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We have isolated several Saccharomyces cerevisiae mutants resistant to calcofluor that contain mutations in
the PBS2 or HOGI genes, which encode the mitogen-activated protein kinase (MAPK) and MAP kinases,
respectively, of the high-osmolarity glycerol response (HOG) pathway. We report that blockage of either of the
two activation branches of the pathway, namely, SHOI and SLN1, leads to partial resistance to calcofluor, while
simultaneous disruption significantly increases resistance. However, chitin biosynthesis is independent of the
HOG pathway. Calcofluor treatment also induces an increase in salt tolerance and glycerol accumulation,
although no activation of the HOG pathway is detected. Our results indicate that the antifungal effect of
calcofluor depends on its binding to cell wall chitin but also on the presence of a functional HOG pathway.
Characterization of one of the mutants isolated, pbs2-14, revealed that resistance to calcofluor and HOG-
dependent osmoadaptation are two different physiological processes. Sensitivity to calcofluor depends on the
constitutive functionality of the HOG pathway; when this is altered, the cells become calcofluor resistant but
also show very low levels of basal salt tolerance. Characterization of some multicopy suppressors of the
calcofluor resistance phenotype indicated that constitutive HOG functionality participates in the maintenance
of cell wall architecture, a conclusion supported by the antagonism observed between the protein kinase and

HOG signal transduction pathways.

Chitin is a polymer of the Saccharomyces cerevisiae cell wall
that has been shown to be essential for cell viability (8, 36).
Chitin is assumed to confer strength to the cell wall, allowing
cells to grow in nonstabilized media. In vivo, calcofluor, a
fluorescent brightener that interacts specifically with chitin
(30), acts as an antifungal agent by killing fungal cells (30, 31).
This antifungal effect is associated with an increase in the rate
of chitin synthesis, although the polymer synthesized is abnor-
mal and does not confer enough strength on the cell wall to
guarantee cell survival. Based on these observations, it has
been assumed that chitin is the primary target of the drug, a
hypothesis that was reinforced by the isolation of several mu-
tants resistant to calcofluor, all of them showing severe reduc-
tions in the levels of chitin synthesis (32, 38). The first mutants
resistant to calcofluor that do not have apparent defects in
chitin synthesis have been described only very recently (19).
However, the characterization of these mutants was prelimi-
nary, and from the report it is difficult to deduce the existence
of other cellular targets for the action of calcofluor. The effect
of calcofluor is also characterized by an increase in chitin
synthesis that is dependent on chitin synthase III activity and
on de novo protein synthesis (31). These results suggest that
calcofluor induces some intracellular responses that are trig-
gered by the drug binding to the cell wall chitin.

S. cerevisiae contains several mitogen-activated protein ki-
nase (MAPK) cascades that translate physiological modifica-
tions into intracellular responses (see reference 11 for a recent
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review). The protein kinase C (PKC) cascade is involved in cell
wall integrity and morphogenesis (17) by participating in the
control of B-glucan synthesis (29), although recently it has
been shown that this pathway also plays a role in the transcrip-
tional control of CHS1, CHS2, and CHS3, the genes for the
catalytic subunits of chitin synthases (13). Despite this, the
relationship between the PKC pathway and chitin synthesis is
not clear because the regulation of chitin synthesis in S. cer-
evisiae mostly occurs by posttranslational modification of
Chs3p (7, 9). In theory, a hitherto-uncharacterized relationship
might exist between other MAPK pathways, i.e., those involved
in mating or sporulation, and cell wall synthesis because S.
cerevisiae requires cell wall reorganization at different stages of
its biological cycle (8).

S. cerevisiae contains a fourth MAPK pathway, the high-
osmolarity glycerol response (HOG) pathway. It is basically
involved in the adaptation of cells to high-osmolarity environ-
ments and is required for S. cerevisiae growth in media supple-
mented with high NaCl (0.9 M) or sorbitol (1.5 M) concentra-
tions (11). The HOG pathway is well known in yeast and has
been shown to be made up of three typical kinases (MAPKKK,
MAPKK, and MAPK), which are products of the SSK2-22,
PBS2, and HOGI genes, respectively (11). Activation of this
route in response to high osmolarity can take place through
two independent routes: a two-component regulatory sensor
(SLKI-SLNT), which activates the first kinase (21), or a single
sensor (SHOI), which transfers the signal to the PBS2 kinase
(22) through the MAPKKK protein Stellp (26). The timing
and intensity of the response varies, depending on the activa-
tion route (22), but in both cases an increase occurs in the
intracellular glycerol concentration that allows the cells to
grow in high-osmolarity media. This response is mediated by
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an increase in the transcription of GPDI (1), which encodes
the enzymatic activity that controls glycerol production. In
addition, the expression of several other genes dependent
upon this pathway is also increased, among them CTTI (35)
and GLOI (14). The major transcription factor(s) controlled
by the HOG pathway has not yet been identified in S. cerevi-
siae, although there is clear evidence that suggests that part of
the transcriptional induction of the GPDI gene is the result of
relief of the repression caused by the Tuplp-Ssn6p complex
(24).

In addition to its role in osmoregulation, the HOG pathway
has also been implicated in the architecture of the S. cerevisiae
cell wall through its control over B-glucan synthesis. PBS2 has
been implicated in the transcriptional regulation of EXGI, a
gene that encodes the major yeast glucanase. This regulation is
translated into significant changes in B(1-6)glucan contents,
depending on the deletion or overexpression of the PBS2 gene
(15). Similarly, deletion or overexpression of this gene leads to
significant differences in B(1-3)glucan synthase and B(1-3)glu-
can levels through an unknown mechanism (16). This involve-
ment of the HOG pathway in cell wall architecture together
with the activation of the PKC pathway under hypo-osmotic
conditions (10) suggests an interconnection between these two
signaling pathways. Based on this and other evidence, a model
has very recently been proposed in which the PKC and HOG
pathways would have opposite roles in the balancing of cell
wall plasticity (28).

The present work focuses on the characterization of the
resistance to calcofluor of S. cerevisiae mutants affected in the
HOG pathway and shows that the antifungal effect of cal-
cofluor depends not only on chitin, as previously suspected, but
also, at least partially, on the presence of this signal transduc-
tion pathway. In addition, we show that the HOG pathway
maintains its functionality under noninducing conditions, guar-
anteeing cellular protection against sudden increases in osmo-
larity (osmotic tolerance) and contributing to the maintenance
of the cell wall architecture.

MATERIALS AND METHODS

Yeast strains, media, and general methods. The yeast strains used in this work
are described in Table 1. pbs2 null mutants in different genetic backgrounds were
obtained by gene disruption as described elsewhere (35). Typical yeast media
were used: yeast extract-peptone-dextrose (YEPD) as a complex medium and
synthetic dextrose (SD) as a minimal medium, to which the corresponding
supplements were added. Typically, experiments involving different NaCl con-
centrations were carried out on YEPD medium, while resistance to calcofluor
was always measured on SD solid medium supplemented with 50 mM biphtha-
late buffer, pH 6.1, and different concentrations of calcofluor (31). Unless spec-
ified, all experiments were carried out with logarithmically growing cells (1 X 107
to 2.5 X 107/ml).

Mutant selection was carried out in strain LJY3 (Table 1) by plating cells
directly onto SD medium supplemented with 0.5 mg of calcofluor/ml. Two
different aliquots were plated: one from a log-phase culture, allowing the isola-
tion of spontaneous mutants, and the other containing cells mutagenized with
ethyl methanesulfonate as described previously (32), with a survival rate of 45%.
Approximately 5 X 10° cells were plated for each aliquot. Clones able to grow
were retested in the same medium and chosen for further study. Complemen-
tation groups were obtained by crossing individual mutants with previously char-
acterized mutants and testing the resistance of the corresponding diploids to
calcofluor. When required, the diploids were sporulated and tetrad analysis was
carried out (33).

All techniques involving the manipulation of yeast cells have been previously
described (33). Molecular techniques were used as described elsewhere (34).

Plasmids. Plasmid pCTT1-18/7x (35) was integrated into the chromosome
after linearization with Ncol. Plasmids pLJ1 (pRS316:PBS2) and pLJ2
(pRS426::PBS2) were obtained by direct cloning of PBS2 as a Spel/Sacl frag-
ment obtained from plasmid L42 (16). pLJ3 (pRS316::PBS2-14) and pLJ4
(pRS426::PBS2-14) contain a mutated copy of PBS2 generated by site-directed
mutagenesis. The cloning of PCR products was accomplished in the pGEM-T
plasmid (Promega Corporation) following the manufacturer’s instructions.

Assays for tolerance to osmotic dehydration. Tolerance to osmotic dehydra-
tion (osmotic tolerance) (3) is defined as the capacity of a culture to grow in
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TABLE 1. S. cerevisiae strains

Strain Genotype Source or reference
W3031A MATa ade2-1 his3-11,15 leu2- Laboratory stock
3,115 trpl-1 ura3-1
can”1-100
TC1A W3031A chs3::LEU2 9
YSH 392 W3031A gpd1::TRP1 1
YSH788-1A W3031B gpd2::URA3 2
YSH788-2D W3031B gpdI::TRP1 2
gpd2::URA3
LJY1 W3031A pbs2::LEU2 This work
LJY2 W3031A CTT1-7x-Leu2-LacZ This work
LJY3 W3031A pHV7 This work
LIYE14 W3031A pbs2-14 This work
LJYES W3031A hogl-E8 This work
YPH499 MATa leu2 ura3 his3 trpl 5
ade?2 lys2
JBY10 YPHA499 hogl::TRPI 5
TM141 MATa ura3 leu2 trpl his3 22
TM257 TM141 ssk2::LEU2 22
ssk22::LEU2
TM285 TM141 MATw shol::TRP1 22
TM310 TM141 ssk2::URA3 22
ssk22::LEU2 shol::TRPI
LIY4 TM141 pbs2:LEU2 This work
15Dau MATo adel his2 leu2-3,112 23
trpl-1a ura3ANS
15Dau pkcl®  15Dau pkcl® 23
LJYS 15Dau pkcl® pbs2:LEU2 This work

dehydration medium (YEPD agar supplemented with 1.4 M NaCl) and is ex-
pressed as the percentage of cells that grow in this medium compared to that
grown in YEPD agar. Alternatively, sorbitol-supplemented (YEPD agar-2.2 M
sorbitol) plates were used as a dehydration medium. Typically, a culture growing
logarithmically was diluted, and after one generation time, the culture was
assayed for its osmotic tolerance after appropriate dilution by plating different
aliquots onto YEPD or dehydration medium. Colonies were counted after 48 h
(YEPD medium) or 7 days (dehydration medium) of growth. The osmotic
tolerance of log-phase cells is defined as basal osmotic tolerance. When required,
different aliquots of this log-phase culture were supplemented with the com-
pound to be tested and osmotic tolerance was measured at different times (see
Results for details of specific protocols). Osmotic tolerance in early-stationary-
phase cells was assayed after 7 h of growth in YEPD medium. Cells containing
plasmids were pregrown in selective medium, but dilution and further incubation
were carried out in YEPD medium.

Analytical determinations. Chitin contents were measured as the amount of
N-acetyl-glucosamine present in the alkali-insoluble cellular fraction after its
complete digestion with chitinase. The whole protocol has been described pre-
viously (38).

B-Galactosidase activity from the CTT! 7x Leu2 LacZ chimera was assayed as
described previously (33) in early-log-phase cells to avoid expression of the CTT]
promoter under derepression conditions (35).

Glycerol was determined enzymatically with a commercial glycerol determi-
nation kit (Boehringer Mannheim) following the manufacturer’s specifications.
Intracellular glycerol was determined as follows. Cells (1.5 ml) were recovered by
5 min of centrifugation at 13,000 X g, resuspended in the same volume of boiling
water, and heat treated at 95°C for 10 min in tubes with a pear-drop condenser
(3). After cooling, the cells were decanted by centrifugation, and the supernatant
was assayed for its glycerol concentration. The cells were counted after boiling in
a Thoma chamber, and intracellular glycerol was always expressed as nanomoles/
107 cells.

Immunological procedures. Pbs2p and Pbs2-14p were detected in total cellular
extracts as follows. Total-protein samples were obtained as described previously
(9), quantified by absorbance at 280 nm, and loaded in equivalent amounts into
sodium dodecyl sulfate-7.5% polyacrylamide gels. After electrophoresis, the
proteins were transferred to an Immobilon-P membrane (Millipore), incubated
with anti-Pbs2p goat polyclonal antibody (PBS2-yN-19; Santa Cruz Biotechnol-
ogy), and immunodetected by the ECL method (Amersham Life Science).

Total Hoglp protein was detected in total cellular extract as described above
by using anti-Hoglp goat polyclonal antibody (HOG1-yC-20; Santa Cruz Bio-
technology). Phosphorylated Hoglp was detected in total cellular extract as
described previously (26) but using phosphospecific p38 MAPK rabbit polyclonal
antibody (New England Biolabs).
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TABLE 2. Characterization of mutants resistant to calcofluor
o b
Mutant® Complementation Growth on YEPD supplemented with NaCl Septum
group 0.9 M 12 M 14 M enlargement”©
W303 None +++ +++ +++ +++
Several (10) CHS4 NT NT NT -
Several (3) CHSS NT NT NT -
One (1) CHS6 NT NT NT -
Several (24) CHS7 NT NT NT -
E8 HOGI1 - - - +++
E10 PBS2 - — — +++
El1l PBS2 +++ ++ - +++
El4 PBS2 +++ +++ +++ +++
ES5, E6, E9, E13, M9 Not yet determined +++ +++ +++ +++
E3, E12, E15, E16, Not yet determined +++ +++ +++ —
M25, M26, M27
¢ Mutant nomenclature is as follows: E, spontaneous mutants; M, ethyl methanesulfonate induced mutants. The number in parentheses is the number of independent
isolates.
b Relative levels of growth or septum enlargement are indicated by the + symbols. —, absence of growth or septum enlargement. NT, not tested.

¢ Septum enlargement was observed under a fluorescence microscope after growth for 3 to 4 h in medium supplemented with 0.075 mg of calcofluor/ml.

Isolation of multicopy suppressors of the pbs2-14 mutation. Multicopy sup-
pressors of the pbs2-14 mutation were isolated as follows. Strain EJY14 was
transformed with an S. cerevisiae library constructed in the multicopy plasmid
YEp24 (6). Transformants were grown on selective medium, and individual
clones were screened for resistance to calcofluor. The clones that were sensitive
to 0.5 mg of calcofluor/ml were subjected to plasmid loss by growing them on
5-fluoro-orotic acid plates. All the clones in which sensitivity to calcofluor was
associated with the presence of a plasmid were selected for further study. We
isolated five clones that might contain bona fide suppressors. In these cases, the
plasmids were isolated and both ends of the cloned regions were sequenced using
primers that anneal onto vector sequences. Comparison of the region sequenced
with databases allowed us to pinpoint the exact restriction map of the clones, and
a specific subcloning strategy was therefore designed for each suppressor. The
open reading frame contained in the minimum DNA fragment able to comple-
ment the calcofluor resistance of strain EJY14 was considered to be the sup-
pressor.

RESULTS

Isolation of mutants resistant to calcofluor. The strategy of
isolating mutants resistant to calcofluor has been very useful in
S. cerevisiae for the identification of genes involved in chitin
biosynthesis (8). However, this strategy has not been fully ex-
ploited because it is time-consuming in the sense that more
than 90% of mutants arise because of mutations in the CHS3
gene (38). To avoid this problem, we designed a new screening
procedure using a strain, LJY3, that contains two copies of
CHS3: the chromosomal copy and another carried by pHV7
(39). In addition, selection was carried out in synthetic com-
plete medium supplemented with only 0.5 mg of calcofluor/ml.
Using this strategy, we isolated 63 new mutants resistant to
calcofluor that, after rechecking, were back-crossed with all
previously known chs™ mutants. Analysis of the diploids
formed indicated that 48 of the mutants were affected in pre-
viously defined loci (38), and their study was therefore aban-
doned (Table 2). The 15 remaining mutants could be classified
in two groups in terms of septum enlargement after calcofluor
treatment (Table 2, last column). Previous studies had indi-
cated that the absence of septum enlargement is usually asso-
ciated with a defect in chitin synthesis (9, 32). This work fo-
cuses on the group of calcofluor-resistant mutants without
apparent defects in chitin synthesis.

Preliminary characterization of the newly isolated mutants
indicated that some of them were unable to grow at high NaCl
concentrations, which prompted us to back-cross all these mu-
tants with known HOG pathway mutants. The diploids formed
after all the new mutants were crossed with pbs2 and hogl null
mutants were tested for salt and calcofluor sensitivity (Table

2). This complementation analysis indicated that strain E8
contains a mutation in the HOG1 gene, while strains E10, E11,
and E14 contain mutations in PBS2. The remaining mutants do
not seem to be affected in any of these genes. All the mutants
affected in the HOG pathway, as well as others as yet unchar-
acterized, contained apparently normal levels of cellular chitin
and had enlarged septa after calcofluor treatment. Further
genetic characterization of these mutants indicated that resis-
tance to calcofluor segregated in a Mendelian fashion in the
E8, E10, E11, and E14 mutants, and this character cosegre-
gated with salt sensitivity in strains E§ and E11. However,
mutant E10 contained a second, unlinked mutation that was
also related to salt sensitivity (data not shown). Our study
focused on strain E14, which apparently contains a pbs2 mu-
tant allele able to confer resistance to calcofluor but also to
sustain full growth at 1.4 M NacCl.

HOG pathway mutants show different degrees of resistance
to calcofluor but do not have alterations in chitin synthesis. In
order to understand the mechanism(s) involved in the resis-
tance to calcofluor observed in the above-mentioned mutants,
we tested the resistance levels of several HOG pathway mu-
tants (Fig. 1). Clearly, the pbs2 null mutant can be classified as
calcofluor-resistant, since it was able to grow at 0.5 mg of
Calcofluor/ml (Fig. 1) and even up to 0.75 mg/ml (data not
shown). However, growth at 1.0 mg/ml, a concentration at
which the chs3 mutant can grow, was severely impaired (data
not shown). shol and ssk2 ssk22 mutants also showed partial
resistance to calcofluor, and this resistance increased signifi-
cantly in the triple shol ssk2 ssk22 mutant. Unfortunately, we
were unable to compare the absolute resistance values due to
significant differences in the genetic backgrounds of the strains
(Fig. 1, compare the respective wild types, W303 and TM141).
By contrast, mutants with mutations in the GPDI gene, a
known target of the HOG pathway, were calcofluor sensitive
(Fig. 1), as were the gpd2 and gpdI gpd?2 null mutants (data not
shown).

This resistance prompted us to analyze the possible involve-
ment of the HOG pathway in chitin synthesis. As shown in
Table 3, different mutants in this pathway contain wild-type
levels of chitin (approximately 0.2 to 0.3 nmol of N-acetyl-
glucosamine/100 mg of cells). Additionally, osmotic treatment
(0.4 M NaCl), which induced the HOG pathway, did not in-
crease the chitin content in any of the strains. Calcofluor treat-
ment increased the rate of chitin synthesis by two- to threefold,
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FIG. 1. S. cerevisiae growth on plates supplemented with different calcofluor
concentrations. Serial dilutions of each strain as indicated above the panels were
plated onto complete SD medium supplemented with different calcofluor con-
centrations as indicated below the panels, incubated for 48 h at 28°C, and
photographed. Note the different genetic backgrounds used: W303 (upper) and
TM141 (lower). wt, wild type.

0.50 mg/ml

an effect that was clearly visible in the enlargement of septa
(30). Although pbs2 and hogl null mutants showed enlarged
septa after calcofluor treatment, we measured the exact
amount of chitin in these strains grown in the presence of
calcofluor. As expected, they showed increases in chitin syn-
thesis similar to that observed in wild-type strains but absent in
the chs3 mutant, as previously described (32).

In conclusion, the HOG pathway is not involved in chitin
synthesis during vegetative growth or in the regulation of chitin
synthesis during calcofluor treatment.

Calcofluor induces osmotic tolerance and increased glycerol
concentrations but does not induce HOG pathway activation.
Activation of the HOG pathway by increased external osmo-
larity induces two clear physiological effects, an increase in the
concentration of intracellular glycerol (1) and an increase in
osmotic tolerance (20). To test the effect of calcofluor on
osmotic tolerance, we incubated early logarithmically growing
cells in YEPD supplemented with 0.075 mg of calcofluor/ml
and determined their osmotic tolerances (see Materials and
Methods) after different treatment times. Calcofluor treatment
induced osmotic tolerance in the wild-type strain in a time-
dependent fashion, since the basal levels of osmotic tolerance
(zero time) were increased by approximately 30-fold after 105
min of treatment (Fig. 2 and Table 4). A similar increase in
osmotic tolerance was obtained when plates supplemented
with sorbitol were used (data not shown). The increase in

TABLE 3. Effect of osmoregulation cascade on chitin biosynthesis

Amt of chitin®

Strain
Control Calcofluor NaCl
W303 (wild type) 0.280 = 0.04 0.710 = 0.05 0.280 = 0.04
LIY1(pbs2::LEU2) 0.210 = 0.04 0.700 = 0.19 NT
JBY10 (hogl::TRPI) 0.280 = 0.05 0.850 = 0.35 0.247 = 0.06
TC1(chs3::LEU2) 0.022 = 0.01 0.020 = 0.00 0.028 = 0.02

¢ Chitin was measured as described in Materials and Methods and is expressed
as nanomoles of GIcNAc per 100 mg of cells (wet weight). The cells were
harvested after 3 h in YEPD medium (Control) or YEPD medium supplemented
with calcofluor (0.075 mg/ml) or NaCl (0.4 M). NT, not tested.
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FIG. 2. Osmotic tolerance of different S. cerevisiae strains. (A) Osmotic tol-
erance of a logarithmically growing culture after incubation in the presence of
0.075 mg of calcofluor/ml for the indicated times. (B) Osmotic tolerance after
osmotic (0.4 M NaCl) treatment for the indicated times. Osmotic tolerance is
expressed as the percentage of cells able to grow on dehydration medium com-
pared to those growing on YEPD. See Materials and Methods for details. O,
W303 (wild type); m, TC1 (chs3~; A, LIYE14 (pbs2-14).

osmotic tolerance due to calcofluor treatment was not ob-
served in the chs3 mutant, although the basal levels in this
strain were considerably higher (Fig. 2A and Table 4). This
increase was very significant, although it was considerably less

TABLE 4. Osmotic tolerance” of S. cerevisiae strains grown under
different conditions

Osmotic tolerance (%)

Strain
Log phase®  Stationary® NaClY  Calcofluor
W303 (wild type) ~ 3.9%x 10> 18.1 90.1 12
TCI1A (chs3™) 29x 107! 31.0 100.0 2.6 x 107!
LIYE14 (pbs2-14) 1.2x1073 1.2 496 72x1073
LIYE14 (pRS426:: 7.9 X 102 ND/ ND ND

pbs2-14)

“ Osmotic tolerance was measured as described in Materials and Methods in
cells growing under different conditions.

b Early logarithmically growing cells.

¢ Early stationary-phase cells.

@ Early log-phase cells grown for 1 h in 0.4 M NaCl.

¢ Early log-phase cells grown for 105 min in 0.075 mg of calcofluor/ml.

/ND, not determined.
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TABLE 5. Intracellular glycerol concentrations in different
S. cerevisiae strains

Intracellular glycerol”

Strain
YEPD YEPD + calcofluor  AGlycerol”
W303 (wild type) 933 +22 2043 = 2.4 2.19
TC1A (chs3™) 182+ 0.3 18.74 =24 1.03
LIY1 (pbs2™) 927+ 1.1 10.74 2.2 1.15
LIYE14 (pbs2-14) 6.01 1.8 72224 1.20
LIYES (hogl-E8) 1597 £ 1.6 15.82 4.2 0.99
YSH392 (gpdI) 824 24 16.72 = 0.5 2.03
YSHI188-1A (gpd2) 6.56 = 0.5 15.63 = 3.7 2.38
YSH788-2D (gpdI gpd2)  4.16 = 0.7 933 £ 1.1 2.24

¢ Intracellular glycerol concentrations were measured as described in Materi-
als and Methods and are expressed in nanomoles/10 cells. Glycerol levels were
measured in cells growing for 105 min in YEPD medium without or with 0.075
mg of calcofluor/ml.

b Ratio of glycerol increase after calcofluor treatment.

than that observed after induction of the HOG pathway by
NaCl treatment (20) (Fig. 2B and Table 4). Apparently, the
binding of calcofluor to chitin is required for the observed
increase in osmotic tolerance.

Calcofluor also caused a modest but reproducible increase
(2.19-fold) in intracellular glycerol levels (Table 5), although
this was considerably less than that observed after salt treat-
ment (approximately 25-fold [data not shown]). This increase
was not observed in the chs3™ mutant or, more importantly, in
the pbs2 or hogl mutant (Table 5). The increase in intracellular
glycerol levels observed after calcofluor treatment was appar-
ently not due to the action of the GPDI and GPD?2 genes, since
it was also observed in gpdl, gpd2, or gpdl gpd2 mutants,
although these strains had lower absolute levels of glycerol
(Table 5).

These results indicate that calcofluor triggers some of the
responses of hyperosmotic shock, although at much lower lev-
els. To confirm this hypothetical relationship between cal-
cofluor treatment and hyperosmotic shock, we also measured
the induction of CTTI expression after calcofluor treatment.
The CTT1I gene encodes the protein responsible for catalase T
activity, which has been implicated in the osmotic response,
and accordingly, its expression is strongly induced after hyper-
osmotic shock (35). To measure CT7T1 induction, we used the
GG18 strain, which contains the LacZ reporter gene under the
control of the CTTI promoter (35). While salt treatment in-
creased P-galactosidase activity by approximately 30-fold,
B-galactosidase activity in calcofluor-treated cells was only 10
to 15% higher than that seen in the controls, a value that does
not correspond to the increase in osmotic tolerance or even to
the increase in glycerol accumulation (data not shown). We
also determined the phosphorylation status of the Hoglp pro-
tein (see Materials and Methods) after calcofluor treatment.
We were unable to detect any tyrosine-phosphorylated form of
Hoglp after 5, 15, 30, 60, or even 120 min of calcofluor treat-
ment. Under similar conditions, salt-induced phosphorylation
of Hoglp was detected from 5 to 15 min after hyperosmotic
shock (data not shown). Taken together, these results clearly
indicate that calcofluor treatment does not activate the HOG
pathway.

Characterization of the pbs2-14 mutant. We have shown
above that strain E-14 contains a mutation that confers resis-
tance to calcofluor but also supports growth at high salt con-
centrations (Fig. 1 and Table 2) or at 1.5 M sorbitol (data not
shown). Diploid strain E14/LJY1 (pbs2::LEU?2) is resistant to
calcofluor, as are the parent strains, indicating that E14 con-
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FIG. 3. Molecular characterization of the PBS2-14 mutation. (A) Schematic
representation of PBS2-14 PCR cloning. Primer pairs and the conserved protein
kinase (PK) domain are indicated. The arrow shows the approximate position of
the E14 mutation. (B) Sequence discrepancy between wild type and mutant; the
deleted base is indicated by an arrow. The protein translation is shown on the
right side of each picture. (C) C-terminal sequence of Pbs2 and Pbs2-14 proteins.
(D) Immunodetection of Pbs2p and Pbs2-14p in Western blot using anti-Pbs2p
antibodies (see Materials and Methods). The arrowheads indicate the Pbs2
protein that is absent in the pbs2 null mutant. The altered Pbs2-14 protein is
indicated by an asterisk. WT, wild type.

tains a mutation in the PBS2 gene. To confirm this, segregation
analysis was carried out on this diploid, resulting in a calcofluor
resistance segregation of 4:0. In addition, the resistance of
strain E14 to calcofluor was reversed after transformation with
a centromeric plasmid containing the PBS2 gene. Therefore,
strain E14 must contain a new pbs2 mutant allele; we call it
pbs2-14.

This mutant allele was cloned by PCR using the strategy
outlined in Fig. 3A. The strategy basically consists of cloning
the mutant allele in small (600-bp) overlapping fragments.
These fragments were cloned and sequenced, and their se-
quences were compared to that of the wild-type PBS2 gene. To
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avoid Taq polymerase errors, at least three different clones
from each fragment were sequenced and any difference in
sequence was confirmed in a totally independent PCR ampli-
fication of the same region. Following this, we found that
pbs2-14 contains a deletion of the thymidine (T) at position
1977 of the open reading frame (Fig. 3B). This deletion
changes the reading frame and increases the size of the protein
(Fig. 3C). The mutation is at the very end of the C region,
altering only the last 10 amino acids, and it is therefore not
expected to cause alterations in the protein kinase domain,
which is located in the middle of the protein (Fig. 3A). To
confirm the nature of the altered protein, we carried out the
Western immunoblotting experiment shown in Fig. 3D. While
the Pbs2p wild-type protein ran with its expected molecular
size, Pbs2-14p showed a higher molecular weight that matched
that predicted by the sequence data. However, the amount of
Pbs2-14p was considerably lower than that observed for Pbs2p,
suggesting greater instability of the mutated protein.

The most relevant characteristic of the pbs2-14 mutant is its
ability to grow at high salt concentrations, despite its resistance
to calcofluor. However, when we determined the basal toler-
ance levels of this mutant we observed a severe reduction in
this parameter. The basal tolerance of the pbs2-74 mutant was
more than 30-fold smaller than that of the wild-type strains
(Table 4). This difference was not only observed in log-phase
cells but also in stationary-phase cells, despite the overall
higher tolerance (Table 4). Consistent with its ability to grow at
high salt concentrations, pretreatment of the pbs2-14 mutant
with 0.4 M NaCl increased its osmotic tolerance to values close
to those of the controls (Table 4), and its induction kinetics
were also similar (Fig. 2B). This treatment also induced a
normal HOG response in pbs2-14 mutants, as determined by
the expression levels of STRE-LacZ fusions or the intracellular
increase in glycerol concentrations (data not shown). Appar-
ently, the pbs2-14 mutation impairs basal osmotic tolerance but
not the induction of the HOG pathway due to high external
osmolarity.

In order to confirm the relationship between the pbs2-14
mutation and the observed phenotypes, we constructed mono-
copy and multicopy plasmids expressing the Pbs2p or Pbs2-14p
protein (see Materials and Methods). These plasmids were
transformed into W303 (wild-type), LIY1 (pbs2::LEU2) and
LIYE14 (pbs2-14) isogenic strains. The phenotypes of some of
these strains are shown in Fig. 4A. As expected, overexpression
of these genes had no apparent effect on the wild-type strain
(data not shown). However, PBS2, either in monocopy or mul-
ticopy plasmids, complemented the resistance of the pbs2-14
mutant to calcofluor (Fig. 4A) and the calcofluor resistance
and salt sensitivity of the pbs2::LEU2 mutant (data not shown).
PBS2-14 only weakly complemented the salt concentration-
dependent growth defect of the pbs2 null mutant when ex-
pressed in monocopy plasmids. However, its overexpression
completely abolished the salt sensitivity of this strain (data not
shown). Similarly, only the overexpression of PBS2-14 in the
pbs2 null mutant partially complemented the calcofluor resis-
tance of this strain (not shown). PBS2-14 overexpression in the
pbs2-14 mutant led to a significant reduction in calcofluor
resistance (Fig. 4A). PBS2-14 overexpression also elicited a
significant increase in the basal osmotic tolerance of the
pbs2-14 mutant (Table 4). Taken together, these data suggest
that all the pbs2-14 mutant phenotypes observed are due to
lower levels of the Pbs2p protein, which can be compensated
for by the overexpression of mutated protein.

In addition to these data, we observed that overexpression of
PBS2 was able to alleviate the calcofluor resistance phenotype
associated with shol or ssk2 ssk22 mutations. However, it had
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FIG. 4. Mutant growth in different media after transformation with different
plasmids. Serial dilutions of each strain were plated onto SD medium supple-
mented with 0.5 mg of calcofluor/ml or YEPD medium supplemented with 0.9 M
NaCl. The plates were photographed after 48 h of growth at 28°C. The strains are
indicated above each picture. The plasmids carried by each strain are indicated
at the right. (A) Calcofluor and salt plates are shown (W303 background). (B)
Only calcofluor plates are shown. Note that TM285, TM257, and TM310 strains
are in the TM141 background.

no apparent effect on the resistance of the shol ssk2 ssk22
triple mutant (Fig. 4B).

Isolation of multicopy suppressors of the pbs2-14 mutation.
In an attempt to identify some of the genes involved in cal-
cofluor sensitivity and resistance through the HOG pathway,
we searched for multicopy suppressors of the pbs2-14 muta-
tion. To do so, we transformed strain LJYE14 with an S.
cerevisiae gene bank constructed in the episomic vector YEp24
and looked for transformants sensitive to calcofluor. We se-
lected several transformants that were more sensitive to cal-
cofluor than the parent strain (Fig. 5). After standard proce-
dures (plasmid loss, end sequencing, and subcloning), we were
able to assign the specific suppressors to four independently
isolated genes, ECM30, CDC11, MSS4, and REDI, none of
which were previously associated with the HOG pathway. The
ECM30 gene has been identified in a screening for insertion
mutants hypersensitive to calcofluor (19). CDCI1 is a member
of the septin family and hence is involved in the organization of
the septum during cell division (18). MSS4 encodes a phospha-
tidylinositol-4-phosphate 5-kinase that is required for cell mor-
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FIG. 5. Effects of different multicopy suppressors on calcofluor resistance. Serial dilutions of each strain were plated onto SD selective medium supplemented with
different calcofluor concentrations (shown at bottom). The recipient strains (top) were transformed with multicopy plasmids containing the genes shown on the left.

phogenesis (12). Finally, REDI encodes a protein required for
chromosome segregation during meiosis, although its exact
function is unknown (37). The four genes clearly suppressed
the calcofluor resistance phenotype associated with the pbs2-14
mutation but also weakly suppressed the resistance observed in
the null pbs2 mutant (Fig. 5). In addition, these multicopy
suppressors also conferred weak hypersensitivity to calcofluor
when introduced in wild-type strains (data not shown).

There is no obvious relationship among these four genes, but
at least three of them, ECM30, CDCI11, and MSS4, can be
associated with cell wall or morphogenetic processes. These
results suggest that the effect of the HOG pathway in resis-
tance and sensitivity to calcofluor could be mediated through
the participation of this pathway in the control of cell wall
architecture. To test this possibility, we investigated the epi-
static relationships between the PKC and HOG signal trans-
duction pathways. Figure 6A shows that disruption of the PBS2
gene clearly alleviates the temperature-sensitive phenotype of
the pckl mutation (23). Overexpression of an activated form of
MkkIp kinase (40) leads to a highly activated PKC pathway
that significantly reduces cell growth (Fig. 6B), a deleterious
effect that is increased in the absence of the PBS2 gene (Fig.
6B). Thus, the PKC and HOG pathways seem to play opposite
roles in cell physiology.

DISCUSSION

The HOG pathway is involved in S. cerevisiae resistance and
sensitivity to calcofluor. Previous attempts to isolate S. cerevi-
siae mutants resistant to calcofluor have been successful in the
identification of genes involved in chitin synthesis (32, 38). The
fact that all the complementation groups identified are defi-
cient in chitin synthesis prompted us to assume that chitin is
the primary and only target of this drug (8). However, in
addition to the chitin defect, it should be possible to obtain
resistance by blocking the increase in chitin synthesis induced

by calcofluor treatment. This hypothesis is sustained by earlier
reports that indicate that calcofluor binds chitin, increases its
synthesis, and disturbs the cell wall (30, 31). Very recently, new
mutants partially resistant to calcofluor but with no apparent
defect in chitin synthesis have been isolated (19). However, this
study focused on the isolation strategy and not on mutant
characterization, and it would therefore be unwise to attempt
to draw any conclusions about the mechanism(s) of action of
calcofluor based on these data alone.

The present report addresses the isolation and characteriza-
tion of new S. cerevisiae mutants resistant to calcofluor, using a
strategy that circumvents the problem of resistance saturation
by mutation in the CHS3 gene (38). We obtained several new
mutants affected in previously described chs complementation
groups. It is interesting that the statistical distribution of these
mutants is quite different from those reported in previous
studies, probably due to the lower concentration of calcofluor
used. Our strategy was successful, since 16 new mutants were
isolated. Preliminary characterization indicated that they be-
long to several new complementation groups. The most in-
triguing result of this screening was the isolation of some mu-
tants sensitive to high salt concentration that turned out to be
mutant alleles of the two best-characterized kinases of the
HOG pathway: PBS2 and HOGI. The null mutants for these
genes were also resistant to calcofluor, although their resis-
tance levels were lower (0.5 to 0.75 mg/ml) than those observed
for different chs™ mutants (1.0 mg/ml). HOG activation in S.
cerevisiae occurs through two independent mechanisms medi-
ated by the SHO!I and SLNI-SLKI genes, respectively (11).
This dual activation route clearly explains the partial resistance
of shol or ssk2 ssk22 mutants to calcofluor, while the resistance
of the shol ssk2 ssk22 triple mutant is similar to that of pbs2
null mutant (Fig. 1).

Is there any relationship between the HOG pathway and
chitin synthesis? The results obtained here seem to show that
this is not the case. Neither PBS2 nor HOGI is involved in
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FIG. 6. Epistatic relationship between the PKC and HOG signal transduction pathways. (A) Serial dilutions of each strain (15Dau background) were plated onto
YEPD medium, and replica plates were incubated at the indicated temperatures for 48 h. (B) Isogenic W3031A or LIY1 (pbs2::LEU2) strains were transformed with
plasmid pNV7-MKK173% in which the hyperactive form of the MKK1 gene is under the control of the GALI promoter (40). Serial dilutions of each strain were plated
onto selective medium with either glucose or galactose as a carbon source. Growth was scored after 2 (glucose) or 4 (galactose) days of growth.

chitin synthesis, and neither of them mediates the increase in
chitin levels observed during calcofluor treatment (Table 3). In
addition, induction of the HOG pathway by salt does not affect
chitin synthesis (Table 3). These results indicate that the pres-
ence of chitin is not enough to explain sensitivity or resistance
to calcofluor. The lower resistance to calcofluor observed in
the pbs2 null mutant compared to that in different chs mutants
suggests that chitin is absolutely required for calcofluor action
but that the HOG pathway is also partially involved in the
process.

Figure 2 and Table 5 indicate that calcofluor induces certain
intracellular responses which could be related to osmoregula-
tion; the drug increased intracellular glycerol concentrations
and osmotic tolerance. When it was possible to carry out the
test, we observed that these effects were dependent on a func-
tional HOG pathway, because they were absent in pbs2 and
hogl mutants (Table 5). These effects were not observed in
chs3 (Fig. 2 and Table 5) or in other chs mutants (data not
shown). Glycerol accumulation, however, does not depend on
the function of GPD genes, since different gpd mutants were
seen to increase intracellular glycerol levels after calcofluor
treatment (Table 5). Therefore, the increased glycerol levels,
and possibly the increase in osmotic tolerance, could reflect
general changes in cell physiology dependent on the HOG
pathway (see below). However, it is clear that the absolute
levels of glycerol cannot be directly related to calcofluor resis-
tance or sensitivity, since the gpd mutants, which have very low
levels of intracellular glycerol (Table 5), were sensitive to cal-
cofluor.

Interestingly, the increase in osmotic tolerance or glycerol
accumulation due to calcofluor treatment was significantly dif-

ferent from that observed after salt treatment, not only in the
size of the response but also in its kinetics. In addition, we were
unable to detect any calcofluor-dependent phosphorylation of
Hoglp. In view of these results, the small increase observed in
the expression of the STRE-LacZ fusion after calcofluor treat-
ment is not surprising. Taken together, these results indicate
that calcofluor treatment does not induce activation of the
HOG pathway. Accordingly, the isolation of mutant E14,
which is resistant to calcofluor but also to high salt concentra-
tions, is a clear indication that HOG-dependent osmoadapta-
tion and calcofluor resistance are two physiologically different
phenomena.

Physiological role of the HOG pathway under noninducing
conditions. Sequencing of the pbs2-14 mutation indicated that
Pbs2-14p is only altered in its C-terminal domain; therefore,
the mutation should not affect the catalytic domain of the
kinase (4). This is in agreement with the growth of the pbs2-14
mutant at high salt concentrations. Figure 2 shows that osmo-
adaptation after salt treatment is normal in this mutant and
follows kinetics similar to those of the wild-type strain. In
addition, induction of the STRE-LacZ fusion and the increase
in intracellular glycerol levels by salt in this mutant are com-
parable to those observed in the wild-type strain (data not
shown). All these observations are clear indications that acti-
vation of the HOG pathway by increased osmolarity occurs
normally in the pbs2-14 mutant.

Like the pbs2 null mutant, the pbs2-14 mutant is resistant to
calcofluor. Are there any differences between this mutant and
the wild-type apart from their sensitivity or resistance to cal-
cofluor? We observed that basal tolerance in strain LJYE14
(pbs2-14) was only 2 to 3% of that of the wild-type. This
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difference persisted in early-stationary-phase cells despite
higher overall levels. These results indicate that the decrease in
basal osmotic tolerance is intrinsic to the pbs2-14 mutation.
However, the difference in osmotic tolerance was not signifi-
cant after salt treatment (Fig. 2). Apparently, the HOG path-
way could have some uncharacterized function under nonin-
ducing conditions; this function would be severely impaired in
the pbs2-14 mutant. To date, resistance to calcofluor and low
basal tolerance have been linked to the pbs2-14 allele.

After these results one would have to address the issue of
why the pbs2-14 mutant is unable to maintain the steady-state
level of the HOG pathway. A possible explanation for this can
be found in Fig. 3: Pbs2-14p levels were much lower than those
of Pbs2p, and such low levels of protein would not be enough
for biological function, despite the functionality of the mutated
protein. Phosphorylation of Pbs2-14p by the induction of the
HOG pathway would increase Pbs2p-14 kinase activity, over-
coming the defects associated with this low protein level. At
this point we cannot be sure of the reasons at the molecular
level for the low abundance of this protein, but the differences
observed suggest low Pbs2p-14 stability. In addition, we cannot
exclude the possibility that the described mutation could have
some minor effect on kinase activity. Regardless of the molec-
ular reasons, if this hypothesis is correct an alleviation of phe-
notypes associated with the pbs2-14 mutation after overexpres-
sion of this protein would be expected. This indeed seems to be
the case: overexpression of PBS2-14 in a multicopy plasmid
significantly decreased not only the resistance phenotype ob-
served in strain LIYE14 (pbs2-14) (Fig. 4) but also its basal
osmotic tolerance (Table 4). Similarly, complementation of the
salt sensitivity phenotype of the pbs2 null mutant by PBS2-14
was only complete when the mutated protein was overex-
pressed (data not shown).

We have already shown that the HOG pathway is required
for osmotic tolerance and calcofluor sensitivity, but it is also
important to note that the functionality of this pathway under
noninducing conditions depends not only on the kinases but
also on the activation routes. This conclusion is based on sev-
eral lines of evidence. (i) Mutations in the SHO!I or SSK2-22
branches only conferred partial calcofluor resistance, whereas
the triple mutant was significantly more resistant (Fig. 2). (ii)
PBS?2 overexpression suppressed the calcofluor resistance phe-
notype observed in shol and ssk2 ssk22 mutants but not that
found in the shol ssk2 ssk22 triple mutant (Fig. 4). (iii) Over-
expression of PBS2 in wild-type strains leads to calcofluor
hypersensitivity (data not shown).

We have been able to show the effect of the removal of the
HOG pathway on resistance to calcofluor and osmotic toler-
ance. However, we do not yet know the molecular reasons for
these cellular effects. It has previously been reported that PBS2
elimination causes increases in B(1-6)glucan levels (15) and
decreases in B(1-3) levels (16); the opposite effects on glucan
synthesis are observed after PBS2 overexpression. The effects
on B(1-6)glucan are due to an altered regulation of EXG1, the
gene that encodes the major exoglucanase. However, the al-
teration in B-glucan synthesis through PBS2 cannot account for
calcofluor resistance and sensitivity, since deletion or overex-
pression of EXGI does not alter the calcofluor sensitivity of
wild-type strains (data not shown). In addition, a decrease in
the rate of B(1-3)glucan synthesis, such as that observed in fks?/
mutants, leads to calcofluor hypersensitivity (27).

The data presented in this paper clearly suggest a scenario in
which calcofluor resistance and sensitivity would depend, in
addition to the absence or presence of chitin, on a physiolog-
ical state rather than on the existence of a unique intracellular
target for calcofluor. This hypothesis is favored by the nature
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of the suppressors of the pbs2-14 mutation that were isolated.
Although they were isolated as suppressors of the calcofluor
resistance of the pbs2-14 mutant, all of them caused calcofluor
hypersensitivity in the wild-type strain (data not shown), clearly
indicating that we had not isolated true suppressors but rather
genes whose overexpression confers calcofluor hypersensitiv-
ity. However, there must be some kind of direct relationship
between the effects of these suppressors and the HOG path-
way, because their overexpression elicited only minor effects
on pbs2 null mutants (Fig. 5). The most likely explanation
regarding these suppressors is that they would have pleiotropic
effects on cell physiology, and these effects would depend on a
functional HOG pathway. All the suppressors—with the ex-
ception of REDI, whose exact function is not yet clear—have
been related more or less directly to cell wall synthesis or
assembly (12, 18, 19). Therefore, some of their effects would be
expected to affect cell wall synthesis and/or assembly, even
though no effect on chitin synthesis was detected (data not
shown). This hypothesis seems to be supported by the study of
the epistatic relationships between the PKC and HOG signal
transduction pathways, the results of which (Fig. 6) clearly
indicate that the pathways act antagonistically. Very recently it
has been proposed that these pathways play opposite roles in
the cell, balancing the plasticity of the cell wall during growth
(28). However, to our knowledge this is the first time that a
direct relationship between these two signal transduction path-
ways has been shown in S. cerevisiae. The molecular link be-
tween these pathways is not yet known, although it has been
reported that Ptp2 and Ptp3 phosphatases can act as global
regulators of MAPK signaling, including the HOG and PKC
pathways (25). Additionally, the hypothetical participation of
the HOG pathway in the control of cell wall plasticity could be
also envisioned as the molecular link between this pathway and
resistance and sensitivity to calcofluor.

The results reported here clearly support the current hy-
pothesis about the coordinated contribution of the HOG and
PKC pathways to cell wall architecture, offering a new ap-
proach that could open new areas of study in the field.
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