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We have created double-stranded oligonucleotide arrays to perform highly parallel investigations of
DNA–protein interactions. Arrays of single-stranded DNA oligonucleotides, synthesized by a combination
of photolithography and solid-state chemistry, have been used for a variety of applications, including
large-scale mRNA expression monitoring, genotyping, and sequence-variation analysis. We converted a
single-stranded to a double-stranded array by synthesizing a constant sequence at every position on an
array and then annealing and enzymatically extending a complementary primer. The efficiency of secondstrand synthesis was demonstrated by incorporation of fluorescently labeled dNTPs (2´-deoxyribonucleoside 5´-triphosphates) and by terminal transferase addition of a fluorescently labeled ddNTP. The accuracy of second-strand synthesis was demonstrated by digestion of the arrayed double-stranded DNA
(dsDNA) on the array with sequence-specific restriction enzymes. We showed dam methylation of dsDNA
arrays by digestion with DpnI, which cleaves when its recognition site is methylated. This digestion
demonstrated that the dsDNA arrays can be further biochemically modified and that the DNA is accessible for interaction with DNA-binding proteins. This dsDNA array approach could be extended to explore
the spectrum of sequence-specific protein binding sites in genomes.
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Sequence-specific DNA binding by proteins controls transcription1,
recombination2, restriction3, and replication4. Sequence requirements
are usually determined by assays that measure the effects of mutations
on binding of DNA and amino acid residues implicated in these interactions. These assays, which include nitrocellulose binding assays5, gel
shift analysis6, Southwestern blotting7,8, or reporter constructs in
yeast9, are usually considered too laborious for the analysis of many
DNA variants. Therefore, we have developed a highly parallel method
for studying the sequence specificity of DNA–protein interactions.
We have taken advantage of oligonucleotide arrays, or DNA
arrays, that have previously been used for mRNA expression analysis10–12, polymorphism analysis13–16, deletion strain analysis17, and for
identifying clones from genetic selections18. However, the arrays used
for these purposes contain single-stranded DNA (ssDNA) oligonucleotides, and most sequence-specific regulatory DNA-binding proteins bind double-stranded DNA (dsDNA). Therefore, we present a
method for enzymatically converting ssDNA arrays into arrays of
duplex DNA. Sequence-specific digestion at the cognate restriction
sites has been demonstrated using restriction-enzyme digestion of
dsDNA arrays. In addition, we show that the dsDNA can be altered
biochemically. Arrays of biochemically modified DNA may be useful
for applications that seek to determine the effects of modifications,
such as methylation, on sequence-specific binding. The results presented here suggest that these dsDNA arrays will be well suited for
the analysis of DNA–protein interactions, particularly for the discovery of the sequences recognized by transcription factors and the
quantitative assessment of those important interactions.
Results and discussion
Second-strand synthesis. ssDNA arrays were made on an Affymetrix
(Santa Clara, CA) DNA array synthesizer. A constant sequence was
synthesized before any variable sequences were introduced, and
these strands were used as templates for enzymatic second-strand
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synthesis. A primer complementary to the constant sequence was
used in primer extension reactions, producing all the second strands
on the array in a single enzymatic reaction.
For our experiments, there are a number of advantages to creating
dsDNA via primer extension instead of by chemically synthesizing single-stranded, self-complementary oligonucleotides19. First, 5¢-(4,4´dimethoxytrityl) (DMT) synthesis occurs with higher efficiency than
that achieved with light-directed, 5¢-(a-methyl-2-nitropiperonyl)oxycarbonyl (MeNPOC)20,21 synthesis. Therefore, longer strands of
dsDNA can be made because only half as many nucleotides need to be
produced by light-directed synthesis when the complementary strand
is created via primer extension. Second, the exact complement of each
template strand, including any degenerate nucleotides synthesized
into the first strand, will be made because the Klenow fragment of
DNA polymerase I is a highly processive polymerase with an error rate
of approximately 10–5. Third, this mode of second-strand synthesis
ensures a low mismatch rate as creation of dsDNA does not rely upon
annealing a complex mix of exogenous complementary sequences.
In order to verify initially that the primer was annealing to all
sequences, a fluorescein-labeled primer was hybridized to the array,
and signal intensity was seen over the entire chip (data not shown).
Subsequently, unlabeled primers were used in all primer-extension
reactions. To confirm enzymatic extension of the primer, we included fluorescein-labeled dATP in a reaction along with unlabeled 2´deoxyribonucleoside 5´-triphosphates (dNTPs) (Figs. 1 and 2A). As
expected, there tended to be higher signal intensity in features with a
greater proportion of adenine in the second strand (Fig. 3B). Of the
features with identical subsites, those with longer spacers had higher
signal intensities, as expected, because longer spacers allowed a
greater number of fluorescein-labeled dATPs to be incorporated.
The duplex DNA also can be end-labeled after synthesis (Fig. 2B)
instead of being labeled by incorporation of fluorescein-tagged
dNTPs. In this scheme, only unlabeled dNTPs were used in the
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Figure 1. Generalized array strand (not to scale). DNA is attached to
the glass surface by either 1 or 2 hexaethylene glycol (HEG) synthesis
linkers. The sequences of the two priming sequences that were used
are:
1s:
3´-AGCTGTGCGAGGTTGT-5´
2s:
3´-CCTGGCTAACTGAACT-5´
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primer-extension reactions. The 3´-ends of the newly synthesized
strands were then end-labeled by addition of fluorescein-labeled
ddNTP with terminal transferase (Fig. 4A). Only the 3´-ends of the
second strands were available for addition in these terminal transferase reactions, because the 3´-ends of the first strands were covalently attached to hexaethylene glycol (HEG) linkers. The observed
variation in signal intensity from row to row was due to either different synthesis efficiencies or different efficiencies of terminal transferase addition for different sequences.
Restriction enzyme digestion. To determine that the duplex DNA
was both physically accessible and of proper structure for interaction
with a protein, we digested dsDNA arrays with a restriction enzyme.
This also confirmed that the second strands were synthesized correctly.
A restriction enzyme with a 4 bp recognition site was chosen because
the two subsites on the arrays were each either 3 or 4 bp long, although
the design of the array can be changed according to the particular type
of restriction enzyme being studied. The fluorescein-labeled dNTP
included in the primer-extension reaction was chosen to be distal to the
cleavage site (relative to the glass surface), so that after digestion the fluorescent label that had been incorporated into the second strand would
be released (Fig. 3A). For end-labeled dsDNA arrays, the signal was distal to the cleavage site irrespective of the restriction site.
Strand density and the distance of the strands from the array surface were varied to measure the effects of accessibility of the DNA
strands for primer-extension reactions and enzymatic digestions.
The distance from the surface was varied using either one or two
HEG linkers. The two HEG linkers were expected to make the duplex
DNA more flexible and more accessible by reducing steric hindrance
from the glass surface and neighboring molecules. An array with
variable densities and number of linkers was extended in the presence of fluorescein-labeled dATP, then digested with RsaI (Fig. 3B).
As RsaI digestion leaves blunt ends between the T and the A of its
recognition site (5¢-GTAC-3¢), incorporated label is lost with the
portion of the strand that is released.
Signal intensity loss was evaluated by calculating a z score for
each feature. This statistic measures the amount of signal intensity
loss beyond that due to photobleaching or other effects that might
cause general signal intensity loss over the whole array. The average z
score in the 30 features containing the RsaI recognition site was 7 (p
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Figure 2. Alternative methods for second-strand labeling. (A)
Schematic for labeling by incorporation of fluorescently labeled dNTPs
and (B) schematic for end-labeling with fluorescently labeled ddNTPs.

= 3 ´ 10–13) A graph of the z scores for these features (Fig. 5) indicates
that arrays made with two HEG linkers and a strand density of about
0.6 pmol/cm2 achieved the most highly significant signal intensity
loss (z = 9, p = 7 ´ 10–20). No other subsites showed a significant loss
in signal intensity, indicating that the digestion was sequence-specific. The 4-mer subsite with the second highest z score was 5´-GGTA3´ (z = 3, p = 1 ´ 10–3). As the spacer (0–14 nucleotides) consisted of
degenerate sequence, about one-fourth of the nucleotides incorporated after the 5¢-GGTA-3¢ subsite were C, completing the restriction
site for RsaI. Therefore, loss of signal at this site was not due to nonspecific cutting; sites containing dsDNA sequences unrelated to the
RsaI site had even lower z scores.
The region surrounding the 5¢-GTAC-3¢ features (after digestion
with RsaI) is shown in Figure 4B. There was significant loss in signal
intensity (average z = 8, p = 4 ´ 10–16) in the 30 features in which the
first subsite was 5¢-GTAC-3¢. As for the 4-mer subsite 5´-GGTA-3´,
about one-fourth of the nucleotides incorporated after the 5¢-GTA3¢ subsite were C, completing the restriction site for RsaI. Thus, in
addition to a significant loss of signal intensity at the features corresponding to a 5¢-GTAC-3¢ first subsite, there was also a partial loss of
intensity at those features that contained only 5¢-GTA-3¢ in the first
subsite (average z = 3, p = 1 ´ 10–3).
Data from these array-based assays will be useful in modeling the
binding mechanisms of restriction enzymes. Because restriction
enzymes have very stringent sequence requirements, they have been
used as model systems to study the sequence specificity of
DNA–protein interactions22–28. However, experimental data on
mutant proteins or DNA sites can be interpreted with greater accuracy if the interactions governing sequence specificity are understood
at the atomic level. Such understanding comes from studying the
structure of the protein bound to DNA. The set of restriction
enzymes cocrystallized with DNA includes EcoRI26, EcoRV28,
BamHI29, PvuII30, FokI27, and BglI31. Moreover, measuring DNA–proNATURE BIOTECHNOLOGY VOL 17 JUNE 1999

http://biotech.nature.com

© 1999 Nature America Inc. • http://biotech.nature.com

RESEARCH

A

RsaI

3'

© 1999 Nature America Inc. • http://biotech.nature.com

B

5'

G
T
A
C

C
A*
T
G

G
T
A
C

C
A*
T
G

5'

Figure 3. (A) Schematic of RsaI digestion of an array of dsDNA oligonucleotides labeled with fluorescein-12-dATP. (B) RsaI digestion of a
variable strand density array labeled with fluorescein-12-dATP. The second strands of an array with both one and two HEG synthesis linkers
were synthesized using primer 1s in the presence of a 3:1 ratio of unlabeled to labeled dATP in a primer-extension reaction. The subsites were
in an inverted repeat orientation with no proximal flanking sequence, 5 bp distal flanking sequence, and a spacer of constant length (6 bp). The
arrows under the labels “1 HEG” and “2 HEGs” indicate increasing first-strand density, except for the 15th and 30th cells from left to right,
which are out of order in this density gradient. The 15th cell contains the densest strands with 1 HEG linker, and the 30th cell contains the
densest strands with 2 HEG linkers. “1st” (A, C, G, T above the array image) refers to the sequence of the first nucleotide in the first subsite on
the second strand, “2nd” (A, C, G, T to the far left of the array image) refers to the sequence of the second nucleotide, and so on. The symbol “” for the fourth nucleotide indicates that no fourth nucleotide was synthesized, so the subsites for those strands were three, not four,
nucleotides in length. The RsaI recognition site is 5´-GTAC-3´ (indicated in red).
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tein interactions in different buffer conditions allows the determination of the effects of factors such as ionic strength and pH on the
sequence specificity of the interactions. For example, digests under
different buffer conditions will induce “star” activity to varying
degrees for EcoRI22,32, EcoRV24,33, BamHI34, and PvuII35. Such digests
performed on arrays will provide data that will aid in modeling
interactions with many different DNA sequence variants under conditions of differing pH and ionic strength.
dam methylation. A number of DNA–protein interactions
require that the DNA be biochemically modified in some way. For
example, a common DNA modification in bacteria is N6-methyladenine at 5¢-GATC-3¢ sites. In Escherichia coli it is accomplished by
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Figure 4. RsaI and DpnI digestions of labeled
dsDNA arrays. (A–F) Inverted repeat arrays with no
proximal flanking sequence, 20 bp distal flanking
sequence, and 0–14 bp spacers. The sequences of
the first subsites are listed between (A) and (B),
and between (D) and (E). (A) Before and (B) after
RsaI digestion of a dsDNA array labeled by
terminal transferase addition of fluorescein-12ddCTP after primer extension. (C and F) Average z
scores for the sequences shown. The length of the
error bars is one standard deviation of the z score
for each subsite. (D) Before and (E) after DpnI
digestion of a methylated dsDNA array labeled by
incorporation of fluorescein-12-dCTP.

dam methylase and used not only to distinguish self from foreign
DNA, but also to identify the parent from the daughter strand at
replication forks36. Methylated arrays could be used to conduct further study of proteins involved in the restriction system. They also
have the potential to be used for studying proteins involved in discriminating between parent and daughter strands.
To determine whether dsDNA arrays could be used to investigate
methylation-sensitive interactions, we digested deoxycytidine
triphosphate (dCTP)-labeled dsDNA arrays with DpnI, which
cleaves only when the adenine within the restriction site 5¢-GATC-3¢
is methylated. After labeling, the array was methylated with dam
methylase. The portion of the methylated array containing 5¢575
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information about the base pairs that are important for specific interactions with particular residues. Proteins with mutations in the
residues critical for specific recognition could be characterized on the
arrays, and these experiments would be useful for studies designed to
better understand the determinants of sequence-specific recognition.
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Figure 5. z scores (normalized signal intensity differences) at 5´GTAC-3´ sites before and after RsaI digestion of a dsDNA array
designed to vary the density and accessibility of the DNA strands.
Densities (not measured) are estimates based on surface site
densities, chemical coupling yields, deprotection cross-sections,
and half-lives. 100% corresponds to approximately 1 pmol/cm2.

GATC-3¢, before and after DpnI digestion, is shown in Figures 4D
and E. There was significant loss in signal intensity (average z = 4, p =
3 ´ 10–5) at the 30 features on the array where the first subsite is 5¢GATC-3¢. As there was no proximal flanking sequence on this array,
any first subsites that started with the dinucleotide 5´-TC-3´ also
contained an intact recognition site for DpnI as a result of the junction of this dinucleotide with the 16-mer used for priming (5´GGACCGATTGACTTGA-3´). Excluding these subsites, the 4-mer
subsite with the second highest z score on the methylated array after
DpnI digestion was 5´-GGAT-3´ (z = 3, p = 1 ´ 10–3). As the spacer
(0–14 nucleotides) consisted of degenerate sequence, about onefourth of the nucleotides incorporated after the 5¢-GGAT-3¢ subsite
were C, completing the restriction site for DpnI. Unmethylated
arrays digested with DpnI did not show significant loss in signal
intensity (z = 0.5, p = 0.3) at the 5´-GATC-3´ subsite.
The DNA–protein interaction assay we described here should be
generally useful for characterization of DNA-binding proteins.
Potential variations include (1) binding of fluorescently labeled protein37 to unlabeled dsDNA arrays, (2) binding of endonucleaselabeled proteins38,39 to labeled dsDNA arrays, or (3) methylase protection of labeled dsDNA arrays by unlabeled proteins (assayed by subsequent restriction digests analogous to in vivo methylase footprinting40). The type of parallel-binding experiment described here would
permit the characterization of the sequence specificities and cofactor
requirements of potential DNA-binding proteins, including uncharacterized open reading frames. Furthermore, there are many transcription factors for which only a few operator sites are known. Once
a greater number of binding sites are discovered, more complete
recognition site matrices can be constructed. These site matrices list
the frequencies with which each of the four nucleotides occur at every
position in the binding site of a transcription factor and have been
used to predict new binding sites in genomes41. After defining matrices from the sequences bound on dsDNA arrays, genomic locations
of sites that match the matrix could be identified. Any genes downstream of these sites might be regulated by the putative transcription
factor.
The method we present here is general with respect to the DNA
component, and it could be used to study DNA-binding proteins of
most structural classes from any organism. Most of the sequence
specificity of binding is dependent upon two factors: a set of 3–5 bp
subsites42–44 and the length of the spacer separating the subsites45. For
example, to study a protein that binds DNA via three zinc-fingers,
arrays with three sets of 3 bp1 subsites could be used. Because of the
highly parallel nature of the arrays, it should be possible to derive
576

Chip design. The priming sequence, which was constant over the entire array,
was synthesized immediately after the HEG linker (Fig. 1). All possible recognition sites composed of four nucleotides were provided by the set of subsites proximal to the array surface. The distal subsites were inverted or tandem repeats of
the proximal subsites. The subsites were constant within a feature, but varied
from feature to feature. (A feature is a portion of the array in which the sequence,
excluding any degenerate nucleotides, is identical from strand to strand; for
example, an array that contains all sequences of length six nucleotides has 46 features). Distal flanking sequence (5–20 nucleotides) was included after the second
subsite because many proteins that interact with DNA are not capable of binding
a short segment of DNA that consists of only the recognition site46. Up to 10
nucleotides of flanking sequence were included between the priming sequence
and the first subsite in order to lengthen the portion of the DNA on the proximal
side of the recognition site. The DNA spacer between the two subsites was either
fixed or of variable length (0–14 nucleotides). Degenerate nucleotides (mix of A,
C, G, and T) were added in the segments where the sequences are not expected to
make a strong contribution to sequence-specific binding. These included the
proximal and distal flanking sequences, as well as the spacer. Unlike the priming
sequence and the subsites, the segments containing degenerate sequence varied
from strand to strand within a feature. Certain arrays were synthesized in ways
designed to vary the density and accessibility of the DNA strands. A first-strand
density gradient was created by varying the time of photodeprotection after addition of the first photoprotected HEG synthesis linker. The photodeprotection
was followed by coupling of N,N-diethyl N,N-diisopropyl phosphoramidite to
“cap” the exposed sites before synthesis of the oligonucleotides. The distance separating the DNA strands from the glass surface of the array was varied by using
either one or two HEG synthesis linkers.
DNA array synthesis. DNA arrays were synthesized at Affymetrix on a specially designed array synthesizer21. Synthesis was performed using both photolabile MeNPOC (ref. 20) and conventional DMT 2’-deoxynucleoside phosphoramidites. 5¢ DMT phosphoramidites were used to synthesize sequences common to all probes (priming sequence, spacer, and flanking sequences). 5¢
MeNPOC phosphoramidites were used to generate the unique recognition sites.
Synthesis of the second strand. The following two 16-mer oligonucleotides were used for priming:
1s:
5´-TCGACACGCTCCAACA-3´
2s:
5´-GGACCGATTGACTTGA-3´
These 16-mers were designed to have minimal secondary structure and a
melting temperature of approximately 37°C, according to calculations performed by DNAStar PrimerSelect. Arrays were prehybridized with 0.005%
Triton X-100, 0.2 mg/ml acetylated bovine serum albumin, 10 mM Tris-HCl
(pH 7.5), 5 mM MgCl2, and 7.5 mM dithiothreitol (DTT) at 37°C for 30 min.
Primer extension reactions were performed at 37°C for 60 min with 0.005%
Triton X-100, 10 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 7.5 mM DTT, 0.4 mM
dNTPs (Pharmacia, Piscataway, NJ), 0.4 µM 1s or 2s primer (Operon
Technologies, Alameda, CA), and 0.04 U/µl Klenow fragment of DNA polymerase I (3´ to 5´ exo–; New England BioLabs, Beverly, MA). For prehybridization and enzymatic reactions, mixing was accomplished by spinning
the arrays on a rotisserie at 65 r.p.m.
Labeling of the second strand. Labeling of the second strand by incorporation of fluorescently labeled dNTP was accomplished by addition of 0.4 µM of
fluorescein-labeled dNTP (New England Nuclear, Boston, MA) to the primer
extension reaction. A negative control consisting of a primer extension reaction lacking Klenow fragment of DNA polymerase I resulted in no gain in signal intensity (data not shown). This demonstrates that incorporation of fluorescent label and signal generation is polymerase dependent. End-labeling
after synthesis of the second strand was carried out in 0.005% Triton X-100, 10
mM Tris-acetate (pH 7.5), 10 mM magnesium acetate, 50 mM potassium
acetate, 0.005 mM fluorescein-12-ddNTP, 0.15 U/ml recombinant terminal
deoxynucleotidyl transferase (Gibco-BRL, Gaithersburg, MD) at 37°C for 90
min. A negative control consisting of end-labeling an ssDNA array showed
minimal signal incorporation (data not shown). This demonstrates that only
duplex DNA was end-labeled with terminal deoxynucleotidyl transferase.
After background subtraction, the signals in the different features on arrays
NATURE BIOTECHNOLOGY VOL 17 JUNE 1999
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labeled by either of these protocols were within a factor of three of each other.
After following one of the two labeling protocols, arrays were washed in 6´
SSPE/T (0.9 M NaCl, 60 mM NaH2PO4, 6 mM EDTA, and 0.005% Triton X100). After washing, the hybridization chamber was filled with fresh 6´
SSPE/T before scanning. The fluorescein was then excited using an argon ion
laser, and the resulting emission was detected with a photomultiplier tube
through a 530 nm bandpass filter (Molecular Dynamics, Sunnyvale, CA).
Images were obtained with a scan resolution of 11.25 µm using a specially
designed confocal scanner47. In addition to incorporation of labeled dNTP or
end labeling with terminal transferase to assess second-strand synthesis, we
also extended with unlabeled dNTPs, then stained with the doublestrand–specific dyes ethidium bromide and PicoGreen (data not shown). One
disadvantage of this type of labeling is that arrays stained in this manner cannot be destained. This renders them undesirable for studying DNA–protein
interactions as both of these dyes alter DNA structure—ethidium bromide by
intercalating between base pairs and PicoGreen by adhering to the major
grooves of the DNA by an unknown mechanism48. DNA distorted in this way
would be expected to have altered contacts with interacting proteins.
Methylation. DsDNA arrays were methylated at 5¢-GATC-3¢ sites by incubation at 37°C for 90 min with 0.2 U/µl dam methylase (New England
BioLabs) in 0.005% Triton X-100, 50 mM Tris-HCl (pH 7.5), 10 mM EDTA,
5 mM 2-mercaptoethanol, and 80 mM S-adenosylmethionine.
Restriction digestion. RsaI digestion was performed at 37°C for 30 min
with 0.01 U/ml RsaI (New England BioLabs) in 0.005% Triton X-100, 10 mM
Bis-Tris-propane-HCl, 10 mM MgCl2, and 1 mM DTT (pH 7.0 at 25°C).
DpnI digestion was performed at 37°C for 60 min with 0.5 U/ml DpnI (New
England BioLabs) in 0.005% Triton X-100, 20 mM Tris-acetate, 10 mM magnesium acetate, 50 mM potassium acetate, and 1 mM DTT (pH 7.9 at 25°C).
Data analysis. The mean signal intensities and the corresponding standard
deviations and sample sizes were measured using GeneChip software version
2.0 (Affymetrix). The z scores were evaluated using customized Perl scripts.
The software package Mathematica (Wolfram Research, Champaign, IL) was
used to calculate p values for the z scores. The z score for each of the features
on the array was calculated by normalizing the difference between the individual and the mean signal intensity losses by the standard deviation of the loss:
zk=

(Æ k – Æmean)
SDÆ

where Æk = (signal intensity)kbefore – (signal intensity)kafter,
n

Æmean =

Æk
å
k=1

n

SDÆ =

(Æk – Æmean)
å
k=1

2

n
n
, and
,
with k = 1, …, n corresponding to each of the features on the array.
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