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ABSTRACT: Urea producing bimetallic arginases are essential for the synthesis
of polyamine, DNA, and RNA. Despite conservation of the signature motifs in all
arginases, a nonconserved 153ESEEKAWQKLCSL165 motif is found in the
Helicobacter pylori enzyme, whose role is yet unknown. Using site-directed
mutagenesis, kinetic assays, metal analyses, circular dichroism, heat-induced
denaturation, molecular dynamics simulations and truncation studies, we report
here the significance of this motif in catalytic function, metal retention, structural
integrity, and stability of the protein. The enzyme did not exhibit detectable
activity upon deletion of the motif as well as on individual mutation of Glu155
and Trp159 while Cys163Ala displayed significant decrease in the activity.
Trp159Ala and Glu155Ala show severe loss of thermostability (14−17°) by a
decrease in the α-helical structure. The role of Trp159 in stabilization of the
structure with the surrounding aromatic residues is confirmed when Trp159Phe
restored the structure and stability substantially compared to Trp159Ala. The simulation studies support the above results and
show that the motif, which was previously solvent exposed, displays a loop-cum-small helix structure (Lys161−Cys163) and is
located near the active-site through a novel Trp159−Asp126 interaction. This is consistent with the mutational analyses, where
Trp159 and Asp126 are individually critical for retaining a bimetallic center and thereby for function. Furthermore, Cys163 of the
helix is primarily important for dimerization, which is crucial for stimulation of the activity. Thus, these findings not only provide
insights into the role of this motif but also offer a possibility to engineer it in human arginases for therapeutics against a number
of carcinomas.

Helicobacter pylori (H. pylori) is a Gram-negative, microaerophilic
bacterium, which infects half of the world population and is the
causative agent of gastritis and peptic ulcers. It is associated with
gastric cancer and labeled as class I carcinogen. Arginase (EC
3.5.3.1) is a binuclear Mn2+-metalloenzyme. It is a member of
ureohydrolase family and catalyzes the conversion of L-arginine
to L-ornithine and urea.1 This protein plays important role in L-
arginine homeostasis, regulating the level of L-arginine or L-
ornithine, which is essential for various critical metabolic
processes.2,3 H. pylori contain RocF gene encoding arginase. It
has been reported earlier that H. pylori arginase plays a critical
role in providing acid resistance and thus is important for
colonization of pathogen in the gastric epithelial cells.4,5 It helps
in evading the host immune response by down-regulating nitric
oxide (NO) production from L-arginine by the inducible isoform
of NO synthase (iNOS), as L-arginine is a common substrate for
both iNOS and arginase.6 It also plays a role in inhibiting T cell
proliferation by down regulating the expression of CD3ζ.7

Mammalian and bacterial arginases have been studied
extensively, and their 3D structures are available.8−13 These
proteins are found to exist as oligomers; mammalian arginases
are generally trimer, whereas the bacterial counterparts are
hexamer.13 Arginases possess three conserved signature

sequences GGDHS, SxDxDxxDP and DAHxD for binding to
the metal ions, which are known to form a bimetallic center at the
active-site.13−15 The active-site of arginase containing two metal
ions and a bridging hydroxide ion is shown in Figure 1. The
nucleophilic attack by the bridging hydroxide between the two
metal ions to the guanidine carbon of arginine is required for the
hydrolysis reaction.16 In contrast to other arginases, theH. pylori
enzyme exists as a mixture of monomer and dimer,17 suggesting
that the mechanism of oligomerization in theH. pylori enzyme is
different from other homologues.9,13,16 H. pylori arginase
possesses several distinct characteristics compared to other
homologues which include (i) preference for Co2+ as a metal
cofactor rather thanMn2+, (ii) acidic pH optimum (6.1 instead of
9.5), (iii) cooperative mechanism of arginine hydrolysis, (iv)
concentrations dependent self-association and activation, (v)
significant sequence differences at the N- and C-terminal
sites,17,18 and (vi) presence of SSEHA sequence instead of
GGDHS. Our recent studies illustrated the role of SSEHA
sequence in the stability and activity of H. pylori arginase.19 The
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sequence analysis of the H. pylori enzyme clearly shows the
presence of a unique 13 residues long sequence motif

(153ESEEKAWQKLCSL165), which has not been found in any
other arginase (Figure 2). On the basis of the previous report, the
sequence motif was suggested to act as an anchor to the
membrane.5 In the absence of the 3D-structure of this protein,
the model structures have been reported.19,20 But the model
structure did not provide appropriate insight into the role of this
motif in the absence of the analogous sequence. Although the
metal binding and other residues are conserved (Figure 2) in H.
pylori arginase, we sought to investigate the role of the unique
stretch of sequence motif which could provide structural and
functional insight into this enzyme. Moreover, the increased
interests for the search of arginase-based therapeutics and design
of effective anticarcinogenic arginase from prokaryotes to
eukaryotes have drawn considerable attention.21 Various forms
of human arginase I such as pegylated,22 Co2+-reconstituted23

and the chimeric protein of human arginase I and human arginase
II have been attempted to test the anticancer efficacy.24−28 In the
present report, we have undertaken a combination of approaches
that include deletion of the sequence, kinetic assays, site-directed
mutagenesis, metal analysis, circular dichroism, analytical gel-
filtration assay, heat-induced denaturation and molecular
dynamics (MD) simulations to investigate the location of the

Figure 1.Representation of the active-site of human arginase I with first-
shell metal residues His101, Asp232, Asp234, His126, Asp124, Asp128
and second-shell residues Asp181, Trp122, and Ser230 coordinating
two metal ions (Mn2+A and Mn2+B) necessary for intact bimetallic cluster
formation and L-arginine hydrolysis.

Figure 2.CLUSTALW alignment ofH. pylori arginase (accession no. NP_208190) with Bacillus subtilis (accession no. BAA11291.1), Bacillus caldovelox
(accession no. S68863), Homo sapiens arginase I (accession no. CAA31188.1), Rattus norvegicus arginase I (accession no. AAC22580.1), Homo sapiens
arginase II (accession no. AAB39855.1), Rattus norvegicus arginase II (accession no. AAB06939.1). Highlighted areas indicate the amino acid signature
motifs characteristics to the arginase family. Residues in bold are critical for the formation of a bimetallic cluster at the active-site. Nonconserved stretch
of the sequence motif (153−165) is shown in the box. The N- and C-terminal residues are omitted for clarity.
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sequence motif and whether the entire sequence or its individual
residue has impact on the kinetics, bimetallic site, structure, and
stability of the protein. The study shows that the sequence
displays a loop-cum-helix structure, which is located near the
active-site. Our data also revealed that the protein became
catalytically nonfunctional upon deletion of the sequence motif
(Δ153−165). We identified key residues in this sequence that
play critical roles in the function of the protein. We demonstrate
that both Trp159 and Asp126 are individually crucial in
maintaining a bimetallic center, and the interaction between
these two residues appears to be important in positioning the
motif near the active-site for activity. We also show that Cys163 is
found to be crucial for dimerization of the protein. Although the
sequence as a whole is important for the stability of the protein,
Trp159 and Glu155 individually have a remarkable role in the
stability. Thus, the present study not only provides significant
new insights into the role of a nonconserved sequencemotif inH.
pylroi arginase but also offers a prospect of engineering this
stretch of the sequence in other arginases for better
anticarcinogenic agent against L-arginine auxotrophic tumors.

■ MATERIALS AND METHODS
Preparation of the Deletion Construct. The truncated

construct (Δ153−165) of H. pylori arginase was prepared using
two different sets of primers (Table S1, Supporting Information)
with appropriate restriction enzyme sites to amplify the gene
sequence present before and after insertion sequence. These
amplified fragments were subsequently cloned into a GST-
tagged pC6-2 vector sequentially. The deletion construct was
confirmed by DNA sequencing.
Mutagenesis. Glu153Ala, Ser154Ala, Glu155Ala, Glu156A-

la, Lys157Ala, Trp159Ala, Trp159Phe, Gln160Ala, Lys161Ala,
Leu162Ala, Cys163Ala, Ser164Ala, and Asp126Ala of H. pylori
arginase were generated using the QuickChange Site-Directed
Mutagenesis kit (Stratagene, USA) according to the manufac-
turer’s protocol. Appropriate forward and reverse primers (Table
S1, Supporting Information) with GST-tagged pC6-2-rocF
plasmid as a template were used for PCR reactions. The positive
mutants were identified by DNA sequencing.
Protein Expression and Purification. Recombinant wild

type andmutant proteins were expressed and purified following a
reported procedure.29 Briefly, the plasmid encoding rocF gene
was transformed into Escherichia coli BL21 (DE3) pLys
competent cells. The culture was induced with 0.1 mM
isopropyl-β-D-thiogalactopyranoside for 12 h at 30 °C when
OD600 reached to 0.6−0.8. EDTA-free protease inhibitor cocktail
tablet (Roche Applied Science) containing 1× PBS buffer (137
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH
7.2) was used for harvesting, resuspension and lysis of cells by
French press (Thermo Electronics) at 1100 psi. Lysate was
centrifuged at 14 000 rpm for 60 min and the supernatant was
subjected to glutathione sepharose (Amersham) for affinity
purification. Tag free protein was obtained by digesting the
protein with purified caspase-6 as per the reported procedure,30

and the protein was eluted with 1× PBS buffer. Caspase-6 was
removed from the eluted fraction by passing onto a 1× PBS
equilibrated 1-mL Ni-NTA agarose (Qiagen, CA) column. The
protein was dialyzed against 20 mM Tris-HCl, pH 7.2 and then
concentrated using centricon-10 at 4 °C and stored at −80 °C
with 10% glycerol. The concentrations of the proteins were
determined spectrophotometrically using Bradford assay. The
deletion protein was expressed and purified similar to wild type.
All individual mutants including wild type were free from the tag

and were used for the kinetic, metal analysis, and biophysical
experiments.

Activity Assay. The arginase activity assay of apo- and
holoproteins was carried out spectrophotometrically as reported
earlier17 by measuring the formation of ornithine at 515 nm with
ninhydrin. The activity assay of the EDTA-free apoprotein
confirmed the requirement of the metal cofactor for activity. The
assay was carried out at 20mMTris-HCl, pH 7.2. The ratio of the
concentration of the metal to the protein with optimum activity
was determined for WT and each mutant. For wild type, the ratio
was found to be 20:1 and 500:1 for Co2+ and Mn2+ respectively.
The ratio was found to increase with a few mutants and was used
for the kinetic assays.

Kinetic Analysis.The steady-state kinetic assays were carried
out with metal incubated apoprotein using a reported
procedure.17 The assays were done with both the Co2+- and
Mn2+-reconstituted mutant proteins in order to examine their
metal preference. The reactions were carried out by mixing the
metal incubated apoprotein with varying concentrations of
arginine. In these assays, the substrate was used in large excess
over the enzyme so that multiple turnovers could be studied. For
all experiments, the initial rate for the formation of L-ornithine
was measured. The experimental data under the above
conditions were fitted to a Hill equation using Sigmaplot
(version 10) to obtain the steady-state kinetic parameters as
reported earlier.17

Gel-Filtration Chromatography. Analytical gel-filtration
assay was carried out using a Perkin-Elmer HPLC system, USA.
10 μM of protein was injected into a Phenomenex S-4000
columnwith 20mMTris-HCl, pH 7.2 at a flow rate of 1mL/min.
A standard curve was generated from the elution volumes of
proteins with known molecular mass such as amylase (200 kDa),
alcohol dehydrogenase (150 kDa), bovine serum albumin (66
kDa) and carbonic anhydrase (29 kDa) and the molecular mass
of the protein was calculated from the retention volume.

Metal Analysis. For metal analysis, 1−2 μM apoprotein was
incubated with excess Co2+ andMn2+ ions (50 °C for 30 min) for
WT and mutants. Unbound metal was removed by passing
through Sephadex G-25 columns equilibrated with 20 mM Tris,
pH 7.2. The flow through was used for the metal analysis
following the reported [4-(2-pyridylazo) resorcinol] (PAR)
assays19,31 with 6 M guanidine hydrochloride using a standard
curve with known metal concentrations. The absorbance of the
complex for Co2+ and Mn2+ was measured at 515 and 495 nm
respectively after 30 min of incubation at room temperature. The
experiment was carried out in triplicate for each metal ion.

MD Simulations. The model structure of H. pylori arginase
contains two cobalt atoms at its active-site.19 To refine this, the
MD simulations were carried out in the absence of the metal ions.
The simulation was carried out using double precision
GROMACS 4.5.4 with Charmm27 force field. The protein was
solvated with 24972 Tip3p water molecules in a cubical box of
dimension 9.27 × 9.27 × 9.27 nm3. In order to simulate cellular
aqueous medium 0.1 M NaCl was included in addition to 6 Na+

ions which is required for neutralizing the system. Then the
system was subjected to steepest descent energy minimization
down to a gradient of 1000 kJ mole−1 nm−1. Thereafter the
simulation was done in two steps. The first step was a 100 ps
position restraint dynamics using LINCS algorithm for allowing
the water molecule to move freely around restrained (partially
frozen) atoms of proteinmolecule. This permits the equilibration
and free diffusion of solvent molecule into the protein molecules.
In the next step full 450 ns production run was carried out at 300
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K. All the simulations were carried out at standard pressure of 1
bar with a coupling constant of 0.5 ps for pressure and 0.1 ps for
temperature making use of Brendsen coupling algorithm in both
cases. The time step for the integration algorithm was kept at 2 fs.

PME electrostatics was applied using a Lennard-Jones cutoff of
1.4 nm and coulomb cutoff of 0.9 nm. The maximum spacing for
the Fast Fourier transform grid was kept at 0.12 nm and cubic
interpolation order was applied. Snapshots of the MD trajectory

Table 1. Steady-State Kinetic Parameters of Wild Type and Mutant H. pylori Arginasesa

Co2+-reconstituted Mn2+-reconstituted

protein kcat (min
−1) K0.5 (mM) n kcat (min−1) K0.5 (mM) n

wild type 31 ± 2.8 6.2 ± 0.5 1.8 ± 0.1 10 ± 0.9 7.1 ± 0.6 1.6 ± 0.2
Glu153Ala 16.2 ± 0.6 4.3 ± 0.3 2.1 ± 0.3 2.3 ± 0.04 1.8 ± 0.14 1.7 ± 0.1
Ser154Ala 18.7 ± 0.8 4.6 ± 0.4 2.2 ± 0.4 1.3 ± 0.1 3.2 ± 0.8 1.5 ± 0.5
Glu155Ala N.A. N.A. N.A. N.A.
Glu156Ala 14.2 ± 0.6 14.4 ± 0.9 1.8 ± 0.1 N.A. N.A.
Lys157Ala 14.7 ± 0.7 4.0 ± 0.4 1.7 ± 0.2 10.7 ± 1.0 7.2 ± 0.6 2.0 ± 0.3
Trp159Ala N.A. N.A. N.A. N.A.
Trp159Phe N.A. N.A. N.A. N.A.
Gln160Ala 14.7 ± 1.8 12.1 ± 2.0 1.7 ± 0.2 2.7 ± 0.2 31.5 ± 3.0
Lys161Ala 108.4 ± 4.3 4.2 ± 0.3 1.8 ± 0.2 29.9 ± 1.1 5.0 ± 0.3 2.2 ± 0.2
Leu162Ala 67.9 ± 5.5 10.6 ± 1.3 1.6 ± 0.2 12.8 ± 1.1 18.9 ± 3.2 1.1 ± 0.1
Cys163Ala 1.9 ± 0.2 5.9 ± 1.5 1.2 ± 0.2 N.A. N.A.
Ser164Ala 14.3 ± 0.5 3.9 ± 0.3 2.1 ± 0.4 3.2 ± 0.2 4.3 ± 0.7 1.2 ± 0.1
Asp126Ala N.A. N.A. N.A. N.A.

aN.A. - no activity observed, 0.05% of wild type activity or below was considered to be “no activity observed”. The concentration of the apo-protein
was 1 μM. The ratio of the concentration of the metal to the protein was determined for wild type and mutants, where highest activity was observed.
For wild type, the ratio was found to be 20:1 and 500:1 for Co2+ and Mn2+ respectively. For each mutant this ratio was determined and used for the
kinetic assays. The data were analyzed using a Hill equation, rate = kcat·[E0]·[Arg]

n/(K0.5
n + [Arg]n) and the kinetic parameters apparent K0.5, kcat, and

n (Hill co-efficient) were determined. The quality of the fit was checked by a theoretical line drawn through the experimental data points and highest
confidence limit. The assays were carried out with the tag free proteins.

Figure 3. Steady-state kinetic analysis showing the representative plots of wild type and mutant proteins in the presence of Co2+ or Mn2+. The data were
fitted to a sigmoidal equation, rate = kcat·[E0]·[Arg]

n/(K0.5
n + [Arg]n) yielding K0.5, kcat, and n (Hill coefficient). Cys163Ala did not show detectable

activity in the presence of Mn2+ and hence its plot was not shown. The kinetic parameters were shown in Table 1. The quality of the fit was judged by a
theoretical line drawn though the experimental data, standard error and confidence limit.
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were saved at each 100 ps. The model structure discussed here is
a snapshot at 445.7 ns. The secondary and tertiary structures
were evaluated by Ramachandran plot, as most of the residues are
found in the allowed regions (Figure S1, Supporting
Information). Several loops are found to be flexible (Figure S2,
Supporting Information).
Docking Studies. Docking study of H. pylori arginase with

nonsimulated and simulated structures was done with substrate
L-arginine using Autodock 4.2. Blind docking on rigid protein
models with flexible arginine molecule was carried out using
Lamarkian Genetic algorithm. The substrate was allowed to
explore their conformational space while the protein models
were kept constant. A grid size of 62 Å × 62 Å × 62 Å with
docking parameter of population size 250, number of energy
evaluation 2500000 and number of Lamarkian Genetic algorithm
run of 200 was used. The default clustering parameters were
used. The lowest energy conformation of the largest cluster was
treated as the best docked structure.
Circular Dichroism Measurement and Heat-Induced

Denaturations. Circular dichroism (CD) spectra of apo- and
Co2+-reconstituted wild type and mutant proteins in the far-UV
range were recorded on a Jasco J-815 spectropolarimeter using a
1-mm path length cuvette. All spectra were corrected by
subtracting the baselines of buffer and buffer plus metal ion,
recorded under the same condition. The measurements were
done using 20 mMTris, pH 7.2. For the determination of Tm the
sample was heated at the rate of about 1 °C/min, and the data
were recorded at the interval of 5°. The temperature of sample
was raised from 30° to 90 °C using a peltier thermostat, coupled
with the spectropolarimeter. To calculate the melting temper-
ature, θMRW at 220 nm values were plotted against temperature
and the data were fitted using a two-state unfolding model. To
check the reversibility, the protein was thermally denatured
(temperature was kept higher than the Tm) and cooled down to
the room temperature, and it was reheated. Similar thermal
denaturation profile and Tm were obtained, suggesting that
unfolding occurs in a reversible manner.

■ RESULTS
Mutational Studies on the Sequence Motif.Unlike other

arginases, theH. pylori enzyme has been reported to show higher
activity with Co2+ than Mn2+.17 H. pylori arginase has a distinct
sequence motif 153ESEEKAWQKLCSL165, which is absent in the
analogous enzymes (Figure 2). To examine the role of the
sequence, each residue was individually mutated with alanine and
the kinetic assays were carried out. Similar to wild type, the data
were fitted to a sigmoidal equation to evaluate the kinetic
parameters K0.5 (an apparent affinity for the substrate to the
enzyme, for allosteric protein Km is represented as K0.5), kcat
(catalytic rate) and n (Hill coefficient or degree of cooperativity),
which are shown in Table 1. A plot for the steady-state kinetic
analysis of wild type protein is shown in Figure 3. Comparison of
the kcat/K0.5 (apparent catalytic efficiency) values (Figure 4)
showed that like wild type, the mutant proteins showed highest
activity with Co2+ as a metal cofactor, consistent with Co2+ being
a preferred metal ion.
Among the mutants, Glu155Ala, Trp159Ala, and Cys163Ala

showed remarkable results (Table 1). Glu155Ala and Trp159Ala
resulted in complete loss of the catalytic activity, demonstrating
that these two residues are extremely critical for the function of
the protein (see the discussion of metal binding studies).
Cys163Ala showed a decrease in the catalytic efficiency by about
16-fold compared to the wild type in the presence of Co2+.

However, withMn2+ Cys163Ala failed to show detectable activity
indicating that Cys163 is also critically important for catalysis.
The steady-state kinetic analysis for some of the mutants is
shown in Figure 3.K0.5 value for majority of the mutants is similar
to wild type except for a few cases (Table 1). However, for
Glu156Ala, Gln160Ala, and Leu162Ala, K0.5 increased by ∼2-
fold implying that these residues have some effects for the
substrate binding. Interestingly, kcat varies with mutations
highlighting the impact of the sequence motif in catalysis. The
catalytic efficiency for Glu156Ala decreased by ∼5 fold than the
wild type suggesting that Glu156 is also important for the
function of the protein (Figure 4). The decrease in the catalytic
efficiency in this mutant is because of the decrease in the affinity
of the substrate as well as for a decrease in the catalytic rate
(Table 1). With Mn2+ Glu156Ala did not exhibit detectable
activity, further suggesting the role of Glu156 in the function
(Figure 4). Similar to Glu156Ala, Gln160Ala also showed a
decrease in the catalytic efficiency by ∼5-fold. In contrast,
Lys161Ala displayed ∼5 fold increase in the catalytic efficiency
compared to wild type indicating that this residue is important in
modulation of the activity. Other residues did not show
significant difference in the efficiency compared to wild type.
In allosteric protein, the value of n obtained in the Hill

equation provides the degree of cooperativity. Our kinetic
analysis suggests that Cys163 (n ∼ 1.2) is likely to be a key
residue for oligomerization of the protein. To investigate this, we
have carried out analytical gel-filtration assays on wild type
protein as well as on Cys163Ala. Analysis of the data showed that
wild type protein eluted as a mixture of monomer and dimer with
similar proportion (Figure 5), which is consistent with the
reported result.17 Interestingly, Cys163Ala eluted mainly as a
monomer with dimer being a smaller amount (Figure 5),

Figure 4. The apparent catalytic efficiency (kcat/K0.5) of the wild type
and mutant H. pylori. The assay was carried out with a preincubated
reaction mixture containing 1 μM apoenzyme and 20 μM Co2+ or 500
μMMn2+ ions with varying concentrations of L-arginine for the wild type
protein, since this concentration of the wild type apoenzyme to the
metal ions showed optimal activity for Co2+ and Mn2+ respectively. The
data were analyzed using a Hill equation, rate = kcat·[E0]·[Arg]

n/(K0.5
n +

[Arg]n) and the kinetic parameters apparent K0.5, kcat, and n (Hill
coefficient) were determined. The quality of the fit was checked by a
theoretical line drawn through the experimental data points and highest
confidence limit. The ratio of the metal ions to the apoenzyme was
determined for each mutant where highest activity was observed, and
this was used for the steady-state kinetic assays. The experiments were
done in triplicate.
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indicating that Cys163 plays a critical role in dimerization of the
protein. Thus, the kinetic assays in combination with the gel-
filtration analysis demonstrate that the motif is extremely critical
for the function of the protein.
Simulations Studies and Location of the Sequence

Motif. The model structure of H. pylori arginase with respect to
its closest homologue Bacillus caldovelox enzyme suggested that
the sequence motif is far from the active-site and exposed to the
solvent.19,20 MD simulation in explicit solvent for proteins is one
of the methods that have been used for the refinement of low
resolution homology models.32−39 To get a structural insight

into how the motif is important for the function of the protein,
we have done the MD simulations to refine the reported model
structure of H. pylori arginase. The protein backbone RMSD
values showed equilibrium structures after 400 ns of simulations
(Figure 6A). Figure 6B represents a snapshot of the simulated
structure at 445.7 ns. To further validate our simulations, the
docking studies of the simulated structure with the substrate L-
arginine was carried out (Figure S3, Supporting Information).
The binding energy was found to be favorable with the simulated
structure as compared to the reported model structure (−5.93 vs
0.68 kcal/mol), suggesting that the simulated structure can
provide a better insight into the function of the protein. Figure
6B also shows the overlay of the simulated and reported model
structures of H. pylori arginase. Interestingly, there is a variation
in the structure and positioning of the motif. The simulated
structure shows that the sequence consists of largely a loop with a
small helix in Lys161-Ser164 (Figure 6C). Trp159 moved closer
to the metal binding site and is buried in the protein. As observed
in Figure 7B, the positioning of the motif near the active-site is
due to the hydrogen bonding interaction of Trp159 with Asp126
(distance ∼2.65 Å). This interaction was formed at around 120
ns and remained intact during rest of the simulations (Figure
7A), implying that it may have an impact on the structure and
function of the protein. To verify this, Asp126 was mutated to Ala
and the kinetic assay was done. Interestingly, this mutant resulted
in complete loss of the catalytic activity, indicating that Asp126 is
vital for the function. As shown in the mutational study,
Trp159Ala failed to show detectable activity. The data further
suggest that the interaction of Trp159 with Asp126 appears to be
critical in positioning the motif near the active site for the
function of the protein (Figure 7B and Table 2 for metal
analysis). It is also to be noted that the location of the active-site
residues is not primarily altered. Thus, the MD simulations
results show that the sequence motif is located near the active-

Figure 5. Analytical gel-filtration assay showing the elution profiles of
wild type and Cys163Ala. The assay was carried out in 20 mMTris-HCl,
pH 7.2. Inset shows a curve using protein standards. The higher
retention volume corresponds to molecular mass of ∼34.2 kDa,
consistent with amonomer (calculatedmass of a monomer∼ 36.9 kDa),
whereas the smaller one with a molecular mass of ∼75.9 kDa
corresponds to a dimer (calculated mass of a dimer ∼ 73.8 kDa).

Figure 6. (A) The backbone RMSD value after least-squares fit with backbone of initial structure during 450 ns MD simulation of the model without
metal atom. (B) Overlap ofH. pylori arginase model structure (gray) and the structure obtained after 450 ns of MD simulation (black). The active-site is
shown in green circle, whereas the sequence motif is shown in blue (before simulation) and red (after simulation). The location of Trp159 is shown after
and before simulations. (C) Sequence motif and the active-site of H. pylori arginase in the nonsimulated (sky blue) and simulated structures (red).
Trp159 in both the structures is shown in green.
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site with a loop-cum-helix structure, suggesting its role in both
structure and function of the protein.
Evaluation of the Metal Binding upon Mutations. To

examine whether the change in the catalytic activity is due to the
alteration in the metal binding, the metal binding assay was
carried out in all mutant proteins. As already known, in all
arginases an intact bimetallic center at the active-site is absolutely
essential for catalysis. Like wild type, all mutants except

Trp159Ala exhibit similar metal binding (∼2 metals per unit
monomer of the protein) in the presence of either Co2+ or Mn2+

consistent with a bimetallic center at the active-site (Table 3).
Trp159Ala is found to have one metal per unit monomer of the
protein, suggesting that Trp159 is crucial in retaining a metal ion.
To verify this, Trp159 was mutated with a similar hydrophobic
residue Phe. Like Trp159Ala, Trp159Phe also showed no
detectable activity (Figure 4) and contains one metal ion (Table
3), further verifying that Trp159 is critical in retaining a metal ion
and thus in the activity. To understand whether Asp126 has a role
in retaining metal ions, we carried out similar analysis for
Asp126Ala in the presence of either Co2+ or Mn2+. Interestingly,
Asp126Ala also showed one metal ion, indicating that Asp126 is
crucial for retaining a metal ion. These studies demonstrate that
both Trp159 and Asp126 are close to the metal binding/active-
site and critical for retaining the bimetallic center, thus for the
function of the protein, which is consistent with the kinetic assays
and MD simulations.

Deletion Studies on the Sequence Motif. Our studies so
far show that Glu155, Trp159, Cys163 and Asp126 are critical for
the function of the protein. To examine the role of the whole
sequence motif in the activity, we have made a truncatedH. pylori
arginase, where the residues 153−165 have been deleted. Unlike
wild type and mutant proteins, the GST-tag could not be cleaved
in the truncated protein using caspase-6 indicating that the
cleavage site may be buried inside the fused protein. The activity
assay of the GST-tagged truncated protein was carried out. As

Figure 7. (A) The distance between Trp159 and Asp126 is shown duringMD simulation. This distance decreases to a length where the bond formation
is possible and remains unaltered throughout the trajectory after 100 ns. (B) The distance between Trp159-Asp126 is shown in one of the snapshot of
MD trajectory. (C) Surface representation of the residues for the sequence motif inH. pylori arginase using solvent accessible surface area (SASA) value
before and after MD simulations. The exposure of the residues decreases from red to white to blue (red, white and blue represent exposed, less exposed
and buried, respectively). (D) The electron clouds of Trp159 with Tyr125 andHis122 within the van derWaal’s distance showing the stabilization of the
protein by Trp159 with the surrounding aromatic amino acids through hydrophobic and/or π−π interactions.

Table 2. Metal Content in the Co2+- and Mn2+-Reconstituted
Wild Type and Mutant H. pylori Arginases

protein number of Co2+ per monomer number of Mn2+ per monomer

wild type 2.1 ± 0.1 2.2 ± 0.1
Glu153Ala 1.6 ± 0.2 2.0 ± 0.1
Ser154Ala 2.0 ± 0.1 2.1 ± 0.2
Glu155Ala 1.6 ± 0.1 2.0 ± 0.1
Glu156Ala 1.6 ± 0.2 2.1 ± 0.2
Lys157Ala 1.6 ± 0.1 1.9 ± 0.1
Trp159Ala 1.1 ± 0.2 1.1 ± 0.1
Trp159Phe 1.0 ± 0.2 0.9 ± 0.1
Gln160Ala 1.6 ± 0.2 1.7 ± 0.2
Lys161Ala 1.7 ± 0.2 2.2 ± 0.1
Leu162Ala 1.8 ± 0.1 1.9 ± 0.2
Cys163Ala 1.8 ± 0.2 1.8 ± 0.2
Ser164Ala 1.7 ± 0.1 2.2 ± 0.1
Asp126Ala 1.1 ± 0.2 1.2 ± 0.2
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obvious, the protein failed to display activity (Figure 4), further
implying that the sequence motif is critical for the function of the
protein. It is to be noted that the wild type protein is found to
show similar activity with and without the tag.
Circular Dichroism Study for the Role of the Sequence

in Secondary Structure. To examine the role of the sequence
motif in the secondary structure of the protein, we employed CD
measurements in the far UV range. The experiments were carried
out for the wild type and mutants (apo and holo). For the apo
proteins, the CD value was found to change for certain mutations
(Figure 8A). Trp159Ala and Glu155Ala showed significant
decrease in the CD value compared to wild type (Figure 8A),
suggesting that these mutations lead to the loss of secondary
structure of the protein. The deconvolution of the CD spectra by
two different methods K2D340 and Chen41 yielded an average α-
helix content of ∼6.3 and 18% for Trp159Ala and Glu155Ala,
respectively as compared to 29% in wild type (Figure 8B). To
understand whether Trp159 is important for the secondary
structure of the protein, we carried out similar studies with
Trp159Phe. In contrast to Trp159Ala, Trp159Phe regained the
secondary structure. These data demonstrate that both Trp159
and Glu155 of the motif are individually important for
maintaining the structure of the protein. But Glu153Ala,
Ser154Ala, Glu156Ala and Asp126Ala exhibit similar secondary
structures to wild type. On the other hand, Gln160Ala,
Lys161Ala, Leu162Ala, Cys163Ala and Ser164Ala showed an
increase in the CD value compared to wild type. The increase in
the helicity of these mutants may be due to the presence of Ala,
which is known to have higher propensity to form helical
structure.
To understand whether the loss of activity in Glu155Ala is due

to the decrease in the helical content, CD measurement of
Glu155Ala was carried out in the presence of 5−10% trifluoro
ethanol (TFE), a known α-helical structure inducing agent in
protein. The secondary structure of the mutant was found to

increase with TFE (Figure S4, Supporting Information).
Glu155Ala with 10% TFE exhibited a CD value similar to wild
type, indicating that TFE increases the secondary structure of the
mutant protein. To examine whether the structural gain in
Glu155Ala with TFE makes the protein catalytically functional,
the activity assay was carried out in the presence of 10% TFE.
The mutant showed negligible activity (∼2% of wild type),
suggesting that Glu155 has also a catalytic role.
To understand whether the metal ions have a role in the

secondary structure of the mutant proteins, similar CD
measurements were carried out. In the presence of the metal
ions, the CD values of Glu153Ala, Ser154Ala, Lys157Ala,
Trp159Ala, Trp159Phe, and Lys161Ala are found to be higher
than their apos, indicating that the metal ions increase the
secondary structure of these mutant proteins (data not shown).
However, for other mutants the increase in the CD values is
marginal in the presence of the metal ions.

Heat-Induced Denaturation Studies for the Role of the
Sequence in Stability. To determine whether the sequence
motif is important for the stability of the protein, heat-induced
unfolding studies were carried out in all mutants using CD
measurements. The change in the secondary structure was
measured with an increase in the temperature from 30 to 90 °C,
and the data were plotted against temperature. Figure 9A shows a
representative plot of heat-induced unfolding studies in
apoprotein. The data were fitted to a two-state unfolding
model to determine the Tm (midpoint transition temperature),
as shown in Table 3. All mutants showed sigmoidal transitions
suggesting that temperature induced unfolding of the proteins
occurred in a cooperative manner. The value of Tm of a protein
provides an estimate for measuring its thermostability.
Comparison of the Tm values between the wild type and mutants

Table 3. Melting Temperature (Tm) of Wild Type andMutant
H. pylori Arginasesa

protein apo-enzyme Tm (°C) holo-enzyme Tm (°C)

Wild Type 68.0 ± 1.2 70.0 ± 0.4
Glu153Ala 58.4 ± 1.0 69.8 ± 2.1
Ser154Ala 59.5 ± 0.5 69.0 ± 1.0
Glu155Ala 53.6 ± 0.6 61.7 ± 2.4
Glu156Ala 59.0 ± 0.9 N.D.
Lys157Ala 57.7 ± 1.1 67.7 ± 0.5
Trp159Ala 51.0 ± 2.7 N.D.
Trp159Phe 59.9 ± 0.3 64.8 ± 1.3
Gln160Ala 62.8 ± 0.7 64.4 ± 1.0
Lys161Ala 59.0 ± 0.2 67.5 ± 0.5
Leu162Ala 61.0 ± 2.0 67.3 ± 0.9
Cys163Ala 60.5 ± 0.7 69.5 ± 0.7
Ser164Ala 59.9 ± 1.3 70.7 ± 1.8
Asp126Ala 61.0 ± 4.7 N.D.

aN.D. - not determined, these mutants did not show proper thermal
transitions in the presence of the metal ions and hence their Tm values
could not be determined reliably. The Tm was determined from the
heat-induced denaturation studies on the apo and mutant Co2+-
proteins. The concentration of the protein was 1.5 μM for both apo
and holo proteins. The experiments were carried out by measuring the
CD spectra at 200−240 nm using a 1 mm path length cuvette in 20
mM Tris-HCl, pH 7.2. θMRW values at 220 nm were plotted against
temperature and the Tm was calculated by fitting the data to a two-
state model.

Figure 8. (A) CDmeasurement of the mutant proteins in the absence of
the metal ions. The concentrations of the proteins were kept at 1.5 μM
and the data were collected before the saturation of high voltage. (B)
The representative secondary structure analysis of wild type, Trp159Ala
and Glu155Ala by K2D3 and the Chen method.
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showed that in the absence of the metal ions the mutant proteins
are significantly less stable than the wild type, as reflected in the
reduction of the Tm by ∼5−17° (Tm of wild type apo ∼68 °C,
Figure 9C). Interestingly, only Glu155Ala and Trp159Ala
showed the notable decrease in the Tm (∼14−17°, Figure 9C)
compared to wild type, suggesting that both electrostatic (by
Glu155) and hydrophobic (by Trp159) interactions are very
critical in providing stability to the apo-proteins. But Trp159 has
a slightly larger role in the stability than Glu155, as observed from
the difference in theTm values compared to wild type (17 vs 14°).
Tryptophans are found to increase the stability of proteins
through hydrophobic and π−π interactions with the side chains
of aromatic amino acids.42,43 To see the involvement of Trp159
in these interactions, the stability of Trp159Phe was examined.
The data showed an increase in the Tm of about 9 deg as
compared to Trp159Ala (60 vs 51 °C), suggesting the role of

Trp159 in the hydrophobic and/or π−π interactions for the
stability of the protein (see the Discussion).
To see the effect of the metal ions in the stability, similar

measurements were done on the mutant proteins in the presence
of the metal ions and their Tm values were also evaluated (Figure
9B). As observed in Figure 9C, the interaction of the metal ions
with the residues at the active-site compensates for the loss of
stability in the mutant proteins. Unlike other mutants, the metal
ions in Glu155Ala did not compensate the loss of stability
significantly compared to their apos, suggesting that the
interaction of Glu155 with its surrounding residues is vital for
the stability of the protein. But for Trp159Phe, the loss of one
metal as well as absence of the Trp159−Asp126 interaction is
likely to be the main reasons for not regaining the stability. Thus,
the heat-induced unfolding studies clearly demonstrate that the
sequencemotif is a critical component for the stability ofH. pylori
arginase.

Figure 9. (A) Representative heat-induced transitions for apo Lys157Ala, Leu162Ala and Cys163Ala by CD measurement. Data were fitted to a two-
state model to determine the Tm (B) Representative heat-induced transitions for Co2+-reconstituted Lys157A, Leu162Ala and Cys163Ala by CD
measurement and the data were fitted as mentioned above to determine theTm, (C) TheTm of individual mutants was determined for both apo and holo
forms as described in panels A and B. Tm of each mutant protein for both apo and holo forms were subtracted fromWT and the difference in the Tm of
the mutant proteins compared to wild type was plotted for apo and holoproteins.
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■ DISCUSSION

Although the first-shell and second-shell residues are primarily
conserved in arginases for an intact bimetallic center at the active-
site to carry out the hydrolysis reaction of L-arginine, the
evolutionary role of a distinct sequence motif in the H. pylori
enzyme remains unknown. The model structure of this protein
with respect to its closest homologue showed that the sequence
motif was far from the active-site and exposed to the solvent.19,20

In the present study we have undertaken a number of approaches
to demonstrate that the sequence motif is located near the active-
site and indeed a critical component of the protein for structure,
function, stability, and retention of bimetallic center.
H. pylori arginase shows several distinct features compared to

the homologous enzymes.17,18,44 One of the important features is
that it exists as a mixture of monomer and dimer, and dimer has
been shown to be important for stimulation of the activity
through allosteric interaction.17 The kinetic data showed that
majority of the mutant proteins exhibit cooperativity, indicating
that the mutants possess similar stimulation like wild type
protein. Cys163Ala showed significant decrease (∼16-fold) in
the catalytic efficiency compared to wild type and did not show
appreciable cooperativity (n ∼ 1.2). Hence, the decrease in the
catalytic efficiency of Cys163Ala is due to the absence of
allosteric interaction. This is supported by the analytical gel-
filtration assays, where Cys163Ala predominantly exists as a
monomer. The MD simulations have clearly indicated that
Cys163 of a small helix (Lys161-Ser164) is exposed to the
solvent. Taken together, our data demonstrate that Cys163 is
critical for dimerization of the protein. Unlike in the presence of
Co2+, Leu162Ala and Ser164Ala do not exhibit cooperativity with
Mn2+ (n∼ 1.1), implying that these residues are also important in
the regulation of the activity. The absence of cooperativity in
these Mn2+ mutant proteins compared to Co2+ may due to the
difference in subtle conformational change around the metal
ions, as wild type Co2+- and Mn2+- H. pylori arginases have been
found to exhibit different local tertiary structures.17 The increase
in the catalytic efficiency for Lys161Ala could be due to the
increase in the catalytically competent conformation of the
protein, as the secondary structure and stability of the mutant did
not alter significantly compared to wild type in the presence of
the metal ions. Nevertheless, our kinetic data in combination
with the analytical gel-filtration assay and MD simulations
suggest that Cys163 of the helix plays a critical role in
dimerization of the protein and thus for the stimulation of the
activity.
As discussed earlier, this protein has a bimetallic center at the

active-site, which is essential for the hydrolysis reaction. The
metal binding assays showed that Trp159Phe, Trp159Ala and
Asp126Ala exhibit loss of one metal. The disruption of the
bimetallic center in these mutants is certainly one of the main
reasons for complete loss of the catalytic activity. The MD
simulations suggested a close contact (2.65 Å) between Trp159
and Asp126. Therefore, this interaction appears to be crucial in
positioning the motif near the active-site, which is essential for
the retention of the bimetallic center and function of the protein.
How do Trp159 and Asp126 play critical roles in retaining a

bimetallic center at the active-site? Since the metal binding
residues (first-shell residue) except Glu90 are primarily
conserved in this protein (Figure S5, Supporting Information),
Trp159 is unlikely to serve as a first-shell residue. However, in
human arginase Trp122 has been found to act as a second-shell
residue, which is strictly conserved in other arginases except H.

pylori. This Trp forms a hydrogen bond through its indole moiety
to the first-shell residue Asp124.45 But H. pylori arginase shows a
Tyr residue at this position. It has been suggested that in metallo-
proteins the geometry of the active-site appears to be shaped by
second-shell residues for proper orientation of the inner residues
to coordinate metal ions,13,45 and the disruption of second-shell
interactions can also result in loss of activity, which is observed in
the case of argininemia patients.13 Figure S5 (Supporting
Information) showed a representation of the bimetallic center
in H. pylori arginase based on the modeling and mutational
studies, where Co2+A is buried in the interior of the protein
(analogous Mn2+A is deeply localized in human arginase),
whereas Co2+B is relatively exposed (analogous Mn2+B is exposed
in human arginase).19 We reported earlier that the conserved
first-shell residues His91 and His118 are important in retaining
one metal ion at the active-site. The mutational studies on these
two histidine residues showed that the loss of metal ion inHis118
metal binding site (corresponding metal is Co2+B, Figure S5) has
a larger impact on the catalytic activity.19 As observed in the MD
simulations, Trp159 and Asp126 are close to the metal binding
site (Figure 7A). It is possible that in the presence of the metal
ions both Trp159 and Asp126 can move further closer to the
metal binding site, as the MD simulations cannot be done in the
presence of Co2+ ions owing to its limitation. On the basis of our
biochemical data and metal analysis, it can be hypothesized that
Trp159 may act as a second-shell residue to maintain the active-
site architecture of the protein. Since Trp159 mutants
individually displayed loss of one metal ion as well as complete
loss of the catalytic activity, it is possible that Trp159 could
interact with the first-shell residue His118 (Co2+B) through a salt
bridge or directly via indole nitrogen. Similarly, Asp126 could act
as a second-shell residue. It is interesting to note that the
alignments of H. pylori arginase show Asp126 at the position of
conserved Thr in mammalian and other bacterial arginases
(Figure 2). The absence of the Trp122−Asp124 interaction
(corresponding to human arginase) inH. pylori arginase might be
complemented by the Trp159−Asp126 interaction. This also
suggests that the active-site of H. pylroi arginase misses
something critical compared to the homologous enzymes that
is supplemented by the sequence motif.
Our data on Glu155Ala show that Glu155 is also crucial for the

function, as its mutation results in complete loss of the activity
although it has a bimetallic center. Hence, Glu155 appears to
have a different role. The loss of activity in Glu155Ala is not due
to the reduction in the secondary structure of the protein, as this
mutant with 10% TFE restored the secondary structure but
showed a marginal activity (2% of wild type). Thus, the loss of
activity in Glu155Ala may be due to its inability to form a
catalytically competent structure.
Arginase has been found to be a thermostable protein with Tm

∼ 70 °C.46 The higher Tm in arginases could be due to large
numbers of secondary structural components, hydrophobic and/
or electrostatic interactions. It is observed that mutations in the
sequence motif severely compromise the thermostability of the
apo-proteins. The decrease in the thermal stability of Trp159Ala
and Glu155Ala compared to wild type in the absence of the metal
ions is in agreement with the lower amount of the α-helical
content, suggesting that hydrophobic and/or π−π, and electro-
static interactions by Trp159 and Glu155, respectively play
crucial roles in maintaining the secondary structure of the whole
protein. A close examination of Trp159 reveals that it makes
hydrophobic and/or π−π interactions with the surrounding
aromatic amino acids Tyr125 andHis122 (Figure 7D), indicating
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that the loss of these interactions in Trp159Ala is likely to be the
main reason for the decrease in the secondary structure and loss
of stability. It was further supported by Trp159Phe, which
resulted in an increase in the secondary structure and stability of
the protein (Figure 9A).
Unlike wild type, the metal ions have also greater role in the

stability to the mutants except Glu155Ala and Gln160Ala (Table
3), implying that the interactions of the metals with their ligands
in the mutant proteins compensate the loss of stability. TheTm of
Glu156Ala, Trp159Ala and Asp126Ala in the presence of the
metal ions could not be determined reliably, as these mutants did
not show proper heat-induced unfolding transitions, indicating
that Glu156, Trp159 and Asp126 are also very crucial in
maintaining the structure of the protein. Taken together, these
results clearly demonstrate that the sequence motif is not only
important for the stability of the protein, but also close to the
active-site. It also demonstrates that in the absence of the metals
the sequence motif plays a very vital role in providing
electrostatic and hydrophobic interactions to maintain the
overall structure of the protein.
In summary, we provide the evolutionary role of a non-

conserved motif inH. pylori arginase, which is critical for multiple
functions. The formation of an intact bimetallic cluster by
Trp159 and Asp126 makes the protein catalytically competent as
well significantly more stable to carry out the hydrolysis reaction
of L-arginine for a continuous supply of polyamine precursor L-
ornithine. The interaction of Trp159 with Asp126 appears to be
crucial for bringing the motif close to the active-site so that the
protein is stabilized by the hydrophobic and/or π−π interactions
of Trp159 with the surrounding aromatic amino acids. Glu155
provides a significant role in the structure and stability of the
entire protein and is also important for catalysis. Simulation
studies provide further insights into how the sequence motif is
crucial for the structure and function of the protein.
Furthermore, Cys163 of the small helix is primarily important
for dimerization, which makes the protein catalytically more
efficient for rapid depletion of L-arginine. This perhaps helps the
bacterium to divert the substrate from the common competitive
pool of iNOS in the host for the successful establishment of
diseases caused by H. pylori. Hence, the motif can act as a
regulatory switch. Our results thus provide the first report, where
the sequence motif is not only critical for maintaining a
catalytically competent conformation but also vital for the
structure and stability of the whole protein. These findings imply
that this stretch of the sequence motif can be engineered fully or
partly in human arginase I and/or II to enhance their therapeutic
potentials against a number of carcinomas such as hepatocellular,
melanomas and prostate etc.,47,48 as the engineered pegylated
human arginase I and the chimeric enzymes of human arginase I
and II24 have been explicitly shown to provide long-term
physiological stability and thus for better antineogenic agents
against lymphoblastic T cell leukemia22 and L-arginine
auxotrophic tumors.24 Our future challenge is also to extend
in-depth understanding for mechanistic and biological inves-
tigations of H. pylori arginase, which may be important for
therapeutics.
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