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29, 33, 36). However, little is known about the regulatory
pathways responsible for this increased expression. Relatedly,
the signaling pathways that mediate phenotypic adaptation to
antifungal treatment are just beginning to be understood. Recent studies have implicated the calcium-calmodulin-calcineurin (7, 11, 24, 26) and protein kinase C (PKC)-cell integrity (T. D. Edlind, Abstr. 41st Intersci. Conf. Antimicrob.
Agents Chemother., abstr. J-1844, 2001) signaling pathways in
modulating azole activity.
In this study we have examined the relationship of azole
susceptibility to the evolutionary conserved cyclic AMP
(cAMP)-protein kinase A (PKA) signaling pathway (Fig. 1).
The central messenger molecule of this pathway, cAMP, is
produced from ATP by the regulated action of adenylate cyclase (encoded by CDC35 in C. albicans and CYR1 in Saccharomyces cerevisiae) and the cyclase-associated protein (CAP)
(encoded by CAP1 and SRV2, respectively) (10, 13, 19, 35).
Adenylate cyclase is under dual regulation by membranebound Ras protein and by glucose via a G-protein-coupled
receptor system (5, 22). The cAMP binds to the regulatory
subunit of PKA, liberating the catalytic subunit, which then
phosphorylates target proteins involved in stress resistance,
cell growth, and intermediary metabolism (28, 35). Basal
cAMP levels in cells are maintained by phosphodiesterases,
which hydrolyze cAMP to AMP. The cAMP-PKA pathway has
been implicated in virulence, morphogenesis, and development in various fungi (1, 10). More relevant to this work, it has
been implicated in dicarboximide and aromatic hydrocarbon
fungicide resistance in the phytopathogen Ustilago maydis (27,

Serious fungal infections have increased in recent years as a
consequence of the growing number of people who are immunocompromised in association with AIDS, aggressive therapies
for cancer and autoimmune disease, or organ and tissue transplantation. The primary pathogen is Candida albicans, normally a commensal of the oral cavity and gastrointestinal tract
of humans. This opportunistic yeast causes mucosal infection
or less commonly invasive disease that is life threatening unless
treated. There are presently three major classes of antifungal
agents in clinical use: azoles, allylamines, and polyenes (15).
Azoles such as fluconazole, itraconazole, and miconazole inhibit biosynthesis of the membrane component ergosterol by
blocking the action of lanosterol demethylase (encoded by
ERG11). Allylamines such as terbinafine and morpholines
such as fenpropimorph are also sterol biosynthesis inhibitors
(SBIs), while polyenes such as amphotericin B directly interact
with the cell membrane, causing electrolyte leakage and subsequent cell death. Echinocandins such as caspofungin represent a new class of antifungals that target cell wall biosynthesis.
Of all antifungals, azoles are the most commonly used, but
their efficacy is limited by lack of fungicidal activity as well as
development of clinical resistance. Several mechanisms have
been described for the azole resistance of C. albicans, including
increased expression of ERG11 and of genes encoding multidrug transporters (encoded by CDR1, CDR2, and MDR1) (14,
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Azoles are widely used antifungals; however, their efficacy is compromised by fungistatic activity and
selection of resistant strains during treatment. Recent studies demonstrated roles for the protein kinase C and
calcium signaling pathways in modulating azole activity. Here we explored a role for the signaling pathway
mediated by cyclic AMP (cAMP), which is synthesized by the regulated action of adenylate cyclase (encoded by
CDC35 in Candida albicans and CYR1 in Saccharomyces cerevisiae) and cyclase-associated protein (encoded by
CAP1 and SRV2, respectively). Relative to wild-type strains, C. albicans and S. cerevisiae strains mutated in
these genes were hypersusceptible to fluconazole (>4- to >16-fold-decreased 48-h MIC), itraconazole (>8- to
>64-fold), or miconazole (16- to >64-fold). Similarly, they were hypersusceptible to terbinafine and fenpropimorph (2- to >16-fold), which, like azoles, inhibit sterol biosynthesis. Addition of cAMP to the medium at least
partially reversed the hypersusceptibility of Ca-cdc35 and Sc-cyr1-2 mutants. An inhibitor of mammalian
adenylate cyclase, MDL-12330A, was tested in combination with azoles; a synergistic effect was observed
against azole-susceptible and -resistant strains of C. albicans and five of six non-C. albicans Candida species.
Analysis of cAMP levels after glucose induction in the presence and absence of MDL-12330A confirmed that
it acts by inhibiting cAMP synthesis in yeast. RNA analysis suggested that a defect in azole-dependent
upregulation of the multidrug transporter gene CDR1 contributes to the hypersusceptibility of the Ca-cdc35
mutant. Our results implicate cAMP signaling in the yeast azole response; compounds similar to MDL-12330A
may be useful adjuvants in azole therapy.
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30) and polymixin B and fluconazole resistance in S. cerevisiae
(4, 21).
MATERIALS AND METHODS
Strains, media, and drugs. The C. albicans and S. cerevisiae strains used in this
study are listed in Table 1. Additional Candida strains were obtained from the
American Type Culture Collection, T. White (Seattle, Wash.), and J. Rex (Houston, Tex.). Strains were cultured in yeast extract-peptone-dextrose (YPD) (1%
yeast extract, 2% peptone, and 2% dextrose) liquid or agar medium. For cAMP
assays, YPG medium, containing 3% glycerol in place of dextrose, was used. The
following compounds were obtained from the indicated suppliers: fluconazole
(Pfizer, New York, N.Y.), itraconazole (Janssen, Titusville, N.J.), terbinafine
(Novartis, East Hanover, N.J.), fenpropimorph (Crescent Chemical, Hauppauge,
N.Y.), caspofungin (Merck, Rahway, N.J.), miconazole, amphotercin B, MDL12330A, and cAMP (Sigma). Fluconazole and caspofungin were dissolved in
normal saline (0.85%), and the remaining drugs were dissolved in dimethyl
sulfoxide.
Broth microdilution assays. A single colony from fresh culture was suspended
in 1 ml of YPD and was incubated 2 to 3 h with aeration. Cells were then counted
and diluted in medium to 5 ⫻ 103 cells/ml. Aliquots of 100 l were distributed
to a 96-well, flat-bottomed plate, except the first well of each row, which received

RESULTS
Adenylate cyclase and CAP mutants are hypersusceptible to
SBIs. To examine the role of the cAMP pathway in yeast

TABLE 1. Strains used in this study
Strain

Designation

Genotype

Source

C. albicans
SC5314
CAF2-1
CAI4
CR216
CAC1-1A

Ca-SC5314
Ca-CAF2-1
Ca-CAI4
Ca-cdc35
Ca-cap1

URA3/URA3
SC5314 URA3/ura3::imm434
SC5314 ura3::imm434/ura3::imm434
CAI4 cdc35::hisG-URA3-hisG/cdc35::hisG
CAI4 cap1::hisG-URA3-hisG/cap1::hisG

D. Harcus
D. Sanglard
D. Harcus
D. Harcus
P. Sundstrom

S. cerevisiae
BY4743

Sc-BY

MATa/␣his3⌬/his3⌬ leu2⌬/leu2⌬MET15/
met15⌬LYS2/lys2⌬ ura3⌬/ura3⌬
BY4743 srv2::KanMX/srv2::KanMX
MATa leu2 ura3 trp1 his3 ade2 can1
MAT␣leu2 ura3 trp1 his3 can1 cyr1-2

ResGen

37316
W303-1A
YJN246

Sc-srv2
Sc-W
Sc-cyr1-2

ResGen
A. Hudson
J. Nickels
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FIG. 1. Simplified model of the yeast cAMP signaling pathway
(35).

200 l. Drug (0.5 to 1 l) was added to the first well from the appropriate stock
to obtain the desired concentration and was then serially twofold diluted to the
remaining wells except the final row, which served as drug-free control. Plate
contents were incubated at 35°C for C. albicans and at 30°C for S. cerevisiae.
Absorbance at 630 nm was read with a microplate reader (Bio-Tek Instruments,
Winooski, Vt.). MICs (i.e., concentrations inhibiting growth by ⱖ80% relative to
control) were determined at the indicated times. To observe the effect of cAMP
and MDL-12330A on antifungal susceptibility, these were combined (at the
desired concentration) with the inoculum before dispensing into the wells.
cAMP extraction and measurement. cAMP was extracted from YPG-grown
cells under highly glucose-inducible conditions in the presence or absence of
MDL-12330A following published procedures (1, 12) with certain modifications.
In brief, C. albicans strain SC5314 was grown overnight in YPG medium, centrifuged, and resuspended in fresh YPG medium to a density of 107 cells/ml. A
5-ml aliquot was removed and was collected by filtration through nitrocellulose
(25-mm diameter; 0.45-m pore size). The remaining culture was divided into
two equal parts, and 25 g of MDL-12330A/ml was added to one part, while the
other part served as untreated control. Both cultures were incubated for 30 min.
At 0 min, glucose was added to 100 mM and 5-ml aliquots were rapidly processed
as per above at the indicated times. Filters from all time points were inverted into
35-mm-diameter plastic petri dishes containing 1 ml of ice-cold 1 M formic acid
saturated with n-butanol. After 5 min the liquid, containing eluted cAMP, was
transferred to a microcentrifuge tube. Filters were treated again with 0.5 ml of
formic acid-butanol, and the eluates were pooled together; cellular debris was
removed by centrifugation for 1 min. Solvent was evaporated under vacuum, and
the dried pellets were stored at ⫺70°C. Prior to assaying, pellets were dissolved
in 50 mM sodium acetate (pH 4.8), and cAMP levels in each sample were
estimated by quantitative enzyme immunoassay by utilizing the Biotrak cAMP
enzyme immunoassay kit (Amersham, Piscataway, N.J.).
RNA analysis. Log-phase cultures (106 cells/ml) were exposed to itraconazole
(0.25 g/ml) at 30°C with shaking for the indicated times, and RNA was extracted as described previously (20, 34). Briefly, 5 ⫻ 107 cells from each culture
were collected by centrifugation, resuspended in sodium acetate-EDTA buffer,
and stored at ⫺70°C. RNA was extracted by vortexing in the presence of glass
beads, sodium dodecyl sulfate, and buffer-saturated phenol at 65°C for 10 to 15
min. Samples were cooled on ice and centrifuged, and the aqueous phase was
transferred to tubes containing 2.5 volumes of ethanol and 0.1 volume of 3 M
sodium acetate. Precipitated RNA was recovered by centrifugation, dried, rapidly dissolved in water, and denatured in formaldehyde-SSPE (1⫻ SSPE is 0.18
NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH 7.7]) buffer with incubation for
15 min at 65°C. Either 40 l (for ACT1 probing) or 220 l (for other probes) of
denatured RNA was applied to nylon membrane by using a slot blot apparatus.
Membranes were rinsed in SSPE, UV cross-linked, and hybridized to randomly
primed 32P-labeled PCR products specific for the C. albicans ACT1, CDR1, or
ERG11 gene. RNA levels were quantified by densitometry of moderately exposed autoradiographs; CDR1 or ERG11 mRNA levels were normalized to
ACT1 mRNA controls.
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TABLE 2. Susceptibilities of C. albicans and S. cerevisiae wild-type and mutant strains to SBI and non-SBI antifungals
MIC
Antifungal

C. albicans

Time (h)
Ca-CAF2-1

Ca-cdc35

S. cerevisiae
Ca-cap1

Sc-BY4743

Sc-srv2

8
⬎8
⬎8

UG
2
2

8
⬎8
⬎8

UG
1
4

4
⬎4
⬎4

UG
0.5
1

2
⬎4
⬎4

UG
0.25
1

24
48
72

1
⬎8
⬎8

Itraconazole

24
48
72

0.12
⬎4
⬎4

UG
⬍0.06
⬍0.06

⬍0.06
⬍0.06
⬍0.06

Miconazole

24
48
72

0.008
⬎0.25
⬎0.25

UG
⬍0.004
0.008

⬍0.004
⬍0.004
⬍0.004

Terbinafine

24
48
72

0.5
8
8

UG
0.25
0.5

⬍0.25
1
2

Fenpropimorph

24
48
72

0.25
0.5
⬎0.5

UG
0.25
0.5

0.06
0.25
0.25

Amphotericin B

24
48
72

0.12
0.25
0.25

UG
0.06
0.25

0.12
0.5
0.5

0.12
0.5
0.5

UG
⬍0.06
0.06

Caspofungin

24
48
72

0.06
0.12
0.25

UG
0.06
0.12

NDb
ND
ND

0.12
0.25
0.25

UG
0.25
0.25

b

UG, undetectable growth.
ND, not done.

Sc-cyr1-2

0.25
0.5
0.5

Fluconazole

a

Sc-W303-1A

a

UG
0.5
0.5

0.31
0.06
0.12
2
⬎16
⬎16
0.5
⬎0.5
⬎0.5

UG
⬍0.004
⬍0.008
UG
0.25
0.5
UG
0.03
0.06

0.008
0.06
0.06
0.5
4
16

UG
⬍0.004
0.008
UG
2
4

0.12
0.5
0.5

UG
0.25
0.5

0.125
0.25
0.5

UG
0.25
0.5

0.25
⬎0.25
⬎0.25

UG
0.25
⬎0.25
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FIG. 2. Broth microdilution assays of fluconazole activity versus wild-type and mutant strains of C. albicans (top row) and S. cerevisiae (bottom
row). Absorbance was recorded at the indicated times (24, 48, and 72 h). Note that there was undetectable growth of the Ca-cdc35, Sc-srv2, and
Sc-cyr1-2 mutants at 24 h.
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FIG. 3. Effects of extracellular cAMP on SBI susceptibilities of C.
albicans (top) and S. cerevisiae (bottom) wild-type strains (open bars)
and adenylate cyclase mutants (filled bars). Broth microdilution assays
were performed as indicated without (⫺) or with (⫹) added cAMP (10
mM for C. albicans and 1 mM for S. cerevisiae). Absorbance was
recorded and MICs were determined after 42 (C. albicans) or 30 (S.
cerevisiae) h; results are expressed relative to the MIC for the wild-type
strain without added cAMP.

described above were repeated in the presence of 0 to 10 mM
cAMP. Addition of cAMP reversed the growth defects of both
mutants: at 20 h there was a sixfold increase in cell density for
both strains, although this required 10 mM cAMP with Cacdc35 but only 1 mM cAMP with Sc-cyr1-2. Furthermore, addition of cAMP to these concentrations conferred partial-tocomplete reversal of the SBI hypersusceptibility of these
adenylate cyclase mutants, while having no effect on the susceptibility of wild-type strains (Fig. 3). Specifically, addition of
1 mM cAMP to Sc-cyr1-2 cultures increased the itraconazole,
fluconazole, and terbinafine MICs fourfold to values equal to

FIG. 4. Cellular cAMP levels in Ca-SC5314 after addition of 100
mM glucose (at 0 min) in the absence (open circles) or presence (filled
circles) of 25 g of MDL-12330A/ml (added at ⫺30 min).
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susceptibility to antifungals, broth microdilution assays were
used. C. albicans and S. cerevisiae adenylate cyclase mutants
Ca-cdc35 (homozygous deletion) and Sc-cyr1-2 (weakened,
temperature-sensitive allele) and CAP mutants Ca-cap1 and
Sc-srv2, respectively, were tested in parallel with wild-type
strains for in vitro susceptibility to five SBI and two non-SBI
antifungal agents. Representative dose-response curves for fluconazole are shown in Fig. 2; MIC (ⱖ80% inhibition) data for
all antifungals are summarized in Table 2. Note that the
growth rates of these strains differ (compare drug-free controls
in Fig. 2) due to the variably deleterious effects of the adenylate cyclase or CAP mutations. Consequently, data are presented for 24, 48, and 72 h to allow comparisons across as well
as within time points.
The effects of the adenylate cyclase and CAP mutations were
most apparent at 48 and 72 h, when “trailing” growth in the
presence of azoles was pronounced for the wild-type strains
(Fig. 2). Consequently, comparing MICs obtained at 48 h revealed that both the C. albicans and S. cerevisiae mutations
resulted in significant hypersusceptibility to azoles (Table 2).
Both Ca-cdc35 and Ca-cap1 mutants were ⬎16-fold hypersusceptible to fluconazole, ⬎64-fold to itraconazole, and ⬎64-fold
to miconazole. Similarly, for Sc-cyr1-2 and Sc-srv2 mutants,
these figures were ⬎4- to ⬎8-fold hypersusceptible to fluconazole, ⬎8- to ⬎16-fold to itraconazole, and ⬎16-fold to miconazole.
It is unlikely that this azole hypersusceptibility was simply
due to the impaired growth of the mutant strains, since this
would predict that any drug at partially inhibitory concentrations would be synergistic with azoles, which is not the case.
Nevertheless, we tested this directly by comparing azole susceptibility of Ca-CAI4 in YPD versus YPD plus uridine (80
g/ml). Although this ura3/ura3 strain grew to fivefold-lower
cell density in the unsupplemented medium (measured at
20 h), the MICs of fluconazole, itraconazole, and miconazole
were identical or slightly higher in unsupplemented versus
supplemented medium. Thus, impaired growth does not lead
to azole hypersusceptibility.
The hypersusceptibility of these mutants was not limited to
azoles but was also extended to nonazole SBIs. The Ca-cdc35
and Ca-cap1 mutants demonstrated 32- and 8-fold decreased
terbinafine MICs, respectively. For Sc-srv2 MIC decreased
⬎64-fold; however, for Sc-cyr1-2, this decrease was only twofold. With fenpropimorph, the C. albicans mutants and Sccyr1-2 demonstrated twofold-decreased MICs, but the decrease was ⬎ 16-fold for Sc-srv2.
With the non-SBIs amphotericin B and caspofungin, variable or relatively minor effects of the adenylate cyclase and
CAP mutations were observed. Specifically, Ca-cdc35 and Scsrv2 mutants demonstrated, respectively, 4- and ⬎8-fold decreased MICs for amphotericin B; however, there was little or
no change with Ca-cap1 and Sc-cyr1-2. There was similarly
little or no effect of the mutations tested on caspofungin activity.
cAMP reverses the growth defect and SBI hypersusceptibility of adenylate cyclase mutants. If, as expected, the SBI
hypersusceptibility of cAMP pathway mutants results from deficient levels of intracellular cAMP, then addition of extracellular cAMP should overcome this defect and restore normal
susceptibility. Consequently, the Ca-cdc35 and Sc-cyr1-2 assays
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FIG. 5. Broth microdilution assays demonstrating effects of adenylate cyclase inhibitor MDL-12330A on itraconazole, fluconazole, and
terbinafine activity versus Ca-SC5314. Solid line, no added inhibitor; dashed line, 10 g of inhibitor/ml. Absorbance was recorded at 48 h.

Azole hypersusceptibility of adenylate cyclase and CAP mutants correlates with reduced CDR1 upregulation. To examine
potential molecular mechanisms for the SBI hypersusceptibility of the cAMP pathway mutants and related effects of MDL12330A, RNA hybridization analysis was used to examine expression of two C. albicans genes known to affect SBI
susceptibility. CDR1 encodes a multidrug transporter, and
ERG11 encodes the azole target lanosterol demethylase. Both
genes are commonly upregulated in azole-resistant clinical isolates (29, 36); furthermore, in vitro treatment of susceptible

FIG. 6. Comparative expression of CDR1 (top) and ERG11 (bottom) in itraconazole-treated cultures of the indicated C. albicans wildtype and mutant strains. Itraconazole (0.25 g/ml) was added to cultures at 0 min, and aliquots were removed for RNA extraction at 0, 0.5,
1.5, and 3 h as indicated. Slot blot hybridization and densitometric
analysis were used to quantitate gene expression as described in Materials and Methods. Expression was normalized to ACT1 RNA levels
and was represented as change (n-fold) relative to the 0-h time point.
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those obtained for the control. With the Ca-cdc35 mutant,
addition of 10 mM cAMP increased MICs two- to eightfold to
values that were 50% of the control strain MICs for fluconazole and terbinafine; the effects on itraconazole susceptibility
were more limited.
MDL-12330A inhibits adenylate cyclase in yeast and enhances SBI activity. Specific inhibitors are commonly used
tools in studies of cAMP signaling in various cells. MDL12330A is a known inhibitor of mammalian adenylate cyclase
(16), but its effects on the yeast enzyme have not been reported. To test this, an established model for cAMP induction
in yeast by glucose was employed (12, 25). Ca-SC5314 cells
cultured in glycerol-containing medium were exposed to 100
mM glucose both in the presence and absence of 25 g of
MDL-12330A/ml. In its absence, glucose induced a spike in
cAMP levels within 3 min, which returned to basal level by 10
min (Fig. 4); similar effects have been reported for S. cerevisiae
(12, 25). Preincubation of cells with MDL-12330A completely
inhibited the glucose induction of cAMP synthesis (Fig. 4).
Therefore, the effects of MDL-12330A on SBI activity were
examined to determine if they correlated with mutation in
adenylate cyclase. At a concentration of 10 g/ml, MDL12330A had no effect on Ca-SC5314 growth by itself and minimal effect on its SBI susceptibility at early (24-h) time points
(data not shown) but greatly reduced the trailing growth characteristic of SBIs at 48 h (Fig. 5). Consequently, in the presence of
MDL-12330A, the itraconazole, fluconazole, and terbinafine
48-h MICs for C. albicans SC5314 were reduced ⬎8-fold, ⬎4fold, and 2-fold, respectively.
The combination of MDL-12330A with itraconazole was
further studied with a set of six fluconazole-susceptible and six
fluconazole-resistant C. albicans strains, as well as with 11
strains representing six additional Candida species and S. cerevisiae. MDL-12330A (10 g/ml) reduced the 48-h MICs of
itraconazole in all fluconazole-susceptible (reduction of ⬎8- to
⬎250-fold) and fluconazole-resistant (reduction of 4- to ⬎16fold) strains tested. In non-C. albicans Candida species, the
most significant effect was observed with Candida tropicalis
(⬎1,000-fold decrease in 48-h MIC), consistent with its high
degree of trailing growth. This was followed by Candida krusei
(16-fold), Candida guilliermondii (eightfold), Candida glabrata
(two- and eightfold), and Candida lusitaniae (one- and fourfold). For the two strains of Candida parapsilosis tested, antagonism of itraconazole activity was observed (two- and eightfold
increases in 48-h MICs).
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cells with SBIs leads to transient upregulation of these genes
(34). Treatment of C. albicans Ca-CAF2-1 cultures with itraconazole (0.25 g/ml) resulted in a threefold upregulation in
CDR1 expression after 1.5 and 3 h; in contrast, CDR1 expression did not significantly change in the mutants Ca-cdc35 and
Ca-cap1 (Fig. 6A). With respect to ERG11 (Fig. 6B), the two
mutants actually exhibited slightly higher (four- to fivefold)
upregulation than did their parent (threefold).
DISCUSSION
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Recent studies have shown that yeasts respond to treatment
with azoles and other SBIs by altering the expression of multiple genes that confer at least partial protection from these
membrane-perturbing agents (2, 8, 9, 17, 18, 23, 34). The
signaling pathways responsible for this antifungal response are
beginning to be understood and include the calcium-calmodulin-calcineurin and PKC-cell integrity pathways (7, 11, 24, 26;
Edlind, Abstr. 41st Intersci. Conf. Antimicrob. Agents Chemother.). These pathways are linked to membrane stability or
function via calcium channels and the PKC activator Rho1p,
respectively. Here we examined a third conserved pathway
that, similarly, is membrane associated: adenylate cyclase via
the farnesylated-palmitoylated Ras proteins and CAP protein
via the actin cytoskeleton (6, 19). The cAMP-PKA pathway
was previously implicated in fungal resistance to the antibiotic
polymyxin B (4), dicarboximide, aromatic hydrocarbon fungicides (27, 30) and, most pertinent to our studies here, fluconazole (21). It is not surprising that multiple mechanisms for
responding to cell surface stress have evolved in unicellular
organisms. It is interesting, however, that these mechanisms
confer at least partial protection from the modern stresses of
antifungal drugs.
The cAMP pathway in S. cerevisiae is complicated by the
dual regulation of cAMP synthesis (glucose and Ras mediated)
and by feedback inhibition (PKA activation of cAMP phosphodiesterase) (Fig. 1) (10, 35). Consequently, our initial studies focused on two central, interacting components of the pathway: adenylate cyclase responsible for cAMP synthesis and its
associated protein, CAP. Relative to wild-type strains, C. albicans and S. cerevisiae mutants in the genes encoding these two
proteins demonstrated pronounced hypersusceptibility to
azoles and other SBIs. With C. albicans, this was most apparent
after 48 h of incubation; i.e., the effect was primarily a reduction in trailing growth. Consistent with these findings, the hypersusceptibility was at least partially reversed by exogenous
cAMP. Kontoyiannis and Rupp (21) previously showed that
exogenous cAMP reversed the fluconazole hypersusceptibility
of a cAMP-deficient S. cerevisiae strain, although interpretation of their results is potentially complicated by the multiple,
offsetting mutations present in this strain (involving the adenylate cylase regulators Ras1p and Ras2p and one of two
cAMP phosphodiesterases, Pde2p).
Based on previous studies (17, 32, 34), potential mechanisms
for explaining the hypersusceptibility of cAMP pathway mutants include disruption of the SBI-induced transcriptional upregulation of multidrug transporter genes such as CDR1 or the
lanosterol demethylase gene ERG11. Indeed, a defect in CDR1
upregulation in the itraconazole-treated Ca-cdc35 (adenylate
cyclase) mutant was observed. Interestingly, in mammalian

cells the cAMP pathway plays a similar role, regulating the
expression of the MDR1 transporter responsible for resistance
to cancer chemotherapeutics (31). Thus, at least one role for
the cAMP pathway appears to be conserved from yeast to
human, although further similarities between the regulatory
mechanisms remain to be described. Somewhat paradoxically,
ERG11 upregulation increased in the Ca-cdc35 mutant; this
could be a consequence of reduced CDR1 expression resulting
in increased intracellular azole levels, which in turn results in
increased ERG11 upregulation by a distinct signaling pathway.
Genome-wide expression studies in which microarrays are employed would be useful in identifying relevant genes—other
than CDR1—whose expression is altered in cAMP pathway
mutants following SBI treatment.
In light of the SBI hypersusceptibility of adenylate cyclase
mutants, it was clearly of interest to examine pharmacological
inhibitors of this enzyme for similar effects. MDL-12330A has
been widely used in mammalian systems but to our knowledge
has not been shown previously to inhibit fungal adenylate cyclase. Analogous to the results obtained with the Ca-cdc35 and
Ca-cap1 mutants, MDL-12330A enhanced the SBI susceptibility of wild-type C. albicans strains (fluconazole susceptible and
resistant), particularly at later time points when MICs were
inflated due to trailing growth. MDL-12330A also enhanced
the SBI susceptibility of wild-type S. cerevisiae, consistent with
the results obtained with Sc-cyr1-2 and Sc-srv2 mutants. Given
the evolutionary distance between these two species (3), it is
not surprising then that MDL-12330A enhanced itraconazole
activity versus a diverse group of additional Candida species.
Nevertheless, these results should be interpreted cautiously
with respect to mechanism, because it is possible that MDL12330A has targets other than adenylate cyclase in yeast. Indeed, at a concentration sixfold higher than that used in our
interaction studies (10 g/ml), MDL-12330A alone inhibited
the growth of C. albicans wild-type and adenylate cyclase mutant strains equally (data not shown). With respect to clinical
application, toxicity to human cells would presumably preclude
the use of MDL-12330A in combination with antifungals; nevertheless, it should be possible to identify other adenylate
cyclase inhibitors that are fungus specific.
It can be predicted from the studies reported here that
mutations or drugs targeting other components of the cAMP
pathway, such as the PKA regulatory and catalytic subunits,
will have similar effects on the SBI susceptibility of yeast.
Studies to examine this idea are under way.
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