AAC

Journals.ASM.org

Identification of a Key Lysine Residue in Heat Shock Protein 90
Required for Azole and Echinocandin Resistance in Aspergillus
fumigatus

Frédéric Lamoth,>*f Praveen R. Juvvadi,? Erik J. Soderblom,® M. Arthur Moseley,” Yohannes G. Asfaw,® William J. Steinbach®*

Division of Pediatric Infectious Diseases, Department of Pediatrics, Duke University Medical Center, Durham, North Carolina, USA®; Duke Proteomics Core Facility, Institute
for Genome Sciences and Policy, Duke University, Durham, North Carolina, USA; Division of Laboratory Animal Resources, Duke University Medical Center, Durham,
North Carolina, USA<; Department of Molecular Genetics and Microbiology, Duke University Medical Center, Durham, North Carolina, USA; Infectious Diseases Service,
Department of Medicine, Lausanne University Hospital, Lausanne, Switzerland®; Institute of Microbiology, Lausanne University Hospital, Lausanne, Switzerland"

Heat shock protein 90 (Hsp90) is an essential chaperone involved in the fungal stress response that can be harnessed as a novel
antifungal target for the treatment of invasive aspergillosis. We previously showed that genetic repression of Hsp90 reduced
Aspergillus fumigatus virulence and potentiated the effect of the echinocandin caspofungin. In this study, we sought to identify
sites of posttranslational modifications (phosphorylation or acetylation) that are important for Hsp90 function in A. fumigatus.
Phosphopeptide enrichment and tandem mass spectrometry revealed phosphorylation of three residues in Hsp90 (549, S288,
and T681), but their mutation did not compromise Hsp90 function. Acetylation of lysine residues of Hsp90 was recovered after
treatment with deacetylase inhibitors, and acetylation-mimetic mutations (K27A and K271A) resulted in reduced virulence in a
murine model of invasive aspergillosis, supporting their role in Hsp90 function. A single deletion of lysine K27 or an acetylation-
mimetic mutation (K27A) resulted in increased susceptibility to voriconazole and caspofungin. This effect was attenuated fol-
lowing a deacetylation-mimetic mutation (K27R), suggesting that this site is crucial and should be deacetylated for proper Hsp90
function in antifungal resistance pathways. In contrast to previous reports in Candida albicans, the lysine deacetylase inhibitor

trichostatin A (TSA) was active alone against A. fumigatus and potentiated the effect of caspofungin against both the wild type
and an echinocandin-resistant strain. OQur results indicate that the Hsp90 K27 residue is required for azole and echinocandin
resistance in A. fumigatus and that deacetylase inhibition may represent an adjunctive anti-Aspergillus strategy.

Invasive aspergillosis (IA) is a life-threatening infection in the
increasing population of patients with depressed immune sys-
tems, such as cancer patients or transplant recipients (1). Three
antifungal drug classes are approved for the treatment of IA: the
triazoles (e.g., voriconazole), the polyenes (e.g., amphotericin B),
and the echinocandins (e.g., caspofungin), all of them targeting
the fungal cell membrane or cell wall (2). The emergence in Asper-
gillus fumigatus of resistance to triazoles, the preferred primary
therapy against IA, is a growing concern (3). Moreover, the toxic-
ity of polyenes often limits their use, and the echinocandins pos-
sess only fungistatic activity against Aspergillus spp. Combination
antifungal therapy with existing classes of agents has shown lim-
ited promise (4), suggesting the need for new therapeutic options.

One novel therapeutic approach consists of the development
of drugs targeting intracellular signaling proteins involved in
compensatory mechanisms of the cell wall. The heat shock protein
90 (Hsp90)-calcineurin axis is a crucial element governing stress
adaptation processes in fungi (5). Calcineurin inhibitors (FK506
and cyclosporine) and Hsp90 inhibitors (geldanamycin, 17-allyl-
amino-17-demethoxygeldanamycin [17-AAG], and 17-demeth-
ylaminoethylamino-17-demethoxygeldanamycin [17-DMAG])
are active against A. fumigatus and potentiate the effect of caspo-
fungin (6-8), but the lack of fungal specificity of these compounds
and cross-reactivity against the human proteins prevent their use
for the treatment of fungal diseases.

Hsp90 is an essential molecular chaperone that activates mul-
tiple client proteins (9). Fungal Hsp90 promotes resistance to az-
ole and echinocandin drugs, which has been well demonstrated in
the pathogenic yeast Candida albicans (6, 10, 11). We have previ-
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ously shown that genetic repression of A. fumigatus Hsp90 abol-
ishes virulence in a murine model of IA (12). Compromising
Hsp90-mediated stress responses by genetic modifications of the
hsp90 promoter also potentiated the effect of caspofungin and
abolished the paradoxical effect of this drug (7, 12). Because
Hsp90 is a highly conserved protein in eukaryotes, identification
of specific regions of the protein that are important for fungal
virulence or antifungal resistance would be a critical step toward
development of novel fungal-specific Hsp90 inhibitors.
Activation of Hsp90 and interactions with its client proteins
and cochaperones are mediated by posttranslational modifica-
tions, such as phosphorylation, acetylation, oxidation, S-nitrosy-
lation, and ubiquitination (13). Reversible phosphorylation is the
addition of a phosphate group to serine, threonine, or tyrosine
residues, a process regulated by kinases and phosphatases. Multi-
ple phosphorylation sites have been identified as regulatory ele-
ments of Hsp90 function in human and yeast (13—15). Phosphor-
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A Phosphorylation and Acetylation sites of Hsp90 Identified by LC-MS/MS
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FIG 1 Mutations of phosphorylation and acetylation sites of Hsp90. (A) Phosphorylation and acetylation sites of Hsp90 identified by TiO, enrichment and
LC-MS/MS analysis. Phosphorylated residues were identified at S49, $288, and T681 in the untreated Hsp90-EGEFP strain (standard growth conditions in liquid
GMM). Acetylation of K271 was detected after exposure to the lysine deacetylase inhibitor trichostatin A (TSA). Sequences of peptides with phosphorylated
serine (pS) and threonine (pT) residues or acetylated lysine (acK) residues are shown in the first column. A Mascot identity score of >41 indicates identity or
extensive homology (P < 0.05). The Ascore algorithm indicates the probability of localization of the phosphorylation sites and is not applicable (na) for the
acetylation sites. (B) Schematic representation of the A. fumigatus Hsp90 protein with 706 amino acids consisting of the N-terminal, middle (M), and C-terminal
domains. Positions of the K27, S49, K271, S288, and T681 amino acid residues that were mutated in this study are shown. (C) Strains generated in this study.
Phosphorylation sites of Hsp90 (549, 5288, and T681) identified by LC-MS/MS were mutated to alanines. The K271 site, which was found to be acetylated after
treatment with deacetylase inhibitor, was mutated to alanine. The K27 site, which was previously identified as acetylated in yeasts, was further investigated by

mutation to either alanine or arginine or deletion.

ylation of A. fumigatus Hsp90, however, has not been previously
investigated. Reversible internal acetylation, which is the addition
of an N-a-acetyl group from acetyl-coenzyme A (CoA) to the side
chain of a lysine residue, may also represent an important regula-
tory mechanism of Hsp90 (16). Hyperacetylation of Hsp90 can be
induced by inhibitors of the lysine deacetylases (KDACs) and is
associated with altered chaperone activity (17-20). Acetylation of
the K294 residue in human Hsp90 and its corresponding residue
K270 in Saccharomyces cerevisiae is important for Hsp90 function
(16, 21). The K27 residue was also found to be acetylated in yeasts
(21).

In the present study, we identified the phosphorylation and
acetylation sites of A. fumigatus Hsp90 and determined their role
in the key pathogenic processes of virulence and antifungal resis-
tance.

MATERIALS AND METHODS

Nano-flow LC-ESI-MS/MS analysis. Our Hsp90-EGFP strain, in which
Hsp90 is tagged with the enhanced green fluorescent protein (EGFP) (7),
was used for determination of the phosphorylation and acetylation status
of Hsp90 by liquid chromatography-electrospray ionization-tandem mass
spectrometry (LC-ESI-MS/MS) as previously described (22). Briefly, the
strain was grown in liquid glucose minimal medium (GMM) (23) for 24 h
at 37°C. For determination of acetylation sites, the lysine deacetylase in-
hibitor trichostatin A (TSA) was added to the medium at a concentration
of 2.5 pg/ml. Protein extraction and quantification were performed as
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previously described (22). Hsp90 was purified by GFP-trap affinity puri-
fication (Chromotek). After proteolytic digestion, peptides were sub-
jected to titanium dioxide (TiO,) phosphopeptide enrichment and chro-
matographic separation on a Waters NanoAquity ultraperformance
liquid chromatograph (UPLC). MS/MS spectra were acquired for the
three most abundant precursor ions using a linear trap quadrupole
(LTQ)-Orbitrap XL mass spectrometer. Raw data files were processed in
Mascot distiller (Matrix Science) and submitted to Mascot database
searches (Matrix Science) against a Swiss-Prot fungal taxonomy. The
probability of correct phosphorylation site localization was assessed by
the Ascore algorithm (24).

Generation of mutant strains and culture conditions. Strains gener-
ated in this study are described in Fig. 1C. Phosphorylated residues of
Hsp90 at 549, $288, and T681 were replaced by alanine residues to prevent
phosphorylation in the S49A and S288A-T681A strains. The lysine sites
K27 and K271 were mutated to alanines individually in the K27A and
K271A strains and concomitantly in the K27A-K271A strain. Because
alanine is supposed to mimic acetylation status (16, 21, 25), the K27 res-
idue was also mutated to arginine (mimicking deacetylation) in the K27R
strain and deleted in the K27A strain.

Point mutations were induced by fusion PCR with complementary
primers containing the base pair substitution as previously described
(26). Primers used in this study are listed in Table S1 in the supple-
mental material. Plasmids pUCGH (27) and pBluescript II SK(—) con-
taining the hygromycin resistance cassette (12) were used for cloning
(see Fig. S1 in the supplemental material). Transformations were per-
formed in the A. fumigatus akuB*"®° strain as previously described (28).
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FIG 2 Phenotypic analyses of mutated Hsp90 strains. (A) Mutations of the phosphorylation sites $49, $288, and T681 to alanines (S49A and S288A-T681A strains) did
not result in any growth defect compared to growth of the control akuB<V® strain. While individual mutation of the lysine sites K27 and K271 to alanines (K27A and
K271A strains) did not result in any phenotypic alteration under standard growth conditions, the double mutation (K27A-K271A strain) induced a substantial growth
and conidiation defect. Pictures were taken after 5 days of growth on GMM agar at 37°C. (B) Radial growth of the K27A-K271A strain was assessed by daily measurement
of the colony diameter compared to that of the akuB<"®° strain over 5 days (GMM agar at 37°C). A significant growth defect was apparent from day 2. On day 5, radial
growth of the K27A-K271A strain was decreased by 44% (P < 0.0001). (C) Western analysis using anti-Hsp90 antibody showed that expression of the Hsp90 protein was
stable in the different lysine mutant strains, K27A, K271A and K27A-K271A, compared to the akuB<V®° strain, as demonstrated by the detection of a band of
approximately 80 kDa (corresponding to Hsp90) in all of them (right panel). Fifty micrograms of total protein from each strain was used, as shown by the similar patterns

of Ponceau S protein staining of the PVDF membrane (left panel). MM, molecular mass.

Homologous recombination and integration of the mutations were veri-
fied by sequencing.

In vitro growth was assessed for each mutant strain and compared to
that of the akuBXV®® (control) strain on GMM agar plates after a 5-day
incubation at 37°C under standard and various stress conditions. Conidia
were quantified on day 5 for strains exhibiting an apparent conidiation
defect.

Western analysis. Expression of the Hsp90 protein was verified for some
of the mutant strains exhibiting a Hsp90 functional defect and compared to
that of the akuB*Y®° strain. Protein extraction was performed as previously
described after 24 h of growth in liquid GMM at 37°C (29). Samples were
normalized to a total protein of 50 g that was separated through a 12%
SDS-polyacrylamide gel using a Miniprotean electrophoresis cell (Bio-Rad
Laboratories, Inc.). Proteins were electrotransferred onto a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad Laboratories, Inc.) and hybridized
with C. albicans anti-Hsp90 antibodies (a gift from Leah Cowen, Univer-
sity of Toronto) (30). Detection was performed by a SuperSignal West
Pico chemiluminescent substrate (Thermo Scientific).

Murine inhalational model of invasive aspergillosis. Virulence of the
K27A-K271A strain was assessed in our murine inhalational model of
invasive aspergillosis (31). Forty male mice (CD1; Charles River Labora-
tories, Raleigh, NC) were immunosuppressed with cyclophosphamide
(150 mg/kg of body weight intraperitoneally on days —2 and +3) and
triamcinolone acetonide (40 mg/kg subcutaneously on days —1 and +6).
Mice were exposed to an aerosolized conidial suspension of either the
K27A-K271A strain or the akuB*Y®° strain as previously described (31).
Survival was plotted on a Kaplan-Meier curve using a log rank test for
pairwise comparison. Lung sections were obtained for one mouse of each
group euthanized on day 7 after infection and examined by staining with
Gomori methenamine silver and hematoxylin-eosin. Animal experiments
were conducted in accordance with the Animal Care and Use Program of
the Duke University Medical Center.

Antifungal susceptibility testing. The antifungal activity of the lysine
deacetylase inhibitor trichostatin A (TSA) was tested against the A. fu-
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migatus AF293 (wild-type) strain, four multiazole-resistant clinical iso-
lates harboring various mutations of the cyp5la gene (strains F16134,
F14946, F16216, and F12776; gifts from David Denning) (3), and the
pan-echinocandin-resistant laboratory strain EMFR-S678P (a gift from
David Perlin) (32). Antifungal susceptibility testing was performed in
liquid RPMI 1640 medium according to the Clinical and Laboratory Stan-
dards Institute (CLSI) procedure (33). The minimal effective concentra-
tion (MEC) and the MIC;, and MIC,, were assessed after 24 h. Checker-
board dilutions were used for drug combination testing, and interactions
were described according to the fractional inhibitory concentration index
(FICI) as previously described (8). The antifungal activity was also as-
sessed after 5 days of growth at 37°C on GMM agar plates.

RESULTS

A. fumigatus Hsp90 exhibited three phosphorylation sites that
were not essential for its function. Our LC-MS/MS analysis iden-
tified three phosphorylated sites in A. furnigatus Hsp90: 549, 5288,
and T681 (Fig. 1A and B). While phosphorylation of S49 was
previously reported in human Hsp90 (corresponding human site
S63) (13), the S288 and T681 residues have never been described
as phosphorylated. Thus, we first generated a strain with muta-
tions of both S288 and T681 to alanine (S288A-T681A). This
strain did not exhibit any growth defect (Fig. 2A), and its suscep-
tibility to antifungal drugs was similar to that of the wild type (data
not shown). We then mutated the S49 residue (S49A) and also did
not find any phenotypic alteration (Fig. 2A). We concluded that
these phosphorylation sites do not have an essential role for Hsp90
function in A. fumigatus.

The K27 and K271 residues are important for Hsp90 func-
tion in A. fumigatus. Consistent with previous studies in yeasts
(21), no acetylated residues of Hsp90 were identified by LC-
MS/MS analysis under standard growth conditions, except for the
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FIG 3 Impact of the mutations of the K27 and K271 residues of Hsp90 on A. fumigatus virulence. (A) Virulence of the K27A-K271A strain was assessed in a
murine inhalational model of invasive aspergillosis. At day 14 postinfection, survival was significantly higher among mice infected with the K27A-K271A strain
than among those infected with the wild-type akuBXU® strain (45% versus 20%, respectively; P = 0.02). (B) Histopathological analysis of the lungs at day 7
postinfection shows little inflammatory reaction (hematoxylin-eosin staining [H&E]) and minimal hyphal invasion (Gomori methenamine silver staining
[GMS]) in the K27A-K271A strain whereas there was extensive inflammation and hyphal proliferation observed in the akuB*Y*° strain.

N-terminal serine residue (S2), which represents a constitutively
acetylated site in eukaryotic proteins that has a role in degradation
signaling (34). However, in the presence of the lysine deacetylase
inhibitor trichostatin A (TSA), acetylation was detected at K271
(Fig. 1A). Acetylation of this site has been previously described in
human Hsp90 following TSA treatment (corresponding to hu-
man site K294) (16). Because the K27 residue, located in a highly
conserved region, was found to be acetylated after genetic knock-
down of lysine deacetylases in S. cerevisiae (21), we also considered
this site for our mutational analysis. Three strains were created in
which the K27 and K271 residues of Hsp90 were mutated to ala-
nines individually (K27A and K271A) and in combination (K27A-
K271A). Mutation of lysine to alanine is expected to mimic acet-
ylation (16, 21, 25). Because acetylation was not detected on any
internal residue of Hsp90 under standard growth conditions, we
hypothesized that mutations mimicking acetylation might desta-
bilize Hsp90 function. While the K27A and K271A strains were
able to grow normally, the double mutant strain (K27A-K271A)
exhibited a significant growth defect, with a 44% reduction of
radial growth compared to the wild type (P < 0.0001) (Fig. 2A and
B). Sporulation was also reduced, as shown by the white colony
appearance (Fig. 2A), which was confirmed by the conidial count
(0.09 = 0.02 million conidia/mm? versus 1.32 * 0.22 million
conidia/mm? in the wild type; P < 0.001). These phenotypic char-
acteristics were similar to those obtained after genetic repression
of Hsp90 (7, 12). Western analysis confirmed that the mutated
Hsp90 protein was stably expressed in this strain despite these
important functional alterations (Fig. 2C).

The impact of the K27A-K271A double mutation on A. fu-
migatus virulence was assessed in a murine inhalational model of
invasive aspergillosis. At day 14 postinfection, 45% of the mice
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infected with the K27A-K271A strain were alive, compared to 20%
of those infected with the akuB*"®° strain (P = 0.02) (Fig. 3A).
The attenuated virulence of the K27A-K271A strain was also dem-
onstrated by decreased inflammation and hyphal invasion on lung
histopathologic sections (Fig. 3B).

The K27 residue of Hsp90 is required for both caspofungin
and voriconazole resistance. To further characterize the role of
these two lysine residues in Hsp90 function, we tested the K27A,
K271A, and K27A-K271A strains under various stress conditions.
The impact of the double mutation on Hsp90 function was con-
firmed by the nearly complete growth arrest of the K27A-K271A
strain in the presence of the Hsp90 inhibitor geldanamycin and
under heat stress (Fig. 4). Hypersensitivity to the antifungal drugs
voriconazole and caspofungin, including loss of the caspofungin
paradoxical effect (i.e., increase of growth at high concentrations),
were also observed (Fig. 4), as previously described following
Hsp90 repression (7, 12). Use of an osmotic stabilizer in the
growth medium (1.2 M sorbitol) compensated both the growth
and conidiation defects (data not shown).

The single K271A mutation did not result in any impact on the
adaptive responses to these stress conditions. However, the K27A
mutation was sufficient to impact Hsp90 function, as shown by the
hypersensitivity to geldanamycin, and to induce a substantial increase
of sensitivity to caspofungin and voriconazole without compromis-
ing other Hsp90-mediated stress responses such as to heat stress.

To further assess the role of K27 and the possible effect of
acetylation at this site, we mutated it to arginine in the K27R
strain. In contrast to alanine, arginine is known to mimic a
deacetylation status (16, 21, 25). Despite a slight increase of sus-
ceptibility to geldanamycin and voriconazole, the K27R strain was
not hypersensitive to caspofungin and was still capable of a para-
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FIG 4 In vitro effect of various genetic and pharmacologic interventions compromising Hsp90 acetylation/deacetylation mechanisms. Compared to the
akuBXV#° strain, the K27A-K271A strain exhibited increased susceptibility to heat stress, caspofungin (CSP), including loss of the paradoxical increase of growth
at high concentrations (4 pg/ml CSP), voriconazole (VCZ), and the Hsp90 inhibitor geldanamycin (GDA). Mutation of K271 alone was not sufficient to alter
Hsp90 function. Mutation of K27 to alanine, mimicking acetylation (K27A), resulted in impaired Hsp90 function (as shown by hypersensitivity to geldanamycin)
with a specific impact on Hsp90-mediated responses to the antifungal drugs caspofungin and voriconazole, while the response to heat stress was conserved. The
K27 residue was also mutated to arginine (mimicking deacetylation) and deleted in the K27R and K27A strains, respectively. While the K27A strain showed a
phenotypic pattern similar to that of the K27A strain with regard to susceptibility to caspofungin and voriconazole, the K27R mutation partially restored Hsp90
function and antifungal drug resistance. Similar to the genetic acetylation mimicking of Hsp90 K27 and K271, pharmacologic induction of Hsp90 acetylation by
the lysine deacetylase inhibitor trichostatin A (TSA) induced a growth and conidiation defect, potentiated the growth-inhibitory effect of caspofungin, and
abolished the paradoxical effect of this drug. However, TSA did not potentiate the antifungal activity of voriconazole and did not impact the compensatory

response to heat stress. Pictures were taken after 5 days of growth on GMM agar at 37°C.

doxical response (Fig. 4). We then generated another strain in
which K27 was deleted (K27A), and this strain displayed the same
antifungal susceptibility profile as the K27A strain and could not
adapt to heat stress. Because Hsp90 function in antifungal resis-
tance was substantially altered after K27 deletion or K27A muta-
tion (mimicking acetylation) and because this defect was partially
compensated after K27R mutation (mimicking deacetylation), we
conclude that this site should be deacetylated for proper Hsp90-
dependent responses to both triazole and echinocandin antifun-
gals.

The lysine deacetylase inhibitor trichostatin A is active
against A. fumigatus. To further investigate the potential of acet-
ylation to inhibit Hsp90 function, we used trichostatin A (TSA),
which was shown to induce acetylation of Hsp90 in eukaryotes
(17-20). TSA and other related lysine deacetylase (KDAC) inhib-
itors were previously found to have minimal antifungal activity
against C. albicans but to enhance the effect of azole compounds
and to reduce resistance of azole-resistant strains (21, 35, 36). This
effect on antifungal resistance is supposed to be mediated by
Hsp90 (21).

We tested the in vitro activity of TSA against A. fumigatus and
found it to be active against the wild-type AF293 with an MEC of
0.5 pg/ml (see Fig. S2 in the supplemental material). Growth
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inhibition levels of =50% (MICs,) and =90% (MIC,,) were
achieved at concentrations of 1 and 4 jg/ml, respectively (see Fig.
S2). In checkerboard dilution, the combination of TSA with
caspofungin was additive (FICI, 1). No positive interaction was
found with voriconazole (FICI, 2; indifference). Azole-resistant
strains (F16134, F14946, F16216, and F12776) were also resistant
to TSA (MEC of =8 pg/ml), and there was no reduction of azole
resistance in the presence of TSA. The echinocandin-resistant
strain (EMFR-S678P) displayed a higher MEC (4 wg/ml). How-
ever, the combination of TSA with caspofungin was synergistic
against this strain (FICI of <0.5 for the criterion MICs,) (see Fig.
S2 in the supplemental material).

Experiments on solid medium confirmed the substantial
growth defect induced by TSA (Fig. 4). A conidiation defect, sim-
ilar to K27A-K271A mutation, was observed. TSA also potentiated
the effect of caspofungin and abolished the paradoxical response.
However, there was no positive interaction with voriconazole,
whose antifungal activity was even slightly decreased in the pres-
ence of TSA. The response to heat stress was conserved. Thus,
pharmacologic induction of acetylation by TSA had similar and
distinct effects in comparison to acetylation-mimicking muta-
tions of the K27 and K271 residues of Hsp90.
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DISCUSSION

As a chaperone, Hsp90 interacts with a large network of client
proteins, and posttranslational modifications, such as phosphor-
ylation and acetylation, are known to play important roles in its
activation and in the regulation of these interactions (13). While
Hsp90 is considered a major mammalian phosphoprotein, our
analysis revealed only three phosphorylated residues in A. fumiga-
tus Hsp90. Moreover, mutating these three phosphorylated resi-
dues did not have any discernible impact on Hsp90 function. A
similar mass spectrometric analysis in the yeast S. cerevisiae iden-
tified 10 phosphorylation sites in Hsp90 (15). Four serine residues
were found to play some role in Hsp90 function (S379, $485, S602,
and S604). Our analysis under the same nonstress conditions did
not detect phosphorylation at these sites, which suggests that im-
portant differences may exist in the phosphorylation profile and
mechanisms of activation of Hsp90 between yeasts and molds.
However, because phosphorylation is a substoichiometric and dy-
namic process (i.e., a variable ratio of a given protein being phos-
phorylated at a given time point), it is possible that some sites may
be undetected or become phosphorylated only under specific
stress conditions. Thus, despite the high confidence oflocalization
and sensitivity of such advanced phospho-enrichment MS tech-
niques, a complete determination of the phosphorylation profile
of a given protein still remains a challenge (37).

Internal acetylation of lysine residues has recently emerged as
an important posttranslational modification of Hsp90 (13, 16,
21). Mutation of K270 to arginine or glutamine in S. cerevisiae
Hsp90 resulted in increased susceptibility to geldanamycin, indic-
ative of altered Hsp90 function, which was enhanced by additional
K27 mutation (21). The K27 residue was found to be acetylated in
alysine deacetylase knockdown strain of S. cerevisiae, but its single
mutation to either arginine or glutamine did not result in any
impact on geldanamycin or azole susceptibility (21).

Here, we could demonstrate acetylation of K271 in A. fumiga-
tus Hsp90 (corresponding to K270 in S. cerevisiae and K294 in
human) after treatment with the deacetylase inhibitor TSA. Mu-
tation mimicking acetylation of this site, which was sufficient to
destabilize Hsp90 function in human and yeast (16, 21), had no
major impact in A. fumigatus. While acetylation of K27 could not
be induced by TSA in our study, mimicking acetylation of this
residue (K27A), similar to its deletion, affected Hsp90 function,
and the double K27A-K271A mutation significantly reduced A.
fumigatus growth and virulence. Most importantly, the single
K27A mutation had a specific impact on resistance to two major
classes of antifungal drugs, triazoles and echinocandins, while the
response to heat stress was conserved. This effect was attenuated
by a constitutively unacetylated status (K27R). The key role of K27
in antifungal resistance is unique to A. fumigatus as mutation of
K27 and/or K271 in S. cerevisiae to either acetylation- or deacety-
lation-mimicking residues did not have any impact on azole resis-
tance although this effect was achieved following knockdown of
certain lysine deacetylases (KDACs) (21). The acetylation status
and role of K27 are unknown in humans. Whether the K27 site
could be targeted for a fungal-specific inhibition of Hsp90 re-
mains to be investigated.

Our results seem to indicate that acetylation/deacetylation of
Hsp90 is a dynamic process which differentially governs the sus-
ceptibility to various stress conditions. For instance, we noted that
either K27 or K271 should be unacetylated to counteract heat

1894 aac.asm.org

stress. However, for tolerance to caspofungin or voriconazole,
deacetylation of K27 is required. We speculate that there may be a
coordinated balance between K27 and K271: the double K27A-
K271A mutation potentiated the effect of the single K27A muta-
tion on Hsp90 function, while K271A alone had no impact. It can
also be inferred that active deacetylation of K27 is required for
Hsp90 activation in antifungal resistance pathways as the K27R
mutation only partially improved the response to voriconazole
and caspofungin stress. Furthermore, K27 deletion was not equiv-
alent to either K27A or K27R mutations, suggesting that the dy-
namic process of acetylation/deacetylation is required for proper
Hsp90 function. While we do not know under which circum-
stances acetylation of these sites may occur in vivo, this analysis
shows that the critical functions of Hsp90 in virulence and anti-
fungal resistance can be crippled by acetylation. Further investi-
gating the Hsp90 acetylation profile under various stress condi-
tions may provide new insights into the complexity of this
dynamic process and its role in various stress responses.

Treatment with the lysine deacetylase inhibitor trichostatin A
(TSA) further highlighted the potential of acetylation as a prom-
ising antifungal strategy against A. fummigatus. Histone deacetylases
(HDAC:S), also referred to as lysine deacetylases (KDACs), were
initially described as enzymes involved in controlling the acetyla-
tion status of core histones, which determines the methylation
pattern of DNA and modulates gene expression (38). KDACs are
divided into three groups: class 1, RPD3 type; class 2, HDAI type;
and a third group that is absent in fungi. The ability of some of
them to deacetylate other proteins including Hsp90 was demon-
strated previously (17, 18). Here, we showed that TSA, which is a
broad-spectrum inhibitor of KDAC classes 1 and 2 and is known
to induce Hsp90 acetylation in eukaryotes (16, 18), was active
against A. fumigatus within an acceptable range of concentrations
and potentiated the effect of caspofungin, but not voriconazole.
Notably, TSA decreased resistance of an echinocandin-resistant
strain. In yeasts, TSA and other KDAC inhibitors demonstrated
very modest antifungal activity, despite their potentiating effect
onazoles (21, 35, 36). Recent work showed that this effect on azole
resistance is mediated via Hsp90 (21). Our data suggest a similar
Hsp90-mediated pathway but also mechanisms of action of TSA
that may be independent of Hsp90.

Analyses of the KDAC activity pattern in fungi revealed impor-
tant differences among yeasts and molds (39, 40), which could
explain these discrepancies. In Aspergillus nidulans, RpdA (class 1)
and HdaA (class 2) were shown to be the major contributors to the
total KDAC activity (40). Deletion of hdaA led to a major defect of
KDAC activity and hypersensitivity to oxidative stress (39). Inter-
estingly, deletion of rpdA (a class 1 KDAC), whose contribution to
KDAC activity is less important, was lethal in A. nidulans, and its
repression resulted in growth and conidiation defects that were
comparable to the phenotypic consequences of Hsp90 repression
in our previous works (7, 12, 41). Yeasts with deletion of the or-
tholog gene (rpd3) were still viable, and deletion of both rpd3 and
hdal resulted in decreased azole resistance similar to the effect of
pharmacologic inhibition by TSA (21). Differences regarding sus-
ceptibility to azoles were also observed following Hsp90 repres-
sion in A. fumigatus and C. albicans (6, 7, 10, 12). Taken together,
these data may explain the discrepancies in TSA activity against A.
fumigatus and C. albicans and further support the existence of
distinct activity patterns of KDACs in governing acetylation/

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

deacetylation processes and antifungal resistance between yeasts
and molds.

Further investigating the relationship between Hsp90 and
KDAC:s and their pathways in fungal virulence and resistance may
open perspectives for drug development of new antifungal classes
targeting acetylation mechanisms. The short half-life of TSA does
not make it a good candidate for in vivo use (42), but more stable
and more specific KDAC inhibitors have been developed and are
contemplated for application in anticancer therapy (43, 44). The
antifungal properties of these compounds deserve further consid-
eration.
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