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Abstract Reactions of the sulphonium ion of sulphur
mustard (SMH) at the N7, N3 and O6 sites of guanine, N7,
N3 and N1 sites of adenine, O2 and N3 sites of cytosine
and O2 and O4 sites of thymine were studied theoretically
in gas phase and aqueous media employing density func-
tional theory (DFT) and second order Mgller—Plesset
perturbation (MP2) theory. The B3LYP, B3PW91 and
B1B95 functionals of DFT and the 6-31+G* and AUG-cc-
pVDZ basis sets were used in the calculations. Basis set
superposition error was treated using the counterpoise
method by single point energy calculations at the B3LYP/
6-314+-G* level in gas phase. The present study explains the
mechanism of alkylation of the DNA bases and shows that
SM ™! would form stable adducts at the endocyclic nitrogen
sites of the DNA bases, and at the O6 site of guanine and
the O2 site of cytosine. Formation of adducts at the N7 site
of guanine and N3 site of adenine are found to be most
favored and next most favored respectively, which agrees
with experimental observations.

Keywords Chemical warfare agent - Sulphur mustard -
Sulphonium ion - DNA bases - Chemical reactions

1 Introduction

Sulphur mustard (SM), also known as mustard gas and by
other names, is a highly toxic vesicant and has been fre-
quently used for many years as an effective chemical
weapon in several military conflicts and terrorist attacks
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[1-3]. It was mainly developed and employed as a chemi-
cal weapon for the first time in the World War I and was
also recently used on a large scale in the Iran—Iraq war [1-
3]. Exposure of human victims to SM can cause a wide
variety of deleterious consequences such as eye and skin
injury, respiratory tract damage, reproductive and devel-
opmental toxicity, gastrointestinal effects, hematological
disorders, chromosomal aberrations, delayed bone marrow
depression and sometimes even death [1-6]. It has also
been reported to be mutagenic and carcinogenic [1, 7]. SM
can enter the human body through many routes including
inhalation and skin contact [1, 8]. Damages caused by SM
exposure have been found to be dose, time and route-
dependent [1, 8]. There are also a few reports in the litera-
ture on the use of SM for therapeutic purposes [1, 2].
Here, it may be mentioned that some analogues of SM,
e.g., nitrogen mustards (NM) have been widely used as
drugs for the treatment of a number of human cancers
[9, 10].

It is easy and cheap to manufacture SM on a large scale
and large stockpiles of SM are still present in many
countries in spite of international agreements like Chemical
Weapons Convention (CWC) that prohibit development,
production, stockpiling and use of such chemically haz-
ardous materials [1, 2, 4]. Thus SM, as a powerful chemical
weapon, continues to be a serious threat to humanity [1, 2,
4]. Due to this reason, toxicological aspects of SM have
been studied for a long time with the aim to evaluate
complications caused by it and to develop effective therapy
and preventive measures to deal with the same [1-8, 11—
16]. However, until now no effective therapy against the
various complications caused by SM has been found [1, 8,
11-16].

SM, like other mustards, is a potent alkylating agent that
can react with nucleophilic centers of almost all the classes
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of biomolecules such as DNA, RNA and proteins [1, 6, 8,
11]. Alkylation of DNA by SM is well-documented and is
considered to be the principal cause of its observed toxicity
[1, 8, 17]. Alkylation by SM induces several types of
lesions including formation of monoadducts due to its
single binding to the DNA bases and biadducts due to inter-
and intra-strand crosslinking of the same [1, 6, 8, 17]. The
major alkylation site of SM is the N7 atom of guanine [17,
18]. Thus, its main reaction products with DNA are either
monoadducts involving the N7 site of single guanines or
biadducts involving the N7 sites of two guanines through
crosslinking [17, 18]. Alkylation of the N3 site of adenine
and O6 site of guanine by SM has also been reported [18-
20].

SM before reacting with the target molecules, e.g., the
DNA bases, undergoes a cyclization process to form its
sulphonium ion by spontaneously losing a chloride ion
from one of its 2-chloroethyl side chains in aqueous media
[1, 21]. This sulphonium ion is a reactive intermediate and
is capable of alkylating different sites of the DNA bases
[1, 21]. Following monoalkylation, there are two main
possibilities depending on how the second 2-chloroethyl
group of SM behaves: (1) it can also cyclize to form the
sulphonium ion following removal of the chloride ion that
can alkylate another base site to produce a biadduct, e.g.,
bis[2-(guanin-7-yl)ethyl] sulphide [18], or (2) it can react
with water to yield 2-(hydroxy-ethyl) monoadducts, e.g.,
N7-[2-[(2-hydroxy-ethyl)thio]ethyl]guanine [18].

In spite of the various previous studies on SM [1-8, 11—
21], it has not yet been explained as to why the N7 site of
guanine is the most preferred one for its reaction among the
different sites of the DNA bases. It would require a detailed
study of reactions of SM with all the DNA bases. A detailed
study of this problem may also be useful in unraveling the
mechanisms of observed toxicity of SM, in developing
effective therapies against it, and to find explanation for
differences between the observed properties of nitrogen and
sulphur mustards. With this objective, we have studied here
the addition reactions of the sulphonium ion at the N7, N3
and O6 sites of guanine, N7, N3 and N1 sites of adenine,
02 and N3 sites of cytosine and O2 and O4 sites of thymine
bases of DNA in gas phase and aqueous media.

2 Computational details

Geometries of SM and its sulphonium ion (SMH) formed
by the loss of one chloride ion and those of the DNA bases
(guanine, adenine, cytosine and thymine) were fully opti-
mized using the B3LYP, B3PW91 and BIB95 hybrid
functionals of the density functional theory (DFT) and the
6-314+-G* basis set in gas phase [22-25]. Geometries of
transition states and adducts involved in the reactions of

@ Springer

SM*! at the N7, N3 and 06 sites of guanine, N7, N3 and
N1 sites of adenine, O2 and N3 sites of cytosine and O2
and O4 sites of thymine were also fully optimized at all the
above-mentioned levels of theory in gas phase. While the
B3LYP functional is a commonly used functional of DFT,
it has been shown that the B1B95 functional gives reliable
barrier energies for nucleophilic substitution, unimolecular
and association reactions [26, 27]. The B3PWO91 functional
has been used as an additional choice for the calculations.
The different transition states and adducts involved in the
reactions studied here have been denoted as X-Y, where X
stands for a transition state (TS) or adduct (Ad), Y stands
for any of the four DNA bases (G, A, C or T) and Z stands
for the site of alkylation of the molecule under consider-
ation. Single point (SP) energy calculations were
performed for all the gas phase B3LYP/6-31+G* opti-
mized geometries at the B3ALYP/AUG-cc-pVDZ and MP2/
6-31+G* levels of theory [28, 29] in gas phase. Basis set
superposition error (BSSE) was obtained by single point
energy calculations with the counterpoise correction
approach [30, 31] at the B3LYP/6-314+G* level of theory
in gas phase.

It has been found in many cases that solvent effect sig-
nificantly influences the stability, structure, spectra and
properties of different molecules [32-43]. The solvent
effect is generally accounted for in two different ways, i.e.,
by using the ab initio or classical dynamics involving a large
number of specific solvent molecules, or by using a reaction
field continuum model where a bulk of the solvent medium
instead of specific solvent molecules is considered. The
polarizable continuum model (PCM) has been reported to
be a successful method for the study of solvent effect [32,
34, 42, 43]. In order to take into account the solvent effect in
the present study, we have employed the second approach,
i.e., the PCM as implemented in the Gaussian98 package
[44]. Thus single point energy calculations in aqueous
media were performed employing the PCM at the B3LYP/
AUG-cc-pVDZ and MP2/6-314+-G* levels of theory using
the B3LYP/6-314+G* optimized geometries and at the
B3PW91/AUG-cc-pVDZ level using the B3PWOIl/
6-31+G* optimized geometries. Geometry optimization
calculations in aqueous media using the PCM were also
performed at the B3LYP/6-31+G* level of theory for all
the cases and at the B3PW91/6-314-G* level for some
selected cases.

Vibrational frequency analysis was performed for all the
optimized structures at the B3LYP/6-314+G*, B1B95/6-
31+G* and B3PWO91/6-314+-G* levels of theory in gas
phase and at the B3LYP/6-31+G* level of theory in
aqueous media to ensure that each total energy minimum
had all real frequencies and each transition state had only
one imaginary frequency. Genuineness of the calculated
transition states was ensured by visually examining the
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vibrational modes of the imaginary frequencies and
applying the condition that these connected the corre-
sponding reactants and adducts properly. As the reactions
involved a single step each and the vibrational modes
corresponding to the imaginary frequencies at the transition
states clearly showed formation of the products and their
dissociation into the reactants in each case, intrinsic reac-
tion coordinate (IRC) calculations [45] usually carried out
to ensure genuineness of transition states, were not con-
sidered to be necessary.

Gibbs free energies at 298.15 K were obtained for all
the cases at the B3LYP/6-31+G*, B1B95/6-31+G* and
B3PW91/6-31+G* levels of theory in gas phase and at the
B3LYP/6-314-G* level of theory in aqueous media. As an
approximation, the thermal energy correction giving Gibbs
free energy obtained at the B3LYP/6-314-G* level of
theory in gas phase for each species was applied to the total
energies obtained at the B3LYP/AUG-cc-pVDZ and MP2/
6-314-G* levels of theory also, in both gas phase and
aqueous media, and this correction was also applied to the
corresponding counterpoise-corrected total energy obtained
at the B3LYP/6-314+-G* level of theory in gas phase. To
obtain Gibbs free energies at the B3PW91/AUG-cc-pVDZ
level in aqueous media, thermal energy corrections
obtained at the B3PW91/6-314+G* level of theory were
used. The reaction barrier energy in each case was obtained

Fig. 1 a Structure of sulphur
mustard and b structure of its
sulphonium ion (SM*1). Some
optimized geometrical
parameters (A, deg.) obtained at
the B3LYP/6-314+-G* level of
theory in aqueous media are
given

H4'

as the difference between the Gibbs free energy of the
transition state and the sum of the corresponding Gibbs free
energies of the isolated reactants. Similarly, the binding
energy of each adduct was obtained as the difference
between the Gibbs free energy of the adduct and the sum of
the Gibbs free energies of the corresponding isolated
reactants. All the calculations were performed using the
Windows version of Gaussian 98 (G98W) package [44].
The GaussView program was used for visualization of
optimized structures and vibrational modes [46].

3 Results and discussion

Structures of SM and its sulphonium ion (SM™') along
with the values of certain optimized geometrical parame-
ters obtained at the B3LYP/6-314-G* level of theory in
aqueous media are presented in Fig. 1. The distances
between the two chlorine atoms Cl1 and CI2 in SM were
found to be 7.54 and 6.98 A in gas phase and aqueous
media respectively at the B3LYP/6-314+G* level of theory.
The corresponding distance in gas phase was obtained as
7.32 and 6.67 A at the B3PW91/6-31+G* and B1B95/6-
314+G* levels of theory respectively. These distances in
both gas phase and aqueous media are appreciably less
than the length required for crosslinking the N7 sites of

CI'Cll=C4'CI2=1.84
H1" C1'C2'=C3'C4'=1.52
I HI' C2'S1=C3'S1=1.84

CIICI2=6.98

C2'S1 C3'=102.1
Cl1

CIICI'C2'=110.2

S1 CIlIC1'C2'S1=179

H2" H2'

(@ CliCI'=1.81
Cl'C2=1.52
S1C2'= 1.85
Hi® S1C3'= S1C4'= 1.86
C3'C4=1.47
S1C4'C3'= S1C3'C4'= 66.8
Hi' C3'S1C4'= 46.4
CIICI'C2'S1= 176

..

(b)
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guanines located on the opposite strands of B DNA (8.9 A)
[47] which suggests that SM would not easily form inter-
strand crosslinked products involving the N7 sites of
guanines. However, it is observed that SM does form
interstrand crosslinked products involving the N7 sites of
guanines [17, 18]. This discrepancy can be explained by
considering a bend in the DNA structure that may be
associated with cross linking. This possibility is supported
by the fact that the nitrogen mustard mechlorethamine
(chlorine—chlorine distance 7.04 A) [9] is involved in
crosslinking of the N7 sites of guanines on the opposite
DNA strands where a bend of ~12.4-16.8° in DNA has
been found [47].

3.1 Barrier energies

We found that the alkylation reactions of SM™" at the N7,
06 and N3 sites of guanine, N7, N3 and N1 sites of adenine,
02 and N3 sites of cytosine and O2 and O4 sites of thymine
at different levels of theory in gas phase and aqueous media
involve a transition state each and the nature of the transi-
tion states was found to be of Sy2 type. Optimized
structures of the various transition states involved in
alkylation at the different sites of guanine, adenine, cytosine
and thymine obtained at the B3LYP/6-314+G* level of
theory in aqueous media along with the relative Gibbs free
energies at 298.15 K obtained at the MP2/6-314+G* level of
theory in aqueous media with respect to those of the tran-
sition states TS-Gp7, TS-Apnz, TS-Co, and TS-Tou
respectively are shown in Fig. 2. The barrier energies
involved in the reactions of SM™" at the different sites of
guanine, adenine, cytosine and thymine obtained at the
different levels of theory in gas phase and aqueous media
are presented in Table 1. In going from B3LYP/6-31+G* to
B3LYP/AUG-cc-pVDZ(SP) level of theory in gas phase,
the calculated barrier and binding energies do not change
significantly (Tables 1, 2). Further, all the calculated
binding energies and seven out of the ten calculated barrier
energies have changed by less than 10% in going from
B3LYP/6-314+G* to B3LYP/AUG-cc-pVDZ(SP) level of
theory in gas phase (Tables 1, 2). Thus, the change in the
basis set does not affect the calculated results significantly.

The alkylation barrier energies for the N7 and O6 sites
of guanine are large negative while those for the N3 site of
guanine are quite appreciable and positive at all the levels
of theory in gas phase (Table 1). Further, the magnitudes of
barrier energies at the B1B95/6-314G* level of theory are
larger by 2.2-2.9 kcal/mol and by ~ 1 kcal/mol than those
obtained at the B3LYP/6-31+G* and B3PW91/6-314+-G*
levels of theory in gas phase respectively. The counter-
poise-corrected and uncorrected barrier energies for the
N7, O6 and N3 sites of guanine are also similar, the extent
of correction being ~ 1 kcal/mol at the B3LYP/6-314-G*
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level of theory in gas phase (Table 1). The calculated
negative barrier energies show that alkylation at the N7 and
06 sites of guanine in gas phase by SM*! would be bar-
rierless. However, in going from gas phase to aqueous
media, the alkylation barrier energies for all the three sites
of guanine are found to be enhanced greatly at the different
levels of theory. Thus all the barrier energies in aqueous
media are positive and follow the order N7 < O6 < N3
at the B3LYP/AUG-cc-pVDZ(SP), B3PW91/AUG-cc-
pVDZ(SP) and MP2/6-31+G*(SP) levels of theory
(Table 1). The alkylation barrier energies for the N7, O6
and N3 sites of guanine are found to be 12.4, 14.7 and
20.6 kcal/mol at the MP2/6-314+-G*(SP) level of theory in
aqueous media respectively (Table 1).

As the alkylation barrier energies at the N7, O6 and N3
sites of guanine are increased dramatically at the single point
energy level calculations in aqueous media using PCM, we
performed full geometry optimization calculations in
aqueous using PCM at the B3LYP/6-314G* level for all the
three sites of guanine and at the B3PW91/6-314+G* level for
the N7 site of guanine. The alkylation barrier energies for the
N7, 06 and N3 sites of guanine in aqueous media were thus
found at the B3LYP/6-314+G* level of theory to be 12.9,
14.7 and 19.9 kcal/mol respectively (Table 1). The barrier
energy in aqueous media for the N7 site of guanine at the
B3PW91/6-31+G* level by full geometry optimization was
found to be 14.2 kcal/mol. These barrier energies are quite
similar to those obtained by single point energy PCM cal-
culations at the different levels of theory (Table 1). It shows
that the barrier energies obtained by single point energy
PCM calculations in aqueous media are reliable. The above
discussion also shows that for alkylation of guanine by
SM+1, the N7 site would be most favored while the N3 site
would be least favored.

The barrier energies for alkylation at the different sites
of adenine by SM™' obtained at the different levels of
theory in gas phase follow the order N3 ~ N1 < N7
(Table 1). The counterpoise-corrected barrier energies at
the N3, N1 and N7 sites of adenine obtained at the B3LYP/
6-314+-G* level in gas phase were also found to follow the
same order. In going from gas phase to aqueous media, the
calculated barrier energies for all the N7, N3 and N1 sites
of adenine were found to be enhanced by 12—15 kcal/mol
and follow the order N3 < N1 < N7, the lowest barrier
energy corresponding to the N3 site being ~ 15 kcal/mol
at the B3LYP/AUG-cc-pVDZ(SP), B3PW91/AUG-cc-
pVDZ(SP) and MP2/6-31+G*(SP) levels of theory
(Table 1). The alkylation barrier energies obtained by full
geometry optimization in aqueous media employing PCM
at the BALYP/6-31+G* level of theory for the three sites of
adenine were found to lie in the range of 14-17 kcal/mol
(Table 1). We also performed full geometry optimization
in aqueous media for the N3 site of adenine at the
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Fig. 2 Structures of transition states involved in the reactions of
sulphonium ion (SM“) at the N7, O6 and N3 sites of guanine (a—c),
N3, N1 and N7 sites of adenine (d—f), O2 and N3 sites of cytosine
(g, h), and O4 and O2 sites of thymine (i, j) obtained at the B3LYP/6-
314G* level of theory in aqueous media. Relative Gibbs free energies

B3PW91/6-31+G* level and the corresponding barrier
energy was found to be 16.4 kcal/mol. We note that the
barrier energies obtained by single point energy PCM
calculations for alkylation of the three sires of adenine are
similar to those obtained by geometry optimization in
aqueous media. On the basis of the above-mentioned
results (Table 1) and also the fact that the N1 site of ade-
nine would be involved in hydrogen bonding with thymine
in DNA, it appears that the N3 and N7 sites of adenine in

(e) TS-An; (0.89)

(i) TS-To4 (0.0) (j) TS-To2 (1.82)

(kcal/mol) of transition states (a—c), (d-f), (g, h) and (i, j), obtained at
MP2/6-31+G*(SP) level of theory in aqueous media, are given in
parentheses with respect to that of the transition states a TS-Gyy,
d TS-Ans, g TS—Cop, and i TS-To4 respectively

DNA would be its most and least favored sites for alkyl-
ation respectively. Thus an interesting difference between
the N7 sites of guanine and adenine with regard to alkyl-
ation by SMH s brought out. That is, while the N7 site is
most favored in guanine, the corresponding (N7) site is
least favored in adenine for alkylation by SM™".

The negative values of gas phase alkylation barrier
energies corresponding to the O2 and N3 sites of cytosine
obtained at all the levels of theory reveal that alkylation at
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Table 1 Barrier energies (kcal/mol) for addition reactions of the sulphonium ion (SM+1) at the different sites of the DNA bases obtained at
various levels of theory in gas phase and aqueous media

Base and  Gas phase
site

Aqueous media

Optimization Single point” Optimization Single point®

B3LYP/6- B3PWOl1/6- B1B95/6- B3LYP/AUG- MP2/6- B3LYP/6-  B3LYP/AUG- B3PW91/AUG- MP2/6-

31+G** 314+G* 31+G* cc-pVDZ 314+G*  31+G* cc-pVDZ cc-pVDZ 314+G*
Guanine
N7 —10.7 (=9.8) —9.3 —8.2 —11.4 —10.9 12.9 15.2 13.7 12.4
N3 12.0 (13.2) 13.5 14.2 11.3 10.2 19.9 26.3 21.5 20.6
06 —11.5 (-10.6) —9.6 —8.6 —-12.0 —10.4 14.7 15.6 15.7 14.7
Adenine
N7 6.2 (7.2) 7.7 9.2 59 3.8 17.2 19.9 19.5 17.1
N3 2.7 (3.4) 4.0 55 1.8 2.0 14.3 14.7 15.6 15.2
N1 2.8 (3.6) 39 44 2.5 0.6 16.0 17.9 17.9 16.0
Cytosine
02 —12.5 (-11.6) —10.9 —-9.8 —12.6 —13.2 12.8 10.5 13.5 10.3
N3 =57 (=47 42 —3.6 —6.0 -59 15.2 14.3 159 15.3
Thymine
02 5.2 (6.0) 7.3 9.1 44 8.1 20.0 18.1 20.7 21.5
04 33 @4.1) 52 6.2 2.5 6.2 20.2 16.7 19.3 19.7

# Counterpoise-corrected barrier energies are given in parentheses

® Single point energy calculations at the B3LYP/AUG-cc-pVDZ and MP2/6-314+-G* levels were performed using the gas phase B3LYP/6-
31+G* optimized geometry while single point energy calculations at the B3PW91/AUG-cc-pVDZ level were performed using the gas phase
B3PW91/6-31+G* optimized geometry

Table 2 Binding energies (kcal/mol) of adducts formed by alkylation of the DNA bases at their different sites by the sulphonium ion (SM™")
obtained at various levels of theory in gas phase and aqueous media

Adduct  Gas phase Aqueous media

Optimization Single point® Optimization ~ Single point”

B3LYP/ B3PW91/ B1B95/  B3LYP/AUG- MP2/ B3LYP/ B3LYP/AUG- B3PW91/AUG- MP2/

6-31+G** 6-31+G*  6-31+G* cc-pVDZ 6-31+G*  6-314-G* cc-pVDZ cc-pVDZ 6-31+G*
Ad-Gn; —36.0 (=34.3) -36.5 —34.5 —36.5 —38.5 —22.6 —22.5 —22.7 —26.5
Ad-Gn; —154 (—13.6) —15.2 —144 —-17.0 —19.7 -9.6 —10.6 —11.1 —18.3
Ad-Gpe —25.3 (—24.8) —244 —23.1 —253 —24.5 —6.1 —6.8 —5.8 —-10.2
Ad-An; —23.0(-21.2) -232 —20.6 —23.6 -259 —14.1 —17.6 —20.3 —12.9
Ad-Ans  —28.8 (—27.1) —28.7 -27.5 —29.6 —31.2 —16.6 —23.6 —23.1 —19.1
Ad-An;  —28.0 (=26.3) 279 —26.5 —28.9 -31.6 —17.1 -20.9 —23.1 —16.9
Ad-Cp, —30.2(-285) —294 —28.6 —-29.3 -31.2 —11.5 —13.6 —-17.0 —11.4
Ad-Cn; —30.6 (—28.6) —30.8 —30.4 —30.8 —35.0 —17.9 —20.2 —24.9 —18.2
Ad-To, —4.7(-3.2) =37 -29 —5.1 —4.8 3.7 -0.9 —-14 4.7
Ad-Tos —94(-7.9) —8.6 =7.7 -9.7 -9.1 0.5 —24 —4.3 0.5

? Counterpoise-corrected binding energies are given in parentheses

® Single point energy calculations at the B3LYP/AUG-cc-pVDZ and MP2/6-314+-G* levels were performed using the gas phase B3LYP/6-
314+G* optimized geometry while single point energy calculations at the B3PW91/AUG-cc-pVDZ level were performed using the gas phase
B3PW91/6-31+G* optimized geometry

these sites would be barrierless in gas phase (Table 1). In
going from gas phase to aqueous media, the barrier ener-
gies for these two sites of cytosine were found to be highly

@ Springer

enhanced that follow the order O2 < N3 at the different
levels of theory (Table 1). In the case of thymine, the
alkylation barrier energies were also found to be strongly
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(a) Ad-Gny (-26.52)

(d) Ad-An; (-23.08)

{4

J
(g) Ad-Cn3 (-24.87) (h) Ad-Coy (-17.04)

Fig. 3 Structures of adducts formed by the reactions of sulphonium
ion (SM™) at the N7, N3 and O6 sites of guanine (a—c), N3, N1 and
N7 sites of adenine (d—f), N3 and O2 sites of cytosine (g, h), and O4
and O2 sites of thymine (i, j) obtained at the B3LYP/6-31+G* level

enhanced in going from gas phase to aqueous media.
Further, the barrier energies for alkylation of the O2 and
04 sites of thymine obtained at the different levels of
theory in aqueous media are similar (Table 1).

3.2 Binding energies

Optimized structures of the adducts formed by the binding
of SM™! at the N7, N3 and O6 sites of guanine, N7, N3 and

(b) Ad-Gn; (-18.31)

(e) Ad-An; (-23.06)

N3 2

(¢) Ad-Gos (-10.15)

N1

N3 ]

«.
ALY
4
J

(1) Ad-Toq4 (-4.33)

/f‘ N
R

(j) Ad-To; (-1.38)

of theory in aqueous media. Binding energies (kcal/mol) of these
adducts, obtained at the MP2/6-31+G*(SP) level of theory in aqueous
media, are given in parentheses

N1 sites of adenine, O2 and N3 sites of cytosine and O2
and O4 sites of thymine obtained at the B3LYP/6-31+G*
level of theory in aqueous media along with their binding
energies obtained at the MP2/6-314+-G* level of theory in
aqueous media are presented in Fig. 3. The calculated
binding energies of various adducts obtained at the dif-
ferent levels of theory in gas phase and aqueous media are
presented in Table 2. A negative binding energy implies
that the product under consideration would be stable.
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When the counterpoise correction is applied to the
binding energies of the adducts at the B3LYP/6-31+G*
level of theory in gas phase, the magnitudes of the binding
energies are decreased by 0.5-2.0 kcal/mol but still they
follow the same order as without counterpoise correction
(Table 2). The magnitudes of the binding energies obtained
using the B1B95 functional are found to be somewhat
smaller than those obtained using the B3LYP and B3PW91
functionals in gas phase (Table 2). In going from gas phase
to aqueous media, the magnitudes of the negative binding
energies of adducts for all the sites of DNA bases are
reduced substantially at the different levels of theory
(Table 2). However, even after this reduction, the binding
energies of adducts formed at the endocyclic nitrogen sites
of the DNA bases in aqueous media are quite large. Fur-
ther, while in aqueous media the binding energy of the
adduct formed at the O2 site of cytosine is still quite large,
that of the adduct formed at the O6 site of guanine is
moderate. The adducts formed at the O2 and O4 sites of
thymine (Ad-To,, Ad-Tp4) were also found to have con-
siderable negative binding energies in gas phase. In
aqueous media also, the binding energies of the adducts
Ad-To, and Ad-To4 at the B3LYP/AUG-cc-pVDZ(SP)
and the MP2/6-31+G*(SP) levels of theory are negative
but their magnitudes are much less than those in gas phase
(Table 2). However, the binding energies of the adducts
Ad-To, and Ad-Tp4 are positive at the B3ALYP/6-314+-G*
and B3PWOI91/AUG-cc-pVDZ(SP) levels of theory in
aqueous media (Table 2). The binding energies of the
adducts formed at the O6 site of guanine, O2 site of
cytosine and all the endocyclic nitrogen sites of the DNA
bases in gas phase are fairly large negative at the different
levels of theory employed here.

Thus the above-mentioned results suggest that in aque-
ous media, stable adducts of SM™' would be formed at all
the endocyclic nitrogen sites of the DNA bases, the O2 site
of cytosine and the O6 site of guanine while the adducts
formed at the O2 and O4 sites of thymine may not be
stable. In a previous theoretical study [9], it was found that
the nitrogen mustard mechlorethamine would not alkylate
any of the exocyclic oxygen sites of the DNA bases to form
stable products. Thus there is an interesting difference
between the reactions of the sulphur and nitrogen mustards
with respect to alkylation of the O6 site of guanine and the
02 site of cytosine.

Considering both the binding and barrier energies
together, we can predict the most favorable sites for
alkylation by SM™™ among the various sites of DNA bases
reliably. We may take the gas phase results obtained at the
MP2/6-31+G*(SP) level to be more reliable than those
obtained at the B3LYP/6-314+G* level in view of a better
electron-correlation treatment at the former level than
at the latter level. At the MP2/6-314+G*(SP) level of

@ Springer

theory in aqueous media, the magnitudes of binding
energies of the adducts follow the order Ad-Gyn; > Ad
—Cn3 > Ad-Ans & Ad-Ayn; > Ad-An7 > Ad-Gns > Ad
—C02 > Ad—GO6 > Ad—To4 > Ad—To2 (Table 2) The
barrier energies corresponding to the first four of these
adducts, i.e., Ad—GN7, Ad—CN3, Ad—AN3 and Ad—ANl,
obtained at the same level of theory in aqueous media,
follow the order Ad-Gpny < Ad-Apns & Ad-Crsz < Ad
—An (Table 1). These results and the fact that the N1 site
of adenine and the N3 site of cytosine would not be easily
accessible for reactions due to their involvement in
hydrogen bonding between the complementary bases of
DNA show that the N7 site of guanine would be the most
favored alkylation site and the N3 site of adenine would be
the next most favored alkylation site in DNA by SM™".

With regard to alkylation of the O6 site of guanine by
SM™! that has been found to be highly toxic and mutagenic
[48, 49], the present calculations reveal the following
information. At the MP2/6-314+G*(SP) level of theory in
aqueous media, the calculated barrier energy for this reaction
is low which shows that this reaction would be a favored one.
The calculated binding energy of the adduct Ad-Geg
in aqueous media at the MP2/6-314+G*(SP) level is also
fairly high though the corresponding values obtained at
the B3LYP/AUG-cc-pVDZ(SP) and B3PWO91/AUG-cc-
pVDZ(SP) levels are only moderate. Therefore, the adduct
Ad—Ggpg would occur in biological media, consequent to the
reaction of SM™! with guanine in DNA, atleast in a moderate
abundance. Alkylation of the N7 and O6 sites of guanine and
the N3 site of adenine by SM, the N7 site of guanine being
most favored, has been observed experimentally [17-20]. As
discussed above, the present calculated results are consistent
with the experimental observations [17-20].

4 Conclusions

The present study leads us to the following conclusions:

1. Alkylation reactions at the different endocyclic nitro-
gen and exocyclic oxygen sites of the DNA bases by
SM™! involve a transition state of Sy2 type each. The
barrier energies for the alkylation reactions increase
substantially in going from gas phase to aqueous media
in all the cases. The barrier energies corresponding to
alkylation of the different sites of the DNA bases lie in
the range 10-22 kcal/mol at the MP2/6-314+G*(SP)
level of theory in aqueous media.

2. The calculated binding energies of the adducts in
aqueous media reveal that SM™' would form stable
adducts at all the endocyclic nitrogen sites as well as
the O6 site of guanine and the O2 site of cytosine. It
has been reported that stable products are not formed
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when nitrogen mustard (mechlorethamine) reacts with
any of the oxygen sites of the DNA bases. Thus, there
is a major difference between the behaviors of SM and
nitrogen mustard with regard to alkylation of the
oxygen sites of guanine and cytosine.

The calculated barrier and binding energies in aqueous
media show that the N7 site of guanine would be the
most favored alkylation site by SM " while the N3 site
of adenine would be the next most favored alkylation
site among the various sites of the DNA bases.
Alkylation at the O6 site of guanine by SM*" would
also occur and the adduct thus formed would be fairly
stable. These calculated results agree with experimen-
tal observations.
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