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Abstract: It is well known that the biological activities and toxicities of planar polychlorinated aromatic
compounds are extremely sensitive to chlorination pattern. Although their toxic responses have been
correlated with the relative affinity for the receptor, the origin of this congener specificity is not well
understood. We present a general interpretation of the congener-specific activity in polychlorinated dibenzo-
p-dioxins, which concludes that molecular electrostatics is the principal factor determining the structure—
activity relationship in this highly controversial environmental pollutant even though this electrostatic
interaction represents only a part of the total interaction energy. Through calculations of the molecular
charge distribution in the complete set of 76 dioxin congeners, we show that all active congeners share a
unique charge distribution pattern, which is quantitatively described in terms of the molecular quadrupole
moment (QM). The QM of dioxins changes sensitively and systematically with chlorination pattern. The
three-dimensional electrostatic interactions at the receptor-binding site, which are optimized at a specific
QM pattern represented by that of 2,3,7,8-tetrachlorodibenzo-p-dioxin, could explain the congener specificity
in the binding affinity and toxicity. Although the polarizability also changes systematically with chlorination,
it can only account for the effect of the degree of chlorination, not the congener specificity.

Introduction planar PHAs is extremely sensitive to both the number and

) position of halogen substituents? however, the origin of this
Polyhalogenated aromatic compounds (PHAS) such as poly- congener specificity is not well understood.

chlorlnated dibenz@-dioxins (P.CDDS or simply dioxins), Studie§~1° aimed at understanding the congener specificity
dibenzofurans (PCDFs), and biphenyls (PCBs) are extremely. -
. . - . in PCDDs have approached the problem indirectly because the
persistent and toxic pollutants that are widespread in the .
. . . molecular structure of the AhR is unknown. The approach
environment The general theory for the toxic action of PHAs . o
. . R . .commonly employed to elucidate the quantitative structure
is based on a receptor-mediated response mechanism in whichy __.". . ;
. . : - . activity relationship (QSAR) has been to seek common molec-
the various biological effects follow after binding to a signal- . . . AR
. ular properties among active congeners in order to gain insights
transducer protein, the aryl hydrocarbon receptor (AhR)The . g . -
. S 2 o . ... into the nature of the liganereceptor interactions. To date, two
ligand—receptor binding affinities are critically important in this main theoretical models have been pronosed for understandin
receptor-based model: The stronger the binding affinity of a prop g

. S 5 ) .
PHA for the AhR, the greater its toxicity. The most competitive :he ei?ﬂg&i‘g;é?iiﬁgg Ti:zc;(;itt?g;azgdmocl)ﬁgﬂ:'%gse d
ligand among PCDDs is 2,3,7,8-tetrachlorodibepzdioxin yp i

. . - . n the view that the effective interaction with the r r
(TCDD); the toxic activity drastically decreases on adding on the view that the effective inte qcto t the recepto

. . . .2 depends on the molecular electrostatic potential (MEP) around
nonlateral chlorines or removing lateral chlorines from this

: g . . ; !
structure®3 The ring vibrational frequencies of PCDDs are also the ligand:™® The dispersion-type model considers the aromatic

sensitive to the chlorination pattetrn general, the toxicity of
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aromatic interaction, which is related to the molecular polar-
izability and the distance between the receptor and the ligand,
to be of primary importance in the receptdigand affinity?

CM, d4p is the Kronecker delta (ifc = 8, 0 = 1; a0 = f3, 0gp = 0),
andQ; is the quadrupole moment at CM.
Dipole moments), polarizabilities {), second momentsS|, and

However, previous studies using these models have treated onlyiuadrupole moments) are dependent on the rotation of internal

a few dioxin congeners and have only partially described the
molecular interactions without providing a comprehensive view.
In this study, we describe the first comprehensive interpretation
of the congener specificity of PCDDs. This interpretation is

made using the molecular quadrupole moment (&\s a

simple master parameter to describe the electrostatic interaction

at the AhR active site.

Computational Methods

Ab initio calculations were performed to quantitatively determine
the electric multipole moments and polarizability of 76 dioxin congeners
(75 PCDD congeners plus nonchlorinated dibepatioxin (DD)) at
the optimized geometry. These calculations were performed at the level
of hybrid B3LYP density functional theory with a 6-31G** basis set
using the Gaussian 98 suite of prograth#Ve confirmed that all the
optimized geometries were in local minimums and pl&narthe results
presented below, y, andz refer to the lateral direction, the nonlateral
direction (parallel to the ©0 axis), and the direction perpendicular
to the molecular plane (they plane), respectively, as shown below.
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The origin was placed at the molecule’s center of nuclear charge,
and the principak, Y, andZ axes were taken according to the molecular
symmetry. Then, we shifted the origin from the center of nuclear charge
(CC) to the center of mass (CM). To compare molecular properties
conveniently among PCDDs with different symmetry, we rotated the
principal axes X, Y, Z) of each congener to align with the common
reference axe(y, 2). We first defined they axis parallel to the 0
axis, and then th& axis passed over CM perpendicular to thaxis.
The z axis was perpendicular to the molecular plane (tizglane).
Accordingly, the calculated values were converted to those correspond-
ing in the adjusted coordinate system. Upon shifting the origin from
CC to CM, the values of second and quadrupole moments of PCDDs
changed while the dipole moments and polarizabilities were invafiant.
The multipole moments were calculated from the following equa-
tions19:20

4e= P B = 2) IGO0 (o fy X Y02 ()

S5 = sz(rm = C)rig — C) — 23 @l(r, = C)(ry — Gl

= S~ Ct” — Gt @
Q= 50387 — 0,8™ ®
S"=(Sat St Sy @

whereu:’ is the dipole moment at CC is the nucleus charge on
atomk, G, or Cy is the position of CMg; is the occupied molecular
orbital, S is the second moment at C&g is the second moment at

(16) Buckingham, A. DJ. Chem. Phys1959 30, 1580.

coordinate. We taks to pass through two oxygen atoms in a dioxin
molecule andf to be the angle betwees and theY axis. Dioxin
molecules are rotated to makes parallel to theY axis. When we
taken as a unit vector along th¥ axis, 6 is expressed as

0= Cos*l(; )
We evaluated the dipole moment, quadrupole moment, and polariz-
ability in the rotated internal coordinate. For example, quadrupole

moments Q) in the rotated coordinate system were evaluated from
guadrupole moment€X™ at CM by similarity transformatioft

[Q=[T"T 6)
QXX QXy QZX COS@) _Sln(e) 0
Qxy ny Qyz = Sin(@) COS@) 0] x
X Wyz N7z 0 0 1
o QY QX |[cos@) sin@) 0
v Q% QY7 || —sin@) cos@) 0
o Qz Q710 0 1

The numerical values of the molecular polarizability and QM tensor
components for 76 congeners that were calculated in the above way
are summarized in Supporting Information.

Results and Discussion

Figure 1 displays the systematic variation of the polarizability
tensors ux Oyy 027 along the reference axes for the 76
congeners. The successive substitution of lateral chlorjfes (
Cl) preferentially increasesy, whereas the substitution of
nonlateral chlorinesol-Cl) favorably raises they. The o,
values are dependent only on the total number of chlorines,
which means botl- andg-chlorines contribute equally @
Thus, PCDD polarizabilities seem to vary in a clearly predictable
way that is based on the additivity of chlorine substituents. It
is noteworthy that the 2,3,7,8-substituted congeners carry the
highest values afix and the 1,4,6,9-substituted congeners have
the highest values afy,. The congeners with the same number
of chlorines, however, are all similar in their average polariz-
abilities [Y/5(axx + ayy + az7)], which linearly increase with the
total number of chlorines (Supporting Information, Figure 1S).
The polarizability differencedxx — ayy), which reflects the
eccentricity in the polarizability ellipsoid of the molecular plane,
also shows a simple linear correlation with the number difference
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Figure 1. Polarizability tensor componentsug, ayy, 0z7) along the

reference axes for 76 dioxin congenegrwtted as (ajrz; Vs axx and (b)ayy
VS axx. Polarizabilities are in atomic units (au) where 1=a.165x 1040
C m?V~1L Congeners are classified into five groups according to the number
of B-Cl; these groups are represented by different symbols. Selected

systems in which the aromatic compounds are considered as
hydrophobic anior#d with large molecular QMs. The molecular
QM characterizes the deviation of the overall charge distribution
from spherical symmetry. The fact that the dioxin toxic activity
is greatest in the symmetric, nondipolar 2,3,7,8-TCDD implies
that the electrostatic interactions between the ligaedeptor
pair should be described in terms of the higher electric moments.
The molecular QMs of aromatic compounds are sensitive to
the presence of electron-withdrawing substituents on the aro-
matic ring which deplete ther-electron density and conse-
quently change the QM polarity of the molecule. For example,
the sign of the QM (out-of-plane direction) of hexafluoroben-
zené”28is reversed from that of benzene, and this compound
is viewed as a hydrophobic cation.

In Figure 2, the molecular QM tensor componer@@g( Qyy.
Q.7 along the reference axes are plottedagversusQyy for
the 76 congeners. Sin€gx + Qyy + Q2= 0, Qyy is implicit in
this plot and the diagonal ling, = —Qx,) represent€),, =
0. The molecular charge distribution in the PCDDs sensitively
varies according to the chlorination pattern. In particutar,
and f3-substitution affects the molecular QM in quite different
ways. Starting from the parent dibenpadioxin, successive
addition of$-chlorines up to 2,3,7,8-TCDD drastically changes
Q« and Q, reversing the sign of QMs, whereas addition of
a-chlorines up to 1,4,6,9-TCDD chang®s, andQ,, by a lesser
degree. Thus, tetrachlorinated congeners are scattered over the
plot, with 2,3,7,8-TCDD and 1,4,6,9-TCDD located at two
extremes. This clearly shows the sensitivity of the molecular
charge distribution to the substitution positions. The general
trends are as follows: (B-substitution shift€y to the negative
andQ,y andQ,to the positive direction, whereassubstitution
movesQy to the positive andy to the negative direction; (2)
the values of),; are stratified according to the number®bEl,
whereas the effect af-substitution onQ,; is unclear; (3) the

congeners are labeled with numbers representing the positions of chlorinecongeners with morg-ClI thano.-Cl havery > 0 (i.e., on the

substitution (not all are labeled for clarity).

between thg- anda-chlorines (Supporting Information, Figure

2S). Since the polarizability in any direction monotonically
increases with the number of chlorines (or the number of
electrons), the binding affinity due to dispersion-type inter-

actions would be expected to be highest at octachlorodibenzo-

p-dioxin (OCDD). However, OCDD is known to be a weak
ligand to the AhRE There does not seem to be a simple relation
between the polarizability and toxicity. McKinngpostulated

a stacking model in which the molecular polarizability dominates
the aromatie-aromatic (recepterligand) interaction. However,
the polarization energy is mainly related to the size of the
aromatic systen?d and can only account for the effect of the
degree of halogenation, not the congener specificity.

left side of the diagonal line), and those with maereCl than
p-Cl have Qyy < 0. The -substitution not only changes the
sign of the QMs f{-electron cloud above and below the aromatic
rings) Q. > 0) but also polarizes the electron density in the
aromatic plane toward the lateral chlorine®y( < 0) and
weakens the negative charges around the oxygen a@Qms (

0). The molecular charge variation summarized in Figure 2
generalizes the previous MEP analysis of the specific electro-
static features found in selected highly active congefiérs.

The three-dimensional molecular charge distribution patterns
of the PCDDs can be classified into six groups Vi) in the
Qu—Qzz plane (Figure 2) such that all congeners in the same
group share the same polarity patterns (or three-dimensional

Alternative approaches have attempted to take electrostatic(27) Williams, J. H.Acc. Chem. Red993 26, 593.

effects into account. The importance of the electrostatic

component of the noncovalent intermolecular forces between(gg
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experimentally for varioust — 72330 and & — catior#1 36
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Figure 2. Molecular QM tensor component®, Qyy, Q.7 along the reference axes for 76 dioxin congeners, plotte@,as Q.. QMs are in atomic units
(au), where 1 au= 4.49 x 1074° C . Congeners with the same number/bCl are represented by the same symbol and congeners witi$4@loare
subdivided into two groups: one with oeCl on each benzene ring (t 1) and the other with twg-Cl on one benzene ring only (2 0). Selected

congeners are labeled. The three-dimensional molecular polarity patterns are divided into six gripi(the Qu—Q;. plane.

molecular charge distribution pattern) in the y, and z
directions. The QM sign variation€x, Qyy, Q. in each group

Table 1. Tensor Components of the Molecular QM (Qxx, Qyy, Qz2)
and the Magnitude of the Dipole Moment (|«|) Compared with the
Binding Affinity to AhR (pECso) for 14 Dioxin Congeners?

aregroup I € ++), I (—+ =), N (++-),IV(+— ),V

= o . . . . no. of QM group
$+ dt% ?n(ill VI +)..Usmg thllshgroupltnlg scthtehme, :t ;s | congener BCl (Figue2)  Qu Q 0w lul  pEC
n ngeners in gr Y r r
ound fhat all congeners In group 1 have at ieast three 1aterals, ..+ onh 4 [ —-16.40 1251 3.89 0.00 8.00
chlorines. Thls group conta'lns the most toxic congener (2,3,7,8- 15375.pcDD 4 | 1301 950 350 044 7.10
TCDD), which gave the highest absolute valuesQyf, Qyy, 123478-HxCDD 4 I -9.23 571 352 0.09 6.55
and Q. Group | therefore represents the molecular charge 23C7DTDCDD 43 || —1%%3 1%-%5; %—éﬁ %-%3 5;-‘;%
. . . - -1r - . . . . .
d!strlbufuon pattern of the most .ac'Flve-congeners. The three- 1378.TCDD 3 | 7819 639 179 044 610
dimensional molecular charge distribution around the receptor 1278-TcpbD 3 I —857 809 048 093 6.80
pocket site is thought to have polarities that are complementary 12478-PCDD 3 I —5.25 323 2.03 0.36 5.96
to those of group | ligands. As a result, the unique electrostatic 12347'P§DD 23 |: i%é g-i? _10&-3%4 00-7721 55-5%9
potentials generated around the receptor site selectively recog-17g-1,cpp 5 ! 211 175 -3.87 126 666
nize group | ligands, which allows the use of the molecular 1234-TcbD 2 v 10.75 —4.13 —6.62 1.38 5.89
QM of a ligand as a simple diagnostic parameter to determine 124-TrCDD 1 v 11.32 —4.87 —6.45 1.01 4.89
1-MCDD 0 v 11.45 —2.34 —9.10 0.68 4.00

whether the electrostatics are favorable for binding.

The QMs and the AhR binding affinities (pEgF for selected
congeners are compared in Table 1. Results are presented for
the 14 dioxin congeners for which the homogeneous data setswithin a congener group having the same number difference
of binding affinity to AhR (pEGo = —logEGs() are available. between th¢s- ando-chlorines (Supporting Information, Figure
These quantities are well correlated for group | congeners, as2S), its usefulness as a general molecular parameter to describe
shown in Figure 3. Although congeners in other groups such the congener-specific activity is questionable. Although the
as 1,7,8-TrCDD and 1,2,3,4-TCDD show moderate affinities, binding and subsequent activation steps could be also controlled
their binding seems to be associated with nonspecific interactionsby the dispersion interactidhthe degree to which the electro-
through higher dipole moments. Interestingly, we also obtained static interaction between dioxin and the receptor site is
a good linear correlation between p&g@nd the polarizability optimized seems to be the dominating factor in determining the
difference fux — ayy) for group | congeners (Supporting biological activity. In particular, the electrostatic interaction
Information, Figure 3S), although it is hard to rationalize how perpendicular to the molecular plane seems to be critical,
(oxx — ayy) is related to the interaction energy or binding affinity. because the PCDD congeners are stratified according to the
Since (i — auy) values show little congener-specific variation  number ofs-chlorines along th€,, axis. Kim et al¥” suggested

a2 The electric moments are in atomic unit (au).
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Figure 3. Experimental binding affinities (pEfg) for the AhR correlated
with Qxx andQyy for group | congeners, which satisfy the three-dimensional
charge polarity requirement for optimum electrostatic interaction. Siage
varies within a narrow range (less than four units), the quantitative
correlation was rather poor.

0

that repulsive interactions between the aromatics play a vital
role in governing the geometry of the complex. The change in
the polarity ofQ,, with degree of3-Cl substitution seems to be

this electrostatic interaction represents only a part of the total
interaction energy. This implies that the dispersion-type inter-
action energy is relatively constant across a series of dioxin
congeners with the same degree of chlorination.

Here we propose a hypothesis that our interpretation of the
structure-activity relationship in PCDDs in terms of the
molecular QM (i.e., electrostatics) as a new molecular descriptor
could be generalized to other PHAs whose biological and toxic
activity is based on a receptor-mediated mechanism. With this
assumption, the use of the QM as an important molecular
parameter could provide a simple theoretical tool for assessing
the congener-specific toxicity of a wide range of PHAsspite
the unknown structure of the receptor-binding.df@rthermore,
this method might be employed to understand the electrostatic
interactions between ligands and proteins in general. Further
studies are called for to confirm our hypothesis. Finally, with a
more extensive homogeneous data set on biological activities
of PCDDs available, one could employ statistical methods using
multivariate regression (not just simple monovariate regression
such as pE&g versusQyy) to get more quantitative understanding
of the congener-specific toxicity.
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In agreement with the high toxicity of laterally chlorinated

the Korea Science and Engineering Foundation (KOSEF)
through the Center for Integrated Molecular Systems and the
Brain Korea 21 Project (for W.C.) and by the KOSEF Grant
(2001-1-12100-002-1) (for B.J.M.).

congeners, these molecules carry a unique charge distribution

pattern and the highest polarizabilities along the latexal (
direction, which is consistent with the previous modefs In
particular, the degree to which the electrostatics of the dioxin

Supporting Information Available: Tables of the polariz-
ability and the quadrupole, dipole, and second moments for 76
dioxin congeners and figures of average polarizability and
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