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Abstract

In this thesis we provide computational tools for the planning of VTT-
TRAC experiments. VIT-TRAC is a novel method for measuring expres-
sion levels of genes. Monitoring gene expression by measuring the amounts
of transcribed mRNAs (transcriptional profiling) has become an important
experimental method in molecular biology. This has been due to rapid
advance in the high-throughput measurement technology. Methods like
microarrays are capable of measuring thousands of expression levels in one
experiment. However, new methods that are fast and reliable are still
needed. In addition to scientific research, such methods have important
applications for example in medical diagnostics and bioprocess control.

High-throughput technologies require automatic tools for planning of ex-
periments. In VIT-TRAC a special fragment of DNA called a probe has
to be selected for each profiled gene. In addition, the method allows mul-
tiplering i.e. profiling a large number of genes together as a group called a
pool as long as the probes in each pool can be separated from each other.
Thus, the major computational challenge is to divide the probes into as
small a number of pools as possible so that the whole experiment can be
done as cost-efficiently as possible.

In this thesis we analyze and solve the key computational problems in the
automatic planning of VI'T-TRAC experiments. Especially, we show that
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dividing the probes into a minimal number of pools is an NP-hard problem
and give an efficient approximation algorithm that is also practical. In
addition, we develop a flexible method for the selection of probes. We
have implemented our algorithms as a fully automatic planning software.
We show by planning different kinds of real experiments that our tools
allow convenient planning of cost-efficient experiments. We demonstrate
computationally that almost the whole yeast genome could be profiled with
less than 50 pools.

The planning of a VIT-TRAC experiment requires sequence information
that is not available for all organisms. cDNA-AFLP is a method that can
be used to study gene expression without complete sequence information.
We propose a computational method that can be used to optimize cDNA-
AFLP and VIT-TRAC experiments based on partial sequence information
or sequence information on a related organism.
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Chapter 1

Introduction

1.1 Multiplexing of experiments in molecular bi-
ology

A revolution in the measurement technology has started a new era in molec-
ular biology. Previously biologists typically studied one entity such as a
single gene or protein at a time. Now the new emerging high-throughput
technologies enable gathering measurement data about dozens or even thou-
sands of genes, proteins, or interactions in a single experiment.

Such powerful technologies also bring along new kinds of challenges.
The new challenges for the analysis of the biological data have been dis-
cussed widely in bioinformatics but the other side of the matter, namely the
experiment planning, has not raised as much interest. As the measurement
technologies become more complex and allow large-scale experiments to be
performed, designing the experiment in such a manner that it produces as
much biological information as possible also becomes a challenge.

The subject of this thesis is how to use computational tools to orga-
nize the measurements as efficiently as possible in a novel method called
VTT-TRAC [SIP'03, SKS, KSAT04, RKST04]. It is a new gene expression
monitoring method developed at VI'T Biotechnology. Our aim is to orga-
nize the measurements in such a way that the whole TRAC experiment can
be done using a minimum amount of resources. If a measurement technique
is such that one can only measure one variable at a time, such as the ex-
pression level of one gene in one condition, the problem is trivial: The cost
of the experiment is the cost of measuring one expression level times the
number of studied genes and conditions. However, VI'T-TRAC and many
other new measurement techniques are such that they allow multiplexing
i.e. measuring several variables simultaneously if some constraints are not
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2 CHAPTER 1. INTRODUCTION

violated. Multiplexing can dramatically lower the cost of experiments and
allow large-scale experiments that would not be feasible otherwise.

The multiplexing task in VI'T-TRAC and several other methods can
be described as follows. We have a set of variables X of some biological
entities whose values we want to measure, for example the expression levels
of a set of genes. The characteristics of the entities, such as the DNA
sequences of the genes, and the measurement technology used determine
whether a subset of variables can be measured together. In the VIT-TRAC
the constraint posed by the measurement device is simple: The amounts of
several different molecules in the sample can be measured simultaneously
if the molecules have substantially different sizes. We call a pool a subset
of variables that can be measured together. Then the computational task
is to partition X into a minimal number of pools. Such a partition allows
measuring all variables in X with minimal cost.

Other examples of such multiplexing tasks include multiplexing PCR [NS97]
and genotyping using mass spectrometry [AMYO03] or all k-mer arrays [SBDY04].
Other examples are likely to arise since the technology is developing rapidly.

For example, quantification of all proteins (proteomics) or metabolites
(metabolomics) in a cell sample are enormous challenges that will require
clever techniques for dividing the task into manageable parts.

Optimization problems like the general multiplexing task described above
are not new in computer science. On the abstract level they are simi-
lar to many planning tasks arising in the fields like warehousing, logistics,
and scheduling [AMO93]|. These combinatorial optimization problems have
been one of the major inspirations for algorithm and operations research
ever since the dawn of the computer age in the late 1940s. Typically they
involve selecting the optimal one from a vast but finite number of different
alternatives. Since such a problem can in principle always be solved by
enumerating all possible solutions and choosing the best, the time require-
ment of the algorithm that is used to solve the problem becomes the critical
question.

Since VI'T-TRAC measures mRNA levels, the planning of the exper-
iment requires sequence information. One needs to take into account not
only the sequences of the measured mRNAs but also the sequences of all
other mRNAs that might be present in the sample. In some cases the whole
genome of the target organism has to be taken into consideration. Thus, the
planning of VITT-TRAC experiments involves computations on large sets
of sequences. Luckily, the enormous increase in sequence data in biology
has inspired computer scientists to create efficient computational methods
for handling such data. Since biological sequences can be interpreted as
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strings of characters, sequence analysis algorithms are usually algorithms
on strings from the point of view of computer science [Gus97].

In this thesis we apply techniques from both combinatorial optimiza-
tion and string algorithms to create practical automatic tools for the plan-
ning of VIT-TRAC experiments. We believe that similar computational
approaches could be useful for other new measurement methods as well,
especially if the computational aspects are taken into account at the mea-
surement technology development stage, as has been the case with VTT-
TRAC.

1.2 Transcriptional profiling

Monitoring the expression of genes by measuring the amounts of the tran-
scribed mRNAs (transcriptional profiling) has become one of the most im-
portant methods in functional genomics. This is largely due to microar-
rays that allow measuring thousands of mRNA levels in parallel. One
of the first pioneering articles on the microarray technology published in
1996 [LDB*96] started with the following words:

The human genome encodes approximately 100,000 different
genes, and at least partial sequence information for nearly all
will be available soon. Sequence information alone, however, is
insufficient for a full understanding of gene function, expression,
regulation, and splice-site variation. Because cellular processes
are governed by the repertoire of expressed genes, and the levels
and timing of expression, it is important to have experimental
tools for the direct monitoring of large numbers of mRNAs in
parallel.

Now, almost a decade later, the statement is even more true than it
was back then: The whole human genome has now been sequenced and
to everybody’s surprise it might contain as few as about 30,000 protein-
coding genes, only about twice as many as the worm or fly genome [LT01].
Thus, knowing when the genes are expressed, as opposed to simply knowing
the list of genes and their functions, now seems even more important for
understanding complex organisms such as ourselves than could be imagined
a decade ago.

Despite the success of microarrays during the last ten years or so,
there is still a requirement for new methods that enable robust, sensitive,
and cost-efficient transcriptional profiling of a set of genes [RKST04]. Mi-
croarrays are a highly parallel but expensive technique and have relatively
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low sensitivity and poor reproducibility. There are other high-throughput
methods with their own advantages and disadvantages but none of them
has yet gained wide popularity comparable to microarrays. Conventional
methods such as Northern blots are inherently serial, suitable for measuring
a single mRNA at a time [LDB"96].

1.3 VTT-TRAC

VTT-TRAC (transcriptional profiling with the aid of affinity capture) is a
novel method that allows fast gene expression monitoring [SIPT03, RKS104].
The key techniques used in TRAC are:

Hybridization Like microarrays, TRAC utilizes hybridization i.e. form-
ing of a double helix by base pairing of two complementary single-
stranded chains of nucleic acids. The amount of an mRNA molecule is
measured using a probe: a fragment of DNA or RNA that is designed
to selectively hybridize with its target mRNA. The probes are fluores-
cently labeled to allow detection and quantification. The probes used
in TRAC can be either short oligonucleotide probes, typically 20..40
bases long, or they can be longer PCR-amplified probes, typically
50..1000 bases long.

PCR PCR (polymerase chain reaction) is a standard method for copying
and amplifying a fragment from a larger sequence, for example from
the whole genome. PCR is also based on specific hybridization. A
pair short fragments of DNA called primers are specifically designed
for the amplified region so that each of them is complementary to 3’
end of one of two strands of the region. Given single stranded DNA
molecules, the primers hybridize to their binding sites flanking the
target region. An enzyme called DNA polymerase adds nucleotides
after the 3’ end of each primer using the other strand as template and
thus builds a copy of the strand started by the primer. Thus, the 3’
ends of the primers are especially important because the polymerase
reaction starts only if the 3’ ends of the primers bind tightly. The
molecules are made single stranded again by heating and the process
is repeated many times (20-30) resulting in an exponential blow-up
in the number of copies of the target region.

Affinity capture The mRNAs are labeled with a small molecule called
biotin so that they can be captured later with streptavidin-coated
magnetic beads. Streptavidin is a protein that binds tightly to biotin.



1.4. Planning of TRAC experiments )

Electrophoresis Electrophoresis allows separating nucleic acids according
to their size. Both capillary and gel electrophoresis can be used.
Capillary electrophoresis is routinely used for DNA sequencing, so
the equipment is available in most laboratories.

The main steps of TRAC analysis are as follows [RKST04]. The steps
are also illustrated in Figure 1.1.

1. The biotin-labeled mRNA sample is hybridized in solution with the
fluorescently labeled detection probes.

2. The mRNA molecules are captured and the rest of the material is
washed off. Thus, the probes that are not bound to the RNAs are
also removed.

3. The hybridized probes are separated from the mRNA molecules.

4. The probes are identified and quantified using electrophoresis. The
size of the probe identifies the mRNA. The fluorescence intensity of
the probe labels gives the quantification.

In TRAC the hybridization is done in solution which removes some
of the problems in the methods [RKS*04] in which the hybridization is
done on a solid phase. TRAC has been shown to be highly sensitive and
reproducible. TRAC analysis is fast compared to many other methods.
The whole analysis can be done in a few hours, which makes TRAC also
suitable for bioprocess control or analysis of clinical samples. A large part
of the TRAC analysis has already been automated and the aim is to fully
automate the process.

From the computational point of view the key feature of TRAC is that
it can be multiplexed: Two mRNAs can be analyzed simultaneously as
long as their probes can be separated by electrophoresis at the end of the
process. An accurate quantification is possible only if different probes are
reliably separated from each other. Thus, the resolution of the electrophore-
sis equipment, i.e. the smallest size difference it can reliably detect, has to
be taken into account in the multiplexing. The speed of the analysis, au-
tomation, and multiplexing together make high-throughput TRAC analysis
possible.

1.4 Planning of TRAC experiments

The subject of this thesis is computational tools that allow efficient planning
and multiplexing of TRAC experiments. As in other hybridization-based
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Figure 1.1: VTT-TRAC analysis [RKS104]. Biotin-labeled mRNAs are
hybridized with the fluorescently labeled probes (1). The mRNAs are cap-
tured to streptavidin-coated magnetic beads (2). The bound probes are
separated from mRNAs (3) and finally detected using electrophoresis (4).
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methods, a specific hybridization probe has to be selected for each profiled
gene. However, the major new computational challenge in TRAC is the
efficient multiplexing of the measurements. The probes must be divided
into pools such that the probes in each pool can be distinguished from each
other based on their different size. The minimization of the number of
pools is important because the cost of the analysis depends heavily on the
number of pools.

One of the major advantages of TRAC is that a multiplexed analysis is
simple to set up for a any set of genes: for a few dozen genes involved in a
certain biological process or for all genes of a genome if enough resources
are available. Thus, the computational tools should maximally support
that advantage.

The plan of the TRAC experiment should fulfill the following basic
requirements:

e Each profiled gene has a specific probe suitable for hybridization (and
amplification if PCR-based probes are used). In particular, the se-
quence of the probe must identify a unique transcribed region in the
genome to avoid hybridization to other mRNAs except the target of
the probe.

e The probes should be of a size that is within the range of DNA se-
quencers (or within the size range of any other measurement device
used instead of a sequencer). In case of oligonucleotide probes the
length of probes is limited by the technology used to produce the
oligos.

e The probes should be assigned into a minimal number of pools with
the property that the sizes of all the probes in one pool should be
distinct so that they are well separated and quantifiable in the elec-
trophoresis.

We divide the computational problem of finding such a plan into two
major steps:

1. Generate a large set of potential probes called candidate probes. Each
candidate probe should fulfill all the requirements of a good hybridiza-
tion probe. FEach profiled gene should have at least one candidate
probe but hopefully many candidate probes of different sizes.

2. Select from the candidate probes a representative probe for each gene
and assign it into one of the pools such that the total number of pools
becomes as small as possible.
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The requirements for the first step depend mainly on the sample, hy-
bridization conditions, and how the probes are produced. The requirements
for the second step depend mainly on the device used to separate and detect
the probes at the end of the experiment. In the software implementation
the two steps are combined into one automatic process.

The description of the computational problem given above also contains
implicit assumptions. In step 1, the properties of each candidate probe are
considered separately. In step 2, the only properties of the probes that
are considered in the pooling are their sizes. Thus, we assume that the
hybridization between different probes in the same pool is not a significant
problem. In addition, we assume that we can select the probes in step 1 so
that the same hybridization temperature can be applied for all pools (we
relax this assumption in Section 3.6). So far, the laboratory experiments
support both assumptions.

1.5 The contributions and the structure of the
thesis

We present a complete set of computational tools for efficient planning and
multiplexing of VI'T-TRAC experiments. The main contributions of the
thesis are:

e We identify the key computational problems in the planning of VTT-
TRAC experiments and formalize them. The problem of selecting
hybridization probes (step 1) is very similar to selecting microarray
probes (see e.g. [LS01]). The problem of assigning probes into a
minimum number of pools according to the size (probe assignment,
step 2) is a new one in bioinformatics. However, we show that the
abstract formalization of the problem is similar to certain problems
in the scheduling theory (see e.g. [ES03]).

e We give algorithms for solving the key computational problems. We
show that the probe assignment problem is NP-hard. The main tech-
nical contribution of the thesis is a factor 2 approximation algorithm
for the probe assignment problem. Algorithms for the maximization
version of the same abstract optimization problem have been given
in the scheduling literature. However, our algorithm is the first one
for the minimization version.

e Our computational procedure for generating the candidate probes is
a novel combination of well-known algorithms and software tools. It
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allows strict requirements to be set for the selected probes to ensure
that they are suitable for hybridization. The most important require-
ment is that the sequences of the probes are unique. In addition,
the procedure includes tools for the estimation of the thermodynamic
properties of probes such as the melting temperature. Similar re-
quirements can be set for the primers of the PCR-amplified probes.
The procedure is guaranteed to select only probes that fulfill all the
requirements. It is fast enough for selecting a probe for all genes
of the yeast genome. Somewhat similar approaches have been used
independently in several microarray probe selection tools. However,
to our knowledge our system is the only one that can select both
oligo and PCR-based probes that fulfill stringent requirements. Our
method is practical for both small and large sets of profiled genes.

e We have implemented our algorithms as a software package called
Tracfinder. The software allows fully automatic selection of probes
and their assignment into pools. We show by using the software for
planning of real experiments that our methods are practical. In ad-
dition, we demonstrate with the yeast genome that from a computa-
tional point of view large-scale VT T-TRAC experiments are feasible.
We are able to pack on average about 130 probes into one pool which
means that the whole yeast genome could be easily profiled with one
96-well plate.

e As a partly distinct contribution from the above ones, we study the
selection of enzymes and selective PCR primers for cDNA-AFLP ex-
periments. cDNA-AFLP [BvdHdB196] is a transcriptional profiling
method that can be used also when complete sequence information
is not available. We study planing of cDNA-AFLP experiments be-
cause the same computational tools could be used to optimize TRAC
experiments for (partly) unknown genomes.

We are the first to study the problem as a rigorous optimization
problem. We show that the general form of the problem is NP-hard.
We give a polynomial algorithm for a restricted case of the problem
and an efficient heuristic algorithm for the general problem. By sim-
ulating cDNA-AFLP for several large data sets, we show that our
optimization methods could save a significant amount of resources in
cDNA-AFLP experiments.

Some of the results on the planning of TRAC experiments were origi-
nally published in [KAK*02] but the topic is covered more extensively in
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this thesis. In particular, the probe assignment problem is shown NP-hard
and its connections to other combinatorial problems are discussed more.
The structure of the thesis is as follows. In Chapter 2, we describe our
method for finding the candidate probes. This Chapter also includes a lit-
erature review of hybridization probe selection. In Chapter 3, we formalize
the problem of assigning the probes into pools, show that the problem is
NP-complete, and give an approximation algorithm for it. In Chapter 4, we
introduce our software for TRAC experiment planning and multiplexing.
In Chapter 5 we describe how we have used and modified the software to do
experiment plans and show the results. In Chapter 6, we propose methods
for optimizing cDNA-AFLP experiments. In the last chapter we summarize
the current state of the automatic planning of VI'T-TRAC experiments.



Chapter 2

The selection of hybridization
probes

In this chapter we concentrate on the selection of good hybridization probes.
We start by describing the main characteristics of such probes and then do
a literature review of the other probe selection methods. After that we
describe our own method.

2.1 Probe specificity and sensitivity

The basic demands for a good probe are the same for all hybridization-
based measurement techniques. Thus, most of the discussion in this chapter
applies to microarray techniques [SSDB95, LDBT96] as well as to TRAC.
The most important difference between TRAC and microarrays in terms
of individual probes is that in TRAC the hybridization is done in solution
while in microarrays the probes are attached on a solid phase. However,
there is not enough experimental data yet about differences in solution-
based and solid-phase-based hybridization in order to design the probes
specifically for either platform. We use the existing microarray literature,
many of the basic concepts are from Schena! [Sch03].

We call a probe a fragment of DNA which is used to hybridize with a
nucleic acid, DNA or RNA, called a target, in order to measure the amount
of the target. Typically, the target is an mRNA molecule whose amount
is measured with a DNA probe in order to assess the expression level of
the corresponding gene. Hybridization is a chemical reaction where two

!Note however that Schena uses the words probe and target in exactly the opposite
manner compared to us. In the microarray technique the mRNA molecules are labeled
and thus Schena calls them probes.

11
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complementary nucleic acid strands form a double helix by base pairing:
guanine (G) with cytosine (C) and adenine (A) with thymine (T) [AJLT02].
We assume that the sequence of the probe is always an exact complement
of a substring of the target sequence. We call this substring the target
substring.

For each gene of length n there are n —m + 1 possible candidate probes
of length m. Which one of them is the best? First, a probe has to be
sensitive i.e. it should produce a clear signal by binding to the target
molecule. Second, a probe has to be specific i.e. it should not bind to any
other molecule that might exist in the sample. If a probe binds to such
non-target molecules, the phenomenon is called cross-hybridization. Cross-
hybridization is possible because two nucleic acids can hybridize even if they
are not exact complements. Continuing the expression profiling example,
a probe should not bind to mRNA:s of other genes of the organism. We
call the sequences of non-target molecules non-target sequences. Only if a
probe is both sensitive and specific, it can be used reliably to measure the
amount of its target in a complex mixture of molecules.

The sensitivity of the probe depends on the efficiency of hybridization
reaction between the probe and the target and the strength of the result-
ing dupler molecule. Hybridization occurs by hydrogen bond formation
between the bases of complementary nucleic acids. A base pair of guanine
(G) and cytosine (C) contains three hydrogen bonds but a base pair of
adenine (A) and thymine (T) contains only two hydrogen bonds. Also the
so-called stacking interactions between neighboring base pairs are stronger
for sequences rich in C and G [vHJH98]. Thus, the strength of the duplex
depends heavily both on the length of the probe and its sequence compo-
sition: roughly speaking a long probe which consists mostly of C and G
forms a much stronger duplex with the target than a short probe composed
mostly of A and T.

Hydrogen bonds can also be formed between different bases of one
single-stranded nucleic acid. Such intramolecular base pairing is called
the secondary structure of the nucleic acid. RNA forms stable secondary
structures more easily than DNA. The secondary structure of the target or
probe or both can have a significant effect on their interaction. It is as-
sumed that the duplex formation begins by base pairing of a few unpaired
bases and continues, one base pair at a time, through a zippering process
[SMS99]. Stable secondary structures can inhibit this process.

The interaction of a probe and its target is measured by the melting tem-
perature (1,,) which is the temperature at which half of the complementary
molecules are in the duplex state. In addition to the characteristics of probe
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and target molecules, the melting temperature depends on the conditions
of the experiment such as the salt concentration of the solution. All the
pr