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The Steric Structure of Nucleosides, Nucleotides, and Their Derivatives
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This review deals with the literature data on the conformations and intramolecular interactions of nucleosides, nucleotides,
and their derivatives: nucleotide esters, nucleoside cyclic phosphates, oligonucleotides, nucleoside pyrophosphates (including
nucleotide coenzymes}, ATP, and nucleotidopeptides.

The problem of the degree of bending of the pentofuranose ring and its effect on the orientation of the ring substituents,
including the effect on the structure of the cis-2',3'-glycol group, which is revealed in a number of specific reactions, is dis-
cussed together with the question of the relative positions of the base and sugar in nucleosides. The bibliography includes

268 references.
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I. INTRODUCTION

During the last decade an enormous amount of data on
the properties and structure of nucleosides, nucleotides,
and their derivatives has accumulated. It has been estab-
lished unambiguously that nucleotides are as a rule
N-glycosides of D-ribose or 2-deoxy-D-ribosef. In all
nucleosides the carbohydrate residue is in the cyclic fura-
nose form. The glycosidic centre in the nucleosides has
the B-configuration ((vans-position of C,,~N and C,,~0,,
bonds or cis-position of C,,=N and C,—Cy)i.

R=0OHorH, @ - purine or pyrimidine base

The studies on the determination of the configuration of
nucleosides carried out with the aid of refined chemical

1In this review we shall not deal with synthetic and
natural anomalous nucleosides (the “minor” components
of nucleic acids and nucleoside antibiotics), among which
may be derivatives of sugars other than D-ribose and
2-deoxy-D-ribose and also C-glycosides.

iThe following abbreviations have been adopted in
the present review: RNA and DNA—ribonucleic and
deoxyribonucleic acid respectively; UMP —uridine 5’-mono-
phosphate; ADP—adenosine 5’-diphosphate; ATP—
adenosine 5’-triphosphate; NDPS-—-nucleoside diphos-
phate sugar; UDPG—uridine diphosphate glucose;
NAD—oxidised nicotinamide-adenine dinucleotide;
NADP —oxidised nicotinamide-adenine dinucleotide phos-
phate; NADH~—reduced nicotinamide-adenine dinucleo-
tide;, FAD—flavine-adenine dinucleotide; THF —tetra
hydrofuran; NMR—nuclear (here as a rule proton)
magnetic resonance; ESR-—electron resonance.

methods by Todd's school are recognised as classical and
are described in a number of reviews including reviews in
the Russian language!™, In recent years much attention
has been devoted to physicochemical methods for the
determination of the configuration of nucleosides, among
which NMR spectroscopy 4~8 and spectropolarimetry ®-20
are undoubtedly promising.

At the present time the chemistry of nucleosides has
reached a level such that it is necessary to investigate not
only the configurations (i.e. the distribution of atoms about
the dissymmetric part of the molecule—for example the
asymmetric carbon atom or ring), but also the real geo-
metrical formula of the molecules as a whole—their con-
formation. This problem is particularly important in
connection with the study of various polyfunctional deriva~
tives of nucleosides, in which the specific steric structure
of the molecule can lead to the interaction and hence the
modification of the properties of groups which are not
directly linked.

2. RIBOSE AND 2-DEOXYRIBOSE

The form of the nucleoside molecule is to a large extent
determined by the conformation of the five-membered
carbohydrate ring. The tetrahydrofuran ring, which con-
stitutes the basis of ribose and 2-deoxyribose, is non-
planar like cyclopentane?!, since all its C—~C bonds would
then have the eclipsed conformation characterised by maxi-
mum energy ?2, Due to the effect of the oxygen atom in
the furanose ring, more and less stable conformations
appear when the ring is bent. It is readily seen that,
when the C, or C; atom deviates from the plane of thering,
a greater number of bonds passes from the eclipsed to the
gauche-conformation than when the C,, C,, or the oxygen
atom deviates from the plane of the ring. Accordingly the
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conformations with the C, or C; (or both) atoms outside
the ring are more stable.

The deformation of the ring of D-ribose and its 2-deoxy-
derivative probably occurs even more readily than in
tetrahydrofuran, since the gauche-disposition of the OH
groups and the CH,OH group leads to an even greater
energy gain, compared with the eclipsed disposition, than
the gauche-disposition of the hydrogen atoms in tetra-
hydrofuran. Furthermore, it has been found that the
average length of the C,—C, bond in many ribose deriva-
tives is 1.528 + 0.008 A (1 e. is close to the value 1.533 +
0.003 A found for the ordinary C-C bond2?¢). In this case
with the eclipsed disposition of the 2- and 3-hydroxyls
the distance between their oxygen atoms must be less than
2.5 A. Since the van der Waals radius of oxygen is
1.40 A, 25 evidently a planar conformation of the ribose
ring is impossible 26,

By analogy with tetrahydrofuran, the most favourable
conformations for ribose are those in which the C, or C,
atoms deviate from the average plane of the ring 27,28,

This is the so called primary or main deformation of the
furanose ring. The out-of-plane atom (C, or C,) can be
displaced to the side where the C; atom is located or to the
opposite side. This corresponds to possible endo- and
exo-conformations. The deviation of the out-of-plane
carbon atom from the average plane of the ring is very
considerable: 0.5-0.6 A. It is interesting that the endo-
conformation is most often encountered in nucleosides

(see Table 1).

Here, however, one should note that the eclipsed or
partially eclipsed conformation of the C,,—C,, bond in
2-deoxyribose is characterised by a lower strain compared
with ribose and can probably actually occur in solution
(because there is a hydrogen atom in the 2-position and not
an OH group as in ribose). Indeed a conformation of the
carbohydrate ring in which the ring oxygen atom is dis-
placed from the average plane of the ring, and not the C,,
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or C,, atom, has been in fact observed with the aid of NMR
spectroscopy for a number of deoxyribose nucleosides
(thymidine, deoxyuridine, deoxyadenosine 3’-phosphate)
(O-endo-conformation, see Table 1)29,30,

0—C,~Cys

Table 1. Conformation of the pentose ring in nucleosides
and nucleotides.
X Ray diffraction NMR spectroscopic
data data
Compound R l - -
|

Ribose-5-phosphate C2,-¢ndo 3t

Uridine Cj,endo 28
Cytidine Cyyendo | 28 32. 33 Cy.-endo 48
S-Bromouridine Cy, ~endo 34

Adenosine C3,-endo 28

Adenosine-5-bromouridine Cs,-endo

complex C3-endo 3

Uridine 5'-phosphate Cy,endo 3%

Uridine 3',5"cyclic phosphate Ca,endo &
Cytidine 3"-phosphate Cy,endo 38—41 C,endo [
Adenosine 5'-phosphate C3rendo 42— C,~endo 4
Adenosine 3"-phosphate Cj,endo b

ad . 3',5'-cyclic phosphat C4,-¢xo 46
Adenylyl-(2"~5")-uridine

Adenosine residue gz ,-en:o } 47

Uridine residue 3éndo

o Ca,ex0 49 O- endo 2. 30
Thymidine 3 O- endo 29, 30
Deoxyuridine d .
5-Fluorodeoxyuridine gz’::dz 2. 51
5-Bromodeoxyuridine CZ’ o :
5-Tododeoxyuridine C2"‘ :
. -€x0

Deoxyadenon'nc C;,-e ndo
Deoxyguanosine-$§-bromodeoxy- Chen do} 54

uridine complex 29
Thymidine 5'-phosphate C3.endo %
Deoxyadenosine $"-phosphate O-endo 29. 30

*Thymidine is the only nucleoside whose structure was
also investigated by ESR spectroscopy .
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Orientation of the substituents in the furanose ring as a function of the

nature of its bending (a and e—axial and equatorial respectively, ga and ge—quasi-
axial and quasiequatorial, b-—bisector orientation).
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Apart from the primary (main) bending, secondary
(minor) bending occurs in the ribose residue of nucleosides:
as a rule, the four atoms of the ribose ring, determining
its average plane, are also not completely coplanar. How-
ever, in this case the deviation is outside the limits of the
experimental error, not exceeding 0.05 A (i.e.8-10% of the
primary bending)3.

The consequences of the bending of the furanose ring in
nucleoside are deviations of the C~C and C-O bond lengths
from the normal values (up to +0.11 A) and of the valence
angles from the tetrahedral value (up to +9°)21,28-53

The external angles and bond lengths in the ribose ring
also deviate from the normal values. As a result, the
substituents at the carbon atoms of ribose are oriented as
shown in Fig.1. Here, however, one should note that,
according to NMR spectroscopic data, the orientation of
substituents depends to some extent on their nature: in the
isomeric 2’- and 3'-O-benzylnucleosides the angle of twist
between the C,,-H,, and C,,~H,, bonds is smaller in the
2’ isomer than in the 3’-isomer %6,

3. CONFORMATION OF THE HETEROCYCLIC BASE

X-Ray diffraction analysis of nucleosides and nucleo-
tides showed that the heterocyclic bases are in many cases
almost planar, i.e. the deviations of the ring atoms from
the average plane are within the limits of experimental
error 32,35,36,45,47,55 (gee also Nyburg's review 7).

However, a number of cases have been described in
which the atoms of the base were found to deviate from
coplanarity. The bending is particularly pronounced in
pyrimidine derivatives. For example, in cytidine3® and
cytidine 3’-phosphate 2530 the N, and C, atoms deviate from
the average plane of the base to the same side§. The
deviations amount to about 0.05 A, so that the pyrimidine
base adopts the form of a shallow boat. In purines the
deviations of the heterocyclic ring atoms from the average
plane are somewhat smaller.

At the same time the substituents in the heterocyclic
rings of nucleotides and nucleosides (the amino-group,
oxygen, the methyl group, the C,, atom of pentofuranose)
are displaced from the average plane of the ring very con-
siderably. The O, and C,, atoms (and also the O, and C,
atoms in thymine) deviate to opposite sides 32,352, The
displacement of the C,, carbon atom of ribose from the
average plane of the heterocycl probably constitutes a
general rule and reaches a considerable magnitude (up to
0.2-0.3 13.). 18,22,34,36,41,47  Ag 3 result the glycoside bond
forms an angle with the plane of the base3¢, which is 3.5°
in adenosine 3’-phosphate for example.

4. RELATIVE POSITIONS OF THE BASE AND SUGAR

The relative positions of the base and sugar play an
important role in determining the geometrical form of the
nucleoside molecule. A clear albeit an incomplete idea

§In this review the system of numbering of the pyri-
midine and purine rings adopted in Chemical Abstracts
is employed:

N(0), N(O)q
S
pentose pentosc
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of this is provided by the value of the dihedral angle be-
tween the average planes of the base and sugar. It is
interesting to note that as early as 1947 Astbury believed,
on the basis of the X-ray diffraction data obtained by
Hendricks %8, that the planes of the heterocyclic base and
the carbohydrate in nucleosides are parallel (quoted after
Jordan®®), However, in 1950 Furberg?® showed that this
conclusion is a result of an incorrect interpretation of the
experimental data and that in fact the rings in nucleosides
are approximately perpendicular to one another. This
proved to be true of all the nucleosides and nucleotides
investigated hitherto (see Table 2).

Table 2. Dihedral angles between the planes of the
base and the sugar in nucleosides and nucleotides.
Compound Angle, ° 1 Refs.
Cytidine 76 2
Thymidine 89 49
90 50

Deoxyadenosine 69 53

Adenosine-5-bromouridine 70

complex 69 } 35

S-lododeoxyuridine 81 51

Deoxyguanosine-5-bromo- 69 }

deoxycytidine complex 7 54

Adenosine $'-phosphate 76 43

Adenosine 3" -phosphate 1 5 45

Thymxdme 5'-phosphate 75 ' 55

Uridine 3',5 -cycllc phosphate 60,62 ¥

Adenosine 3'.5cyclic phosphate 1138, 137 46

*The dihedral angles for the two conformations
existing in a single crystal cell (for further details,
see Russ. p. 232),

Evidently, for the same dihedral angle between the
planes of the base and sugar, there is a possibility of rota-
tion of the base about the glycosidic bond. Therefore, in
order to characterise completely the relative positions of
the base and sugar, it is necessary to know the magnitude
of the angle of twist ¢ cN. This is the angle formed by
the projections of the bonds C,,-0,, and N,~C, (for pyrimi-
dines) or Ng—C, (for purines). If the N, —C bond of
pyrimidine (or the N,-C, bond of purine) and the C,,-0,,
bond of the sugar are antiparallel then ¢CN is believed
to be 0°; positive angles are reckoned clockwise and
negatwe angles anticlockwise looking in the direction from
C,, to N. 3840

There exist two regions of ¢ N angles in which rela-
tively stable conformations may exist: the region with
¢ CN about -30° (the anti-region) and the region with ¢ N
about +150° (the syn-region). Each of these occupies
somewhat more than 90°. Examination of molecular
models®® and also calculations based on the results of
X-ray diffraction analysis® showed that the barrier be-
tween the syn- and anti-regions is determined by steric
interactions between the N, atom of the base and the oxygen
atom of the pentose ring in purine nucleoside and between
the oxygen atom of the 2-oxo-group or the hydrogen at the
Cg atom of the base on the one hand and the oxygen atom of
the pentose ring or the oxygen at the C,, atom of the sugar
(the hydrogen at the C,, atom in deoxyribonucleosides) on
the other in pyrimidine nucleosides. For most of the
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nucleosides and nucleotides investigated, the aniti-orienta-
tion of the base is preferred (see Table 3). The syn-
orientation is as a rule less favourable sterically. Fur-
thermore, for purine nucleoside in which the C,, atom
deviates from the plane of the sugar and for pyrimidine
nucleosides with the C;,-endo-conformation of the sugar,
the existence of the syn-isomers is altogether impossible 8!,
However, it is evident that in pyrimidine O,-5"-cyclo-
nucleosides and in purine Ng,-5’-cyclonucleosides only the
syn-orientation of the base is possible in consequence of
the formation of an additional ring. This was confirmed
by X-ray diffraction analysis® (see Fig.2). Nor can one
exclude the possibility that the necessary stabilisation of
the syn-conformation is achieved in certain cases in the
polynucleotide chain®! or in nucleotidopeptides (see Sec-
tion 12) due to non-covalent interactions.

Table 3. Orientation of the base and sugar innucleo-
sides and nucleotides.
Compound PcN * Refs.

Cytidine —18 32
S-Bromouridine —56 34
Thymidine —39 ©
5-Bromodeoxyuridine —43 34
S-lododeoxyuridine —67 52
Deoxyadenosine -3 51
Adenosine-5-bromouridine —10 }

complex —20 %
Deoxyguanosine-5-bromodeoxy- 4138 54

cytidine complex —61
Uridine 5'-phosphate —43 %
Uridine 3',5"cyclic phosphate —72,~56*| 3
Thymidine 5'-phosphate —48 55
Cytidine 3-phosphate —42.1 39
Adenosine 5'-phosphate —18 43
Ad ine 3',5'-cyclic phosph —5.0,4+102*% 45
Adenylyl(2'-5")-uridine

Adenosine residue —55 } 47

Uridine residue —5

*See the footnote to Table 2,

There is a hypothesis that the anti-orientation of the
base in ribonucleosides may be stabilised by the formation
of a hydrogen bond between the 2’-hydroxy-group of ribose
and the 2-oxo-group of pyrimidine or the N, atom of
purine. This hypothesis is supported by a number of
factors: (1) the ultraviolet absorption spectra of pyrimi-
dine ribonucleosides change appreciably in a highly alkaline
medium; such changes were not observed for the corres-
ponding nucleoside 2’-phosphates?3-%8; (2) the basicity of
the heterocycle in ribcnucleosides is lower than in the
corresponding 2’-deoxyribonucleosides 63:6¢:68=70; (3} in the
infrared spectrum of 3’,5’-di-O-acetyladenosine there is
an absorption band corresponding to an intramolecular
hydrogen bond; a band of this kind is absent from the
spectrum of 2/,5'-di-O-acetyladenosine™; (4) the 2’-hydr-
oxy-group of the ribose residue in nucleosides is more
acid than the 3’-hydroxy-groupé7:72-75—this has a signific-
ant influence on a number of reactions: in the methylation
of ribonucleosides with diazomethane 2’-0-methylnucleo-
sides are formed preferentially 7-7° and in the tritylation
of uridine -8 and tosylation of 5’-C-trityluridine ® the
2’-hydroxy group is attacked appreciably faster than the
3/-hydroxy group; (5) the study of the rate of hydrolysis
of a number of ribodinucleotides also led Witzel to the
hypothesis of the existence of the hydrogen bond
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C,,~0-H...0=C, in pyrimidine nucleosides and
C,,~O-H...N, in purine nucleosides #:%; (6) in the latest
papers from Ts'o's laboratory ® the results of an NMR
spectroscopic comparison of adenosine with 2’-deoxy-
adenosine and 2’-0-methyladenosine and of pyrimidine
ribonucleoside 5’-phosphates with 2-deoxyribonucleoside
5’-phosphates are regarded as evidence of the existence of
a hydrogen bond between the 2’-hydroxy-group of the sugar
and the 2-oxo-group of pyrimidine or the N; atom of purine.

. / HN
M, /L\ N> H@ﬁ
H;Z OH HO oH
®) (c)

NH, NH,

= N
H Q@
(a)

Nz= N

HO oH

NH,
NH, N =N

7,
C(<N \‘/) HO— 0.
HO i>)n HO OH

@ © ®

Figure 2. Syn- (a, b, and ¢) and aenfi- (d, e, and f) orient-
ation of the base.

The latter type of hydrogen bond was postulated by Zamec-
nik 88 in the discussion of the mechanism of the formation
of aminoacyl-¢-RNA from aminoacyladenylates .

N, & i
“3NH
dy 6
N .
AN ;
Q R SV
S
However, there are a number of data inconsistent with
the hypothesis of the existence of such an intramolecular
hydrogen bond. Thus in the study of the photochemical
addition of water to the 5,6-double bond in pyrimidine
nucleosides comparison of the quantum yields for cytidine,
2’-deoxycytidine and cytidine 2/-,3/-, and 5’-phosphates led
to the hypothesis that a hydrogen bond forms between the
base and the 5'-hydroxy-group of ribose 2%, Pitha
et al.®, who observed in the infrared spectra of 2/,3"-di-
O -substituted nucleosides absorption bands corresponding
to a hydroxy-group involved in the formation of a hydrogen
bond with the heterocycle, arrived at the same conclusion.
1zatt et al. observed a sharp decrease of the acidity of the
secondary hydroxyl both in 2’- and in 3’-deoxy-(and meth-
yl-)adenosine and on this basis suggested that a hydrogen
bond between 2’- and 3/-hydroxy-groups exists in adeno-
sine 75, It should be noted, however, that this hypothe-
sis does not explain precisely why the 2’-hydroxy-group is
the more acid. Finally, on the basis of the determination
of the dissociation constants of the 5'-hydroxy-group
in the a- and B-isomers of pseudouridine (5-ribofurano-
syluracil), Ofengand and Schaefer ® concluded that the
C,,-0O-H. ..0=C, hydrogen bond forms in the natural
B-isomer.

N
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5. CONFORMATION OF THE cis-GLYCOL GROUP
C,,(OH)-C,,(OH)

The cis-glycol group C,,(OH)-C,,(OH) determines a
number of important properties of ribonucleosides. Its
steric structure can be characterised by the magnitude of
the angle of twist ¢, between the C,,-0,, and C,,~0,,
bonds. The angle of twist between the true cis-bonds is
0°. However, in nucleosides, at least in the solid state,
the 2’- and 3’-hydroxy groups deviate from the true cis-
conformation, which is a consequence (or the cause) of the
bending of the ribose ring (see above), and the angle of
twist ¢g, is 43-54°.2345 Nevertheless the angle of twist
@0 is appreciably less for ribose and other sugar deriva-
tives with the cis-glycol group than for sugars with the
trans -disposition of the 2~ and 3-hydroxy-groups, for
which the minimum value of ¢, is 75° 38 (but not 180° as
for the true tvans-configuration). Thus, as a result of
the deformation of the pentose ring, the difference between
the values of ¢, for the cis- and trans-isomers is not
as great as might have been expected, but it is sufficient to
account for the fundamental differences in the reactivities
of the compounds. 1t is known, that in contrast to frans-
2,3-sugars, ribose derivatives readily react with formation
of 2,3-cyclic compounds. A wide variety of 2/,3'-alkyl-
idene (isopropylidene, benzylidene, p-anisylidene, etc.)
derivatives of nucleosides (see, for example, Refs.1, 2,

and 93-101), 2',3’-orthoformates°2 and orthocarbonates 103,

2,3'-carbonates and thiocarbonates 1037112 2’ 3’-phenyl-
boronates113;11¢_ 2/ 3’_cyclic phosphates (see, for example,
Refs. 1, 2, and 114-119), and 2’,3’-cyclic phosphites of
nucleosides!2° and also of 2’,3’-epoxynucleosides !s121,122
have been describedl. The high rate of oxidation of
ribonucleosides with lead tetra-acetate, osmium tetroxide,
and periodate, is associated with the ease of formation of
intermediate 2’,3'-cyclic derivatives 38,123,

The lability of nucleoside 3’-phosphate esters in an
alkaline medium is explained by the presence of anadjacent
cis -hydroxy-group (see, for example, Refs.1, 2, 93, and

Figure 3. Conformation of the cis-glycol group
(C,,~endo-bending of the ribose ring).

YOwing to the large number of studies in the field of
2/,3’-cyclic derivatives of ribonucleosides, it is not
claimed that the selection of literature on this problem
presented here is exhaustive.
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124-126). The elucidation of this effect of the 2'-hydroxy-
group assisted in the determination of the structure of
RNA (see, for example, Refs. 1, 2, 93, 127 and 128).
There is a hypothesis that the presence of the cis-
hydroxyl contributes to enhanced activity of the ester group
in the O-aminoacyl derivatives of adenosine and {-RNA
in consequence of the formation of a hydrogen bond between
the 2’-hydroxy-group and the carbonyl oxygen of the amino-
acyl residue ®-128, In the majority of ribonucleosides and
nucleotides in the crystalline state, the C,,~0,, and
C;,—0,, bonds were found to have the {g-conformation, i.e.
the O-H bond (O-P bond in 3’-phosphate) is oriented
trans relative to the C,,-C,, bond and its orientation is
gauche relative to the C,,—C,, bond or correspondingly the
C;,—C,, bond (see Fig. 3).

6. CONFORMATION OF THE C,,-C,, BOND

For the exocyclic carbon-carbon C,,-C,, bond in the
crystalline state, three types of conformation were ob-
served (see Table 4 and Fig. 4): (a) gg—gauche-orientation
of the C,,-0O;, bond relative to the C,,-0,, bond and rela-
tive to the C,,—C,, bond; (b) gt —gauche-orientation of the
C;,—-0;, bond relative to the C,,-0,, bond and ¢{rans-orient-
ation relative to the C,,-C,, bond; (c) {g—trans-orienta-
tion of the C;,-0;, bond relative to the C,,-0,, bond and
gauche -orientation relative to the C,,~C,, bond.

Table 4. Conformation of the C,,—C,, bond in
nucleosides and nucleotides
C d confor- 900- ° %0c ° Ref
ompoun mation els.
Ribose-S-phosphate gg 67 56 3l
Cytidine g%' 28;,32
Thymidine
5-Fluorodeoxyuridine g 173 68 82
Deoxyade;nosine g ; 652 i;g :
Uridine 5'-phosphate
Uridine 3',2'—cyclic phosphate g 176,174 * 63,60* 3
Cytidine 3’-pposphate 44 75 44 29,40
Thymidine 5"-phosphate g 60 57 55
Adenosine 5'-phosphate gg 78 40 42, 43
Adenosine 3'phosphate et 56.7 1711.7 45
Adenylyl<(2'-5")-uridine
Adenosine residue gg 3 45 47
Uridine residue 4 62 57

*See the footnote to Table 2.

As shown in Table 4, the gg-conformation is encoun-
tered most frequently, at least in the crystalline state.
Probably this is because in this conformation the intra-
molecular interaction between the substituent at the C,,
atom, the base, and the sugar ring is a minimum2:,

7. STRUCTURE OF THE PHOSPHATE RESIDUE IN
NUCLEOTIDES

It has been found for the crystals of all the nucleotides
investigated that, when the 5'-hydroxy group is esterified
by a phosphate residue (nucleoside 5’-phosphate), the
O,,—P bond occupies the ¢{rans-position relative to the
C,,—C;, bond, thus ensuring the most extended form of the
molecule.
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Figure 4.
b) gt; c)tg.

The phosphate residue in nucleotides in the crystalline
form and in neutral solutions is present at the monoanion
(this applies to both 3/~ and 5’-phosphates). The P-0O
distance in nucleotides, as in other phosphoric acid
esters1?9=131 proved to be much shorter (by 0.24-0.09 A,
36,38,43-45) than the calculated value of 1.71 A, 232 the bond
length decreasing in the following sequence: P-OR > P-
OH > P-0O'> P=0. This confirms the presence in phos-
phoric acid esters of 7-conjugation between the d-orbitals
of phosphorus and the p-electrons of oxygen!333¢, In
other words, the phosphorus—oxygen bond in phosphoric
acid esters has partial double bond character 3, The
decrease of the double bond character between the phos-
phorus and oxygen as a result of the breakdown of py;—d;
conjugation results in a significant weakening of the phos-
phate ester bond. This happens, for example, innucleo-
side cyclic phosphates.

8. NUCLEOSIDE CYCLIC PHOSPHATES

Nucleotides can form both five-membered 2/,3’-cyclic
phosphates and six-membered 3’,5’-cyclic phosphates.
The five-membered phosphate rings are strained?!,35,
which is the main reason for their extremely great reac-
tivity compared with non-cyclic-esters 193,185,136,

Probably in consequence of the strain of the five-mem-
bered phosphate ring, pr-ds conjugation between the oxy-
gen and phosphorus breaks down, which is the reason for
the lability of the P-O bond!3¢. The much greater
stability of the six-membered nucleoside 3',5'-cyclic
phosphates is evidence of a lower strain of the ring. How-
ever, it follows from a comparison of the time required
for 50% decomposition in 1 N sodium hydroxide at 100°C of
thymidine 3’,5’-cyclic phosphate, in which the six-mem-
bered phosphate ring is formed with participation of the
trans -hydroxy-groups 37, 1,2-isopropylidenexylofuranose-
3,5-cyclic phosphate, in which a phosphate ring of the same
size is formed by cis-hydroxy-groups?!3,138  and propane-
1,3-diol cyclophosphate36 (2,4, and 72 h respectively)
that in nucleoside 3’,5’-cyclic phosphates the phosphate
ring is also strained, probably as a result of the frans-
orientation of the C,,~C,, and C;,—0;, bonds relative to the
pentose ring. Because of this configuration of the sugar,
the only possible form of the six-membered phosphate ring
is the chair conformation. For it to exist, the nature of
the bending of the furanose ring must be altered and the
C,,-endo -C,,-exo -conformation is the most probable 8,13,
Indeed, studies with the aid of X-ray diffraction showed
that in the conversion of uridine 5’-phosphate into uridine
3/,5’-cyclic phosphate the conformation of ribose changes
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Conformation of the C,,-C,, bond: a) gg;

from C,,-endo-% to C,,-endo-%7 and in the conversion of
adenosine 5’-~phosphate into adenosine 3},5’-cyclic phos-
phate the change is from C,,-endo-42s to C,,-exo-14¢
(Table 1). The change of the conformation of pentose
probably entails the occurrence of some strain in the
furanose ring. This is believed!3® to be the cause of the
lowered stability of the glycoside bond in nucleoside
3',5'~cyclic phosphates compared with the corresponding
nucleosides and nucleotides. On treatment with 1 N sodium
hydroxide at 100°C, adenosine 3’,5'-cyclic phosphate yields
adenine, while under these conditions adenosine itself is
stable140; thymidine 3’,5’-cyclic phosphate splits off thym-
ine completely on treatment with 0.1 N hydrochloric acid
at 100°C for 5 min, while thymidine 5’-phosphate remains
stable for more than 3 h under these conditions 136,

An interesting feature of the structure of nucleoside
3/,6’-cyclic phosphates is the presence in the same crystal
cell of two molecules with different conformations of the
glycoside bond; in uridine 3’,5’'-cyclic phosphate both
molecules have the anti-orientation of the base relative
to the sugar??, but in adenosine 3/,5’-cyclic phosphate one
molecule hasthe anéi-orientation andthe otherthe syn-
orientation® (so far this is only the second, after deoxy-
guanosine, case of syn-orientation, see Table 3).

9. INTRAMOLECULAR INTERACTIONS IN NUCLEOTIDE
ESTERS

When nucleotide esters other than cyclic phosphates are
examined, the dependence of the properties of the phos-
phodiester group on the nature of the substituents in the
sugar ring is striking. Thus it is known that p-nitro-
pheny!l esters of various nucleotides are hydrolysed in
different ways: p-nitrophenyl esters of thymidine 3’-~ and
5’-phosphates are hydrolysed with alkali via the intermed-
jate formation of thymidine 3/,5/-cyclic phosphate 41,42,
while this behaviour was not observedfor the p-nitrophenyl
ester of uridine 5’-phosphate 42, The different mechanisms
of hydrolysis may be associated withthe different conforma-
tions of the pentose ring, which may favour or hinder the
mutual approach of the 3/-hydroxy-group and the 5’-phosphate
group. Inuridine 5’-phosphate andthymidine 5’-phosphate
crystals different conformations of the carbohydrate ring
have indeed been observed (see Table 1). Unfortunately the
data are sofar insufficient to confirm or reject this hypothesis.

The interaction of hydroxy- and phosphate-groups in
tvans -positions occurs also in other nucleotide derivatives.
For example the formation of adenosine 3’,5’-cyclic phos-
phate in the hydrolysis of ATP with barium hydroxide !9,
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and the conversion of the methyl ester of thymidylyl-
(3’-N)-phenylalanine into thymidine 3’,5’-cyclic phosphate
on standing in dimethylformamide 4% have been described
(for a more detailed treatment, see Section 12).

10. DINUCLEOSIDE PHOSPHATES AND OLIGONUCLEO-
TIDES

Dinucleoside phosphates constitute a special group of
nucleotide esters. The study of adenylyl-(2’-5’)-uridine
by X-ray diffraction revealed almost parallel disposition
of the two bases and their partial overlapping3® (Fig. 5).
The study of solutions of dinucleoside phosphates and di-,
tri- and oligo-nucleotides shows that the parallel orienta-
tion of the bases is most likely for these compounds also
in solution.

Model of the adenylyl-(2’-5’)-uridine mole~

Figure 5.
cule according to X-ray diffraction analysis*?.

Oligonucleotides have a number of specific properties:
(1) on degradation of nucleotides, the intensity of ultra-
violet absorption increases (hyperchromic effect) (see,
for example, Refs.1, 89, 144, and 145); (2) spectro-
polarimetry of oligonucleotides reveals a powerful cotton
effect, which is not equal to the sum of the effects of the
component mononucleotides, and the independence of the
specific rotation of oligonucleotides of concentration 6,17
145-152. (3) the circular dichroism of oligonucleotides does
not agree with the sum of the effects associated with the
circular dichroism of the component nucleotides53,15¢;

(4) the fluorescence spectra of di- and poly-nucleotides
and of the component monomers are qualitatively differ-
ent 155,156, (5) the NMR spectra of deoxyoligonucleotides
reveal a shift of the proton signals from thymine relative
to the mononucleotide 157,

The facts enumerated above indicate the occurrence of
powerful interaction between the bases in oligonucleotides,
which is shown even in dinucleotide phosphates. Several
types of such interaction are possible, for example hori-
zontal association via hydrogen bonds or vertical associa-
tion as a result of m-electron interactions between the
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heterocyclic systems. Since dinucleoside phosphates
which are derivatives of dimethylaminopurine exhibit a
greater hyperchromism at all pH values than the adenine
derivatives %8, it is unlikely that the interaction of the
bases is determined by hydrogen bonds, particularly since
it has been shown for diadenylic acid, for example, that
the energy of interaction between the bases exceeds the
energy of the hydrogen bond 57,25,  Furthermore, the
disappearance of hyperchromism in dinucleotides such as
adenylyl-(3'-5')-uridine and adenylyl-(3’-5')-cytidine
3’-phosphate on saturation of the 5,6-double bond by hydro-
genation6® or photolysis 8! demonstrates the important
role of the w-electron systems of the bases in their inter-
action.

Finally, the study of aqueous solutions of mononucleo-
tides, nucleosides, and purine and pyrimidine bases by
NMR spectroscopy 627165, osmometry 166,167  and ultra-
centrifugation ®® revealed a high degree of association of
their molecules. It was then established that the inter-
action between the purine derivatives is favoured more
than the interaction between purine and pyrimidine deriva-
tives and the latter is in turn favoured more than the
interaction between pyrimidine derivatives. On thisbasis,
it was concluded that the mechanism of association con-
sists in the arrangement of the bases in a pile, one on top
of the other, as a result of the hydrophobic interactions
between the m-electron systems of the bases. 1t is
interesting that guanosine 3’- and 5’-phosphates and iso-
guanosine [6~-amino-2~-hydroxy-9-(8-D-ribofuranosyl)-
purine] are believed to be arranged in a pile in the form of
hydrogen-bonded tetramers with generation of a spiral
ordered structure, which leads to the formation of a
gel169-175

Association complexes of monomers in solution are not
broken down by water molecules. This is explained by
the presence of strong water-water hydrogen bonds. On
the other hand, in dimethylformamide and in dimethyl
sulphoxide such hydrogen bonds are not formed because of
the absence of proton donors in the molecules of these
solvents. However, since they are proton acceptors, they
form hydrogen bonds with the molecules of the solute,
breaking down its ordered structure 63,

The interaction between bases takes place, and actually
to a greater extent than between monomers, in oligo~ and
poly-nucleotides. In these substances the interaction be-
tween the m-electrons of adjacent rings essentially gives
rise to a new electronic system, which in fact determines
the specific optical properties of the entire molecule 12176:177,

The study of homogeneous oligo- and poly-nucleotides
substituted in the heterocyclic ring (see, for example,
Refs. 159 and 178-187) showed that the stability of the
secondary structure of polymers increases somewhat on
substitution, although at the same time the capacity for the
formation of a double spiral with a complementary chain
may be reduced. Probably hydrophobic interactions
rather than hydrogen bonds play a decisive role in the
stabilisation of the secondary structures of DNA and RNA
(see, for example, Refs. 187 and 188 and also Tikhonenko's
review 189)y,

TThis review does not deal with the interactions be-
tween bases arising as a result of the formation of hydro-
gen bonds in accordance with the complementarity princ-
iple, since there is an extensive literature, including
reviews, on this question, closely related to the study of
the structure and functions of nucleic acids, which is
outside this scope of the problem discussed here.
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The significant role of hydrophobic forces and the
stabilisation of the secondary structure of polynucleotides
is also indicated by the observed association of purines
with dinucleotides!®: probably purine penetrates the
dinucleotide molecule between the bases of the latter and,
as a result of 7-electron interaction with each of these, it,
as it were, draws them together, forming a structure
similar to a three-layer sandwich. In this connection
there is an interesting hypothesis!®! that the possible cause
of the biological activity of the notorious drug thalidomide
is its similarity to nucleosides as regards capacity for
hydrophobic interactions, as a result of which the thalido-
mide molecule may penetrate between the bases of DNA,
altering its secondary structure.

11. DINUCLEOSIDE PYROPHOSPHATES AND NUCLEO-
TIDE COENZYMES

Evidently the interaction of the n-electron systems of
the bases can also occur in P!P2-dinucleoside pyrophos-
phates. In addition, since the pyrophosphate link is more
flexible than the phosphate link, it probably ensures a
closer approach and maximum overlapping of the bases,
which is reflected in larger hyperchromic effects of these
compounds compared with dinucleotides 150,163,

An analogous phenomenon is observed also for other
dinucleoside pyrophosphates, in particular the nucleotide
coenzymes (flavine-adenine dinucleotide, nicotinamide-
adenine dinucleotide). In the hydrolytic or enzymic dis-
sociation of the pyrophosphate bond in FAD and NADH the
ultraviolet absorption increases192-197, which is evidence
of interaction between the bases. This is confirmed also
by fluoroscopic data. It has been found that nicotinamide
forming part of reduced NAD fluoresces not only at 340nm,
as in the free state, but also at 260 nm, 198-201 the fluores-
cence being quenched by the addition of methanol to the
solution of NADH. 202 On the other hand, the riboflavin
forming part of FAD fluoresces more weakly than in the
free state203, Furthermore the fluorescence of riboflavin
is quenched on addition to its solution of purines?20%4-208,
phenols2°7, and chlorotetracycline?%, By analogy with
oligonucleotides, it was suggested that the interaction of
the m-electron systems of adenine and the reduced nicotin-~
amide or riboflavin is accompanied by an energy trans-
fer 195,202,205 (gee also Beinert's review?%). The formation
of such a complex is confirmed by spectropolarimetry 210,21
and NMR spectroscopy 212,213, and it has been shown at the
same time that the m-complex form of NADH may be in
equilibrium with an uncoiled form and that in certain

Figure 6.
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enzymic reactions complete uncoiling of the coenzyme
molecule takes place?!? (see Fig. 6).

The hypothesis of the 7-electron nature of the inter-
action between the bases in nucleotide coenzymes is sup-
ported also by certain results of studies on their analogues:
energy transfer, albeit much less effective than for NADH,
has been observed for nicotinamide-uracil dinucleotide 214
and nicotinamide-phenol dinucleotide ?!5, while for nicotin-
amide-purine dinucleotide ?'¢, nicotinamide-6-(8-hydroxy-
ethylamino)purine dinucleotide 2*?, and nicotinamide-a-
adenine dinucleotide 2!® energy transfer almost as effective
as for NADH has been observed. However, on the other
hand, the absence of fluorescence in reduced nicotinamide-
hypoxanthine dinucleotide 2!® and the decrease of the fluores-
cence on alkylation of riboflavin in FAD at N, 2207222 may be
regarded as evidence in favour of a considerable role of
hydrogen bonds in the intramolecular association of the
bases in nucleotide coenzymes.

It is most likely that intramolecular complexes in NADH
and FAD are due to the interaction of the 7-electron sys-
tems of the bases and are stabilised by hydrogen bonds.

An intramolecular complex, in the formation of which
hydrogen bonds play the main role, is formed in nucleotide
coenzymes of another type—nucleoside diphosphate sugars.

Examination of various natural NDPS 228,224 revealed a
definite correspondence between the structure of the hetero-
cyclic base and that of the residue of the nucleoside mono-
saccharide. Furthermore, there is a relation between the
nature of the nucleotide residue in the NDPS and the type
of biochemical reactions in whichthe NDPS is involved 223,224,
Since the NDPS react via the non-nucleoside monosacchar-
ide residue, it was suggested that the specificity of the
biochemical properties of NDPS is associated with the
conformation of the monosaccharide, which in turn is
determined by the structure of the nucleoside. The
nucleoside residue may affect the structure of the mono-
saccharide residue as a result of the formation of intra-
molecular bonds with the latter, hydrogen bonds being the
most likely. The equatorial orientation of the hydroxy-
groups at the C,, and C,, atoms of the monosaccharide
observed in all NDPS suggested that such bonds may arise
between the ~-NH-CO-group in positions 3 and 4 of the
base and the hydroxy-groups at the C,, and C,, atoms of
the sugar (see, for example, Fig.7). For uridine diphos-
phate sugars, there is also a possibility of a hydrogen
bond between the 2-0xo group of the base and the 2’-hydr-
oxy-group of ribose, as in other uracil ribonucleotides
(see above).

The study of the activity of various synthetic analogues
of uridine diphosphate glucose in enzymic reactions typical

)

Possible forms of the NADH molecule: a) uncoiled; b) with vertical

association of the bases; c) with hydrogen bonds?2!3,
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for it225-230 confirms the hypothesis that the specificity of
biochemical reactions with participation of NDPS is deter-
mined by the steric structure of the NDPS molecule,
since all the active analogues of UDPG contain the same
grouping NH-C=0 (or NH-C=8) in positions 3 and 4 of the
heterocycle and consequently they can form similar intra-
molecular complexes.

Figure 7. Schematic representation of the steric
structure of the UDPG molecule 223,

The hypothesis of an intramolecular bond between the
heterocycle and the sugar in NPDS was confirmed chem-
ically by studying the rate of the catalytic hydrogenation
(rhodium on alumina) of the carbon-carbon 5,6-double bond
in UDPG and UMP-5’.217 The considerable retardation of
the reaction involving UDPG compared with UMP may be
regarded as evidence for a significant difference in the
steric accessibility of the double bonds in these compounds
for the addition of hydrogen or for fixation on the surface
of the catalyst, in consequence of their conformational
differences. Similar results were obtained for 6-aza-
UDPG and 6-aza-UMP, while N-methyl-UDPG, CDPG,
and 2’-deoxy-UDPG are hydrogenated at the same rate as
the corresponding nucleoside monophosphates?3!. The
decrease of the differences in the rate of hydrogenation of
UDPG and UMP in the presence of 7 M urea may be due to
the breakdown of the hydrogen bond, which weakens the
specific steric structure of the molecule 23!,

The interaction of the base with the part of the molecule
remote from it takes place in NDPS, as in FAD and NADH,
because of the presence of the diphosphate unit which isfairly
flexible due to the freedom of rotation characteristic of
single bonds. A similar unit is present also in other
nucleotide coenzymes, including nucleoside di- and tri-
phosphates, among which adenosine 5’-diphosphate (ADP)
and adenosine 5’-triphosphate (ATP) undoubtedly merit the
greatest attention. Szent-Gyorgyi put forward the hypothe
sis 2?32 (seealso later textbookstranslated into Russian 233,23¢)
that the ADP molecule is “folded” in such a way that the
terminal phosphate groups are in the immediate vicinity
of the Ny and N, atoms of adenine, forming with the latter
a tetradentate chelate compound, using Mg?* as a con-
necting link. A number of indirect infrared?35-237 and
ultraviolet 238 spectroscopic and spectropolarimetric 232-240
data have been interpreted as favouring this hypothesis,
so that it received wide recognition and the structure pro-
posed by Szent-Gyorgyi for ATP may be found in many
textbooks and reviews (see, for example, Refs. 241 and
242), Nevertheless the attempts to obtain direct proof of
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the interaction between Mg2* and adenine were unsuccess-
ful243-252  glthough there is no doubt that a complex of
Mg2* with the phosphate group is really formed?243-25 (see
also Bock's review2%), In this connection it is suggested
that in ADP and ATP the phosphate groups (via Mg2?*) and
adenine form separate bonds with enzymes 244,256,257, At
the same time it should be noted that NMR spectroscopic
data for ATP complexes with divalent zinc 245,247 and cop-
per 245246 jong are not inconsistent with the structure of
the type proposed by Szent-Gyorgyi, i.e. a chelate complex
of the metal ion with the nitrogen atoms of adenine and two
phosphate groups, and it has been found that for the zinc
complex the participation of the - and y-phosphate groups
is more likely while for the copper complex the a- and
B-phosphate groups are more likely to be involved. In
addition, it has been established that Mn?* may interact
with adenine and with o-, -, and y-phosphate residues 245,
Probably Mn?* can form complexes of different types. It
is suggested that this capacity of the Mn?* ion may explain
why it can replace both Mg2* and Zn?* in enzymic reac-
tions specific with respect to the ions of these metals?245,
The conformation of the possible complexes of ADP and
ATP with metal ions is discussed in detail in other re-
View s 258,259'

12. INTRAMOLECULAR INTERACTIONS IN NUCLEOTIDO-
PEPTIDES

The amino-acid and peptide derivatives of nucleotides
with a covalent bond between the fragments (nucleotido-
peptides) play an important role in metabolic processes
(see, for example, Refs. 260, 261). Unfortunately, from
the chemical standpoint these compounds have been in-
adequately investigated. An exception are the nucleotido-
peptides with a phosphoramidic nucleotidopeptide bond, for
which the relation between the structure and chemical
properties has been investigated systematically 262~268,

The polyfunctional nature of nucleotido-(P-N)-peptides
and the large number of single bonds permitting a wide
variety of relative positions of the individual parts of the
molecule impart to the molecule a considerable capacity to
assume the conformation suitable for intramolecular
interactions between groups which are not directly linked.
The effect of these interactions on the properties of the
nucleotidopeptide bond may be very great because of the
specific properties of both the phosphorus atom (capacity
for pp—dp conjugation with atoms which are not directly
linked to it) and the nitrogen atom (tendency to undergo
protonation not only by the protons from the medium but
also from the proton-donor groups of the same molecule).

The study of nucleotidyl-(5’-N)-amino-acids, in which
the amino-acid residue does not contain additional func-
tional groups, showed that the 5’-phosphoramidate bond
in these compounds is readily hydrolysed in an acid
medium and is stable in neutral and alkaline media 262-268
as in simple amides of phosphoric acid and its esters.
However, in a weakly acid medium (pH 2.5-5) the hydroly
tic stability of the phosphoramidate bond depends on the
nature of the heterocyclic base of the nucleotide 262,263,
Examination of the structure of nucleotidyl-(5’~N)-amino-
acids led to the hypothesis that the interaction of the base
with the phosphoramino-acid residue takes place via
hydrogen bonds, as shown in Fig. 8, for example. Al-
though the anti-orientation of the base is typical for nucleo-
tides, as shown on Russ. p. 227, it is possible that in this
case (schemes a, b, and d) the energy required to over-
come the barrier between the anfi- and syn-regions is
compensated by the formation of hydrogen bonds.
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Some confirmation of the proposed structures was ob-
tained by infrared and ultraviolet spectroscopy 262, but
more detailed information about the intramolecular inter-
actions in nucleotide-(P~N)-peptides was obtained by the
study of their hydrolytic stability262-268, Fig, 8 shows
that in the amino-acid derivative of guanosine 5’-phosphate
(b) the phosphoramidate nitrogen is protonated even in a
neutral medium, which probably accounts for the higher
rate of its hydrolysis compared with the uridine 5’-phos-
phate derivative. On the other hand, adenylyl-(5’-N)-
phenylalanine and uridylyl-(5'~N)-phenylalanine have
similar stabilities, as was to be expected on the basis of
the structures (a), (c), and (d) in Fig.8. The decrease
of the differences between the rates of hydrolysis of the
phosphoramidate bond in phenylalanine derivatives of
various nucleotides on raising the temperature2é3 and on
increasing the acidity of the medium 262,283 may be a con-
sequence of the breakdown of specific hydrogen bonds.
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Figure 8. Schematic representation of the possible
hydrogen bonds in methyl esters of uridylyl-(5'-N)-
phenylalanine (a) 262, guanylyl-(5'~N)-phenylalanine
(b) 263, and adenylyl-(5’—N)-phenylalanine (c) 264 or (d).
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In the presence of the nucleotidopeptide molecule of
other functional groups, the properties of the phosphor-
amidate bond can change. Thus the introduction into the
3’(2’)-position of the nucleotide fragment of an additional
phosphate group leads to some stabilisation of the P-N
bond, but only at a pH less than 2.5.266 Probably under
these conditions the 5’-phosphoramidate and the 3'(2')-
phosphate groups are close together, which may be favoured
by the gg-conformation of the C;,—O;, bond and the C,,~
endo-bending of the ribose ring. However, at higher pH
this interaction breaks down as a result of the electro-
static repulsion between the dissociated phosphate groups.

On going from amino-acid to peptide derivatives, the
stability of the phosphoramidate bond also increases some=~
what. The study of the rate of hydrolysis of a number of
derivatives of guanosine 5’-phosphate at a pH less than
2.0 and at different temperatures led to the conclusion that
the decisive factor in such increase of stability is the
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occurrence of steric hindrance in the protonation of the
phosphoramidate nitrogen by the protons of the medium 263,
If, however, protonation takes place intramolecularly, for
example with participation of the guaninine amino-group
(see Fig. 8), an increase in the length of the peptide chain
does not lead to any appreciable change in the stability of
the phosphoramidate bond 263,

Examination of the hydrolytic stability of nucleotido -
(5’ -N)-peptides shows that the appreciable differences in
the stability of the phosphoramidate bond are nevertheless
only quantitative. However, when the peptide unit con-
tains functional groups, there is a possibility of a funda-
mentally new type of dissociation of the nucleotidopeptide
bond. Thus nucleotidyl-(5’-N)-amino-acids with a free
carboxy-group?¢? and esters of nucleotidyl-(5'-N)-serines
with a free serine hydroxy-group?2¢® are hydrolysed on
treatment with acid not only at the P-N bond with forma-
tion of the nucleotide and the amino-acid but also at the
phosphoester bond with formation of the nucleoside and the
phosphoramino~-acid. One of the possible mechanisms of
hydrolysis at the phosphoester bond includes intramolec-
ular protonation of the phosphoramidate unit and the for-
mation as an intermediate of a cyclic phosphoramino-acid
derivative:

H,OH O
x—oc—cn—un—L—on

GH,0 —P—OH
X—0C—CH  OH
NH, ,

where ROH is the nucleoside and X is the peptide or OCH,.

The intramolecular interaction between the hydroxy-
group of serine and the phosphoramidate group is observed
also in an alkaline medium, resulting in the dissociation of
the phosphoramidate unit (simple phosphoramidates are
stable in an alkaline medium)268, This dissociation takes
place in different ways depending on which groups partici-
pate in the catalytic step. If this step involves the simul-
taneous participation of the hydroxy- and carboxy-groups,
then the phosphoramidate bond dissociates (the carboxy-
group may be either adjacent or remote, for example the
terminal carboxy-group in the tri- and tetra-peptide
derivative of the nucleotide where serine is the N-terminal
amino-acid):

7 1 i
T\o ¢——0—P—OR
CH—NH\—‘p—OR — IH—NH? OH —>NH,——I‘H—-COOH +ROPO(OH), ,
I
CHy OH OH CH,0H H,OH

where ROH is the nucleoside.

If only the hydroxy-group takes part in the catalytic
step, then in alkaline degradation the phosphoester group
dissociates by the acid hydrolytic mechanism described
above, with formation of an intermediate five-membered
cyclic phosphate, which dissociates in an alkaline medium
to the N-phosphopeptide.
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Thus a structure with a characteristic “loop” at the
amino-acid end of the molecule is typical for nucleotidyl-
(5’-N)-amino-acids with an additional functional group in
the amino-acid fragment.

Electrophilic-nucleophilic intramolecular catalysis
similar to that described above for serine derivatives of
nucleoside 5’-phosphates is also observed for the thymid-
ylyl-(3’-N)-phenylalanine ester, which on standing or
brief heating in dimethylformamide is converted into
thymidine 3’,5’-cyclic phosphate with simultaneous elimin-
ation of the amino-acid43;

cnsooc\ /\ e

€ HyCHy a

e OOCH;

+ NH,CH
NCH,C,H,

In this case nucleopmhc substitution at the phosphorus
atom may be favoured by the conformation of the molecule
in which the amide nitrogen is close to the 5'-hydroxy-
group of deoxyribose (gg-conformation of the C,,-O,, bond
and Cg,-endo-bending of the pentose ring). An analogous
intramolecular effect of the hydroxy-group favourably
oriented in relation to the phosphoramidate group is most
fully shown in ribonucleoside 3’-phosphoramino-acids,
where the position of the hydroxyl near the P~N bond is
fixed by the sugar ring. Indeed, while the amino-acid
derivatives of thymidine 3’-phosphate and 5’-phosphate
behave almost identically in aqueous solution regardless of
the position of the phosphoramino-acid residue, being
stable at pH > 3,143 the amino-acid derivatives of ribo-
nucleoside 3’-phosphates can exist under these conditions
only if the 2'-hydroxy-group is blocked?¢2, The role of
the 2’-hydroxy-group in this phenomenon is confirmed by
the formation of nucleoside 2/,3’-cyclic phosphate on eli-
mination of the protective 2’-acetyl or 2’-tetrahydropyran-
yl groups under conditions where the isolated P-N bond is
stable (pH 10.8 and 4.5 respectively)262, An analogous
phenomenon was observed in the amino-acid derivatives of

dinucleoside phosphates at the internucleotide phosphorus:

while thymidylyl-(3’~5’)-thymidino-(P—N)-phenylalanine
is quite stable in neutral aqueous solution, its ribo-ana-
logue—2’-0-acetyluridylyl-(3’'—5')-uridino- (P-N)-phenyl-
alanine-—~hydrolyses immediately after liberation of the
2’-hydroxyl:
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where R = H for uridylyl-(3’-N)-phenylalanine and R is the
nucleoside residue for uridylyl-(3/=5’)-uridino-(P-N)-
phenylalanine.

The information obtained in the study of synthetic
nucleotidopeptides suggests that, by virtue of numerous
conformational possibilities, the individual fragments of
the nucleotidopeptide can interact with one another. A
consequence of this is extensive variability of the reactivity
of nucleotidopeptides. This permits at least two conclu-
sions. Firstly, in the determination of the types of co-
valent bonds in natural nucleotidopeptides one must use
with great caution data obtained in the study of relatively
simple structures. This is clearly shown for the phos-
phoramidate bond as an example, which, while stable in
neutral and alkaline media in the case of simple com-
pounds, becomes labile under the same conditions if the
conformation of the molecule is such that proton-donor
groups are adjacent to the phosphoramidate group. On
the other hand, in the presence of functional groups capable
of intramolecular catalysis of hydrolysis and sterically
similar to the phosphoramidate group, anomalous dissoc-
iation of the phosphoramidate unit may occur also in an
acid medium: instead of the dissociation of the phosphor-
amidate bond (as in simple nucleotide amides), the phos-
phate residue migrates from the nucleoside to the peptide.
Thus, on the basis of the structure of the hydrolysis
products of nucleotidopeptides, unambiguous conclusions
concerning the nature of the bond in the natural compound
cannot be arrived at. In the first place, the available
information about the intramolecular interactions in
nucleotido-(P-N)-peptides shows that even in a fairly
simple molecule consisting of mononucleotide and peptide
fragments there is considerable scope for self-regulation:
the mutual approach of the phosphoramidic group and a
proton donor or acceptor leads to an enhancement or
correspondingly a decrease of its reactivity. This sug-
gests the possibility of the existence of analogous mechan-
isms of the activation of the phosphate residue of mono-
nucleotides in biosynthetic processes such as the formation
of internucleotide bonds in the presence of specific enzymes.
The enzyme-substrate complex of the phosphoramidate
type with the appropriate conformation can effect the
transfer of the mononucleotide residue to the 3’-hydroxy-
group of the terminal nucleotide of the polynucleotide chain
being formed. The ease of the regulation of such a pro-
cess by the transfer of a proton to the phosphoramidic
nitrogen or its removal makes this hypothesis very prob-
able.

It may be expected that the study of the intramolecular
interactions in more complex nucleotidopeptides, in
particular in oligonucleotidopolypeptides with a specified
structure (with a specified sequence of mononucleotides
and amino-acids), can throw light on the most important
problem of modern molecular biology—the problem of
mutual “recognition” of specific nucleic acids and enzyme
proteins.
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