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An X-Ray Study of the Stereochemistry of the Nucleosides
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Birckbeck College Research Laboratories, London, England

he nucleosides are compounds of great biological interest, and have there-

fore been subjected to comprehensive chemical investigations, as a result
of which their chemical formulae are now well established. The d-ribose exists
in the furanose condition !, and the N-glycosidic linkage is almost certainly of
the g-type 2, although direct confirmation of the latter point would appear
very desirable. It still remains, however, to determine the actual shape of
these molecules, especially the mutual orientation of the ribose ring and the
pyrimidine or purine ring. The solution of this problem is not only of general
stereochemical interest, but should also provide a clue to the structure of the
nucleic acids. Only few physical investigations related to the structure of the
nucleosides have been carried out. On basis of X-ray studies of fibres of Na-
thymonucleate Astbury 3 has suggested that the base is parallel to the sugar,
the bond joining the two rings making an angle with both ring planes. Hend-
ricks ¢ investigated the ions of adenosine and guanosine by measuring the
interplanar cleavage spacings, d(001), of their salts with the clay mineral
montmorillonite. He found that the atoms in these two compounds lie in or
near two parallel planes 1.5 A apart; one plane contains the purine radical,
the other the ribose ring, and it is held that the hydroxyl groups as well
as the primary alcohol group must be approximately in the plane of the purine.
These investigations do not, however, give any detailed information about the
structure of the molecules, and can hardly be regarded as conclusive even as
far as their general shape is concerned. X-ray analysis of single crystals
would appear to be essential. No such X-ray work on nucleosides is reported
in the literature, but crystal structure determinations have been completed of
some of their components, or related compounds. Valuable information rele-
vant to the present problem is given by the work of Pitt 5 on hydroxypyrimi-
dines, Clews and Cochran é on aminopyrimidines, Broomhead ? on adenine
3
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hydrochloride, and Beevers and Cochran® on sucrose sodium bromide di-
hydrate.

In the following crystal data will be given for each of the four nucleosides
obtained from yeast nucleic acid, and their structures discussed.

CYTIDINE

Crystallographical. The crystals of cytidine are orthorhombic, elongated
along the c-axis, bounded by faces (110) and (110), with unit cell dimensions
a=13.93 A, b = 14.75 A and ¢ = 5.10 A. Density 1.53, g/cm3. Space group
P 2,2,2,; four molecules (calc. 3.98) per unit cell.

Atomic co-ordinates were postulated by a careful consideration of available
chemical, physical and crystallographic evidence, and the structure refined by
two-dimensional Fourier syntheses. The structure determination is described
in detail elsewhere ?, and here only points of stereochemical interest will be
dealt with. The main results of the structure analysis of cytidine are evident
from Fig. 1, which shows the molecule in the c-projection, with bond lengths
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and bond angles. No great accuracy can be claimed, as only two-dimensional
methods are employed and as rather bad molecular overlap occurs in the a-
and b-projections. The agreement between F,, and F_, is, however, satis-
factory, and the maximum possible error in the bond lengths is thought to be
about 0.1 A. The ribose ring is imperfectly resolved also in the important
¢c-projection, and the greatest errors are therefore likely to occur in this part of
the molecule.

Stereochemical. The investigation proves directly that the glycosidic
linkage is of the f-type, as the bonds C,"—Njg and Cy’—O,’ are in frans position.
The sugar is in the furanose condition, and cytidine can thus be described as
cytosine-3-8-d-ribofuranocside, in accordance with the chemists findings.
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Fig. 1. The c-projection of a molecule of cytidine and its nearby contacts, with b;md
lengths (in A units) and bond angles. Hydrogen bonds are dotted.

Consider first the pyrimidine ring and its substituents. The six ring atoms
as well as Oy, Ng and C;’ are all found to lie in the same plane within the experi-
mental error. The bond lengths in the ring vary from 1.32 A to 1.39 A, and
the bond angles are all near 120°. Although the rather wide limits of error
make it impossible to discuss these results in detail, it would appear that we
are confronted with a resonating system, in which the ring itself and the bonds
to the keto (1.25 A) and the amino group (1.31 A) take part. The bond to the
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carbohydrate does not seem to be involved, as it is found to have the length

of a single bond (1.47 A), but it lies in the plane of the pyrimidine ring in

accordance with the double bond character of the ring bonds to N,;. Besides
N\

the “normal” structure with the groups \C——NHg and C =0, structures

: +
with formal charges containing the groups C = NH, and/or C— O~ must

be supposed to take part, in order to account for the bond lengths. No estima-
tion can be given from the present two-dimensional analysis as to which
extent each canonical form contributes to the molecule, but the shortness of

the bonds C4—O, and Ng—C;, indicate that important contributions may come
+

from forms containing the groups >C = 0 and \C = NH,. It is in this
connection interesting that both the external bonds from the latter group lie
in the plane of the pyrimidine ring within the experimental error.

The shortness of the bond C4—N,g might also be explained by assuming

—NH '

that the molecule exists in its iminoform \C = NH in the crystal. This

is, however, considered unlikely for chemical reasons, and also crystallo-
graphic evidence in favour of the aminoform is obtained from a study of the
external bonding scheme in the crystal structure.

The d-ribose ring is found to be non-planar. Four of the atoms of the ring
lie nearly in one plane, but the fifth member of the ring, C,’, is out of this.
plane by about 0.5 A. It is very interesting that Beevers and Cochran 8
found the same feature in the case of fructo-furanoside, as it indicates that
deviation from planarity may be a characteristic property of all saturated
furanose rings. Some of their other results concerning the five-membered ring
could, however, not be confirmed. They found all the bond distances in the
ring to be short, 1.42 A—1.45 A, and a rather small bond angle of 104°. In
addition the angles between the bonds to the hydroxyl groups and the adjacent
ring bonds were definitely high at 113°—118°. The bond lengths found in the
furanose ring in cytidine vary from 1.42 A to 1.52 A, and having in mind the
rather wide limits of error these values do not differ significantly from normal
single bonds. The mean bond angle in the ring is 108°, and the angles between
the bonds to (OH),” and (OH)," and the ring bonds are not far from the tetra-
hedral angle, having the values 111°, 108°, 114° and 110°. D-ribose is thus
found to be more “normal’’ than fructofuranoside, with bond angles nearer the
tetrahedral angle, and bond lengths nearer to a single bond.

The central bond N;—C,’ lies in the plane of the pyrimidine ring and makes
nearly tetrahedral angles with the adjacent ring bonds in the d-ribose. Con-
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Fig. 2. A model of the cytidine molecule.

trary to Astbury’s suggestion of the two rings being parallel, they are oriented
in such a way that they are nearly perpendicular to each other as illustrated by
the model in Fig. 2. Van der Waals forces would appear to play an important
role in determining this mutual orientation. A study of a model shows that
these forces will tend to impose restrictions on the freedom of rotation about
the central bond, as the atoms in the d-ribose ring in many positions will come
unfavourably near the keto group in the pyrimidine ring. With the d-ribose in
cts position to the atom O, (referred to the bond N3—C,’) the distances from
0, to some of the atoms in this ring are only 2.4 A—2.7 A, and a trans arrange-
ment, as actually found in the crystal structure, is therefore energetically more
favourable.

The distance between the atom C, in the pyrimidine ring and O; in the
primary alcohol group of the d-ribose is found to be as short as 3.24 A, which
would appear to be significantly less than the normal van der Waals approach
of 3.4—3.5 A. This may possibly be due to some kind of attraction between
these two atoms, presumably of the hydrogen bond type. The relative position
of C, and Oy is also what we should expect in case of bond formation, as O’
does not lie far away from the plane of the pyrimidine ring. The reason for the
formation of the proposed bond may be sought in the possible polarisation of
the group at C, in the pyrimidine ring to C—H™*, due to the inductive effect
of the electronegative substituents in the pyrimidine ring (the keto and
amino group). .

Chemical evidence shows that in cytidine (and uridine) the carbohydrate
is more firmly linked to the rest of the molecule than in other glycosides
(inclusive of adenosine and guanosine). This abnormal behaviour may partly
be related to the suggested intra-molecular bond, but the bond, if it exists,
appears to be much too weak to offer a full explanation of the conduct of
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cytidine. Another interesting fact in this connection is that 4,5-dihydro-
cytidine behaves chemically like a normal glycoside, quite unlike cytidine, and
in this compound we should not expect such a bond to be formed, as the
(CH,)-groups can hardly be polarised to any extent.

The external bonuding scheme in the crystal structure of cytidine consists
of a very extensive system of hydrogen bonds, in which all its active groups
are involved. Each molecule is linked to its neighbours by ten hydrogen bonds
of lengths 2.74 A—3.00 A. The hydroxyl groups (OH), and (OH);, as well
as the amino group, are engaged in two external bonds, whereas the hydroxyl
group (OH);" makes only one external bond, possibly because of its parti-
cipation in the intra-molecular hydrogen bond proposed above. For a fuller
description of the external bonds, the reader is referred to a contemporary
paper °.

URIDINE

Crystallographical. The crystals of uridine are monoclinic, elongated along
the c-axis, and bounded by faces (110) and (110). The cell dimensions are:
a=1388 A b=14.62 A, ¢ =5.00 A, § = 95° (approx.). Cell volume 1010
A3; density 1.59 g/cm3. Four molecules per unit cell (calc. 3.97).

The only systematic absences occur in the 0kO-reflexions for odd values
of k, and as uridine is optically active, the space group is P 2,. The asymmetric
unit in the crystal consists of two molecules ,0of uridine. Although uridine
belongs to the space group P 2,, it has some of the features of cytidine’s space
group P 2,2,2, as the reflexions 001, 100 and 300 are very weak. At the same
time, there is a very great similarity in the cell dimensions of the two com-
pounds, and the molecules of uridine are therefore placed roughly in the same
positions in the unit cell as those of cytidine. :

Stereochemical. Chemically, uridine differs from cytidine only in having a
hydroxyl group in the 6-position instead of the amino group. The resemblance
in the cell dimensions indicates that also the shape of the molecule is likely to
be nearly the same in both cases, and our conclusions regarding the stereo-
chemistry of cytidine can therefore probably be applied directly to uridine.

ADENOSINE

This purine nucleoside is of special importance on account of its participa-
tion in coenzyme molecules, and attempts to elucidate its structure would
appear to be of great interest.

Crystallographical. The needle-shaped crystals are monoclinic, elongated
along the c-axis, and bounded by faces (110) and (110). Even the best speci-
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mens available were poorly developed and very small, with a cross-section
not exceeding 0.04 X 0.04 mm. The unit cell dimensions are: a = 11.94 A,
b=1022 A, c =4.82 A, § = 103° (approx.). Cell volume 572 A%; molecular
weight 267. The density was found to be about 1.57 g/em3, but an accurate
determination was difficult because of the small, imperfect crystals. There are
two (calc. 2.02) molecules in the unit cell.

The only systematic absences occur in the 0k0-reflexions for odd values
of k, and the space group is P 2,. There is no centre of symmetry in the im-
portant c-projection, and no attempt was therefore made at this stage to
work out the structure completely. In view of the very short c-axis, however,
even only an estimate of the extension of the molecule in the c-projection may
be of value. This was done by studying the low order reflexions, supported by
a Patterson projection. The %#00-reflexions show interesting intensity varia-
tions; 100 is absent, and 300 and 500 weak, whilst 400 is stronger than 200.
This means that there must be atoms near # = 0, x = 0.25 and # = 0.50. A
consideration of other reflexions indicates that the molecule must extend at
least half a cell edge also in the y-direction, probably considerably more.

Stereochemical. The two components of adenosine have both been examined
by X-rays before, adenine by Broomhead ? and d-ribose by the author in his
work on cytidine. The result of the former investigation is given in Figure 3,
of the latter in Figure 1. It is proved that the glycosidic linkage is between
N, in the purine and C;’ in the d-ribose 1, and that it is of the S-type 2. One
important remaining problem is the direction of the central bond Ny—C,
connecting the two ring systems. Hendricks 4 and Astbury ® have both sug-
gested that it forms an angle with the plane of the purine (see above), so as to
make the purine and the furanose ring parallel. In cytidine, however, this
bond lies in or very near the plane of the pyrimidine ring, and the high degree
of resonance in adenine, which is apparent from the bond lengths in Fig. 3,
would seem to make this likely to be the case also in adenosine. Such a “cyti-
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Fig. 4. The structure proposed for adenosine.

dine-like” structure is shown in Fig. 4. Here Ny—C,’ lies in the plane of the
purine and forms tetrahedral angles with the adjacent ring bonds in the
d-ribose; the two rings, far from being parallel, are nearly perpendicular to one
another. Although other arrangements can not be definitely ruled out, this
structure appears to give the most satisfactory explanation of the available
data. Firstly, it is in agreement with the X-ray evidence, which indicates a
rather flat (c = 4.82 A) and widely spread-out molecule. The structure in
Fig. 4 is about as flat as the molecule can be provided normal bond angles,
and sufficiently extended. Secondly, it is correct from a chemical point of
view, being adenine-9-8-d-ribofuranoside, whereas the sugar in the structure
proposed by Hendricks actually is e-lyxose, not d-ribose, as pointed out by
Gulland and coworkers 1. Thirdly, Hendricks’ results can be reinterpreted in
terms of the proposed structure, in which also two parallel planes about 1.5 A
apart can be roughly recognised, the one containing the purine plus the atoms
Cy, C/ and Gy, the other passing through C,’, C;’ and O,. The remaining
atoms do not lie in any of these planes, but none of them is far out. The
structure appears thus to be consistent with the measurements of Hendricks.

In cytidine we found some evidence for a weak intramolecular bond, sup-
posedly due to the polarisation of a (CH) group. There is no reason for assum-
ing such a bond in adenosine, where the only substituent in the purine ring is
far away from the group concerned, (CH)s, actually in another ring.

GUANOSINE

Crystallographical. The crystals of guanosine are monoclinic, elongated
along the c-axis, and bounded by {110}, {010} and {100}, thg last form dominat-
ing. Their shape indicates monoclinic sphenoidal symmetry (class 2). The cell
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dimensions are: @ = 17.45 A, b =11.44 A, ¢ = 6.65 A, § = 98° (approx.).
Cell volume: 1315 A3, Density: 1.60 g/cm3. Guanosine crystallises with two
molecules of water, and there are four (cale. 3.97) molecules C,,H,,0;N; - 2H,0
in the unit cell.

The 0k0-reflexions are absent for odd values of £, and the space group is
P 2,. The asymmetric unit in the crystal consists of two molecules of guanosine
and four molecules of water.

Stereochemical. No conclusion regarding the shape of the guanosine
molecule can be drawn from these preliminary data. Also the guanosine ion
was, however, investigated by Hendricks, who found it to be very similar to
the adenosine ion. It appears therefore reasonable to assume that our dis-
cussion of the stereochemistry of adenosine is valid also for guanosine.

THE DEOXYRIBONUCLEOSIDES

The deoxyribonucleosides differ chemically from the ribonucleosides in
that they contain 2-deoxy-d-ribose instead of d-ribose. No crystals of these
compounds have been investigated, but the results from the study of cytidine
and the other ribonucleosides can probably be applied to them. In cytidine
the hydroxyl group (OH), is at a distance of as much as 3.75 A from the keto
group in the pyrimidine, and is unlikely to play any important role in deter-
mining the mutual orientation of the carbohydrate and the pyrimidine. The
absence of (OH),” should therefore not alter significantly the forces which act
between the two ring systems, and the perpendicular relationship between
them would appear likely to be maintained also in the case of the deoxyri-
bonucleosides.

THE NUCLEIC ACIDS

Astbury 3 has on basis of X-ray studies of fibres and powders of nucleic
acids suggested that these molecules are presumably stiff columns of nucleo-
sides fitting closely on top of one another, with all the rings flat and parallel.
In the present investigation it is established that the purine or pyrimidine is
not parallel, but perpendicular to the ribose ring at least in one of the nucleo-
sides, namely cytidine, and probably also in all the others. It appears likely
that the nucleosides maintain their characteristic shape when they unite to
form nucleic acids, and Astbury’s theory is therefore in need of some modi-
fication. A full discussion of the problem is postponed pending the completion
of the structure of a nucleotide, but one point will be made here. There is
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evidence that the purines and the pyrimidines are nearly parallel to one
another, and presumably perpendicular to the axis of the rod-like molecule,
at least in thymonucleic acid. If this is the case, the ribose rings will conse-
quently lie with their planes more or less parallel to the axis of the molecule,
and it can be shown by models that a dominating spacing of about 3.4 A, as
found by Astbury, can be maintained in the molecule also under these circum-
stances.

EXPERIMENTAL

Considerable difficulties were encountered in getting single crystals big enough for
X.-ray work, and several techniques of growing crystals were tried. For cytidine the best
results were obtained by slow evaporation of a solution in alcohol-water, and for adenosine
by slow cooling of a concentrated solution in water. In the case of uridine and guanosine,
crystals from the supplied samples could be used.

Density measurements were made by flotation of the crystals in a mixture of carbon
tetrachloride and benzene.

The cell dimensions were derived from oscillation photographs, and are believed to be
correct to at least within 1 %. Copper radiation (A = 1.54 A) is used throughout the
investigation. ' :

In the case of cytidine and adenosine also Weissenberg photographs were taken.
The intensities were estimated visually and corrected for the Lorentz-polarisation factor
in the usual way.

SUMMARY

Single crystals of cytidine, uridine, adenosine and guanosine have been
studied by X-ray diffraction methods. The complete crystal structure of
cytidine has been determined by two-dimensional Fourier syntheses, showing
directly that cytidine is cytosine-3-8-d-ribofuranoside. The planar pyrimidine
ring and the non-planar ribose ring are linked in such a way that they are
nearly perpendicular to each other; the central bond N;—C,’ lies in the plane
of the pyrimidine ring. Preliminary investigations of the other three ribo-
nucleosides, supported by other physical data, indicate that these molecules
have a shape similar to that of cytidine, and it is considered likely that this
holds also for the deoxyribonucleosides.
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