Molecular Biology of the Cell
Vol. 16, 1296-1304, March 2005

Opposing Roles for Actin in Cdc42p Polarization™
Javier E. Irazoqui,** Audrey S. Howell,* Chandra L. Theesfeld, and Daniel J. Lew

Department of Pharmacology and Cancer Biology, Duke University Medical Center, Durham, NC 27710

Submitted May 24, 2004; Accepted December 15, 2004
Monitoring Editor: Anthony Bretscher

In animal and fungal cells, the monomeric GTPase Cdc42p is a key regulator of cell polarity that itself exhibits a polarized
distribution in asymmetric cells. Previous work showed that in budding yeast, Cdc42p polarization is unaffected by
depolymerization of the actin cytoskeleton (Ayscough et al., J. Cell Biol. 137, 399-416, 1997). Surprisingly, we now report
that unlike complete actin depolymerization, partial actin depolymerization leads to the dispersal of Cdc42p from the
polarization site in unbudded cells. We provide evidence that dispersal is due to endocytosis associated with cortical actin
patches and that actin cables are required to counteract the dispersal and maintain Cdc42p polarity. Thus, although
Cdc42p is initially polarized in an actin-independent manner, maintaining that polarity may involve a reinforcing
feedback between Cdc42p and polarized actin cables to counteract the dispersing effects of actin-dependent endocytosis.
In addition, we report that once a bud has formed, polarized Cdc42p becomes more resistant to dispersal, revealing an

unexpected difference between unbudded and budded cells in the organization of the polarization site.

INTRODUCTION

The Rho-family GTPase Cdc42p is critical for cell polarity in
both yeast and mammalian cells (Pringle et al., 1995; Etienne-
Manneville, 2004). In Saccharomyces cerevisiae, cell cycle com-
mitment in late G1 triggers cell polarization in preparation
for bud formation (Lew and Reed, 1993). This process in-
volves the concentration of Cdc42p together with many
other proteins in a “cap” at the presumptive bud site, the
polarization of actin cables toward that site, the clustering of
cortical actin patches (thought to be sites of endocytosis;
Kaksonen et al., 2003) at that site, and the assembly of a ring
of septin filaments surrounding the Cdc42p cap (Pruyne and
Bretscher, 2000). Cdc42p is essential for polarization of cy-
toskeletal filaments (Adams et al., 1990), and it is believed
that the concentration of Cdc42p at the presumptive bud site
is critical for effective cell polarization. Consistent with this
view, experiments in mammalian cells demonstrated that
whereas activated, membrane-targeted Cdc42p distributed
throughout the cell cortex did not induce cytoskeletal
changes, spatial clustering of that Cdc42p sufficed to induce
dramatic actin polarization (Castellano et al., 1999). Thus, the
molecular basis for Cdc42p polarization is of fundamental
importance to polarity establishment.

Once a cell is polarized, many cortical proteins are asym-
metrically distributed. Three general classes of models have
been invoked to explain such polarization (Figure 1). In the
first model (Figure 1A), a preexisting stably polarized “an-
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chor” interacts (directly or indirectly) with the protein of
interest, thereby increasing its local concentration. In yeast, a
subset of “bud site selection” proteins are integral mem-
brane proteins with large extracellular domains that are
thought to interact with the rigid cell wall in a manner that
renders them immobile in the plane of the membrane (Har-
kins et al., 2001). These proteins are deposited at the poles of
the cell during bud formation, allowing them to serve as
“landmarks” that can anchor proteins to those sites in the
following cell cycle (Schenkman et al., 2002).

In the second model (Figure 1B), a “fence” of membrane-
associated filaments forms a diffusion barrier such that pro-
teins delivered to one compartment cannot cross the fence to
another compartment. In yeast, the septin filament system is
thought to act as a fence between the cortex of the bud and
that of the mother, maintaining the asymmetric distributions
of cortical proteins delivered to only one side (Barral et al.,
2000; Takizawa et al., 2000). In the third model (Figure 1C),
asymmetric distribution arises through a dynamic process in
which the polarized cytoskeleton delivers cortical proteins
to the “front” of the cell, and endocytic retrieval of the
proteins occurs before they can diffuse too far from that site.
Recycling of the endocytosed proteins to the front of the cell
maintains the polarized distribution. In yeast, endocytosis of
integral membrane SNARE proteins was required for their
asymmetric distribution, indicating that they are polarized
by this mechanism (Valdez-Taubas and Pelham, 2003). In all
cases, a polarized cytoskeleton is needed to set up the asym-
metry: the anchors and fences must be deposited or assem-
bled at the right location, and polarized delivery to right side
of the fence or the front of the cell is key for the latter two
models.

Which of these models accounts for Cdc42p polarization
to the presumptive bud site? In a classic study, Ayscough et
al. (1997) demonstrated that although F-actin was required
for polarization of many proteins, depolymerization of all
F-actin did not prevent Cdc42p polarization, suggesting that
polarized delivery of Cdc42p or of other factors is not re-
quired for polarization of Cdc42p. The simplest explanation
for that result is that Cdc42p is polarized via interactions
with previously deposited anchors, and indeed the bud site
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Figure 1. Mechanisms underlying polarized
protein distribution. A protein of interest
(squares) displaying an asymmetric distribu-
tion at the cell cortex can attain that polariza-
tion via one or more of the indicated mecha-
nisms. (A) A preexisting asymmetric
distribution of an anchored interacting factor O
can concentrate the protein of interest. Here, A

the interacting factor is shown connected to

an extracellular anchor that might be a site of . ( )

x>

cell-cell contact, or an immobilizing extracel-
lular matrix, or the yeast cell wall. A variant
of the anchor model (A’) is that a dynamic O
patch of interacting proteins is assembled by a

Actin Role in Cdc42p Polarization

symmetry-breaking process and serves to localize the protein of interest. Like the anchor model, this does not require input from the
cytoskeleton. However, the anchor-like patch is not fixed but dynamic, and can assemble de novo at random locations. (B) A diffusion barrier
(stop signs indicate blocked movement of the squares), such as the claudin-dependent tight junction, or the yeast septin-dependent neck
cortex, can keep a cortical protein from crossing the fence (thick double black line). For this to produce a polarized distribution, the protein
must be delivered to only one side of the fence (indicated by the blue arrow), along polarized cytoskeletal elements (red lines). (C) Polarized
delivery (blue arrow and red lines as in B) can yield a polarized distribution in the absence of a diffusion barrier if active recycling of the
protein (here indicated by endocytic internalization, passage through a recycling endosome, and reexport along the polarized cytoskeleton)

is fast enough to counter diffusion.

selection landmarks are known to influence the location to
which Cdc42p becomes polarized (Pringle et al., 1995). How-
ever, mutations that eliminate the landmarks themselves or
other factors required for recognition of the landmarks do
not prevent polarization, but only randomize the site at
which polarization takes place (Chant, 1999). We recently
showed that even in cells lacking effective landmarks to
serve as anchors, Cdc42p could become polarized in the
complete absence of F-actin or microtubules (Irazoqui et al.,
2003). This result indicated that Cdc42p polarization could
occur without preexisting anchors and without the (actin-
mediated) polarized delivery required by the fence and re-
cycling models, indicating that this key regulator of polarity
was itself polarized by a novel mechanism. Other data sug-
gested that, together with interacting scaffolds and effectors
including Bem1p, Cdc42p triggered the cooperative assem-
bly of an anchor-like patch de novo (Irazoqui ef al., 2003;
Figure 1A").

A central finding supporting anchor models (Figure 1, A
and A’) for Cdc42p polarization was the ability of Cdc42p to
polarize in the complete absence of F-actin. However, we

now report that unlike loss of all F-actin, selective loss of
actin cables causes the dispersal of Cdc42p from the prebud
site in unbudded cells. Such dispersal is reduced in an
endocytosis mutant, suggesting that endocytic internaliza-
tion of polarity factors by actin patches must be counter-
acted by polarized delivery along actin cables to maintain
polarization of Cdc42p. Intriguingly, the polarized cap of
Cdc42p in cells that have already formed a bud is much less
sensitive to actin cable perturbation, suggesting that there
are significant and previously unsuspected differences in the
organization of the Cdc42p cap in budded and unbudded
cells.

MATERIALS AND METHODS

Yeast Strains, Elutriation, and Lat Treatment

Standard media were used for yeast growth (Guthrie and Fink, 1991). The
yeast strains used are listed in Table 1. Lat A and Lat B were purchased from
Molecular Probes (Eugene, OR) and kept as 200X (Latrunculin A [Lat A]) and
100X (Lat B) stocks in dimethyl sulfoxide (DMSO) at —20°C. Centrifugal
elutriation to isolate early G1 cells was performed as described previously
(Lew and Reed, 1993).

Table 1. Yeast strains used in this study

Strain Relevant genotype Reference/Source
ABY551 ala MYO2::HIS3/MYO2::HIS3 Schott et al. (1999)
ABY553 ala myo2-16::HIS3/myo02-16::HIS3 Schott et al. (1999)
ABY971 ala tpm1-2::LEU2/tpm1-2::LEU2 tpm2A::HIS3/tpm2A::HIS3 Pruyne ef al. (1998)
ABY973 alo tpm2::HIS3/tpm2::HIS3 Pruyne et al. (1998)
DDY342 a act1-113::HIS3 Ayscough et al. (1997)
DDY345 a act1-117::HIS3 Ayscough et al. (1997)
DDY354 a ACT1::HIS3 Ayscough et al. (1997)
DDY595 a barl sla2-41 Wesp et al. (1997)
DLY52 a/a bar1/BAR1 Lew and Reed (1993)
DLY36442 a his3 HIS2 GALIp-SWEI::LEU2 This work

DLY7543 a/la MYO2::HIS3/MYO2::HIS3 GAL1p-SWEImyc::UURA3 This work

DLY7544¢ ala myo2-16::HIS3/myo02-16::HIS3 GAL1p-SWEI-myc::URA3 This work

GPY10? a barl rdil::URA3 David Stone

RH1800 a barl Friant et al. (2000)

aStrains in the BF264-15Du background (ura3Ans leu2-3112 trpl-1a adel his2).
PGenerated by transforming ABY551 with pRS306-GAL1-SWE1myc (McMillan et al., 1998).
‘Generated by transforming ABY553 with pRS306-GAL1-SWElmyc (McMillan et al., 1998).
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Figure 2. Loss of Cdc42p polarization upon
partial actin depolymerization. (A) Wild-type
cells (DLY5) were grown to exponential phase
in YEPD at 30°C and treated with DMSO (con-
trol), Lat A (100 uM), or Lat B (100 uM) for 2 h.
Cells were fixed and processed to visualize F-
actin with Alexafluor488-phalloidin. (B) Cells
treated as above except in this case with 200 uM
Lat B were processed to visualize Cdc42p by
indirect immunofluorescence. (C) Lawns of
wild-type (ACT1: DDY354) and latrunculin-re-
sistant actin mutant (act1-117: DDY345) cells
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spotted with 10 ul DMSO (control), Lat A
(2 mM), or Lat B (4 mM) were placed on the
agar, and the plates were incubated for 2 d at
30°C. Growth inhibition by Lat A and (less
potently) Lat B produced a clear zone or halo
around the discs, but act1-117 mutants were
completely resistant to both Lat A and Lat B.
Identical results were obtained with act1-113
mutants (DDY342). (D and E) Tropomyosin
mutant (tpm1-2 tpm2A: ABY971) and control
(tpm2A: ABY973) cells were grown to exponen-
tial phase in YEPD at 24°C and shifted to 34.5°C
at t 0. Rapid temperature shift was per-
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formed as described by Pruyne et al. (1998). Samples were fixed and double-stained to visualize Cdc42p (D) and Sec4p (E) by indirect
immunofluorescence. More than 190 unbudded cells were scored for the presence of polarized signal at each time point. In the case of Cdc42p
the polarized signal, though present, was diminished in the tropomyosin mutant after 1 min of shift: the inset in D indicates the proportion
of cells with a bright polarized patch (black bar) versus a faint patch or extended crescent (white bar) at this time. (F) Cdc42p staining to a
bright patch was quantitated in >100 unbudded cells from a separate experiment extending the temperature shift to longer times.

Fluorescence Staining and Microscopy

To visualize Cdc42p and Secdp, cells were fixed for a total of 3 h in 3.6%
formaldehyde, permeabilized with 0.5% SDS, and processed for immunoflu-
orescence as previously described (Redding ef al., 1991; Lehman et al., 1999).
Anti-Cdc42p antibody (used at 1:200 dilution) and anti-Sec4p antibody (used
at 1:100 dilution) were generously provided by Patrick Brennwald (UNC,
Chapel Hill, NC). To visualize F-actin, cells were fixed as above, treated with
acetone, and processed for staining with Alexafluor488-phalloidin as previ-
ously described for rhodamine-phalloidin (Pruyne ef al., 1998). Cells were
examined using a Zeiss Axioskop (Carl Zeiss, Thornwood, NY) with a 100X
oil immersion objective. Images were captured using an ORCA cooled charge-
coupled device camera (Hamamatsu, Bridgewater, NJ), interfaced with Meta-
Morph software (Universal Imaging, Silver Spring, MD). Images were pro-
cessed for presentation using Photoshop (Adobe Systems, San Jose, CA).
Individual cells or groups of cells in the correct focal plane were grouped
together from one or more fields to assemble the figures.

RESULTS

Partial Actin Depolymerization Results in Loss of Cdc42p
Polarity
The role of F-actin in Cdc42p polarization has been ad-
dressed using Lat A, a G-actin—binding compound isolated
from the Red Sea sponge Latrunculia magnifica (Spector et al.,
1983). Treatment of yeast cells with 100 uM (or more) Lat A
results in the rapid disassembly of all detectable F-actin
structures (Figure 2A), blocking both polarized growth and
endocytosis (Ayscough et al., 1997; Karpova et al., 2000).
Because of the high cost of Lat A, we sought to extend our
findings using its less expensive relative, Lat B. Lat B is not
as potent as Lat A, and although detectable cables are lost
after exposure to 100 uM Lat B, some F-actin patches remain
(Figure 2A; McMillan et al., 1999). We were surprised to find
that unlike Lat A, treatment of cells with Lat B led to a
dispersal of Cdc42p from the prebud site (Figure 2B), with
most unbudded cells losing polarized Cdc42p staining
within an hour of Lat B addition.

One interpretation of these findings is that Lat B has
another target in addition to actin and that this second target
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causes dispersal of Cdc42p. However, we found that actin
mutants previously shown to be resistant to Lat A (Ay-
scough ef al., 1997) were also resistant to Lat B (Figure 2C),
suggesting that Lat B exerts its effects through actin. Con-
sistent with this view, lower doses of Lat A also caused some
Cdc42p dispersal (see Supplementary Figure 1).

It is not clear from our data whether the dispersed Cdc42p
remains at the cortex or redistributes to intracellular mem-
branes, because immunofluorescence protocols do not reveal
detectable unpolarized pools. Studies using GFP-Cdc42p, in
contrast, detect abundant fluorescence throughout the cortex as
well as on intracellular membranes (Richman et al., 2002;
Wedlich-Soldner et al., 2004), but in that case the polarized
signal is only a small fraction of the total, and redistribution
would be hard to detect.

Selective Loss of Actin Cables Results in Loss of Cdc42p
Polarity

Why would partial F-actin depolymerization disperse
Cdc42p when full depolymerization does not? Because actin
cables appear to be more sensitive to Lat B than cortical
patches, one possibility was that selective disruption of ca-
bles by Lat B was responsible for dispersing Cdc42p. To test
this hypothesis, we made use of temperature-sensitive tro-
pomyosin mutants, which selectively lose actin cables but
not patches upon shift to restrictive temperature, leading to
the dispersal of polarized Sec4p (a secretory vesicle marker)
within a minute after shift (Figure 2E; Pruyne et al., 1998).
We found that polarized Cdc42p was dispersed from the
prebud site within 10 min upon shift of tropomyosin mutant
cells to restrictive temperature (Figure 2D). A complication
with this experiment is that even wild-type cells transiently
disperse polarized Cdc42p upon temperature shift (Figure
2D; Ho and Bretscher, 2001). However, dispersal of Cdc42p
from the prebud site was reproducibly more rapid in tropo-
myosin mutants than in wild-type cells. Indeed, consider-
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Figure 3. Selective loss of actin cables or WT tpml-2 tpm2A WT myo2-16

Myo2p function impairs maintenance but not
establishment of Cdc42p polarization. (A and
B) Tropomyosin mutant (tpml-2 tpm2A:
ABY971) and wild-type (ABY551) cells were
grown to exponential phase in synthetic com-
plete medium without histidine at 24°C, and
small daughter cells were isolated by centrif-
ugal elutriation, harvested by centrifugation,
and resuspended in prewarmed YEPD at
35°C (t = 0). Samples were fixed at 20-min
intervals and processed to visualize Cdc42p
by indirect immunofluorescence. (A) Quanti-
tation: >100 cells were scored for the pres-
ence or absence of Cdc42p polarization. (B)
Representative cells from the indicated time
points. (C and D) Myosin mutant (my02-16:
ABY553) and wild-type (ABY551) cells were
treated as above except that the restrictive
temperature was 37°C. (C) Quantitation:
>100 cells were scored for the presence or
absence of Cdc42p polarization. (D) Repre-
sentative cells from the indicated time points.

able Cdc42p dispersal had occurred after only 1 min at
restrictive temperature in the tropomyosin mutant cells, and
most of the cells still displaying polarized staining for
Cdc42p had fainter or more diffuse staining compared with
the bright Cdc42p spots in the wild-type cells (Figure 2D,
inset). Thus, selective loss of actin cables led to rapid dis-
persal of Cdc42p from the polarization site in unbudded
cells. Moreover, unbudded wild-type cells recovered polar-
ized Cdc42p staining by 50 min after temperature shift, but
the unbudded tropomyosin mutant cells never recovered
polarized Cdc42p (Figure 2E), indicating that cables are
required for regaining and/or maintaining polarity.

To ask whether loss of actin cables prevented the estab-
lishment as well as the maintenance of Cdc42p polarity, we
isolated early G1 wild-type and tropomyosin mutant cells
from asynchronous populations using centrifugal elutria-
tion, incubated them at restrictive temperature, and exam-
ined Cdc42p localization as cells progressed through the cell
cycle. The 50-min temperature shift recovery period in such
cells occurs before cell cycle commitment and polarization.
Wild-type and tropomyosin mutant cells both initially po-
larized Cdc42p at 80 min, but although wild-type cells re-
tained polarized Cdc42p and went on to bud, the tropomy-
osin mutants lost polarized Cdc42p staining within 20 min
and never formed a bud (Figure 3, A and B). Thus, Cdc42p
polarization to the presumptive bud site can occur in the
absence of actin cables, but it is not maintained.

Vol. 16, March 2005

Only 20% of tropomyosin-mutant cells showed a clear
Cdc42p polarization at 80 min, compared with 43% of con-
trol WT cells. Thus, the Cdc42p dispersal mechanism may be
sufficiently effective to completely block Cdc42p polariza-
tion in many cells. Alternatively, all cells may be able to
establish an initial Cdc42p polarity, which is then rapidly
dispersed. As polarization of Cdc42p is triggered by a cell
cycle cue and the population of cells was not perfectly
synchronous with respect to cell cycle stage, we might only
detect a robust Cdc42p cap in the 20% of cells that were in
just the right cell cycle stage in this experiment.

One way that actin cables could contribute to Cdc42p
polarity is by promoting polarized trafficking of cargo by
myosin motors. The type V myosin Myo2p transports secre-
tory vesicles and other cargo along actin cables (Schott et al.,
1999, 2002). To test whether Myo2p-mediated trafficking
was important for maintaining Cdc42p polarization at the
prebud site, we repeated the synchrony experiment using
temperature-sensitive myo02-16 mutants. As shown in Figure
3, C and D, myo2-16 cells initially polarized Cdc42p at the
same time as wild-type controls, but then lost polarized
Cdc42p staining and failed to form buds. A significantly
higher fraction of cells were observed to polarize Cdc42p in
the myosin mutants (Figure 3, C and D) compared with the
tropomyosin mutants (Figure 3, A and B). This observation
may reflect the presence of residual Myo2p activity in the
mutant, or perhaps a contribution from additional actin
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Figure 4. Cdc42p dispersal involves endo-
cytosis but not Rdilp. (A and B) Wild-type
(DLY1) and rdi1A (GPY10) cells were grown
to exponential phase in YEPD at 30°C, treated
with DMSO (control) or Lat B (200 uM) for
1 h, and then fixed and processed to visualize
Cdc42p by indirect immunofluorescence. (A)
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cells were grown to exponential phase in
YEPD at 24°C and shifted to 37°C (restrictive
temperature) for 1 h, after which Cdc42p po-
larity had largely recovered from the temper-
ature shift. Lat B (200 uM) was added for an
additional 15 or 60 min at 37°C, as indicated,
leading to dispersal of Cdc42p in the wild-
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type but not in the sla2 cells. (C) Representa-
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cable-mediated pathways (e.g., the related myosin Myo4p).
Regardless, these experiments indicate that Myo2p-medi-
ated polarized traffic along actin cables is required for main-
tenance (though not for initial establishment) of Cdc42p
polarity at the prebud site.

Dispersal of Cdc42p Involves Endocytosis

Cdc42p is prenylated and peripherally associated with cel-
lular membranes, but significant cytoplasmic pools also exist
(Ziman et al., 1993). It is thought that the guanine nucleotide
dissociation inhibitor (GDI) Rdilp removes Cdc42p from the
membrane to the cytosolic pool (Masuda et al., 1994; Koch et
al., 1997). Thus, the Cdc42p dispersal after selective elimina-
tion of actin cables could occur via direct displacement of
Cdc42p from the membrane by Rdilp, or by endocytic up-
take of Cdc42p (or of anchoring factors for Cdc42p) from the
presumptive bud site. We found that dispersal of Cdc42p in
response to Lat B was unaffected by deletion of RDI1 (Figure
4, A and B). To test whether Cdc42p dispersal required
endocytosis, we used temperature-sensitive sla2 mutants
(also called end4) that have a defect in the internalization
step of endocytosis (Raths et al., 1993). Sla2p is a homolog of
the mammalian huntingtin-interacting protein (HIP1; Henry
et al., 2002) and is localized to actin patches (Yang et al.,
1999). Sla2p binds to clathrin and is thought to be a con-
served endocytic adaptor protein (Henry et al., 2002; Kak-
sonen et al., 2003). Wild-type and sla2 mutant cells were
shifted to restrictive temperature for 1 h to inactivate Sla2p
(in the mutant) and allow recovery of Cdc42p polarity after
the shift. Lat B was then added for 15 or 60 min and Cdc42p
polarity was examined (Figure 4, C and D). Dispersal of
Cdc42p from the prebud site was significantly reduced in
sla2 mutants compared with the controls, at both time points
(Figure 4, C and D). Thus, Cdc42p dispersal occurs primarily
by endocytosis, and F-actin cables are required to counteract
this effect. As endocytosis is also dependent on F-actin (Ay-
scough et al., 1997), complete actin depolymerization by Lat

1300

tive cells. Bar, 5 um. (D) Quantitation: >100

slaz cells were scored in each sample.

A eliminates the dispersal mechanism and hence obviates
the need for actin cables in maintaining Cdc42p polarization.

Cdc42p Polarization Becomes More Resistant to Dispersal
after Bud Emergence

The studies described above focused on Cdc42p polarization
to the presumptive bud site in unbudded cells. After bud
emergence, Cdc42p remains polarized to the bud tip until
the activation of Cdc28p by mitotic cyclins triggers the api-
cal-isotropic switch in bud growth, after which Cdc42p is
dispersed until cytokinesis, when it accumulates at the
mother-bud neck (Pruyne and Bretscher, 2000; Richman et
al., 2002). Like unbudded cells, small-budded cells also lost
polarized Cdc42p staining after exposure to Lat B (unpub-
lished data) or prolonged shift of tropomyosin mutants to
restrictive temperature (Figure 5A). However, in the tropo-
myosin mutants this loss was significantly slower than the
depolarization of Cdc42p in unbudded cells (compare Fig-
ure 5A with Figure 2F): Cdc42p initially depolarized because
of temperature shift at the same rate in wild-type and tro-
pomyosin mutant cells and then repolarized 50 min later,
but was subsequently dispersed in the tropomyosin mu-
tants. Although some of this dispersal likely reflects
progress of the cell cycle to a point where Cdc42p normally
becomes dispersed, recent evidence suggests that at least
some of the budded tropomyosin mutants arrest the cell
cycle before that stage (Pruyne et al., 2004). Thus, loss of
actin cables leads to a delayed loss of Cdc42p polarization in
budded cells.

To directly test whether budded cells at a cell cycle stage
before the apical-isotropic switch would disperse Cdc42p
upon loss of cable-directed traffic, we arrested cells by over-
expressing the mitotic cyclin/Cdc28p inhibitor Swelp
(Booher et al., 1993) and monitored Cdc42p localization after
treatment with Lat B or shift-up of myo2-16 mutants. As
shown in Figure 5, B and C, most Swelp-arrested cells
treated with Lat B retained polarized Cdc42p staining. In
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lated SWE1 gene (DLY3466) were grown to ex-
ponential phase in YEP-sucrose at 30°C and in-
duced to express Swelp by addition of galactose
to 2% final concentration. After 1 h 40 min, many
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istic of Swelp-mediated G2 arrest (Lew and
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raffinose at 24°C and induced to express Swelp
by addition of galactose to 2% final concentra-
tion. After 2 h (Swelp Arrest), the cells were
shifted to 37°C, samples were fixed at 15-min
intervals and processed to visualize Cdc42p. (D)

th -
L] wh
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Polarized Cdc42p (% cells)
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100-
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75

Polarized Cdc42p (% cells)

Representative cells from the indicated samples.
(E) Quantitation: >100 cells were scored for the
presence or absence of Cdc42p polarization.

myo2-16 mutants, Cdc42p polarity was initially lost and
then recovered after temperature shift as in wild-type
cells. However, the degree of recovery was impaired in
myo2-16 cells compared with wild-type controls (Figure 5,
D and E), indicating that myosin-mediated traffic contrib-
utes to Cdc42p polarity in budded cells. In summary,
treatments that all caused dispersal of Cdc42p in unbud-
ded cells had differing effects in budded cells, causing
complete (tropomyosin mutant), partial (myosin mutant),
or little (Lat B) dispersal. Even when dispersal did occur,
it was much slower than in unbudded cells. Thus, the
polarized Cdc42p in budded cells is significantly more
resistant than that in unbudded cells to treatments that
selectively disrupt actin cable-mediated traffic.
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DISCUSSION

Opposing Effects of Actin Cables and Actin Patches on
Cdc42p Polarity

There are two clearly distinct types of F-actin structures in
polarized yeast cells. Actin cables are polarized toward the
prebud site and the bud tip and serve as tracks for myosin-
mediated traffic to those sites (Schott ef al., 2002). Actin
patches cluster at the prebud site and within the bud (Ad-
ams and Pringle, 1984) and are thought to mark sites of
endocytosis as well as endocytic vesicles that have just been
internalized (Kaksonen ef al., 2003). F-actin is essential for
both polarized traffic and endocytosis (Ayscough et al.,
1997). Previous studies documented the ability of Cdc42p to
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become polarized and to maintain polarity in the complete
absence of F-actin in yeast (Ayscough et al., 1997; Irazoqui et
al., 2003). However, we now report that selective impair-
ment of actin cables caused dispersal of Cdc42p from the
prebud site and that such dispersal was dependent on actin
patch-mediated endocytosis. Our results suggest that actin
patches disperse Cdc42p through endocytosis, whereas ori-
ented actin cables help to maintain Cdc42p polarization
through myosin-mediated traffic. Thus, after its initial actin-
independent polarization, subsequent maintenance of
Cdc42p polarization at the prebud site involves an actin-
mediated trafficking cycle.

We used three different perturbations that selectively dis-
rupt actin cable function. Tropomyosin mutants eliminate
cables without reducing the number or brightness of the
patches (Pruyne et al., 1998). myo2-16 mutants affect the
major (though not the only) myosin that delivers cargo along
actin cables and do not affect actin patches (Schott et al.,
1999). Lat B binds to G-actin (Ayscough et al., 1997) and
appears to be more effective at sequestering the actin from
cable nucleators than from patch nucleators, although it
clearly does reduce the amount of F-actin in patches as well.
These perturbations all dispersed Cdc42p from the prebud
site, although there were differences in the rapidity and
effectiveness of the dispersal (fast and complete in tropomy-
osin mutants, slower and incomplete upon Lat B treatment).
Tropomyosin mutants were also more effective than Lat B at
dispersing Cdc42p from the bud tip in budded cells, al-
though in all cases dispersal was slower and less complete in
budded than in unbudded cells (see below). These differ-
ences are consistent with the hypothesis that dispersal is
mediated by the actin patches, whose function is partly
impaired upon Lat B treatment but not in tropomyosin
mutants. Dispersal of Cdc42p from the prebud site was
greatly reduced upon inactivation of the actin patch compo-
nent Sla2p, which is required for endocytosis. In summary,
our data indicate that if unopposed, actin-dependent endo-
cytosis disperses Cdc42p. Endocytosed factors are normally
recycled to the polarization site by vesicles trafficking on
oriented actin cables, thereby maintaining Cdc42p polarity.
As both endocytosis and polarized delivery are actin depen-
dent, actin perturbations exhibit different effects depending
on the degree to which actin’s opposing roles are affected by
the perturbation. Thus, maintenance of Cdc42p polarization
at the presumptive bud site involves a dynamic and antag-
onistic interplay between distinct F-actin structures.

We also confirmed previous work (Ho and Bretscher,
2001) showing that mild temperature shift of wild-type cells
causes a transient, reversible dispersal of Cdc42p from po-
larization sites. Interestingly, temperature shift also induces
a transient and partial actin depolymerization associated
with selective loss of actin cables (Lillie and Brown, 1994),
which may contribute to the dispersal of Cdc42p. However,
temperature-shift-induced dispersal was also observed in
sla2 mutants (unpublished data), indicating that it does not
require endocytosis. Actin patches and glucan synthase
complexes are also transiently dispersed upon temperature
shift and that dispersal has been ascribed to a Pkclp-depen-
dent stress signaling pathway (Delley and Hall, 1999), which
may also act on Cdc42p.

Establishment versus Maintenance of Cdc42p Polarization

Once it is polarized, Cdc42p directs the orientation of actin
cables toward the polarization site, most likely through
formin proteins that are thought to be Cdc42p effectors as
well as actin cable nucleators (Evangelista et al., 1997, 2002;
Sagot et al., 2002). Because we found that actin cables, in
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turn, contribute to maintaining Cdc42p polarity, there is
potential for a positive feedback loop in which clustering of
Cdc42p promotes actin cable orientation which reinforces
Cdc42p clustering. Does this “actin-feedback” pathway con-
tribute to the initial polarization of Cdc42p?

Wedlich-Soldner and colleagues have proposed that de-
livery of secretory vesicles carrying Cdc42p along actin ca-
bles concentrates Cdc42p at the polarization site and that
such actin-mediated positive feedback contributes to polar-
ity establishment when bud site selection cues are absent
(Wedlich-Soldner et al., 2003, 2004). Initial support for this
model came from the demonstration that polarization of an
overexpressed GTP-locked mutant form of Cdc42p was ab-
solutely dependent on F-actin, Myo2p, and secretory func-
tion and that the GTP-locked Cdc42p was present on secre-
tory vesicles (Wedlich-Soldner et al., 2003). However, wild-
type Cdc42p can polarize in the absence of F-actin
(Ayscough et al., 1997), even in the absence of bud site
selection cues (Irazoqui ef al., 2003), indicating that if such a
feedback loop does operate, it is not absolutely required for
polarization.

In a more recent study monitoring wild-type GFP-Cdc42p
localization, Wedlich-Soldner et al. (2004) found that al-
though most cells established and maintained robust
Cdc42p polarization upon treatment with Lat A, a subset of
cells established a “flickering” Cdc42p polarity that was
subsequently lost. This observation suggests, consistent with
our results, that actin can help to maintain Cdc42p polariza-
tion, making the polarization site more stable. In addition,
they showed that in the absence of the scaffold protein
Bemlp, F-actin was absolutely essential for any detectable
polarization (Wedlich-Soldner et al., 2004). These observa-
tions suggested that the initial polarization of Cdc42p could
occur either through an actin-independent pathway involv-
ing Bem1p (Irazoqui et al., 2003) or through an actin-depen-
dent pathway. Distinguishing whether this actin-dependent
pathway involves the proposed actin-Cdc42p feedback loop
will require identification of the trafficking cargo relevant to
Cdc42p polarization.

How Do Actin Cables Promote Cdc42p Polarity?

Which cargo transported on actin cables is responsible for
helping to maintain Cdc42p polarization? The simplest
hypothesis would be that trafficking of Cdc42p itself is
important: GTP-locked Cdc42p was found in a vesicle
fraction (Wedlich-Soldner et al., 2003), and it seems likely
that wild-type Cdc42p can also associate with vesicles.
However, it appears that wild-type Cdc42p exchanges
between membrane and cytosolic pools far more rapidly
that GTP-locked Cdc42p (Wedlich-Soldner et al., 2004). In
addition, polarization by the “actin-feedback” membrane
recycling pathway illustrated in Figure 1C will only be
effective if diffusion is slow relative to endocytic recy-
cling, as has been shown for some integral membrane
proteins (Valdez-Taubas and Pelham, 2003), but fluores-
cence recovery after photobleaching experiments suggest
that Cdc42p diffuses much more rapidly (Wedlich-Sold-
ner ef al., 2004). Thus, it is not clear whether vesicle
trafficking of Cdc42p itself would be a major contributor
to Cdc42p polarization. Many integral and peripheral
membrane proteins colocalize with Cdc42p (Irazoqui and
Lew, 2004), and it seems likely that several of these pro-
teins undergo both endocytosis and cable-mediated deliv-
ery. Thus, endocytosis may disperse Cdc42p by removing
not only Cdc42p itself but several of its interacting factors
from the polarization site. But because most known po-
larized factors are peripheral (not integral) membrane
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proteins, it is not clear whether they would need to be
recycled to the polarization site via actin cables or
whether they could return by diffusion through the cyto-
plasm. A recent study reported that in tropomyosin mu-
tants, budded cells lost not only Cdc42p but also Rholp
polarization (as well as the ability to nucleate cables at the
bud tip) after 1 h without cables at the restrictive temper-
ature (Pruyne et al., 2004). However, other peripheral
components including Spa2p and the formin Bnilp were
still largely polarized under those conditions, suggesting
that these components either escape endocytosis or are
able to return to the polarization site in a cable-indepen-
dent manner.

Maturation of the Polarization Site after Bud Emergence

To all appearances, the Cdc42p cap at the presumptive bud
site and the cap at the tip of budded cells are very similar
and share numerous components. However, we found that
the cap in budded cells was considerably more resistant to
dispersal upon selective loss of cable function than the cap in
unbudded cells. In principle, this could be explained either
by a difference in endocytic recycling or a difference in the
cap itself. At present we cannot distinguish between these
possibilities, but because extensive research into endocytosis
has never (to our knowledge) revealed any differences be-
tween budded and unbudded cells, we favor the hypothesis
that the organization of the Cdc42p cap changes during or
shortly after bud emergence. The nature and function of any
such change remain to be discovered.
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