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Abstract: Ab initio quantum chemical calculations have been applidbdeastudy of the
molecular structure of phenol derivatives and ohgos produced during peroxidase-
catalyzed oxidation. The interaction of substratesl oligomers withArthromyces
ramosus peroxidase was analyzed by docking methods. The pmssible interaction
site of oligomers is an active center of the petaze. The complexation energy
increases with increasing oligomer length. Howetee, complexed oligomers do not
form a precise (for the reaction) hydrogen bondiegwork in the active center of the
enzyme. It seems likely that strong but non prodecdocking of the oligomers
determines peroxidase inhibition during the rearctio
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I ntroduction

Enzymatic oxidation of phenol substances has #ttlaconsiderable attention recently due to
environmental effects and polymer synthesis [I[B environmental effects are associated with large
scale production and use of man-made phenol sudestaat concentrations that cause ecologically
undesirable effects. Many of these compounds aykhjhiresistant to biotic and abiotic degradation
and, as a result, remain in the environment afctevels. Enzyme-catalyzed degradation of phenol
substances has been considered as one of pomsltit detoxification of these congeners [1].
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The synthesis of polyphenols is another area adstigation in the enzyme-catalyzed oxidation of
phenol substances [2]. Several oxidoreductases, pepxidases, laccase and bilirubin oxidase,
catalyze the oxidative polymerization of phenolidatives [3]. Polyphenols with useful properties fo
electronics have been very recently synthesizatyyseroxidase [4].

The peroxidase-catalyzed phenol oxidation has aklmmitations, including permanent peroxidase
inactivation by various undesirable side reactifitjs In an attempt to decrease the inhibition rate,
some additives were used [4,5]. It was shown that yield of recombinanCoprinus cinereus
peroxidase-catalyzed phenol derivative oxidatiory imarease significantly if albumins or non-ionic
polymeric compounds were used [5].

In order to elucidate a possible inhibition meckanin the process of phenol substance oxidation
the interaction of intermediate products (oligomevgh peroxidase was explored by usiaginitio
guantum chemical andnechanical docking calculations. As peroxidase tsates three phenol
derivatives, i.e. 1-naphthol, 2-naphthol and 4-bygbiphenyl were analyzed.

Computational Details

Structures and atomic charges of studied compoweds calculated witlab initio method on 3-
21G basis set and Hartree-Fock theory with GausggW [6]. The spin densities of radicals were
calculated with BALYP DFT theory. The structurefothromyces ramosus peroxidase (ARP) that has
in addition one terminal amino group comparedaprinus cinereus peroxidase has been described
[7]. The crystal data of ARP (PDB-ID: 1ARP) [7] Witesolution of 1.9 A was downloaded from the
Protein Data Bank. All water molecules were remoweaept the oxygen atom of one structural water
molecule, which was left in the active center of ARn order to model a catalytically active state o
ARP, i.e. compound I/ll, the distance of the Fe=@hd was set to 1.77 A.e. the average Fe=0
distance of compounds | and Il of horseradish pdese [8].

The simulations of substrate docking in the actiester of ARP were performed with AutoDock
3.0.5 [9]. Atomic interaction energy grid maps weedculated with 0.6 A grid spacing and 126 grid
points forming a cubic box of about 75 A centeredtioe geometric center of the peroxidase. The
space of the cubic box covered the whole peroxidas#® the space beyond. The electrostatic
interaction energy grid used a distance-dependefeatric function of Mehler-Solmajer [10]. The
docking was accomplished using Lamarckian Genelgothm. The number of individuals in
populations was set to 50. Maximum number of enexg@juations that genetic algorithm should make
was set to 1000000. Each docking was assigned ke 20 runs.

Results and Discussion
Structure of oligomers

The structures of the studied substrates are w@epin Figure 1The oxidation of these phenol
derivatives is accomplished through radical foromvati The recombination of radicals produces
oligomer structures. To build possible structuréslmomers, the recombination of radicals through
the position with the highest spin densities wasgpeed. According to calculations the highest spin
density was found in four positions of naphthold &mree of 4-hydroxybiphenyl. The recombination
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of a radical through oxygen atom was also consitlard -naphthol. A large number of oligomers can
be produced during the recombination reactions thede is no possibility of examining them all,
therefore our investigation was limited to mona-, tti-, tetra- and pentaoligomers (Table 1). The
calculations showed that 4-hydroxybiphenyl andditeer b2a had totally planar structure, therefore
they were set to be rigid in docking through C-Chd® connecting phenyl rings. The remaining
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derivatives of 4-hydroxybiphenyl have fully rotalalc-C bonds connecting phenyl rings.

Figure 1. Structures of the substrates. (Numeration of 4dwybiphenyl atoms does not
match IUPAC nomenclature and it is used for corsecs).
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Table 1. Abbreviations of naphthol and 4-hydroxybiphenylidatives.

1-naphthol (nal)

1- 4-hydroxy-
naphthol Bond 2-naphthol Bond biz)/heny)I/ Bond
derivative derivative derivative
Monomers
nal - nb2 - bl -
Dimers
na2a 5-5 nb2a 6-6’ b2a 6-6’
na2b 5-4 nb2b 3-3 b2b 2-6’
nazc 4-4 nb2c 6-1’
na2d 7-5 nb2d 1-1
na2e 7-7 nb2e 3-1
na2f 5-2’ nb2f 1-8
na2g 7-2 nb2g 8-6’
nazh 7-4 nb2h 6-3’
na2i 4-2’ nb2i 8-8’
nazj 2-2’ nb2j 8-3’
nazk 0-2’
na2l o-4
nazm o-7
Trimers
na3a 4-7'5'-2" nb3a 6-6’,3’-6" b3a 6-6',2-6"
na3b 7-7,5-7" nb3b 6-6',1'-6" b3b 2-6',10-6"
na3c 4-5,2’-4” nb3c 3-3,1-3” b3c 2-6’,2’-6"
na3d 7-7,2-7" nb3d 1-1',3-3”
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Table 1. Cont.
1- 4-hydr oxy-
naphthol Bond 2&;?523\2' Bond biphenyl Bond
derivative derivative
na3e o-4',0'-7"
na3f 0-4'2-0”
Tetramers
bda 2-6',6-6",2"-6"
b4b 6-6',2-6",10-6"
Pentamerg
naba 5-7",5-7",4"- nb5a 6-3',1'-6",6'-
47 2m-7" 6”,3"-6"
nasb 4-2'5'-2" 4"- nb5b 1-1',6’-1",6"-
47 2m-4" 1”,6"-6"
nasc 7-5,7-7",5"- nb5c 3-1',3-3",1"-
7".5"-7" 1m,3"-3™
nasd 7-7',5-7"2'- nb5d 6-6',1'-3",3'-
7".5"-7" 37,8"-3"
nabe 0-4',0'-4",2"-
o",7"-o™

Docking of monomers

The most common reaction mechanism of phenol satestioxidation with heme peroxidases that
appears to be universally accepted today is depintéhe following scheme:

E + HO; - compound | + KO Q)
compound | + SH = compound Il + S+ H' (2)
compound Il + SH > E+S+H' (3)

where E is a resting (native) form of a peroxide8setands for the substrate andf& the corre-
sponding radical. The resting ferric enzyme reaapsdly with peroxide to form compound I, i.e. an
oxy-ferryl (Fe=0) derivative, in which one electrbas been withdrawn from the heme group to form
a porphyrintecation radical. This intermediate is reduced i tsequential one-electron oxidation
steps through compound Il formation.

Compound | and Il have bound an oxygen atom to mehef iron forming Fe=0O. The
intermolecular orientation of substrate and (porph)iFe=0 complex must be favorable for an
electron and a proton transfer. The experimentdl randeling studies of ARP associated reactions
showed that a proton transfer is determined byopgrhydrogen bonding network inside the active
center [11]. The absence of hydrogen bonding betweggen of ferryl group and hydroxyl group of
phenol derivative produces “unproductive” complbattdetermines the decrease of the reaction rate
almost thousand times [11].
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The dockings showed that phenol derivatibbds nal andnbl docked in the active center with
highest affinity, or the lowest docking energy e whole ARP structure. All monomers placed OH
groups inside the active center near Fe=0 and fdstreng hydrogen bonds with the oxygen atom of
Fe=0 fragment (Figure 2). The lengths of hydrogends are 2.1 A, 1.8 A and 1.6 A respectively of
4-hydroxybiphenyl, 1-naphthol and 2-naphthol.

Figure2. The dockings of 1l-naphtholelow), 2-naphthol green) and 4hydroxy-
biphenyl €yan) in the active center of ARP. Hydrogen bonds (teng
depicted in A) are formed between OH and Fe=O @@oup

The docking energies of monomers were -7.0 kcal/reod kcal/mol and -6.4 kcal/mol (Table 2).
The docking results show that phenol substances #ofproductive” complex. For that reason they
should be considered as active substrates. Expati@nmeasurements confirm the high activity of
these substances. The constants of 1-naphthol amptzhol oxidation were 1.4-A0M™*.s* and
5.4-10 M™*.s*and approached the rate of diffusion limited foryeme catalysis [5] .

Docking of oligomers

In this work the hypothesis was made that unpraodedionding of oligomers may determinate
peroxidase inhibition during phenol derivatives dation. To confirm or reject this hypothesis the
docking of oligomer structures in the active centfeARP has been performed. The calculations show
that all oligomer structures dock in the activeteef ARP with the highest affinity. The complexes
of oligomers are even stronger since the dockiregggnis less in comparison to monomer substances
(Table 2).

The dockings revealed some amino acids that ar@btapo make hydrogen bonds with hydroxyl
group of the oligomers. All oligomers are capalolentake hydrogen bonds with the amino acids that
are common for 4-hydroxybiphenyl, 1-naphthols andaghthols compounds: Arg52, Prol54,
Asnl158, Glul90, Gly191blue in Figure 3). All interacting amino acids make theme pocket
environment or are the part of the active sitelfitstmong these amino acids only Arg52 is
hydrophilic, while other amino acids are hydroplwbilydrogen bonding is made through oxygen
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atom of C=0 group in peptide fragment of the ananmls. Naphthols have more amino acids capable
to participate in H-bonding and almost all of theseino acids are hydrophobic too: lle153, Pro91,

Leul92, Leu228. Naphthols make hydrogen bondingp witygen atom from Fe=0O and propionate

residue of heme, too.

Figure3. Amino acids of ARP forming hydrogen bonding wittigomers. Amino

acids inblue are common for 1- naphthol, 2-naphthol and 4-hygoghenyl
oligomers. Amino acids imagenta are characteristic to naphthols oligomers.
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Table 2. The docking energy of phenol derivatives andartigrs.

1- Docking 5 Docking 4-hydr oxy- Docking
-naphthol .
naphthol energy, derivative energy, blpheqyl energy,
derivative kcal/mol kcal/mol derivative kcal/mol
nal -6.4 nb2 -6.4 bl -7.0
na2a -8.4 nb2a -7.6 b2a -9.0
na2b -5.6 nb2b -6.8 b2b -10.5
na2c 54 nb2c 9.1
na2d -9.3 nb2d -8.5
naze -9.9 nb2e -7.1
na2f -8.6 nb2f -8.8
na2g -8.9 nb2g -10.0
nazh -9.2 nb2h 9.1
naz2i -8.7 nb2i 9.1
na2j -8.6 nb2j -7.1
na2k -8.9
na2l -8.3
naz2m -8.4
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| na3a | -5.0 | nb3a | -11.6 b3a -11.8
Table 2. Cont.

1- Docking 2-naphthol Docking 4—hydroxy- Docking
naphthol energy, derivative energy, biphenyl energy,
derivative kcal/mol kcal/mal derivative kcal/mal

na3b -10.4 nb3b -8.6 b3b -11.6
na3c -8.3 nb3c -9.3 b3c -12.4
na3d -11.5 nb3d -8.8
na3e -10.3
na3f -9.5
b4a -10.5
b4b -12.2
naba -7.6 nb5a -11.4
nasb -13.3 nb5b -13.9
nabsc -8.0 nb5c -8.1
nasd -7.3 nb5d -11.4
nabe -9.8

The oligomers of 1-naphthalre docked at the entrance of the active centeérafgunot able to
make hydrogen bond with Fe=O group of ARP. The demformation energies vary between —5.5
kcal/mol and —9.9 kcal/mol for ten C-dimers ance&hO-dimers of naphthol derivatives. The lowest
energies are found for dimers having bonds thrquagition 7 (Figure 1)i.e. for na2d, na2e, na2g
andnazh. The highest energy is calculated for compoumai® andna2c having bonding in position
5. Despite distinct differences in affinities, thesompounds occupy almost the same position at the
entrance of the heme pocket (Figure 4). Dockingsvsthat the difference in docking energies are
determined by docking peculiarities of the naphttragment outside the heme pocket. All dimers
have no ability to make hydrogen bonds with Fe=a&yrnent with exception of derivativea2e and
na2i. These derivativesnay form a complex in whicldH groups is located at larger than 2.5 A
distance from Fe=0. In this case hydrogen bondldhmeivery weak. The lowest docking energies for
trimers were found fona3b (-10.4 kcal/mol),na3d (-11.5 kcal/mol) andha3e (-10.3 kcal/mol)
compounds, which have bonding at the position & fémaining trimers made bonding mostly at
position 4. The lowest docking energy —13.3 kcal/mas indicated for pentamag5b.

The studied oligomeric O-derivatives of 1-naphthwdse only one OH group. Therefore, these
compound have limited abilities to form hydrogemtdanside the active center of ARP. However
oligomeric O-derivatives have similar and lower kiag energies than other oligomeric C-derivatives,
which have two and more OH groups. The currentifigdeveals that hydrogen bonding is not the
main factor responsible for binding of oligomersdathe hydrophobic forces play much more
important role.

2-naphthol dimers may form 1dimers through C-C bonding, and the docking of éhésners
was calculated in ARP structure. The lowest doclengrgy was found for compoumd2g (-10.0
kcal/mol) and some other dimers having bondingasitipns 6 and 8 like compound®b2i, nb2h or
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nb2c. The highest energies were calculated for comp®uab@b, nb2e andnb2j having bonding at
position 3. All mentioned dimers occupy the samsitpmn in the heme pocket (Figure 5). The possible
explanation of energy differences might be relatethe fact thahb2b, nb2e andnb2j compounds
do not form hydrogen bond with Fe=O group liken&d2g, nb2h or nb2c. The last three compounds
are exception among oligomers and may form hydrdgmms with Fe=O group at distances 1.7 A,
2.0 A and 1.9 A, respectivelfrimers of 2-naphthol have the lowest docking eiesrgpetween —8.6
kcal/mol and —11.6 kcal/mol. Like as dimers the dstvdocking energy was calculated fdr3a
producing oligomers at 6 th position. The pentansrsewed lower docking energies. The lowest
docking energy was calculated for pentambbb (-13.9 kcal/mol) that is formed with bonds at
position 6 and 1 (Figure 6). In general, the lownefénities of 2-naphthobligomers were found for
ones having bonding through position 3.

Figure 4. Dockings ofna2b (magenta) andna2d (dark orange) in the active center of ARP.

k|




Int. J. Mol. Sci.2005, 6 253

Figure 6. Dockings ofnb5a (magenta) andnb5b (blue) in the active center of ARP.

The oligomers of 4-hydroxybiphenyl dock at the antre of the active center, but are not able to
make hydrogen bond with Fe=O group of ARP like aghthol derivatives. The docking energies vary
in the range of —7.0 and —12.4 kcal/mol. 4-hydroglgbnyl derivatives with linear-shape lik@a, b3a
andb4a dock across the entrance to the heme pocket bigtkie entrance and can not form hydrogen
bond with Fe=0O group (Figure 7). Compounds withokesl shape lik&é2b, b3b andb4b dock across
the entrance to the heme pocket with some hydrarytee heme pocket. However, these hydroxyls
are located too far from Fe=0O group to form hydrogend. The compounds with crooked shape have
about 1 kcal/mol higher affinity to the active cemdf ARP than linear compounds.

Figure7. The docking of 4-hydroxybiphenyb{ - cyan) and trimer §3a - blue, b3c —dark orange)
at the entrance of the active center of ARP.
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1-naphthol and 2-naphthol derivatives are more @anpompounds and have lower flexibility
degree than 4-hydroxybiphenyl and its derivatileEssause naphthol derivatives do not have one extra
flexible bond. However, 4-hydroxybiphentgtramers have too many freely rotating bonds &ed t
docking results is distorted due to high flexilyiliThe decreasing affinity of pentamers and tetrame
can be related to increasing multi-center bindifgobbigomers. Multi-center binding limits the
possibility to exploit all favorable docking places ARP, especially to compounds with a linear
shape.

The calculated docking energies of phenol deriestivevealed the obvious tendency that the
larger molecular weight of oligomer had the lardiensy to ARP (Figure 8 A,B). This dependence
was demonstrated for all derivatives of naphthdlsere is also tendency that the average docking
energy of explored 4-hydroxybiphenyl oligomers drdaster along with growing oligomer length. It
means that 4-hydroxybiphenyl oligomers binds stesrigan 1-naphthols and 2-naphthols. According
to the average docking energies the oligomers egndred in decreasing order of binding to ARP: 4-
hydroxybiphenyl, 1-naphthols and 2-naphthols. Tdraer is comparable to the decreasing monomer
length: the longer monomer length in oligomers chahe higher affinity to ARP. However, the
dependence of lowest docking energies on oligoraagths is similar to 4-hydroxybiphenyl, 1-
naphthols and 2-naphthols (Figure 8 B) compounds this expressed in Figure 8A.

Figure8. The average (A) and the lowest (B) docking emsrgif 1-hydroxybiphenyl,
1-naphthol and 2-naphthol oligomers through carli@n each length of

oligomer.
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The docking results reveal that all explored oligesnhave the highest binding affinity in the
active center of ARP. It means that oligomer miglot as substrates of ARP. Even more, the
calculations show that they form a stronger comgeln comparison to monomers. The calculations,
however, revealed that the most of these compoditisot form hydrogen bonding network inside
the active center of ARP. Three 2-naphthol dimarsmake weak hydrogen bonds in the active center
of ARP, but oligomers of this compound with eloreghthain like as trimers, tetramers or pentamers
do not form hydrogen bonds at alll.

The docking results of oligomers reveal that oligosndo not fulfill the demands for productive
binding, which is crucial for substrate oxidationARP [11]. Even the dimer stage for 1-naphthol and
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4-hydroxybiphenyl and the trimer stage for 2-naphfiorms unproductive complex. The absence of
the proper hydrogen bonding network does not makerable structure for proton transfer in order an
oxidation reaction could appear. Therefore, oligmmef 4-hydroxybiphenyl, 1-naphthol and 2-
naphthol serve as concurrent inhibitors, which blide entrance to the active site of ARP and preven
the binding of monomer. The higher affinity of aiger derivatives guarantees the stable but
unproductive oligomer ARP complex formation. Thawld lead further to the formation of the
aggregates of ARP with oligomers or the aggregaitesire oligomers.

Conclusions

The docking calculations reveal that phenol denestbind in the active site of ARP with various
degree of affinity. The oligomers of 4-hydroxybiplye 1-naphthol and 2-naphthol bind with higher
affinity than monomers. The main binding force ikyarophobic interaction. The calculations reveal
that during complexation the oligomers do not fdngdrogen bonds between hydroxyl and Fe=0
group that is necessary for effective reaction.th reason it is predicted that many oligomersiido
be unreactive as substrates but function well asrséle inhibitors of the peroxidase.
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