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ABSTRACT Ergosterol is a major and specific component of the fungal plasma membrane, and thus, the cytochrome P450 en-
zymes (Erg proteins) that catalyze ergosterol synthesis have been selected as valuable targets of azole antifungals. However, the
opportunistic pathogen Aspergillus fumigatus has developed worldwide resistance to azoles largely through mutations in the
cytochrome P450 enzyme Cyp51 (Ergl1). In this study, we demonstrate that a cytochrome b,-like heme-binding damage resis-
tance protein (Dap) family, comprised of DapA, DapB, and DapC, coordinately regulates the functionality of cytochrome P450
enzymes Erg5 and Ergl1 and oppositely affects susceptibility to azoles. The expression of all three genes is induced in an azole
concentration-dependent way, and the decreased susceptibility to azoles requires DapA stabilization of cytochrome P450 protein
activity. In contrast, overexpression of DapB and DapC causes dysfunction of Erg5 and Ergl1, resulting in abnormal accumula-
tion of sterol intermediates and further accentuating the sensitivity of AdapA strains to azoles. The results of exogenous-hemin
rescue and heme-binding-site mutagenesis experiments demonstrate that the heme binding of DapA contributes the decreased

azole susceptibility, while DapB and -C are capable of reducing the activities of Erg5 and Ergl1 through depletion of heme. In
vivo data demonstrate that inactivated DapA combined with activated DapB yields an A. fumigatus mutant that is easily treat-
able with azoles in an immunocompromised mouse model of invasive pulmonary aspergillosis. Compared to the single Dap pro-
teins found in Saccharomyces cerevisiae and Schizosaccharomyces pombe, we suggest that this complex Dap family regulatory
system emerged during the evolution of fungi as an adaptive means to regulate ergosterol synthesis in response to environmental

stimuli.
IMPORTANCE

Knowledge of the ergosterol biosynthesis route in fungal pathogens is useful in the design of new antifungal

drugs and could aid in the study of antifungal-drug resistance mechanisms. In this study, we demonstrate that three cytochrome
bs-like Dap proteins coordinately regulate the azole resistance and ergosterol biosynthesis catalyzed by cytochrome P450 pro-
teins. Our new insights into the Dap regulatory system in fungal pathogens may have broad therapeutic ramifications beyond
their usefulness for classic azole antifungals. Moreover, our elucidation of the molecular mechanism of Dap regulation of cyto-
chrome P450 protein functionality through heme-binding activity may extend beyond the Kingdom Fungi with applicability

toward Dap protein regulation of mammalian sterol synthesis.
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terols are major components of most eukaryotic plasma mem-

branes and have been shown to be responsible for a number of
biological functions, such as membrane fluidity and the functions
of integral membrane proteins (1-6). Eukaryotic kingdoms differ
in the precise structure of sterols such that animals synthesize
cholesterol, plants synthesize sitosterol, campesterol, and stigmas-
terol, and fungi synthesize mainly ergosterol. Common to all ste-
rols is having the saturated bond at C-5,6 and the presence of the
hydroxyl group at C-3. Ergosterol differs from cholesterol by the
presence of unsaturated bonds at C-7,8 in the ring structure and
C-22 in the side chain and by the presence of a methyl group at
C-24 on the side chain (7). Thus, ergosterol biosynthetic compo-
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nents specific to fungi have been selected as the targets for most of
the antifungal compounds currently used in agricultural settings
and in combating human infections.

A valuable class of antifungals, the azoles, specifically target
Cyp51 (Ergll), a cytochrome P450 monooxygenase also known
as lanosterol demethylase, which is critical for ergosterol synthesis
(8). Cytochrome P450 proteins are characterized by the spectral
absorbance of a cysteine-linked heme molecule at the active site
(9, 10). The human pathogen Aspergillus fumigatus contains two
Cyp51 (Ergl1A and -B [Ergl11A/B]) paralogs, encoded by ergl 1A
(Afu4g06890) and ergl1B (Afu7g03740), that are 60% homolo-
gous with each other and act in a compensatory manner in the
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ergosterol biosynthesis pathway (11). It is postulated that cyp51A
(ergl 1A) may encode the major sterol 14-alpha-demethylase (12),
with Cyp51B (Ergl1B) either being functionally redundant or
having an alternative function under particular unknown growth
conditions (13, 14). Both Cyp51 paralogs locate to the endoplas-
mic reticulum, and deletion of both genes is required for lethality
(14). Over the last few decades, the most common mechanism of
resistance to azole antifungals observed in A. fumigatus samples
isolated in the clinical and environmental milieux is related to
point mutations in Cyp51A (Ergl1A) (15, 16), called hot spots,
that alter the drug-enzyme interaction. Mutations in Cyp51A
(Ergl1A) may directly restrict the docking of the drug, reduce the
affinity of the target by altering the structure of the opening in
each molecule, or change the position of the heme-binding mol-
ecule (17). Therefore, itraconazole (ITZ) and voriconazole
(VOR), commonly used as the first-choice therapies for acute al-
lergic aspergillosis or invasive aspergillosis because of their limited
side effects in the host (18), are increasingly less efficacious for
treatment of A. fumigatus infections.

Dapl (damage resistance protein 1) was first identified in the
budding yeast Saccharomyces cerevisiae in relation to DNA damage
resistance (19-21). Dapl is a predicted 25-kDa protein that is
comprised largely of a heme 1 domain and has significant homol-
ogy with cytochrome b, which positively regulates some reactions
catalyzed by cytochrome P450 proteins (22). Cytochrome b5 con-
tains protoporphyrin IX, which possibly serves as an electron
transfer link between NADH and cytochrome cand is known to be
involved as an electron transfer component in a number of oxida-
tive reactions in biological tissues (23). Several studies have indi-
cated that a Dapl defect partially arrests sterol synthesis at the
stage catalyzed by Ergll (19). In addition, Dapl predominantly
localizes to vacuole membranes and endosomes and mediates a
functional link between sterol synthesis and iron homeostasis in
yeasts (10). To date, the Dap1 homolog in the filamentous fungus
A. fumigatus has not been identified. Based on a genome-scale
homologue search, we find that most fungal pathogen genomes
contain three Dap proteins, but notably, the nonpathogenic yeasts
Schizosaccharomyces pombe and Saccharomyces cerevisiae contain
only one Dap protein. We ask what the significance of the Dap
proteins is for sterol biosynthesis and azole susceptibility in patho-
gens, including the three copies of Dap proteins. Answering these
questions may yield promising and unexpected insights into the
understanding of the molecular mechanisms involved in the reg-
ulation of the ergosterol biosynthesis pathway and azole resis-
tance.

Here, we find that in A. fumigatus, three members of the Dap
family, DapA, DapB, and DapC, all share a conserved cytochrome
bs-like heme-binding domain. DapA predominantly controls sus-
ceptibility to azoles by stabilizing two cytochrome P450 ergosterol
biosynthesis enzymes, Ergll and Erg5, while DapB and DapC
have roles opposite to that of DapA through competitive heme
binding that leads to loss of Erg5 and Ergll activity. Conse-
quently, overexpression of DapB or DapC exacerbates azole sus-
ceptibility and induces a severely abnormal ergosterol biosynthe-
sis profile in the absence of DapA. Our in vivo data demonstrate
that the Dap family proteins coordinately regulate azole suscepti-
bility in an immunocompromised mouse model of invasive pul-
monary aspergillosis.
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RESULTS

Three predicted yeast dap orthologs, dapA, -B, and -C, in A. fu-
migatus respond to azole stress. Based on the sequences of Dap
protein family members retrieved from the NCBI Reference Se-
quence Database for fungi and the Ensembl Genome Browser for
humans and mice, using the BLAST algorithm with a cutoff value
of 107>, a genome-scale homologue search showed that the
S. pombe genome encodes only one copy of the Dap protein (i.e.,
Dapl or DapA), as does the genome of S. cerevisiae. However,
most fungal pathogens and filamentous fungi encode three Dap
proteins, referred to as DapA, DapB, and DapC. Putative DapB
and -C homologs are present in mammalian genomes, while
DapA is specific to fungi (see Fig. S1 in the supplemental mate-
rial). Similar to all fungal pathogen species selected, there are three
predicted Dap homologs in A. fumigatus (GenBank accession
numbers XP_754570, XP_753017, and XP_752200 that share high
sequence similarity to S. cerevisiae Dapl, especially in the cyto-
chrome b;-like heme-binding domain, but low homology with a
mammalian homolog, the membrane-associated progesterone re-
ceptor. Subsequent BLAST analysis in the S. cerevisiae genome
database using the A. fumigatus sequences with GenBank acces-
sion numbers XP_754570, XP_753017, and XP_752200 as queries
identified Dap1 as the top hit, suggesting that these A. fumigatus
sequences and Dapl are potential orthologs. We consequently
named these three proteins DapA (GenBank sequence accession
number XP_754570), DapB (GenBank sequence accession num-
ber XP_752200), and DapC (GenBank sequence accession num-
ber XP_753017). On the basis of the full-length sequences, DapA,
DapB, and DapC contain 155, 127, and 243 amino acid residues
and display 49%, 36%, and 38% sequence similarity, respectively,
to S. cerevisiae Dapl. Moreover, according to SMART protein and
TMHMM transmembrane analysis, all three predicted Dap pro-
teins contain the cytochrome bs-like heme-binding domain, but
only DapA has a predicted transmembrane domain, which starts
at position 7 and ends at position 24 of the DapA protein sequence
(Fig. 1A).

To test whether these three predicted Dap family members
could respond to azole stresses, we next generated strains SJX01,
SJX02, and SJX03, which express them from their genomes as
green fluorescent protein (GFP)-tagged fusion proteins, by insert-
ing the gene for the GFP tag at the end of the gene that encodes the
C-terminal end of the product. All of the Dap-GFP transformants
identified showed growth phenotypes similar to that of the paren-
tal strain, with or without treatment by azole drugs. Next, a West-
ern blotting experiment was carried out to analyze the molecular
masses of DapA, -B, and -C. After accounting for GFP as a 27-kDa
protein, the relative molecular masses for DapA, -B, and -C were
approximately 17, 14, and 27 kDa, respectively (Fig. 1B), consis-
tent with the predicted sizes of the Dap proteins deduced by cod-
ing sequence analysis. As a parental control, strain A1160 lacking
the GFP tag did not express any detectable bands. To investigate
whether Dap family expression changed upon treatment with the
antifungal itraconazole (ITZ), we analyzed the expression of all
three Dap proteins by Western blotting. Our results showed that
the expression of all three Dap proteins increased in a dose-
dependent manner in cells treated with 0 to 0.15 ug/ml ITZ
(Fig. 1B). These results indicated that all Dap members are able to
respond to azole stress stimuli in A. fumigatus. To further address
whether the dose-dependent increases in Dap protein levels were
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FIG 1 Three predicted yeast Dapl orthologs, DapA, DapB, and DapC, respond to azole stress stimuli in A. fumigatus. (A) Predicted cytochrome bs-like
heme-binding and transmembrane (TM) domains in DapA, DapB, and DapC, based on a SMART protein search (http://smart.embl-heidelberg.de/). (B)
DapA-GFP, DapB-GFP, and DapC-GFP fusion proteins with the predicted sizes of about 44, 41, and 54 kDa, respectively (upper left), were found. When the
strains expressing the fusion proteins were cultured in ITZ-amended medium, the accumulation of Dap-GFP fusion proteins increased in a dose-dependent

manner.

mediated by increases in transcription or in protein stability, we
carried out quantitative reverse transcription (qQRT)-PCR to test
the mRNA abundance in SJX01, SJX02, and SJX03 after exposure
to azole treatment. The mRNA levels detected showed that the
native promoters of all three of the dap genes are able to sense and
respond to azole stress stimuli to some extent (see Fig. S2A in the
supplemental material). To further test whether the response to
azole stress stimuli is related to the promoters of the three dap
genes, we generated strains SJX04, SJX05, and SJX06, expressing
the C-terminally GFP-tagged Dap proteins under the control of
the constitutive promoter gpdA, originally obtained from Asper-
gillus nidulans. Different from strains in which the Dap proteins
were controlled under the native promoter, no significant changes
in Dap protein expression under the control of the gpdA promoter
were observed (see Fig. S2B), suggesting that only the dap native
promoters are able to sense and respond to azole stress stimuli.
Deletion of dapA or dapCbut not dapB causes differing azole
susceptibilities. To determine whether Dap proteins affect sus-
ceptibility to azoles, dap null mutants were generated by homol-
ogous recombination in which the dap open reading frames
(ORFs) were replaced with the pyr4 selectable marker; the result-
ing strains were named SJX07 (AdapA), SJX08 (AdapB), and
SJX09 (AdapC). Diagnostic PCR confirmed that all three dap de-
letion strains had the correct insertion of the pyr4 disruption cas-
sette, and no original dap ORFs were detected (see Fig. S3 in the
supplemental material). We then examined and compared the
azole susceptibilities of the deletion mutants and their parental
strain. The colony growth phenotypes were observed by spotting a
series of 10-fold dilutions of spores onto minimal medium plates
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containing 0.3 wg/ml ITZ. Each deletion strain displayed a differ-
ent phenotype: the AdapA strain was hypersensitive to ITZ, the
sensitivity of the AdapB strain to ITZ was indistinguishable from
that of the parental strain, and the AdapC strain was more resis-
tant to ITZ than the parental strain (Fig. 2A). Consistent with the
colony growth phenotypes observed on the plates, the AdapA
strain displayed hypersensitivity to ITZ compared with the sus-
ceptibility of the parental strain in liquid medium containing
0.2 ug/ml ITZ, and the AdapC strain showed more resistance to
ITZ than the parental strain in liquid medium containing
0.4 wg/ml ITZ (Fig. 2A). E-test strips further confirmed that the
AdapA strain showed an approximately fivefold decrease inits ITZ
MIC (MIC = 0.38 pg/ml) compared to the MIC for the parental
strain (MIC = 2 ug/ml). Similar to our results for ITZ, the AdapA
strain also showed increased susceptibility to another azole anti-
fungal, voriconazole (VOR) (MIC = 0.008 pg/ml), compared to
the susceptibility of the parental strain (MIC = 0.064 pg/ml)
(Fig. 2B). Moreover, when the AdapA, AdapB, and AdapC mu-
tants were complemented with their respective native gene, the
ensuing strains, named SJX10 (dapA reconstituted [dapA-
recon]), SJX11 (dapB-recon), and SJX12 (dapC-recon), showed
azole susceptibility phenotypes similar to that of the parental
strain, indicating that the aberrant AdapA and AdapC azole sen-
sitivity phenotypes were specific to the loss of these genes
(Fig. 2A). These results suggest that DapA and DapC may mediate
azole susceptibility via opposing pathways in A. fumigatus.

DapA dominantly contributes to azole resistance, while
DapB and DapC negatively mediate this process. Coupling our
findings described above with the fact that all of the Dap homologs
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FIG 2 Deletion of dapA or dapC but not dapB causes differing azole suscep-
tibilities. (A) Comparison of ITZ susceptibilities in dap null mutants, dap-
reconstituted mutants, and the parental strains. (Left) Different strains were
inoculated as a series of 3-ul 10-fold dilutions derived from a starting suspen-
sion of 107 conidia per ml onto solid minimal medium (MM) with or without
ITZ and cultured at 37°C for 3 days with ITZ or 2 days without ITZ. (Right) For
comparison of the susceptibilities of the indicated strains in liquid MM sup-
plemented with ITZ, amounts of 108 conidia of Adap mutants and the parental
strain were inoculated into 50 ml of liquid MM supplemented with ITZ and
cultured at 37°C with shaking at 220 rpm for 2 days. The cultures were poured
into a new petri dish to be photographed. (B) E test trips impregnated with a
gradient of ITZ or VOR were placed on MM agar plates containing a lawn
grown from conidia of the different strains and cultured for 2 days at 37°C
before observation.
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share a conserved cytochrome b;-like heme-binding domain, we
hypothesized that these proteins may have overlapping functions
that could affect azole susceptibility. We therefore transformed
the full-length ORF sequence of dapB or dapC under the control of
the gpdA promoter into the dapA deletion strain and the parental
strain separately, resulting in four overexpression (OE) strains
that we named SJX13 (AdapA©CF:darB) SJX14 (wild type©F:darB),
SJX15 (AdapA©F=darc) and SJX16 (wild type©F+derC). The expres-
sion levels of dapB and dapC in strains SJX13 (AdapA©CE:darB),
SJX14 (wild type©E=darB), SJX15 (AdapACF:darC) and SJX16 (wild
typeCE:darC) were determined by qRT-PCR analysis (see Fig. S4A
in the supplemental material), and the results indicated that the
mRNA level of dapB or dapC had been sharply increased in these
OE strains. All of the strains contained their native dapB and dapC
alleles. Whereas overexpression of either dapB or dapC in a dapA
wild-type background (SJX14 and SJX16 strains) had little impact
on sensitivity to azoles, incorporation of these alleles into the
AdapA background (SJX13 and SJX15) presented a hypersensitive
phenotype on ITZ-amended medium (Fig. 3A). Consistent with
the colony growth phenotypes observed on the plates, strains
SJX13 and SJX15 also presented a phenotype of hypersensitivity to
ITZ in liquid medium (Fig. 3B). E-test strips further confirmed
that strains SJX13 and SJX15 srain exhibited increased suscepti-
bility to azoles (Fig. 3C). These observations, which supported the
earlier observation that DapC negatively regulated azole resistance
(Fig. 2), also suggested that DapB could play a similar role of
negative regulation of resistance to azole antifungals.

Next, we asked whether the overexpression of dapA in the ab-
sence of dapB or dapC could affect azole susceptibility. To answer
this question, we constructed three strains by placing the dapA
overexpression sequence in the AdapB (SJX17), AdapC (S]X19),
and wild-type (SJX18) backgrounds. Strains SJX17 and SJX18 ex-
hibited phenotypes in the presence of ITZ that were similar to that
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FIG 3 DapA dominantly contributes to azole susceptibility, while overexpression of DapB or DapC negatively mediates this process. (A) Susceptibility
comparison of different strains on MM plates supplemented with ITZ (0.3 ug/ml) as described in the legend to Fig. 2. (B) Susceptibility comparison of different
strains in liquid MM containing I'TZ as described in the legend to Fig. 2. (C) E-test trips impregnated with a gradient of ITZ or VOR were placed on MM agar
plates containing lawns grown from conidia of different strains and cultured for 2 days at 37°C before observation.
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FIG 4 Dap proteins mediate the functions of Erg5 and Ergl1. (A to C) The sterol intermediates were analyzed by HPLC and LC-MS/MS. HPLC chromatograms
of sterol extracts from the indicated strains and of commercially purified ergosterol are shown. LC-MS/MS analysis identified the elution peaks marked 1, 2, and
3 as ergosterol, ergosta-5,7,24(28)-trienol, and ergosta-5,7-dienol, respectively. (D) A diagram showing the sterol biosynthetic pathway in which the sterol
intermediates numbered in A to C and the catalatic enzymes are displayed. (E) Comparison of the ITZ susceptibilities of the indicated strains, showing that
overexpression of ergl 1A or ergl 1B or both but not of erg5 remarkably suppressed the susceptibility of the AdapA strain to ITZ (0.3 ug/ml).

of the AdapB deletion strain, which was equivalent to the wild-
type phenotype (Fig. 2). In contrast, the overexpression of dapA
could partly rescue the resistance phenotype of the dapC deletion
strain (see Fig. S4B and C in the supplemental material). These
findings further strengthen the evidence for opposing activities of
DapA and DapC.

To further examine and compare the azole susceptibilities of
the dap family, we next constructed AdapA AdapB and AdapA
AdapC double deletion mutants through the deletion of dapB or
dapC in the AdapA strain, yielding two strains named SJX20
(AdapA AdapB) and SJX21 (AdapA AdapC). Strains SJX20 and
SJX21 showed susceptibility profiles similar to that of the AdapA
single mutant (Fig. 3A). These findings indicate that the gain of
azole resistance associated with a single dapC deletion required an
active DapA protein.

Dap proteins mediate the functions of Erg5 and Ergl1. The
Dap family coordinately affected azole susceptibility, which most
likely results from abnormal membrane lipid compositions of
fungal cells, because ergosterol biosynthesis is a drug target of ITZ
and VOR. To address this possibility, we compared the sterol pro-
files in the mutants and their parental strains by high-
performance liquid chromatography (HPLC). Total sterol was ex-
tracted and purified as described previously (24). When using
commercial purified ergosterol as a standard, HPLC analysis dis-
played a single peak at ~10.5 min of retention time. In compari-
son, apart from a predicted component— ergosterol—at
~10.5 min of retention time, the sterol profile in the AdapA strain
displayed two additional small peaks that eluted at approximately
9.9 min and 11.8 min, respectively (Fig. 4A). However, the AdapB
and AdapC strains showed sterol profiles similar to that of the
parental control strain. Interestingly, the sterol profiles from
strains SJX13 (AdapA©F:darB) and SJX15 (AdapACF:darC) showed
two fraction peaks, at retention times 0f 9.9 min and 11.8 min, that
were increased compared with the sterol profile from the parental
strain or even that of the AdapA single mutant strain, as well as
showing decreases in the main component, ergosterol, at
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~10.5 min of retention time (Fig. 4B). To verify these abnormally
enriched components, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis was carried out and identified
the fractions that eluted at 9.9 min and 11.8 min as ergosta-
5,7,24(28)-trienol and ergosta-5,7-dienol, respectively. Based on
published information on yeasts, we deduced that the accumula-
tion of these two intermediate products was most likely due to the
dysfunction of Erg5, the cytochrome P450 C-22 desaturase (25).
We next overexpressed erg5 in the absence of dapA (AdapACF:ers%)
to determine whether it could rescue the abnormal ergosterol bio-
synthesis profile. As predicted, the accumulation of ergosta-
5,7,24(28)-trienol and ergosta-5,7—dienol decreased signifi-
cantly, especially ergosta-5,7-dienol, which was almost absent in
strain SJX22 (AdapA©CE:e%) (Fig. 4C). These data indicate that
DapaA is required for the normal function of Erg5 during the reg-
ulation of the process of ergosterol biosynthesis and that multiple
copies of erg5 could suppress the defect of the dapA mutant in
ergosterol biosynthesis.

However, surprisingly, overexpression of erg5 in the SJX22
strain could not rescue the abnormal phenotype of the AdapA
strain in the azole susceptibility test (Fig. 4E), indicating that the
loss of dapA may affect other Erg enzymes. Considering the likely
interactionof Ergl1/Cyp51 with DapA and cytochrome P450 en-
zymes and its role as a direct target of the azole antifungals ITZ and
VOR, we hypothesized that the function of Ergl1/Cyp51 could
also be compromised by dapA deletion. Therefore, we next tested
whether the overexpression of ergl 1A or ergl 1B was able to sup-
press the azole sensitivity defect of AdapA by constructing strains
SJX23 (AdapA©E=ergliA) and SJX24 (AdapACF:ergliB) - Unlike
strain SJX22, strains SJX23 and SJX24 partly rescued the azole
susceptibility in the AdapA strain. When the AdapA strain was
transformed with both ectopically expressed OE::ergl 1A and OE::
ergl 1B alleles, yielding strain SJX25 (AdapA©CE:ergl 1A OFzergl1B) the
azole susceptibility almost recovered to that of the parental strain
(Fig. 4E), indicating that multiple copies of ergl IA and ergl 1B are
capable of suppressing the defect of the AdapA strain’s response to
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FIG5 DapA and DapC but not DapB localize in the ER and colocalize with Ergl1, as shown by using GFP-tagged fusion proteins. DAPI (4[prime],6-diamidino-
2-phenylindole) was used to visualize nuclei. (A) DapA-GFP and DapC-GFP predominantly localize in the ER, while DapB-GFP shows nuclear and cytosolic
localization. (B) Colocalization of DapA-GFP or DapC-GFP with Ergl 1A-RFP is visualized by fluorescence microscopy; the merged image (yellow) shows the

high degree of colocalization. Scale bars = 10 wm.

azole antifungals. In comparison, overexpression of ergl1A or
ergl 1B in the parental wild-type background strain was unable to
significantly increase azole resistance under the conditions tested
(see Fig. S5A in the supplemental material). These data suggest
that DapA contributes to ergosterol synthesis and, hence, de-
creased azole susceptibility by promoting Erg5 and Ergll1 func-
tions.

DapA and DapC but not DapB localized in the ER and colo-
calized with Ergl11. The cellular localization of the Dap proteins as
assessed by microscopic observations showed that DapA-GFP and
DapC-GFP were predominantly localized in the endoplasmic re-
ticulum (ER), with a network of strands around the peripheral
nuclear envelope (Fig. 5A), which was different from the vacuole
membrane and yeast endosome localization of Dapl in S. cerevi-
siae (10). However, DapB-GFP did not show localization in the ER
or any other vacuole and instead localized in the nuclei and cytosol
(Fig. 5A). Next, we used similar approaches to construct strains
expressing Erg5-GFP (SJX26), Ergl 1A-GFP (§]X27), and Erg11B-
GFP (SJX28). Each of these strains showed ER localization of the
GFP-tagged protein (see Fig. S5B in the supplemental material),
which was consistent with the previous finding that both Erg5 and
Ergll are ER-localized proteins (21, 26). To further examine
whether DapA and DapC colocalized with Ergl1, we constructed
two doubly labeled strains derived from DapA-GFP or DapC-GFP
strains by tagging the C terminus of Ergl 1A with red fluorescence
protein (RFP); we named these strains SJX29 and SJX30. The du-
ally labeled proteins were functional, and the strains expressing
them showed normal growth phenotypes. Merged fluorescence
microscopy studies indicated that Ergl1A-RFP mainly colocalized
with DapA-GFP, as well as with DapC-GFP, in the ER (Fig. 5B).
Thelocalization of DapA and DapC, along with Erg5 and Ergl1, to
the ER supports the idea that Dap members could interact closely
with Erg5 and Ergl1.

Dysfunction of Erg5 and Frgll mediated by Dap is sup-
pressed by exogenous hemin. Our findings described thus far
have indicated that DapA dominantly controls azole susceptibility
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by inducing dysfunction of Erg5 and Ergl1 and that overexpres-
sion of these Erg proteins is capable of suppressing the dapA mu-
tant defect. We wondered whether DapA affects the expression or
the stability of the Erg5 and Ergll proteins, because qRT-PCR
data indicated that dapA could not affect the transcription levels of
the erg5 and ergl1 genes (see Fig. S6A in the supplemental mate-
rial). To test this, two strains expressing a C-terminally GFP-
tagged Erg5 or ErgllA protein, each under its native erg gene
promoter, were constructed in the background of a dapA deletion
strain and named SJX31 and SJX32, respectively. Interestingly, the
levels of Erg11A and Erg5 that accumulated in the absence of dapA
were significantly decreased, by 35% and 49%, respectively, com-
pared with the levels in the parental control strains under the same
culture conditions (Fig. 6A; see also Fig. S6C in the supplemental
material). Because a strain expressing a C-terminally GFP-tagged
Ergl1B protein could not be successfully constructed using the
native erg gene promoter, we next constructed such a strain using
the gpd promoter (strain SJX33). Surprisingly, the deletion of
dapA almost completely abolished the normal expression of
Ergl1B and resulted in the absence of a detectable full-length pro-
tein, but the analysis showed the existence of some small, degraded
proteins (Fig. 6A). Consistent with this, the ER localization of
Ergl1B-GFP was also absent in the dapA deletion strain in 10
independent confirmed transformants. In contrast, a clear
Ergl1B-GFP signal with an ER localization was shown in the pa-
rental wild-type strain under the same cultural conditions
(Fig. 6B). We next analyzed and compared the transcription levels
of ergl 1B by RT-PCR, using tubulin as a loading control. Abun-
dant transcription was clearly detected in both the mutant and its
parental strains, indicating that the transcriptional level of ergl 1B
was almost normal in the dapA deletion mutant compared with
the level in the parental strain (see Fig. S6B). These results indicate
that the requirement of DapA for the normal protein expression of
Erg5 and Ergl1A/B is most likely due to an effect on protein sta-
bilization. Previous work in yeast suggested that endogenously
synthesized heme, as well as exogenous hemin (an oxidized form
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and Erg5 in the AdapA and the parental wild-type strains with or without the addition of hemin (13 pg/ml), indicating that hemin could rescue the expression
of Ergl1A and Erg5 to a remarkable degree but could not rescue the expression defect of Ergl1B in the AdapA mutant with the full-length deletion. (B)
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of DapB and DapC.

of heme), regulates the cytochrome P450 protein Ergl1p/Cyp51p
(20). We next asked whether the expression and stability of Erg5
and Ergl1 maintained by DapA are related to heme. To test this
hypothesis, we cultured the aforementioned related strains in me-
dium amended with exogenous hemin (protoporphyrin IX, con-
taining a ferric iron ion), an oxidized version of heme with a func-
tion similar to that of heme B. Interestingly, after 24 h of
incubation, the expression of both Erg5 and Ergl1A in the dapA
deletion strains exhibited a remarkable recovery, to normal or
increased levels, respectively, compared with the levels in the pa-
rental strains (Fig. 6A; see also Fig. S6D). Conversely, the addition
of hemin was unable to rescue the expression of Ergl1B at the
predicted full-length size in the AdapA strain (Fig. 6A). The results
suggest that hemin can bypass the requirement of DapA during
the maintenance of Erg5 and ErgllA expression but not for
Ergl1B expression (Fig. 6A). Thus, it appears that DapA main-
tains the normal expression levels of the cytochrome P450 en-
zymes Erg5 and Ergl1 in a heme-dependent manner.

To further test the biological importance of heme binding for
DapA, we created a new strain with point mutations of two pre-
dicted heme-binding sites in DapA, changing the D at position 90
to G and the Y at position 138 to F [DapA(P90G Y1385)] 'based on
conserved sequence alignment information indicating that these
sites are related to heme binding in yeast. Similar to the AdapA
mutant, the DapA(P90G Y1385) strain also showed a susceptibility
phenotype in the presence of azole (see Fig. S7A in the supplemen-
tal material), suggesting that the defective heme-binding ability in
DapA truly contributes the ITZ-hypersensitivity phenotype. The
addition of hemin was able to restore the decreased azole suscep-
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tibility in a dose-dependent manner, indicating that excess hemin
can bypass the requirement of DapA. As DapB and DapC also
possess the cytochrome bs-like heme-binding domain, we further
asked whether hemin could affect the azole susceptibility of the
SJX13 (AdapA©FdarB) and SJX15 (AdapACEdarC) strains. Our re-
sults showed that external hemin could rescue the hypersuscepti-
bility phenotype of the SJX13 and SJX15 strains (Fig. 6C). This
phenomenon led us to deduce that the hypersusceptibility pheno-
type induced by the overexpression of dapB and dapC is possibly
related to the depletion of heme. To address this hypothesis, we
created point mutations of two predicted heme-binding sites in
each gene product, creating the DapB(P7°G YIISP) and
DapC(P134G Y208F) mytants, based on conserved sequence align-
ment information indicating that these sites are related to heme
binding in yeast (20, 21). We then created overexpression mutants
with these point-mutated alleles in the AdapA background to cre-
ate strains SJX34 [OE:DapB(®75G Y!ISB)] and SJX35 [OE:
DapC(P134G Y2080 ] Qur results showed that placement of the OE::
dapBP75G YIISE) o OE::dapC(P134G Y2085) gllele in a AdapA strain
completely abolished the ITZ-hypersensitivity phenotype and in-
stead resulted in strains with azole sensitivities that were interme-
diate between those of the AdapA strain and the wild type
(Fig. 6C), indicating that the putative heme-binding ability of
DapB or DapC truly contributes the ITZ-hypersensitivity pheno-
type. However, these mutants displayed azole sensitivities that
were intermediate between those of the AdapA strain and the pa-
rental wild type. This suggests that, besides the heme binding mo-
tif, DapB and -C may have other motifs or domains that may also
affect azole susceptibility, so that the site-directed mutants were
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unable to show exactly the same phenotypes as strains with dele-
tions of the respective full-length proteins.

Next, we investigated and compared the dose-dependent im-
pacts of hemin addition on the azole sensitivities of the AdapA,
AdapACFsdarE and AdapACE4erC strains. Our results showed that
more hemin is required to rescue the azole susceptibility pheno-
type in strains SJX13 (AdapA©F=darB) and SJX15 (AdapAOF:darc),
especially SJX13, than is required for rescue of the AdapA strain
(see Fig. S7B in the supplemental material). These data suggest
that the ITZ-hypersensitivity phenotype induced by overexpres-
sion of DapB or DapC is closely related to the depletion of hemin.
Taken together, these results suggest that heme binding by DapB
and DapC, in contrast to DapA heme binding, has a negative con-
sequence for cytochrome P450 functionality, which likely explains
the azole hypersensitivity of strains SJX13 (AdapACF:darB) and
SJX15 (AdapACF:darC),

Virulence and the azole susceptibilities of Dap mutants in an
immunocompromised mouse model of invasive pulmonary
aspergillosis. To assess any impact of Dap proteins in an in vivo
murine model, we examined virulence and the efficacy of azole
therapy for selected Dap mutant strains, the AdapA and
AdapACEsdarE  mutants, as representative of the azole-
hypersensitivity phenotype. Conidia were inoculated into each
group of 10 immunocompromised mice, while the mice in the
control group were inoculated with saline solution. The group
infected by the AdapA mutant showed a mortality rate similar to
those of the groups infected with the parental strain and the re-
constituted strain (see Fig. S8A in the supplemental material). The
histopathologic analysis of infected lungs from day 3 postinfection
was consistent with these mortality data, showing no difference
between strains (see Fig. S8B). However, the mice infected by
strain SJX13 (AdapA©CF:darB) displayed significantly attenuated
virulence compared to those infected by the parental wild-type
strain according to Kaplan-Meier log rank analysis (P < 0.001)
(Fig. 7A), suggesting that dapB overexpression contributes to the
pathogenicity associated with the loss of dapA function. Through
histopathologic analysis of infected lungs on day 3 postinfection,
we found that mice infected with the parental strain A1160 had
experienced extensive fungal growth. In contrast, only a small
amount of fungal growth was observed in the strain SJX13-
infected mice at the same time point, with the tissue samples con-
taining poorly germinated and ungerminated conidia (Fig. 7C).
We next sacrificed all of the SJX13 strain-infected mice to analyze
the fungal burden measured by real-time PCR, which showed that
the fungal load was significantly reduced (P < 0.01) in the strain
SJX13-infected group compared to the load in the mice infected
with the parental strain (Fig. 7B). Histopathological analyses
on day 14 postinfection also confirmed that the fungal persistence
and inflammation in mice infected with the SJX13 strain was re-
markably decreased compared to those in mice infected with the
parental strain A1160 (Fig. 7C).

Next, we verified whether strain SJX13 also conferred hyper-
sensitivity to azoles in an immunocompromised mouse model of
invasive pulmonary aspergillosis. ITZ was given via intragastric
administration, first on day 1 post-fungal infection and again on
day 2 post-fungal infection. Our results showed that ITZ admin-
istration was capable of increasing the survival rate in mice com-
pared with that of the group not given ITZ therapy, indicating that
ITZ therapy in our immunocompromised mouse model was suc-
cessful. Notably, in vivo data confirmed that strain SJX13 was eas-
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ily treatable with azoles in an immunocompromised mouse model
of invasive pulmonary aspergillosis, resulting in survival of 9/10
(90%) mice at 14 days postinfection (Fig. 7A). Kaplan-Meier log
rank analysis showed there was a significant difference between
these two groups (P < 0.001), further suggesting that the survival
rate of mice infected with the SJX13 strain was significantly higher
than that of the mice infected with the control parental wild-type
strain after ITZ administration.

These in vivo data support a role for Dap proteins in mediating
azole susceptibility and virulence in A. fumigatus.

DISCUSSION

Dramatic increases in the incidence of aspergillosis caused pri-
marily by A. fumigatus have occurred in recent years, primarily
due to an increase in the use of immunosuppressive therapies (27,
28). Azole antifungals bind very weakly to mammalian cyto-
chrome P450, which considerably reduces the toxicity of the drug
in humans (29). Thus, to date, most antifungals are azole based,
and azoles are currently the mainstay of antifungal treatment both
in agricultural and in clinical settings (30, 31). Many biochemistry
studies have verified that the free nitrogen of azole molecules is
able to compete for oxygen with the catalytic heme of cytochrome
P450 enzymes to inhibit the synthesis of ergosterol in fungal mem-
branes (32). The lack of ergosterol alters membrane fluidity and
steric relationships for selected membrane-associated enzymes
and results in the accumulation of phospholipids and unsaturated
fatty acids within the fungal cells (33-35). Although Aspergillus
species are generally susceptible to azoles, intrinsic and acquired
resistance, particularly in the most common pathogenic species,
A. fumigatus, is well documented and worrisomely on the rise (36,
37). A thorough understanding of the drug resistance mechanisms
of this fungus requires extensive exploration. In this study, we
uncover a family of three conserved cytochrome bs-like heme-
binding proteins, DapA, -B, and -C, that regulate the functionality
of three critical ergosterol-biosynthetic P450 enzymes, Erg5 and
Ergl1A and -B. In contrast, overexpression of DapB and DapC
causes dysfunction of Erg5 and Ergl1, resulting in abnormal ac-
cumulation of sterol intermediates and further accentuating the
sensitivity of AdapA mutants to azoles. Our studies reveal that
heme binding lies at the heart of this regulation, where DapA
promotes Erg5 and Ergll functionality, while DapB and DapC
inhibit Erg5 and Ergl1 activities. Thus, our finding provides the
first characterization of the Dap family in A. fumigatus and also
gives insight to understand that the Dap family members act dif-
ferently on sterol biosynthesis. A putative working model of this
mechanism is presented in Fig. 8. The azole-sensitive phenotypes
of Dap mutants revealed in this study yield possible avenues to
uncover alternative fungal-specific cellular targets.

Functions for multiple Dap homologs. Our genome-scale ho-
mologue search shows that most fungal species encode three Dap
proteins. Interestingly, the C. albicans genome contains four cop-
ies (two DapC proteins), which is possibly due to a recent gene
duplication event. The Kluyveromyces lactis and Ashbya gossypii
genomes possess two Dap protein copies (DapA and -C), while the
S. cerevisiae, s. pombe, and Candida glabrata genomes only encode
DapA, which might be due to independent losses of DapB and -C
during convergent evolution.

Although all three dap genes in A. fumigatus showed increased
expression in an azole-dependent manner, the proteins exhibited
opposite roles in azole sensitivity, where DapA promotes resis-
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FIG 7 Virulence and azole susceptibilities of Dap mutants in an immunocompromised mouse model of invasive pulmonary aspergillosis. (A) The cyclophos-
phamide mouse model was used for virulence analysis. The mice were immunosuppressed as described in Materials and Methods, infected, and observed for
mortality for 14 days. PBS was used for the mock-infection control group. In the susceptibility comparison of the AdapA©F:darB (SJX13) strain and the parental
strain, I'TZ was first given on day 1 post-fungal infection and again on day 2 post-fungal infection via intragastric administration. The mice infected by strain
SJX13 (AdapA©t=darB) displayed attenuated virulence compared to those infected by the parental wild-type strain as determined by Kaplan-Meier log rank
analysis (P < 0.001). After ITZ administration, the survival rate of the mice infected with the SJX13 strain was significantly higher than that of the mice infected
with the control parental wild-type strain (log rank test, P < 0.001). (B) qRT-PCR was done to determine the amount of fungal DNA in AdapACFt=darB
strain-infected mice, which survived to the end of the experiment (day 14), and in parental-strain-infected mice, which became moribund or died during the
14 days postinfection. Statistical analysis was performed using analysis of variance (ANOVA). Statistical significance was accepted at a P value of <0.01. The
horizontal lines represent the average level for tested groups. (C) Histopathology of representative lung sections in infected mice. Tissue samples were stained
with periodic acid-Schiff stain. No detectable fungal lesions or fungal burden was observed in surviving mice on day 14 postinfection.

tance to azoles and DapB and DapC promote sensitivity. Thiswas  press the defective response of the dapA mutant (Fig. 3A). These
determined by growth studies of both deletion and overexpression ~ data suggest that all three Dap proteins function to balance the
on azole-amended media. The most sensitive strains were those in  stress response in fungal cells.

which overexpression alleles of dapB or dapC were coupled with a Dap family proteins coordinately regulate cytochrome P450
dapA deletion, both in vitro and in vivo (Fig. 3 and 7A). DapC  activities. Studies assessing the mechanisms regulating ergosterol
seems to play a somewhat stronger role in azole response than enzyme functionality in A. fumigatus are quite limited (38). It is
DapB, as its deletion, unlike that of DapB, led to enhanced resis-  clear that cytochrome b5 has a number of influences on the differ-
tance to azoles (Fig. 2). In comparison, mutants with double de-  ent enzyme systems (23). Most of the systems in which cyto-
letions of dapA and dapB or dapA and dapC each showed an azole ~ chrome b; participates, particularly those involved in lipid metab-
susceptibility phenotype similar to that of the dapA single deletion ~ olism, are complexed with cytochrome P450s as an electron
mutant, suggesting that dapA may dominantly control the azole transfer component (23). Thus, it is possible that Dap proteins
response and that the deletion of dapB or dapC is unable to sup-  coordinately affect electron transfer to regulate cytochrome P450
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FIG 8 Schematic model of Dap family function. DapA activates Ergl1A/B and Erg5 through chaperoning heme (H) to Ergl1A/B and Erg5 and stabilizing
Ergl1A/B-heme and Erg5-heme complexes and, thus, regulates ergosterol biosynthesis and azole susceptibility. DapB and -C are capable of reducing the activities
of Erg5 and Ergl1 directly or through depletion of heme. DapB and DapC may also directly repress Ergl1 and Erg5 cytochrome P450 activities.

activities. In yeasts, there are contradictory conclusions about
whether the hemoprotein Dapl forms a stable complex with the
cytochrome P450 enzyme Cyp51A (only with encoded Cyp51A/
Ergl1A but without Ergl1B paralog) through Daplp heme bind-
ing (21, 39). In comparison, our data support the idea that dapA
deletion is able to sharply decrease the stability of Erg5 and Erg1 1A
and results in the degradation of Ergl1B. When mutants with
deletion of dapA and overexpression of dapB or dapC in combi-
nation with predicted heme-binding site mutations were used in a
rescue experiment performed by adding hemin, the results sug-
gested the differential roles induced by the Dap family. Thus, our
findings suggest that heme binding is a critical component of Dap
protein interaction not only with Ergl1A/B but also with Erg5
proteins. In addition, loss of DapA function enhances azole sus-
ceptibility through loss of cytochrome P450 activity, particularly
Ergl1A/B. In contrast, DapB and DapC binding of heme pools
reduces cytochrome P450 functionality. The colocalization of
DapA and DapC with Ergl1/Erg5 (Fig. 5) would enhance these
interactions, possibly through a mechanism where DapA allows
transfer of heme to Erg P450 proteins, while DapB and DapC
irreversibly hold heme to suppress the cytochrome P450 activities.
In addition, multiple copies of erg5 could suppress the abnormal
accumulation of ergosta-5,7-dienol in dapA deletion mutants but
could not affect ITZ susceptibility. In contrast, in the absence of
dapA, multiple copies of ergl 1A and ergl 1 B significantly decreased
the efficacy of ITZ but were unable to decrease the accumulation
of ergosta-5,7-dienol (Fig. 4C and D). These data suggest that
DapA affects the functions of Erg5 and Ergl1 independently. In
addition, dapB or dapC overexpression in the absence of dapA led
to an ITZ-hypersensitivity phenotype, indicating that DapB and
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-C negatively regulate the activities of both Erg5 and Ergl1. These
findings collectively indicate that the Dap family affects the activ-
ities of three P450 enzymes, Ergl1A, Ergl1B, and Erg5. Dap pro-
teins not only affect the C-22 desaturase encoded by erg5 but also
regulate the normal functions of the lanosterol demethylase en-
coded by ergl 1A and ergl 1B during the process of ergosterol bio-
synthesis.

Numerous azole-resistant A. fumigatus isolates have been
found worldwide, most of which are due to point mutations in
Ergl1A or an alteration in the expression of its gene (40—43). This
observation underscores the basic inadequacy of drugs targeting
A. fumigatus Ergl1A and emphasizes the urgent need for new
antifungal targets. Pharmaceutical companies continue to be ac-
tively involved in the search for new anti-Aspergillus drugs by in-
vestigating new or revisited potential cellular targets. Thus, our
new insights into the specific and complicated Dap regulatory
system that promotes balanced ergosterol biosynthesis may have
broad therapeutic ramifications beyond classic azole antifungals.

Dap proteins and virulence. Mice infected with the AdapA
mutant showed a mortality rate similar to that of mice infected
with its parental strain, while the dapB-overexpressing dapA dele-
tion mutant strain showed attenuated virulence. We wondered,
what is the reason? Whereas overexpression of dapB in the AdapA
background had no remarkable phenotype in the absence of azole
drug treatment, the mutant presented a hypersensitive phenotype
on ITZ-amended medium (Fig. 3A). The sterol profile from strain
SJX13 (AdapA©E:darB) showed increased peaks of two intermedi-
ate fractions, as well as a decreased peak of the main component,
ergosterol, compared with the profile of the parental strain
(Fig. 4B). These data indicate that strain SJX13 (AdapA©CF=darB)
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has an abnormal or defective ergosterol biosynthesis pathway.
Previous studies have verified that there might be a tight link be-
tween ergosterol biosynthesis and iron acquisition ability, which is
a major factor in host defense against the pathogen (44-46). To
test whether the dapB overexpression in the dapA deletion
mutant could result in a defect in iron acquisition ability, the
AdapAOF=darE mutant was inoculated onto minimal medium. It
appeared to have robust hyphal growth and conidiation even
though it probably displayed a slightly smaller colony size than the
parental strain. In comparison, when inoculated onto minimal
medium containing the iron chelator bathophenanthroline disul-
fonate (BPS; 200 uM), the mutant displayed very severe growth
defects compared to the growth of the parental strain (see Fig. S8C
in the supplemental material), indicating that the AdapA©F:darB
mutant had an impaired iron acquisition ability, especially under
the low-iron cultural condition, while there was no detectable
difference between the AdapA mutant and its parental strain un-
der the iron-limited cultural condition. These data also suggest the
possibility that the main reason for the attenuated virulence in the
mouse model is the damaged iron acquisition in the AdapA©F+darB
mutant. It seems probable that deprivation of hemin by overex-
pression of DapB leads to dysfunction of cellular mechanisms
other than DapA function. Moreover, we found that inactivated
DapA combined with activated DapB yields an A. fumigatus mu-
tant that is easily treatable with azoles in an immunocompromised
mouse model of invasive pulmonary aspergillosis.

MATERIALS AND METHODS
Additional details on the materials and methods used can be found in
Text S1 in the supplemental material.

Strains, media, and culture conditions. The A. fumnigatus strains used
in this study are listed in Table S1 in the supplemental material. Mutant
strains were constructed as described in detail in Text S1.

Antifungal susceptibility testing. Susceptibility testing of all dap mu-
tants and the parental strains against the antifungal drugs ITZ and VOR
was performed using solid and liquid media. MIC values are based on
E-test strip assays (47).

Microscopy and live-cell imaging. Fluorescence localization and im-
age processing for fungi expressing DapA-GFP, DapB-GFP, and DapC-
GFP and Ergl1-RFP were performed as described in reference 48.

Western blotting. The expression levels of GFP and RFP fusion pro-
teins were determined by probing Western blots with the respective anti-
body (Roche) and developing them by enhanced chemiluminescence
(ECL; Amersham) as described previously (49). Signal intensity was cal-
culated by using a gel imaging system, and statistical analysis was per-
formed using analysis of variance (ANOVA). Statistical significance is
accepted at a P value of <0.05.

Total sterol extraction and HPLC-MS analysis. The sterols extracted
from A. fumigatus strains were analyzed using HPLC (Agilent Technolo-
gies) and detected at 280 nm on a AQ C,4 column (250 mm by 4.6 mm
with a 5-um particle size). HPLC-MS/MS was carried out using a Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer with a
reverse-phase C,4 column (AQ C,4 column, 4.6 mm by 250 mm with a
5-um particle size).

RNA preparation. Total RNA was isolated using TRIzol (catalog
number 15596-025; Invitrogen), following the manufacturer’s instruc-
tions.

Murine virulence and the azole susceptibility assays. The immuno-
compromised mouse model for invasive pulmonary aspergillosis was de-
scribed previously (50). Briefly, white female ICR mice (6 to 8 weeks old,
22 to 25 g) were given intraperitoneal injections of cyclophosphamide
(150 mg/kg of body weight) on days 3 and 1 relative to infection and a
subcutaneous injection of hydrocortisone acetate (40 mg/kg of body
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weight) on day 1. Statistical analysis of survival was performed using
Kaplan-Meier log rank analysis. Statistical significance is accepted at a
P value of <0.01. All animal experiments in this study were performed
according to the Guide for the Care and Use of Laboratory Animals of the
U.S. National Institutes of Health (51). The animal experimental protocol
was approved by the Animal Care and Use Committee of Nanjing Normal
University, China (permit no. 2090658) according to the governmental
guidelines for animal care.
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