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ABSTRACT: The dependences of biological oxidation and toxicity of the mono- and multi-
substituted benzene derivatives on the nature of substituents are studied using an oxenoid
model and the quantum chemical calculations. According to this model, the P450 enzyme
breaks the dioxygen molecules and generates the active atomic oxygen species (oxens); these
species readily react with substrates. Using MO LCAO MNDO approach, we calculated the
differences AE of the total energies of aromatic compounds and corresponding arene oxides
containing tetrahedrally coordinated carbon atoms. We obtained that the AE values determine
the positions of the enzyme mediated oxidation, rate of substrate biotransformation, and toxicity
of the benzene derivatives. In addition to the “dynamic” reactivity index AE related to the
enzyme-mediated substrate biotransformation, we calculated many standard “static” reactivity
indices, corresponding to the substrate molecules in the starting equilibrium geometry (the
energies of the occupied and unoccupied MOs, the effective atomic charges, the free valence
indices, and the superdelocalizabilities). The arene oxide stability AE parameter is shown to be
the most adequate characteristic of both the biological oxidation process and toxicity of
benzenes. The AE parameters were also used successfully to describe the features of di- and tri-
chlorinated biphenyls bacterial metabolism. ~ ©2007 Wiley Periodicals, Inc. Int ] Quantum Chem 107:
2454-2478, 2007
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QUANTUM CHEMICAL SIMULATION OF CYTOCHROME P450

Introduction

M any chemical compounds require a bioacti-

vation to exert the toxic effects and initiate
the tumors [1-10]. Particularly, a concept of enzy-
matic activation of the procarcinogens to the prox-
imate and ultimate carcinogens has been approved
by the in vitro and in vivo studies, as well as by
structure-carcinogenic activity relationships ob-
tained using quantum chemical parameters in the
series of polycyclic aromatic compounds and their
derivatives [11-26], haloidalkanes and haloidalk-
enes [27-32]. The oxidation catalyzed by a microso-
mal P450 monooxygenase system is a common
mechanism of the xenobiotics activation. The P450
enzymes take part in the detoxication, biodegrada-
tion, and bioactivation reactions of chemicals. An
iron(Ill) porphyrin complex forms an active site of
the cytochrome P450 [33-35]. The problems of the
cytochrome P450 structure-function relationships
were treated in many books and papers on enzy-
mology, xenobiochemistry, and toxicology [32-41].
Not so much is known about an influence of sub-
strate electronic structure on its enzymatic oxida-
tion.

The benzene derivatives are known to be the
typical substrates of the cytochrome P450 medi-
ated hydroxylation. Figure 1 shows the important
features of the multistage mechanism of hydroxy-
lation of these molecules [2, 3]. Experiments show
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FIGURE 1. Mechanism of aromatic hydroxylation by
cytochrome P450.

that a rate of oxidation, a yield of the hydroxy-
lated products, and the toxicity of benzene deriv-
atives C4H;X depend strongly on a nature of
substituent X. In this article, we study these de-
pendences on the basis of quantum chemical cal-
culations using the so-called oxenoid model [42].
According to this model, the P450 enzyme breaks
the dioxygen molecule and generates the active
atomic oxygen species (oxens) [43]. The oxens
readily react with substrates. For the molecules
with conjugated and isolated m-bonds, some fea-
tures of oxenoid model were studied from the
experimental and quantum chemical point of
view [44-46]. On the basis of these data, we
suggest that the stability of the intermediate IV
containing one tetrahedrally coordinated carbon
atom relative to the original molecule I is the
factor that determines the rate of enzyme medi-
ated substrate biotransformation. Using the MO
LCAO MNDO approach, we have calculated the
total energies of molecules I and arene oxides IV
(E; and Eyy, respectively). A difference AE = Ey
— E; approximately determines an activation en-
ergy of the oxidation reaction [42]. In our calcu-
lations of the benzene derivatives I, we have op-
timized only the substituent geometries. The
structure of distorted benzene ring of the inter-
mediates IV was taken from the paper [42]. The
geometry of substituent in the intermediate IV is
suggested to be the same as the geometry of this
substituent in the initial molecule of substituted
benzene I.

Positions of Hydroxylation

Table I shows the calculated values of activa-
tion energies AE for the addition of oxygen to the
C atoms of monosubstituted benzenes together
with the experimental in vivo and in vitro data on
the hydroxylation of benzene derivatives C HsX.
The AE value of benzene CiH, is taken as the
energy reference point (AE(C4Hy) = 0). The neg-
ative AE values point on the stabilization of the
arene oxide derivative of the C;HsX molecule
relative to that of the benzene. The positive AE
value points on arene oxide destabilization. Let
us consider how the calculated AE values corre-
late with the experimental hydroxylation data. As
follows from the developed model, the enzyme
activated oxygen species should be bonded pref-
erentially to those C atoms, for which the AE
values are minimal and, consequently, the inter-
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TABLE |

Formation energies (AE) for arene oxides and rate of biological oxidation of benzene derivatives CzH X.

AE (eV) and amount of phenols formed

(% of the dose administrated) Object of
No Substituent X ortho meta para experimentation Reference
1 N(C,Hs), AE —0.79 0.12 -0.76
a found — found rat, dog 53
2 NH, AE -0.78 0.1 -0.6
7-10 0.1 40-55 rabbit 32,53
4 — 46 guinea pig 32
19 — 48 rat 32
6 — 56 hamster 32
26 — 28 polar cat 32
18-25 — 9-11 dog 32
32 — 14 cat 53, 54
— — 20 in vitro a7
e 0.9-83 — 1.9-22.2 perfused liver 55
3 OH AE —0.68 0.18 —-0.37
0.5-1.0 — 10 rat 32,53
a found — found rabbit 56
4 N(CH,)(C,Hg) AE -0.54 0.1 —-0.63
— — 2.5-3.9 in vitro 57
5 OC,H; AE -0.37 0.13 —0.48
a — — found dog 53
6 OCH,4 AE -0.25 0.14 —0.39
less — more rat 53
1 — 10 in vitro a7
19.5 2 68.5 in vitro 47
less — more in vitro 55
7 NHCHO AE -0.18 0.16 —-0.34
traces — 3.2 in vitro a7
8 NHCONH, AE 0.11 0.13 -0.33
— — 21.6 in vitro 47
9 NHCOCH, AE O 0.13 -0.32
traces — 70 rabbit 53
a — — found human 53
a more — less dog 53
traces — 27.2 in vitro 47
10 CH=CH, AE -0.17 0 —-0.14
a — — found not listed 58, 65
— — 0.1 rabbit 59
11 F AE -0.14 0.19 -0.12
a traces — found rat 53
0.08 0.05 0.03 in vitro 47
12 CgHs AE -0.07 0 -0.17
0.4 — 10 in vitro 47
13 CH;CH=CH, AE -0.04 -0.02 -0.1
b — — 20 dog 53
14 C,Hsg AE —-0.03 —0.01 —0.08
— — 0.3 rat 59
(continued)
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QUANTUM CHEMICAL SIMULATION OF CYTOCHROME P450

TABLE |
(Continued)
AE (eV) and amount of phenols formed
(% of the dose administrated) Object of
No Substituent X ortho meta para experimentation Reference
15 CH, AE -0.03 0.14 -0.39
c 3.54 1.27 32.6 human 58, 60
c 1.34 0.37 6.4 human 61
c 0.38 0.05 6.43 human 62
0.04-0.11 — 0.4-1.0 rat 59
0.3 — 0.3 in vitro a7
d 17 1.5 19 in vitro 63
a — — found rats 64
a — — found human 69
16 NHCOCF, AE 0.02 0.2 -0.15
—_ — 3.2 in vitro 47
17 CH,CH(NH,), AE 0.38 0 —0.06
— — 3 human 32
— — 60 rat 32
18 CONH, AE 0.02 0 0.15
d 1 10 2 guinea pig 47
19 Cl AE 0.14 0.1 0.1
1.6 3.6 4.8 rat 70
1.6 3,4-diol 66, 67
0.1 — 2-3 rat 32,583
20 COOH AE 0.35 0.04 0.22
a — traces — in vitro 47
21 CN AE 0.27 0.1 0.16
a traces traces in vitro a7
22 NO, AE 0.48 0.19 0.38
7.8-
0.1 9 8-9 rabbit 32
8.4-
— 10.2 13-19.9 rat 68
— 6.7 7.2 mouse 68
a — — found guinea pig 47
a — — traces in vitro 47
33-
d 2-16 34 49-54 in vitro 63

a - There is no quantitative estimate of phenols concentration in the experimental article.
b - Concentration of para-hydroxyphenylacetic acid.

c - Concentration of phenols in urine expressed in mg/I.

d - Ratio of isomer concentration.

e - Numerical data in nmol/min/g liver.

mediates IV are more stable. All the compounds this case, the AE(meta) > 0; thus, the meta-
presented in Table I can be divided into four position is deactivated and the meta-phenols
groups according to the values of the AE(ortho), are not expected to be formed. In agreement
AE(meta), and AE(para): with theory, the meta-phenols are either not
observed or present in minor quantity in ex-

i. Molecules C;H:;X with X = NH,, OH, periment. The ortho- and para-positions are ac-
N(CH;)(C,H;), OC,Hs, OCH; NHCHO, tivated, because AE(ortho) < 0 and AE(para) <
NHCONH,, NHCOCH,, CHCH,, and F. In 0; therefore, the ortho- and para-phenols are
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readily formed during the metabolism of
these compounds. The concentration of para-
phenols is larger than that of ortho-phenols,
possibly, due to the steric interactions of ac-
tive oxygen and substituent X in the ortho-
position;

ii. Compounds with X = alkyl and X =
CH,—CH=CH. Here, AE(para) < 0,
AE(meta) < 0, AE(ortho) <0, and AE(para) <
AE(ortho) < AE(meta); i.e., every position is
activated, but the para-position is the most
active one. The experimental data are in
excellent agreement with all these predic-
tions;

iii. For compound with X = CH,CHNH,CH,,
the para-position is the only activated one,
and biotransformation of this molecule leads
to the formation of para-phenol;

iv. Compounds with X = CONH,, COOH, Cl,
and CN. Here, the AE(ortho) > 0, AE(para) >
0, AE(meta) > 0, and every position is deacti-
vated. However, the meta-positions are the
most active ones, and the meta-phenols are
expected to be formed easier (meta- and para-
phenols for the C;H5Cl). The predicted rela-
tive concentrations of isomers correlate with
experimental data for C;H;CONH,, C;H5Cl,
and C,HsCOOH. Correlation is not so good
for compounds with the strongest destabiliz-
ing substituents X = NO, and CN.

Rate of Phenol Formation Versus
Arene Oxide Stability

Let us turn to the quantitative relationships be-
tween the stability parameter AE of the arene oxide
intermediates IV and the concentrations C of the
phenols formed in the standard in vitro test using
the microsomes of rat and hamster [47]. Figure 2
shows that there is the linear correlation between
the IgC (mg/1) and AE (eV). The growth of the AE
from —0.6 to +0.2 eV points on the destabilization
of the intermediate IV and is linked to the decrease
of the metabolite concentrations. The regression
equation has the following form

1gC = —4.869 AE — 1.075, r = 0.89,
n=15P<0.001. (1)

It should be pointed that only a trace of the hy-
droxylated products is observed in the microsomal

IgC

R e e B S B R e e e
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FIGURE 2. Dependence of the concentration C (mg/l)
of phenols formed on the stability of arene oxide inter-
mediates IV. Here, the numbers correspond to com-
pounds in Table I.

test for the compounds C;H;COOH, C;H5NO,, and
C¢HsCN having the largest AE values [19].

(Here and below, an application of molar con-
centrations for the C and LCs, and molar doses for
LDs, virtually does not change the correlation co-
efficients in the equation for biological effects, as
there are only small variations of logarithm of the
molecular masses in the series of benzene deriva-
tives under consideration).

Toxicity Versus Arene Oxides Stability

In this section, we focus on analysis of the acute
toxicity of benzene derivatives from the point of view
of stability of the intermediates IV. The experimental
mean lethal doses (LDs,) for oral administration and
the mean lethal concentrations (LCs;) for inhalatory
administration of benzene derivatives are presented
in Table II together with the calculated values of the
minimal energy AE_ ;. = min{AE(ortho), AE(meta),
AE(para)} of the arene oxide formation. Figure 3
shows that the increase of AE,;,, results in the increase
of the experimental values of the LC5, and LDsj. The
linear regression equations are

1gLDs, = 1.18 AE,,;, + 3.61;
r=0.78n=23P<0001, (2)

lgLC50 =3.08 AEmin + 462,
r=0.93,n=12,P<0.001 (3)
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TABLE Il
Formation energy of the tetrahedral intermediate and toxicity of benzene derivatives CgHX.
IgLD, I9LCs

Compound Substituent X AE,,, Mice (mg/kg) Rats (mg/kg) Mice (mg/m®  Rats (mg/m°)
N-Ethylaniline NHC,H4 -0.80 2.7 2.46 — —
Aniline NH, -0.78 2.66 2.64 — —
Phenol OH -0.68 2.63 2.71 2.25 2.52
Isopropylbenzene

hydroperoxide C(CH3),00H -0.64 2.53 — — —
Phenetole OCH,CH, -0.48 3.34 — — —
Anisole OCH,4 -0.39 3.46 3.62 3.49 3.95
Phenoxyacetic acid OCOCH;, -0.38 3.57 3.57 — —
N-methyl-N-phenyl urea  NHCONHCH, -0.37 — 3.4 3.64 —
Dimethylphenyl carbinol ~ C(CH,),OH -0.36 3.29 3.32 — —
N-phenyl-N,N-

dimethylurea NHCON(CH;), -0.34 — 3.88 — —
Acetanilide NHCOCH, -0.32 — 3.23 — —
Tetrafluorethyl ether of

phenol OC,F,H -0.22 3.56 3.70 4.28 4.39
Biphenyl CgHs -0.17 — 3.65 — —
Styrene CH=CH, -0.17 3.70 — 3.98 4.07
a-Methylstyrene C(CHz=CH, -0.16 3.69 — — —
Fluorobenzene F -0.14 3.64 — 4.44 —
Isopropylbenzene i-C5zH, -0.11 3.15 — 4.40 —
Propylbenzene CsH, -0.08 3.72 3.88 — —
Ethylbenzene C,Hg -0.08 3.54 — 4.54 4.76
Toluene CH, -0.07 3.60 .81 4.51 4.60
Acetophenone COCH; -0.07 3.13 3.42 — —
Isobutylbenzene i-C4Hq -0.06 3.56 3.58 4.42 —
Benzyl alcohol CH,OH -0.08 3.56 3.58 4.42 —
Benzene H 0.00 3.66 3.81 4.65 4.81
Benzoic acid COCH 0.04 3.21 3.52 — —
Benzaldehyde CHO 0.02 3.31 3.38 — —
Chlorobenzene Cl 0.10 3.36 3.52 4.28 —
Benzonitrile CN 0.10 — 2.9 — —
Benzotrichloride CCly 0.11 3.1 — 1.78 2.18
Benzotrifluoride CF, 0.12 4.0 4.18 5.0 4.85
Benzoyl chloride CCIO 0.13 — — — 3.27
Nitrobenzene NO, 0.20 — 2.81 — —

Values of the LDy, and LCg, are taken from [48].

for mice and

1gLDs, = 1.24 AE,.;, + 3.70;
r=077,n=22,P<0.001,

lgLCsy = 2.99 AE,;i, +4.79;

r=095n=8 P <000l (5)

for rats.

(4)

Arene Oxide Stability Versus Static
Indices for Toxicology Prediction

In addition to the “dynamic” reactivity index AE
related to the enzyme-mediated substrate biotrans-
formation, we have calculated the following stan-

dard “static” reactivity indices: the energies of the

highest occupied (Eyonmo) and lowest unoccupied
molecular orbitals (E_ype), the energy gap Eg
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FIGURE 3. Dependencies of the mean oral lethal

doses LD, (Mg/kg) (@) and mean inhalatory lethal con-
centrations LCy, (mg/m?®) (b) for mice on the parameter
AE ..., in the series of benzene derivatives. Numbers

correspond to compounds identified in Table II.

between the HOMO and LUMO, the maximum
value of effective charge of the five benzene ring C
atoms not bonded to substituent X (Q,,,,), the sum
of absolute values of effective charges of the C
atoms (2,]Q,)), the free valence index (F) of the
benzene ring C atoms, the maximum electrophilic
(SE.) and nucleophilic (SN_) superdelocalizabili-
ties of the C atoms, and the sums of electrophilic
(2,SF) and nucleophilic ;5N superdelocalizabili-
ties of the benzene ring C atoms. All these param-
eters refer to the properties of the molecule in the
starting equilibrium geometry, but not to a trans-
formation of substance in the chemical or biochem-
ical reactions.

Table III shows some of these parameters. In this
Table, the values of hydrophobicity constants [48]
often used to describe the toxicants distribution be-

tween the hydrophobic and hydrophilic phases of
biological system are presented too. The results of
calculations of the monosubstituted benzene deriva-
tives show that there are no correlations between the
toxicity or biooxidation characteristics and the follow-
ing static indices: Qpetas Enomor Erumor Egr SN,
3,SE, Foetar and SL,.... The correlations of the biological
effects with the parameters Q,,..., 21Qil, Qorthor Qparar
Frax = Max{Founo, Fparah and SN are somewhat
better; however, the values of correlation coefficients
are lower than those of the AE (Table IV). In the series
of static parameters, the highest values of the correla-
tion coefficients are obtained for the F, . and SN,
indices. At first glance, it would seem that there is
reasonable correlation of the toxicity and the free va-
lence index F. However, according to values of F,,,,,
the carbon atom located in the ortho-position to sub-
stituent X must be the most reactive one for all the
investigated compounds. Judging by the values of
F ax all the monosubstituted benzene derivatives
have to form the ortho-phenols, but this is not true. For
the same reason, the SY_ parameter pointing on the
most active C atom in the reactions of the benzene
derivatives with the nucleophilic particles is inade-
quate. The positions of hydroxylation predicted on
the basis of the SY_  values do not correlate with
experimental data presented in Table 1. Using the
value of Q.. one cannot adequately describe the
preferred hydroxylation position of the monosubsti-
tuted benzenes too. According to the values of Q..
all the substances fall into two groups: (i) those to be
hydroxylated in the ortho-position (compounds 1—8,
10—12, and 16 in Table III) and (ii) those to be hy-
droxylated in the meta-position (other compounds in
this Table); this result is in conflict with the data on
the biological oxidation of benzene derivatives (Table
I). The correlation coefficients for the parameters LCs,
and LDs, versus AE are greater than those for the
toxicity versus hydrophobicity 7 (Table IV). In con-
clusion, the arene oxide stability determines the bio-
logical oxidation and toxicity of monosubstituted ben-
zenes; the AE parameter seems to be the most
adequate characteristic of the hydroxylation process.

Toxicity of Multiple Substituted
Benzene Derivatives

To test further the validity of the model devel-
oped, we have calculated the values of AE for the 31
multiply substituted benzene derivatives C;H, XY,
where X and Y are Cl, NH,, NO,, alkyl, and OCH.
Using the Egs. (2) and (3), we have calculated the
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The values of @y, AE,,;,, and quantum chemical static reactivity indices for the mono substituted benzene

derivatives CgH:-X.

Compound Substituent X 7x  Quaa Qortro Qmax  21Q  Frax  Fpam SN o AE. i
N-Ethylaniline NHC,H; 0.08 0.116 0.142 0.1420 0.423 0.439 0.4089 0.05650 -0.800
Aniline NH, -1.23 0.114 0.135 0.1350 0.412 04374 0.4084 0.05620 -0.780
Phenol OH -0.67 0.097 0.145 0.1450 0.373 0.4348 0.4044 0.05370 -0.680
Isopropylbenzene

hydroperoxide C(CH3),00H — -055 0.073 0.0730 0.262 0.4017 0.3996 0.05020 -0.640
Phenetole OCH,CH, 0.38 0.098 0.145 0.1450 0.377 0.4298 0.4045 0.05380 -0.48p
Anisole OCH, -0.02 0.09 0.133 0.1330 0.353 0.4253 0.4033 0.05260 -0.39p
Phenoxyacetic acid OCOCH;, — 0.092 0.146 0.1460 0.36 0.4283 0.4036 0.05270 -0.38p
N-methyl-N-phenylurea NHCONHCH; —  0.084 0.103 0.1030 0.361 0.4210 0.4037 0.05310 -0.37p
Dimethylphenyl carbinol C(CH,),OH — 0.058 0.023 0.061m 0.252 0.4186 0.4059 0.04870 -0.360
N-phenyl-N,N-

dimethylurea NHCON(CH;), — 0.085 0.103 0.108o0 0.361 0.4211 0.4037 0.0531o0 -0.34p
Acetanilide NHCOCH;, -0.97 0.083 0.100 0.1000 0.357 0.4205 0.4037 0.05260 -0.32p
Tetrafluorethyl ether of

phenol OC,F,H — 007 0.116 0.1160 0.294 04182 0.4023 0.05140 -022p
Biphenyl CgHs 196 0.055 0.043 0.061m 0.264 0.4122 0.4033 0.04870,m -0.17p
Styrene CH=CH, 0.82 0.054 0.040 0.064m 0.262 0.4160 0.4041 0.05210 -0.170
a-Methylstyrene C(CHy)=CH, — 0.054 0.043 0.062m 0.263 0.4152 0.4038 0.04870,m -0.16p
Fluorobenzene F 0.14 0.071 0.089 0.0890 0.32 0.4154 0.4022 0.0477p -0.140
Isopropylbenzene i-C5H, 1.53 0.057 0.045 0.062m 0.265 0.4038 0.4005 0.0488m -0.11p
Ethylbenzene C,oH; 1.02 0.056 0.043 0.062m 0.262 0.4042 0.4007 0.0486 m,p -0.08 p
Toluene CH, 0.56 0.055 0.041 0.062m 0.262 0.4045 0.4008 0.0488m -0.07p
Acetophenone COCH, -0.55 0.026 0.012 0.079m 0.207 0.4156 0.4046 0.048 m  -0.07m
Isobutylbenzene i-C,Hq — 0.057 0.042 0.062m 0.265 0.4037 0.4004 0.0488m -0.06p
Benzyl alcohol CH,OH -1.03 0.050 0.040 0.072m 0.244 0.4046 0.4008 0.0495m -0.03p
Benzene H 0 0.059 0.059 0.059 0.297 0.3987 0.3987 0.0487 0
Benzoic acid COOH -0.32 0.021 0.090 0.082m 0.201 0.4143 0.4051 0.0478 m 0.04m
Benzaldehyde CHO -0.65 0.021 0.014 0.081m 0.196 0.4183 0.4057 0.04970 0.02m
Chlorobenzene Cl 0.71 0.050 0.040 0.056m 0.243 0.4055 0.4020 0.0469m 0.10 m,p
Benzonitrile CN -0.57 0.082 0.017 0.070m 0.201 0.4116 0.4042 0.0467m 0.10m
Benzotrichloride CCl, — 0.022 0.050 0.070m 0.168 0.4097 0.4054 0.0467m 0.11m
Benzotrifluoride CF, 0.88 0.023 0.050 0.070m 0.212 0.4048 0.4035 0.0464m 0.12m
Benzoyl chloride CCIO — 0.011 0.015 0.080m 0.200 0.4182 0.4080 0.0465m 0.13m
Nitrobenzene NO, -0.28 0.010 0.014 0.074m 0.187 0.4177 0.4093 0.0467m 0.20m

FOr Qumax Smiax @and AE,.., the positions of C atom in benzene ring with maximal value of Q.

indicated.

SN _. and minimal value of AE are

LDsy and LCs, values for mice. A comparison of the
theoretical and experimental characteristics shows
that the AE values adequately predict the toxicity of
the multiple substituted compounds (Table V).
There are only minor disagreements: (i) in the case
of resorcine, the experimental value of LDj is six
times larger than the theoretical one; (i7) for the
ortho-chlorobenzene, the theoretical value of LDs, is
about 10 times overestimated; (iii) the data on the
para-chlorophenol are ambiguous: for rats, there is
complete agreement between the theoretical and

experimental values of LCs, but analogous exper-
imental value for mice is 10 times lower.

Bio-Oxidation of Phenols

In biological systems, phenols can be further hy-
droxylated yielding the corresponding diols. Table VI
shows in vivo data on the positions of hydroxylation
of 16 substituted XC,H,OH phenols together with the
theoretical AE values. The hydroxylation takes place
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TABLE IV

Linear correlation coefficients between biological activity parameters (LD;, and LC5, for mice and rats) and
reactivity and lipophilicity indices for benzenes derivatives CgHX.

Correlation
coefficient r
and number of
observationsn  AE,

Parameter of
toxicity

min TR Qmax

F =

max

E|Q| Qortho Qpara Fortho Fpara Sxax

IgLDs, (Mg/kg)

mice r 0.78* 0.6 -0.44 -043 -044 -047 -038 -0.39 -0.56
n 23 16 23 23 23 23 23 23 23
IgLDso (Mg/kg)
rats r 0.7r7x 057 -058 -054 -053 -057 -0.70r -0.70" -0.67"
n 23 17 22 22 22 22 22 22 22
IgLC5, (mg/m?3)
mice r 0.93* 0.69 -0.82* -0.82* -0.81* -0.84* -0.86* -0.52 -0.78
n 12 10 12 12 12 12 12 12 12
IgLC, (Mg/m®)
rats r 0.95* 0.75 -0.80 -0.74 -0.77 -0.91* -0.79 —0.64 —0.84
n 8 7 12 12 12 12 12 12 12
*P < 0.001.
at positions corresponding to the minimal AE values. N(rank, < rank,)
IAP = -100%.

This process is inhibited for the C atoms located at the
meta-positions relative to the OH-groups (AE > 0),
and this type of oxidation is not observed experimen-
tally. The OH-group activates both ortho- and para-
positions (AE,.4, < AE,,, < 0), and the ortho- and

para-dihydroxilated products are formed.

Aromatic Hydroxylation of Compounds
From Metabolite Database

A Metabolite v.2001.1 database (MDL Informa-
tion Systems Inc.) contains information on the in
vivo and in vitro biotransformation of many thou-
sands drugs and industrial chemicals. More than
two thousands transformations are referred in the
database to “Aromatic Hydroxylation”. We use this
information to further test the ability of our ap-
proach to recognize experimentally observed trans-
formations. We randomly selected 24 compounds,
which can be regarded as substituted benzenes. All
these compounds contain both observed and unob-
served sites of benzene ring hydroxylation.

We ranked all potential transformations by the
AE value. Ideally, real (experimentally observed)
transformation should have lower rank than unreal
transformation. The accuracy of prediction was es-
timated as

N, N,

Here, N(rank, < rank,) is the number of cases
when a real transformation has lower rank then an
unreal transformation; the N, and N, are the num-
bers of real and unreal transformations of the sub-
strate, respectively. This statistics was calculated for
every particular substrate and averaged by number
of substrates in the validation set. The averaged
value accounts for 91.2%.

Thus, the statistical analysis shows that the pre-
dicted hydroxylation positions agree with those ob-
served in experiments in the majority of cases. In
some cases, there are no experimental data for hy-
droxylation of the positions predicted to be active.

Let us discuss in greater detail the results pre-
sented in Table VII. For the compound 1, the ox-
enoid model shows that the oxidation reaction
should take place in the para-position relative to the
substituent. This process one observes in vitro and
in human. In the compound 2, there are two possi-
ble oxidation positions of the benzene ring hy-
droxylation; however, the calculations show that
hydroxylation in the meta-position is energetically
more favorable, and precisely the meta-phenol is
detected in experiment.

In the case of compound 3, the para-hydroxyla-
tion is more energetic than that in the ortho- and
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TABLE V
Experimental and calculated in terms of Eqgs. (1) and (2) toxicity parameters for multiple substituted benzene
derivatives.
IgLDso, mg/kg IgLCso, mg/m?
No Substance AE in exp. theor. exp. theor.
1. m-Chloroaniline —0.69 2.57 2.8 — 2.49
2. p-Chloroaniline -0.83 2.6 2.63 — 2.06
3. m-Nitrochlorobenzene —0.69 — 2.8 — 2.49
4. p-Nitrochlorobenzene —0.83 2.64 2.63 — 2.06
5. m-Aminobenzotrifluoride —0.52 2.34 3.0 2.84 3.02
6. m-Nitrobenzotrifluoride —0.52 2.72 3.0 2.94 3.02
7. m-Methylaniline -0.82 2.87 2.64 — 2.09
8. p-Methylaniline —-0.81 2.43 2.65 — 2.13
9. m-Nitrotoluene —0.82 29 2.64 2.63 2.09
10. p-Nitrotoluene —0.81 3.1 2.65 2.62 2.13
11. o-Aminophenol —0.81 2.62 2.65 — 213
12. p-Aminophenol -0.73 3.18 2.75 — 2.37
13. p-Nitroaniline -0.68 — 2.81 — 2.53
14. o-Nitrophenol —0.81 3.32 2.65 — 2.13
15. p-Nitrophenol -0.73 2.58 2.75 — 2.37
16. p-Chlorobenzotrifluoride +0.14 4.06 3.78 4.30 5.05
17. p-Chlorotoluene +0.03 3.60 3.65 4.79 4.71
18. 0, m, p-Xilene (on ortho) -0.18 3.63 3.4 — 4.07
19. o-ethyltoluene -0.12 — 3.47 4.73 4.25
20. p-Chlorophenol -0.64 — 2.85 1.04 2.65
21. o-Methylphenol -0.72 2.54 2.78 2.25 2.46
22. m-Methylphenol —0.70 2.54 2.73 — 2.31
23. p-Methylphenol —0.58 2.54 2.78 — 2.46
24. Pyrocatechol —0.56 2.15 2.95 — 2.90
25. Resorcin —0.80 2.38 2.67 — 2.16
26. Hydroquinone —-0.47 2.56 3.04 — 3.14
27. m-Methoxyphenol -0.69 2.49 2.80 — 2.49
28. o-Dichlorobenzene 0.07 2.70 3.69 — 4.84
29. p-Hydroxybenzaldehyde —0.61 3.43 2.90 — 2.74
30. o-Propylphenol —-0.66 2.55 2.83 — 2.59
31. p- Propylphenol -0.58 2.54 2.93 — 2.83
32. 2,6-Dimethylphenol —0.45 2.65 3.08 — 3.23
33. 3,5-Dimethylphenol -0.59 2.92 2.91 — 2.80

Values of the LDg, and LCs, are taken from [48].

meta-positions, and the para-phenol was observed
in variety of in vivo and in vitro experiments.

According to these calculations and in agree-
ment with the experiment, hydroxylation of the
compound 4 should take place in the ortho- and
para-positions. Here, the AEp,, and AE,,,, param-
eters are negative; thus, these positions are acti-
vated in relation to benzene. The table shows that
the ortho- and para-phenols are found in this case. A
rate of hydroxylation reaction is very high; in rab-
bits, up to 70% of the dose administrated is oxi-
dized forming the ortho- and para-phenols.

In the aniline C;H5NH,, there is a strong activat-
ing substituent NH,. All free positions are activated
and all three metabolite isomers of the C;HsNH,
are observed in the biological experiments. The
AE o and AE,,,, values are the smallest ones in
the series of considered compounds. That is the
reason why the experimental rate of metabolism of
this compound is very high.

For the compound 6 containing two benzene
rings, the most stable intermediates correspond
to the oxygen atom located in the para-position
with respect to the substituents in both rings. In
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TABLE VI

Energies of arene oxide formation (AE, eV) for different C atoms and experimentally observed products of

hydroxylation of the substituted phenols.

Condition of
No Phenols and values of AE Product of hydroxylation experiment Reference
1 rabbit 53
06 +0.22
para-chlorophenol HO
4-chlorocatechol
2 -0.72 008 rabbit 53
HO OH
H -0.42
0.14 CH
CH °
3 2,5-dihydroxytoluene
ortho-cresol
3 -0.71 0.1 rabbit 53
HO OH
HO -0.45
-0.37 CH3
CH3 2,5-dihydroxytoluene
meta-cresol
4 rabbit 583, 32
H3COOH HBCQOH
0.06 -068
para-cresol OH
3,4-dihydroxytoluene
5 rabbit 32
-0.28 QOH HOQOH
-0.56
OH OH
pyrocatechol oxyhydroquinone
(continued)

vivo and in vitro experiments substantiate this
conclusion.

For the compound 7, the intermediate correspond-
ing to the ortho-hydroxylation is the most stable, and
the appropriate metabolite is found using the micro-
somes. However, the products of para- and meta-hy-
droxylation are detected in this case too, because the
AE values are small for all aromatic position and only
slightly differ from that of benzene.

The only metabolite with OH-group in the ortho-
position to the OH-group of substrate is detected
experimentally for the compound 8. According to
the calculations, this position is activated with re-
spect to benzene.

In the case of compound 9, the energies of the
para- and ortho-intermediates differ by 1 kcal/mol;
however, only para-phenol is seen in vitro. The
absence of the ortho-isomer can be attributed to
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TABLE VI
(Continued)
Condition of
No Phenols and values of AE Product of hydroxylation experiment Reference
6 OOH OOH 53, 32
0.5
e} -0.36 HO OH
-0.63 0.42 2,5-dihydroxybenzoic acid
Salicylic acid
OOH human
HO
2,3-dihydroxybenzoic acid
OOH
HO OH
HO
2,3,5-trihydroxybenzoic acid
OOH microsomes of rat 47
and guinea pig
HO OH
2,5-dihydroxybenzoic acid
7 N02 N02 rabbit 53
0.48
HO -0.19 HO OH
-0.47 0.51 nitroquinone
ortho-nitrophenol
(continued)

influence of the steric effects due to the bulky sub-
stituent present in this molecule. The AE value for
formation of the meta-phenol is 4 kcal/mol higher,
and this metabolite is not observed experimentally.

There are four possible hydroxylation positions
in the molecule 10 with OH- and HOOC-substitu-
ents; however, the calculations show that the en-
zyme induced hydroxylation should take place in

the ortho- and para-positions relative to the OH-
group, which is known to be the strongest ortho/
para-directing substituent in the electrophilic sub-
stitution reactions. The AE ., energy is one of the
lowest in the dataset, and corresponding metabo-
lites were observes in the numerous in vivo and in
vitro experiments using different test objects. In this
compound, the unstable intermediate corresponds
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TABLE VI
(Continued)
Condition of
No Phenols and values of AE Product of hydroxylation experiment Reference
8 bbit 53
NO, NO, rabbi
-0.25
-0.05 OH HO OH
037 039 nitroguinone
meta-nitrophenol
NO,
OH
4-nitrocatechol
9 NO, rabbit 53
NO; OH
052 ~-0.48 OH
para-nitrophenol
OH
4-nitrocatechol
10 H.NOC H.NOC rabbit 53
2 2
0.2
HO -0.36 HO
062 025
ortho-hydroxybenzamide HO
2,3-dihydroxybenzamide
H,NOC
2,5-dihydroxybenzamide
(continued)

to the ortho-position to the HOOC-group, which is
the strong ortho- and para-deactivating (meta-direct-
ing) substituent, and this metabolite is not ob-
served. In one experiment, the metabolite with OH-
group in the meta-position to the OH-group and in the
para-position relative the HOOC-group was observed.
Formation of this metabolite is hindered in compari-
son to that of benzene (AE is positive). Unfortunately,

there are no experimental quantitative estimates of
feasibility of this metabolism reaction and, possibly,
there are only the traces of this metabolite.

For all possible positions of hydroxylation of the
compounds 11 and 12, the AE values only slightly
differ from that of our reference compound ben-
zene. All possible aromatic hydroxylation products
are observed in vivo and in vitro experiments.
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TABLE VI
(Continued)
Condition of
No Phenols and values of AE Product of hydroxylation experiment Reference
1 CONH, CONH, rabbit 53
-0.55
HO -0.34 HO
-0.53 0.19
meta-hydroxybenzamide HO
3,4-dihydroxybenzamide
H,NOC rabbit 53
2,5-dihydroxybenzamide
H,NOC rabbit 53
HO
2,3-dihydroxybenzamide
12 rabbit 53
HO CONH, HO CONH,
-0.65 0.16
para-hydroxybenzamide HO
3,4-dihydroxybenzamide
13 06 022 unspecified 46, 53
HO C(CH,),
HO C(CH,),
para-tret-butylphenol HO
para-tret-butylcatechol
14 (CHs)zHC (CH,),HC unspecified 53
0.19
HO -0.31 HO OH
-0.48
CH, CH,
3-methyl-6-isopropylphenol 3-methyl-6-isopropyl-4-
hydroxyphenol
(continued)

There are two activating substituents in the com-
pound 13. The hydroxylation takes place in the
ortho-position to the stronger activating OH-group.

The hydroxylation position in the para-positions of
the benzene rings is energetically more favorable and
is observed experimentally for the compound 14.
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TABLE VI
(Continued)
Condition of
No Phenols and values of AE Product of hydroxylation experiment Reference
15 H.C H,C unspecified 53
H -0.45 HO OH
0.13
H,C H,C
2,6-dimethylphenol 2,6-dimethylhydroquinone
16 H,C H,C unspecified 53
-0.55
-0.43 OH HO OH
H,C H,C

3,5-dimethylphenol

3,5-dimethylhydroquinone

According to the calculations of the compound
15, the hydroxylation in the meta-position is favor-
able, and this metabolite is observed in the experi-
ments. However, the AE,,, and AE.y,, energies are
only slightly larger than the AE, .., and the corre-
sponding para- and ortho-phenols are also detected.

For the compound 16, the hydroxylation in the
para-position is the most feasible. This is exactly the
metabolite, which is observed in vivo. According to
the calculations, the two other isomers should be
formed too, because the differences AE,,,
AE o and AE,,., — AE, ., are equal to 1 and 2
kcal/mol only. Moreover, there seem to be no sig-
nificant steric obstacles for hydroxylation in the
meta- and ortho-positions.

Calculations for compound 17 show that all pos-
sible positions for aromatic hydroxylation are deac-
tivated with respect to benzene. The ortho-position
is characterized by the strongest deactivation, and
the corresponding ortho-phenol is not formed in the
course of the metabolic process.

In the compound 18, the minimum AE value
corresponds to hydroxylation in the para-position
and this metabolite is observed experimentally.

There are two benzene rings in the compound
19. The RO-group is very a strong ortho- and para-
activating substituent, but the carbonyl group is a
deactivating substituent. In agreement with the
minimum AE value for the compound 19, the hy-
droxylation takes place in the para-position relative

to the RO-group. The corresponding metabolite is
detected in different in vivo and in vitro tests. The
formation of metabolite with OH-group in the para-
position relative to the carbonyl group is energeti-
cally unfavorable, but this metabolite was detected
in one experiment. As to the possible hydroxylation
positions of the second benzene ring of this mole-
cule, the minimum AE value corresponds to the
para-position relative to the substituent and this
metabolite is observed experimentally.

The meta-position relative to the H;CO-group is the
strongly deactivated one in the compound 20, and the
metabolite with OH-group in this position is the only
one not detected in several in vitro experiments.

The two AE values for the two possible hydroxy-
lation positions of the compound 21 are close to
each other and only slightly differ from that of
benzene. It is not surprising that both metabolites of
this molecule are observed in the experiments.

The chlorine atom is a deactivating substituent,
and all the AE values for the compound 22 are
higher than the AE = 0 value of benzene; the me-
tabolite of the compound 22 corresponding to the
highest AE value is not observed experimentally.

In vitro experiments detect only the para-product
of the aromatic hydroxylation of the compound 23.
According to the calculation, the lowest AE value
corresponds to the meta-hydroxylation, but the differ-
ence AE,,., — AE, ., is equal only 2.4 kcal/mol.
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TABLE VI

Structure of substrates of aromatic hydroxylation, the AE values for possible positions of hydroxylation, and
experimental data (plus and minus signs correspond to the detected and undetected metabolites) together
with conditions of in vivo and in vitro experiments.

Possible Species and route of
sites of administration or isoform of the
hydroxy- AE cytochrome P450 for the direct
No Compound lation (kcal/mol)  Experiment enzyme induced oxidation
1 4 3.49 + 1) human, in vivo, oral, CYP2C19;

2) in vitro (human liver
microsomes), CYP2C19;

3) in vitro (rat, mouse, rabbit, dog,
monkey liver microsomes)

2 12.83 -
3 3.71 -
O
2 PN 5 5.33 + in vitro (human liver microsomes),
N CYP2C8, CYP2C9
6 11.83 -
N (o]
2 Sl‘ﬁo
3 N\
o]
6
4
5
3 o 4 2.15 + 1) human (intravenous)
2) in vitro (human liver cytosol);
3) in vitro (human liver
microsomes, CYP3A);
4) rat (oral, intravenous);
5) in vitro (rat liver microsomes);
6) in vitro (Quinea pig hepatocytes);
7) in vitro (rabbit hepatocytes).
5 7.65 -
6 2.65 -
4 5 5 4 —4.84 + 1) human (oral);
2) in vitro (human liver
microsomes);
4 1 N 3) B-lymphoblastoid cells
expressing human CYP1A2);
0 4) in vitro (mouse, rat, dog liver
3 2 microsomes, CYP1A2);
5) rabbit.
3 5.71 -
2 —4.38 + in vitro (mouse liver microsomes)
(continued)
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TABLE ViI
(Continued)

No

Possible
sites of
hydroxy-
Compound lation

AE
(kcal/mol)

Experiment

Species and route of
administration or isoform of the
cytochrome P450 for the direct

enzyme induced oxidation

6 4

w

—15.67

—19.83

-1.33

0.57

7.7
2.3
-0.5
8.97
5.97
0.55

1.81

2.59

+

I+

1) in vitro (human liver
microsomes), CYP2E.

2) rat oral, intraperitoneal;

3) in vitro (rat, mouse, rabbit, dog
liver microsomes), CYP2E1,
CYP1A2;

4) in vitro (dog liver microsomes,
CYP1A1, CYP1A2, CYP2B1,
CYP2ET;

5) in vitro (rat microsomes,
CYP2C11, CYP2E1)

1) human, rat, rabbit (oral);

2) in vitro (rainbow trout
hepatocytes).

in vitro (human liver microsomes,
CYP2E1, CYP2E2)

1) rat (intravenous);

2) in vitro (human, rat liver
microsomes, CYP1A);

3) guinea pig liver hepatocytes

rat (intravenous)

in vitro (human, rat, dog liver
microsomes);

1) horses intravenous;

2) in vitro (human placenta
microsomes);

3) in vitro (dog liver microsomes
CYP2C9);

4) in vitro (mouse liver
microsomes)

1) human (oral);

2) in vitro (human liver
microsomes; CYP2C9,
CP2C19);

3) in vitro (Hep G2 cells expressing
human isoenzymes CYP2C8,
CYP2C9);

4) horse oral;

5) horse intravenous;

(continued)
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TABLE VI

(Continued)

Possible
sites of
hydroxy-
No Compound lation

AE
(kcal/mol)

Species and route of
administration or isoform of the
cytochrome P450 for the direct

enzyme induced oxidation

5

10

11

—0,44

8.31

0.32

4.53
1.32

—2.68

18.77
5.81
—9.95

-3.27

0.51

1) in vivo human, monkey, dog;

2) in vivo mouse (intraperitoneal);

3) in vitro (human liver
microsomes, CYP2C19,
CYP2C9, CYP3A4, CYP3AS5,
CYP3A7);

in vitro (rat, chicken liver
microsomes)

1) human, rat, dog, rabbit (oral);

2) in vitro (human B-
lymphoblastoid cells expressing
human C YP3A4);

3) in vitro (human liver
microsomes, CYP3A4, CYP2E1)

human (oral)

1) rat, mouse (intra-peritoneal);

2) in vitro (human platelet
homogenate);

3) in vitro (human liver
microsomes)

1) human (oral, CYP2D6);

2) human (intravenous);

3) in vitro (human liver
microsomes, CYP1A2, CYP2D);

4) in vitro (human B-
lymphoblastoid cell microsomes
expressing human CYP
isoenzymes CYP2D6, CYP1A2)

1) human (oral, CYP2D6);

2) in vitro (rat, mouse, rabbit,
hamster, guinea pig liver
microsomes)

(continued)
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TABLE ViI
(Continued)
Possible Species and route of
sites of administration or isoform of the
hydroxy- AE cytochrome P450 for the direct
No Compound lation (kcal/mol)  Experiment enzyme induced oxidation
12 3 0.34 + 1) human (intravenous);
2) in vitro (human liver
microsomes, CYP1A2);
4 0.84 + 1) in vitro (human liver
microsomes, CYP1A2);
2) human (intravenous);
3) rabbit, monkey (subcutaneous)
13 3 —-11.02 + human (oral)
2 —-4.47 -
14 16 -0.83 + rat (oral)
4 0.27 + in vitro (rat liver microsomes,
CYP2D6)
18 0.57 -
17 0.37 -
8 747 -
9 1.17 -
15 4 1.94 + 1) human, monkey, rat (oral);
2) in vitro (mouse liver
microsomes, CYP2D);
K\ o 3) in vitro (rat, dog, monkey liver
N\) microsomes)
N N 6 3.63 + human, rat, dog (oral)
5 —-0.16 + rat, oral
16 4 —0.42 + 1) human, rat (oral)
6 ' 2) mouse, rat (intraperitoneal)
5 N 2 0.83 —
3 1.82 -

(continued)
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TABLE ViI
(Continued)
Possible Species and route of
sites of administration or isoform of the
hydroxy- AE cytochrome P450 for the direct
No Compound lation (kcal/mol)  Experiment enzyme induced oxidation
17 5 4 4.64 + 1) human, rat (oral);
6 4 2) human, rat, (intravenous);
o 3) in vitro (human liver
microsomes, CYP2C9,
3 CYP2C19, CYP2E1)
N 2 6 6.3 -
}\ 5 414 + rat (intravenous)
o) N o
18 J/ 4 0.82 + in vitro (rat liver microsomes,
o]
6 s CYP2C11, CYP2C6, CYP2B1)
5 N\ >:0 6 7.38 -
>—N 5 2.55 -
4 2 N
3
19 o 11 —2.69 + human (oral, CYP2D6)
TN 12 14.91 -
10 7.91 + human (oral)
9 2.51 -
2 413 -
3 8.83 -
4 3.81 + 1) dog (oral);
2) in vitro (rat liver hepatocytes)
20 4 0.90 + in vitro (human cytochrome P450,
CYP2D6)
5 —2.43 + in vitro (human B-lymphoblastoid
N cells, CYP2D6)
\ 3 —2.45 + in vitro (human B-lymphoblastoid
5 cells, CYP2D6)
2 714 -
4 2
3
21 5 3 1.07 + 1) human, rat (oral);

2) rat, dog (intravenous);

e 3) in vitro (human liver
microsomes, CYP1A2, CYP4A4);
4) in vitro (human B-
lymphoblastoid cells, CYP2D6);
5) in vitro (rat liver and kidney

N microsomes, CYP2D);

~_ 6) in vitro (rat liver, kidney, lung,

brain microsomes, CYP3A)
4 —-0.33 + human, rat

4
3
2 N

(continued)
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TABLE ViI
(Continued)
Possible Species and route of
sites of administration or isoform of the
hydroxy- AE cytochrome P450 for the direct
No Compound lation (kcal/mol)  Experiment enzyme induced oxidation
22 4 3.70 + 1) in vitro (human, rat, dog,
monkey liver microsomes);

2) in vitro (human lymphobilast cell,
microsomes expressing human
CYP1A1, CYP3A4, CYP2BS6,
CYP1A2, CYP2C9, CYP2E1,
CYP2D6)

2 12.90 -

5 3.05 + rat, dog (oral, intravenous)

\
N N N
23 5 4 3.65 + in vitro (rat liver microsomes)
6 4 6 4.93 -
5 1.25 -
3
o} N 5
N o}
S}\N o
24 o 11 4 —0.56 + 1) human (oral);
2 10 2) in vitro (human liver
microsomes, CYP3A4);
9 3) in vitro (human hepatocytes)
8 5 5.14 -
& 3 1.15 + in vitro (human liver microsomes,
CYP2C9)
2 -0.45 -
10 -1.81 + 1) human (oral);

2) in vitro (human, rat
hepatocytes);

3) in vitro (HYP G2 cells,
expressing human
CYP2C9-Cys144);

4) in vitro (HYP G2 cells,
expressing human P450
isoenzymes CYP2C9-Arg144,
CYP2C9-Leu359)

11 2.51 + 1) human (oral, intramuscular,
intravenous);

2) in vitro (human hepatocytes,
CYP2C9)
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TABLE Vil

Experimental data [50, 51] on degradation of eight PCB congeners by eight bacterial strains: amount of
primary degradation in percent after 24 h incubation, the attacked ring (right or left; r > I: both rings are
attacked, the right ring being oxidized easier than the left one; r,I: both rings are oxidized with approximately
equal intensity), and the theoretical minimal values of activation energy E(min) for the oxygen addition to the

carbon atoms of benzene rings.

Strains

AEmin
PCB congener H1130 H430 Pi434 H201 MB1 H336 H850 LB400 (kcal/mol)
2,3-Dichloro-biphenyl 80-100 80-100 80-100 80-100 60-79 80-100 80-100 80-100 —0.41
right right right right right right right right
2,3'-Dichloro-biphenyl 60-79 60-79 40-59 60-79 60-79 80-100 80-100 80-100 0.2
right right r>| r>| right | >r | >r | >r
2,3’,3'-Trichloro-biphenyl 60-79 20-39 40-59 40-59 40-59 20-39 40-59 60-79 2.5
right right right right right right right Right
2,5,3'-Trichloro-biphenyl <20 <20 <20 <20 <20 <20 80-100 60-79 2.4
right right right right right right | >r | >r
2,4’-Dichloro-biphenyl 20-39 20-39 40-59 40-59 <20 60-79 80-100 80-100 0.1
right right r>| r>| right r, | left left
2,4,4'-Trichloro-biphenyl  60-79 60-79 40-59 80-100 40-59 60-79 20-39 40-59 1.4
right right right right right r>| left | >r
3,4,2'-Trichloro-biphenyl ~ 40-59 20-39 40-59 20-39 20-39 <20 40-59 60-79 1.2
left left left left left right right right
3,3’-Dichloro-biphenyl 0 0 0 <20 40-59 0 <20 <20 1.6

For the compound 24 containing two benzene
rings, the minimum AE values correspond to the
para-hydroxylation to the bridging NH-group, and
these products are detected experimentally.

Biodegradation of Polychlorinated
Biphenyls

The contamination of the environment by poly-
chlorinated biphenyls (PCBs) concerns virtually all
the biosphere. The persistence of PCBs in the envi-
ronment generates a need for a search of bacteria
able to effectively degrade these compounds. The
PCBs degradation by aerobic bacteria have been
studied intensively [50, 51], and many bacterial
strains able to degrade PCBs were found. The deg-
radation of PCBs by bacteria results from a complex
multistage process [50-52]. On the first step, the
PCBs are oxidized to diols by an oxygenase enzyme
system of bacteria. An intimate mechanism of the
diol formation is yet not clear; however, the mech-
anism including a successive introduction of the
oxygen atoms into the C-H bonds is under consid-
eration [50, 51]. We proceed from the assumption
that an efficiency of biodegradation process is de-

termined by the rate of introducing of the first O
atom into the substrates.

The metabolism of eight di- and trichlorobiphe-
nyls by eight bacterial strains was studied experi-
mentally [50, 51]. The data reflecting the facility of
primary degradation of the PCBs congeners are
presented in Table VIII. As may be seen from the
Table, the features of the PCBs degradation depend
both on the nature of the strain and the structure of
the chlorinated hydrocarbon. The experimental
data indicate that the five strains H1130, H430,
Pi434, H201, and MBI are able to attack the 2,3-
positions of biphenyl rings only. The strains H850,
LB400, and possibly H336 attack the 3,4-positions.
Our aim is to describe the dependences of the fa-
cility of PCBs biodegradation on the activation en-
ergies (AE) of the reaction of oxygen addition to
various positions of the biphenyl core (Fig. 4).

For the 2,3-dichlorobiphenyl, all positions of the
unsubstituted right ring are strongly activated rel-
ative to the substituted left one, and all strains
attack the right ring. This compound must be hy-
droxylated most easily in the series of PCBs conge-
ners mentioned in excellent agreement with the
experimental data (Table VII). For the 2,3'-dichlo-
robiphenyl, AE_;, = 0.2 kcal/mol and corresponds
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21 38 -0.2 -01

2.3-dichlorobiphenvl

23 28 09 35

2.4’ -dichlorobiphenyl

3.4.2°-trichlorobiphenyl

25 3.7 41

2.3’ -dichlorobiphenyl

Cl

62 39 14 39

2.4.4’-trichlorobiphenyl

Cl 16 23
O 1 IB
Cl

3.3"-dichlorobiphenyl

FIGURE 4. Formation energies of tetrahedral intermediates.

to the position 4 of the left ring. This is the reason
why this congener is easier degraded by the H850,
LB400, and H336 strains able to attack the para-
position of the biphenyl core. The remaining five
strains attack mainly the right ring containing a
carbon atom with the second in magnitude barrier
for the oxygen addition (AE = 1.9 kcal/mol). The
degradation is less effective in this case. For the
2,3,3'-trichlorobiphenyl AE, ;, = 2.5 kcal/mol cor-

min

responds to the position 3 of the right ring and all
the strains introduce the oxygen atom just into this
position. For the 2,5,3'-trichlorobiphenyl, the posi-
tion 3 of the right ring is the most activated one
with AE ;. = 2.4 kcal/mol, and all strains oxidize
the right ring. The next AE value equal to 2.8 kcal/
mol corresponds to the position 4 of the right ring.
Therefore, the strains H850 and LB400 oxidize the
left ring in addition to the right one. For the 2,4-
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dichlorobiphenyl, very low value of AE_;, equal to
0.1 kcal/mol corresponds to the position 4 of the
left ring, and the strains H850 and LB400 able to
attack the position 4 oxidize this PCB congener very
actively, just the left ring being oxidized. The next
in magnitude value AE = 0.9 kcal/mol corresponds
to the ortho-position of the right ring, and the strains
from H1130 to MB1 oxidize the right ring. The
degradation of this congener by the strain H336
reflects the features of degradation by the strains of
two types. For the 2,4,4'-trichlorobiphenyl AE_;, =
1.4 kcal/mol corresponds to the position 2 of the
right ring. Therefore, the five strains of the first type
able to attack the 2,3-positions only are more active
in the degradation of this congener, and the right
ring is metabolized in experiment. In the case of
3,4,2'-trichlorobiphenyl, the AE_;, = 1.1 kcal/mol
and corresponds to the position 4 of the right ring,
and the strains H850 and LB400 attack the right
ring. The molecule of 3,3'-dichlorobiphenyl is sym-
metric; the AE,;, = 1.6 kcal/mol corresponds both
to ortho- and para- positions of the rings. Therefore,
the congener must be degraded with equal facility
by the strains of all types. The AE,;, value is rather
high, and the degradation is slow. Thus, the fea-
tures of metabolism of eight di- and trichlorinated
biphenyls by bacteria are described on the basis of
quantum chemical calculations of the activation en-
ergies of the reaction of oxygen atom addition to
various positions of biphenyl core.
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