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Malaria is a deadly disease killing worldwide hundreds of thousands people
each year and the responsible parasite has acquired resistance to the available
drug combinations. The four vacuolar plasmepsins (PMs) in Plasmodium fal-
ciparum involved in hemoglobin (Hb) catabolism represent promising targets
to combat drug resistance. High antimalarial activities can be achieved by
developing a single drug that would simultaneously target all the vacuolar
PMs. We have demonstrated for the first time the use of soluble recombinant
plasmepsin II (PMII) for structure-guided drug discovery with KNI inhibi-
tors. Compounds used in this study (KNI-10742, 10743, 10395, 10333, and
10343) exhibit nanomolar inhibition against PMII and are also effective in
blocking the activities of PMI and PMIV with the low nanomolar K; values.
The high-resolution crystal structures of PMII-KNI inhibitor complexes
reveal interesting features modulating their differential potency. Important
individual characteristics of the inhibitors and their importance for potency
have been established. The alkylamino analog, KNI-10743, shows intrinsic
flexibility at the P2 position that potentiates its interactions with Aspl32,
Leul33, and Ser134. The phenylacetyl tripeptides, KNI-10333 and KNI-
10343, accommodate different p-substituents at the P3 phenylacetyl ring that
determine the orientation of the ring, thus creating novel hydrogen-bonding
contacts. KNI-10743 and KNI-10333 possess significant antimalarial activity,
block Hb degradation inside the food vacuole, and show no cytotoxicity on
human cells; thus, they can be considered as promising candidates for further
optimization. Based on our structural data, novel KNI derivatives with
improved antimalarial activity could be designed for potential clinical use.

Database
Structural data are available in the PDB under the accession numbers S5YIE, 5YIB, 5YID,
5YIC, and SYIA.

Abbreviations

Apns, allophenylnorstatine; Dmt, dimethylthioproline; HAP, histo-aspartic protease; Hb, hemoglobin; Mta, methylthioalanine; PMII,
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Structural insights into inhibition of plasmepsins

Introduction

Malaria has been one of the most serious infectious
diseases in the world. It spreads through transmission
of the unicellular eukaryotic protozoans of the genus
Plasmodium, with five known species (Plasmodium falci-
parum, P. vivax, P. ovale, P. malariae, and P. knowlesi)
affecting humans. Plasmodium falciparum is the most
virulent species and an obligate intracellular parasite,
causing a majority of malaria deaths [1]. An estimated
212 million new cases of malaria and approximately
429 000 malaria deaths were recorded worldwide in
2015, especially among children [2]. The dangerous and
unique pathogenesis of the parasite as well its ability to
develop drug resistance augments the severity of the dis-
ease. The development of resistance in P. falciparum to
all the currently used antimalarial drugs, including qui-
nine, mefloquine, halofantrine, cycloguanil, sulfon-
amides, piperaquine, and, recently, artemisinin along
with its derivatives [3] has led to the increased global
efforts toward discovery of novel and long-lasting
drugs. Most of the existing antimalarial drugs act pri-
marily at the erythrocytic stages of the life cycle of par-
asites, although the mechanism of action of many drugs
is not fully understood [4]. This intraerythrocytic stage
is crucial for the survival of the parasite that depends
on consumption of host hemoglobin (Hb) inside the
acidic food wvacuole, providing the main source of
amino acids for its growth and maturation [5,6]. Recent
advances in understanding the pathophysiology of para-
site have identified plasmepsins (PMs) as attractive drug
targets [7]. All the PMs are pepsin-like aspartic pro-
teases. Of the 10 different PMs encoded by the genome
of P. falciparum, the four vacuolar PMs, PMI, 11, 1V,
and the closely related histo-aspartic protease (HAP)
participate actively in Hb catabolism [8,9].

The use of PMs as therapeutic targets presents sev-
eral challenges to the drug development process. The
reports based on the knockout studies [10,11] indicate
that simultaneous inhibition of all these highly homol-
ogous (50-79% sequence identity) proteases is essential
to kill the parasite owing to their functional redun-
dancy. PMII shares 35% sequence identity with its
closest human homolog, cathepsin D (Cat D), a pep-
sin-like enzyme. The active site regions of PMII and
Cat D are even more identical, which suggests the need
to design specific inhibitors that would avoid any
cross-reaction with the human proteases. Along with
the selectivity issues, the inadequate bioavailability of
the designed inhibitors in the infected erythrocytes
is also a major concern to be addressed. Despite sev-
eral efforts toward drug development targeting PMs
[12-16], only limited number of studies [17-20]
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demonstrate the inhibition of multiple vacuolar PMs
by a single inhibitor. Moreover, the difficulty in pro-
ducing soluble recombinant PMs creates a roadblock
for the high-throughput drug discovery against these
crucial targets. So far, all the inhibition studies have
been reported using the refolded PMs, and therefore,
evaluating the inhibition of soluble PMs could be a
better approach to designing novel drugs as well as to
simplifying the process of antimalarial drug design.

Several crystal structures of PMII complexed with
various inhibitors have been determined [21], which
includes a total of 21 PMII structures in Protein Data
Bank (PDB); however, if we consider the relevance of
the structures in the context of drug development,
there are only 10 PMII structures of the complexes
with novel inhibitors. Furthermore, none of the avail-
able PMII structures represent any complex with the
potent KNI inhibitors, distinctly different from all the
other inhibitors for which the available PMII com-
plexed structures are reported in PDB. Although only
four structures of other vacuolar PMs (PMI, HAP,
and PMIV) with the KNI inhibitors are known, these
low-resolution structures with the inhibitors bound in
the unusual orientation in the active sites of PMs pro-
vide only limited mechanistic insights. Therefore,
detailed understanding of the binding and inhibition
mechanism of the KNI inhibitors would be highly
valuable toward rational designing of the novel com-
pounds.

The KNI compounds were originally designed as
inhibitors against HIV-1 protease and had also been
recognized to target PMs. They are peptidomimetic
inhibitors replacing the active site catalytic water mole-
cule with the hydroxyl group of the allophenyl-
norstatine moiety that resembles the reaction
transition state [22]. In general, the KNI compounds
have a common scaffold consisting of allophenyl-
norstatine [(2S,3S)-3-amino-2-hydroxy-4-phenylbutyric
acid] (Apns)], a unique unnatural amino acid which is
o-hydroxy-B-amino acid derivative, with a hydrox-
ymethylcarbonyl isostere. This scaffold is designed on
the basis of primary cleavage site of PMII, that is, the
peptide bond between Phe33 and Leu34 in the a-chain
of Hb [22]. While the Apns core is conserved, the
outer parts of the molecule are held to its core by
rotatable bonds which easily adapt to the variations in
the binding sites of PMs, thus maintaining their
potency toward all the four vacuolar PMs [23]. Some
of these compounds have low toxicity and have the
potential to be developed into effective antimalarial
drugs [24-26]. One of the KNI inhibitors, KNI-10006,
was found to inhibit the functions of vacuolar PMs
with different binding affinity. The chemical structure
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of KNI-10006 includes Apns at P1, 2,6-dimethylpheny-
loxyacetyl at P2, dimethylthioproline (Dmt) at P1’,
and 2-aminoindanol at P2’ site [17]. A few previously
reported structures of PMs complexed with the KNI
inhibitors [27-29] indicate that these compounds can
adopt multiple conformations upon binding to PMs,
depending on the arrangement and nature of the active
site residues. Recently, the nonvacuolar PMs have
been shown to be crucial for the viability of the para-
sites [30-33]. Interestingly, the KNI compounds were
also successful in inhibiting the action of a nonvacuo-
lar PM, PMV, another potential antimalarial drug tar-
get [34,35]. However, these reports did not shed any
light on further development of these inhibitors as
antimalarial drugs, primarily due to the lack of struc-
tural details to decipher the molecular basis of potency
of the KNI compounds.

In this study, we prepared the soluble recombinant
vacuolar PMs (PMI, PMII, HAP, and PMIV). We fur-
ther evaluated the inhibition kinetics of PMI, PMII,
and PMIV with different KNI compounds. Among the
inhibitors used, KNI-10743 and KNI-10333 exhibited
low nanomolar K; values, showed considerable anti-
malarial activity, and displayed negligible cytotoxicity.
Detailed crystal structures analysis of the PMII-KNI
inhibitor complexes revealed the mechanism underly-
ing the high inhibitory activities of the KNI com-
pounds. Based on our biochemical and structural
analysis, further modifications to KNI-10743 and
KNI-10333 could increase their efficacy as potent inhi-
bitors in targeting the PM family, thus suggesting a
clear roadmap for improvement of these inhibitors as
effective antimalarial drugs.

Results

Expression, purification, and activation of the
vacuolar PMs

The expression, purification, and activation of soluble
PMII were optimized first. For this purpose, the
pET32b vector containing the truncated PMII
(Lys77P-Leu329) zymogen, referred to here as tPMII,
was expressed as a thioredoxin (Trx) tagged fusion
protein (Trx-tPMII) in Escherichia coli Rosetta-gami B
(DE3) pLysS cells (Fig. 1A). The purification of Trx-
tPMII from the cell lysate supernatant was accom-
plished by using a combination of affinity and size
exclusion chromatography. The eluted fractions con-
taining Trx-tPMII from the Ni-NTA column were
observed on SDS/PAGE at ~ 60 kDa, along with
impurities (Fig. 1B). The SDS/PAGE of eluted frac-
tions from the Superdex 75 16/600 shows the presence
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of two purified forms, the fusion protein, Trx-tPMII
(~ 60 kDa) and the truncated zymogen, tPMII at
~ 43 kDa (after cleavage of the tags; Fig. 1C). During
purification, concentration, and storage of Trx-tPMII
at 4 °C in phosphate buffer containing CHAPS deter-
gent, we observed cleavage of the N-terminal tags that
produced tPMII zymogen, thus omitting an additional
protease-assisted cleavage process. The purified tPMII
was activated to the ~ 37 kDa mature form [mature
PMII (mPMII)] upon acidification, as observed by the
band shift on SDS/PAGE (Fig. 1D).

The expression and purification of soluble fusion
proteins, Trx-tPMI, Trx-tPMIV, and Trx-tHAP and
their conversion into the zymogen forms were per-
formed similarly as for PMII, with such procedures
also leading to activation of purified PMI, HAP, and
PMIV zymogens. The mature forms of PMI and
PMIV with similar molecular weight (~ 37 kDa) were
obtained in sufficient quantity and were used for inhi-
bition studies. However, activation of HAP zymogen
was very challenging, and thus, only a very small
amount of the mature enzyme (~ 37 kDa) was
obtained.

Enzyme activity and inhibition of PMII

Degradation of Hb by mPMII is evidenced by the
smearing of bands at ~29 kDa and ~ 14 kDa
(Fig. 2A). The direct indication of Hb degradation by
PMII confirms the activity of the mature enzyme. The
mature PMII cleaves the fluorogenic substrate with the
K, value of ~ 0.68 um. Pepstatin A, a general inhibi-
tor of pepsin-like aspartic proteases, strongly inhibits
the mature enzyme with the K; value of 0.07 nm. All
the tested KNI compounds used in this study have
been found to be highly potent against PMII with the
K; values in the low nanomolar range. KNI-10743 has
significantly better inhibitory activity than KNI-10742,
although they are structurally very similar. Despite
similar structures of KNI-10395, KNI-10333, and
KNI-10343, KNI-10333 possesses the highest inhibi-
tory activity with a K; value of 1.3 nm (Fig. 2B,C).

Quality of the PMII-KNI inhibitor complexed
structures

In this study, we have determined the high-resolution
crystal structures of PMII-KNI inhibitor complexes.
Interestingly, all the crystal structures of PMII-KNI
inhibitor complexes reported in the present study show
opposite orientation of the inhibitors in the PMII
active site when compared to the mode of binding of
pepstatin  A. However, orientation of the central
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Fig. 1. Expression, purification, and activation of PMIl zymogen. (A) Schematic diagram of the recombinant Trx-tPMIl fusion protein
consisting of Thioredoxin (Trx, 11.8 kDa), Tags (6 kDa including thrombin cleavage site, His-Tag, S-Tag, enterokinase cleavage site), and
truncated PMII devoid of the first 76 amino residues (tPMII, Lys77P-Leu329, 42.5 kDa). The mPMII denotes the activated region after an
autocatalytic cleavage at low pH. (B) The SDS/PAGE of fractions after a Ni-NTA affinity purification shown in lanes 1, 2, and 3 eluted at 75,
125, and 250 mwm, imidazole concentrations, respectively. (C) SDS/PAGE showing the eluted fractions from the Superdex 75 16/600 column.
Lanes 1-3: fractions eluted from 48 to 60 mL of column volume. The full length fusion protein, Trx-tPMIl at ~ 60 kDa and truncated PMI|
zymogen, tPMIl at ~ 43 kDa are labeled and marked by arrows. (D) SDS/PAGE showing tPMIlI zymogen before and after the activation.
Lane 1: purified and pooled fraction of Trx-tPMIl (~ 60 kDa) and tPMII (~ 43 kDa) zymogens after gel filtration, Lane 2: tPMIl after the
cleavage of N-terminal tags in the presence of phosphate buffer containing 0.15 m NaCl, and 0.2% CHAPS, pH 7.4, Lane 3: mPMII (denoted
by arrow) at ~ 37 kDa upon acidification of tPMIl in 0.1 M sodium acetate pH 4.5 at 37 °C for 4 h. The lane M in B, C, and D represents the

protein molecular weight (kDa) marker.

hydroxyl groups is the same for both pepstatin A and
the KNI inhibitors. This feature of the KNI com-
pounds has also been seen in a few previously reported
structures of the PM-inhibitor complexes [27-29].
Based on the substitutions at P2 and P3 positions in
KNI-10006, we have classified these KNI inhibitors
into two groups, the alkylamino analogs [Fig. 3A (i,
i1)] and the phenylacetyl tripeptides [Fig. 3A (iii—v)].
As a result of the reverse orientation of the main
chain of the KNI inhibitors in the active site of
PMII as compared to the other peptidomimetic inhi-
bitors bound to pepsin-like aspartic proteases, the
P1 Apns group of the inhibitor is located in the S1’
pocket and the P1” Dmt group is placed in the SI
pocket of the enzyme (Figs 4E and 5@G; the assign-
ment of the binding pockets follows the accepted
nomenclature [36]).

The structures of the PMII-KNI inhibitor com-
plexes presented in this study are of high quality, as
quantified by the low R-factors and good stereo-
chemical properties (Table 1). The unambiguous omit
F,—F, electron density clearly suggests the presence
and orientation of the inhibitors in the active sites
of all the complexed structures (Fig. 3B). The central
hydroxyl groups of the inhibitors are placed between
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the two catalytic aspartates (Asp36 and Asp216) of
PMII. The flap is in the closed conformation in all
the structures due to the binding of inhibitor. The
hydrophobic CHAPS molecules are present on the
surface of PMII-KNI inhibitor complexes and confer
stability to the structures. All the main chain atoms
and most of the side chains fit well into the 2F,—F,
electron density maps. The quality of the final
2F,—F, electron density maps in the active sites is
also optimal, defining the conformations of inhibitors
in an unambiguous manner in all the complexed
structures.

In the structures of pepsin-like aspartic proteases
reported to date, the carboxylate groups of the two
catalytic aspartates are coplanar [37]. Interestingly,
there is a rotation in the plane of the carboxylate
group of Asp216 with respect to the carboxylate group
of Asp36 in all the PMII-KNI inhibitor complexes.
This nonplanarity of aspartates is observed for the first
time in any pepsin-like aspartic protease with bound
inhibitor and might represent a crucial conformational
state of the active site during catalysis. The nonplanar
arrangement of the catalytic aspartates has been
reported once previously, but in an uncomplexed
structure of PMII [38].

The FEBS Journal 285 (2018) 3077-3096 © 2018 Federation of European Biochemical Societies



V. Mishra et al.

el

Pepstatin A
+ KNI-10742
+ KNI-10743
= KNI-10395
-+ KNI-10333
+ KNI-10343

0.0

0 10 20 30 40
[Inhibitor] nm

5.6 £ 0.60

4.0+0.29

-
3.3+0.35
3.0+£0.33

1.3+0.18

In two complexed structures, PMII-KNI-10742 and
PMII-KNI-10395, a sodium ion is located between the
catalytic aspartates and the inhibitor (Figs 4A and
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Fig. 2. Enzyme activity and inhibition of PMII. (A) SDS/PAGE
showing the Hb degradation (marked with arrows at ~ 29 and
~ 14 kDa) by mPMII. Lane 1: human Hb control, Lane 2: Hb and
tPMII mixture at 37 °C, Lane 3: Hb, mPMII, and sodium acetate
buffer (0.1 m, pH 4.5) at 37 °C. Lane M represents the protein
molecular weight (kDa) marker. (B) The inhibition kinetics of the
various KNI compounds against PMII. (C) The bar graphs represent
the K values of various KNI inhibitors and pepstatin A against
PMII. The K; values are labeled on the bar graph. The experiments
are performed in triplicate (n=3) and the error bars
represent + SEM.

5A). The presence of a tightly bound sodium ion in
these PMII-inhibitor complexes might be due to the
high concentration of sodium ions in the crystalliza-
tion buffer that contains 1.4 M sodium citrate. The
coordination geometry of the sodium ion in the active
site and analysis with the CheckMyMetal server
(https://csgid.org/metal_sites) confirmed the identity of
the ion. However, no sodium ion is present in PMII-
KNI-10743, PMII-KNI-10333, and PMII-KNI-10343
complexes, as these were crystallized in the conditions
without any sodium salt.

Crystal structures of PMIl complexed with KNI
inhibitors containing alkylamino substituents
(KNI-10742 and KNI-10743)

KNI-10742 and KNI-10743 belong to a group of inhibi-
tors that have basic alkylamino chain at the 4-position
of the phenyl group in the 2,6-dimethylphenoxyacetyl
moiety [Fig. 3A (i,ii)]. KNI-10742 consists of a diethyl
group and a slightly extended KNI-10743 has trimethyl
substitutions in the alkylamino chain at the P2 position.
In order to understand the structural basis of higher
potency of KNI-10743 over KNI-10742 despite being
structurally very similar, crystal structures of PMII in
complexes with these inhibitors have been determined.
The structures of the PMII-KNI-10742 and PMII-
KNI-10743 complexes have been solved at 2.1 and
2.15 A resolution, respectively. The data collection and
refinement statistics for these structures are presented in
Table 1. The omit F,—F. maps of the bound inhibitors
are shown [Fig. 3B (i,ii)]. Superposition of 327 Ca
atoms of both the complexed structures indicate that
they are almost identical [root-mean-square deviation
(rm.s.d.) =0.27 ./Q\], with minor differences in orienta-
tion of the inhibitors at the P2 position.

The inhibitors are anchored in the active site of
PMII through various hydrogen bonds and hydropho-
bic interactions (Fig. 4A—E). These interactions were
also analyzed by rigpLoT v.1.4.5 (Fig. 6A,B) [39]. The
2-aminoindanol moiety at the P2’ position forms
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Alkylamino analogues
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KNI-10742

KNI-10743

Phenylacetyl tripeptides

KNI-10343

Fig. 3. KNI inhibitors used in this study. (A)
Chemical structures of the KNI inhibitors.
(B) Omit F,—F, map (contoured at 2 o level)
of the KNI inhibitors bound in the active site
of PMII. Top panel represents the
alkylamino analogs with terminal alkylamino
chain containing (i) dimethyl group in KNI-
10742 and (i) trimethyl substitutions in KNI-
10743. Bottom panel represents the
phenylacetyl tripeptides consisting terminal
phenylacetyl ring with (iii) no substitution in
KNI-10395, (iv) p-amino substituent in KNI-
10333, and (v) p-hydroxyl group in KNI-
10343. The terminal groups with the
functional variability are shaded in orange in
the alkylamino analogs and blue in the

hydrogen bonds with the main chains of Gly218 and
Ser220. The same moiety is also stabilized in the S2
hydrophobic pocket composed of Thr219, Thr223,
11e292, and 11e302. The P1’ carbonyl oxygen of the
Dmt group is hydrogen bonded to Ser81 in the flap
and packed in the S1 hydrophobic pocket with the
residues Ile34, Tyr79, Phell3, and Ilel125. At the Pl
site, the central carbonyl oxygen and the hydroxyl
group of the Apns moiety make several hydrogen

phenylacetyl tripeptides.

bonds with the active site residues Asp36 and Asp216;
the former is at the hydrogen bond distance with the
main chain carbonyl oxygen of Thr219. Gly38 makes
a hydrogen bond with the main chain amide of Apns
moiety via water and poly(ethylene glycol) (PEG)
molecules in KNI-10742 and KNI-10743, respectively.
When present in the active site, the sodium ion forms
coordinate bonds with the inhibitor as well as with the
active site aspartates. The surrounding hydrophobic
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Fig. 4. Interactions present in the active site of complexes of PMII with aminoalkyl analogs. The zoomed-in view of the binding pockets
represent the (A, B) hydrogen bonds in black dotted lines and (C, D) hydrophobic interactions as blue spheres in the PMII-KNI-10742 and
PMII-KNI-10743 complexes, respectively. The sodium ion is shown as orange sphere in the PMII-KNI-10742 complex. The inhibitors are
shown in ball and stick models as magenta carbons in the PMII-KNI-10742 and brown carbons in PMII-KNI-10743 complexes; the residue

side chains are shown in sticks. (E) Schematic of the binding mode of KNI-10742 in the active site of PMII.
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Fig. 5. Active site interactions in complexes of PMII with phenylacetyl derivatives. The zoomed-in view of the binding pockets represent the
(A, B, and C) hydrogen bonds in black dotted lines and (D, E, and F) hydrophobic interactions as blue spheres in the PMII-KNI-10395, PMII-
KNI-10333, and PMII-KNI-10343 complexes, respectively. The sodium ion is shown as orange sphere in the PMII-KNI-10395 complex. The
inhibitors are shown in ball and stick models as dark green, yellow, and blue carbons, in the PMII-KNI-10395, PMII-KNI-10333, and PMII-
KNI-10343 complexes, respectively; the residue side chains are shown in sticks. (G) Schematic of the binding mode of KNI-10395 in the
active site of PMII.
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Table 1. Data collection and refinement statistics of the PMII-KNI inhibitor complex structures.

Data collection?

PMII-KNI-10742

PMII-KNI-10743

PMII-KNI-10395

PMII-KNI-10333

PMII-KNI-10343

Space group
Unit cell parameters

4

14

14

14

14

a b, c(A) 106.6, 106.6, 72.2 106.2, 106.2, 70.8 107.6, 107.6, 72.56 106.5, 106.5, 71.0 106.0, 106.0, 70.8

o, B,y () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Temperature (K) 100 100 100 100 100
Wavelength (A) 1.54182 1.54182 0.95372 0.95372 1.54182
Resolution (A) 40.0-2.1 (2.2-2.1)  40.0-2.15(2.25-2.15)  40.0-2.1 (2.2-2.1)  40.0-1.9 (2.0-1.9) 40.0-2.0 (2.1-2.0)
Rmerge (%)P° 6.5 (125.5) 8.7 (99.9) 6.3 (109.8) 5.6 (123.1) 8.0 (119.6)
Completeness (%) 100 (99.9) 99.9 (99.9) 99.8 (100) 99.7 (99.7) 100 (100)
Mean Il/o(/) 17.4 (1.8) 16.9 (2.0) 14.4 (1.6) 16.6 (1.5) 16.4 (1.8)
Total reflections 175 209 (22 537) 158 458 (18 793) 120 255 (16 050) 164 828 (23 209) 194 186 (25 702)
Unique reflections 23 705 (3089) 21 566 (2723) 24 239 (3157) 31 284 (4420) 26 651 (3596)
Redundancy 7.4 (7.3) 7.3 (6.9) 5.0 (5.0 5.3 (56.2) 7.31(7.2)
Wilson B factor (A?) 53.0 47.2 52.0 459 441
No. of molecules in ASU 1 1 1 1 1
Refinement statistics

Resolution (A) 39.0-2.1 39.0-2.15 38.0-2.1 37.0-1.9 37.0-2.0

Working set: no. of reflections 22 516 20 484 23 026 29 717 25 318

Rractor (%) 17.3 17.8 18.8 17.8 16.8

Test set: no. of reflections 1185 1078 1212 1565 1333

Riree (%) 21.9 19.6 225 22.7 20.7

Protein atoms 2623 2623 2643 2630 2623

Water molecule 142 114 113 251 199

CHAPS 2 1 1 1 1

Poly(ethylene glycol) 0 2 0 0 0

Glycerol 0 5 0 4 3

Na* ion 1 0 1 0 0
Geometry statistics

r.m.s.d. bond distance (A) 0.012 0.010 0.010 0.010 0.010

r.m.s.d. bond angle (°) 1.75 1.53 1.60 1.66 1.64
Isotropic average B-factor (A)

Protein 34.7 30.2 30.5 30.8 29.5

Solvent 53.9 49.8 59.8 56.0 51.7

Ligand 50.9 48.7 47.4 38.3 38.6
Ramachandran plot (%)

Most favored region 96.4 97.3 96.1 97.3 96.1

Allowed regions 3.6 2.7 3.9 2.7 3.6

Outlier 0 0 0 0 0.3

PDB code 5YIE 5YIB 5YID 5YIC 5YIA

#Values in parentheses correspond the highest resolution shell

mee,ge =3 {I — (l)|/ >7(I) where I is the observed integrated intensity, (/) is the average integrated intensity obtained from multiple mea-

surements, and the summation is over all observed reflections.

residues Val80, Leu294, Phe296, and Ile302 tightly
hold the phenyl group of the Apns moiety in the S’
hydrophobic pocket. The 2,6-dimethylphenoxyacetyl
moiety present at the P2 position engages in a hydro-
gen bond with Val80 in the flap region as well as is
stabilized by Leul33 and Tyrl94 in the S2’' pocket.
Due to variations at the P2 positions, KNI-10743
makes an additional hydrogen bond and a hydropho-
bic interaction with Ser134 and Ilel35, respectively,
compared to KNI-10742 (Fig. 4A-D).
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Crystal structures of PMIl complexed with KNI
inhibitors containing phenylacetyl derivatives
(KNI-10395, KNI-10333, and KNI-10343)

KNI-10395, KNI-10333, and KNI-10343 have 2-
methylsulfanyl moiety with methylthioalanine group
(Mta) at the P2 position next to the P1 site, similar to
KNI inhibitors developed against HIV proteases [40].
At the P3 position, the phenylacetyl ring has no substi-
tution in KNI-10395, a p-amino substituent in
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Fig. 6. The schematic representation of the hydrogen bond distances in PMII-KNI inhibitor complexes analyzed by LicrLoT. The hydrogen

bond distances are shown as black dotted lines (A) in the active sites of PMII in complexes with (A) KNI-10742 (magenta bonds), (B) KNI-
10743 (brown bonds), (C) KNI-10395 (dark green bonds), (D) KNI-10333 (yellow bonds), and (E) KNI-10343 (purple bonds). The amino acid
residues are shown with light green bonds. The carbon, nitrogen, oxygen, and sulfur atoms in the inhibitors and residues are shown as
black, blue, red, and yellow spheres, respectively. The sodium ion is shown as green sphere in PMII-KNI-10742 and PMII-KNI-10395

complexes.

KNI-10333, and a p-hydroxyl group in KNI-10343
[Fig. 3A (iii—v)]. The structures of the complexes of
PMII with KNI-10395, KNI-10333, and KNI-10343
have been solved with data extending to 2.1, 1.9, and
2.0 A resolution, respectively. The data collection and
refinement statistics for these structures are presented
in Table 1. The omit F,—F, maps show the presence
of bound inhibitors in the active site of PMII
[Fig. 3B (iii-v)]. No evidence of a sodium ion is
found in the complexes of PMII with KNI-10333 and
KNI-10343, which were crystallized in conditions
without sodium. Superposition of 327 Co atoms of
the PMII-KNI-10395 structure with the PMII-KNI-
10333 and PMII-KNI-10343 complexes yielded
r.m.s.d. values of 0.25 and 0.30 A, respectively, indi-
cating slight changes in the geometry of the aspar-
tates and the central hydroxyl group of the inhibitor
in the presence or absence of sodium. Several hydro-
gen bonds and hydrophobic interactions responsible
for stabilizing the inhibitors in the active site
(Fig. SA-G) were further analyzed by rLigpLOT v.1.4.5
(Fig. 6C-E). In the PMII-KNI-10395 complex, the
sodium ion makes close contacts with the inhibitor as
well as with the catalytic aspartates. Most of the
interactions are conserved at the P1’ and P2’ sites,
with maximum variability seen at the P2 and P3 posi-
tions in these PMII-KNI inhibitor complexes.

In the PMII-KNI-10395 and PMII-KNI-10333
complexes, the main chain amide and carbonyl groups
of Mta moiety form hydrogen bonds with the main
chain carbonyl of Asn78 through a water molecule
and the flap residue Val80, respectively (Fig. 5A,B).
However, Asn78 forms a direct hydrogen bond with
Mta moiety in PMII-KNI-10343 complex due to the
movement of the phenylacetyl ring toward the flap
region comprising Asn78, Tyr79, and Val80 (Fig. 5C,
F). The amino substituent of the phenylacetyl moiety
in KNI-10333 creates an additional hydrogen bond
with Asp295 (Fig. 5B), which is not seen in KNI-
10343 bound PMII structure (Fig. 5C). Interestingly,
multiple conformations of Tyrl94 in various PMs-
inhibitors complexes [29,41] suggest that the flexible
nature of this residue is important for its interaction
with different P2-P3 groups, which might have impli-
cations for antimalarial drug design.

Structural basis of the higher inhibition potency
of KNI-10743 and KNI-10333

A comparison of the crystal structures of PMII-KNI
inhibitor complexes provides molecular insights explain-
ing the higher potency of some of these inhibitors. KNI-
10743 has a more extended alkyl chain compared to
KNI-10742, with an amino substituent at the P2 posi-
tion that makes an additional hydrogen bond (3.4 A)
with the carbonyl oxygen of Ser134 in PMII and which
is stabilized by the side chain of Ile135. The electron
density of the alkylamino chain was comparatively
weak, indicating its intrinsic flexibility that could result
in strong polar interactions with the main chains of
Aspl32 and Ser134 along with the hydrophobic interac-
tion with the side chain of Leul33 (Fig. 7A). The elec-
trostatic potential surface of PMII-KNI-10743 complex
shows that the alkylamino chain of KNI-10743 is stabi-
lized in the negatively charged pocket (Fig. 7C).

The crystal structure complexes of PMII with
phenylacetyl tripeptides, KNI-10395, KNI-10333, and
KNI-10343 clearly indicate that the ring substituents
of the inhibitors govern the orientation of the pheny-
lacetyl group, thus resulting in the novel interactions
at the P3 position. In the PMII-KNI-10333 complex,
there is an additional hydrogen bond formed between
the p-amino group of the phenylacetyl ring and the
main chain of Asp295 in the S3’ pocket, which might
be the primary determinant for the higher inhibitory
activity of KNI-10333 (Fig. 7B). The structure of
PMII-KNI-10333 complex demonstrates that the
p-amino group of the phenylacetyl ring is stabilized in
the negative pocket, whereas stabilization of the nega-
tively charged oxygen at the phenyl ring in the PMII-
KNI-10343 complex is not possible in this pocket
(Fig. 7D).

Inhibition of PMI and PMIV by KNI-10743 and
KNI-10333

As inhibitory activities of KNI-10743 and KNI-10333
against PMII were highly encouraging, we measured
their inhibition potency for mature PMI, HAP, and
PMIV proteins. KNI-10743 and KNI-10333 strongly
inhibit PMI with the nanomolar inhibition constants
of 12.6 and 0.47 nm, respectively (Fig. 8A,C).
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B Asp295

Fig. 7. Structural basis of the inhibitory potency of the KNI-10743 and KNI-10333. (A) Superposition of KNI-10742 (magenta carbon) and KNI-
10743 (brown carbon) in the active site of PMIl. KNI-10743 has an additional weak hydrogen bond with Ser134 and the flexibility of
alkylamino chain creates the propensity to interact strongly with other surrounding residues, Asp132 and Leu133 represented by the black
dotted lines. (B) Superposition of KNI-10333 (yellow carbon) and KNI-10343 (blue carbon) in the active site of PMII. KNI-10333 makes an
additional polar interaction with Asp295 as represented by the black dotted line. The inhibitors are shown in ball and stick models; the
residue side chains are shown in sticks. (C) The zoomed-in view of the electrostatic surface diagram of PMIl in complex with KNI-10743
(shown as stick) shows the stabilization of aminoalkyl chain in the negatively charged pocket. (D) The zoomed-in view of the electrostatic
surface diagram of superposed complexed structures of PMII-KNI-10333 and PMII-KNI-10343 showing the stabilization of phenylacetyl ring
in KNI-10333 (yellow carbon) in the negatively charged binding pocket while the same ring is moved away in KNI-10343 (blue carbon) and is
not stabilized in this binding pocket. The red, blue, and white colors on the surface representation indicate the negatively, positively, and

neutral charged regions on PMII, respectively.

KNI-10743 and KNI-10333 block the activity of PMIV
with the K; values of 26 and 6 nwm, respectively (Fig. 8B,
C). Inhibition studies on mature HAP were also per-
formed; however, limited data were obtained due to
very low amount of the active protein. Nonetheless, the
nanomolar inhibitory activities of KNI-10743 and KNI-
10333 against PMI, PMII, and PMIV (Fig. 8C) signify
the ability of these compounds to effectively impede the
actions of multiple vacuolar PMs.

Antiparasitic and cytotoxicity assays of KNI-
10743 and KNI-10333

Besides an in vitro inhibition assay of KNI-10743 and
KNI-10333 against three vacuolar PMs (PMI, PMII,
and PMIV), the efficacy of these inhibitors in killing
malaria parasites was also investigated. The cultures of
P. falciparum were treated with different concentra-
tions of these compounds ranging from 0.01 to 5.0 um.
Treatment with either compound shows that the para-
sites progress through the asexual cycle; however, the

rings at 48-96 h look unhealthy and pyknotic, with
low ICso values of 0.43 and 0.93 pm for KNI-10743
and KNI-10333, respectively [Fig. 9A (ii and iii), B].
The solvent control (0.2% v/v DMSO) has no visible
adverse effect on the cultures [Fig. 9A (1)].

Furthermore, the inhibitory effect of KNI com-
pounds on the process of Hb degradation mediated by
PMs was studied inside the parasite. The SDS/PAGE
clearly shows a significant accumulation of undigested
Hb in the parasites treated with KNI inhibitors, but
degraded Hb (smeared band at ~ 14 kDa) in the
untreated parasites (Fig. 9C). This result proves that
KNI compounds gain entry into the food vacuole of
the parasite, thus are able to inhibit PMs and suppress
the Hb degradation pathway.

The cytotoxicity of KNI inhibitors was also evalu-
ated by the cell viability 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. The
morphology of cells in the presence of KNI-10743 and
KNI-10333 remains intact when compared to cisplatin-
treated cells (Fig. 9D). Both inhibitors show no
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Fig. 8. Inhibition of the vacuolar PMs by KNI inhibitors. (A) Plot
showing the inhibition of PMI by KNI-10743 and KNI-10333. (B)
Plot showing the inhibition of PMIV by KNI-10743 and KNI-10333.
(C) The bar graphs comparing the K; values of KNI-10743 (blue bar)
and KNI-10333 (brown bar) against PMII, PMI, and PMIV. The
experiments are performed in triplicate (n = 3) and the error bars
represent + SEM.
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significant cytotoxicity at the highest concentration
tested (25 um, continuous exposure for two consecu-
tive days) on human foreskin fibroblasts (HFF;
Fig. 9E).

Discussion

The vacuolar PMs are essential enzymes for the survival
of malarial parasite and hence are considered as impor-
tant antimalarial drug targets. Nevertheless, the use of
these enzymes for structure-based antimalarial drug
development has been hindered, primarily due to the
difficulty in their soluble expression. Here, the success-
ful preparation of soluble forms of the four vacuolar
PMs is achieved. We have performed structural studies
on PMII in which we used, for the first time, the pro-
tein which was expressed in a soluble form. In addition,
our study reports multiple PMII structures in complexes
with a number of potent KNI compounds, to identify
the lead inhibitors for further modifications.

The soluble mature forms of PMI, PMII, and PMIV
were used to evaluate the inhibition kinetics of the
KNI compounds. KNI-10743 and KNI-10333 have
inhibitory activities in the low nanomolar range
against multiple vacuolar PMs, which is very promis-
ing since PMI and PMII are primarily responsible for
the initial cleavage of Hb [8]. Furthermore, PMIV is
conserved across various Plasmodium species; there-
fore, strong inhibition of PMIV provides an opportu-
nity to combat other infectious Plasmodium species as
well. We have reported five cocrystal structures of
KNI inhibitors bound to PMs that provide an effective
starting point for future antimalarial drug develop-
ment. KNI-10743 and KNI-10333 exhibit significantly
low ICsqo values. In addition, it was demonstrated that
these inhibitors reach the food vacuole by crossing
multiple membranes and halt Hb degradation by
inhibiting the activity of PMs, resulting in killing of
the parasite. Such direct evidence emphasizes the drug-
like properties of these compounds. Furthermore, our
results show that these KNI inhibitors do not elicit
cytotoxic effects in human cells.

The extensive structural analysis of the PMII-KNI
inhibitor complexes has been performed in order to
better understand the basis of their differential
potency. KNI-10743 has the flexible aminoalkyl chain
at its P2 position that interacts with the main chain of
Ser134 when compared to KNI-10742. The pheny-
lacetyl ring at the P3 position in KNI-10333 and KNI-
10343 modulates the orientation of the ring to create
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Fig. 9. Antiparasitic activity and cytotoxicity of KNI-10743 and KNI-10333 inhibitors. (A) Morphological changes in Plasmodium falciparum
3D7 treated with the KNI inhibitors monitored by Giemsa-stained blood smears at five different time points (0-96 h) after drug
administration. (B) Log concentration of (i) KNI-10743 and (i) KNI-10333 versus percentage parasitemia with respect to control. The
experiments are performed in triplicate (n = 3) and the error bars represent + SEM. (C) SDS/PAGE showing significantly higher amount of
the undigested Hb (marked with arrow at ~ 14 kDa) in P. falciparum treated with the KNI inhibitors suggesting that the administration of
drugs directly prevent the Hb degradation by the parasites. Hb degradation in the lanes depicts parasites treated with Lane 1. DMSO
(negative control), Lane 2: chloroquine (positive control), Lane 3: KNI-10743, Lane 4: KNI-10333. Lane M represents the protein molecular
weight (kDa) marker. (D) Microscopic images showing the morphological changes in the HFF upon treatment with (i) KNI-10743 and (ii) KNI-
10333. Scale bar, 50 um. (E) Percentage viability of the HFF exposed to KNI-10743 (blue), KNI-10333 (red), negative control DMSO (green),
and positive control cisplatin (magenta) after (i) 24 h and (ii) 48 h. The experiments are performed in triplicate (n = 3) and the error bars

represent + SEM.

novel hydrogen-bonding contacts. The hydrogen bond
between the amino group of phenylacetyl moiety of
KNI-10333 and main chain Asp295 of PMII may be
responsible for its higher inhibitory activity compared
to the other inhibitors.

Due to the lack of proper structural data, most of
the previous modifications in the KNI inhibitors exam-
ined the P2 and P3 sites, based on analysis of the
binding mode of similar peptidomimetic compounds to
other pepsin-like aspartic proteases [24,25]. For these
reasons, the resulting compounds were not very well
stabilized in their respective binding pockets. Analysis
of the crystal structures of the complexes presented
herein suggests that extension of the KNI inhibitors
toward the P2’ site could provide one of the expedient
routes to discover unexplored binding pockets of vac-
uolar PMs.

Taken together, our detailed biochemical and struc-
tural data provide a new and progressive way to create
potent derivatives of KNI-10743 and KNI-10333 tar-
geting multiple vacuolar PMs, and possibly nonvacuo-
lar PMs as well, thus making them promising
candidates for future clinical trials.

Materials and methods

Expression of the vacuolar PMs

The truncated PMII (Lys77P-Leu329) was cloned between
Ncol and Xhol sites in the pET32b vector with a Trx tag
at the N terminus (Trx-tPMII; Fig. 1A) [42] to improve the
solubility of the protein. The E. coli Rosetta-gami B (DE3)
pLysS competent cells were transformed with the expres-
sion construct containing Trx-tPMII fusion gene and grown
overnight at 37 °C in 50 mL LB with 50 pg-mL ™' ampi-
cillin, 34.1 pgmL~" chloramphenicol, 12.5 pg-mL~" kana-
mycin, and 12.5 pg-mL~" tetracycline. The overnight grown
culture was used to inoculate fresh LB supplemented with
the antibiotics as above and cells were grown at 37 °C in a
shaker until the ODggo reached 1.0. The protein was over-
expressed by inducing the culture with 1 mm IPTG and the
cells were further grown at 30 °C for 5-6 h. The cells were

collected by centrifugation at 6000 g at 4 °C for 10 min
and the pellet was used for protein purification. Cloning of
the Trx-tPMIV fusion gene along with the expression of
the recombinant Trx-tPMI, Trx-tHAP, and Trx-tPMIV
fusion proteins were performed as described for PMII.

Purification and activation of the vacuolar PMs

The purification of PMII was performed as described previ-
ously [43], with some modifications to the protocol. The
cells were suspended in a lysis solution containing 50 mm
sodium phosphate buffer, 0.3 M NaCl, 1.0 mg-mL~" lyso-
zyme, 10 ug-mLf1 DNase, 10 mm MgCl,, and 0.2%
CHAPS detergent [Sisco Research Laboratories Pvt. Ltd.
(SRL), Mumbeai, India], pH 7.4. The cell suspension was
kept at room temperature for 4 h with gentle shaking. The
supernatant was separated by centrifugation at 16 000 g
and filtered through a 0.45 pm poly(vinylidene difluoride)
membrane. The soluble fraction was loaded on to the Ni-
NTA affinity column (GE Healthcare, Chicago, IL, USA)
pre-equilibrated with 50 mm sodium phosphate buffer,
0.3 m NaCl, and 10 mm imidazole, pH 7.4. The column
was thoroughly washed with a buffer containing 50 mm
sodium phosphate, 0.3 m NaCl, 25 mm imidazole, pH 7.4
to remove the nonspecific impurities from the column. The
bound proteins were eluted using increasing imidazole con-
centrations (75, 125, and 250 mm). The Trx-tPMII contain-
ing fractions were pooled and concentrated using 10 kDa
centrifugal cut-off device as well as purified by the Super-
dex 75 16/600 gel-filtration (GE Healthcare) column equili-
brated in 50 mm sodium phosphate buffer and 0.15 m
NaCl along with 0.2% CHAPS, pH 7.4. The purity level of
the eluted fractions at each stage of purification was exam-
ined by SDS/PAGE. Protein estimation was done using the
Bradford method [44].

During the purification and concentration of fusion pro-
tein in 50 mMm phosphate buffer, 0.15 m NaCl, and 0.2%
CHAPS, pH 7.4, the Trx tag got removed from the N ter-
minus of the protein, resulting in the tPMII zymogen. The
tPMII protein was autoactivated when mixed with a four-
fold volume of 0.1 M sodium acetate pH 4.5, followed by
an incubation at 37 °C for 4 h. The complete activation of
tPMII was monitored on SDS/PAGE. The purification and
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activation of PMI, HAP, and PMIV were carried out simi-
larly as done for PMII.

Synthesis of the KNI inhibitors

The inhibitors used in this study were synthesized from an
Apns-containing intermediate as previously reported
[24,25]. Briefly, the alkylamino analogs, KNI-10742 and
KNI-10743, were prepared from the Apns-containing inter-
mediate by coupling with 2,6-dimethylphenoxyacetic acid
which has the corresponding substituted 2-aminoethylamino
group, following deprotection of the Boc group, additionally
methylating for KNI-10743. For phenylacetyl tripeptides, the
intermediate was coupled with Boc-Mta-OH using N-ethyl-
No-[3-(dimethylamino)propyljcarbodiimide hydrochloride
(EDC-HCI) plus 1-hydroxybenzotriazole. After removal of
the Boc group using HCl-dioxane, the corresponding pheny-
lacetic acids were combined with benzotriazol-1-yloxy-tris
(dimethylamino)phosphonium hexafluorophosphate to give
the tripeptidic KNI-10343 and KNI-10395. Further depro-
tection of the Boc-protected phenylacetyl group was per-
formed to obtain KNI-10333. All the crude products were
purified and analyzed by HPLC with > 95% purity and
identified by MALDI-TOF MS.

Enzyme activity and inhibition studies

For Hb degradation assay, the preactivated PMII was
mixed with Hb and sodium acetate (0.1 M, pH 4.5) and
incubated at 37 °C for 4 h. Degradation of Hb was
assessed by 15% SDS/PAGE.

Quantitative estimation of the proteolytic activity of
mature PMII utilized the internally quenched fluorescent
synthetic peptide substrate EDANS-CO-CH,~CH,-CO-Ala—
Leu-Glu-Arg-Met—Phe-Leu—Ser—Phe-Pro-Dap(DABCYL)-
OH, with a cleavage site between Phe-Leu (AnaSpec Inc.,
Fremont, CA, USA) [45]. Stock solutions of the internally
quenched substrates were prepared in 100% DMSO. The
increase in fluorescence during substrate cleavage was mon-
itored using a Jasco 8500 fluorimeter. The mature PMII
was mixed with the 0.1 M sodium acetate buffer pH 5.0
and the reaction was initiated by the addition of the sub-
strate in the reaction mix. The final substrate concentration
ranged from 0.1 to 5.0 pm. Each experiment was performed
in triplicate. An increase in fluorescence intensity was mea-
sured as a function of time at an excitation maximum of
335 nm and emission was recorded at a maximum of
500 nm with the 5 nm slit widths at 25 °C. The initial
velocity, measured as fluorescence intensity per unit time
(1), was calculated from the slope during the linear phase
of cleavage till 60 s by a linear regression fit in GRAPHPAD
prISM software (Version 6.01; GraphPad Software, La Jolla,
CA, USA). Initial velocities were converted from the units
of fluorescence (I;) to the concentration per unit time (V,
in pmol'min~!) using the equation derived from the
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fluorescence intensity obtained for various known EDANS
concentrations. The K, value was derived from the nonlin-
ear regression by fitting the initial velocity to a Michaelis—
Menten model using GRAPHPAD PRISM software.

Inhibition assays were performed in triplicate as previously
described [46] with various KNI compounds (KNI-10742,
KNI-10743, KNI-10395, KNI-10333, and KNI-10343), as
well as with pepstatin A, with a few modifications to the pro-
tocol. The enzyme was pretreated with the compounds at
various concentrations (0.5-40 nm) at 25 °C for 5 min in the
assay buffer containing 0.1 M sodium acetate pH 5.0, fol-
lowed by the addition of subsaturating concentration of a
substrate. The activity of the enzyme without the inhibitor
was considered as 100% and referred to as V,. Hydrolysis of
the substrate was monitored at each inhibitor concentration
to obtain V; values. The V;/V, values were fitted to the Mor-
rison equation [47] in GRAPHPAD PRISM to determine the K;
values. The inhibitory activities of KNI-10743 and KNI-
10333 were estimated for both PMI and PMIV. The concen-
tration of PMI and PMIV used were 2 nm. The assays and
the calculations for PMI and PMIV were performed similarly
as described for PMII.

Crystallization and data collection

The pure mature PMII was mixed with a threefold molar
excess of inhibitor and the mixture was incubated at 4 °C
overnight. For crystallization experiments, the protein-
ligand complex was buffer exchanged in a fivefold volume
of 50 mm phosphate buffer containing 0.15 m NaCl, 0.2%
CHAPS, pH 7.4, and concentrated to 7-10 mg-mL ™" using
10 kDa cut-off centrifugal device.

Crystallization screens of the PMII-KNI inhibitor com-
plexes were set up using the sitting-drop vapor diffusion
method at 293 K with a Phoenix crystallization robot. Ini-
tially, crystals of PMII complexed with KNI-10742 and
KNI-10395 were obtained within a week in 0.1 m HEPES
pH 7.5 and 1.4 m sodium citrate tribasic dihydrate. Crystals
of the PMII-KNI-10743, PMII-KNI-10333, and PMII-
KNI-10343 complexes were grown in 0.2 M lithium sulfate,
1.26 m ammonium sulfate, 0.1 m Tris pH 8.5. On optimiza-
tion of the crystallization set up using the hanging drop
vapor diffusion method, high quality crystals were grown
within 2 days. For data collection, the crystals were briefly
transferred to the cryoprotectant solution and then to the
liquid nitrogen stream at 100 K. The cryoprotectant used
to freeze all the crystals of PMII-KNI inhibitor complexes
was the mother liquor containing 30% glycerol, except for
the PMII-KNI-10743 complex, in which case both glycerol
and poly(ethylene glycol) were used. The data sets for three
of the inhibitor bound PMII complexes (KNI-10742, KNI-
10743, and KNI-10343) were collected by the rotation
method using a home X-ray radiation source consisting of
a Rigaku Micromax 007HF generator equipped with R-
Axis IV++ detector at the Protein Crystallography Facility,
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IIT Bombay. The data sets for the other two PMII-in-
hibitor complexes (PMII-KNI-10395 and PMII-KNI-
10333) were collected at beamline BM14 of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France)
using a MarCCD detector. The data sets were indexed and
integrated using the program xps [48]. Integrated intensities
were converted to structure factors with the modules
F2MTZ and CAD of CCP4 [49]. The data collection statis-
tics are presented in Table 1.

Structure solution and refinement

The Matthews’ coefficient [50] for all crystals indicated the
presence of one molecule in the asymmetric unit. The coor-
dinates of the protein part of the PMII-pepstatin A com-
plex structure (PDB ID: 1XDH) were initially used as the
search model to solve the PMII-KNI-10395 structure. Sub-
sequently, PMII-KNI-10395 structure was used to solve
the other complexed structures by molecular replacement
with the program pHASER [51]. After the first cycle of refine-
ment of the model in REFMACS [52], the sigma-A
weighted F,—F, electron density maps indicated the pres-
ence of an inhibitor in the active site pocket of PMII.
The ELBOW program module [53] of PHENIX [54] was
used to generate the geometry restraints for all inhibi-
tors. After placing the inhibitor in the active site of
PMII, iterative cycles of refinements with REFMACS5
and manual model building in the electron density map
using cooT [55] were carried out. Water and other solvent
molecules were progressively added at the peaks of elec-
tron density higher than 3c in sigma-A weighted F,—F,
maps while monitoring the decrease of Rpe. and
improvement of the overall stereochemistry of the model.
The analysis made by CheckMyMetal server (https://cs
gid.org/metal_sites) was used to confirm the presence of
sodium ions in PMII complexed with KNI-10742 and
KNI-10395 crystallized in mother liquor containing high
concentration of sodium salt. Local anisotropy was mod-
eled with translation-libration—screw (TLS) parameters
by dividing the protein molecule into distinct TLS groups
[56]. The first few N-terminal residues in an asymmetric
unit could not be modeled due to the lack of proper elec-
tron density. The final refinement statistics and valida-
tion parameters of the determined
obtained with MolProbity [57] and are summarized in
Table 1. All structure-related figures were generated with
pymoL (https://www.pymol.org/).

structures were

Antiparasitic assay

The laboratory-adapted P. falciparum 3D7 strain was
grown with human O™ erythrocytes in RPMI-1640 (Gibco,
Dublin, Ireland) supplemented with 25 mm HEPES pH 7.5,
25mM sodium bicarbonate, 50 mg-L~' hypoxanthine,
0.2% p-glucose, 5% albumax II, and 40 pgmL~'

Structural insights into inhibition of plasmepsins

gentamicin [58,59]. The cultures were incubated at 37 °C in
a gas chamber of 5% CO,, 1% O,, and 94% N,. Cultures
were maintained by changing the medium every 24 h. Syn-
chronization was achieved by 5% p-sorbitol [60]. The
inhibitors, KNI-10743 and KNI-10333, were diluted in a
concentration range of 0.01-10 um in 2 mL culture vol-
ume. The parasite culture with 0.2-0.5% synchronized
rings (3% hematocrit) was seeded in the 24-well tissue cul-
ture plate and incubated up to 96 h. The percentage para-
sitemia was determined microscopically after Giemsa
staining by counting the parasites per 500 erythrocytes in
the blood smears. The concentration of inhibitors that
inhibit 50% of parasite growth was calculated by linear
interpolation using the GRAPHPAD PRISM software by plot-
ting the Log of the concentration of the inhibitor versus
percentage response.

Monitoring the effect of KNI inhibitors on
hemoglobin degradation inside P. falciparum

The Hb degradation inside P. falciparum was monitored
as previously described with a few modifications to the
protocol [61,62]. For this, the parasite culture in the late
ring stage (at 10% parasitemia) was incubated with
2.7 pm KNI-10743 and 1.2 pm KNI-10333 for 10-12 h at
concentrations three times higher than the ICsq values of
the inhibitors. The two equal parts of the same parasite
culture incubated with chloroquine (0.8 um) and DMSO
were considered as positive and negative controls, respec-
tively. Cultures were centrifuged at 894 g for 5 min and
RBC pellet was treated with ice-cold 0.05% saponin in
the PBS for 5 min to lyse the erythrocytes. The lysate
was further centrifuged at 12 096 g for 5 min at 4 °C. In
the next step, removal of the residual Hb was performed
by washing the pellet twice with PBS, and the parasites
were subsequently recovered by centrifugation. The para-
site pellet was resuspended in 100 pL SDS/PAGE sample
buffer, boiled for 10 min, and centrifuged at 27 216 g for
15 min at room temperature. Supernatants corresponding
to ~ 1.5 x 107 parasites were loaded on 15% SDS/
PAGE.

Cytotoxicity assay

To check the effect of inhibitors (KNI-10743 and
KNI-10333) on human cells, MTT assay was performed as
previously described [63]. Briefly, HFF were incubated with
different concentrations of inhibitors (1-25 pum) to measure
the cytotoxicity. MTT was then added to cells and incu-
bated at 37 °C for 4 h in dark, followed by an incubation
with dimethylformamide overnight before measuring the
absorbance using colorimetry. The cells treated with cis-
platin (20 um) and DMSO solvent were considered as posi-
tive and negative controls, respectively. Cell morphology
was evaluated by inverted light microscopy.
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