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Heat shock protein 90 (Hsp90) is a eukaryotic molecular chaperone. Its involvement in the resistance of Candida albicans to
azole and echinocandin antifungals is well established. However, little is known about Hsp90’s function in the filamentous fun-
gal pathogen Aspergillus fumigatus. We investigated the role of Hsp90 in A. fumigatus by genetic repression and examined its
cellular localization under various stress conditions. Failure to generate a deletion strain of hsp90 suggested that it is essential.
Genetic repression of Hsp90 was achieved by an inducible nitrogen-dependent promoter (pniiA-Hsp90) and led to decreased
spore viability, decreased hyphal growth, and severe defects in germination and conidiation concomitant with the downregula-
tion of the conidiation-specific transcription factors brlA, wetA, and abaA. Hsp90 repression potentiated the effect of cell wall
inhibitors affecting the �-glucan structure of the cell wall (caspofungin, Congo red) and of the calcineurin inhibitor FK506, sup-
porting a role in regulating cell wall integrity pathways. Moreover, compromising Hsp90 abolished the paradoxical effect of
caspofungin. Pharmacological inhibition of Hsp90 by geldanamycin and its derivatives (17-AAG and 17-DMAG) resulted in sim-
ilar effects. C-terminal green fluorescent protein (GFP) tagging of Hsp90 revealed mainly cytosolic distribution under standard
growth conditions. However, treatment with caspofungin resulted in Hsp90 accumulation at the cell wall and at sites of septum
formation, further highlighting its role in cell wall stress compensatory mechanisms. Targeting Hsp90 with fungal-specific in-
hibitors to cripple stress response compensatory pathways represents an attractive new antifungal strategy.

The heat shock protein 90 (Hsp90) is a molecular chaperone
present in all eukaryotes (39). In fungi, Hsp90 has been

mainly studied in yeasts (3). Hsp90 of Saccharomyces cerevisiae
was found to be at the center of an extended network of key
signaling proteins or transcription factors involving more than
10% of the entire proteome (41). Moreover, Hsp90 has been
demonstrated to play an important role in the emergence of
resistance to azole and echinocandin antifungal drugs in Can-
dida albicans (5–9, 19, 28, 31).

The recent application of Hsp90 inhibitors as anti-cancer ther-
apy (38, 39) has raised considerable interest in this protein as a
target for new antifungal therapies. Geldanamycin (a benzoqui-
none ansamycin antibiotic binding to the ATP-binding pocket of
Hsp90) and its derivatives 17-(allylamino)-17-demethoxygel-
danamycin (17-AAG) and 17-dimethylaminoethylamino-17-de-
methoxygeldanamycin (17-DMAG) have demonstrated a poten-
tiating in vitro effect when combined with azoles or echinocandins
against C. albicans (8, 9, 28, 31). However, due to their toxicity,
their use in vivo could be assessed only in an invertebrate host
model (the wax moth, Galleria mellonella) (9). While deletion of
hsp90 was never achieved in yeasts, genetic repression was re-
ported for both S. cerevisiae and C. albicans and resulted in in-
creased susceptibility to azoles and echinocandins in vitro and in a
murine model of invasive candidiasis (8, 9, 31). Compromising
Hsp90 in C. albicans also revealed important functions of this
chaperone in morphogenesis and virulence, such as a regulatory
role in the temperature-dependent transition from yeasts to fila-
mentous growth (30). Filaments resulting from Hsp90 repression
mimicked those induced by cell cycle arrest and were associated
with cells of two-lobed morphology exhibiting defects in cytoki-
nesis, which further highlights a role in cell division and cell cycle
progression (29).

Little is known about the role of Hsp90 in molds such as Asper-

gillus fumigatus, one of the most important human pathogenic
fungi. Hsp90 inhibitors increased the effect of caspofungin in vitro
and in an invertebrate model of invasive aspergillosis (9, 28).
However, genetic repression of Hsp90 has never been achieved in
A. fumigatus or other molds, thus preventing further molecular
characterization of its actual role in growth, virulence, and drug
resistance. Here, we investigated the role of Hsp90 in A. fumigatus
via genetic and pharmacologic repression of Hsp90 and analyzed
its subcellular localization by GFP tagging. Our results suggest an
important role of Hsp90 in A. fumigatus conidiation and in cell
wall stress-compensatory mechanisms.

(This work was presented in part [P132] at the 5th Advances
Against Aspergillosis meeting in Istanbul, Turkey, 26 to 28 Janu-
ary 2012.)

MATERIALS AND METHODS
Strains, media, and culture conditions. The A. fumigatus akuBKU80

strain, which is auxotrophic for uracil/uridine and possesses an increased
rate of homologous recombination (11), was used as the transformation
recipient as well as the control strain. A. fumigatus wild-type strain
(AF293) DNA was used for molecular cloning. Cultures were grown at
37°C on glucose minimal medium (GMM) supplemented with 5 mM
uracil and 5 mM uridine as previously described (32), unless otherwise
specified. For the transformants harboring the nitrogen-inducible pniiA
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promoter, modified GMM containing various sources of nitrogen were
used to achieve repression of the promoter (14, 22): (i) ammonium min-
imal medium (AMM, with 20 mM ammonium tartrate [C4H12N2O6] as
the sole nitrogen source), (ii) GMM supplemented with ammonium
(GMM�Am, where 20 mM ammonium tartrate was added to GMM, thus
containing a concomitant source of nitrate sodium [NaNO3] to support
growth).

Escherichia coli DH5� competent cells (New England BioLabs,
Ipswich, MA) were used for cloning and grown in Luria-Bertani broth
(Fisher Scientific, Pittsburgh, PA) at 37°C with the addition of carbenicil-
lin. Transformations in A. fumigatus were performed as previously de-
scribed (27, 32).

A. fumigatus hsp90 gene deletion. Genetic deletion of hsp90 was
attempted by replacing the 2.2-kb hsp90 gene (Afu5g04170; www
.aspergillusgenome.org) with the 3.1-kb pyrG gene from Aspergillus para-
siticus as previously described (32). Approximately 1-kb upstream and
downstream flanking sequences of hsp90 were amplified from AF293
genomic DNA and cloned into plasmid pJW24 (32) to flank pyrG at SalI/
EcoRI and BamHI/NotI sites, respectively. The pyrG gene was used to
complement the uracil auxotrophy of both the A. fumigatus akuBKU80 and
AF293.1 strains (26).

Construction of the Hsp90 inducible strain (pniiA-Hsp90). In order
to modulate expression of hsp90, the promoter of the gene was replaced
with an inducible promoter (pniiA) as previously described (14, 27). This
nitrogen-dependent promoter is induced by the presence of nitrate in the
absence of ammonium, while repression is achieved by ammonium
whether nitrate is present or not (14, 22). The modified plasmid pBlue-
script II SK(-) containing the pniiA sequence from AF293 and the hygro-
mycin B resistance cassette (pBSK-pniiA) was used (27). A 1-kb sequence
of the 5= flanking region of hsp90 (located 0.6 kb upstream of hsp90, thus
excluding the putative site of the promoter) was amplified and cloned at
the KpnI/ApaI sites into pBSK-pniiA (left arm). The entire 2.2-kb se-
quence of hsp90 was cloned at the PstI/NotI sites (right arm). A sequence
including the left arm, the pniiA promoter, the hygromycin B resistance
cassette, and approximately 1 kb from the start codon of hsp90 that was
sequenced for the absence of mutation, was all amplified from this con-
struct and transformed into the akuBKU80 A. fumigatus strain. Transfor-
mants were selected by resistance to hygromycin B. Integration of the
construct was confirmed by PCR and Southern analysis using the digoxi-
genin PCR labeling system (Roche Applied Science, Indianapolis, IN).

Construction of the Hsp90-EGFP strain. Localization of Hsp90 was
achieved by fusion to the enhanced green fluorescent protein (EGFP). The
1-kb 3=-terminal sequence of hsp90 (excluding the stop codon) was am-
plified and cloned at the KpnI/BamHI sites in the N terminus of egfp in
plasmid pUCGH (20) (left arm). An approximately 1.5-kb sequence of the
3= flanking region of hsp90 was cloned at the HindIII site (right arm). The
resulting plasmid was linearized by KpnI and then transformed into
akuBKU80. Transformants were selected by resistance to hygromycin B
and verified via PCR and fluorescence microscopy. For fluorescence mi-
croscopy, the Hsp90-EGFP strain was grown in 5 ml GMM broth on
coverslips at 37°C for 16 to 20 h before visualization using an Axioskop 2
Plus microscope (Zeiss) equipped with AxioVision 4.6 imaging software
as previously described (18). Calcofluor white and propidium iodide were
used for costaining of the cell wall and the nuclei, respectively, as previ-
ously described (18).

Radial growth and conidiation. Conidia (104 each from the akuBKU80

and pniiA-Hsp90 strains) were inoculated on GMM, AMM, or
GMM�Am agar and incubated at 37°C. Colony diameters were measured
every 24 h for 5 days. Conidia were harvested after 5 days of incubation
and counted with a hemocytometer. All experiments were performed in
triplicate. The mean and standard deviation of the colony diameter and
conidial concentration (total number of conidia per mm2 of colony) were
calculated. For spore viability assays, 100 conidia of each strain grown
under repression conditions were spread on GMM agar and incubated at
37°C until the appearance of colonies. The number of growing colonies

was assessed for each strain in triplicate. For germination analysis, 104

conidia of each strain were inoculated in GMM or AMM broth and incu-
bated at 37°C. Conidia were counted, and germination was expressed as
the percent germlings present from 100 analyzed conidia at each time
point, determined in triplicate.

Quantification of �-1,3-glucan content. The �-1,3-glucan content of
the cell wall was measured by the aniline blue assay as previously described
(13). Fluorescence measurement was performed using an Flx800 fluores-
cence microplate reader (BioTek Instruments Inc., Winooski, VT) at
360-nm (�40) excitation and 460-nm (�40) emission wavelengths.
Curdlan (Sigma, St. Louis, MO) dilutions were used to generate a stan-
dard curve. Values are mean relative fluorescent units (RFU) per nmol
curdlan per milligram of mycelial tissue and standard deviations for trip-
licates.

Gene expression by real-time reverse transcription-PCR (RT-PCR).
To assess Hsp90 repression in the pniiA-Hsp90 strain, hsp90 expression
was measured under repression conditions (AMM) and compared to the
expression level in the akuBKU80 control strain. In order to investigate the
link between Hsp90 and conidiation, the expression of the brlA, abaA, and
wetA genes, known to be involved in conidial formation (10, 35), was
assessed. Expression of hsp90 was also measured in the wild-type (AF293)
under basal and various stress conditions to assess the role of Hsp90 in
various stress response mechanisms. Each strain was grown at a concen-
tration of 106 conidia/ml for 48 h at 37°C. RNA extraction, cDNA synthe-
sis, and real-time PCR assay were performed as previously described (12).
The 2���Ct analytic method (21) normalized to beta-tubulin was used to
calculate expression changes. Results are the means (� standard devia-
tions) from three triplicate assays.

Determination of Hsp90 inhibitors’ antifungal activity. The in vitro
antifungal activity of Hsp90 inhibitors was assessed against the wild-type
AF293 and akuBKU80 strains. The Hsp90 inhibitors geldanamycin (Sigma,
St. Louis, MO), 17-(allylamino)-17-demethoxygeldanamycin (17-AAG;
Selleck Chemicals, Houston, TX), and 17-dimethylaminoethylamino-17-
demethoxygeldanamycin (17-DMAG; Selleck Chemicals, Houston, TX)
were used alone or in a checkerboard combination with other antifungal
agents (caspofungin, nikkomycin Z, voriconazole, amphotericin B, and
FK506). Conidia (104) were inoculated on GMM agar containing a de-
fined dose of each drug. Growth was visualized after 5 days of incubation
at 37°C. For liquid medium assays, each strain was tested according to
Clinical and Laboratory Standards Institute (CLSI) standards (23). The
minimal effective concentration (MEC) was defined as the lowest concen-
tration of the drug that produced significantly abnormal growth (13).
Antifungal checkerboard interactions were assessed by the fractional in-
hibitory concentration index (FICI), with synergy defined as an FICI of
�0.5 (25).

Statistical analyses. Unpaired Student’s t test was used for compari-
son of two separate sets of independent samples. A P value of �0.05 was
considered statistically significant.

RESULTS
Hsp90 is likely an essential gene in A. fumigatus. As a first step
toward investigating the function of Hsp90 in A. fumigatus, we
attempted to delete the gene but were unsuccessful. Results from
three transformation attempts in two different recipient strains,
coupled with the previous reports in yeasts (2) and in the filamen-
tous fungus Neurospora crassa (4), led us to conclude that hsp90 is
an essential gene in A. fumigatus. We therefore generated the
pniiA-Hsp90 strain in which hsp90 was under the control of an
inducible nitrogen-dependent promoter (pniiA) (Fig. 1A). Proper
integration of the construct was verified by PCR and Southern
analysis using two different restriction enzyme digestions (Fig. 1A
and B). This strain exhibited an important aerial growth defect
and conidiation defect on AMM agar plates when ammonium was
used as the sole nitrogen source for maximal genetic repression
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(Fig. 1C and 2A). This effect was present at ammonium concen-
trations as low as 2 mM (Fig. 1C). When grown in liquid AMM
(with ammonium concentrations ranging from 2 to 20 mM), the
pniiA-Hsp90 strain displayed a near complete lack of hyphal
growth. RT-PCR analyses performed from this small amount of
tissue confirmed an 8.42-fold decrease (standard deviation [SD],
�1.02; P � 0.0001) in hsp90 expression compared to expression in
the akuBKU80 control strain.

Due to this severe growth defect in the presence of ammonium
as the sole nitrogen source, we used GMM supplemented with
ammonium (GMM�Am) in order to provide a concomitant
source of nitrate to support growth. Although this did not im-
prove the growth defect in liquid medium, aerial hyphal growth
was improved, and phenotypes that matched with pharmacolog-
ical repression of Hsp90 by geldanamycin were obtained on agar
plates (Fig. 1D). This growth medium (GMM�Am) was used to

test the phenotypic effect of Hsp90 repression under various stress
conditions.

Genetic repression of Hsp90 resulted in decreased hyphal
growth and a severe conidiation defect. Radial growth of the
pniiA-Hsp90 strain and the akuBKU80 strain (control) were similar
in the absence of ammonium (Fig. 1D). However, the pniiA-
Hsp90 strain under repression (AMM with 20 mM ammonium)
exhibited a 20% relative radial growth deficit compared to the
control strain (34.3 cm � 1.5 versus 43 � 4.6 at 5 days, respec-
tively; P � 0.04) (Fig. 2A and B) and a complete lack of aerial
hyphal growth (Fig. 2A). When grown on AMM, the pniiA-Hsp90
strain was unable to produce conidia despite prolonged incuba-
tion. After growth for 5 days on GMM�Am (with 20 mM ammo-
nium), the pniiA-Hsp90 strain showed a similar radial growth
defect (25% reduction compared to the control strain) (Fig. 1D).
However, aerial hyphal growth and a few conidia were observed

FIG 1 Genetic construction of the pniiA-Hsp90 strain and phenotypes under Hsp90 repression. (A) Schematic representation of the genomic locus of hsp90 in
the wild-type (WT) and pniiA-Hsp90 strains. Correct integration of the left arm (LA, consisting of a 1-kb sequence located downstream of the putative hsp90
encoding gene) and the right arm (1-kb 5=-end sequence of hsp90) was confirmed by Southern analysis using the left arm sequence as the probe (P) and two
different enzyme digestions (BamHI and SacII). Hph, hygromycin B resistance cassette; pniiA, nitrogen-dependent inducible promoter. (B) Southern analysis of
the pniiA-Hsp90 strain. Digestion with BamHI revealed 2-kb and a 4-kb fragments in the wild-type and pniiA-Hsp90 strains, respectively. Digestion with SacII
shows a 5.6-kb fragment (wild type) and a 2.7-kb fragment (pniiA-Hsp90). (C and D) Morphological changes of the pniiA-Hsp90 strain grown under different
levels of ammonium for Hsp90 genetic repression compared to the akuBKU80 control strain. (C) AMM (where ammonium is the unique source of nitrogen); (D)
GMM�Am (ammonium with a concomitant and constant source of nitrate), which is comparable to the pharmacologic inhibition of Hsp90 with geldanamycin
(concentrations ranging from 0 to 8 	g/ml) in the akuBKU80. Pictures were taken after 5 days of growth at 37°C.
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(1,861 � 568 conidia/mm2 versus 1.41 
 106 � 0.18 
 106 in the
control strain; P � 0.001). These few conidia lacked green pig-
mentation. Additionally, pniiA-Hsp90 under repression did not
grow on rich nutrient media, such as yeast extract peptone dex-
trose and Sabouraud’s dextrose agar.

Light microscopy of the pniiA-Hsp90 strain under repression
showed both hyphae and conidia that appeared similar to those of
the control strain. Normal hyphal and conidial structures were
subsequently confirmed by scanning electron microscopy (data
not shown).

Because of the severe conidiation defect under Hsp90 repres-
sion, we quantified the expression of brlA, abaA, and wetA, three
genes encoding transcription factors that are known to control
asexual sporulation in Aspergillus species (10, 35). Compared with
the akuBKU80 strain, pniiA-Hsp90 under repression exhibited a
significant decrease in the expression of brlA (70.2- � 5.5-fold
decrease; P � 0.0004), abaA (7.8- � 2.6-fold decrease; P � 0.008),
and wetA (4.5- � 1.4-fold decrease; P � 0.003) (Fig. 2C).

Quantification of germination in liquid AMM revealed both a
delay and a defect in germination. While the akuBKU80 control
strain achieved 100% germination after approximately 9 h, germi-
nation of pniiA-Hsp90 reached 50% after 4 days and did not ex-
ceed this level despite prolonged incubation (Fig. 2D). Although

initial germ tub emergence could be observed, we did not see any
hyphal elongation. Results of the spore viability assay showed a
28% decrease in spore viability of the pniiA-Hsp90 strain com-
pared to that of the control strain under repression (89 � 13.9
versus 122.7 � 0.6 growing colonies, respectively; P � 0.014).

Pharmacological inhibition of Hsp90 mimics but does not
equal Hsp90 genetic repression. In order to compare the effect of
the currently available Hsp90 inhibitors with the Hsp90 repressive
growth phenotypes, we first determined the minimal effective
concentration (MEC) of the Hsp90 inhibitor geldanamycin to be
4 	g/ml, while that of its analogs 17-AAG and 17-DMAG was 8- to
10-fold higher. At these concentrations, light microscopy revealed
a similar morphology to that resulting from genetic repression
with apparently normal hyphae. On GMM agar plates, exposure
to Hsp90 inhibitors resulted in similar morphological alterations
observed in the pniiA-Hsp90 strain under repression, demon-
strating a substantial, albeit somewhat less severe, conidiation de-
fect and a moderate reduction of radial growth (Fig. 1D). Current
Hsp90 inhibitors thus revealed only a limited efficacy against A.
fumigatus, indicating a requirement for high doses.

Hsp90 repression led to increased sensitivity to caspofungin
and abolition of the paradoxical effect. We then investigated the
impact of Hsp90 repression under various stress conditions. Due

FIG 2 Hyphal growth, germination, and conidiation defects of the pniiA-Hsp90 strain under Hsp90 repression. (A) Culture morphology of the control akuBKU80

and the pniiA-Hsp90 strains on AMM (20 mM ammonium as the sole nitrogen source) showing both radial growth (top) and aerial growth (bottom). Pictures
were taken after 5 days of growth at 37°C. (B) Hyphal growth (colony diameter, in mm) of the control akuBKU80 strain (black bars) and the pniiA-Hsp90 strain
(gray bars) over 5 days on AMM (20 mM ammonium). Results are means � SD for triplicates. (C) Quantification of the transcription of the conidiation-specific
genes brlA (black bar), abaA (dark gray bar), and wetA (light gray bar) via real-time reverse transcription-PCR in the pniiA-Hsp90 strain under repression
conditions (20 mM ammonium). Results are mean fold change (2���CT) � SD compared to the wild-type (dotted line). (D) Germination rate (expressed as the
mean percentage of germlings observed in triplicates � SD) of the pniiA-Hsp90 strain (black bars) over time on AMM (20 mM ammonium). Emergence of germ
tubes (black arrows) was achieved in only 50% of conidia after 4 days, while hyphal elongation was absent. The picture was taken after 4 days of growth at 37°C.
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to the severe growth deficit of the pniiA-Hsp90 strain under basal
growth conditions on AMM, we used GMM�Am (GMM supple-
mented with 20 mM ammonium).

As the cell wall inhibitor caspofungin has been shown to in-
crease the effect of Hsp90 inhibitors against C. albicans (31) and A.
fumigatus (9), we investigated its effect on the pniiA-Hsp90 strain
under repression. While radial growth was decreased approxi-
mately 20% in the untreated pniiA-Hsp90, the addition of caspo-
fungin resulted in a considerably increased inhibition of growth
compared to the control strain (Fig. 3B). Hsp90 genetic repression
combined with caspofungin (�0.25 	g/ml) yielded very small
colonies that did not exhibit any radial hyphal growth despite
prolonged incubation time. Moreover, the decreased efficacy of
caspofungin at higher concentrations (�2 	g/ml), known as
the “paradoxical effect” (40), was abolished in the pniiA-Hsp90
strain under repression, while it was present in the control
strain (Fig. 3B).

As observed with the genetic repression of Hsp90, we con-
firmed that Hsp90 inhibitors strongly potentiate the effect of
caspofungin (Fig. 3B). The loss of paradoxical response to caspo-
fungin at concentrations �2 	g/ml was similarly observed after
pharmacological inhibition of Hsp90 (Fig. 3B). However, in
checkerboard dilutions, the MEC of both drugs in combination
did not reach the criteria for synergism (FICI � 1.5).

An additive effect of Hsp90 repression was also observed in the
presence of the calcineurin inhibitor FK506 (Fig. 3C), yet to a
lesser extent than the combination of Hsp90 repression with
caspofungin. No additive effect was observed with the combina-
tion of Hsp90 genetic or pharmacologic repression and nikkomy-
cin Z, voriconazole, or amphotericin B.

Hsp90 is involved in maintenance of cell wall integrity. We
assessed the effect of Hsp90 repression along with other physical
or chemical stress conditions. As Hsp90 is a heat stress protein, we
first tested the effect of heat (55°C), which resulted in a complete
lack of growth (Fig. 3C). Compared to the akuBKU80 strain, pniiA-
Hsp90 under repression was more sensitive to the cell wall inhib-
itor Congo red, including a complete lack of growth at a concen-
tration as low as 10 	g/ml (Fig. 3C). However, in the presence of
calcofluor white (preferential binding to chitin) or calcium chlo-
ride (that does not directly affect the cell wall), the hyphal growth
of pniiA-Hsp90 under repression was altered in a similar propor-
tion as the control strain.

To further investigate a possible link between Hsp90 and the
�-glucan synthesis pathway, we measured the total �-1,3-glucan
content of the cell wall. While �-1,3-glucan content of pniiA-
Hsp90 and akuBKU80 was found to be similar in the absence of
ammonium, there was a 19% decrease in pniiA-Hsp90 under re-

FIG 3 Effect of Hsp90 repression in cell wall stress response. (A) Transcriptional profile of hsp90 in the A. fumigatus wild-type strain (AF293) under various stress
conditions: heat stress (black bar, 23 h growth at 37°C followed by heat shock 55°C for 1 h), caspofungin treatment (dark gray bar, 24 h growth in the presence
of 1 	g/ml caspofungin) and FK506 treatment (light gray bar, 24 h growth in the presence of 20 ng/ml FK506). Results are presented as the mean fold change
(2���CT) for triplicates � SD compared to the wild-type values under basal growth conditions (dotted line; 37°C, no treatment). (B) Genetic and pharmacologic
inhibition of Hsp90 increases the effect of caspofungin and abolishes the paradoxical effect of caspofungin. Growth of akuBKU80 (control), pniiA-Hsp90 under
genetic Hsp90 repression conditions (GMM�Am with 20 mM ammonium) and AF293 (wild type) under pharmacologic Hsp90 inhibition (geldanamycin
[GdA], 8 	g/ml) with increasing caspofungin concentrations (0.125 to 4 	g/ml). Pictures were taken after 5 days of growth at 37°C. (C) Comparative growth of
the akuBKU80 and pniiA-Hsp90 strains under various stress conditions on GMM�Am (20 mM ammonium). The pniiA-Hsp90 strain is unable to grow under heat
stress (55°C) and in the presence of Congo red (binding to the cell wall). The effect of FK506 (calcineurin inhibitor) is increased by concomitant Hsp90
repression. Pictures were taken after 5 days of growth. (D) The cell wall stabilizer sorbitol (at a concentration of 1 M) remediates the conidiation defect of the
pniiA-Hsp90 strain under repression conditions (GMM�Am with 20 mM ammonium), as shown by the greenish appearance of the colonies. This effect was also
observed in the presence of caspofungin or FK506. Pictures were taken after 5 days of growth at 37°C.
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pression compared to the control strain (3.69 � 0.18 versus
4.56 � 0.25 RFU/nmol curdlan/mg; P � 0.008).

Because repression of Hsp90 had an inhibitory effect on hyphal
growth and conidiation indicative of cell wall stress, we examined
if sorbitol, an osmotic cell wall stabilizer, could remediate these
defects. Although sorbitol (1 M) did not restore the hyphal growth
defect of the pniiA-Hsp90 strain under repression, it remediated
the conidiation defect, as noted by the greenish colony appearance
(Fig. 3D). The pniiA-Hsp90 strain under repression was also able
to partially conidiate when grown in glucose enriched GMM (5%
glucose) in the absence of sorbitol.

To further support the role of Hsp90 in response to heat stress,
as well as caspofungin and FK506 stress, we investigated the gene
expression profile of hsp90 in the wild-type strain (AF293). As
expected, transcription of hsp90 was found to substantially in-
crease (83.1 � 37.1-fold increase; P � 0.0002) in response to heat
stress. However, caspofungin induced a significant decrease of

hsp90 expression (1.74 � 0.01-fold decrease; P � 0.01). A similar
effect, albeit not statistically significant, was observed with the
calcineurin inhibitor FK506 (1.54 � 0.39-fold decrease; P � 0.08)
(Fig. 3A).

Subcellular localization patterns of Hsp90 indicate its multi-
functional role under normal growth and cell wall stress condi-
tions. To examine the localization pattern of Hsp90 in hyphae
both under normal growth and stress-induced conditions, a strain
expressing Hsp90-EGFP fusion protein was generated by tagging
egfp to the C terminus of hsp90 at its native locus (Fig. 4A). Under
standard growth conditions, Hsp90 was found distributed widely
in the cytosol (Fig. 4B and C), and this localization was not af-
fected by treatment with nikkomycin Z, FK506, or Hsp90 inhibi-
tors (geldanamycin, 17-AAG, and 17-DMAG) (data not shown).
Hsp90 was also localized to punctate structures (Fig. 4B and C)
and in the nucleus in some hyphae, although it did not appear to
be related to any specific growth condition. With various concen-

FIG 4 Localization of Hsp90-EGFP under standard growth conditions (untreated) and under caspofungin exposure. (A) Schematic representation of the
genomic locus of hsp90 in the wild-type (WT) and the Hsp90-EGFP strains. The enhanced green fluorescent protein gene (egfp) and the hygromycin B resistance
cassette (Hph) were linked to the 3=-end of the hsp90 gene by homologous recombination of the left arm (LA, consisting of the 1-kb terminal sequence of hsp90)
and the right arm (RA, a 1.5-kb sequence downstream of hsp90). Correct integration of the genetic construct was confirmed by PCR analysis showing a 2.3-kb
band in the Hsp90-EGFP strain and no amplification in the control strain. (B and C) Localization of Hsp90-EGFP under standard growth conditions (untreated).
Hsp90 is widely and homogenously distributed within the cytosol with the presence of some dotted (or punctate) structures (white arrows). (D and E) In the
presence of low caspofungin concentration (0.125 	g/ml), Hsp90 moves from the cytosol to the cell wall and the tips of hyphae or to the sites of septum formation
(white arrows). (F and G) At a higher caspofungin concentration (0.25 	g/ml), while more hyphal lysis is observed (dotted black arrows), Hsp90 further
accumulates at the sites of hyphal regeneration, such as sites of septum formation (white arrows) (F) and tips of intrahyphal hyphae (arrowheads) (G). (H to O)
Costaining with calcofluor white (blue) confirms the localization of EGFP-Hsp90 (green) in the cell wall and septa (white arrows). Panels I, K, M, and O show
overlay pictures. Pictures were taken by fluorescence microscopy after 17 h growth on coverslips in liquid GMM at 37°C. Bar, 10 	m.
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trations of caspofungin treatment (0.125 to 1 	g/ml), Hsp90 ac-
cumulated at points of hyphal damage along the cell wall and at
the septa (Fig. 4D, E, and F). Several points of intrahyphal hyphae
were also decorated by the concentration of Hsp90 close to regions
of newly forming hyphal tips (Fig. 4G). The localization of Hsp90
at the sites of cell wall regeneration was confirmed by costaining
with calcofluor white (Fig. 4H to O). These observations suggest a
role for Hsp90 in a cell wall repair mechanism.

Localization of Hsp90 was also assessed after various other
stress conditions. Glucose starvation and nitrogen deprivation
both resulted in the formation of multiple dots within the cytosol
(Fig. 5A and B). A shift from the cytosol to the nucleus was ob-
served after heat shock (Fig. 5C) and confirmed by costaining with
propidium iodide (Fig. 5D), which suggests a role of Hsp90 in
transcriptional regulation during heat stress response. In agree-
ment with these results, we have identified a predicted nuclear
localization sequence (NLS) in A. fumigatus Hsp90 at its N termi-
nus (248-KKKKKKTKTVK-258) by the NLStradamus program
(http://www.moseslab.csb.utoronto.ca/NLStradamus/) (24).

DISCUSSION

In this study, we investigated the role of Hsp90 in Aspergillus fu-
migatus. Failure to delete hsp90 suggested its essentiality for fungal
survival, in concordance with previous attempts reported for Neu-
rospora crassa (4) and S. cerevisiae (2). While strains with low
Hsp90 expression levels have been constructed in yeasts (8, 9), we
achieved for the first time the genetic repression of Hsp90 in a
filamentous fungus. Hsp90 repression resulted in major distur-
bances in A. fumigatus conidiation, germination, and hyphal
growth. The 8- to 9-fold decrease of Hsp90 expression measured
from the very few conidia that were able to produce hyphae should
be interpreted cautiously, as the actual level of Hsp90 repression in
the majority of conidia that were not viable or unable to grow

could not be assessed. The important decrease in spore viability
and the severe aerial growth defect observed under strict Hsp90
repression conditions (i.e., ammonium as the sole nitrogen
source) confirmed the essential role of Hsp90 but prevented fur-
ther characterization of the phenotypic consequences of Hsp90
and its role in stress responses. Although the use of repressible
promoters may be helpful in characterizing the essential role of a
defined gene (14), we conclude that their utility in studying the
function of a gene can be limited. We finally achieved a model of
genetic repression using ammonium with a concomitant nitrate
source (GMM�Am), which resulted in an effect similar to the
pharmacologic inhibition by geldanamycin and an acceptable
level of growth to pursue our aim of better defining Hsp90 func-
tion.

While the growth defect was increased in the presence of drugs
or environmental agents stressing the fungal cell wall through in-
hibition of its �-1,3-glucan component, those affecting its chitin
component or the cell membrane did not show any additional
impact. Hsp90 repression in combination with the �-1,3-glucan
synthase inhibitor caspofungin caused complete growth inhibi-
tion at concentrations corresponding to the caspofungin thera-
peutic range in humans and also abolished the paradoxical effect
of caspofungin (i.e., decreased efficacy at increasing concentra-
tions). The �-1,3-glucan concentration of the cell wall was found
to be slightly decreased following Hsp90 repression. These obser-
vations suggest a role for Hsp90 in A. fumigatus growth and in the
maintenance of cell wall integrity, possibly linked with the �-
glucan synthesis axis. Hsp90 localization showing a shift of Hsp90
from the cytosol to the cell wall and the sites of hyphal regenera-
tion during caspofungin exposure supported this hypothesis.
The decreased expression of Hsp90 under caspofungin exposure
in the wild-type strain also supports a role of Hsp90 in response to

FIG 5 Localization of Hsp90-EGFP under various stress conditions. The Hsp90-EGFP strain was grown for 19 h on coverslips in liquid GMM at 37°C and then
exposed to the stress condition (heat shock [55°C] or glucose or nitrogen starvation) for 1 h, before observation by fluorescence microscopy. Bar, 10 	m. (A)
Glucose starvation. Hsp90 remains widely distributed in the cytosol, while more dotted structures are observed (compared to the standard growth conditions).
(B) Nitrogen starvation. Many dotted structures are observed, similarly to glucose starvation. (C) Heat shock at 55°C. Hsp90 moves from the cytosol to the nuclei
(white arrows). (D) Costaining with propidium iodide confirms the nuclear localization of EGFP-Hsp90 on the overlay picture.

Lamoth et al.

1330 ec.asm.org Eukaryotic Cell

http://www.moseslab.csb.utoronto.ca/NLStradamus/
http://ec.asm.org


the stress induced by this drug, although it could result from an
indirect effect.

As a molecular chaperone, Hsp90 controls a myriad of proteins
and signaling pathways, either by physical interactions or by reg-
ulation of their expression (39, 41). In other fungi, one of the most
important client proteins of Hsp90 is calcineurin (16). The role of
Hsp90 in azole and echinocandin resistance of C. albicans was
shown to be mediated by the calcineurin pathway (7, 8, 31). Our
finding that the effect of the calcineurin inhibitor FK506 was in-
creased after Hsp90 repression supports this link in A. fumigatus.
Comparison of Hsp90 genetic repression and calcineurin deletion
(in the �cnaA strain from our previous work) (12, 13, 32, 33)
shows some similarities supporting this link, such as the lower cell
wall �-1,3-glucan content, the increased susceptibility to caspo-
fungin, and the abolition of the caspofungin paradoxical effect.
However, compromising Hsp90 had no further impact on the
action of the chitin synthase inhibitor nikkomycin Z, while cal-
cineurin inhibition resulted in increased sensitivity (33). Our re-
cent work also found both calcineurin subunits localized at the
hyphal septum and tip under basal growth conditions and this
localization was not altered in the presence of cell wall stress agents
(17, 18). Hsp90 was visualized at the septum, but this localization
was specifically observed in response to the stress induced by
caspofungin and not under basal conditions or with concomitant
calcineurin inhibition by FK506. Taken together, these data sug-
gest that mechanisms involved in the stress response against
caspofungin and the maintenance of the cell wall integrity are
complex and may be under the control of Hsp90 in concert with
the calcineurin pathway.

We did not find any previous report of a role for Hsp90 in
conidium formation in Aspergillus species. Deletion of the heat
shock transcription factor hsf2 has been associated with an altered
expression profile of hsp90 and an aconidial phenotype in N.
crassa (37). In S. cerevisiae, compromising Hsp90 function also
resulted in defective spore formation (36). Nutrient limitation
triggers asexual sporulation and conidium formation in Aspergil-
lus spp. (1). The fact that pniiA-Hsp90 had an aerial growth defect
and did not grow on enriched media might suggest a role for
Hsp90 in environmental sensing. This conidiation defect could be
partially reversed under various growth conditions, such as an
osmotically stabilized environment (sorbitol) or an increase in
glucose content.

Our finding that Hsp90 moved from the cytosol to the nucleus
during heat stress and the presence of a predicted nuclear local-
ization sequence (NLS) in Hsp90 suggests that it might have a role
in transcriptional regulation. While Hsp90 repression was associ-
ated with a significant decrease of the expression of the conidia-
tion-specific genes brlA, abaA, and wetA, we cannot determine if
this is the result of a direct transcriptional regulatory effect of
Hsp90 or of an indirect effect. The brlA gene is the first key tran-
scription factor to be activated in the conidiation process, which
then activates abaA during the middle stage of conidiation and
wetA at the later stage of spore wall synthesis (35). These genes are
also involved in the synthesis of the conidial wall pigment (35),
which was absent under Hsp90 repression.

As previously suggested (5, 8, 9), there are significant differ-
ences in the chaperoning network of Hsp90 and/or the Hsp90-
calcineurin interaction between yeasts and molds, possibly result-
ing in different mechanisms of resistance to various classes of
antifungal agents. Neither calcineurin nor Hsp90 repression en-

hanced the effect of voriconazole in A. fumigatus (34). This con-
trasts with the positive interaction reported for both calcineurin
and Hsp90 with azoles in C. albicans (8, 9). As previously de-
scribed for C. albicans (29, 30), compromising Hsp90 in A. fu-
migatus resulted in important defects in morphogenesis. Al-
though a full comparison is not possible between these two
evolutionarily distant fungi, we also found substantial defects in A.
fumigatus morphogenesis, including the processes of conidiation,
germination, and hyphal elongation. Fluorescent labeling of
Hsp90 was performed in S. cerevisiae and revealed the same cyto-
solic and nuclear localization under basal conditions (15, 36). A
shift from the cytosol to the nucleus was seen in quiescent cells,
but not following heat stress or any other stress conditions (36).
We did not find any previous report of a shift of Hsp90 to the sites
of stress and regeneration induced by an antifungal drug.

In conclusion, this first report of Hsp90 genetic compromise in
A. fumigatus revealed various important phenotypic conse-
quences, confirming the crucial role of this heat stress protein in
multiple essential functions for fungal survival and stress adapta-
tion. The mechanisms by which Hsp90 controls these functions
remain to be fully investigated. Our next objectives are to further
define the network and interactions of Hsp90 via phosphopro-
teomic analyses and to better characterize the role of Hsp90 in
stress responses by targeting the promoter of hsp90 via different
approaches such as substitution by other repressible or constitu-
tive promoters and serial truncations of the promoter. Hsp90 also
represents an attractive antifungal target against invasive aspergil-
losis. However, the currently available Hsp90 inhibitors had lim-
ited efficacy and displayed a fungicidal effect in combination with
caspofungin only at high concentrations (i.e., beyond the maximal
tolerated dose in humans) (38). As geldanamycin and its deriva-
tives are not specific to fungal Hsp90, their low toxic threshold
combined with their high MEC against both C. albicans and A.
fumigatus limit their use for the treatment of fungal diseases. New
drugs specifically targeting fungal Hsp90 are warranted.
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