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ABSTRACT Maintenance of redox homeostasis is critical for the survival of all aerobic organisms. In the budding yeast Saccharomyces
cerevisiae, as in other eukaryotes, reactive oxygen species (ROS) are generated during metabolism and upon exposure to environmental
stresses. The abnormal production of ROS triggers defense mechanisms to avoid the deleterious consequence of ROS accumulation.
Here, we show that the Rho1 GTPase is necessary to confer resistance to oxidants in budding yeast. Temperature-sensitive rho1
mutants (rho7%) are hypersensitive to oxidants and exhibit high accumulation of ROS even at a semipermissive temperature. Rho1 as-
sociates with Ycf1, a vacuolar glutathione S-conjugate transporter, which is important for heavy metal detoxification in yeast. Rho1 and
Ycf1 exhibit a two-hybrid interaction with each other and form a bimolecular fluorescent complex on the vacuolar membrane. A
fluorescent-based complementation assay suggests that the GTP-bound Rho1 associates with Ycf1 and that their interaction is
enhanced upon exposure to hydrogen peroxide. The rho7® mutants also exhibit hypersensitivity to cadmium, while cells carrying
a deletion of YCF7 or mutations in a component of the Pkc1-MAP kinase pathway exhibit little or minor sensitivity to oxidants. We thus
propose that Rho1 protects yeast cells from oxidative stress by regulating multiple downstream targets including Ycf1. Since both Rho'

and Ycf1 belong to highly conserved families of proteins, similar mechanisms may exist in other eukaryotes.

ELLS growing aerobically are constantly exposed to

ROS, which are generated during normal cellular me-
tabolism and upon exposure to oxidants or metals. Although
ROS can regulate several intracellular signaling pathways,
these molecules can damage DNAs, proteins, and lipids.
Thus maintenance of the intracellular redox state is critical
for cellular integrity (Finkel 2003). The abnormal produc-
tion of ROS leads to the induction of defense mechanisms to
avoid the deleterious consequence of ROS accumulation,
and oxidative stress occurs when cells cannot efficiently
neutralize or eliminate ROS. Several studies in the budding
yeast Saccharomyces cerevisiae, including genome-wide
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expression profiling, have identified many genes whose
transcripts or protein levels are elevated or repressed in re-
sponse to oxidants (Morgan et al. 1997; Godon et al. 1998;
Lee et al. 1999; Gasch et al. 2000; Cohen et al. 2002; He and
Fassler 2005). These studies have provided insight into the
regulatory responses and the oxidative stress response reg-
ulons including the two transcription factors Yap1 and Skn7.
However, it is not clear how these gene products function to
protect cells from oxidative stress. It is also noteworthy that
most genes required for resistance to oxidative stress are not
induced in response to oxidative stress (Thorpe et al. 2004).
How cells respond to and recover from oxidative stress is
thus largely unknown.

The Rhol GTPase in budding yeast is involved in a num-
ber of different signaling events including the cell wall in-
tegrity (CWI) pathway, which is activated by various stresses
such as heat shock, hypo-osmotic shock, and nutritional
stress (Levin 2005; Park and Bi 2007). Rhol activates
Pkcl, a yeast homolog of mammalian protein kinase C,
which participates in activating a MAP kinase (MAPK)-
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activation cascade composed of a MEKK (Bck1), a redundant
pair of MEKs (Mkk1/2), and a MAPK (Mpk1/Slt2) in re-
sponse to cell wall stresses (Lee and Levin 1992; Kamada
et al. 1995; Harrison et al. 2004). Rhol regulates actin or-
ganization via the CWI pathway (Delley and Hall 1999;
Harrison et al. 2001) and by activating the formin Bnil
(Kohno et al. 1996; Evangelista et al. 1997; Dong et al.
2003). Rho1 also regulates 1,3-B-glucan synthesis as a direct
regulatory subunit of glucan synthase (encoded by FKS1 and
GSC2/FKS2) (Drgonova et al. 1996; Qadota et al. 1996). A
systematic analysis of several high-temperature—sensitive
(ts) mutations of RHO1 led to identification of the distinct
functional domains of Rhol—one group of rhol® mutants
including rhol-2 and rhol-5 is defective in activation of
Pkc1, while another group including rhol-3 is defective in
activation of glucan synthase (Saka et al. 2001). Rho1 exhib-
its a two-hybrid interaction with Skn7 (Alberts et al. 1998),
which regulates the osmotic or oxidative stress response
genes (He et al. 2009). It is not clear, however, whether
Rhol or the cell integrity MAPK cascade is activated by
oxidative stress.

Cells lacking Rom2, a guanine nucleotide exchange factor
(GEF) for Rho GTPases, are hypersensitive to oxidants, sug-
gesting possible involvement of Rhol or other GTPases in the
oxidative stress response (Park et al. 2005; Vilella et al
2005). Interestingly, another Rhol GEF, Tusl, was shown
to interact with Ycf1 (yeast cadmium factor) by a membrane
two-hybrid analysis and co-immunoprecipitation (Paumi et al.
2007). Ycfl is a vacuolar glutathione S-conjugate transporter
of the ATP-binding cassette family, and plays an important
role in detoxifying metals such as cadmium and arsenite (Li
et al. 1997). Tusl stimulates Ycfl transporter activity in
a Rhol-dependent manner (Paumi et al. 2007). Numerous
studies suggest that metals induce oxidative stress in a variety
of cell types (Ercal et al. 2001; Valko et al. 2005). For exam-
ple, cadmium is a nonredox metal that has been shown to
induce oxidative stress by increasing ROS indirectly in S. cer-
evisiae and neurons (Brennan and Schiestl 1996; Lépez et al.
2006; Cuypers et al. 2010). These previous studies provided
a potential link between Rho1l and Ycf1, but also raised some
important questions. Does Ycfl act upstream of Rhol or as
a downstream effector of Rho1? Does Tusl1 activate Rhol on
the vacuolar membrane? Rho1l localizes to the plasma mem-
brane and to other sites including bud tips, the mother-bud
neck, and endomembranes (McCaffrey et al. 1991; Drgonova
et al. 1996; Qadota et al. 1996; Yoshida et al. 2009), while
Ycfl localizes to the vacuolar membrane (Wemmie and
Moye-Rowley 1997; Mason and Michaelis 2002). Tus1 local-
izes to the presumptive bud site in unbudded cells and to the
mother-bud neck during cytokinesis (Yoshida et al. 2006;
Kono et al. 2008), but has not been observed on the vacuolar
membrane.

These remaining questions led us to investigate a possible
role of Rhol under oxidative stress and the potential inter-
action between Rhol and Ycfl1 in vivo. Here we report that
Rhol is necessary to confer resistance to oxidants and that
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Rhol interacts with Ycfl in a GTP-dependent manner. Our
findings thus suggest that Rhol is involved in reducing ROS
in the cell by regulating Ycf1 and other downstream targets.

Materials and Methods
Plasmids and yeast strains

Standard methods of yeast genetics and recombinant DNA
manipulation were used (Guthrie and Fink 1991; Ausubel
et al. 1999). Yeast cells were grown under standard growth
conditions at 30° unless otherwise indicated. Yeast strains
used in this study are listed in Table 1. Details of plasmid
constructions are described in supporting information, File
S1, and plasmids used in this study are listed in Table S1.

Plate assays

The sensitivity of the rhol® mutants to paraquat (Sigma-
Aldrich) and diethyl maleate (DEM) (Sigma-Aldrich) was
determined at 30°, as previously described (Singh et al.
2008) with slight modification. The wild-type and rhol®
strains were diluted to ODgyy = 0.4 from mid-to-late logarithmic-
phase cultures in YPD and then serially diluted as indicated.
These cells were spotted on YPD plates containing 400 wg/ml
paraquat, 1 mM DEM, or no oxidant. The plates were in-
cubated at 30° for 2-5 days. To test the sensitivity to H,O,,
cells were diluted to ODggo = 0.8 and then treated with 2 or
3 mM H;0, for 200 min before plating on YPD or SC plates
as indicated. The sensitivity to various concentrations of
H,0, was tested by halo assays. First, cells from a mid log-
arithmic-phase culture were diluted to ODggo = 0.2. To
make a lawn of cells, 200 pl of the diluted culture was
spread on YPD or SC plates as indicated. Sterilized filter
disks (Whatman filter paper) were placed on the plate and
then soaked with 5 pl of H,O, (concentrations ranging from
0.1 to 4 M). The plates were then incubated at 30° for 1-2
days to monitor zones of growth inhibition around the filter
disks.

The sensitivity of the pkcl mutants (gifts from D. Levin,
Johns Hopkins University, Baltimore, MD) to H,0O, was
tested similarly except that fivefold serial dilutions were
made starting from ODgog = 1, and cells were plated on
SC—Ura containing 1 M sorbitol after treatment with 2 mM
H,0, for 200 min or after mock treatment. The bck1A and
mpk1A mutants (gifts from J. Gray, University of Glasgow,
Glasgow, UK) were tested similarly, except plated on the
YPD plates. The laboratory wild-type strains exhibited vary-
ing degrees of sensitivity to H,O, depending on the back-
ground: BY4741 was more sensitive to H,O, compared with
other wild-type strains tested (Figure 9, B and C and Figure
S1), as previously reported (Higgins et al. 2002; Singh et al.
2008). The sensitivity of the ycfIA and rhol-5 mutants to
cadmium was tested by making fivefold serial dilutions start-
ing from ODggp = 2, followed by plating on SC containing
30 pM CdCl,. The plates were then incubated at room tem-
perature for 3-7 days.
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Table 1 Yeast strains used in this study

Strain Relevant genotype? Source/comments
NY2284* a ura3 leu2 trp1 his3 ade2 lys2 rho1A::HIS3 ade3::RHOT::LEU2 Guo et al. (2001)

NY2285* a rho1A::HIS3 ade3::rho1-2E45V::LEU2 Guo et al. (2001)

NY2286* « rho1A::HIS3 ade3::rho1-3t60P::| FU2 Guo et al. (2001)

NY2287* a rho1A::HIS3 ade3::rho1-56121C:[EU2 Guo et al. (2001)

HPY1710* « YCF1-VN::kanMX6 See text

HPY1737* a tus1A::TRP1 YCF1-VN::kanMX6 See text

HPY1738* « ycf1A::kanMX4 See text

HPY1739* a rho1A::HIS3 ade3::rho1-56721C:LEU2 ycf1A::kanMX4 See text

HPY1574* « RHO1::GFP-RHO1-URA3 Derived from NY2284

HPY1730* a rho1-2::GFP-RHO1-URA3 Derived from NY2285°

HPY1731* o rho1-3::GFP-RHO1-URA3 Derived from NY2286°

HPY1732* a rho1-5::GFP-RHO1-URA3 Derived from NY2287°

HPY1955* a YCF1-GFP::TRP1 See text

EG123* o ura3-52 leu2-3,112 trp1-1 his4 canl Same as HPY11, Park et al. (1993)
DL106* a pkcTA:LEU2 YCp50-PKC1 Levin and Bartlett-Heubusch (1992)
DL511# a pkcTA::LEU2 YCp50-pkct-1 Levin and Bartlett-Heubusch (1992)
DL506% a pkcTA:LEU2 YCp50-pkc1-2 Levin and Bartlett-Heubusch (1992)
DL504# « pkcTA:LEU2 YCp50-pkci-3 Levin and Bartlett-Heubusch (1992)
DL253# « bck1A::URA3 Lee and Levin (1992)

WVG216* a mpk1A::TRP1 Krause and Gray (2002)

BY4741@ a his3AT1 leu2A0 met15A0 ura3A0 Open Biosystems

HPY1904@ a ycf1A::kanMX4 Open Biosystems

HPY1905@ a ybt1A::kanMX4 Open Biosystems

HPY1906@ a bpt1A:kanMX4 Open Biosystems

THY AP4A a leu2, ura3, trp1::(lexAop)-lacZ (lexAop)-HIS3 (lexAop)-ADE2 Obrdlik et al. (2004)

YCF1-CTA a YCF1-Cub-LexA-VP16 KanMX Derived from THY AP4

ArBT-CTA a SHO1::MFaSS-CD4tm-Cub-LexA-VP16 KanMX Derived from THY AP4

YCF1-CT ATA a YCF1-Cub-LexA-VP16 KanMX tus1A::NatR Derived from THY AP4

ArBT-CT ATA a SHO1::MFaSS-CD4tm-Cub-LexA-VP16 KanMX tus1A::NatR Derived from THY AP4

2 Strains marked with * are isogenic to NY2284, except as indicated; strains marked with @ are isogenic to BY4741, except as indicated; strains marked with # are isogenic to
EG123 (Park et al. 1993), except as indicated; strains marked with /A are isogenic to THY AP4 except as indicated; and the background of the strains marked with * and @ is

5288C.

5 pRS306-GFP-RHO1 (pHP1699) was integrated into the RHO1 locus after digestion with Bglll.

Determination of ROS accumulation

ROS accumulation was monitored indirectly by fluorescence
microscopy and flow cytometry, as previously described
(Singh et al. 2008) with slight modifications. The rhol®
mutant cells, grown overnight in YPD at room temperature,
were diluted threefold and grown for 3 additional hours.
These cells were incubated with dihydrorhodamine 123
(DHR) (Sigma Chemical) for 2 hr at 30°, along with or
without 1 mM H,0,, and then analyzed by fluorescence
microscopy with the FITC filter. For flow cytometry analysis,
cells were grown similarly, except that the cultures were
diluted to ODggp = 0.6 before adding DHR at 30°. Half of
the cells were shifted to 37° for 2 hr, while the remaining
cells were maintained at 30°. Both cultures were then ana-
lyzed with the FACSCalibur (Becton Dickinson) with Ay =
488 nm excitation and FL1 (530/30 BP) filter.

Integrated membrane yeast two-hybrid analysis

Integrated membrane yeast two-hybrid (iMYTH) assays and
construct generation were performed as previously de-
scribed (Paumi et al. 2007; Snider et al. 2010). Construction
details of the NubG fusions of Rhol and the TUSI deletion
strains are provided in File S1. THY AP4 MYTH reporter

strains, which harbor chromosomally encoded Ycfl or un-
related control bait fused to the Cub-LexA-VP16 tag at the C
terminus, were transformed with plasmids encoding NubG-
tagged Rhol or control constructs. Cells were plated on
SC—Trp as a control to show the presence of prey plasmid
and comparative growth between strains. The bait-prey in-
teraction was monitored on SC—Trp—Ade—His containing
X-Gal.

Fluorescence microscopy and bimolecular
fluorescence complementation

Image acquisition of GFP-Rhol was carried out essentially
as previously described (Kang et al. 2001) using a Nikon
E800 microscope (Nikon, Tokyo, Japan) fitted with a 100x
oil-immersion objective (N.A. = 1.30), a Uniblitz electronic
shutter, a Prior Z-axis drive, and a Hamamatsu Orca ER
cooled charge-coupled device. A series of optical sections
was captured at 0.3-pm intervals using Slidebook software
(Intelligent Imaging Innovations, Denver, CO) by exposing
for 1 sec. Cells were treated with 1-2 mM H,O,, for 2—4 hr or
mock treated, where indicated, before imaging.
Bimolecular fluorescence complementation (BiFC) assays
were performed as previously described (Singh et al. 2008;
Kang et al. 2010) with slight modifications. Rhol was fused
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No oxidant H,0,
RHO1 (RO RO RCE " :
rho1-2 N %
rho1-3
rho1-5

to the C-terminal fragment of YFP (YFPC) at its N terminus
and was expressed from a CEN or 2u plasmid (where in-
dicated). Ycfl was fused to the N-terminal fragment of
Venus (VN), a variant YFP (Nagai et al. 2002), at its C
terminus, and was expressed from its chromosomal locus
(see File S1 for details of the plasmid and strain construc-
tion). To monitor BiFC signals, a single optical section was
captured using the YFP filter by exposing cells to UV for 8
sec. Imaging and image processing were performed under
identical conditions for all BiFC assays. Where indicated, the
vacuolar membrane was visualized by staining cells with
FM4-64 for 30 min at room temperature as previously de-
scribed (Vida and Emr 1995). Localization pattern and pixel
intensity of the bimolecular fluorescent complex and Ycf1-
GFP were analyzed by counting at least 100 cells per exper-
iment from three independent experiments. Image analysis
and processing were performed with ImageJ software, and
the data are presented as mean * SD. Statistical significance
was determined using Student's t-test.

Results
rho1* mutants are hypersensitive to various oxidants

To determine whether RHO1 regulates the cellular response
to oxidative stress, we examined sensitivity of the rhol®
mutants, rhol-2, rhol-3, and rhol-5, to oxidants including
paraquat, diethyl maleate (DEM), and hydrogen peroxide
(H,0,). Paraquat is a superoxide-generating agent (Cochemé
and Murphy 2008), and DEM is a thiol-specific oxidant that
depletes glutathione in the cell (Nguyén-Nhu and Knoops
2002). Both drugs increase intracellular ROS levels. Hydro-
gen peroxide is in itself poorly reactive but can be readily
converted to the highly reactive hydroxyl radical upon expo-
sure to UV or by interaction with metal ions (Valko et al.
2005). When serial dilutions of these rhol mutants were
spotted on rich plates containing paraquat or DEM at 30°,
rhol-3 and rhol-5 were hypersensitive to these oxidants com-
pared to wild type, while rhol-2 exhibited little sensitivity to
these drugs (Figure 1). These rhol mutants also exhibited
sensitivity to H,O, to different extents, with rhol-2 and
rhol-5 being particularly hypersensitive to H,O, (Figure 1
and Figure S1A). Taken together, these results suggest that
Rhol is necessary to confer resistance to oxidants.
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Paraquat

Figure 1 The rho1® mutants are
hypersensitive to oxidants. Five-
fold serial dilutions (from left to
right) of wild-type (NY2284),
rho1-2 (NY2285), rhol-3 (NY2286),
and rhol-5 (NY2287) cells were
grown at 30° for 2-4 days on
YPD after treating with 3 mM
H,0, for 200 min or mock treat-
ment, and on YPD containing
400 pg/ml of paraquat or 1 mM
DEM.

DEM

Cells of the rho1* mutants exhibit high
ROS accumulation

To test whether the hypersensitivity of the rho1* mutants to
oxidants resulted from its specific defect in maintaining cel-
lular redox balance rather than general sickness, we indi-
rectly monitored the intracellular ROS level using DHR,
which becomes fluorescent rhodamine 123 upon oxidation
(Herker et al. 2004). When these cells were examined by
flow cytometry after adding DHR, we found that a high level
of ROS was present in the rhol mutants even when they
were grown at the semipermissive temperature of 30°, but
not in wild-type cells (Figure 2A). A higher percentage of
the rhol mutant cells exhibited increased fluorescence upon
shifting the cultures to 37° (Figure 2A). When the rhol-5
mutant was examined under the fluorescence microscope,
high fluorescence was observed in the cytoplasm at 30° and
in an even higher percentage of the cells after exposure to
H,0, (Figure 2B). These results thus suggest that ROS were
not efficiently removed in the cytoplasm of the rhol®
mutants.

The Pkc1-MAPK pathway may play a minor role under
oxidative stress

What is the downstream target of Rhol that is involved in
the oxidative stress response? Since rhol-2 and rhol-5,
which are defective in activating Pkcl (Saka et al. 2001),
were hypersensitive to H,O,, we wondered whether Rhol
regulates the Pkc1-MAPK pathway under oxidative stress.
We thus examined the sensitivity of pkc1® mutants to H>O,.
A pkcIA mutant with a plasmid carrying the pkcl allele,
pkcl-1, pkcl-2, or pkcl-3, exhibited slight sensitivity to
H,0, at 25-33° on the plate containing sorbitol as an os-
motic stabilizer and cell wall protective agent (Figure 3A).
Similarly, we found that cells lacking the downstream com-
ponents of Pkcl, bck1A and mpk1/slt2A, were also slightly
more sensitive to H,O, than wild type (Figure 3B), suggest-
ing that the Pkc1-MAPK pathway may play a minor role in
recovery from oxidative stress.

Rho1 interacts with Ycf1 in vivo

Since the phenotype of the pkcl or mpkl mutant upon ex-
posure to H,O, was much milder than that of rhol mutants,
Rhol might regulate another downstream target involved in
the oxidative stress response. Because Tusl interacts with
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no oxidant no oxidant

Ycfl (Paumi et al. 2007), we wondered whether Ycf1 might
be such a Rhol target. We hypothesized that dysfunction of
Ycfl in the rhol® mutants might lead to increased ROS
accumulation in the cytoplasm. To test whether Rhol inter-
acts with Ycf1 in vivo, first we performed an integrated split-
ubiquitin membrane yeast two-hybrid (iMYTH) analysis
(Snider et al. 2010). The reporter strains, which harbored
chromosomally encoded Ycf1 or unrelated control bait fused
to Cub-LexA-VP16, were transformed with a plasmid
encoding NubG-tagged Rhol or a control construct (see
Materials and Methods and File S1) and then plated onto
SC—Trp (Figure 4A, a-f). The bait-prey interactions were
then determined by monitoring growth and B-galactosidase
expression on SC plates lacking Trp, Ade, and His but con-
taining X-Gal (Figure 4A, g-1). Both Ycf1-Cub-LexA-VP16
and the control bait strains grew and exhibited blue color in
the presence of the positive control prey Ost1-NublI (Figure
4A, g and h, top row) but not in the presence of the non-
interacting control prey Ost1-NubG (Figure 4A, g and h,
bottom row). The Ycfl strain, but not the control bait,
exhibited robust growth and blue color in the presence of
NubG-Rhol (Figure 4A, i and j, top row). In contrast, the
reporter strain expressing Rhol with the NubG tag at its C
terminus (Rhol-NubG) or the control bait strain did not
show such growth and blue coloration (Figure 4A, i and j,
bottom row). This absence of interaction is likely due to the
C-terminal NubG tag preventing proper membrane targeting
of Rhol. Taken together, these data indicate that Rho1 inter-
acts specifically with Ycf1 in vivo.

+HO2

with DHR during a 2-hr incubation with or without
1 mM H,0,. Fluorescence (top) and phase contrast (bot-
tom) images of representative cells are shown from three
independent experiments (n = 450-650 cells for each
sample), and the average percentages of the cells with
detectable fluorescence are shown. Bars, 5 um.

Next, we performed a BiFC assay to monitor the Rhol—
Ycf1 interaction in vivo. This assay allows visualization of
protein—protein associations in live cells by monitoring YFP
fluorescence, which appears when truncated YFP fragments
(YFPN and YFPC) are brought together by association of the
two proteins fused to them (Hu et al. 2002). We expressed
YFPCS-Rhol from a low-copy plasmid in a strain expressing

A no oxidant +H,0,

20000 & |00 @
pkel- 1 KK K.

ey ® ® & =
sl & B @ -

Figure 3 The pkcT mutants and cells lacking downstream components of
Pkc1 are mildly sensitive to H,0,. (A) Fivefold serial dilutions (from left to
right starting from ODeoo = 1) of pkcTA mutant carrying YCp-PKC1
(DL106), YCp-pkc1-1 (DL511), YCp-pkc1-2 (DL506), and YCp—pkc1-3
(DL504) were grown at 25, 30, and 33° for 2-4 days on SC—Ura plates
containing 1 M sorbitol after treatment with 2 mM H,0, for 200 min or
mock treatment. The results were about the same at all temperatures
tested, and only the plate at 30° is shown. (B) Cells of bck7A (DL253)
and mpk1A (JVG216) mutants were treated similarly, except plated on
YPD plates at 30°.
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Figure 4 Rho1 associates with Ycf1 in vivo. (A) iIMYTH
assays to determine the Rho1-Ycf1 interaction. THY AP4
MYTH reporter strains, expressing either C-terminally
Cub-LexA-VP16 tagged Ycf1 or unrelated control bait,
carry NubG-tagged Rho1 or other control plasmid as in-
dicated. These cells were plated on SC—Trp to show the
presence of prey plasmid and comparative growth among
strains (a—f) and on SC—Trp—Ade—His containing X-Gal

wild type

tus1A

SC -Trp

B YFP

overlay

YFPC-Rho1 + Ycf1-VN

YFPC + Ycf1-VN

Ycf1-VN from the chromosome (Materials and Methods).
Ycf1-VN and YFPC-Rhol were partially functional on the
basis of complementation of cadmium sensitivity of ycf1A
and H,0, sensitivity of rhol-5, respectively (Figure S2, A
and B). When these fusion proteins were coexpressed, the
majority of cells exhibited a strong YFP signal on the vacu-
olar membrane (Figure 4B, a). Some of these cells also
showed one or two fluorescent puncta at the sites where
two vacuolar lobes overlapped (see Figure 5B for quantita-
tion). In contrast, no cells exhibited detectable fluorescence
in a control strain that coexpressed Ycf1-VN and YFP®
(without a Rhol fusion) (Figure 4B, b). These results thus
indicate that Rhol interacts directly or closely associates
with Ycf1 in vivo.

Association of Rho1 with Ycf1 is likely to depend on its
GTP-bound state

Next, to determine whether Rhol interacts with Ycfl in
a GTP-dependent manner, we expressed YFPC-RholQ68L
and YFP¢-Rho1T24N| which are expected to be in the GTP-
and GDP-locked state in vivo, respectively (Nonaka et al.
1995), in the YCFI1-VN strain. Cells coexpressing YFPC—
Rho1Q68L and Ycfl1-VN exhibited BiFC signals (Figures 5A,
a), although the percentage of cells with little signal was
increased (see Discussion). In contrast, cells coexpressing
YFPC-Rhol1™#N and Ycfl-VN showed little fluorescence
(Figure 5A, b). The Rho1®@%8l_Ycf1 BiFC signal was often
observed on the vacuolar membrane and in several puncta
on the vacuolar membrane (see Figure 5B for quantitation).

864 M. E. Lee et al.

SC -Trp -Ade -His + X-Gal

to monitor bait-prey interactions (g-l). Strains used for
each panel are: YCF1-CT (3, ¢, g, and i); ArBT-CT (b, d,
h, and j); YCF1-CT AT (e and k); and ArBT-CT AT (f and I).
(B) BIiFC assays were performed in wild-type cells
(HPY1710), which express Ycf1-VN from its chromosomal
locus and carry pRS316-YFP<-RHO1 (a) or YCp50-YFP¢
(b). Cells were grown in SC—Ura at 30°. Images were
captured with the YFP filter for 8-sec exposures. Fluores-
cent images (YFP), DIC images (DIC), and fluorescent
images overlaid with the DIC images (overlay) are shown
for the representative cells. Bars, 5 um. See Figure 5B for
quantitation of the localization pattern of the Rho1-Ycf1
bimolecular fluorescent complex.

The YFP signals in these cells appeared less discrete than
those observed in the cells coexpressing YFPS-Rhol and
Ycf1-VN. This is likely due to the vacuolar shape in cells
expressing YFPC-Rho1Q68L as visualized by differential in-
terference contrast (DIC) microscopy. Staining with FM4-64
also revealed different morphology of the vacuolar mem-
brane in these cells (Figure S3). Despite these differences,
these data thus suggest that Rho1-GTP interacts with Ycf1.

We hypothesized that the formation of the Rhol-Ycfl
complex would depend on Tusl, which converts Rhol to
the GTP-bound state. To test this idea, we performed BiFC
assays in a strain deleted for TUSI. When the interaction
between YFPS-Rhol and Ycfl-VN was examined in the
tusIA mutant, fewer cells indeed show a detectable BiFC
signal (compare Figure 5A, c to Figure 4B, a). However,
a significant percentage of tusIA cells still showed the
Rhol-Ycfl bimolecular fluorescent complex (Figure 5B).
When fluorescence of these cells with positive BiFC signals
was compared, the mean pixel intensity of the vacuolar
membrane was about the same in wild-type and tus1A cells
(Figure 5C). Consistent with the BiFC results, iMYTH anal-
ysis in a tus1A reporter strain indicated that Rhol interacts
with Ycfl specifically even in the absence of TUS1 (Figure
4A, k and 1). It is thus likely that another GEF compensates
for the loss of Tusl in tusIA cells. The Rho168"_Ycf1 bi-
molecular fluorescent complex was also observed in tusIA
cells (Figure 5A, d and 5B), and the total fluorescence in-
tensity in individual cells was not statistically different be-
tween wild type and the tusIA mutant.
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Figure 5 The Rho1-Ycf1 bimolecular fluorescent complex
formation is dependent on the GTP-bound state of Rho1
in vivo. (A) BIiFC assays were performed in the YCF1-VN
strain (HPY1710), which carries (a) pRS316-YFPC—
RHO1Q%8L or (b) pRS316-YFPC-RHO1™4N, and the YCF1-WN
tusTA strain (HPY1737), which carries (c) pRS316-YFP“—
RHO1 or (d) pRS316-YFPC-RHO1Q88L, Cells were grown in
SC—Ura at 30°. Images were captured, processed, and
presented as in Figure 4B. Bar, 5 um. (B) Localization pat-
tern of the Rho1-Ycf1 bimolecular fluorescent complex:
the vacuolar membrane (vm) only; the vm and a punctum
on the vm; the vm and a few puncta on the vm; and
others, which are mixed patterns with diffuse signal often
enriched in the vacuole. Localization pattern of bimolecu-
lar fluorescent complex was quantitated from three inde-

o - -

° %122 | 9 35 =22 _n = pendent experiments (n = 300-400), and mean (%) *+ SD
g [ E ol $ Zeo|* are shown. (C, left) Mean pixel intensity of the vacuolar
5 60 T E.clm o = 50 . membrane of each individual cell was plotted and quan-
S 40 5 LR pu 0 * ¢ tified using ImageJ software: WT (HPY1710 with pRS316—
g o - O 8 % |+ s YPCRHON), 187 = 50 (in arbitrary units, a.u.) and
& O iol  Rno1% RhoT™®N  Rhol  Rhof@dL £ ‘; R tusTA (HPY1737 with pRS316-YFPC_RHO1), 19.5 = 6.3
3 it 1 L . gl ¥ , Euge uk (in a.u.) (P = 0.6). (Right) Fluorescence intensity of each

in wild type in tus1A s 210 ii il individual cell was analyzed: WT (HPY1710 with pRS316—
[ vacuole membrane (vm) only 2, ; oL YFPC-RHO1Q88L), 169 = 109 (in a.u) and tusiA
[J vm + 1 punctum on vm O other T tus14 T tus1A  (HPY1737 with pRS316-YFPC-RHO1Q68L) 135 + 9.4 (in
@ vm +>1 puncta on vm W no signal Rhot+YcH Rhot®L+ Yol a.u) (P = 0.1).

The Rho1-Ycf1 interaction may increase upon exposure
to H202

Since Ycfl formed a bimolecular fluorescent complex with
the GTP-locked Rhol but not with the GDP-locked Rhol,
Rho1l might be activated upon exposure to oxidants and thus
form more Rhol-Ycfl bimolecular fluorescent complex. To
test the idea, we performed BiFC assays in cells coexpressing
Ycf1-VN and YFPC-Rhol after treatment with HyO,. While
the BiFC signals appeared on the vacuolar membrane similar
to those in untreated cells, more cells showed several puncta
with stronger fluorescence on the vacuolar membrane (Fig-
ure 6A, a). This is particularly evident in cells expressing
YFP¢-Rhol from a multicopy plasmid after exposure to
H,0, (Figure 6B, b and 6D). Quantification of fluorescence
intensity of these cells indeed indicated that the pixel in-
tensity of individual cells and in each punctum increased
from 9.57 * 5.4 to 15.13 * 9.9 (in arbitrary units, a.u.;
P = 0.0002) and from 0.64 = 0.1 to 0.94 = 0.5 (P = 0.002),
respectively, after H,O, treatment (Figure 6C). Despite the
cell-to-cell variation, these differences are statistically signif-
icant. Cells expressing Ycf1-VN and YFP€ (without the Rhol
fusion), however, did not show such signal after H,O, treat-
ment (Figure 6A, b), suggesting that these dots represent
the Rhol-Ycf1 bimolecular fluorescent complex rather than
any other endogenous proteins that became fluorescent af-
ter H,O, treatment. The fluorescence signal was occasion-
ally observed in the vacuolar lumen in some cells upon
exposure to H,O,, which might result from mistargeting of
the bimolecular fluorescent complex under oxidative stress.
Taken together, these results suggest that the interaction
between Rhol and Ycfl increased after H,O, exposure
(see Discussion).

Localization of GFP-Rho1 remains similar, while the
Ycf1-GFP level is elevated after exposure to H,0,

We questioned whether localization of the Rhol-Ycf1 bi-
molecular fluorescent complex indeed indicates the sites at
which these two proteins interact with each other in vivo
and how localization of Rhol and Ycfl is affected upon
exposure to H,0,. We thus examined localization of
Rhol before and after exposure to H,O, using a strain,
which expressed GFP-Rhol under its native promoter from
the chromosome. Expression of GFP-Rhol in rhol® mu-
tants restored the resistance to H,O,, although less effi-
ciently than wild type (compare Figure S2C to Figure 1),
indicating that GFP-Rhol was partially functional. GFP-
Rhol localized to the plasma membrane and to the sites
of polarized growth as well as to the vacuolar membrane as
expected (Figure 7a). This localization pattern of GFP-
Rhol remained similar after exposure to H,O,, although
diffuse signals were also occasionally seen in the vacuolar
lumen in some cells (Figure 7b). Thus, Rhol is likely to
interact with Ycfl on the vacuolar membrane where the
two proteins colocalize, and localization of GFP-Rhol is
mostly unaffected by H,0,.

We next examined localization of Ycf1-GFP, which was
expressed from the YCFI chromosomal locus. While Ycfl-
GFP localized to the vacuolar membrane similarly before
and after exposure to H,O, (Figure 8A), the mean pixel
intensity of the vacuolar membrane increased from
59.2 = 18.8 to 71.6 * 30.1 (in a.u.) after H,O, treatment
(Figure 8B). This increase is statistically significant (P =
0.03), albeit rather heterogeneous among individual cells,
suggesting that the Ycfl level is elevated under oxidative
stress.
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Figure 6 The Rho1-Ycf1 bimolecular fluorescent complex
formation after exposure to H,0,. (A) BiFC assays were
performed in the YCFT-VN strain (HPY1710), carrying (a)
PRS316-YFPC-RHO1 or (b) YCp-YFPC (pHP1730). Cells
were grown in SC—Ura at 30° and incubated with 2 mM
H,0, for 2 hr before imaging. Images were captured, ana-
lyzed, and presented as in Figure 4B. Bar, 5 wm. (B) BiFC
assays were performed in HPY1710, carrying pRS426-
YFPC-RHO1. Cells were grown in SC—Ura at 30° and in-
cubated with 2 mM H,0, for 4 hr (+H,0,) or mock treated
(no oxidant) before imaging. Images were captured, ana-
lyzed, and presented as in Figure 4B. Bar, 5 pm. (C, left)
Fluorescence intensity of individual cells of HPY1710 with
PRS426-YFPC-RHO1 was plotted and quantified using
Image) software: pixel intensity in untreated cells, 9.57 +
5.4 (in a.u.) and in cells treated with 2 mM H,0, for 4 hr,

C g p=00002 . S +H,0, - 15.1 = 9.9 (in a.u.) (P = 0.0002). (C, right) Fluorescence
= . 3 = 100 intensity of each punctum in HPY1710 with pRS426-
w0 £ 24 . 8 YFPC-RHO1 was analyzed similarly: pixel intensity in un-

- =1 .

2 g g 2 - 60 ' ' treated cells, 0.64 = 0.1 (in a.u.) and in cells treated with
z . ' S1s - 401 T T I 2 mM H,0, for 4 hr, 0.94 + 0.5 (in a.u) (P = 0.002). (D)
g ol%a re = : 2 ' Localization pattern of the Rho1-Ycf1 bimolecular fluores-

o [=) - L 19 [E— 1 | | | a . . .
§ - ai & 08 : ='l 0 YFPCRNO!  YFPS — [YFPC.Rhofl, —’ cent complexlwas analyzed as in Figure 5B from strains
210 g ; 8 ‘4& ; | b | HPY1710 with pRS316-YFPC-RHO1, YCp-YFPS, or
- $ B:;“ﬂ°1ep’::$u;agﬁfi";‘)°”” e PRS426-YFPC_RHO1 after treatment with H,O, for 4 hr
00— 00— ) and HPY1710 with pRS426-YFPC—RHO1 after mock treat-

+H;0, +H;0, W vm +>1 puncta on vm M no signal
ment. Data are from three independent experiments (n =
300-400), and mean (%) = SD are shown.
rho1* mutants are hypersensitive to cadmium, while an Discussion

ycf1A mutant exhibits slight sensitivity to H,0,

On the basis of our data described above, together with
previous observations (Paumi et al. 2007), we hypothe-
sized that Rhol activates Ycfl. If this were the case, we
would expect a rhol1® mutant to be hypersensitive to cad-
mium and an ycf1A mutant to be sensitive to H,O,. To test
these predictions, we examined the sensitivity of the
rhol-2, rhol-3, and rhol-5 mutants to cadmium. Indeed,
these rhol mutants were sensitive to CdCl, to different
extents (Figure 9A), and the pattern of the differential
sensitivity was similar to those seen for paraquat and
DEM (Figure 1).

Next, we examined the H,0, sensitivity of an ycfIA mu-
tant in two strain backgrounds. A ycfIA mutant exhibited
similar sensitivity to H,O5 compared to each isogenic wild-
type strain (Figure 9, B and C) and the mutants lacking
other vacuolar ABC transporters, ybt1A and bpt1A (Figure
9B). At relatively higher H,O, concentrations, however,
ycf1A was slightly more sensitive to H,O, than wild type
(Figure S1B). In addition, when the rho1-5 and ycfIA muta-
tions were combined, the double mutant was slightly more
sensitive to H,O, than rhol-5 (Figure 9C). Taken together,
these observations thus suggest that Ycfl contributes to re-
sistance to both metals and oxidants, although loss of YCF1
alone does not result in hypersensitivity to H;O,. These
results also indicate that other targets of Rhol as well as
Ycfl are likely to modulate cytoplasmic ROS level, since
rho1® was much more sensitive to H,O, than ycf1A (see
Discussion).

866 M. E. Lee et al.

Rhol activates the “cell integrity” MAPK pathway in re-
sponse to various stresses (Levin 2005), but it has not been
clear whether Rhol or any other component of the MAPK
pathway is also involved in the oxidative stress response.
Although the Rhol GEF, Tusl, interacts with Ycfl (Paumi
et al. 2007), it remained unclear whether Ycfl functions
upstream or as a target of Rhol. The studies reported here
now clarify some of these outstanding issues and uncover
a heterogeneous and complex cellular response to oxidative
stress.

Temperature-sensitive rhol mutants were hypersensitive
to oxidants and exhibited an elevated level of ROS accumu-
lation in the cytoplasm. A membrane two-hybrid analysis and

No oxidant

+H,0,

GFP-Rho1

Figure 7 Localization of GFP-Rho1, expressed from the chromosome,
was examined in wild-type cells (HPY1574), grown in SC—Ura at 30°,
(A) before and (B) after exposure to 2 mM H,0, for 2 hr. A series of Z
sections was captured with the GFP filter and a single, representative Z
section is shown. Bar, 5 pm.
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Figure 8 (A) Localization of Ycf1-GFP was examined in the YCF1-GFP
strain (HPY1955), grown in SC—Trp at 30°, before and after exposure to
2 mM H,0, for 2 hr. A series of Z sections was captured with the GFP
filter and a single, representative Z section is shown. (B) Fluorescence
intensity of the vacuolar membrane was plotted and quantified using
Image] software: pixel intensity in untreated cells, 59.2 + 18.8 (in a.u.);
and in cells treated with H,0,, 71.6 = 30.1 (in a.u.) (P = 0.03).

a fluorescence-based complementation assay demonstrate
that Rhol interacts with Ycf1 in vivo, likely in its GTP-bound
state (see below). Together with the previous finding that
Ycf1 activity depends on Rhol (Paumi et al. 2007), our find-
ings thus suggest that Rhol activates Ycfl to regulate the
redox balance in the cell. Neither the ycfIA nor the pkcI®
mutants, however, exhibited such hypersensitivity to H,O,,
suggesting that Rhol regulates the oxidative stress response
probably through multiple downstream targets. We observed
high cell-to-cell variation in cellular response to oxidative
stress, including the levels of Ycf1, the Rhol-Ycf1 bimolecular
fluorescent complex, and ROS accumulation upon exposure
to H,0,. This is likely due to a different age and physiological
state of individual cells. In fact, cellular age in eukaryotes is
a particularly well-known determinant of heterogeneous re-
sistance to oxidative burden (Avery 2006).

Cells expressing the GTP-locked Rho19%8L showed a posi-
tive BiFC signal, whereas cells expressing the GDP-locked
Rho1T?#N did not, suggesting that Rho1-GTP interacts with
Ycfl. It is thus likely that Ycfl is a downstream target of
Rho1. The localization pattern of the Rho1268L_Ycf1 bimolec-
ular fluorescent complex appeared different from that of
Rhol, reflecting the different vacuole morphology in cells
expressing Rho1Q68l (Figure S3). Indeed, Rhol is also in-
volved in vacuole membrane fusion (Eitzen et al. 2001; Logan
et al. 2010). It might also correspond to the intrinsic differ-
ence between the GTP-locked Rhol and the GTP-bound
Rhol, which can cycle back to the GDP-bound state, with
respect to their association with Ycfl. Although fewer cells
exhibited BiFC signals with Rho1968" than with the wild type,
this is likely due to the sickness of cells expressing Rho1Q68L
(Nonaka et al. 1995), which might have caused loss of the
YFPC-Rho1968L plasmid in some cells. Since Tusl1 also inter-
acts with Ycfl (Paumi et al. 2007), Tusl may facilitate the
interaction between Rhol and Ycfl on the vacuolar mem-
brane as well as the GDP-GTP exchange on Rhol. We were,

+ 30 uM CdCl,

40 ©0 0®|e © 0@ @

ycf1A

rho1-5
rho1-2

rho1-3

yef1A
ybt1A
bpt1A

wTt
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Figure 9 rho1® mutants are hypersensitive to cadmium while ycf7A mu-
tant are slightly sensitive to H,0,. (A) Fivefold serial dilutions (from left to
right, starting from ODggg = 2) of wild-type (NY2284), ycf1A (HPY1738),
rho1-5 (NY2287), rho1-2 (NY2285), and rho1-3 (NY2286) strains, all of
which are in the isogenic background, were grown on SC or SC plate
containing 30 wM CdCl, at room temperature for 4 days (—) or 7 days
(+30 wM CdCly). (B) Fivefold serial dilutions (from left to right, starting
from ODggo = 1) of wild type (BY4741) and isogenic deletion mutants of
vacuolar transporters (ycf1A, ybtTA, and bpt1A) were treated with 2 mM
H,0, or mock treated, spotted on SC plates, and incubated at 30° for 2
days. (C) Fivefold serial dilutions (from left to right, starting from ODggg =
1) of wild type (NY2284), ycf1A (HPY1738), rho1-5 (NY2287), and rho1-5
ycf1A (HPY1739) were treated as in Figure 9B.

however, unable to observe convincing Tus1 localization to
the vacuolar membrane before or after exposure to H,O,,
likely due to transient localization or a very weak signal of
Tus1-GFP. Rhol still interacted with Ycfl in tusIA cells, al-
beit less efficiently, suggesting that another Rhol GEF substi-
tutes Tusl1 function in a tus1A mutant.

The Rhol-Ycf1 bimolecular fluorescent complex was ob-
served on the vacuolar membrane and occasionally as one or
two dots on the vacuolar membrane. Although the exact
nature of these puncta remains unclear, both patterns of
the BiFC signals were dependent on Rhol and Ycfl. Inter-
estingly, the number of these puncta on the vacuolar mem-
brane and their pixel intensity increased after exposure to
H,0,, suggesting an increased interaction between Rhol
and Ycfl upon exposure to H,O,. This might be due to the
activation of Rhol as well as elevation of the Ycfl protein
level upon exposure to H,O, (Figure 8), consistent with the
fact that Yapl regulates the expression of YCF1 (Sharma
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et al. 2002). It is also possible that these puncta reflect the
coalescence of the Rhol-Ycf1l bimolecular fluorescent com-
plexes after exposure to H,O,. Ycf1-GFP also appeared as
one or two dots on the vacuolar membrane, which are
thought to be multivesicular bodies (MVBs) (C. M. Paumi,
unpublished observation), in addition to the vacuolar mem-
brane, but these puncta did not particularly increase upon
exposure to H,O, (Figure 8).

While the interaction between Rhol and Ycfl is clear
from this study, Ycf1 is unlikely to be the only Rho1 effector
involved in the oxidative stress response. Cells lacking YCF1
exhibited little (or slight) hypersensitivity to hydrogen per-
oxide depending on H,0, concentration. This could be due
to the functional redundancy of other vacuolar membrane-
residing transporters such as Ybt1 and Bptl. However, none
of the double or triple mutants of the vacuolar transporters
was as sensitive as the rhol1® mutants to H,O, (M.-E. Lee,
C. M. Paumi, and H.-O. Park, unpublished observation). De-
spite the lack of clear sensitivity of ycf1A to oxidants, a cou-
ple of observations suggest that the Rhol-Ycf1 interaction is
significant to confer resistance to both metals and oxidants.
The differential sensitivity of the rho1% mutants to paraquat
and DEM is correlated with their sensitivity to cadmium
(Figures 1 and 9A), which is well established as an inducer
of oxidative stress in various cell types including yeast
(Brennan and Schiestl 1996). A ycfI deletion confers an in-
creased sensitivity of a rhol* mutant to H,O, (Figure 9C).

The unique response of each rhol* mutant to various oxi-
dants also suggests that the hypersensitivity to oxidants is
unlikely due to the general sickness of the rhol mutants. This
observation is consistent with the idea that different oxidants
may trigger cellular responses by distinct mechanisms, as pre-
viously suggested (Thorpe et al. 2004). Hydrogen peroxide is
an uncharged species (unlike superoxide, O,~) that pene-
trates membranes freely (Imlay 2008). While other oxidants
such as diamide may affect the cell wall, H,O, seems to affect
the intracellular function (Vilella et al. 2005). We found that
the rhol-2 and rhol-5 mutants, which are specifically defec-
tive in Pkcl activation (Saka et al. 2001), were particularly
hypersensitive to H,O,, but their sensitivities to other oxi-
dants were opposite. Thus their hypersensitivity to H,O,
could be due in part to the defect in Pkcl activation, but
the role of the Pkc1-MAPK pathway in response to other
oxidants seems less clear.

The bck1A and mpkl/slt2A mutants as examined here
were mildly sensitive to H,O,. This is consistent with a pre-
vious report (Staleva et al. 2004), but differs from another
study, which indicated that the bck1 and mpk1 mutants were
not sensitive to H,O, and diamide (Vilella et al. 2005). None
of the pkcl mutants that we tested exhibited such severe
sensitivity to H,0,, unlike the report by Vilella et al
(2005). This discrepancy might be due to the different
PKC1 alleles and the strain background. It is thus not certain
whether the Pkc1-MAPK cascade plays a role under oxida-
tive stress. The bifunctional transcription factor Skn7 might
also be involved in the Rhol-mediated oxidative stress re-
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sponse (Alberts et al. 1998). Further investigation will be
required to fully understand the mechanism by which
Rho1l regulates the oxidative stress response.

In this study, we found that Rhol is necessary for survival
under oxidative stress. In contrast, Rho5 is necessary for cell
death under excessive oxidative stress (Singh et al. 2008).
Thus, despite the similar structure of these Rho GTPases,
Rho1l and Rho5 seem to play opposite roles under oxidative
stress. Cells may use an alternative program to promote
either survival or death depending on the level of stress or
cellular damage. It remains uncertain how cell fate is de-
termined under different levels of oxidative stress. Although
the details of the mechanism remain unknown, our findings
suggest that Rhol may regulate Ycfl to get rid of heavy
metals or other xenobiotics from the cytoplasm, and thus
help yeast cells recover from oxidative stress. Because both
Rhol and Ycfl belong to highly conserved families of pro-
teins, Rho GTPases might also be involved in regulation of
an ABC transporter in mammals.
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rho1-3 rho1-5 ybt1A bpt1A

Figure S1 Sensitivity of the rho1™ mutants and the vacuolar transporter mutants to H,0,.
g %

A. H,0; sensitivity of wild type (NY2284) and rho1® mutants (NY2285-NY2287) were tested by halo assays on YPD plates as
described in Materials and Methods. The plates were incubated at 30°C for 2 d.

B. H,0; sensitivity of wild type (BY4741) and isogenic deletion mutants of vacuolar transporters (ycf14, ybt1A and bpt1A) was
tested by halo assays on SC plates. The plates were incubated at 30°C for 2 d.
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- + 30uM CdCl,
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WT + vector
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FIGURE S2 Ycfl and Rhol fusions are partially functional.

A. YCF1-VN partially complemented hypersensitivity of an ycf1A mutant to cadmium. Five-fold serial dilutions (from left to right,
starting from ODggg = 2) of wild-type (NY2284), YCF1-VN (HPY1710) and ycf1A (HPY1738) were grown in SC, spotted on SC plate
(-) or SC plate containing 30 uM CdCl,, and then incubated for 4 d at room temperature.

B. A low-copy YFPC-Rho1l plasmid partially complemented hypersensitivity of rho1-5 to H,0,. 2.5-fold serial dilutions (from left
to right, starting from ODggy = 0.4) of wild-type (NY2284) and rho1-5 (NY2287) cells carrying pRS316 (vector) or pRS316-YFPC-
Rhol (pHP1765) were treated with 1 mM H,0, for 200 min, spotted on SC-Ura and then incubated for 3 d at 30°C.

C. GFP-Rho1 partially complemented hypersensitivity of the rho1® mutants to oxidants. Five-fold serial dilutions (from left to
right, starting from ODggo= 0.8) of wild-type (HPY1574), rhol-2 (HPY1730), rho1-3 (HPY1731) and rhol-5 (HPY1732) mutants
expressing GFP-Rhol from the chromosome were treated with 3 mM H,0, for 200 min, spotted on YPD and then incubated for
3dat30°C.
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+ Ycf1-VN FM4-64 overlay

YFPC-Rho1

YFPC-Rho1(Q68L)

Q68L

Figure S3 Localization of the Rho1-Ycfl or Rhol ™ -Ycfl bimolecular fluorescent complex in cells stained with FM4-64.

BiFC assays were performed in wild-type cells (HPY1710), which co-express Ycf1-VN from the chromosome and (a) YFP-Rho1 or
(b) YFPS-Rho1®® from a plasmid, after staining with FM4-64. Cells were grown in SC-URA at 30°C. Images were captured with
the YFP filter for 8 sec exposure and TRITC filter for 200 msec. Bars, 5 um.
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File S1

Construction of Plasmids and Strains

Yeast strains and plasmids used in this study are listed in Table 1 and Table S1, respectively.

Plasmids and strains for GFP-Rhol: To construct a plasmid for GFP-Rho1 expression, first, Notl site was introduced just after
the start codon of RHO1 as follows: The 685-bp DNA fragment covering the region upstream of the start codon was amplified
by PCR using YEp24-RHO1 (Ozaki et al. 1996) as template and primers oRHO13 (5’-GAACAAGCTTCTCCCTAT
AATGCGGTAGCATTGG-3’) and oRHO18 (5'-GAAGGCGGCCGCACATCTTTCTAGTATAATTTTTAAAGTTC-3’). In addition, a 1.23-kb
fragment covering the RHO1 ORF from the start codon was amplified by PCR using primers oRHO16 (5’-
GAAGCTCGAGCCACCAGGGTTTATCAATGCTCGC-3’) and oRHO17 (5’-GAACGCGGCCGCTCACAACAAGTTGG

TAACAGTATC-3'). After digestion of the 685-bp fragment with Hindlll and Notl (sites included in the primers) and the 1.23-kb
fragment with Notl and Xhol (sites included in the primers), these two fragments were cloned into the pRS426* (pHP1476 =
pRS426 lacking Notl) (SINGH et al. 2008) digested with Hindlll and Xhol, yielding pRS426* -RHO1 (pHP1697). Next, a 720-bp Notl

. S65T, V163A, S175G
fragment encoding GFP

, isolated from YCp-GFP-RSR1 (pHP767) (PARK et al. 2002), was inserted into the Notl site of
pHP1697, yielding pRS426*-GFP-RHO1 (pHP1698). The correct orientation of the GFP insertion in pHP1698 was confirmed by
digestion with Pvull.

To construct an integrating plasmid pRS306-GFP-RHO1, pHP1698 was digested with Hindlll and Xhol, and the resulting
2.6-kb fragment containing the GFP-RHO1 sequence was cloned into pRS306 (Sikorski and HIETER 1989) digested with Hindlll and
Xhol, yielding pRS306-GFP-RHO1 (pHP1699). To express GFP-Rhol from the chromosome, pHP1699 was linearized with Bglll

(which is located at 420 bp downstream of the stop codon of the RHO1 ORF) and integrated into the appropriate strains (see

Table 1), and then stable integrants were isolated.

Plasmids and Yeast Strains for BiFC: To construct a strain expressing YCF1 tagged with the N-terminal fragment of Venus (VN)
at the C-terminus, a DNA fragment carrying VN-kanMX6 was amplified by PCR using pFA6a-VN-KanMX6 (SuNG and HuH 2007) as
template and primers oYCF11 (5’-TTGTTCTATTCACTGTGCATGGAGGCTGGTTTGGTCAATGAAAAT
CGGATCCCCGGGTTAATTAA-3’) and oYCF12 (5’-CTACGTACCAGATTGTGCGGGACAGGTTTTTATTAGTTTC
ACAGTGAATTCGAGCTCGTTTAAAC-3’). The resulting PCR product was transformed into NY2284 by one-step-replacement
method (RoTHsTEIN 1991), yielding HPY1710. Correct targeting was confirmed by colony PCR using primers oYCF13 (5'-
AGCCGAGTTTGACTCTCCGGGCCAG-3’) and oYCF14 (5'-GCACCTGTTCTCCGGAGAAATGTTG-3’).

To express Rhol fused to the C-terminal fragment of YFP (YFPC) at its N terminus, first, the 252 bp Notl fragment of YFP©

K16N

generated from pRS304—YFPC—RSR1 (pHP1678) (KANG et al. 2010) was cloned into the Not1 site of pRS426*-RHO1 (pHP1697),

M. E. Lee et al. 5SI



yielding pRS426*—YFPC—RH01 (pHP1737). To express YFP-Rho1 from a CEN plasmid, the 2.1 kb Hindlll -Xhol fragment (carrying
YFPE-RHO1 sequence) from pHP1737 was cloned into pRS316 digested with Hindlll and Xhol, yielding pR5316—YFPC—RH01

(pHP1765).

Q68L T24N

The RHO1 and the RHO1 mutations were generated by PCR-based site-directed mutagenesis using pHP1737 as
template and primer pairs oRHO19 (5’-GCGCTATGGGATACCGCTGGTCTAGAAGATTATGAT AGACTAAG-3’) and oRHO110 (5'-
CTTAGTCTATCATAATCTTCTAGACCAGCGGTATCCCATAGCGC-3’); and oRHO111 (5'-GGTGATG
GTGCCTGTGGTAAGAACTGTTTATTAATCGTCTTTTCCAAGGGC-3’) and oRHO112 (5’-GCCCTTGGAAAAGAC

GATTAATAAACAGTTCTTACCACAGGCACCATCACC-3'), yielding pRS426-YFPS-RHO1%*®" (pHP1744) and pRS426-YFPS-RHO1™*"

Q68L T24N

(pHP1745), respectively. The correct mutations were confirmed by DNA sequencing. To express RHO1 and RHO1 from

QesL (pHP1766) and pRS316—YFPC—RH01T24N (pHP1768) were generated from pHP1744 and

CEN plasmids, pRS316-YFP -RHO1
pHP1745, respectively, as described above.

To construct TUS1 deletion in the strain HPY1710, PCR was performed using pFA6a-TRP1 (LONGTINE et al. 1998) as
template and primer pairs, oTUS15 (5’-CGAATATAAACATTAAAACAAAAAACTTATTGAGTGCAGCAAGTTAACC
GGATCCCCGGGTTAATTAA-3’) and oTUS16 (5'-TTATATTATTACAACGATATTTACCATTAAAAGTGTCTATAT
CTTATAGAATTCGAGCTC GTTTAAAC-3’). The resulting PCR product was used to delete the chromosomal TUS1 gene in HPY1710
by one-step gene disruption (RoTHSTEIN 1991), yielding HPY1737. Correct targeting was confirmed by colony PCR using primer

pairs, oTUS17 (5’-CATACTGACTCGTCGCATAGGCCG-3’) and oTRP11 (5’-GTTCACCTGTCCCACCTG

CTTCTG-3').

Plasmids and Strains for Integrated Membrane Yeast Two-Hybrid (iMYTH): iMYTH construct generation and assays were
carried out as previously described (PAumi et al. 2007; SNIDER et al. 2010) using four THY AP4 MYTH reporter strains—YCF1-CT
expressing the C-terminally Cub-LexA-VP16 tagged Ycfl; ArBT-CT expressing Cub-LexA-VP16 tagged artificial bait control
construct comprised of the yeast mating factor alpha signal sequence ('MFasSS') fused to the transmembrane domain of the
human T-cell surface glycoprotein CD4 ('CD4tm'); and two tus1A strains, YCF1-CT AT and ArBT-CT AT, derived from YCF1-CT
and ArBT-CT, respectively. To construct the TUS1 deletion strains in the MYTH bait backgrounds, the NatR resistance cassette
was amplified by PCR using primers containing 5' region homologous to 45 bp upstream ('forward' primer) or downstream
(‘reverse' primer) of the TUS1 gene. This PCR product, consisting of the NatR cassette flanked on either side by sequence
homologous to the TUSI gene region, was used to delete the TUS1 gene by one-step gene disruption (ROTHSTEIN 1991).
Construction of Rhol prey constructs was carried out as follows. The RHO1 gene was amplified from purified

Saccharomyces cerevisiae genomic DNA and cloned into either the pPR3N or pPR3C MYTH prey vectors (Dualsystems Biotech)

6 SI M. E. Lee et al.



using the classical ‘gap-repair’ homologous recombination method in yeast (MA et al. 1987). For pPR3N cloning, PCR was carried
out using the R3NF (5’-atccaagcagtggtatcaacgcagagtggccattacggccATGTCACAACAAGTTGGTAACAGTATC-3’) and R3NR (5'-
tacatgactcgaggtcgacggtatcgataagcttgatatcCTATAACAAGACACACTTCTTCTTC-3’) primers. For pPR3C cloning, the R3CF (5'-
gcacaatatttcaagctataccaagcatacaatcaactcAACACAATGTCACAACAAGTTGGTAACAGTATC-3’) and R3CR (5'-

gcttgatatcgaattctcgagaggccgaggeggccgacatTAACAAGACACACTTCTTCTTCTTC-3’) primers were used.

Construction of ycf1 deletion mutants and the YCF1-GFP strain: To construct YCF1 deletion in the NY2284 background, a DNA
fragment (2.08 kb) carrying ycf1A::KanMX4 was amplified by colony PCR using HPY1904 (an ycf1A:: KanMX4 strain obtained
from Open Biosystems) and primers, oYCF15 (5’-CTCCTGGTGTGATGCTTGGGCGGTG-3’) and oYCF14 (5'-
GCACCTGTTCTCCGGAGAAATGTTG-3’). The resulting PCR product was used to delete the chromosomal YCF1 gene in NY2284
and NY2287 by one-step gene disruption (ROTHSTEIN 1991), yielding HPY1738 and HPY1739, respectively. Colony PCR was
performed using primers 0YCF14 and oKanC (5’-CGAGTGATTTTGATGACGAGCGTA
ATGGCTGG-3’) to confirm the correct deletion, which generated a 0.8-kb DNA fragment. The phenotype of ycf1A was
confirmed by checking growth on a plate containing 30 uM CdCl,,

To construct a strain expressing Ycfl fused to GFP at its C terminus, a DNA fragment encoding GFP-TRP1 was
amplified by PCR using pFA6a-GFP(S65T)-TRP1 (LONGTINE et al. 1998) as template and primers oYCF11 and oYCF12. The resulting
PCR product was transformed into NY2284 by one-step-replacement method, yielding HPY1955. Correct targeting was

confirmed by colony PCR using primers oYCF13 and oTRP11.
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Table S1 Plasmids used in this study

Plasmid Description Source/Comments
pRS426 URA3 (high copy) (CHRISTIANSON et al. 1992)
pRS316 URA3 (CEN) (Sikorskl and HIETER 1989)
pRS306 URA3 (integrative) (Sikorski and HIETER 1989)
pFA6a-TRP1 (LONGTINE et al. 1998)
pFA6a-GFP(S65T)-TRP1 (LONGTINE et al. 1998)
pFA6a-VN-KanMX6 (SunG and HuH 2007)
pHP767 YCp50-GFP-BUD1 (PARK et al. 2002)
pHP1409 YEp24-RHO1 (Ozaki et al. 1996)
pHP1476 pRS426 lacking Notl (= pRS426*) (SINGH et al. 2008)
pHP1697 pRS426*-RHO1 with Notl site right after ATG This study

pHP1698 pRSA426*-GFP-RHO1 This study

pHP1699 pRS306-GFP-RHO1 This study

pHP1678 pRS304-YFPC-RSR1*®" (KANG et al. 2010)
pHP1730 YCp50—YFPC—rsr1 (KANG et al. 2010)
pHP1737 pRSA426*-YFPS-RHO1 This study

pHP1744 pRS426*-YFP-RHO1%%® This study

pHP1745 pRS426*-YFPS-RHO1 ™" This study

pHP1765 pRS316-YFP-RHO1 This study

pHP1766 pRS316-YFPC-RHO1%¢%" This study

pHP1768 pRS316-YFPS-RHO1™*" This study

pPR3-N 2 micron, TRP1, AmpR, NubG (SNIDER et al. 2010)
pPR3-C 2 micron, TRP1, AmpR, NubG (SNIDER et al. 2010)

8l M. E. Lee et al.



LITERATURE CITED

CHRISTIANSON, T. W., R. S. SIKORskI, M. DANTE, J. H. SHERO and P. HIETER, 1992 Multifunctional yeast high-copy-number shuttle
vectors. Gene 110: 119-122.

KANG, P. J., L. BEVEN, S. HARIHARAN and H.-O. PARK, 2010 The Rsr1/Bud1 GTPase Interacts with Itself and the Cdc42 GTPase during
Bud-Site Selection and Polarity Establishment in Budding Yeast. Mol. Biol. Cell 21: 3007-3016.

LONGTINE, M. S., A. |. McKEeNzig, D. J. DEMARINI, N. G. SHAH, A. WACH et al., 1998 Additional modules for versatile and economical
PCR-based gene deletion and modification in Saccharomyces cerevisiae. Yeast 14: 953-961.

Ma, H., S. KuNEs, P. J. ScHATz and D. BOTsTEIN, 1987 Plasmid construction by homologous recombination in yeast. Gene 58: 201-
216.

0zAKI, K., K. TANAKA, H. IMAMURA, T. HIHARA, T. KAMEYAMA et al., 1996 Rom1p and Rom2p are GDP/GTP exchange proteins (GEPs)
for the Rholp small GTP binding protein in Saccharomyces cerevisiae. EMBO J. 15: 2196-2207.

PARK, H.-O., P. J. KANG and A. W. RACHFAL, 2002 Localization of the Rsr1/Budl GTPase involved in selection of a proper growth site
in yeast. J. Biol. Chem. 277: 26721-26724.

Paumi, C. M., J. MENENDEZ, A. ARNOLDO, K. ENGELS, K. R. IYER et al., 2007 Mapping protein-protein interactions for the yeast ABC
transporter Ycflp by integrated split-ubiquitin membrane yeast two-hybrid analysis. Mol. Cell 26: 15-25.

ROTHSTEIN, R., 1991 Targeting, disruption, replacement, and allele rescue: Integrative DNA transformation in yeast. Methods
Enzymol 194: 281-301.

SIKORSKI, R. S., and P. HIETER, 1989 A system of shuttle vectors and yeast host strains designed for efficient manipulation of DNA
in Saccharomyces cerevisiae. Genetics 122: 19-27.

SINGH, K., P. J. KANG and H.-O. PARk, 2008 The Rho5 GTPase is necessary for oxidant-induced cell death in budding yeast. Proc.
Natl. Acad. Sci. USA. 105: 1522-1527.

SNIDER, J., S. KITTANAKOM, D. DAMIANOVIC, J. CURAK, V. WONG et al., 2010 Detecting interactions with membrane proteins using a
membrane two-hybrid assay in yeast. Nat. Protoc. 5: 1281-1293.

SUNG, M.-K., and W.-K. HuH, 2007 Bimolecular fluorescence complementation analysis system for in vivo detection of protein-

protein interaction in Saccharomyces cerevisiae. Yeast 24: 767-775.

M. E. Lee et al. 9l



