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ABSTRACT Triazole antifungals are the primary therapeutic option against invasive
aspergillosis. However, resistance to azoles has increased dramatically over the last
decade. Azole resistance is known to primarily occur due to point mutations in the
azole target protein Cyp51A, one of two paralogous 14-a sterol demethylases found
in Aspergillus fumigatus. Despite the importance of Cyp51A, little is known about the
function of its paralog, Cyp51B, and the behavior of these proteins within the cell or
their functional interrelationship. In this study, we addressed two important aspects
of the Cyp51 proteins: (i) we characterized their localization patterns under normal
growth versus stress conditions, and (ii) we determined how the proteins compen-
sate for each other’s absence and respond to azole treatment. Both the Cyp51A and
Cyp51B proteins were found to localize in distinct endoplasmic reticulum (ER) do-
mains, including the perinuclear ER and the peripheral ER. Occasionally, the Cyp51
proteins concentrated in the peripheral ER network of tubules along the hyphal
septa and at the hyphal tips. Exposure to voriconazole, caspofungin, and Congo red
led to significant increases in fluorescence intensity in these alternative localization
sites, indicative of Cyp51 protein translocation in response to cell wall stress. Fur-
thermore, deletion of either Cyp51 paralog increased susceptibility to voriconazole,
though a greater effect was observed following deletion of cyp57A, indicating a
compensatory response to stress conditions.

KEYWORDS Cyp51A, Cyp51B, endoplasmic reticulum, azole resistance, voriconazole,
cell wall stress, Aspergillus fumigatus, cell membrane stress

t is estimated that more than 2 million people suffer from life-threatening invasive
fungal infections each year (1). Mortality due to invasive aspergillosis, caused largely
by Aspergillus fumigatus, can reach 90% in some patient populations, with over 200,000
such infections estimated to occur each year (1, 2). Triazole antifungals are the
guideline-recommended primary treatment for invasive aspergillosis (3), but resistance
to these therapeutics is increasing (4-6). Resistance to triazoles by Aspergillus spp. has
been linked to point mutations in Cyp51A, tandem repeats in the promoter of cyp51A,
and overexpression of cyp51A, as well as other non-cyp57-mediated mechanisms (7, 8).
Cyp51A and its paralog, Cyp51B, are orthologous to Saccharomyces cerevisiae ERG11,
the 14-a sterol demethylase responsible for catalyzing a key demethylation step in the
synthesis of ergosterol, the primary sterol in the fungal cell membrane (9, 10). Direct
inhibition of the Cyp51 proteins by azole antifungals leads to the depletion of ergos-
terol in the cell membrane, the accumulation of toxic sterol intermediates within the
cell, and the progressive formation of carbohydrate patches in the cell wall (11, 12).
Previous work in A. fumigatus has demonstrated that cyp57B is expressed in a consti-
tutive manner, while cyp57A is inducible under a variety of conditions (13, 14). While
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cyp51A and cyp51B are individually dispensable for survival, genetic removal of both
paralogs is lethal (13). Both Cyp51A and Cyp51B appear to localize to the perinuclear
region in Aspergillus spp., most likely associating with the endoplasmic reticulum (ER)
(15).

Several common nonsynonymous mutations in cyp57A alter the susceptibility of
Aspergillus spp. to azoles, including mutations at Cyp51A G54, L98, Y121/T289, G138,
M220, and G448 (16-21). Each common substitution affects susceptibility to a subset of
azole drugs, depending upon the mutated residue (7, 22, 23). In contrast to the
substantial focus on identifying cyp57A mutations conferring azole susceptibility, rela-
tively little information is available on the contributions of either Cyp51 protein to
cellular stress responses, including functional aspects of their response to triazole
antifungals. This exclusive focus has been rationalized on the basis of the fact that
Cyp51A mutations are responsible for most instances of azole resistance in A. fumigatus
(24). However, azoles are known to bind and inhibit both Cyp51A and Cyp51B, with
conformational elements of the azole-binding site thought to influence the interaction
affinity and the inhibitory effect on Cyp51 enzymatic function (14, 15, 25). Modeling and
structural analysis of the interactions between the A. fumigatus Cyp51 proteins and
various azole drugs have provided further insights into the relationship between the
conformation of the Cyp51A and Cyp51B binding sites and the binding affinity of
specific azoles (14). Such analyses have identified specific residues responsible for key
interactions between azoles and the Cyp51 proteins, including a hydrogen bond
between Cyp51B Y122 and voriconazole which is absent during the interaction with
fluconazole due to its smaller molecular size (14). Specific structural features of the
lanosterol binding sites of Cyp5T1A and Cyp51B thus appear to be crucial factors
contributing to azole targeting and efficiency.

In a recent study, we have shown dynamic changes in the localization pattern of the
cell wall B-1,3-glucan synthase in response to caspofungin, the antifungal agent known
to target Fks1 (26). Fks1 dynamically mislocalized from the hyphal tips to the vacuoles
during hyphal growth inhibition by caspofungin and relocated to the hyphal tips
during caspofungin-mediated paradoxical growth, revealing the mechanistic link be-
tween cell wall B-1,3-glucan synthesis and hyphal tip growth. Given the importance of
the Cyp51 proteins for membrane ergosterol synthesis and maintenance of membrane
structure and integrity, it is important to understand the response of these proteins to
the antifungals targeting the cell membrane. Furthermore, the connection between
azole exposure and the development of cell wall carbohydrate patches raises questions
regarding the role of these proteins in responding to cell wall stressors (12). Although
the Cyp51A and Cyp51B proteins are thought to localize to the ER, it is not clear how
azole exposure or other cell surface stressors influence their localization patterns (15,
27). Furthermore, while expression of the cyp57 genes has been analyzed based on
their transcription, little is known about the abundances of the proteins that they
encode under standard conditions and conditions of azole stress (10). These gaps in
knowledge compound with a lack of understanding about how the functions of the
two Cyp51 proteins might overlap or help compensate for one another’s absence. In
this study, we delved further into the function of these crucial Cyp51 proteins during
targeted cell stress by observing their localization following exposure to antifungals
and cell surface stressors. In addition, the protein levels of the Cyp51 paralogs, the
antifungal susceptibility of the respective genetic deletion strains, and the impact of
individual paralog deletions on voriconazole susceptibility were investigated to char-
acterize the functional parameters of Cyp51A and Cyp51B in A. fumigatus. We report a
strong association between the A. fumigatus Cyp51 proteins and the ER, hyphal septa,
and apical tip that is influenced by exposure to voriconazole, caspofungin, and Congo
red. Furthermore, A. fumigatus Cyp51A appears to compensate for the absence of
Cyp51B through increased protein expression. These findings highlight the involve-
ment of the Cyp51 proteins during responses to specific cell surface stresses and will be
useful to our understanding of drug targeting strategies and in testing novel antifun-
gals for their mechanisms of action.
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FIG 1 (A) Sequence analysis of the 14-« sterol demethylase Cyp51A and Cyp51B paralogs in Aspergillus fumigatus
reveals potential motifs for endoplasmic reticulum (ER) localization. Cyp51A and Cyp51B each contain four
diarginine/dilysine motifs (underlined in green), indicating a potential link to the ER. (B) TMHMM server 2.0
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prediction of one transmembrane region each (underlined in red in panel A) in Cyp51A and Cyp51B proteins.

RESULTS

Cyp51A and Cyp51B localize to the perinuclear and peripheral endoplasmic
reticulum network in the apical and subapical hyphal compartments. To verify the
subcellular localization of the A. fumigatus Cyp51 proteins to the ER, we first analyzed
their amino acid sequences for features associated with localization to specific cellular
compartments. Most prominently, Cyp51A and Cyp51B each possess four dilysine/
diarginine motifs (Fig. 1A). These motifs are known to promote the retention or
redirection of a protein to the ER through retrograde vesicular trafficking (28, 29). Each
of the Cyp51 proteins was also found to possess a single putative transmembrane
domain at the N terminus, as determined through the use of TMHMM prediction
software (Fig. 1B). This indicates the likelihood that the proteins are embedded within
the membrane of one or more organelles, consistent with previous observations of
Cyp51 proteins in Candida spp. (27). Based upon the observed ER localization signals in
the Cyp51 proteins and previous work in Candida and Aspergillus species, we concluded
that the Cyp51 proteins potentially localize predominantly at the ER (15, 30).

In order to confirm the in silico predictions, we generated two A. fumigatus strains
expressing either the C-terminally green fluorescent protein (GFP)-labeled Cyp51A
(Cyp51A-GFP) or Cyp51B (Cyp51B-GFP) fusion protein from their respective native loci.
Fluorescence microscopy indicated a bright halo of fluorescence focused around the
nuclei, while excluding the interior of the nuclei themselves, in the apical, subapical,
and basal regions of the hyphae (Fig. 2A to C). This pattern is consistent with previous
observations indicating the localization of other proteins to the perinuclear ER in
Aspergillus spp. (15). In addition to this clear perinuclear localization, some fluorescence
was observed in an elongated network of tubules throughout the hyphae in a manner
consistent with localization to the peripheral ER (31). Costaining of the respective
strains with ER-Tracker Red dye confirmed the localization of the Cyp51 proteins to the
ER compartments (see Fig. S1 in the supplemental material). Cyp51A and Cyp51B also
occasionally localized in the peripheral ER along the hyphal septa and at the apical tips
of the hyphae (Fig. 2A and B). Both the septa and apical tips are active sites involved
in the growth and organization of A. fumigatus hyphae.
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FIG 2 (A, B) Aspergillus fumigatus Cyp51A and Cyp51B proteins localize to the endoplasmic reticulum (ER) network,
including the perinuclear and peripheral ER tubules in the apical, subapical, and basal regions of the hyphae. Red
dotted arrows indicate the peripheral ER. The hyphal tip gradient of the ER observed at the hyphal tip is indicated
by a dashed circle. Yellow arrows indicate peripheral ER tubules along the septum, and white arrows indicate the
perinuclear ER. DIC, differential interference contrast. (C) Pictorial representation of a subapical region showing the
Cyp51 protein ER localization patterns in a hyphal compartment. Dotted arrows in blue indicate the perinuclear
ER, red dotted arrows indicate the peripheral ER, and black dotted arrows indicate peripheral ER tubular
localization along the hyphal septum. N, nucleus.

The A. fumigatus Cyp51 proteins may play compensatory roles under normal
growth conditions and in response to azoles. In addition to confirming the differ-
ential localization patterns of the Cyp51A and Cyp51B proteins, we analyzed the
relationship and functional overlap between the two proteins. To accomplish this, the
Cyp51 proteins were individually deleted to generate Acyp57A and Acyp51B strains.
Furthermore, the Acyp57 strains were transformed with C-terminally GFP-labeled ver-
sions of the remaining Cyp51 paralog (Acyp51B:Cyp51A-GFP and Acyp51A::Cyp51B-
GFP), creating paired strains that could be used to analyze the localization of each
Cyp51 paralog in the absence of the other. Paralog deletion had no noticeable impact
on the localization of either Cyp51A or Cyp51B, each of which retained the typical ER
localization pattern observed in the Cyp51A-GFP and Cyp51B-GFP strains (Fig. 3A).

The potential compensatory functions of the respective Cyp51 proteins were exam-
ined in the context of hyphal growth, protein expression, and antifungal susceptibility.
Deletion of Cyp51A or Cyp51B separately had no significant impact on radial growth,
confirming that the Cyp51 proteins are individually dispensable for growth, likely due
to functional compensation by the resident paralog (Fig. 3B). This possibility was
analyzed by first examining Cyp51A and Cyp51B protein levels in the wild type and in
the absence of Cyp51B (in the Acyp51B strain) and Cyp51A (in the Acyp571A strain) under
normal growth conditions. As shown in Fig. 3C, the expression of Cyp51A was dramat-
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FIG 3 (A) GFP-tagged Cyp51A or Cyp51B localized in the ER, despite removal of their paralog. (B) Radial growth
quantification of the Acyp571A and Acyp51B strains in comparison to that of the akuBXV8° (KU80) parent strain. (C)
Western blot analysis of the Cyp51A and Cyp51B protein levels in the wild-type (WT), Acyp51A, and Acyp51B strains
using anti-GFP antibody. (D) Cyp51A and Cyp51B protein expression increased in the presence of voriconazole
(VCZ).

ically higher in the strain lacking the counterpart Cyp51B protein. Similarly, the expres-
sion of Cyp51B was increased in the strain lacking the Cyp51A protein. The observed
elevated expression of the Cyp51A and Cyp51B proteins in response to the loss of each
counterpart protein indicates a potential compensatory mechanism allowing for nor-
mal growth, despite selective impairment of an otherwise crucial gene. Next, we
determined whether the levels of the Cyp51 proteins were altered during exposure to
the Cyp51-targeting antifungal voriconazole. The Cyp51A-GFP- and Cyp51B-GFP-
expressing strains were cultured in liquid medium for 22 h, followed by exposure to
voriconazole at a sub-MIC of 0.125 ug/ml for 2 h. Western analysis revealed a higher
baseline expression of Cyp51B than of Cyp51A, consistent with previous reports on the
constitutive expression of Cyp51B, but the presence of voriconazole did not alter this
expression pattern (data not shown) (14). We next treated the respective Cyp51A-GFP-
and Cyp51B-GFP-expressing strains that had been cultured for 20 h with 0.25 ng/ml of
voriconazole for 4 h. We noted that treatment for 4 h with 0.25 pg/ml voriconazole,
which is the determined MIC of the antifungal, increased the expression of both the
Cyp51 proteins in vivo (Fig. 3D).

The Cyp51A and Cyp51B deletion strains exhibit differential susceptibility to
voriconazole. Previous studies have reported the deletion of cyp571A genes in two
clinical isolates (CM-237 and CM-1252) of A. fumigatus (32) and the AakuBXV#° strain (33,
34). The CM-1252 strain and the AakuBKY80 strain with the cyp57A deletion showed
sensitivity to voriconazole. Because we noted that both the Cyp51A and Cyp51B
protein levels were increased by the presence of voriconazole at 0.25 ug/ml, the MIC for
the wild-type strain, we next tested the Acyp51A and Acyp51B strains for susceptibility
to voriconazole over a 5-day period of growth on glucose minimal medium (GMM) agar
and also in RPMI 1640 liquid culture for 48 h. While the wild-type and the Acyp51B
strains showed susceptibility to voriconazole at 0.2 ug/ml, the Acyp51A strain was more
sensitive to voriconazole at 0.05 ug/ml and its growth was completely inhibited on
GMM agar medium with 0.2 wg/ml voriconazole (Fig. 4A). In comparison to similarly
treated wild-type and Acyp518B strains, the Acyp57A strain showed an approximately
50% and 40% growth reduction with 0.05 and 0.1 ng/ml voriconazole, respectively (Fig.
4B). Similarly, in the RPMI 1640 liquid cultures, after 48 h the Acyp57A strain was more
sensitive to 0.062 wg/ml voriconazole and the Acyp57B strain was more sensitive to
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FIG 4 (A) The growth of the wild-type akuBKUg° (KU80), Acyp51A, and Acyp51B strains was assessed after 5 days on
GMM agar with or without voriconazole. (B) Radial growth quantification at the end of the 5-day growth period in
the presence or absence of increasing concentrations of voriconazole (0.025 to 0.2 ug/ml). Average values from
experiments done in triplicate are depicted. (C) The akuB<V8° (KU80), Acyp51A, and Acyp51B strains (10* spores/ml)
were cultured in RPMI 1640 liquid medium for 48 h in the presence or absence of increasing concentrations of
voriconazole (0.015 to 0.25 ug/ml) and observed with an inverted microscope. All the assays were done in triplicate.

0.125 pg/ml voriconazole than the wild-type strain, which exhibited growth inhibition
only in the presence of concentrations of 0.25 ug/ml voriconazole and above (Fig. 4C).
Taken together, the MICs of voriconazole for the respective strains, as determined by
CLSI method, were 0.25 ug/ml for the wild type, 0.062 ug/ml for the Acyp571A strain,
and 0.125 ug/ml for the Acyp51B strain. Although the Cyp51 paralogs appear to
compensate for each other’s loss during growth under normal and azole stress condi-
tions, the deletion of cyp51A results in a greater susceptibility to voriconazole than the
deletion of cyp51B, indicating that voriconazole is more active on Cyp51B. This also
indicates a probable role for Cyp51A in mitigating the consequences of azole exposure
without being as directly impacted by the drug as Cyp51B. We cannot, however,
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B Cyp51A-GFP Cyp51B-GFP
Treatment Septa Apical Tip Septa Apical Tip
Untreated 24% 8% 14% 10%
Amphotericin B (0.5 pg/ml) 28% 12% 12% 14%
Caspofungin (1 pg/ml) 30% 82% 20% 66%
Voriconazole (0.025 ug/ml) 36% 70% 18% 62%
Congo red (10 pg/ml) 68% 78% 62% 58%
Calcofluor white (25 pg/ml) 22% 6% 14% 18%

FIG 5 (A) Localization of the Aspergillus fumigatus Cy51A and Cyp51B proteins was assessed following 2 h of
exposure to subinhibitory concentrations of the antifungal agents amphotericin B, caspofungin, voriconazole, and
Congo red. White arrows indicate fluorescent apical regions of the hyphae, and yellow dotted arrows indicate
fluorescent septa observed with a high frequency in Congo red-treated cultures. (B) Quantification of fluorescent
apical tips and septa following treatment with the listed antifungals. Treatment with Congo red resulted in a
notable increase in the fluorescence of the septa and the apical regions of the hyphae, while treatment with
voriconazole and caspofungin resulted in an increased prevalence of fluorescent apical segments.

exclude the possibility that the enzymatic activity of Cyp51A is a more major contrib-
utor to the synthesis of ergosterol than Cyp51B, which may have an impact on the
observed differences in the azole susceptibility of the Acyp51A and Acyp51B strains.

The Cyp51A and Cyp51B proteins display differential localization following
exposure to different cell surface stressors. Given the differential azole susceptibility
observed in the Acyp51A and Acyp51B strains, we next verified the impact of cell surface
stress following exposure to the triazoles and other antifungals on the localization
pattern of the Cyp51 proteins. The Cyp51A-GFP- and Cyp51B-GFP-expressing strains
were exposed to either amphotericin B, caspofungin, voriconazole, Congo red, or
calcofluor white for 2 h prior to imaging via fluorescence microscopy (Fig. 5A). Exposure
to voriconazole, caspofungin, and Congo red resulted in concentrated GFP fluores-
cence at the hyphal tips, indicating a gradient-like distribution of the Cyp51 proteins in
the ER network. Previous studies have reported such polarized hyphal gradients in the
ER network distribution of the ER chaperone BipA and secretory proteins (35, 36).
Interestingly, in comparison to the other antifungal treatments, exposure to Congo red
resulted in a bright, concentrated GFP signal at several of the hyphal septa. Voricona-
zole exposure also revealed prominent, punctate GFP signals within the cytoplasm
similar to stress granules observed in previous studies of Aspergillus spp. (37). Exposure
neither to amphotericin B nor to calcofluor white had any notable effect on the baseline
localization pattern of the Cyp51 proteins.

Next, to assess the exclusive impact of each of these antifungal agents on the
Cyp51A and Cyp51B localization patterns at the peripheral ER, we quantified the
fluorescent septa and apical tips across the different stress conditions. Fifty apical tips
and septa were observed in each strain following standard growth and exposure to the
listed antifungals, with the final percentage of fluorescent structures reported for each
condition (Fig. 5B). These counts confirmed our initial observations in support of the
dynamic localization of the Cyp51 proteins, with significant increases in hyphal tip
localization following exposure to voriconazole, caspofungin, and Congo red and
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significantly increased septal localization during Congo red exposure. The consistent
translocation of Cyp51A and Cyp51B to the apical tip highlights a potential common
mechanism by which Aspergillus attempts to compensate for weakening of the vulner-
able site of elongation following interference from surface-targeting compounds. This
is particularly relevant when considering this translocation in response to Congo red,
which specifically targets and weakens the apical tips of the hyphae, leading to
eventual tip lysis in filamentous fungi (38). Translocation to the septa following Congo
red exposure and granular structures following voriconazole exposure may also reflect
a response in which the cell attempts to reinforce critical architectural features or
modulate ergosterol production to counteract the negative impacts of chemical stres-
sors.

DISCUSSION

Inhibition of the ergosterol biosynthetic pathway impedes membrane production
and hyphal extension through the impairment of membrane integrity (39). Despite the
importance of the Cyp51 proteins in ergosterol biosynthesis and azole susceptibility,
very little is known regarding the localization and expression of these proteins in
response to cell surface stresses or selective Cyp51 impairment. Our findings in this
study support the idea that both the A. fumigatus Cyp51A and Cyp51B proteins are
involved in the response to stress conditions and that the overlapping functions of
these proteins allow them to compensate for each other’s absence at the level of
protein expression.

In addition to confirming a baseline perinuclear and peripheral ER localization
pattern for the Cyp51 proteins, we also unexpectedly observed the occasional local-
ization to the tubular ER near the septa or hyphal tips. These alternative Cyp51 ER
localization compartments were observed only sporadically under standard conditions,
potentially representing an important translocation step during the normal activity of
Cyp51A and Cyp51B. Notably, growing apical tips require a constant supply of new cell
membrane components, including ergosterol (40). The occasional localization of the
Cyp51 proteins at the apical tip could represent a normal part of ergosterol biosyn-
thesis proximal to the membrane, occasionally leading to a visibly elevated Cyp51-GFP
signal during periods of intense growth. Localization to the hyphal septa could repre-
sent a process of membrane maintenance occurring throughout the hyphae, managing
the ergosterol content as the hyphae age and elongate. Hyphal septa have been shown
to play an essential role in the survival of A. fumigatus following exposure to caspo-
fungin and to increase the cell survival time period following exposure to azoles (12,
41). Though much of this effect is due to the septum’s ability to contain membrane
ruptures to single compartments, it is possible that azole inhibition also mitigates
Cyp51-mediated maintenance activity around the septa. Thus, the localization of Cyp51
proteins to the septa could be a substantial step in A. fumigatus cell membrane
maintenance.

We were able to demonstrate different patterns of Cyp51A and Cyp51B localization
following treatment with various cell surface stressors. We found that exposure to
subinhibitory concentrations of voriconazole, caspofungin, and Congo red resulted in
the increased translocation of Cyp51 to compartments outside of the perinuclear ER.
More specifically, exposure to all three compounds resulted in increased translocation
to the apical tip of the hyphae, while exposure to Congo red also resulted in increased
Cyp51 translocation to the septa. Both Congo red and caspofungin target and interfere
with the fungal cell wall, while voriconazole targets the formation of membrane
ergosterol (38, 39). The accumulation of Cyp51A and Cyp51B at the apical tip following
exposure to these stressors thus may represent a general response by A. fumigatus to
stresses placed upon the cell surface during apical growth, even in situations in which
ergosterol biosynthesis is not the direct target of the stress. A similar, though more
specific, process may be responsible for the substantial accumulation of Cyp51A and
Cyp51B at the septa in response to Congo red exposure. The general induction of cell
membrane/cell wall biosynthetic machinery following exposure to a cell wall-targeting
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compound would likely include the mobilization of proteins involved in ergosterol
biosynthesis, potentially including a relocation of the Cyp51 proteins to the septa.
Given that our observations are based specifically on cultures following 2 h of exposure
to cell surface stressors, it is not clear whether this response occurs as part of a larger
sequence of stress responses. Furthermore, any connections between the observed
translocation and other known stress response pathways in Aspergillus have not been
tested. Future work could delve deeper into these connections, revealing whether the
dynamic translocation of Cyp51A and Cyp51B occurs as part of a general stress
response or as a more specific reaction to individual compounds.

cyp571A and cyp51B are individually dispensable for survival, though the simultane-
ous removal of both paralogs results in a loss of viability in A. fumigatus. Previous
studies have noted that cyp57A is expressed in an inducible manner (14). However, we
noted the constitutive expression of the Cyp51A and Cyp51B proteins under control
conditions, but their expression seemed to be induced in the presence of voriconazole.
Historically, these observations have been explained as a compensation by each
protein for the loss of the paralog (42). However, while the overall impact of Cyp51
deletions on viability has been explored previously, much less effort has been made to
thoroughly define the consequences of individual Acyp57A and Acyp51B mutations on
the expression and localization of the surviving paralog. We found that deletion of
cyp51A or cyp51B had no noticeable impact on the localization of the remaining
paralog, indicating that compensation by the proteins encoded by these genes does
not occur through any major changes in localization. Importantly, we did observe that
the protein-level expression of Cyp51A increases in the absence of its paralog, Cyp51B,
and vice versa. Despite the apparent redundancy of the Cyp51 proteins during radial
growth, both the Acyp57A and Acyp51B strains were more susceptible to voriconazole
than the wild-type strain, indicating that the Cyp51 proteins are not fully redundant in
the context of azole susceptibility. The increased susceptibility of the Acyp571A strain
compared to that of the Acyp57B strain demonstrates that Cyp51A can act as a
substantial mitigating factor for the damage caused by azole drugs. On the other hand,
the less dramatic increase in susceptibility following deletion of Cyp51B could indicate
that it responds to azole exposure in a less dynamic manner, though it remains
important as a target of the drug. Our observations support the idea that Cyp51B may
be the primary target of azole drugs, such as voriconazole (due to the observed azole
hypersensitivity of the Acyp51A strain), while Cyp51A is an important secondary target
of azole drugs through its role as a compensatory protein for an impaired or suppressed
Cyp51B. However, we also cannot exclude the possibility of Cyp51A protein being more
important for the synthesis of ergosterol, leading to conferring an increase in azole
tolerance. In this context, it would be interesting to further investigate how mutations
in Cyp51B influence azole resistance in A. fumigatus.

In summary, our results indicate three significant findings: (i) the A. fumigatus
Cyp51A and Cyp51B proteins localize to the tubular ER network along the septa and in
the peripheral ER network at the apical tip of the hyphae, in addition to their typical
localization at the perinuclear ER. The exact reason for this observed effect is currently
unclear. (i) The A. fumigatus Cyp51A and Cyp51B proteins show a gradient distribution
in the peripheral ER at the apical tip and along the septum following exposure to cell
surface stressors, such as voriconazole, caspofungin, and Congo red. These findings not
only indicate a potential role for the Cyp51 proteins during general responses to cell
surface stresses but also highlight an aspect of their functionality which could be
targeted to impair the pathogen. (iii) Cyp51A protein expression increases in the
absence of Cyp51B and vice versa. This finding sheds more light on the interplay
between these two proteins, indicating the ability of one to compensate for the other’s
absence at the protein level. However, the interplay between the two Cyp51 proteins
is not equal in the context of azole resistance, in which the loss of Cyp51A has a greater
impact on azole susceptibility than the loss of Cyp51B. While we highlight new and
important aspects of the A. fumigatus Cyp51 proteins, future in-depth studies are
required to better understand drug action and azole resistance mechanisms.
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TABLE 1 Strains used in this study
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Strain Parent strain Genotype Reference or source
akuBXUgo CEA17 Wild type 43

akuBXV80 pyrG— CEA17 pyrG™ pyrG 43

Acyp51A akuBXY80 pyrG— cyp51A:pyrG This study

Acyp51B akuBKY80 pyrG— cyp51B:pyrG This study
cyp51A-gfp akuBKveo cyp51Apromo-cyp51A-egfp-hph This study
cyp51B-gfp akuBKv8o cyp51Apromo-cyp51A-egfp-hph This study
Acyp51A:Cyp51B-GFP akuBXV80 pyrG— cyp51A:pyrG cyp51Bpromo-cyp51B-egfp-hph This study
Acyp51B:Cyp51A-GFP akuBXY80 pyrG— cyp51B:pyrG cyp51Apromo-cyp51A-egfp-hph This study

MATERIALS AND METHODS

Construction of cyp57 mutations in Aspergillus fumigatus. C-terminal GFP labeling of Cyp51A and
Cyp51B was accomplished by insertion of the coding region for each cyp51 gene upstream of egfp within
a pUCGH vector. These vectors were then transformed into the akuB¥Y80 strain of A. fumigatus (43) and
screened using hygromycin B as a selective agent, as described previously (44). Deletion of Cyp51A and
Cyp51B (producing the Acyp51A and Acyp51B strains, respectively) was accomplished by replacing the
cyp51A and cyp51B open reading frames with the A. parasiticus pyrG selectable marker in the akuBKUg°
pyrG— genetic background (43). Target transformants were then identified by screening for prototrophic
transformants, with subsequent confirmation via PCR amplification of the insert/locus junction and
Southern blotting for the deletion strains being performed as described previously (44). Paired cyp51A::
Cyp51B-GFP and cyp51B:Cyp51A-GFP strains were generated by transforming the Acyp51A and Acyp51B
strains with the above-described GFP-labeled pUCGH vectors for Cyp51B and Cyp51A, respectively.
Target transformants were again identified by screening with hygromycin B as a selective agent, followed
by verification of the presence of the GFP tag via amplification of the labeled sequence using a forward
primer targeting a genomic DNA sequence upstream of the labeled gene and a reverse primer targeting
the egfp coding region. The strains created for this study are listed in Table 1.

Radial growth and antifungal susceptibility testing. Radial growth assays were performed for the
Acyp51A, Acyp51B, Acyp51B::Cyp51A-GFP, and Acyp51A:Cyp51B-GFP strains by point inoculating conidia
(104 on solid glucose minimal medium (GMM) agar (1% glucose, pH 6.5) and incubating for 5 days at
37°C. The antifungal susceptibility of the Acyp51A and Acyp51B strains was analyzed using standard
microdilution techniques, testing in the presence of caspofungin, voriconazole, or amphotericin B (45).
The A. fumigatus strain akuB<V8° (the wild type [WT]) and the Acyp57A and Acyp518B strains were cultured
in the absence or presence of voriconazole (0.025 to 0.2 ug/ml) on GMM agar or RPMI 1640 liquid
medium (0.015 to 0.25 ug/ml) in triplicate.

Fluorescence microscopy. For fluorescence microscopic imaging of the Cyp51A-GFP and Cyp51B-
GFP strains, conidia (10%) were cultured in glass-bottomed petri dishes (35 mm) containing 3 ml of liquid
GMM and incubated at 37°C for 16 h. To determine the impact of subinhibitory antifungal treatment and
other cell stressors on the localization of the GFP-tagged Cyp51 proteins, relevant compounds were
added individually to the plates after 14 h of incubation and the cultures were allowed to grow for an
additional 2 h. Subinhibitory concentrations of amphotericin B (0.5 ug/ml), caspofungin (1 ug/ml),
voriconazole (0.025 ug/ml), Congo red (10 ug/ml), and calcofluor white (25 ug/ml) were used for
postexposure examination of Cyp51 protein localization. To quantify fluorescent septa and apical tips, 50
of each were counted for bright or background-level fluorescence in the Cyp51A-GFP, Cyp51B-GFP,
Acyp51B:Cyp51A-GFP, and Acyp51A:Cyp51B-GFP strains following standard growth and exposure to the
tested stressors. Fluorescence counts in the septa and apical tips were reported as a final percentage. ER
staining was performed on cultures grown for 24 h using ER-Tracker Red dye (Thermo Fisher) according
to the manufacturer’s instructions. Briefly, the cultures were incubated with the dye at a 1 M concen-
tration for 20 to 30 min at 30°C and observed using an Axio Observer 3 microscope (Carl Zeiss) equipped
with ZEN lite imaging software.

Protein extraction and Western blot analysis. Preparation of cell extracts and detection by
Western blotting were performed as described earlier (44). Briefly, strains expressing the Cyp51A-GFP and
Cyp51B-GFP fusion constructs were grown in GMM liquid medium as shaking cultures for a period of 24
h at 37°C. Cell extracts were then collected from these cultures and used to prepare total protein for each
strain. Following quantification and standardization via the Bradford assay, 100 ug of total protein was
resolved via electrophoresis through a 4 to 20% SDS-polyacrylamide gel using a Mini-Protean electro-
phoresis cell (Bio-Rad). Protein was then electroblotted onto a polyvinylidene difluoride membrane
(Bio-Rad) and probed with anti-GFP primary antibody (1 wg/ml; GenScript) as a primary antibody.
Peroxidase-labeled rabbit anti-lgG (1:5,000; Rockland) was used as a secondary antibody. Detection was
carried out by use of the SuperSignal West Pico chemiluminescent substrate (Thermo Scientific).
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