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ABSTRACT: Transcriptional factors bearing a Cys2His2 zinc finger were thought to be confined to eukaryotes,
but recent studies have suggested their presence also in prokaryotes. In this paper, we report the first
complete functional characterization of the DNA binding domain present in the putative Cys2His2 zinc
finger-containing prokaryotic transcriptional regulator Ros fromAgrobacterium tumefaciens. We
demonstrate that in the single zinc binding motif present in the Ros protein the metal ion is coordinated
by two cysteines (Cys79 and Cys82) and two histidines (His92 and His97), separated by a shorter spacer
with respect to the eukaryotic classical Cys2His2 domains. The Cys2His2 zinc finger motif is essential for
Ros DNA binding and is part of a larger DNA binding domain which includes four basic regions located
on either side of the finger, one at the N-terminus and three at the C-terminus. The one described here is
a novel type of DNA binding domain containing a noncanonical Cys2His2 zinc finger motif which, by
sequence alignment, seems to be conserved in all the bacterial putative zinc finger proteins identified so
far. Interestingly, basic amino acids have been shown to be important in stabilizing the DNA binding of
eukaryotic single Cys2His2 zinc finger domains, confirming that the modality of DNA binding using a
single zinc finger motif flanked by basic residues is widespread throughout the living kingdom from
eukaryotic, both animal and plant, to prokaryotic, even if in each kingdom it presents its peculiarity.

Proteins containing classical type (or Cys2His2) zinc finger
domains represent the largest group of eukaryotic DNA
binding proteins known to date (1-3). The classical zinc
finger domain, originally described inXenopus laeVis
transcription factor IIIA (TFIIIA) (4), contains the amino
acid sequence (F/Y)XCX2-5CX3(F/Y)X5ΨX2HX3-5H, where
X represents any amino acid andΨ is a hydrophobic residue;
the two cysteines and the two histidines tetrahedrally
coordinate a zinc ion to form a compact structure containing
a â-hairpin and anR-helix (ââR) (1, 4, 5). Structural studies
carried out with animal protein classical zinc finger-DNA
complexes have revealed that sequence specific recognition
is achieved by contacts between theR-helix of the zinc finger
and bases in the major groove of the DNA. The key residues
of the helix involved in base specific DNA contacts are
highly variable, depending on the recognized target sequence,
and located at positions 6, 3, 2, and-1 relative to the
N-terminus of the helix (1, 6-12).

Many proteins containing Cys2His2 zinc finger domains
have recently been identified in plants, and several data

suggest that these proteins are involved in important biologi-
cal processes (13-15). A structural feature common to the
plant TFIIIA type zinc finger proteins, which distinguishes
them from their counterparts in other eukaryotes, is the high
degree of conservation of a unique amino acid sequence
(QALGGH) present in their zinc finger domains. This
sequence is localized at the N-terminus of theR-helix (from
position 2 to 7), wherein animal zinc finger protein residues
that are responsible for recognizing the DNA bases are
located (16). Considering that in the QALGGH zinc finger
two of the canonical DNA recognizing positions of the
R-helix are occupied by amino acid residues (Ala in position
3 and Gly in position 6) which hardly could be involved in
base specific contacts, it has been proposed that the plant
QALGGH-containing zinc finger motif may adopt a peculiar
DNA recognition code, different from that adopted by the
animal counterparts (16).

The number of zinc finger domains present in proteins
varies from 1 to 37, and a single zinc finger domain in itself
is not sufficient for high-affinity binding to a specific DNA
target sequence. In fact, proteins containing multiple zinc
finger domains usually require a minimum of two zinc
fingers for high-affinity DNA binding (1). Nevertheless, it
has been demonstrated that the single zinc finger domain
present in theDrosophila GAGA transcription factor (10,
17) as well as the QALGGH single zinc finger domain of
the Arabidopsis thalianaSUPERMAN protein (18) are
capable of sequence specific DNA binding. In both cases,
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the DNA binding of the finger domain is stabilized by
flanking basic residues providing further contacts with the
target sequences.

Transcriptional factors bearing a Cys2His2 zinc finger were
thought to be confined to eukaryotes; however, recent studies
have suggested their presence also in prokaryotes (19). The
first putative prokaryotic Cys2His2 type zinc finger tran-
scriptional regulator, the Ros protein, has been discovered
in Agrobacterium tumefaciens(20). Ros homologues have
been identified in different bacteria, primarily among mem-
bers of the Rhizobiaceae, including RosAR inAgrobacterium
radiobacter, RosR inRhizobium etli, MucR and Orf2 in
Sinorhizobium meliloti, the MucR homologue inRhizobium
sp. NGR234, and a coding region called ORF597 in
NoVoshingobium aromaticiVorumF199 (Figure 1) (21-27).

Ros is a 15.5 kDa protein, encoded by theA. tumefaciens
chromosomal generos. It regulates the expression of the
virulence genes of theVirC andVirD operons, the products
of which are involved in processing the oncogene-bearing
T-DNA region of the Ti plasmid for horizontal gene transfer
from A. tumefaciensto plant cells (21). Ros also regulates
the expression of theipt oncogene, located on the T-DNA
region, which, in the host plant, is recognized by the plant
transcriptional machinery and encodes the isopentenyl trans-
ferase required for the biosynthesis of cytokinins (20).
Mutations in theros gene result in upregulation of theVirC
andVirD operons, which leads to the appearance of T-DNA
intermediates inA. tumefacienscells, and also derepression
of the ipt oncogene in the T-DNA, which activates the

production of cytokinin in the bacterial cells (21). Ros
regulates the transcription by acting as a transcription factor
which binds a 40 bp AT-rich DNA sequence, named Ros
box, originally identified in the promoter region of virC and
virD operons (28); a similar Ros box has also been identified
in the promoter of the ipt gene (20).

Analysis of the Ros primary structure revealed the presence
of the CX2CX3FX2LX2HX3HH amino acid sequence (from
residue 79 to 97; see ref20 and Figure 1A), which bears a
significant resemblance to the eukaryotic Cys2His2 zinc finger
motif. This motif differs from the classical Cys2His2 motif
in that there are 9 amino acids instead of 12 in the loop that
separates the second cysteine from the first histidine. By
showing that the substitution of either the second cysteine
or the first histidine residue in this putative zinc finger motif
resulted in the release of zinc and the loss of Ros box binding
activity, Chou and colleagues (20) demonstrated that this
motif was indeed able to bind zinc and was involved in DNA
binding. Whether the other zinc coordinating residues, and
especially both the second and the third histidine residues,
were important for DNA binding activity remained to be
determined. More recently, an amino acid substitution close
to the carboxy terminus of Ros which causes loss of the
protein DNA binding activity has been identified, suggesting
that residues outside of the zinc finger also interact with DNA
or are important in maintaining the conformational integrity
of the Ros DNA binding domain (29).

In this paper, we present the functional characterization
of the Ros protein DNA binding domain. We demonstrate

FIGURE 1: (A) Schematic representation of the amino acid sequence of the Ros protein, including the Cys2His2 zinc finger motif (residues
56-142). Multiple basic regions, located on either side of the finger, are indicated (BR). Residues which have been mutated in the different
mutant proteins are underlined. The terminal residues of the Ros protein deletion mutants utilized in this study and the basic residues which
have been mutated inside the zinc finger motif are numbered with reference to the full-length protein. (B) Sequence alignment of the Ros
from A. tumefacienswith its homologous proteins: RosAR fromA. radiobacter, RosR fromRh. etli, MucR fromS. meliloti, MucR homologue
from Rhizobiumsp. NGR234, and Orf597 fromN. aromaticiVoransF199 (21). The basic residues shown to be important for Ros DNA
binding capability are underlined. The basic regions (BR) flanking the zinc finger domain are indicated. An asterisk means that residues in
that column are identical in all sequences in the alignment. A colon means that conserved substitutions are observed. A period means that
semiconserved substitutions are observed.
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that the single Cys2His2 zinc finger motif present in this
protein is part of a larger DNA binding domain which
includes multiple basic regions located on either side of the
finger. Therefore, this study represents the first complete
functional characterization of a novel type of prokaryotic
DNA binding domain containing a noncanonical Cys2His2

zinc finger motif.

EXPERIMENTAL PROCEDURES

Cloning and Purification of the Proteins.DNA fragments
encoding the different segments of the Ros protein to be
expressed as gluthationeS-transferase (GST) fusion proteins
were generated by PCR fromA. tumefaciensgenomic DNA.
Oligonucleotides were synthesized on the basis of the
published sequence (M65201). The following oligonucleo-
tides were used as primers: primer 1, 5′-CGGGATCCGCG-
GTCAATGTTGAAAAGCA-3′, and primer 2, 5′-CGGAAT-
TCTCAACGGTTCGCCTTGCGG-3′, for gstRos56-142;
primer 3, 5′-CGGGATCCGCTGTGTCGGTTCGCAAG-
TC-3′, and primer 2bis, 5′-CGGAATTCTCAACGGTTCGC-
CTTGCGG-3′, for gstRos65-142; primer 4, 5′-CGGGATC-
CTCGGTTCAGGACGATC-3′, and primer 2bis forgstRos71-
142; and primer 1 and primer 5, 5′-CGGAATTCTCATTC-
CTTGGCGAGCCGCGAAC-3′, for gstRos56-131. All the
point mutants were generated by PCR-mediated mutagenesis
according to the method of White et al. (30) using a single-
step or double-step reaction. The following primers were
utilized: primer 1, C79AREV 5′-CGAGCCACCACATTC-
CAAAGCGAC-3′, C79AFOR 5′-GTCGCTTTGGAATGTG-
GTGGCTCG-3′, and primer 2bis for C79A; primer 1,
C82AREV 5′-CGAGCCACCAGCTTCCAAACAGACGA-
TATG-3′, C82AFOR 5′-GGAAGCTGGTGGCTCGTTC-
AAGTCG-3′, and primer 2bis for C82A; primer 1, H96AREV
5′-CTTCCGGCGTCATGCTGTGAGCCGTCGTCAGGTG-
GCGTTT-3′, H96AFOR 5′-AAACGCCACCTGACGACG-
GCTCACAGCATGACGCCGGAAG-3′, and primer 2bis for
H96A; primer 1, H97AREV 5′-ATTCTTCCGGCGTCAT-
GCTGGCATGCGTCGTCAGGTGGCG-3′, H97AFOR 5′-
CGCCACCTGACGACGCATGCCAGCATGACGCCGG-
AAGAAT-3 ′, and primer 2bis for H97A; primer 1, H96AH97-
AREV 5′-CTTCCGGCGTCATGCTGGCAGCCGTCGT-
CAGGTGGCG-3′, H96AH97AFOR 5′-CGCCACCTGAC-
GACGGCTGCCAGCATGACGCCGGAAG-3′, and primer
2bis for H96AH97A; primer 1, H92AREV 5′-CGTCAG-
GGCGCGTTTGAGCGACTTGAAC-3′, H92AFOR 5′-CA-
AACGCGCCCTGACGACGCATCACAG-3′, and primer
2bis for H92A; primer 3, R69AK70AREV 5′-GAACCGA-
CGCGGCAACCGACACAGCAGGCTTC-3′, R69AK70-
AFOR 5′-CGGTTGCCGCGTCGGTTCAGGACGATC-3′,
and primer 2bis forgstRos65-142BR2mut; primer 1 and
R125AREV 5′-CGGAATTCTCAACGGTTCGCCTTGCG-
GCGCTGACCGAGACCCATTTCCTTGGCGAGCCGCG-
AAGCGGCTTCGGCATAGGC-3′ for R125A; primer 1,
R127AREV 5′-CGAGCGCCGAACGGGCTTCGGCATAG-
3′, R127AFOR 5′-GTTCGGCGCTCGCCAAGGAAATGGG-
3′, and primer 2bis for R127A; primer 1, R105AK107AREV
5′-CCCATGCTTCGGCATATTCTTCCGGCGTCATG-3′,
R105AK107AFOR 5′-GAATATGCCGAAGCATGGGA-
TCTGCCGGTCG-3′, and primer 2bis for BR3mut; primer
1 and R125AR127AREV 5′-CGGAATTCTCAACGGTTC-
GCCTTGCGGCGCTGACCGAGACCCATTTCCTTGGC-
GAGCGCCGAAGCGGCTTCGGCATAGGCGGGAG-3′ for

BR4mut; primer 1 and R137AR138AK139AREV 5′-CGG-
AATTCTCAACGGTTCGCCGCGGCGGCCTGACCGAG-
ACCC-3′ for BR5mut; and primer 1, K90AR91AREV 5′-
GGTGGGCTGCGAGCGACTTGAACGAGCC-3′, K90AR-
91AFOR 5′-CGCTCGCAGCCCACCTGACGACGCATCAC-
3′, and primer 2bis for K90AR91A.

All the PCR products were digested with the restriction
enzymesBamHI (for gstRos56-142) orBamHI and EcoRI
(all the others) and cloned into aBamHI-digested or a
BamHI- and EcoRI-digested pGEX-6P-1 (Amersham Bio-
sciences) bacterial expression vector. All the plasmids that
were obtained were sequenced to confirm that there were
no mutations in the coding sequences. The fusion proteins
were expressed in theEscherichia coliBL21 host strain,
induced for 2 h in thepresence of 1 mM IPTG at 37°C,
sonicated in 1× PBS (pH 7.4) (31), 1 mM PMSF, 1µM
leupeptin, 1µM aprotinin, and 10µg/mL lysozyme, adjusted
to 1% Triton X-100, and centrifuged for 20 min at 29 000
rcf. The supernatant was then loaded on a glutathione-
Sepharose resin (Amersham Biosciences) according to the
manufacturer’s protocol. Following washes with 1× PBS,
purified fractions were eluted in glutathione elution buffer
[10 mM glutathione, 100 mM Tris (pH 8.0), and 100 mM
NaCl] and used for band-shift assays and ICP-Ms analysis.

To remove the GST from thegstRos56-142 fusion protein,
according to the manufacturer’s advice, a cleavage reaction
mix containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM
EDTA, 1 mM DTT, and 1 unit/100µg of GST fusion protein
of Prescission Protease (Amersham Biosciences) was loaded
on the resin where the fusion protein was bound, incubated
for 12 h at 4°C, and centrifuged for 2 min at 500 rcf, and
the supernatant containing the protein without the GST tag
was then recovered.

The GST protein was expressed by transforming theE.
coli BL21 host strain with the empty pGex-6P-1 plasmid
and purified as described for the other fusion proteins.

The coding sequences for the proteinspetRos56-142 and
petRos56-142H97A, not expressed as GST fusions, were
generated by PCR using as templates the plasmids carrying
the coding sequence forgstRos56-142 andpetRos56-142-
H97A, respectively. The primers utilized were Rosdel56NcoI,
5′-ACATGCCATGGCGGTCAATGTTGAAAAGCA-3′, and
primer 2. The obtained DNA fragments were then digested
with the restriction enzymesNcoI and BamHI, cloned into
the pET-11d vector, and expressed in theE. coli BL21(DE3)
host strain. For NMR spectral analysis, thepetRos56-142
andpetRos56-142H97A proteins were produced as follows.
Uniform (>95%) 15N and 13C labeling was achieved by
growing the cells in a modified minimal medium containing
0.5 g/L 15NH4Cl and/or 0.9 g/L [13C6]glucose as the sole
nitrogen and carbon sources, respectively. The cells were
grown at 37°C until the OD600 equaled 0.6, after which the
protein expression was induced for 2.5 h with 0.7 mM IPTG.
The cells were then harvested, resuspended in buffer A [20
mM Na2HPO4 (pH 6.8)], and lysed by sonication. The crude
cell extracts were clarified by centrifugation at 29 000 rcf
for 40 min, and the supernatant was applied to a Mono S
HR 5/5 cation exchange chromatography column (Amersham
Biosciences) equilibrated with buffer A. The fractions
containing thepetRos56-142 orpetRos56-142H97A protein
were eluted using a gradient (from 0 to 100% over 40 mL)
of buffer B [20 mM Na2HPO4 (pH 6.8) and 1 M NaCl]. The
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pooled fractions containing the proteins were applied to a
HiLoad 26/60 Superdex 75 (Amersham Biosciences) gel
filtration chromatography column (320 mL bed volume)
equilibrated with buffer C [20 mM Na2HPO4 (pH 6.8) and
0.2 M NaCl]. The purified products were then concentrated
using a Centriplus YM-3 (Amicon) concentrator to give a
final concentration of∼1.0 mM. For MALDI analysis, the
PAR-PCMB assay, and circular dichroism experiments, the
proteins were expressed in LB medium and then purified as
described above.

Gel Mobility Shift Analysis.Unless otherwise specified,
500 ng of the purified proteins was incubated for 10 min on
ice with 50 fmol of the labeled duplex oligonucleotide VirC,
5′-GATTTTATATTTCAATTTTATTGTAATATAATTTC-
AATTG-3′, in the presence of 25 mM HEPES (pH 7.9), 50
mM KCl, 6.25 mM MgCl2, 1% NP-40, 5% glycerol, and
200 ng of double-stranded poly(dI/dC-dI/dC) (Roche). After
incubation, the mixture was loaded on a 5% polyacrylamide
gel (29:1 acrylamide:bisacrylamide ratio) and run in 0.5×
TBE (31) at 4 °C (200 V for 135 min). As a nonspecific
competitor for competition experiments, the oligonucleotide
NS, 5′-TGGCCAGGGCCGCGCCGTGGCGGGGCCAGGG-
CGCGGGGCT-3′, was used. The affinity ofgstRos56-142
andpetRos56-142 for the VirC oligonucleotide was measured
by a gel mobility shift assay by performing a titration of the
proteins with the oligonucleotide. In the case ofgstRos56-
142, in a volume of 20µL, 5 pmol of the protein was
incubated with 0.25, 0.5, 0.75, 1.25, and 2 pmol of the duplex
oligonucleotide; in the case ofpetRos56-142 in a volume of
20 µL, 15 pmol of the protein was incubated with 2, 3, 4, 5,
and 6 pmol of the duplex VirC oligonucleotide in the
presence of 10 pmol of the NS oligonucleotide as a
nonspecific competitor. The nonspecific competitor was
necessary to obtain a cleaner data set. Scatchard analysis of
the gel shift binding data was performed to obtain theKd

values. All numerical values were obtained by computer
quantification of the image using a Amersham Biosciences
Typhoon Trio+ apparatus.

MALDI Analysis. To observe thepetRos56-142-zinc
complex at neutral pH and the dissociation of the Zn2+-
petRos56-142 complex at acidic pH, MALDI spectra were
acquired on a Voyager Perseptive Biosystem spectrometer
using 3,5-dimethoxy-4-hydroxycinnamic acid as a matrix.
To change the solution pH, the matrix (2.5 mg) was dissolved
in a water/acetonitrile mixture (7:3, v/v) and in a water (0.1%
TFA)/acetonitrile (0.1% TFA) mixture (7:3, v/v) to yield pH
values of 7.0 and 1.9, respectively. For both sample prepara-
tions, 2µL of a petRos56-142 solution (150 ng/µL) and 4
µL of the matrix were mixed and 2µL of the resulting
solution was deposited on the plate.

PAR-PCMB Assay.Zinc assessment and analysis of the
number of zinc-coordinating cysteines were performed by
using a modified version of the spectrophotometric assay
originally reported by Boyer (32). The assay is based on the
formation of a complex of free zinc and the zinc-complexing
dye 4-(2-pyridylazo)resorcinol (PAR), which produces an
intense red dye (ε500 ) 66 000 M-1 cm-1). To analyze the
amount of free zinc in a wild-typepetRos56-142 solution, 2
nmol of protein was incubated in 500µL of a 100µM PAR,
40 mM metal-free HEPES-KOH (pH 7.5) solution, and the
A500 was monitored using a Hewlett-Packard 8453 spectro-
photometer; theA500 nm obtained value was then subtracted

in the following measurements. To determine the number
of cysteines involved in the zinc coordination, aliquots of 2
nmol of a 4-(chloromercuric)benzoic acid (PCMB) titration
solution (2 µL of a 1 mM solution) were added, and the
changes inA500 were recorded. The 1 mM PCMB stock
solution was obtained by suspending the PCMB powder in
water and treating the solution with sufficient 1 M NaOH to
dissolve the material. PCMB, a strongly sulfhydryl-dissociat-
ing reagent, was used to remove Zn2+ from petRos56-142
by forming mercaptide bonds with thiols, leading to the
release of zinc into the solution where it is immediately
complexed by PAR, thereby turning the solution red (32,
33). The PCMB titration solution was added until all zinc
was released from the protein, as indicated by a constant
A500 signal.

ICP-MS Analysis.The amount of zinc contained ingstRos
proteins was measured by ICP-MS. The recombinant proteins
(15.3 nmol) were eluted in glutathione elution buffer, and
the dried samples were resuspended in 600µL of nitric acid
and heated at 200°C for 30 min to hydrolyze the protein.
The hydrolyzed samples were filled up to 10 mL with 1%
nitric acid and analyzed using ICP-MS (Perkin-Elmer). As
a blank, a sample without the protein was prepared in the
same way.

NMR Experiments.The NMR experiments were recorded
with 0.8 mM samples of uniformly15N-labeledpetRos56-
142 andpetRos56-142H97A, containing 20 mM phosphate
buffer, at pH 6.8 and 25°C, in a 90:10 H2O/2H2O mixture.
1H-15N HSQC spectra were acquired using as transfer delays
a τm [1/(4J)] of 13.8 ms, to obtain the coherence transfer
from the Hε1 and Hδ2 histidine side chain protons to Nε2 and
Nδ1 through the2JHN coupling constant. The spectral width
values were 6000 Hz and carrier at 4.75 ppm (t2) and 8610
Hz and carrier at 175 ppm (t1). The experimental matrix was
1024 × 256 complex data points and was transformed to
yield a final matrix of 4096× 1024 data points.

Circular Dichroism Experiments. A JASCO 700 spec-
tropolarimeter was used to acquire CD spectra at pH 7.0 and
2.6. The spectrum ofpetRos56-142 (0.3 µM) in 20 mM
phosphate buffer containing 40 mM NaCl (pH 7.0) was
recorded in a 0.1 cm path length cell from 260 to 195 nm.
The pH of the sample was adjusted to pH 2.6 with a
concentrated HCl solution. The spectrum of the protein at
pH 2.6 was acquired from 260 to 200 nm using a 0.1 path
length cell. All spectra represent the average of three scans.
CD intensities are expressed as mean residue ellipticities
(decimoles square centimeter per mole). The CD spectrum
of petRos56-142 at pH 7.0 was analyzed for secondary
structure content via a neural network approach (34).

RESULTS

The Ros56-142 Fragment Contains the DNA Binding
Domain.To define the minimal region of the Ros protein
that is able to bind DNA, fragments encoding the full-length
protein (Ros1-142) and different N-terminal deletion mu-
tants (Ros29-142, Ros48-142, and Ros56-142), including
the putative zinc finger motif, were cloned into the pGEX-
6P1 expression vector. The proteins were expressed inE.
coli as a glutathioneS-transferase (GST) fusion and purified.
A gel mobility shift analysis was performed on the purified
proteins to determine their ability to bind DNA. As shown
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in Figure 2A (lane 1),gstRos56-142 protein, as well as the
other proteins that were tested (data not shown), binds the
VirC oligonucleotide, which is derived from the Ros box
present in the virC/D operator (20, 28), producing a single
complex. This result indicates that the N-terminal region of
the protein (from residue 1 to 55) is not required for DNA
binding. The binding specificity of the purifiedgstRos56-
142 protein was demonstrated by competition experiments
with unlabeled oligonucleotides; the complex is challenged
by addition of a 100-fold excess of unlabeled VirC oligo-

nucleotide (Figure 2A, lane 2), but not by the same amount
of an unrelated oligonucleotide sequence (NS, Figure 2A,
lane 3). Similarly,gstRos56-142 is not able to bind the NS-
labeled oligonucleotide when it is used as a probe (Figure
2B, lane 2). Addition of 50 mM EDTA to the binding
reaction (Figure 2A, lane 4) abolishes the DNA binding
activity, suggesting that the binding of the protein to DNA
is metal-dependent. To exclude the possibility that the GST
moiety could influence the DNA capability of the fusion
protein, we proved by gel shift analysis that the Ros56-
142 fragment is able to bind DNA after the GST tag had
been removed (Figure 2C, lane 2). The affinity ofgstRos56-
142 for the VirC oligonucleotide was measured by a gel
mobility shift assay by performing a titration of the protein
with the oligonucleotide. Scatchard analysis of the data leads
to an apparent dissociation constant of 4.2× 10-9 M (Figure
2D). Similar results (Kd ) 6.5 × 10-9 M) were obtained
with the Ros56-142 fragment expressed without the GST
moiety (petRos56-142) (Figure 2E).

To further confirm that the Ros putative zinc finger motif
was involved in DNA binding, we produced agstRos56-
142 double point mutant in which residues Lys90 and Arg91
were substituted with alanine (K90AR91A). These two
amino acids, highly conserved in the bacterial Ros homo-
logues (Figure 1) (19), are located in the region correspond-
ing to the DNA recognitionR-helix in the classical eukaryotic
Cys2His2 ââR fold. As shown in Figure 3, the K90AR91A
mutant does not bind DNA even when used in a 4-fold molar
excess. This result indicates that also residues of the putative
zinc finger motif not involved in zinc coordination are
important for high-affinity DNA binding.

Definition of the Ros Amino Acid Residues InVolVed in
Zinc Coordination.The sequence analysis of the Ros putative
zinc finger clearly suggests that it should represent a novel
type of Cys2His2 zinc finger domain considering that the loop
spacing the second cysteine from the first histidine is 9 amino
acids long as opposed to the invariant 12 amino acids in the
classical Cys2His2 motif present in the eukaryotic proteins.
Chou and colleagues (20) already reported that the Ros
protein is able to bind zinc and that residues Cys82 and His92
are involved in binding a single zinc ion and are essential
for DNA interaction. The role of residue Cys79 as the first
coordination position of the zinc finger domain remained to

FIGURE 2: Analysis of Ros fragment 56-142 DNA binding. (A)
Gel mobility shift analysis ofgstRos56-142 DNA binding. The
DNA binding specificity and zinc requirement for binding have
been investigated. PurifiedgstRos56-142 protein (75 ng) was
incubated with 1 pmol of the labeled VirC oligonucleotide in the
absence (lane 1) or presence of a 100-fold excess of unlabeled
specific oligonucleotide VirC (lane 2), a 100-fold excess of an
unlabeled oligonucleotide with a nonspecific sequence (NS, lane
3), or 50 mM EDTA (lane 4) and then subjected to gel shift analysis.
(B) gstRos56-142 protein was incubated with the labeled VirC (lane
1) and NS (lane 2) oligonucleotides and then subjected to gel shift
analysis. (C) Gel mobility shift analysis of the Ros56-142 fragment
after removal of the GST tag. The purifiedgstRos56-142 protein
(1 µg, lane 1) and the purified Ros56-142 fragment after the
proteolytic cleavage of the GST (1µg, lane 2) were incubated with
10 pmol of labeled VirC oligonucleotide and then subjected to gel
shift analysis. (D) Gel mobility shift titrations ofgstRos56-142 with
the VirC oligonucleotide (see Experimental Procedures) (left) and
Scatchard analysis of the gel shift binding data (right). The ratio
of bound to free DNA is plotted vs the molar concentration of bound
DNA in the reaction mixture. (E) Gel mobility shift titrations of
petRos56-142 with the VirC oligonucleotide (see Experimental
Procedures) (left) and Scatchard analysis of the gel shift binding
data (right).

FIGURE 3: Analysis of the role of zinc finger residues K90 and
R91 in Ros DNA binding. Gel shift analysis of the K90AR91A
mutant protein DNA binding (lanes 2 and 3); where indicated (4×,
lane 3) a 4-fold higher K90AR91A protein concentration was used.
The gstRos56-142 protein was used as a control (lane 1).
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be determined and, more importantly, the fourth coordinating
position needed to be defined, considering that residues His96
and His97 both occupy a position compatible with the zinc
binding role.

Starting from these observations, we decided to perform
a complete analysis of the zinc coordination in this protein
domain. We first confirmed the presence of the Ros56-142-
zinc complex by recording MALDI mass spectra at pH 7.0
and 1.9. In this experiment, the recombinant proteinpetRos56-
142 was used. The spectrum at neutral pH exhibited both
the protonated molecular ion peak, [M+ H]+ (m/z 9934),
and the corresponding Zn2+ complex, [M- H + Zn]+ (m/z
9998) (Figure 4), whereas at acidic pH, at which protein side
chains are no longer able to bind zinc ion, the mass spectrum
exhibited only the protonated molecular ion peak, [M+ H]+

(data not shown).
To directly demonstrate the involvement of the cysteine

residues in zinc coordination, we utilized a modified version
of the protocol previously described by Boyer et al. (32) and
induced zinc release from the Ros protein by treating the
protein with PCMB, a reagent reacting with sulfhydryl
groups. Again thepetRos56-142 protein was used so that
the only cysteines reacting with PCMB were the two located
in the Ros zinc finger motif (see Figure 1A). The zinc release
accompanying the reaction of PCMB with the cysteine
residues was detected by including the Zn2+ complexing dye
4(2-pyridylazo)resorcinol (PAR) in the reaction mixture; Zn-
(II)PAR2 has an absorption maximum at 500 nm (33). The
change inA500 during the titration ofpetRos56-142 with
PCMB in the presence of PAR is shown in Figure 5. The
increase inA500 almost completely ceases after the addition
of 2 equiv of PCMB, indicating that two thiol groups per
protein molecule must be titrated by PCMB to induce
maximum zinc release and so confirming that two cysteine
residues are involved in Zn2+ coordination. If compared with
the data of a titration curve obtained by using a ZnCl2

standard solution, the total increase inA500, obtained after

the addition of 2 equiv of PCMB, corresponds to the release
of 1.05 mol of Zn2+/mol of petRos56-142 (Figure 5) and
confirms the binding of one Zn2+ per Ros molecule.

To further confirm the role of the zinc coordinating
residues in specifying the correct fold of the Ros zinc finger
motif, we produced different mutant proteins in which these
residues were mutagenized to alanines. First, we produced
point mutants of gstRos56-142 in which the putative
coordinating residues Cys79, Cys82, and His92 were sub-
stituted with alanines (C79A, C82A, and H92A, respec-
tively). The purified proteins were analyzed for their DNA
binding activity in a gel mobility shift assay (Figure 6A).
As expected, the mutant proteins were not able to bind DNA
even when used in a 4-fold molar excess, indicating that these
three residues are essential for high-affinity DNA binding
and likely represent the first three zinc coordinating positions,
all necessary for maintenance of the correct fold of the
domain. To determine whether His96 or His97 was the fourth
metal coordinating residue, we produced twogstRos56-142
point mutants in which we replaced either of these residues
with alanine (H96A and H97A). Surprisingly, when we tested
the mutant proteins for their DNA binding ability, both H96A
and H97A mutants were able to bind DNA (Figure 6B, lanes
2 and 3). Reasoning that each of the single mutants still had
a histidine residue available to coordinate the zinc ion in
the fourth position, we produced a double mutant in which
both histidines were substituted with alanines (H96AH97A).
Interestingly, this mutant was not able to bind the VirC
oligonucleotide with high affinity when tested in a gel shift
assay (Figure 6B, lanes 4 and 5). These results suggest that
either one of the histidine residues may function as the fourth
coordinating position alternatively, and only upon elimination
of both residues is the protein structural integrity and
therefore its DNA binding activity compromised.

To determine how much the different mutations of the
coordinating residues affected the ability of the Ros protein

FIGURE 4: MALDI mass spectrum ofpetRos56-142. The matrix
was 3,5-dimethoxy-4-hydroxycinnamic acid. The solvent was water
and acetonitrile (7:3, v/v) at pH 7.0. The spectrum, normalized to
the [M + H]+ signal, exhibited both the protonated molecular ion
peak, [M+ H]+ (m/z 9934), and the corresponding Zn2+ complex,
[M - H + Zn]+ (m/z 9998).

FIGURE 5: PCMB titration of wild-typepetRos56-142 used to
determine the number of cysteine residues involved in zinc
coordination.petRos56-142 (2.0 nmol) was incubated in 0.5 mL
of a reaction solution containing 40 mM metal-free HEPES-KOH
(pH 7.5) and 100µM PAR. PCMB was added with stepwise
addition of 1 equiv of protein. The ratio of PCMB molecules to
petRos56-142 molecules at the different point values is reported
along the abscissa. The Zn2+ release was monitored by following
the increase in absorbance at 500 nm. The right ordinate indicates
the number of nanomoles of Zn2+ released according to the data
of a titration curve obtained using a ZnCl2 standard solution.
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to bind Zn2+, we measured by inductively coupled argon
plasma mass spectrometry (ICP-MS) the amount of metal
ion in the wild-typegstRos56-142 protein and in all the
mutant Ros proteins in which the coordinating residues were
substituted with alanine. As shown in Figure 6C, the content
of zinc ion was significantly reduced in the C79A, C82A,
and H92A mutants and to a lesser extent in the double
mutant, H96AH97A, while single mutants H96A and H97A
were both still capable of binding zinc. These results confirm
the hypothesis that in the Ros zinc finger domain residues
Cys79, Cys82, and His92 represent the first three coordinat-
ing positions and that the domain can fold using either His96
or His97 as the fourth coordinating residue. The observation
that double mutant H96AH97A still binds a certain amount
of zinc, even if the overall structure does not allow it to bind
DNA and likely is not correctly preserved, is consistent with
the previously published results showing that substitution
mutants at the final histidine in the Cys2His2 classical zinc
finger domain retain some ability to fold in the presence of
zinc ion (35).

To understand in the wild-type Ros protein whether His96
or His97 is indeed involved in the coordination of the zinc
ion, we performed a NMR analysis on thepetRos56-142
protein (Figure 7).1H-15N HSQC experiments of wild-type
petRos56-142 and of a mutant version in which His97 was
mutated to alanine (petRos56-142H97A) were carried out
to derive the tautomeric and zinc binding states of the
histidine side chains of the two proteins (Figure 7). This
experiment allows the coherence transfer from Hε1 and Hδ2

to Nε2 and Nδ1 through the2JHN coupling constants. The
analysis of the two1H-15N HSQC spectra was based on
petRos56-142 andpetRos56-142H97A chemical shift as-
signments obtained with standard triple-resonance NMR
experiments (R. Fattorusso et al., manuscript in preparation).
Four histidines are found inpetRos56-142, three located
inside the classical zinc finger consensus sequence and
possibly involved in zinc coordination (His92, His96, and
His97) and one outside (His76) (see Figure 1A). The pattern
of cross-peaks present in the1H-15N HSQC spectrum
(Figure 7, left panel) clearly indicates that inpetRos56-142

FIGURE 6: Analysis of the role of the potential zinc coordinating residues of the Ros zinc finger domain for protein DNA binding.(A) Gel
mobility shift analysis of DNA binding of the C79A, C82A, and H92A mutant proteins (lanes 2-7). ThegstRos56-142 protein was used
as a control (lane 1), and where indicated (lanes 3, 5, and 7), a 4-fold higher concentration of the different proteins was used. (B) Gel
mobility shift analysis of DNA binding of the H96A, H97A, and H96AH97A mutant proteins (lanes 2-5); where indicated (lane 5), a
4-fold higher H96AH97A protein concentration was used. ThegstRos56-142 protein was used as a control (lane 1). (C) Zinc content of the
gstRos56-142 protein and the different protein mutants as determined by ICP-MS analysis. Considering that all the proteins were expressed
as GST fusion proteins, the glutathioneS-transferase protein was used as a control. The blank value was subtracted for each sample (see
Experimental Procedures).
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His92 and His97 imidazoles are Nδ1-H tautomers (i.e., with
Nδ1 protonated and Nε2 unprotonated), commonly found to
bind Zn(II) in the zinc finger domain, with both Nε2 and
Nδ1 chemical shifts typical of zinc binding histidine side
chains (36). Differently, His96 imidazole is a Nε2-H
tautomer, having a Nδ1 chemical shift that is largely out of
the range that is typical for unprotonated nitrogens of zinc
binding histidine. The His76 side chain is a Nδ1-H tautomer,
but as expected, its Nε2 chemical shift is not characteristic
of the zinc coordinating histidine side chain. In thepetRos56-
142H97A mutant, analysis of the1H-15N HSQC spectrum
(Figure 7, right panel) shows that His76 and His92 retain
the same chemical shifts as in the wild-type protein, while
His96 becomes a Nδ1-H tautomer, with both Nε2 and Nδ1

chemical shifts characteristic of zinc binding histidine side
chains. These data therefore demonstrate that inpetRos56-
142 His92 and His97 occupy the third and fourth positions,
respectively, of the zinc coordination whereas inpetRos56-
142H97A the fourth position is taken by His96, whose
tautomeric state is changed after the zinc binding.

Zinc Finger Flanking Basic Regions Are Essential for Ros
DNA Binding. The zinc finger motif present in the Ros
protein is flanked on both termini by highly basic stretches
of amino acids (BR1, BR2, BR3, BR4, and BR5; see Figure
1A). It has previously been demonstrated that in eukaryotic
proteins, such as the SUPERMAN and GAGA proteins, a
single Cys2His2 zinc finger is capable of high-affinity specific
DNA binding but that this binding requires flanking basic
amino acids to stabilize the interaction (17, 18). Using a
series of deletions and point mutations, the role of all the
basic regions present in Ros was investigated. According to
what has been observed in other single zinc finger-containing
DNA binding proteins, the basic regions are here defined as

two or more basic amino acids spaced by no more than one
residue.

To determine the role of the amino acids flanking the Ros
zinc finger domain on the N-terminal side in stabilizing the
interaction with DNA, we analyzed a series of new N-
terminal deletion mutants.gstRos65-142 was still able to bind
DNA (Figure 8A; comparegstRos56-142, lane 1, with
gstRos65-142, lane 2), implying that also the residues from
Ala56 to Pro64, including K61 and K63 (BR1), are not
necessary for the interaction with DNA. Further amino-
terminal deletion resulted in a protein,gstRos71-142, that
is not able to bind DNA with high affinity (Figure 8A, lanes
3 and 4). These results indicate that residues 66-70 of the
Ros protein are important in stabilizing the DNA interaction.
We then focused our attention on basic residues R69 and
K70 (BR2), which have been removed in the Ros71-142
deletion mutant. To test if these amino acid residues were
important for DNA binding, we prepared a mutantgstRos65-
142 protein in which these residues were both substituted
with alanine (gstRos65-142BR2mut) and tested its DNA
binding activity. As shown in Figure 8B, the mutant protein
did not exhibit high-affinity DNA binding. This result implies
that basic residues of the Ros protein flanking the finger
domain on the N-terminal side (BR2, Figure 1A) are
important in stabilizing DNA binding.

We then focused our attention on the basic amino acids
located at the C-terminus of the finger to evaluate if they
also were part of the DNA binding domain and could play
a role in stabilizing the interaction with DNA. First, we
prepared a deletion mutant (gstRos56-131) in which all the
basic residues located at the C-terminus of the protein (BR5)

FIGURE 7: Definition of the role of the His residues in zinc
coordination by NMR analysis. Portions of the1H-15N HSQC
spectra ofpetRos56-142 andpetRos56-142H97A acquired at pH
6.8. The assignments of the cross-peaks reveal that His96 is a
Nε2-H tautomer inpetRos56-142 and becomes a Nδ1-H tautomer
in petRos56-142H97A. Differently, His76 and His92 are Nδ1-H
tautomers in both the proteins as well as His97 inpetRos56-142.
Nitrogen chemical shifts indicate also that zinc ion is coordinated
by His92 and His97 inpetRos56-142 and by His92 and His96 in
petRos56-142H97A.

FIGURE 8: Analysis of the role of the basic residues at the
N-terminus of the zinc finger domain for Ros DNA binding. (A)
Gel mobility shift analysis of DNA binding of the N-terminal
deletion mutantsgstRos65-142 (lane 2) andgstRos71-142 (lanes
3 and 4); where indicated (lane 4), a 4-fold highergstRos71-142
protein concentration was used. ThegstRos56-142 protein was used
as a control (lane 1). (B) Gel mobility shift analysis of DNA binding
of gstRos65-142BR2mut (lanes 2 and 3); where indicated (lane
3), a 4-fold highergstRos65-142BR2mut protein concentration was
used. ThegstRos65-142 protein was used as a control (lane 1).
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were deleted. When tested in a gel mobility shift assay, the
gstRos56-131 protein did not bind the VirC oligonucleotide
with high affinity (Figure 9A, lanes 2 and 3); similarly, a
triple point mutant ofgstRos56-142 in which basic residues
R137, R138, and K139, deleted in Ros56-131, were
substituted with alanine (BR5mut) failed to exhibit specific
high-affinity DNA binding (Figure 9B, lanes 2 and 3). These
results indicate that the stretch of amino acids which are
located at the C-terminus of the protein is important for
stabilization of the interaction with the target sequence. To
determine the role of the other basic regions located at the
C-terminal side of the finger (BR3 and BR4), we prepared
point mutants of thegstRos56-142 protein in which the basic
amino acids constituting these basic regions were substituted.
In BR3mut, the substitutions were R105A and K107A. As
shown in Figure 9C, the BR3mut protein does not bind DNA
even when tested at a 4-fold higher concentration, indicating
that one or both of the mutagenized residues are important
for high-affinity DNA binding.

The mutation in theros gene present in the spontaneous
mutant 4011R ofA. tumefacienshas been shown to be a
single substitution of one of the basic residues of BR4,
Arg125, with a cysteine (29). Interestingly, this mutation
abolishes the protein DNA binding capability, already
suggesting a possible role in DNA binding for Arg125. To
confirm the importance of BR4 in the interaction with the
DNA target sequence, we prepared three different mutant
of the gstRos56-142 protein: a double point mutant,
BR4mut, in which alanines were substituted in place of both
BR4 wild-type arginines in positions 125 and 127, and two
single mutants, R125A and R127A, in which only residues
Arg125 and Arg127, respectively, were substituted. As
shown in Figure 9D, none of these mutants displayed any
DNA binding activity, even when used in a 4-fold molar
excess, suggesting that both R125 and R127 are essential
for Ros high-affinity DNA binding. By mutating R125 to
alanine instead of cysteine, we could exclude the possibility
that the addition of an extra cysteine in the natural mutant

FIGURE 9: Analysis of the role of the basic residues at the C-terminus of the zinc finger domain in Ros DNA binding. (A) Gel mobility
shift analysis of DNA binding of the C-terminalgstRos56-131 deletion mutant (lanes 2 and 3). (B) Gel mobility shift analysis of DNA
binding of BR5mut (lanes 2 and 3). (C) Gel mobility shift analysis of DNA binding of BR3mut (lanes 2 and 3). (D) Gel mobility shift
analysis of DNA binding of BR4mut (lanes 2 and 3), R125A (lanes 4 and 5), and R127A (lanes 6 and 7). In all the experiments, the
gstRos56-142 protein was used as a control (lane 1 of all the panels) and where indicated a 4-fold higher protein concentration was used.
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4011R inhibited the Ros DNA binding simply by interfering
with the correct protein fold around the zinc ion and confirm
a more direct involvement of residue R125 in the DNA
binding activity of the Ros protein. Taken together, these
results imply that basic residues flanking either side of the
Ros zinc finger domain are important in stabilizing the DNA
binding interaction.

The DNA binding domain present in thegstRos56-142
protein, constituted by a noncanonical Cys2His2 zinc finger
motif flanked by four basic regions that are important for
stabilization of its interaction with DNA, represents a novel
type of nucleic acids interaction domain.

To gain more structural information about thepetRos56-
142 protein, CD spectra at pH 7.0 and 2.6 (Figure 10) were
acquired. The spectrum at pH 7.0 displays two mimima at
207 and 223 nm indicating the presence of anR-helix
structure. The deconvolution of this spectrum via a neural
network approach indicates a total structural content (R-helix
and â-structures) of 68% at pH 7.0. This relatively high
content of secondary structure suggests that the Ros region,
including residues 56-142, could consist of a domain larger
than the classicalââR zinc finger domain. Addition of HCl
to thepetRos56-142 solution up to pH 2.6 produces marked
changes in the spectrum: a decrease in the magnitude of
the 222 nm minimum and a shift of the 207 nm minimum
to 200 nm indicating the loss of the secondary structure. All
these changes can be interpreted as the dissociation of the
Zn2+-petRos56-142 complex, which causes the loss of the
domain structure integrity.

DISCUSSION

In this paper, we present the first complete functional
characterization of the bacterial Ros transcriptional regulator
DNA binding domain. This domain is constituted by a single
Cys2His2 zinc binding motif flanked by four basic regions,
one located at the N-terminus and three at the C-terminus,
which all appear to be essential for DNA binding. Interest-
ingly, basic amino acids have been shown to be important
in stabilizing the DNA binding of other types of single zinc
finger domains such as the classical Cys2His2 zinc finger
present in theDrosophilaGAGA factor and in theA. thaliana
SUPERMAN protein and the Cys4 zinc finger present in the

GATA proteins (10, 17, 18, 37, 38). These results, taken
together, confirm that the modality of DNA binding using a
single zinc finger motif flanked by basic residues is
widespread throughout the living kingdom from eukaryotic,
both animal and plant, to prokaryotic, even if in each
kingdom it presents its peculiarity.

The zinc binding motif present in the Ros DNA binding
domain differs from the classical Cys2His2 motif in that there
are 9 amino acids instead of 12 in the loop which separates
the second cysteine from the first histidine (see Figure 1A).
Moreover, the Ros zinc binding motif contains three histidine
residues, two of which are adjacent and occupy a position
compatible with the fourth zinc coordinating position. In this
paper, we present an accurate analysis to define the residues
involved in binding the zinc ion in this new type of zinc
binding domain. By showing that chemical modification of
Cys79 and Cys82 induced the release of zinc from the Ros
protein and substitutions with alanines of Cys79, Cys82, and
His92 residues resulted in the loss of zinc and DNA binding
activity, we clarified that these residues are indeed involved
in zinc coordination. Interestingly, single mutations of either
His96 and His97 do not alter the zinc and DNA binding
ability of the Ros protein, whereas mutation of both residues
abolishes the DNA binding activity and strongly reduces the
zinc coordination capability. These results suggest that either
of the histidine residues, His96 or His97, may function as
the fourth coordinating position alternatively, and only upon
elimination of both residues is the protein DNA binding
activity compromised. By NMR spectral analysis, we
demonstrated that in the Ros wild-type protein, where both
His96 and His97 residues are present, the histidines involved
in zinc coordination are His92, as the third coordinating
residue, and His97 as the fourth, and both bind the ion
through their Nε2 atom. Moreover, when His97 is mutated
in Ala, His96 is able to occupy the fourth position of the
zinc coordination, changing its tautomeric form from the
Nε2-H tautomer, observed in the wild-type protein, to the
Nδ1-H tautomer (Figure 7). Therefore, it is not surprising
that Ros homologues in which either the second or third
histidine is absent have been identified (19), confirming that
both can function in coordinating zinc, conferring a correct
protein folding. Taken together, our results for the zinc
coordination residues present in the Ros protein confirm that
the one present in Ros is a Cys2His2 zinc binding motif. Just
as in the eukaryotic Cys2His2 zinc finger domains, where
the spacer between the first and second histidine can vary
from three to five amino acids (1), also in the prokaryotic
domains the correct folding is possible with a variable spacer
between the third and the fourth zinc coordination position
(three to four residues).

By showing that the mutant protein K90AR91A, in which
Lys90 and Arg91 of the zinc finger motif were substituted
with alanines, does not bind DNA, we have demonstrated
that not only the zinc coordinating residues but also amino
acids located in the putative DNA recognition helix are
essential for DNA binding. Moreover, in the case of the Ros
protein, we have proved that amino acids included in a region
of ∼70 amino acids, comprising the four basic stretches and
the zinc binding motif, are part of the DNA binding domain.
So far, in neither of the eukaryotic single zinc finger-
containing DNA binding motif have so many flanking basic
stretches been demonstrated to be necessary for high-affinity

FIGURE 10: CD spectra ofpetRos56-142 (0.30µM) at pH 2.6
(- - -) and 7.0 (s).
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DNA binding. Interestingly, the basic regions that we have
identified as being important for Ros DNA binding are all
completely or partially conserved in the other bacterial Ros
homologues (ref21 and Figure 1B), confirming a similar
DNA binding modality between these proteins. The exact
role of the basic residues as well as the role of the residues
present in the zinc finger motif in stabilizing the interaction
with the DNA target sequence remains to be defined. In fact,
for all of these residues, whether they play a role in
contacting the DNA or contribute in maintaining the con-
formational integrity of the domain must be determined. In
this regard, our CD data suggest that a large part of the Ros
DNA binding domain has a defined secondary structure. This
would indicate not only that the zinc finger region is folded
in the absence of DNA but also that other secondary structure
elements might be present in the Ros56-142 region. Whether
the zinc binding region present in the Ros protein and in the
other bacterial homologues is indeed a domain, able to fold
in the presence of zinc in a manner independent of the rest
of the protein, remains to be determined. Considering all the
differences between the bacterial Cys2His2 zinc binding motif
and the eukaryotic counterpart evidenced by our biochemical
and preliminary structural data, in fact, we can now
hypothesize that the zinc finger present in these bacterial
proteins is part of a larger domain that could be significantly
different from the ones so far characterized. Structural
characterization of the Ros DNA binding domain will be of
fundamental interest in clarifying the differences between
the prokaryotic and eukaryotic zinc finger binding modules
and will help in elucidating the mechanism of the interaction
with DNA.
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