
Saccharomyces cereVisiae Hop1 Protein Zinc Finger Motif Binds to the Holliday
Junction and Distorts the DNA Structure: Implications for Holliday Junction

Migration†

Pankaj Tripathi,‡ Debnath Pal,§ and K. Muniyappa*,‡

Department of Biochemistry and Bioinformatics Center, Indian Institute of Science, Bangalore 560012, India

ReceiVed June 3, 2007; ReVised Manuscript ReceiVed August 12, 2007

ABSTRACT: Saccharomyces cereVisiaeHOP1, which encodes a component of synaptonemal complex, plays
an important role in crossing over between homologues. Hop1p contains a zinc finger motif, and substitution
of a conserved Cys371by Ser rendered thehop1mutant allele defective in sporulation and meiosis. However,
the molecular mechanism underlying the function of Hop1 zinc finger motif (ZnF) remains obscure. Here
we show that wild-type Hop1 ZnF binds significantly better to the Holliday junction compared with other
recombination intermediates. Consequently, the salt titration midpoint for dissociation of the Holliday
junction-ZnF complex was higher than the complexes containing flush-ended linear or tailed duplex
DNA. Although DNase I footprinting showed that Hop1 ZnF binds to each of the four arms of the junction,
KMnO4 probing and 2-aminopurine fluorescence emission data disclosed that it distorts the DNA structure
along a pair of symmetrical arms. Molecular modeling studies show that Hop1 ZnF forms a unique zinc-
binding fold, reminiscent of the basic helix-loop-helix motif. In the presence of Zn2+, docking studies
show thatR helix 1, which is replete with basic amino acid residues, makes stabilizing contacts with the
sugar-phosphate backbone. Structural comparison revealed a striking similarity between RecG wedge
domain and Hop1 ZnF motif. We propose that Hop1 ZnF motif plays a key role in the physical monitoring
of recombination intermediates and branch migration of the Holliday junction.

Zinc fingers, one of the most abundant DNA-binding
motifs found in eukaryotes, recognize a wide variety of
different DNA sequences and regulate a broad range of
biological functions (1-4). Detailed characterization of a
relatively small subset of these proteins has implicated ZnF1

motifs in several cellular functions. Bioinformatics analysis
of the human genome estimates approximately 3% of the
∼32 000 predicted open reading frames encode proteins
containing zinc fingers (5). Similar analysis suggests that
0.7% of theSaccharomyces cereVisiae genome potentially
encodes zinc cluster proteins (6, 7). Many of these proteins
are transcriptional regulators of genes involved in a wide
variety of cellular processes including metabolism of com-
pounds such as amino acids and sugars, as well as control
of meiosis and multidrug resistance, to name just a few (8).

In addition, many yeast genes encode putative zinc finger
motif-containing proteins whose function is poorly under-
stood. These motifs play a number of different roles, in the
catalytic mechanism, or mediate a wide variety of DNA
binding, RNA binding, and protein-protein interactions
(1-4). ZnFs are also very important for the structure and
function of nucleic acids. The most commonly recognized
role of zinc finger motifs is in protein-DNA binding,
specifically to G-rich sequences through the major groove,
and activation of transcription (1-4).

A combination of studies has revealed the existence of
several families of zinc finger motif-containing proteins (3,
4). Currently, the PROSITE database lists 64 families of zinc
fingers such as C2H2, C3H, C4, and C6-type zinc finger motifs,
based on the number and positions of Cys and His residues.
The structure of a typical motif is characterized by folding
of a∼30 amino acid residue peptide into a short two-stranded
antiparallelâ sheet followed by aR helix with the aid of
the Zn2+ in a tetrahedral coordination (1-4). Many natural
zinc finger proteins contain multiple DNA binding zinc
fingers, but some have as many as 37, joined by small peptide
linkers (1-4). Several lines of evidence indicate that two to
three tandem zinc fingers are necessary for specific binding
without participation of any other domain. However, there
are two exceptions to this general rule: the single zinc finger
embedded in theDrosophila melanogasterGAGA transcrip-
tion factor and the QALGGH ZnF motif of theArabidopsis
thaliana SUPERMAN protein are capable of sequence-
specific DNA binding (9, 10). In both cases, flanking basic
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residues providing further contacts with the target sequences
stabilize the DNA binding of the finger domain. To our
knowledge, ZnF motifs have not been shown to interact with
recombination intermediates including the Holliday junction.

S. cereVisiae HOP1, which encodes a component of
synaptonemal complex (SC) lateral elements, plays an
important role in both gene conversion and crossing over
between homologues as well as enforcing checkpoint controls
over the progression of meiotic recombination intermediates
(11-14). SC, at least in part, is believed to provide a scaffold
for the pairing of meiotic chromosomes along their lengths
(15). Hop1 protein, which belongs to the family of DNA-
binding HORMA (for Hop1p, Rev7p, and MAD2) domain
proteins, forms homodimers and hetero-oligomers with Red1
as well as Mek1, and co-inhabits with Red1 discrete sites
on axial elements that serve as precursors to lateral elements
(17-19). Genetic and biochemical studies indicate that Hop1
contains a single C4 zinc finger motif embedded in the center
of the 605-residue protein, and substitution of a conserved
Cys371 by Ser in this motif rendered thehop1mutant allele
defective in sporulation and meiosis (11, 16, 20). These
findings support the hypothesis that the Hop1 ZnF motif
plays a key role in both gene conversion and crossing over
between homologues as well as monitoring the progression
of meiotic recombination intermediates. Furthermore, char-
acterization of in-frame mutations located at specific sites
throughout theHOP1open reading frame revealed that Hop1
functions in a multimeric complex (21). However, the
molecular mechanism by which Hop1 ZnF participates in
these nuclear events remains obscure.

Recently, we showed that full-length Hop1 protein binds
selectively to the HJ, resulting in DNA conformational
changes at the junction (22). Bioinformatics analysis of
Hop1p sequence disclosed the presence of a putative zinc
finger motif (11). To gain insights into the role of Hop1 ZnF
in full-length Hop1 function, we employed a combination
of biochemical, structural, and modeling approaches to
examine the function of wild-type and mutant Hop1 ZnF
motifs. This approach is especially important for the study
of Hop1p because its three-dimensional structure has yet to
be determined. In addition, insights into the different modes
of interaction of Hop1 ZnF with recombination intermediates

will be important for understanding how Hop1p coordinates
the processes of crossing over and gene conversion. Bio-
chemical and molecular modeling data indicate that Hop1
ZnF binds to each of the four arms of the junction, while
chemical probing and fluorescence emission data dis-
close that it distorts the DNA structure around the junction
along the two symmetrical arms. These results have im-
portant biological implications for meiotic recombination
since they establish a direct link between Hop1 ZnF and the
processes of branch migration and Holliday junction resolu-
tion.

MATERIALS AND METHODS

DNA and Hop1 Zinc Finger Motifs.All reagents used were
of analytical grade. T4 polynucleotide kinase was obtained
from New England Biolabs. Biochemicals and oligonucleo-
tides (Table 1A) were obtained from Sigma. Oligonucleo-
tides (ODNs) were labeled at the 5′ end by use of [γ-32P]-
ATP and T4 polynucleotide kinase. Radiolabeled ODNs were
purified by electrophoresis on 8% polyacrylamide gels in
the presence of 8 M urea. DNA was dissolved in 10 mM
Tris-HCl buffer (pH 7.5) containing 1 mM EDTA, and the
concentrations are expressed in moles of nucleotide residues.
Holliday junctions, Y-shaped substrates, and other intermedi-
ates were prepared and characterized as described (23, 24).
Briefly, stoichiometric amounts of four purified ODNs were
annealed by incubation in 0.3 M sodium citrate buffer (100
µL), pH 7, containing 3 M NaCl for 3 min at 95°C, followed
by slow cooling to 20°C for 4 h. To prepare HJ, ODN1
was mixed with ODN2, -3, and -4; 3-way junction (ODN2,
-3, -5 and -6); 5′-flap (ODN2, -3, and -5); Y-shaped (ODN2
and -3); blunt-end duplex (ODN1 and -7); and 3′-overhang
duplex DNA (ODN2 and -6). In the case of 2-AP-containing
ODNs (Table 1B), the nonlabeled strands were in slight
excess to ensure that the modified strand would be com-
pletely incorporated into the HJ. The annealing mixture was
electrophoresed on a 6% polyacrylamide gel in 89 mM Tris-
borate buffer (pH 8.3) containing 1 mM EDTA at 10 V/cm
for 3 h. The annealed bands were excised from the gel, eluted
into TE buffer (10 mM Tris-HCl, pH 7.5, and 1 mM EDTA),
and precipitated with 0.3 M sodium acetate (pH 5.2) and

Table 1: Sequences Used in This Studya

(A) Sequences of Oligonucleotides Used in This Study
ODN1 5′ GCCGTGATCACCAATGCAGATTGACGAACCTTTGCCCACGT 3′
ODN2 5′ GACGTGGGCAAAGGTTCGTCAATGGACTGACAGCTGCATGG 3′
ODN3 5′ GCCATGCAGCTGTCAGTCCATTGTCATGCTAGGCCTACTGC 3′
ODN4 5′ GGCAGTAGGCCTAGCATGACAATCTGCATTGGTGATCACGG 3′
ODN5 5′ GCAGTAGGCCTAGCATGACAA 3′
ODN6 5′ TTGACGAACCTTTGCCCACGTC 3′
ODN7 5′ ACGTGGGCAAAGGTTCGTCAATCTGCATTGGTGATCACGGC 3′

(B) Sequences of 2-AP Oligonucleotides Used in This Studya

ODN8 5′ GCCGTGATCACCAATGCAGATTGACGAACCTTTGCCCACGT 3′
ODN9 5′ GCCGTGATCACCAATGCAGATTGACGAACCTTTGCCCACGT 3′
ODN10 5′ GCCGTGATCACCAATGCAGATTGA CGAACCTTTGCCCACGT 3′
ODN11 5′ GCCGTGATCACCAATGCAGATTGACGAACCTTTGCCCACGT 3′
ODN12 5′ GCCGTGATCACCAATGCAGATTGACGAACCTTTGCCCA CGT 3′
ODN13 5′ GACGTGGGCAAAGGTTCGTCAATGGA CTGACAGCTGCATGG 3′
ODN14 5′ GCCATGCAGCTGTCAGTCCATTGTCATGCTAGGCCTACTGC 3′
ODN15 5′ GGCAGTAGGCCTAGCATGACAATCTGCATTGGTGATCACGG 3′
ODN16 5′ GGCAGTAGGCCTAGCATGACAATCTGCATTGGTGATCACGG 3′

a Underlined A residues denote positions of 2-AP substitution.
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95% ethanol. The pellet was washed with 70% ethanol, dried,
and resuspended in 20µL of TE buffer. The identity of
recombination intermediates was confirmed by restriction
digestion (data not shown). Wild-type and mutant Hop1 ZnF
peptides were custom-synthesized by Genemed Synthesis,
Inc. The peptides were dissolved in buffer containing 10 mM
Tris-HCl (pH 7.5) and 1 mM DTT, and their concentrations
were determined atA275nm (ε275 of Tyr ) 1420 M-1 cm-1

andε275 of Cys) 145 M-1 cm-1). S. cereVisiaeHop1p (20)
and BLM helicase (25) were purified and their concentration
was determined as described (20, 25).

Electrophoretic Mobility Shift Assays.Reaction mixtures
(20µL) contained 20 mM Tris-HCl (pH 7.5), 0.1 mM ZnCl2,
5′-32P-labeled DNA (30 nM), 50 mM NaCl, and increasing
concentrations of wild-type or mutant ZnF motifs. For
homologous and heterologous competition experiments, all
components were premixed with the indicated competitor,
prior to the addition of Hop1 ZnF, and reactions were
incubated for 30 min at 30°C. Samples were electrophoresed
through 8% native polyacrylamide gels in 45 mM Tris-
borate (pH 8.3) containing 1 mM EDTA at 10 V/cm for 3-6
h at 4 °C. The gel was dried and exposed to a Fuji Phos-
phorImager screen, and the bands were visualized by use of
the software supplied by the manufacturer. The percentage
of bound DNA was determined with UVI BAND MAP and
plotted in GraphPad Prism against Hop1 ZnF concentration.

DNA Helicase Assays.Reaction mixtures (20µL) con-
tained 5′- 32P-labeled HJ (10 nM) 50 mM Tris-HCl (pH 7.5),
50 mM NaCl, 5 mM MgCl2, 5 µg/mL BSA, 2 mM ATP, 1
mM DTT, and indicated amounts of BLM helicase, Hop1p,
or Hop1 ZnF. Samples were incubated for 30 min at 30°C.
Reaction was stopped by the addition of stop solution [150
mM EDTA, 2% (w/v) SDS, 30% (v/v) glycerol, and 0.1%
(w/v) bromophenol blue]. Samples were loaded onto an 8%
polyacrylamide gel and electrophoresed for 3 h at 10V/cm
in Tris-borate buffer (pH 8.3). The bands were visualized
as described above.

DNase I Footprinting.DNase I footprinting was performed
as described (28). Reaction mixtures (20µL) contained 5′-
32P-labeled HJ (100 nM) in 20 mM Tris-HCl (pH 7.5), 0.1
mM ZnCl2, and increasing concentrations of wild-type Hop1
ZnF. Samples were incubated for 30 min at 30°C. A solution
(10µL) containing 1 mM MgCl2 and 5 mM CaCl2 was added
prior to the addition of 0.005 unit/µL DNase I. After 1 min
at 24 °C, the reaction was stopped by the addition of 100
µL of stop solution (20 mM EDTA, 5% SDS, 200 mM NaCl,
and 25µg/µL calf thymus DNA). DNA was precipitated with
ethanol and resuspended in formamide loading dye [80%
(v/v) formamide, 0.1% (v/v) BPB, and 0.1% (v/v) xylene
cyanol]. DNA was heat-denatured and analyzed on a 16%
polyacrylamide gel containing 7 M urea. The gel was dried
and the bands were visualized by autoradiography on Kodak
XAR film.

Glutaraldehyde Cross-Linking of Hop1 and Hop1 ZnF.
Reaction mixtures (50µL) contained 20 mM Tris-HCl (pH
7.5), 1 mM ZnCl2, freshly diluted 0.005% glutaraldehyde,
and 0.25µM full-length Hop1 or 5µM Hop1 ZnF. After
incubation at 24°C for various times, the samples were
diluted into gel loading buffer, incubated at 95°C for 5 min,
and analyzed by 7% or 17.5% SDS-PAGE for Hop1p and
Hop1 ZnF, respectively. The products were visualized by
staining with silver nitrate (27).

Fluorescence Measurements.Reaction mixtures contained
20 mM Tris-HCl (pH 7.5), 0.1 mM ZnCl2, HJ (100 nM)
bearing 2-aminopurine at indicated positions, and increasing
concentrations of Hop1 ZnF in a total volume of 300µL.
Steady-state fluorescence spectra were recorded on a Jobin
Yvon (Horiba) Fluromax-3 fluorometer. The emission spectra
were obtained by excitation at 315 nm. The emission spectra
were recorded in the range of 330-450 nm at 1 nm intervals.
The excitation and emission monochromators were set with
band passes of 5 and 6 nm, respectively. The emission spectra
were corrected for lamp fluctuation and instrumental varia-
tion. Tryptophan fluorescence and background emission was
corrected by subtractions of control spectra, where 2-ami-
nopurine fluorophore was replaced by adenine. All measure-
ments were performed at 30°C in a 5× 5 mm cuvette.

Chemical Probing with Potassium Permanganate.Reac-
tion mixtures (20µL) contained 20 mM Tris-HCl (pH 7.5),
0.1 mM ZnCl2, 100 nM 5′-32P-labeled HJ, and increasing
concentrations of wild-type Hop1 ZnF. Samples were
incubated for 30 min at 30°C. Thymine modification was
initiated by the addition of KMnO4 to a final concentration
of 1.5 mM, and the samples were further incubated for 2
min at 25°C. In control reactions, water was substituted for
KMnO4. Reaction was quenched by the addition of 50µL
of stop solution [1.5 M sodium acetate (pH 5.2), 1 M
2-mercaptoethanol, and 25µg/µL calf thymus DNA]. DNA
was precipitated with ethanol and collected by centrifugation,
and the pellet was dried under vacuum. Modified bases were
cleaved with 1 M piperidine (100µL) for 30 min at 90°C,
and piperidine was removed under vacuum. The A+ G
molecular weight ladder was prepared as described (28).
Pellets were resuspended in formamide loading buffer and
loaded on a 16% polyacrylamide/7 M urea sequencing gel
in Tris-borate buffer. Electrophoresis was performed at 1800
V for 1 h.

Modeling of Hop1 ZnF and Holliday Junction.Two 36-
amino-acid peptides, corresponding to the wild-type and
mutant sequences of Hop1 protein ZnF motif, were used to
model the 3D structure. GENTHREADER (29) (http://
bioinf.cs.ucl.ac.uk/psipred/psiform.html) was used to assess
the putative fold as a helix-loop-helix structure. A similar
search with the 3DPSSM algorithm (30) also yielded 17
helix-loop-helix patterns among the top 20 results. The
p-value of the alignments was not significant (>0.5) in both
cases, which was not unexpected when the short length of
the match is considered. However, a combined assessment
of alignments suggests that the results cannot be by chance
alone, especially when different sets of proteins are picked
up by the two methods. To further check whether indeed
any secondary structure other than helix is preferred for the
Hop1 ZnF, we used an algorithm that uses only the
environment of an amino acid position within a known 3D
protein structure to align and score a probe amino acid
sequence to a library of templates (31). The results showed
two top-ranked hits from the Protein Data Bank: 1PB6 and
1TAE spanning helix-loop-helix motifs at a statistically
significant Z-score of 3.4. We checked other publicly
available programs as well, but results of secondary structure
prediction and tertiary structure modeling could not accom-
modate the zinc coordination geometry. Our final structure
built on a helix-loop-helix template was corrected for steric
clashes and did not have any residue outside the Ramachan-
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dran allowed region. There was maximum change in
conformation around the loop region for minimizing steric
clashes. The model was manually checked for consistency
against canonical DNA binding helix-loop-helix motifs
(32). Presence of positiveφ torsion in Gly361, burial of
hydrophobic residues (Val344, Leu345, Ile375) and (Leu355,
Ile358, Leu364, Ile368); and absence ofâ-branched residue
at the wedge position of the helix-loop-helix motif were
some of the properties checked.

The PDB template of a three-way DNA junction (1EZM,
NMR-derived) was used as a starting block to construct four-
way junctions. The duplex at the T base of the three-way
junction was truncated, and two such truncated junctions
were connected to make a four-way junction. For open-
square HJ, the DNA helices were placed approximately in
the same plane. For X-stacked-like conformation, the helices
were placed such that the approximate angle between the
planes containing each of the two DNA helices was 60°.
The structures were geometry-optimized to minimize steric
clashes. There was minimal cross-helical stacking, with the
nearest cross-helical distance between phosphate oxygen at
5 Å near the junction. A three-way junction was preferred
as a starting template in place of a four-way junction due to
lack of a suitable NMR-derived template or a template
derived from DNA junction crystallized without the protein
molecule. Such choice of templates was necessary to be
consistent with our experimental work involving ZnF and
Holliday junction, where the size of the DNA molecule
exceeded the protein. The model built was subjected to
energy minimization to ensure proper stereochemistry and
stable configuration of the molecule. The atoms were
assigned Gastieger-Huckel charges for docking studies. The
program DOCK (Version 5.2, http://dock.compbio.ucsf.edu)
was used scan the docking sites. Briefly, an all-atom
representation of the structure was used for the calculations.
Default parameters with a flexible ligand and multiple
anchors were used for docking. A minimum anchor size of
10 was used to sample as many docking sites as possible.
The ligand was not minimized on docking prior to energy
calculation. A 6-12 energy potential was used to calculate
the van der Waals energy. Chemical scoring was not used.
All docked conformations with negative binding energies was
short-listed and plotted for evaluation.

RESULTS

Preferential Binding of Hop1 Zinc Finger Motif to the
Holliday Junction. S. cereVisiae Hop1 protein zinc finger
motif, hereafter referred to as Hop1 ZnF, spans residues
348CX2CX19CX2C374. We generated two 36-mer peptides: the
wild-type ZnF motif encompassing residues 343-378 and
its corresponding C371S mutant. Previously, we showed that
the wild-type peptide, but not the C371S mutant peptide,
was able to bind Zn2+ at a stoichiometric ratio (33). The
DNA substrates used in the present experiments encompassed
an immobile HJ containing four 20-bp arms; a three-way
junction with three 20-bp arms; a flap structure containing
40-bp duplex with a 20-nucleotide 5′-flap single strand; a
40 bp linear duplex DNA; a Y-shaped junction containing a
20-bp duplex region with two 20-nucleotide heterologous
single strands; and a 20 bp double-stranded DNA with a 20
nucleotide 3′ single-strand overhang. They were characterized
as described (23, 34).

Hop1p binds selectively to the HJ, resulting in DNA
conformational changes at the junction (22). We have used
similar substrates and assays to explore the binding of its
putative ZnF to the HJ. The binding of Hop1 ZnF was
performed by mixing a fixed amount of radiolabeled DNA
with increasing concentration of ZnF and assaying as
described under Materials and Methods. Hop1 ZnF was able
to form a complex with each DNA substrate. However, Hop1
ZnF bound significantly better to the Holliday junction
compared with other recombination intermediates (compare
Figure 1, panel A with panels B-G). Control experiments
showed that the shifted bands failed to form in the presence
of 0.1% SDS and 0.1 mg/mL proteinase K, indicating that
slow migration was not due to changes in the secondary
structure of DNA (data not shown). Under identical condi-
tions, the C371S mutant peptide failed to bind HJ (Figure 1,
panel G) or other types of recombination intermediates (data
not shown). The loss of HJ-binding activity of the mutant
Hop1 ZnF is consistent with the inability ofhop1 C371S
null mutant to complete recombination in vivo (12, 13).
Densitometric quantification of DNA-ZnF complexes con-
firmed the concentration-dependent binding of Hop1 ZnF
to the indicated recombination intermediates (Figure 1, panel
H). These data indicate that binding of Hop1 ZnF to the HJ
and to other recombination intermediates is weak, and the
binding preference of Hop-ZnF for HJ> three-way junction
g5′-flap structure> linear duplexgY-shaped junctiong
duplex DNA with single-strand overhang. However, peptides
have been shown to bind to the HJ with low affinity.
Examples of these include hexa- and octapeptides that
specifically bind and interfere with the resolution of HJ in
λ-integrase and Cre-loxP, Flp-FRT recombination pathways,
and resolution of the Holliday junction by vaccinia topo-
isomerase andEscherichia coli RuvABC resolvasome
(35-37).

Under similar conditions, we measured the apparent
dissociation constant (Kd) for the formation of the DNA-
ZnF complexes as described (38). The reaction mixtures
contained a fixed amount of the indicated radiolabeled DNA
substrate and varying amounts of Hop1 ZnF. Analysis of
data showed thatKd values varied significantly with the type
of the recombination intermediate. We obtained an apparent
dissociation constant of 1.6µM for the HJ, while it was 2-3-
fold higher for other recombination intermediates (Table 2).
The sensitivity of peptide-DNA complex to salt is a relative
measure of the affinity of the peptide to DNA. The effect of
salt on binding was measured by varying the concentration
of NaCl in the incubation buffer from 0 to 0.75 M. The data
in Figure 2 indicate that the salt titration midpoint for Hop1
ZnF binding to the HJ is∼0.3 M, whereas it was<0.1 M
for the tailed duplex DNA. Competition binding studies
confirmed that HJ-ZnF complexes were much more stable
in the presence of excess of unlabeled 5′-flap DNA or linear
duplex DNA (data not shown). Because of the preferential
binding of Hop1 ZnF to HJ, the central intermediate of
meiotic recombination, we have chosen to focus on this
structure with the wild-type Hop1 ZnF in studies described
below.

Hop1 ZnF Impedes the Resolution of Holliday Junction
by RecQ Helicase.We have previously demonstrated that
binding of Hop1p to the HJ blocked its unwinding by BLM
helicase (22). We assessed whether binding of Hop1 ZnF
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inhibits unwinding of HJ by BLM helicase by using an assay
that measures the resolution of HJ into various intermediates.
We incubated HJ, radiolabeled at the 5′ end of all four
strands, with increasing concentrations of BLM helicase. The
reaction products were resolved by PAGE and visualized
by autoradiography. Control reactions showed that 10 nM
BLM helicase was able to convert nearly all of the HJ into
unwinding intermediates (Figure 3, lane 4). In such an assay,
Hop1p blocked unwinding of the HJ in a concentration-
dependent manner (Figure 3, lanes 5-8). Similarly, Hop1
ZnF was able to confer protection to HJ against unwinding
but required substantially higher concentrations (Figure 3,
lanes 9-12). Importantly, Hop1p and its ZnF produced an
identical pattern of intermediates. For comparison, we also

tested the ability of Hop1 ZnF mutant to confer protection
to HJ and observed that it was unable to inhibit unwinding
by BLM helicase (data not shown). These results corroborate
with the gel mobility data and confirm specific interaction
of Hop1 ZnF with HJ.

Correlation of Weak Binding to the Oligomerization State
of Hop1 ZnF.Having demonstrated the ability of Hop1 ZnF
to interact with HJ, we next explored the possible structural
basis for the low specificity of Hop1 ZnF to the HJ and other
recombination intermediates (Table 2). One possibility is that
protein-protein interactions outside the Hop1 ZnF might
contribute to robust binding and substrate selectivity. The
low selectivity therefore might result from the absence of
other domains of the Hop1p. Genetic studies have shown
that interactions between Hop1 monomers are important for
its function (21). Consistent with the in vivo correlates, our
in vitro findings showed that Hop1 dimer is the stable form
in solution and oligomerization increases its affinity to DNA
(20). Therefore, it remained possible that weak binding of
Hop1 ZnF to the HJ may directly result from its inability to
form stable homodimers or oligomers. The potential for
homodimerization of Hop1p and Hop1 ZnF was addressed
by covalent protein-protein cross-linking with glutaralde-
hyde. Figure 4 shows that, in the presence of glutaraldehyde,
Hop1p was able to form homodimers. However, under
similar conditions, Hop1 ZnF remained monomeric even after

FIGURE 1: Hop1 ZnF binds preferentially to the Holliday junction compared with other recombination intermediates. Reactions mixtures
contained 30 nM of the indicated 5′-32P-labeled substrate in the absence (lane 1) or presence of 0.5, 1, 1.5, 2, 2.5, 3, 4, or 5µM wild-type
or mutant Hop1 ZnF motif (lanes 2-9, respectively). The symbol on top of the gel image denotes increasing amounts of wild-type or
mutant Hop1 ZnF motifs. Reaction products were separated as described under Materials and Methods.(A) HJ; (B) 3-way junction; (C)
5′-flap; (D) linear duplex DNA; (E) Y-shaped DNA; (F) 3′-tailed duplex DNA; (G) HJ in the presence of hop1 mutant ZnF motif. The
positions of free DNA and Hop1 ZnF-DNA complexes are indicated on the left-hand side. (H) Graphical representation of Hop1 ZnF
binding to different recombination intermediates. The extent of formation of Hop1 ZnF-DNA complex in panels A-G is plotted against
varying concentrations of Hop1 ZnF. Error bars indicates SEM.

Table 2: Dissociation Constants for Hop1 ZnF Motif Binding to
Different Recombination Intermediates
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2 h of incubation. Taken together, we propose that Hop1
binding to DNA involves a bipartite substrate recognition
mechanism: the ZnF is the principal structural determinant
involved in DNA binding, while other domains of Hop1p
may serve to provide DNA structure selectivity and stability.

Hop1 ZnF Binds to the Core of a Holliday Junction.The
Holliday junction free in solution is structurally polymorphic
(36-38). In low-salt buffers and in the absence of divalent
cations, HJ extends into open conformation. On the other

hand, the Holliday junction folds into a stacked X-structure
in the presence of divalent cations. In the latter, two of the
strands run continuously through a given pair of stacked
helices, whereas the other two stands are exchanged between
helical pairs (39-41). We performed DNase I footprinting

FIGURE 2: Effect of NaCl on the stability of Hop1 ZnF-DNA complexes. Reaction mixtures contained 30 nM of the indicated 5′-32P-
labeled DNA substrate and 1µM Hop1 ZnF motif. After incubation for 30 min, additional NaCl was added to a final concentration of 0.05,
0,1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, or 0.75 M (lanes 3-11, respectively). After 10 min with NaCl, samples were electrophoresed on a
polyacrylamide gel and visualized by autoradiography as described under Materials and Methods. (E) Extent of dissociation of Hop1
ZnF-DNA complex containing the indicated recombination intermediate is plotted against varying concentrations of NaCl. Error bars
indicate SEM.

FIGURE 3: Hop1p or Hop1 ZnF impedes the resolution of Holliday
junctions by BLM helicase. Reaction mixtures contained 10 nM
5′-32P-labeled HJ (lane 1) and the specified concentrations of Hop1p
or Hop1 ZnF and BLM helicase as indicated at the top of each
lane. The products were separated by PAGE as described under
Materials and Methods. The structures of different intermediates
generated in the course of the dissolution of HJ are shown on the
right-hand side.

FIGURE 4: Glutaraldehyde cross-linking. (A) Cross-linking of
Hop1p. The reactions were performed as described under Materials
and Methods. Lane 1, molecular weight standards; lane 2, Hop1p
incubated for 30 min in the absence of glutaraldehyde; lanes 3 and
4, full-length Hop1 incubated with 0.005% glutaraldehyde for the
indicated time intervals. (B) Cross-linking of Hop1 ZnF motif. Lane
1, molecular weight standards; lane 2, Hop1 ZnF incubated for 2
h in the absence of glutaraldehyde; lanes 3-5, Hop1 ZnF incubated
with 0.005% glutaraldehyde for the indicated time intervals. The
positions of different molecular weight standards are shown on the
left-hand side.
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to examine the site of binding of Hop1 ZnF to the Holliday
junction. Each strand of HJ DNA radiolabeled at the 5′-end
was analyzed independently in the absence or presence of
increasing amounts of Hop1 ZnF. The reaction conditions
were essentially the same as for the EMSA except that the
binding buffer contained 1 mM MgCl2. All four strands of
HJ DNA showed regions of protection, and the extent of
protection increased with increasing amounts of Hop1 ZnF.
Although the extent and pattern of protection showed strand
variability, a clear region of protection was evident on both
5′ and 3′ sides of the HJ center (Figure 5, lanes 3 and 4).
However, the area of protection is more extensive on the
exchanging strands (Figure 5, strands 1 and 3) than the
continuous strands (strands 2 and 4). The overall size of the
Hop1 ZnF footprint is in the range of 9-18 bp. Examination
of the protected regions revealed approximately 4-fold
symmetry around the junction center.

Chemical Probing of Hop1 ZnF-Holliday Junction Com-
plex.To determine whether chemical probing can distinguish
between the small and the extended protection patterns
observed with DNase I, we examined the sensitivity of HJ
to KMnO4 upon binding of Hop1 ZnF. Since the base-paired
T residues are insensitive to oxidation by KMnO4, this
approach is likely to provide insights into helical distortion
of the HJ (42). Each strand of HJ DNA radiolabeled at the
5′-end was incubated with ZnF and then probed with KMnO4.
In control experiments, the T residues were insensitive to
reaction with KMnO4 (Figure 6). On the other hand, central
T bases in Hop1 ZnF-HJ complexes showed selective
reactivity, and the efficiency of the reaction increased with

increasing Hop1 ZnF concentrations (Figure 6, panels 1-4,
lanes 6-9). Strikingly, the pattern of KMnO4 modification
revealed two important features. First, the reactive T residues
are located principally around the center of the junction; and
second, sensitivity of T residues extended>4 bp from the
junction center in the two symmetrical duplex DNA arms,
thus culminating in approximately 2-fold symmetry.

Hop1 ZnF Distorts the Structure of a Holliday Junction.
To gain further insights into the mechanism underlying the
action of Hop1 ZnF, we used 2-aminopurine (2-AP) as a
fluorescent reporter of changes in base-pairing interactions.
The fluorescence of 2-AP when substituted for the normal
base is often an effective probe to measure helical distortions,
as the fluorescence is heavily quenched in a DNA duplex.
This has been extensively used to examine helix opening
by HJ-binding proteins (43, 44). We used nine HJ substrates,
each containing a single 2-AP substitution at the sites
highlighted within open squares (Figure 7, central structure
in upper panel). The fluorescence emission spectra of HJ
bearing 2-AP at a site immediately 3′ to the center were
recorded as a function of increasing amounts of Hop1 ZnF.
The spectra showed an increase in 2-AP fluorescence by∼4-
fold and then plateaued (Figure 7, small panel A). Similar
analyses were carried out with each HJ containing 2-AP at
different sites. We found a significant increase in fluores-
cence emission with HJs containing 2-AP 5′ to the junction
center.

Figure 7 (lower panel) shows the fluorescence intensity
as arbitrary units against increasing concentration of Hop1
ZnF or its mutant variant at 367 nm. We found an increase

FIGURE 5: DNase I footprinting of Hop1 ZnF motif-HJ complexes. Reaction mixtures contained 100 nM HJ, radiolabeled on the strand
as indicated by asterisks, in the absence (lane 2) or in the presence of 1, 2.5, or 5µM Hop1 ZnF motif (lanes 3-5). The reaction was
initiated by addition of DNase I, and the products were separated as described under Materials and Methods. Lane 1, Maxam-Gilbert
sequencing reaction (G+ A). The arrowhead on the left-hand side of each panel denotes the HJ crossover point. The region of protection
from DNase I digestion is indicated by vertical solid bars on the right-hand side of each panel. The HJ diagram on the right-hand side
depicts regions of protection (in the box). Arrows denote the residues that are not protected from DNase I cleavage.
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in fluorescence emission, up to 4-fold, with HJs containing
2-AP immediately 5′ to the junction center. Likewise, an
increase in fluorescence emission was also evident with HJ
substrates containing 2-AP, up to 4 bp, inside the two
symmetrical arms. On the other hand, fluorescence was
measurable but less pronounced with HJs containing 2-AP
3 bp inside a pair of symmetrical arms (Figure 7, lower
panel). These results, consistent with chemical probing,
suggest that although Hop1 ZnF binds to the junction with
a 4-fold symmetry (Figure 6), it distorts the DNA structure
in a 2-fold symmetric fashion.

Hop1 ZnF Has a Unique Helix-Loop-Helix Zinc Finger
Fold. In order to complement our experimental work on the
interaction of Hop1 ZnF with the HJ, we carried out
molecular modeling studies. A number of secondary structure
prediction methods were used to assess tertiary structure of
the Hop1 ZnF consistent with zinc-binding topology. Among
these studies, only the structure derived from GENTHREAD-
ER (25) and 3D PSSM (30) showed a majority of helix-
loop-helix motif structures (Figure 8). The statistically
significant Z-score of the match, using fold recognition
algorithm of Mallick and colleagues (31), is significant when
the short length of the match is considered. Closer examina-
tion of the tertiary model (Figure 9A) revealed the unique
hallmarks of a DNA binding helix-loop-helix motif (32).
Interestingly, like Hop1 ZnF, the zinc fingers in ribosomal
proteins L37 and L37a (45) and in GATA-1 transcriptional
activator, which contain Cys4 zinc fingers, do not fold into

helix-loop-helix structures. In fact, most of the zinc fingers
known to date fall into theââR fold, although helix-loop-
helix structures are ubiquitous DNA-binding elements in all
kingdoms of nature. For most of the known helix-loop-
helix domains, the helices are found almost at 90° to each
other (46). The zinc coordination in conjunction with the
predicted (GENTHREADER) helix-loop-helix structure
precludes such a possibility, and helices 1 and 2 run almost
parallel to each other (Figure 9A). Such parallel-aligned
helix-loop-helix motifs are found, though less frequently,
and none of them are stabilized by zinc coordination. The
closest structure this zinc finger resembles in topology is
the Taz2 domain (47), where the zinc coordination is C4 in
DNA polymerase II subunitγ (PDB code 1JR3; ref48), but
here the protein segment anchored between the zinc-
coordinated cystines is too short (eight residues) to form any
secondary structure element other than a loop. Therefore,
Hop1 protein bears a unique zinc finger motif reminiscent
of the basic helix-loop-helix motif.

Modeling Studies Suggest Interaction of Hop1 ZnF at the
Junction Center.Docking scans on HJ models show that the
frequency of docking with stable (negative) binding energy
is higher around the junction, compared to the arms where
the DNA exists as pure duplex. Figure 9B shows that al-
though the junction region only covers about1/3 of the total
number of nucleotides in the molecule, the number of
docking sites detected is about 50% of the total sites found
in the whole molecule. This suggests that the intrinsic binding

FIGURE 6: Sensitivity of Hop1 ZnF motif-HJ complex to oxidation by KMnO4. Reactions were performed with 100 nM linear duplex or
HJ, radiolabeled in strand 1, strand 2, strand 3, or strand 4 in the absence (lane 4) or presence of Hop1 ZnF motif (lanes 6-9), respectively.
Samples were treated with KMnO4 and the products were resolved on a 15% polyacrylamide-urea denaturing gel. Lane 1, A+ G ladder;
lane 2, HJ substrate; lane 3, T ladder; lane 4, treated with KMnO4 in the absence of Hop1 ZnF; lane 5, HJ incubated with 2.5µM Hop1
ZnF motif but not treated with KMnO4; lanes 6-9, complete reaction containing Hop1 ZnF at 0.50, 1, 2.5, and 5µM, respectively. The HJ
diagram on the right-hand side depicts T residues (square box) rendered sensitive by Hop1 ZnF motif.
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potential of the zinc finger around the junction is much
higher. This may be attributed to more potentially stabilizing
contacts around the junction, compared to elsewhere. This
could be the reason why the average binding energies for

docking around the junction are more negative (stable) than
elsewhere. It is instructive to note that all DNA-binding
helix-loop-helix motifs are known to interact with the
major groove, and the contacts are on the exposed surface

FIGURE 7: Hop1 ZnF motif induces structural distortion of the Holliday junction. (Upper panel) Relevant region of the HJ with its base
sequence is depicted in the center. The positions of the adenine bases, which were individually substituted with 2-AP, in all four strands
are shown within boxes. The corrected fluorescence emission spectra were recorded in the wavelength region between 330 and 450 nm.
They-axis (in arbitrary units) represents fluorescence intensity changes of 100 nM HJ in the absence (black) or presence of 1µM (green),
1.5 µM (blue), 2.5µM (red), and 5µM (purple) of Hop1 ZnF, respectively, in the wavelength range 340-390 nm (x-axis). Fluorescence
emission spectrum of each HJ variant has a black arrow pointing to the corresponding 2-AP residue in the HJ diagram depicted at the
center. Differences in the emission intensities are apparent in the range between 340 and 390 nm. (Lower panel) Relevant region of the HJ
with its base sequence is depicted on left-hand side. The positions of the adenine bases, which were individually substituted with 2-AP, in
all four strands are shown within the square boxes. They-axis represents fluorescence intensity changes (in arbitrary units);thex-axis
represents the concentration of Hop1 ZnF.
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and around the tip of the helix and residues in the neighbor-
hood. In our docking results the contacts made by the helices
are consistent with this experimental observation; however,
the DNA binding sites are not always in the major grooves.
Examination of individual docked Hop1 ZnF motifs in the
junction region suggests complementary interaction with the
major groove that ingresses into the DNA junction. Hop1
helix 1, which is replete with basic amino acids, makes most
of the stabilizing contacts with the sugar-phosphate back-
bone in a nonspecific manner. The location of Hop1 ZnF
binding to the HJ has an inherent structural symmetry evident
from the KMnO4 probing (Figure 6) and 2-AP fluorescence
emission measurements (Figure 7). The binding contacts
appear to favor only two of the four arms of the HJ. This
can be explained from the geometry of the strands in the
HJ. The strands that are exchanged across helices show larger
contact and opening upon association with Hop1 ZnF
compared to the strands that remain same in the same helix.
As shown in Figure 9B, strands 2 and 4 do not branch-
migrate across helices and therefore show minimal interaction
with the Hop1 ZnF motif.

Hop1 ZnF Motif Shows a Striking Similarity to RecG
Wedge Domain.In many eubacteria, the RuvAB and RuvC
proteins have been shown to catalyze branch migration and
resolution of the Holliday junction (44). In addition to the
RuvABC resolvasome, eubacteria possess a very highly
conserved helicase, RecG, which specifically binds HJ and
replication forks and catalyzes branch migration (44). RecG
is absent from all eukaryotes except for some plants (44).
The crystal structure ofThermatoga maritimaRecG in

complex with a three-way DNA junction reveals three
structural domains: a large N-terminal domain and two
helicase domains (49). The center of the N-terminal domain
adopts an OB-fold, referred to as the wedge domain, which
makes extensive contacts to both strands of the single-
stranded DNA at the template junction. Analysis of the
crystal structure identified two amino acid residues in the
wedge domain that are critical for DNA binding: Phe204 and
Tyr208 (49, 50). The isolatedE. coli wedge domain bound
Holliday junction with high affinity, indicating that the wedge
domain establishes strong binding at the HJ branch point
(50, 51). Interestingly, comparison between Hop1 ZnF and
RecG wedge domain show that the arrangement of aromatic
amino acid residues Tyr360 and Phe363 in the loop region of
Hop1 ZNF is similar to that of Phe204 and Tyr208 in the RecG
wedge domain loop (Figure 10). The aromatic rings are
suitably juxtaposed to recognize individual bases in the
junction regions of the recombination intermediates. These
results are consistent with the ability of Hop1 ZnF to establish
strong binding at the HJ core and distort its structure. The
possibility of whether Hop1, or its ZnF motif, functions as
a helicase analogous to RecG is currently under investigation.

DISCUSSION

In this study, we show that Hop1 ZnF binds preferentially
to the Holliday junction compared with other types of
recombination intermediates. Consistent with the genetic
studies, substitution of a conserved Cys with Ser in the Hop1
ZnF completely abolished its binding activity to all the
recombination intermediates. DNase I footprinting data
revealed that Hop1 ZnF binds to the central core of the
Holliday junction with nearly 4-fold symmetry. Molecular
modeling also demonstrated that Hop1 ZnF associates at the
core of the HJ junction. It is logical, therefore, to assume
that, upon binding to HJ with 4-fold symmetry, Hop1 ZnF
might distort the structure equally in all four arms. Remark-
ably, chemical probing and 2-AP fluorescence emission
measurements indicate that structural distortion culminates
in nearly 2-fold symmetry. On the basis of these findings,
we propose that repeated distortion of the junction center
might drive unidirectional branch migration and generation
of heteroduplex DNA.

Recently, we showed that native Hop1 protein binds
selectively to the HJ, resulting in pronounced structural
distortion of the junction (22). Comparison between the
activities of Hop1 ZnF and Hop1p revealed several important
features intrinsic to the ZnF motif. First, the minimal region
of Hop1p required for binding to the HJ is the ZnF motif.
To our knowledge, this is the first example of specific
binding and structural distortion of HJ by a ZnF motif, thus
revealing a new function for zinc finger motifs. Second, Hop1
ZnF displays the ability to discriminate among closely related
substrates, consistent with its role in the progression of
meiotic recombination intermediates in vivo (12). Third,
whereas Hop1p was able to form homodimers, Hop1 ZnF
remained monomeric; this has implications for DNA structure
selectivity. Fourth, molecular modeling studies showed that
Hop1 ZnF motif forms a novel zinc-binding fold, reminiscent
of the basic helix-loop-helix motif. Finally, structural
comparison revealed a striking similarity between RecG
wedge domain and Hop1 ZnF motif. All of these observa-
tions support the notion that Hop1 ZnF motif is sufficient to

FIGURE 8: (Upper panel) Analysis from the GENTHREADER28

server, shown as consensus multiple alignments. On the left the
PDB code is given by a 4-letter code followed by the chain
identifier. If no chain identifier exists, it is represented as 0. The
percentage match of the template is given in parentheses, as are
the start and the end positions in the alignment. In the top panel
the Cys residues that bind zinc are marked by asterisks. The residues
predicted to be in helical conformation in ZnF and observed as
helical residues in templates are represented in boldface type. If
two residues from the template are noncontiguous in the alignment,
they are underlined. A hyphen denotes a gap, and regular letters
indicate residues with nonregular secondary structure. (Lower panel)
Same results from 3DPSSM (26).
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interact with the HJ and impose conformational changes on
its structure.

The present studies were carried out to explore the ability
of Hop1 ZnF to bind and discriminate among a set of meiotic
recombination intermediates. Specifically, we asked whether
Hop1 ZnF directly interacts with HJ and functionally mimics
the full-length native Hop1 protein. The data presented here
indicate that Hop1 ZnF specifically binds to the junction
center, but the affinity constant is rather high. This result
contrasts with the dissociation constants determined for the
interaction of peptides containing a minimum of two widely
separated zinc finger motifs with their target DNA sequences
(52-54). However, theKd values determined here for the
interaction of Hop1 ZnF with HJ is comparable to those
reported for the binding of peptides to the HJ (35-37). In
contrast to the Hop1 ZnF, however, KMnO4 probing showed
that hexapeptides do not cause distortion of DNA helix inside

the HJ arms (37). Although affinity, as reflected throughKd

values, is ideally determined for the native full-length protein,
such measurements for short synthetic peptides tend not to
be closer to the actual values. For example, a peptide
corresponding to GAGA factor, containing a single zinc
finger motif but lacking the flanking stretches of basic amino
acid residues, failed to bind DNA (9, 55, 56). Similarly, the
A. thaliana SUP single zinc finger motif is stabilized by
flanking basic amino acid residues (10).

Analyzing the molecular modeling data drives us to an
important interpretation of the topology of Hop1 ZnF. In
contrast to numerous zinc finger family members, the Hop1
ZnF folds into a unique zinc finger motif. We assume that
the isolated Hop1 ZnF itself retains the same fold as that in
the native protein. The structures of isolated single or double
ZnF motifs in solution are remarkably similar to the crystal
structures of native proteins (57, 58). A survey of the

FIGURE 9: (A) Putative three-dimensional model of the Hop1 ZnF motif based on alignment shown in Figure 8. The two helices are
separated by a loop. The first helix (Helix 1) is distinctly basic with three Lys, one Arg, and one His residue. Residues deemed important
for interaction are labeled (one letter amino acid code and the position in the sequence). The distance of the zinc atom to the CR atom
position in Gly361 is approximately 17 Å.(B) Putative three-dimensional model of HJ showing X-stacked-like conformation with the two
B-DNA helices aligned at around 60°. Strands 2 and 4 (marked ODN2 and -4, shown in black) wind unidirectionally to form a B-helix,
while strands 1 and 3 (shown in green) form a junction and exchange across helices. The molecule is approximately 40 Å in width around
the junction. The part of the junction found to interact with the zinc finger is highlighted in ball-and-stick format. The rounded arrows
indicate the zinc finger and their docking orientation obtained from the DOCK program. The tail of the stick starts at the position of the
Zn2+ atom and the head, marked by a sphere, represents the CR atom of the Gly361 residue. The color of the stick varies from red to green
to blue corresponding to a linear gradient of binding energy from-134.9 to-17.6 kcal/mol. The frequency of docked Hop1 ZnF motif is
higher around the junction than elsewhere.

FIGURE 10: Structural comparison of the Hop1 ZnF motif (blue) with the loop region of RecG wedge domain (red). The Hop1-ZnF residues
from 357 to 369 and the wedge domain residues 200-215 (PDB code 1GM5, chain A) were superposed by use of four helical residues at
the C-termini of the respective polypeptide chains. The figure was drawn with the program PyMOL (60).
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structural features of zinc finger motifs in the literature has
revealed the existence of eight groups, defined on the basis
of structural properties in the vicinity of the zinc-binding
site (47). All zinc fingers that belong to the same fold group
have zinc ligands in a similar structural context. Structural
studies carried out with classical zinc finger-DNA com-
plexes have revealed that sequence-specific recognition is
achieved by contacts between the amino acid residues in the
R helix of the zinc finger and bases in the major groove of
the DNA. However, a structural feature that distinguishes
Hop1 ZnF from its counterparts is that the four cysteines
from twoR-helices tetrahedrally coordinate a zinc ion to form
a compact structure. In addition, molecular modeling data
has elegantly allowed us to directly visualize the interaction
of Hop1 ZnF with the Holliday junction. These studies
suggest that recognition of the junction center is achieved
by basic residues in theR-helix of Hop1 ZnF through a
complex network of contacts with the sugar-phosphate
backbone of the DNA. The role of Hop1 ZnF in Holliday
junction resolution is emphasized by our comparison with
the RecG wedge domain. The Hop1 ZnF motif shows striking
structural similarity to RecG wedge domain, suggesting the
possibility that Hop1 might have evolved from a RecG-like
protein. Collectively, these results suggest that Hop1 ZnF
can be regarded as both a strand separation module and a
processivity factor.

What might be the biochemical role of Hop1 ZnF in
homologue pairing? A scenario is now emerging in which
HOP1plays an active role in enforcing meiotic recombina-
tion checkpoint control over the progression of recombination
intermediates and interstitial pairing of meiotic chromosomes
(11, 12, 59). The Holliday junction and other DNA substrates
used in this study are bona fide intermediates of meiotic
recombination, raising the possibility that ZnF motif could
be the structural determinant involved in directing the native
Hop1 protein to sites of branch migration and genetic
exchange. The functional characterization of Hop1 ZnF will
be useful in understanding its ability to distinguish different
recombination intermediates as well as in elucidating the
mechanism of its interaction with DNA substrates. Nonethe-
less, Hop1 ZnF offers a model for the design of ZnF motifs
with further optimization of the amino acid residues and their
interaction with the Holliday junction.
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