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a b s t r a c t

Plasmodium parasites causing malaria have developed resistance to most of the antimalarials in use, in-

cluding the artemisinin-based combinations, which are the last line of defense against malaria. This ne-

cessitates the discovery of new targets and the development of novel antimalarials. Plasmodium falciparum

alanyl aminopeptidase (PfA-M1) and leucyl aminopeptidase (PfA-M17) belong to the M1 and M17 family

of metalloproteases respectively and play critical roles in the asexual erythrocytic stage of development.

These enzymes have been suggested as potential antimalarial drug targets. Herein we describe the devel-

opment of peptidomimetic hydroxamates as PfA-M1 and PfA-M17 dual inhibitors. Most of the compounds

described in this study display inhibition at sub-micromolar range against the recombinant PfA-M1 and

PfA-M17. More importantly, compound 26 not only exhibits potent malarial aminopeptidases inhibitory

activities (PfA-M1 Ki = 0.11 ± 0.0002 μmol/L, PfA-M17 Ki = 0.05 ± 0.005 μmol/L), but also possesses

remarkable selectivity over the mammalian counterpart (pAPN Ki = 17.24 ± 0.08 μmol/L), which endows

26 with strong inhibition of the malarial parasite growth and negligible cytotoxicity on human cell lines.

Crystal structures of PfA-M1 at atomic resolution in complex with four different compounds including

compound 26 establish the structural basis for their inhibitory activities. Notably, the terminal ureidoben-

zyl group of 26 explores the S2′ region where differences between the malarial and mammalian enzymes

are apparent, which rationalizes the selectivity of 26. Together, our data provide important insights for

the rational and structure-based design of selective and dual inhibitors of malarial aminopeptidases that

will likely lead to novel chemotherapeutics for the treatment of malaria.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Malaria, the world’s most prevalent parasitic disease, is caused

by the protozoan parasite called Plasmodium [1]. According to the

World Malaria Report 2020, the number of malaria cases exceeded

220 million and around 400,000 deaths from malaria occurred

in 2019, mostly children in Africa [2]. Traditional chemothera-

peutic strategies for malaria control can be categorized mainly

into three types: quinoline-related compounds (quinine, quinidine,
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chloroquine, mefloquine, etc.), antifolate compounds (proguanil,

pyrimethamine, trimethoprim, etc.) and artemisinin derivatives

(artemisinin, dihydroartemisinin, artesunate, artemether, arteether,

etc.) [3]. Unfortunately, the emergence and widespread of resis-

tant Plasmodium falciparum to most of the currently available anti-

malarials is alarming and necessitates development of novel anti-

malarial drugs [1,3].

Hemoglobin digestion is an essential metabolic process in the

intraerythrocytic stage of the Plasmodium life cycle. During this

process, malaria parasites digest host cell hemoglobin to get amino

acids required for parasite protein synthesis [4,5]. Among kinds

of metalloami-nopeptidases involved in hemoglobin digestion in

https://doi.org/10.1016/j.cclet.2021.09.102
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Plasmodium falciparum, alanyl aminopeptidase (PfA-M1) and leucyl

aminopeptidase (PfA-M17) are two important contributors of sin-

gle amino acid generation from shorter peptides generated by en-

dopeptidases [6]. PfA-M1 has been demonstrated to cleave hy-

drophobic and positively charged amino acids with best prefer-

ence to leucine, alanine, arginine and phenylalanine [7]. On the

other hand, PfA-M17 has much narrower substrate specificity ex-

hibiting a strong preference for N-terminal hydrophobic residues,

in particular leucine and tryptophan [7]. It is worth noting that

gene knockout and specific inhibition of PfA-M1 and PfA-M17

from Plasmodium falciparum were lethal, indicating they are ideal

drug targets [8,9]. Given that both PfA-M1 and PfA-M17 are po-

tential drug targets, several attempts were made to target these

two metalloaminopeptidases individually or together by various

types of small molecules, which could be mainly categorized into

hydroxamates [10–15], phosphates/phosphinates [16–19], amino–

benzosuberones [20,21] and bestatin analogs [9,22]. Generally, in-

hibitors that consist of hydroxamate moiety as the zinc-binding

group (ZBG) exhibited potent aminopeptidases inhibitory activities

and were capable of reaching the site of action within infected red

blood cells to exert antimalarial effects [10–15]. For example, com-

pounds 1, 2 and 3 were reported to be potent PfA-M1 inhibitors,

among which 1 and 2 exhibited moderate in vitro antimalarial ac-

tivities [10, 11]. Compounds 4 and 5 could inhibit PfA-M1 and PfA-

M17 simultaneously and showed promising in vitro antimalarial

activities [12,13]. Moreover, another PfA-M1 and PfA-M17 dual in-

hibitor 6 showed oral efficacy against murine malaria [14] (Fig. S1

in Supporting information).

In our previous work, we developed a series of leucine-derived

hydroxamates (Fig. S2 in Supporting information) with potent in-

hibitory activities against mammalian aminopeptidase N (APN)

[23,24]. Considering the structural similarity between the leucine-

derived hydroxamates and the reported PfA-M1 inhibitor 3 (Fig.

S2), we speculated that these leucine-derived hydroxamates could

also inhibit PfA-M1 and even PfA-M17, hence used as antimalarial

lead compounds. In the present work, twelve leucine-derived hy-

droxamates were progressed to in vitro malarial aminopeptidases

inhibition assay, which confirmed their potent PfA-M1 and PfA-

M17 inhibitory activities. Structural characterization by cocrystal-

lization of three compounds (8, 11 and 18) revealed their binding

modes in PfA-M1. Compounds 8 and 18 adopted similar binding

modes in the active site of PfA-M1, with their benzyl and isobutyl

groups occupying the S1 and S1′ pockets, respectively. Surprisingly,
compound 11 bound in PfA-M1 with its isobutyl group in the S1

pocket, its benzyl group reaching into the substrate/product ac-

cess channel (indicated as the S2′ region), while leaving the S1′
pocket unoccupied. Based on the different binding modes, we sug-

gested that compounds capable of interacting with S1, S1′ pockets
and S2′ region simultaneously should exhibit improved malarial

aminopeptidases inhibitory activity and selectivity. Therefore, a se-

ries of novel peptidomimetic hydroxamates were designed, synthe-

sized and biologically evaluated. Satisfyingly, compound 26 stood

out as a potent PfA-M1 and PfA-M17 dual inhibitor with in vitro

antimalarial activities. Notably, compound 26 showed significant

selectivity over the mammalian counterpart porcine aminopepti-

dase N (pAPN), which could be rationalized by cocrystal structure

analysis.

The leucine-derived hydroxamates 7–18 were previously re-

ported as potent mammalian APN inhibitors with half inhibition

concentration (IC50) values against pAPN in the low micromolar

to nanomolar range [23,24]. In this study, the malarial aminopep-

tidases inhibitory activities of compounds 7–18 were evaluated

against both PfA-M1 and PfA-M17 with bestatin as the positive

control. The results listed in Table 1 showed that all leucine-

derived hydroxamates possessed moderate to potent inhibitory ac-

tivities against both malarial aminopeptidases. Overall, most com-

Table 1

PfA-M1 and PfA-M17 inhibitory activities of compounds 7–18.

Compound R1 R2 R3 R4 Ki (μmol/L) a

PfA-M1 PfA-M17

7 F H H H 0.66 ± 0.0006 6.55 ± 0.04

8 Cl H H H 0.41 ± 0.0001 0.78 ± 0.006

9 Br H H H 0.59 ± 0.001 1.37 ± 0.03

10 CH3 H H H 0.22 ± 0.004 1.18 ± 0.05

11 H Cl H H 0.23 ± 0.001 2.42 ± 0.001

12 H CH3 H H 0.37 ± 0.0005 2.72 ± 0.01

13 F H H F 1.13 ± 0.001 15.05 ± 0.32

14 Cl H H Cl 0.93 ± 0.0002 7.55 ± 0.29

15 F H F H 0.35 ± 0.003 7.83 ± 0.30

16 OCH3 H OCH3 H 0.61 ± 0.04 9.09 ± 0.003

17 H CH3 CH3 H 0.12 ± 0.0001 0.10 ± 0.02

18 CH3 CH3 H H 0.57 ± 0.0002 0.34 ± 0.20

Bestatin / / / / 0.90 ± 0.0005 1.39 ± 0.04

a Assays were performed in replicates (n ≥ 3), values are shown as mean ± stan-

dard deviation (SD).

pounds showed preference against PfA-M1 over PfA-M17. For ex-

ample, compounds 7, 11, 13, 15 and 16 inhibited PfA-M1 with over

10-fold greater affinity than PfA-M17. Since the main purpose of

current research was identification of PfA-M1 and PfA-M17 dual in-

hibitors as antimalarial agents, we focused our attention on com-

pounds 8, 17 and 18, which displayed potent and balanced PfA-M1

and PfA-M17 dual inhibition. It is worth noting that the malarial

aminopeptidases inhibitory activities of compounds 8, 17 and 18

were more potent than bestatin, therefore, they were progressed

to cocrystallization study to provide the basis for rational design

of more potent malarial aminopeptidases inhibitors.

We have successfully determined the crystal structures of PfA-

M1 in complex with compounds 8 and 18 at atomic resolution

(Figs. 1A and B and Table S1 in Supporting information). Our at-

tempts to crystallize the PfA-M17 in complex with inhibitors did

not yield diffraction quality crystals. As shown in Figs. 1A and B,

compounds 8 and 18 adopt similar binding modes in the active

site of PfA-M1, where the hydroxamate group bidentately coordi-

nates the catalytic Zn2+, and the benzyl and isobutyl groups in-

teract with S1 and S1′ pockets, respectively. Moreover, both com-

pounds 8 and 18 can form two hydrogen bonds with Y580 via

the carbonyl O of hydroxamate group and the ureido NH that is

close to the isobutyl group. Note that the binding poses of benzyl

groups of compounds 8 and 18 in the S1 pocket are different. To be

specific, the chlorobenzyl group of 8 is sandwiched between Y575

and M1034, forming π-π stacking interaction with Y575, hydrogen

bond with A320, and hydrophobic interactions with V459, M1034,

E572 and E319 (Fig. 1A). In contrast, the dimethylbenzyl group of

18 rotates dramatically and forms π-π T-shaped interaction with

Y575, probably to avoid steric clashes resulting from the dimethyl

substituents (Fig. 1B). The rotation of dimethylbenzyl group leads

to a flip of the side chain of M1034, which might account for the

slightly decreased potency of 18 compared with 8. The isobutyl

group of both compounds 8 and 18 reaches into the S1′ pocket

outlined by V459, G460, V493, H496 and Y580. Although not fully

occupying the S1′ pocket, the isobutyl group can form hydrophobic

interactions with V459, G460 and Y580 (Figs. 1A and B).

The cocrystal structure of compound 11, a meta–chloro-

substituted isomer of 8 was also resolved (Fig. 1C and Table S1).

Surprisingly, the binding mode of compound 11 in PfA-M1 is quite

different from that of compound 8. Comparing Figs. 1A and C, it
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Fig. 1. The binding modes of compounds 8 (yellow, Fig. 1A, PDB: 5Y1K), 18 (pink, Fig. 1B, PDB: 5Y1T) and 11 (purple, Fig. 1C, PDB: 5Y1Q) in the active site of PfA-M1 (gray

cartoon and sticks). The zinc ion coordination and hydrogen bonds are indicated by red and black dashed lines, respectively.

is found that the isobutyl and benzyl groups of 11 rotate about

180° around the C–Cα bond relative to compound 8. As a re-

sult, the isobutyl group of 11 moves out of S1′ pocket into the

S1 pocket, wherein it points to the backwall of S1 pocket (M462,

E319 and Q317) and forms hydrophobic interactions with V459 and

Y575. However, the chlorobenzyl group of 11 could not occupy the

S1′ pocket due to its steric bulk. Instead, the chlorobenzyl group

reaches beyond the S1′ pocket and into the substrate/product ac-

cess channel (S2′ region). It is worth noting that the ureido moi-

ety of compound 11 forms three hydrogen bonds with G460 and

A461, which are not observed in compounds 8 and 18. However,

the PfA-M1 inhibitory activity of 11 (Ki = 0.23 ± 0.001 μmol/L) is

only marginally increased relative to 8 (Ki = 0.41 ± 0.0001 μmol/L)

and 18 (Ki = 0.57 ± 0.0002 μmol/L), which could be ascribed to its

lack of interaction with the S1′ pocket.
Although the malarial aminopeptidases inhibitory potency of

our previous leucine-derived hydroxamates have been confirmed,

there are two problem s of these compounds. First, they show lim-

ited selectivity over mammalian aminopeptidase. Secondly, their

malarial aminopeptidases inhibitory potency, especially against

PfA-M17, needs to be further improved. Structural characterization

by cocrystallization revealed that these compounds use hydroxam-

ate group to chelate the catalytic Zn2+, which is crucial to their po-

tency. It is worth noting that all these compounds can only occupy

two of the three pockets/regions (S1, S1′ and S2′) in PfA-M1 due

to their simple structures (Table 2). We wondered if compounds

capable of occupying S1, S1′ pockets and S2′ region simultane-

ously could exhibit improved malarial aminopeptidases inhibitory

activity and selectivity. Therefore, a novel series of peptidomimetic

hydroxamates were designed, hoping their three branched side

chains could occupy the S1, S1′ pockets and the S2′ region simul-

taneously (Table 2).

Compounds 19–24 were prepared following the procedures

described in Scheme S1 (Supporting information). The amino

acid methyl ester hydrochlorides A1–3 were condensed with

pyrazinecarboxylic acid to give B1–3, which were hydrolyzed to

give C1–3, respectively. Condensation of Boc-protected amino acid

E1–3 with l-leucine methyl ester hydrochloride gave intermedi-

ate F1–3, which upon deprotection afforded G1–3, respectively.

Condensation of C1–3 with l-leucine methyl ester hydrochloride,

and condensation of G1–3 with pyrazinecarboxylic acid, gave the

common intermediates D1–6, which were reacted with NH2OK in

methanol to give target compounds 19–24, respectively.

Compounds 25 and 26 were prepared following the proce-

dures described in Scheme S2 (Supporting information). Conden-

sation of C2 and l-phenylalanine methyl ester hydrochloride led

to D7, which was converted into compound 25 with NH2OK

in methanol. Intermediate G4 was obtained from Boc-l-leucine

and d-phenylglycine methyl ester hydrochloride using the similar

method of synthesizing G1–3. Then G4 was connected with benzy-

lamine in the presence of triphosgene to give H, which was further

reacted with NH2OK in methanol to give target compound 26.

The newly synthesized compounds 19–26 were progressed to

malarial aminopeptidases inhibition assay with bestatin as the

positive control. Unsatisfactorily, compounds 19–25 showed dra-

matically decreased inhibitory activities against both malarial and

mammalian enzymes compared to 7–18 (Table 2). Among analogs

19–25, only compound 22 with R1 being H exhibited moderate

PfA-M17 inhibitory activity (Ki = 6.96 μmol/L). We speculated that

these compounds could not fit well in the enzyme active sites

due to steric hindrance resulting from their unsuitable geome-

try. In contrast, compound 26 with ureido-attached benzyl group,

showed remarkable malarial aminopeptidases dual inhibition (PfA-

M1 Ki = 0.11 μmol/L, PfA-M17 Ki = 0.05 μmol/L), which were

more potent than bestatin and all parent leucine-derived hydrox-

amates (Table 1). It is worth noting that compound 26 displayed

significantly improved PfA-M17 activity compared to most leucine-

derived hydroxamates. More importantly, compound 26 showed

about 340-fold selectivity towards PfA-M17, 150-fold selectivity to-

wards PfA-M1 over their mammalian counterpart pAPN. The posi-

tive control bestatin is a pan-aminopeptidases inhibitor with some

preference to pAPN.

The crystal structure of PfA-M1–26 complex was determined at

1.96 Å (Fig. 2 and Table S1). As expected, compound 26 also co-

ordinates the catalytic Zn2+ through the hydroxamate group. The

hydrogen bond with Y580 is reserved. More importantly, it can in-

teract with S1, S1′ pockets and S2′ region simultaneously (Fig. 2).

To be specific, the phenyl group adjacent to the hydroxamate group

is sandwiched between Y575 and V459 in S1 pocket, forming

π-π stacking interaction with Y575 and π-σ interaction with

V459. The amide O forms dual hydrogen bonds with G460 and

A461, which facilitates the hydrophobic isobutyl group to occupy

the S1′ pocket, wherein it interacts with the π electrons of H496

and forms hydrophobic interactions with V493 and T492. Remark-

ably, the ureido-attached benzyl moiety of 26 effectively explores

the S2′ region, forming amide-π stacking interaction with the

amide moiety connecting T576 and T577.

Since we did not get the cocrystallization of the PfA-M17 and

compound 26, molecular docking was used to investigate the bind-

ing mode of compound 26 in PfA-M17. As shown in Fig. S3A (Sup-

porting information), compound 26 could fit well in the active site

of PfA-M17, with the hydroxamate group chelating the catalytic
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Table 2

Design strategy of novel peptidomimetic hydroxamates 19–26 and their inhibition

data against PfA-M1, PfA-M17 and pAPN.

Compound R1 Ki (μmol/L)a

PfA-M1 PfA-M17 pAPN

19 20.85 ± 0.02 106.97 ± 0.08 173.3 ± 0.2

20 37.55 ± 0.11 102.2 ± 0.26 87.51 ± 0.53

21 22.68 ± 0.72 119.37 ± 0.45 85.33 ± 0.22

22 H 18.19 ± 0.72 6.96 ± 0.20 42.42 ± 1.53

23 CH3 42.63 ± 0.32 300.4 ± 0.1 49.4 ± 0.1

24 50.09 ± 1.32 121.47 ± 0.3 82.16 ± 1.09

25 / 93.31 ± 3.96 153.1 ± 0.5 145.9 ± 1.06

26 / 0.11 ± 0.0002 0.05 ± 0.005 17.24 ± 0.08

Bestatin / 0.90 ± 0.0005 1.39 ± 0.04 0.05 ± 0.001

a Assays were performed in replicate (n ≥ 3), values are shown as mean ± SD.

Fig. 2. The binding mode of compound 26 (green, PDB: 5XM7) in the active site

of PfA-M1 (gray cartoon and sticks). The hydrogen bonds are indicated by black

dashed lines. The zinc ion coordination is omitted for clarity.

and regulatory zinc ions simultaneously. The coordination between

the hydroxamate group and the two zinc ions are clearly presented

in Fig. S3B (Supporting information). Similar to its binding mode

in PfA-M1, compound 26 could interact with the S1, S1′ pockets

and the S2′ region of PfA-M17 via its phenyl, isobutyl and ben-

zyl groups, respectively. To be specific, the phenyl group of 26 is

sandwiched between M396 and G489 in the S1 pocket, forming

hydrophobic interactions with F398, L492 and A577. The isobutyl

group partially occupies the S1′ pocket bordered by A460, N457,

I547 and S554. The ureido-attached benzyl group is projected to

the solvent-exposed S2′ region, interacting with the loop consist

of N384, L385, K386, A387 and A388 (Fig. S3A). Remarkably, com-

pound 26 could form multiple hydrogen bonds with PfA-M17. As

shown in Fig. S3B, the hydroxamate group can not only coordinate

the two zinc ions, but also form four hydrogen bonds with L487,

L374, D459 and L386, respectively. Moreover, three additional hy-

drogen bonds are observed between the amide moiety and G489,

and between the ureido moiety and D459. These hydrogen bonds

network together with geometric fitness in the active site could

well explain the high affinity of compound 26 towards PfA-M17

(Ki = 0.05 ± 0.005 μmol/L).

To preliminarily investigate the structural basis for malarial

aminopeptidases selectivity of 26, we aligned the PfA-M1–26 com-

plex (PDB: 5XM7) on the human APN (hAPN) structure (PDB:

4FYQ) using PyMol (http://www.pymol.org/). As shown in Fig. S4A

(Supporting information), compound 26 fits well in the active site

of PfA-M1, with the benzyl group reaching to the S2′ region and

close to the residue Y575 (also see Fig. 2). In contrast, the analo-

gous residue of Y575 (PfA-M1) is F472 in hAPN which has a colli-

sion with the benzyl group of 26 as shown in Fig. S4B (Support-

ing information). The similar collision is also observed in pAPN,

which has F467 as the analogous residue (data not shown). Con-

sidering the similar volumes of phenylalanine and tyrosine, it

is suggested that the different geometry of S2′ regions between

PfA-M1 and mammalian APNs might be the dominant factor of

inhibitor selectivity. These results might in part rationalize the

malarial aminopeptidases selectivity of 26, moreover, they sup-

port our compound design strategy that inhibitors occupying S1,

S1′ pockets and S2′ region simultaneously could exhibit improved

malarial aminopeptidases inhibitory activity and selectivity.

To evaluate their anti-malarial activities, some compounds were

selected and tested against the drug-sensitive (3D7) and drug-

resistant (Dd2) strains of Plasmodium falciparum. The results in

Table S2 (Supporting information) showed that the most po-

tent PfA-M1 and PfA-M17 dual inhibitor 26 also displayed the

best anti-malarial activities against both parasite strains (3D7

IC50 = 3.83 μmol/L, Dd2 IC50 = 6.38 μmol/L). The second best

one among these peptidomimetic hydroxamates is compound 17,

which is also a potent PfA-M1 and PfA-M17 dual inhibitor. In con-

trast, the weak malarial aminopeptidases inhibitor 21 only ex-

hibited marginal anti-malarial activity. Overall, the anti-malarial

activities of these compounds were in line with their malarial

aminopeptidases inhibitory activity. Moreover, the PfA-M1 and PfA-

M17 dual inhibitors (17 and 26) possessed superior anti-malarial

activities relative to the PfA-M1 selective inhibitor (15).

Considering its significant malarial aminopeptidases selectiv-

ity and anti-malarial activity, compound 26 was progressed to

in vitro cytotoxicity evaluation against one cancer cell line A549

(adenocarcinomic human alveolar basal epithelial cells) and one

normal cell line MRC-5 (human embryonic lung fibroblasts). Sat-

isfyingly, compound 26 inhibited A549 cells growth with IC50

value over 500 μmol/L, which was less cytotoxic than bestatin

(IC50 = 487 ± 38 μmol/L) (Table S3 in Supporting informa-

tion). More importantly, no significant cytotoxicity of 26 was ob-

served against the normal cell line MRC-5 at the concentration of

500 μmol/L (Table S3), indicating the promising safety of 26. In
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contrast, the positive control doxorubicin exhibited significant cy-

totoxicity against both A549 (IC50 = 14.5 ± 2.6 μmol/L) and MCR-5

cells (IC50 = 22.1 ± 4.2 μmol/L) (Table S3).

To preliminarily evaluate the metabolic stability of 26, the

mouse liver microsome assay was carried out. The reduced nicoti-

namide adenine dinucleotide phosphate (NADPH) was used as co-

factor. The results in Table S4 (Supporting information) showed

that the remaining of 26 after 60 min incubation was 67%, indi-

cating a favorable metabolic stability of 26.

PfA-M1 and PfA-M17 are promising anti-malaria targets. In the

present study, previously reported APN inhibitors were reposi-

tioned as PfA-M1 and PfA-M17 inhibitors. Cocrystal structure anal-

ysis revealed the binding modes of several representative com-

pounds in PfA-M1, which guided the rational design of more po-

tent and selective malarial aminopeptidase inhibitors. Among the

newly synthesized compounds in this study, compound 26 was

demonstrated to be a potent PfA-M1 and PfA-M17 dual inhibitor

with significant selectivity over mammalian counterpart. Structural

and modeling studies rationalized the inhibitory potency and se-

lectivity against malarial aminopepetidases of 26. Moreover, the

potent in vitro antimalarial potency, low host cytotoxicity and fa-

vorable mouse liver microsome stability of 26 were also confirmed.

To the best of knowledge, compound 26 is the first reported PfA-

M1 and PfA-M17 dual inhibitor with significant selectivity over

mammalian APN, which provides basis for further development

of selective malarial aminopepetidases inhibitors as antimalarial

agents.
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