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espite intensive research, neither the molecular mechanisms of nor underlying

resistance traits against amphotericin B (AmB) are fully understood in detail. The
main target of AmB is ergosterol in the fungal cell membrane (1, 2). The mechanism of
AmB action involves pore formation in the fungal lipid bilayer, polar interactions with
phospholipid groups of the membrane, and ergosterol sequestration and/or extraction
(1-4). Pore formation by AmB increases the permeability for small mono- and divalent
cations and larger electrolytes, thereby depleting the intracellular ion pool.

Molecular investigations of acquired AmB resistance in Candida albicans proved that
the deletion of ergosterol biosynthesis genes increased the AmB MIC >3-fold due to
ergosterol depletion (5). However, these deletions conferring AmB resistance resulted
in reduced tolerance to external stresses (such as high temperatures), killing by
neutrophils, tissue invasion, or filamentation, and the deletion strains were avirulent in
a murine infection model (5).

Several studies support the model that AmB induces reactive oxygen species (ROS)
in the cell, thereby exerting a major fungicidal impact rather than ergosterol seques-
tration (6-9). ROS, which are key substances in the process of oxidative stress, are
signaling molecules that regulate many cellular functions under physiological condi-
tions. The cellular antioxidation system, once damaged, results in excessive ROS
accumulation, which causes damage of macromolecules, such as lipids, enzymes, and
nucleic acids (10).

In support of the model that AmB induces ROS, clinical AmB-resistant (ATR) and rare
AmB-susceptible (ATS) Aspergillus terreus isolates did not exhibit any alterations in
ergosterol content, indicating that ergosterol is not the major target in the intrinsic
AmB resistance of A. terreus (11). In a recent study, we illustrated that coapplication of

October 2017 Volume 61 Issue 10 e00670-17 Antimicrobial Agents and Chemotherapy aacasm.org 1


http://orcid.org/0000-0001-6909-7005
http://orcid.org/0000-0002-5888-5118
https://doi.org/10.1128/AAC.00670-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:doris.wilflingseder@i-med.ac.at
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00670-17&domain=pdf&date_stamp=2017-7-24
http://aac.asm.org

Jukic et al.

AmB with anti- and prooxidants significantly affected AmB efficacy in an antithetic
manner. Furthermore, we showed that mitochondria, the major source of intracellular
ROS formation, are involved in AmB'’s fungicidal activity (12). Previous work described
that ATR strains exhibited increased catalase activity under untreated conditions (11).
Altogether, these findings underpin a crucial role of the oxidative stress response (OSR)
in AmB resistance.

Therefore, in the present study, we characterized the roles of two ROS-detoxifying
systems, catalases (CATs) and superoxide dismutases (SODs), in more detail at the
transcriptional and functional levels. Catalases can be classified into two subgroups, i.e.,
mono- and bifunctional catalases. For Aspergillus fumigatus, three functional catalases
have been described (13, 14): two monofunctional catalases—Cat1 and CatA—and one
bifunctional catalase—the peroxidase Cat2 (14, 15). CatA is expressed in conidia, while
Cat1 is found in mycelia. In Candida albicans, one catalase is expressed (16).

SODs comprise the major antioxidant defense system against superoxide anions
(O,-7) and consist of two isoforms in fungi: (i) Cu/Zn-SODs and (ii) Mn/Fe-SODs. Both
SOD groups require catalytic metal (Cu or Mn) for their activation (12). For Aspergillus
fumigatus, SOD functions were characterized in detail by creating single- and multiple-
gene deletion mutants (17). SOD1 and SOD2 displayed SOD activity, whereas no
biochemical proof for SOD activity was obtained for SOD3 and SOD4.

In addition to depicting the SOD expression and activity patterns of ATS and ATR
strains, we studied mitogen-activated protein kinase (MAPK) activation initiated by
AmB-mediated ROS production. MAPKs are activated in response to environmental
changes, upon which they modulate osmotic stress responses, cell wall biosynthesis,
and mating in fungi. We demonstrate here the crucial role, in particular, of CAT
expression and activity in AmB resistance of A. terreus, as in vitro coapplication of CAT
inhibitors and AmB rendered ATR strains susceptible to the drug.

RESULTS

Identification of putative SODs and CATs in A. terreus and other fungal species.
We first searched for homologs of A. fumigatus functional superoxide dismutases
(SODs) and catalases (CATs) by performing InterPro (18) scans of A. terreus sequences.
The in silico studies revealed that A. terreus has seven putative SOD family members:
four Cu/Zn-SODs and three Mn/Fe-SODs. Similar to the Sods in A. fumigatus, we
identified homologs of the previously described Sods (Sod1 to Sod4) in A. terreus, but
we additionally found three other protein-encoding genes harboring Cu/Zn-SOD do-
mains (Fig. 1A; see Table S3 in the supplemental material): ATEG_09123, termed Sod5;
ATEG_00356, termed Sod6; and ATEG_04404, termed Sod7. Sod5 (ATEG_09123) shares
34.12% and 30.11% identities with the Cu/Zn-SODs Sod4 and Sod6, respectively, of C.
albicans. The putative SOD proteins ATEG_09123 and ATEG_00356 share 40.5% and
41.4% identities, respectively, with AFUA_1G11640 and 34.1% identity with C. albicans
Sod4. Two additional Cu/Zn-SOD proteins were detected by these in silico analyses of
A. fumigatus: both are annotated as open reading frames (ORFs) and uncharacterized
proteins. AFUA_2G09700 shares homology with ATEG_04404 (Sod7) (85.83% identity)
and also with the superoxide dismutase chaperone Lys7/CCS1 of Saccharomyces cerevi-
siae (42.2% identity), required for copper incorporation in Sod1p (19-21). Phylogenetic
trees of A. terreus SOD family members compared to those of C. albicans and A.
fumigatus are shown in Fig. 1A and Table S3.

In A. terreus, CAT1, CAT2, and CATA homologs were identified together with two
other putative proteins containing monofunctional catalase domains (ATEG_01487 and
ATEG_07460). Comparing the gene organization of the escA catalase gene-containing
fumigaclavine C biosynthetic gene cluster of A. fumigatus (22), a homologous gene
cluster is present in A. terreus, encoding the putative catalase ATEG_01487. ATEG_07460
is also annotated as a putative peroxisomal catalase and forms an outgroup in the
phylogenetic tree (Fig. 1B; Table S4).

SOD- and CAT-encoding genes are transcriptionally upregulated by AmB treat-
ment. The transcriptional expression profiles of SODs and CATs of A. terreus were
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FIG 1 Unrooted phylogenetic neighbor-joining tree of SOD and CAT homologs of C. albicans (Ca), A. terreus (ATEG), and A. fumigatus (AFUA). (A) C. albicans
has 6, A. terreus 7, and A. fumigatus 6 SOD homologs. Proteins are denoted according to their names in the literature or according to the gene locus. Proteins
marked with an asterisk harbor a mitochondrial import sequence. The two distinct subfamilies of Cu/Zn-SODs and Mn/Fe-SODs are highlighted with bars on
the right. (B) Phylogenetic relationships of C. albicans catalase and the catalases and bifunctional catalases of A. terreus and A. fumigatus. Bootstrap values are

depicted at the nodes, and branch lengths are shown.

investigated after 1 h and 4 h of AmB treatment (1 ug/ml) of ATS (n = 3) and ATR (n =
3) strains (Fig. 2; Table S5).

Upon AmB exposure, sod1, sod4, sod5, sod6, and sod7 transcript levels increased in
ATS strains, in a time-dependent manner, and were found to be highest after 4 h (Fig.
2). In contrast, ATR strains were able to better cope with AmB treatment and down-
modulated these sod genes to nearly basal levels after 4 h (Fig. 2). sod3 mRNA
expression levels did not differ between the resistant and susceptible strains, indepen-
dent of the time point (Fig. 2), while sod2 levels were found to be significantly higher
in ATR strains than in ATS strains after 1 h of AmB treatment and remained elevated 4 h
after AmB addition (Fig. 2).

A different picture was observed respecting catalase expression profiles. catl, cat2,
and catA were significantly upregulated in ATR strains after 4 h of AmB exposure (Fig.
3). No significant upregulation of these cat transcripts was observed in ATS strains at
this time point (Fig. 3). In ATS strains, only catC showed a significant increase after 4 h
of AmB treatment compared to the level at the 1-h time point, but expression of catC
was not significantly higher than that detected in ATR strains after 4 h (Fig. 3).

This differential regulation of sod and cat genes in ATS and ATR strains points to an
important regulatory function of cat genes in particular regarding AmB resistance
mechanisms.

Distinct SODs are induced by AmB treatment in ATS and ATR strains. To further
characterize the role of SODs in ATS and ATR strains upon AmB treatment, we next
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FIG 2 AmB treatment differentially affects expression of SOD-encoding genes in ATS and ATR strains. Cultures (ATS
strains, white columns [n = 3]; ATR strains, black columns [n = 3]) were preincubated in RPMI 1640 liquid medium
for 24 h at 37°C and 200 rpm before AmB (1 ug/ml) was added for 1 h and 4 h. Gene expression during AmB
treatment was determined by RT-qPCR, and expression ratios were normalized according to the 2-22¢7 method,
using beta-tubulin as a housekeeping gene and the untreated condition as a reference. Data are means and
standard deviations for three independent experiments with ATS strains (white; 3 isolates per experiment) and ATR
strains (black; 3 isolates per experiment). Lines over columns display significant changes between the respective
columns (P = 0.05; two-way ANOVA and the Fisher LSD test).

analyzed their enzymatic activity via two different assays: we used a commercially
available SOD determination kit, and we examined SOD activity by using zymograms.
Determining the enzymatic activity in protein extracts under control conditions (time
zero) revealed that basal SOD activity was nearly twice as high in ATR strains (85% =
3%) as that in ATS strains (46% = 10%) (Fig. 4A). After 4 h of AmB exposure, ATR strains
showed constant SOD activity levels, whereas ATS strains showed increased enzymatic
activity (~1.20-fold [to 55% = 13%]). SOD zymograms showed a similar overall SOD
activity pattern (Fig. 4B and C). Substantial differences in distinct Sod proteins were
observed between ATS and ATR strains (Fig. 4B). One Mn/Fe-SOD displayed activity in
both groups (Fig. 4B, lowest band), and this was increased upon AmB treatment. ATS
strains exhibited additional bands (marked with arrows at the left), which decreased
with AmB treatment. AmB caused induction of a high-molecular-weight SOD isoform in
ATS strains which already existed in ATR strains under control conditions (Fig. 4B,
asterisk). In ATR strains, an additional band appeared after AmB treatment (Fig. 4B,
arrow at the right).
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FIG 3 AmB treatment increases transcripts of CAT-encoding genes in ATS and ATR strains. Cultures (for ATS strains,
n = 3; for ATR strains, n = 3) were incubated in RPMI 1640 liquid medium for 24 h at 37°C and 200 rpm. AmB (1
rg/ml) was added for 1 h and 4 h. Gene expression during AmB treatment was determined by real-time RT-qPCR,
and expression was normalized to that of beta-tubulin according to the 2-22¢T method. Data are presented as
means * standard deviations for three independent experiments with ATS (white; n = 3) and ATR (black; n = 3)
isolates, with technical duplicates. Lines over columns display significant changes between the respective columns
(P = 0.05; two-way ANOVA and the Fisher LSD test).

Overall, these results indicate that ATR strains display a higher basal SOD activity
and that AmB treatment activates differential SOD isoforms in ATR and ATS strains.

AmB exaggerates superoxide anion generation in ATS mitochondria. Due to
the observed differences in SOD expression and activity, we next examined mitochon-
drial superoxide anion generation upon AmB treatment in ATS and ATR strains by using
the mitochondrial superoxide anion indicator MitoSOX-Red. Under control conditions,
superoxide anion levels were similar in ATS and ATR strains (Fig. 5). After T h of AmB
exposure, superoxide anion production was nearly twice as high in ATS strains, and it
was enhanced nearly 4-fold after 4 h (Fig. 5A). In contrast, mitochondrial superoxide
anion production decreased to control levels in ATR strains after 4 h of AmB exposure
(Fig. 5A). Also, confocal microscopic analyses revealed that ATS strains produced more
superoxide anions after AmB treatment than ATR strains did (Fig. 5B).

These findings indicate that AmB treatment results in significantly higher mitochon-
drial superoxide anion levels in ATS strains, with increased mitochondrial superoxide
anion accumulation. The superoxide anion reduction in ATR strains over 4 h of AmB
exposure illustrated the ability of resistant isolates to reduce AmB-mediated superoxide
anion accumulation in mitochondria.

Inhibition of SODs and CATs increases the AmB susceptibility of resistant strains.
We next performed blocking experiments using SOD and CAT inhibitors (N-N'-
diethyldithiocarbamate [DDC] and 3-amino-1,2,4-triazole [3-AT], respectively) (23-25) to
link enzymatic activity to AmB resistance. First, we determined concentrations of 3-AT
and DDC that did not affect radial growth of the fungi (Table 1; Table S2). ATR strains
displayed a more pronounced growth reduction when challenged with the CAT inhib-
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FIG 4 AmB increases SOD activity and induces distinct SOD responses in ATR and ATS strains. (A) ATR
strains (black bars; n = 3) exhibited higher total SOD activity than that of ATS strains (white bars; n =
3) under basal conditions and with AmB treatment (4 h, 1 wg/ml AmB). AmB caused an increase in SOD
activity in ATS strains, while ATR SOD activity remained almost constant. SOD activity was determined
with a SOD detection kit (Sigma-Aldrich) in these experiments. (B) Representative SOD zymogram of ATS
(isolate T77) and ATR (isolate T90) strains, displaying distinct SOD activities under control conditions (co)
for the ATS and ATR strains, which were modulated by AmB treatment (1 pg/ml, 4 h). Eighty-microgram
aliquots of protein were loaded onto 10% native polyacrylamide gels, and gels were stained for
superoxide dismutase activity. The asterisk indicates Cu/Zn-SOD, and the arrows highlight altered
protein patterns seen with AmB exposure. (C) SOD zymograms of ATS and ATR strains (n = 3 per
group) were evaluated with ImageJ and normalized to those of ATR strains under basal conditions.
For all experiments shown, strains were cultured in RPMI 1640 medium at 37°C and 200 rpm. AmB
(1 ng/ml) was added for 4 h.
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itor 3-AT, while ATS strains were more sensitive to the SOD inhibitor DDC (Table S6). For
susceptibility testing, 2 mM 3-AT and 12.5 uM DDC were found to be optimal regarding
fungal growth. The MIC of ATR strains cotreated with AmB and DDC was significantly
reduced (Table 1) (AmB MIC, 32.00 = 0.00 mg/liter; AmB-DDC MIC, 1.25 * 0.36
mg/liter). AmB-DDC cotreatment did not exert any significant effect on ATS strains
(Table 1) (AmB MIC, 0.23 = 0.03 mg/liter; AmB-DDC MIC, 0.11 *= 0.02 mg/liter).
Consistent with the stronger growth inhibition of ATR strains with the CAT blocker 3-AT,
an even larger reduction in the AmB MIC was observed upon AmB-3-AT cotreatment
(Table 1) (AmB MIC, 32.00 = 0.00 mg/liter; AmB-3-AT MIC, 0.44 * 0.08 mg/liter).
However, no changes in MICs were observed for coapplying voriconazole or caspofun-
gin with DDC or 3-AT (data not shown). As proof of principle that CAT and SOD
inhibition increases AmB susceptibility, clinical isolates of A. flavus were cotreated with
DDC or 3-AT and AmB. A. flavus clinical isolates (MICs, >2 ug/ml for AmB) also showed
a decrease in AmB MICs when they were cotreated with 3-AT or DDC, albeit a smaller
one than that seen with ATR strains.

These results highlight the importance of antioxidative enzymes for AmB suscepti-
bility in A. terreus and emphasize that CAT activity especially is indispensable for AmB
resistance in A. terreus.

AmB exposure causes differential MAPK activation in ATS and ATR strains.
MAPK signaling is involved in oxidative stress responses in A. fumigatus (26, 27).
Therefore, we also studied phosphorylation of the MpkA (p44/p42 MAPK in humans)
and SakA/Hog1 (p38 MAPK in humans) orthologs in ATS and ATR strains upon AmB
exposure over time (Fig. 6). While MpkA was highly activated in ATS strains upon 1 h
of AmB treatment (Fig. 6A, upper panel, and B), SakA/Hog1 phosphorylation was
induced only in AmB-treated ATR strains after 4 h (Fig. 6A, middle panel, and C). ATR
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FIG 5 AmB induces high superoxide levels in ATS mitochondria. (A) Superoxide anions in mitochondria
were measured using the mitochondrial superoxide anion indicator MitoSOX-Red. Strains (ATS, white
columns [n = 3]; ATR, black columns [n = 3]) were cultured in 100 ul RPMI 1640 medium without phenol
red (10> conidia/ml) for 18 h before AmB (1 wg/ml) was added for 1 h and 4 h. Fifteen minutes before
measurements, 5 uM MitoSOX-Red was added to each sample. Fluorescence was detected in a micro-
plate reader at 580 nm after excitation at 510 nm. Experiments were performed in triplicate and repeated
thrice. Data were normalized to those for ATR strains under untreated conditions (control [co]) and are
presented as means and standard deviations. AmB treatment resulted in increasing superoxide anion
levels in ATS mitochondria, while in ATR mitochondria only slight increases were observed at the early
time point. Lines over columns display significant changes between the respective columns (P = 0.05;
two-way ANOVA and the Fisher LSD test). (B) Representative confocal microscopic images of AmB-
treated (1 ug/ml, 4 h) and MitoSOX-Red-stained specimens of ATS (T77) and ATR (T90) strains.
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strains displayed a higher basal MpkA phosphorylation level, which was not affected
upon AmB treatment after 1 h and was downmodulated after 4 h (Fig. 6A, upper panel).
SakA/Hog1 protein levels were used as loading controls (Fig. 6A, lower panel). These
findings illustrate that MAPKs are alternatively regulated in ATS and ATR strains upon
AmB treatment and that basal MpkA phosphorylation levels are elevated in ATR strains.

DISCUSSION

A. terreus has intrinsic resistance to AmB, and only a few susceptible isolates are
known so far (12, 28). We and others recently depicted that AmB induces oxidative
stress in fungal cells rather than targeting ergosterol content in the fungal plasma
membrane. In this study, the roles of ROS-detoxifying SODs and CATs in AmB resistance
were investigated in A. terreus. Little is known of A. terreus SODs and CATs, and these

Antimicrobial Agents and Chemotherapy

TABLE 1 Effects of 3-AT and DDC on radial growth and AmB susceptibility in ATS and ATR strains and A. flavus strains®

Radial growth (% of control level)

AmB MIC (mg/liter)

Inhibitor ATS strains ATR strains A. flavus strains ATS strains ATR strains A. flavus strains
Control 100.00 *+ 8.18 100.00 + 6.90 100.00 *= 5.96 0.23 +0.03 32.00 = 0.00 2433 +13.28
3-AT (2 mM) 85.49 = 18.44 79.31 = 18.43 89.92 + 1.68 0.22 = 0.04 0.57 £0.26 13.33 + 2.31
DCC (12.5 uM) 94,54 + 3.35 100.00 + 4.83 98.34 = 3.73 0.11 £0.02 1.20 = 0.36 4.67 + 3.06

aFor radial growth assays, 100 conidia were point inoculated onto RPMI plates supplemented with the respective inhibitors and incubated at 37°C for 48 h. For MIC
determination, conidial suspensions with 1 X 106 conidia/ml were streaked onto RPMI plates supplemented with the respective inhibitors before AmB Etest strips
were applied. Experiments (for ATS strains, n = 3; for ATR strains, n = 3; and for A. flavus strains, n = 3) were always performed with freshly harvested spores and

repeated at least three times per strain.
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FIG 6 Immunoblot analysis of ATS and ATR strains treated with AmB reveals distinct phosphorylation statuses of SakA and
MpkA. (A) Western blot analysis of phosphorylated MpkA (using an anti-phospho-p44/42 antibody) and SakA (using an
anti-phospho-p38 antibody) in ATS and ATR strains treated with AmB (1 pg/ml) for 1 and 4 h. The anti-p38 antibody was used
as a standard loading control in all experiments. The vertical line in the blot for phosphorylated MpkA indicates splicing of the
image to give the same order of samples. (B and C) Summaries of two independent Western blot experiments (as shown in
panel A) with three ATS and three ATR strains. Expression levels of phosphorylated MpkA and SakA were normalized to the
level of SakA. Lines over columns display significant changes between the respective columns (P = 0.01; two-way ANOVA and
the Fisher LSD test).

enzymes have not been studied in detail regarding their relevance to AmB resistance
(29-32). The cytosolic Cu/Zn-SOD1 is found at high levels in conidia and germinated
conidia of A. fumigatus. We illustrated here that upon AmB treatment, the sod1, sod4,
sod5, sod6, and sod7 genes were elevated in ATS but not ATR strains.

At the transcriptional level, sod4 expression displayed opposite regulation in the two
groups. Transcripts increased in ATS strains but decreased in ATR strains and resulted
in a significant difference at the 4-h time point; this antithetic regulation of sod4
underlines the distinct mitochondrial functions in ATS and ATR strains (12). Also,
transcription of sod5, sod6, and sod7 was strongly enhanced upon AmB treatment in
ATS strains, while ATR strains downregulated these genes and reached control levels
after 4 h.

The mitochondrial Mn/Fe-SOD, encoded by sod2 in A. fumigatus, is strongly ex-
pressed in conidia and at later growth stages. The SOD2 homolog of A. terreus (88.55%
identity) also contains a mitochondrial import sequence, and transcription of sod2 is
induced mainly in ATR strains by AmB treatment. Sod4 was proven to be essential in A.
fumigatus. Similar to Sod2, the Sod4 ortholog contains a mitochondrial import se-
guence.

The transcriptional activation of CAT-encoding genes was more pronounced than
that of SOD-encoding genes in ATR strains after AmB treatment. CATT mRNA expres-
sion was significantly upregulated in ATR strains after 4 h of AmB exposure compared
to that at the 1-h time point or that in ATS strains at 4 h, indicating that ATR strains
display a more pronounced OSR at the transcriptional level. The active protein was
recently investigated and characterized for an A. terreus environmental isolate from oil
fields in India (30, 33). Significantly higher transcription of CAT2, the bifunctional
catalase-peroxidase, was also induced in ATR strains by 4 h of treatment with AmB.
CAT2 was also identified in a proteomics study of potato tuber colonization by A.
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terreus (32) and displayed a significant induction in the plant host environment. The
AFUA_2G18030 gene, termed easC, was identified as a gene of the ergot alkaloid gene
cluster that is required for chanoclavine | biosynthesis (22), with confirmed in vitro
catalase activity required for the synthesis of chanoclavine |, rather than being involved
in the OSR. This protein harbors a type | peroxisomal targeting sequence (PTS I) at the
carboxy terminus (ARL) (34). A similar PTS | sequence also exists at the carboxy terminus
of ATEG_01487 (CATC). catC transcripts significantly increased at the 4-h time point
solely in ATS strains. The ortholog of CATA is known to be a conidium-specific CAT in
A. fumigatus. catA transcripts were induced by AmB treatment in both ATS and ATR
strains. Since A. terreus is known to produce aleuroconidia (35), arising from hyphae in
liquid cultures, it is not surprising that catA transcripts were detected in both strains in
liquid cultures. The last putative catalase identified by InterPro searches was annotated
as a putative peroxisomal catalase according to UniProtKB/TrEMBL (accession no.
QOCFS4). The predicted protein contains a CAT domain from residues 23 to 369. However,
the peroxisomal CAT annotation is questionable, for two reasons: a PTS | motif is missing
at the carboxy terminus, and no type Il PTS (PTS II) [(R/K)(L/D)xxxxx(H/Q)L] is present at the
amino terminus. A type Il PTS was solely found at the end of the catalase domain, at
position 321.

Taken together, the data here show that all tested A. terreus clinical isolates—three
susceptible and three resistant—exhibited distinct basal SOD and CAT expression
levels and different patterns upon AmB treatment. Upon AmB exposure, transcription
of the cytosolic Cu/Zn-SOD1 was significantly upregulated in ATS strains, while in ATR
strains the mitochondrial Mn/Fe-SOD2 level was significantly increased. Levels of the
cytoplasmic Mn/Fe-SOD3 did not greatly differ over time between ATS and ATR strains
after AmB addition. Interestingly, the ortholog of the essential mitochondrial Mn/Fe-
SOD4 enzyme illustrated an antithetic mRNA expression pattern, with AmB-induced
upregulation in ATS strains and downregulation in ATR strains, emphasizing the role of
mitochondrial functions in AmB resistance.

In turn, the catalase genes catT, cat2, and catA were significantly upregulated in ATR
strains after 4 h of AmB treatment. Since CAT1 and CAT2 were illustrated to be involved
in H,0, degradation in A. fumigatus (14), we suggest that cat? and cat2 orthologs in A.
terreus fulfill these major functions as well.

In our analysis to determine the consequences of altered transcription patterns in
ATS and ATR strains, SOD activity assays revealed that ATS strains displayed lower SOD
activity. Interestingly, Cu/Zn-SOD1 transcriptional expression was higher in ATS strains,
but this increase was observed regarding its protein activity. In a recent study, we
examined the effects of pro- and antioxidants on CAT and SOD activities, and after
blocking with DDC, we identified the high-molecular-weight band to constitute the
Cu/Zn-SOD complex (12). Holdom et al. biochemically characterized the Cu/Zn-SOD1 of
A. terreus and compared it to orthologs of related species (29). In that study, only A.
fumigatus SODs retained thermostability at 37°C, while Aspergillus nidulans and A.
terreus Cu/Zn-SODs significantly lost activity at this temperature, and all but A. fumiga-
tus Cu/Zn-SODs were inhibited by chelators, such as EDTA. The decreased Cu/Zn-SOD
activities in ATS strains are supposed to result from inefficiently translated transcripts,
from missing functional SOD homomultimers, or from missing metal cofactors. We
highlighted the differential SOD activity between ATS and ATR strains already under
control conditions—in zymograms, ATS strains displayed two additional bands with
Mn/Fe-SOD activity which were not detected for ATR strains. Upon AmB treatment, the
activity of this Mn/Fe-SOD was also decreased in ATS strains, while in ATR strains
another SOD activity band appeared. Consistent with decreased SOD activity in ATS
strains, superoxide anions were more abundant. Elevated mitochondrial superoxide
anion levels were detected in ATS strains under basal conditions and significantly
increased upon AmB exposure. ATR strains, in contrast, showed moderate accumulation
of superoxide anions due to efficient detoxification of these reactive oxygen species by
activation of specific Sod proteins.

To evaluate the association of SOD activity and AmB resistance, we used DDC, an
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inhibitor of Cu/Zn-SODs. DDC is a chelating agent which is used to mobilize metals and
is also used as an antidote for nickel and cadmium poisoning. DDC is the main
metabolite of disulfiram, a drug discovered in the 1920s as an antialcoholism drug
inducing an acute sensitivity to ethanol. Disulfiram has been used orally for the clinical
treatment of alcoholism since 1949. Additionally, DDC displays growth-inhibitory ef-
fects against bacteria, viruses, fungi, and protozoa (36-40). Upon DDC-AmB combina-
torial treatment, ATR strains were rendered susceptible to AmB, while slight changes
were observed for ATS strains, which are already susceptible to AmB treatment alone.
Aspergillus flavus isolates (MICs of >2 ug/ml for AmB) also showed a significant
decrease in MIC values upon AmB-DDC combinatorial treatment.

The use of the catalase inhibitor 3-AT in combination with AmB resulted in highly
susceptible ATR strains, indicating the essential role of H,0,-detoxifying CATs with
regard to overcoming AmB-induced ROS accumulation. Also, A. flavus clinical isolates
showed increased susceptibility when 3-AT was applied in combination with AmB. 3-AT
not only inhibits catalase activity but also inhibits histidine biosynthesis by inhibiting
the imidazole-phosphate dehydratase. For this reason and the anticipated carcinoge-
nicity of 3-AT found in animal experiments, 3-AT is disqualified for clinical applications.

Interestingly, MAPK signaling showed significant differences between ATS and ATR
strains. The major physiological activities assigned to MAPKs in fungi are cell wall
biosynthesis, osmoregulation, mating, carbon utilization, stress responses, and host
invasion (41, 42). Similar to A. fumigatus, A. terreus encodes four putative terminal
MAPKs. MpkA is central in regulating cell wall integrity and initiates responses to cell
wall-disturbing agents and ROS in A. fumigatus (42, 43). So far, MpkA activation has not
been investigated in A. terreus. SakA/Hog1 proteins from Aspergillus spp. share similar-
ities with Hog1 of Saccharomyces cerevisiae, the major regulator of the high-osmolarity
glycerol (HOG) pathway (44). SakA and MpkA were reported to play a role in stress
related to caspofungin, a B-glucan synthase inhibitor (45, 46), and to be initiated in S.
cerevisiae under stress conditions (47). In order to elucidate the roles of SakA/Hog1 and
MpkA during AmB-mediated stress, we determined their phosphorylation states over
time. Under control conditions, the MpkA phosphorylation levels were similar in ATS
and ATR strains. MpkA phosphorylation was induced in ATS strains after 1 h of
treatment with AmB, to levels 3-fold higher than those under control conditions. In ATR
strains, MpkA phosphorylation levels were only 1.3-fold higher in AmB-exposed ATR
strains than in the untreated controls. MpkA decreased to basal levels in ATS and
ATR strains after 4 h of AmB treatment. In ATR strains, this decrease in MpkA at 4 h of
AmB exposure was accompanied by phosphorylation of SakA/Hog1, indicating a role
for SakA/Hog1 as a salvage pathway. In ATR strains, differential SOD activation was
initiated relative to that in ATS strains, and fewer SOD anions were detected as a
consequence. This inverse regulation of MpkA and SakA/Hog1 implies a regulatory
cross talk of MAPKs in ATR strains which is lacking in ATS strains. A recent MAPK
network modeling study investigating caspofungin stress in A. fumigatus demonstrated
that HOG pathway activation occurs either as a consequence of MpkA repression or by
caspofungin-induced osmotic stress (45). Our results support the first assumption.
Studies of yeast link HOG1 activity to oxidative stress, and HOG1-dependent genes,
such as cat1, are transcriptionally increased in AmB-resistant isolates (48). In support of
HOG-mediated activation of CATs, transcripts of cat? and cat2 increased hand in hand
with SakA/Hog1 phosphorylation in ATR strains. Furthermore, in C. albicans, HOG
depended on activation by HSP90, and HOG was also activated by osmotic stress (49).
We earlier demonstrated that HSP90 activity is important for AmB resistance in A.
terreus and that ATR strains exhibit increased CAT activity. Moreover, we recently
showed that ROS are involved in AmB fungicidal activity (12). This study complements
our recent studies, provides additional insights into the AmB resistance mechanisms of
A. terreus, and sheds light on the differential OSR of ATS and ATR strains. Tackling SODs
and CATs renders resistant isolates susceptible to AmB treatment. Thereby, targeting
SOD activity with DDC, an inhibitor that displays a good safety profile and is already in
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clinical use, might provide novel approaches to treating AmB-resistant fungal infec-
tions.

MATERIALS AND METHODS

Fungal strains and growth conditions. In order to directly compare the AmB responses in ATS and
ATR strains, clinical isolates of AmB-susceptible Aspergillus terreus from different geographic origins (ATS
strains) (n = 3; T77, T164, and T175) and of AmB-resistant Aspergillus terreus (ATR strains) (n = 3; T5, T9,
and T90) were used for all experiments (see Table S1 in the supplemental material), unless otherwise
indicated. Additionally, for antifungal susceptibility testing, three A. flavus clinical isolates (Afl20, Afl22,
and Afl25) were included. All strains were equally susceptible to azole antifungals. Fungi were grown on
Aspergillus complete medium (ACM) (recipe given in reference 50) for 7 days at 37°C. Conidia were
harvested, filtered through a 45-um cell strainer (BD), and counted with a hemocytometer. For RNA and
protein analyses, 1 X 10° conidia/ml of the respective strains were inoculated into 200 ml RPMI 1640
medium and incubated at 37°C and 200 rpm. After 24 h of incubation, liquid cultures were treated with
1 ng/ml AmB deoxycholate (Bristol Meyer Squibb), which reflects physiologic concentrations attainable
in patients undergoing therapy.

In silico analyses of CAT and SOD genes in the A. terreus genome. The following databases and
assemblies were used to obtain protein and DNA sequences for the respective species: for Aspergillus
terreus, the BROAD Institute database (http://www.broadinstitute.org/fetgoat/index.html; accessed 11
November 2014) and the Central Aspergillus Data REpository; for Aspergillus fumigatus, the Central
Aspergillus Data REpository and the Aspergillus genome database (51; http://aspgd.org [accessed 14
November 2014]); and for C. albicans, the Candida genome database (52; http://www.candidagenome
.org). The comparative fungal genomics platform CFGP2.0 (53) was used to query the conserved
Mn/Fe-SOD and Cu/Zn-SOD families (InterPro accession numbers IPR001189 and IPR001424, respec-
tively). In order to retrieve mono- and bifunctional catalase genes from the A. terreus genome, searches
were performed with the sequences under InterPro accession numbers IPR018028 and IPR000763 (54).
Multiple-protein-sequence alignments were performed with ClustalW and the Pasteur bioweb2.0 data-
base (55). Based on this alignment, an unrooted phylogenetic tree was constructed using phylip3.67 and
the Kimura formula distance model. The confidence level was analyzed using bootstrapping with 1,000
iterations. Protein identities were calculated with Clustal Omega, using default parameters (http://www
.ebi.ac.uk/Tools/msa/clustalo; accessed 14 September 2016).

SOD and CAT inhibitor preparation and growth assays. For inhibition of catalases, 3-amino-1,2,4-
triazole (3-AT) was used, and for inhibition of Cu/Zn-SODs, N-N'-diethyldithiocarbamate (DDC) was used.
Both chemicals were obtained from Sigma-Aldrich, and stocks were prepared in distilled water. For
growth assays, the inhibitors were diluted and used to supplement RPMI 1640 plates. Five-microliter
aliquots of spore suspensions (2 X 10* spores per ml) were used for point inoculation, and radial growth
was monitored for 48 h at 37°C. RPMI 1640 agar plates without inhibitors served as controls. For further
combinatorial susceptibility testing, inhibitor concentrations were selected such that radial growth was
compromised less than 40% with the respective inhibitor alone.

Antifungal susceptibility testing. A. terreus strains displaying AmB MICs of =1 mg/liter (n = 3) and
>2 mg/liter (n = 3) were categorized as ATS and ATR strains, respectively (18, 56) (Table S1). The impacts
of SOD and CAT inhibitors on AmB efficacy were evaluated by Etest (bioMérieux) on RPMI 1640 plates
supplemented with the respective inhibitors as indicated (3-AT, 2 mM; DDC, 12.5 uM). MICs were assayed
and compared to MICs obtained from RPMI plates with no supplementation (57, 58).

Extraction of nucleic acids, primer design, and RT-qPCR analyses. RNA isolation of homoge-
nized mycelia was performed with Tri reagent (Sigma-Aldrich) as previously described (12). Se-
quences for A. terreus SOD and CAT genes were retrieved from the Central Aspergillus Data
REpository (51). Primers were designed to span exon-intron borders, and gene identities and primer
sequences are listed in Table S2. Reverse transcription-quantitative PCR (RT-qPCR) was performed
with total RNA by using SsoFast EvaGreen Supermix (Bio-Rad) and the reverse transcriptase qScript
(Quanta Bioscience) as described before (12, 50). Expression levels were calculated according to the
2-2ACT method (56).

Mitochondrial superoxide anion quantification. Fungal cultures (10° conidia/ml) were grown at
37°C in black, clear-bottomed 96-well culture plates (Greiner). After 18 h, cultures were treated with
AmB and incubated for an additional 4 h. All samples were stained with 5 uM MitoSOX-Red for 15
min at 37°C before fluorescence measurements. Samples were excited at 510 nm, and emission was
detected at 580 nm by use of a fluorescence plate reader (Tecan, Austria). Values are presented as
relative fluorescence units (RFU). Confocal microscopy was performed on a Leica SP5 confocal
microscope equipped with a glycerol immersion objective (63X). Fungi (104 conidia/ml) were
incubated in petri dishes on coverslips in RPMI medium without phenol red for 18 h at 37°C. AmB
(1 ng/ml) was added to the respective samples for 4 h in the dark at 37°C. MitoSOX-Red (5 uM) was
used to monitor mitochondrial superoxide anion production. Samples were incubated with
MitoSOX-Red for 15 min, and then the coverslips were washed three times with phosphate-buffered
saline (PBS) and mounted in Mowiol (Sigma-Aldrich).

SOD activity and SOD zymograms. To determine SOD activity in ATR and ATS strains, a SOD activity
determination kit (Sigma-Aldrich) was used according to the manufacturer’s instructions. The relative
SOD activity (%) was calculated as specified by the manufacturer. SOD zymograms were created as
specified previously (12).

Western blot analysis. Protein extraction and immunoblot analyses were performed as previously
described by Blatzer et al. (50). Briefly, 40 ug protein was loaded into a 12% SDS-PAGE gel and then
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transferred to a nitrocellulose membrane (Bio-Rad). Anti-p38, anti-phospho-p44/42 MAPK (extracellular
signaling-regulated kinase 1/2 [ERK1/2]) (Thr202/Tyr204), and anti-phospho-p38 MAPK (Thr180/Tyr182)
antibodies (Cell Signaling Technologies) were used to detect the SakA ortholog and phosphorylated
forms of the MpkA (ATEG_03252) and SakA (ATEG_00489) orthologs of A. terreus, respectively. After
overnight incubation with the primary antibodies in Tris-buffered saline with Tween 20 (TBS-T)-3%
bovine serum albumin (BSA), horseradish peroxidase (HRP)-conjugated secondary antibodies were used.
Blots were visualized with an ImageQuant Las 4000 machine (GE Healthcare Life Sciences).

Statistical analysis. Results are expressed as means * standard deviations for n samples, obtained

from at least three independent experiments. Statistical analyses were performed by two-way analysis of
variance (ANOVA) and the Fisher least significant difference (LSD) test. P values of <0.05 and <0.01 were
considered significant.

SUPPLEMENTAL MATERIAL
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