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The metalloaminopeptidases of the protozoan
parasite Plasmodium falciparum as targets for the

discovery of novel antimalarial drugs.

Belinda Mills, R. Elwyn Isaac, Richard Foster*.

School of Chemistry and School of Biology, University of Leeds, Leeds, UK, LS2 9JT.
ABSTRACT

Malaria poses a significant threat to approximately half of the world’s population with an annual
death toll close to half a million. The emergence of resistance to front-line antimalarials in the
most lethal human parasite species, Plasmodium falciparum (Pf), threatens progress made in
malaria control. The prospect of losing the efficacy of antimalarial drugs is driving the search for
small molecules with new modes of action. Asexual reproduction of the parasite is critically
dependant on the recycling of amino acids through catabolism of hemoglobin (Hb), which makes
metalloaminopeptidases (MAPs) attractive targets for the development of new drugs. The Pf
genome encodes eight MAPs, some of which have been found to be essential for parasite survival.
In this article, we discuss the biological structure and function of each MAP within the Pf genome,
along with the drug discovery efforts that have been undertaken to identify novel antimalarial

candidates of therapeutic value.



Introduction

Malaria, the world’s most prevalent parasitic disease to affect humans poses a significant threat
to millions of people across the globe every year. In 2019, it is estimated the number of malaria
cases exceeded 220 million and that around 400,000 deaths from malaria occurred during this
period, mostly children in Africa.> Human malaria is caused by one of five Plasmodium species
(P. falciparum, P. vivax (Pv), P. ovale, P. malariae and P. knowlesi), the most common being Pf
and is transmitted from person to person by blood-feeding Anopheles mosquitoes. In the absence
of a vaccine, current measures to reduce the burden of malaria rely heavily on the administration
of anti-malarial drugs and on vector control by eliminating aquatic breeding sites and the use of
insecticides to prevent infection from biting adult females. The wide-spread use of chemical
interventions over many years has resulted in the emergence of resistant populations of both

parasite and vector.?

Drug resistance

The evolution of drug resistance in the most clinically significant parasites, P. falciparum and
P. vivax, threatens global efforts to control and eliminate malaria. Although the exact mechanisms
by which the parasites acquire resistance to current drugs remains largely unknown, some genes
have been noted as having an impact on the emergence of resistance.* Mutations in genes such as
Plasmodium falciparum multidrug resistance 1 (Pfmdrl), Pf chloroquine resistance transporter
(PfCRT), cytochrome b gene, dihydrofolate reductase and dihydropteroate synthase have all been
identified as causing resistance to different classes of antimalarial drugs.>° Chloroquine (CQ) was
widely used in the treatment of all malaria until the 1960s when resistance in Pf parasites first

emerged.'®!! It wasn’t until almost 30 years later that CQ resistance was identified in P. vivax



populations.'? CQ is now rarely used for the treatment of P. falciparum malaria and artemisinin-
based combination therapy (ACT) is now preferred.'*!'* However, CQ remains the preferred
treatment for P. vivax malaria in most countries; in countries where CQ resistance is high, ACT is
recommended.'* !¢ Unfortunately, resistance to the most effective and widely used drug to treat P.
falciparum malaria, artemisinin, has now emerged, and spread, in areas of south-east Asia,
increasing the burden of malaria and highlighting the importance of developing novel antimalarial
drugs which act through alternative pathways than those already targeted to reduce the risk of
cross-resistance.!>!”

In parallel to the development of novel antimalarials, ongoing research into the development of
a malaria vaccine is also crucial to control the disease. The RTS,S malaria vaccine is the most
clinically advanced vaccine to date, and the first to have undergone phase IlI clinical trials. It was
first produced in 1987 by researchers at GlaxoSmithKline (GSK) in collaboration with researchers
from the Walter Reed Army Institute of Research (WRAIR).!® The RTS,S vaccine targets
sporozoites and so is considered a pre-erythrocytic vaccine. Phase I and II clinical trials found that
it was able to partially protect children and infants in Africa against malaria.'® ! Phase III clinical
trials took place from 2009-2014, and were focused on studying the long-term efficacy of the
vaccine. The final study results concluded that a 3-dose RTS,S vaccination program reduced cases
of clinical malaria in young children by 28% and in infants by 18%.?? It was also found that cases
were reduced further where a booster vaccination of RTS,S was administered 18 months after the
first 3 doses.?? Safety of the vaccine was also closely monitored and was found to be largely
acceptable. Increased risk of febrile seizures and potential increased risk of meningitis were noted
and these will need to be continually monitored as the vaccine progresses.?? Whilst these results

are promising for the implementation of a vaccine across the countries heavily affected by malaria,



it is still unknown if the WHO will implement policy for the use of the RTS,S vaccine and so

continued development of antimalarial drugs remains of paramount importance.

Life cycle of Plasmodium falciparum

The Pflife cycle involves an asexual phase within the human host, followed by the sexual phase
within the female Anopheles mosquito vector. This complex cycle can be split into three main
stages: the sporogonic cycle within mosquitoes, the human liver stage, and the human erythrocytic
stage. 242324

The life cycle begins when an infected mosquito bites a human and Pf parasites are injected into
the skin.? The parasites then find their way into the bloodstream and are transported to the liver to
begin the liver stage of their development. This whole liver stage (sometimes termed the pre-
erythrocytic phase) lasts on average 5-6 days for Pf parasites and results in no symptoms of
infection in the human host.

Release of haploid merozoites from the liver into the blood leads to the infection of erythrocytes
(red blood cells, RBCs), marking the beginning of the human blood stage (also known as the
erythrocytic stage). The merozoite is contained within a parasitophorous vacuole (PV), separated
from the erythrocyte cytoplasm.>* Here, the parasite undergoes multiple erythrocytic cycles, which
in Pf are repeated every 48 hours. During each cycle, the merozoites inside the RBCs multiply
asexually and develop through the ring stage trophozoites, mature trophozoites and into schizonts.
The erythrocytic cycle begins again when the schizonts rupture, releasing more merozoites which
can go on to infect more RBCs. Most parasites continue this cycle and infect more RBCs, however
some of the merozoites are programed to differentiate into male or female gametocytes. These

gametocytes represent the sexual forms of the parasite and continue to circulate in the host

bloodstream.



The sexual phase of the parasite is termed sporogony and occurs within the mosquito vector after
a blood meal from an infected human is taken.? The gametocytes undergo sexual maturation and
develop into zygotes that travel to the mosquito midgut wall to form oocysts. Rupture of the oocyst
releases thousands of active sporozoites into the mosquito, and these then infect the insect’s
salivary glands. When the infected mosquito takes its next blood meal, these sporozoites are

injected into another human host, beginning the life cycle again.

Hemoglobin degradation

Due to the complex, yet well-studied, lifecycle of the Pfparasite there are various critical process
which can be targeted and exploited for the development of new antimalarial drugs. One of these
processes which could potentially be targeted is the degradation of host Hb during the mature
trophozoite phase of the erythrocytic stage. Pf parasites do not possess the ability to synthesize
their own amino acids, and so they rely on the digestion of host Hb in order to obtain the amino

acids required for growth and development.?

Erythrocyte cytoplasmic proteins, mainly Hb, are
ingested by the parasite via endocytosis and broken down to constituent amino acids in both the
cytosol and a specialized organelle, the food vacuole (FV). This organelle contains several
proteases required for the efficient degradation of Hb and the re-cycling of amino acids for protein
synthesis during parasite replication. The catabolism of Hb is believed to follow a semi-ordered
process involving a cascade of proteases working cooperatively to cleave the Hb polypeptide
sequentially into peptide fragments (Figure 1).

A group of aspartic proteases (plasmepsins) and cysteine proteases (falcipains) are essential for
the initial digestion of the host Hb. Four out of the ten plasmepsins encoded within the Pf genome
are known to be localized to the FV. These are P/PM1, PfPM2, PHAP (Plasmodium falciparum

histoaspartic proteinase) and P/PM4.2%2" PfPM1, PfPM2 and PfPM4 are members of the A1 family

of aspartic proteases; P/HAP has a similar active site structure but one of the catalytic Asp residues



is substituted with His.?® Out of these four, P/PM1 and PfPM2 are able to initiate the cleavage of
the Hb molecule between residues Phe33 and Leu34.2*° The 033—34 bond resides within a hinge
region of the molecule, whereby cleavage results in the unravelling of the Hb which exposes the
polypeptide to further endoproteolytic cleavage by four FV plasmepsins, along with the falcipains
PfFP-2, PfFP-2' and PfFP-3, to further digest the large globin units into smaller polypeptides.>!
These polypeptide fragments of up to 20 amino acids in length are then hydrolyzed into short
peptides of around 5-10 amino acids by the metalloprotease falcilysin.’?> Next, the Plasmodium
falciparum dipeptidyl aminopeptidase 1 (PfDPAP1) cleaves dipeptides from the N-terminus of the
short peptide chains.*>** Cleavage of the remaining short peptides into the constituent amino acids
occurs by the action of eight MAPs found in two locations within the parasite, the FV and the
cytoplasm. These aminopeptidases are responsible for the release of N-terminal amino acids from
short peptide chains and were previously believed to reside and function only within the neutral
environment of the cytoplasm.>> However, two of these aminopeptidases, aminopeptidase P
(PfAPP) and alanyl aminopeptidase (PfA-M1), have since been reported to also localize within the
acidic FV and so can act directly upon any short peptide fragments that meet their respective
specificities.’*>° The remaining peptide fragments are exported out of the FV and into the
parasite’s cytoplasm where all eight MAPs are believed to work in unison to complete the

degradation of the peptides to free amino acids.
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Figure 1: Schematic detailing the Hb degradation cascade within the PfFV. Hb from the host cell
cytoplasm is transported into the FV of the parasite. Here, endoproteases sequentially break down
the Hb into successively smaller fragments, down to the constituent amino acids. Hb is initially
cleaved at the hinge region by the plasmepsins and then further catabolized into oligopeptides, of
around 10-20 residues in length, by the falcipains. Falcilysin then catabolizes these oligopeptides
into shorter peptides of around 5-10 residues in length. The resultant peptides are then degraded
into short peptides or dipeptides by dipeptidyl aminopeptidase 1 (P/DPAPI), and these short
peptides/dipeptides then undergo varying processes. Some of the short peptides/dipeptides are
broken into constituent amino acids by MAPs found within the acidic FV (Pf aminopeptidase P
(PfAPP) and Pfalanyl aminopeptidase (PfA-M1)) whereas the rest are exported out of the FV and
into the parasite’s cytoplasm. Here, other MAPs catalyze the breakdown of the short
peptides/dipeptides into individual amino acids, this time at neutral pH. Degradation of Hb by the
plasmepsins also results in the release of toxic free heme. In order to protect itself from the build-
up of heme, the parasite converts this free heme into hemozoin, also known as the malaria

pigment. 44!



Drug targets within the hemoglobin digestion pathway

Despite there being many proteases involved in the catalytic cascade of Hb degradation, only a
few of these have been identified as being essential for parasite survival. The plasmepsins are
responsible for the initial cleavage of the Hb molecule, but the high sequence similarity seen
between all four enzymes (60-70%) suggests redundancy of each individual plasmepsin for Pf
survival.*? In addition, studies have shown that the falcipains exhibit a functional overlap with the
plasmepsins, ensuring parasite survival even in the absence of all falcipain proteases.*’ This means
that efforts to inhibit the early stages of Hb catabolism is likely to be challenging. At the other end
of the digestive cascade, gene knockout studies have shown that some MAPs are vital for parasite
survival and therefore attractive drug targets. Parasites with gene knockouts of Pf leucyl
aminopeptidase (PfA-M17), PfA-M1 and PfAPP were unable to be isolated, suggesting inhibition
of these enzymes, either individually or in combination, would provide a therapeutic benefit in

treating malaria infection.>%4

Metalloaminopeptidases

MAPs are a group of ubiquitous exopeptidases that play an important role in the breakdown of
peptides into their constituent amino acids through the cleavage of amino acid residues from the
N-terminus. They are classed as metallo-enzymes because they contain one or two divalent metal
ions within the active site which are critical for catalytic activity. Each of the MAPs also has a
unique substrate specificity profile which is determined by the nature of the active site binding

pockets (denoted as Si, S1’°, S2’°, etc., Figure 2).
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Figure 2: Schematic model of the MAPs active site. The residues of the tetrapeptide substrate (P,
P1’,P2’, P3”) are situated relative to the corresponding enzyme sub-sites (S1, Si’, S2’, S3”) using the
nomenclature set out by Schechter and Berger.*’ A single catalytic divalent metal ion is shown in
blue. The amide bond to be cleaved by the MAP, releasing the free N-terminal amino acid, is

denoted by the red dashed line.

Within the Pf genome, eight MAPs have been identified: four methionine aminopeptidases
(PfMetAPla, P/MetAP1b, P/MetAPlc, and P/MetAP2); an alanyl aminopeptidases (PfA-M1); a
leucyl aminopeptidase (PfA-M17); an aspartyl aminopeptidase (P/M18AAP); and an
aminopeptidase P (PfAPP) (Table 1).¢*7 Pfparasites are also known to contain genetic
information encoding a serine S33 prolyl iminopeptidase, P/PAP. This iminopeptidase is highly
specific for the cleavage of N-terminal proline residues from short peptide chains and is present in
a variety of organisms, however very little else is known about PfPAP.*° In contrast, research
into Pv is relatively limited and so there is little information available on the corresponding
enzymes within this species. Pf and Pv are also considered biologically different to one another
and so conclusions drawn for Pf'may not be applicable to P. vivax.’' Nonetheless, recent studies
have begun to assess the potential for targeting the MAPs of P. vivax to provide cross-species
inhibition, although a significant amount of further research is necessary to validate these

enzymes. >



Each of the MAPs has a unique preference for the N-terminal amino acid being cleaved,
suggesting a panel of enzymes with different substrate specificities function cooperatively for
parasite survival. Experimental evidence for the essential nature of these enzymes for Pf parasite
survival has led to recent interest in targeting them for the design and development of novel
malarial therapeutics, although further evidence is required to confirm the validity of these
enzymes as antimalarial targets.>®** Whilst the MAPs are proposed to play an important role in Hb
degradation, it is thought that one or more of these enzymes may play additional roles within the
parasite lifecycle.*® For example, PfA-M1 has been proven to function as a hemoglobinase but it
has also been identified in Pf gametocytes, gametes and sporozoites, suggesting the biological role
played by this enzyme is not limited to Hb degradation.®3*4-56 Herein we discuss the role that
each of the metalloaminopeptidases play in the erythrocytic lifecycle of the Pf parasite and any
developments which have been made in the drug discovery process with the aim of identifying a
new therapy to combat drug-resistant malaria. The validity of individual aminopeptidases as drug
targets relies on genetic evidence and the effects of enzyme inhibitors on parasite development.
Although many of the inhibitors are selective for a class of aminopeptidase, care must be exercised
in the interpretation of these results since unknown off-target effects might contribute to parasite
toxicity.

Table 1: Summary of the five most studied PMAPs.

UniProt Metal Size Substrate Human Localization
accession cofactor specificity homologs
number
PfMetAP1b | Q81JP2 Physiological | 59.7 kDa | N-terminal HuMetAP1 | Cytosol
cofactor is Met residues
unknown.
Highest
activity seen

10



with  Zn(II)
and Co(II)

PfA-M1 096935 Zn(ID) 122 kDa— | Hydrophobic | hAPN Cytosol, FV
processed | and basic N- and nucleus
into 96, | terminal
68 and 35 | residues
kDa
forms

PfA-M17 QS8IL11 Zn(1) 67.8 kDa | Hydrophobic | hLAP3 Cytosol

N-terminal
residues

PMI18AAP | Q8I2J3 Zn(11) 65 kDa Acidic  N- | DNPEP Cytosol

terminal
residues
PfAPP AOAT44A2HO | Mn(II) 157 kDa | Peptides with | hAPP1, Cytosol and
a penultimate | hAPP2 and | FV
N-terminal hAPP3
Pro residue
(i.e. Xaa-
Pro)

Methionine aminopeptidases

The co-translational removal of N-terminal Met initiator residues from proteins during synthesis
is a highly conserved process across both prokaryotes and eukaryotes, and is essential for the
correct folding and subsequent processing of proteins.”>>"*® Methionine aminopeptidases
(MetAPs), the enzymes responsible for performing this role, can be sub-classified into two
categories depending on the absence (type I, MetAP1) or presence (type II, MetAP2) of a ~60
residue peptide insertion within the catalytic domain. In eukaryotes, an additional N-terminal
domain is also observed in MetAP2.>” The Pf genome encodes for four MetAPs: three MetAP1
isoforms (namely PfMetAPla, b and c), and one MetAP2 isoform (PfMetAP2).*® Microarray

analysis to determine the temporal expression pattern of each of the enzymes suggests that
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PMetAP1c may perform a different function to the other isoforms; PfMetAPIc is expressed
predominantly in late-stage intra-erythrocytic parasites, whereas the other three orthologs are

expressed much earlier in the life cycle.’® Besides this, little data has been collected for homologs

PfMetAPla and c.

The four PfMetAPs all contain the conserved catalytic domain at the core of their structures
Type I
The three P/MetAP1 isoforms all adopt the canonical MetAP1 catalytic domain at the core of

their structure (Figure 3). This region is extended in P/MetAP1b and P/MetAP1c by the addition
of N- and C- terminal sequences and by peptides inserted into the catalytic domain. P/MetAPlc
has an N-terminal signal peptide immediately followed by a transit peptide required for
localization of the enzyme to the apicoplast.®® PMMetAPIc also contains a ~210-residue insertion
within the catalytic domain. P/MetAP1b shares the highest level of sequence homology with
human and yeast MetAP1 and is the only Pf MetAP with a solved high-resolution structure (PDB
ID: 3S6B) and therefore is the most characterized of the four PMMetAPs.%! As with the human and
yeast proteins, the conserved zinc-finger motif was observed within PMetAP1b. In comparison
to the human ortholog, P/MetAP1b contains a 56-residue N-terminal extension (NTE) and a 10-
residue extension at the C-terminus. All three PMetAP1 enzymes contain the conserved active
site residues (two Asp, one His, two Glu) responsible for divalent metal coordination and catalytic

activity.°!

PiVetAP1a [ Cat. domain ]

PiVetAP1b [ I Cat. domain D
PiVetAP1c m Cat. domain I I J
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Figure 3: Schematic representation of the PMetAP1 domain structures. The conserved catalytic
domain is shown in blue. The 56-residue NTE and 10-residue C-terminal extension of P/MetAP1b
are shown in pink. PfMetAPlc contains an N-terminal signal peptide (shown in green)
immediately followed by a transit peptide (shown in yellow) and a ~210-residue insertion within
the catalytic domain.
Type Il

PfMetAP2 contains an N-terminal domain of 274 amino acids, followed by the conserved
catalytic domain.®® The five active site metal coordinating residues (two Asp, one His, two Glu)
observed in all MetAP enzymes are also present in P/MetAP2. PfMetAP2 shares high C-terminal
catalytic domain sequence identity (58%) with the human ortholog, HuMetAP2. The 64-residue
catalytic domain insertion, the key characteristic in defining a type II MetAP, is also highly
conserved between the human and malarial proteins. Despite these strong similarities, there are
differences in the active site of the two enzymes, e.g. the absence of PMetAP2 residue Lys501 in
HuMetAP2 which is believed to have a significant impact on the active site environment and might
be exploited for the rational design of selective enzyme inhibitors. Additionally, P/MetAP2 was
found to contain multiple poly-asparagine sequences within the N-terminal domain: this is a

characteristic of many malarial proteins.®?

Metal-ion content and pH stability

Investigations into the optimum metal-ion cofactor and pH for enzyme activity were conducted
using PfMetAP1b.%* Enzymatic activity was abolished on addition of the metal chelator, EDTA (5
mM), confirming the requirement of the metal ions for catalytic activity. The MetAP activity of
the EDTA-treated apoenzyme at pH 7.5 was rescued by the addition of either Zn**, Co*" or Mn?*

to the assay buffer. The highest level of hydrolysis was recorded with Zn** followed by Co?" and

13



then Mn?*. Interestingly, the optimal concentration of Zn?>" and Mn** was 2 uM, whereas activation

by Co*"ions occurred over a broad concentration range (1 to 500 pM).%*

PfMetAP1D is highly specific for the cleavage of N-terminal Met residues

The enzymatic activity of PfMetAP1b against a library of 25 tetrapeptides with the structure
Xaa-Gly-Met-Phe, where Xaa represents the 20 natural amino acids and 5 non-natural amino acids
(norvaline, norleucine, ornithine, diaminobutyric acid, and diaminopropionic acid (DAP)) found
that the only natural amino acid that P/MetAP1b could tolerate at the N-terminus was Met.*
Catalytic activity was also observed for the substrates containing norvaline and norleucine in the
N-terminal position and, interestingly, cleavage of norleucine was 60% more efficient when

compared to Met.

Development of inhibitors towards the PMetAPs
Type I

Following expression and purification of a recombinant form of the protein, a new family of
rPfMetAP1b inhibitors containing the 2-(2-pyridinyl)-pyrimidine core was identified from a high-
throughput screen (HTS) of 175,000 compounds.®! Structure-activity relationship (SAR) data for
31 analogues, with differing substitutions around the pyrimidine core, led to the identification of
XC11 (1, Figure 4) as a potent rPfMetAP1b inhibitor with an ICso of 112 nM.®! XC11 inhibited in
vitro proliferation of the parasite at the erythrocytic ring stage of a CQ-sensitive (3D7) and a
multidrug-resistant (Dd2) strain of Pf with ICso values of 0.90 and 3.1 pM, respectively.®!
Additionally, the inhibitor displayed >100-fold selectivity towards rP/MetAP1b over the other two
PMetAP1 isozymes.%! XC11 also displayed selectivity over the human version of the enzyme,
with ICso values of 0.7 uM and 7 uM for HuMetAP1 and HuMetAP2, respectively, and was not
significantly toxic to cultured human fibroblasts.®! The basis for the observed selectivity, however,

is not known. Importantly, the in vivo antimalarial activity of XC11 was established using both

14



CQ-sensitive (Plasmodium berghei) and CQ-resistant (Plasmodium yoelii) mouse models. In both
models, XCI11 reduced parasitaemia and extended the mean survival time of the mice. XCl11
administered twice a day at 20 mg/kg cured 60% of mice infected with the P. berghei species and

80% of the mice infected with the P. yoelii species.!

OO

J

T

1
XC11

Figure 4: Potent P/MetAP1b inhibitor, XC11. The 2-(2-pyridinyl)-pyrimidine core which is vital

for activity is highlighted in red.®!

This preliminary evidence all points to a promising new lead compound, which may have the
potential to be further developed into a new class of antimalarial drug. Nonetheless, further
investigations into the reasoning behind the observed selectivity would provide useful information
for the future development of analogues. Despite XC11 being labelled as an important lead
compound for the development of P/MetAP1b inhibitors, no further studies have been published

in recent years and so it appears that this enzyme is not being prioritized for inhibitor development.

Type Il
The antimalarial activity of MetAP2 inhibitors fumagillin (2) and TNP-470 (3) has been reported

(Table 2).%° Fumagillin, a natural product, and TNP-470, a synthetic derivate, covalently bind to
an active site His residue of HuMetAP2, however fumagillin has been shown to bind reversibly to
PfMetAP2 despite the conservation of the active site His residue.® Both compounds potently block

parasite growth of in vitro cultures of two different Pf strains, perhaps to an extent greater than

15



would be expected considering the low activity on rP/MetAP2.°® Whilst the authors provide
evidence for a direct interaction between TNP-470 and PfMetAP2, it may be that this interaction
is not the only cause of parasite proliferation inhibition.®® It has also been suggested that the higher
cellular activity levels of these compounds in mammalian studies may be attributed to the reduced
concentration of MetAP2 within the cellular environment compared to that required for in vitro
enzymatic assays.®* Additionally, fumagillin and TNP-470 are potent inhibitors of HuMetAP2,
thus presenting issues surrounding selectivity.®* Since these compounds are covalent inhibitors of
HuMetAP2, measurement of the ICso values is challenging due to irreversible inhibition over a
prolonged period.®® Despite this, covalent inhibitors offer an advantage in that their high potencies
allow for lower doses and higher drug efficiency, and irreversible binding offers the potential to
reduce the development of resistance.®® Additionally, the notion that covalent inhibitors offer poor
selectivity is not always the case and so differences between the substrate binding sites of
HuMetAP2 and PfMetAP2 might be exploited to develop analogues of fumagillin which offer
selectivity for inhibition of the malarial enzyme.5%-4:66

Table 2: Structures of fumagillin and its derivatives active against MetAP2. 1Cso values against
PfMetAP2 were determined using the Dex-Fum-mediated mammalian three-hybrid assay. The
effect of TNP-470 and fumarranol on proliferation of P/ NF54 and W2 strains in vitro were also

measured.®® Inhibition of human MetAP2 enzymatic activity was measured in a separate study.®*

N.D = Not determined.

Compound ICso ICso ICso in
rPfMetAP2 | HuMetAP2 | vitro (nM)

M) (nM) (Pf strain)

16



N.D N.D N.D

2 | Fumagillin E MWU\OH

0.002 +
0.0003
(NF54)

3 | TNP-470 H - 2.0£1.0 0.001 0.003 +

N @]
oYY 0.0003

@] @] (Wz)

0.16 £

0.03

4 | Fumarranol 116 £27 3.23 (NF54)

0.27 £
0.07 (W2)

More recently, the synthesis of analogues of fumagillin in order to reduce toxicity and improve
pharmacokinetic (PK) properties has been investigated.** The most prominent analogue,
fumarranol (4, see Table 2), was found to be a non-covalent HuMetAP2 inhibitor displaying
reduced potency towards the human enzyme and lower toxicity in animal studies compared to
TNP-470.% In addition to this, fumarranol was found to bind to P/MetAP2, inhibit parasite growth
in vitro and, more importantly, blocked in vivo parasite growth of a murine model.*° In comparison
to TNP-470, fumarranol was found to be ~80 times less potent towards in vitro cultures of both a
CQ-sensitive (NF54) and a multidrug-resistant (W2) strain.®® The same reduced potency was
observed in vivo, however mice were able to tolerate a larger dose of fumarranol compared to
TNP-470 which resulted in greater efficacy than TNP-470 overall for reducing parasitaemia.’*

Neither fumarranol nor TNP-470 had any effect on the activity of PfMetAPla, b or c, at a

concentration of 300 uM, indicating specificity towards the type II MetAP.%° The preferential
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toxicity profile of fumarranol has been highlighted as a lead candidate for future development into
a potential antimalarial drug. However, future extensive work in fine tuning the selectivity of the
inhibitor towards the malarial enzyme over the human ortholog would be required in order to

reduce the risk of off-target host toxicity.

Alanyl aminopeptidase

PfA-MI1 is a 122 kDa monomeric protein so named as it belongs to the M1 family of
metalloproteases as defined by the active site structure.®’-® It contains the four conserved M1
domains typical of all enzymes across the family along with a 194-residue NTE specific to the

malarial protein.

PfA-M1 contains the conserved structural features of the M1-family of aminopeptidases

The gene encoding for PfA-M1 predicts a full-length protein of 122 kDa that is processed to
smaller, catalytically active 96 and 68 kDa mature forms.®® Further to this, a 35 kDa species has
more recently been identified.%® The 68 kDa species contains amino acid residues from domains I,
IT and III, but not the final 290 amino acids (domain IV) from the C-terminus. Conversely, the
amino acids found in the 35 kDa species correspond to the 290 domain IV C-terminal residues.
The two proteins appear to arise from proteolytic cleavage at residue Leu796, which lies between

two domain IV a-helices, and are thought to form a 68/35 active complex.*

X-ray crystal structure

The X-ray crystal structure of recombinant (r) PfA-M1 (residues 196-1085), expressed in E. coli
without the 194 amino acid NTE, has been solved to 2.1 A (PDB ID: 3EBG).”° This truncated
rPfA-M1 construct was found to be both soluble and functional. More recently, truncated 3D

structures of PfA-M1 containing only one point mutation (PDB ID: 4J3B) and no mutations (PDB

18



ID: 6SBQ) compared to the native enzyme have been published.”’"”> The structure contains the

aminopeptidase N-fold common to the M1-family of aminopeptidases, such as E. coli PepN and

human aminopeptidase N (hAPN).”%’37 Comparison of the structures of PfA-M1 and EcPepN

reveal a conserved four-domain structure, with overall 35% sequence identity (Table 3).”° The

194-residue NTE of PfA-M1 is not found in the prokaryotic species and is thought to only be found

in the corresponding aminopeptidases of other Plasmodium species.®’® The four domains consist

of 26 a-helices and seven (3-sheets.

Table 3: Sequence alignment of PfA-M1 (UniProtKB accession number— 096935), EcPepN

(UniProtKB accession number — P04825) and hAPN (UniProtKB accession number — P15144).7°

The 194 residue NTE in PfA-M1 is highlighted in green. Conserved residues between the three

sequences are colored red, non-conserved residues are colored in blue. The zinc-binding motif

residues are shown in bold and highlighted on a yellow background. The GAMEN substrate

specificity motif is highlighted on a black background.

PfA-M1 1 80
EcPepN | | T oo

hAPN 1 ——MAKG-——————————————— FYISK-—-—-—-—-—--§ LGILGILLG-—-——————————— 2 27
PfA-M1 81 160
EcPepN | | T oo

hAPN 28 ALSVVYS—===—=————————————————————————QEKNKNANSSPVASTTPSASATTNPA————————————————-— 60
PfA—Ml 161 KIHYRKDYKPSGFIINNVTLNINIHDNETIVRSVLDMDISKH-- 238
EcPepN 1 QOAKYRHDYRAPDYQITDIDLTFDLDAQKTVVTAV--SQAVRH—- 45
hAPN 61 v RYRLPNTLKPDSY---RVTLRPYLTPNDRGLYVFKGSSTVRFTC 113
P/A—Ml 239 -NVGEDLVEFDGVGLKIN-—--——————— EISINNKKLVEGEEYTYDNEFLTIF--SKFVPKSKFAFSSE--VIIHPETNYA 303
EcPepN 46 GASDAPLRLNGEDLKLV-———====—=— SVHIND---EPWTAWKEEEGALVIS--NLPE---RFTLKII--NEISPAANTA 105
hAPN 114 KEATDVIIIHSKKLNYTLSQGHRVVLRGVGGSQPPDIDKTELVEPTEYLVVHLKGSLVKDSQYEMDSEFEGELADDLAGFEF 193
P/A—Ml 304 LTGLYKSKN----IIVSQCEATGFRRITFFIDRPDMMAKYDVTVTADKEKYPVLLSNGDKVNEF---EIPGGRHGAREFND 376
EcPepN 106 LEGLYQSGD----ALCTQCEAEGFRHITYYLDRPDVLARFTTKITIADKIKYPFLLSNGNRVAQG---ELENGRHWVQWQD 178
hAPN 194 YRSEYMEGNVRKVVATTOMQAADARKSFPCFDEPAMKAEFNITLIHP--KDLTALSNMLPKGPSTPLPEDPNWNVTEFHT 271
PfA-Ml 377 PHLKPCYLFAVVAGDLKHLSATYITKYTKKKVELYVFSEEKYVS--KLOWALECLKKSMAFDEDYFGLEYDLSRLNLVAV 454
EcPepN 179 PFPKPCYLFALVAGDFDVLRDTFTTR-SGREVALELYVDRGNLD--RAPWAMTSLKNSMKWDEERFGLEYDLDIYMIVAV 255
hAPN 272 TPKMSTYLLAFIVSEFDYVEKQASNG————— VLIRIWARPSATAAGHGDYALNVTGPILNFFAGHYDTPYPLPKSDQIGL 346
PfA-Ml 455 SDENV [KGLNIFNANSLLASKKNSIDFSYARILTVVGHEYFHNYTGNRVTLRDWFQLTLKEGLTVHRENLFSEEMT 534
EcPepN 256 DFEN KGLNIFNSKYVLARTDTATDKDYLDIERVIGHEYFHNWTGNRVTCRDWFQLSLKEGLTVFRDQEFSSDLG 335
hAPN 347 PDFEN. WGLVTYRENSLLEFDPLSSSSSNKERVVTVIAHELAHQWEGNLVTIEWWNDLWLNEGFASYVEYLGADY —— 424
PfA-Ml 535 KTVTTRLSHVDLLR--SVQFLEDSSPLSHPIR-PESYVSM--——-— ENFYTTTVYDKGSEVMRMYLTILGEEYYKKGEDIY 606
EcPepN 336 SRAVNRINNVRTMR--GLQFAEDASPMAHPIR-PDMVIEM-----NNFYTLTVYEKGAEVIRMIHTLLGEENFQKGMQLY 407
hAPN 425 AEPTWNLKDLMVLNDVYRVMAVDALASSHPLSTPASEINTP SELFDA-ISYSKGASVLRMLSSFLSEDVFKQGLASY 503
PfA-Ml 607 IKKNDGNTATCEDEFNYAMEQA KKADNSANLNQYL-LV PHVSFKYNYDAEKKQYSIHVNQYTKPDENQKEKK 685
EcPepN 408 FERHDGSAATCDDFVQAMEDA ——-SNVDLSHFR- Q PIVTVKDDYNPETEQYTLTT TPATPDQAEKQ 479
hAPN 504 LHTFAYONTIYLNLWDHLQEAVNN IQLPTTVRDIMNRWTLOMGFPVITVDTSTGTLSQEHFL-----LDPDSNVTRPS 578
PfA-Ml 686 PLFIPISVGLINPENGKEMISQ- ———-TTLELTKESDTEVEFNNIAVKPIPSLFRGFSAPVYIEDNLTDEERILLLKYD 758
EcPepN 480 PLHIPFAIELYDNE-C VNSVLNVTQAEQTEVEFDNVYFQPVPALLCEFSAPVKLEYKWS FLMRHA 558
hAPN 579 EFNYVWIVPITSIRDGRQQQODYW-------LIDVRAQNDLESTSGNEWVLLNLNVTGYYRVNYDEENW- 642
PfA-Ml 759 SDAFVRYNSCTNIYMKQILMNYNEFLKAKNEKLESENLTPVNAQFIDATKYLLEDPHADAGFKSYIVSLPQDRYIINEVS 838
EcPepN 559 RNDFSRWDAAQSLLATYIKLNV-—---— ARHQQOGQPLSL-PVHVA-— RAVLLDEKIDPALAAEILTLPSVNEMAELFD 630
hAPN 643 QOTQLORDHSATIPVINRAQIINDAFNLASAHKVPVTLAL--NNTLF-———-—-—— LIEERQYMPWEAALSSLSYFKLMEDRSE 713
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PA-M1 | 839 NLDTDVLADTKEYIYKQIGDKLNDVYYKMFKSLEAKADDLTYFNDESHVDFDQMNMRT LRNTLLSLLSKAQYPNILNEI I 918
EcPepN | 631 IIDPIATAEVREALTRTLATELADELLAIYNA-—————-—— NYQSEYRVEHEDIAKRTLRNACLRFLAFGE-THLADVLV 700
hAPN 714 VYGP-—-—- MKNYLKKQVTP----- LEIHFRN---—--—-- NTNNWREIPENLMDQYSEVNAISTACSNGV-PECEEMVS 773
PA-MI1 | 919 EHSKSPYPSNWLT-—-—-—- SLSVSAYF---DKYFELYDKTYKLSKDDELLLQEWLKTVSRSDRKDIYEILKKLENEVLKD 989
EcPepN | 701 --SKQFHEANNMTDALAALSAAVAAQLPCRDALMQEY DDKWH---QNGLVMDKWF I LQATSPAANVLETVRGLLQHRSET 775
hAPN 774 GLFKQWMENPNNNPTHPNLRSTVYCNA-TAQGGEEEWDFAWEQFRNATLVNEADKLRAALACSKELW-——-— TILNRYLSY 847
PAA-M1 | 990 SKNPNDIR--———————————————— AVYLPFT-NNLRR-FHDISGKGYKLIAEVITKTDKFNPMVATQLCEPFKLWNKL 1049
EcPepN | 776 MSNPNRIR- SLIGAFAGSNPAA-FHAEDGSGYLFLVEMLTDLNSRNPQVASRLIEPLIRLKRY 836
hAPN 848 TLNPDLIRKQDATSTTIISITNNVIGOGLVWDEFVOSNWKKLEFNDYGGGSFSFSNLIQAVTRRFSTEYELQQLEQFKKDNEE 927
PfA-M1 | 1050 DT--KRQELMLNEMNTMLQEPNISNNLKEYLLR-LTNKL- 1085
EcPepN | 837 DA--KRQEKMRAALEQLKGLENLSGDLYE---K-ITKALA 870
hAPN 928 TGFGSGTRALEQALEKTKANIKWVKENKEVVLQWETENSK 967

Active site

The active site of PfA-M1 is located within domain II (residues 392—-649) and is buried within a
thermolysin-like fold of the protein. This catalytic domain, consisting of eight a-helices and a
single five-stranded [3-sheet, is centrally located within the protein structure and forms an interface
with each of the three other domains.”” PfA-M1 contains a single catalytic Zn(II) ion within the
active site, a feature which is conserved across the M1-family of aminopeptidases.®”-’® Other
notable structural characteristics of the M1 aminopeptidase family are two conserved sequence
motifs that contribute to the active site: a HEXXHXI18E zinc-binding motif, and the GXMEN
substrate recognition motif.°”%%7 Indeed, the presence of both a H496EYFHX7KE519 and a
G460AMEN active site motif in P/A-M1 has been noted, as highlighted in Table 3.°%70-73.74 The
single catalytic Zn(Il) ion is coordinated by His496, His500, Glu519 and a nucleophilic water
molecule in the native, ligand-free form of the enzyme. This water molecule, which is also
coordinated by Glu463 and Glu497, forms a longer metallo-bond with the Zn(Il) ion. A two-step
catalytic mechanism has been proposed, whereby molecular dynamic simulations were used to
predict the formation of two conformationally-distinct transition states.”’” The formation of the
second transition state involves rotation of Glu497 in order for hydrolysis to occur.

The active site cavity itself is buried within the catalytic domain and can be accessed via two
connecting apertures: the N-terminal opening and the C-terminal opening. The N-terminal opening

can be found at the junction of domains I and IV, and offers a small groove of only 8 A. The C-
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terminal opening is larger and is formed by the cone-shaped superhelical structure of domain IV
giving rise to a channel leading to the active site that is approximately 30 A in length and 13 A in

diameter.

The active site structure allows for a range of hydrophobic and basic N-terminal residues to be
cleaved by PfA-M1

Despite being also termed an alanyl aminopeptidase, PfA-M1 displays a broad preference
towards a variety of residues at the N-terminal P; position, but particularly those that are
hydrophobic or basic. In fact, the amino acids most preferentially cleaved from Xaa-7-amino-4-
carbamoylmethylcoumarin (ACC) substrates by this enzyme were found to be Met and Leu. Ala,
Arg, Lys, Phe, Tyr and Trp are also cleaved, albeit with decreasing efficiency.’**#! In addition, a
library of unnatural amino acids coupled to ACC was also tested as substrates for PfA-M1, and it
was found that some of these were hydrolyzed more efficiently than the natural amino acid-ACC
fluorogenic substrates.

Catalytic activity is also influenced by substrate interaction at the S;” sub-site of PfA-M1.%! The
kinetic parameters (K, and k..) were altered favourably to increase catalytic activity when basic
and hydrophobic residues were present at P1’. This observation is consistent with those seen for

other M1 aminopeptidases.’®%*%

PfA-M1 localizes to multiple compartments within the parasite

The subcellular localization of PfA-MI1 has been widely debated, although it is now accepted
that PfA-M1 localizes to several compartments within the parasite. PfA-M1 is found in the cytosol,
the FV and the nucleus.’®*>% How PfA-M1 is trafficked to the nucleus and its role here is still
unclear, however, it is thought that the signal for nuclear localization is not contained within the

NTE.%
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pH stability
Since PfA-M1 is localized within both the cytosol and the FV, the effect of pH on enzyme

stability and catalytic efficiency is important. The pH of the digestive FV of Pfhas been estimated
at between pH 5.0 — 5.5, whereas the cytosol is neutral.®>%” The contrast in pH between the two
environments means that the enzyme must be able to function efficiently across a wide range of
pH values. As expected, when tested for stability across the pH range 5.0 — 8.5, it was found that
PfA-MI1 stability was largely undisturbed with >90% of the starting activity remaining after 1 hour
at all pH values tested.®® This data is consistent with a functional PfA-M1 in both the neutral and

acidic environments of the cytosol and FV, respectively.

Development of inhibitors towards PfA-M1
A number of inhibitors based on a variety of structurally distinct chemical scaffolds have been

38,88 70,89

identified, including bestatin-based analogues’®®°, phosphinate dipeptide analogues and
hydroxamic acid-containing compounds®*®!. There is only 26% sequence similarity between PfA-
M1 and hAPN, the human M1 ortholog with the highest sequence identity to PfA-M1, giving rise
to the prospect of developing parasite-selective inhibitors of PfA-M1.3388

(-)-Bestatin (5, Figure 5) is a naturally derived dipeptide analogue of Phe-Leu obtained from the
bacterium Streptomyces olivoretticuli.’®389>% 1t is a reversible inhibitor of a number of MAPs,
and is an effective inhibitor of rPfA-M1 (K, 478 nM).”® Importantly, bestatin inhibits both in vitro
and in vivo growth of P£.3>%* However, bestatin has drawbacks which limit its use as an effective
drug molecule. It is an inhibitor of a number of MAPs across species and so selectivity towards
the parasite could not be achieved. Furthermore, the dipeptide structure of bestatin is predicted to

generate an unfavourable PK profile, meaning the ability of the drug to reach the site of action

would be compromised.
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Figure 5: Bestatin, a reversible broad-range MAP inhibitor.”?

Utilization of a combinatorial multicomponent Ugi reaction to produce a library of
peptidomimetic compounds identified a bestatin-derived peptidomimetic, KBE0O09 (6, Figure 6),
that inhibited PfA-M1 with a K; of 400 nM.” In this case, 6 was obtained, and subsequently used
in the biological screening process, as a mixture of diastereomers. KBE009 and bestatin were also
equipotent at inhibiting growth of in vitro cultures of Pf (3D7 strain) (bestatin ICso, 21 + 4 puM;
KBE009 ICso, 18 + 7 uM).” Interestingly, KBE009 displayed a >250-fold selectivity towards the
malarial enzyme over a mammalian ortholog, pig APN.?> KBE009 may offer an advantage over
bestatin because the tertiary amide bond is predicted to slow down, or provide resistance to,
proteolysis and improved PK parameters compared to bestatin, whilst retaining anti-malarial

activity.”

KBEOO9

Figure 6: KBE009.”
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CQ (7, Figure 7) exerts its antimalarial activity through inhibition of the heme detoxification
pathway, leading to build-up of toxic heme which is lethal to the parasite.'®''*7 It was widely
considered the preferred antimalarial treatment after its discovery in the 1930s, however rapid
emergence of resistance in the 1960s led to it being replaced or used in combination with other

medications. >

Cl N

Figure 7: Chloroquine.'!

Now, CQ is rarely used for the treatment of Pf malaria due to widespread resistance.
Nonetheless, a series of quinoline-based inhibitors aimed at dual inhibition of the heme
detoxification pathway and PfA-M1 have been developed.”’ An in-house screen of quinoline-
based compounds identified hit compound 8 (Figure 8), from which a library of 45 non-peptidic
analogues were synthesized providing three hit compounds (9, 10 and 11, Figure 8) as inhibitors
of native PfA-M1, with ICso values of 0.85 to 2.50 pM (Table 4).”! The hydroxamic acid metal-
chelating group was crucial for activity since the carboxylic acid analogues of 9 and 10 were found
to be inactive. The isobutyl group was also found to be essential as removing this group led to
inactive analogues. Compounds 9, 10 and 11 were then tested for their ability to inhibit parasite
growth in vitro against the CQ-resistant strain (FcB1) and for selectivity over the mammalian
APN.®! All three compounds displayed sub-micromolar inhibition of parasite growth (0.15 to 0.32
uM), however they were also found to be inhibitors of the mammalian APN.”! To conclude, the

quinoline and hydroxamic acid moieties allows these compounds to demonstrate antimalarial
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activity through dual inhibition of heme detoxification and PfA-M1. Activity against PfA-M1 and
issues surrounding selectivity need to be addressed before these compounds can be progressed

further.

Cl (\N/\/\Jé

o O
Qu. - _OH
T T
NH>

e

8
9 10 1
Figure 8: Structures of the quinoline-based inhibitors.”!

Table 4: Inhibition of native PfA-M1, effect on proliferation of P/ FcB1 in vitro and selectivity

against mammalian pig APN by the quinoline-based inhibitors.”!

Compound ICso PfA-M1 (nM) ICso in cellulo ICso in vitro
(FcB1) (uM) (mammalian APN)
(nM)
8 21 0.398 £ 0.056 28
9 2.503 0.178 £ 0.037 1.345
10 0.854 0.317+£0.063 0.028
11 1.540 0.151+£0.013 1.628

A new series of MAP inhibitors, the phosphinate dipeptide analogues, was identified and yielded
a hit which displayed more potent inhibition of rPfA-M1 than bestatin.’ hPheP[CH:z]Phe (12,
Figure 9), also termed Co4, achieved potent inhibition of tPfA-M1 with a K; value of 79 nM.”® In
addition, when administered at a dose of 100 mg/kg twice daily, Co4 showed a high level of

antimalarial activity in the murine P. c. chabaudi model, reducing levels of infection by 92%
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whereas bestatin was only able to reduce the levels of infection by 34% in the equivalent model.”®
Co4 is also a potent inhibitor of the rPfA-M17 aminopeptidase and therefore part of the Co4
antimalarial activity might result from inhibition of this second enzyme. A second analogue,
hPheP[CH>]Tyr (13, Co5) is also a potent rPfA-M1 inhibitor (K;, 232 nM), albeit with a higher K;
compared to Co4.”

OH

HN._P OH HoN P~ OH

12 13

Figure 9: The most potent phosphinate dipeptide inhibitors capable of inhibiting rPfA-M1.%%% In

these studies, Co4 (12) and Co5 (13) were used as mixtures of four diastereomers.

In the studies looking at Co4 and CoS5, it is notable that the inhibitors were used as mixtures of
four diastereomers. Since the most active stereoisomer of bestatin is (25,3R)-AHPA-(R)-Leu, it
has been proposed that the (R)-hPheP[CH2]-(R)-Phe (Co4) and (R)-hPheP[CH2]-(R)-Tyr (Co5)
stereoisomers are the most active of the four.”®

PK differences between these organophosphorus inhibitors and bestatin have been proposed as
the reason for the large increase in in vivo antimalarial activity of the former. Bestatin is taken up
into the RBCs very slowly and is rapidly cleared from serum. Whilst the corresponding properties
of Co4 are unknown, the greater hydrophobicity of the phosphinate dipeptide compound is
expected to confer greater target accessibility and persistence in the body compared to bestatin,

which might explain the more potent antimalarial effect observed.
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A potent and highly selective amino-benzosuberone derivative, T5 (14, Figure 10), also displays
promising in vitro and in vivo activity.”” 1% A racemic mixture of T5 selectively inhibited PfA-M1
with a Kjvalue of 50 nM, with no inhibitory action against PfA-M17 (K;> 100 uM). In addition,
T5 added to in vitro cultures of CQ-resistant (FcB1) and a CQ-sensitive (3D7) Pf'strain gave good
levels of growth inhibition with similar ICso values of 6.5 +2.4 uM (FcB1) and 11.2 £3.4 uM
(3D7).” T5 was also effective in reducing parasitaemia at the peak of infection in the murine
model, P. c. chabaudi. Doses of 12 and 24 mg/kg led to a reduction in parasitaemia at the peak of
infection by 40-44%, a result deemed to be of statistical significance.” This study suggests that
T5 may provide a novel scaffold for the future development of potent, selective inhibitors against

PfA-ML.

S@s

14

Figure 10: The racemic, selective PfA-M1 inhibitor, T5.71°!

The recent release of the X-ray crystal structure of PfA-M1 in complex with T5 (PDB ID: 6SBQ)
has provided an insight into the binding mode of the inhibitor (Figure 11).”> The seven-membered
ring adopts a chair-like conformation and the ketone functionality is present as the hydrated, diol
form. One hydroxyl group is able to coordinate the Zn(II) ion along with forming a hydrogen bond
with Tyr580, and the second hydroxyl group forms a hydrogen bond with Glu497. The primary
amine forms three hydrogen bond interactions with Glu319, Glu463 and Glu519. The phenyl ring
is situated in the S1” pocket and forms m-n stacking interactions with the imidazole side chain of

His496.

27



Analysis of the binding site identified key interactions, particularly in the Si” pocket where the
phenyl ring lies, which could be exploited to increase binding affinity. Addition of chemical
moieties to the phenyl ring to extend T5 into this pocket may enable further interactions, for
example with Glu526 which points into the active site.”” This information may be employed to

drive the synthesis of future TS analogues.
e ¥,
bop-
y; 7
6 &
R, P
1

5> Glud63

Glu519
4 Glu319

Figure 11: Binding pose of TS5 (pink, 14, present as the hydrated, diol form) in the active site
cavity of PfA-M1(PDB ID: 6SBQ).”> The catalytic Zn(II) ion is shown as a blue sphere; water
atoms are shown as red spheres. All molecules are colored according to atom. Interactions with
the metal ion are shown as blue dashed lines, polar interactions are shown as yellow dashed lines.

Image generated using PyMOL.!%?

Unfortunately, TS5 demonstrated high clearance (43 mL/min/kg) and a relatively short half-life
(T112) of 2.2 hours following intravenous dosing to female CD-1 mice.’ The high level of clearance
from mice, coupled with solubility issues, represent key areas to focus on for the further

development of aminobenzosuberone derivatives.
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A series of malonic hydroxamates have also been identified as potent inhibitors of native,
purified PfA-M1 and have been subjected to optimization through the introduction of steric
constraints.”® One of these hydroxamates, BDM 14471 (15, Figure 12), demonstrated potent rPfA-
M1 inhibition (K;, 6 nM), and >200-fold selectivity for the malarial enzyme when tested against
pig APN.”® Additionally, BDM 14471 was tested against both CQ-resistant (FcB1) and CQ-
sensitive (F32) strains, inhibiting parasite growth by 24 pM and 13 pM, respectively.”®!
Although BDM14471 was able to reach the site of action in the RBCs, the observed in vitro
potency was weak and disappointing considering how potent this compound was at inhibiting the
enzyme. PK experiments found that BDM 14471 was stable in both rat plasma (ti,2= 22 hours) and
human plasma (12> 24 hours).”*!% In vivo experiments using female CD1 mice dosed at 50 mg/kg
intraperitoneally indicated BDM 14471 accumulation within the RBCs and, hence, the discrepancy
observed between the strength of enzymatic inhibition and antiplasmodial activity is unlikely to

be due to molecular properties preventing it from reaching the site of action.!®
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Figure 12: Malonic hydroxamate, BDM14471.%°

Leucyl aminopeptidase
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PfA-M17, a 67.8 kDa protein belonging to the M17 family of metalloproteases. Similar to PfA-
M1, PfA-M17 is specific for the cleavage of hydrophobic N-terminal residues from peptide

substrates.

PfA-M17 adopts the conserved hexameric structure

X-ray crystal structure

A truncated form of PfA-M17 (tPfA-M17, residues 83-598) was expressed and characterized,
and subsequently shown to be functionally active.!® The X-ray crystal structures of rPfA-M17 at
2A with either a single Zn(II) ion (PDB ID: 3KQX) or two Zn(1II) ions (PDB ID: 3KQZ) bound at
the active site have been solved.!® The structure comprised two hexamers in the asymmetric unit,
which is similar to the structures adopted by other members of the M17 family.!%®!1%7 Each
monomer consists of an N-terminal domain (residues 85-276) and a C-terminal catalytic domain
(residues 301-605), linked together through a ~30 A helix (residues 277-300) which runs through

the centre of the monomer, as illustrated in Figure 13.
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Figure 13: The X-ray crystal structure of PfA-M17 (PDB ID: 3KQZ).!%° Each PfA-M17 monomer
is colored by domain: the N-terminal domain (residues 83-276) is shown in blue, linker residues
277-300 are colored pink and the C-terminal catalytic domain (residues 301-605) is shown in

orange. The catalytic metal ions are shown as green spheres. Image generated using PyMOL.!%?

Within the asymmetric unit, the monomers align themselves so as to position the six active sites
towards the interior of the complex, forming a central disk-like cavity measuring ~35 A in
diameter and ~15 A in height. This enclosed active site cavity is accessed through channels in the
monomer N-terminal domains. Partially disordered loops (~20 A) found in 10 of the 12 monomers
appear to guard the entrance to the active site cavity and are likely to function in regulating

substrate access.'®
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Active site

The C-terminal domain of the PfA-M17 monomer is made up of a central B-sheet which is
bordered on either side by nine a-helices and has a two stranded B-sheet capping one end. The
active site cavity positioned close to the edge of the central B-sheet measures 18 A by 18 A and is
dominated by negatively charged residues that in the di-zinc structure coordinate with the two
catalytic metal ions positioned 2.9 A apart.'®> The site 1 Zn(II) ion is coordinated by residues
Asp379, Asp459, and Glu461, whereas coordination of the site 2 Zn(Il) ion involves Lys374,

Asp379, Asp399, Glu461 and two water molecules.'**1%

Metal-ion content

A defining characteristic of leucyl aminopeptidases (LAPs) is the presence of two metal binding
sites within the active site.'”” Binding affinities of these two sites have been studied across species
and have been found to be inequivalent. Site 1 is readily exchangeable and so is termed a loose-

binding site, whereas site 2 binds Zn?" tightly and is called the catalytic site.!%% 11

PfA-M17 is highly specific for the cleavage of hydrophobic N-terminal residues
In comparison to PfA-M1, PfA-M17 displays a much narrower specificity for P residues,

although the two aminopeptidases do show some overlap in the substrates they favour. PfA-M17
exhibits a strong preference for N-terminal hydrophobic residues, in particular Leu and Trp, which
is consistent with the crystal structure that shows that the Si subsite of the enzyme is lined by
hydrophobic residues Met392, Met396, Phe398, Gly489, Leud92, and Phe583.8%194105 The highly
hydrophobic nature of the active site explains the specificity for peptides with hydrophobic N-
terminal residues, especially Leu, and the inability of the enzyme to cleave polar amino acids from
peptides subtrates.®® The lack of PfA-M17 activity towards substrates with small N-terminal amino
acids (e.g. Ala and Gly) can be attributed to the fact that these residues do not extend far enough

into the S subsite to form interactions which promote substrate binding.!%°
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This narrow substrate specificity of PfA-M17 and strong preference for Leu at P; is of note since
it is not a conserved feature of LAPs across species.'’!!! The physiological reason for this
specificity is not fully understood but it has been proposed that the main function of PfA-M17 is
to generate free Leu from host Hb. Ile is one of the most abundant amino acids in Pf proteins and
thus vital for parasite growth and cell maintenance. However, Ile is absent from Hb and must be
sourced from outside of the RBC via channels that import the amino acid in exchange for Leu.!!?
Hence, the narrow substrate specificity of Pf/A-M17 is thought to have evolved to play a key role
in catabolism of peptides to generate high concentrations of intracellular Leu to then exchange for

vital 116.43’80’104’113

PfA-M17 localizes to the parasite cytosol

PfA-M17 resides in the cytosol of the parasite as revealed by immunohistochemistry using
antiserum raised to recombinant enzyme and by using parasites expressing PfA-M17 tagged with

either green or yellow fluorescent protein (YFP).?3-3

Development of inhibitors towards PfA-M17
As with PfA-M1, PfA-M17 is inhibited by bestatin, Co4 (12) and Co5 (13) with all three

compounds displaying greater potency towards the leucyl aminopeptidase than against the alanyl
aminopeptidase (bestatin K; = 25 nM, compared to 478 nM; Co4 K; = 13 nM compared to 79 nM;
Co5 Ki = 10 nM compared to 232 nM).”*®104195 X_ray crystal structures of PfA-M17 in complex
with both bestatin (PfA-M17-BES, PDB ID: 3KR4) and Co4 (PfA-M17-Co4, PDB ID: 3KRS5)
revealed that the inhibitors interact with the active site of the enzyme in a similar manner, albeit
forming slightly different coordination interactions with the catalytic metal ions (Figure 14).!%
Molecular docking studies predict the hydroxyl group of the P; Tyr residue in Co5 to be solvent
exposed and not involved in any hydrogen bonding interactions, which is consistent with the very

3 105

similar K; values reported for 12 and 1 Comparison with the corresponding enzyme/inhibitor
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crystal structures obtained from PfA-MI1 also identified more extensive interactions for each
inhibitor with the active site residues of PfA-M17 compared to PfA-M1, hence increasing the

binding affinity in the former.!%

Figure 14: Binding poses of A) bestatin (5, PDB ID: 3KR4), and B) Co4 (12, PDB ID: 3KR5) to
PfA-M17.'% Inhibitor molecules are shown in purple and all molecules are colored according to
atom. Water molecules are shown as red spheres; Zn(Il) ions as blue spheres; Mg(II) ions as green
spheres. Polar interactions are indicated by yellow dashed lines; interactions with the metal ions

are indicated by multi-colored dashed lines. Images generated using PyMOL.!??

Bestatin and two derivatives, nitrobestatin (16) and bestatin methyl ester (17) (Figure 15), inhibit
both rPfA-M17 activity and in vitro Pf growth (strain DC10).!% Although nitrobestatin (K, 2.7
nM) is 10-fold more potent against rPfA-M17 than bestatin (K;, 25 nM), its ability to inhibit in
vitro parasite growth was only improved by around 2-fold (ICso, 8 pM compared to 14.87 uM).!%
Bestatin methyl ester displayed lower inhibitory activity against both rPfA-M17 (Kj, 138 nM) and

in vitro parasite growth (ICso, 20.5 uM), when compared to bestatin.!%*

34



: 9 - 9
: OH - oM
NS oo
O OH 0]

N
OH
16 17
Nitrobestatin Bestatin methyl ester

Figure 15: Bestatin analogues capable of inhibiting rPfA-M17.1%

Bestatin and the analogues 16 and 17 are highly polar, which is expected to slow the rate of
uptake into the erythrocytes due to poor cell membrane permeability. However, the reduced
polarity of 17 compared to 5 may explain why 17 is >5-fold less potent against the free enzyme
than S, but demonstrates a similar potency for inhibiting parasite growth as increased cell
permeability allows for higher concentration of 17 to reach the site of action.

Dual inhibitors of PfA-M1 and PfA-M17

Within the Pf genome, PfA-M1 and PfA-M17 are often studied together since, collectively, these
two enzymes are responsible for the release of all neutral amino acid residues found in soluble Pf
cytosolic extracts.”>’%!% The two enzymes have historically been referred to as the “neutral
aminopeptidases” however this term is no longer accurate since PfA-M1 has been shown to also
cleave basic N-terminal residues.

A drug repurposing study found that a hydroxamate-derivative of the chemotherapeutic drug
Tosedostat is a potent inhibitor of both PfA-M1 and PfA-M17 and is orally active against murine
malaria.!'*!!> This hydroxamate-containing ester, CHR-2863 (18, Table 5), is converted into the
acid-derivate, CHR-6768 (19), in situ through hydrolysis by esterase enzymes. CHR-2863 and
CHR-6768 inhibit rPfA-M1 with a similar potency (Ki, 1.4 uM and 2.4 uM, respectively) to that

of bestatin (Ki, 1.6 uM).!'* Both inhibitors display higher potency against rPfA-M17 (CHR-2863,
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Ki, 75 nM and CHR-6768, Ki, 25 nM) which is respectively 8- and 24-fold greater than bestatin.!'!*
CHR-2863 (ICs0,370 nM) 1s a more potent inhibitor of parasite growth compared to bestatin (ICso,
5 uM) in an in vitro culture of the Pf strain 3D7 and was 5-fold more potent than the acid form,
CHR-6768 (ICs0, 2 uM).!'* The improved antimalarial efficacy of the ester probably reflects the
increased hydrophobicity and expected membrane permeability of the compound. A similar in
vitro antimalarial potency for CHR-2863 was also seen against the Pf multidrug-resistant strain,
K 1.1 Importantly, CHR-2863 was able to significantly reduce the peak parasitaemia in a P. c.
chabaudi murine model of infection.!'* This result is also significant in that the mice were dosed
orally, providing evidence that CHR-2863 is orally bioavailable.

Table 5: Summary of the inhibitory parameters shown by the hydroxamate-containing inhibitors,
CHR-2863 (18) and CHR-6768 (19), in comparison with the natural product inhibitor, bestatin (5).
ICso values in vitro were determined through the prevention of [°H]hypoxanthine incorporation. P.
c. chabaudi in vivo activity was measured using a modified 4-day suppression test.!'* N.D = Not

determined.

Compound Ki rPfA- | Ki ICso in | In vivo
M1 (nM) | rPfA- | vitro parasitaemia
M17 (M) reduction (P.

(nM) Pf c. chabaudi)
strain) | (Dosage per
day for 4

days)

H?N/'\‘)KH OH 238.05 | 201.33 mg/kg)

OH @)

5 :‘\ 0 1673 +|613 =|5(3D7) | 34% (100
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43% (25

mg/k
1413.41 | 75.96 0.37 glke)

; +123.74 | +22.86 | (3D7) | 52% (50
18 mg/kg)

0.376
(K1) 66% (100-50
mg/kg)

2409.62 | 25.71 £|2(3D7) | N.D

+316.02 | 7.89
19

An aminophosphonate compound, 20 (prepared as a racemic mixture, Figure 16), is also

described by the authors as showing dual inhibition of Pf/A-M1 and PfA-M17, but in this instance
by coordinating the active site metal ions through the phosphonate group.!'® However, whilst 20
exhibits potent inhibition of rPfA-M17, inhibition of rPfA-M1 is very weak and so may not be
truly considered a dual inhibitor of these enzymes (rPfA-M1 Ki, 104 pM; tPfA-M17 Ki, 11 nM).!16
Additionally, the phosphonic acid would exist as a dianion at physiological pH which might limit

membrane permeability of 20.

Figure 16: The most potent aminophosphonate reported to be capable of inhibiting both PfA-M1

and PfA-M17.'16
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Since antimalarial drugs would have to cross many membrane barriers to reach their site of
action, poor permeability of inhibitors would limit their usefulness.!'®!'” This issue has been
addressed by replacing the phosphonic acid moiety with a hydroxamic acid as an alternative metal-
binding group, resulting in the synthesis of a series of racemic inhibitors of PfA-M1 and PfA-
M17.'"7 From this series, compounds 21 and 22 (Figure 17) showed promising inhibition against
both enzymes (21 rPfA-M1 K;, 800 nM, rPfA-M17 K;, 30 nM ;22 rPfA-M1 Kj, 700 nM, tPfA-M17
Ki, 28 nM).!17 Most notably, 22 was able to inhibit in vitro parasite growth (Pf'strain 3D7) with an
ICs0 of 227 nM, an improvement on the previous dual inhibitors 5 and 18, which have ICso values
between 300 and 5000 nM.!'*!117 Additionally, no cytotoxicity was observed against HEK293 cells
up to 40 uM, suggesting that these compounds represent an attractive lead series for future

development to selectively target both Pf/A-M1 and PfA-M17.!"7
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Figure 17: The N-Boc- (21) and N-pivaloyl- (22) hydroxamic acid inhibitors of PfA-M1 and PfA-

M17.117

Following these discoveries, 21 and 22 were selected for optimisation in which the N-Boc and
N-pivaloyl groups were retained for binding to the enzyme S’ subsite, along with the hydroxamic
acid metal-coordinating group, allowing the effects of varying the Si-interacting moiety of the
inhibitor to be explored.!'™® A wide range of substituted-phenyl, biaryl, and heterobiaryl Si-binding

substituents were investigated as inhibitors of both PfA-M1 and PfA-M17 which led to the
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discovery of compound 100 (23, Figure 18) as one of the most potent dual inhibitors of PfA-M1
and PfA-M17 described to date (rPfA-M1 Ki, 76 nM, tPfA-M17 K;, 60 nM).!'#!1° Most notably,
23 also displayed potent, nanomolar inhibition of in vitro parasite growth against strains 3D7 (CQ-
sensitive, ICso, 126 nM), Dd2 (CQ-, quinine-, pyrimethamine- and sulfadoxine-resistant, ICso =
189 nM) and also NITD609-RDd2 clone#2 (resistant to the same parent drugs as Dd2, but
additionally resistant to spiroindolones, aminopyrazoles, dihydroisoquinolones and
pyrazolamindes, ICso, 107 nM).!'® Furthermore, 23 displayed no toxicity towards HEK293 cells
up to a concentration of 40 uM and PK studies found that the solubility and metabolic stability of
the inhibitor were promising.!'® Co-crystallisation of a racemic mixture of 100 with both PfA-M1
and PfA-M17 revealed that the R-enantiomer was preferentially bound in the crystal structure of
the enzyme-inhibitor complexes, suggesting that this is the most active enantiomer.''8

The potent inhibition of both PfA-M1 and PfA-M17 by 23 was partially attributed to the 3,4,5-
trifluorophenyl moiety.!'® The X-ray crystallographic data showed that in PfA-M1 the fluorine
atoms are able to form a water-mediated hydrogen bonding network, whilst in the PfA-M17 active
site the trifluorophenyl ring forms hydrophobic interactions with residues Met392, Leu492 and
Phe583.5%!!® Importantly, 23 was equally potent towards both PfA-M17 and PfA-M1, which is
clearly advantageous over single-enzyme inhibitors. Dual inhibition of both aminopeptidases may
slow the development of parasite resistance to this class of antimalarial drugs and prolong their

antiparasitic usefulness in the field.
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Figure 18: 100.'"8

In a further study aimed at optimizing interactions made with the S;” subsite of both enzymes, a
series of compounds based on 100 were synthesized in which modifications were made to the N-
pivaloyl group.” Using a modified Morrison equation to measure Ki values, 23 exhibited slightly
higher binding affinities in this study (rPfA-M1 Kj, 331 nM, rPfA-M17 K;, 147 nM) than previously
reported.!'®!"” Of the compounds synthesized, 24 (Figure 19) was found to be the most potent
PfA-M1 inhibitor (rPfA-M1 K, 88.9 nM) whilst 25 (Figure 19) displayed potent inhibition of PfA-
M17 (rPfA-M17 Ki, 101 nM).> Crucially, both 24 and 25 were able to demonstrate improved anti-
parasitic activity (24 Pf~3D7 ICso, 76.8 nM, Pf-Dd2 ICso, 24.1 nM; 25 Pf-3D7 ICso, 14.6 nM, Pf-
Dd2 ICso, 13.8 nM) in comparison to 23 (Pf-3D7 ICso, 83.1 nM, Pf-Dd2 ICsy, 81.7 nM).>
Additionally, only minor inhibition of HEK293 cell proliferation was observed at 10 uM for both
24 and 25, suggesting limited cytotoxicity of these compounds.>® To further investigate off-target
toxicity effects, 25 was tested for its ability to inhibit a panel of five matrix metalloproteinases
(MMPs) and two human aminopeptidases, hAPN and insulin-regulated aminopeptidase (IRAP).
25 showed no, or very weak levels of, inhibition against the MMPs and IRAP, however it was
shown to be a moderate inhibitor of hAPN (K; = 0.3 uM).>* With this in mind, 25 can be considered

a promising lead compound for the development of future antimalarial therapies.
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Figure 19: Structures of the potent PfA-M1 and PfA-M17 inhibitors.>

Cross species inhibition of Pfand Pv

An important consideration in the development of novel antimalarial therapies is the potential
for cross-species inhibition. Similar to dual inhibition of enzymes within Pf, cross-species
inhibition would be advantageous to increase effectiveness of new therapies. In addition to Pf
parasites, homologous M1 and M17 enzymes are also present in Pv (Pv-M1 and Pv-M17) and so
a recent study looked at the potential for cross-species inhibition.> A high degree of active site
sequence homology between the species has been noted: PfA-M1 and Pv-M1 share 89% catalytic
domain sequence homology, whilst P/A-M17 and Pv-M17 share 92% sequence homology in the
catalytic domain, which reduces the challenge of inhibitor development against all four enzymes.>*
Indeed, this study found that a series of inhibitors followed the same trend in potency against both
PfA-M1 and Pv-Ml, albeit inhibition of Pv-M1 was approximately 10-fold greater across the
series. Inhibition of PfA-M17 and Pv-M17 also largely followed the same trend across the series
but, in comparison to the M1 enzymes, the scale of inhibition was largely conserved for each
inhibitor.>® The most promising inhibitors identified in this series, 24 and 25 (Figure 19), were able

to potently inhibit both PvM1 and Pv-M17 (24 rPv-M1 Kj, 1.73 nM, rPv-M17 K;, 77.9 nM ;25 rPv-
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M1 Ki, 6.39 nM, rPv-M17 Ki, 3.60 nM).>* As a result, this series of compounds represents a
promising step forward in the design of novel antimalarial therapeutics which not only have the
ability to target multiple enzymes within a single Plasmodium species, but also to provide cross-

species inhibition.

Aspartyl aminopeptidase

P/M18AAP, an aspartyl aminopeptidase belonging to the M18 family of metalloproteases, is a
~65 kDa cytoplasmic protein possessing two zinc ions in the catalytic site.®” Although classed as
an aspartyl aminopeptidase, the specificity of the Pf'enzyme extends to glutaminyl substrates.!2%!2!
Gene knockouts of PAM18AAP have resulted in viable parasites, suggesting the enzyme is not
essential for parasite growth, however a fitness cost to the parasite was observed.’® Antisense-
induced knockdown of PIM18AAP expression resulted in lethality accompanied by abnormal FV
morphology in ring and schizont stages and the appearance of large lipid droplets and

accumulation of Hb in trophozoites.'?

The 3D structure of PAIM18AAP contains the conserved M 18 aminopeptidase fold

X-ray crystal structure

The X-ray crystal structure of P/M18AAP was solved to 2.6 A (PDB ID: 4EME)'?, in which
the complete unit cell of PIM18AAP was found to be made up of 12 monomers arranged in a
dodecameric assembly. The PIM18AAP monomer comprises two domains: a catalytic domain
(residues 1-91 and 307-577), and a regulatory domain (residues 92-306). The tertiary structure of
these domains is arranged to form the characteristic M18 aminopeptidase fold.'?! The catalytic
domain is made up of ten a-helices which line a central seven-stranded B-sheet; this afa
arrangement is also topped by an additional four-stranded antiparallel -sheet. The top of the

catalytic domain is largely made up of unstructured loop regions which, in conjunction with the

42



central B-sheet, form the active site of the monomer. The regulatory domain is made up of two
three-stranded antiparallel B-sheets around a helix formed by residues 279-289, along with a
second helix and an expansive loop region. High levels of disorder along with breaks in electron
density for residues 163-169 and 197-272 indicate the large degree of flexibility within the
regulatory domain.

The 3D arrangement of PM18AAP adopts a tetrahedral geometry made up of both a dimeric
and a trimeric interaction.!?’ Together, the dimers and trimers organize themselves in such a way
as to create an active site cavity in the interior of the PIM18AAP assembly where the 12 monomer

active sites are located in an equilateral triangle with distance ~33 A between them.

Active site

The PAM18AAP dodecamer contains four large pores, each ~23 A in diameter, which allow
access to the active site cavity.!?* The disordered loop corresponding to residues 197-272 is
thought to extend out over the entrance to the pores and so may serve to control substrate entry
and enzyme function much akin to that seen in PfA-M17.!% The individual S; site of each
monomer comprise an identical small cavity (~23 A in diameter) lined by a host of polar residues
(Glu380, Glu381, Gly509, Ser510, and His535) with Lys463 located at the bottom of the pocket.
The positive charge of this Lys residue is ideally positioned to interact with the side chain of Asp
and Glu of peptide substrates.!?! The two catalytic zinc ions are positioned immediately in front
of the S; cavity with one of the metal atoms coordinated by His87, Asp325 and Asp435, and the

other coordinated by Asp325, Glu381 and His535.!%°

PM18AAP is specific for the cleavage of acidic N-terminal residues

PMI18AAP exhibits a highly restricted substrate specificity as revealed when 60 natural and
unnatural Xaa-ACC fluorogenic substrates were screened for enzymatic activity. Of these

aminopeptidase substrates, only four (Glu-ACC, Asp-ACC, Asn-ACC, and the unnatural amino
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acid DAP-ACC) were hydrolyzed.'?*!1?2 PAM18AAP displayed similar catalytic efficiency towards
both Asp-ACC and Glu-ACC (kca/Km values of 360.1 £28.5 M s and 397.5 +30.5 M! 5!
respectively), but was around 10-fold less efficient at cleaving Asn-ACC as a result of a much
lower kcat.. DAP-ACC actually bound approximately seven times tighter to the enzyme than any of
the three natural amino acids and showed the third best catalytic efficiency (kca/Km = 96.6 £ 8.5
M1 s, It can be concluded that the role of PMM18AAP is consistent with Hb degradation by
facilitating the removal of acidic N-terminal amino acids which are unable to be cleaved by the

other Pf'aminopeptidases.

PfM18AAP localizes to the parasite cytosol

PfM18AAP is present in the cytosol of the parasite and is most highly expressed during the ring
stage in the erythrocytic cycle.'?? A role of this cytosolic enzyme appears to be in the hydrolysis
of Hb-derived short peptides generated in the PV and transported to the cytosolic space of the
parasite. Since Hb contains around 8% Glu and Asp residues, PAIM18AAP is predicted make an

important proteolytic contribution to the complete catabolism of Hb to free amino acids.

Development of inhibitors towards PAM18AAP

The results of interfering with PAM18AAP expression in blood stages of the parasite validate the
aminopeptidase as a target for the development of antimalarial inhibitors. This enzyme does,
however, present a challenge for the development of inhibitors in that the disordered loops
extending out over the pores leading to the active site may block the access of inhibitor compounds.
Nonetheless, a series of a-phosphonic, a-phosphinic, and phosphinate dipeptide derivatives of Asp
and Glu have been designed and tested as inhibitors (Figure 20).!2%!?* The derivatives of Glu were
found to be the more potent inhibitors of the enzyme (e.g. 27, K;, 0.34 uM), however none of the
inhibitors were able to significantly inhibit the growth of the parasite in culture up to

122

concentrations of 100 pM.“= Whilst these compounds may offer a potential starting point for
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derivatization, extensive development would be required in order to produce an inhibitor capable

of blocking parasite growth at a pharmacologically-relevant potency.
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Figure 20: a-Phosphonic derivatives of Asp (26) and Glu (27), and a-phosphinic GluP-Ph (28).

27 was isolated as a single enantiomer, the other compounds were used as racemic mixtures.

More recently, a HTS of ~292,000 compounds from the Molecular Libraries Probe Production
Centers Network (MLPCN) collection, the Molecular Libraries Small Molecule Repository
(MLSMR), against rP/M18AAP was performed.'?*!%> A cathepsin L1 (CTSL1) counter-screen
was also implemented in order to remove non-specific inhibitors and fluorescence quenching
molecules. Through several rounds of screening and counter-screening, the initial library of
~292,000 compounds yielded 125 hits that met the defined cut-off guidelines for selective
inhibition of rPMM18AAP.!** A subset of 76 of the 125 hits were resynthesized or purchased and
subjected to a series of follow up assays to confirm inhibitory activity against: a) rPM18AAP, b)
malaria lysate aminopeptidase activity, and c) Pfparasite growth.'?* The outcome of these studies
highlighted two potential lead compounds: CID6852389 (29), (S)-(+)-apomorphine hydrochloride
hydrate; and CID23724194 (30), the hydrochloride salt of 4-[2-(acridin-9-ylamino)ethyl]benzene-
1,2-diol (Figure 21).!>* Both of these compounds were found to be non-competitive inhibitors of
rPM18AAP with ICso values of 4 uM and 1.3 uM, respectively, and showed inhibitory activity in
an in vitro *H hypoxanthine incorporation growth assay with 87% and 96% growth inhibition at

10 pM concentrations, respectively.!'?*
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Figure 21: The catechol-containing inhibitors of P/M18AAP identified via a HTS approach.!'?*

Both 29 and 30 contain within their structure a reactive catechol moiety that has widely been
described in pan-assay interference compounds (PAINS).!?® Nonetheless, the notion that these
compounds were “false positives” has been rejected since the compounds were subjected to >100
different assays at various research facilities and neither compound was found to be active in any
of the other assays. In conclusion, CID6852389 and CID23724194 have been proposed as potential
new potent and selective inhibitors of PAM18AAP and a starting point for the development of a

novel antimalarial treatment.'**

Aminopeptidase P

Aminopeptidase P (APP), is a member of the M24 family of metalloproteases and has a specific
role in the cleavage of N-terminal amino acids where the penultimate residue (P1’) is Pro.67:17
These enzymes are typically cytoplasmic proteins and are found across a wide range of organisms.
However, mammals also have an extracellular form of the enzyme (APP2) that is attached to the
plasma membrane of cells by a glycosylphosphatidylinositol (GPI) anchor and has a role in the

metabolism of peptides at the cell surface.!?® Pfpossess a single 157 kDa cytosolic APP that has

been studied in some detail and shown to be vital for parasite survival.*®
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The structure of PfAPP consists of three domains

X-ray crystal structure

Structure elucidation of PfAPP to 2.35 A resolution revealed a homodimeric structure, with each
monomer consisting of a three-domain arrangement (PDB ID: 5JQK).'?° Prior to the first domain,
PfAPP contains a sequence of 120 residues which is not present in the mature form of the protein.’
Domains I and II (residues 121-304 and 305-475 respectively) were found to be structurally
similar, however, domain I exhibited a degree of flexibility and disorder within the crystal. Despite
this, the crystal structure revealed secondary and quaternary structures of a seven-stranded 3-sheet
core surrounded by five helices.'?® PfAPP also has a 20-residue insertion from Tyr271-Val291 that
is not included in the APP of other species.?” This insertion forms one of the seven B-strands that
make up the central core of this domain. Similar to domain I, domain II also has a central core
structure comprising a six-stranded -sheet core surrounded by five helices.

Domain III, the catalytic domain (residues 476-777), is comprised of two repeating oo
structures that are aligned in such a way as to create a ‘pita-bread’ fold.'?* This folded motif is
common among the M24 family of aminopeptidase and prolidase enzymes across a range of
species.’®® At the centre of this domain is a concave cavity in which lies the active site.
Additionally, domain III contains the residues involved in forming the dimerization interface
between the two monomers of PfAPP (Figure 22). The same residues from each monomer are
involved in forming the critical contacts, meaning the dimerization is pseudo-symmetrical. Whilst
hydrophobic interactions between the catalytic domains dominate the dimerization, salt bridges
and hydrogen bonds also contribute. Two salt bridges are formed between residues Arg608 of one
monomer and Glu629 on the opposite monomer. Two hydrogen bonds are also observed between
Tyr617 and Asp637 of opposing monomers at the edge of the dimerization interface. Three

identical Phe residues from each monomer (Phe625, Phe632 and Phe635) represent the driving
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force of dimerization. Together, these six residues align themselves along the entire interface, and
extend into cavities on the opposite monomer to form hydrophobic interactions. Phe625 interacts
with 11e626, Ala622, Leu623, Thr618 and Val612; Phe632 with Ala615, Phe614 and Tyr706;

Phe635 with the corresponding Ile613, the aliphatic chains of Lys398 and Glu699, and the ring of

el Phe63s® |

Tyr706.

Arg6088

" Phe625A

Figure 22: Dimerization interface between the two chains of PfAPP (PDB ID: 5JQK), colored
according to chain (chain A colored green, chain B colored blue).!? The key residues involved in
forming the dimerization contacts are shown as sticks and labeled accordingly. Electrostatic
interactions between the dimerization residues are displayed as yellow dashed lines. Image

generated using PyMOL.!?
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Active site

The PfAPP active site is located in domain III and is linked to two openings: one extends into
the interior of the dimer structure, whereas the second extends out to the exterior of the enzyme.'?’
The second opening (~10 A wide) is narrower than the first and is formed via the interface between
the three domains. Two active site manganese (II) ions (Mnl and Mn2) are known to be involved
in catalysis.?”!31132 Mn]1 is coordinated by Asp570, Asp581, Glu690, whereas Mn2 is coordinated

by Glu676, His644, Asp581, Glu690.'%

The PfAPP active site is highly specific for the cleavage of Xaa-Pro bonds

APP specifically cleaves the N-terminal amino acid from peptides with Pro in the P,' position.
The Xaa-Pro peptide bond is resistant to hydrolysis by peptidases with broad substrate specificity
as a consequence of the conformational rigidity conferred by the Pro side chain that is part of a
five-membered ring that includes both the Ca and the amino nitrogen atom.'?” PfAPP is the only
malaria parasite peptidase known to cleave Xaa-Pro substrates, thus supporting the hypotheses that

the enzyme plays a critical role in Hb catabolism and parasite survival.>%!%

PfAPP localizes to both the parasite cytosol and the food vacuole

PfAPP is unique in respect to most other P/MAPs in that it is localized to both the FV and the
cytosol of the parasite, suggesting catabolic roles in these locations, a view supported by the
demonstration of strong catalytic activity at both the acidic (pH 5.5) and neutral (pH 7.5) pH of
the respective compartment environments.’®3’” In contrast, human cytosolic APP1 is rather

unstable at pH 5.5.%°

Development of inhibitors towards PfAPP

Apstatin (31, Figure 23), a short peptide inhibitor of both human APP and PfAPP comprises a
tripeptide and the N-terminal (25,3R)-3-amino-2-hydroxy-4-phenyl-butanoic acid (AHPB) group

of bestatin.!?>133-13¢ The tripeptide sequence is based on the specificity of APP for Pro in the Py’
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position, and the increased inhibition observed from a tetrapeptide sequence. Apstatin was
determined to be a weak inhibitor of PfAPP, with ICso value of 20.2 + 1.2 uM that is similar to that

reported for human APP1 and APP2.'%
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Figure 23: Apstatin.'?

The crystal structure of apstatin bound to PfAPP (Figure 24, PDB ID: 5JR6) has also been
solved.!? The hydroxyl group of the AHPB binds to both catalytic Mn(II) ions at the active site
and the carbonyl group between the Py and P;’ residues interacts with His653. It was found that
the Si’ subsite of PfAPP is highly optimized for the binding of Pro: three His residues (His640,
His653 and His551) shape this site, introducing a slight bend in the binding site between the S;
and S;’” pockets, making it specific for Pro.!?° There are no discernible interactions between the
enzyme and apstatin at, and beyond, the Sy’ subsite indicating a less defined and more open
substrate binding site at this point. Improving the interactions made between the inhibitor and

PfAPP in the Sz’ and S3’ subsites may offer opportunities to improve inhibitor potency.
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Figure 24: Binding pose of apstatin (31, purple) in the active site of PFAPP (PDB ID: 5JR6). The
molecules are colored according to atom. The catalytic Mn(II) ions are shown as blue spheres.
Polar interactions are indicated by yellow dashed lines. Interactions between the Mn(II) ions and

the inhibitor or the enzyme are shown as multi-colored dashed lines. Image generated using

PyMOL.!*

PfAPP is clearly an attractive target for inhibitor development because it is essential for parasite
survival, however apstatin is a relatively weak inhibitor and, as yet, a more potent analogue of 31

has not been developed.

Selectivity

Achieving inhibitor selectivity between PfAPP and the human APP orthologs (cytosolic hAPP1
and the ectopeptidase hAPP2) is an important objective, but may present a significant challenge
since the catalytic domains of PFAPP and hAPP1 are well conserved.'?’ This includes conserved
Siand Si’ subsites, as well as an identical di-metal ion arrangement. The X-ray crystal structure
of PfAPP in complex with apstatin identifies the binding mode of the inhibitor, but the crystal
structure of hAPP1 in complex with apstatin has not yet been solved. Despite this, differences in

the properties of the S>” subsites have been identified which may offer the potential for realizing

51



selective inhibitor design.'” In hAPP1, a ten-residue loop on the periphery of the dimerization
interface directs Lys507 into the S»” binding subsite. In contrast, the equivalent loop in PfAPP is
only eight residues in length and is positioned further from the binding site. As a result of this, the
P>> Pro of apstatin and Lys507 present a clash when the binding pose generated from the
apstatin: PfAPP crystal structure was placed into the hAPP1 binding site.!?” In addition, hAPP2 is
unable to cleave substrates with bulky P>’ residues. This observation suggests that inhibitor

selectivity could be introduced through tuning of the P>’ residue.!?’

Directions for future progress

The need for new antimalarial drugs is urgent to combat the appearance of drug-resistant strains
of Pfparasites that threaten the effectiveness of current therapeutic approaches. The gold-standard
for treatment of Pf malaria involves the use of ACTs and has been successfully implemented for
many years. The emergence of resistance to ACTs in South-East Asia, and, more recently Africa,
presents a significant challenge for controlling the burden of malaria.'*'3” Should the efficacy of
ACTs become significantly reduced, there are currently no replacement therapies against Pf
malaria.

To address the increasing concerns about drug resistance, new antimalarials are required with
novel modes of action to minimise the risk of cross-resistance. Release of the Pf malaria genome
sequence in 2002 has provided a wealth of genomic information of value in selecting potential
new target proteins, primarily enzymes and membrane transporter proteins, for molecular
characterization and validation.*® The vital role of proteases in providing Hb-derived amino acids
for parasite protein synthesis during the erythrocytic stages of the malaria life-cycle has attracted

much attention to these enzymes as druggable targets. Importantly, protease catalytic mechanisms

52



are well understood and can be readily exploited in the design of selective inhibitors. Pf
aminopeptidases play critical roles in the final stages of converting Hb-derived peptides to free
amino acids for parasite protein synthesis, and several have been validated as promising targets.*
Work in recent years producing active recombinant forms of the aminopeptidases and solving the
X-ray crystal structures has also enabled a more guided and focused approach to drug
development. In addition, the development of robust in vitro assay procedures and small animal
models in order to study the effectiveness of new antimalarial agents has been a major step forward
in the drug development process.'®

Previously, antimalarial drugs have been identified through the use of in vitro or animal models
and so the exact target of the drug is unknown.* As such, the mechanisms for development of
resistance are also not fully understood. In order to prevent this in the future, a more rational
approach to development of inhibitors against a known target is the preferred strategy. While a
number of inhibitors against the various aminopeptidases have been identified to date, many
display limitations in areas such as in vitro potency, PK parameters and host toxicity. Nonetheless,
the recent progress made in the characterization of critical Pf proteases, especially the
metalloaminopeptidases, and the identification of potent inhibitors bodes well for the development
of small molecule inhibitors as the basis for novel antimalarial therapies against drug-resistant
strains. Recent advances in artificial intelligence (Al) and machine learning (ML) techniques may
prove important computational tools for the future development of antimalarials.!>® Al has already
found success in identifying promising drug compounds to treat diseases such as cancer and motor
neurone disease.!*’ Use of these techniques could reduce the time and costs of the drug discovery
process, along with reducing the rate of drug attrition and improving overall efficiency by enabling

more accurate predictions of PK parameters and toxicity.'>14!
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Due to the ability of Pf parasites to rapidly develop resistance against antimalarial drugs there
has been increased interest in developing drugs with novel mechanisms of action, which can be
used in combination therapy to reduce the risk for the development of resistance towards them.
The development of hybrid inhibitors of the P/A-M1 and PfA-M17 aminopeptidases, such as those
described in figures 18 and 19, illustrates the potential for this strategy. Here, the similarity
between the enzyme substrate specificities has been exploited for the development of hybrid
inhibitors and since both enzymes have been proven vital for parasite survival, inhibition of both
enzymes with a single drug compound represents a highly desirable strategy for antimalarial drug
development.

A major factor which has slowed the development of novel antimalarial drugs is the large
discrepancy often seen between the potency of the inhibitor against the free enzyme and the
potency against parasite growth. This issue has been noted in several studies highlighted within
this review and is a trend which is not fully understood. There have been suggestions as to why
this occurs, including poor permeability of the inhibitor limiting the uptake of the drug and thus
preventing it from reaching the site of action, however this has been found to not always be the
case and requires further investigations to aid the development of new antimalarials.

In April of this year, the World Health Organization (WHO) Strategic Advisory Group on
Malaria Eradication (SAGme) published a report highlighting six key areas which are fundamental
for the eradication of malaria.'** These areas included: reinforcing the Global technical strategy
for malaria 2016-2030; research and development for new tools; access to affordable, high quality,
people-centered health care and services; adequate and sustained financing; strengthened

surveillance and response; and engaging communities. Whilst these strategies alone will not
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eradicate malaria, the implementation of strategies to aid in the fight against malaria in conjunction

with new antimalarial drugs and vaccines is key to achieve the goal of malaria eradication.

Conclusion

The emergence of resistance to current treatments has led to significant interest in the
development of novel antimalarial drugs. One area which has been highlighted as providing
promising targets for novel therapies is the inhibition of the malaria parasite MAPs. Within Pf, the
MAPs are believed to have an essential biological role and so inhibition of these enzymes presents
an attractive strategy for combatting drug-resistant malarial species. Production of functionally
active recombinant constructs of these aminopeptidases, along with their corresponding X-ray
crystal structures have enabled for detailed structural analysis to be carried out. In addition to this,
analysis of the active site architecture has enabled for a more rational approach to drug design and
optimisation of inhibitors. In some cases, knowledge of the active site structure of the malarial
enzyme and the corresponding human ortholog has allowed for investigations into designing
selective inhibitors towards the parasite. In the case of P/A-M1 and PfA-M17 in particular, the
identification of a basic core, around which a series of optimizations have been undertaken, has
allowed for the identification of potent and selective lead compounds. The possibility of
developing a potent, selective inhibitor towards one (or more) of the malarial MAPs remains an

attractive approach to developing novel antimalarial drugs.
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