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ABSTRACT

Development of new antimalarial drugs continues to be of great importance due to the resistance of the malaria parasite
to currently used drugs. Glycolytic enzymes have emerged as potential targets for the development of new drugs due to
the reliance of the parasite on glycolysis for energy. In this study, molecular docking was used to study the binding of
some quinoline-based drugs to the glycolytic enzyme lactate dehydrogenase. The docking studies identified two po-
tential binding sites for each ligand, one of them being the cofactor-binding site. For all ligands studied, there was the
comparable binding to the cofactor-binding site as well as the secondary binding site when the cofactor was absent. All
ligands showed significantly lower binding affinity than NADH for the cofactor binding site. The alternative site was
the site of preference when docking was done in the presence of the cofactor. While binding to the cofactor site may
support other studies suggesting potential for competitive inhibition, the fact that the binding affinities of all the ligands
are significantly lower than that for NADH in this site suggests that these ligands will be ineffective competitive inhibi-
tors. The identification of an alternative binding site with comparable affinity that is not affected by the presence of the
cofactor may suggest the possibility of non-competitive inhibition that requires further exploration.
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1. Introduction

Malaria is a major infectious disease that kills millions of
people worldwide yearly, with the majority of fatalities
occurring in poor countries. Plasmodium falciparum (P.
falciparum) is the most virulent of the malaria parasites
and its resistance to currently available drugs continues
to grow, and presents an impediment to attempts to suc-
cessfully deal with the disease. There is, therefore, great
need and challenge to continuously develop new inhibi-
tors, with the goal to overcome parasite resistance. Chlo-
roquine and other quinoline-based compounds such as
quinine, mefloquine and amodiaquine (Figure 1) have
been used for the treatment of malaria incidents for a
long time. However, the mechanism by which these com-
pounds exert their anti-malarial properties is still not fully
evident. One suggested mechanism is the formation of a
complex with heme within the food vacuole that inhibits
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hematin polymerization [1,2]. Growing and spreading re-
sistance to these current drugs is of concern and empha-
sizes the need for continuous work aiming at developing
new and better anti-malarials.

Resistance is thought to be a result of mutations in the
active sites of the drug target [2]. Therefore, by identify-
ing the main targets of the drugs and fully understand-
ing the mechanism of action with respect to these targets,
new and better antimalarials may be developed with a
goal to overcome drug resistance. Amongst the emerging
targets for antimalarial drug developments, are the enzy-
mes of the glycolytic pathway due to the exclusive de-
pendence of the parasite on glycolysis for energy. One of
the important glycolytic enzymes is lactate dehydroge-
nase (LDH), which is involved in the final step of glyco-
lysis and catalyzes the interconversion of pyruvate to lac-
tate. This step of glycolysis is also important because it
regenerates NAD+ which is needed by glyceraldehyde-
3-phosphate dehydrogenase, another glycolytic enzyme.
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Figure 1. Structures of quinoline-based antimalarial drugs
used in this docking study, together with the structure of
the enzyme cofactor, NADH.

Inhibitors with anti-malarial activity have been shown to
bind to P. falciparum lactate dehydrogenase (pfLDH)
[3-7]. Chloroquine binding in or near the cofactor bind-
ing site of pfLDH suggests that chloroquine acts as a
competitive inhibitor for this enzyme [5]. Similarly,
gossypol, which has been shown to exhibit significant
antimalarial activity, seems to selectively bind to pfLDH
compared to human LDH [8]. However, the exact effect
of these interactions or their role in the antimalarial ac-
tivity of these compounds is still not fully understood.

In this study, the binding of quinoline-based ligands to
pfLDH is investigated by molecular docking, with the
goal to map potential binding sites and determine the
most favorable binding conformations.

2. Methods
2.1. Protein Structure and Setup

For this study, the crystal structure of pfLDH monomer
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in complex with its cofactor NADH and oxamate was
obtained from the Protein Data Bank (PDB entry code
1LDG) [4]. Although the biological functional unit of the
enzyme is a tetramer of four identical units, the study
was performed using only a single subunit. Accelrys
Discovery Studio (DS) Visualizer 2.5 was used to edit
the protein structure to remove water molecules together
with bound ligands. For docking studies in the absence of
cofactor, the bound NADH was also removed.

2.2. Ligand

Ligands used in this study are quinolone-based inhibitors
that have been used in the treatment of malaria and in-
clude amodiaquine (adq) mefloquine (mfq), quinine (qnn)
and chloroquine (clq). Figure 1 shows the structures of
the ligands used in this study, including the cofactor
NADH for comparison. The ligand structure coordinates
were obtained from the Drug Bank as structure data files
[9]. DS visualizer was used to rewrite the data files into
pdb format. AutodockTools [10] was used to add full
hydrogens to the ligands, compute Gasteiger partial ato-
mic charges and save the resulting structure in the re-
quired format for use with AutoDock. All possible flexi-
ble torsions of the ligand molecules were defined using
AUTOTUTORS in AutoDockTools [10,11].

2.3. Docking

Docking simulations were performed with AutoDock 4.2
[10], using the Lamarkian genetic algorithm and default
procedures for docking a flexible ligand to a rigid protein
were followed. First, blind docking was performed to
identify all potential binding sites on the target protein.
For this purpose, docking was done on 90 x 90 x 90 cu-
bic grid centered on the protein and enclosing the entire
protein. A grid spacing of 1.00 A and a distance-de-
pendent dielectric constant were used for the calculation
of the grid maps using the autogrid module of Auto-
dockTools. For each ligand, two sets of 100 independent
runs with 2.5 x 10® energy evaluations steps were per-
formed, one with the enzyme cofactor present and an-
other in the absence of the cofactor.

Once potential binding sites were identified, docking
of ligands to these sites was carried out to determine the
most probable and most energetically favorable binding
conformations. For this more rigorous docking involving
a smaller search space limited to the identified binding
site, AutodockVina [12] was used. AutodockVina has
been shown to significantly improve the accuracy of pre-
dicted binding modes compared to Autodock 4 [12]. 10
independent runs were carried out per ligand per binding
site, with an exhaustiveness of 100 and an energy range
of 3. Docking solutions were analyzed and ranked on the
basis of the Vina scoring function. To compliment the
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Vina results and selected the best representative com-
plexes, additional analyses of docked solutions were
done using NNScore 2.0 [13,14].

All calculations were carried out on PC-based ma-
chines running red hat Linux 5.0, x86 operating systems.
Resulting structures were visualized and analyzed using a
combination of visualization programs including DS
visualizer and VMD.

3. Results and Discussion
3.1. Identification of Binding Sites

All four ligands were successfully docked to pfLDH.
Docking solutions revealed two major binding sites on
the enzymes (Figure 2), one of which was the cofactor-
binding site (Site 1).

Site 1, the NADH-binding site, is a binding pocket on
the N-terminal end of the enzyme constituted predomi-
nantly by the amino acid residues: GLY 27, SER 28,
GLY 29, PHE 52, ASP 53, ILE 54, THR 97, ALA 98,
GLY 99, PHE 100, THR 139, and ASN 140. These ami-
noacid residues form a binding pocket that begins on the
close the surface (the adenine end of cofactor site) and
extends deep into the enzyme (the nicotinamide end of
cofactor site). Site 2, is constituted by amino acid resi-
dues on the C-terminal end of the enzyme including LYS
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198, MET 199, VAL 200, LEU 201, GLU 226, PHE 229,
ASP 230, VAL 233, LYS 314, AND GLU 317. These re-
sidues form a binding groove near the surface of the en-
zyme and are part of the substrate binding domain. This
binding groove lies on the backside of the substrate ac-
tive site which lies about 10 A deep within the enzyme
and adjacent to the nicotinamide end of the cofactor site
[15].

The distribution of docked conformations to the two
binding sites was affected by the presence of the cofactor
(Figure 3). In the absence of the cofactor, there was
comparable distribution of stable docked conformations
to both binding sites. However, in the presence of the co-
factor, the secondary site (Site 2) was the preferred bind-
ing site for all the ligands studied.

3.2. Favorable Docked Conformations

For all ligands studied, there was comparable binding
within the cofactor-binding site and the secondary site
when the cofactor was absent (Figure 4). When the co-
factor-binding site was occupied during docking, the
best-docked solutions for each ligand occurred in Site 2
(Figure 5). The best-docked conformation in each bind-
ing site was selected based on the binding energies cal-
culated using the AutoDock scoring function as well as

Figure 2. Most probable binding sites identified during docking. Site 1 refers to the cofactor-binding site and Site 2 refers to

the secondary binding site.
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Figure 3. Distribution of docked conformations to identified binding sites in the absence (a) and presence (b) of NADH cofac-

tor.
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Figure 4. Most stable bound conformations in the binding sites when docking it carried out in the absence of cofactor.

Figure 5. Most stable bound conformations in the binding
sites when docking is carried out in the presence of the co-
factor.

NNScore ranking. The binding energies for the represen-
tative structures as calculated by AutoDock are given in
Table 1.

All ligands show lower affinity than NADH for the
cofactor binding site. This is attributed the significantly
fewer specific interactions between the ligands and the
nearby amino acid residues. NADH forms a significantly

Copyright © 2013 SciRes.

Table 1. Average Binding energies (in kcal/mol) of most
favorable docked conformations based on AutoDock scor-

ing.

Ligand Cofactor Absent Cofactor Present
Site 1 Site 2 Site 1 Site 2
NADH —-10.22+0.15 N/A N/A N/A

Chloroquine —=7.10£0.17 —6.51+£0.09 —5.48 £ 0.35 —6.54 £ 0.05

Amodiaquine —6.89 £0.18 —6.44+0.22  —4.10°  —6.64 +0.08

Quinine  —7.15£0.07 —6.81 +£0.09 —4.96 +0.23 —6.56 +0.10

Mefloquine —7.57+0.03 —6.96+0.04 —5.72+0.18 —6.94 +0.10

higher number of hydrogen bonds with neighboring
residues than any of the compounds studied. The pres-
ence of the cofactor significantly diminishes the ability
of the ligands to bind to the cofactor binding site both in
terms of probability and affinity (Figure 3, Table 1). In
the absence of the cofactor, ligands generally bind to-
wards the adenine end of the cofactor binding site, which
is closer to the surface. Although the ligands have dif-
ferent structures, they show similar binding affinities at
the secondary binding site. This is a, somewhat, surpris-
ing observation given the significant structural differ-
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ences between the ligands. This may be attributed to the
fact that this binding site is close to the surface of the
enzyme and as such, binding to this is site is not signifi-
cantly influenced by steric considerations. The flexible
ligands (as they are treated in this docking study) can
rearrange themselves into favorable conformations with-
out steric overlaps that would be encountered if the bin-
ding site were deeper within the enzyme structure. A
closer look at the stable conformations reveals that they
are generally stabilized by | - 2 hydrogen bonds with
nearby amino- acid residues.

Although binding to the cofactor-binding site indicate
possibility for competitive inhibition, all ligands studied
showed significantly lower binding affinity than NADH.
A closer look at the complexes formed show that NADH
forms a significantly higher number of hydrogen bonds
with the neighboring amino acid residues than any of the
ligands. The presence of bound NADH during docking
significantly reduced the frequency and affinity for
binding to the cofactor-binding site. This suggests that
ligand binding is not strong enough for any significant
competitive inhibition. All ligands showed similar bind-
ing affinities for both the cofactor site and the secondary
site. This may be significant because this alternative
binding site includes residues that form part of the sub-
strate binding domain, and may interfere with substrate
binding or catalytic activity of the enzyme. The sub-
strate-binding domain is an alpha/beta structure consist-
ing of residues 163 - 247 and 267 - 331, and located ad-
jacent to the nicotinamide end of the cofactor-binding
domain. [15] The amino acid residues involved in bind-
ing of the ligands within the secondary binding site are
part of this domain. It has been suggested that one of the
major substrate binding pathways in LDH catalysis in-
volves the closure of the so-called mobile loop, consist-
ing of 10 surface-residues 98 - 110 [16]. Since the en-
zyme active site is buried deep, dynamic fluctuations are
necessary to facilitate substrate access to the active site
[17]. In LDH, the mobile loop is in open conformation
prior to ligand binding and closes over the active site
after the substrate binds. This involves a transient struc-
tural change of 10% - 15% within the substrate-binding
domain, which is necessary to bring catalytically neces-
sary aminoacid residues into close proximity with the
bound substrate [16]. The quinolone-based ligands in this
study do not bind exactly at the active site and, thus, may
not be considered competitive inhibitors of the substrate.
However, their binding to the secondary binding site,
identified in this study, may interfere with the structural
changes that should accompany mobile-loop motion and
are critical for substrate binding. Formation of significant
interactions with residues within the substrate-binding
domain and close to the active site such as Lys198,
MET199, LEU201, may inhibit the loop movements. The
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secondary binding site may, therefore, act as an allosteric
site, suggesting the possibility of some sort of allosteric
inhibition of catalytic activity.

4. Conclusion

In this study, molecular docking was used to study the
binding of four quinolone-based ligands to Plasmodium
falciparum lactate dehydrogenase. Results show that the
molecules were successfully docked to the enzyme and
that there are two potential binding sites for these anti-
malarial drugs on the enzyme, with the cofactor-binding
site as one of them. The binding of these ligands to the
cofactor-binding pocket of pfLDH suggests that all of
these molecules may be potentially competitive inhibitors
of the cofactor, NADH as suggested that other studies
involving chloroquine [5]. However, any potential inhi-
bition may be ineffective since all ligands show lower
binding affinities when compared to NADH. Molecular
docking also identifies an alternative binding site with
comparable binding affinity to the cofactor site. The fact
that these molecules can bind to this site with comparable
binding affinities, even in the presence of the cofactor,
suggests the possibility of noncompetitive or uncompeti-
tive inhibition. This binding site includes residues that
make up the substrate-binding domain and may suggest
potential interference with substrate binding or catalytic
activity by inhibition of conformational changes that are
required for substrate access to the active site, and ca-
talysis. Further investigation, including experimental
kinetic studies will be necessary to determine the inhibi-
tory effect, if any, associated with this mode of binding.
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