Exploring the DNA-binding specificities of zinc fingers
with DNA microarrays
Martha L. Bulyk*†, Xiaohua Huang†, Yen Choo‡§, and George M. Church*†¶
*Harvard University Graduate Biophysics Program, Harvard Medical School, Boston, MA 02115; †Harvard Medical School Department of Genetics, Alpert
Building 514, 200 Longwood Avenue, Boston, MA 02115; ‡Medical Research Council, Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH,
United Kingdom; and §Gendaq Limited, 1-3 Burtonhole Lane, London NW7 1AD, United Kingdom
Communicated by Aaron Klug, Medical Research Council, Cambridge, United Kingdom, April 2, 2001 (received for review January 18, 2001)

A key step in the regulation of networks that control gene
expression is the sequence-specific binding of transcription factors
to their DNA recognition sites. A more complete understanding of
these DNA–protein interactions will permit a more comprehensive
and quantitative mapping of the regulatory pathways within cells,
as well as a deeper understanding of the potential functions
of individual genes regulated by newly identified DNA-binding
sites. Here we describe a DNA microarray-based method to characterize sequence-specific DNA recognition by zinc-finger proteins.
A phage display library, prepared by randomizing critical amino
acid residues in the second of three fingers of the mouse Zif268
domain, provided a rich source of zinc-finger proteins with variant
DNA-binding specificities. Microarrays containing all possible 3-bp
binding sites for the variable zinc fingers permitted the quantitation of the binding site preferences of the entire library, pools of
zinc fingers corresponding to different rounds of selection from
this library, as well as individual Zif268 variants that were isolated
from the library by using specific DNA sequences. The results
demonstrate the feasibility of using DNA microarrays for genomewide identification of putative transcription factor-binding sites.

A

n understanding of the sequence specificity of DNA–
protein interactions has resulted from studies of the effects
of mutations in the DNA-binding sites and the amino acid
residues implicated in sequence-specific binding. The zinc-finger
transcription factors are among the best understood families in
terms of sequence-specific DNA binding. Rational zinc-finger
design by using structure-based (1) and database-guided (2)
approaches has permitted some progress in revealing certain
rules that govern these discriminating contacts (3–6). In addition, phage display has emerged as a powerful tool to select for
zinc fingers that recognize given target DNA sites (5, 7–9).
Although this technology has permitted millions of protein
variants to be sampled simultaneously, the effects of individual
mutants have had to be measured one at a time by using
nitrocellulose-binding assays (10), gel mobility-shift analysis
(11), ELISA (12), Southwestern blotting (13), or reporter constructs (14). Because these methods are generally too laborious
to be used for the analysis of a large number of DNA–protein
interactions, it has not been possible to gather data on vast
collections of variant DNA–protein pairings. Although in vitro
selections (15) and ‘‘binding-site signatures’’ (4) have permitted
the sampling of multiple DNA-binding sites for a given DNAbinding protein, these in vitro selections provide only a partial
view of binding-site specificity, because only the tightest binding
interactions are selected, whereas information about suboptimal
interactions is lost in the experimental process. It is possible that
these lower-affinity DNA sites are functionally significant in
transcriptional regulation of gene expression. Therefore, we
have taken advantage of DNA microarray technologies, which
have revolutionized mRNA expression analysis (16), in developing a highly parallel method for studying the sequence specificity of DNA–protein interactions (17).
We describe the use of DNA microarrays to study DNA
recognition by the zinc finger, because this domain is one of the
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most common structural motifs found in eukaryotic transcription factors (18). An important member of the Cys2His2 class
of this family of proteins is the mouse transcription factor
Zif268. Zif268 serves as a valuable model system for studying
zinc finger–DNA recognition, because crystallographic data of
the Zif268 DNA–protein complex are available (18, 19). In a
simple model of the DNA–protein interactions, three fingers
in the DNA-binding domain bind as independent modules to
three tandem 3-bp subsites (Fig. 1A). This modularity has been
exploited in studies aimed at unraveling the rules governing
the interactions between zinc-finger residues and the DNA
bases they contact (3–5).
Materials and Methods
Synthesis of DNA Microarrays. Cy3-labeled oligonucleotide was

spotted for alignment purposes. The set of 64 oligonucleotides,
synthesized to represent all possible 3-nt central-finger sites for
Zif268 zinc fingers, was combined with a 5⬘ amino-tagged
universal primer in a 2:1 molar ratio in a Sequenase (United
States Biochemical) reaction. The completed extension reactions were exchanged into 150 mM K2 HPO4, pH 9.0, by using
CentriSpin-10 spin columns (Princeton Separations, Adelphia,
NJ). Exact methods and oligonucleotides are published in the
Supplemental Methods on the PNAS web site, www.pnas.org.
Glass slides (Gold Seal, Gold Seal Products, Portsmouth, NH)
were cleaned for 0.5–2 h in 2 M nitric acid. After rinsing in
distilled water, the slides were soaked in distilled water for 5–15
min and then washed once with acetone. The slides were
silanized by immersing them for 15 min in a solution of 1%
aminopropyl-methyl-diethoxysilane (Fluka) dissolved in 95%
acetone. After washing the slides twice in acetone, they were
baked for 30 min at 75°C. The surface of the slides was then
activated by placing them in a solution of 0.5% 1,4-diphenylenediisothiocyanate (PDC) (Fluka) dissolved in a solution consisting of 40 ml of pyridine and 360 ml of anhydrous N,Ndimethylformamide for 2–4 h. The slides were then washed twice
with methanol, twice with acetone, and stored in a dessicator
until use. A custom-built arraying robot equipped with piezoelectric printheads was used to print the microarrays. After
printing, the microarrays were incubated overnight at room
temperature, then for 1 h at 37°C in a humidity chamber
containing 300 mM K2 HPO4, pH 9.0. The rest of the PDC
surface was inactivated by a 10-min incubation in 1% ammonium
hydroxide兾0.1% SDS兾200 mM NaCl. After washing in 4 ⫻ SSC,
the slides were neutralized in 6 ⫻ standard saline phosphate兾
EDTA (0.18 M NaCl兾10 mM phosphate, pH 7.4兾1 mM EDTA)兾
0.01% Triton X-100, washed twice in 4 ⫻ SSC, then washed in
2 ⫻ SSC and spun dry in a clinical centrifuge. Slides were stored
in a closed box at room temperature until use.
Abbreviation: Kdapp, apparent dissociation constant.
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Phage ELISAs. To determine apparent dissociation constants
(Kdapps), phage ELISAs were carried out at least in triplicate,
essentially as described (4), with some modifications. Exact
methods and oligonucleotides are described in the Supplemental Methods. Because these measurements provide apparent,
not actual, Kds, all final observed Kdapp values were scaled by the
same constant so that the Kdapp for wild-type Zif268 with the
sequence containing the 3-bp finger 2 binding-site TGG was
equal to 3.0 nM.
Microarray Protein Binding. For production of Zif phage, overnight
bacterial cultures of TG1 (or JM109) cells, each producing a
particular zinc-finger phage or pool of phages, were grown at
30°C in 2 ⫻ TY medium containing 50 mM zinc acetate and 15
mg兾ml tetracycline (2 ⫻ TY兾Zn兾Tet). Culture supernatants
containing phage were diluted 2-fold by addition of PBS兾Zn
containing 4% (wt兾vol) nonfat dried milk, 2% (vol兾vol) Tween
20, and 100 mg兾ml salmon testes DNA (Sigma). The slides were
blocked with 2% milk in PBS兾Zn for 1 h, then washed once with
PBS兾Zn兾0.1% Tween 20, then once with PBS兾Zn兾0.01% Triton
X-100. The diluted phage solutions were then added to the slides,
and binding was allowed to proceed for 1 h. The slides were then
washed five times with PBS兾Zn兾1% Tween 20, and then three
times with PBS兾Zn兾0.01% Triton X-100. Mouse anti-(M13)
antibody (Amersham Pharmacia) was diluted in PBS兾Zn containing 2% milk, preincubated for at least 1 h, and added to the
slide. After incubation for 1 h at room temperature, the slides
were washed three times with PBS兾Zn兾0.05% Tween 20, and
three times with PBS兾Zn兾0.01% Triton X-100. R-phycoerythrin-conjugated goat anti-(mouse IgG) (Sigma) was diluted
in PBS兾Zn containing 2% milk, preincubated for at least 1 h, and
added to the slides. After incubation for 1 h at room temperature, the slides were washed three times with PBS兾Zn兾0.05%
Tween 20, three times with PBS兾Zn兾0.01% Triton X-100, and
once with PBS兾Zn, and then scanned.

Fig. 1. Design of microarrays for binding experiments. (A) Model depicting
interactions between the Zif268 phage display library and the DNA used in
phage selections. The three zinc fingers of Zif268 (F1, F2, and F3) are aligned
to show contacts to the nucleotides of the DNA-binding site as inferred from
the crystal structure of Zif268 and biochemical experiments. The zinc-finger
amino acid positions are numbered relative to the first helical residue (position 1). The randomized positions in the ␣ helix of the second finger are circled.
DNA base pairs marked N were fixed as given sequences and used to select
sequence-specific zinc-finger phage from the library. (B) Design of the DNA
sequences spotted on the microarrays used in the microarray-binding experiments. F1, F2, and F3 refer to fingers 1, 2, and 3 of Zif268 variants, and the
boxes indicate the three corresponding 3-bp binding sites for the three
fingers. DNA base pairs marked N were systematically varied to explore the 64
different 3-bp binding sites for finger 2. The diagram shows attachment of the
DNA to a glass slide via an amino linker. (C) Entire microarray, showing all nine
replicates, bound by wild-type Zif268 phage. The fluorescence intensities of
the spots are shown in false color, corresponding to the DNA-binding affinities
of the protein for the different DNA sequences. The Cy3-labeled alignment
oligonucleotide was spotted above and below each column, as well as to the
right and left of each row, along the perimeter of the nine replicates. In
addition, four spots of DNA containing the wild-type Zif268-binding site were
spotted at higher concentrations in each of the four corners (row 1, columns
1– 4; rows 1– 4, column 10; row 8, columns 7–10; rows 5– 8, column 1) of each
replicate, as a positive control for wild-type phage binding to the microarrays
in preliminary experiments. (D) Amino acid sequences of the variant ␣-helical
regions in finger 2 of the Zif268 variants used in this study. The randomized
positions are marked with an X. The three primary recognition positions are
highlighted. The names of the clones are listed to the Left of these sequences.
The first variant listed is wild-type Zif268.
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described (16). The signal intensities of each of the spots in the
scanned images were quantified by using IMAGENE Version 3.0
software (BioDiscovery, Los Angeles, CA). Subsequent analyses
were performed with PERL scripts written by M.L.B. After
background subtraction, the relative signal intensity of each of
the spots within a replicate was calculated as a fraction of the
highest signal intensity for a spot containing one of the 64
different 37-bp sequences. To normalize for possible variability
in the DNA concentrations of the different DNA samples that
were spotted onto the microarrays, each of the average relative
signal intensities from zinc-finger phage binding was divided by
each of the respective average relative signal intensities from
SybrGreen I staining (see Supplemental Methods for details).
Results
We used DNA microarrays to examine the spectrum of bindingsite specificities of a collection of Zif268 mutants selected from
a phage display library of the second finger. Quantitative
measurements of more than 750 DNA–protein interactions were
gathered from 10 different microarray-binding assays by using
wild-type Zif268, four mutants, and seven pools of mutants (Fig.
2 A–E and 3 A and B). Double-stranded DNAs containing the
wild-type binding sites for fingers 1 and 3 and all possible 3-bp
binding sites for finger 2 of wild-type Zif268 were created by
primer extension on unique oligonucleotides by using a universal
primer (Fig. 1B). Nine replicates of each of these 64 different
sequences were printed onto glass slides. Phage displaying the
three Zif268 zinc fingers were harvested directly from bacterial
cultures and bound to the microarrays. The bound zinc-finger
phage were labeled fluorescently by using a primary antibody
against a phage coat protein and an R-phycoerythrin-conjugated
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Microarray Data Analysis. Microarrays were scanned essentially as

Fig. 2. Wild-type and variant Zif268 zinc-finger phage bound to microarrays. One of nine replicates on each microarray slide is shown for each of the binding
experiments described. Spots with high relative signal intensities for each of the Zif268 variants labeled in descending numerical order according to decreasing
Kdapp values, and the sequences corresponding to each of these numbered spots are listed between the microarray images and the sequence logos. The
fluorescence intensities of the spots are shown in false color, corresponding to the DNA-binding affinities. The color bars were calibrated from the Kdapps, as
determined by using ELISA. Sequence logos depicting the DNA-binding site preferences of the variant zinc fingers are shown to the Right of the microarrays.
The numbers along the base of the sequence logo indicate the 5⬘, middle, and 3⬘ nucleotides of the 3-bp DNA-binding site for finger 2. The values along the y
axis indicate the number of bits of information at each position of the 3-bp DNA-binding site. The height of each nucleotide at each position of the 3-bp
DNA-binding site is determined by multiplying the relative DNA-binding affinity of the nucleotide by the total information at that position, so that a taller printed
nucleotide is more beneficial for tight binding than a shorter one. The nucleotides are sorted so that the nucleotide most beneficial for tight binding is on top.
(A) Wild type; (B) RGPD; (C) REDV; (D) LRHN; (E) KASN. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; D, Asp; E, Glu; G, Gly; H, His;
I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; R, Arg; S, Ser; T, Thr; V, Val.

secondary antibody (Fig. 1C). After DNA concentration normalization, each of the fluorescence intensities was expressed as
a fraction of the fluorescence intensity of the DNA sequence,
with the highest average intensity for the particular Zif268
mutant being examined.
As a validation of this protocol, wild-type Zif268 phage were
bound to a microarray (Figs. 1C and 2 A). The dynamic range of
relative fluorescence intensities spanned two orders of magnitude and corresponded to a dynamic range of apparent binding
constants (Kdapps) that spanned at least three orders of magnitude. To evaluate the relationship between the normalized
fluorescence intensities and the DNA-binding affinities of the
zinc fingers, the binding affinities of wild-type Zif268 phage for
a set of DNA sequences were determined by performing zincfinger phage ELISA (20) at a series of DNA concentrations. The
7160 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.111163698

relative fluorescence intensities were found to correlate well
with a hyperbolic function of the Kdapps, based on fractional
occupancy (see supplemental data for details) (Fig. 4). Therefore, for each variant Zif phage, a calibration curve was constructed by determining the Kdapps of a few representative
sequences that spanned the range of relative fluorescence intensities on the microarrays spotted with all different 3-bp
binding sites for finger 2. These calibration curves were used to
interpolate the Kdapps for the remaining sequences on the microarrays (Table 2 A, which is published as supplemental data on
the PNAS web site). These binding-site preferences were then
used to construct sequence logo representations (21) of each
variant’s binding-site profile (Fig. 2 A–E). Each of the input
sequences for logo construction was weighted according to the
inverse of its Kdapp, so that the sequences with the highest binding
Bulyk et al.

Fig. 3. Evolution of sequence-specific DNA-binding zinc fingers from selections of the phage display library. Phage pools isolated from different rounds of
selections analyzed by using DNA microarrays. One of nine replicates on each microarray slide is shown for each of the binding experiments described. Spots with
high relative signal intensities in each of the rounds are labeled to indicate the bound DNA sequence. (A) Rounds 2– 4 of the selection by using the middle triplet
GCG. Round 1 (not shown) did not have any outstanding spots. Round 2 shows binding to the wild-type Zif268 DNA-binding site, which is spotted at a high
concentration on the periphery of the array (see supplemental data). (B) Rounds 1–3 of the selection using the middle triplet TCC. Round 1 did not have any
outstanding spots. (C) Portions of the sequences present at the GAC and TCC spots on the microarrays. The 9-bp binding sites for variant zinc-finger phage are
underlined, and the 3-bp binding sites for finger 2 are boldfaced.
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Kdapp of the tightest KASN–DNA complex is over 80 times weaker
than the interaction of wild-type Zif268 with its optimal binding
site.

BIOCHEMISTRY

affinities had the greatest contribution in creation of the sequence logo (see supplemental data for details).
Identifying small differences in the DNA sequence specificity
of distinct transcription factors is highly desirable, because a
single nucleotide difference in a DNA-binding site can dictate
which transcription factor binds at that site. To determine
whether our approach could be used to distinguish proteins with
very similar binding-site preferences, we used two related Zif268
mutants in microarray-binding experiments (Fig. 2 B and C;
Table 2B of supplemental data). The mutant RGPD was selected from the phage display library by using the DNA sequences GCG and GCT, whereas the mutant REDV was
selected by using GCG and GTG. The microarray-binding results
not only verify binding to these respective sequences but also
indicate that RGPD binds fairly well to CCG and to GCT
(although RGPD was not recovered from a selection by using
CCG). These results demonstrate that microarray-binding experiments can be used to distinguish the DNA-binding site
preferences of transcription factors, even those with very similar
DNA-binding specificities.
We next used this microarray approach to determine the bindingsite preferences of zinc fingers with poorly characterized sequence
specificity. The mutants LRHN and KASN had been isolated
repeatedly after independent sets of in vitro selections by using
many different 3-bp binding sites for the second finger (ACT, AAA,
TTT, CCT, CTT, TTC, AGT, CGA, CAT, AGA, AGC, and AAT).
Although LRHN was isolated in all of these selections, microarraybinding experiments revealed that this variant is highly specific for
the DNA sequence containing the 3-bp binding site TAT (Table 2C
of supplemental data). Moreover, the LRHN–TAT complex is
almost as tight as the wild-type Zif268–DNA complex in these
experiments. Meanwhile, microarray-binding experiments showed
KASN to be fairly nonspecific, with binding to a number of DNA
sequences consistent with a central 3-bp consensus (A兾C兾T)NT
(Table 2D of supplemental data). These results indicate that
microarray-binding experiments are highly sensitive in determining
the DNA-binding site preferences of DNA-binding proteins, as the

Fig. 4.
Relationship between relative fluorescence intensity and DNAbinding affinity. (A) SybrGreen I-stained microarray; (B) low laser-power scan
of wild-type Zif268 bound to a microarray; (C) high laser-power scan of
wild-type Zif268 bound to a microarray. Red pixels indicate saturated signal
intensity. (D) Plot showing the relationship between relative signal intensity
and Kdapp. Error bars indicate 1 SD of the SybrGreen I normalized binding data.
These sequences were chosen because they span a range of relative fluorescence intensities. For this evaluation, a separate set of microarrays was spotted
with these DNA sequences. Because some of these sequences contain mutations in the binding sites for fingers 1 and 3 of Zif268, they were not printed
on the microarrays containing all different 3-bp binding sites for finger 2.
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Table 1. DNA-binding specificity scores
Variant
REDV
LRHN
RGPD
Wild type
KASN

Single substitution

Kapp
range
d

Overall preference

510
40
38
31
2.8

1,100
89
75
78
5.1

920
74
65
66
3.2

A mean Kdapp was calculated for the set of sequences consisting of all
possible single base-pair substitutions in the central 3 bp of the Zif268 DNAbinding site of the sequence with the highest binding affinity. The single
substitution score is defined as this mean Kdapp, divided by the Kdapp of the
sequence with the highest binding affinity. The Kdapp range is defined as the
Kdapp of the sequence with the lowest DNA-binding affinity, divided by the Kdapp
of the sequence with the highest DNA-binding affinity. The Kdapp range serves
as a measure of the specificity of a variant for the sequence with the highest
binding affinity versus the sequence it binds most weakly. The overall preference of a variant is defined as the mean Kdapp of the set of all the sequences
on the microarray except for the one with the highest binding affinity, divided
by the Kdapp of the sequence with the highest binding affinity.

We calculated three types of DNA-binding specificity scores
as metrics of how specific a protein is for its most tightly binding
DNA site, as well as of the general spectrum of affinities that the
protein has for variant DNA sites (Table 1). These analyses show
that the Zif268 variants perform very differently in site-specific
DNA recognition. Such binding specificity scores will allow us to
determine which transcription factors are likely to bind at only
a few specific sequences versus those which are likely to bind
more uniformly throughout the genome.
In addition, we used these microarrays to test whether the
zinc-finger library’s bias against binding DNA triplets with 5⬘ A
or C could have been deduced before selection experiments.
Therefore, we applied the entire library of zinc-finger clones to
a microarray and analyzed binding of the entire population to the
64 different triplets. In general, triplets with a 5⬘ T were bound
significantly better than their counterparts with a 5⬘ G, which in
turn were bound significantly better than their counterparts with
a 5⬘ A or C (T⬎G⬎A兾C) (Fig. 5). The reason for this is that the
5⬘ nucleotide of the middle triplet is potentially specified by a
combination of contacts from fingers 2 and 3 (see base pair 5 in
Fig. 1 A), but only the residue from finger 2 is randomized in the
library (see Supplemental Discussion, which is published on the
PNAS web site). The library is therefore biased toward binding
sequences that have the specificity of wild-type Zif268 for the 5⬘
nucleotide of the middle triplet, i.e., T or, to a lesser degree, G.
The use of microarrays to determine the DNA sequence preferences of entire libraries of DNA-binding domains will be
extremely useful in guiding in vitro selections and for determining which of a set of libraries is best suited for selection by using
a particular DNA sequence.
To see whether the evolution of sequence-specific phage from
library selections could be followed, pools of library members
eluted from different panning rounds of the GCG selection were
bound to microarrays (Fig. 3A). Specifically bound sequences
could be detected starting with round 2 (Supplemental Discussion). A significant change in the DNA-binding preference of the
population occurred during the third round of selection, from
T(A兾T)G in round 2 to G(C兾T)G in round 3. There was very
little change in the DNA-binding specificity of the population
during the fourth round of selection. These microarray-binding
data are a useful aid to carrying out successful phage selections
and can be used to guide the improvement of selection conditions or to determine the endpoint of a selection.
As a further demonstration of the utility of this approach for
tracking the evolution of binding-site specificity during phage
selections before sequencing of the selected phage, rounds 1–3
7162 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.111163698

Fig. 5. Binding of the entire zinc-finger phage display library to a microarray
indicates that DNA triplets with a 5⬘ T or G are bound preferentially over
triplets with a 5⬘ A or C. The data are plotted to analyze binding as a function
of the 5⬘ nucleotide. The average relative fluorescence intensity of all 64
different triplet-binding sites was normalized to 1; therefore, a value less than
1 indicates the particular sequence is bound less than average, and a value
greater than 1 indicates the particular sequence is bound greater than
average.

of the TCC selection were applied to microarrays, because this
selection appeared to fail to produce zinc fingers specific for
TCC (Fig. 3B). Sequencing analysis of clones obtained from this
selection revealed that the experiment had not yielded zinc
fingers specific for TCC but had instead produced zinc-finger
clones that were also selected by the triplet GAC. Without the
use of sequence information for the selected zinc fingers,
microarray-binding experiments of phage pools from rounds 1–3
indicate that the selection was driven by zinc-finger phage that
bind to the sequence present at the GAC spot on the microarrays. These phage were selected because the sequence GCGGACGCA is the complement of TGCGTCCGC, which is contained within the sequence of the DNA used in the TCC
selection. GCGGACGCA is present on the complementary
strand of the DNA sequence at the TCC spot on the microarrays,
offset by 1 bp from the intended register of the 3-bp binding sites
(Fig. 3C). The microarray results also indicate that GCG-

Fig. 6. Specific binding of S. cerevisiae transcription factors Rpn4 and Zap1
to microarrays. The image on the Left is a portion of a microarray bound by
Rpn4; the image on the Right is a portion of a microarray bound by Zap1. The
large white spots along three sides of the microarray images are alignment
spots that indicate the positions of each row and column. The first two
columns of experimental spots, indicated by ‘‘⫹’’ and ‘‘⫺’’ and labeled ‘‘Zap1,’’
correspond to those spots containing 37-bp long positive and 39-bp long
negative control sequences for binding by Zap1. The next two columns of
experimental spots, indicated by ‘‘⫹’’ and ‘‘⫺’’ and labeled ‘‘Rpn4,’’ correspond to those spots containing positive and negative control sequences (both
33 bp long) for binding by Rpn4.
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Discussion
Our microarray-based method encourages comprehensive and
directly comparable measures that in the past would have been
prohibitive because of laborious experimental procedures. Because dozens of microarray-binding experiments could be performed in parallel in a single day, this technology provides
significant cost and time advantages over conventional methods
such as gel mobility-shift assays and nitrocellulose-binding assays, which can take months or even years to measure the effects
of mutations for a large set of variant DNA–protein interactions.
The materials and instrumentation used in our microarray
experiments are commercially available and widely used in
laboratories using DNA microarrays for mRNA expression
analysis. In addition, the antibodies used for detection of the
bound proteins are universal, in that they can be used regardless
of what DNA-binding domain is displayed on the phage (see
supplemental data). These experiments are not limited to zincfinger proteins, as other structural classes of DNA-binding
domains have been displayed on the surface of phage, including
homeodomains (22), helix–turn–helix motifs (23), ␤ sheets (24),
leucine zippers (25), and steroid receptors (26). Furthermore,
epitope-tagged DNA-binding proteins or whole transcription
factors could be used instead of displaying the proteins on the
surface of phage.
These microarray-binding experiments are highly scalable and
thus could readily be adapted both for the combinatorial analysis
of longer binding sites and for whole-genome analyses of transcription factor-binding sites. A full set of sequences spanning all
possible 8-bp binding sites would consist of roughly 65,000 spots,
which could fit onto a single microscope slide (see Supplemental
Discussion). As for genomic microarrays, preliminary experiments indicate that the upper bound for DNA fragment lengths
suitable for protein-binding experiments is at least 1 kb (see Fig.
7, which is published as supplemental data on the PNAS web
site). Therefore, a microarray spotted with ⬇12,000 sequences
spanning ⬇12 Mb of the entire Saccharomyces cerevisiae genome
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(27) could be used for the characterization of the sequence
specificity of S. cerevisiae transcription factors as well as for the
identification of genes putatively regulated by these proteins.
Preliminary data indicate that DNA-binding domains of S.
cerevisiae transcription factors, displayed on phage, are capable
of specific binding to DNA microarrays (Fig. 6). Furthermore,
such binding experiments using microarrays spotted with DNA
corresponding to S. cerevisiae intergenic and coding regions have
shown that this approach can be used to characterize the
sequence specificity of transcription factors (M.L.B., P. N. Estep,
X.H., and G.M.C., unpublished work). Likewise, a microarray
consisting of roughly 30,000 spots of 1-kb sequence, enriched for
the portions of the 120-Mb Drosophila melanogaster genome
likely to contain regulatory elements, could be used to characterize the DNA-binding specificities of over 670 D. melanogaster
transcription factors, at least 135 of which are zinc-finger proteins (28). Extrapolating these gene ratios to estimate the
number of transcription factors and zinc-finger proteins in the
human genome (29), there are thousands of transcription factors, approximately 1,000 of which are zinc-finger proteins (see
supplemental data for details), which could be characterized by
using these methodologies.
Such microarray-binding experiments would produce datasets
that would be useful not only for predicting functions for
previously uncharacterized transcription factors but also for
elucidating regulatory networks. Additionally, the effects of
different concentrations of cofactors as well as the effects of
alternate cofactors or binding conditions could be measured.
This technology will also be immediately useful in engineering
designer zinc-finger DNA-binding domains for the control of
gene expression in biotechnology applications ranging from
functional genomics to gene therapy. Finally, as more and more
of these experiments are performed, the vast datasets produced
could yield the necessary data required to determine what rules
exist governing DNA recognition by sequence-specific transcription factors.
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BIOCHEMISTRY

GACGCG (the top strand of the GAC spot) is bound more
tightly by the phage pool eluted from round 3 of the TCC
selection than are either GCGTCCGCG or GCGGACGCA,
which are present on the top and bottom strands, respectively, of
the DNA at the TCC spot on the microarrays.

