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Abstract

Rieske non-heme dioxygenase family enzymes play an important role in the
aerobic biodegradation of nitroaromatic pollutants, but no active dioxygenases are
available in nature for initial reactions in the degradation of many refractory
pollutants like 2,4-dichloronitrobenzene (24DCNB). Here, we report the engineering
of hotspots in 2,3-dichloronitrobenzene dioxygenase from Diaphorobacter sp. strain
JS3051, achieved through molecular dynamic simulation analysis and site-directed
mutagenesis, with the aim of enhancing its catalytic activity towards 24DCNB. The
computationally predicted activity scores were largely consistent with the detected
activities in wet experiments. Among them, the two most beneficial mutations

(E204M and M248I) were obtained, and the combined mutant reached up to a 62-fold
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increase in activity towards 24DCNB, generating a single product
3,5-dichlorocatechol which is a naturally occurring compound. In silico analysis
confirmed that residue 204 affected the substrate preference for meta-substituted
nitroarenes, while residue 248 may influence substrate preference by interaction with
residue 295. Overall, this study provides a framework for manipulating nitroarene
dioxygenases by computational methods to address various nitroarene contamination

problems.

Importance

As a result of human activities, various nitroaromatic pollutants continue to enter
the biosphere with poor degradability, and dioxygenation is an important kickoff step
to remove toxic nitro-groups and convert them into degradable products. The
biodegradation of many nitroarenes has been reported over the decades, however,
many others still lack corresponding enzymes to initiate their degradation. Although
rieske non-heme dioxygenase family enzymes play extraordinarily important roles in
the aerobic biodegradation of various nitroaromatic pollutants, prediction of their
substrate specificity is difficult. This work greatly improved catalytic activity of
dioxygenase against 24DCNB by computer-aided semi-rational design, paving a new
way for evolution strategy of nitroarene dioxygenase. This study highlights the
potential for using the enzyme structure-function information with computational
pre-screening methods to rapidly tailor the catalytic functions of enzymes towards

poorly biodegradable contaminants.

Keywords: biodegradation; molecular dynamics simulation; nitroarene dioxygenase;

semi-rational design; site-directed mutagenesis.
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Introduction

Hundreds of synthetic nitroarenes are globally produced and used as chemical
feedstocks for the manufacturing of drugs, dyes, pesticides, and explosives (1).
However, contaminants of various nitroarenes have been released into biosphere from
industrial wastes or improper handling of chemical products (2). These compounds
are more toxic than their parent aromatic compounds and are resistant to
biodegradation due to the presence of electron-withdrawing nitro groups (sometimes
halogen-groups) (3, 4). Exposure to nitroarenes may cause the formation of DNA
adducts, which further lead to carcinogenesis, mutagenesis, and teratogenesis (2).
Therefore, a number of nitroarenes have been listed as priority pollutants by United
State Environmental Protection Agency (EPA) (5).

The prior treatment for nitroarenes in environment would be an effective
biodegradation that eliminates its poisonous nitro-group. The potentials of
microorganisms to degrade recalcitrant nitroarenes has been invoked by the
characterization of bacteria capable of growing on nitroaromatic substrates, for
example, 2-nitrotoluene (2NT) (6), nitrobenzene (NB) (7), 3-nitrotoluene (3NT) (8),
2,4-dinitrotoluene (24DNT) (9, 10), 2-chloronitrobenzene (2CNB) (11), 2,3- and
3,4-dichloronitrobenzene (DCNB) (12). Rieske non-heme iron dioxygenases are
versatile enzymes which play an important role in xenobiotic degradation, notably,
they kick-start the nitroarenes degradation pathway with the formation of the
biodegradable catechols and the release of nitrite (1). This type of enzymes contains
three components, namely ferredoxin reductase, Rieske ferredoxin, and a;f3; terminal
oxygenase. Each o subunit of oxygenase contains a Rieske [2Fe—2S] cluster and a

mononuclear iron (1) catalytic center, which is related to electron transfer and
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substrate oxidation, respectively (13, 14). Generally, nitroarene dioxygenases share >
80% amino acid sequence identity (Fig. 1A), and some key residues from the catalytic
domain of the a subunit contribute to the difference in their substrate specificity (3,
15-18).

Extensive research has been conducted on several nitroarene dioxygenases,
including crystal structure data (19, 20), computational chemical studies (21-25),
peroxide shunt (26), and substrate turnover (27, 28) experiments. Therefore, the
catalytic site and substrate binding site at the active center in o subunits of oxygenase
and the substrate oxidation mechanism are gradually uncovered and become clear.
Nitroarene dioxygenases in general share a similar substrate binding mode, with the
right exposure of their susceptible sites for the electrophilic attack to the iron center.
The entry of substrate into the active site leads to the rearrangement of water

"_(hydro)peroxo species ([Fe;—OOH]?"), and a

molecules and ligands to form Fe
dioxygenation attack is initiated through the generation of a peroxo-bridged substrate
radical between the substrate and Fe-oxygen species (24-28). In this process, a good
substrate fit in the active site is a prerequisite for O, activation. Some nitroarene
dioxygenases possess an asparagine at position 258, which will form a hydrogen bond
(H-bond) between its amino group and the nitro group of the substrate (14-16, 20).
This interaction is believed to play an extremely important role in the proper
positioning and stable binding of nitroarene substrates.

However, in spite of decades of efforts made in isolating nitroarene degraders and
identifying enzymes involved, many nitroarene pollutants have remained poorly
biodegradable. Take 24DCNB as an example, which is a High Production Volume

(HPV) chemical (greater than one million pounds per year) (29) used for the synthesis

of 2,4-difluoroaniline, and detected in multifarious industrial wastewater (30-32).
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Compared to its isomers 23DCNB or 34DCNB, 24DCNB is not only genotoxic but
also considered to be a possible human carcinogen (33-35). The large quantity of
usage, refractoriness, genotoxicity, carcinogenicity and toxicity of 24DCNB have
prompted researchers to search for efficient and economical environmental
remediation approaches (30-32, 36, 37). Various bio-electrochemical methods have
been proposed to remove 24DCNB from wastewater (30-32, 36, 37), however, no
strains or enzymes have been reported to be capable of degrading 24DCNB vyet.

Computer-aided directed evolution of proteins has been proven to have the
superior capability of modifying protein for desired functions (38, 39). Especially for
those enzymes that lack a high-throughput screening method, rational design based on
information on protein structure and mutagenesis hotspots plus the support of
computational tools offer an effective solution, which creates a significantly smaller
variant library and provides in silico prescreening (40). Recently developed tools,
including computer-based prediction of protein structures (41, 42), molecular docking
(43, 44) and molecular dynamic (MD) simulation (45, 46), would dramatically bridge
the gap between limited enzyme resources and explosive growth of artificial chemical
compounds.

Herein, we applied an in silico method to expedite the improvement of the
catalytic activity of nitroarene dioxygenase towards 24DCNB. Through
computationally predicting and experimentally verifying catalytic activity, two
advantageous mutations (E204M and M2481) were selected from a small mutant
library containing 14 single-site mutants of 23DCNB dioxygenase; and after
combining these two advantageous mutations together, E204M-M2481 showed a
62-fold increase in the activity towards 24DCNB. The computer-assisted

methodology employed in this study provides a framework for enhancing the activity
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of nitroarene dioxygenases toward recalcitrant nitroarenes.

Materials and methods
Chemicals, plasmids, bacterial strains, and culture conditions.

2-nitrotoluene, 4-nitrotoluene, 1-nitronaphthalene, 2,5-dichloronitrobenzene,
2,4-dinitrotoluene, 2,6-dinitrotoluene, 3-methylcatechol, 4-methylcatechol,
3-chlorocatechol,  4-chlorocatechol,  3,4-dichlorocatechol, 3,5-dichlorocatechol,
4,5-dichlorocatechol and  4-methyl-5-nitrocatechol ~ were  purchased from
Sigma-Aldrich (USA) and their purity are >99%. 2-chloronitrobenzene (>99%),
3-chloronitrobenzene (>99%)), 4-chloronitrobenzene (>99.5%) and
2-chloro-3-nitrotoluene (>98%) were purchased from Aladdin (China). 3-nitrotoluene
(>99%) and 2,4-dichloronitrobenzene (>99%) were purchased from TCL (China).
4-chloro-3-nitrotoluene  (99.36%) and 3,5-dichloronitrobenzene (98%) were
purchased from bidepharm (China). 6-chloro-2-nitrotoluene  (99%) and
2,3-dichloronitrobenzene (99%) were purchased from Macklin (China). In addition,
3,4-dichloronitrobenzene (Alfa Aesar, China, 99%); 2,4-dinitrochlorobenzene
(Adamas-beta, China, 99%). The plasmid pETDuet-DCB harboring the genes for
23DCNB dioxygenase was constructed previously (47) by inserting the dcbAaAb
fragment between Ncol and Sacl, and the dcbAcAd fragment between Ndel and Kpnl.
Escherichia coli DH5a and Escherichia coli BL21(DE3) were used for cloning and
expressing mutant proteins, respectively. E. coli strains were cultured at 37°C in
lysogeny broth (LB) or LB agar with appropriate antibiotics.
Site-directed mutagenesis.

Site-directed mutagenesis of dcbAc was performed as the method described

previously (47). Briefly, plasmid pETDuet-DCB which was used as the template was
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amplified by Phanta Max Super-Fidelity DNA Polymerase (Vazyme Biotech Co., Ltd,
China) with complementary mutagenic primers described in Table 1. Then the PCR
products were digested using Dpnl, and the resulting products were transformed in the
host bacteria into E. coli DH5a and screened on LB agar with 100 ug/ml ampicillin.
Whole-cell biotransformation assays to determine the specific activity of
dioxygenase mutants.

E. coli BL21 (DE3) (pETDuet-DCB) cells were grown in LB medium at 37°C
until the optical density at 600 nm (ODggonm) reached 0.8, which was measured in a
BioTek EPOCH 2 microplate reader. Then 0.1 mM
isopropyl-p-D-thiogalactopyranoside (IPTG) was added before incubating overnight
at 16°C to induce dioxygenase expression. The cells were harvested, washed twice
with phosphate-buffered saline (PBS) and suspended with PBS containing 80-200 uM
24DCNB. Specific activities were determined by measuring the rate of nitrite formed
at appropriate intervals (depending on the activity of each mutant) during exposure to
200 uM 24DCNB or 23DCNB with shaking (220 rpm, 30°C). Nitrite was detected by
the Griess method as described previously (48). To measure the protein concentration,
cell pellets were recollected by centrifugation, suspended in equal volumes of 0.1 M
NaOH and boiled for 10 min. After that, protein concentration was measured by the
Bradford method (49) with bovine serum albumin as the standard. Concentrations of
24DCNB and 35DCC were quantified by high-performance liquid chromatography
(HPLC). To determine protein expression pattern, 1 ml of cell cultures were harvested
and resuspended with equal volumes of sodium dodecyl sulfate-polyacrylamide gel
(SDS-PAGE) running buffer. Samples (20 npl each) were analyzed by 12%
SDS-PAGE.

Analytical methods.



178 Reverse-phase HPLC with a Waters e2695 separation module equipped with a

179  Waters 2998 photodiode array detector and a C;g reversed-phase column (5 um, 4.6 x

180 250 mm) at 30°C was used to quantify the compound concentrations of 24DCNB and
181  35DCC. The mobile phase consisted of water containing 0.1% (vol/vol) acetic acid (A)
182  and methanol (B), eluted with 20% of solvent B for 5 min and linearly increased to 90%
183 B after 30 minutes.

184 The products of biotransformation were identified by gas chromatography-mass
185  spectrometry (GC-MS), which was performed with a TSQ™ 8000 Evo Triple
186  Quadrupole GC-MS/MS (Thermo Fisher Scientific Inc., MA, USA) equipped with a
187  capillary column HP-5MS (0.25 mm x 30 m, Agilent technologies., CA, USA). For
188  GC-MS analysis, biotransformation samples were extracted with an equal volume of
189  ethyl acetate, which was then evaporated to dryness and dissolved in 0.2 ml ethyl
190 acetate. Samples were further derivatized by adding equal volumes of N,
191 O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) at 70°C for 30 min. GC/MS
192  program setting: the inlet temperature was set at 280°C, and the initial temperature
193  was 70°C for 2 min, raised to 130°C at 5°C/min, increased to 180°C at 10°C/min,
194  increased to 285°C at 5°C/min, and held for 5 min. Mass spectrometer conditions: 33—
195 750 m/z mass range at the electron energy of 70 eV, EI energy source.

196  Simulation system preparation.

197 The initial structure of mutated o subunits of dioxygenases was generated by
198  AlphaFold2 (42), and all models were obtained with a high confidence level (an
199  average pIDDT (confidence) of 97). The protonation states of protein residues were
200 verified and their hydrogen atoms were added by using H++ web server (50). The
201 enzyme-ligand complex was assumed to be in its transition state, with

202  Fe"'-(hydro)peroxo species formed in the active site. Therefore, a hydro(peroxo)
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moiety was placed next to the central iron by following the method reported
previously (14), and the ligand (24DCNB) was docked to the predicted models with
AutoDock Vina (43). Then the program MCPB (51, 52) was used to generate force
field parameters for [Fe;~OOH]** and Rieske [2Fe—2S] cluster using the ff99SB
force field, while the Gaussian 16 (53, 54) was used to calculate the optimized
geometries, force constants and ESP charges. The resultant amber topology was
further transformed into a GROMACS topology using ACPYPE (55).

Molecular dynamic simulation.

The molecular dynamic (MD) simulations were performed using the GROMACS
2020 (56) with the ff99SB force field. TIP3P-type water molecules counter ions were
filled into an extended 1 nm cubic box to generate a neutralized system and the
temperature and pressure of the simulation system were set at 300 K and 1 bar
separately. The prepared system first went through 50,000 steps of steepest descent
minimization until the maximum force < 5.0 kJ/mol, followed by 100 ps of
equilibration using NVT and NPT simulations respectively. During these two
simulation phases, the protein and ligand were held fixed by using position restraints
with a force constant of 1000 kJ mol™ nm™. The V-rescale method was used for the
maintenance of constant temperature and the Parrinello-Rahman method for constant
pressure. LINCS algorithm (57) was used to constrain all covalent bonds involving
hydrogen atoms. The particle mesh Ewald method (58) with a grid length of 0.16 A
was used to calculate the electrostatic interactions. For each system, a 20 ns of MD
simulation was carried out under the same conditions and repeated for three times
with a different random number, and some selected ones were extended to 200 ns.

After obtaining the trajectory of the MD simulation, root mean square deviation

(RMSD), root-mean-square fluctuation (RMSF), the distance and angle between
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atoms, and conformational clustering analysis were calculated using the gmx rms, gmx
rmsf, gmx distance, gmx gangle, and gmx cluster commands. The resulting structures
were visualized by PyMOL (59). POVME 3.0 (60) was used to measure the substrate
pocket volume distribution of conformations captured every 5 ns beginning from 100
ns trajectory. A dynamical cross-correlation matrix (DCCM) was obtained by using a
python script to calculate correlation coefficients of the wild-type MD simulation

every 50 ps in the last-10 ns trajectory.

Results

Analysis of key residues and construction of the mutant library of 23DCNB
dioxygenase. Considering the facts that the o subunits of Nag-like nitroarene
dioxygenases exhibit high sequence conservation and they determine the substrate
specificity (3, 15-18), the differential residues of the a subunits are thus considered as
potential hotspots for protein engineering (Fig. 1B). In terms of the structural
resemblance of 23DCNB to our intended substrate 24DCNB, we chose the 23DCNB
dioxygenase from Diaphorobacter sp. strain JS3051 (12, 47) as the starting enzyme to
carry out further modifications. We focused on the residues around the active center
that were loosely conserved, or those conserved but different sites (61) (Fig. 1B and
C), especially the sites that may have an effect on substrate specificity mentioned in
previous reports (3, 15-18, 47).

To enhance the dioxygenase's activity towards 24DCNB, a para-substituted
nitroarene. Residues VAL207, SER242, and MET248, predicting to affect the
accommodation of the enzyme toward para-substituted group, were mutated into the
corresponding residues in 24DNT dioxygenase or 34DCNB dioxygenase. Residue

204, serving as a "gatekeeper," occupies a pivotal position, bridging the enzyme

10
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tunnel and binding pocket, and controlling access to the active center (47, 62). While
most Nag-like dioxygenases feature a hydrophobic amino acid at this position, the
23DCNB dioxygenase has a glutamic acid, which is believed to form a halogen bond
with the C3 chlorine atom of 23DCNB (47). However, for our target substrate,
24DCNB, GLU at position 204 might disrupt proper substrate positioning. Hence, we
substituted GLU204 with other hydrophobic amino acids featuring bulky side chains
(ILE, LEU, MET, PHE, TRP, TYR) to better shape the active center or enzyme tunnel.
The remaining two selected hotspots were modified with amino acids from other
characterized dioxygenases. In the end, a total of 14 mutations (E204F, E2041, E204L,
E204M, E204Y, E204W, V2071, S242T, M248I, L293H, L293I, L293Q, 1350T, and
1350V) were generated. Three-dimensional structures of these variants, along with the
wild type 23DCNB dioxygenase, were predicted using AlphaFold2 (42) for further
computational analysis.
In silico prediction and in vivo assessment of enzyme activity on 24DCNB. To
roughly investigate the effect of six different residues on dioxygenase-24DCNB
interactions and pre-screen the mutant library by catalytic potential, we carried out 3
times of 20 ns MD simulations for 14 mutants and wild type, all with 24DCNB
docked at the active center of each asubunit. The RMSD values of all systems
reached a plateau after the first 5 ns simulations (Fig. S1), indicating that most
systems reached their equilibrium. Therefore, all data were observed and collected
from 5 ns to 20 ns.

According to the catalytic process of nitroarene dioxygenases (14-16, 20, 24-28),
the nitroarene substrate can be anchored through an H-bond interaction, facilitating
subsequent electrophilic attack on its benzene ring and denitration. A stable H-bond

between the amino group of Asn258 and the nitro group of the substrate ensures a

11
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stable conformation and correct position of 24DCNB with respect to center [Fey—
OOH]?*, which is an essential precondition for reaching the pre-reaction state. The
probability of H-bond formation was assessed using two key parameters: 1) the
Oa-Nd (d) distance, which represents the distance between the oxygen atom (acceptor)
of the nitro group in 24DCNB and the nitrogen atom (donor) of Asn258, and 2) the
Nd-H---Oa angle (0), which signifies the donor-hydrogen---acceptor angle (Fig. 2). In
general, a hydrogen bond is considered proper when the acceptor-donor distance is
around 3.0 A and the donor-hydrogen---acceptor angle approaches 180° (64). The
closer the hydrogen bond approaches these ideal geometric values, the stronger the
bond becomes. Consequently, we established the geometric hydrogen bond criterion
as d(Oa-Nd) < 3.5 A and 0 (Nd-H---Oa) > 150°. We then calculated the proportion of
the frequency of the correct conformations to the total frequency within each 20-ns
simulation system that meets this established criterion, and recorded it as the
probability of H-bond formation (HB-Probability) (Fig. 3A).

On the other hand, a productive conformation should guarantee that C1 and C6
carbon of 24DCNB are the dihydroxylated positions, yielding the only possible
product, 3,5-dichlorocatechol (35DCC). Two parameters were used to evaluate
productive and nonproductive conformations, characterized by 0O1-Cl1 (D;) and
02-C6 (D-) distances between the O1 and O2 oxygen of [Fe;;~OOH]** and the C1
and C6 carbon of 24DCNB respectively (Fig. 2). The average oxidation attack
distances D; and D, were calculated and presented in Fig. 3B, all with a standard
deviation between 0.03-0.07 nm. To allow a subsequent dioxygenated attack on the
substrates, both distances must be appropriate.

In fact, the transiently equilibrated conformations and coordinates of 24DCNB in

each 20 ns MD simulation system may not always accurately reflect their true state.
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The reliability of a docking conformation is directly proportional to its frequency, as
the most frequently occurring one is more likely to be deemed trustworthy upon
repetition. The majority of mutant dioxygenases and wild-type dioxygenase exhibited
a low probability or no possibility of H-bond formation in most repetitions, with only
five mutants generally showing high probability when repeated (Fig. 3A). Hence,
these five mutants, namely E2041, E204L, E204M, E204Y and M248l, were
identified as being able to effectively establish H-bonds with the substrate 24DCNB.
Averagely, there were more than half populations successfully formed the H-bond
in these five mutants’ simulation systems. Specifically, E204M performed the best of
all, with the highest HB-probability of 85.1% and an average probability of 62.7%.
The distribution of oxidation attack distance (Fig. 3B) exhibited a certain
correlation with the distribution of HB-probability (Fig. 3A), owing to the relatively
fixed positions of the iron center and Asn258. Specifically, when an H-bond was
well-formed, 24DCNB tended to be anchored, thereby exposing the C1 and C6 carbon
sites to the iron-oxygen complex; in other words, a high HB-probability often
coincided with short oxidation attack distances. As demonstrated by the instances of
E2041, E204L, E204M and M248I, the mean distances of both D; and D, were
roughly less than 0.4 nm. The distances between the oxygen atoms of iron-oxygen
complex and the reacting carbon atoms in the crystal structure of naphthalene
dioxygenase (PDB ID: 107N) (19) are 0.32 nm and 0.28 nm, which is slightly smaller
than the corresponding experimental values presented here. The conformation
clustering analysis has confirmed that 24DCNB in the active site of these four
mutants adopted a stable docking conformation throughout the 20 ns simulation (Fig.
S2C), which is considered to have reached the pre-reaction state. However, E204Y is

an exception with a high probability of forming hydrogen bonds but relatively long
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distances for oxidation attacks. Different docking conformations were adopted during
the 20 ns simulation of E204Y, with the C1 and C2 adjacent carbon atoms of
24DCNB being closest to the oxygen atom pair of [Fe;—~OOH]** (Fig. S2AB).
Despite this proximity, the presence of nitro- and chlorine-group at these two sites
hinders productive dioxygenation, as the simultaneous denitration and dichlorination
has not been observed thus far (3).

Considering both aspects that may reflect the catalytic potential of mutant
dioxygenases towards 24DCNB, four mutants E2041, E204L, E204M, and M248I
were supposed to be candidates for 24DCNB dioxygenase.

Meanwhile, to verify the actual dioxygenase activity, we conducted whole-cell
biotransformation assays to obtain the specific enzyme activities of wild type and 14
mutant dioxygenases towards 23DCNB and 24DCNB. Based on SDS-PAGE (Fig. S3),
all of the mutations produced comparable amounts of dioxygenase proteins. As shown
in Fig. 3C, except for L293l, the specific enzyme activity on the natural substrate
23DCNB was reduced to varying degrees in all mutants. More importantly, E204lI,
E204L, E204M, and M248l developed noticeable catalytical activity towards
24DCNB from nearly nothing, which is in agreement with the results of in silico
prediction. It’s interesting to note that three of them are mutations at residue 204,
suggesting its importance in controlling substrate specificity and catalytic activity.
And when the glutamic acid at position 204 was mutated to methionine, the
dioxygenase showed the highest activity towards both 23DCNB and 24DCNB among
these three mutants.

Combination of beneficial mutations at sites 204 and 248. Epistasis describes a
genetic phenomenon in which the combined effect of multiple mutations is not a

simple addition of their individual effects, but a more complex result, which also

14
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occurs in protein evolution (65). As mutations at residues 204 and 248 conferred the
dioxygenase with a unique catalytic capacity, it is intriguing to explore the potential
synergy of combining these two beneficial mutations and their impact on the enzyme's
properties. Hence, a double mutant E204M-M2481 was obtained. The in vivo specific
activities of single-site and double-site mutants were determined with various
nitroarene substrates (Fig. 4).

Compared to wild-type dioxygenase, E204M mutation modulated the substrate
preference of dioxygenase towards favoring ortho-substituted substrates more,
significantly increasing the specific activity on 2NT and 2CNB by 5-to 9-fold, while
having reduced activities on substrates with a meta-substituted group including 3NT,
3CNB, 6C2NT, 2C3NT, 23DCNB, 34DCNB, 35DCNB, 24DNCB, and 26DNT. The
specific activity of the M2481 mutant towards the majority of substrates tested were
comparable to that of wild-type dioxygenase. But 34DCNB and 24DNCB, both have
3-and 4-substituted groups, saw a 2-to 4-fold increase in specific activity of M248I
mutant compared with the wild-type. After combining these two beneficial
substitutions, the substrate specificity of dioxygenase was broadened notably. In
particular, the E204M-M2481 mutant greatly enhanced the activity towards substrates
that have 2-or/and 4-substituted groups (2NT, 4NT, 2CNB, 4CNB, and 24DCNB).
And it is worth noting that E204M-M2481 showed a 62-fold increase in specific
activity on 24DCNB over the wild-type. Such results indicate that E204M and M248lI
mutations exhibit positive epistasis, in which greater improvements in specificity and
activity have been generated than expected.

Identification of biotransformation products by E204M-M248l. The course
illustrating the biotransformation of 24DCNB to 3,5-dichlorocatechol (35DCC)

catalyzed by E204M-M2481 is presented in Fig. 5. Remarkably, E204M-M248lI
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exhibited the ability to transform 24DCNB into 35DCC and nitrite in a stoichiometric
1:1:1 ratio. These results provide compelling evidence for a dioxygenation reaction
targeting the C1 and C6 carbons of 24DCNB, thus validating the hypothesis
previously proposed in our computer-aided prediction method.

Additionally, we performed characterization of the reaction products catalyzed by
wild-type, E204M, M248l, and E204M-M2481 mutants toward 18 distinct
nitroaromatic substrates, as depicted in Fig. S5. Despite variable relative specific
activities exhibited by different mutant dioxygenases towards various substrates (Fig.
4), the post-oxidation product composition of most substrates was largely consistent.
All substrates except 4C3NT demonstrated susceptibility to oxidation at
nitro-substituted positions on the aromatic ring, leading to the formation of catechol
derivatives. Additionally, oxidation of certain substrates could also occur at methyl
substituents, producing alcohol compounds, albeit without detectable dechlorination
products.

In the case of substrate 2NT, substitution of glutamate with methionine at
position 204 resulted in an enhanced specificity for dioxygenation at the nitro group,
yielding predominantly 3-methylcatechol as the primary product (66.3% and 77.2%
for E204M and E204M-M248l, respectively). The M2481 mutation impacts substrate
specificity towards 34DCNB evidently, which shifts the dioxygenation site from
positions 1 and 2 to positions 1 and 6, resulting in 90.7% of the generated products
being 4,5-diochlorocatechol. The relative specific activity of M2481 mutant towards
34DCNB is also the highest compared to other mutants (Fig. 4). A significant
alteration in substrate regiospecificity is observed with substrate 24DNT.
E204M-M2481 resulted in nearly all 24DNT being converted to

4-methyl-5-nitrocatechol, whereas the wild-type or single mutants convert less than
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half of the substrate to 4-methyl-5-nitrocatechol.

Further Molecular dynamics analysis of E204M-M2481 and two single-site
mutants. 3x20 ns MD simulations of E204M-M248l and an additional 200 ns MD
simulations separately for wild-type, E204M, M248l1, and E204M-M248I based on
their 20 ns MD simulations were performed (Fig. S4), trying to shed light on the role
of E204M and M248I1 mutations in influencing the enzyme properties. The H-bond
formation and oxidation attack distances were also analyzed during the 5-200 ns
simulation and presented in Fig. S6.

The substitution of glutamic acid at position 204 with methionine contributes to
the hydrophobic environment in the binding site while maintaining a similar-sized
sidechain. Given that residue 204 lies at the junction of the enzyme tunnel and
binding pocket, a properly sized and hydrophobic sidechain can effectively shield the
binding site from accessing the solvent and shape the binding pocket by steric
hindrance. It’s postulated that the mutation E204M could add compactness to the
binding pocket so that the 24DCNB’s spatial movement was much more constrained
inside the pocket. It’s reflected by decreased substrate pocket volume (Fig. 6) and
decreased root-mean-square fluctuations (RMSFs) of 24DCNB (Fig. 6). Furthermore,
relative to the productive conformation of 24DCNB, the side chain of residue 204 is
close to its C3 atom. A more compact active site chamber with narrowed space around
the C3 atom of 24DCNB contributes to the improvement of catalytical activity of
E204M mutant towards smaller ortho-substituted substrates like 2NT and 2CNB
while leading to the weakening of activity towards meta-substituted substrates.

As for residue 248, its position has a certain distance away from the center iron at
about 14 A and the orientation of its sidechain is in the opposite direction. Therefore,

we applied dynamical cross-correlation matrix (DCCM) to determine pairwise

17



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

cross-correlation coefficients (Cjj) indicating the potential allosteric sites (66, 67).
According to the computed DCCM of wild-type (Fig. S7), the most obvious positive
dynamic correlation was between M248 and N295 with a Cj higher than 0.45,
suggesting a potential epistatic effect between these two structural neighbors. Residue
295, as a well-conserved hydrophobic residue in Nag-like family dioxygenases (Fig.
1B), lies around the C4 atom of a properly-docked 24DCNB and plays a critical part
in maintaining and stabilizing the binding pocket. Mutation M248I thereby may make
an impact on N295 and in turn affect the interactions between substrate and the
binding pocket, as evidenced by the improved specific activity of M2481 mutant
towards substrates with 4-substituted groups. Besides, the M2481 mutant has the
largest substrate pocket volume among the wild-type, E2041, MZ248] and
E2041-M248I variants, providing larger binding space for bulky substrates like 1-NN,
which is also in agreement with the experimental results (Fig. 4).

By combing two beneficial mutations, E2041-M2481 has a higher possibility of
H-bond formation, appropriate oxidation attack distances and compact binding pocket
(Fig. S6 and 6). But it is unfortunate that such inconspicuous improvements obtained
from the MD simulation failed to explain the obvious synergistic epistasis between

E2041 and M248l observed in in vivo specific activities.

Discussion

The nitroarene dioxygenases from Gram-negative strains to date have all evolved
from a common Nag-like naphthalene dioxygenase ancestor (10, 68-70). These
dioxygenases possess a broad substrate spectrum but exhibit a greater preference for
various nitro-aromatic compounds. The divergence in substrate specificity and

regiospecificity of nitroarene dioxygenases is primarily determined by the matchup
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between the substrate and binding pocket (27, 28). Numerous studies, typically
involving sequences or structures alignment and site-directed mutagenesis, have
demonstrated that such divergence is often caused by substitutions of several key
residues, particularly those surrounding the active site (3, 15, 16, 18, 47, 62). An
asparagine introduced at position 258 offers hydrogen bonding with nitroarene
substrates, capturing and pinning the substrate in the active center and providing the
preconditions for efficient denitration (3, 14-16, 20). Substitution of residues at
position 204, 293 and 350 would impact the activity and regiospecificity of
nitrobenzene dioxygenase (3, 16, 18) and the well-studied naphthalene dioxygenase
from Pseudomonas sp. NCIB 9816-4 (correspond to positions 206, 295, and 352 in
NDOggi6.4) (71-73). Ju et al. (17) and Mahan et al. (18) conducted long-term
laboratory evolution experiments to generate mutants of 2-nitrotoluene dioxygenase
from Acidovorax sp. strain JS42 that exhibited the ability to utilize 3- or
4-nitrotoluene. They found residues outside the active site (238, 242, and 248 as
reported by Ju et al., and 405 according to Mahan et al.) could also modulate the
catalytic activity, thereby offering a novel perspective for dioxygenase modification.
The application of random mutagenesis (74) in the directed evolution of nitroarene
dioxygenases has been limited in previous studies, primarily due to its potential to
generate a vast library of mutants without efficient high-throughput screening
methods.

This study introduces an in silico prediction approach for canonical site-directed
mutagenesis to engineer 23DCNB dioxygenase with improved catalytic activity
towards 24DCNB. The in silico results are basic anastomotic with the experimental
findings, while the amount of time and labor involved in simulation is dramatically

less than in the experiment. It’s expected that this approach could be extended to other
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nitroarene dioxygenases for desired activity towards various nitroarenes. However,
due to limitation in our computing resources, we were only able to construct and
evaluate a small mutant library. It is possible that other mutations, which we have not
yet identified, also play a role in the transformation of this 23DCNB dioxygenase into
a 24DCNB dioxygenase. Expanding the mutant library tested during the pre-screening
phase may unveil additional advantageous mutations, thereby augmenting the
catalytic activity of final mutant dioxygenase towards 24DCNB.

Our results bear out that the substituted positions of the substrate, rather than the
types of its substituted groups, greatly influence the fitting process of nitroarene
substrates in the active pocket of dioxygenase (27, 47). This feature further gives rise
to the catalytic promiscuity of dioxygenases: as shown in the mutant dioxygenase
substrate spectrum above (Fig. 4), the activity of a dioxygenase towards various
nitroarene substrates is diverse, and mutations often result in the transfer of this
activity to a class of substrates with similar substituted patterns.

The E204M mutation brought about a shift in preference of dioxygenase from
meta- to ortho-substituted substrates, resulting from a more compact substrate pocket
around the C3 atom of substrate and thus a better fit of it. In general, the access
through the enzyme channel and the orientation inside the active site of substrate both
account for the catalytic efficiency, selectivity and specificity (75-77). In view of the
gatekeeper role of residue 204, it would be arbitrary to ignore any of the possible
impact of residue 204 on substrate as it passes through the enzyme tunnel or
positioning in the active site. However, unlike NDOgg;6.4, Where an opening and
obvious tunnel could be observed from the protein surface (78), our wild-type or
mutant dioxygenases have occluded tunnels which could not be observed nor be

calculated. Our results highlighted residue 204 as a critical residue lining the catalytic
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cavity and supported a potential interaction between residue 204 and the
meta-substituted group of nitroarenes (when it is properly bound to the active site) (18,
47).,

The residue 248, although located outside the active site, has been identified as a
crucial residue that potentially influences substrate specificity through its interaction
with Asn295. Through this indirect effect, M2481 mutation may exert some allosteric
control on the active binding cavity around the C4 atom of substrate, making it easier
to accommodate para-substituted nitroarenes. Our findings corroborate the research
carried out by Ju et al. (17), in which long-term evolution provided 2-nitrotoluene

dioxygenase with improved activity towards 4-nitrotoluene, and all three evolved

mutants shared a common mutation—M248I.

Collectively, the coordinated interplay between E204M and M2481 mutations
retained the improved activity towards ortho- and para-substituted substrates,
enhanced the catalytic activity towards 24DCNB, and thus the substrate spectrum was
greatly broadened. E204M-M248l dioxygenase could be a versatile biocatalyst,
supplying various nitroarene pollutants with hydroxyl groups for further
transformation via ring cleavage and providing a new option for bioremediation in
nitroarene-contaminated areas. The products transformed from 24DCNB was
identified to be 35DCC, which can be completely mineralized through the degradation
pathways discovered in Cupriavidus necator JMP134 (79-82), Burkholderia cepacia
2a (83), Cupriavidus gilardii T-1 (84).
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Figure legends

FIG 1 23DCNB dioxygenase mutant library design. (A) Comparison of various Nag-like
dioxygenase gene clusters, arranged in order of pairwise identity. The corresponding
substrates are presented on the right, with their attack sites of dioxygenation marked in red
shades. (B) Sequence alignment of the o subunit of various Nag-like dioxygenases. The
degree of conservation was calculated by Jalview (63), shown from low (white) to high (blue)
as well. Six chosen sites are highlighted by frames in red. Chosen reasons are given above the
sites in form of small circles in corresponding colors. (C) Chosen residues for mutation
marked in the homologous model of o subunit of 23DCNB dioxygenase.

FIG 2 Parameters for the evaluation of H-bond formation probability and
dioxygenation attack distance.

FIG 3 Predicted catalytic potential evaluated by H-bond formation probability (A) and
dioxygenation attack distance (B) and actual specific activity (C) of wild-type and
mutant dioxygenases on 24DCNB. Each mutant has nine sets of data in (A) and (B) because
there were three active sites in each o;[3; System which was repeated three times. The specific
activity was obtained through whole-cell biotransformation assays with 23DCNB and
24DCNB as substrates. Values are data averages from at least three parallel experiments, and
error bars are standard deviations.

FIG 4 Substrate specificity of wild-type dioxygenase, E204M, M2481, and E204M-M248I
mutants towards different nitroarenes. The specific activity was obtained through
whole-cell biotransformation assays. Values are data averages from at least three parallel
experiments, and error bars are standard deviations. 2NT, 2-nitrotoluene; 3NT, 3-nitrotoluene;
ANT, 4-nitrotoluene; 2CNB, 2-chloronitrobenzene; 3CNB, 3-chloronitrobenzene; 4CNB,
4-chloronitrobenzene; 4C3NT, 4-chloro-3-nitrotoluene; 6C2NT, 6-chloro-2-nitrotoluene;
2C3NT,  2-chloro-3-nitrotoluene;  23DCNB,  2,3-dichloronitrobenzene;  24DCNB,
2,4-dichloronitrobenzene; 25DCNB, 2,5-dichloronitrobenzene; 34DCNB,

3,4-dichloronitrobenzene; 35DCNB, 3,5-dichloronitrobenzene; 24DNCB,
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2,4-dinitrochlorobenzene; 24DNT, 2,4-dinitrotoluene; 26DNT, 2,6-dinitrotoluene; 1NN,
1-nitronaphthalene.

FIG 5 Whole-cell biotransformation of 24DCNB. (A) Reaction scheme of 24DCNB
biotransformation. (B) Time course of 24DCNB conversion to 35DCC with nitrite release by
IPTG-induced E. coli BL21(DE3) expressing E204M-M2481 dioxygenase. The data shown
are the averages of three technical duplicates of a typical experiment, and the outcomes of all
separate trials were broadly consistent. Standard deviations are shown by error bars. (C, D
and E) GC/MS total ion chromatogram. The product of 24DCNB biotransformation catalyzed
by wild-type (C) and E204M-M2481 (D) was detected and compared with the authentic
35DCC (E). The mass spectra refer to 35DCC after derivatization

FIG 6 Pocket volume analysis and stability analysis of substrate docking. (A) The
superposition of binding pockets of wild-type (grey) and E204M mutant (yellow) captured
every 5 ns during 100-200 ns MD simulation trajectory (take al as an example). (B) The
average pocket volume of each o subunit. (C) RMSF values of the 24DCNB in each a

subunit.
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Table

TABLE 1 mutagenic primers used in this study.

Primers Sequence

E204F-F 5-GCTGAAAACTTCGTTGGTGACTTCTACCACGTTGGTTGGACCCAC-3'
E204F-R 5-GTGGGTCCAACCAACGTGGTAGAAGTCACCAACGAAGTTTTCAGC-3
E2041-F 5-TGAAAACTTCGTTGGTGACATATACCACGTTGGTTGGACC-3'

E2041-R 5-GGTCCAACCAACGTGGTATATGTCACCAACGAAGTTTTCA-3
E204L-F 5-GGTCCAACCAACGTGGTATATGTCACCAACGAAGTTTTCA-3
E204L-R 5-GGTCCAACCAACGTGGTATAAGTCACCAACGAAGTTTTCA-3
E204M-F 5-GCTGAAAACTTCGTTGGTGACATGTACCACGTTGGTTGGACCCAC-3'
E204M-R 5-GTGGGTCCAACCAACGTGGTACATGTCACCAACGAAGTTTTCAGC-3'
E204W-F 5-GCTGAAAACTTCGTTGGTGACTGGTACCACGTTGGTTGGACCCAC-3
E204W-R 5-GTGGGTCCAACCAACGTGGTACCAGTCACCAACGAAGTTTTCAGC-3'
E204Y-F  5-GTGGGTCCAACCAACGTGGTACCAGTCACCAACGAAGTTTTCAGC-3
E204Y-R 5-GTGGGTCCAACCAACGTGGTACCAGTCACCAACGAAGTTTTCAGC-3'
V2071-F 5-GGTGACGAATACCACATTGGTTGGACCCACG-3'

V2071-R 5-CGTGGGTCCAACCAATGTGGTATTCGTCACC-3'

S242T-F 5-CTGGTCTGCAGATGACCACTAAATACGGTTCTGGT-3'

S242T-R 5'-ACCAGAACCGTATTTAGTGGTCATCTGCAGACCAG-3

M2481-F  5-ACCTCTAAATACGGTTCTGGTATAGGTCTGACCTGG-3'

M2481-R  5-CCAGGTCAGACCTATACCAGAACCGTATTTAGAGGT-3'

L293H-F 5-GCTCGTATCTACCGTTCTCATCTGAACGGTACTGTTTTCC-3'

L293H-R 5-GGAAAACAGTACCGTTCAGATGAGAACGGTAGATACGAGC-3'
L2931-F 5-TGCTCGTATCTACCGTTCTATACTGAACGGTACTGTTTTCC-3'

L293I-R 5-GGAAAACAGTACCGTTCAGTATAGAACGGTAGATACGAGCA-3
L293Q-F 5-TCGTATCTACCGTTCTCAGCTGAACGGTACTGTTT-3'

L293Q-R 5-AAACAGTACCGTTCAGCTGAGAACGGTAGATACGA-3'

I1350T-F 5-CGCTGTTCAGCGTTCTACCGGTCCGGC-3'

I1350T-R 5'-GCCGGACCGGTAGAACGCTGAACAGCG-3

1350V-F 5-TGACGCTGTTCAGCGTTCTGTCGGTCCGGC-3'

1350V-R 5-GCCGGACCGACAGAACGCTGAACAGCGTCA-3
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