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Aspergillus fumigatus Sid] Mediates Intracellular Siderophore
Hydrolysis
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Siderophore-mediated iron handling is crucial for the virulence of Aspergillus fumigatus. Here we identified a new component of
its siderophore metabolism, termed SidJ, which is encoded by AFUA_3G03390. The encoding gene is localized in a siderophore
biosynthetic gene cluster that is conserved in a variety of fungi. During iron starvation, Sid]J deficiency resulted in decreased
growth and increased intracellular accumulation of hydrolysis products of the siderophore fusarinine C. The implied role in sid-
erophore hydrolysis is consistent with a putative esterase domain in Sid]J, which now represents the first functionally character-

ized member of the DUF1749 (domain of unknown function) protein family, with members found exclusively in fungi and

plants.

he bioavailability of the essential nutrient iron is low, and

therefore fungi have evolved various iron acquisition mecha-
nisms, including siderophore-mediated iron uptake (1-3). The
opportunistic fungal pathogen Aspergillus fumigatus produces
four types of low-molecular-mass iron chelators, termed sidero-
phores; it secretes fusarinine C (FSC) and triacetylfusarinine C
(TAEC) for iron uptake and accumulates ferricrocin (FC) for
hyphal iron distribution and storage and hydroxyferricrocin
(HFC) for conidial iron distribution and storage (4, 5). FSC
consists of three N’-anhydromevalonyl-N°-hydroxyornithine
residues, termed fusarinine (FS), which is cyclically linked by ester
bonds. TAFC is the N*-acetylated FSC. FC is a cyclic hexapeptide
with the structure Gly-Ser-Gly-(N°-acetyl-N°-hydroxyorni-
thine);, and HFC is the hydroxylated FC (1). Both extra- and
intracellular siderophores have been shown to be crucial for the
virulence of A. fumigatus (4, 6). Subsequent to chelation of iron
and uptake, FSC and TAFC are hydrolyzed and the iron is trans-
ferred to the metabolism or to the intracellular siderophore FC for
transport and storage of iron (7, 8). The esterase EstB was shown to be
involved in the hydrolysis of TAFC, but not FSC, and consequently in
the transfer of iron from TAFC to the metabolism and FC (8). In
contrast, intracellular processing of FSC has remained enigmatic so
far. Here we report the characterization of the FSC esterase Sid].

Under iron-sufficient conditions, siderophore production is
repressed in A. fumigatus by the GATA transcription factor SreA
(9). Genome-wide transcriptional profiling identified 49 SreA tar-
get genes, of which 13 have so far experimentally been proven to
be involved in mechanisms for adaptation to iron starvation, such
as reductive iron assimilation, siderophore metabolism, and iron
regulation (10). Most of these genes are organized in gene clusters.
The gene cluster encoding SidD (FSC nonribosomal peptide syn-
thetase), SidF (hydroxyornithine transacylase), and SidH (me-
valonyl-coenzyme A [CoA] hydratase), which are all essential for
the biosynthesis of FSC and TAFC, also contains the so far unchar-
acterized gene AFUA_3G03390 (10) (see Fig. S1 in the supple-
mental material). The deduced protein, termed SidJ, consists of
354 amino acid residues. Sequence similarity analysis (blastp;
http://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed that SidJ is highly
conserved in numerous fungal species and belongs to the
DUF1749 (domain of unknown function) protein family, with
members found in fungi and plants. Notably, genes with high
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FIG 1 SidJ deficiency results in decreased growth in the presence of 400 M
BPS. Representative pictures of colonies arising from single conidia were taken
after growth for 48 h at 37°C.

sequence similarity (E value < e~ '*% see Fig. S4 in the supplemen-

tal material) are also flanked by putative siderophore biosynthetic
genes in other fungal species, e.g., all Aspergillus species with avail-
able genome sequences, Penicillium chrysogenum, Geomyces de-
structans, Trichoderma reesei, and Botryotinia fuckeliana (http:
/Iwww.aspergillusgenome.org/; data not shown), underlining a
putative function in siderophore metabolism.

In order to characterize the function of SidJ, the encoding re-
gion was replaced by the hygromycin B resistance marker gene in
A. fumigatus ATCC 46645 (wild type [wt]) as described in Fig. S2A
in the supplemental material. Complementation of the Asid]
strain with a functional sid] gene (sid]° strain; see Fig. S2B) cured
all Asid] defects described below (Fig. 1 and data not shown), which
proves that the Asid] strain-specific phenotypic changes are a direct
result of the loss of sid]. Comparison of the growth rates of colonies
originating from single conidia showed no difference between the wt,
Asid], and sid]" strains under iron sufficiency (Table 1). However, the
radial growth of the Asid] strain was decreased by 16% duringiron
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TABLE 1 SidJ deficiency decreases radial growth during iron starvation ~ starvation and 40% in the presence of 200 uM bathophenanthro-

but not iron sufficiency” line disulfonic acid (BPS) in comparison to the growth of wt and
Colony diam (mm) (mean = SD)® sid]* strains (Table 1). Moreover, 400 wM BPS inhibited almost
Medium wt AsidJ strain sid]* strain cgn}plete.tly th.e growth of the Asid] strain but not .that of the wt or
sid]" strain (Fig. 1). Notably, the ferrous iron-specific chelator BPS
+Fe 10.8 = 0.5 11.2 = 0.6 10.3 = 0.5 inhibi d .. imilati d d he sid h
Fe 122+ 13 102 + 1.3% 124+ 14 inhibits reductive iron assimi ation and renders the si erophore
BPS 123+ 0.8 7.4+ 1.1% 133 + 1.3 system the only functional high-affinity iron uptake system in A.
“ Radial growth (colony diameter in mm) of colonies raised from single conidia was fumlgatus (6). Interestlngly, these_ dlfferenc_es Welje. less dramatlg
measured on minimal medium with 30 uM FeSO, (+Fe) or without iron (—Fe) after when growth was measured with colonies arising from 10

incubation for 48 h as well as without iron plus 200 wM BPS (BPS) after incubation for conidia, as is usua]]y used in radial growth assays (data not
72 h. h . - . L .
n). The A nidia sh -like germination efficien
b The data are mean values = standard deviation for 10 colonies. *, significantly show ) € Sld.] conidia S ,Owed wt cge ation e C ency
different from results for wt by the ¢ test (P < 0.05). under iron-sufficient conditions (30 wM FeSO,) as well as in the
presence of 200 wM BPS (data not shown). Together with the
finding that FSC is produced mainly by young cultures (11, 12),

these data indicate that FSC and its hydrolysis are particularly

A

-Fe sFSC 30 min sFSC 120 min
2.0 q 2.0 7 2.0
1.8 - 1 —wt 18 3 2 1841 35 2
16 7 z 1.6 1.6
14 4 AsidJ 14 4 14 4
1.2 4 1.2 1.2 1
1.0 1 1.0 - 1 1.0
0.8 0.8 0.8 1
0.6 0.6 - 0.6 4
0.4 4 04 1 0.4 1
0.2 4 0.2 4 0.2 4
0.0 0.0 0.0

7.00 9.00 11.00 13.00 15.00 17.00 7.00 9.00 11.00 13.00 15.00 17.00 7.00 900 11.00 13.00 15.00 17.00

B 25 i 25 1
S 10 min . 60 min
2 2 3 wt 2
1.5
1
0.5
0 — — T —
C peak m/z chemical formula compound description

1 718,34  C,eH, N,O,,;+H" FC+H", desferri-FC

2 771,24  C,H,NyO,;Fe+H"  Fe-FC+H’, ferri-FC

3 261,14 C,HyN,Os+H" FS+H"
574,14 [(C,H,sN,Os),Fe]”  [(FS),Fe]’, 2 FS connected by iron binding, no ester bonds
834,32 (C,;HyN,05),Fe+H" (FS),Fe+H", 3 FS connected by iron binding, no ester bonds

4 798,31 Cy;Hy NO,;Fe+tH [FS-FS-FS-Fe]+H", 3 FS connected by 2 ester bonds, also termed

fusarinine B
5 556,18 [C,,H;N,O,Fe]” [FS-FS-Fe]*, 2 FS connected by 1 ester bond and iron binding

FIG 2 SidJ deficiency increases the accumulation of FSC and its degradation products and decreases the transfer rate of iron to desferri-FC. (A) Representative
reversed-phase HPLC analysis of the intracellular siderophore content of wt (shown in black) and Asid] (shown in red) strains. A. fumigatus wt, Asid], and sid]*
strains were grown for 22 h at 37°C in iron-limited liquid minimal medium (—Fe). Subsequently, mycelia were washed and transferred to fresh minimal medium
containing 30 uM ferri-FSC and incubated for another 30 min or 120 min (sFSC 30 min and 120 min, respectively). The absorption at 210 nm is given in
milliabsorption units (y axis), and the retention time is given in minutes (x axes). The intracellular siderophore content of the sidJ° strain was wt-like and is
therefore not shown. (B) Representative reversed-phase HPLC analysis of ferri-FSC incubated with cellular extracts of wt (shown in black) or Asid] (shown in
red) strains. Cellular extracts prepared from 30 mg iron-starved, freeze-dried mycelia were incubated with 1.0 mM ferri-FSC in 0.1 M Na phosphate buffer, pH
6.5, in a total volume of 0.7 ml at 37°C for 10 min or 60 min. (C) Mass spectrometry analysis of compound peaks 1 to 5 from panels A and B. The additional
ionizing atoms are shown in bold, and the ionizing iron is connected to the molecules with two single bonds. The structures of these compounds are shown in
Fig. $3 in the supplemental material.

December 2013 Volume 79 Number 23 aem.asm.org 7535


http://aem.asm.org

Griindlinger et al.

crucial during initial hyphal elongation. Spot inoculation of 10’
conidia most likely masks this Asid] defect by mutual growth sup-
port of the large number of germinating conidia. At later time
points, TAFC metabolism then probably compensates for the de-
fect in FSC metabolism. Taken together, these data demonstrate
that the function of SidJ is limited to iron starvation conditions, as
previously indicated by the iron repression of sid] expression (10)
(see Fig. S1A in the supplemental material), and furthermore sug-
gest the involvement of Sid] in siderophore-mediated iron acqui-
sition.

Quantification of the production of extracellular TAFC and
FSC as well as intracellular FC in 24-h iron-limited liquid cultures,
performed as described previously (4), did not reveal any signifi-
cant differences between wt, Asid], and sid] strains (data not
shown). These data rule out a major role of Sid] in siderophore
biosynthesis.

In order to study a potential role of Sid] in the intracellular
processing of siderophore-iron complexes subsequent to their up-
take in vivo, A. fumigatus wt, Asid], and sid]° strains were grown for
22 h at 37°C in iron-limited liquid minimal medium. Subse-
quently, mycelia were washed and transferred to fresh minimal
medium containing 30 uM ferri-FSC or 30 uM ferri-TAFC and
incubated for another 30 min or 120 min. The intracellular accu-
mulation of siderophores was analyzed before and after the shift
by reversed-phase high-performance liquid chromatography
(HPLC) (Fig. 2A) combined with mass spectrometric identifica-
tion of detected compounds (Fig. 2C), as described previously (7).
Such an experimental setup previously provided the in vivo proof
for the involvement of EstB in the hydrolysis of ferri-TAFC in A.
fumigatus, because the mutant deficient in the esterase EstB
showed increased cellular accumulation of TAFC degradation
products concomitant with decreased transfer of iron to FC (8).
Under iron-limited conditions, the major siderophore detected
was desferri-FC, with similar amounts in all three strains (Fig. 2,
peak 1). After the addition of ferri-FSC, the desferri-FC was con-
verted to ferri-FC (peak 2), which was already visible after 30 min.
Moreover, various FSC degradation products accumulated at 120
min; these included FS and FS-iron complexes (peak 3), ferri-
fusarinine B derived from FSC by the hydrolysis of one ester bond
(peak 4), and a ferri-FS dimer derived from FSC by the hydrolysis
of two ester bonds (peak 5). The Asid] strain displayed a decreased
iron transfer from ferri-FSC to FC at 30 min that is in perfect
agreement with the increased cellular accumulation with ferric
FSC degradation products at 120 min, namely, ferri-fusarinine B
and the ferri-FS dimer (Fig. 2, peaks 1, 4, and 5). This pattern was
consistently seen in three different experiments (data not shown).
Determination of the siderophore contents of the culture super-
natants of wt, Asid], and sidJ° strains at the end of the shift periods
indicated similar uptake rates for both siderophores in all three
strains (data not shown). Consequently, these data suggest that
SidJ is involved in the hydrolysis of ferri-FSC to optimize iron
transfer to FC and metabolism. In line, SidJ deficiency resulted in
decreased ferri-FSC hydrolytic activity of the A. fumigatus cell ex-
tract, i.e., the mutant displayed increased accumulation of FSC
hydrolysis products, mainly ferri-fusarinine B (peak 4) after 10
min of incubation and the ferri-FS dimer (peak 5) (Fig. 2B). Nev-
ertheless, both the in vivo and in vitro results also indicated that A.
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fumigatus is able to hydrolyze FSC into the very same degradation
products independently of SidJ, although with less efficiency.

The role of SidJ in the hydrolysis of the ester bonds of ferri-FSC
is perfectly consistent with the fact that a computational protein
pattern scan (http://prosite.expasy.org/) revealed that amino acid
residues 116 to 125, IVLMGHSTGS, perfectly match the consen-
sus motif for a putative lipase/esterase domain with serine as the
active site (prosite domain PS00120), [LIV]-{KG}-[LIVFY]-
[LIVMST]-G-[HYWV]-S-{YAG}-G-[GSTAC], which is con-
served in fungal Sid] orthologs (see Fig. S4 in the supplemental
material) and plant DUF1749 protein family members (see Fig.
S5). However, it is not clear whether all DUF1749 members have
the same substrate specificity.

When the same experimental setup was used, the AsidJ strain
displayed wt-like degradation of ferri-TAFC (data not shown).
Previously EstB was shown to hydrolyze exclusively ferri-TAFC,
not ferri-FSC (8). Taken together, these data suggest high speci-
ficity of the enzymes involved in siderophore degradation. More-
over, Sid] represents the first functionally characterized member
of the DUF1749 (domain of unknown function) protein family
with members found in fungi and plants.
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