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The essential phosphatidylinositol kinase homologue
TOR2 of Saccharomyces cerevisiamontrols the actin
cytoskeleton by activating a GTPase switch consisting
of RHO1 (GTPase), ROM2 (GEF) and SAC7 (GAP).
We have identified two mutations, rotl-1 and rot2-1,
that suppress the loss ofOR2and are synthetic-lethal.
The wild-type ROT1and ROT2genes and a multicopy
suppressor, BIG1, were isolated by their ability to
rescue therotl-1 rot2-1double mutant. ROT2 encodes
glucosidase IlI, and ROT1 and BIG1 encode novel
proteins. We present evidence that cell wall defects
activate RHOL1. First, rotl, rot2, bigl, cwh41, gasland
fks1 mutations all confer cell wall defects and suppress
tor2’s. Second, destabilizing the cell wall by supple-
menting the growth medium with 0.005% SDS also
suppresses dor2's mutation. Third, disturbing the cell
wall with SDS or arotl, rot2, bigl, cwh41l, gaslor fksl
mutation increases GDP/GTP exchange activity toward
RHO1. These results suggest that cell wall defects
suppress aor2 mutation by activating RHO1 independ-
ently of TOR2, thereby inducing TOR2-independent
polarization of the actin cytoskeleton and cell wall
synthesis. Activation of RHO1, a subunit of the cell
wall synthesis enzyme glucan synthase, by a cell wall
alteration would ensure that cell wall synthesis occurs
only when and where needed. The mechanism of RHO1
activation by a cell wall alteration is via the exchange
factor ROM2 and could be analogous to signalling by
integrin receptors in mammalian cells.

Keywords actin cytoskeleton/glucosidase/GTPase/signal
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Introduction

The Saccharomyces cerevisigeoteins TOR1 and TOR2
were originally identified genetically as the targets of
the immunophilin—-immunosuppressive complex FKBP—
rapamycin (Heitmanet al, 1991; Kunzet al, 1993;
Cafferkey et al, 1994; Helliwell et al, 1994). They

also the target of FKBP-rapamycin, has protein kinase
activity (Brownet al, 1995; Brunnet al, 1997).

TOR2 has two essential signalling functions (Kunz
et al, 1993; Helliwell et al, 1994; Zhenget al,, 1995;
Hall, 1996). One function is shared with TOR1 and is
required for signalling activation of translation initiation
and early G progression in response to nutrients (Barbet
et al, 1996; Di Como and Arndt, 1996). Translation
initiation and G progression in mammalian cells are also
controlled by TOR (mMTOR/FRAP/RAFT), suggesting that
this TOR signalling pathway is highly conserved (Beretta
et al, 1996; von Manteuffelet al, 1996; Thomas and
Hall, 1997). The second TOR2 function, which TOR1 is
unable to perform, mediates the cell cycle-dependent
organization of the actin cytoskeleton (Schmitt al,,
1996, 1997). TOR2 signals to the actin cytoskeleton by
activating a Rho-type GTPase switch.

In yeast, the organization of the actin cytoskeleton is
controlled so as to optimize secretion toward regions of
polarized growth (Adams and Pringle, 1984; Kilmartin
and Adams, 1984). As in mammalian cells, the yeast
cytoskeleton is regulated by a family of small GTPases
comprising CDC42 (Johnson and Pringle, 1990), RHO1,
RHO2 (Madauleet al,, 1987), RHO3 and RHO4 (Matsui
and Toh-e, 1992b). During the;@hase of the cell cycle,
growth occurs uniformly over the entire cell surface and
cortical actin patches are distributed randomly. As cells
progress into the cell cycle, CDC42 mediates bud
emergence by controlling the concentration of actin cortical
patches at the chosen bud site (Bender and Pringle, 1989;
Adamset al, 1990). RHO1, and possibly its non-essential
homologue RHO2, are required for further bud growth
(Yamochi et al, 1994). RHO1 controls three different
proteins which are important for cell wall synthesis and
actin organization. It binds and activat@sl,3 glucan
synthase which produces a major structural component of
the cell wall (Drgonovaet al, 1996; Qadotat al., 1996).

It also binds and activates PKC1 (Nona&tal, 1995;
Kamadaet al, 1996) which transcriptionally activates
many cell wall biosynthetic enzymes, includirf$1,3
glucan synthase (Shimizet al, 1994; Jianget al., 1995;
Igual et al, 1996; Madderet al, 1997). PKC1 may also
play a role in organizing the actin cytoskeleton (Mazzoni
et al, 1993). Lastly, RHO1 may control the actin cyto-
skeleton by binding BNI1 which binds profilin (Kohno
et al, 1996; Evangelistat al, 1997). RHO3 and RHO4
are also important for bud growth; depleting them causes
cells to lyse or arrest growth with small buds and delocal-

contain a lipid kinase domain near their C-terminus and ized actin (Matsui and Toh-e, 1992a).

are thus structurally related to PI 3- and PI 4-kinases. The Small GTPases exist in two states, a GTP-bound active
kinase domain is essential for TOR function, although no state and a GDP-bound inactive state (Hall, 1990; Bourne
kinase activity has been demonstrated for either TORL1 or et al, 1991). GDP/GTP exchange factors (GEFs) catalyse
TOR2 (Zhenget al, 1995; Schmidtet al, 1996). The the exchange of GDP for GTP and are thus G-protein
mammalian counterpart of TOR1 and TOR2, which is activators. GTPase-activating proteins (GAPs) accelerate
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the rate of GTP hydrolysis and are thus negative regulators.
The mechanisms by which GEFs and GAPs are controlled
are poorly understood.

The yeast cell wall is a dynamic structure that makes 30°C
up 15-30% of the dry weight of the cell (Klis, 1994;
Orlean, 1997). It is composed of three major components,
mannoproteinsp-1,6-glucan and3-1,3-glucan, all cross-
linked to each other and to chitin, &hacetylglucosamine
polymer (Kapteynet al, 1997; Kollaret al, 1997). The
cell wall determines cell shape, provides rigidity that
counteracts the outward turgor pressure on the plasma
membrane, and acts as a diffusion barrier delimiting
the periplasmic space. Cell wall synthesis is a poorly o
understood, highly regulated process that is subject to cell 37°C
growth and environmental cues.

We have shown recently that TOR2 activates RHO1
and RHO?2 via their GEF ROM2 (Schmiét al, 1997).
Here we show that cell wall damage also activates RHO1
via ROMZ2, independently of TOR2. Our results suggest i, 1 \tations inRROTLor ROT2suppresgor2®. Wild-type (wt)
that yeast cells have a cell wall monitoring system that (vH272-1c), tor2's (MB133-2b), rot1-1 tor2s (MB136-2d) androt2-1
activates cell wall synthesis. Such a monitoring system tor2's (MB137-1d) cells were streaked on YPD and incubated at 30
signals in response to cell wall alterations caused by and 37°Crotl-1 tor2s androt2-1 tor2S cells, but nottor2® cells, are
duress and possibly also by normal cell wall remodelling. Viable at 37°C.

suppress the loss of only the TOR2-unique function (data

Results
not shown).
Mutations in ROT1 and ROT2 suppress the loss of
TOR2 Isolation of ROT1, ROT2, BIG1 and SAC7 by

TOR2 has at least two essential functions. One is redundantsuppression of rot1-1 rot2-1 synthetic lethality
with TOR1 and controls translation initiation; the other is The rotl-1 and therot2-1 mutations were introduced
unique to TOR2 and controls the actin cytoskeleton (Kunz into our wild-type strain background to generate strains
et al, 1993; Helliwell et al., 1994; Barbetet al, 1996; MB134-1a and MB135-4b, respectively. As expected from
Schmidtet al, 1996). To gain insight into the TOR2- the wild-type-like growth of therotl-1 tor2s and the
unique function, we selected second-site suppressors ofrot2-1 tor2s mutants at all temperatures, thet1-1 and
tor2's mutations in aTOR1background. Th&ORL1 tor2® rot2-1 mutations conferred no growth phenotype in a wild-
mutants were defective only in the TOR2-unique function, type background at 24, 30 or 37°C (see Materials and
and temperature sensitive for growth. Approximately 300 methods for scoring of theot mutations). However, a
spontaneous mutants able to grow at 37°C on rich medium combination ofrotl-1 and rot2-1 in an otherwise wild-
were isolated (see Materials and methods). Eight mutantstype background (MB145-3b) conferred a recessive, tem-
containing suppressors that were able to suppreaes2a perature-sensitive growth defect (see Materials and
null allele were chosen for further study (see Materials methods). We took advantage of this recessive synthetic
and methods). The eight mutants were back-crossed tolethal phenotype to clond)ROT1 and ROT2 Both a
the parentator2' strain and diploids were sporulated and high-copy-number (2) and a single-copy-number (CEN)
dissected. The suppressor mutations were all recessiveplasmid library were screened for rescue of the temper-
and segregated 2:2, indicating that a single nuclear locusature-sensitive growth phenotype of thetl-1 rot2-1
was affected in each case. The eight mutants were thenmutant. Four open reading frames and a tRNA gene which
crossed to each other and diploids were sporulated andconferred growth at 37°C were identified (see Materials
dissected. The suppressor mutations were linked to oneand methods)YMR200wYBR229¢cYHR101¢SACT and
of two loci which were namedROT1 and ROT2 for a GIn tRNA [tQ(CUG)M]. When present in a single copy,
reversal_of TOR2 rptl was isolated six times ant2 only YMR200w and YBR229cwere able to suppress
twice). We chose one mutant from each segregation groupcompletely the synthetic lethality (Figure 2YMR200w
(rotl-1, MB136-2d;rot2-1, MB137-1d) for further study. = and YBR229awere subsequently shown, by genetic link-
The rotl-1 and rot2-1 mutations suppressed both the age,toencodBOT1andROT2 respectively (see Materials
growth defect and the actin organization defect of the and methods). This assignment was confirmed by trans-
tor2's mutant (Figure 1 and data not shown). Interestingly, forming the single copyy MR200wandYBR229@lasmids
ator2's diploid heterozygous faotl-1 androt2-1 (MB66) into therot1-1 tor2® androt2-1 tor2s mutants.Y MR200w
was viable at 37°C, indicating non-allelic non-comple- was able to complement onkptl-1, and YBR229cwas
mentation (data not shown). able to complement onlyot2-1 (data not shown).

To determine whether the rot mutations could suppress The high-copy-number suppressor of tie¢l-1 rot2-1
a loss of the TOR-common functiomptl-1 tor2s and synthetic lethality YHR101¢ a weak suppressor, was
rot2-1 tor2s strains were crossed totarl tor2s mutant namedBIG1 (bad_in_glucose, see below). The high-copy-
(strain SH221). None of théorl tor2s segregants was number suppressoBAC7 showed strong homology to
viable at 37°C, indicating that theot mutations could Rho-type GTPase-activating proteins (GAPSAC7was
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has been shown to be important, along with calnexin,
calreticulin and the UDP:Glc glycoprotein glucosyl-
transferase, for monitoring the maturation of glycoproteins
in the ER (quality control) (Bergeroet al, 1994). A
similar quality control mechanism may also exist in yeast
(Parlatiet al, 1995).

The ROT1, ROT2andBIG1 open reading frames were
disrupted with PCR-generated cassettes (see Materials
ot1=1 rot2-1 and methods)ROT1was essential for growthptl-null
BIGT (2u) (rotl::kanMX2 spores germinated and arrested growth
L) within one cell cycle as medium- or large-budded cells.
rot1-1 rot2-1 A strain containingROT1 under control of theGAL
ROT2 (CEN) promoter (MB121-1b) (see Materials and methods) also
arrested growth, when shifted from galactose to glucose
medium (Figure 7A). Thus, the original recessio¢l-1
allele, which did not confer a growth defect, was not a
null allele. ROT2was not essential, as reported previously
(Trombetta et al, 1996). A ROT2 deletion (ot2:

3 Y - E \ : 3 HIS3MX6; strain MB86-1b) conferred no obvious growth
roti-1 rot2-1 S ’%’j&,—f?ﬁ)’ defect and suppressedtar2's mutation (MB104-2a), as
observed for the originatot2-1 mutation (Figure 3A).
BIG1 was important but not essential for growth. Disrup-
tion of BIG1 (bigl::HIS3MX§ caused a severe growth
/ defect;bigl cells (PA5-7b) formed microcolonies after 8
_ rot1-1 rot2-1 days on YPD medium (Figure 7A). ThHagl cells were
BIG1 (2p) very large and often unbudded and multinucleate. The

- poor growth ofbigl cells was partly suppressed on media
rot1-1 rot2-1 containing galactose as a carbon source or 1 M sorbitol
ROT2 (CEN) (data not shown). Th&IG1 disruption did not suppress
Fig. 2. ROT1 ROT2 BIG1 and SAC7suppress the temperature- a tor2s mutation (data not shown). However, tar2:
se?']sitive grcl)wth d(zefect of et1-1 rot2—1pc[i)ouble mutant?otl—l rot2-1 mutant containin@|G1under control of th&AL promoter
(MB145-3b) cells, transformed with either empty plasmid (PA31-7b) was viable at 37°C on glucose (data not shown).
(= YEplac195), pMB2 ROT1 CEN, pMB6 (ROT2 CEN, pPAD24 Thus, although not originally identified as a suppressor of

(BIG1 2u), or pMB7 (SAC72u), and wild-type (wt) (MH272-1d) ts ; ts
cells were streaked on YPD and incubated at 30 and 3itC-1 tor2%, loss of function ofBIG1 could also suppredsr2=.

rot2-1 mutants are viable at 37°C if they exprd23©T1 ROT2 BIG1 The difference in suppression by the .t\htgll alleles is
or SAC7 presumably due to the fact that tB&G1 disruption caused

a severe growth defect on its own, whereas@#d_-BIG1
allele did not (see Materials and methods).

rot1-1 rot2-1 QI gl N E rot1-1 rot2-1
30°C

rot1-1 rot2-14
ROT1 (CEN) *©

37°C

rot1-1 rot2-1 '\
ROTT1 (CEN)

shown indeed to encode a GAP, for RHO1, as described Loss of ER glucosidase activity suppresses tor2's
elsewhere (Schmidet al, 1997). The remaining high- ROT2 was identified by Trombett&t al. (1996) as
copy-number suppressor encoded a GIn tRNA and wasglucosidase Il. To examine the link between suppression
not pursued further. of tor2®s and glucosidase activity in the ER, we searched
ROT1 and BIG1 were novel proteins with one putative for a yeast homologue of mammalian glucosidase |. Lack
transmembrane domain each and no homologue in theof glucosidase | activity should also abolish trimming by
DDBJ/EMBL/GenBank database. Upon resequencing the glucosidase Il as the enzymes act sequentially. The nearest
3’-end of ROT] we observed an additional thymidine at homologue to mammalian glucosidase | in yeast is
position 758 compared with the sequence in the database CWH41 which has been reported to be an ER protein
Our sequence changed the last five predicted amino acidsnvolved in 3-1,6 glucan synthesis (Jiargt al., 1996).
and extended the predicted protein by 58 amino acids. We constructed awh41 tor? strain (MB119) and tested
The extended ROT1 protein consisted of 316 amino acids, for growth at 37°C. We found thabr2!s was suppressed
with a calculated molecular weight of 34 kDa. The by the loss ofCWH41(Figure 3A). To determine whether
predicted BIG1 protein, taking into account an 87-nucleo- CWH41 is indeed glucosidase |, we constructaeh41
tide intron inBIG1, was 335 amino acids with a molecular sec18 (PA37-5c¢) andot2 secl18 (PA36-2d) strains; the
weight of 37 kDa. ROT2 (predicted 954 amino acids, secl® mutation was necessary to block glycoproteins in
110 kDa) showed strong homology to glucosidases, andthe ER and thereby prevent heterogeneous outer chain
Trombetta et al. (1996) have reported recently that carbohydrate addition that obscures small changes in
YBR229WGLS2/ROTPencodes glucosidase Il. Glucosid- electrophoretic mobility (Esmoet al., 1984). These strains
ase Il is an ER protein that removes the twel,3 were shifted to 37°C to impose the ER block, labelled
linked glucose residues of N-linked oligosaccharides after with [3*S]Met and lysed, and the glycoprotein carboxy-
glucosidase | has removed the termirall,2 linked peptidase Y (CPY) was immunoprecipitated. CPY from
glucose residue (Kilkeet al, 1981; Saunieet al, 1982; thecwh41 sec18androt2 sec18mutants showed reduced
Herscovics and Orlean, 1993). Mammalian glucosidase Il motility compared with CPY from theec1&strain (PA33-
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cwh41
tor2ts tor2ts

37°C

Fig. 3. Loss of ER glucosidase | (CWH41) or Il (ROT2) suppresseg'. (A) Wild-type (wt) (MH272-1dh), tor2's (MB133-2b),cwh41 tors
(MB119) androt2 tor2s (MB104-2a) cells were streaked on YPD and incubated at 30 and W@ 1tor2 androt2 tor2s mutants are viable at
37°C,tor2"s mutants are not viable at 37°@)Cultures of wild-type $ec18-1PA33-6a)rot1 (rotl sec18-1PA38-2a)rot2 (rot2 sec18-1PA36-2d),
bigl (bigl sec18-1PA35-19d) anccwh41(cwh41 sec18<1PA37-5c) cells were shifted from 24 to 37°C for 5 min, labelled fch at37°C and
lysed, and carboxypeptidase Y (CPY) was immunoprecipitated. CPY ¢whalandrot2 mutants migrates slower than CPY from wild-type cells
or rotl andbigl mutants. CPY from all strains migrates equally fast when treated with Endo H.

6a). The differences in mobility were due to differences other and to chitin (Kapteyet al, 1997; Kollaret al,
in N-linked glycosylation as endo H-treated CPY from all 1997). CWH41mutants have been reported to have low
three strains showed the same mobility (Figure 3B). Theselevels of 3-1,6-glucan (Jiangt al,, 1996). As a measure
results suggest that CWHA41 is a glucosidase, and confirmof cell wall composition, we examined the distribution
the glucosidase activity of ROT2. In agreement with this, and levels of chitin irrot1-1, rot2-1 andbigl (GAL-BIG])
Romero et al. (1997) and Simonst al. (1998) have mutants (strains MB134-1a, MB135-4b, and PA1l-6a).
found, while this study was in progress, that CWH41 is First, rot1-1, rot2-1 andbigl cells were grown at 37°C in
glucosidase I. Thus, loss of glucosidase activity in the ER YPD (conditions under whichior2®s is suppressed) and
correlates with suppression tfr2's, stained with calcofluor white to visualize chitin. The
We also examined whether ER glucosidase activity was rotl-1, rot2-1andbiglstrains exhibited an altered distribu-
affected upon depletion of ROT1 or BIGGAL-ROT1 tion of chitin; unlike in wild-type cells, chitin staining
secl® (PA38-2a) andGAL-BIG1 secl8 (PA35-19d) was observed occasionally in bud tips and at elevated
strains were passaged in glucose medium at non-permisdevels in the lateral wall of mother cells. Furthermore,
sive temperature (see Materials and methods), and assayethe rotl-1, rot2-1 and bigl strains showed a random
for ER glucosidase activity as described above. In neither distribution of bud scars reflecting a random budding
case was an effect on glucosidase activity observed (Figurepattern. The bud scars of wild-type cells were aligned in
3B). Thus, because depletion of BIG1 suppressea's rows reflecting a normal axial budding pattern (Figure
but does not affect glucosidase activity, defects in ER 4A). Second, the chitin content in the different strains
glucosidases appear to be sufficient but not necessary forwas measured by a colorimetric assay (Bulagtaal,

suppression ofor2's, 1986). Therotl-1, rot2-1 and bigl cells had increased
chitin levels (188, 176 and 173% of that of the wild type,

ROT1, ROT2 and BIG1 mutants have cell wall respectively) in YPD at 37°C (Figure 4B). Thus, we

defects conclude that the cell walls dROT1, ROT2and BIG1

Mutants defective in CWHA41, like many other mutants mutants are abnormal. While this study was in progress,
altered in N-linked glycosylation, also have a cell wall Simonset al. (1998) found that &R0T2(GLS2 mutant,
defect (Klis, 1994; Jianget al, 1996). The cell wall is like a CWH41 mutant, has low levels op-1,6-glucan,
composed of three major components, mannoproteins,providing further evidence th®OT2mutants have a cell
B-1,6-glucan and3-1,3-glucan, all cross-linked to each wall defect.
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Fig. 4. rotl-1, rot2-1 and bigl mutants have altered cell walls.

(A) Wild-type (wt) (MH272-1dh), rotl-1 (MB134-1a),rot2-1
(MB135-4b) andbigl (PA11-6a) cells were grown in YPD at 37°C,
stained with calcofluor white, and chitin was visualized by
fluorescence microscopsotl-1, rot2-1 andbigl mutants have a
random budding pattern and deposit chitin in the b@&]j. \{ild-type
(wt) (MH272-1dh), rot1-1 (MB134-1a),rot2-1 (MB135-4b) andbigl
(PA11-6a) cells were grown in YPD at 37°C and chitin levels were
measuredrotl-1, rot2-1 and bigl mutants have more chitin than the
wild type (188, 176 and 173% of wild type, respectively).

Cell wall defects suppress tor2'

Becauseotl, rot2, bigl and cwh41 mutations all confer
cell wall defects and suppress the loss of TOR2, we
examined whether other cell wall defects could also
suppresstor2s. First, we examined if destabilizing the
cell wall by supplementing the growth medium with the
detergent SDS (lguadt al., 1996) suppressed the growth
defect of ator2s mutant. Ator2!sS mutant (MB133-2b)

Cell wall integrity modulates RHO1 activity via ROM2

GPl-anchored plasma membrane protein required for
proper cell wall assembly (Popo#t al., 1993, 1997; Ram

et al, 1995). FKS1 encodes a component of the plasma
membrang3-1,3 glucan synthase complex (Dougkisal.,
1994; Enget al, 1994; Castreet al,, 1995; Mazuret al,
1995).CHS3encodes the putative catalytic subunit of the
chitin synthase that produces 90% of cellular chitin (Shaw
et al, 1991; Cabibet al, 1993). Thegasl torZ, fksl
tor2's and chs3 tor?® double mutants (strains MB120,
MB140 and MB147) were incubated at 37°C on rich
medium. Deletions ofGAS1 and FKS1 suppressed the
lethality of tor2's, However, the suppression Igaslwas
weak, possibly becaugmslitself caused a severe growth
defect. Deletion ofCHS3had no effect (Figure 5B). Thus,
an SDS-induced defect or a specific defect in any one of
the three main components of the cell wall, mannoproteins
(gas), B-1,3 glucan fksl) and 3-1,6 glucan ¢wh4)),
suppressed the growth defect oft@2'® mutant. Taken
together, these results suggest that disturbing the cell wall
is sufficient to compensate for the loss of TOR2. A
mutation in CHS3 does not suppres$or2’s, possibly
because an increase in chitin levels, as observed in
rot, bigl, gasland fksl mutants, may be necessary for
suppression. Cell wall mutants in general appear to have
an increase in chitin content that is essential to compensate
for the primary cell wall defect (Kapteyet al, 1997
Popoloet al, 1997).

Cell wall defects activate RHO1 via ROM2

Several lines of evidence suggested that mutations in
ROT1 ROT2and BIG1 activate RHO1. First, mutations
in all three genes supprets2's, which is also suppressed
by activation of RHO1 (Schmidet al, 1997). Second,
the synthetic lethality of aotl-1 rot2-1double mutation
and the toxicity of abigl-null mutation are suppressed by
overexpression oSAC7 which encodes a RHO1 GAP
(Figure 2 and data not shown). Third, the growth defect
conferred by disruption oROT1or BIG1 is partly sup-
pressed by deletion ®ROM2 which encodes one of two
RHO1 GEFs (Figure 7A). The latter two findings suggest
also that the growth defect obtl-1 rot2-1, rotl-null, or
bigl-null strains is due to hyperactivation of RHOL.
Hyperactivation of RHOL1 is toxic (Madaukt al., 1987).

To determine if mutations irROT1 ROT2 and BIG1
indeed activate RHO1, we assayed extracts froth-1,
rot2-1 andbigl (GAL-BIG]) mutants (strains MB134-1a,
MB135-4b and PA11-6a) for GEF activity toward RHO1
(see Materials and methods). GEF activity on RHO1 from
rotl-1, rot2-1 andbigl strains was increased to 185, 183
and 135% of that of the wild type, respectively (Figure
6). Because mutations ROT1 ROT2andBIG1 all cause
cell wall defects, we examined if other conditions that
cause cell wall defects also activate RHO1. We assayed
GEF activity in extracts fromcwh4l gasl and fksl
mutants and in an extract from an SDS-treated wild-type
strain (strains MB132-2c, MB146-3d, MB144-2b and JK9-
3da) (see Materials and methods). GEF activity toward

incubated at non-permissive temperature on rich medium RHO1 in extracts fromcwh41 gas] fksl mutants and

supplemented with 0.005% SDS grew almost like wild
type (Figure 5A). Second, we disrupted individually, in a
tor2's mutant, three genes directly involved in specific
aspects of cell wall assembly or synthesBAS1 FKS1
and CHS3(see Materials and method€jASlencodes a

SDS-treated wild-type cells was 200, 178, 143 and 185%
of the activity from SDS-untreated wild-type cells, respect-
ively (Figure 6). Thus, cell wall defects activate RHO1
via a GEF activity.

We have shown previously that TOR2 activates RHO1
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YPD

torets

torats torats

30°C
Fig. 5. Cell wall defects suppredsr2®s, (A) Wild-type (wt) (MH272-1a), tor

YPD 0.005% SDS

chs3
torats

torats torats

37°C

2'S (MB133-2b) cells were streaked on YPD and on YPD containing

0.005% SDS, and incubated at 37%6r2'S mutants are viable on SDS-containing mediuB) \WVild-type (wt) (MH272-1dh), tor2's (MB133-2b),
gasl1 tor2® (MB120), fks1 tor2® (MB140) andchs3 tor2® (MB147) cells were streaked on YPD and incubated at 30 and 37°C. DeletiGASior

FKS1, but notCHS3 suppressetor2's,

via the GEF ROM2 (Schmidgt al, 1997). The findings
that cell wall defects suppress t@r2's mutation and
stimulate GEF activity toward RHO1, and that the growth
defect conferred by disruption oROT1 or BIG1 is
suppressed, albeit weakly, by deletion ROM?2 (Figure
7A) suggested that cell wall defects also activate RHO1
via ROM2. To investigate this further, we examined
whether arom2 mutation prevents the suppression of
tor2's by SDS. Arom2 tor2® double mutant (AS153-1a)
grew very poorly on SDS-containing medium compared
with rom2 (AS152-1c) andtor2's (MB133-2b) single
mutants (Figure 7B), indicating that ROM2 is required
for the suppression by SDS. The residual growth of the
rom2 tor2s double mutant on SDS could be due to
stimulation of the other RHO1 GEF ROM1 (OzaMial.,
1996). Furthermore, we found thatm?2 also prevented
the suppression of &r2 mutation by rot2 (data not
shown). Taken together, these results suggest that cell wall
defects, like TOR2, also activate RHO1 via ROM2.

Our experiments do not directly address the issue of
whether cell wall defects activate RHO1 via the GEF
ROM1, or whether cell wall defects activate GTPases
other than RHOL1. However, cell wall defects may also
activate RHO2, as TOR2 activates both RHO1 and RHO2
(Schmidt et al, 1997) and ROM2 is a GEF for both
RHO1 and RHO2 (Ozak&t al, 1996).

Discussion

We have shown that conditions which alter the cell wall
suppress the growth defect of®R2mutant and activate
RHO1. These conditions include 0.005% SDS in the

2240

250

200 -

150 -

100 -

% binding of GTPYS to RHO1

wt fks1 SDS

rom2 rot1-1 rot2-1 big1 cwh41 gast

Fig. 6. Cell wall defects cause elevated levels of GEF activity toward
RHO1. GEF activity (percentage binding of Gf§°to RHO1) was
assayed in extracts from wild-type (wt) (MH272&)drom2
(AS152-1c),rotl-1 (MB134-1a),rot2-1 (MB135-4b), bigl (PA1l-6a),
cwh41(MB132-2c),gas1(MB144-2b) andfks1(MB146-3d) cells and
from wild-type cells (JK9-3d) grown in the presence of 0.005% SDS
(SDS), cultured in YPD at 37°C. GEF activity toward RHOL1 in
extracts fromromz2, rotl-1, rot2-1, bigl, cwh41 gasl fks1lmutants

and SDS-treated wild-type cells was 40, 183, 184, 135, 200, 178, 143
and 185% of the activity from SDS-untreated wild-type cells,
respectivelyROM2encodes one of two RHO1 GEFs, and then2
mutant was included as a control.

growth medium or loss-of-function mutations ROTZ,
ROTZ2 BIG1, CWH41 GASlor FKS1 ROTlandBIG1
are novel genes of unknown functiocROT2and CWH41
encode the ER glucosidases Il and |, respectively. It is
not known why defects in ER glucosidases cause a
cell wall defect. GASlencodes a GPl-anchored, plasma
membrane protein required for cell wall assemlIfli{S1
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Fig. 7. Cell wall defects activate RHO1 via ROM2A) Wild-type (wt) (MH272-1a@), rom2 (AS152-1c),rotl GAL-ROT1(MB121-1b),rotl rom2
GAL-ROT1(MB109-1c),bigl (PA5-7b) andbigl rom2(PA34-4a) cells were grown on YPGal for 3 days and on YPD for 8 days, at 30TR0OKN2
deletion partly suppresses the lossRDT1or BIG1 as indicated by growth on YPDBJ Wild-type (wt) (MH272-1ch), rom2 (AS152-1c),tor2's
(MB133-2b) androm2 tor2s (AS153-1a) cells were streaked on YPD and on YPD containing 0.005% SDS and incubated at 37f@nJ her2s

mutant grows very poorly compared with th@m2 andtor2!s mutants.

encodes the catalytic subunit @f1,3 glucan synthase.
Furthermore, we have shown that cell wall defects activate
RHO1 via the GEF ROM2,

Why do cell wall defects activate RHO1? As RHO1
controls cell wall synthesis (see Introduction), activation
of RHO1 by a cell wall alteration would ensure that cell
wall synthesis occurs as needed. The cell wall alterations
that activate RHO1 are alterations caused by duress, as
shown here, but may also include alterations caused during
normal cell growth. The yeast cell wall is remodelled
during vegetative growth to allow bud emergence and cell
fission, and during mating to allow shmoo formation and
cell fusion.

Cell wall defects suppress the growth defect conferred
by ator2 mutation probably via activation of RHOL. First,
TOR2 mutants are non-viable because they are unable
to activate RHO1 (Schmidet al, 1997). Second, the
suppression of aor2 mutation by cell wall defects is
reversed by overexpression of SAC7, the GAP for RHO1
(data not shown). Thus, cell wall defects most likely
suppress by inducing a TOR2-independent pathway for
activating RHO1. The activation of RHO1 by cell wall
defects is independent of TOR2 (although still dependent
on ROM2) because at leasitl-1 androt2-1 suppress a
tor2-null allele. We therefore propose a cell-wall-sensing
pathway that signals to and activates RHO1 when cell

cell wall defects ?

cell wall
sensor

RHO1GDP RHO1GTP
RHO2GDP RHO2GTP

N

SAC7

cell wall synthesis
actin cytoskeleton

integrity is comprqmised (Figure 8). The_‘ observation that Fig. 8. Model of RHO1 activation via ROM2 by two independent
a cell wall defect induces a compensating change in cell pathways (see Discussion for details).
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Table |. Yeast strains used in this study

Strain Genotype

JK9-3ca MATa leu2-3,112 ura3-52 trpl his4 rmel HML

JK9-3c MATa leu2-3,112 ura3-52 trpl his4 rmel HML

JK9-3cb/a MAT/MATa leu2-3,112/leu2-3,112 ura3-52/ura3-52 trpl/trpl his4/his4 rmel/rmel &lMMLa
MH272-1ch JK9-3ch his3 HIS4

MH272-1cx JK9-3dx his3 HIS4

MH272-1d/a JK9-3d/a his3/his3 HIS4/HIS4

AS152-1c MH272-1d rom2::HIS3

AS153-1a MH272-1d ade2 rom2::HIS3 tor2::ADE24¥Cplacl11:itor2-21

MB66 JK9-3d/a rotl-1/ROT1 rot2-1/ROT2 tor2::ADE2-3/tor2::ADE2¥Cplac111l:tor2-21
MB86-1b MH272-1d rot2::HIS3MX6

MB97-2a MH272-1d rot2::HIS3MX6 ade2

MB104-2a MH272-1d rot2::HIS3MX6 ade2 tor2::ADE24/¥Cplac111:tor2-21

MB109-1c JK9-3d rom2::URAS3 rotl::kanMX2YCplac111:GAL1-HA-ROT1

MB119 JK9-3c ade2 cwh41::kanMX2 tor2::ADE2/8Cplac33:tor2-21

MB120 JK9-3c ade2 gasl::kanMX2 tor2::ADE2/8Cplaclll:tor2-21

MB121-1b JK9-3d rotl::kanMX2YCplac111:GAL1-ROT1

MB132-2c MH272-1@ cwh41::kanMX2

MB133-2b MH272-1@ ade2 tor2:ADE2-3YCplac111:itor2-21

MB134-1a MH272-1d rot1-1

MB135-4b MH272-1d rot2-1

MB136-2d MH272-1d rotl-1 ade2 tor2::ADE2-8¢Cplac111:tor2-21

MB137-1d MH272-1d rot2-1 ade2 tor2ADE2-3YCplacll1l:itor2-21

MB140 MH272-1c ade2 fks1HIS3 tor2:ADE2-3YCplaclll:tor2-21

MB144-2b MH272-1di gasl::kanMX2

MB145-3b MH272-1d rot1-1 rot2-1

MB146-3d MH272-1d fks1::HIS3

MB147 MH272-1ch ade2 chs3::HIS3MX6 tor2::ADE2/8Cplacl11l:tor2-21

PA5-7b MH272-1a big1::HIS3MX6

PAll-6a MH272-1d big1::HIS3MX8pSEYC68:GAL1-BIG1-cmyc

PA31-7b MH272-1d bigl::HIS3MX6 ade2 tor2::ADE24/¥Cplac111:tor2-21/pSEYC68:GAL1-BIG1-cmyc
PA33-6a MH272-1d sec18-1

PA34-4a MH272-1d big1::HIS3MX6 rom2::URA3

PA35-19d MH272-1d bigl::HIS3MX6 sec18 /pSEYC68:GAL1-BIGlemyc

PA36-2d MH272-1d rot2::HIS3MX6 sec18-1

PA37-5¢ MH272-1d cwh41::kanMX2 sec18-1

PA38-2a MH272-1d rotl::kanMX2 sec18-Cplac111:GAL1-HA-ROT1

SH221 MH272-1d ade?2 tor1:HIS3-3 tor2::ADE2-3YCplaclll:tor2-21

wall composition (Kapteyret al, 1997; Popoloet al, were as follows. pMB2 (YCplac3RROT] is YCplac33 URA3 CEN

_ _ ; ; inn (Gietz and Sugino, 1988) containing a 1.4 Ead-EcoR| fragment
1997) suggests that a cell-wall-sensing and signalling bearingROT1 pMB4 (YCplac111:GAL1-HA-ROT}) expresses 2HA-

mechanism exists. . tagged ROT1 under control of th&AL1l promoter, in pAS24

How are cell wall defects sensed? In mammalian cells, (YCplac111:6AL1-HA. pAS24 is YCplac111LEU2 CEN (Gietz and
integrin receptors interact with the extracellular matrix Sugino, 1988) expressing thexBIA tag under control of theGAL1
and, in response to mechanical stress, activate RhoA,gfomOtgf- F;'V'BG (YC%'aC?’_aROga > YCP'aC%?’ C‘?”ta'g'nsg 2 _;1-4_ kb

: : : : : ad—Xba fragment bearingROT2 pMB7 (YEplacl195SAl is
wh|_ch in turn_mduces formation of focal adhesmns and YEplac195 URA3 21) (Gietz and Sugino, 1988) containing a 3.5 kb
actin stress fibers (Clark and Brugge, 1995; Nobes and eccri-Hindiil fragment bearing SACZ pMB8 (YCplac111GALL-
Hall, 1995). As RhoA is a structural and functional ROT) expresseROT1under control of théSAL1 promoter, in pAS23.
homologue of RHO1 (Qadott al, 1994; Yamochkt al, gAS,23 (I%%)fw\clllﬁA_LD iﬁ@lﬁglaclll (-EUZPA%EZQ ((YGEietlz igg

; in_li ugino, containing t promoter. p plac195::

.1994)’ yeas';] Cﬁ”S nlwlay Tlavedan |_ntegr|nRI||_I|<81r(_aceptor that BIG1) is YEplac195 containing a 1.6 kbsp—Scd fragment bearing
interacts with the cell wall and activates iNTesponse g1 ppAD25 (pTB227BIG1-cmyc) is pTB227 URA3 CEN GALp
to a cell wall alteration. The nature of the cell wall cycC1 terminator) expressing C-terminally cmyc-taggB#G1 under
alteration sensed by such a receptor would have to becontrol of theGAL promoter. pAS53 (pGST-RHO1), expressinG&T-
very general, as several different types of cell wall defects E‘;gﬁ fszgzr“g‘é‘g E?”}L‘;;AO; ﬁgﬁ%zﬂ)‘m&féhg tgf gfaﬁfgggT'
activate RHO1. An .alt.ematlve model is that cell wall containing a 1 kbBarmHI-Hindlll fragment bearing the ent’irRH01
defects are sensed indirectly. Kamagtaal. (1995) have  gpen reading frame from pGAL-HA-RHO1 (Schmiét al, 1997).
suggested that PKC1, a downstream effector of RHO1, is YCplac111:ior2-21 contains the temperature-sensitive alléte2-21
activated by mechanosensors sensing an outward stretchtHelliwell et al, 1998). Rich media (YPD, YPGal) and synthetic minimal
ing of the plasma membrane. A cell wall defect could media (SD, SGal) complemented with the appropriate nutrients for
result in a turgor pressure-indﬁced outward Stretching of plasmid maintainance were as described (Guthrie and Fink, 1991).

the plasma membrane which would then activate RHO1. ., . GAL-ROT1 and GAL-BIG1

The ROT1andBIG1 open reading frames were placed under the control

Materials and methods of the GAL1 promoter. FOrROT1, a Sal site was introduced 'Sof the
initiation codon by PCR with the following four oligonucleotides:
Strains, plasmids and media 5'-CACTTTGTCGACATGTGGTCGAAAAAG-3, 5'-CGACCAGCG-

The S.cerevisiaestrains used in this study are listed in Table I. Al CGCGCCCATAGTAATAAAGTGCAAC-3, and the #1211 and #1233
strains were isogenic derivatives of JK9-3d. Plasmids used in this study sequencing primers (Pharmacia). The 0.5} fragment generated by
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PCR was ligated into pAS23 and pAS24 to yield pMB8 and pMB4,
respectively. pMB4 and pMB8 were transformed intoo#l::kanMX2/
ROT1 diploid, and transformants were sporulated and dissected on
galactose-containing medium. The HA-ROT1 construct encoded by
pMB4 was functional as determined by the ability of pMB4 to comple-
ment therotl::kanMX2 disruption. BIG1 was amplified by PCR with
the oligonucleotides 'SGGAGTATCTAGACAAGATGCAAAC-3' and

the cmyc epitope-containing oligonucleotide GCATCGATTTAGTT-
CAAGTCTTCTTCAGAAATCAACTTTTGTTCAGATACTTGCTG-
GGATGG-3. A PCR-generated 1.1 kkba-Clal fragment was cloned
into pTB227 URA3 GAL1p CEN CYCierminator) to yield pPAD25.
pPAD25 was transformed intolkdgl1::HIS3MX6/BIG 1diploid, yielding
PA11, which was sporulated and dissected on YPGal. The cmyc-tagged
BIG1 was functional a#llS3 URA3segregants (PA11-6a) were obtained
which grew like the wild type. Surprisingly, on glucose PAll-6a cells
grew almost like wild-type cells, suggesting that very low levels of
BIG1 were sufficient to confer near wild-type growth.

Selection and scoring of tor2 suppressors

The tor2!s mutants used to select thet suppressors contained a
chromosomalOR2disruption and a YEplac181-borney2EU2) tor2's
allele. Thetor2's strains were streaked on rich medium and incubated at
37°C. Approximately 300 colonies were picked. Eight mutants, isolated
from three differentor2's alleles (ot1 alleles: four times frontor2-21

and twice fromtor2-31; rot2 alleles: twice fromtor2-64) were noted to
form two sizes of colonies at 37°C on YPD. The cells from the smaller
colonies werdeu2 (had lost theLEU2 tor2S plasmid) and were cold
sensitive for growth at 30°C and below, indicating that thiemutation

in these strains suppressetbe2-null allele, but only at 37°C. The cells
from the larger colonies werkEU2 (still carried thetor2' gene) and
grew at all temperatures. The ability @ftl androt2 alleles to suppress
ator2-null allele at 37°C was confirmed by crossing cells from the small
colonies to a wild-type strain and dissecting the resulting diploids at
37°C; rotl tor2-null and rot2 tor2-null segregants grew at 37°C, but
were unable to grow at 30, 24 and 15°C. Thus, tb&l and rot2
mutations, from the eight mutants, suppressemra-null but only at
37°C. Therotl-1 and rot2-1 mutants selected for further study were
isolated fromtor2-21 andtor2-64 mutants, respectively.

The rotl-1 and rot2-1 mutations in strains with an otherwise wild-
type background were scored by back-crossing teo's mutant.
Diploids from these crosses were sporulated and dissected at 37°C.
Strains that yielded segregants that containedidh#® allele and were
viable at 37°C were inferred to carryrat mutation.

Identification of YMR200w, YBR229c, YHR101c and SAC7
YMR200wYBR229¢ YHR101cand SAC7were isolated by their ability

to rescue aotl-1 rot2-1 double mutant at 37°C. HighLEU2-based,
provided by K.Nasmyth) and low-copy-number librariésRA3based,
provided by A.Koller) were transformed into the double mutant. Trans-

Cell wall integrity modulates RHO1 activity via ROM2

et al, 1989). Chitin was quantified as described (Bulaatal, 1986).
All reagents were purchased from Sigma.

Analysis of ER glycoproteins

ER glycosylation of carboxypeptidase Y (CPY) was analysed as described
(Stevenset al, 1982) with the following minor modifications. Cells
were labelled with $S]methionine (Amersham) and were lysed with
NaOHpP-mercaptoethanol (Vollanet al, 1994). TheGAL-ROT Imutant
PA38-2a was grown in YPraffinose and shifted to YPD 4oh (before
shifting to 37°C) to turn off expression &80T1 The GAL-BIG1strain
PA35-19d was grown in YPD.

Disruption of ROT1, ROT2, BIG1, CWH41, GAS1, FKS1 and
HS3

The entire open reading frames RDT1 ROT2 BIG1, CWH41 GAS1
and CHS3 were replaced by PCR-generatédnMX2 or HIS3MX6
cassettes (Waclet al, 1994). The oligonucleotide pairs used for
generation of the disruption cassettes were as follows, with the oligo-
nucleotide corresponding to theé &nd of the disrupted gene listed first.
ROT1 5'-GGATCGGTATTATAACCATTATTATTTGTTGCACTTTAT-
TACGATATCAAGCTTGCCTCGTCC-3 and 3-GGGCCTCTTTCCC-
CCATTGGTTGAATAAGTATCCCTGTAGTGCGCGGATGGCGGCG-
TTAGTATCG-3. ROT2 5-CGGATATTTTTACGTTTACTTTGTAA-
GAAAGAGCTAAAAAGATGTAAAGATCTGTTTAGCTTGCCT-
CGTCC-3 and B-GATTGCTCTGCGTATCTTAAAATAGCGGTCT-
CGAATCAACCGTATCGAGCTCGTTTAAACTGGATGGCG-3

BIGl 5-GTTTTGTAGTTAGGAAACGTAGGCGCATACTAATTAG-
GAGTAGCAAGGCGCCAGATCTGTTTAGCTTGCC-3and 3-GCG-
GTAGGTCAAATTTGCTCGAGCAATATATGTAGCTAAGAAACGT-
TTTAATAGGTACTCTCTGAAGCG-3. CWH41 5'-CTGTTAATAA-
GGAAGTAGTGGATAATAACGGTTCAGGTTGCTTCACAGATATC-
AAGCTTGCCTCGTCC-3 and B-CTGGTTACATATCTGTTTATAT-
GACTGAAAATATCTACATAGATGGATGGCGGCGTTAGTATCG-3.
The disruption cassette f@AS1was provided by M.Schab&hler. The
disruption construct oFKS1 was provided by F.Foor (Mazuet al,
1995). All disruptions were confirmed by either Southern analysis or PCR.

GEF activity assay

GEF activity was assayed by measuring the binding®e8]GTR/S to
RHO1 as described (Yamamogd al., 1990), with slight modifications.

All procedures were at 4°C, unless stated otherwise. All strains were
grown at 37°C (the temperature at which the cell wall defects are known
to suppresgor2®) in YPD to an ORgg of 0.5-0.8. SDS-treated cells
were grown in YPD plus SDS (0.005%) for 1.5 h, at 37 or 30°C, before
harvesting. Whole-cell extracts from strains to be assayed for GEF
activity were prepared by resuspending cells in extraction buffer Il
(20 mM Tris—HCI, pH 7.5, 10 mM MgGl 2.5 mM EDTA, 1 mM DTT,

1 mM PMSF), lysing with glass beads in a bead-beater and removing
cell debris by centrifugation at 509 for 10 min. GST-RHO1 was
prepared as follows. GST-RHO1-expressing yeast cells (JK@p2d5E53)

formants were selected at permissive temperature and replica-plated towere resuspended in extraction buffer | (50 mM Tris—HCI, pH 7.5,

selective medium at non-permissive temperat¥iR200wwas isolated
11 times on three independent plasmids from the low-copy-number
library. Deletion analysis revealed that a 1.4 EboRI-Sad fragment
from the insert was both necessary and sufficient for rescue abthe
1 rot2-1 double mutantYBR229cwas isolated once from theEU2-
based library. Deletion analysis revealed that a 3.8&t-Xba fragment
from the insert was both necessary and sufficient for res¢bir101c
was isolated three times on three independent plasmids fromBbe-
based library. Deletion analysis revealed that a 1.6¢f—Scd fragment
was both necessary and sufficient for rescBAC7was isolated four
times on the same plasmid from tHe&EU2-based library. Deletion
analysis revealed that a 3.6 KHindlll EcoRl fragment was both
necessary and sufficient for rescue.

YMR200wand YBR229cwere shown to encod®OT1and ROT2
respectively, by genetic linkage. Plasmids encodigiR200w and
YBR229cwere integrated at the genomic sites corresponding to the
cloned open reading frames and found to segregate oppotitd and
rot2-1. This assignment was further confirmed by transforming the
single-copy plasmids containing the open reading frames inteottiel
tor2's and rot2-1 tor2S double mutants. OnlyyMR200wwas able to
complementotl-1 and only YBR229cwas able to complemembt2-1
(data not shown).

Staining and quantification of chitin
Cells were grown to early logarithmic phase, fixed in formaldehyde and
stained with calcofluor white to visualize chitin, as described (Pringle

100 mM NacCl, 1 mM EDTA, 0.5% NP-40, 1 mM PMSF) and lysed
with glass beads, and cell debris was removed by centrifugation aj 500
for 10 min. GST-RHOL1 was isolated by incubating the cell extract with
GST-Sepharose beads (Pharmacia) for 2 h. Beads were washed with
buffer 1l (50 mM Tris—HCI, pH 7.5, 500 mM NaCl, 1 mM EDTA,
0.5% NP-40, 0.5% Triton X-100, 1 mM PMSF). The GEF assay was as
follows. GST-RHO1 was washed with and then resuspended in reaction
buffer (extraction buffer I1), and incubated with 1 mM®B]GTR/S
(Amersham) in the presence of 2Q@ of a whole cell extract to be
assayed and 0.75 mMa dimyristoylphosphatidylcholine for 5 min at
25°C. The reaction was stopped by adding 1 ml of ice-cold stop buffer
(20 mM Tris—HClI, pH 7.5, 25 mM MgG| 100 mM NaCl). The diluted
mixture was centrifuged and washed twice with stop buffer. The
radioactivity was quantified by scintillation counting. The GEF activity
toward RHO1 in a mutant extract was expressed as a percentage of the
GEF activity toward RHOL1 in a wild-type extract.

Miscellaneous methods

The EMBL and GenBank databases were searchedRfdT] ROT2
BIG1 and glucosidase | homologues using the BLAST program
(Devereuxet al., 1984).
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