwise,
wτ ( ) =

<





where tw is the switching time from T1 to T2.

Spatial cue. The spatial cue mainly functions at the specific location 
with a little inhomogeneous perturbation during T1. The feedback 
from Cdc42-GTP may enhance the level of spatial cue, so the func-
tion u is defined as
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u x t
u t r x x

,
1 0.2 if 0.5, 0.5 ;

0 otherwise,

1 1τ ( ) [ ]( ) ( ) ( )
=

+ ∈ −





where ( )r x1  is a spatially uncorrelated random function from uniform 
distribution between 0 and 1.

Activation rates of Cdc42 and Rsr1. Cdc42 is activated in two 
temporal phases in G1. We assume that Cdc42 polarization de-
pends on the spatial cue u and [Rsr1GTP] during T1, while during T2, 
the Bem1-mediated positive feedback is involved in Cdc42 polar-
ization, which thus depends on the level of the Bem1-Cdc42-GTP 
complex. On the basis of this assumption, we define the activation 
term for Cdc42 as

Bem Cdc Rsr GTP u
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where ( )r x2  is a spatially uncorrelated random function from uniform 
distribution between 0 and 1. We assume that the basal activation 
rate of Cdc42 has a small inhomogeneous perturbation.

We assume that the spatial cue promotes the recruitment and 
the activation of Rsr1, and thus the activation term and the recruit-
ment term for Rsr1 are defined as

u r x u u u1 0.2 and1 11 3

basal

12
spatial cue

1 11
basal

12
spatial cue

α α α δ δ δ( )( ) ( ) ( )= + + = +
� �������� �������� � ��

where ( )r x3  is a spatially uncorrelated random function from uniform 
distribution between 0 and 1. We assume that the basal activation 
rate of Rsr1 is with small inhomogeneous perturbation.

Parameter settings. Based on previous studies (Goryachev and 
Pokhilko, 2008; Lo et al., 2013), the diffusion rate of Cdc42 on the 
membrane was around 0.05–0.15 μm2 min-1 and the diffusion rate 
of Cdc42-GTP is much smaller than that of Cdc42-GDP; the recruit-
ment rate and the basal activation rate of Cdc42 were 1–10 min-1 
and 1–10 min-1, respectively; we assume that Rsr1 has similar rates; 
the normalizing parameter K was taken as 1 in the feedback term for 
the diffusion rate. In this study, we take DR = DCD = 0.1 μm2 min-1, 
DCT1 = 0.07 μm2 min-1, d 0.5, 10min 11β= =  min-1, β = 112  min-1, 
β = 5013  min-1, β = 12  min-1 α = 111  min-1, α = 112  min-1, 2α = 
20 min-1, 1011δ =  min-1, δ = 1012  min-1, δ = 12  min-1, γ = 101  min-1, 
and γ = 52  min-1. For the spatial cue, we set =u 401  min-1. We 
consider that Bem1-mediated feedback may be present during T1 
but the magnitude is much weaker during T2, so we set. 014β = − 
20 min-1, which is much less than β13. We assume that during T1, the 
interaction rate of Rsr1-GDP and Bem1 is higher than that of Cdc42-
GTP and Bem1, and the disassociation rate of Rsr1-GDP and 
Bem1 is lower than that of Cdc42-GTP and Bem1, and thus we set 
ω = 401  min-1 > ω = 103  min-1 and ω = 0.12  min-1 < ω = 24  min-1. We 
assume that the interaction of Bem1 and Rsr1-GDP does not occur 
during T2, and we thus set the value ν = 01 . Our data showed that 
the T1–T2 switch usually happens about time = 30–32 min (Lee et al., 
2015), and thus we set =t 30w  min.
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