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Abstract Azinomycin B—a well-known antitumor drug—
forms cross-links with DNA through alkylation of purine
bases and blocks tumor cell growth. This reaction has been
modeled using the ONIOM (B3LYP/6-31+g(d):UFF) method
to understand the mechanism and sequence selectivity.
ONIOM results have been checked for reliability by compar-
ing them with full quantum mechanics calculations for select-
ed paths. Calculations reveal that, among the purine bases,
guanine is more reactive and is alkylated by aziridine ring
through the C10 position, followed by alkylation of the epox-
ide ring through the C21 position of Azinomycin B. While the
mono alkylation is controlled kinetically, bis-alkylation is
controlled thermodynamically. Solvent effects were included
using polarized-continuum-model calculations and no signif-
icant change from gas phase results was observed.

Keywords Azinomycin B - Antitumor activity - Cross-link
mechanism - QM/MM study - Density functional theory
Introduction

Azinomycin A and azinomycin B are antitumor agents that

exhibit both in vitro cytotoxic activity and in vivo antitumor
activity. They have a functionalized structure containing
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aziridino [1, 2] pyrrolidine and labile epoxide rings. The
biological activity [1-5] of azinomycin B is due to the
formation of covalent interstrand cross-links with the purine
bases of duplex DNA within the major groove. This cova-
lent interaction [6, 7] occurs only at the replication fork
region of DNA, and the selective binding of azinomycin B
with DNA damages the DNA of tumor cells. An interstrand
covalent linkage arises between the electrophilic aziridine
and epoxide rings of azinomycin B and the purine bases
viz., adenine and guanine. The cross-linking takes place via
an alkylation mechanism through the C21 and C10 carbons
of azinomycin B and the N7 position of the purine bases that
results in ring cleavage [8, 9]. The chemical instability and
limited natural sources of these agents have slowed down
the detailed investigation of their biological evolution [10].

Through conformational studies, Coleman and Alcaro [11]
suggested a mechanism of cross-linking through alkylation of
adenosine by the bottom aziridine (C10) followed by alkyl-
ation of guanosine by the top epoxide (C21). They also
reported the comparative strengths of antitumor activity of
azinomycin B and its analogues. They observed the highest
level of inter-system crossing (ISC) with the 5'-d(GCC)-3'/3'-d
(CGG)-5' base sequence (italicized bases indicate sites of
reaction) and suggested that initial alkylation occurs on the
more nucleophilic 3’-d(CGG)-5' strands by kinetic experi-
ments [12]. LePla et al. [13] have reported through phosphor-
image analysis that the mono alkylation and intersystem cross-
linking (bis-alkylation) of DNA with azinomycin B occurred
through the guanine nucleobase. Recently, Gossens et al. [14]
reported that N7 of guanine is more reactive than the adenine
N7 in the antitumor approach to targeting DNA with organo-
metallic drugs. Although several experimental [15, 16] and
molecular modeling [11, 17-19] studies have concluded that
azinomycin B acts as an antitumor agent by covalent alkylation
and by cross-linking with DNA, the mechanism of this reac-
tion, and the sequence selectivity of azinomycin B needs
further investigation; this requires a detailed electronic
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Fig. 1 Pictorial representation
of quantum mechanics (QM)
and molecular mechanics (MM)
layer selection for the alkylation
of the a aziridine or b epoxide
ring of azinomycin B oH
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structure analysis. Considering all these observations, and to ~ underlying the biological activity of azinomycin B heterocyclic
obtain a better understanding of the chemical events  rings, we planned to model the cross-linking reaction of DNA

Fig. 2 Different pathways of
mono-alkylation of purine bas-
es by epoxide and aziridine
rings of azinomycin B
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Fig. 3 Different pathways ( IA, IB, IIA and IIB) of bis-alkylation reaction on the aziridine ring of mono-alkylated azinomycin B with (i) adenine, (ii)
guanine

with azinomycin B through purine bases with the following  purine bases in mono-alkylation by azinomycin B; and (2) to
objectives: (1) to find the relative order of reactivity of DNA  determine the order of reactivity between epoxide or azirdine

NH,

oS 3 =S

\\\/ ]VA
" A 2‘ IIIB K- j

OH
| OH
H e}
Acofﬂu Is)
AcOny,,,,

ZT

(i) </H7 I ; (ii) </”7 | /I\

Fig. 4 Different pathways (IIIA, IIIB, IVA and IVB) of bis-alkylation reaction on the epoxide ring of mono-alkylated azinomycin B with (i) adenine, (ii)
guanine
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figure of azinomycin A and B with purine bases in DNA.
These questions are vital in the investigation of DNA cross-
linking by azinomycin B in alkylation mode.

Computational details

Geometry optimizations were carried out using the hybrid
quantum mechanics/molecular mechanics approach (QM/
MM) (B3LYP/6-31+g(d):UFF) available in ONIOM [20,
21]. All stationary points were characterized by computing
vibrational frequencies. Transition states were further con-
firmed by harmonic analysis and by intrinsic reaction coordi-
nates (IRC). All computations were performed using the
Guassian03 program [20, 21]. The azinomycin B drug is
active with DNA purine bases only at the replication fork area

of DNA. In the replication fork, the purine bases of DNA have
no geometrical constraint, so move freely and behave as
isolated bases due to the dynamic mobility of single strand
of DNA. Therefore, the reductionistic approach was followed
by considering the significant reactive parts of azinomycin B,
i.e., aziridine and epoxide rings with purine bases as the QM
region and the rest of azinomycin B as the MM region as
illustrated in Fig. 1. In order to check the reliability of QM/
MM calculations, full QM calculations were performed at
B3LYP/6-31g(d) level for selected paths—mono-alkylation
paths (IIT and 1V) and bis-alkylation paths—and both values
were in reasonable agreement. Solvent effects (water, ¢=80)
were modeled by the polarized-continuum-model (PCM), on
B3LYP/6-31+g(d) optimized structures. Topological analysis
according to Bader’s quantum theory of atoms in mol-
ecules (AIM) was carried out for adenine and guanine

v2p(r)=-3.2185 x 10%au

Fig. 5 Electron density relief map of adenine (a) and guanine (b) with Laplacian values. ¢, d Trajectory plot of gradient victor field of the charge density
of adenine (¢) and guanine (d). In the trajectory plots black solid lines denotes bond paths and critical point paths
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at B3LYP/6-31+g(d) level using AIM2000 [22-25]. Second
order perturbation energy analysis was also carried out for
transition state structures at B3LYP/6-31+g(d) level using
Nnatural bond order (NBO) analysis. Natural population anal-
ysis (NPA) charges were computed to examine the site selec-
tivity for nucleophilic attack by azinomycin B.

Results and discussion

Cross-linking of azinomycin B with DNA purine bases
takes place by an alkylation mechanism that occurs in two
steps, namely mono-alkylation and bis-alkylation. The de-
tailed reaction schemes with different possible approaches
of purine bases with azinomycin B are presented in Figs. 2,
3, 4.

The computed electrostatic potential map of azinomycin
B shows a positive potential at carbons C10 and C21. The
NPA charges of azinomycin B computed at the B3LYP/
6-31+g(d)level reveals that the C21 (0.31) and C10 (0.56)
positions are electrophilic and are highly susceptible to the
attack of nucleophilic purine bases; this is in agreement with
earlier reports [12—-14].

Hence, the cross-linking of azinomycin B depends on the
electrophilicity of azinomycin B heterocyclic rings and the
localization of electron density in purine bases. To deter-
mine the charge localization of purine bases, topological
analysis was performed. The Laplacian electron density
(relief map) of adenine (Fig. 5a) and guanine (Fig. 5b) are
represented in Fig. 5 witha trajectory plot of the gradient
vector field of the charge density of adenine (Fig. 5¢) and
guanine (Fig. 5d).

The negative VZp(r) values of all the atoms in purine
bases show that the electron density is concentrated locally
around the nitrogen atoms (see Supporting information).
The higher negative V>p(r) value of N7 of adenine and
guanine reveal that alkylation takes place only at the N7
position. The relatively lower negative electron density val-
ue V2p(r) of adenine N7 compared to guanine N7 reveals
that the nucleophilicity of guanine N7 is higher and is
alkylated first.

The gradient trajectory plot of adenine (Fig. 5c¢) and
guanine (Fig. 5d) shows the electron density distribution
and zero flux of the gradient vector at bond critical points
(BCPs). The deviation of zero flux charge density at the
BCP of N7 and the neighboring carbon bond (Fig. 5d) of
guanine is relatively high compared to the BCP of adenine
N7 with the neighboring carbon bond (Fig. 5c), and this
implies that the localization of electron density at N7 of
guanine is high compared to that of N7 of adenine.

Activation and reaction free energies of various possible
pathways of the alkylation reactions listed in Table 1 show
that alkylation of guanine N7 (IV) is relatively more

Table 1 Activation and reaction free energies (kcal mol™") of various
pathways of mono- and bis-alkylation of purine bases by azinomycin B at
ONIOM (B3LYP/6-31+G(d):UFF) level. Full quantum mechanics (QM)
calculations at B3LYP/6-31+G(d,p) values are given in parentheses

Reaction Pathway AGH AG,
Mono-alkylation I 37.52 —-18.96

I 34.29 -10.16

I 20.57 (19.06) —13.55 (-12.82)

v 18.07 (17.31) —9.21 (-10.03)
Bis-alkylation 1A 31.59 -36.70

IB 27.25 —42.34

1A 40.50 —13.94

11B 36.10 —21.42

HIA 32.96 —38.05

1B 23.91 —42.54

IVA 35.31 (34.02) —12.27 (—13.68)

IVB 30.83 (28.99) —39.98 (—40.62)

favorable than adenine N7 (III) by the aziridine ring of
azinomycin B, and that they are controlled kinetically. Fron-
tier orbital energies also reflect the same trend. Very high
activation energies clearly rule out alkylation through the
epoxide ring (I and II). Moreover, the activation energies of
bis-alkylation of mono-alkylated purine bases by aziridine
ring, i.e., pathways IA, IB, I A and IIB (Fig. 4) are very
high, confirming that mono-alkylation of purine bases by
the epoxide ring is not a favorable path. The high exother-
micity of the reaction is due to the release of aziridine ring
strain.

In order to check the reliability of the chosen QM/MM
method, the mono-alkylation and bis-alkylation pathways
were modeled at full quantum chemical method using
B3LYP/6-31+g(d,p) level for selected paths. The computed
relative free energies at this level are given in parantheses in
Table 1. The values show that the QM/MM method slightly
underestimates the activation barrier, while it slightly over-
estimates the reaction energy. PCM calculation results are
presented in the Supporting information (ST1). The inclu-
sion of solvent effects has not altered the free energy profiles
and hence does not affect the selectivity.

In general, calculations predict that, if the mono-
alkylation is a kinetically controlled reaction, guanine will
be alkylated first by aziridine bottom, and if it is thermody-
namically controlled, adenine will be alkylated first by
aziridine bottom. The activation free energy difference be-
tween mono alkylation of adenine and guanine by the azir-
idine ring of azinomycin B is found to be 2.50 kcal mol ',
which is very low and hence it is difficult to draw any
conclusion about the relative order of reactivity of the purine
bases. However, the FMO energy difference between the
guanine N7 lone pair orbital and LUMO of azinomycin B is
3.56 eV, while it is 3.90 eV for the adenine N7 lone pair
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Fig. 6 Relative free energy
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orbital and LUMO of azinomycin B (see Supporting
information). This energy gap (7.84 kcal mol™') can be
taken as evidence for a stronger guanine—azinomycin B inter-
action than adenine—azinomycin B interaction. Also, topolog-
ical analysis and electrostatic potential surfaces indicate a
stronger guanine—azinomycin interaction. Further, second or-
der perturbation energy analysis reveals that the interaction
between the guanine N7 lone pair orbital and the o* orbital of
C10-N9 is stronger (120.65 kcal mol ') than the interaction
between the adenine N7 lone pair orbital and the o* orbital of
C10-N9 (109.01 kcal mol "), confirming that the guanine and

Fig. 7 Relative free energy
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azinomycin B interaction is more favorable than the adenine
and azinomycin B interaction. This is in excellent agreement
with experimental observations [12, 13].

The free energy profile of the mono- and bis-alkylation of
adenine and guanine by azinomycin-B are shown in Figs. 6
and 7, respectively.

In the mono-alkylated product, if guanine is alkylated by
the aziridine ring (C10) of azinomycin B, then the bis-
alkylation of purine bases may take place via epoxide ring
(C21) cleavage through the IVA or IVB pathway (Fig. 7).
Activation energies predict that reaction pathway IVB, i.e. the
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attack of the mono-alkylated product to guanine ,is energeti-
cally and electronically favored. Similarly, if adenine is alky-
lated in the mono-alkylation, IIIB is preferred over IIIA for the
bis-alkylation (Fig. 6). In both cases (IIIB and IVB), the bis-
alkylation reaction is both kinetically and thermodynamically
controlled; finally, in the bis-alkylation step, also guanine is
found to be more reactive than adenine, and path IIIB is the
preferred reaction path (Fig. 8). The optimized structures of
the transition states of the mono- and bis-alkylation reaction
resemble an Sy2 type ring opening, i.e., the N7 of purine bases
approaches the C10 and C21 positions from the back side.

Conclusions
Interaction of azinomycin B with DNA purine bases has

been investigated by QM/MM methods available in
ONIOM. The use of ONIOM methodology was validated

Ir—=

\if( o
(o]
AcOy, 1]

by comparing with full QM calculations for selected paths.
Computations reveal that (1) alkylation depends on the
nucleophilicity of the purine bases in general and the N7
position of purine bases in particular. (2) FMO and topolog-
ical analyses of purine bases prove that guanine is relatively
more reactive than adenine. (3) Guanine N7 is alkylated first
by the aziridine ‘bottom’ and then by epoxide ‘top’. i.e., the
nucleophilic guanine N7 reacts first with electrophilic C10
and then with C21 in the next step. (4) Mono-alkylation is
controlled kinetically while the subsequent bis-alkylation is
controlled both kinetically and thermodynamically. (5) Re-
action path IIIB is kinetically and thermodynamically most
preferred for bis-alkylation. (6) The aziridine and epoxide
ring opening resembles an Sy2 mechanism. Computed NPA
charges, electrostatic potential surfaces and second order
perturbation analysis explain the attack of N7 with C10
and C21 positions very well. Solvent effects do not signif-
icantly alter the trends.

Fig. 8 Schematic representation of the favorable pathway of mono- and bis-alkylation of azinomycin B by adenine and guanine, respectively
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