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Phosphatidylserine and GTPase activation
control Cdc42 nanoclustering to counter
dissipative diffusion

Elodie Sartorel®t, Caner Unlii* 1+, Mini Jose®$, Aurélie Massoni-Laporte?, Julien Meca?,
Jean-Baptiste Sibarita®<, and Derek McCusker*

2Université Bordeaux, CNRS, UMR 5095, European Institute of Chemistry and Biology, Pessac 33607, France;
bUniversité Bordeaux and “CNRS UMR 5297, Institut Interdisciplinaire de Neurosciences, Bordeaux 33077, France

ABSTRACT The anisotropic organization of plasma membrane constituents is indicative of
mechanisms that drive the membrane away from equilibrium. However, defining these mech-
anisms is challenging due to the short spatiotemporal scales at which diffusion operates.
Here, we use high-density single protein tracking combined with photoactivation localization
microscopy (sptPALM) to monitor Cdc42 in budding yeast, a system in which Cdc42 exhibits
anisotropic organization. Cdc42 exhibited reduced mobility at the cell pole, where it was or-
ganized in nanoclusters. The Cdc42 nanoclusters were larger at the cell pole than those ob-
served elsewhere in the cell. These features were exacerbated in cells expressing Cdc42-GTP,
and were dependent on the scaffold Bem1, which contributed to the range of mobility and
nanocluster size exhibited by Cdc42. The lipid environment, in particular phosphatidylserine
levels, also played a role in regulating Cdc42 nanoclustering. These studies reveal how the
mobility of a Rho GTPase is controlled to counter the depletive effects of diffusion, thus

BRIEF REPORT

Monitoring Editor
Fred Chang

University of California,
San Francisco

Received: Jan 22, 2018
Revised: Mar 12, 2018
Accepted: Apr 5, 2018

stabilizing Cdc42 on the plasma membrane and sustaining cell polarity.

INTRODUCTION

Functional compartmentalization of the plasma membrane under-
lies essential cellular processes in diverse biological systems. For
example, different Rho GTPases are localized adjacently on the
plasma membrane, forming spatially patterned zones of activity
during cytokinesis (Bastos et al., 2012), polar body extrusion, and
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wound healing (Benink and Bement, 2005; Zhang et al., 2008;
Bement and von Dassow, 2014). Similarly, membrane trafficking
compartments display an organized, annular conformation in neuro-
nal synapses (Roos and Kelly, 1999; Wahl et al., 2013), and during
polarity establishment in budding yeast, where sites of endo- and
exocytosis form a bull’s-eye pattern on the plasma membrane (Jose
etal., 2013, 2015). Plasma membrane reorganization also accompa-
nies T-cell receptor (TCR) engagement with antigen-presenting cells
at the immunological synapse. Here, activated TCR forms a central
supramolecular activation cluster, surrounded by adhesion proteins,
kinases, and specific lipids (Monks et al., 1998; Yokosuka et al.,
2008; Le Floc'h et al., 2013). These diverse plasma membrane phe-
nomena share a common underlying principle: all are highly dy-
namic cytoskeletal-driven processes controlled by Rho GTPases.
The activity of Rho GTPases is strongly influenced by their rate of
activation and inactivation (Goryachev and Pokhilko, 2008), and the
extent to which they diffuse on membranes (Giese et al., 2015). Al-
though we understand some of the GEF and GAP-mediated mecha-
nisms that control Rho GTPase activity, even at atomic resolution
(Rittinger et al., 1997; Yu et al., 2010), our understanding of the mech-
anisms that control the diffusion of Rho GTPases and their regulators
on the plasma membrane of cells is less developed (Trimble and
Grinstein, 2015). Theoretically, proteins and lipids diffuse on mem-
branes down concentration gradients until they reach equilibrium and
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Heterogeneity in the organization and dynamics of peripheral plasma membrane
proteins. (A) Modes of diffusive behavior and nano-organization amenable to sptPALM analysis.
(B) High-density tracking of mEOS-Cdc42 and Pil1-mEOS in live WT cells computed by sptPALM.
Scale bar: 2 pm. Different colored trajectories show individual mEOS-tagged proteins that were
reconstructed from 20,000 images acquired at 20-ms intervals. Only trajectories longer than
10 frames are displayed. Insets show Pil1-mEOS and mEOS-Cdc42 after 491-nm laser excitation
to identify global protein organization in a plane more sagittal to that used for spt acquisitions.
(C) Zoom of the area of plasma membrane shown in the box in panel B. (D) Global average MSD
curves of mMEOS-Cdc42 (N = 11 cells, n = 2608 trajectories) and Pil1-mEOS (N = 10 cells, n=5515
trajectories). Trajectories longer than six frames were analyzed. The MSD curve of a fixed sample
is included as a control. (E) PALM image of Pil1-mEOS and mEOS-Cdc42 organization in fixed
WT cells. The localization of each mEOS-tagged protein was detected from 32,000 to 40,000
images acquired at 20-ms intervals (top panels) and nanoclusters of mEOS-tagged proteins were
analyzed by SR-Tesseler (bottom panels). Images display 4092 and 3457 localizations for
Pil1-mEOS and mEOS-Cdc42, respectively. Note that it is necessary to zoom beyond 1200% to
observe single protein localizations in the PDF. Scale bar: 2 ym. (F) Distribution of the
log(Area(pm?) of mEOS-Cdc42 and Pil1-mEOS nanoclusters in fixed WT strains (Pil1-mEQOS:

N =10 cells, n =589 clusters; mEOS-Cdc42: N = 10 cells, n = 625 clusters).

The Rho GTPase Cdc42 in budding and
fission yeast provides a powerful model sys-
tem to identify these mechanisms. Cdc42 is
asymmetrically localized on the plasma mem-
brane at the cell pole, defining the polarity
axis used for cell growth and division. Previ-
ous studies suggested that Cdc42 diffusion is
reduced at the pole in vivo, compared with
other regions of the membrane (Slaughter
etal., 2013; Bendezu et al., 2015). Moreover,
expression of active Cdc42 GTP constructs
displayed slower recovery by fluorescence
recovery after photobleaching (FRAP), re-
flecting slower diffusion of the active GTPase
(Wedlich-Soldner et al., 2004; Freisinger
et al., 2013; Bendezu et al., 2015). This re-
duced diffusion of active Cdc42 might indi-
cate the stabilization of Cdc42 at the pole,
where it participates in polarity axis establish-
ment. Thus, Cdc42 activation and its diffusion
at the pole may be linked, predicting that
mutants affecting Cdc42 activation may dis-
play altered rates of GTPase diffusion. The
Cdc42 scaffold protein Bem1 plays a direct
role in GTPase activation (Smith et al., 2013;
Rapali et al., 2017). However, previous FRAP
studies did not report gross differences in
Cdc42 recovery in bemI1A cells (Wedlich-
Soldner et al., 2004). A caveat to the interpre-
tation of FRAP experiments is the ensemble
nature of the measurements. Given that sub-
populations of Cdc42 have been proposed
to exist in the plasma membrane, displaying
reduced diffusion at the pole and faster diffu-
sion elsewhere (Slaughter et al, 2013;
Bendezu et al., 2015), the mobility of the
GTPase might be better appreciated if stud-
ied using single-particle tracking techniques,
where different subpopulations displaying a
range of diffusion characteristics can be di-
rectly monitored. This approach has been
successfully employed in studies on other
GTPases that are organized anisotropically,
including Rac1, H-Ras, and K-Ras (Murakoshi
etal., 2004; Lin et al., 2014; Das et al., 2015).
Here, we investigate the dynamics and orga-
nization of Cdc42 and the eisosome marker
Pil1 on the plasma membrane using high-
density single protein tracking combined
with photoactivation localization microscopy
(sptPALM; Manley et al., 2008). Our results
reveal the heterogeneous mobility displayed
by plasma membrane proteins and indicate a
key role for GTPase activation and the lipid
environment in the dynamics and nanoscale
organization displayed by Cdc42.

are uniformly distributed. However, it is becoming apparent that the ~ RESULTS AND DISCUSSION

plasma membrane of cells rarely exhibits homogeneous distribution  To investigate the utility of high-density sptPALM to probe periph-
of its constituents, indicating the existence of mechanisms that drive  eral plasma membrane protein dynamics in budding yeast, we stud-
the system away from equilibrium, countering the dissipative effects  ied two proteins displaying high and low rates of diffusion:
of diffusion (Rao and Mayor, 2014). the GTPase Cdc42 and the eisosome protein Pil1 (Figure 1A;
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Walther et al., 2006; Marco et al., 2007; Manley et al., 2008). Pil1
and Cdc42 were tagged with the photoconvertible mEOS fluores-
cent protein. These tagged versions of the proteins, expressed from
their native promoter, served as the sole source of the proteins, un-
less stated otherwise in the text. Because CDC42 is essential, the
viability of the mEOS-tagged Cdc42 strain, when expressed from a
CEN plasmid, or when integrated in the genome, indicates the re-
tention of essential Cdc42 function (Supplemental Figure S1, A and
B). Moreover, axial budding patterns, which are dependent upon
Cdc42 (Adams et al., 1990), were indistinguishable from wild-type
cells when mEOS-Cdc42 was expressed as the sole source of the
protein (Supplemental Figure S1C). Cell morphology during the cell
cycle and after pheromone treatment was also indistinguishable
from untagged control strains (Supplemental Figure S1D). In addi-
tion, the response of cells expressing integrated mEOS-CDC42 to
pheromone at a population level was indistinguishable from un-
tagged control cells (Supplemental Figure S1E). Collectively, these
results indicate that the mEOS-Cdc42 fusion protein supports es-
sential and nonessential Cdc42 functions in cell polarity.

sptPALM was used to quantify the organization and dynamics of
Pil1-mEOS and mEOS-Cdc42 in wild-type cells (Figure 1B). A low-
power 405-nm laser induced the stochastic photoconversion of a
subset of mMEOS-tagged molecules, which were imaged by highly
oblique illumination (HiLo) using a 561-nm laser (Tokunaga et al.,
2008). This approach provided a high mEOS signal-to-noise ratio on
the plasma membrane and a low cytoplasmic background signal,
which is evident in movies where it is difficult to delineate the inte-
rior of the cell due to the low cytoplasmic signal (Supplemental
Movie 1). Thousands of single-particle trajectories were recon-
structed from tens of thousands of localizations (Figure 1B), reveal-
ing heterogeneity in the diffusive properties of single proteins, rang-
ing from immobile to highly diffusive (Figure 1C). In the analysis,
tracks longer than six frames were analyzed. Pil1-mEOS exhibited
considerable confinement, while occasionally displaying rapid,
highly directed diffusion between protein clusters. Some confined
molecules were juxtaposed to each other, suggesting that in Sac-
charomyces cerevisiae, a cohort of Pil1 may be organized in fila-
ments in vivo, as reported in Schizosaccharomyces pombe (Figure
1C; Kabeche et al., 2011). mEOS-Cdc42 was more dynamic than
Pil1-mEQS, as reflected in mean square displacement (MSD) analy-
sis. The mobility of Pil1-mEOS in live cells was quantified as the in-
stantaneous diffusion coefficient, D (median D, 0.0061 pm? s7' +
0.00068), extracted by fitting the MSD curves, which was greatly
reduced compared with mEOS-Cdc42 (median D, 0.022 pm? s7' +
0.0009; Figure 1D and Table 1). The organization of mEOS-Cdc42
and Pil1-mEOS in subdiffraction-limited clusters, which we refer to
as nanoclusters, or eisosomes in the case of Pil1, became more evi-
dent when cells were fixed and imaged by PALM (Figure 1E). The

nano-organization of the proteins was analyzed by SR-Tesseler
(Levet et al., 2015), in which single-molecule localizations are treated
as seeds around which polygons are generated to build up a de-
tailed cartography of molecular density. Pil1-mEOS was organized
in nanoclusters, or eisosomes, that were larger, on average, than
mEOS-Cdc42 nanoclusters, as reflected in the distribution of nano-
cluster sizes (median diameter of Pil1-mEQOS nanoclusters, 105 nm +
2 nm [SEM], vs. mEOS-Cdc42 nanoclusters, 67 nm £ 2 nm [SEM;
Figure 1F]). The median value is provided rather than the mean be-
cause the nanocluster sizes were not normally distributed, as will be
described below. The median diameter of Pil1 eisosomes that we
report (105 nm) is consistent with a recent study, which measured
Pil1-mKate2 in eisosomes of 101 by 71 nm (Bianchi et al., 2018).
However, the highly mobile pool of Pil1 that we observe during live
cell imaging was not reported by Bianchi et al., reflecting the higher
rate of image acquisition in our sptPALM experiments. Collectively,
our results illustrate the heterogeneity of the molecular organization
and dynamics of plasma membrane proteins, and the amenability of
these features to high-density sptPALM in yeast.

The spatial control of Cdc42 diffusion could contribute to cellular
polarity by stabilizing the GTPase at the cell pole. Although such a
mechanism has been inferred from ensemble measurements, it has
not been observed directly (Orlando et al., 2011; Slaughter et al.,
2013; Bendezu et al., 2015). We reasoned that were such a mecha-
nism to operate, it would likely involve Bem1, a scaffold involved in
the regulation of Cdc42 activation and signaling (Smith et al., 2013;
Woods et al., 2015; Rapali et al., 2017). We therefore performed
quantitative sptPALM analysis of mEOS-Cdc42 in wild-type and
bem1A cells that were establishing a polarity axis (Figure 2A). The
instantaneous diffusion coefficient, D, extracted from all MSD trajec-
tories of wild-type cells was measured and found to be almost two-
fold lower at the pole compared with the nonpole (median D pole,
0.016 ym? s7' + 0.00098; median D nonpole, 0.027 pm? s +
0.00095; Figure 2B and Table 1). In contrast to our measurements in
wild-type cells, D was more homogeneous over the entire cell, that
is, pole and nonpole regions, in bem1A cells, despite the fact that
these cells were also polarizing (median D pole, bem1A,0.019 pm?s™
+ 0.00089; median D nonpole, bem1A, 0.019 pm? s™' + 0.0011;
Figure 2B and Table 1). These results suggest that Cdc42 activation
and its reduced mobility are linked. Consistently, we also observed
that the diffusion of mEOS-Cdc42-GTP produced by the cdc42-
Qé61L mutant was reduced even further than that of wild-type
mEQOS-Cdc42 at the cell pole (median D pole, cdc42-Q61L, 0.011
pm? s £ 0.00125; median D nonpole, cdc42-Q61L, 0.015 pm? s~ +
0.00165; Figure 2B and Table 1). In these experiments, the expres-
sion of a wild-type copy of CDC42 expressed from the GALT pro-
moter was repressed by adding dextrose to cells, enabling subse-
quent imaging of mMEOS-cdc42-Q61L expressed from the CDC42

D coefficient (pm? s71)

Pole Nonpole SE values No. of trajectories
(median) (median) Pole Nonpole Pole Nonpole
BEM1 (WT) mEOS-CDC42 (11 cells) 0.016 0.027 0.000988 0.000958 618 2607
bem1A mEOS-CDC42 (11 cells) 0.019 0.019 0.000891 0.001119 1416 2198
W303 (WT) mEOS-CDC42 (10 cells) 0.015 0.023 0.0013 0.0010 478 2671
W303 mEOS-cdc42(Qé1L) (10 cells) 0.011 0.015 0.00125 0.00165 2015 750
PILT-mEOS (10 cells) 0.0061 0.00068 5514

TABLE 1: D coefficient values extracted from sptPALM data.
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Cdc42 mobility is reduced at the cell pole where it is organized in large, scaffold-dependent nanoclusters.
(A) High-density mEOS-Cdc42 trajectories in live WT and bem1A cells computed by sptPALM. Scale bar: 2 ym. Different
colored trajectories show individual mEOS-Cdc42 proteins that were reconstructed from 20,000 images. Trajectories
longer than 10 frames are shown. Insets show a zoom of the cell pole. Insets show mEOS-Cdc42 after 491-nm laser
excitation to identify global protein organization. (B) D coefficients of different strains and different regions (in box plots
displaying the median as a line, the 25th-75th percentiles, and the mean £SEM) were compared using a nonparametric,
two-tailed Mann-Whitney rank sum test. The resulting P values are indicated as follows: ns, P> 0.05; *, P < 0.05;
** P<0.01; *** P<0.001; **** P<0.0001. WT BEMT1 cells (N = 11 cells; nonpole: n = 2608 trajectories;
pole: n= 1021 trajectories); bem1A cells (N = 11 cells; nonpole: n = 2200 trajectories; pole: n = 1418 trajectories), and
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promoter. These results indicate that the scaffold Bem1 is required
for the dynamic range of diffusion displayed by Cdc42 in living cells,
and that the slower diffusing cohort within this range reflects Cdc42-
GTP, the active form of the GTPase.

We next examined whether the reduced mobility of mEOS-
Cdc42 at the pole may reflect its organization in nanoclusters, be-
cause Ras and Racl nanoclustering is linked to GTPase activity,
whereas the nanoscale organization of Cdc42 has not previously
been reported (Murakoshi et al., 2004; Plowman et al., 2005; Das
etal., 2015; Remorino et al., 2017). mEOS-Cdc42 clustering was in-
vestigated by PALM and SR-Tesseler analysis in fixed wild-type cells.
We observed that mEOS-Cdc42 nanoclusters were larger at the
pole than elsewhere in the cell (median diameter 73 nm £ 2.9 nm
[SEM] at the pole vs. 63 nm £ 1.2 nm [SEM] at the nonpole). This
larger pool of nanoclusters at the pole was also dependent upon
BEM1 (in bem1A cells, median diameter 50 nm £ 3 nm [SEM] at the
pole vs. 52 nm £ 1.4 nm [SEM] at the nonpole; Figure 2, C and D
[chart] and Table 2), consistent with previous work demonstrating
that Bem1 contributes directly to Cdc42 activation (Smith et al.,
2013; Rapali et al., 2017). Moreover, Cdc42-GTP produced by the
cdc42-Q61L mutant was organized in nanoclusters at the pole that
were larger than those in wild-type cells (median diameter 81 nm +
2.4 nm [SEM] at the pole for Cdc42-GTP vs. 74 nm + 2.9 nm [SEM]
for wild-type cells; Figure 2, E and F and Table 2). We also observed
larger nanoclusters of Cdc42 at the pole when tagged with
mEQOS3.2, a fluorophore that was engineered to obviate dimeriza-
tion, thus serving as a control that Cdc42 nanoclustering was not
induced by the mEOS tag (median diameter mEOS3.2-Cdc42 73
nm % 3.6 nm [SEM] at the pole vs. 56 nm + 1.7 nm [SEM] at the non-
pole; Table 2; Zhang et al., 2012). Collectively, these results provide
direct evidence that Cdc42 exhibits heterogeneous diffusion, dis-
playing reduced mobility at the cell pole. The reduction in mobility
of Cdc42 at the pole reflects its organization in nanoclusters whose
size correlates with active GTPase.

The organization of active K-Ras and H-Ras in nanoclusters has
also previously been reported, which, together with our results, sug-
gest that activity-dependent nanoclustering may be a general fea-
ture of Ras-related GTPases (Murakoshi et al., 2004; Plowman et al.,
2005; Remorino et al., 2017). Previous work also indicated a role for
phosphatidylserine (PS) in the regulation of K-Ras GTPase signaling
via nanoclustering (Zhou et al., 2014, 2015; Cho et al., 2016). PS also
plays an important, yet incompletely understood role in the recruit-
ment of Cdc42 to the cell pole in budding and fission yeast (Fairn
et al., 2011; Haupt and Minc, 2017). Consistently, PS is enriched in
regions of the plasma membrane where Cdc42 also localizes (Faim
et al., 2011; Slaughter et al., 2013). Reasoning that PS is therefore

likely to contribute to Cdc42 signaling and nanoclustering, we mod-
ulated the levels of this phospholipid in the plasma membrane and
examined its effect on mMEOS-Cdc42 organization. Plasma mem-
brane PS levels at the cell pole were increased by deleting the two
PS decarboxylases PSDT and PSD2 that convert PS to phosphatidyl-
ethanolamine (PE) (Horvath et al., 2011), resulting in increased re-
cruitment of a PS probe to the plasma membrane (Supplemental
Figure S2A, Fairn et al., 2011). Having verified that levels of active
Cdc42 and Bem1 were increased in the psd1A psd2A (Supplemen-
tal Figure S2B), we quantified mEOS-Cdc42 clustering by PALM and
SR-Tesseler (Figure 3A). In this double mutant, which also contained
untagged Cdc42, we observed that mEOS-Cdc42 was organized in
nanoclusters that were larger in diameter at the pole compared with
wild-type cells (median 84 nm £ 4.3 nm [SEM] in psd1A psd2A cells
vs. 74 nm % 2.9 nm [SEM] in wild-type cells; Figure 3B). However, the
sizes of mEOS-Cdc42 nanoclusters were not significantly larger in
the nonpole regions of the cell (median 60 nm + 1.5 nm [SEM] in
psd1A psd2A and 56 nm £ 1.7 nm [SEM] in wild-type cells; Table 2).

Conversely, to observe Cdc42 organization in cells depleted of
PS, we used the cho 1A mutant in which the sole PS synthase in bud-
ding yeast is deleted. In this mutant, in which an untagged copy of
Cdc42 is also present, only 25% of cells display polarized mEOS-
Cdc42 (Figure 3C). The addition of exogenous Lyso-PS increased
the fraction of cholA cells displaying polarized mEOS-Cdc42 to
57% and increased the levels of active Cdc42 at the cell pole (Figure
3D). Additionally, Lyso-PS resulted in an increase in the median di-
ameter of mEOS-Cdc42 nanoclusters from 52 nm in nonpolarized
cholA cells to 70 nm + 4.5 nm (SEM) at the pole of polarizing cells
(Figure 3E and Table 2). Although the addition of lyso-phosphatidyl-
choline (Lyso-PC) to wild-type cells had no effect on the size of
mEOS-Cdc42 nanoclusters at the cell pole (median diameter 74 nm
+ 2.9 nm [SEM] without Lyso-PC and 71 nm + 3.9 nm [SEM] with
Lyso-PC), the addition of Lyso-PS resulted in the organization of
mEQOS-Cdc42 into larger nanoclusters (median diameter at the pole
89 nm = 5 nm [SEM] with Lyso-PS vs. 71 nm * 3.9 nm [SEM] with
Lyso-PC; Figure 3E, Supplemental Figure S2C, and Table 2). These
results motivated us to address whether the organization of mEOS-
Cdc42 into larger nanoclusters at the pole after the addition of Lyso-
PS might be dependent upon Bem1. Strikingly, we observed that
the addition of Lyso-PS to bem 1A cells did not result in the organiza-
tion of mEOS-Cdc42 into larger nanoclusters at the cell pole (me-
dian diameter 62 nm £ 1.4 nm [SEM] after Lyso-PS addition at the
pole and nonpole in bem1A cells; Figure 3E and Table 2). These
results indicate that Bem1 is required for the organization of mEOS-
Cdc42 into the larger nanoclusters observed at the pole upon Lyso-
PS addition.

mMEOS-cdc42-Q61L cells (N =10 cells; nonpole: n = 1502 trajectories; pole: n = 2001 trajectories). (C) SR-Tesseler images
of mEOS-Cdc42 nanocluster organization in fixed WT BEM1 and bem1A cells. Images display 5800 and 5609
localizations for BEM1 and bem1A, respectively. A zoom of the pole region outlined by a blue box shows the
organization of the detected nanoclusters, colored blue, in the strains indicated. Scale bar in the zoom: 25 nm. Insets
show mEOS-Cdc42 after 491 nm widefield laser excitation to identify the cell pole. Scale bar: 2 pm. (D) Distribution of
nanocluster area at the pole and nonpole (NP) regions of fixed WT BEM1 (N = 10 cells; nonpole: n = 625 clusters; pole:
n = 268 clusters) and bem1A cells (N = 10 cells; nonpole: n =581 clusters; pole: n = 130 clusters). Data are presented as
scatter dot plots displaying the median as a line and the 25th-75th percentiles. Data were compared using a
nonparametric, two-tailed Mann-Whitney rank sum test. (E) SR-Tesseler images of mEOS-Cdc42 in fixed WT

(N =10 cells; nonpole: n= 268 clusters; pole: n= 133 clusters) and mEOS-cdc42-Q61L (N = 10 cells; nonpole: n= 232
clusters; pole: n = 303 clusters) cells. Images display 2799 and 6152 localizations for mEOS-Cdc42 and mEOS-cdc42-
Q61L, respectively. Insets (top left) display mEOS-Cdc42 after 491-nm laser excitation to identify the cell pole. Note
that these experiments were carried out after repression of endogenous CDC42 expressed from the GAL1 promoter.
Insets and nanocluster detections are the same as in C. Scale bar: 2 pm and 25 nm in the zoom. (F) Distribution of

nanocluster areas, which were analyzed and represented as in D.
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mEOS3.2-Cdc42 WT BEM1 bem1A
Pole (P)  Nonpole (NP) P NP P NP P NP
Number of clusters 113 171 239 654 137 324 132 583
Median (nm; IQR) 73 56 74 62 73 63 50 52
(51-95) (41-73) (48-103) (46-83) (48-101) (46-94) (37-72) (38-76)
Mean (nm; SEM) 77 58 82 68 80 74 61 61
@3.6) *1.7) +2.9) *1.2) +3.7) *2.2) @3) @1.4)
bem1A + Lyso-PS W303 cdc42 Q61L psd1Apsd2A
P NP P NP P NP P NP
Number of clusters 126 696 137 272 306 130 174 227
Median (nm; IQR) 61 62 68 50 81 70 84 60
(44-97) (46-87) (48-97) (36-76) (62-115) (50-103) (56-124) (48-78)
Mean (nm; SEM) 74 72 75 60 92 82 98 64
(£4) (£1.4) (£3.1) (£2) (£2.4) (+4.2) (+4.3) (£1.5)
WT + Lyso-PS WT + Lyso-PC cholA cho1A + Lyso-PS
P NP P NP All cell P NP P NP
Number of clusters 99 252 205 353 324 153 355 93 375
Median (nm; IQR) 89 63 71 59 52 65 60 70 61
(59-117) (48-81) (47-113) (46-75) (39-67) (43-94) (45-82) (42-99) (43-83)
Mean (nm; SEM) 94 67 85 62 53 73 66 76 65
(£5) (£1.7) (£3.9) *1.3) (£1.1) (£3.3) (£1.5) (+4.5) (£1.5)
cho1A+ Lyso-PC PIL1-mEOS
P NP All cell
Number of clusters 135 462 586
Median (nm; IQR) 64 64 105
(48-85) (44-85) (79-141)
Mean (nm; SEM) 68 68 115
(£2.4) (£1.4) (£2)

The values displayed are for mEOS-Cdc42 clusters, with the exception of the first data set, which displays mEOS3.2-Cdc42 clusters, and the last data set, which

displays Pil1-mEOS clusters.

TABLE 2: Cluster diameter.

The distribution of mMEOS-Cdc42 nanocluster sizes was multi-
modal, displaying subpopulations of three dominant sizes at the
pole of wild-type cells (Figure 4A, red line). The smallest and least
abundant population was not analyzed further, because it corre-
sponded to the resolution of our imaging system. However, the
middle population of nanoclusters had an average diameter of
56 nm % 5.7 nm (SD) and an area of 2818 nm? + 189 nm? (SD). The
largest pool of nanoclusters was strongly enriched at the pole, while
being virtually absent at the nonpole. In this largest pool, we mea-
sured an average diameter of 103 nm £ 11.5 nm (SD) and an area of
11,092 nm?2 + 189 nm? (SD). This pool of largest nanoclusters was
increased in cells expressing Cdc42-GTP and in psd1A psd2A mu-
tants, in which PS and active Cdc42 were enriched at the pole
(Figure 4, B and C). Moreover, the largest pool of mEOS-Cdc42
nanoclusters was markedly reduced in bem7A cells (Figure 4D).
Cdc42 therefore appears to be organized in nanoclusters of distinct
sizes, reflecting the activation of the GTPase, whose proportion var-
ies in different mutants. Given that the area of Cdc42 nanoclusters
was observed to increase by a factor of 4 in wild-type cells, and
consequently the nanocluster diameter by a factor of 2, we propose
that nanoclusters may concatemerize via a mechanism linked to
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GTPase activation and PS levels. Importantly, we observed little ten-
dency for eisosomes containing Pil1-mEOS to display concatemer-
ization (Supplemental Figure S3), indicating that concatemerization
may be specific to Cdc42.

Our sptPALM measurements indicate a less pronounced differ-
ence in mobility, D, between Cdc42 at the pole and nonpole than
that previously reported by iFRAP (we find D pole 0.016 pm? s~
and D nonpole 0.027 pm? s7!, compared with that reported by
iFRAP of D pole 0.0061 pm? s™' and D nonpole 0.053 ym? s~
[Slaughter et al., 2013]). We also report an overall reduced mobil-
ity of Cdc42 compared with previous FRAP measurements
(0.036 um? s [Marco et al., 2007]). Thus, the tendency of Cdc42
to display reduced diffusion at the pole is borne out by both spt-
PALM and iFRAP, but the absolute values are different. The en-
semble nature of the measurements in iFRAP and FRAP, combined
with their dependency on modeling and fitting, may contribute to
the differences in the values obtained using these methods com-
pared with the sptPALM measurements presented in the present
study. The sptPALM approach presented here was also sufficiently
sensitive to indicate a role for Bem1 in the reduced mobility of
Cdc42 at the pole. Previous ensemble measurements did not
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identify this effect (Wedlich-Soldner et al., 2004), which may re-
flect the sensitivity of spt versus ensemble measurements. The
inclusion of these and the additional quantitative measurements
that we report in this study, will provide experimentally derived
parameters for future modeling studies of cellular polarity.

Although Cdc42 has previously been observed in clusters (Ziman
et al., 1993; Slaughter et al., 2013), its organization and regulation
within subdiffraction-limited domains, or nanoclusters, has not pre-
viously been reported. However, other Ras family GTPases including
Rac1, H-Ras, and K-Ras have been observed in nanoclusters, whose
size is also related to GTPase activation (Murakoshi et al., 2004; Tian
et al., 2007; Das et al., 2015; Nan et al., 2015; Remorino et al.,
2017). The nanoclustering of proteins at the plasma membrane
appears to be an inherent property of many signaling pathways, al-
though fundamental questions regarding the control of nanocluster-
ing remain unexplored (Garcia-Parajo et al., 2014). The observation
that signaling proteins such as Cdc42 are organized in nanoclusters
raises questions regarding the factors controlling Cdc42 residency
times in the nanoclusters, the mobility of the nanoclusters, and their
propensity to concatenate, as has been reported for other signaling
systems (Lillemeier et al., 2010). Addressing these questions would
be facilitated by long-term single-molecule imaging. Regulatory
factors such as Bem1 and anionic lipids have the potential to con-
tribute to these dynamic features of signaling via the control of
GTPase pathway activity.

MATERIALS AND METHODS

Growth conditions

The yeast strains and plasmids used in this study are listed in Sup-
plemental Table 1, A and B. Yeast were cultivated in defined minimal
medium (SC) at 30°C containing 2% dextrose, supplemented with
appropriate nutrients to maintain plasmid selection. Cells were di-
luted to ODggo= 0.2and grown until midlog phase and then directly
imaged or fixed. Media (liquid and solid) were supplemented with
0.5 mM choline (Sigma-Aldrich) or 5 mM ethanolamine (Sigma-Al-
drich) to allow the growth of cholA cells and psd1Apsd2A cells,
respectively.

Addition of Lyso-PS and Lyso-PC

Lyso-PS and Lyso-PC (Avanti Polar Lipids), dissolved in chloroform,
were dried in a centrifugal evaporator, washed with water, and then
dried and resuspended in SC media to obtain a final lipid concentra-
tion of 55 pM (Maeda et al., 2013). Lipids (1 ml) were incubated with
1 ml of cells for 15-30 min. Cells were then fixed, washed with phos-
phate-buffered saline (PBS) twice, and imaged.

Yeast strains and plasmid construction

Cdc42 dynamics were analyzed using a strain in which endoge-
nous CDC42 was deleted (cdc42::CaURA3) and CDC42 function
was provided by expression of mEOS-CDC42 from the CDC42
promoter on a CEN plasmid (pDM303 in DMY2000 and DMY2023;
Rapali et al., 2017). The mEOS-Cdc42 fusion construct contained a
short, flexible GAGAGA linker between the fluorophore and
Cdc42, which we have found to be important for optimal Cdc42
function. This plasmid was used as a template to generate cdc42-
Qé61L (pDM575) by QuickChange site-directed mutagenesis. For
comparison of mEOS-Cdc42 and mEOS-cdc42-Q61L dynamics, a
yeast strain in which the endogenous copy of CDC42 was ex-
pressed from the GALT promoter (DMY 2114), was transformed
with mEOS-CDC42 (pDM 303) and mEOS-cdc42-Q61L (pDM 575).
Transformants that had been grown in 2% galactose were switched
to 2% dextrose 4 h before imaging to repress expression of the
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endogenous CDC42 gene and enable visualization of mEOS-
tagged Cdc42 WT or Q61L.

PIL1-mEQOS dynamics were studied by generating a PilT-mEQOS
strain tagged at the genomic locus (DMY 2290). An mEOS-HIS3MX6
cassette was generated by PCR amplification of a GAGAGA-mEOS
sequence and ligation into Pacl-Ascl-digested pFA6a-GFP(S65T)-
HIS3MX6 plasmid (Longtine et al., 1998). The resulting plasmid
(pPDM574) was used to tag the endogenous copy of PILT with
mEOS.

BEM1-yEGFP::CaURA3 was generated by replacing the G418-
selectable marker in pFA6a-GFP(S65T)-kanMX6 with CaURA3 to
generate pFA6a-yEGFP-CaURA3 (pDM874; Longtine et al., 1998).
To monitor the in vivo levels of Cdc42-GTP, we generated a
gic2(1-208-YEGFP fusion (Cyc1p-gic21.208-yEGFP [pDM885]), con-
taining the CRIB motif of Gic2 that was cloned into a modified
pRS315 plasmid and expressed from the CYC1 promoter (pDM850;
Curran et al., 2014). Plasmid mCherry-gic2(1.208) (pDM789) was con-
structed by inserting the TPIT promoter into a PRS416 plasmid
(Xhol-Hindlll) followed by an mCherry sequence (Hindlll-EcoRl),
gic21-208) (EcoRI-BamHlI), and the ADH1 terminator (Notl).

Calcofluor staining

Live cells in midlog phase were stained for 5 min with 2 pg ml-!
calcofluor white and then washed with PBS. Cells were directly im-
aged under 405-nm laser excitation. Images in Supplemental Figure
S1C display maximum projections of 16 z-sections that were decon-
volved using a custom-written plug-in running within MetaMorph
(Jose et al., 2015).

Pheromone treatment

Shmoo morphology was imaged 90 min after the addition of syn-
thetic o-factor to a liquid culture of midexponential phase cells
grown at 30°C. a-Factor was added to 10 uM for BART strains and
1 uM for bar1A strains.

The cellular response to o-factor was measured using a growth
inhibition, or halo assay, in which cells from an overnight culture
were diluted to a final ODgpp nm = 1 in appropriate selective me-
dium. Cells (10 pl) were mixed with 3 ml of 0.75% (wt/vol) cooled
molten agar and immediately poured onto a Petri dish containing
the same selective medium. Sterile filter disks (6 mm diameter) were
spotted with 0.2 pg o-factor and placed on the plates, which were
incubated for 3 d at 30°C.

GFP-LactC2 fluorescence measurement

The average fluorescence intensity of image stacks containing 11
Z-planes was projected and the background signal was subtracted.
A region of interest was drawn around the plasma membrane of the
pole (which was defined manually) to obtain the mean gray value for
each cell. Fluorescence intensity values were then normalized as fol-
lows: average mean gray value of psd1Apsd2A pole/average mean
gray value of wild-type pole. The average fluorescence intensity of
three independent experiments was plotted using Prism software.

Imaging active Cdc42 using a gic24.50g fluorescent reporter

Fluorescently tagged gic21 08 contains a CRIB domain that has
been used as a reporter for active Cdc42. The average fluorescence
intensity of image stacks containing six Z-planes was projected and
the background signal was subtracted. Next, at the pole of the cell,
the average fluorescence intensity of the pole (AFIP) and the cytosol
(AFIC) were determined by manual segmentation of each cell using
ImageJ software. The AFIP was normalized as follows: normalized
fluorescence intensity of the pole = (AFIP-AFIC)/AFIC). The values
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Cdc42 nanocluster size is positively regulated by PS in a scaffold-dependent manner. (A) SR-Tesseler image
displaying mEOS-Cdc42 nanocluster organization in fixed WT and psd1Apsd2A cells. Images display 2544 and 4674
detections for WT and psd1Apsd2A, respectively. Insets (top right) show mEOS-Cdc42 after 491-nm laser excitation to
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nonparametric, two-tailed Mann-Whitney rank sum test. The graph shows the cluster area of mMEOS-Cdc42 in WT and
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FIGURE 4: PS and Bem1 may influence Cdc42 nanocluster size via nanocluster concatenation. (A) Area distribution of
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distribution of detected nanoclusters at the pole and the blue line shows the nonpole. Nanocluster area and diameter
were extracted as an average of the values around the mode where the bin width is 0.25. (B) Area distribution of
Cdc42-GTP (MEOS-cdc42-Q61L) nanoclusters at the pole in blue vs. wild-type mEOS-CDC42 in red from fixed cells.

(C) Area distribution of mMEOS-Cdc42 nanoclusters at the pole of fixed psd1Apsd2A cells in green vs. mEOS-CDC42
nanoclusters at the pole of wild-type cells in red. (D) Area distribution of mMEOS-Cdc42 nanoclusters at the pole of fixed
bem1A cells in blue vs. mEOS-CDC42 nanoclusters at the pole of wild-type cells in red.

SR-Tesseler (bottom panel) images of mEOS-Cdc42 in cho1A cells and cho1A cells incubated for 30 min with Lyso-PS,
before being fixed. Insets (top right in PALM image) show mEOS-Cdc42 after 491-nm laser excitation to identify the cell
pole. The cho1A cells were mostly unbudded (75%). Only 25% of these unbudded cells display polarized mEOS-Cdc42.
Addition of Lyso-PS increased the number of unbudded cells with polarized mEOS-Cdc42 to 57%. A dotted blue line
indicates the cell contour. Images display 2869, 2731, and 3503 localizations for cho1A, polarized cho1A, and cho1A+
Lyso-PS, respectively. (D) Active Cdc42 was detected using a gic24_203-CRIB-YeGFP probe (pDM885) after Lyso-PS
treatment of cho1A cells (cho1A: N =161 cells; cho1A+ Lyso-PS: N = 94). Lines display mean + SEM. (E) Distribution of
nanocluster area of the pole and nonpole (NP) regions of WT (N = 10 cells; nonpole: n = 325 clusters; pole n=96
clusters), WT + Lyso-PS (N = 8 cells; nonpole: n = 247 clusters; pole n = 97 clusters), bem1A cells (N = 10 cells; nonpole:
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clusters). Nanocluster area is presented as scatter dot plots displaying the median as a line and the 25th-75th
percentiles. Values were compared using a nonparametric, two-tailed Mann-Whitney rank sum test. The resulting P
values are indicated as follows: not significant (ns), P> 0.05; *, P < 0.05; **, P< 0.01; ***, P<0.001; ****, P < 0.0001.
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were plotted using Prism software. The same procedure was fol-
lowed to quantify Bem1 at the pole.

sptPALM

Live cells were imaged using a widefield, inverted microscope
(Axiovert 200M; Carl Zeiss, Marly le Roi, France) equipped with a
100x TIRFM objective (oil, NA 1.46; Plan Apo), iLas? TIRF system
(Roper Scientific), and an EMCCD camera (Evolve; Photometrics,
Tuscon, Arizona). The imaging system was maintained at a constant
temperature of 25°C using a custom-designed incubator (Box and
Cube; Life Imaging Services, Basel, Switzerland). MetaMorph 7.7
software (Molecular Devices, Sunnyvale, CA) was used for image
acquisition and analysis.

For in vivo imaging, cells expressing mEOS-Cdc42 were grown
to midlog phase and imaged at 25°C. Coverslips (high-precision
18 x 18 mm, 1.5 H; Marienfeld, Lauda-K&nigshofen, Germany) were
washed overnight in a solution of 1 M HCl and 1 M HNO3 and then
rinsed three times the next day in ultrapure water. After a 30-min
incubation in water and then 30 min in ethanol, the coverslips were
dried and used for imaging. Imaging was performed in a highly
oblique illumination (HiLo) mode. mEOS-Cdc42 cells were imaged
using a 561-nm laser with additional continuous photoconversion
using a 405-nm laser. The 405-nm laser was maintained at low power
(0.3-1 pW) for adequate separation of stochastically converted mol-
ecules. The iLas? system was used in arc mode for live imaging and
ellipse mode for fixed samples. These settings set the pattern of
rotation of the lasers on the back focal plane of the TIRF objective.
The fluorescence was collected on the EMCCD camera after passing
through a combination of dichroic and emission filters (D101-R561
and F39-617, respectively; Chroma, Bellows Falls, VT). Images were
acquired in streaming mode at 50 Hz (20-ms exposure time). During
in vivo imaging, 16,000-20,000 images were collected for each cell.
Multicolor fluorescent 100-nm beads (Tetraspeck; Invitrogen) were
used as fiduciary markers in all superresolution imaging experiments
to register long-term acquisitions for lateral drift correction.

For fixed-cell imaging, cells were grown to log phase (ODggg nm
of <0.8) and fixed with 3.7% formaldehyde and 0.2% glutaraldehyde
for 10 min. After being washed in PBS three times, cells were resus-
pended in PBS and directly used for imaging. Image acquisition of
fixed cells was performed using the same protocol as for living cells,
as described above. Images (32,000-40,000) were acquired per cell,
at which point the pool of photoconvertible single molecules was
completely depleted.

Single-particle localization, tracking, and nanocluster
detection by Voronoi tessellation

Image stacks collected for each sptPALM experiment were analyzed
using custom-written software operating as a plug-in within Meta-
Morph software, PalmTracer, to compute single-molecule localiza-
tions and dynamics. Diffusion coefficients obtained for each strain
are listed in Table 1. Single molecules were localized in each image
frame and tracked over time using wavelet segmentation and simu-
lated annealing algorithms (Racine et al., 2007; Izeddin et al., 2012).
The sptPALM image resolution, defined as FWHM = 2.3x the point-
ing accuracy, was estimated to 48 nm. The pointing accuracy, mea-
sured to be 20.86 nm, was computed from the acquisition of mMEOS-
Cdc42 in fixed cells by bidimensional Gaussian fitting of the spatial
distribution of 80 single molecules localized for more than 20 con-
secutive time points. Tracking data and subsequent MSDs were
generated from the membrane-bound population of mEOS-Cdc42.
Proteins in the freely diffusing cytosolic pool of MEOS-Cdc42 were
not tracked in these experiments because cytosolic diffusion is
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much higher than diffusion in a membrane environment and would
not be localized and tracked with 20 ms exposure time.

In our observations, all MSDs have a quasilinear dependence at
short times, enabling computation of the instantaneous diffusion
coefficient (D) per molecule by linear regression on the first four
points of the MSD of all trajectories that are longer than six consecu-
tive frames.

Cdc42 nanoclusters were quantified from the reconstructed su-
perresolution images of fixed cells using SR-Tesseler analysis (Levet
et al., 2015). This software is based on Voronoi tessellation, wherein
single-molecule localizations are treated as seeds around which
polygons are assembled. In our analysis, we defined regions of in-
terest (ROI) as the pole or nonpole of the cell after visual inspection
of the widefield 491-nm image acquired at the outset of the experi-
ment. The surface area of the polygon drawn around the detected
single molecule is proportional to the local molecular density, such
that the area of the polygon decreases as the local density of single-
molecule localizations increases. PALM images were corrected for
single-molecule blinking within the SR-Tesseler software (Levet
et al, 2015). This takes into account mEOS photophysics and a
pointing accuracy of 20 nm as a radius of search, which would oth-
erwise overestimate the number of single-molecule detections. Af-
ter blinking correction, nanoclusters were defined as those areas
containing a minimum of five localizations at a local density that was
at least twofold higher than the average density within the selected
ROI. Nanocluster characteristics including diameter, area, and the
number of localizations were exported from SR-Tesseler into Excel
(Microsoft) for further statistical analysis.

Statistical analysis

The diffusion coefficients were represented as box plots displaying
the median as a line and the percentiles (25-75%). Statistical com-
parisons were made using a nonparametric, two-tailed Mann-Whit-
ney rank sum test. Non-Gaussian distributions of nanocluster sizes
were represented by data points displaying median as a line and the
percentiles (25-75%) and also compared using a nonparametric,
two-tailed Mann-Whitney rank sum test. Statistical analyses were
based on cluster area values calculated by SR-Tesseler. Only areas
greater than 2000 nm? were used, corresponding to a diameter of
48 nm, the resolution of our imaging system.
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