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Oligomer-chip technology

Oligonuclectide microarrays have caught the attention of a wide scientific audience

because of a collection of recent publications that demonstrate the technique’s

huge potential in a development that seems to be having similar consequences for

molecular genetics as the arrival of the semiconductor had for electronics. From

today's still rather confined basis, the methodology is bound to expand and

diversify, radically transforming not only molecular genetics but also numerous

other fields of application in medicine and pharmaceutical research.

The main emphasis of current genome analysis is still
deciphering the basic sequence information of both
the coding and noncoding regions of genomic DNA.
However, technological development has already
moved on to analytical procedures for the cellular
effects and functional consequences of the DNA-
encoded information. In recent years, DNA-chip
technology has emerged as a prime candidate for the
performance of many such analyses in molecular biol-
ogy and medicine, particularly given the stimulus pro-
vided by the rapid increase in the amount of genetic
information needing interpretation. This is because
one of the main features of this technique is its high
degree of parallelism, and the capacity to assay a large
number of samples in a short time will make it almost
indispensable. Several different methods for the cre-
ation of DNA arrays are being used, but the basic prin-
ciple remains the same: hybridisation of an unknown
sample to an ordered array of immobilised DNA mol-
ecules of known sequence produces a specific hybrid-
isation pattern that can be analysed or compared to a
given standard (Fig. 1). The array elements consist of
either synthetic oligonucleotides or longer DNA frag-
ments, usually PCR products or isolated cloned DNA.

The basic principle of using oligonucleotide arrays
was first proposed in the late 1980s, when four groups
independently developed the concept of determining
a DNA sequence by hybridisation to a comprehensive
set of oligonucleotides, such as all the possible 65 536
octamer sequences (sequencing by hybridisation,
SBH)'*. As indicated by the designation of the early
scientific gatherings in this field®, the initial aim was
the establishment of SBH, in preference to any other
application. Only with time did the true potential
of oligomer arrays become clearer and the technical
barriers to the (experimentally complex) process
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of SBH more obvious, shifting the emphasis to more
immediately addressable applications.

Basic aspects of oligonucleotide microarrays
Array production

Fabrication of the arrays is quite obviously of cru-
cial importance to oligonucleotide-chip technology.
Initial in situ synthesis techniques’ would have been
sufficient for the generation of comprehensive arrays,
but for the combinatorial limitations of the channel
system, which failed to synthesise entirely independ-
ent sequences at the individual grid positions. With
the advent of a procedure that allowed the control of
oligomer synthesis on the chip by photolithography®?,
this shortcoming was resolved; in addition, a new
dimension in the miniaturisation and complexity of
the arrays unfolded.

Alternative production methods do exist, and these
can produce features unobtainable by photolithogra-
phy. Transferring individual DNAs onto a solid sup-
port!?, for example, seems to be a very tedious process,
but it does permit a variation in the amount of ma-
terial placed at each grid position; with modern high-
throughput robotics, large-scale chip production by
this method is well within our reach. Individual-
transfer arrays possess an advantage over photolitho-
graphic arrays in their ability to be constructed with
varying duplex stabilities of the oligonucleotides,
merely by varying their concentration on the chip sur-
face!l; also, standard synthesis chemistry is well estab-
lished for a number of nucleotide derivatives for which
no light-inducible monomer equivalents are available.
The critical drawback, however, is still the need for
the external synthesis and storage of very many different
oligonucleotides prior to actual chip production. Con-
trol of chip production by electrochemical patterning
of surfaces using electrode arrays seems to be a viable
alternative to photolithography in terms of size, speed
and ease of synthesis!?; whether it produces arrays of
similar or even better quality remains to be seen.
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Figure 1

Basic principle of oligonucleotide-chip technology. Nucleic acids are exposed to an
ordered grid of array-bound oligomer molecules. At each position, a distinct sequence
is attached to the support medium, with the differences as small as a single base for
the detection of polymorphisms, as displayed here. After hybridisation of the prabe
to chip molecules with a complementary sequence, analysis of the binding position is
performed by pattern recognition. Evaluation of signal intensities is essential for the
identification of the occurrence of mismatch hybridisation (modified from Ref. 6).

Even the current champion, photolithographic chip
synthesis, has flaws, however, including relatively low
yield obtained on the solid support!3. This is at least
one reason why a large degree of redundancy is
required in actual analyses; although not necessarily an
obstacle for some applications, this remains a problem
for quantitative measurements. Work is ongoing to
improve the efficiency of synthesis towards that
achieved on standard support medial*15,

Hybridisation

After production of the oligomer chip, the success-
ful performance of target hybridisation is the most
important issue of chip-based analyses. Many effects
are still not completely understood, including the
influence of the dangling ends of a bound molecule
on the stability of the duplex!® or, even more impor-
tantly, how much of a probe is really accessible to
hybridisation; the relatively small amount of published
data indicates that the latter issue, especially, 1s not yet
resolved!?. It is, however, possible that there is more
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data on this subject in the private domain that will not
be published in the foreseeable future because it could
give its owner a competitive edge. Fragmentation of
the probe would be one way around the problem of
intrastrand secondary and tertiary structure, which
prevents binding to the arrayed oligomers. However,
this would simultaneously cause another problem
concerned with the labeling: usually, a base-specific
fluorophor label is incorporated in the probe, but after
fragmentation, there could be different amounts of
label contained in the various, very-short pieces gen-
erated, due to, for example, enzymatic preferences.
This could lead to a bias when comparative analyses
are performed.

Probe concentration is another issue that strongly
affects hybridisation; in fact, it is the one major reason
why chips are needed for this sort of analysis. Because
the amount of sample is limited in many potential
applications, the relevant assay must be performed in
small volumes, and thus on small surfaces, in order to
obtain the probe concentrations necessary. A possibly
very useful technique in this context is directing the
probe flow by applying electric fields!s. In addition,
this technology allows for electronic control of the
hybridisation stringency, thus accelerating the process.

Detection

Currently, there is a sort of monopoly in detection
methodology. The use of a fluorescently labeled probe
requires that detection is performed optically, but there
are, nevertheless, different approaches to this that could
prove significant. Rather than using a confocal sys-
tem!?, thus blocking out all signal from outside a cer-
tain layer, excitation could be done by taking advan-
tage of optical wave guides, for example, which cause
excitation to take place only in the zone reached by
the evanescent wave along the wave-guide material?'.
Thus, only label that is very close to the support,
almost exclusively bound probe molecules, will pro-
duce a signal. However, other techniques for circum-
venting the complex and costly confocal system are
possible. The most elegant would be direct detection
of probe binding by electronic means. There is
research being done in this direction?!, but the pub-
lished results are, to date, not very convincing. Never-
theless, this procedure would really merge DINA-chip
technology with electronics, and make a pocket-sized
machine possible.

Applications

The range of applications for this technique is
already wide and will probably extend still further.
However, I should mention that, for some assays, the
use of longer array molecules could be advantageous;
one of these applications is transcriptional profiling
(Fig. 2), a technique pioneered in the early 1990s on
filters?>24. Total mRNA is isolated and hybridised to
arrays that contain gene representatives, either as PCR
products?3:2¢ or oligonucleotides?”. Miniaturisation has
led to the technique now being fit to deal with entire
genomes at high levels of sensitivity.
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Figure 2
Parallel analysis of gene transcription. Total mRNA is isolated from cells and hybridised to a grid of molecules that represents (all) the genes
of an organism. By analysing the binding positions and signal intensities, the transcription rate of each individual gene can be determined
and compared with similar data generated with RNA from cells grown under different conditions. Using two dyes, two preparations could

be mixed prior to hybridisation for immediate comparison.

Also currently at the forefront is the identification
of mutations and polymorphisms?$-3°, By hybridising
a sequence to a set of oligonucleotides containing all
possible sequence deviations (Fig. 1), such analyses
could be performed very quickly and also eventually
lead to another sort of genetic map. While the physi-
cal mapping of individual cosmid or bacterial-
artificial-chromosome (BAC) clones®' seems an un-
likely application, because it loses out on the issue of
parallelism (and thus efficiency) compared with
other hybridisation-based techniques®?, determination
of the sequence-tagged-site (STS) content of larger
genomic regions, such as radiation hybrids, could be
worthwhile. Once one-tube PCR amplifications with
very many pooled primer pairs can be performed, the
presence of STSs in a given region could be checked
by applying the result of such a PCR reaction to a
chip that contains oligomer representatives for all the
individual tag sequences (D. Cox, pers. commun.).

Other applications of oligonucleotide arrays range
from studies in cell biology to chemical matters and
include quantitative phenotypic analysis in a popu-
lation of different (yeast) cells®? (Fig. 3} and even highly
parallel, and potentially extremely cheap, synthesis of
primer molecules for subsequent use in molecular
biology'4.

The most ambitious aim is still SBH, and a chip with
65 536 octamers, for instance, would also be the

ultimate tool for many of the analyses listed above.
The technique will probably never be used for de
novo sequencing, however, because the read length is
too limited in this sort of analysis; certain octamer
sequences will occur more than once, thus creating
many branching points within a given DNA fragment.
However, the main sequencing task will only start after
the human and other genomes have been completely
sequenced. Then, individual patients, or distinct
descendants of bacteria or other organisms, will be
analysed in comparison with the sequence ‘standard’
that is in the database; for this application, the read-
length of SBH is more than sufficient®. The last major
technical obstacle was the need for equalising the
duplex stabilities of all the different sequences. As there
are ways to solve or get around this complication3>36,
no basic problem remains that could prevent SBH
from becoming more than just a clever idea.

Peptide nucleic acids

More recently, a new class of derivatives, the pep-
tide nucleic acids (PNAs; Fig. 4), have been devel-
oped?”. Exhibiting many features that are identical, or
at least very similar, to the behaviour of DNA oligo-
nucleotides, such as the formation of a duplex with
nucleic acids of complementary sequence, their appli-
cation to oligomer-chip sensors might be advan-
tageous for several reasons: their duplex stability greatly
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Figure 3

Phenotypic analysis in a population of different yeast cells. For functional analyses of
gene activity, individual genes are replaced by DNA cassettes, each containing
a distinct sequence of 20 to 40 bp. The deletants are all grown in one culture; at
carefully designed growth conditions, individual deletions will be at an advantage or
disadvantage, and this will lead to overgrowth or disappearance of the particular
deletant strains. This is detected by hybridising DNA from the population of all
cultured cells to a chip containing the tag sequences at specific locations.

exceeds that of equivalent DNA oligonucleotides;
their binding to a complementary DNA strand is even
more specific®®; hybridisation takes place in a low-salt
to possibly even no-salt buffer, and, because interstrand
repulsion is not counteracted by ions, intramolecular
double-strand formation of the DNA or RNA probe
1s disfavoured, making the entire probe sequence more
accessible to the oligomers on the chip; and, less sci-
entific but nonetheless important, the patent situation
seems to be clear cut. Analyses with relatively small
arrays of PNA oligomers has demonstrated the poten-
tial of these compounds as an alternative substrate for
chip technology™®.
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Figure 4
Comparison of the structures of PNA and DNA molecules. PNA con-
sists of repeating units of N{2-aminoethyl}glycine linked by amino
bonds. Bases (B) are attached by methylene—carbony! linkages.

Scientific, commercial and medical applicability

There is no question that oligomer-chip technology
will be put to productive and profitable use in science
and many commercial applications, such as screening
the molecular responses caused by the large numbers
of compounds generated by pharmaceutical com-
panies. Medical diagnosis in individual human beings
is a different story, however, requiring the various ana-
lytical techniques to reach a standard sufficient to per-
form vital diagnoses reliably on individual patients. In
practical terms of development and commercialisation,
1 wonder how regulative bodies such as the US Food
and Drug Administration will set their accuracy
requirements, given their different perspective. Con-
sidering the specificity required in practical uses of
much simpler analytical tools such as primer oligo-
nucleotides for PCR-based techniques, this is a cru-
cial question, and a delicate one once it comes to com-
mercial issues. Still, with the advances that have already
been made being so enormous, the prospects for fur-
ther improvement so substantial, and in view of related
developments towards microfabricated structures for
DNA analysis®, [ am convinced that a time will come
when patients will give a drop of blood from their
fingertip at a doctor’s surgery, and shortly thereafter
will be given a diagnosis based on chip-hybridisation
data.
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