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The Plasmodium falciparum proteasome is a potential antimalarial
drug target. We have identified a series of amino-amide boronates
that are potent and specific inhibitors of the P. falciparum 20S pro-
teasome (Pf20S) p5 active site and that exhibit fast-acting antima-
larial activity. They selectively inhibit the growth of P. falciparum
compared with a human cell line and exhibit high potency against
field isolates of P. falciparum and Plasmodium vivax. They have a
low propensity for development of resistance and possess liver
stage and transmission-blocking activity. Exemplar compounds,
MPI-5 and MPI-13, show potent activity against P. falciparum infec-
tions in a SCID mouse model with an oral dosing regimen that is
well tolerated. We show that MPI-5 binds more strongly to Pf20S
than to human constitutive 20S (Hs20Sc). Comparison of the cryo-
electron microscopy (EM) structures of Pf20S and Hs20Sc in complex
with MPI-5 and Pf20S in complex with the clinically used anti-cancer
agent, bortezomib, reveal differences in binding modes that help to
explain the selectivity. Together, this work provides insights into
the 20S proteasome in P. falciparum, underpinning the design of
potent and selective antimalarial proteasome inhibitors.

Plasmodium | proteasome | antimalarial drug | peptide boronate | cryo-EM

ach year, Plasmodium falciparum (Pf) malaria infects at least

200 million people and causes more than 400,000 deaths (1).
Alarmingly, after a decade of gains, progress in tackling malaria has
plateaued (1). A major concern is that current antimalarial control is
highly dependent on artemisinin-based combination therapies, which
are associated with a cure failure rate of ~50% in some regions in
Southeast Asia (2). A rise in resistance-associated mutations in
Rwanda (3) may presage spread of resistance to Africa. New com-
pounds with potent activity against all stages of the parasite cycle are
needed to feed the antimalarial drug development pipeline.

As an organism that grows rapidly in oxidatively stressed niches,
malaria parasites are particularly susceptible to compounds that
compromise proteostasis. The Plasmodium proteasome is an ex-
perimentally validated drug target, with a number of studies showing
that proteasome inhibitors rapidly kill parasites at different stages of
development (4-12). Importantly, proteasome inhibitors strongly
synergize artemisinin-mediated killing of Pf cultures (in vitro) and
murine Plasmodium parasites (in vivo) (9-11).

PNAS 2021 Vol. 118 No. 39 €2107213118

The proteasome plays an important role in cellular homeostasis—
degrading abnormal, damaged, and short-lived proteins. The inside
of the barrel-shaped 20S proteasome complex has six proteolytic
active sites, comprising two copies each of three distinct types,
termed p1 (caspase-like), B2 (trypsin-like), and f5 (chymotrypsin-like).

Significance

Here, we describe inhibitors of the Plasmodium proteasome, an
enzymatic complex that malaria parasites rely on to degrade
proteins. Starting from inhibitors developed to treat cancer,
derivatives were designed and synthesized with the aim of
increasing potency against the Plasmodium proteasome and
decreasing activity against the human enzyme. Biochemical
and cellular assays identified compounds that exhibit selectiv-
ity and potency, both in vitro and in vivo, at different stages of
the parasite’s lifecycle. Cryo-electron microscopy revealed that
the inhibitors bind in a hydrophobic pocket that is structurally
different in the human proteasome—underpinning their se-
lectivity. The work will help develop antimalarial therapeutics,
which are desperately needed to treat a disease that kills
nearly half a million people annually.
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Previous work showed that inhibition of Pf p5 activity is crucial
for parasite killing (11, 13). By contrast, inhibition of human
constitutive B5 activity is tolerated in nonmalignant cells, if p2c
activity is maintained, thereby providing a therapeutic window
(7, 13, 14).

Medicines for Malaria Venture (MMYV) has published Target
Product Profiles for antimalarial compounds. They recommend
that new compound classes show activity against all parasite stages
and against drug-resistant parasites, preferably with a mechanism
of action that is different from currently deployed compounds
(15). New drugs should preferably act rapidly and exhibit phar-
macokinetic (PK) properties that will enable complete parasite
clearance, ideally with a single oral dose (15).

We previously reported a screen of a library of peptidyl boronic
acids inhibitors of the human proteasome and identified hits that
inhibit parasite growth. These dipeptide inhibitors show a range of
selectivities for inhibition of the growth of Pf compared with human
cell lines (11) and exhibit similar physicochemical properties to
bortezomib (VELCADE), which is dosed weekly, intravenously, or
subcutaneously, in the clinical treatment of multiple myeloma (16,
17). While dipeptide boronates are considered to have favorable
safety and efficacy profiles in a cancer setting, enhanced selectivity
and oral bioavailability is desired for the treatment of malaria.

Here, we describe a medicinal chemistry program that, coupled
with structural biology and biochemical approaches, explores the
potential of a series of amino-amide boronates (containing a single
amide bond in the backbone) for development as antimalarials.
We have identified compounds that exhibit rapid, potent, and
selective action against Pf, including drug-resistant strains, and
display oral efficacy in a mouse model of Pf malaria.

Results and Discussion

Design and Synthesis of a Series of Amino-Amide Boronates. The
Plasmodium proteasome is a well-validated target for multistage
antimalarial activity. A major challenge for this target is to identify
compounds that possess potent activity against malaria parasites
while achieving a suitable level of selectivity versus the human
proteasome and having physicochemical properties compatible
with oral administration. In our previous study (11), we identified
Malaria Proteasome Inhibitor-1 (MPI-1; Table 1) as an exemplar
hit from a screen of a Takeda Pharmaceuticals peptide boronate
library. MPI-1 has a dipeptide backbone, similar to that of bor-
tezomib, and is not expected to have good oral PK properties.
Here, we identified boronate inhibitors with a single amide-bond
backbone, which in general have better physicochemical proper-
ties and, therefore, are expected to have greater permeability and
oral bioavailability. We found that these compounds retained
significant potency against Pf20S, and we generated a series of
compounds to explore structure activity relationships for these
Pf20S-targetted inhibitors (Table 1).

An exemplar synthesis of our boronate inhibitors is shown in
Fig. 1. Biphenyl bromomethane was converted to the corre-
sponding amino boronate pinane ester 1 in six steps (S Appendix).
Amide coupling resulted in the pinane ester boronate of MPI-5,
which was used for our enzymatic and cellular assays as the pinane
ester is readily hydrolyzed in aqueous media. For in vivo work, the
citrate ester of MPI-5 was prepared in two steps, as shown (Fig. 1).

Optimization of the Assay for Inhibitors of Pf g5 Activity. The ability
of the compound set to inhibit the pS subunit (chymotrypsin-like)
activity of 20S purified from Pf and Homo sapiens (Hs) constitutive
20S was assessed based on cleavage of the fluorogenic peptide,
amino-4-methylcoumarin (Ac-WLA-AMC), in the presence of
human activator complex (PA28ap) (11). In previous work, a Tris-
based buffer has been employed for analysis of Pf20S p5 (10, 11),
but incomplete inhibition of activity was often observed. We
compared different buffers and found that a Hepes-based buffer
(20 mM Hepes pH 7.4, 0.5 mM ethylenediaminetetraacetic acid
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[EDTA], and 0.01% bovine serum albumin [BSA]) enhances the
potency of the inhibitor set at the Pf20S p5 active site and permits
more complete inhibition (S Appendix, Fig. S1 and Table S1). We
employed the Hepes-based buffer for all further analyses of p5
activity. Where incomplete inhibition was still observed, we report
the inhibition data as the concentration of compounds giving 50%
inhibition of the total inhibitable p5 activity.

Biphenyl Substitution at P1 Is Associated with Enhanced Activity.
Activities of the compound set as inhibitors of substrate hydroly-
sis by Pf20S B5 and Hs20S p5Sc were compared with activities
against Pf cultures (3D7 strain) and the HepG2 human cell line.
As reported previously (11), bortezomib is twofold more potent as
an inhibitor of HspS5c activity than of PfB5 activity (Table 1).
Nonetheless, bortezomib inhibits growth of Pf more than the
HepG2 cell line (selectivity index of 1.7-fold; Table 1). This dif-
ference is likely due to the particular sensitivity of Pf to inhibition
of 20S p5 (7, 10).

In agreement with our previous report (11), MPI-1 is a
much-less-efficient inhibitor of both PfB5 and Hsp5Sc activity in
comparison to bortezomib (Table 1). MPI-1 inhibits growth of Pf
less potently; but shows much better cellular selectivity than
bortezomib (Cellular selectivity index of 49-fold; Table 1).

As part of a synthetic campaign, we examined the effect of
extending the aryl ring at P1 of MPI-1 to generate a biphenyl P1
substituent (MPI-6; Table 1). In the context of the dipeptide
backbone, this was associated with greatly increased activity
against PfpS (50% inhibitory concentration [ICsg] = 3 nM), and
MPI-6 exhibited good selectivity compared with Hsp5c (ICsy = 34
nM) (Table 1). As a consequence, MPI-6 exhibits ~18-fold higher
activity against 3D7 compared to MPI-1 and exhibits very good
selectivity compared with HepG2 (323-fold; Table 1). This in-
creased potency is associated with an increase in lipophilicity
(AlogP; SI Appendix, Table S2) but also an increase in molecular
mass. Building on the increased affinity offered by the biphenyl
moiety, we sought to move to a single amide-containing backbone
in an effort to generate a series with improved physicochemical
properties and potentially good PK properties.

Amino-Amide Boronates Exhibit Enhanced Physicochemical Properties,
Good Activity, and Specificity. Among the various alterations ex-
plored, we found that removal of the terminal amide of MPI-1 and
cyclization of the alanine side chain were both tolerated but did
result in decreased enzymatic and cellular inhibition potency
(MPI-7; Table 1). Potency and selectivity were improved by in-
creasing the size of the P1 substituent from a phenyl to biphenyl
moiety, yielding MPI-5 (Table 1) as a 5-nM inhibitor of PfB5 and a
21-nM inhibitor of 3D7 culture growth. MPI-5 exhibited 17-fold
enzymatic selectivity and 125-fold cellular selectivity. We had
identified a series of inhibitors to explore.

Having established increased potency with the P1 biphenyl
substituent, we examined the effect of different substituents at both
the P1 and P2 positions. Alteration of the terminal phenyl ring with
substituents intended to increase solubility, such as pyridine (MPI-8)
and pyrazole (MPI-9), did not improve either the enzymatic or
cellular inhibition potency. Interestingly, although the observed
cellular selectivity increased for MPI-8, the enzymatic selectivity
did not.

We next explored the effect of modifications to the alkyl
pyrrolidine on potency and selectivity. Increasing the ring size
from pyrrolidine to piperidine (MPI-10) resulted in a decrease in
selectivity with little change in enzyme potency; however, the
potency against 3D7 increased—from 21 nM for MPI-5 to 9 nM
for MPI-10. Opening the ring and introducing a methyl ether
moiety to extend into the S3 pocket provided little improvement
of either enzymatic or cellular potency and seemed to be less
selective in cells (MPI-11 and MPI-12). We explored the effect
of stereochemistry in the S2/S3 pocket with an N-isopropyl
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Table 1.

Inhibitory activities of selected compounds against purified 20S and against Pf and mammalian cancer cell lines

Enzymatic Cellular
selectivity selectivity index
Pf20S B5 Hs20S B5c¢ Hs20S B5i (Hs B5c IC,/Pf  Pf3D7 LD, HepG2 HepG2 LD,/
Compound structure IC5, (NM) 1Cg (NM) 1C5o (NM) B5 1C,,) (nM) LD, (nM) Pf3D7 LD,
BTZ N 11+3(n=7) 6+3(n=28) 2.0+0.4*(n=3) 0.5 18+ 1 30 + 20* 1.7
S 4 ©
[NJ\KNJN g-OH
R :H OH
MPI-1 160+30(n=3) 154+3(n=23) 28 £6* (n=3) 0.9 55+3 2,670 £ 410 49
y © ( C
(Nj N&LN g-OH
04\ g/ R oy
MPI-5 O 5+2(n=4) 85+15(n=5) 24+9(n=5) 17 2142 2,620 + 240 125
,
MN g-OH
Hom
MPI-6 O 3+1(n=3) 34+9(n=3) 2 1 3+0.3 970 + 760 323
o g
NS N\)J\N 5-OH
oA g E
MPI-7 /(@ 215+9(n=3) 770+ 90 (n =3) 120 3.6 390 + 20 >25,000 >64
o
o on
MPI-8 B 15+4(n=3) 160+20(n=3) 28+5(n=4) 11 13+£1 2,950 + 440 227
W
[e]
MN -1
o om
MPI-9 e 42+6(n=3) 210+£20(n=3) 32+2(n=3) 5.1 13+1 2,390 + 120 184
SN
o
%‘j)LN -t
o on
MPI-10 O 10+1(n=3) 103+5(n=3) 20+3(n=7) 10 9+2 550+ 70 61
.
N Np O
o on
MPI-11 O 5+1(n=6) 71+5(n=6) 9+1(n=11) 14 70+ 3 3,120 +£ 310 45
e
\O/\/N\)LN g-OH
H
MPI-12 O 11+2(n=3) 171+25(n=4) 24+6(n=2) 16 100 + 30 1,480/1,330 14
o L
\O/\/N\AN g-OH
E T
MPI-13 O 12+2(n=3) 230+30(n=3) 24+5(n=12) 19 11+3 930+ 110 84
R on
MPI-14 630+ 100 (n=3) 100+50 (n=2) 13 32+2 4,270 £ 910 133

O 49 +8 (n=3)

Y\ 2
SRR

ICs values for the compound set against Pf20S and Hs20S B5c/B5i activity. For Pf20S p5-selective compounds, MPI-5 to 14, enzyme assay ICsq values are the

concentrations, resulting in 50% inhibition of the total inhibitable p5 activity. Data represent the mean + SEM and n is the number of independent
experiments. LDs, for toxicity against cell lines after 72 h. Data represent the mean + SEM for three independent experiments, each performed in triplicate
(3D7), and greater than two independent experiments (HepG2). BTZ = bortezomib.

*Data from ref. 11.
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Fig. 1. Synthesis of boronate analogs.

analog of the piperidine MPI-10 (MPI-13 and MPI-14). MPI-13
exhibited increased activity against both Hsf5c and Pfp5 com-
pared with MPI-14 as well as improved biochemical selectivity
(Table 1). It exhibited improved potency compared with both
MPI-14 and MPI-5 against the Pf culture (Table 1).

In summary, each of the biphenyl amino-amide boronates
exhibited enhanced activity against Pf 3D7 cultures compared with
MPI-1, achieving values similar to or better than those for bor-
tezomib, while the selectivity for Pf compared with HepG2 was
greatly improved relative to bortezomib and MPI-1 (Table 1). A
plot of activity in the PfB5 assay compared with the 3D7 assay
reveals a moderate correlation (SI Appendix, Fig. S24), suggesting
that factors such as membrane permeability also affect cellular
efficacy, as reported for inhibitors of the human proteasome (18).

Analysis of Activities against Different Constitutive and InmunoProteasome
Subunits. We assessed the activity of selected inhibitors against
the Pf Pl and B2 and Hs Plc and P2c subunits, using
Ac-nLPnLD-AMC and Ac-WLR-AMC as substrates. While
bortezomib exhibits moderate to strong inhibition of the 1 and
B2 subunit activities of both Pf20S and Hs20Sc, all other com-
pounds assessed exhibit no or very low inhibition of these activities
(ST Appendix, Table S3). In immune cells, the three active con-
stitutive proteasome subunits are replaced by “immuno” subunits
to form immunoproteasomes. Activities against Hs20S pli, p2i,
and pSi were assessed as previously described (19). Our amino-
amide proteasome inhibitors exhibited little activity against Hs20S
Bli and P2i (SI Appendix, Table S3) but higher activity against
Hs20S p5i (Table 1). It is important to note that selective inhibi-
tion of p5i by peptide boronates is not cytotoxic to immune cell
lines (20); however, it can inhibit human T cell activation (21) and
should be monitored during further development of this class of
proteasome inhibitors.

We employed a fluorescent activity probe (BMV037) that
contains an epoxyketone peptide scaffold based on the irre-
versible covalent inhibitor, carfilzomib (13), synthesized as pre-
viously described (11). Purified Pf20S was exposed to different
peptide boronates (10 pM) before residual proteasome activity
was detected by incorporation of BMVO037. In the absence of
inhibitor, the p5 and p2 subunits are labeled most efficiently, with
some label incorporated into the B1 subunit (S Appendix, Fig.
S2B, left lane), consistent with our previous report (11). All of
the inhibitors decrease labeling of the PfB5 subunit, consistent
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with preferential inhibition of the chymotrypsin-like activity (S
Appendix, Fig. S2B). An increase in labeling of the PfB2 subunit is
observed, potentially due to a small allosteric activation of the
Pfp2 active sites when inhibitor is bound in the Pf5 active sites,
as has been reported for the human enzyme (22).

Differences in Binding Kinetics Underpin Specificity. Peptide boro-
nates inhibit proteasome activity by binding into one or more of the
enzyme’s six active sites. The binding is stabilized by formation of a
coordinate covalent (dative) bond between the active site nucleo-
phile (the Oy atoms of the Thr1 residues in p1, 2, and B5 subunits)
and the boron atom in the inhibitors (23-25). The formation of the
dative bond is slow relative to the collision frequency giving rise to
time-dependent (i.e., slow binding) behavior seen in progress curves
of in vitro assays (SI Appendix, Fig. S2 C and D). On the other hand,
once formed, the dative bonds can be quite stable resulting in long
inhibitor residence times (several minutes to several hours) and
potent proteasome inhibition.

We monitored progress curves of Ac-WLA-AMC hydrolysis
(BS activity) upon addition of inhibitors. The rate constant for
approach to steady-state inhibition was measured as a function
of inhibitor concentration for MPI-5 and the potent Hs20S in-
hibitor, bortezomib (SI Appendix, Figs. S2 C and D and S3 and
Table S4). Inhibition of Hsp5c by MPI-5 is weaker than by bor-
tezomib, primarily because the dative bond formation is 17-fold
slower (SI Appendix, Table S4). Additionally, the residence time
of MPI-5 in the p5c active site of Hs20S is approximately one-
half that of bortezomib (SI Appendix, Table S4). The differential
kinetics parameters likely underpin the decreased toxicity of
MPI-5 compared with bortezomib against human cell lines.

By contrast, the rate of dative bond formation for MPI-5 with
Pf20S B5 is higher than for bortezomib and similar to that for borte-
zomib reacting with Hs20S pSc (SI Appendix, Figs. S2 C and D and S3
and Table S4). The data are consistent with the 14-fold-lower inhi-
bition of Hs20S p5c activity and the 2.2-fold more potent inhibition of
Pf20S B5 displayed by MPI-5 compared with bortezomib (Table 1),
likely underpinning the 125-fold cellular selectivity (Table 1).

Exemplar Amino-Amide Boronates Exhibit a Fast Killing Rate,
Cross-Species Anti-Plasmodial Activity, including against Drug-resistant
Strains, Field Strains, and Extraerythrocytic and Transmissible Forms, as
well as Synergy with Artemisinin. Different members of the com-
pound set, with a range of potencies, were assessed in a range of
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assays, based on availability of compound stocks and assay slots. We
chose MPI-11 for a broader analysis of activity against different
strains and at different life stages. We assessed the in vitro parasite
reduction ratio using a standardized method (26). When employed
at 10 times the inhibitory ICs, value, MPI-11 exhibited a fast killing
rate, similar to that observed for artesunate (S Appendix, Fig. S44).

Demonstrating activity against known resistant parasites is
critical when considering development of malaria therapeutic
agents. MPI-11 was tested against various Pf laboratory strains to
ensure activity against parasites resistant to historical antima-
larial drugs (27). Encouragingly, full activity was maintained
against all strains tested, irrespective of their resistance profile
and geographical origin, with respect to the sensitive strain NF54
(81 Appendix, Table S5). Similarly, no cross-resistance was ob-
served with representative antimalarial agents currently in de-
velopment (SI Appendix, Table S5). MPI-10 showed good
potency against Brazilian field isolates of Pf and Plasmodium
vivax asexual blood stages (SI Appendix, Table S5). Activity
against transmissible male gametes was assessed using the dual
gamete formation assay (PfDGFA) (28). Treatment of mature
(stage V) gametocytes with MPI-11 and MPI-13 inhibited male
exflagellation (SI Appendix, Table S5). MPI-11 inhibited the
exoerythrocytic stage of the rodent malaria parasite, Plasmodium
berghei, in a human hepatoma cell line (29), as measured by
decreases in sporozoite infection and liver schizont biomass,
suggesting activity early in liver-stage development, as well as
preventing hepatic merozoite formation. MPI-11 exhibited lim-
ited toxicity against HepG2 (S Appendix, Table S5). MPI-11 also
inhibited the development of Pf NF54 schizonts in primary hu-
man hepatocytes (30), and hepatic toxicity was not apparent (SI
Appendix, Table S5).

Bortezomib and MPI-1 were previously shown to exhibit
strong synergy with dihydroxyartemisinin (DHA) (9). Similarly,
MPI-5 exerted a pronounced synergistic interaction with DHA
against the early ring stages of the DHA-resistant, K13 mutant
isolate, Cam3.11"**T (ST Appendix, Fig. S4B).

Parasites Selected In Vitro for Resistance to MPI-12 Harbor a Pf20Sg5
Metd5lle Mutation. We exposed the Dd2-B2 clone (over a range
of 2 x 10° to 6 x 107 parasites) at 4.2 times the MPI-12 ICsq72n
concentration (SI Appendix, SI Methods). No resistant parasites
recrudesced. The selection was repeated with a 2 x 10° inocu-
lum. Parasites recrudesced on day 20 and were cloned by limiting
dilution. Dose-response profiling of four clones revealed
ICso(72ny shifts of ~14- to ~19-fold (SI Appendix, Fig. S4C and
Table S5). Whole-genome sequencing identified a Met45Ile
mutation in the mature form of Pf20S p5 in all clones (SI Ap-
pendix, Tables S6 and S7). The same mutation was previously
observed in parasites selected for resistance to bortezomib (11).
No copy number variants were evident in any of the selected
clones. The minimum inoculum for resistance that, for now, has
been estimated to be more than 6 x 107 and less than 2 x 10’
indicates a low propensity for resistance to MPI-12 (31). Despite
the difficulty of obtaining resistant parasites, we observed no
substantive difference in the growth rate of wild-type and
Met451Ile mutant parasites over a period of 21 d, as measured
using a mixed culture competition assay (32) (SI Appendix, Fig.
S4E).

MPI-12 dose-response assays with Cam3.II and V1/S gene-
edited lines expressing K13 wild-type or C580Y alleles (33)
confirmed no impact of K13 C580Y-mediated artemisinin re-
sistance on MPI-12 potency (SI Appendix, Fig. S4D and Table
S5). We extended the susceptibility assays to include parasite
lines resistant to the covalent vinyl sulfone proteasome inhibi-
tors, WLL-vs. and WLW-vs. (10, 33). Cross-resistance was ob-
served with V1/S parasites resistant to WLL-vs. and harboring
the p6 A117V mutation, showing an eightfold ICs, increase
relative to Dd2, indicating that mutations at the p5/p6 interface
can interfere with the binding of covalent inhibitors of f5 activity.
No cross-resistance was observed with Cam3.II parasites har-
boring the B5 A20S mutation. The p2 C31F mutant obtained
following WLW-vs. selection in V1/S parasites showed a three-
fold lower ICs, for MPI-12 (SI Appendix, Fig. S4D and Table S5).
This p2 C31F mutant was earlier observed to be hypersensitive to
WLL-vs. (33).
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Fig. 2. Amino amide boronates exhibit potent activity against Pf in vivo after oral dosing. (A and B) PK profiles over the first day for SCID mice engrafted
with human red blood cells infected with Pf following treatment with (4) MPI-5 at 50 mg/kg P.O. or (B) MPI-13 for 4 d at 25 mg/kg P.O. (C and D) Therapeutic
efficacy of (C) MPI-5 and (D) MPI-13 in the SCID mouse Pf model, dosed at 50 and 25 mg/kg P.O., respectively, in comparison with gold standard antimalarial,

chloroquine (CQ), dosed P.O. at 50 mg/kg.
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Amino-Amide Boronates Exhibit Good Oral Bioavailability and
Efficacy in an In Vivo Model of Pf Malaria. Compounds from this
series exhibit favorable physico-chemical and in vitro absorption,
distribution, metabolism, and excretion (ADME) properties,
including good kinetic solubility, Caco2 permeability, and met-
abolic stability (SI Appendix, Table S2). Four compounds from
the series, with different substituents at the P2 position (MPI-5,
MPI-10, MPI-11, and MPI-13), were profiled in rat PK studies
(at 1 mg/kg per os [P.O.] and intravenously [IV] as the citrate
esters). All four compounds showed promising bioavailability

ranging from 50 to 100%, with C,., values between 280 and
1,400 nM and clearance ranging from 25 to 42% of liver blood
flow (SI Appendix, Fig. S5A and Table S8). The half-lives for
these compounds were moderate (3.2 to 5.3 h) as were the vol-
umes of distribution (1.3 to 4.2 L/kg). Excretion of the parent for
all compounds in the 0- to 24-h urine sample was <1.56% of the
dose, indicating that renal clearance is a minor clearance
mechanism.

MPI-5 and MPI-13 were assessed for efficacy in vivo using a
severe combined immune deficiency (SCID) mouse model of

E

Pf20S BTZ (B5)

Hs20S BTZ (B5)

Fig. 3. Structures of Pf20S and Hs20Sc B5 active sites with bound MPI-5 or bortezomib. Pf20S B5 (A and B) and Hs20S B5c (C and D) are shown as side (A and C)
and top (B and D) views, with interacting residues (green) around the covalently bound MPI-5 (blue). (E and F) Cut-away showing solvent-accessible surface of
the Pf20S B5 active site illustrating the different poses adopted by MPI-5 (E) and bortezomib (F). Substrate binding pockets, S1, S2, and S3 are marked. (G and
H) Met22 creates a hydrophobic ledge over the ligand binding site in Pf20S p5, while Ala22 permits more solvent access in the Hs20S p5c active site around the
covalently bound MPI-5. Pf20S B5 (/ and J) and Hs20S p5c (K and L) are shown as side (/ and K) and top (J and L) views ,with interacting residues (green) around

the covalently bound bortezomib (blue).
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human Pf (NOD**¥*2™~/=) in which mice are engrafted with human
red blood cells (34). When dosed orally for four consecutive days at
50 mg/kg, MPI-5 demonstrated good oral exposure (4.6 pM
[1,630 ng/mL] Cp. at 1 h; Fig. 24 and SI Appendix, Table S9) and
good efficacy (~98% parasite reduction in comparison to untreated
control mice; Fig. 2B). When dosed orally at a lower dose (25 mg/kg
QDx4), MPI-13 exhibited improved efficacy against Pf in the SCID
mouse model (Fig. 2 C and D), despite a lower-observed exposure
(609 nM [240 ng/mL] Cy,ax at 1 h).

The parasite clearance rate was similar to that for chloroquine,
and parasitemia was reduced below the detection level in both mice
at day 7. No apparent toxicity was observed. The blood concentra-
tions for both compounds remain above the 50% lethal dose (LDs5)
values for MPI-5 and MPI-13 killing of 3D7 in vitro (21 nM and 11
nM, respectively; Table 1) for at least the first 6 h of treatment. The
enhanced activity of MPI-13 compared with MPI-5 may in part re-
flect its higher cellular potency, although further work is needed to
understand why MPI-13 achieves parasite clearance, while a low
parasitemia (0.14%) persists following treatment with MPI-5.

We validated on-target activity by showing that MP1-5 and
MP-13 exhibit similar levels of cross-resistance to the Met45Ile
mutant line (SI Appendix, Fig. S5B) and have similar inhibitory
effects on proteasome activity in Pf-infected red blood cells, as
monitored using a degradation domain-linked (DD-GFP) re-
porter (11) (SI Appendix, Fig. S5C).

Cryo-electron microscopy (EM) Structures of Hs20S and Pf20S in
Complex with MPI-5 and Bortezomib Reveal the Molecular Basis for
Selectivity. We determined the cryo-EM structures of Pf and
human 20S proteasomes in complex with MPI-5 and bortezomib
to understand the molecular basis for the enhanced specificity in
the biochemical assays. Pf20S was purified from infected red
blood cells using a method that incorporates a heparin-affinity
chromatography step (35). Hs20Sc was characterized as de-
scribed previously (36). Protein samples (0.15 mg/mL; ~0.2 pM)
were incubated with MPI-5 or bortezomib at a final concentra-
tion of 10 pM to maximize occupancy of the binding sites. The
structures of Pf20S in complex with MPI-5 and bortezomib and
Hs20S in complex with MPI-5 were solved to resolutions of 3.4
A, 3.1 A, and 3.4 A, respectively (refer to SI Appendix, Fig. S6 A,
D, and G for Fourier shell correlation [FSC] curves and SI Ap-
pendix, Table S10 for cryo-EM statistics; refer to SI Appendix,
Fig. S6 B, E, and H for density maps).

In the Pf20S/MPI-5 and Hs20S/MPI-5 complexes, continuous
density was observed extending from the N-terminal threonine
residues of the B5 subunits, corresponding to the expected po-
sition of MPI-5 (SI Appendix, Fig. S6 C and F). No significant
density was observed in the substrate binding pockets of the p1
and P2 active sites, suggesting low or no occupancy of these sites
by the inhibitor. Superimposition of the apo-Pf20S structure with
the inhibited MPI-5 complex structure revealed no significant
global structural changes, with an overall Co rmsd between the
two structures of 0.56 A. Similarly, no shifts in the positions of
side chains surrounding the 5 active site are apparent upon
binding of the inhibitor.

Apart from the covalent bond to the active site threonine, the
interactions of MPI-5 with the Pf20S B5 active site appear to
comprise predominantly hydrophobic interactions. These involve
11 residues lining the active site, particularly around the biphenyl
rings (Fig. 3 A and B; refer to the LigPlot map in SI Appendix,
Fig. S7A4). The hydrophobic interactions are facilitated by the
close fit of MPI-5 into the S1 binding pocket of the p5 active site
(Fig. 3E and SI Appendix, Fig. ST A and B). The Met22 sidechain
forms a ledge over the S2 binding pocket and interacts with the
methyl pyrrolidine group of MPI-5 (Fig. 3G). These hydrophobic
interactions likely underpin the substantive gain in potency when
comparing the biphenyl (e.g., MPI-5) and monophenyl (e.g.,
MPI-7) compounds. The inhibitor also makes a potential
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hydrogen bond to Gly47 (Fig. 34 and SI Appendix, Fig. S7A4).
The network of interactions with the Pf20S B5 active site appears
to position MPI-5 favorably to form and maintain the covalent
bond to the active site threonine. We note that the Met45 side
chain runs parallel to and makes close hydrophobic interactions
with the biphenyl rings of MPI-5 (Fig. 3B and SI Appendix, Fig.
S7A4). The importance of this residue is consistent with our
finding that parasites selected for resistance to MPI-12 exhibit an
amino acid change at this residue (Met45Ile). Modeling suggests
that this change would significantly alter the shape of the S1
binding pocket (SI Appendix, Fig. STB). We also note that Met22
and Met45 are replaced by Ser22 and Arg45 in the 1 active site
and Glu22 and Gly45 in the B2 active site (SI Appendix, Fig. S8 E
and M). These differences may underlie the specificity of MPI-5
for the p5 active site.

MPI-5 is positioned in a similar orientation in the Hs20S p5c
site (ST Appendix, Fig. STD); however, it makes fewer close hy-
drophobic interactions with the p5Sc active site (SI Appendix, Fig.
S7C), because of differences in amino acids lining the S1 pocket
(Fig. 3 C and D) and the relatively open S2 pocket due to an
alanine residue at position 22 (Fig. 3H) rather than methionine.
Thus, MPI-5 achieves selectivity for the plasmodium enzyme via
a decreased interaction network with the Hs20S p5c active site
and absence of binding to Hs20S plc and p2c active sites, while
maintaining binding to Pf20S B5 via hydrophobic interactions.

For the Pf20S/bortezomib complex, continuous density ex-
tends from the N-terminal threonine residues of the $1, 2, and
S5 subunits (SI Appendix, Figs. S6I and S8 D and L). Bortezomib
appears to make hydrogen-bonding interactions with Thr21 and
Gly47 in the Pf20S p5 subunit (Fig. 3 7 and J and SI Appendix,
Fig. STE). Interactions with the S1 and S3 binding pockets
(Fig. 3F) involve primarily the P1 leucine side chain and the P3
pyrazine group respectively, while the S2 binding pocket is
shallower and more open, leaving the P2 phenylalanine side
chain more solvent exposed (Fig. 3F). Thus, the network of hy-
drophobic interactions is smaller for bortezomib than for MPI-5
(Fig. 3 I and J and SI Appendix, Fig. STE). This may decrease the
bortezomib residence time and underpin the weaker inhibition of
Pf20S B5 activity by bortezomib compared with MPI-5 (Table 1).
We note that while the biphenyl group of the MPI-5 P1 residue
penetrates deeply into the S1 pocket, the isopropyl group of the
P1 residue of bortezomib is less engaged in this site and thus is
less affected by the Arg45 /Gly47 residues in the S1 binding
pockets of the p1 and P2 active sites. Nonetheless, the density is
weaker at the Pf20S B1 and 2, suggesting reduced occupancy of
bortezomib at these active sites relative to Pf20S B5.

We compared the interaction map for Pf20S/bortezomib with
that for the published Hs20S/bortezomib structure (Protein Data
Base [PDB] ID: 5LF3) (24, 37). The bortezomib binding pose in
Hs20S B5c is similar to that for Pf20S 5, but a more extensive
H-bond network (involving Thr21, Gly47, Ala49 and Thrl) ap-
pears to stabilize its binding to Hs20S p5c (Fig. 3 K and L and SI
Appendix, Fig. S7 G and H). This is consistent with the lower ko,
value for MPI-5 and consequently much higher potency of in-
hibition of Hs20S BSc activity by bortezomib compared with
MPI-5 (Table 1). Similarly, a network of potential H bonds ap-
pears to stabilize the binding of bortezomib into the Hs20S plc
and B2c active sites (SI Appendix, Fig. S8 F, H, N, and P), con-
sistent with inhibition of these activities by bortezomib (SI Ap-
pendix, Table S3). We note that bortezomib binding to the Pf20S
p1 and B2 subunits (S7 Appendix, Fig. S8 A, C, I, and K) appears
to be stabilized by fewer hydrogen bonds than for the Hs20S plc
and p2c subunits, consistent with the more potent activity of
bortezomib against the human enzyme.

In summary, using a combination of structure-/activity-guided
synthetic chemistry and cryo-EM-based structure determination,
we have demonstrated that effective inhibition of Pf20S activity
can be achieved by employing a biphenyl moiety at the P1
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position of a peptide boronate, thereby exploiting a hydrophobic
pocket in the Pf20S p5 active site. Selectivity is achieved because
the Pf20S B5 pocket provides better complementarity to the bi-
phenyl group than any of the Hs20S active sites. In particular,
decreased activity against Hs20S p5c, coupled with no activity
against Hs p2c, represents a signature that permits selective killing
of Pf compared with a mammalian cell line. The enhanced affinity
offered by the hydrophobic interactions enabled shortening of the
peptide backbone, which resulted in oral bioavailability. We dem-
onstrate that exemplar compounds exhibit efficacy in an in vivo
model of Pf malaria. We show that this series of amino-amide
boronates 1) has potent antimalarial activity across the parasite
lifecycle, giving potential for use in TCP1, 4, and 5; 2) are fast-
acting; 3) have equipotent activity against the major pathological
strains (P. vivax and Pf); 4) have high selectivity for Pf cultures
compared with a human cell line; 5) have good selectivity over the
human enzyme; and 6) exhibit low propensity for resistance devel-
opment compared to other classes of anti-malarial agents.

MPI-13 is an example of an orally bioavailable antimalarial
proteasome inhibitor, with in vivo efficacy. Inhibition of human
T cell activation should be monitored during further development
of this class of proteasome inhibitors; and further improvement in
in vivo half-life will be needed to permit single-dose efficacy, a
highly desirable aspect of the MMV Target Product Profile.
Nevertheless, the series demonstrates the potential for a protea-
some inhibitor to be used in treatment, transmission-blocking, and
chemoprophylaxis scenarios, especially when resistance to arte-
misinin limits the efficacy of existing combinations.

Methods

Proteasome and Mouse Studies. Pf proteasome enrichment for use in the
enzyme assays was as previously described (11). The Pf20S proteasome was
subjected to additional chromatographic steps for cryo-EM studies (35).
Proteasome activity assays were based on previously described methods (11).
Pf Pf3D7°°87N® in NODscidIL2Ry™" mice engrafted with human red blood
were infected intravenously with Pf (Pf3D7°%47/N%) Antimalarial efficacy of
the proteasome inhibitors in vivo was assessed, following oral administra-
tion, using an adaptation of a previously described protocol (38).
Additional materials and methods are provided in S/ Appendix, including
information on chemical synthesis and characterization, analyses of pro-
teasome activity, in vitro assays of potency against laboratory and field
malaria parasites, gametocytes and liver stages, details of assays in the SCID
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