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Screening the Saccharomyces cerevisiae disruptome, profiling transcripts, and determining changes in protein
expression have identified an important new role for the high-osmolarity glycerol (HOG) mitogen-activated
protein kinase (MAPK) pathway in the regulation of adaptation to citric acid stress. Deletion of HOG1, SSK1,
PBS2, PTC2, PTP2, and PTP3 resulted in sensitivity to citric acid. Furthermore, citric acid resulted in the dual
phosphorylation, and thus activation, of Hog1p. Despite minor activation of glycerol biosynthesis, the inhib-
itory effect of citric acid was not due to an osmotic shock. HOG1 negatively regulated the expression of a
number of proteins in response to citric acid stress, including Bmh1p. Evidence suggests that BMH1 is induced
by citric acid to counteract the effect of amino acid starvation. In addition, deletion of BMH2 rendered cells
sensitive to citric acid. Deletion of the transcription factor MSN4, which is known to be regulated by Bmh1p
and Hog1p, had a similar effect. HOG1 was also required for citric acid-induced up-regulation of Ssa1p and
Eno2p. To counteract the cation chelating activity of citric acid, the plasma membrane Ca2� channel, CCH1,
and a functional vacuolar membrane H�-ATPase were found to be essential for optimal adaptation. Also, the
transcriptional regulator CYC8, which mediates glucose derepression, was required for adaptation to citric acid
to allow cells to metabolize excess citrate via the tricarboxylic acid (TCA) cycle. Supporting this, Mdh1p and
Idh1p, both TCA cycle enzymes, were up-regulated in response to citric acid.

In nature, acidity, or low pH, is an environmental stress to
which microorganisms are routinely exposed. However, acid
stress is not simply the toxic effect of a high hydrogen ion
concentration but is also dependent on the chemical nature of
the acid to which the organism is exposed. In reality, there is no
single type of acid stress but a host of different inhibitory
effects depending on the nature of the acid(s) present, for
example, weak acids versus strong acids or organic acids versus
inorganic acids. It is well-known that different weak organic
acids have hugely different inhibitory effects on microorgan-
isms even when applied at identical pH values (32). Thus, we
could hypothesize that due to the chemical diversity of acid
stress, it is unlikely that an organism could develop a single
general response to acid stress in the same fashion as, for
example, the heat shock response to heat stress. In truth,
whatever the acid present, an organism still has to adapt to
growth in the presence of a high external hydrogen ion con-
centration. Thus, this component of acid stress is not unique,
and in Saccharomyces cerevisiae, there is evidence of a general
response to combat this effect (40). However, other inhibitory
effects of acids that are entirely dependent on the unique
chemistry of each counter ion must be considered. This implies
that any microorganism exposed to the acid may induce a

unique stress response specific for that particular ion. In fact,
available data support this hypothesis. For example, there has
been much research on the effects of the weak organic acid
food preservatives, sorbic and benzoic acid, on S. cerevisiae.
These studies have indicated the importance of the Pdr12 ATP
binding cassette (ABC) transporter in the development of re-
sistance to some weak acids (26). In addition, sorbic acid has
been shown to up-regulate a number of stress proteins and
chaperones, including Hsp26p, Hsp42p, and Hsp70p isoforms
and many oxidative stress defense enzymes (7).

The recently identified transcription factor War1p has been
implicated in activating PDR12 through an uncharacterized
signal transduction event that detects weak organic acid stress
(22). This work also found that PDR12 induction requires a
unique cis-acting weak acid response element (WARE) in the
PDR12 promoter. In contrast, the transcriptional response to
acetic acid, another weak organic acid, is not well character-
ized, but it is known that resistance is mediated by a different
plasma membrane transporter of the major facilitator super-
family, AZR1 (39). Thus, these studies have demonstrated that
S. cerevisiae has evolved dedicated stress responses to counter-
act the inhibitory effects of different organic acids.

In this study, we wished to characterize the response of S.
cerevisiae to citric acid, which is an organic acid ubiquitous in
nature and has not been studied in terms of cellular resistance
mechanisms. Citric acid is an intermediary metabolite of the
tricarboxylic acid (TCA) cycle and is a key component of nor-
mal respiratory metabolism in S. cerevisiae. There are four
genes listed in the SGD database (http://www.yeastgenome
.org/) under the gene ontology heading of citrate metabolism;
ACO1, CIT1, CIT2, and CIT3. Deletion of either ACO1 (en-
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coding aconitate hydratase) or CIT1 (encoding citrate synthase)
results in a growth defect in the presence of a nonfermentable
(respiratory) carbon source, indicating the importance of citric
acid metabolism to the generation of energy via oxidative phos-
phorylation (37).

Citric acid is a sharp-tasting, water-soluble organic acid that
occurs naturally in the juice of lemons and other sour fruits at
concentrations typically between 10 and 40 mM. Yeasts are
known to occur naturally on the surfaces of such fruits, so it is
not unreasonable to propose that yeasts may have evolved to
adapt to this form of acid stress. Typical yeast species found in
citrus juices include Candida parapsilosis, Candida stellata, Sac-
charomyces cerevisiae, Torulaspora delbrueckii, and Zygosaccha-
romyces rouxii (15).

Citric acid is a tri-protic acid with three carboxylic acid
groups with pKa values of 3.13, 4.76, and 6.4, respectively.
Citric acid and its salts are commonly used in the food and
beverage industry as organic acidulants and pH control agents.
In manufactured foods and beverages, citric acid is most often
used as a flavor adjunct to improve taste, but it is also used as
a pH control agent and preservative to prevent microbial
growth, often in conjunction with other weak acid preserva-
tives, such as sorbic or benzoic acid, and as a chelating agent to
prevent food spoilage. Despite hygienic manufacturing and the
use of organic acid preservatives, yeast and mold spoilage still
results in huge economic losses of foods and beverages. It has
been estimated that food losses to microbial growth in the
United Kingdom alone exceeds £100 million each year and that
up to 25% of all food crops are lost in the developing world
due to spoilage (11).

Yeast spoilage often occurs because the organism is able to
adapt and grow under extreme conditions such as low pH in
the presence of organic acids. Therefore, fundamental under-
standing of the molecular mechanisms employed by the yeast
that allow it to grow at low pH in the presence of citric acid is
also of applied interest.

The combination of whole-genome transcript analysis and
proteomics has established the capability to investigate the
mode of action of antimicrobial agents at the molecular level in
detail. The rationale for this approach is that sublethal expo-
sure to an antimicrobial agent will alter the homeostasis of an
organism such that a transcriptional response will be initiated
to restore homeostasis in addition to the induction of any
resistance mechanisms. The resulting gene, or protein, expres-
sion profile serves as a signature of the inhibitor used, and in
the case of antimicrobials whose modes of action are unknown,
incriminates various genes involved with the inhibited cellular
process(es). Thus, functional genomic techniques are being
used increasingly to investigate and determine the mode(s) of
action of antimicrobials (for example, the effect of isoniazid on
Mycobacterium tuberculosis [42] and effects of antifungals, such
as fluconazole and ketoconazole, on S. cerevisiae [3]).

In this study, we screened the S. cerevisiae genome deletion
set to identify genes mediating resistance to citric acid stress.
We also studied differential protein expression and changes in
the transcriptome induced by exposure to citric acid stress to
identify key components of the molecular response of S. cer-
evisiae to this compound. Our results have shown that the
mitogen-activated protein kinase (MAPK) high-osmolarity
glycerol (HOG) pathway regulates resistance to citric acid

stress. Thus, we present evidence for an important new role for
the HOG pathway in yeast.

MATERIALS AND METHODS

Yeast strains. The strain of S. cerevisiae used in this study was BY4741, a
derivative of S288C with the genotype MATa his3�1 leu2�0 met15�0 ura3�0
obtained from Research Genetics (Huntsville, Ala.). All gene deletions in this
study were from the Research Genetics BY4741 MATa haploid genome deletion
set, which contains 4,847 yeast strains with all nonessential open reading frames
(ORFs) disrupted by the KanMX cassette (http://www-sequence.stanford
.edu/group/yeast_deletion_project/PCR_strategy.html). All key deletion strains
were verified by PCR.

Media and growth assays. Yeast cells were grown either in malt extract (ME)
medium (0.6% malt extract, 0.6% dextrose, 0.18% maltose, 0.12% yeast extract)
or in defined minimal medium (0.67% BDH defined medium without amino
acids but with 2% glucose) supplemented with appropriate amino acids and
bases (20 mg ml�1). Citric acid was added to media from a stock solution of 3.5
M, and the pH was adjusted to 3.5 using 10 M NaOH.

A growth test was developed to screen the entire S. cerevisiae genome gene
deletion set for sensitivity or resistance to citric acid. First, using a 48-pin replica
plater, individual yeast mutant strains were inoculated from the strain collection
stored in 96-well plates into sterile 96-well plates containing fresh ME broth.
After overnight incubation at 30°C, growth was monitored by optical density, and
approximately 5 �l of the individual cultures was spotted, at an optical density at
600 nm (OD600) of 1.0, using a 48-pin replica plater, onto ME agar medium
containing either 0 or 400 mM citric acid, pH 3.5. Colony growth was inspected
after 48 h of incubation at 30°C.

More-detailed sensitivity assays were performed by spotting 10-fold serial
dilutions of an exponentially growing culture (OD600 of 0.1) onto ME agar plates
with increasing concentrations of citric acid (0 to 400 mM), pH 3.5. Colony
growth was inspected as described above.

To accurately determine citric acid sensitivity by calculating changes in growth
rate, shaking flask experiments were performed. The yeast cells were grown at
30°C in ME medium, pH 3.5, with or without 150 or 300 mM citric acid with
shaking at 200 rpm.

Proteome analysis. Protein was extracted from duplicate mid-exponential-
phase cultures at an OD600 of 0.35 (200 ml) grown in ME medium either in the
presence or absence of 300 mM citric acid, pH 3.5. Cells were pelleted and
washed twice in ice-cold, sterile double-distilled water. Cell pellets were resus-
pended in 1.5 ml of lysis buffer {8 M urea, 2 M thio-urea, 4% 3-[(3-cholamido-
propyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 50 mM dithiothreitol,
40 mM Tris base, 1% Pharmalyte 3-10 (Amersham Pharmacia Biotech, Buck-
inghamshire, United Kingdom), fungal protease inhibitor cocktail (Sigma)},
followed by the addition of an equal volume of 425- to 600-�m-diameter glass
beads (Sigma). Cells were disrupted using a mini-bead beater (Biospec, Bartles-
ville, Okla.) five times for 1 min each time, with 1 min between bead beating on
ice. Glass beads were allowed to settle before the lysate was removed and
transferred to a 1.5-ml microcentrifuge tube. Cell debris was removed by cen-
trifugation, and the resulting soluble protein preparation was stored at �80°C.

To ensure that equal concentrations of protein were loaded onto two-dimen-
sional gels, the samples were prerun on one-dimensional sodium dodecyl sulfate
(SDS)–12.5% polyacrylamide gels minigels (Bio-Rad Criterion) and visualized
by staining with colloidal Coomassie blue R-250 (Bio-Rad). The concentrations
of proteins were determined empirically and adjusted accordingly. Comparative
two-dimensional electrophoresis was performed using a MultiphorII apparatus
for isoelectric focusing (IEF) (Amersham Pharmacia Biotech) as previously
described (29) and a Hoefer-DALT apparatus (Amersham Pharmacia Biotech)
for the second dimension. Immobilized pH gradient 18-cm strips, pH 4.5 to 5.5,
pH 4 to 7, and pH 6 to 11 (Amersham Pharmacia Biotech), were used for IEF.
SDS–10% polyacrylamide gels (22 cm by 25 cm) (10% Duracryl [Genomic
Solutions, Ann Arbor, Mich.[, 0.4 M Tris [pH 8.8], 0.1% SDS, 0.1% ammonium
persulfate, 0.01% N,N,N�,N�-tetramethylethylenediamine [TEMED]) were used
for the second dimension. Protein samples were first run on analytical gels (with
approximately 0.1 mg of total protein) and were visualized using a silver stain kit
(Genomic Solutions). Silver-stained gels were scanned using an Image Scanner II
(Amersham Pharmacia Biotech). Protein spots showing obvious and reproduc-
ible changes in expression (present on both gel sets from duplicate experiments)
were catalogued. Subsequently, identical protein samples were run on prepara-
tive gels (with approximately 1 mg of total protein) and stained with Sypro ruby
stain as described by the manufacturer (Genomic Solutions). The Sypro ruby gels
were scanned using an FLA-5000 scanner (Fuji Photo Film Europe GmbH) at an
excitation wavelength of 473 nm and emission of 618 nm. The protein spots with
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altered expression catalogued previously were excised from these gels for iden-
tification by peptide mass fingerprinting.

Images were exported to Microsoft PhotoDraw 2000 version 2.0 for annotation
and presentation. The isoelectric point and molecular weight of the proteins of
interest were calculated from protein migration as previously described (5).

Mass spectrometry. Protein spots of interest were excised from the gels and
digested in the gel with trypsin (Promega) using an Investigator Progest digestion
robot (Genomic Solutions). Half the sample was desalted and concentrated using
a micro C18 column (0.2 �l of ZipTip) (Millipore, Gloucestershire, United
Kingdom) according to the manufacturer’s instructions. The peptides were
eluted directly from the tip onto the target in 1.5 �l of �-cyano-4-hydroxycin-
namic acid (saturated stock prepared in acetonitrile–0.2% trifluoroacetic acid
[50:50] and then diluted 1/5 in acetonitrile–0.2% trifluoroacetic acid [60:40]).
Spectra were obtained on a Micromass TofSpec 2E instrument (Micromass,
Manchester, United Kingdom), equipped with a 337-nm-wavelength laser and
operated in reflectron mode. The data were calibrated using the tryptic peptides
of �-galactosidase (Sigma) and lock mass corrected using a Glu-Fibrinopeptide
B spike.

Monoisotopic peptide masses were selected using BioLynx ProteinProbe (Mi-
cromass) and submitted for peptide mass matching against the National Center
for Biotechnology Information (NCBI) database using the Mascot search engine
(Matrix Science).

RNA isolation, cDNA synthesis, miniarray hybridization, and analysis. Total
RNA was isolated from mid-exponential-phase (OD600 of 0.3) control and yeast
cells exposed to 300 mM citric acid (pH 3.5) for 20 min using the RNA minikit
(Qiagen). RNA was used as a template for cDNA synthesis using Moloney
murine leukemia virus reverse transcriptase in the STRIP-EZ RT StripAble
cDNA probe synthesis and removal kit (Ambion). The resulting cDNA probe is
stable under hybridization conditions but can be readily cleaved after detection
by a reagent in the probe degradation buffer. Unincorporated nucleotides were
separated from the 33P-labeled cDNA probe by passage through a Sephadex
G-50 column. More than 98% of S. cerevisiae ORFs were contained on two
separate Yeast GeneFilters (Research Genetics), which were simultaneously, but
separately, hybridized with one of two probes (made from RNA isolated from
control cells and cells exposed to citric acid, respectively) as described previously
(7). Data were collected using the phosphorimaging function of a FLA-5000
scanner (Fuji Film). The membranes were stripped using the STRIPeasy kit
(Ambion) per the manufacturer’s instructions. These membranes were then
rehybridized with freshly made probes (as described above) from three identical,
replicate cultures, resulting in three independent hybridizations. The hybridiza-
tion data were analyzed using Pathways software (Research Genetics). Expres-
sion ratios are shown for genes that on average changed more than 1.5-fold over
the three replicate hybridization experiments. To allow for comparison, the filter
images were normalized by the Pathways software using all data points on the
array. This resulted in expression ratios of 1 for genes unlikely to be affected by
citric acid stress (e.g., ACT1, encoding actin).

Measurement of osmolarity. Osmolarities were determined in suitably diluted
samples using a fully calibrated Westcor 5100c vapor pressure osmometer ac-
cording to the manufacturer’s instructions (Westcor, Inc., Logan, Utah). The
osmolarities of ME medium (pH 3.5) and ME medium containing citric acid,
NaCl, KCl, and sorbitol were determined. Standard curves were produced in ME
medium (pH 3.5) with sorbitol, KCl, and NaCl, using a concentration range of 50
mM to 1 M.

Determination of intracellular glycerol. Cultures of wild-type S. cerevisiae
BY4741 MATa in ME medium (pH 3.5) were incubated at 30°C with shaking at
200 rpm in the presence of 0, 150, or 300 mM citric acid, 230 or 460 mM sorbitol,
100 or 210 mM KCl, or 125 or 250 mM NaCl. A 1-ml aliquot was removed and
incubated for 10 min at 100°C, and cell debris was pelleted at 13,000 rpm
(Eppendorf Mini-Spin) for 2 min. Glycerol concentrations were determined
using the glycerol determination kit (Boehringer Mannheim) per the manufac-
turer’s instructions.

Complementation of �hog1 and overexpression of HOG1. HOG1 and its pro-
moter, 600 bp upstream of the ATG codon, were PCR amplified from S. cerevi-
siae BY4741 genomic DNA, isolated using a genomic DNA extraction kit (Qia-
gen). The resulting PCR product was cloned into the multiple cloning site of
pRS313, a single-copy HIS3 vector and pRS413, a multicopy HIS3 vector (35).
�hog1 and BY4741 strains were transformed with these plasmids using the
high-efficiency lithium acetate method (10).

Western blotting of Hog1p and Hog1p phosphorylation. Isolation of total
soluble protein and subsequent Western blotting of Hog1p and phosphorylated
Hog1p were performed as previously described (44). Briefly, total soluble protein
was isolated from S. cerevisiae BY4741, �hog1, �ssk1, and �pbs2 strains grown in
ME medium (pH 3.5) after a 10-min exposure to either 300 mM citric acid or 0.4

M NaCl. Equal concentrations of protein (15 �g) were loaded and separated by
SDS-polyacrylamide gel electrophoresis and blotted onto polyvinylidene difluo-
ride membranes. Dual phosphorylation of Hog1p was observed using a dually
phosphorylated (Thr174 and Tyr176) p38 antibody (New England Biolabs).
Hog1p was detected using an anti-C-terminal Hog1p antibody (Yc20; Santa Cruz
Biotechnology). Antibody binding was visualized using a Supersignal Westfemto
maximum sensitivity kit (Pierce) after binding of a horseradish peroxidase-con-
jugated secondary antibody (Sigma).

RESULTS

Citric acid inhibits growth of S. cerevisiae. Growth of S.
cerevisiae BY4741 was inhibited in the presence of increasing
concentrations of citric acid in both ME broth (pH 3.5) (Fig.
1a) and on ME agar (pH 3.5) (Fig. 1b). Growth rate was
reduced from a value of 0.406 in the control culture to 0.221
(45.6% inhibition) in the presence of 400 mM citric acid (Fig.
1a). Exposure to 300 mM citric acid resulted in a 30.2% re-
duction in the growth rate.

Screening the yeast disruptome identified many genes that
confer resistance to citric acid stress. To identify key genes
involved in mediating resistance to citric acid stress, we con-
ducted a phenotypic screen of all the 4,847 nonessential gene
deletions in S. cerevisiae BY4741 MATa. Yeast deletion strains
were spotted onto plates in the presence or absence of 400 mM
citric acid. Of the 4,847 nonessential gene deletions tested; 69
(1.4%) showed sensitivity to citric acid compared to the parent
(Table 1). No citric acid-resistant phenotypes were detected.
Of the 69 citric acid-sensitive gene deletions, 10 were of par-
ticular interest because they encode known regulatory proteins
that could be involved in signaling an adaptive response to
citric acid stress. The 10 gene deletions of interest are RCS1
(iron-regulated transcriptional repressor), MSN4 (transcrip-
tional activator in response to stress), HOG1 (MAPK), BUB1
(serine/threonine protein kinase), CKA1 (casein kinase II),
PTK2 (protein kinase involved in polyamine uptake); BCK1
(MEKK), SSK1 (two-component signal transducer), TPD3
(serine/threonine protein phosphatase 2A), and RRD1 (strong
similarity to human phospho-tyrosyl phosphatase activator).

Using the Gene Ontology (GO) database (http://fatigo
.bioinfo.cnio.es/), we analyzed the functional categories of cit-
ric acid-sensitive gene deletions. Of the total of 69 genes, 56
had GO at level 3, biological process, which resulted in the
following GO profile: 55.1% metabolism, 46.4% cell growth
and/or maintenance, 17.4% homeostasis, 11.6% response to
external stimulus, 10.1% response to stress, 4.3% cell commu-
nication, 2.9% reproduction, 1.45% morphogenesis, 1.45%
growth, and 15.94% GO terms present at other levels.

Growth in the presence of citric acid induces changes in
protein expression. We measured changes in the S. cerevisiae
proteome occurring in response to growth in the presence of
300 mM citric acid (pH 3.5) over the pH separation ranges of
4.5 to 5.5, 4.0 to 7.0, and 6.0 to 11.0. These proteins were
subsequently identified by matrix-assisted laser desorption ion-
ization–time of flight mass spectrometry of the peptides pro-
duced by in-gel digestion with trypsin, followed by database
searching using the peptide masses derived from each
trypsinized protein (see Table S1 in the supplemental mate-
rial).

Over the pH range 4.5 to 5.5, we reproducibly detected the
up-regulation of six new proteins and the down-regulation of
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one protein due to the presence of 300 mM citric acid, pH 3.5
(Fig. 2). The up-regulated proteins were identified as putative
adenosine kinase (Ado1) (protein 1), DL-glycerol-3-phosphate
(Gpp2) (protein 2), imidazole glycerol phosphate synthase
(His7) (protein 4), stress-induced protein (Sti1) (protein 5),
carbamyl phosphate synthase (Ura2) (protein 6), and pyruvate
decarboxylase isozyme 1 (Pdc1) (protein 7) (Fig. 2a, b, d, e,
and f). The down-regulated protein was identified as an hypo-
thetical ORF (Ylr301w) (protein 3 in Fig. 2c).

Similarly, over the pH ranges 4 to 7 and 6 to 11, we detected
the up-regulation of eight (Fig. 3) and seven proteins (Fig. 4),
respectively. The up-regulated proteins on the pH 4 to 7 gels
were identified as heat shock protein 70 isoform (Ssa1) (pro-
tein 8), vacuolar ATPase V1 domain subunit E (Vma4) (pro-
tein 9), 40S ribosomal protein S0-A (Rps0ap) (protein 10),
DL-glycerol-3-phosphatase (Gpp1) (protein 11), inorganic py-
rophosphatase (Ipp1) (protein 12), enolase 2 (Eno2) (protein
13), heat shock protein 70 isoform (Ssb2) (protein 14), and

heat shock protein 26 (Hsp26) (protein 15) (Fig. 3a, b, c, d, e,
and f).

The up-regulated proteins identified on the pH 6 to 11 gels
were mitochondrial F1F0-ATPase alpha subunit (Atp1) (pro-
tein 16), IMP dehydrogenase homolog (Imd3) (protein 17),
aceto-hydroxyacid reductoisomerase (Ilv5) (protein 18), mito-
chondrial malate dehydrogenase (Mdh1) (protein 19), Hsp40
family chaperone (Sis1) (protein 20), 3-deoxy-D-arabino-hep-
tulosonate-7-phosphate synthase (Aro3) (protein 21), and iso-
citrate dehydrogenase 1 alpha-4-beta-4 subunit (Idh1) (protein
22) (Fig. 4).

A number of the up-regulated proteins on the gels were
identified as polypeptide fragments (e.g., Pdc1, Ssa1, Eno2,
and Ssb2). However, like all the other proteins listed, expres-
sion of the proteins represented by these fragments was altered
in duplicate experiments. Comparison of the experimental ver-
sus predicted molecular weights and pIs of the identified pro-
teins is shown in Table S1 in the supplemental material. The

FIG. 1. Growth of S. cerevisiae BY4741 is inhibited in the presence of citric acid. (a) Cultures of S. cerevisiae BY4741 were grown to late
exponential phase in ME medium alone (pH 3.5) and in the presence of 200, 300, and 400 mM citric acid (CA). (b) Serial dilutions of
mid-exponential-phase cultures of S. cerevisiae BY4741 were spotted onto ME agar plates at pH 3.5 with and without the presence of 200, 300,
and 400 mM citric acid. Plates were incubated for 48 h at 30°C before the plates were photographed.
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TABLE 1. Screening the yeast disruptome identified genes required for optimal growth of S. cerevisiae in the presence of 400 mM citric
acid (pH 3.5)a

Functional category and ORF Gene Characteristic or description

Metabolism
Lipid, fatty acid, and isoprenoid metabolism

YER019W ISC1 Weakly similar to human and mouse neutral sphingomyelinase
YMR207c HFA1 Strongly similar to acetyl coenzyme A carboxylase
YMR202w ERG2 C8 sterol isomerase
YLR056w ERG3 C5 sterol desaturase
YGL012w ERG4 Sterol C24 reductase

Carbohydrate metabolism
YGL156w AMS1 �-Mannosidase
YLR377c FBP1 Fructose-1,6-bisphosphatase
YBR126C TPS1 �,�-Trehalose-phosphate synthase

Nucleotide metabolism
YMR300c ADE4 Amidophosphoribosyltransferase

Amino acid metabolism
YGL154c LYS5 L-Aminoadipate-semialdehyde dehydrogenase, small subunit
YEL046c GLY1 L-Threonine aldolase, low-specific
YGL148w ARO2 Chorismate synthase
YHR025w THR1 Homoserine kinase
YCR053w THR4 Threonine synthase (o-p-homoserine p-lyase)

Metabolism of energy reserves
YBL058w SHP1 Potential regulatory subunit for Glc7p

Energy generation activities
YOL079w Similar to NADH dehydrogenases

Regulation of interaction with cellular environment
Ion homeostasis

YGR217W CCH1 Calcium channel protein
YHR060w VMA22 Vacuolar ATPase assembly protein
YGR020c VMA7 H�-ATPase V1 domain 14-kDa subunit, vacuolar
YBR127C VMA2 H�-ATPase V1 domain 60-kDa subunit, vacuolar
YKL080w VMA5 H�-ATPase V1 domain 42-kDa subunit, vacuolar
YEL051w VMA8 H�-ATPase V1 domain 32-kDa subunit, vacuolar
YEL027w CUP5 H�-ATPase V0 domain 17-kDa subunit, vacuolar
YAL026c DRS2 P-type amino-phospholipid-ATPase
YLR447c VMA6 H�-ATPase V0 domain 36-kDa subunit, vacuolar
YDL185w TFP1 H�-ATPase V1 domain 69-kDa catalytic subunit, vacuolar
YHR026w PPA1 H�-ATPase 23-kDa subunit, vacuolar

Cellular transport and transport mechanisms
YDR320c SWA2 Clathrin-binding protein required for normal clathrin function

Control cellular organization
Cell wall

YCL007c CWH36 Affects the mannoprotein layer of the cell wall
YLR390w-a CCW14 Secretory stress response protein 1
YGR036c CAX4 Required for full levels of dolichol-linked oligosaccharides in

the endoplasmic reticulum
YJL095W BCK1 Cell wall integrity pathway, nutrient sensing, and growth

control
YDR323c PEP7 Vacuolar segregation protein
YJR059W PTK2 Involved in polyamine uptake

Cell fate
YNL084c END3 Required for endocytosis and cytoskeletal organization
YGR167w CLC1 Clathrin light chain
YDR388w RVS167 Reduced viability upon starvation protein
YAL016w TPD3 Ser/Thr protein phosphatase 2A, regulatory chain A
YDR099W BMH2 Suppressor of clathrin deficiency

Transcription
YBR112c CYC8 General repressor of transcription
YPL129w ANC1 TFIIF subunit (transcription initiation factor), 30 kDa
YOR295w UAF30 Subunit of RNA polymerase I transcription factor
YOR290c SNF2 Component of SWI/SNF global transcription activator

complex
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predicted and experimental molecular weights were mostly in
agreement, apart from the polypeptide fragments discussed
previously. However, the experimental and predicted pIs var-
ied, even in intact proteins, which could be explained by the
presence of different posttranslational modifications.

As before, we analyzed the GO database functional catego-
ries of the citric acid-induced changes in protein expression. Of
the total of 24 proteins with up-regulated expression, 22 had
GO at level 3, biological process, which resulted in the follow-
ing GO profile: 83.3% metabolism, 20.8% cell growth and/or

maintenance, 8.3% response to stress, 4.17% response to ex-
ternal stimulus, and 4.17% homeostasis.

Comparison of the above proteins with the genome-wide,
citric acid-sensitive, gene deletion screen in Table 1 revealed
no correlation between proteins with altered expression due to
growth in the presence of citric acid and the citric acid-sensi-
tive gene deletions.

Growth in the presence of citric acid induces changes in
gene expression. The gene expression profile of S. cerevisiae
grown in the presence of 300 mM citric acid (pH 3.5) for 20

TABLE 1—Continued

Functional category and ORF Gene Characteristic or description

YMR228w MTF1 RNA polymerase-specific factor, mitochondrial
YKL062w MSN4 Transcriptional activator
YGL071W RCS1 Activates transcription in response to iron deprivation

Protein synthesis
YBR191w RPL21A Ribosomal protein L21.e
YNL073w MSK1 Lysyl-tRNA synthetase, mitochondrial
YOL023w IFM1 Translation initiation factor 2, mitochondrial

Cellular communication/signal transduction pathway
YMR016c SOK2 Regulatory protein in the protein kinase A signal

Transduction pathway
YLR113w HOG1 Ser/Thr protein kinase of MAPK family
YLR006c SSK1 Two-component signal transducer

Protein fate
YLR148w PEP3 Vacuolar membrane protein
YPL045w VPS16 Vacuolar sorting protein
YLR396c VPS33 Vacuolar sorting protein
YCR069w SCC3 Peptidyl-prolyl cis-trans isomerase precursor
YML078w CPR3 Cyclophilin (peptidylprolyl isomerase)
YMR150C IMP1 Protease, mitochondrial

Cell rescue, defense, and virulence
Detoxification

YJR104c SOD1 Copper-zinc superoxide dismutase

Cell cycle and DNA processing
YIL153w RRD1 Similar to human and rabbit phosphotyrosyl phosphatase

activators and YPL152w
YGR188c BUB1 Ser/Thr protein kinase
YIL035c CKA1 Casein kinase II, catalytic alpha chain
YPL239W YAR1 Ankyrin repeat-containing protein
YJR144w MGM101 Mitochondrial genome maintenance protein

Unknown function
YMR216c SKY1 Similar to Schizosaccharomyces pombe dsk1, human SRPK1,

and other protein kinases
YDL204W Similar to hypothetical protein YDR233c
YLR326w
YOR331c Questionable ORF
YLR334c Questionable ORF
YOR161C Similarity to Caenorhabditis elegans cosmid F35C8
YKL169c
YBR101c Weakly similar to S. pombe hypothetical protein SPBC3B9.01
YLR346c Weakly similar to YGR035c
YHR198c
YKL102c
YEL045c Weakly similar to cytochrome c oxidase III of Trypanosoma

brucei kinetoplast
YLR047c Similar to hypothetical protein YGL160w
YPL144w Hypothetical protein

a Ten of the 69 citric acid-sensitive gene deletions were of particular interest, because the genes encode known regulatory proteins that could be involved in signalling
an adaptive response to citric acid stress. The 10 genes are shown in bold type.
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min was compared to that of cells grown in ME medium (pH
3.5) alone. Genes which showed a greater than 1.5-fold induc-
tion due to the presence of citric acid are shown in Table S2 in
the supplemental material. The data are listed according to
putative functional categories, as described in the MIPS data-
base, and are expressed as the means and standard deviations
from three independent experiments.

Of the 6,144 ORFs, 68 (1.1%) showed greater than a 1.5-fold
induction (see Table S2 in the supplemental material) and 12
of these genes showed an increase greater than 2.5-fold: glyc-
eraldehyde-3-phosphate dehydrogenase 2 (TDH2), alpha-tre-
halose-phosphate synthase (TPS1), glycerol-3-phosphate dehy-
drogenase (GPD1), cell surface glycoprotein (SED1), stress-
inducible aldehyde dehydrogenase (ALD3), three cell wall-
associated proteins (SPI1, CWP1, and CCW14), and four
ORFs of unknown function (YDL204w, YGL037c, YGR086c,
and YFR001w).

Of the 68 up-regulated genes, GO database analysis, at level
3 of biological process, revealed 43 genes with the following
profile: 44.1% metabolism, 26.5% cell growth and/or mainte-
nance, 13.2% response to stress, 8.8% response to external
stimuli, 8.8% cell communication, 4.41% reproduction, 2.94%
morphogenesis, 2.94% homeostasis, 2.94% growth, 1.47%
death, 1.47% cell death, 1.47% ageing, 1.47% conjugation, and
36.8% with GO terms at other levels.

Furthermore, 54 (0.9%) of the 6,144 ORFs showed a de-
crease in expression greater than 1.5-fold (see Table S3 in the

supplemental material). Of these ORFs, 33 showed repression
more than 2.5-fold and were nearly all structural components
of the ribosome, apart from pyruvate decarboxylase 1 (PDC1),
a putative ATP-dependent RNA helicase (ECM16), and a
gene mediating glucose repression (GSF2). GO analysis of
these genes, performed exactly as described above, revealed
63.0% metabolism, 11.1% cell growth and/or maintenance,
1.85% homeostasis, 1.85% response to external stimulus, and
11.1% GO terms present at other levels. The majority of genes
that were repressed mediate protein synthesis and were largely
structural constituents of the ribosome.

Comparison of these genes induced or repressed in response
to citric acid with the genome-wide, citric acid-sensitive, gene
deletion screen in Table 1 revealed 10 genes whose expression
was altered upon exposure to citric acid and whose corresponding
gene deletion strain also exhibited sensitivity to citric acid:
TPS1 (�, �-trehalose-phosphate synthase), FBP1 (fructose-
1,6-bisphosphate), IMP1 (protease, mitochondrial), VMA2
(H�-ATPase V1 domain 60-kDa subunit, vacuolar), BMH2
(suppressor of clathrin deficiency), CCW14 (secretory stress
response protein 1), CYC8 (general repressor of transcription),
YAR1 (ankyrin repeat-containing protein), and YDL204W and
YOR161c both encoding proteins of unknown function. These
10 genes represent 8.2% of the total of 122 genes that dis-
played altered expression in response to citric acid.

Detailed phenotypic analysis of deletion mutants reveals a
role for the MAPK HOG pathway in resistance to citric acid.

FIG. 2. Identification of changes in protein expression induced in S. cerevisiae BY4741 due to growth in the presence of 300 mM citric acid,
pH 3.5. Total soluble proteins were separated by IEF over the pH range 4.5 to 5.5. Proteins were prepared from control cells (grown in ME medium
[pH 3.5]) and cells grown in ME medium (pH 3.5) plus 300 mM citric acid (CA). The positions of Ado1p (protein 1), Gpp2p (protein 2),
hypothetical ORF Ylr301wp (protein 3), His7p (protein 4), Sti1p (protein 5), Ura2p (protein 6), and Pdc1p (protein 7) are indicated. Molecular
masses (in kilodaltons) are shown on the y axis, and pI values are shown on the x axis. A representative result from two replicate experiments is
shown. No ID, no protein identification.
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Results from the genome-wide screen (sensitivity of HOG1,
RRD1, SSK1, and MSN4 deletion strains), protein expression
analysis (up-regulation of Gpp1p and Gpp2p), and transcript
analysis (induction of GPD1, GPP2, TPS1, and CTT1) clearly
suggested a role for the HOG pathway in mediating resistance
to citric acid stress.

To further investigate the possibility that citric acid resis-
tance may be regulated via the HOG pathway, we investigated
the growth sensitivity or resistance of the nonessential gene
deletions within the entire HOG pathway, including general
stress genes, and genes known to be regulated by HOG1 that
are involved in glycerol biosynthesis. This experiment was per-
formed in more detail than the initial genome deletion screen
by assaying sensitivity to citric acid using shaking flask cultures
and calculating change in growth rate. This was necessary be-
cause we have detected discrepancies in the results from sen-
sitivity assays performed on agar compared to liquid culture
(for example, �pbs2, �ptp2 and �ptp3). In some cases, strains
show sensitivity in liquid culture but not on agar (see below).
Growth of the parent strain and the following HOG pathway

gene deletion strains was monitored in ME broth (pH 3.5) with
and without 300 mM citric acid: regulatory sensor (�sho1),
upstream control system (�ssk1), upstream kinases (�ste20 and
�ste50), MAP kinase kinase kinase (�ste11 and �ssk2), MAP
kinase kinase (�pbs2), MAP kinase (�hog1), phosphatases
(�ptp2 and �ptp3), transcriptional regulators (�msn1, �msn2,
�msn4, �hot, �smp1, �sko1, �gen4, and �skn7), and the target
genes (�ctt1, �hsp12, �gpd1, �gpd2, �gpp1, and �gpp2).

It is clear that important gene deletions within the HOG
MAPK pathway induce sensitivity to citric acid (Fig. 5a). In
fact, upon exposure to 300 mM citric acid, deletion of the
protein kinases SSK1, PBS2, and HOG1 resulted in approxi-
mately 20% additional reduction in growth rate relative to the
growth rate of the parent (Fig. 5a). Furthermore, deletion of
the transcription factor MSN4 gene showed approximately
25% additional inhibition of growth rate and deletion of the
protein phosphatases PTC2, PTP2, and PTP3 also showed en-
hanced sensitivity upon exposure to citric acid. Interestingly,
deletion of GPP1 resulted in approximately 20% increase in
growth rate, or resistance, to citric acid relative to the parent.

FIG. 3. Identification of changes in protein expression induced in S. cerevisiae BY4741 due to growth in the presence of 300 mM citric acid,
pH 3.5. Total soluble proteins were separated by IEF over the pH range 4 to 7. Proteins were prepared from control cells (grown in ME medium
[pH 3.5]) and cells grown in ME medium (pH 3.5) plus 300 mM citric acid (CA). The positions of Ssa1p (protein 8), Vma4p (protein 9), Rps0ap
(protein 10), Gpp1p (protein 11), Ipp1p (protein 12), Eno2p (protein 13), Ssb2p (protein 14), and Hsp26p (protein 15) are indicated. Molecular
masses (in kilodaltons) are shown on the y axis, and pI values are shown on the x axis. A representative result of two replicate experiments is shown.
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To confirm that deletion of �hog1 caused sensitivity to citric
acid, we performed a complementation experiment by intro-
ducing HOG1 into the �hog1 deletion mutant on a single-copy
plasmid (pRS313::HOG1) under the control of its own pro-
moter. Upon transformation of this plasmid into the �hog1
strain, sensitivity to citric acid was abolished (Fig. 5b). Further-
more, we overexpressed HOG1 by cloning the ORF into the
multicopy vector pRS413 and transforming BY4741. Subse-
quently, transformants were found not to display any signifi-
cant phenotype upon exposure to citric acid (data not shown).

Exposure to citric acid results in the phosphorylation and
activation of Hog1p. Ultimately, stimulation of the HOG path-
way results in the activation of the MAP kinase Hog1p via the
dual phosphorylation of threonine-174 and tyrosine-176 (33).
To determine whether exposure to citric acid resulted in the
activation of Hog1p, we used an antibody that specifically de-
tects the dually phosphorylated form of Hog1p, and thus, the
active kinase (38). Phosphorylation of Hog1p was determined
by Western blot analysis in the parent strain and the �hog1,
�ssk1, and �pbs2 deletions after a 10-min exposure to 300 mM
citric acid. For a positive control, we also determined the
degree of phosphorylation of Hog1p after exposure to 0.4 M
NaCl, a concentration previously shown to result in Hog1p
phosphorylation (17). Protein loading was checked using an
antibody against Hog1p, and as expected, no Hog1p was de-
tected in the �hog1 strain, but Hog1p was present at similar

levels in the parent strain and both the �ssk1 and �pbs2 strains
(Fig. 6).

Hog1p is phosphorylated, and thus activated, upon exposure
to either 300 mM citric acid or 0.4 M NaCl (Fig. 6). Upon
exposure to citric acid or NaCl, we observed no phosphoryla-
tion of Hog1p in either the �ssk1 or �pbs2 strain. These results
confirm that both Ssk1p and Pbs2p are important upstream
components of the HOG pathway that are required for optimal
activation of Hog1p in response to both citric acid and NaCl
stress. This also explains why the �ssk1 and �pbs2 strains are
almost as sensitive to citric acid stress as the �hog1 strain.

Activation of the HOG pathway by citric acid is not due to
osmotic stress. The HOG pathway is involved in the adapta-
tion of cells to a high-osmolarity environment and is required
for the growth of S. cerevisiae in media supplemented with high
concentrations of NaCl (0.9 M) or sorbitol (1.5 M) (13). There-
fore, we considered the possibility that because relatively high
concentrations of citric acid were required to inhibit yeast
growth, the observed inhibitory effect of citric acid could be a
consequence of osmotic stress. If true, this would also explain
our observation that the HOG pathway plays a role in medi-
ating resistance to citric acid.

To investigate this possibility, we measured the osmolarity of
150 and 300 mM citric acid in ME medium (pH 3.5) using a
vapor pressure osmometer. The osmolarity, calculated from
two independent readings, of ME medium (pH 3.5) was de-

FIG. 4. Identification of changes in protein expression induced in S. cerevisiae BY4741 due to growth in the presence of 300 mM citric acid,
pH 3.5. Total soluble proteins were separated by IEF over the pH range 6 to 11. Proteins were prepared from control cells grown in ME medium
[pH 3.5]) and cells grown in ME medium (pH 3.5) plus 300 mM citric acid (CA). The positions of Atp1p (protein 16), Imd3p (protein 17), Ilv5p
(protein 18), Mdh1p (protein 19), Sis1p (protein 20), Aro3p (protein 21), and Idh1p (protein 22) are indicated. Molecular masses (in kilodaltons)
are shown on the y axis, and pI values are shown on the x axis. A representative result of two replicate experiments is shown.
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termined to be 83 mmol kg�1 (Table 2). The addition of 150
and 300 mM citric acid increased the osmolarity to 263 and 460
mmol kg�1, respectively. To compare this osmolarity with con-
centrations of compounds commonly used to study osmotic

stress in S. cerevisiae, we generated a standard curve of increas-
ing concentrations of sorbitol, KCl, and NaCl in ME medium
(pH 3.5) versus measured osmolarity (data not shown). From
this standard curve, the osmolarity of 150 mM citric acid was

FIG. 5. Growth inhibition of S. cerevisiae BY4741 MATa (BY4741/a) and single deletion mutants of genes that constitute the HOG pathway
or are known to regulate or be regulated by the HOG pathway. (a) Cultures were grown to late exponential phase in ME medium (pH 3.5) in the
presence or absence of 300 mM citric acid. For each strain, growth inhibition is expressed as the percent inhibition of growth rate. This was
calculated by measuring the growth rate in the presence or absence of 300 mM citric acid and expressing the additional inhibition seen in the citric
acid-treated culture relative to the untreated culture as a percentage. Three replicate experiments were performed. The values are shown as the
means � standard deviations (error bars) of the three experiments. (b) Complementation of the �hog1 citric acid-sensitive phenotype. Growth
inhibition of S. cerevisiae BY4741 MATa (BY4741/a), �hog1 mutant, and �hog1 mutant carrying pRS313::HOG1 is shown on ME agar (pH 3.5)
and ME agar (pH 3.5) plus 200, 300, and 400 mM citric acid (CA). A representative result is shown.

FIG. 6. Western blot demonstrating the dual phosphorylation of Hog1p upon exposure to citric acid. Soluble protein extracts were prepared
from S. cerevisiae BY4741 MATa (BY4741/a) and �hog1, �ssk1, and �pbs2 mutants with or without a 10-min exposure to 300 mM citric acid (CA)
and 0.4 M NaCl in ME medium (pH 3.5). Dually phosphorylated forms of Hog1p were detected using anti-phospho-p38. To check that equal
amounts of protein were loaded in the lanes, Hog1p was detected using a polyclonal anti-C-terminal Hog1p antibody. A representative result is
shown.
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found to be equivalent to that of 230 mM sorbitol, 100 mM
KCl, and 125 mM NaCl, and the osmolarity of 300 mM citric
acid was equivalent to that of 460 mM sorbitol, 210 mM KCl,
and 250 mM NaCl (Table 2).

Next, we measured the effects of 150 and 300 mM citric acid
(pH 3.5) and equivalent osmolarities of sorbitol, KCl, and
NaCl on the growth rate of the parent strain and the �hog1
deletion strain, which is unable to grow in high-osmolarity
media. Table 2 shows the percentage growth inhibition calcu-
lated by comparing the growth rate in ME medium (pH 3.5)
and the growth rate during exposure to equivalent osmolarities
of citric acid, sorbitol, NaCl, and KCl.

The growth rate of the parent strain was inhibited by 10 and
34% in the presence of 150 and 300 mM citric acid, respec-
tively, but no growth inhibition was observed upon exposure to
equivalent osmolarities of sorbitol, NaCl, or KCl. Thus, we can
conclude that the growth inhibitory effect of citric acid at these
concentrations is not due to osmotic stress. Importantly, the
�hog1 strain was very sensitive to citric acid, and growth was
inhibited by 33 and 59% by 150 and 300 mM citric acid, re-
spectively. Exposure of �hog1 to an osmolarity of sorbitol,
NaCl, or KCl equivalent to that of 150 mM citric acid resulted
in no growth inhibition. There was minor inhibition of �hog1
upon exposure to an osmolarity of sorbitol, NaCl, or KCl
equivalent to that of 300 mM citric acid but only between 9 and
14% compared to 59% with 300 mM citric acid (Table 2).
Thus, these results clearly show that the principal inhibitory
effect of citric acid is not due to osmotic stress.

To test this conclusion further, we determined whether any
citric acid-sensitive gene deletions we identified in our ge-
nome-wide screen were known to be sensitive to osmotic stress
according to the MIPS mutant phenotype catalogue entry os-
motic sensitivity. Of the 43 genes known to display osmotic
sensitivity, only genes that encode proteins that are compo-
nents of the HOG pathway also showed sensitivity to citric
acid. All the other osmotically sensitive genes, apart from
�vps33, were not sensitive to citric acid, including �sat4,
�rvs161, �gpd1, �ppz1, and �rts1 (Table 1).

Finally, activation of the HOG pathway results in an in-
crease in intracellular glycerol concentration that allows the
cells to grow in a high-osmolarity environment. This response

is mediated by an increase in the expression of GPD1 (1).
Therefore, we also measured the concentrations of intracellu-
lar glycerol in cells exposed to 150 and 300 mM citric acid and
compared them to those of cells grown in equivalent osmolar-
ities of sorbitol, KCl, and NaCl. Table 2 shows that after a 3-h
exposure to 150 and 300 mM citric acid, the intracellular con-
centration of glycerol does increase from 2.9 to 4.3 and 6.8
mmol g�1 protein, respectively. This correlates with our ob-
servation that exposure to citric acid results in increased ex-
pression of GPD1. These values were very similar to the intra-
cellular glycerol concentrations measured when S. cerevisiae
was exposed to equivalent osmolarities of sorbitol, KCl, and
NaCl (Table 2). Therefore, despite our observation that citric
acid activates the HOG pathway via a mechanism distinct from
osmotic stress, one of the major consequences of HOG path-
way activation, namely, production of intracellular glycerol,
does occur during citric acid stress.

Protein expression is up- and down-regulated via the HOG
pathway on exposure to citric acid. We have presented evi-
dence that the HOG pathway mediates adaptation to citric
acid. To further investigate how Hog1p is regulating the cel-
lular resistance mechanism to citric acid, we studied changes in
protein expression occurring in response to citric acid in the
�hog1 deletion strain in the presence and absence of 300 mM
citric acid, pH 3.5. Changes in the �hog1 proteome were then
compared with the changes in the proteome already observed
for the parent strain in the presence and absence of citric acid.

Over the pH range 4 to 7, we reproducibly detected the
up-regulation of seven new proteins due to growth in the pres-
ence of citric acid; expression of the seven new proteins was
dependent on deletion of HOG1 (Fig. 7). These proteins were
identified by peptide mass fingerprinting (see Table S4 in the
supplemental material). The seven new proteins were brain
modulosignalin homologue (Bmh1p) (protein 23), beta sub-
unit of pyruvate dehydrogenase (Pdb1p) (protein 24), dihy-
droorotate dehydrogenase (Ura1p) (protein 25), fructose
bisphosphate aldose (Fba1p) (protein 26), hypothetical protein
(Ydr533cp) (protein 27), 6-phosphogluonate dehydrogenase
(Gnd1p) (protein 28), and arginase (Car1p) (protein 29) (Fig.
7). We can conclude that HOG1 negatively regulates the ex-
pression of these proteins during exposure to citric acid stress.

We also observed that two of the proteins previously iden-
tified to be up-regulated upon exposure to citric acid were no
longer up-regulated in the �hog1 deletion strain (Fig. 8). These
proteins were identified as heat shock protein 70 isoform
(Ssa1p) (protein 8) (Fig. 8a) and enolase 2 (Eno2p) (protein
13) (Fig. 8b) (see Table S1 in the supplemental material).
Thus, citric acid-induced expression of these proteins must be
under the control of Hog1p.

Finally, we detected two proteins whose expression was un-
affected by exposure to citric acid alone but whose expression
was repressed in the �hog1 deletion strain only in the presence
of citric acid. These proteins were identified as 40S ribosomal
protein S0-B (Rps0bp) (protein A) (Fig. 7a) and GAL4 en-
hancer protein (Egd2p) (protein B) (Fig. 8a). Thus, a func-
tional Hog1p is required to maintain the expression of these
two proteins during exposure to citric acid.

None of these Hog1p-regulated proteins correlated with
HOG1-regulated genes detected after treatment with 0.7 M
NaCl (31). Growth sensitivity assays of the corresponding de-

TABLE 2. Effects of equivalent osmolarities of citric acid, sorbitol,
KCl, and NaCl on glycerol production and growth rate of S.

cerevisiae BY4741 MATa and �hog1 deletion mutant

Treatment
Osmolarity

(mmol
kg�1)

Glycerol level
(mmol g of
protein�1)
after 3 h

% Growth
inhibition

BY4741
MATa �hog1

ME medium (pH 3.5)
(control)

83 2.9 –a –

150 mM citric acid 263 4.3 10 33
300 mM citric acid 460 6.8 34 59
230 mM sorbitol 263 5.4 – –
460 mM sorbitol 460 8.3 – 9.3
100 mM KCl 263 4.5 – –
210 mM KCl 460 5.2 – 13.2
125 mM NaCl 263 4.2 – –
250 mM NaCl 460 6.3 – 14.5

a –, no effect on growth rate.
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letion strains of the above genes did not reveal any sensitivity
to citric acid stress, indicating that despite the fact that these
proteins are regulated by Hog1p during citric acid stress, they
are not themselves essential for optimal adaptation.

DISCUSSION

Taking a functional genomics approach, we have identified
and characterized a new and important role for the HOG
MAPK pathway in S. cerevisiae, the regulation of an adaptive
response to citric acid stress.

Hog1p activation is vital for optimal adaptation to citric
acid stress. Yeast cells respond to environmental stress, such
as hyperosmotic, heat, and radiation stress by activating
MAPK pathways. The HOG pathway is one such pathway and
is essential for the survival of S. cerevisiae in high-osmolarity
environments (18). Recent work has indicated that the HOG
pathway is also induced by other stress factors, including oxi-
dative stress (36) and heat stress (43).

By screening the S. cerevisiae disruptome, we identified a
number of yeast deletions that were hypersensitive to citric
acid, including �msn4, �hog1, and �ssk1. Subsequent more-

FIG. 7. Identification of citric acid-induced proteins whose expression was dependent on deletion of the HOG1 gene. Protein expression in
wild-type (WT) S. cerevisiae BY4741 and �hog1 mutant in the presence or absence of 300 mM citric acid (CA), pH 3.5, is shown. Total soluble
proteins were separated by IEF over the pH range 4 to 7. Proteins were prepared from untreated (control) cells (grown in ME medium [pH 3.5])
and cells grown in ME medium (pH 3.5) plus 300 mM citric acid (CA). The positions of Bmh1p (protein 23), Pdb1p (protein 24), Ura1p (protein
25), Fba1p (protein 26), YDR533cp (protein 27), Gnd1p (protein 28), and Car1p (protein 29) are indicated. We also detected a protein whose
expression was unaffected by exposure to citric acid alone but whose expression was repressed in the �hog1 deletion mutant in the presence of citric
acid. This protein was identified as Rps0bp (protein A). Molecular masses (in kilodaltons) are shown on the y axis, and pI values are shown on
the x axis. A representative result of two replicate experiments is shown.
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detailed analysis in liquid culture of the sensitivity of deletions
in all nonessential genes of the HOG pathway revealed that
�pbs2, �ptc2, �ptp2, and �ptp3 were also sensitive to citric acid
(Fig. 9). The citric acid-sensitive phenotype in the �hog1 de-
letion strain is specifically due to the loss of HOG1, because we
were able to rescue the sensitive phenotype by reinserting
HOG1 on a single-copy plasmid. Analysis of protein expression
revealed that cells grown in the presence of citric acid up-
regulated both isoforms of glycerol-3-phosphatase, Gpp1p and

Gpp2p. Finally, study of changes in gene expression induced by
citric acid revealed the up-regulation of GPD1 (encoding glyc-
erol-3-phosphate dehydrogenase) and GPP2. The HOG path-
way regulates the expression of GPP1, GPP2, and GPD1 (18)
(Fig. 9), clearly implying that this pathway plays a role in
mediating resistance to citric acid stress.

After this, we studied the effect of citric acid on the phos-
phorylation state of Hog1p. Activation of Hog1p requires
phosphorylation on both Thr174 and Tyr176 (33). Thus, using

FIG. 8. Identification of two citric acid-induced proteins whose expression is dependent on fully functional HOG1. Protein expression in
wild-type (WT) S. cerevisiae BY4741 and �hog1 mutant in the presence or absence of 300 mM citric acid (pH 3.5) is shown. Total soluble proteins
were separated by IEF over the pH range 4 to 7. Proteins were prepared from untreated (control) cells (grown in ME medium [pH 3.5]) and cells
grown in ME medium (pH 3.5) plus 300 mM citric acid (CA). The positions of Ssa1p (protein 8) and Eno2p (protein 13) are indicated. We also
detected a protein whose expression was unaffected by exposure to citric acid alone but whose expression was repressed in the �hog1 deletion
mutant in the presence of citric acid. This protein was identified as Egd2p (protein B). Molecular masses (in kilodaltons) are shown on the y axis,
and pI values are shown on the x axis. A representative result of two replicate experiments is shown.

FIG. 9. Summary of our findings regarding the role of the HOG pathway in adaptation to citric acid stress in S. cerevisiae. Proteins and genes
that are sensitive to the deletion of citric acid or that are up-regulated on the miniarray and proteome are indicated. Abbreviations: FBP,
fructose-1,6-biphosphate; DHAP, dihydroxyacetone phosphate; G3P, glucose-3-phosphate.
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an antibody that specifically detects Hog1p phosphorylated on
both Thr174 and Tyr176, we have shown that citric acid results
in the dual phosphorylation, and thus activation, of Hog1p.
Indeed, the degree of activation of Hog1p by 300 mM citric
acid (pH 3.5) was similar to that induced by exposure to 400
mM NaCl.

The results of previous studies using the inorganic acid HCl
to increase the hydrogen ion concentration have suggested that
the HOG pathway plays a minor role in regulating gene ex-
pression at low pH. Importantly, none of these studies identi-
fied HOG1 as essential for growth at these low pH values (20).
Schuller et al. (33) showed that a low external pH of 2.8, due
to addition of the inorganic acid HCl, resulted in stress re-
sponse element (STRE) activation in a HOG1-dependent fash-
ion. However, they did not test whether the growth of a �hog1
mutant was affected at pH 2.8. Furthermore, they were unable
to show significant tyrosine phosphorylation of Hog1p upon
exposure to pH 2.8 or sorbic acid. Kapteyn et al. (20) noted
that reducing culture pH from 5.5 to 3.5, again using the
inorganic acid HCl, resulted in major changes in the organi-
zation of the S. cerevisiae cell wall. These low pH-induced
alterations in yeast cell wall architecture were also found to be
dependent on a functional HOG1 gene. However, they did not
observe any obvious growth defect when the �hog1 mutant was
grown in media with the pH reduced to 3.5. Thus, they con-
cluded that the Hog1p-dependent changes in cell wall archi-
tecture were nonessential under low-pH conditions. Also, we
detected no phosphorylation or activation of Hog1p after ex-
posing cells to pH 3.5 alone. Our finding that citric acid-in-
duced activation of Hog1p is necessary for optimal adaptation
to this compound is supported by a previous study using mam-
malian cells (45). In this study, the researchers identified that
the mammalian homologue of Hog1p, the p38 protein kinase,
is activated at pH 4 and by citric and acetic acid at pH 5.

The fact that inhibition of growth requires exposure to rel-
atively high concentrations of citric acid (150 to 300 mM) led
us to explore the possibility that the inhibitory effect of citric
acid was simply due to an osmotic shock. However, equivalent
osmolarities of sorbitol, KCl, and NaCl to that of 150 mM and
300 mM citric acid (pH 3.5) had little significant inhibitory
effect on the growth of either the parent strain or the �hog1
deletion strain, which is unable to grow in high-osmolarity
media. Furthermore, when we tested strains with other gene
deletions with known sensitivity to osmotic stress, only the
�vps33 strain and strains with the previously identified HOG
pathway genes were sensitive to citric acid. Thus, we can con-
clude that the inhibitory effect of citric acid is not due to an
osmotic stress and that the HOG pathway must be activated by
some, as yet unknown, inhibitory effect of this compound.

Comparison of the gene expression profile after exposure to
300 mM citric acid (pH 3.5) with those obtained after exposure
to 0.7 M NaCl and 0.95 M sorbitol (31) revealed only 18 genes
(of a total of 186 that were up-regulated by both NaCl and
sorbitol) that were also up-regulated by citric acid. These in-
cluded genes involved in glycerol and trehalose metabolism
(for example, GPD1, GPP2, TPS1, and TSL1), general stress
response (for example, CTT1, HSP42, and DDR48), and genes
involved in cell wall organization (for example, SPI1 and
CWP1). In terms of down-regulated genes, exposure to NaCl
and sorbitol did not induce the drastic down-regulation of

protein synthesis that we observed with citric acid stress. In
fact, in another gene expression study, Posas et al. (27) de-
tected the up-regulation of 12 ribosomal protein genes due to
exposure to 0.4 M NaCl that we identified as being repressed
by citric acid. Of 23 proteins that were up-regulated by citric
acid, the genes encoding only three proteins were up-regulated
by osmotic stress; the three proteins were Gpp1p, Gpp2p, and
Hsp26p. Thus, there is little correlation between the expression
profiles induced by citric acid and osmotic stress. We found
that only the gene deletions on the Sln1p branch of the HOG
pathway displayed sensitivity to citric acid. Deletion of any of
the nonessential genes in the Sho1 branch had no detrimental
effect upon exposure to citric acid. Furthermore, we observed
that a �ssk1 mutant, a mutant with a deletion of a protein
upstream of Pbs2p (the shared protein where the two pathways
converge) in the Sln1p branch of the HOG pathway, was as
sensitive to citric acid as �hog1 mutant. Also, we detected no
phosphorylation of Hog1p in the �ssk1 deletion mutant upon
exposure to citric acid. Thus, in contrast to osmotic stress,
available evidence suggests that adaptation to citric acid occurs
mainly via the Sln1 branch of the HOG pathway.

The phosphatases Ptp2p, Ptp3p, Ptc1p, Ptc2p, and Ptc3p all
affect the level and duration of Hog1p phosphorylation (re-
viewed in reference 17). Overexpression of any of these pro-
teins suppresses the lethality caused by overactivation of the
HOG pathway (18). Mutants lacking both Ptc1p and Ptp2p are
inviable, but this lethality is suppressed by additional deletion
of HOG1. No other combination of deletion mutations of the
two Ptp phosphatases and the three Ptc phosphatases results in
this lethality (41). Single deletion PTP2, PTP3, and PTC2 mu-
tants are each sensitive to citric acid in liquid culture. This may
indicate that the activity of all these phosphatases is required
to down-regulate the HOG pathway to prevent the growth
defect induced by hyperactivation of Hog1p after stimulation
by citric acid.

Exposure to citric acid up-regulates many stress response
genes and proteins. Induction of the HOG pathway results in
the activation of a set of transcription factors, whose main roles
are to activate stress response genes and genes involved in
glycerol biosynthesis. Many stress-inducible genes are regu-
lated by STREs via the transcription factors Msn2p and Msn4p
(23), and it is well-known that upon osmotic shock, Msn2p- or
Msn4p-dependent genes require the HOG pathway for induc-
tion (33). Of all the known HOG-dependent transcription fac-
tors, only deletion of MSN4 resulted in sensitivity to citric acid.
This result was surprising, as Msn4p is thought to be function-
ally redundant with Msn2p, deletion of which resulted in no
apparent phenotype upon exposure to citric acid. An impor-
tant role for Msn4p in mediating the cellular response to citric
acid was supported by our observation that a number of genes
known to be controlled by Msn2p and Msn4p were up-regu-
lated, including CTT1, ALD3, PNC1, DDR48, and YDL204w.

Citric acid resulted in the up-regulation of proteins and
transcripts that have been previously implicated in various
stress responses in S. cerevisiae. These included members of the
Hsp70 family, Ssa1p and Ssb2p, Hsp26p, Sti1p, DDR48, CTT1,
and members of the Hsp40 family of chaperones, Sis1p and
HSP42. The increased expression of these proteins or genes
during exposure to citric acid could be due to increased dam-
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age and aggregation of intracellular proteins or an inhibitory
effect of citric acid on the protein synthetic machinery.

The expression of enzymes within the glycolytic and con-
necting pathways is known to change in response to many
stress conditions (9). This altered expression enables the cell to
produce stress protectants, compatible solutes, and reserves,
such as glycerol and trehalose (17). Expression of both GPD1
and GPP2 is stimulated by nearly all stress factors (6), includ-
ing exposure to 0.5 M NaCl (a concentration with an osmolar-
ity twice that of 300 mM citric acid) (30). The osmotic stress-
induced up-regulation of these genes is known to be dependent
on Hog1p (reviewed in reference 17). Deletion of GPD1 alone
(and deletion of both GPP1 and GPP2) results in hypersensi-
tivity to osmotic stress (1).

Exposure to citric acid also resulted in the up-regulation of
genes and proteins involved in glycerol biosynthesis (GPD1,
GPP1, and GPP2) and trehalose biosynthesis (UGP1, TPS1,
and TSL1). We also found that the �tps1 strain was sensitive to
citric acid. In support of these observations, we also measured
an increase in intracellular glycerol after 3 h of exposure to 150
and 300 mM citric acid. Despite this, deletion of �gpd1, �gpd2,
�gpp1, or �gpp2 did not result in any increased sensitivity to
300 mM citric acid. The �gpd1 mutant is known to be sensitive
to osmomolarity (1), but we observed no sensitivity of this
strain to citric acid, further emphasizing that the inhibitory
effect of citric acid is not due to osmotic stress.

The expression of both GPD1 and GPP2 is known to be
highly dependent on the HOG pathway, via activation of the
transcription factor Hot1p, and to a lesser extent Msn1p, but
not Msn4p (17). However, single deletion �hot1 and �msn1
mutants showed no sensitivity to citric acid, suggesting that
Hot1p may not be as important in mediating the enhanced
production of glycerol in response to citric acid stress as it is in
the response to osmotic stress. We are currently generating
double deletion mutants in key glycerol biosynthesis genes to
determine the relative importance of enhanced glycerol pro-
duction to citric acid tolerance.

Genes regulating glucose derepression are crucial for adap-
tation to citric acid. Exposure to citric acid resulted in the
up-regulation of two enzymes involved in the TCA cycle,
Mdh1p (mitochondrial malate dehydrogenase) and Idh1p (iso-
citrate dehydrogenase 1 alpha-4-beta-4 subunit). Idh1p is a
subunit of an enzyme involved in converting isocitrate into
�-ketoglutarate, and Mdh1p converts malate into oxaloacetate.
The up-regulation of these enzymes indicates that the cells may
be attempting to remove excess citric acid by increasing the
rate of metabolism through the TCA cycle, despite the fact the
cells are growing on glucose and must be glucose repressed.
Supporting this hypothesis, we measured the down-regulation
of GSF2, encoding a protein involved in the efficient export of
the glucose transporter Hxt1p (34). We believe that this will
have the effect of decreasing glucose transport and thus en-
courage the utilization of the excess citric acid as an energy
source. Furthermore, we observed that deletion of the tran-
scriptional repressor CYC8 gene resulted in sensitivity to citric
acid stress and that the CYC8 transcript was up-regulated upon
exposure to citric acid. Cyc8p is required for derepression of
isocitrate lyase (Icl1p), an enzyme that reversibly converts iso-
citrate to glyoxylate, and is essential for growth on the nonfer-
mentable carbon sources ethanol and acetate. Thus, the activ-

ity of CYC8 may be inducing derepression in the presence of
citric acid, allowing the cell to metabolize excess citrate. Sig-
nificantly, it has been postulated that activation of Hog1p re-
sults in the phosphorylation of the Sko1p transcription factor,
causing the Cyc8/Tup1p transcriptional repressor complex to
dissociate, thus allowing the derepression and expression of
target genes, such as ICL1 (28). We also identified that dele-
tion of SNF2, a component of the SWI/SNF transcription ac-
tivator complex, was sensitive to citric acid. Deletion of SNF2
renders cells unable to grow on a nonfermentable carbon
source (37). Again, this could prevent cells from metabolizing
and removing the excess citrate, thus accounting for the ob-
served growth inhibition.

A functional vacuolar membrane H�-ATPase and plasma
membrane calcium channel are crucial for adaptation to citric
acid. The importance of ion homeostasis during citric acid
stress is clearly indicated by our results. Citric acid-sensitive
deletion mutants included a �cch1 mutant (CCH1 encodes a
plasma membrane Ca2� channel), in addition to many VMA
gene products that encode the constituent subunits of the vac-
uolar membrane H�-ATPase, which is responsible for acidifi-
cation of the yeast vacuole (19). In addition, we found that
Vma4p (H�-ATPase V1 domain S0-A) was up-regulated in
response to citric acid stress. However, only one vacuolar H�-
ATPase transcript, VMA2, was induced by citric acid. The
vacuole contains a range of proteases and degradative enzymes
and has an important role in amino acid, calcium, and intra-
cellular pH (pHi) homeostasis (21). Thus, exposure to citric
acid at pH 3.5 may have the effect of reducing pHi, such that
activity of the vacuolar H�-ATPase is crucial to allow the cell
to maintain pHi homeostasis. Furthermore, in yeast cells, the
vacuole contains the major cytosolic Ca2� pool (8), seques-
tered via a low-affinity Ca2�/H� antiporter that utilizes the
proton motive force generated by the vacuolar H�-ATPase
(25). Therefore, if the activity of the vacuolar H�-ATPase is
reduced, then there is no detectable Ca2� uptake into the
vacuole (2). Also, Ca2� influx into the cell from the vacuole is
drastically reduced in �cch1 cells or cells treated with the
chelating agents EGTA or 1,2-bis-(o-aminophenoxy)ethane-
N,N,N�,�-tetraacetic acid (tetrapotassium salt) (BAPTA) (24).
The inhibitory effect of citric acid on Clostridium botulinum has
been reported to be due to citric acid chelating divalent metal
ions, particularly calcium (12). Therefore, citric acid may be
chelating Ca2� from the medium, possibly resulting in Ca2�

ion depletion. In fact, we have preliminary data (not shown)
demonstrating that the inhibitory effect of citric acid is reduced
in the presence of CaCl2. Thus, we propose that disruption of
calcium homeostasis may be a principal inhibitory effect of
citric acid stress. The chelating activity of citric acid for other
metal ions in the media may also be indicated by the sensitivity
of the �rcs1 mutant. RCS1 encodes a transcription factor
known to activate transcription in response to iron deprivation.
Thus, it may be required for growth in the presence of citric
acid if iron levels in the media are drastically reduced via
chelation.

HOG1 regulates protein expression in response to citric acid
stress. We identified that several strains with mutations in
genes encoding amino acid biosynthesis, �lys5, �gly1, �aro2,
�thr1, and �thr4 mutants, were sensitive to citric acid. In ad-
dition, His7p was up-regulated upon exposure to citric acid.
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Other weak acids are known to inhibit the uptake of aromatic
amino acids, resulting in auxotrophic growth requirements for
these amino acids (4). Thus, exposure to citric acid may also be
inhibiting the uptake of amino acids.

Amino acid limitation activates two protein kinases, Tor1p
and Tor2p, that control many cellular processes, including
translation, in response to amino acid availability. In part, this
is mediated by controlling the cytosolic localization of tran-
scriptional regulators, including Msn2p and Msn4p. This con-
trol is achieved via the 14-3-3 proteins Bmh1p and Bmh2p
(reviewed in reference 17). Our results indicate that both the
BMH1 and BMH2 transcripts are up-regulated on exposure to
citric acid, perhaps in response to amino acid starvation. We
also identified that deletion of BMH2 results in sensitivity to
citric acid. Importantly, Bmh1p was expressed upon exposure
to citric acid, but only in the �hog1 mutant. This indicates that
although transcription of BMH1 is increased on exposure to
citric acid, the actual expression of Bmh1p is controlled, or
negatively regulated, by Hog1p. Currently, we are testing the
hypothesis that this represents a precise feedback mechanism
for controlling gene expression via Msn4p during citric acid
stress.

During citric acid stress, Hog1p negatively regulates the
expression of Pdb1p, Ura1p, Fba1, Ydr533cp, Gnd1p, and
Car1p. Thus, it is clear that Hog1p regulates the expression of
a broad range of previously unknown proteins with a diverse
range of different functions within the cell. However, these
Hog1p-regulated proteins are not essential for optimal adap-
tation to citric acid, because none of the corresponding dele-
tion strains were sensitive to citric acid (results not shown).

Hog1p also positively regulated the expression of proteins in
response to citric acid. The citric acid-induced expression of
the HSP70 family member Ssa1p and the essential glycolytic
protein Eno2p was not detected in the �hog1 deletion strain
under these conditions.

Transcript analysis revealed that citric acid resulted in the
repression of a large number of ribosomal genes, a response
that is typical after exposure to many stress factors and reflects
the slowdown in cell proliferation (16). Interestingly, we iden-
tified that the expression of Rps0bp, a 40S ribosomal protein,
was repressed in the presence of citric acid in the �hog1 dele-
tion mutant. Thus, Hog1p may also play a role in posttran-
scriptional regulation of protein expression. Similarly, Egd2p,
a protein that may act as a transcription factor exerting a
negative effect on the expression of several genes that are
transcribed by RNA polymerase II, was also repressed in the
presence of citric acid in the �hog1 deletion mutant.

In conclusion, this study has clearly shown that Hog1p reg-
ulates the expression of a variety of previously unknown pro-
teins with different biological roles in response to citric acid
stress.

Changes in gene or protein expression are not essential for
growth in the presence of citric acid. Overall, we found little
correlation between the genes with measured changes in the
levels of transcript or protein expressed and the gene deletions
that displayed a citric acid-sensitive phenotype. Poor correla-
tion between the levels of transcripts and levels of protein
expressed has been observed and discussed previously (7, 14)
and will not be discussed further here. After exposing the yeast
cells to citric acid, we identified 69 citric acid-sensitive dele-

tions compared to 68 transcripts up-regulated and 54 tran-
scripts down-regulated and 22 proteins up-regulated. Only 9 of
68 genes (13%) whose expression was induced displayed a
citric acid-sensitive phenotype when the corresponding gene
was deleted. Thus, the majority of genes and proteins whose
expression is altered due to exposure to citric acid are not
essential for optimal adaptation to this stress. Instead, the
activity of existing proteins is essential for adaptation.

Despite this lack of correlation, comparison of the GO on-
tology profiles in each case revealed that the genes, proteins,
and deletions all came from categories with similar biological
functions and in similar proportions.

In summary, modern functional genomics tools now make
truly global analyses of cellular responses to various factors
now possible in S. cerevisiae. Using these approaches, we found
that the HOG pathway regulates a unique stress response in S.
cerevisiae upon exposure to citric acid. Citric acid activates the
Hog1p MAPK pathway, which subsequently regulates the ex-
pression of a number of proteins. We found that citric acid
does not induce an osmotic stress but does induce a general
stress response and glycerol biosynthesis. To counteract the
inhibitory effects of citric acid, a number of cellular proteins
play a crucial role, including transcription factors mediating
glucose derepression, enzymes involved in amino acid biosyn-
thesis, calcium transport channels, and the vacuolar membrane
H�-ATPase. In the future, we plan to address the intriguing
question of how citric acid stress is physically sensed by the
HOG pathway.
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