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Abstract

Isoelectronic to dibenzo-p-dioxin (DBD) compounds (ID) containing nitrogen and/or sulfur atom instead of oxygen atom can be oxidized in
the presence of fungal peroxidase. To elucidate the structure/activity relationship the redox potential of ID’s was determined and correlated with
calculated properties from ab initio calculations. The redox potential of ID’s varied between 0.16 and 1.46 V versus standard calomel electrode
(SCE) in acetonitrile. Spectral measurements and ab initio quantum chemical calculations showed that the redox potential correlated with the
quantity of heteroatom conjugation with the 6 -aromatic system. The reactivity of ID’s decreased if the redox potential of ID’s increased. The
calculations of docking and molecular dynamics revealed that all ID’s may form the stable complexes in the active center of peroxidase. The
acquired results permitted to conclude that low reactivity of ID’s and their halogenated derivatives is associated with the high redox potential of

recalcitrants.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Dibenzo-p-dioxins are group of poisonous compounds with
different toxic activities: immunotoxic, embryotoxic, terato-
genic, neurotoxic and carcinogenic [1-3]. Dibenzo-p-dioxins
and other isoelectronic compounds (ID) containing sulfur and
nitrogen atoms are being formed as a by-product in consump-
tion processes, coal burning and in preparation of large quantities
of man-made organic compounds. Natural degradation of these
compounds is a serious environmental problem.

It was demonstrated that lignin peroxidase could oxidize
dioxins by generating a high potential mediator, i.e. a cation
radical of veratryl alcohol (CRV) [4]. It was hypothesized that
other heme peroxidases, i.e. cap ink peroxidase (CiP) was also
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involved into biodegradation of xenobiotics though it did not
generate CRV at a significant rate [5].

The task of this report was to study the possibility of ID’s
biodegradation with CiP. In order to explore biodegradability, the
enzymatic activity and redox potentials of the compounds were
measured and modeling techniques such as ab initio calcula-
tions, substrate docking into enzyme active center and molecular
dynamics were performed.

2. Materials and methods
2.1. Experimental

10-Methyl phenothiazine (MP) and 10-methyl phenoxazine
(MPX) were synthesized in Novo Nordisk A/S (Denmark).
5,10-Dihydro, 5-10-dimethyl phenazine (DMF; “Aldrich”), thi-
anthrene (TA; “Aldrich”), phenoxathiin (TXA; “Aldrich”),
I-phenoxatiin carboxylic acid (TXA1) and 4,6-phenoxathiin
dicarboxylic acid (TXA46) were received from Novo Nordisk
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Fig. 1. Structures of the investigated compounds.

A/S (Denmark). The structure of compounds is depicted in
Fig. 1. Acetonitrile (HPLC grade) was a product of “Aldrich”.

Recombinant fungal peroxidase from Coprinus cinereus as
a commercial product of Novo Nordisk A/S was additionally
purified by anion exchange chromatography to a Reinheit Zahl
(A405/A208) of 2.61. The enzyme was homogeneous as assessed
by SDS-PAGE. The concentration of CiP was determined spec-
trophotometrically at 405 nm by using the molar absorption of
1.08 x 1M~ em™! [5]. Solution of HyO, was prepared from
perhydrol (30%) and concentrations were established by using
the molar absorption of 39.4 M~ em~! at 240 nm [6].

For the establishment of the formal reduction potential (redox
potential E), cyclic voltammetry (CV) on the glassy carbon
electrode was performed by using an electroanalytical system
(Cypress Systems Inc., USA) and the glassy carbon electrode
(model CS-1087, Cypress Systems Inc., USA). As a refer-
ence, a saturated calomel electrode (SCE saturated with KC1,
model K-401, Radiometer, Denmark) and as an auxiliary elec-
trode a Pt-wire (diameter 0.2 mm, length 4 cm) mounted on the
end of the reference electrode were used. The measurements
were performed in acetonitrile at room temperature. As sup-
portelectrolyte 50 mM of tetraethylammonium tetrafluoroborate
(“Aldrich”) was used. The potential scan rate varied from 12
to 200 mV/s. The electrode potential varied in range from O to
2600 mV. Each CV measurement was performed on a freshly
polished electrode. The formal redox potential for reversible or
quasi-reversible conversion was estimated by using the relation-
ship E=(Ep.a + Ep )2, where Ep , and E, . were the anodic and
cathodic peaks, respectively. The redox potential of TXA, TXA1
and TXA46 was estimated as E=E,, — 50mV. The potential
values in the text are depicted versus SCE at the scan rate of
100 mV/s. The coefficient of variation of the redox potential
determination varied from 0.1 to 4.0%.

Absorption of ID’s was measured with the computer-
controlled Beckman DU-8B spectrophotometer in the range
from 220 to 800 nm. The compounds were dissolved in redis-
tilled methanol. Steady-state kinetics of the substrates oxidation

was studied by a spectrophotometric method, too. The measure-
ments were carried out at room temperature 25 °C in presence of
0.1 mM H»0O; at pH 8.5 in 50 mM Tris—HCI buffer with 2.5 %
(v/v) of acetonitrile. The absorbance change was approximated
by single decay with offset and the calculated initial rate (V) was
used for further analysis. V of TA, TXA, TXA1 and TXA46 was
proportional to substrate concentration, therefore an apparent
bimolecular rate constant (kox) was stated as V/[E][S] where [E]
and [S] corresponded to the enzyme and substrate concentration,
respectively. The change in the extinction coefficient during the
substrate oxidation was determined by the total oxidation of the
substrates in the presence of the excess of peroxidase and hydro-
gen peroxide.

2.2. Theory

Ab initio calculations were performed by using the Gaussian
98 W package [7]. The geometries of molecules were optimized
with the HF (Hatree—Fock) theory and 6-31G* basis set. All
energies are expressed in atomic units (a.u.;la.u. =27.2116eV).
The hydrophobicity of compounds was calculated with VEGA
[8] and Crippen scheme of log P.

The simulations of the substrate docking were performed
with AutoDock 3.0.5 [9] in the active center of Arthromyces
ramosus peroxidase (ARP). ARP and CiP structures are almost
identical [10]. The crystal data of ARP [11] were downloaded
from the Protein Data Bank. All water molecules in the active
center of ARP were removed with the exception of those on a
distal side of heme vicinity. In order to model catalytically active
state of ARP, i.e. compound I/, the distance of Fe=0O bond was
setto 1.77 A, i.e. the average Fe=0 distance of compounds I and
II of horseradish peroxidase [12]. Atomic interaction energy grid
maps were calculated with the 0.375 A grid spacing forming the
cubic box centered on the active side of peroxidases on the heme
side exposed to water. The space of the cubic box covered the
active side of peroxidases and the rest protein. The electrostatic
interaction energy grid used a distance-dependent dielectric
function of Mehler—Solmajer [13]. The docking was accom-
plished using the Lamarckian genetic algorithm. The number
of individuals in populations was set 100. The maximum num-
ber of generation was 27,000. The number of the top individuals
that are guaranteed to survive into the next generation was 1. The
probability of performing local search on an individual was set to
0.1. Each docking was assigned to make 200 runs. The Mulliken
charges for dockings were estimated from calculations with the
STO-3G (Slater type orbitals) basis set under geometries opti-
mized by the HF/3-21G method. Minimum basis sets were used
to calculate Mulliken charges as there is less ambiguity in indi-
cating the center of the atomic orbital function in an atom where
a charge should be assigned.

Molecular dynamics (MD) simulations for complexes of
ID compounds in the active center of ARP were performed
with GROMACS 3.2.1 program suit [14,15] and GROMOS-
96 43al force field [16]. ID-ARP complexes were taken from
docking calculation results. GROMOS-96 43al force field was
modified to model active state of heme peroxidase by bind-
ing oxygen atom to Fe atom of the heme. The partial atomic
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Table 1

The kinetic, spectral and redox properties of ID compounds (25 °C)

D Amax (nm) e (x107* M~ em™) E (mV) vs. SCE Km (x10°M) kox M™''s™1)

DMF 245 5.36 164 £ 1.0 Not determined
336 0.84

MP 252 3.00 714 £ 23 8.2[20] 58 x 10°[20]
307 0.35

MPX 237 3.20 628 £ 1.2 3.0 [20] 240 x 106 [20]
317 0.71

TA 255 3.29 1235 + 37 - 2.9 x 10?

TXA 237 2.01 1193 £ 6 - 1.1 x 10?
295 0.20

TXALl 243 1.31 1212 £ 2 - 2.0 x 10?
300 0.19
350 0.21

TXA46 245 1.15 1462 + 7 - <100
307 0.19

charges for compound-I were calculated with HF theory and
STO-3G basis set. Charges were manually adopted for charge
groups in compound-I topology wit +1.4 on Fe and —0.8 on O
atoms. Fe=0 bond was set to 1.67 A and bond force constant
to 5.7 x 10° kJ/(mol nm4), which was calculated from experi-
mental IR data at 814 cm™! [17]. N=Fe=0 angle was set to 90°
with force constant 420 kJ/mol, which was fitted from N-Fe-N
data of GROMOS-96 43al force field. Heme topology modi-
fication adopting compound-I was tested separately to ensure
compound-I energetic and structural stability.

The modeled systems were energy-minimized using the
steepest descent method with no constrains. Minimized struc-
tures were supplied to 100 ps position-restrained dynamics with
2 fs integration step, where lengths of all bond in the modeled
systems was constrained with LINCS algorithm. Berendsen tem-
perature and pressure coupling scheme was used. During the
position-restrained dynamics calculations the temperature was
maintained close to 300 K and the pressure was 1 bar. Particle-
mesh Ewald scheme was used to treat non-bonded electrostatics
and twin range cut-off scheme was used for non-bonded inter-
action (Lennard-Jones potential; LJ) treatment. The long-range
cut-off was set 1.0 and 1.0 nm for electrostatics and LJ. System
atoms were supplied with velocities generated with Maxwellian
distribution.

The MD simulations during 1ns were performed on the
structures obtained after position-restrained dynamics with 1 fs
integration step. All modeled systems were dissolved with SPC
(simple point charge) water solvent leaving 1 nm free solvent
space around dissolved ID-ARP complex. Total modeled system
charge was set to zero by dissolving sodium cations. The topolo-
gies for compounds were generated with PRODRG2 server
[18].

3. Results

All ID compounds share similar electronic structure and are
almost identical to the structure of dibenzo-p-dioxin (DBD) or

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). All compounds
share the same conjugated structure, i.e. two 6-electron
systems of benzene rings that are conjugated by n-electron pairs
of heteroatoms. The conjugation effect of the later depends
on their nature and modulates overall system conjugation. The
carboxylic substitutes were introduced into ID’s to increase the
solubility of the compounds in a buffer solution. An oxidation
of ID compounds with heme peroxidase is associated directly
with a single electron donation and that property directly
depends on overall system conjugation. The importance of
a conjugation effect for electrical conduction properties of
single-molecule, which depends directly on the delocalization
of the molecular electronic orbitals also, was demonstrated
experimentally, recently [19]. Therefore, the investigation of
ID containing oxygen, nitrogen and sulfur atoms will reflect
the chemical and electronic structure peculiarities, which drive
the enzymatic biodegradability of ID with the heme peroxidase
via an oxidation.

Absorption of the compounds in UV region was recorded in
methanol as the basis for kinetic measurements and for experi-
mental elucidations of electronic structures. ID absorbed in the
range from 230 to 350 nm. All ID have two distinct peaks: one
peak at 240-250 nm and the second one at 300-336 nm (Table 1).
An exception was observed for TA, which has only one peak
at 255 nm, and for TXA1, which has three peaks: one peak at
243 nm and other two small peaks at 300 and 350 nm, respec-
tively. The analysis of absorption of non-substituted ID revealed
that the second absorption peak of DMF was located at the largest
wavelength, whereas the absorptions of other compounds were
at shorter wavelengths. The compounds fall into the following
rank DMF >MPX >MP >TXA >TA. The absorption in longer
wavelengths is associated with the larger conjugation of hetero
atoms (O, N, S) with two 6r-aromatic systems.

Recently, some theoretical examinations of DBD and TCDD
spectra were performed using complete active space SCF fol-
lowed by the multireference second-order perturbative approach
(CASSCF/CASPT?2) [21,22]. DBD spectra calculation fitted
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Fig. 2. The absorption spectra (A) and cyclic voltammetry (B) of DMF, MP and TXA1. Potential scan rate 100 mV/s (B).

well the experimental spectra of DBD [21] in the main absorp-
tion bands: 200-235 nm (high intensity) and 265-310 nm (broad
low-intensity). Similar calculation of absorption of TCDD
revealed the same two band structure at wavelengths 200-240
and 280-320nm [22]. The main oscillation in high-intensity
band of DBD and TCDD comes from w—* transition, while
low-intensity band has n—w* transition. The results of the calcu-
lations and referred experimental spectra of DBD and TCDD in
[21,22] show big similarity to investigated here ID compounds
and possess two basic band system separated by a region of very
low absorption. DBD high-intensity band is blue-shifted com-
paring to ID compounds while low-intensity band is closest to
the same band in the spectra of TXA. The spectra of TCDD
from [22] occupied almost the same wavelengths compared to
ID compounds. The present spectra comparison shows that DBD
and TCDD share similar electronic structure and along with geo-
metrical similarities their enzymatic reactivity toward enzymatic
biodegradability can be rationalized further.

The fungal peroxidase CiP was used as the enzyme catalyzing
the ID oxidation. The reactivity of MP and MPX has been deter-
mined before [20]. The wavelengths of 255, 237 and 243 nm
were chosen for the measurement of the kinetic parameters of
TA, TXA and TXA1 oxidation, respectively, since the largest
absorbance change was observed at these wavelengths during
oxidation. The calculated apparent bimolecular constants were
(29£0.3)x 10°M~'s7! for TA, (1.1+£0.2) x 10>°M~!s7!
for TXA and (2.0+0.2) x 102M~!'s~! for TXA1 (Table 1).
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The comparison of these values with the results of MP and MPX
oxidation showed that the oxidation rate of TXA1 was 300,000
and 1,200,000 times less (Table 1).

Itis well known that an electron conjugation plays the impor-
tant role in electron transfer reaction. Experimentally electron-
donating properties of ID were revealed by the redox potential,
which was determined electrochemically. The quasi-reversible
single electron transfer was established for DMF, MP and MPX.
Moreover, DMF demonstrated the quasi-reversible two-electron
transfer (Fig. 2B). MP and MPX also showed quasi-reversible
electron transfer, but in contrast to DMF, the two-electron trans-
fer was irreversible.

The electrochemical conversion of TA at 1.0-1.5 V disclosed
the quasi-reversible character for the single electron transfer.
However, the potential scan at 1.0-2.0 V indicated that the dou-
bly oxidized compound splits very fast. TXA, TXA1 and TXA46
demonstrated the irreversible electrochemical conversions dur-
ing one- and two-electron transfer reaction. The redox potential
of these compounds was larger than 1.2 V. The reason of the
low stability of oxidized species is the high potential that sig-
nificantly exceeds the potential of DMF, MP and MPX. The
redox potential of ID changed in the range between 160 and
1445 mV (Table 1). The potential of non-substituted ID falls
into the rank DMF < MPX < MP < TXA < TA, which is opposite
to the absorption rank described above. This confirms the prepo-
sition about the importance of the heteroatom orbital conjugation
based on the spectral measurements.
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Fig. 3. Correlations of the redox potential vs. the enzymatic reactivity (A) and HOMO vs. the redox potential (B).
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Table 2

Calculated properties of ID compounds

ID HOMO (a.u.) Docking (kcal/mol) log P
DMF —0.265 -7.3 34
MP —-0.292 —-6.9 3.8
MPX —-0.257 =75 32
TA —0.309 —6.5 4.2
TXA —0.280 -7.1 3.6
TXAl —0.303 —6.7* 32
TXA46 —0.293 —6.6% 2.7
DBD —0.289 -7.2 3.1
TCDD —-0.314 -85 53

 Dissociated carboxylic groups.

The first step in DBD and ID oxidation is a single elec-
tron reduction of compound I of peroxidase [4]. The kinetic
analysis of MPX, MP, TXA1 and TXA46 compounds oxida-
tion showed that the enzymatic reactivity is closely related to
electron donating properties of ID and that was determined by
the redox measurements (Table 1). The investigation of all ID
compounds by the redox and spectral absorption measurements
proved that heteroatom conjugation into the common electronic
system determinates electron-donating property. The biodegra-
dations or oxidation of ID can be analyzed in the framework of
the Marcus outer-sphere electron-transfer theory [21], where a
free energy of reaction, reorganization energy of molecules and
overlap of molecular orbitals of donor and acceptor guide an
electron transfer. The correlation of the reactivity with the redox
potential showed good linear dependence (2 =0.99) (Fig. 3A).
Since electrons are withdrawn from highest occupied molec-
ular orbitals (HOMO) during an electron transfer from the
substrates to compound-I of CiP, the HOMO energy of sub-
strates determines the redox potential. Ab initio calculations
under RHF/6-31G* theory were performed to calculate energies
of HOMO. According to ab initio calculations, the structures of
DBD, TCDD and TXA are totally planar. The rest compounds
are not planar due to the steric effects introduced by substitutes
in rings. TA structure was found to be very bended through S-S
axis and has V-shape. Among the investigated ID compounds,
HOMO with the lowest energy was calculated for TA and TXA1
(Table 2). The difference between HOMO of DMF, MPX and
TXA1, TA was about 0.04 a.u., i.e., about 1.1 eV. Since the TA
structure was significantly bent along the S—S axis, both benzene
rings have the minimum conjugation effect and HOMO energy
is very low. Based on HOMO energy values ID compounds fall
into the rank MPX > DMF > TXA > MP > TA that is very similar
to the rank of absorptions.

According to HOMO values and the correlation versus exper-
imental results the best electron donors should be DMF and MPX
(Table 2). Calculations revealed that DBD and MP have simi-
lar HOMO energies at —0.29 a.u. Calculated HOMO energy for
TCDD have the lowest value from all investigated compounds
—0.31 a.u. and is similar to TXA1 and TA. While TCDD and
TXAL1 are planar structures, TA structure is bended along S—S
axis. Low HOMO values for TCDD and TXA1 can be explained
by effects of substitutes, but low HOMO energy of TA can be
related to a low conjugation. The calculated lowest values can

Fig. 4. Docking of DBD and MP in the compound I of ARP.

be supported by measured redox potential, which was found
for TXA1 and TA highest between ID compounds along with
TXA46. The ionization potentials of TA and TCDD are 7.90 eV
[24] and 7.99 eV [25]. The comparison of ionization potentials
of TA and TCDD reveals the similar values also. Those values
of ionization potentials are largest compared to MPX, TXA and
DBD, which are 7.15eV [26], 7.72eV [27] and 7.598 eV [25],
respectively. The comparison of HOMO, redox potential and
available ionization potential values reveal that TA and TCDD
has lowest electron donating properties, which is important elu-
cidating the ability to degrade TCDD with enzymatic oxidation.
However, the ionization potential and HOMO values of DBD
show that the electron donating properties should be compa-
rable to MP, which possesses significant enzymatic reactivity
toward CiP.

HOMO energy correlations to Eeq and ko revealed signifi-
cant dependences with 72 =0.72 and 0.73 (Fig. 3B), respectively.
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Fig. 5. Energetic and structural behavior of substrate—protein complexes (DBD,
tiny; MP, bold; TCDD, dashed). From top: potential energy of a system, RMSD
of a ligand, distance between centers of masses of a ligand and an enzyme.
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Fig. 6. Snapshots of substrate—ARP complex dynamics after 0, 0.5 and 1 ns (from left: DBD, MP, TCDD).

According to HOMO versus ko correlations, the crude estima-
tions of ko values for DBD and TCDD would be 1.2 x 10° and
1.3 x 10 M~ 57!, Predicted reactivity of DBD and its tetra-
chlorinated analog is different almost 1000 times. However,
predicted reactivity of TCDD is very small and even less than
measured reactivity of TXA46.

To accomplish a single electron reaction transfer reaction, the
substrates should combine in the active center. Docking and MD
calculations were applied to explore the enzyme—substrate com-
plex formation and its stability. Docking calculations revealed
that investigated substrates dock at the active center of ARP
with different affinities and the energies vary from —6.5 kcal/mol
(TA) to —8.5 kcal/mol (TCDD). Although TA and TCDD are the
most hydrophobic compounds from log P calculations (Table 2),
their affinity to the active center is opposite. The low affinity of
TA is determined by bended structure, which makes steric hin-
drances. Comparing TCDD to the rest compounds it is clear that
hydrophobicity plays significant role in high affinity for TCDD.
Nonchlorinated DBD possess similar log P to other compounds,
including the most enzymatically reactive. It docks similar to MP
in the active center of ARP (Fig. 4).

Stability of enzyme-substrate complex in solvent was
explored by MD simulations for 1 ns of time period with com-
pounds MPX, DBD and TCDD. Potential energy profile of the
whole system with MP and DBD showed dropping potential
energy during the first 400 ps and systems stayed stable during
the rest time (Fig. 5). In case of TCDD the relative stability
of potential energy during all simulation was calculated with
slightly decrease of the energy. However, the structural analysis
revealed more dynamic behavior of the substrates. Root mean
square deviation (RMSD) and distances between mass center
of protein and ligand were calculated. The stable trajectory
dynamics of RMSD was determined for DBD, but the rest two
compounds undergo structural rearrangements. The largest rear-
rangements were calculated for TCDD, although both TCDD
and MP have RMSD disturbances in the period 500-900 ps
(Fig. 5). Despite the detected structural rearrangements of sub-
strates in the active center of ARP, these compound stay in there,
because the RMSD values are not large and all calculated dis-
tance between mass centers of protein and ligand converge to
similar values from 11-14 to 12-13 A (Fig. 5). These results
show that substrate—ARP complexes share the similar geometry
or donor—acceptor distance is almost identical between different
complexes. After MD simulations all substrates were found in

the active center of ARP with different variations from starting
points (Fig. 6).

4. Conclusions

The analysis of overall results show that the electron transfer
in the enzyme active center is predominantly chemically con-
trolled and the reactivity of ID with CiP is determined by a
free energy of the reaction [23]. The correlation In(kqx) with
the redox potential showed a very good agreement within the
experimental results. The correlations of HOMO with In(kox)
and E\.q have led to good correlation with * around 0.7. Good
correlations mean that the electron transfer rate for MPX, MP,
TXA1 and TCDD is almost determined by the free energy of
the reaction, as it was mentioned above. The docking and MD
calculations indicate that substrates are bonded at distances not
larger than 4 A from electron accepting centre. At this distance,
the electron exchange rate is fast; electrons can tunnel over
distances up to 17 A at the rate of 720s~! that was measured
for the fastest determined (MPX) reaction [20]. On the basis
of described, performed crude estimations of the reactivity of
DBD and TCDD with CiP reveal that DBD could be biodegraded
with efficiency comparable to MP. However, the degradability of
compound TCDD is almost impossible due to low HOMO and,
possibly, high redox potential. Rejecting the solubility problem
of TCDD in water or water-based buffers, large hydrophobicity
could possibly induce non-productive complex of TCDD-ARP
in the cavity of the active center of ARP.

The biodegradability of DBD and ID recalcitrants along
with TCDD is related to redox properties cumulative with the
hydrophobicity or solubility problem. The most appropriate way
of biodegradation of halogenated high-redox ID compounds like
TCDD is dehalogenation step to drop redox potential and make
better solubility in water prior to the oxidation with heme per-
oxidases.
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