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Abstract The arginine repressor (ArgR) of Escherichia
coli binds to six L-arginine molecules that act as its co-
repressor in order to bind to DNA. The binding of L-
arginine molecules as well as its structural analogues is
compared by means of computational docking. A grid-
based energy evaluation method combined with a Monte
Carlo simulated annealing process was used in the
automated docking. For all ligands, the docking procedure
proposed more than one binding site in the C-terminal
domain of ArgR (ArgRc). Interaction patterns of ArgRc
with L-arginine were also observed for L-canavanine and
L-citrulline. L-Lysine and L-homoarginine, on the other
hand, were shown to bind poorly at the binding site.

Keywords Arginine repressor - L-Arginine structural
analogues - Computational docking

Introduction

The Escherichia coli K-12 arginine repressor protein
(ArgR) is involved in two disparate biological functions:
regulation of transcription of genes involved in the
biosynthesis of L-arginine and as an obligate accessory
protein in Xer site-specific recombination at cer sites on
multicopy plasmids. [1] One unusual feature of the
arginine system was that, in contrast to the genes of other
biosynthetic pathways, its genes were scattered over the
E. coli chromosome (coined regulon by [2]) and con-
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trolled by the same regulator protein, ArgR. ArgR is a
156-residue homohexameric protein consisting of N-
terminal (residues 1-71) and C-terminal (residues 82—
156) domains. The N-terminal domain (ArgRn) is
involved in DNA binding, while the C-terminal domain
(ArgRc) is involved in L-arginine binding as well as
oligomerization. 3, 4, 5, 6, 7] Being a hexameric protein,
ArgR is unique among regulatory proteins as most are
dimeric and tetrameric. ArgR homologues have been
identified in various groups of bacteria that include
Bacillus stearothermophilus, [8, 91 Haemophilus influen-
zae, [10] Salmonella typhimurium [11] and Bacillus
subtilis. [12] ArgR is an aporepressor that has been
shown to be dependent on its co-repressor L-arginine to
bind to DNA. It binds to six L-arginine molecules. The
ArgR C-terminal domain (ArgRc)-L-arginine complex
has been crystallized at 2.2 A resolution. [6]

The L-arginine molecules act to stabilize ArgR as
hexamers in solution. In the absence of L-arginine, a
mixed solution containing full length ArgR and ArgRc
was able to produce mixed hexamers, containing full
length ArgR trimer and ArgRc trimer. [6] The full length
ArgR and ArgRc trimers were able to exchange partners
freely. In the presence of L-arginine, this trimer exchange
between full length ArgR and ArgRc trimers was
prevented and yielded only hexamers of full length ArgR
as well as ArgRc. L-Canavanine (Fig. 1b), a structural
analogue of L-arginine (Fig. 1a), was found to be able to
act similarly to L-arginine to prevent the trimer exchange
in solution but with less binding affinity. The other
analogues (L-citrulline, L-lysine and rL-homoarginine;
Fig. lc—e) were described as not being able to prevent
the trimer exchange.

There are various approaches and programs currently
available for studying protein-ligand interactions by
computational docking. For example, geometric shape
descriptors are used in the DOCK program, [13] while
atomic representations of the structure are used in the
AutoDock program. [14] A short overview of the variety



Fig. 1 Structure of L-arginine
and its structural analogues.

a L-Arginine. b L-Canavanine.
¢ L-Citrulline. d r-Lysine.

e L-Homoarginine. The arrows
indicate the bonds defined as
rotatable in the flexible docking
runs
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of methods that have been developed to deal with docking
has been published. {15] AutoDock was first developed to
provide an automated method of predicting the interac-
tions of small flexible ligands and rigid biomacromolec-
ular targets. It combines fast energy evaluation through a
precalculated grid of affinity potentials with a Monte
Carlo stmulated annealing search algorithm. AutoDock
has been used successfully in docking studies of various
ligands with proteins and carbohydrates such as that of
industrial glucohydrolase with monosaccharides [16] and
antibody IgE Lb4 with several amino acid compounds.
[15] In this study, AutoDock version 3.0 [17] was used.
This version of the AutoDock program has been devel-
oped with new scoring functions as compared to the
previous versions.

Here we report a computational docking study to
compare the binding ability of L-arginine and its struc-
tural analogues to the C-terminal domain of the wild-type
arginine repressor protein (ArgRc).

Methods

ArgRc structure

The crystal structure of ArgRe ( PDB entry lxxa) was obtained
from the Protein Databank (PDB). The structure 1xxa is the ArgRc
complex bound with six L-arginine molecules (G, H, L. J, K and L)
at six identical binding sites (see Fig. 2). The six molecules of L-
arginine bind to the C-terminal domain at the interface between
trimers. Three L-arginine molecules of one trimer are opposite the
other three on another trimer. Each of the binding sites is made up
of the interface residues of three ArgRc subunits (two subunits of
one trimer and one subunit in the opposing trimer).

In preparation of the protein for docking, all the bound ligands
and heteroatoms were removed from the PDB file. Hydrogen atoms
were added to the 1xxa structure using the Builder module in
Insight II (Accelrys Inc.) on a Silicon Graphics (SGI) O2 R3000
with the Irix 6.5 operating system. The positions of the hydrogen
atoms were optimized using the Discover module in InsightIl.

The six crystallographic L-arginine molecules do not show
significant differences in their torsional angles (Fig. 3; Table 1).
Therefore, the best structure chosen for docking was selected based
on the suitability of the binding site. An assumption was made that
any of the six L-arginine molecules has an equal chance of binding
first to any of the binding sites. To select just one binding site, the
B-factor values (obtained from the crystallographic PDB file of
1xxa) of the subunits that make up each binding site were evaluated
and three ArgRc subunits with the lowest B-factor values were
selected. Subunits A, B and F were found to have lower B-factor
values than the other subunits. The corresponding binding site from
these three subunits was bound by L-arginine H. Therefore, ligand
H was selected for docking into its crystallographic binding site H.

Fig. 2 All six crystallographic rL-arginine molecules overlaid with
each other (rendered as sticks)

Ligand structures

Under physiological conditions, the guanidino group of L-arginine
has a pK; of 12.48, resulting in a net positive charge for L-arginine.
[18] L-Canavanine is a structural analogue of L-arginine, whereby
the é-methylene group in the carbon skeleton is replaced by oxygen
(Fig. 1b). The presence of the oxygen atom in the side chain
reduces the pK, value of the guanidinooxy group to about 7.04. [19]
Hence, at neutral pH, the r-canavanine side chain is not protonated.
L-Citrulline differs from L-arginine in the fact that the guanidino
group in the side chain of L-arginine is replaced by a carbamate
group in L-citrulline (Fig. 1c). L-Lysine, on the other hand, has a
basic side chain with a pKj, of around 10 and is positively charged at
physiological pH (Fig. 1d). L-Homoarginine, a higher homologue
of L-arginine, contains an additional methyl group in the carbon
backbone (Fig. le).

Substitution of the §-carbon atom in L-arginine with an oxygen
atom using the Builder module in InsightIl gave the L-canavanine
structure. Similarly, L-citrulline was also obtained by substituting
one of the terminal -NH, groups in the side chain of the L-arginine
structure with an oxygen atom. For L-lysine, the Ne was substituted
with a methylene group and a terminal ~NH;*. The structure for L-
homoarginine used in the calculation was extracted from a bovine
endothelial nitric oxide synthase heme domain complex (PDB entry
1dm7). All structures were optimized with the Consistent Valence
Force Field (CVFF). {20]

Docking calculations

AutoDock version 3.0 [17] was used for all docking calculations.
Automated docking was performed using a Monte Carlo simulated

Table 1 Side chain dihedral

g . L-Arginine
angles of the six L-arginine " &

(CA-CB-CG-CD)

X2 X3 £
(CB-CG-CD-Ng) (CG-CD-Ne-C2) (CD-Ne-CZ-NH1)

crystal structure. The dihedral

angles were obtained using the G 472
Biopolymer module in Insightll H 60.4
(Accelrys Inc.) I 34.5
I 48.5
K 68.1
L 51.7

-171.0 -155.0 99.7
178.8 170.7 109.3
-169.3 ~1715 93.1
-173.8 -1784 615
-171.4 175.1 91.2
176.7 -176.6 111.5




Fig. 3 a The crystal structure of
ArgRe (subunits A, B, D, E and
F) and the six binding sites of L-
arginine in ArgRc. The ArgRc
structure is represented by grey
ribbons and the six binding sites
are rendered as coloured sticks.
Red coloured sticks: residues in
binding site H that was selected
for docking. Blue coloured
sticks: all other binding sites.
Green box: grid box centred in
the binding site H. b The bind-
ing site H (right) consists of
residues from subunits A, B and
F. [6]

annealing process combined with a grid-based energy evaluation
method. AutoDock version 3.0 uses an empirical binding free
energy force field to estimate the free energy change upon binding.
[17] The root mean square deviations (RMSDs) (over all atoms) for
L-arginine and L-homoarginine were calculated with reference to
the coordinates of the crystallographic structures. These values
were used to compare the deviation of their docked structures from
the crystallographic structure. For other ligands, the RMSD values
were compared to their respective optimized structures, which were
modified from the L-arginine structure.

For the docking calculations, the grid box generated was centred
at binding site H (Fig. 3). A 20 A side grid map was used for rigid
and flexible L-arginine docking with 0.25 A spacing. For the
docking of the L-arginine structural analogues, a 25 A side grid map
was used with 0.25 A spacing. The L-arginine H molecule used as
the initial starting structure for docking was placed at one corner of
the grid box in order to evaluate whether AutoDock is able to find
the original binding site based on the placement of the grid box.
However, the starting location of the ligand is not critical, as
AutoDock will randomize the initial location and orientation at the
beginning of each docking run. The other analogues were subjected
to the same initial starting coordinates.

The simulated annealing process was carried out at a temper-
ature corresponding to RT=1200 cal mol"' and reduced by a factor
of 0.90 after each cycle. One hundred runs with 100 cycles per run
were performed, where each cycle consisted of a maximum of
30,000 accepted or rejected steps. Each step in a cycle correspond-
ed to a random change in translational, rotational and torsional
degrees of freedom of the ligand. Autotors, a utility program in
AutoDock, was used to define rotatable torsion angles of the
ligands. Six active torsions were assigned separately for L-arginine,
L-canavanine and L-citrulline and seven active torsions for L-lysine
and L-homoarginine (Fig. 1).
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Binding site H (magnified view).
Contact residues are freom subunits A,B and F.

b

Results and discussion
Rigid-body docking of L-arginine

Rigid-body docking of L-arginine was performed initially
to evaluate AutoDock’s docking algorithm. In rigid-body
docking, the docked configurations had the same confor-
mation as the crystal structure of L-arginine H. Two sets
of configurations at different binding sites were obtained
from the docking calculation. Omne set contained config-
urations located in the crystallographic binding site H,
while another set of configurations was located near the
core of the protein structure. In order to differentiate the
locations of the docked configurations, the binding site H
was designated as Site 1 and the alternative site as Site 2
(Fig. 4). Docked energies of configurations in Site 1
ranged between —13.54 kcal mol! and —12.10 kcal mol’!
(Table 2), while docked energies of configurations in Site
2 ranged between —7.70 kcal mol™! and —~6.77 kcal mol™*
(Table 3). The resulting configurations in Site 2 showed
higher docked energy values. Thus, Site 1 was chosen as
the focus in this study, since such configurations showed
similar binding positions and interactions to that of the
crystal structure.

Configurations in Site 1 showed RMSD values of less
than 0.81 A from the crystallographic L-arginine H, while
larger deviations (>5 A} were calculated for the config-
urations in Site 2. The configurations in Site 1 were able
to reproduce the hydrogen-bond interactions as seen in the
crystal structure [6] and computational model of the
ArgRc-L-arginine complex [21] (Fig. S). A single L-
arginine molecule formed ten hydrogen bonds with
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Table 2 Sumumary of the docked energies, estimated free energy of
binding and average RMSD produced from Site 1 in docking L-
arginine and its structural analogues. The RMSD calculated in
AutoDock is between docked conformations in each docking run

with the comresponding initial starting structure. L-Arginine is
compared to the crystal structure while the analogues were
compared with their corresponding initial ligand structure used
for docking

Ligands No. of No. of Docked energy in Site 1 Estimated free energy of Average RMSD (A)
atoms  free (kcal mol™) binding in Site 1 (kcal mol™))  calculated from
torsions conformations located
Min Max Average  Min Max Average  ip Site 1
Rigid docking
L-Arginine 27 0 -1354 -12.10 -12.99 -13.54 -12.10 -12.99 0.472
Flexible docking
L-Arginine 27 6 -18.84 -1471 -16.67 -11.63 -2.59 —-6.15 2.677
L-Canavanine 27 6 -18.59 -13.10 -16.07 -891 -1.95 -6.30 1.404
L-Citrulline 25 6 -19.80 -1583 -17.25 -8.88 -3.79 -6.97 1.470
L-Lysine 24 7 -13.55 -390 -10.34 ~7.68 -0.94 -3.36 4.023
L-Homoarginine 30 7 -19.94 -1637 -17.59 -5.82 -1.75 -3.77 3712

Table 3 Summary of the docked energies, estimated free energy of
binding and average RMSD produced from sites 2 to 6 in docking
L-arginine and its structural analogues. The RMSD calculated in
AutoDock is between docked conformations in each docking run
with the corresponding initial starting structure. L-Arginine is

compared to the crystal structure while the analogues were
compared with their corresponding initial ligand structure used
for docking. The large RMSD values obtained were due to changed
orientation from alternative sites (Sites 3 to 6)

Ligands No. of No. of Docked energy in Sites 2 to 6 Estimated free energy of binding ~ Average RMSD
atoms free (kcal mol™) in Sites 2 to 6 (kcal mol™!) (A) calculated from
torsions - conformations
Min Max Average Min Max Average in Sites 2-6
Rigid docking
L-Arginine® 27 0 -7.77 -6.77 -7.16 =7.77 -6.77 -~7.16 7.003
Flexible docking
L-Arginine? 27 6 -17.60 -1391 -16.08 -5.18 -2.37 -3.47 8.077
L-Canavanine® 27 6 -15.74  -12.38  -14.08 -8.32 -1.23 -3.30 8.157
L-Citrulline® 25 6 -17.07 -13.02 -14.74 -4.51 -0.55 —2.47 7.757
L-Lysine® 24 7 -11.57 -2.04 -8.76 -4.62 -0.04 -1.57 8.900
L-Homoarginine® 30 7 -1994 -11.88 -16.40 -6.28 0.74 -2.60 7.735

2 Set of conformations located in Site 2

b Sets of conformations located in Sites 2, 3 and 4

¢ Sets of conformations located in Sites 2, 3 and 4

4 Sets of conformations located in Sites 2, 3, 4, 5 and 6
¢ Sets of conformations located in Sites 2, 3 and 4

ArgRc, where the carboxylate and amino groups interact
with two subunits of a trimer while the guanidino group
forms a pair of hydrogen bonds with the side chain of
Aspl28 from one subunit in the opposing trimer [6]
(Fig. 5a).

Flexible docking of ligands

The minimum energies of the docked conformations
obtained from flexible docking of 1-arginine and the
analogues were lower than that of rigid-body docking
with L-arginine (Table 2). This is because more degrees of
freedom are involved with flexible ligands.

The minimom docked energy from the flexible dock-
ing of L-arginine produced fewer hydrogen-bond interac-
tions than were obtained with the rigid-body docking of 1.-
arginine. In this study, it was observed that the confor-

mation with the lowest estimated free energy of binding
was able to produce more interactions that are similar to
the crystal structure and the modelled structure. {6, 21]
Thus, for all analogues, conformations with the lowest
estimated free energy of binding were used in addition to
the minimum docked energy conformation in the analysis
of the docking results. The estimated free energy of a
docked ligand includes the intermolecular energy and the
torsional free energy. The intramolecular interaction
energy of the ligand is not included in the calculation of
the estimated free energy of binding. However, the total
docked energy of any docked conformation includes the
intermolecular and intramolecular interaction energies.
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Fig. 4 A general overview of the sites found from docking the
various ligands into ArgRc (grey ribbons). Red coloured sticks:
residues in binding site H that was selected for docking.

L-Arginine

In the docking of flexible L-arginine, the docked confor-
mations were more varied, although, in general, two sets
of docked conformations were obtained (Site 1 and Site
2), similar to the ones described earlier for rigid docking
of L-arginine (Fig. 4). Low docked energy conformations
as well as high docked energy conformations could be
found in both sites, but there were fewer low docked
energy conformations in Site 2 than in Site 1, indicating
that Site 1 is a preferable binding site for L-arginine H
(Table 3). Although it was expected that the conformation
with the lowest docked energy and RMSD value would be
the closest to the native crystal structure of i-arginine, it
was found from docking calculations that the lowest
energy conformation did not have the lowest RMSD
value. Instead, the conformations with low estimated free
energy of binding appeared to reproduce the binding
positions of the native crystal structure.

The lowest docked energy conformation showed an
energy of —18.84 kcal mol! and a deviation of 2.43 A
from the crystallographic structure (Table 2). This
conformation showed hydrogen-bond interactions with
residues Aspl28 and Aspl29 from subunit A and GIn106
from subunit B (Fig. 6). There were two conformations
that shared the same estimated free energy of binding of
~11.63 kcal mol'!. Both conformations also showed the
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Fig. 5 Hydrogen-bond interactions of L-arginine in ArgRe. a Crystal-

lographic data of L-arginine. [6] b Computational model. [21] ¢ Lowest
docked energy conformation in rigid-body docking (this study)
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Fig. 6 Selected conformations
from flexible docking of L-
arginine and the hydrogen-bond
interactions in ArgRc. a Orien-

tations of three selected con- H 0
formations with respect to the |
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docked energies of —17.36 keal mol with lower RMSD
values (0.88 A and 1.03 A respectively). These two
conformations showed interactions with ArgRc via nine
hydrogen bonds to six residues from subunits A, B and F.
The common residues for both conformations are Asp128,
Asp129, Thr124 and Alal26 (Fig. 6). Additional residues
include Thri130 and Gly103. In both these conformations,
the guanidino group showed different orientations that
enabled some hydrogen interactions with either Gly103 or
Aspl128 from subunit F. Their conformations were more
similar to the crystal structure (Fig. 6).

Although 1L-arginine interacts preferentially with
Aspl128 and Aspl29 of subunit F, [6, 21] some of the
docked conformations showed that the guanidino side
chain of L-arginine was able to onentate towards Pro102
or Glyl03 to form a hydrogen bond. This suggests the
possibility of r-arginine having more than one binding
mode. Since a conformational shift occurred in the S-turn-
a motif involving residues 100 to 112 when L-arginine is
bound, this turn would have been pulled towards the
centre of the hexamer. [6] This would have placed
residues 102 and 103 closer to the binding site, making it
possible for L-arginine to interact in the docking run with

these residues through hydrogen bonding. Being a
positively charged ligand, it would seem more likely that
L-arginine would interact with Asp128 from the opposing
trimer, which carries a net negative charge on the side
chain. It is also interesting to note that Pro102 and Gly103
are conserved in ArgR homologues in B. subtilis, H.
influenzae, M. tuberculosis, S. clavuligerus and B.
stearothermophilus. [22)

L-Canavanine

Docking of L-canavanine produced more non-specific
binding sites than for L-arginine. Apart from Site 1 and
Site 2, several conformations produced were clustered
around Site 1 (Fig. 4). To be consistent with the docking
analysis of L-arginine, only docked conformations in Site
1 are taken into consideration for analysis. As expected,
L-canavanine displayed similar binding positions to that
of L-arginine and interacted with similar residues in
ArgRc.

The docked conformations of L-canavanine in Site 1
appeared similar to each other where the docked energies



Fig. 7 Selected conformations
from flexible docking of L-
canavanine and the hydrogen-
bond interactions in ArgRc. a
Orientations of three selected
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the reference structure of L-
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are found to be lower than the docked energies found in
the other sites (Tables 2 and 3). The RMSD of the docked
conformations with respect to the initial L-canavanine
starting structure were obtained from the AutoDock
output file. The conformations located in Site 1 showed
smaller deviations (0.75 to 4 A) from the initial starting
structure, while the docked energies ranged from —18.59
to -13.10 kcal mol'!. The estimated free energy of binding
from the docking of L-canavanine was higher than that of
L-arginine (Table 2). In general, the lower docked energy
conformations were able to produce interactions with
contact residues in ArgRc similar to those of L-arginine.
Several conformations in L-canavanine docking were able
to form hydrogen bonds with three subunits of ArgRc
(subunits A, B and F). The interactions with residues from
subunit F were Prol02, Glyl03 or Aspl28. These
interactions were made through the guanidinooxy side
group of L-canavanine. There is no specific pattern as to
whether conformations with lower docked energies or
binding affinities showed preferences for interacting with
2 or 3 subunits of the protein. However, the docking
results suggest that docked conformations of L-canava-

nine were able to interact with ArgRc through similar
interacting residues as observed in L-arginine.

Our results may explain why L-canavanine was able to
prevent the trimer exchange in solution, as described
earlier in the introduction section. The structural similar-
ity of L-canavanine to L-arginine enables it to satisfy the
hydrogen-bonding requirements of the crystallographic
ArgRc-L-arginine complex. [6] As such, L-canavanine
can also act in place of r-arginine to form a stable
hexamer of ArgR or ArgRc. As can be seen from the
results (Fig. 7), the presence of two terminal amino
groups made the interactions with the side chain carbox-
ylic group of Aspl28 from the opposing trimer possible.
Docking results also showed that L-canavanine was able
to interact with Glyl03. This is possibly due to the fact
that the position of Gly103 (as seen in the crystal structure
of ArgRc) was within hydrogen-bond distance of docked
L-canavanine.
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Fig. 8 Selected conformations
from flexible docking of L-cit-
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L-Citrulline

Similar sets of conformations seen in L-canavanine
docking were produced in L-citrulline docking. Several
conformations were located around Sites 1 and 2 and their
other locations can be generalized into Sites 3 to 6 (Fig. 4).
As with the previous docking results, lower energy
conformations were found in Site 1, where the energy
ranged from -19.80 kcal mol! to —15.07 kcal mol™! with
RMSD values of less than 2.5 A from the initial L-
citrulline starting structure (Table 2). The results from L-
citrulline docking seemed to indicate that docked confor-
mations of L-citrulline were able to bind in positions
similar to that of L-arginine (Fig. 8).

The conformation with minimum energy showed an
estimated free energy of —8.35 kcal molt and RMSD
value of 1.32 A from the initial starting structure. This
conformation showed possible hydrogen-bond interac-
tions with three residues of subunits A and B (Fig. 8). The
docked conformation with the lowest estimated free
energy of binding (-8.88 kcal mol!) showed more
interactions with four residues of subunits A and B
(Fig. 8). This conformation was similar to the initial

starting structure with an RMSD value of 1.135 A. There
were some conformations where the terminal -NH; group
of L-citrulline was able to form hydrogen bonds with
Prol102, Gly103 or Aspl28 of subunit F in the opposing
trimer. However, the estimated free energy of binding was
not as low as that of L-arginine. In addition, the frequency
of such occurrence was not very high (14%) as compared
to L-canavanine (26%).

As with L-canavanine, there was no specific pattern
that indicates the preferences of L-citrulline to bind to two
or three subunits. In the case of r-citrulline, only the
amino group in the L-citrulline side chain was capable of
forming hydrogen bonds with the side chain carboxylic
group of Aspl28 in the opposing trimer. Docking of L-
citrulline produced several conformations that were able
to form hydrogen bonds through its terminal —-NH, group
with Aspl128 or Gly103 within subunit F of the opposing
ArgRc trimer. However, conformations with lower bind-
ing energies showed L-citrulline interacting with two
ArgRc subunits instead of three subunits. This may
suggest that L-citrulline does not bind as tightly to binding
site H of ArgRc as L-arginine and L-canavanine, possibly
due to the mode of interaction exhibited by L-citrulline
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upon binding to ArgRc. Unlike L-arginine and L-canav-
anine, only one —NH; group is present in L-citrulline that
is able to interact with residues from the opposing trimer.
The estimated free energies of binding from L-citrulline
docking were lower than that of r-arginine and L-
canavanine.

L-Lysine

Computational docking results for L-lysine indicated that
this ligand binds poorly to the binding site H in ArgRe.
There were only a few docked conformations in Site 1,
with docked energies ranging from —13.55 kcal mol! to
—8.90 kcal mol ™. 1-Lysine showed a more “curled-up”
conformation with a greater tendency for intramolecular
hydrogen bonding of the side chain —NH3* with carbox-
ylate group rather than the more “linear” conformation
required to form hydrogen bonds with the protein
(Fig. 9a). The minimum energy conformation of L-
arginine also showed the lowest estimated free energy of
binding with the lowest deviation from the initial r-lysine
starting structure (Table 2). However, only two-subunit
interactions can be seen from this conformation. It would
appear that L-lysine does mot share a binding position
similar to L-arginine.
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B L.-homoarginine reference structure
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L-Homoarginine

As with L-lysine, docking results for L-homoarginine also
showed that this ligand interacted differently with binding
site H. The docked conformations were scattered within
Site 1 as well as around it (Sites 2 to 6; Fig. 4). The lowest
docked energy conformation was not located in Site 1.
This was also the case for the conformation with lowest
estimated free energy of binding. The docked conforma-
tions located in Site 1 did not show similar binding
conformations to that of L-arginine nor were there
interactions that suggested L-homoarginine was able to
interact with three ArgRc subunits. Selected conforma-
tions of L-homoarginine are shown in Fig. 9b. L-
Homoarginine showed preferences of binding to other
sites beyond the binding site of ArgRe.

Further discussion

In addition to binding site H (Site 1), our docking
experiment also showed more than one possible binding
site for the ligands (Fig. 4). However, since most of the
docked conformations with minimum energy were locat-
ed in Site 1, it indicates that the docking procedure used
was able to distinguish the real binding site from other
non-specific ones. This is true for L-arginine and perhaps
for L-canavanine and L-citrulline as well. However, in the
case of L-lysine and L-homoarginine, the docked confor-
mations do not appear to have favourable docking
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energies in Site 1. Thus, L-lysine and L-homoarginine
were both shown to be poor ligands for ArgRc.

To study the ligand interactions in ArgRc, ideally it
would be best to dock all six molecules of the same ligand
together to a flexible protein The use of an automated
docking procedure here presents possible binding modes
of L-arginine and its structural analogues to ArgRc.
Computational docking studies using AutoDock have
been reported with good success rates at reproducing
crystal structure interactions of different protein—ligand
complexes, even without prior knowledge of the binding
site. [23] Ideally, the conformations with low RMSD
should be predicted as having the lowest docked energy as
well. Initially, analyses were performed on the confor-
mations having low docked energies with L-arginine
docking. However, it is apparent that the crystal structure
interactions were not reproducible with the lowest docked
energy structure. Instead, the outcome of this study
suggested that the conformations with the lowest esti-
mated free energy of binding are able to reproduce the
binding position of the crystal structure. Taking such
consideration into account, the structures with both lowest
energy docked and lowest free energy of binding were
used for the analysis.

There are common interaction patterns exhibited by
the docked ligands, which can be presented as follows:

1. Lowest docked energy conformations were located in
Site 1 (except for L-homoarginine).

2. Conformations with the lowest estimated free energy
of binding were located in Site 1 (except for L-
homoarginine).

3. At least one alternative or non-specific binding site
was obtained. For L-arginine docked to wild-type
ArgRe, two sites were obtained, while for the other
analogues more than two sites were obtained. Other
studies using AutoDock have also reported docked
positions in sites other than the original binding site.
[17, 24].

The choice of force field also plays an important role
in docking. A docking study of artemisinin to heme [25]
found that the atomic charges of heme had a significant
effect on the docking configurations. In our study, the
lowest energy obtained can be assumed to be near the
global minimum of the structure. The lowest docked
energy found with the CVFF force field was ranked with
low RMSD from the experimental position but not the
lowest RMSD values.

Conclusion

We have presented computational docking results of L-
arginine and its structural analogues to wild-type ArgRc.
Out of the four L-arginine structural analogues studied, L~
canavanine was able to show the most similarity of L-
arginine binding to ArgRc. Results from docking L-

citrulline to ArgRe showed some possibilities as well. L-
Lysine and r-homoarginine were shown to be poor
ligands to bind to the binding site of ArgRc.
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