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Preface

In the early sixties, we started teaching an advanced course of chemistry of
nucleic acids to Moscow University chemistry majors already with a solid
organic and physical chemistry background. To teach this particular subject
was most exciting at the time when virtually every year was marked by stun-
ning discoveries in the field of nucleic acids. We still derive a great deal of
pleasure and satisfaction from teaching the course.

Our main difficulty throughout the years has been the absence of a suitable
textbook on nucleic acid chemistry. Of course, publication of Michelson’s,
Khorana’s and other scientists’ books, especially the monograph written by
Kochetkov and coworkers, did help, but these books had been written with
professionals, rather than students, in mind. Therefore, putting doubts and
wavering aside, we decided to write a textbook ourselves. In making this
decision we were wholeheartedly encouraged and supported by Professor
M. A. Prokofiev, founder of nucleic acid chemistry in our country, to whom
this book is dedicated.

The Russian edition of the textbook was published in 1978 by “Khimiya”
(Moscow) under the title “The Chemistry of Nucleic Acids and Their Compo-
nents”. To the best of our knowledge, for many years it had been the only
(and still is one of the few) textbook on the subject worldwide. However,
access to the book has been limited outside our country. This is why we
accepted with enthusiasm VCH’s proposal to prepare the English edition.

Naturally, the English edition of a textbook to be published almost 15 years
after the Russian predecessor could by no means be a mere translation of the
latter — too many important events have taken place in DNA and RNA
science not to leave an imprint on the chemistry of nucleic acids. Our greatest
efforts have been spent in revising the chapters concerned with determination
of the primary structure of nucleic acids, their synthesis, macromolecular
structure, and chemical modification. Many chapters, including all of Chap-
ter 10 dealing with ribozymes, have entirely been written anew. However, at
the same time (much to our surprise), many fundamentals of nucleic acid
chemistry are still as valid as 15 years ago, which is yet another proof of the
great strides made in the field already in the seventies.
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We are convinced that the chemistry of nucleic acids has always formed and
still provides the basis for elaboration of methods as well as key concepts of
molecular and cell biology. It should be remembered that, having emerged
from organic and physical chemistry, the chemistry of nucleic acids is now
exerting major influence on the two fields of knowledge. This gives us every
hope that this book will be of use to all those who wish to become versed in
both sciences.

Chapters 1 through 6, most of Chapter 9, and Chapter 11 have been writ-
ten by Z. A. Shabarova, whereas A. A. Bogdanov is author of Chapters 7, 8,
part of Chapter 9, and Chapter 10.

We should like to express our gratitude to Professor D. Soll (of Yale Uni-
versity) for giving us the impetus to embark on the English edition. We are
thankful to our colleagues and co-workers from the Department of Chemis-
try of Natural Compounds, Moscow State University, for their assistance
and support. In particular, we gratefully thank D. Chernov, I. Kozlov and
N. Naryshkin for preparation of all formulas and some figures. Special thanks
should be expressed to N. Naryshkin and I. Kozlov for their help with cor-
rection of the manuscript and proof-reading. And we also thank V. G. Vopian,
our translator, for his cooperation and long patience.

Z. Shabarova
A. Bogdanov
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1 Structure of Nucleosides

1.1 Introduction

The term “nucleoside” was introduced in 1909 by Levene and Jacobs to denote
carbohydrate derivatives of the purine bases isolated from yeast nucleic acid
hydrolysates. Later, the term was expanded to additionally cover compounds
containing pyrimidines and other heterocyclic bases. Today, it is applied to
a broad class of naturally occurring and synthetic compounds that are essen-
tially N- and C-glycosides — derivatives of various carbohydrates and hetero-
cyclic compounds.

Nucleic acids contain nucleosides of two types: derivatives of p-ribose,
known as ribonucleosides, and those of 2-deoxy-p-ribose, known as deoxyri-
bonucleosides or, sometimes, deoxynucleosides.

HOCH, B HOCH, B
0 0

HO OH HO

ribonucleoside deoxyribonucleoside

Such classification of nucleosides stems from the nature of their constituent
sugar. According to the structure of the heterocyclic base (B), which is the
other component of nucleosides, the latter are also divided into pyrimidine
and purine bases (see Tables 1-1 through 1-4)V.

DHXmﬁY=O&mmﬂwMWWNMMMOmMmL



2 1 Structure of Nucleosides

X X
N z
2, O
HOCH, N""Y  HocH, 0
0 0
HO  OH(H) HO  OH(H)

purine nucleoside pyrimidine nucleoside

X = OH or NHZ; Y = H,OH or NHZ; Z=H or CH3

Nucleosides can be isolated from nucleic acids (NA) after chemical or enzy-
matic hydrolysis. Ribonucleic acids (RNA) are hydrolysed to nucleosides
when boiled with aqueous pyridine, with a diluted ammonia solution or in
an ammonium formiate buffer at pH 4.0. Nucleotides are yielded as interme-
diates:

RNA — Ribonucleotides — Ribonucleosides

Deoxynucleosides are produced by the enzymatic hydrolysis of deoxyribonu-
cleic acids (chemical hydrolysis being accompanied by some side processes).
To this end, use is normally made of snake venom containing the enzymes
phosphodi- and phosphomonoesterase.

Some nucleosides occur in a free state and can be isolated by direct extrac-
tion.

The isolation and identification of nucleosides usually involve ion-exchange,
thin-layer and gas—liquid chromatography as well as UV spectroscopy and
mass spectrometry.

Acid hydrolysis of the nucleosides present in nucleic acids yields a heterocy-
clic (pyrimidine or purine) base and pentose. Nucleosides do not react at the
aldehyde group, the implication being that the linkage between the sugar and
bases is via a glycosidic bond. To establish the structure of each nucleoside
present in a nucleic acid one must determine: (1) the structure of the consti-
tuent base; (2) the structure of the constituent sugar; (3) the type of the
bond linking the two (the site at which the sugar is attached to the base); (4)
the size of the oxide ring in the carbohydrate moiety; and (5) the configura-
tion of the glycosyl (anomeric) moiety.

1.2 Pyrimidine and Purine Bases

Pyrimidines and purines, first isolated from hydrolysates of nucleic acids
(1874-1900), were identified using classical methods of organic chemistry (see
Table 1-1). An important contribution was made by Emil Fischer who must
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be credited with the earliest synthesis of purines (1897). Today, pyrimidines
and purines can be identified rapidly and reliably by chromatographic and
spectrophotometric techniques.

1.2.1 Pyrimidines

Pyrimidines, also known as meta-diazines, are structurally akin to benzene
and pyridine. Pinner (1885), who had noticed this analogy, coined a new term
from the words “pyridine” and “amidine”, emphasizing thereby that apart
from aromaticity pyrimidines also exhibit properties inherent in amidines.
Pyrimidines are numbered according to the Chemical Abstracts Service regis-
try.

Given below are the formulas of the pyrimidines whose compounds are nu-
cleic acid constituents, such as uracil, thymine, and cytosine (see Table 1-1).

4

o 0 NH,
N BN HN My
IGONNE e
l\]l ! OJ\E OJ\E OJ\rlIJl <

pyrimidine uracil thymine cylosine

(m-diazine)

Thymines and cytosines are usually present in DNA, while those of uracil and
cytosine are found in RNA. The DNAs of some phages are exceptional (see
Table 1-4) in that they contain 5-hydroxymethylcytosine or its glycosides asso-
ciated with the 5-hydroxymethyl group instead of cytosine (even-numbered
T phages) and 5-hydroxymethyluracil (phage SP8) or uracil (phage PBS1)
instead of thymine.

0 NH2
CH,OH CH,OH
HN 2 N)j/ 2
)\N 0)\N

5-hydroxymethyluracil S-hydroxymethylcytosine

Uracil, thymine, and cytosine are ubiquitously present in nucleic acids in the
form of the corresponding nucleosides in significant amounts (each account-
ing for at least 5% of the total bases in nucleic acids).

These compounds are usually referred to as the major pyrimidine bases of
nucleic acids. In certain DNA and RNA species, some uracil and cytosine
derivatives (usually N-alkyl ones) have been found. Such pyrimidine bases are
referred to as rare or minor. Their structural formulas (as part of the corre-
sponding nucleosides) are given in Tables 1-5 and 1-6. Minor pyrimidine
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bases do not occur in all nucleic acids, and the content of each base is usually
below one or two per cent.

1.2.2 Purines

Purines are heterocyclic systems consisting of a pyrimidine and an imidazole
condensed at the 4-5 bond. The term “purine” (from “purum” and “uricum™)
was introduced in 1898 by Emil Fischer. Purines are also numbered according
to the Chemical Abstracts Service registry.

Both DNA and RNA contain two major purine substituents — adenine and
guanine:

NH, 0
7 6
N A N N
N N NH
“(NI\)z (Nﬁ eN J\
4N N N NH
oj N B B 2
purine adenine guanine

Minor purines differing from adenine or guanine by the presence of alkyl
(more commonly, methyl), acyl and other groups have also been isolated from
some nucleic acids. The structural formulas of the minor purines present in
nucleosides are presented in Tables 1-5 and 1-6.

1.2.3 Nomenclature of Pyrimidines and Purines

In the case of natural pyrimidines and purines, the above-mentioned common
names are widely used. As regards synthetic bases and various analogues or
modifications of natural pyrimidines and purines, specialists resort to the
nomenclature usually applicable to heterocyclic bases, with appropriate num-
bering of atoms in the pyrimidine or purine ring. For example, thymine is
called 2,4-dioxo-5-methyltetrahydropyrimidine or 2,4-dihydroxy-5-methylpyri-
midine, whereas guanine is called 2-amino-6-oxodihydropurine or 2-amino-6-
hydroxypurine.

Since the plane of symmetry in unsubstituted pyrimidine passes through C?
and C3, positions 4 and 6 are equivalent.

1.2.4 Abbreviations

Bases are very often designated by abbreviations (symbols) when writing
structural formulas of nucleosides and their derivatives. Table 1-1 lists the
names and symbols of the major pyrimidine and purine bases constituting
RNA and DNA.
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Table 1-1. Names and Abbreviated Symbols of Major Pyrimidines and Purines Constituting
Nucleic Acids.

Symbols
Name one-letter three-letter
Uracil (2,4-dioxotetrahydropyrimidine) U Ura
Thymine (2,4-dioxo-5-methyltetrahydropyrimidine) T Thy
Cytosine (2-oxo-4-aminodihydropyrimidine) C Cyt
Adenine (6-aminopurine) G Gua
Guanine (2-amino-6-oxodihydropurine) A Ade
Pyrimidine _ Py*
Purine - Pu*

* Use is made of two-letter symbols, although three-letter ones (Pyr, Pur) can also be
used.

The symbolic notation of the formulas in this and other chapters follows
the recommendations of the International Union of Pure and Applied Chem-
istry (IUPAC) and the International Union of Biochemistry (IUB) and has
been approved by the 3rd All-Union Working Session on Nucleotide Chemis-
try.

1.3 Carbohydrate Moieties of Nucleosides

The nuclesides isolated from nucleic acids contain only two simple sugars,
p-ribose and 2-deoxy-D-ribose, which, as has already been mentioned, deter-
mine the nucleic acid type (RNA and DNA).

As far back as 1891, Albrecht Kossel pointed out that hydrolysis of RNA
(this name was non-existent at that time) yielded a carbohydrate which was
isolated in a crystalline state 18 years later and identified as a yet unknown
sugar D-ribose. When oxidized under certain conditions, this simple sugar
underwent conversion first into D-ribonic acid and then into optically inactive
trihydroxyglutaric acid.

CHO COOH COOH
——OH ——OH OH
—1—OH — —1—OH —* OH
~—1—OH ——OH —OH

CH,OH CH,0H COOH

D-ribose D-ribonic acid trihydroxyglutaric

acid
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The structure of pD-ribose was confirmed by its synthesis. Synthetic D-ribose
turned out to be identical with the crystalline simple sugar isolated from
RNA nucleosides.

Serious difficulties had to be overcome in establishing the nature of the
sugar contained in the nucleosides that are the building blocks of DNA (i.e.
deoxyribonucleosides). It was found that the monosaccharide was more labile
than p-ribose. Another finding was that it formed a hydrazone readily soluble
in water, but no osazone, which rendered isolation of its hydrolysates difficult.
It was long believed that this sugar was a hexose because hydrolysis of nucleo-
sides isolated from DNA yielded levulinic acid. In 1929, however, it became
possible to isolate, through mild hydrolysis, a crystalline carbohydrate from
the guanine nucleoside of DNA, which turned out to be deoxypentose. Its
structure was established beyond any doubt after the synthesis of 2-deoxy-L-
ribose. Both preparations exhibited similar porperties as well as identical
absolute, but opposite in sign, values of optical rotation. The conclusion that
followed was that the sugar found in deoxyribonucleosides was 2-deoxy-D-
ribose.

CHO

—1{—OH

—1—oH
CH,OH

2-deoxy-p-ribose

It was also established that mild acid hydrolysis of DNA in the presence of
benzyl mercaptan yielded benzyl mercaptal of 2-deoxy-p-ribose, which can be
isolated in crystalline form. As was demonstrated in the fifties by chromato-
graphic analysis, the only sugar in DNAs of plant, animal and bacterial origin
is 2-deoxy-D-ribose. In 1954, a full description of 2-deoxy-p-ribose isolated
from different types of DNA was provided by comparison with its synthetic
analogue (melting point of mixed sample, optical rotation, synthesis of deriva-
tives of known structure).

In the late fifties, an unusual carbohydrate was found in some preparations
of RNA extracted from plants and animals, which was identified as 2-O-
methyl-D-ribose.

CHO
——OCH;,
—1—OH
—1—OH
CH,0H

2-0-methyl-p-ribose
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As was established later, 2-O-methyl-D-ribose is present in very small amounts
in certain RNAs, which is why this sugar is referred to as a rare or minor
component of RNA.

1.4 Bonding Between Carbohydrate Moiety
and Heterocyclic Base

1.4.1 Purine Nucleosides

It is logical to assume that adenines and guanines in nucleosides are linked to
the carbohydrate moiety in the same manner. This is why bonding at the oxy-
gen atom is impossible in the case of guanine. The ribosides of adenine and
guanine readily lend themselves to deamination in the presence of nitrous
acid with the linkage between the base and carbohydrate remaining intact.

NHZ O
N N HNO; iy N
L S —* L A\
N N'R N N\
hypoxauntiae
glycosu.le

o}

HN)j:N§ HNO, HN §
™ \
H,NT N7 TNTR N

X!llllllle
glycoside

R-p-ribose residue

Consequently, the possibility of bonding at amino groups is also ruled out.
Thus, the sugar moiety may be linked to adenines and guanines at C® (C-C
bond) or at one of the nitrogens (C-N bond) of the pyrimidine (N' or N3) or
imidazole (N7 or N%) rings. These two types of bonds must differ markedly
in stability under conditions of acid hydrolysis, since it is known that N-glyco-
sides undergo hydrolysis rather easily, whereas C-glycosides are extremely
stable. The ease of hydrolysis of purine nucleosides attests to their being N-
rather than C-glycosides. This is also corroborated by the fact that the ade-
nine and guanine nucleosides can be converted into C8-substituted derivatives
(the substituent at the carbon in the imidazole ring is absent). For example,
adenine riboside is readily brominated at the imidazole ring carbon:
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NH, NH,
N N Bl‘2 N)IN
R —

R-p-ribose residue

Out of the four nitrogens of the purine base those in the pyrimidine ring
(N! and N3) are excluded because methylation of the xanthine riboside
yielded, as has already been mentioned, by deamination of guanine riboside
gives theophylline (1,3-dimethyl xanthine) riboside.

R-p-ribose residue

The nitrogens at positions 7 and 9 can be regarded as possible binding sites.

The question as regards the site of sugar to base binding was answered
once and for all by Gulland in the forties. He was the first to take advantage
of the fact that the UV spectra of the purine base containing an alkyl radical
and a carbohydrate moiety at the same nitrogen atom are identical and mar-
kedly dependent on the position of the substituted nitrogen in the heterocy-
clic nucleus. Comparison of the UV spectra of adenine riboside with those of
7- and 9-methyladenine showed that the adenine nucleoside has a UV spec-
trum that is virtually identical with that of 9-methyladenine and bears no
resemblance to that of 7-methyladenine.

o O U

CH3

ribosyladenine 7-methyladenine 9-methyladenine

Similarly, the UV spectrum of guanine riboside looks like the spectrum of
9-methylguanine and differs from that of 7-methylguanine. These findings
clearly indicate that purine nucleosides are 9-ribosylpurines. The structures of
adenine and guanine deoxyribosides are very much the same.
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NH, o
N
N > HN N
G LD
NT 0 HNT N7 TN
R R

R - D-ribose or 2-deoxy-D-ribose residue

Rigorous proof that the sugar moiety in purine nucleosides is at position 9
was provided by the synthesis of the respective nucleosides, conducted by
Todd and coworkers.

1.4.2 Pyrimidine Nucleosides

In the case of pyrimidine nucleosides, the involvement of the substituent at
position 4 in the glycosidic bond should be ruled out in view of the fact that
deamination of ribosylcytosine may yield ribosyluracil:

o)

R - monosaccharide residue

The greater stability of pyrimidine nucleosides during acid hydrolysis, as com-
pared to O-glycosides, suggests that the oxygen at position 2 does not partici-
pate in the formation of a bond with the carbohydrate moiety either. The
same applies to the carbons at positions 5 and 6, since the substitution prod-
ucts associated with C° and C® [5-bromo- and 5,6-di(phenylhydrazyl)-nucleo-
sides] have been derived from a natural uracil nucleoside.

N Br N NHNHC¢H;
OJ\N\R OJ‘N\

R-p-ribose residue

NHNHC¢H
R 615

Consequently, only N! and N3 of the pyrimidine ring can be linked to the
sugar. Methylation of ribosyluracil gives mono-N-methylribosyluracil (uracil is
converted into 1,3-dimethyluracil under the same conditions) which breaks
down to 3-methyluracil during acid hydrolysis:
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0 0
HN CHyNy cH N)‘] H O(H™ H0MH ) cn N)‘j‘
J\ OLN

1 N
R H

R-p-ribose residue

This is indicative of the fact that uracil nucleoside, just like cytosine nucleo-
side, is 1-riboside.

The similarity between the UV spectra of cytosine riboside and deoxyribo-
side, as well as the isolation of 3-methylthymine from DNA methylation prod-
ucts, attest to linkage between the sugar of deoxynucleosides and N! of the
pyrimidine ring.

The conclusions as to the site of ribose binding in nucleosides have been
corroborated by X-ray structure analysis.

1.5 Size of the Oxide Ring in the Sugar

The structure of the oxide ring in ribonucleosides has been established by the
methylation method. 2,3,5-O-Trimethyl-pD-ribofuranose has been isolated from
an acid hydrolysate of methylated nucleosides, its oxidation yielding at first
trimethyl-p-ribonolactone and then meso-dimethoxysuccinic acid:

R OH 0
| ] I

CH— CH—— C—
0CH3O OCH3 OCH3 —_— -
OCng ocuy ocny

CH,0CH; CH,0CH;4 CH,O0CH;
[0
1] Il
C—O0OH C—O0H
—1—OCH;4 —1—O0CH;,
——ocH; ——0CH;4
——oOH ¢2°
CH20CH3 \OH

The furanose structure of ribonucleosides is also borne out by their response
to triphenylchloromethane which, as is well known, reacts predominantly with
the primary hydroxy groups of the carbohydrate, giving triphenylmethyl (tri-
tyl) esters. All nucleosides isolated from DNA and RNA form 5-O-trityl
derivatives with this reagent.

A convenient and simple way to determine the size of the ring in the sugar
is through oxidation with periodic acid. This method which was developed for
O-glycosides was applied to nucleosides by Todd and coworkers. It is based
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on the possibility of oxidative cleavage of the C-C bond in 1,2-diols and simi-
lar compounds in the presence of periodic acid:

H
L H10, ,0 0
~C—C— —— —C{ 4+ —C
OH OH H H
H H
I | | 2HIO, S
~¢—§—C— ——= 2-C{ +HCOOH
OH OH OH H

The reaction proceeds quantitatively in aqueous solutions. Measurement of
the spent amount of periodic acid by iodometric titration may give an indica-
tion whether the glycoside is a furanoside or a pyranoside. Given below are
some data concerning the composition of the oxidation products and the

oxidizing agent requirements for furanosides and pyranosides of D-ribose and
2-deoxy-D-ribose:

R R R\ R\
CH ‘CH- CH CH
Oa —+4+OH H-\o —t+H
OH ] —1OH OH —oH o
—+0H 5 —t+OH /
CH,OH —] CH,0H —]
deoxy-p- deoxy-D-
p-ribofuranoside p-ribopyranoside -ribofuranoside -ribopyranoside
HIO4 HIO, HIO4 H104
1moles 2moles 1mole
R R
CH ‘CH Not oxidized R,
ot ox1d1zZe
H_I:OWO HJ_‘O Cl:[
H—0
HCOOH ¢ o o
0]

Hee0 H—=
H%r /
CHZOH ;F_./

The experimental data on oxidation of ribonucleosides and deoxyribonucleo-
sides indicate that the only structure these compounds can have is that of
furanose. The oxidation of nucleosides with periodic acid has provided the
basis for a micromethod to determine the size of the carbohydrate ring with
chromatographic analysis of the dialdehyde reduction (and hydrolysis) prod-
ucts. The method permits the carbohydrate ring size to be determined at very
low concentrations of the substances under investigation.
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1.6 Configuration of the Glycoside (Anomeric)
Center

After it had been definitively demonstrated (in the early fifties) that nucleo-
sides have the furanose structure, the way their formulas used to be written
was revised. Fischer’s formulas for carbohydrates are too cumbersome and
fail to adequately represent the three-dimensional configuration of their mol-
ecules. Instead, use was made of so-called “perspective” formulas proposed
by Haworth, in which the convex portion of the carbon chain projects upward
from the page, while the oxygen of the furanose ring lies in the background.
The molecule is pictured in compliance with the laws of perspective, as is
shown below (when the ribofuranose ring is represented in this fashion, it is
conventionally assumed to be two-dimensional.

HOCH,
0

HO OH(H)

It would now be appropriate to consider the interrelation between Fischer’s
projection formulas and Haworth’s perspective ones, which is of paramount
importance for writing the formulas of nucleosides in the context of stereo-
chemistry of the glycoside (anomeric) center.

The emergence of a new asymmetric carbon (C!) when the ribofuranose
ring of D-ribose is closed gives rise to two stereoisomeric forms: a-anomer
with cis-configuration at C' and C? and B-anomer with trans-configuration at
the same carbons.

CHO H--OH HO-+H
OH OH OH o
OH ) Hj OH /
OH 1 |
CH,OH CH,0H CH,OH
a-p-ribose -D-ribose
(a-anomer) (%-anomer)

Corresponding to these anomers are two series of glycoside derivatives,

namely:
R R
OH O OH ¢
OH OH/

CH,OH CH,0OH

a-p-ribofuranoside B-p-ribofuranoside

R-aglycone residue



