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Foreward

Joshua Lederberg

Historically rich in novel, subtle, often controversial ideas, Molecular Bi-
ology has lately become heir to a huge legacy of standardized data in the
form of polynucleotide and polypeptide sequences. Fred Sanger received
two, well deserved Nobel Prizes for his seminal role in developing the basic
technology needed for this reduction of core biological information to one
linear dimension. With the explosion of recorded information, biochemists
for the first time found it necessary to familiarize themselves with databases
and the algorithms needed to extract the correlations of records, and in turn
have put these to good use in the exploration of phylogenetic relationships,
and in the applied tasks of hunting genes and their often valuable products.
The formalization of this research challenge in the Human Genome Project
has generated a new impetus in datasets to be analyzed and the funds to sup-
port that research.

There are, then, good reasons why the management of DNA sequence
databases has been the main attractive force to computer science relating to
molecular biology. Beyond the pragmatic virtues of access to enormous data,
the sequences present few complications of representation; and the knowl-
edge-acquisition task requires hardly more than the enforcement of agreed
standards of deposit of sequence information in centralized, network-linked
archives.

The cell's interpretation of sequences is embedded in a far more intricate
context than string-matching. It must be conceded that the rules of base-com-
plementarity in the canonical DNA double-helix, and the matching of codons
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to the amino acid sequence of the protein, are far more digital in their flavor
than anyone could have fantasized 50 years ago (at the dawn of both molecu-
lar biology and modern computer science.) There is far more intricate knowl-
edge to be acquired, and the representations will be more problematic, when
we contemplate the pathways by which a nucleotide change can perturb the
shape of organic development or the song of a bird.

The current volume is an effort to bridge just that range of exploration,
from nucleotide to abstract concept, in contemporary Al/MB research. That
bridge must also join computer scientists with laboratory biochemists—my
afterword outlines some of the hazards of taking biologists’s last word as the
settled truth, and therefore the imperative of mutual understanding about
how imputed knowledge will be used. A variety of target problems, andper-
haps a hand-crafted representation for each, is embraced in the roster. There
is obvious detriment to premature standardization; but it is daunting to see
the difficulties of merging the hardwon insights, the cumulative world
knowledge, that comes from each of these efforts. The symposium had also
included some discussion of Al for bibliographic retrieval, an interface we
must learn how to cultivate if we are ever to access where most of that
knowledge is now deposited, namely the published literature. Those papers
were, however, unavailable for the printed publication.

It ends up being easy to sympathize with the majority of MB computer
scientists who have concentrated on the published sequence data. Many are
even willing to rely on neural-network approaches that ignore, may even de-
feat, insights into causal relationships. But it will not be too long before the
complete sequences of a variety of organisms, eventually the human too, will
be in our hands; and then we will have to face up to making real sense of
them in the context of a broader frame of biological facts and theory. This
book will be recalled as a pivotal beginning of that enterprise as an issue for
collective focus and mutual inspiration.



CHAPTER

1

Molecular Biology for
Computer Scientists

Lawrence Hunter

“Computers are to biology what mathematics is to physics.”

— Harold Morowitz

One of the major challenges for computer scientists who wish to work in the
domain of molecular biology is becoming conversant with the daunting intri-
cacies of existing biological knowledge and its extensive technical vocabu-
lary. Questions about the origin, function, and structure of living systems
have been pursued by nearly all cultures throughout history, and the work of
the last two generations has been particularly fruitful. The knowledge of liv-
ing systems resulting from this research is far too detailed and complex for
any one human to comprehend. An entire scientific career can be based in the
study of a single biomolecule. Nevertheless, in the following pages, | attempt
to provide enough background for a computer scientist to understand much
of the biology discussed in this book. This chapter provides the briefest of
overviews; | can only begin to convey the depth, variety, complexity and
stunning beauty of the universe of living things.

Much of what follows is not aboumolecularbiology per se. In order to
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explain what the molecules are doing, it is often necessary to use concepts
involving, for example, cells, embryological development, or evolution. Bi-
ology is frustratingly holistic. Events at one level can effect and be affected
by events at very different levels of scale or time. Digesting a survey of the
basic background material is a prerequisite for understanding the significance
of the molecular biology that is described elsewhere in the book. In life, as in
cognition, context is very important.

Do keep one rule in the back of your mind as you read this: for every gen-
eralization | make about biology, there may well be thousands of exceptions.
There are a lot of living things in the world, and precious few generalizations
hold true for all of them. | will try to cover the principles; try to keep the ex-
istence of exceptions in mind as you read. Another thing to remember is that
an important part of understanding biology is learning its language. Biolo-
gists, like many scientists, use technical terms in order to be precise about
reference. Getting a grasp on this terminology makes a great deal of the bio-
logical literature accessible to the non-specialist. The notes contain informa-
tion about terminology and other basic matters. With that, let's begin at the
beginning.

1. What Is Life?

No simple definition of what it is to be a living thing captures our intuitions
about what is alive and what is not. The central feature of life is its ability to
reproduce itself. Reproductive ability alone is not enough; computer pro-
grams can create endless copies of themselves—that does not make them
alive. Crystals influence the matter around them to create structures similar
to themselves but they’re not alive, either. Most living things take in materi-
als from their environment and capture forms of energy they can use to trans-
form those materials into components of themselves or their offspring. Virus-
es, however, do not do that; they are nearly pure genetic material, wrapped in
a protective coating. The cell that a virus infects does all the synthetic work
involved in creating new viruses. Are viruses a form of life? Many people
would say so.

Another approach to defining “life” is to recognize its fundamental inter-
relatedness. All living things are related to each other. Any pair of organisms,
no matter how different, have a common ancestor sometime in the distant
past. Organisms came to differ from each other, and to reach modern levels
of complexity throughevolution.Evolution has three components: inheri-
tance, the passing of characteristics from parents to offspring; variation, the
processes that make offspring other than exact copies of their parents; and
selection, the process that differentially favors the reproduction of some or-
ganisms, and hence their characteristics, over others. These three factors
define an evolutionary process. Perhaps the best definition of life is that it is
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the result of the evolutionary process taking place on Earth. Evolution is the
key not only to defining what counts as life but also to understanding how
living systems function.

Evolution is a cumulative procesmheritanceis the determinant of al-
most all of the structure and function of organisms; the amount of variation
from one generation to the next is quite small. Some aspects of organisms,
such as the molecules that carry energy or genetic information, have changed
very little since that original common ancestor several billion of years ago.
Inheritance alone, however, is not sufficient for evolution to occur; perfect
inheritance would lead to populations of entirely identical organisms, all ex-
actly like the first one.

In order to evolve, there must be a sourceasfation in the inheritance.

In biology, there are several sources of variation. Mutation, or random
changes in inherited material, is only one source of change; sexual recombi-
nation and various other kinds of genetic rearrangements also lead to varia-
tions; even viruses can get into the act, leaving a permanent trace in the
genes of their hosts. All of these sources of variation modify the message
that is passed from parent to offspring; in effect, exploring a very large space
of possible characteristics. It is an evolutionary truism that almost all varia-
tions are neutral or deleterious. As computer programmers well know, small
changes in a complex system often lead to far-reaching and destructive con-
sequences (And computer programmers make those small changes by design,
and with the hope of improving the code!). However, given enough time, the
search of that space has produced many viable organisms.

Living things have managed to adapt to a breathtaking array of chal-
lenges, and continue to thrivBelectionis the process by which it is deter-
mined which variants will persist, and therefore also which parts of the space
of possible variations will be explored. Natural selection is based on the re-
productive fitness of each individual. Reproductive fithess is a measure of
how many surviving offspring an organism can produce; the better adapted
an organism is to its environment, the more successful offspring it will cre-
ate. Because of competition for limited resources, only organisms with high
fitness will survive; organisms less well adapted to their environment than
competing organisms will simply die out.

I have likened evolution to a search through a very large space of possible
organism characteristics. That space can be defined quite precisely. All of an
organism’s inherited characteristics are contained in a single messenger mol-
ecule: deoxyribonucleic acid, or DNA. The characteristics are represented in
a simple, linear, four-element code. The translation of this code into all the
inherited characteristics of an organism (e.g. its body plan, or the wiring of
its nervous system) is complex. The particular genetic encoding for an organ-
ism is called itggenotype The resulting physical characteristics of an organ-
ism is called itgphenotypeln the search space metaphor, every point in the
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space is a genotype. Evolutionary variation (such as mutation, sexual recom-
bination and genetic rearrangements) identifies the legal moves in this space.
Selection is an evaluation function that determines how many other points a
point can generate, and how long each point persists. The difference between
genotype and phenotype is important because allowable (i.e. small) steps in
genotype space can have large consequences in phenotype space. It is also
worth noting that search happens in genotype space, but selection occurs on
phenotypes. Although it is hard to characterize the size of phenotype space,
an organism with a large amount of genetic material (like, e.g., that of the
flower Lily) has about 1t elements taken from a four letter alphabet, mean-
ing that there are roughly 16000,000,00@0ssible genotypes of that size or
less. A vast space indeed! Moves (reproductive events) occur asynchronous-
ly, both with each other and with the selection process. There are many non-
deterministic elements; for example, in which of many possible moves is
taken, or in the application of the selection function. Imagine this search
process running for billions of iterations, examining trillions of points in this
space in parallel at each iteration. Perhaps it is not such a surprise that evolu-
tion is responsible for the wondrous abilities of living things, and for their
tremendous diversity.

1.1 The Unity and the Diversity of Living Things

Life is extraordinarily varied. The differences between a tiny archebacterium
living in a superheated sulphur vent at the bottom of the ocean and a two-ton
polar bear roaming the arctic circle span orders of magnitude in many dimen-
sions. Many organisms consist of a single cell; a Sperm Whale has more than
1015 cells. Although very acidic, very alkaline or very salty environments are
generally deadly, living things can be found in all of them. Hot or cold, wet or
dry, oxygen-rich or anaerobic, nearly every niche on the planet has been in-
vaded by life. The diversity of approaches to gathering nutrients, detecting
danger, moving around, finding mates (or other forms of reproduction), rais-
ing offspring and dozens of other activities of living creatures is truly awe-
some. Although our understanding of the molecular level of life is less de-
tailed, it appears that this diversity is echoed there. For example, proteins with
very similar shapes and identical functions can have radically different chemi-
cal compositions. And organisms that look quite similar to each other may
have very different genetic blueprints. All of the genetic material in an organ-
ism is called itgenomeGenetic material is discrete and hence has a particular
size, although the size of the genome is not directly related to the complexity
of the organism. The size of genomes varies from about 5,000 elements in a
very simple organism (e.g. the viruses SV4@Jrto more than 18 elements

*Evolution has also become an inspiration to a group of researchers interested in de-
signing computer algorithms, e.g. Langton (1989).
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in some higher plants; people have about $xdéments in their genome.

Despite this incredible diversity, nearly all of the same basic mechanisms
are present in all organisms. All living things are made of ‘cetiembrane-
enclosed sacks of chemicals carrying out finely tuned sequences of reactions.
The thousand or so substances that make up the basic reactions going on in-
side the cell (the commetabolic pathwaysare remarkably similar across all
living things. Every species has some variations, but the same basic materials
are found from bacteria to human. The genetic material that codes for all of
these substances is written in more or less the same molecular language in
every organism. The developmental pathways for nearly all multicellular or-
ganisms unfold in very similar ways. It is this underlying unity that offers the
hope of developing predictive models of biological activity. It is the process
of evolution that is responsible both for the diversity of living things and for
their underlying similarities. The unity arises through inheritance from com-
mon ancestors; the diversity from the power of variation and selection to
search a vast space of possible living forms.

1.2 Prokaryotes & Eukaryotes, Yeasts & People

Non-biologists often fail to appreciate the tremendous number of different
kinds of organisms in the world. Although no one really knows, estimates of
the number of currently extant species range from 5 million to 50 million
(May, 1988)! There are at least 300,000 different kinds of beetles alone, and
probably 50,000 species of tropical trees. Familiar kinds of plants and ani-
mals make up a relatively small proportion of the kinds of living things, per-
haps only 20%. Vertebrates (animals with backbones: fish, reptiles, amphib-
ians, birds, mammals) make up only about 3% of the species in the world.

Since Aristotle, scholars have tried to group these myriad species into
meaningful classes. This pursuit remains active, and the classifications are, to
some degree, still controversial. Traditionally, these classifications have been
based on thenorphologyof organisms. Literally, morphology means shape,
but it is generally taken to include internal structure as well. Morhpology is
only part of phenotype, however; other parts include physiology, or the func-
tioning of living structures, and development. Structure, development and
function all influence each other, so the dividing lines are not entirely clear.

In recent years, these traditional taxonomies have been shaken by infor-
mation gained from analyzing genes directly, as well as by the discovery of
an entirely new class of organisms that live in hot, sulphurous environments
in the deep sea.

*A virus is arguably alive, and is not a cell, but it depends on infecting a cell in order
to reproduce.

tMay also notes that it is possible that half the extant species on the planet may be-
come extinct in the next 50 to 100 years.
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All Life
Viruses Archaea Bacteria Eucarya
Protists Fungi Green Plants Animals
(yeast, planaria) (Mushrooms, AW
Invertebrates Vertebrates

(insects, worms, shellfish, snails)

Fish Reptiles Amphibians Birds
(sharks, trout) (snakes, lizards) (frogs, newts) (eagles, finches) Mammals

Monotremata Marsupials Leptictida Rodents Carnivores Pinnipedia Pteropidae Primates
(platypi) (kangaroos) (rabbits) (mice) (wolves) (seals) (bats) (people)

Figure 1. A very incomplete and informal taxonomic tree. Items in italics are com-
mon names of representative organisms or classes. Most of the elided taxa are Bac-
teria; Vertebrates make up only about 3% of known species.

Here | will follow Woese, Kandler & Wheelis (1990), although some as-
pects of their taxonomy are controversial. They developed their classification
of organisms by using distances based on sequence divergence in a ubiqui-
tous piece of genetic sequence As shown in Figure 1, there are three most
basic divisions: the Archaea, the Bacteria and the Eucarya. Eucarya (also
called eucaryotes) are the creatures we are most familiar with. They have
cells that contain nuclei, a specialized area in the cell that holds the genetic
material. Eucaryotic cells also have other specialized cellular areas, called
organelles. An example of organelles are mitochondria and chloroplasts. Mi-
tochondria are where respiration takes place, the process by which cells use
oxygen to improve their efficiency at turning food into useful energy.
Chloroplasts are organelles found in plants that capture energy from sunlight.
All multicellular organisms, (e.g. people, mosquitos and maple trees) are Eu-
carya, as are many single celled organisms, such as yeasts and paramecia.

Even within Eucarya, there are more kinds of creatures than many non-bi-
ologists expect. Within the domain of the eucaryotes, there are generally held
to be at least four kingdoms: animals, green plants, fungi and protists. From a
genetic viewpoint, the protists, usually defined as single celled organisms
other than fungi, appear to be a series of kingdoms, including at least the cili-
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ates (cells with many external hairs, or cillia), the flagellates (cells with a sin-
gle, long external fiber) and the microsporidia. The taxonomic tree continues
down about a dozen levels, ending with particular species at the leaves. All
of these many eucaryotic life forms have a great deal in common with human
beings, which is the reason we can learn so much about ourselves by study-
ing them.

Bacteria (sometimes also called eubacteria, or prokaryotes) are ubiquitous
single-celled organisms. And ubiquitous is the word; there are millions of
them everywhere — on this page, in the air you are breathing, and in your
gut, for example. The membranes that enclose these cells are typically made
of a different kind of material than the ones that surround eucarya, and they
have no nuclei or other organelles (they do have ribosomes, which are some-
times considered organelles; see below). Almost all bacteria do is to make
more bacteria; it appears that when food is abundant, the survival of the
fittest in bacteria means the survival of those that can divide the fastest (Al-
berts, et al., 1989). Bacteria include not only the disease causing “germs,”
but many kinds of algae, and a wide variety of symbiotic organisms, includ-
ing soil bacteria that fix nitrogen for plants and Escherichia coli, a bacterium
that lives in human intestines and is required for normal digestion. E. coli is
ubiquitous in laboratories because it is easy to grow and very well studied.

Archaea are a recently discovered class of organism so completely unlike
both bacteria and eucarya, both genetically and morphologically, that they
have upset a decades old dichotomy. Archaea live in superheated sulphur
vents in the deep sea, or in hot acid springs, briney bogs and other seemingly
inhospitable places. They are sometimes callethebacteriaeven though
they bear little resemblence to bacteria. Their cell membranes are unlike ei-
ther Bacteria or Eucarya. Although they have no nuclei or organelles, at a ge-
netic level, they are a bit more like Eucarya than like Bacteria. These organ-
isms are a relatively recent discovery, and any biological theories have yet to
include Archaea, or consider them simply another kind of procaryote. Ar-
chaea will probably have a significant effect on theories about the early his-
tory of life, and their unusual biochemistry has already turned out to be sci-
entifically and commercially important (e.g. see the discussion of PCR in the
last section of this chapter).

Viruses form another important category of living forms. Theyoatiga-
tory parasitesmeaning that they rely on the biochemical machinery of their
host cell to survive and reproduce. Viruses consist of just a small amount of
genetic material surrounded by a protein coat. A small virus, sugiX,as
which infects bacteria, can have as few as 5000 elements in its genetic mater-
ial. (Viruses that infect bactieria are calledcteriophagesor justphages).

Their simplicity and their role in human disease make viruses an active area
of study. They also play a crucial role in the technology of molecular biolo-
gy, as is described in the last section in this chapter.
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1.3 Evolutionary Time and Relatedness

There are so many different kinds of life, and they live in so many different

ways. It is amazing that their underlying functioning is so similar. The reason
that there is unity within all of that diversity is that all organisms appear to

have evolved from a common ancestor. This fundamental claim underpins
nearly all biological theorizing, and there is substantial evidence for it.

All evolutionary theories hold that the diversity of life arose by inherited
variation through an unbroken line of descent. This common tree of descent
is the basis for the taxonomy described above, and pervades the character of
all biological explanation. There is a great deal of argument over the detailed
functioning of evolution (e.g. whether it happens continuously or in bursts),
but practically every biologist agrees with that basic idea.

There are a variety of ways to estimate how long ago two organisms di-
verged; that is, the last time they had a common ancestor. The more related
two species are, the more recently they diverged. To the degree that pheno-
typic similarity indicates genotypic similarity, organisms can be classified on
the basis of their structure, which is the traditional method. Growing knowl-
edge of the DNA sequences of many genes in many organisms makes possi-
ble estimates of the time of genetic divergence directly, by comparing their
genetic sequences. If the rate of change can be quantified, and standards set,
these differences can be translated into a “molecular clock;” Li & Graur,
(1991) is a good introduction to this method. The underlying and somewhat
controversial assumption is that in some parts of the genome, the rate of mu-
tation is fairly constant. There are various methods for trying to find these
areas, estimate the rate of change, and hence calibrate the clock. The tech-
nigue has mostly confirmed estimates made with other methods, and is wide-
ly considered to be potentially reliable, if not quite yet so. Most of the dates |
will use below were derived from traditional (archaeological) dating.

In order to get a rough idea of the degrees of relatedness among creatures,
it is helpful to know the basic timeline of life on Earth. The oldest known
fossils, stromalites found in Australia, indicate that life began at least 3.8 bil-
lion years ago. Geological evidence indicates that a major meteor impact
about 4 billion years ago vaporized all of the oceans, effectively destroying
any life that may have existed before that. In effect, life on earth began al-
most as soon as it could have. Early life forms probably resembled modern
bacteria in some important ways. They were simple, single celled organisms,
without nuclei or other organelles. Life remained like that for nearly 2 billion
years. Then, about halfway through the history of life, a radical change oc-
curred: Eucarya came into being. There is evidence that eucarya began as
symbiotic collections of simpler cells which were eventually assimilated and
became organelles (see, e.g. Margolis (1981)). The advantages of these spe-
cialized cellular organelles made early eucarya very successful. Single-celled
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Eucarya become very complex, for example, developing mechanisms for
moving around, detecting prey, paralyzing it and engulfing it.

The next major change in the history of life was the invention of sex. Evo-
lution, as you recall, is a mechanism based on the inheritance of variation.
Where do these variations come from? Before the advent of sex, variations
arose solely through individual, random changes in genetic material. A muta-
tion might arise, changing one element in the genome, or a longer piece of a
genome might be duplicated or moved. If the changed organism had an ad-
vantage, the change would propagate itself through the population. Most mu-
tations are neutral or deleterious, and evolutionary change by mutation is a
very slow, random search of a vast space. The ability of two successful or-
ganisms to combine bits of their genomes into an offspring produced variants
with a much higher probability of success. Those moves in the search space
are more likely to produce an advantageous variation than random ones. Al-
though you wouldn’t necessarily recognize it as sex when looking under a
microscope, even some Bacteria exchange genetic material. How and when
sexual recombination first evolved is not clear, but it is quite ancient. Some
have argued that sexual reproduction was a necessary precursor to the devel-
opment of multicellular organisms with specialized cells (Buss, 1987). The
advent of sex dramatically changed the course of evolution. The new mecha-
nism for the generation of variation focused nature’s search through the
space of possible genomes, leading to an increase in the proportion of advan-
tageous variations, and an increase in the rate of evolutionary change.

This is probably a good place to correct a common misperception, namely
that some organisms are more "primitive" than others. Every existing organ-
ism has, tautologically, made it into the modern &ieple modern organ-
isms are not primitiveThe environment of the modern world is completely
unlike that of earth when life began, and even the simplest existing creatures
have evolved to survive in the present. It is possible to use groups of very
distantly related creatures (e.g. people and bacteria) to make inferences about
ancient organisms; whatever people and bacteria have in common are char-
acteristics that were most likely shared by their last common ancestor, many
eons ago. Aspects of bacteria which are not shared with people may have
evolved as recently as any human characteristic not shared with bacteria.
This applies to the relation between people and apes, too: apes are not any
more like ancestral primates than we are. It is what we inas@mmonwith
other organisms that tells us what our ancestors were like; the differences be-
tween us and other organisms are much less informative.

Whether or not it occurred as a result of the advent of sexual recombina-
tion, the origin of multicellular organisms led to a tremendous explosion in
the kinds of organisms and in their complexity. This event occurred only
about a billion years ago, about three quarters of the way through the history
of life.
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Of course, nearly all of the organisms people can see are multicellular (al-
though the blue-green algae in ponds and swimming pools are a kind of bac-
teria). Multicellular organisms gain their main evolutionary advantage
through cellular specialization. Creatures with specialized cells have the abil-
ity to occupy environmental niches that single-celled organisms cannot take
advantage of. In multicellular organisms, cells quite distant from each other
can exchange matter, energy or information for their mutual benefit. For ex-
ample, cells in the roots of a higher plant exist in a quite different environ-
ment than the cells in the leaves, and each supplies the other with matter or
energy not available in the local environment.

An important difference between multicellular organisms and a colony of
unicellular organisms (e.g. coral) is that multicellular organisms have sepa-
rated germ line (reproductive) cells from somatic (all the other) cells. Sperm
and eggs are germ cells; all the other kinds of cells in the body are somatic.
Both kinds of cells divide and make new cells, but only germ cells make new
organisms. Somatic cells are usually specialized for a particular task; they
are skin cells, or nerve cells, or blood cells. Although these cells divide,
when they divide, they create more of the same kind of cell. The division of
somatic cells and single celled organisms is a four stage process that ends
with mitosis,resulting in the production of two identiadughter cellsThe
process as a whole is referred to asctilecycle.

Only changes in germ cells are inherited from an organism to its off-
spring. A variation that arises in a somatic cell will affect all of the cell’'s de-
scendents, but it will not affect any of the organism’s descendents. Germ
cells divide in a process calledeiosis;part of this process is the production
of sperm and egg cells, each of which have only half the usual genetic mater-
ial. The advent of this distinction involved a complex and intricate balance
between somatic cells becoming an evolutionary deadends and the improved
competitive ability of a symbiotic collection of closely related cells.

Multicellular organisms all begin their lives from a single cell, a fertilized
egg. From that single cell, all of the specialized cells arise through a process
called cellular differentiation. The process of development from fertilized
egg to full adult is extremely complex. It involves not only cellular differen-
tiation, but the migration and arrangement of cells with respect to each other,
orchestrated changes in which genes are used and which are not at any given
moment, and even the programmed death of certain groups of cells that act
as a kind of scaffolding during development. The transition from single-
celled organism to multicellular creature required many dramatic innova-
tions. It was a fundamental shift of the level of selection: away from the indi-
vidual cell and to a collection of cells as a whole. The reproductive success
of a single cell line within a multicellular individual may not correlate with
the success of the individuaEmbryology and development are complex
and important topics, but are touched on only briefly in this chapter.
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Most of the discussion so far has focused on organisms that seem very
simple and only distantly related to people. On a biochemical level, however,
people are much like other eucaryotes, especially multicellular ones. Genetic
and biochemical distance doesn’t always correlate very well with morpho-
logical differences. For example, two rather similar looking species of frogs
may be much more genetically distant from each other than are, say, people
and cows (Cherty, Case & Wilson, 1978). A great deal of human biochem-
istry was already set by the time multicellular organisms appeared on the
Earth. We can learn a lot about human biology by understanding how yeasts
work.

We've now covered, very briefly, the diversity of living things, and some
of the key events in the evolution of life up to the origin of multicellular or-
ganisms. In the next section, we’ll take a closer look at how these complex
organisms work, and cover the parts of eucaryotic cells in a bit more detail.

2. Living Parts: Tissues, Cells,
Compartments and Organelles

The main advantage multicellular organisms possess over their single-celled
competitors is cell specialization. Not every cell in a larger organism has to
be able to extract nutrients, protect itself, sense the environment, move itself
around, reproduce itself and so on. These complex tasks can be divided up,
so that many different classes of cells can work together, accomplishing feats
that single cells cannot. Groups of cells specialized for a particular function
aretissuesand their cells are said to hadiferentiated Differentiated cells
(except reproductive cells) cannot reproduce an entire organism.

In people (and most other multicellular animals) there are fourteen major
tissue types. There are many texts with illustrations and descriptions of the
various cell types and tissue, e.g. Kessel and Kardon (1979) which is full of
beautiful electron micrographs. Some of these tissue types are familiar:
bones, muscles, cardiovascular tissue, nerves, and connective tissue (like ten-
dons and ligaments). Other tissues are the constituents of the digestive, respi-
ratory, urinary and reproductive systems. Skin and blood are both distinctive
tissue types, made of highly specialized cells. Lymphatic tissue, such as the
spleen and the lymph nodes make up the immune system. Endocrine tissue
comprises a network of hormone-producing glands (for example, the adrenal
gland, source of adrenaline) that exert global control over various aspects of
the body as a whole. Finally, epithelium, the most basic tissue type, lines all
of the body’s cavities, secreting materials such as mucus, and, in the in-

*Cancer is an example where a single cell line within a multicellular organism repro-
duces to the detriment of the whole.
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testines, absorbing water and nutrients.

There are more than 200 different specialized cell types in a typical verte-
brate. Some are large, some small; for example, a single nerve cell connects
your foot to your spinal cord, and a drop of blood has more than 10,000 cells
in it. Some divide rapidly, others do not divide at all; bone marrow cells di-
vide every few hours, and adult nerve cells can live 100 years without divid-
ing. Once differentiated, a cell cannot change from one type to another. Yet
despite all of this variation, all of the cells in a multicellular organism have
exactly the same genetic code. The differences between them come from dif-
ferences ingene expressigrthat is, whether or not a the product a gene
codes for is produced, and how much is produced. Control of gene expres-
sion is an elaborate dance with many participants. Thousands of biological
substances bind to DNA, or bind to other biomolecules that bind to DNA.
Genes code for products that turn on and off other genes, which in turn regu-
late other genes, and so on. One of the key research areas in biology is devel-
opment; how the intricate, densely interrelated genetic regulatory process is
managed, and how cells "know" what to differentiate into, and when and
where they do it. A prelude to these more complex topics is a discussion of
what cells are made of, and what they do.

2.1 The Composition of Cells

Despite their differences, most cells have a great deal in common with each
other. Every cell, whether a Archaea at the bottom of the ocean or a cell in a
hair follicle on the top of your head has certain basic qualities: they contain
cytoplasm and genetic material, are enclosed in a membrane and have the
basic mechanisms for translating genetic messages into the main type of bio-
logical molecule, the protein. All eucaryotic cells share additional compo-
nents. Each of these basic parts of a cell is described briefly below:

Membranes are the boundaries between the cell and the outside world.
Although there is no one moment that one can say life came into being, the
origin of the first cell membrane is a reasonable starting point. At that mo-
ment, self-reproducing systems of molecules were individuated, and cells
came into being. All present day cells havphaspholipidcell membrane.
Phospholipids arépids (oils or fats) with a phosphate group attached. The
end with the phosphate grouphigdrophillic @ttracted to water) and the lipid
end ishydrophobic(repelled by water). Cell membranes consist of two lay-
ers of these molecules, with the hydrophobic ends facing in, and the hy-
drophillic ends facing out. This keeps water and other materials from getting
through the membrane, except through special pores or channels.

A lot of the action in cells happens at the membrane. For single celled or-
ganisms, the membrane contains molecules that sense the environment, and
in some cells it can surround and engulf food, or attach and detach parts of it-
self in order to move. In Bacteria and Archaea, the membrane plays a crucial
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role in energy production by maintaining a large acidity difference between
the inside and the outside of the cell. In multicellular organisms, the mem-
branes contain all sorts of signal transduction mechanisms, adhesion mole-
cules, and other machinery for working together with other cells.

Proteins are the molecules that accomplish most of the functions of the
living cell. The number of different structures and functions that proteins
take on in a single organism is staggering. They make possible all of the
chemical reactions in the cell by acting eszymeghat promote specific
chemical reactions, which would otherwise occur only so slowly as to be
otherwise negligible. The action of promoting chemical reactions is called
catalysis and enzymes are sometimes refered wataysts which is a more
general term. Proteins also provide structural support, and are the keys to
how the immune system distinguishes self from invaders. They provide the
mechanism for acquiring and transforming energy, as well as translating it
into physical work in the muscles. They underlie sensors and the transmis-
sion of information as well.

All proteins are constructed from linear sequences of smaller molecules
called amino acids. There are twenty naturally occurring amino acids. Long
proteins may contain as many as 4500 amino acids, so the space of possible
proteins is very large: 28000r 1(P85Q Proteins also fold up to form partic-
ular three dimensional shapes, which give them their specific chemical func-
tionality. Although it is easily demonstrable that the linear amino acid se-
guence completely specifies the three dimensional structure of most proteins,
the details of that mapping is one of the most important open questions of bi-
ology. In addition a protein's three dimensional structure is not fixed; many
proteins move and flex in constrained ways, and that can have a significant
role in their biochemical function. Also, some proteins bind to other groups
of atoms that are required for them to function. These other structures are
called prosthetic groupsAn example of a prosthetic group heme,which
binds oxygen in the protein hemoglobin. | will discuss proteins in more de-
tail again below.

Genetic material codes for all the other constituents of the the cell. This
information is generally stored in long strands of DNA. In Bacteria, the DNA
is generally circular. In Eucaryotes, it is linear. During cell division Eucary-
otic DNA is grouped into X shaped structures called chromosomes. Some
viruses (like the AIDS virus) store their genetic material in RNA. This genet-
ic material contains the blueprint for all the proteins the cell can produce. Il
have much more to say about DNA below.

Nuclei are the defining feature of Eucaryotic cells. The nucleus contains
the genetic material of the cell in the formabiromatin Chromatin contains
long stretches of DNA in a variety of conformatidrsyrrounded bywuclear
proteins.The nucleus is separated from the rest of the cellryckear mem-
brane.Nuclei show up quite clearly under the light microscope; they are per-
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haps the most visible feature of most cells.

Cytoplasmis the name for the gel-like collection of substances inside the
cell. All cells have cytoplasm. The cytoplasm contains a wide variety of dif-
ferent substances and structures. In Bacteria and Archaea, the cytoplasm con-
tains all of the materials in the cell. In Eucarya, the genetic material is segre-
gated into the cell nucleus.

Ribosomesare large molecular complexes, composed of several proteins
and RNA molecules. The function of ribosomes is to assemble proteins. All
cells, including Bacteria and Archaea have ribosomes. The process of trans-
lating genetic information into proteins is described in detail below. Ribo-
somes are where that process occurs, and are a key part of the mechanism for
accomplishing that most basic of tasks.

Mitochondria and Chroloplasts are cellular organelles involved in the
production the energy that powers the cell. Mitochondria are found in all eu-
caryotic cells, and their job is respiration: using oxygen to efficiently turn
food into energy the cell can use. Some bacteria and archaea get their energy
by a process calleglycolysis from glyco- (sugar) and -lysis (cleavage or de-
struction). This process creates two energy-carrying molecules for every
molecule of sugar consumed. As oxygen became more abiinsamte or-
ganisms found a method for using it (callexidative phosphorylatignto
make an order of magnitude increase in their ability to extract energy from
food, getting 36 energy-carrying molecules for every sugatr.

These originally free living organisms were engulfed by early eucaryotes.
This symbiosis gradually became obligatory as eucaryotes came to depend
on their mitochondria for energy, and the mitochondria came to depend on
the surrounding cell for many vital functions and materials. Mitochondria
still have their own genetic material however, and, in sexually reproducing
organisms, are inherited only via the cytoplasm of the egg cell. As a conse-
guence, all mitochondria are maternally inherited.

Like the mitochondria, chloroplasts appear to have originated as free-liv-
ing bacteria that eventually became obligatory symbionts, and then parts of
eucaryotic plant cells. Their task is to convert sunlight into energy-carrying
molecules.

Other Parts of Cells. There are other organelles found in eucaryotic

*Conformationmeans shape, connoting one of several possible shapes. DNA confor-
mations include the traditional double helixsupercoiledstate where certain parts of

the molecule are deeply hidden, a reverse coiled state called Z-DNA, and several oth-
ers.

tThere was very little oxygen in the early atmosphere. Oxygen is a waste product of
glycolysis, and it eventually became a significant component of the atmosphere. Al-
though many modern organisms depend on oxygen to live, it is a very corrosive sub-
stance, and living systems had to evolve quite complex biochemical processes for
dealing with it.
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cells. Theendoplasmic reticulurtthere are two kinds, rough and smooth) is
involved in the production of the cell membrane itself, as well as in the pro-
duction of materials that will eventually be exported from the cell.Gtigi
apparatusare elongated sacs that are involved in the packaging of materials
that will be exported from the cell, as well as segregating materials in the cell
into the correct intracellular compartmelngsosomesontain substances that

are used to digest proteins; they are kept separate to prevent damage to other
cellular components. Some cells have other structures, sugcaslesof

lipids for storage (like the ones often found around the abdomen of middle-
aged men).

Now that you have a sense of the different components of the cell, we can
proceed to examine the activities of these components. Life is a dynamical
system, far from equilibrium. Biology is not only the study of living things,
but living actions.

3. Life as a Biochemical Process

Beginning with the highest levels of taxonomy, we have taken a quick
tour of the varieties of organisms, and have briefly seen some of their impor-
tant parts. So far, this account has been entirely descriptive. Because of the
tremendous diversity of living systems, descriptive accounts are a crucial un-
derpinning to any more explanatory theories. In order to understand how bio-
logical systems work, one has to know what they are.

Knowledge of cells and tissues makes possible the functional accounts of
physiology. For example, knowing that the cells in the bicep and in the heart
are both kinds of muscle helps explain how the blood circulates. However, at
this level of description, the work that individual cells are able to do remains
mysterious. The revolution in biology over the last three decades resulted
from the understanding cells in terms of their chemistry. These insights
began with descriptions of the molecules involved in living processes, and
now increasingly provides an understanding of the molecular structures and
functions that are the fundamental objects and actions of living material.

More and more of the functions of life (e.g. cell division, immune reac-
tion, neural transmission) are coming to be understood as the interactions of
complicated, self-regulating networks of chemical reactions. The substances
that carry out and regulate these activities are generally referred to as bio-
molecules. Biomolecules include proteins, carbohydrates, lipids—all called
macromoleculebecause they are relatively large—and a variety of small
molecules. The genetic material of the cell specifies how to create proteins,
as well as when and how much to create. These proteins, in turn, control the
flow of energy and materials through the cell, including the creation and
transformation of carbohydrates, lipids and other molecules, ultimately ac-
complishing all of the functions that the cell carries out. The genetic material
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itself is also now known to be a particular macromolecule: DNA.

In even the simplest cell, there are more than a thousand kinds of biomol-
ecules interacting with each other; in human beings there are likely to be
more than 100,000 different kinds of proteins specified in the genome (it is
unlikely that all of them are present in any particular cell). Both the amount
of each molecule and its concentration in various compartments of the cell
determines what influence it will have. These concentrations vary over time,
on scales of seconds to decades. Interactions among biomolecules are highly
non-linear, as are the interactions between biomolecules and other molecules
from outside the cell. All of these interactions take place in parallel among
large numbers of instances of each particular type. Despite this daunting
complexity, insights into the structure and function of these molecules, and
into their interactions are emerging very rapidly.

One of the reasons for that progress is the conception of life as a kind of
information processing. The processes that transform matter and energy in
living systems do so under the direction of a set of symbolically encoded in-
structions. The “machine” language that describes the objects and processes
of living systems contains four letters, and the text that describes a person
has about as many characters as three years’ worth dfetlveYork Times
(about 3x18). In the next section, we will delve more deeply into the the
chemistry of living systems.

4. The Molecular Building Blocks of Life

Living systems process matter, energy and information. The basic principle
of life, reproduction, is the transformation of materials found in the environ-
ment of an organism into another organism. Raw materials from the local en-
vironment are broken down, and then reassembled following the instructions
in the genome. The offspring will contain instructions similar to the parent.
The matter, energy and information processing abilities of living systems are
very general; one of the hallmarks of life is its adaptability to changing cir-
cumstances. Some aspects of living systems have, however, stayed the same
over the years. Despite nearly 4 billion years of evolution, the basic molecu-
lar objects for carrying matter, energy and information have changed very lit-
tle. The basic units of matter are proteins, which subserve all of the structural
and many of the functional roles in the cell; the basic unit of energy is a
phosphate bond in the molecule adenosine triphosphate (ATP); and the units
of information are four nucleotides, which are assembled together into DNA
and RNA.

The chemical composition of living things is fairly constant across the en-
tire range of life forms. About 70% of any cell is water. About 4% are small
molecules like sugars and inorgains’. One of these small molecules is
ATP, the energy carrier. Proteins make up between 15% and 20% of the cell;
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DNA and RNA range from 2% to 7% of the weight. The cell membranes,
lipids and other, similar molecules make up the remaining 4% to 7% (Al-
berts, et al., 1989).

4.1 Energy

Living things obey all the laws of chemistry and physics, including the sec-
ond law of thermodynamics, which states that the amount of entropy (disor-
der) in the universe is always increasing. The consumption of energy is the
only way to create order in the face of entropy. Life doesn’t violate the sec-
ond law; living things capture energy in a variety of forms, use it to create in-
ternal order, and then transfer energy back to the environment as heat. An in-
crease in organization within a cell is coupled with a greater increase in
disorder outside the cell.

Living things must capture energy, either from sunlight through photosyn-
thesis or from nutrients by respiration. The variety of chemicals that can be
oxidized by various species to obtain energy through respiration is immense,
ranging from simple sugars to complex oils and even sulfur compounds from
deep sea vents (in the case of Archaea).

In many cases, the energy is first available to the cell as an electrochemi-
cal gradient across the cell membrane. The cell can tap into electrochemical
gradient by coupling the energy that results from moving electrons across the
membrane to other processes. There are many constraints on the flow of en-
ergy through a living system. Most of the chemical reactions that organisms
need to survive require an input of a minimum amount of energy to take
place at a reasonable rates; efficient use of energy dictates that this must be
delivered in a quanta exceeding the minimum requirement only slightly.

The energy provided for biochemical reactions has to be useable by many
different processes. It must be possible to provide energy where it is needed,
and to store it until it is consumed. The uses of energy throughout living
systems are very diverse. It is needed to synthesize and transport biomole-
cules, to create mechanical action through the muscle proteins actin and
myosin, and to create and maintain electrical gradients, such as the ones that
neurons use to communicate and compute.

Storing and transporting energy in complex biochemical systems runs the

*An inorganic ion is a charged atom, or a charged small group of atoms, not involv-
ing carbon. These substances, like iron and zinc, play small but vital role. For exam-
ple, changing the balance of calcium and sodium ions across a cell membrane is the
basic method for exciting of neurons.

The individual building blocks of the larger molecules, i.e. amino acids and nucleic
acids, are also considered small molecules when not part of a larger structure. Some
of these molecules play roles in the cell other than as components of large molecules.
For example, the nucleic acid adenine is at the core of the energy carrying molecule
adenosine triphosphate (ATP).
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risk of disrupting chemical bonds other than the target ones, so the unit of en-
ergy has to be small enough not to do harm, but large enough to be useful.
The most common carrier of energy for storage and transport is the outer-
most phosphate bond in the molecatienosine triphosphater ATP. This
molecule plays a central role in every living system: it is the carrier of ener-
gy. Energy is taken out of ATP by the processiydrolysis which removes

the outermost phosphate group, producing the molecule adenosine diphos-
phate (ADP). This process generates about 12 kcal pef ofod P, a quan-

tity appropriate for performing many cellular tasks. The energy “charge” of a
cell is expressed in the ratio of ATP/ADP and the electrochemical difference
between the inside and the outside of the cell (which is callemathemem-

brane potentigl If ATP is depleted, the movement of ions caused by the
transmembrane potential will result in the synthesis of additional ATP. If the
transmembrane potential has been reduced (for example, after a neuron
fires), ATP will be consumed to pump ions back across the gradient and re-
store the potential.

ATP is involved in most cellular processes, so it is sometimes called a
currencymetabolite. ATP can also be converted to other high energy phos-
phate compounds such esatine phosphateor other nucleotide triphos-
phates. In turn, these molecules provide the higher levels of energy necessary
to transcribe genes and replicate chromosomes. Energy can also be stored in
different chemical forms. Carbohydrates like glycogen provide a moderate
density, moderately accessible form of energy storage. Fats have very high
energy storage density, but the energy stored in them takes longer to retrieve.

4.2 Proteins

Proteins are the primary components of living things, and they play many
roles. Proteins provide structural support and the infrastructure that holds a
creature together; they are enzymes that make the chemical reactions neces-
sary for life possible; they are the switches that control whether genes are
turned on or off; they are the sensors that see and taste and smell, and the ef-
fectors that make muscles move; they are the detectors that distinguish self
from nonself and create an immune response. Finding the proteins that make
up a creature and understanding their function is the foundation of explana-
tion in molecular biology.

Despite their radical differences in function, all proteins are made of the
same basic constituents: the amino acids. Each amino acid shares a basic
structure, consisting of a central carbon atom (Caramogroup (NHy) at

*kcal is an abbreviation for kilocalorie, the amount of energy necessary to raise a liter
of water one degree centigrade at standard temperature and pressure. It is equivalent
to 1 dieter's calorie. A mole is an amount of a substance, measured in terms of the
number of molecules, rather than by its mass. One mole is Banidlecules.
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Figure 2: The basic chemical structure of an amino acid. Carbon atoms are black,
Oxygen is dark grey, Nitrogen light grey, and hydrogen white.

one end, @arboxylgroup (COOH) at the other, and a variable sidechain (R),
as shown in Figure 2. These chemical groups determine how the molecule
functions, as Mavrovouniotis’s chapter in this volume explains. For example,
under biological conditions the amino end of the molecule is positively
charged, and the carboxyl end is negatively charged. Chains of amino acids
are assembled by a reaction that occurs between the nitrogen atom at the
amino end of one amino acid and the carbon atom at the carboxyl end of an-
other, bonding the two amino acids and releasing a molecule of water. The
linkage is called geptide bondand long chains of amino acids can be
strung together into polymérscalledpolypeptidesin this manner. All pro-

teins are polypeptides, although the term polypeptide generally refers to
chains that are shorter than whole proteins.

When a peptide bond is formed, the amino acid is changed (losing two
hydrogen atoms and an oxygen atom), so the portion of the original molecule
integrated into the polypeptide is often calledesidue.The sequence of
amino acid residues that make up a protein is called the propeimiary
structure.The primary structure is directly coded for in the genetic material:
The individual elements of a DNA molecule form triples which
unambiguously specify an amino acid. A genetic sequence maps directly into
a sequence of amino acids. This process is discussed in greater detail below.

It is interesting to note that only a small proportion of the very many pos-
sible polypeptide chains are naturally occurring proteins. Computationally,
this is unsurprising. Many proteins contain more than 100 amino acids (some
*Polymers are long strings of similar elements; -mer means “element,” as in
monomer, dimer, etc. Homopolymer is a term that refers to polymers made up of all
the same element; heteropolymers are made of several different units. Proteins and

DNA are both heteropolymers. Glycogen, a substance used for the medium-term
storage of excess energy, is an example of a homopolymer.
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have more than 4000). The number of possible polypeptide chains of length
100 is 2890 or more than 1830 Even if we take the high estimates of the
number of species (5xIpand assume that they all have as many different
proteins as there are in the most complex organism/{<ditl that no two
organisms share a single protein, the ratio of actual proteins to possible
polypeptides is much less than 1298—a very small proportion, indeed.

The twenty naturally occuring amino acids all have the common elements
shown in Figure 2. The varying parts are cali@kchainsthe two carbons
and the nitrogen in the core are sometimes calleh#itkbone Peptide
bonds link together the backbones of a sequence of amino acids. That link
can be characterized as having two degrees of rotational freedom, tipg phi (
and psi @) angles (although from the point of view of physics this is a dras-
tic simplification, in most biological contexts it is valid). The conformation
of a protein backbone (i.e. its shape when folded) can be adequately de-
scribed as a series @f angles, although it is also possible to represent the
shape using the Cartesian coordinates of the central backbone atom (the
alpha carbon, written @), or using various other representational schemes
(see, e.g., Hunter or Zhang & Waltz in this volume).

The dimensions along which amino acids vary are quite important for a
number of reasons. One of the major unsolved problems in molecular biolo-
gy is to be able to predict the structure and function of a protein from its
amino acid sequence. It was demonstrated more than two decades ago that
the amino acid sequence of a protein determines ultimate conformation and,
therefore, its biological activity and function. Exactly how the properties of
the amino acids in the primary structure of a protein interact to determine the
protein’s ultimate conformation remains unknown. The chemical properties
of the individual amino acids, however, are known with great precision.
These properties form the basis for many representations of amino acids, e.g.
in programs attempting to predict structure from sequence. Here is a brief
summary of some of them.

Glycineis the simplest amino acid; its sidechain is a single hydrogen
atom. It is nonpolar, and does not ionize easily. pblarity of a molecule
refers to the degree that its electrons are distributed asymmetrically. A non-
polar molecule has a relatively even distribution of chamgzationis the
process that causes a molecule to gain or lose an electron, and hence become
charged overall. The distribution of charge has a strong effect on the behav-
ior of a molecule (e.g. like charges repel). Another important characteristic
of glycine is that as a result of having no heavy (i.e. non-hydrogen) atoms in
its sidechain, it is very flexible. That flexibility can give rise to unusual kinks
in the folded protein.

Alanineis also small and simple; its sidechain is justeghylgroup (con-
sisting of a carbon and three hydrogen atoms). Alanine is one of the most
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commonly appearing amino acids. Glycine and alanine’s sidechains are
aliphatic, which means that they are straight chains (no loops) containing
only carbon and hydrogen atoms. There are three other aliphatic amino acids:
valine, leucineandisoleucine.The longer aliphatic sidechains are hydropho-
bic. Hydrophobicity is one of the key factors that determines how the chain
of amino acids will fold up into an active protein. Hydrophobic residues tend
to come together to form compact core that exclude water. Because the envi-
ronment inside cells iasqueous(primarily water), these hydrophobic
residues will tend to be on the inside of a protein, rather than on its surface.

In contrast to alanine and glycine, the sidechains of amino phitsy-
lalaning, tyrosineandtryptophanare quite large. Size matters in protein fold-
ing because atoms resist being too close to one another, so it is hard to pack
many large sidechains closely. These sidechains aram@lswtic meaning
that they form closed rings of carbon atoms with alternating double bonds
(like the simple molecule benzene). These rings are large and inflexible.
Phenylalanine and tryptophan are also hydrophobic. Tyrosine thalraxyl
group (an OH at the end of the ring), and is therefore more reactive than the
other sidechains mentioned so far, and less hydrophobic. These large amino
acids appear less often than would be expected ifproteins were composed
randomly.Serineandthreoninealso contain hydroxyl groups, but do not
have rings.

Another feature of importance in amino acids is whether they ionize to
form charged groups. Residues that ionize are characterized bylheir
which indicates at whatH (level of acidity) half of the molecules of that
amino acid will have ionizedArginine and lysine have high pK’s (that is,
they ionize in basic environments) anidtiding gluatmic acidandaspartic
acid have low pK’s (they ionize in acidic ones). Since like charges repel and
opposites attract, charge is an important feature in predicting protein confor-
mation. Most of the charged residues in a protein will be found at its surface,
although some will form bonds with each other on the inside of the molecule
(called salt-bridge$ which can provide strong constraints on the ultimate
folded form.

Cysteineand methioninehave hydrophobic sidechains that contain a sul-
phur atom, and each plays an important role in protein structure. The sul-
phurs make the amino acids' sidechains very reactive. Cysteines can form
disulphidebonds with each other; disulphide bonds often hold distant parts
of a polypeptide chain near each other, constraining the folded conformation
like salt bridges. For that reason, cysteines have a special role in determining
the three dimensional structure of proteins. The chapter by Holbrook, Muskal
and Kim in this volume discusses the prediction of this and other folding
constraints. Methionine is also important because all eucaryotic proteins,
when originally synthesized in the ribosome, start with a methionine. It is a
kind of “start” signal in the genetic code. This methionine is generally re-
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moved before the protein is released into the cell, however.

Histidine is a relatively rare amino acid, but often appears inatlizre
site of an enzyme. The active site is the small portion of an enzyme that ef-
fects the target reaction, and it is the key to understanding the chemistry in-
volved. The rest of the enzyme provides the necessary scaffolding to bring
the active site to bear in the right place, and to keep it away from bonds that
it might do harm to. Other regions of enzymes can also act as a switch, turn-
ing the active site on and off in a process catlkdisteric control. Because
histidine’s pK is near the typical pH of a cell, it is possible for small, local
changes in the chemical environment to flip it back and forth between being
charged and not charged. This ability to flip between states makes it useful
for catalyzing chemical reactions. Other charged residues also sometimes
play a similar role in catalysis.

With this background, it is now possible to understand the basics of the
protein folding problem which is the target of many of the Al methods ap-
plied in this volume. The genetic code specifies only the amino acid se-
guence of a protein. As a new protein comes off the ribosome, it folds up into
the shape that gives it its biochemical function, sometimes calledtite
conformation(the same protein unfolded into some other shape is said to be
denatureg which is what happens, e.g. to the white of an egg when you cook
it). In the cell, this process takes a few seconds, which is a very long time for
a chemical reaction. The complex structure of the ribosome may play a role
in protein folding, and a few proteins need helper molecules, terhaazbr-
onesto fold properly. However, these few seconds are a very short time com-
pared to how long it takes people to figure out how a protein will fold. In raw
terms, the folding problem involves finding the mapping from primary se-
guence (a sequence of from dozens to several thousand symbols, drawn from
a 20 letter alphabet) to the real-numbered locations of the thousands of con-
stituent atoms in three space.

Although all of the above features of amino acids play some role in protein
folding, there are few absolute rules. The conformation a protein finally as-
sumes will minimize the total “free” energy of the molecule. Going against the
tendencies described above (e.g. packing several large sidechains near each
other) increases the local free energy, but may reduce the energy elsewhere in
the molecule. Each one of the tendencies described can be traded off against
some other contribution to the total free energy of the folded protein. Given
any conformation of atoms, it is possible in principle to compute its free ener-
gy. Ideally, one could examine all the possible conformations of a protein, cal-
culate the free energy by applying quantum mechanical rules, and select the
minimum energy conformation as a prediction of the folded structure. Unfortu-
nately, there are very many possible conformations to test, and each energy
calculation itself is prohibitively complex. A wide variety of approaches have
been taken to making this problem tractable, and, given a few hours of super-
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computer time, it is currently possible to evaluate several thousand possible
conformations. These techniques are well surveyed in Karplus & Petsko
(1990). An alternative to the pure physical simulations are the various Al ap-
proaches which a significant portion of this volume is dedicated to describing.
The position of the atoms in a folded protein is calledeitSary struc-
ture. Theprimary structure is the amino acid sequengecondarystructure
refers to local arrangements of a few to a few dozen amino acid residues that
take on particular conformations that are seen repeatedly in many different
proteins. These shapes are stabilizethymrogen bondéa hydrogen bond is
a relatively weak bond that also plays a role in holding the two strands of the
DNA molecule together). There are two main kinds of secondary structure:
corkscrew-shaped conformations where the amino acids are packed tightly
together, calledr-helices and long flat sheets made up of two or more adja-
cent strands of the molecule, extended so that the amino acids are stretched
out as far from each other as they can be. Each extended chain is ¢alled a
strand and two or morgd-strands held together by hydrogen bonds are
called aB-sheet3-sheets can be composed of strands running in the same di-
rection (called garallel B-sheet) or running in the opposite directi@m-
tiparallel). Other kinds of secondary structure include structures that are
even more tightly packed tharhelices calleB-10 helicesand a variety of
small structures that link other structures, caffadrns. Some local combi-
nations of secondary structures have been observed in a variety of different
proteins. For example, twa-helices linked by a turn with an approximately
60° angle have been observed in a variety of proteins that bind to DNA. This
pattern is called théelix-turn-helixmotif, and is an example of what is
known assuper-secondargtructure Finally, some proteins only become
functional when assembled with other molecules. Some proteins bind to
copies of themselves; for example, some DNA-binding proteins only func-
tion as dimers (linked pairs). Other proteins require prostehtic groups such as
heme or chlorophyl. Additions necessary to make the folded protein active
are termed the proteintuaternarystructure.

4.3 Nucleic Acids

If proteins are the workhorses of the biochemical world, nucleic acids are
their drivers; they control the action. All of the genetic information in any
living creature is stored in deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA), which are polymers of four simple nucleic acid units, cafiad
cleotides There are four nucleotides found in DNA. Each nucleotide consists
of three parts: one of two base moleculepyane or apyrimidine, plus a

sugar (ribose in RNA and deoxyribose DNA), and one or more phosphate
groups. The purine nucleotides adenine(A) and guanine(G), and the
pyrimidines arecytosine(C) andthymine(T). Nucleotides are sometimes
called bases, and, since DNA consists of two complementary strands bonded
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together, these units are often called base-pairs. The length of a DNA se-
guences is often measured in thousands of bases, abbreviated kb. Nucleotides
are generally abbreviated by their first letter, and appended into sequences,
written, e.g., CCTATAG. The nucleotides are linked to each other in the
polymer by phosphodiester bonds. This bond is directional, a strand of DNA
has a head (called tl¢ end) and a tail (th&' end).

One well known fact about DNA is that it forms a double helix; that is,
two helical (spiral-shaped) strands of the polypeptide, running in opposite di-
rections, held together by hydrogen bonds. Adenines bond exclusively with
the thymines (A-T) and guanines bond exclusively with cytosines (G-C). Al-
though the sequence in one strand of DNA is completely unrestricted, be-
cause of these bonding rules the sequence in the complementary strand is
completely determined. It is this feature that makes it possible to make high
fidelity copies of the information stored in the DNA. It is also exploited
when DNA is transcribed into complementary strands of RNA, which direct
the synthesis of protein. The only difference is that in RNA, uracil (U) takes
the place of thymine; that is, it bonds to adenine.

DNA molecules take a variety of conformations (shapes) in living sys-
tems. In most biological circumstances, the DNA forms a classic double
helix, called B-DNA,; in certain circumstances, however, it can become su-
percoiled or even reverse the direction of its twist (this form is called Z-
DNA). These alternative forms may play a role in turning particular genes on
and off (see below). There is some evidence that the geometry of the B-DNA
form (e.g for example, differing twist angles between adjacent base pairs)
may also be exploited by cell mechanisms. The fact that the conformation of
the DNA can have a biological effect over and above the sequence it encodes
highlights an important lesson for computer scientigtsre is more infor-
mation available to a cell than appears in the sequence databHsiedes-
son also applies to protein sequences, as we will see in the discussion of
post-translational modification.

Now that we have covered the basic structure and function of proteins and
nucleic acids, we can begin to put together a picture of the molecular pro-
cessing that goes on in every cell.

5. Genetic Expression: From Blueprint to Finished Product

5.1 Genes, the Genome and the Genetic Code

The genetic information of an organism can be stored in one or more distinct
DNA molecules; each is calledcaromosomeln some sexually reproducing
organisms, calledliploids, each chromosome contains two similar DNA
molecules physically bound together, one from each parent. Sexually repro-
ducing organisms with single DNA molecules in their chromosomes are
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called haploid. Human beings are diploid with 23 pairs of linear chromo-
somes. In Bacteria, it is common for the ends of the DNA molecule to bind
together, forming a circular chromosome. All of the genetic information of
an organism, taken together as a whole, is refered togenitsne

The primary role of nucleic acids is to carry the encoding of the primary
structure of proteins. Each non-overlapping triplet of nucleotides, called a
codon corresponds to a particular amino acid (see table 1). Four nucleotides
can form # = 64 possible triplets, which is more than the 20 needed to code
for each amino acid (pairs would provide only 16 codons). Three of these
codons are used to designate the end of a protein sequence, and are called
stop codons. The others all code for a particular amino acid. That means that
most amino acids are encoded by more than one codon. For example, alanine
is represented in DNA by the codons GCT, GCC, GCA and GCG. Notice
that the first two nucleotides of these codons are all identical, and that the
third is redundant. Although this is not true for all of the amino acids, most
codon synonyms differ only in the last nucleotide. This phenomenon is
called thedegeneracyf the code. Whether it is an artifact of the evolution,
or serves a purpose such as allowing general changes in the global composi-
tion of DNA (e.g. increasing the proportion of purines) without changing the
coded amino acids is still unknown.

There are some small variations in the translation of codons into amino
acids from organism to organism. Since the code is so central to the function-
ing of the cell, it is very strongly conserved over evolution. However, there
are a few systems that use a slightly different code. An important example is
found in mitochondria. Mitochondria have their own DNA, and probably
represent previously free living organisms that were enveloped by eucary-
otes. Mitochondrial DNA is translated using a slightly different code, which
is more degenerate (has less information in the third nucleotide) than the
standard code. Other organisms that diverged very early in evolution, such as
the ciliates, also use different codes.

The basic process of synthesizing proteins maps from a sequence of
codons to a sequence of amino acids. However, there are a variety of impor-
tant complications. Since codons come in triples, there are three possible
places to start parsing a segment of DNA. For example, the chain
...AATGCGATAAG... could be read ...AAT-GCG-ATA... or ...ATG-CGA-
TAA... or .. TGC-GAT-AAG.... This problem is similar to decoding an asyn-
chronous serial bit stream into bytes. Each of these parsings is cadhed a
ing frame A parsing with a long enough string of codons with no intervening
stop codons is called apen reading frameor ORF, and could be translated
into a protein. Organisms sometimes code different proteins with overlap-
ping reading frames, so that if the reading process shifts by one character, a
completely different, but still functional protein results! More often, frame
shifts, which can be introduced by insertions and deletions in the DNA se-
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guence or transcriptional “stuttering,” produce nonsense.

Not only are there three possible reading frames in a DNA sequence, it is
possible to read off either strand of the double helix. Recall that the second
strand is the complement of the first, so that our example above (AATGC-
GATAAG) can also be read inverted and in the opposite direction, e.g. CT-
TATCGCATT. This is sometimes called reading from dméisenser comple-
mentarystrand. An antisense message can also be parsed three ways, making a
total of 6 possible reading frames for every DNA sequence. There are known
examples of DNA sequences that code for proteins in both directions with sev-
eral overlapping reading frames: quite a feat of compact encoding.

And there’s more. DNA sequences coding for a single protein in most eu-
caryotes have noncoding sequences, calwans, inserted into them.
These introns are spliced out before the sequence is mapped into amino
acids. Different eucaryotes have a variety of different systems for recogniz-
ing and removing these introns. Most bacteria don’t have introns. It is not
known whether introns evolved only after the origin of eucaryotes, or
whether selective pressure has caused bacteria to lose theirs. The segments
of DNA that actually end up coding for a protein are cadirdns You can
keep these straight by remembering timtons areinsertions, and that
exons areexpressed.

DNA contains a large amount of information in addition to the coding se-
guences of proteins. Every cell in the body has the same DNA, but each cell
type has to generate a different set of proteins, and even within a single cell
type, its needs change throughout its life. An increasing number of DNA sig-
nals that appear to play a role in the control of expression are being charac-
terized. There are a variety of signals identifying where proteins begin and
end, where splices should occur, and an exquisitely detailed set of mecha-
nisms for controlling which proteins should be synthesized and in what
guantities. Large scale features of a DNA molecule, such as a region rich in
Cs and Gs can play a biologically important role, too.

Finally, some exceptions to the rules | mentioned above should be noted.
DNA is sometimes found in single strands, particularly in some viruses.
Viruses also play other tricks with nucleic acids, such as transcribing RNA
into DNA, going against the normal flow of information in the cell. Even
non-standard base-pairings sometimes play an important role, such as in the
structure of transfer RNA (see below).

5.2 RNA: Transcription, Translation, Splicing & RNA Structure

The process of mapping from DNA sequence to folded protein in eucaryotes
involves many steps (see Figure 3). The first step isrémscriptionof a
portion of DNA into an RNA molecule, called a messenger RNA (MRNA).
This process begins with the binding of a molecule called RNA polymerase
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to a location on the DNA molecule. Exactly where that polymerase binds de-
termines which strand of the DNA will be read and in which direction. Parts
of the DNA near the beginning of a protein coding region contain signals
which can be recognized by the polymerase; these regions arepratisut-

ers (Promoters and other control signals are discussed further below.) The
polymerase catalyzes a reaction which causes the DNA to be used as a tem-
plate to create a complementary strand of RNA, calledhtheary tran-

script This transcript contains introns as well as exons. At the end of the
transcript, 250 or more extra adenosines, callpdlgA tail, are often added

to the RNA. The role of these nucleotides is not known, but the distinctive
signature is sometimes used to detect the presence of mMRNAs.

The next step is theplicing the exons together. This operation takes
takes place in a ribosome-like assembly callegplceosomeThe RNA re-
maining after the introns have been spliced out is calledtaremRNA. It
is then transported out of the nucleus to the cytoplasm, where it then binds
to a ribosome.

A ribosome is a very complex combination of RNA and protein, and its
operation has yet to be completely understood. It is at the ribosome that the
MRNA is used as a blueprint for the production of a protein; this process is
calledtranslation The reading frame that the translation will use is deter-
mined by the ribosome. The translation process depends on the presence of
molecules which make the mapping from codons in the mRNA to amino
acids; these molecules are calteansfer-RNAor tRNAs.tRNAs have an
anti-codon (that binds to its corresponding codon) near one end and the cor-
responding amino acid on the other end. The anti-codon end of the tRNAs
bind to the mRNA, bringing the amino acids corresponding the mRNA se-
guence into physical proximity, where they form peptide bonds with each
other. How the tRNAs find only the correct amino acid was a mystery until
quite recently. This process depends on the three dimensional structure of the
RNA molecule, which is discussed in Steeg’s chapter of this volume. As the
protein comes off the ribosome, it folds up into its native conformation. This
process may involve help from the ribosome itself or from chaperone mole-
cules, as was described above.

Once the protein has folded, other transformations can occur. Various
kinds of chemical groups can be bound to different places on the proteins, in-
cluding sugars, phosphate, actyl or methyl groups. These additions can
change the hyrogen bonding proclivity or shape of the protein, and may be
necessary to make the protein active, or may keep it from having an effect
before it is needed. The general term for these transformatipostisrans-
lational modificationsOnce this process is complete, the protein is then
transported to the part of the cell where it will accomplish its function. The
transport process may be merely passive diffusion through the cytoplasm, or
there may be an active transport mechanism that moves the protein across
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Figure 3. A schematic drawing of the entire process of protein synthesis. An RNA
Polymerase binds to a promoter region of DNA, and begins the transcription process,
which continues until a stop codon is reached. The product is an RNA molecule
called the primary transcript, which contains regions that code for proteins (exons)
and regions which do not (introns). The introns are spliced out at splicosomes, and
the joined exons are transported to a ribosome. There, transfer RNAs match amino
acids to the appropriate codons in the RNA; the amino acids form peptide bonds and
become an unfolded protein. The protein then folds into local formations like helices
and sheets, and forms internal bonds across longer distances. Post-translational
processing can add additional substance; e.g., glycosylation adds sugar molecules to
the protein.
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membranes or into the appropriate cellular compartment.

5.3 Genetic Regulation

Every cell has the same DNA. Yet the DNA in some cells codes for the pro-
teins needed to function as, say, a muscle, and other code for the proteins to
make the lens of the eye. The difference lies in the regulation of the genetic
machinery. At any particular time, a particular cell is producing only a small
fraction of the proteins coded for in its DNA. And the amount of each pro-
tein produced must be precisely regulated in order for the cell to function
properly. The cell will change the proteins it synthesizes in response to the
environment or other cues. The mechanisms that regulate this process consti-
tute a finely tuned, highly parallel system with extensive multifactoral feed-
back and elaborate control structure. It is also not yet well understood.

Genes are generally said to be on or offgxpressed/not expresgedl-
though the amount of protein produced is also important. The production
process is controlled by a complex collection of proteins in the nucleus of
eucaryotic cells that influence which genes are expressed. Perhaps the most
important of these proteins are thistones which are tightly bound to the
DNA in the chromosomes of eucaryotes. Histones are some of the most con-
served proteins in all of life. There are almost no differences in the sequence
of plant and mammalian histones, despite more than a billion years of diver-
gence in their evolution. Other proteins swarm around the DNA, some
influencing the production of a single gene (either encouraging or inhibiting
it), while others can influence the production of large humbers of genes at
once. An important group of these proteins are catfpdisomeraseghey
rearrange and untangle the DNA in various ways, and are the next most
prevalent proteins in the chromosome.

Many regulatory proteins recognize and bind to very specific sequences in
the DNA. The sequences that these proteins recognize tend to border the pro-
tein coding regions of genes, and are known generatiprasol regions Se-
guences that occur just upstream (towards the 5' end) of the coding region
that encourage the production of the protein are cpliechoters. Similar re-
gions either downstream of the coding region or relatively far upstream are
calledenhancersSequences that tend to prevent the production of a protein
are calledepressorsKarp’s chapter in this volume discusses how this com-
plex set of interactions can be modeled in knowledge-based systems.

Cells need to turn entire suites of genes on and off in response to many
different events, ranging from normal development to trying to repair dam-
age to the cell. The control mechanisms are responsive to the level of a prod-
uct already in the cell (for homeostatic control) as well as to a tremendous
variety of extracellular signals. Perhaps the most amazing activities in gene
regulation occur during development; not only are genes turned on and off
with precise timing, but the control can extend to producing alternative splic-
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ings of the nascent primary transcripts (as is the case in the transition from
fetal to normal hemoglobin).

5.4 Catalysis & Metabolic Pathways

The translation of genes into proteins, crucial as it is, is only a small portion
of the biochemical activity in a cell. Proteins do most of the work of manag-
ing the flow of energy, synthesizing, degrading and transporting materials,
sending and receiving signals, exerting forces on the world, and providing
structural support. Systems of interacting proteins form the basis for nearly
every process of living things, from moving around and digesting food to
thinking and reproducing. Somewhat surprisingly, a large proportion of the
chemical processes that underlie all of these activities are shared across a
very wide range of organisms. These shared processes are collectively re-
ferred to asntermediary metabolisnThese include theatabolicprocesses

for breaking down proteins, fats and carbohydrates (such as those found in
food) and theanabolicprocesses for building new materials. Similar collec-
tions of reactions that are more specialized to particular organisms are called
secondary metabolisrithe substances that these reactions produce and con-
sume are callethetabolites.

The biochemical processes in intermediary metabolism are almoat-all
alyzed reactionsThat is, these reactions would barely take place at all at
normal temperatures and pressures; they require special compounds that fa-
cilitate the reaction — these compounds are caldlystsor enzymes(It is
only partially in jest that many biochemistry courses open with the professor
saying that the reactions that take place in living systems are ones you were
taught were impossible in organic chemistry.) Catalysts are usually named
after the reaction they facilitate, usually with the added stdfie For ex-
ample, alcohol dehydrogenase is the enzyme that turns ethyl alcohol into ac-
etaldehyde by removing two hydrogen atoms. Common classes of enzymes
includedehydrogenasesynthetasegroteasegfor breaking down proteins),
decarboxylase¢removing carbon atoms)ransferase{moving a chemical
group from one place to anothekinases, phosphatas@slding or removing
phosphate groups, respectively) and so on. The materials transformed by cat-
alysts are calledubstratesUnlike the substrates, catalysts themselves are
not changed by the reactions they participate in. A final point to note about
enzymatic reactions is that in many cases the reactions can proceed in either
direction. That is, and enzyme that transforms substance A into substance B
can often also facilitate the transformation of B into A. The direction of the
transformation depends on the concentrations of the substrates and on the en-
ergetics of the reaction (see Mavrovouniotis’ chapter in this volume for fur-
ther discussion of this topic).

Even the basic transformations of intermediary metabolism can involve
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dozens or hundreds of catalyzed reactions. These combinations of reactions,
which accomplish tasks like turning foods into useable energy or compounds
are called metabolipathwaysBecause of the many steps in these pathways
and the widespread presence of direct and indirect feedback loops, they can
exhibit many counterintuitive behaviors. Also, all of these chemical reactions
are going on in parallel. Mavrovouniotis's chapter in this volume describes
an efficient system for making inferences about these complex systems.

In addition to the feedback loops among the substrates in the pathways,
the presence or absence of substrates can affect the behavior of the enzymes
themselves, through what is callatfosteric regulation. These interactions
occur when a substance binds to an enzyme someplace other than its usual
active site(the atoms in the molecule that have the enzymatic effect). Bind-
ing at this other site changes the shape of the enzyme, thereby changing its
activity. Another method of controlling enzymes is caltethpetitive inhibi-
tion. In this form of regulation, substance other than the usual substrate of
the enzyme binds to the active site of the enzyme, preventing it from having
an effect on its substrate.

These are the basic mechanisms underlying eucaryotic cells (and much of
this applies to bacterial and archaeal ones as well). Of course, each particular
activity of a living system, from the capture of energy to immune response,
has its own complex network of biochemical reactions that provides the
mechanism underlying the function. Some of these mechanisms, such as the
secondary messenger systamolving cyclic adenosine monophosphate
(cAMP) are widely shared by many different systems. Others are exquisitely
specialized for a particular task in a single species: my favorite example of
this is the evidence that perfect pitch in humans (being able to identify musi-
cal notes absolutely, rather than relative to each other) is mediated by a sin-
gle protein. The functioning of these biochemical networks is being unrav-
elled at an ever increasing rate, and the need for sophisticated methods to
analyze relevant data and build suitable models is growing rapidly.

5.5 Genetic Mechanisms of Evolution

In the beginning of this chapter, | discussed the central role that evolution
plays in understanding living systems. The mechanisms of evolution at the
molecular level are increasingly well understood. The similarities and differ-
ences among molecules that are closely related provide important informa-
tion about the structure and function of those molecules. Molecules (or their
sequences) which are related to one another are saidhtonii@ogousAl-

though genes or proteins that have similar sequences are often assumed to be
homologous, there are well known counterexamples dgerteergent evo-
lution. In these cases, aspects of very distantly related organisms come to re-
semble one another through very different evolutionary pathways. Unless
there is evidence to the contrary, it is usually safe to assume that macromole-
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cular sequences that are similar to each other are homologous.

The sources of variation at the molecular level are very important to un-
derstanding how molecules come to differ from each othetiyerge).Per-
haps the best known mechanism of molecular evolution ipdhe muta-
tion, or the change of a single nucleotide in a genetic sequence. The change
can be tdnserta new nucleotide, tdeletean existing one, or to change one
nucleotide into another. Other mechanisms include large scale chromosomal
rearrangements and inversions. An important kind of rearrangement is the
gene duplicationin which additional copies of a gene are inserted into the
genome. These copies can then diverge, so that, for example, the original
functionality may be preserved at the same time as related new genes evolve.
These duplication events can lead to the presenpsenfdogenesvhich are
quite similar to actual genes, but are not expressed. These pseudogenes pre-
sent challenges for gene recognition algorithms, such as the one proposed in
Searls chapter in this volume. Sexual reproduction adds another dimension to
the exchange of genetic material. DNA from the two parents of a sexually re-
producing organism undergoes a process caltedsoverwhich forms a
kind of mosaic that is passed on to the offspring.

Most mutations have relatively little effect. Mutations in the middle of
introns generally have no effect at all (although mutations at the ends of an
intron can affect the splicing process). Mutations in the third position of
most codons have little effect at the protein level because of the redundancy
of the genetic code. Even mutations that cause changes in the sequence of a
protein are often neutral, as demonstrated by Satail,(1989). Their ex-
perimental method involveshturation mutagenesishich explores are rel-
atively large proportion of the space of possible mutations in parallel. Neu-
tral mutations are the basis of genetic drift, which is the phenomena that
accounts for the differences between the DNA that codes for functionally
identical proteins in different organisms. This drift is also the basis for the
molecular clock, described above. Of course, some point mutations are
lethal, and others lead to diseases such as cystic fibrosis. Very rarely, a mu-
tation will be advantageous; it will then rapidly get fixed in the population,
as the organisms with the conferred advantage out reproduce the ones with-
out it. Diploid sexually reproducing organisms have two copies of each
gene (one from each parent), resulting in an added layer of complexity in
the effect of mutations. Sometimes the extra copy can compensate (or par-
tially compensate) for a mutation.

Molecular evolution also involves issues of selection and inheritance. In-
heritance requires that the genes from the parent be passed to the offspring.
DNA itself is replicated by splitting the double helix into two complimentary
strands and then extending a primer by attaching complementary nucleotides.
This process is modelled in detail Brutlagals chapter in this volume. The
molecular mechanisms underlying the whole complex process of cell divi-
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sion (i.e. the cell cycle) are strikingly conserved in eucaryotes, and knowl-

edge about this process is growing rapidly (see, e.g., Hartwell (1991) for a
review). Selection also occurs on factors that are only apparent on the molec-
ular level, such as the efficiency of certain reaction pathways (see, e.g.
Hochachka & Somero [1984]).

6. Sources of Biological Knowledge

The information in this chapter has been presented textbook style, with little
discussion of how the knowledge arose, or where errors might have crept in.
The purpose of this section is to describe some of the basic experimental
methods of molecular biology. These methods are important not only in un-
derstanding the source of possible errors in the data, but also because compu-
tational methods for managing laboratory activities and analyzing raw data
are another area where Al can play a role (see the chapters by Edwaids,

and Glasgowet al, in this volume). | will also describe some of the many
online information resources relevant to computational molecular biology
that are available.

6.1 Model Organisms: Germs, Worms, Weeds, Bugs & Rodents

The investigation of the workings of even a single organism is so complex as
to take many dedicated scientists many careers worth of time. Trying to
study all organisms in great depth is simply beyond the abilities of modern
biology. Furthermore, the techniques of biological experimentation are often
complex, time consuming and difficult. Some of the most valuable methods
in biological research are invasive, or require organisms to be sacrificed, or
require many generations of observation, or observations on large popula-
tions. Much of this work is impractical or unethical to carry out on humans.
For these reasons, biologists have selected a variety of model organisms for
experimentation. These creatures have qualities that make possible con-
trolled laboratory experiments at reasonable cost and difficulty with results
that can often be extrapolated to people or other organisms of interest.

Of course, research involving humans can be done ethically, and in some
areas of biomedical research, such as final drug testing, it is obligatory. Other
research methods involve kinds of human cells can be grown successfully in
the laboratory. Not many human cell types thrive outside of the body. Some
kinds of human cancer cells do grow well in the laboratory, and these cells
are an important vehicle for research.

Sometimes the selection of a new model organism can lead to great ad-
vances in a field. For example, the use of a particular kind of squid made
possible the understanding of the functioning of neurons because it contained
a motor neuron that is more than 10 times the size of most neural cells, and
hence easy to find and use in experiments. There are experimentally useful
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correlates of nearly every aspect of human biology found in some organism
or another, but the following six organisms form the main collection of mod-
els used in molecular biology:

E. coli The ubiquitous intestinal bacteriuEscherichia coliis a work-
horse in biological laboratories. Because it is a relatively simple organism
with fast reproduction time and is safe and easy to work Wittgoli has
been the focus of a great deal of research in genetics and molecular biology
of the cell. Although it is a Bacterium, many of the basic biochemical mech-
anisms ofE. coliare shared by humans. For example, the first understanding
of how genes can be turned on and off came from the study of a virus that in-
fects these bacteria (Ptashne, 19&7)coliis a common target for genetic
engineering, where genes from other organisms are inserted into the bacterial
genome then produced in quantiy.coliis now the basis of the internation-
al biotechnology industry, churning out buckets full of human insulin, the
heart attack drug TPA, and a wide variety of other substances.

SaccharomycesSaccharomyces cervesiae better known as brewer’s
yeast, and it is another safe, easy to grow, short generation time organism.
Other yeasts, such &hizosaccharomyces pomheg also used extensively.
Surprisingly, yeasts are very much like people in many ways. Unlike the bac-
terium E. coli, yeasts are eucaryotes, with a cell nucleus, mitochondria, a eu-
caryotic cell membrane, and many of the other cellular components and
processes found in most other eucaryotes, including people. Because these
yeasts are so easy to grow and manipulate, and because they are so biochemi-
cally similar to people, many insights about the molecular processes involved
in metabolism, biosynthesis, cell division, and other crucial areas of biology
have come from the investigation 8accharomycegSaccharomyces is a
genus name, which, when used alone, refers to all species that are within that
genus) Yeasts play another important role in molecular biology. One of the
crucial steps in sequencing large amounts of DNA is to be able to prepare
many copies of moderate sized pieces of DNA. An widely used method for
doing this is theyeast artificial chromosomg@r YAC), which is discussed
below.

ArabidopsisThe most important application of increased biological under-
standing is generally thought to be in medicine, and increased understanding
of human biology has indeed led to dramatic improvements in health care.
However, in terms of effect on human life, agriculture is just as significant. A
great deal of research into genetics and biochemistry has been motivated by
the desire to better understand various aspects of plant biology. An important
model organism for plants &rabidopsis thalianaa common weedAra-
bidopsismakes a good model because it undergoes the same processes of
growth, development, flowering and reproduction as most higher plants, but
it's genome has 30 times less DNA than corn, and very little repetitive DNA.

It also produces lots of seeds, and takes only about six weeks to grow to matu-
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rity. There are several other model organisms used to investigate botanical
guestions, including tomatoes, tobacco, carrots and corn.

C. elegan®One of the most exciting model organisms to emerge recently
has been the nematode wofaenorhabditis eleganghis tiny creature,
thousands of which can be found in a spadeful of dirt, has already been used
to generate tremendous insight about cellular development and physiology.
The adult organism has exactly 959 cells, and every normal worm consists of
exactly the same collection of cells in the same places doing the same thing.
It is one of the simplest creatures with a nervous system (which involves
about a third of its cells). Not only is the complete anatomy of the organism
known, but a complete cell fate map has been generated, tracing the develop-
mental lineage of each of each cell throughout the lifespan of the organism.
This map allows researchers to relate behaviors to particular cells, to trace
the effects of genetic mutations very specifically, and perhaps to gain insight
into the mechanisms of aging as well as development. A large, highly inte-
grated picture and text database of information about the cell fates, genetic
maps and sequences, mutation effects and other relevant information about
C. eleganss currently under construction at the University of Arizona.

D. melanogasteDrosophila melanogastea common fruit fly, has long
been a staple of classical genetics research. These flies have short generation
times, and many different genetically determined morphological characteris-
tics (e.g. eye color) that can readily be determined by visual inspection.
Drosophilawere used for decades in exploring patterns of inheritance; now
that molecular methods can be applied, they have proven invaluable for a va-
riety of studies of genetic expression and control. An important class of ge-
netic elements that regulate many other genes, in effect, specifying complex
genetic programs, were first discoverediosophilg these areas are called
homeoboxesMolecular genetics irosophilais also providing great in-
sights into how complex body plans are generated.

M. musculusMus musculuss the basic laboratory mouse. Mice are mam-
mals, and, as far as biochemistry is concerned, are practically identical to
people. Many questions about physiology, reproduction, functioning of the
immune and nervous systems and other areas of interest can only be
addressed by examining creatures that are very similar to humans; mice near-
ly always fit the bill. The similarities between mice and people mean also
that the mouse is a very complicated creature; it has a relatively large, com-
plex genome, and mouse development and physiology is not as regular or
consistent as that &. elegan®r Drosophila.Although our depth of under-
standing of the mouse will lag behind understanding of simpler organisms,
the comparison of mouse genome to human is likely to be a key step, both in
understanding their vast commonalities, and in seeing the aspects of our
genes that make us uniquely human.
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7. Experimental Methods

Molecular biologists have developed a tremendous variety of tools to address
guestions of biological function. This chapter can only touch briefly on a few
of the most widely used methods, but the terminology and a sense of the
kinds of efforts required to produce the data used by computer scientists can
be important for understanding the strengths and limitations of various
sources of data.

Imaging. The first understanding of the cellular nature of life came short-
ly after the invention of the light microscope, and microscopy remaines cen-
tral to research in biology The tools for creating images have expanded
tremendously. Not only are there computer controled light microscopes with
a wide variety of imaging modalities, but there are now many other methods
of generating images of the very small. The electon microscope offers ex-
tremely high resolution, although it requires exposing the imaged sample to
high vacuum and other harsh treatments. New technologies including the
Atomic Force Microscope (AFM) and the Scanning Tunnelling Microscope
(STM) offer the potential to create images of individual molecules. Biolo-
gists use these tools extensively.

Gel Electrophoresis.A charged molecule, when placed in an electric
field, will be accelerated; positively charged molecules will move toward
negative electrodes and vice versa. By placing a mixture of molecules of in-
terest in a medium and subjecting them to an electric charge, the molecules
will migrate through the medium and separate from each other. How fast the
molecules will move depends on their charge and their size—bigger mole-
cules see more resistance from the medium. The procedure, ebdted
trophoresisinvolves putting a spot of the mixture to be analyzed at the top of
a polyacrylamide or agarose gel, and applying an electric field for a period of
time. Then the gel is stained so that the molecules become visible; the stains
appear as stripes along the gel, and are cakeulls.The location of the
bands on the gel are proportional to the charge and size of the molecules in
the mixture (see Figure 4 for an example). The intensity of the stain is an in-
dication of the amount of a particular molecule in the mixture. If the
molecules are all the same charge, or have charge proportional to their size
(as, for example, DNA does) then electrophoresis separates them purely by
size.

Often, several mixtures are run simultaneously on a single gel. This al-
lows for easy calibration to standards, or comparison of the contents of dif-
ferent mixtures, showing, for example, the absence of a particular molecular
component in one. The adjacent, parallel runs are sometimes laaksdA
variation on this technique allows the sorting of molecules by a chemical
property called thésoelectric point which is related to its pK. A combina-
tion of the two methods, calle2D electrophoresiss capable of very fine
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Figure 4. This is an example of a gel electrophoresis run.. Each column was loaded
with a different mixture. The mixtures are then separated vertically by their charge
and size. The gel is then stained, producing dark bands where a molecule of a given
size or charge is present in a mixture. In this gel, the columns marked with a - are a
control group. The band marked with an arrow is filled only in the + columns.

distinctions, for example, mapping each protein in a cell to a usioon
two-space, the size of the spot indicating the amount of the protein. Although
there are still some difficulties in calibration and repeatability, this method is
potentially a very powerful tool for monitoring the activities of large bio-
chemical systems. In addition, if a desired molecule can be separated from
the mixture this way, individual spots or bands can be removed from the gel
for further processing, in a procedure caléatting.

Cloning. A group of cells with identical genomes are said telbeesof
one another. Unless there are mutations, a single cell that reproduces asexu-
ally will produce identical offspring; these clones are sometimes catlelfi a
line, and certain standardized cell lines, for example the HelLa cell line, play
an important role in biological research.

This concept has been generalize to cloning individual genes. In this case,
a piece of DNA containing a gene of interest is inserted into the genome of a
target cell line, and the cells are screened so that all of the resulting cells
have an identical copy of the desired genetic sequence. The DNA in these
cells is said to beecombinantand the cell will produce the protein coded
for by the inserted gene.

Cloning a gene requires some sophisticated technology. In order for a
cloned gene to be expressed, it must contain the appropriate transcription sig-
nals for the target cell line. One way biologists ensure that this will happen is
to put the new gene into a bacteriophage (a virus that infects bacteria), or a
plasmid (a circular piece of DNA found outside of the chromosome of bacte-
ria that replicates independently of the bacteria’s chromosomal DNA). These
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devices for inserting foreign DNA into cells are caNedttors.

In order to cut and paste desired DNA fragments into vectors, biologists
userestriction enzymesvhich cut DNA at precisely specified points. These
enzymes are produced naturally by bacteria as a way of attacking foreign
DNA. For example, the commonly used enzyBeoRI (from E. coli) cuts
DNA between the G and the A in the sequence GAATTC; these target se-
guences are calle@striction sites Everywhere a restriction site occurs in a
DNA molecule treated witlEcoR| the DNA will be broken. Restriction en-
zymes play many roles in biology in addition to making gene cloning
possible; a few others will be described below.

Both the insertion of the desired gene into the vector and the uptake of the
vector by the target cells are effective only a fraction of the time. Fortunately,
cells and vectors are small and it is relatively easy to grow a lot of them. The
process is applied to a population of target cells, and then the resulting popu-
lation is screened to identify the cells where the gene was successfully insert-
ed. This can be difficult, so many vectors are designed to facilitate screening.
One popular vectopBR322 contains a naturally occurring transcription
start signal and some antibiotic resistance genes, designed with conveniently
placed restriction sites. If this vector is taken up by the target cells, it will
confer resistance to certain antibiotics to them. By applying the anitbiotic to
the whole colony, the researcher can kill all the cells that did not get the
cloned gene. More sophisticated manipulations involving multiple antibiotic
resistances and carefully placed restriction sites can also be used to ensure
that the gene was correctly taken up by the vector.

There are many variations on these techniques for inserting foreign genes.
It is now possible to use simple bacteria to produce large amounts of almost
any isolated protein, including, for example, human insulin. Although it is a
more complex process, it is also possible to insert foreign genes into plants
and animals, even people. A variety of efforts are underway to use these tech-
nigues to engineer organisms for agriculture, medicine and other applications.
Not all of these applications are benign. One of the most successful early ef-
forts was to increase the resistance of tobacco plants to pesticides, and there
are clear military applications. On the other hand, these methods also promise
new approaches to producing important rare biological compounds inexpen-
sively (e.g. for novel cancer treatments or cleaning up toxic waste) and im-
proving the nutritional value or hardiness of agricultural products. The entire
field of genetic engineering is controversial, and there are a variety of controls
on what experiments can be done and how they can be done.

Hybridization and Immunological Staining. Biological compounds
can show remarkable specificity, for example, binding very selectively only
to one particular compound. This ability plays an important role in the labo-
ratory, where researchers can identify the presence or absence of a particular
molecule (or even a region of a molecule) in vanishingly small amounts.
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Antibodiesare the molecules that the immune system uses to identify and
fight off invaders. Antibodies are extremely specific, recognizing and bind-
ing to only one kind of molecule. Dyes can be attached to the antibody,
forming a very specific system for identifying the presence (and possibly
guantifying the amount) of a target molecule that is present in a system.

There is a conceptually related method for identifying very specifically
the presence of a particular nucleotide sequence in a macromolecule. The
complement to a single-stranded DNA sequence will bind quite specifically
to that sequence. One technique measures how similar two related DNA se-
guences are by testing how strongly the single-stranded versions of the mole-
cules stick to each other, bybridize The more easily they come apart, the
more differences there are between their sequences. It is also possible to at-
tach a dye or other marker to a specific piece of DNA (callpablag and
then hybridize it to a longer strand of DNA. The location along the strand
that is complementary to the probe will then be marked. There are many
variations on hybridization and immunological staining that are customized
to the needs of a particular experiment.

Gene Mapping and SequencingThe Human Genome Project is the ef-
fort to produce a map and then the sequence of the human genome. The pur-
pose of a genetic map is to identify the location and size of all of the genes of
an organism on its chromosomes. This information is important for a variety
of reasons. First, because crossover is an important component of inheritance
in sexually reproducing organisms, genes that are near each other on the
chromosome will tend to be inherited together. In fact, this forms the basis
for linkage analysiswhich is a technique that looks at the relationships be-
tween genes (or phenotypes) in large numbers of matings (in this context,
often calledcrosse} to identify which genes tend to be inherited together,
and are therefore likely to be near each other. Second, it is possible to clone
genes of known locations, opening up a wide range of possible experimental
manipulations. Finally, it is currently possible to determine the sequence of
moderate size pieces of DNA, so if an important gene has been mapped, it is
possible to find the sequence of that area, and discover the protein that is re-
sponsible for the genetic characteristic. This is especially important for un-
derstanding the basis of inherited diseases.

The existence of several different kinds of restriction enzymes makes pos-
sible a molecular method of creating genetic maps. The application of each
restriction enzyme (the process is callediges) creates a different collec-
tion of restriction fragmentgthe cut up pieces of DNA). By using gel elec-
trophoresis, it is possible to determine the size of these fragments. Using
multiple enzymes, together and separately, results in sets of fragments which
can be (partially) ordered with respect to each other, resulting in a genetic
map. Al techniques for reasoning about partial orders have been effectively
applied to the problem of assembling the fragments into a map (Letovsky &
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Berlyn, 1992). Thesgphysical mapdglivide a large piece of DNA (like a
chromosome) into parts, and and there is an associated method for obtaining
any desired part.

Restriction fragment mapping becomes problematic when applied to large
stretches of DNA, because the enzymes can produce many pieces of about
the same size, making the map ambiguous. The use of different enzymes can
help address this problem to a limited degree, but a variety of other tech-
nigues are now also used.

Being able to divide the genome into moderate sized chunks is a prerequi-
site to determining its sequence. Although there are several clever methods
for determining the sequence of DNA molecule, all of them are limited to a
resolution of well under a thousand basepairs at a time. In order to take this
sequencing ability and determine the sequence of large pieces of DNA, many
different overlapping chunks must be sequenced, and then these sequences
must be assembled. In order to accomplish this task, it is necessary to break
the DNA in an entire genome down into a set of more manageable sized
pieces. The ordering of these pieces must be known (so they can be reassem-
bled into a complete sequence), taken together the pieces must cover the en-
tire genome, and the same set of pieces must be accessible to many different
laboratories. This process is usually accomplished in several stages. The first
stage generates relatively large pieces caltaedigs Contigs are maintained
in cloned cell lines so that they can be reproduced and distributed. Often,
these pieces of DNA are made inteast artificial chromosomesr YACs
which can hold up to about a million basepairs of sequence each, requiring
on the order of 10,000 clones to adequately cover the entire human genome.
Each of these is then broken down into sets of smaller pieces, often in the
form of cosmidsA cosmid is a particular kind of bacteriophage (a virus that
infects bacteria) that is capable of accepting inserts of 30,000 or so basepairs.
The difficulties in generating and maintaining collections of clones that large
have led to alternative technologies for large scale sequencing.

One alternative involves a new technology based opdhenerase chain
reaction,or PCR. This mechanism was revolutionary becauase it made it
possible to rapidly produce huge amounts of a specific region of DNA, sim-
ply by knowing a little bit of the sequence around the desired region. PCR
exponentiallyamplifies(makes copies of) a segment of a DNA molecule,
given a unique pair of sequences that bracket the desired piece. First, short
sequences of DNA (calledligonucleotides or oligos) complementary to

*There are many interesting uses of this technology. For example, it gives law en-
forcement the ability to generate enough DNA for identification from vanishing small
samples of tissue. A more amusing application is the rumored use of PCR to spy on
what academic competitors are doing in their research. Almost any correspondence
from a competitor’s lab will contain traces of DNA which can be amplified by PCR to
identify the specific clones the lab is working with.
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each of the bracketing sequences are synthesized. Creating short pieces of
DNA with a specific sequence is routine technology, now often performed by
laboratory robots. These pieces are capiechers. The primers, the target
DNA and the enzyme DNA polymerase are then combined. The mixture is
heated, so that the hydrogen bonds in the DNA break and the molecule splits
into two single strands. When the mixture cools sufficiently, the primers
bond to the regions around the area of interest, and the DNA polymerase
replicates the DNA downstream of the primers. By using a heat resistant
polymerase from an Archaea species that lives at high temperatures, it is pos-
sible to rapidly cycle this process, doubling the amount of desired segment of
DNA each time. This technology makes possible the exponential
amplification of entire DNA molecules or any specific region of DNA for
which bracketing primers can be generdted.

In order to use PCR for genome mapping and sequencing, a collection of
unique (short) sequences spread throughout the genome must be identified
for use as primers. The sequences must be unique in the genome so that the
source of amplified DNA is unambiguous, and they have to be relatively
short so that they are easy to synthesize. The sites in the genome that corre-
spond to these sequences are catmience tagged sites STSsThe more
STSs that are known, the finer grained the map of the genome they provide.
Finding short, unique sequences even in 3xtp of DNA is not that
difficult; a simple calculation shows that most sequences of length 16 or so
can reasonably be expected to be unique in a genome of that size. An early
goal of the Human Genome Project is to generate a list of STSs spaced at ap-
proximately 100kbp intervals over the entire human genome. If it is possible
to find STSs that adequately cover the genome, it will not be necessary to
build and maintain libraries of 10,000 YACs and ten times as many cosmids.
Any region of DNA of interest can be identified by two STSs that bracket it.
Instead of having to maintain large clone collections, these STSs can be
stored in a database, and any researcher who needs a particular section of
DNA can synthesize the appropriate primers and use PCR to produce many
copies of just of that section.

Another issue that has been raised about the project to sequence the
genome is the need to know the sequences of all of the introns and other non-
coding regions of DNA. One way to address this issue is to target only cod-
ing regions for sequencing. The ability to find the sequences that a particular
cell is using to produce proteins at a particular point in time is also useful in
a variety of other areas as well. This information can be gleaned by gathering
the mRNAs present in the cytoplasm of the cell, and sequencing them. In-
stead of sequencing the mRNAs directly, biologists use an enzymerealled
verse transcriptaséo make DNA molecules complementary to the mRNAs
(calledcDNAs) and then sequence that DNA. Using PCR and other technolo-
gy, it is possible to capture at least portions of most of the mRNAs a cell is
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producing. By sequencing these cDNAs, researchers can focus their attention
on just the parts of the genome that code for expressed proteins.

Large scale attempts to sequence at least part of all of the cDNAs that can
be produced from brain tissue have resulted in partial sequences for more
than 2500 new proteins in a very short period of time (Adanal, 1992).

These sequences called ESTs, dapressed sequence taggn be used as
PCR primers for future, more detailed experiments. This work has created
controversy because of the ensuing attempt by the National Institutes of
Health to patent the EST sequences.

Crystallography and NMR. Until the relationship between protein se-
guence and structure is more fully understood, the sequences produced by
genome projects will provide only part of the biochemical story. Additional
information about protein structure is necessary to understand how the pro-
teins function. This structural information is at the present primarily gathered
by X-ray crystallographyIn order to determine the structure of a protein in
this manner, a very large, pure crystal of the protein must be grown (this
process can take years, and may never succeed for certain proteins). Then the
X-ray diffraction pattern of the crystal is measured, and this information can
be used indirectly to determine the positions of the atoms in the molecule.
Glasgow,et al’s chapter in this volume describes this process in more detail.
Because of the difficulties in crystallography, relatively few structures are
known, but the number of new structures is growing exponentially, with a
doubling time of a hit over two years.

A promising alternative to crystallography for determining protein struc-
ture is multi-dimensionahuclear magnetic resonancer NMR. Although
this process does not require the crystallization of the protein, there are tech-
nical difficulties in analyzing the data associated with large molecules like
proteins.Edwards, et a chapter in this volume describes some of the chal-
lenges. Both crystallography and NMR techniques result in static protein
structures, which are to some degree misleading. Proteins are flexible, and
the patterns of their movement are likely to play an important role in their
function. Although NMR has the potential to provide information about this
facet of protein activity, there is very little data available currently.

7.1 Computational Biology

In the last five years, biologists have come to understand that sharing the
results of experiments now takes more than simple journal publication. In the
1980s, many journals were overwhelmed with papers reporting novel se-
guences and other biological data. Paper publications of sequences are hard
to analyze, prone to typographical errors, and take up valuable journal space.

*Researchers without internet access can contact NCBI by writing to NCBI/National
Library of Medicine/Bethesda, MD 20894 USA or calling +1 (301) 496-2475.
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Databases were established, journals began to require deposition into the
databases before publication, and various tools began to appear for managing
and analyzing the databases.

When Doolittle, et al (1983) used the nascent genetic sequence database
to prove that a cancer causing gene was a close relative of a normal growth
factor, molecular biology labs all over the world began installing computers
or linking up to networks to do database searches. Since then, a bewildering
variety of computational resources for biology have arisen. These databases
and other resources are a valuable service not only to the biological commu-
nity, but also to the computer scientist in search of domain information.

There is a database of databases, listing these resources which is main-
tained at Los Alamos National Laboratory. It is called LiMB(Lawton, Burks
& Martinez, 1989), and contains descriptions, contacts and access methods
for more than 100 molecular biology related databases. It is a very valuable
tool for tracking down information. Another general source for databases and
information about them is the National Center for Biotechnology Informa-
tion (NCBI), which is part of the National Library of Medicine. Many data-
bases are available via anonymous ftp from the NCBI server,
ncbi.nim.nih.gov.

A few of the databases that may be of particular interest to computer sci-
entists are described here. There are several databases that maintain genetic
sequences, and they are increasingly coordinated. They are Genbank (Moore,
Benton & Burks, 1990), the European Molecular Biology Laboratory nu-
cleotide sequence database (EMBL) (Hamm & Cameron, 1986), and the
DNA Database, Japan (DDBJ) (Miyazawa, 1990). NCBI will also provide a
sequence database beginning in 1992. The main protein sequence database is
the Protein Identification Resource (PIR) (George, Barker & Hunt, 1986).
NCBI also provides a non-redundant combination of protein sequences from
various sources (including translations of genetic sequences) in its NRDB.

Several databases contain information about three dimensional structures of
molecules. The Protein Data Bank (PDB) maintained by Brookhaven National
Laboratory, contains protein structure data, primarily from crystallographic
data. BioMagRes (BMR) is a database of NMR derived data about proteins, in-
cluding three dimensional coordinates, that is maintained at the University of
Wisconsin, Madison (Ulrich, Markley & Kyogoku, 1989). CARBBANK, con-
tains structural information for complex carbohydrates (Doubet, Bock, Smith,
Albersheim & Darvill, 1989). Chemical Abstracts Service (CAS) Online Reg-
istry File is a commercial database that contains more than 10 million chemical
substances, many with three dimensional coordinates and other useful informa-
tion. The Cambridge Structural Database contains small molecule structures,
and is available to researchers at moderate charge.

Genetic map databases (GDB), as well as a database of inherited human
diseases and characteristics (OMIM) are maintained at the Welch Medical
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Library at Johns Hopkins University. To get access to these databases, send
email to help@welch.jhu.edu. Other genetic map databases are available for
many of the model organisms listed above; consult LiMB for more informa-
tion about them.

There is a database of information about compounds involved in interme-
diary metabolism called CompoundKB, developed by Peter Karp that is
available from NCBI. This database is available in KEE knowledge base
form as well as several others, and there is associated LISP code which
makes it attractive for artificial intelligence researchers; see Karp’s and
Mavrovouniotis’s chapters in this volume for possible applications of the
knowledge base.

Finally, one of the most important computer-based assets for a computer
scientist interested in molecular biology information is the bulletin board
system calledionet. This bboard is available through usenet as well as by
electronic mail. The discussion groups include computational biology, infor-
mation theory and software, as well as more than 40 other areas. Bionet is an
excellent source for information and contacts with computationally sophisti-
cated biologists.

8. Conclusion

Al researchers have often had unusual relationships with their collabora-
tors. “Experts” are somehow “knowledge engineered” so that what they
know can be put into programs. Biology has a long history of collaborative
research, and it does not match this Al model. Computer scientists and biolo-
gists often have differing expectations about collaboration, education, con-
ferences and many other seemingly mundane aspects of research. In order to
work with biologists, Al researchers must understand a good deal about the
domain and find ways to bridge the gap between these rather different scien-
tific cultures.

This brief survey of biology is intended to help the computer scientist get
oriented and understand some of the commonly used terms in the domain.
Many more detailed, but still accessible books are listed in the references. |
find this material fascinating. Not only is it interesting as a domain for Al re-
search, but it provides a rich set of metaphors for thinking about intelligence:
genetic algorithms, neural networks and Darwinian automata are but a few of
the computational approaches to behavior based on biological ideas. There
will, no doubt, be many more.
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CHAPTER

2

The Computational Linguistics
of Biological Sequences

David B. Searls

1 Introduction

Shortly after Watson and Crick’s discovery of the structure of DNA, and at
about the same time that the genetic code and the essential facts of gene ex-
pression were being elucidated, the field of linguistics was being similarly rev-
olutionized by the work of Noam Chomsky [Chomsky, 1955, 1957, 1959,
1963, 1965]. Observing that a seemingly infinite variety of language was avail-
able to individual human beings based on clearly finite resources and experi-
ence, he proposed a formal representation of the rulggntaxof language,
called generative grammar, that could provide finite—indeed,
concise—characterizations of such infinite languages. Just as the break-
throughs in molecular biology in that era served to anchor genetic concepts in
physical structures and opened up entirely novel experimental paradigms, so
did Chomsky’s insight serve to energize the field of linguistics, with putative
correlates of cognitive processes that could for the first time be reasoned about
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axiomatically as well as phenomenologically. While Chomsky and his follow-
ers built extensively upon this foundation in the field of linguistics, generative
grammars were also soon integrated into the framework of the theory of com-
putation, and in addition now form the basis for efforts of computational lin-
guists to automate the processing and understanding of human language.

Since it is quite commonly asserted that DNA is a richly-expressise
guagefor specifying the structures and processes of life, also with the poten-
tial for a seemingly infinite variety, it is surprising that relatively little has
been done to apply to biological sequences the extensive results and methods
developed over the intervening decades in the field of formal language theory.
While such an approach has been proposed [Brendel and Busse, 1984], most
investigations along these lines have used grammar formalisms as tools for
what are essentially information-theoretic studies [Ebeling and Jimenez-Mon-
tano, 1980; Jimenez-Montano, 1984], or have involved statistical analyses at
the level of vocabularies (reflecting a more traditional notion of comparative
linguistics) [Brendel et al., 1986; Pevzner et al., 1989a,b; Pietrokovski et al.,
1990]. Only very recently have generative grammars for their own sake been
viewed as models of biological phenomena such as gene regulation [Collado-
Vides, 1989a,b, 1991a], gene structure and expression [Searls, 1988], recom-
bination [Head, 1987] and other forms of mutation and rearrangement [Searls,
1989a], conformation of macromolecules [Searls, 1989a], and in particular as
the basis for computational analysis of sequence data [Searls, 1989b; Searls
and Liebowitz, 1990; Searls and Noordewier, 1991].

Nevertheless, there is an increasing trend throughout the field of computa-
tional biology toward abstracted, hierarchical views of biological sequences,
which is very much in the spirit of computational linguistics. At the same
time, there has been a proliferation of software to perform various kinds of
pattern-matching search and other forms of analysis, which could well
benefit from the formal underpinnings that language theory offers to such en-
terprises. With the advent of very large scale sequencing projects, and the re-
sulting flood of sequence data, such a foundation may in fact prove essential.

This article is intended as a prolegomenon to a formally-based computa-
tional linguistics of biological sequences, presenting an introduction to the
field of mathematical linguistics and its applications, and reviewing and ex-
tending some basic results regarding structural and functional phenomena in
DNA and protein sequences. Implementation schemes will also be offered,
largely deriving from logic grammar formalisms, with a view toward practi-
cal tools for sequence analysis.

2 Formal Language Theory

This section will provide a compact but reasonably complete introduction
to the major results of formal language theory, that should allow for a basic
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understanding of the subsequent sections by those with no background in
mathematical linguistics. Proofs will be omitted in this section; some will be
offered later as regards biological sequences, and will use a range of proof
techniques sufficient to demonstrate the basic methodologies of the field, but
by and large these will be simple and by mathematical standards “semi-for-
mal.” Readers interested in further studies along these lines are encouraged
to consult textbooks such as [Sudkamp, 1988; Hopcroft and Ullman, 1979;
Harrison, 1978] (in order of increasing difficulty). Those already familiar
with the subject area should skip this section.

2.1 The Formal Specification of Languages

Formally, alanguageis simply a set oftringsof characters drawn from
somealphabet where the alphabet is a set of symbols usually denot&d by
One such language would be simply the sealbtrings over an alphabet
2. ={0,1}; this “maximal” language is indicated by the use of an asterisk, e.g.

s*={0,1y = { & 0, 1, 00, 01, 10, 11, 000, 001 } (1)

Here, thee represents thempty stringor string of length zero; the set con-
taining €, however, should not be confused with the emptysefhe chal-
lenge of computational linguistics is to find concise ways of specifying a
given (possibly infinite) languageJY*, preferably in a way that reflects
some underlying model of the “source” of that language. We can use infor-
mal descriptions that make use of natural language, such as in the following
example:

La:{ w({0,1}* | w begins with a 0 and contains at least or}e 1(2)

(The vertical bar notation is used to define a set in terms of its properties; this
specification would be read “the set of all strimgsef 0's and 1’ssuch that
eachw begins with a 0 and . . .”) However, properties expressed in natural
language are typically neither precise enough to allow for easy mathematical
analysis, nor in a form that invites the use of computational support in deal-
ing with them. On the other hand, simply exhaustively enumerating lan-
guages such as the example in (2) is also clearly ineffective—in fact, impos-
sible:

L,={ 01, 001, 010, 011, 0001, 0010, 0011, 0160} ©)

The remainder of this section will examine formal methods that have been
used to provide finite specifications of such languages.

2.1.1 Regular Expressions and Language# widely-used method of
specifying languages is by way mfgular expressionsyhich in their mathe-
matically pure form use only three basic operations. These operations are
given below, using a notation in which a regular expression is given in bold
type, and the language “generated” by that expression is derived by the ap-
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plication of a functior. (defined recursively in the obvious way):

(i) concatenation denoted by an infix operator,’ or more often by
simply writing symbols in juxtaposition, e.g(01) :{01} ;

(i) disjunction (or logical OR), denoted in this case by the infix opera-
tor '+, e.g.L(0+]) :{0,1}; and

(i) Kleene star, denoted by a postfix superscript,‘represents the set
containing zero or more concatenated instances of its argument, e.g.
L(0*)={ «, 0, 00, 000, 0000;" }.

The latter operation is also known as thesureof concatenation. Note the
connection between the definition of Kleene star and our previous use of the
asterisk:

>* = L((0+1)%) for ¥ ={0,1} 4)
One additional non-primitive operator, a postfix superscfipts used to

specify one or more occurrences of its argument. This ipdbitive closure
of concatenation, defined in terms of concatenation and Kleene star as

L(0%) =L(00%) ={ 0, 00, 000, 0000, - } (5)

The language from our running example of (2) can now be described
using any of several regular expressions, including

L= L(00*1(0+1)%) (6)

From this point, we will dispense with th¢) notation and let the regular
expression standing alone denote the corresponding language. Any such lan-
guage, that can be described by a regular expression, will be cedigalar
language(RL)".

2.1.2 Grammars.Such regular expressions have not only found wide use
in various kinds of simple search operations, but are also still the mainstay of
many biological sequence search programs. However, it is a fact that many
important languages simply cannot be specified as regular expressions, e.g.

{ onin|[n=1} @)
where the superscript integers denote that number of concatenated symbols,
so that (7) is the set of all strings beginning with any non-zero number of 0’s
followed by an equal number of 1's. This shortcoming of regular expressions
for language specification can be remedied through the use of more powerful
representations, callegrammars Besides a finite alphabgt of terminal
symbols, grammars have a finite set of “temporargihterminalsymbols
(including a speciadtart symbol, typicallyS), and a finite set afulesor pro-
ductions the latter use an infix=’ notation to specify how strings contain-
ing nonterminals may be rewritten by expanding those embedded nontermi-
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nals (given on the left-hand side of the arrow) to new substrings (given on
the right-hand side). For instance, a grammar specifying the langyade
(2) can be written:

S . 0A B_ OB
A - 0A B_ 1B (8)
A_ 1B B- ¢

Note that nonterminals are traditionally designated by capital letters. A
derivation denoted by an infix3 ’, is a rewriting of a string using the rules
of the grammar. By a series of derivations fr8to strings containing only
terminals, an element of the language is specified, e.g.

SO OAO O0CAD 001B 0O 001080 00101B 0O 00101 9)

Often there will be multiple nonterminals in a string being derived, and so
there will be a choice as to which nonterminal to expand; when we choose
the leftmost nonterminal in every case, we say that the seriekefignast
derivation.

2.1.3 Context-Free LanguagesGrammars such as that of (8), whose
rules have only single nonterminals on their left-hand sides, are calted
text-free The corresponding languages, i.e. those that can be generated by
any such grammar, are calledntext-free languagg€FLs); it happens that
they include the RLs and much more. For example, the language of (7) is
specified by a grammar containing the following productions:

S- 0A A - 0AL Al (10)

Many other grammars can be used to describe this language, but no regu-
lar expression suffices. Another classic context-free (and not regular) lan-
guage is that opalindromes which in this case refer to “true”
palindromes—strings that read the same forward and backward—rather than
the biological use of this word to describe dyad symmetry (see section 2.4.1).
We can denote such a language (for the case of even-length strings over any
alphabet) as

{ wwR | wos*} (11)

for any givenZ, where the superscriftdenotes reversal of its immediately
preceding string argument. Such languages can be specified by context-free
grammars like the following, fa¥ ={0,1}:

S-0s0|1s1|e (12)

(Note the use of the vertical bar to more economically denote rule disjunc-
tion, i.e. multiple rules with the same left-hand side.) Thus, context-free
grammars are said to be “more powerful” than regular expressions—that is,
the RLs are a proper subset of the CFLs.
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Figure 1. A Finite State Automaton

2.1.4 Automata.Grammars are intimately related to concepitnathines
or automatawhich can serve as language recognizers or generators. For ex-
ample, regular languages are recognized and generatfditbystate au-
tomata(FSASs), which are represented as simple directed graphs, with distin-
guished starting and final nodes, and directed arcs labelled with terminal
symbols that are consumed (if the machine is acting as a recognizer) or pro-
duced (if the machine is being used to generate a language) as the arc is tra-
versed.

Figure 1 shows an FSA which again expresses the langyaj€2). The
starting node is at the left, and a final node is at the right. It can be seen that
it corresponds closely to the “operation” of the regular expression given in
(6). In fact, any such regular expression can be expressed as an FSA with a
finite number of nodes atates and vice versa, so that the languages recog-
nized by FSAs correspond exactly to the regular languages.

More sophisticated machines are associated with more powerful lan-
guages. For example, by adding a limited memory capability in the form of a
stackor simple pushdown store, we can crgatishdown automatéPDA)
that recognize context-free languages. Figure 2 shows a PDA which recog-
nizes the language of (7). After consuming a 0, the machine enters a loop in
which it pushes some symbol (typically drawn from a separate alphabet) on
the stack for each additional O it consumes. As soon as a 1 is recognized, it
makes a transition to another state in which those symbols are popped off the
stack as each additional 1 is consumed. The stack is required to be empty in a
final state, guaranteeing equal numbers of O's and 1's. (As before, it is in-
structive to note how the PDA compares to the grammar of (10).) Once
again, it can be shown that PDAs recognize all and only the CFLs.

More elaborate memory schemes can certainly be used in such machines,
leading us to ask whether they can be made to recognize additional languages,
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push x

pop X

[<[x]x]

>O 0 i 1 Q

Figure 2. A Pushdown Automaton

and whether there are correspondingly more powerful grammar formalisms.
2.1.5 Context-Sensitive Languagedndeed, even CFLs do not include
some apparently simple languages, such as:

{ on1n2n | n21} { oi1i2izi | ij=1} (13)
Note the similarity of these languages to (7), wliéch CFL. We can intu-
it why a PDA could not recognize (13a), for instance, by noting that the stack
would have to be emptied in the course of recognizing the string of 1's, leav-

ing no way to “count” the 2's. Another well-known class of non-context-free
languages are tteopy languages
{ ww | woz*} (14)

However, by relaxing our restriction and allowing more than one symbol
on the left-hand sides of grammar rules (but always including at least one
nonterminal), all these languages are encompassed. Such a grammar will be
calledcontext-sensitivé the left-hand side of each rule is not longer than its
right-hand side. Note that this effectively excludes languages conta&ning
(such as (14)), since any rule derivinwould necessarily have a right-hand
side shorter than its left-hand side; we will often supplement the languages
specified by such grammars by allowigygor purposes of comparison. The
corresponding context-sensitive languages (CSLs), augmented where neces-
sary withe, properly contain the CFLs as well as the examples in (13) and
(14). For instance, a grammar specifying (13a) is as follows:

S . 0SBC 0B - 01 CB - BC
S. 0BC 1B - 11 C-2 (15)

This grammar specifies (13a) via sequences of derivations like the follow-
ing. Note how in the second line the context-sensitive rule alRsvio tra-
verseC's leftward to their final destinations:
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SO 0SBCO 00SBCBCL 000BCBCBCL 0001CBCBC
O 0001BCCBCO 00011CCBCO 0001i1CBCCO 00011BCCC (16)
0 000111CCCO 000111Z2CQ0O 00011122 [0 000111222

The machines associated with CSLs are cdifezhr-bounded automata,
which can move iritherdirection on the input, and whose memory scheme
consists of the ability to overwrite symbols on the input (but not beyond it).
The requirement that each rule’s right-hand side be at least as long as its left-
hand side ensures that strings produced by successive derivations never grow
longer than the final terminal string, and thus exceed the memory available to
the automaton.

2.2 The Chomsky Hierarchy and Subdivisions

If there is no constraint on the number of symbols on the left hand sides of
rules, the grammar is callathrestricted and the corresponding languages,
called recursively enumerablecontain the CSLs and much more. The au-
tomaton corresponding to recursively enumerable languages is, in fact, the
Turing machine itself, which establishes an important link to general algo-
rithmic programming.

This completes the bas@€homsky hierarchgf language families, which
are related by set inclusion (ignoriajgas follows:

regularld context-free] context-sensitivél unrestricted a7

Care must be taken in interpreting these set inclusions. WhiketbéRLs
is a subset of the CFLs, since any RL can be expressed with a context-free
grammar, it is also the case that any CFL (or indeed any language at all) is a
subset of an RL, namely*. That is, by ascending the hierarchy we are aug-
menting the range of languages we can express by actoalbyraining2*
in an ever wider variety of ways.
The Chomsky hierarchy has been subdivided and otherwise elaborated
upon in many ways. A few of the important distinctions will be described.
2.2.1 Linear LanguagesWithin the CFLs, we can distinguish theear
CFLs, which include examples (7) and (11) given above. The linear CFLs
are those that can be expressed by grammars that never spawn more than one
nonterminal, i.e. those in which every rule is of the form

A - uBv or Ao w (18)

whereA andB are any nonterminal andv,wJ>*. The machines correspon-
ding to linear CFLs arene-turn PDAswhich are restricted so that in effect
nothing can be pushed on the stack once anything has been popped.

If eitheru or v is always empty in each rule of the form (18a), the result-
ing grammars and languages are cakdtlinear or right-linear, respective-
ly, and the corresponding languages are RLs. For example, the lariguage
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of (2), which was first specified by regular expressions and is thus regular, is
also described by the right-linear grammar of (8). In one sense, then, the lin-
ear CFLs can be thought of as the simplest CFLs that are not regular.

2.2.2 Deterministic and Nondeterministic LanguagesOther
classifications depend on the nature of derivations and the behavior of the au-
tomata that produce or recognize languages. One such distinction is that be-
tweendeterministicandnondeterministidanguages and automata. Essential-
ly, a deterministic automaton is one for which any acceptable input in any
given state of the automaton will always uniquely determine the succeeding
state. A deterministic language, in turn, is one that can be recognized by
some deterministic machine. The FSA of Figure 1 is deterministic, since no
node has more than one arc leaving it with the same label. In a nondetermin-
istic FSA, there might be more than one arc labelled “0” leaving a node, for
instance, and then a choice would have to be made; in attempting to recog-
nize a given input, that choice might later prove to be the wrong one, in
which case a recognizer would somehow have to backtrack and try the alter-
natives.

The PDA of Figure 2 is also deterministic, and thus the language of (7) is
a deterministic CFL. This can be seen from the fact that the automaton mere-
ly has to read O’s until it encounters its first 1, at which point it begins pop-
ping its stack until it finishes; it need never “guess” where to make the
switch. However, the palindromic language of (11) is a nondeterministic
CFL, since the automaton has to guess whether it has encountered the center
of the palindrome at any point, and can begin popping the stack.

Any nondeterministic FSA may be converted to a deterministic FSA,
though obviously the same cannot be said of PDAs. Thus, the deterministic
subset of CFLs properly contains the RLs.

2.2.3 Ambiguity. Another useful distinction within the CFLs concerns the
notion ofambiguity Formally, we say that a grammar is ambiguous if there
is some string for which more than one leftmost derivation is possible. As it
happens all of the example grammars we have given are unambiguous, but it
is easy to specify ambiguous grammars, e.g.

S.S0s|1 (19)
for which it can be seen that the string ‘10101’ has two leftmost derivations:
SO S0SO 10S0 10S0SCO 1010S0O 10101

SO S0SO S0s0SO 10s0SsO 1010S0 10101
However, the language specified by this grammar,

{ @oy1|n=0} (21)

can in fact also be specified by a different grammar that is unambiguous:

(20)
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S-10s|1 (22)

Can all languages be specified by some unambiguous grammar? The an-
swer is no, and languages that cannot be generated by any such grammar are
called inherently ambiguousAn example is the following CFL (not to be
confused with the CSL of (13a)):

{ oi1i2k |i=j or j=k, wherei,j,k=1} (23)

Intuitively, it can be seen that this language will contain strings, e.g. those
for whichi=j=k, that can be parsed in more than one way, satisfying one or
the other of the grammar elements that impose constraints on the super-
scripts. Inherently ambiguous languages are necessarily hondeterministic; a
PDA recognizing (23), for instance, would have to guess ahead of time
whether to push and pop the stack on the 0's and 1's, respectively, or on the
1'sand 2’s.

2.2.4 Indexed LanguagesThe CSLs can also be subdivided. We choose
only one such subdivision to illustrate, that of théexed language@Ls),
which contain the CFLs and are in turn properly contained within the CSLs,
except that ILs may contain They are specified by indexed grammars,
which can be viewed as context-free grammars augmented with indices
drawn from a special set of symbols, strings of which can be appended to
nonterminals (which we will indicate using superscripts). Rules will then be
of the forms

A= a or A - BX or AX S a (24)

wherea is any string of terminals and nonterminals, and x is a single index
symbol. Now, whenever a rule of form (24a) is applied to expand a nonter-
minal A in the string being derived, all the indices currently attachedito
that input string are carried through and attached to each of the nonterminals
(but not terminals) i@ when it is inserted in place @fin the input string.
For rules of form (24b), wheA is expanded t®, x is added to the front of
the string of indices oB in the terminal string being derived. Finally, for
rules of form (24c), the index x at the head of the indices followirgyre-
moved, before the remainder of the indicesA@are distributed over the non-
terminals ina, as before.

This rather complicated arrangement may be clarified somewhat with an
example. The following indexed grammar specifies the language of (13a):

S_ TS A - 0A A0
T_Tt Bt 1B BS. 1 (25)
T - ABC d-.2c CS.2

Note that, but for the indices, this grammar is in a context-free form,
though (13a) is not a CFL. Under this scheme, indices behave as if they were
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on stacks attached to nonterminals, as may be seen in the following sample
derivation (compare (16)):

SO TSSO TisO Ttits Altsgttsctts g gAlspttsctts
[ 00ASBUSCHtS [] 000BHSCHS [ 0001BISCHtS 1 00011BSCHtS  (26)
0 00011iCtts 0 000111ZtS 0001112ZS0 000111222

Several types of machines are associated with ILs, includiated stack
automata whose name suggests a view of ILs as allowing stacks within
stacks.

2.3 Lindenmayer Systems

Not all research in formal linguistics falls within the traditions of the
Chomsky hierarchy and grammars in the form we have presented. One other
important area will be described here, thatiodenmayer systenus L-sys-
tems.These differ from the grammars above in that they have no nontermi-
nals, and instead a derivation is accomplished by rewgtiegyterminal in
a string simultaneously, according to production rules which of course have
single terminals on the left and strings of terminals on the right. Actually,
this describes the simplest, context-free form of these grammars, called a
OL-system, an example of which would be the following:

0-1 1L 01 (27)
Beginning with a single 0, this produces a series of derivations as follows:

00 10 010 1010 011010 101011010 0110110101101 -+ (28)

The language of an L-system, called latanguage is the set of all
strings appearing in such a derivation chain. In this case, the language
specified contains strings whose lengths are Fibonacci numbers, since in fact
each string is simply the concatenation of the two previous strings in the se-
ries.

The OL-languages, as it happens, are contained within the ILs, and thus
within the CSLs (witre), though they contain neither CFLs nor RLs in their
entirety. Context-sensitive L-languages, on the other hand, contain the RLs
but are only contained within the recursively enumerable languages
[Prusinkiewicz and Hanan, 1989].

2.4 Properties of Language Families

Much of the content of formal language theory is concerned with examin-
ing the properties of families of languages—how they behave when various
operations are performed on them, and what kinds of questions can be effec-
tively answered about them. This section will give an overview of these
properties.
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2.4.1 Closure PropertiesOne such area of investigation is thatctd-
sureproperties of families of languages, that is, whether applying various op-
erations to languages leaves the resulting language at the same level in the
Chomsky hierarchy. For example, all four of the language families in the hi-
erarchy, and the ILs as well, aclbosed under unigrwhich means that, for
instance, the union of any CFL with any other CFL will always yield another
CFL. Note, however, that the deterministic CFLS are not closed under union;
consider the following two languages:

{ oi1i2i]ij=1} { oi12i]ij=1} (29)

Both these languages are deterministic, by reasoning similar to that given
in a previous section for the language of (7). However, their union can be
seen to be equivalent to the language of (23), which is inherently ambiguous
and thus nondeterministic (though it is still a CFL).

The RLs, CFLs, ILs, CSLs, and recursively enumerable languages are all
closed under concatenation (that is, the concatenation of each string in one
language to each string in another, dendieth), as well as under the clo-
sures of concatenation (denotédandL”, the only difference being that the
former containg whether or noL does). All are closed under intersection
with any RL, e.g. the set of all strings occurring in both a given CFL and a
given RL will always be a CFL. This fact will prove to be an important tool
in proofs given below. CFLs, however, are not closed under intersection with
each other, as can be seen from the fact that intersecting the two CFLs of
(29) produces the CSL of (13a). The same is true of ILs, though CSLs and
recursively enumerable languages closed under intersection.

Another operation that will prove important in many proofs is that of
homomorphismA homomorphism in this case is a function mapping strings
to strings, that is built upon a function mapping an alphabet to strings over a
(possibly different) alphabet, by just transforming each element of a string, in
place, by the latter function. For a functioion an alphabeX to extend to a
homomorphism on strings over that alphabet, it is only necessary pinat it
serve concatenationhat is, that it satisfy

h(u)-h(v) =h(uv) foru,vO>*, and h(g) =¢ (30)

For instance, given a homomorphignbased on the functions(0)=¢,
$(1)=00, andd(2)=¢(3)=1, we would havep(123031200)=00111001. All
four language families in the Chomsky hierarchy (and ILs as well) are closed
under homomorphisms applied to each of the strings in a language, except
that if the homomorphism maps any alphabetic elemerdsttee CSLs are
no longer closed. Perhaps more surprising is the finding that they are all also
closed undeinversehomomorphisms, including those which thus ngap
back to alphabetic elements. Siftteeed not be one-to-oné, (for example,
is not),h™1 may not be a unique function; thus inverse homomorphisms must
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map strings to sets of strings, and in fact both homomorphisms and inverse
homomorphisms are notationally extended to themselves apply to languages,
e.g.h(L). Note that, since is a substring of any string at any point in that
string, one can use the inverse of a homomorphism mapping lettees ta
means to insert any number of letters randomly into strings of a language,
e.g.9-1(001)={12, 13, 012, 102, 120, 0102; }; yet, by the closure proper-

ty, languages thus enlarged (even CSLs) remain at the same level in the
Chomsky hierarchy.

We can employ an even more flexible means for substituting elements in
languages, based on FSAs.gAneralized sequential machi(@SM) is an
FSA whose arcs are labelled, not only with symbols from the alphabet which
are expected on the input, but also with correspondirtgut symbols to
which the input symbols are converted by the action of the automaton. Thus,
a GSM arc might be labelled “0/1” to indicate that a O read on the input pro-
duces a 1 on the output. (A useful example of a GSM will be encountered in
section 2.5.3.) All four Chomsky hierarchy language families and ILs as well
are closed under both GSM and inverse GSM mappings, though again the
CSLs are not closed for GSMs with arcs that ha&s their output.

We note in passing that OL-systems, in keeping with their other distinc-
tions from the Chomsky hierarchy, are closed under none of the operations
described thus far. However, being ILs, we know that, for instance, the union
of two OL-languages will be an IL, and the intersection will be a CSL (ex-
ceptingeg).

2.4.2 Decidability Properties.There are many questions that may be
asked about languages, not all of which can be answered in the most general
case by any algorithmic method—that is, there are cartadecidableprob-
lems related to languages. For example, we noted above that the intersection
of two CFLs need not be a CFL, but of coursedtybe; it happens that de-
termining whether it is or not for arbitrary CFLs is undecidable. It is unde-
cidable whether one language is a subset of another, or even equal to another,
for languages that are beyond regular; the same is the case for determining if
two languages are pairwise disjoint (i.e. non-overlapping). Surprisingly, even
the question of whether a language is empty is decidable only up through the
ILs.

Perhaps the most basic question we can ask about languages is whether a
given string is a member of a given language. Luckily, this question is decid-
able for all but the recursively enumerable languages, i.e. those specified by
unrestricted grammars. This latter should not be too surprising, since in gen-
eral Turing machines cannot be guaranteed to halt on arbitrary input.

Closure properties, and even more so decidability properties, suggest a
motivation for studying languages in these terms, and wherever possible for
using grammars to specify them that are as low on the Chomsky hierarchy as
possible. Simply put, there is a marked tradeoff between the expressive



60 ARTIFICIAL INTELLIGENCE & M OLECULAR BioLoGY

power required for languages and their general “manageability.” Nowhere is
this more obvious than in the task of determining membership of a given
string in a given language, which, though decidable, may yet be intractable.
This task of recognition is the subject of the next section.

2.5 Parsing

While automata can be used for recognition, these theoretical machines
may not lead to practical implementations. The algorithmic aspect of
computational linguistics is the search for efficient recognizemamers
which take as input a gramm@rand a stringv, and return an answer as to
whetherw belongs td_(G), the language generated 8y Many such parsers
have been designed and implemented; we will mention a few of the most im-
portant.

The regular languages can be parsed in time whichris dd(the length
of the input string, and in fact it is easy to see how to implement a parser
based on regular expression specifications. It is also the case that the deter-
ministic subset of CFLs can be parsed in linear time, using a class of parsers
typified by the LRK) parsers [Sudkamp, 1988]. For CFLs in general, the
Cocke-Kasami-Younger (CKY) parser useslygmamic programmingech-
nigue to save results concerning already-parsed substrings, preventing their
being reparsed multiple times. The CKY algorithm can parse any CFL in
time that is O3) on the length of the input, though for linear CFLs it is
O(n?) [Hopcroft and Ullman, 1979]. The Earley algorithm is a context-free
parser with similar worst-case time complexity, but it is4Dor unambigu-
ous grammars and in practice is nearly linear for many real applications
[Harrison, 1978]. Modifications of the CKY and Earley parsers are often use-
ful in proving the complexity of parsing with novel grammar formalisms.

For grammars beyond context-free, parsing is greatly complicated, and in
fact we have already seen that no fully general parser is possible for unre-
stricted grammars, membership being undecidable. In all cases, it must be
emphasized, it may be possible to write special purpose parsers that very
efficiently recognize strings belonging to a specific language, even ones be-
yond the CFLs. The results given here are important when no restrictions are
to be placed on languages, other than their membership in these broad fami-
lies. This is in keeping with a philosophy that grammars should be declara-
tive rather than “hard-wired” into an algorithm, and by the same token
parsers should be general-purpose procedural recognizers. Nevertheless,
some types of parsers may be better suited to a domain than others, just as
backward-chaining inferencing (which corresponds to a parsing style known
astop-dowr) may be better in some applications than forward-chaining
(which corresponds toottom-upparsing), or vice-versa.

A related field in computational linguistics, thatgsghmmatical inference,
attempts to develop algorithms tladucegrammars by learning from exam-
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sentence- noun_phrase verb phrase
noun_phrase- article modified_noud modified_noun

modified_noun- adjective modified_nour|1
modified_noun prepositional_phra{smoun

verb_phrase- verb_phrase noun_phras]e
verb_phrase prepositional_phrasje/erb

prepositional_phrase- preposition noun_phrase

noun -~ man | boats | harbor

verb — watched adjective — old | kind
article - the preposition - in

Figure 3. A Simple Natural Language Grammar

ple input strings, both positive and negative [Fu, 1982]. While some such ap-
proaches have been developed for RLs, no great practical success has been
achieved as yet for CFLs or above, again reflecting the decreasing manage-
ability of languages as the Chomsky hierarchy is ascended.

3 Computational Applications of Language Theory

In this section we will first briefly review the major arenas in which for-
mal language theory has been applied computationally, and then present in
more detail an application of a specific grammar formalism and parsing sys-
tem to the problem of specifying and recognizing genes in DNA sequences.
This will serve to motivate the remainder of our investigations.

3.1 Natural Language

Consider the natural language sentefidee kind old man watched the
boats in the harbor.”A highly simplified grammar that can specify this sen-
tence (among many others) is given in Figure 3. Here, the top-level rule says
that a sentence consists of a noun phrase followed by a verb phrase. Follow-
ing this are the phrase-level rules, and finally the lexical entries—the tokens
in this case being English words—given according to their parts of speech.

The study of human language has led to the creation of much more com-
plex and specialized grammar formalisms, and parsers to deal with them. It is
far beyond the scope of this work to review the rich literature that has result-
ed; for this the reader is referred to textbooks such as [Allen, 1987]. We will
note, however, some basic results concerning the formal status of natural lan-
guage. One straightforward observation is that natural language is ambiguous
at many levels [Shanon, 1978], including a structural or syntactic level. For
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Figure 4. Dependencies

example, if | sayl was given the paper by Watson and Criclalternative

valid parses could attach the prepositional phrase to the noun phease
paper (e.g. to mean that someone gave me a paper written by Watson and
Crick), or to the verb phraseas given the papdgto mean that Watson and
Crick gave me some paper). Somewhat more controversial is the notion that
natural language is nondeterministic, based in part on the evidence of “gar-
den path” sentences likd&he old man the boats.Most persons first parse
manas a noun modified bgld, then must backtrack upon “unexpectedly”
encountering the end of the sentence, to repadsas a noun anthanas a

verb. (Many, however, consider such phenomena to be jarring exceptions
that prove the rule, that the human “parser” is ordinarily deterministic.)

There has been much debate on the subject of where natural language lies
on the Chomsky hierarchy, but there is little doubt that it is not regular, given
the apparent capacity of all human languages to form arbitrarily large sets of
nested dependencijeas illustrated in Figure 4. An exaggerated example of
such a construction would B&he reaction the enzyme the gene the promot-
er controlled encoded catalyzed stoppedsing the symbols from Figure 4,
we can understand the nested relative clauses of this sentence to indicate that
there is a certain promoteq,] that controls ¥,) some genexg) that encodes
(y3) an enzymexp) that catalyzesyp) a reactionx;) that has stoppedy).
However difficult to decrypt (particularly in the absence of relative pro-
nouns), this is a syntactically valid English sentence, and many more reason-
able examples of extensive nesting can be found; these require a “stack,” and
thus a context-free grammar, to express. Moreover, a consensus appears to
have formed that natural language is in fact greater than context-free
[Schieber, 1985]; this is largely because of the existenceos§ing depen-
denciesin certain languages, also schematized in Figure 4, which are not
suited to pushdown automata for reasons that should by now be apparent. In
Dutch, for example, phrases similar to the one above have a different word
order that crosses the dependencies [Bresnan et al., 1982]. Evidence that En-
glish is greater than context-free, which is generally less straightforward, is
perhaps typified by the sentence (from [Postal and Langendoen, 1984])
“Some bourbon hater lover was nominated, which bourbon hater lover
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Figure 5. A Natural Language Parse Tree

fainted.” Here, the instances bfterandlover form crossing dependencies,
and these can theoretically be propagated indefinitely into forms such as
“bourbon hater lover lover hater . . .Which must be duplicated in a sen-
tence of this type, in effect forming a copy language.

3.2 Computer Languages and Pattern Recognition

Artificial languages such as computer languages are designed (whether
consciously or not) to inhabit the lower reaches of the Chomsky hierarchy,
for reasons of clarity and especially efficiency. The standard Backus-Naur
Form (BNF) for specifying computer language syntax is, in fact, essentially a
context-free grammar formalism. (A typical BNF, describing a domain-
specific computer language for performing various operations on DNA, can
be found in [Schroeder and Blattner, 1982].) That such languages should be
unambiguous is obviously highly desirable, and they are usually determinis-
tic CFLs as well so as to allow for fast parsing by compilers. Wherever pos-
sible, special-purpose languages such as string matchers in word processors,
operating system utilities likgrep etc., are designed to be regular for even
better performance in recognition, and overall simplicity.

Pattern recognition applications are not limited to RLs, however. The field
of syntactic pattern recognitiomakes use of linguistic tools and techniques
in discriminating complex patterns in signals or even images, in a manner
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Figure 6. A Gene Parse Tree

that is more model-based and structurally oriented than traditional decision-
theoretic approaches [Fu, 1982]. Specifying two-dimensional images appears
to require greater than context-free power; among the formalisms used in the
field for this purpose are indexed grammars [Fu, 1982; Searls and Liebowitz,
1990].

3.3 Developmental Grammars

The L-systems were in fact originally developed as a foundation for an
axiomatic theory of biological development [Lindenmayer, 1968]. The pro-
cess of rewriting terminals was meant to model cell division, with various
elaborations on the OL-systems allowing for developmental stage-specific
variations and (in the case of context-sensitive rules) for intercellular com-
munication. Since that time, formal linguists have explored the mathematical
properties of L-systems exhaustively, while theoretical biologists have ex-
tended their application to such topics as form in plants. Quite convincing
three-dimensional images of ferns, trees, and other plants, even specific
species, can be generated by L-systems; these are reviewed in [Prusinkiewicz
and Hanan, 1989], which also discusses the intriguing relationship of L-sys-
tems to fractals.
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gene --> upstream, xscript, downstream.
upstream --> cat_box, 40...50, tata_box, 19...27.
xscript --> cap_site,..., xlate,..., polyA_site.

cat_box --> pyrimidine, “caat”.
tata_box --> “tata”, base, “a”.
cap_site --> “ac”.

base --> purine, pyrimidine.

purine -->“g” | “a”. pyrimidine --> “t" | “c”.

xlate([met|RestAAs]) --> codon(met).
rest_xlate(RestAAs), stop_codon.

rest_xlate(AAs) --> exon(AAs).

rest_xlate(AAs) --> exon(X1), intron,
rest_xlate(Xn), {append(X1,Xn,AAs)}.

exon([]) --> [].
exon([AA|Rest]) --> codon(AA), exon(Rest).

intron --> splice.
intron, [B1] --> [B1], splice.
intron, [B1,B2] --> [B1,B2], splice.

splice --> donor, ..., acceptor.
donor --> “gt”. acceptor --> “ag”.

stop_codon --> “tga” | “ta”, purine.
codon(met) --> “atg”.

codon(phe) --> “tt”, pyrimidine.
codon(ser) --> “tc”, base. % etc...

Figure 7. A Simple Gene DCG

3.4 Gene Grammars

One of the useful byproducts of any practical parsing algorithnpasse
treg illustrated for the example above in Figure 5. This is a tree-structured
depiction of the expansion of the grammar rules in the course of a
derivation—astructural representation of the syntactic information used in
recognition. In practice, a parse tree or some other form of information about
the parse is essential to further interpretation, e.g. for semantic analysis in the
case of natural language, since otherwise a recognizer simply returns “yes”
or “no.”

It is the premise of this article that DNA, being a language, should be
amenable to the same sort of structural depiction and analysis; indeed, the
parse tree shown in Figure 6 would appear to any biologist to be a reasonable
representation of the hierarchical construction of a typical gene. This being



66 ARTIFICIAL INTELLIGENCE & M OLECULAR BioLoGY

the case, we can fairly ask what the nature of a grammar determining such a
parse tree might be, and to what extent a grammar-based approach could be
usefully generalized.

To further explore this question at a pragmatic level, we have implement-
ed such grammars using the logic-based formalisaebhite clause gram-
mars (DCGs). These are grammars closely associated with the Prolog pro-
gramming language, and in fact are directly compiled into Prolog code which
constitutes a top-down, left-to-right parser for the given grammar. The sim-
plified gene grammar shown in Figure 7 illustrates a range of features.

The top-level rule fogene in this grammar is an uncluttered context-free
statement at a highly abstract level. The immediately succeeding rules show
how the grammar can be “broken out” into its components in a clear hierar-
chical fashion, with detail always presented at its appropriate level. The rules
for cat_box , tata box , andcap_site specify double-quoted lists of
terminals (i.e., nucleotide bases), sometimes combined with nonterminal
atoms likepyrimidine . The “gap” infix operator (.. ') simply con-
sumes input, either indefinitely, asxscript , or within bounds, as iap-
stream .

DCGs usdlifference lists hidden parameter pairs attached to nontermi-
nals, to maintain the input list and to express the span of an element on it
[Pereira and Warren, 1980]. For notational convenience, we will refer to
spanson the input list using an infix operator ‘/* whose arguments will repre-
sent the difference lists; that is, we will wrl®/SwhereS0is the input list
at some point, an& is the remainder after consuming some span. We will
also use an infix derivation operater=>" whose left argument will be a
nonterminal or sequence of nonterminals, and whose right argument will be
either a list or a span to be parsed. Note that this actually represents the
reflexive, transitive closure of the formal derivation operator described
above. Top-level calls might appear as follows:
tata_box ==> “tataaa”.

(31)
tata_box ==> “tatatagcg’/S.
Both these calls would succeed, with the latter leaving S bound to “gcg”.

Features of DCGs that potentially raise them beyond context-free power
include (1)parameter-passingjsed here to build the list of amino acids in
the transcript. Thexon rule assembles sublists recursively, after which
xlate andxlatel combine them to form a complete polypeptide by
means of (2procedural attachmerin the form of a curly-bracketed call to
the Prolog built-inappend . This feature of DCGs allows arbitrary Prolog
code (or other languages) to be invoked within rule bodies, extending to sim-
ple utilities, more complex search heuristics, entire expert systems, dynamic
programming algorithms, or even calls to special-purpose hardware.
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| ?-  (...,0ene,...):Parse ==> mushba.
[loading /sun/mn2/dbs/dna/mushba.db...]
[mushba.db loaded 0.933 sec 1,442 bases]

Parse =

gene:
upstream$0:
cat_box:282/"ccaat”

tata_box:343/"tataa”
cap_site:371/"ac”

xscript:
codon(met):
405/"atg”
exon:(405/501)
intron:
donor$2:500/"gtgaga”

acceptor$0:606/"tctctccttctcccag”
exon:(623/827)
intron:

donor$2:827/"gtatgc”

acceptor$1:945/"cactttgtctccgcag”
exon:(961/1087)
stop_codon:1087/"taa”

polyA site$0:1163/"aataaa”

Figure 8. A Gene DCG Parse

DCGs also allow for (3)erminals on the left-hand sid# a rule, trailing
the nonterminal; they are added onto the front of the input string after such a
rule parses. This feature is usediftyon in such a way that a new codon
is created when the reading frame straddles the splice site [Searls, 1988].
Rules in this form are not context-free. We can also see that procedural
attachment gives the grammar Turing power, so that it can specify recursive-
ly enumerable languages, and in fact the same is true of unrestricted parame-
ter-passing.
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For large-scale search we have abandoned the built-in Prolog list structure
for the input string, which is instead implemented as a global data structure
in an external ‘C’ array. (Thus, numerical indexing replaces the DCG differ-
ence lists.) In conjunction with this, intermediate results are savedeéti-a
formed substring tablésimilar in principle to a CKY parser) that also pre-
vents repeated scanning for features across large gaps. Other additions
include a large number of extra hidden DCG parameters to help manage the
parse, including one which builds and returns a parse tree. We have also im-
plemented specialized operators to manage the parse at a meta level, to arbi-
trarily control position on the input string, and to allow for imperfect match-
ing. In the terminal session shown in Figure 8 a search is performed on the
GenBank entry “MUSHBA” containing the mouseglobin sequence. The
top level derivation operator is extended to allow calls of the form
sentence:Parse ==> input, where the input may be specified as
(among other things) a file containing sequence data, and where a parse tree
may be returned via the variatitarse .

The grammar used was derived from that of Figure 7, but with the additional
control elements described above, and much more complex rules for splice junc-
tions that use simulated weight matrices for donors and detection of branch
points and pyrimidine-rich regions for acceptors, in addition to the invariant din-
ucleotides. The resulting grammar, with considerable tuning, has been success-
ful in recognizing not only mouse but humadike globins, while ignoring
pseudogenes (e.g., in the hunoagene cluster “‘HUMHBAA4"). We have also
tested it against the whole 73,000+ base pair hupaglobin gene region
(“HUMHBB"), and were able to collect the entire cluster of five genes on a sin-
gle pass that required 4.7 CPU-minutes on a Sun 3/60. A pseudogene as well
as large intergenic stretches were passed over.

By “relaxing” the specifications in various ways (allowing in-frame stop
codons within exons and an out-of-frame final stop codon, and loosening
constraints on the splice donor weight matrix), we have also been able to
study aberrant splicing that would otherwise produce untranslatable message
[Searls and Noordewier, 1991]. By duplicating knd8vthalassemia muta-
tions, additional cryptic donors were recognized, most of which are observed
in nature in aberrant splicing. The alternative transcription products seen ex-
perimentally were also produced by the DCG parser because of backtrack-
ing, which may also be useful for modeling the alternative transcription start
sites and splicing seen in certain viruses, as well as in experiment planning
applications [Searls, 1988].

The weakest links in the gene grammars developed to date are the signals
for splice junctions. In a practical implementation, it may be preferable to
incorporate other specialized algorithms (e.g. neural net recognizers) directly
into the grammar, and procedural attachment in DCGs makes this relatively
easy. The grammar still provides a very useful organizing framework, which
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can serve to place such algorithms in an overall hierarchical context that cap-
tures the complex orderings and relationships among such features.

The gene grammars used for the investigations described above are writ-
ten without great regard for the linguistic status of the features being parsed,
and we have seen that the power of DCGs is such that the languages defined
potentially may reside at any level of the Chomsky hierarchy. Nevertheless,
this does not prove that the language of nucleic acids is beyond regular, and
indeed most of the features specified above can be rewritten as regular ex-
pressions, however awkward they may be. The grammar form is preferable
if for no other reason than that it promotes an abstracted, hierarchical view of
the domain. Regular grammars have been written describing much simpler
genes [Brendel and Busse, 1984], and at least one author [Shanon, 1978] has
argued that the genetic language is no more than context-free, and in fact that
a syntactic approach is not even necessary given its lack of structure in the
usual linguistic sense. However, these arguments are based on a very limited
view of biological phenomena, confined to the amino acid code itself. On
the contrary, in succeeding sections it will be seen that biological sequences
are rich with structural themes, both literal and linguistic.

4 Structural Linguistics of Nucleic Acids

We now proceed to consider exactly how much linguistic power is actual-
ly required to encompass various phenomena observed in nucleic acids that
are literallystructural—that is, depending on the physical nature of DNA and
RNA, rather than any information encoded. The informational structure,
which we will refer to agunctionallinguistics, will be discussed later. Only
a minimal knowledge of the molecular biology of nucleic acids is required
for this section, though a wider range of biological phenomena is cited else-
where which is beyond the scope of this work to review; for background,
readers are referred to standard textbooks such as [Watson et al., 1987;
Lewin, 1987].

4.1 Properties of Reverse Complementarity

Before beginning, we will establish a notation and some basic properties
of nucleic acid complementarity. We will uniformly adopt the alphabet of
DNA

2DNA = { g, C a, } (32)
and let a bar notation represent an operation corresponding to simple base

complementarity, i.e. indicating bases that are able to physically and infor-
mationallybase-pairbetween strands of double-helical DNA:

g=c, &g, &t, and " ta (33)
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While much of the work to follow will apply primarily to RNA structure,
we will assume that features of interest are actually being examined on the
DNA which encodes them. Clearly this operation can be extended over
strings and constitutes a homomorphism, since we can say that

T-v={y) for uvOSka (34)

We will abbreviate (34a) asv. We can also see that this homomorphism
and string reversal have the following properties:

@=w,  A°=w, and W) =@ (35)
The composition of complementarity and reversal in (35c), which will be
written aswR, is of course the “opposite strand” of a strimgf DNA, since
not only are the strands of a double helix complementary but they are orient-

ed in opposite directions. Care must be taken not to treat this operation as a
homomorphism, since it does not itself preserve concatenation in general:

-2 R =vR- TR where |u| # |v| (36)

Rather, such a string function is evolution [Head, 1987]. We can easily
derive from the lemmas of (35) the familiar property that in essence allows
nucleic acids to be replicated from opposite strands:

PR —op L ——
(WR)" = WR)R = @) =w (37)
We will demonstrate one other fundamental property (also noted by

[Head, 1987]), concerning the special case of strings that are identical to
their opposite strands, i.e. those in the language

Le={ wOZbla |w=wR } (38)
We note first that any suelhhmust be of even length, or else it would have
a centermost base not identical to the centermost base of its opposite strand,
since they are required to be complementary. Thus, we can dividie two
equal halves, and also conclude that

w=uv=wR =7RTR =y where |u] = |v| (39)

(where the bar notation is now used to denote the lengths of the strings).
Thus we see that, is in fact the language

Le={ ut® |woshia } (40)

The equivalence of the languages (38) and (40) will come as no surprise
to any molecular biologist, since it is simply a linguistic expression of the
basic notion ofdyad symmetry.The language., will become important in
the following section.



SEARLS 71

Figure 9. An Inverted Repeat

4.2 Nucleic Acids Are not Regular

Inverted repeatsire prevalent features of nucleic acids, which in the case
of DNA result whenever a substring on one strand is also found nearby on
the opposite strand, as shown at the top of Figure 9. This implies that the
substring and its reverse complement are both to be found on the same
strand, which can thus fold back to base-pair with itself and form a stem-and-
loop structure, as shown at the bottom.

Such base-pairing within the same strand is call®dndary structurelt
would seem that we could specify such structures with the following context-
free grammar:

S~ bsh|A A bA|e where bOS oy (41)

The first rule sets up the complementary base pairings of the stem, while the
second rule makes the loop. Note that disjuncts usihgre and in all sub-
sequent grammars, are actually abbreviations that expand to four disjuncts,
e.g. allowing in the first rule above every possible alphabetic substitution that
maintains the required complementarity. These complementary bases estab-
lish nested dependencies between respective positions along the stem.

However, theA rule for the loop in (41) is an obstacle to further analysis,
since it can specify any string and thus the resulting language is simply
ZELA, making it trivially regular. We will return to this issue in a moment,
but in order to study the essential aspects of this language, we will first focus
on the base-pairing stems and dropAhrale from (41), thusly:

S_ bSb|e (42)

The resulting language may be thought of as that of idealized, gapless bio-
logical “palindromes,” able to form secondary structure extending through
entire strings with no loops (i.e., we imagine them having no steric hindrance
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to prevent complete base-pairing to the ends of the stems, whereas in reality
there is a minimal loop necessary). In fact, this is simply the landyaafe

(40) representing sequences concatenated to their own reverse complements.
This equivalence can be shown by simple inductions on the length of strings
in (40) and the number of derivation steps used in (42); we leave this to the
reader, though proofs along the same lines will be given below.

We will, however, show thdt, cannot be an RL, by proving that no FSA
can recognize it. Such an FSA would, for instance, be required to accept
g'c! for alli=1 and reject ¢ic' for all i#j. Let g, denote the node or state
in which the FSA arrives after having processed a strfhgTihen we know
that g; £ for all i#j, since starting from the statg and consuming the
string ¢ leads to a final node, while fron|], consuming the same string c
mustnotlead to a final node. Thus the FSA must have distinct statesd
e for all i#j and, since any length input is allowed, it must therefore have
an infinite number of states. Since an FSA must by definition be finite, there
can be no such FSA recognizibg and thud ¢ cannot be regular.

4.3 Non-ldeal Secondary Structure

Let us call a stringdeal whenever, for each base type, its complement is
present in the string in equal number. Languages having only ideal strings,
or grammars that specify them, will also be called ideal. The grammar (42)
is ideal, since any time a base is added to the terminal string, so is its com-
plement. However, the grammar (41) is non-ideal, due to its loop rule.

In addition, (41) is inadequate as a model because in fact it aeegpts
string of any size via the loop disjunct, and can bypass the more meaningful
stem disjunct entirely. One practical solution to this problem is to place con-
straints on the extents of these subcomponents, for instance requiring a mini-
mum lengthp for the stem and a maximum lengghfor the loop. This
reflects biological reality to the extent that inverted repeats that are too small
or too far separated in a nucleic acid molecule can be expected to base-pair
less readily. For a given fixgdandq, this gives rise to the language

Lp={ uvt® |uvOSEha . |ulzp, and|vi<q} (43)

That this is still a CFL is demonstrated by our ability to specify it as a
context-free grammar, as follows:

A - bA b for O<i<p
Ap - bAD | Bo (44)
Bj - bA1~+1|e for 0<j<q


Administrator
ferret
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Here, subscripted rules are meant to be expanded into multiple rules ac-
cording top andq. TheA rules account for the stem, with each distinct rule
“counting” the base pairs up to the minimum required, then permitting any
number of additional base pairs; similarly, BBeules count the unpaired
bases of the loop, but in this case impose a maximum. We will prove that
this language., is not regular, by contradiction. Suppose that it were indeed
regular, and let us derive a new language from it:

L'n=o(gc O ggeed gggeeeD -+ O gPlePl O (L, n g*adc*))  (45)

where @ is the homomorphism based @fg)=0, @(c)=1, andg(a)=p(t)=¢.

We see that for fixe@ andq each of the expressions lif}, is regular, and
furthermore we know that the RLs are closed under each of the operations
used, i.e. intersection, union, and homomorphism. Thuigself must also

be regular. Now let us simplify the expression (45), first examining the inter-
section ofL, with the regular expression on the right. Of all the strings gen-
erated byL, this regular expression “selects” ones that have exaathyn-
secutive a’s, flanked by any number of g's on the left and c's on the right, and
no t's at all. Since the a’s thus have nothing with which to base-pair, they
must all be in the loop portion, and in fact because therg afeghem they

must constitute the entire loop. The flanking g's and c's thus base-pair to
form the stem, and being base-paired they must be present in equal humbers,
greater than or equal . Similarly the sub-expressions on the left are a
finite union of RLs containing equal numbers (less fheof g's followed by

c's. The homomorphismp serves to convert g's and c's to a different alpha-
bet and to discard the a’s, leaving the language

Ln=o({dicl | 1<j<p} O{ g'adci |i=p}) ={om1n|n=1} (46)

But this language is the same as (7), which is known not to be regular (as
can be demonstrated using essentially the same proof as in the previous sec-
tion). Thus our assumption thigi is regular must be false, and we may ex-
tend this result to a conjecture that secondary structure with any suitable lim-
its placed on its non-ideal components will not be regular. (In particular,
relating the non-ideal to the ideal regions, e.g. allowing them to be propor-
tional in size, would appear to raise the resulting languages even beyond
context-free.)

4.4 Nucleic Acids are neither Deterministic nor Linear

As was noted above, the nondeterministic parser inherent in DCGs is use-
ful in dealing with empirical nondeterminism in biological systems, such as
alternative splicing and other transcriptional variants. But besides this ob-
served nondeterminism, we can now see that the structure of nucleic acids, in
particular that associated with inverted repeats, is nondeterministic by its na-
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Figure 10. Recursive Secondary Structure

ture. By reasoning similar to that given above for (11), any recognizer for
such structures would have to guess at the center point of the inverted repeat.
The presence of a loop does not alter this result.

The grammar (42) for inverted repeats is linear; however, many more
elaborate forms of secondary structure are possible, and anything with more
than a single stem structure would not be linear. For example, a grammar
specifying any number of consecutive inverted repeats would be simply

S~ AS|e A - bADb| e (47)

Clearly this, or any other grammar specifying multiple inverted repeats,
would exceed the capabilities of a one-turn PDA. Even this is not a “most
general” form for ideal secondary structure, however, because it does not
allow for structure within structure, which is quite common in RNA in
configurations like that of Figure 10. We can propose a formal description of
all such secondary structure by recursively building a set of strings of this
nature.

Let us define anrthodoxstring as eitheg, or a string derived from an or-
thodox string by inserting an adjacent complementary phjrat any posi-
tion. The intuition behind this definition is that adding such pairs to a sec-
ondary structure will either extend the tip of a stem, or cause a new stem to
“bud off’ the side of a stem, and these are the only operations required to
create arbitrary such secondary structure. Clearly every orthodox string is
ideal. Moreover, we can specify the set of all orthodox stringswith a
grammar that merely adds to (42) a disjunct that duplicates the start symbol:

$ - bsp| s |e (48)
That this specifies exactly the orthodox strings is shown by induction on
the length of the string. The empty strings both orthodox and derivable
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from (48). Assuming that any and all orthodox strings of lengtiioly
even-length strings being allowed) are derivable from (48), we must show
that the same is true for orthodox strings of lengti+-2)(. For the longer
string to be orthodox, it must be built on some orthodox stin§length 2

that, we know by the inductive hypothesis, is derivable from (48). Without
loss of generality, we can assume that the derivatiendsflays alk rule ap-
plications to the end. Note also that, for every derivation step applying the
first disjunct of (48) to derive the substrib§b, we can substitute a deriva-
tion producing the substrirgb$bS, instead, since

$0 $%0 $%% 0 $0$0S, 0 bSpS 0 bsp (49)
Therefore, we can ensure that in the intermediate string just befareuties
are applied in the derivation of, there will be§;’s flanking every terminal
base, in every possible position where the idxnight be added to create
the orthodox string of length 2¢1). Sincebb is derivable from suclg;s,
this same derivation can be easily extended to produce any and all such
strings, completing the inductive proof.

4.5 Nucleic Acids Are Ambiguous

We have seen that non-ideal secondary structure grammars such as (41)
are ambiguous, in a way that can subvert the implicit biological meaning
(since bases which rightfully could base-pair in the stem via the first disjunct
can also be attributed to the loop by the second rule). We can observe a
much more interesting form of ambiguity in the grammar of (48) that relates
biologically to the underlying language of orthodox secondary strudiyre,
Consider the sublanguagelgf consisting of concatenated inverted repeats:

LE = Le'Le ={ utRwWR|u,vOsLla } (50)
This in turn contains the set of ideal double inverted repeats, i.e.
Lg ={ utRua® |uozhia } (51)

Any such string can clearly be derived fr&yas two side-by-side invert-
ed repeats, but it follows from the equivalence of (38) and (40) that the entire
string can also be parsed as a single inverted repeat, e.g. the following two
leftmost derivations from the grammar (48):

SU U 9 U gate, U gatx,
0 gatcdgec U gatcgd&otc [ gatcgatc (52)

S U g§cl gaStc U galgatc gatcygatc gatcgatc
Note that these two derivations correspond to two alternative secondary
structures available to the input string, as illustrated in Figure 11. The first
derivation of (52), which spawns tw§’s, in effect describes the so-called
“dumbbell” structure shown at the left, in which the two inverted repeats
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Figure 11. Dumbbell, Cloverleaf, and Hairpin Structures

base-pair separately; the second derivation, which uses a §irigteugh-

out, describes the uniform “hairpin” structure shown at the right. Such dou-
ble inverted repeats are indeed thought to assume both structures alternative-
ly in certain biological situations (e.g. RNAs specifically replicated by the
bacteriophage T7 DNA-dependent RNA polymerase [Konarska and Sharp,
1990]), as well as intermediate “cloverleaf” structures, as shown in the center
of Figure 11. In fact it can be seen that for ideal double inverted repeats of
this form, a continuous series of such intermediate structures are available,
base pair by base pair, between the two extremes. It is gratifying that each
such secondary structure corresponds to a different partition on the set of
leftmost derivations, interpreted in this manner, e.g. the following cloverleaf
version of the input from (52):

SU 0ch 93U 92U 9atHSC
O gatg§ec 0 gatcx,g§,c U gatedyc U gatcgtc O gatcgate

This suggests a strong analogy between derivations and physical sec-
ondary structures—in fact, parse trees from these grammars can be seen as
actually depicting such structure. (The extent to which alternative structures
are allowed is related to the language-theoretic notiodegfree of
ambiguity)

Of course, having found an ambiguous grammar for such features does
not imply that the language containing themniserentlyambiguous; that
would require proving that no unambiguous grammar suffices. Surprisingly,
the languagé. 4 of generalized orthodox secondary structure appears not to
be inherently ambiguous, since it falls in a class of languages (the full or
two-sided Dyck languages—see section 2.7.5) for which unambiguous gram-
mars are possible [Harrison, 1978, p. 322]. However, there may well exist
sublanguages df, which are inherently ambiguous (perhaps the language
Lezof (50), which is similar to the inherently ambiguous language of concate-
nated pairs of ordinary palindromes [Harrison, 1978, p. 240]). In any case,

(53)
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Figure 12. Attenuator Structure

we might actually prefer an ambiguous grammar that models an underlying
biological ambiguity, such as alternative secondary structure, particulary
when that ambiguity has functional significance.

Attenuatorsfor example, are bacterial regulatory elements that depend on
alternative secondary structure in their corresponding mRNA to control their
own expression [Searls, 1989a]; a simplified representation of their structure
is shown in Figure 12. An attenuator has the capability to form alternative
secondary structure in its nascent mMRNA, under the influence of certain ex-
ogenous elements depicted in the figure, to establish a kind of binary switch
controlling expression of a downstream gene [Lewin, 1987]. If we model an
attenuator as either of two alternative languages corresponding to these
states,

Lof‘f:{ uvvR |u,vDZEL,A} I-on:{ uthy | UNDZELA} (54)

then the relationship of these languages to those of (29), and afrtfaito

the inherently ambiguous language of (23), is apparent. Nevertheless, this is
still not a formal proof, and in fact it can be argued that andLg, should
actually beintersectedsince both conditions are required to be present in the
same language to produce the function described (see section 2.7.2).

Again, while we leave open the question of the formal status of nucleic
acids vis-a-vis inherent ambiguity, we note that a contrived unambiguous
grammar for any given secondary structure may be inferior as a model, if it
fails to capture alternatives in the secondary structure. Moreover, the defini-
tional requirement for geftmostderivation may itself be irrelevant to the
physics of folding, which presumably can occur simultaneously along the
length of the molecule. An interesting exception to this would be the folding
of nascent RNA that occurs as it is synthesized, which of course is leftmost.

Another functional theme in nature involving alternative secondary struc-
ture isself-primingof certain DNA molecules, such as parvoviruses [Watson
et al., 1987] where the ends of double-stranded molecules are able to refold
into T-shaped configurations that can “bootstrap” the synthesis of a new copy
of the entire viral genome. In this case, the most fundamental process of
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Figure 13. Tandem and Direct Repeats

replication of an organism may be viewed as depending on a kind of ambigu-
ity in the language containing its genome (see section 2.7). We will shortly
see how replication might itself result in inherent ambiguity (see section
2.5.1).

The nondeterminism of secondary structure rules out linear-time parsing,
and its nonlinearity and possible inherent ambiguity would also preclude cer-
tain quadratic-time simplifications of well-known parsers. Any of the struc-
tural elements given so far could be parsed in cubic time at worst (or, indeed,
recognized more efficiently by less general algorithms), but we will now
offer evidence for non-context-free features that may create further compli-
cations.

4.6 Nucleic Acids Are not Context-Free

The presence (and importance) of tandem repeats and direct repeats of
many varieties in DNA, as depicted in Figure 13, indicate the need to further
upgrade the language of nucleic acids; these are clearly examples of copy
languages, as specified in (14), which are known to require CSLs for their
expression. Direct repeats entail crossing dependencies, where each depen-
dency is in fact simply equality of the bases.

While there is thus strong empirical evidence for any general language of
nucleic acids being greater than context-free, we may yet ask if there is any
structural correlate, as is the case for context-free secondary structure. Sev-
eral possibilities are shown in Figure 14. The illustration on the left suggests
that a string of direct repeats extending infinitely in either direction could
shift an arbitrary number of times, and still maintain base-paired structure
with its reverse complementary string through alternative “hybridization.” In
practice, of course, only a few direct repeats might suffice, and in fact such
misalignment in highly repetitive sequences is postulated to occur in mecha-
nisms of change involving unequal crossing over [Lewin, 1987]. The illus-
tration on the right of Figure 14 shows how a circular molecule could be
formed by alternative base pairing between a simple tandem repeat and its
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Figure 14. Structural Correlates for Direct Repeats

reverse complement. (Circular molecules, which we will have occasion to
deal with again, are in fact quite important in biology; they have been sug-
gested as a motivation to extend formal language theory to circular strings
[Head, 1987].)

Are there, however, mechanisms wherebsirgyle strand can form sec-
ondary structure that is not encompassed by the grammar of (48), and is thus
perhaps greater than context-free? In fact, recent evidence points to “non-or-
thodox” forms of secondary structure, callgseudoknotsin many RNA
species [Pleij, 1990]. Such a structure is shown in Figure 15. While each
base-paired region only creates nested dependencies, the combination of the
two necessitates crossing those dependencies.

To formally illustrate the consequences of this, consider an ideal pseudo-
knot language (i.e. one without unpaired gaps, etc.), which can be represent-
ed as follows:

Lk={ uvURv_R|u,vDZELA} (55)

We will prove that this language is not context-free, again by contradic-
tion. If Ly were indeed a CFL, then since CFLs are closed under intersection
with RLs, the language

Lk=Lk n gtatcttt (56)
would also be a CFL. We can see that any choice of the substhiom
(55) must exactly cover the initial g's selected by the regular expression,
while v must exactly cover the a’s, etc. Otherwise, some substring from (55)
would have to contain the boundary pairs ‘ga’, ‘ac’, and/or ‘ct’; this cannot
be, because each substring’s reverse complement is present, and therefore so
would be the pairs ‘tc’, ‘gt’, and/or ‘ag’, respectively, all of which are forbid-
den by the regular expression. We know that the lengthaofd thus the
number of g’s is equal to the Iengthﬁﬁ and the number of c¢’s, and similar-
ly for v andv® so that in fact

L ={ gialtici |ij=1} (57)
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Figure 15. Pseudoknot Structure

which is related by a trivial homomorphism (under which CFLs are also
closed) to the language (13b), known to be greater than context-free. Hence,
Ly cannot be context-free.

The pseudoknot languadg of (55) is clearly ideal, but cannot be ortho-
dox because it contains strings, such as thodg,ithat have no adjacent
complementary bases. Thus, there exist ideal but non-orthodox secondary
structure languages which are greater than context-free. We can, however,
show that the most general ideal language, i.e. the set of all ideal strings (or-
thodox or not);, is a CSL witte since it is specified by the following essen-
tially context-sensitive grammar:

S - Bybs e
B - b for eachb, dO A (58)

dg, - Byd

This grammar can only generate ideal strings, since éveeyived is ac-
companied by &, which must eventually produce exactly dneThe proof
that (58) generates every ideal string is by induction on the lengths of such
strings. The ideal stringderives from (58); we assume that any ideal string
of length 21 does also, and attempt to show this for any ideal stxiraf
length 20+1). It must be the case that= ubvb for someu,vDZELA, and
furthermore the ideal stringv of length 2 must derive from (58) by the in-
ductive hypothesis. It can be seen t§atan only appear once in any inter-
mediate string of this derivation, and always at the end; thus, in a leftmost
derivation the final step must be an application okthge to the stringivs,
in which case we can adapt this derivation to produce

SO 0 uSO uvgbS O uvBbOMuBvbO ubvb (59)

where the penultimate derivation steps comprise sufficient applications of the
final, context-sensitive rule of (58) to alldBy to traversev leftwards to its
final position—that ism=|v|. This completes the induction, as well as the
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proof that the grammar of (58) generates exaktlythe set of all ideal
strings.

From the results thus far concerning secondary structure, we may make
the informal generalization that orthodox structure is inherently context-free,
and ideal non-orthodox structure is greater than context-free. Care must be
taken in extending these intuitions to specific cases, though, since subsets of
languages may be either higher or lower in the Chomsky hierarchy than the
original language. For example, the language generatédauy)* is ideal
and non-orthodox, but obviously regular, while the language of double in-
verted repeatd,q of (51), is orthodox but not a CFL, since it also specifies
direct repeats. We also note in passing, without proof, the interesting obser-
vation that for a complementary alphabet of less than four letters (e.g. if only
g’'s and c’s are used) there can be no non-orthodox ideal strings.

4.7 Nucleic Acids as Indexed Languages

The features described thus far are all encompassed by CSLs waittl
in fact can be described by indexed grammars, which specify the IL subset of
CSLs. The following indexed grammar defines the copy language of DNA
(i.e., tandem repeats):

S~ bP|A AP, Ab A g (60)

(It may be noted that this simplified grammar does not strictly correspond to
the formal definition of an indexed grammar, but there is an easy transforma-
tion to one that does, e.g. using stack end markers, etc.) The first rule serves
to record in the indices all of the bases encountered, whila thie “plays

back” the bases in the proper order. A sample derivation from this grammar

would be
SO gS8 0 gesSty O geaSacdd gecaAacy 61)
O gcaAt9all gcaA9call gcaAgcall gcagca

Note that we can easily specify inverted repeats as well, which is not sur-
prising since the ILs contain the CFLs. We just substitute in the grammar
(60) a different rule foA:

S~ bP|A AP _ bA A e (62)
Then, following the same course as the last example derivation (61), we have
SO gS9 0 geSt9 O gecaSacd ] gcaAacy
O gcatACd [0 gcatgAd 0 gcatgdA O gcatgc

ILs can contain an unbounded number of repeats (or inverted repeats, or
combinations thereof), by simply interposing an additional recursive rule in
the grammar (60). We can also specify “interleaved” repeats, as in the fol-

(63)
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lowing grammar specifying the pseudoknot languagef (55):
S~ bP|A AP _, bAD|B B_ bB B ¢ (64)

With this facility for handling both crossing and nested dependencies, it is
tempting to speculate that the phenomena observed in biological sequences
may be contained within the ILs. It has been suggested that ILs suffice for
natural language [Gazdar, 1985], and it is also interesting to recall that
OL-systems, which have been so widely used to specify biological form, are
contained within the ILs [Prusinkiewicz and Hanan, 1989].

5 Closure Properties for Nucleic Acids

Viewed as a kind o#bstract datatypenucleic acids could be usefully
defined by the range of biological operations that can be performed on them.
Viewed as language, it thus becomes important to understand their linguistic
behavior under those operations. In this section we examine a number of
known closure properties of languages under various operations that are rele-
vant to nucleic acids, as well as some derived operations that are specific to
the domain.

5.1 Closure under Replication

Consider the operation devised on strimgBZELA to denote the reverse
complementary stringzvR. Are the language families of interest closed
under this operation? In other words, if we decide that some phenomenon in
DNA falls within the CFLs (for example), can we be assured thabppe-
site strandwill not be greater than context-free?

Recall that the bar operation is asffee” homomorphism. Of the lan-
guage families we have described, the RLs, CFLs, ILs, CSLs, and recursive-
ly enumerable languages are all closed under such homomorphisms; as it
happens, they are also all closed under string reversal, and thus we can be
confident that opposite strands will maintain the same general linguistic sta-
tus. This being the case, we can design an operation on sets of strings that
will replicatethem in the sense of creating and adding to the set all their op-
posite strands:

REAL) ={ ww" |wOL} = LOTR  for LOSL{a (65)

Since we have closure under union for all these language families as well,
they are still closed under this replicational operation. Note that the defini-
tion of (65) accords well with the biological fact sgmi-conservative repli-
cation, in which there is a “union” of each original string with its newly-syn-
thesized opposite strand. Indeed, we can extend this operation to its own
closure (i.e., allowing any number of applications of it), denoted as usual by
an asterisk, and observe a much stronger, biologically-relevant result:
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REP*(L) = REA(L) (66)

This follows from (37), and is simply a linguistic statement of the fact
that, onceREP has been applied to any population of strings and they are
thus “double-stranded,” the same strings will recur for any number of repli-
cations.

It should be noted, however, that the deterministic CFLs are not closed
under either homomorphism or string reversal, so that a context-free feature
that parses deterministically on one strand may be nondeterministic (though
still context-free) on the opposite strand. The following suggests why:

Lp={ adicigi |i,j>1} O{tgicigi |i,j>1} (67)

Were it not for the initial ‘a’ or ‘t" on every string in this CFL, it would be
nondeterministic for reasons described in relation to the languages of (23)
and (29). However, the ‘a’ and ‘t’ act as “markers” that tip off the recognizer
as to what elements it should use the stack to count, mbjjmtgterminis-

tic. Note, therefore, that any homomorphism that mapped ‘a’ and ‘t' to the
same element would negate the effects of the markers and leave a nondeter-
ministic language. More to the point, string reversal moves the marker bases
to the opposite ends of the strings where the recognizer will not encounter
them until the end. Thus,

R ={ cigicia|ij=1} 0{cigicit|ij>1} (68)
would be recognized (in a leftmost fashion) nondeterministically. (A more
formal grounding for this nonclosure proof may be found in [Harrison,
1978]). One practical consequence of this is that there may be situations
where it is better to parse a string in one direction than another, particularly
with a top-down backtracking parser like that of DCGs; for example, one
would want to establish the presence of the invariant dinucleotides in a splice
junction before searching for the much more difficult flanking signals.

Since replication as we have defined it constitutes a union of a language
with its reverse complementary language, it is easy to show that unambigu-
ous CFLs are not closed under this operation, since there may be strings in
“double-stranded” sets such that we cannot kagwiori from which strand
they came. For example, the language

Ly={ dicigi |i,j=1} (69)
is a deterministic (and thus unambiguous) CFL, since a PDA could simply
push the stack on the first set of g’s and pop on the c’s, with no guesswork re-
quired. However, when replicated this language becomes
RERLy) ={ gicigk|i=j or j=k} (70)
which is essentially the inherently ambiguous language of (23), necessarily
having multiple leftmost derivations whenevej=k.
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5.2 Closure under Recombination

Other “operations” that are performed on nucleic acid molecules include
recombinatory events. For simplicity, we will confine ourselves here to
primitive manipulations like scission and ligation. The latter is ostensibly
straightforward, for, if we define ligation and the “closure” of ligation (i.e.
the ligation of any non-zero number of strings from a language) as follows

Lic(L) ={ xy|xyoL} = L-L
LIG*(L) ={ xy % " X, | n=1 andx; OL for 1<isn} = L*

then we can see that these correspond to concatenation and its positive clo-
sure over languages, and it is the case that RLs, CFLs, ILs, CSLs, and recur-
sively enumerable languages are all closed under these operations.

It must be emphasized that this simple definition has inherent in it an
important assumption regarding the modelling of biological ligation. View-
ing nucleic acids as literal strings in solution, one might think that there is no
a priori reason they should not ligate head-to-head and tail-to-tail, as well as
head-to-tail as is implicit in the usual mathematical operation of concatena-
tion. It happens, though, that these strings are not only directional, but that
ligation is only chemically permitted in the head-to-tail configuration; in this
instance, life mimics mathematics. As a practical matter, however, ligation
generally occurs in populations of double-stranded molecules, so we must
take account of the fact that in this case the strings Erégmthe definitions
(71) will also ligate head-to-tail as reversemplementsindeed we see that

LIG(RERL)) =LIG(L OTR)
=(L'L) O (L TR O @CRL) O CRTR
gives all the required combinations, and uses only operations that preserve
our stated closure results.
In the case of scission, we take advantage of the fact that the language

families listed above, with the sole exception of the CSLs, are closed under
the operations of selecting all prefixes or all suffixes of a language, i.e. under

PRE(L) ={ x | xyOL} surL) ={y [xyoL} (73)
This being the case, we can prove closure under scission for either a single
cut or for any number of cuts, by combinations of these operations:

cut(L) ={ x,y|xyOL} =PREL) O SURL)
CUT*(L) :{ u |xuyDL} = PRESUHL))
The latter operation, in fact, is just the set of all substrings @nce again,
it is interesting to note that, within the CFLs, neither deterministic nor unam-

biguous languages are closed under these operations, even though CFLs
overall are closed.

(71)

(72)

(74)
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Ligation offers one further complication, based on the fact that it may
occur so as to formircular molecules. We will denote this variatiarG ©,
but we are left at a loss as to how to represent it linguistically, since the
strings have no beginnings. However, ean define the results of scission
of languages formed by this operation. Assuming in the simplest case that
we perform a circular ligation of each individual strind.iand then cut each
circle once at every possible position, we arrive at the language

cut(uico(L)) ={ vu|uvOL} =cvcL) (75)

which is the set of circular permutations of each string. As it happens, all of
the language families in the Chomsky hierarchy are closed under this opera-
tion (though, again, deterministic CFLs are not); a constructive proof of this
for CFLs is given in [Hopcroft and Ullman, 1979]. ClosureLw$© really

only amounts to circular ligation of repeated linear ligations, i.e.
LIGO(LIG*(L)), since a string can only be circularized once. Thus, our clo-
sure results still hold for this extension.

Biologists can manipulate DNA molecules by cutting them at specific
sites usingrestriction enzymesand then ligating the resulting fragments
(also in a sequence-specific manner). The closure of so-saliethg sys-
temsunder these domain-specific operations has been studied using formal
language theory [Head, 1987]. Natural recombination, as between homolo-
gous chromosomes during meiosis, is an exceedingly important biological
phenomenon that bears some resemblanshuffleoperations on languages
[Hopcroft and Ullman, 1979].

5.3 Closure under Evolution

Consider the following linguistic formulations of several known modes of
rearrangement at a genomic level that occur in evolution—duplication, inver-
sion, transposition, and deletion:

DUP(L) ={ xuuy| xuyDL}

INV(L) = { xURy | xuyDL} where X, Y, u,vDZEL,A
XPOYL) ={ xvuy| xuvyDL} and LOSE\A
DEL(L) :{ Xy | xuyDL}

We see immediately that CFLs (and RLs, for that matter) could not be
closed undeDUP since this operation creates direct repeats of arbitrary
length, as in (14), which are greater than context-free. What is somewhat
more surprising, given the results of the previous section, is that the CFLs
are also not closed under eitligy or XPOS This can be seen by the effects
of the operations on inverted repeats, from whiehh can make direct re-
peats anckPOScan make pseudoknot patterns; formal proofs of this follow.

Consider the CFL selected from among the inverted repeats—that is, from

(76)
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the languagé of (40) — by intersection with a regular expression:
Lcy = Le n (g+c)*at(g+c)* :{ xatxt | x[Hg,c}* } (77)

We can use intersection with a different RL to examine only the inversions of
this language that occur over suffixed gf (i.e. for whichy=¢ in (76Db)):
INV(Lcp n (g+c)*at :{ xxatlxD{g,c}* } (78)

The ‘at’ can only arrive at the end of the string as the result of inversions of
the suffix starting just before the ‘at’ in each strind-g{. We can then use
a homomorphism mapping ‘a’ and ‘t’ & such agp given for (45), to get rid
of the final at's and leave a simple copy language as in (14). Since we have
arrived at a non-CFL, and every other operation used preserves CFLs, it must
be the case that CFLs are not closed under inversion, and the specific case of
inverted repeats yields direct repeats.

Transposition is dealt with by a similar route, first selecting a different
subset of inverted repeats as our test CFL:

Lo =Le n gtatttct ={ giaitici |ij=1} (79)
We now force transpositions that again occur over suffixes of strifgsyjn

such thai in (76c¢) covers the g's and aiscovers the t'sy covers the C’s,
andy=¢:

XPOSLcy) n grarcits ={ giaicitl |i,j=1} (80)
But this is a pseudoknot language—in fdqt,of (56), which we have al-
ready seen is greater than context-free. We conclude that CFLs are also not
closed under transposition.

Among the evolutionary operators, CFLs are closed only under deletion.
To show this, let us temporarily supplemérﬁm with the character §, and
design a homomorphism for whiegib)=b for bDZELA—& andg(8)=. We
will also set up a GSNMG with transitions as given in Figure 16. Then, we
see that the deletion operator can be defined as

DEL(L) = G(¢}(L)) (81)

The inverse homomorphism will distribute any number of §'s in every possi-
ble position in every string df, so we can use the first two such 8’s in each
resulting string as end markers for deletions, and be assured of arriving at
every possible deletion, as EL. We accomplish those deletions with
(which also disposes of the §'s), as the reader may confirm. Since CFLs are
closed under inverse homomorphism and the action of GSMs, we know that
DEL(L) will be a CFL. Similar results hold for RLs, ILs, and recursively
enumerable languages, though it happens that CSLs need not be closed under
DEL becausés is note-free.

Note that minor variations @& can be used to prove the closure proper-
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§le §le
| >{) | ®

where b DZDNA_§

Figure 16. The Generalized Sequential Maclie

ties of the prefix and suffix operations given in (73), and in fact those results
can be used to demonstrate the closure properties of the deleted fragments
themselves, whether linear or circular. In addition, the definitio@saofd@

may be modified to reflect other, domain-specific models in order to take ad-
vantage of the same proof methodology. For exang@,can be defined to

be a recognition sequence that delimits “directed” deletions (see section
2.8.2). Using a combination of two bracketing deletion markers, we might
model the splicing that occurs in RNA processing (see section 2.3.4), or in-
deed even the inverse operation of inserting languages (at least RLS) into ex-
isting languages at designated points; this suggests that the evolution of in-
terrupted genes may not in itself have contributed to their linguistic
complexity.

6 Structural Grammars for Nucleic Acids

As noted, the DCG gene grammar presented previously was largely creat-
ed without regard for the linguistic status of DNA, but rather as a rapidly-
prototyped, reasonably efficient recognizer for “real-world” search applica-
tions. This section details our efforts to adapt logic grammars to a wider
variety of biological phenomena, with formally-based conventions suitable
to the domain.

6.1 Context-Free and Indexed Grammars

Base complementarity, as defined in (33), is easily implemented within
DCGs by creating a special prefix tilde operator as follows:

~"g" --> “c”. ~"c” --> “g".

82
___nan > “t”. ""”t” > uan. ( )

Then, creating a DCG version of the formal grammar (41) specifying
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Figure 17. Am-leaf Clover (=3)

stem-and-loop structures is straightforward:

inverted_repeat --> [X], inverted_repeat, ~[X]

83
inverted_repeat --> ... . (83)

Here, the Prolog variables within square-bracketed lists indicate termi-
nals. The gap rule represents the loop, corresponding to the rule for the non-
terminal A in the formal grammar. We have noted that this non-ideal
specification is insufficient as a model, and it is also impractical in actual
parsing; however, we can implement the constrained version of (44) with lit-
tle extra trouble, using parameters and embedded code to create a concise
and workable (though inefficient) DCG for inverted repeats with specified
minimum-length stems and maximum-length loops:

inverted_repeat(Stem,Loop) --> {Stem=<0},
0...Loop.

inverted_repeat(Stem,Loop) --> {Next is Stem-1}, (84)
[X], inverted_repeat(Next,Loop), ~[X].

Itis just as easy to transcribe other formal grammars, e.g. that of (48) rep-
resenting generalized orthodox secondary structure, to their DCG equiva-
lents. Again, a practical implementation of the DCG form would allow us to
add length constraints, gaps, and other conditions to take account of “real-
world” factors. We can also write grammars for more distinctive (that is, less
general) features, such as structures in the natumeleaf clovers” like the
one illustrated in Figure 17:

cloverleaf --> [X], cloverleaf, ~[X] | leaves.
leaves --> leaf, leaves | []. (85)
leaf --> [Y], leaf, ~[Y] | [J.

As was noted above, indexed grammars can be thought of as context-free
grammars that are extended by the addition of a stack feature to nonterminal
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elements; thus they are easily implemented in DCGs, by just attaching pa-
rameters in the form of Prolog lists to nonterminals. A DCG-based indexed
grammar corresponding to (60) would be

tandem_repeat(Stack) --> [X],

tandem_repeat([X|Stack]).
tandem_repeat(Stack) --> repeat(Stack).

repeat([]) --> [I.
repeat([H|T]) --> repeat(T), [H].
while, to make theepeat rule instead play back the reverse complement

of the sequence stored on the stack, we could substitute the rule correspond-
ing to (62) as follows:

(86)

complement([]) --> [].
complement([H|T]) --> ~[H], complement(T).

Calling the top-level rule with an empty stack gives the desired results. An
indexed grammar expressing tieaf clover of (85) would be

(87)

cloverleaf(Stack) --> [X], cloverleaf([X|Stack]).
cloverleaf(Stack) --> leaves([]), complement(Stack).

leaves([]) --> []. (88)
leaves(Stack) --> [X], leaves([X|Stack]).
leaves(Stack) --> complement(Stack), leaves([]).

Compared with the context-free DCG of (85), this notation becomes
somewhat clumsy, a problem we will address in the next section.

6.2 String Variable Grammars

We have developed a domain-specific formalism cadteidg variable
grammar (SVG) which appears to handle secondary structure phenomena
with significantly greater perspicuity than indexed grammars [Searls, 1989a].
SVGs allowstring variableson the right-hand sides of otherwise context-
free rules, which stand for substrings of unbounded length. An example of
an SVG implemented within an extended DCG formalism would be:

tandem_repeat --> X, X. (89)

This requires only some minor modification to the DCG translator to rec-
ognize such variables as what amounts to indexed grammar nonterminals,
with the Prolog variable itself representing the nested stack [Searls, 1989a].
The variables, on their first occurrence, are bound nondeterministically to ar-
bitrary substrings, after which they require the identical substring on the
input whenever they recur. We can also generalize our rules for single base
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complements, to recognize the reverse complement of an arbitrary string.
This allows rules of the form

inverted_repeat --> X, , ~X. (90)
Here we have used an anonymous string variable to denote the gap, since it
is the case that. --> . Now, the rules for direct and inverted re-

peats—features that intuitively share a similar status in this domain—can
also assume a very similar grammatical structure.

Returning to our example of theleaf clover of the grammars (85) and
(88), we can now write a much more concise grammar in the form of an

SVG:
cloverleaf --> X, leaves, ~X. (91)
leaves -->[]| Y, ~Y, leaves.

We also offer economical SVG representations of the attenuator structure
of Figure 12 and the pseudoknot structure of Figure 15:

attenuator --> A, , ~A, , A
pseudoknot --> A, |, B, ,~A, ,~B.

The use of string variables can be augmented in various ways. For in-
stance, by allowing them to be passed as parameters, we can specify an un-
bounded number of direct repeats:

(92)

direct_repeats(X) --> X, _, direct_repeats(X).

direct_repeats(X) --> X. (93)

Then, by defining compositions of string variables (e.g.
~(~X) --> X. ), we can do such things as specify any number of strictly
alternating inverted repeats:

inverted_repeats(X) --> X, _, inverted_repeats(~X).
inverted_repeats(X) --> []. (94)

We have recently shown that SVGs used in the manner described up to
this point specify languages that are formally contained within the ILs, con-
tain the CFLs, and furthermore can be parsed i¥)Qime using a variation
on the Earley parser [Searls, manuscript in preparation].

6.3 Structural Grammar Examples

The SVG formalism makes it possible to describe and recognize much
more complex patterns of secondary structure, such as the following
specification of the 3' (right-hand) end of tobacco mosaic virus RNA, cover-
ing 177 nucleotides of which two thirds are base paired [Pleij, 1990]:
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Figure 18. tRNA Secondary Structure

tmv_3prime --> A, , B, ~A, , ~B,
C, .,D,~C, ,~D,E, ,F,~E, ,~F, ,
G, LH I, _,J, ,~3~,~G, ,~H, (95)
K, ,~K L ,M~L ,~M,

This pattern consists of three consecutive, contiguous pseudoknots (corre-
sponding to the variable se4¢B, C/D,andE/F), another pseudokn¢G/H)

whose gap contains an inverted repeat with a biiidje followed by another
inverted repeatK) and a final pseudokn@t/M). Another example, adapted
from [Gautheret et al., 1990], is the following grammar describing a consen-
sus secondary structure for a class of autocatalytic introns:

group_|_intron --> _, A, _