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It’s only eight years since surface photo-
addressable synthesis of oligonucleotides and
oligopeptides was first devised1. But in that
time, the technology has advanced with
astonishing speed, addressing an ever-
increasing array of applications, from expres-
sion analysis to genotyping and mutation
screening. In this issue, Church and col-
leagues2 take DNA chips to another level, by
synthesizing double-stranded DNA arrays
accessible to proteins. Their system could
allow the systematic study of DNA–protein
interactions, transforming the analysis of
eukaryotic transcriptional control. 

Current synthetic oligonucleotide arrays
typically consist of single-stranded 20- to 30-
mers affixed to glass surfaces by oligoethylene
glycol linkers. These arrays have many uses,
such as monitoring the presence and abun-
dance of mRNAs in populations3, assessing
sequence variation in HIV-14, determining the
relative fitness of yeast strains haploid at a
given locus in a population of diploids5, and
identifying the complete set of crossovers in
individual meioses in yeast6.

In their new approach, Church and col-
leagues display longer single-stranded olignu-
cleotides (up to 40-mers), immobilized onto
the surface via their 3¢ ends. To these, they
hybridize 16-mer priming oligonucleotides,
extending these primers with Klenow frag-
ments, thereby converting the immobilized
DNA into a double-stranded form. By incor-
porating a fluoroescent label into the DNA as a
marker, they show that this double-stranded
DNA is accessible to proteins—in this case, a
restriction enzyme and a methylase. 

In the first experiment, an RsaI cleavage
site was incorporated into the DNA strand
between the label and the glass. Treating the
DNA with RsaI eliminated the fluorescence,
showing that the enzyme bound and cleaved at
the correct site. In the second experiment,
when a GATC site was similarly incorporated,
treating the DNA with dam methylase and
DpnI released the fluorescence, demonstrating
that the methylase modified, and the DpnI
cleaved, the GATC site.

The authors note that the ability to make
double-stranded DNA arrays should enable
the high-throughput study of DNA–protein

interactions. Because of the marvelous way
genomic techniques tend to simplify biological
information—turn complex quantitative
changes into qualitative ones—such studies
could lead to substantial new insights into how
eukaryotes regulate gene expression. In the
near term, arrays that contain all possible per-
mutations of a site at each position should
help in determining for known proteins the
preferred nucleotides at each position within
the site. Particularly when repeated with

mutant proteins that bear lesions in possible
contact amino acids, such studies could rapid-
ly pinpoint individual contacts between
nucleotides and amino acids. Because of the
potential speed of such studies, even small dif-
ferences in the binding specificity among pro-
teins in the same family may be detected—dif-
ferences that, for most newly discovered
eukaryotic DNA-binding proteins, have been
poorly characterized. In the longer term, larger
arrays that contain a fair representation of pos-
sible protein binding sites might help in defin-
ing DNA-binding specificities for uncharac-
terized proteins.

Before this technology allows such large-
scale experimentation, two technical issues may
need to be addressed. First, synthesis of single-
stranded oligonucleotides on solid surfaces is
inefficient, with per-nucleotide synthesis effi-
ciencies thought to be only 92–96%7,8. Thus,
for a 40-mer, only 4–20% of the sequences on a
chip will be of the desired length and sequence.
It may take thoughtful planning to devise pro-

tein binding experiments that can produce sig-
nificant answers in the presence of so many
competing related sequences. Second, there is
no reason to think that all of the single-strand-
ed oligos are accessible to the primers and poly-
merases needed to make the second strand. The
experiments described in this paper all required
enzymatic reactions on double-stranded DNA
to produce output; DNA that stayed single
stranded would not show up.

Economic issues may also slow develop-

ment of these methods. The addressable syn-
thesis of oligonucleotides is currently an expen-
sive and proprietary technology. Its cost and
relative inaccessibility may spur development
of alternative methods to manufacture double-
stranded DNA arrays, just as it did for DNA
arrays for gene expression monitoring9,10. Here,
for example, an alternative route to the con-
struction of homogenous double-stranded
DNA arrays might be based on the techniques
for fabrication by hybridization and ligation
described by Ben-Yoseph and his co-workers11

(see Fig. 1B). These investigators attached sin-
gle-stranded oligonucleotides to gold supports
by a thiol linkage, and then to those oligos,
hybridized and ligated double-stranded DNAs
with the appropriate complementary ends.

Another possible high-throughput ap-
proach would be to move beyond the display of
DNA in two-dimensional arrays. Existing tech-
nology allows fabrication by hybridization to
“zero-dimensional” structures—beads bear-
ing different oligonucleotides12. Beads with
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Figure 1. Alternative approaches for making double-stranded DNA arrays. (A) Upper panel:
Single-stranded oligonucleotides synthesized on a glass surface1. Not all the strands are of
unit length or accessible to the primer and polymerase, thus, some strands may not be
converted into double-stranded DNA of the the desired length and sequence. (B) 12-mer oligo-
nucletides coupled to a solid support. Hybridization to double-stranded DNA with a
complementary single-stranded end, followed by treatment with DNA ligase, results in
surface-coupled double-stranded DNA10.
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diameters of 12 µm have larger surface areas
than 20 ´ 20 µm patches of flat surface, even if
their accessible pores are excluded. It should be
now be possible to manipulate such beads in
solution, and to screen them for binding-
dependent fluorescence by flow cytometry. In
the near future, it should become possible to
manipulate beads in microfabricated fluidic
devices that can sort and perform subsequent
biochemical analysis on specific beads. Several
million beads, arrayed serially within a serpen-
tine channel in a microfabricated device,
would occupy only as much space as the
roughly 10,000 different oligos displayed on
current two-dimensional arrays.

A more radical approach would be to use
DNA itself as a structure that supports indi-
vidual double-stranded sequences for bind-
ing assays. Nadrian Seeman and his co-work-
ers have been developing means to self-
assemble DNA into “polyhedral” three-
dimensional structures (e.g., see ref. 13).
Recently, they reported self-fabrication of
significantly more complex structures, whose
main elements each consisted of two antipar-
allel double helices rigidly connected by two
Holliday-type junctions. They assembled
these structural elements into large (micron-
length), heterogeneous (multisubunit), two-
dimensional crystals by hybridization of the
elements’ 6-mer sticky ends14. Significantly,

in some experiments, these researchers used
derivatives of these structural elements that
displayed double-stranded DNA hairpins.
There seems no reason such double-stranded
DNA side chains should not contain binding
sites. Given design rules for such crystal sub-
units, investigators could fabricate arrays in
their own labs.

How soon these more exotic approaches
may become possible is hard to guess. It’s
probably a good bet that double-stranded
DNA arrays on surfaces will be the most
accessible technology in the near term, and
that these surface arrays will be good enough
to enable high-throughput studies of
DNA–protein interactions. In the longer
term, the ability to draw on more than 40
years of nucleic acid enzymology will create
an unparalleled ability to program the assem-
bly of DNAs into structures. It’s likely that a
great deal of interesting biology will emerge
from such assemblies. In particular, regularly
spaced double-stranded DNA displayed by
self-fabricated DNA structures could provide
a regular array of protein binding sites. These
binding sites can be used to form regular
arrays of chimeric proteins that contain the
appropriate DNA-binding domains. Because
most proteins can be expressed as such
chimeras, the ability to array them in quasi-
crystals with regular spacing and orientation

could facilitate their high-throughput struc-
tural analysis. Beyond these biological appli-
cations, we note that Braun et al.11 have
addressed double-stranded DNA to single-
stranded oligonucleotide connected to gold
electrodes on glass, then deposited silver on
the double-stranded DNA to make wires11.
Such fabrication ability could lead to hybrid
DNA–electrical devices such as NMR coils. 

For now, Church and his co-workers have
demonstrated the promise of DNA–surface
technology to study DNA–protein interac-
tions. But the eventual impact of these studies
on other aspects of biology and engineering
may be even more important.
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