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Abstract
Human arginase is a binuclear manganese metalloenzyme that participates in the urea cycle.
Arginase catalyses the hydrolysis of L-arginine into L-ornithine and urea and is linked to several
disorders such as asthma and cancer. Currently, the protonation and tautomerization state of the
substrate when bound to the active site, which contains two manganese ions, is not known.
Knowledge of the charge dependent behavior of arginine in the arginase I environment would be
of utility towards understanding the catalytic mechanism and designing inhibitors of this enzyme.
The arginine+/0 species, including all possible neutral tautomers, were modeled using an
aminoimidazole analog as template. All-atom molecular dynamics simulations were then
performed on each of the charged and neutral species. In addition, a hydroxide ion was included in
selected simulations to test its importance. Results show that the positively charged state of
arginine is stable in the active site of arginase I, with that stabilization facilitated by the presence
of hydroxide. Glu277 is indicated to play a role in stabilizing arginine in the active site and
facilitating its ability to assume a catalytically competent conformation in the presence of
hydroxide. The reported interactions and modeled arginine bound arginase I structures can be used
as a tool for structure based inhibitor design as experimental data on the structure of the substrate-
enzyme complex is lacking.
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Introduction
Arginase is a trimeric binuclear manganese metalloenzyme that hydrolyzes L-arginine to L-
ornithine and urea.1–3 Arginase has two iosforms that have 55% sequence identity and differ
in subcellular localization and tissue distribution.2 Arginase I is located in the liver and red
blood cells and catalyzes the final step of the urea cycle. Arginase II is involved in NO
synthesis4 and distributed in the kidney, brain, gastrointestinal tract and prostate tissues.1

Arginase I plays a critical role in modulating the immune response,5, 6 and its inhibition can
block lung carcinoma7, whereas arginase II is primarily involved in L-arginine
homeostasis.8 Depletion of L-arginine by increased arginase activity causes allergic
asthma.9, 10 L-arginine is also a substrate for nitric oxide synthase (NOS) where NO is
produced when L-arginine is converted to L-citrulline by NOS.11
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Arginase inhibitors can increase the concentration of L-arginine, enhancing NO biosynthesis
and NO-dependent physiological processes such as smooth muscle relaxation. For example,
long term treatment of spontaneously hypertensive rats with the arginase inhibitor Nω-
hydroxy-L-nor-arginine results in reduced blood pressure, improved vascular function, and
reduced cardiac fibrosis.12 In addition, NO regulates the nervous and immune systems13 and
arginase inhibition is therapeutically beneficial in treating sexual arousal disorders.2

Additionally, inhibition of malarial arginase is beneficial in antimalarial therapy,14 the
inhibitor Nω-hydroxy-L-arginine has been reported to inhibit the infection of the Leishmania
parasite,15 and another inhibitor, L-norvaline, prevents endothelial dysfunction.16

Accordingly, inhibition of arginase has a range of potential therapeutic applications.

The active site of arginase contains two Mn2+ ions (Mn2+
A – Mn2+

B) separated by 3.3 Å,
which are coordinated by Asp and His residues.17 These ions facilitate formation of a
hydroxide ion that is essential in the enzyme’s catalytic mechanism. Replacement of the
metal coordinating residues in arginase I disrupts the metal cluster and/or the nucleophilic
hydroxide ion.18 Mn2+

B and Asp-128 alone can hold the hydroxide ion in a position to
attack the scissile guanidium carbon. However, the additional Mn2+ increases the
polarizability of the hydroxide ion, thereby facilitating its reactivity.

Molecular details of the interaction of various arginase inhibitors have been obtained from
crystallographic studies.15, 19 For example, aminoimidazole based inhibitors and Nω-
hydroxy-L-nor-arginine (nor-NOHA) complexes contain functional groups that can have
direct metal coordination with the two Mn2+ ions in the catalytic site.19, 20 However, these
structures do not yield information on how the substrate arginine binds in the active site.
This includes consideration of the protonation state of the guanidinium group of arginine,
which despite being in the pKa range of 12 – 13.7,21–23 could assume a neutral state when in
the environment of the active site. And if a neutral state was assumed the arginine side chain
can assume three possible tautomeric forms (Figure 1). In addition, given the role of the
hydroxide ion, and the inability of available X-ray crystal structures to differentiate
hydroxide from water, information on its role in substrate hydrolysis is lacking. In order to
understand the binding mode and key interactions of substrates/inhibitors with arginase,
including information on the presence of the nucleophilic hydroxide ion, we present a
molecular dynamics (MD) simulation study of arginine and a selected inhibitor in the
arginase I active site, with hydroxide included in a subset of the simulations. Results from
the simulations show the role of a hydroxide ion in maintaining the proper distance between
the metal ions, as well as maintain a functional metal cluster including the orientation of
surrounding residues in the active site that is critical for hydrolysis.

Materials and Methods
Computations were performed with version 35 of the CHARMM MD package24 with
production simulations carried out using NAMD 2.8.25 Calculations were performed using
the CHARMM22/CMAP26 all-atom additive force field supplemented with the CHARMM
General Force Field27 for the inhibitor. Previously published ARG0 parameters28, 29 were
used to treat the five possible tautomers of neutral arginine; RN1, RN2, RN-2, RN3 and
RN3-1. These are pictorially represented in Figure 1 along with the studied inhibitor Nω-
hydroxy- L-nor- arginine (nor-NOHA).20 The substrate arginine was modeled into the
protein based on the aminohistidine inhibitor-arginase I crystal structure (PDB: 3MFV).19

The inhibitor ((2S)-2-amino-4-(2-amino-1H-imidazol-5-yl)butanoic acid) contains a 2-
aminoimidazole heterocycle instead of a guanidinium group, such that deleting carbon 5 in
the imidazole ring yields arginine (see Supplementary Figure S1) following adjustment of
the geometry to remove the internal steric clash using the Clean function in Discovery
Studio (Accelrys Inc.). The Arg+/0 species substrates were simulated with and without
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hydroxide ion (Figure 2). When hydroxide was included in the simulations it was initially
positioned to symmetrically bridge both metal ions as observed for an inhibitor oxygen atom
in the 2(S)-amino-6-boronohexanoic acid (ABH) bound crystal structure (PDB: 2AEB).30

For the metal ions, Mg2+ ion parameters were used to model the Mn2+ ions. To test the use
of Mg2+ parameters a simulation was performed on the nor-NOHA-Arginases I complex;
nor-NOHA is a competitive inhibitor with Kd = 51 nM (ITC) crystallized at a resolution of
1.66 Å (3KV2).20 The Nζ-OH group of nor-NOHA interacts symmetrically with metal ions,
replacing the metal bridging hydroxide ion. Additionally, nor-NOHA interacts with protein
by both direct and water mediated hydrogen bonds.

Protein preparation involved trimming the C-terminal 13 residues as their presence
significantly increased the system size and they are ~25 Å away from the active and,
therefore, not involved in substrate binding. The histidine protonation states were assigned
based on Reduce.31 Generation of CHARMM inputs for the simulations, including building
of hydrogens, system solvation and periodic boundary definition was carried using the
CHARMM-GUI.32 The substrate/inhibitor-Arginase complexes were solvated with TIP3P
water molecules33 in a cubic box extending a minimum of 10 Å beyond the protein non-
hydrogen atoms and chloride ions were added to neutralize the systems (Table S1).

Simulation conditions included nonbonded interactions truncated using the force switching
function between 8.0 and 10.0 Å for the Lennard-Jones interactions, and nonbonded list
generation was restricted to 12.0 Å and was updated heuristically. Long range electrostatics
were treated with the Particle Mesh Ewald (PME) method with the order set to 6 and kappa
= 0.45 Å−1. The SHAKE method was applied to constrain the covalent bonds involving
hydrogen atoms with an integration time step of 2 fs. All systems were minimized by 500
steps using the steepest descent minimizer with protein non-hydrogen atoms restrained by
applying harmonic restraints of 5.0 kcal/mol/Å. Following that a 500 ps MD equilibration
was carried in the NVT ensemble at 300 K with the non-hydrogen atoms restrained as
described above. The equilibration allows for relaxation of the solvent and newly added
hydrogens on the protein. Following the equilibration a 100 steps minimization was carried
out with adopted basis Newton-Raphson minimizer without any restraints on the protein,
inhibitors or solvent. The production simulations were performed in the NPT ensemble,
temperature and pressure was maintained by the Langevin Piston method at 300 K and 1
atm, respectively. Initial atom velocities were assigned according to the Maxwell
distribution. The initial 2 ns of each trajectory was considered additional equilibration and
snapshots were saved every 5 ps from the remaining 18 or 48 ns production trajectories for
analysis.

The trajectories obtained with the NAMD program were analyzed within the CHARMM
program. Hydrogen bonds were defined as being present based on non-hydrogen (ie. O-N,
O-O, or N-N) distance of 3.4 Å. VMD34 was used to visualize the trajectories obtained from
MD simulations. For statistical analysis the 48 ns production trajectories were split into 4
blocks and 18 ns simulation into 3 and the block averages and standard errors calculated.

Results and Discussion
In total, thirteen MD simulations were conducted. The positive and neutral forms of the Arg
guanidinium sidechain (ie. Arg+/0) were modeled based on the aminoimidazole-arginase
complex structure (PDB: 3MFV)19 and MD simulations were carried for 20 or 50 ns of
which the initial 2 ns were considered equilibration and the final 18 or 48 ns used for
analysis. The role of the hydroxide ion was tested by performing each Arg+/0 simulation in
the presence and absence of hydroxide (Figure 2). The active-site cleft is characterized by a
Mn2+ - Mn2+ cluster that is essential for the catalytic activity of the arginase. As force field
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parameters for manganese ion were lacking, Mg2+ parameters were used due to its similar
coordination preference. Initial analysis (see below) focused on the nor-NOHA-arginase
simulation to verify the ability of the present simulation protocol to model the complex
environment of the Arginase I active site. This was followed by analysis of the substrate Arg
simulations in the different protonation and tautomeric states and in the presence and
absence of hydroxide ion to understand the molecular nature of the substrate-protein
interactions.

Convergence of all the simulation systems was analyzed by calculating the RMSD of the Cα
atom of the protein with respect to the initial structures (Figure 3). The overall RMSD
analysis indicates that the simulation systems were adequately converged after 2 ns, with
final RMSD values below 2.0 Å. Variations in the RMSD as a function of simulation time
are mainly due to the fluctuation of several loops connecting secondary elements in the
protein as can been seen from the RMS fluctuations over the simulation as a function of
residue for the nor-NOHA simulation (Figure S2, supporting information). The lowest
RMSD values were observed for the Arg+-OH− complex. It should also be noted that in the
RN1, RN2-1 and RN3-1 neutral substrate simulations with hydroxide, analysis of the
guanidinium-Mg2+ distances (see below) indicates that the substrate is starting to diffuse
from the binding site. However, this was not evidenced in the overall RMSD analysis.

Metal cluster structure in the presence of nor-NOHA
To demonstrate the reliability of the simulation protocol, including the use of Mg2+

parameters for Mn2+, the nor-NOHA simulation was analyzed and compared with the
experimental data20. Analysis mainly focused on distances involving the metal ions,
including hydrogen bonds established with protein atoms and water molecules. MgA has
been observed to form a square pyramidal coordination with His101 (ND1), Asp124 (OD2),
Asp128 (OD2), Asp232 (OD2) and Nω-hydroxy oxygen; the average distance for these
atoms are 3.78±0.25 Å, 1.84±0.01 Å, 1.85±0.02 Å, 1.91±0.00 Å and 1.90±0.01 Å,
respectively (Figure 4a and Table 1). Metal ion MgB is coordinated in an octahedral
geometry with His126 (ND1), Asp124 (OD1), Asp234 (OD1 and OD2 bidentate), Asp232
(OD1) and N-(ω)-hydroxy oxygen, the distances obtained from the simulations between
metal and ligand atoms are 2.56±0.04 Å, 1.88±0.02 Å, 1.97±0.02 Å, 1.94±0.01 Å and
1.83±0.01 Å, respectively. The simulated distances are generally comparable with the
experimental values. An exception is the MgA-His101 average distance of 3.78 Å, which is
longer than the 2.3 Å experimental distance. The reason for the His101 shift is competition
of a water molecule with MgA that causes a shift in the location of the imidazole side chain.
The nature of this competition is shown in Figure 4b, where towards the end of the
simulation there are times when His101 moves close to the ion while the water moves away.
Also, in the simulation a shift in the position of Asp 232 occurred. In the experimental
structure Asp 232 Oδ2 symmetrically bridges the two metal ions, being 2.3 Å from each ion,
whereas, in the simulation Oδ2 interacts primarily with MgA with a distance of 1.91±0.00 Å
while Oδ1 shifts closer to MgB, forming an interaction with a distance of 1.97±0.02 Å.
Additionally, the average coordination angles form the simulation for MgA (107±0.66°) and
MgB (130±0.56°) are in satisfactory agreement with the experimentally determined
coordination angle of N-O-Mn2+ 121° (Figure 4c). Similarly, the O-Mg2+ coordination
distance is comparable with experimental O-Mn2+ distance (Figure 4d and Table 2). The
above analysis indicates that the metal ions and surrounding protein maintain the
experimentally determined geometry of the active site without applying any additional
restraints to maintain the geometry.

Additional criteria to validate the simulation protocol are hydrogen bonds by nor-NOHA
with the surrounding protein environment. Experimentally nor-NOHA forms hydrogen
bonds with Asp128, Asn130, Ser137, Asp183 and Thr246. The simulation captures all the
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hydrogen bonds observed experimentally, although the % of occurrence is low in certain
cases. Table 3 shows the hydrogen bond data, where the % of occurrence of the observed
hydrogen bonds is presented using a cutoff distance of 2.4 Å. The hydrogen bond with
Asn130 (Hδ2) does not appear for more than 0.5% of the simulation due to a water molecule
interacting frequently with the terminal carboxylate oxygens (OT1 and OT2) of nor-NOHA
(Figure S3). Moreover, terminal carboxylate and amino groups mostly interact with protein
atoms by means of water-mediated hydrogen bonds. Overall, the results of the nor-NOHA-
arginase I simulation indicate that the use of Mg2+ parameters to model the Mn2+ ions in the
active site is appropriate as well as indicate the ability of the applied simulation protocol to
satisfactorily model the highly charged active site of arginase I.

Stability of substrate in the active site
Subsequent analysis focused on understanding the impact of the protonation and
tautomerization state on the interaction of the Arg substrate with the arginase active site. To
investigate the stability of the different forms of Arg in the active site the distances between
the Mg2+ ions and the guanidium nitrogens (NH1 & NH2) were analyzed (Figure 5). For
positive Arg, the guanidinium stays within 4 Å of the bi-metal center in both the presence
and absence of the hydroxide ion. The neutral forms of Arg showed the presence of the
hydroxide to have a large impact. In the absence of the hydroxide the guanidinium to bi-
metal center distances stayed within 4 Å throughout the simulations. However, inclusion of
the hydroxide destabilized the neutral substrates binding orientations in the active site, with
the RN1 and RN3 tautomers starting to diffuse out of the pocket as indicated by the large
increase in the substrate to Mg2+ distances (Figure 5) while RN2 moves up to 5 Å away
from the Mg2+ ions. Thus, despite the highly charged bi-metal center the charged Arg can
maintain a position in the active site such that it can undergo catalysis. This is maintained in
either the presence or absence of the hydroxide ions. Contributing to this are additional Arg-
protein interactions, as detailed below. In contrast, the neutral Arg tautomers are not stable
in the active site, especially in the presence of the negatively charge hydroxide ion. This
suggests a subtle balance of electrostatic interactions within the active site due to the
presence of the positively charged metal ions, negatively charged amino acid side chains,
charge/neutral substrate and presence or absence of the hydroxide ion (see Supplementary
Figure S4). This balance appears to be perturbed if the substrate assumes a neutral state,
regardless of the tautomerization state, and while they are more stable if a hydroxide is not
present, the present results suggest that the neutral state of Arg is not involved in catalysis.

Interestingly, the inhibitor nor-NOHA stays in the pocket throughout the simulation with an
average guanidinium to bi-metal center distance of ~2.3 Å. This is interesting as the overall
charge of nor-NOHA is neutral. However, it contains an additional oxygen atom on the
guanidinium, yielding a zwitterion (Figure S3), which mimics the catalytic hydroxide. The
stability of this inhibitor in the binding pocket, with an experimental Kd value of 51 nM,
indicates that inhibitors mimicking the hydroxide ion can improve affinity. Its stability is
also consistent with the ability of charged Arg in the presence of the hydroxide to be
stabilized in the active site. Further analysis will, accordingly, focus on the structure of the
active site in the presence of Arg+.

Structure of the Arginase Active Site
The arginase I substrate binding pocket is dominated by hydrophilic residues with the
protein-substrate interactions mainly governed by electrostatic interactions. Additionally,
there are several hydrogen bonds involving the guanidinium, α-amino and α-carboxylate
groups, which further enhance the interaction betwen protein and substrate. Table 4
summarizes the arginine-protein interactions both in the presence and absence of hydroxide.
The guanidinium nitrogens act as hydrogen bond donors to Asp128, Glu277, His141 and
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Thr246. The α-carboxylate group accepts hydrogen bonds from Asn130 and Ser137. The
hydrogen bonds observed in the nor-NOHA and NOHA crystal structures suggest that
Asn130-inhibitor interactions contribute to the binding of nor-NOHA,20 supporting the
importance of this residue. The substrate α-amino group frequently interacts with Asp181,
Asp183 and Glu186, though at a lower frequency than the other interactions due to the α-
amino group interacting with water more often than α-carboxylate moiety. Figure 6 shows
the number of hydrogen bonds established with water molecules during the simulations.
There are several hydrogen bonds established by the amino group and at least one is
maintained throughout the 50 ns simulations, with a tendency for more hydrogen bonds to
be present in the absence of the hydroxide ion. All of the reported arginase I high affinity
inhibitors have an α-amino and α-carboxylate moiety, indicating the essential role of these
groups. Supporting this are MD results as part of this study showing that replacement of the
carboxylate of Arg+ with a methylester leads to binding mode change (data not shown).
Cama et al. demonstrated that deletion of these groups diminishes the binding affinity of
nor-NOHA and 2(S)-amino-6-boronohexanoic acid (ABH).35 These results support the role
of the charged carboxylate and amino moieties in strong inhibitor binding.

The key role of the metal ions is to activate the hydroxide ion17 by creating a strong
electrostatic field inside the binding site. The Arg+-hydroxide simulation reveals that the
metal ions Mg2+

A and Mg2+
B maintain the experimentally determined positions of the

manganese ions,36 Mn2+
A – Mn2+

B in the presence of hydroxide ion, which acts to bridge
the metals (Figure 7). The experimental distance between the inhibitor oxygen (Figure 1)
and the metal (Mn2+) is 3.3 Å in the nor-NOHA-Arginase I crystal structure. Similarly, in
the Arg+-hydroxide simulation a distance of 3.05 Å is sampled (Table 2) indicating the
structure of the cluster is being maintained. There is a considerable increase in the Mg2+

A –
Mg2+

B distance to 4.25 Å in the Arg+ alone simulation, which disrupts the structure of the
cluster. These results indicate that the hydroxide ion acts to bridge the metal ions indicating
its importance in the maintaining a functional metal cluster of Arginase I.

Metal ion to side chain distances obtained from the Arg+-hydroxide simulation are shown in
Figure 7. The Mg2+ to protein atom distances are in good agreement with those in the crystal
structure of nor-NOHA-arginase I (Table 1) and from other arginase I crystal structures.20

From the geometry of the active site it is clear that a balance of ionic interaction, including
that of the hydroxide ion, which serves as a nucleophile in the catalyzed hydrolysis of
arginine by arginase,17 stabilize the structure of the active site as required for catalysis to
occur.

Glu277 has been shown to be essential for the catalytic activity of arginase I.37 In the
absence of substrate Glu277 hydrogen bonds with His14130 while in the presence of
substrate there is an ionic interaction between the carboxylate of Glu277 and the
guanidinium of Arg (Figure 8). This interaction is much more favorable in the absence of
the hydroxide ion (Figures 8A and 9), while in the presence of the hydroxide the Glu277-
Arg interaction is perturbed and there is a direct interaction between the guanidinium and
the hydroxide (Figure 8B). In addition, a crystal structure of human apo arginase I (PDB:
2ZAV)36 reveals three water molecules forming a H-bond network in the active site. The
presence of these water, one of which may be a hydroxide, has been suggested to indicate
that deprotonation of a water is facilitated by proton transfer with His141 acting as a proton
shuttle.38 This data is consistent with a proposed role of a metal-bridging water molecule in
balancing ionic interactions when Arg+ initially binds in the active site. In our simulations
no water was present adjacent to the bi-metal cluster in the Arg+ simulation without the
hydroxide, which could be due to the solvent overlay procedure and the inability for water to
diffuse into the bottom of the active site on the time scale of the simulations. However,
assuming that a water molecule may be located in this region in the absence of the
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hydroxide as indicated by the crystal study, these observations suggest that when the
substrate initially binds Glu277 is critical for organizing the constituents of the active site to
facilitate ionization of the water leading to the formation of the hydroxide. Once formed, the
presence of the hydroxide leads to the Glu277 interaction becoming less favorable (Figure
9), consistent with the additional negative charge, but still acting to position the scissile
carbon of the guanidinium moiety over hydroxide ion thereby facilitating nucleophilic
attack.

Conclusion
MD simulation studies were used to elucidate the charge dependent behavior of Arg+/0 in
the arginase I active site. Results indicate that Arg is charged in the arginase I active site as
the protonated group is critical for stabilizing the substrate in the binding site in both the
presence and absence of a hydroxide ion. This stabilization is, in part due to a salt bridge
with Glu277, which is hypothesized to be critical for orienting the guanidinium of the
substrate in an orientation that facilitates ionization of a water molecule leading to formation
of a hydroxide ion. Glu277 also helps in positioning the guanidinium of the substrate in an
orientation that allow for nucleophilic attack by the hydroxide rather than directly
coordinating with the active site metals.

Concerning inhibitor design, the present results suggest features that could enhance the
affinity of an arginase I inhibitor. For example, an inhibitor may mimic the coordination of
the bi-metal cluster that occurs with Arg0. Known inhibitors that act in this way and include
an atom with high electronegativity (eg. oxygen) on the moiety that is involved in inner
sphere coordination have nanomolar affinities.30 Inhibitors could be designed to mimic the
features of the substrate. Such inhibitors would contain a moiety capable of expelling the
proposed metal coordinating water, and therefore not be able to undergo nucleophilic attack
as well as have strong binding affinities. Such Arginase I inhibitors may closely mimic the
transition state in the active site without being hydrolyzed do to the omission of the water.
Moreover, retaining the α-amino and α-carboxylate moieties is a key requirement in
inhibitors of this target.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NOS nitric oxide synthase

NO nitric oxide

nor-NOHA Nω-hydroxy-L-nor-arginine

NOHA Nω-hydroxy-L-arginine

MD MOlecular Dynamics

RMSD Root mean square deviation
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Figure 1.
Inhibitor and substrate protonation and tautomeric states subjected to molecular dynamics
simulation.

Nagagarajan et al. Page 10

J Chem Inf Model. Author manuscript; available in PMC 2014 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Representative structures of Arginine (stick figure) bound to Arginase I with (left panel) and
without (right panel) hydroxide ion (atom colored CPK). The Mg2+ ions are shown as green
vdW spheres. Images created using Discovery Studio 3.0 (Accelrys Inc). Structures were
obtained following modeling of substrate arginine based on the aminohistidine analogue
inhibitor Z70 (PDB: 3MFV).
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Figure 3.
RMS deviation of the Cα atoms of the protein for the simulations conducted with the
substrates and inhibitor nor-NOHA. RMSD calculation excluded the flexible C terminal
loop 302 to 309 of the protein as it 19 Å or more from the active site metals ions.
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Figure 4.
a) Magnesium cluster distances from the nor-NOHA simulation, Mg+2 ions A and B are
shown as green spheres and the oxygen of the hydroxide is shown as a red sphere. b)
Interference of water molecule in altering His 101 coordination. c) Coordination angle
measure of N-O-Mg atoms. d) Distance between metal ions and metal bridging oxygen
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Figure 5.
Distance between substrate/inhibitor and magnesium ions as a function of simulation time.
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Figure 6.
Number of hydrogen bonds between water and the α-amino and α-caboxylate groups of the
charged arginine substrate. Upper and lower panel corresponding to with and without
hydroxide ions, respectively.
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Figure 7.
Bi-metal cluster of arginase I. Distances correspond to block averages from the Arg+ -
hydroxide simulation. Mg+2 ions A and B are shown as green spheres and the oxygen of the
hydroxide is shown as a red sphere.
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Figure 8.
Active site of Arginase I showing how the absence (a) or presence (b) of the hydroxide ion
affects the salt bridge interaction between Arg+ and Glu 277. Metal coordinating residues
shown in ball and stick with metal (green sphere) and hydroxide (red sphere), susbtrate and
Glu277 in orange stick without backbone atoms. Hydrogen atoms are not shown for the sake
of clarity. The image is from the 2 ns snapshot from the respective MD simulations.
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Figure 9.
Salt-bridge interaction plotted as distance between geometric center of nitrogens and
oxygens of Arg+ and Glu277, respectively.
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Table 2

Distance between Mg2+ ions and metal bridging hydroxide oxygen atom.

Metal A - metal B (Å) Metal A – O atom (Å) Metal B – O atom (Å)

Experimental

Nor-NOHA (3KV2) 3.3 2.0a 2.3a

Simulation

nor-NOHA* 3.27 ± 0.02 1.90 ± 0.01a 1.83 ± 0.01a

Arg+ OH 3.05 ± 0 1.74 ± 0 1.73 ± 0

Arg+ 4.25 ± 0.01 NA NA

RN1 OH* 3.15 ± 0 1.74 ± 0 1.74 ± 0

RN1 5.14 ± 0.03 NA NA

RN2 OH 3.06 ± 0.01 1.74 ± 0.01 1.72 ± 0

RN2 4.48 ± 0.02 NA NA

RN2-1 OH* 3.09 ± 0.03 1.79 ± 0.01 1.72 ± 0.01

RN2-1* 4.33 ± 0.02 NA NA

RN3 OH 3.06 ± 0.02 1.74 ± 0.01 1.73 ± 0

RN3 4.46 ± 0.01 NA NA

RN3-1 OH* 3.08 ± 0.02 1.80 ± 0.01 1.72 ± 0

RN3-1* 4.25 ± 0.04 NA NA

*
20ns simulation; NA: Not applicable as the metal bridging oxygen of the hydroxide is not present

a
The N(ω) hydroxy oxygen is a metal bridging atom in nor-NOHA case.
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Table 3

Critical hydrogen bonds and their percent occurence between the protein and nor-NOHA. % occurrence was
calculated based on a X…H cutoff distance of 2.4 Å.

Res. id. Protein
atom

nor-NOHA
atom

% of
occurrence

Experimental
H-bond distance

Asp-128 OD HH12 69% 1.8

Asp-183 OD HT 6% 1.8

Asn-130 HD2 OT2 0.5% 2.3

Ser-137 HG1 OT 12% 2.6

Thr-246 OG1 HH21/HD 1% 2.1
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Table 4

Hydrogen bonding between arginase I residues and charged arginine.

Res. Id. Protein
atom

substrate
atom

% occurrence

Arg+ &
OH−

Arg+

Donor Acceptor

Asn130 ND2 OT1 28.02 22.18

Thr135 OG1 OT1 0.01 NA

Thr136 OG1 OT1 0.01 NA

Ser137 OG OT1 16.39 7.57

Ser137 OG OT2 61.42 37.2

Asn139 ND2 OT2 0.27 0.05

Acceptor Donor Arg+ &
OH−

Arg+

Asp128 OD NE 101.57 31.53

Asp128 OD NH1 20.62 11.47

His141 O NH1 94.12 36.48

His141 O NE 0.01 0.17

Asp181 OD N 19.21 NA

Asp183 OD N 5.26 40.8

Glu186 OE N 14.91 0.69

Asp232 OD NH1 NA 0.14

Thr246 OG1 NH2 97.25 27.89

Glu277 OE NH1 99.98 40.19

Glu277 OE NH2 71.13 47.91

NA: No hydrogen bond observed.
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