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Electrostatic potentials of some dibenzo-p-dioxins
in relation to their biological activities™
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A computational analysis of the electrostatic potentials of eight halogenated
dibenzo-p-dioxins has been carried out at the ab initio SCF STO-5G level. It
focuses upon the relationships between these potentials and the biological
activities of the molecules, including toxicity, aryl hydrocarbon hydroxylase
induction and receptor binding. In general, regions of negative potential are
found to be associated with the oxygens and with the halogen substituents.
Biological activity appears to be related to the presence of an optimum range
of negative potentials above the lateral portions of the molecules in conjunc-
tion with a weakening of those near the oxygens.
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1. Introduction

In the initial phase of this continuing computational study of the properties and
behavior of substituted dibenzo-p-dioxins [1], we compared the electrostatic
potentials of the parent molecule, dibenzo-p-dioxin (I), and three of its deriva-
tives, among them the highly toxic and notorious 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD, II). We now extend our analysis to the systems III-X, again
focusing upon the relationship between their electrostic potentials and their
biological activities. The latter include varying degrees of toxicity, aryl hydrocar-
bon hydroxylase induction, and receptor binding.

The toxic responses elicited by some halogenated dibenzo-p-dioxins include
carcinogenesis, gastric lesions, hepatotoxicity, loss of lymphoid tissue, acute loss
of weight, and chloracne [2-4]. These compounds also induce aryl hydrocarbon
hydroxylase (AHH) activity to differing extents [5, 6]; this is a microsomal enzyme

*  Dedicated to Professor J. Koutecky on the occasion of his 65th birthday
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system that is involved in the metabolic oxidation of aromatic hydrocarbons,
producing metabolites that are in some instances carcinogenic [7, 8]. Laboratory
studies have revealed a good correlation, for a series of dibenzo-p-dioxins,
between toxicity and AHH induction [4, 5, 6, 9]. Certain structural features have
also been identified as being associated with both types of activities [3, 6]: (a)
At least three of the four lateral positions (2, 3, 7 and 8) must be halogenated
(especially with chlorines or bromines). A greater degree of activity is observed
if all four of these positions bear halogens. (b) The effectiveness of the halogens
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in inducing toxicity and AHH activity decreases in the order Br> Cl>F. (c) At
least one ring position must be unsubstituted.

Another study has demonstrated a very good correlation between AHH induction
and binding to a cytosolic receptor, for a group of 23 halogenated dibenzo-p-
dioxins and dibenzofurans [3]. It is believed that the toxicities of these compounds
are also receptor-mediated, via an initial recognition step [10, 11].

In such a recognition process, the receptor “recognizes” that an approaching
molecule possesses certain features that would promote their mutual interaction.
This recognition is believed to occur when the molecule and receptor are at a
relatively large separation, prior to any charge polarization or covalent bond
formation. It has been shown that an effective means of identifying key features
that will lead to such recognition is through the analysis of the electrostatic
potential that is created in the space around a molecule by its nuclei and electrons
[12-17]; it is this potential that initially affects the receptor. We accordingly focus
our efforts upon determining the patterns of positive and negative potentials,
among the substituted dibenzo-p-dioxins, that are associated with varying degrees
of receptor interaction, toxicity and AHH induction.

While there are certainly good correlations between these different types of
activities, there do exist some discrepancies. For example, 2,3,7-trichlorodibenzo-
p-dioxin (VI) and 2,3,7,9-tetrachlorodibenzo-p-dioxin (VIII) have nearly the
same receptor binding affinities but the latter is 10 times more toxic [6]. The
analysis of such discrepancies should lead eventually to the elucidation of the
factors involved in the various types of activities.

2. Methods and procedure

The molecular electrostatic potential at any point 7 is given rigorously by Eq. (1):

Vi =3 2 J p(r) dr

A|RA“"|_

(1)

Z, is the charge on nucleus A, located at Ry, and p(r) is the electronic density
function of the molecule, which we obtain by an ab initio self-consistent-field
molecular orbital procedure. The first term on the right side of Eq. (1) represents
the contribution of the nuclei, which is positive; the second term brings in the
effect of the electrons, which is negative.

The electrostatic potential is a well-established analytical tool for interpreting
and predicting biological recognition processes (e.g. drug-receptor and enzyme-
substrate interactions), as well as other aspects of molecular reactivity [17-20].
An important feature of V(r) is the fact that it is a real physical property, which
can be determined experimentally by diffraction techniques as well as computa-
tionally [20].

We have computed the electrostatic potentials of molecules II1I-X at the STO-5G
level, using the GAUSSIAN 82 system of programs [21]. We modeled the
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geometries after the crystallographically-determined structure of TCDD (I1) [22].
C-H and C-F bond lengths were taken to be 1.08 A and 1.35 A, respectively
[23, 24]. For each molecule, we calculated the electrostatic potentials at 1.75 A
above the molecular plane, since this is what a receptor would encounter; 1.75 A
is the van der Waals radius of the largest atom (chlorine) that these molecules
contain [25]. We also computed V(r) in the perpendicular plane through the
oxygens, in order to examine the effects of varying degrees of substitution upon
the negative regions near the oxygens.

3. Results and discussion

In Table 1 are listed the most negative values (the minima) of the calculated
electrostatic potential in the plane 1.75 A above each molecule I-X. Also included
in this table are the minima near the oxygens, as obtained from the perpendicular
plots.

It is seen that only the parent molecule, dibenzo-p-dioxin (I), has negative regions
above the aromatic rings; these can be attributed to the pi electrons. (A plot of
the electrostatic potential of I at 1.75 A above its molecular plane is given in
Ref. 1.) The inductive electron-withdrawing efect of just one chlorine substituent,
however, is enough to eliminate these negative potentials; it is particularly
noteworthy that this occurs even for the ring that does not bear the chlorine (see
results for IIT and IV in Table 1.)

The strong inductive power of chlorine is seen again in examining the negative
regions associated with the oxygens. These show a general weakening as more

Table 1. Calculated electrostatic potential minima (kcal/mole)

Molecule V(r) minima V(r) minima
at 1.75 A above near oxygens, in
molecular plane perpendicular plane
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Table 1.—continued
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—18.6 (CI)
—7.3[0(10)]
—6.8[0(5)]

~16.4(Cl)
-3.3[0(10)]
—2.1[0(5)]

~14.9 [CH2)]
~14.8 [CI(3)]
~14.4[CI(7)]

—12.5 [CI(1)]
-13.5[CU2))
~114[CI3)]
~13.4[C1(8)]

—137[CK2)]
~13.3[CI(3)]
~10.5[CK7)]
~11.3 [CX9)]

-14.8 (CI)

-15.1(CH
-3.2(F)

—-45.5[0(10)]
—44.0[0(5)]

—39.4[0(10)]
—38.7[0(5)]

~34.2[0(10)]
~35.5[0(5)]

—34.6 [0(10)]
—29.6[0(5)]

—34.5[0(10)]

~29.6 [0(5)]

—40.1

-34.7

2 Data for II and III are taken from [1]
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chlorines are introduced, going from —50.7 kcal/mole for the unsubstituted
dibenzo-p-dioxin. 1, to —28.9 kcal/mole for 2,3,7,8-tetrachlorodibenzo-p-dioxin,
I1. There is a parallel decrease in the sizes of these negative regions. For example,
whereas in V, which has two chlorines, the negative oxygen potentials extend
beyond 1.75 A above the molecular plane (Figure 1), the substitution of a third
chlorine, as in VI, reduces their sizes to such an extent that no negative values
remain at 1.75 A (Figure 2). The apparent exceptions to these observations—such
as IX, in which the oxygen potentials are more negative than might be anticipated
with four chlorines—can be explained on the basis of the proximity of the
substituents to the oxygens; the negative regions of the chlorines overlap those
of the oxygens, and the latter are consequently reinforced.

Table 1 and Figs. 1-6 show that there are invariably negative potentials at 1.75
A above the chlorine and fluorine substituents. These become weaker and less
negative as the number of halogens increases (again taking into account overlap-
ping with oxygen negative regions). This is consistent with earlier observations
that as the number of electron-withdrawing substituents increases, each of them
becomes less negative, since it is receiving a smaller share of the polarizable
electronic charge [1, 26].

In this context it is interesting to compare the halogen potentials (at 1.75 A) in
X with those in II and VI (Table 1 and Figs. 2 and 3). The chlorines in the 2
and 3 positions of X are more negative than their counterparts in either II or
VI, indicating that they are more successful in competing for the polarizable
electronic charge against two fluorines than against even only one chlorine (as
in VI). This reflects the fact that the capacity of fluorine for accommodating
additional electronic charge diminishes rather rapidly, despite its high intrinsic
electronegativity [27-31].

Of the molecules that we have studied, the ones that are biologically relatively
inactive are I, I1I-V, and IX [3, 5]. We observe in Table 1 and Figs. 1, 4 and 5,
that these are also the molecules that have the largest and strongest negative
potentials associated with the oxygens; they all extend to at least 1.75 A above
the molecular plane and they have the most negative oxygen minima that have
been found in this work. We have suggested earlier that biological activity on
the part of the substituted dibenzo-p-dioxins may require that the negative
potentials of the oxygens be rather weak [1]. Our results in this work are consistent
with this speculation.

A second factor that we have tentatively linked to biological activity is the presence
of relatively strong negative potentials above the two lateral regions of the
molecule (positions 2,3 and 7,8) [1]. This can be. achieved, for example, by
having halogen substituents at these positions. Again, our present results support
this hypothesis. Thus, Figs. 2 and 6 show that molecules VI and VII have negative
potentials above one lateral region and half of the other. The same is true of
VIII (see Table 1). All three of these molecules do show some degrees of activity,
although less than TCDD (II), which has both lateral regions completely negative.
On the other hand, none of the five inactive molecules (I, III-V, and IX) has
even one lateral region that is completely negative (Table 1 and Figs. 1, 4 and 5).
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Fig. 1. Calculated electrostatic potential of 2,8-dichlorodibenzo-p-dioxin (V), in kcal/mole, at 1.75
A above molecular plane. Half of plane is shown. Dashed contours correspond to negative potentials.
Positions of most negative potentials are indicated; the values are: [J ~16.4; Il —3.3;  —2.1 kcal/mole

Fig. 2. Calculated electrostatic potential of 2,3,7-trichlorodibenzo-p-dioxin (VI), in kcal/mole, at 1.75
A above molecular plane. Dashed contours correspond to negative potentials. Positions of most
negative potentials are indicated; the values are: ll —14.9; ¢ —14.8; (] —14.4 kcal/mole
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Fig. 3. Calculated electrostatic potential of 2,3-dichloro-7,8-difluorodibenzo-p-dioxin (X), in
kcal/mole, at 1.75 A above molecular plane. Dashed contours correspond to negative potentials.
Positions of most negative potentials are indicated; the values are: M —15.1; ] —3.2 kcal/mole

Fig. 4. Calculated electrostatic potential of 2-chlorodibenzo-p-dioxin (IV), in kcal/mole, at 1.75 A
above molecular plane. The side with the oxygen is shown. Dashed contours correspond to negative
potentials. Positions of most negative potentials are indicated; the values are: [1 —18.6; ¢ —7.3;
B —6.8 kcal/mole
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Fig. 5. Calculated electrostatic potential of 1,4,6,9-tetrachlorodibenzo-p-dioxin (IX), in kcal/mole,
at 1.75 A above molecular plane. Half of plane is shown. Dashed contours correspond to negative
potentials. Positions of most negative potentials are indicated; the values are: M —14.8 kcal/mole

Fig. 6. Calculated electrostatic potential of 1,2,3,8-tetrachlorodibenzo-p-dioxin (VII), in keal/ mole,
at 1.75 A above molecular plane. Dashed contours correspond to negative potentials. Positions of
most negative potentials are indicated; the values are: [1 —13.5; 1] —~13.4; M —12.5; ¢ —11.4 kcal/mole
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It should be noted, however, that while both lateral regions are completely
negative in the highly active TCDD, the magnitudes of these potentials are
relatively low (Table 1). Indeed, in the group I, VI and VIII, biological activity
increases as the lateral potentials become less negative [6, 32]. It may be, therefore,
that there is some optimum intermediate magnitude for the potentials in these
regions. Accordingly, the low activity of X [32] may be either because the chlorine
side is too negative or the fluorine side not negative enough, or both.

Up to this point, we have carried out electrostatic potential analyses for a relatively
small number of dibenzo-p-dioxin derivatives. We have accordingly limited
ourselves to relating these results only to the general biological activities of the
molecules. As more systems are studied, however, it should become possible to
be more specific, and to identify qualitative and/or quantitative features of their
electrostatic potentials that correlate with particular types of activities. This will
eventually permit a better understanding of such situations as molecules VI and
VIII having similar receptor binding affinities but differing significantly in AHH
induction and toxicity.

4. Summary and conclusions

Our results in this work, as in our earlier study [1], focus attention upon the
electrostatic potentials above the lateral regions and the oxygens of the substituted
dibenzo-p-dioxins. Biological activity appears to be associated with the presence
of negative potentials above all or most of the lateral regions; our present findings
indicate that there may be a certain optimum range of magnitudes (in the
neighborhood of —13 kcal/mole when computed with the STO-5G basis set).
Above the oxygens, the need seems to be for considerably weaker negative
potentials than those in the unsubstituted parent molecule. Our further studies
will seek to determine specifically how these factors, separately or in combination,
are related to each of the several forms of biological activity—receptor binding,
AHH induction, and toxicity.
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