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Abstract The continuing discharge of nitriles in various industrial processes has caused
serious environmental consequences of nitrile pollution. Microorganisms possess several
nitrile-degrading pathways by direct interactions of nitriles with nitrile-degrading enzymes.
However, these interactions are largely unknown and difficult to experimentally determine
but important for interpretation of nitrile metabolisms and design of nitrile-degrading
enzymes with better nitrile-converting activity. Here, we undertook a molecular modeling
study of enzyme—substrate binding modes in the bi-enzyme pathway for degradation of
nitrile to acid. Docking results showed that the top substrates having favorable interactions
with nitrile hydratase from Rhodococcus erythropolis AJ270 (ReNHase), nitrile hydratase
from Pseudonocardia thermophila JCM 3095 (PtNHase), and amidase from Rhodococcus
sp. N-771 (RhAmidase) were benzonitrile, 3-cyanopyridine, and L-methioninamide, respec-
tively. We further analyzed the interactional profiles of these top poses with corresponding
enzymes, showing that specific residues within the enzyme’s binding pockets formed diverse
contacts with substrates. This information on binding landscapes and interactional profiles is
of great importance for the design of nitrile-degrading enzyme mutants with better oxidation
activity toward nitriles or amides in the process of pollutant treatments.
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Introduction

Nitriles are widespread in the environment as a result of the discharge of industrial
wastewater, which mainly contains acrylonitrile, fumaronitrile, and succinonitrile [1]. Such
compounds are highly toxic and resistant to chemical degradation [2]. Traditional physical
and chemical methods failed to convert nitriles in a “green” manner, whereas microbial
degradation is more advantageous due to their convenience and environmental friendly
nature [2, 3]. Nitrilase, nitrile hydratase (NHase), and amidase are main enzymes for nitrile
degradation in microbes. Nitrile degradation can occur by three pathways: hydrolysis,
oxidation, and reduction [4]. Hydrolysis mediated by nitrilase, NHase, and amidase is found
to be the most common way for nitrile degradation [2]. NHases are divided into cobalt
NHase (Co-type NHase) and ferric NHase (Fe-type NHase), due to that cobalt or ferric is in
the catalytic center [5]. NHases show a wide range of substrate specificities and cannot only
degrade aromatic nitriles but also are capable of catalyzing the conversion of aliphatic
nitriles to corresponding amides [6]. Large quantities of microorganisms have been observed
to contain amidase activity [7].

Several studies have successfully adopted microbial degradation as a cost-effective
method of removing nitrile pollutants [1]. However, efforts to develop microbial remediation
technologies have been hampered by the fact that the key features of interaction profiles
between nitriles and nitrile-degrading enzymes are not well understood. Binding of nitriles
to corresponding enzymes is crucial for nitrile degradation. Comprehensive characterization
of the nitrile binding specificities to nitrile-degrading enzymes is experimentally challeng-
ing, in part due to the requirement of expensive research and lengthy experiments [8].
Therefore, it is necessary to introduce novel strategies for exporting their binding land-
scapes. Alternatively, bioinformatics methods are a good option [9]. We have analyzed
simple sequence repeats in many environmental microbial genomes by bioinformatics
methods [10—12]. Recently, several studies have reported attempts to analyze the interactions
between enzymes and their substrates by molecular docking or molecular simulation in the
environmental field [9, 13]. Molecular docking is a bioinformatics technology which is able
to detect the optimal binding conformation of ligand to the active site of a receptor [14—16].
Technologies such as X-ray diffraction and nuclear magnetic resonance, bringing many 3D
structures of nitriles and nitrile-degrading enzymes, are now providing the opportunity to
comprehensively evaluate the binding landscapes in the process of nitrile biodegradation
mediated by NHase and amidase.

In the present study, we reported the use of molecular docking to map nitrile/amide
binding landscapes for a variety of collections of nitrile-degrading enzymes including Fe-
type NHase, Co-type NHase, and amidase. The specific aim of the present study was to
provide a basis for the interpretation of nitrile metabolisms and design of nitrile-degrading
enzymes with better nitrile-converting activity.

Materials and Methods
As a case study, one of the available 3D structures for each type of nitrile-degrading

enzyme was downloaded from the Protein Data Bank (PDB) [17] (http://www.pdb.org/
pdb/home/home.do): 2QDY (Fe-type NHase from organism Rhodococcus erythropolis

@ Springer


http://www.pdb.org/pdb/home/home.do
http://www.pdb.org/pdb/home/home.do

1616 Appl Biochem Biotechnol (2013) 170:1614-1623

Table 1 List of analyzed nitrile-degrading enzymes and corresponding substrates

Nitrile- Organism PDB  Chains R Selected substrates
degrading 1D
enzyme

Fe-type NHase = Rhodococcus 2Q0DY A,B  1.30 2,2-Dimethylcyclopropanecarbonitrile,
erythropolis 2-hydroxy-4-phenylbutanenitrile,
AJ270 3-cyanopyridine, 4-chloro-
3-hydroxybutanenitrile,acetonitrile,
acrylonitrile, benzonitrile, butyronitrile,
isobutyronitrile, methacrylonitrile,
and propionitrile

Co-type NHase Pseudonocardia 1IRE A, B 1.80 3-Cyanopyridine, acrylonitrile,

thermophila benzonitrile, methacrylonitrile,
JCM 3095 and fert-butylisonitrile

Amidase Rhodococcus 3AIK A 2.17 2,2-Dimethylcyclopropanecarboxamide,
sp. N-771 acetamide, acrylamide, benzamide,

butyramide, formamide, hexamide,
isobutyramide, L-alaninamide,
L-leucinamide, L-methioninamide,
L-prolinamid, L-threoninamide,
methacrylamide, nicotinamide,
and propanamide

AJ270, ReNHase) [5], 1IRE (Co-type NHase from organism Pseudonocardia
thermophila JCM 3095, PtNHase) [18], and 3A1K (amidase from Rhodococcus sp.
N-771, RhAmidase) [7]. Their substrate specificities have been described and can be
obtained from BRENDA (http://www.brenda-enzymes.org/index.php4), which is a
comprehensive database of enzyme information [19]. The chemical 2D structure and
3D conformation of the selected substrates were retrieved from ChemSpider (http://
www.chemspider.com/) [20] and is summarized in Table 1. The number of indepen-
dent docking runs for each modeled structure was 10. Water molecules, cofactors, and
bound ligands of each selected enzyme were removed before docking. Various sub-
strates docking to nitrile-degrading enzymes were carried out with the Molegro Virtual
Docker (MVD) program using MolDock Score [GRID] function and MolDock SE

Table 2 Molecular docking pose scores between ReNHase and nitriles

Name of nitriles ID Rotated bond MolDock score Re-rank score
2,2-Dimethylcyclopropanecarbonitrile 228831 1 —58.6892 —48.3675
2-Hydroxy-4-phenylbutanenitrile 9085126 4 —39.3875 6.88525
3-Cyanopyridine 78 1 —64.2838 —56.1564
4-Chloro-3-hydroxybutanenitrile 83714 3 —66.0146 —53.3895
Acetonitrile 6102 1 —35.8553 —29.9185
Acrylonitrile 7567 1 —44.4021 -37.5019
Benzonitrile 7224 1 —64.8815 —56.6631
Butyronitrile 7717 2 —51.7784 —43.4884
Isobutyronitrile 6311 1 —48.5356 —40.9661
Methacrylonitrile 29101 1 —48.3002 —40.7617
Propionitrile 7566 1 —42.0651 —35.3587
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Table 3 Interactional profile

of ReNHase with benzonitrile Benzonitrile ReNHase atom  Distance Type of contacts
atom &)
NI OGI1 THRI126 A 3.0 Hb
N1 N THR126 A 3.0 Hb
N1 OILE24 B 3.6 Hb
N1 NE2 HIS29B 3.9 Hb
Cl1 CAPROI25 A 3.6 Ph
C3 CDI1ILE24B 3.1 Ph
C3 CGI1ILE24B 3.7 Ph
C3 CAPROI25 A 42 Ph
C4 CBLEUI23 A 3.6 Ph
C4 CG2 THR27B 3.6 Ph
Cs CDI1ILE24B 3.6 Ph
Cs CGI1ILE24B 44 Ph
C6 CG2 THR27B 3.5 Ph
Co6 CB LEUI23 A 4.0 Ph
C7 CAPROI25 A 3.5 Ph
C7 CB PROI25 A 42 Ph
C7 CD1ILE24B 44 Ph
C2 CE2TYR73B 52 Ar
N1 CB ILE24 B 4.4 HH

Hb hydrogen bonding, Ph hy- N1 CAPROI2S A 38 HH

drophobic, 4r aromatic-aromat- NI CBPROI25 A 43 HH

ic, HH hydrophilic—hydrophobic

algorithm [14]. The binding pockets or cavities in enzymes were detected, in order to
provide potential sites for the binding of substrates. All docking experiments were
finished using the following default parameters: 1,500 for max iterations, 50 for max
population size, 100.00 for energy threshold, 300 for max step, 1.00 for neighbor
distance factor, and 5 for max number of poses returned. The conformations with the
lowest re-rank scores were selected as the best binding poses. Consistent with our
previous study [9], the LPC/CSU server was used to analyze various enzyme—sub-
strate interactions [21].

Results and Discussion
Fe-Type NHase

Fe-type NHase selected in the present study was from R. erythropolis AJ270
(ReNHase). Nitriles were selected as 2,2-dimethylcyclopropanecarbonitrile, 2-
hydroxy-4-phenylbutanenitrile, 3-cyanopyridine, 4-chloro-3-hydroxybutanenitrile, ace-
tonitrile, acrylonitrile, benzonitrile, butyronitrile, isobutyronitrile, methacrylonitrile,
and propionitrile (Tables 1 and 2). Up to date, there is no report on binding modes
between these nitriles and ReNHase, although it has been well demonstrated that
ReNHase is capable of degrading these nitriles [22-27]. Here, we presented the first
binding analysis between them by MVD (Fig. S1). The entrance of ReNHase is very
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Fig. 1 Interactions of nitrile-degrading enzyme/substrate complexes. a ReNHase/benzonitrile complex. b
PtNHase/3-cyanopyridine complex. ¢ RhAmidase/L-methioninamide complex. The 3D structures of ReNHase,
PtNHase, and RhAmidase are shown in yellow stick models; the 3D structures of benzonitrile, 3-cyanopyridine
and L-methioninamide are represented in green stick models. Interactions are shown in dashed lines

narrow and thus is very suitable for residence of small nitriles. The pose with the
lowest re-rank score was chosen as the preferred solution. Table 2 listed the MolDock
scores and re-rank scores of the best docked poses generated by MVD. A previous
study showed the NHase of R. erythropolis strain (N'4) owned a high specific activity
toward methacrylonitrile and butyronitrile, but was found to have a low activity
toward benzonitrile [25]. However, docking results showed that benzonitrile had the
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Table 4 Molecular docking pose

scores between PtNHase and Name of nitriles  ID Rotated MolDock Re-rank

nitriles bond score score
3-Cyanopyridine 78 1 —63.9557 —56.056
Acrylonitrile 7567 1 —41.2224 —-34.521
Benzonitrile 7224 1 —63.7441 —55.6398
Methacrylonitrile 29101 1 —49.6155 —41.8706
tert- 22045 1 —46.5442 —38.9895

Butylisonitrile

most favorable interactions with NHase than methacrylonitrile and butyronitrile. This
may be because the selected R. erythropolis strains in these two studies were different
(N4 vs. AJ270). Among the microbial degradation of nitrile mediated by ReNHase,
ReNHase interacted with nitrile and further cleaved the nitrile to the corresponding
amide [5]. Our study focused on the interactive details between nitriles and ReNHase
which are unclear until now. The LPC/CSU server, a program for automatically
analyzing the enzyme-—substrate interaction, was used to explore the interactional
profile in ReNHase/benzonitrile complex which was found to have the lowest re-

Table 5 Interactional

profile of PtNHase 3-Cyanopyridine  PtNHase atom Distance  Type of contacts
with 3-cyanopyridine atom A
NI N TYR68 B 3.1 Hb
NI OE2 GLUI128 A 3.7 Hb
N1 ODI1 ASNI124 A 47 Hb
N2 NHI ARGI32 A 32 Hb
N2 OH TYR63 B 3.5 Hb
N2 O LYS127 A 35 Hb
Cl CD PROI29 A 3.6 Ph
Cl CG GLUI28 A 3.7 Ph
C2 CDPROI29A 34 Ph
C2 CG GLUI28 A 37 Ph
C3 CG GLUI28 A 35 Ph
C3 CDPROI29A 44 Ph
C4 CG GLUI28 A 3.6 Ph
C4 CB TYR68 B 3.7 Ph
C4 CB LYSI27 A 4.9 Ph
Cs CA PRO67 B 42 Ph
Co CD PROI29 A 34 Ph
C6 CG PROI129 A 3.7 Ph
C4 CEl HIS71 B 3.8 Ar
C4 CD1 TYR68 B 4.1 Ar
Cl CE1 HIS71 B 3.6 Ar
NI CB TYR6S8 B 35 HH
Hb hydrogen bonding, Ph hy- N1 CGGLUI28 A 34 HH
drophobic, Ar aromatic—aromat- N2 CG PROI29 A 35 HH

ic, HH hydrophilic-hydrophobic
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Table 6 Molecular docking pose scores between RhAmidase and amides

Name of nitriles 1D Rotated bond MolDock score Re-rank score
2,2-Dimethylcyclopropanecarboxamide 499714 1 —72.2052 -61.2639
Acetamide 173 0 —46.5134 —39.3331
Acrylamide 6331 1 —54.968 —47.8015
Benzamide 2241 1 —78.5198 —69.6819
Butyramide 10464 2 —62.1936 —52.5859
Formamide 693 0 -35.711 —30.1548
Hexamide 11827 4 —82.7027 —69.4855
Isobutyramide 61707 1 —58.4459 —52.0186
L-Alaninamide 392718 1 —60.0299 —53.4233
L-Leucinamide 62841 3 —86.2464 =73.1773
L-Methioninamide 129201 4 —86.7419 —76.0224
L-Prolinamid 99870 1 =75.071 —65.0817
L-Threoninamide 392091 2 —70.0342 —63.809
Methacrylamide 6346 1 —59.2672 —52.8855
Nicotinamide 911 1 —76.4217 —68.5355
Propanamide 6330 1 —53.8982 —47.1523

rank score and was selected as representative to determine the interactional details
between nitrile and ReNHase. Our results showed that the THR126 A and ILE24 B
were essential for benzonitrile binding by hydrogen bonding (Hb) interactions
(Table 3). HIS29 B bound to benzonitrile also use Hb interactions. Benzonitrile made
hydrophobic (Ph) contacts with residues PRO125 A, ILE24 B, LEUI123 A, and
THR27 B. ReNHase exhibited no acceptor—acceptor (AA) contacts with benzonitrile.
The C2 atom of benzonitrile formed aromatic—aromatic (Ar) contact with TYR73 B.
ILE24 B and PRO125 A from ReNHase were involved in benzonitrile binding in the
form of hydrophilic-hydrophobic (HH) contacts. Various interactions found between
ReNHase and benzonitrile might be responsible for the stabilization of the complex
ReNHase/benzonitrile during ReNHase catalysis (Fig. 1a).

Co-Type NHase

In the present study, we have determined the PtNHase—nitrile bindings for the first
time by MVD (Fig. S2). The MolDock score and re-rank score of the top poses for
all docked substrates are given in Table 4. PtNHase showed the lowest re-rank score
for 3-cyanopyridine among all surveyed nitriles. NHase has been extensively used in
the industry [18]. The best example is related to the production of acrylamide by
NHase [2]. However, the binding landscape between NHase and nitrile has not been
examined until now. We investigated here the interactions of PtNHase with the best
pose (3-cyanopyridine) using the LPC/CSU server. TYR68 B, GLU128 A, ASNI124
A, ARG132 A, TYR63 B, and LYS127 A made Hb contacts with 3-cyanopyridine
(Table 5). In the complex PtNHase/3-cyanopyridine, PRO129 A, GLU128 A, TYR68 B,
PRO67 B, and LYS127 A formed Ph contacts with the ligand 3-cyanopyridine. We have
identified a set of PtNHase residues that formed HH contacts with 3-cyanopyridine, including
TYR68 B, GLU128 A, and PRO129 A. HIS71 B and TYR68 B from PtNHase adhered to 3-
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Table 7 Interactional profile

of RhAmidase with L-Methioninamide RhAmidase Distance Type of
L-methioninamide atom atom A) contacts
Ol N GLY219 A 2.8 Hb
o1 OH TYR346 A 3.1 Hb
N1 O LEU353 A 3.2 Hb
N1 O ASN253 A 3.2 Hb
N1 OGITHR218 A 3.4 Hb
N2 O TYR217 A 32 Hb
N2 O ALA220 A 32 Hb
S1 CD PRO255 A 4.5 Ph
S1 CB ALA350 A 4.6 Ph
S1 CG PRO255 A 4.4 Ph
Cl CD PRO255 A 3.7 Ph
C3 CE2 TYR346 A 3.5 Ph
C3 CD2 TYR346 A 3.5 Ph
C3 C LEU353 A 42 Ph
C3 CD PRO255 A 4.4 Ph
(05} CD2 TYR346 A 3.8 Ph
(05} CATYR346 A 4.2 Ph
(05} CG PRO222 A 4.3 Ph
C5 CD ARG225 A 44 Ph
Cs5 CB PRO222 A 4.7 Ph
Cl1 NHI1 ARG256 A 3.4 HH
C3 N LEU353 A 4.5 HH
(05} O TYR346 A 33 HH
C5 NE ARG225 A 3.5 HH
N1 CG2 THR218 A 35 HH
C3 O LEU353 A 3.2 HH
(o) CDI1 LEU353 A 5.7 HH
(05} NH2 ARG256 A 4.4 HH
Hb hydrogen bonding, Ph hy- 01 CG2 THR218 A 4.0 HH
drophobic, HH hydrophilic-hy- N2 CG PRO222 A 4.0 HH
drophobic, Ar aromatic— o1 O LEU353 A 37 AA
aromatic

cyanopyridine in the form of Ar contact. PtNHase did not interact with 3-cyanopyridine via AA
contacts. The contact network between PtNHase and 3-cyanopyridine likely played a key role
in forming the complex PtNHase/3-cyanopyridine (Fig. 1b).

Amidase

Binding of substrate to amidase was surveyed by molecular docking (Fig. S3). Weak
hydrolysis activity of RhAmidase for acrylamide was observed in another study [7], likely
partly due to a weak interaction between RhAmidase and acrylamide (Table 6). High amide
binding may prolong the duration of amidase’s action. Amidase selected in this study
belonged to amidase signature (AS) family in which the Ser-cisSer-Lys catalytic triad is
conserved [7]. However, these three types of amino acids were not observed to play an
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important role in binding of L-methioninamide (Table 7). Key residues involved in the
binding of L-methioninamide to RhAmidase did not come from the same domain. Instead, a
large domain and a small domain participated in the interactions of RhAmidase with L-
methioninamide, and these interactions contributed to the formation of the RhAmidase/L-
methioninamide complex (Fig. 1c). The Hb contacts between RhAmidase and L-
methioninamide were formed by residues GLY219 A, TYR346 A, LEU353 A, ASN253
A, THR218 A, TYR217 A, and ALA220 A. PRO255 A, ALA350 A, TYR346 A, LEU353
A, ARG225 A, and PRO222 A participated in the Ph contacts with the ligand L-
methioninamide. The Ph contacts were most abundant between RhAmidase and L-
methioninamide and might be the main driving force for the generation of the
RhAmidase/L-methioninamide complex. Six residues ARG256 A, LEU353 A, TYR346 A,
ARG225 A, THR218 A, and PRO222 A were important in the binding of RhAmidase to L-
methioninamide by HH contacts. Unlike ReNHase and PtNHase, RhAmidase had an AA
contact with its substrate, but no Ar contacts were observed.

Conclusions

Here, we have reported the binding landscape between three types of nitrile-degrading
enzymes and their substrates and successfully identified the interactional profiles of three
complexes (ReNHase/benzonitrile, PtNHase/3-cyanopyridine, and RhAmidase/L-
methioninamide complexes). In spite of substrate difference, ReNHase/benzonitrile and
PtNHase/3-cyanopyridine complexes exhibited comparable re-rank scores, whereas the
RhAmidase/L-methioninamide complex had a lower re-rank score. Interestingly, these three
identified nitrile-degrading enzyme/substrate complexes exhibited very similar interactive
needs: Hb, Ph, and HH contacts were found in each complex for the binding of selected
substrates to corresponding nitrile-degrading enzymes. However, it must be noted that the
abundance of various interactions was different between these complexes. The difference of
interactional profiles between nitrile-degrading enzyme/substrate complexes may be partly
due to the difference of chemical characters between interacted substrates or nitrile-
degrading enzymes. These data are very useful for the design of enzyme mutants with better
oxidation activity toward nitriles or amides. However, the theoretical hypothesis should be
proven with experimental data before application and more in-depth investigation is needed.
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