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Introduction 11X

omnipotent and omniscient being (or in a modern guise: altered by the external effects of
asteroids®). The planet thus created then remains fixed and unchanging. Darwin and
Wallace (On the Origin of Species by Means of Natural Selection, or the Preservation of
Favoured Races in the Struggle for Life, 1859) extended the conception of the evolution
of inorganic matter, understood by these pioneering geologists, to the evolution of life
forms by natural selection. Thus evolution moved from being applied to inorganic matter
into the realm of organic living organisms. This was a revolution in thought, a revolution
still opposed by many people who continue to object to scientific inquiry.

This brief view of the history of evolution is interesting because of the progressive
application of evolution from inorganic matter to organic matter. This history of evolution
has been forgotten, and is now unknown to many people. Many people think of evolution
as only applying to organic living things. That evolution applies to inorganic matter seems
strange, even novel.

An interesting parallel exists in bioinformatics. The common prejudice is that
language is an attribute limited to living things, specifically human beings.? Lindenmeyer
systems are the study of language or automata theory applied to describe plants, bacteria,
sea shells, etc. Bioinformatics also extends the study of language from human beings to
non-human subjects such as biomolecules. Thus the process is reversed, language being
extended from human beings to biomolecules, in opposition to the common prejudice.
Indeed, many people who study language deny that language theory is a property of
molecules: rather it may be “language-like” but certainly it is not language [165]! If one
defines language as requiring a “conceptual-intentional” system, as well as “sensory-
motor systems” (auditory processing and speech processing), then indeed, language may
be limited to humans [31]. However, this anthropocentric view of language is rather
biased. A view that ignores the results of scientific investigation to maintain
anthropomorphic prejudices in the name of science is nothing more than a new religion.
Language may also be viewed as merely a way to communicate observed patterns
(patterns  of molecular forces). “Communication” need not imply a psychological
consciousness. Indeed, when we refer to communicable diseases we recognize this fact.
The complementary nature of nucleotide bases can be “communicated” through natural
agencies other than conscious thought, specifically through molecular forces. The view
that language requires auditory and speech structures, as well as a conscious
psychological state is only one view. Similarly it has been proposed that birds use
language to communicate sexual selection. Once again, communication need not imply a
conceptual-intentional system. Many authors of research papers referred to in this book
have an alternate view of language in which DNA, RNA, proteins, bird calls, etc. may be
accurately classified as languages.

It is my hope that readers will enjoy this book in spite of errors and omissions.

© This includes floods of lava (Plutonism) or water (Neptunism), mountain range formation, earthquakes, or
modern non-linear chaos theory {111, pp. 36, 37].

The idea is that language is limited to human beings, that language is in fact the essence of man [111, p. 45].
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The fields of biological and medical physics and biomedical engineering are
broad, multidisciplinary and dyanmic. They lie at the crossroads of frontier re-
search in physics, biology, chemistry, and medicine. The Biological & Medi-
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Preface

While teaching courses in automata theory, [ was a little dismayed to find that
students were under a misapprehension, a prejudice concerning the subject. My students
thought that automata theory was applicable only to the studies of computer science,
engineering, and mathematics. I sought interesting examples of automata theory in these
traditional areas, as well as in non-traditional areas to dispel this view.

The purpose of this book is the examination of non-traditional applications of
automata theory not normally encountered when studying computer science, engineering,
and mathematics.

Varied, unusual applications of automata theory could be found in areas of emergent
computing, such as bioinformatics, as well as in sociology, anthropology, biology,
chemistry, geology, philosophy, psychology, medicine, etc. Indeed, automata theory is
ubiquitous.

As I carried out research in the areas of emergent computing, another viewpoint
emerged. Specifically, the view that most emergent applications of mathematical
linguistics did not deal with human communications. The prejudice that language is
limited to human beings has not escaped the attention of others.

Writing this book presented difficulties. The first problem was that no book has
attempted to be so comprehensive. There was no model for this book. Thus I had to
effectively create a new area of study. Second, as the subject matter involves multiple
disciplines, the book had to be comprehensible to readers from different educational
backgrounds, yet not be unreasonably demanding. The chief disciplines include organic
chemistry, biochemistry, genetics, biology, and theoretical computer science. Thus, I felt
that a brief review of some aspects of organic chemistry and biochemistry should be
included sufficient to support comprehension of these disciplines. A brief review of
automata theory is also included as it is hoped that biochemists would be interested in
automata theory. Third, as emergent computation is rapidly expanding, keeping up with
the vast and rapidly growing research data is difficult.

It is hoped that this book will be found useful and interesting to those studying
emerging, non-traditional applications of automata theory. Each chapter will have an
interesting historical note relating to medicine or some related subject. It is hoped that the
university environment will become less adverse to interdisciplinary studies: censorship is
not compatible with discovery and research!

Last, I take full responsibility for errors and especially omissions.” In many cases, I
have discussed only some of the topics covered in research papers. It is expected that
interested readers will read further to gain greater insights.

I dedicate this book to my mother, Tomar Rosenberg, my wife, Esther M. Lederberg,
and Randy, Sarah, and Nicole.

Matthew Simon

*lam especially apologetic that 1 could not find applications of mathematical linguistics applied to cetaceans,
primates other than human beings, social insects other than bees, geology, psychology, etc. I sought such
papers, contacting specialists, but [ was not able to locate appropriate papers.
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Introduction

This book has as its object the study of emergent computation. Bioinformatics is
emphasized, but the subject matter is not limited to bioinformatics.

Insofar as bioinformatics is examined, DNA, RNA, and proteins are studied. While
this might appear to be natural and expected, the reader should be aware that other studies
in bioinformatics exclude some or all of these subjects!

It might also come as a surprise to the reader that other studies in bioinformatics
emphasize computation theory to such a degree that they ignore biochemistry! These are
works of computability that unfortunately ignore and are not compatible with the known
facts about DNA, RNA, and proteins. Apparently the view held by these authors is that
their theories of computability are so beautiful that DNA, RNA, and proteins are less
important than elegant theories. This book will endeavor to study the bioinformatics of
DNA, RNA, and proteins based upon published papers of research scientists. Speculative
theories of computation occasionally applied to limited aspects of bioinformatics are
omitted.

There are difficulties presented in attempting to cover so many aspects of
bioinformatics. Bioinformatics is now a very large study, and demands much of both
author as well as readers. Readers must be knowledgeable in a number of areas:

¢ Inorganic chemistry, biochemistry, organic chemistry °

e  Automata theory

e Aspects of biology (such as microbiology, and genetics)

It is possible to study only portions of the subject matter covered in this book,
depending upon time and interests. A knowledge of chemistry is not essential, but there

will be a loss of appreciation and comprehension of bioinformatics without such
knowledge.

An interesting fact emerges when one studies the subject of emergent computation, a
fact that should not be ignored: bioinformatics is not entirely new—this subject has a
history.

The geologist James Hutton (1726-1797) noted that geological structures are subject
to change. These changes are due to high pressures and extreme temperatures on land and
under the sea, erosion, and volcanic action: rock on dry land becoming submerged, then
re-emerging in a cyclical process, over long periods of time. This theme was picked up by
Charles Lyell (1797-1875), and modified by Uniformitarian views that the same scientific
laws acted uniformly in the past as they do in the present. The gradual geologic changes
seen by Hutton, supported by a paleontological record (fossils and sedimentary strata),
with an appreciation of the immense age of the earth, came in conflict with the prevailing
religious views of Catastrophism. According to Catastrophism the planet Earth was
created in a short span of time, the earth and all its creatures created in an instant, by an

b The author has excluded as much chemistry as possible, such as qualitative analysis (inorganic and organic),
quantitative analysis (titrimetric and gravimetric, and instrumentation, such as chromatography, gel
electrophoresis), thermodynamics, physical chemistry, and most of genetics. Cellular automata, neural nets, and
Post systems are not covered. Some studies are limited to theory, while others extend to in vitro or in vivo
implementations. Bioinformatics does not focus upon database mining, nor the alignment of sequences of
nucleotide bases in this book.
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Part I

Emergent Computation: Bioinformatics

The objective of Part I of this book is to study different aspects of the
interrelationship between automata theory, also known as the theory of computability or
mathematical linguistics, as applied to major areas of bioinformatics: DNA, RNA, and
protein chemistry.



Chapter 1: A Review of Chemistry

Medicine

“Despite the presence of faculties of medicine in most universities, major centers of
academic medical education were always few in number. In terms of chronological and
geographical distribution of such centers, the salient facts are the early emergence and
early decline of Salerno (the late eleventh through the early thirteenth centuries) and the
subsequent predominance of just three centers: Bologna, Montpellier, and Paris. A fourth
center, Padua, the home of medical studies since the thirteenth century, increased in size
and importance in the course of the fifteenth century.

“The differences between the various faculties of medicine lay more in size, reputation,
and institutional position than in curriculum. The common heritage of Greek and Islamic
medical learning and Aristotelian natural philosophy ensured a good deal of curricular
uniformity throughout Europe, but the intellectual as well as the professional and collegial
ambiance of the various medical faculties varied widely.

“The introduction of an academic and book-oriented emphasis in Salernitan medicine was
the result of a confluence of factors. Access to some of the medical writings in Latin
available in Italy during the Middle Ages no doubt played a part. In addition, the
geographical situation and early medieval history of the southern part of the Italian
peninsula provided opportunities for intellectual contact with both the Greek and Arabic
speaking worlds. Extremely important was the presence nearby of the celebrated
Benedictine monastery of Monte Cassino, where Constantinus Africanus was a monk. As
noted...Constantinus’ Pantegni and other translations provided the first access in western
Europe to a substantial corpus of medical literature derived from Arabic sources.

“In addition to writing various guides to medical practice, twelfth and early thirteenth-
century Salernitan authors brought together a collection (subsequently known as articella)
of short treatises conveying the rudiments of Hippocratic and Galenic medicine to serve
as a basic curriculum, and they established the practice of teaching by commentary on
these texts. The collection as first compiled in the twelfth century (later other texts were
added) consisted of two Hippocratic treatises, the Aphorisms and the Prognostics; a brief
Galenic treatise known under various titles (4rs medica, Ars parva, Tegni, or
Microtechne); an Arabic introduction to Galenic medicine known to the Latins as the
Isogoge of Johannitius; and short tracts on the main diagnostic tools of the medieval
physician, namely pulse and urine. The association of medicine with natural philosophy
was also emphasized at Salerno; Salernitan masters were among the earliest Latin writers
to reflect some knowledge of Aristotle’s writings on physical science, and the well-known
‘Salernitan questions’ mingled medical and general scientific topics”[231, pp. 55-58].

“In addition to, and often as a part of, the rise of the boards of health came another
phenomenon of the post-plague era~the plague doctor. In more sophisticated parts of the
West, beginning in Italy and then spreading to France, England, the Netherlands, and
Germany, town councils or health boards hired municipal physicians and surgeons to treat
plague victims. It was a difficult, dangerous, and unpleasant job, and, to make matters
worse, after the plague doctor had treated the victims, he had to endure a long quarantine
of his own. Who, then, were these doctors, and why would anyone want the job? Very
few were established doctors. Usually, the job was filled by second-raters who had
difficulty establishing practices of their own, or by young physicians and surgeons,
generally from rural areas, who were just starting out” [227, p. 125].
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Organic Chemistry and Biochemistry

This chapter constitutes a brief discussion of some of the basic ideas and nomenclature of
biochemistry and aspects of biology. The knowledge gained from studying this chapter is
required for subsequent chapters. This chapter is not intended to impart extensive
knowledge of organic chemistry, biochemistry, or biology, but merely the most
elementary basics. For those readers with little background in these subjects, this chapter
should serve as an aid to comprehension. If more extensive knowledge is desired, please
refer to referenced books or articles.

A Brief Review of Chemistry
Bonds, Lewis Acids

It is not the purpose of this book to delve deeply into chemistry; thus only brief mention
will be made of topics such as bonds. The interested reader is welcome to a deeper study
in books covering chemistry. It is sufficient for the purposes of this book to mention that
bonds of interest include polar (ionic) bonds and covalent bonds, understanding that these
two kinds of bonds represent extremes. Bonds may take on the nature of something
between both these extremes, a “percentage” but even saying this goes beyond the
purpose of this book. An atom that can fairly easily provide (a mobile) electron (thus is
negatively charged) to an atom deficient in an electron, will participate in an ionic, or
polar bond. When two electrons are shared or resonate between two (or more) atoms,
these electrons partake in a covalent bond. We shall not delve into the molecular orbitals
that these electrons occupy. In addition to polar and covalent bonds, there are dative
bonds. Acid or salt structures may be viewed as Lewis acids, but once again, this extends
somewhat beyond the purpose of this book.
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Chelates

Chelates [8] will receive attention; one specific area of interest will be found in the
chapter dealing with nucleotide bases in DNA, discussed in Chapter 3.

reaction rate

[ML] M refers to a cation (often a metal)
M+L —/m ML k = m L refers to a ligand anion
[ ] refers to a concentration

What then is the reationrate for: M + 4L — ML, ?

Stepwise Formation Constants

[ ]
o I ]

i

M + L - ML , k

ML + L — ML, , k, = [1az.]
e v |
ML, + L — ML, , k; = [z ]
[z ) |
[ML,]

MLy, + L — ML, , k, = ——aio

[ML, ][L ]

then:

o] - oo T |
[Mr.] = kfur Ju | = ok, [ ][L] 3
[ML,] = ka[ML'z][L] = k3k2k1[M ][L] 4
[Mr,] = k4[ML3][L] = k4k3k2k1[M IL]

Thus we conclude that

k = I ) kok3k,ky

=T
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Equilibrium Constant

Also, if we consider the following reaction:

k
A+ BgEe—=C + D
2

(cJ . L

N O N G O
Thus at equilibrium:  x;[a][B] = k,[C][D]
We conclude that at equilibrium, the equilibrium constant: Kg = ‘k‘;—
A Few Examples of Chelates
Anion Cation Complex
50;° [Cu(NH3)4]+2 [cufni,), Jso,
[cuBr, ] [(NH4)21+2 [cuBxr, J(ng,),
c1t [CO(NH3)6 + [CO(Nhj)G]
c1 [CO(NH3}5c1]+2 [ ofNH),C1 ]c12
c1t [CO(NH3)4C12]+] trans - [Co(NH;),C1,]c1
cit [C<)(NH3)4C12]+l cis - [co(i,),C1,]c1
c1? [Be(on,), ]+2 [Be(0n,), Je2.

etc.

Thus, as an example, consider the following planar coordination complex.

NH;

NH~\ /
¥ s \

NH; ———NH;
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Organic Chemistry
Major Functional Groups

Chemical nomenclature is the chief objective here but, of course, the subject of organic
chemistry has a beauty of its own. Understanding organic chemical structure depends
upon reactive functional groups, and the following groups constitute many (but certainly
not all) of the functional groups. Of course, a molecule may contain multiple functional
groups.

Multiple Covalent Bonds

R, /R3 Note: R, and R'3'are
\C —c mh_l“cll{s” 1()1osmon,
while R, an are

RZ/ \R4 ) R4

in “trans” position.

CH,=—=CH, ethylene

Example 1 (Double Bonds):

Example 2 (Triple Bonds): R, c

C R
“ E\Z

CH==CH acetylene

Alcohols: Ry,~—C — OH Example: CH;OH, methyl alcohol

Carboxylic Acids: H
R — C—OH Example: CH;COOH, acetic acid

[
Esters: H Example: CH;—C —O—CH,—CH;
R,—— C——OR,

Ethers: R,—/ O—R, / \
Example: O—CH;
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Peroxides: R,— O0——O0—R, Example:
(CH3)3 —C—0—10 "(CH:;);

Aldehydes: ‘ ‘ Carbonyl group: ’ ‘
R—— C—H —C—

O

Example:  CH, —(‘jl —H

o 0
Ketones: l ‘

Q—

Example: CH;—C —CH,—CH;

R—— C—R,

=

Aromatics: ’

benzene
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Cl

Other examples:

NO,
3

1-chloro-3-nitrobenzene NH,

It is common to number carbon atoms, or

other atoms in the case of heterocyclic

molecules, so that it is clear to which

atom reference is being made. There will

be many cases in which this becomes

important. aminobenzene

para xylene

CH; CH; CH;,

ortho xylene meta xylene

Heterocyclic aromatics (they contain atoms other than carbon, such as nitrogen, sulphur,
etc. in a ring); we shall find many examples of these later on.

Structural Isomers and Tautomers

There are different kinds of isomers. Structural isomers are molecules with the same
number of carbons, hydrogens, nitrogens, etc., but with different structures and different
properties. Examples follow. Isomers are important because molecular rearrangements
that provide increased stability can thus be understood. Isomers that easily interconvert
explain different possible reactions. Thus upon examination, one might find that a
chemical transformation is easily explained, when one realizes that a tautomeric form is
closely related to an end product, while an entirely different end product is explained by
another tautomeric form.
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Structural Isomers of Cs Hy; (An interesting computation
is to determine for these alkanes, the number of structural
isomers, given the number of carbons)

CH; —CH, —CH, —CH,—CH;
CH;

CH; — CH — CH, — CH,

CH;
CH; — L — CH;

CH;

Given “n” carbons, how many
structural isomers are there?

Enantiomorphic Isomers

There are yet other kinds of isomer than those above. Another class of isomers is called
enantiomorphs, which rotate polarized light at different angles and are also referred to as
stereoisomers or mirror-image isomers. If a carbon atom is bonded to four different
functional groups, then the molecule forms enantiomorphs.

lllz
Rl—?—Rz

x’ “\'\‘

To show that the above carbon is optically active, it is common to write a star at the active
carbon:
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R4
| %
R]——$——R2

R;

Note that a molecule may contain more than one optically active carbon. A carbon with a
star denotes an optically active carbon. The following has 4 = 22 enanteomorphic
isomers. R, R,
w| | =
R — (ll —C —Rs

R; Rs
As a point of interest, silicon, with four different functional groups, has stereoisomers.
When a solution (containing one of the enéntiomorphic molecules) is viewed in polarized
light, the light is rotated left or right. Right rotation is referred to as dextro (D), while left

rotation is referred to as levro (L). Amino acid forms found in living things are D-amino
acids. Thus enantiomophic molecules are quite relevant in this book. See Figure 1.1.

az__[a]-g-l N P

v

o , observed rotation

g , grams dextro levro
! , length

v , volume

[a] ., Specific rotation

Figure 1.1 Optical activity of stereoisomers

Typically, the monochromatic D lines of Sodium, or the green line of mercury, or the red
line of cadmium are used, at a fixed temperature ( 25C ).

Recall that tautomers are spontaneously interconvertible isomers. As an example:
R—CH,—CH=0 = R—CH=CH—OH

Another example of tautomers are the lactim and lactam forms of uracil (a pyrimidine
derivative).
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Pyrimidine exists in lactim and lactam tautomers. As an example, uracil is a derivative of
pyrimidine (see the section “Ribose, Deoxyribose, Phospho-Diesters” to get an example
of the relevance of these tautomers).

OH 0
| |
C C
/ 4 \ / 4 \
N7 s CH HN s CH
e
———
HO —C . 2
- 6 OoO=—C [3
CH
\ 1 / \ . / CH
N NH
lactim form of lactam form of
uracil uracil
Tautomers

Similarly there are tautomeric forms derived from purine.

C
N/ \C/N /C\C/NH

\

—
COH «— c=o0
C C—__ / C C /
4 T T
l \ N — NH o \NH NH
OH
uric acid uric acid
(lactim form) (lactam form)

One should keep in mind that “stability” is significant, and stability enters consideration
in a number of ways. One common way that stability should be considered is in molecular
rearrangements; thus tertiary carbon is more stable than secondary carbon, which in turn
is more stable than primary carbon. Thus, for example, a secondary group might rearrange
into a tertiary group, and a surprising result may be found.
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R R R
| | |
R—C—R H—C—R H—C—H
tertiary secondary primary

Aldehydes, Ketones, and Saccharides

Sugars form the basis of many important biological macromolecules. A short examination
of some sugar molecules will be very helpful. Sugars may be simple monosaccharides, or
more complex saccharides. Oligosaccharides are sugars composed of a few saccharides,
such as disaccharides. Polysaccharides are sugars composed of many saccharides. When
polysaccharides are composed of the same sugar(s), they are referred to as homo-
polysaccharides. To begin with, our major interest will be monosaccharides, then as
homo-polysaccharides.

Saccharides derived from

aldehydes and ketones
fe} 6]
R—C—H R,— C—R,
aldehyde ketone

Monosaccharides are aldehydes or ketones with two or more hydroxyl groups.
Monosaccharides are aldoses or ketoses. Although it will be omitted, at this point,
stereoisomeric carbons will be starred (% ).

H H
| ' CH, OH
o=C¢C o=¢C
| | |
H—C—O0H HO—C—H O0=C¢C
"] *| |
CH, OH CH, OH CH,O0H
D-glyceraldehyde L-glyceraldehyde Dihydroxyacetone

Aldoses with 4, 5, 6, or 7 carbons are named tetroses, pentoses, hexoses, and heptoses.
Haworth Projections

Pentoses and hexoses cyclize to form furanose and pyranose rings. In order to understand
both structure as well as nomenclature, a few notes follow.
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For D-glucose drawn as Haworth projections, the designation a means that the hydroxyl
group attached to the C-1 carbon is below the plane of the ring; P means that the hydroxyl
group is above the plane of the ring. For D-fructose, The C-2 carbon is referred to as the
anomeric carbon atom; thus the o and P forms are anomers.

6
HOCH,

O\\C/H
2 H— L —OH

, Hodn /‘f“

/H
H o-D-glucopyranose
) H—J:—OH L) L ‘[: \\o
J: HOCH,
s H—C—OH | | o
| H OH OH
6 CH,O0H
OH
D-glucose OH
(open-chain form) OH
B-D-glucopyranose
6 o 1
HOCH, CH, OH
1 (‘:Hz OH . \2
2 I(,.‘—-_.O OH
CH OH /
3 HO—C— H HOH, C  oH

— HHOC

4+ H—C—OH +—= OH

| ll-l a-D- fructofuranose
5 H—C— OH J) L

I H HOCHZ

6 CH,OH H
5 2
D-fructose H,OH
1
4 3
OH OH

B-D-fructofuranose
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Two a-D-glucoses are
1-4 bonded as o - maltose

a mono-saccharide a di-saccharide

HOCH, HOCH, HOCH,
O O O

OH OH \ OH
OH OH OH o OH
OH OH OH
a-D- glucose a - maltose
HOCH, O\\\\:TH HOCH, O\\\\\IH
OH OH OH

B-D-ribofuranose 2-deoxy-p-D-ribofuranose

Biological Macromolecules

Molecules of glucose, ribose, and deoxyribose may be linked together to form polymeric
chains or macro-molecules, commonly found in the study of biology. Glycogen is
composed of o-1,4 linked glucose, and cellulose is composed of -1,4 linked glucose.

HOCH, HOCH, HOCH,
0 O
o OH \\t__o OH \\L—-o OH o
Tt OH OH OH

glycogen
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Ribose, Deoxyribose, Phospho-Diesters

Ribose and deoxyribose carbons are numbered as follows.

OH OH

B-D- ribofuranose 2’-deoxy-B-D-ribofuranose

Phospho-diesters may link together ribose or deoxyribose chains, at the 5° and 3’ carbons
to create polymers.
3’ carbon

O

O=P—0— 5 carbon

OH
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“backbone” of
deoxyribose

O

O=P~—0—CH, OH
OH \‘

B

Note: One may refer to the chain from the 5° carbon at “A”, to the 3’ carbon at “B”.
This. will become important when nucleotide bases are added to the DNA “backbone” to
create DNA. "
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- —CH; 0 OH

“backbone” of
ribose

T OH
0 = |P——o——————cm o OH
- \

O OH

Note: One may refer to the chain from the 5° carbon at “A”, to the 3’ carbon at “B”.
This will become important when nucleotide bases are added to the RNA “backbone” to
create RNA.



A Review of Chemistry 19

Pyrimidine Derivatives
Thymine, cytosine and uracil are pyrimidine derivatives, while adenine and guanine are

purine derivatives. However, these derivatives are more easily understood if the lactim /
lactam tautomers of pyrimidine and purine are examined.

CH CH

N N N
H
pyrimidine purine
thymine
OH 0
! u
4 \ / 4

5 C—CH3 3 NH 5 C_CH3

1 / \ 1

N NH

=
3
HO—-CZ\ ¢ CH o= 6 CH

lactim form lactam form
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lactim form

lactim form

cytosine
NH,
!
3 / s \
NH s CH
—
2
o0—¢c¢ 6
1 / CH
NH
lactam form
uracil
(0]
Ig
3 / 4 \
NH s CH
Pram—

\] /GCH

NH

lactam form



Purine Derivatives

adenine

NH,

guanine

OH

|
C 5
/G\C/

1

N
7
N
|

8 CH «=

2 2

— 0

H
NH, NH,

lactim form

E\é/7

R

\;/9\;/ r\sN/f\;/
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Y

6]

I

N

8 CH

H

lactam form
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Nucleosides and Nucleotides

A nucleoside consists of a purine or pyrimidine base linked to a pentose.
A nucleotide consists of a phosphate ester of a nucleoside.

Nucleosides
Base Ribonucleoside Derivative
Adenine Adenosine Purine
Guanine Guanosine Purine
Uracil Uridine Pyrimidine
Cytosine Cytodine Pyrimidine
Base Deoxyribonucleoside Derivative
Adenine Deoxyadenosine Purine
Guanine Deoxyguanosine Purine
Thymine Deoxythymidine Pyrimidine
Cytosine Deoxycytodine Pyrimidine
Ribonucleosides
uridine cytidine
o NH,
I I
s C /C
HN ey NT \CH
| I | I
O0=C CH 0==C
~ ~ _~CH
N N
HOCH, HOCH,
o
OH OH OH OH

1-B-D ribofuranosyluracil 1-B-D ribofuranosylcytosine



adenosine

NH,
I

=€ N
N/ \C/ \
l I CH
HC .~ O /
N N

HOCH,

OH OH

9-B-D ribofuranosyladenine

A Review of Chemistry 23

guanosine
(e)
I
¢ N
HN ~N c e \\\
| Il CH

NH, — ¢
2 \N/C\N/

HOCH,

OH OH

9-B-D ribofuranosylguanine

Deoxyribonucleosides
thymidine cytidine
O NH,
i I
e C ~ = C ~
HN c — CH; N// CH
| | | I
o—C¢C ~ CH 0O=C¢C ~ CH
N N
HOCH, HOCH,
(6]
OH OH

1-B-D deoxyribofuranosylthymine

1-p-Ddeoxyribofuranosylcytosine
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adenosine
NH,
!
~C N
N
| I CH
oSN
N
HOCH,
OH

9-8-D deoxyribofuranosyladenine

guanosine

OH

9-B-D deoxyribofuranosylguanine
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Nucleotides

Organic acids have the general formula RCOOH with the following structure.
o]
I
R— C— OH

Specific examples where there are different groups for R:

0 (0]

I I
CH; — C — OH C—OH

Esters have the general formula R,COOR, with the following structure.

0
I

A specific example might be:

o}
Il
C— O—CH,

Nucleotides are phosphate esters of nucleosides:  ( linked to a nucleoside )

o) 0 o) o) o) o)
Il Il I | Il Il

—P—0 —P—O0—P—0 —P—O—P—O0—P—O"
l | I l I I

(0N .\ o” \\o‘ N o” 0~

orthophosphate or P;  pyrophosphate or PP;
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Ribonucleotides
uridine 5’-phosphate cytidine 3’-phosphate
0 NH,
I l
C C
yd F
o Nen L
| I l I
o=c__ _CH 0=C._ _-CH
N N
H,0;POCH, HOCH,
OH OH H,0;P0 OH

adenosine 5’-phosphate

|

€ N
N/ \c/ \
I Il CH
HC\N/C\N/

H,0,POCH,

OH OH

guanosine 5’-phosphate

H,0;POCH,

OH OH
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Deoxyribonucleotides

deoxythymidine 5’-phosphate
0
f
pd C\

HN C—CH3
I

|
0=C._ _-CH
N

OH

deoxvyadenosine 5’-phosphate

NH,
l
/C N
N \
I I CH
HC\N/C\
H, 0,POCH,
OH

deoxycytidine 5’-phosphate

NH,
|
/C\
N CH
I [
= CH
o=~
N
H,0, POCH,
OH

deoxyguanosine 5’-phosphate

H, 0,POCH,

OH

The nucleotides with phosphate groups linked to the 5’ position are of specific interest.
DNA is a deoxyribose polymer linked to A, C, G, T nucleotides.
RNA is a ribose polymer linked to A, C, G, U nucleotides.
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NH,
5’ end N /]\
N .
_ ( :IL adenine (A)
0 2
5
_ OCH N N
O _P - 2 O
!
o

0] m cytosine (C)
| /Ko

I (6]
o
(@] .
guanine (G)
N L
{ NH
N

| _
Z > \u,

l N
|
H;C
NH

O=P—OCH,
O thymine (T)
0 | /|§
| o

OH

5’ A CG T3’ DNA sequence 3’ end
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DNA as a Double Helix

From the viewpoint of energy, a double helix configuration offers great stability. This will
be discussed when dealing with RNA folding, but to get an idea of the relationships,
there is bonding between the base pairs, as well as steric considerations, as well as
hydrogen bonding that confers stability. The DNA bases are hydrophobic and thus tend to
be located internally with respect to the helix. Hydrogen bonds tend to be external to the
helix, providing stability by bonding to the water in an aqueous environment.

helix
’
-
’
cytosine //
A P
~ ~ P
H »
~H N /K ii
d
7 e -~
Pid guanine
s
e
helix
helix
//
/
// thyTine
H \ v r ~
N —H Q)

CH
/J\N__..H.,N ’
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NH,
5’ end N \N
0" /I adenine (A)
| ¥ N N =F

0 =P —OCH,

o]
OH NH,

/\N

0] “\ I\ cytosine (C)

| N o

O =P —OCH,

I (@]

o
OH

guanine (G)

)
N L
NH
RS
| F
O=P—OCH, , N N NH,

0]

OH uracil (U)

0
/u\NH
0 |
l No
N
o )
OH OH

5’ ACG U3 RNA sequence 3’ end
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Energy in Biological Systems

The phosphate linkage is a source of energy that is used to drive various biochemical
reactions. The structures involved are as follows.

adenosine triphosphate or ATP

NH,
I
C N
NZ Neo \\
I i CH
HC C
N
o o o Xy O\ /
1 H Il
0 -P—0—P—O0—P—OCH, g
| I |
o~ o o)
OH OH

NH,
|
Z ¢ N
NIV E
I I CH
HC C
x
o o SN N /
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adenosine monophosphate or AMP

NH,

|

C N

| I CH
C
N /
(0] = N/ ™~ N
i
O —P—OCH, g

|
.

OH OH

guanosine triphosphate or GTP
o
c N
~
HN e \
| I CH
NH, — C C
e} o 0 X N PN N

i I Il
0" —P—0—P— O—P—O0OCH,
| I |

o 0 O

0]

OH OH
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guanosine diphosphate or GDP

(0}
C
s N
HN TN
| Il CH
NH, — C C
o 0 Xy N /
I I N
0" —P—O0—P—0OCH, q
I |
o o}
OH OH

guanosine monophosphate or GMP

o)
|
/C\ N
HN c” \
I Il CH
NH, —C
"o \N/Q\N/
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thymidine triphosphate or TTP

O
l
C
/
HN ™ C—CH,
I I
0 o o o=Cc
1 I I N
O —P—O0O—P—0—P—OCH,
(¢
| | |
o o o
OH
Note: this is a deoxyribose form.
thymidine diphosphate or TDP
¢
I
C
TN
HN C b CH3
! ll
o 0 0 =C ~_ CH
I I N
O —P—O—P—OCH, o
| I
o} O
OH

Note: this is a deoxyribose form.
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thymidine monophosphate or TMP

0

l

c

/
HN Ne— CH,
| Il
0=C CH
0 ~
I N
0" —P—OCH,
|
o
OH

Note: this is a deoxyribose form.

cytidine triphosphate or CTP

NH,
|
/C\
N CH
() () (IZ ”
8] O = CH
I I I ~n
0"—P—O0—P— O— P—OCH,
l | | 0

o o O

OH OH
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cytidine diphosphate or CDP

NH,
I
/C\
NE
| I
0] 0} 0=C CH
~
ol I N
O —P— O—P-—O0CH, o
I |
o o
OH OH
cytidine monophosphate or CMP
NH,
|
/C\
NEN
| i
0] O0=C CH
I S

O — P—OCH,
| o

0]

OH OH
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uridine triphosphate or UTP

O
Il
C
uN"" \cH
| l
0 0 fo} O =C CH
~
I I I N
0 —P— 0— P~ O0—P-— OCH,
I | I
o 0N o}
OH OH
uridine diphosphate or UDP
O
Il
/C
HN cH
| l
0 O 0= CH
I I S
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uridine monophosphate or UMP

(0]
I
/C
HN \CH
| i
0 0=cC CH
N
I N
0 — P—OCH,
|
o
OH OH

These nucleotides release energy that can be used to drive other reactions, thus:

ATP + H,0 &———= ADP+ P, + H" + energy

ATP + H,0 &——— AMP + PP, + H" + energy
Analogous reactions occur as follows.

XTP + H,O0 «———= XDP + P, + H' + energy

XTP + H,0 &=—— XMP + PP, + H  + energy
where X maybe C, T, G, or U.

ATP, ADP, and AMP are interconvertible.

ATP + AMP ——* 2ADP

and in general:

ATP + XMP &—— ADP + XDP

but also:

XTP + YDP &—— XDP + YTP
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In general, all these forms are interconvertible. In addition to XTP, there are dXTP
(deoxyadenosine, deoxyguanosine, deoxycytidine, deoxythymidine) molecules that not
only enter into energy relationships, but simultaneously provide the bases needed for
DNA replication [170, p. 740], [90, p. 90].

An example where ATP is used to drive a reaction, is the following, the first step in
glycolysis.

O

6§ CHO — p— 0O~

hexokinase

+ ATP

glucose glucose 6-phosphate

Amino Acids and Proteins

Amino acids of interest in this book are alpha amino acids. Amino acids may be classified
into different families, depending upon the carbon chain as follows.

NH, — CH, — CH, —CH, —4 —OH

amino v
group carboxyl group
etc...  ycarbon o carbon
f carbon

B - amino acid, example of

I
NH, — CH, — CH, — C — OH

B - alanine
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Note that the a carbon for all a-amino acids (except for glycine) is optically active.

The 20 Common o Amino Acids Found in Proteins

0 o
NH, — CH,—C—OH NHZ——(|IH—|C—OH
CH;
glycine (gly) L - alanine (ala)
I I
NHz—CH—|C—OH NHz—TH—~(|I—OH
CH CH
CH3/ \CH3 ({\CHs

CH;

L - valine (val) L - isoleucine (ileu)



/\
CH;

CH,

L - leucine (leu)

(0]
NHz—(llH C—OH
/ \
CH,

L - threonine (thr)

L - aspartic acid (asp)
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L - serine (ser)

L - proline (pro)

NH, — CH —C-—OH

OH

L - glutamic acid (glu)



42 Emergent Computation

L - lysine (lys)

0
NH, —CH ——I(IJ —OH
H,
J"JH —NH,

L - asparagine (asn)

o
|

NH, — CH—C-—OH
H,

SH

L - cysteine (cys)

NH ICHz

NH, —C-—NH

L - arginine (arg)

I
NH, —CH—C

H,
|

CH,
L —NH,

—OH

o
L - glutamine (gln)

o)
I

NH, —CH—C—OH
H,

CH;

L——CH;

L - methionine (met)



L - tryptophan (iry)

aO=0

NH, —CH—
H,

—OH

L - tyrosine (tyr)

A Review of Chemistry 43

L - phenylalanine (phe)

0
NHZ—CH——Q~OH
o
£
e
i«

L - histidine (his)
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Amino acid 3-Letter code | 1-Letter code
alanine Alu A
arginine Arg R
aspartic acid Asp D
_asparginine Asn N
cysteine Cys C
| glutamic acid Glu E
glutamine Gln Q
glycine Gly G
histine His H
isoleucine lle 1
leucine Leu L
lysine Lys K
methionine Met M
phenylalanine Phe F
proline Pro P
serine Ser S
threonine Thr T
tryptophan Trp W
tyrosine Tyr Y
valine Val \%

Figure 1.2 Amino acid abbreviations
The Central Dogma of Genetics

Self replication (see Figure 1.3)

DNA »RNA — Protein
transcription translation

Watson-Crick Complementary Base-Pairs

DNA RNA
A pairswith T A pairswith U
T pairswith A U pairswith A
C pairswith G C pairswith G
G pairswith C G pairswith C

Note that there is a purine matched with a pyrimidine derivative in each pair of
complementary bases. However, mismatches do occurr.

If X isthe complement of X, then the Watson-Crick complements are as follows.
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DNA RNA

A=T A =U

T=A U= A

C=G C =G
DNA is composed of RNA is composed of
words over the alphabet words over the alphabet
A,C,G T A,C,G U

DNA exists as a double helix [4], [30, p. 156], [87, p. 15] composed of bases A, C, G, T
linked to a dexoyribose strand, coupled with another strand in which each base is matched
by its complement.”

Example: 5 ACCTGAC 3 strand 1
3>’ TGGACTG ¥ strand 2

RNA exists as a single strand, typically composed of bases A, C, G, U linked to a ribose
strand.

Example: 5> ACCUGAC ¥

2 Triple helix, quadruple, and quintuple forms have been found (and have value pharmaceutically).
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Replication
5 ¥
TAGGACTTCCGATTG
DNA, before ATCCTGA[AGGCTAAC
3’ s’
area of
replication
CTCGA °
_/?——7
5 i C
TAGG 3« ,
AGGCT .
DNA being
TCCGA replicated
5’ : 3!
3 ATCC T 5
A A
5’
Figure 1.3 DNA replication
Transcription

Transcription means that a complementary copy of RNA is copied from DNA at an active
site (where the double helix strands spread apart). See Figure 1.4.

Example:

5 3

TAGGACTTCCGATTG
ATCCTGAAGGCTAAC
3’

DNA, before

after

thus DNA is transcribed to RNA: 5" UAGGACUUC 3

Figure 1.4 DNA to RNA transcription
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Genetic Code

It has been experimentally deduced that every three non-overlapping RNA bases (codons)
uniquely specify an amino acid. Thus there are 64 possible triplets:
[(4.C.G.U}|x[{4.C,G,U}|x|{4,C.G,U}|=4" = 64 . The following table specifies the

codons found.

2nd .
1st U C A G 3rd
U Phe Ser Tyr Cys | U
U Phe Ser Tyr Cys | C
U Leu Ser stop stop | A
U Leu Ser stop Trp | G
C Leu Pro His Arg | U
C Leu Pro His Arg | C
C Leu Pro Gln Arg | A
C Leu Pro Gin Arg | G
A lle Thr Asn Ser | U
A lle Thr Asn Ser | C
A Ile Thr Lys Arg | A
A Met Thr Lys Arg | G
G Val Ala Asp Gly |U
G Val Ala Asp Gly | C
G Val Ala Glu Gly | A
G Val Ala Glu Gly |G

There is a great deal of redundancy; thus for example, Ser has codons UCU, UCC, UCA,
UCG, AGU, and AGC. The three nonsense stop codons (nonsense, as these do not code
for amino acids) are UAG (amber), UAA (ochre), and UGA (opal).

Thus, for example, given mRNA: UUUUCGAACUGGCCAGUUGUGG. . ., we obtain:

U UUU CGA ACU GGC CAG UUG UG ..
Phe Arg Thr Gly His Leu Trp.--

thus the sequence of amino acids found in the mRNA encoding corresponds to:
Phe Arg Thr Gly His Leu Trp...

A gene must start with Met codon, and end with a stop codon. However, to actually
create protein, a more complex process intervenes.

“Frames” refer to the codons. Is a codon every three bases? Given bases
ABCDEFGHLII..., the codon frame corresponds to ABC DEF GHI..., but if Q is an error
in QBCDEFGHIJ..., then sometimes there is a frame error, to get BCD EFG HIJ..., and
similarly, in AQCDEFGHIJ..., then sometimes there is a frame error to get CDE FGH, ...
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Genes

E. coli will be used to describe genes. Several proteins called RNA polymerase bind to
base patterns (called promoter sequences), then proceed down the DNA strands,
transcribing the DNA into mRNA. Thus a gene might appear as follows.

5 ——TTGACA TATAAT——AUG]| gene| stop —3
—
prommor sequence Met

In fact, the situation is often more complex than the simplistic scheme above. Often a
gene is partitioned into exons E;, with what are often called “junk” introns I; separating
the exons. In such a situation, the mRNA assembles the gene, excising the introns.

ona —{ B 1 Fef o [ & }—

mRNA

Figure 1.5 Gene intron, extron and mRNA

Operons

It has been pointed out that “First, not all DNA sequences (of bases) code for protein;
many sequences contain other types of information, for example, regulatory signals
controlling the synthesis of proteins. Secondly, the capacity for information storage
appears to involve more than the one-dimensional pattern of bases; for example, dynamic
information is stored in the three-dimensional conformation of DNA.” It has also been
stated that “Thus, in addition to coding for protein sequences, the DNA must code for its
involvement with the cellular machinery. This includes instructions concerning the
regulation and execution of protein synthesis, as well as instructions for the packaging,
storing, and manipulation of DNA within the cell” [27, pp. 159-161].

We already know that transcription refers to mRNA formation from DNA, and we already
know that the creation of proteins from mRNA codons is called translation. We must also
be aware that transcription involves: recognition, binding, initiation, and termination sites
all referred to as an “operon.” The description of the following Lac operon has also been
provided [27, pp. 159-161].
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The way the operon functions:

l CAP protein binding to site “a”
glucose present Yes is not favored - thus RNA
? polymerase binding is not
facilitated
No

CAP protein binds to site
“a” CAP protein binding site:
facilitates binding of RNA

polymerase
4 repressor protein binds to site
lactose present No “b”, thereby preventing RNA
? —>{polymerase transcription
(mRNA formation is not
Yes favored)

mRNA polymerase
formation is favored

Note that a more detailed
and accurate description of
operon function will be
ribosome binds to site “/” binding- provided in the appropriate
site of mMRNA until mRNA place.

translation initiation site is found,
and the start codon is detected,
until the mRNA translation stop
codon is found.

Figure 1.8 Operon function
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Protein Assembly
Given that mRNA and amino acids are present, the question arises as to how proteins are
assembled. It is posited that tRNA, a spatial adapter molecule of about 80 bases is linked

to amino acids, and in the presence of mRNA codons, creates proteins.

RNA is single stranded, and energetic stability is enhanced by the RNA strand folding
back upon itself, into helical regions.

Example:

5 3
GCGGAATAACCGC

Figure 1.9 RNA folding

RNA Folding
Types of RNA folding: Primary, Secondary, Tertiary
Primary folding refers to the linear order of bases.

Secondary folding consists of planar relationships between bases, and there is a variety of
folds possible.
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end

unpaired

Stacking or Duplex  Single Strand
unpaired bases
atthe 5’ or3’

i

Bulges Internal Loop

=R

Hairpin
unpaired
bases

—
—
Junctions

rr

loop

stem

Figure 1.10 Names of kinds of RNA folds

Tertiary folding; there is a variety:
Base Pair

Pseudoknots: Unpaired bases in the secondary structure link to form folds.

Single Strand:

Base Triples (a base is simultaneously linked to two bases):

/l
/|

C——G

/|
Vi

C—G

Figure 1.11 Base triples

Helix-Helix: The example is a triple helix.

} helix

Figure 1.12 Triple helix
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A number of tRNA sequences have been determined, and all have a cloverleaf pattern.

E. Coli Ala tRNA 3 amino acid
! bonding site
OH
A | acceptor stem
&
, 'C
A
G—C
G—-C
5 M )
AU
G0
L G ¢
G—C

anticodon triplet

codon triplet
/ P
mRNA 3° ACG 5

codon is from mRNA reading from 5’ to 3’

Note: mRNA codon GCA is for Ala

Figure 1.13 Typical tRNA cloverleaf

Inosine may appear in the anticodon. In addition, the anticodon does not necessarily

correspond uniquely to a specific codon due to steric effects, referred to as “wobble”
[170, pp. 886, 887].

mRNA interacts with tRNA to make proteins at cellular sites referred to as ribosomes.
There may be multiple forms of equivalently folded tRNA, and clearly, all the amino
acids found in proteins require a tRNA “adapter”. Thus for example, we may find such
tRNA adaptors as the ones on the next page [94, pp. 171-174].
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tRNA, mRNA

tRNAM | tRNAL®, {RNA*®, mutRNAZ], , or m—tRNA ), the last two are especially
interesting, as they mean: a mutant form of tRNA s, , where the tRNA is normally charged with
(carries) tyrosine (to be emplaced in a protein), where the tRNA is associated with the CUA anti-
codon. The CUA anti-codon implies the codon is the complement of AUC, which is UAG (the
“amber” nonsense stop codon). Similarly, wt—tRNA (), refers to the wild-type tRNA for
tyrosine, with anti-codon GUA, where the codon that corresponds to GUA is the complement of
AUG, or UAC (the codon for tyrosine). Unfortunately, alternative notations are used that appear
quite similar, but mean something very different; thus the literature must be examined to determine

the context. We present a few examples from the literature. These are more useful in that the

specific molecule that is bonded to tRNA is explicitly indicated.

O- methyl— L— tyrosyl- tRNASY, — dCA B - phenylalanyl— tRNA P
L~ 3—iodotyrosyl- tRNASY, — dCA phenylglycyl- tRNA T

Gl
L~ phenyllactyl— tRNA cj, — dCA I-Tyr— (RN A(égA

N- Methyl-—- L— phenylalanyl- tRNAg{}'A— dCA glycyl- tRN Ag{JyA

5— aminovaleryl- tRNASY, — dCA Abu— tRNAY?

L- phenylglycyl- tRNAggA— dCA
L~ 2 — amino- 3,3 ~ dimethylbutyryl- tRNASY, — dCA

2 — amino— 4 — phosphonobutyryl- tRNA g'(}/ 4 —dCA

Aminoacyl-tRNA Synthetases
Sometimes the specific bacterial strain may be specified. Thus the tyrosyl-tRNA synthetase
m —TyrRS,; is from a mutant Methanococcus jannaschii, and the tyrosyltRNA synthetase
wt— TyrRSg, is a mutant of Escherichia coli. This will be discussed in greater detail in Chapter 3.
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Peptide Bond and Proteins

O 0

CH CH,
7 N\
CH; CH;

Val Phe

I
NH, — ’CH—— C— NH—FH—é——OH + H,0
4
CH CH,
/

AN
CH; CH,

peptide bond

Val— Phe or V—F

]
=0

I

main chain or ba -
ckbone  yp*_ cy—C —NH—CH—C—O
(constant structure)

Ry R,

AN /

variable side chains

Protein chains may contain 20 to 2000 amino acid residues, and as amino acid residues
have a mean molecular weight of 110, then the molecular weight is 2,200 to 220,000
(written 2.2 kd to 220 kd). Proteins typically have a complex folded pattern. As cysteine
and methionine contain sulphur, disulphide bonds may act as bridges between side chains
on the same or multiple backbones.
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S
G———I_—V—E—Q——C—C——A——-S—-V——JZ———S-——---
's
5

E‘—V—N—Q—H—L—(l——G——----

Proteins have a three-dimensional conformation that confers biological activity.
Polypeptide conformations were examined crystallographically, and two structures were
proposed:

a helix (tightly coiled, right-handed sense)

p pleated sheets
The a helix exists as single and double strands (and multiplicities beyond two) due to
NH-CO hydrogen backbone bonding. B pleated sheets have NH-CO hydrogen bonding
between different backbones and the strands may be in the same (parallel) direction or
opposite (anti-parallel) direction. Such anti-parallel structures are called P turns.

Primary structure: sequence of amino acids

Secondary structure: spatial arrangement of nearby amino acid residues
(steric considerations, periodic structure)

Tertiary structure: spatial arrangement of amino acid residues that are far apart or
due to disulphide bonds

Quaternary structure: spatial arrangement of mulitiple polypeptide chains

Super secondary structure: clusters of secondary structures

B a B
linear; Bop —p——kQQQQJ}Hu !

/7 p
folded P iy

\ NN
MMMJ_)

o

Figure 1.14 Protein o-helix, B pleated sheets,  turns

Repressor and activator proteins (for example, in operons) bind to DNA, but how? The
three-dimensional conformations of o helices neatly fit into the DNA double helix (as a
unit of recognition). We will not pursue this further, however [170, p. 962].
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Transformations of DNA and RNA

Polymerases are enzymes that promote polymerization.
stranded DNA helix, the polymerization takes place respecting the Watson-Crick
complements. As the OH (alcohol) functional group is quite reactive, extension takes

place at the 3' end:

Example:

5l

3[

5!

3]

51

3!
TGCC

ACGGTCCA
5!

l

TGCCA

31

ACGGTCCA

lsl

TGCCAG

31

ACGGTCCA

31

51

3!

5]

3]

lSI

TGCCAGG

31

ACGGTCCA
5!

l

3!
TGCCAGGT

ACGGTCCA
5t

Specifically, given a double-

Figure 1.15 Polymerase dynamics
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However, terminal transferase allows polymerization at 3' with single-stranded DNA.

5" s 3! 5! 3!
TTTT
a + T Nucleotides ——> o
TTTT
3! 5'  (could be labeled 3! 5!
radioactively)

Figure 1.16 Terminal transferase polymerization

Whereas polymerases extend DNA, nucleases shorten DNA. There are two types of
nucleases: endonucleases and exonucleases. Exonucleases remove nucleotides one at a
time, from the 3' or 5' ends, and some exonucleases operate on either single- or
double-stranded DNA.

Notation: restriction enzymes are classified as follows.
vwxyz where vwx names an organism, y is a strain and is optional, and z is a Roman
numeral (optional) to indicate different restriction enzymes from the same organism.

Examples: Haell, Haelll, BamHI, EcoRI

Examples:
(In these examples, N and N' refer to any nucleotides, where N and N! are Watson-
Crick complements. If there is no complementary base, then only N will be utilized.)

Exonuclease III removes nucleotides from 3' on double-stranded DNA, while Bal31
cleaves nucleotides from both 3'and 5' ends of double-stranded DNA simultaneously.
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Exonuéleases
Exonuclease 111 I Bal31
3! | 51
|
N NNN N N NN i N N N N NN
I a
NIN'NIN! NININ'N! : NIN'N! NININ!
st 3
|
I l
|
3! | 5!
|
N NNN N NN | N N N N
| a
N'N'N! N'N'N'N! : 'N'N! N'N!
31 51 1 3! 51
|
{
]
1 |
3 I 5! 3!
N NNN N N : N N
N'N! N'NIN'N! I >
3! 5! : N' N'
I 3! 5!
|
|
3! '
|
N! NININ'N' | o
|
3! 51 1 1
(
|
3! |
NNNN !
|
N'N'N'N! :
3! st

Figure 1.17 Exonuclease dynamics
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Endonucleases break internal phospho-diester bonds; they cut either single or double
strands of DNA internally.

Examples: Endonuclease S1 cuts single strands at any internal location.
Endonuclease DNasel cuts double strands at any internal location.

Endonucleases
S1
51 -—.— 31
NNNINN
5 Single strand
l is cut
5! 3t 5! 3!
NNN NN
51 31 51 31
NNN ! N N
NIN'N'NENIN' NIN!
3! : 51
5 Single strand
l is cut
51 3! 51 — 31
N N N N N
N'NININ'N! N'NIN!
3! st 3! 5!

Figure 1.18 Endonuclease dynamics
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Endonucleases
DNasel
5 1 * 3 1 5 1 3 1 51 3 1

NNNNN N NN N N
li N'NIN'N NiN'N'N!
3! :

LT po— l
NNN NN

51

51

3! 5!
N NN N N
N'N'N'N N N N'N'

3! 5' 3!

51

5! 3!
N N:NNNNN
NlNléN‘NlNlN‘Nl

3! 5!

51_ 31 5]

31

NN N NNNN

NIN] NlNlNlN]Nl
31_ 51 31

51

Single
strand
is cut
in both
3! cases

Double-
stranded cut

Figure 1.19 Dnase I endonuclease dynamics
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Restriction Nucleases and Ligases

Restriction enzymes or restriction endonucleases also cleave DNA. Two uses for
restriction enzymes are to deactivate foreign invading DNA, and also to repair DNA.

A palindrome is a word that is spelled the same way reading left to right as well as right to
left. For example, a palindrome over the letters x, y, and z is: xxzy yzxx. We shall deal
in some depth with palindromes later, but at this point, DNA palindromes appear in the
coupled helix of DNA, on opposite strands. In the following example, the letters on top
read the same way in reverse on the complementary strand.

—
GTAC

CATG

Figure 1.20 DNA double-stranded helix palindromic structure

Two examples of restriction enzyme cleavage follow:

Haemophilus aegyptius, strain III ( HaellI )

cleaves as follows (“blunt” cleavage)

3 ) 5 ) 3 P’ 5 ) 3 )

GGCC GG C

— i I
G

5,

RN
CCGG

O— 0

39

b K 5 3 5

Figure 1.21 Haelll restriction endonuclease blunt cleavage

Escherichia coli strain RY13 ( EcoRI)
cleaves leaving overhangs, called sticky
ends, (“staggered” cleavage)

S em———3 5’ —3’ 5 3
GAATTC G AATTC
L — |
CTTAAG CTTAA G

3 5 3 5 37— 5’

Figure 1.22 EcoRI restriction endonuclease sticky-end, overhang cleavage
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Restriction endonuclease Hgal results in a staggered cut, but requires the recognition of
5' — GACGC as follows.

Restriction endonucleases require a recognition site before they can cleave. The cleavage
may occur outside the recognition sequence (then it is called a Type I restriction
endonuclease), or the cleavage may occur within the recognition sequence (in which case
it is called a Type II restriction endonuclease).

Endonucleases are used naturally to chop up foreign DNA (from a virus, for example).
The native DNA is protected by methylase which methylates native recognition sites so
that endonucleases do not cleave the native DNA.

Hgal (Type I Restriction Endonuclease)

recognition site
——A e —

51 31
GACGCINNNNNNNNNNN

CTGCG |N'NNNNNNNNNN

5! 3!

51 3‘ 51 31
GACGC NNNNN NNNNNN
cTGCce NNNNNNNINININY Nt

31 51 31—5|

Figure 1.23 Hgal restriction endonuclease with recognition site and cleavage pattern
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5‘—GJ'A ATT C=3
3-CTTA AfG—s’

S'overhang
5~G3 5G AATT C3
3=C TTAA-S 3—G—5

\.'—/—/
Sovethang
5~-GAGC A*c—3’
3'—ch CGTG—S
3'overhang R i
. , 5—C—3
5~ GAGCA—3
. . 3-TCGTG—S
3'0verhang

Figure 1.24 5 overhang and 3 overhang terminology
Ligases
Ligases are enzymes that reestablish phospho-diester bonds at 3'/5' and 5"/ 3! sites. In

fact, ATP and NAD" have been found to act as ligases. It has been found that during
ligation in vitro, hybridizations are possible, as the following example illustrates.
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5! 30 s 3
: GGATCC GGATCC
‘ (2] 1 [2%] ﬂZ
CCTAGG CCTAGG
3! 51 3! 5!
1BamHl
- . 5! cm— 31 )
’ 1 1 :
5 -3 G
az ----------------
o, G CCTAG
CCTAG 3 5'
/ 3! s'
5! 3! 5! 3!
SATCC 4 GATCC
G B
38 5! A
3! 5! -
lligases
5! 3! Note
GGATCC
’/ al 2 + . .
, CCTAGG original
: 3! 5! DNA segments
'.“ 5! 3!
GGATCC 6, Note
CCTAGG
. 3! 5' ’

Figure 1.25 Ligase dynamics
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Plasmids

While DNA are commonly thought of as linear, examination of some bacteria and
protozoa has resulted in the discovery of plasmids. Plasmids are DNA material that may
be either circular or linear, depending upon specific stages of their life cycle. In addition,
mitochondria may contain circular DNA also. Thus sections of DNA may be excised or
hybridized not only in linear sections of DNA, but even in circular sections of DNA.
Could circular segments of DNA be recombined in ways that have mathematically
interesting properties, or to make molecules with novel chemical properties? ®

a)
31

51

CCTAGG

3]

Figure 1.26 Plasmid (circular) DNA cleavage and ligase activity

b [94, p. 640] “The type I topoisomerases also can pass one segment of a single-stranded DNA through another.
This single-strand passage reaction can introduce knots in DNA and can catenate two circular molecules so
that they are connected like links on a chain. (Emphasis by B. Lewin, also [192]). Buckminsterfullerenes have
similar structures. Applications of algebraic topology, graph theory, and knot theory!
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Figure 1.27 illustrates the possibilities of plasmids recombining to get double or triple (or
even larger) multiple-sized plasmids (see a and b). Molecular weight calculations using
radioactive cesium as well as gel electrophoreses chromatography have found larger
plasmids. Recombination into intertwined links (see d), or M&bius strips (see ¢) could
also occur, as well as other mathematically interesting possibilities.

>0

Mobius strip like
recombination

sNa»

d intertwined links
S

Pulleyblank [192, p. 648] refers to this as “catenated” DNA forms, and true
knots are also possible.

Figure 1.27 Possible plasmid (circular DNA) ligase topologies
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In fact, to accurately characterize circular DNA, a triple is required, called the linking
number (Lk), the twisting number (Tw), and the writhing number (Wr). These three
numbers as a triple < Lk, Tw, Wr > describe a topology [170, pp. 794-796]. Supercoiling
may take place.

linear double helix

relaxed circular .
double helix Lk = Tw + Wr (from topology)

< Lk, Tw, Wr=0>

< Lk, Tw, Wr=—2>
Wr <0, as there is a
right-handed helix,
Wr=—2 as there are
two twists (super coiled)

<Lk, Tw, Wr=+2>
Wr > 0, as there is a
left-handed helix,

Wr =+ 2 as there are
two twists (super coiled)

Figure 1.28 Topologies: Supercoiling, topoisomerases, linking, twisting, writhing numbers

Topoisomerases, Supercoiling

Topoisomerases are enzymes that regulate the formation of these superhelical structures.
Topoisomerases 1 make a transient break in only one strand of DNA supercoiled
structures, then change the linking number by relaxing the supercoiling by reducing the
linking number by one, then ligate or rejoin the broken strand. Topoisomerases II (a
special subset being the gyrases) bind to supercoiled DNA and convert a circular piece of
DNA into two supercoiled loops. Topoisomerases occur only in bacteria and are now
being targeted in anti-cancer treatments, as well as other diseases such as Hodgkin’s
disease. Further details may be found in [47, pp. 58-65].
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Selected Restriction Enzymes
While there are hundreds restriction enzymes, some of the more important ones are:

Microorganism Restriction Enzyme | Restriction Site

GGATCC
Bacillus amyloliquefaciens H | BamHI

CCTA G*G

TG G‘C CA
Brevibacterium albidum Ball

AC C?G GT

G¢A ATTC
Escherichia coli RY 13 EcoRI

CTTAA ?G

Pu GCGC \ Py
Haemophilus aegyptius Haell

Py 4 CGGC Pu

G G‘C C
Haemophilus aegyptius Haelll

CCGG

f

GT Py* Pu AC
Haemophilus influenzae Ry HindII

CA Pu 4 Py TG

+

AAGCTT
Haemophilus influenzae Ry HindIII

TTCG AfA

GT T‘A AC -
Haemophilus parainfluenzae Hpal

CAA 1T TG

C*C GG
Haemophilus parainfluenzae Hpall

GGCC

?

CTGC A‘G
Providencia stuartii 164 Pstl

G*A CGTC

G&T CGAC
Streptomyces albus G Sall

CAGCTG

Figure 1.29 Selected restriction endonuclease cleavage patterns
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Microorganism Restriction Enzyme| Restriction Site
ccdGGG
Serratia marcescens Smal
GG G*C CC
cCCGGG
Xanthomonas malvacearum Xmal
GGGC C?C
v
GACGTC
Acetobacter aceti Aatll
C?T GCAG
G‘G TACC
Acinetobacter calcoaceticus 65 | Acc65I
CCAT G?G
T‘G ATCA
Bacillus caldolyticus Bell
ACTA GArT
: v
TTT AAA
Deinococcus radiophilus Dral
AAA 1:[‘ TT
+
GAGCGG
Moraxella bovis Mbol
CTC fG CccC
+
GACGTC
Zoogloea ramigera Zral
CTG fC AG
GWCCW'C
W is A or T, thus four:
Herpetosiphon giganteus HgiAl d AGCAC
one of 4
CTCG TfG
Many other restriction endonucleases, easily found on the Internet.
Most have different recognition sites; for example, Eco4llI has 2 sites in Lambda,
4 sites in pBR322 (Boyer, with Resistance),” 2 sites in pACYC177
(Annie Chang).'F
* These are plasmids constructed from components of other plasmids (courtesy, E. Lederber&

Figure 1.30 Additional selected restriction endonuclease cleavage patterns
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DNA/RNA Hybrid Cleavage

A question now presents itself. As RNA is so similar to DNA, is cleavage possible with
RNA? One way to approach this question is to ask a few more questions. Restriction
endonucleases appear to do their work on double-stranded helices. Second, what about
the replacement of T by U in RNA (possibly a mechanism to prevent cleavage)?

The first question concerning double helices may be approached from at least two

viewpoints:

1. RNA tends to coil back upon itself, assuming a double helix conformation that looks
like the following:

Effectively, it is like a DNA double helix. If steric considerations do not exclude
endonuclease cleavage, then cleavage might be possible.

2. Does the existence of U in place of T prevent cleavage? Even if true, there can be
substrings composed only of G and C bases that are subject to endonuclease cleavage.

The second question concerning the similarity of folded RNA to double helices of DNA
can be broadened to hybrid DNA and RNA strands. Rather than continuing along these
lines of thought, an interesting paper provides an affirmative answer concerning RNA
cleavage [110]. To be explicit, HIV-RT (reverse transcriptase) RNase H functions as
follows.

main HIV-RT
RNase H
cleavage site

_RNA

N Q)

synthesized
hy HIV tRNAl)ﬁ.i

Figure 1.31 tRNA/DNA hybrid cleavage site
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cleavage

*

5—8 € a3 B4 Us g 8 €3 —3

3—C; Gys T14TC13 app €y € 89—S5

uppercase are DNA bases,
lowercase are RNA bases

Figure 1.32 Detail of tRNA/DNA hybrid cleavage site

Introns in mRNA precursors are removed by splicing. For example, such splice sites are
often recognized, as they begin with G U and end with A G. After the splice has removed
the intron, the (now) adjacent exons are linked together. Small RNA molecules in the
nucleus (snRNA) or in the cytosol (scRNA) form protein complexes (snRNP or scRNP)
to effect this splicing. In addition, RNA can act as a self-splicing enzyme. We shall not
pursue RNA splicing any further, however [170, pp. 862-865].



Chapter 2: A Review of Aspects of Automata Theory
Flagellants

“Flagellants proceeded in bands of 50 to 300; they moved in long, snakelike processions,
two by two, in groups of a few hundred. The bands of flagellants walked with men in the
front and women in the rear, chanting hymns. They dressed in cowled white robes
emblazoned with red crosses on the front and back, and some carried crosses as well.
Each band’s leader was called ‘master’ or ‘father.” He heard confessions and, to the
horror of the clergy, imposed penance and granted absolution. Each member swore
absolute obedience to the master for the duration of the procession, usually 331/3 days,
which symbolized Christ’s years on earth. The flagellants could not bathe, shave, or
change their clothing; they could not sleep in soft beds and, although they were permitted
to wash their hands once a day, it had to be done in a kneeling position, as a
demonstration of humility. There were still more restrictions. Flagellants were forbidden
to speak, even to one another, without the permission of the master. Sex was proscribed,
and any male flagellant who said even a word to a woman had to kneel before the master
and do penance. The master then beat him, chanting all the while, ‘Arise by the honor of
pure martyrdom and henceforth guard yourself against sin.’

“When flagellants came into a town or village, they made their way to the most prominent
local church. There they formed a circle. The men took off their outer clothing and put on
loose skirts, which fell from their waists to their feet. Next, they began their standard rite.
The penitent flagellants marched around in a circle, took a crucifix position, and were
scourged. Sometimes the penitents would flagellate themselves, singing hymns,
celebrating Christ’s passion and the glories of Virgin Mary. Generally, the master and two
assistants stood in the center of the circle supervising the process and making sure that no
one slackened in their enthusiasm. Three times during the rite all would fall down ‘as
though struck by lightening’ and lie prostrate, sobbing. The master would walk among
them, asking God for mercy on all sinners. Then the flagellism would continue.

“Much of this reflected the general dissatisfaction with the clergy, who were seen as
corrupt and incapable of assuaging the pain of the Black Death in any way.

“By early 1349, the recessionals were dominated by marginal elements, including
increasing numbers of vagabonds and criminals.

“For Pope Clement VI was fully informed concerning this fatuous new rite by the masters
of Paris through emissaries recently sent to him, and, on grounds that it had been
damnably formed, contrary to law, he forbade the flagellants under threat of anathema to

practice in the future the public penance which they had so presumptuously undertaken”
[227, pp. 70-72].
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Review of Aspects of Automata Theory

A detailed study of automata theory, often also called the theory of computability, or
albeit the more limited; mathematical linguistics, is not the purpose of this book. The
purpose of this book is the relationship between automata theory and emergent
computation, with special emphasis upon bioinformatics. Thus for a detailed review of a
large part of automata theory usually covered in an introductory course, the reader should
consult any number of books that cover this subject which also discus semigroups. A
suggested reference is Automata Theory, by M. Simon [166].

As a brief summary of most of the important ideas, a relevant review of the subject of
automata theory, is provided as an aid.

Sequential Machines

A sequential machine M=(S, I, O, 6, /1) where

S is a finite set of states

1 is a finite set of inputs

O s a finite set of outputs

&  is asingle-valued function that maps the current state and input to the next
state, or 6:S x [—>S

A is a single-valued function, and sequential machines come in two equivalent
flavors, Moore or Mealy machines, defined as follows.

Moore: A:S— 0, A maps the current state into an output.
Mealy: A:S x I — O, A maps the current state and input into an output.

Almost all references in this book from here on will use the symbol A to refer to an
identity or monoid element, as in a mathematical group or mathematical semigroup. Only
when referring to a sequential machine will the symbol A refer to a function. This also
means that 4 will refer to a word of length zero, as used in standard mathematical
linguistics.

Semigroups and Monoids

Associated with each sequential machine, there is a semigroup, which if it isn’t a monoid,
may have a two-sided identity adjoined to it, to create a monoid. In this book, there is
only a small discussion concerning semigroups or monoids, so little will be said about this
subject.

Definition: A semigroup S is a collection of elements with one closed operation which is
associative. There need not be a (two-sided) identity, but if there is a two-sided identity it
is unique, and then the semigroup S is called a monoid. If an element x is idempotent,
then x* = x. E(S) is the set of idempotents of S (and can be empty). We study semigroups
no further in this book; an examination of [166] to gain further knowledge is
recommended.
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Linear Sequential Machines

A special subfamily of sequential machines is referred to as linear sequential machines
(over a Galois Field), or an LSM. As with sequential machines already defined above,
LSMs come in two flavors, Moore or Mealy LSMs. The difference is that the next-state
function and the output function are defined over matrices and vectors, as follows.

Y, = Ay, +Bxyy (next state) Moore
zg = Gy (OutpUt)

or
Yo = Aym+Bxy (next state) Mealy
zy, = Cy+Dxyy (output)

where A, B, C, and D are matrices, and Y, z, y+1, and X, are vectors. LSMs have the
potential application of describing the interrelationships of a number of simultaneous
biochemical reactions, with inputs and outputs feeding into each other. Using the
“transfer” function, the gain or attenuation in concentrations of molecular products (and
their reaction rates) could be described. Unfortunately, the author in researching the
subject could find no reference papers on the use of LSMs in this context. Thus the author
regrets that LSMs applied in bioinformatics will not be discussed in this book. Two
examples of LSMs are discussed however, in Chapter 11 in Part II of this book.

Finite State Automata

A Finite State Automaton (FSA) is a generalization of a sequential machine. The most
important theorem about FSA is as follows.

Regular Expressions

0. Regular Expressions (r.e.) may be defined (they are sets of equivalent expressions).
Aisanre.

¢isanr.e.

ifael, then « isanr.e.

if oand B arer.e., then of isanr.e.

if @¢and B are r.e., then a+Pisanr.e.

if ais anr.e., then af* isanr.e.

Any combination of r.e. using the above is an r.e; else the expression is not an r.e¢.

# References for background information may be found in {166, pp. 84-96], and Linear Sequential Circuits by
A. Gill, McGraw-Hill, 1967.
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Deterministic and Non-Deterministic FSAs

Kleene’s Theorem:
The set of regular expressions is equivalent to a Deterministic FSA (DFSA).

1. An FSA M:(S, I, 8, g, F),where

S is a finite number of states;

I is a finite set of inputs;

qo €S is a unique start state;

FcS is a subset of final accepting states;

6:S x IS isarelationship that maps the current state and input into the
next state.

2. Any Non-Deterministic FSA (NDFSA) has an equivalent DFSA.
Note: A NDFSA is not the same thing as a probabilistic FSA.

3. Given any finite r.e., an equivalent FSA may be constructed.

4. If a FSA has n states and accepts an r.e. of length n, then the FSA accepts an infinite
number of r.e. (pumping theorem for r.e.).

5. Every FSA has a corresponding complete FSA
(state transitions are defined for every input, for all states).

6. Every FSA has its corresponding complement FSA.

7. FSAs may be decomposed (synthesized) from sub FSAs, as follows.
Given FSAs A and B, then there is an A - B FSA;
Given FSAs A and B, then there is an A+ B FSA;
Given FSA A, then there is an A* FSA;
Given FSA A, then thereisan A FSA (complement).

FSAs Constitute a Boolean Algebra

As a consequence of the above, the set of FSAs constitute a Boolean algebra, as with the

complement and “+”, we have functional completeness. Thus, for example, given A, B
are FSAs, then A(1B=A +B, etc.

8.  As aconsequence of the above, we have: r.e. = FSA
(given any r.e., there exists a corresponding FSA).

9.  McNaughton-Yamada Theorem
Given any FSA, there exists a corresponding r.e.

10. Combining 8 and 9, r.e. equivalentto a FSA (Kleene’s Theorem). »

11. For every FSA, there exists its corresponding reduced FSA.
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Chomsky Grammars

A grammar is definedas G = (VN s, Vi, P, S) R
where V=VyuVrand VyNn V=& and

\Y% is the vocabulary
Vx is the set of non-terminals
Vr is the set of terminals

S € Vy, is the start symbol

P s the set of production rules: there are four classes of grammars that
constitute a hierarchy, and each class has its own characteristic set of
production rules.

A language L is a set and may be specified or defined simply as a set. An example is any
language defined by a regular expression (which may or may not be finite). However, a
language may also be generated by a grammar G, in which case we write L(G), or
sometimes Lg.

L(G)={a) | S>o and a)eV;}

Chomsky Type 3 Grammars

Type 3 grammars are characterized by production rules of the following two forms:

A =>a or A >=aB where a € Vy,and A,B € Vy.
Type 3 grammars are also called regular grammars.

Type 2 grammars are characterized by production rules of the following form:

A = a, where a e V+, A € Vy,but S = A, is permitted.
Type 2 grammars are also called context-free grammars.

Type 1 grammars are characterized by production rules of the following form:

aAB = where o, €V ,AeVy,and { €V, and [{|2[cAB |.
Type 1 grammars are also called context-sensitive grammars.

Type 0 grammars are characterized by production rules of the following form:
* *
aAPB = where o, eV, AeVy,and { €V .
Type 0 grammars are also called unrestricted phrase structured grammars.

There are a number of theorems about context-sensitive languages.

Theorem If G =(VN, Vi, P, S) is a type 3 grammar,
then there exists a NDFSA M=(K, 1, &, g, F)

*

such that L(G):{a) | S>w and a)eVi:}={a) | 5*(q0, a))eF}
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Theorem If M= (K, I, 4, qop, F) is a DFSA, then there exists a type 3 grammar
G =(VN, Vi, 7, S) such that

*

{w | 5" (g0, a))eF}={a} | S=>o and wev{-}=L(G)

With these two theorems, we have the result that the language described by a FSA is
equivalent to a Chomsky type 3 grammar. Of course, we also have the Kleene equivalence
as well.

Theorem If L is generated by a type 3, type 2, or type 1 grammar,
then L W{A} and L — {A} remains a type 3, type 2, or type 1 language.

Chomsky Type 2 Grammars

Theorem If G= (VN, Vi, P, S) is a type 2 grammar,

then there exists an algorithm to determine if L(G)=¢

Theorem (pumping theorem for context-free languages)

If G= (VN, Vi, P, S) is a type 2 grammar, then there exists a positive integer k such

that if ® €L(G) and |w| > k, then there are u, v, w, X, ¥ eV? where [vwx| <k and
lvx| > 0, such that if ®=uvwxy, then uvwx'y eL(G) for all i > 0.

Theorem If G= (VN, Vi, P, S) is a type 2 grammar, then it is possible to construct

another type 2 grammar G' = (V[!j, v, P, Sl) such that L(G) = L(Gl) and

*
for all AeVIl\I, A=w and a)eV%.

Theorem If G=(VN, Vi, P, S) is a type 2 grammar and L(G) # ¢, then it is

possible to construct another type 2 grammar G' =(V,1,, Vi, P, S') such that

* * *
L(G)zL(Gl) and for all AeV}l\I, S' = a A f= adB, where a, B, SG(V{-) )
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Theorem If G= (VN, Vi, P, S) is a type 2 grammar, then it is possible to construct
another type 2 grammar G' =(V§;, vy, P, Sl) such that L(G)= L(Gl) and all

non-terminals V-}a generate only an infinity of terminal strings.

Theorem If G= (VN, Vy, P, S) is a type 2 grammar, and all production rules are of
the form A = a, where o € V*, then it is possible to construct another type 2 grammar
G'=(V§, V1, P, s') suchthat L(G) = L(G ‘) and all production rules in P! are of
the form A = a wherea € V' or S' = A and S' does not appear on the right-hand

side of any production rule in 7'.

*

Theorem If G= (VN, Vi, P, S) is a type 2 grammar and S = @, then there is a
G

leftmost derivation of .

Theorem If G= (VN, Vi, P, S) is a type 2 grammar and A, BeVy,

then it is possible to construct another type 2 grammar G' = (Vrl,, V}, 7, Sl) such

that L(G) = L(Gl) and there are no production rules in ' of the form A =>B.
Theorem
If G= (VN, Vi, P, S) is a type 2 grammar,
then it is possible to construct another type 2 grammar
G' =(V}L, V., P, S) such that L(G) = L{GI) and the new grammar

is in Chomsky Normal Form (CNF).

(i.e., all production rules of ?' are of the form

A=a, or A =>BC,whereA,B,C e Vlll,and ae V.
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Theorem

If G= (VN, Vi, P, S) is a type 2 grammar, then it is possible to construct another
type 2 grammar G' =(V;L, Vi, 2, S) such that L(G)=L(Gl) and the new

grammar is in Greibach Normal form;

i.e., all production rules of #' are of the form
*
A= af,where A € Vyl\J,ae VT,andBe(V]‘\J) .

Definition: If A = o AP and both o #4 and B #1, then A is said to be self-
embedding.

Definition: If a type 2 grammar has at least one non-terminal which is self-embedding,

then the grammar is self-embedding.

Theorem
If G= (VN, Vi, P, S) is a type 2 grammar that is non-self-embedding,
then it is possible to construct a type 3 grammar
G'=(Vk, Vy, 2, 8 such that 1G) = 1{G").

Theorem
Context-free languages are closed under union, concatenation, and Kleene star, but not
under complementation or intersection. Thus context-free languages do not constitute a

Boolean algebra.

Definition: A semi-Dyck Language D, has type 2 grammar G, , = ({S}, Van> Pons S)

where:  V,, = {ai}; U {a:}“

i=1
and P, ={S=sS| 4} U {s=asaj}

i=1
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Homomorphism Defined

Definition (of homomorphism #4)
1. RE ST
2. Ka)=2
3. Ko -o,)=hHo,) Ko,)
4. Forall ae Vr, |pa)|=1
5. KL)={r | exists a @<cL and 7=ho)}
Chomsky-Schiitzenberger Theorem

Theorem (Chomsky-Schiitzenberger)
Every context-free language L equals a homomorphic image of the homomorphism % of

the intersection of a Dyck language D,, and a regular language R, or
L=hD,,NR)
Turing Machines

Definition: A Turing machine T=(S, >, T, 6 q, F)

where: S is a finite number of states
2Tl isafinite set of tape input symbols
r is a finite set of tape output symbols (one is a blank, A)

ESxYX>Sx(T-{ADuUSx{L,R}
qo €S  isaunique start state
F ¢ S s asubset of final or accepting states
if &is single-valued, then T is deterministic; else T is non-deterministic.

Alternatively, instead of F, T=(S, Z, T, &, o, H),and
ESxT>Sx(T-{A})uUSx{L,R}UH,

where: Hc S is asubset of halting states.
There are indeed, many alternative definitions of Turing machines, including multi-tape,
multi-head, multi-dimensional tapes, one-way tapes, and Turing machines as 4-tuples,
as 5-tuples, etc. We shall not discuss these, but shall assume that they are known to the
reader. We shall also assume that the reader is familiar with the idea of writing a
description of a Turing machine on a tape, and running a Universal Turing machine with

that description plus an input.
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Chomsky Type 0 Languages

Theorem If a language is recursively enumerable (computable by a Turing Machine),

then it can be generated by a Chomsky type 0 grammar G.

Theorem If a language L is generated by a Chomsky type 0 grammar G, then there is a

Turing machine that accepts L.

Thus Chomsky type 0 languages L are equivalent to Turing machines.

Pushdown Automata

Definition: A Pushdown Automaton M=(S, z, I, 6, q4, Zg, F)

where: S is a finite number of states
> is a finite set of tape input symbols
T is a finite set of tape (pushdown, stack) output symbols

* *
SSx(XLuU{A})xl »SxT
Qo € S is a unique start state
F © S isasubset of final or accepting states
if Jis single-valued, then M is deterministic;
else M is non-deterministic.
As with Turing machines, there is a variety of definitions of Pushdown automata. I
assume that the reader is familiar with different definitions, such as:
accepting in a final state
accepting when the input tape is empty,
accepting when in a final state when the input tape is simultaneously empty, etc.
An important note however: just as Turing machines may have multi-dimensional
tapes, so may Pushdown automata have multi-dimensional tapes (where the input symbols

might be viewed as vectors).

Pushdown Automata and Chomsky Type 2 Languages

Theorem If G= (VN, Vi, P, S) is a type 2 grammar, then it is possible to construct

a Pushdown automaton that accepts L(G).
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Theorem Given a pushdown automaton M=(S, x, T,é& 0 0, @), then the
language L accepted by M is Chomsky type 2 (there isa G = (VN, Vi, P, S) , such
that G is type 2.

Thus Chomsky type 2 languages are equivalent to Pushdown automata.

It is known that if one restricts the set of type 2 languages to deterministic type 2
languages, and if the corresponding pushdown automaton is complete (defined for all
triples in I x S x X, then the complement Pushdown automaton may be constructed. Thus

deterministic type 2 languages are closed with respect to complementation.

Theorem Pushdown automata N FSA = Pushdown automata
Context-Sensitive (Chomsky type 1) Languages

Definition: Production rules for type 1 languages are of the form
X X,.. X, =Y,Y;...Y,, , wherem 2n,
but if all the production rules are of the form in which
0 <n <m <2, then the grammar is in Kuroda Normal Form.

Thus this means that he production rules in KNF look like

X, = Y)Y,
X, = Y,
Theorem

A type 1 language in KNF is equivalent to all the production rules being of the form:

A = a
A = B
A = BC
AB = CD

Definition: A B = A C is said to be left sensitive.
A B = CB is said to be right sensitive.

Definition: A type 1 grammar in which all production rules of the form AB =CD
are replacedby: AB =AY, AY 2Z2Y,2Y =ZD,ZD =CD
is said to be in refined KNF.
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Theorem

Every A-free type 1 grammar is equivalent to a type 1 grammar in which all production
rules are in the following form:

A = a

A = B

A = BC

AB = AC (left sensitive)
AB = BA (permuting)

Linear Bounded Automata
Theorem Type | languages are equivalent to Linear Bounded automata.

(It is assumed that the reader understands that a LBDA is effectively a Turing machine
that uses an amount of tape which is a linear function of its input).

Theorem (Ginsburg and Greibach)
If G= (VN,; Vi, P, S) is a type 1 grammar, and f is a type 1 substitution on Vg that

does not contain 4, then f(L(G)) is a type 1 language.

Lindenmeyer (Developmental) £ Systems

Notation: D  deterministic OL context-free 1L  context-sensitive
Definition: A DOL system is defined as follows: G = (VT , P, W)
where:  Vp s a finite set of (terminal) symbols
# is a finite set of production rules

W s a finite set of axioms (start expressions)
Note 1: If a = f e and if there is more than one £, then G is non-deterministic.

Note 2: The replacement (in production rules) takes place in parallel (not serially).
Thus, given DOL system G = ( Vi, P, W) ,

L(G) = {hi(a)) | iZO} where h is a homomorphism.

Shape Grammars

Definition: SG = (Vy, V1, & 1) is a shape grammar,
VM s a finite set of non-terminal symbols called markers
Vr s a finite set of terminal shape elements

& u= v is the finite set of shape rules, u emix of V;& V3, vemix of Vi& Vy

I € Vyx Vyx Vq is the initial shape

Note: Vy,NV; = &. If the shape rules are applied in parallel (not serially) then this is a
parallel shape grammar. See the Appendix for greater detail.



Chapter 3: The Beginning Numbers
Numerology

“In prognosticating the course of disease, learned physicians invoked quasi-mathematical
theories about periodicity and favorable or unfavorable days. The original basis for such
theories was the frequent inclusion in case descriptions in the Hippocratic Epidemics of
information about the number of days from the onset of iliness to the day on which
particular phenomena occurred, as well as the behavior of recurrent fevers such as
malaria. Data of this kind, initially derived from observation, were subsequently
interpreted in the light of beliefs held in antiquity about the properties of numbers and
auspicious or inauspicious calendar dates. Galen’s treatises On Crisis and On Critical
Days provided a very full treatment of the whole subject, which was subsequently taken
up by various Muslim medical authors and further developed in Latin scholastic medicine.
“Two things determined the nature and the outcome of the crisis: the state of the patient’s
own body and whether or not the crisis fell on a favorable day. But opinions differed as to
the intervals at which favorable days recurred and from what point one should start
counting. Thus, the identification of such days and the proper means for determining them
became subjects of medical debate.

“Because it involved calendar dates and thus the motions of the moon, the theory of
critical days was a branch of medical astrology” [231, p. 135].

“The advocacy of supplicatory prayers with suggested texts and cryptograms is a common
feature of many plague treatises for both the prevention and alleviation of plague” [225,
p- 123].

“Many of these esoteric practices are related to ‘letter magic,” which is the use of the
Arabic language against evil ...” [225, p. 122].

“It is advised that a Muslim should repeat the special prayers according to the number of
words in the prayer; and if more prayers were needed, the prayer should be repeated
according to the number of letters in the prayer” [225, p. 124].

“For example, whoever said: ‘The eternal, there is no destruction and cessation of His
kingdom’ every day 136 times would be saved from the disease. Whoever repeated the
various names of God, such as ‘the Preserving’ every day 898 times or ‘the Vigilant’ 312
times, would be safe. If a Muslim were devout and repeated ‘the Subduer’ over the ill
2142 times, plague would depart” [225, p. 128]. It was believed that the plague could be
averted by drinking from cups of water with the following sign or talisman written upon it
(see the talisman at the left), while the triangular form (at the right) was thought effective
during plague epidemics [225, pp. 130, 131].
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The Beginning: Numbers

It is important, from the point of view of computation, to know and have a clear
understanding of the numbers involved in understanding the subject under study. The
numbers are as follows: two pairs of Watson-Crick complementary bases: ( A/T, C/G for
DNA; A/U, C/G for RNA ). These four DNA bases support a maximum of 4° = 64
possible codon triplets, which allow (with mRNA and tRNA) the construction of
polypeptide chains or proteins, composed of 20 amino acids. These are the numbers we
must deal with—or are they? The following discussion, interesting per se, will challenge
these numbers. This chapter refers to more biochemistry than most of the rest of the book,
but the main ideas should be easy to follow.

Error Detection: Parity

DNA and RNA are complicated molecules. The replication of such molecules, as with
any complex process, is subject to error. Errors occur in nature, and of course apply to the
replication of DNA and RNA and explain some genetic diseases, as well as innovations
that are useful during evolution. The following discussion is quite interesting, in that
errors that may take place can be detected using a simple parity check [11], [99], [171].

It is first necessary to examine not only the four nucleotide bases, but other nucleotide
bases that might also have been possible candidates in the genetic code. These bases will
be viewed from the point of view of hydrogen bonding: donors and acceptors. In addition,
we must consider steric “stacking,” the pairing of purine with pyrimidine.

Using the classification by Mac Dénaill, an acceptor will be signified by “0”, and a donor
will be signified by a “1”. In addition, a purine derivative will be signified by “R” (from
puRine) where R is equivalent to “0”, and a pyrimidine derivative will be signified by “Y”
(from pYrimidine) where Y is equivalent to “1”. This information may be encoded in
binary as four bits, the first three bits representing the donor/acceptor bonding sites of a
nucleotide and the last bit encodes for purine or pyrimidine. We will find, for example:

C =(100, 1) while G =(011, 0)
These are complements, or CeG =<111, 1> = <000, O>, and the Hamming
distance is é(CéG) = 5(<1 11, 1>) = 4<000, 0>) =0. Note that Mac Doénaill

uses C® G, not COG , encoding the idea of Watson-Crick complements.

We find the following.
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C= (100, 1) G= <011, 0>

Figure 3.1 Parity: C and G pairs

CH; o
N—H-~
A
R O—
Y=1 \/ \0

T=<010, 1) A=<101, 0)

Figure 3.2 Parity: T and A pairs
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Figure 3.3 Parity: U and A pairs

o— 1-H—-r~|1 N=
N
N

IiI—H'ﬂl 0

iso C = (001, 1> iso G = (110, 0>

Figure 3.4 Parity: iso C and iso G pairs
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x=<101, 1> 7;=<01o, 0)

Figure 3.6 Parity: x and 7 pairs

The base = is discussed in [11, pp. 33-37].
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a=<110, 1) r =<001, 0}

Figure 3.7 Parity: aand I’ pairs

p=(o11, 1) & =(100, 0)

Figure 3.8 Parity: £ and ¢ pairs

If we collect the above information, we find that the rightmost bit acts as a parity check
and thus the following.
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C =100, 1) G =(011, 0)

natural.ly

HiE | yrr=(010,1)  4=(101, 0)  even parity
iso C=(001,1)  iso G=(110, 0) J
x = (101, 1) X/z=(010, 0) |
a=<110, 1) r =<001, 0) ¢ odd parity
p=(o11, 1) & =(100, 0)

Figure 3.9

Experiments with Alien Forms of Life

We find that a parity check exists in naturally occurring nucleotide bases in DNA and
RNA that acts as an error-detecting mechanism. It has been pointed out [171] that
mismatch repair during template replication is also a possibility, thus not only has error
detection evolved, but even the possibility of the evolution of error correction.
Experiments incorporating new nucleotide bases into DNA or RNA concern new forms,
or alien forms of life, and also throw light upon the evolution of biochemistry and
genetics, as well as upon biology.
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G, C iso G, isoC|T, a
A T/UVx, X/7x S, B

t

naturally occurring Watson-Crick complements

Using a Hamming distance computed as dM eN ) =4~ 5(M SN )
to find all the pairs of distance 1, we obtain the following.

x, G X/ln, C

x,is0G X/n=x, isoC
x, T'U X/=m, A
a, G B, C

a, iso C B, iso G
a, A B, A

s, G r, C

S, is0C T, isoG

6, T/U T, TIU

o, K

)

Considering the donor/acceptor triplets, we have all eight possible triplets except (000)
and (111), and (000) corresponds to a nucleotide that is unstable due to easy hydrolysis.
Other possible modified forms of nucleotide derivatives are considered [171] to
determine, by studies of energy and kinetics, the likelihood of error detection and repair
(error correction), including:

A A derivative with no amino group at the 2 position
G G derivative with no amino group at the 2 position
S' & derivative with no amino group at the 2 position
B! [ derivative with no amino group

Assuming an error is detected in one strand of DNA, and assuming a low probability of an
additional error at the same location in the second strand of complements, the second
strand may then be used to correct detected errors. In fact, if sequences of bases have
been excised, the complementary strand may be used to recreate the excised portion of
DNA [89, p. 609] . Aside from error detection and repair, these Watson-Crick base pairs
have other important implications, that will now be discussed.
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Alien Nucleotide Bases Bound as Chelates

The standard Watson-Crick DNA bases are A/T, and C/G, but in addition to these
standard base pairs, self-complementary bases also exist: Metallo-DNA. Artificial
nucleotide bases X act like Watson-Crick complementary bases, except X is a self-
complement. The hydrogen bonds between nucleotide bases are replaced by a metal-
containing chelate coordinated with X (DNA usually acts as a chelating agent) {174].

5—G <]L>i< c—3'
lii.
3—C4—X G—5

Figure 3.11 Chelated self-complementing bases

Example 1: X in Figure 3.11 is H (abbreviates hydroxypyridone, not hydrogen), and M
is copper [177].

CH;

OH
OH

5 —CACATTA H TGTTGTA—3
Iy e
3'—GTGTAAT H ACAACAT—5

Figure 3.12 Copper chelate of self-complementing hydroxypyridone

From one to five adjacent hydroxypyridone nucleobases have incorporated in a DNA
duplex, using copper for added stability.

5—G
‘IJ+2

3—C 1!1

Figure 3.13 Multiple adjacent self-complement bases
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Figure 3.14 Multiple adjacent self-complement bases

Example 2: X is E ( abbreviates phenylenediamine [174] ),
Mis Ag’, Cu'?, Pd*, Pt Ni*?, or
X is P ( abbreviates pyridine [175] ), M is Ag’, Cu'%, Ni*Z, Pd'?, or Hg"?, or
X is B ( abbreviates 2, 2 -bipridine ), using Cu™[183].
Note that X refers to Figure 3.11 in all cases in this example.

O
r—P—0) NH2 O—p—0
o ﬁf Sl
A —
Hz
t V'
| N |
OH
OH

5— CACATTA E TerTeTA—3
; : _M+3' =
3 GrGTAAT E ACAACAT—5'

Figure_.’; 15 Various chelates of self-complementing phenylenediamine

The method of using chelation may also be extended to more complex molecules that are
not self-complementing [89]. Some of these modified DNAs may be useful as anti-cancer
strategies. More complicated molecules have fluorescent properties.
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Example 3: 2, 6-dipicolinate Dipic and pyrimidine Py, using copper coordination [149],
[151].

Dipic Py

Figure 3.16 Copper chelated base pair
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Nucleotide Bases Viewed as Complex Numbers

Other interesting approaches that have implications with regard to parity have been
proposed [100], [101].We can make the following mapping into the complex numbers.

A > i
C —» -1
G - 1
/U —» -i

Note: A/T maps to a sum of i+ —-i=0,
AU maps to a sum of i+ —i=0,
C/G maps to a sum of 1+-1=0.

Thus the idea of purine/pyrimidine matching is reflected in a zero sum (even parity).
However, there is more!

We can do a special mapping, namely, the mapping created when multiplying by 4.

X -» -X

A i » -i = T/U

C -1 > 1 = G

G I » -1 = C
T/U -i > i = A

This maps each base to its matching base. Other mappings are-also interesting, such as
conjugacy, multiplying by i, etc. We can then form vectors associated with a string of
bases (5 to 3 direction ). For example:

5~-G A G TCCG A—3 istranscribed into the following mRNA:
DNA mRNA

>O000-0»0

caoQar»racho

Figure 3.17 Vector for parity representations using complex numbers

Matrices may be constructed to show RNA or DNA structural changes. We shall consider
these topics in a later chapter, however.
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Aminoacyl-tRNA Synthetases and Alien Nucleotide Bases
aminoacy! - tRNA synthetases

Aminoacy - tRNA Synthetase _ Abbreviation

Examples: tyrosyl - tRNA synthetase TyrRS
valyl - tRNA synthetase ValRS
isoleucyl - tRNA synthetase  IleRS
cysteyl - tRNA synthetase CysRS

amino acid + aminoacyl - tRNA synthetase — tRNA™™" 4

Note: tRNA™"™ % s tRNA capable of (usually charged with) carrying the amino acid,
to be emplaced in a protein (in an increasing polypeptide chain). To be more explicit:

amino acid type + aminoacyl - tRNA synthetase —>amino acid type — tRNA™" #id
where: amino acid type —tRNA®™"** means that “amino acid type” is bonded to tRNA

Examples: tyrosine + TyrRS + tRNA — tRNA™ (or tyrosine —tRNA™)
valine + ValRS+ tRNA — tRNAY™ (or valine - tRNAY" )
A degree of precision may be added with the following view of an aminoacyl - tRNA. *

NH,

0 N
7 Y SN

|
ot-o o (A
e
O OH
H

"NH; R

+—— ANTI CODON

Figure 3.18
amino acid ribosome A-site * _ amino acid specified is added to the
tRNA i codon reads mRNA codons, to " polypeptide chain under construction

determine the amino acid

? There are at least two ribosomal binding sites: the A-site accepts the aminoacyl-tRNA carrying the next

amino acid residue to be incorporated into the growing peptide chain, and the P-site, which accommodates the
tRNA acylated with the growing peptide chain itself [29].
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Amino Acids Incorported into Proteins

The important point is to note that the active site of several of the aminoacyl-tRNA
synthetases lack the capacity to discriminate between closely similar amino acids. Thus
amino acids that do not normally appear in proteins can be expressed in proteins. In
addition, these amino acids that do not normally appear in proteins have been shown to
exist in living bacteria, and these unnatural proteins contain significant amounts of these
abnormal amino acids. Thus from the point of view of computation, the possibility of
more than 20 amino acids being incorporated in proteins is quite real. The methodology
is to suppress the normal polymerization-terminating activity of the nonsense stop codons,
and instead to associate the nonsense codon with a tRNA charged with a “new” amino
acid. What are some of these candidate amino acids that do not naturally appear in
proteins of life?

selenocysteine pyrrolysine
(21st amino acid) (22nd amino acid)

COOH COOH
NHf—-(|IH NHz‘—(l:H
C|3Hz (LHz
éeH éHz
ch,
h,
N

| N CH;NH,

0=—=C X X ={CH,
OH

The UGA (opal) nonsense stop codon can be supressed, allowing the incorporation
of the amino acid selenocysteine into a polypeptide chain, rather than stopping
polymerization [140].

The UAG (amber) nonsense stop codon can be supressed, allowing the incorporation
of the amino acid pyrrolysine into a polypeptide chain [6].

These amino acids correspond to stop codons in nature, even if this is not common.
Two of the three stop codons may be used in this manner [13].

Figure 3.19
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Non-natural amino acid analogs that have been added
to the list of amino acids incorporated into polypeptides

L -valine L - aminobutyrate ( Abu ) L - Threonine
|COOH |COOH ?OOH
NH,>—CH NH,*CH NH»=C

/H\ CH; CH;, CH;

| N

CH; CH; non— naturally occurring
Figure 3.20
L -cysteine S - carbonyl - L - cysteine
TZOOH COOH
NH2—ICH NH,=—CH
/ . /C i
SH T
-—
naturally occurring /C\
NH, O
Figure 3.21
L - tyrosine L - phenylalanine 0 - methyi - L - tyrosine L -iodotyrosine
COOH COOH ! COOH |COOH
1 | : |
NH,—CH NHZ—(!JH g NHZ-—((IH NHP—?H
' i
CH, CH, § CH, CH,
7 © @ G I
\l N
OH OCH, H
naturally occurring

Figure 3.22
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In the two very clear examples that follow, nonsense stop codons use mutants to suppress

these stop codons, and instead, to insert the amino acid charged by tRNA into the growing
polypeptide chain.

Example 1: normal

Tyr ribosome A-site _ Tyr placed into
Tyr + TyrRS + tRNA i odon mRNA codon polypeptide chain , or

Ty ribosome A-site
Tyr + TyrRS + tRNA X

anti—codon

v

tyrosine—tRNA D% _
mRNA codon

mRNA polypeptide chain
T ribosome A-site =~ UAC—> Tyr
Tyr + TyrRS + tRNA ] >
o UAC—— Tyr
UAC — Tyr
abnormal i l

ribosome A-site  ().methyl-L-Tvr placed
. ROk K Tyr _— Y ¥r plac
O-methyl-L-Tyr + m-TyrRS + tRNA 0 4., mRNA codon _ into polypeptide chain

, Or
O-methyl-L-Tyr + m-TyrRS + tRNAaTI{t‘i_c don
ribosome A-site o . RNA T
————— O-methyl- L-tyr—t e
mRNA codon Y anti-codon
mRNA polypeptide chain

ribosome
1ye A-site UAG — O-methyl-L-Tyr
O-methyl-L-Tyr + m-TyrRS + tRNA {j, ———

UAG — O-methyl-L-Tyr
UAG — O-methyl-L-Tyr

Thus the normal amino acid tyrosine has been replaced by
O-methyl-L-tyrosine, and this succeeds only because
O-methyl-L-tyrosine is so similar to tyrosine.

See [149].

Figure 3.23
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Example 2:
normal
| | RNA VA ribosome A-site Val placed into
Val + ValRS + i > i i
anti-codon mMRNA codon polypeptide chain , or

Val + ValRS + tRNA Y2 ribosome A-site

anti—codon

v

valine— tRNA V“,!_ 4
mRNA codon anfireoden

mRNA polypeptide chain

val ribosome A-site GUC— Val
Val + ValRS + tRNAG,c >

GUC— Val

GUC — Val

abnormal

ribosome A-site | .aminob laced
L Val aminobutyrate place
L-aminobutyrate + ValRS + tRNA Gac mRNA codon _ into polypeptide chain , or

vy [Tibosome A-site ) val
L-aminobutyrate + ValRS + tRNA ;i —————— L-aminobutyrate— tRNA ¢

mRNA codon
mRNA polypeptide chain
ribosome
A-site GUC — L-aminobutyrate

L-aminobutyrate + ValRS + tRNA ¢a¢ >
GUC —* L-aminobutyrate

GUC —* L-aminobutyrate

Thus the normal amino acid valine has been replaced by L-aminobutyrate,
and this succeeds only because Abu and valine are so similar [ 146].

Figure 3.24
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More than 64 Codons are Possible

Using parity provided by purine/pyrimidine Watson-Crick complementary pairs, along
with hydrogen donor/acceptor patterns, then at least six base pairs are possible. Add to
this chelated self-complements, as well as chelated pairs, abasic pairs, F, Z (see Figure
3.31), N and H (see Figure 3.32), then many more bases than 4, as well as many more
codons, are possible than the standard view of the maximum 4° = 64 usually considered.
Thus being limited to just the 16 nucleotide bases of the following 17 A/U, C/G, iso C/iso
G, x/y or x/n, o/, B/8, Hydroxypyridone, phenylEnediamine, Dipic/Pyrimidine, and
assuming that any three bases can appear in justaposition, then already 16° = 4096 triplet
codons are possible (with redundancies of course). In fact [13], iso-C, A, G is the 65th
codon (with iso-G, U, C its anti-codon). This 65th codon/anti-codon pair was chosen to
incorporate idotyrosine as its corresponding non-natural amino acid.

]
+
NH;
N
TN i
—O (fH I
—OH —
4 CH,— )OH
phage
RNA
ligase
™ _
[
C U iso-G C U iso-G

Figure 3.25

Note: DNA polymerase I is very useful. DNA polymerase | may be cleaved using a
restriction enzyme into two components, the larger of which is referred to as the Klenow
fragment. The Klenow fragment retains polymerase activity, and has been used to create
non-standard nucleobases and variants of standard nucleobases (for example, to
incorporate iso-G [14, p. 1313]. Other polymerases are used as well, such as the T7 DNA
polymerase, used to incorporate iso-C) [12].
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Extended Watson-Crick Complements

Referring to Figure 3.26, it has been pointed out [13, p. 161]: “This was the first time that
an enzyme process had been observed where the non-standard base pair was accepted as
readily as standard bases” and “These observations suggest that an expanded genetic
lexicon could be implemented in an in vivo cell culture system ...”

Note: we can thus imagine a DNA double helix with an expanded lexicon that might
appear as follows.

Given Watson-Crick complementary base

pairs for an expanded lexicon such as:
A/T, C/G, M/P, Q/R, X/Y

P G ACTYCE @A X
the corresponding mRNA being:
UGACUYUCPQAKX
Figure 3.27

To a degree, this has been accomplished [14].

Researchers have found modified base pairs that still fulfill Watson-Crick
complementarity and that have the ability to function in DNA. However, is it possible to
generalize on this feature, and to construct base pairs that satisfy Watson-Crick
complementation, yet are entirely artificial or new [150]? Consider the following.

CH;
- CH3
\ —Q0 CH; \ —0
N N
B-methyl isocarbostyril 5-methyl isocarbostyril  3-methyl 7-propynyl isocarbostyril
(MICS) (SMICS) (PIM)

Figure 3.28
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Then we find that MICS and 5MICS do work, at least in a limited way, as Watson-Crick
complementary base pairs, as follows.

5 GCGTACXCATGCG MICS

: MICS
MICS
MICS
SMICS
5MICS
SMICS

SMICS

3' CGCATGNGTACGC

5 GCGTACNCATGCG

3' CGCATGXGTACGC

QO3> 008>z

Figure 3.29

MICS and SMICS work with DNA polymerase substrates. Additional work [87] indicates
that possible bases (with varying complements, and with mismatched base complements
reported too) are provided by such structures still supporting the double-helix structure
with base analogues that are non-polar (hydrogen-bonding not a factor, but retaining
stacking). See Figures 3.30 through 3.32.
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CHB{\/H
LA
-

thymine

adenine

CH;

R

diflurootoluene
(mimic of thymine)

abbreviated as F
but F is non-polar

O

R

4-methylbenzimideazole
{mimic of adenine)
abbreviated Z
but Z is non-polar

Figure 3.30
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It has been pointed out [88] that the non-polar base mimics F and Z (being non-polar, thus
hydrogen bonding in the double helix not being a factor); yet A/F and F/A as well as T/Z
pairs are processed at almost the same frequency as A/T and T/A base pairings (although
there is an asymmetry in the synthesis rates of A/F and F/A).

Thus the polymerase synthesis (creation) of double-helices such as:

i
5 _TCGCAGCCGTT CTCA X
3 ~-AGCGTCGG CAGGTTYCCCAAA
1
where X, Y=A,C,G, T,F,Z
Figure 3.31

A number of other non-natural mimics are mentioned [86]. Two other such molecules
include “N” (not symbolizing Nitrogen) and “H” (not symbolizing Hydrogen), as follows:

“N” (mimicks C) “H” (mimicks
CH; F
N
F N CH,
Nitrogen in the aromatic ring replaces
the sterically larger CH group, thus is
less ideal than G

Figure 3.32

Thus purine and pyrimidine shapes (steric stacking effects) may not be as significant as is
thought. This suggested further research [84].
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Considering a triphosphate deoxy pyrene nucleoside matched against an abasic ribose,
noting that pyrene - deoxynuclease approximates the size of a pyridine/purine pair:

dPTP
o
abasic ribose form
(¢} 0] O
il I I OH 0
O—P—O0—P—O0—P—0
| | 1 Ie)
o o o N
OH
OH

Figure 3.33

abasic pairing where
P signifies pyrene B - deoxynuclease
P inserted using DNA polymerase

a—— s——) S—
double—stranded DNA helix

ammeTm——() SE—— BS———

Figure 3.34

Thus in addition to the standard DNA Watson-Crick base pairs A/T, C/G, we must also
consider:

mismatched base pairs such as C/A, C/T,

non-polar non-natural base pairs such as A/F, T/Z, iso-C/iso-G
self-complementary bases, other chelates H/H

abasic non-natural bases such as P/

triple, quadruple, and quintuple strands of DNA

In most cases, we shall consider only standard double helices, composed only of the
standard naturally occurring nucleoside bases A, C, G, and T, without mismatches, but we
should bear in mind that at least from the computational point of view of chemistry and
biochemistry, other possibilities must be considered when dealing with DNA, RNA, and
polypeptide proteins.
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Alternative Nucleic Acid Polymers

It is possible that the earliest organisms on Earth (and possibly life outside the Earth)
might be organized around molecules other than DNA and RNA. To be explicit, rather
than using ribose or deoxyribose, threose has some interesting properties.

Ribose Threose
CH,OH O OH / N OH
OH OH OH
Figure 3.35

What are some of the properties that threose has that are interesting?

1. TNA (L - « - threosefuranosy! oligonucleotides), polymers with phospho-diester bonds
connected to nucleotides ( 3' — 2! ) exist. TNA is analogous to DNA.

2. TNA forms stable Watson-Crick double helices.

3. TNA has Watson-Crick complementary base pairing.

Thus these polymers look like the following (see Figure 3.36).
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0]
B
“backbone” of
o threose
o—p=0 0\—
OH B
=0 0 x
OH B
B refers to nucleotide bases. T
O—P—0
OH
Figure 3.36

In addition to threose, some hexoses also form polymers with nucleotides, and also form
double helices. We shall not consider this topic further. The conclusion of the discussion
in this chapter is that while the basic numbers used include four DNA bases (A, C, G, T,
with U replacing T in RNA), 64 possible codons, and 20 amino acids, all these numbers
are somewhat provisional, and even the molecules may not be limited to DNA, RNA, and
amino acid peptides! Even if life forms are so limited, chemical possibilities need not be
so limited, and are thus of interest [117], [51].
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To summarize, we have more possible nucleotide bases than the usual four. We already
have seen A/U, C/G, iso Cliso G, w/y or x/n, o/T', P/, Hydroxypyridone,
phenylEnediamine, Dipic/Pyrimidine, abasic pairs, MICS, SMICS (see Figure 3.28), F, Z
(see Figure 3.31), and N and H (see Figure 3.32). We thus have more than the usual 4° =
64 base triple codons (even a 65th functioning codon), rather thousands of new possible
codons. We have more than the standard 20 amino acids, already finding selenocysteine
(21st), pyrrolysine (22nd), L-aminobutyrate, S-carbonyl-L-cysteine, O-methyl-L-tyrosine,
L-iodotyrosine, etc.

This chapter is about numbers: the number of nucleotide bases, the number of codons, the
number of amino acids. Whatever numbers are used, be aware that any serious treatment
of the biochemistry of DNA, RNA, and proteins (at least in the laboratory) may require a
broader outlook than the numbers most often assumed. We know clearly that the number
of nucleotide bases in DNA and RNA may exceed 4, that there may be more than 64
codons, and that more than 20 amino acids may be constituents of proteins. With this
knowledge, we may start to examine aspects of the emergent theory of computation
found in bioinformatics. Any theory of linguistic computation must be able to deal with an
increasing number of possible bases, codons, and proteins with an increasing number of
constituent amino acids.

The first example of the reality of computability in bioinformatics that startled many
people was Adleman’s in vitro experiment. While details about this experiment can be
examined in detail, we shall not do so here, as this experiment is in many respects not
representative of the typical problems we shall encounter in this book. However, the
experiment focuses upon solving the Hamiltonian path problem, a problem from graph
theory. The problem may be reviewed in almost any book dealing with graph theory, but
the point is that this problem is well known to be NP-complete (unavoidably much
computer time must be expended to solve problems in this class, and all the problems in
this class have been shown to be computationaily equivalent). 20-mer nucleotide tag
sequences are used in each vertex to provide “from” and “to” addresses. Thus two 20-
mers in order, provide a route through the Hamilton graph. Allowing polymerases and
ligations, the set of all paths traversed can be derived, and specifically, DNA molecules
were isolated that corresponded to Hamilton paths. Thus Adleman used strands of DNA
in a “test tube” environment to obtain, in parallel fashion, solutions to this problem: an
aspect of computation was implemented using DNA. In the next few chapters, we shall
make a detailed examination of different aspects of bioinformatics, about which I hope
the reader will enjoy learning.



Chapter 4: Regular Languages: DNA and RNA

Epizootics®

“In 1317 and 1318, harvests throughout Europe improved, and conditions gradually got
better. But a new catastrophe, animal murrains, began. From 1316 to 1322, a series of
livestock epidemics devastated what remained of Europe’s cattle population. The next
two years, 1322 and 1323, proved to be a period of respite, but they were followed by a
succession of sheep murrains in 1324 and 1325” {227, p. 29].

The term epizootic refers to an event when a disease attacks a significant number of
animals simultaneously or is prevalent among a group of animals within a specified
geographic range.

“It is a remarkable story that I have to relate. And were it not for the fact that 1 am one of
many people who saw it with their own eyes, 1 would scarcely dare believe it, let alone
commit it to paper, even though I had heard it from a person whose word I could trust.
The plague I have been describing was of so contagious a nature that very often it visibly
did more than simply pass from one person to another. In other words, whenever an
animal other than a human being touched anything belonging to a person who had been
stricken or exterminated by the disease, it not only caught the sickness, but died from it
almost at once. To all of this, as I have just said, my own eyes bore witness on more than
one occasion. One day, for instance, the rags of a pauper who had died from the disease
were thrown into the street, where they attracted the attention of two pigs. In their wonted
fashion, the pigs first of all gave the rags a thorough mauling with their snouts after which
they took them between their teeth and shook them against their cheeks. And within a
short time they began to writhe as though they had been poisoned, then they both dropped
dead to the ground, spreadeagled upon the rags that had brought about their undoing”
[228, p. 28].

2 Epidemic, demos; epizootic zoology
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FSA and Regular Languages: DNA and RNA
DNA and RNA may be studied from the viewpoint of FSA and regular languages. This
chapter will attempt an analysis of DNA and RNA from the viewpoint of FSA and regular
or Chomsky type 3 languages.

Cut Grammars

An approach to dealing linguistically with DNA and RNA called “cut grammars” [164],
will now be discussed.

RNA are single-stranded molecules that fold to simulate double strands like those found
in DNA, thereby gaining stability through base-pair and hydrogen bonding. Hence, RNA
uses intermolecular bonding to gain stability, while DNA gains stability through the same
kind of bonding, but between two strands of molecules, thus through intermolecular
forces.

A new type of grammar is proposed that models intermolecular structures, called a “cut
grammar.”

Definition of a cut grammar:
G= (VN, Vi, P, S) where the production rules 2 are defined as follows.
(VN UVy) Vi (Vy UVp) x(V UVr U{8})”  and 6eVyUVy
Note: As &e(VyUVy) Vy(VyUVy) x (Vg UVyU{S}), then & does

not appear in any context (left-hand side of any production rule)

Definition of a cut language:
L(G) = {a) | o €[Vr U{a}]'&(s:;wj}

Definition: Givenw is a string in a cut language andw = @ ,60,6 ... @, and

®; € V; then

-

l. o= <a), N DU ,w,,) an ordered tuple of strings with all instances of cut out.

thus @ is @ cut into pieces at all instances of &, order preserved.

2. d=w,0,... 0,isw with all instances of § removed, a single string.
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Definition:

~

L(G)={a3 | be2 & S;a)}

E(G)={5 | BeVr & s:'m}

Note that the definitions given can be modified to support all Chomsky type languages,
specifically regular, context-free, and context-sensitive.

Restriction Languages

Recall that restriction enzymes cut DNA at restriction sites; thus Mbol cuts as follows.

gate

Tiasg
S g

Regular (Chomsky Type 3) Cut Grammars

Gp =({S}, {a, c, g t}, Pps S) (the “p” subscript refers to a partial digest)

where: Pp={S = aS| ¢S | gS| tS| SgatcS | /1}

Two sample derivations:

S = aS= atS= atgS— atgcS = atgc J gatcS = atgc S gatc A

= atgcdgatc € L(G p)

Thus < afgc, gatc > € f.(G p) and atgc-gatc € i(G p)
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tS = ttS = ttaS = ttagS = ttagtS = ttagttS = ttagttaS

ttagtta § gatcS = ttagtta § gatccS = ttagtta § gatcegS

ttagtta § gatccgS = ttagtta J gatccgr S = ftagtta J gatcegtgS

ttagtta & gatccgtg a S = ttagtta & gatcegtgatS

ttagtta & gatccgtgatcS = ttagtta § gatcegtg a tegS

ttagtta J gatccgtgatcgtS = ttagtta & gatccgtgategttS

ttagtta o gatccgtgatcgttaS = ttagtta J gatccgtgatcgtta § gatcS

ttagtta & gatccgtgatcgtta J gatctS = ttagtta S gatccgtgatcgtta & gatcttS

ttagtta & gatccgtgatcgtta S gatcttgS — ttagtta § gatccgtgategtta J gatcttgeS
ttagtta & gatccgtgategtta J gatcttgegS — ttagtta J gatccgtgatcgtta J gatettgeg A

O A R

Note that ttagtta § gatccgtgatcgtta o gatcttgege € L(G p)

while ttagtta, gatccgtLat tta, gatcttgege el:(Gp)

undigested

and ttagtta- gatccgtgatcgtta. gatcttgege € E(G P )

A new grammar can be devised to obtain complete digests:

G, = ({S}, {a, cg, t}, 2., S) (the “c” subscript refers to a complete digest)

S = gG| aS| cS|tS]| dgateS | 4
G = gS|aA| cS|tS

where % =1aA = gS| aS| ¢S | (T
T =

gS| aS | tS

Cut grammars are useful when dealing with context-free and context-sensitive languages
and will be discussed in Chapter S, and Chapter 6.
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Assuming that there are no mismatches, abasic pairings, and that only the usual four
nucleotide bases A, C, G, and T are involved (in DNA, but this may easily be expanded to
RNA by replacing T with U), then we may approach DNA from the viewpoint of a
standard FSA, and use a regular Chomsky type 3 grammar as follows.

oo (3090}~ 9
e {05151 (91 (o1 ()

A
It is understood that (/J does not correspond to any biochemical molecule.

A (c) (6) (M
then L(G)= +H |+ D+
T G C A
It is an easy task to expand the linguistic capability, by adding production rules for non-

standard bases, non-standard chelated bases, totally artificial bases, abasic pairs, etc. as
discussed in Chapter 3. This can be done for the entire Chomsky hierarchy, as well.

S (isoc)s (isoG]S (E]S (Dipic)s (Py )S

=iso) | lisoc) S ' g8 by )3 ! | pipic) S !
(e (e (1 (9.

A Hsmics)S @) S 1 (p)S o

If triple-stranded helices of DNA are to be included, then we would have to consider an
expanded grammar once again.

AY (C) (G) (T
G=[{S}, yT| |G| {C} |Al}L P S
A/ \C/ \G/ \T
A C G T A
where: 2={S=|T|[S] [G|S| |C|S||A|S||A
A C G T A

However, this would not be very adequate, as triple-stranded DNA often exists in
conjunction with double-stranded DNA (see Figure 4.7 as well as Chapter 8, splicing
systems). Although a mixed system could be devised, such things as the following (to
support mixed helical strings of one, two, or three helices) are not acceptable.
Furthermore, there are quadruple-stranded helices of DNA. This will also be discussed in
Chapter 5, covering context-free grammars.
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RNA Phages, Group I

RNA phages of group I consist of a single-stranded RNA molecule which is 3500 to 4500
nucleotides long, along with a protein coat. At least four proteins are coded on the RNA
[24].

Genetic map of MS2 RNA phage, group 1

p

ribosomal binding site

130 1308 1335 1724 GAGG 176! 3395 3569
y [ Vi !
Maturation Coat Synthetase
Protein gene Protein gene Protein gene
Lysis
Protein gene
pppGGG T T
AGGAGG GGAG 1678 1902 CCCA on

\ . .
ribosomal binding sites

required for replication

Note: The numbers refer to the specific number of the nucleotide in the
genome sequence. Thus the coat protein is at nucleotides 1335 through
1724. Thus the coat protein gene requires 390 nucleotides.

The first nucleotide has number 1 (the next lower number is —1, the
number 0 is not used.

Figure 4.1 Genetic map of MS2 RNA phage, group I: location of bases

The lysis protein gene overlaps the coat protein gene and the synthetase protein gene. A
codon frame is every three nucleotides. The lysis protein codon frames are in a different
frame than the coat codon frame, by one nucleotide.
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/coat protein codons \

codon codon
frame frame
——

—
xxxxxx...xxx|... X

t /=

1335 1677 | frame 1678

~ v

coat protein gene lysis protein gene

Figure 4.2 Map of codon frames
The maturation protein gene coding region begins with the GUG codon, while the other

gene coding regions begin with the AUG codon. The ribosomal binding sites precede the
start codons for the maturation, coat, and synthetase genes.

Ribosomal Binding Site (Primary Structure [24, p. 2566])

maturation protein gene AGGAGG
coat protein gene GGAG or GGGG
synthetase protein gene GAGG

Thus a deterministic finite state automaton to accept GGGG or GGAG, or the regular
expression GGGG + GGAG =GG (A +G)G follows.

Figure 4.3 FSA to accept GG(A+G)G
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A non-deterministic finite state automaton to accept the four ribosomal binding site
primary structures follows.

Figure 4.4 Another FSA to accept ribosomal binding site base sequences

It is fairly trivial to convert the above non-deterministic finite state automaton to a
deterministic finite state automaton. The deterministic finite state automaton has twenty
states, four of which are final (accepting) states.
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The Regular (Chomsky Type 3) Language Equivalent to MS2 RNA-Phage, Group I

A series of finite state automata may be constructed and assembled as a non-deterministic
FSA, and converted to their corresponding deterministic FSA, which will accept MS2
RNA-Phage, group L. In fact, this deterministic FSA can be converted to its corresponding
deterministic finite state transducer, with regular input language, and its corresponding
output language of amino acids (translated from the input language codons). A program to
do this will follow, in rough outline form.

1. Construct FSA,, which recognizes the ribosomal binding site for the coat gene, with
corresponding regular (type 3) language Ly,.

2. Construct FSA,, which recognizes the ribosomal binding site for the maturation gene,
with corresponding regular (type 3) language Ly,.

3. Construct FSA,; which recognizes the ribosomal binding site for the synthetase gene,
with corresponding regular (type 3) language Ly;.

(Note that FSA complements and complements to their corresponding type 3 regular
languages are easily constructed.)

4. Automata for the regions translated by the ribosomes may be constructed, and a partial
construction follows [24, p. 2564]; it is transducer Tp, . T accepts all RNA sequences
that:
a. Have start codon AUG or GUG;
b. followed by zero or more multiples of three nucleosides (each triple of
nucleosides is a codon, and is translated into a corresponding amino acid);
c. terminated by any stop codon (nucleoside triple that is either UAA, UAG, or
UGA).

The corresponding language is L, =L,;-Ly -La,-Lt -L,3-S™, where S”is the
1 Al LTy a2 b1 Al

non-empty regular expression composed of RNA alphabet codons.

T(po) follows.
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A,C,U/lle

U/

C,u/A A,G/A

AN AVS
AG/A J iz ey
GfMet \ /T J---.. >

C,U/Cyr (’:"’
G/ Trp G,’
U/Ser
A,G/Leu
C,U/Phe

Figure 4.5 FSA for MS2 RNA-Phage, group |
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The transducer Tp(l) recognizes the overlapping-frame gene for the lysis protein. This
transducer looks for the start codon, then proceeds with the frame one letter ahead. Then
the transducer seeks a start codon from triplets of the form AUG or GUG. After a
triplet start codon is identified, the triples of letters (codons) are transduced into lysis

proteins. The overlapping region in the genome is in

¥
[LTp(o)'LAyLTp(u)] n [LTm)‘S ]

Note that finite state automata are a Boolean algebra, thus

.
[LTp(u)'LATLTp(o)] n [LTP(])'S ]

is a regular (Chomsky type 3) language also.

. . . . . . . . + - + i
L, =L, LT(N) L a2 ([LTP(U) Las LTp(o)] n [LTP(I) S D S* remains a regular
(Chomsky type 3) language. L, is a subset of L; and includes only those RNA

sequences that also code for the lysis gene.

The final consideration is the requirement of phage replication. The replicase function
acts as a constraint upon the possible genome terminals. A finite state transducer Ty can
be constructed which accepts the end sequence ACCC seeking the starting sequence
GGG. In this case, the Chomsky type 3 (regular) language LrTR will correspond to finite
state transducer Ty, but in reverse order. We thus obtain L; =L, L'TR . Note that

regular language L; models the genome for MS2 RNA phage, group I.

The transducer TP(l) follows.
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Cu/a AG/A

A,CU/A

ALY S

v o

C.G,U/A .
v
ClA Gia ula

A,C,G/A

A,C,GU/A

Figure 4.6 Transducer T},(]) for overlapping-frame gene for the lysis protein
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In Vitro Molecular Computation

The purpose of this book is to examine how aspects of automata theory may be used to
model various phenomena in a number of areas outside computer science, electrical
engineering, or mathematics. It is well known that there is a one-to-one functional
relationship or parallel between computational machinery and the linguistic hierarchy of
Chomsky (see the diagrammatic representation of this parallel, below). However, another
effort is underway, namely, the actual and practical construction of computational
machinery based upon new principles of design. Specifically, the construction of
computational machinery not using transistors, direct-current power supplies, digital
circuits, arithmetic/logic units, memory modules, etc., but rather, constructed from
biologically derived components, such as DNA macro-molecules, ATP, or artificial
molecules to provide power based upon photosynthesis, etc. or hybrids of traditional
components with biologically derived components, even living components.” This
program is often referred to as “molecular computation.” Such a program seems far off in
the future and lies mostly outside the purpose of this book. However, restricting ourselves
to the purpose of this book, namely, how aspects of automata theory may be used to
model various phenomena, a short discussion of aspects of automata theory in relation to
molecular computation is relevant to our objectives. We have in fact already encountered
in vitro and in vivo applications in Chapter 3, and we will see another reference in chapter
7 (a universal Turing machine).

Primitive Components in Molecular Computation
As most of the devices in this area lie outside the area of automata theory that is described
in this book, little attention will be given to this area, other than mentioning some recent

achievements.

A DNA-based computational device has been developed to accomplish addition. This is
discussed in [55].

A DNA-based computational device has been developed to accomplish multiplication.
This is discussed in {116].

A method of solving Hamiltonian graph problems has been discussed in [2].

b It is not the purpose of this book to examine moral questions that might arise in the context of mixing or
using biologically derived or living components in the devices used or to be used in molecular computation.
However, the question as to the morality of this program ought not to be ignored or considered insignificant.
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Finite State Automata

Two methods are proposed [57]; a method based upon ligation and a method without
ligation.

Sample FSA:

Divide by Three
(binary numbers)

0
SO ()
0

1

Figure 4.8 Example of a FSA

Samples:

ot _ .0

011 oMl

100=1 1

o11 011

101 10
—_— =]y —
011 011

101110= 11 1

1 —

011 011
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Ligation Method

The approach taken is as follows.

input ———%  Process — output

Figure 4.9 How the experiment is carried out

where:

input: problem is encoded in oligonucleotides,® encoding alphabet is A, C, G, T
processing: hybridization of DNA molecules and ligation of DNA

output: extraction of processed DNA.

Note: Hybridization is the joining of two complementary DNA strands into a double
helix.

Ligation is the joining of two DNA double-helix molecules into one DNA double helix.

Recall that restriction enzymes are proteins that cut the DNA helix at specific sites. Two
such restriction enzyme sites are as follows.

\/
5’ GGGCCC 3 5 G*AATTC 3

Smal _ EcoRl —e
3 CCC*GGG 5 3 CTTAA*G 5

Figure 4.10 Examples of restriction enzymes that may be used in this experiment

Input strings are called adapters, that are a double-stranded DNA helix, usually with a
single-stranded overhang (a sticky end). The double-stranded portion encodes an input (a
0 or 1 in our example), while the overhang encodes the present or current state. Thus the

adapter is a physical realization of the mapping J(state, input) .

¢ Oligonucleotides are written in the 3’ to 5’ direction [57].



Example:

State
0
1
2

In this specific case, input “0” corresponds to GAG, and input “1” corresponds to GCA.
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nucleotide encoding
ttat

getg

ctca

Thus an adapter is a molecule that encodes an input, for a specific state:

\v - next state
" (complement) T _C4 “
CCCGGGGAG at/CTT AAGAG

Adapter, given a present state and an input

R ring
present state
of adapter

[+

aata GAATTIGGGCCCC TC TA GAATT CTC

—
complement
of state

input of adapter

sticky end

Figure 4.11 Representation of an adapter, with states and R ring

Note: R rings or R loops are also discussed in the next chapter.
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To nicely display the FSA, we note the following.

S(state, input) = 5(state, adapter(state, input]), and we obtain the desired FSA:

state [0 |1
0 0 |1
1 2 10
2 1 ]2

Showing the adapters, then we obtain:

state | 0 1

0 5(0,adapter[0,0]) | 5(0,adapter[0,1])
1 &(1,adapter{1,0]) | &(1,adapter[1,1])
2 6(2,adapter[2,0]) | 5(2,adapter2,1])

Figure 4.19 FSA (using the adapters)

Alternatively,
5(0,adapter[0,0]) = 0, 5(0,adapter[0,1]) = 1

8(1,adapter[1,0]) = 2, 8(Ladapter[L1]) = 0
5(2,adapter[2,0]) = 1, 6(2,adapter[2,l]) = 2
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Non-Deterministic Finite State Automata

Before we proceed to the method of implementation that does not utilize ligation, the
nondeterministic finite state automaton wiil be considered.

Divide by Three Divide by Two
(binary numbers) (binary numbers)

Figure 4.20 Examples of deterministic FSA
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Nondeterministic Divide by Two or Three
(binary numbers)

Figure 4.21 Example of a NDFSA, | 8(qe), 0)|> 1, and | 8(qe), 1) | > 1

state nucleotide sequence
q [0] atat

qjo3) ttat

q [1.3] getg

9|23 ctca

qj0z) tatt

q[1.) gteg

Figure 4.22 Representation of states

From this point forward, the method is the same as in the previous deterministic case [S8,
pp. 64-70].
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Implementation Without Ligation

There are distinct advantages to the non-ligation method: the molecules are reusable [57,
p. 482], and the process can run in uninterrupted fashion. A library of transition molecules
is created. These molecules encode the input set and state representations [57, p. 482].
Transitions take place by Watson-Crick hybridization [57, p. 482] where hybridization
replaces ligation [57, p. 483]. The input molecule is a concatenation of codeword
submolecules in the 5 to 3  direction. There is a specific starter code word at the 5 end,
and a terminating codeword at the 3 end [57, p. 483). Molecules representing the
terminal state that has been attained may be detected optically (these molecules may be
made to have a fluorescence property), thus easing their detection {57, p. 483].

The molecules used to implement this method will now be described [57, pp. 482-484,
486, 487]; see Figures 4.23 through 4.25.

The Transition Molecule

LREOBOID,

noncoding strand

500
LGS

Q
Q%
O

T
|
T

source target <j p

co-state co-state | O

| strand strand —UO

input co-symbol strand

Q@Q@Q@QOQ@Q@H@@&%

Figure 4.23 Ring of bases (without ligation)

slsislolele:

%07
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The Acceptor Molecule

kewisisieleslelel
e T

ol
2

Q
9
5

_ final | __<] O

e

state polydeoxyriboflourouracil
C)J:/\T coding strand ——<:‘ p
OAO_ | strand _%ﬁ@

folslele
%

7
O

polydeoxyribothymidine G /O

Seissaseis ey

Figure 4.24 Ring of bases with acceptor and final state
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The Starter Molecule

PRSI0,
: noncoding strand :O g
L - ] O

vlelsle

Q
LA

ielele
s

noncoding target

strand co-state _Q /O

strand
K
input ~_<j /Q

polydeoxyribothymidine co-symbol /j
strand strand PO

CERTETERERATER,

|
T

olv's

Figure 4.25 Ring of bases with starting input



Chapter 5: Context-Free Languages: DNA and RNA
Complexion

“The term ‘complexio’ [231, pp. 101, 102] was, from the twelfth century, the Latin
commonly used for the Greek crasis, or temperament, that is to say, the balance of the
qualities of hot, wet, cold, and dry resulting from the mixture of the elements in the
human body. Since it served as a fundamental concept, not only in physiology but also in
pathology and therapy, complexion theory provided important support for the idea that
medicine constituted a unified and rational body of knowledge. The general theory,
already quite fully developed in the works of Galen, underwent considerable further
elaboration during the Middle Ages.

“Complexion also varied among different peoples or geographic regions; Sythians, who
lived in a cold climate, were supposed to be colder and moister in complexion than
Ethiopians, who lived under the hot sun.”

The Humors

“The concept of humors [231, pp. 104-106]~that is, specific bodily fluids essential to the
physiological functioning of the organism—originated at a very early stage of Greek
medicine. Various Hippocratic treatises mention one or more of the fluids; On the Nature
of Man presents what was to become the standard set of four: blood, phlegm, bile (also
termed choler, or red or yellow bile), and black bile (or melancholy). The theory of the
humors probably developed because bodily fluids of all kinds played a large part in
ancient, and subsequently medieval and Renaissance, physiology, diagnosis, and therapy.

“Like all body parts, they (the humors) were themselves complexionate.

“Hence, the balance of humors was held to be responsible for physiological as well as
physical disposition, a belief enshrined in the survival of the English adjectives sanguine,
phlegmatic, choleric, and melancholy to describe traits of character.

“Medical theory asserted that the human body exists in either health, sickness, or a neutral
state between the two. Deviations from health were classified into congenital
malformations (in medieval Latin, mala compositio of the body), complexional imbalance
(mala complexio), and trauma (solutio continuitatis, or break in the body’s continuity).
This classification placed almost all internal iliness in the domain of complexional
imbalance. Relatively little attention was paid to the first of these three categories, and
when surgery emerged from medicine as a separate occupation and discipline in the West
during the twelfth and thirteenth centuries, the management of trauma became the
characteristic task of the surgeon.”
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Palindromes

A special example of context-free languages are the languages composed of palindromes.
Palindromes are of special importance in their relationship to DNA and RNA. Before

going any further, a good idea of what a palindrome is can be obtained through examining
examples of palindromes.

Definition: A palindrome over Vi is words or strings composed of terminal symbols in
V7 but where the strings are spelled the same way in either direction.

Some examples follow.
Example 1:

desserts stressed

} same spelling, either direction

Note that in example 1, V1= {d, ¢, s, 1, t, A } where A signifies a “blank™ or “space”.

Example 2:
able was I ere I saw elba

—_

L - same spelling, either direction

<

Example 3:

NIYONANOMHMATAMHMONANOYIN

>
»

<
<

same spelling, either direction

(Greek inscription on the sacred font in the courtyard of the Hagia Sophia in
Constantinople. The inscription means “wash your sins not only your face”)

Example 4:

abbcccdcccbba

) } same spelling, either direction
Example 5:

{w-wR | w ev{}

— } same spelling, either direction
Example 6:

each of the three words: racecar, kayak, level
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Context-Free Grammars: DNA and RNA
Constructing context-free grammars that can generate palindromes is an easy task. To
obtain the palindrome “desserts stressed”, we see that Vy = { d, e, 1, 5,t, A } (where A

will signify a space character). Note that the palindrome has an odd number of characters.
The grammar follows.

G =({S}, {d, e, I, s 1 A}, prl | S) where:

PP ={s = dSd | eSe | rSr| sSs | tst | A}
A sample derivation:

S = dSd = deSed = desSsed = dessSssed = desseSessed
= desserSressed = dessertStressed => dessertsSstressed
=> desserts A stressed

It is an easy task to construct context-free grammars that can generate palindrome-like
languages for DNA and RNA.

GPN =({s}, a8 Ufa ot 2™, s)
where:  PPNAI = {s = aSa | cSc | gSg | 1St | /1}

However, using the Watson-Crick complementary relationship, we know that the
following is true.

~t Q|
]
-

]
o
Q| ol
]
L]

Thus a better grammar for DNA is the following.
GDNA=({S}, {a, ¢ g t}, pONA, S)
where: PPNA = {s = aSt | c¢Sg | gSc | tSa | ,1}

The question could be asked, “How is the language Lpya = L(G DNA) composed of

palindromes?”
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; then we will examine the

. T DNA
Let us examine a derivation in Lpy,, =L(G ')

corresponding string in Ly, = L(G DNA ) .

In Lpya, = L(GDNA‘ )

tatacScatat>tatacgSgcatat

tatacgtStgcatat

tatacgtaSatgcatat

tatacgta Aatgcatat

by s uuy

tatacgta-atgcatat
While the derived string is not a palindrome, it is palindromic in an obvious sense.

Let us examine the string that would have been derived in Ly, = L(G DNA)

tatacgta-tacgtata

but if we view this as a double-stranded DNA helix:

tatacgta

atat gcat

Figure 5.1 RNA folded into a doble-helix like DNA
RNA is typically single-stranded, but the same energy-stabilizing forces that act on a
double-stranded DNA helix cause RNA to curl around itself into a double helix, thus

RNA is also palindromic, like DNA. The big difference is that in RNA, “t” is replaced
with “u”. Review the discussion in Chapter 1.

GRYA =({S} ,{a, c, g u} U {5, ¢ g ﬁ}, pRNA S)

where: PRV = {s = aSa | cSc | gSg | uSu | /1}
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Similarly, using the Watson-Crick complementary relationship (but for RNA, now), we
know that the following is true (sometimes g and u are paired).

el ™)
It
0ROl
I
I}

Thus a better grammar for RNA is the following [160, pp. 586-588].

GRNA=({S}, {a, ¢, g u}, pRNA S)

where: PRNA = {S = aSu | cSg | gSc | uSa | /1}

Both DNA and RNA may have recursive instances of palindromic structures. However, a
grammar supporting recursive or repeated palindromic structures is still context-free.
Examples of recursive or repeated palindromes:

1. repeated palindromes: desserts stressed - eve
2. recursive palindromes: desserts eve stressed

DNA and RNA grammars that support repeated and recursive palindromic structures
[160, p. 589]:

GPNA- =({S}, {a, c, g t}, pPNA S)

where: pPNA = {S = SS | aSt | cSg | gSc | tSa | /1}

GRA =({S}, {a, c, g u}, pRNA S)

where: P"NA- = {S = SS | aSu | cSg | gSc | uSa | /1}

More complicated structures, such as supporting copies of substrings, would require a
grammar more complex than context-free, such as context-sensitive. This will be
discussed at length in the next chapter.
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Dyck Languages and the Chomsky-Schiitzenberger Theorem

If the grammars for DNA and RNA are viewed palindromically, an interesting fact
emerges.

™ =(fs), [ c g Ufa & i} P 5

=({S}, {a, c, g t}, pPNAL S)

where: PPN = {s — SS| aSa| ¢Sc | gSg | tSt | ,1}

and

GRNA =({s}, fa c g uUfee ), ™, s)

where: 2"z = {s = SS| aSa | cSc | gSg | uSu | /1}

The interesting fact is that both these grammars are effectively Dyck grammars!

The Chomsky-Schiitzenberger Theorem states:

L= h[D N R] , where L is an arbitrary context-free language, h is a homomorphism, D is
a Dyck language, and R is a regular (type 3) language.

Thus arbitrary context-free languages to describe DNA and RNA, may be used in the
Chomsky-Schiitzenberger Theorem if G™ or G are used as the Dyck languages

[158, pp. 104, 105].

Thus note the comment: “The language of genes really represents the intersection of
separate languages for transcription, processing, translation and even for the encoded
protein sequence, which must specify the folded structure of the protein with its rich array

of nested and crossing dependencies” [160, p. 591].
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Splicing System-Like View

A small diversion (promised in the Chapter 4, when discussing type 3 grammars and
FSA) would be 4 propos. We have just studied how DNA and RNA might be viewed as
context-free grammars. However, it is very interesting that the context-free grammars to
describe DNA and RNA may also be viewed as type 3 grammars, if the terminal sets are
more complex. Thus a review of the discussion under regular grammars is timely.

Assuming that there are no mismatches, abasic pairings, and that only the usual four
nucleotide bases A, C, G, and T are involved (in DNA, but this may easily be expanded to
RNA by replacing T with U), then we may approach DNA from the viewpoint of a
standard FSA, and use a regular type 3 grammar as follows.

o= 2 () () (D) » 9
e 2=fs= 331 (s 1 (s (s ()

A .
It is understood that (}J does not correspond to any biochemical molecule.

e w0){(8)+(9)- ({0

s=(Ms=(r)s= e W= (IR

- RS- (MR GRe)s

=M AR = (WG IRE)s
= (IR -CEREAAA?)

sensitive, may be viewed as context-free (if a matrix grammar is used). Changing the
theoretical basis (even only V1) supports powerful changes in the theoretical viewpoint.

C
C
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The above ideas can be extended to include ideas discussed under splicing systems, and
domino systems in Chapter 8, comprehending restriction endonucleases. It is impossible
to examine all the possible extensions, but to get an idea of some of the possibilities, let
us consider the following example.

Let us recall two common restriction endonucleases, Bell and Mbol.

Bcll Mbol
T‘GATCA GAG‘CGG
ACTAG?T CTC¢GCC

Figure 5.2 Restriction endonuclease cleavage

Let us construct the context-free grammar GMB (once again, we assume no mismatches,
triple helices, abasic pairs, etc.).

GMB:({S, B, M}, V;, 2P, s)

where:

Ve {neraa) (7) (G (oo (1) (6} (b () (3
T~ N\AcTAG) T) \crc) \cee) \1) \G) \c) \A) 4
and the production rules 2 are

s Lo 48 (o1 (o1 (G (]

(GATCA)
B
T

CGG
M = S
GCC

Thus a sample derivation:
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s = hernd®=Chensall 1 =Ll 7 J®
eraall 1 MW= Lhemall 1 NS
LA ey W
(e Micracl ™ A
= (e h e aeraal v L
ol
ol
o

w2

=

U

(oc G
K eeelr)aerad ™ SARC)
(aeclr (

|
- (e AN
~ el 1

GCTCGCCTAACTAGTCA

Similar to the discussion in the pfevious chapter, we could modify this language by
supporting non-standard bases, non-standard chelated bases, totally artificial bases, abasic
pairs, etc., as discussed in Chapter 3. We would have to add the following to Vr,

50 (3 ) G 09 (e (3 O

and in addition, we would have to add the following to the production rules:

=1 (o1 (1 (5751 (e
()1 sl 1 (B 1 (s e

Our little diversion is over; we end our discussion of context-free grammars that deal with
methods similar to splicing systems (splicing systems will be discussed at greater length
in Chapter 8).



154 Emergent Computation

Cut Grammars
Recall that cut grammars [164] were discussed in a previous chapter limited to Chomsky
type 3 regular grammars, and finite state automata (see Chapter 4). At that time,
discussion of cut grammars relating to context-free grammars was postponed. We shall
now resume the discussion of context-free cut grammars, and further study takes place in
the next chapter.

As areview:

Definition of a cut grammar:
G= (VN , Vr, P, S) where the production rules 2 are defined as follows:
(Vi UVr)" Vi (Ve UVr) (Vi UVy U{6})" and S eVy UV,

Note: as & e(VyUVr) Vy(VyUVe) x(VyUVy U{é})‘, then & does

not appear in any context (left-hand side of any production rule)

Definition of a cut language:

L(G)={a) | e[vrU {5}]‘&(5:}0)}

Definition: Given that o is a string in a cut language and v = @ 60,6 ... w,6and
o; € Yy

then

1. @=(w;,w,,...,0,) anordered tuple of strings with all instaces of

Scutout. Thus @ is @ cut into pieces at all instances of &, order preserved.

2. 0=0,0,... ®, isw withall instances of § removed, a single string:
Definition:  [(G) = {&; | be2" & S:w}

L(G):{Z) | 3eVy & s:lm}
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Context-Free Cut Grammars

An example of palindromic cut grammars follows:
Gy = ({8} {2, b}250.5)

where: B, ={S = aSa| bSb | 4}
A sample derivation:

S = aSa—> abSba = abaSaba = abaaSaaba = abaa Jaaba € L(G pal)
In particular, L(G pal) = {a)é‘a) R }
Note that <abaa, aaba> € I:(G pal ) and also that abaa-aaba € IN,(G pal ) .
Thus applying context-free cut grammars to DNA, we have:
Ghna = ({S}’ {a,’ ¢, 8 t}U{‘_’, G, g’a;}s PoNA > S)
where:  Plgs = {s = aSa | cSc | gSg | tSt | 5}

However, using the Watson-Crick base complements:

~in|
Il
-~
-

we get a nicer context-free cut grammar as follows
G(I))NA = ({S}’ {a7 c, g, t}, pIgNA’ S)
where:  Biua ={S = aSt | cSg | gSc | tSa | 6}

A sample derivation follows.
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S = aSt=> atSat — attSaat => attgScaat = attgaStcaat
= attga § tcaat

Note that attga Stcaat € L(G I NA ) and that <attga, tcaat> € I:(G N A) .

0 af 0

L(G DNA ) L(G DNA )

attga attga
)

taact taact

Figure 5.3 Cuts take place at the Jsites

Nick Grammars

DNA molecules have a “backbone” of deoxyribose saccharides linked with phosphates,
just as RNA molecules have a “backbone” of ribose saccharides linked with phosphates.
In both cases, the molecular structure is maintained by a number of forces in addition to
the backbone, such as complementary base pair attractions, hydrogen bonding, etc. If the
saccharide “backbone” is occasionally severed (bonds are broken), the molecule still
maintains integrity, due to the other forces (complementary base pairs, hydrogen bonds,
etc.). A DNA double helix, or RNA molecule that has such severed “backbone” bonds is
referred to as a “nicked” DNA or a “nicked” RNA. Diagramatically:
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DNA Double Helix purine or
yrlmldme
bases

IEDESEENEN

L saccharide
nick in saccharlde “backbone”

“backbone”

DCLDZUL

mck in saccharide
“backbone”

Figure 5.4 Nicks in double-helix structure

We can construct context-free cut grammars to model nicks [164, p. 32]*,

G:ﬁck is a nick grammar for nicks in a single strand. Then
Gmck _({S}»{a’ ¢ 8 t}’ Pn]ick9s)’
where: ?,fick = {S = aSt| cSg | gSc | tSa | S& | 6‘}

A sample derivation:

§ = aSt=>acSgt=>acSdgt—=>actSadgt—=actgScadgt
= actgdcaogt

thus (see Figure 5.5):

# Searls refers to this as Gy.
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L(G - ) ]:(G nick )
ac tg ac tg
>
}
tgdac tg ac

Figure 5.5 Two nicks in DNA
G flick is a nick grammar for nicks that can take place on both strands [164, p. 32],° then
G hiek =({S}’ {a, c, & t}, Pricks S),
where: P2, ={s = aSt| cSg | gSc | tSa | 6S | S6 | 5}

A sample derivation:

S = aSt—atSat—=>atdéSat=>atdcSgat=>atdccSggat
= atdcctSaggat => atdcctS Jaggat = at JcctgSc J aggat
= atdcctgdcdaggat

Thus:
2 af 2
L(G nick ) L(G nick )

at é cct g at cct g

[[ P ] 1) N EEEN D

ta gegaéodc ta gga ¢

Figure 5.6 Nicks on either strand of a double-helix

Note that if nicks on both strands match up, then the double-stranded DNA breaks (see
Figure 5.7).

Y Searls refers to this as Gaa.
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nicks match up, thus the

/ double-stranded DNA breaks

nicks do not matchup "

Figure 5.7 Nicks that match can cleave a double helix

Nicks that match up will cleave a DNA double helix, but a context-sensitive cut grammar
that avoids this, and which has overhangs (sticky ends) of a minimum specified length is
as follows [164, p. 32]°.

Gno break =({S}’ {a’ ¢ 8 t}’ pno break » S)’
where: 2y, prea ={s = aSt| cSg | gSc | 1Sa | w6Sa" | @SSH" | (5}

and @ € V{' , and n is the overhang length (minimal distance between nicks).

Example, with n = 3:

S = aSt | cSg | gSc | tSa | accdSggt | tatSdata | &

a sample derivation:

S = accdSggt = accd tatS Jataggt
= acc J tatacc § Sggt & ataggt
=> accJ tatacc 3 ggt J ataggt

See Figure 5.8.

© Searls refers to this as G,
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accétat acc
JTTTTITIT ITT % YGuwwe)
tgg ataotgeg
over hang over hang
—— —r—
acec tat acec
Il r l ]T IT L(Gnobreak)
tgg ata tgeg
——— —_—
over hang over hang

Figure 5.8 Language without cleavage due to matched nicks

Non-Linear Context-Free Cut Grammars

Hybrid double strands of molecules, one strand being DNA, the other strand being RNA
are possible. In such cases, DNA substrands may not have matched RNA substrand
complements. The extra substrands of DNA are called R loops. R loops were the first
examples of introns [164, p. 33]. We have already encountered R loops or R rings, when
we discussed Garzon’s in vitro applications of FSA (see the previous chapter).

Gy =({S, R}, {a, c, gt u}, Bybs S),

where: A, ={

S = aSu| cSg| gSc| tSa|{ RS | &
R = Ra| Rc| Rg| Rt} 4

A sample derivation may be found in the following and in Figure 5.9.
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aSu = atSau = atcSgau = atcRSgau = atcRaSgau
atcRtaSgau = atcRataSgau = atcRtataSgau

atc A tataSgau = atctatagScgau => atctataggSccgau
atctataggtSaccgau = atctataggtcSgaccgau

by Uy

atctataggtcaSugaccgau = atctataggtca § ugaccgau

DNA « Rloop

a _t

strand
t a
\’atc mggtca

/’uag ccagu
RNA

strand

>0

Figure 5.9 R loops are an example of non-linearity
Branched Hybridization Cut Languages

Other palindromic context-free cut grammars are possible.

Gy =({s.AL {a o & t} &, ),

{S = aSt} ¢Sg | gSc | tSa | AA}
where: A, =

A = aAt | cAg | gAc | tAa | &

Branching structures such as the following are obtained.

»

-

w—un—un—n-

Figure 5.10 Example of brasnching in a double-helix
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Ga:b branch =({S}’ {a’ C 8 t}’ parb branch » S))

where: By branch :{S = aSt | ¢Sg | gSc | tSa | SS | 6}

Arbitrary branching structures are supported by this grammar, structures such as:

Figure 5.11 Arbitrary branching in a double-helix
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GFork =({S}’ {a’ ¢ & t}, Protk » S),

where: B ={S = aSt | cSg | gSc | tSa | SIS | /1}

Note that the forks occur with SJ°S, and terminations with A causes ends not to be cut.

Figure 5.12 Forked branching where A means no break

Garb =({S},{a,C,g»t}, parb,s)’
where: ;Da,b={S = aSt| cSg | gSc | tSa | SS | S8 | &S | /1}

This grammar will insert cuts at arbitrary places.
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Circular Context-Free Cut Languages

Definition: Given o = 60,0036 ...6w, with n>1,and o, GV-;—

n
then @=(w,,0,,0,, ...,0,) (circular cuts)
Example:
GHol =({S’ A}’ {a’ ¢ & t}s H-lol’ S);

) S = AS| 4
where: Bl =14 = aAt | cAg | gAc | tAa | &

Now for a derivation, and an examination of the corresponding structure (subscripts are to
help clarify the structure).

S = AS;=2AA8, 2AAA8; A AA3A S, A AAALA
= AjA,A3A, = tAaA,A A, = taAtaA,A3A, o tatAataA,A A,
= tataAtataA,A;A, = tatadtata- A,A;A, = tatadtata-cAgA;A,
= tatadtata-ccAggA ;A , = tata J tata- cCgAcggA ;A 4
= tataJtata-ccggAccggA A, = tata dtata-ccgg J ceggraAtA 4
= tatadtata-ccggdcegg-ac A gtA, = tata dtata-cegg J ccgg- actAagtA 4
= tataJtata-ccgg S ccggractgAcagtA , = tata & tata-ccgg d cegg-actg S cagt-A
= tata J tata-ccgg J ccgg-actg S cagt-aAt
= tata J tata-ccgg d ccgg-actg J cagt-acAgt
= tata J tata- ccgg J ccgg-actg S cagt-acgAcgt
= tata J tata-ccgg d ccgg-actg O cagt-acgtAacgt
=> tata J tata-ccgg J ccgg: actg J cagt- acgtaAtacgt
= tata J tata- ccgg & ccgg-actg O cagt-acgta & tacgt

Now, for the diagram of the structure, see Figure 5.13.
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Holliday Structures

)

§l
cf—A-

|
al—A—{t
Ay

t a c c [
R T i 7 1 I T T
0 —A—A—A—A—A, ‘ S A; A A A—6
1 I i i ] sy i | L,
a t g c a>§4 Sl(c c g g
A tl-A
al—A —|t
t|—A —
apA —t
v|
)

Figure 5.13 Holliday structure (circular cut grammar)

To be a true Holliday structure, both the “horizontal” and the “vertical” arms of the
double strands must be identical or very close to identical. The context-free cut grammar
provided is not adequate for the purpose. What is required is a context-sensitive cut
grammar, which will be discussed in the next chapter.
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Operons and Transformational Generative Grammars

A brief review of operons would be useful, then we shall examine how automata theory
might be usefully employed in their study.

Escherichia coli growing in a glucose environment has little B-glactosease. However,
grown in a lactose environment, then f-glactosease concentrations increase sharply. The
presence of lactose induces the increase in f-glactosease. Indeed, fB-glactosease is an
inducible enzyme. In addition, galactoside permease is synthesized (it is required to
transport lactose across the E. coli cell membrane). Also, thiogalactoside transacetylase is
synthesized and this promotes the following acetylation reaction.

H,OH

H OH H OH

galactose 6-acetyl-B-D-galactose

In fact, there are three structural genes, referred to as z, y, and a.

The z gene is associated with -glactosease protein.

The y gene is associated with glactoside permease protein.

The a gene is associated with the thiogalactoside transacetylase protein.

Exactly what does B-glactosease do? Lactose hydrolyzes into glucose and galactose.
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B-galacosidase hydrolyzes lactose into galactose and lactose

H,OH

lactose

+ H,0

B-galactosidase

H,OH

H OH
galactose glucose

The lac operon is composed of a number of genes, as seen below.
(See the discussion about operons in the first chapter.)

il pjlo |z]y |a

[ . ~

‘— structural genes
control sites genes ( promoter and operator )

regulator gene

[170, p. 950, 951]

Figure 5.14 Genetic structure of the lac operon

E. coli mutants described as z y+ a' lack B-galactose. However, E. coli “constitutive”
mutants have also been found, which synthesize large amounts of all three proteins
associated with the three structural genes. However, these mutants synthesize their three
proteins with or without the presence of the lactose inducer. Jacob and Monod deduced
that there existed a regulator “i” (inducer) gene. The normal E. coli is described as iz

(1333
1
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y+ a", while the constitutive mutantis i z' y+ a’. Experiments demonstrated that the i
gene causes the synthesis of a repressor protein. Binding of the repressor to the operator
prevents protein synthesis by the three constitutive structural z, y, a genes, while the
promoter p gene is the RNA polymerase binding site. Inducer mRNA (i mRNA) protein is
synthesized which binds to the repressor, thus repressor/operator binding is prevented,
and as a result the three structural genes z, y, a are free to transcribe a polygenic mRNA
(one protein for a number of genes). RNA polymerase is generally composed of parts:
aafp o, and we shall refer to the sigma component later.

In a series of papers [32-41], a language is constructed (using a transformational
generative grammar) to describe operons (at least some operons). The grammar has
changed in the papers; however, the idea is repeatedly expressed to use a transformational
generative grammar ([33, pp. 211, 212] also [41, p. 404]). Linguists use generative
transformational grammars with formatives in an attempt to describe speech. ¢ Indeed,
Collado-Vides wishes to use formatives too [32, p. 411]. Formatives (similar in certain
respects to attribute grammars) support the positive (+) as opposed to negative (-) effects
of various linguistic items. Thus Collado-Vides mentions +/— properties when describing
chemical factors such as ky,, Ve [32, p. 411], and specifically when describing operon
promoters Pr [35, p. 404], and RM (32, p. 411]. Thus Pr(+), Pr(-), RM(-), etc appear.
The explicit use of analogies of speech that must be successive, non-overlapping ({33, pp.
211] and [41, p. 403]) and linear overlapping ([33, p. 223] and [41, p. 409]) might be
troublesome insofar as these properties would seem to exclude non-human language
systems as studied in splicing systems, graph splicing systems, Lindenmayer £ systems,
and much of syntactic pattern recognition. The reason why Collado-Vides wants attributes
or formative-like properties will be explained soon. It is worthwhile pointing out that
Collado-Vides feels that a finite state automaton cannot be used to describe operons, nor
can context-free grammars be used but he does expect to use derivation trees [33, p. 214].
This can be explained by the use of a generative transformational grammar with
formatives passing information between leaves of the derivational trees thereby limited, as
well as with such notation as the following in production rules:

{Si}1 w0 (33, p. 216)

We should also note that ITRC means Initiation-of-Transcription Regulatory Category,
and specifically, ITRC(+) = I, while ITRC(-) = Op [41, pp. 406, 407].

4 In the subject of phonetics, a variety of linguistic descriptions referred to as “formatives” is needed to
describe speech, such as tones (tonal glides or contours common to Asian languages, as opposed to tonal levels
common to African languages), features such as moras, sandhi, registers (with up-stepping, downdrift, or
terracing), etc. See Tone: A Linguistic Survey, by V. Fromkin, Academic Press, 1992, pp. 133-175, and Vowels
and Consonants, by P. Ladefoged, Blackwell Publishers, 2000, p. 179.
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lac operon DNA

r ¢ ® ¢ o o o »

—_—
distance
(non-adjacency)

Icap Prlac Oplac Sz Sy Sz

Figure 5.15 Detailed genetic regions in the lac operon

Legend [32, p. 405]

promoter gene (always present at the beginning of a transcription unit)

Note: RNA polymerase must first bind to Pr before structural
genes can transcribe into proteins.

(Note: Repressor binds to Op to stop transcription)

Pr
Op  operator gene
I activator
S structural gene
Subscripts
T repressor gene
cap  catabolic activator protein
lac lac operon

In addition, Collado-Vides uses the following
to describe RNA order [33, p. 215]:

I
T.

initiation codon
termination codon

In fact, Collado-Vides has proposed a
variety of notations, as well as
applications to a number of operons.
Thus we might also find [33, pp. 217,
2191

Siwpe When referring to the trp operon

B, when referring to binding
regions

i for repressor gene
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G=(Vy, Vi, 7, 0)
Vy ={o, T, R, S, R, Pr, Op, S, 1}

VT:{Icap’ PI"., Pr]aw Oplac’ Sr’ Sz’ Sy9 Sa}

where: 2 is as follows [32, p. 410].

O = TT

T = RS

R = IR|R

S = SS|S

R = Pr| PrOp

Pr = Pr, Pry,

Op = Oplac

S = S, 1S,/18,1S,
I = 1

cap

R’ is used to refer to a pre-regulatory domain
R is a regulatory domain

S’ is used to refer to a pre-structural region

S is a structural region
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Thus we obtain derivation trees such as the following (slightly modified symbols, as
different systems of symbols have been used in different papers).

0]

R S R S
R S I R S S

Pr S Leap Pr Op S, S S
Pryg Pripe Opiac Sy S

Figure 5.16 Tree structure of operon

Collado-Vides points out some explicit examples. Thus the Promoter Pr refers to:

aErag)ﬁD TTAGCGATCCTACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCT]

gc i TAGGCACCCCAGGCTTACACTTTATGCTTCCGGCTCGTATGTTGTG
. coli

A phage TAACACCGTGCGTGTTGACTATTTTACCTCTGGCGGTGATAATGGT

Figure 5.17 Operon promoter
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Collado-Vides makes it very clear that distances are quite significant. Thus we find
Figure 1 in [35, p. 410]:

lac

gal

ginA

proline

ara

lambda
switch

-70 -60 -50 -40 -30 -20 -10 +1 +10 ... +400

crp Pr, Op;, Op;

-70 -60 -50 -40 -30 -20 —-10 +1 ... +40 +50 +60

OpE Pl'z Pr, Op;

crp

—180 -160 —140 —-120 -100 -80 —-60 —40 -20 +! ... +1800

L] E
crp Pr, NRI; NRL Pr; Pr;
L}
NRI

-70 =60 -50 —40 -30 20 -10 +1 +10 +20 +30 +40

crp Prpya Prpye

Op

-260 ... -160 —-140 —-120 —100 —80 -60 —40 -20 +1 +20

a—— — — S e

Op; Pr¢ ecp I I Prgap

Op,

-80 -70 -60 -50 —40 -30 -20 -10 +I

Pr, Pr
enEsm———— DD
Op; Opz Op,

Figure 5.18 Map of base distances
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Thus a new grammar is proposed [ 35, p. 413].

a=(fo. % s} L), for T e L) 7 0)

where: 2 is as follows.

Using the pumping theorem for context-free languages [34, pp. 322-324], R; and T, refer
to genetic units of information with their associated proteins, and their targets,
respectively. Collado-Vides shows that the pumping theorem for context-free grammars
cannot apply. Specifically, if uvxwy €L, then uv xw'y e L for all i.

case 1: v, w € { R, },; then there are no targets.

case2:v € {R; },,w={T, };;thenif uxy el (allowing 1=1,2,3 forv, and
t=1,2 forw), then u {R R R}lx {T T}]yeL;forexamplc,leti=2,

we obtain:
URRRRRRxTTTTy and there are genetic units R without targets T.

case 3:letv € { T, },,w={T,}., thenuxyelL,but u (TTT)} x {TTT}iy ¢L.
For example, if “i” is too large (a biochemical reason), this string can’t be
regulated. Note also [41, p. 417] that it is the view of Collado-Vides that
context-free grammars are rejected (not for “linguistic” reasons) but due
to reasons of biology.

In the same reference {34, pp. 322-324], specifically on p. 323, Collado-Vides gives us
some examples of amino acid regulatory protein sequences R and their corresponding
targets (T). In addition, some mutations are provided, and additional information that is
not included here (see Figure 5.20).
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Continuing our study, we attempt to create a more accurate grammar to describe operons
than the grammars constructed so far. A rough classification of regulatory units is made as
to the location of these units. Regulatory units may be either proximal or remote. We need
a little greater precision, thus a working definition of these terms.

Regulatory units are proximal if their position enables direct contact of the regulatory
protein with RNA polymerase (the RNA transcription start site is at +1). Thus a proximal
position is at about —65 to +20. A regulatory unit is remote if its position is not proximal.

Using the definition of proximal vs. remote, we obtain a revised grammar, with “features”
or descriptors. An example of a derivation [36]:

/ ) | \
I Pr'
Ir Pr Op
P
I lac R
In this matrix of crp
features, I is a o
terminal that P
identifies  the iy =+9
matrix In this matrix lacl
of features, Op d;; =-93
crp is a feature that identifies is a terminal d;, = +402
the specific protein: cAMP that identifies
receptor protein) the matrix lacl is a feature that
identifies the specific
protein
The other features in these matrices, ¢ and d with their subscripts are used to
provide greater precision about position than the terms proximal and remote.

Figure 5.21 Transformational grammar with features, for operons

The feature ¢, is used to specify a proximal site, where the “c” specifies that the site is
proximal.



Context Free Languages: DNA and RNA 177

The feature d;, is used to specify a distant (remote) site, where the “d” specifies that the
site is distant.

Features that specify sites may be remote (r), proximal (p), or referential (R), but Collado-
Vides decided to eliminate these descriptors later [37, p. 98].

Two models or grammars are proposed. In model A, the distance has its own matrix of
features, with “D” (distance) used to identify the matrix. This model is found to be
unacceptable (although “D” type matrices are retained), and instead, model B is used,
where the distances are specified as features, using “c” or “d” (see the previous
derivation). To be explicit, see Figures 5.22 and 5.23. Note especially that the matrices in
Figure 5.22 are expanded, to support coordinate “c” and distant “d” features.

Lt
Op .
R o fe et e
Op I Promoter
[Op I Pr Op
LE p
is more accurately described as follows:
Op I Pr Op Op 1
d=-91 c=-60 a70 c=+9 d=+402
binds lacl binds cpr lac binds lacl binds lacl

Figure 5.22 Presence of “c” and “d” features

Note that here “d” stands for distance and ‘“c” stands for coordinate. However, it is
decided that the feature “binds X will be restricted to coordinates of the proximal site.
In addition, as there are situations in which there is more than one regulator, an index
will be used to show homology. Thus if there are two regulators, one will be identified
with index “i” , the second by index “j”. Thus there can be c;, d;, c;, d; features, as seen I
Figure 5.23.
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Op I Pr Op Op
di =-91 cj =—-60 lac ci =49 di =+402
binds cpr binds lacl

T

“j” index indicates
a second regulator,
the “c” coordinate
is associated with
(binds) cpr

(3341}

i” index indicates the first
regulator (the multiple uses of
“I” show homolgy), the “c”
coordinate is associated with
(binds) lacl, the “d”

coordinates show distant sites.

Figure 5.23 Grammar with multiple features

Thus a few representative descriptions are now provided [38].
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Thus the grammar used by Collado-Vides to describe operons places great importance
upon the position and relative distance of genes and relevant proteins. However, the
reason for this has not yet been explored sufficiently. 70 and o54 bacterial operon
promoters are studied, and an important property is found: “... the ability to be activated
from protein bonding at remote sites ...” [39, p. 351]. Thus for the large 670 collection of
operons, all promoters require a site to bind to the regulator or close enough to the
promoter to enable direct contact between the regulator and the polymerase. These
proximal sites differ from remote sites. 654 promoters are activated by remote sites. “The
paradigm to explain this interaction is the idea that once the activator is bound to the
remote site, the DNA in-beiween the activator and the RNA polymerase will bend,
enabling the two proteins to interact directly.” [39, p. 352] A number of suggestive
mechanisms are proposed; see Figures 5.25 through 5.27. Note that in Figure 5.27, the
intention is to show how the folding is thought to take place, allowing distant components
to fold into close proximity, thereby allowing activation.
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 Activator site

See [118, pp. 329, 330].

Figure 5.25 How bending allows distant features to come into close proximity
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Wolffe suggests the following mechanism.

binding site

See [186, p. 1101].

Figure 5.26 How bending allows distant features to come into close proximity

Collado-Vides also agrees with this mechanism [39, p. 354] (see the following), and feels
that a grammar to deal with operons must use features with coordinates and distances to
reflect these important matters. We end our discussion about operon grammars at this
point.
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Collado-Vides suggests the following mechanism.

transcription off

Remote
activator

RNAP-G70

transcription on

See [39, p.354).

RNAP-G70
Remote
activator 3

Figure 5.27 How bending allows distant features to come into close proximity



184 Emergent Computation

Cytochrome-C Context-Free Protein Grammar

Cytochrome-C is important for different reasons, as well as the fact that it is used to
detoxify foreign substances [170, p. 704]. We are interested in applications of
computation to different life forms.

The following context-free grammar is used to describe the protein sequence of human
cytochrome-C [70, p. 61].

G=({s, on. a2, o3} Vi, 2, 8)

where:
Vi ={aminoacids } ={ A,C,D,E,F,G,H,I ,K,L, M,N,P,Q,R,S, T, V, W, Y }
and the production rules 2:

S = GDo,0;IFIMKCSQCHTo; GKH 0,PNLHGLFGRo ,QAPGYSYTAANKN
KGIIWGEDTLMEYLENPo ; YIPGTKMIFVGIo ; KEERADLIAYL o ; ATNE

and
o, = VEKG
o, = KTG

oy = KK
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Similarly, the Escherichia coli gene coding for the DNA antecedent of tyrosine t-RNA
may be viewed as a context-free grammar {70, p. 63].

6=(is}Ufe}r, {A © 6, T} 2, 3)

where the production rules 2 are as follows.

S = 0505050G090,0A0;,030,G04A0,,ACo,, CAGA o, GAG
6,010503GCo,0303A03 ACoy GTog0,CTo, Cos030, A0, GC

and

o = 0,Co,03TT
g, = 04040
o3 = Tog0o
o, = TITA
;s = o,;G
g = 0,6

o, = TC

og = CC

oy = AA

oo = GG

o, = TG
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The last example is for human ribosomal RNA 55 rRNA KB carcinoma [70, p. 64].

The grammar is also context-free, as follows:

G=({siUfe}ls (A © G U} 2 s)

i=1’
where the production rules 2 are as follows:
S = 0¢04,0,1G050,0030,0,A0,,0,05C030¢q0,03000,030

Ao,0,A0;A0,00Co,0;UGo40,,09A0,Uocq UG

06G0o,,C0,0,040,0030,0,Go,0,0,0,U

and

o, = GG
c, = CU
o; = o, C
o, = 0,06
s = 045 C
g = 0 A
o, = GC
og = G 0,30, C
oy = GU
g, = AU
o, = AC
o, = UA
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Pawlak’s Method

Pawlak’s devised a method to obtain the 20 amino acid encodings from 64 codons, [103,
pp. 91-101].

i,j,k €£0,1,2,3}, with i<j,snd j2k

i k
i
Thus, i=0, j=1, k=0,1 reordering: j ik Symbol
=2, k=0,1,2 1 00 a
j=3, k=0,1,2,3 1 01 b
2 00 c
i=1, j=2, k=0,1,2 2 01 d
i=3, k=0,1,2,3 20 2 e
210 f
i=2, j=3, k=0,1,2,3 211 g
21 2 h
300 i
301 j
302 k
303 1
310 m
311 n
312 o
313 p
3 20 q
3 21 r
32 2 s
323 t

Of course, Pawlak’s symbols a, b, ¢, d, e, f, g, h, i, j,k, I, m,n, 0, p, q, 1, 5, t represent the
20 amino acids (see Chapter 1). The twenty collected amino acid representations may be
seen in Figure 5.28. One might ask, what about additional amino acids, such as the 21st
and 22nd, mentioned in Chapter 3 (Figure 3.19)? Specifically, it must be possible to
expand the possible amino acids to take account of other amino acids which, although
rare, are found to exist naturally in nature, in addition to artificially created proteins with
new amino acids that may be created by mechanisms discussed in Chapter 3.
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YAWAWOWAN
/\AA/\&

AN
AV
AR

Figure 5.28 Pawlak’s Twenty Amino Acid Representations
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CUU CCu

The tetrahedron can be cut open as follows

AAA GGG AAA

uUuu CCC Uuu

Figure 5.29 Base triples on a tetrahedron
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AAA

WAVAN
a f

@)

The four faces of the tetrahedron of base triples chosen from A, C, G, U

GGG

cce U
Uuu AAA
uuc UUG C7<
UCC UGG /\ /v\
CCC GUU GGC GGG GGG
Figure 5.30 Tetrahedron faces and their associated triples of bases
Abbreviations of Permutations (plus the other 4)

UAA =UAA, AUA, AAU AAG = AAG, GAA, AGA AAA, CCC,
AGG = AGG, GAG, GGA GGG, UUU

UUA =UUA, AUU, UAU
AAC = AAC, CAA, ACA
ACC =ACC, CAC, CCA
CCu=CcCu, UCC, cucC
CUU = CUU, UCU, UuUC

ACU = ACU, AUC, CAU, CUA, UAC, UCA
AGU = AGU, AUG, GAU, GUA, UAG, UGA
CGU = CGU, CUG, GCU, GUC, UCG, UGC
ACG = ACG, AGC, CAG, CGA, GAC,GCA

GGU = GGU, UGG, GUG
GUU = GUU, UGU, UUG
GGC =GGC, CGG, GCG
GCC =GCC, CGC, CCG
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Pawlak provides a recursive definition of well-formed strings using the 20 triangles
labeled “a” through “t”. These strings of triangles constitute a protein language, found to
be equivalent to a propagating, nondeterministic semi-Lindenmayer system (POL).
Pawlak’s recursive definition follows.

1. All of the 20 triangles above are well-formed strings.

2. Given two well-formed strings “x” and “y”, then the numbers of the strings of
triangles must match up. Some examples will make this clear.

3. Only those strings (of amino acids) obtained by the above two rules are well formed.

Examples:
well-formed string “x”  well-formed string “y”  resultant well-formed string
0 0
VAVAV IRV BRVAVAVAVAY
¢ ¢ )
6=C B=v
£ 0
¢ )
¢ a=8 6=C
@ )
/A
¢ g

Figure 5.31 Example of Pawlak’s recursive protein language

Rather than continue with Pawlak’s ideas, we shall pick up with a variant view, that of
Vauquois.
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1 <uonu> <= <dords> 1 8 <uonui> < <aonids> 8

J <UOIUI> <= <ponds> o B <UONUI> <= <aords> ©

<UONUI> 1 <<= 1 <dorpds> <uomur> § <= 8 <oorids>

<UONUI> 9 & 2 <oonds> <uonuUI> B <<= e <oonds>

110 ¢ <ourprwAd> §le<« <auund>

<supruAd> | <ouund> < <aseq>

<aseq> 10 | <auund> 31 < <nop> <outprumIAd> 1 < <ayd>
<ourprukd> 8y < <sko> 3% « <dn>
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Amino Acid Sequences for Cytochrome-C

Three considerations ought to be taken into account during the synthesis of proteins.

1. The nucleotide bases A, C, G, and T form Watson-Crick complements, as do the
RNA bases A, C, G, and U. Thus:

A may be replaced by U, U by A
C may be replaced by G, G by C

If such a systematic replacement by complements is done, then the resultant
(complementary) triangles are as well formed as their originals. This was not taken into
consideration.

2. The triangle of nucleotide bases can be weighted-but it wasn’t.

3. Protein formation need not proceed serially (in one direction), rather a simultaneous
formation (as in Lindenmayer systems and shape grammars) can take place. There should
be a closer parallel with dynamic steric conformation.

As a last note of interest, there is a topic that has not been emphasized as little work of a
computational-theoretic nature exists. However, it is quite possible that a grammar
approach might be developed in the future, and thus a small note might not be
inappropriate.

In the first non-review chapter of this book (Chapter 3), the possibility of early life
evolution on this planet (as well as extraterrestrial life forms) based upon threose and
hexose helices was mentioned. TNA analogues of DNA were mentioned. Evolution of life
may be investigated by examining the molecules of living things to determine similarities,
and thereby creating a phylogenetic tree. Such a view has been taken, examining amino
acid polypeptide sequences.

Collecting sequences of amino acids for comparison, specifically, cytochrome-c proteins
for 21 life forms, an examination finds interesting facts, supporting the creation of a
phylogenetic tree [45]. The probabilities that cytochrome-c would have evolved
independently in these different life forms is exceedingly remote. The amino acid
sequences compared exceed 100 amino acids; thus the number of different possible
chains is large:20'®. It is an almost certainty that these life forms evolved from a
common ancestor. The existence of a tree of life might provide the basis for a context-free

grammar to describe the systematics. In any case, some interesting observations:
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common amino acids at position 15

vertebrates and insects K (lysine)
fungi and wheat A (alanine)
common amino acids at position 17

fungi, yeast, Candida . L (leucine)
wheat and most animals I (isoleucine)

common amino acids at position 93
insects and plants L (leucine)
vertebrates I (isoleucine)

See the following.

Based upon cytochrome-c, the following taxonomy results:

Insects Fish Man  Horse Fungi Wheat Rhodo-Spirillum

Rubrum
(Bacteria and
primitive algae)

size of each vertex
is proportional to
the degree of
uncertainty of its
position in the tree.

proto-organism

Figure 5.32 Evolutionary tree metric based upon cytochrome-c using PAMs

The unit of branch length is measured in accepted point mutations per 100 amino acid
positions (PAMs). This length has been roughly correlated with time, assuming that the
rate of mutation for the comparatively stable cytochrome-c¢ remains constant across
different species. It has been estimated that 11.5 PAM corresponds to 400 million years.
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For all of the above except the bacterium Rhodospirillum, the first two amino acids are alanine and serine. I provide only the first 60 amino acids.
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Plague

“The spread of plague [231, pp. 128, 129] was accordingly explained as a result of
corruption or infection of the air that altered for the worse the complexion of those who
breathed it; the precipitating cause of the bad air was often, but not always, said to be
astrological. In astrological theory, the precipitating cause of outbreaks of epidemic
disease was usually held to be adverse conjunction of the planets; various medical and
other writers produced tracts attributing the outbreak of the Black Death, which arrived in
Sicily and southern Italy in 1347 and swept across different parts of Europe until 1351, to
the conjunction of the three superior planets said to have occurred in 1345. Variations in
individual complexion or horoscope were called on to explain why, when a whole
community breathed the same air, some people got sick and others did not. This type of
explanation was not as much at variance as is sometimes supposed with the belief in
contagion from person to person, and from infected goods, held by those outside the
medical profession and implicit in the quarantine regulations that began to be imposed by
some public authorities before the end of the fourteenth century. Physicians recognized
clearly that proximity to plague victims made one liable to get plague—hence the
precautions they took when visiting the sick-and some of them termed it contagium,
meaning that it passed rapidly from one person to another.”
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Secondary Structure Relationships

The secondary structure of bases induces constraints upon any linguistic characterization
used to describe DNA, RNA, and proteins. Some of these constraints will now be
analyzed.

String o is related to string o, in that o = o (reversed order). In simple terms, the
relationship between o and a‘ is palindromic; thus we see that as palindromes are

supported by context-free languages, then DNA and RNA cannot in general be described
by regular expressions. “Inverted repeats” illustrates this.

For example, if a=acgt, then o' = (acgt)R=tgca=5 ¢ E t.

Inverted Repeats

B R Y =a‘ S
T 7 v S. -

Figure 6.1 Inverted repeat primary structure

a Ea‘

B : 5

) B : &
af Eoc
8%

<

Y

Figure 6.2 Inverted repeat secondary structure
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Alternatively, inverted repeats may be viewed as follows {158, p. 71].

Figure 6.3 Inverted repeat primary structure

Figure 6.4 Inverted repeat secondary structure

Direct Repeats

Direct repeats are the occurrence of a substring o multiple times, on the same strand of
the double-stranded DNA (or RNA).

Figure 6.5 Direct repeat primary structure
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Tandem Repeats

Tandem repeats refer to a substring a that occurs, when two copies of o are immediately
adjacent to each other.

Figure 6.6 Tandem repeat primary structure

Tandem repeats of a substring o ® are not a context-free property.

Thus DNA and RNA cannot be adequately described with context-free languages.

Unbounded Reduplication

Unbounded reduplication means that a substring o may be repeated many times, and that
there may even be gaps between repeated instances of the substring.

Figure 6.7 Unbounded reduplication primary structure

Indexed grammars provide a formalism to support unbounded reduplication {155, p. 193],
but indexed grammars are a subclass of context-sensitive languages. Thus unbounded
reduplication will require context-sensitive language capabilities. Indexed grammars will
be studied in the next section.
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tRNA Structures

Figure 6.8 tRNA primary structure

/‘\

AN

Y:v‘
2 M \ 5\
G D)
N B )-\ 8 /7

a:a‘

Figure 6.9 tRNA secondary structure

Thus we see that inverted repeats appear in tRNA secondary structures [155, p. 196], and
we already have mentioned that inverted repeats are subsumed under context-free
grammatical structures. Thus tRNA secondary structures also cannot be limited to regular
expressions.
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Multiple direct repeats are useful in dealing with mRNA attenuators [155, p. 197], which
act as feedback factors. Once again, we find that context-free grammars are not adequate
to express this language.

mRNA Attenuators
a_ N\ L« o N\ /2 R
) « 7 N o 7 N o

Figure 6.10 mRNA attenuator primary structure

v

Figure 6.11 mRNA attenuator secondary structure
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Superposition

Copia elements and tandem inverted repeats superimpose one kind of structure upon
another structure, or are a combination of structures. Examples follow, but the point to be
gained by studying these structures is that all may be supported by context-sensitive
grammars, specifically indexed grammars.

Copia elements and tandem inverted repeats do not require power beyond context-
sensitive grammars [155, pp. 198-200].

o N o N
g <5 =7 Ay

Figure 6.12 Copia elements, primary structure

The above structures can appear' on either DNA or RNA strands.

Tandem Inverted Repeats

Figure 6.13

Tandem inverted repeats are just the same as the following.

Figure 6.14
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Mutation and Rearrangement [155, p. 202]

Point mutations are mutations that change a single base, while more extensive mutations
may occur when a string of bases is replaced by another string of bases. Such replacement
of terminal strings is supported by context-sensitive grammars, such as indexed

grammars. Such replacements include deletions, insertions, and substitutions of strings of
bases.

Excision [155, p. 203]

Figure 6.16
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Inversion [155, p. 204]

A region in between inverted repeats becomes inverted.

B 02 = Y y. af )
. B‘ ﬁa‘ YL Pﬁ, 8‘
Figure 6.17

B e N 7 P 8
“F —=7 + <o &

Figure 6.18



206 Emergent Computation

Recursive Secondary Structures

RNA may show instances of recursive structures within secondary structures [158, p. 74].

v

Figure 6.19 Recursive secondary structures
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Pseudoknot Structure [158, p. 80]
(See Chapter 9 for further discussion about pseudoknots.)

Figure 6.20

Figure 6.21 Pseudoknot with coaxial stacking [158, p. 95]

An example in English of a pseudoknot with respect to palindromes is the following
(ignoring punctuation, spaces, and case differences) [160, p. 590].

“DNA’s loops and spools” or, ignoring punctuation, spaces, and case differences:
dnasloopsandspools where: there are two palindromes:

dna matches and
sloops matches spools
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Protein Languages [158, p. 102]

B-turn

B-plates m

cross
dependencies

T 1
R/m nested
dependencies

a-helix

Figure 6.22 A hypothetical protein structure

If the above hypothetical protein structure is linearized into its primary structure, then the
nested dependencies are characteristic of context-sensitive languages.

The conclusion to be drawn is that context-sensitive grammars, and specifically indexed
grammars [155, p. 205] will adequately generate all the DNA and RNA structures
discussed. As indexed grammars {161, p. 93] are a subset of context-sensitive grammars,
they appear to be a tool that is adequate for the study of DNA, RNA, and proteins. It
should be noted that Searls suggests that “...any grammar describing evolutionary change
must in fact be greater than context-sensitive... The ability to create any number of
duplications of arbitrary substrings on the input indicates that no linear-bounded
automaton could recognize such a language, since these automata are limited to space
which is linear in the size of the input... This does not mean that the strings of a language
which is the product of an evolutionary grammar are necessarily greater than context-
sensitive...” [158, pp. 110, 111]. Searls also notes that ambiguity is a factor to be
considered, and applies to context-sensitive languages [166, example 2, p. 205] as much
as to context-free languages.
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Context-Sensitive Grammars and DNA

A proposed example of a context-sensitive grammar applied to DNA primary structure
[158, p. 80]:

G] =({S’ Ba’ Bt’ Bg’ Bc}9 {a, t, g C} U {5, E, é, E}, Pl, S),where;

S = B,aS | BtS | B,gS | BeS | 4
B, = a ,
B, =t ,
B, = g ,
P1=<Bc = ¢ , >
aBp = B,a , aBy = Ba , aB, = B, , aB, = B
tB, = B,t , B, = Bt , tB, = B,t , B, => B
gB, = B,g , gBy = Bg , gB, = B,sg , gB, = Bg
¢cB, = Bye , By = Be , ¢B, = By , B = B
When Watson-Crick complementary base relationships are invoked, we obtain the
following context-sensitive grammar G° :
Watson-Crick Complementary Bases
a =t
t = a
g = ¢
c =g
G°=({S, B,, B, Bg, Bc}, {a, t, g c}, PO, S),where:
S = BaS | BtS | BgS | BeS | A
B, => t ,
B, > a ,
Bg = c y
P°={B, = g , L
aB, > Ba , aBp = Ba , aB, = Ba , aB, = Ba
tB, = Bgt , tBy = Bt , tB, = Bgt , tB; = Bt
gB, = Bg , gB = Bg ., gB, = Bg , gB. = Bg
¢cB, = Be , By = Be , ¢By = Bge , B = Bge
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As an example, we will generate a string, using grammar G° .

S = B,aS=B,aB,gS—= B,aB,gBtS= B,aB,gB,t = B,B,agB,t
= B,B,aB,gt= B,B,B,agt = tB,B,agt = B, tB,agt = BB, tagt
= c¢B,tagt = B,ctagt = act-agt

Note.

act

D

tga

Figure 6.23

There is another set of languages, the languages generated by indexed grammars. Indexed
grammar languages form a proper subset of context-sensitive languages, yet are not
context-free. Indexed grammars are simpler to work with than unrestricted context-
sensitive grammars, and will now be discussed.

Indexed Grammars 145, pp. 257, 258], [135, pp. 137-140]

An indexed grammar G is defined as follows.

G= (VN, Vi, P, E, S) where: Vy is a set of non-terminal symbols
V7 is a set of terminal symbols
# s a set of production rules of the form
*
X = (Vy-E'U Vo)
E is a set of indices that identify

index productions, ¢;: X = (VyU V; )*

Thus the right sides of production rules may contain non-terminals followed by arbitrarily
long lists of indices. If a non-terminal followed by a list of indices is replaced by a
derivation by one or more non-terminals, the list of indices then follows each of the new
non-terminals.
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Example: A =— aBejesesd

and
B = C j F H is used in the derivation,

then A > aCejeses j Fejeses Hejesey d
—— S——— S————

repeated list of indices
after each non-terminal
from the derivation

However, if a derivation is used with no non-terminals (terminals only), then the list of
indices disappears.

Examplel:A = aDeyey Be,e;e4 Ee4esd

and
B = } is used in the derivation,

then A = aDeye; j E ejes d

Note that the list of
indices e, e; ey is erased

Last rule: If a non-terminal X is followed by a list of indices ¢, e; e;...e, and ¢
names an index production rule X = P (same X), then X is replaced by P, where
each non-terminal in P is followed by the index liste, e; ... e, and thus e, is consumed.

Q => fABelezegd
and e ={B = DtK}
then

Q = fADe e tKee d

N/

Note: e; is erased
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It is interesting that if G = (VN, Vi, P, E S) is an indexed grammar and E = O,
then G is a context-free grammar, but that in general, L(G) when G is an indexed

grammar is a context-sensitive grammar.

Examples of indexed grammars:

G, =({S, A, B}, {a, b, c}, {e,, ez}, 2, S),

" S = aAec
where: A =14 = aAe,c | B

and e, ={B => b }
ez={B = bB}

Note: L(G,) = {a“b“ "l n> 0} which is a well known context-sensitive language.
A few derivations follow.

S => aAe;c=>aBe;c = abc
S = aAe,c = aaAe,e,;cc = aaBe, e, cc = aabBe,cc = aabbce

S => aAe|c = aaAe,e;cc = aaaAe,e,e,ccc = aaaBe,e,e,ccc = aaabBe, e ccc

= aaabbBe, ccc = aaabbbccc

Another example:

G, =({s. T. A B. ¢} {a v}, {t &} B, 9

" S = Tf
where: 2 ST = Tg| ABA
A = a A = aA
and f=<B = b, g= {B = bBCC
D = b C = bC
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A few derivations follow:

S = Tf=> Af Bf Af = aBf Af = abAf = aba

Tf = Tgf = Agf Bgf Agf = aAf Bgf Agf = aAf bBf Cf Cf Agf
aAf bBf Cf Cf aAf = aabBf Cf Cf aAf = aabbCf Cf aAf = aabbbCf aAf
aabbbbaAf = a’b*a’

U Uy

Tf > Tgf = Tggf = Aggf Bggf Aggf = aAgf Bggf Aggf

aaAf Bggf Agg = a’® Bggf Agg = a’bBgf Cgf Cgf Aggf

a’b?Bf Cf Cf Cgf Cgf Aggf =>a’b® Cf Cf Cgf Cgf Aggf

a’b’b Cf Cgf Cgf Aggf = a’b*b Cgf Cgf Aggf = a’b’b Cf Cgf Aggf
a’b%b Cgf Aggf:a3b7b Cf Aggf= a’b®b Aggf:>a3b9a Agf
a’b’a? Af=>a’b’a’a = a’b’a’

R R

A slightly different notation may be used, in which the indices look like exponents [158,
pp- 56, 57].

G=({s, T, A B C} fa b d {5t 2 s)
where: 2 = {T = ABC}

and
S = T A' = aA
S=As:a t:B‘:>bB
BS = b |’ c' = dc
C: = d T = T

A sample derivation using this notational variant of an indexed grammar:

S = Ts :>Tts :Ttts :A“SB"SC“S :>aAtthtsCtts :aaAsB"SC“S
= aaaB"™C™ = aaabB®"C" = aaabbB*C"™ — aaabbbC"
= aaabbbdC" = aaabbbddC® = aaabbbddd

Searls et al uses indexed grammars with this notation that looks like exponents to prove
relationships between different systems of grammars. One of the problems is that
reduplication (substrings of the form ww) implies context sensitivity, and thus the
question being addressed is how can context-free languages be extended (into the class of
context-sensitive languages) without requiring general context-sensitivity. Different
grammars are studied, and the question being answered is what are the relationships
between their corresponding languages.



214 Emergent Computation

We find [162, pp. 81-88] the following.

Adding additional index grammar rules such as the following proves containment
relationships between different languages.

A = BY | Al = p |, A = uBlv

Al = BY | A" = B' , A = Bic}

For example, to prove A = BY , we note the following:
A = C ad C = B
and to prove A = B'CY | we note the following;:
A = DE,D =B ,E=F ,ad F = C

Relationship Between Grammars

Note the language containment relationships that result.

y L —> :
Context-Sensitive Grammars . .
. means :

A ; containment

. means lack of
containment

Indexed Grammars

String Variable Grammars

Context-Free Grammars

TAG Grammars

RPDA Grammars

Figure 6.24 Relationships between grammars between context-free and context-sensitive
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RPDA languages (Savitch, [148]) are generated by pushdown automata (thus are context-
free), but have the additional context-sensitive capability of supporting nested duplicated
strings of the form oa

TAG (Tree-Adjoining Grammars) [191] are another attempt to extend context-free
languages slightly into the context-sensitive domain, in an attempt to deal with natural-
language capabilities by using non-transformational methods, thereby avoiding
Chomsky’s methods of dealing with natural languages.

Many people would consider Chomsky’s transformational method of dealing with natural
language to be somewhat adhoc. RPDA and TAG languages might be viewed as adhoc as
well.

Definte Clause and String Variable Grammars

Most of the investigations concerning language by Searls et al have focused upon Definite
Clause Grammars (DCG), and String Variable Grammars (SVG). From a practical
standpoint, these methods focus upon the use of the programming language Prolog (an
attempt to combine grammatical approaches with first-order predicate calculi and
automatic theorem provers). The idea is that Prolog would also provide a method to
extend the capabilities of context-free grammars.

It would appear that the best and cleanest characterization of all these investigations
would result in index grammar languages (as a subset of context-free grammars) as being
the best characterization of their investigations, and one upon which most investigators
would agree.

Rather than dwell upon a philosophical discussion concerning natural languages, and
whether RPDA, DCG, SVG, etc. are to be preferred, we shall leave this (perhaps sterile)
discussion to the future.

An examination of some of the issues related to DNA, RNA, and proteins that have been

successfully resolved by using index grammars will follow. First, let us apply indexed
grammars to DNA [158, p. 81].

G? =({S, A}, {a, t, g c}, {a, t, g, c}, Pz, S)

where:
) S => A
7 ={A = /1}
and
az{s = aSa} tz{s = tS'}
A® = Aal’ A' = At}

0s]
I
lantheom
> n
iU
£
M
¢}
Il
e
> »n
!
= o
[ ——
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As an example, let us generate a repeated string of the form ww

tga

S = aS® = agS¥ = agtS'"® = agtcS“® = agicA " = agtcA '®’¢c
g g g g

= agtcA®tc = agtcA®gtc = agtc-agtc
Another indexed grammar [158, p. 81] can support substrings of the form @ - o®

G3:({S, AL fatedUfated fated 2, S)

where:

P3={s = aS* | tS'| gS® | cS° | A}
A = A

and

a={Aa = EA}, t={A‘ = EA},
g:{Ag = gA}, c={A° = EA}

Using the Watson-Crick complementary bases,

= t = a

E]

t
= ¢ , E = g

gal ®

we get grammar G

c*=({s.AlL fa t & o} {a t & o} 2% 9)

where:
p4_{s = aS* | tS'| gS8 | ¢S°| A
- A > A
and
a={Aa = tA}, t:{A‘ = aA},
gz{Ag = cA}, c={Ac = gA}

An example of a derivation:

S = aS? = atS® = attS™ = attgS¥"™® = attgcSE™ => attgcA "
= attgcgA®™® = attgcgcA™ = attgcgcaA™ = attgcgcaaA’®
= attgc-gcaat
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The next example will be an indexed grammar that allows “interleaved” repeats [158, p.
82].

G’ :({S, A}, {a, t, g c} U {5, t, g E}, {a, t g c}, 25, S)

where:
25 _ S = ES“I_tStligSgl_cscl A
B > aB|tB| gB| cB]| 4
and
a={A“ = aAa | B}, t={At = tAt| B},
g={Ag = gAg | B}, c={Ac = CcAcC | B}

Using the Watson-Crick complementary bases,

= t ,

ge )
Il
O i

C >

we get the following grammar.

G* =({S, A}, {a, t, g c}, {a, t, g c}, PS5, S)

where:
oo [S = aS* | tS'| gS® | cS°| A
B = tB|aB| cB| gB| |
and
a={Aa = aAt | B}, t:{A‘ = tAa | B},
g={Ag = gAc | B}, c={Ac = cAg | B}

A sample derivation follows.

S = aS* = atS® = attS™ = attgS®™ = attgcS®™ = attgcA =™
= attgc-cA®™ g = attge-cgA "™ cg = attge- cgtA Pacg = attge- cgttA *aacg
= attgc- cgttaAtaacg = attge- cgttaBtaacg => attgc: cgtta: taacg
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Other sublanguages or subgrammars have been developed that are explicitly context-
sensitive. By “sublanguage” or “subgrammar” is meant a language or grammar intended
to deal with a specific problem, ignoring other aspects of the language or grammar, in this
case, dealing with all problems of DNA (or RNA or Proteins).
Direct Repeat Context-Sensitive Grammar
A context-sensitive grammar to support direct repeats {160, p. 589]:
c=({s, A C 6 T X} {ac et 2% s,

where: 2% s as follows.

S = AaS | CcS| GgS | TtS | X

X = 2

Aa = aA , Ca =» aC , Ga = aG , Ta = aT
Ac = ¢A , Cc = ¢C , Gc = ¢G , Tc = cT
Ag => gA , Cg = gC , Gg = gG , Tg = gT
At => tA , Ct = tC , Gt = tG , Tt = (T
AX = Xa , CX = Xc , GX =» Xg , TX = Xt

A sample derivation.

S CcS = CcTtS = CcTtAaS = CcTtAaAaS = CcTtAaAaCcS
cCTtAaAaCcS = cCtTAaAaCcS = ctCTAaAaCcS
ctCTaAAaCcS = ctCaTAAaCcS = ctaCTAAaCcS
ctaCTAaACcS = ctaCTaAACcS = ctaCaTAACcS
ctaaCTAACcS = ctaaCTAAcCS = ctaaCTAcACS
ctaaCTcAACS = ctaaCcTAACS = ctaacCTAACS
ctaacCTAACX = ctaacCTAAXc = ctaacCTAXac

ctaacCTXaac = ctaacCXtaac = ctaacXctaac =

I A R

ctaac A ctaac = ctaac- ctaac
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Pseudoknot with Direct Repeat Grammar [160, p. 589]

6™ (s, A, C. G, T. P, Q X} fa ¢ gt 2™, 5)

where: 27 s as follows.

S = AaS| CeS| GgS| TtS | PX | X

X = A

P = aPt| cPg| gPc| tPa | Q

Q = AQt| CQg| GQc | TQa | 4

Aa > aA , Ca > aC , Ga = aG , Ta = aT
Ac > ¢cA , Cc = ¢cC , Gc = ¢cG , Tc = T
Ag => gA , Cg = gC , Gg = gG , Tg = gT
At > tA , Ct => tC , Gt = tG , Tt = (T
AX = Xa , CX = Xc , GX = Xg , TX = Xt

A sample derivation.

S PX = gPcX = gcPgcX = geaPtgeX = geagPcetgeX = geagQcetgeX
gcagCQgctgeX = geagCAQtgetgeX = gecagCATQatgetgeX =
gcagCATTQaatgetgeX = gcagCATT AaatgetgeX = gcagCATTaatgetgeX
gcagCATaTatgetgeX = gecagCAaTTatgetgeX = geagCaATTatgetgeX
geagaCATTatgetgeX = geagaCATaTtgetgeX = geagaCAaTTigetgeX
gcagaCaATTtgetgeX = geagaaCATTtgetgeX = geagaaCATiTgetgeX
geagaaCAtTTgetgeX = geagaaCtATTgetgeX => geagaatCAT TgetgeX
geagaatCATgTetgeX = geagaatCAgTTetgeX = geagaatCgATTetgeX
geagaatgCATTctgeX = geagaatgCATcTigeX = geagaatgCAcTTtgeX
gcagaatgCcATTtgeX => geagaatgcCATTigeX = geagaatgcCATiTgeX
geagaatgcCATtTgeX = geagaatgcCAtTTgeX = geagaatgecCtATTgeX
geagaatgctCATTgeX = geagaatgctCATgTeX = geagaatgetCAgTTeX
geagaatgctCgATTcX = geagaatgetgCATTeX = geagaatgetgCATeTX
geagaatgctgCAcTTX = geagaatgetgCcATTX = geagaatgetgcCATTX
gceagaatgetgcCATXt = geagaatgetgcCAXtt = geagaatgetgeCXatt
gcagaatgctgeXcatt = geagaatgcetgeleatt = geagaatgetgecatt

| A | A A A U VA | O R R 2R A
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Figure 6.25 Secondary structure of RNA showing the pseudoknot with direct repeats

Chomsky-Schiitzenberger Theorem Revisited

When discussing context-free languages, we noted that many linguistic elements of DNA
and RNA structures could be supported by languages which in fact were Dyck languages.
There is yet more to this viewpoint. There is a celebrated theorem that extends the
Chomsky-Schiitzenberger Theorem.

Lo = h(L‘2 n Lzz),

where: {Liz } - are context-free (type 2 languages),
i=1,
h is a homomorphism
Lo is type O language

Thus context-free languages to support various factors such as palindromic structures can
be intersected, and under homomorphism, are type 0. Of course, context-sensitive
languages are a subset of type 0 languages.
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Replication Fork Context-Sensitive Grammars

Recall that cut grammars [164] were discussed in a previous chapters were limited to
Chomsky type 3 regular grammars and type 2 context-free grammars, with their finite
state automata and pushdown automata, respectively. At that time, discussions of
grammars relating to context-sensitive grammars was postponed. We continue the
discussion of context-free grammars with specific applications. This discussion will
include grammars similar to cut grammars such as indexed grammars, and we continue
the discussion.

Let us examine the replication fork (which also helps explain the Holliday structure,
Figure 5.13). This discussion is taken from Searls [164, p.p. 34-35]. As the DNA strands
can only be copied in one direction (the direction of the arrows), the lower strand must be
copied in short fragments referred to as Okazaki fragments. The extra nick allows short
fragments, and may later be ligated. Thus the S and A strands must be identical (strands
derived from B are independent). Such a duplicated copy implies a non context-free type
language (at least context-sensitive). See Figure 6.29.

Figure 6.26 Replication Fork

An indexed grammar for the replication fork structure follows.
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Grep fork =({Sa A, B}’ {a’ < g t}, Prep fork » S),where:

[S = aS% | ¢S°g | gSc | tS'a | SAB
A* = tAa
A° = gAc
Prep forc =A% = cAg
Al = aAt
A = A |6
B = aBt| cBg| gBc| tBa| ¢

A sample derivation follows.*

tS'a

taS™ta

tacS“ gta

tacgSE cgta

tacg & A& Begta

tacg 6 cA“* g Bcgta

tacg 5 c gA* cgBegta

tacg 5 cgtA' acgBegta

tacg 5 cgt 6 A'acgBcgta
tacgdcgtSaA tacgBcegta
tacgdcgtdad tacg B-cgta
tacgdcgtdad tacg-tBa-cgta
tacgdcgtdad tacg taBta-cgta
tacgdcgtdad tacg tagBcta-cgta
tacgdcgtdad tacg tagtBacta-cgta
tacgdcgtdad tacg tagt § acta:cgta

| | | | L L L A R

S = CB and C = A’ thus S= A'B, thusif T= W Vand W = U, then T =U" V.
In this case, S&* = 5 A% B.
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Figure 6.27 Example of a replication fork using a context-sensitive indexed grammar

Ligated languages {164, pp. 35 - 37] will be the last cut-grammar like method to be
discussed and will only be discussed briefly.

A ligated grammar is like a cut grammar (review Chapter 5), but has an additional symbol
Y& Vyu Vr and y#39.

If o=0y0,/0;...0, 70,7, where: @; €(Vrus),

and @={B,, By, ..., 0,
then I:(G):{a') | @ e(ZVT).and s> w}.
Thus the ligation language combines different numbers of @, in different orders, so that
the resulting strings are effectively ligated. The ligations only take place at the & gaps at

the gaps at the y symbols remain (ligations cannot happen anywhere, only at Ssites).

An example of a ligation grammar follows.
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G=({S,A,B}, {a,c,gt},795)

where: Watson-Crick complements

t
= 8
c
a

~lgal O &}
l

S = aSt| ¢Sg| gSc | tSa| A | 6B | ¥
and P=<A = yAa| yAc| yAg | yAt| aSt | cSg | gSc | tSa | y
B = aBy | cBy | gBA | tBy | aSt | c¢Sg | gSc | tSa | y

While this grammar is context-free, it never the less extends our repertoire to ligation.

As a sample derivation, we have the following.

S = aSt
= acSgt
actSagt
act 5 Aagt
act oy Agagt
act Jy aStgagt
act 8y agSctgagt
act 8y agaStctgagt
act 5y agaB ¢ tctgagt
act 5y agatSa J tctgagt

I A A

act Sy agat y a J tctgagt

| =
@y @y @3

>

1

1» @y, @3,

8!

1@y, W0y, B03, W30y, D,B3, D30;,

D\Wy03, D D30y, D0 \D3, D030, D300, D300,



Context-Sensitive Languages: DNA, RNA, Proteins 225

@30, has the structure:

|
no ligations

| here, where
the ¥ are

atct gagt

t ¢

taga

a

hliure 6.28 Lz{ﬁéuage of ligatéd_s;i-né;

Context-Sensitive Grammars and Gene Regulation

What is significant in this discusion is the construction of a context-sensitive grammar in
which the sets of non-terminals and terminals act as meta symbols. With the vocabulary
set being meta variables, subgrammars (all context-sensitive) are constructed that have
biological significance in the area of DNA, operons, etc.!

Abbreviating to ease comprehension, we find the following context-sensitive grammar
[21, p. 340].

Non-Terminals Terminals
INDUCTION ~ A repressor_cf _site ~ a
EXPRESSION ~ B inducer ~ b
DIRECT ACTIVATION ~ C activator_cf _site ~ ¢
ACTIVATION ~ D inhibitor ~ d
INHIBITION ~ E repressor_dna_site ~ ¢
REPRESSION ~ F co — repressor ~ f
DIRECT_REPRESSION ~ H activator_dna_site ~ g
operator ~ 1 activator _ac_site ~ h
DNAsiteRE ~ ] RNApolymerase ~ i
INITIATION_COMPLEX ~ K RNApolymerase_site ~ ]
promotor ~ L newProtein ~ k

G’ =(VX, Vi, P°, S)where Vi={S, A, B, C, D, E, F, H, I J, K, L}
and v{’:{a, b, c d e f g h i j k}

the production rules are as follows.
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?°:

1 S = ACS| ES| FS| BS| CS| DS| ABS| ADS| HS | 1
2 A = ab

3 E = cd

4 H = el

5 F = afl

6 afl = efl

7 C = glK
8 D = ¢bJK
9 cbJ = gblJ
10 gbJ = hbJ
11 gl = hJ
12 K = iL
13 hbJiL = hbJjL
14 hJiL = HhJjL
15 B = jL
16 jL = jLk

A second context-sensitive subgrammar is then constructed {21, p. 341].

Non-Terminals: Terminals:
I, ~ lac_operator a; ~ lac_repressor_cf_site

b, ~ lactose
b, ~ cAMP
¢, ~ cap_cf_site
€, ~ lac_repressor_dna_site
g, ~ cap_dna_site
h, ~ cap_ac_site

k, ~ lac_enzymes
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G'=(Vh, Vi, 2, S) where Vi ={S, A, B, D, H, I;, J, K, L},

and V'}'={al’ b]’ sz cla el; g], h]a i, ja k]}

the production rules are as follows.

2!
1 S = ABS| ADS| HS | |
2 A = ab,
4 H = e
8 D = ¢;bJK
9 cbyJ = g;b,J
10 gibyJ = hb,J
12 K = il
13 h;b,Jil. = h;b,JjL
15 B = jL
16 jL = jLk,

A third context-sensitive subgrammar is then constructed [21, p. 343].

Non-Terminals Terminals

Jy ~ MREsite C, ~ receptor_cf site

J, ~ GREsite b; ~ hormone
g, ~ heavyMetal
g3 ~ receptor_dna_site
h, ~ heavyMetal ac_site
h; ~ receptor_ac_site

k, ~ metallothionein



228 Emergent Computation

G?=(V%, Vi, @, S) where Vi={S, B, C, D, J;, J,, K, L}

and V‘lz‘:{bB:a €y, g3, 83, hy, hy, i, j, kz}

the production rules are as follows.

2%
1 S = BS|CS| DS|1
7 C = g,J,K
8 D = c¢,b3J5K
9 c,b3J, = g,b3],
10 gibslJ, = h;bsJ,
11 g2.J4 = h,J,
12 K = iL
13 h3b3J,iL = h;biJ,jL
14 h,J,iL = h,JjL
15 B = jL
16 jL = jLk,

A fourth context-sensitive subgrammar is then constructed [21, p. 343]:

Non-Terminals: Terminals:

I, ~ DNdsite 851 881 a, ~ GALSO cf_site

J; ~ DNAsite_1_65 by ~ galactose
d; ~ GAL8O
e, ~ GAL80_dna_site
ey ~ GAL4_cf_site

g4 ~ GAL4_dna_site
h, ~ GAL4_ac_site
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G’ =(V}, Vi, #°, )
where: V3 ={S, A, C, E, H, I, J;, K, L}

and V'?:{az, by, di, €,, €3, 84, hy, i, j, k}

the production rules are as follows.

23
1 S = ACS| ES| HS | I
2 A = a,by
3 E = e;d;
4 H = &l
7 C = g40hK
1 g4 = hyl;
12 K = iL
14 h4J3iL = h,J;3jL
16 JL = jLk

A final fifth context-sensitive subgrammar is then constructed [21, p. 344]:

Terminals
fi, ~ tryptophan
ky ~ trp_enzyme

G*=({s. B, F. L L}, {a ¢ f, j ks}, P, 5)

where production rules are as follows.

Pt
1 S = BS|FS}|I
5 F = af]l
6 afil = efjl
15 B = jL
16 jL = jlLk,
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.. it ..
If we compare context-sensitive grammars {G‘}, o Ve find that the context-sensitive
i=
0 .. and .
grammar G~ generates all the other context-sensitive grammars {G } , if meta-non-
=

terminals and meta-terminals are used.

Meta-Non-Terminals Meta-Terminals

/ |

7 ~ 1,1, 1, a ~ a, aj, a,

g ~ T, 1, 1, 1 & ~ b, by, by, by, by
e ~ €, C, Cy
4 ~ d, d
e ~ €, ¢, €, €3
¢ ~ £, 1
¢ ~ £, B> B2 B3, 84
4 ~ h, hy, hy, hy, h
€ ~ k., k|, ky, k3
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Context-Sensitive Grammars for Cytochrome-C

A context-sensitive grammar has been constructed that describes the cytochrome-c
protein for many life forms [70, pp. 56-58]. This grammar describes cytochrome-c for
animals after the ancestor of all animals in the phylogenetic tree below.

dog

()

7

ancestor of
all animals

Figure 6.29 Phylogenetic hierarchy based upon cytochrome-c
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SILSH | MLVS | SLVS | MSOVS | IVLVA | MSLVA | TMLVI | aNLVY
Al

an 1 ad 1 dA 1 ad | av

NV I Nd | VI IS 1 a1 OL 19X 11y | 3
PATAVYIPYH?

VdAD? |

V4 1 Sd 114 18K

VIigIAId

Ad | IT 1Al 3T

X904v0D LN IDED

AlLII

VISIN

VNS | VNL | VAL | VAL | VV1

M X 1OMINM K

VAA | NHA | MO | MFA

HIDOALH

2 | N

ago 1 aad | ANN | @go | 990 | 993 | qI0
AUVIDM

WOAAL | MOAAL | JOAAT | MWL

D'sANO

ALILOAIANT

NAVN | MVAQ | JHI1d | M3Ad

ntbp

LI L L L N O O SO (SO N N S
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Chapter 7: Turing Machines and Sub-Turing Machines

Names of Central and South American Epidemic Diseases 2

calenturas cuartanas malaria (chills every four days)
calenturas tercianas malaria (chills every three days)
catarro influenza

cocoliztli plague

disenteria de sangre bloody dysentery

dolor de costado chest or side pains

escarlatina, scarlatina scarlet fever

garrotillo diptheria

gucumatz, k’ucumatz pneumonic plague
hueycocoliztli pestilence

mal de pujos dysentery

matlaltotonqui, matlalzahuatl, tabardillo typhus

paperas, quechpozahualiztli mumps

peste epidemic

pian verruga peruana (Carrion’s disease)
pinto spirochete disease

romadizo respiratory ailments

sarampidn, xaltic zahuatl measles

viruelas, birgoelas, hueyzahuatl, totomanaliztli smallpox

“The Indians became so enraged by the invulnerability of the Spaniards to epidemic
disease that they kneaded infected blood into their masters’ bread and secreted corpses in
their wells—to little effect” [224, p. 38].

“It is difficult to date precisely when yellow fever first entered the New World. One
serious outbreak, acknowledged...as the first, began in Barbados in 1647, reached the
Yucatan in 1648, and is recorded for Guadeloupe, Cuba, and Saint Kitts in 1648-1649.
Another severe outbreak swept the northeast coast of Brazil from 1686 to 1694. Yellow
fever reached Boston in 1693, having been brought there by the British fleet returning
from Barbados [229, pp. 227, 228].

Names of Tuberculosis

consumption [226, p. 5]
gibbus, Pott’s disease [226,p. 4]
hectic fever [226, p. 71]
king’s evil [226,p. 7]
lunger [226,p. 3]
phthisis [226,p. 5]
poitrinaire [226,p. 3]
scrofula [226,p. 4]
tabes [226, p. 72]

#1229, pp. 243-245], [224]
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Turing Machines

A Turing machine can be used to describe a variety of processes already described in
emergent computation. Obviously, all regular automata, pushdown automata, and linear-
bounded automata may be expressed in terms of Turing machines, thus previous papers
based upon Chomsky type 3, type 2, and type 1 grammars or languages can be expressed
in terms of Turing machines. Here we will describe some approaches in emergent
computation that explicitly refer to Turing machine constructions.

The first paper of interest is “Molecular Algorithms” by W.R. Stahl and H. E. Goheen
[63, pp. 266-287]. This paper will be summarized.

Five different Turing machines are constructed to show possible applications in emergent
computation. The first Turing machine is intended to show how a Turing machine can
simulate enzymes that operate on input strings of helical polypeptides and nucleic acids
with bases that repeat periodically every four residues. Turing machines can be used to
simulate DNA replication, enzyme action, lytic action, etc. It is claimed that perhaps with
30 to 50 such automata, a primitive cell could be simulated.

The first Turing machine has a string on its tape of the form:

K New residue added here, as a function

Aa, 8) (every symbol, and another
symbol three places to the right)

afyde

The residue alphabet consists of symbols “a” and “b”. The function f is defined as

follows:
, P=
e 9)={5 Gual

Thus we are given a tape described as follows:

9,2 where string o is of length 4 or more,
and the string is framed by “h”, and
“@” indicates an empty tape position
(blank on tape).

If o=gpphababbh¢g¢ initially, then the Turing machine result is:
pdophababbhddgp aabaaabbbbah
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The Turing machine is of the 5-tuple type where R means a right move, L means a left
move, and P signifies a write with no motion of the read-write head on the tape.

Thus:

5(qA’ x) = qBR y or <q.4? X, 9B R’ y>
meaning that reading tape symbol “x” in state g, the Turing machine moves to state

(731

qp , writes “y” on the tape, and moves right.

a(qA’ x)quL y or <q,4, X, 9B, L7 y>
meaning that reading tape symbol “x” in state g, the Turing machine moves to state

(a1}

qg , writes “y” on the tape, and moves left.

5(qA7 x)=qBPy or <qAa X, 4p; P: y>
meaning that reading tape symbol “x” in state g, the Turing machine moves to state

(T3]

qp , writes “y” on the tape, and doesn’t move.

The following Turing machine accomplishes this copy operation.

h a b ¢
a | ¢RA |- q,R¢
91 | 93Lh | qaRa | q;Rb |--ooe
93 | 93Ph | q4la [ qsLb |-
qs | 94Lb | gsla | gsLb | g, RA

q9s | gsLa | gsla | qsLb | g, Rh
96 | 96Lb | qioRa | g1 Rb | q,RA
97 | 97La | qsla | qslb | q,Rh
gs | 9sLb | gola | qoLb | g, RA
99 | 99Lb | qiyRa | q0Rb | g, RA
qro| q10Ra | gioRa | q,0Rb | gLk
91| 9uRb | guRa | q,1Rb | q3Lh
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Sub-Turing Machines

This copy or replication can easily be expanded to a four-letter alphabet for DNA (with
small modification, this same Turing machine can be used in an RNA environment, and
the number of bases can be increased forlarger alphabets). For example, let us define

three sub-Turing machines as follows, then put them together to obtain a single Turing
machine:

7 determines if input string @ has any A, C, G, T
7, restores input string @
T converts Atoa, Ctoc, Gtog, Ttot

The final Turing machine:

Ti no (whas no A, C, G, T present)

1 > iy

lyes (whas A,C,G, T present)

T,

L

Figure 7.1 Using three sub-Turing machines

Note that now we shall use “A” to symbolize a blank on the tape.

I A A C G T a c g t

q1 @R

9 q4L q;L q;L q;L gsL g, R @R @R 2R

93 By q;L qsL ;L qsL g;L g;L aL q;L

q4 o q4L q4L qs4L q4L qsL q4l q4L q4L

T, A A C G T a c g t

n nR

r nL nR nR nR rnR nR rnR »nR nR
r hok rA rnC G nT
ry nL nL nL rL
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T A |4 C G T a c g t

5 s, R

S5 s3L s, R s, R s5R 55R s,R s, R 5 R s»R

53 Pione | S4a $5C 5108 | sist | 5L s;L s;L s, L

A ssR s4R s4R 53R s4R s4R sS4 R s4R s4R
S5 seT ssR ssR ssR ssR ssR ssR ssR ssR

S s3L s¢L s¢L se¢L SeL S¢L seL SeL s¢L

$7 sgR s7R s7R s;R s7R s7R s¢R s7R s;R

Sg 5oG sgR sgR sgR sgR sgR sgR sgR sgR

Sg s3L SoL sqL SoL soL soL soL soL soL

510 SR | sioR | spoR | spoR | sioR | spoR | 5;0R | s0R | soR
5y 50C | suR [ sy R | syR | syR | syR | syR [ syR | syR
) s3L s12L sipL s L spL s, L s, L s L sipL
513 5i4R | si3R | s3R | spR | s3R | 53R | 53R | s3R | 53R
S14 5154 s14R s14R s14R s4R suR | syR s14R suR
Sis s;L s1sL 551 s;sL sisL sysL 551 sisL 55L

Putting these three Turing machines together, we obtain the following Turing machine.
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A A C G T a c g t

T 7R

92 q4L q;L q;L q3L q3L 9, R 92 R g2 R 9, R
q, 54 q;L g3L 9;L q;L q;L q;L q;L q;L
q, nA qal | qul | g4l | g4l | qil | gl | quL | g4l
r nR

r, rL nR nR nR nR nR nR nR rnR
r hox rA rC nG rT
r, rL L rL rL

KA 52 R

s, s3L 5 R s, R s, R 5, R 5 R ;R ;R s;R
85 A Sq4a 54C S10€ | syt s3L s;L s;L s3L
S, ssR s4R s4R s4R s4R s4R s4R s4R S54R
Ss s¢T ssR ssR ssR ssR ssR ssR ssR ssR
S s3L sgL s¢L s¢L sgL sgL s¢L s¢L sgL
s, sgR s,R s7R s7R s7R s7R s7R s7R s,R
Sg 59G sgR sgR sgR sgR sgR sgR sgR sgR
Sq s3L soL soL soL sgL soL soL soL soL
10 suR | s1oR | s10R | s10R | s10R | 510R | 510R | s30R | s30R
S spC | syR | syR | syR | syR | syR | syR | syR | syR
1 s3L SipLl | sipl | sl | sl | sl | sl | spl | spl
i3 suR | si3R | si3R | spR | s3R | s3R | si3R O siyR | si3R
Siy s15A | SR | suR | syyR | siuR | 514R | siuR | suR | suR
Sis s3L sisL | sisL | sisL | sisL | sisL | sisL | sisL | osisL

Similar to the discussions in Chapters 4 and 5 we could modify this language by
supporting non-standard bases, non-standard chelated bases, totally artificial bases, abasic
pairs, etc. as discussed in Chapter 3. We would have to add the following to any such
Turing machine: isoC, isoG, ic, ig, K, I1, k, «, E, e, H, h, Dipic, Py, di, py, SMICS, 5m,
MICS, m, P, &, p, & etc. as tape symbols, and symbols that can be written also—really,

this is only a detail!
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A A4 . CT G A A A A AA

qi

A CT G A A A A AA
A A CT G A A A A A A
A 4 CT G A A A A A A

A g,
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A a ¢ t g
A a c r
A a c 7
A a ¢ n t
A a ¢ r T
A a rp ¢ T
A a r CT
A n a C T
A n A C T
r A 4 C T
hox

n ACAGT
g AC AGT
G ACAGT
G ACAGT
G ACAGT
G ACAGT
G ACAGT
G ACAGT
G ACAGT
G ACAGT
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" > > S

Thus we obtain, in linear form, ACTG CAGT and if we “bend” this around, we
have the typical base sequence found on a DNA double-stranded helix.

A—C~T~—G

; ™
D

Figure 7.2
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Turing Machines that Simulate Enzyme Action

The use of Turing machines to model enzyme action is illustrated by an example as
follows:

ac+a — aca wheneverenzyme “bb” is present, using energy “e”

660

energy “e” is consumed, converting it into ¢
enzyme “bb” is not consumed
“# is used to separate words on the tape

Note that energy “e” could be converted into energy “d” to model the conversion of ATP
to ADP, for example.

The Turing machine is given on the next page.

An example of such an enzymatic transformation is as follows.

% G

to be processed “enzyme” “energy”’

L L]

ghab* bx ac* ax ababa* aca* ac* bb* ac* ex e aaahgpd —

phab* b* pg* g* ababa* aca* ac* bb* ac* g*e* aaa* acahg

I [\

ac and a are “enzyme” unit of energy
converted to aca  remains “e” is consumed

Figure 7.3 Enzyme activity simulated by a Turing machine

The corresponding Turing machine is on the next page.
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h * é a b c e b

9 g RA q,R¢ qnlx
49 g2 Ph LR | ¢:Ré qaRa g Rb qzRe qzle

93 q4Rh qsL* q;L¢ q;La qsLb q3Lc

94 gsP* | qgR$ | qgRa | qsRb_| gsRe ggRe

qs g4 R* q3Ra qeRb gz Re

9¢ qzLh q7L* ggRa g3 Rb ggRe

92 qoRh q7L* g7L¢ q7Lla q7Lb q:Lc qzLle

9z qgPh | q4R* | qgR$ | qgRa | qzRb | g4Re gz Pe

99 q12R¢ qioRa q12Rb 912 Re g1 Re

910 q,Lh q,L* g12Ra qpRb 912 Re

11 g3 Rh gnl* qaulé qnla qnLb qulce qule

912 g2 Ph qoR* g2Ré | qpRa | q;Rb gz Re

913 g2 R¢ 914 Ra q17Rb q17Re q17Re 97 Rx
914 qiaLh g3 R* qy7Ra q,7Rb qi5Re

4is Qislh | gyel* q17Ra_| qzRb_ | qy7Re

916 g2 Rh 919 L* 9eld 96L¢

917 Qislh | g13R* | 9)72R¢ | quRa | qaRb | gy7Re
AT 918 Ph 918 L* q13L4 qizla Qi3 Lb q1gLec qigle QigLla
919 g2 RA o L* q10L¢ qi9la G19Lb qiole qiole g1 Lx
920 g R* g0 Ré g Ra g0 Rb g0 Re g2, R¢ g Ré
921 guR* | g5 R* guRé | g5 Ra g2 Rb gz Re gz Re 92 R¢
g2 g3 Ra

23 g24Re

924 qzsRa

q2s ga6Lh

| 926 g, Rh qoel* | g2¢Lé | gocla | gqreld | gyslc | gple
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Turing Machines and DNA Replication

In the next Turing machine, Goheen and Stahl [63] show how DNA can be replicated,
although I have constructed a more complicated replication Turing machine that preserves
Watson-Crick complements. The Turing machine will do the following replication.

AABBA — AABBA aabba

T

copied

Figure 7.4

This will be done in detail, as follows.

surplus

hAABBA*a'a'a'a'b'b'b'b'a' b hh

|

hAABBA*aabba*b'b'a'b' hh

Figure 7.5

The corresponding Turing machine is on the next page.
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Turing Machines and Lysis

A Turing machine can not only replicate or copy, but can also split polypeptide chains.
An example is provided where a b-c bond may be split, causing lysis, but only in specific
contexts. The b-c bond may be broken only if there is at least one letter to the left of b

and one letter to the right of ¢. Thus in the case that p w e {a, b, ¢ }*.

pb—co — pb cw, b-c bond is split

pb—c b — ¢ bond will not be split
b-co b —c bond will not be split
b~c b —c bond will not be split

Figure 7.6 Lysis rules

The Turing machine that follows will convert e' to e for each b-c bond that is split.
The following is an example.

Lo

haacbabcbbbbabcb*e'e'e’ hggg

haacbab*cbbbbab* ch*ece' hgpp

T T Ktwo b-c bonds have been split,
so two e' have been converted

into e

Figure 7.7 Lysis of polypeptide chain simulated by a Turing machine

The corresponding Turing machine is on the next page.
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In Vitro DNA Universal Turing Machines

This book will, at times, focus not upon the interrelationships between automata theory
(mathematical linguistics) and aspects of bioinformatics, but will instead focus more
upon an actual implementation (in vitro or in vivo). We now discuss attempts (at least on
paper, if not in the laboratory) to create Turing machine implementations in a
bioinformatics setting. In case there is some doubt that Rothemund has the construction of
a “molecular computer,” let us quote.

“In order to construct a general molecular computer some Universal model of
computation (e.g. a digital computer, neural network, Turing machine, etc.) must be
expressed in chemistry” [144, p. 76]. Even more to the point, “In this paper we present a
method for encoding the transition table of a Turing machine with oligonucleotides,
representing a Turing tape, head position, and state, as a single molecule of DNA, and
effecting transitions using restriction enzyme chemistry.”...“Using this method a Universal
Turing machine (capable of simulating any Turing machine and hence any algorithm) can
be constructed” [144, p. 77]. Rothemund points out that there are 67 atoms per A/T pair
and 66 atoms per C/G pair (including the deoxyribose/phosphate backbone and two Na’
ions per base pair), providing 1 bit per 33 atoms for double-stranded DNA. Thus there are
0.33 kg DNA per mole bits, or 0.33 kg DNA per 6.02 x 107 bits (a lot of memory in very
little weight) [144, p. 84].

Using restriction endonucleases, circular plasmid DNA may be cleaved in a controlled
fashion, new oligonucleotide material may be inserted, and the plasmid DNA ligated.
Similarly, circular plasmid DNA may be cleaved, and then ligated, thereby deleting a
section of DNA from the plasmid. Obviously, these two operations may be combined,
thus replacing one section of DNA by another in a plasmid DNA. Thus see Figures 7.8
through 7.13.
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With the basic operations discussed, short sequences of oligonucleotides may be added or
deleted within circular plasmid DNA. Thus we can encode state information (an
oligonucleotide can be used to identify a specific state), and we can position this
information. Similarly, a direction (left or right), may be encoded as another
oligonucleotide and appended wherever it is required in the plasmid. It turns out that an
orientation (as in left or right) is required, and this may be accomplished by using the
asymmetric overhangs specific to different “universal” restriction endonucleases.
Similarly, data may be encoded as oligonucleotides and placed within the plasmid. Thus
an Instantaneous Description (ID) as well known and described by Martin Davis [190],
may be recorded within the plasmid. As the Turing machine transition table effectively is
a quadruple or quintuple (depending upon how the Turing machine is constructed), all
that is required can be accomplished using a plasmid and restriction endonucleases and
ligases. For example, the Turing machine tuple might be:

<qi7 Tj7 9n> Tk’ L> <qi’ Tj? 9n> Tk’ R> <qi’ Tj’ Gn> = H>

where q; is the current state, reading tape symbol T;, and as a result moving to state g,
writing (replacing T;) with tape symbol Ty, and finally moving left “L” (or right “R”, or
halting “H”).

To accomplish this, Rothemund requires “Coh”, “Em”, “Inv”, “Sta”, “Cap”, “Res”, “R”,
“L”, “X” (symbol to mark excision site) special “symbols.” All may be represented by
different restriction endonucleases [144, p. 99]. Thus the following restriction
endonucleases are utilized [144, p. 104].

Em is Bbvl
Sta (current) is Fokl
Sta (next) is Hgal
Inv is BseRI
Cap is BsrDI
X is BpmlI

These restriction endonucleases are described in Figure 7.14.
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The following restriction endonucleases are referred to by Rothemund.

5—GCAGC(N) l—3’
Bacillus brevis Bbvl , ,

3—CGTC G (N)12T-~5

5—CTGGAGN) —3
Bacillus pumilus Bpml , ,

3—GACCT C(N)yy —5

5—GAGGAG (N)wl—3’
Bacillus R BseRI

3—CT CCT C(N)g T—S

5—GCAATG(N), —3
Bacillus stearothermophilus BsrDI ,

3—CGTTAC(N), T~5

5—GGATGN)y—3
Flavobacterium okeanokoites Fokl

5—GACGCN)s J’—3’
Haemophilus gallinarum Hgal

3—CT GCG (N),OT—S’

Figure 7.14
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In Vitro DNA Turing Machine Errors

What might some of the problems be, if we proceed with our universal DNA Turing
machine implementation? Rothemund lists some problems.

Problem 1: If we use a unique restriction endonuclease for each (unique) state/symbol
table transition, then many restriction endonucleases would be required and many
chemical reactions.

Problem 2: Chemical reactions other than the desired ones might take place, such as:

A: The creation of dimers, trimers, and higher “mers”.

|
| 2 copies to get a dimer,
[ more copies for higher

“mer” molecules

cleavage ligase
—_—— —

Figure 7.15

B: Multiple repeated inserts of the same oligonucieotide sequence (concatamers).

oligonucleotide -‘0‘ : )
: ¥
s \ multiple
4 — ) i
l copies

Figure 7.16

C: Same as in case B, except possible reversed order (polarity) of inserted
sequences of oligonucleotides.

D: Other possibilities, which are examined in Rothemund.
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Many of these problems are caused by palindromic staggered-ended restriction nucleases,
which in addition, may have unique staggered (sticky) ends. Thus using non-palindromic
(asymmetric) restriction endonucleases alleviates this problem. An example of such a
restriction endonuclease is provided by Fokl. In addition, Fokl allows many different
sticky ends, by varying the 13 — 9 = 4 different nucleotide bases! If greater variation is
required, Szybalski ([172, pp. 169-173] and [173, pp. 13-26]) has provided “universal
restriction endonucleases.”

While we do not describe all the possible maneuvers required, Rothemund can be
consulted for details. However, significant problems arise when one considers errors.
Rothemund discusses errors and strategies to deal with these errors [144, pp. 107-110 ].

A. Failed ligations. The defective linear plasmid may be “chewed up” using
exonucleases IlI and S1.

B. Incorrect ligations. Ligation of mismatched sticky (staggered) ends. Such errors may
be detected using nuclease S1, then exonuclease III to remove these errors.

C. Failed restrictions. Biotin or other molecules may be used to mark defective “tapes”
at head, Cap, or X sites. After each restriction, all DNA tapes still marked may be
removed. Rothemund mentions different molecules that could easily be used as
markers.

D. Incorrect restrictions. Errors due to cleavage at the wrong locations rarely occur with
restriction endonucleases. In most cases, such errors take place under non-standard
reaction conditions such as temperature, pressure, concentration, etc. These factors
can be controlled using standard buffers, standard temperatures, etc.

E. Dimerization. To some degree, dimerization is caused by steric stresses, and this can
be controlled using CAP proteins to reduce steric stresses.

It is very interesting that in vitro implementation of a DNA Turing machine is possible. In
such a situation, the energy required to run such a “computer” is not supplied by external
electrical power, but rather by converting ATP to ADP or AMP thereby releasing energy
[144, p. 112]! Recall that we have encountered in vitro and in vivo applications already in
Chapter 3 as well as in Chapter 4.

Besides the Rothemund paper described in the Lipton citation [144], is the article “DNA
Computers in vitrio and vivo” by W. Smith in the same citation [144]. This paper is very
similar to the previous one by Rothemund, but notes that such a DNA Turing machine is
non-deterministic. Smith attempts to increase efficiency, but feels that DNA Turing
machines are not practical.

Smith finds additional sources of error and possible solutions for these errors, such as the
following.
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Palindromic substrings that may fold into hairpins which can stall polymerases.

Modified “DeBruijn” sequences that avoid mismatches.

The creation of “nicks” due to hydrolysis (usually due to contamination). These problems
can be reduced by using sealed vessels in a nitrogen atmosphere, and even DNA repair

enzymes.

Smith points out that with minor modification, his proposed DNA Turing machine head
can move both left and right. In addition, basic operations might include:

A “bootstrap” loader analogy that initializes the tape.

Recognition of halt states using anti-sense DNA bound to dye as an indicator.
Smith points out that while such DNA computers are not too useful, he nevertheless also
simultaneously takes the opposite viewpoint. Smith points out that mRNA in T. Brucei

trypanosome is “edited,” and that in fact it is possible that mRNA acts as an in vivo
Turing machine.



Chapter 8: Splicing Systems, H Systems

. . .
Translation * : Original

127. In the course of the fifth year the, 127. Chupam 6—a voo huna, vae ok ixtiquer
pestilence began, O my children. First there yauabil, yxnuﬂ-ahol, nabey xyabix ohb,
was a cough, then the blood was corrupted, | ratzam xyavavabix chi4-a qui4- , ¢ ana
and the urine became yellow. The number of + chuluh, kitzih tixibin chi camic xiﬂ— go oher.
deaths at this time was terrible. The chief Haok xcam ahauh Vakaki Ahmak, xe & a
Vakaki Ahmak died, and we ourselves were . hala chic ma tipe nima § ekum, nima afa
plunged in great darkness and great grief, pa qui vi ka tata ka mama pa ka vi 6—a,

our fathers and ancestors having contracted ; yxnuﬂ-ahol, ok xyabix ﬂ—hac.

the plague, O my children.

On the day 1 Ah there were one cycle and . Chi hun Ah xel humay voo yuhuh, ok
5 years from the Revolt, and the pestilence ! xyabix 3—hac.
spread. .

128. In this year the pestilence spread, and . 128. Vae chupam huna xyauabix vi f}—hac,
then died our ancestor Diego Juan. On day 5 ha ok xeﬂ— iz ci camic ka tata ka mama
Ah war was carried to Panatacat by our ; Diego Juan; chi voo Ah 5~axoc chi vi labal
ancestor, and then began the spread of the Panatacat, cuma ka mama, haf}-a ok xtiquer
pestilence. Truly the number of deaths ' yavabil f}-hac. Kitzih tixibin chi camic xpe
among the people was terrible, nor did the . pa ru vi vinak, mani yabim viri quere ri
people escape from the pestilence. xﬂ- hol vinak.

129. Forty were seized with the sickness;a 129. Xcavinak ok xtiquer yauabil, tok
then died our father and ancestor; on the day ; xecam ka tata ka mama, chi cablahuh
14 Camey died the king Hunyg, your Camey xcam ahauh Huny{  yxiquin mama.
grandfather.

130. But two days afterward died our father, : 130. Xaﬂ— a ru cabih xcam chic ka tata
the Counselor Balam, one of the ancients, O rahpop Achi Balam ri y mama, yxm‘é— ahol;
my children. The ancients and the fathers ' xa 4-a hunam xecam y mama rv4- in tata ki
died alike, and the stench was such that men | tan ti chuvin, ti 3—ayin vinak chi camic. Tok
died of it alone. Then perished our fathers : xecam ka tata ka mama, xax be tzak chi el
and ancestors. Half the people threw, f}— hakap vinak chi civan, xa ﬂ—,ij xa 6—uch,
themselves into the ravines, and the dogs xtiochic vinak; tixibin chi camic xecamigan
and foxes lived on the bodies of men... : ymama, herach camic ru 4-ahol ahuah

" ru4-in ru chaf runimal ...
? Using the alphabet of missionary Francisco de la Parra (d. 1560), [233, pp. 49-51, 171].
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Splicing Systems and Languages

Splicing systems and splicing languages are defined as a formalization of the products of
restriction enzymes. Head views the DNA double helix not as two strings, but rather as a
single string over couples chosen from A, C, G, and T. We will consider circular splicing

systems soon.
Xp 1C1 y - T > A > G » C

Note that in this view, the alphabet D, as well as other considerations, assumes:
no mismatches
no triple helices, quadruple helices, etc.
no abasic pairs
no non-naturally occurring bases in general
linear DNA (no circular occurring DNA or supercoiled DNA)
no transposon activity (transposons will be discussed)
no supercoiling

Thus reviewing Chapter 3, we exclude from our alphabet such objects as:

(&) (3] '
s , etc. no mismatches
C G

A C )

] Gl et no triple-stranded DNA
A C
& (& opa

. , etc. no abasic pairs

) P

(iso— C) (iso— Gj (Hj ot no non-naturally occurring bases, chelates
iso— G/ \iso—-C/)" \H/’

I
///G

no quadruple DNA helicies (G-quartets)

O_0_Q -0

—0—0

o
E—T——O—_
c_olold

\

v

no circular DNA, no supercoiled DNA
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To continue with our formal definition of splicing systems and splicing languages; unary
and binary operations exist over the alphabet D, as follows.

Concatenation, thus x, y € D’ ,thenxy e D'

A . .
(Note: (}J €D’, and no molecule corresponds to this.)

length: D" > D" ; thus for x =a;...a, ,then length(x)=n, and length(}) =0
Involution, thus x e D' , then f: D'»D" ,

wnte: 25} 10 )00
A8)-C) LG - Q)
(6)(3)-e

=)= S RIS

Assuming no mismatches, etc. then x and f(x) shall be understood to represent the same
molecule of duplex-stranded DNA.

o)

GY(A
thus as an example, let x € D', where x = (CJ(T]

Thus given AGCTth f()AGCT d x-f(x) i lind
ven X = , then f(x) = , . .
g T CG A TCGAanxxxsapamrome
P “—
A GCTNYAGCT
xﬂﬂ= b
T CG AAT CG A
-
This works for odd lengths too.
. A GCT G
Thus gi = th - i i :
usgiven x=_ . o then X f(x) is a palindrome
G AGCTGAGC CT
X .f(x): LE
C C G AGT C G A
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Note: If we are given string u c x f(c) v, then f( u c x f(c) v ) = f(v) £ %(c) f(x) f(c) f(u) =
fiv) ¢ f(x) f(c) f(u), and ucx fic)v and f(v) c f(x) f(c) f(u) represent the same
molecule.

By the way, if w is a palindrome,
then w =z - f(z) for some z, thus fw)=f{z-f(2) | = f*(2) - f(@) =z - f(Z)=w
or w = f(w).

Restriction Enzymes and Splicing Languages b
Let us list some cleavage sites of a few restriction enzymes. These enzymes break double-

stranded DNA helices, and a few will be useful in understanding the relationships
required for splicing languages (see Chapter 1).

Restriction Endonuclease Cleavage Site
+
G AATTC
EcoR1
CTTAAG
T
v
T C G A
Taql
A GCT
T
‘v
SciNI G C G C
“ CGCG
T
‘v
Hhal G C G C
2 cTG C G

Let us be given the following:

b We exclude restriction enzymes with required recognition sites such as Hgal (see Chapter 1).
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Then given the two strings u ¢ x f(c) v and p ¢ x f{c) q, if we use EcoRl, as well as other
requirements being satisfied (such as an energy source like ATP, and ligases), then we
will obtain the following products in addition to the original strings:

ucxflcyq and pcxflc)v

Thus we have a way to generate new strings using restriction enzymes with ligases, and
thus a language to describe such strings. Given such a scheme, we must take care that
given overhangs (as well as blunt-end cleavage), only certain recombinations are

permitted. Thus Taql and SciNI recombinants are possible, but Taql/Hhal, and
SciNI/Hhal recombinations are not permitted.

Taql: 5 overhang

v
C G C G
@ G C A @ G c’ A
*
SciNI: 5" overhang
e 6 C G
5 —
G C ¢ d G ¢’ o
4+

Hhal: 3 overhang

1’4 g —— v s £

Taql and SciNI strings may recombine, but Taql/Hhal and SciNI/Hhal strings cannot
recombine because they have different overhang types. The yield of valid hybrid strings
are as follows (plus the original strings).

C
G

C
Viewed as blunt-ended strings, and x =

formed are as follows: axf(x)8, 6xf(x)d — axf(x)8, dxfx)S.

G
C

G C
,and f(x)=x=
C G

G
c then the hybrids
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Notation: 7% will signify the set of restriction enzymes.

Linear Splicing System or an H System
Definition: A splicing system S =4 (D, I, B, C) as follows,

D finite alphabet
I finite set of initial strings from D’
B,C pattern triples <c, x,d>, wherec, x,d € D*, for all enzymes € N

such patterns are called “sites”
x is called a “crossing”

Bare left pattems = {5 overhangs} U { blunt-end }
C are right patterns = { 3  overhangs }

A problem concerning representation of staggered-ended action exists. Given the
following, this problem will be elucidated.

e G oA _ " [T C G A]

is represented as , ,
A G C T A G C T

t \identical
representation

T C GL A . T CG A /

is represented as , ,
ATG A G C T

Figure 8.1 Possible ambiguous representation of staggered-end cleavage

As both 5" and 3" overhangs are not distinguished by this notation, instead two sets are
created, B and C. B holds the 5 overhangs and blunt ends, while C holds the 3
overhangs, and the distinctions are now preserved.

+
GAATTC i
Example:  For EcoRlI € 7, 5 overhangs, thus € B

CTTAATG

GAATTC { G A A T T fo
€ B is equivalent |: ], [ } [ } [ } [ :|, [ } €B
CTTAAG ot ripl CLATI LT Al (AL (6
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GCGC _
Example: For Hhal €7, 3 overhang, thuseC
CG C,G
T
GCGC
ccome ([[E] [[E])
CG CTG to the triple: Cl [G) [C] |G
AGCT
Example: For Alul €%, Blunt ends, thus € B
TC GA
(BT[] =
€ B equivalent » b €
TCGA to the triple: Tl (e Gl [A

?

+
Example:  For HgiAl € 7%, GAGCAC

3 overhangs, thus € C
CTCGTG

v
GAGCTC

3 overhangs, thus e C
C.TCGAG

+
G TGCAC

3" overhangs, thus e C
CACGTG

+
G TGCTC

3 overhangs, thus e C
C?A CGAG

the last example also has equivalent representation as triples, not included here.



266 Emergent Computation

Definition: L =L(S)= {ucqu, pexd v} then {ucxdv, pexfq } eL(s)
and <c,x,d>, and <e, x, f> are patterns of the same hand,
u c /bf q
pe /x\bd v
Figure 8.2

and L = L(S) is the splicing language generated by the splicing system S.

Definition: Given a splicing system S= (D, I, B, C), then we also have

$=(D,Iul ,B,C) where: I =0 eD*| f(o)el

A full example:

D I B C
=

Ve f_'—')—'\

S=({a,b,c,d,p,q,u,v,w,x}, {uaxbvaxbw, pcxdq}, {(a,x,b), (c,x,d)}, @)

Figure 8.3
then L(S) = ( uax+ pcx)(bvax) * (dq+ bw)

(ie., 0 € D" then flo) D" also, as » and f(w) are to represent the same molecule, and
1 is to represent initial strings, so must I). We will examine this example again very soon.
Similarly, if <c, x, d> is a pattern, then so must f( <c, x, d > ) = < f(d), f(x), f(c) >.

The idea here is that we wish to generate all valid molecules that can be derived by
splicing due to the valid application of restriction enzymes as represented by cleavages.

A few more examples to illustrate splicing systems:
Example: S=({c,x},{cxcxc}, {<c,x,c>},0¢),A represents the null string

cxcxc maybeviewedas A-(cxc)-xc and alsoas cx-(cxc)-A

since p-(cxd)-q and u-(cxd)-v impliesp-(cxd)-v and u-(cxd)-q

result
then stepl: cxcxc cxXcxce
step2: A-(cxc)-A = CcXC CXC,CXCXC,CXCXCXC
A-(cxc)-Xc = cXcXc
cx-(cxc)-A = cXcXC
cX-(CXC)-XCc = CXCXCXC
step 3: using all strings up to and CXCXCXCXC,
including those in step 2, CXCXCXCXCXC

we get two more strings

LS =(cx)ec=c(xc)
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E 1 Ltd(CG) dlet (GAATTC](Ntf() )
. = = ote: f(x) =x

xample: - Le g o)™ ™ crTTAAG

and consider d'*°x d7° x d*.

Let a=d]5° b=d750 c=d250

and note that d is a palindrome, as are a, b, and c.

Let I={axbxc} bethe initial set.

Note that f(axbxc)=f(c)f(x)f(b)f(x)f(a)=cxbxa.

Let us concern ourselves with

S=({ab,c,x},{axbxc,cxbxa}, {x}, )

Then starting with axbxc cxbxa

(and collecting terms) axa cxa
axbxa cxbxa
axbxbxa cxbxbxa
axc cXc
axbxc cxbxc
axbxbxc cxbxbxc

this continues (a fancy way to say use induction) and we obtain the following result:
L(S)=(a+c)(xb) x(a+c)=(a+c)x(bx) (a+c)

A description of this DNA language follows.
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Example: S=({c,x}, {cxcxc}, {<c,x,¢>},¢)

initial cxcxc:

A—c¢ CX—C
\x \x using all combinations, we get:
b
\c —XC \c —A
A—c c—XC¢ A—c c—A cX—C c—A
\ N %
l——c/ \c —X¢ CX— c/ \c —XC cx—c/ \c—/l
A - €XC - XC Aocxc- A CX-CXC A
A - CXC - XC
CX-CXC- A
CX - CXC - XC

The result of the first set of splices is: (cx)c + (cx)’c + (cx)’c e L(S).

Using the new string generated, cx cx cx ¢, we create new splices:

A—c¢ CX—C CXCX—C

N

X X X

AN N,

¢ —XC XC c—Xc c—A

Using all the combinations of these splicings, we obtain the following resuit;
(cx)c + (cx)%c + (cx)’c + (cx)’c € L(S). By induction, it is clear that

LS)={(cx)"c{n>0}={c(x)"'[n>0}

A T‘C GAT AT CG
If <c, x, ¢ > corresponds to where: ¢ = and x =
TAG C?T A TA GC

(A T C G)"(A T)
then L(S)= T A G C/)\T A

n>0}
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Example: s=(D, I, B, @)

A GATZ CT

T CTAG A
I=<,

A CGCGT

T GCGC A

A GATCT

T C T A G A
B=4,

A CGCGT

T GCGC A

®)]

>

>

(@]

Then the resulting DNA language is as follows.

L(S) = {ab(cd)“ e | nzo}

Whe]e. a=

O Q - >
a o

a o
Q 0

O o

a o

@]
)

(o)

o

Q

Q

aaQ
T e B

a o

G

Q

|
o 0 QO

>

Q

o

O L

Q



Splicing Systems, H Systems 271

S=(A LB, ¢)
where: A={a,b,c}
1 = { baa, bb, aaac, cc, ac }
B = { <b, a, A>, <ba, a, A>, <A, b, A>, <A, aa, ¢>, <A, aa, ac>, <A, ¢, A> }

Then so far, baa, bb, aaac, cc, ac, ba, b, aac, ¢ € L(S) because if <h, j, k> € B,
then A-hjk-A=hjk e L(S).

Assuming that b’ e 1(S), and since ba, baa € L(S),
we can continue this process to get b'aa e L(S).

Since c, ac, aac, aaaac € L(S), and <], aa, ac >, <)\, aa, ¢ > € B,
we have the following.

Following the arrow, we get aaac € L(S).

(continued)
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Let us assume al aac e L(S) for some i, then

thus
also >a' cel(S)
for all

Following the arrow, we find alcce e L(S).

We can continue this inductive process, and we will obtain a'ct e L(S).

Thus L(S)= b a"+a"c".



Splicing Systems, H Systems 273

Example: S=(A, I B, 9)

where:
A={a, b, ¢, do p, g u Vv, w, x}

I= {uaxbvaxbw, »pcxdq}

B={<a, x b) (e x d>}

N /bvaxbw

X uaxbvaxbvaxbw € L(S)
ua/ “bw

0
u(axbv)zaﬂbw

~ 7
X uax(bvax)bw e L(S)
— “bw

pcbexbw

pc/>x<dw pex(bvax)’bw e L(S)

By induction, we obtain: pcx (bvax)'bw e L(S),i>0.

So far, we have the following results (though we are only halfway done).
L(S)=(ua+pc)x(bvax) bw
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uaxbva\ /bvaxdq

X uax(bvax)dq e L(S)
ua/ \dq

By induction, we obtain: uax(bvax)dq e L(S),i>0.

We get our answer by putting the above results together with the results from the
previous page:

L(S)=(ua+pc)x(bvax)*(bw+dq)
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Finite State Automata and Splicing Systems

A very good way to explain the finite state automaton approach to splicing systems. is by
example. The reader is directed to this reading for more details ,° [75].

Definition: A splicing system S = ( A, I, B, C) is permanent if for each pair of strings
abxcd,efxgh in A’ with sites <b, x, ¢ >, <f, x, h > of the same hand, then:

if y is a substring of a b x (respectively, x g h), that is, the crossing of asitein abxcd
(respectively, e fx g h), then substring y of abx gh is the crossing ofasiteinabx gh.

Definition: A splicing system S = (A, L, B, C) is persistent if for each pair of strings
abxcd,efxgh in A’ with sites <b, X, ¢ >, <f, x, h > of the same hand, then:

if y is a substring of a b x (respectively, x g h), that is, the crossing of asitein abxcd
(respectively, e fx g h), then substring y of a b x g h contains an occurrence of the
crossing of asiteinabx gh.

If the splicing system S is a permanent splicing system, then an FSA may be constructed
as exemplified in the following.

S=(A, I, B, @)
where: A={a, b, ¢, d, u v, w, x y}

I= {udbcabv, abcvwabced, vabxabcy}

B={<,L, ab, ), (4, be, ), (4, ¢ /1>}

It would be nice to point out instances of triples found in initial strings:

string 1 string 2 string 3
udbcabev abcvwabed | vabxabey
ab udbcabev abcvwabed | vabxgbey
be udbcabcv abgvwabed | vabxabcy
d udbcabev abcvwabed | --------
Figure 8.4

We can create a finite state automaton for each string, where each state is labeled “nk”,
where “n” refers to the string; thus state “23” is the fourth state for string 2.

© [62] the problem used is Example 2.2 on page 509, the method and application to this problem is on pages
515-516 (Theorem 4.1 with Lemmas 4.1.1 and 4.1.2, discussing Example 4.1).
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Insertion Sequences, Transposons, and Jumping Genes

From the point of view of notation, an insertion sequence is written as “IS” followed by a
number used to identify it. Similarly, a transposon is written as “Tn” followed by a number
used to identify it. An insertion sequence is a segment of genetic material of the order of
two kilobases [26, p. 7], and can be transferred from a virus (phage) to a plasmid in a
bacterium, and then from such a bacterium to yet a higher organism. Insertion sequences
are relatively short sequences of base pairs, but do not contain genes. Insertion sequences
may attach themselves or insert themselves into genes, and by interrupting the sequences of
base pairs in genes, they modify the gene expression, usually by turning off the gene’s
expression. A transposon is much larger than an insertion sequence and may contain genes.
Thus when a transposon inserts itself within the base pairs of any gene, it turns off that
gene’s expression, and replace that gene’s expression with the expression of the genes that
are carried within the transposon. Just as with an insertion sequence, transposons may
move from a bacterial virus, to a plasmid in a bacterium, or into a higher organism.
Transposons are sometimes referred to as “jumping genes” as they have the ability to jump
or change position from one section of DNA to another position on the same DNA segment
(changing genetic expression as they do so0). An example of this “transposon” action is the
ability to transfer antibiotic resistance to bacteria. Thus the important thing is that target t
is replaced by t (X)t below (t being a direct repetition).

recipient or target DNA
TCCTCTGCC

AGGAGACGG
e;ca:nple of a target ‘t t is about 4 to 12
base pairs in length
X [168, p. 829]

Insertion Sequence

/ X, or Transposon X

We might then simplify

ais inverted, as this and refer to this as:

terminal repeats
. [b b t(X)t
_ a a
- TCCTCTGCC - TCCTCTGCC
'AGGAGACGG AGGAGACGG

t is duplicated
(not inverted)

Figure 8.8 Insertion sequence or transposon
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Nomenclature [26, pp. 15-22]*

lacZ348::1S1ell +— orientation II

[
gene

insertion sequence number 1

galT236::1S2 rip2 <—— mutation

————
gene

insertion sequence number 2

hisG1327::Tnl0 tet43 <— mutation

——r
gene

transposon number 10
AP — Qb1::(IS2 c1857)::1S6

insertion sequence number 2 (with c1857
mutation) and insertion sequence number 6

both between genes P and Q

d Elucidation of these comments, courtesy E. Lederberg.
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VII'us
iNENF IR TEEEP

transposon
(possibly
transferring
antibiotic
resistance)

plasmid

infection < bacterium

transposon moves or
“jumps,” changing
position relative to
bases.

Figure 8.9
Note: Let us assume the following takes place on a plasmid. A transposon is incorporated
at site number 1, by disrupting the gene number 1 located at that site, gene number 1 is
“turned off,” and transposon gene “A” might be turned on. If or when the transposon
“jumps” to a new site number 2, the gene number 1 may now be turned on again, but the
transposon may be incorporated at a new site number 2 (turning off this gene), but possibly
activating transposon gene “B” instead of gene “A”: thus a sequence of genetic expression
of genes turning on and off.

I

R —-—b———.___.....____.

transposon “jumps”

———

i
site number 1:
plasmid gene number 1
turns off, but transposon
gene “A” is activated

site number 2:\
plasmid gene number 1 is reactivated,

but transposon gene “A” is deactivated,
and instead, gene “B" is activated.

i‘igu re 8.10
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Head [64] characterizes splicing systems and concludes that such systems generate strictly
locally testable or regular expressions. Gatterdam [62] points out that if a Splicing system
S =(D, I, B, C) is such that there are no patterns <a,x,b> e B and <c, x,d> € C for
the same crossing x, then S is crossing disjoint. Using crossing disjoint Splicing systems,
Gatterdam points out that L(S) may be proven to be regular by construction.

Upon allowing for insertion sequences or transposons to insert base sequences or to excise
base sequences [64, p. 754], [65], Head attempts to characterize splicing systems with

these new operations.

Let i beanIS or Tn
Let t be a target (for insertion of an IS or Tn)

K i inserted from uiv

ptq

Specifically, Head states that ptq and uiv supporttheresult ptitq.
To support such a view, Head states that we require a production rule of the form
t= t(t)t

Head states that under this interpretation, the languages that result are context-free and are
no longer regular.
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Circular DNA and Splicing Systems

Circular splicing systems generalize linear splicing systems. Being limited to linear
splicing systems is acceptable computationally, but in the world of biology, biochemistry,
and genetics, etc., such limitations are not found. The previous discussion about linear
splicing systems has been studied by others, including papers that the reader can
investigate [43], [44]. We now examine circular splicing systems.

Notation: ¢ = "a; ... a, willsignify a circular string of symbols, where a; eD",

and a;... a, represents one of the equivalent linearized forms of the circular string c.

n——

a a,

L)
\.~

Figure 8.11

The equivalence relation is ~ and all cyclic permutations of ¢ are equivalent.

Thus if ¢ =abbac with D= {a, b, c }, then the following strings of ¢ are equivalent:
abbac ~ cabba ~ acabb ~ bacab ~ bbaca

Two sets of inverse string operations are required to deal with circular DNA, referred to
as SA1, SA2, SA3, and SA4.

For definitions, see [167] and [65].
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A circular splicing system S=(D, T, P, I, J ) where:
D is a finite vocabulary
pattern triples <X, y, z>, where X,y, z € D*
is a finite set of initial linear strings
is a finite set of initial circular strings
is the “pairing” relationship, defined as follows:
<p,X,q>P<u,y,v> then x=y

o=

for linear strings,
given hpxqk and wuxvz and <p,x,q>P<u,x,v>, then
hpxvz  and wuxqk

for circular strings,
given hpxq and wuxv and<p,x,q>P<u,x,v>,then

Ahvawuxq

repeats
(review transposons)

Alternate definitions are used by different investigators, an example being found in [137].
Pixton generalizes, as he is very concerned with reflexivity, especially with regard to self-
splicing. His generalization of splicing systems is more generalized as he feels that the
definitions used here are “... more adapted to biochemical applications...,” a limitation
which we welcome.

L(S): wlwe D, J = w, I=®}
SAL, SA2

U {w | weD'U" D, J:w}
SA3

U {w | weD*U D, I >w, J=®}
SA4

The definitions of SA1, SA2, SA3, and SA4 now follow.
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Given {"hpxq, “wuxv}, then {“hpxvwuxq}

or given two circular strings sharing crossing x, we may construct a circular
string composed of both of the original circular strings (a closure operation).

This operation is named SAl.

If both loops are cleaved,
then the loops open and
the figure “8” is referred
to as the “chi” structure
due to its resemblance to

the Greek letter 7 .

or

_o—1 % x—e__

u
> spliced result

p w
\.““x -——0—-—V""‘./

Figure 8.12

h

The example appears as Figure 32.5 {95, p. 631].
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Given {“hpxgwuxv}, then {*hpxv, “wuxq}

or given a circular string with two instances of crossing x, we obtain two
circular strings each having an instance of crossing x.

This operation is named SA2 and is the inverse of opertion SAL.

h— OV O—

Pe_
X—@—q——W

. or

result:

l SA2

same as

p

Figure 8.13
The example appears as Figure 32.6 [95, p. 631].
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Given {hpxqk, “wuxv}, then {hpxvwuxgk}

or given a linear string with a circular string, both sharing crossing x, we may construct
a new linear string composed of both the original linear string followed by the circular
string with two copies of crossing x.

This operation is named SA3.

®-h-@p-0-x-0-q-0k-® +

same as

1 SA3

*-h-0-D-0-x-0V-OW-0u-0x—8-q—0—k—0

Figure 8.14

It is worthwhile examining this a little more closely.

: : GCTTTTTTATACTAA
Let h T Xx=
et us assume that the crossing x is as follows: x CGAAAAAATATGATT
What does this “splice” of circular DNA really look like?

The example appears as Figure 32.19 [95, p. 643].
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!
P_GCTTTTTTATACTAA _p
CGAAAAAATATGATT

T

e

Y
B_GCTT TTTTATACTAA _
CGAAAAAATATGATT

l t

~

_GCTTT _TTTATACTAA

PCGAAAAAATATG“\\ e ATT *©

g GCTTT i TTTATACTAA .
CGAAAAAATATG ATT

sy GOTTE — p_TTTATACTAA .
CGAAAAAATATG ATT

Figure 8.15 Circle opening into a linear string, via staggered ends
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Given {hpxgkuxvz}, then {hpxvz, “kuxq}

or given a linear string with two instances of crossing x, we obtain a new linear string
with crossing x, and a circular string with crossing x.

This operation is named SA4 and is the inverse of operation SA3.

©-h-0-p-0-x-0q0k® +

same as

1 SA4

®-h-0-pD-0-x0- V-0V -0-u-0-x—0q—0—k—0

Figure 8.16

The example appears as Figure 32.18 [95, p. 642] and
Figure 33.9 (Transposons with direct repeats) [95, p. 657].
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Not all regular languages are splicing languages. To be explicit, (aa)' is not a splicing
language.

Assume that (aa)" is a splicing language, then there must exist a pattern < a°, a%, a' > e T.
If ptq+r iseven:
then a?-a%-a e (aa)’, thus a-a”-a% a"-a € (aa)’, butthena’ -a%- a" - a ¢ (aa)’,
but this is a contradiction if we have a splicing language.
If p+q+r isodd:
then A-a°-a%-a -a e(aa)*,andalso a-af-a%-a"-A e (aa)*,
but then a® - a% - a" ¢ (aa)’, but this is a contradiction if we have a splicing
language.
P + q + r must be even or odd, and no matter which, we get a string that leads to a
contradiction if we assume that (aa)’ is a splicing language; thus the assumption that (aa)'
is a splicing language is false [60, p. 65].

Using the fact that (aa)' is not a linear splicing language, we conclude that there exist
circular splicing languages that cannot be generated by any linear splicing system using
SAL.

Given that L = (eAla)' is not a linear splicing language,
then L;={ (aa)"|n >0 }can be generated using SA 1 by the circular splicing
system ( {a}, {<A,a, >}, <A, a,A>P<A,a,1>¢,{ A, aa}):
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aaaaaael,

Figure 8.17
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Note: The language L = {a“ba" | n> 0} is a well-known context-free language, but if
this language is viewed as composed of circular strings, then
AL = {’\a“ba" | n> 0} = {"az"b | n> 0} which is well known to be regular.

a"ba" ~ a"a"b = a’b

n n n . . . .
L= { (ca)™(cb)™ n> 0} using SA1 is context-free, given the following.

Given <ca,c,b> <cb,c,a> e T,then caca,and cbcb are valid strings, thus:

cbca cach

a
b
a c b c ©oa J /
N N— \_«c [

cacacbchb

b c~ "a
/ 4\ a/ R thus ( \
c ( C/ by
Nla

N
b_—c” \a/ ‘C/
cacacacbcbch

etc

Figure 8.18
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L={Aa"b | n>0}

L is a regular circular string language. Using operation SA1, L is not closed
(is not a regular circular string langage).

b
/ b /n/
a a
+
n times \a \

m times

, N
- ' N y

n times a_a a____a [ m times

a
~ \ + 2 1 m times
n times < a

m times
n times <

= {a"b a™b | n>0, m>0}eL

rather, the resulting language is context-free.

Figure 8.19
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c
same as
,/C\
¢c—a——c—b + b a
7
ing SA3: we
using b \
L a
c—a S .
thus: ¢c—a——c—a—~c—b——c—>b =(ca)2(cb)2

now, the linear string caca---- cbcb may be used with
~cacb again the same way, to get cacacacbcbceb, etc. thus:

thus: L= {(ca)"(cb)“ in > 0}

Figure 8.20
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There exist context-free string languages generated by circular string systems using SA3.

/‘/c\

a

o c0:10c0bO + \ b
c/

|

//C\

a

<O :10c020c—0HLOcO-HLO® + \ b
c/

l

O cO® 20 c 0 10c020c0bH@c®b0Oc -‘bq

cacacacbcbch, etc.

Figure 8.21
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Hoogsteen Complements vs. Watson-Crick Complements

Triple and quadruple DNA helices are often associated with genetic diseases such as
HPFH [47, p. 54]. Quadruple helices (G-quartets, for example) are components of
telomeres, and are used in anti-carcinogenic pharmaceuticals [47].

CH,

Watson-Crick bonding

Hoogsteen bonding

N N

Figure 8.22 Triple-Stranded DNA

Watson-Crick bonding

Hoogsteen bonding

Figure 8.23 Triple-Stranded DNA
See [46].
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Figure 8.24 Quadruple Stranded DNA ( G-quartet )
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. parallel .
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1/
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IV N Ve
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Figure 8.25 G Quartet, see [47, pp. 53, 54].
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Figure 8.27 G Quartet

Figure 8.26 G Quartet
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G R
C
o Qo C
See [47, p. 54]
.
3
5 &
Figure 8.28

DNA triple helices such as this example will be drawn in schematic form as follows.

5

restriction enzyme
cleavage sites

Figure 8.29
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As restriction enzymes tend to cleave at the junction of double and triple helices, the
following are possible:

new ligation
recombinations

5 3

, « 9 H 5

3 5
Figure 8.30

The computational studies in the literature have not discussed triple or quadruple helices
(or at least, not to any large extent), but the above example indicates at least some of the
possibilities when mixing double- and triple-stranded helices with restriction enzymes
followed by ligation. Splicing systems (both linear as well as circular) have not taken into
account such mixed double and triple DNA helices.

We must now take a moment to discuss “dominoes,” but we will resume this discussion.
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Dominoes [43], [44]

Dominoes are a way to formalize the description of splicing. The brief discussion that
follows is a good introduction to this subject.

Definition: A A-domino a is a triple, as follows: o = < (&), m(a), r(c) >. These
components of o are referred to as the domino’s left, middle, and right parts.

pictorially: Ko

m(a)

r(a)

Figure 8.31

Note: If o = m(a), then o is a blunt domino.

Two dominoes may be matched (ligated) to form a larger A-domino. Matching is a binary
relation, written as ®. A graphical representation will make this clear.

Figure 8.32

Note that if o, p € A (we have two dominoes), then:

[(a®p) m(o®B) Ha®p)

(a®p) = la) —r "
ma®p) = mla)r(a)(p)m(p) () KB A(p)
na®p) = r(p) ma) o m®)

Figure 8.33
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If DNA is double-stranded (thus we are restricted to double-stranded DNA), then a couple
of strings can represent the upper and lower strands. Thus given ( x, y ), X is a string at the
upper strand and y is the string at the lower strand (of course, Watson-Crick
complementarity must be respected-or to be explicit, mismatches are excluded). Thus:

eeeXoao

S VR

Thus given the domino
o =<(AG,A)(GTC,CAG)(T,A)>=<la), m(a), H{a) >

then each couple represents parts of both upper and lower strands, where:

Ko) = (AG,1) AS
AGI||GTC
m@) = (GTC,CAG) = gzg and o =
CAG
T
Ho) = (T. 1) N

Another example is provided by

o =<(AGAY(GTC,CAG)(T,A)>=<Ia), m(c), {o) >
B =<(MA)(A T)>=<IP), mPB),r>
thus a® B =<Ila®p), ma® ), r(a® B)>, where:
(o ® B) = [a) = (AG, %)
moa®pB) = ma)ra)i(B)mPB) =(GTC,CAG)(T,A)(AA)(AT)
He®p) = @) = ()

. .
a®f= AG GTCA
CAG T

In the literature, dominoes are discussed from the viewpoint of semigroups. Languages
can be viewed as taking place over (free) semigroups, string concatenation being the
binary operation, with A being the monoid identity.

If the semigroup is S, then Ac S x S, and:
la), r(a) e{domain Ax /1} U {/Ixrange A} U {Ax4},and m(a)eA

We shall not explore the semigroup viewpoint any further; the interested reader is
encouraged to do so.
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However, before proceeding further, talk about upper strand and lower strand might be
viewed as too informal, so projection operators are provided to take care of such
informality. Thus

7. a —> upper strand
7,: a —> lower strand

and if given o = ( X, y ), then more formally, we have
a= (Tl(a)’ Tz(a))
Oriented Dominoes
If o represents an oriented domino, then to be an oriented domino,

Ko)=(LA) butnot(AA) implies r(c) =(A,r)or(AA)
or
l{o)=(A,1) butnot(AA) implies ro) =(r,A)or(AL)

Thus we obtain

(I, 7)) implies (A, r) (7, )implies (A, 1)
(A, 1) implies (7, 1) (A, 1) implies (A, 0L)

]
[

|

also the following oriented dominoes

—

Figure 8.34
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The product of two oriented dominoes ccand
where: o is the oriented product of o and (3 is now written as |p
Thus o=a |pf and m(c) = r(a)l(PB)
o) = (A x), wherexisasuffixofc
(o) = (y,A),wherey isaprefix ofc
We are now ready to use some of the machinery developed:

o= (a4a’)(ab% L), = (Aab’)(bb), a= (2t a’t’)

(a%a’)(ab 1) [p (A, ab?)(b,b) = (a°p’, 2V’ ) = «

aa abb b aaabbb
Ip =
aa abb b aaabbb
Figure 8.35

o= (a,a)(a%, L), ou= (Aab)(b,b?)

(a,a)(a’,A) [p (M 2°b) (b, b) = (a'b,2b’) = a

a aabb bb aaabbb
a o aab bb ) aaabbb
Figure 8.36
Note: a3 |p o, =(a’ b a’b?)
a aab b aaabb
a o ‘abbb ) aaabb
Figure 8.37

Now we return to our discussion concerning triple- and higher-stranded helices of DNA.
What we find is that as currently constituted, dominoes have been designed to be limited
to double-stranded helices of DNA. This is not to imply, however, that dominoes cannot
be redefined to support the more complicated structures found in triple-stranded DNA,
however. For a quick investigation of some of the cases where dominoes would have to
be changed to enable support of triple-stranded DNA, see Figures 38 and 40; Figure 39
represents an actual experimental case.
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Domino types for 3-stranded DNA (cleavage around 3-stranded portion is the only restriction)

staggered cut, 5 overhang

two staggered cuts,

both with differing
overhang types

ol - S
S

F

staggered cut, 3 overhang

two staggered cuts,
both with differing
overhang types

e T

]

|
—

same overhang types

two staggered cuts, both with the

E e G S

|

Although restriction enzymes that
simultaneously cleave more than two
strands of DNA are not (currently)
known, they might yet be discovered
(or manufactured)

i

single blunt cut

blunt with a staggered cut

two blunt cuts

Figure 8.38
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Splicing Systems on Graphs

A more detailed analysis [53] of the mechanisms of restriction enzymes, modeled by
graphs, appears to have the possibility of supporting more complicated types of splicing.
This view is based upon a graph-theoretic approach to DNA and restriction enzyme
action. Currently, restriction enzymes are described in the following way; an example is
sufficient to explain a graph-theoretic approach

TLCGA GCGC
AGC,T CGCG
1 1

Figure 8.41

We understand by the above that this is an abbreviated way to indicate how molecular
bonds are cleaved, not by examining the details of covalent bonds, but at a higher level.
We understand the above to mean (with a little greater detail), the 5 and 3  bond
structures as follows.

5—T—3 5—G—3
3—A G C T—5 3—C G C—5
................. '-........‘..and.......-.-.......-.............
5—C GA—3 S—C G C—3
3—T—5 3—G—s5
Figure 8.42

Recall, at the end of the first chapter (review of biochemistry), it was noted that
DNA/RNA hybrids exist, with cleavages such as the following.

cleavage
s —gi Y ca ay g4 us g g7 Cg—3

3 —Cis Gis T14TC13 ap Ci Clo g9 —35

uppercase are DNA bases,
lowercase are RNA bases

Figure 8.43
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Thus domino and splicing systems may have to be expanded to include such cleavages as
well (assuming that ligases can act upon these cleavages).

Now, for the graph-theoretic approach.
Graph-Theoretic Approach to Splicing Systems

By using more information to describe the molecular structure, expressed in graph-
theoretic terms, a closer modeling can be attained in splicing systems. This graph-
theoretic approach has much promise, especially as it appears capable of describing more
complex kinds of splicing such as appears with triple-helix DNA. An example of this
graph-theoretic approach follows. However, just how versatile is this method? More
work must be done to determine the answer to this question!

la_@
3@
i

A9

12
o—@
y
X
O—©)

Figure 8.44

Thus by providing a list of connections from one node to another (which models the
bonding), we can specify (in graph-theoretic form) how the splice will take place; thus,

£(1,2),(3,4),(5,6)(7,8)} U {(1,2),(3,4),(56),(7,8)}

o, W, o
o o) (o o)
), =

O—0 O—O




310 Emergent Computation

Linear Splicing on Graphs

Example:

3 4
(D—e ()

Figure 8.45
with the splicing scheme of {(1,4), (3,2)} yields:

OO = O—O

Figure 8.46

thus uabv and ua b v yields uab v and uabyv

Circular Splicing on Graphs

Example:

—»

T

Figure 8.47

with the splicing scheme of {(1,4), (3,2)} yields:

OO
OnG

Figure 8.48
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Another example:

Figure 8.49

with the splicing scheme of {(a,b ), (a,b)} yields:

Figure 8.50

For the interested reader, there is a series of technical articles that may be consuited by
such authors as G.Paiin and G. Rozenberg as well as a book DNA Computing: New
Computing Paradigms by G.Paun, G. Rozenberg, and A. Salomaa which is especially
concerned with the interrelationships between splicing systems, sticker systems, H
systems, and Watson-Crick automata, emphasizing their computational or mathematical
abstractions.



Chapter 9: tRNA Structure

Plague

“The Magistracy’s concern over possible noncompliance or downright hostility from
ecclesiastics with respect to health ordinances and officials was not unfounded.
Particularly in times of epidemics, grounds for conflict between Public Health officials
and men of the Church could appear at any moment, and in the most unexpected quarters”
[223, p. 3].

“The most frequent sources of conflict between clergymen and health officers were: the
quarantine measures to which the clergy were not always willing to submit; the requisition
of monasteries or other religious premises which the officers needed to transform into
temporary pesthouses or places for convalescents; and last, but not least, the sermons and
processions. During epidemics the health officers did not look favourably upon gatherings
of people” [223, p. 6].

“As far as sermons and processions were concerned, there is no doubt that most of the
health officers shared the religious convictions of their time, and felt that the sermons and
processions might appease God, and thus perhaps help to bring the epidemic to an end.
But while the appeasement of God’s wrath through sermons and processions appeared to
the health officers as a possibility, the exacerbation of contagion through large assemblies
of people was for them a certainty” [223, p. 7].
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tRNA Structure and Knot Theory

tRNA (mRNA, DNA, etc.) may have a complicated structure, analyzed by primary,
secondary, tertiary, etc. structure. Folding is not an accidental artifact, but serves a very
important function: areas that should rarely be decoded may be shielded by folding, while
areas that should frequently be decoded can receive maximal exposure. The secondary
structure is complicated, however. Thus the question is, how can this complicated
structure be disentangled? The methodology of analyzing such complicated, folded, three-
dimensional structures includes the possibility of employing knot theory. Knot theory may
thus be applied in the theory of computation apart from the already mentioned area
involving topoisomerases (Chapter 1). Although we shall not dwell long upon this study,
a few papers have proven to be very worthwhile studying and are intrinsically interesting.
We shall first study the ideas involved in a Nussinov plot [318] and then see how these
ideas are related to knot theory.

We assume that the RNA secondary structure is topologically equivalent to a plane (has
no knots or pseudoknots: thus there are no intersecting edges and no bases are paired
more than once). Thus, if RNA is viewed as planar, it might have the cloverleaf
appearance below. The Nussinov plot allows us to determine this overall secondary
structure. Easy for us to see, once we have it! The question is: How do we obtain the
structure in Figure 9.1, below?

Figure 9.1 RNA secondary structure
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Nussinov Plots

The Nussinov plot (Figure 9.2) is determined by placing the bases on a circle, and
connecting the paired bases with chords. As is easily seen, there are four areas of loops
(also called flowers) that correspond to the four subregions seen in Figure 9.1.

flower

Figure 9.2 Example of a Nussinov plot for RNA in Figure 9.1

There is a restriction, however. Chord bases B; and B; may not be adjacent (this condition
may be relaxed, however) [318, p. 74].

These bases are adjacent:
Due to at least one base

B; B; like this, the bases are
\" >/— ‘/f o longer adjacent.

a=aVa —a

Figure 9.3 Adjacent bases
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Given the following Nussinov plot, can we predict the corresponding tRNA secondary
structure?

I II

Figure 9.4
The predicted secondary structure:
I
I
I
Figure 9.5

More complicated structures are possible, however. Let us examine the Nussinov plot for
the following structure.

I43i>-—L 1 0, I
42 2 g
38 41 3 0 8y . e12
37 39 40 4 5 6 1 ) _w,
14
VI 15 16
36 3332 25 24 22
34 6 23 “2a1\ 17
31 27 20
30 28 19 18 IV
29V

Figure 9.6
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The corresponding Nussinov plot:

nested

VvV - 27 17 flowers

18
2524 2322 2120 19 v /

The flowers at regions III and IV are nested in flower II.

Figure 9.7 Nested flowers

How might tertiary structure (three dimensional folding, due to knotted or pseudoknotted
structure) appear in a Nussinov plot? Let there be a bond between base 26 and base 39

{30, p. 133] (see Figures 9.8 and 9.9), which otherwise might be unpaired bases {30, p.
152}
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Figure 9.8 Representation of RNA tertiary structure

The corresponding Nussinov plot:

Note that the tertiary fold created by the knot-causing
bond between base 26 and base 39 intersects chords.

Figure 9.9 Crossing chords equivalent to tertiary structures
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We should note that some of the folding that takes place is intimately involved with base-
mismatching; thus these folds are very involved with stability and thermodynamic studies
[30, pp. 136-138].

Now that Nussinov plots have been discussed, let us proceed with our consideration of
knots and pseudoknots (folding of secondary tRNA into tertiary structures). In this
respect, it is important to get some characterization of what a knot or pseudoknot is.
Figure 9.10, and the definition have been provided to accomplish this very thing [187, p.
593].

no knot has a knot

Figure 9.10 Knots vs. pseudoknots

A definition of a secondary structure has been provided. The definition is as follows:

Given that B, refers to a nucleotide base, then:
{(B,, B,) | 1</ and i<jsN}—X
where X excludes mismatches and doubly linked bases: .

{(B,-, B,) and (B;, By) | j;tk}

However, we wish to add a strong constraint: no knots.

fln, ) i (5, m) 1 herescs) | B B
B,, B;) and (B,, B,) | h<i<j<k B, k
X

B, B,

/ \

Examining Figure 9.11 with knots at the bottom of Figure 9.11
the previous page very closely, we find:



320 Emergent Computation

We should take special note that nothing is known about the thermodynamics of knots.
As knots are really due to unpaired secondary structure bases participating in tertiary
folding, we shall defer further analysis of knots in tertiary structures until we have a better

N

The arrows show the
increasing indexes:
h<i<j<k

Figure 9.12

understanding of secondary (planar) structures.
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An example showing knotted structure follows. It is for yeast phenylalanine tRNA
(specific bases not shown).

There are tertiary folds
or knots between A
and A, B and B, and
CandC.

34

<AA>=<1548> h=15i1=18,; =48,k =55
<B,B >=<18,55> h=18,,=19,/,=55,k = 56
<C,C >=<19,56>, h]<i[<jl<k|, and h2<i2<j2<k2

(B le>=<A, A'> and (B;, By )=(B, B'>

(B4, Bj2>=<B, B'> and (B,,, Bk2>=<C, c'>

Figure 9.13
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In order to better classify the decomposition of secondary structures, the following is
provided [187, p. 595).

<B,, B; > are paired and i <r <}, and there is no pair <B,, B, >between <B;, B;>and
B,; then B, is accessible from B;, and B;:

B; <« exterior pair

J

B, B, <+— (no such pair)

B,
k chords

Bql ‘ Bpl

B B

92 * P2 interior pairs

Bgi-i Bpr-1 )

The k-chords are referred to as a k-loop, or k-cycle
[187, p. 595], but Nussinov would call this a “flower.”

k — chords

Figure 9.14

Four cases are distinguished; see Figure 9.15.



case4 (k>2):

case 1 ( k=1 and there are u unpaired bases ):

case 2 ( k=2 and u# = 0 or there are no unpaired bases ):

multiloop
(nested flowers)

hairpins

B; B;
stacked pairs

interior

B;

B;
B;
B;

7
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Figure 9.15
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Before we proceed further, the bonds between unpaired nucleotide bases, usually at a
distance, that were implicated in tertiary folding are what became called the knotted or
pseudoknotted structure in RNA. Precision is significant: “The result of such a base
pairing was initially called a knotted structure, because of the potential formation of real
knots...” and “A general definition of a pseudoknot may be given as follows: a structural
element of RNA formed on base pairing of nucleotides within one of the four loops in an
orthodox secondary structure ... with nucleotides outside that loop. According to this
definition, base pairing is not restricted to interactions between one of the loops and the
free single-stranded stretches at either the 3’ or 5 terminus of the RNA chain ...” [140, pp.
290, 291]. We shall be even more explicit, “No true knots in RNA molecules however
have been reported. We therefore prefer the term ‘pseudoknot’ ... ” {139, p. 1728].
However, the possibility of true knots does exist [139, p. 1728]. The complicated, tertiary
folding of RNA predicted on the basis of the sequences of nucleotide bases alone is not
yet a possibility [140, p. 300]. However, Pulleyblank [192], when studying DNA
topoisomerases, does deal with instances of “catenated” and “knotted” DNA.

A number of recent papers*® ® and books® ¢ discuss molecular knots in DNA, RNA and
proteins (both artificially synthesized as well as naturally occurring molecules).
Catenanes, rotaxanes, DNA, RNA®, and proteins’ &. Molecules in the form of the famous
non-planar Kurotowski Ks exist. Mobius ladders of three rungs may be embedded in K; ;.
Molecules displaying trefoil and Borromean knot structure (and other knots) have been
synthesized. Synthetic, stable Holliday form DNA with 4 branches with overhangs on
each branch, may be ligated to create 2-dimensional planar networks. Such 2-dimensional
structures suggest that shape grammars might be applied. The Appendix contains a
discussion of shape grammars with an example that focuses upon Holliday structures, as
well as other possible applications.

Kinoplast DNA (kDNA) found in mitochondria of trypanosomes occur in the form of
networks of catenated chains or figure eight structures [90, pp 605-606]. These networks
are duplicated with the mediation of topoisomers". Trefoil knots and catenated structures
do occur naturally in metalloproteins. Catenanes have been found in vivo in mouse
plasmid DNA. Molecular topology and molecular knots are beginning to become ever
more significant, and this certainly applies to RNA, the subject of this chapter.

*5s. Siegal, Chemical Topology and Interlocking Molecules, SCIENCE, May 28, 2004, 304, 5675, 1256~
1258.

bL. Wang, M. O. Vysotsky, A. Bogdan, M. Bolte, and V. Bdhmer, Multiple Catenanes Derived from
Calix[4]arenes, SCIENCE, May 28, 2004, 304, 5675, 1312-1314.

°J. P Sauvage, C. Dietrich-Buchecker (Editors), Molecular Catenanes, Rotaxanes and Knots, A Journey
Through the World of Molecular Topology, Wiley-VCH, 1999.

d G. Schill, Catenanes, Rotaxanes, and Knots, Academic Press, 1971.

®N. C. Seeman, H. Wang, R. DiGate, An RNA topoisomerase, Proceedings of the National Academy of
Sciences USA, September 1996, 93, 9477-9482.

f K. Mislow, C. Liang, Knots in Proteins, Journal of the American Chemical Society, 1994, 116, 24, 11189-
11190.

£ K. Mislow, C. Liang, Knots in Proteins, Journal of the American Chemical Society, 1995, 117, 15, 4201-
4213.

"N. Cozzarelli, J. Chen, P. Englund, Changes in network topology during replication of kinetoplast DNA, The
European Molecular Biology Organization Journal (EMBO), 1995, 14, 24, 6339-6347.
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In order to obtain more knowledge of RNA folding, some more examples of knotted
structures and pseudoknotted structures such as the following, are instructive [1, p. 3036].

Figure 9.16 A more complicated Nussinov plot for tertiary folding

The thermodynamic parameters of such folds remain unknown experimentally. Tertiary
folding takes place by providing added stability. Thus the rate of such folding is a
significant factor too [1, p. 3037]. The dynamic process of RNA folding indicates that
these molecules do not constantly reshuffle their secondary structures. Instead, closely
knotted short-range interactions of a sequential nature are progressively created, with
mostly only long-range bonds being broken and closed again to change the gross structure
of the tertiary conformation of RNA [115, pp. 519, 523, 527, 531]. However, new kinds
of pseudoknotted structures continue to be found, and one parameter to be considered is
the distance between paired bases (distance is proportional to the free energy required to
bring portions of RNA into close proximity, and is measured by the number of
intervening nucleotide bases [1, pp. 3036, 3038]). Sometimes special base sequences are
found in this folding process, such as GGG-CCC triple base pseudoknot folding [139, p.
1719]. For other interesting examples of pseudoknotted folding, see Figures 9.17 and
9.18.
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Figure 9.17 H-type pseudoknots (Hairpin motif)
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RNA Tertiary Folding

Figure 9.19 Increased tertiary stability changes folding

It is important that the examples of folded structures examined be understood as very
simple examples with few bases. Actually studied viruses such as turnip yellow mosaic
virus (TYMV) and tobacco mosaic virus (TMV) have hundreds of bases, thus affording
many opportunities for complicated folds [1, p. 3042]. Other tRNA structures with
complicated tertiary folding, with thousands of nucleotide bases, have been studied as
well [139, Table I, p. 1722].

The processes involved in intron/extron splicing in fungal mitochondrial RNA also
involve tertiary folding (see the schematic in Figure 9.20). This is especially significant,
as the folding is not involved at the 3 or 5 terminals, but takes place at internal sites of
RNA [139, p. 1726].
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Figure 9.20 Intron/extron splicing and tertiary folding
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RNA Dynamic Structural Changes

A novel way of viewing RNA (as well as DNA) dynamic structural changes has been
described. A sample RNA structure undergoing dynamic modification (of bonding, due to
folding) appears in Figure 9.21. This has already been briefly described in Chapter 3
(parity of nucleotide bases). Bases A, C, G, U/T are assigned complex values i, -1, 1, -i
(respectively) [100]. Matrix multiplication may be utilized to support this dynamic
modification; an example being found to correspond to the change in Figure 9.21 follows.

The vector of bases associated
with this RNA structure.

| | A i
P P I
Ug—A, Ug—A, Ul -
/}‘7_”[?2 - /'\ I:J2 G 1
1‘\6“(’]3 "#6 I'Js r=1Cl=-1
Cs—Gy, Cs—Gy, A i

' _/ Al | i

Figure 9.21 RNA/DNA structural changes g _;
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RNA Viewed as Quarternions

The intention is to be able to describe tRNA structures as complicated as the one below.

Figure 9.22 Quaternions may be used descriptively

We shall not pursue this any further, except to point out that this analysis may be
elaborated in slightly different directions, which will now be discussed. Two directions
suggest themselves for further analysis, and both have been pursued. Complex numbers
may be viewed as a mathematical group. We shall not study RNA and DNA structures
from the point of view of groups, but we will briefly examine the second elaboration:
RNA and DNA structures viewed as quaternions {101].

A little notation.: if y represents a nucleotide base chosen from A, C, G, T, or U, then ¥
represents the complementary base. This operation of complementarity has already been
discussed; thus y° = - y. The viewpoint taken is that in describing dynamic changes that
take place during the tertiary folding operation, theorientation of a base must be capable
of being described. Thus given nucleotide base X, two orientations are described: X,
and X4. With four nucleotide bases (let us restrict ourselves to RNA for the moment), we
must be able to describe:

A, and Ax
C, and Cp
Gy, and Gy
Uy and Uq

Note: Xt = -k Xy and X% =k X . We may then assign the following values.
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G, 1 Gy 1

C, -1 d Cy -1 i hism)
m

A, ; an A, ; (an isomorphis

U, —i U, —i

Thus there are a total of eight nucleotide “states.” Viewed as quarternions, we have the
following;:

GT = —kGi = —k-1=-k
N CT = —kC¢ = —k‘—'1=k
ote: , ,
AT = "‘kA¢ = "'k'l=-“j
U'T = —kU¢ = —k‘—i=j

where the usual quaternion relationships hold: ki=j, ij=k, jk=i,

ik=-ki, ji=-ij, kj=-jk,
P=j=K=ijk=-1

As quaternions may be described by 4 x4 matrices, we also have the following.

1 0 0 0 0 0 01
01 00 1 0 0 O

G¢’Gr=(1)=00]0 A¢,AT=(’)=0100
0 0 01 0 01 O
0010 01 00
0 0 01 0010

C3C="1= = [~f} =

1 1 () 1 000 Ul’UT (’) 0001
01 00 1 0 0 0

These quarternion matrices may be used for parity checking.

We shall end our discussion here. The important conclusion is that rich possibilities exist
in applying aspects of the theory of computation to RNA and DNA tertiary structures, and
the associated dynamics.

As a closing note, the following quote: “..the analysis of the secondary structure
dynamics is very awkward, especially in cases when the dimension of the transition
matrix is large” [102, p. 40]. Thus an S matrix of complex numbers when many
nucleotide bases are to be described may not be very practical: the more so, if complex
numbers are extended to quarternions.
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Stochastic Context-Free Languages and RNA

We have closed the discussion of RNA structure analysis using complex numbers and
quaternions, but we make brief mention of the structural analysis of RNA using stochastic
context-free grammars (sometimes referred to as probabilistic context-free grammars)
[105], [106].

A note: RNA may have alternative structures. This is especially true as the accepted view
is that the specific conformation of RNA is dependent upon the free energy associated
with the conformation, but tertiary conformation is based upon folds due to knots and
pseudoknots, while the free energy of knots and pseudoknots is not usually computed.
The consequence: alternative RNA structures are hard to deal with mathematically, and in
fact RNA has a variety of stable or semistable conformations. Accepting that a given
RNA molecule may have a variety of conformations, or that the conformation is
ambiguous, a recent approach to RNA structures is to use context-free grammars with
parsers that can support ambiguity (multiple parse trees), specifically, the use of
stochastic ambiguous context-free grammars. One of the most well-known methods of
dealing with ambiguous context-free grammar parsers is to use CYK parsing (a form of
dynamic programming). We shall not get into the details of CYK parsing—many books
dealing with the subject of parsing cover this. It is sufficient to point out that the CYK
parser requires that the grammar be in Chomsky normal form. Every context-free
grammar may be put into Chomsky normal form (CNF, see Chapter 2). A context-free
grammar is in CNF if every production rule has either of two forms:

A =aor A =>BC, where: A, B, C are non-terminals and “a” is a terminal.

A context-free grammar is said to be stochastic if the following is true for all production
rules with non-terminal A on the left.

A= oylap|...| o, then A = q; isassociated with weight p;; then if

n
D" pi =1, the weights form a probability distribution
i=1
Combining the two conditions for the grammar:
1. The grammar is in CNF.
2. The grammar is stochastic.

Every production rule in the context-free grammar must be of the following forms only.
1. A>a is the only production rule with non-terminal A on the left, pp=1
2. A= BC is the only production rule with non-terminal A on the left, pa=1
3. A = a| BC are the only two production rules with non-terminal A on the left,
then A = a has probability p, A = BC has probability q,
and p+q-=1
We shall not dwell upon the technicalities of stochastic context-free grammars in a CYK
parsing environment any further, but shall view these grammars as simply context-free
from here on.



We find the following grammar provided as an example.

o =({s;)

where the production rules 2 are as follows.

13

i=0"

L L L L I R I

(A cq T2 so)

§,

AS,U | CS,G
AS,U

S,S,

US;A

CS(G

AS,

GSg | US,
G|U

AS,,U

CS,0G | GS,,C
AS,,U

USy,

C
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If any one thing clearly stands out here, it is that this grammar is not in CNF.,

The following derivation is provided (modified here); as an example (probabilities

omitted), see Figure 9.23.
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S, = CS,G T
: i HI1
S; = §,S, C G
S, = US,A R /slz\%
S; = CSG : g 7
S, = GS; U—S, So—U
s, = G VN
S, = GS,U \ N
A—S; G G Su—U
S” = Asle / ".- .“.. l \ '.‘.‘
SIZ = USI3 U“—S7 , A . S|2
S, = C AR N
— v H2 \
G S7 8] SlS
Sg ‘-\‘__C
thus CAUCAUGGGAAGAUCUCUUG s the string of bases in this RNA

Figure 9.23 Stochastic Context-Free Languages and RNA structure

We can very easily modify this grammar to be in CNF.
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A single probability with all of these production rules,
except for two probabilities for S;, S;, and Sy.

Se = §, T, = S,U
S;, = AT | CT, T, = §,G
S, = AT, T, = S;U
S; = 8,8 T, = S;A
S, = UT, T, = S¢G
Ss = CT; Te = SpU
S¢ = AS, T, = 5,G
S, = GS;| US, T, = §,C
S => G| U Ty = 8§,U
S, = AT

Sy = CT,| GT;

Si = AT

Sz = USy

S;; = C
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When we consider the complicated structures found in secondary as well as tertiary RNA
structures, as reviewed in the beginning of this discussion about RNA, we cannot but feel
that the approach based upon stochastic context-free grammars has a long way to go to

catch up, but it is a beginning!

Along these same lines, the following context-free grammar has also been proposed [160,

p- 586]. However, the grammar has been modified for RNA, as opposed to DNA.
G—_-({S}, {a, c, 9, u}, 2, S)
where: 2 = {S:SSI aSu | cSg | gSc | uSa | /1}

Example of a generation of a RNA-like structure:

) S ey e et
/1 u °.|\ /u /S
=8, “a S——S——S§—S—§—S§—1
b N N, N N D
v"'/s'_,_..-"g : /ls\ 5
AT 4 :
- T
N
¢l e
P
Sy

Figure 9.24 Another example of RNA structures that viewed statistically



Chapter 10: Semigroups and Bioinformatics

In England, jails were private property. Prisoners were loaded with chains in order to
extract bribes for easement of irons. Typhus epidemics with foci in jails were common,
called Black Assizes, circa the 16th and 17th century. Typhus is referred to historically as
“morbus carcerorum”—death in incarceration. The name was justified. Thus one aspect of
the relationship between medicine and “justice” has been ellucidated. Typhus is often
referred to as “jail fever” or “ship fever” [232]. One might also recall that the rotting
hulks of ships were commonly used as jails.

Social Views About Tuberculosis

Geography, climate: Southern, tropical environments are worse for TB, as compared to
northern, cooler climates {226, p. 144].

“sanitarium”

etymology: Healthful room (or place to do something: maintain health)
“sanitorium”

etymology: Curative or healing room (or place to do something: improve health)
sanitoria: Located at the seashore, high mountain tops, deserts [226, p. 144].

Areas free of mists, fogs, smoke. Areas of low humidity, little
extremes in temperature [226, p. 144].

Patients’ health may be restored in a sanitarium, and society is
protected from contagion (TB patients may be committed
involuntarily to a sanitarium) [226, p. 172].
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Finite State-Space Model of Metabolism

A multi-enzyme system M is defined as M = (E, S, 1), where:

E is a set of enzymes (proteins), written as E;, E,, etc.
S s a set of substrates, written as s, s;, etc.
I  is aset of inorganic ions

The metabolic state-space is Qy, ={q,- | q; eEUIU{si} and s; eS}

Given this definition, then state transitions take place due to the action of co-
enzymes. The following state-space is provided as a model of a portion of
bacterial intermediary metabolism [92].

It is claimed that the mathematical object that corresponds to this 64 state
machine is either a permutation group or in general, a semigroup: order between
64! and 64%*. See Figure 10.1.
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Figure 10.1 A partial representation of bacterial intermediary metabolism
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Semigroup for the Krebs Cycle
Biochemical Analysis of Metabolic Pathways

(68, pp. 69-71]

{E,}:?, enzymes
{Ci}::?, co-enzymes
C
Oxalacetic E,
Acid
Eg E2
Cis Aconitic
Acid
Cz ES E2
Isocitric
Acid
E7 E3 Cz
Oxalosuccinic
Acid
N\ E E
G \° ¢
o-Ketoglutaric
Acid
Es )
C;

Figure 10.2 Krebs Cycle
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The Krebs cycle may be simplified by combining reactions with co-enzymes, and using
reaction rates, as follows.

{81/ S4s S4r 74 So}s Substrates

{Ci}i:i, Co-Enzymes

C, Ci

Ss S4

S, ¢ S
7 G 6

Figure 10.3 Simplified Krebs Cycle

Machine realization: generators
S; S, S¢ S S
c 1o |a s = (1 4 9 O7 9)
Sy Ss S¢ S; S

Sy S, Se Sy (51 Sy S S5y 59)
S, S¢ S; S, S,

S; S; S¢ S; S
Sg | Sy [S1 | r:(l voTe 9)
S;1 5S4 Se Sy Sy

" The semigroup associated with this realization has 183 elements.

Further analysis of this application shall not be studied here, but [166] should be
examined. Other applications in the life sciences are studied under the subject of
Lindenmeyer £ systems.



Part II

Automata Theory and Disciplines Other than Bioinformatics

The majority of studies concerning automata theory, or mathematical linguistics, or
computability are in the traditional areas of computer science, engineering, and
mathematics. Now it is hoped that this book has collected evidence that there is a rapidly
growing area of bioinformatics. However, the author’s objective in this book is not
limited to bioinformatics. Applications of automata theory in other diverse fields of study
are also important.

The results found in other areas of study are of an uneven quality, often limited. Perhaps
mathematical linguistics or computability is not a good model in other subject areas, or
(as the author believes) perhaps automata theory is a theory that is not too widely known
to researchers in other areas. In any case, I provide in Part II of this book a summary of
papers that indicate that computability theory might be useful in studies such as medicine,
psychology, anthropology, sociology, geology, medicine, etc.

The papers we shall discuss include:

1. Nursing seal pups

2. Bird songs viewed as a language: the wood peewee

3. Bird songs viewed as a language: the sparrow

4. Bird songs viewed as a language: the black-capped chick-a-dee

5. The descriptive flight of foraging bees

6. Linguistic patterns found in a medical pathology: Tourette’s syndrome
7. Applications in geology

8. The use of Linear Sequential Machines in the medical application of ACTH secretion
9. The use of Linear Sequential Machines in analyzing magic

10. The anthropological analysis of the Australian Arunta kinship groups

A few other papers were found, but they emphasized cellular automata (geology) or
neural nets—less traditional subjects of automata theory that the author chose not to cover
in this book. The author believes that computability theory could be useful in studies in
other related areas, such as the following:

Primates other than human beings

Cetaceans (whales, porpoises, dolphins)

Pinnipeds other than seals

Social insects, other than bees (ants, termites, wasps)

Geology (vulcanism, earthquake distribution, riverbed formation, etc.)

Oceanography (deep sea water currents, vortices such as water spouts, whirlpools)

Meteorology (climate change, wind currents, vortices such as hurricanes,
cyclones, tornadoes] ),

Music

The author did search the literature, and also contacted research scientists (seeking
reference papers), but without success. The future will, however result in more
applications of automata theory in such diverse areas of research.
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“Reports of a more elaborate Chinese method [of smallpox inoculation] involving the
insertion of a suitable infected swab of cotton inside the patient’s nostril, reached London
in 1700. Chinese texts assert that this practice had been introduced into China at the
beginning of the eleventh century by a wandering wise man come from the Indian
borderland. Subsequently it is said to have become very popular. It therefore seems
probable that deliberate inoculation of children with smallpox had been a folk practice in
much of Asia for centuries, long before it came to the attention of European doctors and
penetrated the repertory of their officially approved techniques in the course of the
eighteenth century” {230, p. 224].

“In Turkey, however, smallpox inoculation had been practiced, at least in some milieux,
earlier than anywhere else in Europe. It was, in fact, from Turkey that smallpox
inoculation reached England, having been introduced to London in 1721, along with other
oriental exotica like bloomers and the fez, by Lady Mary Wortley Montagu, wife of a
returned ambassador to the Porte. A pair of Greek doctors in Constantinople, who had
achieved familiarity with western medicine at the famous medical school of Padua, served
as go-betweens. They transmitted information about the folk practice of Turkey to the
learned community of Europe by writing a pair of pamphlets on the subject that were
widely reproduced in England and elsewhere. According to their report, it was generally
believed in Constantinople that the practice of inoculation had long been familiar among
Greek peasant women of the Morea and Thessaly” [230, pp. 223, 224].

“...The discovery of vaccination by Edward Jenner, an alert English country doctor, who
published his results to the world in 1798. He had noticed that milkmaids seemed never to
suffer from smallpox and surmised that they instead contracted cowpox from the animals
they tended. Experiments with inoculation of human patients with cowpox showed that
immunity to human smallpox did indeed result; and the dangers from cowpox for humans
was negligible” [230, p. 222].

“...Catherine the Great introduced inoculation into Russia in 1768 by importing an
English doctor to immunize herself and the Crown Prince; but only the court benefited
from the Englishman’s expertise” [230, p. 223].

“In America, the fearful power of the disease to kill adults was frequently demonstrated
by outbreaks among Indians; and the rural and small-town structure of the colonial society
... was also very vulnerable to sporadic epidemics. ... White settlement along the frontier
was assisted also by the fact that destruction of Indian populations by infectious diseases,
of which smallpox remained the most formidable, continued unabated. The ravages of
smallpox among Indians may in fact have been assisted by deliberate efforts at germ
warfare, In 1763, for instance, Lord Jeffrey Amherst ordered that blankets infected with
smallpox be distributed among enemy tribes, and the order was acted on” [230, p. 222].
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Use of Linguistic Methods in Animal Behavior

Another interesting paper attempts to show that linguistic methods might be very useful in
describing biological observations, and helping to point out the need to predict further
observations. This paper deals with seal pups as well as the wood peewee bird [143].

The authors provide a series of grammars (which have been slightly modified), that they
feel are very useful in describing animal behavior. The first set of grammars is for seal
pups.

G=({s, T, U}, {a B c D} 2 s)

where: 2 is as follows.

S = AT| BU| CU| BD
T = BU| CU| BD
U = AT

A sample derivation:

S= CU= CAT = CABD
This is a grammar to model the nursing behavior of newly born seal pups (phoca vitulina),
where
A means that contact is made by the pup, using its head to the mother’s head
B means contact made by the pup, moving its head towards the mother’s nipples
C means vocalization by the pup
D means feeding by the pup

Thus CABD means that the pup vocalizes, contacts its head with its mother’s head, then
contacts its head with the mother’s nipples, and then feeds.

We have the obviously non-deterministic corresponding FSA:

Figure 11.1 FSA for seal pups (phoca vitulina)
There is a second grammar that may be used.
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G=({s, T. U, v} {A B C D} 2, s)

where: 2 is as follows.

S = AT]| AU
T = CS
U = BS| BV
V = D

A sample derivation:
S = AU = ABS = ABAU = ABABS = ABABAT = ABABACS
= ABABACAU = ABABACABV = ABABACABD

The FSA that corresponds to this grammar is also not deterministic.

The authors point out that other grammars are possible, which are equivalent with their
ability to represent the observed data, such as the following.

G=({s, u), {A. B, C, D}, 7, s)

where: 2 is as follows.

S = ACS| AU
U = BS| BD

Bird Calls

The authors continue by providing us with grammars for the wood pewee (Contopus
virens), with a data set of observed bird calls collected by W. Craig over several years of
observations.

G=({s, T, U, v}, {A B C D} 2, s)
where: 2 is as follows.

S = AT| CV

T = AT| BU| CV
U = D
V = AT| BU | CV

A sample derivation:
S = CV = CAT = CABU = CABD

We are provided with another wood peewee grammar that it is hoped will be more
consistent with the data set.



350 Emergent Computation

G=({s, T, U, V, W, X}, {A, B, ¢, D}, 7, s)

where: 2 is as follows.

U

AT| CV | ACW | ACABX
AT | BU | ACW

D

AT | BU | ACW | ACABX

AT | BU | CV | ACW | ACABX
D

g <@
uuu il

A sample derivation that the authors say shows that this grammar is ambiguous:

S = ACABX = ACABD
S = ACW = ACAT = ACABU = ACABD

The authors continue with yet another grammar for this little bird.

G=({s, T. U, V. W, x}, {A, B. ¢, D}, 2, s)

where: 2 is as follows.

AT| CV | ACW | AAX
BU | ACW
D

AT | BU | ACW
AT| BU | CV | ACW
BU

X g <cH®
A

However, the authors points out that this grammar might not be entirely adequate, as the

terminal sequence CC should be in the language, not the sequence AC; thus we obtain yet
another grammar for this tiresome bird!

Thus the authors provide us with yet another grammar.
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G=({s, T. U, v, W, X}, {o B C D} 2 s)

where: 2 is as follows.

S = AT| CV| AAX | CCW
T = BU| CV]| CCW

U = D

V = AT | BU | AAX

W = AT| BU

X = BU| CV| CCW

The authors point out that this grammar is much more consistent with the set of observed
bird calls, but that the grammar has a problem. Namely, this grammar is not very efficient,
as the right-hand sides for the production rules for T and X are identical.

Thus the authors provides us with another grammar.

G=({s, T, U, v}, {A B, c D} 7 s)

where: 2 is as follows.

S = AT| AAT| CU | CCV
T = CU| CCV| BD

U = AT| AAT| BD

V = AT| BD

The authors are taking a lot of time to explain how the grammar finally arrived at should
be consistent with observed data, possible erroneous observations, and possible future
observations, and at the same time, produce an efficient grammar. Thus the authors point

out that the last grammar is not consistent with one observation: CCAABD, thus the need
to modify the grammar yet again.

G=({s, T, U, v} {A B C D 7 s)

where: 2 is as follows.

S = AT]| AAT| CV| CCV
T = BU| CV| CCV
U => D

V = AT| AAT| BU

Note the derivation of CCAABD. S = CCV = CCAAT = CCAABU = CCAABD
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The authors point out that while regular grammars are in many ways consistent with the

wood pewee bird calls, other grammatical structures are possible, namely context-free
grammars:

G=({s, T, U, Vv, W}, {A B C D} ? s)

where: 2 is as follows.

= VT| WU
WU | BD
VT | BD
A| AA
c|cc

£ <caO
Uil

The authors finally ends with the grammar below.

G=({s, T, U}, {A. B, C D} 2, s)

where: 2 is as follows.

S = AT| AAT| CU | CcCU
T = CU| CCU | BD
U = VT| BD
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The Savannah Sparrow Sings Regularly

It has been observed that the Passerculus sandwichensis (Savannah sparrow) [188], {189}
has 17 different song sequences. These song sequences are composed of sound
subsequence elements denoted as A, B, C, D, and E in specific combinations. These song
subsequences may be described as follows:

introduction
post-introduction
midsong transition
trill

terminal buzz

moOw»

These subsequences are roughly in the range of 5.5 KHz to 10 KHz, and are recorded as
sonograms, much as those used to study human linguistics by phoneticians. Sparrow
songs recorded in Ontario as well as Nova Scotia have been studied, enabling differences
or variations in their songs to be compared linguistically.

The 17 observed song sequences are as follows.

4 elements S elements 6 elements 7 elements

ABCD ABCDE ABCDCD ABCDCDE
ABDD ABADD ABCDCE ABDCDDE
ABDE ABDDE ABDCDE

ABCDD ABDCDD
ABDCD ABCBDE
ABCDDE
ABCDAE

As there are only a small finite number of these song sequences, the entire set constitutes
a regular language or a Chomsky type 3 regular language, and an equivalent grammar
exists. One approach to the problem of constructing such a grammar is to construct the 17
deterministic FSA {M,- }:Zl that corresponds to this set of song sequences and then to
construct the composite non-deterministic FSA, then convert this to the deterministic FSA
and read off the regular expresion or grammar (appropriately simplified). This will result
in the FSA in Figure 11.2.
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Rather than creating a type 3 grammar that corresponds to this deterministic FSA, we can
construct a simplified deterministic FSA, with its correspondingly simplified type 3

grammar.

Figure 11.3 FSA for the savannah sparrow

The corresponding type 3 grammar is given by:

S, = ABS,
S; = ADD | CBDE | CBD | CDS,, | DS, | CD
S, = AE| CE|CDE|CD|DE|D]|E

S,, = CDD | CDE | CD|DE|D|E

Of course, this is only one possible type 3 grammar, and in fact, as the language contains
only 17 (a finite number) words, a grammar isn’t even required to specify this language.
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Comparison of sparrow songs in Ontario and Nova Scotia has resulted in different FSA
given by researchers as follows.

Ontario

Figure 11.4 FSA for savannah sparrow vs. Nova Scotia sparrow

Given these two FSAs, it is possible to construct variant grammars, but it should be noted
that regular expressions are common to both the Ontario and the Nova Scotia sparrows,
while there are some Nova Scotia song sequences that the Ontario sparrows do not
perform.

ABD'E is a set of song sequences that sparrows in Ontario and Nova Scotia have in
common

ABCBDE is a Nova Scotia song sequence that has not been observed in Ontario
sparrows
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Black-Capped Chick-a-dee (Parus atricapillus)

A Turing machine was constructed to describe a language for Parus atricapillus (black-
capped chickadee) [193]. In this Turing machine, the read/write head is viewed as
stationary, and the tape moves. Modifying the Turing machine so that the read/write head
moves, and the tape is stationary, the following Turing machine is described.

A B C D #

90 d;, R q;, R qs;, R qs, R qo, R
q q;; R 92, R q3, R 94, R q;, L
q; 95, R 14, R [q;, R q4, R |q; L
q3 95, R ] g5, R | q;, R }qs, R | qy L
Q4 qs, R 95, R | g5, R | q4, R | q; L
qs 95, R ] a5, R | g5, R g5 R [qg L
96 qs, # qs, # qs, # qs, # 90, hbgd
q5 q, # q, # q;, # q4, # 9o, hok

It is then claimed that the language of Parus atricapillus is as follows.

L, = {A“BbC"Dd | 220, b20, ¢>0, d> o} , although rare sequences such as BCB

(and others) have been found in the field (young birds, in the process of learning).

In a later paper [194], these bird calls were further analyzed using Markov chains. It is
felt that first-order Markov chains are adequate (a call Y only depends upon the previous
call X if there is a previous call; thus XY, or Y is all that is required, not subsequences
such as WXY, etc.). An attempt is made to provide a semantics or meaning to these calls
with different locomotory acts such as flight, landing, twisting on the perch, etc. being a
possible semantics. It is pointed out that “Darwin (1871) proposed a theory of sexual
selection to explain the evolution of elaborate traits that differ between the sexes, so it is
natural to hypothesize that sexual selection has played a part in the evolution of song
repertoires...” and “I will first review the evidence that female birds prefer more elaborate
repertoires...” (p. 71) [195]. While other semantic interpretations are possible, we needn’t
subscribe to any specific semantics in this book. It is sufficient that the bird calls are
described by a Turing machine. This is significant, as some linguists feel that recursive
languages are restricted to human beings, and when confronted with the research in this
reference, then go on to elaborate more reasons to ignore scientific findings—their
prejudices are firmly rooted. In this later paper, L, is redefined as follows.

L2={A“Dd+BbC°D°+DD+D | a20, b20, ¢20, d>0, ezo}

Of course, these languages are effectively equivalent to regular expressions; thus while
they may be realized by Turing machines, they may also be realized by pushdown
automata or finite state machines.
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Foraging Bees

A language to describe the foraging bee is given [184, pp. 145-201]. This language is not
claimed to be accurate (it is hypothetical), but it describes a methodology that could be
used. [ have modified the grammar slightly for convenience. This language is based upon
“programmed grammars.” A quick definition of “programmed grammars” follows.

We are given production rules of the following form.

a=p successor rules, applied successor rules, applied
upon successful upon failed application
application of the of the production rule
production rule tap=>1Pp

tap=>1Bp

Note 1:  In the successor fields, the null set & means halt.
Note 2:  If a successor field has more than one choice, the choice may be made non-
deterministically.

Assumptions will be made about foraging bees.

1. Bees need to collect pollen from about 12 flowers before returning to the hive.

2. Flowers are spaced so that a bee can find a flower in about one meter.

3. If a bee goes from one side of a clump of flowers to the other side, the clumps of
flowers are about 5 meters across.

4. The distance between clumps of flowers is about 20 meters.

5. The foraging bee may depart from its original line of flight by 09 45°, 90°, or 135°,
(right or left), or the flight may not change at all. These options are symbolized as
follows:

ra(p) right turn by "d" degrees, with probability of "p"
14(p) left turn by "d" degrees, with probability of "p"
s(p) no turn, with probability of "p"

Example:  ry35(02) means turn right by 135°, with probability of 0.2

. d, means travel distance x (in meters).

. h means return to the hive.

8. The current flower and the previous flower determine the foraging bee’s angle of flight
departure.

9. Each time a foraging bee collects pollen at a flower, a sum of collected pollen is made.

When that sum exceeds 12, the bee returns to the hive. If the sum of failures to collect

pollen exceed 24, the bee returns to the hive. The following grammar is slightly

modified from the one that is discussed. The grammar is as follows:

G=({B, M, My, My, My}, Vq, 2, B) where:

~ N

Vr= {"135’ 150> Tass S5 lgss loo, hi3ss dy, ds, dy, h}
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Thus for example,
B = MM, {24) 3(3) 43} {2

means

apply productionrule B = M;M, ,and

upon success,
if production rule 2 is chosen, thenin M; = #,5dy,

Tas is 7 45 (4)
if production rule 3 is chosen, thenin M; = s d,,
s is s (3)
if production rule 4 is chosen, thenin M, = [,5dy;
else upon failure, halt.

Now that the production rules have been clearly explained, with an example as well, let us
try a sample derivation in this grammar to explain a bee forage sortie.

Rule # Production Choice d R JF
1 B = MM, 2(4) 0 0 0
2 M, = rs(4)dy 5R=1) 20 1 0
5 M, = MM, 9(25)
9 M, = Iy(25)d, 14R=1) 1 2 0
14 M; = M,M, 15(.3)
15 M, = n3s(3)d, 14(R =1) 1 3 0
14 M; = MM, 17(2)
17 My = Iy(2)d, 14R=1 1 4 0
14 M, = MM, 16(2)
16 M, = ry(2)d, 14R=1) 1 5 0
14 M; = MM, 18(3)
18 M, = Il3(3)d; 14R=1) 1 6 0
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Rule # Production Choice d R ZF
4 M; > MM, 15(3)

15 M, = n3(3)d, 14(R=1) 1 7 0
14 M; = MM, 17(:2)

17 M, = lyg(2)d, 19R=0) 1 7 1
19 M, = M;M, 15(.3)

15 M, = ni(3)d, 14(R=1) 1 1
4 M; > MM, 19(R =0) 8 2
19 M; > MM, 15(3)

15 M, = nss(3)d; 14(R=1) 1 9 2
14 M; = MM, 16(2)

16 M, = ry(2)d, 14(R=1) 1 10 2
14 M; = MM, 15(3)

15 M, = n3s(3)d; 14(R=1) 1 11 2
4 M; > MM, 18(.3)

18 M, = I;(3)4, 14(R=1) 1 12 2
14  M; => MM, 17(:2)

17 M, = Iyp(2)d, 14R=1) 1 13 2
14 M; = MM, 37

37 M, = h

(continued)
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B

N

M, /M
7\
rys dyg M, \
7\ / \
lo di M, M;
/N /N
rgs  dy My M,
/\ /N
loo dy M,
/\ /
Yoo d| M4

M;
/\ N\,
las di M,

/\/\

riss dp Mg
2 v \
Isg 1
/ \ / AN

M,
AN
/

ri3s d,
/\ /
rizs  dy M; \
/N ) \
M, M; 7%
7\ /
raes dp My \
7\ / \
i35 d My M,
/ N\
M, M;
/\ /N

Figure 11.5 Example of foraging sortie in the language of bees
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The above language is intended to show how a description of the foraging activity of bees
can be described. However, bees also have the linguistic capability to communicate
through a “waggle dance.” Bees communicate where food has been discovered. The
waggle dance consists of an angle from the sun’s azimuth that conveys directional
information. The waggle dance consists of a figure eight of alternating half circles, the
number of figure eights corresponding to a distance. Thus bees communicate the location
of food using polar coordinates! In addition, the type of food is also identified. The figure
eight/polar coordinates look like the following {214, pp. 532-538], [206, pp. 111-131].

Figure 11.6 Waggle dance language of bees

There was a controversy: did bees really communicate using such a language, or was the
dance a mere artifact, and did bees follow a scent to the food? An ingenious experiment
was performed, the conclusion being that bees do indeed use a language to communicate.
Although we shall not do so, obviously a grammar could be constructed for the effectively
non-finite waggle dance language of bees.
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Medical Pathology: Tourette’s Syndrome

“Psychodynamic theorists would predict that the verbal tics characterizing Gilles de la
Tourette’s syndrome should exhibit primitive syntax but complex semantics, while
neurological considerations lead to an opposite expectation” [104, p. 266].

“In spite of the recent increase of interest in Gilles de la Tourette’s disease and the fact
that it was first described by Itard over a century ago, there exists no detailed linguistic
description of the most salient feature of the syndrome, its verbal tics. Previous
discussions of the syndrome have confined themselves to giving a few examples of
patients’ tics. But consideration has been given to the possibility that the tics emitted by a
given patient might follow any sort of internal grammar. The only linguistic formulations
concerning the tic are the frequent observations that it is stereotyped in form, draws on a
limited ‘lexicon’, and resembles an interjection. The purpose of this paper is to present a
description of the tics exhibited by a patient suffering from the disease and to attempt to
formulate a grammar to describe them.

“Gilles de la Tourette’s syndrome is characterized by multiple muscular tics, vocal tics
which are often coprolalic, and in about twenty per cent of cases by echolalia. Onset is
usually during late childhood and the symptoms exhibit a fairly regular course. The
muscular tics tend to begin around the eyes as twitches and come to involve progressively
the trunk and finally the extremities. The vocal tic usually begins as a inarticulate ‘bark’
or grunt and only later assumes a verbal form. Symptoms abate during sleep and during
sexual arousal...The disease does not seem to have a traumatic or infectious origin, but an
organic basis seems likely” [104, p. 266].

The author thus describes Tourette’s syndrome very well. The author feels that finite state
grammars are suggested as when referring to a particular patient’s 11 verbal tics, “...this
simplicity of structure, along with the fact that the tics draw from a limited lexicon
suggests that the exploration of finite state models of the tic might be profitable” [104, p.
270].

It is significant that while many theorists seek to understand human languages as normally
spoken, linguistics may also be important for medical reasons in pathological situations.
We will now examine linguistic analysis as applied to Tourette’s Syndrome.
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The 11 tics referred to by the author will be symbolized as follows.
Tic

1 C

2 FC

3 FMC

4 F

5. FMYC

6

7

8

9

FMYYC
FRYC
FMYYYC
. FRYYC
10. YYC
11 FU

Tics are classified in the following manner.

0-limited (tic elements are independent)

1-limited (every word in a tic is contextually constrained by the preceding word)
2-limited

etc.

A few FSA are constructed, some being probabilistic; they are like the following.

Figure 11.7 FSA for Tourette’s syndrome
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Geology, Meteorology, Oceanography

Although research did not result in the location of any papers using such techniques as
state machines in applications such as geology, meteorology, or oceanography (other than
cellular automata and neural nets), such applications might well appear in the future. For
example, an admittedly simplistic automaton used in earthquake studies might look
something like Figure 11.8.

event event
earth
time, time,
relieving tremor relieving tremor

stress stress
producing producing
tremor tremor

Figure 11.8 FSA used to model earthquakes

Obviously, greater refinement is possible, such as multiple “prequake” states, and a
variety of events, and kinds of stress-producing or relieving tremors, etc. Using such an

FSA, it is thus possible to create “languages” (type 3, or even more complex) that
describe earthquakes.

Similar models could easily be created to account for the shifting of water currents, the
melting of polar ice, volcanism, tides, hurricanes, etc.
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Closed Loop Cortisol Secretion

An interesting medical application of linear sequential machine theory is cortisol
secretion. A few models are given, the simplest one uses feedback and is the one below
[54].

Abbreviations
Stim Stimulation
RAS Reticular activating system
ACTH Adrenocorticotropic hormone
CRF Corticotropin release factor
PIT Pituitary gland
ADR Adrenal gland
DIST Distribution
Free F Non-protein bound cortisol
Bound F Protein bound cortisol

v = Stim

Y2 =

CRE =y, -y;

VA = CRF‘

ACTH = yi

Ya = ACTH'- y,

Ys = Y}t

Bound F = y!

or
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1 000000 0)(y 1
Ys 1 00000 0]y, 0
CRF 010000 -1||CRF 0
Y3 [={0 01 000 0|y, +| 0|-Stim
ACTH| {0 0 0 1 0 0 O |[|ACTH| |0
Ya 00001 -10/||y, 0
Ys \0 0 0 0 0 1 O0)J\y;s 0

Y1 1

Y2

CRF
Bound F = (0 0 0 0 0 0 1)y,

ACTH

Ya

Ys

Thus the LSM is a Moore model, and the transfer function (gain), as well as the
sensitivity and stability, of this proposed system could be studied. Our analysis will stop
here, although the associated semigroup for this LSM could also be constructed. Examine
the LSM given in Fgure 11.9.
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An Anthropologist’s View of Magic

An interpretation of the anthropologist Malinowski’s view of a function of magic [52] has
been made in terms of linear systems. Perhaps such a view is valid; some might deny this.
Instead of debating, let us present the view.

Let M symbolize the amount of magic used
A symbolizes the collective anxiety
U  symbolizes the environmental uncertainty

It is claimed that
AxU (anxiety is proportional to environmental uncertainty)
Mx A (magic is proportional to anxiety)
Ac 1/M (anxiety is inversely proportional to magic: magic reduces anxiety)

It is further claimed that magic may be modeled as a continuous variable, such that the
change in magic over time is proportional to anxiety:

d_M_=clA
dt

Also, anxiety (viewed as psychological feelings, emotions, or thoughts) may be modeled

as a continuous variable, such that the change in anxiety over time is proportional to
environmental uncertainty diminished by the imagined efficacy of magic:

dA
—=c;U - ¢,M
& C3 Cs

Collecting these equations, we obtain:
ARG WEW
— = + 8]
dt A -C 2 0 A C 3
somewhat more suggestively:

WIEER WEWT

1
M 0
As is standard practice, we assume that at equilibrium, (A] = ( ) ,

and we obtain:
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Thus
M 0
o L S
=l @ u=|“|u
- 0
A Cy C3 0

Thus M=3.U and A=0
5]

which means that at equilibrium, anxiety is assuaged, and the amount of magic is linearly
proportional to environmental uncertainty.

Furthermore, examining the stability of this system by seeking eigenvalues, we find:

(0 Cl) (—ﬂ. c1 )
=Al or
~-¢c; 0 -C; -

The imaginary eigenvalues mean that “the state of the system will not move away from
the equilibrium...the system consists in oscillation around equilibrium.”

=0 thus A* =-cc, or A=ti,/c,c2
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The Algebra of Group Kinship

Most studies in anthropology are not very oriented towards mathematics or mathematical
linguistics—but not all studies. Kinship among the Arunta of Australia has been studied
from the viewpoint of groups [23].

Functional Notation: ¢: X — Y shall be writtenas Xgp =Y.

XF Y means thereis afatherof XinY

XMY means there is amotherof XinY

X C =Y means there is aman in X, whose childisin Y

X W=Y means there is a man in X married to a woman in Y

Note: if XFY,then YF!'=X
if XCY, then YC!'=X
if XWY, then YW'=X

also F =cC'and M=C'WwW
C =F'and W=F'M

For the Arunta, F=F! thus F: X > Y and F!:Y — X;thus

X->Yand Y- X, o XY

We will us¢ ————— for M

Wewilluse -----cvav-any » for F

Then we obtain the following.

A M
".. i £
’,““t ‘4 FM3
F
M3 ¢ » "Mz
"‘L £
FM FM

Figure 11.10 Arunta kinship group
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We obtain the following Arunta relationship table, a mathematical group.

A M M’ M’ F FM FM? | FM’
A A M M? M’ F FM FM’ | FM’
M M M? M’ A FM’ F FM FM?
M? M? M’ A M FM> |FM® |F FM
M M’ A M M? M FM? FM® F
F F FM FM? M’ A M M? M
FM FM FM? FM® F M’ A M M?
FM* |FM? |FM® |F FM M? M’ A M
FM® FM® |F FM FM: [ M M2 M’ A

Figure 11.11 Arunta kinship non-Abelian group

Note: This group is not commutative (example: FM -M =FM?, but M - FM =F).

The inverses are obvious: A’ = A
M-l = M3
M2 = M
M3 - M
F! = F
FM)' = FM
FMYH! = FM?
(FM*)! FM?

Some obvious subgroups (we shall omit their cosets):

Ho={ A\, M}
H,={AF}
H,={A, FM}

H; = { A, FM*}

Hy= {1, FM*}

Hs = { A, M, M3, M*}

Boyd investigates other relationships besides F and M, however, the subgrups might also
be of interest. We shall stop here.



Appendix*
Shape Grammars

In Chapter 9 there is a reference to possible applications of shape grammars. One such
application concerns artificial biological materials constructed from a finite number of
specially created (stable) Holliday type molecules®. Shape grammars might be of practical
value in a number of other applications as well.

A shape grammar is defined as follows. SG = (VM , Vi, R, l) , where
Vi is a finite set of terminal symbols

Vy is a finite set of marker symbols (that act like non-terminals)

Ie Vi Vi VI isthe start symbol.

The production rules of the shape grammar & are phrase structured, and the rules may be

applied serially, or in parallel (the same as with Lindenmeyer systems).

Z is composed of rules of the form u = v, where u is a mix of Vi with Vy,and visa
mix of Vp with Vy;. Objects in Vy and Vy may have any location, orientation, or
scaling (think in terms of location in a Cartesian grid or some other coordinate system,

rotation, and size), in two or more dimensions. As an example,

Q_I.L_— .—I.L_.- —,.l_i € VpVy
A

The marker disks may be at any one of the four branches, and marks an active area. In the
example that follows, these marked active areas are where ligases may act.

In the following rule for & the four cruciform symbols on the right of the production rule
are of the same size, none are rotated, and all four have the locations indicated.

* 1. Gips, Shape Grammars and Their Uses: Artificial Perception, Shape Generation and Computer
Aesthetics, 1975, Birkhduser.

b N. C. Seeman, J. Chen, S. M. Du, J. E. Mueller, Y. Zhang, T.-J. Fu, Y. Wang, H. Wang, S. Zhang, Synthetic
DNA knots and catenanes, New Journal of Chemistry, 1993, 17, 739-755.
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.—l‘
Il
s o JO N 1%

IR R

o

In the following production rule in &, the symbol on the right at the top is larger, has been
rotated 45°, and its location (or position) is raised (and the markers have changed, too).

.\/
TN
A

. _| L

oo aE

In the shape grammar example to be given, each cruciform symbol signifies a stable
Holliday structure with overhangs (blunt ends might work too). These stable Holliday
structures may be identical in terms of their base orderings, or alternatively, these
cruciferous forms may vary in the ordering of their bases (as long as ligations can occur).
In addition, the bases can be naturally occurring or may be artificial bases as discussed in
Chapter 3. Note, even if ligases do not yet exist that will ligate artificial bases, the
artificial bases need not appear within the overhangs (or within the active areas of the
blunt ends). The shape language for Holliday structures is composed of planar (2-
dimensional) networks of ligated Holliday structures. It is of no significance that such
planar structures occur naturally as artificial structures of this sort might be found to be
useful as new bioengineering materials.

An actual example of a shape grammar for Holliday structures follows.
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SGyoL = (VM’ Vi, R, 1)
L = { all 2-dimensional planar networks of ligated Holliday structures }

Objects of interest on the left hand sides of the rules in 2 are in

ViVy U VeV U ViV U VoV

4
In [ ) “n” branches of the 4-way Holliday structure may be ligated.
n

(ﬂ =1 objects:
_I.
T

(:):4 objects:
3 ’J L" —I.L— O—I.L—‘ H _].L—.
A

Vi V:/x =

4
( J =6 objects:
2

Hy Ny iy

T
B T T T

TF’%F’ﬁF

4 .
(J =4 objects:

Ny Jiy do ) Ji
B e e

Figure A.1 All the different marked objects used for Holliday shape grammar

VTV;[ =
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Note that while a single shape of stable Holliday

_l | structure is represented here, in fact, a class of
= such molecules is possible, with variable base
I r orderings, and different base compositions,

including “artificial” bases, abasic pairs, ete. as in

4 Chapter 3. The only requirement is that they can

Note, ( 0) =1 shape be ligated. Which element from V7 is selected can
be associated with a probability.

Figure A.2 The single object in Vy for Holliday shape grammar

I: . . = VTVIA\‘A

"

Figure A.3 The start symbol for Holliday shape grammar

="
=

oy - o
Ty

i
e

L&

o

o N

B o R T

Nyl
el

d
i

B
e

T 0

G

where ¢ € VTVh},1

G

where {e V; Vf,,
and ¢ is consistent]
with the left hand side

Figure A.4 Rules in 2 for Holliday shape grammar
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2 (continued)

SO T I
ST a T :

._J.l_. . ._J'L_ A _l°|_.
R o T T .
_I‘L_.
r
_].L_. _ i __I.I_.
el B :

where £ e V V3

.—, l‘—‘ and ¢ is consistent
I [ with the left hand side

Figure A.5 Rules in 2 for Holliday shape grammar
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2 (continued) .__|°|_6
Bl
By do
1 B
ol
al)
B I d
e 1
ol
iy
o s
T
O I B
Bl T

G

where e ViVy

and ¢ is consistent
with the left hand side

Figure A.6 Rules in @ for Holliday shape grammar




Appendix 381

2 (continued)

oL
ol

o N T
I T
o Ls
W
o o d
1 I
O N B
e ol

G

where £ e VyVy
and ¢ is consistent
with the left hand side

Figure A.7 Rules in 2 for Holliday shape grammar
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& (continued)

i

T

i

'

i J'L.
ST
i
aF

d
Bl

(any symbol in V)

di
Bl

(any symbol in V)

di
Bl

(any symbol in V1)

Figure A.8 Rules in @ for Holliday shape grammar
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2 (continued)
o 2 d i
o = @
(any symbol in Vy)

Figure A.9 Rules in 2 for Holliday shape grammar

As an example, note that in the derivation steps below, the right hand side of
“=»” is not consistent with the previous symbol at the left hand side of “=".

e e () 4= inCONSistent
o s - i "l

® = ® <+ inconsistent

Figure A.10 Example of right hand sides being inconsistent with the previous symbol

& (continued)

The L ) id .. A number of rules, in which
¢ last 2 rules avou alpblgulty the markers at these positions
created when two ligations can may or may not be present
occurr at the same point at the
same time. E
" i "
D‘J L‘i O | -
T :
-

B, o

B R
R

Figure A.11 General disambiguating rules in @ for Holliday shape grammar
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Examples of some (not all) disambiguating rules.

J%A% JLJ%
S S
_IL_“J'I_. _II__J.L_.
ST S I
‘_Jl_?‘_]l_ j‘_ll__Jl__
S I
’_J.[_?.__ll ) ._J°L_ R
S S I
Ji Ji
—, min
_J.L__‘ - i
I 10
Ji Ji
AN T
® = _J
—_I‘[_‘ _I.I__

Figure A.12 Some specific disambiguating rules in 2 for Holliday shape grammar
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A few derivations:

S IR
R 1
._l.l_.; _li_.:> _IL__I‘L_.;> do d
% N B A N e

_J. Each terminal “Holliday”
® l—‘ structure is shown in a
] [_ different shad_e to emphaS}ze
" thac; the _partncn;lar qrd::;mg
and constituent bases in these
.J I—. =g —I.I— J.I_‘ structures is distinct as each
|_ ] |_ may be probabalistically
® selected from a class of
|_‘ structures in Vy. This shape
grammar may or may not be

[ viewed probabalistically.

__ marker ambiguity
was introduced
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disambiguate J.

=

J.

]
L i P
B [
d i
5 %5 o 1l
=
.l_ .|_
J
& ’_.
e
The possibly different
Holliday structures in Vy
could include iso-C/iso-
G pairs, abasic pairs,
L__ mismatched pairs, self
|_ r complementing  bases,
permutations of base
orderings, etc.
14 J L :
= ] I_

L
B

_|I_

If there is more than one eiement in Vr, then any convenient probability distribution may
be chosen, or a deterministic_ shage %rammar may be constructed. An example of a
parallel shape grammar derivation step Tollows.

| pinpetel [ I T N T

ol
b g el

T Mo T T T T

Other shape grammars may be constructed for the 2-dimensional language of all planar
networks of ligated Holliday structures. It is easy to construct a far simpler shape
grammar for Holliday structures: a shape grammar that is very similar to the shape
grammar for replication forks (which follows). Shape grammars are appropriate in this
application, as the exact base structure (bases used and their sequences) may be exactly
specified for all the finite number of species in V. Shape grammars could be a very
useful tool.
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The possibilities abound, such as ligating 2-dimensional branching structures typically
observed as replication forks (provided they can be made to be sufficiently stable).

¥ symbolized as >———

Y\/\/\/

Figure A.13 Beginning the branching replication fork shape grammar

SGgry =(Vars Vi, R, 1) where Vy, = {.ﬂ_m}‘vﬁ Y e Y
Y-YY|Y|Y
Y - Y

Y- Y| |Y

Figure A.14 Rules @ for a shape grammar for replication fork planar networks
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A sample derivation:

Y oYY -
S YYYY
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Recall that a shape grammar for 2-dimensional planar Holliday networks (which is much
simpler than the one given can be constructed). Such a shape graamar is quite similar to
the given replication fork shape grammar above.

Just as with Holliday structures, different orderings of bases, including artificial bases,
mismatches, abasic pairs, etc. allow for a multiplicity of such replication fork structures,
and this can be made to be probabilistic. It must be emphasized that for both the case of
Holliday structures as well as replication forks, empirical evidence in the laboratory of
the associated planar structures is lacking. Both these cases are idealizations, intended
only to show how shape grammars might be useful as a linguistic tool.

Another possibility is G-quartets viewed as 3-dimensional shape grammars (G-quartets
exist in extended forms at least in vitro, and are associated with telomeres, thus stability
does not seem to be a problem).

Another possibility are shape grammars that will generate complicated RNA shapes
including hairpins, clover-leafs, bulges, etc. Such 2-dimensional shape grammars could
use associated Nussinov charts to place bases at corresponding sites. Intersecting chords
that connect Nussinov “flowers” could (in 3-dimensions) underlie the links and knots
found in tertiary RNA structures.

The last possibility to be mentioned is the application of shape grammars to biological
materials based upon threose or hexose based analogues of DNA: the TNA discussed at
the end of Chapter 3. However, not only would these structures have to be sufficiently
stable, but in addition, ligases would then have to exist (either natural or artificial) that
function with threose or hexose TNA molecules.

As a closing note, graph grammars and web grammars are just beginning to be applied to
DNA, RNA, and proteins. These applications in their infancy and will not be discussed.
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7% (set of restriction enzymes) 266

Abasic “pairs” (¢ ) 111, 153, 240, 260, 268
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Adenine, guanine: purine derivatives 21
Adjacency of RNA bases 315

Adrenal cortical steroid hormone secretion 368
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Alien amino acids 102
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Alien forms of life (DNA) 93, 106, 107
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Bird calls 348, 353, 357
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Deoxyribonucleosides

Deoxyribonucleotides
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Deterministic FSA

Developmental systems
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DNA: replication

DNA/RNA hybrids

DNA: triple-helix

DNA universal Turing machines

Domino systems

Domino systems: DNA/RNA hybrids
Domino systems: /, m, r

Domino systems: oriented dominoes
Domino systems: 7;, % projection operators
Domino systems: triple helices
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Earthquakes: FSA model
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Endonucleases

Equillibrium constant

Error detection and error correction: DNA parity
Esters

Ethers

Evolution (cytochrome-C)

Excision

Exonucleases

Extron/Intron

Feature (grammars, type 2)

Finite state automata

Flowers (Nussinov plots) -

Foraging bees (type 2, programmed grammars)
Forked structures
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Figure 8 knots

FSA

FSA: bacterial metabolism

FSA (Boolean algebra)

FSA: black-capped chick-a-dee
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FSA: medicine-ACTH secretion LSM

FSA: medicine-Tourette’s syndrome

FSA: seal pups

FSA: sparrow

FSA: splicing systems

FSA: wood peewee

Functional groups

G-quartets: anti-parallel

G-quartets: parallel

Gene regulation

Genes

Genetic code

Glycogen

Graphs and splicing systems

Graph grammars

Graph Theory

Group kinship algebra of the Australian Arunta

Guanine

H pseudoknots

H systems

Hairpins

Hamilton graph problem

Hamming distance

Haworth projections

Hexose alien helices

Holliday structures

Homomorphism: defined

Hoogsteen complements

Hoogsteen complements: G-quartets

Idempotent

In vitro alien forms

In vitro FSA

In vitro universal Turing machines

In vivo alien life

Indexed grammars (type 1)

Indexed grammars (type 1)

Indexed grammars (type 1): Replication Fork
Ligated languages

Inducer gene: operons

Insertion sequences
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Inverted repeats (type 1)

Jumping genes
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Chapter 6
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Kleene’s theorem 78
Klenow fragment 105
Knots vs. pseudoknots 324
Kuroda normal form, KNF 85
Kurotowski non-planar graphs Ks, K 3 324
Lactam/lactim tautomers 12
Lederberg, E. (personal communication) 71,280
Levro/dextro 11
Lewis acids 4
Ligases 63, 65
Ligated context-sensitive languages 223

Lindenmeyer system

Linear bounded automata

Linear sequential machines

Linear sequential machines (ACTH secretion)
Linear sequential machines (anthropology: magic)
Linear splicing systems (Head)

Linking number

Loops (pseudoknots, Nussinov plots)
Macromolecules

Mealy (sequential machine, LSM)
Mitochondrial DNA

Moore (sequential machine, LSM)

More than 20 amino acids in proteins

More than 64 codons

Mealy (linear sequential machine)

Maobius Ladders

Monoids

Moore (linear sequential machine)

Mozaic viruses (tRNA structures): TMV, TYMV
mRNA (type 1): attenuators

Mutation and rearrangement, excision, pseudoknots
% (set of restriction enzymes)
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Non-deterministic FSA
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Nucleosides
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Nucleotide bases (other than A, C, G, T/U)

incorporated in DNA and RNA Chapter 3, 153, 240, 268

Nucleotide bases (complex numbers) 99,330

Nucleotide bases (quarternions) 332

Nucleotides 22, 25

Nursing seal pups 348

Nussinov plots: flowers and loops 315

Nussinov plots: nested flowers 317

Nussinov plots: tRNA secondary folding 316

Nussinov plots: tRNA tertiary folding 317

Okazaki fragments 221

Operator gene: operon 169

Operons 48, 50, 166, 181, 225
Operons (DNA/RNA) 170

Operons (type 1, context sensitive) 225

Operons (type 2 transformational grammars) 167, 168

POL system 191

Palindromes 50, 146

PAM (Point amino acid mutation evolution metric) 195
Parity of natural DNA/RNAWatson-Crick base pairs 88

Parity of Watson-Crick pairs: complex numbers 99
Parity of Watson-Crick pairs: quarternions 332
Pawlak’s 20 amino acid encodings 187
Peptide bonds/proteins 56
Peroxides 8
Phospho-esters 16, 25
Plasmids 67
Polymerases 59
Programmed grammars (foraging bee) 358
Promotor gene: operons 167, 169
Protein assembly (RNA folding) 52,324
Protein structure: Primary 57, 324
Secondary 57,324
Tertiary 57,324
Quaternary 57,324
Proteins: a-helixm B-pleated sheets, B-turns 57,208
Proteins: operon activators, promotors, repressors 48, 57, 166-169
Pseudoknots 53,207, 319-321, 324
Pumping theorem (type 2 languages) 80,174
Purine derivatives 12
Purine derivatives: adenine, guanine 21
Pushdown automata 84

Pushdown automata equivalent to type 2 languages 84, 85
Pyrimidine derivatives 12



Pyrimidine derivatives: thymine, cytosine, uracil
Quadruple helices ( quartets )

Quaternions (RNA dynamic structure)

R loop or R ring

Refined Kuroda normal form

Regular cut grammars (type 3) for DNA
Regular cut grammars (type 3) for RNA
Regular expressions

Regulator gene: Operons

Replication: DNA

replication forks and shape grammars

Restriction endonucleases (triple helices)
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