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1 Definitions

First thing to note for statisticians is that Biology is fullof jargon; it is more so for Molecular
Biology or Bioinformatics. A few definitions of Bioinformatics follows:

“Bioinformatics is the Science of Managing and Analysing Genomic (Molecular) Data.”

That is,it is a data-driven science. Ewen and Grants (2001) have given a broader definition:

“We takebioinformatics to mean the emerging field of science growing from the application
of mathematics, statistics, and information technology, including computers and the theory sur-
rounding them, to the study and analysis of very large biological, and particularly genetic, data
sets.... in particular the data from the human genome project, as well as other genome projects.
Bioinformatics does not aim to lay down fundamental mathematical laws that govern biological
systems parallel to those laid down in physics. Such laws, ifthey exist, are a long way from
being determined for biological systems. Instead, at this stage the main utility of mathematics
in the field is in the creation of tools that investigators canuse to analyze data.”

We will be dealing with Proteomics. The following definition(Seillier-Moiseiwitsch et al.,
2002) is worth noting.

“The term proteome denotes the PROTEin complement expressed by a genOME or tissue.
While the genome is an invariant feature of an organism, the proteome depends on its develop-
ment stage, the tissue considered, and environmental/experimental conditions. There are more
proteins in a proteome than genes in a genome .”

The first time, the term “Proteomes” was coined in 1994 by MarcWilkins & Keith Williams
(see Williams et al., 1996) who defined it as “Proteomes contain the total protein expression of
a set of chromosomes”.

We now go back to the original definition by Astbury (1952, 1961) of Molecular Biology

“... not so much a technique as an approach, an approach from the viewpoint of the so-called
basic sciences with the leading idea of searching below the large-scale manifestations of clas-
sical biology for the corresponding molecular plan. It is concerned particularly with the forms
of biological molecules and .... is predominantly three-dimensional and structural -which does
not mean, however, that it is merely a refinement of morphology - it must at the same
time inquire into genesis and function”. Thus it is emphasized that the subject is more than
“Morphology/Shape Analysis”.

Indeed, W.T. Astbury, was Professor at the University of Leeds with a career spanning from
1928 - 1961 who identified the two major recurring patterns ofprotein structure (alpha and beta
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- now called alpha helix form, beta sheet/strand form), tookthe first fibre diffraction pictures
of DNA in 1938. There is now a thriving Astbury Centre for Structural Molecular Biology at
Leeds University. He indeed foreshadowed the Watson & Crickera (see, Gribbin, 1985, p.164).

2 Biological Jargon

First, we highlight the molecular biology of cells.

(A) Cells. Cells buzz with activity. Like any living organism, they take in nutrients and convert
them to energy for a number of purposes. Most cells also reproduce themselves and are called
upon constantly to synthesizeprotein molecules, some for their own use and other for export.
Number of cells for a human being =1013 and 50 cells when lined up are about 1mm in length.
In comparison, DNA length within a cell is 2 meters!

We now give various main definitions:

Gene: a segment of DNA that has a software for the production of a specific protein; in hu-
mans, genes typically consist of thousands of “base” pairs:A,C,G.T. (See Fig.1 which gives an
example of a portion of DNA.)

Gene expression: the process in which a cell produces the protein encoded by aparticular gene.
Microarray experiments try to measure simultaneously the quantity of many specific messenger
RNA (mRNA) sequences contained in a sample; these quantities are calledgene expression.

Genome: the entire set of genetic instructions for a given organism. The human genome, for
example, consists of some 25,000 - 40,000 individual genes.

Nucleotide: the fundamental unit of DNA and RNA, consisting of a sugar-and-phosphate com-
pound joined to one of the five bases (A,C,G,T,U).

Protein: a molecule consisting of up to thousands of “amino acids” linked together and folded
to form a distinct shape that determines the protein’s function.

Amino Acid : a class of 20 different molecules (containing C,H,N,O,S) which can merge to
form a bond.

BACKBONE

SUGAR - - - - - - - - - - - - - - - - - - - - PHOSPHATE

NITROGENOUS
BASES→ a c c g t a t a a c g a t c c t c t g a ← BASES

HYDROGEN HYDROGEN
BONDS{ : : : : : : : : : : : : : : : : : : : : } BONDS

BASES→ t g g c a t a t t g c t a g g a g a c t ← BASES

PHOSPHATE - - - - - - - - - - - - - - - - - - - - SUGAR

Figure 1: A portion of DNA sequence. The dashed line represent the sugar-phosphate back-
bone, and the letters represent the nitrogenous bases. Dotted lines connecting base pairs denote
hydrogen bonds. Note the specificity of base-pairing (a to t, c to g). (Adapted from Ewens and
Grant, 2001.)

The fate of the RNA (Ribonucleic acid) within a cell can be understood through Fig.2. The
Exon-intron gene region of one strand of DNA gets transcribed and the DNA baseT substi-
tuted by the new baseU . In the RNA preprocessing, the Introns are spliced out. The mRNA
passes through the nuclear wall and is translated into protein by a large multi-molecular ma-
chine known as the ribosome. In this process, each triplet ofmRNA bases (called a codon)
specifies a single amino acid of the protein. Each codon is recognised by a tRNA (transfer
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RNA) molecule, specific for that codon, and carrying the corresponding amino acid. This amino
acid is transferred to the growing amino acid chain of the protein by the molecular components
of the ribosome. The system in which a codon of three bases specifies a single amino acid is
called the genetic code. The code is redundant since the 64 possible codons define only 20
different amino acids and the chain stop signal. Like many thing! s biological, the genetic code
is almost universal, but differs in detail in some organisms. The whole process of making a
required protein is triggered by regulatory signals. Note that the useful life span of a typical
protein is about two days. All these activities look like theworkings of an efficient automated
factory! An interesting paradox is that the translation of DNA sequences into amino acid se-

Figure 2: Various stages in the production of a protein (adapted from Alberts et al., 1983).

quences is very simple to describe logically; it is specifiedby the genetic code as described
above but the process of folding of the amino acids sequence into a precise three-dimensional
structure is very difficult to describe logically. As we havenoted that the translation requires the
immensely complicated machinery of the ribosome, tRNAs andassociated enzymes but protein
folding occurs spontaneously! Indeed, Brandon & Tooze (1991) describe on the limitations of
DNA and Amino Acid sequencing as follows:-

“The DNA and Amino Acid sequences tell little more about the biology of the system than a
New York City telephone directory tells about the function and marvels of that city.”

On the other hand, Demchuk et al (2001), have summarized thisphenomenon that if

DNA sequencing = music recording,
then

Protein structure = playback.

Brandon and Tooze (1991) have emphasized the major challenge very explicitly:-
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“To understand the biological function of proteins we wouldtherefore like to be able to deduce
or predict the three-dimensional structure from the amino acid sequence. This we cannot do.
In spite of considerable efforts over the past 25 years, thisfolding problem is still unsolved and
remains one of the most basic intellectual challenges in molecular biology.”

(B) Proteins. Proteins are essential for the functioning of the living organism, e.g. for
haemoglobin, antibodies, hair, nails. Each function demands for its own protein structure, and
their interaction depends on the 3D configuration which is the set of all 3D coordinates of all
atoms. However, there are four different levels of Protein’s structure.

• primary:
the linear sequence of amino acids.

• secondary:
repeated patterns of local three-dimensional structure inthe amino acids (α-helix, β-
sheet/β-strands)

• tertiary:
the full three-dimensional structure of a peptide chain, described as atomic coordinates or
conformational angles (φ andψ),

• quarternary:
one or more peptide chains which together form the fully functional protein.

Once the configuration labelled by the atom types is given than we can deduce the secondary
and tertiary structures.However, the main challenge is howto infer the structural components
as well as the function from the primary level of the amino acids. These are the problems of
Protein Structure and Function Prediction. There are various approaches to study Proteins.

1. Biophysical Approach:
Simulate the action of the physical laws that operate when the polypeptide chain folds
into 3D structure. Look for all possible combinations and among them for those with
lowest energy.

2. Sequence Based Approach:
Use the information from the sequence of amino acids to matchdirectly.

3. Homology Approach:
Proteins with homologous structure have a similar 3D structure and function but serious
exceptions exist!

4. Combination:
Combine (1), (2), (3) + chemico-physical properties/evolutionary relationships.

Here, we will simply define

Protein = {C1, C2, ..., Ck},

as an unordered set ofk peptide chainsCi, where

Ci = {si
1, ..., s

i
Ni
},

is an ordered sequence of amino acid residuessi
j ∈ {A1, ..., A20}, j = 1, ..., Ni, andAl = lth

amino acid type,l = 1, ..., 20. Note that typicallyNi = 200 − 2000.
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An amino acid residue is a set of atoms (and covalent bonds). This atom set can be parti-
tioned into backbone atoms, B, (same for every residue type)and side-chain atomsRl (differing
between residue types). (See Fig.3 below)

Al = {B,Rl},

The peptide chain may be known only at the sequence level, where the identitiessi
j of the

amino acid residues are known but there is no information about three-dimensional structure.
This is commonly the type of information that emerges from genome sequencing projects. In
a minority of cases three dimensional structure information may be available in the form of
x,y and z cartesian coordinates for all the protein atoms. Information about the association of
peptide chains into complete proteins (quaternary structure) may be available in some cases.

The Protein Data Bank contains 3D structures (derived from X-ray diffraction and neutron-
diffraction studies of crystallized proteins) for about 18,000 Proteins, which can be accessed
from the site

http://www.rcsb.org

The Data Bank SWISSPROT contains Sequence Data of more than 100,000 proteins. Fig.3
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Figure 3: Two amino acids joined by a peptide bond.

shows two amino acids(si and si+1) joined by a “peptide bond”. The amino acids can be
labelled by the side chain(Ri) which takes one of 20 types. The backbone (main chain) consists
of many amino acids, For the example withRi = H we have Glycine, withRi+1 = CH3,
we have, Alanine. Note that the average distance between thetwo atoms is 1-5 Angstroms.
Each peptide unit can only rotate aroundN − Cα or Cα − C ′ bonds; these angles of rotations
are denoted byφ andψ respectively (see Fig.3). These conformational anglesφ andψ are
also of interest. A scatter planar representation of such torus data has come to be known as
Ramachandran plots; a study of these plots through Directional Statistics technique in itself is
worth exploring (see, Mardia & Jupp, 2000).

Theprotein structure prediction (folding) problem involves inference of three-dimensional
structure (atomic x,y,z coordinates) from sequence information only. This problem is easily
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stated, but so far its complete solution remains elusive. More difficult still is the problem of
protein function prediction, because protein function is difficult to define with precision. Steps
in providing a controlled vocabulary for gene/protein function are now being taken by the Gene
Ontology Consortium (The Gene Ontology Consorium, 2000). Nevertheless, prediction of pro-
tein function by homology based methods from sequence has played a huge role in the annota-
tion of recently completed genome sequences. Prediction ofprotein function from information
on sequence and structure is also becoming important as structural genomics projects begin
high-throughput protein determination of protein structures of unknown function.

3 Statistical Problems

We will discuss two major problems. One is the matching problem and second is the entropy
derivation problem. We will follow the prevelant philosophy that there is no direct physical
solution to the folding problem, and we have to turn to statistical approaches once the scientific
context of the problem is understood.

3.1 Matching problem

Structure matching methods are essential tools in the understanding of protein structure, func-
tion and evolution. Matching at the level of backbone structure has already been used to form
the valuable protein structure classification SCOP, CATH and DALI. Matching at the level of
functional sites (see Campbellet al 2003 for a review) brings the possibility of alternative clas-
sifications that might have a closer relationship to proteinfunction. The most direct application
of such methods will be prediction of protein function from structure, which will be a key data
analysis step for structural genomics projects producing structures for proteins of unknown
function. Other applications will include docking and protein design. Ultimately the methods
will contribute to the grand challenge of full understanding of the protein sequence-structure-
function relationship.

In Leeds we have developed a database of protein functional sites of known three-dimensional
structure. Functional sites are identified in known structures by the presence of bound ligands
(small molecules) or using annotations provided by experimentalists. The database contains
55000 sites with a range of sizes from 10 - 100 amino acid residues (average 20-30). We have
developed a variety of matching algorithms for database similarity searches. The simple ex-
ample in Fig.4 shows a match between two serine protease functional sites. The sites match
in a catalytic triad of three residues (histidine, serine and aspartic acid forming the topmost
triangle), indicating a similarity in biochemical function, but there is a mismatch in a further
residue (the lowest landmark) determining catalytic specificity. Thus these methods can identify
similarities and minor differences that are useful in the prediction of biochemical function.

LetQ be the query “protein” andP be the protein in the data bank, for illustration take the
two examples in Fig.4 asP andQ respectively. A biological fact dictates thatQ andP are to be
matched as forms, i.e. we filter out the effects of rotation and location. Also, here the landmarks
have no labels in the usual sense.

There has been substantial statistical research for forms when the landmarks are labelled
(see, for example, Dryden and Mardia, 1998). Here only subsets ofP andQ can be matched,
leading to matching unlabelled forms of unequal size plus there is concomitant information.
Various statistical techniques need exploring such as EM algorithm after formulating an appro-
priate model. The distance based methods are other candidates worth exploring. If we look at
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Figure 4: A match between two serine protease sites showing the shared catalytic triad (upper
triangles) and a difference in the specificity determining region (lowest landmark).

the whole data base versusQ then the problem of multiple comparison becomes relevant. A
question arises, do the conformational angles play a directrole? On the whole, the use of molec-
ular information should prove effective using a Bayesian framework for the problem. There has
been substantial development of tailormade Machine Learning tools for such problems. Various
approaches will be discussed in the presentation. However,it seems the statistical work related
to this topic is still in its infancy. See, fo! r examples, therecent reviews by Baker and Sali
(2001) and Taylor, et al. (2001).

3.2 Entropy Derivations

In order to cure protein misfolding related diseases such asthe Alzheimer’s disease, mad cow
disease, cystic fibrosis and some types of cancer, it is important to understand factors involved
in protein stability. It is known that these factors are measured by the conformational entropy
of a given molecular configurational state in a protein.

In molecular mechanics, the bond lengths, bond angles and rotational angles around the
bond (torsional angles) constitute internal coordinates of the molecule. The bond lengths and
bond angles are “rigid” degrees of freedom. Thus, the entropy of conformational ensemble is
mainly determined by random rotational fluctuations aroundthe bonds. Therefore, probabilistic
modelling of torsional angles in molecules is a paramount goal on the way to full control over
the molecular processes.

Here there is a problem of understanding correlations between torsional angles, dealing with
skew circular distributions, large number of angular variables. Demchuk and Singh (2001) and
Demchuk et al (2001) have developed some methods to answer these questions. I believe that
the Markov random fields on torus have a great potential for such problems.

However, it seems Directional Statistics is still Cinderella of Molecular Biology and some
interactions between two fields should yield exciting research output!
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