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Interstrand cross-linking of DNA is believed to be responsible
for the biological activity of a number of antitumor agents, many
of which exhibit some degree of sequence selectivity in their
interactions with DNA.! Despite the experimental interest in
cross-linking reactions, their theoretical study has up to now
received only limited attention. Molecular mechanics (MM)
calculations, for example, have been used to provide some
insight into the likely structural effects of cross-linking,?~9 but
studies of the reaction processes themselves have been prevented
by the need for a quantum mechanical (QM) treatment.
Recently developed combined QM—MM potential functions?
allow reactions in large systems to be studied by considering a
small QM region influenced by a surrounding MM region. Here
such an approach is applied to reactions in DNA and is used to
investigate the sequence preferences of DNA cross-linking by
nitrous acid.

Nitrous acid cross-links DNA through the exocyclic amino
groups of guanine bases.Zb#2b This reaction is believed to
proceed via diazotization of guanine, which subsequently
undergoes nucleophilic attack (accompanied by expulsion of
the leaving group N;) by a second guanine amino group (Figure
1). It has further been shown that this cross-linking occurs with
a pronounced preference for 5’-CG sites over 5’-GC sites,* an
effect which, from inspection of standard B-DNA structures,
has been ascribed to differences in the proximity of the reactive
centers. This explanation essentially equates the distance
between the reactive centers of the reactants with the activation
energy for their reaction. While this is intuitively appealing,
there has up to now been no quantitative evidence that such a
relationship exists. Kirchner et al.** have pointed out that the
cross-linking preference may equally be explained by prefer-
ential diazotization of the 5'-CG site, but calculations of the
electrostatic potential from solutions to the nonlinear Poisson—
Boltzmann equation show little difference between the two sites,
suggesting that diazotization should occur to equal extents.’

The cross-linking stage of the reaction, shown in Figure 1,
was studied for each of the sequences investigated experi-
mentally,* all calculations being performed with the QM —MM
potential®® implemented in the molecular simulation program
CHARMM.® Standard B-DNA olignucleotides of sequence
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Figure 1. Cross-linking of guanine bases through nucleophilic attack
at C2 of a diazotized guanine by the exocyclic amino group of a second
guanine.

d(TAATN4ATTA), (where Ny is ACGT, AGCT, CCGG,
GGCC, TCGA, and TGCA) were constructed using the mo-
lecular modeling package QUANTA? with one of the two central
guanines being altered to its diazonium form. For the MM
region, the all-atom parameters developed for use in CHARMM
version 23 were adopted,® with one important change being that
the total charge on each nucleotide residue was reduced from
—1.0 to —0.25 au by scaling the charges of the phosphate group
and O3’ and O5’ oxygens. This medification, which ap-
proximates the screening of charges by solvent and dissolved
ions, is in line with that used in other MM studies.® The QM
region, which was described by the semiempirical molecular
orbital AM1 method,? in all cases consisted only of the two
guanine bases directly involved in the cross-linking reaction;
“link” atoms used to define the boundary of the quantum and
molecular mechanical regions® were placed along the glycosidic
bond. Two minor additional modifications to the force field
were made. Firstly, the charges on the ribose ring attached to
the QM bases were set to 0 to prevent unrealistic polarization
effects.32 Secondly, an additional harmonic restraint (in the form
of an improper torsion) was used to maintain a planar geometry
at N9 in order to correct for the known weakness of semiem-
pirical methods in the description of such systems. !0

Prior to reaction path calculations being performed, energy
minimization of the modeled structures was achieved by
combining 500 steps of steepest descent and 1500 steps of
Powell’s conjugate gradient methods.!! An adiabatic mapping
procedure'? was used to calculate approximate energy barriers
to reaction. A harmonic potential (k = 10 000 kcal mol~! A1)
was applied to restrain a suitable coordinate to a series of points
along the pathway from reactants to products. At each
successive point 200 steps of steepest descent minimization of
the whole system were carried out. Initially, the distance
between the amino nitrogen of the attacking guanine and the
diazonium carbon was varied; in the region of the energy
maximum, a better reaction coordinate was found to be given
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Figure 2. Reaction profile obtained for cross-linking at CCGG
sequence as a function of the ratio of forming to breaking bond lengths.
Points with bond-length ratio > 1.2 were obtained using a reaction
coordinate defined as the forming C—N bond length (see text for
details). The energy barrier is given in kcal mol™'.

Table 1

C—-N C—-N
Evarie? distance sequence  Epamier distance
ACGT 33.6(31.9) 2.68 AGCT 113.8 4.03

CCGG 45.0 (39.1) 2.72 GGCC 99.2 4.06
TCGA 46.0 (39.1) 2.72 TGCA 117.1 4.50

sequence*

“ Refers 10 the central four bases of the DNA 12-mer. * Energy barrier
in kcal mol™!' relative to the minimized reactants, numbers in
parentheses being those obtained from the use of a ratio reaction
coordinate (see text for details). © Distance between reacting centers in
the minimized structure prior to reaction (in A).

by the ratio of the forming and breaking bondlengths for the
particular case of 5’-CG sites. A typical reaction profile is
shown in Figure 2; the computed energy barriers for all
sequences are given in Table 1.

The calculated energy barriers for the six duplexes fall into
two categories distinguished by the identity of the central site.
In all cases, the energy barrier for cross-linking at 5"-GC sites
is much higher than for the 5’-CG sites, in agreement with the
experimental results. The barriers for all reactions are high, in
accord with the low yields obtained experimentally, but are
almost certainly overestimated because only partial relaxation
of the DNA structure is allowed by the rather limited nature of
the minimizations. Use of more extensive minimizations or
simulated annealing procedures would almost certainly reduce
the barriers, but is highly unlikely to alter qualitatively the
relative energies associated with 5’-CG and 5’-GC sites. The
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Figure 3. Structure of highest energy along the reaction coordinate
for cross-linking of the CCGG sequence. Forming and breaking bonds
are indicated by dotted lines.

“transition state”, or more properly, the structure of highest
energy along the reaction coordinate, for cross-linking with a
central CCGG sequence is shown in Figure 3. The forming
and breaking bond lengths are almost equal, at 1.70 A, with
the diazonium carbon adopting an approximately tetrahedral
geometry, but displaced below the plane of the purine ring
system. This latter effect is perhaps an artifact of the limited
minimization procedure, but the structure is otherwise realistic.
It is worth noting that the energy barriers obtained are, as
suggested by Hopkins and co-workers,**® strongly dependent
on the C—N distance in the minimized structures (Table 1).
A more complete description of the cross-linking process
would require dynamic effects to be taken into account.
Nonetheless, the results reported here do provide a clear
explanation for the sequence preferences of DNA cross-linking
induced by nitrous acid; in particular, they support the proposal
of Kirchner et al.**® that a higher activation energy results from
the greater structural change required in cross-linking at 5’-GC
sites. As a more general point, the present results illustrate the
potential utility of methods combining quantum and molecular
mechanical treatments for the study of reactions involving DNA.
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