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Abstract 00 A relationship was found between the N-glycosyl
bond length in 8-nucleosides and nucleotides and the spatial rela-
tionship of this bond with respect to the lone-pair orbitals on the
furanose ring oxygen. This relationship may be relevant to the ge-
ometry involved in the hydrolysis of the glycosidic bond.
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The N-glycosyl bonds of nucleic acids are readily
hydrolyzed by either enzymes (specific nucleosidas-
es) or acid-catalyzed reactions. Although the mecha-
nism of enzymatic cleavage of these glycosidic bonds
has been poorly characterized, numerous kinetic
studies on the acid-catalyzed hydrolysis of these
bonds in nucleosides have produced some definitive
ideas on the hydrolytic mechanism (1-3).

Two schemes have been proposed for the acid-cat-
alyzed route. One involves the opening of the proton-
ated furanose ring at the C;'—0;’ bond, with subse-
quent water attack and the formation of the base and
sugar products. In the other scheme, the glycosidic
bond of the base-protonated species (mono- or di-
cation) is directly cleaved. Evidence for the latter
scheme appears to be strongest for most nucleosides
(3). Although mechanisms have been developed,
there is a dearth of any detailed structural informa-
tion concerning the geometry of the minimum energy
pathway followed by the reaction, :i.e., reaction coor-
dinates. '

Recently, crystal structure data were used to ana-
lyze the geometry of some nucleophilic addition reac-
tions (4, 5). The general approach was to examine the
atomic coordinates of a large number of molecules
possessing similar chemical subunits for structural

variations that might correspond to existing knowl-

edge about these subunits in a reaction scheme. The
geometrical parameters observed for any molecule in
a crystal are a complicated function of inter- and in-

Figure 1—Schematic drawing of the N—C,'—0,—O0/’ torsion
angle. Key: left, synclinal; and right, antiperiplanar.

tramolecular forces. Therefore, one would expect to
find differing geometries for a particular subunit in a
series of molecular structures.

The hypothesis behind the use of these data is that
the interplay of forces that displaces the subunit of
interest from its geometrical minimum energy config-
uration in the crystal can provide a clue as to the
path that may occur in the chemical breakdown of
the entity. This hypothesis assumes that the initial
stages of the chemical breakdown and the geometri-
cal distortions in the crystal structures both follow
similar minimum energy routes.

It was deemed worthwhile to utilize this approach
to analyze the N-glycosyl linkage of nucleotides and
nucleosides. For this purpose, published crystal
structures whose accuracy was sufficient for such a
correlation were selected. The structures examined
are listed in Table I together with some pertinent pa-
rameters describing the glycosidic bond.

DISCUSSION

A scrutiny of the parameters in the table shows that there is a
significant variation in the C;’—N bond length among the tabulat-
ed structures. Since the range of C—N bond lengths is reflective of
distortions that could occur at the initial stages of the hydrolytic
sequence, one might glean some clues from them as to the begin-
ning of the hydrolytic reaction.

The change in the glycosidic bond length is not accompanied by
any significant alteration in bonding parameters about Cy/, i.e,
bond lengths and angles. However, some subtle trends in these pa-
rameters are worth noting even though they are not highly signifi-
cant. As the glycosidic bond lengthens, the N—C;'—C" angle de-
creases slightly and the furanose ring angle (0,/—C,'—Cy’) tends
to enlarge.

The torsion angle about the C;'—0,’ bond [+(N—C{—O0/'—
Cy4’)] provides an indication of the spatial relationship of the lone
pair of orbitals on Oy’ with regard to the glycosidic bond (Fig. 1).
Geometric constraints imposed by the furanose ring limit the
values obtained for the C;’/—O;’ torsion angle to those between
synclinal (60°) and antiperiplanar (180°). The manner by which
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Figure 2—Relationship between 7(N—Cy—0,—C4’) and the
glycosidic bond length.
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Figure 3—Correlation of 7(Ca—N—Cy—O0y’) and glycosidic
bond length.

the furanose ring puckers influences the value of this torsion angle.

A relationship between 1(N—C'—0y'—Cy’) and the glycosidic
bond length appears to exist (Fig. 2). The N-glycosyl linkage is
shortest when this constellation of atoms is antiperiplanar and lon-
gest when synclinal. The orientation of a lone-pair orbital on the
oxygen becomes antiperiplanar as this angle tends toward a syncli-
nal value. Thus, the N-glycosyl bond length appears to be longest
when it is antiperiplanar to a lone-pair orbital on the oxygen.

The following regression equation (r = 0.80) was derived for the
relationship shown in Fig. 2:

d(Cy/—N) = 1.625 - 0.00112r(N—C,'—0,'—C4) (Eq.1)

This equation predicts the shortest value possible for the glyco-
sidic bond (occurring at r = 180°) to be 1.43 A. This length is
much shorter than an N(sp2 —C(sp2) single bond (1.485 &) (6) or
the N—C bonds of alkylated nucleic acid bases (7).

In a structural analysis of tetrahedral dioxo compounds and
orthoesters, a similar type of relationship was found (5). The
C—0’ bond in these compounds was a function of the O/—C—
0”—H torsion angle. The C—O’ bond length was longest when a
lone-pair orbital on O” was antiperiplanar to it. This observation is
supported by studies carried out on the decomposition of confor-
mationally rigid hemi-orthoesters (8) and hemi-amide acetals (9),
where the bond most readily cleaved appeared to be the one with
two lone-pair orbitals antiperiplanar to it.

Jeffrey et al. (10), using nonempirical molecular orbital calcula-
tions, found a similar relationship between bond length and con-
formation for methylenediol. The difference in bond length for the
synclinal and antiperiplanar arrangements is also reflected in the
stretching force constants (11). The calculated values are 5.8 and
6.0 mdynes/A for the longer and shorter bonds, respectively.
Therefore, the reaction that cleaves the longer bond (antiperipla-
nar conformation with respect to a lone-pair orbital) would be en-
ergetically favored, at least in the initial phase.

Other investigators (12, 13) indicated that the observed differ-
ences in glycosidic bonds could be attributed to nonbonded inter-
actions between the base and the sugar. The conformation of the
base relative to the sugar can be described by the torsion angle,
7(Ca—N—C,'—O0y’). This angle was correlated by these investiga-
tors to the glycosidic bond length. With the tabulated data, the
correlation appears to break down (Fig. 3). However, this correla-
tion is valid if no differentiation is made between the sides of the
purine or pyrimidine rings, i.e., between the syn- and anti-confor-
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mations (14). If 180° is added to the C4—N—C;'—O¢’ torsion
angle of the six nucleosides with a syn-conformation that show a
marked deviation from the linear trend in Fig. 3, a linear correla-
tion is observed (r = 0.65).

Since the torsion angles about the C;'—0;’ and C;'—N bonds
can both be related to the glycosidic bond length, the conforma-
tions about these bonds appear to be dependent upon one another.
Regression analysis of the tabulated values for these two torsion
angles is suggestive of this, showing a linear correlation (r = 0.67)
for the 43 nucleosides and nucleotides in Table I. This result is not -
unexpected in light of work (15) showing that the freedom of rota-
tion about the glycosidic bond in nucleosides and nucleotides is
closely related to the puckering in the furanose ring.

In terms of reaction coordinates, the tabulated data show that a
conformation in which the N—Cy'—0y'—C,’ torsion angle tends
toward a synclinal value would be favorable for a direct cleavage
mechanism of hydrolysis, since this conformation is associated
with an increasing glycosidic bond length and an antiperiplanar
orientation between the glycosidic bond and a lone-pair orbital on
the oxygen. While this cannot be construed as direct evidence that
such a geometry occurs during hydrolysis, it is easily envisioned
that a catalytic species (nucleosidase) could induce such a confor-
mational change in a nucleoside or nucleotide, thus facilitating the
hydrolysis.

REFERENCES

(1) B. Capon, Chem. Rev., 69, 407(1969).

(2) N. K. Kochetkov and E. 1. Budovskii, “Organic Chemistry
of Nucleic Acids,” part B (English translation), Plenum, New
York, N.Y., 1972, p. 425.

(3) R. Shapiro and M. Danzig, Biochemistry, 11, 23(1972).

(4) H. B. Biirgi, J. D. Dunitz, and E. Shefter, J. Amer. Chem.
Soc., 95, 5065(1973).

(5) H. B. Birgi, J. D. Dunitz, and E. Shefter, Acta Crystai-
logr., B30, 1517(1974).

(6) A.Camerman, Can. J. Chem., 48, 179(1970).

(7) D. Voet and A. Rich, Progr. Nucleic Acid Res. Mol. Biol.
10, 183(1970).

(8) P. Deslongchamps, P. Atlani, D. Fréhel, and A. Malaval,
Can. J. Chem., 50, 3405(1972).

(9) P. Deslongchamps, C. Lebreux, and R. Taillefer, ibid., 51,
1665(1973).

(10) G. A. Jeffrey, J. A. Pople, and L. Radom, Carbohyd. Res.,
25, 117(1972).

(11) J. M. Lehn, G. Wipff, and H. B. Burgi, Helv. Chim. Acta,
57, 493(1974).

(12) G. H. Lin, M. Sundaralingam, and S. K. Arora, J. Amer.
Chem. Soc., 93, 1235(1971).

(13) J. Abola and M. Sundaralingam, Acta Crystallogr., B29,
697(1973).

(14) J. Donohue and K. N. Trueblood, J. Mol. Biol, 2,
363(1960).

(15) A.E. V. Haschemeyer and A. Rich, ibid., 27, 369(1967).

ACKNOWLEDGMENTS AND ADDRESSES

Received May 23, 1974, from the *Department of Pharmaceu-
tics, School of Pharmacy, State University of New York at Buffa-
lo, Buffalo, NY 14214, and the !School of Pharmacy, Duquesne
University, Pittsburgh, PA 15219

Accepted for publication February 21, 1975.

The authors are indebted to Mrs. Phyllis Sackman for her assis-
tance, Dr. H. B. Birgi and Dr. J. D. Dunitz for their interest, and
the National Cancer Institute for support (Grant CA-10104).

* T'o whom inquiries should be directed.



