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Institut de Génétique et Microbiologie, Université Paris-Sud, URA D2225, 91405 Orsay Cedex, France,1 and
Institut für Biochemische Technologie und Mikrobiologie, Technische Universität Wien Vienna, Austria2

Received 6 October 1997/Returned for modification 13 November 1997/Accepted 11 December 1997

The regulation of nitrate assimilation seems to follow the same pattern in all ascomycetes where this process
has been studied. We show here by in vitro binding studies and a number of protection and interference
techniques that the transcription factor mediating nitrate induction in Aspergillus nidulans, a protein contain-
ing a binuclear zinc cluster DNA binding domain, recognizes an asymmetrical sequence of the form CTCC
GHGG. We further show that the protein binds to its consensus site as a dimer. We establish the role of the
putative dimerization element by its ability to replace the analogous element of the cI protein of phage l.
Mutagenesis of crucial leucines of the dimerization element affect both the binding ability of the dimer and the
conformation of the resulting protein-DNA complex. This is the first case to be described where a dimer
recognizes such an asymmetrical nonrepeated sequence, presumably by each monomeric subunit making
different contacts with different DNA half-sites.

A number of transcription factors of the ascomycetes con-
tain a specific DNA binding motif, the Zn binuclear cluster. In
this taxonomic group, almost all processes where a specific
inducer elicits the transcription of genes involved in a single
metabolic pathway are mediated by proteins comprising this
motif. The Zn binuclear cluster motif has a canonical sequence
Ala/Ser Cys 2X Cys 6X Cys 5–17X Cys 2X Cys 5–7X Cys. Two
Zn atoms and the six cysteines form a tetrahedrally coordinate
complex where cysteines 1 and 4 chelate both Zn atoms (24,
25). The third loop usually consists of five to eight residues and
contains a conserved proline in the fifth position, but the thor-
oughly studied AlcR protein of Aspergillus nidulans has a much
longer loop and lacks the canonical proline (17). A subgroup of
these proteins binds as a dimer to an inverted repeated se-
quence of the form CGG-nX-CCG, where n is 11 for Gal4p, 10
for Put3p, and 6 for Ppr1p of Saccharomyces cerevisiae, 11 for
Lac9p of Kluyveromyces lactis, and 6 for the UaY protein of A.
nidulans. These proteins contain a dimerization element, sep-
arated from the DNA binding domain by a variable linker.
Thus, it is the nature of this linker that determines the speci-
ficity of binding (23, 29). The differences between Gal4p and
Lac9p, on the one hand, and Ppr1p and UaY, on the other, are
accounted for by the fact that the linker of the latter forms a
b-sheet which shortens the distance between the dimerization
element and the DNA binding domain (13, 24, 25, 32). Re-
cently, it has been shown that Cyp1p (Hap1p) recognizes a
direct repeat of the same base composition as those of the
above proteins and that Leu3p and probably Pdr3p recognize
identical everted repeats (14, 36). However, it should be noted
that an everted repeat of a CGG motif is formally identical to
an inverted repeat of the complementary sequence CCG.
However, the difference between everted and complementary
inverted repeats is structurally important, because it implies

that the two Zn clusters in the dimer structure have opposite
orientations (14) and hence that the topology of dimerization
is a determinant of specificity. It has been stated or implied
that the CGG motif repeated in a variety of orientations and at
different distances is the universal recognition motif for the
binuclear Zn clusters (14, 29).

While this is correct for a number of proteins of this class,
this generalization is not warranted by the data. The AlcR and
NirA proteins of A. nidulans do not recognize motifs which
could be reduced to the CGG sequence in any form. Further-
more, AlcR has been reported to recognize direct, inverted,
and everted repeats, with the last two separated by a variable
number of base pairs. The solution to this apparent paradox is
simple: AlcR is able to bind as a monomer (8, 18, 19, 22).

In this publication, we describe in detail the mode of binding
of NirA. This protein mediates nitrate induction of the niaD,
niiA, and crnA genes of A. nidulans, which encode nitrate
reductase, nitrite reductase, and a nitrate permease, respec-
tively (4, 5, 9, 34). We have summarized (28) data that suggest
strongly that this protein and its cognate DNA binding se-
quences are conserved among the ascomycetes that are able to
assimilate nitrate. Experimental interspecies complementation
data (as distinct from similarity data, which are available for
many other fungi) are available for organisms as distantly re-
lated as A. nidulans, Neurospora crassa, and Fusarium oxyspo-
rum (28). Figure 1 shows the amino acid sequence of the Zn
cluster and cognate putative dimerization and linker sequences
of the NirA protein and the homologous NIT4 protein of N.
crassa. Recently, in vivo footprinting data has proven the con-
servation of binding sites among A. nidulans, Penicillium chry-
sogenum, and Aspergillus niger (34a). We have proposed that
the sequence bound by NirA is the asymmetrical sequence
59CTCCGHGG (where H stands for A, C, or T, not G). Four
such sequences are present in the intergenic region which lies
between the divergently transcribed niiA and niaD genes. The
physiological role of each NirA binding sequence was demon-
strated by deletion and/or point mutation experiments (28).

Here we show rigorously that the 8-bp DNA sequence
bound by NirA is indeed asymmetric. Moreover, we show that
the NirA protein necessarily binds as a dimer.
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MATERIALS AND METHODS

Strains. The following Escherichia coli strains were used. DH5a [F2 endA1
hsdR17 (mK

1 rK
2) supE44 thi-1 recA1 gyrA96 relA1 DlacU169 (f80d-lacZDM15)]

was used for routine plasmid preparation; CSH50 [D(pro lac) F2 (proAB
lacIqZDM15) traD36] was used in phage immunity tests; and CJ236 [dut-1 ung-1
thi-1 relA1; pCJ105 (Cmr)] was used in the in vitro mutagenesis experiments.

Recombinant plasmids. The pNirA(1–121) plasmid was constructed by sub-
cloning an NcoI(filled in)-EcoRI fragment from pGex2T-NirA (28) into the
NdeI(filled in)-EcoRI sites of plasmid pET22-b(1) (Novagen). A second plas-
mid, pNirA(1–222) was generated by ligating an NcoI(filled in)-BclI nirA frag-
ment into the NdeI(filled in)-BamHI sites of pET22-b(1).

For mutagenesis purposes, an XbaI-EcoRI fragment from pNirA(1–121) was
subcloned into pBluescriptII KS(1) (Stratagene) digested with XbaI-EcoRI. The
mutated fragments were reintroduced into pET22-b(1) digested with XbaI-
EcoRI.

In all pET22-b(1) derivatives, the nirA fragments are under the control of the
bacteriophage T7 promoter.

pC132 and pC135 (7) are plasmids that direct the synthesis of the l repressor
(cI)-Rop fusion protein under the control of the pLac promoter. pC135 differs
from pC132 only in the codon encoding Asp32 of Rop, which is replaced by a
TAA nonsense codon. pC132 and pC135 were kindly supplied by F. Gigliani and
G. Cesareni, respectively.

The pcI-NH2 plasmid was constructed from pC132 by elimination of the rop
gene (excised as a HindII-XmaI fragment) followed by filling in and religation.

The pcI-NDD plasmid was obtained from pC132 by replacing the rop gene
(excised as a SalI-BamHI fragment) with the putative NirA dimerization do-
main-coding fragment. The nirA fragment coding for amino acid residues 78 to
148 was amplified by PCR primed by specific oligonucleotides containing SalI
and BamHI sites at their 59 and 39 ends, respectively. The following oligonucle-
otides were used: 59GCATGTCGACACACCGGCGAAAAGGAG39 and 59GC
ATGGATCCGCTATACCGCATTTGACAGCC39.

NirA proteins used in binding and footprinting assays. The preparation of the
GST-NirA(1–125) fusion protein has been described previously (28). The
NirA(1–125) peptide was prepared as follows. GST-NirA fusion protein (28) was
cleaved with thrombin from human plasma (Sigma, St. Louis, Mo.). A 10-U
portion of thrombin/mg of fusion protein was incubated for 30 min at 25°C in 150
mM NaCl–16 mM Na2HPO4–4 mM NaH2PO4–2.5 mM CaCl2. Cleavage prod-
ucts were separated on glutathione-Sepharose columns (Pharmacia, Uppsala,
Sweden) as specified by the manufacturer and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

The NirA(1–121) and NirA(1–222) proteins were obtained by in vitro tran-
scription and translation with appropriate pET22-b(1) derivative plasmids.

In vitro transcription and translation. In vitro protein synthesis was carried
out with the TNT T7 coupled reticulocyte lysate system (Promega). The reac-
tions were carried out as recommended by the manufacturer. The amounts of
NirA protein present in the transcription-translation reaction mixtures were
determined, when necessary, by Western blot analysis. Translation products were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12%
polyacrylamide) as described previously (21). Prestained low-molecular-weight
markers (Bio-Rad) were used as molecular weight standards. After electrophore-
sis, the proteins were transferred to nitrocellulose filters (pore size, 0.2 mm;
Schleicher & Schuell) and immunoblotted with antiserum against the N-terminal
portion of NirA (amino acids 1 to 125), kindly supplied by F. Lema. Antigen-
antibody complexes were revealed by enhanced chemiluminescence detection
(Amersham). The translated products were used immediately for DNA binding
gel mobility shift experiments or stored at 280°C.

Mobility shift assays. Binding reactions for mobility shift assays were as de-
scribed previously (28). For the in vitro transcription and translation products, 5
to 10 ml of the translation mixtures was used in the binding reactions.

Radiolabelled double-stranded oligonucleotides for mobility shift assays were
prepared as follows. Equimolar amounts of single-stranded oligonucleotides
were annealed in annealing buffer (100 mM Tris-HCl [pH 8.0], 150 mM NaCl)
by heating the mixture for 2 min at 95°C and cooling it to 40°C in a thermocycler
over a period of 3 h. Then the mixtures were chilled on ice. The receding ends
of the double-stranded oligonucleotides were filled in with Sequenase version 2.0
(Amersham) and [a-32P]dCTP as specified by the manufacturer. The reaction
products were purified on a 6% nondenaturating polyacrylamide gel, and ap-

proximately 10 pmol (104 dpm) was used together with 500 ng of purified
NirA1–125 in the mobility shift assay. The single-stranded oligonucleotide used
to fill in the wild-type and mutant probes for binding site 2 (WT, 1A, 2G, 3G, 4G,
5A, 6G, 7T, 8T, and HS) was 59CTGCCTGAATTT39. The sequence of the
complementary strand for binding site 4 (WT and 6/7GA) was 59CTGCCTTTC
AGC39. In experiments determining the relative binding efficiencies of oligonu-
cleotides containing wild-type or mutated binding sequences, the protein con-
centrations were calibrated to yield an approximately 1:3 ratio of bound to free
probe. The ratio between free and bound probe was determined by excising
bands from the gel and Cerenkov counting the gel slices. The percentage of
probe shifted was obtained by dividing the disintegrations per minute of each
shifted probe by the disintegrations per minute of the corresponding free probe.
The ratio obtained for the wild-type probes WT2 and WT4 was set to 100%, and
the ratios for mutant probes are relative to that of the wild-type probes.

Protection and interference assays. The restriction fragments used for the
footprinting assays were as follows: for site 1, the DdeI (30)-ClaI (230) fragment
[a-32P]dCTP labelled in the upper strand and [a-32P]dATP labelled in the lower
strand; for site 2, (i) the ClaI (230)-DdeI (439) fragment [a-32P]dCTP labelled in
both strands and then digested with HpaII (305) to obtain the HpaII (305)-DdeI
(439) fragment [a-32P]dCTP labelled in the upper strand, and (ii) the HpaII
(305)-BanI (471) fragment [a-32P]dCTP labelled in both strands and then di-
gested with DdeI (439) to obtain HpaII (305)-DdeI (439) [a-32P]dCTP labelled in
the lower strand; for site 3, the HinfI (731)-DdeI (948) fragment [a-32P]dATP
labelled in the upper strand and [a-32P]dCTP labelled in the lower strand; and
for site 4, the BamHI (927)-HpaII (1093) fragment [a-32P]dCTP labelled in the
upper strand and the BamHI (927)-EcoRI (1268) fragment [a-32P]dCTP labelled
in the lower strand. End-labelled DNA fragments derived from the niiA-niaD
intergenic region were subjected to footprinting analysis by the different protec-
tion and interference methods described below.

Methylation protection footprinting, methylation interference, and depurina-
tion interference assays were carried out as described previously (10).

Depyrimidination mixtures (20 ml) containing 50 ng (105 dpm) of end-labelled
probe and 2 mg of yeast tRNA were chilled on ice for 5 min. Hydrazine (30 ml;
Sigma) was added, and the mixture was incubated for 7 min at 20°C. The
reactions were stopped by adding 60 ml of 3 M sodium acetate (pH 7.0), and the
DNA was ethanol precipitated. The precipitation was repeated twice, and the
DNA was washed with 70% ethanol and resuspended in 20 ml of water. Binding-
reaction mixtures containing 5 ng (104 dpm) of probe and 0.5 to 1 mg of purified
protein were used for binding reactions as described previously (10). Free and
bound probes were separated, recovered, and cleaved with piperidine (26). The
reaction products were analyzed on a 6% polyacrylamide–urea sequencing gel.

Phosphate contact interference assays were carried out as follows. To obtain
partially ethylated probes, end-labelled fragments (50 ng containing 105 dpm)
were incubated for 15 min at 50°C in 50-ml mixtures containing 2 ml of cacodylate
buffer (0.5 M sodium cacodylate, 10 mM EDTA), 2 mg of yeast tRNA, and 30 ml
of a saturated solution of nitroso-ethyl-urea in 96% ethanol (Sigma).

Stopping of the reaction, purification of the ethylated probe and binding assays
were as described above. Separated free and bound probes were cleaved at
modified phosphates by incubating recovered DNA in 50 ml of phosphate buffer
(50 mM Na2HPO4, 5 mM EDTA [pH 7.0]) at 90°C for 15 min. Subsequently, 2
ml of 1 M NaOH was added to the mixture, and incubation was continued for
another 30 min at 90°C. Cleaved DNA was ethanol precipitated, washed twice
with 70% ethanol, and analyzed on a sequencing gel as described above. Maxam-
Gilbert sequencing reactions of the same fragment were run in parallel with the
probes. In all these studies, the protein concentration used was calibrated by a
mobility shift assay to yield an approximately 1:1 ratio of bound to free probe.

Mutagenesis of the conserved leucines. Oligonucleotide-directed mutagenesis
was used to generate mutants with site-specific mutations in the NirA dimeriza-
tion domain.

The nirA cDNA fragment containing the dimerization region was cloned into
pBluescriptII KS(1) in the negative orientation, and thus the mutated priming
oligodeoxynucleotides correspond to the coding strand of the nirA gene. In the
oligonucleotides shown below, numbers in parentheses refer to nucleotide posi-
tions in the nirA locus (5) and boldface characters indicate mutated bases:

NirA L1 (2684) 59GGATACGGACACGGTAAGAACTAAGAAC39 (2711)
Val

FIG. 1. Comparison of the zinc cluster and putative linker and dimerization domains of the NirA and Nit4 proteins. The NirA and Nit4 sequences were described
previously (5, 35). The putative dimerization domains shown for NirA (A and B) are those predicted by Schjerling and Holmberg (30). Numbers indicate the positions
of residues in the translated protein sequences in the above-mentioned references.
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NirA LL2 (2704) 59CTAAGAACTCTACCGTGGTAACTTTGATTCAGG39 (2736)
Val Val

NirA LL3 (2725) 59CTTTGATTCAGGCGGTGGTCAACTATGAGG39 (2754)
Val Val

Mutagenesis was carried out as previously described (20). Five picomoles of each
oligonucleotide, phosphorylated with T4 DNA kinase, was hybridized to 0.2
pmol of uracil-containing single-stranded DNA. The single-stranded DNA tem-
plate was prepared after transformation of CJ236, an E. coli strain which contains
the dut ung double mutation, with the pBluescript derivative plasmid and sub-
sequent infection with the M13KO7 helper phage. The complementary strand of
DNA was synthesized in the presence of T4 DNA polymerase and T4 DNA
ligase. The double-stranded DNA was transformed into competent DH5a cells
(Bethesda Research Laboratories), and clones were screened directly by DNA
sequencing.

Phage immunity test. Bacterial cells transformed with plasmids expressing
different l repressor fusion proteins were tested for sensitivity to l phages.
Phages of different virulent phenotype were assayed by spot tests, at concentra-
tions varying from 102 to 104 phages per spot, on lawns of transformed bacteria.
The l phage used as a wild-type control is that of Bailone and Galimbert (2), and
lvir is l668, an ultravirulent phage carrying several mutations affecting both
lambda operators (2).

RESULTS

Binding of NirA protein to wild-type and mutant probes.
There are four NirA binding sites in the intergenic region
between niiA and niaD. All these sites are involved in the
induction of either or both genes (28). The four sites corre-
spond to the consensus sequence CTCCGHGG. We shall
number the bases 59 to 39 from 1 to 8 in the top strand and
from 1* to 8* in the bottom strand (Fig. 2).

Previous work carried out with a glutathione S-transferase
(GST)–NirA(1–125) fusion protein suggested strongly that
NirA binds to asymmetrical, nonrepeated sequences. We have
now carried out similar experiments with a NirA protein not
carrying any GST sequences in order to eliminate any artifacts
due to GST dimerization sequences, artifacts known to occur
for the AlcR-DNA complex (22). We have extended the anal-
ysis to mutations in all nucleotides of the consensus sequence
and have estimated quantitatively the effect of each mutation.
The results are shown in Table 1. All bases of the CTCCG
HGG consensus sequence are essential for binding. C1 cannot
be replaced by an A, and this shows that the palindromic
sequences TCCGCGGA, CCGCGG, and CC2XGG, which are
found within one or more NirA binding sites, are not recog-
nized by NirA. Table 1 shows that a G3 is not acceptable, while
previous data showed that a T3 is not acceptable (28). It can be
proposed that the consensus sequence is an imperfect variant
of the palindromic sequence CTCCGGAG. This is shown not
to be the case for probe 6/7GA (Table 1). The base in position
6 can be A, T, or C but not G (Fig. 2), which would be the base
symmetrical with the C in position 3. It can be further pro-
posed that the consensus sequence is an imperfect variant of a
longer, 10-bp symmetrical sequence, CTCCGCGGAG (probe
HS). Table 1 shows that this longer, symmetrical sequence has
no higher affinity for NirA than the asymmetrical, physiological
sequence it contains. This was confirmed by gel shift experi-
ments where the concentration of protein varied from that
resulting in 10% binding of the probe to saturating concentra-
tions. The kinetics of binding of the wild type and the 10-bp
symmetrical sequence (HS) are, within the limits of this tech-
nique, identical (results not shown). Figure 3 gives an example
of a gel retardation experiment of the type used to obtain the
data shown in Table 1. We show, in this figure, the effect of
mutating the crucial first C to A.

Footprint analysis of the NirA-DNA binding. We have in-
vestigated the binding of a GST-NirA(1–125) fusion protein by
DNase I protection, missing-base (both purines and pyrimi-
dines) interference, and methylation protection and/or inter-

ference. When both methylation techniques were used (site 2),
the results were very similar. We have investigated the sym-
metry of binding for all natural sites by determining the phos-
phate contacts by ethylation interference. For one site (site 2),
the one with the most important role in vivo, we have repeated
all footprinting techniques (except DNase I protection) with
the NirA(1–125) peptide cleaved from the GST protein. The
collated results obtained with the fusion protein are shown in
Fig. 2. The results obtained with the GST-NirA(1–125) fusion
protein and with the NirA(1–125) peptide are virtually identi-
cal for all the techniques (but see below), validating the results
shown in Fig. 2. For one of the techniques, depurination in-
terference, we show comparatively the results with the GST-
NirA(1–125) fusion protein and the NirA(1–125) peptide (Fig.
4). The results of depyrimidination interference and ethylation
interference of site 2 carried out with the NirA(1–125) peptide
are shown in Fig. 5. Densitometric analysis of missing-base
interference, methylation interference, and protection and
ethylation interference results obtained with the NirA(1–125)
peptide and site 2 are shown in Fig. 6. The results of densito-
metric analysis of methylation protection of all three other

FIG. 2. Summary of protection and interference footprinting studies on all
four consensus NirA binding sites in the niiA-niaD intergenic region. For the
sake of consistency, the orientations of sites 2 and 3 have been inverted with
respect to their orientations in the intergenic region. Hence, upper strands in
sites 1 and 4 are niaD coding strands whereas upper strands in sites 2 and 3 are
niiA coding strands. Regions protected from DNase I digestion are shown as
brackets above and under each strand (28). Dots represent guanine contacts
identified by methylation protection. Triangles between bases symbolize phos-
phate contacts identified by ethylation interference. Purine contacts (squares) or
pyrimidine contacts (diamonds) were identified by missing-base interference,
and symbols above the line between the two strands denote contacts on the upper
strand whereas symbols under this line denote contacts on the lower strand. In
all cases, solid and open symbols represent strong and weak protection or
interference, respectively. Both depurination and depyrimidination interference
experiments were carried out for sites 2 and 3; only depurination interference
was carried out for sites 1 and 4. Footprint experiments for sites 1, 3, and 4 were
carried out with the GST-NirA(1–125) fusion protein, while all techniques used
for site 2 were carried out both with the GST-NirA(1–125) fusion protein and
with the NirA(1–125) peptide with virtually identical results (see Fig. 3 through
5). See Materials and Methods for descriptions of probes and footprinting
techniques used. Numbers indicate the position of the first nucleotide shown for
each sequence in the niiA-niaD intergenic region as previously described (28).
Note that the boundaries of DNase I protection do not always correspond exactly
to those published previously (28). Careful densitometry was carried out on the
gels used to construct this figure, and while exact boundaries could be somewhat
subjective, we believe the present ones to be accurate.
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sites complexed with the GST-NirA(1–125) fusion protein are
virtually identical to that shown in Fig. 6B for site 2, including
the quantitative differences in the extent of protection of the
different G’s (data not shown).

The conclusions of this study are straightforward. Loss of
any of the eight bases of the consensus sequence in either
strand interferes strongly with NirA binding. Loss of the vari-
able base in position 6 (and of its complement, 3*) interferes
strongly, irrespective of its nature. Missing-base interference

(Fig. 6C) does not shed any light on the issue of symmetry of
binding, except by the fact that all bases in an asymmetric
sequence interfere without any suggestion of “internal symme-
try” within the consensus. Methylation protection and, when
studied (site 2), interference patterns are imperfectly symmet-
ric. An obvious asymmetry is the strong interference found for
G7.

While missing-base interference and methylation protection
patterns are very similar in the four sites, phosphate contacts,
as revealed by ethylation interference, show some differences
between sites. Sites 2 and 3 show very similar patterns of
phosphate contacts. It should be noticed that sites 2 and 3 have
a C z G pair in the variable position, while sites 1 and 4 have T z
A and A z T, respectively. Flanking sequences may also have
some influence in the pattern of phosphate contacts (see Dis-
cussion). The phosphate contacts are not compatible with a
symmetric pattern of binding for any of the four sites (Fig. 5
and 6). The interference by ethylation of the 2-3 bond, found
in all four sites, has no equivalent in the 2*-3* bond. The
strong interference by ethylation of the 4*-5* and 5*-6* bonds
at sites 2 and 3 does not have a symmetrical counterpart in the
4-5 and 5-6 bonds. When phosphate contacts are seen in flank-
ing sequences, these are also arranged completely (sites 2 and
3) or partially (sites 1 and 4) asymmetrically.

There are some minor differences between the ethylation
interference results shown in Fig. 2 and 6D for site 2. The weak
interferences seen in Fig. 6 (e.g., between positions 5 and 6 and
positions 2* and 3*) are probably not genuine differences be-
tween the NirA(1–125) peptide and the GST-NirA(1–125) fu-
sion protein but a result of the sensitivity of the densitometric
methods used to calculate the data in Fig. 6. However, the
phosphate contact 59 of position 1 (Fig. 2) is not seen in the
experiments carried out with the NirA(1–125) peptide and
constitutes the only genuine qualitative difference observed
between the GST-NirA(1–125) fusion protein and the NirA(1–
125) peptide. This difference does not affect the pattern of
asymmetry of phosphate contacts seen for site 2 with the GST-
NirA(1–125) fusion protein and the NirA(1–125) peptide as
discussed above.

NirA binds DNA as a dimer. Two NirA partial peptides of
different lengths were synthesized either separately or together
from a vector containing a T7 promoter, by using an in vitro
transcription-translation coupled system. The formation of the
heterodimer was evident in gel shifts with a 239-bp 32P-labelled
restriction fragment containing binding site 2 as a probe (Fig.
7). Heterodimers were never obtained when analogous His-
tagged proteins expressed in E. coli were purified and mixed
(data not shown), in either the native or denatured form (fol-
lowed by renaturation). A similar situation has been described
for Gal4p (6).

Note that the NirA(1–121) protein used in this and previous
experiments contains only the first, amino-terminal dimeriza-
tion domain proposed by Schjerling and Holmberg (30), while
the NirA(1–222) protein contains both domains. Therefore,
the amino-terminal domain is sufficient for dimerization. The
crucial importance of this domain is demonstrated by in vitro
mutagenesis (see below). However, the carboxy-terminal
dimerization domain does play a role. The difference in the
affinity for the probe between the NirA(1–121) and NirA(1–
222) proteins (Fig. 7) is genuine and has been observed in
several independent experiments.

Mapping the NirA dimerization domain. We assumed that a
coiled-coil dimerization element is present in NirA in a posi-
tion similar to that of other proteins of this group. Since the
sequences bound by NirA are identical to those bound by the
N. crassa protein NIT4, we assumed that the essential residues

FIG. 3. Gel retardation experiment with the wild type and a mutant probe. In
this experiment, we give a semiquantitative example of the effect of a point
mutation on binding of the NirA(1–125) peptide. The probes used are WT2
(right) and 1A (left). Lanes: 1, free probe; 2 through 4, probes incubated with
360, 240, and 120 ng of protein, respectively. The results shown in Table 1 were
obtained with probes incubated with 500 ng of protein.

TABLE 1. Summary of the gel shift analysis of 10 double-stranded
DNA oligonucleotides containing mutations in the core

binding sequencea

Probeb Sequence % of binding relative
to the WT probec

WT2 59GCCCAA CTCCGCGG AAATTCA39 100
1A 59GCCCAAATCCGCGG AAATTCA39 ,5
2G 59GCCCAA CGCCGCGG AAATTCA39 ,5
3G 59GCCCAA CTGCGCGG AAATTCA39 ,5
4G 59GCCCAA CTCGGCGG AAATTCA39 7
5A 59GCCCAA CTCCACGG AAATTCA39 ,5
6G 59GCCCAA CTCCGGGG AAATTCA39 6
7T 59GCCCAA CTCCGCTG AAATTCA39 ,5
8T 59GCCCAA CTCCGCGT AAATTCA39 8
HS 59GCCCAA CTCCGCGG AGATTCA39 79

WT4 59CTGTTT CTCCGAGG CTGAAAG39 100
6/7GA 59CTGTTT CTCCGGAG CTGAAAG39 8

a Band shift analysis of probes containing wild-type or mutated NirA binding
sites. Double stranded 20- to 30-mer oligonucleotides containing different de-
rivatives of binding site 2 or binding site 4 were tested for their affinity to bind
NirA(1–125) in mobility shift assays. Only relevant sequences of one strand
containing the consensus binding site in the 59 to 39 direction are shown. Probes
with nonmutated target sequences corresponding to site 2 (WT2) or site 4 (WT4)
in the niiA-niaD intergenic region were used as references.

b Mutated probes are named according to the position of base substitutions in
the 59CTCCGHGG39 consensus sequence: 1A, C to A at position 1; 2G, C to G
at position 2; 3G, C to G at position 3; 4G, C to G at position 4; 5A, G to A at
position 5; 6G, C to G at position 6; 7T, G to T at position 7; 8T, G to T at
position 8; HS, A to G at position 12 39 of the consensus sequence, thereby
creating a symmetric inverted repeat (59CTCCG39); 6/7GA, A to G and G to A
at positions 6 and 7, respectively, thereby creating a symmetric inverted repeat
(59CTCC39). The mutated bases are shown in boldface type in the sequences.

c The percentage of probe shifted was obtained by dividing the disintegrations
per minute of each shifted probe by the disintegrations per minute of the
corresponding free probe. The ratio obtained for the wild-type probes WT2 and
WT4 was set to 100%, and ratios for mutant probes are relative to those of the
wild-type probes. The relative retardations of WT2 and WT4 are identical within
the limits of this assay.
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of linker and dimerization elements had to be conserved. In-
terestingly, while the Zn cluster and putative linker domains
are almost identical between the two organisms, the sequence
of the putative dimerization domain is not so highly conserved.
However, hydrophobic amino acids are present at crucial po-
sitions of both proteins. Two coiled coils, comprising residues
98 to 111 and 115 to 139, have been predicted within the region
following the zinc cluster of NirA (30). We have tested the
dimerization activity of a peptide encompassing the whole pu-
tative dimerization element, from residues 78 to 148 of the
NirA protein (Fig. 1). The nirA fragment coding for this pep-

tide was introduced into a vector containing a sequence coding
for the l cI DNA binding domain without its dimerization
sequences. Since the cI repressor functions as a dimer, substi-
tuting its dimerization domain with a heterologous protein
region leads to a functional repressor only if the heterologous
region is able to dimerize (3, 15). The results are shown in Fig.
8. The putative NirA dimerization domain is able to confer
DNA binding activity to the cI DNA binding domain. This is
seen by the immunity to wild-type l phage (but not to an
ultravirulent l phage, multiply mutated in both oR and oL)
conferred by the appropriate plasmid to E. coli cells.

FIG. 4. Purine missing-base interference footprints of GST-NirA(1–125) fusion protein (A) and NirA(1–125) peptide (B) on site 2 of the niiA-niaD intergenic
region. “upper” and “lower” refer to strands as in Fig. 2. fp, free probe; b, bound probe. Only the sequence of the limited region bracketing the NirA binding sequence
is shown. Solid squares, strongly interfering purines; open squares, partially interfering purines. The probe for site 2 is as described above. Footprint experiments have
been carried out at least twice with identical results.

FIG. 5. Pyrimidine missing-base (A) and ethylation (B) interference footprints of NirA(1–125) peptide on site 2 of the niiA-niaD intergenic region. “upper” and
“lower” refer to strands as in Fig. 2. fp, free probe; b, bound probe; Py, Maxam-Gilbert pyrimidine reaction used as the sequence standard; filled symbols, strongly
interfering bases or phosphates; open symbols, partially interfering bases or phosphates. squares (A), pyrimidines; triangles (B), phosphates. The probe is as described
above. Footprint experiments have been carried out at least twice with identical results.
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Mutagenesis of the NirA dimerization domain. To deter-
mine whether dimerization was a prerequisite for binding, we
mutagenized the leucines included in a putative coiled-coil
domain of the NirA(1–121) protein. The first hydrophobic
residues of heptad repeats predicted to form a coiled coil are
Leu98 and Leu105 or, alternatively, Leu99 and Leu106 (30).
Leu91 is 7 residues upstream of Leu98 and thus could also be
included in a potential coiled coil. We mutagenized Leu91,
Leu98 and Leu99 simultaneously, or Leu105 and Leu106 si-
multaneously. Some combinations of these mutations were
also analyzed. All the mutations were conservative changes
from leucine to valine. These changes should prevent the for-
mation of a coiled-coil dimerization element while not altering
the overall hydrophobicity or the a-helical structure of this
peptidic region (1). The mutant proteins were synthesized in
vitro and examined for DNA binding activity in gel shift assays
with a DNA fragment containing NirA binding site 2 as a
probe. The results are shown in Fig. 9. Mutation of Leu91Val
(L1) does not affect binding or dimerization, since the complex
formed has the same mobility as the wild-type complex. Simul-
taneous mutations at Leu98 and Leu99 (LL2) do not seem to
affect binding (but see below), while a double substitution at
Leu105 and Leu106 (LL3) affects binding drastically without
completely abolishing it. Simultaneous mutation of these four
leucine residues has a very marked effect on binding. It is clear
that a dimer is formed, since the complex moves with a mo-
bility even lower than that of the wild-type complex. This effect
is more marked when Leu98, Leu99, Leu105, and Leu106 are
all mutagenized. Thus, Leu98 or Leu99 must contribute to

dimerization, even if this is not obvious when they are mutated
on their own. This is supported by the fact that a double
substitution at Leu98 and Leu99 decreases the mobility of the
complex very slightly. This effect is genuine, since it has been
observed in several independent experiments. The conclusion
that can be drawn is that Leu98 or Leu99 and Leu105 or
Leu106 are involved in the formation of a coiled coil. When

FIG. 6. Densitometric scanning of footprints of binding site 2. (A) Methylation interference analysis, showing reduction in relative binding as a consequence of
methylation of guanines. (B) Methylation protection analysis, showing reduction in relative methylation of guanines in the protein-DNA complex. (C) Purine and
pyrimidine missing-base analysis, showing reduction in relative binding as a consequence of loss of each nucleoside. (D) Reduction in relative binding as a consequence
of ethylation of each phosphate. Differences in the labelling of the lanes were normalized by equating the absorbance of bands clearly outside the interfering area for
the free and bound lanes. All the experiments were carried out with the NirA(1–125) peptide; the probe is as in Fig. 2 through 4.

FIG. 7. NirA binds DNA as a dimer. A coupled in vitro transcription-trans-
lation system was used to synthesize NirA(1–121) and NirA(1–222) either singly
or jointly. A 239-bp ClaI-BanI fragment containing the NirA binding site 2 was
used as a probe. The position of the heterodimer is indicated by an arrow.
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they are mutated, the putative coiled coil can still form, even
when all the leucines are mutated to valine, but it has a less
rigid structure, which could account nicely for the decrease in
the mobility of the complex. It is quite clear that proper dimer-
ization is necessary for efficient binding.

It is worth noticing that either Leu105 or Leu106, whose
simultaneous mutation has the most drastic effect on the bind-
ing and mobility of the DNA-protein complex, is the first
hydrophobic residue in the second heptad of the first short
coiled coil predicted by Schjerling and Holmberg (30) (see
above). However Leu91, whose mutation does not affect
binding, is not included in either of the two predicted coiled
coils.

DISCUSSION

The NirA protein mediates the induction by nitrate and
nitrite of the genes involved in nitrate assimilation in A. nidu-
lans. It is extremely similar in a number of domains to the NIT4
protein of N. crassa; the DNA binding domains are almost
identical (5). The latter protein was reported to bind the per-
fect palindromic sequence TCCGCGGA. Note that this se-
quence is contained in site 2 of the niiA-niaD intergenic region
of A. nidulans. However, both sites reported for N. crassa
contain a C (C1 in our consensus) before the “first” T (T2 of
our consensus) and one of them contains a C in place of the
“last” A (base in position 9 after our consensus) (12). If we
consider the composite 9-bp sequence CTCCGHGGA, we ob-
serve that the first C is conserved among all the N. crassa and
A. nidulans sites and the last A (position 9) is present only in
site 2 of A. nidulans and one of the sites of N. crassa. Thus,
comparative evidence indicates that both proteins bind to an
asymmetrical site of the form CTCCGHGG. For the A. nidu-
lans protein, the conclusive evidence is provided by the mu-
tagenesis of the C in position 1 (see Results).

We have investigated the asymmetry of binding by all pos-

sible interference reactions. Removal of any of the bases within
the consensus sequence interferes strongly with binding. There
is some generally partial, variable asymmetrical interference
outside the consensus sequence; this will be discussed be-
low. Methylation interference (and protection) is consistent
only with asymmetrical binding. While methylation of G5,
G5*, G8, and G8* interferes with binding (but not always to
the same extent), interference by methylation of G7 has no
symmetrical counterpart, since there is no G in 7*. The
pattern of methylation interference clearly differs from that
found in proteins recognizing the CGG motif. For both
Lac9p and UaY, the only base where methylation interferes
with binding is the second G (13, 32). This is the only G
whose N7 accepts a proton from the ε-NH2 group of a
conserved lysine in the structures of the Gal4p and Ppr1p
protein-DNA complexes (24, 25). The phosphate contacts as
revealed by ethylation interference are compatible only with
asymmetrical binding of NirA.

Missing purine and methylation interference patterns of the
N. crassa NIT4 protein are strikingly similar to what is reported
in this article. These studies were conducted with a b-galacto-
sidase fusion protein containing amino acids 1 to 202 of NIT4,
and it is reassuring that three different proteins, the NirA(1–
125) peptide, the GST-NirA(1–125) fusion protein, and the
NIT4(1–202)–b-galactosidase fusion protein, gave such con-
sistent results. The comparison can be extended to the
flanking sequences of different sites in both organisms. In N.
crassa site 1, the sequence 59AAAT is found 59 of base 1*.
The three A’s are revealed by methylation interference. In
A. nidulans site 2, the sequence in the same position is
59ATTT. The 3 T’s are revealed by missing-base interfer-
ence (Fig. 2). When methylation protection of this site was
carried out under conditions where the N3 sites of the A’s are
methylated, a striking hypersensitivity of the A’s in positions 9
and 10 and a strong protection of the two A’s 59 to position 1
were apparent (data not shown). Site 2 of N. crassa has 3 A’s
following position 8*. These three A’s are revealed both by
missing-base interference and methylation interference. We
found exactly the same sequence in site 4 of A. nidulans (Fig.
2). Two of the A’s immediately 39 to 8* are revealed by miss-
ing-base interference, and there are clear phosphate contacts
in the corresponding phosphodiester bonds (Fig. 2). When the
methylation protection of these region was studied as above,
again the same two A’s showed clear methylation protection

FIG. 8. Phage immunity test. l phages of wild-type (l) and ultravirulent
(lvir) phenotypes (2) were assayed on lawns of bacteria by spot tests at increasing
phage titers (from left to right, 102, 103, and 104 PFU per spot). Bacteria were
transformed with plasmids containing the l repressor fused to the actual or
putative dimerization elements indicated below. “none,” CSH50 E. coli cells
transformed with pcI-NH2 (expressing the NH2-terminal domain of l repressor
without any putative dimerization element); NirA, the same cells transformed
with pcI-NDD, containing the putative NirA dimerization domain; Rop, a pos-
itive control transformed with pC132, expressing a cI-Rop fusion (the Rop
protein efficiently dimerizes to form a bundle of four antiparallel helices); Rop*,
transformed with pC135 expressing a cI-Rop* fusion with a mutated Rop protein
unable to dimerize (7).

FIG. 9. DNA binding activities of NirA proteins mutated in the dimerization
element. Wild type, NirA(1–121) peptide as described in the legend to Fig. 7.
Mutants: L1, Leu91Val; LL2, Leu98Val and Leu99Val; LL3, Leu105Val and
Leu106Val. A plus sign between the symbols for each mutation denotes the
presence of two or three mutations in the dimerization element. Equal amounts
of in vitro-synthesized protein substitutions were incubated with the probe de-
scribed in the legend to Fig. 6, containing NirA binding site 2. The NirA protein
present in the transcription-translation reactions was quantified by Western blot
analysis with polyclonal antibodies against the NirA(1–125) peptide followed by
densitometry.
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(data not shown). The role of external AT sequences is not
identical in different sites. We have investigated the effect of
distamycin, a drug that binds in the minor groove of AT-rich
regions (16). Distamycin (30 mM) completely inhibits the bind-
ing of the GST-NirA(1–125) fusion protein to site 4 but not to
sites 2 and 3. Interestingly, binding to site 1, which is preceded
by a long run of AT sequences, is also strongly inhibited by
distamycin (31). These results are again consistent with an
overall asymmetry of binding. The two sites where binding is
inhibited by distamycin have AT-rich sequences on the 59 site
of position 1 (site 4 actually on both 59 and 39 sites), site 3 has
no AT-rich sequences, and site 2 has an AT-rich sequence 39 of
position 8.

An obvious way in which a protein can recognize a nonre-
peated, asymmetrical sequence is if the sequence is bound by a
monomer. Other work from this laboratory has already shown
that the zinc binuclear cluster AlcR protein can bind as a
monomer (8, 22) and that the single sites play physiological
roles in vivo (27). Residues of a monomer located in different
places along the DNA binding domain could recognize the two
half-sites of the NirA binding sequence. It should be noted
that, besides the cluster of basic residues in the first loop,
common to all the proteins of the Zn binuclear cluster class,
NirA and NIT4 contain two further clusters of basic residues,
one amino terminal to the Zn motif and the second in the
putative linker element. Results shown above establish un-
equivocally that NirA binds as a dimer. Cross-linking studies
with a truncated NIT4 protein (residues 48 to 179) suggests
that the unbound protein also exists as a dimer in solution
(12).

Mutation of putative crucial residues in the dimerization
element results in drastically diminished binding. Since we are
detecting the protein by the binding assay, it is impossible to
determine whether this is due to a reduced affinity of the
dimer, to the defective formation of the dimer, or to a combi-
nation of the two. However, the altered mobility of the com-
plex shows that the mutation of the dimerization element
changes the overall structure of the dimer-DNA complex and
presumably that of the free dimeric protein, if the latter forms
at all.

Inverted and everted repeats of the same sequences can be
recognized by proteins differing in their dimerization and/or
linker elements in such a way that the crucial base recognition
residues have opposite orientations. This, however, maintains
an overall symmetry of the binding domains in relation to each
other (14). To account for the recognition of direct repeats by
dimeric proteins, it has been proposed that the dimer must
have an asymmetric head-to-tail orientation (36). Interestingly,
it has recently been shown for Cyp1p (Hap1p) that such head-
to-tail orientation is not determined by the linker or dimeriza-
tion element but by the DNA binding domains (37). In fact, as
the Cyp1p protein is a monomer in solution (37), the asym-
metric pattern of dimerization is determined by the DNA bind-
ing domain/DNA-specific contacts. The relevance of this ob-
servation will be made clear below.

The results obtained for NirA contradict the picture of the
class of Zn binuclear cluster proteins as a monotonous group,
recognizing the same CGG sequence in different orientations
as described above and/or separated by different sequence
lengths (14, 29). If we assume that both Zn binuclear clusters
are involved in recognizing the octet of base pairs that consti-
tute the NirA and NIT4 binding sites, it follows that each half
of the asymmetrical sequence must bind to different amino
acids. Thus, either different amino acids within the first loop
make different contacts in each monomer or one monomer
may contact DNA by using amino acids outside the first loop.

This is discussed below. For the models developed to account
for the binding of the proteins recognizing CGG half-sites in
ascomycetes, it is assumed, and shown in some cases, that the
amino acid/base contacts are identical and that what varies is
their orientation or separation along the DNA axis or both (14,
23–25, 29, 37). Any model able to account for the specificity of
NirA binding must postulate that the specific base contacts and
phosphate contacts made by the two zinc clusters are different.

This is, as far as we are aware, the only case hitherto de-
scribed where each subunit of a dimer protein binds to such an
asymmetrical, nonrepeated DNA sequence, not only within the
class of the Zn binuclear cluster transcription factors but also
among all DNA binding proteins. The closest precedent seems
to be the E47 protein of Drosophila melanogaster. This protein
belongs to a group of helix-loop-helix transcription factors
which bind as dimers to the so-called E box, a CAXXTG
sequence. While some proteins of this group bind to perfectly
symmetrical CACGTG or CAGCTG sequences, E47 prefers a
CACCTG sequence. The difference seems to depend on one
residue of the DNA binding domain. The E47 has an hydro-
phobic valine at the junction of the DNA binding domain and
helix 1. The proteins of this group which recognize symmetrical
sequences have an arginine in this position (11).

It is clearly impossible to reduce the NirA binding sequence
to a tandem repetition of two half-sites. If we try to reduce it
to an inverted repeated sequence, we could write CzzCGzzG,
where z denotes the residues where no symmetry can be seen.
Most striking is the asymmetry in the 3 and 3* positions. C is
canonical in position 3 (and cannot be mutated to a G), but C
is the only base that cannot be accepted in position 3* (i.e., a
G is not acceptable in position 6 [Table 1]). However, this
skeleton of an inverted repeat could provide a basis to explain
NirA binding. Only two lysines make specific base contacts in
the Ppr1p and Gal4p/DNA complexes. These two lysines of the
first loop are flanked by hydrophobic residues in both proteins.
On the other hand, the first loop of NirA an NIT4 is CRRRK
SKC, where all side chains of residues between the Zn-chelat-
ing cysteines, including that of serine, are able to form hydro-
gen bonds. It can be proposed that the two zinc binuclear
clusters of a symmetrical dimer bind to the “skeleton se-
quence” in such a way that different residues are able to make
base and phosphate contacts in each half-site. If half-sites are
separated by less than a whole helix turn, the overall structure
of the complex will necessarily be asymmetrical. In addition,
asymmetrical binding could be generated by local deviations of
DNA from its canonical structure. Independently of its origin,
this asymmetry will be reflected in either distortion of the
linker and/or dimerization elements, thus allowing symmetrical
binding to the DNA half-sites, or, if suitable side chains are
available, different residues may establish bases and backbone
contacts to each half-site. The binding of UaY and Ppr1p to
apparently perfectly symmetrical sequences (CGG-6X-CCG)
show, after more detailed chemical and crystallographic anal-
ysis, respectively, obvious asymmetrical features (25, 32). A
comparison with Cyp1p (Hap1p) binding is again relevant
here. It has been proposed that the latter protein has a very
“weak” dimerization element (37). Thus, the recognition of
direct repeats, imposed in an unspecified manner by DNA-
protein binding sequence interaction, would be permitted by
the flexibility of the dimerization element. The opposite is true
for NirA. Here the dimerization element is “strong” enough to
act as a dimerization element in vivo for the cI repressor and
dimerization is not completely abolished even after mutagen-
esis of several residues. Two tandemly arranged coiled-coil
regions, potentially acting as dimerization elements, have been
proposed for NirA (30), and this work has shown that while the
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amino-terminal domain in essential for NirA dimerization, the
carboxy-terminal domain may participate in proper dimer as-
sembly. Thus, we can expect the dimer structure to be quite
rigid. The result of an asymmetry of base contacts imposed by
the protein-DNA interaction would not be resolved here by a
rotation around the axis of the dimerization element (as pro-
posed for Cyp1p) (37), permitting the recognition of a direct
repeat, but by a “sliding” along the first loop of the zinc cluster
in such a way that different side chains make crucial contacts.
The interplay of specific contacts by the first loop of the zinc
cluster, the structure of the linker element, and the stability of
the dimerization element indeed determine the specificity of
binding of zinc binuclear cluster proteins but in a more varied
and richer fashion than has been hitherto supposed. While this
article was being completed, the crystal structure of the Put3p/
DNA complex was published (33). The CGG-10X-CCG se-
quence, is as expected, recognized by a protein dimer. The
complex is highly asymmetric, in spite of the symmetry of the
DNA sequence. However, the asymmetry does not involve the
two Zn binuclear clusters, as proposed here for NirA; indeed,
the only base-specific contact made by a side chain is by a
histidine, which occupies the same crucial position in the clus-
ter as the lysine in Gal4p and Ppr1p. The asymmetry is due to
contacts in the minor groove that are made by the linker and
dimerization regions.

In spite of substantial work describing either minor (25, 32)
or considerable (11, 33) asymmetry of binding by dimeric pro-
teins, the structural and thermodynamic parameters which de-
termine such asymmetries remain elusive. The NirA-DNA in-
teraction provides the most striking example of such an
asymmetrical complex.
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