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The Cdc42p GTPase controls polarized growth and cell cycle progression in eukaryotes from yeasts to
mammals, and its precise subcellular localization is essential for its function. To examine the cell cycle-specific
targeting of Cdc42p in living yeast cells, a green fluorescent protein (GFP)-Cdc42 fusion protein was used. In
contrast to previous immunolocalization data, GFP-Cdc42p was found at the plasma membrane around the
entire cell periphery and at internal vacuolar and nuclear membranes throughout the cell cycle, and it
accumulated or clustered at polarized growth sites, including incipient bud sites and mother-bud neck regions.
These studies also showed that C-terminal CAAX and polylysine domains were sufficient for membrane
localization but not for clustering. Time-lapse fluorescence microscopy showed that GFP-Cdc42p clustered at
the incipient bud site prior to bud emergence and at the mother-bud neck region postanaphase as a diffuse,
single band and persisted as two distinct bands on mother and daughter cells following cytokinesis and cell
separation. Initial clustering occurred immediately prior to actomyosin ring contraction and persisted post-
contraction. These results suggest that Cdc42p targeting occurs through a novel mechanism of membrane
localization followed by cell cycle-specific clustering at polarized growth sites.

Protein localization to sites of polarized growth is an integral
part of coordinating the temporal and spatial regulation of cell
growth and cytokinesis during the cell cycle. The highly con-
served Rho family of GTPases, including Cdc42p, are essential
for regulating multiple aspects of cell polarity in eukaryotic
cells. In mammalian cells, Cdc42p has been implicated in actin
rearrangements, asymmetric cell division, polarized growth,
vesicular transport, endocytosis, and cytokinesis (10, 13, 17,
39). In Saccharomyces cerevisiae, Cdc42p is essential for proper
selection of polar bud sites, rearrangement of the actin cy-
toskeleton during bud emergence, and directing actin-depen-
dent secretion into an enlarging bud (14).

Proper targeting of Cdc42p is a vital component of these
processes and is essential for cell viability. In previous immu-
nolocalization experiments, endogenous S. cerevisiae Cdc42p
was observed at incipient bud sites and the tips and sides of
enlarging buds (43), and at the mother-bud neck region in
cells overexpressing green fluorescent protein (GFP)-tagged
Cdc42p (33). Mutational analyses also showed that the Cdc42p
C-terminal 188CTIL CAAX box and 183KKSKK polylysine do-
main were involved in localization (8, 43). In Schizosaccharo-
myces pombe, GFP-Cdc42p was observed around the entire cell
periphery, at internal membranes, and clustered at the medial
region at the site of cell division (23), while mammalian
Cdc42p has been observed at internal membranes and sites of
polarized growth (14). However, the cell cycle-specific Cdc42p
targeting and timing mechanisms remain unclear.

To examine Cdc42p cell cycle-specific targeting, a functional
single-copy GFP-tagged Cdc42p was observed in S. cerevisiae.

In contrast to previous immunolocalization data, GFP-Cdc42p
localized to the entire cell periphery and to internal mem-
branes and clustered at polarized growth sites, including the
incipient bud site, during G1 phase and the mother-bud neck
region during and after cytokinesis and cell separation. The
observed localization patterns are consistent with a novel
model in which Cdc42p is targeted to membranes and then
clustered at different cellular locations during the cell cycle.

MATERIALS AND METHODS

Reagents, media, and strains. Enzymes, PCR kits, and other reagents were
obtained from standard commercial sources and used as specified by the sup-
pliers. Oligonucleotide primers for sequencing and PCR were obtained from
Genosys (The Woodlands, Tex.) and are available upon request. Growth media,
maintenance of bacterial and yeast strains, and yeast transformations have been
described previously (34, 36). Selection of transformants was done on synthetic
complete drop-out medium lacking one or more specified amino acids and
containing 2% glucose as a carbon source.

The yeast strains used are listed in Table 1. To create strain TRY100, the
integrating plasmid pRS306(GFP-CDC42), which was linearized within the
URA3 gene, was transformed into CDC42/�cdc42::TRP1 heterozygous diploid
DJD6-11; stable Ura� transformants had GFP-CDC42 under the control of the
endogenous CDC42 promoter integrated at the ura3 locus, which was confirmed
by PCR and DNA-DNA hybridization analysis (data not shown). Complemen-
tation of the cdc42-1ts mutant allele by GFP-CDC42 in strain DJTD2-16A
was determined by using plasmids p415MET25 (27), pGAL1-CDC42, and
pRS415MET25(GFP-CDC42) (32). Transformants were selected on plates of SC
medium lacking Leu (SC�Leu plates) at 23°C, and individual transformants
were streaked to SC plates lacking Leu and Met (SC�Leu�Met plates) con-
taining 2% galactose and incubated at 23°C or 37°C.

DNA and protein analysis. Recombinant DNA manipulations (34) and plas-
mid isolation from Escherichia coli (5) were performed as described previously
(8). Automated DNA sequencing at the Vermont Cancer Center DNA Sequenc-
ing Facility was used to sequence all gene constructs. Site-directed mutagenesis
was performed with the QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, Calif.).

The plasmids pRS315(cdc42C188S) (42), p415MET(GFP) (37), p415MET
(GFP-CDC42), p416MET(GFP-CDC42) (32), and pLP08(MYO1-GFP) (35)
were described previously. p415MET(GFP-cdc42C188S) was constructed by PCR

* Corresponding author. Mailing address: Department of Microbi-
ology and Molecular Genetics and the Markey Center for Molecular
Genetics, University of Vermont, Burlington, VT 05405. Phone: (802)
656-8203. Fax: (802) 656-8749. E-mail: dijohnso@zoo.uvm.edu.

458



of cdc42C188S from template pRS315(cdc42C188S). The resulting product was cut
with NotI plus XhoI and inserted into p415MET(GFP) cut with NotI plus XhoI.
p415MET(GFP-KKSKKCTIL) was constructed by cutting pGAL(GFP-
KKSKKCTIL) (kindly provided by Johanna Whitacre) with BamHI plus XhoI
and inserting the resulting fragment into p415MET cut with BamHI plus XhoI.
p415MET(GFP-CTIL) was constructed by PCR of GFP by using a 3� primer that
included CTIL sequences. The resulting PCR product was inserted into
p415MET cut with SpeI plus HindIII.

p415MET(GFP-cdc42G12V) and p415MET(GFP-cdc42D118A) were created by
using the QuikChange kit with p415MET(GFP-CDC42) as the DNA template.
The cycling parameters for the mutagenesis were 12 cycles of 95°C for 30 s, 55°C
for 30 s, and 68°C for 17 min. p415MET(CFP-CDC42) was created by incor-
porating the F64L, S65T, Y66W, N146I, M153T, and V163A mutations into
GFP by using the QuikChange kit in a two-step mutagenesis scheme with
p415MET(GFP-CDC42) as the original DNA template. pLP08(MYO1-YFP) and
p415MET(YFP-CDC24) were created by incorporating the S65G, V68L, S72A,
and T203Y mutations in GFP by using the QuikChange kit in a two-step mu-
tagenesis scheme with pLP08(MYO1-GFP) and p415MET(GFP-CDC24) as the
original DNA templates, respectively. The cycling parameters for these mutagen-
esis reactions were 18 cycles of 95°C for 30 s, 55°C for 30 s, and 68°C for 32 min.

Protein was isolated from wild-type strain C276, CDC42/�cdc42 heterozygous
stain DJD6-11, and TRY100. Immunoblot analysis was performed as previously
described (43) with minor changes.

Photomicroscopy. Cells were grown in the appropriate liquid medium to mid-
log phase and were collected, sonicated, and examined morphologically. Meth-
ods for preparing and staining cells with FM4-64 have been described previously
(29). Cells containing the various GFP-Cdc42p and Myo1p-GFP constructs were
grown in SC�Ura�Met, SC�Leu�Met, and SC�Ura�Leu�Met medium as
appropriate for expression from the methionine-repressible promoter.

Photomicroscopy and time-lapse microscopy with phase contrast optics and
Omega XF100 optical filter cube, Chroma Yellow GFP (41028) optical filter
cube, and Chroma Cyan GFP V2 (31044 V2) optical filter cube to visualize GFP,
yellow fluorescent protein (YFP), and cyan fluorescent protein (CFP) fluores-
cence, respectively, were performed on an E400 Nikon microscope (Omega
Optical, Brattleboro, Vt.). Digital cell images were obtained and analyzed as
previously described (24).

For time-lapse microscopy, wild-type TRY11-7D cells containing one or two
plasmids with various GFP, YFP, and/or CFP constructs were grown to mid-log
phase, and an aliquot of cells was layered onto a microscope slide thin-layered
with an appropriately selective SC�Met medium-agarose slab. The slide was
then placed on the microscope, and cell division and fluorescence were moni-
tored and captured in still-frame pictures at specified time intervals. Where
indicated, cells from the same culture but different fields were assembled into
collages by using Adobe Photoshop 5.0.

RESULTS

GFP-Cdc42p localized to the plasma membrane and inter-
nal membranes and clustered at the incipient bud site and
mother-bud neck region. Preliminary characterization of an
overexpressed GFP-Cdc42p construct in S. cerevisiae indicated
that it was functional (i.e., able to complement a cdc42-1ts

mutant) and was observed at sites of polarized growth, includ-
ing the bud site and mother-bud neck region (32). To further

examine these localization patterns, this GFP-Cdc42p con-
struct was expressed under the CDC42 endogenous promoter
and integrated into a CDC42/�cdc42 heterozygous diploid at
the URA3 locus. PCR, DNA-DNA hybridization, and immu-
noblot analysis confirmed that this strain (designated TRY100)
had the GFP-CDC42 construct integrated at the correct locus
(data not shown) and that GFP-Cdc42p was being expressed at
levels comparable to endogenous Cdc42p (Fig. 1A). Under
these conditions, GFP-Cdc42p still localized to polarized
growth sites (see below) but was also seen around the entire
cell periphery and at internal membranes (Fig. 1B) in cells at
all stages of the cell cycle. Cdc42p localization at the plasma
and internal membranes had not been observed previously in
S. cerevisiae but was recently observed in S. pombe (23).

An enhanced GFP-Cdc42p signal was observed at polarized
growth sites, including the presumptive bud site prior to bud
emergence, at the tips and sides of enlarging buds, and at the
mother-bud neck region in large-budded cells (Fig. 1B), sug-
gesting that Cdc42p accumulates or clusters at these polarized
growth sites. Identical targeting patterns were observed in a
and � haploid cells and diploid cells (data not shown). GFP-
Cdc42p localized to vacuolar membranes, as indicated by
costaining with the vacuolar membrane stain FM4-64 (Fig.
1C). In addition, Cdc42p colocalized with its exchange factor
Cdc24p at bud sites and the mother-bud neck region and was
localized to the periphery of the nucleus, as delimited by
Cdc24p internal nuclear localization (Fig. 1D) (Richman et al.,
unpublished data). These observations are consistent with a
role for Cdc42p in intracellular membrane trafficking and with
a mechanism for Cdc42p targeting involving membrane local-
ization, followed by clustering at particular sites (see Discus-
sion). The localization patterns of single-copy and plasmid-
borne GFP-Cdc42p were identical, and thus plasmid-borne
GFP-Cdc42p was used for all subsequent experiments.

C terminus of Cdc42p is sufficient for localization to mem-
branes but not for clustering. Mutational analysis of the
Cdc42p C-terminal 188CTIL CAAX box and 183KKSKK poly-
lysine domain have previously implicated these sequences in
the localization and attachment of Cdc42p to membranes (8,
43). Geranylgeranylation of the Cys188 residue is necessary for
Cdc42p attachment to membranes (43), and as expected, mu-
tant GFP-Cdc42C188Sp no longer localized to the plasma mem-
brane or internal membranes and did not cluster (Fig. 2A).

The conserved CTIL and polylysine residues were fused to
GFP to test whether these sequences were sufficient for mem-

TABLE 1. Yeast strains

Strain Genotype Reference

C276 MATa/MAT� gal2/gal2 41
DJTD2-16A MATa cdc42-1 his4 leu2 trp1 ura3 15
DJD6-11 MATa/MAT� �cdc42::TRP1/� his3�200/� his4/� leu2/� can1/� lys2-801/lys2-801 trp1-�1/trp1-�101 ade2-101/� ura3-52/

ura3-52
25

CSO-1B MATa cdc12-6 leu2 ura3 B. Haarer
TRY11-7D MAT� leu2 ura3 trp1 his 33
W303 MATa/MAT� ade2-101/ade2-101 his3-11,5/his3-11,5 leu2-3,112/leu2-3,112 trp1-�1/trp1-�1 ura3-1/ura3-1 can1-100/can1-100 R. Rothstein
TRY100 MATa/MAT� �cdc42::TRP1/� his3�200/� his4/� leu2/� can1/� lys2-801/lys2-801 trp1-�1/trp1-�101 ade2-101/� ura3-52/

ura3-52:pRS306(p42-GFP-CDC42):URA3
This study

YEF2125 MATa/MAT� his3/his3 leu2/leu2 lys2/lys2 trp1/trp1 ura3/ura3 HOF1:HA::HIS3/HOF1:HA::HIS3 myo1::HIS3/myo1::HIS3 38
YEF2126 MATa/MAT� his3/his3 leu2/leu2 lys2/lys2 trp1/trp1 ura3/ura3 HOF1:HA::HIS3/HOF1:HA::HIS3 bni1::HIS3/bnil::HIS3 38
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brane targeting. A GFP-CTIL fusion protein localized to in-
ternal membranes but not plasma membranes or polarized
growth sites, while a GFP-KKSKKCTIL fusion protein local-
ized to both plasma and internal membranes but not to polar-
ized growth sites (Fig. 2A). Mutant GFP-STIL and GFP-
QQSQQSTIL proteins did not localize to plasma or internal

membranes (data not shown). These results indicated that
prenylation of the Cys residue was sufficient for internal mem-
brane targeting, but the addition of the polylysine sequences
was needed for targeting to the plasma membrane. These re-
sults also suggest that additional Cdc42p residues play a role in
Cdc42p clustering at polarized growth sites.

FIG. 1. (A) GFP-Cdc42p levels were comparable to endogenous Cdc42p levels. Protein was isolated from wild-type strain C276 (lane 1),
CDC42/�cdc42 heterozygous strain DJD6-11 (lane 2), and TRY100 (lane 3), and immunoblots were probed with anti-Cdc42p antibody diluted
1:1,000. (B) GFP-Cdc42p clusters at polarized growth sites and localizes to internal membranes and the plasma membrane. TRY100 was grown
in synthetic complete medium to mid-log phase and then observed for GFP-Cdc42p localization. (C) TRY100 were grown as in B, stained with
FM4-64, and then viewed for colocalization of GFP-Cdc42p and vacuolar staining. (D) Colocalization of CFP-Cdc42p and YFP-Cdc24p. Plasmids
p416MET(CFP-CDC42) and p415MET(YFP-CDC24) were transformed into wild-type strain TRY11-7D, and transformants were grown to
mid-log phase in SC�Leu�Ura�Met medium. Arrows indicate CFP-Cdc42p localization to nuclear membranes and YFP-Cdc24p targeting to
nuclei. Collages of images were assembled in Adobe Photoshop 5.0.
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To examine the role of other Cdc42p residues, previously
characterized cdc42 mutations were tested for their effects on
GFP-Cdc42p clustering. GTP-bound GFP-Cdc42G12Vp tar-
geted normally but was clustered at multiple bud sites or bud
tips simultaneously and was persistently polarized to tips of
elongated buds (Fig. 2B), suggesting that the nucleotide-bound
state of Cdc42p was important for timing and/or persistence of
clustering. In contrast, dominant-negative GFP-Cdc42D118Ap
showed no aberrant clustering (data not shown). GFP-
Cdc42Y32Kp, containing the Y32K effector domain mutation
that abolishes interactions with multiple effectors and regula-

tors, including Cla4p, Skm1p, Gic1p, Gic2p, Iqg1p, and Bem3p
but not Bni1p (32), showed normal clustering and targeting to
membranes (data not shown), similar to that previously seen
with the D38E and V44A effector domain mutations (32, 33).
In addition, cla4� (33), gic1�, and gic2� mutants (data not
shown) did not have defects in Cdc42p targeting or clustering.
Although this does not completely rule out effector domain
involvement in clustering, these results suggest that Cdc42p
interactions with Cla4p, Skm1p, Gic1p, Gic2p, Iqg1p, and
GTPase-activating protein (GAP) Bem3p were not required.

Time-lapse microscopy of Cdc42p localization during the

FIG. 2. (A) Membrane localization required Cdc42p CTIL and polylysine residues. Plasmid p415MET(GFP-cdc42C188S) was transformed into
wild-type strain TRY11-7D, and plasmids p415MET(GFP-CTIL) and p415MET(GFP-KKSKKCTIL) were transformed into wild-type strain
W303. Transformants were grown to mid-log phase in SC�Leu�Met medium. (B) Constitutively active Cdc42G12Vp showed aberrant clustering.
Plasmid p415MET(GFP-cdc42G12V) was transformed into wild-type TRY11-7D cells, and transformants were grown to mid-log phase in
SC�Leu�Met medium. Images were assembled as in Fig. 1.
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cell cycle. The cell cycle-specific timing of GFP-Cdc42p clus-
tering was determined by time-lapse fluorescence microscopy
(Fig. 3). At time zero, GFP-Cdc42p was clustered at the moth-
er-bud neck, and 5 min later, GFP-Cdc42p clustered at a site
on the mother cell (designated cell #1), where �10 min later,
a small bud started to emerge. GFP-Cdc42p persisted at the
original mother-bud neck region until after the new bud
emerged (time � 20 min). As the cell #1 bud enlarged, an
initial clustering event occurred on the daughter cell (#2),
followed �10 min later by an emerging bud (time � 40 to 50
min). In cell #2, GFP-Cdc42p remained polarized to the grow-
ing bud until it was medium to large (time � 115 min), at which
point GFP-Cdc42p appeared more diffusely along the tips and
sides of the growing bud. GFP-Cdc42p clustered at the moth-
er-bud neck region of cell #2 as a diffuse single band (time �
235 min) and then as bands on mother and daughter cells
(probably following cytokinesis and cell separation; see below)
that persisted for the remainder of the time course (time � 265
to 280 min). GFP-Cdc42p remained around the cell periphery
and internal membranes of both mother and daughter cells
throughout the time course.

GFP-Cdc42p clustered to incipient bud sites on average �11
min prior to bud emergence (Table 2), which is comparable to
the timing of actin and septin localization to this site (11, 16,
19). Furthermore, these experiments established that Cdc42p
was indeed clustering at the site where a future bud would

emerge. GFP-Cdc42p clustering at the mother-bud neck oc-
curred postanaphase, as indicated by time-lapse microscopy of
YFP-Cdc24p and CFP-Cdc42p colocalization, in which local-
ization of both proteins occurred only after nuclei were clearly
partitioned to mother and daughter cells (data not shown)
(Richman et al., unpublished data). Upon clustering at the
mother-bud neck region, the appearance of distinct Cdc42p
bands on both mother and daughter cells took on average �10

FIG. 3. Time-lapse photomicroscopy of GFP-Cdc42p localization during the cell cycle. Wild-type haploid strain TRY11-7D was transformed
with p415MET(GFP-CDC42), and transformants were grown to mid-log phase in SC�Leu�Met medium. Cells were placed onto a thin-layered
agar slab made with SC�Leu�Met medium and viewed by fluorescent microscopy. GFP-Cdc42p localization was captured at �5- to 15-min
intervals. The cells designated #1 and #2 are described in the text. These cells are representative of at least 18 cells documented with similar
localization patterns.

TABLE 2. Timing of GFP-Cdc42p localization
during the cell cyclea

Localization
pattern

No. of cells
observed

Timing of event (min)

Avg Range

Incipient bud site 19 11.4 � 2.9 High, 20; low, 7.5
Mother-bud neck 18 9.6 � 3.4 High, 16; low, 5
bni1� 6 24.8 � 2.7 High, 29; low, 21

a For the incipient bud site, time was measured from GFP-Cdc42p’s first
clustering at the incipient bud site to the start of bud emergence in wild-type cells
(TRY11-7D). Fluorescence at this time was captured approximately every 5 min.
The timing of GFP-Cdc42p localization at the mother-bud neck region was
measured from the first clustering of GFP-Cdc42p at the mother-bud neck
region to the time it appeared as two distinct bands on mother and daughter cells
in wild-type cells (TRY11-7D). Time was measured from the first clustering of
GFP-Cdc42p at the mother-bud neck region to the time it appeared as two
distinct bands on mother and daughter cells in the bni1� mutant (YEF5126).
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min (Table 2). In general, GFP-Cdc42p persisted at the moth-
er-bud neck region until a new budding cycle was initiated.

Cdc42p clusters at the mother-bud neck region immediately
prior to myosin ring contraction. To determine whether cells
with mother-bud neck clustering had completed cytokinesis
and cell separation, fixed cells expressing GFP-Cdc42 were
treated with the cell wall-digesting enzyme glusalase. Pre-glu-
salase treatment, �69% of cells were budded and the appear-
ance of clustered Cdc42p on both mother and daughter cells
was seen in �58% of cells exhibiting GFP-Cdc42p at the moth-
er-bud neck. After glusalase treatment, only �50% were bud-
ded, suggesting that �19% of the budded cells had undergone
cytokinesis and cell separation, and the appearance of clus-
tered Cdc42p on both mother and daughter cells also de-
creased to �32%. These results suggest a correlation between
the completion of cytokinesis and cell separation and GFP-
Cdc42p clustering on both mother and daughter cells.

To pinpoint when Cdc42p clustering occurred in relation to
actomyosin ring contraction, CFP-Cdc42p and Myo1p-YFP
(the type II myosin component of the actomyosin ring) were
observed together. Myo1p-YFP appeared at the mother-bud
neck region in small-, medium-, and large-budded cells as
previously described (4) (data not shown). Myo1p-YFP and
CFP-Cdc42p both localized to the mother-bud neck, but cells
showing CFP-Cdc42p clustered on both mother and daughter
cells never concurrently showed a myosin ring, suggesting that
the myosin ring had contracted by the time Cdc42p clustered
on both mother and daughter cells.

Time-lapse microscopy confirmed this observation (Fig. 4;
indicative of eight cells documented). At time zero, CFP-
Cdc42p was not clustered and Myo1p-YFP localized to the
mother-bud neck region in a double ring structure of diameter
1 	m. Within �9 min, CFP-Cdc42p had begun to cluster at the
mother-bud neck region and the Myo1p-YFP rings had fused

FIG. 4. Localization of CFP-Cdc42p and Myo1p-YFP during cytokinesis. Plasmids p416MET(CFP-CDC42) and pLP08 containing MYO1-YFP
under the MYO1 endogenous promoter were transformed into wild-type strain TRY11-7D. The cells were then prepared and observed as in Fig.
3. Large-budded cells were observed at �1- to 2-min intervals through CFP-Cdc42p’s clustering at the mother-bud neck and Myo1p-YFP’s starting
to contract and disappear.
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into a single ring, with the diameter of the ring remaining
unchanged, indicating that Cdc42p accumulates prior to acto-
myosin ring contraction. Within �1 min, CFP-Cdc42p cluster-
ing intensified until the Myo1p-YFP ring began to contract to
a diameter of 0.74 	m (time � 11 min) and to 0.49 	m �2 min
later, and then disappeared �2.5 min later, suggesting that
myosin ring contraction was complete in a total of �5.5 min,
which was in the range seen previously (4). Overall, these
observations suggest that Cdc42p clusters at the mother-bud
neck region prior to actomyosin ring contraction and persists
on mother and daughter cells after cytokinesis.

GFP-Cdc42p clustering at the mother-bud neck region is
altered in septin cdc12-6ts and bni1� mutants but not myo1�
mutants. To determine whether GFP-Cdc42p clustering at the
mother-bud neck region was dependent on the actomyosin ring
structure, GFP-Cdc42p was observed in septin, bni1�, and
myo1� mutant backgrounds, which have actomyosin ring lo-
calization or contraction defects. In myo1� mutant cells, GFP-
Cdc42p was still observed at the plasma and internal mem-
branes and at the mother-bud neck region (Fig. 5A), indicating
that an intact myosin ring was not required for Cdc42p clus-
tering at the mother-bud neck region. In bni1� mutant cells,

FIG. 5. (A) Cdc42p localization in myo1� mutant. p415MET(GFP-CDC42) was transformed into myo1� strain YEF2125, and transformants
were grown to mid-log phase in SC�Leu�Met medium. Images were assembled as in Fig. 1. (B) Time-lapse microscopy of GFP-Cdc42p clustering
at the mother-bud neck region in wild-type and bni1� cells. p415MET(GFP-CDC42) was transformed into wild-type (TRY11-7D) and bni1�
(YEF2126) cells, and transformants were grown to mid-log phase in SC�Leu�Met medium and observed as in Fig. 3. Fluorescence pictures were
captured at �1- to 2-min intervals, with time zero representing the time at which GFP-Cdc42p was first observed at the mother-bud neck region.
The cells shown are representative of at least 18 wild-type (upper panels) and 6 bni1� (lower panels) cells documented.
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GFP-Cdc42p clustered normally, but single banded mother-
bud neck clustering seemed to be more predominant com-
pared to wild-type cells, suggesting that the appearance of
clustered Cdc42p on both mother and daughter cells depended
on Bni1p.

Previously, bni1� mutants were shown to have a delay in
myosin ring contraction and defects in cell separation (38). By
using time-lapse microscopy, the appearance of clustered
Cdc42p on both mother and daughter cells averaged �25 min
in bni1� cells (Table 2), �2.5-fold longer than was seen in
wild-type cells. Furthermore, true separation between the two
bands, as was typically seen within 10 to 15 min of GFP-Cdc42p
clustering in wild-type cells (Fig. 5B; time � 11 to 16 min),
never occurred distinctly in bni1� cells (Fig. 5B; time � 38
min). These results reinforce the role of Bni1p in cytokinesis
and cell separation and indicate that the appearance of clus-
tered Cdc42p on both mother and daughter cells is a good
reporter for the completion of cytokinesis and cell separation.

In a cdc12-6ts septin mutant at permissive temperatures,
GFP-Cdc42p clustered normally at the mother-bud neck re-
gion (Fig. 6A, upper left panel). Upon shifting to restrictive
temperatures for 1 h, clustering was still observed in normally
budded cells (Fig. 6A, upper right panel), but elongated bud-
ded cells did not have GFP-Cdc42p at the mother-bud neck
region (Fig. 6A, upper right panel). Over time at restrictive
temperatures, some elongated cells showed GFP-Cdc42p clus-
tering at new bud sites, with no GFP-Cdc42p clustering at the
mother-bud neck region (Fig. 6A, lower left panel), indicating
either that cells reset the budding cycle without going through
cytokinesis, bypassing the time at which Cdc42p clustered at
the mother-bud neck region, or that GFP-Cdc42p was not
clustering at the mother-bud neck region due to the loss of the
septin ring.

By 6.5 h post-temperature shift, GFP-Cdc42p persistently
polarized to the tips of elongated buds and also at some incip-
ient bud sites, but mother-bud neck region clustering was never
observed (Fig. 6A, lower right panel). These results raise the
possibility that Cdc42p clustering to the mother-bud neck re-
gion required an intact septin ring (see below). Interestingly,
internal membrane-bound GFP-Cdc42p was coalesced in var-
ious regions of these cells (Fig. 6A, lower right panel), which
was also observed in S. pombe upon overexpression of the
vacuolar component Nrf1p/Vtc1p (28), reinforcing a possible
link between Cdc42p, septins, and vacuolar fusion events (9,
26).

Septin ring defects seen in a cdc12-6ts mutant trigger the
Swe1p morphogenetic checkpoint that delays progression
through the G2/M transition and the apical-isotropic switch (3,
33), as evidenced by GFP-Cdc42p remaining persistently po-
larized to the tips of elongated buds. Thus, the absence of
clustered GFP-Cdc42p at the mother-bud neck region could be
due to the cell cycle delay, the septin ring defect, or both.

To distinguish between these possibilities, cdc12-6ts cells
were shifted to the restrictive temperature of 37°C for 2.5 h,
shifted back to the permissive temperature of 23°C for 1.5 h
(until cells started to progress through the G2/M transition),
and then shifted back to 37°C for 1 h. These cells showed
GFP-Cdc42p clustering at the mother-bud neck, although the
intensity of clustering was decreased and some clustered GFP-
Cdc42p bands appeared abnormally positioned (Fig. 6B).

Since the septin ring is lost �30 min after a shift to restric-
tive temperatures (12), these results suggested that Cdc42p is
able to cluster at the neck region independently of the septin
ring, but its positioning depends directly or indirectly on an
intact septin ring. Accordingly, coexpressed septin Cdc12p-
YFP and CFP-Cdc42p both localized to the incipient bud site
and the mother-bud neck region, and both persisted at the old
mother-bud neck region after a new bud began emerging (Fig.
6C), suggesting a possible functional relationship between
Cdc42p and the septin ring at the incipient bud site and the
mother-bud neck region.

DISCUSSION

Proper targeting of Cdc42p is essential for its function and
the function of a number of its effectors (7, 18). The results
reported herein indicate that Cdc42p is targeted to the plasma
and internal membranes and clusters at polarized growth sites
during the cell cycle (Fig. 7). The presence of GFP-Cdc42p at
plasma and internal membranes was a function of the C-ter-
minal CAAX and polylysine domain, but the ability of Cdc42p
to cluster at polarized growth sites was independent of this
domain.

In immunolocalization experiments, we previously had
shown that Cdc42p was not observed around the plasma or
internal membranes and was only variably seen at the mother-
bud neck region (43). The disparity between these patterns and
GFP-Cdc42p targeting patterns described herein may be due
to the nature of the anti-Cdc42p antibody used. The antibody
was raised against a peptide sequence containing amino acids
165 to 181, a region adjacent to the membrane-targeting do-
main (42) and likely to be in close proximity to the plasma
membrane, raising the possibility that steric hindrance inter-
fered with efficient binding. An underestimation of Cdc42p
membrane targeting may also be due to the immunolocaliza-
tion protocol used, including the use of cell wall-digesting
enzymes and sodium dodecyl sulfate, required for efficient
Cdc42p visualization. These possibilities were supported by the
observation that the GFP-Cdc42p immunolocalization pattern
with anti-Cdc42p antibody was similar to that seen previously
with untagged endogenous Cdc42p (data not shown). Taken
together, these data suggest that the GFP-Cdc42p localization
pattern represents the bona fide Cdc42p pattern.

The presence of GFP-Cdc42p at the plasma and internal
membranes throughout the cell cycle suggested that the mech-
anism by which Cdc42p clustered to sites of polarized growth
was more complex than targeting solely through the action of
a single protein or the secretory pathway. Upon proper signal-
ing, Cdc42p may laterally diffuse through the membrane to
concentrate at sites of polarized growth. However, a combina-
tion of specific targeting proteins, localized secretion, and lat-
eral diffusion may all be involved in Cdc42p clustering at po-
larized growth sites. Some abnormal or decreased GFP-
Cdc42p clustering was observed in sec1ts and sec6ts late
secretion mutants (unpublished results), although it was diffi-
cult to discern whether these effects were specific to GFP-
Cdc42p targeting, general defects in the secretory pathway, or
cell death.

The function of Cdc42p at either nuclear or vacuolar mem-
branes is not entirely clear, but various studies now link
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FIG. 6. Cdc42p localization in septin cdc12-6ts mutant. Plasmid p415MET(GFP-CDC42) was transformed into septin mutant cdc12-6ts cells
(CSO-1B), and transformants were grown to early to mid-log phase in SC�Leu�Met medium at 23°C. Half of the culture was then shifted to the
restrictive temperature of 37°C. Both 23°C and 37°C cultures were observed for fluorescence. Upper left panel shows transformants grown at 23°C;
upper right, lower left, and lower right panels show transformants shifted to 37°C for 1 h, 3 h, and 6.5 h, respectively. (B) Transformed cdc12-6
cells from A were shifted to the restrictive temperature of 37°C for 2.5 h, shifted back to the permissive temperature of 23°C for 1.5 h, and then
shifted back to 37°C for 1 h. (C) Colocalization of CFP-Cdc42p and Cdc12p-YFP. Plasmids p416(CFP-CDC42) and pRS315 containing CDC12-
YFP under the control of the CDC12 promoter (32) were transformed into wild-type strain TRY11-7D, and transformants were grown to mid-log
phase in SC�Leu�Ura�Met medium.
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Cdc42p to roles in endocytosis and vacuolar fusion (9, 26, 29,
40). Persistence of GFP-Cdc42p at internal membranes
throughout the cell cycle suggests that its function at these
membranes occurs throughout the duration of the cell cycle.
Interestingly, Cdc42p has recently been implicated in a specific
docking stage of vacuolar fusion (9, 26). In addition, the local-
ization of Cdc24p to nuclei and Cdc42p to the periphery of the
nucleus suggested that these proteins may either have nuclear
functions or interact prior to colocalization at the plasma
membrane.

Time-lapse experiments indicated that Cdc42p clustered at
an incipient bud site �11 min prior to bud emergence, which
is in the range of actin and septin localization to the incipient
bud site. Loss of Cdc42p function led to depolarized actin (1)
and delocalized septins (21, 33), and Cdc42p clustered inde-
pendently of actin at the incipient bud site (2). Together, these
data are consistent with a model in which Cdc42p localization
is required for actin and septin polarization to the incipient
bud site.

Cdc42p clusters postanaphase at the mother-bud neck re-
gion immediately prior to actomyosin ring contraction and
then persists on mother and daughter cells �10 min later
following cytokinesis and cell separation. Localization studies
with S. pombe Cdc42p also suggested a role in mediating ring
contraction and/or septum formation (23). One can envision
multiple potential roles for Cdc42p at this site, including sig-
naling changes in septin ring structure at the mother-bud neck
region immediately prior to actomyosin ring contraction (20),
inducing actomyosin ring contraction after the split of the
septin ring into two rings (20), triggering the ring-to-plate
structure transition of Bni1p and Cbk1p (30, 31), and mediat-
ing actin-dependent septum formation and cell separation.

Over 40 S. cerevisiae proteins have been shown to target to
the mother-bud neck region late in the cell cycle. They can be
grouped into several distinct localization patterns, including
double rings often associated with the septin double ring, sin-
gle rings associated with the actomyosin ring, single or double
rings that have not yet been correlated to a specific structural
ring, and single rings specifically on the mother side of the
mother-bud neck region. The Cdc42p banding patterns com-
prise a subset of proteins that include Cdc24p, Gic1p, Gic2p (6,

7), chitinase regulator protein kinase Cbk1p (31), Bni1p (30),
and Syp1p (22), a multicopy suppressor of the actin-binding
protein profilin. Many of these proteins have also been impli-
cated in regulating bud emergence, suggesting that similar
Cdc42p-associated complexes may function in the establish-
ment of bud emergence and in reestablishing cell polarity dur-
ing cytokinesis and cell separation.

These analyses provide new insights into Cdc42p targeting
and localization patterns and the timing of its clustering at sites
of polarized growth, especially at the mother-bud neck region.
Given the highly conserved structure and function of Cdc42p
in all eukaryotes examined to date, the establishment of these
temporal and spatial patterns should provide an important
context in which to analyze the timing and localization of other
cell signaling proteins with respect to Cdc42p clustering. Fu-
ture experiments building on the timing of Cdc42p clustering
will hopefully lead to a more defined hierarchy of protein
localization during the eukaryotic cell cycle.
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