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Efficient internalization of proteins from the cell surface is essential for regulating cell growth and differentiation. In a
screen for yeast mutants defective in ligand-stimulated internalization of the a-factor receptor, we identified a mutant
allele of TOR2, tor2G?128R, Tor proteins are known to function in translation initiation and nutrient sensing and are
required for cell cycle progression through G1. Yeast Tor2 has an additional role in regulating the integrity of the cell wall
by activating the Rhol guanine nucleotide exchange factor Rom2. The endocytic defect in t0r262125R cells is due to
disruption of this Tor2 unique function. Other proteins important for cell integrity, Rom2 and the cell integrity sensor
Wscl, are also required for efficient endocytosis. A rhol mutant specifically defective in activation of the glucan synthase
Fks1/2 does not internalize a-factor efficiently, and fks1A cells exhibit a similar phenotype. Removal of the cell wall does
not inhibit internalization, suggesting that the function of Rho1l and Fks1 in endocytosis is not through cell wall synthesis
or structural integrity. These findings reveal a novel function for the Tor2-Rhol pathway in controlling endocytosis in

yeast, a function that is mediated in part through the plasma membrane protein Fks1.

INTRODUCTION

Tor proteins are phosphatidylinositol (PI) kinase-related
proteins that regulate cell growth in response to nutrients
and are inhibited by the immunosuppressant drug rapamy-
cin (reviewed in Schmelzle and Hall, 2000; Gingras et al.,
2001). Both yeast (Torl and Tor2) and mammalian (mTor)
Tor proteins function as serine/threonine kinases in vivo
(Cardenas and Heitman, 1995; Alarcon et al., 1999; Schmelzle
and Hall, 2000; Rohde et al., 2001). Tor2 can also function as
a PI-4 kinase in vitro (Cardenas and Heitman, 1995). Tor2
has a unique, essential function that is not sensitive to rapa-
mycin and cannot be performed by Torl. This unique func-
tion requires the Tor2 kinase domain and is involved in
maintaining a normal actin cytoskeleton via the cell integrity
pathway (Zheng et al., 1995; Schmidt et al., 1996; Helliwell et
al., 1998b). This pathway responds to growth and stress
signals to direct cell wall synthesis and is controlled by the
GTPase Rhol (Schmidt et al., 1997; reviewed in Schmelzle
and Hall, 2000).

GTPases function as molecular switches, cycling between
the active, GTP-bound and the inactive, GDP-bound state.
Rhol is regulated by the Rom2 guanine nucleotide exchange
factor (GEF), which is activated by at least three stimuli: cell
wall damage (Bickle et al., 1998), phosphatidylinositol-4,5-
bisphosphate [PI(4,5)P,] (Audhya and Emr, 2002), and Tor2
(Schmidt et al., 1997). Cell wall damage is transmitted to
Rom2 through cell wall integrity sensors, the integral
plasma membrane proteins Wscl and Mid2 (Gray ef al.,
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1997; Verna et al., 1997; Ketela et al., 1999; Rajavel et al., 1999;
Philip and Levin, 2001). Production of PI(4,5)P, at the
plasma membrane is required for proper localization of
Rom2, which binds to this lipid via its pleckstrin homology
domain (Audhya and Emr, 2002). Rom2 activation by Tor2 is
not well-defined, but this event seems to require members of
the large Tor2-associated TORC complex (Loewith et al.,
2002; Wedaman ef al., 2003).

Rho GTPases mediate their functions by binding to and
activating specific effector molecules in their GTP-bound
state. Rhol has five known effectors in yeast that together
help coordinate the complex actin cytoskeletal arrange-
ments, polarized secretion, and cell wall deposition that
occur during polarized growth or when cell wall integrity is
compromised. Rhol participates directly in the production
of new cell wall by functioning as the regulatory subunit of
the B-1,3-glucan synthase that synthesizes glucan, the main
component of the yeast cell wall. The catalytic subunit, Fks1,
is the Rhol effector for this function (Drgonova et al., 1996;
Qadota et al., 1996).

Through activation of another effector, protein kinase C
(Pkcl), Rhol plays an indirect role in the formation of new
cell wall by activation of a mitogen-activated protein (MAP)
kinase pathway that regulates genes involved in cell wall
maintenance (Levin et al., 1994; Nonaka et al., 1995; Kamada
et al., 1996). Rhol activation of Pkcl is also required for actin
cytoskeletal organization (Mazzoni et al., 1993; Delley and
Hall, 1999), and Rhol further contributes to the organization
of actin filaments by interacting with the yeast formin Bnil
(Kohno et al., 1996). Other effectors of Rhol include the
transcription factor Skn7 (Alberts et al., 1998; Ketela et al.,
1999) and a component of the exocyst complex, Sec3 (Guo et
al., 2001).
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Table 1. Yeast strains

Strain Genotype®

LHY2632 ura3A his3A leu2A met15A bar1A::URA3

LHY2817 pkcl::LEU2 leu2 ura3 his4 trp1 lys2 barl ppkcl-2' [URA3]

LHY3421 bnilA:: KanMX4 his3A1 leu2 A0 met15A0 ura3A0 bar1A::URA3

LHY3602 ade2 his3 leu2 lys2 trpl ura3 rholA::HIS3 ade3::rho1-2::LEU2 bar1A::URA3
LHY3603 ade2 his3 leu2 lys2 trpl ura3 rholA::HIS3 ade3::rhol-11::LEU2 bar1A::URA3
LHY3604 ade2 his3 leu2 lys2 trpl ura3 rholA::HIS3 ade3::RHO1::LEU2 bar1A:: URA3
LHY3741 rom1A:: KanMX4 his3A1 leu2 A0 met15A0 ura3A0 bar1A::URA3

LHY3742 rom2A:: KanMX4 his3A1 leu2 A0 met15A0 ura3A0 bar1A::URA3

LHY3745 sec3' leu2 ura3 barl barl1A::URA3

LHY3746 skn7A:: KanMX4 his3A1 leu2 A0 met15A0 ura3A0 barl1A::URA3

LHY3749 tus1A:: KanMX4 his3A1 leu2 A0 met15A0 ura3A0 barlA::URA3

LHY3863 tor262128R yra3 trpl leu2 his3 lys2 barl

LHY3865 ura3 leu2 barl

LHY3877 trpl his3 ura3 leu2 barl

LHY3878 tor2G2128R typ1 ura3 leu2 met15 bar

LHY3879 sac7A:: KanMX4 ura3 leu2 barl

LHY3880 sac7A:: KanMX4 tor262128R yra3 leu2 barl

LHY3946 wsclA:: KanMX4 his3A1 leu2A0 met15A0 ura3A0 bar1A::URA3

LHY4143 mid2A:: KanMX4 his3A1 leu2 A0 met15A0 ura3A0 bar1A:: URA3

LHY4171 bnil::bnil-FH2#1:: HIS3 bnrl:: KanMX4 his3A leu2A ura3A lys2A bar1A::URA3
LHY4172 his3A leu2A met15A ura3A barlA::URA3

LHY4306 tor262128R yya3 trpl leu2 his3 lys2 barl pTOR2 [URA3]

LHY4387 ypk1A:: KanMX4 trpl ura3 his3 leu2 barlA::URA3

LHY4388 met15A ura3 his3 leu2 barlA::URA3

LHY4389 sac7A:: KanMX4 met15A ura3 his3 leu2 bar1A:: URA3

LHY4390 ypk1A:: KanMX4 sac7A:: KanMX4 met15A ura3 his3 leu2 bar1A::URA3
LHY4477 fks1A::HIS3 ura3:: KanMX4 his3 leu2 canl bar1A::URA3

LHY4498 MATa/MATa TOR2/tor2A:: KanMX4 his3A/his3A leu2A/leu2A lys2A/LYS2 MET15/met15A ura3A/ura3A
LHY4514 fks2A::KanMX4 ura3:: KanMX4 his3 leu2 canl bar1A::URA3

LHY4515 ura3::KanMX4 his3 leu2 canl bar1A::URA3

a All strains are MATa unless indicated otherwise.

Endocytosis, the process by which plasma membrane pro-
teins are internalized into the cell, is choreographed by a
large number of proteins and lipids that coordinate the
timing and location of internalization. Sterols, sphingolipids,
kinases, and components of the actin cytoskeleton have been
identified as regulators of the internalization step of endo-
cytosis in yeast (reviewed in Munn, 2001). We have now
identified a role for the Tor2 signaling pathway, including
Wscl, Rom2, and Rhol in regulating this initial step of
endocytosis. We find that Rhol controls endocytosis
through its plasma membrane Fks1 effector, a novel function
for the Rhol-Fksl complex. Furthermore, our results indi-
cate that Rho GTPases play a general role in internalization
and illustrate one way by which Rho GTPases regulate
endocytosis (reviewed in Qualmann and Mellor, 2003; Sy-
mons and Rusk, 2003).

MATERIALS AND METHODS

Strains and reagents

Table 1 lists the yeast strains used in this study. fks1A and fks2A mutant strains
were provided by Howard Bussey (McGill University, Montreal, Canada;
Dijkgraaf et al., 2002). All other strains containing single genomic deletions
were obtained from EUROSCARF (Johann Wolfgang Goethe, University
Frankfurt, Frankfurt, Germany) in the background strain BY4741, a derivative
of the S288c background used in our laboratory. All EUROSCARF deletions
were confirmed by polymerase chain reaction, and those deletions showing
internalization defects were analyzed for genetic segregation of the defect
with kanamyecin resistance, which marks the deletion. Temperature-sensitive
rhol and fks1 fks2 strains were provided by Yoshikazu Ohya (University of
Tokyo, Chiba, Japan; Saka et al., 2001; Dijkgraaf et al., 2002), and the temper-
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ature-sensitive bnil bnrl strain was provided by David Pellman (Harvard
University, Boston, MA; Sagot et al., 2002).

The mating type of yeast strains was switched by transformation with a
plasmid expressing the HO gene, followed by removal of the HO plasmid on
5-fluoroorotic acid. Deletion strains containing a mutation in the Barl pro-
tease were made by introducing a barlA:URA3 mutation by homologous
recombination, or by meiotic recombination with a barl-1 strain. All strains
were grown in synthetic minimal (YNB), YNBYE (YNB supplemented with
0.2% yeast extract), or YPUAD (2% bacto-peptone, 1% yeast extract, 2%
glucose supplemented with 20 mg/1 adenine, uracil, and tryptophan) media
as indicated in the figure legends (Sherman, 1991).

Cloning of TOR2

TOR2 was cloned from a centromere-based genomic DNA library made in the
YCpKan101 vector (generously provided by Jon Binkley and David Botstein,
Stanford University, Stanford, CA) by complementation of the growth defect
of udill-1 cells on YPUAD + 6 mM caffeine at 37°C. The isolated clone
(LHP1557) contained a region of chromosome XI from base coordinates
52489-65453. The TOR2 gene on a CEN plasmid (pML48; Lorenz and Heit-
man, 1995) obtained from Joseph Heitman (Duke University, Durham, NC)
was able to complement the growth and internalization defects of the udi11-1
mutant.

The mutation in udi11-1 was determined by gapped plasmid repair (Roth-
stein, 1991; deHart ef al., 2002). A plasmid carrying TOR2 was digested with
Bglll, removing 5270 base pairs and leaving ~1440 base pairs and 710 base
pairs at the 5" and 3’ ends of TOR2, respectively. The gapped plasmid was
purified and transformed into tor2 and TOR2 cells. Two plasmids recovered
from tor2 cells were each found to have a single point mutation in codon 2128
that was not present in two plasmids recovered from TOR?2 cells. This muta-
tion was duplicated in the TOR2 plasmid using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) with mutagenic primers. The
resulting plasmid (LHP1934) was transformed into TOR2/tor2A::KanMX4 dip-
loid cells (LHY4498) from EUROSCARF. Haploid progeny from diploid trans-
formants were isolated and for2A strains carrying the for262126R plasmid were
identified and assayed for growth on caffeine medium and for a-factor
internalization.

4677



A.K.A. deHart ef al.

Internalization Assays

All a-factor internalization assays were performed essentially as described
previously (Dulic et al., 1991) by the continuous presence protocol. Conditions
for growth and the assay temperature are indicated in the figure legends.
Cells were harvested in early log phase and shifted to the assay temperature
for 15 min before the addition of 3°S-a-factor. Each data point represents the
average of at least three experiments, and the error bars represent the SD. SDS
treatment was assayed by adding SDS to a concentration of 0.005% to cells 15
min before the addition of 3°S-a-factor. Rapamycin to 200 ng/ml or solvent
alone (90% ethanol, 10% Tween) was added to the cells 15 min before the
addition of 3S-a-factor.

For internalization assays using spheroplasts, cells were grown to early log
phase in YPUAD and treated at 5 X 10° cells/ml with 10 mM dithiothreitol in
100 mM Tris, pH 9.4 for 10 min. After removing the dithiothreitol buffer, cells
were incubated with 0.6-1 mg/ml yeast lytic enzyme (ICN Pharmaceuticals
Biochemicals Division, Aurora, OH) in lytic buffer (0.7 M sorbitol, 0.75% yeast
extract, 1.5% peptone, 0.5% glucose, 10 mM Tris) at 30°C until the ODy, had
dropped to ~10% of the nontreated cells. The spheroplasts were washed and
incubated at 5 X 107 cells/ml in recovery buffer (0.7 M sorbitol, 0.75% yeast
extract, 1.5% peptone, 1% glucose) for 20-30 min at 30°C. Spheroplasts were
then harvested, resuspended in recovery buffer at 5 X 108 cells/ml, and
incubated with 3°S-a-factor. Standard pH 1.0 and pH 6.0 buffers were sup-
plemented with 0.7 M sorbitol to provide osmotic support.

Lucifer yellow localization assays were performed as described previously
(Dulic et al., 1991). Cells were grown in YPUAD at 24°C to early log phase,
harvested, and resuspended in YPUAD. The cell suspension was incubated at
30°C for 15 min and Lucifer yellow (Sigma-Aldrich, St. Louis, MO) was added
for 1 h at 30°C. Cells were viewed using an LSM410 confocal microscope (Carl
Zeiss, Thornwood, NY) with a fluorescein isothiocyanate (FITC) filter and
with differential interference contrast optics. The FITC images within a figure
were taken using identical parameters.

Actin Staining

Staining of the actin cytoskeleton was performed basically as described pre-
viously (Adams and Pringle, 1984; Bénédetti et al., 1994). Cells (2 X 108) were
grown in YPUAD at 24°C to early log phase, harvested by centrifugation, and
resuspended in 20 ml of YPUAD. After incubation at 30°C for 3 h, cells were
fixed and stored at 4°C overnight. Cells (4 X 107) were incubated with 1 ul of
0.4 mg/ml FITC-phalloidin (Sigma-Aldrich) for 2 h, washed, resuspended in
1:9 phosphate-buffered saline buffer pH 9.0:glycerol, and mounted on a slide
with an equal volume of 1.6% low-melt agarose. Stained cells were viewed
using an LSM410 confocal microscope with an FITC filter. For quantification
of the data, poor polarization was defined as five or more actin spots in the
mother cell (Delley and Hall, 1999).

RESULTS

Tor2 Is Required for Endocytosis

udill-1 (ubiquitin-dependent internalization) was identified
in a screen for mutants defective in the receptor-mediated
internalization of a-factor pheromone (deHart et al., 2002).
a-factor internalization in udi11-1 cells was significantly de-
layed at 24°C, 30°C, and 37°C, indicating that this phenotype
was not temperature dependent (Figure 1A; our unpub-
lished data). The growth of udil1-1 cells was not tempera-
ture-sensitive on rich or synthetic medium but was sensitive
to the presence of caffeine in the medium (Figure 1B). Using
this caffeine-sensitive growth phenotype, the gene defective
in udill-1 cells was cloned from a centromere-based
genomic DNA library. A plasmid carrying only TOR2 was
able to suppress both the caffeine sensitivity and the inter-
nalization defect of udi11-1 cells (Figure 1, A and B). Using
gapped plasmid repair, we identified the mutation in
udill-1 as a single C-to-T transition, resulting in mutation of
G2128 to arginine at the beginning of the Tor2 kinase do-
main. We introduced the G2128R mutation into wild-type
TOR2 and found that expression of Tor2<2128R in tor2A cells
resulted in cells that were defective for growth on caffeine-
containing medium and for internalization (our unpub-
lished data). These results demonstrate that UDI11 is allelic
to TOR2, and hereafter we refer to udill-1 as tor2G2128R,
We examined whether for262128R cells are impaired in
their ability to perform fluid-phase endocytosis by monitor-
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Figure 1. Tor2 is required for receptor-mediated and fluid phase
internalization. (A) Internalization of 3°S-a-factor was measured at
30°C after growth of cells in YPUAD at 24°C. Wild-type (LHY3865,
®); tor2G2128R (LHY3863, [J); tor292128R with pTOR2 (LHY4306, A).
These same strains were used for the experiments shown in all parts
of the figure. (B) Wild-type, tor262128R or tor262128R cells carrying
centromere-based pTOR2 were grown on YPUAD or YPUAD + 6
mM caffeine plates at 30°C. (C) Lucifer yellow localization was
assayed in wild-type and tor26?128R cells. Images were taken using
differential interference contrast and fluorescence optics. (D) The
actin cytoskeleton was stained in wild-type cells and in tor262128R
cells. Cells were shifted to 30°C for 3 h before fixation and incuba-
tion with FITC-phalloidin. In cells with emerging buds, 29.4% of
wild-type cells showed poor polarization of the cytoskeleton (see
MATERIALS AND METHODS), compared with 48.4% in tor262128R
cells.

ing the internalization and localization of a hydrophilic dye,
Lucifer yellow, into the lysosome-like vacuole. Whereas
TOR? cells efficiently localized the dye to the vacuole,
tor262128R cells did not internalize the dye, and little or no
cell staining was observed after 1 h incubation (Figure 1C).
The actin cytoskeleton plays a critical role in endocytosis
(reviewed in Munn, 2001), and the unique function of Tor2
regulates actin cytoskeletal organization (Schmidt et al.,
1996). Therefore, we analyzed actin localization in tor262128R
cells. Wild-type cells displayed a polarized actin cytoskele-
ton, with most of the actin localized in the bud or near the
neck. In tor262128R cells, actin staining was more often de-
polarized, with actin patches seen throughout the mother
cell (Figure 1D). Depolarization in tor25?125R cells was not as
dramatic as has been seen for other for2 alleles (Schmidt ef
al., 1996), consistent with the weaker growth phenotypes
observed with this mutant.

Rhol Regulators Act Downstream of Tor2 in Endocytosis

tor2G2128R cells exhibited a severe endocytic defect even
though wild-type Torl was expressed. Therefore, we rea-

Molecular Biology of the Cell



Rho GTPase Regulates Yeast Endocytosis
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soned that the role of Tor2 in internalization was part of its
unique function. To support this idea, we assayed internal-
ization in forl1A cells, and found no discernible internaliza-
tion defect (our unpublished data). Furthermore, we tested
whether receptor internalization was sensitive to rapamycin,
a drug that affects the shared essential function of Torl and
Tor2, but not the Tor2 unique function (Zheng ef al., 1995).
a-factor internalization was unaffected by the presence of
rapamycin at a concentration sufficient to inhibit cell divi-
sion (our unpublished data), another demonstration that the
unique Tor2 function is required for endocytosis.

Because the unique function of Tor2 involves activation of
the Rhol GEF Rom2, and perhaps other Rhol GEFs
(Schmidt et al., 1997), we tested whether disruption of genes
encoding these GEFs (ROM1, ROM2, and TUSI) affected

100,
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o
L
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£
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éZO-
N
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Time (min)

Figure 3. Cell wall integrity sensor Wscl is required for internal-
ization. Wild-type (LHY2632, A), wsc1A (LHY3946, #), and mid2A
(LHY4143, W) cells were assayed for internalization of 3°S-a-factor at
30°C after growth in YPUAD at 24°C.
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Figure 4. Ypkl regulates receptor internalization through Rom2-
Rhol. (A) Wild-type (LHY4388), ypklA (LHY4387), sac7A
(LHY4389), and ypklA sac7A (LHY4390) cells were grown on
YPUAD or YPUAD + 6 mM caffeine plates at 30°C. (B) The same
strains were assayed for internalization of 3°S-a-factor at 30°C after
growth of cells in YPUAD at 24°C. Wild type (¢), ypk1A (M), sac7A
(A), and ypk1A sac7A (O).
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Figure 5. Fksl is a Rhol effector required for internalization. Internalization of *°S-a-factor was measured at the indicated temperature after
growth of cells in YPUAD at 24°C. (A) Wild-type (LHY3604, #), rhol-2 (LHY3602, []), and rho1-11 (LHY3603, A) cells were assayed at 37°C.
(B) Wild-type (LHY4515, #), fks1A (LHY4477, A), and fks2A (LHY4514, W) cells were assayed at 30°C. (C) Wild-type (LHY2632, #), skn7A
(LHY3746, ¢), and bnilA (LHY3421, X) cells were assayed at 30°C. (D) Wild-type (LHY4172, #), burlA bnil"s (LHY4171, @), pkc1's (LHY2817,

0), and sec3™ (LHY3745, A) cells were assayed at 37°C.

a-factor internalization. rom2A cells were severely defective
for internalization, whereas tus1A cells showed a more mod-
est defect and roml1A cells internalized a-factor normally
(Figure 2A). Deletion of each of the four known Rhol
GTPase-activating proteins (GAPs: BAG7, BEM2, LRG1, and
SAC?) had little or no effect on internalization (our unpub-
lished data), consistent with a role for GTP-bound Rhol in
endocytosis.

The growth defect of a temperature-sensitive tor2" mutant
is suppressed by deletion of SAC7, presumably by increas-
ing the amount of active, GTP-bound Rhol (Schmidt et al.,
1997). Similarly, deletion of SAC7 in tor2¢2128R cells sup-
pressed the caffeine-sensitivity of these cells (Figure 2B). In
addition, deletion of SAC7 substantially suppressed the in-
ternalization defect of tor262128R cells (Figure 2C). Suppres-
sion of tor26?128R phenotypes was not observed with dele-
tion of any of the other three Rhol GAPs (our unpublished
data), indicating that suppression is specifically due to loss
of Sac7 function. These observations suggest that regulators
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of Rhol act downstream of Tor2 to regulate receptor inter-
nalization.

Cell wall damage activates Rom2 independently of Tor2
and suppresses the growth defect of tor2 cells (Bickle ef al.,
1998). Therefore, we tested whether cell wall damage would
suppress the t0r262128R internalization defect, and we found
that addition of SDS to 0.005% partially suppressed the
defect (Figure 2D). Rom2 can also be activated by the cell
wall sensors Wscl and Mid2. The WSC family of genes
(WSC1-4) were identified as plasma membrane-localized,
integral membrane proteins that act upstream of Pkcl in
activating the cell integrity pathway under a variety of en-
vironmental stress conditions (Gray ef al., 1997; Verna et al.,
1997). Mid2, though not homologous to the Wsc proteins,
also functions as a sensor for cell wall damage and activates
the Pkcl-controlled MAP kinase pathway (Ketela ef al., 1999;
Rajavel et al., 1999). Both Wscl and Mid2 physically interact
with Rom2 and are required for efficient loading of GTP onto
Rhol (Philip and Levin, 2001). Deletion of WSCI resulted in
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Figure 6. Cell wall damage does not inhibit internalization. Wild-
type (LHY2632, ), fks1A (LHY3736, <), and rhol-11 (LHY3603, A)
cells were grown in YPUAD at 24°C, converted to spheroplasts,
incubated for 20-30 min in recovery buffer, and then assayed for
internalization of 3°S-a-factor at 30°C.

a significant internalization defect, whereas deletion of
MID2 had no effect (Figure 3). Together, the observations
described above indicate that the major function of Tor2 in
regulating endocytosis is through activation of the Rhol-
regulated cell integrity pathway.

The Ypkl kinase is required for receptor internalization
(deHart et al., 2002) and influences the Rom2-Rhol pathway
(Roelants et al., 2002; Schmelzle et al., 2002). The a-factor
internalization defect of ypkIA cells, as well as the caffeine-
sensitive growth defect, was fully suppressed by deletion of
SAC7 (Figure 4, A and B). These observations suggest that
Ypkl acts upstream of Rhol in controlling receptor internal-
ization.

Tor2

Figure 7. Cell integrity pathway components involved in regulat-
ing receptor internalization. A schematic diagram of the proteins of
the cell integrity pathway that are involved in the regulation of
endocytosis. 1) Proteins required for the activation of Rhol (Tor2,
Wscl, and Rom?2) are required for efficient internalization. 2) The
endocytic function of Ypkl1 is mediated in part by this pathway. Our
results are consistent with a role for Ypkl upstream of Rhol. Ypkl
is likely to be activated by Tor2-dependent phosphorylation (see
DISCUSSION); however, the target of Ypkl1 action is not known. 3)
The Rhol effector Fksl is required for endocytosis, perhaps by
influencing the localization of components of the endocytic machin-
ery or by affecting localization of Rhol itself, which may be neces-
sary for activation of an unidentified Rhol effector and/or control of
PI metabolism.

Vol. 14, November 2003

Rho GTPase Regulates Yeast Endocytosis

Fks1 Is a Rhol Effector Required for Internalization

The results described above indicate that activation of Rhol
is required for efficient endocytosis. Temperature-sensitive
alleles of RHO1 have been divided into at least two intra-
genic complementation groups: those that inhibit polarized
growth and activation of Pkcl, represented by rhol-2, and
those that inhibit 8-1,3-glucan synthase activity, represented
by rho1-11 (Drgonova et al., 1999; Saka et al., 2001). Receptor
internalization in rhol-11 cells was severely compromised,
whereas internalization in rhol-2 cells was unaffected (Fig-
ure 5A). Cells bearing deletions in the nonessential RHO2 or
RHO4 genes internalized a-factor normally (our unpub-
lished data). We next analyzed receptor internalization in
strains carrying mutations in each of the known Rhol effec-
tors, bnilA, fks1A, fks2A, sec3's, skn7A, bnil's bnr1A, and pkcl*
cells. Only fksIA cells exhibited a defect in internalization
(Figure 5, B-D; Friant et al., 2000). Furthermore, deletion of
MPKI1, the gene encoding the MAP kinase downstream of
Pkcl, had no effect on internalization (our unpublished
data). These observations indicate that Fks1 is a downstream
effector of Rhol that is required for receptor internalization.

Cell Wall Damage Does Not Inhibit Internalization

Rhol and Fksl together synthesize the major cell wall com-
ponent, B-1,3-glucan, and it is possible that a healthy cell
wall produced by normal glucan synthesis is required to
internalize material from the plasma membrane. This possi-
bility was tested by analyzing the effect of removing the cell
wall on a-factor internalization. Cells were converted to
spheroplasts by enzymatic removal of the cell wall, allowed
to recover briefly in osmotically supported rich medium,
and then assayed for internalization of a-factor. rho1-11 and
fks1A spheroplasts exhibited a significant defect in internal-
ization compared with wild-type spheroplasts (Figure 6).
This observation indicates that Rhol and Fks1 are required
for internalization even in the absence of a cell wall. There-
fore, the internalization defect in rhol and fks1 cells is un-
likely to be due to a compromised cell wall. These results
suggest that Fks1 is involved in another function besides cell
wall production, an idea supported by recent work that
identified mutations in Fksl that result in temperature-de-
pendent growth, but have no effect on cell wall glucan
content (Dijkgraaf et al., 2002). Several fks1* fks2A strains, as
well as mutants in other genes affecting the cell wall, such as
ccwl4A, cwplA, and chs3A, were assayed for internalization,
and all internalized a-factor normally (our unpublished
data). These results further support our conclusion that a
normal cell wall is not required for internalization.

DISCUSSION

In this article, we demonstrate that the unique function of
Tor2 is necessary for efficient endocytosis in yeast. Tor2 acts
through the GEF Rom2 to stimulate Rhol, which in turn
controls receptor internalization through Fks1 (Figure 7). In
addition to Tor2, the other known activators of Rom2 are
also required for efficient endocytosis. The cell wall sensor,
Wesl, is required for Rom2 activation in response to cell
wall damage and Wscl is essential for rapid receptor inter-
nalization. The PI-4 kinase Stt4 and the PI(4)P-5 kinase Mss4
synthesize the lipid Tor2 activator, PI(4,5)P,, at the plasma
membrane (Audhya and Emr, 2002). A temperature-sensi-
tive mss4 mutant is defective in receptor internalization
(Desrivieres et al., 2002; our unpublished data). Although
PI(4,5)P, is also likely to be required for other roles in
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endocytosis (reviewed in Cullen et al., 2001; Takenawa and
Itoh, 2001), these results together suggest that Rom2 requires
stimulation from each of its three known inputs for receptor
internalization to occur at its maximal rate.

We also show that the Ypk1 kinase acts upstream of Rhol to
regulate endocytosis. Ypkl was previously linked to the cell
integrity pathway and postulated to act either upstream of
Rhol (Schmelzle et al., 2002) or through independent activation
of the transcription factors, RIm1 and Smp1l (Roelants et al.,
2002). Our results support a role for the endocytic function of
Ypkl1 upstream of Rhol in the cell integrity pathway. Although
it has been suggested that the internalization defect of ypkl
mutants is indirect due to an effect on genes controlled by
Smp1 and Rlm1 (Roelants et al., 2002), a-factor internalization is
normal in smp1A rim1A cells and in strains carrying deletions of
genes regulated by these transcription factors (Jung and Levin,
1999), including hsp150A, exglA, ccwl4A, cwplA, chs3A, and
ktr6A (our unpublished data). The mechanism by which Ypk1
impinges on this pathway has not been established. One pos-
sibility is that Tor2 acts directly upstream of Ypkl by phos-
phorylating the Ypk1 turn and hydrophobic motifs, an event
that regulates Ypkl homologs in other organisms (Burnett et
al., 1998; Isotani ef al., 1999; Oldham et al., 2000; Zhang et al.,
2000; Saitoh et al., 2002; Matsuo et al., 2003). Another possibility
is that Ypkl may directly regulate a Tor2 complex, TORC2
(Loewith et al., 2002; Wedaman et al., 2003), because the Avol-3
members of this complex each contain Ypkl consensus phos-
phorylation sites (RXRXXS/TW; Casamayor et al., 1999). These
two models are not mutually exclusive.

Due to the close relationship between actin cytoskeleton
function and endocytosis, we were surprised to discover that
mutations that cause a defect in the protein kinase C pathway
and in actin organization (rho1-2, pkc’s, mpk1A, and bnil® bnrlA)
caused no internalization defect, whereas mutations affecting
the glucan synthase pathway (rhol-11 and fksIA) caused a
strong defect. Cells deleted for WSC1 are compromised in their
ability to produce 3-1,3-glucan, demonstrating that Wsc1 plays
a role in Fksl activation (Sekiya-Kawasaki ef al., 2002). In con-
trast, mid2A cells show no decrease in 3-1,3-glucan production
(Sekiya-Kawasaki et al., 2002), even though these cells are de-
fective in activation of the Pkcl-controlled MAP kinase path-
way (Ketela et al., 1999; Rajavel et al., 1999). Our finding that
deletion of WSCI results in defective a-factor internalization,
whereas deletion of MID2 does not, further supports an im-
portant role for Fks1 in internalization.

Although Fksl is required for receptor internalization, an
intact cell wall is not. Temperature-sensitive mutations in Fks1
that have no effect on the glucan content of the cell have been
described previously (Dijkgraaf et al., 2002). This observation
together with our results suggests that, in addition to 5-1,3-
glucan production, there is a novel Rhol-Fksl function re-
quired for internalization. The Rhol-Fksl complex may be
involved in the proper localization or activation of a compo-
nent of the endocytic machinery, or in regulating PI localiza-
tion or levels, as has been suggested for mammalian Rac (Ma-
lecz et al., 2000). Several proteins that interact with Fksl have
been identified by yeast two-hybrid and large-scale complex
purification and mass spectroscopy studies (Gavin et al., 2002;
Poirey et al., 2002). These Fksl-interacting proteins include
Fthl, a protein required for normal fluid phase endocytosis
(Wiederkehr et al., 2001); Srv2, a protein involved in actin
organization and internalization (Wesp ef al., 1997); Ygl051w, a
protein that interacts with the endocytic protein Pan1l (Wend-
land et al., 1996; Poirey et al., 2002); Lcb2, a protein required for
receptor internalization that is in involved in the production of
sphingoid bases and in activation of the Pkh kinases (Zanolari
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et al., 2000; Friant ef al., 2001); and Stt4, a PI-4 kinase that
contributes to localization of Rom2 (Audhya et al., 2000; Au-
dhya and Emr, 2002).

Mammalian Rho family GTPases are involved in regulating
endocytic traffic both positively and negatively (reviewed in
Ellis and Mellor, 2000; Qualmann and Mellor, 2003; Symons
and Rusk, 2003). For example, activated Rho stimulates the
constitutive endocytosis of sodium pumps in Xenopus laevis
oocytes, whereas activated Rho and Rac inhibit transferrin
receptor and epidermal growth factor receptor internalization
(Schmalzing et al., 1995; Lamaze ef al., 1996; Malecz et al., 2000).
The specific Rho effector(s) that regulates endocytosis has not
been identified in mammalian cells, but this regulation is likely
to occur through control of PI metabolism (Malecz et al., 2000).
Perhaps Fks1 is required to help localize Rhol to specific mem-
brane domains, where Rhol can affect local lipid synthesis or
metabolism required for endocytosis.

The Tor proteins are key regulators of cell growth, which
interpret cues regarding the availability of nutrients and the
phase of growth of the cell to control transcription, translation,
and ribosome biosynthesis (Schmelzle and Hall, 2000). Tor
proteins in yeast have been shown to regulate the plasma
membrane localization of amino acid permeases in a rapamy-
cin-sensitive manner (Schmidt ef al., 1998; Beck et al., 1999). Our
results indicate that the unique function of Tor2, which regu-
lates the cell integrity pathway and contributes to cellular
growth by affecting actin organization, polarized growth, and
cell wall deposition (Drgonova et al., 1996; Qadota et al., 1996;
Helliwell et al., 1998a), also regulates the internalization step of
endocytosis. Consistent with our observations, it was recently
suggested that Tor proteins may participate in endocytosis
(Wedaman et al., 2003) due to their plasma membrane, vacuole,
and endocytic vesicle localization, and their connection to
sphingolipid signaling (Cardenas and Heitman, 1995; Withers
et al., 1997; Beeler et al., 1998; Sabatini et al., 1999; Kunz et al.,
2000; Wedaman et al., 2003).

Why might the cell integrity pathway affect endocytosis?
One possibility is that to respond to changes in pressure on the
plasma membrane in the face of assaults on the cell wall or
polarized growth, the cell needs to be able to modulate the rate
of endocytosis to affect the cellular volume (Morris and Hom-
ann, 2001). The cell integrity signaling pathway is responsive to
these conditions, and therefore is in a prime position to react to
changes in the extracellular environment to modulate endocy-
tosis. Our results support this model, reveal a role for the cell
integrity pathway in regulating endocytosis and suggest a
novel endocytic function for the Rhol-Fks1 complex indepen-
dent of cell wall biogenesis.
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