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Abstract
Parasitic resistance and mutations in folate pathway receptors of Plasmodium falciparum have diminished the efficacy of antimalarial 
agents including sulfadoxine and pyrimethamine. In this study, seven novel fluorinated heterocyclic sulfonamides are modeled to deter-
mine their potential to blunt the effects of folate pathway mutations such as those on dihydrofolate reductase (DHFR). With AutoDock Vina 
and the Molecular Operating Environment (MOE), binding affinities and interactions of the fluorinated sulfonamides are benchmarked with 
antimalarial drugs. The binding affinity scores from both programs identify three sulfonamides with strong interactions that are comparable 
to or greater than current antimalarials. Compound 7 displayed strong hydrogen bonding interactions with quadruple mutated P. falciparum 
DHFR active site residues and an estimated  binding energy of -7.6 ± 0.2 kcal/mol. From further interaction analysis, the fluorinated hetero-
cyclic sulfonamides modeled herein seem to be promising pharmacophores and competitors to current folate pathway inhibitors.
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collaborators was modeled as described below (Compounds 1-7 in 
Figure 1B). The sulfonamide framework was fine-tuned with the 
inclusion of fluorine atoms and heteroaromatic amines to modulate 
polar surface area, rigidity, and drug-like properties. The sulfon-
amides were built with GaussView, and optimized with Gaussian 
09 using the B3LYP/6-311g basis set.8,9 The three dimensional 
structures of antifolate and antimalarial drugs were obtained from 
the DrugBank database and are represented in Figure 2.10 

The three-dimensional structures of human DHFR (Wt HsDH-
FR and pdb-ID-3GYF)11, and wild type (Wt PfDHFR and pdb-ID-

introduction

Malaria is a deadly disease that adversely affects the health 
and economies of numerous communities worldwide, and whose 
effects have worsened following the COVID-19 pandemic.1 Plas-
modium falciparum, the most virulent malarial parasite, relies on 
the folate pathway for the biosynthesis of metabolites.2  In partic-
ular, dihydrofolate reductase (DHFR) is a key folate pathway en-
zyme that has been targeted by multiple antifolate and antimalarial 
drug agents like pyrimethamine and sulfadoxine.3-5

Antifolate drug resistance is associated with the rise of muta-
tions in DHFR enzyme isoforms, with three mutations prevalent in 
the African region: N51I, C59R, and S108N.5  An additional muta-
tion, I164L, mostly reported in Asia and South America, provides 
high levels of resistance against antimalarials like pyrimethamine.6  
Steric clashes resulting from A16V, and S108T are responsible for 
cycloguanil resistance.7  According to Sirawaraporn and collabo-
rators, there is a  300 to 600-fold increase in inhibition constant 
(Ki) in interactions with antimalarial ligands (pyrimethamine and 
cycloguanil) with the DHFR quadruple mutant compared to the 
wild type enzyme.3 

This study explores two main questions: 1. Do ligands with 
fluorinated sulfonamide frameworks interact with folate enzymes 
(DHFR) with affinities comparable to benchmark antifolate and 
antimalarial drugs? 2. Do the rampant mutation in Plasmodium 
folate pathway enzymes (DHFR variants) impact the affinities of 
fluorinated sulfonamides?

Molecular Structures and Properties
The binding of DHFR isoforms with current antimalarial drugs 

and sulfonamide derivatives developed in this laboratory and with 

	 	 	
	

	 	 	
	

 

Figure 1: A Antifolate and antimalarial drugs used. B Heterocyclic sulfonamide 
derivatives. 1 (2-(4-amino-3,5-difluorophenylsulfonamido)-3-fluoro-5-me-
thoxypyridine) 2 (2-(4-amino-3,5-difluorophenylsulfonamido)-4-fluoro-5-me-
thoxypyridine) 3 (2-(4-amino-3,5-difluorophenylsulfonamido)-3-fluoropyridine) 
4 (2-(4-amino-3,5-difluorophenylsulfonamido)-5-fluoropyridine) 5  5-(4-ami-
no-3,5-difluorophenylsulfonamido)-4-fluoro-3-methyl-1-phenylpyrazole 6  
5-(4-amino-3,5-difluorophenylsulfonamido)-4-fluoro-3-methyl-1-(2-fluorophenyl)
pyrazole 7 5-(4-amino-3,5-difluorophenylsulfonamido)-4-fluoro-3-methyl-1-(4-flu-
orophenyl)pyrazole
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4DPD)12 double mutant (DM PfDHFR and pdb-ID-3UM6)7 and 
quadruple mutant (QM PfDHFR and pdb-ID-4DP3)12 Plasmodium 
DHFR were downloaded from the RCSB Protein Data Bank.13 

The similarity of the ligands to drugs was modeled using 
the SwissADME webtool and displayed in Figure 2.14 Through 
SwissADME, drug-like molecules are identified by comparing 
molecules to a database of known drugs, functional groups, and 
properties that are favorable for drug design. The resulting phar-
macokinetic properties were compared with antimalarial drugs in 
this study.

Molecular Docking Methods
In this study, the interactions between the 12 ligands (7 he-

teroaromatic sulfonamides and 5 antimalarial drugs) and P. fal-
ciparum DHFR variants (Wt HsDHFR, Wt PfDHFR, DM Pf-
DHFR, QM PfDHFR) were modeled using two major docking 
tools: AutoDock Vina and the Molecular Operating Environment 
(MOE).15-17 The USCF Chimera tool Dock Prep was used to refine 
the receptor molecules by removing solvents, fixing non-standard 
residues, adding hydrogens, and assigning Gasteiger charges.15-17 

AutoDock Vina software was then employed to perform a global 
search of the best bound complexes, which were then ranked and 
scored based on favorable hydrophobic, hydrogen bond, and van 
der Waals interactions. This was performed using the protein and 
ligand coordinates along with a search volume box with size 25 
Å x 22 Å x 32 Å centered around the binding sites of DHFR. The 
proteins and ligands were rigid during the docking, and the com-
plexes with root-mean square deviations (RMSD) less than 1.0 Å 
were clustered according to their energy of binding. The docked 
complexes with the lowest binding energies were then extracted 
for further analysis. 

The Molecular Operating Environment (MOE) software was 
also used to characterize the interaction affinity between the li-
gands and DHFR receptors. Each optimized ligand was upload-
ed into an MOE window, subjected to 3D protonation and energy 
minimization, and saved in a molecular database (MDB) file for 
docking.  The crystal structures for each receptor were uploaded 
into MOE, and prepared for docking using the QuickPrep feature 
of MOE as described by Al-Karmalawy and Khattab.15,18,19 This 
involved the addition of hydrogens in appropriate geometries, re-
moval of solvent molecules, and minimization of the structure to 
relax atomic clashes and correct protein issues. The docking simu-
lation was done using the 2 MOE default forcefields (CHARMM27 
and Amber10: EHT), with atoms tethered 8 Å around the active 
site, allowing for enhanced flexibility of site molecules during the 
docking process.  The docking site was selected as receptor atoms, 
the ligand placement methodology with triangle matcher, and the 
London dG scoring function to estimate the free energy of binding. 
The refinement methodology was adjusted as Induced Fit, with a 
scoring function based on GBVI/WSA dG to select the 5 best pos-
es out of 30 for each ligand/receptor system.

results

Drug-like Properties of Fluorinated Sulfonamides
Compounds with good drug-like features often have a topo-

logical polar surface area (TPSA) of less than 120 Å2, enabling 
high absorption.20 The TPSA of 1 and 7 are within this upper bound 

and are within 25Å2 of the TPSA of artesunate.  The TPSA of 
chloroquine was much lower than the other ligands tested. When 
comparing to experimental results, the TPSA from SwissADME 
correlated with a previous study on chloroquine within 1 Å2.21  The 
solubility of a drug in the mostly aqueous environment of near-
ly all biological systems is another important property computed 
for the novel sulfonamides.22 Compounds 1-4 are labeled soluble 
while 5-7 are labeled moderately soluble. The sulfonamides repre-
sented in this study also possess ADME properties that make them 
suitable drug candidates and comparable to current antimalarial 
drugs (Figure 2).23

Binding Energy of Fluorinated Ligands
To estimate the affinity and viability of sulfonamides as po-

tential antimalarial agents, 48 docking simulations between 12 li-
gands and the 4 target receptors were performed using AutoDock 
Vina and MOE.  The docked complexes of five current antimalarial 
drugs were compared to fluorinated heteroaromatic sulfonamides. 
For each docked system, 8 high affinity complexes were analyzed 
for key binding domains and contact residues responsible for in-
teractions. The impact of mutations on binding was also sought 
in the docking simulations. Since the location of all six mutations 
explored (A16V, S108T, N51I, C59R, S108N, I164L) were prox-
imal to the active site, another round of docking was conducted, 
focusing on the active site using MOE. The binding affinities of 
the fluorinated sulfonamide ligands and target receptors are repre-
sented in Figure 3A, B, and C. 

The fluorinated heteroaromatic sulfonamides (5, 6, and 7) 
show stronger affinity with the DHFR enzymes compared to some 
antimalarial drugs (notably pyrimethamine and trimethoprim). Al-
though the benchmark medication for treating malaria has been 
artesunate over the last couple of decades, blind docking relative 
binding energies from MOE and AutoDock Vina indicate a de-
crease in interaction affinity with mutated DHFR receptors (Fig-
ure 3A and B). Similarly, the blind docking with AutoDock Vina 
identifies an alternate binding site that is more favorable to bind-

Figure 2: Electrostatic potential map of the following ligands: A. Artesunate, B. 
Chloroquine, C.  Compound 1, D. Compound 7. Partial negative charges shown 
in red and partial positive charges shown in blue. Topological Polar Surface Area 
(TPSA) is described in Angstroms squared. Lipophilicity (Log Po/w) is based on 
consensus between five methods of prediction.
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ing artesunate than the active site region. The mutations from wild 
type DHFR to double mutant and quadruple mutant DHFR also 
diminish the affinity of chloroquine, pyrimethamine, and trimetho-
prim (Figure 3A and B).  

In all the blind docking simulations using AutoDock Vina 
and MOE, the DHFR active site was the preferred binding do-
main for 1-7, pyrimethamine, and sulfadoxine. In docking sim-
ulations where the search area is constrained to the active site of 
DHFR, more favorable contacts between artesunate, chloroquine 
and DHFR mutant enzymes are observed as well (Figure 3C). An 
interesting observation with sulfonamides is that ligand rigidifica-
tion with the addition of the heteroaromatic ring to the fluorinated 
sulfonamide pharmacophore (5-7) enhances the binding affinity to 
match artesunate. In addition, irrespective of the docking method-
ology and software used, the strength of the interactions between 
heterocyclic sulfonamides also does not diminish in the presence 
of the mutations in the double and quadruple mutant DHFR re-
ceptors (Figure 3). The rigidification and enhancement of the li-
pophilicity of the sulfonamides have a stabilizing effect on the 
complexes formed (Figure 3). The docking data from AutoDock 
Vina (Figure 3A) and MOE (Figure 3B) share similar trends. For 
example, the docked complexes with 1-4 are not as stable or fa-
vorable as those involving 5-7. In addition, the blind docking data 

suggest that the mutations have an impact on the binding affinity 
of artesunate (Figure 3A and 3B) while 5-7 complexes bind QM 
PfDHFR with comparable or stronger affinity to Wt PfDHFR. One 
important difference is the favorability of chloroquine complexes 
which rival that of artesunate using MOE compared to AutoDock 
Vina.

Binding Domains and Residues with Fluorinated Sulfonamides
The antifolate and antimalarial agents modeled in this study 

dock with DHFR receptor isoforms mainly using two binding do-
mains (Figure 4). These include the active site and its surrounding 
domains which was the most favorable pocket for DHFR, and an 
allosteric site identified by blind docking using AutoDock Vina 
(Figure 4D). All docking poses analyzed for the interactions be-
tween the fluorinated heteroaromatic sulfonamides (e.g., 7) occur 
in regions close to or at the active site of DHFR (Figure 5). This 
is not the case with the benchmark antimalarial drug artesunate, 
where AutoDock Vina places artesunate in an alternate site when 
docked to quadruple mutant DHFR (Figure 4D). This alternate 
binding domain has a lower binding energy (Figure 3B) compared 
to docking poses with artesunate constrained in the active site 
(Figure 3C). In this section we compare the most favorable bind-
ing poses involving artesunate and 7 with DHFR (Figure 4 and 5). 
The combinations of hydrophobic domains (green), polar domains 
(pink) and the exposed areas of the receptor (red) were responsi-
ble for strong interactions. The labeled and highlighted residues 
contributed strongly (greater than -0.5 kcal/mol) to stabilization of 
artesunate and 7 in the binding site (Figure 4 and 5).

In blind docking where the entire surface of the receptor was 
sampled for significant interactions, an alternate site was identi-
fied for interactions with artesunate using AutoDock Vina. This 
binding domain was, however, not observed in blind docking with 
MOE and the ligands. In addition, docked poses where ligands 
(e.g., 7) were constrained to this alternate binding site used by ar-
tesunate with QM PfDHFR (Figure 4D) were not as stable. For 
example, the alternate site binding energies of -7.6 kcal/mol and 

 

 Figure 3. A. AutoDock Vina relative binding energies between benchmark drugs, 
fluorinated sulfonamides, and DHFR isoforms. B. MOE relative binding energies 
using the site location found by AutoDock Vina. C. MOE relative binding energies 
focused on the active site with error bars indicating standard deviation over dock-
ing poses.

	 	 	
	

	 	 	
	

 

Figure 4. Docking poses of artesunate ligand with DHFR isozymes highlighting 
important contact residues and different binding domains in the molecule. A. Arte-
sunate with Wt HsDHFR, B. Artesunate with Wt PfDHFR, C. Artesunate with DM 
PfDHFR, D. Artesunate with QM PfDHFR where the alternate site is shown in the 
red box and the active site is shown in the blue box
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-8.4 kcal/mol were observed between 7 with Wt PfDHFR and DM 
PfDHFR respectively (computed through AutoDock Vina). These 
docking scores were both significantly lower than the active site 
binding energies of -9.7 kcal/mol and -10.1 kcal/mol respectively. 
Furthermore, to compare the alternate and active sites of DHFR, 
2D ligand interaction diagrams were used (Figures 8A and 8B) 
that display the energetic contribution of different intermolecular 
contacts that were determined using MOE. Figure 6A depicts ar-
tesunate in the alternate site of DHFR (also seen in Figure 4D), 
whereas Figure 6B depicts artesunate in the active site of DHFR. 
Both complexes were stabilized by intermolecular forces includ-
ing hydrogen bonding with the polar oxygens of artesunate. These 
hydrogen bonding interactions seem to contribute to the majority 
of artesunate’s stable docking scores and its effective pharmaco-
phore structure as an antimalarial drug. The strongest interaction 
in the alternate site was an ionic contact between His490 and an 
artesunate oxygen atom contributing about -3.2 kcal/mol to the 
complex energy.  

In the active site complex, the hydrogen bonding interaction 
where the artesunate carboxylate oxygen atom serves as a hydro-
gen bond acceptor to Trp48 contributed about -4.5 kcal/mol to 
the complex energy. This strong association, in combination with 
hydrophobic and arene-H interaction (-0.8 kcal/mol), explained 
why the constrained docking with MOE identifies the active site 
of artesunate as its preferred docking mode.  Sulfadoxine is cur-
rently used in antimalarial combinations targeted toward children 
and pregnant women because of its limited side effects. The sul-
fonamides modeled have a similar pharmacophore structure with 
Sulfadoxine and both are attracted to the active site of DHFR. The 
sulfadoxine/QM PfDHFR complex (Figure 6C), is mostly stabi-
lized by intermolecular contacts with an interaction energy smaller 
than -0.5 kcal/mol. These interactions are weak and generally 3.89 
Å distances between contact pairs. The majority of the contacts 
were arene-H interactions with the amino benzene, with no strong 
interactions with the sulfonamide functional group.  The weaker 

interactions explain why the binding energy of sulfadoxine suffers 
when docked to QM PfDHFR. 

In the 7/QM PfDHFR complex, there were more contacts with 
energy contributions over -0.5 kcal/mol, and the interactions that 
occurred were also stronger (Figure 6D) with sulfadoxine. For ex-
ample, there are three intermolecular contacts (hydrogen bonding 
interactions) with energy contributions that are greater than -0.5 
kcal/mol between 7 and QM PfDHFR (Figure 6D). Compared 
to sulfadoxine, there were two interactions where amine groups 
in 7 acted as donors and receptor residues were acceptors. These 
amine groups provide areas of partial positive charge (Figure 2D 
and Figure 6D). Similarly, Asn98 served as an H-bond donor to 
the electronegative oxygen atom part of the 7 sulfonamide group. 
This shows that the sulfonamide functional group played a critical 
role in interactions in 7, whereas for sulfadoxine, it did not con-
tribute positively toward docking. These strong hydrogen bonding 
interactions may have provided the necessary interaction energy to 
stabilize the ligand in the active site, overcoming potential repul-
sive impacts of the mutations on other ligands such as sulfadoxine, 
pyrimethamine, and trimethoprim. 

The complexes of artesunate and 7 in the active site both 
yielded strong interaction energies (Figure 3C). This result is fur-
ther supported by the interaction diagrams (Figure 6B for artesu-
nate and Figure 6D for 7). Both have a particularly strong hydro-
gen interaction, -4.5 kcal/mol for artesunate and -3.6 kcal/mol for 
7. It should be noted that in Figure 3C, artesunate has about an 
-0.25 kcal/mol stronger binding affinity than 7 and this might be 
explained by the overall greater number of contacts with energy 
contributions of -0.5 kcal/mol and more.

	 	 	
	

	 	 	
	

 

 
Figure 5. Docking poses of ligand 7 with DHFR isozymes highlighting import-
ant contact residues and different binding domains in the molecule. A. 7 with Wt 
HsDHFR, B. 7 with Wt PfDHFR, C. 7 with DM PfDHFR, D. 7 with QM PfDHFR 
where the alternate site is shown in the red box and the active site is shown in 
the blue box.

	 	 	
	

	 	 	
	

 

 

 

 
 

Figure 6. 2D ligand interaction diagram with minimum energy cutoff of –0.5 kcal/
mol for hydrogen and ionic interactions. Labels included show the bond distance 
in Å (top) and the bond energy in kcal/mol (bottom). A. Artesunate in the alternate 
site of QM PfDHFR found by AutoDock Vina. B. Artesunate in the active site of 
QM PfDHFR. C. Sulfadoxine in the active site of QM PfDHFR. D. 7 in the active 
site of QM PfDHFR.
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Discussion

In this work, the critical residues and docked complexes be-
tween the antimalarial and novel fluorinated sulonamide ligands 
with DHFR isoforms was modeled and anlayized using AutoDo-
ck Vina, Chimera, and MOE. Specifically, the goal was to deter-
mine whether the sulfonamide pharmacophore modeled docks to 
antifolate pathway receptors with affinities similar to benchmark 
antimalarial drugs. Secondly, the impact of DHFR mutations  on 
the ligands was assessed to determine whether the modeled sul-
fonamide molecules can maintain high binding affinities in the 
presence of mutations. Antimalarial or antifolate pathway drugs 
like artesunate, sulfadoxine and pyrimethamine were used as 
benchmarks to assess the efficacy of novel sulfonamides as poten-
tial antimalarial drugs. Sulfonamides (5, 6, and 7) containing flu-
orinated aromatic and heteroaromatic rings are predicted to have 
binding energies on the same order as the benchmark drugs arte-
sunate and chloroquine. The aforementioned sulfonamides were 
designed to have similar ADME properties as artesunate (7-8 hy-
drogen bond acceptor and 3 hydrogen bond donor groups), while 
utilizing the sulfonamide framework as a pharmacophore (Figure 
1 and 2).  This translates into multiple interaction sites for binding 
with DHFR active site residues. The heteroaromatic ring increases 
their lipophilicity which therefore, provides more opportunities for 
favorable interactions with amino acid residues in the various re-
ceptors (Figure 2). Compounds 1-4 bind to DHFR receptors with a 
similar energy as the antimalarial drugs sulfadoxine and pyrimeth-
amine. This is an indication that the more polar groups (F and.or 
N) present in the sulfonamides have a significant impact on the 
binding process. However, the affinity of 1-4 is smaller compared 
to artesunate, chloroquine and 5-7. The addition of the heteroar-
omatic ring to the sulfonamide ligands plays a significant role in 
enhancing the affinity of sulfonamide ligands. Amongst all the li-
gands studied (antimalarial drugs and sulfonamides), the affinity 
of 5-7 does not seem to diminish in the presence of PfDHFR and 
the mutant isoforms. This is an indication that the 5-7 pharmaco-
phore framework form strong interactions with DHFR isoforms 
independent of mutations in amino acid residues observed.

To analyze certain statistical aspects of the results, means and 
standard deviations of docking scores across the five best poses 
of the ligands and the active site of DHFR were calculated (Table 
1). The overall variability was low and similar between ligand/
receptor pairs, ranging between 0.1 to 0.2 kcal/mol. A two-sam-
ple equal variance T-Test was also calculated to compare different 
mean binding energies. Notably, a p-value of 0.1 was found be-
tween 7 docked to DM PfDHFR and Wt PfDHFR, meaning that 
even though binding affinity is slightly decreased with the mutated 
receptor, this difference is statistically insignificant. Further, while 
chloroquine docked to QM PfDHFR at a high binding affinity of 
-7.8 ± 0.2 kcal/mol, the difference in binding energy compared to 
7 (-7.6 ± 0.2 kcal/mol) was once again, statistically insignificant 
(Table 1). 

According to Yuthavong et al. (2012), Met55, Phe58 and 
Arg59 are some of the key residues that make up the active site of 
DHFR. The MOE Site Finder tool also identifies these as key ac-
tive site residues and they are present in docking poses where the 
fluorinated heteroaromatic sulfonamides (such as 7) are modeled 

(Figure 7).5  The docking  results in this work show the active site 
of DHFR isozymes as the preferential binding site due to more fa-
vorable binding energy ligands such as artesunate and chloroquine 
(Figure 3C).  However, there is an alternate site that accepts mul-
tiple ligand poses of artesunate and QM PfDHFR. It is important 
to determine how the presence of this site compares to the active 
in QM PfDHFR. The propensity for ligand binding (PLB) of a 
protein domain can be measured by identifying the compositions 
of the amino acids involved and comparing that to a profile of the 
preference that drug-like molecules have toward the 20 standard 
amino acids.24 In MOE, this method was implemented to deter-
mine the PLB of the identified binding sites. Though identified as 
a viable site in one of the docking methodologies, the alternative 
site has an estimated PLB value of 0.97. This is about 3 times 
lower than the estimated PLB value of 2.18 for the active site of 
DHFR.24 It thus makes sense that when docked to the active site, 
artesunate was found to have a more favorable binding energy than 
when docked to the alternate site (Figure 3C). It is notable that the 
mutations of QM PfDHFR (N51I, C59R, S108N, and I164L) and 
DM PfDHFR (A16V, and S108T) are proximal to the active site 
of DHFR (Figure 7). This is a potential reason for why antifolate 
drugs such as sulfadoxine and pyrimethamine are facing decreased 
efficacy in that while they may dock in the active site, they are not 
able to have as many favorable pocket interactions (Figure 6C). 

Something especially notable about the binding site of 7 in 
QM PfDHFR is that it has interactions with two mutated residues, 
Leu154 and Asn98 (Figure 6D and Figure 7). With Leu154, this is 

	 	 	
	

	 	 	
	

 

 
Figure 7. 7 in active site with select active site residues that contributed to binding 
labeled. Mutations were also labeled. Red signifies a mutated residue that did 
not contribute to binding. Teal signifies a non-mutated residue that contributed to 
binding. Yellow signifies a residue that is both mutated and contributed to binding.

Table 1: Mean Binding Energies (kcal/mol) of Ligands in the Active Site 

Receptor 7 Artemisinin Chloroquine Pyrim-
ethamine Sulfadoxine Trim-

ethoprim 

Hs DHFR -7.6 ± 0.1 -7.9 ± 0.1  -7.6 ± 0.2 -6.0 ± 0.1 -7.2 ± 0.1 -6.9 ± 0.1 

Wt PfDHFR -7.4 ± 0.1 -7.7 ± 0.04 -7.5 ± 0.1 -6.0 ± 0.1 -7.0 ± 0.2 -6.7 ± 0.1 

DM 
PfDHFR 

-7.2 ± 0.2 -7.7 ± 0.2 -7.2 ± 0.1 -5.9 ± 0.2 -6.8 ± 0.2 -6.7 ± 0.2 

QM 
PfDHFR 

-7.6 ± 0.2 -7.9 ± 0.1 -7.8 ± 0.2 -6.0 ± 0.1 -7.1 ± 0.3 -7.0 ± 0.1 
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a hydrogen bonding interaction contributing about -1.4 kcal/mol 
to the interaction energy, and –2.3 kcal/mol in hydrogen bonding 
interactions with Asn98. This is a direct reason why the binding 
energy with the quadruple mutant isoform was improved with 7.

This result is promising because of the potential for 7 to take 
advantage of hydrogen bond interactions with mutated DHFR 
isoforms. The DHFR mutations do not seem to negatively impact 
interactions with 7 compared to the wild type enzymes. This is 
because of the right mix of lipophilicity, hydrogen bond donor/
acceptors, and polarities present in the sulfonamides modeled here 
(Figure 7). 

Ghorab and collaborators have also used this ligand frame-
work in interactions with mitogen-activated protein kinase 2 
(MAPKAPK-2), a receptor that promotes signal transduction 
and cell proliferations.25 The ability to create multiple hydrogen 
bonding contacts between ligands and receptor residues drives the 
strong affinities observed. The impact of fluorine substituents on 
sulfonamide compounds has also been explored by Berrino et al., 
who show that varying the number and location of this polar ele-
ment significantly improves binding.26 The approach of fluorinat-
ing antimalarial ligands has also been detailed in an expert opinion 
by Upadhyay et al.27 They observed that compounds with trifluo-
romethyl (CF3) substituents (e.g. fluorinated triazole benzenesul-
fonamides) performed better than unsubstituted compounds and 
sulfadoxine, in complexes docked with dihydropteroate synthase, 
another receptor in the P. falciparum folate pathway. Upadhyay et 
al. also suggest that fluorination increases the compound’s half-
life, extent of absorption, metabolic stability, protein-ligand bind-
ing interactions, and excretion properties. Unlike sulfadoxine, 5-7 
are also fluorinated, thus increasing their polarity and hence bind-
ing affinity. The impact of fluorination in the ligands modeled here 
(Figure 2, Figure 3) is consistent with literature and comparable 
to chlorine-based lignds like chloroquine and pyrimethamine. The 
rigidification of the fluorinated sulfonamides with heteroaromatic 
amines also enhanced the binding affinity compared to sulfadoxine  
(Figure 3 and 9). 

The DHFR enzyme mutants modeled in this study, are caus-
ing active resistance against sulfadoxine and pyrimethamine. Ac-
cording to Lynch et al., I164L has been correlated with high sul-
fadoxine-pyrimethamine (SP) drug resistance, the mainstay drug 
combination in pregnant women and children 5 and below. This 
is because other antimalarial combinations, though effective, are 
more toxic to this demographic. This makes it crucial to find drugs 
that are able to overcome these mutations. The other mutations 
studied here including N51I, C59R, and S108N have also been 
found to create SP resistance. This SP resistance is something 
that was noticed in the docking studies conducted herein. When 
docked to the active site of DHFR, which is near the mutations, 
sulfadoxine and pyrimethamine had the lowest binding energies 
out of the ligands in this study. Whereas, the fact that 7 has inter-
actions with I164L (Figure 7) may signify that the fluorinated-sul-
fonamide pharmacophore structure can help blunt the impact of 
some of these mutations in the development of new antimalarials.28 

The potential of a new and effective drug against P. falci-
parum is important, especially at a time when current antimalar-
ials are facing decreased efficacy. For example, fluorinated sul-

fonamide-based drugs such as those studied and currently being 
developed could replace sulfadoxine in an artemisinin-based 
combined therapy (ACT).25,27-29 These ACTs are one of the most 
widely used frontline treatments of malaria. However, they are at 
risk of failing if artemisinin’s partner drug (e.g., sulfadoxine and 
pyrimethamine) faces significant resistance. Development of other 
partner drugs could help enhance the efficacy of ACTs by miti-
gating the effects of resistance. This is crucial because every new 
drug that is developed lessens the risk of running out of effective 
antimalarial treatments. In addition, overdependence on current ef-
fective drugs, like artesunate, increases the risk that an impactful 
mutation will develop.29

conclusions

The molecular docking simulations discussed in this work 
identified fluorinated sulfonamide ligands as promising molecules 
that can be used to target critical enzymes like DHFR in the Plas-
modium folate pathway. The estimated binding affinity of fluori-
nated sulfonamides docked with human and P. falciparum DHFR 
isoforms was comparable to the benchmark antimalarial drugs like 
artesunate, and stronger than sulfadoxine and pyrimethamine. The 
novel fluorinated sulfonamides (5-7) matched the binding affinity 
of artesunate to within 0.25 kcal/mol. 5-7, also improved in binding 
energy from wild-type to quadruple-mutant isoforms compared to 
sulfadoxine. The fluorinated sulfonamide framework for drug de-
sign modeled in this study has a potential to mitigate the impacts 
caused by DHFR mutations. This ability to overcome mutations 
could lead to increased efficacy of these fluorinated sulfonamide 
drugs. The fluorinated sulfonamides modeled also have good drug-
like characteristics based on the Lipinski rule of 5. Therefore, the 
novel fluorinated sulfonamides modeled can become important 
pharmacophores for the development of potent antimalarial drugs.
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