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The small GTP-binding protein, Rhol/RhoA plays a central role in cytokinetic actomyosin ring (CAR) assembly
and cytokinesis. Concentration of Rho proteins at the division site is a general feature of cytokinesis, yet the

mechanisms for recruiting Rho to the division site for cytokinesis remain poorly understood. We find that budding
yeast utilizes two mechanisms to concentrate Rhol at the division site. During anaphase, the primary mechanism
for recruiting Rhol is binding to its guanine nucleotide exchange factors (GEFs). GEF-dependent recruitment

requires that Rhol has the ability to pass through its GDP or unliganded state prior to being GTP-loaded. We were
able to test this model by generating viable yeast lacking all identifiable Rhol GEFs. Later, during septation and
abscission, a second GEF-independent mechanism contributes to Rhol bud neck targeting. This GEF-independent

mechanism requires the Rhol polybasic sequence that binds to acidic phospholipids, including phosphatidyli-
nositol 4,5-bisphosphate (PIP2). This latter mechanism is functionally important because Rhol activation or
increased cellular levels of PIP2 promote cytokinesis in the absence of a contractile ring. These findings
comprehensively define the targeting mechanisms of Rhol essential for cytokinesis in yeast, and are likely to be

relevant to cytokinesis in other organisms.
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Cytokinesis partitions the genetic material between
daughter cells. In most eukaryotes, cytokinesis is accom-
plished by constriction of a cytokinetic actomyosin ring
(CAR) and targeted membrane deposition (Balasubramanian
et al. 2004; Barr and Gruneberg 2007). Cytokinesis failure
causes polyploidization and genetic instability, which can
lead to tumorigenesis (Fujiwara et al. 2005). It is thus
critical that there be tight spatial and temporal controls
that coordinate cytokinesis with other events during cell
division.

In animal and yeasts, a small Rho family GTPase
(RhoA in humans and Rhol in budding yeast) is a key
regulator of cytokinesis (Balasubramanian et al. 2004; Barr
and Gruneberg 2007). Rhol/RhoA has clear roles in CAR
assembly, at least in part by the activation of actin nucle-
ators/assembly factors called formins. RhoA also promotes
myosin IT contractility. Myosin II drives CAR constriction,
the flow of contractile elements into the cell equator,
traction forces, and anaphase cell shape changes, all of
which can contribute to cytokinesis (Piekny et al. 2005).
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Like all regulatory GTPases, Rho proteins are activated
by GTP loading, which in cells is triggered by guanine
nucleotide exchange factors (GEFs). Rho proteins are
inactivated by GTP hydrolysis, which is accelerated by
GTPase-activating proteins (GAPs). Guanine nucleotide
dissociation inhibitors (GDIs) also inhibit Rho activation
by preventing GDP release from Rho and by sequestering
Rho proteins from membranes (Rossman et al. 2005). Rho
family GTPases do not always function as simple on—off
switches where the GTP-bound form is “on” and the GDP-
bound form is “off”; for some processes, Rho GTPases
must cycle between the GTP and GDP-liganded states
(Symons and Settleman 2000).

Recently there has been considerable progress in de-
fining the temporal regulation of Rho during mitosis. In
human and yeast cells, the total cellular amount of Rho-
GTP significantly increases during anaphase (Kimura
et al. 2000; Yoshizaki et al. 2003; Yoshida et al. 2006;
Kono et al. 2008). In budding yeast, the Polo-like kinase
Cdc5 triggers Rhol activation, increasing both the total
cellular concentration of Rhol-GTP and triggering the
recruitment and local activation of Rhol at the division
site (Yoshida et al. 2006). These effects are mediated at
least in part by Cdc5/Polo phosphorylation of Rhol GEFs,
which, when phosphorylated, are targeted to the division
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site. If Rhol GEFs fail to be recruited to the division site,
Rhol itself is neither activated nor concentrated at the
division site. Although there are interesting and impor-
tant mechanistic differences in how yeast and animal
cells recruit Rho GEFs to the division site, it is now
known that a similar Polo-RhoGEF-Rho regulatory mod-
ule triggers CAR assembly in animal cells (Takaki et al.
2008). In human cells, the Polo-like kinase Plkl is
necessary to target the RhoGEF Ect2 to the cell equator,
which in turn promotes the accumulation of active
RhoA, CAR assembly, and CAR constriction. Plkl also
appears to be necessary for the increase in total cellular
RhoA-GTP during late mitosis (Takaki et al. 2008).

Although there has been recent progress linking cell
cycle signals to Rho activation, the spatial control of Rho
during cytokinesis, particularly its underlying molecular
mechanism, is not well understood (Yoshizaki et al. 2003;
Bement et al. 2005). Before being concentrated at the cell
equator, Rho proteins must be delivered to the plasma
membrane. Like Ras proteins, Rho GTPases are synthe-
sized in the cytoplasm. After synthesis, Rho GTPases
undergo post-translational modifications of a C-terminal
CAAX prenylation motif on the membrane of the endo-
plasmic reticulum. This single prenylation is necessary
but not sufficient for localization of Rho-GTPases to the
plasma membrane. Plasma membrane targeting requires
either that the G-protein undergo lipid modifications at
additional sites or that the G-protein contain a polybasic
sequence (PBS) adjacent to the CAAX motif (Heo et al.
2006). The positively charged amino acid residues in the
PBS promote plasma membrane localization via electro-
static interactions with negatively charged phospholipids
in the plasma membrane such as phosphatidylinositol
4,5-bisphosphate (hereafter referred to as PIP2) or phos-
phatidylinositol 3,4,5-trisphosphate (which is present in
animal cells but not in budding yeast).

Budding yeast Rhol, like mammalian RhoA, is singly
prenylated and contains a PBS. Bulk Rhol is delivered to
the plasma membrane through the secretory system (Abe
et al. 2003). However, secretion is not required for CAR
assembly and directed secretion to the division site
occurs only after mitotic exit (Dobbelaere and Barral
2004; VerPlank and Li 2005; Zhang et al. 2006). Thus,
polarized secretion cannot explain the concentration of
Rhol at the division site during anaphase when the CAR
is assembled.

In various organisms, the concentration of RhoA/Rhol
at the division site requires Rho GEFs but several un-
derlying mechanisms might explain this requirement.
One model is that Rho GEFs might directly recruit Rho
proteins to the division site. This could be mediated by
interactions with the catalytic Dbl homology (DH) do-
main or, by other modular domains contained within Rho
GEFs. For example, budding yeast Rhol GEFs contain
a CNH (Citron-Nik1 homology) domain, which has been
implicated in G-protein binding (Taira et al. 2004). Alter-
natively, Rho GEFs could be important for achieving
a threshold level of Rho GTP loading that is required for
further concentration and maintenance of Rho at the
division site (Bement et al. 2006).

Rhol localization during cytokinesis

Here, we use budding yeast to comprehensively define
the mechanisms that concentrate Rhol at the division
site to enable cytokinesis. Two temporally distinct mech-
anisms concentrate Rhol at the bud neck. During CAR
assembly (anaphase), Rhol is targeted to the division site
by its GEFs. Rhol recruitment and its subsequent func-
tion in CAR assembly requires the catalytic activity of
the GEFs and Rhol’s ability to pass through a GDP or
unliganded state. After mitotic exit and CAR starts
constriction, a second GEF-independent mechanism can
concentrate Rhol in the membrane microdomain that is
formed by the split septin rings. This mechanism requires
the Rhol PBS, likely involves interactions with PIP2, and
is independent of the Rhol nucleotide-bound state.
Finally, genetic experiments demonstrate a functional
role for Rhol and phospholipids during the late stages of
cytokinesis. Clearly separating these two roles of Rhol in
cytokinesis was feasible because in most budding yeast
strains the CAR is not essential, enabling direct study of
late-stage CAR-independent mechanisms (Vallen et al.
2000). Together, these findings identify novel mecha-
nisms of Rho regulation that are likely to be conserved.

Results

GTP-locked Rhol cannot promote CAR assembly

Because of the conserved role of Polo kinases in control-
ling global and local Rhol/RhoA activation during ana-
phase, we determined if a “constitutively active” GTP-
locked Rhol variant would bypass the requirement of
Cdc5/Polo to assemble cytokinetic actin rings. GTP-
hydrolysis-defective mutants (Rhol-G19V and Rhol-
Q68H) were expressed at endogenous levels in cdc5-2
strains and CAR assembly was visualized. These Rhol
mutants were previously shown to behave as constitu-
tively active and to be hyperactive for several Rhol
functions (Delley and Hall 1999; Sekiya-Kawasaki et al.
2002; Abe et al. 2003; Valdivia and Schekman 2003).
Unexpectedly, we found that neither of these GTP-locked
Rhol mutants rescued the CAR assembly defect of cdc5-
2 cells (Fig. 1A; Supplemental Fig. S1). We also generated
“rapid cycling” mutants, Rhol-C25A and Rhol-F35L.
The analogous mutations in human Cdc42 (Cdc42-
C18A and Cdc42-F28L) have a high spontaneous nucleo-
tide dissociation rate that leads to rapid exchange of GDP
for GTP even in the absence of GEFs (Lin et al. 1997;
Rossman et al. 2002). These rapid-cycling versions of
Rhol were indeed hyperactive in yeast and rescued the
lethality caused by the deletion of the three Rhol GEFs
(see below). However, like the GTP-locked mutants,
Rho1-C25A and Rhol-F35L also failed to rescue the
CAR assembly defect of cdc5-2 cells (Supplemental Fig.
S1). Importantly, control experiments demonstrated that
neither the GTP-locked Rhol mutants nor the rapid
cycling mutants interfered with normal CAR assembly
in cdc15-2 cells (Fig. 1A; Supplemental Fig. S1). cdc15-2
cells arrest in telophase with active Cdc5/Polo; these
cells recruit the Rhol GEF Tusl to the bud neck and as-
semble normal appearing contractile rings (Supplemental
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Figure 1. GTP-locked Rhol fails to support CAR assembly because it fails to be targeted to the bud neck during anaphase. (A) GTP-
locked Rhol cannot bypass the requirement for Polo kinase to promote CAR assembly. Control cdc15 RHOIstrains (telophase arrest,
high Cdc5/Polo activity) or cdc5 RHO1 strains (telophase arrest, low Cdc5/Polo activity) bearing the indicated plasmids were released
from a G1 block for 2 h at 34.5°C and CAR assembly was monitored with Tpm2-GFP. (B) RHO1-Q68H (GTP-locked allele) is a recessive
loss-of-function allele with respect to CAR assembly. The indicated strains were synchronized in metaphase by Cdc20 depletion,
released under conditions that inactivate endogenous Rhol, and CAR assembly was monitored at intervals by Tpm2-GFP. The RHO1
alleles are expressed from the endogenous promoter on low-copy-number plasmids. (C) GTP-locked Rhol fails to concentrate at the bud
neck during anaphase. Cells were arrested in telophase with high or low Cdc5/Polo activity as in A. The cells either expressed the wild-
type Rhol GEF Tusl or a Tus1-Mlc2 fusion that forces Tus1 localization to the bud neck. The localization of HA-tagged wild-type Rhol
or the indicated Rhol mutants was determined by immunofluorescence. (D) Nucleotide free Rhol1-G22A localizes to the division site.
Because Rhol-G22A acts as a dominant-negative mutant and is highly toxic when expressed even from the endogenous promoter (not
shown), this experiment was performed in strains containing activated Pkcl, Pkc1-R398P (Nonaka et al. 1995), which we found rescued
the near-lethal phenotype of Rhol-G22A expression. Arrows indicate the bud neck localization of Tpm2 (A, B) or Rhol (C). Arrowheads
in C indicate lack of the bud neck signal. Error bar is the SEM. Bar, 3 pm.

Fig. S1; Yoshida et al. 2006). Thus, mutational activation
of Rhol is not sufficient to promote CAR assembly in the
absence of functional Cdc5/Polo.

Next, we determined if GTP-locked Rhol could sub-
stitute for endogenous Rhol in cells progressing through
the cell cycle. To study CAR assembly independently of
the role of Rhol early in the cell cycle, rhol-2 cells were
synchronized in metaphase by depletion of anaphase
promoting complex regulator Cdc20. Rhol was then
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inactivated by shifting the temperature to 37°C. Cells
were released from the metaphase block and CAR assem-
bly was visualized. The sharp cell synchrony achieved in
this experiment revealed a clear requirement for Rhol
in CAR assembly, extending the previous findings of
Tolliday et al. (2003). Although wild-type Rhol fully
complemented the CAR assembly defect in this strain,
GTP-locked Rhol failed to do so (Fig. 1B). This find-
ing could not be explained by a defect in cell cycle



progression because anaphase entry occurred on sched-
ule in GTP-locked Rhol-expressing cells (data not
shown). Together, these results suggest that GTP-locked
Rhol behaves as a loss-of-function mutant with respect
to CAR assembly.

Next we determined whether the inability of “acti-
vated” Rhol variants to trigger CAR assembly could be
explained by a defect in their ability to concentrate at the
division site. In cdc15-2-arrested cells, wild-type Rhol
and Rhol-F35L properly localized to the bud neck
(Fig. 1C). In contrast, GTP-locked (Rho1-Q68H) failed to
do so (Fig. 1C). An appealing explanation for this result
would be that Rhol is recruited to the bud neck by
interaction with its GEFs (during anaphase, primarily
Tusl), whose catalytic domains bind specifically to
GDP-liganded or nucleotide free Rhol and thus do not
bind GTP-locked mutants (Schmelzle et al. 2002). Con-
sistent with this hypothesis, a nucleotide-free Rhol
variant (Rho1-G22A) (Schmelzle et al. 2002), was targeted
as efficiently as wild-type Rhol to the division site neck
in cdc15-2-arrested cells (Fig. 1D).

Further support for the idea that Rhol must pass
through the GDP or unliganded state to enable CAR
assembly came from characterizing cells lacking Cdc5/
Polo where Rho GEFs are not targeted to the division
site. Like wild-type Rhol, neither Rhol-Q68H (GTP-
fixed) nor Rhol-F35L (rapid-cycling) concentrated at the
bud neck in cdc5-2 cells (Fig. 1C). In contrast, if the
Rho-GEF Tusl is artificially tethered to the bud neck by
fusion to a nonessential myosin light chain (the Tusl-
Mlc2 fusion protein described in Yoshida et al. [2006]),
the bud neck concentration of Rhol and CAR assembly
can be restored in Cdc5/Polo-deficient cells (Fig. 1C;
Supplemental Fig. S1).

Together, these results suggest that Rhol must be able
to pass through the GDP or unliganded state in order to be
concentrated at the division site. The loss-of-function
effect was unexpected given that GTP-locked Rhol is
known to be activated for several Rhol functions in vivo
and to display enhanced affinity for all the known Rhol
effectors in vitro (Park and Bi 2007). However, the failure
of GTP-locked Rhol to support CAR assembly suggests
that nucleotide cycling of Rhol is critical for cytokinesis.

Viable yeast strains lacking all Rhol GEFs

The hypothesis that RhoGEFs recruit Rhol to the di-
vision site via their catalytic mechanism would most
simply be tested by studying cells lacking RhoGEFs or,
more specifically, cells lacking the catalytic function of
RhoGEFs. However, this is challenging to accomplish
because Rhol GEF function is essential for cell viability.
To circumvent this difficulty we sought to engineer
viable yeast lacking all recognizable Rhol GEFs.

The budding yeast genome encodes four DH domain-
containing RhoGEFs, Cdc24, Rom1, Rom2, and Tus] (Fig.
2A; Park and Bi 2007). Cdc24 is specific to the polarity-
regulating GTPase Cdc42; the other three are specific
regulators of Rhol. We constructed strains with complete
deletions of the three Rhol GEF genes (hereafter referred
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Figure 2. Creation of viable yeast strains lacking all Rhol
GEFs. (A) Outline of Rhol regulation in budding yeast. See the
text for details. (B) A plasmid shuffle assay demonstrates that
the essential function of Rhol GEFs requires their catalytic
activity. The AGEF strain grows in the presence of a <ROM2
URA3 CEN> plasmid but fails to grow after counterselection
with 5-FOA. A point mutation in a critical catalytic residue in
the DH domain of Rom2 (T666A) fails to complement the
lethality of the AGEF strain. The indicated strains were grown
for 3 d at 24°C. (C) GAP gene deletions or rapid cycling Rhol
mutants restore viability to the AGEF strain. A plasmid shuffle
was performed to assess viability as in B. (Top) Deletion of the
Rhol GAP genes LRG1 or SAC7 (but not BAG7) restored growth
to the AGEF strain at 24°C. Deletion of the sole Rhol GDI gene
RDI1 had no effect on growth of the AGEF strain. (Bottom) Two
predicted Rhol “rapid cycling” mutations restore growth to the
AGEF strain. (D) The AGEF AGAP strain has high levels of Rhol-
GTP; deletion of Rhol GEFs has only a subtle effect on the total
cellular levels of Rhol-GTP. GTP-Rhol was assayed in the
indicated strains by a Rho-binding domain pull-down assay.

to as the AGEF strain). As expected, the AGEF strain was
inviable (Fig. 2B,C). The lethality was due to the absence
of exchange activity toward Rhol because expression of
Rom2-T666A, a mutant in the conserved catalytic resi-
due of DH domain (Zhu et al. 2000) failed to rescue the
lethality (Fig. 2B).

Strikingly, the lethality of the AGEF strain could be
bypassed either by deletion of one of the two major Rhol
GAPs Lrgl or Sac7 (Fig. 2A,C; Lorberg et al. 2001;
Watanabe et al. 2001; A. Schmidt et al. 2002), or by
expression of the rapid cycling Rhol variants (Fig. 2C).
Although these strains grew at 24°C, they exhibited
phenotypes suggesting abnormal Rhol signaling: They
failed to grow at 37°C and were supersensitive to cell
wall-damaging agents (data not shown). Similar growth
defects were observed in AGEF strains rescued by the

GENES & DEVELOPMENT 813



Yoshida et al.

rapid cycling variant Rhol-F35L mutant. Consistent with
other genetic data suggesting that Bem2 and Bag7 are not
major Rhol GAPs (A. Schmidt et al. 2002; Knaus et al.
2007), deletion of a potential Rhol GAP Bem?2 causes
synthetic sickness with deletion of the Rhol GEF Rom2
(Manning et al. 1997) and deletion of the putative Rhol
GAP Bag7 failed to rescue the AGEF strain (Fig. 2C).
Furthermore, deletion of the only yeast RhoGDI, Rdil did
not rescue the lethality of AGEF cells (Fig. 2C). Because
the Arholgef Alrgl grew better than Arholgef Asac7,
subsequent experiments were performed with Arholgef
Alrgl (hereafter referred to as AGEF AGAP).

Next we examined the impact of GEF deletion on the
total cellular level of GTP-loaded Rhol. By affinity with
the Rho-binding domain of protein kinase C, the control
Alrgl cells had significantly increased levels of Rhol-
GTP. Quite surprisingly, the AGEF AGAP cells had
significantly higher levels of Rhol-GTP than wild-type
cells and only slightly lower levels than measured in the
Alrg1 cells (Fig. 2D). Thus, in budding yeast, GAPs, not
GEFs, play the major role in setting the total cellular
concentration of GTP-loaded Rhol.

The catalytic activity of Rhol GEFs is required
to concentrate Rhol at the bud neck during anaphase

AGEF AGAP cells failed to assemble normal contractile
actomyosin rings and exhibited striking defects in cyto-
kinesis. In wild-type and Alrg1 strains, late anaphase cells
contained clear, sharp labeling of the contractile ring at
the mother-bud neck. In contrast, AGEF AGAP strains
assembled markedly fewer CARs (Fig. 3A,B), and even
when assembled, the CAR was faint and/or disorganized.
Consistent with this CAR assembly defect, AGEF AGAP
strains were obviously defective in cytokinesis; AGEF
AGAP cells formed clumps with multiple connected cells
(Supplemental Fig. S2A). Finally, AGEF AGAP cells were
defective in concentrating Rhol at the bud neck, partic-
ularly during anaphase (see below).

We next defined the Rhol GEFs that could restore CAR
assembly to AGEF AGAP cells and then tested whether
CAR assembly specifically requires the DH domains of
these Rhol GEFs. Our previous results suggested that
Tusl is the major Rhol GEF required for CAR assembly;
Rom?2 plays a partially overlapping, but more minor role
(Yoshida et al. 2006). Furthermore, Rom2 does not be-
come detectably concentrated at the neck until late
cytokinesis, after septin ring splitting and mitotic exit
(Yoshida et al. 2006). A third Rhol GEF, Rom1, appears to
play little or no role in CAR assembly (Yoshida et al.
2006). Consistent with these results, we found that Tusl
largely restored CAR assembly in AGEF AGAP cells and
that Rom2 had little detectable impact on CAR assembly
(Fig. 3C). Importantly, the ability of Tusl to restore CAR
assembly required a functional catalytic domain: Neither
a Tusl DH domain deletion (Tusl-ADH) nor a Rom2 DH
domain point mutant (Rom2-T666A) were able to restore
CAR assembly in the AGEF AGAP strain (Fig. 3C). In
addition, neither Tusl-ADH nor Rom2-T666A were able
to restore Rhol targeting in AGEF AGAP cells (Fig. 3D).
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Figure 3. The catalytic activity of Rhol GEFs is required for
CAR assembly. (A) Defective CAR assembly in the absence of
catalytically active Rhol GEFs. (Top panel) Alexa 568-phalloidin
labeling to visualize the CAR in wild-type and AGEF AGAP
cells. (Bottom panel) Anaphase spindles visualized with GFP-
tubulin. Arrows indicate the position of the CAR, and arrow-
heads indicate absence of the CAR. (B,C) Percentage of anaphase
cells (fully elongated spindles) with detectable CARs in the
indicated strains. (D) Localization of Rhol in anaphase cells
lacking Rhol GEFs. Rhol was detected by immunofluorescence
using a rabbit anti-Rhol antibody in the indicated strains.
Microtubules were labeled with GFP-a-tubulin. Representative
cells are shown in the left and the results are summarized in the
right. The arrow indicates bud neck localizaton of Rhol, and the
arrowhead indicates the absence of Rhol.

Both Rom2-T666A and Tusl-ADH were expressed at
comparable steady state levels relative to the wild-type
controls (Supplemental Fig. S2B). Thus, the nucleotide
exchange activity of GEFs is required for the anaphase-
specific concentration of Rhol at the bud neck.



Live cell imaging reveals sequentially acting
mechanisms that concentrate Rhol at the
division site

To characterize the behavior of Rhol in living cells,
we generated a GFP-RHO1 fusion expressed at endo-
genous levels from the native promoter. GFP-RHO1
complements a rhol-null strain at 24°C (Supplemental
Fig. S3A) and has no detectable defect in cell morphol-
ogy or cytokinesis. All of the experiments reported
below were performed at 24°C because GFP-Rhol
becomes unstable at 37°C (Supplemental Fig. S3B). To
our knowledge this is the first GFP-Rhol fusion that can
functionally replace it’s endogenous counterpart. The
localization of GFP-Rhol was generally consistent with
the localization of Rhol determined previously by im-
munofluorescence (Yamochi et al. 1994; Ayscough et al.
1999; Abe et al. 2003). However, GFP-Rhol enabled us to
visualize an endomembrane/vacuolar pool of Rhol (Sup-
plemental Fig. S3C) that was detected by biochemical
experiments but not previously visualized (Eitzen et al.
2001; Paumi et al. 2007). We constructed GTP-locked and
rapid cycling variants of GFP-Rhol. Examination of these
mutants was consistent with our immunofluorescence
results (Fig. 3D) and further supported the GEF-dependent
recruitment of Rhol during anaphase (Fig. 4A). Consis-
istent with the requirement of nucleotide exchange,
GTP-locked Rhol-Q68H failed to localize to the bud
neck in anaphase regardless of the presence or absence
of GEFs (Fig. 4A). Note that GTP-locked Rhol accumu-
lates in the bud prior to mitotic exit, presumably be-
cause Rhol is delivered to the cell cortex via polarized
secretion.

GFP-Rhol enabled us to precisely characterize the
timing of Rhol recruitment to the division site at
endogenous levels in living cells. Consistent with its
requirement for CAR assembly (CAR assembles shortly
before mitotic exit) (Bi et al. 1998; Tolliday et al. 2003),
GFP-Rhol was detectably concentrated at the bud neck
3-4 min (n = 14) prior to mitotic exit (Fig. 4B). This timing
is very similar to that of a Rhol GEF Tusl (Yoshida et al.
2006). However, unlike type II myosin (Myol) or tropo-
myosin (Tpm2), which are lost from the bud neck after
CAR constriction, GFP-Rhol remained concentrated at
the bud neck even after mitotic exit, lasting until cells
complete abscission and cell separation. Thus, live cell
imaging suggests that, in addition to its role in CAR
assembly Rhol may also function during late cytokinesis.

In contrast, with Rhol recrutiment during anaphase,
the recruitment of Rhol to the bud neck after mitotic exit
did not require GEFs or nucleotide exchange on Rhol. As
expected, GFP-Rhol failed to concentrate at the bud neck
during anaphase in AGEF AGAP cells (Fig. 4B). However,
GFP-Rhol was still recruited to the bud neck during
mitotic exit: It was detectable at the bud neck shortly
after spindle disassembly, (n = 12). Likewise, the GTP-
locked variant GFP-Rho1-Q68H, was not recruited to the
bud neck during anaphase regardless of the presence of
GEFs (Fig. 4B). However, after mitotic exit GFP-Rhol-
Q68H concentrated at the bud neck like wild-type Rhol.
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Figure 4. GEFs recruit Rhol to the division site during ana-
phase; a GEF-independent mechanism recruits Rhol after mi-
totic exit. (A) Anaphase localization of Rhol variants. Rhol
mutants were expressed as GFP-fusions. Microtubules were
labeled with CFP-a-tubulin. Representative images are shown
in the left. Arrows indicates the bud neck localizaton of Rhol in
anaphase and arrowheads indicate the absence of Rhol. The
results are summarized on the right. (B) Box plot distributions of
the timing of the bud neck localization of GFP-Rhol examined
by time-lapsed imaging. CFP-tubulin (in green) was used to track
cell cycle position. Time of mitotic exit is judged by spindle
disassembly (time = 0). In these distributions, the maximum and
minimum values, the interquartile range (marked by boxes), and
the median value (marked by horizontal line) for the initial bud
neck localization of GFP-Rhol in each population are shown.
CFP and GFP signal were imaged every 30 sec at 24°C. Examples
are shown at the bottom. Arrows indicate the appearance of
Rhol signal at the bud neck.

Thus, GEFs are responsible for concentrating Rhol at the
division site during anaphase, but an additional GEF-
independent mechanism exists to concentrate Rhol at
the division site after mitotic exit.
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The PBS of Rhol mediates GEF-independent
recruitment to the division site

A subgroup of Rho GTPases contains a C-terminal PBS
that binds acidic phospholipids and mediates plasma
membrane targeting (Williams 2003). Because acidic
phospholipids, particularly PIP2, concentrate at the di-
vision site and participate in cytokinesis in many organ-
isms (Janetopoulos and Devreotes 2006; Logan and
Mandato 2006), we considered the possibility that the
GEF-independent targeting of Rhol occurred via its PBS.
First, we confirmed that Rhol, like RhoA, binds acidic
phospholipids. Cell extracts expressing GFP-Rhol or
a variant with five lysine residues mutated to alanine
(GFP-Rhol-5KA) were incubated with a lipid array (PIP
Strip, Echelon) and bound proteins were detected with an
anti-GFP antibody. Rhol failed to bind most membrane
lipids but bound phosphorylated PIs, including PI(4|P and
PI(4,5)P2 (Fig. 5A). These interactions required the basic
residues of Rhol PBS (Fig. 5AB).

Next, we characterized the cell cycle pattern of local-
ization of GFP-Rhol-5KA (Fig. 5B). As expected, GFP-
Rhol-5KA displayed diminished plasma membrane
localization. However, in control cells, GFP-Rhol-5KA
was able to concentrate at the bud neck during cytoki-
nesis (Fig. 5C). This was expected because GEFs localize
to the bud neck during CAR assembly (Tusl) and after
mitotic exit (Rom2). Strikingly, in the absence of Rhol
GEFs, mutation of the Rhol PBS completely abolished
bud neck targeting of Rhol (Fig. 5C).

A
Figure 5. The Rhol PBS binds lipids and is a bud neck t;‘(‘:
targeting signal. (A) PIP strip (Echelon) membranes were  pi
incubated with yeast cell lysates from the cells express- ~ PIGIP
ing endogenous-level GFP-RHO1 or GFP-RHO1-5KA. IF;:E;;::
Membrane-bound proteins were detected with an anti-  PE
GFP antibody. (LPA) Lysophosphatidic acid; (LPC) lyso-  P€
phosphatidylcoline; (PI) phosphatidylinositol; (PE) phos-
phatidylethanolamine; (PC) phosphatidylcholine; (S1P) C

sphingosine-1-phosphate; (PA) phosphatidic acid; (PS)
phosphatidylserine. (B) Amino acid sequence of the
Rhol tail and derivatives. Positively charged residues
(K) are in capital letters. The CAAX sequence of Rhol
and plasma membrane targeting sequence of Ras2 (288—
322) are in italics. Mutated residues are in bold face. (C)
Localization of Rhol tail mutants. GFP-tagged Rhol
mutants were localized in the presence (AGAP) or
absence (AGEFAGAP) of Rhol GEFs. Log-phase cells at
24°C were imaged without fixation. Bar, 3 pm. (D) The
level of GTP-Rhol was measured in the indicated

$
Q
<

AGEFAGAP

« AGAP ; AGEF AGAP
strains by a RBD pull-down assay as in Figure 2B. (E) 2
Localization of GFP-Rholtail and GFP-Ras2tail during = II
cytokinesis. (F) GFP-Rholtail was expressed in the " '*i
strain expressing septin (Shsl)-mRFP. The Rhol tail 239 ©T9 Lysate pull-down
localized to the bud neck only after the septin rings FOE EOC
split. The localization of GFP-Rholtail in cdc15-2- 4? 4?

arrested cells and after inactivation of Mss4 (3 h,
37°C) are shown. Arrows indicate accumulation to the
bud neck.
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This result cannot be explained by the reduction in
plasma membrane targeting of GFP-Rhol-5KA. We
replaced the Rhol tail sequence, including the PBS, with
the plasma membrane targeting sequence of Ras2 (Rhol-
AcRas2) (Fig. 5B). The plasma membrane targeting se-
quence of Ras2 is not positively charged and uniformly
localizes to the plasma membrane because it is doubly
prenylated (Dong et al. 2003). As expected, GFP-Rhol-
AcRas2 localizes robustly to the plasma membrane and
concomitantly, localization to endomembranes was
barely detectable (Fig. 5C). Like GFP-Rhol-5KA, GFP-
Rhol-AcRas2 was able to concentrate at the bud neck in
the presence of Rhol GEFs. However, GFP-Rhol-AcRas2
failed to accumulate at the bud neck in the AGEF AGAP
strain (Fig. 5C). The reduced bud neck accumulation of
GFP-Rhol-5KA and GFP-Rhol-AcRas2 also cannot be
explained by compromised GTP loading because pull-
down assays demonstrated that these constructs were
loaded with GTP at comparable or increased levels
relative to wild-type Rhol (Fig. 5D). Finally, defective
localization of Rhol-5KA and Rhol-AcRas2 were not
likely due to altered interaction with RhoGDI because
Rhol could localize to the bud neck in AGEFArdil cells
(Supplemental Fig. S3D). Together, our findings suggest
that the Rhol PBS is necessary for concentrating Rhol at
the division site after mitotic exit.

We next determined if the C-terminal 23-amino-acid
tail of Rhol, which includes the PBS and the CAAX motif,
is sufficient for bud neck targeting. We generated a fusion
of GFP to the 23-amino-acid Rhol tail (GFP-Rholtail) and

B
Rhot . Riot.oKA Rho! -5KA -AcRas2
|s1P
PI(3,4)P2 - u
PI(3,5)P2 - ;
'Pl(4,5)P2 (Rho1) (Rho1) Rh_o1_
PI(3,4,5)P3
PA Rho1 187-KsKtngKaKKntteKKKKK-cvil209
PS -5KA  -KsKtngKaKKntte AAAAA-cvil
Blank -AcRas2 -KsKing-28stgqvs...sgsggceciiss2z

GFP-Rho1

°/3 bud neck localization D

E GFP-Rhottall GFP-Ras2tail

-Rho1-5KA  -Rho1AcRas2




a fusion of GFP to the 34-amino-acid Ras2 tail (GFP-
Ras2tail) (Fig. 5E). As expected from the known distribu-
tion of PIP2 in yeast, GFP-Rholtail was targeted to
membranes, including the plasma membrane (Fig. 5E;
Stefan et al. 2002). The plasma membrane localization of
GFP-Rholtail was largely dependent on plasma mem-
brane PIP2 because this localization was significantly
impaired after inactivation of Mss4, the only yeast PI(4)P
5-kinase (Fig. 5F). Strikingly, compared with uniform
localization of GFP-Ras2tail to the plasma membrane,
GFP-Rholtail became obviously enriched at the bud neck
(Fig. 5E), only in late mitotic cells that had completed
mitotic exit and contained split septin rings (Fig. 5F).
Septins form an hourglass-shaped ring at the bud neck
during polarized bud growth, and this ring splits into
two rings upon mitotic exit to facilitate cytokinesis
(Lippincott et al. 2001). Split septin rings create a unique
membrane microdomain because of the diffusion barrier
properties of septins (Dobbelaere and Barral 2004). De-
tailed examination revealed that GFP-Rholtail accumu-
lates specifically between the split septin rings (Fig. 5E).
In contrast, we never detected GFP-Rholtail accumula-
tion at the bud neck in cells that contained an intact
septin ring (n = 29).

The following evidence suggested that septin ring
splitting is indeed a prerequisite for the accumulation of
GFP-Rholtail at the bud neck. First, bud neck targeting of
GFP-Rholtail was abolished after inactivation of CDC12,
which encodes one of the essential yeast septins. (1 h after
shifting a cdc12-6 mutant to 37°C, 4.8 % of wild-type cells
exhibited bud neck localized GFP-Rholtail vs. 0.4% of
cdc12-6 cells, n = 500). Next we blocked cells just prior to
mitotic exit and prior to septin ring splitting by inactiva-
tion of Cdcl5. In cdc15-2-arrested cells, full-length Rhol
could be recruited to the bud neck but only if Rhol GEFs
were present (Yoshida et al. 2006). In contrast, GFP-
Rholtail failed to accumulate at the bud neck in cdc15-
arrested cells (Fig. 5E). This result was due to the intact
septin ring not to cell cycle arrest: GFP-Rholtail still
failed to localize to the neck in cdc15 cells after over-
expression of the Cdk inhibitor Sicl, which forces mitotic
exit but does not allow septin ring splitting (Lippincott
et al. 2001). Thus, the Rhol tail is targeted to the
membrane microdomain formed between split septin
rings after mitotic exit.

The Rhol PBS is necessary for cytokinesis in the cells
lacking Rhol GEFs.

Next, we determined if mutations in the Rhol PBS im-
paired cytokinesis. In an otherwise wild-type background,
cells expressing only Rhol variants lacking the PBS had
no detectable growth defect or defect in cytokinesis and
properly assembled CAR (Fig. 6A,B; data not shown). This
was expected because of our data showing that the
presence of GEFs overrides a requirement for the PBS
in targeting Rhol to the division site (Fig. 5C). However,
a functional role for the Rhol PBS was revealed in cells
lacking Rom2. Arom2 rho1-AcRas2 double mutant cells
displayed a synthetic growth defect relative to the single
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A Rho1 -AcRas2 ASKlRasﬁ -SQ-Rasﬁ
a4 A et .
(Rho1 (Rho1 Rho1 Rho1
Rho1 187-KsKtngKaKKntteKKKKK-cvifz09
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B 24°C 37C  plasmid % cytokinesis failure
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Figure 6. The Rhol PBS is necessary for normal Rhol function
including cytokinesis. (A) Amino acid sequence of Rhol tail and
its mutants as in Figure 5B. (B) The functional importance of the
basic residues in the Rhol tail for growth and cytokinesis.
Strains of the indicated genotype were spotted onto plates in
serial dilutions. Wild-type RHO1, expressed from the GALI
promoter, was repressed by growth on medium containing
glucose. Images were taken after 3 d growth at the indicated
temperature. Cytokinesis failure (more than three connected
cells, n = 200) was scored after depletion of wild-type Rhol for
20 h in glucose-containing medium at 24°C. Cells were soni-
cated after fixation.

mutants (Fig. 6B). Furthermore, Arom2 rhol-AcRas2
cells had a severe defect in cytokinesis (Fig. 6B). These
results reflect a specific requirement for the PBS: A
Rhol-Ras2 tail fusion containing a PBS (Rhol-5KRas2)
enabled nearly normal growth in cells lacking Rom2,
whereas a control construct where the basic lysine
residues were mutated to glutamine (Rhol-5QRas2)
did not. The Rhol-5KRas2-expressing cells were pro-
ficient for both growth and in cytokinesis whereas, in
the absence of Rom2, the Rhol-5QRas2-expressing cells
were not. A similar requirement for the Rhol PBS was
apparent in cells lacking Tusl (Fig. 6B). Therefore,
reduction of RholGEF activity in cells reveals a func-
tional role for the Rhol PBS in cytokinesis. Importantly,
our analysis of the Ras2 tail fusions demonstrates that
this functional role of the PBS extends beyond plasma
membrane targeting.

Functional role for Rhol and PIP2 in CAR-independent
cytokinesis

Budding yeast utilize at least two genetically separable
mechanisms to accomplish cytokinesis: a CAR-dependent
mechanism that guides membrane constriction and pro-
motes the formation of a primary septum by recruiting
chitin synthase Il Chs2 to the division site (M. Schmidt et al.
2002). A less well-understood mechanism enables abscis-
sion and septation in the absence of a contractile ring. CAR-
independent cytokinesis is mediated by the formation of
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a secondary septum composed of chitin, assembled by
chitin synthase IIT (Chs3) (M. Schmidt et al. 2002) and of
glucan, assembled by the glucan synthases including Fksl
(Lesage and Bussey 2006). Although Rhol is known to be
required for contractile ring assembly, a specific role in
CAR-independent cytokinesis has not been defined. Our
genetic analysis (below) demonstrated a role for Rhol in
CAR-independent cytokinesis and demonstrated that this
role requires the Rhol PBS and PIP2.

We found previously that cells lacking Myol (that cannot
assemble the CAR) were not viable if they also lacked the
Rhol GEF Rom?2 (Yoshida et al. 2006). This suggests that
Rhol activity is essential for CAR-independent (Myol-in-
dependent) cytokinesis. Consistent with this hypothesis, we
found that the synthetic lethality of a Amyol Arom? strain
was rescued by expression of a GTP-locked Rhol-Q68H
(Supplemental Fig. S4A). Most strikingly, GTP-locked Rhol-
Q68H bypassed the lethality of a Amyol strain at 37°C
(although MYO1 is not essential in our strains at 24°C, it is
essential at 37°C) (Fig. 7A). Likewise, overexpression of wild-
type Rhol from a 2. plasmid also suppressed a Amyo1 strain
at 37°C (data not shown). Furthermore, an activated allele of
the Rhol effector Pkel (protein kinase C in yeast) (Nonaka
et al. 1995) or overexpression of the PI(4) 5 kinase Mss4 also
partially restored the growth of Amyo1 cells at 37°C (Fig. 7A).
Myol is absolutely essential for CAR assembly (Bi et al.
1998), and as expected, neither RHO1-Q68H nor MSS4
restored the CAR assembly in Amyo1 cells (Fig. 7B). Thus,
Rhol, together with PIP2, activates the CAR-independent
pathway for cytokinesis.

Next we tested whether Rhol and Pkel are necessary
for normal secondary septum formation, which is re-
quired for CAR-independent cytokinesis (M. Schmidt
et al. 2002). Rhol and Pkcl are known to promote the
transport of Chs3 from an intracellular pool to the plasma
membrane (Valdivia and Schekman 2003). We therefore
determined if Rhol is necessary to recruit Chs3 to the
division site, an essential event for the formation of a
normal secondary septum. Whereas Chs3 accumulates at

Figure 7. Rhol promotes CAR-independent cytoki-
nesis. (A) GTP-locked Rhol, an activated mutant of
Pkel, or overexpression of the PI(4)P 5-kinase Mss4
rescues growth defect of Amyo1 at 37°C. (B) Neither
GTP-locked Rhol nor Mss4 restore CAR assembly in
Amyo1 strains. The indicated strains were fixed and B
stained with Alexa-568-conjugated phalloidin. The
percentage of large budded cells with detectable
CAR assembly was scored. (C) The bud neck locali-
zation of Chs3 requires Rhol activity. Localization of
Chs3-GFP was monitored after Rhol inactivation (2 h

at 37°C). Mitotic spindle visualized by GFP-tubulin is
used as a cell cycle marker. The percentage of late
mitotic cells with Chs3 accumulation to the neck

was scored after fixation. (D) GTP-locked Rhol
requires CHS3 to suppress the growth defect of
Amyol. A plasmid shuffle was performed as in A for

3 d at 37°C.
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the bud neck during cytokinesis in wild-type cells (Lesage
and Bussey 20006), it failed to accumulate in rho1-2 cells at
37°C (Fig. 7C). Thus, Rhol has at least one important role
in regulating secondary septum formation.

Multiple mechanisms may contribute to CAR-independent
cytokinesis, and Rhol likely regulates several of these
pathways. The formin Bnil, which is also important for
CAR assembly (Vallen et al. 2000; Tolliday et al. 2002),
and Fksl, a catalytic subunit of glucan synthase, are both
required for the CAR-independent pathway of cytokinesis
because Amyol Abnil and Amyol Afksl strains are
inviable (Supplemental Fig. S4B). Furthermore, the ability
of Rhol to promote CAR-independent cytokinesis re-
quires these downstream effectors. In contrast with
strains lacking only Myol (Amyol) or both Myol and
Rom?2 (Amyo1 Arom?2), GTP-locked Rhol failed to restore
viability or effective cytokinesis to strains lacking both
Myol and Chs3 (Fig. 7D). In addition, GTP-locked Rhol
failed to rescue Amyol Abnil or Amyol Afksl strains
(Supplemental Fig. S4).

Altogether, our work demonstrates that Rhol pro-
motes cytokinesis in several ways: It has a critical role
in CAR assembly, and the above results suggest it can
promote CAR independent cytokinesis through effects on
local chitin synthesis and cell wall assembly.

Discussion

The concentration and local activation of the small
GTPase Rho at the division site is a general feature of
cytokinesis in organisms as divergent as yeasts and
metazoans. This “active Rho zone” is essential for cleav-
age furrow formation and the position of the active Rho
zone determines the position of the furrow (Bement et al.
2005; Piekny et al. 2005). Here we comprehensively
characterized the mechanisms that concentrate Rhol
(RhoA) at the division site in budding yeast. We demon-
strated the existence of a GEF-dependent mechanism that
requires that Rhol has the ability to pass through the
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GDP-liganded state to enable CAR assembly. Our find-
ings also revealed a GEF-independent mechanism that
functions after mitotic exit. This mechanism requires
PIP2, and depends on an intact membrane microdomain
formed by split septin rings.

The requirement for RhoGEFs and Rho GTPase cycle
to create an active Rho zone

We previously reported that CAR assembly in budding
yeast is triggered by the Polo-like kinase Cdc5. During
anaphase Cdc5/Polo, binds, and phosphorylates Rhol
GEFs, most importantly for CAR assembly Tusl. Phos-
phorylated Tusl is targeted to the bud neck in late
anaphase where it facilitates Rhol targeting and activa-
tion (Yoshida et al. 2006). Targeting of Tusl1 is a critical
regulatory step because the requirement of Cdc5/Polo
for CAR assembly can be partially bypassed by fusing
Tusl to a bud neck resident protein. If Rhol GEFs are not
recruited to the division site, Rhol itself fails to concen-
trate at the division site.

The role of Tusl is not simply to activate Rhol.
Surprisingly, we found that GTP-locked Rhol could not
bypass the requirement for Cde5 or Rhol GEFs for CAR
assembly. This was explained by the fact that GTP-locked
Rhol was unable to concentrate at the division site in
anaphase. This suggested the appealing hypothesis that
Rho GEFs, through their binding to GDP-Rhol were
directly responsible for the initial recruitment of Rho to
the division site. Our ability to engineer viable yeast
strains lacking all Rhol GEFs enabled a direct test of
this model and allowed us to establish that the GEF
requirement reflected a requirement for RhoGEF cata-
lytic activity.

Although binding of GDP-Rhol to the DH domain of
Tusl (and other GEFs) appears to be crucial for the initial
recruitment of Rhol, in the cell, binding will stimulate
GTP exchange and dissociation of Rhol from the GEF.
This dissociation is expected to be rapid based on the half-
life of Rho-GEF complexes in the presence of physiolog-
ical concentrations of GTP. GTP-Rhol has key effectors
necessary for cytokinesis such as the formin Bnil that
catalyzes actin filament assembly during CAR assembly.
We suggest that Rhol binds effectors after release from its
GEEF, effector binding is therefore likely to be important
for maintaining Rhol at the division site after its initial
recruitment. Identification of all of the Rhol effectors at
the division site and determining which ones (or combi-
nations) might be important for Rhol maintenance at the
neck will be an interesting direction for future work.

The GEF-dependent Rho recruitment and the require-
ment for Rho cycling might be general features of
cytokinesis. In animal cells, inhibition of Polo results in
a failure to recruit both RhoA GEFs and RhoA to the cell
equator (Takaki et al. 2008). Our work raises the attrac-
tive possibility that this reflects a direct role for the DH
domains of Rho GEFs to recruit GDP-RhoA. RhoA
GTPase flux is also likely to affect the equatorial concen-
tration of active Rho in other ways. Mathematical mod-
eling suggests that active RhoA could accumulate at the
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cell equator by a reaction-diffusion mechanism requiring
GAP-dependent RhoA inactivation (Bement et al. 2006).
Supporting this idea, recent analysis of mutants lacking
the GAP activity of MgcRacGAP reveals diffuse, disorga-
nized zones of active RhoA (Miller and Bement 2009).

Is nucleotide exchange on Rhol an essential function
in budding yeast!

We find that budding yeast can survive in the absence of
all recognizable Rhol GEFs if compensatory mutations in
GAPs are present in the cell. This raises the question of
whether exchange is an essential function in yeast or
whether there exist other, not yet recognized, mediators
of nucleotide exchange for Rhol. Spontaneous GDP re-
lease by Rhol is very slow (Ozaki et al. 1996; Schmelzle
et al. 2002). It is possible that newly synthesized Rhol
binds GTP and in cells that have diminished GAP
function, the GTP-loaded Rhol present in cells can
support viability. Although exchange is important for
CAR assembly, the CAR is not essential in budding yeast.
Furthermore, GTP-locked Rhol can promote certain
essential Rhol functions such as the activation of glu-
can synthesis (Sekiya-Kawasaki et al. 2002). Thus, it is
possible that exchange is not absolutely essential in
budding yeast. Alternatively, there may be unrecognized
exchange mechanisms. Both in vitro and in vivo evidence
make it very unlikely that the Cdc42 exchange factor
Cdc24 acts on Rhol (Park and Bi 2007). Another possible
Rhol GEF is Ylr422wp, which belongs to a recently
identified family of proteins (CZH proteins) some of
which can act as RhoGEFs (Meller et al. 2005). However,
deletion of YLR422w does not compromise the growth of
AGEFAGAP strains (S. Yoshida, unpubl.), nor does it have
any other known genetic interactions with Rhol pathway
mutations. Finally, it remains possible that there exist
other exchange mechanisms that could be identified by
genetic suppression of triple GEF deletion strains.

GEF-independent Rhol targeting during late stages
of cytokinesis

Our analysis of strains lacking Rhol GEFs revealed the
existence of a GEF-independent mechanism for concen-
trating Rhol at the division site. This GEF-independent
mechanism requires the Rhol C-terminal PBS, PIP2, and
functional septins. GEF-independent recruitment occurs
only after mitotic exit when a membrane microdomain
forms, bounded by split septin rings. The following
evidence supports the idea that the PBS of Rhol interacts
with PIP2 in vivo: Like other family members, the PBS of
yeast Rhol is required for PIP2 binding in vitro; the
localization of the Rhol PBS (C-terminal 23 amino acids)
requires PI(4)P 5-kinase activity (Mss4); and increased
cellular PIP2 can promote cytokinesis in the absence of
a contractile ring. The concentration of PIP2 is enriched
at the division site in many eukaryotes and PIP2 is
required for cytokinesis completion in many cell types
(JTanetopoulos and Devreotes 2006; Logan and Mandato
2006). Indeed, using a GFP-PH domain reporter, PIP2
recently has been found to concentrate at the bud neck
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in budding yeast (C. Stefan and S. Emr, pers. comm.).
Because the GEF-independent recruitment of Rhol
requires septins and yeast septins bind to membrane
phospholipids (Casamayor and Snyder 2003), it is attrac-
tive to postulate that the enrichment of PIP2 at the bud
neck is mediated by septins. However, our data do not
exclude the possibility that the PBS sequence of Rhol
also interacts with another membrane lipid or protein.

GEF-independent localization appears to be a backup
pathway that becomes essential in cells lacking Rhol
GEFs. In wild-type cells, the Rhol GEF Rom?2 remains at
the bud neck during mitotic exit, and thus it is expected
that GEF-dependent recruitment of Rhol will, in normal
circumstances, occur after mitotic exit. However, in the
absence of GEFs, the PBS becomes essential for concen-
trating Rhol at the bud neck, even if plasma membrane
localization is forced by fusion to the doubly prenylated
Ras2 tail. The Rhol GEF Rom2 is likely to utilize
a similar mechanism to remain at the bud neck after
mitotic exit because of the interaction between the Rom2
PH domain and PIP2 (Audhya and Emr 2002). The
combination of PH domain-dependent localization of
Rom?2 and the PBS-dependent localization of Rhol nicely
explains how Rhol can be maintained at the division site
even after Cde5/Polo kinase is degraded during mitotic
exit (Lee et al. 2005).

PIP2 concentrates at the division site in many organ-
isms. The molecular function of PIP2 in cytokinesis is
poorly understood, but is likely to be complex. PIP2 is not
required for CAR assembly, but is essential for comple-
tion of cytokinesis after furrow ingression (Janetopoulos
and Devreotes 2006; Logan and Mandato 2006). PIP2
regulates both endocytosis and exocytosis and both
processes are required for executing the late stages of
cytokinesis (Barr and Gruneberg 2007). Interestingly,
a recent study showed that a lipid-binding protein Anillin
has a role in maintaining RhoA at the division site during
late stage cytokinesis in human cells (Pickny and Glotzer
2008). Based on our results, we propose that one way that
PIP2 promotes cytokinesis is to facilitate the local accu-
mulation of Rho GTPases and their GEFs.

Our findings also have implications for the regional
organization of the plasma membrane. Small GTPases
that localize to the plasma membrane either contain
multiple sites of lipid modification or have a single site
of lipid modification and a PBS (Heo et al. 2006). Func-
tional differences between these classes of GTPases are
only just being defined. However, the K-Ras PBS appears
to be important for its segregation into plasma membrane
nanoclusters that are distinct from clusters containing H-
Ras (Plowman et al. 2008). Here we demonstrated that the
C-terminal PBS domain of Rhol is necessary and suffi-
cient for targeting to a specific plasma membrane region:
the membrane microdomain formed by split septin rings.

Multiple roles for Rhol during cytokinesis

Our results demonstrate a functional requirement for the
Rhol PBS and PIP2 in cytokinesis in budding yeast,
specifically for late-stage, CAR-independent cytokinesis.
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Consistent with the GEF-independent localization of
Rhol that we observed, the functional role of Rhol during
CAR-independent cytokinesis does not require the ability
of Rhol to cycle between the GTP and GDP-liganded
states, as GTP-locked Rhol-Q68H promotes cytokinesis
in Amyol strains that lack CAR.

Our genetic analysis suggests that Rhol acts at multi-
ple levels to promote CAR-independent cytokinesis. The
suppression of severe growth defect of Amyo1 at 37°C by
up-regulation of RHO1, MSS4, or PKC1 suggested that
Rhol signaling could promote efficient cytokinesis by
activating secondary septum formation. Rhol and Pkcl
potentially activate both the cell wall integrity MAP
kinase pathway (Mpkl) and Chs3 transport to promote
secondary septum assembly. Furthermore, the synthetic
lethality between Amyol and Afks1 suggests that Rhol
also directly promotes septum biogenesis because the
glucan synthase activity of Fksl depends on Rhol.
Supporting their role in MYO1I-independent function in
cytokinesis, Amyol Ampk1 double mutant strains were
lethal and Amyol Achs3 strain displayed a synthetic
growth defect (data not shown), consistent with other
recent reports (M. Schmidt et al. 2002; Rodriguez-
Quinones et al. 2008).

In addition to septum assembly, Rhol may play a role
in abscission by promoting secretion. Activated Rhol
binds and controls the localization of a landmark protein
for secretion Sec3 (Guo et al. 2001), which is required for
abscission in budding yeast (Dobbelaere and Barral 2004;
VerPlank and Li 2005). Bnil is a formin protein required
both for CAR assembly and normal septin assembly.
Although the requirement for Bnil in the CAR-depen-
dent pathway has been described (Vallen et al. 2000;
Tolliday et al. 2002), a role for Bnil in CAR-independent
cytokinesis is novel. Bnil is the only formin localized at
the division site during cytokinesis (Buttery et al. 2007). A
plausible way that Bnil could affect CAR-independent
cytokinesis would be through actin cable assembly and
polarized secretion. It is important to note that both Chs2
(required for primary septum formation) and Chs3 (re-
quired for secondary septum formation) are targeted to
the division site by secretion after mitotic exit (Dobbelaere
and Barral 2004; VerPlank and Li 2005; Zhang et al. 2006).
Thus, Rhol is a master regulator of budding yeast
cytokinesis. Rhol promotes CAR assembly and thus
primary septum formation. Rhol also promotes second-
ary septum formation and abscission through effects on
cell wall biogenesis and secretion (Fig. 8).

Summary

We defined two mechanisms for concentrating Rhol at
the division site in budding yeast, both of which are
functionally important for cytokinesis. The GEF-depen-
dent mechanism is likely to be relevant to cytokinesis in
animal cells because RhoA GEFs are required for concen-
trating RhoA at the cleavage site in many organisms. The
GEF-independent mechanism may also be generally rel-
evant because PIP2 is enriched at the division site in
many cell types. A direct interaction between the RhoA
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Figure 8. A model of Rhol regulation and function in cytoki-
nesis. (Left) CAR assembly in late anaphase. Polo-dependent
recruitment of Tusl promotes CAR assembly by recruiting
Rhol to the division site. After mitotic exit, Chs2 is transported
to the bud neck and CAR constriction guides primary septum
formation. (Right) After mitotic exit, Polo is degraded and PIP2
plays an important role in concentrating Rhol activity at the
bud neck. See the Discussion for details. (GS) Glucan synthase;
(CS) chitin synthase.

PBS and PIP2 could contribute to maintaining the pool of
RhoA that participates in late events in cytokinesis.

Materials and methods

Yeast genetics and strains

All yeast strains (except for SY1546 and SY1548) were isogenic or
congenic to BY4741 (MATa his3 leu2 met15 ura3 from Open
Biosystems). Gene deletion or modifications were performed
with PCR-mediated gene replacement, and accurate integration
was confirmed by colony PCR. For a description of the strains
and plasmids, see Supplemental Tables S1 and S2.

Fluorescence imaging and image analysis

An automated Zeiss 200M inverted microscope (Carl Zeiss) was
used for imaging as described (Buttery et al. 2007). All image
processing was performed using SlideBook software. To charac-
terize the localization of proteins to the bud neck, we acquired
images at 0.5-um intervals in the Z focal plane, enabling visual-
ization of the relatively small budding yeast bud neck region
(usually <1 pm in diameter). For time-lapse live cell microscopy
2 uL of the culture (in the synthetic complete [SC] medium
supplemented with adenine) were spotted onto a glass slide and
immediately imaged at room temperature (~24°C). The immuno-
fluorescence procedure for Rhol and HA-Rhol was described
previously (Abe et al. 2003).

Biochemical methods

Mouse monoclonal anti-myc antibody (9E10), mouse monoclo-
nal anti-HA antibody (12CAS5), rabbit polyclonal anti-Mpk1/S1t2
antibody, and mouse monoclonal anti-GFP antibody were
obtained from commercial sources. Rabbit anti-Rhol antibody
was described previously (Abe et al. 2003). Western blotting and
the pull-down assay for active Rholp was performed as described
(Yoshida et al. 2006; Kono et al. 2008).

In vitro lipid-binding assay

GFP-Rhol-containing yeast extracts were prepared by bead
beating in lysis buffer (50 mM Tris at pH 8.0; 10 mM EDTA at
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pH 8.0; 100 mM NaCl; 0.5% Triton X-100; protease inhibitor
cocktail). Each PIP Strip was preincubated for 1 h in 3% fatty-
acid-free BSA in TBS-T. Preincubated PIP strips were incubated
with cell lysate in 3% BSA in TBS-T with gentle shaking
overnight. After washing three times with 1% BSA in TBS-T,
the strips were incubated with anti-GFP antibody (1:1000) in 1%
BSA in TBS-T for an hour. After washing three times with 1%
BSA in TBS-T, the strips were incubated with anti-rabbit IgG
conjugated with HRP.
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