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ABSTRACT: Several homologous genes encoding proteins involved in regulating siderophore synthesis in
fungi have been isolated, including tsee gene from the filamentous fungi¢eurospora crassaWe

present data that further characterize SRE and provide new insights into the regulation of iron homeostasis
in NeurosporaSRE is a member of the GATA factor family, which is comprised of transcription factors
that contain either one or two zinc finger motifs that recognize and bind to GATA-containing DNA
sequences. Results from electrophoretic mobility shift assays demonstrate that SRE binds with high affinity
to a DNA probe containing the iron response element fronsitiépromoter fromUstilago. SRE binding

to DNA was demonstrated to be zinc-dependent. Moreover, changes in the spacing between two GATA
sites altered the DNA binding affinity of SRE. Mutants of highly conserved cysteine residues present in
SRE and homologous proteins were created by site-directed mutagenesis. The combined results of mobility
shift assays, siderophore synthesis assays, and ornithine oxygenase enzyme activity determinations
demonstrate that these mutants with cysteine substitutions have a dominant repressor phenotype.

In the filamentous fungusleurospora crassaa total of it readily reacts with oxygen to produce hydroxyl radicals.
five GATA factors have been identified, each functioning Hydroxyl radicals react at extremely high rates with organic
in a specific metabolic pathway. NIT2 is a global regulator molecules found within cells, leading to oxidative damage
that positively controls the expression of genes involved in to DNA, lipids, and proteins. Organisms are thus faced with
nitrogen metabolismlj. WC-1 @) and WC-2 8) regulate the daunting task of acquiring essential iron, but must also
genes expressed in response to blue light induction and alsanecessarily employ mechanisms to avoid toxicity that results
play a role in controlling the circadian rhythm)( ASD4 from too much intracellular iron.

controls ascus development and ascospore maturdijon ( Vvarious elaborate biological systems have evolved to
SRE plays a rather undefined role in the negative regulation coordinate iron transport and homeostasis. Bacteria and fungi
of iron transport §). sequester iron by producing and secreting low-molecular
Like all organisms with the exception of certain lacto- weight ferric iron chelators called siderophores, which bind
bacilli, Neurosporarequires iron for a variety of functions.  ferric iron very efficiently and tightly 7, 8). Iron acquisition
Iron plays a central role in many reductieoxidation via siderophores must be tightly regulated to conserve energy,
reactions ranging from respiration to ribonucleotide synthesis. which is required for siderophore transport, and, more
Though iron is one of the most abundant elements on earth,importantly, to avoid iron-mediated injury to cells.

it is relatively unavailable to biological systems due to the  |n the basidiomyceteUstilago maydis the sid1l gene
intrinsic insolubility of ferric iron (10*® M) in an aerobic  encodes -ornithineNs-oxygenase, which catalyzes the first
environment. This nearly insoluble form of iron predominates  step in siderophore synthesis. Under low-environmental iron
in nature as oxohydroxide polymers. Therefore, acquiring conditions, the extent of transcription sid1increases 16-
essential iron poses a serious challenge to most organismso|d (9). This increase in extent of transcription sifi1 is
for their growth and survival. Although iron is a strict reasonable since, when environmental iron is present in small
requirement, too much intracellular iron leads to tOXiCity as amounts, the level of Siderophore Synthesis must increase
to sequester needed iron. Equally important is the need to
* This work was supported by Grant GM 23367 to G.A.M. fromthe abate siderophore synthesis when environmental iron is
National Institutes of Health. abundant to avoid overloading of cellular iron that would
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A few years ago, using a PGRnediated method specific
for the highly conserved zinc finger sequence in GATA
factors, a new GATA factor gene iNeurosporasre was
identified ©). The amino acid sequenceskis homologous
to sequences of other fungal two-zinc finger GATA factors
such as URBS1 adflstilago (10), SREP ofPenicillium (12), of MTPBS [150 mM NacCl, 16 mM N#HPO,, and 4 mM
and SREA ofAspergillus(13). In addition to the zinc finger  NaHPO, (pH 7.3)] and frozen overnight at20 °C. The
domains, a high degree of homology is seen in the region cells were thawed in cool water and transferred to ice.
found between the zinc fingers. Within this zinc finger region Following addition of DNase (5@&g/mL), RNase (25:9/
are four highly conserved cysteine residues. Disruption of mL), and PMSF (2 mM), cells were lysed by sonicating them
srein Neurosporaby the RIP mutation methodology results on ice for 2 min. Triton X-100 was added to a concentration
in the partial constitutive production of siderophores. SRE of 1% (v/v) and cell debris pelleted from the cell lysate by
represses expressioniebrnithineN®>-oxygenase, the activity  centrifugation at £C.
of which catalyzes the first step in siderophore biosynthesis  Affinity Chromatography Using Glutathiorgarose
(6). These results suggest that SRE may be a negativeBeads Glutathione-agarose beads were swelled overnight,
regulator of siderophore synthesis, acting to regulate tran-washed, and transferred to a column to yield a bed volume
scription of the ornithine oxygenase gene and perhaps otherof 10 mL. The cell extract obtained above was loaded on

an ODyoo of 0.6-0.8 at which time IPTG was added to a
final concentration of 2 mM. Following additional growth
for 3—4 h, the cell culture was chilled on ice for ap-
proximately 15 min and then the cells were harvested by
centrifugation at £C. The pellet was resuspended in 20 mL

genes in this biosynthetic pathway.

The work presented here was undertaken in an effort to
characterize the DNA binding properties of SRE with
electrophoretic mobility shift assays (EMSAs). Additionally,

the column and washed with approximately 500 mL of
MTPBS. The GST fusion protein was eluted with 50 mM
Tris-HCI (pH 8.0) containing 5 mM reduced glutathione.
Fractions (1 mL) were collected and analyzed by SDS

the importance of conserved cysteine residues found betweerPAGE (12% gel). Protein concentrations were determined

the two zinc fingers was examined using site-directed
mutagenesis. A better understanding of the action of SRE
will assist our goal of understanding how the various GATA
factors differentially regulate specific pathways. Additionally,
a more detailed model of the regulation of siderophore
synthesis irNeurosporawill afford valuable insight into the
understanding of the iron transport pathway in fungi.

MATERIALS AND METHODS

Bacterial Strains and Chemical Reagertscherichia coli
XL-1 Blue and DH%x cells were used for general bacterial
transformations. BL21 DE3 pLysS cells were utilized for
GST fusion protein expressiol. crassawild-type strains

using a modified Bradford assay (Bio-Rad, Hercules, CA).
End Labeling of the DNA Probé&ynthetic oligonucleo-
tides lacking a phosphate group at tHeehd (Intergrated
DNA Technologies, Coralville, IA) were end-labeled using
[y-*2P]ATP and T4 polynucleotide kinase. Unincorporated
radioactive nucleotides were removed using a Sephadex G-50
spin column, and the amount of radioactivity (counts per
minute) was measured by scintillation counting.
Electrophoretic Mobility Shift AssayElectrophoretic
mobility shift reactions were set up by mixing the appropriate
radiolabeled DNA probe with various amounts of the purified
protein in 12 mM HEPES, 4 mM Tris-HCI (pH 7.5), 60 mM
KCI, 1 mM EDTA, 1 mM DTT, 2ug of poly(dl-dC), and
10% glycerol. Approximately 10 000 cpm of the labeled

740R23 A/a from the Fungal Genetics Stock Center (KansaspNA probe was used per reaction. Reaction mixtures were

City, KS) and thesre-RIP mutant strain T4-46) were used
for most proceduredNeurosporacultures were grown in
Vogel's minimal medium. For experiments requiring low-
iron media, Fe(Nk).SO,-6H,0 was excluded. For experi-
ments requiring high-iron media, Fe$®as added to a final
concentration of 1@M. Restriction endonucleases and DNA-
modifying enzymes were purchased from Gibco BRL
(Gaithersberg, MD) or New England Biolabs (Beverly, MA).
Chemical reagents were purchased from Sigma (St. Louis,
MO) or Boehringer-Mannheim (Mannheim, Germany).
Expression and Purification of the GST Fusion Protein
A single colony of BL21E. coli containing the pGEX-2T
vector with thesre gene insert was used to inoculate 50 mL
of LB medium with ampicillin (25ug/mL) and chlor-
amphenicol (25ug/mL), which was incubated at 37C
overnight with shaking at 186200 rpm. After being shaken
for 16—20 h, the overnight culture was used to inoculate 1
L of LB containing antibiotics. The culture was grown to

! Abbreviations: SRE, siderophore regulatory protein; EMSA,
electrophoretic mobility shift assay; PCR, polymerase chain reaction;
GST, glutathioneStransferase; IPTG, isopropy! 1-thio-galacto-
pyranoside; PMSF, phenylmethanesulfonyl fluoride; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; HEPES,
hydroxyethylpiperazine ethanesulfonic acid; EDTA, ethylenediamine-
tetraacetate; DTT, dithiothreitol.

incubated at room temperature for-180 min and loaded
onto a 4% native polyacrylamide gel which had been prerun
for 1 h. The gel was run in 0.26 TBE (22.5 mM Tris, 22
mM boric acid, and 0.5 mM EDTA) for approximately 1 h
at 25 mA. The gel was removed from the gel apparatus,
transferred onto Whatman paper, covered with saran wrap,
and dried for 45 min at 80C. X-ray film was exposed
directly to the gels overnight at80 °C.

PCR-Mediated Site-Directed Mutagene#\sPCR-medi-
ated site-directed mutagenesis method was used to create
point mutations within wild-type gene sequences. The
method consists of two rounds of PCR followed by sub-
cloning. For both rounds of PCR, plasmid DNA containing
the wild-type gene was used as the template. The first round
of PCR utilized a 5primer containing @anH]| restriction
site and one of the following mutagenic primers (the altered
nucleotides are indicated in bold): C204S and C210S,
CCGTCAGGATCGTCCCCTGGAGGCGGAAGATCAA-
CGGCACAGG; and C219S and C222S, GCGGAGGGGT-
CTGGTGCGATCCCCCGCATACAACAACCGCG.

The second round of PCR used'gp8mer containing an
Ncd site and the gel-purified mutated product from the first
round (980 bp). The first PCR product was polymerized by
high-fidelity Pfx polymerase (Gibco BRL, Gaithersberg,
MD), and the final PCR product was polymerized usiray
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polymerase. For the in vivo wild-type control, the DNA insert A GCTGGC GATA AGCCAACCTT GATA AATAAATG
was produced by a single round of PCR using the two wild- GCTGGC GAAA AGCCAACCTT GAAA AATAAATG
type end primers. The final product2300 bp) was ligated

into the pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA). B GATA GAAA

The resulting pCR2.1 constructs were purified, sequenced, g 0 01 05 1.0 1.5 0 05 10

and used for transforminleurospora

For the protein expression vectors, the pGEX-2T gluta-
thioneStransferase fusion protein vector containing the wild-
typesresequence (lacking introns) was used as the template
for PCR. The PCR strategy described above was employed
using primers designed to introduce 'aBanHl site and a
3 EcaRl site, which were then utilized for subcloning into
PGEX-2T.

Neurospora AssaySiderophore ferric perchlorate assays
and ornithine oxygenase activity assays were carried out as

previously described6j. Transformation of esre mutant . 1: SRE binding to GATA-containing DNA. (A) S
in wi i i ild- i IGURE 1: inding to -containing : equences
strain with plasmids carrying wild-type and manipulatee of the top strand of the double-stranded DNA probes containing

genes was carried out by cotransformation with a plasmid giiher two GATA or two GAAA sites. (B) Results of EMSA

that contained the benomyl resistant gene, using the protocolexperiments showing the free probe at the bottom of the gel, and

described previouslyg]. the shifted probe, denoted with the arrow. The amount of the-6ST
UV—Visible SpectrophotometriV—visible spectra were St?o%gutﬁgrl]aﬁgem (micrograms) used in each lane is indicated

collected for the purified wild-type and mutant GST fusion '

proteins in 50 mM Tris-HCI (pH 8.0) in a MultiSpec-1501 - 2480 bp ATG.

(Shimadzu) spectrophotometer. A il
sid 1 |

RESULTS

Electrophoretic Mobility Shift Assays with SREhe DNA
binding specificity of SRE was characterized by conducting
electrophoretic mobility shift assays. A GST fusion protein
consisting of a 267-amino acid region of SRE that contained GWETCTAGTTTTGACGCTCTGTGCTAGAﬂ‘fGCTm
both zinc fingers and the region between them was expressec
using the GST fusion protein expression vector pGEX-2T B ng 0 5 10 20 50 75 100 300 500 700
(Pharmacia, Piscataway, NJ) and purified as described in _

Materials and Methods. The SRE fusion protein was used . —-“
for DNA binding studies.

To examine the specificity of SRE binding, mobility shift ::.-
assays were conducted with a synthetic DNA probe contain- e 0N
ing two GATA elements and compared with a similar probe
containing two GAAA elements. SRE bound to the DNA
probe containing two GATA sequences, but not to the
otherwise identical probe with GAAA sites (Figure 1). The
shift obtained with the GATA-containing probe produced
two bands with the higher-molecular weight band becoming w
more prominent with increasing SRE concentrations. These
results may be due to the binding of two separate SRE
proteins to the probe since it contains two GATA sites. ~ FIGURE 2: SRE binding to thesid1 promoter ofU. maydis (A)

. A lllustration of the iron responsive region and sequence obitie
To examine binding to a natural DNA sequence, a DNA promoter. (B) EMSA with the region of thsid1 promoter. The

probe consisting of the “iron response element” of sful amount of protein (nanogram) used in each reaction is indicated
gene promoter ofJ. maydis which contains two GATA  above each lane. The free probe is located at the bottom of the gel,

sequences, was utilizetll). EMSA results indicate that SRE ~ and the arrows identify shifted bands.
efficiently binds to thesid1 promoter as demonstrated by a
significant shift of the probe by the SRE fusion protein 3). To ensure that the difference in binding was not simply
(Figure 2). a function of the purity of the probe, binding to the two
To further examine the DNA binding specificity of SRE, different probes by NIT2, another GATA factor Meuro-
DNA fragments containing GATA sequences from Higl sporg was examined. In contrast to SRE, NIT2 binds to the
andasd4promoters (both containing two GATA sites) were asd4probe with a similar or slightly higher affinity than to
used for mobility shift assays. Thesd4gene is involved in the sidl probe. Thus, the recombinant SREST fusion
ascospore development and has no role in siderophoreprotein shows a greater affinity in binding to a promoter
synthesis. We find that SRE binds thiell promoter probe  sequence of a siderophore biosynthetic gene than to the
with a higher affinity than to theasd4promoter probe (Figure  unrelated asd4 promoter.

CTTTTTATCAGATCAAAACTGCGAGACACGATCTTATCCGATTT

A A
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sidl asd4 A sidl
SRE NIT2 SRE _NIT2 CTTTTTATCAGATCAAAACTGCGAGACACGATCTTATCCGATTT
ng 0 20 300 20 300 0 20 300 20 300
sidl-5
: u : CTTTTTATCAGATCAAAA-——-mmnm- AGACACGATCTTATCCGATTT
L
- — - - sid1-10
CTTTTTATCAGATCAA-===mmeememeeee - CACGATCTTATCCGATTT
B sid] sidl-5 sidl-10
W - “m ng 0 300 0 300 0 300
-|
Ficure 3: SRE binding to theid1promoter in comparison to the = - ey -

asd4promoter An EMSA was carried out using the region of the
sid1 promoter and a region of thesd4promoter using the GST

SRE fusion protein and the NIT2 GATA factor froM. crassa

The amount of protein (nanogram) used in each reaction is indicated
above the lane along with the respective GATA factor protein used
in the reaction. The arrows identify shifted bands which represent
DNA—protein complexes; free DNA has run near the bottom of
the gel.

Effects of Spacing between GATA Sites on DNA Binding.
Both theasd4and sid1 promoter DNA fragments contain
two GATA sequences, so the difference in SRE binding to )
them is not due to a different number of potential binding Fﬁgrgféﬁgs(a)iths ?,‘;'(}gel"_cgsaﬁﬂ%d k}a‘;re°g‘;}ﬁ;ﬁ@p{f§’§ﬁ§2££
sites. The major difference between these two probes is thefrom the sequence between the two GATA sites. (B) Mobility shift
spacing between their two GATA elements, with a greater assay using 0 or 300 ng of the GSSRE fusion protein with the
spacing in thesid1 promoter probe than in thessd4promoter differentsid1l probes. The arrows identify the shifted bands.
fragment (25 and 10 bp, respectively). Probes were prepared . o
in which the spacing between the two GATA sequences Wascontras_t, t_reatment with 1 mM ED'_I'A completely_ehmmates
increased or decreased. First, the spacing between the GATAPNA binding by SRE as shown in lane 4. To investigate
sites of thesid1probe was decreased by 5 and 10 nucleotides the possible effect of various divalent cations in rescuing
(Figure 4A). EMSAs demonstrated that the extent of SRE DNA binding, Zr¢*, Cd?*, Mg?*, or C&* was individually |
binding decreased as the spacing between the two GATAadded to EDTA-treated protein samples prior to incubating
sites was decreased (Figure 4B). Next, the spacing betweer{he€m with the DNA probe. Once again, protein samples were
the GATA sites of theasd4probe was increased by 5, 10, heated and alloweq to slowly coql to room temperature. The
or 15 nucleotides (Figure 5A). The inserted nucleotide results show that zinc and cadmium are capable of partially
sequences correspond to the sequence found between thgestoring DNA binding (Figure 6). Lower levels of cadmium
GATA sites of thesid1 probe. The extent of DNA binding ~ Were required to restpre a functlo_nal zmc.flnger. IF ha_ls been
increased as the spacing between the GATA sites aighé showrj that certain zinc fingers dlsplay .hlgher afflnltu_es for
probe was increased (Figure 5B). These results indicate tha@dmium than for zinclG, 16). The inability of magnesium
SRE has a clear preference for binding to DNA in which @nd calcium to restore DNA binding indicates that SRE
two GATA sites are a certain distance apart, with increasing réduires specific cations to allow its finger motifs to assume
affinity observed as the spacing is increased from 10 to 25 & conformation functional in DNA binding.

Ficure 4: Effects of spacing between the GATA sites of Hidl

bp.

Zinc Dependence on DNA Bindintihas been shown that
mutation of either one or both of the putative zinc fingers in
SRE results in a decrease in the level of or complete loss of
binding of SRE to GATA-containing DNA sequences,
respectively 14). To investigate the importance of zinc for
DNA binding of SRE, the effect of EDTA, a zinc chelator,
on binding was examined. EDTA was added to SRE fusion
protein samples to a final concentration of 1 mM, and a

In Vivo Studies of the Cysteine MutanfShe region
between the two zinc fingers of SRE contains four cysteine
residues that are conserved in the homologous proteins. Site-
directed mutagenesis was carried out to examine potential
roles of the cysteine residues by mutating either the first two
(C204S and C210S) or the last two (C219S and C222S)
cysteine residues located between the finger motifs of SRE.
Mutant fragments consisting of the entsee coding region
and ~500 bp of the 5upstream region were obtained and

sample without EDTA was processed as a control. The subcloned into pCR2.1. A similar construct was also

protein samples were heated to 42 to enhance the

produced in which no mutations were introduced, thus

accessibility of the predicted coordinated zinc atoms to yielding the wild-type sequence. The wild-type plasmid was

EDTA. The samples were then allowed to cool to room used as a positive control to be certain that any phenotypes
temperature and subsequently used for DNA binding assaysresulting from the mutated SRE genes were direct effects of
As seen in lane 3 of Figure 6, heating of the protein sample the introduced mutations and not a result of the carrier vector
alone does not diminish the level of DNA binding. In or the lack of sufficient Supstream sequence.
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A asdd =

GCATTTATTTATCAAGGTTGGCTTATCGCCAGC w
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GCATTTATTTATCAAGGTCTGCGTGGCTTATCGCCAGC t o %

[ W o 1+ "

=0 o Zn’ cd* Mgt ca®
3 + -
asd4+10 0 25 1000 188 186 186 p
GCATTTATTTATCAAGGTAACTGCGAGATGGCTTATCGCCAGC Vi
asd4+15

T
»
A A

GCATTTATTTATCAAGGTCAAAACTGCGAGACATGGCTTATCGCCAGC

B asd4 asd4+5  asd4+10  asd4+15
ng 0 300 0 300 0 300 0 300

Ficure 6: Effects of EDTA on DNA binding The GSTSRE
fusion protein (300 ng) was heated to 42 for 20 min with or
without 1 mM EDTA. Samples were incubated at room temperature
for 20 min prior to gel filtration to remove excess EDTA. The
- m EDTA-treated GSTSRE fusion protein was incubated with various
divalent cations (zZ#, C®*, Mg?*, and C&") at 42°C for 20 min
and cooled to room temperature. The concentration (micromolar)
of cations used is indicated above each lane. Following various
Ficure 5: Effects of spacing between the GATA sites of tsel4 treatments, the GSTSRE fusion protein was incubated with the
promoter. (A) Sequences of the top strand ofakd4probe along sid1 promoter probe at room temperature for 20 min and loaded
with the probes containing 5a$d4+5), 10 (asd4+10), or 15 on a 4% native gel. Free DNA is at the bottom of the gels. The
additional base pairaéd4+15) between the two GATA sites. (B)  arrows identify the shifted bands that represent DNvotein
Mobility shift results using the four above-mentioned probes with complexes.
0 or 300 ng of the GSTSRE fusion protein. The arrow identifies

the shifted band. presence of the cysteine mutame genes resulted in strong
] o . repression of siderophore synthesis under both high- and low-
As shown previously, in wild-typNeurospora sidero- jron conditions (Table 1). Additionally, ornithine oxygenase

phore production and-ornithine N>-oxygenase activity are  activity was repressed in transformed colonies containing the
repressed under high-environmental iron conditions and mytatedsre genes with replacements of the cysteine residues
derepressed under low-iron condition8).(The sre RIP in media with both high and low iron concentrations (Table
mutant strain shows an increase in the extent of siderophorel)_ To determine how the mutant genes would function in
synthesis and enzyme activity under both high- and low- the presence of a wild-typsre gene, plasmids containing
iron conditions in comparison to the wild type, although iron- the cysteine mutants were transformed into wild-tyyeu-
dependent regulation is not completely lost. To check the yospora The results show that as in the RIP mutant, the
ability of the plasmid containing the wild-typeregene to  presence of the mutant gene results in repression of sidero-
restore normal regulation of siderophore production and phore synthesis and ornithine oxygenase activity under both
ornithine oxygenase activity, the pCR2.1 plasmid containing high- and low-iron conditions (Table 1). The results suggest
the wild-type sre gene insert was transformed into the that the mutant protein acts as a dominant negative and
Neurospora sreRIP mutant, as described in Materials and competes with endogenous wild-type SRE, resulting in
Methods. The transformed colonies were grown in high- and complete repression of siderophore synthesis and enzyme
low-iron media, and the amount of siderophores produced activity. Since SRE acts as a repressor of siderophore
and secreted in each case was measured using the ferrigynthesis, it appears that the mutant proteins are constitutively
perchlorate assay. The transformed wild-tgpegene was  active regardless of the intracellular iron status.
capable of complementing there RIP mutant cells as In Vitro Studies of Cysteine MutanfBo elucidate specif-
determined by colorimetric assays (Table 1). Additionally, jcally how the mutated cysteines alter regulation of sidero-
transformant cell extracts were used for ornithine oxygenasephore synthesis, in vitro studies were carried out using a
activity assays, which revealed that, as expected, the wild-recombinant protein containing serine residues in place of
type sre gene restored normal regulation of ornithine the first two cysteine residues of the region (Cys204 and
oxygenase activity (Table 1). Cys210). GSFSRE fusion proteins containing the wild-
Next, plasmids containing the SRE mutant genes with type or mutated amino acid sequences were individually
substitutions for the targeted cysteine residues were trans-expressed and purified. The first obvious difference between
formed intosre RIP mutant spheroplasts. To be certain that the wild-type and cysteine mutant SRE proteins was observed
the wild-type and mutardgregenes had been integrated into during the purification steps. Upon elution of the bound
the transformed strains, genomic DNA was isolated and proteins during column chromatography, an orange band was
probed by Southern blot analysis for the presence of the clearly observed migrating down the column containing wild-
transformedsre DNA. All colonies that were assayed type SRE; however, the mutant SRE migrated as a colorless
possessed the transformeck gene (data not shown). The band.
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Table 1: Siderophore Synthesis and Ornithine Oxygenase Enzyme Agtivity

siderophore synthesis

ornithine oxygenase activity

strain High iron Low iron High iron Low iron
wild type 0.070 (0.010) 0.200 (0.010) 0.025 (0.001) 0.067 (0.003)
sre— 0.150 (0.010) 0.300 (0.010) 0.100 (0.010) 0.257 (0.010)
sre— WT comp 0.075 (0.010 0.260 (0.010) 0.159 (0.003) 0.319 (0.003)
sre— C12S comp 0.053 (0.010 0.093 (0.005) 0.004 (0.002) 0.005 (0.003)
sre— C34S comp 0.080 (0.008) 0.080 (0.008) 0.003 (0.001) 0.006 (0.002)

0.015 (0.010)
0.015 (0.005)

0.0567 (0.003)
0.045 (0.010)

0.026 (0.004)
0.003 (0.002)

0.030 (0.003)
0.003 (0.001)

2 The relative amounts of siderophore synthesis and enzyme activity were determined for the various strains. The wildstgiRlRhautant
strain ére—), the RIP mutant strain complemented with the pCR2.1 vector containing the wildsyge \WT comp) or mutatedre gene ére—
C12S comp osre— C34S comp) sequences, and the wild type transformed with the mutant genes (C12S and C34S) are shown. Mutant strains are
labeled as having the first two cysteine residues (C12S) or the third and fourth cysteine residues (C34S) of the cysteine rich region mutated to
serine residues. Data for the strains grown in high- and low-iron media are indicated. The absorbance values were normalized against absolute
protein concentration and represent the average from three determinations with the standard deviation shown in parentheses.

0.3 Wild type Cysieine mutant
0.25 I 1T I
& ng 0 5 50 300 450 5 50 300 450 1500
g 02
] :
8 015 |
< \ amych -
L]
2 01 hum ¥ = |
E wh‘ A -

0.05

0 ——
300 350 400 450 500 550 600 650 700

Wavelength (nm)

FiGure 7: UV-—uvisible spectrum of wild-type and mutant SRE
proteins UV —visible absorption spectra of the oxidized cysteine
mutant protein (gray line) compared with the wild-type oxidized
(black line) and reduced (dotted line) SRE protein.

-
’

0 2 5 8 92 0 38 33 39 5 %

To examine the color difference between the mutant and pigyre 8: Comparison of DNA binding of the wild-type and
wild-type SRE, visible spectra were obtained for each. The cysteine mutant proteins. An electrophoretic mobility shift assay
purified wild-type SRE protein yields a spectrum with an was used to examine the binding of SRE proteins testti#44 bp
absorption maximum located at approximately 420 nm with oligonucleotide probe. The amount of protein used in each binding

; reaction is listed above the lanes. The percentage of the DNA bound
a shoulder at 540 nm (Figure 7), features broadly Charac—in each reaction is indicated below each lane (as determined by

teristic of iron-binding proteins. In contrast, the visible densitometric values). The arrows identify shifted bands that indicate
spectrum for the purified cysteine mutant SRE protein lacks proteir~-DNA complexes.

the absorption bands exhibited by the wild-type SRE protein. o
To compare the spectra of oxidized (as purified) and reducedshift 56% of the DNA probe. These results indicate that the
wild-type SRE, dithionite was added to a concentration of 1 Cysteine mutant protein is capable of significant DNA
mM to reduce the W||d_type SRE protein_ D|th|0n|te_ b|nd|ng, hOWeVe.r, W|th a S“ghtly IOWer aﬁ|n|ty than the W||d'
mediated reduction results in a complete bleaching of the type SRE protein.
5;1)b.sorbance spectrum of oxidized (as isolated) SRE (F|gureDISCUSSION

The DNA binding properties of the cysteine mutant protein ~ The mechanism by which SRE regulates genes involved
were examined by employing mobility shift assays using the in siderophore synthesis is still not completely understood.
sid1 44 bp probe. Increasing equivalent amounts of wild- Indeed, each of the five knowNeurosporaGATA factors
type and cysteine mutant SRE proteins were added to bindingpossesses the ability to bind to DNA containing core GATA
reaction mixtures with a constant amount of labeled DNA. sequences via their zinc finger domains, a motif in which
The results show that the mutant protein retains the ability all GATA factors share a high degree of homology. However,
to bind to DNA; however, the mutant protein appears to have each GATA factor protein is responsible for regulating
a lower binding affinity than the wild-type protein (Figure specific and distinctly different cellular processes. It seems
8). The percentage of DNA bound for each reaction was unlikely that the basis for this differentiation arises from
calculated on the basis of the apparent densities of the shifteddifferences in their ability to access DNA since these proteins
bands. The results show that the wild-type protein shifted are not compartmentalized into different cellular locations.
92% of the DNA probe when 450 ng of the protein was Thus, the exact mechanism by which each GATA factor
added to the reaction mixture, whereas the mutant proteinspecifically regulates a distinct set of downstream genes is
even at a higher concentration of 1u§ was only able to not clear.
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Results presented here provide evidence that the spacinginidentified factors, acting either positively or negatively,
between multiple GATA sites may constitute one possible also function in iron-mediated regulation of siderophore
mechanism for GATA factor specificity. Specificity in the biosynthesis. Iron homeostasis may be governed at many
case of SRE may also result from its possession of two zinc levels and involve multiple factors to implement a failsafe
fingers, whereas the other GATA factors foundNieuro- means of ensuring proper intracellular levels of iron. To
sporacontain only a single zinc finger. A single molecule acquire essential iron while avoiding toxic levels, a delicate
of SRE may be capable of binding to two correctly spaced balance must be sustained. The results presented here provide
GATA sites simultaneously due to the presence of its dual a foundation for further studies aimed at elucidating the
zinc fingers. It has been shown that mutant SRE constructsmolecular mechanisms responsible for the elaborate control
possessing only one of each of the individual zinc fingers of iron homeostasis ilNeurospora
of wild-type SRE can bind to DNA containing GATA sites;
however, each of_the mutants (_joes o) with an affinit_y lower A cKNOWLEDGMENT
than that of the wild-type proteirld). Thus, it seems likely
that SRE’s two zinc fingers may be crucial in positioning
the protein on the DNA.

SRE may also bind to DNA as a dimer. As in vertebrate
GATA factors, one zinc finger of SRE may be involved in
DNA binding while the second carries out proteiprotein
interactions (possibly with a second SRE molecul&) 18).
The carboxyl-terminal region of SRE, which shows conser-  1.Fu, Y. H., and Marzluf, G. A. (1987) Characterizationrof-2,
vation among its homologues, is another region that may  the major nitrogen regulatory gene Neurospora crassaviol.
promote dimerization. Analysis of the amino acid sequence g;'llér?;m"j'\}ifti;iigg Magrell, A, Talora, C., Cabibbo, A
of SRE using the MUIF'CO'I a_naly5|s_ algor_lthm revegls a “and Mabina, G. (1996') White coIIar‘—l,"a central régulator of blue
putative carboxyl-terminal coiled-coil motif (9). This light responses iNeurosporais a zinc finger proteinEMBO J.
feature indicates that SRE has a great potential to existasa 15, 1650-1657.
homodimer, which may be required for its function, since it 3. kL)iIndel_n,hH., _andIMacing, G. (1997) Vvlrlm_ite collar 2, a pal;trll_erhin
may bind to ac_Jjacent GATAsites as a homod|mgr|c compl_ex. re‘éﬁ la'lﬁtleé S'egr?eas itr:lifbsrolslgg?g,Cfgsngg&ngoejpiéssgl 89. ight
It is also quite possible that SRE may be involved in :

L . . . . . 4. Crosthwaite, S. K., Dunlap, J. C., and Loros, J. J. (1997)
significant interactions with one or more other proteins which NeurosporaV/C-1 and WC-2: transcription, photoresponses, and
modulate its function. It has been clearly established that the origin of circadian rhythmicityScience 276763-769.
the activity of many GATA factors is dependent upon their 5. Feng, B., Haas, H., and Marzluf, G. A. (2000) ASD4, a new GATA
interactions with additional protein factorsg; 20, 21). It is factor of Neurospora crassadisplays sequence-specific DNA
noteworthy that examination of thMeurosporagenome lén_ndmg and functions in ascus and ascospore developnient,

iochem. 3911065-11073.
.reve".il.s that all GATA factors oNeurosporahave been 6. Zhou, L. W., Haas, H., and Marzluf, G. A. (1998) Isolation and
identified. characterization of a new gerszg, which encodes a GATA-type

Whether SRE directly senses iron, for example, by a regulatory protein that controls iron transport Meurospora
reversible iron binding mechanism dependent on intracellular

We thank Dr. Liwei Zhou for thesre construct and the
sre RIP mutant strain ofN. crassa
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