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SUMMARY

In the present study we have investigated the capacity of various
compounds sterically related to indolo[3,2-b]carbazole to inhibit
specific 2,3,7,8-tetrachloro[1,6-*H]dibenzo-p-dioxin binding in rat
liver cytosol, as analyzed by electrofocusing in polyacrylamide
gels. When the two nitrogen atoms of indolo[3,2-b]carbazole
(ICso = 3.6 nm) were replaced with sulfur atoms, the affinity for
the specific binding sites (ICso = 3.3 nM) was similar to that of
the parent compound, whereas the affinity decreased when the
two nitrogen atoms were replaced with oxygen atoms (ICso =
29 nm). Substitution with methyl groups at positions 5 and 11
(on the nitrogens) of indolo[3,2-b]carbazole resulted in increased
affinity (ICso = 1.2 nM), compared with that of the parent com-
pound, whereas dimethylation at the 4,10- or 2,8-positions de-
creased the affinity (ICso = 19 nM and ICs, > 150 nm, respec-
tively). Substitution at positions 5 and 11 of indolo[3,2-b]carba-
zole with substituents larger than methyl, as in 5,11-

diethylindolo[3,2-b]carbazole (ICs, = 8.9 nm), diacetylindolo[3,2-
b]carbazole (ICso, = 11.2 nm), 5,11-dibutylindolo[3,2-b]carbazole
(ICs0 > 150 nm), and 5,11-di(N,N-dimethylaminoethyl)indolo[3,2-
b]carbazole (ICso > 1500 nm), also decreased the affinity. Intro-
duction of oxygen in, or hydroxylation of, the middle ring of
indolo[3,2-b]carbazole, giving indolo[3,2-b]carbazole-6,12-qui-
none (ICso > 150 nm) or 6,12-dihydroxyindolo[3,2-b]carbazole
(ICso > 1500 nm), respectively, also lowered the affinity. We
calculated the Gibbs free energy of solvation of the analogue
isoquino[3,4-b]phenanthridine (ICs, = 137 nm), relative to that of
dibenz[a,h]anthracene (ICs, = 2.5 nm), in water to be —6 kcal/
mol by free energy perturbation, which indicates that the most
important explanation for the observed difference in binding
affinity is the smaller difference in relative free energy of binding
at the binding sites, compared with the Gibbs free energy of
solvation of the two compounds.

The Ah receptor is currently perceived as a ligand-activated
trans-acting gene regulatory protein that specifically binds
AHH-inducing compounds such as 5,6-benzoflavone and
PAHs, e.g., 3-methylcholanthrene and benzo[a]pyrene, as well
as chlorinated hydrocarbons, e.g., chlorinated dioxins, diben-
zofurans, and biphenyls (1-4). Recent results from molecular
cloning and cell culture experiments indicate that the Ah
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! Present address: University of California, Metabolic Research Unit, 1141
Health Sciences West, San Francisco, CA 94143-0540.

receptor contains a sequence with homology to the helix-turn-
helix motif found in certain DNA-binding proteins such as the
human Arnt and Drosophila Sim proteins, whereas no sequence
homology to DNA-binding proteins containing a zinc-finger
motif, e.g., steroid hormone receptors, has been demonstrated
(1-3).

Because TCDD is an environmental contaminant of mainly
industrial origin, it is unlikely to be a natural ligand for the Ah
receptor. An endogenous ligand for the Ah receptor has not
been identified and it is possible that its natural ligand is of
exogenous nature. Thus, PAHs from forest fires (and possibly
also TCDD, to some extent) have always been present in the

ABBREVIATIONS: Ah, aromatic hydrocarbon responsiveness; TCDD, 2,3,7,8-tetrachiorodibenzo-p-dioxin; AHH, aryl hydrocarbon hydroxylase; PAH,
potycyciic aromatic hydrocarbon; ICso, inhibitory concentration that competes for one-half of the specific binding sites; QSAR, quantitative structure-
activity relationship; G,.v, Gibbs free energy of soivation of a compound in a liquid (here water) in equilibrium with the gas phase of the same
compound (33); AG., difference in aqueous solvation free energies of two compounds; AGuns, difference in Gibbs free energies of two ligand-
protein complexes in vacuo; AAGuwa, Gibbs free energy difference in the two ligand-protein complexes in water [related to experimentally determined
relative binding affinities of compounds A and B by AAGunw = RTIN(ICso for compound B/reference compound A), where R is the gas constant and
T is the absolute temperature].
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environment. Another possibility is that the natural Ah recep-
tor ligand occurs in the diet.

In an earlier study (5) we found that indolo[3,2-b]carbazole
binds to the Ah receptor with high affinity.? This heteroaro-
matic polycycle may be chemically derived in vitro (under acidic
conditions in the presence of light and a photosensitizer) (6)
from some of the indoles, e.g., 3,3’-diindolylmethane and in-
dole-3-carbinol, occurring in Brussels sprouts that were earlier
reported to induce AHH (7) and to protect against PAH-
induced neoplasia (7). Recent studies do support the notion of
an acid-catalyzed formation also in vivo of an Ah receptor
ligand with higher affinity than the carbinol itself (8-10).

It has also been suggested that an endogenous ligand for the
Ah receptor may be formed after UV irradiation of tryptophan
(11, 15). We have shown (12) that dehydrorutaecarpin, which
may be chemically derived from tryptamine, binds to the Ah
receptor with a relatively high affinity (ICs = 7 nM). This
implies that desaza analogues of rutaecarpin, which would have
the same molecular weight as the most active but as yet
unidentified UV-condensation product of tryptophan, consti-
tute candidates for a natural Ah receptor ligand.

The hypothesis of dietary tryptophan as a ligand precursor
is further supported by recent work by Perdew and Babbs (13),
which indicates that gastrointestinal bacteria are capable of
metabolizing tryptophan to Ah receptor ligands. Because the
Ah receptor has been detected in the gastrointestinal tract (14),
it is possible that AHH and other Ah receptor-regulated en-
zymes in the mucosal cells could be directly modulated by such
locally produced compounds.

In light of the continued interest in indoles as precursors of
Ah receptor ligands, it appears essential to expand our knowl-
edge about structural requirements for the binding of indole
condensation products and related heterocyclic compounds to
the Ah receptor. To accomplish this objective, for the present
study we have synthesized or acquired derivatives and ana-
logues of indolo[3,2-b]carbazole, examined them by means of
receptor binding assays and molecular structure studies, and
compared their properties with those of known Ah receptor
ligands. Furthermore, we applied recent methodology for com-
putation of relative free energies of solvation (16, 17) to two
ligands, to account for some of our results that we were unable
to interpret on the basis of molecular structure considerations
alone.

In this methodology free energy perturbation is applied by
the use of molecular dynamics. This methodology, which is
briefly outlined in Materials and Methods, may be used to
determine a change or “mutation” in any system that can be
adequately represented. In the present study the changes stud-
ied consist of replacements of atoms in molecules solvated in
water.

Materials and Methods

Chemicals. Dibenz[a,h]anthracene, benz[a}anthracene, and 7,12-
dimethylbenz[a)anthracene were obtained from Sigma Chemical Co.
(St. Louis, MO). Benzo[1,2-b:4,5-b’ ]bis[1]benzothiophene was a kind
gift from Dr. P. Kirby (Shell Co., Sittingbourne Research Centre, Kent,
UK). Isoquino[3,4-b]phenanthridine was generously provided by Dr.
LeRoy H. Klemm (University of Oregon, Eugene, OR). These com-
pounds were used without further purification.

* Indolo(3,2-b)carbazole should, according to Chemical Abstracts, be called
5,11-dihydroindolo[3,2-b]carbazole.
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Benzo[1,2-b:4,5-b’ |bisbenzofuran was prepared according to the
method of Bergman et al (18). 5,11-Dimethylindolo[3,2-b)carbazole
was synthesized as described by Hunig and Steinmetzer (19). 2,8-
Dimethylindolo[3,2-b]carbazole and 4,10-dimethylindolo(3,2-b]carba-
zole were prepared according to the procedure of Robinson (20), with
the corresponding phenylhydrazones as starting materials. 5,11-Diace-
tylindolo[3,2-b]carbazole was synthesized as described by Robinson
(20). 5,11-Diethylindolo([3,2-b]carbazole and 5,11-dibutylindolo[3,2-b)
carbazole were prepared by alkylation of indolo[3,2-b]carbazole accord-
ing to the method of Bergman and Sand (21). 6,12-Dihydroxyin-
dolo[3,2-b]carbazole was prepared by reduction of the corresponding
quinone with zinc in acetic acid; the indolo[3,2-b]carbazole-6,12-qui-
none was prepared as described by Osman et al (22). 5,11-Di(N,N-
dimethylaminoethyl)indolo[3,2-b]carbazole was prepared according to
the method of Bergman.® All indolo[3,2-b]carbazoles were purified by
sublimation under reduced pressure. The compounds synthesized were
at least 95% pure, as judged by mass spectrometry. IR spectra of 5,11-
dimethylindolo[3,2-b]carbazole,  5,11-diethylindolo[3,2-b)carbazole,
and 5,11-dibutylindolo[3,2-b]carbazole were recorded, and no N-H sig-
nals were observed, indicating that these preparations contained <0.5%
indolo[3,2-b]carbazole. Other chemicals were obtained from the same
sources as described earlier (5).

Receptor binding studies. As an Ah receptor source, rat liver
cytosol was used and diluted to a protein concentration of 1-3 mg of
protein/ml. All samples were incubated in the presence of 1.5 nM [1,6-
SH]TCDD for 2 hr at 2°, and a 200-fold excess of 2,3,7,8-tetrachloro-
dibenzofuran was used to determine nonspecific binding. Compounds
that were insoluble in dimethylsulfoxide at room temperature were
dissolved in N,N-dimethylacetamide. The same volume of N,N-dime-
thylacetamide was added to the incubations without competitor. Bind-
ing assays were performed by electrofocusing in polyacrylamide gels,
and determination of ICy values by logit-log plots was carried out as
described earlier (5).

Molecular structure studies. The molecular structure studies were
performed as described earlier (5), using crystallographic data from the
literature as input data. Coordinates were available for dibenz[a,h]
anthracene (23), 3-methylcholanthrene (24), benz[a)anthracene (25),
and 7,12-dimethylbenz[a)anthracene (26) and were used without mod-
ification. The following structures were used as parent compounds: for
benzo[1,2-b:4,5-b’ ]bisbenzofuran, 6,12-disalicyloylbenzo[1,2-b:4,5-b’]
bisbenzofuran (18); for 2,3,7,8-tetrachlorodibenzofuran, dibenzofuran
(27); for 3,3’,4,4’-tetrachlorobiphenyl, 2,2’- dichlorobiphenyl; and for
indolo[3,2-b]carbazoles and benzo[1,2-b:4,5-b’bis[1]benzothiophene,
14-acetylindolo[2,3-a:2’,3’-c]carbazole. Crystallographic coordinates
for the two latter parent compounds were obtained from the same
sources as described earlier (5).

The parent structures were modified by transpositions of the molec-
ular fragments when necessary, removal of excess atoms, addition of
desired atoms in standard positions, and rotation of the final structure.
The van der Waals radii of all atoms were added and images of the
molecules were plotted in such a way that the main plane of the
molecules coincided with the plotting plane. The van der Waals radii
values for the atoms were taken from the work of Pauling (28), as
follows (in A): H, 1.2; 0, 1.4; N, 1.5; Cl, 1.8; C, 1.7; S, 1.85.

Free energy perturbation studies. The free energy difference
between two states of a system, A and B, can be described as AG =
~RTin<exp(—Hap/RT)>a, where H,p is the difference in the hamil-
tonian function (i.e., the sum of all contributors to the total energy) of
states A and B, AG is the free energy difference between these states,
and the symbol <>, indicates that an ensemble average is to be taken
over the reference state A. This relationship is implemented computa-
tionally to describe the intermediary states between A and B. The
perturbation calculations are carried out by specifying the parameters
in the beginning and end states, the number of intervals or “windows”
between the states, and the length of time for equilibration and data

3 J. Bergman, unpublished observations.
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collection in each window. In the present study the slow growth method
was used, which is the limiting case of the windowing methodology
(i.e., infinitesimally small steps/windows without intermediary equili-
brations), and it is assumed that the change is effected so slowly that
the system is practically at equilibrium at each step. The program
automatically carries out the gradual transformation between the two
states A and B by incrementally changing the coupling parameter A
(for state A at the outset, the “mother compound,” A = 1 and finally
for state B, the “mutant compound,” with 0% A character and 100% B
character, A = 0). During this transformation intermediate energy
values are accumulated, stored, and reported for each window as AG =
Z[G(\ + AN) = G(N)).

Two calculations are sufficient to theoretically completely derive the
relative free energy of protein binding of two different ligands. The
first one determines the aqueous solvation free energy difference be-
tween the two ligands (AG,.), and the second determines the free
energy difference in the two ligand-protein complexes (AGuind). Because
the free energy is a state function (i.e., the difference in energy between
two states is independent of the path chosen between them), the
difference (AGuna — AG,a) is equal to the difference in aqueous solution
binding free energies of the two inhibitors (AAGuxa), according to Fig.
1. For free energy calculations the molecular simulation program Amber
4.0* was used and for ab initio calculations Gaussian-92° was used. Both
programs were run on a Cray computer. To benzene the same force-
field parameters (except for the van der Waals parameters for the sp*-
carbon C,, where R* = 1.85 A and ¢ = 0.12 kcal/mol were used) and
charges (in electron units, q,) (Cx, —0.14; Hc, 0.14) were applied as
used in earlier studies (17). Extra charges [derived at the 6-31G* level
as described by Bash et al. (17), from the 6-31G* geometry without fit
or scaling to the electric dipole moment, using Gaussian-92] and
required parameters used for pyridine were, for charges: Dy, 0.0; Nc,
—0.68; 0-Cq, 0.48; 0-Hc, 0.04; m-C,, —0.52; m-Hc, 0.20; p-Ca, 0.22; p-
Hg, 0.1 for mass of dummy hydrogen (in units); Dy = 1.008; N¢-Dy, K;
= 340, ry = 1.08; C5-Cq, K, = 469, r,q = 1.38; Cq-Nc-Cq, Ky = 70, 0, =
117.7; Nc-Cq-CA, I(c = 70, 0., = 123.6; CA’CA‘CQ, Ko = 70, o.q = 118.2;
Cq-N¢-Dy, K, = 35, 8,q = 120.0; Cq-Ca-Hc, K, = 35, 6., = 120.3; C4-Cq-
He, K, = 35, 6, = 120.3; X-Cs-Cq-X, V,/4 = 3.7, ¥ = 180, n = 2. One
additional bond angle parameter (CA-Cq-Ca, Ky = 70, 6, = 120.3) was
needed for isoquino(3,4-b]phenanthridine, and for dibenz[a,h]anthra-
cene the benzene parameters were sufficient. The charges for the two
latter compounds were also derived on the 6-31G* level, as described
above, with the optimized 6-31G* structure of isoquino[3,4-b]phenan-

AGj;

R+L 9 > RL
AGgoly AGpind
R+L > RL'

AGjig
AAGping = AGjig = AGjig = AGping ~ AGsolv

Fig. 1. Scheme for a thermodynamic cycle describing receptor-ligand
binding in solution. In this cycle AG.w is the difference in Gibbs free
energy of solvation between the ligands L and L', AGu is the difference
in free energy of between L and L’ at the binding site of the
receptor (R), and AGy, and AGyy are the free energies of receptor binding
of the ligands L and L', respectively. it is currently not possible to directly
simulate the AGy, and AGyy terms, but it is possible to simulate the
transitions L to L’ in solution and (provided that the three-dimensional
structure of the receptor is available) in the protein.

* Program available from Dr. Peter Kollman, Department of Pharmaceutical
Clnmntry, UCSF, San Francisco, CA 94143-0446.
¢ Program available from Gaussian Inc, 4415 5th Ave., Pittsburgh, PA 15213.

thridine and with a partially optimized (from the optimized 6-31G
structure at the 6-31G* level) structure of dibenz[a,h]anthracene,
respectively.

For the calculation of relative free energies of solvation, the ligand
to be changed was placed in a box of water molecules (354 for benzene,
344 for pyridine, and 533 for dibenz[a,h]anthracene) generated by
Monte-Carlo simulation. The systems were initially partially mini-
mized for 200 steps and equilibrated by molecular dynamics performed
at constant temperature (300°K) and pressure (1 atm) using periodic
boundary conditions (during 5 psec for pyridine and benzene and during
20 psec for isoquino[3,4-b]phenanthridine). A cut-off of 8 A was used
for the nonbonded pair-list, which was updated every fifth time-step
(At = 0.001 psec), and the SHAKE algorithm was used to constrain
bonds involving hydrogens to their equilibrium values. After pre-
equilibration the systems were perturbed to obtain the free energy
difference of the A to B transition as described by Bash et al (17),
using the same conditions as for the pre-equilibrations. Slow growth
simulations were performed without decoupling of the electrostatic
contributions from the van der Waals contributions to the AG.

Results

We have studied various possible Ah receptor ligands by
means of molecular structure studies and receptor binding
assays. ICs values for various compounds for their inhibition
of specific ['H)TCDD binding in rat liver cytosol are listed in
Table 1, and their structural formulas are shown in Fig. 2.

Because methylation in a critical position is known to in-
crease the affinity of some steroids for their receptors, it was
of interest to investigate the effect on receptor affinity exerted
by methylation of indolo[3,2-b]carbazole (ICs = 3.6 nM) at
various positions. N-Methylation of the indolo[3,2-b]carbazole,
leading to 5,11-dimethylindolo[3,2-b]carbazole (I), increased
the affinity about 3-fold (ICs = 1.2 + 0.2 nM), compared with
the parent structure, indolo[3,2-b]carbazole (IV).

Based on the assumption that there may be steric features
in common for high affinity ligands for the Ah receptor that
are not present in low affinity ligands, we created computer-
generated plots of images of some receptor-binding molecules
(shown in Fig. 3). Because the affinity of 5,11-dimethylin-
dolo[3,2-b]carbazole (Fig. 3D) was higher than that of its parent
compound, indolo[3,2-b]carbazole (Fig. 3B), we also fitted the
ligands shown in Fig. 3 (with the van der Waals radii of all
atoms included) into a 6.8- X 13.7-A rectangle designed to fit
5,11-dimethylindolo[3,2-b]carbazole, with a protrusion 2.2-A
long and 3.0-A wide situated on the long side at a distance of
3.0 A from its corner. As evident from the plot (Fig. 3D) and
the symmetry of the molecule, either of the methyl groups of
5,11-dimethylindolo[3,2-b]carbazole fits into the protrusion.
On the other hand, we found that 4,10-dimethylindolo(3,2-b]
carbazole (VII) and 2,8-dimethylindolo(3,2-b]carbazole (XIII),
where the methyl groups do not fit into the protrusion, had
lower affinities (ICs = 19 + 5 nM and ICs, > 150 nM, respec-
tively) for the rat liver Ah receptor than did the parent com-
pound.

Because it is known that the halogens are necessary for the
receptor binding of halogenated dioxins, dibenzofurans, and
biphenyls (29), we wanted to investigate whether the nitrogens
were of similar importance for receptor binding of the in-
dolo[3,2-b]carbazole parent structure. We therefore studied the
isosteric heterocycles where both nitrogens of indolo[3,2-b]
carbazole are replaced by sulfur or oxygen atoms. Benzo[1,2-
b:4,5-b’ ]bis[1]benzothiophene (III) (Fig. 3A) has a larger het-
eroatomic van der Waals radius (1.85 A) (28) and covalent
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mmmawaz-ﬂumﬁmaMammmMWﬁcMMPﬂmhmlhnrcymol
were performed as outlined in Materials and Methods, and IC,, values were caiculated as described earfier (5). Correlation coefficients for inear regression were
MMOO&MMMMH\IC..VMW%OM ICso values for inhibition of specific [*H]TCDD binding represent the mean + standard deviation from
separate experiments. Roman numerals refer to structures of compounds shown in Fig. 2. Projections of the molecules are piotted in Fig. 3.

Compound Name 1Cs0
nu

| 5,11-Dimethylindolo{3,2-b]carbazole (Fig. 3D) 1.2+0.2
] Dibenz{a,h]anthracene (Fig. 3G) 25107
m Benzo{1,2-b:4,5-b’ bis[1]benzothiophene* ® (Fig. 3A) 33+22
v Indolof3,2-b]carbazole® (Fig. 3B) 36+26
v 5,11-Diethylindolo{3,2-b]carbazole* (Fig. 3E) 89+42
vi 5,11-Diacetylindolof3, 2-b]carbazole (Fig. 3F) 11.2+5.2
vil 4,10-Dimethylindolo{3,2-b 195
Vil Benzo[1,2-b:4,5-b’ Jbisbenzofuran® (Fig 30) 29+ 10
) ¢ Benz{a]anthracene (Fig. 3l) 48+6
X Isoquino[3,4-b]phenanthridine® 137 £ 26
XI 7,12-Dimethylbenz[a]anthracene (Fig. 3J) 1396

b (] 5,11-Dibutylindolo{3,2-b]carbazole >150
X 2,8-Dimethytindolof3,2-b]carbazole >1500
Xiv 5,11-Di(N,N-dimethylaminoethyi)indolo[3,2-b}carbazole >1500
XV Indolo[3,2-b]carbazole-6,12-quinone >150
xvi 6,12-Dihydroxyindolo{3,2-b]carbazole >1500

* Because of their limited solubliity, these competitors were dissolved in N N-dimethylacetamide instead of dimethyisuifoxide, as described in Materials and Methods,

before addition to the incubations.

° The ICs, value of benzof1,2-b:4,5-b’ Jbis{1]benzothiophene was decreased if the same solution was used the next day, indicating an instability of this compound in
solution. Possibly this may be due to uptake of oxygen and formation of the corresponding sulfone.

° Determined earfier (5).

bond length (1.04 A) (28) than does indolo[3,2-b]carbazole (Fig.
3B), which has a heteroatomic van der Waals radius of 1.5
and covalent bond length of 0.7 A (28). This sulfur isoster of
indolo[3,2-b]carbazole therefore has somewhat more bulk at
the site of the protrusion, as visualized in Fig. 3A [compared
with indolo[3,2-b]carbazole, also when the volume of the hy-
drogen atoms (van der Waals radius, 1.2 A; covalent bond
length, 0.3 A) (28) on its nitrogen atoms is considered] and a
somewhat higher, or similar, receptor affinity (ICs = 3.3 + 2.2
nM). The affinity of the oxygen analogue benzo[1,2-b:4,5-b’]
bisbenzofuran (VIII) for the Ah receptor was lower (ICs = 29
+ 10 nM) than that of indolo[3,2-b]carbazole. The furan oxygen
has a smaller van der Waals radius (1.4 A) and a shorter
covalent bond length (0.66 A) (18) than do the indole nitrogens
of indolo[3,2-b]carbazole and therefore benzo[1,2-b:4,5-b’bis-
benzofuran has less volume at the site of the protrusion (espe-
cially if the volume of the hydrogens on the nitrogens of
indolo[3,2-b]carbazole is considered), as visualized in Fig. 3C.
Because methylation at positions 5 and 11 of indolo[3,2-b]
carbazole was found to increase the receptor affinity, compared
with that of the parent compound, it was of interest to inves-
tigate the effects of other substituents at these positions. Al-
though the data set is too limited to perform a strict QSAR
analysis, we have presented in Table 2 values of various param-
eters commonly used in QSAR of substituent effects, for the
5,11-substituted indolo[3,2-b]carbazoles we have been able to
synthesize. N-Ethylation of indolo[3,2-b]carbazole, leading to
5,11-diethylindolo[3,2-b]carbazole (V) (Fig. 3E), decreased the
binding affinity by a factor of 3 (ICs, = 8.9 + 4.2 nM), compared
with the parent compound. Substitution on the nitrogens of
indolo[3,2-b]carbazole with more bulky substituents, such as
an acetyl group as in 5,11-diacetylindolo[3,2-b]carbazole (VI)
(Fig. 3F) or a butyl group as in 5,11-dibutylindolo[3,2-b]carba-
zole (XII), further decreased the affinity (ICs = 11.2 + 5.2 nM
and ICy > 150 nM, respectively). These results may be inter-
preted as if a maximum size of the §,11-substituent has been

exceeded by these ligands and/or as if larger substituents than
methyl interfere with planarity, because they may stick out
from the main plane of the molecule. The affinity of 5,11-
di(N,N-dimethylaminoethyl)indolo[3,2-b]carbazole ~ (XIV),
with very bulky N-substituents, was also reduced (ICs > 1500
nM).

Of the QSAR parameters for 5,11-substituents of six in-
dolo[3,2-b]carbazoles in Table 2, the molecular refractivity
appeared to be most correlated with the Ah receptor affinity
(log ICs) for methyl substituents and larger substituents. Mo-
lecular refractivity is dependent on the size and polarizability
of the substituent (30).

When indolo[3,2-b]carbazole was hydroxylated in the middle
ring, as in 6,12-dihydroxyindolo[3,2-b]carbazole (XVI), the re-
ceptor affinity was reduced by 2 orders of magnitude (ICs >
1500 nM). The affinity of the corresponding quinone (XV) for
the Ah receptor was also found to be low (ICs > 1500 nMm).

Either of the two K-regions (31) of dibenz[a,h]anthracene
(IT) (ICsp = 2.5 £+ 0.7 nM), which has a high affinity for the
mouse liver Ah receptor (32), may be fitted into the protrusion,
as is evident from Fig. 3G. Hence, we proceeded to regard some
other PAHs as imperfect dibenz[a,h]anthracene analogues and
oriented the phenanthrene part of their ring system in the same
manner as the K-region of dibenz[a,h)anthracene that is not
fitted into the protrusion.

The ring with the methyl substituent of 3-methylcholan-
threne (which has an affinity for the mouse liver Ah receptor
intermediary between those of benz[a]anthracene and 5,6-ben-
zoflavone) (33) partially fills the protrusion (Fig. 3H). Although
the corresponding rings of benz[a]anthracene (IX) (ICs = 48
+ 6 nM; Fig. 3I), and 7,12-dimethylbenz[a]anthracene (XI)
(ICso = 139 + 6 nM; Fig. 3J) partially fill the protrusion when
oriented as shown in Fig. 3, the affinity of these PAHs is 1
order of magnitude lower than that of dibenz[a,h]anthracene.
Probably a critical molecular size must be attained by ligands
for high affinity binding. Although the explanation for the
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Fig. 2. Structural formulas for the competitors used to inhibit specific
[*H]TCDD binding in rat liver cytosol. Roman numerals refer to the names
of compounds in Table 1.

lower affinity of 7,12-dimethylbenz[a]anthracene may be more
complex than can be accounted for by steric factors alone, the
generalization that planarity is required for molecules interact-
ing with the Ah receptor (4) is not refuted by the results for
the PAH ligands studied here, because the 7,12-dimethyl-
benz[a]anthracene molecule is nonplanar (26).

To gain a perspective on why the dibenz[a,h]anthracene
analogue isoquino[3,4-b]phenanthridine (X) had a much lower
affinity (ICs = 137 + 26 nM) than did dibenz[a,h])anthracene,
although the two compounds are approximately isosteric, we
carried out free energy perturbation calculations to determine
their relative free energy of solvation in water. Initially we
carried out pilot calculations on the model compounds benzene
(reference) and pyridine (Table 3), to validate our system. The
interaction energy of the ligand with the solvent at values of
its parameters (designated F for A + A\ and R for A — A\ in
Table 3) provided an internal check of the method, because the
sum of these two energy changes over all intervals should be

the same. To obtain an estimate of the statistical error for the
simulation by independent simulations for the same systems,
we carried out a second simulation for the backward B to A
transition, starting from the final coordinates from the forward
A to B simulation. The dependency of the starting configura-
tion, which may be appreciated as the degree of hysteresis (i.e.,
degree of thermodynamic reversibility), appears to be small, as
judged from the plot of AG,,, versus A shown in Fig. 4. The
mean from the calculations in both directions was —3.0 + 0.1
kcal/mol (Table 3), which is in line with the experimental data
for the solvation in water from the gas phase of pyridine,
compared with benzene (AG,,v = —3.8 kcal/mol) (34).

There is not yet any rule of thumb established to determine
whether a free energy perturbation calculation is converged
with respect to increasing time spans of the simulation. To
establish that the time used for the simulation (40 psec) was
adequate, we also perturbed pyridine to benzene during 40 psec
and repeated the same calculation using doubled as well as
quadrupled simulation lengths (depicted in Fig. 5). Because the
result does not appear to be critically dependent on the length
of the simulation (as can be seen in Table 3) the perturbations
of dibenz[a,h]anthracene/isoquino[3,4-b]phenanthridine were
also carried out using a simulation length of 40 psec. To derive
the necessary point charges for the latter perturbation, we fitted
the electrostatic potential calculated at the 6-31G* level to the
atomic van der Waals radii of the molecules (Fig. 6). The latter
perturbations resulted in a AG,, of —6.2 = 0.1 kcal/mol for
isoquino(3,4-b]phenanthridine, compared with dibenz[a,h)an-
thracene (Table 3), again with an apparently small hysteresis
(Fig. 7).

Discussion

The indolocarbazoles, as well as some other isosteric heter-
ocycles studied in this work, represent a class of Ah receptor
ligands distinct from the other known ligands (halogenated
aromatic hydrocarbons and PAHs). The Ah receptor-binding
estimates of these heterocycles may therefore be of value for
development of more general structure-affinity concepts than
those presently available for binding of ligands to the Ah
receptor.

The nitrogens of indolo[3,2-b]carbazole (IV in Table 1) do
not seem necessary for Ah receptor binding of this parent
structure, because the corresponding heterocycles where the
nitrogens are replaced by oxygen or sulfur also have appreciable
receptor affinity.

The Ah receptor affinity of the investigated methylated in-
dolo[3,2-b]carbazoles is in the rank order 5,11-dimethyl > 4,10-
dimethyl > 2,8-dimethyl, i.e., the receptor affinity decreases
with increasing distance between the methyl groups and nitro-
gen atoms. These results also indicate that the 5 (or 11)-
position probably is the optimal site for affinity-increasing
substitution (of the ones we were able to investigate) of in-
dolo[3,2-b]carbazoles (and possibly also for other molecules
approximately isosteric to indolocarbazoles with respect to the
atomic van der Waals radii), because only methylation at these
sites was found to increase the receptor affinity of indolo[3,2-
b]carbazole.

The observation that 5,11-substituents larger than methyl
groups on indolo[3,2-b]lcarbazole tend to decrease, rather than
increase, the affinity of the ligand for the Ah receptor indicates
that this size of substituent is nearly optimal. The observation
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Fig. 3. Images of some Ah receptor-binding

molecules with van der Waals
crystallographic data, with the van der
Waals radii according to Pauling (28) being
added by means of a computer, and were
plotted as outlined in Materials and Meth-
ods. The outer rectangle is 6.8 A x 13.7 A,
with a 2.2 x 3.0 A protrusion on the long
side, 3.0 A from the comer accommodating
certain  affinity-increasing substituents.
Plots are shown for benzo{1,2-b:4,5-b']
bis{1]benzothiophene (A), indolof3,2-bcar-
bazole (B), benzo{1,2-b:4,5-b’]bisbenzo-
furan (C), 5,11-dimethylindolo[3,2-b]carba-
zole (D), 5,11-diethylindolo{3,2-b]carbazole
(E), 5,11-diacetylindolo[3,2-b]carbazole (F),

A

C

E

G H
I J

/

that only the steric QSAR parameters in this (Table 2) and an
earlier study of PAHs (35) were correlated with Ah receptor
affinity also seems to stress the importance of steric factors for
ligand binding to the receptor.

Our earlier model of a 6.8- x 13.7-A rectangle including the
molecular atomic van der Waals radii obviously represents a
more general concept for binding of ligands to the Ah receptor
than does the 3- x 10-A rectangle with the centers of halogen
atoms in its corners proposed by Poland and Knutson (4),
because the latter accounts only for Ah receptor binding of
halogenated dioxins and isosteric halogenated ligands, whereas
our pattern accounts for the binding of PAH and heterocycles
in addition to chlorinated ligands (5).

However, the notion of simplistic patterns that can accom-
modate good ligands should not be carried too far to try to

dibenz{a,hlanthracene (G), 3-methyichol-
anthrene (H), benz[a]anthracene (I), and
7,12-dimethyibenz[a]anthracene (J).

account for Ah receptor ligand binding, because all of the space
surrounding known ligands has not yet been probed by substi-
tutions and therefore we cannot establish whether fits into our
patterns [our 6.8- X 13.7-A rectangle without (5) or with a
protrusion 2.2-A long and 3.0-A wide situated on the long side
at a distance 3.0 A from its corner, as in Fig. 3] are necessary
requirements for binding. Furthermore, the binding site may
be expected to be more complex, i.e., constituted of amino acids
with more or less flexible side chains, which may impose more
or less strict steric restrictions in various positions on ligands
for their high affinity binding. Thus, examples may be found
of compounds, such as dibenz[a,c]anthracene (32), that despite
their lack of fit to either of the mentioned patterns (Poland’s
or ours) have a relatively high Ah receptor affinity. Moreover,
examples may be found of compounds, such as chloromethyl-

2102 ‘€ Jaqwaosag uo Alsianiun pesewwey] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

342  Giliner ot al.
TABLE 2

Substituent parameters of indolo[3,2-b]carbazoles substituted at the 5- and 11-positions
shown are o, and o, for electronic effects, £, for steric effect, L for length, B, for width, nmeadarrefracuvny(MR)forvolume rforlipophilicity,andloglcu

Descriptors

for "%og ICe. o = log Kx — log Ku, where K, is the ionization constant of benzoic acid in water and Ky that of substituted benzoic acid, » = in meta-position
mmwmsmmmmmmwwmmﬁmm MR=((n’-1)/(n’+1))(MW/d)whemmsﬂ\emdexofrsfracnon MW the molecular
for benzene in water/octanol and PX is that for a substituted benzene. Only steric parameters,

and d is density. = = log P, — logP...whemP..lsthsparﬂormg

, p = in para-
weight,

e.g., molecular refractivity, seem to be correlated with binding affinity. Substituent values were taken from Ref. 30.

Slene

Substituent On o E, L B, MR x log ICs0
R=H 0 0 0 2.06 1 1.03 0 0.556
R =CH; -0.07 -0.17 -1.24 3.00 2.04 5.65 0.56 0.078
R = CH,CH, -0.07 -0.15 -1.31 41 297 10.3 1.02 0.949
R = COCH, 0.38 0.50 -2.0* 4.06 2.83 11.18 -0.55 1.049
R = (CH2)sCHs -0.08 -0.16 -1.63 6.17 442 19.59 213 27
R = (CH2)2N(CH3)2 -0.80 -0.16 -3.0° 5.58 297 22.0° 0.417 37
* Estimated from -CHO.
® Estimated from -CH2C{CHa)s.
° Estimated from pentyl.
9 Estimated from -CHaN(CHy)..
TABLE 3 1 4
Relative free energies of solvation in water for CHto N 0- K
perturbations of model and ligand compounds computed from the )
simulations depicted in Figs. 4, 5, and 7 -1 12

In the first simulation the reference benzene (A, A = 1) was perturbed to pyridine
(B, A = 0). In the second set of simulations pyridine was perturbed to benzene
using different time spans. In the last simulation dibenz{a,h]anthracene was per-
turbed to isoquino{3,4-bjphenanttwidine. The first and last simulations were aiso
carried out in the reverse direction, and for them the AG,. was calculated as mean
+ standard deviation (two experiments) of both the A to B and B to A simulations.

Goaw
Reference (A) Time Direction® ——— MMM 8 AGew®
A—B B—A
psec kealfmol keal/mol
Benzene 40 F 2916 3.099
R -2916 -3.099 -3.01 £0.13
Pyridine 40 F —-2.999
R 2.999 3.00
80 F -3.122
R 3.122 3.12
160 F -2.817
R 2.817 2.82
Dibenz{a,hlanthracene 40 F 6.193 6.286
R -6.192 -6.285 —6.24 £ 0.07
*F and R represent the free energies computed in the direction A — X + A for
the process of A from 0 to 1 and in the direction A — A — AX for the

'Mwmvmmmmmsdxmmmuoo

dibenzo-p-dioxins, that can be fitted into both of the mentioned
patterns but have virtually no activity, thus indicating that
neither of these patterns describes sufficient requirements for
high affinity binding. Whether and how these patterns are
reflections of the disposition of amino acids in the binding site
of the Ah receptor will not be known until the three-dimen-
sional structure of the receptor is solved. Probably other factors
(36), such as hydrophobicity of the ligands, are also important
determinants for Ah receptor binding.

Recent developments in and applications of free energy per-
turbation methods have emphasized the fact that if the relative
differences in free energy in receptor binding of ligands are

AG (kcal/mol)

+0

4 + + + ' -1
0 02 04 06 08 1

A

Fig. 4. Cumulative change in Gibbs free energy upon soivation of pyridine,
relative to benzene, in water. The of the relative Gibbs free

energy of solvation in water (AG,a) On X is shown to illustrate the degree
of hysteresis (i.e., degree of thermodynamic reversibility) of the pertur-
bation. Slow growth simulations were performed, each with 40,000 steps
at At = 0.001 psec, for the transformation of benzene to pyridine in both
the forward (——, left scale) and reverse (- - -, right scale) directions.
The system was equilibrated for 5 psec using molecular dynamics, under
the same conditions as used for the perturbations, before both the
forward and reverse simulations.

small relative to the differences in free energy of solvation the
latter determines the strength of the ligand-receptor interaction
(37). In other words, if the binding site is conceived as being
delineated with exclusively, or predominantly, hydrophobic
amino acids, the less water soluble the ligand is the more
strongly it will bind to the receptor. This does not appear to be
an unrealistic assumption, because most high affinity ligands
for the Ah receptor (e.g., TCDD, PAHs, and indolo[3,2-b]
carbazole) (38) are almost insoluble in water, i.e., are very
hydrophobic and do not appear to contain any obvious hydro-
gen bond donors or acceptors.

Because isoquino[3,4-b]phenanthridine fulfills the steric re-
quirements for high affinity binding suggested here to about
the same extent as does dibenz[a,h]anthracene, the decrease in
binding affinity caused by the replacement of carbons with
nitrogens would be surprisingly large if only steric factors
governed the binding.
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AG (kcal/imol)
N

0 40 80 120 160
ps

Fig. 5. Dependency of AG. on the time span of the simulation. The
dependency of the relative Gibbs free energy of solvation in water on
the time of the simulation is shown. Three slow growth simulations were
performed in the forward direction, for 40,000, 80,000, and 160,000
steps at At = 0.001 psec for the transformation of pyridine to benzene.
The system was pre-equilibrated for 5 psec using molecular dynamics
under the same conditions as for the perturbations and was then used
as a starting conformation for all three simulations.

-0.137

(.149) (.149)

Fig. 6. Partial charges determined with electrostatic potential fitting to
the molecular atomic van der Waals surfaces with the use of a 6-31G*
basis set for dibenz{a,h]anthracene (/eft) and isoquino{3,4-b]phenanthri-
dine (right). The means of charges on symmetry-equivalent atoms are
shown. Values in parentheses, hydrogen atom charges.

1

14

-3

AG (kcal/mol)

-7 + + + + 1
0O 02 04 06 08 1

A

Fig. 7. Cumulative change in Gibbs free upon solvation of
isoquinof3,4-b]phenanthridine, relative to dibenz[a,h]anthracene, in
water. The of the relative Gibbs free energy of solvation in
m(wm)mx&mmmmuwdegree »
degree of thermodynamic reversibility) of the perturbation. Slow growth
simulations were performed, each with 40,000 steps at At = 0.001 psec,
for the transformation of dibenz{a,h]anthracene to isoquino{3,4-b]phen-
anthridine in both the forward (——, /eft scale) and reverse (- - -, right
scale) directions. The system was equilibrated for 20 psec using molec-
ular dynamics, under the same conditions as used for the perturbations,
before both the forward and reverse simulations.

The lone-pair electrons of the nitrogen atom of isoquinoline
are not delocalized in the » aromatic system but are present in
an orbital that has a large proportion of o character. Therefore,
isoquinoline may be expected to be a much stronger base than

Ah Receptor Binding of Heterocycles 343

indole. The pK, (39) for isoquinoline (5.40) in water is similar
to that of pyridine (pK, = 5.23). Phenanthridine (which is
closest to isoquino[3,4-b]phenanthridine with respect to struc-
ture) is a somewhat weaker base (pK, = 4.5) (40) than pyridine
but a much stronger base than indole (pK, = —2.4) and a much
weaker base than a typical aliphatic amine (e.g., trimethylam-
ine, pK, = 9.7) (39). These differences in basicity of pyridine,
isoquinoline, and phenantridine, compared with indole, is a
reflection of the ability of the pyridine (-type) nitrogen atom
to accept hydrogen bonds from water (34). Thus, the nitrogens
introduced in each of the K-regions of dibenz|a,h]anthracene
(leading to isoquino|[3,4-b]phenanthridine) should be more eas-
ily protonated than the indolic nitrogens of indolo[3,2-b]car-
bazole. However, at neutral pH (as used in our assay) they
should not be protonated.

Our computational result on the relative free energy of sol-
vation (AG,. = —6 kcal/mol) of isoquino(3,4-b]phenanthridine,
compared with dibenz[a,h]anthracene, corresponds to a
>10,000-fold increased “water affinity” due to the replacement
of two CH units by pyridine-type nitrogen atoms. The experi-
mentally measured relative binding affinities of the two com-
pounds are related to AAGuina (the difference in aqueous solu-
tion binding free energies of the two ligands). AAGying, is in
addition to AG,., dependent on AGyina (the free energy differ-
ence in the two ligand-protein complexes), which we will not
be able to calculate directly using free energy perturbation
methods until the three-dimensional structure of the Ah recep-
tor becomes available. If we instead derive AGyina 88 AAGuing +
AG,.v, where we use AAGyina = RTIn(ICs, for isoquino[3,4-b]
phenanthridine/ICs, for dibenz[a,h]anthracene) = 2.17 kcal/
mol from our receptor binding assays, we obtain a AGy,g of —4
kcal/mol. This indicates that the observed difference in Ah
receptor binding affinity between isoquino[3,4-b]phenanthri-
dine and dibenz[a,h]anthracene is dominated by the larger
(compared with AGyng) relative difference in free energy of
solvation in water (AG,.v) of the two compounds.

One way to interpret the above result is that the difference
in receptor affinity observed may be due to a higher degree of
hydrophobicity of dibenz[a,h]anthracene, compared with iso-
quino[3,4-b]phenanthridine. It should then be remembered that
the AG,,. values computed here by free energy perturbation
refer to the relative free Gibbs energies for the transfer of the
compounds directly from the gas phase to the liquid phase,
whereas hydrophobicity of a compound is often estimated from
the relative partitioning of the compound between an organic
solvent (e.g., octanol) and water. To completely simulate the
latter process using free energy perturbation (which we have
not done in the present study) the relative free energies for the
transfer of the compounds from the gas phase to the organic
solvent must also be computed, as described by, for example,
Jorgensen et al. (41).

The greatly reduced receptor affinity of 6,12-dihydroxyin-
dolo[3,2-b]carbazole, compared with that of the parent com-
pound, is consistent with the observations that various epoxide
and diol metabolites of benzo[a]pyrene have binding affinities
for the Ah receptor that are reduced by 2 orders of magnitude,
compared with those of their parent compound.® The fact that
Bash et al. (17) obtained AAG,y of —4.57 for phenol with
benzene as a reference, using free energy perturbation, supports

¢ J. Carlstedt-Duke, personal communication.
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the interpretation that hydroxylation decreases the receptor
binding affinity due to a more favorable solvation energy of the
product.

Another property that has been proposed as a determinant
for Ah receptor-mediated biological activity is the presence and
strength of negative potentials in certain regions of halogenated
dibenzo-p-dioxins (42). Unfortunately, it is not immediately
clear how to apply this concept to, for example, 8-naphthofla-
vone (43).

Ah receptor binding of halogenated biphenyls and dioxins
has also been correlated with polarizability and stacking param-
eters (44). If polarizability is also important for Ah receptor
binding of heterocycles, the relatively low affinity of the in-
dolo[3,2-b]carbazole-6,12-quinone, compared with indolo(3,2-
b]carbazole, may possibly be partly due to the fact that a smaller
number of = electrons are available in the ring system of the
molecule. Furthermore, the rank order of affinities for the Ah
receptor of the resulting heterocycles when the nitrogens of
indolo[3,2-b]carbazole are replaced by sulfur or oxygen (S = N
> 0) approximately parallels the rank order of the heteroatomic
van der Waals radii (S > N = O) (28), which in turn equals the
rank order of relative polarizabilities of these atoms (S> N =
0) (45), due to the increase in number of delocalizable electrons
with increasing size of the atom.

In conclusion, the present study of heterocyclic Ah receptor
ligands indicates that the notion (that has emerged from studies
on halogenated and aromatic hydrocarbons) of the ligand bind-
ing site of Ah receptors as a cavity imposing certain (not yet
completely mapped) steric restrictions also seems to be plausi-
ble for the Ah receptor binding of heterocyclic ligands. The
generalization that has been derived from studies on halogen-
ated and aromatic hydrocarbons (e.g., earlier QSAR studies
recently supported by novel structure-activity approaches and
thermodynamic analyses) (Refs. 46 and 47 and references
therein), that there is a requirement for hydrophobicity for
high affinity ligands for the Ah receptor, is not contradicted by
our present results of free energy calculations for a pair of
compounds. Which other properties (e.g., in terms of charge
distribution and polarizability) are shared by members of all
three classes of high affinity ligands, i.e., halogenated aromatic
hydrocarbons, PAHs (as well as 8-naphthoflavone), and het-
erocyclic ligands, remains to be more firmly established.
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