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Preface

DNA-chip analysis has come a long way since the first official gathering of sci-
entists working in this field, which took place in Moscow in 1991, comprising
about 50 scientists from Europe and the USA. Then, the initial aim was the devel-
opment of a technology for high-throughput sequencing of the human genome,
named sequencing by hybridisation. The field soon diversified, however, in
terms of methodology and application. Nowadays, DNA-microarrays seem to be
a common commodity in biological sciences. The complexity hidden behind the
apparent ease of such studies, however, is highlighted by the fact that it took
about ten years of technology development - and persuasion - before the
methodology really took off. Also, at closer scrutiny one realises that many prob-
lems still need to be resolved and only relatively limited inquiries have been
attempted so far considering the potentially possible. Nevertheless, even these
experiments have produced data on a scale beyond imagination for most people
in biology a few years ago and for many even today. Even the data sets originat-
ing from large-scale sequencing are dwarfed by the quantity of information
from chip-based analyses. Thus, DNA-microarray technology will be the true
herald of change in biology. Having developed earlier from a descriptive to an
analytical science, biology will split in future into an experimental and a theo-
retical branch, similar to what happened in physics quite a long time ago.

This change in biology is no better represented than by the authors of this
book, who took part in bringing about this shift in emphasis. They are well-
known experts in the field, many - like Edwin Southern, Hans Lehrach, Radoje
Drmanac, Pavel Pevzner and Charles Cantor - have been actively pursuing
array technology for more than a decade. Rather than pondering on the good
old times, however, they demonstrate the continuous development in both tech-
nology and application areas and elucidate some critical points that need to
be considered, when performing microarray analyses.

The first article, by Pavel Pevzner and co-workers, informs on aspects of de-
signing DNA-arrays, which is not a trivial undertaking, although rarely discus-
sed. Even at this level of array-based analysis - right at the start rather than the
end - informatics is required in order to deal with the inherent complexity.

Such a design phase is followed by the actual production process. Although by
no means the sole procedure for doing so, photolithographically controlled in
situ synthesis is currently the best advanced technique for large-scale chip pro-
duction with a high degree of reproducibility. Glen McGall and Fred Christians
report on the procedures involved, some future developments and applications.



X Preface

Muhammad Sohail and Edwin Southern describe in their contribution a dif-
ferent process for the creation of oligonucleotide arrays. Subsequently, they used
the arrays in the screening for effective antisense reagents. This study is fascinat-
ing because of its impact on the understanding of interactions between nucleic
acids, an interesting research area even after 50 years of structural DNA analy-
sis, and in view of its practical implications for applications in biotechnology
and molecular medicine.

Hubert Koster, Charles Cantor and co-workers combine two high-throughput
techniques - arrays with detection by mass spectrometry - for genotyping anal-
yses. With the existence of about 1.5 million publicly known single nucleotide
polymorphisms (SNPs), the exploration of this resource is a major challenge in
the effort of translating basic genomics into applied, medically relevant molecu-
lar genetics.

The work of Radoje Drmanac extends the objective of genotyping analyses
and, at the same time, returns to the origin of DNA-chip analysis by pursuing
‘sequencing by hybridisation’, which is nothing short of performing a SNP ana-
lysis for each and every nucleotide of a given DNA-fragment. He reports recent
achievements and deliberates on the exciting opportunities of this methodology.

The text of Holger Eickhoff and colleagues already reaches beyond the mere
DNA-chip by reporting on procedures that extend strongly into the field of pro-
teomics, thus linking the two areas. Only by such measures, carried out experi-
mentally as well as in silico, the complexity of functions in cellular systems will
eventually be unravelled.

Considering how array analyses are performed, it is only natural that a con-
tribution on bioinformatics tools and databases should come at the end of the
list. Its position does not reflect its importance, however. As a matter of fact, all
preparatory work going into the production of the nice looking, colourful pic-
tures from DNA-arrays is a useless squander unless it is assessed and presented
in a way that makes the data accessible to human interpretation. Currently, much
of the data produced on microarrays is actually wasted. Transcriptional profil-
ing studies, for example, usually concentrate on few, specific biological aspects
and ignore much else contained in the very set of raw data. This information
could be useful for other studies, if only one could access it. For the purpose of
going back to results for entirely different analytical purposes, central databases
with appropriately designed and standardised procedures, as well as a common
ontology, are essential. Alvis Brazma and colleagues have been instrumental in
getting such efforts started.

Overall, the various articles provide a good mix, covering many, although not
all, aspects of microarray-based analysis, the latter no longer achievable in a
single book, for the days of the Moscow meeting in 1991 are long past and the
breadth of the field has expanded enormously both in terms of its technical
aspects and the variety of potential applications. Nevertheless, I hope the pic-
ture is comprehensive enough for understanding the basics, elaborate enough to
inform in detail on certain aspects and speculative enough to stimulate further
developments.

Heidelberg, May 2002 Jorg D. Hoheisel
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Combinatorial Algorithms for Design of DNA Arrays
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Optimal design of DNA arrays requires the development of algorithms with two-fold goals:
reducing the effects caused by unintended illumination (border length minimization problem)
and reducing the complexity of masks (mask decomposition problem). We describe algorithms
that reduce the number of rectangles in mask decomposition by 20-30% as compared to a
standard array design under the assumption that the arrangement of oligonucleotides on the
array is fixed. This algorithm produces provably optimal solution for all studied real instances
of array design. We also address the difficult problem of finding an arrangement which mini-
mizes the border length and come up with a new idea of threading that significantly reduces
the border length as compared to standard designs.

Keywords: DNA arrays, Photolitography, Mask design, Combinatorial algorithms, Rectangle
cover problem
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1
Introduction

DNA arrays have been greatly successful in a variety of genomic analyses (2],
ranging from detecting SNPs [13] to functional genomics [3,9, 14]. One method
of synthesizing an oligonucleotide array is by a photolithographic V LSIPS (very
large scale immobilized polymer synthesis) method similar to that used in the
semiconductor industry. In this method, light is used to direct synthesis of
oligonucleotides in an array. In each step, light is selectively allowed through a
mask to expose cells in the array, activating the oligonucleotides in that cell for
further synthesis. For every synthesis step there is a mask with corresponding
open (allowing light) and closed (blocking light) cells. Each mask corresponds to
a step of combinatorial synthesis described in [5].

The proper regions are activated by illuminating the array through a series of
masks. Unfortunately, because of diffraction, internal reflection, and scattering,
points close to the border between an illuminated region and a shadowed region
are often subject to unintended illumination [5]. In such a region, it is uncertain
whether a nucleotide will be appended or not. This uncertainty gives rise to
probes with unknown sequences complicating interpretation of the experimen-
tal data. Methods are being sought to minimize the lengths of these borders so
that the level of uncertainty is reduced. The problem is important not only for
Affymetrix arrays but also for any other in-situ synthesis scheme, such as the re-
cently published micromirror arrays [12].

Border Minimization Problem (BMP) is to arrange the probes on the array in
such a way that the overall border length of all masks is minimal. For two probes
x and y,let §(x, y) be the Hamming distance between probes, i. e., the number of
positions in which x and y differ. An intuitive approach to BMP is to position sim-
ilar probes at neighboring sites. In a synchronous array design when every iter-
ation generates a fixed nucleotide at i-th positions of the probes, the overall bor-
der length of all masks equals Y 8(x, ), where the sum is taken over all pairs of
neighboring probes on the array. For uniform arrays this observation establishes
the connection between minimization of border length and Gray codes [11]. An
I- b1t Gray code is defined as a permutation of the binary numbers between 0 and
2'-1 such that neighboring numbers have exactly one differing bit, as do the first
and last numbers.

For a fixed set of n probes, consider an n-vertex complete graph with edge
weights equal to Hamming distances between probes. For uniform arrays with 4’
probes, every solution of the Traveling Salesman Problem (TSP) corresponds to a
Gray code and leads to arrangements that position similar probes in neighbor-
ing sites thus minimizing the border length of the mask for uniform arrays [11].
However, for assay arrays with arbitrary probes used in functional genomics, the
border length minimization remained an open proplem.

The goal of positioning similar probes in neighboring sites led to the attempts
of using TSP approach for border length minimization in the design of dedicated
functional genomics arrays. In the very first design of such arrays at Affymetrix
in mid 1990s Earl Hubbell implemented a greedy TSP algorithm for minimizing
the border length of the assay chip. The motivation for using a TSP tour is that
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consecutive probes in the tour are likely to be similar. The probe arrangement
corresponding to found TSP solution was further threaded on an array in a row-
by-row fashion. The deficiency of this approach is that although probes in the
same row are usually similar, the neighboring probes in the same column may be
very different thus leading to an increase in border length. In this paper we pro-
pose a different idea for array design called optimal threading. Define a thread-
ing as a self-avoiding path through the sites of an array. Different threadings vary
in the border length and we show that a clever choice of threading reduces the
border length by 20% for large chips (as compared to the row-by-row threading).

Masks for DNA arrays are built by patterning equipment which generates rect-
angular regions by a long series of “flashes”, each flash producing a rectangle.
Complex masks are made by consecutive generation of rectangles. The cost of a
mask is (approximately) linear in the number of rectangles generated, and there
is a fixed upper limit to the number of rectangles it is feasible to generate, before
a different (expensive) mask fabrication technology must be used instead. There-
fore, we are interested in a cover of a mask with a minimum number of rectan-
gles (the rectangles in a cover can overlap).

The rectangle cover problem is known to be NP-hard and approximation al-
gorithms with small performance ratios for this problem are unknown ([6, 7]).
We explore the specifics of oligonucleotide masks and devise an efficient algo-
rithm which finds a (provably) optimal rectangle cover for all masks we tested at
Affymetrix.

The paper is organized as follows. In the following section we present the
“Placement problem” which is a generalization of a few interesting optimiza-
tion problem, including optimal mask design and (surprisingly) protein folding
in the lattice model. We further describe applications of TSP for DNA array
design and present threading as novel approach to optimizing the border length.
Finally, we describe the algorithms for optimal mask decomposition into rec-
tangles.

2
Placement Problem

Let G, (Vy,E,,w;) and G, (V;, E;, w,) be two complete edge-weighted graphs with
weight functions w; and w,. A bijective function y: V, — V, is called a placement
of G, on G, . The cost of placement is defined as

c(p)= ZV w1 (%) w2 (9 (x), p ().
x, yeV,
The optimal placement problem is to find a placement of G, on G, of minimal
cost.

For optimal mask design problem the Nx N vertices of the grid graph G, cor-
respond to a Nx N array. The distance between grid cells (i}, j;) and (i, j,) in the
Manhattan metric is defined as |i,~ |+ j,-j,|. The vertices of the grid are neigh-
bors if the distance between them is 1. The weight w, (x, y) is defined as 1 if x and
y are neighbors and 0 otherwise. The vertices of the probe graph G, correspond
to Nx N probes to be synthesized on a chip. The weight function w,(p, q) is de-
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Table 1. Performance comparison of various algorithms for real masks

Chip Size 549a8 549al4 549a18 549a19 549a22
312x312 312x312  312x312 312x312 312x312

#Black Cells 17377 11152 14279 32519 16102

#Maximal Rectangles 1394 993 2362 2952 3425

#Prime Rectangles 1392 968 2327 2920 3387

#Black Cells after 4 260 610 509 433

Phase 1

#iterations in 1 1 1 1 1

Phase 2

#Rectangles found 2 17 35 32 34

in Phase 2

#Rectangles found 0 0 0 0 0

after Phase 2

#Rectangles found 1394 985 2362 2952 3421

by Rectangle_Cover

#Rectangles found 1394 985 2507 3406 3521

by Rectangle Partition

#Rectangles found 1513 1432 2980 4588 3816

by Rectangle_Greedy

fined as the distance between probes p and gq. The distance between probes is the
number of times an edge occurs between them in the entire set of masks to fab-
ricate the chip. Depending on the synthesis strategy the distance is either Ham-
ming distance or the distance defined by the synthesis-schedule. In such formu-
lation the optimal placement attempts to position similar probes in the
neighboring position of the grid and minimizes the overall border length of the
masks. In many cases the overall border length is well-correlated with the num-
ber of flashes to produce the mask and therefore, the optimal placement reduces
the cost of the mask set in these cases (Table 1).

TSP is a particular case of the optimal placement problem (in this case G,
is a graph with edges of weight 1 forming a path and all other edges of weight 0).
This observation motivates the following approach to optimal mask design
problem: find TSP in the probe graph and thread it in a row-by-row fashion on
the array grid. Such approach optimizes the placement for half of the edges
(for adjacent cells in the same row) in the grid but completely ignores another
half (for adjacent cells in the same column). Experiments suggest that this
approach reduces the cost of the placement by 27% as compared to the random
design for 64 Kb chip. The statistical analysis indicates that the larger is the chip
the larger is the saving in cost (four-fold increase in the size of the chip increase
the saving by about 5%). Our goal is to optimize the placement for the remain-
ing half of the edges and to reduce the cost of the edges by additional 27%.
Below we show how to reduce it by 20% thus achieving savings which is close to
optimal.
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3
DNA Arrays and the Traveling Salesman Problem

Since any improvement of the TSP-tour would likely improve the parameters of
array design, we first tried to find a better TSP algorithm for assay arrays. Com-
puting an optimal TSP tour for a graph with 64,000 vertices is not feasible. Note
that only very fast approximation algorithms (i. e. at most quadratic) are suitable
for our size of the problem. We implemented 2-opt algorithm [8] for TSP. Given
an ordering of vertices 71= 71y ... Ty, T, Ty oe Mg T Ty g on Ty @ reversal of
mat i,j is a permutation 7' =71y ... iy, T Ty e Wiy s M5 Mgy -- T obtained
from 7 by reversing the fragment m;, 7;,.; ... 7;_y, ;. 2-opt neighborhood of mis
formed by all permutations obtained from 7 by reversals. The Lin-Kernighan lo-
cal improvement algorithm finds a suboptimal TSP tour by starting from an ar-
bitrary permutation of vertices 7 = 7(0). At a general step, given a permutation
(i), it searches for a permutation (i + 1) from 2-opt neighborhood of 7(7) such
that the cost of 7r(i+1) is less than the cost of 7(i). The computation terminates
at a local minimum when no such permutation in 2-opt neighborhood exists.
Disappointingly, we found that a 2-opt optimization of the greedy TSP-tour
leads to only 0.3% improvement (Table 1). We tried a few approaches to further
improve the TSP solution (or to verify its proximity to the optimal solution), in
particular, solving minimum length cycle cover problem with further merging of
cycles in the cover into a hamiltonian path. A cycle cover is a set of (simple) cy-
cles such that each vertex in the graph is contained in exactly one cycle. The

Table 2. Performance comparison of various algorithms for random masks with varying den-
sity; the parameter p denotes that probability of a grid cell being a black cell

Chip Size r(p=0.9) r(p=0.75) r(p=0.5) r(p=0.25) r(p=0.1)
500 % 500 500500  500x500 500 % 500 500 % 500

#Black Cells 224660 186891 123951 60791 24241

#Maximal Rectangles 50944 65399 61364 41092 20362

#Prime Rectangles 8452 28608 48399 39627 20322

#Black Cells after 97522 37771 6400 339 24241

Phase 1

#iterations in 7 11 5 2 1

Phase 2

#Rectangles found 1343 9599 3513 272 1

in Phase 2

#Rectangles found 12561 2393 18 0 0

after Phase 2

#Rectangles found 22356 40600 51930 39899 20323

by Rectangle_Cover

#Rectangles found 22726 43633 53123 39977 20323

by Rectangle_Partition

#Rectangles found 28420 45900 55077 40267 20337

by Rectangle_Greedy




