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ABSTRACT

The biosynthetic arginine decarboxylase in Thermus thermophilus is responsible for producing spermi-
dine, a polyamine with numerous biological applications in humans. The arginine decarboxylase has
significant applications in biotechnology industries, suggesting the need to evaluate its biochemical
and biophysical characteristics at the molecular level. In this study, both in vitro and in silico methods
were employed to investigate the structural and functional behavior of the arginine decarboxylase
protein. In in vitro, MALDI-TOF, size exclusion, and assay studies were performed to examine the
nature and activity of the protein. The MALDI-TOF analysis confirmed the purified protein as biosyn-
thetic arginine decarboxylase. The assay results revealed that the Pyridoxal 5-Phosphate (PLP) cofactor
plays a crucial role in enhancing enzyme activity by producing agmatine (a by-product of spermidine).
Further, optimum enzyme activity was observed at 50°C, suggesting the extremophilic nature of the
enzyme. Unlike other proteins, this enzyme displayed optimal activity at both acidic and basic pH,
demonstrating its sensitivity to pH changes. Furthermore, the addition of divalent ions like Mg %"
increased the rate of reaction. In in silico, structure modeling, and comparative molecular dynamics
simulation studies were used to assess the protein stability and behavior at different pH and tempera-
ture conditions. The findings of this study could be applied to improve enzyme production in the
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industry.

1. Introduction

Thermus spp. are widespread thermophilic bacteria found in
both natural and manmade thermal environments (Cava
et al, 2009). In systems biology, T. thermophilus (HB8) is one
of the model organisms (Ohtani et al., 2010). This bacterium
is gram-negative, rod-shaped, non-motile, and non-sporulat-
ing (Tabor & Tabor, 1984; Teh et al, 2012). T. thermophilus
(HB8) is an extremophile capable of surviving in extreme
conditions, such as high temperatures, pressure, salinity, alka-
linity, and acidity. This aerophilic bacterium was isolated
from thermal vents in lzu-Japan and can grow at tempera-
tures ranging from 50°C to 85°C (Hori, 2019). These organ-
isms produce a variety of biologically and industrially
important extremozymes that enable them to survive in such
extreme environmental conditions (Arora et al., 2022).

T. thermophilus is capable of producing 16 types of rare
cellular polyamines; hence it is considered the powerhouse
of polyamines (Kobayashi et al., 2022; Ohtani et al., 2010).
Polyamines are small polycationic molecules that serve a
range of biological functions (Takahashi & Kakehi, 2010).

Putrescine, spermidine, and spermine are the three standard
linear polyamines produced by most living organisms (Tabor
& Tabor, 1985). In addition to these standard polyamines, T.
thermophilus can also produce long-chain polyamines like
caldopentamine and caldohexamine, as well as branched-
chain polyamines like tetrakis (3-aminopropyl) ammonium
(Terui et al., 2005). These polyamines play an essential role in
regulating cell growth by withstanding high temperatures.
The long linear polyamine was reported to play a crucial role
in stabilizing DNA, whereas the branched polyamine was
found to stabilize RNAs of T. thermophilus (Bae et al., 2018).
In addition, in vitro reports also revealed the essentiality of
quaternary amines for polypeptide biosynthesis. These poly-
amines stabilize the complex between ribosomes, the mRNA,
and phenylalanyl-tRNA, which aids in protein production
(Uzawa et al., 1993). Polyamines also play a crucial role in
nucleic acid stabilization, translation, and regulating both oxi-
dative salt, and temperature stress conditions (Gevrekci,
2017). Spermidine, a natural polyamine found in various
organisms, is a geroprotector that prolongs the lifespan of
fungi, nematodes, insects, and rodents. As well as decreasing
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the onset of cardiovascular disease and neurodegeneration
diseases in mice, it also prevents various age-associated dis-
eases (Hofer et al., 2022). In specific, spermidine inhibits
tumor cell proliferation and suppresses tumor growth by
interfering with its cell cycle (Prasher et al., 2023).

In T. thermophilus, the proteins SpeA, B, D, and E are
involved in the production of polyamines (Tairo Oshima,
2010). The SpeA gene encodes arginine decarboxylase, SpeB
encodes agmatine ureohydrolase, SpeD encodes SAM decarb-
oxylase, and SpeE encodes either spermidine synthase or
spermine synthase (T. Oshima, 2007). The polyamines in T.
thermophilus are synthesized from L-arginine, which is con-
verted to agmatine by arginine decarboxylase, requiring
both Pyridoxal 5-Phosphate (PLP) and Mg>" as cofactors
(Figure 1). Wherein, agmatine acts as a precursor for spermi-
dine production (Tabor & Tabor, 1985). Recent studies on
agmatine biosynthesis in mammals have renowned interest
in its potential therapeutic applications. Agmatine has excep-
tional modulatory effects on molecular targets, including
neurotransmitter systems, nitric oxide synthesis, and poly-
amine metabolism, leading to increased recognition in the
pharmaceutical industry (Sun et al., 2017). Not only the end
product but also the by-product in this pathway has great
importance. Hence in the present study, we have examined
the activity of SpeA using both in vitro and in silico methods,
as well as the effects of pH, temperature, and ions on protein
function were analyzed.

2. Methodology

2.1. Cloning and expression of T. thermophilus
biosynthetic arginine decarboxylase

The biosynthetic arginine decarboxylase, encoding the SpeA
gene (Gene ID: 3169310), was PCR amplified from the T. ther-
mophilus HB8 genomic DNA (Henne et al., 2004). The ampli-
fied product was cloned into the pET11a (Novagen)
expression vector. The cloned pET11a vector containing the
SpeA gene was then transformed into an Escherichia coli
BL21 (DE3) expression system. The primary cultures were
grown overnight at 37°C in a sterile medium containing
100 mg/mL ampicillin. The primary culture was then trans-
ferred to four liters of Luria Bertani broth and grown until
A600 reached an OD of 0.6-0.8. Expression of the protein
was induced by adding Isopropyl B-d-1-thiogalactopyrano-
side (IPTG) and incubated for 5 hr.

2.2. Purification of recombinant protein

The grown cells were harvested and resuspended in the buf-
fer containing 30mM Sodium Phosphate (NaHPO,), 30 mM
Sodium chloride (NaCl), 3% Beta mercaptoethanol (BME),
1mM Phenylmethylsulfonyl fluoride (PMSF), and 1mM
Dithiothreitol (DTT). The cells were sonicated for 15 min at 55
amp with a 7-pulse on and 9-pulse off. The sonicated lysate
was centrifuged at 10,000rpm and the supernatant was
taken and kept in a water bath for 20min at 70°C. The
Thermus biosynthetic arginine decarboxylase will remain
intact while other heat-labile proteins will be denatured
(Tamakoshi & Oshima, 2011). The denatured proteins were
removed by centrifugation at 10,000rpm for 20 min. The
supernatant-containing protein was loaded into the HiTrap
QFF column (GE Healthcare). The column was pre-equili-
brated with buffer A and the protein was eluted by stepwise
gradient using buffer A (30 mM NaHPO, 30mM NaCl, 3%
BME) and buffer B (30mM NaHPO, 1M NaCl, 3% BME).
Further, Gel Filtration Chromatography - SEC-HiLoad ® 16/
600 Superdex ® 200pg (GE Healthcare) was used for the
purification of the protein, using 30mM NaHPO, 30mM
NaCl buffer. Bovine Serum Albumin (Sigma Aldrich) was used
as a standard for Gel Filtration Chromatography. The purity
of the protein was checked using 12% Sodium dodecyl sul-
fate- Polyacrylamide gel electrophoresis (SDS-PAGE).

2.3. MALDI-TOF/TOF analysis

MALDI-TOF/TOF analysis was performed to confirm whether
the purified protein is a biosynthetic arginine decarboxylase
or not. The band containing the targeted protein was
excised from SDS-PAGE by chopping it into small pieces fol-
lowed by destaining. A solution of 50% acetonitrile (ACN)
and 25mM ammonium bicarbonate (NH4HCO3) was used
and incubated at room temperature for 10 min; the proced-
ure was repeated until the gel was completely destained.
About 10 mM DTT and 100 mM ammonium bicarbonate were
added, and the mixture was incubated at room temperature
for 15min. The solution was centrifuged, and the super-
natant was discarded. The pellet was alkylated by treating it
with 50 mM iodoacetamide, which was dissolved in 100 mM
NH4HCOs. Trypsin digestion was performed by adding 20 uL
of trypsin and incubating it for 16 hr. The 5% TriFluoro acetic
acid (TFA) and 50% ACN were added to it and centrifuged.
The supernatant-containing peptides were considered for
MALDI TOF/TOF analysis. The peptide mass was analyzed
using the Proteomics Facility, Indian Institute of Science
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Figure 1. Mechanism for the formation of agmatine by arginine decarboxylase.



(IISc), Bangalore using  Bruker Daltonics GmbH's
UltrafleXtreme  MALDI TOF/TOF instrument, Bremen,
Germany. The 10 mg/ml of CHCA (a-cyano-4-hydroxy trans-
cinnamic acid) was used as a matrix. The MALDI-TOF/TOF fit-
ted with a 337nm nitrogen laser was used to measure
charged ions (Murray et al., 2016). Further, the peptide mass
fingerprint was analyzed using the MASCOT against the
UP279841_T.thermophilus database. Since the taxonomy of
T.thermophilus is not there on the MASCOT page, other bac-
teria were chosen as the organism  source.
Carbamidomethylation of cysteine and oxidation were
selected for variable modification, whereas one maximum
missing cleavage was set, and the mass tolerance of
200 ppm per peptide was fixed and analyzed (Joyner et al.,
2013; Thiede et al., 2005).

2.4. Prediction of tertiary structure of biosynthetic
arginine decarboxylase

The amino acid sequences of biosynthetic arginine decarb-
oxylase encoded by the SpeA gene were retrieved from the
UniProtKB database (UniProt ID: Q5SHUO) (“The Universal
Protein Resource (UniProt)”, 2007). The three-dimensional
(3D) structure of biosynthetic arginine decarboxylase is a
prime requisite to evaluate its structure and function. The
amino acid sequence of biosynthetic arginine decarboxylase
was analyzed in BlastP (Altschul et al., 1990) against the pro-
tein data bank (PDB) database to detect the most suitable
templates for building the 3D structure. Subsequently, hom-
ology modelling of biosynthetic arginine decarboxylase was
carried out using MODELLER version10 based on the align-
ment between the target and template protein sequences
(Webb & Sali, 2016). The predicted model was structurally
validated using the SAVES server v6.0. The ERRAT (Colovos &
Yeates, 1993) and Verify3D (Eisenberg et al., 1997) were con-
sidered as parameters for assessing the physicochemical
properties to verify the modelled structure. Finally, ProSA
(Protein Structure Analysis) (Wiederstein & Sippl, 2007) with
default parameters was used to examine the overall quality
of the modelled structure by calculating the Z-score value.

2.5. Activity assay

The activity of biosynthetic arginine decarboxylase was esti-
mated by following the protocol reported previously (Alam
et al,, 2018). The assay was performed with the buffer con-
taining 30 mM NaHPO,4, 30 mM Nacl, 1.5 mM DTT, and 40 mM
PLP. A concentration of 1TmM of protein (enzyme) and
25 mM of substrate L-arginine was added to initiate the reac-
tion and incubated at 37°C. The reaction was stopped by
adding potassium hydroxide (KOH) which was saturated with
NaCl. In order to separate the produced agmatine, n-butanol
was added and vortexed for a minute. Further, it was centri-
fuged, and the butanol layer containing agmatine was
extracted and mixed with the diacetyl reagent (Alam et al,,
2018). If agmatine is present upon the addition of diacetyl
reagent it will form a red color that was measured at 530 nm
using a spectrophotometer. The blank containing all other
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components without enzymes and a blank without sub-
strates were used as controls. In order to determine the
actual enzymatic reaction rate, we subtract the control date
(non-enzyme blank) from the experimental data. The opti-
mum activity of arginine decarboxylase was examined with
and without the presence of substrate and cofactor and by
differing the time of incubation (0min — 1hr). Also, the
effect of pH (4-11), temperature (20°C —90°C), and different
metal ions such as Mg®", Cu?", Mn’" and Ni** on agmatine
formation were examined. In the pH-dependent assay, the
effect of pH on agmatine formation was observed using a
constant buffer and by varying the buffer system. In the case
of a constant buffer, 30mM Sodium Phosphate buffer
(NaHPQ,), 30mM NacCl, 1.5mM DTT, and 40 mM PLP were
used to analyze the activity of the protein at all pH levels (4
to 11). For different buffer systems, the activity was analyzed
by replacing the 30mM Sodium Phosphate (NaHPO,) with
other buffers as follows: Citrate buffer was used for pH 4-6,
Tris-HCl buffer for pH 7-9, Glycine-sodium hydroxide (NaOH)
buffer for pH 10, and a Sodium bicarbonate (NaHCOs)-
Sodium hydroxide (NaOH) buffer for pH 11. All experiments
were conducted in biological and experimental triplicates,
and all statistical analyses were calculated using GraphPad
Prism software 9.0.

2.6. Effect of pH, and temperature on structural
changes of biosynthetic arginine decarboxylase

The Mg?" ion and PLP cofactor were found to be essential in
the functioning of biosynthetic arginine decarboxylase (Alam
et al, 2018; Wu et al., 2015). Therefore, the 3D structure of
biosynthetic arginine decarboxylase was reconstructed with
Mg*" ion based on the crystal structure of human ornithine
decarboxylase (PDB ID: 4ZGY). Molecular dynamics simulation
(MDS) is a comprehensive computational approach used to
study various biomolecular events such as conformational
change, ligand binding, and protein folding (Hollingsworth &
Dror, 2018). MD of protein-ligand complex interactions may
offer exact information on a protein’s dynamic movement
(Shukla & Tripathi 2020). The use of MD simulations to simu-
late the behavior of proteins at different pHs and tempera-
tures will provide insight into the stability determinants of
proteins (Boroujeni et al., 2021). Initially, the modelled and
refined apo biosynthetic arginine decarboxylase was sub-
jected to MD to determine its structural stability.
Subsequently, using PLP as a cofactor, the MD simulation
study was carried out under a variety of pH environments
(acidic: pH 5, neutral: pH 7, and alkaline: pH 8 and pH 11)
and temperature settings (300K, 323.15K, 353.15K, and
363.15K). Further, the conformational dynamics of biosyn-
thetic arginine decarboxylase with its substrate (L-arginine)
were also investigated using Desmond. The OPLS-2005 force
field was used to inspect the stability of apo and complexes.
The apo and holo forms of the protein were prepared with a
system builder platform and were solvated using the simple
point charge (SPC) explicit water model. The distance
between the protein surface and the edge of the box was
set at 10 A. The appropriate number of counter ions (Na™ or
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CI) were added to neutralize the system only for the pH 7
condition. Two rounds of equilibrations were performed,
starting with an NVT ensemble, followed by an NPT ensem-
ble for each interval of 100 ps for the relaxation of systems
before simulation. To calculate long-range electrostatic inter-
actions, the particle mesh Ewald (PME) technique (Kawata &
Nagashima, 2001) was applied with the radius for Coulomb
interactions set at 9A. Finally, the equilibrated systems were
subjected to production dynamics for a 200ns time scale.
The structural stability indicator parameters, root mean
square deviation (RMSD), and root mean square fluctuation
(RMSF) were calculated to ensure structural stability, and
residual flexibility, respectively.

2.7. Molecular docking and MM/GBSA binding energy
calculation

The molecular interaction study (covalent docking) between
the binding site residues of biosynthetic arginine decarboxyl-
ase and the PLP cofactor was performed with the aid of
CovDock of the Schrodinger suite (Schrodinger, LLC, New
York, United States). Further, the binding energy calculation
based on the MM-GBSA approach was implemented with the
prime module of the Schrodinger suite to calculate the bind-
ing affinity between the protein and cofactor in the com-
plexes by employing the VSGB solvation model (Li et al.,
2011) and OPLS4 force field.

3. Results and discussion
3.1. Expression and purification of recombinant protein

The Recombinant biosynthetic arginine decarboxylase from
T. thermophilus HB8 protein was cloned into a bacterial
expression vector. Further, the protein was overexpressed
with IPTG induction of 0.7mM. The overexpressed protein
was further subjected to ion exchange chromatography,
resulting in 80% purity of the protein. Further, to obtain
pure protein, size exclusion chromatography was performed,
and highly pure protein was obtained with the single band
on SDS-PAGE (Figure 2a). In size exclusion, the protein eluted
just before the standard BSA elution, and only one peak was
observed. The size exclusion results show that in the solution
state, the protein was observed to be a monomer. Using
SDS-PAGE, the molecular mass of the protein was estimated
to be ~70kDa, which correlates with the theoretical esti-
mated value of 70,241 Da (Figure 2b). As the crystal structure
of arginine decarboxylase from T. thermophilus is not avail-
able, a homology model was prepared using the crystal
structure of arginine decarboxylase from E.coli (PDB ID:
3NZQ) as a template (Forouhar et al., 2010). This template
was found to be highly suitable as it had a high sequence
identity score of 40.5%, query coverage of 97%, and a lower
e-value of 3e-160. Among the 100 models generated, the
model having the high negative discrete optimized potential
energy (DOPE) score was taken for validation. The modelled
structure had an acceptable ERRAT quality score of 80.1%, a
VERIFY 3D score of 95.2%, and no PROCHECK errors. The

reliability of the predicted model structure was then estab-
lished with a maximum amino acid percentage in the
favored and allowed regions of the Ramachandran plot
(Figure 1). Moreover, the obtained ProSA Z score of —11.41
indicated the overall model quality of biosynthetic arginine
decarboxylase. The results of several structural evaluation
methods suggested that the predicted model has fewer
unfavorable conformations and improved model quality. In
addition, the available AlphaFold model (ID: AF-Q5SHUO-F1)
was compared with the homology modelled structure, and it
was observed to have RMSD deviation of 1.317A, which
depicts the similarity of conformation. Based on the informa-
tion acquired from 4ZGY, the Mg®*" ion was positioned
appropriately in the validated model of biosynthetic arginine
decarboxylase (Figure 3) (Wu et al., 2015).

3.2. Molecular dynamics simulation of apo biosynthetic
arginine decarboxylase protein

The stability of the modelled biosynthetic arginine decarb-
oxylase was structurally verified by MD simulation at room
temperature (300K) for a period of 200ns. The computed
structural stability indicators, such as RMSD and RMSF, are
shown in Figure 4. The backbone RMSD plot established a
well-maintained equilibrium pattern throughout the simula-
tion run with an RMSD value below ~10A (Figure 4a). The
RMSF profile forecasted the flexible residues in the biosyn-
thetic arginine decarboxylase structure by displaying high
flexible peaks in the plot (Figure 4b). Two regions showed
high flexible peaks in the plot, F1 and F2, corresponding to
residues from Ala362-Arg418 and Ala588-Asp628, respect-
ively. Additionally, the predicted model of biosynthetic argin-
ine decarboxylase protein was energetically stable during the
simulation (Figure 4c), as shown by the minimum potential
energy. The residues from Ala362-Arg418 and Ala588-Asp628
show considerable structural displacement, as observed
when the initial and energetically minimized structures were
superimposed (Figure 4d). These regions also display signifi-
cant flexible peaks on the RMSF plot.

3.3. Identification of purified protein using MALDI_
TOF/TOF

In the MALDI results, the monoisotopic peaks were observed
in the range of m/z ratio of 600-3000kDa. The obtained
MALDI-TOF/TOF results were searched in MASCOT, which
showed the presence of similar mass peptides in two differ-
ent proteins. Among these two proteins, the first protein
showed a 44% match with a score of 156 with biosynthetic
arginine decarboxylase (UniProt ID: AOA3P4ATF2) from T.
thermophilus (Figure 2). While the second protein showed
only a 25% match with a score of 44 with DNA-directed RNA
polymerase of T. thermophilus. This indicates that the
purified protein is biosynthetic arginine decarboxylase from
T. thermophilus.
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Figure 2. a) Analytical size exclusion chromatogram of purified TTHA1640 protein, b) SDS-PAGE profile for size exclusion chromatography purified protein. Lane: -
Molecular weight standard, Lane 2: Purified protein by size exclusion chromatography (Peak1).

3.4. Determining the role of PLP in agmatine formation

The biosynthetic arginine decarboxylase was reported to
catalyze the conversion of L-arginine substrate to arginine
with the aid of PLP cofactor (Alam et al., 2018; Wu et al,,
2015). To confirm the role of PLP and also to check whether
the reaction happens without PLP, the activity assay was
conducted with and without PLP. A slight increase in agma-
tine production was observed in the reaction with the add-
ition of PLP. On the other hand, those without PLP also

showed agmatine production (Figure 5a). In both cases,
there is the formation of agmatine, but the addition of PLP
enhances agmatine production.

3.5. Molecular docking with the cofactor PLP

The active site or binding site residues, crucial for the cata-
Iytic activity of the protein, are required for molecular inter-
action studies. Supporting this view, the conserved residue
was identified based on the homologous sequences from
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different organisms using the multiple sequence alignment
(MSA) methods such as Clustal Omega (Sievers & Higgins,
2018). The MSA alignment unveiled the conservation of the
lysine residue (Lys101) among Biosynthetic arginine decarboxyl-
ase of T. thermophilus, arginine decarboxylase of E. coli (PDB:
3NZQ_A), arginine decarboxylase from Vibrio vulnificus (PDB:
3N20_A), and ornithine decarboxylase from Homo sapiens
(PDB: 4ZGY), designating it as a critical site for conducting
covalent docking with the PLP cofactor (Figure 3). The docking

Figure 3. Modelled 3D structure of biosynthetic arginine decarboxylase (SpeA),
with Mg”>" was fixed based on PDB ID: 4ZGY.

resulted in a high cdock affinity score of —9.696kcal/mol
(Table 1). The molecular interaction plot (Figure 6) indicated
interactions of the phosphate group with Gly288 and Arg339
through hydrogen bonds and with Mg?" via salt bridge interac-
tions. Furthermore, the pyridoxal group forms one H-bond and
a salt bridge interaction with Glu336, in addition to Glu124.

3.6. Time course experiment

The enzyme activity of biosynthetic arginine decarboxylase over
time was determined by varying the incubation time. After
each incubation, KOH was added to terminate enzyme activity,
and readings were detected. This analysis inferred that, com-
pared to the initial reading, there is an increase in agmatine
production as the incubation time increases (Figure 5b).
Increased agmatine production was observed at 1 hr incubation
when compared to the initial reading. Thus, the remaining
experiments were conducted with the same incubation time.

3.7. Effect of temperature on enzyme activity

T. thermophilus is known to survive in extreme temperatures
in the range of 50 to 82°C (Friedrich et al., 2001). The effect
of temperature on the activity of the biosynthetic arginine
decarboxylase was examined by incubating it at different
temperatures in the range of 20 to 90°C using a Peltier
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Table 1. Covalent docking analysis of Pyridoxal 5'-Phosphate (PLP) with bio-
synthetic arginine decarboxylase.

Complexes glide gscore cdock affinity Docking score
(Mg** + PLP) (kcal/mol) (kcal/mol) (kcal/mol)

1 —10.441 —9.696 —9.696

2 —10.38 —9.681 —9.681

3 —10.198 —-9.337 —-9.337

thermostat coupled with a spectropolarimeter. The concen-
tration of enzyme and substrate was kept constant, and
activity was measured. The higher activity of biosynthetic
arginine decarboxylase was observed at 50°C, 60°C, and
80°C which implies that at a higher temperature, it has more
activity (Figure 5c¢). Among these temperatures conditions,
maximum activity was observed at 50°C compared to other
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Figure 6. Molecular docking of Pyridoxal 5'-Phosphate (PLP) to the refined biosynthetic arginine decarboxylase.

temperatures. The present study is concurrent with the previ-
ous results, which reported that the arginine decarboxylase
produced by Helicobacter pylori showed optimum activity at
50°C (Alam et al.,, 2018).

3.8. Temperature-dependent activity of biosynthetic
arginine decarboxylase at varied pH ranges

To pinpoint and analyze potential sites in the structure of
biosynthetic arginine decarboxylase, various MD simulations

were conducted at higher temperatures, specifically 353.15K
and 363.15K. This is because high temperatures can signifi-
cantly impact the protein’s structure and stability.
Additionally, K et al., 2023, reported in their study TtArginase
protein of T. thermophilus showed structural changes as the
temperature increased (K et al, 2023). To infer these
changes, the MD simulations were analyzed to evaluate the
conformational stability and flexibility of the biosynthetic
arginine  decarboxylase under different physiological
conditions.



3.8.1. MDS analysis of biosynthetic arginine decarboxylase
at 300K with varied pH ranges

The structural stability metrics, RMSD and RMSF, were ana-
lyzed to assess the stability and conformational changes of
the biosynthetic arginine decarboxylase at 300K under vari-
ous pH conditions. Initially, the RMSD values were calculated
from the residual backbone information to evaluate the dif-
ference in protein backbone over simulation time and to
check the stability of the protein structure. As shown in
Figure 7a, the RMSD ranges between 6.5 and 9.5 A at neutral
and alkaline pH, while an acidic pH resulted in a low RMSD
value of 6 A. Additionally, at neutral pH 7, the RMSD back-
bone pattern was observed to be well-equilibrated during
the simulation, with an increased RMSD value of ~9.5A.
Typically, C terminal residues of the protein exhibit high
mobility, and residues with high RMSF values undergo sig-
nificant conformational changes. Figure 7b illustrates that
the profiles of RMSF plots at different pH environments were
similar, and two very flexible segments (F1 and F2), which
included the residues 1le356-Pro468 and Thr574-Gly610,
respectively, showed substantial mobility. The residual peaks
reached more than 12A and 9A for the F1 and F2 peak
regions, respectively.

3.8.2. MDS analysis of biosynthetic arginine decarboxylase
at 323.15K with varied pH ranges

The RMSD plot at neutral pH 7 and alkaline pH 8 attained
stability at the beginning itself, which persisted throughout
the simulation, and not many changes were observed in
these trajectories (Figure 7c¢). In the case of acidic pH 5, a
low RMSD value of ~5.2 A has been observed with the stable
equilibration pattern up to the simulation end. Further, it
was observed that during the initial simulation phase for
alkaline pH 11, the protein backbone RMSD increased up to
a value of ~12A with respect to its initial structure and then
stabilized around an average value of ~8.2 A for the remain-
ing MD trajectories, indicating no change in the protein
backbone. Further, the RMSF of Ca atoms was calculated for
all the simulated trajectories of biosynthetic arginine decarb-
oxylase at 323.15K with each pH studied, which is given in
Figure 7d. Likewise, at 300K, the RMSF plots displayed highly
flexible peaks with similar patterns for the majority of
regions in the complexes (Figure 7d). The segments, compris-
ing F1 (residues Glu346-Ser462) and F2 region (residues
Arg570-Val607), are among the most fluctuating region of
the biosynthetic arginine decarboxylase structure.

3.8.3. MDS analysis of biosynthetic arginine decarboxylase
at 353.15K with varied pH ranges
RMSD analysis of the backbone of biosynthetic arginine
decarboxylase at 353.15K under various pH settings showed
an RMSD value below ~10A, except for pH 11, which indi-
cates the stable behavior of simulated trajectories (Figure
7e). However, it is essential to note that from about ~94ns
and up to the simulation end, all simulated trajectories dis-
played stable equilibration patterns. Subsequently, the local
structural fluctuations displayed by the Co atoms of the
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protein in response to different pH environments at 353.15K
were investigated using residual RMSF analysis (Figure 7f).
The segments, comprising F1 (residues Val352-Ala470), and
F2 region (residues Arg570-Val607), are among the most
fluctuating regions of the biosynthetic arginine decarboxyl-
ase structure.

3.8.4. MDS analysis of biosynthetic arginine decarboxylase
at 363.15 K with varied pH ranges
From the resultant plots (Figure 79), reliable trajectories were
observed for the analyses as all systems exhibited well-equili-
brated backbone patterns, except for pH 11, which had a
flexible pattern around 10 to 125ns. At an acidic pH of 5,
the RMSD plot of protein backbone atoms reached stability
at around 80ns, and not many changes were observed dur-
ing the simulation. In the case of backbone RMSD, the trajec-
tories at neutral pH 7 were the most stable in the simulated
time and noticed good overall stability with a low RMSD
score of ~9A. At alkaline pH (pH 8 and 11), a gradual
increase in RMSD values is observed in the simulation’s initial
phases in comparison to acidic and neutral pH. Following
that, a stable pattern continued up to the simulation’s end.
Figure 7h depicts the per-residue flexibility dynamics of bio-
synthetic arginine decarboxylase protein at different pH envi-
ronments. As shown in previous simulation settings, two
regions (F1 and F2) demonstrated high flexibility with the
RMSF value above ~19A and ~16A for F1 and F2 respect-
ively. It can be seen from the residual RMSFs that pH 11 and
pH 5 exhibited high flexible peaks in the F1 and F2 regions,
respectively. However, compared to other systems, pH 7 and
8 showed relatively low RMSF values. For MDS analysis of
biosynthetic arginine decarboxylase at 363.15K, no discern-
ible pattern of changes was observed with an increase in pH.

3.9. Effect of pH on catalytic activity

The activity of biosynthetic arginine decarboxylase protein
was examined by altering the pH of the buffer (30 mM
NaHPO,4 30mM NacCl, 1.5mM DTT, and 40mM PLP) using
fixed concentrations of substrate and protein. As shown in
Figure 5d, we observed optimum activity at pH 5. Also, pH
11 showed good activity next to pH 5. The optimum activity
at pH 5 is concurrent with the E. coli arginine decarboxylase
which showed optimal activity at pH 5.2 (Blethen et al,
1968). Also, we hypothesize that the activity of the enzyme
at pH 11 with the L-arginine substrate could be due to its
protonation at basic pH. Earlier studies have reported that
protonation of Histidine amino acid can increase the sub-
strate binding in the conformational flexibility of transcrip-
tion factors protein (Narayan & Naganathan, 2018). At pH 11,
His248: Hie, Arg339: Positively Charged, Glu336: Negatively
Charged, amino acids that interacted with the substrate were
protonated. Since in the present study, the substrate itself is
an amino acid and therefore the protonation would have
increased the interaction of L-arginine substrate, at pH 11.
The protein showed its optimum enzyme activity at both
conditions acidic and basic. According to Morris & Pardee,
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1965 the arginine decarboxylase in E. coli, showed optimum
activity at pH 8. In contrast to their report Blethen et al,
1968 reported that inducible E. coli arginine decarboxylase
shows optimal activity at pH 5.2. Also in another report by
Alam et al.,, 2018 H. pylori arginine decarboxylase shows its
optimum activity at pH 8.5, while H. pylori arginase, which
uses the same substrate L-arginine, showed optimal activity
at pH 6.1. These reports evidence to the fact that the argin-
ine decarboxylase is capable of showing its optimum activity
at both acidic and basic pH.

The same assay was repeated by varying the buffer sys-
tem (30 mM buffer based upon pH, 30 MM Nacl, 1.5 mM DTT,
and 40mM PLP) in order to cross-check the activity of the
protein using different buffers. The Citrate buffer, Tris-HCl,
Glycin-sodium hydroxide (NaOH), and Sodium bicarbonate
(NaHCO3)-Sodium hydroxide (NaOH) buffers were used to
check the activity, these buffers were selected based on their
physiological pH range and buffering capacity. The different
buffer system assay results showed its optimum 100% activ-
ity at pH 5 (Figure 5e) same as it was observed in the case
of constant Sodium Phosphate (NaHPO,) buffer (Figure 5d).
Also, next to that pH 11 showed 94.25% activity, this result
also correlates with the constant buffer system result. An
unlikely increase in activity of the protein was observed in
citrate buffer at pH 4 (89.5%), which was not observed in the
case of Sodium Phosphate (NaHPQ,), this might be due to
the changes in the buffer system. Altogether, more activity
was observed at pH 5 and pH 11 hence, from both assays
this was concluded to be the optimum suitable pH for agma-
tine production.

3.10. Effect of pH and temperature on biosynthetic
arginine decarboxylase stability and activity

The MD simulation was explicitly carried out to comprehend
the structural level changes and structural stability of biosyn-
thetic arginine decarboxylase under different temperature set-
tings (300K, 323.15K, 353.15K, and 363.15K). Structural stability
and flexibility metrics, RMSD and RMSF, were used to explore
the changes in the structural stability of biosynthetic arginine
decarboxylase at different physiological conditions. The MD
simulation results correlate with the obtained enzymatic activ-
ity of biosynthetic arginine decarboxylase in vitro and provide
a deep insight into the conformational dynamics of the pro-
tein at the same temperature and pH environments.

3.10.1. MDS analysis of biosynthetic arginine decarboxyl-
ase at acidic pH 5 under varied temperatures
Assessment of stability through RMSD and RMSF: Two
structural stability metrics, RMSD and RMSF, were used to
confirm the structural stability of biosynthetic arginine
decarboxylase complexed with its PLP cofactor. RMSD stands
for the distance of the atoms in the protein backbone from
its initial configuration. The backbone RMSD profile clearly
showed that the 323.15K had the least variation (~4.5 A),
while the 363.15K had the highest deviation of ~10.5 A
(Figure 8a). The remaining temperature simulation
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trajectories showed slight variation in the simulation period.
The RMSD profile has inferred that the structural stability of
biosynthetic arginine decarboxylase significantly declined at
high-temperature conditions (353.15 and 363.15K) besides
moderate strength stability, moderate strength at room tem-
perature (300K), and strong stability at 323.15K. The RMSF
parameter describes the flexibility of the protein and aids in
understanding dynamic motion during MD. Lower RMSF val-
ues represent the protein’s restricted region. In contrast, the
more flexible portions of the protein are indicated by a
larger RMSF value. Each residue’s RMSF value in biosynthetic
arginine decarboxylase was computed at pH 5 with various
temperature settings (Figure 8b). However, RMSF values of
the residues were higher in two regions, denoted in the plot
as F1 (Ala340 to Pro488) and F2 (Val580 to Gly610), respect-
ively. The F1 region showed reduced RMSF values in the
range of ~2A to 7.5 A, while the C-terminal residues occupy-
ing the F2 region demonstrated an increased RMSF value up
to 16A. The residues at high temperatures, 323.15 and
363.15K represented maximal fluctuating residues in the F2
region. Therefore, it is evident that high temperatures
(353.15 and 363.15K) can cause substantial damage to the
protein conformation by exhibiting reduced structural stabil-
ity and increased flexibility. The RMSD and RMSF results also
established that biosynthetic arginine decarboxylase was
highly stable and least flexible at acidic pH 5 and had opti-
mum activity at 323.15K.

3.10.2. MDS analysis of biosynthetic arginine decarboxyl-

ase at neutral pH 7 under varied temperatures
The structural dynamics of biosynthetic arginine decarboxylase
at neutral pH 7 under different temperatures were obtained
by analyzing the backbone RMSD (Figure 8c). At neutral pH,
except for 323.15 K, biosynthetic arginine decarboxylase exhib-
ited a substantially high RMSD value, denoting structural
instability. However, in high-temperature settings (353.15 and
363.15K), the RMSD values of protein systems fall within a
similar range (deviation range: ~8 to 10 A), which is consist-
ent with the outcomes of the acidic pH. Additionally, the
room temperature (300K) displayed a high RMSD value of
~9.8 A, which contradicts acidic pH. The individual residual
dynamics examined by RMSF (Figure 8d), were found compat-
ible with RMSD, evidencing that biosynthetic arginine decarb-
oxylase could acquire significant structural changes in
response to temperature changes with the presence of two
highly flexible peaks (F1:Ala340 - Pro478 and F2:Val580 -
Gly610) in the plot. Moreover, compared to acidic pH, a high
flexible peak was observed in the regions of F1 at the neutral
pH condition. Further, the residual RMSF analysis showed sig-
nificant structural fluctuations on increasing the temperature
from 300K. On increasing the system’s temperature, the fluc-
tuation was formed more for 353.15 and 363.15K, while less
fluctuation was observed at 300K. The results obtained from
RMSD and RMSF analysis for the biosynthetic arginine decarb-
oxylase at neutral pH under various temperatures indicate
that in the high temperatures (353.15 and 363.15K), the struc-
tural flexibility was higher than at 300K and 323.15K.
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3.10.3. MDS analysis of biosynthetic arginine decarboxyl-
ase at alkaline pH 8 under varied temperatures
Through backbone RMSD analysis at various temperatures,
the structural stability of biosynthetic arginine decarboxylase
at alkaline pH 8 was examined. The RMSD plot (Figure 8e)
shows that the RMSD values are substantially greater at high

temperatures (353.15K and 363.15K) compared to room tem-
perature (300K) and with the RMSD obtained at 323.15K.
Similar to acidic and neutral pH, higher temperatures (353.15
and 363.15K) at alkaline pH exhibited structural instability
during the simulation. The RMSD analysis showed the lowest
RMSD at 323.15K indicating maximum stability. Further, a



distinct pattern of reduced structural stability of biosynthetic
arginine decarboxylase protein with increasing temperature
(300K—363.15K) has been noted in this condition. The
residual dynamics were explored using the RMSF analysis
(Figure 8f) highlighted a single high flexible peak (F1) in the
plot, corresponding to residues from Pro367 to Pro488. In
addition, the highly flexible peak (F2), observed in a neutral
pH condition, was reduced in this alkaline condition. Similar
to acidic and neutral pH conditions, decreased structural sta-
bility was observed at higher temperatures (353.15K and
363.15K) in an alkaline condition. Moreover, reduced flexible
peaks in the F2 region and significant structural changes
were observed following the shift in pH (from neutral to
alkaline condition).

3.10.5. MDS analysis of biosynthetic arginine decarboxyl-

ase at basic pH 11 under varied temperatures
The RMSD profile (Figure 8g) was calculated at pH 11 under
varied temperatures and was found to display a similar
equilibration profile. It was clear that structural deviation is
significantly increased for the higher temperatures (353.15
and 363.15K) than the 300K and 323.15K throughout the
simulation period, which may be associated with the
increased molecular mobility under this condition. Although
it is widely known that temperature affects atomic fluctu-
ation, the influence of temperature on protein varies. The
RMSD results were further supported by a significant
increase in RMSF value (~up to 204) in the protein Col
atoms of 353.15 and 363.15K (Figure 8h). Further, a
decreased residual mobility was observed in the conserved
F2 region (residues from Val580 - Gly 610), which indicates
that the change in pH from neutral to alkaline condition sup-
presses the high flexible peaks in this region.

Overall, the findings of RMSD analysis under alkaline con-
ditions evidenced that an increase in temperature leads to
structural instability when compared to room temperature
(300K and 323.15K). Moreover, the RMSF analysis confirmed
that biosynthetic arginine decarboxylase under alkaline con-
ditions showed structural conformational changes induced
by the shifting of pH from neutral to alkaline.

3.11. Effect of ions on enzyme activity

As per the reports of earlier studies, the biosynthetic arginine
decarboxylases require PLP and Mg>" ions as cofactors for
their activity (Alam et al., 2018). Hence, the effects of external
metal on the activity of biosynthetic arginine decarboxylase
were investigated by using various metal ions (Mg®", Cu?™,
Mn2" and Ni*") in the concentration of 5mM. In the
absence of metal, it showed minimal catalytic activity, also
even upon the addition of EDTA it showed the same.
However, in the presence of Mg?", the enzyme produced
maximum agmatine production which is in accordance with
the previous reports supporting that metal binding is
required to speed up the reaction. To determine whether
other divalent metals can also aid this reaction, Mn2", Cu?*,
and Ni*™ were added to the experiment. The other metals
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also enhanced the activity in the following order: Mg®" >
Cu®™ > Mn?" >Ni*" (Figure 5e). The metals we used in the
ion-dependent assay are divalent metals that have a 2" oxi-
dation state which means they can lose two electrons. With
this property, these metals might participate in electron
transfer reactions which facilitate electron movement and
play a role in substrate binding, activation, and stabilization.
They would have formed coordination bonds with amino
acid side chains or backbone atoms, enhancing the protein’s
catalytic efficiency. This might be the reason for its positive
activity in the presence of other ions. In Helicobacter pylori
arginine decarboxylase also they have observed 100% activ-
ity in the presence of Mg®" and 80% in Mn®" which coordi-
nates with our result indicating that not only Mg®" but also
other divalent metals can act as a cofactor for activity of the
protein (Alam et al., 2018). Though other metals can enhance
the reaction, Mg " is more efficient than others in aiding the
reaction with optimal enzymatic activity.

3.12. Molecular docking of biosynthetic arginine
decarboxylase with its substrate at different
physiological conditions

In order to determine the catalytic activity of biosynthetic
arginine decarboxylase with its L-arginine (substrate), the
GLIDE docking was performed in Schrodinger suite version
2022. The low potential energy conformation of the biosyn-
thetic arginine decarboxylase protein - PLP cofactor com-
plexes at various pH and temperature settings were used for
molecular docking analysis to attain structural insights into
these complexes. The XP docking score (kcal/mol) and
MMGBSA binding energy score (kcal/mol) of each bio-
molecular complex are given in Table 2. It is widely accepted
that molecular interactions are necessary to maintain the
protein structure stable and compact. The molecular interac-
tions formed by the substrate molecule with PLP cofactor
and substrate binding pocket residues are listed in Table 3.
pH 5: The molecular interaction of biosynthetic arginine
decarboxylase with the L-arginine substrate exhibited the XP
docking scores of —3.64, —5.29, —4.53, and —1.43 kcal/mol for
300K, 323.15K, 353.15K, and 363.15K, respectively. The inter-
action analysis of biosynthetic arginine decarboxylase with

Table 2. Molecular Docking Analysis of biosynthetic arginine decarboxylase
with L-arginine (substrate).

Complexes XP score (kcal/mol) MMGBSA (kcal/mol)
pH 5 300K —-3.64 —-12.67
pH 5 323.15K —5.29 -10.27
pH 5 353.15K —4.53 —-19.85
pH 5 363.15K —1.43 —17.48
pH 7 300K —-5.36 —36.90
pH 7 323.15K —2.84 —43.82
pH 7 353.15K —4.80 —43.82
pH 7 363.15K —4.72 —29.26
pH 8 300K —4.63 —27.42
pH 8 323.15K —4.80 —-43.41
pH 8 353.15K —4.34 —-41.18
pH 8 363.15K -5.23 —30.81
pH 11 300K —-5.935 —-16.20
pH 11 323.15K —4.051 —25.61
pH 11 353.15K —2.798 —15.63
pH 11 363.15K —3.958 —26.82
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Table 3. Molecular interaction of biosynthetic arginine decarboxylase with substrate and cofactor.

Protein Complex Hydrogen bond Salt bridge Pi-cation
pH 5 300K Gly 250, lle 247, and PLP PLP PLP

pH 5 323.15K Tyr 293, Glu 336, Ser 337, and PLP MgH, PLP

pH 5 353.15K Gly 288, Hie 248, and PLP PLP

pH 5 363.15K Ser 251, Lys 204, GIn 252, and Thr 254 Lys 204

pH 7 300K Glu 215, Asn 216, Glu 336, and PLP Glu 215, PLP

pH 7 323.15K Ser 303, Tyr 306, and Gly 250 PLP

pH 7 353.15K Tyr 306, Asn 305, Glu 475, Asp 292, and Lys 297 Lys 297, Asp 292, Arg 339 Tyr 306
pH 7 363.15K Gly 287, Leu 289, and PLP Glu 336, Asp 469, PLP

pH 8 300K Gly 287, and PLP PLP

pH 8 323.15K Tyr 301, and PLP Lys 101, PLP

pH 8 353.15K Gly 214, Arg 339, Asp 292, Ala 290, and PLP Glu 215, Asp 292, Arg 339, PLP

pH 8 363.15K Glu 215, Val 291, Tyr 293, and PLP Glu 215, Arg 339, PLP Tyr 293
pH 11 300K Gly 287, Ser 251, and PLP PLP

pH 11 323.15K Glu 336, Hie 248, Gly 287, and PLP PLP

pH 11 353.15K
pH 11 363.15K

Gly 287, Glu 336, Leu 289, and Arg 339
Tyr 301, GIn 252, and Thr 254

L-arginine substrate revealed that at 323.15K, there were a
high number of intermolecular interactions, including four
hydrogen bonds, three salt bridges, and one metal coordin-
ation, which are listed in Table 3 and plotted in Figures 4. In
all of the complexes, except for 363.15K, molecular interac-
tions were consistently formed between the L-arginine sub-
strate and PLP cofactor. Moreover, the docked complex
exhibited a lower docking score of —1.43kcal/mol, at
363.15K, which can be correlated with its high RMSD devi-
ation and less structural stability. pH 7: The molecular dock-
ing scores at different temperature conditions ranged
between —2.84 and —5.36 kcal/mol (Table 3). The complex at
300K showed the highest docking score of —5.36kcal/mol
and the 323.15K complex exhibited the lowest docking score
of —2.84kcal/mol, evidencing their intermolecular interac-
tions (Fig. S5). Moreover, the complex at 353.15K did not
show any intermolecular interaction between the PLP cofac-
tor and L-arginine substrate, even though it exhibits a com-
parable docking score of —4.80kcal/mol. In the 363.15K
complex, three HBs and one SB interaction were found to be
involved in binding the PLP cofactor with the substrate mol-
ecule. Additionally, three Hydrogen bond (HBs) with Gly287,
Leu289, and Asp 469 and two salt bridge (SB) interactions
with Glu336 and Asp469 were found to stabilize the docked
complexes by exhibiting a docking score of —4.72 kcal/mol.
pH8: The binding modes of the substrate molecule at differ-
ent temperature conditions (300K, 323.15K, 353.15K, and
363.15K) are represented in Figure 6. In this alkaline pH
environment, persistent interactions were observed between
the PLP cofactor and L-arginine substrate under all tempera-
ture conditions, in which both HBs and SBs were actively
engaged in the stabilization of the complexes. The molecular
docking results showed that the substrate molecule can bind
effectively at 363.15K through HB and SB interactions
between PLP cofactor and biosynthetic arginine decarboxyl-
ase. The molecular interaction analysis demonstrated that
residue Glu215 at 363.15K complex participated in HB and
SB interactions. Meanwhile, Tyr293 was actively engaged in
n-cation interaction with the substrate molecule. When
docked with biosynthetic arginine decarboxylase at 353.15K,
the substrate molecule showed a relatively low docking
score of —4.34 kcal/mol. pH 11: The XP docking score for the
interaction between biosynthetic arginine decarboxylase and

L-arginine substrate was found to be —5.93, —4.05, —2.79,
and —3.95 kcal/mol for 300K, 323.15K, 353.15K, and 363.15K,
respectively. The complex at 300K showed a relatively high
binding affinity with a docking score of —5.93 kcal/mol due
to the presence of an increased number of five HBs and two
SBs contributing to the complex stability (Figure 7). The sig-
nificant difference in the intermolecular interactions in this
alkaline pH condition compared to other pH environments is
that no interaction formed between PLP and L-arginine at
two 353.15K and 363.15K. Compared to other complexes, the
363.15K had fewer HBs and salt bridges, and the MD simula-
tion showed that the complex also lost structural stability
and acquired high flexibility.

The molecular docking simulation results evidenced the
binding mechanism of substrate molecules under various
physiological conditions, especially the role of molecular
interactions in upholding the stability and compactness of
the protein structure.

3.13. MDS analysis on biosynthetic arginine
decarboxylase complexed with its L-arginine
substrate

The molecular binding of a ligand/substrate at the binding
pocket of a protein might cause several conformational
changes in the structure of the protein. Therefore, to analyze
how the binding of L-arginine substrate can alter conform-
ational flexibility, and to study the stability of biosynthetic
arginine decarboxylase L-arginine substrate complexes, a
long-range MD simulation was performed for 200ns aimed
at the two best-docked complexes observed in both in vitro
and in silico analysis.

Complex dynamics pH 5 323K: In MD simulations, RMSD
measurements are frequently utilized as indicators of struc-
tural variation over time in 3D space. While high RMSD val-
ues signify structural instability and low RMSDs reflect
structural stability. The structural stability of L-arginine sub-
strate-bound complexes was investigated using stability indi-
cator tools such as RMSD and RMSF. Initially, the RMSD
values for the alpha carbon (Ca) atoms of biosynthetic argin-
ine decarboxylase and the substrate were computed to
measure the average change in displacement with respect to
the initial frame. In Figure 9a, the Ca atoms dynamics of
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biosynthetic arginine decarboxylase protein in complex with
its substrate molecule started fluctuating in the initial phase
of simulation (up to ~40ns), gained stability afterward, and
remained stable throughout the simulation. Moreover, similar
stable trajectories were also attained in their apo form under
this condition. Notably, stable conformational dynamics were
observed for the substrate till ~50ns; afterward, a drastic
high RMSD was observed after ~80ns and did not equili-
brate till the end of simulation run. However, the initial sta-
ble trajectory of the substrate molecule in the complex
indicates that the substrate is spatially well-occupied and sta-
bilized with the molecular contacts at the binding pocket of
biosynthetic arginine decarboxylase. The results of RMSD
were supported by residual RMSF are illustrated in Figure 9b.
Likewise, in the apo form, a similar fluctuation pattern was
observed for the substrate-bound complex, which demon-
strated two highly flexible peaks, F1 and F2, in the plot. The
residues around His372—Tyr426 are located in the F1 region,
whereas the residues occupy the F2 region from Val580 to
Ser605. Further, the RMSF values for Ca atoms at the sub-
strate binding site are found to be in the range of ~0.6 A to
6.4 A with the absence of high peaks at N and C-terminal
residues, which reflect a reduced degree of flexibility in the
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substrate binding region. This finding demonstrates that the
ligand movement is stable throughout the simulation.
Complex dynamics pH 11 at 300K: The Ca-RMSD of the
biosynthetic arginine decarboxylase complex demonstrated
that the enzyme attained stability very quickly. The complex
trajectories reveal an initial rise in RMSD of ~4.8A, which
settled gradually, and a stable equilibrium can be seen up to
155 ns; following that, a sharp increase in RMSD was noted
up to ~6.1A; afterward, the system maintained constant
equilibrium pattern until the end of the simulation (Figure
10a). In this complex dynamics, the substrate in the binding
pocket remains stably associated with the biosynthetic argin-
ine decarboxylase structure during the simulation’s initial
phase (up to 170ns), after which there was a short period of
time (~160 to 175ns) during which there was a sudden
RMSD deviation of the substrate, however, it has maintained
steadily in the last ~20ns. In addition, the RMSF plot (Figure
10b) further demonstrated the structural flexibility of the bio-
synthetic arginine decarboxylase protein. The residual
dynamics based on Co atoms showed a similar fluctuation
pattern as seen in the apo protein, which showed a single
high flexible peak in the plot with the absence of a con-
served peak at the C-terminal region. While in the complex
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dynamics of pH 5 at 323K, two highly flexible peaks were
observed, which suggests structural changes in this region of
biosynthetic arginine decarboxylase in response to shifting in
pH (acidic to basic).

Complex dynamics pH 11 at 323K: The RMSD plot corre-
sponding to the Ca atoms of biosynthetic arginine decarboxyl-
ase L-arginine substrate complex revealed that the substrate
molecule was not firmly held in the binding pocket from the
initially docked poses. The trajectories of Co atoms showed a
gradual increase in RMSD value during ~30-65ns; following
that, steady RMSD trajectories were maintained throughout
the simulation. Additionally, utilizing the ligand (substrate)
RMSD, the dynamics of the substrate were evaluated after it
had bound with the substrate binding pocket (Figure 11a).
Overall, the substrate exhibited varied behavior during the
simulation. The substrate was observed in a lower dynamic
range (below 5A) across the simulation time, except towards
the end, where the substrate achieved a slightly higher devi-
ation (~11 A) than the Co atoms of biosynthetic arginine
decarboxylase structure. Further, the flexibility of the biosyn-
thetic arginine decarboxylase residues following contact with
its L-arginine substrate is investigated using residual RMSF.
The RMSF values for Ca atoms at the substrate binding site
are found to be in the range of 1 A to 8 A, except in the C-
terminal residues (above 12A), which reflect a reduced degree
of flexibility in the binding region (Figure 11b).

4, Conclusions

Biosynthetic arginine decarboxylase from T. thermophilus was
successfully cloned, expressed, and purified, with a molecular
weight of 70.24 kDa. This protein is involved in the biosynthesis
of polyamines, including spermidine, which exhibits a wide
range of biological activities, and its potential biotechnological
applications are of great interest. Using biological assays, we
investigated the enzyme’s activity under different physiological
conditions (varied pH, temperature, and ions). Additionally, we
analyzed the dynamic behavior of the protein under varying
physiological conditions using in silico studies. MALDI-TOF ana-
lysis confirmed that the purified protein is biosynthetic arginine
decarboxylase involved in Spermidine production. Results from
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the time-dependent assay revealed that the enzyme activity
increased with incubation time. Furthermore, the enzyme activ-
ity assay showed optimal activity at acidic (pH 5) and basic (pH
11) pH conditions and a temperature of 50°C. Due to the
demands of industrial production, natural enzymes are not suf-
ficient. Therefore, engineered enzymes are the preferred
option. Hence the study finding in terms of optimum pH, tem-
perature, and cofactor could be of great help in the production
of this enzyme on a large.
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