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ABSTRACT: The ZFY protein is a member of one of the most interesting classes of polydactyl zinc finger
proteins. It has a domain of 13 tandem zinc fingers that is organized with an internal repeat of odd-even
finger pairs. It has been proposed that each finger pair interacts with six base pairs within a turn of the double
helix, the downstream linker crossing the minor groove to place the next finger pair on the following turn of
the DNA. Yet putative binding sites for the full-length ZFY protein appear to consist of a six-base AGGCCY
consensus sequence that is present in one or two copies. In this study the equilibrium binding of two ZFY-
derived zinc finger peptides to 4R DNA with tandem copies of the consensus sequence was investigated. The
ZFY5 peptide contains fingers 5-13, including four odd-even finger pairs, and the ZFY11 peptide contains
fingers 11-13 and has one odd-even finger pair. Both peptides bound to 4R DNA with equal affinities,
forming a bimolecular complex that is mediated by the downstream AGGCCY motif. The additional
odd-even finger pairs in ZFY5made no measurable difference in the mechanism of DNA binding compared
to ZFY11. The effects on the DNA-protein interaction of mutations in the 4RDNA and in the key R-helical
residues of fingers 11-13 indicate that the binding of ZFY to DNA is mediated by the interaction of the
GGCC core base pairs with fingers 12 and 13. These results demonstrate that the even-odd repeats in the
ZFY zinc finger domain do not make significant contributions to DNA binding.

One of the most common structural motifs in eukaryotic
proteins is the C2H2 zinc finger (1-3). Each zinc finger motif is
roughly 30 amino acids in length and consists of a ββR-fold that is
stabilized by the tetrahedral coordination of the conserved
cysteines and histidines to a zinc ion and by a hydrophobic core
consisting of conserved amino acids located at specific positions
within the motif. It is generally assumed that a protein with a
domain consisting of two or more linked zinc fingers binds to
DNA and acts as a transcription factor. Three-dimensional
structures of zinc finger domains consisting of three to five zinc
fingers bound to DNA have provided a detailed picture of how
this protein motif forms sequence-specific interactions with the
base pairs (4-7).

Many mammalian zinc finger proteins have domains consist-
ing ofmuch longer tandemarrays of zinc fingers. Since zinc finger
proteins can be multifunctional, binding to DNA and/or RNA
and/or proteins (3, 8), it is not immediately obvious for any
particular polydactyl zinc finger protein how the individual
fingers are involved in binding to more than one type of cellular
ligand. The one clear example is TFIIIIA, which consists of nine
tandem zinc fingers. TFIIIA binds to the internal promoter of the
5S rRNA gene, which consists of box C, intermediate, and boxA
elements contained within a 50 base pair region (9, 10). Fingers
1-3, 5, and 7-9 bind to these three elements respectively; fingers
4 and 6 cross over the minor groove of the DNA and provide the
necessary displacement along the double helix (11-16). TFIIIA
also binds to the 5S rRNA transcript, an interaction that is
mediated primarily by fingers 4 and 6 (17-22). While providing

valuable insight into how different functional roles can be
accommodated within a polydactyl zinc finger domain, it is clear
that the domain of TFIIIA is highly specialized and is unlikely to
be a general model for the interaction of other polydactyl zinc
finger proteins with DNA or RNA or protein partners.

ZFY is a member of an intriguing class of highly conserved
polydactyl zinc finger proteins (23). The ZFY domain consists of
13 tandem zinc fingers, organized as a repeat of a two-finger
pair (24). The sequences of the odd-numbered fingers conform to
the general zinc finger consensus, whereas the sequences of the
even-numbered fingers have some unique features which result in
a slightly different folded structure. It was proposed that ZFY
would interact with DNA in such a way that each odd-even
repeat would contact approximately six base pairs of DNA and
the linker after the even finger would cross the minor groove to
position the following odd-even finger pair on the next turn of
the DNA (25, 26). This model predicts that the ZFY zinc finger
domain would interact with up to six turns of the DNA double
helix. However, high-affinity binding sites identified by in vitro
selection methods (27), and DNase I footprinting of the HLA-
A11 promoter (28), have identified ZFYbinding sites that consist
of a tandem repeat of an AGGCCY box. In order to understand
the mechanism by which ZFY interacts with DNA, we have
characterized the equilibrium binding of zinc finger peptides
containing four odd-even repeats (fingers 5-13) and one
odd-even repeat (fingers 11-13) to a consensus DNA site.
Site-directed mutagenesis of both the DNA consensus site and
the protein zinc fingers was used to measure the contribution of
individual base pairs and amino acids to the overall free energy of
forming the ZFY-DNA complex. Our results indicate that
DNA binding by ZFY is mediated exclusively by the interaction
of zinc fingers 12 and 13 with one AGGCCY box.
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MATERIALS AND METHODS

Bacterial Strains andPlasmidVectors.The plasmid vector
pET30a was used to express recombinant wild-type and mutant
zinc finger proteins in Escherichia coli strain BL21 DE3 using
methods that have been described elsewhere (29).
Construction of Zinc Finger Protein ExpressionVectors.

The zinc finger expressing cDNAs used in this study were
constructed by the polymerase chain reaction (PCR) using
upstream primers containing a recognition sequence for the
restriction enzymeNcoI and downstream primers containing a
recognition sequence for the restriction enzyme EcoRI. PCR
products were digested with NcoI and EcoRI and ligated into
plasmid pET30a that had been digested with the same restric-
tion enzymes. Ligation reactions were used to transformE. coli
strain DH5R. Putative constructs were identified by colony
PCR using primers specific to pET30a sequences flanking the
multiple cloning site. Plasmids were isolated from appropriate
colonies and characterized by DNA sequencing before protein
expression and purification. Truncations of the mouse ZFY
protein containing the cDNA regions encoding zinc fingers
1-13 (designated ZFY1, encoded by nucleotides 1517-2671
of GenBank M24401), zinc fingers 5-13 (designated ZFY5,
encoded by nucleotides 1886-2671 of GenBankM24401), and
zinc fingers 11-13 (designated ZFY11, encoded by nucleotides
2399-2671 of GenBank M24401) were constructed by PCR
using a plasmid containing the ZFY cDNA (ATCC 63041) as a
template.
Construction of Mutant ZFY11 Expression Vectors.

Alanine substitution mutants of the ZFY11 zinc finger peptide
were constructed by overlap extension PCR using primers
encoding the desired codon change (30). Final PCR products
were digested withNcoI andEcoRI and then ligated into pET30a
as described above.
Expression andPurification of Recombinant Zinc Finger

Proteins. Preparation of N-terminal His-tagged zinc finger
proteins was carried out as described previously (29). Protein
purity was confirmed by polyacrylamide gel electrophoresis, and
the concentration of each protein preparation was determined by
the method of Bradford (31).
Radiolabeling of DNA Ligands. All DNA ligands were

synthesized as complementary oligonucleotides designed to have
50 overhanging BamHI and EcoRI sites upon annealing. The
resulting double-strandedDNAswere 30 end labeled as described
previously (29, 32).
Equilibrium Binding of DNAs to Zinc Finger Proteins.

The apparent association constants for the binding of radio-
labeled DNAs to zinc finger proteins were determined using a
double filter binding assay (33). The binding buffer consisted
of 20 mM Tris-HCl, pH 7.5 (20 �C), 5 mM MgCl2, 100 mM
KCl, 10 μM ZnCl2, 0.5 mM tris(2-carboxyethyl)phosphine
hydrochloride, 100 μg/mL BSA, and 1 μg/mL poly(dI 3 dC).
When the effects of altering binding conditions such as
pH, divalent salt concentration, or monovalent salt concen-
tration were being investigated, the binding buffer was altered
accordingly.

The affinity of each zinc finger protein for DNA was deter-
mined using three or more independent assays. Apparent dis-
sociation constants (Kd) for the binding of the mutant and wild-
type proteins to DNA were calculated by fitting the data to a
simple bimolecular equilibrium model using the general curve
fitting function of Kaleidagraph software (Synergy Software,

Reading, PA) and the equation:

½DNA- protein�
½DNA�total

¼ ½protein�total
½protein�total þKd

ð1Þ

where [DNA]total , Kd and [DNA-protein]/[DNA]total is re-
ported as the fraction of DNA bound. Association constant (Ka)
values were derived as the reciprocal of the measured Kd values
and are reported as the mean of three independent determina-
tions with the associated standard deviations. Relative affinities
were arrived at by dividing the apparent Ka for the mutant
protein by the apparent Ka for the wild-type protein determined
in parallel or by dividing the apparentKa for themutantDNAby
the apparent Ka for the wild-type DNA determined in parallel.
The errors for relative affinities are given by the expression σ=
{(σ1/M1)2 þ (σ2/M2)2}1/2(M2/M1), where M1 and M2 are the
respective association constants for wild-type andmutant protein
or DNA and the σ values are the corresponding standard
deviations for these determinations.

For some of the mutant proteins, the apparent affinity for
DNA was significantly decreased. The standard filter binding
protocol relies upon the assumption that 100%of the protein is in
an active form, and therefore for these mutant proteins it was
necessary to confirm that this assumption was valid. In these
cases the filter binding assaywasmodified so that thewild-type or
mutant protein was held at a constant concentration and
incubated with a series of DNA concentrations ranging from
2.2 � 10-10 M to 8.2 � 10-8 M. The determination of apparent
association constants using this assay does not rely upon the
concentration of active protein. All other conditions of this assay
are identical to the standard filter binding assay. After a 90 min
incubation at 20 �C, each sample was filtered through the double
nitrocellulose/nylon filter stack to provide a determination of
protein-bound DNA (nitrocellulose filter) and free DNA (nylon
filter). Apparent association constants were calculated by fitting
the data to a simple bimolecular equilibrium model using the
appropriate equation and the general curve fitting function of
Kaleidagraph software (Synergy Software, Reading, PA). For all
of the mutant proteins tested the results from the two different
assays were identical within experimental error.

RESULTS

The ZFY protein has a DNA binding domain consisting of
13 tandem C2H2 zinc fingers, with several unique properties
(Figure 1). The linkers that joint the first four fingers are 10-11
amino acids long, rather than the typical linker of 7 amino acids.
For zinc fingers 3-12, the odd-numbered zinc fingers conform to
the consensus zinc finger sequence motif, having three amino
acids between the zinc coordinating histidines. The even-num-
bered fingers diverge from this consensus, notably by having a
glutamine residue immediately preceding the first cysteine, by
having a noncanonical positioning of the central aromatic amino
acid, and also by having four residues between the two zinc
coordinating histidines (Figure 1). The unique architecture of the
ZFY zinc finger domain is believed to have implications for its
interactions with DNA, the proposed model predicting that the
overall binding sitewould span up to six turns of the double helix,
with each odd-even finger pair interacting with six base pairs per
turn (25, 26). However, binding site selection experiments carried
out with the entire ZFY zinc finger domain resulted in the
identification of a relatively short binding site of AGGCCY,
typically presented in a tandem repeat (27).
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To investigate the role of individual zinc fingers of ZFY in
DNAbinding, we expressed three peptides: ZFY1 containing the
complete zinc finger domain, ZFY5 consisting of fingers 5
through 13 with four odd-even pairs that include the even
fingers that have all three unique characteristics, and ZFY11
which consists of only fingers 11 through 13 and has one
odd-even pair of fingers. The ZFY1 construct produced low
yields of protein, which was not stable during the purification
procedure and quickly degraded upon storage and therefore was
not suitable for quantitative DNA binding studies. The ZFY5
and ZFY11 constructs produced suitable quantities of stable
proteins, and the affinities of the ZFY5 and ZFY11 peptides for
two putative ZFY DNA binding sites were measured using an
equilibrium binding assay. The previously identified 10F binding
site has an imperfect repeat of the consensus AGGCCY
sequence, while the 4R binding site has a repeat of two consensus
sequences (Figure 2A). The 4R site binds to both ZFY5 and
ZFY11 with high affinity, the apparent association constants
being (1.51 ( 0.09) � 109 M-1 for ZFY5 and (1.08 ( 0.08) �
109 M-1 for ZFY11 (Figure 2B). At the assay temperature of
20 �C, the free energy of binding to the 4RDNA site is-12.30(
0.72 kcal mol-1 for ZFY5 and -12.11 ( 0.87 kcal mol-1 for
ZFY11. In comparison to 4R, the 10F site does not bind ZFY11
and binds with 50-fold lower affinity to the ZFY5 protein, the
apparent association constant for the interaction being (3.07 (
0.14) � 107 M-1 (Figure 2B).

The 4RDNAhas a tandem repeat of the consensusAGGCCY
boxes, each of which could potentially bind a ZFY protein. To
determine how the ZFY peptides interact with 4R DNA,
equilibrium binding assays were carried out by titrating 2.5 nM
protein with concentrations of 4R DNA ranging from 0.2 to
20 nM. The potential for cooperativity in the binding ZFY5 and
ZFY11 to 4R DNA was assessed using a Hill plot (34). The Hill
constant for ZFY5binding to 4RDNA is 1.06( 0.07, and for the
binding of ZFY11 the Hill constant is 1.02 ( 0.02, values that
indicate the binding of each protein to the DNA is not coopera-
tive (Figure 3A). The stoichiometries of the complexes formed
between 4R DNA and the ZFY peptides were determined by
Scatchard analysis (35) and found to be 0.99 ( 0.03 for ZFY5
and 0.96 ( 0.02 for ZFY11 (Figure 3B). The data from these
analyses indicate thatZFY5andZFY11 form simple bimolecular
complexes with the 4R DNA.

The effects on the association constant of changes in
monovalent and divalent salt concentrations and pH were
compared for ZFY5 and ZFY11 to determine if the presence of
additional odd-even pairs of fingers influences the stability
of the protein-DNA complex. The contributions of ionic

protein-DNA bonds to the binding energies of the ZFY5-
DNA and ZFY11-DNA interactions were determined using
an analysis of the salt dependence of Ka based upon an ion
displacement model (36, 37). Analysis of the results in Figure
4A indicate that 3.9 ( 1.0 ionic contacts are formed between
ZFY5 and 4R, while 4.1 ( 0.7 ionic contacts are formed
between ZFY11 and 4R. The binding of both proteins to 4R
shows very similar sensitivity to the concentration of MgCl2 in
the assay buffer, with ZFY5 retaining slightly more affinity in
the 3-5 mM range compared to ZFY11 (Figure 4B). Both
interactions have similar pH profiles, with the ZFY11-DNA
interaction being slightly less sensitive to pH values below 7.0
than the ZFY5-DNA interaction but being somewhat more
sensitive to pH values above 7.5 (Figure 5). This comparison
suggests that DNA binding by ZFY5may require a group with
a pKa value below 7.0 that is not involved in DNA binding by
ZFY11. A residue with a pKa value above 7.5 is involved in the
interaction of both proteins with DNA, making a larger
contribution to the overall free energy of binding in the
ZFY11-DNA interaction (Figure 5).

FIGURE 1: Amino acid sequence of the zinc finger domain of the
mouse ZFY2 protein. Amino acid features that differ between the
canonical odd and noncanonical even fingers are highlighted in bold
letters. The key R-helical positions involved in DNA binding are
indicated by the numbering scheme above the sequence.

FIGURE 2: Equilibrium binding of the ZFY5 and ZFY11 peptides to
DNA. (A) The sequence of the two probes used for equilibrium
binding assays, originally isolated by in vitro selection from a library
of random sequences (27). The consensus AGGCCY boxes are
shown in bold within the complete region selected as indicated by
the line. (B) Equilibrium binding curves for the interactions of ZFY5
and ZFY11with the 10F and 4RDNAprobes. Each data point is the
mean value from three independent experiments, with the standard
deviation for each point represented by the error bars. Best-fit curves
to a simple bimolecular equilibrium are shown.
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The 4R DNA that binds ZFY5 and ZFY11 with high affinity
consists of a tandem repeat of two consensus AGGCCY boxes
separated by four base pairs, while the 10F DNA that binds
ZFY5 poorly and does not bind to ZFY11 consists of a single
AGGCCC followed two base pairs later by the partial consensus
sequenceAGGCAA (Figure 2A). Toprobe the importance of the
twoAGGCCY sequences in 4R for high-affinity binding of ZFY,
scanningmutants were created and assayed for their affinities for
ZFY5 and ZFY11 (Figure 6). Replacement of the upstream
AGGCCC sequence in mutant M1 resulted in a 5.8-10-fold
decrease in affinity for ZFY binding compared to the wild-type
4R sequence. Replacement of the downstream AGGCCT se-
quence in mutant M3 decreased the affinities for ZFY5 and
ZFY11 by over 2 orders of magnitude (Figure 6). In comparison,
replacement of either the four base pairs separating the two

AGGCCY boxes inmutantM2 or the six base pairs downstream
of the second box in mutant M4 decreased the affinity for ZFY5
and ZFY11 by 2.4-fold or less. These results indicate that the
downstream AGGCCT box is the binding site used for forma-
tion of a bimolecular complex with ZFY5 and ZFY11, and the
upstream AGGCCC box is required to reach the full affinity of
binding.

Since both ZFY5 and ZFY11 form bimolecular complexes
with the 4R DNA, the results obtained with mutants M1-M4
suggest that the binding site extends over both AGGCCY boxes.
This possibility was tested by measuring the effects of changing
the spacing between the two boxes by reducing it to zero in
mutant M5 or doubling it to eight base pairs in mutant M6
(Figure 6). Removing the spacing between the two boxes resulted
in a small reduction in binding affinity for ZFY5 and ZFY11 of

FIGURE 3: Analysis of the cooperativity and stoichiometry of the
binding of ZFY5 and ZFY11 to 4R DNA. (A) Hill plot of data
obtained with a nitrocellulose filter binding assay where 2.5 nM
protein was titrated with 0.2-20 nMDNA. Points corresponding to
fraction bound (Y) of 0.1-0.9 are plotted (34). Each data point is the
mean value from two independent experiments, with the standard
deviation for each point represented by the error bars. The lines
represent the best fit to the Hill equation determined by linear
regression. (B) Scatchard plot of the same data. The lines represent
the best fit to the Scatchard equation determined by linear regression.

FIGURE 4: Effects ofmonovalent and divalent salt concentrations on
the affinities of ZFY5 and ZFY11 for 4R DNA. (A) Effect of
monovalent salt concentration. The experimental data were fit to
eq 5 of ref 41 by a regression method that varied the number of ion
pairs and the apparentKa at 1M salt. The continuous lines represent
the best least-squares fit. (B) Effect of magnesium ion concentration.
log Ka values are reported for a single experiment, the error bars
indicating the level of imprecision in fitting the data to a simple
bimolecular equilibrium model.
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2.7-4.3-fold, less than the effect of mutationM1 that completely
replaced the upstream AGGCCC box. Increasing the spacing
between the two boxes to eight base pairs had no effect on ZFY5
binding and a small 2.7-fold decrease in affinity for ZFY11. The
two AGGCCY sequences in 4R differ at the sixth base pair, this
being a C in the first box and a T in the second box. Mutants
M7-M9 were designed to test whether this base pair difference
explained the large difference in contribution of the two boxes to

ZFY5andZFY11 binding affinities. InmutantM7, the upstream
box was mutated to AGGCCT tomatch the downstream box, in
mutant M8 the two boxes were reversed in their positions in 4R,
and in mutant M9 the downstream box was mutated to
AGGCCC to match the upstream box (Figure 6). All of these
mutants showed wild type or slightly elevated affinities for ZFY5
and ZFY11, suggesting that the identity of the sixth base pair
does not account for the large differences in the relative con-
tributions of the two AGGCCY boxes to ZFY binding affinity.

The role of individual base pairs in both AGGCCY boxes of
4R inZFYbindingwas probed by the creation of point transition
mutations (Figure 7). Complete replacement of the upstream box
in mutantM1 resulted in a 5.8-fold decrease in affinity for ZFY5
and a 10-fold decrease in affinity for ZFY11 (Figure 6). Transi-
tion mutations at each of the six positions within the upstream
box individually resulted in less than a 2-fold reduction in binding
of ZFY5 and ZFY11, with the exception of a 3.7-fold reduction

FIGURE 5: Effect of pH on the affinities of ZFY5 and ZFY11 for 4R
DNA. log Ka values are reported for a single experiment, the error
bars indicating the level of imprecision in fitting the data to a simple
bimolecular equilibrium model.

FIGURE 6: Effects of scanning, spacing, and point mutations of 4R
on the binding affinities of ZFY5 and ZFY11. The wild-type 4R
sequence is shown at the top, with the tandem AGGCCY boxes
indicated by blue. For the mutants M1-M9, the sequence changes
relative to wild-type 4R are shown in red. Relative binding affinities
for ZFY5 and ZFY11 were determined from three independent
experiments, as outlined in the Materials and Methods section.

FIGURE 7: Contributions of individual base pairs in the AGGCCY
boxes of 4R DNA to the binding affinities of ZFY5 and ZFY11.
Relative binding affinities were determined from three independent
experiments, as outlined in the Materials and Methods section.
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in the case of the C5A mutation in binding of ZFY11
(Figure 7A). Collectively, the six point mutations would result
in a 10-fold reduction in binding affinity for ZFY5 and a 20-fold
reduction in affinity for ZFY11, which is reasonably consistent
with the effects of the M1 scanning mutation. The difference in
the effect of the C5A mutation on ZFY11 vs ZFY5 binding
affinity explains the approximately 2-fold difference in the effect
of the M1 scanning mutation on the binding affinities of the two
proteins. Individual point mutations in the downstream
AGGCCT box had a dramatic effect on the binding affinities
of both ZFY5 and ZFY11 (Figure 7B). For both proteins, the
largest effects are observed for the GGCC core of the hexamer
sequence. The sixth base pair would appear to make only a
modest contribution to the binding affinity of ZFY5 and ZFY11,
while the importance of the first base pair differs for the two
proteins. Collectively, the point mutations of the downstream
AGGCCT box have a larger effect on the binding of both
proteins than theM3 scanning mutation has. This result suggests
the possibility that the protein-DNA contacts in this region are
interdependent, in which case a single point mutation may
weaken the energy of contacts to a neighboring base pair in
addition to resulting in the loss of the free energy of the direct
contact normally made to the base pair that was mutated. The
point mutations at base pairs 11-15 generally have a more
deleterious effect on the binding affinity of ZFY5 compared to
ZFY11 (Figure 7B), whichmay indicate that the contacts formed
between the downstream AGGCCT box and ZFY5 are more
interdependent than those formed between the AGGCCT box
and ZFY11.

Since ZFY5 and ZFY11 have virtually identical binding
affinities for 4R DNA and the same four to five base pairs of
DNA appear to be critical for binding of both proteins, we
undertook an alanine mutagenesis study of the key -1, þ2, þ3,
and þ6 R-helical positions in the three fingers of the ZFY11
protein. The sequences of the mutated fingers and the effects of

themutations on the affinity of ZFY11 for 4RDNAare shown in
Figure 8. Only point mutations in fingers 12 and 13 had a
significant effect on the binding ofZFY11 to 4RDNA, consistent
with the observation that ZFY11 forms its strongest contacts to
the central GGCC core base pairs of the downstream AGGCCT
box. All four key R-helical residues of finger 12 are critical for
DNAbinding byZFY11,while only residues at positions-1,þ2,
and þ3 of finger 13 are required for high-affinity binding of
ZFY11 to DNA (Figure 8). The data are also consistent with a
model whereby finger 11 is positioned over the base pairs that
flank the AGGCCT box.

DISCUSSION

Our knowledge of the mechanism of DNA binding by zinc
finger proteins comes primarily from biochemical and structural
studies on complexes formed between a cognate DNA sequence
and a domain of three to five zinc fingers (4-7). Of the 807
human zinc finger genes, 76% contain four or more zinc finger
motifs and 45% have at least nine zinc finger motifs. To date, we
only have detailed understanding of the interaction withDNA of
one polydactyl zinc finger protein, that being TFIIIA with nine
zinc fingers (11-16). ZFY has a domain of 13 tandem zinc finger
motifs with the unique feature of a two-finger repeat (24). The
odd-numbered fingers conform to the consensus zinc finger
sequence motif. The even-numbered fingers have a glutamine
residue immediately preceding the first cysteine, typically have a
tyrosine two residues after the second cysteine rather than the
canonical phenylalanine four residues after the second cysteine,
and have an additional amino acid between the two zinc
coordinating histidines and a hydrophobic residue in the center
of the linker. NMR analysis of the structure of zinc finger 6 of
ZFY demonstrated that even fingers fold in such a way that they
likely interact with DNA via their R-helix exactly as a canonical
zinc finger does (25, 26, 38, 39). However, while the dis-
placed aromatic tyrosine residue participates in formation of

FIGURE 8: Effects of alanine substitutionmutations on the affinity of ZFY11 for 4RDNA.The wild-type sequence of each finger is shown, along
with the site of the alanine substitutions. Relative binding affinities were determined from three independent experiments, as outlined in the
Materials and Methods section.
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the hydrophobic core of the zinc finger as does the phenylalanine
residue two positions away in the canonical zinc finger, the side
chain hydroxyl group of the tyrosine is positioned in such a way
as to extend the DNA interaction surface (38). In the canonical
zinc finger, the two zinc coordinating histidines and the three
residues between them extend the recognition R-helix, whereas
inclusion of an additional residue between the two histidines in
the even finger motif causes a loop to form in order to maintain
the optimal geometry for zinc coordination of the two histi-
dines (26). Formation of the loop changes the finger-linker exit
from the major groove. These observations lead to the proposal
that the odd-even pattern of zinc fingers in ZFY results in the
binding of an odd-even pair in the major groove, with the linker
following the even finger crossing the minor groove to position
the next odd-even pair on the next turn of the DNA. It was
proposed that the characteristic hydrophobic group in themiddle
of the linker following the even finger would pack against the
deoxyribose sugars of the minor groove to stabilize this orienta-
tion (25, 26). This arrangement of the odd-even zinc fingers of
ZFY would result in the recognition of a four to five base pair
sequence within each successive turn of the DNA, the entire zinc
finger domain extending through approximately four to five
turns of DNA. Arranging six zinc fingers in pairs of two rather
than groups of three enhances the affinity and sequence specifi-
city of artificial proteins (40), which suggests that the odd-even
finger repeat in ZFY could have similar benefits.

An AGGCCY motif was previously identified as a consensus
binding site for ZFYthrough an in vitro selection experiment (27).
The 4R site is abundant in the resolved library and consists of a
tandem repeat of the motif separated by four base pairs, which
would place the two motifs on the same face of the DNA double
helix. The highly related protein ZFX was shown to regulate
expression of theMHC class I HLA-A11 promoter by binding to
twoAGGCCC sequences three turns apart on theDNA (28).We
compared the DNA binding properties of two peptides derived
from the zinc finger domain of ZFY, one that includes four
odd-even finger pairs (ZFY5) and one that includes one
odd-even pair (ZFY11). Both proteins bound with high affinity
to the 4R DNA but with only poor affinity to 10F DNA, a
selected site that only has one consensus AGGCCY box. The
influences of monovalent salt concentration, divalent salt con-
centration, and pH on the binding of ZFY5 and ZFY11 to 4R
DNA were very similar, indicating that including additional
odd-even pairs of zinc fingers made no significant difference to
the mechanism of binding to 4R DNA. Although scanning
mutagenesis of the 4R site demonstrated that both AGGCCY
boxes are required for high-affinity binding of ZFY5 andZFY11,
it also revealed that the downstream AGGCCT box contributes
the majority of the free energy of the interaction regardless of the
spacing between the two boxes or the identity of the last base pair
of the two boxes. The effects of point mutagenesis of the
upstream and downstream AGGCCY boxes on ZFY5 and
ZFY11 binding were consistent with the relative contributions
of each box to the free energy of the interaction. In the case of the
upstreamAGGCCC box, in all but one case each point mutation
reduced the binding affinity of the DNA for the two proteins by
less than a factor of 2. The only exception was the mutation at
C5, which reduced the binding of ZFY11 by about a factor of 2
more than it reduced the binding of ZFY5, thus explaining why
this upstream box is more critical for ZFY11 binding. In
comparison, the point mutants in the downstream AGGCCT
box had significant effects on the binding of ZFY5 and ZFY11,

consistent with the major contribution this box makes to the
overall free energy of binding. In the case of ZFY11, the most
significant effects were observed for the core GGCC sequence,
while in the case of ZFY5 there would appear to be an additional
role for the first base pair in protein binding.

The results obtained with the mutants of the 4R DNA binding
site did not seem to be consistent with the docking of tandem
odd-even finger repeats to the twoAGGCCYboxes. SinceZFY11
has only one such repeat, onewould have expected it to bind to 10F
and 4R with roughly equal affinity and to bind to 4R with
considerably less affinity than ZFY5, which would have the
capability of docking two odd-even finger pairs to the two
AGGCCY boxes. This model for DNA binding of the ZFY zinc
finger domain was tested further by the introduction of alanine
substitution mutations at the canonical R-helical positions involved
in base recognition in each finger of ZFY11. None of the alanine
substitutions in zinc finger 11 had a significant effect on DNA
binding, indicating that the odd member of the only odd-even
repeat inZFY11does not participate inDNAbinding.Amino acids
at all four canonical positions in theR-helix of finger 12 appear to be
involved in DNAbinding, as are the first three such residues in zinc
finger 13. Therefore, DNA binding by ZFY to AGGCCY boxes is
mediated by the last two zinc fingers in the domain and does not
involve the odd-even repeat structure of the domain.

While our results have clarified the role of the zinc fingers of
ZFY in DNA binding, they also raise some intriguing questions.
The role of the upstream AGGCCC box in the binding of the
ZFY zinc fingers is unclear. Although it is required for the highest
binding affinity, the interaction of ZFY5 and ZFY11 does not
rely upon the identity of any of the individual base pairs in this
box, unlike the sequence requirements of the downstream
AGGCCT box. Changing the spacing between the two boxes
by deletion of the intervening sequence, or doubling its length,
would put them on opposite faces of the DNA, yet this has little
to no effect on the binding of ZFY5 and ZFY11. The isotherms
for the binding of both proteins to the 4RDNAshowno evidence
of cooperativity, and steric hindrance would likely prevent
occupation of both boxes simultaneously, particularly in the case
of the ZFY5 protein. Furthermore, reversing the orientation of
the two boxes in mutant M8 did not result in a change in affinity
for the ZFY proteins, nor did making the two boxes identical in
sequence in mutants M7 and M9.

Our work has shown that zinc fingers 12 and 13 mediate the
interaction of ZFY with a consensus DNA binding site, raising
the question of whether the odd-even repeat motifs within
fingers 1-10 of ZFY play a role in DNA binding. These fingers
all have amino acid residues compatible withDNAbinding at the
canonical-1,þ2,þ3, andþ6R-helical positions, yet binding site
selection with the full ZFY protein did not identify a consensus
binding site longer than 4R.Themost straightforwardmodel that
explains these results is one where only fingers 12 and 13 make
sequence-specific contacts with the DNA. If this model is correct,
it will be interesting to identify what features of the odd-even
repeat structure prevent interaction of fingers 1-11 with DNA
and to determine what roles these fingers play in ZFY function.
An alternative model for the ZFY-DNA interaction can be
proposed based on our knowledge of the TFIIIA-DNA inter-
action. In the case of TFIIIA, the majority of the DNA sequence
specificity and free energy of binding is provided by the interac-
tion of zinc fingers 1-3 with the box C promoter element (14).
Zinc finger 4 crosses theminor groove, placing zinc finger 5 in the
major groove where it interacts with two base pairs of the
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DNA (16). Zinc finger 6 is presumed to cross the major groove in
order to place zinc fingers 7-9 so that they can interact with the
box A element of the 5S RNA gene promoter. Thus the normal
mode of interaction of TFIIIA with DNA is more extended and
involves fingers 5 and 7-9, even though they do not contribute a
great deal to the free energy of binding. It is possible that the
normal mode of ZFY binding to DNA might involve some
combination of the first ten zinc fingers acting in an analogous
fashion to the last six fingers of TFIIIA. Distinguishing between
these two models for the interaction of ZFY with DNA will
require identification of an authentic genomic DNA binding site.
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