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The etiological agent of the most dangerous form of malaria, Plasmodium falciparum, has developed resis-
tance or reduced sensitivity to the majority of the drugs available to treat this deadly disease. Innovative
antimalarial therapies are therefore urgently required. P. falciparum serine protease subtilisin-like prote-
ase 1 (PfSUB1) has been identified as a key enzyme for merozoite egress from red blood cells and inva-

sion. We present herein the rational design, synthesis, and biological evaluation of novel and potent
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difluorostatone-based inhibitors. Our bioinformatic-driven studies resulted in the identification of com-
pounds 1a, b as potent and selective PfSUB1 inhibitors. The enzyme/inhibitor interaction pattern herein
proposed will pave the way to the future optimization of this class of promising enzyme inhibitors.

© 2014 Elsevier Ltd. All rights reserved.

Malaria is a plague that mainly afflicts the populations of low-
income countries located in tropical and subtropical areas of the
world. According to WHO data, malaria kills around 660,000 peo-
ple and causes 203 million new infections each year.! Despite
recent increases in total funding allocated by public and private
organizations, the elimination of malaria remains a distant goal.?
One of the main obstacles to malaria eradication is the emergence
of strains of Plasmodium falciparum—the etiological agent of the
most virulent form of malaria—that are resistant to existing anti-
malarial chemotherapeutics.> Artemisinin-based combination
therapy (ACT) is a therapeutic regimen useful for the treatment
of drug resistant P. falciparum strains and is characterized by low
liability of selecting drug resistant parasites. The implementation
of ACTs, coupled to appropriate preventive measures, raised some
optimism within the scientific community towards effective con-
trol of the disease. However, this enthusiasm has been lowered
by recent reports of reduced sensitivity of P. falciparum strains to
ACTs.” In the face of this worrying scenario, the identification of
new drugs with innovative mechanisms of action emerges as one
means to effectively combat infection and parasite resistance.” In
recent years a number of small molecules arising from phenotypic
screens or directed against novel targets have entered the drug
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discovery and development pipelines. However, no antimalarial
drugs with truly new mechanisms of action have been introduced
into therapy recently.’

Proteases represent a broad class of drug targets that has been
widely exploited for the development of chemotherapeutics useful
for the treatment of a number of metabolic and/or infectious dis-
eases. Among the various classes of proteases, only recently have
serine proteases been fully exploited for their potential as drug tar-
gets.%” Several proteases of P. falciparum have been identified as
potential therapeutic targets. Among them, the serine protease P.
falciparum subtilisin-like protease 1 (PfSUB1) has emerged as a
key enzyme playing a critical role in two essential steps of the life
cycle of P. falciparum: egress and invasion.®~'" The lifecycle of P. fal-
ciparum involves a mosquito and a human stage of development.
The human stage can be in turn divided into an asymptomatic exo-
erythrocytic phase and a symptomatic asexual erythrocytic phase.

During this latter phase, the parasite invades and multiplies
within red blood cells (RBCs), passing through successive develop-
mental forms known as ring, trophozoite, and schizont stages.
Eventual segmentation of the schizont produces 16-32 mature
merozoites. Upon rupture of the RBC, the merozoites escape in a
process known as egress, and invade new RBCs.® Egress is an active,
highly regulated event involving rupture of both the parasitophor-
ous vacuole (PV) membrane (that encloses the parasite within the
RBC) and the RBC membrane.® The timing of egress is critical for
parasite survival since premature egress of non-segmented
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schizonts or immature merozoites is fatal for the parasite.'!
PfSUB1 is released in the PV space just prior to egress where it
mediates the proteolytic maturation of a family of PV proteins
called SERA.'° Moreover, PfSUB1 processes several merozoite sur-
face proteins (MSP1, MSP6, and MSP7) thus priming the merozoite
for the subsequent invasion step.’ Inhibition of PfSUB1 activity or
discharge prevents SERA maturation and blocks egress and the
resulting merozoites are defective in invasion.'®!! These studies
convincingly point to PfSUB1 as a promising drug target to be val-
idated for the development of innovative antimalarial therapies.

To date, few PfSUB1 inhibitors have been described by us and
others.'%'2~1 Poor potency, lack of selectivity, or poor cell perme-
ability are the main issues in most cases. Covalent peptidyl o-
ketoamide inhibitors based on authentic substrates of the protease
have also been recently described.!®> With the aim of developing
more potent and selective PfSUB1 inhibitors we started with the
generation of a homology model of the enzyme. Very recently,
during the revision of the manuscript, the PfSUB1-prodomain-
NIMP.M7 Fab complex has been released, PDB ID: 4LVN.'®
Originally, to rationally design the novel inhibitors we analyzed
the binding mode of the decapeptide KITAQ|DDEES, derived from
the cleavage sequence of the PfSUB1 substrate SERA4st1 (details
concerning our rational design based on the homology model
was provided in Supplementary data; Figs. S1-S13). Notably, acidic
amino acids are present at the prime-side of all PfSUB1 cleavage
sequences identified so far.'>'°® In earlier predictions'®'® and our
model, the P1’ aspartate of the decapeptide was predicted to form
an interaction with the PfSUB1 residue K465. Our inhibitor design
approach consisted of maintaining the natural P-side sequence of
the decapeptide, whilst replacing the cleavable peptide bond with
an electrophilic carbonyl group. In order to reproduce in our inhib-
itor the key interaction between the carboxylic function of the P1’
residue and K465, a difluorostatone moiety was envisaged as hav-
ing the appropriate length to project an N-terminal carboxylic
group toward K465. Fine-tuning of the distance between the elec-
trophilic carbonyl group and the N-terminal carboxylic moiety was
accomplished through the synthesis of both 1a and 2, differing in
the length of the linker. Once we established the optimal size of
the linker, the molecular weight of inhibitor 1a was progressively
reduced by eliminating amino acid residues at the P-side
(Scheme 1).

The synthesis of PfSUB1 inhibitors 1a-c and 2 is described in
Scheme 2. Enantiomerically pure'” aldehyde 4 was obtained from
the commercially available Boc-protected amino acid 3 via
LiAlHs-mediated reduction of a N,0-dimethylhydroxamide
(Weinreb amide) intermediate. Formation of the Weinreb amide
was accomplished in quantitative yield by coupling 3 and
N,O-dimethylhydroxylamine in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and hydroxybenzotria-
zole (HOBt). Aldehyde 4 was submitted to the Reformatsky
reaction protocol using ethyl bromodifluoroacetate and activated
zinc in refluxing THF to furnish alcohol 5 as a mixture of diastere-
oisomers.'®!? Ethyl ester 5 was hydrolyzed with a 0.25 N solution
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Scheme 1. Difluorostatone-based inhibitors 1a-c, 2.
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Scheme 2. Synthesis of difluorostatones 1a-c and 2. Reagents and conditions: (a)
N,0-dimethylhydroxylamine hydrochloride, EDC, HOBt, DIPEA, dry DCM, 0-25 °C,
17 h; (b) LiAlH,, dry THF, 0 °C, 20 min; (c) ethyl bromodifluoroacetate, zinc dust, dry
THF, from 25 °C to reflux, 30 min; (d) 0.25 N solution of LiOH, MeCN, 25 °C, 2 h; (e)
H-Gly-OBn-HCI (for 7a) or H-BAla-OBn-HCl (for 7b), HATU, DIPEA, dry THF, from O to
25 °C, 14 h; (f) (i) 7a, b, TFA/DCM, 25 °C, 2 h, (ii) 8a-c, EDC, HOBt, TEA, dry DMF, 0-
25°C, 12 h; (g) Dess-Martin periodinane, anhydrous NMP, from 0 to 25 °C, 1-24 h;
(h) Pd/C 10%, Ha, 40 °C, 12-48 h.

of LiOH and the free carboxylic acid was immediately coupled to
glycine or B-alanine benzyl esters in the presence of O-(7-aza-
benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophos-
phate (HATU) and N,N-diisopropylethylamine (DIPEA) in dry
N,N-dimethylformamide (DMF) to afford the desired difluorosta-
tine synthons 7a, b. In the following steps of the synthetic path-
way, statine-derivatives 7a, b were exposed to a 50:50 mixture
of trifluoroacetic acid (TFA) and dichloromethane (DCM) resulting
in Boc-deprotection and formation of the corresponding trifluoro-
acetate salts. These latter compounds were immediately coupled
with peptides 8a-c using EDC and HOBt as coupling agents in
dry DMF. Peptides 8a-c were prepared by means of microwave
assisted solid phase synthesis as described in the Supplementary
data. Oxidation of the resulting alcohols 9a-c and 10 with Dess-
Martin periodinane in anhydrous N-methyl-2-pyrrolidone afforded
difluorostatones 11a—c and 12 in good yields.'® Deprotection of the
benzyl groups was accomplished using Pd/C in a hydrogen atmo-
sphere (1 atm) providing the final compounds 1a-c and 2 in quan-
titative yields.

The inhibitory activity of the synthesized inhibitors and
selected intermediates against recombinant PfSUB1 (Table 1) was
assessed using a previously described fluorimetric assay.!®> The
design strategy of inhibitors, performed using a homology model
of PfSUB1 built adopting a multiple template-based homology
modeling approach, is reported in the Supporting information
(Figs. S1-513),13:16.20.21

Since the crystal structure of the PfSUB1 catalytic core (PDB ID:
4LVN'®) is now available, we compared it to our previously devel-
oped homology model. The superposition depicted in Figure 1
reveals the good quality of the developed PfSUB1 homology model
and validates our rational design approach. The sole difference
observed in the two models (Fig. 1) is the side-chain orientation
of Y427, which establishes an H-bond with K465 in the experimen-
tal structure.
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Table 1
Percent inhibition of synthesized inhibitors against PfSUB1 at 100 pM. For inhibitors displaying >50% activity, the ICso value is also reported
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The reliability of our studies performed with PfSUB1 homology
model, and the output obtained for the developed inhibitors (see
Supplementary data) were also evaluated by means of docking
studies (GOLD software??) performed on the crystal structure of
PfSUBI1. As expected, the binding poses found for all compounds
analyzed and herein reported are in perfect agreement with the
results obtained by the docking studies on the homology model.

The output of docking protocol for 1a into the PfSUB1 crystal
structure is depicted in Figure 2.

In the binding cleft of PfSUB1, 1a maintains a series of interac-
tions with key residues of the enzyme already observed as crucial
for the binding of the crystallized substrate.'® In particular, 1a is
engaged in H-bonding with S492, S519, G467, and H428, while
K465 is engaged in a H-bond interaction with the difluorostatone
amidic carbonyl. The free acidic function of 1a establishes a series
of H-bonds with R600, Y427 and K465. The formation of these polar

contacts, along with 1a favorable binding conformation, account for
its very high binding score (93.56) with respect to the score found
for the SERA4st1 (76.89, Fig. S1). Since docking score is not predic-
tive in terms of the binding affinity, this latter was calculated by the
estimation of the free-binding energy (AGpina) by means of Prime
MM/GBSA?® using the docked pose belonging to the most populated
cluster (Fig. 2). The calculated AGpinq of —127.54 kcal/mol revealed
the high affinity of 1a for the PfSUB1.

The same docking protocol using the crystal structure of PfSUB1
core was applied to inhibitor 2, bearing a longer linker between the
carboxylic acid and the difluorostatone moiety. As reported in Fig-
ure 3, compound 2 is not able to reproduce the strong pattern of
interaction found for 1a. Indeed, only the central portion of inhib-
itor 2 establishes H-bonds with K465 and S492. Both the Goldscore
rate (75.41) and AGpinq value of —81.12 kcal/mol, confirm the
lower affinity of 2 than 1a for PfSUB1.
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Figure 1. Superposition between the catalytic cleft of PfSUB1 obtained by
homology modeling procedure (cyan cartoon) and of PfSUB1 crystal structure
(yellow cartoon; PDB ID: 4LVN). The catalytic triad (S606, H428, D372) is
represented by sticks. At the right bottom of the picture is highlighted the
difference between the orientation found for Y427 in the homology model (cyan
sticks) and in the crystal structure of PfSUB1 (yellow sticks). Molecular graphics
were generated by PyMOL. Hydrogens were removed for the sake of clarity.

Figure 2. Docked pose of 1a (light pink sticks) in the cavity of the PfSUB1 (PDB ID:
4LVN). H-bonds are indicated by yellow dotted lines. Molecular graphics were
generated by PyMOL. Nonpolar hydrogens were omitted for clarity.

Figure 3. Docked pose of 2 (light yellow sticks) in the cavity of the PfSUB1 (PDB ID:
4LVN). H-bonds are indicated by yellow dotted lines. Molecular graphics were
generated by PyMOL. Nonpolar hydrogens were omitted for clarity.

A notable difference between the binding mode of 1a and 2 is
the distance of the electrophilic carbon of the difluorostatone moi-
ety from the catalytic S606 (Figs. S5 and S9), which is 5.0 A for 1a

R600

Figure 4. Minimized tetrahedral complex of PfSUB1/1a (light pink sticks). H-bonds
are indicated by yellow dotted lines. The active site of PfSUB1 is represented by
lines. Nonpolar hydrogens were removed for the sake of clarity.

and 8.6 A for 2. Since difluorostatone is known to be a transition-
state analogue, the distance of 5.0 A displayed for 1a from S606
is critical for an inhibitor/active site correct interaction. In fact
difluorostatones inhibit serine proteases through a mechanism in
which the electrophilic carbonyl group of the difluorostatone moi-
ety, activated by the electron-withdrawing fluorine atoms, under-
goes a nucleophilic attack by the active site serine forming a
hemiketal tetrahedral intermediate.”**" In our series of inhibitors,
this mechanism is also confirmed by the lack of activity at 100 uM
of the statine-derivatives 9a, b (11a vs 9a and 11b vs 9b in Table 1).

To gain insight into the formation of the tetrahedral intermedi-
ate for predicting the binding mode of 1a, a molecular model of the
PfSUB1/1a tetrahedral complex was generated using a covalent
docking protocol (GOLD).?°-2° As shown in Figure S9, a semiempir-
ical calculation of ESP charge distribution confirmed that the C5 of
1a is more electrophilic, and so more susceptible to nucleophilic
attack from the oxygen of S606. The docked pose of 1a into the cat-
alytic site of PfSUB1 crystal structure was chosen as the starting
point for the covalent docking procedure. As shown in Figure 4,
the tetrahedral intermediate is stabilized by the formation of novel
H-bond interactions with specific amino acid residues, thus result-
ing in an overall fine-tuning of the binding conformation of 1a
within the binding cleft and in the generation of a more stable
complex. Comparing the binding poses of 1a after the docking pro-
tocol (Fig. 2) and in the covalent docking simulation (Fig. 4), the
lack of an H-bond with R600 and the formation of a new contact
with N603 at the P’-side of 1a is evident, due to a deeper incorpo-
ration of 1a into the catalytic site. Instead, the contact of 1a with
H428 is maintained during covalent docking simulation.

Residues at the P-side of 1a form strong H-bonds with K465 and
S492. The most important contacts are found within the difluorost-
atone moiety, in particular those formed by the hemiketal oxygen
with the oxyanion hole residue N520. A similar pattern of H-bond
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Figure 5. Docked pose of 1b (light green sticks) in the cavity of the PfSUB1 (PDB ID:
4LVN). H-bonds are indicated by yellow dotted lines. Molecular graphics were
generated by PyMOL. Nonpolar hydrogens were omitted for clarity.

contacts is known as essential for the stabilization of the tetrahe-
dral intermediate within the serine protease catalytic site.*° Qur
models of interaction clearly suggested that the P-side N-terminal
lysine moiety of both the natural substrate (Fig. S1) and of inhibitor
1a (Fig. 1) are not engaged in specific interactions with the enzyme.
This led us to speculate that removal of this lysine residue from 1a,
thus generating 1b, could be tolerated in terms of inhibitor potency.
Inhibitor 1b showed an inhibitory potency very similar to that of 1a
(Table 1), in agreement with its docking output (Fig. 5) showing a
similar pattern of interaction with respect to 1a (H-bonds with
R600, Y427, K465, H428, S492, and G467) and also a comparable
Goldscore (88.19) as well as the AGping (—119.10 kcal/mol). As
expected, removal of the N-terminal lysine-isoleucine dipeptide
(1c) abolished inhibitory activity (Table 1).

Compounds 1a,b did not show activity against the mammalian
proteases trypsin and chymotrypsin, while inhibitor 1a showed
good potency against the bacterial subtilisin Carlsberg protease
(ICsp = 0.3 uM) thus indicating an interesting selectivity of these
inhibitors for parasite over mammalian proteases. Experiments
on the effect of inhibitors 1a,b on schizont egress are in progress
and will be communicated in due course.

In conclusion, we have successfully developed a novel series of
potent peptidyl PfSUB1 inhibitors bearing a difluorostatone moiety
as transition-state mimetic. Compounds 1a,b are among the most
potent and selective inhibitors of PfSUB1 reported in the literature.
A sound homology model of PfSUB1 was generated and compared
with the crystal structure of the enzyme. Our studies will pave the
way to the next optimization of peptidomimetics to confirm
PfSUBI1 as a target for the development of innovative antimalarial
agents.
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