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Purification and characterization of arginine deiminase from Pseudomonas putida:
Structural insights of the differential affinities of L-arginine analogues
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Arginine deiminase (ADI) from Pseudomonas putida was purified using ammonium sulphate precipitation, anion
exchange and hydrophobic interaction chromatography. Influence of various chemical compounds (metal ions, reducing
agents, sulphydryl agents, and surfactants) on the catalytic activity of ADI was determined was evaluated on the purified
ADI. The enzyme displayed high sensitivity towards thiol binding metal ions, chemicals acting on sulfhydryl group, and
most of the surfactants. Substrate specificity studies exhibited that among the eight substrate analogues tested, cana-
vanine had the highest affinity for ADI, followed by p-arginine and guanidine. Canavanine decreased the ADI activity up
to 50% at its lowest concentration tested (10 mM), while p-arginine decreased the ADI activity up to ~4% at its highest
tested concentration (200 mM). Differential affinities of the structural analogues of arginine towards ADI were further
studied by molecular modeling methods, which included homology modeling, molecular docking and molecular dy-
namic simulations. The molecular docking studies revealed the critical importance of residues Arg 243, Asp 166, Asp 280,
Gly 299 and His 278. RMSDs for protein-ligand complexes were within a range of 1-3 A, suggesting that the complexes
were stable throughout the molecular dynamic simulation. The formation of strong hydrogen bonds by residues Asn
160, Asp166, Arg 185, Arg243, Asp280 and Gly 399 in L-arginine were preserved in the case of p-arginine and canavanine
and was responsible for higher affinity towards ADI. Calculations of the substrate binding energies revealed that binding
energies AGpjng and AGygw play a critical role for the differential affinities of various substrate analogues towards

P. putida ADL.
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Arginine deiminase (ADI) is a potential anti-tumor modality that
has been granted an orphan drug status by U.S. Food and Drug
Administration for the treatment of hepatocellular carcinomas and
melanomas (1). ADI-mediated conversion of arginine to citrulline is
also a potential approach for the production of citrulline (2,3). ADI
from Pseudomonas putida KT2440 has not been previously demon-
strated for its uses and it is very important to purify this enzyme for
its further characterization. Due to its high anti-tumor potentials,
ADI from different bacterial genera have been characterized. Major
examples include such as Lactobacillus, Mycoplasma, Lactococcus,
Pseudomonas (4). During the recent years, much attention has been
paid to ADI from Pseudomonas genus. Crystal structure of Pseudo-
monas aeruginosa has been determined by the multi-wavelength
anomalous diffraction method at 2.45 A resolution (5). Further-
more, a substrate-induced conformational transition, playing an
important role in regulation of ADI activity, also has been discov-
ered. In addition, plausible mechanisms of active site catalysis and
other structural insights have been demonstrated for P. aeruginosa
ADI (6). Recently, a new strain of Pseudomonas genera, Pseudomonas
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plecoglossicida CGMCC2039, producing highly active ADI has been
isolated (7). Furthermore, P. plecoglossicida CGMCC2039 ADI enzyme
properties have been improved by rational design and directed
evolution approaches (8—10).

Despite of its high potential, ADI from P. putida has not been well
explored by scientific community and much is still elusive about
the molecular mechanisms of its enzymatic properties. In view of
the notion that ADI from P. putida KT2440 can be a potential anti-
tumor modality (11), we report the structural insights of the
enzymatic properties, including the key interactions playing
important role in ligand—enzyme complex formation. As the crystal
structure of P. putida KT2440 ADI is still undetermined, the struc-
tural insights are not much clear. We addressed this issue by
building homology model of P. putida KT2440 ADI. Molecular
docking studies were carried out to explore the role of important
catalytic residues in the interaction of enzyme-ligand complexes.
Furthermore, various molecular interactions between the enzyme-
ligand were studied by molecular dynamic simulations and corre-
lated with the results obtained by the laboratory experiments.

MATERIALS AND METHODS

Microorganism and cultivation conditions P, putida KT2440 was grown
aseptically in a 14 L stirred-tank bioreactor (BioFlo 310; New Brunswick Scientific,
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Enfield, CT, USA) with a working volume of 8 L as previously reported (12). The broth
was harvested after 24 h of fermentation and the cells were recovered by
centrifugation (7000 x g, 20 min, 4°C). The cell pellet was washed twice with
phosphate buffer (50 mM, pH 7.0) and used for the preparation of cell-free extract.

Purification of ADI from P. putida  The cellmass slurry (200 g/L) of P. putida
was disrupted by ultrasonication for 10 min as previously described (13). The debris
was removed by centrifugation (7000 x g, 20 min at 4°C) and the supernatant was
used for the purification of ADI. ADI activity was determined as previously described
(12,14).

Initially, 20% (w/v) ammonium sulphate was adjusted in cell lysate with
continuous stirring at 4°C. The solution was stirred for 2 h and then centrifuged
for 30 min at 30,000 x g. The precipitate was discarded and ammonium sulphate
was added to the supernatant so that the final concentration reached 40% (w/v)
saturation. The solution was stirred for 2 h. The precipitate formed was discarded
and ammonium sulphate was added to the supernatant so that the final con-
centration reached 80% (w/v) saturation. The resulting precipitate was collected
by centrifugation for 30 min at 15,000 x g, resuspended in Tris buffer (20 mM, pH
8.0) and passed through 10 kDa centricon membrane (Millipore, Bedford, MA,
USA).

The supernatant obtained after centrifugation was loaded on DEAE-Sepharose
column (1.0 x 20 cm), saturated with 1 M NaCl in Tris buffer 20 mM, pH 8.0 and
excess NaCl was removed by washing with Tris buffer (20 mM, pH 8.0) at a flow rate
of 0.8 mL/min using fast protein liquid chromatography (Aktaprime, Amersham
Biosciences, Uppsala, Sweden). ADI was eluted with the increasing gradient of NaCl
(50—500 mM) in Tris buffer (20 mM, pH 8.0). Fractions were collected and analyzed
for enzyme activity and protein content.

The eluted active fractions from the anion exchange chromatography were
pooled and concentrated by filtration on a 100 kDa Centricon membrane (Millipore).
The ultrafiltered solution was then loaded to phenyl-sepharose fast flow column (1.0
x 10 cm) (Amersham Biosciences), equilibrated with 1.7 M ammonium sulphate at
0.6 mL/min flow rate. ADI was eluted with decreasing concentration of ammonium
sulphate.

Electrophoresis =~ SDS-PAGE was performed on a 12% (w/v) polyacrylamide
gel using Tris—glycine buffer system. The proteins were stained with 0.05%
Coomassie Blue R-250 and the excess dye was washed out using destaining solution.

Determination of kinetic parameters of the purified ADI  The kinetic pa-
rameters (K and Vinax) of the purified enzyme were determined by double recip-
rocal Lineweaver—Burk plot. For this, enzyme activity was measured in the presence
of increasing substrate concentration from 0.25 to 35 mM. The experiments were
carried out in triplicate and average values are reported.

Determination of pH and temperature optima of the purified ADI  Effect
of pH and temperature on purified ADI was determined by incubating the enzyme
with t-arginine in buffers of different pH (pH 4.0—8.0) and at different temperatures
(4—50°C). ADI activity was determined in accordance with standard assay protocol
and reported as relative activity. The maximum ADI activity was taken as 100%. The
experiments were carried out in triplicate and average values are reported.

Effect of various chemical compounds on the purified ADI  Influence of
various chemical compounds (metal ions, reducing agents, sulphydryl agents, and
surfactants) on the catalytic activity of ADI was determined by pre-incubating the
enzyme with various compounds in 200 mM phosphate buffer (pH 6.0) for
15 min. Enzyme activity was determined by assaying the test solution under
standard assay conditions and relative activity was expressed as a percentage of
the activity in the absence of any test compound. The experiments were carried
out in triplicate and average values are reported.

Substrate specificity of ADI toward structural analogues of
arginine  Specificity of substrate analogues towards P. putida ADI was deter-
mined by pre-incubating the enzyme with structural analogues of arginine in
200 mM phosphate buffer (pH 6.0) for 15 min. Enzyme activity was determined
by assaying the test solution under standard assay conditions and relative activity
was expressed as a percentage of the activity in the absence of any test
compound. The experiments were carried out in triplicate and average values are
reported.

Homology modeling of arginine deiminase from P. putida  The FASTA
sequence for arginine deiminase of P. putida KT2440 was retrieved from UniProt
(http://www.uniprot.org/) (primary accession number Q88P52). The FASTA
sequence on arginine deiminase contains 417 amino acids. The query sequence from
the ADI was used to perform the basic local alignment search tool (BLAST) search on
PDB database. Three structures were selected (PDB: 2A9G_D, 2ACI_A, 2ABR_A and
2AAF_A) as template for the model building on the basis of alignment length and the
bit score obtained in the BLAST. The template with highest sequence similarity was
then aligned according to their secondary structure using the MODLERER (align
structure) and a sequence profile was generated by using the in-house database
UniRef90 which is mainly used to produce the conserved residue based
alignment. Further, to identify the conserved regions, a multiple alignment was
carried out by aligning both templates and target structure. The multiple
alignment structure was used for model construction using protocol Build
homology model present in the Modeller9v6. The best model obtained from the
protocol was subjected to the CHARMM for refining the model and minimized
using Sybyl 7.1. The models obtained were checked for its dihedral distribution by
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Ramachandran plot. The ERRAT plot was examined to find out the geometric
relationship between non-bonded contacts with C, N, O as a function of distance.
Besides, the model was also verified by tools like PROCHECK, Varify 3D WHAT-IF
and ProSA-web.

Molecular docking  The developed model was selected as an initial structure
for the protein preparation. The protein was prepared for bond orders, adding
hydrogen bonds, finding overlaps and capping the terminals. The protein preparation
was carried out at a pH 6.0. The resultant protein was then optimized and minimized
to RMSD 0.30 A using OPLS 2005 force field and was further used for the docking
process. The structures of the substrates were drawn and minimized using Schro-
dinger 10.02 (Schrodinger, Cambridge, MA, USA). Substrates were then imported into
the ligprep module and optimized using OPLS 2005 force field. All the substrates were
subjected to all the possible states of ionization at pH 6.0 + 0.2 using ionizer. The best-
optimized structures out of 32 poses were selected. All the structures were saved in.
mae format for further use. The prepared substrates were subjected to the docking
procedure. The important catalytic residues were selected for the grid preparation
and docking. The docking of the substrates was performed using the default
parameters in Glide module (Schrodinger). All the substrates were docked using
the standard precision (SP) method. The flexible docking was carried out for the
generation of the ten different poses. The docked structures were analyzed based
on the parameters like glide score, glide energy, and emodel score. The interaction
diagramme was produced which mainly reported the hydrogen bonds,
hydrophobic interactions and Pi—Pi interactions between substrates and the protein.

Molecular dynamic simulations  The ligand-enzyme complexes obtained
from molecular docking studies were further used for 10 ns molecular dynamic
simulations using Desmond (Schrodinger v10.02) programme. The MD simulation
calculations were done using the OPLS 2005 force field. The solvation of the
complex was carried out using orthorhombic TIP3P water box (10A x 10A x
10 A). The whole system was then neutralized by adding 0.15 M NaCl ions. The
system was then minimized and run at a temperature of 310 K and pressure of
1.01325 bars.

Prime MM/GBSA free energy calculation  The prime module was used for
the prediction of the free binding energy of the substrates to protein. The complex
and the separated protein and ligands were used for the calculation of the free
energies. The novel energy model volume Bragg gratings (VBGs) were used as sol-
vation model for optimizing the implicit solvent model and for the correction of the
physics-based corrections of hydrogen bonding, m-7 interactions, self-contact
interactions and hydrophobic interactions.

RESULTS

Purification of ADI from P. putida Arginine deiminase from
P. putida was purified to 13.3-fold with an yield of 11.69 % (Table 1)
from the cellfree extract using two chromatographic procedures
along with ammonium sulphate precipitation. Approximately 1.3-
fold purification was achieved by ammonium sulphate
precipitation with 41.4% yield. This fraction (147 U) was loaded on
DEAE-sepharose with Tris buffer (pH 8.0, 20 mM) and eluted by
gradient elution with 1 M sodium chloride in the same buffer.
Partially purified protein fraction was achieved between 15% and
25% gradient of the elution buffer. A purification of 6.4-fold was
achieved after this step. Partially purified ADI (147 U, from anion
exchanger) was loaded on phenyl sepharose column with 1.7 M
ammonium sulphate. Decreasing concentration of ammonium
sulphate was used for elution. Purified protein fraction was
achieved between the decreasing gradient of 04-01 M
ammonium sulphate in the same buffer. The purified enzyme had
specific activity of 70.3 U/mg and showed a prominent band on
SDS-PAGE, suggesting that the enzyme preparation was
significantly homogeneous (Fig. 1A).

TABLE 1. Purification of intracellular arginine deiminase from Pseudomonas putida.

Step Enzyme Total Specific activity Yield (%) Purification
activity (U) protein (mg) (U/mg) fold
Cell free extract 355 67 531 100 1
(NH4)2S04 147 213 6.9 414 13
precipitation
DEAE-Sepharose 102 3 34 28.73 6.4
Phenyl-sepharose 41.5 0.59 703 11.69 133
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Determination of Kkinetic parameters of the purified
ADI Kinetic parameters (the maximum reaction rate, Vpax;
Michaelis—Menten constant, Ky,) of the purified ADI from P. putida
were determined using L-arginine (0.25—35 mM) as substrate. The
ADI activity increased linearly with the increasing substrate con-
centration up to 10 mM above which there was a substrate inhi-
bition (Fig. 1B). Therefore, kinetic constants were determined
within a substrate range of 0.25—10 mM. V.« and apparent K,
for the purified ADI were calculated to be 19.2 pmol/min-mg and
6 mM, respectively (Fig. 1C).

Determination of pH and temperature optima of the
purified ADI The effect of pH on ADI activity was studied in
different buffers (0.2 M) in the pH range of 4.0—8.0 (Fig. S1). The
maximum enzyme activity was observed in phosphate buffer
between the pH 6.0—6.4. ADI activity was stable over a pH range of
5.5—6.8. The enzyme retained approximately 15% of its activity at pH
7.4. ADI lost almost all of its activity below the pH 4.5 and beyond
pH 74. The optimum temperature for catalysis was determined
by measuring the enzyme activity at various temperatures over
10—-50°C in phosphate buffer (pH 6.0, 0.2 M). ADI exhibited
approximately 80% of its activity over a broad temperature range of
20—45°C, with an optimum temperature of 37°C (Fig. S1).

Effect of various chemical compounds Effect of various
metal ions on ADI activity was found out by incubating the
enzyme with salts of different metal ions (5—20 mM). The
enzyme displayed high sensitivity towards thiol binding metal
ions such as Zn?*, Cu®*, Hg?* and Ag™ (relative activity: 19%, 15%,
5% and 0%, respectively) (Table S1). Such observations indicate
the importance of thiol group in the catalytic activity. Though
other metal ions did not significantly affect the enzyme activity,
Fe?* and Sn** caused a marked decrease in ADI activity (76%
and 16%, respectively). This could possibly be attributed to the
ability of these metal ions to form co—ordination complexes
near the active site involving catalytically active thiol group.
Reducing agents such as cysteine and sodium sulphite slightly
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decreased the ADI activity, while, glutathione and 2-
mercaptoethanol had a positive effect on ADI activity (Table S2).
Chemicals acting on sulfhydryl group, such as 5,5,-dithio-bis-(2-
nitrobenzoic acid) (DTBN reagent) completely inhibited the ADI
activity at 20 mM (Table S3). Most of the surfactants at higher
concentration negatively affected the ADI activity, while Span
40 and alkanol marginally improved the % relative activity to
111 and 107, respectively (Table S4).

Substrate specificity of ADI The arginine deiminase can use
some structural analogues of arginine as alternative substrates
(15,16). The binding of these alternative substrates to ADI causes
decrease in citrulline formation from arginine. A variety of
structural analogues were used to study their effect on the
inhibition of citrulline formation by ADI Inhibition was studied
by 15-min prior incubation of the enzyme with different
concentrations (10—200 mM) of structural analogues, followed by
the standard assay protocol. It was observed that canavanine had
the highest affinity for ADI, followed by p-arginine and guanidine.
Canavanine decreased the ADI activity up to 50% at its lowest
concentration tested (10 mM), while p-arginine decreased the
ADI activity up to ~4% at its highest tested concentration
(200 mM). Inhibition of ADI activity suggested that these
structural analogues of the substrate r-arginine had the varying
affinity for P. putida ADI (Table 2).

Homology modeling The amino acid sequence of P. putida
ADI protein was retrieved from UniProtKB (primary accession
number: Q88P52). The FASTA sequence was retrieved and the
protein sequence consisting of 417 amino acids was subjected to
NCBI BLASTp search against Protein Data Bank (PDB) in order to
find a template with suitable identity. Templates having PDB IDs
2A9G_A, 2ACI_A, 2ABR_A and 2AAF_A showed 84% sequence
identities with the query sequence. Since PDB ID 2A9G_A showed
higher sequence identity, higher cover of the query sequence
(100%) and highest total score, it was selected as a template. The
amino acid sequence was aligned with the template amino acid
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TABLE 2. Effect of varying concentration of substrate analogues on ADI activity.

Relative activity (%)*
10 20 40 60 80 100 200

Substrate analogue (mM)

p-Arginine 858 847 741 621 485 379 34
Agmatine 923 877 851 803 838 779 723
Putrescine 942 942 923 949 96.2 96.1 894
L-Canavanine 554 502 138 0.83 0.7 0.6 0

Homoarginine 977 940 919 873 780 755 750
3-Aminoalanine 96.6 944 923 90.6 89.0 893 725
L-Ornithine 885 869 808 795 842 820 764
Guanidine 90.8 855 826 803 763 757 655

2 The ADI activity was expressed as a percentage of the activity in presence of -
arginine as a substrate.

using ClustalW. Fig. S2 shows the alignment of the query sequence
with the template sequence.

Model building and refinement The initial model of
P. putida ADI was built using the Modeller9v6 program. Initially 100
models were built and models were evaluated using DOPE score,
Ramachandran and ERRAT plot. Ramachandran plot for model
number 30 showed that 97.8% (406 out of 417) amino acids lie in the
favored region and only 2 amino acids lie in the outlier region
(Fig. S3). Moreover, ERRAT plot showed the value of 89.578.
Therefore, this model was finalized as the homology model of the
ADI from P. putida KT2440.

Molecular docking The developed model (Fig. 2) was
selected as an initial structure for molecular docking. Table 3
depicts the results of docking studies. Moreover, there was a
positive correlation between the docking scores and the
experimental inhibition of ADI activity in the presence of these
substrate analogues. The higher negative docking scores suggest
that the compound is more potent. For instance, L-arginine is
having highest affinity for ADI and its docking score was found to
be —7.7 kcal/mol. Moreover, interaction diagrams showing the
important interactions taking place among the substrate
analogues and the ADI are shown in Fig. 3.

Molecular dynamic simulations The complex structures
obtained for all the substrate analogues from molecular docking

J. Biosct. Bioenc.,

TABLE 3. Docking scores and Glide energies for various substrate analogues and ADI
complexes.

Substrate analogue Docking score (kcal/mol) Glide score (kcal/mol)

L-Arginine —7.72 —7.72
p-Arginine —7.46 —7.46
Agmatine —6.56 —6.56
Putrescine -5.74 -5.74
L-Canavanine -7.51 -7.51
Homoarginine -533 -5.33
3-Aminoalanine -4.10 —5.88
L-Ornithine —6.60 —6.60
Guanidine -6.35 -6.35

studies were further used for the 10-ns Molecular dynamics
simulation studies using Desmond (Schrodinger v10.02). RMSD
not only measures the average change in displacement of atoms
for a particular frame with respect to a reference frame but also
give insights into its structural conformation throughout the
simulation. The smaller deviation in the RMSD (1-3 A) is
acceptable for small, globular proteins, while changes much
larger than that indicate the conformational instability of the
protein during simulation (17,18). As shown in Fig. S4, RMSD
values for protein backbone were within an acceptable ranges
(1-3 A), suggesting that the protein was stable during the
simulations. Similarly, if the values observed are significantly
larger than the RMSD of the protein, then it is likely that the
ligand has diffused away from its initial binding site. In the
present study, RMSDs for protein-ligand complexes were very
small, suggesting that the protein ligand complexes were stable
throughout the simulation.

Furthermore, we analyzed the different molecular interaction
pattern along the 10-ns simulation time to examine the effect of
these molecular interactions on the ligand-ADI complexes.
Hydrogen bonds are assumed to be formed if the distance be-
tween donor and the acceptor is within 5 A (19). Interaction
between a hydrophobic amino acid and an aromatic or aliphatic
group on the ligand forms hydrophobic contacts (20), while two
oppositely charged atoms that are within 3.7 A of each other
form lonic/polar interactions. Water bridges are hydrogen-bonded

FIG. 2. Homology model of ADI from Pseudomonas putida.
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FIG. 3. Interaction diagram and docking poses for substrate analogues. (A) L-Arginine, (B) homoarginine, (C) aminoalanine, (D) agmatine, (E) p-arginine, (F) putrescine, (G) cana-

vanine, (H) ornithine, and (I) guanidine.

protein-ligand interactions mediated by water molecule (21). As
can be seen in Fig. 4, the pattern and extent of these molecular
interactions were distinctive for each of the substrate analogue.
The difference in the extent and type of molecular interactions
can be speculated as a molecular mechanism for the differential
affinity of substrate analogues towards P. putida ADI The binding
free energies were calculated to analyze the molecular in-
teractions of the substrate analogues and ADI. The various com-
ponents of binding energies for all the substrate—protein
complexes are shown in Table 4.

DISCUSSION

Arginine deiminase is a promising drug modality against the
hepatocellular carcinomas, melanomas and other arginine auxo-
trophic tumor types (1,22,23). In the present study, ADI from
P. putida KT2440 was purified and characterized. Also, the data
acquired from the in silico studies would be advantageous for

further investigation on the catalytic properties of ADI from
P. putida.

ADI from various microorganisms has been characterized and
reported in the literature. Specific activity of a purified enzyme is a
characteristic feature and is a function of the substrates used. In the
present study, the purified ADI from P. putida exhibited the
maximum reaction rate (Vpax) of 19.2 umol/min-mg and Ky, of
~6 mM. Arange of ADI activities from 0.1 to 143 U/mg from various
microbial species are reported in literature (9). For instance,
Monstadt and Holldorf (24) have reported the specific activity of
ADI as 5.4 U/mg from Halobacterium saliniarium. The highest spe-
cific activity of ADI (143 U/mg) has been reported from Lactobacillus
lactis (25). The specific ADI activities of 44.5 and 35 U/mg from
Mycoplasma arginini and Mycoplasma hominis, respectively are also
reported in the literature (26,27). Similarly, K, is an important
parameter that depicts the affinity of the enzyme towards its sub-
strate. K, values of 0.2—8.7 mM have been reported for the ADIs
from various microorganisms (8). The Ky values reported for
P. plecoglossicida and L. lactis are 2.88 and 8.7 mM, respectively.
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FIG. 3. (continued).

However, the K, value for ADI from P. putida in our study (6 mM) is
slightly higher than that of previously reported values in Pseudo-
monas sp. (9). The sensitivity of the various assay methods may be
one of the reasons for the difference in Ky, values. The affinity of an
enzyme obtained from various sources obviously depends on the
type of organism, environmental conditions for the cultivation and
purity of the enzyme.

The effect of temperature and pH was evaluated on the purified
ADI from P. putida. ADI exhibited an optimal pH range of 6.0—6.4 for
its maximal catalytic activity. Both on the acidic and alkaline pH
conditions, the ADI activity had drastically reduced. This result was
in good agreement with the previously reported literature (9). The
optimum pH of arginine deiminase from P. putida and M. hominis
has been reported to pH 6.0 (27,28). The optimum pH values for the
ADIs from the various microbial species are found to vary signifi-
cantly from pH 5.0 to 7.4 (29) and amino acid residue at the position
404 has been reported as crucial for the differences in the pH
optima (8,29). It has been reported that the ADI having His 404
exhibits the acidic pH optima, as in the case of Burkholderia mallei
(30) and P. aeruginosa (16), while on the other hand, as in cases of
Bacillus cereus (30) and M. hominis (31), the optimum pH has been
demonstrated to be higher with the presence of arginine at position
404. Differential hydrogen bonding network involving these resi-
dues has been proposed as a catalytic mechanism for the differ-
ences in the optimum pH values (29). Previously reported studies in
P. putida have reported the optimum temperature of ADI as 50°C
(28). The optimum temperature for ADI in the present study was
found to be 37°C.

The in silico study was aimed towards gaining the structural in-
sights for the differential affinities of the structural analogues of
arginine towards ADI. To understand the binding mode of structural
analogues, we have carried out the molecular modeling that is,

molecular docking and molecular dynamics. The study of molecular
docking revealed the critical importance of residues Arg 243, Asp 166,
Asp 280, Gly 299 and His 278. The docking study also showed that
the molecular interactions for p-arginine and canavanine had similar
interactions as that of r-arginine. 1-Arginine was strongly bound by
strong hydrogen bonds. In accordance with the previous reports (32),
two hydrogen bonds were formed each by Asp166 and Asp280.
Moreover, other hydrogen bonds were formed such as, two between
Arg 243 and oxygens of carboxylate group, one between Arg 185 and
carboxylate group of L-arginine, one each between Asn 160, Gly 399
and amino group of the substrate (Fig. S5). Molecular docking further
revealed that formation of all these hydrogen bonds was consistent
in p-arginine and canavanine. Only the hydrogen bond between
Asn160 and amino group of L-arginine was observed exclusively for -
arginine. It was also observed that the bond lengths for all the
hydrogen bonds between these substrates and protein ranged from
1.4 to 2.6 A, indicating the stronger interactions. The common mo-
lecular interactions by the residues Asp166, Asp280, Gly399 for all
the substrate analogues indicated the importance of these residues
for the catalytic binding of the substrates. Also, L-arginine, p-arginine
and canavanine showed the common hydrophobic interactions with
residues Cys 405, Leu 41 and Phe 163. Present experimental studies
also showed that canavanine had the strongest affinity towards AD]I,
as it diminished ADI activity up-to its half at the concentration of
20 mM. Docking studies of canavanine also showed additional ionic
interactions with the residues Asn160, Asn 359, Thr281 and His278. 1t
has also been reported in literature that r-canavanine is a time-
controlled mechanism-based inhibitor of Pseudomonas aeruginosa
arginine deiminase (33).

Two important substrate binding residues, i.e., Asp280 and
Asp166 participate in stabilizing the substrate guanidinium group.
Though both of these residues are required for catalytic conversion
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FIG. 4. Molecular interactions of arginine deiminase with substrate analogues in the molecular dynamics simulations. (A) 1-Arginine, (B) homoarginine, (C) aminoalanine,

(D) agmatine, (E) p-arginine, (F) putrescine, (G) canavanine, and (H) ornithine.

of arginine to citrulline, the exact roles of Asp166 and Asp280 have
been reported to be different (5). The main function of Asp166 is
countering the charge of the substrate guanidinium group, whereas
the primary role of Asp280 is in the enhancement of the electro-
philicity of the substrate guanidinium C{ atom and activation of the
water molecule (5,29,30).

The biological studies of the micro- and macromolecules can be
well illustrated using molecular modeling studies (29,33—37).

Molecular dynamics conditions could be used to investigate ADI-
substrate interactions. We performed the molecular dynamics of
nine structural analogues of arginine for 10 ns to examine the
complex stability. The binding conformations of the complexes
were analyzed under the dynamic state. The trajectories formed in
molecular dynamics were used to inspect the molecular in-
teractions between the protein and substrate. The trajectory anal-
ysis for the RMSDs of protein backbones illustrated that all the
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TABLE 4. Binding energies and their components for various substrate analogues
and ADI complexes.

Substrate AGpind AGcovalent AGHbond AGripo AGyaw
(kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
L-Arginine -77.96 3.00 -13.16 —15.08 —-23.83
p-Arginine —-78.83 2.09 -12.84 —15.50 -23.93
Agmatine —67.70 2.33 -10.82 —15.44 —-18.79
Putrescine -31.46 1.65 —2.41 -11.54 -8.33
1-Canavanine -59.24 2.45 -5.85 —13.56 -23.91
Homoarginine —55.31 8.74 -12.77 -20.03 1.34
3-Aminoalanine —22.33 0.73 -3.01 -7.03 -16.75
1-Ornithine —43.71 1.23 -3.98 -13.37 -21.81
Guanidine —49.30 1.27 -12.15 -2.53 -6.36

systems got stabilized after 5 ns within the range of 0.5 A, where all
showed a slight fluctuation in the initial phase of the simulation
and then got stabilized (Fig. S4). This suggests that the presence of
substrate analogues inside the catalytic cavity of ADI did not have
significant effect on the stability of backbone. In the case of pu-
trescine, protein backbone showed the maximum fluctuation and
got stabilized after 5 ns. Experimental studies also demonstrated
that putrescine and 3-aminoalanine have the less affinity towards
the ADI compared to other substrates (Table 2). This was consistent
with the results of docking (Table 3), trajectory analysis for RMSD
(Fig. 4) and binding energies (Table 4). Agmatine and putrescine
exhibited marginally higher RMSD fluctuations indicating their
lower binding affinity with ADI. Molecular dynamic simulations of
the L-arginine with the built homology model of ADI also corrob-
orated the formation of strong hydrogen bonds by residues Asn 160,
Asp 166, Arg 185, Arg 243, Asp 280 and Gly 399. These hydrogen
bonds were preserved in the case of p-arginine and canavanine.
However, some of these hydrogen bonds were not observed in
other substrate analogues indicating their lower affinity towards
ADI (Fig. S5). For instances, hydrogen bonds with Arg185 and
Arg243 in agmatine and Asn160, Arg185, Arg243 in putrescine were
not formed as that of in r-arginine, p-arginine and canavanine.
Moreover, the interaction fraction of hydrogen bonds in these
substrate analogues was smaller, corroborating the weaker inter-
action of these substrate analogues with the homology model of
ADI (Fig. 4). Similarly, agmatine and putrescine have been reported
to exhibit lower affinities towards arginine deiminase from the
primitive eukaryote Giardia intestinalis (15). The experimental data
also demonstrated the highest affinity of canavanine followed by p-
arginine. The affinities for other substrate analogues were compa-
rable (Table 2).

Calculations of the substrate binding energies illustrated the
respective binding affinity for the substrates. p-arginine and r-argi-
nine showed the highest binding affinity (AGpinq) compared to all the
substrates. The same result was also supported by the outcomes of
binding energies for van der Waal interactions (AGygw) (Table 4). It
can be concluded that the binding energies AGping and AGygw play
crucial role in the differential affinities of the substrate analogues
towards P. putida ADL

To conclude, arginine deiminase from P. putida was purified to
homogeneity using a combination of precipitation and chromato-
graphic techniques. The effect of various chemical compounds on
the purified ADI was evaluated. The affinities of the various
structural analogues of arginine towards ADI were studied by the
inhibition assays. Experimental studies showed that canavanine
and p-arginine had strongest affinity towards ADI To study the
molecular interactions of these substrate analogues and the
enzyme, homology model of the ADI was build up and validated
using Ramachandran and ERRAT plots. The developed homology
model was used for the molecular docking of the substrate ana-
logues. Docking studies corroborated the experimental results, as
docking and Glide scores were maximum for r-arginine, followed

J. Biosct. Bioenc.,

by canavanine and p-arginine. The ADI-substrate complexes from
molecular docking studies were further used for the molecular
dynamic (MD) simulations. MD simulations demonstrated the
crucial role of the following residues Arg 243, Asp 166, Asp 280, Gly
299 and His 278 in the formation of molecular interactions of the
substrates and ADI. Also, it was concluded that the variations in the
molecular interactions are responsible for the differential affinities
of various substrate analogues towards ADI from P. putida. It is
being intensely believed that the combination of experimental and
In silico studies performed herein are potentially helpful for the
scientific community in the generation of active site mutants and
the directed evolution approaches for the modification of ADI as a
more potent anti-cancer modality.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.07.021.
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