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A detailed topographical investigation on the
molecular electrostatic potentials (MESPs) of different
conformers of acetaldehyde, nitrous acid and
hydroxylamine has been carried out at the ab initio
SCF level using TZ2p, 6-31G* and STO-3G basis
sets. In general, large regions of negative potential
have been observed. An attempt has been made to
correlate these potentials with biological activities of
the molecules. Mutagenic and toxicological properties
appear to be related to the presence of these large
negative zones.

MoLECULAR electrostatic potential (MESP) is now an
established tool for the study of the stereoelectronic
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attributes and properties of binding molecules which
would significantly contribute to the elucidation of
biochemical phenomena'™~. Even long-range electrostatic
interactions have now been shown to be important for
a number of biological reactions including folding of
proteins, determination of pKa’s of the ionizable residues

c.’. The affinity of a particular molecule for a specific
receptor is shown to depend on the MESP characteristics’.
This ability of a molecule for. interaction with the
receptor 1s essentially known as the ‘recognition’ process,
in which the receptor ‘recognizes’ the characteristic
features of the molecule in order to promote their
interaction. MESP can, therefore, be used for predicting
structure—activity relationships when a receptor-mediated
response 1s supposed to give rise to toxicological,
mutagenic or carcinogenic effects even without a detailed
knowledge of the receptor®. MESP provides the exact
value for the electrostatic component of the interaction
energy between an unperturbed charge distribution and
a proton’. Moreover, MESP gives a general picture of
the reactive properties of the molecule with a reasonable
computational cost and this explains its large number of
applications in very different fields of physics, chemistry,
biochemistry and pharmacology®. In a recent report Zhu
et al.” have shown that radiosensitizers can be made based
on MESP data, thereby indicating its possible applications
in the study of molecular toxicology. Efficient radiosen-
sitizers are characterized by a wide and deep negative
potential in their MESP profiles, while this potential is
narrow for compounds devoid of significant activity’.

The MESP V (r) at a point r due to nuclear charges
{Z,} at {R,} and the electronic density p(r) of the
molecule is given by

v = | r — r’I

IR -—rl

The first term on the right-hand side of this equation
represents the bare nuclear potential while the second
one represents the electronic density function of the
molecule. The sign of V(r) in any particular region
depends on whether the nuclear or the electronic effects
are dominant there.

The topographical analysis of V (r) involves identifica-
tion and location of the critical points (CPs)'*’!, the
points at which VV(r) = 0. A CP in the MESP topo-
graphy specifies a point at which the internal electric
field (molecular electric field or all the partial derivatives
of MESP) is exactly zero. This implies that the numerical
value of the molecular electric field can be used for
locating CPs in the MESP topography. The rank of the
CP is given by the number of nonzero eigenvalues of
the Hessian matrix A, whose elements are given by

2
A = ,.,a v (2)

7 d!’l af;, r=v
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A CP of rank 3 (known as a nondegenerate CP) is
characterized by the algebraic sum of the signs of
eigenvalues. Thus, there are four possible types of CPs:
(3,-3), (3,-1), (3, +1) and (3, +3). The (3, -3) CP cannot
exist in V(r) except at the nuclear locations''. A (3, -1)
or (3, +1) CP would correspond to saddle points whereas
a (3,43) CP is due to the local minimum of V(r)
beyond the van der Waals surface of the molecule.

The MESP minima can give an idea of the deprotona-
tion sites as well as the interaction possibilities at the
electrophilic centres of the receptor. Since MESP reflects
the molecular interaction energy with a test positive
point charge, the (3,+3) CPs would correspond to their
proton affinities'”. This would imply a threshold inter-
action energy of the atoms in the molecule to extract
a proton trom the proton donor site on the receptor.
Good correlations between proton affinity or hydrogen
bond acceptor parameters and MESP have been estab-
lished in the recent past®,

Chemical mutagens act by modifying the bases of
DNA. Nitrous acid, hydroxylamine and acetaldehyde are
all well-known mutagens'®. Nitrous acid causes
AT & GC transitions whereas hydroxylamine is a highly
specific mutagen which reacts almost exclusively with
cytosine to give a derivative that pairs with adenine
rather than with guanine and so it produces a unidirec-
tional transition of CG to AT'. Acetaldehyde has also
been reported’ to be highly toxic, comparable to nitrous
acid and hydroxylamine. These molecules, apart from
their toxicities, are also known to be efficient proton
removers and deaminating agents'®. Further, these
molecules are also interesting because there is a strong
evidence that they can act as mutagens most likely at
the same site'”.
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The objective of the present study is to assess the
importance of three-dimensional MESP topographical
analysis of acetaldehyde (la, 1b), nitrous acid (2a, 2b)
and hydroxylamine (3a, 3b) at a higher level of theory
in the mutagen-receptor interaction process. Although
electron density maps of some of these molecules'’ have
been reported earlier, to our knowledge detailed
topographical analysis at this level of theory has not

been reported so far in the literature,
We have used ab initio optimized geometries of three

molecules in their different conformations'’~"” and
obtained the wave functions (with TZ2p, 6-31G* and
STO-3G basis sets) by using the INDMOL package®
on a 64-node transputer-based machine called PARAM?.,
The MESP calculations were carried out using these
wave functions on the same computer with the help of
a program developed by Shirsat et al.**. The computed
electrostatic potentials are at a distance of about 3 a.u.
surrounding the molecule, which comresponds ap-
proximately to the van der Waals radius of the largest
atom in this group of molecules (oxygen)*. The potential
at this surface would usually be encountered by the
receptor during the ‘recognition’ process. The basis set
dependence of the MESP was checked by using different
basis sets in these calculations. The CPs were located
using the analytical expressions for the gradient of V(r)
given by Gadre et al.'™*

In order to have a quantitative measure of the negative
region typical for biological recognition interaction®, we
have calculated the volume inside a closed surface
having an MESP energy of ~15.6 kcal/mol. This is done
by calculating MESP values on a 64-node PARAM
machine®' inside a rectangular parallelopiped enclosing
an 1sosurface of this energy and sampling the points
through a random search (Monte Carlo method). The
volumes thus obtained for all the molecules studied are
indicated in Table 1.

In Table 1, the CP characteristics of the molecules
studied at TZ2p level are presented. The calculated
MESP minima (most negative values) are beyond the
van der Waals surface of the molecules. The electrostatic
potential maps of the molecules are presented in Figure 1.

In acetaldehyde, practically no energy difference is
found between the MESP critical points of the eclipsed
and the staggered conformations, which indicates that
the MESP profile is independent of methyl rotation,
although methyl barrier to internal rotation around the
C=0 bond has been calculated at the 6-31G* level to
be 1.06 kcal/mol (ref. 17). The two negative-valued
minima are found in the lone pair regions of oxygen
in both the rotamers. The TZ2p MESP maps of both
the rotamers show the presence of strong negative
potential zones laterally around oxygen encompassing a
broad region which might be linked to the strong
biological activity of the molecule. The negative regions
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Table 1. Types and locations of ncgative-valued MESP cnitical
potnts (CPs) calculated at TZ2p level
Coordinates (au) MESP
e value Volume
Molecule* CP type «x y z (kcaV/mol) (a.u)
Acetaldehyde
eclipsed? (3,+3) -142 -182 00 -52 8
(3,+1) -2.43 0.0 00 -46.5 2393
(3,+43) -147 1.77 00 -514
staggered” (3,+3) -142 -1.82 00 -530
3,+1) -243 00 00 —468 2414
(3, +3) -147 1.77 0.0 =516
Nitrous acid
trans-© (3,+3) 1.20 4.40 00 -219
(3,+1) 287 5.78 0.0 -119
(3,+3) 5.8l 463 0.0 -369
3,+1) 7.54 2.72 00 -259 15690
(3,+3) 6.25 0.47 0.0 -36.5
(3,+1) 482 -1.20 0.0 -229
3,+3) 340 -1.92 Q0 —28 5
cis-! (3,4+3) -0.56 4 60 0.0 -84
3,+3) 3.04 6 06 0.0 -302
(3.+1) 572 4 65 00 -103 340
(3,+3) 5.59 1 96 00 ~-24 4
(3,+1) 5§56 -0.93 00 =75
(3,+3) 318 =206 00 -20.7
Hydroxylamine
cis-staggered® (3,+3) 492 244 00 —£87
3,+1) 480 -0.18 0.0 -380
3,+1) 332 -1.77 00 -531 2788
3,+3) 319 -164 -08 -533
3,+3) 319 -164 0.8 -533
trans-staggered’ (3,43) 303 -1.91 00 -51.2
3,+3) 1.20 4 00 00 630 123.0

*Nuclear coordinates (in au) of some of the atoms are:
"0 (0,0,0), C(1.18,0,0), C(2.03,1.24,0), H (1.40,2 12,0).

"0 (0,0,0), C(118,0,0). C(203,1.25,0), H (1 82,1 85,0 87).
‘H (0,0,0), O (0 95,0,0), N (140,1.23,0), O (2 56,1 29,0).

‘H (0,0,0), O (096,0,0), N(1.59,1.12,0), O (0.9,2 09,0).

‘H (0,0,0), O (095,0,0), N(1.36, 126,0), H (0.99,1.71,-0 84).
'H (0,0.0), 0(095,0,0), N(147,122,0), H(205,138,083).

assoclated with the carbonyl oxygen extend to a fairly
large region; the minima representing the lone pairs
have a value around -51.0kcal/mol separated by a
saddle corresponding to about —46.0 kcal/mol.

In the case of trans-nitrous acid, seven distinct CPs
with a deepest minimum of about —37.0 kcal/mol are
observed. A large extended area of about —20.0 kcal/mol
i1s observed which is most likely to be the characteristic
feature of the °‘recognition’ interaction. For cis-nitrous
acid, six CPs were located, with the deepest minimum
at —~30.0 kcal/mol. A broad extended area of about —8.0
kcal/mol i1s observed as the saddle energy.

Cis-staggered hydroxylamine shows three minima, two
of which are at —68.0 and the other one is at -53.0
kcal/mol. A saddle energy range of about —40.0 to —50.0
kcal/mol is found to be extended over a large area on
only one side of the molecule. In the case of
trans-staggered hydroxylamine, however, the MESP
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Figure 1. The molecular electrostatic potential contours of. a, acetaldehy

de echipsed (upper) and staggered (lower). The green colour corresponds

to a value of —44.0 kcal/mol, while the pink one corresponds to —50 2 keal/mol. b, Trans-mtrous acid (upper) showing green colour contours of
—10 6 kcal/mol and pink colour contours of ~21.3 kcal/mol, and crs-nitrous acid (lower) showing green colour contours of —7 5 kcal/mol and ptnk
colour contours of —17.5 kcal/mol. ¢, Hydroxylamine cis-staggered (upper) and frans-staggered (lower). The green colour corresponds to a value

of —37 6 kcal/mol, while the pink one corresponds to —$0.2 kcal/mol.

minima are localized on both sides of the molecule,
one near oxygen and the other near nitrogen, with the
potential values of —50.8 and —62.7 kcal/mol, respectively.
The saddle energy of about —40.0 kcal/mol is found to
be well extended on both sides of this molecule.

Calculations made at the 6-31G* level could reproduce
similar MESP profiles for all the molecules. For cis-
staggered hydroxylamine, however, the two minima off
the xy plane obtained with TZ2p basis could not be
distinguished and they appeared to have converged into
a single one in the plane.

Although STO-3G calculations show qualitative
similarity of the MESP features of the molecules, the
locations and the potential values of the CPs differ
significantly. In acetaldehyde, for example, the deepest
minimum has a higher value of MESP (-34.0 kcal/mol)
and in cis-nitrous acid, it is as low as —49.0 kcal/mol.
Thus, the choice of STO-3G basis sets for MESP
calculations of such molecules should perhaps be made
with caution.

The magnitudes of the negative-valued minima of all
the molecules may be correlated with their proton affi-
nities. This is because MESP reflects the molecular
interaction energy with a positive point charge; therefore,
this MESP minimum threshold would correspond to the
proton affinity of the molecules (the amount of energy
necessary to extract a proton from the proton donor
site on the receptor). Such correlations have been reported
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earher for a series of oxygen- and nitrogen-containing
molecules'* %,

In order to compare the biological activities, we have
scanned volumes enclosed within the negative region
having potentials in the neighbourhood of —15.0 kcal/mol
for all the molecules. A value of such a magnitude has
been reported by Murray et al’® as optimum potential
minimum to explain the toxicities of several dibenzo-
p-dioxins. In our scan, we too observe (Table 1) a very
large area being encompassed with this energy. It may
thus be reasonable to infer that both the depth of the
MESP minima and the magnitude of the ‘volumes’
together play a crucial role in the biological interaction
process. From an inspection of the ‘volume enclosure’
of —15.6 kcal/mol, it is apparent that both the rotamers
of acetaldehyde (eclipsed 239.8 a.u® and staggered 241.4
a.u’) and cis-staggered hydroxylamine (278.8 a.u®) are
more prone to biological recognition interaction than
trans-staggered hydroxylamine (123.0 a.u?), trans-nitrous
acid (156.0 a.u’) and cis-nitrous acid (34.0 a.u’). It may
be summarized from the above results that cis-staggered
hydroxylamine would be biologically more active, fol-
lowed by the two acetaldehyde rotamers. Apart from
having high negative potential regions the molecules
are much smaller in size, which enable them to a greater
accessibility to the receptor site. Thus, thiee factors —
(1) the magnitude of the deepest negative potential, (ii)
a large optimumy negative potential zone and (iii) a
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smaller size (conscquently, a better steric accessibility)
~appear to be crucial for the molecules to form an
energetically favourable complex with the receptor which
would interfere with the subsequent reactions taking
place in the receptor.

The computational results of this theoretical MESP
analysis on the different conformers of acetaldehyde,
nitrous acid and hydroxylamine indicate that three factors
-~ (1) the magnitude of the deepest negative potential,
(11) a large ‘optimum’ negative potential zone and (iii)
small size —would contribute largely towards their
biological activity. The MESP analysis may thus be
used as a tool to determine the degree of mutagenic
capacity vis-a-vis deprotonating as well as deaminating
abilities of these molecular mutagens.

Although electrostatic potential patterns shown in this
study can offer a rich informative description about the
capacity of the molecules to generate stereoelectrostatic
torces, they fail to describe their ability to generate
hy drophobic bonds and dispersion interactions. Therefore,
the MESP profiles in the present investigation would
reveal only the Sstereoelcectronic components of inter-
molecular recognition forces. Thus, further sophisticated
calculations including solvent effects are required to
prove or disprove the proposed reasons for the biological
potency of the molecules.
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