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Determinants of Molecular Reactivity as
Criteria for Predicting Toxicity: Problems

and Approaches

by Harel Weinstein,” James Rabinowitz,* Michael N.

Liebman,* and Roman Osman*

We discuss the physicochemical basis for mechanisms of action of toxic chemicals and theorefical
methods that can be used to understand the relation to the structure of these chemicals. Molecular
properties that determine the chemical reactivity of the compounds are proposed as parameters in the
analysis of such structure—activity relationships and as eriteria for prediciing potential toxicity. The
theoretical approaches include quantitative methods for structural superposition of molecules and for
superposition of their reactivily characteristics. Applications iv polychlorinated hydrocarbons are used
to illustrate hoth rigid superposition methods, and methods that take advantage of structural fexibility.
These approaches and their results are discussed and compared with methods that afford quantttative
structural comparisons without direct superposition, with special emphasis on the need for efficient au-
tomated methods suitable for rapid scans of large structural data bases. Quantum mechanical methods
for the ealculation of molecular properties that can serve as reactivity criteria are presented and illustrated.
Special attention is given to the electrostatic properties of the molecules such as the molecular electrostatic
potential, the electric fields, and the polarizability terms calculated from perturbation expansions. The
practical considerations related to the rapid calculation of these properties on relevant molecular surfaces
(e.g., solvent- or reagent-accessible surfaces) are discussed and exemplified, stressing the special problems
posed hy the structural variety of toxic substances and the paucity of information on their mechanisms
of action. The discussion leads to a rationale for the use of the combination of theoretical methods to
reveal discriminant criteria for toxicity and to analyze the initial steps in the mefabolie processes that

could yield toxic products.

introduction

The actions of xenobiotic agents in biological systems
can be produced by a variety of specific molecular in-
teractions and combinations of nonspecific processes.
Interacting specifically with receptors and enzymes, the
xenobjotics can mimic endogenous substances or inter-
fere with the actions of hormones and neurotransmit-
ters. Other effects can be caused by their penetration
into cell membranes or organelles where the physico-
chemical properties of the agents can cause changes in
the local envirenment (e.g., pH, viscosity) to trigger or
modulate hormal processes. All these actions reflect a
close relation between the physicochemical properties
encoded in the molecular structure of the agents and
the responses they evoke in the biological systems. It
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becomes possible, therefore, to seek an understanding
of the structure-activity relationship for the toxie ac-
tions of xenobiotics by trying to reveal the relation be-
tween molecular structure of chemicals and their effects
on biological systems based on the molecular properties
encoded in their structure. These properties determine
the molecular reactivity of the agents, and are respon-
sible for their recognition at biclogical acceptors and
receptors, as well as for the triggering of molecular
mechanisms that lead to tissue response.

The special difficuities presented by the analysis of
moiecular determinants for toxic effects, as opposed to
specific physiological and pharmacological actions of
drugs, stem from the enormous chemical variety of the
agents and the fact that they were not designed to have
selective biological effects. In addition, there are often
very few experimental data available to evaluate the
spectrum of their hiological effects. The large number
of agents that must be evaluated within short periods
of time further reduces the feasibility of a complete
evaluation of their effects on health and the environ-
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ment; in many cases only the chemical strueture and
the simplest physicochemical properties are available
for the characterization of the agents. These difficulties
emphasize the importance of theoretical criteria for the
evaluation of potential toxic effects, and the special role
that considerations based on chemical structure and mo-
lecular reactivity properties must play in these
evaluations.

The basic agsumption in the analysis of the relation
between molecular structure and biological effect is that
the interaction between exogenous compounds and bi-
ological targets is dependent on the same malecular
properties that determine chemical interactions and re-
actions. Based on this assumption, a description of ac-
tions, interactions, and mechanisms should follow the
formal patterns of chemistry, with the special param-
eters of biomolecular interactions, such as size and com-
plexity of environment, determining a special class for
these phenomena. As indicated by documented suc-
cesses in the theoretical study of such biological inter-
actions, a first step in the analysis of these complex
phenomena is their separation into physically meaning-
ful steps that are amenable to analysis by methods of
theoretical and quantum chemistry (7). For example, in
the complex phenomena of protein-protein interaction,
aptropie stabilization was shown to be the major factor
in protein association due to the very large number of
protein-water interactions replaced by the formation of
a protein—protein interface; but the specificity of the
interaction is entirely dependent of the ecomplementar-
ity of the interfacing protein surfaces (2). The onset of
the stabilizing bulk effect of the solvent is thus deter-
mined by the discrete interactions between properly
positioned residues, a mechanism dependent on the same
factors that govern interactions of small molecules. The
selectivity of the protein—protein interaction, like that
of protein-ligand interactions, should therefore be de-
scribable by the formalisms of chemical reactivity; this
is illustrated in many studies in which the interactions
are treated as a superposition of discrete physicochem-
ical components (3).

Another documented example is the study of enzyme-
substrate interactions which are being investigated not
only for the direct information they can provide on the
particular systems, but alse as heuristic models for
mechanisms in other, structurally or functionally re-
lated biolegical systems. Thus, the theoretical studies
of carboxypeptidase, (4-77) and carbonic anhydrase
{12,13), and their interactions with ligands such as sub-
strates and inhibitors, are aimed at an understanding
of the structural basis for specific mechanisms of action.
These studies are complemented by struetural and the-
oretical investigations of other enzymes such as chy-
motrypsin (13-15), and other serine proteases, as well
as papain (16,17} and thermolysin (18,19), in which gen-
eralizations of the findings are sought to explain the
actions of yet other classes of biological macromolecules
{13,20-22), including receptors (23). A variety of results
from such studies yield inferences on the molecular

mechanisms of recognition and selectivity of biologieal
macromolecnles. These mechanisms illustrate the mo-
lecular basis for biologieal structure—activity relation-
ships expressed in terms of the reactivity characteristies
of the external agent, represented by the ligands (e.g.,
substrates and inhibitors of enzymes), and of its biclog-
ical target, represented by the recognition site (e.g.,
the active site of enzymes}.

The ability to generalize conclusions obtained from
the study of enzyme-substrate interactions to other bi-
ological mechanisms rests on the causal relationship be-
tween the properties of the molecules and their effects
on biological systems (4). When the causal relationship
between the physical properties of a specific molecule
and the response of a biological system to that molecule
has been sufficiently elucidated, that relationship may
be generalized, and the capacity of other (perhaps struec-
turally nnrelated) molecules to elicit a similar response
may be assessed, in a straightforward manner, from the
physical properties of those molecules. However, for
many toxic substances, detailed information about the
mechanism for biological response is not available to
perform this straightforward assessment. In these cases,
physical properties of molecules may nsefully be applied
as reactivity characteristics, in a correlative approach
1o the prediction of activities of untested chemicals. The
advantage of reliable physical properties as reactivity
characteristics is that: (1) existing information about
mechanisms of action (either of a general or of a specific
nature) may be incorporated directly; (2) physical prop-
arties that relate to the potential of a molecule to in-
teract with other biomolecules may be used with or
without inferences for a specific mechanism; (3) when
correlations are established, they can be used to provide
insight into the mechanisms of action. The insight that
stems from the solid physicochemical basis of the reac-
tivity characteristics used as criteria provides some as-
surance that the correlations are not Just fortuitous and
can be used for the assessment of activity outside the
initial set of molecules.

Sinee the molecular properties that are directly re-
sponsible for the molecular interactions leading to the
biological effect are encoded in the entire molecular
structure, the description of the chemical reactivity
characteristics must also rest on a representation of the
properties of the entire molecule. This consideration
reveals one of the major drawbacks of the approaches
in which structure-activity relationships (SAR) are
studied on the basis of parameters representing con-
tributions from certain structural components {func-
tional groups, substituents). These parameters used in
“quantitative SAR” (QSAR) often fail to provide a re-
liable relationship between molecular structure and bi-
ological activity for they seldom constitute an adequate
representation of molecular properties (24). Useful pre-
dictive criteria for biological activity should therefore
be constructed from molecutar properties derived from
the entire molecular structure because their role in de-
termining various aspects of molecular activity can be
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understood on the basis of clear physicochemical prin-
¢iples. The possible use of such determinants of molec-
ular reactivity as criteria for explaining and predicting
toxicity must further be evaluated on the basis of me-
chanistic hypotheses linking molecular structure to mo-
lecular properties and to the types of molecular
interactions determined by these properties.

Evaluation of Motecular Properties
Determining Reactivity

Structural Considerations: Superpositions
and Comparisons

Methadological Framework. Some relationships
between structure and function in molecules exhibiting
biological activity can be revealed from correlations of
activity with similarity in characteristics that describe
structure—e.g., size, shape, topology or conforma-
tion—or with similarity in geometrically defined ele-
ments of reactivity, e.g., dipole moments, electrostatic
orientation veetors. Because physicochemical methods
for the analysis of molecular structures, and especially
X-ray crystallographic stadies, have provided detailed
stractural information, including the atomie coordinates
of many compounds [more than 35,000 compounds are
now available through the Cambridge Crystallographic
Data Base (25)], it becomes possible to obtain meaning-
ful comparisons of both the structural and the geo-
metrical parameters of the elements of reactivity of
molecules that share biclogical properties. Results from
such comparisons should yield answers to some funda-
mental questions underlying predictions from the struc-
ture—activity considerations: (1) given molecules of
similar structure, how similar are their physical prop-
erties that might be responsible for recognition, spec-
ificity and reaetivity? and (2) given that a particular
physical property, or combination of more than one such
property, can be established to be the determinant for
recognition, specificity or reactivity, can two molecules,
that may be structurally dissimilar, be conformationally
altered to become functionally similar by adopting con-
formations in which their determinants for recognition
are made to coincide?

Answering these questions requires the application
of technigues based on structural superposition, either
of rigid molecule or with conformational freedom, in
addition to the computation of the molecular properties
of the various structural forms. Some of the approaches
for structural superpesition are outlined and exempli-
fied in this section, while some of the relevant molecular
properties are presented below.

The methods used in structural superposition may be
classified as operating on rigid or on flexible molecules,
but in either case certain common aspects of the meth-
ods are retained. Thus, in both approaches it is neces-
sary to first select a subset of the list of atoms of molecule
1 (it may be the entire list of atoms) that are to be

directly equivalenced with a list of atoms in molecule 2.
These two subsets form the “equivalenced atom list”
for each molecule, and the superposition technique at-
tempts to derive a rotation-translation procedure that
will effect the optimization of their superposition as
monitored by a function, most commonly the “root-
means-square deviation in positions” of the two equiv-
alenced atom lists. According to the criteria used in
these comparisons, further classtfication is possible, into
methods of strict structural comparison, including the
Distance Matrix analysis (26,27) and the Partitioned
Distance Matrix analysis (28), and methods comparing
parameters related to properties depending directly on
structure, including the Excluded Volume analysis (29)
and the analysis of Surface Accessibility (30).

llustration of the Approach: DDT Analegs. The
polychlorinated hydrocarbons 1,1,1,2-tetrachloro-2,2-
bis{p-chlorophenyllethane (Cl-DDT) and 1,1,1-tri-
bromo-£,2-bis(p-chlorophenyl)ethane (Br-DDT), are an-
alogs of DDT that exhibit differences in their respective
activity: Br-DDT i3 moderately toxie to mosquito lar-
vae, while CI-DDT is not (7). In addition, Br-DDT is
dehydrohalogenated i vivo more rapidly than DDT,
because it is an excellent substrate for DDT-ase (82).
The structures of these molecules have been examined
by X-ray erystallography to high resolution (33), and
the comparisons presented helow will be based on these
structure (using only the coordinates of molecule A in
the crystal of Be-DDT).
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Rigid Molecule Superposition. The methods for de-
termining the appropriate rotation-translation matrix
have heen described in detail by Cox (¥4), Rao and
Rossman (35), Hendrikson and Ward (36), and Argos
and Rossman (37). Atiempts have been made to improve
the sensitivity of this approach to enable it to diserim-
inate structural subgroups that might superimypose more
exactly even when the superposition of the entire mol-
ecules 1s not very good, e.g., when the compared mol-



150 WEINSTEIN ET AL.

ecules are compaosed of very similar fragments that differ
only in their spatial position. This limitation of the rigid
molecule rotation is exemplified in the comparison of
Br-DDT and CI-DDT.

To effect the superposition, a matrix was generated
by using he common carbon and hydregen atoms of rings
A and B, and the ethyl that links them, a total of 22
common atoms. The root-mean-square (RMS) fit of this
equivalence set is 2.27 A (mean = 1.89 A) with the
statistical analysis of the distribution of the fit among
the set of equivalenced atoms indicating a single outlier,
C14. Removal of this outlier and redetermination of the
rotation-translation matrix yielded a final fit of 1.95 A
(mean = 1,70 A). In this superposition the shortest
distance between equivalenced atoms occurs between
ring A, atom C3, with a deviation of 0.54 A, and ring
B atom C8, also with a deviation of 0.54 A, The average
deviation for all atoms in ring A is 1.28 A, and in ring
B 1.38 A, with the deviation for the two carbon atoms
in the ethyl group being 3.2 A for C13 and 5.8 A for
C14. As stated above, the only conformational differ-
ence among those atoms that are common to Br-DDT
and Cl-DDT result from the difference in the torsional
angles, C8-CT-C13-Cl4 and C2-C1-C13-Ci4, with no
significant alterations ocenrring in the conformations of
the rings, themselves. This observation is readily ver-
ifted by the superposition of rings A and B independ-
ently, yielding RMS and mean deviations of 0.04 A,0.04

for ring A and 0.04 A, 0.03 A for ring B, respectively.
The conformational difference between the torsional an-
gles thus yields an average deviation of 4.47 A in the
position of the second ring, not included in the single
ring superposition. This comparison clearly indicates
the reasons for the inability of the rigid molecule su-
perposition to reveal the high degree of structural anal-
ogy that exists between the components of the two
molecules. This ig a limitation that might obscure the
reason for the difference in the biological properties of
these DDT analogs by making it appear to be due to
dissimilar structures. The alternative use of techniques
of flexible superposition, discussed below, reveals the
elements of structural similarity and thus focuses at-
tention on the possible differences in the physicochem-
ical properties of the molecules that are more likely
responsible for the difference in their actions.

Molecular Superpasition with Internal Group Ro-
tation. In the flexible superposition of molecules (i.e.,
of rigid substructures joined by rotatable bonds), free
rotation around the honds linking rigid substructures is
permitted during the superpositioning procedure. Com-
parison of two molecules in this manner does not de-
termine if the molecules are superimposable in their
original conformations, but rather if they could be made
to be strueturally superimposable by use of available
conformational flexibility, This method of structural
comparisan can also identify the similarity present in
nonbonded (through-space) orientations between non-
contiguously linked substructures, as might be required
for recognition of functional groups at biological recep-

tors or enzyme active sites. Consequently these tech-
niques permit the search for similar topological features
that may be attainable in structures whose internal
chemical and structural linkages may differ significantly.

The traditional approach to structural superposition
of conformationally flexible molecules performs rota-
tions about bonds connecting sequentially linked rigid
substructures. In this manner, conformational space is
sampled by the progressive rotation of each rotatable
bond; following each rotational step, superposition is
performed by generating a rotation-transiation matrix,
and the quality of the superposition is evaluated and
compared with the global fit (or of a segment of the
structure). Such a technigue, the Burlesque approach
(38), has been usged to compare distances from atoms
within the econformationally flexible molecule to a fixed
external point. Frequently, this reference point bears
some physical or mechanistic significance, or is derived
from experimental observations (e.g., paramagnetic
resonance shifts, ete.) for the nonaltered structure. The
practical limitation of this approach lies in the need to
sample an extremely fine grid to adequately approxi-
mate a continuous conformational search. The number
of conformations to be generated in this manner is a
funetion of both the size of the search interval and the
number of bonds to be searched, and has been shown
to grow rapidly: a three-angle search using a 10-degree
sampling interval on each requires 46656 conformations
to be individually generated and tested. This approach
assumes that the conformational space will be ade-
quately sampled by this search grid although it is pos-
sible that the region that satisfies the experimental
criteria will be narrower than the search grid and there-
fore no solution will be found. Improvements to this
approach use segmented, overlapping searches and have
been desecribed (39).

In another approach, proposed by Barino (46), rota-
tion matrices are derived for each of the substructure
fragments and combined with the necessary transla-
tions to superimpose two molecules. This method at-
tempts to generate only those conformations of the
fiexible molecule that are superimposable onto the mol-
ecule of fixed conformation. This application of flexibil-
ity-linked rigid segments has been adapted to permit
superposition with noncompletely equivalenced lists of
atoms (i.e., groups differing in total number of atoms).
Refinement of the respective rotation-translation mat-
rices is hased on the same root-mean-square deviation
statistic described above for the rigid molecule super-
position. This approach can be extended to include en-
ergy considerations in the weighting of conformations,
along with the root-mean-gquare statistic for emphasis
on realistic, energetically feasible structures (40).

An even more general approach is based on the use
of distance geometry where the distance matrix con-
struetion readily permits incorporation of a variety of
structural characteristics into the superposition algo-
rithm (41). This approach does not require the direct
superposition of one molecule onto another but rather
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attempts to generate a conformation that is in agree-
ment with the distance constraints imposed by the in-
teratomic distances within the first moleeule to which
the second molecule is being fit. The primary advantage
of this technique is the ability to generate only those
structures that fit the exact structural criteria within
preset boundary conditions. It is thus possible to weight
these characteristics rather than generate the large set
of conformations that poorly span conformational space,
and to select for analysis only those that fit specific
criteria as produced by the Burlesgue approach de-
seribed above. The adaptation of this approach to in-
corporate functional descriptors {e.g., molecular
properties such as the electrostatic potential and its
derivatives) reaches beyond the analysis of structural
or through-space orientations alone. An illustration of
the conformational search based on such reactivity cri-
teria is presented in a subsequent section.

In our general example, which compares Br-DDT with
Cl-DDT, it is apparent that any of the three techniques
described above should permit the determination of the
rotations about C13-Cl and C13-C7 that are necessary
to superimpose the equivalent atoms in thetwo analogs.

1t is to be noted that the gridded rotational search as
carried out in the Burlesque technique would require
the use of a relatively fine search grid to achieve optimal
structural superposition. All the methods described in
this section would require the definition of rigid sub-
structures, but unlike the distance geometry approach
which does not reguire direct superposition, these meth-
ods are not well suited for integration into an avtomated
algorithm for structural comparison. In the develop-
ment of a computer-based system for correlation of
structure/function/toxicological properties, it is espe-
cially interesting to be able to utilize the methods of
pattern recognition and automated structural compar-
ison in data base searching, Work in this area is ongoing
in several other laboratories (42), in addition to ours.
Other techniques designed to provide a solution to the
limitations inherent In superposition procedures are
presented in the following section, where we discuss
alternative methods for comparison of structure based
on the distance matrix (i.e., pattern recognition pro-
cedures} that circumvent the need for structural
superposition,

Structural Comparison without Direct Superposi-
tion. The example of Br-DDT and Cl-DDT indicates
that the single statistic, root-mean-square deviation of
superposition is inadequate to fully describe the quality
of the fit of two compared molecules. Even with the
added considerations and improvements of the super-
position procedures outlined in the section above, a
higher resolution form of comparison and analysis is
needed, particularly one that may prove useful for au-
tomated structural search algorithms required for the
search of large data bases to reveal compounds related
in their biological or toxicological activities. Distance
matrix analysis (27,43) provides such an alternative and
has proven useful in both small molecule and protein

structure analysis and comparison. In this representa-
tion, a given molecular structure is transformed into a
square matrix of order N, where N is the total number
of atoms, The atoms are first ordered into a list, and
the resultant matrix element, i, represents the distance
between atoms { and 7 of the list. The distance matrix
for a given molecule is symmetric about the diagonal as
the distance between atoms i and j is equivalent to that
between atoms j and {; the diagonal elements, =7, are
all Q. The most important aspect of the distance matrix
for use in struetural pattern matching is the property
that it is invariant to translations and rotations of the
whole molecule, This property enables the direct com-
parison of two molecules, or substructures, without the
need to translate and rotate one onto the other. This
technique has proven powerful in its ability to reveal
conformational perturbation, and aseribe it either to
changes in substructure eonformations or to changes in
the through-space orientations between these substruc-
tures (29,44,45). This approach simultaneously and in-
dependently compares the configuration and
conformation within the two molecules, to provide quan-
titative struetural comparisons that are suitable for
structure-activity correlation analysis (44,45).

For the comparison of Br-DDT and CI-DDT, the in-
dividua! distance matrices were generated as well as
the difference distance matrix, as shown in Figure 1.
This difference distance matrix was computed as an
element-wise difference between the matrices for the
two compounds, and is annotated in Figure 1 to indicate
the regions eoncerned with the conformation of the in-
dividual rings, A and B, the ethyl group linking the
rings, as well as the regions concerned with the re-
speetive orientations of these substructures, The dis-
tance matrix is symmetric, so0 we can use the upper half
matrix to represent two other significant metries, de-
rived from the lower half matrix elements: the absolute
and signed sums of deviations within the respective par-
titions. This metric was generated by summing the
signed values within the partition, and also by summing
the absolute values of the elements in each partition.
From their definition, it is clear that when the magni-
tudes of the sums are comparable, then the conforma-
tional change is concerted (i.e., a majority of elements
within the partition contract or expand); when the mag-
nitudes are such that the signed sum is approximately
equal to 0.0 while the absolute sum is significantiy greatey
than 0.0, then the conformational difference is of a sym-
metrical origin (e.g., rotation about a hond of sym-
metrical group, ete.).

Results in Figure 1 show that the elements within
either ring A or ring B deviate little from 0.0 (i.e.,
absolute/signed sum are 0.4/0.4 A for both ring A and
ring B), whereas the partition concerned with the ori-
entation of ring A vs. ring B yields an absolute sum of
15.4 and a signed sum of 1.4, indicating the symmetrical
nature of the conformational difference that arises from
the difference in rotation of the phenyl rings with re-
spect to the ethyl. This rotational difference, which we
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rigid groups.

know involves the C13-C1 and C13-C7 bonds, produces
approximately alternating lengthening and shortening
of distance pairs within the matrices and gives rise to
the observations made above. Thus, the partitioned dis-

-tance matrix technigue made it immediately apparent
that the respective eonformations of the substructures
in Br-DDT and CLDDT remain constant although the
through-space orientation of their rings A and B are
altered. A more detailed description of this form of an-
alysis and its application to other DDT analogs is pre-
gented elsewhere (45).

Comparisen of Surface Accessibility. The surface
area of a molecule that is susceptible to interactions with
a reactant agent, and especially the steric accessibility
of certain key atoms or groups to such an attack are
additional elements in the set of molecular reactivity
characteristics that could determine biological activity.
Their use in the study of structure-activity relation-
ships is well documented (20). The molecular reactivity
criteria define reactive regions in the molecules and the
likely orientation for certain types of molecular inter-
actions (e.g., electrostatic, stacking, ete.). In order to
add the consideration of spatial reactivity criteria we
have implemented a computational procedure, SUR-
VOL, to evaluate the total surface area surrounding a
particular atom and to quantitate the relative accessi-
bility of an atom or a molecular region. This rapid and
efficient procedure is based on a Monte Carlo simulation
of space filling within a hox of enclosure. The box sur-
rounds the molecule and is constructed de novo for each

structure examined with this procedure. To construct
the box, the list of atomic coordinates of the molecule
is searched to determine the minimal and maximal val-
ues of the x, y, and 2z coordinates. The atoms belonging
to these extrema are identified and the boundaries of
the box are generated so that it will enclose the molecule
within walls that have a clearance of two times (2x)
the radius from the boundary atom. The volume of the
box is then computed by filling it with a set of randomly
generated points at a fixed density of 50 points per cubic
angstrom (50 p/A®). This density was found to yield
statistically significant reproducibility of molecular vol-
umes in our examination of the effects of varying the
density of points used to fill the box on the resulting
calculated volume,

The list of coordinates of the atoms is then searched
again to determine if the generated points lie within the
van der Waals radius of any atom. Counting those points
that fall within van der Waals radii and taking the ratio
of this number to the total number of all points gen-
erated yields a ratio of the volume of the enclosed mol-
ecule to that of the entire box. In this manner, a
molecular van der Waals volume can be calculated: it
may be further extended to yield the solvent (or re-
agent)-accessible volume by the simple addition of the
radius of the solvent (or reagent) probe to that of each
atomt,

The exposed surface area of each atom and the re-
sulting molecular surface area are computed in an anal-
ogous manner to the volume compntation described






