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Establishment and maintenance of cell polarity in eukaryotes depends upon the regulation of Rho GTPases. In Saccharomyces
cerevisiae, the Rho GTPase activating protein (RhoGAP) Rgd1p stimulates the GTPase activities of Rho3p and Rho4p, which are
involved in bud growth and cytokinesis, respectively. Consistent with the distribution of Rho3p and Rho4p, Rgd1p is found
mostly in areas of polarized growth during cell cycle progression. Rgd1p was mislocalized in mutants specifically altered for
Golgi apparatus-based phosphatidylinositol 4-P [PtdIns(4)P] synthesis and for PtdIns(4,5)P2 production at the plasma mem-
brane. Analysis of Rgd1p distribution in different membrane-trafficking mutants suggested that Rgd1p was delivered to growth
sites via the secretory pathway. Rgd1p may associate with post-Golgi vesicles by binding to PtdIns(4)P and then be transported
by secretory vesicles to the plasma membrane. In agreement, we show that Rgd1p coimmunoprecipitated and localized with
markers specific to secretory vesicles and cofractionated with a plasma membrane marker. Moreover, in vivo imaging revealed
that Rgd1p was transported in an anterograde manner from the mother cell to the daughter cell in a vectoral manner. Our data
indicate that secretory vesicles are involved in the delivery of RhoGAP Rgd1p to the bud tip and bud neck.

Cell polarity is an essential phenomenon in eukaryotes and is
necessary for cell division, morphogenesis, and motility (51).

Polarized growth requires the delivery of material to a specific
cellular site and is determined by dynamic control of the cytoskel-
eton and trafficking (12). Many factors control cell polarity; how-
ever, Rho proteins belonging to the Ras superfamily have emerged
as key polarity determinants (4, 25). Members of the Rho family
are involved in actin cytoskeleton polarization, intracellular traf-
ficking, cytokinesis, and cell cycle control (31). Misfunction of
Rho proteins can result in cell cycle abnormalities that contribute
to tumor progression (36). In addition, defects in Rho activity
result in aberrant synaptic secretion, altered dendritic morphol-
ogy, and mental retardation (20, 77). Rho GTPases usually exist in
two states: an active GTP-bound form anchored in the membrane
and an inactive GDP-bound form. GTPases cycle between these
two states in response to various stimuli, a property that has led to
the notion of Rho GTPases as “molecular switches.” Switching
between the active and inactive forms is regulated by two families
of regulatory proteins: the RhoGEFs (Rho guanine nucleotide ex-
change factors), which facilitate the exchange of GDP by GTP and
thus activate the GTPase, and RhoGAPs (Rho GTPase-activating
proteins), which negatively regulate the Rho proteins by stimulat-
ing the intrinsic activity of GTP hydrolysis by Rho GTPases.

In the yeast Saccharomyces cerevisiae, polarized growth is initi-
ated when a new cell, called the bud, emerges from a mother cell.
Following bud emergence, the bud continues to grow in a polar-
ized fashion by apical extension at the bud tip. After spindle pole
body duplication, cytoplasmic microtubules orient the nucleus,
which is pulled into the bud. During cytokinesis, an actomyosin
ring is generated at the bud neck to allow separation of the daugh-
ter cell from its mother (67, 84). Transport of secretory vesicles
and many intracellular organelles is dependent on the presence of
polarized actin cables that radiate from the bud cortex and the

neck, extending into the mother cell (29, 57, 58). In S. cerevisiae,
six Rho proteins have been identified: Cdc42p and Rho1p through
Rho5p. Previously, we demonstrated that Rho3p and Rho4p are
regulated by the same RhoGAP, Rgd1p (18). Rho3p is involved in
actin cytoskeleton organization by activating the formin Bni1p,
which nucleates actin filaments, thus directing the assembly of
actin cables (19). Rho3p also acts in the late steps of exocytosis by
controlling vesicle docking at the bud tip through an interaction
with the exocyst subunit Exo70p (60). Rho3p was localized to the
growing bud by immunofluorescence microscopy (60, 82), and
we corroborated this observation after tagging Rho3p with green
fluorescent protein (GFP). The Rho4p GTPase controls actomy-
osin ring formation via interaction with the formin Bnr1p and
regulates the interaction between Bnr1p and Hof1p, two proteins
involved in cytokinesis in a GTP-Rho4p-dependent manner (35).
Consistently, Rho4p was localized at the bud neck (74).

To investigate RhoGAP signaling to these GTPases, it is impor-
tant to know the elements modulating Rgd1p function. When
using GFP-tagged Rgd1p, a dynamic localization of Rgd1p was
observed during different phases of the cell cycle, related to the cell
localization of Rho3p and Rho4p. During G1 and S phases, Rgd1p
is localized at the bud tip, and it is localized at the bud neck during
M phase (41, 56). In addition, some phosphoinositides can affect
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the cellular distribution as well as the RhoGAP activity of Rgd1p in
S. cerevisiae (56). We have demonstrated a role for phosphatidyl-
inositol 4-P [PtdIns(4)P] and PtdIns(4,5)P2 in the apical localiza-
tion of Rgd1p (56). The localization of Rgd1p-3�GFP was abnor-
mal in the pik1ts-83 mutant, while this localization was not
affected by inactivation of the gene encoding the other PtdIns
4-kinase, Stt4p. Both PtdIns 4-kinases have a distinct function and
distinct localization in yeast. Pik1p is localized within the nucleus
and at the Golgi apparatus (5), while Stt4p localizes to the plasma
membrane (16, 23). Thus, while two pools of PtdIns(4)P are syn-
thesized in yeast (80), the pool derived from Pik1p is essential for
normal secretion from the Golgi apparatus (5). Rgd1p is also dras-
tically mislocalized in the mss4-102 mutant, which has a very low
level of PtdIns(4,5)P2 in the plasma membrane, indicating that
PtdIns(4,5)P2 is essential for the correct localization of Rgd1p at
the bud tip. These data led us to propose that Rgd1p could be
delivered to the plasma membrane via intracellular trafficking by
interacting with PtdIns(4)P present on the cytosolic face of secre-
tory vesicles (41, 56). In this work, we demonstrate the association
of the RhoGAP Rgd1p with post-Golgi secretory vesicles and the
involvement of the secretory pathway in the proper localization of
the RhoGAP to sites of polarized growth.

MATERIALS AND METHODS
Yeast strains and media. The S. cerevisiae strains used in this study are
listed in Table 1. Standard techniques were used, and the composition of
rich (YPD) and synthetic (SC) media for yeast growth has been reported
elsewhere (61). Yeast strains were usually grown at 30°C, with the excep-
tion of temperature-sensitive mutants. The temperature-sensitive (sec4-2,
sec6-4, sec14-1, and sec61-3) strains and the respective control strains were
grown overnight at the permissive temperature (26°C) to an optical den-
sity at 600 nm (OD600) of 0.2. The strains were shifted to the nonpermis-
sive temperature (38°C) for 3 h, and cells were observed by fluorescence
microscopy. The viability of the cells shifted to the nonpermissive tem-
perature was assessed by methylene blue staining (17).

Plasmid constructs. For the localization of Rgd1p in vivo, we gener-
ated various constructs tagged at the C terminus with green fluorescent
protein. As previously described, we used, depending on the selection
marker, the integrative yeast vectors pRS304-, pRS305-, and pRS306-
3�GFP, which contain three tandem copies of the GFP gene (56). This
construct was integrated at the RGD1 locus in phosphatidylinositol kinase
and secretory pathway mutants and in control strains. An 800-bp frag-
ment of RGD1 preceding the stop codon was cloned into different plas-
mids, pRS304-, pRS305-, and pRS306-3�GFP, and targeted for integra-
tion at the RGD1 locus. The resulting RGD1 plasmids were verified by
sequencing, while integration at the RGD1 locus was checked by PCR.
Using the sensitivity of rgd1� mutant cells to low pH (21), we also verified
the functionality of the GFP-tagged construct. Adding 3� GFP to the
carboxy terminus of Rgd1p in control strains did not change the func-
tional behavior compared with that of the untagged protein, and full-
length tagged Rgd1p rescued the rgd1� phenotype.

Sec2p was tagged at the C terminus with a red variant of DsRed, using
the integrative yeast vector pRS306-tdimer2 (12) (generously provided by
Isabelle Sagot). We inserted the last 1,200 bp from SEC2 before the stop
codon into this plasmid and targeted integration of the construct to the
SEC2 locus.

For subcellular fractionation and immunoprecipitation of secretory
vesicles, Rgd1p was tagged with 6� hemagglutinin (HA) at the C terminus
using pYM14 from the PCR Toolbox kit (32). The GFP-Sec4p protein
used for immunoprecipitation of secretory vesicles was produced from
the pUG36-GFP-Sec4 plasmid (15). The GFP-SEC4 construct was ex-
pressed from the MET25 promoter.

Sucrose gradient fractionation. A BY4742 strain expressing Rgd1p
tagged with 6� HA was grown at 30°C in YPD medium up to an OD600 of
0.6. Cell lysate preparation and sucrose gradient fractionation were per-
formed as previously described (10). Briefly, cells were harvested, sphero-
plasted, and broken by Dounce homogenization in lysis buffer (20 mM
triethanolamine [pH 7.2], 0.8 M sorbitol, 1 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride [PMSF] supplemented with a cocktail of protease
inhibitors [Sigma-Aldrich]), and remnants were discarded by centrifuga-
tion at 500 � g for 5 min. The pellet obtained after 10 min of centrifuga-
tion at 13,000 � g was resuspended in 2 ml 55% sucrose, 10 mM morpho-

TABLE 1 Yeast strains used in this study

Strain and/or description Genotype Source or reference

BY4742 MAT� his3�1 leu2�0 ura3�0 lys2�0 Euroscarf
vps34� mutant BY4742, vps34::kanMX4 Euroscarf
fab1� mutant BY4742, fab1::kanMX4 Euroscarf
sec22� mutant BY4742, sec22::kanMX4 Euroscarf
erd1� mutant BY4742, erd1::kanMX4 Euroscarf
end3� mutant BY4742, end3::kanMX4 Euroscarf

CTY-182 MATa ura3-52 his3�200 lys2-801 SEC14 7
CTY-1A MATa ura3-52 his3�200 lys2-801 sec14-1 7

X2180-1A MATa mal mel gal2 CUP1 SUC2 48
sec4-2 mutant MATa mal mel gal2 CUP1 SUC2 ura3-52 sec4-2 48
sec6-4 mutant MATa mal mel gal2 CUP1 SUC2 ura3-52 sec6-4 48

RSY257 MAT� leu2-3,112 ura3-52 SEC61 69
sec61-3 mutant MAT� leu2-3,112 ura3-52 trp1-1 sec61-3 69

BY4742, Rgd1p-6�HA BY4742, RGD1::RGD1-6�HA This work
BY4742, Rgd1p-3�GFP, Sec2p-tdimer BY4742, RGD1::RGD1-3�GFP SEC2::SEC2-tdimer(2)12 This work
sec6-4 mutant; Rgd1p-6�HA, GFP-Sec4p (7165) MATa sec6-4 RGD1::RGD1-6�HA pUG36-GFP-SEC4 (URA3) This work
sec6-4 mutant; GFP-Sec4p (7171) MATa sec6-4 pUG36-GFP-SEC4 (URA3) This work
sec6-4 mutant; Rgd1p-6�HA (7161) MATa sec6-4 RGD1::RGD1-6�HA This work
SEY6210 MATa leu2-3,112 ura3-52 his3-�200 trp1-�901 lys2-801 suc2-�9 5
mss4-102 mutant SEY6210, mss4::HIS3 with pYCplac111-mss4-102ts (LEU2) 68
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lineethanesulfonic acid (MES) (pH 6.5) and loaded at the bottom of a 30
to 55% sucrose gradient. The gradient was centrifuged for 16 h at
170,000 � g, 4°C (TH-641 rotor; Sorvall). After spinning at equilibrium,
the gradient was aliquoted into 20 fractions of 500 �l. Fraction 1 corre-
sponded to the gradient pellet, and fraction 20 was the top of the gradient.
Rgd1p was detected in fractions by Western blotting with anti-HA anti-
bodies. To monitor the different cellular compartments in the sucrose
gradient, we tested the vanadate-sensitive ATPase activity of Pma1p,
which is specific to the plasma membrane (9, 10), a Ca2�-dependent
GDPase activity specific for the cis-Golgi network (1), and a cytochrome c
reductase activity specific to the endoplasmic reticulum (ER) (10).

Immunoprecipitation of post-Golgi secretory vesicles. The first part
of this protocol is derived from the work of Klemm et al., (38), maximiz-
ing the preservation of intact secretory vesicles. The sec6-4 strain express-
ing the GFP-Sec4p and Rgd1p-6�HA proteins (7165) or GFP-Sec4p
alone (7171) was cultured at 25°C in 500 ml SC medium minus uracil, and
the sec6-4 strain expressing only Rgd1p-6�HA (7161) was cultured on SC
medium to 1 OD600. For simultaneous GFP-Sec4p expression and vesicle
accumulation, cells from the 7165 and 7171 strains were shifted into 250
ml SC medium minus uracil and methionine at 38°C for 45 min; the 7161
strain was shifted into SC medium minus methionine. To stop membrane
trafficking after 45 min of incubation, the culture was supplemented with
10 mM NaN3 and incubated at 38°C for 20 min. Cells were harvested and
resuspended in 3 ml lysis buffer (0.8 M sorbitol, 1 mM EDTA, 10 mM
triethanolamine [pH 7.4], 1 mM PMSF, 10 mM NaN3, and a cocktail of
protease inhibitors [Sigma-Aldrich]). An equivalent volume of glass
beads (diameter, 0.45 mm; Biospec Products) was added, and cells were
broken by vortexing. The supernatant of a centrifugation at 2,000 � g for
10 min at 4°C was collected and centrifuged for a further 30 min at
20,000 � g, at 4°C. One milliliter of 20,000 � g supernatant (S20) was used
for immunoprecipitation of secretory vesicles with an anti-GFP antibody
(sc-9996 from Santa Cruz Technology, Inc.) and magnetic beads coupled
to protein G (Dynabeads, Invitrogen). The immunoprecipitate was
washed three times with lysis buffer supplemented with 100 mM NaCl and
released with 50 �l of Laemmli buffer, concentrating the extract 20-fold
compared to S20. GFP-Sec4p, Rgd1p-6�HA, Pgk1p, and Snc1p/Snc2p
were detected using anti-GFP, anti-HA (12CA5), anti-Pgk1p (22C5D8;
Invitrogen), and anti-Snc1p/Snc2p (a generous gift from P. Brennwald)
antibodies, respectively.

Fluorescence microscopy. Cells were grown in synthetic complete
medium (SC) minus the appropriate metabolites. Aliquots of exponen-
tially growing yeast cells (0.2 to 0.4 OD600 unit) were centrifuged, and the
pellet was resuspended in DABCO solution (218 nM diazabicyclo-2-2-2
octane [Sigma], 25% [vol/vol] phosphate-buffered saline buffer, and 75%
[vol/vol] glycerol). Rgd1p localization was observed in cells by using an
epifluorescence microscope (Zeiss AxioSkop 2 plus, with a 100� oil ob-
jective and a GFP band-pass filter).

Colocalization between Sec2p-tdimer2 (12) and Rgd1p-3�GFP was
tested using an imaging system comprising an Axiovert 200M (Zeiss)
microscope chassis with a 100� (1.4-numerical-aperture) Plan Apochro-
mat oil objective, an Evolve electron-multiplying charge-coupled device
(EM-CCD) camera (Photometrics), and a dual-view DV2 beam-splitter
(Photometrics) with appropriate filters to enable the simultaneous acqui-
sition of GFP and tdimer images. GFP and tdimer were illuminated using
a mercury lamp. The system was controlled by MetaMorph software (Mo-
lecular Devices). The data presented in Fig. 5B and C were generated by
acquiring images in a single z plane at 30-ms intervals.

RESULTS
PtdIns(3)P and PtdIns(3,5)P2 have no influence in Rgd1p distri-
bution. Given the localization defects of Rgd1p in pik1 and mss4
mutants, we proposed that Rgd1p initially binds to PtdIns(4)P on
the cytosolic face of Golgi membranes before being transported
via the secretory pathway to the plasma membrane, where Rgd1p
would interact with PtdIns(4,5)P2 (56). However, Rgd1p was

also shown to interact in vitro with other phosphoinositides
[PtdIns(3)P, PtdIns(5)P, PtdIns(3,5)P2, PtdIns(3,4)P2, and
PtdIns(3,4,5)P3] via its F-BAR domain (56). To determine
whether the interaction between Rgd1p and phosphoinositides is
functionally important in vivo, we examined the localization of
Rgd1p in mutants altered for phosphoinositides biosynthesis.
Since PtdIns(5)P, PtdIns(3,4)P2, and PtdIns(3,4,5)P3 have not
been detected in S. cerevisiae (71), we studied Rgd1p localization
in mutants defective in PtdIns(3)P and PtdIns(3,5)P2 synthesis.

While PtdIns(4)P and PtdIns(4,5)P2 phospholipids are in-
volved in anterograde transport from the Golgi apparatus to the
plasma membrane (71, 84), PtdIns(3)P and PtdIns(3,5)P2 are in-
volved in endocytosis, recycling, and degradation in the vacuole
(13, 39). The localization of Rgd1p-3�GFP was tested in the
vps34� and fab1� mutant strains. The VPS34 gene encodes the
only PtdIns 3-kinase, and the FAB1 gene encodes the only yeast
PtdIns(3)P-5 kinase in the budding yeast. The localization of
Rgd1p was not defective in these mutants compared to that in a
control strain (Fig. 1). Thus, PtdIns(3)P and PtdIns(3,5)P2 do not
appear to play a role in Rgd1p localization. This observation sug-
gested that neither the endocytic pathway nor vacuolar trafficking
is required for Rgd1p localization. In agreement with this inter-
pretation, localization of Rgd1p-3�GFP was not affected in the
end3� mutant (Fig. 2). The End3p protein interacts with Las17p,
an activator of the Arp2/3p complex, which is required for normal
actin patch dynamics; End3p promotes early endocytic events as-
sociated with actin patch function (34). Together, these results
indicate that only PtdIns(4)P synthesized by Pik1p at the Golgi
apparatus and PtdIns(4,5)P2 synthesized by Mss4p at the plasma
membrane have a role in Rgd1p localization.

Involvement of the secretory pathway in Rgd1p localization.
To investigate the role of secretion in Rgd1p localization, we used
mutants blocked at different steps in the secretory pathway. Test-

FIG 1 Rgd1p distribution in mutants impaired in the biosynthesis of
PtdIns(3)P and PtdIns(3,5)P2. The control strain (BY4742) and mutant
(vps34� and fab1�) cells expressing Rgd1p-3�GFP were cultured at 30°C up
to 0.6 OD600, and Rgd1p localization was examined by GFP fluorescence. The
vps34� mutant has smaller pools of PtdIns(3)P, whereas the amount of
PtdIns(3,5)P2 is much smaller in the fab1� mutant than in a wild-type strain.
Cells are assigned to three categories according to Rgd1p distribution: “bud
tip,” “bud neck,” or “other localization” (not present in either the bud tip or
the bud neck). For each strain, three independent clones were observed, and
100 or more cells were counted for each clone. Bars indicate the standard
deviation of three measurements for each strain.
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FIG 2 Rgd1p distribution in mutants impaired in different trafficking steps. The sec mutants, the end3� and erd1� mutants, and the respective control strains
were tagged with a Rgd1p-3�GFP construct integrated at the RGD1 locus. sec61-3, sec14-1, sec4-2, and sec6-4 cells and a control strain were grown on selective
SC at the permissive temperature of 26°C and then shifted to the restrictive temperature of 38°C for 3 h. sec22�, erd1�, and end3� cells were grown at 30°C. (A)
Cells are assigned to three categories according to Rgd1p distribution: “bud tip,” “bud neck,” or “other localization.” The category “other localization”’ was
defined by cells with several spots not present in either the bud tip or the bud neck. For each strain, three independent clones were observed and 100 or more cells
were counted for each clone. The control is representative of results obtained from the different control strains. Bars indicate the standard deviations of three
measurements for each strain. (B) Localization of Rgd1p in mutants for late steps of the secretory pathway. sec4-2 and sec6-4 mutants, as well as the control strain,
were cultured at the permissive temperature (26°C) up to a cell density of 0.5 OD600. One sample was shifted to 38°C for 3 h. Rgd1p-3�GFP distribution was
observed by fluorescence microscopy. The images show Rgd1p mislocalization in mutant cells grown at restrictive temperature.
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ing the localization of Rgd1p in secretory pathway mutants
blocked at different steps of secretion may identify the trafficking
route followed by Rgd1p. We selected mutants with the following
genotypes: sec61-3 (endoplasmic reticulum block [(81]), sec22�
(ER-to-Golgi apparatus block [55]), erd1� (Golgi apparatus-
to-ER block [26]), sec14-1 (Golgi apparatus-to-plasma-mem-
brane block [(47]), and sec4-2 and sec6-4. The sec4-2 and sec6-4
mutants are defective in exocytosis and accumulate exocytic ves-
icles in the bud at the nonpermissive temperature (60, 79).

The distribution of Rgd1p-3�GFP was analyzed in these mu-
tants by fluorescence microscopy (Fig. 2). Rgd1p-3�GFP was ex-
pressed from the RGD1 locus in the sec61-3, sec22�, erd1�,
sec14-1, sec4-2, and sec6-4 mutants and in the respective control
strains. The sec22� and erd1� deletion mutants were examined
after culture at 30°C. The temperature-sensitive mutants (sec61-3,
sec14-1, sec4-2, and sec6-4) were grown at permissive temperature
(26°C) and shifted for 3 h to the nonpermissive temperature
(38°C). The thermosensitive mutants displayed normal Rgd1p lo-
calization at the permissive temperature (see Fig. 2B). Cell micro-
scopic examination in mutant strains revealed Rgd1p fluorescence
levels comparable to those observed in the control strain. Cell
mortality of temperature-sensitive (ts) mutants was determined at
the restrictive temperature and was below 5%; under the same
conditions, 2% of control cells died. This very low mortality rate
ruled out the possibility of a defect in cell viability accounting for
the different distribution of Rgd1p in temperature-sensitive secre-
tory pathway mutants.

The sec22� and erd1� mutants and the sec61-3 mutant grown
at the restrictive temperature showed a distribution of Rgd1p-
3�GFP comparable to that of control strains. In contrast, inacti-
vation of the sec14-1, sec4-2, and sec6-4 strains after shifting to
nonpermissive temperature resulted in major changes in Rgd1p
distribution. In the sec14-1 mutant, the proportion of cells with
Rgd1p-3�GFP localized at the bud tip decreased to 25% � 3%,
while the proportion of cells with Rgd1p exhibiting other localiza-
tion increased to about 53% � 5% (Fig. 2A). Interestingly, the
percentage of sec14-1 cells with Rgd1p located at the neck (23% �
5%) was similar to that for the control (19% � 2%).

In the sec4-2 mutant, the localization of Rgd1p-3�GFP at the
bud tip was strongly disrupted (Fig. 2B). We observed that more
than 85% of cells belonged to the class termed “other localization”
(Fig. 2A). In this class, many intense spots spread throughout the
cells were observed. The proportion of cells with Rgd1p localized
at the bud neck seemed slightly lower (11% � 5% of sec4-2 cells
versus 19% � 2% in the control strain). At 38°C, the sec6-4 mu-
tation resulted in the complete depolarization of Rgd1p localiza-
tion (Fig. 2). Very few cells showed polarized Rgd1p at the bud tip
or neck. The Rgd1p level in sec4-2 and sec6-4 mutants after 3 h of
transfer to the restrictive temperature was similar to that of the
control as shown by Western blotting (see Fig. S1 in the supple-
mental material).

These data demonstrate a functional link between the secretory
pathway and Rgd1p distribution in yeast cells. Our results show
that the localization of Rgd1p was first disrupted from the step
controlled by Sec14p at the trans-Golgi network to the last steps of
the secretory pathway controlled by Sec4p and Sec6p. These re-
sults support the idea that Rgd1p requires ongoing post-Golgi
trafficking for its transport to polarized growth sites, where the
RhoGAP would interact with PtdIns(4,5)P2 synthesized by Mss4p.
Yakir-Tamang and Gerst (83) described a significant reduction in

the amount of PtdIns(4,5)P2 at the plasma membrane after trans-
fer of a sec6-4 mutant at the restrictive temperature of 37°C for 1 h
in synthetic medium. These data suggest that Rgd1p could be mis-
localized due to a lack of binding to PtdIns(4,5)P2 following its
unavailability at the plasma membrane. However, we found that a
sec6-4 mutant expressing the same GFP-2�PH (PLC�) probe (42)
from the URA3 locus showed 53% of cells with membrane-local-
ized PtdIns(4,5)P2after 3 h of incubation at the nonpermissive
temperature (see Fig. S2 in the supplemental material). The dif-
ference in the reporter expression level could explain this differ-
ence in PtdIns(4,5)P2 distribution. Thus, the reduction in Rgd1p
localization in the sec6-4 mutant is unlikely to be an indirect con-
sequence of reduced PtdIns(4,5)P2 at the plasma membrane. Al-
together, our results suggest that Rgd1p might be routed to the
bud tip and bud neck by vesicles emanating from the trans-Golgi
network; neither vesicle trafficking from the ER to the Golgi ap-
paratus nor retrograde transport from the Golgi apparatus to the
ER was required for Rgd1p localization.

Rgd1p is associated with the plasma membrane fraction. We
have highlighted the role of PtdIns(4)P synthesized at the Golgi
apparatus and PtdIns(4,5)P2 synthesized at the plasma membrane
in the apical localization of Rgd1p (56). We have also shown that
the late steps of the secretory pathway play a crucial role in local-
izing Rgd1p. These data are consistent with dynamic transport of
Rgd1p from the Golgi apparatus to the plasma membrane.

To biochemically explore Rgd1p localization during the secre-
tion process, we fractionated yeast lysate on a density gradient and
assayed fractions for activities specific to different compartments
of the secretory pathway. Rgd1p was tagged with the 6� HA
epitope at its C terminus, and the corresponding gene was inte-
grated at its own locus in the control strain. The harvested cells
were lysed, and after clarification of the lysate at 500 � g, the
supernatant was centrifuged at 13,000 � g. The P13 pellet contains
the plasma membrane, vacuole, mitochondria, ER, and cis-Golgi
network; secretory vesicles and late Golgi vesicles are present in
the supernatant (10, 59).

The P13 pellet was then centrifuged on a sucrose gradient (30
to 55%) at 100,000 � g for 16 h as previously reported (10). From
each fraction, activities specific to different cellular compartments
were tested; in parallel, an aliquot of each fraction was analyzed by
Western blotting to detect Rgd1p-6�HA. The plasma membrane
was followed by measuring the vanadate-sensitive ATPase activity
of Pma1p, the cis-Golgi network was followed by measuring Ca2�

dependent GDPase activity, and the ER was followed by measur-
ing cytochrome c reductase (10). The GDPase activity, which is
characteristic of the cis-Golgi network, and cytochrome c reduc-
tase activity, specific to the ER, were present in the lowest-density
fractions from the gradient, while Pma1p activity was recovered at
the bottom of the gradient (Fig. 3). The peaks of GDPase and
cytochrome c reductase activities were superimposed over the var-
ious experiments but distinct from those of Pma1p activity. The
curve of vanadate-sensitive ATPase activity had a broad peak from
fractions 2 to 9. Rgd1p was detected by Western blotting in frac-
tions 1 to 8, with a shoulder corresponding to more dense biolog-
ical elements (Fig. 3A). Moreover, Rgd1p was never detected in
fractions corresponding to the ER and cis-Golgi compartments
(Fig. 3B). Sucrose gradient analyses unambiguously demonstrated
that Rgd1p was not associated with the ER and cis-Golgi network,
two compartments involved in the first steps of the secretory path-
way. Cofractionation of Rgd1p with dense fractions containing
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Pma1p activity is consistent with RhoGAP association with the
plasma membrane.

Rgd1p is associated with post-Golgi secretory vesicles. We
hypothesized that Rgd1p could be transported from the Golgi
apparatus to the plasma membrane on post-Golgi secretory vesi-
cles. We therefore tested whether Rgd1p cofractionated with post-
Golgi secretory vesicles. Relatively few secretory vesicles are found
in wild-type cells, presumably because transport and fusion with
the plasma membrane are rapid (49). We therefore tagged Rgd1p
with 6� HA in the sec6-4 mutant, which accumulates many secre-

tory vesicles when SEC6 is impaired (24, 27, 78). A strain (7165)
with the sec6-4 mutation expressing Rgd1p-6�HA from its chro-
mosomal locus and containing the pUG36-GFP-SEC4 plasmid
expressing GFP-Sec4p from the MET25 promoter was con-
structed. These tagged proteins provided molecular markers for
the RhoGAP and post-Golgi secretory vesicles (22, 78). Immuno-
precipitation of GFP-Sec4p enabled the isolation of secretory ves-
icles. For this purpose, the 7165 strain was grown at the nonper-
missive temperature (38°C) during 45 min in synthetic medium
lacking uracil and methionine, conditions under which vesicles

FIG 3 Fractionation of Rgd1p and organelle-specific enzyme marker activities. Exponentially growing BY4742 cells were lysed, and the resuspended 13,000 �
g pellet was loaded at the bottom of a 30 to 55% sucrose gradient. The gradient was spun until equilibrium and fractionated into 20 fractions of 500 �l, and
aliquots of each fraction were assayed for Pma1p ATPase, cytochrome c reductase, GDPase, protein concentration, and Rgd1p abundance. The quality of the
gradient was verified by determining the sucrose density. Fraction 1 corresponded to the bottom, and fraction 20 was the top of the gradient. (A) Plasma
membrane vanadate-sensitive Pma1p ATPase activity was determined, and Rgd1p was detected by Western blotting. ATPase activity was determined by
measuring the release of inorganic phosphate for 10 min at 37°C, and the result was expressed as �moles of liberated phosphate per min per mg of protein. Rgd1p
was quantitated from Western blots by determining the relative intensity of the signal with the Fluor-S MAX Multimager apparatus (Bio-Rad), and the
corresponding values are indicated in the figure. (B) Distribution of cytochrome c reductase and GDPase activities within the gradient. Cytochrome c reductase
was measured as the rate of increase of absorbance at 550 nm and expressed in nmol of reduced cytochrome c per min per mg of protein. The GDPase activity was
expressed as �moles of liberated phosphate per min per mg of protein.
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accumulate (38). Secretory vesicles were prepared using a previ-
ously established protocol (38) and immunoprecipitated from a
supernatant at 20,000 � g (S20) using anti-GFP antibodies. West-
ern blot analysis using anti-HA (Rgd1p) and anti-GFP (Sec4p)
was performed with the S20 input, nonretained, and immunopre-
cipitated fractions (Fig. 4). This analysis revealed the presence of
Rgd1p and Sec4p in all fractions. Coimmunoprecipitation of
Rgd1p with Sec4p suggests a physical interaction between Rgd1p
and secretory vesicles. Two control strains were used to validate
the results from immunoprecipitation: a sec6-4 strain (7171) ex-
pressing only GFP-Sec4p (lacking Rgd1p-6�HA) and a sec6-4
strain (7161) expressing only Rgd1p-6�HA without GFP-Sec4p.
Secretory vesicles were prepared from these control strains, im-
munoprecipitation was performed with anti-GFP antibodies, and
Rgd1p and Sec4p were probed by Western blotting (Fig. 4). With
the 7171 strain, no HA signal was detected in any fraction, indi-
cating that the HA signal detected in the 7165 strain originated
with Rgd1p-6�HA. For an unknown reason, the Rgd1p signal was
slightly lower in the 7161 strain than in the 7165 strain. No GFP
signal was observed in the 7161 strain, as expected, demonstrating
the specificity of the GFP antibody for GFP-Sec4p. Finally, the
specificity of Rgd1p binding to post-Golgi vesicles was checked
following fractionation of the Pgk1p, Snc1p, and Snc2p proteins.
The 3-phosphoglycerate kinase Pgk1p is a cytosolic protein,
whereas Snc1p/Snc2p are vesicle membrane receptor proteins (v-

SNAREs) involved in the fusion of Golgi apparatus-derived secre-
tory vesicles and the plasma membrane (37). As expected, no anti-
Pgk1p signal was detected in the fraction containing vesicles.
Consistently, the Snc1p/Snc2p signal was not detected in the 7161
strain when secretory vesicles were not immunoprecipitated with
GFP-Sec4p. Together these results demonstrate that the presence
of Rgd1p in the immunoprecipitated fraction was linked to the
presence of secretory vesicles and support the notion that this
RhoGAP associates with vesicles.

Rgd1p colocalizes with a subset of the post-Golgi marker
Sec2p and is transported to the bud tip in a vectoral manner. By
tagging Rgd1p with three copies of GFP in tandem, Rgd1p was
present mostly in areas of polarized growth during the cell cycle
(56). Rgd1p was found to be polarized at the cortex during G1 and
at the bud tip during S and G2 phases. During isotropic bud
growth, Rgd1p was localized to dense patches resembling in-
tensely fluorescent crescents under the cortex at the bud tip.

We tested if Rgd1p colocalized with secretory vesicles. To do
so, a strain was constructed in which Rgd1p was tagged with three
copies of GFP and the post-Golgi marker Sec2p was tagged with
the DsRed variant tdimer (2). Sec2p is the GEF for the Rab GTPase
Sec4p and thus serves as a secretory vesicles marker (52). The
localization of Rgd1p in this strain was comparable to that already
observed (56); Rgd1p was polarized to growth sites in nearly 75%
of cells. Simultaneous acquisition of Rgd1p-3�GFP and Sec2p-

FIG 4 Detection of Rgd1p in a post-Golgi secretory vesicle fraction. Cells from strains 7165 (sec6-4, Rgd1p-6�HA, GFP-Sec4p), 7171 (sec6-4, GFP-Sec4p), and
7161 (sec6-4, Rgd1p-6�HA) were incubated and lysed with a buffer preserving the integrity of secretory vesicles. Post-Golgi secretory vesicles were immuno-
precipitated from the 20,000 � g supernatant using anti-GFP antibody (see Materials and Methods). Ten microliters of the 20,000 � g (S20 Input) supernatant,
nonretained fraction (NRF), and immunoprecipitated vesicles (IP) were analyzed by SDS-PAGE. The IP fraction was concentrated 20-fold compared to the S20
input (for details, see Materials and Methods). The different fractions were followed by Western blotting. Secretory vesicles were detected with anti-Snc1p/2p and
anti-GFP antibodies; Rgd1p and Pgk1p were detected using anti-HA and anti-Pgk1p antibodies, respectively. This figure is representative of the results obtained
from different experiments (n � 3).
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tdimer (2) revealed that Rgd1p-3�GFP colocalized with a subset
of Sec2p-tdimer in the bud (Fig. 5A).

High-speed imaging was used to determine the temporal dy-
namics of Rgd1p-3�GFP. Rgd1p-3�GFP was imaged every 30
ms, and the protein moved in discrete puncta from the mother to
the bud (Fig. 5B and C). Kymographs were then generated in
which the horizontal axis shows time while the vertical axis shows
the position along the purple line shown in Fig. 5B and C. Rgd1p-
3�GFP moved at a velocity of around 1 �m per second from the
mother to the bud, consistent with transport of the protein along
actin cables (3). In the kymograph presented in Fig. 5C, we ob-
served two Rgd1p puncta near the beginning of the movie moving
toward the polarized Rgd1p patch. Subsequently, a third punctum
moves to the bud neck, pauses, and then continues toward the
bud tip.

DISCUSSION

Phosphoinositides PtdIns(4)P and PtdIns(4,5)P2 but not PtdIns(3)P
and PtdIns(3,5)P2 influence Rgd1p localization in S. cerevisiae. A pre-
vious study demonstrated Rgd1p mislocalization in the pik1ts-83 mu-
tant but not in the stt4ts-4 mutant, indicating the involvement of a
specific Golgi pool of PtdIns(4)P in Rgd1p localization. This indicates
that PtdIns(4)P itself is functionally relevant and is not important
merely as a precursor of PtdIns(4,5)P2. Pik1p is associated with the
trans-Golgi network (70), and PtdIns(4)P is enriched at the late Golgi
compartment and the trans-Golgi network (64). The phenotype of a
pik1 mutant is consistent with an essential role for PtdIns(4)P in traf-
ficking from the Golgi apparatus to the plasma membrane in yeast
(23, 43). It is thought that Pik1-generated PtdIns(4)P serves as a spe-
cific docking epitope on the Golgi membrane for recruitment of
other proteins that are involved in vesicle formation and trafficking.
For example, Sec2p, the GEF for Sec4p, binds PtdIns(4)P and is nec-
essary for Sec2p localization (46). PtdIns(4,5)P2 is synthesized in the
plasma membrane by the PtdIns(4)P 5-kinase encoded by MSS4;

reduction of Mss4p activity also led to Rgd1p mislocalization. Alto-
gether, these results suggest that the secretory pathway is necessary for
the correct localization of Rgd1p to growth sites.

Consistent with our hypothesis, Rgd1p distribution was im-
paired in the sec14-1, sec4-2, and sec6-4 mutants, three secretory
pathway mutants. In S. cerevisiae, Sec14p, a member of phospha-
tidylinositol/phosphatidylcholine transfer proteins, is essential for
the biogenesis of secretory vesicles from the trans-Golgi network
(6). Sec14p plays a role in Golgi function by acting on PtdIns(4)P
synthesis, on maintenance of the di-acyl-glycerol pool, and on
reduction of the phosphatidylcholine pool (23). Functional links
between Sec14p and Pik1p have been proposed, and Sec14p may
facilitate the presentation of PtdIns to Pik1p (8, 65). Given this
functional connection, Rgd1p mislocalization in the sec14-1 mu-
tant was expected and was in agreement with our previous data
from the pik1ts-83 mutant. However, the number of cells with
mislocalized Rgd1p at the bud tip was lower in the sec14-1 mutant
than in the pik1 mutant. The phosphoinositide binding protein
Kes1p was also reported to display a differential mislocalization in
these mutants (43). This differential effect is consistent with the
respective roles of Sec14p and Pik1p. Pik1p plays a major role in
activation at the Golgi apparatus, whereas Sec14p facilitates Pik1p
action (23).

Sec4p, a RabGTPase, and Sec6p, a component of the exocyst
vesicle tethering complex, are two proteins involved in exocytosis.
The presence of GTP-bound Sec4p on vesicles is necessary for
subsequent vesicle tethering to specific sites on the plasma mem-
brane (11, 44, 63). Sec6p is also required for exocytosis, playing a
role in the fusion of secretory vesicles at the plasma membrane
(28, 73). In the yeast S. cerevisiae, some cell polarity components
are bound to secretory vesicles, and their localization is dependent
on the secretory pathway. The GTPase Rho1p was found to be
localized to the Golgi apparatus and post-Golgi vesicles, and its
localization is disrupted in mutants acting at late steps of the se-

FIG 5 Colocalization of Rgd1p with Sec2p, a secretory vesicle marker, and Rgd1p dynamics. Rgd1p-3�GFP colocalizes with a subset of Sec2p-tdimer2, a
post-Golgi vesicle marker. Images show maximum projections of separate z planes. Scale bars, 2 �m. (B and C) Rgd1p-3�GFP localized to puncta that were
transported to growth sites in a vectoral manner. The movement of Rgd1p-3�GFP is presented as a kymograph (top panel [B] and right panel [C]). To generate
the kymograph, a line was drawn along the path that an Rgd1p-3�GFP punctum followed during a movie. At each time point of the movie, the fluorescence along
the line was projected vertically in the image. The line used to generate the kymograph is shown in purple in the bottom panel (B) and left panel (C), while the
direction of the vesicle movement is shown by an arrowhead. In the kymograph showing Rgd1p dynamics in a large budded cell (C), two Rgd1p puncta near the
beginning of the movie move toward the polarized Rgd1p patch. Then, a third punctum moves to the bud neck, pauses, and then continues its movement.
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cretory pathway, including sec6, sec2, sec3, sec4, sec8, sec15, and
sec1 mutants but not in sec18 and sec7 mutants, whose mutations
are involved in ER-to-Golgi traffic (45). Cdc42p GTPase localiza-
tion at the bud tip is also dependent on a functional exocyst, since
Cdc42p localization is disrupted in sec4-8, sec6-4, and sec5-24 mu-
tants (85). The yeast protein Aip3p/Bud6p localizes to the bud tip
and bud neck in a cell cycle-specific fashion (66) similarly to
Rgd1p and also shows altered localization in mutants defective in
the late steps of the secretory pathway (33). In mammals, Cdc42p
and its GEF activator 	PIX/ARHGEF7 are involved in cell polarity
and are located at growth sites in a manner dependent upon se-
cretory vesicles (53).

In agreement with the involvement of the secretory pathway in
the proper localization of Rgd1p, coimmunoprecipitation of
Rgd1p with secretory vesicles demonstrated the association of the
RhoGAP with post-Golgi vesicles. In addition, Rgd1p colocalized
with the post-Golgi vesicle marker Sec2p. Moreover, kymographs
revealed the dynamics of Rgd1p being transported from the
mother cell to the bud in a vectoral manner, in agreement with the
known transport properties of secretory vesicles (40). Consistent
with this, Rgd1p was also found in fractions containing the plasma
membrane, where Rho3p and Rho4p are thought to act on effec-
tors. In conclusion, we propose that at least a part of Rgd1p is
transported to the plasma membrane by the late steps of the se-
cretory pathway during bud growth. Rgd1p would associate with
post-Golgi vesicles, and then Rgd1p would be transported to the
plasma membrane, where the RhoGAP would interact with
PtdIns(4,5)P2 synthesized by Mss4p. In Arabidopsis thaliana, a
comparable situation was reported for the RhoGAP REN1 (30).
REN1 is a RhoGAP for ROP1 involved in the regulation of pollen
tube elongation, and it localizes to exocytic vesicles accumulated
in the pollen tube apex and to the apical plasma membrane at the
site of ROP1 regulation. The apical localization of this RhoGAP is
compromised by interrupting vesicular trafficking using brefeldin
A. For this protein, the determination of protein domains indi-
cates the presence of a coiled-coil domain at the C terminus, which
shares some structural homology with BAR domains (30).

Rgd1p localization at the bud neck was also altered in sec mu-
tants. This is observed for mutants impaired in exocytosis, partic-
ularly the sec6-4 mutant. Thus, Sec4p and Sec6p play a role in
localizing Rgd1p at both the bud tip and the bud neck. These data
suggest a role for trans-Golgi vesicles in the apical localization of
Rgd1p but not for its localization to the bud neck, whereas exocy-
tosis would be necessary to bring Rgd1p to both locations. A role
for the exocyst complex was already reported in the bud neck
localization of the chitin synthases Chs2p and Chs3p (75, 76).
Post-Golgi vesicles, as well as the exocyst, localize to the bud neck
at a precise time, just before spindle assembly and actomyosin ring
contraction (76). In conjunction with membrane addition at the
cleavage furrow, targeted vesicle fusion in the cleavage furrow may
provide the timely delivery of factors required for cytokinesis. In-
deed, Rho4p regulates the interaction between Hof1p and Bnr1p,
two proteins involved in cytokinesis and localized at the bud neck,
in a GTP-Rho4p dependent manner (35). The transport of Rgd1p
could help to control this interaction and the progression of cyto-
kinesis.

Rgd1p presents a specific organization with an F-BAR domain
at the N terminus and the RhoGAP domain at the C terminus.
F-BAR domains have been shown to generate and bind to tubular
membrane structures (72). Deletion of the F-BAR region led to

mislocalization of Rgd1p throughout the cell cycle, demonstrating
the importance of this domain in controlling the distribution of
Rgd1p in S. cerevisiae. The F-BAR domain was shown to interact
with phosphoinositides by protein-lipid overlay assays (56). These
data led us to postulate a key role for this domain in interaction
with PtdIns(4)P during secretory transport, and analysis of muta-
tions of positively charged amino acids within the F-BAR domain
would help in defining the interaction sequence. However, the
regulation of Rgd1p trafficking might be more subtle. It is known
that the GTP-bound form of Rho3p interacts with the exocyst
subunit Exo70p (60). A specific mutation in the Rho3p effector
domain (rho3E51V), which no longer interacts with Exo70p,
causes the accumulation of post-Golgi vesicles in yeast (2). This
raises the possibility of cross talk between the secretory pathway
and the Rgd1p RhoGAP through Rho3p: Rgd1p depends on traffic
for its apical localization, and trafficking may utilize Rgd1p via the
Rho3p/Exo70p module.

Moreover, PtdIns(4,5)P2 enhances the RhoGAP activity of
Rgd1p toward the Rho4p GTPase (56). Recently, we demon-
strated that the binding of PtdIns(4,5)P2 to the RhoGAP domain
of Rgd1p modified the structural dynamics of the protein (50).
PtdIns(4)P and PtdIns(4,5)P2 signaling, and exocytosis are closely
linked to the regulation of Rho GTPases. This is also the case for
the GTPase Cdc42p, a key regulator for cell polarity, which regu-
lates the actin cytoskeleton and secretory pathway via exocyst reg-
ulation, so fine-tuning of Cdc42p activity must be regulated by
distinct RhoGAPs (14, 62).

Rho GTPases function as key signaling molecules in polarity
development, and there is a remarkable conservation of these
GTPases from yeast to humans at both the structural and func-
tional levels (54). Exploring the regulatory hub between traffick-
ing, membrane dynamics, Rho function, and RhoGAP activation
represents a future challenge in our efforts to understand the role
of these actors in cell polarity.
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