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To promote the biodegradation of aromatic hydrocarbons in petroleum-contaminated soils, naphthalene
dioxygenase (NDO), which is the key metabolic enzyme that degrades aromatic hydrocarbons, was
modified using molecular docking and homology modelling. The novel NDO enzymes screened can
efficiently degrade the target aromatic hydrocarbons naphthalene, anthracene, pyrene and benzolal
pyrene. The docking showed that the key amino acid residues at the binding site of the NDO enzyme
include both hydrophilic residues (Asn201, Asp205, His208, His213, His295 and Asn297) and hydrophobic
residues (Phe202, Ala206, Val209, Leu307, Phe352 and Trp358), and the hydrophilic residues were
replaced by hydrophobic residues to design 54 kinds of NDO enzyme modification schemes. A total of
14 kinds of novel NDO enzymes designed were found to simultaneously increase the binding affinity to
the target aromatic hydrocarbons. The energy barrier and rate constant of the degradation reaction for
the NDO enzyme modification were calculated using Gaussian09 software and the KiSThelP program.
The novel NDO-7 enzyme exhibited decreases in the energy barrier of 76.28, 26.35, 4.39 and
1.88 kcal mol™ and increases in the rate constant of 54, 18, 12 and 5 orders of magnitude in the
degradation reactions with naphthalene, anthracene, pyrene and benzolalpyrene, respectively. These
results provide a theoretical basis for the efficient degradation of aromatic hydrocarbons and the
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Introduction

The processes of oil exploitation, storage and transportation
have released a large amount of hydrocarbons into the soil,
resulting in serious environmental pollution.* Oil pollution can
destroy the organic composition of the soil, hinder the respi-
ration of plant roots and the absorption of nutrients, and lead to
poor plant growth and even death.> Harmful substances in oil
enter the human body through the food chain, directly harming
human health. Aromatic hydrocarbons are a class of common
organic pollutants in petroleum that are difficult to degrade,
and some aromatic hydrocarbons have carcinogenic, terato-
genic and mutagenic effects.* The microbial degradation
method has the advantages of low processing cost, strong repair
effects, no secondary pollution, and little impact on the envi-
ronment.*® It has become an important remediation technology
for petroleum-polluted soils, and it is also the primary method
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modification of their key metabolic enzymes.

of removing aromatic hydrocarbons in the environment.® The
reduction or removal of the toxicity of aromatic hydrocarbons
by microbial degradation has become a topic of intense
research in environmental remediation research.”®

Recently, research on the biodegradation of aromatic
hydrocarbons has intensified, including screening for aromatic
hydrocarbon-degrading strains,’ degradation characteristics,"
metabolic pathways,' and degradation mechanisms' and the
construction of efficient genetically engineered bacteria.®
Studies reported that a variety of microbial strains to degrade
different types of aromatic hydrocarbons in petroleum have
been screened out.'*'* However, some strains barely adapt to
the environment and reproduce at a slow rate, so it is difficult to
achieve a degradation rate of aromatic hydrocarbons that meets
processing requirements.' Wu et al. showed that the microbial
degradation of aromatic hydrocarbons was achieved by a series
of enzymatic reactions,'® and the degradation rate depended on
the activity of microbial metabolic enzymes, particularly key
metabolic enzymes."” Studies have shown that the aromatic ring
hydroxylation dioxygenase and the aromatic ring cleavage
dioxygenase are two key metabolic enzymes in aromatic
hydrocarbon degradation, and the aromatic ring hydroxylation
dioxygenase controls the addition of oxygen to benzene rings,
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which is the rate-limiting step of the microbial degradation
reaction, determining the rate of the entire degradation process
of aromatic hydrocarbons.” Naphthalene, anthracene, pyrene
and benzo[a]pyrene are model compounds in the study of
aromatic hydrocarbon degradation mechanisms,>'® and their
degradation pathways have been deduced in previous
studies.”* Lee et al. reported that naphthalene was hydroxyl-
ated to cis-1,2-dihydroxy-1,2-dihydronaphthalene by the catal-
ysis of dioxygenase and was completely degraded to CO, and
H,O by a series of enzymes.”> Moody et al. found that anthra-
cene was hydroxylated by dioxygenase during the degradation of
anthracene by Mycobacterium sp. PYR-1, which formed cis-1,2-
dihydroxy-1,2-dihydroanthracene, and was then further
metabolized.” Zhong et al** and Juhasz and Naidu® showed
that pyrene and benzo[a]pyrene produced cis-4,5-dihydroxy-
4,5dihydropyrene and cis-4,5-BaP-dihydrodiol, respectively,
under dioxygenase catalysis.

Genetic engineering has been used to screen the genes for
enzymes that can degrade aromatic hydrocarbons from the
environment with the goal of constructing genetically engi-
neered bacteria and obtaining new degrading enzymes with
a broad degradation spectrum and strong degradative ability.
However, these genetically engineered bacteria generally have
poor genetic stability or biosafety problems due to the difficulty
of stably retaining the recombinant plasmids.*® The rational
design and directed evolution of enzymes make it possible to
identify key amino acid residues related to enzyme character-
istics based on the structure, function and catalytic mechanism
of the enzyme; precisely design mutation sites in the amino acid
sequence; and modify specific amino acid residues through
substitution, insertion or deletion and other molecular biolog-
ical methods, thereby modifying the properties of the enzyme.*”
Zhang et al. studied the effects of amino acid residues at the
Cel6A active site of Thermobifida fusca cellulase on its catalytic
activity, substrate specificity and ligand affinity, and mutants
modified with the amino acid residues Arg237, Glu263, Lys259
and His159 were found to exhibit improved hydrolytic activity
towards carboxymethyl cellulose.”® Liu et al. used directed
evolution to obtain a novel pyrethroid pesticide-degrading
enzyme that exhibited significant improvements in thermal
stability and enzyme activity, and the degradation rates of
cyhalothrin, cypermethrin, fenvalerate and deltamethrin were
increased to 92.21%, 99.75%, 93.21% and 89.48%, respec-
tively.>® However, little research has reported the modification
of aromatic hydrocarbon-degrading enzymes using the directed
evolution method.

Therefore, we attempted to modify one of the key metabolic
enzymes, naphthalene dioxygenase (NDO), which metabolizes
the target aromatic hydrocarbons naphthalene, anthracene,
pyrene and benzo[a]pyrene, to enhance their microbial degra-
dation rate. First, molecular docking was used to determine the
key amino acid residues that allow the NDO enzyme to bind to
the target aromatic hydrocarbons. Next, the NDO enzyme was
modified using rational design methods, and novel NDO
enzyme structures were constructed using the homology
modelling method. The binding affinity of the novel NDO
enzymes to the target aromatic hydrocarbons was evaluated by
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molecular docking, and the changes in the energy barrier (AE)
and rate constant (k) of the modified NDO enzyme reaction were
calculated using Gaussian09 software and the KiSThelP
program to identify the dioxygenase that most efficiently
metabolized the target aromatic hydrocarbons. This study is
expected to provide a theoretical basis for the efficient degra-
dation of aromatic hydrocarbons in oil-contaminated soil, the
degradation mechanism of aromatic hydrocarbons and the
modification of their key metabolic enzymes.

Materials and methods
Molecular docking method

The docking of aromatic hydrocarbons with the NDO enzyme
was conducted using the Surflex-Dock module in the SYBYL-X
2.0 software (Tripos Inc., St. Louis, MO). The molecular struc-
tures of naphthalene, anthracene, pyrene and benzo[a]pyrene
were obtained in the Sketch molecular module. Geometric and
energy optimization of these compounds was conducted with
MMFF94 charges in the Tripos force field and an energy
convergence gradient of 0.001 k] mol ! and a maximum of 1000
iterations.*® The protein structure of the NDO enzyme was ob-
tained from the Protein Data Bank (http://www.rcsb.org/pdb) by
the PDB ID 107G.** The National Center for Biotechnology
Information (NCBI) provided information about the amino acid
residues around the catalytically active region, helping to
determine the binding site of the NDO enzyme.

Before molecular docking, the protein receptor was pre-
treated by adding point charges and polar hydrogen atoms as
well as removing water molecules, metal ions and ligands. The
parameters of the docking process were set to a threshold of 0.5,
a bloat coefficient of 0 and the default values for the other
parameters.** After molecular docking, the interactions between
the receptor and the ligand were evaluated by the scoring
function factoring in hydrophobicity, polarity, entropy and
solvation, which was expressed in units of —Ig(Ky), where K4
represents the dissociation constant.**** Generally, a higher-
scoring function showed stronger binding of the receptor with
the ligand.

Homology modelling method

Homology modelling is a well-recognized method to predict
and construct receptor proteins based on similar existing
protein structures.®® The amino acid residue sequence of the
NDO enzyme (PDB ID: 107G) was acquired from the NCBI
database (https://www.ncbi.nlm.nih.gov/protein/107G_A). The
key amino acid residues at the binding site of the NDO enzyme
(PDB ID: 107G) were substituted through rational design to
obtain a new NDO enzyme amino acid residue sequence. The
new NDO enzyme amino acid sequences and the template NDO
enzyme protein were submitted to the SWISS-MODEL server
(http://www.swissmodel.expasy.org) in the Automated Protein
Modelling Server. The homology modelling method was used to
construct the novel NDO enzyme protein structure. The struc-
tural rationality of the novel NDO enzyme proteins constructed
was evaluated using the Ramachandran conformational map in
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the online PROCHECK evaluation
services.mbi.ucla.edu/SAVES/).>¢3”

server  (http:/

Gaussian calculation method

Gaussian09 software was used to optimize the structure of
naphthalene, anthracene, pyrene and benzo[a]pyrene mole-
cules at the B3LYP/6-31G* basis set level based on density
functional theory (DFT).*® The transition state (TS) and energy
barrier (AE) of the degradation reaction were calculated at the
same base set level. The transition state was required to have
only one virtual frequency and the intermediate to have no
virtual frequency. The transition state was also verified by the
Intrinsic Reaction Coordinate (IRC).**** Additionally, the KiS-
ThelP programme was used to calculate the rate constant (k) of
the target aromatic hydrocarbon degradation reaction before
and after the NDO enzyme modification at 298 K based on the
transition state theory.*

Results and discussion

The key metabolic enzyme (NDO enzyme) that degrades the
target aromatic hydrocarbons naphthalene, anthracene, pyrene
and benzo[a]pyrene was modified in this study. Molecular
docking was used to determine the key amino acid residues
involved in the binding of the target aromatic hydrocarbons to
the NDO enzyme. NDO enzyme modification schemes were
constructed, and structures of the novel NDO enzyme proteins
were obtained using homology modelling. The highly efficient
novel NDO enzymes were further evaluated and screened using
Gaussian09 software and the KiSThelP programme.
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Docking conformation of the target aromatic hydrocarbons
and the NDO enzyme

The aromatic ring-hydroxylating dioxygenase was found to be
one of the key metabolic enzymes in the microbial degradative
pathways of naphthalene, anthracene, pyrene and benzo[a]
pyrene in previous studies (see Fig. 1). It catalyses the hydrox-
ylation of aromatic hydrocarbons and promotes the conversion
of aromatic hydrocarbons into cis-dihydrodiol compounds,
which is the rate-limiting step of the microbial degradation
reactions.”** Kauppi et al.** reported that the NDO enzyme
from Pseudomonas NCIB9816-4 was an aromatic ring-
hydroxylating dioxygenase and a multi-component enzyme
system, including an iron thioproteinase consisting of phnAc
and phnAd, a reductase consisting of phnAa and an iron
oxidoreductase consisting of phnAb. The reductase releases
electrons from NAD(P)H and transfers electrons to the iron
oxidoreductase; the iron oxidoreductase transfers electrons to
oxygenase; and the oxygenase can catalyse the dihydroxylation
of various aromatic hydrocarbons.

In this study, the protein structure of the NDO enzyme (PDB
ID: 107G) was obtained from the PDB database, and the
molecular docking technique was used to simulate the binding
conformation of the target aromatic hydrocarbons naphtha-
lene, anthracene, pyrene and benzo[a]pyrene with the NDO
enzyme using the Surflex-Dock module. To test the reliability of
the Surflex-Dock docking, the natural ligand extracted from the
NDO enzyme (PDB ID: 107G) was re-docked into the crystal
structure of the NDO enzyme. Comparison of the natural ligand
docking conformation with the protein/ligand complex crystal
structure showed that the root-mean-square deviation (RMSD)
for the docking conformations and the heavy (non- hydrogen)
atoms in the complex crystal structures was 0.2906 A (<2 A),
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Fig.1 The rate-limiting step and key metabolic enzyme of the degradation pathway of aromatic hydrocarbons naphthalene, anthracene, pyrene

and benzolalpyrene.
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indicating the rationality and reliability of the ligand-binding
pattern in the molecular docking.**

The NCBI database was used to query the structural infor-
mation of the NDO enzyme (PDB ID: 107G) (https://
www.ncbi.nlm.nih.Gov/protein/107G_A) and obtain the amino
acid residues contained in the catalytically active region of the
NDO enzyme (PDB ID: 107G) to determine the binding site of
the target aromatic hydrocarbons to the NDO enzyme (PDB ID:
107G). The target aromatic hydrocarbons naphthalene,
anthracene, pyrene and benzo[a]pyrene were docked with the
NDO enzyme (PDB ID: 107G) by the Surflex-Dock module of the
SYBYL-X2.0 software. As shown in Fig. 2, the docking confor-
mation at the binding site of the target aromatic hydrocarbons
naphthalene, anthracene, pyrene and benzo[a|pyrene with the
NDO enzyme (PDB ID: 107G) showed that the amino acid
residues within a range of 3 A from the target aromatic hydro-
carbons naphthalene, anthracene, pyrene and benzo[a]pyrene
included Asn201, Phe202, Asp205, Ala206, His208, Val209,
His213, His295, Asn297, Leu307, Phe352 and Trp358. This list is
consistent with the amino acid residues in the catalytically
active region of the NDO enzyme (PDB ID: 107G). A compound
has been found to interact with a receptor primarily through
nonbonding interactions, including hydrophobic and electro-
static interactions, hydrogen bonds and van der Waals forces,
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and the amino acid residues around the binding site were the
primary moieties involved, designated key amino acid resi-
dues.* Therefore, it can be preliminarily determined that the
amino acid residues described above are the key amino acid
residues in which the NDO enzyme (PDB ID: 107G) directly
interacts with the aromatic hydrocarbons naphthalene,
anthracene, pyrene and benzo[a]pyrene.

In further exploration of the interaction between the target
aromatic hydrocarbons and the NDO enzyme (PDB ID: 107G),
the docking conformation in Fig. 2(A) showed that the naph-
thalene molecule was surrounded by a hydrophobic binding
cavity composed of Phe202, Ala206, Val209, Leu307, Phe352 and
Trp358 at the binding site of the NDO enzyme (PDB ID: 107G).
Although there were also hydrophilic amino acid residues
Asn201, Asp205, His208, His213, His295 and Asn297
throughout, the hydrophobic naphthalene easily formed
a strong hydrophobic interaction with the hydrophobic amino
acid residues at the binding site of the NDO enzyme (PDB ID:
107G), which had a stable affinity between the two and thus was
conducive to the degradation reaction of naphthalene.
Fig. 2(B)-(D) show the docking conformations of the aromatic
hydrocarbons anthracene, pyrene and benzo[a]pyrene with the
NDO enzyme (PDB ID: 107G), respectively. Similarly, the
hydrophobic anthracene, pyrene and benzo[a]pyrene formed

Fig.2 Docking conformation at the binding site of the target aromatic hydrocarbons and the NDO enzyme (PDB ID: 107G); (A) naphthalene; (B)

anthracene; (C) pyrene, and (D) benzolalpyrene.
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hydrophobic interactions with the hydrophobic amino acid
residues Phe202, Ala206, Val209, Leu307, Phe352 and Trp358 at
the binding site of the NDO (PDB ID: 107G), which facilitated
their degradation.

Li et al. explored the interaction between the naphthalene-
degrading enzyme cis-1,2-dihydroxy-1,2-dinydronaphthalene
dehydrogenase and its substrate cis-1,2-dihydroxy-1,2-
dinydronaphthalene by molecular docking and found that the
increase in the hydrophobicity of the amino acid residues at the
binding site could increase their affinity, and stronger binding
could further increase the enzymatic reaction rate of naphtha-
lene degradation.” Jin et al. studied the degradation mecha-
nism of the target JPN2-NDO enzyme for pyrene and showed
that the hydrophobic interaction played an important role in
the binding of pyrene to the target JPN2-NDO enzyme. When the
hydrophilic amino acid residue Thr308 of the template 107N
enzyme was replaced by the hydrophobic amino acid residue
Val232 in the target JPN2-NDO enzyme, the hydrophobic
interaction at the binding site was enhanced, which was more
favourable for the binding of pyrene.*® Therefore, this study
attempted to replace the hydrophilic amino acid residues at the
binding site of the NDO enzyme (PDB ID: 107G) with hydro-
phobic amino acid residues to increase the affinity between the
target aromatic hydrocarbons and the NDO enzyme (PDB ID:
107G), thereby increasing the degradation rate of the target
aromatic hydrocarbons naphthalene, anthracene, pyrene and
benzo[a]pyrene by the NDO enzyme.

Modification of the NDO enzyme based on the homology
modelling method

Rational design of an enzyme can identify the key amino acid
residues related to enzyme properties based on the structure,
function and catalytic mechanism of the enzyme and precisely
design mutation sites at which to substitute, insert or delete
specific amino acid residues in the amino acid sequence,
thereby modifying the properties of the enzyme. Hakamada
et al. mutated the Asn179, Asp194 and Glul37 residues of
bacterial alkaline cellulase to Lys, and the thermal stability of
the enzyme was significantly improved after the modification.*”
Zhang et al. studied the effects of the amino acid residues at the
Cel6A binding site of Thermobifida fusca cellulase on its catalytic
activity, substrate specificity and ligand affinity and found that
after the modification of the amino acid residues Arg237,
Glu263, Lys259 and His159, the mutant had improved hydro-
lytic activity towards carboxymethyl cellulose.”® Based on the
hydrophilic or hydrophobic characteristics of 20 amino acid
residues (Table A1f), the selected hydrophilic amino acid resi-
dues Asn201, Asp205, His208, His213, His295 and Asn297 at the
binding site of the NDO enzyme (PDB ID: 107G) were replaced
by the hydrophobic amino acid residues Ile, Phe, Val, Leu, Trp,
Met, Ala, Tyr and Pro, respectively, and 54 kinds of modification
schemes for individual amino acid residues of the NDO enzyme
(PDB ID: 107G) were obtained (shown in Table 1).

Homology modelling is a calculation method to establish
a three-dimensional molecular structure based on the amino
acid sequence of a protein. Research has shown that the higher

This journal is © The Royal Society of Chemistry 2019
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the identity of the amino acid sequence of the target protein
with the template amino acid sequence is, the higher is the
accuracy of the established three-dimensional protein struc-
ture.** To construct the three-dimensional structure of the
modified NDO enzyme, the amino acid sequence of the NDO
enzyme (PDB ID: 107G) was obtained from the NCBI database
(https://www.ncbi.nlm.nih.gov/protein/107G_A). One of the
selected hydrophilic amino acid residues, Asn201, Asp205,
His208, His213, His295 and Asn297, was replaced with
a hydrophobic amino acid residue among Ile, Phe, Val, Leu, Trp,
Met, Ala, Tyr and Pro, and a new amino acid sequence was
obtained and submitted to the SWISS-MODEL server. The NDO
enzyme (PDB ID: 107G) with an amino acid sequence similarity
of 99.55% was used as the template protein, and the three-
dimensional molecular structure of the novel NDO enzymes
was constructed using the homology modelling method.

The homology of all the novel NDO enzymes to the template
protein was greater than 90%, indicating that the selected
template protein was realistic.*® The structural rationality of the
novel NDO enzyme proteins constructed were evaluated using
the Ramachandran conformational map; all of the amino acid
residues of the protein were in the allowable region, and the
sum of the percentages of residues in the most favoured
regions, additional allowed regions and generously allowed
regions was greater than 95%, indicating that the structures
satisfied the model reliability requirements.>***” As shown in
Fig. 3 and 4, using the novel NDO-1 enzyme as an example, the
Ramachandran diagram of the protein structure indicated that
90.0% of the residues were in the most favoured regions; 9.7%
of the residues were in the additional allowed regions, and only
0.3% of residues were in the disallowed regions, but these
residues were not in the active pocket of the NDO-1 enzyme.
These analyses indicated that the three-dimensional structure
of the NDO-1 enzyme constructed using homology modelling
was realistic and reliable. Similarly, the Ramachandran
conformational maps of the other 53 novel NDO enzymes were
also analysed. The results confirmed that all the novel NDO
enzyme protein structures satisfied the rationality requirement
that the sum of the percentages of residues in the most favoured
regions, additional allowed regions and generously allowed
regions was greater than 95%.

Evaluation of the binding affinity of the novel NDO enzymes
to target aromatic hydrocarbons

Studies have shown that increasing the binding affinity of the
NDO enzyme to the target aromatic hydrocarbons enhanced the
degradative reaction of the NDO enzyme with the target
aromatic hydrocarbons.*** Therefore, to compare the change
in the binding affinity between the NDO enzyme and the target
aromatic hydrocarbons after the modification, the target
aromatic hydrocarbons naphthalene, anthracene, pyrene and
benzo[a]pyrene were molecularly docked with the 54 kinds of
novel NDO enzymes using the Surflex-Dock module of the
SYBYL-X2.0 software. The Surflex-Dock module derives the
scoring function by factoring in the polar interaction, hydro-
phobic interaction, entropy and solvation between the ligand

RSC Adv., 2019, 9, 11465-11475 | 11469
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Table 1 Modification schemes of the NDO enzyme (PDB ID: 107G) and scoring functions of the novel NDO enzymes docking with the target
aromatic hydrocarbons®

Original Naphthalene Anthracene Pyrene Benzo[a]pyrene

amino Substituted
Novel NDO acid amino Scoring Change Scoring Change Scoring Change Scoring Change
enzymes residues  acid residues function rate (%) function rate (%) function rate (%) function rate (%)
NDO 3.37 4.64 4.95 4.38
NDO-1 Asp205 Ile 4.23 25.56 5.02 8.11 5.66 14.37 5.15 17.75
NDO-2 Phe 3.90 15.69 4.63 —0.32 5.72 15.50 5.31 21.36
NDO-3 Val 3.74 10.83 4.81 3.61 5.74 15.90 5.84 33.39
NDO-4 Leu 3.61 7.13 4.91 5.71 5.79 16.96 5.87 34.10
NDO-5 Trp 3.94 16.98 4.92 6.00 5.85 18.25 5.31 21.37
NDO-6 Met 3.67 8.87 4.91 5.88 5.78 16.67 5.60 27.87
NDO-7 Ala 3.99 18.30 4.91 5.86 5.81 17.28 5.93 35.56
NDO-8 Tyr 4.03 19.56 4.13 —10.94 5.55 12.15 5.54 26.70
NDO-9 Pro 3.02 —10.46 3.30 —28.95 3.94 —20.33 3.51 —19.78
NDO-10 Asn201 Ile 3.26 —3.27 4.08 —12.04 4.92 —0.67 5.22 19.28
NDO-11 Phe 3.45 2.31 4.61 —0.59 5.20 5.13 6.26 43.15
NDO-12 Val 3.03 —10.20 4.21 —9.34 4.92 —-0.70 5.13 17.33
NDO-13 Leu 3.40 0.97 4.65 0.17 5.10 3.10 6.40 46.31
NDO-14 Trp 3.34 —-1.01 4.28 —-7.73 5.02 1.42 5.50 25.75
NDO-15 Met 3.69 9.49 4.52 —2.60 5.24 5.90 5.43 24.06
NDO-16 Ala 3.35 —0.63 4.26 —8.28 4.97 0.34 6.19 41.53
NDO-17 Tyr 3.39 0.45 4.66 0.39 5.16 4.23 6.15 40.52
NDO-18 Pro 3.37 0.01 4.66 0.43 4.96 0.11 6.57 50.23
NDO-19 Asn297 Ile 2.52 —25.23 1.99 —57.16 3.11 —37.19 2.96 —32.24
NDO-20 Phe 2.50 —25.71 1.81 —60.94 3.10 —37.43 2.87 —34.35
NDO-21 Val 3.47 2.87 4.31 —7.12 3.53 —28.68 5.16 17.98
NDO-22 Leu 2.95 —12.47 4.09 —11.80 1.72 —65.16 2.27 —48.11
NDO-23 Trp 2.53 —24.88 1.78 —61.57 3.13 —36.85 2.04 —53.43
NDO-24 Met 2.42 —28.16 1.22 —73.66 2.20 —55.54 1.33 —69.64
NDO-25 Ala 3.88 15.23 5.07 9.28 4.94 —-0.27 5.11 16.87
NDO-26 Tyr 2.11 —37.52 1.62 —65.19 2.97 —40.07 2.07 —52.81
NDO-27 Pro 3.59 6.40 5.12 10.23 4.84 —-2.17 5.35 22.23
NDO-28 His208 Ile 3.37 —-0.11 4.58 —1.36 5.59 12.89 4.65 6.17
NDO-29 Phe 3.47 2.97 4.52 —2.66 5.61 13.24 4.01 —8.34
NDO-30 Val 3.42 1.56 4.67 0.64 5.54 11.88 4.91 12.20
NDO-31 Leu 3.61 7.21 4.69 1.09 5.47 10.52 5.33 21.80
NDO-32 Trp 3.43 1.68 4.49 —3.32 5.63 13.66 5.57 27.34
NDO-33 Met 3.44 1.98 4.68 0.81 5.61 13.38 4.84 10.66
NDO-34 Ala 3.43 1.65 4.73 1.97 5.63 13.70 4.91 12.23
NDO-35 Tyr 3.85 14.20 4.65 0.12 5.41 9.29 6.15 40.67
NDO-36 Pro 3.50 3.95 4.61 —0.61 5.49 10.99 5.07 15.92
NDO-37 His213 Ile 2.38 —29.47 2.97 —35.93 3.14 —36.55 2.27 —48.04
NDO-38 Phe 2.51 —25.65 1.68 —63.74 1.83 —63.07 2.77 —36.60
NDO-39 Val 2.35 —30.16 2.50 —46.09 2.62 —47.13 2.21 —49.45
NDO-40 Leu 2.48 —26.55 2.11 —54.50 2.29 —53.67 3.31 —24.24
NDO-41 Trp 2.42 —28.25 2.14 —53.83 3.02 —38.93 2.35 —46.27
NDO-42 Met 2.47 —26.82 2.48 —46.56 1.95 —60.61 2.26 —48.39
NDO-43 Ala 2.44 —27.51 1.64 —64.68 1.94 —60.79 1.70 —61.22
NDO-44 Tyr 1.24 —63.37 1.77 —61.88 1.92 —61.19 2.29 —47.71
NDO-45 Pro 2.53 —24.99 2.12 —54.35 2.38 —51.85 1.87 —57.21
NDO-46 His295 Ile 4.10 21.53 4.06 —12.44 4.96 0.17 5.41 23.65
NDO-47 Phe 4.21 24.96 4.63 —0.23 5.55 12.19 6.42 46.70
NDO-48 Val 3.98 18.20 4.12 —11.18 4.71 —4.81 5.81 32.76
NDO-49 Leu 4.07 20.75 4.17 —10.09 5.14 3.81 5.84 33.56
NDO-50 Trp 2.42 —28.28 2.44 —47.33 2.25 —54.46 2.70 —38.22
NDO-51 Met 3.99 18.35 4.17 —10.08 5.46 10.19 6.38 45.75
NDO-52 Ala 4.07 20.82 4.30 —7.28 4.73 —4.51 5.05 15.40
NDO-53 Tyr 2.51 —25.57 1.86 —59.86 3.01 —39.19 2.38 —45.54
NDO-54 Pro 3.37 —-0.01 4.70 1.33 4.50 -9.11 4.77 8.95

% The bold words mean the novel NDO enzymes which have simultaneously improved scoring functions with the target aromatic hydrocarbons
naphthalene, anthracene, pyrene and benzo[a]pyrene.

11470 | RSC Adv,, 2019, 9, 11465-11475 This journal is © The Royal Society of Chemistry 2019
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(A)

®)

Fig. 3 Three-dimensional structure of (A) NDO enzyme and (B) novel NDO-1 enzyme.

Ramachandran Plot

Psi (degrees)

Phi (degrees)

Fig. 4 Ramachandran conformational map of the novel NDO-1
enzyme.

and receptor (Table 1), and a higher scoring function indicates
a stronger binding affinity between the ligand and receptor.***

The scoring functions of the NDO enzyme (PDB ID: 107G)
docked with the target aromatic hydrocarbons naphthalene,
anthracene, pyrene and benzo[a]pyrene were 3.37, 4.64, 4.95
and 4.38, respectively. As shown in Table 1, the scoring func-
tions of the novel NDO enzymes docking with the target
aromatic hydrocarbons had different degrees of change
compared with the NDO enzyme (PDB ID: 107G) before the
modification. The novel NDO enzymes with Asn201, Asp205 or
His208 at the binding site replaced by hydrophobic amino acid
residues had increased or basically unchanged scoring

This journal is © The Royal Society of Chemistry 2019

functions with the target aromatic hydrocarbons, while the
novel NDO enzymes in which His213, His295 or Asn297 at the
binding site replaced had different degrees of decreased scoring
functions with the target aromatic hydrocarbons. It can be
deduced that Asn201, Asp205 and His208, among the key amino
acid residues at the NDO enzyme binding site, played an
important role in increasing the binding affinity between the
NDO enzyme and the target aromatic hydrocarbons.

In addition, there was some difference in the degree of
change in the scoring functions of the novel NDO enzymes
docking with the target aromatic hydrocarbons naphthalene,
anthracene, pyrene and benzo[a]pyrene. The novel NDO
enzymes docking with benzo[a]pyrene had scoring functions
significantly improved by 6.17-50.23%. The maximum
increases in the scoring functions of the novel NDO enzymes
docking with the aromatic hydrocarbons naphthalene, anthra-
cene and pyrene were 25.56%, 10.23% and 18.25%, respectively.
This may be related to the structures of the target aromatic
hydrocarbons naphthalene, anthracene, pyrene and benzo[a]
pyrene. It can be established that the 14 kinds of novel NDO
enzymes designed have improved scoring functions with the
target aromatic hydrocarbons naphthalene, anthracene, pyrene
and benzo[a]pyrene, indicating that the NDO enzyme (PDB ID:
107G) modification schemes could enhance the binding affinity
between the NDO enzymes and the target aromatic
hydrocarbons.

In summary, the 14 kinds of enzyme modification schemes
indicated that novel NDO enzymes could be designed by
replacing the hydrophilic amino acid residues with hydro-
phobic amino acid residues at the binding site of the NDO
enzyme (PDB ID: 107G), which simultaneously increased the
binding affinity to the target aromatic hydrocarbons naphtha-
lene, anthracene, pyrene and benzo[a]pyrene and further
promoted the degradative reaction of the novel NDO enzymes to
the target aromatic hydrocarbons. Among them, the novel NDO
enzymes with Asn201, Asp205 and His208 replaced by

RSC Adv., 2019, 9, 11465-11475 | 11471
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hydrophobic amino acid residues at the binding site showed
significantly improved binding affinity to the target aromatic
hydrocarbons. In addition, the novel NDO-7 enzyme was found
to have the most significant increase in binding affinity with
naphthalene, anthracene, pyrene and benzo[a]pyrene, of
18.30%, 5.86%, 17.28% and 35.56%, respectively.

Calculation of the energy barrier and rate constant for the
degradation reaction of the target aromatic hydrocarbons
using the novel NDO enzymes

As an aromatic ring-hydroxylating dioxygenase, the NDO
enzyme can catalyse the hydroxylation of aromatic hydrocar-
bons and convert them into cis-dihydrodiol compounds, which
is the rate-limiting step of the degradation reactions for the
target aromatic hydrocarbons naphthalene, anthracene,
anthracene and benzo[a]pyrene.>*?* To further investigate the
effect of the novel NDO enzymes on the degradation of the
target aromatic hydrocarbons, the energy barriers and rate
constants of the target aromatic hydrocarbons naphthalene,
anthracene, pyrene and benzo[a]pyrene degradation by novel
NDO enzymes were calculated.

Using the novel enzymes NDO-1, NDO-3, NDO-4, NDO-5,
NDO-6 and NDO-7, which had the most significant increased
binding affinity to the target aromatic hydrocarbons, the tran-
sition state (TS) and energy barrier (AE) of the degradation
reaction of the novel NDO enzymes with the target aromatic
hydrocarbon naphthalene, anthracene, pyrene and benzo[a]

View Article Online

Paper

pyrene were calculated using the Gaussian09 software,*® in
which the calculation formula of the energy barrier is shown in
eqn (1). In addition, the rate constant (k) of the target aromatic
hydrocarbon degradation reaction was calculated using the
KiSThelP programme before and after the NDO enzyme modi-
fication;* the tunnelling correction was also considered in the
Wigner mode, and the resonance frequency correction factor
was set to 0.97. The calculation results are all listed in Table 2.

AE = E (TS) — XE (reactant) (1)

Xin et al. calculated the energy barrier of the dioxin-like PCB
molecule degradation reaction pathway and found that the
lower energy barrier indicated that the degradation reaction
occurred more easily.”” Huang et al. calculated the relevant
reaction energy barrier of the pyrolysis reaction pathways of the
cellulose and lignin model syringol and concluded that effec-
tively reducing the energy barrier of the lignin model syringol
demethylation reaction was more favourable for the pyrolysis
reaction.”® As shown in Table 2, it can be observed that
compared with the NDO enzyme (PDB ID: 107G), the energy
barrier (AE) of the degradation reaction of the novel NDO
enzymes and naphthalene, anthracene, pyrene and benzo[a]
pyrene decreased. The energy barriers of the naphthalene
degradation reaction using the NDO-6 enzyme
(120.36  kcal mol™') and novel NDO-7 enzyme
(121.28 keal mol ') were much smaller than those of the

novel

Table 2 Energy barriers and rate constants for the degradation reaction of the novel NDO enzymes and the target aromatic hydrocarbons

Target aromatic hydrocarbons Enzymes Ereactant/(a.U.) Ers/(a.u.) AE/(a.u.) AE/(kcal mol ™V k
Naphthalene NDO —385.89 —385.58 0.31 197.56 8.57 x 10 '8
NDO-1 —385.89 —385.63 0.26 165.52 6.37 x 10 '*°
NDO-3 —385.89 —385.59 0.30 191.28 8.54 x 107 '%#
NDO-4 —385.89 —385.58 0.31 196.71 1.15 x 10~ %7
NDO-5 —385.89 —385.58 0.31 193.45 1.11 x 107 '%®
NDO-6 —385.89 —385.70 0.19 120.36 7.87 x 10774
NDO-7 —385.89 —385.70 0.19 121.28 3.29 x 10774
Anthracene NDO —539.53 —539.29 0.24 151.09 1.29 x 107
NDO-1 —539.53 —539.29 0.24 147.87 6.57 x 1072
NDO-3 —539.53 —539.29 0.24 148.03 2.84 x 10 %
NDO-4 —539.53 —539.29 0.24 147.87 6.54 x 1072
NDO-5 —539.53 —539.43 0.10 65.35 2.69 x 1074
NDO-6 —539.53 —539.30 0.23 144.81 1.26 x 10724
NDO-7 —539.53 —539.33 0.20 124.73 1.34 x 1077°
Pyrene NDO —615.77 —615.59 0.18 115.21 6.54 x 1073
NDO-1 —615.77 —615.60 0.17 108.93 7.62 x 107%8
NDO-3 —615.77 —615.60 0.17 108.93 4.36 x 10774
NDO-4 —615.77 —615.59 0.18 114.59 6.29 x 1074
NDO-5 —615.77 —615.60 0.17 108.94 2.90 x 1077?
NDO-6 —615.77 —615.60 0.18 111.44 417 x 1078
NDO-7 —615.77 —615.60 0.18 110.82 2.56 x 107°%°
Benzo[a]pyrene NDO —769.41 —~769.24 0.18 111.12 7.07 x 10°%
NDO-1 —769.41 —769.24 0.17 108.69 7.53 x 10%
NDO-3 —769.41 —769.24 0.17 108.69 3.27 x 10°%°
NDO-4 —769.41 —769.24 0.17 109.24 5.45 x 107%7
NDO-5 —769.41 —769.24 0.17 109.32 4.64 x 102
NDO-6 —769.41 —769.24 0.17 108.57 1.29 x 10~%*
NDO-7 —769.41 —769.24 0.17 109.24 2.87 x 10%?

11472 | RSC Adv., 2019, 9, 11465-11475
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degradation reaction using the NDO enzyme
(197.56 kcal mol ™). Compared with the energy barrier of the
NDO enzyme (151.09 kcal mol ™), the energy barrier of the novel
NDO-5 enzyme (65.35 kecal mol™') and novel NDO-7 enzyme
(124.73 kecal mol™") decreased the anthracene degradation
reaction by 85.74 kcal mol ™" and 26.36 kcal mol ™, respectively.
The energy barriers of the degradation reaction of naphthalene
and anthracene using the novel NDO enzymes were significantly
reduced. In addition, the novel NDO enzymes also had reduced
energy barriers for the degradation of pyrene and benzo[a]pyr-
ene. The novel NDO-1 enzyme had a lower energy barrier
(108.93 keal mol ™) for the pyrene degradation reaction, which
was 6.28 kcal mol™' lower than the NDO enzyme
(115.21 kecal mol™"), and the novel NDO-1 enzyme also had
a lower energy barrier (108.69 kcal mol ') for the benzo[a]pyr-
ene degradation reaction with 2.43 kcal mol ' lower than the
NDO enzyme (111.12 kcal mol ). In summary, the selected
NDO enzyme modification schemes can effectively reduce the
energy barrier of the NDO enzyme for the degradative reactions
towards naphthalene, anthracene, pyrene and benzo[a]pyrene,
resulting in target aromatic hydrocarbons that were more easily
degraded by microorganisms.

Abdel-Rahman et al. studied the hydrogen evolution of 2-
methoxyethanol and investigated the rate constant of the 2-
methoxyethanol oxidation reaction at different temperatures
using the KiSThelP program.> Sun et al. used the KiSThelP
program to study the reaction of four carbamate pesticides with
OH free radicals in the atmosphere and calculated the rate
constants of a series of reactions based on the typical variational
transition state theory and the small curvature tunnelling effect,
and the results were consistent with the reaction rate constant
measured by the existing experiment.*” The calculation results
for the rate constants of the target aromatic hydrocarbon
degradation reactions by the novel NDO enzymes at 298 K are
shown in Table 2. Compared with the NDO enzyme (PDB ID:
107G), the rate constants of the degradation reaction for
naphthalene, anthracene, pyrene and benzo[a]pyrene by the
novel NDO enzymes have increased by several to tens of orders
of magnitude. The rate constants for the naphthalene degra-
dation reaction by the novel NDO-6 and NDO-7 enzymes were
7.87 x 1077 and 3.29 x 10 7% respectively, which were
significantly higher than that of the NDO enzyme (8.57 X
10~ "*%) by 54 orders of magnitude. The rate constants of the
anthracene degradation reaction by the novel NDO-5 enzyme
(2.69 x 1077*) and NDO-7 enzyme (1.34 x 10~ ’°) significantly
increased by 20 and 18 orders of magnitude, respectively,
compared with that of the NDO enzyme (1.29 x 10 °%). The
calculated rate constants of pyrene and benzo[a]|pyrene degra-
dation by the novel NDO-7 enzyme were 2.87 x 10~ %* and 2.56
x 10~°°, respectively, which were 5 and 12 orders of magnitude
higher than that of the NDO enzyme. Thus, the novel NDO
enzymes could significantly increase the rate constants of the
target aromatic hydrocarbons naphthalene, anthracene, pyrene
and benzo[a]pyrene degradation reaction and promote more
effective degradation of the target aromatic hydrocarbons by
microorganisms.

This journal is © The Royal Society of Chemistry 2019
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In summary, the selected novel NDO-1, NDO-3, NDO-4, NDO-
5, NDO-6 and NDO-7 enzymes could effectively reduce the
energy barrier of the degradation reaction of the target aromatic
hydrocarbons and significantly increase the rate constant of the
degradative reaction, resulting in more rapid degradation of the
target aromatic hydrocarbons by microorganisms. Among
them, the novel NDO-1, NDO-5 and NDO-7 enzymes had the
most significant improvement in the degradation reaction of
the target aromatic hydrocarbons. The novel NDO-7 enzyme was
found to have energy barriers that decreased by
76.28 kcal mol™!, 26.35 kcal mol™*, 4.39 kcal mol™' and
1.88 kecal mol ! and rate constants that increased by 54, 18, 12
and 5 orders of magnitude in the degradation reaction with
naphthalene, anthracene, pyrene and benzo[a]pyrene, respec-
tively, compared with those of the NDO enzyme.

Conclusions

In this paper, the key metabolic enzyme (NDO enzyme) of the
aromatic hydrocarbons was docked with naphthalene, anthra-
cene, pyrene and benzo[a]|pyrene. The key amino acid residues
at the binding site of the NDO enzyme were determined,
including the hydrophilic amino acids Asn201, Asp205, His208,
His213, His295 and Asn297 and the hydrophobic amino acids
Phe202, Ala206, Val209, Leu307, Phe352 and Trp358. A total of
54 kinds of NDO enzyme modification schemes were designed
by substituting the hydrophilic amino acid residues above with
hydrophobic amino acid residues, and the novel NDO enzyme
protein structures were obtained using the homology modelling
method. Among them, 14 kinds of novel NDO enzymes could
simultaneously increase the binding affinity (scoring functions)
to the target aromatic hydrocarbons. The binding affinity of the
novel NDO-7 enzyme to naphthalene, anthracene, pyrene and
benzo[a]pyrene increased the most significantly, at 18.30%,
5.86%, 17.28% and 35.56%, respectively. The novel NDO-7
enzyme decreased the energy barriers by 76.28 kcal mol ',
26.35 kecal mol™', 4.39 kcal mol™* and 1.88 kecal mol* and
increased the rate constants by 54, 18, 12 and 5 orders of
magnitude in the degradation reactions with naphthalene,
anthracene, pyrene and benzo[a]pyrene, respectively. These
results provide theoretical guidance for the degradation mech-
anism of aromatic hydrocarbons in petroleum-contaminated
soils, the efficient degradation of aromatic hydrocarbons and
the modification of their key metabolic enzymes.
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