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ABSTRACT: Malaria has spread in many countries, with a 12%  =4&

= 4PFN
increase in deaths after the coronavirus disease 2019 pandemic. Malaria 24T

m5GVN
is one of the most concerning diseases in the Greater Mekong N s
subregion, showing increased drug-resistant rates. Serine hydroxyme- A06ZIPLS!+)-86
thyltransferase (SHMT), a key enzyme in the deoxythymidylate
synthesis pathway, has been identified as a promising antimalarial
drug target due to its conserved folate binding pocket. This study used a Molecular Docking
molecular docking approach to screen 2509 US Food and Drug
Administration (FDA)-approved drugs against seven Plasmodium ]ili‘l Enzyme-based assay
SHMT structures. Eight compounds had significantly lower binding
energies than the known SHMT inhibitors pyrazolopyran(+)-86, \
tetrahydrofolate, and antimalarial drugs, ranging from 4 to 10 kcal/
mol. Inhibition assays testing the eight compounds against Plasmodium
falciparum SHMT (PfSHMT) showed that amphotericin B was a competitive inhibitor of PfSHMT with a half-maximal inhibitory
concentration (ICs,) of 106 + 1 uM. Therefore, a S00 ns molecular dynamics simulation of PfSHMT/PLS/amphotericin B was
performed. The backbone root-mean-square deviation of the protein—ligand complex indicated the high complex stability during
simulations, supported by its radius of gyration, hydrogen-bond interactions, and number of atom contacts. The appreciable binding
affinity of amphotericin B for PfSHMT was indicated by their solvated interaction energy (—11.15 #+ 0.09 kcal/mol) and supported
by strong ligand—protein interactions (>80% occurrences) with its essential residues (i.e, Y78, K151, N262, F266, and V365)
predicted by pharmacophore modeling and per-residue decomposition free energy methods. Therefore, our findings identify a
promising new PfSHMT inhibitor, albeit with less inhibitory activity, and suggest a core structure that differs from that of previous
SHMT inhibitors, thus being a rational approach for novel antimalarial drug design.
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1. INTRODUCTION

Malaria is a mosquito-borne disease that commonly infects
humans through five Plasmodium species (i.e., Plasmodium
falciparum, Plasmodium vivax, Plasmodium malariae, Plasmo-
dium ovale, and Plasmodium knowlesi)."~* Two of these species
(P. falciparum and P. vivax) account for the severe form of
malaria worldwide.”® The World Health Organization (WHO)
estimated that there were 241 million clinical malaria cases and
627,000 deaths in 2020, a 12% increase from precoronavirus
disease 2019 pandemic levels.” The available treatments,
particularly for P. falciparum and P. vivax malaria, are
artemisinin-based combination therapy (ACT) and chloro-
quine.*” However, resistance to currently used first-line and
other antimalarial drugs has been reported in many regions
worldwide, especially in the Greater Mekong subregion.”'*""
Therefore, discovering new drugs and targets has become
crucial.

Serine hydroxymethyltransferase (SHMT) is a crucial
pyridoxal-S’-phosphate (PLP)-dependent enzyme in the
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deoxythymidylate (dTMP) synthesis pathway, catalyzing the
reversible conversion of L-Ser and (6S)-tetrahydrofolate
(THF) to glycine and S$,10-methylenetetrahydrofolate
(CH,—THF)."””"* SHMT was identified as the novel
antimalarial drug target because of its conserved folate-binding
pocket, comprising five loop structures (Figure 1A,B), which is
considered a suitable target for novel inhibitors.">~"” There-
fore, drug resistance due to protein mutations should not
infrequently occur for this enzyme. In addition, inhibition of
SHMT expression or function could be lethal to the

Plasmodium parasites.”” In this respect, the discovery of
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Figure 1. (A) PUSHMT structure bound with folinic acid and p-Ser (Protein Data Bank [PDB]: 40YT),"> where chains C and D are visualized as
ribbons and surface diagrams, respectively. (B) The PYSHMT binding pocket shares a very high amino acid sequence identity (97%) with that of
PfSHMT."'>** Note that a different amino acid is shaded in gray. Reproduced with permission from ref 24, Copyright 2022, Journal of Molecular

Liquids.

Plasmodium SHMT inhibitors could identify candidates for
novel antimalarial drug development.

The traditional drug development process for the Plasmo-
dium SHMT target might take years and be very costly.'®
Therefore, drug repurposing could be a suitable strategy to
reduce time and investment in novel drug discovery.'”"” Drug
repurposing or drug reprofiling is a rapid process to identify
new uses for approved drugs (e.g, US Food and Drug
Administration [FDA]-approved drugs) outside the scope of
their original medical indication.”” The failure risk of the drug
repurposing method is lower than that of the traditional
process because the repurposed drug has already been proven
sufficiently safe in preclinical models and humans.”’ Drug
repurposing could be performed by using various computa-
tional or experimental approaches.

This study combines structure-based computational and
experimental approaches to identify new antimalarial drugs
among FDA-approved drugs targeting Plasmodium SHMTs. A
molecular docking method was used to screen potential new
potent antimalarial drugs from the Drugbank database™
against P. vivax SHMT (PvSHMT) and P. falciparum SHMT
(PfSHMT). Then, the inhibitory activities of the hit
compounds against PfSHMT were investigated by using an
enzyme-based inhibition assay. Finally, structural dynamics and
mode of action of the most potent compound were studied
using 500 ns all-atom molecular dynamics (MD) simulations.
The experimental data and atomic details of the new potent
Plasmodium SHMT inhibitors could facilitate future antima-
larial drug discovery.

2. METHODS

2.1. Plasmodium SHMT Structures. This study inves-
tigated seven P. vivax (Pv) and P. falciparum (Pf) SHMT
structures. Five crystal structures from seven PvSHMT and
PfSHMT complexes were retrieved from the Protein Data
Bank (PDB): PfSHMT/PLP (PDB: 406Z),”* PYSHMT/1-Ser
Schiff base (PLS; PDB: 4PEN),"> PUSHMT /p-Ser/folinic acid
(PDB: 40YT),"® PvSHMT/Gly/pyrazolopyran(+)-85 (PDB:
SGVN),"> and PvSHMT/Gly/pyrazolopyran(+)-86 (PDB:
5YFZ)."” The other two structures, SYFZ/PLS'” and 4067/

PLS™*/pyrazolopyran(+)-86, were averaged from the final 100
ns of MD simulations in our previous study.”* Only two
subunit chains were selected for further study (chains C and D
for PfSHMT and chains A and B for P"SHMT), representing a
native Plasmodium SHMTs homodimer.">'>*’

2.2, Structure-Based Virtual Screening. The 2509 FDA-
approved drugs from the Drugbank database*” were virtually
screened to identify those with the potential to be repurposed
as antimalarial treatments using a molecular docking method in
the AutoDock VinaXB program.”® The docking study was
validated by redocking all ligands (folinic acid, pyrazolopyran-
(+)-85, and pyrazologzran(+)—86) into the substrate-binding
cleft (loops 1 to 5)'¥*’ of the five Plasmodium SHMT crystal
structures retrieved from the PDB and two structures from
prior MD simulations. A 50 X SO X SO A cubic grid box was
created to cover the representative chain (chain A for
PySHMT and chain C for PfSHMT). The molecular docking
was performed with 20 docking poses for each compound.
Then, the docking scores were ranked from low to high, and
the pose with the lowest docking score was selected for further
analysis. The molecular docking method results were visualized
using Discovery Studio Visualizer 2021*° and UCSF Chimera
version 1.16.”

2.3. Preparation and Activity Assay for PfSHMT.
PfSHMT was prepared as previously described”®*” with slight
modification. Briefly, the pET100/D-pfshmt overexpression
vector was used to produce recombinant PfSHMT with an N-
terminal six-histidine tag in Escherichia coli BL21 (DE3) cells at
16 °C in a ZY autoinduction medium system. Unless otherwise
specified, PfSHMT purification was conducted at 4 °C. The
cell paste harboring recombinant PfSHMT was resuspended in
buffer A (50 mM 4-[2-hydroxyethyl]-1-piperazineethanesul-
fonic acid [HEPES; pH 7.45], 200 mM, NaCl, and 10%
glycerol) containing 10 mM imidazole, 10 M PLP, and 100
UM phenylmethylsulfonyl fluoride (PMSF), and then lysed by
ultrasonication. Next, the crude extract obtained after three
rounds of centrifugations at 35,000¢ for 60 min was purified to
homogeneity by affinity chromatography using a Nickel-
chelating Sepharose column pre-equilibrated with buffer A
containing 10 mM imidazole. Then, the column was
sequentially washed with buffer A containing 10- and 100
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mM imidazole. The column was eluted with buffer A
containing a linear gradient of 100—300 mM imidazole.
Fractions containing PfSHMT were pooled, and excess PLP
was added before concentrating via an ultrafiltration technique.
Next, the concentrated enzyme solution was exchanged into
buffer B (50 mM HEPES, pH 7.4S containing 1 mM
dithiothreitol [DTT], and 0.5 mM ethylenediaminetetraacetic
acid [EDTA]) by gelfiltration chromatography using a
Sephadex G-25 column. The collected eluent was concentrated
by ultrafiltration before a 2-fold excess of PLP was added.
Finally, all eluents were stored at —80 °C until needed.

The PfSHMT activity was measured at 25 °C using an
enzyme-coupled assay method using NADP*-dependent §,10-
methylenetetrahydrofolate dehydrogenase (MTHFD) as a
coupling enzyme.” The typical assay reaction was conducted
in buffer C (50 mM HEPES, pH 7.5, containing 1 mM DTT,
and 0.5 mM EDTA) containing 0.2 mM THF, 3 mM L-Ser,
0.25 mM NADP?, 10 uM MTHEFD, and 1 yM PfSHMT. The
assay reaction was monitored for NADP' reduction to
NADPH at 375 nm, and one unit of SHMT activity was
defined as 1 ymol of NADPH produced per min at pH 7.5 and
25 °C.

2.4. PfSHMT Inhibitor Screening. Eight candidate
compounds identified by molecular docking were examined
for their ability to inhibit PFSHMT activity: amphotericin B,
dihydroergocristine mesylate, rifabutin, rifaximin, nystatin,
tubocurarine, digitoxin, and digoxin. The enzyme inhibition
assays were performed similarly to the enzyme activity assay
described above, except that 100 uM of each compound was
added to the reaction. The initial rate of each reaction was
measured and compared with the control reaction. Note that
the concentration of dimethyl sulfoxide (DMSO; the solvent
used to solubilize compounds) in all inhibition assays was fixed
at 1% (v/v), which did not affect PfSHMT activity within 3 h
(Figure S1).

2.5. Determination of Half Maximal Inhibitory
Concentrations (IC5;) for PfSHMT Inhibitors. The
inhibition assay screening indicated that dihydroergocristine
mesylate, digoxin, rifabutin, and amphotericin B could inhibit
20 to 50% of PfSHMT activity. Unfortunately, all these
compounds, except amphotericin B, were insoluble in the assay
reaction at a concentration of >100 uM. Therefore, only
amphotericin B was further analyzed determining of the ICs,
value.

The PfSHMT activity was measured at various amphotericin
B concentrations (20, 50, 100, 120, 150, and 172 uM) and
compared with the control reaction. It should be noted that
there was no significant difference in the PfSHMT activity
between amphotericin B concentrations of 150 and 172 uM.
Therefore, 172 uM was used as a final concentration of
amphotericin B, rather than 175 or 200 M. The remaining
activity of each reaction was determined and plotted against
the amphotericin B concentration added to the reaction. The
ICy, value was estimated by fitting the curve with the equation
([Y = bottom + (top — bottom)/(1 + 10((LogIC50 - X) X
HillSlope))]) in GraphPad Prism 7.0 using a symmetrical
sigmoidal distribution with variable slope (four-parameter
dose—response fit), where the top and bottom values represent
the constraint values (upper and lower limits), and X denotes
the amphotericin B concentration.

2.6. Kinetics of PfSHMT Inhibition by Amphotericin
B. Various amphotericin B concentrations (20 to 172 uM)
were added to the enzyme assay reaction to determine the

kinetics of PfSHMT inhibition by amphotericin B. The initial
rates were measured at different amphotericin B concen-
trations using varying concentrations of one substrate (L-Ser
[0.1 to 6.4 mM] or THF [0.005 to 0.2 mM]) and a fixed
concentration of another substrate (L-Ser [3 mM] or THF [0.2
mM]). The double reciprocal plots of initial rates and
substrates at different inhibitor concentrations were analyzed
using eqs 1 and 2 for competitive and noncompetitive
inhibitions, respectively, where v and V represent the initial
and maximum velocities, A and I are the substrate and
inhibitor concentrations, respectively, K, is the Michaelis
constant for substrate, and K, and K; are the inhibition
constants obtained from the secondary slope and intercept
plots, respectively, versus the inhibitor concentration.”’

L VA
- Ky(1+ Ye,) + A o
B VA
B KA(I + I/Kis) + A(l + I/Ku,) 2)

2.7. Preparation of SHMT Structures for MD
Simulation. Based on the enzyme inhibition assay, the
PfSHMT crystal structure (PDB: 406Z)>* was selected as the
protein target for MD simulations. Then, amphotericin B, the
hit compound with the lowest ICs, value, was superimposed
onto chain D, and PLS from PvSHMT/PLS (PDB: 4PEN)"°
was superlmposed onto both chains using the UCFS Chimera
1.16 program.”” According to the standard procedure,”**"**
the structure and partial atomic charges of PLS in the
protonated ketoenamine form® and amphotericin B were
calculated with HF/6 31G(d) theory level using the
Gaussian09 program.’ The AMBER ff19SB force field* in
the AMBER20 program®® was used for the protein, and the
generalized AMBER force field version 2 (GAFF2)*” was
applied to ligands usmg the Antechamber module of the
AMBER20 program.”® The protonation states of all ionizable
groups in PfSHMT were predicted at pH 70 usmg the
PROPKA 3.1 program on the PDB 2PQR server.”® Next, the
hydrogen atoms were added to the PfSHMT/PLS/amphoter-
icin B complex based on the water molecules from the crystal
structure. The complex was then energy-minimized using 2500
steps of steepest descents (SD) and 2500 steps of the
conjugate gradient (CG) method. Then, the minimized
structure was solvated by a 12 A space cutoff of a truncated
octahedral TIP3P water box and neutralized by the addition of
Na* ions. The solvated system was then energy-minimized by
the same SD and CG methods as above with a force constant
of 50.0 kcal/mol/A* to restrain the protein’s heavy atoms.
Finally, the whole complex was minimized without a forced
constraint to relax the structure before performing MD
simulations.

2.8. MD Simulation and Analysis. Based on our previous
report,”* the potent SHMT inhibitors pyrazolopyran(+)-85
and pyrazolopyran(+)-86 were first examined with PSHMT
and PfSHMT wusing 500 ns MD simulations with the
AMBERI16 program.‘9 Then, 500 ns MD simulations of the
chosen ligand (amphotericin B) with the PfSHMT/PLS
complex were performed in triplicate using the AMBER20
program. 36 The system was treated using the SHAKE
algorlthm " under a periodic boundary condition and a 12
A distance cutoff for nonbonded interactions. The system was
heated from 10.0 to 298.15 K for 100 ps and then equilibrated
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interacting with P"SHMT and PfSHMT complexes. The inset in A

compares the centroids of 11 hit compounds to THF in the PfSHMT binding pocket (PDB: 406Z).>* (B) A heatmap visualization of the 25 hit
compounds with the lowest AG,;,.xg in the PP'SHMT and PfSHMT complexes. The names of the 11 potent compounds found with all seven

Plasmodium SHMT complexes are highlighted in orange.

at 298.15 K for 100 ps. Then, the production phase was
conducted for 500 ns using a 2 fs integration time step and an
NPT ensemble with 1 atm pressure and 298.15 K temperature.
Finally, MD trajectories were extracted for further structural
analyses such as rmsd and RMSF using the CPPTRAJ

35583

module™ of the AMBER20 program.36 Hydrogen bond
interactions, per-residue decomposition free energy (AGEsiduey,
solvated interaction energies (AGgp),””** and pharmacophore
modeling were predicted using the CPPTRAJ module,*

MMPBSA.py module™ of the AMBERI6 program,” sietraj
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software,”*" and LigandScout 4.4 program,” respectively.
The DSSP calculations were conducted using the Timeline
analysis tool of VMD 1.8.7 program.*’

3. RESULTS AND DISCUSSION

3.1. Molecular Docking. Drug virtual screening by
molecular docking method was used to screen the 2509
FDA-approved drugs”* against Plasmodium SHMTs for drug
repurposing as antimalarial treatments. This study used the
AutoDock VinaXB program® to screen the potential
Plasmodium SHMT inhibitors. The searching and scoring
functions were set according to the available force field of the
AutoDock VinaXB program.25 The distance, angle, bond, and
atom type were mapped to the program library and used to
predict the compound’s binding energy. The docking results
presented in Figure 2A show that most compounds had a
binding energy (AGy.xs) of —6 to —11 kcal/mol and docked
at the same position in P"SHMT/PLS and PfSHMT/PLS
complexes due to their high similarity in 3D protein structure
and high amino acid sequence identity in the binding pocket
(see Plasmodium SHMT Structures in the above section). In
addition, compounds with scores differing significantly from
those of others in each complex were defined as outliers. Then,
the more negative outliers were ranked by their AG,;,,xz. The
top 25 lowest AG,;,.xp values (—12 to —19 kcal/mol) of each
SHMT complex were chosen for visualization in Figure 2B.
Eleven of the top 25 hit compounds were identified with all
seven SHMT structures: digoxin (DB00390), acetyldigitoxin
(DB00511), rifabutin (DB00615), nystatin (DB00646),
amphotericin B (DB00681), tubocurarine (DB01199), rifax-
imin (DB01220), digitoxin (DB01396), dihydroergocornine
(DB11273), lurbinectedin (DB12674), and dihydroergocris-
tine (DB1334S). The molecular weights (MW) of the
considered compounds were 560 to 920 g/mol (Table S1),
almost twice that of THF (445.4292 g/ mol”?). However, the
11 molecules’ centroid positions were near that of THF in the
PfSHMT binding pocket (Figure 24, inset) and other crystal
ligands; pyrazolopyran(+)-85 and (+)-86 (Figure S2). In
addition, their AG,,,xg values were less than those of the
reference compounds: pyrazolopyran-based inhibitors, THF,
and antimalarial drugs. Moreover, many regions of their
structures comprised hydroxy groups (Table S1). Therefore,
their binding affinities could be greater than those of other
compounds in the library. However, due to cost and time
limitations, only eight compounds in Table 1 were selected for
further investigation in a Plasmodium SHMT inhibition assay:
digoxin, rifabutin, nystatin, amphotericin B, tubocurarine,
rifaximin, digitoxin, and dihydroergocristine. It is worth noting
that the docking study revealed a preference for these eight
candidate drugs binding to PfSHMT rather than human
cytosolic SHMT (hcSHMT ), with nystatin and amphotericin B
presenting particularly strong affinity (Figure S3).

3.2. PfSHMT Inhibitor Screening. The PfSHMT
inhibiting activities of the eight candidate compounds
identified by molecular docking (amphotericin B, dihydroer-
gocristine mesylate, rifabutin, rifaximin, nystatin, tubocurarine,
digitoxin, and digoxin) were assessed in enzymatic reaction
assays and compared to those in control reaction assays. Note
that the concentration of each candidate compound used in
the PfSHMT inhibition assay, prepared by diluting a very high
concentration stock solution (millimolar scale) in DMSO, was
initially 10 M. However, the PfSHMT activity was unaffected
(data not shown). When the concentration was increased to

Table 1. Eight Potent Compounds in Drugbank’” Showing
PfSHMT Inhibitory Activity

name drug activity

digoxin (DB00390) used to treat mild-to-moderate heart failure
used for ventricular response rate control in chronic

atrial fibrillation

rifabutin (DB00615)  an antibiotic used to treat Mycobacterium avium
complex disease in patients with human
immunodeficiency viral infections (HIV)

nystatin (DB00646)

amphotericin B

a mixture of antifungal polyenes

an antifungal used to treat serious fungal infections

(DB00681) and leishmaniasis

tubocurarine a nondepolarizing neuromuscular blocking agent
(DB01199)

rifaximin (DB01220)  an antibiotic used to treat gastrointestinal bacterial

infections

digitoxin (DB01396)  a cardiac glycoside used to treat congestive cardiac
insufficiency, arrhythmias, and heart failure

dihydroergocristine

an ergot alkaloid used to delay progressive mental
(DB13345)

decline in conditions such as Alzheimer’s disease

100 uM, the PfSHMT activity decreased (Figure S4).
Therefore, a 100 #M concentration was used in all subsequent
assays.

Figure 3A shows that dihydroergocristine mesylate, digoxin,
rifabutin, and amphotericin B inhibited PfSHMT activity by
about 20—50% relative to the control reactions, while the
remaining compounds did not. Interestingly, all compounds
except amphotericin B precipitated in the assay reaction when
their concentrations were >100 M (data not shown).
Therefore, only amphotericin B had its ICy, value determined.

Since the other compounds had limited solubility only at
100 4#M and appeared less capable of inhibiting PfSHMT than
amphotericin B, we investigated whether they showed time-
course inhibition of PfSHMT activity at 100 M. Figure S4
shows that, after incubation for 1 to 3 h, rifaximin could inhibit
PfSHMT activity up to 60% relative to the control reactions.
Similarly, tubocurarine and digitoxin inhibited PfSHMT
activity by about 40%, and dihydroergocristine mesylate and
rifabutin by about 25% after a 3 h incubation. In contrast,
digoxin and nystatin showed no significant inhibition after 3 h
incubation. Notably, no precipitation of any compound at 100
UM was observed during the 3 h incubation. These data
indicated that rifaximin, tubocurarine, digitoxin, dihydroergoc-
ristine mesylate, and rifabutin were slow PfSHMT inhibitors.
Interestingly, although nystatin has a chemical structure related
to amphotericin B, it did not similarly inhibit PfSHMT at the
concentration tested. Differences in their hydroxyl substituent
stereoisomerism and number of conjugated dienes may affect
their inhibition efficacy.

3.3. IG5, Value of Amphotericin B. The screening of
PfSHMT inhibitors described above indicated that amphoter-
icin B was a potent PfSHMT inhibitor that could be miscible
in the assay reaction. Therefore, we measured the PfSHMT
activity at amphotericin B concentrations from 20 to 172 uM
to determine its IC,. Figure 3B shows that based on the plot
of the percentage remaining activity versus the logarithm of
amphotericin B concentration, the IC, value of amphotericin
B was 106 &+ 1 uM, higher than those of previously reported
pyrazolopyran inhibitors (+)-85 (90 + 4 nM) and (+)-86 (97
+ 1 nM)."”® This difference might reflect the higher MW of
amphotericin B (924.079 g/mol) compared to the pyrazolo-
pyran inhibitors (~460 g/mol**), which might hinder its
binding at the enzyme active site, lowering its inhibition
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Figure 3. (A) PfSHMT inhibitor screening. PfSHMT activity was measured with 100 M of each candidate compound (tubocurarine, nystatin,
rifaximin, digitoxin, dihydroergocristine mesylate, digoxin, rifabutin, and amphotericin B) and compared to the control reaction. (B) Amphotericin
B’s ICyy, for inhibiting PfSHMT. PfSHMT activity was measured with different amphotericin B concentrations (20 to 172 yM) and compared to
the control reaction. Error bars represent standard deviations (S.D.) from three replicates.
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Figure 4. PfSHMT inhibition mechanism by amphotericin B. The double-reciprocal (primary) plots of initial rates with (A) L-Ser and (B) THF
substrates and different amphotericin B concentrations (0 to 172 gM). Insets (1) and (2) in (A) show secondary plots of average slopes and
intercepts obtained from the primary plot, respectively, versus amphotericin B. The inset in (B) shows the secondary plot of average slopes
obtained from the primary plot versus amphotericin B. The estimated inhibition constants obtained from these plots are summarized in Table 2.
Error bars represent standard deviations across the three replicates. (C) The position of amphotericin B during the final 100 ns of the MD
simulation compared to the THF substrate in the PFSHMT binding pocket.

efficacy. In addition, different DMSO percentages used could
cause differences in the enzyme inhibition. While 1% DMSO
was used in this study, 5% DMSO was used in the
pyrazolopyran inhibitory assays."®

3.4. Amphotericin B Inhibition Mechanism. The
inhibition kinetics of amphotericin B toward PfSHMT
reactions were characterized to describe the inhibition
mechanism of amphotericin B. Figure 4 shows the double-
reciprocal (primary) plots of e/v versus either L-Ser (Figure
4A) or THF (Figure 4B) at different amphotericin B
concentrations, which can be used to characterize the
inhibition mechanism type. The primary plot of e/v versus L-
Ser concentration with increasing amphotericin B concen-
trations (Figure 4A) showed converging lines that intersected

35585

the left side of the Y-axis, indicating a noncompetitive
inhibition mechanism. Based on the primary plot, two
inhibition constants, K, and K;, could be determined from
the secondary plots of the averages of primary slopes (Figure
4A, inset 1) and intercepts (Figure 4A, inset 2) versus
amphotericin B, respectively, which were estimated on the
abscissa axis as 18 and 48 uM, respectively (Table 2). In
contrast, the primary plot of e/v versus THF concentration
with increasing amphotericin B concentrations (Figure 4B)
showed intersecting lines on the Y-axis, indicating a
competitive inhibition mechanism. The secondary plot of
primary slopes versus amphotericin B (Figure 4B, inset)
provided a K estimate of 59 uM (Table 2). Based on the
amphotericin B structure, it could be inferred that amphoter-
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Table 2. Estimated Inhibition Constants for Amphotericin B
with PfSHMT*

substrate amphotericin B (M) inhibition type
K K;
I-Ser 18 48 noncompetitive
THF 59 ND competitive

“ND, not determined.

icin B competes with THF binding at the active site but is
noncompetitive with the L-Ser substrate (Figure 4C). The data
suggest that amphotericin B might be a promising PfSHMT
inhibitor.

The AutoDock VinaXB program’s genetic algorithm*®
predicted amphotericin B’s binding pocket was above the

THF binding pocket of Plasmodium SHMT. However, some
regions of the THF binding pocket (loop 4) showed an
interaction with amphotericin B (Figure 4C). This binding
position of amphotericin B might interfere with the THF
binding in the Plasmodium SHMT binding pocket. The 500 ns
MD simulations of the PfSHMT/PLS/amphotericin B
complex showed the stability of amphotericin B in its binding
site. The 10 snapshots from the last 100 ns of the MD
simulation showed a similar amphotericin B position on the
PfSHMT surface (Figure 4C). This position could be referred
to as the correct amphotericin B binding site on Plasmodium
SHMT and was consistent with the site predicted by the
AutoDock VinaXB program.*®

3.5. Plasmodium SHMT Complex Stability. The root-
mean-square deviation (rmsd) for the protein backbone atoms
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Figure S. (A) Backbone rmsd, R, # H-bonds, and #atom contacts of the PfSHMT /PLS/amphotericin B complex in three replicate 500 ns MD
simulations. (B) DSSP analysis of PfSHMT chains C and D, showing secondary structure elements: a-helix (H), extended conformation (E), 3—10
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respective secondary structure elements.
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(ie, N, C, O, and Ca) of PfSHMT/PLS bound to
amphotericin B was calculated along the 500 ns MD simulation
to determine the complex stability in an aqueous solution. The
backbone rmsd of the PfSHMT /PLS/amphotericin B complex
(Figure SA, top) slowly increased (until ~200, ~ 100, and
~200 ns in replicates 1 to 3, respectively) and then fluctuated
slightly by approximately 1.5 + 0.1 A across three replicates.
The secondary structure annotations provided by DSSP
calculation can be used to study protein folding, stability,
and other structural properties along the simulations. Figure
SB presents the DSSP analysis, which reveals that the complex
under consideration exhibited exceptional stability throughout
the simulation when compared to the crystal structure of
PfSHMT with a covalently bound PLP Schiff-base
(406Z.pdb).>* This finding suggests that all systems reached
a state of equilibrium. Furthermore, a comprehensive assess-
ment of the system’s conformational stability was conducted
using additional parameters, including the radius of gyration
(Rg), number of intermolecular hydrogen bonds (#H-bond),
and number of atom contacts (#atom contact). Replication
one, depicted in Figure SA, exhibited a notable R, value of 27.9
+ 0.1 A, a significant number of intermolecular hydrogen
bonds (2 + 1), and a substantial number of atom contacts (21
+ 4) in the last 100 ns. These findings substantiate the strong
interaction between amphotericin B and PfSHMT in
replication one when compared to replication two and three,
which displayed Rg values of 28.2 + 0.1 and 28.0 + 0.1 A, #H-
bond values of 1 + 1 and 1 + 1, and #atom contact values of 8
+ 4 and 14 =+ 4, respectively. Therefore, replicate one was
selected as the representative system for the subsequent
analysis. Note that other investigations of the representative
chain showed a greater binding interaction with PfSHMT.
3.6. Amphotericin B Binding Affinity. Solvated inter-
action energies (AGgyg) were calculated to amphotericin B
binding afﬁnity“’44 for the PfSHMT/PLS complex. This
calculation used 100 snapshots extracted from the last 100 ns
of the representative replicate’s MD simulation. Table 3 shows
that the electrostatic energy (AE,.) plays a more important
role in the molecular complexation of PfSHMT/PLS/
amphotericin B (—55.31 + 0.98 kcal/mol) than van der

Waals interactions (AE.qy; —46.74 + 0.44 kcal/mol). In

Table 3. Solvated Interaction Energies (AGg) and Its
Components for PFSHMT Complexed with PLS and
Amphotericin B*

energy component PfSHMT/PLS/amphotericin B (kcal/mol)

AE 4w —46.74 + 0.44
AE,, —55.31 + 0.98
y AMSA —9.17 + 0.11
AGynd® 32.39 + 1.03
C —2.89

a 0.10

AGgy —11.15 + 0.09
AG —5.42

exp

“AMSA is the change in the molecular surface area after binding;
AGy;g" is the change in the reaction field energy between free and
bound states calculated by solving the Poisson equation;*>** @ is the
global proportionality coefficient reflecting the loss of configurational
entropy; 7 is the molecular area coefficient; C is a constant value;
AG,,, is calculated from the IC, using the equation AG,,, &# —RT
In(ICs,), where R is the universal gas constant (1.987 X 107> kcal/
mol/K), and T is the temperature in K.

contrast, with pyrazolopyran-based inhibitors, which bind at
the same site as THF substrate on Plasmodium SHMT, the
AE, 4 was a major driving force”* in Plasmodium SHMT/
PLS/pyrazolopyran—inhibitor complex formation. This differ-
ence in the binding site resulted in the different main forces
driving the complexation of Plasmodium SHMT with
amphotericin B and pyrazolopyran-based inhibitors. In
summary, while the AG,, of amphotericin B was not as
good as that of pyrazolopyran(+)-86,"° its computationally
predicted AGgy suggested that it had a good binding affinity
for the ligand-binding pocket of Plasmodium SHMT.

To predict the interaction between amphotericin B and
residues around the binding site on Plasmodium SHMT, a
AGES¥e was calculated for each residue based on the
molecular mechanics with the generalized Born and surface
area solvation method. Figure 6A shows that there were 13 key
residues with a AGEi" less than —0.5 kcal/mol: Y58, P59,
Y63, Y78, G93, N95, F249, K251, N262, Q259, F266, P267,
and V365. Most of these key residues were not reported to
have an important role in ligand binding. However, N262 had
the lowest (AGLi") with amphotericin B of —6.03 kcal/mol.
K251, the residue in the short loop of PfSHMT associated
with the flap motif of human SHMT,”’ strongly interacted with
amphotericin B (AG59* of —3.15 kcal/mol). Moreover, Y63,
F266, and V365, key stabilizing residues for THF and the
pyrazolopyran inhibitors,'”**** had (AGiS™ of —0.73, —2.68,
and —0.67 kcal/mol, respectively). The key residues Y58, P59,
Y78, G93, N95, F249, Q259, and P267 had (AGE4" values of
-2.97, —0.61, —1.94, —0.90, —0.55, —0.64, —1.50, and —1.60
kcal/mol, respectively). However, C364 showed an unfavor-
able interaction with amphotericin B (AG{S$* of 0.70 kcal/
mol). These predictions identified 13 critical pocket residues in
PfSHMT and other binding residues (Figure 6B), which differ
noticeably from the key stabilizing residues of THF and the
pyrazolopyran-based inhibitors. These data could be suppor-
tive information for novel inhibitor development targeting
Plasmodium SHMT.

3.7. Key Residues around the Amphotericin B
Binding Site. Key residues around the amphotericin B
binding site of PfSHMT were identified by pharmacophore
modeling. Pharmacophore modeling is a computational
method for discovering intermolecular interactions of active
compounds with a specific biological target comprising the H-
bond donor, H-bond acceptor, hydrophobic interaction, and
positive and negative ionizable groups.’”** This study used
10,000 snapshots from the final 100 ns of MD simulations of
PfSHMT/PLS/amphotericin B as a template to create a
structure-based pharmacophore model. The 2D and 3D in
Figure 7A indicate the PfSHMT/PLS/amphotericin B
complex critical pharmacophore features were hydrophobic
interactions, H-bond contacts, and negative ionizable groups.
Y63 and V365 in PfSHMT formed hydrophobic interactions
with amphotericin B. Y78, E90, K251, D258, N262, and F266
formed H-bond contacts with amphotericin B. Y63, F266, and
V365 were also previously reported as key residues in
interactions with the pyrazolopyran-based inhibitors.">'”*>**
The protein—ligand interaction fingerprint conducted with the
PLIP web tool>® provides further support for the pharmaco-
phore modeling results. The analysis highlights the critical
involvement of specific residues, such as K61, Y78, E90, K251,
D258, N262, F266, and P267, in ligand binding (see Figure
SS). Additionally, the map of interactions with >20%
occurrences (Figure S6) also suggested high appearance and
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simulation.

occurrence percentages (>80%) for interactions between
PfSHMT residues and amphotericin B, including Y78, K251,
N262, F266, and V36S. V365 showed a hydrophobic
interaction with amphotericin B with 94% appearance and
occurrence. Strong H-bond interactions were observed for
K251, N262, and F266 (99% appearance and occurrence).
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Regarding the negative interaction group, only K251 showed a
99% occurrence in PFSHMT. The RMSF and B-factor analyses
of PfSHMT (Figure S7) illustrated the overall stability of the
ligand binding site. These obtained results indicate the
preferable environment of the PfSHMT/PLS complex for
amphotericin B.
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The overlaid human cytosolic SHMT (heSHMT)®* and
PfSHMT structures showed similar conformations, with an
rmsd of 0.705 A (Figure 7B). However, the main region of the
flap motif differed between hcSHMT and PfSHMT. The flap
motif, a unique f-hairpin structure in heSHMT comprising 13
amino acids (273-VKSVDPKTGKEIL-285), was located on
top of the THF binding site.”> This region is found only in
mammalian cytosolic SHMTs. However, the superimposition
of these two structures showed that the PfSHMT THF
binding pocket was not involved in the hcSHMT flap motif.
K251 in PfSHMT, a key residue for amphotericin B binding,
was identified as one residue in a short loop related to the
heSHMT flap motif.”> The interaction of amphotericin B with
PfSHMT involves many residues (as mentioned in the
Amphotericin B Binding Affinity section). Therefore, only
K251 might not affect the interaction of amphotericin B with
PfSHMT.

4. CONCLUSIONS

The screening of 2509 FDA-approved drugs on Plasmodium
SHMT targets by molecular docking using the AutoDock
VinaXB program revealed that 11 hit compounds with 4 to 10
kecal/mol lower binding energies (AGy.xs) than the known
SHMT inhibitor pyrazolopyran(+)-86 and antimalarial drugs
artemisinin and chloroquine across all seven complexes.
However, only eight compounds (digoxin, rifabutin, nystatin,
amphotericin B, tubocurarine, rifaximin, digitoxin, and
dihydroergocristine) were investigated further in the Plasmo-
dium SHMT inhibition assay. The experimental results
suggested that amphotericin B was the best inhibitor, with
the lowest ICy, of 106 + 1 uM. Moreover, inhibition
mechanism studies indicated that amphotericin B could be a
promising competitive inhibitor with THF for PfSHMT. To
clarify the binding affinity and mode of action of PfSHMT/
PLS/amphotericin B, we performed 500 ns MD simulations.
The backbone rmsd suggested that the PfSHMT/PLS/
amphotericin B complex had high conformational stability
throughout the 500 ns simulations. However, the Ry #H-
bonds, and #atom contacts within the enzyme active site
indicated higher complex stability and a more favorable
binding interaction in the replicate one, which was used for
further investigations. The solvated interaction energy (AGg)
prediction based on 100 snapshots from the last 100 ns of the
MD simulations exhibited a preferable interaction between
amphotericin B and the PfSHMT/PLS complex with a AG,,,
almost 2-folds, higher than pyrazolopyran(+)-86. The
pharmacophore modeling and interaction map indicated that
Y78, K151, N262, F266, and V365 were essential binding
residues for amphotericin B. Moreover, the molecular docking
results confirmed that eight identified drugs specifically
interacted with PfSHMT rather than heSHMT. Our findings
identify a new inhibitor against Plasmodium SHMTs, an FDA-
approved drug with known activity. Our experimental and
computational results provide a potential new core structure
for future drug development that differs from currently known
SHMT inhibitors.
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