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In Neurospora crassa, the major nitrogen regulatory protein, NIT2, a member of the GATA family of tran-
scription factors, controls positively the expression of numerous genes which specify nitrogen catabolic en-
zymes. Expression of the highly regulated structural gene nit-3, which encodes nitrate reductase, is dependent
upon a synergistic interaction of NIT2 with a pathway-specific control protein, NIT4, a member of the GAL4
family of fungal regulatory factors. The NIT2 and NIT4 proteins both bind at specific recognition elements in
the nit-3 promoter, but, in addition, we show that a direct protein-protein interaction between NIT2 and NIT4
is essential for optimal expression of the nit-3 structural gene. Neurospora possesses at least five different GATA
factors which control different areas of cellular function, but which have a similar DNA binding specificity.
Significantly, only NIT2, of the several Neurospora GATA factors examined, interacts with NIT4. We propose
that protein-protein interactions of the individual GATA factors with additional pathway-specific regulatory
factors determine each of their specific regulatory functions.

A complex global regulatory circuit governs the entire realm
of nitrogen metabolism in Neurospora crassa, Aspergillus nidu-
lans, Saccharomyces cerevisiae, and other lower eukaryotic or-
ganisms (20, 21). In N. crassa, a major nitrogen control gene,
nit-2, encodes a positive-acting regulatory protein that is a
member of the GATA family of transcription factors. GATA
factors are widely represented in plant and animal species,
including yeasts, filamentous fungi, Caenorhabditis elegans,
Dictyostelium sp., Drosophila melanogaster, tobacco, and verte-
brates. GATA factors contain one or two Cys2/Cys2-type zinc
fingers with a central loop of 17 (or 18) amino acids and are so
named because they show sequence-specific DNA binding to
elements that contain a core GATA sequence. The GATA
factors of higher organisms possess two zinc finger motifs, the
carboxy-terminal finger being primarily responsible for se-
quence-specific DNA binding (22, 26). Six distinct mouse and
human GATA factors have been identified, and each appears
to positively control a particular spectrum of tissue- and cell-
specific gene expression (1, 26). It now appears that the DNA-
binding domains of certain transcription factors are also in-
volved in promoting protein-protein interactions with other
regulatory proteins. The amino-terminal zinc finger of the
mammalian GATA-1 protein mediates interactions with Sp1
and EKLF proteins (23), and this finger of GATA-2 specifi-
cally binds to the bZip factors JUN and FOS (15).

Most fungal GATA factors possess only a single zinc finger
motif which is responsible for specific DNA binding. A wealth
of genetic and biochemical studies have demonstrated that the
A. nidulans AREA protein and the N. crassa NIT2 protein
control the expression of many different structural genes that
encode nitrogen metabolic enzymes (21). In Neurospora, nitro-

gen repression, exerted by favored nitrogen sources, e.g., am-
monium ion or glutamine, prevents expression of the nitrogen-
related structural genes. Expression of the nitrogen catabolic
genes requires both nitrogen derepression and a functional
NIT2 regulatory protein. A second major regulatory factor,
NMR (nitrogen metabolic regulation), acts in a negative fash-
ion, precluding nitrogen catabolic gene transcription during
conditions of nitrogen repression (33). NMR itself is not a
DNA-binding protein, but acts by binding directly to NIT2 and
inhibiting the latter’s activation function (31).

Neurospora readily senses a variety of environmental cues,
such as nutritional, light, and temperature signals, which elicit
specific cellular responses. The regulation of nitrate assimila-
tion represents a dual-signal regulatory system that ensures the
pathway enzymes are turned on only when both nitrogen de-
repression and nitrate induction conditions are satisfied (10,
21). The well-characterized structural gene nit-3, which en-
codes NADPH-dependent nitrate reductase, is highly regu-
lated as a member of the nitrogen control circuit. Expression of
nit-3 not only requires N derepression and the globally acting
regulatory protein NIT2, but also is completely dependent
upon induction by nitrate, mediated by the pathway-specific
positive-acting regulatory protein NIT4 (34). NIT4 is a mem-
ber of the GAL4 family of fungal transcription factors which
possess an amino-terminal Cys6/Zn2 domain that provides se-
quence-specific DNA binding (11). The nit-3 promoter region
possesses several elements that serve as NIT2 binding sites and
two elements for NIT4 binding, all of which are required for
full expression. It is particularly significant that neither NIT2
nor NIT4 alone allows any detectable transcription of the nit-3
gene, but when both NIT2 and NIT4 are present, nit-3 is
turned from “off” to “on,” resulting in a high level of expres-
sion (5, 12). The strong synergy between NIT2 and NIT4 sug-
gested the possibility that these proteins functionally interact
with one another to activate expression of the nitrate assimi-
latory structural genes.
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Recently, it has become clear that Neurospora possesses at
least five distinct GATA factors, each of which is presumed to
regulate a specific set of genes within an important area of
cellular function. In addition to NIT2, several other global
regulators, including the white collar factors, WC1 and WC2,
also possess GATA-type DNA-binding domains (2, 19). WC1
and WC2 mediate blue light regulation, which controls carot-
enoid biosynthesis, sexual development, and photoinduced
resetting of the circadian clock (7). Recently, two additional
GATA factors have been identified for N. crassa. One (NGF1),
whose function is still not clear, encodes a GATA factor
whose zinc finger closely resembles that of the GAT1/NIl2
and DAL80 factors of S. cerevisiae and thus may play a role
in nitrogen control (10a). Another recently discovered Neuro-
spora GATA factor, designated SRE, contains two closely
related zinc fingers and functions as a negative regulator con-
trolling iron homeostasis (35). Thus, at least five distinct Neu-
rospora GATA factors with overlapping DNA binding spec-
ificities coexist in the same cells, which immediately raises
questions as to how each of these global factors exerts func-
tional specificity in regulating distinct sets of structural genes.
Previous studies have demonstrated that fungal and vertebrate
GATA factors recognize DNA elements with the identical
GATA core sequence, with little preference to flanking se-
quences (4, 6, 17, 22). GATA sequences, which allow strong
NIT2 DNA binding in vitro, appear in coding regions and
promoters of genes which are not at all subject to NIT2 con-
trol. Thus, it appears that DNA binding specificity alone can-
not adequately account for the stringent functional specificity
of these factors.

One intriguing possibility is that the specificity displayed by
each GATA factor in controlling its own set of target genes is
achieved by specific interactions with other distinct regulatory
proteins. Here we show that several Neurospora GATA factors,
NIT2, WC1, WC2, and NGF1, overlap significantly in DNA-
binding activity, such that DNA binding alone cannot explain
their specificity in controlling unique gene sets. Results are
presented which demonstrate that a specific protein-protein
interaction occurs between NIT2 and NIT4 and is essential for
activation of nit-3 gene expression in vivo.

MATERIALS AND METHODS

DNA and plasmids. DNA manipulations were carried out according to stan-
dard procedures (27). Site-directed mutagenesis (Bio-Rad Mutagene kit) to alter
the NIT2 finger was done with plasmid Bluescript containing the XmnI-EcoRI
nit-2 DNA fragment. Three oligonucleotides with limited nucleotide randomiza-
tion (B is C, G, or T; D is A, G, or T; K is G or T; S is C or G; Y is C or T) at
appropriate positions were used to introduce amino acid changes: 59ACAACT
TGCACCAACTGCSDGACGCAAACGACCCCATT39, 59ACCCCATTGTG
GCGCCGTDGCBCAATGGGACAACCCCTCTGCAAC39, and 59CGCCG
TAACCCAGATGGAAGCGKAGYCTGCAACGCTTGTGGCTTG39. After de-
termination of the exact nucleotide changes by sequencing, each nit-2 fragment
with mutations was subcloned into the targeting vector pDE-nit2 by using
HindIII and EcoRI (9). At least two independent mutated clones of each mu-
tation were used for further analysis. The expression vector for His6-tagged NIT4
(residues 48 to 179) was constructed by introducing BamHI and EcoRI sites at
the ends of the nit4 DNA fragment with PCR and then subcloning it into the
pRSET vector (Invitrogen), resulting in pRSETNIT4(48–179). The glutathione
S-transferase (GST)-NIT2 fusions were constructed by first subcloning different
regions of NIT2 (see figures) into pRSET; BamHI and EcoRI sites were then
used to clone each NIT2 region into the GST fusion expression vector pGEX-2T
or pGEX-3X (Pharmacia) to achieve the correct reading frame. The GST-
NIT4(48–179) fusion was constructed by subcloning the BamHI-EcoRI nit-4
fragment from PRSETNIT4(48–179) to the pGEX expression vector. pGEX-
WC1 and pGEX-WC2 constructs (2, 19) for expression of GST-WC1 and GST-
WC2 fusion proteins, respectively, were kindly provided by G. Macino and P.
Ballario, University of Rome.

Antisera for NIT4 and NIT2. A histidine-tagged NIT4 protein (residues 109 to
176) was expressed in the BL(21) Lys2 Escherichia coli strain and purified to
apparent homogeneity by nickel-agarose affinity chromatography. After collec-
tion of preimmune serum, about 200 mg of the purified protein was used to inject

each of two rabbits. Booster shots of the same dosage were given after 28 and 60
days. Polyclonal anti-NIT4 serum was collected 3 weeks after the second boost.
The development of a polyclonal anti-NIT2 antibody (to NIT2 residues 732 to
822) was described previously (31).

Protein expression. The histidine-tagged NIT4 and NIT2 proteins were ex-
pressed in the BL(21) Lys2 E. coli strain. IPTG (isopropyl-b-D-thiogalactopy-
ranoside [1 mM]) was added when cultures reached an A600 of 0.3. The cells were
incubated for an additional 4 h and harvested. Three rounds of freeze-thaw with
liquid N2 in the presence of DNase I and RNase A (10 mg/ml) were used to
disrupt the cells. All histidine-tagged proteins were purified on an Ni-nitrilotri-
acetic acid-agarose column (Qiagen) under native conditions. The proteins were
eluted with 0.2 M imidazole in washing buffer. For expression of GST fusion
proteins, an overnight culture of the BL(21) Lys2 E. coli strain bearing the
expression vector was diluted 10-fold in fresh 23 YT (yeast-tryptone) medium
containing 100 mg of ampicillin per ml. After 1 h of incubation, IPTG was added
to a final concentration of 1 mM, and the culture was incubated for an additional
5 h at 37°C. The cells were collected and lysed by three freeze-thaw cycles. GST
fusion proteins were purified according to the method in reference 28 with 0.3 ml
of resin for a 250-ml E. coli culture.

In vitro protein-binding assays. For protein-protein interaction assays, 70 ml
of glutathione-agarose resin (Sigma), which usually contained 3 to 5 mg of bound
GST-NIT2, GST-NIT4, or other GST fusion proteins, was incubated with 200 ml
of phosphate-buffered saline buffer (20 mM sodium phosphate [pH 7.0], 150 mM
sodium chloride) containing 5 mg of histidine-tagged NIT2 or NIT4 proteins for
30 min at 0°C with occasional gentle mixing. In the various experiments, identical
amounts of each protein being examined were used; the input of each was
verified via gel electrophoresis. After being washed four times with 1 ml of the
binding buffer at room temperature, proteins were eluted in 30 ml of 10 mM
glutathione in 50 mM Tris buffer (pH 8.0). Occasionally, ethidium bromide (20
mg/ml) was added to the washing buffer to detect any possible interactions
mediated by DNA. This modification and others, such as an increase in NaCl
concentration or the inclusion of Triton X-100 in the binding buffer, did not
affect the magnitude of observed protein-protein interactions. Approximately 1
ml of each eluate was electrophoresed in SDS–12% polyacrylamide gels, and the
relevant proteins were detected via Western blotting with anti-NIT2 or anti-
NIT4 antiserum; 2 to 10 ml of serum in 10 ml of TBST (50 mM Tris-Cl [pH 7.6],
150 mM sodium chloride, 0.5% Tween 20) was used for Western blotting. The
horseradish peroxidase-coupled secondary antibody and ECL (enhanced chemi-
luminescence) light emission substrates (Amersham) were used to develop the
Western blots.

Mobility shift assays. DNA fragments used in mobility shift experiments were
end labelled with 32P by the Klenow filling-in reaction (27). A 34-bp DNA probe
containing a single GATA element present in the nit-3 promoter region was
synthesized as a double-stranded oligonucleotide. A 60-bp al-3 promoter region
containing two GATA sites was kindly provided by G. Macino and P. Ballario
(19). Other probes (see figures) were from restriction digestion of plasmid pN3P
containing the nit-3 promoter and were isolated from an agarose gel. Labelled
DNA probes were incubated with DNA-binding proteins in binding buffer [20
mM HEPES (pH 8.0), 50 mM KCl, 2 mM MgCl2, 2 mM dithiothreitol, 20 mM
ZnCl2, 1 mM EDTA, 200 mg of bovine serum albumin per ml, 0.5 to 1 mg of
poly(dI-dC) per 25 ml, 10% glycerol] at room temperature for 30 min. DNA-
protein complexes and free probe were resolved with 4 to 6% polyacrylamide
gels in 0.253 Tris-borate-EDTA buffer by electrophoresis at 20 V/cm. The gels
were dried and exposed to X-ray film.

Transformation procedures and nitrate reductase assays. Neurospora trans-
formation was done as described previously (30). Wild-type and nit-2 mutant
genes in pBluescript were introduced into the N. crassa nit-2 rip23 mutant strain
(this laboratory). Transformants were selected for growth on Vogel’s medium (8)
containing 20 mM sodium nitrate as the sole nitrogen source. Duplicates for each
construct were prepared, and each was transformed into the host strain at least
three times. The size of the colonies obtained by transformation was scored after
incubation for 5 days at 30°C. In some cases, it was desirable to obtain nit-2
transformants without selection for nit-21 function (growth on nitrate). The pDE
vector (9) containing a truncated his-3 gene and the wild-type or mutant nit-2
genes was used for targeted transformation to the his-3 locus via homologous
recombination, with the double mutant nit-2 rip23 his-39 as the recipient strain.
This procedure results in the integration of a single copy of the transforming
DNA. Transformants (about 10/mg of DNA) were selected on Vogel’s minimal
medium (without histidine).

At least three independent transformants for each DNA sample were used to
assay for nitrate reductase. After growth in 30 ml of Vogel’s 2N medium with 20
mM glutamine for 12 to 16 h, the mycelia were harvested, washed with water, and
divided into two flasks, each containing 20 ml of Vogel’s 2N medium with either
20 mM sodium nitrate or 20 mM sodium nitrate and 20 mM glutamine as the sole
nitrogen source(s). After 3 h of further incubation, mycelia (about 100 mg [wet
weight]) were harvested by filtration and washed with water. Cell extracts were
made by disrupting the mycelia with a Mini Beadbeater (Biospec) in extraction
buffer (20 mM sodium phosphate [pH 6.0], 150 mM sodium chloride, 2 mM
b-mercaptoethanol, 0.1 mM EDTA). Protein concentrations were determined
with the Bio-Rad reagent according to their manual. Nitrate reductase assays
were done as described previously (13). Each value was normalized with the
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protein concentration. For enzyme assays, two nit-2 rip host strains transformed
with the wild-type gene were included as internal standards.

RESULTS

A physical interaction occurs between NIT2 and NIT4. Ac-
tivation of nit-3, which encodes nitrate reductase, has an ab-
solute requirement for both the globally acting NIT2 protein
and the pathway-specific NIT4 factor, suggesting the possibility
that these two proteins functionally interact to turn on nit-3. To
look for a possible direct interaction between NIT2 and NIT4,
residues 48 to 179 of NIT4, which encompasses its entire Cys6/
Zn2 DNA-binding domain (34), were expressed in E. coli as a
GST fusion protein. Two different NIT2 segments were ex-
pressed as histidine-tagged proteins, purified, and examined
for specific binding to the GST-NIT4 protein immobilized on
glutathione-agarose (Fig. 1A). Neither of the his-tagged NIT2
proteins (residues 200 to 1036 and 606 to 822) showed any
binding to GST, even when large amounts of the proteins were
tested. In contrast, both NIT2 proteins exhibited a strong in-
teraction with the GST-NIT4 fusion protein, as demonstrated
via Western blot analysis (Fig. 1). These data suggest that a
specific interaction occurs between NIT2 and NIT4. A recip-
rocal experiment also showed a specific NIT2-NIT4 interac-
tion. Two NIT2 segments, residues 708 to 822 and 708 to 1036,
were expressed as GST-NIT2 fusion proteins and immobilized
on a glutathione agarose affinity column. A purified histidine-
tagged NIT4 protein (OF12 [NIT4 residues 48 to 179]) was
added to test for the physical association with NIT2. OF12
strongly associated with GST-NIT2 in this in vitro binding
assay, but not with the GST protein control (Fig. 1B). The
combined results indicate that a specific physical interaction
occurs between the NIT2 and NIT4 proteins.

The NIT2-NIT4 interaction is mediated by their DNA-bind-
ing domains. To further investigate the protein-protein bind-
ing between NIT2 and NIT4, a systematic analysis was done to
map the regions of each protein that were required for the

interaction. The full-length NIT2 protein, as well as different
regions of NIT2, was fused to GST, and each was tested for the
ability to interact with NIT4 protein OF12 (Fig. 2A and B).
NIT2 regions corresponding to residues 1 to 584 and 792 to
1036, which encompass most of the protein at its N and C
termini, respectively, did not display any obvious interaction
with OF12 (lanes 6 and 7). However, the full-length NIT2
protein, as well as each NIT2 segment containing the DNA-
binding domain, displayed strong interaction with NIT4 OF12
(lanes 2 to 5). NIT2 proteins lacking the DNA-binding domain
were incapable of binding NIT4 (compare lanes 3 and 8). The
minimal region of NIT2 required for interaction with NIT4 was
further mapped to a region which essentially contains only the
DNA-binding zinc finger motif (lanes 9 to 12). Furthermore,
amino acid substitutions at conserved positions within the
NIT2 zinc finger (Fig. 2, lanes 13 and 14) largely eliminated its
ability to interact with NIT4. Together, the results suggest that
the NIT2 DNA-binding domain is essential and sufficient to
mediate its interaction with NIT4.

The DNA-binding domain of NIT4 constitutes a major por-
tion of the OF12 protein and contains only about 40 additional
residues at the C-terminal coiled-coil region. We speculated
that the NIT4 DNA-binding domain is responsible for medi-
ating its interaction with NIT2. Two regions of NIT4 which
overlap the dimerization domain, residues 48 to 140 and 109 to
179, were tested for interaction with NIT2. Both of these NIT4
regions showed significant interaction with NIT2, as detected
by an anti-NIT4 antibody (Fig. 2C and D). These results indi-
cated that the NIT4 domain consisting of its DNA-binding and
dimerization motifs is sufficient to interact with NIT2.

A NIT2-NIT4 interaction is essential for their synergistic
action. The promoter region of the nitrate reductase gene
(nit-3) contains two NIT4 binding sites and seven NIT2 binding
sites clustered in two regions. All of these binding sites con-
tribute to the nit-3 expression level and display strong binding
by the cognate NIT2 or NIT4 proteins in mobility shift assays
in vitro. However, neither NIT2 nor NIT4 alone is able to turn
on expression of the nit-3 gene. The stringent requirement for
both NIT2 and NIT4 to turn nit-3 from “off” to “on” represents
a strong synergy between these two proteins. We speculated
that the physical interaction between NIT2 and NIT4 is essen-
tial to establish their functional synergy. Site-directed mu-
tagenesis was employed to introduce amino acid changes in the
NIT2 zinc finger region in an attempt to disrupt the NIT2-
NIT4 protein-protein interaction while preserving its full
DNA-binding activity. Residues within the NIT2 zinc finger
motif which are not conserved among various GATA factors
and which are surface located (25)—namely, Phe at position 5;
Asn, Pro, and Asp at positions 15 to 17; and Gln, Pro, and Leu
at positions 19 to 21—were chosen for substitution by mu-
tagenesis. It was important that the mutated NIT2 proteins
retained strong DNA-binding activity; thus, residues on the
DNA recognition surface were not altered. Figure 3 shows the
spectrum of substitutions.

The function of each nit-2 mutant was initially assessed by
transformation to determine whether it had the ability to com-
plement a nit-2 null mutant in supporting growth on nitrate. As
expected, many of the mutations that resulted in amino acid
substitutions in the zinc finger region appeared to fully com-
plement the nit-2 mutant. Some mutants, however, failed to
transform the nit-2 mutant, whereas others only partially com-
plemented it, and the transformed colonies exhibited markedly
reduced size. To gain insight into the molecular defects of
these NIT2 finger mutants, we examined the ability of each
mutant protein to bind DNA and to interact with the NIT4
protein (Fig. 4A and B). The expressed mutant NIT2 proteins

FIG. 1. Specific interaction between NIT2 and NIT4 proteins. (A) Two seg-
ments of the NIT2 protein (residues 200 to 1036 and 606 to 882) were expressed
in E. coli and incubated with GST (negative control) or with a GST-NIT4 fusion
protein immobilized on glutathione-agarose resin, as described in Materials and
Methods. Specifically bound NIT2 proteins were detected by Western blot anal-
ysis. Both NIT2 proteins (the larger one 92 kDa, the smaller one 24 kDa) were
retained by the GST-NIT4 protein but not by GST. (B) In a reciprocal experi-
ment, NIT2 segments were expressed as GST fusion proteins and immobilized on
glutathione-agarose. NIT4 protein was expressed, purified, and incubated with
the GST-NIT2 or GST-bound resin. The NIT4 protein (15 kDa) retained by
specific binding to GST-NIT2 (but not GST alone) was detected by Western
blotting with authentic NIT4 protein (OF12) serving as a positive control.
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for those mutations which fully complemented the nit-2 null
mutation, namely g, gpm, csm, gsm, and svv, displayed normal
DNA-binding activity and also interacted with NIT4 in a wild-
type fashion. The expressed NIT2 proteins for the new finger
mutants which completely failed to complement the nit-2 null
strain (ngpm and sga) showed a large decrease in both DNA-
binding ability and in interaction with NIT4. Of greatest inter-
est were the third type of mutants, namely sgv and sva, which
only partially complemented the nit-2 null mutant and gave rise
only to tiny colonies. Significantly, sgv and sva still possess
normal or close to normal DNA-binding ability, but showed
detectable but markedly reduced interaction with NIT4. An-
other new nit-2 mutant protein, v, displayed normal DNA
binding but only about one-third of the wild type’s ability to
interact with NIT4; this mutant (v) exhibited moderately re-
duced NIT2 function in vivo. These results strongly suggest
that the NIT2-NIT4 protein-protein interaction is critical for
their synergistic activation of the nitrate assimilation genes.

Analysis of a non-DNA-binding NIT2 mutant protein. The
NIT2 mutant protein dgv is truncated at the basic region of its
zinc finger, and thus it completely lacks DNA-binding activity.
Surprisingly, the dgv mutant still transforms the nit-2 null
strain to allow weak expression of nitrate reductase (see below)

and slow growth with nitrate as the sole nitrogen source. The
dgv mutant NIT2 protein retains the ability to strongly interact
with NIT4 (Fig. 4A and B). This finding suggests that, via its
interaction with NIT4, which is bound at its DNA elements,
the dgv mutant NIT2 protein can be recruited to the promoter
without binding DNA.

Ability of nit-2 mutants to express nitrate reductase in vivo.
To further examine the effects of NIT2 finger mutations on
gene activation, a single copy of each of the various mutant
nit-2 genes was integrated at the his3 locus in a his-3 nit-2 rip N.
crassa host strain by homologous recombination. The activa-
tion of the nitrate assimilation genes by each mutant NIT2
protein was determined by the expression level of nitrate re-
ductase, in comparison with that obtained with the same host
strain transformed with the wild-type nit-21 gene.

Transformants with nit-2 mutant sva, which possesses wild-
type DNA-binding activity but is greatly impaired in its inter-
action with NIT4, showed significantly reduced expression of
nitrate reductase—only 16% of that found with nit-21 (Fig.
4C). More severe reduction in nit-3 expression was seen with
mutant sgv, whose protein showed an even weaker NIT4 in-
teraction than that found with sva, and also has a modest loss
of DNA binding. The nit-2 mutant v, with an intermediate

FIG. 2. Mapping the regions of NIT2 and NIT4 which mediate the NIT2-NIT4 protein-protein interaction. (A) Various NIT2 regions were expressed as GST fusion
proteins and immobilized on glutathione-agarose and then incubated with the purified NIT4 segment OF12 (residues 48 to 179). A Western blot was used to detect
the interaction of NIT4 with any of the NIT2 segments. The numbers at the top correspond to the GST fusions described below for panel B. (B) GST-NIT2 fusion
proteins. The amino acid changes in two loss-of-function nit-2 mutants are shown. Full-length NIT2 protein contains 1,036 amino acids. (C) Different NIT4 regions
expressed as GST fusion proteins were immobilized to the glutathione-agarose resin and incubated with NIT2. The NIT2 protein bound by the different GST-NIT4
fusions was eluted, electrophoresed in an SDS-polyacrylamide gel, and detected by Western blotting. The amount of NIT4(48–179) loaded in lane 1 was 1/10 that used
in the other lanes. (D) NIT4 regions in the GST-NIT4 fusions shown in panel C. Full-length NIT4 protein contains 1,090 amino acids. Solid boxes, zinc cluster
DNA-binding domain; stippled boxes, dimerization region.

3986 FENG AND MARZLUF MOL. CELL. BIOL.



reduction in NIT4 interaction and normal DNA binding, ex-
pressed 50% wild-type activity.

The interesting nit-2 dgv mutant, which carries a gene that
encodes a truncated protein with no DNA-binding activity but
a normal interaction with NIT4, expressed about 4% of the
wild-type level of nitrate reductase (Fig. 4C). As expected, the
nit-2 mutants ngpm and sga, which failed to show complemen-
tation and exhibited both impaired DNA binding and NIT4
binding, failed to activate nit-3 expression. These combined
results demonstrate that the interaction between NIT2 and
NIT4 is required for the cooperative activation of nit-3 expres-
sion.

Promoter recognition by different Neurospora GATA factors.
In addition to NIT2, several other global regulators, e.g., the
white collar factors WC1 and WC2, as well as SRE and NGF1,
also possess GATA-type DNA-binding domains (2, 19). WC1
and WC2 govern blue light regulation of carotenoid biosyn-
thesis, and SRE negatively controls the biosynthesis of sid-
erophores which function in iron transport; the function of
NGF1 is still uncertain, although it may act in the nitrogen
circuit. Thus, at least five distinct Neurospora GATA factors
with overlapping DNA binding specificities coexist in the same
cells. This feature raises questions as to how each of these
GATA factors exerts functional specificity in regulating a dis-
tinct set of structural genes. Previous studies have demon-
strated that fungal and vertebrate GATA factors recognize
DNA elements with the identical GATA core sequence, with
little preference to flanking sequences (4, 22). Thus, DNA
binding specificity alone apparently cannot provide the func-
tional specificity exerted by each of these factors. We hypoth-
esized that the specificity inherent in regulation of a specific set
of target genes by each GATA factor is dependent upon its
specific interactions with other regulatory proteins.

To investigate this proposed mechanism, we first compared
the DNA-binding properties of four distinct Neurospora
GATA factors. The GST fusion protein containing the NIT2
finger (residues 708 to 822) was tested for in vitro binding to
several DNA fragments. The albino-3 (al-3) gene, whose pro-
moter contains GATA elements, is tightly controlled by blue
light regulation, mediated by WC1 and WC2. NIT2 plays no
role in al-3 expression, which is completely normal in nit-2
mutant strains. Nevertheless, the GST-NIT2 protein recog-
nizes and strongly binds to both the 34-bp nit-3 promoter
element (with a single GATA) and the 60-bp al-3 gene pro-
moter element (with two GATAs) (Fig. 5A). Similarly, to ex-

amine WC1 and WC2 DNA recognition, GST-WC1(870–980)
and GST-WC2(178–530) fusion proteins were expressed in E.
coli. WC1 and WC2 clearly bind to both nit-3 and al-3 pro-
moter DNA fragments containing GATA elements (Fig. 5C

FIG. 3. NIT2 zinc finger mutants created by site-directed mutagenesis. The
sequence of the NIT2 GATA-type zinc finger (ZF) is shown with the four
cysteine residues marked in boldface. The amino acid substitutions of mutants
are shown below the sequence. The nit-2 genes bearing different mutations were
transformed into the Neurospora nit-2 rip23 strain. The growth rate of transfor-
mants was evaluated by the size of colonies on solid medium containing nitrate
as the sole N source. —, loss-of-function mutants; p, stop codon that resulted in
a truncation of NIT2 in the DNA-binding domain.

FIG. 4. DNA binding, NIT4 interaction, and activation of nit-3 expression by
different NIT2 finger mutant proteins. (A) Protein-protein interaction between
NIT4 and NIT2 zinc finger mutants. Residues 708 to 822 of NIT2 zinc finger
mutants were expressed as GST fusion proteins, and identical amounts of each
were immobilized to glutathione-agarose beads. GST alone served as negative
control. The NIT4 protein His6-NIT4(48–179) (OF12) was tested for interaction
with NIT2 proteins as described in Materials and Methods and was detected by
Western blotting. GST and the GST fusion proteins used are indicated at the top
of each lane. WT, wild type (B) A representative mobility shift assay with the
NIT2 mutant proteins. The identical GST-NIT2 proteins used in the NIT4
protein interaction assay (described above) were also tested for DNA-binding
activity. Sixty-two nanograms of each protein in 25 ml of the binding reaction
mixture was incubated with the 34-bp double-stranded DNA fragment corre-
sponding to the nit-3 promoter region containing the distal single GATA (bp
21084 to 21118 from the start codon). The NIT2 proteins used are identified on
the top of the panel. The band at the bottom of the figure represents the free
probe. Additional mobility shift assays with different protein concentrations
confirmed the results shown. (C) Nitrate reductase assays of Neurospora strains
transformed with the wild-type or mutant nit-2 gene. The nitrate reductase
activities of the various mutants are compared with that of the transformant
containing the wild-type nit-21 gene, whose relative activity was arbitrarily set
equal to 10. (Its specific activity was 4 U/mg of protein.) These results represent
triplicate assays of at least three independent strains transformed with each gene
construct. nit-22 and nit-42 represent rip mutant strains.
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FIG. 5. Recognition of nit-3 and al-3 promoter elements and interaction with NIT4 by different Neurospora GATA factors. (A to E) Mobility shift assays of NIT2
(A), NGF1 (B), WC1 (C and E), and WC2 (D and E). nit-3p and al-3p represent the 34-bp DNA fragment with the single GATA element from the nit-3 promoter
and the 60-bp fragment with two GATAs from the albino-3 promoter, respectively. nit-3p(4G) identifies a 350-bp NarI-XbaI DNA fragment from the distal region of
the nit-3 promoter which contains four GATA sequences. Approximately 0.07 pmol (about 10,000 cpm) of each 32P-labeled DNA probe was used in each binding assay.
The amounts of protein used for the experiments shown are as follows (by panel): A, 0, 30, and 90 ng; B, 0, 0.46, and 1.5 mg; C, 0, 30, and 90 ng; and D, 0, 0.7, and
2.1 mg. The 1:6-diluted proteins were used for panel E; namely, the amounts of protein used were 0, 73, ng and 219 ng for WC1 and 0, 120, and 360 ng for WC2. Arrows
in each panel identify the free DNA probe. (F and G) NIT2, but not other GATA factors, specifically interacts with NIT4. The same GST fusion proteins of the different
GATA factors used in the mobility shift experiments were used to test for binding to NIT4. A total of 4.5 mg of each GST fusion protein was immobilized on 150 ml
of the affinity resin; 3 mg of NIT4 (OF12) was added, and following extensive washing, bound proteins were eluted with glutathione. (F) SDS-polyacrylamide gel stained
with Coomassie blue of eluents from protein binding assays to ensure equal loading. GST alone was the negative control. (G) Western blot of the gel shown in panel
F to detect NIT4. Anti-NIT4 serum was used as the primary antibody.
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and D). The fact that WC1 and WC2 contain PAS domains,
which are believed to mediate homodimer or heterodimer for-
mation (19), suggests that WC1 and WC2 might preferentially
bind to double or multiple GATA sequences. In fact, both
GST-WC1 and GST-WC2 bound most strongly to the distal
nit-3 promoter fragment containing multiple GATA elements
(Fig. 5E), and GST-WC2 was able to form larger DNA-protein
complexes when bound to these multiple GATA sites. Further-
more, the GST-NGF1(1–104) fusion protein bound strongly to
both nit-3 and al-3 promoters with essentially the same affin-
ities found with NIT2 (Fig. 5A). These results demonstrate
that the NIT2, WC1, WC2, and NGF1 proteins all recognize
both nit-3 and al-3 promoters with little or no discrimination;
i.e., although the DNA binding affinities of these proteins may
differ, each protein binds to both the nit-3 and al-3 promoters.
WC1 and WC2 bound the nit-3 promoter fragment (Fig. 5E)
more strongly than the al-3 promoter (Fig. 5C and D), al-
though these factors regulate al-3 but not nit-3.

The Neurospora NIT2 GATA factor alone recognizes NIT4. If
DNA promoter recognition by GATA factors is not sufficient
to determine their functional specificities, their specific regu-
latory functions might be dictated by protein-protein interac-
tions (i.e., cooperative activation with other transactivators).
This hypothesis implies that the nitrate assimilation pathway-
specific protein NIT4 should specifically interact only with the
NIT2 zinc finger motif, and not with the fingers in WC1, WC2,
or NGF1. To directly test this concept, GST-WC1, GST-WC2,
GST-NGF1, and GST-NIT2 fusion proteins were each immo-
bilized to glutathione-agarose and incubated with the NIT4
OF12 protein. After extensive washing and elution, any re-
tained NIT4 protein was detected by Western blotting (Fig. 5F
and G). NIT2-GST consistently exhibited strong binding to
NIT4 (OF12). In contrast, the WC1, WC2, and NGF1 fusion
proteins showed either a barely detectable interaction or no
interaction with NIT4, indicating that the interaction between
NIT2 and NIT4 is very specific. It should be noted that these
experiments were conducted with truncated proteins, because
of poor expression of the full-length proteins. Thus, it is for-
mally possible that other regions of the proteins might contrib-
ute to DNA binding specificity or interaction with NIT4, al-
though we consider this quite unlikely.

DISCUSSION

NIT2, a member of the GATA family of transcription fac-
tors, is a globally acting nitrogen regulatory protein that
positively activates the expression of many nitrogen cata-
bolic genes. We have presented results which demonstrate that
a specific protein-protein interaction of NIT2 with the nitrate
assimilatory pathway-specific factor NIT4 is required for full
expression of nit-3, the structural gene that encodes nitrate
reductase. Perhaps surprisingly, the regions of NIT2 and NIT4
which contain their respective DNA-binding motifs also medi-
ate the specific binding interaction between these two proteins.
A critical observation was the finding that several NIT2 mutant
proteins with amino acid substitutions in the zinc finger region
that possessed wild-type DNA-binding activity but a clearly
reduced interaction with NIT4 in vitro also showed significant
loss of function in vivo in activation of the nitrate reductase
gene. Thus, it now appears clear that sequence-specific DNA
binding of NIT2 and of NIT4 to their respective recognition
elements in the nit-3 promoter and a specific interaction be-
tween these two transcription factors are both required for
their synergistic activation of the nitrate reductase structural
gene. A reduction or loss of either DNA binding for either
factor or of the NIT2-NIT4 protein-protein interaction leads to

a significant decline in nit-3 expression in vivo. The ability to
recognize cognate DNA sites is critically important for specific
gene activation by NIT2. Although it appears that NIT4 can
recruit a truncated NIT2 protein devoid of DNA-binding ac-
tivity to the nit-3 promoter, gene activation in this case is very
weak.

Neurospora possesses at least five different GATA factors
which serve to regulate distinct major areas of cell function,
and yet these factors, as demonstrated here, overlap in their
DNA-binding activities. The finding that only NIT2, of the
several GATA factors we examined, is capable of specifically
binding to NIT4 and that the NIT2-NIT4 interaction is essen-
tial for activation of the highly regulated nit-3 gene in vivo is
very instructive. These features imply that specific interactions
that occur between DNA-bound proteins in the context of a
promoter represent a molecular mechanism that allows each
GATA factor to act only at its own set of target genes; more-
over, these specific protein-protein interactions may be critical
to provide synergy between the factors for gene activation.

An intriguing question is why does the strong synergy be-
tween NIT2 and NIT4 require their physical interaction. It is
possible that the NIT2-NIT4 interaction is required for their
efficient DNA binding in vivo, even though in vitro both NIT2
and NIT4 individually bind strongly to their cognate DNA sites.
In vivo, the promoters are packed as nucleosomes in highly
ordered structures, along with accessory chromatin proteins,
and thus may not be readily accessible to DNA-binding pro-
teins. A physical interaction between transactivators may be re-
quired to overcome a general repression mechanism to form a
stable transcription initiation complex. A requirement that NIT2
and NIT4 must interact for productive DNA binding in vivo
would allow the cellular content of NIT2 to be used efficiently,
since nonproductive binding to GATA elements throughout
the genome would not occur. An alternative possibility is that
the NIT2-NIT4 interaction is not required for the binding of
these factors to their cognate elements but rather is required
for their effective communication with each other and with
the general transcriptional machinery, possibly to overcome
repression by ubiquitous chromatin proteins that otherwise
maintain the genes in an inactive state (16, 32).

The concept that highly specific interactions occur between
regulatory proteins can help explain how each of the multiple
GATA factors in higher organisms mediates tissue- and cell-
specific gene activation (3, 14, 23, 24). At least six GATA fac-
tors occur in mammalian species, including human beings
(1, 17). A new multitype zinc finger protein, FOG (friend of
GATA-1), has been shown to synergize with GATA-1 to
activate transcription of hematopoietic-specific genes (29).
GATA-1 appears to interact with at least three other proteins,
FOG, Sp1, and EKLF (23, 29), and GATA-2 interacts with the
bZip factors JUN and FOS (15). Such interactions can provide
considerable specificity; e.g., C/EBPb, but not the closely re-
lated C/EBPa factor, can synergize with the Sp1 protein (18).
The ability of transcription factors to participate in functional
protein-protein interactions appears to be important for gene
regulation in a wide range of organisms, including fungi, other
lower eukaryotes, and higher plants and animals.

It is of particular significance that NIT2 of Neurospora and
the homologous GATA factor, AREA, of Aspergillus are re-
sponsible for activation of entire sets of genes of different
pathways that encode nitrogen catabolic enzymes. The struc-
tural genes of the distinct pathways for nitrate assimilation,
purine metabolism, amino acid metabolism, protein catabo-
lism, and acetamide utilization all require a functional NIT2
(or AREA) protein for expression. Expression of the genes of
each metabolic pathway also requires activation by a pathway-
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specific factor that mediates induction of just the particular
pathway. Thus, the Aspergillus AREA protein and NIRA, the
Aspergillus equivalent of NIT4, are both needed to turn on the
nitrate assimilatory genes, whereas AREA and a distinct fac-
tor, UAY, are both required to activate purine catabolic genes;
similarly, AREA and PRNA are needed for proline catabolic
gene expression. Nearly all of the pathway-specific factors of
the nitrogen regulatory circuit of Aspergillus and Neurospora
are members of the GAL4 family of fungal regulatory proteins.
It is tempting to speculate that a functional interaction of NIT2
(or AREA) with each of the pathway-specific factors is essen-
tial for the cooperative activation of the distinct sets of struc-
tural genes. If this concept proves to be correct, the global
regulatory proteins NIT2 and AREA are remarkable in their
ability to interact with an entire series of pathway-specific
factors to integrate the expression of distinct sets of genes
which lie within the realm of nitrogen metabolism.
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