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Abstract 
The parasite Plasmodium falciparum is responsible for the major world scourge ma-
laria, a disease that affects 3.3 billion people worldwide. The development of new 
drugs is critical because of the diminished effectiveness of current antimalarial agents 
mainly due to parasitic resistance, side effects and cost. Molecular docking was used 
to explore structural motifs responsible for the interactions between triose phosphate 
isomerase (TPI), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and aldolase 
(ALD) from human and Plasmodium cells with 8 novel sufonylamide derivatives. All 
the ligands modeled, interact with all three enzymes in the micromolar range. The 
top ligand (sulfaE) shows a 70-fold increase in selective binding to pfTPI compared 
to hTPI (dissociation constant-KI of 7.83 μM and 0.177 μM for hTPI and pfTPI re-
spectively), on par with antimalarial drug chloroquine.ALD and GAPDH form com-
plexes with similar binding sites, comprising amino acids of similar chemical proper-
ties and polarities. Human TPI and pfTPI bind sulfonamide derivatives using two 
distinct binding sites and residues. Key residues at the dimer interface of pfTPI 
(VAL44, SER45, TYR48, GLN64, ASN65, VAL78) form a tight pocket with favorable 
polar contacts. The affinity with TPI is the most specific, stable, and selective sug-
gesting pfTPI is a candidate for development of antimalarial drugs. 
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1. Introduction 

Global mapping data and the World Health Organization indicate that malaria contin-
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ues to be a major challenge with about 3.3 billion people at risk of exposure (Kehr and 
Guerra) [1] [2]. According to the 2015 WHO report, about half a million people die 
annually due to complications from malaria (WHO 2015 report) [3] [4]. The eradica-
tion of malaria’s debilitating effects (coma, brain damage, loss of muscle function) 
through development of insecticides, mosquito vector disruptions, and development of 
new antimalarial therapeutic agents remains a major priority worldwide [4] [5]. The 
diminishing number of effective antimalarial drugs, and increasing parasitic resistance 
to all current antimalarial agents including artemisinins are major reasons that contin-
ue to spur the search of cost effective and parasite resistant free analogues [5] [6] [7] [8]. 

The main causative agent of malaria, the Plasmodium parasite, places a more than 
100 fold demand on glucose requirements for parasitized red bloods relative to unin-
fected host cells [9]. The absence of a viable Krebs cycle in these parasites and sole de-
pendence on glycolysis for energy needs therefore makes glycolytic pathway enzymes 
potential targets for antimalarial chemotherapies [10] [11]. We hypothesize that high 
affinity analogues that can form discriminatory complexes between glycolytic enzymes 
of parasitic and human species can serve as selective inhibitors of Plasmodium parasite 
and therefore fight malaria. Structural data available from the Research Collaboratory 
for Structural Bioinformatics Protein Data Bank (RCSB-PDB) show that the quaternary 
structures of glycolytic enzymes are highly conserved across species, with similar cata-
lytic domains [12] [13]. This similarity in sequences and structural domains is therefore 
a major concern for the development of ligands that target glycolytic enzymes due to 
the potential toxicity of the developed ligands because of indiscriminate interactions 
with glycolytic enzymes from both species. There is evidence however, of subtle yet sig-
nificant differences between the crystal structures of Plasmodium falciparum and hu-
man glycolytic enzymes [13]. According to Read and Dunn the cofactor binding pocket 
of Plasmodium lactate dehydrogenase is wider when compared to the human isoform 
[14] [15]. This is due to a five-residue insertion in sequence for the loop that closes the 
active site during catalysis. Cameron and coworkers have developed a number of 
azole-based compounds that possess antimalarial activity, and selectively inhibit Plas-
modium LDH with submicromolar affinities, based on such molecular level differences 
[16]. Similar structural differences have also been reported for the enzyme glyceralde-
hyde-3-phospahe dehydrogenase (GAPDH) [17]. Specifically, a two-residue insertion 
(Lys-Gly) creates a bulge at the S-loop that lines the cofactor-binding cavity leading to a 
more constricted opening in pfGAPDH relative to human enzyme. The X-ray crystal 
structure of pfGAPDH also serendipitously revealed a ligand-binding fold proximal to 
the pfGAPDH active site [17] [18]. Triose phosphate isomerase (TPI) is another key 
dimeric enzyme that speeds up the final investment phase of glycolysis and shows 
structural differences between pfTPI and human TPI. The conserved serine amino acid 
residue at position 96 close to the active site residues (K12, H95 and E165) is substi-
tuted by Phenylalanine (Phe) in pfTPI sequence [19]. 

It is therefore essential to determine whether such differences and other unique 
structural motifs can be used to develop inhibitors that selectively target Plasmodium 
parasite enzymes, without harming the human host cells. In this study we have used 
molecular modeling tools to determine the binding affinity and binding modes of three 
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glycolytic enzymes; triosephosphate isomerase (TPI), aldolase (ALD), and glyceralde-
hyde phosphate dehydrogenase (GAPDH) with 8 novel sulfonamide ligand derivatives. 
This study will use molecular modeling to identify selective differences in molecular 
recognition patches observed in the interactions of three glycolytic enzymes from hu-
mans and the Plasmodium parasites with sulfonamide derivatives. The specific ques-
tions we address include: 1) Which glycolytic enzymes show a strong and selective af-
finity with the novel ligands? 2) What are structural differences between the binding 
domains and residues responsible for interactions? 3) How do the binding affinities of 
new analogues compare with common antimalarial agents? 4) Which sulfonamide de-
rivatives boost selectivity, based on the binding affinities and dissociation constants? 

1.1. Molecular Systems 
1.1.1. The Glycolytic Pathway Enzymes 
The glycolytic pathway is the catabolic process involving a series of enzymes that con-
verts one molecule of glucose into two molecules of pyruvate with the release of ATP 
for required by cells (Scheme 1). 

This study will focus on three glycolytic enzymes that catalyse steps 4, 5 and 6 of the 
glycolytic pathway (Scheme 1). Fructose-1,6-bisphosphate aldolase (ALD) is a homo-
tetrameric enzyme that catalyses the aldol cleavage of fructose-1,6-bisphosphate (F1,  
 

 
Scheme 1. The glycolytic pathway; metabolic breaking down of glucose to lactate. 
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6BP) to two triose phosphates, glyceraldehyde-3-phosphate or glyceraldehyde and di-
hydroxyacetone phosphate (Scheme 1) [20]. The tertiary structures of human aldolase 
(PDB code 1ALD) and Plasmodium aldolase (PDB code 1A5C) were obtained from the 
protein data bank. Both structures have a sequence identity of 54% and the RMSD be-
tween 317 atom pairs is 0.665 Å [21]. Despite structural similarity (Figure 1(a)), key 
hydrophobic surface folds and single residue deletion cause a reduction in surface area 
of Plasmodium aldolase, compared to human aldolase [22]. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) plays an important role in 
glycolysis and gluconeogenesis by reversibly catalysing the oxidation and phosphoryla-
tion of glyceraldehydes-3-phosphate (G3P) to the first energy-rich intermediate 1,3- 
bisphosphoglycerate (1,3BPG) in glycolysis (Scheme 1) [23]. The tertiary structures of 
human GAPDH (hGAPDH) and Plasmodium GAPDH (pfGAPDH) were downloaded 
from the protein data bank with accession codes of 1ZNQ and 1YWG [24] [25]. Both 
molecules are homotetrameric enzymes of about 150 kDa in molecular mass. In most 
species, the primary amino acid sequence and physico-chemical properties of GAPDH 
are conserved, but some active site and cofactor binding site residues differ (Figure 
1(b)).  

TPI is a key dimeric enzyme that speeds up the final investment phase of glycolysis 
(Scheme 1). The X-ray crystal structures of hTPI and pfTPI have been determined to 
atomic resolution and were also downloaded from the RCSB Protein Data Bank, with 
accession codes 4POC (Roland, 2015) and 2VFI, respectively (Gayathri, 2009). HTPI 
and PFTPI share a sequence identity of 42%. Despite the 58% difference in sequence  

 

 
Figure 1. (a) Plasmodium aldolase (red) superimposed on human aldolase (cyan); (b) pfGAPDH 
(red) superimposed on hGAPDH (cyan); (c) pfTPI (red) and hTPI (cyan) structures aligned. 
hTPI-Yellow (A46, I48, S96) and pfTPI red (V46, Y48, F96). Active site residues (K12, H95 and 
E165) in Blue. Different residues in both sequences highlighted. 
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identity, the three dimensional structure of both molecules have similar structural folds. 
For example, a root mean square deviation (RMSD) of 0.825 Å is obtained when both 
enzymes are structurally aligned (Figure 1(c)). HTIM and PFTIM do, however, have 
some amino acid residues located in key binding motifs with different side chain polar-
ities (Figure 1). Position 96 that is close to TIM active site residues (K12, H95 and 
E165) in many TIM sequences is usually occupied by serine residue (Ser), but it is re-
placed by Phenylalanine (Phe) in PFTIM sequence [19].  

1.1.2. Sulfonamide Derivatives  
Aniline and sulfonamide based drugs like sulfanilamide have historically been used to 
treat bacterial and yeast infections. This is because they target enzymatic reactions in 
the foliate metabolic pathway producing cellular cofactors important for amino acids 
and DNA synthesis. For example, sulfadoxine has been shown to interfere with the fo-
liate metabolism, by inhibiting the enzyme dihydropteroate synthase [26]. The combi-
nation of sulfadoxine and pyrimethamine has been discontinued due to parasitic resis-
tance. Herein we have developed and tested the selectivity and binding affinity of novel 
fluorinated sulfonamide derivatives, with branched architectures that show improved 
affinity compared to sulfanilamide. The derivatives have the same basic structure, but 
differ from one another based the position of polar fluorine, methoxy and alkyl func-
tional groups. The three-dimensional structures of the ligands tested were built using 
Guass View, and the geometry optimized with Gaussian 09 using a B3LY0/6-311g basis 
set [27]. The structures for the ligands tested are shown in Table 1. 

2. Computational Methods 

The three-dimensional structures of the enzymes used were refined prior to docking 
using Pymol and Chimera [28] [29]. This involved adding deleted atoms from crystal 
structures, removing unnecessary ligands and relaxing the enzyme structures. The mo-
lecular modeling software AutoDock 4.2 was used to screen the interactions of eight 
sulfonamide derivatives with the glycolytic enzymes [30] [31]. This blind docking was 
used to map different binding pockets or sites and determine residues involved in com-
plexes, and binding affinities of the enzymes (Aldolase, GAPDH and TPI) with the li-
gands. The AutoDockTools (ADT) suite was used to prepare the ligand and receptor 
structures, add appropriate Gasteiger charges, identify and modify ligand rotatable 
bonds (Morris, 2009) [32]. A grid-based method was used to enhance the quick evalua-
tion of the binding energy of conformations of the complexes formed. The grid boxes 
were centered using coordinates of a virtual center of mass atom for the enzymes. Each 
grid box had dimensions of 120 Å × 120 Å × 120 Å, large enough to allow for sampling 
of binding domains or pockets on the entire protein surface by the probe ligand atoms. 
The Lamarckian genetic algorithm was used in configuration space search and binding 
energy determination of the complexes. The affinity of the docked complexes was de-
scribed using dissociation constants (Ki) (Equation (1)) and binding energy based on 
the semiempirical force field expression as described in Equation (2) [32].  
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Table 1. Structures of the sulfonamide derivatives used in docking and MD simulations together with sulfanilamide. 

 

4-amino-3,5-difluoro-N- 
(6-methoxypyridin-3-yl) 

benzenesulfonamide 
SulfaA 

 

4-amino-N- 
(3,5-dimethoxyphenyl)-3,5- 
difluorbenzenesulfonamide 

SulfaB 

 

4-amino-N- 
(2-fluoro-3,5-dimethylphenyl) 

benzenesulfonamide 
SulfaC 

 

4-amino-3-fluoro- 
N-(pyridine-2-yl) 

benzenesulfonamide 
SulfaD 

 

4-amino-N- 
(3,5-dimethylphenyl)-3- 
fluorbenzenesulfonamide 

SulfaE 

 

4-amino-3,5-difluoro-N- 
(4-trifluoromethyl)phenyl) 

benzenes 
SulfaF 

 

4-amino-3,5-difluoro-N- 
(4-fluoro-3,5-dimethoxyphenyl) 

benzenesulfonamide 
SulfaG 

 

4-amino-N- 
(2,6-difluorophenyl)- 

2,6-dimethoxybenzene 
sulfonamide 

SulfaH 

 
where Ki (dissociation constant, and i indicates it is also an inhibition constant) 

bind vdw hbond elect tor desolvaG G G G G G∆ = ∆ + ∆ + ∆ + ∆ + ∆              (2) 

bindG∆  Free Energy of Binding 

vdwG∆  van der Waals potential 

hbondG∆  Hydrogen bonding potential 

electG∆  Electrostatic Potential 

torG∆  torsional energy 

desolvaG∆  Free Energy of desolvation 

3. Results  
3.1. Binding Energies 

In these simulations, 2 × 106 energy evaluations between the sulfonamide derivatives 
were used to identify binding sites and amino acid residues involved in formation of 
enzyme ligand complexes. All the sulfonamide ligands screened successfully docked to 
the three glycolytic enzymes with varying binding affinities. We also wanted to deter-
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mine whether any of these ligands showed a selective affinity tothe human glycolytic 
enzymes (ALD, GAPDH and TPI) compared to Plasmodium enzymes. The binding 
energy difference between the complex and free enzyme and ligands was used to de-
termine strength of interaction (Figure 2). 

The relative binding energy data suggest that the sulfonamide derivatives seem to in-
teract more strongly with human aldolase compared to Plasmodium aldolase (Figure 
2). For the GAPDH enzyme there is no preference in binding affinity for either species. 
This is not the case with TPI, where there is strong indication that the ligands show a 
preference for complex formation with the parasitic enzyme (TPI) as opposed to the 
human enzyme. The complexes formed with pfTPI are more stable with higher affinity 
compared to hTPI complexes (Figure 2). This observation is distinctive from the inte-
ractions with GAPDH where there is no significant difference in affinity between spe-
cies enzymes and ALD where the affinity to human enzymes is stronger than Plasmo-
dium enzymes. SulfaC, SulfaH and SulfaE also standout as the ligands with the best 
binding affinity for all the enzymes modeled.  
 

 
Figure 2. Relative binding energies between sulfonamide derivatives and glycolytic enzymes (Ald, GAPDH and TPI). Red bars represent 
Plasmodium enzymes, while the blue bars represent human enzymes. 
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3.2. Dissociation Constants 

The dissociation constants or inhibition constants (Ki) usually indicate the concentra-
tion at which binding domains of the enzyme is half filled. In general, a small dissocia-
tion constant is an indication of a tightly bound complex. Larger bars signify weak 
binding, while bars of similar sizes indicate no preference in binding one enzyme over 
the other. The dissociation constants again show that Plasmodium ALD does not form 
strong complexes with the sulfonamide derivatives. For example, SulfaE binds human 
ALD with a Ki of 0.197 uM and 1.64 uM for pfALD (Figure 3). SulfaE binds hGAPDH 
with Ki of 0.645 uM and 0.331 uM for pfGAPDH. This suggests that the binding be-
tween SulfaE and human aldolase is about 8 times stronger than the interaction with 
pfALD. Similarly, SulfaE shows a slight enhancement in affinity to pfGAPDH com-
pared to hGAPDH by a factor of 2 (Figure 3 and Figure 4). The situation is quite dif-
ferent for TPI, where there is an enhancement factor of 67 for the interaction of sulfaE 
with pfTPI compared to human TPI (Figure 4). Specifically, SulfaE interacts with 
pfTPI with a Ki of 0.197 uM and 1.64 uM for pfALD. Sulfa H and SulfaC also have se-
lectivity enhancement factors of 60 and 45, respectively.  
 

 
Figure 3. Dissociation constant between ligands with ligands and enzymes. The blue bar represents human enzymes and the red bars 
Plasmodium enzymes. 
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Figure 4. Dissociation constant (Ki) Selectivity Factor for binding of SulfaE 
with the glycolytic enzymes. The blue cylinders represent human enzymes and 
the red Plasmodium enzymes. 

3.3. Binding Site and Complexes  

All the glycolytic enzymes modeled are docked with the sulfonamide derivatives. Aldo-
lase and GAPDH however, do not seem to form complexes that discriminate between 
human and Plasmodium enzymes. The interaction affinities and dissociations constants 
do suggest that there is potential of selective binding with TPI enzymes. Due to struc-
tural similarity of many glycolytic enzymes, the significance of this observation can be 
explained by the nature of complexes formed and the residues responsible for interac-
tions. All the sulfonamide ligands screened interact with each enzyme using similar 
binding sides and residues (Figure 5).  

In general, there are two main sites that these ligands use to interact with the glyco-
lytic enzymes. These include an allosteric binding side occurring at the dimer interface 
or between monomers (Site D), and a site proximal to the active site or cofac-
tor-binding site of the enzyme (site A). Amongst the 100 complexes analyzed for SulfaE 
docking calculations, site D seems to be the preferred site of binding in hALD, pfALD, 
hGAPDH, and pfGAPDH (Figure 5 and Figure 6). Specifically, about 90% of all com-
plexes with the GAPDH enzyme form at thedimer/dimer or monomer/monomer inter-
face in both human and parasitic isoforms of GAPDH. The following amino acid resi-
dues were most common and responsible for complex formation between sulfaE and 
GAPDH. These residues include: LEU203, GLN204, ALA238, VAL240, PRO236, 
THR237, ASN239, SER283, and SER 284 for hGAPDH, and LEU206, PRO239, ILE240, 
GLY241 and SER207 for pfGAPDH. These amino acids form a binding pocket that is 
not close to the active site of the molecules. The similarity in location, types, and polari-
ties of the residues also explains why there is no clear distinction in affinity between 
hGAPDH and pfGAPDH. The second binding domain (site A) occurs less frequently 
(Figure 6) and comprise of the following residues: PRO124, SER152, CYS153, THR154, 
THR183, and ASN185. These residues form a groove that is in the vicinity of the NAD 
cofactor binding domain. The dimer interface binding domain (site D) is also more  



N. Forlemu et al. 
 

50 

 
Figure 5. Binding mode of sulfonamide ligands: Top Panel: Human ALD, GAPDH and TPI. 
Lower Panel: Plasmodium ALD, GAPDH and TPI. 
 

 
Figure 6. Distribution of Docked Complexes to the identified binding sites for 
the glycolytic enzymes aldolase (hALD and pfALD), glyceraldehyde phosphate 
dehydrogenase (hGAPDH and pfGAPDH), and triose phosphate isomerase 
(hTPI and pfTPI). 

 
common in Aldolase, however, the pfALD also shows about 38 % of docked complexes 
in the site B, with about 5% docked complexes for hALD (Figure 6). Site D residues in-
clude: GLU206, TYR213, LYS214, SER217, LEU221, LEU223, ARG258, THR259 for 
hALD, and HIS171, ALA174, TRP175, CYS218, ALA222 for pfALD. The binding site D 
residues for hALD are more polar compared to the residues for pfALD. This could ex-
plain the stronger affinity of hALD compared with pfALD (Figure 2 and Figure 3).  

There is a significant difference in distribution of docked complexes amongst the 
binding sites D and A in the interactions between all the sulfonamide drug derivatives 
with hTPI or pfTPI. These differences can explain the selectivity observed in the bind-
ing energies and dissociation constants. In docking simulations involving pfTPI, more 
of the complexes are formed using site D, while site A is preferred in hTPI docking so-
lutions (Figure 6). The favorable interactions observed at the dimer interface (Site D) 
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for pfTPI involve the amino acid residues: VAL44, SER45, TYR48, GLN64, ASN65, 
VAL78. The collection of polar and smaller hydrophobic residues facing eachother 
creates a groove at the dimer interface of pfTPI making it more specific and a preferred 
binding domain. Site A residues responsible for interactions of most complexes in hTPI 
include: LYS3, LYS237, ALA234, THR213, GLU239, VAL212, GLY209, GLY232 and 
VAL28. 

4. Discussion  

The major goal of this study was to computationally determine whether the novel fluo-
rinated sulfonamide ligands selectively interact and hence inhibit glycolytic enzymes of 
Plasmodium cells as opposed to humans. The broad similarity in structure of glycolytic 
enzymes amongst different species, has generally limited their use as molecular recep-
tors or targets in the development of antimalarial therapies [33] [34] [35]. The increase 
in availability of more refined crystal structures of glycolytic enzymes do show subtle 
changes in amino acid residues, that can lead to significant structural and functional 
differences in the way these enzymes interact with substrates and their ligands. The 
Plasmodium parasite’s continuous resistance to many mainstream drugs like chloro-
quineand artemisinin derivatives is a major bottleneck to the complete eradication of 
the malaria epidemic using chemotherapeutic agents [6] [7] [36] [37]. The increased 
application of molecular docking methods in the pharmaceutical industry and acade-
mia is a direct result of increase in computer speed, and the reliability of simulation 
theories and docking software [38] [39]. Molecular docking studies have shown that a 
number of quinoline-based ligands competitively inhibit the glycolytic enzyme lactate 
dehydrogenase (LDH), by docking at the nicotinamide adenine dinucleotide (NADH) 
cofactor binding site of LDH [40]. For example, the crystal structure of Plasmodium 
LDH complexed with the antimalarial agent chloroquine also suggests an overlap in 
binding site with the cofactor NADH [41]. 

In this study we provide data that shows that sulfonamide ligands are suitable candi-
dates to selectively target glycolytic enzymes. The data involving rigid enzyme targets 
reveal that all the sulfonamide ligands screened, bind the three glycolytic enzymes 
(ALD, GAPDH, TPI) with high affinity. The dissociation constants observed for these 
interactions also fall in the micromolar range, comparable to many current drugs in the 
market (ref). While these affinities are strong, the interactions with ALD and GAPDH 
are not selective (Figure 2 and Figure 4). TPI is the only enzyme where there is a sig-
nificant difference in affinity between the human and Plasmodium enzymes. There is a 
preference for an allosteric binding site (Site D) in pfTPI for all the sulfonamide ligands 
tested in this study and a sample of currently used antimalarial agents (ref). The human 
enzyme on the other hand binds the sulfonamide ligands using site A that is proximal 
to the active site (Figure 6). 

ALD and GAPDH from the both species interact with the ligands using similar 
binding sites, and the residues all have similar chemical properties (size and polarity) 
(Figure 6). This explains the lack of enhancement in binding observed between species. 
The dimer interface of pfTPI with a collection of polar and smaller hydrophobic resi-
dues (VAL44, SER45, TYR48, GLN64, ASN65, VAL78) facing eachother form a groove 
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that provides important electrostatics contributions responsible for strong binding 
(Figure 7). In hTPI, this dimer interface is not the preferred. This may be due to the 
substitution of key residues (P44, A46, I48) that make this pocket no longer a potential 
binding site. Amongst the 100 complexes analyzed for hTPI, none of the ligands suc-
cessfully docked in the vicinity of the dimer interface residues common to those found 
in site D binding site for pfTPI (Figure 7). The difference in residues involved shows 
that the residues substitution (V44P, Y48I) successfully changes the polarity of the 
binding pocket of hTPI thereby affecting the strength of binding with sulfonamide li-
gands screened. This is an indication that the observed binding site D is unique and 
specific to pfTPI and is the sole reason for the observed selectivity because of the com-
bination of polar and non-polar groups at the dimer interface responsible for complex 
formation. 

 

 
Figure 7. (a) hTPIsulfaE interaction region showing contact residues 
responsible for polar contacts. Contact residues show in ball and stick 
and the ligand in surface representation. (b) pfTPIsulfaE interaction re-
gion showing contact residues responsible for polar contacts. Contact re-
sidues show in ball and stick and the ligand in surface representation. 
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The docking binding affinities of the new sulfonamide analogues also compare with 
affinities of current antimalarial drugs like chloroquine (Figure 8). We compared the 
dissociation constant for the interactions between some antimalarial drugs (chloro-
quine, primaquine, mefloquine, and quinine), and the screened sulfonamide ligands in 
docking simulations with hTPI and pfTPI. The Ki selectivity factor was obtained as a 
ratio of the dissociation constant for the interaction with hTPI and pfTPI. A large Ki 
selectivity factor therefore indicates that the ligands bind one receptor with much high-
er affinity than the other. The ligand with the highest selectivity factor in the docking 
studies was chloroquine, which is currently used in many regions of the world to treat 
malaria. The enhancement factor for SulfaE is on par with that of chloroquine, sug-
gesting that this ligand can selectively inhibit glycolytic enzymes TPI. In addition to 
SulfaE, SulfaC and SulfaH also possess better selectivity factors compared to a number 
of current antimalarial agents like mefloquine, primaquine, and quinine (Figure 8). 
The combination of binding energies and dissociation constants suggests that interac-
tion between the novel sulfonamide derivatives with aldolase or GAPDH is not selec-
tive. Theenzyme TPI can serve as a suitable target for inhibition with atleast 3 of the 
sulfonamide derivatives (SulfaC, SulfaH and SulfaE).  

5. Conclusion 

Eliminating the debilitating effects of the disease malaria remains a major concern of 
the WHO and many countries in the world. Many antimalarial agents (e.g. Chloro-
quine) have been used for a number of years to fight malaria without any clear-cut 
mode of action. The reemergence of parasitic resistance has continued to spur research  

 

 
Figure 8. Ki selectivity factor for the interaction of some antimalarial drugs and sulfonamide li-
gands binding with hTPI and pfTPI. 
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for more effective analogues. In this study, we have shown that eight novel sulfonamide 
ligands screened can successfully dock to the three glycolytic enzymes ALD, GAPDH 
and TPI from humans and Plasmodium falciparum. The docking results suggest that 
glycolytic enzymes generally used two binding sites; site D (the dimer or quaternary 
structure interface) and site A (site proximal to active site or cofactor binding site). In 
interactions involving ALD and GAPDH similar binding sites and amino acid residues 
are responsible for complex formation in the enzymes from both species. The molecu-
lar docking results suggest that triose phosphate isomerase (TPI) is a good target for the 
development of new antimalarial agents. Specifically, we have determined that the cur-
rent sulfonamide ligands interact with pfTPI and hTPI using different very binding 
domains. This dimer interface binding site is different from the TPI active site, and may 
suggest the possibility of noncompetitive or uncompetitive inhibition. SulfaE, SulfaH 
and SulfaC also stand out as key molecules can be fine-tuned to take advantage of dif-
ferences in binding domains and residues between pfTPI and HTPI. These sulfonamide 
derivatives showed an enhancement in dissociation constants on par or greater than 
some known antimalarial agents. The micromolar range affinity of sulfonamide deriva-
tives is comparable to the affinity of many current antimalarial agents. The sulfonamide 
derivatives can thus serve as pharmacophores for the development of novel antimalarial 
drugs. The rigid nature docking is one limitation of this study because dynamic effects 
of binding during complex formation are not accounted for. Further investigations us-
ing molecular dynamics simulations are underway to dynamically test the stability and 
hydrogen bonding network responsible for complexes. Specifically, it will be important 
to understand how the flexibility and dynamic motions of both ligand and enzyme will 
affect the interactions using molecular dynamics simulations. The specificity of binding 
and inhibitory effects of these ligands also have to be tested using kinetic experiments 
associated with the pfTPI dimer interface. 
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