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Abstract The structures, energetics, as well as several impor-
tant chemical parameters, of antiretroviral drugs - nucleoside
reverse transcriptase inhibitors (NRTIs) - and natural deoxy-
ribonucleosides in both neutral, and positively and negatively
charged states, are investigated. These studies are carried out
within the frame work of first-principles density-functional
theory (DFT), using the Becke-Lee-Yang-Parr (BLYP) gener-
alized gradient corrections to the local spin density approxi-
mation exchange and correlation energy, norm-conserving
pseudopotentials and a plane-wave expansion of Kohn-Sham
orbitals. Conceptual DFT is used to determine global and local
chemical reactivity parameters. Our results are in good agree-
ment with the best available experiments to date. The variation
in the bond lengths and bond angles on cation formation
indicates that the electron is lost from the base part of these
molecules. Further, the presence of the deoxyribose sugar
moiety lowers their ionization potential and increases their
electron affinity, in comparison to the isolated DNA base.
The effectiveness of the drug action in terminating the viral
DNA chain, is explained using the global reactivity parame-
ters, by comparing the reactivities of the drug molecules with
those of the competing deoxyribonucleosides. The widely
followed clinical practice, of avoiding the simultaneous
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administration of certain drugs, is also explained from the
hardness and softness parameters. For most of the drug mole-
cules, our study validates the generally accepted wisdom, that
monophosphorylation is the crucial reaction step in the phos-
phorylation reaction in DNA nucleotide synthesis.
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Introduction

Deoxyribonucleosides are glycosylamines consisting of a
nucleobase (pyrimidine or purine) bound to a deoxyribose
sugar via a beta-glycosidic linkage. The purine-based deoxy-
ribonucleosides are deoxyadenosine (dA) and deoxyguanosine
(dG), while the pyrimidine-based deoxyribonucleosides are
deoxythymidine(dT) and deoxycytidine(dC). These
deoxyribonucleosides, on phosphorylation at their sugar
primary alcohol (CH,OH) group, get converted to the DNA
molecule building blocks, i.e., deoxyribonucleotides. In
medicine, several deoxyribonucleoside analogues are used as
antiviral drugs and are among the most widely researched
classes of drugs. Nucleoside reverse transcriptase inhibitors
(NRTIs) were the first class of drugs that were introduced as
antiretroviral agents for the treatment of human HIV infection.
NRTIs block the enzymatic function of reverse transcriptase (a
viral DNA polymerase enzyme) and prevent completion of
synthesis of the double-stranded viral DNA, thus preventing
HIV from multiplying. Examples of NRTIs currently approved
[1] for the treatment of HIV infection include deoxycytidine
analogues (Lamivudine (3TC), Zalcitabine (ddC) and Emtrici-
tabine (FTC)), deoxythymidine analogues (Stavudine (d4T)
and Zidovudine (AZT)), deoxyadenosine analogue (Didano-
sine (ddI)) and deoxyguanosine analogue (Abacavir (ABC)).
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As the NRTIs are analogues of the naturally occurring
deoxyribonucleosides needed to synthesize the viral DNA,
hence they compete with the natural deoxyribonucleotides
for phosphorylation and consequent incorporation into the
growing viral DNA chain. Further, unlike the natural deox-
yribonucleotides, NRTIs lack a 3-hydroxyl group on the
deoxyribose moiety. As a result, following incorporation
of an NRTI, the next incoming deoxyribonucleotide cannot
form the next 53" phosphodiester bond needed to extend
the DNA chain. Thus, when an NRTTI is incorporated, viral
DNA synthesis is halted, a process known as chain termi-
nation [2—4]. For NRTIs to be effective against HIV, they
must be taken up by the host cell and then phosphorylated
by cellular enzymes to convert them to their active triphos-
phate analogues. Phosphorylation occurs in three steps. The
first step involves the formation of monophosphate, which
then gets converted to diphosphate and finally to the active
triphosphate. The efficiency and regulation of these path-
ways vary and have not been fully characterized for all the
agents.

In recent years, there have been several experimental and
theoretical studies of biological molecules, such as DNA bases,
and even a few on deoxyribonucleosides and NRTIs. Molec-
ular beams provide the means to determine experimental gas
phase ionization potential and electron affinities [5, 6, 8]. The
first gas phase adiabatic ionization potential (IP) of purine and
pyrimidine bases were measured by photoionization mass
spectrometry [5]. The adiabatic electron affinity of the nucleic
acid bases has been determined by negative ion photoelectron
spectroscopy and by collision with laser-excited Rydberg
atoms [6]. The vertical IP of DNA bases has been calculated
at the B3LYP/6-31++G(d,p) [7], as well as HF/6-31+G(d),
MP2, OVGF-MP2 and PMP2 levels. Ultraviolet photoelectron
spectroscopy has been employed to obtain the vertical ioniza-
tion potentials of volatile nucleoside models [8]. The vertical
and adiabatic ionization potentials of purine deoxyribonucleo-
sides have been calculated at the PMP2/aug-cc-pvdz level [9].
The electron affinities of the deoxyribonucleosides have been
evaluated using the B3LYP hybrid Hartree Fock/ DFT func-
tional with the DZP++ basis set [10].

The few studies of the NRTIs include the determination of
the solvent effects on the molecular structure and energetics of
the most stable conformers of d4T, using MP2 and DFT
methods [11]. Conformational properties and the energy bar-
riers between the anti and the syn configurations of 3TC, ddC,
AZT and d4T molecules have been examined using DFT [12].
The 3TC conformers have been identified by Raman scatter-
ing measurements and quantum chemical DFT calculations
[13]. The effects of intramolecular H-bonds have been deter-
mined through a topological analysis of the Hartree-Fock
electronic charge density in derivatives of 3TC [14] and
AZT [15]. Molecular dynamics simulations of complexes of
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HIV-1 reverse transcriptase with the substrate and the anti-
retrovirals AZT and d4T have been conducted [16]. However,
systematic studies and in particular, detailed analyses of var-
ious properties, of these chemically and biologically important
molecules, are yet to appear.

In this paper, we present a comparative study of the
ground state energies, structures, ionization potentials, elec-
tron affinities and DFT-based global and local chemical
reactivity descriptors of the antiretroviral drugs - nucleoside
reverse transcriptase inhibitors (NRTIs), viz., ddC, 3TC,
FTC, d4T, AZT, ddI and ABC - and their respective deox-
yribonucleosides. The structural properties, the ionization
potentials and electron affinities of the drugs and deoxyri-
bonucleosides are also compared with those of the DNA
bases. Using global reactivity parameters, the reactivities of
the NRTIs toward mono-phosphorylation is compared with
that of their deoxyribonucleosides. These reactivities are
further evaluated using local reactivity parameters, specifi-
cally, the condensed-to-oxygen-atom Fukui function f; on
the primary hydroxyl group present in the sugar moiety.

In the next section, the theoretical framework and the
computational method and details are briefly outlined. The
results of our calculations are presented and discussed in
Results and discussion section. The summary and conclu-
sions of the paper are given in Conclusions section.

Theory and computational details
Theory

As the number of electrons (N) in a many electron
system (such as an atom, ion or molecule) and the
external potential v(7) fix its Hamiltonian, hence all
the properties of the system may be obtained by the
appropriate variations of N and v(?) This approach to
analyzing chemical behavior, termed “conceptual DFT”
[17-22], has been quite successful in providing a theo-
retical basis for popular qualitative chemical descriptors
such as electronegativity (x), chemical potential (W),
chemical hardness (1), chemical softness (S) and electro-
philicity index (w), which describe the reactivity of the
molecule as a whole [23] and are thus known as the
global reactivity parameters.

The absolute electronegativity (x) [24, 25], chemical
potential (1) [26], chemical hardness (1) [27] and chemical
softness (S) [28] may be defined as
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Fig. 1 Optimized structures
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where E(N ) is the electronic energy of the N-electron
system.

The ionization potential(IP) and the electron affinity (EA)
may be expressed, using the finite difference approximation,
as :

IP=E(N-1)—EN)and EA=E(N)—EN+1) (4
The global electrophilicity index (w) [29, 30], given by

w="— (5)

quantifies the tendency of a molecule to accept electrons
from a generic donor.

In various chemical and biological reactions of drugs
with DNA or other molecules, the characterization of active
sites is an important task. The identification of the active
sites in a molecule is made by the calculation of Fukui
functions. The condensed Fukui functions as proposed by

Deoxytymidine (dT)
( 0.091 Hartree / atom.)

Deoxycitidine (dC)
( 0.032 Hartree / atom.)

Yang and Mortier [31], considering a finite difference meth-
od, can be obtained using the Mulliken population analysis
(MPA) scheme as:

S =q(N+1)—q(N) (for nucleophilic attack)  (6)

fr=qNN)—qN -1) (for electrophilic attack)  (7)

fko _ qk(N + 1) ; (N —1)

(for radical attack)  (8)

where g, is the electronic population of atom k in a mole-
cule. A large value of /., orf at any site would indicate
the probability of that respective (nucleophilic, electrophilic
or radical) attack at that site, which would correspond to a
large change in chemical potential. All the local parameters
can be related to the global parameters through the Fukui
functions; thus, for example, the local softness (s(77)) is
related to the global softness (S) through the relation,

s(77)=f(7")S ©)
Computational details
We work within the density functional theory (DFT) ap-

proach [32, 33, 34], including the generalized gradient
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corrections (GGA) to the local spin density approximation
(LSDA) [35]. Valence electrons are treated explicitly and
their wavefunctions are expanded in a plane wave basis set
with an energy cut-off of 70 Ry, while core-valence inter-
actions are described by norm-conserving pseudopotentials
[36], which have been carefully tested for both convergence
and transferability [37—41].

In each case, the molecule is placed in an orthorhombic
simulation cell, whose side ranges in length from 7.5 - 34 A.
The large size of the cell, chosen to be at least twice the
largest dimension of the molecule, ensures a sufficient re-
duction of finite-size effects. In order to avoid the spurious
interactions with the images of the system in neighboring
simulation cells, which occur with the use of periodic
boundary conditions, we adopt an isolated cell approach
following the scheme of Barnett and Landmann [42] and
refined by Tuckerman [43, 44]. For ionized molecules, a
uniformly charged background compensates the molecule
charge.

For the sake of self-consistency within the density functional
theory used, as well as to optimize the trial structure con-
structed, geometry relaxations are carried out on a given mol-
ecule. In this way, the initial guessed system goes to the nearest
local minimum of the potential energy surface, representing a
stable molecular configuration.

The geometry of the molecule is fully relaxed via direct
inversion in iterative subspace (DIIS) [45], as implemented
in the CPMD code [46, 47], until the largest component of
the ionic forces attains a value<5x10* a.u. For these cal-
culations, we use the GGA due to Becke and Lee, Yang and
Parr [48, 49] (BLYP), for the exchange and correlation
functionals, respectively. The ionization potential and elec-
tron affinity of the molecule are then investigated and their
vertical and adiabatic values are obtained. Finally, the DFT-
based global and local chemical reactivity descriptors of
interest defined earlier are calculated.

Results and discussion
Structural properties

The fully optimized structures of the deoxyribonucleosides
and their corresponding analogues (NRTIs) are shown in
Figs. 1 and 2 respectively, with the total energy per atom of
each molecule with reference to that of the lowest energy
molecule (dA and FTC, respectively) indicated in the cap-
tions. The figures (Figs. 1-11), provided in the Supplemen-
tary data, specifically indicate the variation of the bond-
lengths in the cations and anions of the NRTTIs, as compared
to the neutral molecules. In addition, the bond lengths and
bond angles of those nucleoside and NRTIs, whose experi-
mental and theoretical values are available in the literature,
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are also given (Tables I-VIII), in the Supplementary data.
To the best of our knowledge, no theoretical and experimen-
tal data is available for the other molecules. Our results are
in very good agreement with the available experimental
data, giving confidence in the ability of DFT to accurately
describe this class of systems. Our computed bond lengths
of the important glycosidic bond (which joins the purine or
pyramidine base to the deoxyribose in deoxyribonucleosides
or their analogues) are in better agreement with the experi-
mental [50-56] values than earlier theoretical calculations
[10].

An examination of the geometry-optimized structures of
the deoxyribonucleosides and their analogues, shows that the
geometrical variation from the neutral structure is more in the
cations than in the anions. The exception is AZT, the dT
analogue, which has an affinity for an electron due to the
presence of positive charge on the central nitrogen atom of
the N=N=N- (azide group). Consequently, there is a large
variation (0.06 A and 0.11 A) in the N=N=N bond lengths in
the sugar moiety. The N-N-N bond angle also undergoes a
large variation from 172.48° in the neutral to 132.48° in the
anion, indicating a change in hybridization around the central
nitrogen atom from sp to sp, upon acquiring an electron. For
the pyrimidine-based deoxyribonucleosides (dT, dC) and their
analogues, the root mean square (RMS) deviation in bond
length (Table 1) on cation formation is dC (0.023 A)>FTC
(0.020 A)>d4T (0.018 A )>ddC (0.017 A)>dT (0.016 A)>
AZT (0.013 A), whereas on anion formation it is AZT
(0.023 A) >>3TC=FTC (0.010 A)>dC (0.008 A)>d4T
(0.007 A)>ddC (0.006 A). For the purine-based deoxyribo-
nucleosides (dA, dG) and their analogues, the RMS deviation
in bond length on cation formation is dG (0.020 A)>dA=ddI
(0.017 A )>ABC (0.015 A); and on anion formation, it is dA
(0.010 A)>ddI (0.006 A)>dG (0.004 A)>ABC (= 0.0).
Among the deoxyribonucleosides, the smallest variation in
geometry in the anion is found in dG. A similar conclusion
was arrived at from earlier theoretical calculations using
B3LYP/DZP++[10].

The study of the influence of excess charge, upon the
formation of a cation or an anion (which may occur due to
the interaction with an oxidizing or reducing agents or from
exposure to radiation), on different specific bonds gives clues
to the mechanism of bond making and bond cleavage. For
instance, the glycosidic bond elongates (0.02 - 0.03 A) in the
cation in comparison to the neutral molecule, in the purine-
based deoxyribonucleosides and their analogues. Among the
cations of pyrimidine-based deoxyribonucleosides and their
analogues, elongation is only found in the case of dT and its
analogues. There is significant elongation (0.05 A) in the case
of d4T. This implies that exposure to an oxidizing agent or
radiation weakens the glycosidic bond and may cause its
cleavage in the cation. Another important general trend ob-
served in the anions of all the deoxyribonucleosides and their
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Fig. 2 Optimized structures of
NRTI drug molecules

(a) Abacavir (ABC)

(b) Didanosine (ddI)
(2.030 Hartree / atom.)

(1.053 Hartree / atom.)

(¢) Emtricitabine (FTC)

(d)Lamivudine (3TC)
(0.000 Hartree / atom.)

(0.900 Hartree / atom.)

(e) Stavudine (d4T)

(f) Zalcitabine (ddC)
(1.004 Hartree / atom.)

(1.401 Hartree / atom.)

- -

(g) Zidovudine (AZT)
(0.715 Hartree / atom.)
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Table 1 Root mean square de-

viation (RMSD) values of bond Deoxyribonucleosides/  RMSD in bond length RMSD in bond angle
lengths (A) and bond angles(°) analogues (NRTIs)
On cation On cation On anion On anion
formation formation formation formation
dA 0.017 0.010 0.599 0.230
ddr 0.017 0.006 0.629 0.409
dT 0.016 0.010 1.245 1.070
d4T 0.017 0.007 1.259 0.591
AZT 0.013 0.023 1.258 7.883
dG 0.020 0.004 1.144 0.207
ABC 0.015 0.000 0.969 0.038
dc 0.023 0.008 2.096 0.625
FTC 0.020 0.010 2.008 0.654
3TC 0.014 0.010 1.133 0.532
ddC 0.017 0.006 1.997 0.688

analogues, is that the glycosidic bond shortens compared to
their neutral species. A similar trend was observed for
deoxyribonucleosides in earlier theoretical calculations using
B3LYP/DZP++[10]. There is no significant geometric varia-
tion found in the sugar moiety of deoxyribonucleosides and
NRTIs after acquiring charge, implying that the excess charge
resides on the nucleic acid bases. A similar observation was
made earlier from B3LYP/DZP++[10] calculations for the
deoxyribonucleosides.

An interesting trend is observed for the pyrimidine nucle-
oside, dC, and is analogues (3TC, ddC, and FTC), namely,
alternate bond elongation (C4—N3, C,—0,) and bond short-
ening (N;—C,, Ny—C4, N3—C,) in the base on cation forma-
tion. This suggests that the loss of an electron triggers
extensive delocalization in the base moiety of the molecules.
In the case of another pyrimidine nucleoside dT and its ana-
logues (d4T and AZT), the N;'—N¢' bond in the base elongates
significantly by=0.05 A. In the case of the purine nucleosides,
dA and dG, and their analogues ddI and ABC, on cation
formation, there is extensive alternate bond elongation and
bond shortening in both rings of the purine base. We note that,
this trend in the geometric alteration of the base bonds in the
cations of deoxyribonucleosides and NRTIs, indicates that the
electron is lost from the bases of the molecules.

Ionization potential and electron affinity

Table 2 gives the values of the ionization potential (IP) and
the electron affinity (EA), both vertical and adiabatic, as
calculated by us for the DNA bases [59], deoxyribonucleo-
sides and their analogues (NRTIs). The vertical ionization
potential (electron affinity) is the difference in total energies
of the neutral and positively (negatively) charged molecules,
with the molecular geometry having once been optimized in
the neutral state. The adiabatic ionization potential (electron
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affinity) is calculated as the difference in total energies of
the relaxed neutral cluster and the relaxed positively (nega-
tively) charged cluster with the same topology.

It is known [57, 58], from the much higher extinction
coefficient of the bases as compared to the deoxyribose, that
the ionization of the deoxyribonucleosides takes place pre-
dominantly at the base moiety. However, the presence of the
sugar has a strong effect on the energetics of the ionization
of the base. This is reflected in our computed values for the
vertical and adiabatic ionization potentials of the deoxyri-
bonucleosides, which are found to be lower than in their
corresponding bases [59]. The minimum difference in the
vertical ionization potentials is between guanine(G) and dG
(0.082 eV), while the maximum difference is between thy-
mine(T) and dT (0.599 eV). The IP difference between
adenosine(A) and dA is 0.323 eV, and between cytosine
(C) and dC is 0.445 eV.

We find a similar trend for the NRTIs. Our computed values
for the vertical and adiabatic ionization potentials of the NRTIs
are lower than in their corresponding bases. The maximum
difference (0.85 eV) in the vertical IP is between the dG
analogue, ABC and guanine, and the minimum difference
(0.21 eV) is between adenosine and the dA analogue, ddl.
The IP difference between cytosine and the dC analogues
ranges between 0.577 eV- 0.688 eV, and between thymine
and the dT analogue is 0.738 eV (AZT) and 0.554 eV (d4T).
In addition to the above-mentioned features, the computed
vertical IPs are useful for evaluating the reactivity descriptors,
as mentioned earlier.

The adiabatic ionization potential is found to be lower
than the corresponding vertical ionization potential. A sim-
ilar trend was observed in our earlier study of amino acids
[60]. Our result is in accordance with the basic principle that
relaxation stabilizes the molecules. The mean relaxation
energy difference between the vertical and adiabatic IP for
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Table 2 Calculated ionization potentials (IP) (eV), electron affinities chemical softness (S), electrophilicity index (w) and dipole moment
(EA) (eV) and global chemical reactivity descriptors for the molecules : (D.M.). Also given for comparison are the theoretical [10, 71] and
electronegativity (), chemical potential (x), chemical hardness (7), experimental [62, 73] values obtained from the literature

DNA bases[59]/ deoxyribonucleosides/ Vertical [P Adiabatic [P Vertical EA  Adiabatic EA AEA x=—u 7 S w D.M.

analogues (NRTIs) V) eV) V) (eV) D)
Adenosine (A) 7.919 7.756 0.410 0.410 0.000 4.165 3.755 0.133 2307 2.331
B3LYP/DZP++[10] -0.28 2.510
Exp.[62] 0.75

Exp.[73] 2.270
Deoxyadenosine (dA) 7.596 7.451 0.520 0.522 0.002 4.058 3.538 0.141 2.322 4.299
B3LYP/DZP++[10] 0.060 2.390
B3LYP/6-31++G(d,p)[71] [syn] 8.190

B3LYP/6-31++G(d,p)[71] [Anti] 7.860

Didanosine (ddI) 7.709 7.479 0.501 0.581 0.080 4.105 3.604 0.139 2.338 7.331
Thymine (T) 8.578 8.383 —-0.208 0.021 0.229 4.185 4393 0.114 1997 4.474
B3LYP/DZP++[10] 0.20 4.590
Exp.[62] 0.65

Exp.[73] 4.510
Deoxythymidine (dT) 7.979 7.740 0.512 0.585 0.073 4.246 3.734 0.134 2416 4.318
B3LYP/DZP++[10] 0.440 4.460
B3LYP/6-31++G(d,p)[71] [syn] 8.620

B3LYP/6-31++G(d,p)[71] [Anti] 8.310

Stavudine (d4T) 8.024 7.890 0.507 0.528 0.021 4.266 3.759 0.133 2421 5.567
Zidovudine (AZT) 7.840 7.701 0.542 1.039 0.497 4.191 3.649 0.137 2.406 4.343
Guanine (G) 7.527 7.329 0.492 0.493 0.001 4.010 3.518 0.142 2.283 6.791
Exp.[62] 1.05

B3LYP/DZP++[10] -0.07 6.740
Exp.[73] 6.550
Deoxyguanosine (dG) 7.445 7.162 0.430 0.446 0.016 3.938 3.508 0.143 2218 7.021
B3LYP/DZP++[10] 0.090

B3LYP/6-31++G(d,p)[71] [syn] 7.950

B3LYP/6-31++G(d,p)[71] [Anti] 7.570

Abacavir (ABC) 6.672 6.384 0.569 0.570 0.001 3.621 3.051 0.164 2.148 0.964
Cytosine (C) 8.317 8.219 0.449 0.725 0276 4383 3934 0.127 2.440 6.484
B3LYP/DZP++[10] 0.03 6.790
Exp.[62] 0.60

Exp.[73] 6.020
Deoxycytidine (dC) 7.872 7.524 0.534 0.565 0.031 4203 3.669 0.136 2.402 5.898
B3LYP/DZP++[10] - 0.330

B3LYP/6-31++G(d,p)[71] [syn] 8.480

B3LYP/6-31++G(d,p)[71] [Anti] 8.090

Emtricitabine (FTC) 7.740 7.263 0.619 0.658 0.039 4.179 3.560 0.140 2.453 7.286
Lamivudine (3TC) 7.629 7.458 0.503 0.554 0.051 4.065 3.562 0.140 2.320 5.774
Zalcitabine (ddC) 7.748 7.541 0.486 0.500 0.014 4.117 3.631 0.138 2.334 4.228

deoxyribonucleosides and NRTIs is 0.242 eV. Among the  adiabatic IP is useful in the analysis of mechanisms such as
deoxyribonucleosides, the maximum relaxation is found in ~ charge hopping and delocalization in DNA components,
the case of dC (0.348 eV), while among the analogues FTC  during phenomena such as photo-oxidation. For instance,
(0.477 eV) has the maximum relaxation. We note that the  the maximum relaxation, which occurs in the cation of dC
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and its analogue, is due to extensive delocalization in the
base part of these molecules, as was explained earlier in the
discussion on the structural properties.

The experimental determination of the electron affinities
(EA) for chemical systems such as drugs and biomolecules
is a challenge. To the best of our knowledge, there are no
available experimental electron affinity values for deoxyri-
bonucleosides and NRTIs. Hence, theoretical calculations
[61] of the EAs are particularly useful, as the EAs are
essential not only for evaluating the reactivity descriptors,
but also for explaining phenomena such as donor-acceptor
interactions [62].

The most commonly employed method for the theoretical
determination of EAs is DFT. It can be applied to a larger
range of atoms and molecules [63] than any other ab initio
method currently in use. In addition to the conventional ab
initio methods (SCF, CI, MPn, and CC), other theoretical
methods for predicting EAs include Green’s function methods
[64], those based on the extended Koopmans’ theorem [65],
electron propagator approximations [66], and calculations
from known experimental half-wave reduction potentials
[67]. EAs obtained with DFT methods are fairly accurate
(within 0.2 eV or less) in most cases [63].

We note that the experimental estimates of the EAs for
the DNA bases are sometimes inconsistent [10, 62]: while
some reported values are positive, others give the same
value as negative. Our computed values for the EA of the
DNA bases, reported in an earlier work [59], are consistent
with the data from electron capture experiments [62].

A measure of understanding of the EAs may be obtained
by an examination of the dipole moment values, given in
Table 2; and the geometry relaxations upon anion formation,
given in Table 1. We note that our computed dipole
moments for the DNA bases are in better agreement with
the experimental values than earlier theoretical calculations
using B3LYP/DZP++[10]. Except abacavir (ABC), all the
deoxyribonucleosides and analogues (NRTIs) have large
dipole moments. Further, there is not much geometry relax-
ation upon anion formation, so that the difference between
the vertical and adiabatic EA is small(seen in the negligible
RMSD (0.042 eV)). Hence, the large EA in these molecules
may be attributed to the formation of dipole-bound anions
[10, 68, 69]. On the other hand, in the case of AZT, though
the dipole moment is large, there is a large geometry relax-
ation around the azide group upon anion formation. This is
also reflected in the large difference (0.497 eV) between the
vertical and adiabatic EA. Hence, in this case, the large
value of the EA may be attributed to the accommodation
of the electron over the entire molecule.

The presence of the deoxyribose would also be expected
to alter the values of the EA of the deoxyribonucleosides or
their analogues, as compared to the base. We have found an
increase in the EA of the deoxyribonucleosides (except for
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Guanine) over the isolated base counterparts. A similar
trend has also been obtained by other investigators using
B3LYP/DZP++[10]. The adiabatic EA of all the NRTIs
(except dC analogues) have been found to be higher than
the corresponding bases.

Global chemical reactivity descriptors

A quantitative analysis of the reactivity of the molecule is
obtained by the determination of the global reactivity descrip-
tors, for which the accurately evaluated vertical ionization
potential and electron affinity may be used. The values of
the global reactivity descriptors, calculated for each of the
drug molecules and for the deoxyribonucleosides, using the
vertical IP and EA, are given in Table 2. Electronegativity (x),
which is the negative of the chemical potential (i), is a
measure of the tendency of the molecule to attract electrons.
The dA analogue, ddI, has a higher electonegativity
(4.105 eV) than dA (4.058 eV). For the dT analogues, d4T
and AZT, the values are 4.266 eV and 4.191 eV, respectively,
whereas for dT it is 4.246 eV. ABC, the dG analogue, has a
value 3.621 eV, whereas its counterpart dG has a value
3.938 eV. The electronegativity of the dC analogues, viz.
3TC, ddC and FTC are 4.065 eV, 4.117 €V and 4.179 €V,
respectively, whereas for dC it is 4.203 eV. Among the deox-
yribonucleosides, the electronegativity decreases in the order
dT>dC>dA>dG.

Hardness is a direct measure of the stability of a molecule,
and softness provides a measure of its reactivity. The computed
chemical hardness (1) for the NRTIs ranges from 3.051 eV to
3.759 eV, whereas for the corresponding deoxyribonucleosides
it ranges between 3.508 eV and 3.734 eV. The hardness values
of the NRTIs, with the exception of d4T among the dT ana-
logues, and ddI among the dA analogues, are found to be lower
than the values for the corresponding nuleosides. This indi-
cates that these drugs have a higher tendency to undergo
phosphorylation compared to their natural deoxyribonucleo-
sides, enabling them to successfully get incorporated into the
viral DNA, and causing chain termination. Thus, this explains
why these drugs are effective in drug action. We note that
among the dC analogues, ddC has the maximum hardness
(Mm=3.631 eV). This is in line with the experimental finding
[72] that ddC is the least potent among the dC analogues.

Normally, a combination of two or three drugs is often
administered clinically. However, certain drugs are not admin-
istered together, for example, 3TC and ddC. The reason for
this can be understood from the hardness and softness param-
eters of these drugs. Both these drugs compete for the attach-
ment to the phosphate group, and as 3TC has a hardness value
(m=3.562) lower than that of ddC (n=3.631 ¢V), 3TC will
attach itself to the phosphorous of the phosphate group, pre-
venting the attachment of ddC during phosphorylation.
Hence, for both these drugs to be effective, 3TC and ddC
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should not be administered together, a fact that is part of
clinical wisdom. Our study also indicates that among the dT
analogues, d4T is more stable M=3.759 eV) than AZT (=
3.631 eV), and has a stability comparable to that of dT (=
3.734 eV). Our results explain the prevention of the simulta-
neous use of AZT along with d4T, as the former can inhibit the
intracellular phosphorylation of d4T. Among the NRTIs, ABC
is found to have a hardness value (n=3.051 eV) which differs
the maximum (0.457 eV) from its corresponding nucleoside,
dG n=3.508 eV).

Local chemical reactivity descriptors

One of the quantum chemical tools widely used to probe the
reactive sites in a molecule is the Fukui function [20, 31]. In
order to probe the reactivity toward monophosphorylation
(Fig. 3) of various NRTIs and the deoxyribonucleosides, the
condensed-to-oxygen-atom Fukui function fj; was evaluat-
ed at the primary hydroxyl group of the Cs site of these
molecules (Table 3). f; , indicates the decrease in negative
charge from the site k(oxygen atom), upon the removal of
one electron from the molecule. The greater the magnitude
of fr , the greater the loss in charge on the oxygen atom and
consequently, the greater the increase in charge on the
phosphorous, i.e., there is charge density transfer from the
oxygen to the phosphorous of the phosphate group, and
hence the molecule (NRTI or its analogue) has undergone
monophosphorylation.

We note that the condensed Fukui function is a local
reactivity descriptor and can be used only for comparing the
reactive atomic centers within the same molecule. As men-
tioned earlier, the local softness indices s(7) are closely related
to fy , for comparing the reactivity of sites on different mol-
ecules. It is clear from Table 3, that except for AZT and 3TC,
for all the other NRTTs, the condensed-to-oxygen-atom local
softness value is greater than for the corresponding deoxyri-
bonucleoside. We note also that the trend in the local softness

of the molecules is the same as that of the Fukui function. In
the case of the deoxyribonucleosides, upon removal of an
electron, the decrease in negative charge on the deoxyribose
moiety is shared by the two hydroxyl groups present at C;' and
Cs' positions. On the other hand in the analogues (NRTIs), the
sugar moiety has only one hydroxyl group at Cs’ position.
Hence, in the NRTIs, upon removal of an electron, the de-
crease in the negative charge occurs from the Cs' hydroxyl
oxygen. So, the loss in negative charge from the Cs" hydroxyl
oxygen is larger in the NRTIs than in the corresponding
deoxyribonucleosides, thus rendering the drugs more active
for monophosphorylation. This is in consonance with the
general understanding in the literature [74], obtained through
various experiments, that monophosphorylation is the crucial
step in the phosphorylation of the NRTIs.

For the drugs AZT and 3TC, however, it would appear
that monophosphorylation is not the rate-determining step in
the phosphorylation reactions. This may be understood as
follows: For AZT, the smaller value of the condensed-to-
oxygen-atom Fukui function for the Cs' hydroxyl oxygen
(fr =0.015) is due to the presence of the azide group at the
C3' position (the terminal nitrogens of the azide group
(N=N=N-) have f; values (0.113 and=0.069)). This indi-
cates that the maximum decrease in negative charge in the
deoxyribose moiety is from the azide group and not from the
Cs' hydroxyl oxygen. Similarly, in 3TC, the smaller value of
fr (= 0.029) on the Cs' hydroxyl oxygen is due to the
presence of a sulphur atom in the deoxyribose moiety at the
3’ position (f;; =0.141).

Table 3 indicates the order of effectiveness of the differ-
ent drugs within the same category. We find d4T and ddC to
be the most effective among their respective categories, in
contradiction to the experimental finding that they are least
effective in their respective categories. Once again, this
seems to indicate that for AZT and 3TC, monophosphory-
lation is not the rate-determining step in the phosphorylation
reactions. Further work, on the di-and tri-phosphorylation

Table 3 Calculated electronic

population g and the local Deoxyribonucleosides/ qx(N) aN-1)  fi =laN)—qe(N —1)] s(r) o(r)

chemical reactivity descriptors, analogues (NRTIs)

viz., Fukui function (f,~ )for

electrophilic attack, local soft- dA -0.364 —0.360 0.004 0.0006 0.0093

ness (s(7)) and philicity (o(7)),  ddI -0.389  —0.300 0.089 0.0124  0.2081

at the 5" O atom, for the deoxy- 4y ~0368  —0.328 0.040 0.0054  0.0966

ribonucleosides and their ana-

logues (NRTIS) d4T -087  -0.319 0.068 0.0090  0.1646
AZT —0.379 —0.364 0.015 0.0020 0.0361
dG —0.366 -0.357 0.009 0.0013 0.0200
ABC —0.373 -0.352 0.021 0.0034 0.0451
dC —0.369 -0.327 0.042 0.0057 0.1009
FTC —0.370 -0.319 0.051 0.0071 0.1251
3TC —0.382 —0.353 0.029 0.0041 0.0673
ddC -0.370 —0.285 0.085 0.0117 0.1984
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reactions, would be required to clarify these issues. In addi-
tion to the studied descriptors, several other factors such as
the nature of the target, concentration of the drugs at the
active sites and their dependence on pharmacokinetic factors
such as adsorption, distribution, metabolism and excretion
would also need to be taken into account.

Conclusions

We have carried out detailed first-principles density functional
calculations of the structures, energetics, ionization potentials,
electron affinities and various global chemical reactivity
descriptors of the NRTI drug molecules and their respective
deoxyribonucleosides, in both neutral and charged states.

The bond lengths and bond angles determined by geom-
etry optimization are in good agreement with the experi-
mental results available in the literature for several of the
drugs, such as 3TC, d4T, ddC and AZT, giving confidence
in the ability of DFT to accurately describe this class of
systems. The geometry-optimized structures of the deoxy-
ribonucleosides and their analogues show that the geomet-
rical variation from the neutral structure, is greater in the
cations, than in the anions, except in the case of AZT. In the
pyrimidine-based nucleosides and their analogues, there is
alternate bond elongation and bond shortening in the base
bonds on cation formation, suggesting extensive delocaliza-
tion in the base moiety of the cations. The glycosidic bond
becomes weaker in the cation, which implies that exposure
to an oxidizing agent or radiation may cause its cleavage;
and, it becomes stronger in the anion. There is no significant
variation in the sugar moiety of the anion, implying that the
excess charge resides on the nucleic acid bases of these
molecules.

The presence of the sugar has a strong effect on the
energetics of the ionization of the base in both deoxyribo-
nucleosides and NRTIs, and their computed vertical and
adiabatic IPs are lower than in the corresponding bases.
On the other hand, the EAs of these molecules are found
to be higher than those of their corresponding bases.

Using global reactivity parameters, the reactivity of the
drug molecules toward phosphorylation is compared with that
of'the corresponding deoxyribonucleosides, and is found to be
greater than that of the latter in all cases except d4T and ddl.
Importantly, this explains the effectiveness of the drug action
in the chain termination of the viral DNA. Using hardness and
softness parameters, we are also able to understand how
certain drugs compete with each other for phosphorylation,
thus rendering one of them ineffective. This helps to explain
the clinical practice of avoiding the simultaneous administra-
tion of these drugs. Our study using local reactivity parameters
confirms, for all the NRTIs except AZT and 3TC, the accepted
wisdom that monophosphorylation is the crucial step in the

@ Springer

phosphorylation reaction in DNA nucleotide synthesis. Inspite
of our ability to describe the activity of most of the NRTIs
from just the global and local chemical descriptors, clearly
several other factors would be expected to play an important
role in such complex biochemical processes. Hence, a more
complete study in the future would explain the role of factors
such as the nature of the target, the concentration of drugs at
the active site etc., which in turn would depend on pharmaco-
kinetic factors such as adsorption, distribution, metabolism
and excretion.
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