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The Antifungal Polyketide Ambruticin Targets the HOG Pathway�
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The polyketide ambruticin is an attractive candidate for drug development as an antifungal agent, but its
mechanism of action has not yet been elucidated. Here we present evidence that ambruticin exerts its effect by
targeting HOG, the osmotic stress control pathway, through Hik1, a group III histidine kinase.

Ambruticins are polyketides of unusual structure produced
by strains of Sorangium (Polyangium) cellulosum (4, 9, 17). The
S and VS congeners (Fig. 1) have potent antifungal activity and
might provide new drugs to treat certain fungal infections.
Ambruticin S and two derivatives of ambruticin VS3 have been
shown to cure mice of acute pulmonary coccidodiomycosis or
histoplasmosis with twice-a-day oral dosing (6, 18). Similarly,
oral administration of an analog of ambruticin VS3 signifi-
cantly reduced pulmonary fungal burdens and promoted im-
proved survival in a murine model of invasive pulmonary
aspergillosis (3).

A number of fungicides, including phenylpyrroles (e.g., pyr-
rolnitrin and fludioxonil), dicarboximides (e.g., vinclozolin,
iprodione, and procymidone), and aromatic hydrocarbons
(e.g., chloroneb and quintozene), used commercially to protect
crops from fungal disease, exert their antifungal effects by
inducing the high-osmolarity glycerol (HOG) signaling path-
way, resulting in the accumulation of glycerol, with a concom-
itant accumulation of free fatty acids. In the absence of high
external osmolarity, intracellular accumulation of glycerol
causes leakage of cellular contents and ultimately results in cell
death (11). Previous work has shown that ambruticin may also
mediate its effect through the HOG signaling pathway. Fungal
strains resistant to jerangolid, a compound similar in structure
to ambruticin, are cross-resistant to pyrrolnitrin (8), and accu-
mulation of glycerol occurs when Hansenula anomala is treated
with ambruticin or pyrrolnitrin (11). The HOG pathway for

osmoregulation has been characterized in considerable detail
in Saccharomyces cerevisiae (10) and also in the filamentous
fungus Neurospora crassa (12). Osmotic stress is thought to be
sensed by one or more histidine kinases in the fungal mem-
brane or cytosol, and the expression of many genes is activated
through a signal transduction pathway homologous to the mi-
togen-activated kinase (MAPK) pathway of animals (15). In S.
cerevisiae, the sensor is believed to be Sln1, a group VI histi-
dine kinase (2). Sln1 transmits the stress response signal
through a two-component system (Sln1-Ypd1-Ssk1) and
MAPK cascade (Ssk2/Ssk22-Pbs2-Hog1). Under high-osmo-
larity conditions, Ssk1 is dephosphorylated; dephospho-Ssk1
activates the downstream MAPK cascade. Phospho-Hog1 is
necessary to turn on the genes for high-osmolarity adaptation,
resulting in a number of events, including glycerol accumula-
tion. Filamentous fungi have similar signal transduction path-
ways, and group III histidine kinases (Os-1 orthologues) and
group VI histidine kinases are thought to sense osmotic stress.
Mutations that knock out the HOG pathway in N. crassa cause
both hypersensitivity to osmotic stress and resistance to phe-
nylpyrroles (20). The fungicide dicarboximide also seems to act
via the HOG pathway, and several reports have suggested that
the target of both dicarboximides and phenylpyrroles is Os-1 or
an orthologue (1, 5, 7, 16, 19). In the rice BLAST fungus
Magnaporthe grisea, the Os-1 orthologue is named Hik1 (13).

Many yeasts, including S. cerevisiae, are naturally resistant to
phenylpyrroles, while many filamentous fungi are susceptible.

* Corresponding author. Mailing address: Leonard Katz Consulting,
6389 Longcroft Dr., Oakland, CA 94611. Phone and fax: (510) 336-
7010. E-mail: katzl@pacbell.net.

� Published ahead of print on 13 August 2007.

FIG. 1. Chemical structures of ambruticins S and VS3.
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The basis of this difference is not fully understood but is be-
lieved to be related, in part, to the presence of the Os-1 sensor.
In a recent report, expression of the HIK1 gene from M. grisea
in S. cerevisiae made the strain susceptible to phenylpyrroles
and other antifungal agents (14). These observations suggest
that Hik1 is either a direct target of the fungicide or a mediator
of its action, which is transmitted to the HOG pathway to
produce intracellular glycerol accumulation in the absence of
high external osmolarity.

In order to analyze whether the expression of the HIK1 gene
confers ambruticin susceptibility to S. cerevisiae, the S. cerevi-
siae strains employed by Motoyama et al. (14) were tested for
susceptibility to ambruticin and other antifungal agents. Table
1 shows that the pYES2-HIK1-containing strain is highly sus-
ceptible to ambruticin only when Hik1 is produced. Production
of active Hik1 also confers susceptibility to the phenylpyrrole
fludioxonil and the dicarboximide vinclozolin, as described

previously (14). To investigate whether the regions required for
histidine kinase function are required for the Hik1-dependent
susceptibility to ambruticin, two plasmids for the expression of
mutated versions of Hik1 were used. The vector pYES-HIK1-
H736V encodes a Hik1p defective in autophosphorylation, mak-
ing the histidine kinase domain nonfunctional, while the plasmid
pYES-HIK1-D1153E encodes Hik1p with a mutation in the
phosphoacceptor residue, thereby inactivating the response
regulator domain (13). S. cerevisiae strains carrying either plas-
mid and induced to express the mutated HIK1 gene showed no
susceptibility to any of the fungicides, suggesting that both the
histidine kinase and the response regulator domains are re-
quired to confer susceptibility to the tested compounds. These
findings indicate that functional Hik1 (and, most likely, phos-
photransfer from Hik1) is required to confer ambruticin sus-
ceptibility to S. cerevisiae.

The level of phosphorylation of Hog1 in the presence of
ambruticin was also examined. It was recently described that
fungicides from the groups of phenylpyrroles, dicarboximides,
and aromatic hydrocarbons mediate their effects on the HOG
pathway by promoting double phosphorylation of the T174 and
Y176 residues of Hog1 (13). To determine whether exposure
of the Hik1-expressing S. cerevisiae strain to ambruticin re-
sulted in phosphorylation of Hog1, an antibody (anti-p38) that
detects Hog1 in the doubly phosphorylated state was em-
ployed. The total level of Hog1 was determined using an anti-
Hog1 antibody. As can be seen in Fig. 2A, an elevated level of
phosphorylated Hog1 in the pYES2-HIK1-containing strain
was detected when HIK1 expression was induced and the cells
were either treated with ambruticin or exposed to 0.5 M NaCl.
In cells carrying the empty pYES2 plasmid, phosphorylation
was detected only upon exposure to 0.5 M NaCl but not after
treatment with ambruticin. No signal was detected in any of the
Western blots for the isogenic �hog1 mutant strain used as a
control.

In summary, we have shown that the expression of Hik1
confers ambruticin susceptibility to S. cerevisiae and that Hog1
is specifically phosphorylated when the Hik1-expressing cells
are exposed to ambruticin. The requirement for Hik1 suggests
that it is the likely molecular target of ambruticin and that
binding of the drug results in an inappropriate cellular re-
sponse, including intracellular accumulation of glycerol and,
ultimately, cell death. Binding of ambruticin could either
stimulate the normal phosphatase activity of Hik1 or induce
the back transfer of phosphate from Ypd1, the small

TABLE 1. Susceptibility of S. cerevisiae ATCC 201388 to
antifungal compoundsa

Plasmid Drug

MIC-0 (�g/ml)

SD
(no induction)

SG
(induction)

pYES2 Ambruticin VS3 �32 �32
Fludioxonil �32 �32
Vinclozolin �32 �32

pYES2-HIK1 Ambruticin VS3 �32 0.5
Fludioxonil �32 2
Vinclozolin �32 16

pYES2-hik1-H736V Ambruticin VS3 �32 �32
Fludioxonil �32 �32
Vinclozolin �32 �32

pYES2-hik1-D1153E Ambruticin VS3 �32 �32
Fludioxonil �32 �32
Vinclozolin �32 �32

a The strains and plasmids are described in reference 14. MICs were deter-
mined using CLSI (formerly NCCLS) protocol M27, except that inocula were
prepared using SD/�Ura or SG/�Ura medium (absence of uracil from medium
selects for maintenance of plasmid) and RPMI was replaced with either SD/
�Ura or SG/�Ura as the test medium. MICs were determined after 48 h of
incubation. MIC-0 is defined as the concentration of antifungal that caused a
90% reduction in growth relative to the untreated control. SD medium contains
yeast nitrogen base without amino acids (6.7 g/liter), glucose (20 g/liter), and 1�
dropout solution (Clontech). SG medium is identical to SD, except that glucose
was replaced with galactose (20 g/liter).

FIG. 2. Western blot analysis of phospho-Hog1 and total Hog1 from S. cereviseae strains using (A) anti-p38 antibody, raised to a synthetic
doubly phosphorylated segment of the mammalian protein P38 corresponding to T180/Y182 (Cell Signaling Technology), or (B) anti C-terminal
Hog1 antibody (Santa Cruz Biotechnology). S. cerevisiae ATCC 201388/pYES2 (SC/pYES2) and S. cerevisiae ATCC 201388/pYES2-HIK1
(SC/pYES2-HIK1) are described in Table 1. SC � hog1 is an isogenic derivative of ATCC 201388 but carries a deletion of the HOG1 gene (14).
S. cerevisiae strain ATCC 201388 was transformed with either pYES or pYES-HIK1, as described in Table 1, or disrupted for HOG1 (�hog1), as
described in reference 14. Cells from an overnight culture in SD/�URA were resuspended in fresh SD/�URA and grown for 4 h. The cells were
treated for 10 min with NaCl (0.5 M) or ambruticin (25 ppm) or were not treated (NT) and cell extracts were prepared. Soluble protein was used
for Western blot analysis. Antibody binding was visualized using a horseradish peroxidase-conjugated secondary antibody employing detection with
ECL Plus (Amersham).
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phosphotranfer protein present in fungi and yeast that carries
the phosphate signal downstream from Hik1 towards Hog1.
Either mechanism for ambruticin action would result in the
emergence of dephosphorylated Ssk1 (active form) and over-
stimulation of the HOG pathway and thus result in cell death.

We thank Ralph Reid and Chris Reeves for helpful discussions and
Jonathan Kennedy for help with the Western blots.
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