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The Pkcl-mediated cell wall integrity-signaling pathway is highly conserved in fungi and is essential for
fungal growth. We thus explored the potential of targeting the Pkcl protein kinase for developing broad-
spectrum fungicidal antifungal drugs through a Candida albicans Pkcl-based high-throughput screening. We
discovered that cercosporamide, a broad-spectrum natural antifungal compound, but previously with an
unknown mode of action, is actually a selective and highly potent fungal Pkcl Kinase inhibitor. This finding
provides a molecular explanation for previous observations in which Saccharomyces cerevisiae cell wall mutants
were found to be highly sensitive to cercosporamide. Indeed, S. cerevisiae mutant cells with reduced Pkcl kinase
activity become hypersensitive to cercosporamide, and this sensitivity can be suppressed under high-osmotic
growth conditions. Together, the results demonstrate that cercosporamide acts selectively on Pkcl kinase and,
thus, they provide a molecular mechanism for its antifungal activity. Furthermore, cercosporamide and a
B-1,3-glucan synthase inhibitor echinocandin analog, by targeting two different key components of the cell wall
biosynthesis pathway, are highly synergistic in their antifungal activities. The synergistic antifungal activity
between Pkcl kinase and 3-1,3-glucan synthase inhibitors points to a potential highly effective combination

therapy to treat fungal infections.

Human fungal pathogens are a highly divergent group of
fungal species, and Candida albicans, Aspergillus fumigatus, and
Crytococcus neoformans are the three major pathogens causing
severe systemic infections among the immune-compromised
population (14). New emerging fungal pathogens are non-
C. albicans Candida species and Fusarium species (14). As the
number of immune-compromised patients increases due to
human immunodeficiency virus infections, chemotherapy, or-
gan transplant, and invasive medical procedures, the incidence
of life-threatening systemic fungal infections rises accordingly.
Recently, fungi have also been implicated to be causal agents
for chronic rhinosinusitis, infecting tens of millions of people
around the world (38). Currently, effective drug therapy to
treat fungal infections is very limited and dominated by the
azole class of antifungals, which selectively inhibit lanosterol
demethylase activity, a late step in ergosterol biosynthesis (11,
12, 43). Although the azole antifungals have excellent safety
profiles and are orally bioavailable, they are not fungicidal and
thus require long therapeutic regimens. Consequently, their
widespread use has led to an increasing incidence of drug
resistance.

A new class of semisynthetic lipopeptide antifungal agents,
commonly known as echinocandins and pneumocandins, is ef-
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ficacious in the treatment of systemic Candida infections and
aspergillosis (11, 12). This class of antifungals inhibits fungal
cell wall biosynthesis by targeting the B-1,3-glucan synthase
and, with an entirely different mode of action from the azoles,
is thus effective against azole-resistant fungal strains. Because
the cell wall is a unique feature of fungi and is essential for
fungal cell growth (7, 44), the lipopeptide antifungal agents not
only have excellent safety margins but also are highly fungicidal
by causing rapid fungal cell lysis. However, despite comprehen-
sive chemistry efforts, the lipopeptide class of antifungal agents
in general has very poor oral bioavailability and requires par-
enteral administration, which as a result severely restricts the
use of this class of effective antifungals. Furthermore, exhaus-
tive screening of chemical and natural product libraries by Lilly
and also others (35) have so far failed to identify new B-1,3-
glucan synthase inhibitors with improved oral bioavailability.
In addition to B-1,3-glucan synthase, a cell wall integrity
pathway mediated through a serine/threonine protein kinase,
Pkcl, is also central to cell wall biosynthesis and remodeling (5,
15, 29). The cell wall, although appearing rigid, in fact under-
goes constant modifications and repair, which are coordinately
regulated with the cell cycle, development, and in response to
environmental stresses such as heat shock and rapid osmotic
changes, via the Pkcl-mediated signaling pathway (15, 17, 19,
24, 29, 30). Furthermore, genetic studies show that this Pkcl-
mediated signaling pathway is highly conserved in all fungi and
that Pkcl plays a central role in this signaling pathway (5). Like
inactivation of 8-1,3-glucan synthase, loss of Pkcl function also
leads to rapid cell autolysis (29, 36). Therefore, Pkcl repre-
sents a potential molecular target for developing broad-spec-
trum, fungicidal antifungal agents. This potential has been
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further bolstered by recent successful development of pharma-
ceutics selectively targeting protein kinases (40).

In this report, we describe further biochemical characteriza-
tions of the Pkcl homolog of C. albicans, CaPkcl, and a high-
throughput screening (HTS) based on CaPkcl kinase activity
to discover novel Pkcl inhibitors. To illustrate the potential of
Pkel kinase inhibitors as antifungal agents, we focus on the
discovery and characterization of cercosporamide, a known
antifungal natural product with a previously unknown mode of
action, as a highly selective and potent Pkcl inhibitor. In ad-
dition, we further demonstrate that the antifungal activity of
cercosporamide is mediated through inhibition of Pkcl kinase
activity.

MATERIALS AND METHODS

Fungal strains, media, and general microbiological and molecular biological
techniques. C. albicans strains A26 and CAI4, A. fumigatus strain WM-1, and
Saccharomyces cerevisiae diploid strain YPH501 were all obtained from the
American Type Culture Collection and maintained as per their instructions. The
MIC:s of antifungal compounds were evaluated as previously described (20). To
characterize the potential synergy of combining Pkcl kinase and B-1,3-glucan
synthase inhibitors, the checkerboard microtiter plate testing method was em-
ployed and the fractional inhibitory concentrations (FICs) of each compound
tested and their FIC indices were calculated based on MIC endpoints as previ-
ously described (6, 31). Standard techniques for protein analysis by gel electro-
phoresis, immunoprecipitation (IP), and Western blotting, for RNA analysis, and
for DNA manipulation were used (4, 48). Antihemagglutinin (anti-HA) and
anti-His, antibodies were purchased from Roche (Indianapolis, Ind.). Phospha-
tidylserine (PS) and diacylglycerol (DAG) were obtained from Avanti Polar
Lipids (Alabaster, Ala.).

Expression and purification of CaPkcl from insect Sf9 cells. caPKC1 was
cloned into vector pCR2.1 (Invitrogen, Carlsbad, Calif.) after reverse transcrip-
tion-PCR from total RNA isolated from C. albicans strain CAI4 by using primers
5'-GTAGTCGACCGTCACAACAACAAAACCCAG-3" and 5'-TGCGGCCG
CAAATCGTTGCATTGTCAGATATATGC-3' and then subcloned into pFast-
BacHT (Invitrogen) as a Sall and Notl fragment. Subsequent baculovirus gen-
eration and transfection of Sf9 insect cells were as per the instructions of
Invitrogen.

Transfected Sf9 cells were lysed in 30 mM Tris-HCI, pH 7.5, containing
protease inhibitors (leupeptin [13 pg/ml], soybean trypsin-chymotrypsin inhibitor
[13 pg/ml], aprotinin [13 wg/ml], N-tosylphenylalanine chloromethyl ketone [13
pg/ml], 3 mM Na-p-tosyl-L-arginine methyl ester, 7 mM benzamidine, and 0.3
mM phenylmethylsulfonyl fluoride) and phosphatase inhibitors (100 mM B-glyc-
erophosphate, 20 mM sodium fluoride, 1 mM sodium vanadate, 20 mM p-
nitrophenyl phosphate, 10 nM microcystin, 1 wM okadaic acid, and 0.2% [vol/
vol] Nonidet P-40). Okadaic acid was obtained from Upstate Biotechnology
(Lake Placid, N.Y.), microcystin was from BRL-GIBCO, and all the other re-
agents were obtained from Sigma (St. Louis, Mo.). The lysates were sonicated on
ice and centrifuged at 35,000 rpm for 60 min at 4°C on a Beckman ultracentrifuge
with a Vti50 rotor. The CaPkcl protein was purified from the supernatant as
described below.

The fast-flow chelating Sepharose column (Amersham Biosciences, Piscat-
away, N.J.) was charged with Ni** and equilibrated with buffer A (20 mM
sodium phosphate, [pH 7.2], 500 mM sodium chloride, 10 mM sodium fluoride,
and 20% glycerol) mixed with 2% buffer B (20 mM sodium phosphate [pH 7.2],
500 mM sodium chloride, 10 mM sodium fluoride, 20% glycerol, and 500 mM
imidazole). Protein lysates were loaded onto the column at 2 ml/min. After
loading, the column was first washed with six column volumes of buffer A mixed
with 2% buffer B and then with 10 column volumes of buffer A mixed with 12%
buffer B. The CaPkcl protein was eluted over a gradient of 60 to 500 mM
imidazole with a flow rate of 2 ml/min. The presence of the CaPkcl protein in the
fractions was followed both by a kinase activity assay and by gel electrophoresis.

Construction of Candida GALI-10 promoter-regulated expression vector and
expression of 2xX HA-tagged CaPkcl in Candida. The CaGALI-10 promoter
sequence of about 1.2 kb was PCR amplified from the genomic DNA isolated
from C. albicans strain CAI4 by using a pair of primers, 5'-GCGGCCGCGGT
ATAACTCTTTCTTATAAAAATCGG-3' and 5'-GAGCTCTTCCTTGGTTT
AATTCCAAACGAAACG-3'. After cloning into pCR-2.1, the GALI-10 pro-
moter sequence was subcloned as a NotI and Sacl fragment into pBluescript IT
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SK(+). A 2X HA tag sequence was then added at the NotI site of the above-
resulting plasmid by insertional mutagenesis using the QuikChange mutagenesis
kit (Stratagene, La Jolla, Calif.) as described previously (48) with the pair of
primers 5'-CTGAGCAGCGTAATCTGGAACGTCATATGGATAGGAGCC
CGCATAGTCAGGAACATCGTATGGGTAAAAGACCATGGTATAACTC
TTTCTTATAAAAATCGGTTTG-3" and 5'-ATGGTCTTTTACCCATACGA
TGTTCCTGACTATGCGGGCTCCTATCCATATGACGTTCCAGATTACG
CTGCTCAGGCGGCCGCTCTAGAACTAGTGGATCCC-3'. The URA3 gene
of C. albicans as a selection marker was cloned as a XhoI and Sall fragment after
PCR amplification, using pMB7 as template (1) with primers 5'-CCGCTCGA
GTCTAGAAGGACCACCTTTGATTGTAAA-3" and 5'-ACGCGTCGACAG
TACTAATAGGAATTGATTTGGATGGTATAAA-3' to give rise to the reg-
ulated expression vector pGall-1 for C. albicans. Finally C. albicans PKC1 was
amplified from genomic DNA with primers 5'-AATCACTAAAAAGCGGCCG
CACCGTCACAACAACAAAACCCAGAAC-3' and 5'-GTTCTCGTCGACC
AACACTAACTCGTGAATCAACAATG-3" and cloned as a Notl and Sall
fragment into pGall-1, resulting in pGall-Pkcl. Transformation of strain CAI4
with pGall-Pkcl DNA was carried out as previously described (10).

To induce GALI-10-mediated Pkcl expression, transformed C. albicans cells
were cultured in glucose-containing synthetic medium to early log phase. Cells
were collected by centrifugation and washed once in synthetic medium contain-
ing no carbon source. Then, the cells were transferred to synthetic medium
containing galactose (2%, wt/vol) as sole carbon source.

Cloning and expression of CaRhol in Escherichia coli and GTP-binding assay.
CaRHOI was cloned into pGEX as a BamHI and EcoRI fragment and expressed
as a glutathione S-transferase (GST) fusion protein in BL21 E. coli cells. The
bacterial lysates were prepared in the same lysate buffer as for insect cells
(described above), and the GST-CaRhol protein was purified through a gluta-
thione-Sepharose column as per the instructions of Pharmacia. GTP-binding and
nucleotide competition assays of the purified GST-CaRhol protein were per-
formed as previously described (42).

CaPkel kinase assay development. The filter-binding kinase assays were car-
ried out in 96-well titer plates in a 50-pl reaction volume typically consisting of
50 mM Tris-HCI (pH 8.0), 1 mM dithiothreitol, 10 mM MgCl,, 115 uM peptide
substrate (GPLGRHGSIRQKKEEV), 0.25 pg of CaPkcl, 43 pM cold ATP, and
1 uM [y->?P]ATP. Termination of the reaction, filter binding and, subsequently,
measurements were done as previously described (48). PS and DAG in chloro-
form were dried under a stream of nitrogen gas and then were sonicated into
distilled water to produce a 2 mM suspension, immediately before addition into
the kinase assay mixtures.

For automated HTS, kinase assays were done in the scintillation proximity-
based assay (SPA) format in 384-well titer plates using the N-terminal biotinyl-
ated peptide. The kinase reaction was carried out in 40 pl of 50 mM Tris-HCl
(pH 8.0), 10 mM MgCl,, 0.01% Triton X-100, 1 mM dithiothreitol, 1 uM ATP,
0.375 uM peptide substrate, 160 ng of CaPkcl, and 0.125 p.Ci of [y->*P]ATP for
4 h at room temperature and terminated by addition of 40 pl of the termination
solution (40 mM EDTA and 0.2 mg of streptavidin-coated beads [Amersham] in
73.4% cesium chloride). Plates were counted with a TopCount (Perkin-Elmer,
Boston, Mass.) for 30 s per well 2 h after termination of the kinase reaction.

Generation of TetR-regulated Pkcl S. cerevisiae strain and development of
hypersensitive cell-based assay for selective Pkcl inhibitors. A two-step trans-
formation process was used to create the S. cerevisiae strain dependent on
TetR-regulated expression of Pkcl. First, a heterozygous PKC1/pkc::HISI strain
was constructed by gene replacement in the diploid yeast strain YPHS01, with a
HISI fragment containing 50 base-flanking sequences homologous to the 3" and
5" ends of PKCI. A resulting heterozygous diploid strain was then isolated and
subsequently transformed with a plasmid containing the PKCI gene under the
control of a TetR-regulated promoter derived from pCM188. After sporulation,
the tetrads were screened to identify the haploid strain SH91-2A containing the
pkcl::HISI allele in the chromosome and also the TetR-regulated PKC1 plas-
mid.

In the agar diffusion cell-based assay, yeast cells were mixed into the melt top
agar medium kept at 55°C to a final concentration of 2 X 10° cells/ml. Doxycy-
cline was then added to the medium at 5 pwg/ml and mixed thoroughly before
pouring over the bottom agar plates prewarmed to 50°C. After cooling at room
temperature for 3 to 4 h, various amounts of compounds in a 5-ul volume of
dimethyl sulfoxide were spot applied to the agar plates to test their antifungal
activities by measuring the sizes of the cleared zones on a lawn of yeast cells. In
assays to stabilize yeast cell wall defects, 1 M sorbitol was incorporated into both
bottom and top agar.

Fermentation, isolation, and characterization of cercosporamide. The fermen-
tation was carried out as described previously (22). The combined fermentation
broth (26 liters) was centrifuged, and the cell mass was extracted twice with 9
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FIG. 1. Expression of active CaPkcl kinase in insect cells. (A) Left panel, Coomassie blue-stained gel after electrophoresis of insect cell lysates
containing CaPkcl and CAT. Right panel, Western blot analysis of insect cell lysates as shown in the left panel with an anti-His tag antibody.
(B) Left panel, Coomassie blue-stained gel after electrophoresis of the IP complex with the anti-His tag antibody of the insect cell lysates as shown
in panel A. Right panel, kinase activity present in the immuno-complex after IP with the anti-His tag antibody of the insect cell lysates.
(C) Coomassie blue-stained gel showing purification of the N-terminal His-tagged CaPkc1 protein from insect cell lysates through a Ni?*-charged
affinity column with an imidazole gradient. The solid arrowhead indicates the CaPkcl protein, and the open arrowhead shows the CAT protein.

liters of methanol. The combined methanolic extract was diluted with an equal
volume of water and charged onto an Amberchrom CG-161 column. The column
was initially washed with 4 liters of 50% aqueous methanol, followed by 4 liters
of methanol. The methanol concentrate (13.2 g) was further chromatographed
over a Sephadex LH-20 column to yield 4.2 g of a crude cercosporamide. Addi-
tional chromatography of a portion of this material (0.88 g) over a Waters
symmetry prep column (50 by 250 mm) using a 15-to-50% acetonitrile gradient
afforded 660 mg of over 95% pure cercosporamide. The structure of cercospor-
amide was then established by mass spectrometry (MS) and nuclear magnetic
resonance (NMR) data.

RESULTS

CaPkcl expressed in insect cells retains proper biochemical
properties. To conduct an enzymatic activity-based HTS for
Pkcl kinase inhibitors, we first needed to generate a large
amount of active Pkcl protein. As CaPkcl has a calculated
molecular mass of 126 kDa, we suspected that it would be too
large to be expressed in the soluble, active form by bacteria
and, furthermore, active Pkcl is also a phosphoprotein (3, 46).
Thus, we directed our effort to express CaPkcl in insect Sf9
cells by using a baculovirus expression system. CaPkcl was

expressed as an N-terminal His-tagged protein to facilitate
purification. As shown in Fig. 1A, CaPkcl protein was ex-
pressed very well by insect cells compared to the chloramphen-
icol acetyltransferase (CAT) expression positive control. The
presence of CaPkcl was further confirmed by Western blotting
using an anti-His tag antibody (Fig. 1A).

To determine whether the Pkcl protein expressed in insect
cells is active as a protein kinase, we carried out IP using the
anti-His tag antibody and then assayed the kinase activity
present in the immuno-complex. The immuno-complex con-
tained high kinase activity and, furthermore, the level of kinase
activity present in the immuno-complex was proportional to
the amount of protein extract of the insect cells harboring the
Pkel expression construct (Fig. 1B). By contrast, immuno-
complex from vector control and CAT-expressing insect cells
did not contain significant kinase activities (Fig. 1B). Gel elec-
trophoresis and subsequent Coomassie blue staining showed
that the IP specifically isolated a protein with an expected
molecular mass of that of CaPkcl as seen in Fig. 1A (Fig. 1B).
Together, the results demonstrated that the Pkcl protein ex-
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pressed by insect cells is active as a protein kinase and, fur-
thermore, that the kinase activity detected in the immuno-
complex is specific to CaPkel.

CaPkcl protein was affinity purified from insect cell extracts
(Fig. 1C). The corresponding kinase assay showed that the
purified Pkel protein retained high kinase activity. Two lines of
evidence showed that this kinase activity was specific to the
purified CaPkel protein. Firstly, levels of kinase activity closely
tracked with the amounts of the CaPkcl protein present in the
fractions. Secondly, the fractions collected in an identical man-
ner from vector control insect cell extracts did not contain
significant kinase activities (data not shown).

Our goal in this effort was to discover novel Pkcl inhibitors
through an enzyme-based HTS to be developed into antifungal
drugs. Thus, as antifungals, Pkcl inhibitors must be active
against the endogenous Pkcl kinase activity in vivo under con-
ditions where Pkcl is known to be active and required for cell
viability. To maximize the potential of inhibiting the endoge-
nous Pkcl protein, the CaPkcl protein used in the HTS
should, therefore, have physiologically relevant biochemical
properties as the endogenous Pkcl protein. To obtain the
endogenous CaPkcl for a comparison with the insect cell-
expressed CaPkcl, we engineered a regulated expression sys-
tem based on the GALI-10 promoter of C. albicans. We found
that C. albicans grows well in medium containing galactose as
the sole carbon source, and sequence analysis of the C. albicans
genome revealed that the galactose metabolic pathway is high-
ly conserved between C. albicans and S. cerevisiae. In particu-
lar, the GALI and GALIO genes are arranged in a similar
divergent fashion and share a common intergenic promoter
sequence as in S. cerevisiae (21). The GALI-10 promoter of
S. cerevisiae has been used widely for regulated expression of
genes in this yeast system (21). We suspected that the GALI-10
promoter of C. albicans could be similarly used in C. albicans.
To investigate if the GAL1-10 promoter is glucose repressible
and galactose inducible, we did a Northern analysis of GALI
expression in C. albicans cells at various time intervals upon
transfer to galactose-containing medium and then after subse-
quent addition of glucose to the galactose-containing medium.
Indeed, as shown in Fig. 2A, the expression of the GAL1 gene
was tightly repressible by glucose and highly inducible by ga-
lactose.

We then constructed several vectors containing various
lengths of the 1.2-kb intergenic promoter sequence between
GALI and GAL10 and found that for maximal expression the
entire 1.2-kb promoter sequence is required. To facilitate anal-
ysis and purification, a 2X HA tag sequence was introduced at
the N terminal of CaPkcl. As shown in Fig. 2B, the CaPkcl
protein under the control of the Candida GALI-10 promoter
was highly expressed 1 to 3 h after transfer of the culture from
glucose- to galactose-containing medium. Enzyme assays with
the immuno-complex after IP showed high kinase activity (Fig.
2C). It was previously reported that an activated R398P mutant
allele of S. cerevisiae Pkcl has much higher kinase activity than
the wild-type (wt) Pkcl (34, 46). Furthermore, when overex-
pressed, the constitutively active mutant Pkcl causes lethality
in S. cerevisiae (46). To see whether such a mutation has a
similar effect on CaPkcl activity and function, we created a
mutation at the same position (R400P) and expressed the
mutant protein under the control of the GALI-10 promoter in
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C. albicans. The mutant protein expressed equally well as the
wt Pkcl, and a kinase assay after IP showed that indeed the
mutant CaPkcl has a much higher protein kinase activity (Fig.
2C). Furthermore, overexpression of the mutant CaPkcl, as in
S. cerevisiae, caused lethality in C. albicans (Fig. 2D).

We next biochemically characterized the CaPkcl protein
expressed in insect cells and that in C. albicans and found that
they had virtually identical biochemical properties. Its enzyme
activity preferred alkaline conditions, with an optimal pH of
8.0 and an optimal temperature of 30 to 37°C. As previously
reported for S. cerevisiae Pkcl, CaPkel also did not require
second messengers for kinase activity. The CaPkcl kinase has
aK,, of 19 uM for ATP and 2 uM for the peptide substrate and
is highly sensitive to the broad-spectrum kinase inhibitor stau-
rosporine, with a 50% inhibitory concentration (ICy,) of <5
nM.

PS activation of CaPkcl. Studies in S. cerevisiae show that
Rhol and Pkel both play key roles in the cell wall integrity-
signaling pathway and, as a downstream target of Rhol, Pkcl
both genetically and physically interacts with Rhol (5, 9, 15, 26,
34). It was further shown in vitro that active Rhol (bound to
GTP) conditions Pkcl for activation by PS (25). To determine
if CaRhol in the presence of PS also similarly regulates
CaPkcl activity, we expressed CaRhol as a GST fusion protein
in bacteria and affinity purified it (Fig. 3A). A nucleotide-
binding competition assay was carried out to determine if the
bacterially expressed GST-CaRho1 was functional as a G-pro-
tein. As shown in Fig. 3B, the GST-CaRhol fusion protein
bound to GTP very efficiently and specifically, as CTP, ATP,
and UTP failed to compete against GTP binding even at high
concentrations, thus demonstrating that bacterially expressed
GST-CaRhol is indeed a functional G-protein.

CaPkcel kinase assay in the presence of CaRhol and PS was
carried out as described previously for S. cerevisiae Pkcl (25).
GST-CaRhol was preloaded with the nonhydrolyzable GTP[v]S.
Addition of the CaRhol protein alone had no effect on CaPkcl
kinase activity, whereas addition of PS alone showed a small
but consistent activation of CaPkcl kinase activity (Fig. 3C).
However, when Rhol and PS were added together to the assay
mixture, CaPkel kinase activity was markedly increased (Fig.
3C), similarly to that previously reported for Rhol activation
of S. cerevisiae Pkcl in the presence of PS (295).

As CaPkcl has both a C-1 (for Ca®** and diacylglycerol
binding) and a C-2 (for PS binding) domain (33, 37), we were
thus intrigued by the consistent, although small, activation of
CaPkcl by PS in the experiments shown in Fig. 3C. We thus
further explored potential lipid activation of CaPkcl. To our
surprise, we found that PS alone could markedly activate
CaPkcl in a concentration-dependent manner, but only when
applied freshly after sonication into the kinase assay mixture
(Fig. 3D). By contrast, DAG showed no activating effect on
CaPkcl activity (Fig. 3D). Additionally, we also found that
Ca®* had no effect on CaPkcl activity either by itself or in
combination with DAG or PS. To further explore the stoichi-
ometry of activation of CaPkcl by PS, we investigated the
activation of CaPkcl by using Triton X-100-PS-mixed mi-
celles. Mixed micelles of Triton X-100 and lipids have been
used widely to study the lipid activation of mammalian protein
kinase Cs (PKCs) (16). However, we found that Triton X-100
at concentrations above its critical micelle concentration pre-
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FIG. 2. Regulated expression of CaPkcl protein in C. albicans under control of the C. albicans GAL1-10 promoter. (A) Upper panel, Northern
blot analysis of GALI gene expression, showing induction by galactose and repression by glucose in C. albicans. Lower panel, ethidium bromide-
stained gel of total RNA used for the Northern blot analysis as shown in the upper panel. An overnight culture of C. albicans was collected by
centrifugation and washed two times with a medium containing no carbon source. The collected C. albicans cells were then added into fresh
medium containing either glucose or galactose as the sole carbon source. To repress GAL!I gene expression, glucose was directly added to cells
growing in the galactose-containing medium. (B) Galactose-induced expression of HA-tagged CaPkcl (solid arrow) by C. albicans cells. Induction
of CaPkcl expression was done similarly as described for panel A, and expression of the HA-tagged CaPkcl was detected by Western blotting with
an anti-HA tag antibody. (C) Kinase activity of the wt and the constitutively active mutant CaPkcl (CaPkc1RP). The wt and the mutant CaPkcl
proteins were first isolated by IP with the HA tag antibody, and the immuno-complex was then analyzed by Western blotting (upper panel) and
assayed for kinase activity (lower panel). (D) Agar plates of various C. albicans strains growing in glucose- or galactose-containing medium,
showing the lethality by overexpression of the mutant CaPkc1RP protein on the galactose-containing medium.

vented CaPkcl activation by PS. Triton X-100 by itself did not
inhibit CaPkel activity up to the critical micelle concentration
(data not shown).

Selective human PKC inhibitors have no activity on CaPkcl.
The primary sequence of fungal Pkcl kinase domains shares
high homology with mammalian PKCs. Although fungal Pkcl
exhibits different biochemical properties from mammalian
PKCs, for Pkcl as a viable antifungal target it must have
sufficient structural diversity from human PKCs to allow the
development of selective Pkcl inhibitors. To demonstrate this
possibility, we first tested human PKCR selective kinase inhib-
itors against CaPkcl. We reasoned that if selective human
PKC inhibitors lack activity against fungal Pkcl, then it should
be equally possible to develop selective CaPkcl inhibitors that
lack activity against human protein kinases. Indeed, the PKCB
inhibitors showed no significant activity against CaPkcl (Table
1). Thus, our results demonstrate that CaPkcl not only has

different biochemical properties, but it also has considerable
structural differences from human PKCs. These biochemical
and structural differences should, therefore, afford the poten-
tial to develop selective fungal Pkcl inhibitors as antifungal
agents.

HTS. To carry out a totally automated HTS, we developed a
SPA in a 384-well format using the N-terminal biotinylated
peptide substrate instead of the traditional filter-binding assay
in the experiments described above. The SPA allows direct
readout of the kinase activity from the assay mixture. We also
used the filter-binding kinase assay in a low-throughput format
to confirm screen activities, to help eliminate some false pos-
itives identified by SPA due to the intrinsic fluorescence-
quenching properties of some compounds in the chemical li-
braries. Streptavidin-coated PVT SPA beads and [**P]ATP are
the two most expensive components of the SPA-based HTS
and, furthermore, a large amount of **P radioactive waste is
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and PS as indicated. (D) Dose-dependent activation of CaPkcl kinase activity by PS. PS and DAG were added immediately after sonication into

the kinase assay mixture, right before the start of the kinase reaction.

also a potential health hazard. Therefore, we carried out a
series of experiments to optimize specific assay signals with less
SPA beads and [y->*P]ATP. Because CaPkcl kinase activity re-
mained linear for up to 4 h (Fig. 4A), we therefore extended
the reaction time to up to 3 to 4 h. In addition, we also lowered
the concentration of cold ATP to 1 wM and that of peptide
substrate to 0.375 pM. We found that CaPkcl at 160 ng per
reaction mixture could generate a highly robust signal, with
only 0.2 mg of SPA beads and 0.125 pCi of [y-**P]ATP (Fig.
4B). Since the CaPkcl protein already has a highly robust kinase
activity in the absence of second messengers, we omitted PS in
the HTS assay in order to reduce the complexity of the HTS.

We conducted a very successful HTS under the assay con-
ditions shown in Fig. 4B. The HTS identified a variety of
structurally diverse Pkcl kinase inhibitors from a synthetic
compound and natural product library. Here, we focused on

TABLE 1. PKCp kinase inhibitors lack activity against CaPkcl

i ICs (kM)
Kinase
PKCB CDK4 CaPkel
Inhibitor 1 0.01 1.25 >1
O N0
= 0.84 >1

Inhibitor 2 0.02
7 [
FY N N
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the discovery and isolation of a previously known antifungal
compound as a highly potent and selective Pkcl kinase inhib-
itor, to further demonstrate the potential of targeting the Pkcl-
mediated cell wall integrity pathway for developing broad-
spectrum fungicidal antifungal drugs.

Cercosporamide, an antifungal natural product, is a potent
and selective Pkcl inhibitor. Isolation and identification of
active compounds from natural product extracts is always an
arduous process, particularly when active molecules are mi-
nor components. In order to rapidly evaluate these natural
products to identify novel and selective Pkcl inhibitors, we
developed an agar diffusion cell-based assay that rapidly dis-
criminates selective Pkcl kinase inhibitors from nonselective
inhibitors. This assay was developed with the assumption that
if a compound selectively inhibited Pkcl, then lowering the
Pkel cellular concentration should render the cells hypersen-
sitive to the compounds. To that end, we generated an S. cere-
visiae mutant strain dependent on the regulated expression of

Pkcl from a TetR promoter in the presence or absence of doxy-
cycline. We first used staurosporine to validate this assay, as
staurosporine was previously shown to preferentially inhibit
Pkel in S. cerevisiae (49). Indeed, as expected, addition of doxy-
cycline to repress Pkcl expression greatly enhanced the sensi-
tivity of the mutant yeast strain to staurosporine and, by con-
trast, it had no effect on the sensitivity of the mutant strain to
fluconazole (see Fig. S1 in the supplemental material).

We then rapidly evaluated all the natural products to iden-
tify those showing increased activity in the presence of doxy-
cycline in the agar diffusion assay. We reasoned that those
showing increased whole-cell activity in the presence of doxy-
cycline would likely contain selective Pkcl inhibitors and, thus,
we focused our efforts on the isolation and identification of
Pkel kinase inhibitors from these natural products only. One
of the Pkcl inhibitors identified, as described in detail below, is
a known antifungal natural product, cercosporamide, whose
mode of antifungal activity was not previously known.
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A partially purified sample derived from a fungal organism
had a highly potent CaPkel activity, with an ICs, of <0.25
pg/ml, and further showed markedly enhanced antifungal ac-
tivity against the mutant yeast strain in the presence of doxy-
cyline, suggesting that this sample contains a selective Pkcl
inhibitor(s) (see Fig. S2 in the supplemental material). The
sample was fractionated into subfractions, and the activity in
subfractions was then followed by both the agar diffusion assay
and enzyme activity assay. A highly potent Pkcl inhibitor was
then isolated from active fractions by chromatography and
structurally determined by NMR and MS to be cercospor-
amide (Fig. 5A; see Fig. S3 and Table S1 in the supplemental
material), a previously known antifungal natural product (45).
CaPkcl kinase assays showed that cercosporamide is a highly
potent, ATP competitive inhibitor with an ICs, of <40 nM and
K; of 7 nM (Fig. 5B and C).

As reported previously (45), cercosporamide showed potent
antifungal activity, with a MIC of 10 pg/ml against both C. al-
bicans and A. fumigatus in the present study. Moreover, cer-
cosporamide showed markedly enhanced antifungal activity
against the mutant yeast cells in the presence of doxycyline
(Fig. 6A). Genetic studies have established that growing cells

in a high-osmotic medium can rescue the lethality caused by
defective Pkcl (36, 37). Thus, if cercosporamide indeed selec-
tively inhibits Pkcl, then its antifungal activity should also be
suppressible by high osmotic medium. We thus tested this
hypothesis using the mutant yeast strain in the presence of
doxycycline to increase assay sensitivity with or without incor-
poration of 1 M sorbitol. As described above, this mutant
strain was highly sensitive to cercosporamide in the absence of
sorbitol. However, in the presence of 1 M sorbitol, the anti-
fungal activity of cercosporamide was completely suppressed
(Fig. 6B). The results therefore demonstrate that cercospor-
amide is indeed a selective inhibitor of Pkcl. This selectivity
was further confirmed by assays against a panel of human
protein kinases (Table 2).

Synergistic antifungal activity of cercosporamide and a
B-1,3-glucan synthase inhibitor. The role of Pkcl in cell wall
integrity and biosynthesis is largely mediated through expres-
sion of genes involved in cell wall biosynthesis and regulation
of the B-1,3-glucan synthase activity. We thus suspected that
the Pkcl kinase inhibitor cercosporamide and a B-1,3-glucan
synthase inhibitor, an analog of echinocandin (13), would show
synergistic antifungal activities, as they target two key compo-
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nents of the cell wall biosynthetic pathway. To test this hypoth-
esis, we first determined a concentration at which the echino-
candin analog and amphotericin B by themselves did not have
apparent inhibitory activity on C. albicans growth. As ampho-
tericin B, a potent antifungal agent, has a different mode of
action from the echinocandin analog, it was included in this
experiment as a negative control. We then assayed the anti-
fungal activity of cercosporamide against C. albicans in the
presence of the echinocandin analog and amphotericin B at
the respective concentrations. Cercosporamide, echinocandin
analog, and amphotericin B have MICs of 10, 1.8, and 3 pg/ml
against C. albicans, respectively (Fig. 7A). We found that the
echinocandin analog at 0.16 pg/ml and amphotericin B at 1.25
pg/ml showed no effect on C. albicans growth. However, in the
presence of 0.16 pg of the echinocandin analog/ml, the MIC of
cercosporamide against C. albicans was dramatically reduced
by more than 270-fold (Fig. 7B). By contrast, amphotericin B
had no effect on the MIC of cercosporamide (Fig. 7B). To
further prove a synergistic antifungal activity between cerco-
sporamide and the echinocandin analog, the MICs of cerco-
sporamide and the echinocandin analog were tested over
increasing concentrations of each other in a checkerboard
format in 96-well titer plates as described previously (31). Tak-
ing the MICs as an endpoint, the FIC indices of all the tested
concentration combinations between cercosporamide and the
echinocandin analog were <1, whereas the FIC indices be-
tween cercosporamide and amphotericin B equaled 1. Togeth-
er, the data thus demonstrate that cercosporamide and echi-
nocandin indeed have synergistic antifungal activities.

DISCUSSION

The highly conserved Pkcl protein kinase plays a central
role in the cell wall integrity-signaling pathway and is essential
for cell wall biosynthesis and remodeling. We conducted a
CaPkcl kinase activity-based HTS to discover Pkcl kinase

inhibitors as potential broad-spectrum fungicidal antifungal
drugs. As reported in this paper, the successful discovery of
cercosporamide, a previously known antifungal compound, as
a highly selective Pkcl kinase inhibitor and subsequent estab-
lishment of its mode of antifungal activity via inactivation of
Pkel have convincingly demonstrated the enormous potential
of targeting the cell wall integrity-signaling pathway for anti-
fungal drug discovery.

Cercosporamide, originally isolated as a phytotoxin from the
plant fungal pathogen Cercosporadium henningsii, was shown
to have broad-spectrum antifungal activity (45). Subsequently,
it was shown that S. cerevisiae cells with cell wall defects are
highly sensitive to this compound (18), suggesting that it might
have an activity against the fungal cell wall. However, its mode
of antifungal activity was not established. Here we present
several lines of evidence demonstrating that fungal Pkcl is its
molecular target, thus both providing a molecular explanation
for the previous observations and also establishing its mode of
action. Firstly, in vitro enzyme assays show that cercospor-

TABLE 2. Cercosporamide is a highly potent and
selective CaPkcl inhibitor

Selectivity ratio

Kinase ICsy (LM) vs CaPkel
CaPkcel 0.044 1
PKCa 1.022 23
PKCB 0.349 8
PKCy 5.772 130
PKCe 1.574 36
CDK2/cyclin A 12.548 283
CDKl/cyclin B 5.199 117
CDK4/cyclin D1 >20 >451
CDK2/cyclin E >20 >451
GSK 38 1.338 30
CAMKII 1.505 34
PKAa >20 >451
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matically increased antifungal activity of cercosporamide, seen as a
marked decrease in its MIC in the presence of ECB at an ECB
concentration that by itself has no apparent antifungal activity.

amide is a highly potent, ATP-competitive Pkcl kinase inhib-
itor. Moreover, this activity against Pkcl appears to be highly
selective, as it has no or very little activity against a panel of
other serine/threonine protein kinases. Secondly, S. cerevisiae
cells with lowered Pkcl kinase activity are highly sensitive to
cercosporamide. This is in perfect agreement with Pkcl as its
cellular target and also provides further evidence for its Pkcl
selectivity, because lowering the cellular level of its target Pkcl
would obviously require much less cercosporamide to achieve
a complete inhibition of Pkcl activity. Thirdly, and most im-
portantly, high osmolarity in the growth medium can com-
pletely suppress the antifungal activity of cercosporamide. This
is consistent with previous findings from genetic studies that
high-osmotic growing conditions help stabilize cell wall de-
fects, thus allowing apparently normal cell growth even in the
presence of an inactive cell wall integrity-signaling pathway
(29, 36, 37). Together, the results further demonstrate that
Pkel indeed is the molecular target of cercosporamide. There-
fore, our present studies helped elucidate the mode of action
of a previously known antifungal compound.

The fungal Pkcl protein kinases are highly conserved both
structurally and functionally in fungi. Some limited biochemi-
cal studies of the Pkcl kinases from a few fungal species have
shown that they appear also to share very similar, if not iden-
tical, biochemical properties (3, 28, 46). Although the fungal
Pkcl kinase is biochemically and functionally different from
mammalian PKCs, fungal Pkcl and mammalian PKCs do share
high homology in their catalytic domains (33). Most protein
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kinase inhibitors are ATP competitive; therefore, in the begin-
ning we were concerned whether such high homology in the
catalytic domains provides sufficient structural differences in
the ATP-binding pockets to allow the development of selective
Pkel inhibitors as antifungal drugs for human application. To
test the possibility, we first assayed some highly potent and
selective PKCP inhibitors we developed at Lilly for activity
against CaPkcl and found that these kinase inhibitors had
virtually no activity against CaPkcl, even at high concentra-
tions. Lack of activity of these selective PKCR inhibitors indi-
cates that the ATP-binding pocket of fungal Pkcl indeed has
sufficient structural differences to allow the development of
Pkcel selective inhibitors. The fact that our investigators have
been able to develop selective PKCP inhibitors (8), even
though human C family kinases share even higher overall ho-
mology in their kinase domains than that of Pkcl, further
boosted our confidence in developing selective Pkcl inhibitors.
The subsequent discovery of a selective Pkcl inhibitor in cer-
cosporamide, as described in this paper, therefore has further
validated this possibility.

In this study we also further biochemically characterized
CaPkcl both expressed in insect cells and in C. albicans. To
express CaPkel in C. albicans, we engineered a regulated ex-
pression system based on the GALI-10 promoter. This expres-
sion system, as in S. cerevisiae, should be broadly applicable to
studying gene functions in this important human pathogen.
Like a previous report for S. cerevisiae Pkcl (25), we also found
that CaRho1l markedly activates Pkc1 kinase activity in vitro in
the presence of PS. However, we also found that PS alone can
markedly activate Pkcl activity when applied immediately after
sonication into the assay mixture. Perhaps, binding of Rhol to
the C-1 domain normally allows easy access of PS to the C-2
domain to activate Pkcl kinase activity. Then, when applied
freshly by sonication, PS is in a physical state that is more
conducive to binding to the C-2 domain, even in the absence of
Rhol protein. PS activation of Pkcl kinase from other fungi in
the absence of Rhol has also been observed (28). However,
the exact nature of this activation of Pkcl by PS remains to be
elucidated. It is puzzling though that, unlike activation of
mammalian PKCs (16), PS when prepared in a mixed micelle
system failed to activate Pkcl. Therefore, the physiological
significance of PS activation of Pkcl remains to be determined.
In fact, a role of PS in Pkcl regulation in vivo has not been
observed. Fungal Pkcl kinase also has a C-1 domain (33). In a
recent study, Pkcl was shown to play a role in activation of
Cdc28 at START for progression through G, in S. cerevisiae,
and Pkcl-dependent activation of Cdc28 is associated with an
increase in the cellular level of DAG (32). However, DAG
activation of Pkcl kinase so far has not been demonstrated
in vitro. Similarly we also did not observe any activation of
CaPkcl in vitro by DAG when applied in an identical manner
as PS. More in-depth future research employing combined
molecular and biochemical approaches, such as domain shuf-
fling as reported recently by Schmitz et al. (41), will help
dissect the function of C-1 and C-2 domains and perhaps also
shed some light on potential roles, if any, of PS and DAG in
Pkel regulation within biological contexts.

The Pkcl-mediated cell wall integrity-signaling pathway has
been best characterized in S. cerevisiae. This pathway is acti-
vated in response to cell wall perturbation and regulates the
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expression of a core set of genes implicated in cell wall bio-
genesis via activation of two transcription factors, RIm1 and
Swid, by phosphorylation (23, 27, 47). Interestingly, we found
that the Pkcl kinase inhibitor cercosporamide and the -1,3-
glucan synthase inhibitor echinocandin analog together
showed a remarkably high synergy in their antifungal activities.
This finding is consistent with a recent study showing that S.
cerevisiae mutants of the Pkcl-mediated cell wall integrity-
signaling pathways are hypersensitive to the B-1,3-glucan syn-
thase inhibitor caspofungin (39). Furthermore, it has been
shown by genome-wide expression profiling in S. cerevisiae that
the Pkcl-mediated signaling pathway is activated as a compen-
satory response to inhibition of -1,3-glucan synthase activity
(39). As Pkcl and B-1,3-glucan synthase are two key compo-
nents required in cell wall biosynthesis and they have nonover-
lapping and essential functions, it is thus expected that to-
gether they would exert a synergy in their antifungal activities
by eliminating the aforementioned feedback compensatory re-
sponses. This finding points to a potential highly powerful
combination therapy to treat fungal infections. Perhaps, be-
cause of its effectiveness and targeting of two key and non-
overlapping functions of cell wall biosynthesis, the combination
therapy would also minimize the emergence of resistance. In
fact, because the current antifungal agents have limited effec-
tiveness against many fungal infections, combination therapy
with antifungal agents with different modes of action has been
increasingly advocated and used to treat refractory infections
2).

In conclusion, we explored the potential of targeting the
Pkcl-mediated cell wall integrity-signaling pathway for anti-
fungal drug discovery by conducting an HTS based on the C.
albicans Pkcl protein kinase. Among many potent Pkcl kinase
inhibitors identified from a chemical library was a known an-
tifungal compound, cercosporamide, previously with an un-
known mode of action. We showed that cercosporamide is
actually a highly selective Pkcl kinase inhibitor, and we further
established that its antifungal activity is mediated through in-
hibition of the Pkcl kinase activity. The discovery of a known
antifungal compound as a highly potent and selective Pkcl
inhibitor thus demonstrates the great potential of the cell wall
signaling pathway for the discovery of novel antifungal drugs.
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