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Srel, an Iron-Modulated GATA DNA-Binding Protein of Iron-Uptake Genes in the

Fungal Pathogen Histoplasma capsulatum’
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ABSTRACT: The pathogenic fungus Histoplasma capsulatum requires iron for its survival during macrophage
infection. Because iron is toxic at high levels, iron acquisition in pathogenic organisms, including H.
capsulatum, is a highly regulated process. In response to excess iron, H. capsulatum represses transcription
of genes involved in iron uptake. We report here that SRE], a gene encoding a GATA-type protein,
bound to promoter sequences of genes involved in siderophore biosynthesis. Srel had sequence similarity
to the fungal negative regulators of siderophore biosynthesis. Expression of SRE! was reduced under
iron-starving conditions, underscoring its role as a negative regulator of genes involved in iron uptake.
Srelp specifically bound DNA containing the 5’-(G/A)ATC(T/A)GATAA-3" sequence, and that binding
was both iron- and zinc-dependent. Metal analysis indicated that a substoichiometric amount of iron,
predominately Fe3", was bound to the purified protein. About 0.5—1 equiv of Fe3>™ per monomer was
necessary for full DNA-binding activity. Mutations in the conserved cysteine residues in the cysteine-
rich region led to a decrease in bound iron. The loss of iron led to a ~2.5-fold decrease in DNA-binding

affinity, indicating that iron was directly involved in SRE/ regulation of iron-uptake genes.

Histoplasma capsulatum is a pathogenic dimorphic fungus
that causes respiratory and systemic mycosis, especially in
immunocompromised individuals (/). H. capsulatum exists
in two morphological forms: a mycelial form in soil and a
budding yeast form in the host. Infection occurs when spores
are inhaled into the lungs, where the organism converts into
the budding yeast form. H. capsulatum is ingested by
macrophages and multiplies within the phagolysosome of
the macrophage. Histoplasma may persist in the lung for
decades in a latent state, or it can disseminate widely in the
body, particularly the liver, spleen, and bone marrow, leading
to systemic infection and potentially death.

Similar to most microorganisms, H. capsulatum requires
iron for growth. Iron is an essential cofactor in key metabolic
processes ranging from respiration and nucleic acid synthesis
(2). Its sequestration inhibits H. capsulatum growth in vitro
and in macrophages (3—-5). Although iron is the second most
abundant metal on Earth, in aerobic environments, free iron
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is present in insoluble compounds, such as ferric hydroxides.
During infection, most of the iron of the host is present in
iron-binding proteins, such as transferrin, lactoferrin, hemo-
globin, heme, and hemin (6-8). However, an excess of iron
is toxic because it catalyzes the production of cell-damaging
free radicals (9, 10). Therefore, iron acquisition is an essential
function that is a tightly regulated process. In pathogens, the
lack of iron also serves as an environmental signal that leads
to the expression of virulence factors, such as toxins that
cause the release of iron from the host, as well as activating
genes involved in iron uptake (//, 12). The same regulators
that control iron-acquisition mechanisms often regulate
expression of these virulence factors.

To obtain iron from the host or the environment, most
bacteria and fungi synthesize and secrete low-molecular-
weight compounds called siderophores, which chelate ferric
iron with high specificity and affinity. With the exception
of the Zygomycetes, which produce carboxylate-type sid-
erophores, most fungi, including H. capsulatum, produce and
secrete hydroxamate-type siderophores under low iron-
growth conditions (13, 14).

The regulation of siderophore biosynthesis and its effect
on bacterial pathogenicity is well-established (/5-17). How-
ever, there is less information on the molecular basis of iron
acquisition in fungi and its impact on fungal pathogenesis.
The mechanism and regulation of iron acquisition in the yeast
Saccharomyces cerevisiae is relatively well-understood.
However, S. cerevisiae differs from most fungi, in that it
does not synthesize and secrete its own siderophores but,
instead, can take up iron-bound siderophores secreted by
other fungi (18).
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Thus far, all fungi that produce their own siderophores
encode a protein that is a member of the GATA family of
transcriptional regulators and acts as a negative regulator of
siderophore biosynthesis and use under iron-replete condi-
tions. GATA proteins are present in plants, fungi, and
metazoans and regulate many metabolic processes, such as
terminal differentiation and nitrogen metabolism (/9-21).
Their consensus recognition motif is a six base-pair sequence,
HGATAR (H= T or A, and R = A or G) (20, 21). Urbsl
from the Basidiomycete Ustilago maydis was the first fungal
GATA factor involved in regulation of siderophore biosyn-
thesis to be identified and characterized. Homologous GATA
factors that also regulate siderophore production were
identified in the Ascomycetes Neurospora crassa (SRE),
Penicillium chrysogenum (SREP), and Aspergillus nidulans
(SREA) and in Schizosaccharomyces pombe (Feplp) (22-25).
The classic GATA DNA-binding domain is comprised of a
Cysy/Cys,-type zinc finger, and the fungal GATA factors that
regulate iron metabolism all contain two typical GATA-type
zinc finger DNA-binding domains, whereas the others will
have single DNA-binding domains. In addition to the zinc
finger domains, there is a highly conserved region found
between the zinc fingers, called the cysteine-rich region
(CRR),'which is important for iron sensing (24, 26-28).
However, there has been no evidence showing that these
proteins directly bind iron.

The U. maydis Urbs1 protein represses the expression of
sidl, which encodes L-ornithine-N>-oxygenase, the enzyme
that catalyzes the first committed step of siderophore
biosynthesis, by directly binding to GATA motifs in the sid/
promoter (29). Interestingly, the SIDI homologue in H.
capsulatum was recently identified by Hwang et al. (42) as
one of a group of six siderophore biosynthesis genes whose
expression is induced by iron limitation. Hwang et al.
identified a consensus site [5’-(G/A)ATC(T/A)GATAA-3"]
that is present at least once in the promoters of all of these
genes, suggesting that the site may contribute to the
regulation of gene expression by a H. capsulatum GATA
factor in response to iron levels.

In this study, we identified the H. capsulatum GATA-type
negative regulator of siderophore biosynthesis, Srelp. We
examined its DNA-binding characteristics by gel electro-
phoretic-mobility-shift assays (GEMSASs) using probes that
contained the consensus sequence 5’-(G/A)ATC(T/A)G-
ATAA-3". Furthermore, we quantified the iron and zinc
content of the protein by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and examined their con-
tribution to DNA binding. These results, together with data
on other characterized GATA-type iron regulators, were used
to address how iron uptake is regulated in fungi.

! Abbreviations: IPTG, isopropyl-f3-D-thiogalactopyranoside; HEPES,
4-(2-hydroxyethyl)piperazine- 1 -ethanesulfonic acid; SDS—PAGE, so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis; EDTA,
ethylenediaminetetraacetic acid; BME, 5-mercaptoethanol; poly(dI—dC),
poly(deoxyinosinic—deoxycytidylic) acid; MBP, maltose-binding pro-
tein; GZF, GATA-type zinc finger; CRR, cysteine-rich region; BPS,
bathophenanthroline disulfonic acid; ICP—AES, inductively coupled
plasma atomic emission spectroscopy; GEMSA, gel electrophoretic-
mobility-shift assay; Srelp, siderophore uptake regulator protein.
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MATERIALS AND METHODS

Strains and Culture Conditions. Stock cultures of H.
capsulatum strain G217B were grown in histoplasma mac-
rophage medium (HMM), which contains 3 uM FeSO, (30).
RNA samples acquired for quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) analysis were isolated
from cultures grown in 500 mL of HMM to early logarithmic
phase. Three aliquots of cells representing untreated O h time
points were harvested. The remaining cells were split into
six 75 mL cultures, with half supplemented with 10 4M ferric
citrate and the other half supplemented with 100 uM
deferoxamine mesylate (Sigma), representing iron-replete or
iron-starved conditions, respectively. Samples were harvested
after 1, 4, and 12 h for RNA isolation.

Expression and Purification of MBP—Hiss— Fusion Pro-
tein. The pETMALc-H vector was used to express Srelp
(residues 116—374) and its different mutant forms as fusion
proteins with both the maltose-binding protein (MBP) and a
Hise tag (37). The cDNA fragment encoding Srelp (116—374)
along with a stop codon was cloned in-frame with the
MBP—Hisg tag fused to the amino terminus of Srelp. All
site-directed mutations in SREI were generated using
QuikChange site-directed mutagenesis (Stratagene). The
sequence changes were confirmed by DNA sequencing.

The pETMALc-H/Srelp (116—374) plasmid was trans-
formed into Escherichia coli Rosetta 2(DE3) cells (Novagen)
for protein expression. A single colony was used to inoculate
5 mL of LB medium containing 50 #g/mL kanamycin and
then grown with shaking at 37 °C. After overnight growth,
600 mL of fresh medium was inoculated with the overnight
culture. The culture was grown at 250 rpm at 37 °C to an
ODggp of ~0.6. Expression of MBP—Hisg—Srelp was then
induced by the addition of 0.5 mM isopropyl-3-D-thioga-
lactopyranoside (IPTG). The culture was shaken for another
4 h before the cells were harvested by centrifugation and
stored at —80 °C.

Ni-affinity chromatography was used for protein purifica-
tion. Frozen pellets were thawed and suspended in buffer A
[25 mL of 50 mM Na,HPO4 (pH 7.5), 300 mM NacCl, 20
mM imidazole, 5 mM f-mercaptoethanol (BME), and 5%
glycerol]. The cell suspensions were then lysed with an
Emulsiflex-C5 high-pressure homogenizer (Avestin, Inc.) and
pelleted at 140000g for 15 min. After centrifugation, the
supernatant was applied to a 1.5 mL column of Ni—NTA
Superflow resin (Qiagen) equilibrated with buffer A. The
column was washed with five column volumes of buffer A
and one column volume of buffer A containing 1 M NaCl.
Bound protein was eluted with 250 mM imidazole in buffer
A. The eluted protein was concentrated to <1 mL using a
Vivaspin-6 50K filter (Vivascience) before it was buffer-
exchanged with 20 mM 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) (pH 7.5), 100 mM NaCl, 5 mM
dithiothreitol (DTT), and 5% glycerol using a PD-10 column
(GE Healthcare) and stored at —80 °C.

Analytical Gel Filtration of Purified Protein. MBP—
Hisg—Srelp was further purified by gel filtration on a
Superdex S75 Hiload 16/60 column (Pharmacia) before
analytical gel filtration analysis. Analytical gel filtration on
MBP—His¢—Srelp was performed on a Hewlett-Packard
1090 liquid chromatograph equipped with a ZORBAX Bio
Series GF-250 gel filtration column (Agilent). The column
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Table 1: Summary of Apparent Kg Values”

construct probe K4 (nM)
wild type SID3(—575) 90
wild type ABCI(—317) 147
Zn** reconstituted” SID3(—575) 230
crrl SID3(—575) 250
crr2 SID3(—575) 205
crrl—crr2 SID3(—575) 227

“ Apparent K4 values were calculated using densitometry and fitting
data to eq 1. ”Zn2* reconstituted was prepared by dialyzing EDTA-
treated wild-type Srelp against 5-fold excess ZnCl,.

was run in 200 mM potassium phosphate (pH 7.4) and 150
mM NaCl. The standards used were cytochrome ¢ (12.4 kD),
ovalbumin (45 kD), bovine serum albumin (66 kD), yeast
alcohol dehydrogenase (150 kD), and thyroglobulin (669 kD)
(Sigma). Sample concentrations were 2 pg/ul upon loading.
All proteins were detected by absorbance at 280 nm.

Gel Electrophoretic-Mobility-Shift Assays (GEMSAs). Com-
plementary synthetic oligonucleotides (Integrated DNA
Technologies) were annealed and 5-end-labeled using
[y-3*P]JATP (Perkin-Elmer) and T4 polynucleotide Kinase
(NEB). The unincorporated [y-*’P]ATP was removed using
a Micro Bio-Spin 6 column (BioRad), and the amount of
radioactivity was measured by scintillation counting.

GEMSASs were carried out in 12 mM HEPES, 4 mM Tris-
HCI (pH 7.5), 150 mM KCl, 2.5 mM BME, 5% glycerol,
and 1 ug of poly(deoxyinosinic—deoxycytidylic) acid
[poly(dI—dC)]. Varying amounts of MBP—His¢—Srelp (0—1
ug) were incubated with 20 000 cpm of labeled probe at room
temperature for 25—30 min and then loaded on a 5% native
polyacrylamide gel (29:1 acrylamide/bis ratio) that had been
prerun in 0.25x TBE for 30 min. The DNA—protein
complexes were separated from free probe by electrophoresis
for 1 h and 40 min at 150 V. The gel was dried, exposed to
a PhosphorImager screen (GE Healthcare), and scanned on
a Typhoon Imager (GE Healthcare). Apparent K, values for
the probes that yielded single shifts were determined using
band densitometry. Band intensity measurements were car-
ried out using ImageQuant version 5.2 (Molecular Dynam-
ics). The log [protein concentration] versus the ratio [bound
probe/free probe] plot was fitted to a four-parameter sig-
moidal dose—response curve (eq 1) to determine the apparent
probe-binding dissociation constants, where m, = log[protein
concentration], m; = minimum bound/free probe, m, =
maximum bound/free probe, m; = Hill coefficient, and m4
= apparent K, using Kaleidagraph version4.01 (Synergy) (32, 33).
The apparent K4 values are summarized in Table 1.

(my —m,)

bound/free =m, + (L1 10" mmtoztma) )

Zinc and Iron Determination of Purified Protein. The
amount of zinc and iron metal in purified MBP—His¢—Srelp
and its mutants were determined by ICP-AES. All protein
samples and metal standards (SPEXCertiPrep Group) were
diluted in 1% trace-metal-grade HCI (Fisher Scientific). All
solutions were made with metal-free water and prepared in
plasticware to avoid trace-metal contamination. Protein
samples were prepared in tri- or quadruplicate and analyzed
on an Optima 3000DV (Perkin-Elmer).

Quantitative PCR. Total RNA was purified from H.
capsulatum using Trizol reagent (Invitrogen). Cells were
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lysed in Trizol by vortexing in the presence of glass beads,
and total RNA was isolated according to the recommenda-
tions of the manufacturer. DNA was digested with RNase-
free DNasel (Fermentas). cDNA was synthesized using the
Thermoscript RT-PCR system and oligo-dT (Invitrogen).
Quantitative analyses of SRE] and ACTI were carried out
with a SYBR Green PCR mix and incubated in an Mx3000P
gPCR system (Stratagene). The primers used for SREI
amplification were forward primer, 5’-AATGATGGGAAT-
GATCCTCGGCTG-3’, and reverse primer, 5-CGTTCT-
CGGAGTATGGAGCG-3'. The primers used for ACTI
amplification were forward primer, 5’-TCCGAAAGGATC-
TCTACGGCAACA-3’, and reverse primer, 5-TCCA-
CATTTGCTGGAAGGTCGAGA-3’. Samples were analyzed
in triplicate.

Determination of the Iron Oxidation State in MBP—
Hiss—Srelp. The oxidation state of the iron in Srelp was
determined by the bathophenanthroline disulfonic acid (BPS)
assay (34). BPS dye was added to Srelp with and without
the addition of dithionite. The absorbance of the Fe>*—BPS
complex was measured at 535 nm.

Metal Removal and Zinc Reconstitution. Zn>"-reconstituted
Srelp was prepared in the following way: purified Srelp was
dialyzed overnight against buffer containing 20 mM HEPES
(pH 7.5), 100 mM NaCl, 100 mM ethylenediaminetetraacetic
acid (EDTA), and 5% glycerol. EDTA was removed by
dialysis against buffer without EDTA. For Zn?* incorpora-
tion, metal-free protein was dialyzed against 5—10 equiv of
ZnSO,. Excess metal was removed by dialysis against
HEPES buffer with no metal. The amount of Zn>" incorpo-
rated was determined by ICP-AES.

RESULTS

Identification of SREI. A BLAST search using A. nidulans
SREA amino acid sequence as the query against the H.
capsulatum G217B genome database yielded a genomic
DNA sequence that, upon conceptual translation, had a region
with significant similarity to the GATA zinc finger motif
(Figure 1). The full-length cDNA sequence (GenBank
accession number bankit1026083 EU220030) containing the
SRE] open-reading frame was identified by 5" and 3’ rapid
amplification of cDNA ends (RLM-RACE, Ambion). Com-
parisons of the genomic DNA and cDNA sequences showed
that the open-reading frame was interrupted by two introns,
each located within the zinc finger domains. The location of
these introns is conserved among the iron-regulating GATA
factors in Ascomycetes (22, 23, 35).

The Srel protein had a calculated mass of 67.3 kDa and
the highest overall sequence similarity to the iron-regulating
GATA transcription factors of A. nidulans SREA (46.3%
identity) and N. crassa SRE (35.2% identity). A multiple
sequence alignment showed that Srelp had two GATA-type
zinc finger domains (GZF1 and GZF2) (21). Additionally,
there was a region of significant sequence similarity between
the two zinc finger domains. This region of additional
similarity had four conserved cysteine residues and, hence,
has been referred to as the CRR. Similar to SREA and SRE,
Srelp also contained a conserved C-terminal domain, which
may mediate protein—protein interactions (23).

Purification of MBP—Hiss—Srelp(116—374). A 259 amino
acid fragment containing the GATA-type zinc finger domains
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Srelp (1) ----- MTGELASRLRAEGARSPTKGTDIPMRQE- - SBEDLDABHQLVSSARGGRDNVMNFRSDRQEMTGK - ALDNTQGDGSRNMDSQLONGHKAPVEQRAGES PPESGAN
SREA (1) -------- MLASIPHMETLRSLPRNPDVVARHE- - SAEDLDABQQLISSAQAGREHPQDR- -~ - -----=---- HYTDNGSR- - - - - KSEAGAPHSHHEGEYPIVQTSET

SRE (1) MALPDDTREMNNQTSIEGNSAPDR-MALPSRPPPPTASNEPPEHESTGPVDEAASKSESG--------=====--= LSPNSKKAGHAAQSPSGRKKSPKIQNAQPAQSPAE

Urbsl (203) TSPRATARLHMGNTFRDSSPAASSGSPATMRHDHLAYRHEHSAEEHAKMQRYSDEHPRAMNPTSRASYEHESRGMPYRDSYSAPSRAIEASYHANGARPVHHADSSTNSP
Feplp [ I e e e e

Consensus (60%) L E R P A A
l * % GZF1

Srelp (103) PIDHPTSSKKSPKAQSKEQAFTIEHS[SENE WRE) 3 BrHRSRSLLTPYGESSAQTLDKSRSSTSPTNDGNDPRLTDTWSNYAVKE
SREA  (82) PMNGHHVEKTSPKSQ-KDTSFIE SmGTKSISITGAMI BITKRNR - - - T-QASPEAYHPQ- - -NQSVGSQP- -DPAVTGSEG- - - - - -

SRE B0 Ve EC T THRPIIRSE OCA T ISYNSORILGARNAARPRNTIRR - - - - - PPSVMASNVRQAAAKLSPKKATAPLLPSNPGATYVAAD

Urbsl (313) QYVPGDVYEHEGSGSPPAAHHAEMREENECVTSIPIUINAIRDGES T IOV NEORY IINSHSTHRSASNRLSG--~=-=====-===---~ SDASPPTHEAKLAAAGPSCSRED
Feplp KSED-------=---c-cemeeeean= LKDISPLIQQVCKN------
Consensus R S A
*
Srelp (213) CEPSECEPECE S NElEerECE S STy Y KSARRN - - - - - - AMALHT PRTSPQVSTQGGBG - - - == === === === == == m— == == STEGDAGSENPETMTLHI
SREA (176) CI--EcErEcENeEReeAECEDEMTIVINRVYKSTARG - - - - - -NVAAHALNRAGNSDAVPSB - - -~ == === === === === o === — EAEAPARNSGQPEGNML
SRE (198) QTrSesSErecErENeifeleAECRCEGINVIINRVSKSASLN- - - - - -VLKCQGAAAASSKKPQAAEGSGEEPT------------------ EMDITALHVQSQNTTVVI]
Urbsl (405) DPKYESEPEDELSNeeETA SEsEeIAVNINNLSHALKVS - - - - - KRESQTSEDPPPARTAERAB - - - - == - === === oo oo oo oo PVAEEKMDDDKSVVGA
Feplp ITRSLNASKSQSGRKSLSPNPSSVPSSTETKASPTPLESKPQIVSDTTTETSNGTSRRRSSHNQHEDSSPPHEPSV'
Consensus S ACQ
Srelp PAMREQSP- - --PSATQSSNGS - - -VSPEAS - PAALAHNHDSHRQYQN - - - - - - - - - -
SREA PALRENSP----TAATHSSHGSS - -ASPEASSPATLAYSHDERHRYYSSEP-
SRE IPAAGGDAE- - --IEPSEAPDSPP--ATSEPPMEKGTVNEDGSVNLGIRRRS -
Urbs1 IPANATAQPTHILDVIPVQOMNANGQPVIAPAAGRNAGDSTPKSTESRRASKKSS
Feplp TNT T YMK e H INWYVFNGNANESQHNLKRMSSGDSGSS - -VKQQSTRDGPFSKSFPNGNGHASGNSGEGLAEHGM
Consensus NC TT TPLWRRDE GHPICNACGLYYKLHG HRP TMKK IIKRRKRVVPA GS PEA A S S v
Srelp (385) HGNGHPPPHTRPLYSHAYHAPPPADETG-------------- YTSNVISLPHHPPSTSQQLRPYDNNHNNGETTNTHRAPMPALHNPKKRTISESSIEDSQRPQASQILT
SREA (350) QYHRISPAAQRPFG----FAPPPVDETN-------------- FNSGAVTLPHHPPPP- - - -RLLEPGHPPLSQFARRSISPSSSGNSKKRTLAEAGANTDTGP- - - -VPT
SRE (381) PLTLVPEDELRRNRQ--ASPLSSAALGQ-------------- YHSSHTNQPHHGAHAS - - - - - LTYEN---===--- RLAPTHSLALPVDRQASISPASFLSPSR---K-R
Urbs1l (588) SEQAMREARDREAAMLLMEVGAGARSRNSAQEDDRIHQNGALATSTSFHHDFHSARAGADTARTSHPDDSRSSKRPRQSYPLAPREAYDERDVSAIASPPAYNETHAAGA
Feplp (282) NTGVLPPASTFPSYNSNFTGFLPSSENPSPLMTLSRLAAGEPDNNGKVYYSYGPTQEQSILPLPENKHEGLPPYQNEYVPNGIRANQVVYPGQLVAVGNDSSKQ---LSE
Consensus (60%) PPA RP PA F S PHHP H R P N R A
Srelp (481) HIPQINPPTPPSSSSASFPNNNPGRFNSISSLLNHPGEAATVTAHDRDDSRVDPALSSAVAPRTQQOBQQOEHQHASAGSHSPPRFSPSLSPAPPSTTAVPVGGGSGSGAAA
SREA (434) TLEAGSNQLPPIVSSANPP--PPARLSSISSILNH--------
SRE (458) SISAVEN--EP--SSHNDN-ESHKRLSSIKSILNPMP
Urbsl (698) TRSQRSQRSPVDAPLTDRLGRSELHGESSHGTSNAPEHAARASASDGARLGSVVPHHHHHHHHHHANHASHAVHHGHHHHHHHPVTVSASSHGHAGQAPSGMTKLSEVER
Feplp (389) STTSNTDNNGVATANQSNPLGMKFHLPPILPVGESVCLPPRTSAKPRIAEGIASLENPEEPPSNSDKQPSMSNGPKSEVSPS--QSQQAPLIQSSTSPVSLQFPPEVQGS
Consensus (60%) PP SS P RL SI S LN A R PL P P P S AP TS P
CCT
Srelp

SREA

(591) =-=-=-------- VAGVVDHRDAKARRRARLOREAQDMREALKAKERELALLE - -

(511) --------eem-e- VSNMDNHVERRRAKLOQREAEEMREQLRAKERELAEIIAGQ
SRE (546) ----------- RDTHNDSERMKARRRAALEREAEMMRELLAAKERELAELIGYD

(

(

Urbsl 808) LRDELLFERRRIDEVLRRAEAILASARAGNFHVEAAGPSTSGLRNGHEASHES
Feplp 497) NVDKRNYALNVLSQLRSQHDLMIQELHNLNQHIQQIDEWLRSSDNENMASEHI
Consensus (60%) v RRA L REAE MRE L AKERELA L

FIGURE 1: Alignment of H. capsulatum Srelp, A. nidulans SREA, N. crassa SRE, U. maydis URBS1, and S. pombe Feplp. Identical amino
acids are shaded in black. Residues that match the consensus are shaded in gray. The GATA-type zinc fingers (GZF1 and GZF2), the
cysteine-rich region (CRR), and the conserved C terminus (CCT) are boxed. Mutations made in this study are marked (). The arrows
denote the region of the protein that was purified. The alignments were generated using AlignX from Vector NTI (Invitrogen).

and the cysteine-rich region was expressed and purified with
a N-terminal MBP—His, tag. The MBP tag allowed for high-
yield expression of soluble protein, whereas the Hise tag
allowed for purification by nickel-affinity chromatography.
Both wild-type and mutant constructs made in this study were
purified to >90% homogeneity as assessed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) (Figure 2A). The contaminating proteins were likely
degradation products of the expressed protein and were
mostly removed by gel filtration.

During nickel-affinity purification, the wild-type and zinc
finger mutants eluted as an orange—brown-colored protein,
suggesting that Fe>™ was bound to the protein. However, this
orange—brown color disappeared after a few hours if the
protein was left in reducing buffer conditions at 4 °C and
not immediately frozen. This change in color was also
observed when a strong reducing reagent, such as dithionite,
was added to the freshly purified protein. In contrast, the
cysteine-rich mutants eluted as yellow-colored protein,
suggesting that either there was no longer any iron bound to
the protein or that the iron was reduced. Analogous observa-
tions have been described for SRE from N. crassa (26).

Purified wild-type Srelp [MBP—Hiss—Srelp(116—374)]
with a predicted molecular weight of 70 kDa, ran predomi-
nantly as a monomer at 69 kDa when subjected to analytical
gel filtration (Figure 2B). A small shoulder was observed at

111 kDa, which may reflect a small amount of dimeric
protein. All of the mutant proteins eluted similarly to that
of the wild type.

DNA Binding of Srelp. The ability of wild-type Srelp(116—
374) to bind to the consensus GATA motif identified by
Hwang et al. was assessed by GEMSA using double-stranded
DNA probes containing the conserved GATA motif from
the promoters of the iron-responsive genes SID3 (an acety-
lase) and ABCI [an ATP-binding cassette (ABC) transporter]
(42) (Figures 3A and 4A). The SID3 and ABCI promoters
both contained several copies of the GATA motif. Two
copies from each promoter were used: SID3(—431) and
SID3(—575) and ABC1(—496) and ABC1(—312); the num-
bers represent the location upstream of the start codon (+1).
A single-shifted band was observed when SID3(—575) and
ABCI(—317) were used as probes (Figure 3B). There was
also a faint second shifted band at 250—500 nM Srelp. Srelp
bound to SID3(—575) and ABCI1(—317) with an apparent
Kq 0of 90 and 147 nM, respectively (Table 1). Double-shifted
bands were observed with the SID3(—431) and ABC1(—496)
probes (Figure 4B). The second shifted band was evident
between 100—150 nM Srelp for SID3(—431) and 250—500
nM Srelp for ABCI(—496). The second shifts may have
resulted from dimerized Srelp.

Mutations in the GATA motif of the SID3(—575) probe
indicated that the shift was GATA-dependent (Figure 3C).
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FIGURE 2: Gel filtration of Srelp [MBP—Hisq—Srelp(116—374)].
(A) SDS—PAGE gel analysis of Srelp. Lane 1, Benchmark
molecular-weight marker; lane 2, Srelp (~3 ug) after Ni-affinity
purification; lane 3, Srelp after gel filtration. (B) Analytical gel
filtration of Srelp. The standards used were cytochrome ¢ (12.4
kDa, 11.8 min), ovalbumin (45 kDa, 10.4 min), bovine serum
albumin (66 kDa, 9.7 min), yeast alcohol dehydrogenase (150 kDa,
9.3 min), and thyroglobulin (669 kDa, 7.8 min). The standards were
plotted as the log of the molecular weight versus retention time,
and the data were fitted to a linear line, which had a slope of 2.287,
ay intercept of 21.04, and a R? of 0.986. There was one main Srelp
peak at 10 min and a small shoulder at 9.5 min. On the basis of
these retention times and a predicted molecular weight of 70 kDa,
Srelp was mostly a monomer with a native molecular weight of
69 kDa.

Only athigh concentrations (0.25—0.5nM) of Sre 1 p(116—374)
was a small amount of the SID3(—575) mutant GATA site
probe shifted. The shift was abolished when the entire
consensus element was replaced with a randomly permuted
sequence.

To further examine the DNA-binding specificity of
Srelp(116—374), a 65 bp DNA fragment of the SIDI
promoter that included two GATA sequences, SIDI1(—684),
was used for GEMSA. Transcription of SID1, which encodes
L-ornithine-N>-oxygenase, is negatively regulated by iron
(42). SID1(—684) contained two GATA motifs similar to
the consensus, which occur within 4 bp of each other on
opposite strands (Figure 4C). GEMSA indicated that Srelp
bound to the SIDI(—684). Up to three-shifted probe com-
plexes were observed, with the higher two shifts being
predominant at higher protein concentrations (360—720 nM).
This band-shift trend was similar to that observed with N.
crassa SRE and the U. maydis sidl iron-response element
(26). Further gel-shift analyses showed that Srelp bound
specifically to the GATA elements but not to the flanking
sequence (Figure 4C).

Metal Analysis of Purified Protein. The zinc and iron
content of wild-type and mutant Srelp(116—374) was
analyzed by ICP-AES. As isolated, wild-type Srelp contained
approximately 1.6 equiv of zinc per monomer, a value close
to the predicted 2 equiv of zinc expected for the two GATA-
type zinc finger domains (Table 2). In contrast, most of the
mutants examined in this study contained less zinc than the
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FIGURE 3: DNA binding of Srelp. (A) Consensus GATA elements
upstream of the iron-regulated genes ABCI and SID3. The 52 bp
[ABCI(—317) and SID3(—575)] probes containing these GATA
elements (positions indicated by arrows) were used for mobility
shift analysis. (B) Srelp bound to 3*P-labeled ABCI(—317) and
SID3(—575) probes with an increasing amount (0—500 nM) of
protein. The sequences for ABC1(—317) and SID3(—575) are shown
in the top panel with the consensus sequence in bold and the GATA
motif underlined. (C) Srelp bound SID3(—575) but not SID3
(—575)*%, in which the GATA element was mutated, and
SID3(—575)**, in which the consensus sequence was randomiz-
ed. The sequences for SID3(—575)* and SID3(—575)** are shown
with the consensus sequence in bold and the mutated sequence
boxed. The black arrow indicates the unbound probe, and the white
arrows indicate the shifted species.

wild-type protein. Mutations in either GATA zinc finger
domain lead to a decrease in approximately 1 equiv of zinc
in Srelp: gzfl (C128A/C131A) contained 0.7 equiv of zinc
and gzf2 (C291A/C294A) contained 0.94 equiv of zinc.
Interestingly, even when both zinc finger domains are
mutated, the double zinc finger domain mutant, gzf1—gzf2
(C128A/C131A/C291A/C294A), still contained 0.6 equiv of
zinc. The CRR mutants, crrl (C219A/C225A), crr2 (C234/
C237A), and crrl—crr2 (C219A/C225A/C234A/C237A),
contained ~1.3 equival of zinc, which was within error of
the amount measured in wild-type Srelp.

Iron content analysis revealed that purified Srelp contained
substoichiometric amounts of iron. The wild-type protein
contained the most, ~0.5 equiv per monomer, whereas all
of the CRR mutants contained <0.25 equiv. The quadruple
cysteine mutant, crrl—crr2, contained the least amount of
iron at 0.06 equiv, approximately half the amount compared
to when two cysteine residues are mutated (crrl and crr2).
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FIGURE 4: Other consensus GATA sequences bound by Srelp. (A)
Consensus GATA elements upstream of the iron-regulated genes
ABC1, SID1, and SID3. The 64 bp [ABC1(—496) and SID3(—431)]
and 65 bp [SID1(—684)] probes containing these GATA elements
were used for GEMSA. (B) GEMSA result with probes
ABCI1(—496) and SID3(—431). (C) GEMSA result with the region
of the SID1 promoter that contains the GATA consensus (in bold,
with the GATA elements underlined). The SIDI(—684)* probe
consists of the 5’- and 3’-flanking sequences of the SID/ GATA
consensus fused together. The SID1(—684)** probe represents the
GATA consensus of the SIDI(—684) probe. The black arrow
indicates the unbound probe, and the white arrows indicate the
shifted species.

Table 2: Metal Stoichiometry of Purified Protein

number of metals/monomer”

construct mutations iron zinc
wild type 0.46 + 0.02 1.60 + 0.36
crrl C219A/C225A 0.18 +0.07 1.33 +0.16
crr2 C234A/C237A 0.12 +0.01 1.25+0.14
crrl—crr2 C219A/C225A/C234A/ 0.06 + 0.02 1.35+ 041
C237A
gzfl CI128A/C131A 0.24 4+ 0.06 0.70 £ 0.12
gzf2 C291A/C294A 0.19 £ 0.12 0.94 4+ 0.27
gzfl—gzf2  CI28A/C131A/C291A/ 0.34 +0.11 0.60 + 0.20
C294A

“The error was the standard deviations of triplicate determinations of
the protein and metal concentrations.

Similar to the CRR mutants, the zinc finger mutants, gzfl
and gzf2, also contained less iron in comparison to wild-
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FIGURE 5: Iron content of purified Srelp. Absorption spectrum of
wild-type Srelp bound to BPS with (+ + *) or without (—) dithionite.
The arrow identifies the BPS—Fe?* peak at 540 nm.
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FIGURE 6: Effect of iron on SRE expression. SRE! transcript levels
relative to ACT] transcript levels were determined by qRT-PCR.
RNA was isolated from cultures grown in HMM with 10 M ferric
citrate or 100 uM deferoxamine mesylate. Aliquots (10 mL) for
RNA isolation were taken at O, 1, 4, and 12 h.

type Srelp. Mutations in either zinc finger domain resulted
in about half an equivalent less iron, whereas mutations in
both domains appeared to partially compensate (~0.34
equiv).

The oxidation state of the bound iron was determined using
the specific Fe?* chelator BPS. The Fe?t—BPS complex can
be monitored by absorption spectroscopy and has an absor-
bance max at 540 nm (34). A 540 nm peak was observed
when the reductant dithionite, which can reduce Fe?" to Fe?*,
was added to the protein, indicating that the iron bound to
native Srelp was mostly Fe’* (Figure 5). The small amount
of Fe?* observed in the protein sample prior to the addition
of dithionite may be due to the protein being purified under
reducing conditions and the ability of Fe’* to be photo-
chemically reduced to Fe>™ (36). Interestingly, when dithion-
ite-treated Srelp was desalted before BPS addition, little or
no iron was detected (data not shown), indicating that Fe>*
did not stay bound to the protein. Furthermore, metal-free
Srelp could not be reconstituted with Fe*™ under anaerobic
conditions.

Analysis of SREI Expression and Regulation. SREI1
expression in the yeast form of H. capsulatum G217B was
examined under iron-limiting and iron-replete growth condi-
tions. Quantitative PCR analysis indicated that SREI was
constitutively expressed in high-iron medium, whereas
expression was reduced approximately ~2.5-fold when an
iron chelator, such as deferoxamine, was added to the growth
medium (Figure 6). This result differed from most other
fungal GATA iron-mediated transcriptional regulators, which
are constitutively expressed, with the exception of A. nidulans
sreA, which is repressed under low iron-growth conditions
and elevated under high iron-growth conditions (23).
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FIGURE 7: Zinc finger domains of Srelp and DNA binding. (A) GEMSA comparing the wild type (WT) and the zinc finger mutants, gzfl
(C128A/C131A), gzf2 (C291A/C294A), and gzfl—gzf2 (C128A/C131A/C291A/C294A) using the 3?P-labeled SID3(—575) probe. (B)
Comparison of EDTA-treated and Zn>"-reconstituted Srelp. The black arrow indicates the unbound probe, and the white arrows indicate

the shifted species.

Zinc Dependence on DNA Binding by Srelp. To examine
the functional significance of the zinc finger domains, at least
two of the four critical cysteines in each domain were
replaced with alanines by site-directed mutagenesis, and the
ability of the mutant proteins to bind DNA was assessed
using the SID3(—575) probe. In comparison to wild-type
Srelp, mutations in either one or both zinc fingers domains
resulted in a significant decrease in Srelp binding to the
target DNA (Figure 7A). Two faint band shifts were observed
at high protein concentrations (0.5 uM) of the N-terminal
GATA zinc finger mutant, gzfl (C128A/C131A). The ability
to bind DNA was even more severely affected with the
C-terminal GATA zinc finger mutant, gzf2 (C291A/C294A),
and double GATA zinc finger mutant, gzfl—gzf2 (C128A/
C131A/C291A/C294A). These results indicated that the
C-terminal GATA zinc finger domain in Srel played an
important role in DNA binding, as observed for other fungal
iron regulators (23, 28, 35, 37).

The effect of zinc metal on DNA binding was also
examined (Figure 7B). Wild-type Srel protein that was
dialyzed against EDTA to remove any iron or zinc metal
associated with the protein did not bind DNA. When
approximately 2 equiv of Zn?>* (determined by ICP-AES)
was added back into the protein by dialyzing the protein
against excess Zn>", Srelp was able to bind DNA but with
lower affinity (an apparent K4 of 230 nM; Table 1).

Iron Dependence on DNA Binding. To determine whether
iron directly affected the ability of Srelp to bind DNA, Zn?*-
reconstituted Srelp was incubated in the presence or absence
of Fe** at 4 °C overnight and then its activity was assessed
by GEMSA using the SID3(—575) probe. Zn**-reconstituted
Srelp that was incubated with 1 equiv of Fe** bound DNA
with higher affinity (~2-fold) compared to the no iron control
sample (Figure 8A). At least 0.5—1 equiv of Fe’" was
necessary to recover DNA binding (Figure 8B). However,
excess iron (10-fold) slightly inhibited DNA binding. Inter-
estingly, Zn*"-reconstituted Srelp that was incubated at 4
°C overnight had lower DNA-binding affinity (~1.7 fold)
compared to freshly reconstituted protein, which suggested
that not only was iron necessary for full DNA binding but
that it was also important in maintaining the stability of the
Zn**-reconstituted protein. DNA binding was not rescued
when the CRR mutant, crrl—crr2, was incubated with 1

equiv of Fe’" (data not shown), which underscored the
significance of the cysteine residues in coordinating Fe’™.

To further elucidate the role of the cysteines in DNA
binding, GEMSA using the SID3(—575) probe was also
carried out with the CRR mutants, crrl, crr2, and crrl —crr2,
and their apparent Ky values were determined (Figure 8C
and Table 1). The mutants retained the ability to bind DNA
but with approximately 2—2.5-fold lower affinity than the
wild-type protein (apparent Kq of 90 nM). The crrl, crr2,
and crrl—crr2 proteins bound to the GATA sequence with
apparent Ky values of 250, 205, and 227 nM, respectively.
These binding affinities were similar to the binding affinity
for the Zn?"-reconstituted wild-type protein (apparent Ky of
230 nM), which had no bound iron. ICP-AES analysis
revealed that the purified CRR mutants (crrl, crr2, and
crrl—crr2) contained little or no iron (Table 2). Together,
these results showed that iron had a direct effect on the DNA-
binding ability of Srelp.

DISCUSSION

In this study, we identified SREI, which encoded a GATA
factor similar to the fungal GATA factors that negatively
regulate genes involved in iron uptake. Analysis of promoter
sequences upstream of Histoplasma genes that are iron-
regulated identified a potential consensus regulatory site, 5’-
(G/A)ATC(T/A)GATAA-3" (42). Some of these genes
contain more than one of these sequences. Gel-shift analysis
using purified recombinant Srelp(116—374) and probes that
contained the consensus sequence indicated that DNA
binding was GATA-specific and dependent upon both zinc
fingers for optimal binding. Mutations in either zinc finger
domain led to a significant loss in DNA binding, with the
C-terminal domain mutation having a more severe defect.
Both single- and multiple-shifted species were observed
depending upon the probe used. A single band shift was
observed at lower protein concentrations and when using
probes that contained only one GATA. A second shift was
observed at higher protein concentrations, which was prob-
ably due to Srelp—Srelp dimer formation. The SIDI probe
that contained more than one GATA, yielded at least three
mobility-shifted species. The presence of multiple-shifted
species was probably due to protein bound to more than one
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FIGURE 8: Effect of iron and the cysteine-rich region on Srelp DNA binding. (A) GEMSA comparing Zn?"-reconstituted Srelp incubated
in the presence of absence of Fe’* using the SID3(—575) probe. An equamolar amount of ferric citrate was incubated with Zn?*-reconstituted
Srelp overnight at 4 °C. A control sample of Zn>"-reconstituted Srelp without any ferric citrate was also included. (B) Zn?*-reconstituted
Srelp was incubated in the presence of increasing amounts (0.5, 1, and 10 equiv) of ferric citrate for 25 min at room temperature before
GEMSA using the SID3(—575) probe was performed. (C) CRR contributed to DNA-binding affinity. GEMSA using the SID3(—575) probe
comparing the DNA-binding ability of wild-type Srelp (WT) and the CRR mutants, crrl (C219A/C225A), crr2 (C234A/C237A), and
crrl—crr2 (C219A/C225A/C234A/C237A). The black arrow indicates the unbound probe, and the white arrows indicate the shifted species.

GATA site and/or Srel —Srel dimer formation. Analytical
gel filtration indicated that Srelp(116—374) existed mainly
as a monomer with a small percentage of dimer. Neverthe-
less, in vertebrate GATA factors, one of the zinc finger
domains is involved in self-dimerization (38, 39), which may
also be true for Srelp (116—379).

A conserved 27 amino acid region with four highly
conserved cysteines between the two zinc finger domains,
common to the iron-regulatory fungal GATA factors, is
involved in iron sensing in vivo (26-28). Unpublished
tryptophan fluorescence experimental data suggested that
there was an interaction between iron and S. pombe Fepl
[M. Durand, B. Pelletier, M. Bisaillon, and S. Labbé,
unpublished data (40)]. However, whether these transcription
factors sense iron by a reversible iron-binding event has not
been directly tested. Here, we showed direct evidence for
iron association with recombinant Srelp(116—374) using
ICP-AES. Metal analysis of purified protein indicated that
iron binding was through the conserved cysteine residues in
the CRR. Mutations of these conserved cysteine residues
(crrl, C219 and C225A; crr2, C234 and C237A; and
crrl—crr2, C219, C225, C234, and C237A) yielded protein
with the least amount of bound iron. The GZF mutants also
contained less iron, suggesting that the zinc finger domains
may be involved in binding iron or stabilizing the protein
when iron is bound.

In addition to determining the iron content of Srelp, we
found that the ferric oxidation state was predominantly
bound to recombinantly expressed Srelp. Although Fe?* is
thought to be the primary functional metal in vivo, there is
evidence to suggest that Fe’'™ can also activate other
microbial iron-regulatory proteins (4/). We only detected
trace amounts of the Fe?t bound to Srelp, and the protein
could not be reconstituted anaerobically with Fe>". Further-
more, the reduction of the protein-bound ferric form resulted
in metal loss from Srelp. Despite our observations, it is
possible that other factors influence metal insertion and
stability; hence, these observations do not preclude the
possibility that both iron oxidation states are involved in Srel
activity in vivo.

The zinc content of the purified wild-type and mutant
proteins was also determined. The wild-type protein con-
tained ~2 equiv of zinc per monomer, which was consistent
with there being two zinc finger domains. In contrast, the
GZF mutants all contained less zinc, average ~1 equiv of
zinc per monomer. Interestingly, the double GZF mutant,
gzf1—gzf2, still contained a small amount of zinc (0.6 equiv).
This observation may reflect the fact that not all of the
cysteine residues (4 of 8) predicted to ligate the zincs were
mutated, and the remaining cysteines may still have bound
a minimal amount of zinc. In addition, gel-mobility-shift
analysis indicated that, although DNA binding was signifi-
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cantly diminished in the zinc finger mutants, a small amount
of protein still bound the specific DNA probe at higher
protein concentrations, suggesting that the mutant protein
still retained some of its structure. Mutations in the CRR
also led to a slight decrease in bound zinc (~1.3 equiv),
suggesting that iron and zinc binding were linked.

Although Zn>" was necessary for DNA binding, iron
(Fe*) also had a crucial role in the DNA-binding specificity.
DNA binding of the Zn?*-reconstituted Srelp, which had a
lower (~2.5 fold) apparent Ky similar to the CRR mutants,
was rescued when 0.5—1 equiv of Fe’™ was present. At
higher concentrations of Fe’* (=10-fold), DNA binding was
inhibited. Furthermore, the Zn>*-reconstituted protein lost
its ability to bind DNA after prolonged exposure at 4 °C,
indicating that Fe3" was important for maintaining the DNA-
binding activity in vitro. EDTA-treated wild-type Srelp did
not bind to target DNA, indicating that both zinc and iron
were required for full activity.

gqRT-PCR analysis also showed that SRE/ was expressed
under high-iron growth conditions, but its expression was
repressed under iron-starving conditions, similar to the
expression of the orthologue SREA in A. nidulans (23). In
contrast, N. crassa SRE, U. maydis URBSI, and S. pombe
fepl™ are constitutively expressed (24, 25, 29).

Thus, relief of repression by Srelp in iron-limiting
conditions would appear to be accomplished by a 2.5-fold
decrease in abundance based on SRE1 mRNA levels and a
2.5-fold decrease in affinity for the GATA motifs. At least
0.5—1 equiv of iron per Srelp was necessary for full DNA-
binding activity. It should be noted that the binding studies
were performed on a fragment of protein lacking such
features as the conserved C-terminal coiled-coil domain, and
hence, its in vitro quantitative behavior may have underes-
timated the magnitude of its in vivo effects.

In summary, Srelp was an iron-binding GATA-site-
specific DNA-binding protein of iron-responsive genes in
the fungal pathogen in H. capsulatum. Srelp bound to the
consensus sequence 5’-(G/A)ATC(T/A)GATAA-3 in a man-
ner mutually dependent upon both zinc and iron for highest
affinity binding. Iron was directly associated with the protein
and enhanced its DNA-binding affinity to target DNA. Iron
was also important for the overall stability of the protein,
making Srel a unique type of GATA factor that requires
both zinc and iron for its full function. Interestingly, although
expression of SRE] was iron-responsive, no GATA consen-
sus was present in its promoter region, suggesting the
possibility of another iron-regulated transcription factor
present in H. capsulatum. Thus, iron homeostasis in H.
capsulatum was probably regulated on several levels to
maintain the appropriate levels of essential iron within the
cell.
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One table showing the complete nucleotide sequences of
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