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Abstract

A conformational study of the molecule Lamivudine (3TC), or cis-1-[2’-hydroxymethyl-5’-(1,3-oxathiolanyl)] cytosine, was
carried out.

Rotation about the C—N bond (¢1) and about the C—CH,(OH) bond (¢2), which connects the hydroxymethyl group to the
five member ring, led to a conformational potential energy surface. The conformational potential energy 2D map, obtained at
the HF/3-21G level of theory, had several minima. A topological analysis of the electron density was carried out on four
selected ab initio minimum energy conformations, using judiciously constructed hartree—fock (RHF) wave functions. In order
to see all possible hydrogen bonding, the DFT wave function was generated using a mixed basis set; a 6-311++G™ basis was
employed on atoms involved in hydrogen bonding interactions and a 3-21G basis on all other atoms. For this analysis the theory
of atoms in molecules, developed by Bader, was used.

The stability of the intramolecular hydrogen bonding interactions was analyzed in terms of the results obtained. © 2001
Elsevier Science B.V. All rights reserved.

Keywords: Density functional theory (DFT); Ab initio; HF; Conformational analysis; Atoms in molecules (AIM); Topological analysis of
electron density; Hydrogen bond

1. Introduction carbohydrates [1] and nucleosides [2,3] and can influ-

ence the conformation of small molecules and the

Even though the hydrogen in a C—H bond is not
very acidic the importance of C-H:.-O hydrogen
bonds in the context of biomolecules should not be
underestimated. These bonds frequently occur in
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tertiary structure of macromolecules.

AZT (3'-azido-, 3'-deoxy thymine) (Compound 1,
Scheme 1: Structures of AZT and 3TC. The three
relevant torsional angles (¢ 1, ¢2 and ¢3) for 3TC
are shown in the lower part of the scheme.) is a potent
inhibitor of human immunodeficiency virus (HIV)
replication and is the first clinically successful drug
for acquired immunodeficiency syndrome (AIDS) [4—
10] as well as for AIDS-related diseases. Since its
discovery in 1985 three independent X-ray structures
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have been published [11-13] all confirming a highly
unusual conformation stabilized by a three center
bifurcated intramolecular hydrogen bond. Further-
more, continued interest is directed to related antiviral
agents (i.e. DAC and FIAC) which again show this
particular feature of internal stabilization [14]. Since
substrates often adopt a high-energy structure upon
binding to an enzyme or receptor, it is quite likely
that this conformation represents the biologically
active form of AZT [12]. The importance of using
topological electronic analysis to study C-H-:--O
bonding in AZT was previously reported by Koch
and Popelier [15].

In view of the aforementioned importance of C—
H---O interactions in nucleoside derivatives, such
as in AZT, we have investigated the anti-AIDS
compound cis-1-[2'-hydroxymethyl-5'-(1,3-oxathiol-
anyl)] cytosine (Lamivudine or 3TC, for short)

which is represented in Scheme 1 as Compound 2.
Compound 3TC is a flexible molecule that can
adopt a variety of dynamically-interconverting
conformations. This makes it imperative to define its
3D geometry exactly in terms of its biologically
relevant conformations. By relevant conformation,
we mean, the 3D arrangements of atoms which have
the adequate shape for activation of the biological
receptor. It is clear that the active conformation may
not be the lowest-energy form, indeed it may not even
be stable except in the receptor environment. Since
they are equally valid for unstable as well as stable
shapes, calculations permit us to answer such a
question. Is there a particular conformation of 3TC
that is essential for binding to the enzyme? We
need to be able to calculate such shapes that are pre-
requisites for activity.

At the moment, remarkably little is known about

Fig. 1. Two rigid cross-sections of the PEHS E = E (¢1, ¢2, ¢3). A bird’s eye view of the relaxed conformational PES, E = E (¢1, ¢2) of
3TC in the upper left-hand corner. Top: energy landscape. Bottom: energy contour representations. Note that the cross-section at the left-hand
side is a relaxed cross-section while the one at the right-hand side is a rigid cross-section. Consequently, the two minima labeled as F do not
refer to the same point and therefore their energy values are not identical.
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the structural requirements for 3TC and analogues
(at least at the ab-initio level of theory), especially
with regard to the stereo-electronic requirements
required to produce the biological response. For
this reason we have investigated the most relevant
aspects of the conformational and electronic beha-
vior of 3TC. Thus, we report here an exploratory
conformational study using RHF/3-21G and
B3LYP/6-31G calculations and a subsequent topo-
logical electronic analysis of the putative hydro-
gen bonds stabilizing the energetically favored
forms of this compound. For the topological
analysis of electron density, a few selected confor-
mers and judiciously constructed hartree—fock
(RHF) wavefunctions were used.

2. Methods

The conformational potential energy surface (PES),
E = E (¢1, ¢2), was generated with the GAUSSIAN 98
package [16] of molecular orbital program using the
3-21G basis set. Geometry optimizations for selected
conformers were performed at density functional
(B3LYP/6-31G) level of theory using GAUSSIAN 98.
The fully optimized molecular geometries were char-
acterized as minima on the PES by the absence of
imaginary vibrational frequencies.

The topological calculations of the electron density
distribution were carried out at the RHF level using 6-
3114 +G™ basis set over the atoms involved in poten-
tially possible hydrogen bonds and 3-21G over the
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Fig. 2. A detailed contour map of the PES, E = E (¢1, ¢2) of 3TC.
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rest. The local topological properties of the electronic
charge density were obtained with the package of
programs AIMPAC [17].

3. Conformational analysis

Before beginning a topological analysis of the elec-
tron density the molecular structures of interest had to
be optimized. This has been achieved in three steps.

Step No. 1. Two rigid 1D cross-section of the poten-
tial energy hypersurface (PEHS): E = E (@1, ¢2, ¢3)
have been generated to gain a rough idea of what to
expect of the 2D cross-section £ = E (@1, ¢2) with
¢3 already optimized. These 1D cross-section are
shown in Fig. 1. The calculations were carried out at
HF/3-21G level of theory.

Step No. 2. The relaxed 2D-cross-section: £ = E
(@1, ¢2) with ¢3 already optimized, has been gener-
ated at the HF/3-21G level of theory. A combination
of the landscape and energy contour representations
of this conformational PES is also shown in Fig. 1. A
more detailed contour diagram is given in Fig. 2. Four
low-energy conformers (labeled on A, B, C and D),
two anti (A and B) and two syn (C and D), were
selected for further study.

Step No. 3. The four selected conformers (A, B, C
and D) were subjected to geometry optimization at the
B3LYP/6-31G level of theory. These optimized struc-
tures were used for higher level single point computa-
tion to be discussed in the next section. The single
point calculations for topological electron density
analysis were judiciously selected to see all possible
hydrogen bonds even if they were very weak. The
single point calculations were performed at the
RHF/6-311++G"™/3-21G//B3LYP/6-31G level of
theory.

4. Topological analysis

The theory of atoms in molecules (AIM) has been
widely applied to many chemical problems including
the description of hydrogen-bonded systems (see e.g.
Refs. [16—23]). In particular, inter- and intramolecular
hydrogen bonds have been analyzed by using Bader-
type topological analysis of charge density distribution
[18—21]. The localization of the bond critical point and
the value of the Laplacian of the charge density at this

point, V2p(r), have been shown to be useful in the study
of molecular electronic structure [18,23]. Several
excellent reviews [15,18,21] have been published on
this subject; therefore only a brief description of selected
topological parameters, pertinent to the present work, is
discussed here.

The aim of the present work resides in achieving a
better understanding of the stabilizing effects of the
intramolecular hydrogen bonds in the lamivudine
molecule.

Critical points (CP) of the charge distribution,
(points of the distribution where Vp = 0) are classi-
fied by their rank and signature analyzing the Hessian
matrix of p. Four kinds of CP can be characterized.
The CP that present three non-null eigenvalues, two of
these negative (A; and A,) and one positive, (A3),
correspond to bond critical points (BCP), (3, —1),
and only these will be analyzed in this study.

The first two eigenvalues correspond to the perpen-
dicular curvature and the latter provides a curvature
along the internuclear axis. Thus, a covalent bond, is
characterized by the charge density exhibiting two
large negative curvatures perpendicular to the bond
and a relatively small positive curvature along the
bond at the position of the (3, —1) critical point.
Closed shell interactions are characterized by the
relatively large positive curvature of charge density
at the critical point along the internuclear path.

The concept of ellipticity (e = (A;/A,) — 1) arises
as a relationship among the perpendicular curvatures.
The ellipticity provides a measure of the extent to
which charge is preferentially accumulated in a
given plane. For a cylindrically symmetric bond
€ = 0.00.

Another derived quantity is the Laplacian, VZp(r),
that is, the sum of the curvatures in the electron
density along any orthogonal coordinate axes at the
point (r). The sign of V*p(r) indicates whether the
charge density is locally depleted [V 2p(r) > 0] or
locally concentrated [Vzp(r) < 0]. This relationship
is of great utility to classify interactions.

Bader [18] established the way to characterize the
intramolecular hydrogen bonding by the analysis of
the electronic charge density in the bond critical point.
This methodology is used in order to establish the
existence of hydrogen bonding in the different confor-
mations.

Lamivudine, is a synthetic nucleoside analogue,
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Table 1

Geometrical parameters (Parameters which are not relevant to hydrogen bonding (or outside the range of critical values) are omitted) of A, B, C

and D conformers of 3TC at B3LYP/6-31G level of theory

Conformations

A B C D
Relative energies (Kcal/mol) 3.28 0.55 0.00 2.32
Bond lengths (A)
C,-0, 1.253 1.248 1.253 1.250
Cs—H 1.084 1.085 1.083 1.083
Og---H 0.979 0.981 0.984 0.989
Csi---Hsy 1.090 1.090 1.096 1.096
Cy---Hy 1.091 1.090 1.088 1.086
Og---Hg 2.283 2.409
O,—-Hs 2.442 2.215
0,-H 3.400 1.987 1.763
O,---Hy 2.470 2.381
O,---Hy 2.556
Bond angles
Cg—Hg'---Og' 159.1 160.2
Cy---Hy---O, 114.5 116.7
Og-+-Hgr---O, 143.4 166.2
C5“"H5’“'02 106.8
Og-+-Hgr---Oyr 87.4 95.0
Cz' . '02' . 'Hg’ 1027
Dihedral angles
¢@l: Cg - -Ny-+-Cs---Op 14.3 46.3 —116.5 —110.8
@2: Oyr---Cyr---Cgr---Og' 473 —65.2 —43.7 69.4
¢@3: Cy---Cgr---Og'---H 57.9 —70.2 —80.8 65.3

where the relative orientations of both rings, around
the C—N, bond, define the syn and anti conformations.
We have studied four characteristic minimum energy
conformations A, B, C and D, optimized at the
B3LYP/6-31G level. All of them (cf. Fig. 3) show
stabilization by intramolecular hydrogen bonding
interactions, of the C-H---O and O-H---O types,
between the two rings.

Tables 1 and 2, respectively, give the optimized
geometrical parameters and topological properties at
the hydrogen bond critical points of the A, B, C and D
conformers.

Table 2 shows the computed, local topological
properties of the electron density of conformers A,
B, C and D. Comparing all the data (not shown in

Table 1) for the C-C, C-N, C-0O, C-S, O-H and
C-H bonds (i.e. the ellipticity, the charge density,
the Laplacian of the density at the bond critical
points, bcp, corresponding to bep. (3, —1)) it is
clear that syn conformers, C and D and anti confor-
mers A and B, are very similar in terms of the
topological properties at the bcp. The Laplacian
function describes electron density distribution, i.e.
whether it is accumulated or diminished. In a shared
interaction, as a covalent bond, i.e. C—H and O-H,
the negative Laplacian is, characteristic of a charge
accumulation in the bond critical point. On the other
hand, in a hydrogen bond interaction, the Laplacian
is positive, verifying that the electronic charge is
withdrawing toward each atom, that means it is

Fig. 3. Four selected structures (A, B, C and D) each shown in two views. The bond paths for the C—H---O hydrogen bonds are shown as broken
lines and while those for the O—H—-O hydrogen bonds are shown as black solid lines.
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Table 2

Topological properties at bond critical points of A, B, C and D
minimun energy conformations (6-311++G"/3-21G//B3LYP/6-
31G) (Values are expresed in a.u., elipticity is a dimensionless
quantity)

Conformation  Bond (X---Y) € pu(r) V2p(ry)
A Og---He 0.0731  0.0123 0.0469
Cs---Hs 0.0468 02622 —0.7687
Ce--Hp 0.0092 02982 —1.1478
Og---H 0.0249 0.3518 —24774
Cs---Hy 0.0217 03019 —1.1544
Cy---Hy 0.0175 0.2864 —1.0381
B Og---He 0.0803  0.0097 0.0348
O,---Hy 1.6393  0.0204 0.0901
Ce--Hp 0.0077 02969 —1.1338
Og---H 0.0244 03499  —2.4795
Cs---Hs 0.0198 03036 —1.1742
Cy-+-Hy 0.0133 02871  —1.0420
C O,--H 1.7661  0.0099 0.0435
O,---Hy 0.3666  0.0117 0.0434
O,---Hg 0.0610  0.0211 0.0893
Ce--Hg 0.0095 02952 —1.1142
Og---H 0.0222  0.3427 —2.4833
Cs---Hy 0.0221  0.2957 —1.1068
Cy---Hy 0.0067 0.2903  —1.0662
D O,--H 0.0457  0.0320 0.1412
O,---Hy 0.2715  0.0135 0.0505
Ce--Hg 0.0096  0.2954  —1.1160
Og---H 0.0211 03335 —2.4168
Cs---Hyg 0.0227  0.2953  —1.1035
Cy---Hy' 0.0046 02929 —1.0869

reduced at the bep. This is characteristic of a closed
shell interaction.

Anti conformations A and B present the pyrimidine
ring and the sugar analogue residue nearly perpendi-
cular to each other. In the first one the C—H---O is a
hydrogen bond between the Cy—H aromatic bond and
the oxygen atom in the hydroxymethyl group. The
other is the C5—H---O(=C,) interaction is involving
to Cy—H at the modified sugar and the carbonyl
oxygen of the thymine.

On the other hand, syn conformations C and D,
exhibit C-H---O and O-H---O hydrogen bonding
that involve the C=O group of thymine. These
hydrogen bonds can be seen in Fig. 3.

A molecular graph is the network of bond paths
linking pairs of neighboring nuclei. The molecular
graph for a molecule at equilibrium geometry is

identified with the corresponding network of chemical
bonds. Instead of the full molecular graphs, the
hydrogen bonds are shown as broken lines in Fig. 3.

The p(r) and Vzp(r) values associated with the Cg—
H---O¢ hydrogen bond of A and B, 0.0123 a.u.
(0.0469 a.u.) and 0.0097 a.u (0.0348 a.u.) respec-
tively, show that this last pair of values are consider-
ably smaller (about 80% of that of the A conformer).
On the other hand, the Cs/—H---O, hydrogen bond of
the B conformer, is the stronger hydrogen bond when
the A and B conformers are compared. The values are
0.0204 a.u. (0.0901 a.u.). The significant stability of
B, among the anti conformers, can be attributed to this
additional bond.

Fig. 3 shows the bond trajectories of the B confor-
mer, corresponding to C¢—Hg:--O¢ and Cs—Hsy---O,
hydrogen bonds connecting the pyrimidine base with
the modified sugar.

In Table 2 it can be observed that the C conformer,
shows hydrogen bonding interactions between the
C=0 of the pyrimidine ring and two hydrogen
atoms, corresponding to the bonds Cy—Hy (0.0135/
0.0505 a.u.) and Og—H (0.0320/0.1412 a.u.) respec-
tively. The latter O—H---O type bond presents the
highest electron density and Laplacian values.

On the other hand, the D conformer, shows three
hydrogen bonding interactions involving the oxygen
atom of the thymine carbonyl group. Two of them are
the same as found in the C conformer, C,—Hy
(0.0117/0.0434 a.u.) and Og—H (0.0099/0.0435 a.u.)
respectively.

The third one, of type C—H-:--O, is formed among
the oxygen atom of the C=0 group and the H of C¢—
Hg (0.0211/0.0893 a.u.). This is clearly shown in
Fig. 3 (D conformation).

It is interesting to note that the values of e for
0,---Hsy (B conformer) and O,---H (D conformer)
are large in comparison to the rest. The low values
of the bond angles obtained for these hydrogen bond
interactions could account for this fact.

5. Conclusions

The existence of intramolecular hydrogen bonding
in selected conformations in nucleoside analogues has
been shown at ab initio level of theory.

The Og—H---O, hydrogen bond is a stabilizing
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factor for the minimum energy conformation of
lamivudine. The Bader-type analysis gave the best
understanding of the electronic structure affirming
the utility of this level of calculation to investigate
the electronic structure in biologically important
compounds.
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