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ABSTRACT OF THE DISSERTATION

The 20S proteasome as an antiparasitic drug target; activity-based probes, structure-activity

relationship and in vivo efficacy

by

Lawrence Liu

Doctor of Philosophy in Chemistry

University of California San Diego, 2024

Professor Conor Caffrey, Chair
Professor Anthony O’Donoghue, Co-Chair
Professor Dionicio Siegel, Co-Chair

Worldwide, there are about 1,400 pathogens that infect humans. In particular, for the
neglected diseases of poverty that are caused by eukaryotic pathogens, chemotherapy often
relies on a small number of antiquated drugs that can be toxic, and for which resistance is
either established or a concern.

Chapter 1 introduces the 20S proteasome, its biology and the use of small molecule

inhibitors to treat various cancers, such as multiple myeloma. The chapter then describes the
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current state-of-the-art regarding 20S proteasome inhibitor development for a range of parasitic
diseases, not least, malaria and leishmaniasis, with the key point being that in spite of its
conservation in life, inhibitor specificity to a particular 20S target can be achieved to deliver
exciting new treatments.

Chapter 2 focuses on the synthesis and application of two novel activity-based probes,
LJL-1 and LJL-2, each with a different specificity for the 20 proteasome of two parasitic
organisms, Leishmania donovani and Trichomonas vaginalis. The probes were designed to
enable the attachment of a bifunctional fluorescent-biotin handle via click chemistry to visualize
and formally identify the component catalytic p subunits for each proteasome. Also, the probes
are more specific to the 20S target and offer greater functionality compared to a well-described
and commercially-available product.

Chapter 3 focuses on the whole-organism screening of T. brucei with and the
development of a structure activity relationship (SAR) for a series of peptidyl, epoxyketone 20S
inhibitors derived from the marine natural product, carmaphycin B (CPB). The compound
collection stems from a campaign to develop Plasmodium falciparum 20S (Pf20S) inhibitors
and the SAR arising is similar to that described for Pf20S. Not least is the strong toxicity
differential between T. brucei and mammalian cells generated by the introduction of D
stereochemistry at the P3 position of the CPB backbone. In a mouse model of T. brucei
infection, one such inhibitor extended the survival of mice, thus, supporting the further

development of this compound class as a potential treatment for African trypanosomiasis.
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Chapter 1:

The Proteasome as a Drug Target for the Treatment of Parasitic Diseases



1.1. Introduction
The proteasome emerged as a validated drug target for cancer chemotherapy with the
development and approval in 2003 of bortezomib (Velcade®) for treatment of multiple myeloma.
Since then, progress has been rapid in the development of additional anti-cancer proteasome
inhibitor (P1) drugs as well as the (pre)clinical progression of Pls that target the Plasmodium and
trypanosomatid proteasomes, as discussed below. Here, we review the essential biology of the
proteasome, Pl development and the exciting prospect that this complex molecular machine is a

useful drug target for treating a range of parasitic diseases.

1.1.1. Proteasome structure and catalytic mechanism

The proteasome comprises a 20S core complex of 28 proteins * that is often associated with
a 19S cap that is bound at one or both ends of the core to yield a complex termed the 26S or 30S
proteasome, respectively 2. The cap recognizes proteins targeted for degradation and propels them
into the catalytically active 20S core for degradation.> The 750 kDa 20S proteasome comprises
two heptameric rings of  subunits (B1- 7) that are sandwiched between two rings of a subunits,
al- a7.% The catalytic (peptidolytic) activity resides in the f1, B2 and BS subunits which generate
caspase-like, trypsin-like and chymotrypsin-like activity, respectively (Fig. 1.1).% > 7

Cleavage by each of the three catalytic subunits is characterized as endopeptidolytic,
meaning that hydrolysis occurs within internal peptide bonds of the target protein rather than at
the N- or C-termini (exopeptidolytic).X® Each catalytic subunit utilizes an N-terminal threonine as
the nucleophile for catalysis.!* At the same time, the threonine’s terminal amine acts as a general
base by polarizing an ordered water molecule which then deprotonates the alcohol on the threonine

to form an nucleophilic alkoxide.**



26S
20S

Regulatory Particles
(RP)

T9S RP

70
Figure 1.1. The 20S, 26S and 30S proteasome structures.

1.1.2. The ubiquitin proteasome system (UPS) and the unfolded protein response
(UPR)

For the most part, proteins earmarked by the cell for degradation must be first
ubiquitinated.*? Ubiquitin is a conserved 76 amino acid protein that is found in all eukaryotic cells.
Proteins that are targeted for degradation by the cell are tagged with one or more units of ubiquitin
(Fig. 1.2), which requires the activity of three enzymes: E1 (ubiquitin-activating), E2 (ubiquitin-
conjugating) and E3 (ubiquitin-ligating). The ubiquitinated protein then interacts with the 26S
proteasome at which point the ubiquitin is released from the target protein via deubiquitinating
enzymes (DUBs) and recycled 2, and the target protein is unfolded, directed into the 20S core and
degraded into peptides.'® This sequence of events makes up the ubiquitin proteasome system
(UPS) and is ATP-dependent.**

The unfolded protein response (UPR) is a reactionary mechanism employed by the cell in

response to an increase in misfolded proteins, especially in the endoplasmic reticulum.® The
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response involves a cessation of protein translation, an increase in the production of molecular
chaperones, and degradation of misfolded proteins by the proteasome, all in an attempt by the cell
to return to normality.'% 17 If the UPR is sustained, organelle dysfunction occurs along with the
formation of reactive oxygen species, and, eventually, the cell enters into apoptosis.'® The UPR
relies on a functioning proteasome to degrade the misfolded proteins.'® When the proteasome is
inhibited, for example, by small molecule Pls, cell death via apoptosis can occur.?

[ Ubiquitination ]

(Ac‘(ivation) (Conjugation )( Ligation )

XXXX

-@C?

Proteasome

Recognition ]

Figure 1.2. Schematic of the UPS. The UPS occurs once E1 uses ATP to activate ubiquitin (Ub).
The activated Ub is transferred to E2 and finally to E3. E3 also recognizes and accepts the targeted
protein on which polyubiquitination occurs. The polyubiquitinated protein is transferred to the 26S
or 30S proteasome where proteolysis takes place. Ub is recycled by deubiquitinating enzymes
(DUBS) to be used again.®

1.1.3. History and application of the major proteasome inhibitor (P1) chemotypes
There are currently three FDA approved Pls, bortezomib (BTZ), carfilzomib (CFZ) and

ixazomib (IXZ) for treatment of multiple myeloma and mantle cell lymphoma, with several others
4



in stage 1l clinical trials 2* (Table 1). The peptidyl boronic acid, BTZ, was approved in 2003,
leading the way for Pls as chemotherapeutics by demonstrating that inhibition of the proteasome
was cidal and could eliminate tumors.?? In 2012, CFZ was approved to treat multiple myeloma.?®
CFZ differs from BTZ in the composition of its peptidyl backbone and reactive group (also known
as a warhead). The reversible covalent boronic acid group of BTZ is replaced by an irreversibly-
binding epoxyketone group.?* Studies have shown that CFZ is effective against several BTZ-
resistant multiple myeloma cell lines.? Finally, 1XZ was approved for use in humans in 2015, and
has the advantage of being orally bioavailable, whereas BTZ and CFZ must be administered
intravenously.?® IXZ is a prodrug, ixazomib citrate, which contains a boronic citrate ester that is
hydrolyzed under physiologic conditions into the active boronic acid form.?’

Other Pls incorporating a BTZ- or CFZ-like scaffold include oprozomib and delanzomib
(Table 1). These compounds are in clinical trials in which the goals are to improve oral
bioavailability and demonstrate efficacy against BTZ-resistant multiple myeloma.?®2° Another PI
in phase Il clinical trials is salinosporamide A, also known as marizomib (MZB). This non-
peptidic PI, isolated from the marine bacterium, Salinispora tropica, is unique in containing a f3-
lactone-y-lactam structure.®® Unlike BTZ, CFZ and 1XZ, MZB inhibits all three catalytic B subunits
(Table 1, see below), and its ability to cross the blood brain barrier has enabled its progress to

phase 111 clinical trials for treatment of glioblastoma.3! 3



Table 1.1 List of Pls, either in clinical trials or approved as drugs.
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As summarized above, Pls are proven drugs in the treatment of various cancers.> Because

the proteasome is evolutionarily conserved and essential to life, the possible application of PIs in



the treatment of parasitic diseases was considered as early as in the 1980s. From then and through
the 1990s, research focused on identifying and characterizing the respective parasite proteasomes
at the RNA or protein levels.3* An antibody, MCP231, to the o subunits of the human constitutive
proteasome (c20S), was also commonly used to identify the proteasome in parasite extracts (see
below). Finally, the development of a fluorescent activity-based probe (ABP) called Bodipy
tetramethylrhodamine (TMR)-Ahx(3)Leu(3)VS (aka MV151) in 2006 %, and the subsequent
commercialization of an analog containing Bodipy fluorescein (FL) instead of Bodipy TMR, made
it possible to visualize functionally active proteasome subunits in cell extracts via SDS-PAGE.

At least initially, the possibility of generating inhibitor specificity was considered
challenging due to the evolutionary conservation of the proteasome, and the fact that the small
molecule Pls available at the time were non-discriminatory such that a selectivity index, i.e., the
differential between killing the parasite versus the host cell, was essentially zero. Over the past 15
years, however, this perception has changed dramatically. Inhibitors with improved specificity to
the parasite 20S target have been developed, driven by the imperative to develop and/or maintain
the drug development pipeline for infectious disease such as malaria and the trypanosomatid
diseases, and aided by (i) access to industrial-scale small molecule libraries to perform high-
throughput screens, and (ii) a better understanding of the cleavage specificities of the three
catalytically active B subunits. For malaria and the trypanosomatid diseases, this research has had
underwriting from international product development partnerships such as the Medicines for
Malaria Venture (MMV) and the Drugs for Neglected Diseases initiative (DNDi), which have
generated a number of drug candidates that are preclinically or clinically advanced 3% 37

The interaction of any proteolytic enzyme, such as the 20S proteasome, with its peptidyl

substrate can be viewed as a lock and key mechanism whereby specific subsites (S) in the catalytic



B subunits engage specific amino acid residue positions (P) along the backbone of the substrate
(Fig. 1.3).% The amino acids are numbered in both directions from the scissile (cleavable) bond,
with prime numbers being used for those residues to the right, or in the C-terminal direction, of
the bond, and non-prime numbers in the N-terminal direction (Fig. 1.3). The efficiency of substrate
cleavage by proteases is driven by the underlying preferences for particular amino acids at certain
positions along the peptide backbone. Understanding these preferences in the 20S proteasome is

critically important in the design of specific Pls, as illustrated throughout this thesis.

Cleavage location

N-Terminus C-Terminus
. Substrate :
s S S5 S S s s s
Enzyme

Figure 1.3. Schechter and Berger nomenclature for the interaction between proteolytic
enzymes and their protein substrates. Amino acid residues in a protein substrate are numbered
P1-P4 in the N-terminal direction, and P1’- P4’ in the C-terminal direction from the cleavage point,
which occurs between P1 and P1°. Subsites in the protease that accept the amino acid residues are
correspondingly labelled S4 through S4°.38

Kinetoplastids comprise a diverse array of non-pathogenic and parasitic protozoa
distinguished in their motility that employs a single flagellum and a specialized compartment of
the mitochondrion, the Kinetoplast, that contains concatenated DNA circles.® Kinetoplastids

contain the important human pathogens, Trypanosoma brucei, Trypanosoma cruzi and Leishmania
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spp., which are transmitted by various insect vectors and cause the diseases, African
trypanosomiasis, Chagas’ disease and leishmaniasis, respectively, which involve invasion of and

proliferation within the skin, internal organs and/or central nervous system.*

1.2.1.1. Trypanosoma brucei

In 1996, Wang and colleagues first purified the T. brucei 20S proteasome (Tb20S) from
parasite extracts and identified several differences between Tb20S and c20S, including mobility
by SDS-PAGE, a lack of reactivity to anti-c20S antibodies and a greater 2 activity relative to the
activity of B5.4! Interestingly, Bl activity could not be identified by biochemical assays even
though the genome indicates the presence of such, and that subsequent RNA interference (RNAI)
to block the expression of B1 as well as the other subunits was lethal to the parasite.*! %2 In a
follow-up report, the same authors noted the presence of only the 32 and B5 subunits in T. brucei
extracts by covalent affinity labeling with radiolabeled, tripeptidyl, vinyl sulfone Pls. Also, by
using one position-fixed tetrapeptidyl substrate libraries, they identified differences in the cleavage
specificities at the P1-P4 positions between Th20S and c20S, particularly the preferential cleavage
by Th20S of P1-glutamine substrates.*® Overall, the data indicated that there are likely functional
differences between the trypanosome and human enzymes, encouraging from the point of view of
developing specific anti-trypanosomal Pls.

Over a similar time period, Steverding and colleagues, using whole cell assays with T. brucei,
demonstrated low nanomolar to low micromolar cidal activities of Pls containing aldehyde,
boronate, vinyl sulfone and epoxyketone warheads.*® Interestingly, the parasite was shown to be
especially sensitive to inhibitors of the major trypsin-like (i.e., B2) activity, which may provide a

targeting differential given that the trypsin activity in the c20S anti-target is less pronounced.*



Although the foregoing studies indicated the possibility of targeting Tb20S as a therapy for
African trypanosomiasis, it wasn’t until 2013 when numerous Pls with the necessary specificity
and low toxicity were discovered in overlapping programs. Whole organism (phenotypic) screens
with T. brucei were crucial to the initial discovery of these inhibitors, however, their subsequent
characterization and modification involved the use of both T. cruzi and Leishmania donovani to
eventually develop a clinical drug candidate for treatment of visceral leishmaniasis, as discussed
below.

The first breakthrough came with the report of Ferrins et al. 4" who performed a phenotypic
screen of T. brucei using 87,000 small molecules to identify an azabenzoxazole compound that
was identical to a molecule found a year later by Tatipacka et al. “® who had used a similar screen
employing 700,000 compounds. The compound emerged yet again as GNF5343 (Fig. 1.4A) ina
third paper by Khare et al. who had phenotypically screened T. brucei, T. cruzi and L. donovani
with 3 million small molecules.*® Specifically, after triaging for compounds that had ECso values
<10 uM and selectivity index (SI) values >5 relative to mammalian cells, GNF5343 stood out with
ECso values of 150 and 75 nM for T. brucei and T. cruzi, respectively, and 7.3 uM for L. donovani.
Extensive chemical modification to improve metabolic properties and potency yielded GNF6702
(Fig. 1.4A), which contained a triazolopyrimidine core instead of the previous azabenzoxazole.
ECso values of 70, 120 and 18 nM were measured for T. brucei, T. cruzi and L. donovani,
respectively. Upon oral dosing, the molecule showed remarkable decreases of parasitemia or
apparent cure in animal models of visceral and cutaneous leishmaniasis, Chagas disease and stage
I1 (CNS-infiltrated) human African trypanosomiasis, competing with or outperforming the current

standard of care drugs for these indications.*
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In terms of the molecular target, by applying increasing drug pressure to T. cruzi
epimastigotes over the course of one year with two azabenzoxazoles structurally related to
GNF6702, a homozygous mutation, 1le29Met, in the gene encoding the p4 proteasome subunit,
was identified, strongly implicating the proteasome as the molecular target for this class of
inhibitor.4° This was confirmed by assaying for T. cruzi 20S proteasome activity with catalytic B
subunit-specific substrates which indicated that the target of GNF6702 was p5.4° However, curious
as to the non-competitive mode of inhibition measured and the genomic data from the resistance
studies, the authors eventually discovered that the compound actually binds to a unique interface
between the 4 and B5 subunits, which is not present in c20S, to sterically block access by substrate
to the catalytic activity of p5.4°

Separately, Wyllie et al. reported the discovery of a structurally similar compound, GSK-1
(Fig. 1.4B), after a phenotypic screen of T. cruzi axenic amastigotes with 15,659 diverse
compounds.®® GSK-1 and close analogs also had activity in a L. donovani intramacrophage assay.
Focusing on the latter parasite, GSK-1 was optimized for solubility, genotoxicity and metabolic
properties to yield GSK245 (aka GSK3494245, DDD01305143; Fig. 1.4B) that had ECso values
of ~1 uM against various clinical isolates of L. donovani, including a strain resistant to antimony

— the active ingredient in pentavalent antimonial drugs.
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Figure 1.4 Kinetoplast p4/p5 interface PIs. A. Optimization of LXE408 ! from GNF5343 *° and
then GNF6702.%° B. Optimization of GSK245.%° T. brucei bloodstream forms, T. cruzi amastigotes
and L. donovani amastigotes, as well as the fibroblast and monocyte cell lines, 3T3 and THP-1,
respectively, were used to generate the data shown. n.d., not determined.

When 25 mg/kg GSK245 was administered orally to mice infected with L. donovani twice a
day for 10 days, a >95% reduction of parasitemia was measured, similar to that recorded with the
current anti-leishmanial drug, miltefosine, given at 30 mg/kg once daily.>®® Mode of action
investigations with RNAI suggested that the ubiquitin-proteasome system was being perturbed by
GSK245, consistent with the data arising from the resistance studies performed by Khare et al.
(2016).*® Three independently-generated resistant clones were sequenced to reveal homozygous
mutations within the genes encoding the f4 and 5 subunits. Cryo-electron microscopy (EM)
structures of GSK245 bound to the Leishmania tarentolae 20S proteasome identified a new
binding site that is situated between the 4 and B5 subunits and that differs from the site suggested

by Khare et al. in T. cruzi.*®* As of December 2023, GSK245 is advancing toward clinical trials
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under the stewardship of the DNDi. The latest project update on the DNDi website (as of March
2024) indicates that a planned Phase I single ascending dose trial is paused “to perform additional

investigations into the compound’s complex pharmacokinetics.” >

1.2.1.2. Leishmania donovani and L. major
L. donovani is the causative agent of visceral leishmaniasis. The life cycle of L. donovani
is similar to T. cruzi in that it replicates in host cells to eventually rupture from them and escape.
As discussed above, potent and specific azabenzoxazoles, such as GNF5343, and
triazolopyrimidines, like GNF6702, have been reported.

GNF6702 was further modified by Novartis by the addition of a methyl group to yield
LXE408 (Fig. 1.4A) which further improved solubility and oral exposure.>! Like its predecessors,
LXE408 binds at the interface of the 4 and B5 subunits of Ld20S to allosterically inhibit 5
chymotrypsin-like activity. Mice infected with L. major, the causative agent of cutaneous
leishmaniasis, were dosed orally with 1, 3, 10 and 20 mg/kg of LXE408 twice daily, and lesion
size at the base of the tail was tracked. Administration of LXE408 for 10 days at a highest dose
decreased lesion size to near zero and was comparable to that of liposomal amphotericin B, the

most potent CL therapy on the market currently.>

1.2.2. Metamonada
The phylum Metamonada consists of a diverse group of flagellate protozoa. Rather than
possessing typical mitochondria, these organisms contain mitochondrial-like organelles *3 that are

more suitable to operating in low-oxygen conditions.>*
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1.2.2.1.  Trichomonas vaginalis

The sexually transmitted disease, trichomoniasis, is caused by T. vaginalis with millions
of cases worldwide. Several recent studies have shown that the proteasome is a viable target.
Pereira-Neves et al., in 2015, reported the presence of 20S genes in the genome of the related,
trichomonad-model organism, Tritrichomonas foetus, and provided biochemical evidence for its
activity.>® They found that Tf20S was homogenously distributed in the cytosol and around the
nucleus as punctate structures using an anti-T. cruzi proteasome antibody. A purification scheme
involving ultracentrifugation was developed and the catalytic subunits of the enriched 20S were
assayed with fluorogenic substrates. The PI, lactacystin (a Streptomyces product), at 10 and 20 uM
for 18 h inhibited T. foetus growth and blocked transformation from the “pear-shaped” form to the
pseudocystic (endoflagellar) form.> Interestingly, parasites produced more proteasome in
response to incubation with 20 puM lactacystin, a phenomenon also reported for mammalian
cells.>:57

Characterization of the T. vaginalis 20S proteasome (Tv20S) was first reported by
O’Donoghue et al. wherein a series of anti-cancer boronic acid and epoxyketone Pls were screened
against the parasite.®® Most of the inhibitors generated ECso values between 0.1 and 1.0 uM,
however, selectivity indices with respect to HeLa cells were <1. Several analogs of the peptidyl
epoxyketone, carmaphycin B (a Symploca cyanobacterium product), were then evaluated and one,
CP-17 (Fig. 1.5), generated a selectivity index of 11, principally based on decreased toxicity to
Hela cells. Importantly, parasite resistance to the current standard of care, metronidazole, did not
influence PI activity. Using purified Tv20S, CP-17 targeted the B5 subunit and, less so, the 1
subunit, whereas only B5 in the human c20S was engaged, suggesting that Tv20S is functionally

different from the human anti-target. In a mouse model of T. foetus infection, five doses of CP-17

14



in PBS were administered intravaginally over three days and a 20-fold decrease in parasitemia was
recorded in vaginal washes. Thus, this report highlights the possibility of Pls as a novel therapeutic

approach for trichomoniasis.>®
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Figure 1.5. Carmaphycin B and its analog, CP-17, vs. T. vaginalis in vitro

In a follow up report, Fajtova et al. employed multiplex substrate profiling by mass
spectrometry (MSP-MS) to characterize the cleavage specificities of each of the three Tv20S
catalytic P subunits, information that is important to deriving more selective PIs.>® MSP-MS was
performed in the presence of various Pls that differentially inhibit one or other B subunit. The
resulting cleavage profiles then informed the design and synthesis of B subunit-specific,
tetrapeptidyl, fluorogenic substrates. These substrates were cleaved with higher specific activities
than those used to measure the activities of the corresponding c20S B subunits.*°

In a first for parasite proteasome research, and based on the report of Toste Réo and da
Fonseca with ¢20S ©°, a fully active Tv20S was recombinantly expressed in Sf9 cells by Silhan et
al.®! This involved preparing baculovirus containing three plasmids that would express (i) the
seven o subunits, (ii) the seven B subunits and (iii) Ump-1, which is required for the correct
assembly and enzymatic activation of the proteasome.®? In addition, a C-terminal twin-strep

purification tag was encoded into the B7 subunit sequence. The B7 subunit is the last subunit



incorporated into the o/p half proteasome, and therefore, the C-terminal tag was predicted to have
little effect on 20S assembly.%3 84 After co-infection of Sf9 cells with baculovirus, the recombinant
Tv20S was expressed and purified from cell extracts using a Strep-Tactin XT column and size-
exclusion chromatography. Using fluorogenic substrates and the fluorescent ABP, Me4BodipyFL -
Ahx3Leu3VS, the recombinant enzyme was determined to be biochemically indistinguishable
from the native enzyme. As found for the native Tv20S %8, the CPB analog, CP-17, inhibited the
recombinant Tv20S 5, as well as B2 (which had not been previously assayed), and MZB inhibited
all three recombinant catalytic subunits. Produced in high yield (1 mg/L) and >95% pure, cryo-
EM structural studies elucidated the binding modes of CP-17 and MZB with the recombinant
Tv20S, and demonstrated that the S1 and S3 subsites of the B2 and 5 subunits are sufficiently

different from those in the human c20S anti-target to support structure-guided inhibitor design.5!

1.3.  Tools to characterize the proteasome
Understanding the optimal amino acid sequence in a peptidyl PI for a particular parasite
proteasome drives potency and specificity, while decreasing toxicity. In this context, techniques
such as MSP-MS % and positional scanning synthetic combinatorial libraries ® have been
important in characterizing the cleavage specificities of individual proteasome B subunits.5”
Both techniques employ peptidyl substrate libraries and the cleaved products can be quantified by
either mass spectrometry or fluorimetry.
Such approaches have been successful for Tv20S ° as described above, and the

Schistosoma mansoni 20S proteasome (Sm20S).%8 Once catalytic B subunit-specific substrates

have been identified and validated, they then become tools to interrogate the binding specificity of
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Pls, or, are themselves converted into Pls by the incorporation of, for example, a vinyl sulfone
or epoxyketone warhead.™

Fluorescent ABPs such as Bodipy FL-Ahx(3)Leu(3)VS allow the formal identification of
the catalytic B subunit(s) in a given parasite proteasome. This has been demonstrated for purified
Tv20s % and Pf20S "* whereby the individual fluorescent B subunit bands resolved by SDS-PAGE
were excised and the component proteins identified by proteomics.

Importantly, as research with ABPs has progressed, it has become clear that not all ABPs
react the same. For example, MV151 only bound to two of the three catalytic B subunits of Pf20S
2 \whereas BMV037 (an epoxyketone Pl based on carfilzomib ) reacted with all three.”* In addition,
labelling by BMV037 revealed that the order in which the catalytic  subunits of Pf20S migrate
by SDS-PAGE is different from that of c20S; specifically, highest to lowest, it was 1, p2 and B5
for Pf20S 71, but B2, B1 and B5 for c20S.%° Thus, ABPs have helped identify differences between
the parasite and host proteasome that should facilitate the development of parasite-specific Pls.

Finally, Cryo-EM has aided our understanding of the structural organization of the catalytic
B subunits, as well their particular binding contacts with PIs, which, together, have improved the
design of Pls, as reported for the Pf20S73"> and Tv20S.5! With our recent ability to recombinantly
express the 20S proteasome, based on the seminal work of Toste Réo and da Fonseca with c20S
%0 and, as recently described for Tv20S by Silhan et al. ®1, cryo-EM will become an increasingly
important tool in the design and synthesis cycle of Pls with improved potency and selectivity to

the parasite 20S of interest.
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Chapter 2:

Clickable Probes for Pathogen Proteasomes: Synthesis and Applications
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2.1. Introduction

The proteasome is a multi-subunit threonine protease that is essential for proteostasis in
the cell.l The 20S catalytic core of the human constitutively expressed proteasome (c20S) is
composed of four stacked heptameric rings wherein the outer two rings of a subunits sandwich
two B subunit rings, of which, the B1, B2 and 5 subunits are catalytically active >° Each of these
active subunits has a preference for cleavage after specific amino acids in a peptide chain, and are
categorized as possessing caspase-like (B1), trypsin-like (B2) or chymotrypsin-like activity (B5).*

Inhibition of the proteasome’s catalytic activity is an established therapeutic strategy for
various blood cancers, with three inhibitors so far approved.> © In addition, the proteasome is a
validated drug target for a number of parasitic diseases, " and small molecule inhibitors are under
development for treatment of malaria %2 and in clinical trials for trypanosomatid infections.

Over the last decade, the research tools available to characterize the proteasome have
advanced on various fronts, and include the use of optimized peptidyl fluorogenic substrates to
measure the activity of each of the three catalytic p subunits,'* > methodologies to purify the
proteasome,” *® and the availability of cryoEM structures to understand how small molecules
engage the target.!> 17 Also, active site-directed probes have been developed to define cellular
localization, facilitate imaging in small animal models and understand the specificities of small
molecule proteasome inhibitors.8: 19

In terms of active site-directed probes with which to visualize c20S (e.g., after native or
denaturing gel electrophoresis), the most commonly used is the irreversible, fluorescent, peptidyl
vinyl sulfone, MesBodipyFL-Ahx3L3VS (Figure 2A), a derivative of the originally described
MV151 (Bodipy TMR-AhxsL3VS).1* 2% During our efforts to characterize parasite 20S molecules

as potential drug targets, we identified limitations to this probe. Specifically, it binds irreversibly
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to cysteine proteases (SI 2.8.1), which are often highly expressed in parasites, 2?2 and sometimes
labels just two of the three catalytic  subunits * 1> even though the genomic/proteomic evidence
indicates the presence of all three. Lastly, MesBodipyFL-AhxsL3VS lacks the functionality to
enable isolation of the catalytic subunits from protein extracts which would then facilitate their
identification via proteomics. Combined, these limitations complicate the biochemical analysis of
parasite proteasomes, information that is necessary for a campaign to develop specific anti-
parasitic proteasome inhibitors.

Given the above limitations, we synthesized two activity-based probes that are based on the
peptidyl scaffolds of the proteasome inhibitor drugs, carfilzomib (CFZ) and bortezomib (BTZ).
These probes were designed with an N-terminal alkyne group to allow the attachment of an azide-
containing reagent via click chemistry, in this case, a bifunctional group consisting of TAMRA
and biotin. For two parasite species, we describe the utility of each probe to engage and visualize
the 20S proteasome in cell extracts and enrich the target for identification of the constituent

catalytic B subunits.

2.2. Results
We used the peptidyl backbones of the proteasome inhibitors, CFZ and BTZ, to synthesize
two epoxyketone-based 20S probes. After binding of the probes to the target proteasome, they
were then conjugated to a bifunctional group comprising TAMRA and biotin via bioorthogonal
copper (I)-catalyzed azide-alkyne cycloaddition (CUAAC).%2 These probes facilitated the
visualization and identification of the catalytic B subunits of the target proteasome in parasite

extracts.
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2.2.1. Synthesis of LJL-1 and -2, and their differential engagement of c20S subunits

Alkyne-homoPhe-Leu-Phe-Leu-epoxyketone (8, LIL-1; Figure 2.1A) is an analog of CFZ,
an FDA-approved proteasome inhibitor. The alkyne group on LJL-1 allows coupling to TAMRA-
Biotin azide via standard click chemistry.

The synthesis of LJL-1 was accomplished by first coupling the amino acids at P2-P4, Phe-
Leu-homoPhe, using TBTU-based peptide synthesis to generate 3. This was followed by a
conversion of the methyl ester into a hydrazide (4) and then oxidation to an acyl azide that allowed
peptide coupling to the leucine epoxyketone fragment (5) which then yielded the tetrapeptide-
epoxyketone, 6. Finally, deprotection of the N-Boc-protected homo-phenylalanine (7) allowed the
alkyne to be attached using TBTU chemistry to yield 8, which was named LJL-1 (Figure 2.1A).

The peptidyl sequence for the second probe, alkyne-Phe-Leu-epoxyketone (12, LJL-2;
Figure 2.1B) was based on the FDA-approved proteasome inhibitor, BTZ. We replaced the
reversible, covalent, boronate warhead of BTZ © with an irreversibly binding epoxyketone.?*

The synthesis of LJL-2 was accomplished via TBTU-based peptide coupling between the leucine
epoxyketone fragment, 5, and an N-Boc-protected phenylalanine, followed by Boc-deprotection

and a subsequent N-acylation reaction with the acyl imidazole, 11 (Figure 2.1B).
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Figure 2.1. Synthetic schemes for LJL-1 and LJL-2.
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The evaluation of MesBodipyFL-AhxsL3sVS (Figure 2.2A) alongside LJL-1 and LJL-2
using pure c20S revealed distinct binding patterns after SDS-PAGE and fluorescent imaging. The
slight misalignment of the c20S B subunit banding patterns can be attributed to the different
molecular masses of each probe: MesBodipyFL-AhxsL3VS (1059.2 amu), LJL-1 (1875.3 amu)
and LJL-2 (1600.9 amu). As anticipated, MesBodipyFL-Ahx3L3VS binds to all three catalytic
subunits (Figure 2.2B).1% % Similarly, LJL-1 binds all three subunits with a stronger preference for
B5 and B1 relative to B2. In contrast, LJL-2 binds strongly to the lower band, which seems to be
composed of B1 and B5. Titrating LJL-1 with pure c20S shows preferential binding to the B5
subunit, with both B1 and B2 being labeled only at higher concentrations (Figure 2.2C). Titrating

LJL-2 demonstrates labeling of B1 and B5 (Figure 2.2D), but with a weaker limit of detection of



c20S compared to LJL-1, i.e., 50 ng vs. 5 ng. Lastly, the time needed for the click reaction between
the azide and alkyne to proceed to completion was ~10 min for both probes (Figures 2.2E, 2.2F).

To verify probe selectivity for c20S in cell extracts, we preincubated HepG2 cell lysates
with  three class-specific protease inhibitors, namely, E64 (cysteine proteases),
phenylmethylsulfonyl fluoride (PMSF; serine proteases) and marizomib (MZB; the proteasome)
prior to addition of probe (Figure 2.2G). The binding patterns resolved for the DMSO controls
were essentially identical to those noted for pure c20S (Figure 2.2B), i.e., three subunits using
MesBodipyFL-AhxsL3VS and LJL-1, and two subunits (appearing as one fused band) with LJL-
2. Of the inhibitors tested, only MZB abolished binding by all three probes, confirming the
identities of the bands as c20S catalytic f subunits. When evaluated for inhibition of growth of
HEK?293 cells in vitro, LIJL-1 and LJL-2 generated similar ECs values to those of CFZ and BTZ
with values in the range of 5-20 nM (SI 2.8.2). Thus, the substitution of the N-terminal morpholine
cap in CFZ for the alkyne group in LJL-1, and the substitution of the N-terminal pyrazine and the
C-terminal boronate warhead in BTZ for the alkyne and epoxyketone, respectively, in LIL-2, did

not dramatically alter compound potency.
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Figure 2.2. Probe engagement with purified c20S and HepG2 cell lysate under various
conditions. A. Structure of MesBodipyFL-AhxsL3VS. B. Florescence imaging of ¢20S B subunit
banding patterns labeled by MesBodipyFL-AhxsL3VS, LIL-1 and LJL-2. C, D. Concentration-
dependent binding of LJL-1 and LJL-2, respectively, to c20S. E, F. Time-dependence of the click
reaction for LJL-1 and LJL-2, respectively, with c20S. G. Subunit banding patterns generated by
MesBodipyFL-AhxsL3VS, LJL-1 and LIL-2 with HepG2 cell lysate. Lysate was preincubated with

(1) DMSO, (2) 20 uM E64, (3) 2 mM PMSF or (4) 10 uM MZB, prior to addition of probe.

We next tested the ability of LJL-1 and LJL-2 to inhibit the individual B subunits of c20S
in a microplate assay using [ subunit-specific substrates as reporters of enzyme activity (Figure
2.3;S12.8.3).28 LJL-1 was 2- and 73-fold more potent than CFZ at targeting the B5 and B2 subunits,
respectively. Against f1, LJL-1 was partially effective at high concentrations (> 1 pM; Figure
2.3A) yet never generated an ECso value (Figure 2.3C), whereas CFZ was ineffective (Sl 2.8.3).
LJL-2 inhibited only B1 and B5 (Figure 2.3B) and, for each respective subunit, was 33- and 18-
fold weaker than BTZ (Figure 2.3C; Sl 2.8.3). Neither LIL-2 nor BTZ engaged the 2 subunit,
even at the highest concentration of 50 uM tested (Figure 2.3C). The decreased binding capacity

of LJL-2 compared to BTZ suggests that the boronate warhead in BTZ confers stronger
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proteasome engagement. Although this enhanced interaction might be favorable for therapeutic
applications, boronates cross react with serine proteases, thus compromising probe selectivity.?’
Overall, we show that both LJL probes can directly and indirectly characterize the
catalytic B subunits of a target proteasome. Directly, the probes can be labeled with a fluorogenic
reporter molecule after they have bound to the target subunit and the banding pattern then
visualized via SDS-PAGE (Figures 2.2B, 2.2G). Indirectly, the probes can be employed as

inhibitors that compete with the fluorogenic reporter substrates for binding to the catalytic B

subunits (Figure 2.3).
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Inhibitor B11C,, (nM) B2 |C50 (nM) B5 |C50 (nM)
LJL-1 > 50,000 596 + 27 68+32
Carfilzomib > 50,000 43,359 + 5184 153 +52
LJL-2 2157 £+ 27 > 50,000 1725+ 42
Bortezomib 65+ 55 > 50,000 97 +41

Figure 2.3. Inhibition of c20S catalytic p subunits by LJL-1 and LJL-2. Concentration-
dependent inhibition by (A) LJL-1 and (B) LJL-2 of each the c20S B subunits using subunit-
specific peptidyl AMC substrates, i.e., LLVY (B5), LRR (B2) and LLE (B1). C. ECso values for
the various proteasome inhibitors. Assays with LJL-1 and LJL-2 were performed twice each in
triplicate (n=6). Assays with CFZ and BTZ were performed once in triplicate (n=3).
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2.2.2. Parasite proteasome engagement and f§ subunit identification using LJL-1-
and -2

Understanding the connection between inhibition of one or more 20S 3 subunit and anti-
parasitic activity is fundamental to designing parasite-specific proteasome inhibitors. Employing
a similar experimental design to that shown in Figure 2G with extracts of Leishmania donovani
promastigotes and class-specific protease inhibitors (Figure 2.4A), we found that the commercial
probe, MesBodipyFL-AhxsL3VS, labeled just two of the three 20S B subunits, in addition to
cysteine proteases which are abundant in this parasite.?! 22 Engagement of cysteine proteases by
MesBodipyFL-AhxsL3sVS is not surprising given that vinyl sulfone warheads react with the
cysteine nucleophile in such proteases.?® 3° By contrast, LJL-1 labeled three protein species, and
this binding could be blocked by prior incubation with the broad-spectrum proteasome inhibitor,
MZB. LJL-2 labeled a single band that was also inhibited by MZB (Figure 2.4A). Thus, and as
seen with the HepG2 lysate, each probe resolves a different catalytic § subunit pattern.

Because LJL-1 labeled all three catalytic B subunits in the L. donovani lysate, we employed
the biotin functionality to enrich the proteasome from lysate using neutravidin-bead
chromatography. After binding, the beads were extensively washed, then boiled to release the
biotin-bound proteins, and the supernatant was resolved by SDS-PAGE (Figure 2.4B). With the
aid of the TAMRA functionality, each of the three bands was visualized, excised and identified by
proteomics as f1 (Uniprot ID: AOAS04X6A3), B2 (AOA3S7XA80) and B5 (AOA3QS8IIY4), from
highest to lowest molecular weight (Figure 2.4C). Thus, the combined functionalities of the biotin
and TAMRA components bound to LJL-1 were critical to identifying the three catalytic  subunits
in L. donovani promastigotes and, further, demonstrated that their order of electrophoretic

migration (B1, B2 and B5; highest to lowest;) differs from that for HepG2 cells (B2, B1 and B5).
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Figure 2.4. Probe engagement with, and enrichment and identification of, L. donovani
promastigote 20S catalytic p subunits. A. Fluorescence imaging of banding patterns generated
by MesBodipyFL-AhxsL3VS, LIL-1 and LJL-2 in cell lysate. Lysate was preincubated with (1)
DMSO, (2) 20 uM E64, (3) 2 mM PMSF or (4) 10 uM MZB prior to addition of probe. Engagement
of cysteine proteases (bands sensitive to E64) by MesBodipyFL-AhxsL3VS is marked with black
arrows. B. Fluorescence imaging of 20S 3 subunits (three bands) after enrichment from parasite
lysate using the biotin functionality of LJL-1. C. Label free peptide quantification of each of the
excised bands.

With a second parasite, Trichomonas vaginalis, each of the three probes again showed
differential binding to either two or three protein species in cell lysate that could be inhibited by
prior incubation with MZB (Figure 2.5A). Notably, the background was less pronounced with LJL-
1 and LJL-2 compared to that with MesBodipyFL-AhxsLsVS. Previous research using purified
Tv20S identified the electrophoretic migration order of the B subunits as B2, Bl and B5, from
highest to lowest molecular weight.*® Accordingly, we wished to employ inhibitors that selectively
inactivate one or other  subunit such that the uninhibited subunit(s) would be available to bind to
the probe. These subunits could then be isolated and visualized. In this case, LJL-2 was chosen as

it bound to all three B subunits.
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A number of 20S inhibitors and inhibitor combinations have been shown to preferentially
inhibit one or more Tv20S catalytic B subunits.'® The CPB analog, CP-17 3! selectively inhibits B5
at 1 uM. CP-17 and CFZ at 10 uM inhibit both B5 and B2, and MZB at 10 uM inhibits all three
subunits (Figure 2.5B). These inhibitors were incubated with T. vaginalis lysate prior to addition
of LJL-2, which then bound to the uninhibited B subunits for their eventual visualization by SDS-
PAGE after biotin-neutravidin chromatography (Figure 2.5C). For proteomic analysis, a large gel
slice was excised from each lane, which corresponded to the region in which the three catalytic
subunits had migrated (Figure 2.5C, red boxes). The excision step was much easier to perform
than the precision required with the L. donovani samples above. Subsequent proteomic analysis
demonstrated the utility of the strategy whereby the DMSO control lane had the highest relative
abundance of each of the three B subunits (Figure 2.5D). Following pre-treatment with CP17, 5
subunit abundance was decreased by 6.7-fold whereas those for B1 and B2 subunits were only
reduced by 1.5- and 3-fold, respectively. This indicates that CP-17 preferentially targets the B5
subunit (the lowest subunit on the gel; Figure 2.5C). Treatment with a combination of CP-17 and
CFZ did not change the abundance of the B1 protein whereas those for the other two subunits were
decreased. Accordingly, the remaining band visible in the CP-17/CFZ lane on the gel is the Bl
subunit. MZB inhibited all three subunits (Figure 2.5C) with the consequence of little to no binding
signal being returned by the probe (Figure 2.5D). Overall, the approach outlined here offers an
alternative method to identifying individual catalytic  subunits in parasite lysates that circumvents

the need to carefully excise individual and closely-juxtaposed bands from a gel.
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Figure 2.5. Probe engagement with, and enrichment and identification of, T. vaginalis 20S
catalytic  subunits. A. Fluorescence imaging of banding patterns generated by MesBodipyFL-
AhxsL3VS, LIL-1 and LJL-2 in parasite cell lysate. Lysate was preincubated with (1) DMSO, (2)
20 uM E64, (3) 2 mM PMSF or (4) 10 uM MZB, prior to addition of probe. B. Schematic of
inhibitors or inhibitor combinations known to inhibit one or more Tv20S B subunits.'® C.
Fluorescence imaging of Tv20S  subunits after incubation with B subunit-specific inhibitors or
combinations of inhibitors, and enrichment from parasite lysate using the biotin functionality of
LJL-2. D. Label free peptide quantification in each of the excised gel pieces (red boxes in C) that
identifies each of the [ subunits as a function of the inhibitor or combinations of inhibitors
employed.

2.3. Discussion

The proteasome is an attractive anti-parasitic drug target,® % and small molecule inhibitors
are preclinically progressing for treatment of malaria %2 or in the clinic for trypanosomatid
diseases.’® As described above, the tools to visualize and characterize the proteasome have
advanced, however, just one activity-based probe, MesBodipyFL-AhxsL3VS,'® is commercially
available. As shown here for parasitic organisms, this probe is not selective for the 20S proteasome
as it reacts with cysteine proteases * which are abundant in many parasites,?* 22 including L.
donovani.?® Further, unlike the situation for human c20S in HepG2 cell extracts, the commercial
probe does not consistently label all three catalytic B subunits in parasite extracts, with two bands
being labeled in L. donovani promastigotes and three in T. vaginalis. Last, the commercial probe

was not designed to allow the identification of the individually resolved subunits.
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Accordingly, to advance research into parasite 20S proteasomes as drug targets, we
employed bioorthogonal copper (1)-catalyzed azide-alkyne cycloaddition (CUAAC),?® or “click
chemistry” to synthesize bifunctional probes to enable the isolation of the 20S from cell extracts
and the identification of the component catalytic f subunits. LJL-1 and LJL-2 were based on the
peptidyl backbones of the anti-cancer drugs, CFZ and BTZ, respectively, which have well
understood c20S B subunit binding preferences,* and so far, seem to be universally anti-parasitic
via engagement of the 20S proteasome.’® Using two example parasites, L. donovani and T.
vaginalis, the bifunctional probe strategy to isolate and identify 20S catalytic f subunits directly
from cell extracts without interference by cysteine proteases worked well and should be more
straightforward to implement than alternative time-consuming multi-step 20S purification
methods,**1° and the requisite for large quantities of often limiting and expensive parasite material.
The probes also demonstrated that the order of electrophoretic migration of the B subunits is
parasite-dependent and may not align with the profile established for human cells, similar to a
previous finding for P. falciparum 20S using a fluorescent epoxyketone probe, BMV037.1% 1
Lastly, the single, dual functionality probe containing both a fluorophore and biotin tag, is efficient
compared to the time and costs associated with the need to synthesize separate probes for each
functionality, e.g., the serine hydrolase probes, biotin-fluorophosphonate and TAMRA-
fluorophosphonate.*

The downstream utility of probes containing reactive alkynes is broad and a variety of azide-
containing reagents can be coupled after labeling of the catalytic 20S B subunit(s).*® In addition,
rather than alkyne-containing APBs, the next generation probes could substitute the alkyne for
difluorinated cyclooctyne® or bicyclo[6.1.0]nonyne,®” which would allow for real-time, in vivo

fluorescence imaging of proteasome activity, and its inhibition, using copper-free click chemistry.
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Also, biotin, as a purification handle, may be substituted by desthiobiotin, which has lower binding
affinity, 8 or by cleavable biotin linkers,* which would aid in the release of bound proteins after
affinity purification. Finally, click chemistry could be used to conjugate a parasite-specific
antibody to a proteasome inhibitor,* potentially improving on-target potency while minimizing
host toxicity.

The importance of developing two probes based on tetrapeptidyl and dipeptidyl backbones
is highlighted by the different SDS-PAGE profiles resolved for the 20S catalytic B subunits in
HepG2 cells, L. donovani and T. vaginalis. Had we relied on just one or other probe, we would
likely have been unable to enrich for and identify all three B subunits depending on the parasite.
This realization comes after the fact and is fortuitous as we originally had intended to synthesize
just LJL-1, and it may yet be the case that additional functional probes will be needed to

functionally investigate other pathogen 20S proteasomes.

2.4. Conclusion

Two activity-based, epoxyketone probes, LJL-1 and LJL-2, were synthesized and each
conjugated, via click chemistry, to a bifunctional TAMRA and biotin handle. Depending on the
parasite, each probe generated a different labeling profile, and enriched the 20S from lysates of L.
donovani promastigotes and T. vaginalis to facilitate the identification of the respective catalytic
B subunits. Compared to a commercially available vinyl sulfone probe, the new probes did not
cross-react with cysteine proteases and revealed that the order in which the  subunits migrate via
SDS-PAGE differs depending on the originating species. As interest in the 20S proteasome as a

drug target for treatment of parasitic infections expands, both probes will aid the characterization
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of the 20S in complex cell extracts and support efforts to improve the potency and specificity of

anti-parasitic 20S B subunit inhibitors.

2.5. Methods

All solvents were of reagent grade. All reagents were purchased from Alfa Aesar or Fisher
and used as received. Thin-layer chromatography (TLC) was performed with 0.25 mm E. Merck
precoated silica gel plates. Silica gel column chromatography was performed with silica gel 60
(pore volume 0.74—0.84 ml/g) supplied by Millipore Sigma (#105554). TLC spots were detected
by viewing under a UV light. Proton (*H) was recorded on a 500 MHz Bruker AMX-500
spectrometer and on a 600 MHz Bruker AVANCE I11 spectrometer. Chemical shifts were reported
relative to solvents. Data for *H NMR spectra are reported as follows: chemical shift [ppm,
referenced to protium; s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, dd = doublet
of doublets, td = triplet of doublets, ddd = doublet of doublet of doublets, bs = broad singlet, m =
multiplet, coupling constant (Hz), and integration]. High-resolution mass spectra (HRMS) were
measured using an Agilent 6230 Accurate-Mass time-of-flight mass spectrometer with a Jet stream
electrospray ionization source. Analytical reverse-phase (Sunfire Cig; 4.6 mm x 50 mm, 5 mL)
HPLC was performed with a Gilson HPLC equipped with UV and a mass detector. All final

compounds were found to be >95% pure by HPLC analysis.

2.5.1. Synthesis of LJL-1
Boc-Leu-Phe-OMe (1). To a stirred solution of acid Boc-Leu-OH (1 g, 4.3 mmol, 1 equiv.)
in dry DCM at r.t. under N2, methyl ester MeO-Phe-NH3Cl (1 g, 4.3 mmol, 1 equiv.) and TBTU

(1.5 ¢, 4.8 mmol, 1.1 equiv.) were added and the resulting solution was stirred for 2 h. 3.14 ml of
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DIPEA (2.35 g, 18.1 mmol, 4.2 equiv.) was then added dropwise, and the resulting mixture was
stirred for 15 min. The organic extract was washed with H2O, brine, then dried over Na>SOs,
filtered and concentrated in vacuo. Purification by silica gel column chromatography (30-35%
EtOAc in Hexane) provided the title compound (1.141 g, 2.91 mmol, 67%) as a white solid
powder. H NMR (600 MHz, CDCl3) & 7.29 — 7.19 (m, 3H), 7.10 (d, J = 7.4 Hz, 2H), 6.56 (d, J =
7.8 Hz, 1H), 4.85 (dt, J = 19.9, 7.2 Hz, 2H), 4.10 (d, J = 14.4 Hz, 1H), 3.69 (s, 3H), 3.10 (ddd, J =
41.3,14.0, 6.0 Hz, 2H), 1.67 — 1.55 (m, 2H), 1.42 (s, 10H), 0.89 (g, J = 6.0 Hz, 6H) ppm. HRMS

ES+): calcd for C21H32N205 [M + Na]*, 415.2203; found, 415.2203.
(

HsN-Leu-Phe-OMe (2). A solution of 2 (0.580 g, 1.5 mmol, 1.00 equiv.) in TFA (2.5 mL)
was stirred at r.t. for several minutes until generation of CO2 in the reaction mixture was no longer
visible. A steady stream of N2 was used to remove all volatiles and the resulting material was used

directly for the next step without further purification.

Boc-Homophe-Leu-Phe-OMe (3). To a solution of 2 (0.995 g, 2.9 mmol, 1.00 equiv.) in
dry DCM (29 mL) at r.t. under N2, DIPEA (1.6 g, 12.2 mmol, 4.2 equiv.) was added dropwise, and
the reaction mixture was stirred for 15 min. Boc-Homophe-OH (0.811 g, 2.9 mmol, 1 equiv.) and
TBTU (1.0 g, 3.2 mmol, 1.1 equiv.) was added and the solution was stirred for 5 h at r.t. The
reaction was quenched with H20 and washed with brine. The organic layer was then dried over
Na2SOq, filtered and concentrated in vacuo. Purification by silica gel column chromatography (40-
50% EtOAc in Hexane) provided the title compound (0.760 g, 1.37 mmol, 47%) as a white solid
powder. *H NMR (600 MHz, CDCls) § 7.29 — 7.24 (m, 2H), 7.24 — 7.14 (m, 6H), 7.10 — 7.05 (m,

2H), 6.68 (d, J = 7.9 Hz, 1H), 6.59 (d, J = 8.0 Hz, 1H), 5.16 — 5.09 (m, 1H), 4.81 (dt, J = 7.9, 6.1
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Hz, 1H), 4.43 (td, J = 8.5, 4.9 Hz, 1H), 4.11 — 4.03 (m, 1H), 3.67 (s, 3H), 3.14 — 3.01 (m, 2H), 2.64
(t, J=8.0 Hz, 2H), 2.13 - 2.01 (m, 1H), 1.89 (dq, J = 13.8, 7.9 Hz, 1H), 1.66 — 1.56 (m, 2H), 1.54
— 1.47 (m, 1H), 1.44 (s, 10H), 0.88 (dd, J = 12.4, 6.0 Hz, 6H) ppm. HRMS (ES+): calcd for

C31HuN30s [M+H]", 554.3225; found, 554.3232.

Boc-Homophe-Leu-Phe-Hydrazide (4). To a solution of 3 (0.357 g, 0.65 mmol, 1 equiv.)
in MeOH (14.2 mL) at r.t. under N2, a solution of hydrazine monohydrate (1.957 g, 39 mmol, 61
equiv.) was added dropwise and heated at reflux for 2 h. The reaction mixture was then diluted
with 40 mL toluene and the remaining solvent was removed by rotary evaporation obtaining the
title product, which was used directly without further purification. (0.260 g, 0.460 mmol, 72%) 'H
NMR (600 MHz, CDCl3) 6 9.19 (s, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.36
(t, J = 7.5 Hz, 2H), 7.27 — 7.23 (m, 8H), 7.19 — 7.14 (m, 2H), 4.51 (td, J = 8.4, 5.6 Hz, 1H), 4.40
(td, J = 9.1, 5.0 Hz, 1H), 4.26 (s, 1H), 3.99 (td, J = 8.5, 5.2 Hz, 1H), 2.98 (dd, J = 13.8, 5.7 Hz,
1H), 2.86 (dd, J = 13.8, 8.6 Hz, 1H), 2.67 (ddd, J = 15.4, 10.6, 5.2 Hz, 1H), 2.62 — 2.54 (m, 3H),
1.95 — 1.87 (m, 1H), 1.83 (g, J = 4.8 Hz, 1H), 1.64 (p, J = 6.6 Hz, 1H), 1.47 (s, 9H), 0.91 (dd, J =

21.6, 6.6 Hz, 6H) ppm. HRMS (ES+): calcd for C30H44NsOs [M+H]", 554.3337; found, 554.3340.

HsN-Leu-epoxyketone (5). A solution of Boc-L-Leucine epoxyketone (0.580 g, 2.14
mmol, 1.00 equiv.) in TFA (3.3 mL) was stirred at r.t. for several minutes until generation of CO>
in the reaction mixture was no longer visible. A steady stream of N2 was used to remove all

volatiles, and the resulting material was used directly for the next step without further purification.
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Boc-Homophe-Leu-Phe-Leu-Ep (6). To a solution of 5 (0.100 g, 0.181 mmol, 1 equiv.) in
dry DMF under N2 and at -30 °C, a solution of 43 uLL 4 M HCI in dioxane (0.017 g, 0.470 mmol,
2.6 equiv.) and tert-butyl nitrite (0.022 g, 0.217 mmol, 1.2 equiv.) was added and the solution was
stirred for 5 h. A solution of 6 (0.057 g, 0.199 mmol, 1.1 equiv.) in 200 puL of dry DMF was then
added dropwise to the reaction mixture followed by a dropwise addition of DIPEA (0.117 g, 0.903
mmol, 5 equiv.) and the resulting mixture was stirred overnight allowing the mixture to rise to r.t.
The reaction mixture was first quenched by the addition of water, followed by organic extraction
by DCM, and the remaining organic solvent was concentrated in vacuo providing the title
compound (0.090 g, 0.331 mmol, 90%). *H NMR (600 MHz, CDCls3) & 7.35 (s, 1H), 7.21 (t,J =
7.4 Hz, 2H), 7.17 — 6.99 (m, 9H), 6.93 (s, 1H), 5.46 (d, J = 7.6 Hz, 1H), 4.83 (g, J = 7.6 Hz, 1H),
457 (td, J = 9.1, 3.8 Hz, 2H), 4.24 — 4.13 (m, 1H), 3.24 (d, J = 5.1 Hz, 1H), 3.06 — 2.97 (m, 1H),
2.93 (dd, J = 14.0, 7.6 Hz, 1H), 2.82 (d, J = 4.9 Hz, 1H), 2.69 — 2.53 (M, 2H), 2.02 — 1.84 (m, 2H),
1.54 (ddt, J = 15.4, 7.9, 3.9 Hz, 3H), 1.48 (s, 4H), 1.45 (s, 11H), 0.89 — 0.79 (m, 12H) ppm. HRMS

(ES+): calcd for Cag Hs7 Ni O7 [M+H]*, 693.4222; found, 693.4228,

HsN-Homophe-Leu-Phe-Leu-Ep (7). A solution of 6 (0.050 g, 0.072 mmol, 1.00 equiv.)
in TFA (0.11 mL) was stirred at r.t. for several minutes until generation of CO: in the reaction
mixture was no longer visible. A steady stream of N> was used to remove all volatiles and the

resulting material was used directly for the next step without further purification.

Alkyne-Homophe-Leu-Phe-Leu-Ep, LJL-1 (8). To a solution of HBTU (0.025 g, 0.065
mmol, 1.2 equiv.) in dry DCM (0.337 mL) at r.t. under N2, 38 uL DIPEA (0.028 g, 0.220 mmol, 4

equiv.) and 6-heptynoic acid (0.008 g, 0.065 mmol, 1.2 equiv.) were added and the resulting
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mixture was stirred for 15 min. Afterwards, a solution of 7 (0.038 g, 0.054 mmol, 1 equiv.) in 1
mL of dry DCM was added dropwise, and, after the addition, the reaction mixture was stirred for
5 h. The reaction was quenched with H2O, and washed with brine. The organic layer was then
dried over Na>SOs, filtered and concentrated in vacuo. Purification by reverse phase HPLC
afforded the title compound as a white solid (0.015 g, 0.021 mmol, 40%). *H NMR (600 MHz,
CDCl3) & 8.37 (d, J = 111.5 Hz, 1H), 7.85 (s, 1H), 7.51 (s, 1H), 7.06 (d, J = 7.1 Hz, 4H), 7.00 —
6.90 (m, 6H), 6.85 (d, J = 7.5 Hz, 1H), 5.08 (d, J = 52.5 Hz, 3H), 4.66 (td, J = 9.3, 3.7 Hz, 1H),
3.22 - 3.15 (m, 1H), 3.03 — 2.86 (m, 2H), 2.82 (d, J = 4.7 Hz, 1H), 2.55 (td, J = 21.9, 6.7 Hz, 2H),
2.34 (ddt, J = 42.9, 14.5, 7.6 Hz, 2H), 2.26 — 2.20 (m, 2H), 1.99 — 1.85 (m, 3H), 1.85 — 1.72 (m,
3H), 1.72 — 1.64 (m, 1H), 1.64 — 1.52 (m, 4H), 1.48 (s, 3H), 1.47 — 1.42 (m, 1H), 0.84 (ddd, J =
17.7, 6.6, 3.9 Hz, 12H) ppm. HRMS (ES+): calcd for C41Hs7N4Os [M+H]*, 701.4273; found,

701.4272.

2.5.2. Synthesis of LJL-2

Boc-Phe-Leu-Ep (9). To a solution of Boc-Phe-OH (0.254 g, 0.956 mmol, 1 equiv.) in dry
DCM (1.90 ml) at r.t. under N2, DIPEA (0.097 g, 0.75 mmol, 4 equiv.) was added dropwise, and
the reaction mixture was stirred for 15 min. 5 (0.300 g, 1.1 mmol, 1.1 equiv.) and TBTU (0.368 g,
1.2 mmol, 1.2 equiv.) was added and the solution was stirred for 5 h at r.t.. The reaction was
quenched with H20, and washed with brine. The organic layer was then dried over Na>SOs, filtered
and concentrated in vacuo. Purification by silica gel column chromatography (20-40% EtOAc in
Hexane) provided the title compound (0.032 g, 0.076 mmol, 41%) as a white solid powder. *H
NMR (600 MHz, CDCls) § 7.31 — 7.16 (m, 5H), 6.20 (d, J = 8.2 Hz, 1H), 4.96 (s, 1H), 4.57 (ddd,

J=11.0,8.2, 3.2 Hz, 1H), 4.32 (s, 1H), 3.24 (s, 1H), 3.03 (qd, J = 14.0, 6.8 Hz, 2H), 2.88 (d, J =
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5.0 Hz, 1H), 1.49 (s, 3H), 1.47 — 1.43 (m, 1H), 1.41 (s, 10H), 1.17 (ddd, J = 13.9, 10.3, 4.0 Hz,
1H), 0.92 (d, J = 6.4 Hz, 3H), 0.87 (d, J = 6.5 Hz, 3H) ppm. HRMS (ES+): calcd for CsH3sN20s

[M+H]*, 419.2540; found, 419.2540.

HsN-Phe-Leu-Ep (10). A solution of 9 (0.058 g, 0.15 mmol, 1.00 equiv.) in TFA (0.21
mL) was stirred at r.t. for several minutes until generation of CO2 in the reaction mixture was no
longer visible. A steady stream of N2 was used to remove all volatiles and the resulting material

was used directly for the next step without further purification.

1-(1H-imidazol-1-yl)hept-6-yn-1-one (11). To a solution of 6-heptynoioc acid (0.997 g,
7.9 mmol, 1 equiv.) in dry DCM (19 ml) at r.t. under N2, carbonyldiimidazole (1.5 g, 9.5 mmol,
1.2 equiv.) was added in one portion and the reaction mixture was stirred at r.t. overnight.
Purification by silica gel column chromatography (60-65% EtOAc in hexane) provided the title
compound (0.993 g, 5.636 mmol, 71%) as a white solid powder. *H NMR (600 MHz, CDCls3) §
8.17 (s, 1H), 7.46 (t, J = 1.5 Hz, 1H), 7.10 — 7.06 (m, 2H), 2.89 (t, J = 7.3 Hz, 2H), 2.25 (m, 2H),
1.96 (t, J = 2.7 Hz, 1H), 1.91 (q, J = 7.5 Hz, 2H), 1.68 — 1.61 (m, 2H) ppm. HRMS (ES+): calcd

for C10H13N20 [M+H]*, 177.1022; found, 177.1019.

Alkyne-Phe-Leu-Ep, LJL-2 (12). To a solution of 9 (0.058 g, 0.130 mmol, 1 equiv.) indry
DCM at r.t. under N2, 11 (0.026 g, 0.150 mmol, 1.1 equiv.) was added in one portion, and 28 uL
DIPEA (0.021 g, 0.160 mmol, 1.2 equiv.) was added dropwise. The reaction mixture was stirred
atr.t. for 5 h. The reaction was then quenched with H.O, and washed with brine. The organic layer

was then dried over Na>SOg, filtered and concentrated in vacuo. Purification by HPLC and
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Iyophilization afforded the title compound (0.019 g, 0.045 mmol, 33%) as an off-white solid. *H
NMR (600 MHz, CDCls) § 7.36 — 7.27 (m, 3H), 7.24 — 7.19 (m, 2H), 6.08 (dd, J = 13.3, 7.6 Hz,
2H), 4.66 (g, J = 7.3 Hz, 1H), 4.51 (ddd, J = 10.6, 7.7, 3.1 Hz, 1H), 3.21 (d, J = 5.0 Hz, 1H), 3.03
(qd, J = 14.0, 7.1 Hz, 2H), 2.89 (dd, J = 5.0, 2.6 Hz, 1H), 2.17 (dtd, J = 9.5, 7.2, 2.1 Hz, 5H), 1.94
(dt, J=5.5,2.7 Hz, 1H), 1.73 — 1.65 (m, 2H), 1.50 (s, 3H), 1.49 — 1.44 (m, 2H), 0.89 (dd, J = 16.4,

6.4 Hz, 6H) ppm. HRMS (ES+): calcd for C2sH3sN204 [M+H]", 427.2591; found, 427.2587.

2.5.3. Cell culture

HEK?293 4% 42 and HepG2 * cells were cultured in DMEM supplemented with 10% heat-
inactivated FBS and 1% penicillin-streptomycin. Cells were grown in T75 cell culture flasks
maintained at 37 °C in 5% CO., and passaged at 60-80% cell confluence.

L. donovani MHOM/ET/67/HU3 promastigotes were grown axenically at 28°C in M199
containing 40 mM HEPES, 0.1 mM adenine, 0.0001% biotin, 4.62 mM NaHCOs3, 10% heat-
inactivated FBS and 1% streptomycin/penicillin in T25 cell culture flasks. The cultures were
diluted every 3-4 days to maintain the parasite density between 10° and 4x10’ parasites/mL, as
determined microscopically with a hemocytometer.**

T. vaginalis F1623 trophozoites were grown in TYM (trypticase, yeast extract, maltose)-
Diamond’s medium supplemented with 180 mM ammonium iron (II) sulfate at 37 °C under
anaerobic conditions. Trophozoites were seeded at approximately 1x10° cells/ml into 25 mL
universal bottles, which were then completely filled and tightly capped for 24 h. Cells were
passaged when at a density of ~1x10°® cells/mL, as determined microscopically with a

hemocytometer.*®
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2.5.4. Preparation of cell lysates

All cell types in their respective media were centrifuged for 10 min at 24,000 x g and 4 °C.
The supernatant was discarded, and the cells resuspended in PBS before undergoing the same
centrifugation again. This process was repeated once more. After the final centrifugation, the
supernatant was removed and cell pellets were stored at -80 °C.

PBS was used as a lysis buffer and approximately twice the volume was added relative to
the volume of the pellet so that a final concentration of 5-10 mg/mL was achieved. Cell lysis was
performed on ice using a Qsonica CL-18 sonicator probe set to pulses of 2 s with 5 s rest periods
over a total of 44 s. Sonicated samples were centrifuged for 10 min at 11,000 x g and 4 °C The
supernatant was recovered, aliquoted, flash frozen in a dry ice/acetone bath and stored at -80 °C.

Protein concentration was determined using the Pierce ™ BCA Protein Assay kit (Fisher #23227).

2.5.5. HEK293 cell viability assay

Resazurin was used to measure HEK293 cell viability as described previously.*? All test
compounds were dissolved and diluted in 100% DMSO. Compounds were diluted three-fold
through an eight-point concentration down from 4 uM. Compound (1 uL) was spotted into each
well of a clear, flat-bottomed 96-well plate (Fisher #FB012931) followed by addition of 49 pL
DMEM medium. Cells were diluted to 4 x 10° cells/mL and a 50 uL solution dispensed into each
well. Cells were incubated for 48 h at 37 °C in a 5% CO; atmosphere. After 48 h, 20 uL 0.5 mM
resazurin in PBS was added into each well. Assay plates were incubated in the dark for 2 h at 37°C
and 5% CO». Fluorescence was measured at 531/595 nm ex/em wavelengths in a 2104 EnVision®

multilabel plate reader. ECso values were calculated using GraphPad Prism 8 by normalizing
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activity to DMSO controls and interpolating the data using the “Sigmoidal, 4PL, X is

log(concentration)” algorithm.

2.5.6. Human c20S activity and inhibition assays

Inhibitors were first diluted in DMSO so that the final DMSO concentration in each assay
well was 2.5%. All other dilutions were prepared in assay buffer containing 50 mM HEPES, 1 mM
DTT, pH 7.5. To activate c20S, 4 nM c20S (R&D Systems; E-360) was mixed with 200 nM PA28a
(R&D Systems; E-381) in equal volume proportions for one 1 h before addition of inhibitor. To
normalize the DMSO concentration, all probes and inhibitors were diluted, 2- or 5-fold, in 100%
DMSO before being transferred to wells containing c20S so that the final concentration was 2.5%.
This mixture was incubated for 1 h at RT and 4 pL then transferred into 384-well small volume
plates (Greiner #784900). Immediately afterwards, 4 uL. of AMC substrate was added to a final
concentration of 50 uM. The B1, B2 and B5 activities of c20S were measured using Z-LLE-AMC,
Boc-LRR-AMC and Suc-LLVY-AMC, respectively. The rate of AMC cleavage was measured for
4 h and the potency of each inhibitor was compared to vehicle (DMSO) control. All reactions were
performed at 37°C in triplicate in a final volume of 8 pL. Fluorescence was measured at ex/em
360 nm/460 nm in a Biotek Synergy™ HTX plate reader. 1Cso values were calculated using
GraphPad Prism 8 by normalizing activity to DMSO controls and interpolating the data using the

“Sigmoidal, 4PL, X is log(concentration)” algorithm.

2.5.7. Probe incubation, click chemistry and SDS-PAGE
Each sample contained 1 pg/puL lysate using PBS to dilute as necessary. Inhibitors were

first diluted with 100% DMSO to the appropriate concentration and 1 pL inhibitor or vehicle
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(DMSO) was added into each sample and incubated for 1 h at 37 °C. Afterwards, 1 uL probe was
diluted in 100% DMSO so that the final concentration was 2 uM for MesBodipyFL-AhxsL3VS
with all three cell extracts, 10 uM for LJL-1 and LJL-2 with the L. donovani extracts, and 2 uM
LJL-1 and LJL-2 with the T. vaginalis and HepG2 extracts. Probes were co-incubated with each
sample for 3 h at 37 °C.

Samples requiring click chemistry, using a starting volume 16 pL, were denatured using
2.5 uL 1% SDS in PBS and briefly vortexed. To achieve a final concentration 1.5-fold greater than
the alkyne, TAMRA biotin azide (Vector Laboratories #CCT-1048) was diluted in 100% DMSO
and 0.5 pL was added to the sample. Next, 2.5 pL of the copper catalyst mixture was freshly
prepared; specifically, a 3:1:1 ratio of 1.7 mM TBTA (in 20% DMSO in t-butanol), 50 mM CuSO4
(in water) and 50 mM TCEP (in water and adjusted to pH 7.0 using 1 M NaOH). This sample
mixture, now 21.5 pL, was left for 30 min at 37 °C.

Next, 8 uL 4X Bolt™ LDS sample buffer (Fisher #B0007) containing 250 mM DTT was
added to each sample and boiled for 5 min at 95 °C. Samples were quickly centrifuged and placed
into precast 10, 15- or 17- well Bolt™ 1 mm 4-12% Bis-Tris Plus mini protein gels (Fisher
#NWO04120BOX, NW04125BOX, NW04127BOX). Gels were placed in an Invitrogen™ mini gel
tank (Fisher #A25977) containing 1X MOPS running buffer (Fisher #NP000102) at the designated
volume. The last lane at either side of the gel was loaded with 1.5 pL PageRuler™ prestained
protein ladder (Fisher #26616). Gels were first electrophoresed at 60 V until the dye front was
approximately 15% below the comb, at which point, the voltage was increased to 120 V for the
duration of electrophoresis. Gels were washed with water after electrophoresis and fixed for 5 min

in 6:3:1 water:ethanol:acetic acid. Fluorescent imaging was performed using a Bio-Rad ChemiDoc
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MP Imaging System with the settings optimized to visualize Qdots 525 (Bodipy) or Alexa 546

(TAMRA).

2.5.8. Affinity purification

To 500 uL 2 mg/mL lysate, 10 puL inhibitor(s) or vehicle (DMSO) was added and the lysate
incubated for 1 h at 37 °C. Next, 10 pM (10 pL) LJL-1 for L. donovani and 2 pM LIJL-2 for T.
vaginalis, was added to the lysate and incubated for 1 h at 37°C. Proteins were denatured by adding
62.5 uL 1% SDS in PBS followed by brief vortexing. Click chemistry was initiated by adding 62.5
uL of the copper catalyst mixture to 12.5 uL. TAMRA biotin azide (final concentrations of 15 and
3 uM for L. donovani and T. vaginalis, respectively) followed by a 30 min incubation at 37 °C.

After incubation, the lysate was precipitated using three volumes of cold acetone and
standing in a -20 °C freezer for 30 min. The precipitated protein sample was centrifuged at 11,000
x g and 4 °C for 5 min to generate a pellet and the supernatant was aspirated. The protein pellet
was washed three times with cold acetone. In each wash cycle, the supernatant was aspirated, the
pellet resuspended in cold acetone and centrifuged. After the final wash step, the supernatant was
aspirated, and the protein pellet was left to air dry. Once dried, the pellet was resuspended in 250
uL 1% SDS in PBS and vortexed. The resuspended sample was centrifuged at 11,000 x g and 4
°C for 5 min and the supernatant was retained, while any insoluble proteins formed a pellet and
were discarded. This supernatant was added to 75 pL NeutrAvidin™ Agarose resin (Fisher
#P129200) and rotated overnight at r.t. on an end-over-end Labquake® Shaker/Rotisserie. The
following day, this suspension was transferred onto a Bio-Rad Micro Bio-Spin™ column (Bio-
Rad #7326204) and centrifuged at 11,000 x g for 30 sec. The beads were washed five times with

each of the following solutions: 1) 4 M Urea, 250 mM NaCl and 2% SDS; 2) 8 M urea; and 3) 50
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mM ammonium bicarbonate. After the final wash, the beads were transferred into a separate
microfuge tube and 40 puL 4x Bolt™ LDS sample buffer containing 250 mM DTT were added.
Each sample was boiled for 15 min at 95 °C to disrupt biotin-neutravidin binding. Samples were
quickly centrifuged and the supernatant placed into precast 15 well Bolt™ 1 mm 4-12% Bis-Tris
Plus mini protein gels. Electrophoresis, gel fixation and fluorescence visualization were as

described above.

2.5.9. In-gel trypsin digest
The protocol published by Shevchenko et al. (2006) “° was used for in-gel trypsin digestion

of all protein bands of interest.

2.5.10. Proteomic sample preparation and analysis

Tryptic samples were desalted using custom made C18 spin tips by packing Empore™ C18
extraction disks (Fisher #13-110-019) into P1000 pipette tips. C18 tips were placed into centrifuge
adapters (GL sciences #5010-21514) and then into 2 mL microfuge tubes. P1000 pipette tips were
trimmed at the largest end so that they would fit inside a benchtop centrifuge.

C18 was equilibrated with 150 pLL LC-MS grade ACN and centrifuged at 400 x g for 1
min at RT. Next, 150 uL 0.1% TFA in LC-MS grade water was centrifuged through the tips at 400
x g for 2 min at r.t. twice. During centrifugation, the proteomic sample(s) were acidified with TFA
to achieve a final pH <3.0. Afterwards, the acidified sample was transferred to the C18 tip and
centrifuged at 400 x g for 4 min or until all the liquid eluted through the tip. The C18 was
centrifuged using 150 pLL 0.1% TFA in LC-MS grade water at 400 x g for 4 min. This was repeated

four times. After the last wash, the microfuge vials were replaced with max recovery tubes and the
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peptides were eluted using 150 uL 0.1% TFA in 50% ACN in water and centrifuged at 400 x g for
4 min and two cycles. The final elution involved 150 uL 0.1% TFA in 80% ACN in water followed
by centrifugation at 400 x g for 4 min. Approximately 450 uL sample was then placed in a rotary
evaporator until dryness and stored at -80 °C.

Proteome analysis was performed using an Easy- nLC coupled to an Orbitrap Eclipse
mass spectrometer (Thermo Fisher Scientific). The 71-min method, 60 min effective gradient of
solvent A (2% ACN, 0.1% FA) to solvent B (80% ACN, 0.1% FA) started at 3% to 23% B over
45 min; from 23% to 40% B over 15 min; from 40% to 95% B over one min and holding for 10
min. The flow rate was 200 nL/min. The Orbitap Eclipse mass spectrometer was performed in
positive mode. MS1 spectra were scanned in a range of 375- 1500 m/z, at a resolution of 60000,
with a maximum injection time (max IT) in automatic mode, and an AGC target in standard mode.
The data acquisition mode was set with a time between master scans of 3 s. The MS2 quadrupole
isolation mode had an isolation width of 0.7 m/z. The MS2 spectra scanned range was set in auto
mode with a resolution of 15,000. The AGC target was set at 400 % with a maximum injection
time of 22 ms. The normalized collision energy was set to 30 % and the dynamic exclusion was
setat 60 s.

RAW data were processed using Peaks 8.5 (Bioinformatics Solutions Inc.). MS2 data
were searched against either the L. donovani (Proteome ID: UP000008980) or the T. vaginalis
(Proteome ID: UP000001542) proteome. A precursor tolerance of 20 ppm and 0.01 Da for MS2
fragments was defined. Trypsin was used for protease digestion. Data were filtered to a 1% peptide
false discovery rate with the target-decoy strategy. Peptides were quantified with label free

quantification.
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Figure 2.8.1. MesBodipyFL-AhxsL3VS reacts with cysteine proteases. SDS-PAGE visualizing
the reaction of MesBodipyFL-AhxsL3VS with various concentrations of recombinant T. brucei
cathepsin L “6 (A) and human cathepsin B (R&D Systems #953-CY-010) (B).
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Figure 2.8.2. HEK?293 cell viability in the presence of proteasome inhibitors. Concentration-

dependent inhibition of growth of HEK29 cells in the presence of LJL-1 and -2, and the anti-cancer
proteasome inhibitors, CFZ and BTZ. One biological assay performed in triplicate (n=3).
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Figure 2.8.3. Inhibition of human c20S activity by CFZ and BTZ. Concentration-dependent
inhibition of ¢20S catalytic 3 subunits by CFZ (A) and BTZ (B) as measured with subunit-specific
AMC substrates for B5 (LLVY), B2 (LRR) and B1 (LLE). One biological assay performed in
triplicate (n=3).
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Chapter 3:

Carmaphycin B-based proteasome inhibitors to treat human African

trypanosomiasis; structure-activity relationship and in vivo efficacy
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3.1. Introduction

The Trypanosoma protozoan parasite causes the vector-borne disease, African
Trypanosomiasis (AT) that affects both humans (HAT; Sleeping Sickness):? and animals (AAT;
Nagana).® Approximately 70 million people throughout sub-Saharan Africa are at risk of
infection,* and two subspecies, Trypanosoma brucei rhodesiense and Trypanosoma brucei
gambiense, are responsible for East and West African HAT, respectively.® AAT is caused by a
broader range of Trypanosoma spp. affecting hundreds of millions of sheep, cattle and goats, with
annual cattle production losses being estimated at USD $1 billion.2 Transmission to humans occurs
via the painful bite of an infected tsetse fly, and the disease progresses through two stages with
different clinical manifestations: Stage 1 (hemolymphatic) may be asymptomatic or present flu-
like symptoms, and the much more serious Stage 2 (meningo-encephalitic), which is associated
with mood and behavioral changes, e.g., hallucinations and disruption of sleep cycles, that
ultimately deteriorate to coma and death if the infection is not adequately treated.* ©

There is no vaccine’ and drug treatment depends on the infecting subspecies and stage of
disease.2 Most of the traditional treatment options involve high frequency and/or long-duration
parenteral administration of drugs that are associated with side effects,® some potentially life-
threatening,® *° and which require significant health care resources that are challenging for what is
a rural disease of poverty.!! The recent registration of the oral drug, fexinidazole,** and the
continued clinical progression of the oral drug candidate, acoziborole,'® will greatly simplify
treatment. Yet, in spite of this encouraging progress, the ability of the Trypanosoma parasite to
generate resistance,'*  including cross resistance to some of the current drugs,*® " underscores

the need for pharmaco-readiness.
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An exciting molecular target to have emerged over the last 20 years for the trypanosomatid
parasites, i.e., African and South American trypanosomes, and Leishmania spp., is the
proteasome.'®2! In humans, the 26S proteasome is a cytosolic, multi-subunit, protein degradative
complex that is required for proteostasis in the cell.?? The 26S complex comprises a barrel-shaped
20S proteasome core that is capped at either end by a 19S regulatory particle.?2* The 20S core is
composed of two rings of seven B subunits that are sandwiched between two rings of seven a
subunits.?® The B1, B2 and PS5 subunits are proteolytically active and have caspase-, trypsin- and
chymotrypsin-like activities, respectively.?:2” Reversible allosteric inhibitors that bind to a unique
interface between the $4 and 5 subunits of the trypanosomatid 20S proteasome to sterically block
the latter’s hydrolytic activity, are in clinical development for treatment of visceral leishmaniasis.?

For the 20S proteasome of a number of protozoan®® *° and helminth3' parasites, our
approach has been to directly inhibit the activities of the catalytic § subunits using synthetic
analogs of CPB, a peptidyl, marine natural product derived from the cyanobacterium Symploca
spp.32 CPB contains a C-terminal epoxyketone reactive group that covalently and irreversibly
reacts with the active site threonine of the 20S catalytic B subunits.®? For the malaria parasite,
Plasmodium falciparum, preclinical studies with CPB analogs have advanced as essentially non-
toxic compounds with nanomolar in vitro potencies against the parasite and proof-of-principle
efficacy in animal models of infection.?% 33

Here, CPB and 27 analogs from the above-stated P. falciparum program were tested in
vitro against T. brucei. We describe the structure-activity relationship (SAR) that involves
engagement of the Tb20S catalytic 5 subunit and the finding that a D-configuration at the P3
position of the peptidyl backbone generates large selectivity indices vs. mammalian cells. For one

such compound, we demonstrate a therapeutic benefit in a mouse model of T. brucei infection,
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suggesting that mechanism-based, irreversible inhibitors of Th20S might provide a new

therapeutic strategy for treatment of AT and, possibly, other kinetoplastid diseases.

3.2. Results

3.2.1. SAR for antitrypanosomal activity in vitro by CPB and its analogs

CPB was tested for activity against T. brucei brucei Lister 427 in vitro using an established
cell viability assay.3* 3 After a 72-h incubation, an ECso value of 31 nM was achieved, indicating
that this compound has potent antitrypanosomal activity. However, CPB is also highly cytotoxic
to HepG22% % cells with a CCso value of 13 nM. Thus, with its selectivity index (SI; HepG2 CCso
/ T. brucei ECsp) of <1, CPB was too cytotoxic to test in a mouse infection model. Therefore, we
evaluated a set of 27 analogs of CPB, many of which had reduced HepG2 cytotoxicity.

CPB can be divided into four structural subunits: the leucine epoxyketone (EK) (P1),
methionine sulfone (P2), valine (P3) and hexanoic acid (P4). The analogs tested here, for which a
nomenclature has already been established?33, consist of a C-terminal EK warhead, various amino
acid sidechains at P1 through P3, and different N-terminal capping groups (Table 3.1). Many of
the compounds in this series have a norleucine (Nle) in the P2 position and J-1 differs from CPB
only by the replacement of the P2 methionine sulfone with Nle. This replacement resulted in a
compound with at least a 130-fold lower antitrypanosomal activity, but also a 10-fold lower HepG2
cytotoxicity.

Examining first the P3 position, we compared L-Val in J-1 to L-Phe (J-2), 4-NH2-L-Phe
(J-3), 4-Boc-NH-L-Phe (J-5) and L-Trp (J-6) and found that none improved the SI. However, J-6
was the most potent compound from this group with an ECs value of 195 nM. We next tested four

related analogs, J-7, J-9, J-10 and J-11, that had the same P2 L-Nle as J-2 through J-6 but where
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the P1 L-Leu had been replaced with L-Phe, and varied substituents at P3. The most selective
analog (SI = 6) contained 4-NH.-L-Phe at P3 (J-9), with ECso and CCs values of 567 and 3,410
nM, respectively.

Next, P2 was examined, and three compounds with 4-NH-L-Phe, 4-Boc-NH-L-Phe or L-
Trp in the P2 position were coupled to derivatives with 4-NH>-L-Phe (J-12), 4-Boc-NH-L-Phe (J-
14) or L-Trp (J-16) at the P3, respectively. Although these compounds were more potent (ECso
values < 500 nM) than J-9, they were also more cytotoxic. J-5 (ECso > 4000 nM) and J-14 (465
nM) both contain a P1 L-Leu and a P3 4-Boc-NH-L-Phe but differ at the P2 position (L-Nle vs. L-
4-Boc-NH-L-Phe, respectively). The 10-fold increase in potency with J-14 indicates, therefore, a
preference for bulky, aromatic groups at P2.

The next analog tested, J-19, had D-Trp at P3, L-Nle at P2 and L-Leu at P1. This inhibitor
differed from J-6 only by the configuration of the P3 residue and had a similar antitrypanosomal
activity (ECso = 298 vs. 195 nM). However, J-19 had 286-fold lower HepG2 toxicity and,
therefore, better selectivity. Substitution of the P1 L-Leu in J-19 for L-Phe in J-51 increased
potency by 5-fold and toxicity by 3-fold, but with a slightly improved SI. Fixing L-Phe at P1 and
L-Nle at P2, we evaluated four additional compounds with D-amino acids at P3, specifically, b-
Val (J-50), p-(OtBu)-Glu (J-71), p-Glu (J-74) and p-GIn (J-76). Of these, J-71 was the most
potent and selective compound with an SI of 122. These data reveal that a b-amino acid in the P3
position is the single biggest driver of selectivity for this group of compounds.

Finally, examining the P4 N-terminal cap, and using J-50 (ECso = 319 nM) as a starting
point, cyclic P4 substituents such as morpholine (J-53), cyclohexyl (J-55) and phenyl (J-56)
exhibited robust antitrypanosomal activity with ECso values ranging from 88 to 568 nM. By

contrast, linear substituents such as octanoyl (J-54) and 2-(meth-oxymethoxy)acetyl (J-75) were
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inactive (>4000 nM). The striking difference in activity between the presence of hexanoyl (J-50;
319 nM) and octanoyl (J-54; >4000 nM) suggests a degree of steric sensitivity at the P4 position.
Notably, the cyclization of P4 to cyclohexyl in J-55 (88 nM) led to improved potency against T.
brucei. Overall, these data suggest some preference for hydrophobic cyclic over linear

hydrocarbon groups at P4 that may also be limited by length.

Table 3.1. CPB and analogs. P4-P1 substituents, activity against T. brucei, cytotoxicity against
HepG2 cells and selectivity indices.
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Table 3.1. CPB and analogs. (Continued)
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Table 3.1. CPB and analogs. (Continued)
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Table 3.1. CPB and analogs. (Continued
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The substituent in the chemical structure that changes relative to the previous group of analogs is
colored in red. PAntitrypanosomal activity was determined using the SYBR green cell viability
assay. Data shown represent the means + SD of three or more biological replicates each conducted
in triplicate. °HepG2 cytotoxicity data were previously published. 2% 33

The last set of four compounds (Table 3.2) was originally designed based on ML9, a
reversible proteasome inhibitor of Mycobacterium tuberculosis 205 that was subsequently
modified with an epoxyketone group.?® This set explored the P4 substitution of a 3-phenyl acetyl
group for a hexanoyl as well as the P3 stereochemistry of an N,N-diethyl-L-Asn moiety. Whereas
the P4 substitution had no major effect on antitrypanosomal activity, the L-configuration at P3 was
slightly preferred, with 8.6- and 2.9-fold greater antitrypanosomal activity for J-77 vs. J-78, and
J-79 vs. J-80, respectively. Although all four compounds were relatively nontoxic to HepG2 cells,
the P3 p-analogs were at least one order of magnitude less so than the L-analogs, with J-80
outstanding with its SI of 155. Interestingly, this ability to accommodate the p-configuration at P3

has been noted before for P. falciparum.?® 3 In addition, it has been reported that P3 p-analogs

preferentially engage the immunoproteasome (i20S) over the constitutive c20S proteasome.®’
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Overall, the ability to accept the p-configuration by T. brucei offers opportunities to identify

inhibitors with increased selectivity.

Table 3.2. ML9 based epoxyketone inhibitors. P4-P1 substituents, activity against T. brucei,

cytotoxicity against HepG2 Cells and selectivity indices.
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aAntitrypanosomal activity was determined with the SYBR green cell viability assay. Data shown
represent the means = SD of three or more biological replicates each conducted in triplicate.
bHepG2 cytotoxicity data were previously published. 2% 32

3.2.2. CPB analogs engage the Tbh20S B5 subunit
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We selected three compounds, J-71, J-77 and J-80 for follow-up studies as they shared
similar potencies to that of pentamidine (Figure 3.1A), an approved drug for treatment of
trypanosomiasis, and were the only compounds with selectivity values >80 (Figure 3.1B). To
confirm their engagement of the Th20S target, we used a commercially available activity-based
probe, MesBodipyFL-AhxsLeusVS 8, that binds covalently to the catalytic threonine residues of
proteasomes and can be used to visualize the target protein via SDS-PAGE. This probe labeled
two of the three catalytic subunits in T. brucei (Figure 3.1C), which previous reports identified as
B2 (upper band) and B5 (lower band).>® When parasite lysates were pre-incubated with 0.1 to 10
UM of each compound for 1 h and then incubated with the probe we observed a concentration-
dependent reduction in B5 labelling. Complete inhibition of B5 occurred in the presence of 1 pM
of each compound. At 10 uM, J-71 also inhibited Tb20S B2 by approximately 84% based on
densitometric analysis. The data suggest, therefore, that engagement of the 5 subunit is associated
with the inhibition of T. brucei growth in vitro. Whether there is added value in inhibiting 2 in
addition to B5 is not yet clear. It has been reported for Plasmodium falciparum that dual inhibition
of B2 and B5 facilitated killing of all blood stage parasites while inhibition of 5 alone was only
associated with activity against the schizont stage.*> However, even though J-71 engaged Th20S
B2 at 10 uM (Figure 3.1C), the minimal concentration necessary to kill all of the parasites in vitro

by this and the other inhibitors was < 1 uM (Figure 3.1A), suggesting that B5 is the critical target.
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Figure 3.1. CPB analogs decrease T. brucei growth and engage the Tb20S B5 subunit. A.
Concentration response curves for three top-performing CPB analogs against T. brucei: the assay
was performed once in triplicate and means + SD values are shown. B. Plot of log T. brucei ECso
vs. log HepG2 CCso. Lines indicate Sl cut-offs. The star represents the CPB progenitor compound,
the triangles represent those compounds with a D-configuration at P3, and the blue, purple and
green symbols represent J-71, J-77 and J-80, respectively. C. Binding-competition assay in T.
brucei lysates with CPB analogs using the fluorescent activity-based probe, MesBodipyFL-
AhxzLeusVS.

3.2.3. J-80 is predicted to have greater selectivity towards the Tb20S B5 binding

pocket

J-80 was chosen for molecular docking studies with Tb20S B5, as it had the highest SI
value and was confirmed to inhibit only the B5 subunit. A homology model of the Tb20S B5
subunit sequence (from Met103 to Ser309 using FASTA) was generated based on the crystal
structure of c20S PS5 (PDB ID: 8UDY), and both covalent*: and non-covalent*? 43 docking

simulations were performed with J-80. For comparison, similar docking simulations were also

performed with the B5 subunit of human c20S.
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Covalent docking calculations using Glide XP revealed that J-80 (Figure 3.2A) formed
seven potential interactions with the Tb20S B5 subunit (Figure 3.2B). The P1 residue (2,4-difluoro-
L-Phe) interacted specifically with Ser21, Lys33 and Ala49. Similarly, the P2 4-fluoro- L-Phe
interacted with both Gly47 and Lys117, while both the P3 N,N-diethyl-D-Asn and the P4 hexanoyl
interacted with Ser96. By contrast, J-80 formed only three potential interactions with c20S B35,
involving Thr21 and Gly47 at P2, and Ala49 at P3 (Figure 3.2C). Therefore, the potency and
selectivity of J-80 against T. brucei may be attributed to the change in configuration at the P3
position and the stabilization of interactions with the other positions on the inhibitor.

The non-covalent docking simulations for J-80 using GOLD predicted higher scores
(CHEMPLP fitness)*? for Tb20S PS5 compared to c20S B5 (Figure 3.2D). The scores were
essentially the same for CPB with both targets, consistent with its equipotent activities against T.
brucei and HepG2 cells. Also, using DockThor as a different scoring system to predict affinity
(kcal/mol)*3, a decrease in binding affinity was predicted for J-80 when docked with c20S B5
relative to Tb20S B5 (Figure 3.2D). Thus, the non-covalent docking results are consistent with the
in vitro data indicating that the D-configuration at P3 can be accommodated by Tb20S and less so
by c20S. Conversely, the binding scores for CPB were similar regardless of the target, again, in
line with the in vitro data indicating that CPB is similarly active against both T. brucei and HepG2

cells.
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Figure 3.2. Covalent and non-covalent docking simulations predict a greater selectivity of J-
80 for Tb20S B5. Predicted covalent docking pose of J-80 (A) using Glide XP in the modeled 5
pockets (gray) of Th20S (B) and c20S (C). The compound is predicted to engage the Tb20S B5
binding pocket (seven interactions) more robustly than the B5 pocket of c20S (three interactions).
Hydrogen atoms were hidden for clarity. Potential ligand interactions with residues are dashed in
yellow. Images were generated with PyMOL software (v2.5.7). D. Non-covalent docking
simulations using two different scoring algorithms whereby the higher GOLD score and lower
affinity each indicate preferential binding of J-80 to Tb20S 5 compared to the human ortholog.

3.2.4. J-77 and J-80 decrease parasitemia in a mouse model of Stage 1 T. brucel

infection

The ability of the top three CPB analogs, J-71, J-77 and J-80, to interfere with the growth
of T. brucei in a mouse model of Stage 1 infection was assessed. Briefly, six-week-old, female
BALB/C female mice were infected (day 0) intraperitoneally (i.p.) with 100,000 T. b. brucei Lister
427 parasites. Parasitemia was established two days post infection (2 d.p.i.) as evidenced by the
presence of 10° - 107 parasites/mL blood (Figure 3.3). Groups of three infected mice (n=3) were

then dosed once i.p. with 40 mg/kg of compound. Drug (pentamidine at 4 mg/kg once i.p.) and

vehicle controls were also set up (each n=3). After dosing, parasitemia was again measured 3 d.p.i.
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In the vehicle control mice, parasitemia increased by almost two log orders to 108
parasites/mL from 2 to 3 d.p.i., whereas pentamidine decreased parasitemia to below the detectable
limit of 2.5 x10° parasites/mL (logio value 5.4; Figure 3.3). Vehicle-treated mice were euthanized
3 d.p.i. to prevent mice dying from uncontrolled parasitemia. J-71 was seemingly ineffective as
the increase in parasitemia after dosing was not statistically different from that of the vehicle
control, whereas J-77 significantly limited the increase to 107 parasites/mL. By contrast, J-80,
halted the proliferation of parasites whereby the level of parasitemia remained at ~105°

parasites/mL between days 2 and 3 d.p.i. Based on these data, J-80 was chosen for survival studies

in mice infected with T. brucei.
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Figure 3.3. Effect of CPB analogs on blood parasitemia. Mice (n=3) were infected with 100,000
T. brucei on day 0 and treated i.p. with the named compounds, at the doses indicated, 2 d.p.i.
Parasitemia was measured as described in the main text: the limit of detection was 2.5 x 10°
parasites/mL blood, and data are represented as means + SD. The Student’s paired t-test was used
for intra-group data, i.e., between 2 and 3 d.p.i., whereas the Student’s unpaired t-test was used for
inter-group data (vs. vehicle control) 3 d.p.i. *p<0.05, ***p<0.01, ***p<0.001, ****p<0.0001, ns
= not significant.
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3.2.5. J-80 extends the survival of mice infected with T. brucei

For survival studies, groups of five and three mice were set up for drug/compound and
vehicle treatments, respectively. Pentamidine was administered as described above and apparently
cured the mice as parasitemia never returned (not shown); also, the mice survived to the end of the
experiment at 9 d.p.i. when they were euthanized (Figure 3.4B). By contrast, vehicle treated mice
developed parasitemia >108 parasites/mL on 3 d.p.i., and were euthanized. J-80 was administered
twice-daily (every 12 h) i.p. at 50 mg/kg for five days starting 2 d.p.i. With this dosing regimen,
blood parasitemia levels remained below the limit of detection (2.5 x 10° parasites/mL), and up to
48 h after the cessation of dosing 6 d.p.i. (Figure 3.4A). Also, all of the treated mice appeared
healthy and behaved normally during the dosing campaign. At 8 d.p.i., parasitemia became
detectable in four of the five mice, and by day 9, parasitemia in all five mice ranged between 1085
and 10° parasites/mL, at which point, the mice were euthanized, and the experiment concluded.

Clearly, therefore, J-80 exerted a powerful anti-trypanosomal effect.
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Figure 3.4. J-80 extends the survival of T. brucei-infected mice. (A) Parasitemia was measured
after i.p. administration of 50 mg/kg J-80 twice daily for five days (n=5), or vehicle control once
on day 2 d.p.i. (n=3). Not shown for clarity is the parasitemia subsequent to the i.p. administration
of 4 mg/kg pentamidine once on day 2 d.p.i (n=5). Red triangles represent the first and last dosing
days for J-80. (B) Kaplan-Meier survival curves for infected mice treated as indicated.
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3.2.6. J-80 is equipotent against three sub-species of T. brucei
Finally, we tested the activity of J-80 against isolates of the two T. brucei subspecies
responsible for infection in humans, namely T. b. gambiense and T. b. rhodesiense, in addition to
the animal-infective parasite, T. b. brucei (Table 3.3). All three subspecies were equally

susceptible to this compound.

Table 3.3. Susceptibility of three T. brucei subspecies to J-80.

Sub-species Pentamidine (nM) @ J-80 (nM) 2
T. b. brucei Lister 427 16+4 157 £ 47
T. b. gambiense 348BT 9+7 220 +51
T. b. rhodesiense 1852 27 +11 156 + 36

4The experiment was conducted once in triplicate.

3.3. Discussion
Two structurally similar triazolopyrimidine inhibitors of the trypanosomatid 20S
proteasome are currently in clinical development for treatment of visceral leishmaniasis.?® 4 Both
drug candidates allosterically bind to an interface between the 4 and 5 subunits that is unique to
kinetoplastids, blocking the catalytic activity of f5.4> 46 Our focus with a number of parasites?®3%
33 has been on the mechanism-based, covalent and irreversible inhibition of the 20S catalytic
subunits using analogs of CPB, a peptidyl, epoxyketone natural product that was originally

discovered in the marine cyanobacterium, Symploca sp.*?
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We screened T. brucei in culture with a selection of compounds from a library of CPB
analogs that had been synthesized in a campaign to identify inhibitors of the P. falciparum 20S
proteasome (Pf20S) 2% 33, Many of these Pf20S inhibitors possessed p-stereochemistry at the P3
position which was accommodated well by the Pf20S B5 subunit and associated with impressive
Sl values relative to HepG2 cells 2% 32 Beyond factors like size limitations and preferred binding
sites influencing T. brucei activity, a key finding here for the T. brucei SAR is that Th20S also
accommodates inhibitors with the D-configuration at P3, as exemplified by the two matched
inhibitor pairs, J-77 vs. J-78, and J-79 vs. J-80. Whereas all four of these compounds generated
low to mid-nanomolar ECso values against the parasite, only those with the P3 D-configuration i.e.,
J-78 and J-80, were essentially non-toxic to HepG2 cells with CCso values > 25 uM.

Engagement of the intended Tbh20S target by the top-performing CPB analogs, J-71, J-77
and J-80, was confirmed by binding-competition experiments with the activity-based probe,
MesBodipyFL-AhxsLeusVS, and visualization after SDS-PAGE. These experiments also
indicated that inhibition of B5 is associated with parasite killing. In support of this notion, both the
number of potential interactions between J-80 and the B5 subunit identified by covalent docking
and the scores generated by the non-covalent docking simulations were consistent with the
biochemical data. Tb20S B2 was also engaged by one of the three top inhibitors (J-71) but only at
10 uM, a concentration greater than that necessary to kill the parasite in culture. We were not able
to judge whether B1 was also targeted by any of the top three CPB analogs as it could not be
visualized by the activity-based probe, however, this seems unlikely given that the set of CPB
analogs tested primarily react with Pf20S p5.2% 3

That the inhibition of B5 is associated with trypanocidal activity is consistent with the

known importance of this subunit for the survival of other parasites, including P. falciparum?®, L.
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donovani** % and Trypanosoma cruzi*’. For P. falciparum, inhibition of Pf20S B5 is sufficient to
decrease the survival of synchronous trophozoites® and schizogony“®. Added value is brought by
co-inhibition of two or more subunits, whereby all the intraerythrocytic life stages are killed in
vitro®®#°, This value extends to the demonstration that inhibition of B2 can overcome PS5 resistance
40,50 and also synergize with dihydroartemisinin to kill early ring stage parasites®’. These studies
highlight the importance of understanding the relative contribution of individual Tb20S 3 subunits
to survival, especially if drug resistance were to emerge to one or more subunit.

The three top performing CPB analogs, J-71, J-77 and J-80, were tested for their ability to
decrease blood parasitemia in a mouse model of Stage 1 infection by T. brucei. After a single i.p.
dose, J-80 stood out as being the only compound to halt growth of the parasite over a 24 h period.
Further, using a twice-daily i.p. dosing regimen over five days, J-80 decreased parasitemia to
below the detectable limit and prolonged the survival of infected mice, which appeared healthy,
with parasite recrudescence only occurring 48 h after the last dose. This in vivo proof-of-principle
by a mechanism-based proteasome inhibitor of Tb20S is encouraging. Nonetheless, the short
plasma half-life of 2.4 h for J-80 2° necessitated its twice-daily delivery to demonstrate efficacy
and, likely, contributed to the lack of cure. Further research with next-generation CPB analogs will
aim to improve metabolic stability and demonstrate oral bioavailability while maintaining or
improving potency and selectivity. In addition, the issue of blood-brain barrier penetrance to clear
stage 2 T. brucei infection must be dealt with to eventually deliver a single-dose oral cure of HAT,

as is currently the case for the drug candidate, acoziborole.'® >2

3.4. Conclusion
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By whole-organism screening of T. brucei in vitro with a selection of CPB analogs
designed to interact with the Pf20S proteasome, we discovered several compounds with nanomolar
anti-trypanosomal potency that were essentially not toxic to HepG2 cells. We identified the Th20S
B5 subunit as the key target. Underlying the large selectivity values was the ability of Tb20S B5 to
accommodate a D-amino acid at the P3 position of the peptidyl inhibitor backbone, in contrast to
the ¢20S B5 anti-target. One compound, J-80, which was equipotent against all three T. brucei
sub-species, halted parasite growth and prolonged host survival in a mouse model of Stage 1 T.
brucei infection. Thus far, the SAR for Th20S seems similar to that demonstrated in an ongoing
program targeting Pf20S, suggesting that further ‘piggybacking’ opportunities may exist to

accelerate the identification of potent and selective Th20S inhibitors.

3.5. Methods
3.5.1. CPB analogs
CPB and analogs were synthesized as described previously.?® 33 Compounds were stored

at 10 mM in 100% DMSO in 96-well, u-bottomed polypropylene plates that were stored at -80 °C.

3.5.2. Maintenance of T. brucei
Bloodstream forms of T. b. brucei Lister 427, T. b. gambiense 348BT and T. b. rhodesiense

1852 were cultured as described.®* %3

3.5.3. T. brucei viability assay
SYBR green was used to measure T. brucei cell viability as previously described.3* %

Briefly, compounds were serially diluted in DMSO (Thermo Fisher Scientific™, Cat. No. 85190)
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across eight concentrations ranging from 4 uM to 0.87 nM. Parasites in log-phase growth were
suspended at 2x10° parasites/mL in HMI-9 medium under continuous agitation. Cells were
dispensed as 100 pL aliquots into 96-well black or white plates with flat and clear bottoms
(Corning®, Cat. No. 3903) containing 1 pL of compound in 0.5% DMSO. Additional medium (99
uL) was added, and the plates were incubated for 72 h at 37 °C and 5% CO.. Parasites were lysed
with 50 pL/well of lysis solution (30 mM Tris, pH 7.5, 7.5 mM EDTA, 0.012% saponin (Alfa
Aesar, Cat. No. A18820) and 0.12% Triton X-100 (Sigma Aldrich, Cat. No. T8787) containing
0.3 uL/mL SYBR Green I (10,000x in DMSO; Lonza, Cat. No. 50513). Plates were incubated in
the dark for at least 1 h at r.t. Fluorescence was measured in a 2104 EnVision® multilabel plate
reader (PerkinElmer, Waltham, MA) at 485/535 excitation/emission wavelengths. The activity of
test compounds was normalized to those of the DMSO controls in the same plate. Concentration
response curves and ECso values, i.e., the concentration of compound required to generate a 50%
inhibition of the parasite growth rate, were calculated using GraphPad Prism version 8.0.1
(GraphPad Software, San Diego, CA, www.graphpad.com). At least three biological replicates

each in triplicate were performed for each CPB analog.

3.5.4. Docking studies

The Tb20S B5 sequence, truncated from Met103 to Ser309 (FASTA) was modelled after
the human c20S anti-target B5 subunit (PDB ID: 8UD9). Modelling employed Maestro
(Schrodinger Release 2024.1 Maestro, Schrddinger, LLC, New York, NY, 2024) and OPLS4
force-field®* as templates utilizing the advanced homology modelling tool available in the
Schrodinger suite (v2023.2). Missing amino acid’s side chains were placed using Prime, followed

by loop refinement using the same software. Proteins were prepared using Protein Preparation
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Wizard (Schrodinger LLC, New York, NY, 2024). Missing hydrogen atoms were added, bond
orders were assigned using the CCD database, and protonation states of amino acids were
optimized with PROPKA® (Schrodinger, LLC, New York, NY, 2023) at pH 7.4. Given the
truncated nature of the models, both the N- and C-termini were capped. Final structures were
optimized for hydrogen positions using the H-bond assignment algorithm, PROPKA,, in the Protein
Preparation Wizard tool of Maestro, to select the most likely protonation states and tautomer for
the histidine residues. Acceptance of the software suggestions was followed by optimization of the
generated H-bonding species. Finally, all structures underwent global energy minimization using
the steep descent method.

Prior to docking simulations, ligands were prepared using LigPrep (Schrddinger, LLC,
New York, NY, 2024) to assign the protonation state (at pH 7.0 = 1.0) and the partial charges.
Simulations were performed using Glide v7.7 with extra precision (XP). Initially, non-covalent
docking was calculated within a pocket of 13 A around co-crystallized ligands of the original
templates. These generated up to 10 poses per ligand that were used as a starting point for covalent
docking. Next, using CovDocking, covalent docking poses were generated with similar parameters
by selecting an epoxy opening reaction with Thrl07, i.e., Thrl, as the reactive residue.
Representative poses were selected based on the docking score and by visual inspection of the
warhead position covalently bound to the threonine.

Additional non-covalent docking was performed using GOLD 5.1*2 and DockThor*?

(https://dockthor.Incc.br/v2/) in a consensus approach with two different scoring systems (i.e.,

algorithms), CHEMPLP fitness and affinity (kcal/mol), respectively. Simulations with GOLD
were performed by building a default grid box of 10 A around the co-crystallized inhibitor TDI-

8304°° bound to the c20S B5 subunit, which was inserted® into the modeled Tb20S B5 structure.
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The parameters used in GOLD were: (i) all protein rotatable bonds were fixed; (ii) the binding site
was defined with the co-crystallized ligand or the inserted position with all atoms within 10 A; (iii)
chemscore_kinase was used as the template; (iv) 200 genetic algorithm runs performed; (v)
CHEMPLP used as the scoring function with no early termination allowed; and (vi) the genetic
algorithm search option was set as slow. The representative pose with the highest fitness score was
selected by visual inspection among the top three predicted poses. Simulations with DockThor
considered the inserted grid box with a default size of 20 x 20 x 20 A, and were conducted with
standard run analysis and no soft docking. A maximum of 24 generated poses was simulated
considering RMSD values < 2.0 A for the cluster conformers. The pose with the highest affinity

score (kcal/mol) was selected from among the top three predicted poses.

3.5.5. CPB competition assay with the activity-based probe

Cultured T. brucei was aspirated from flasks and centrifuged for 10 min at 24,000 x g at 4
°C three times. After each centrifugation, the supernatant was discarded and the pellet was
resuspended in PBS before centrifugation again. After the final centrifugation, the supernatant was
removed, and the cell pellet were stored at -80 °C.

PBS containing 10 uM E64 was used as a lysis buffer and approximately twice the volume
was added relative to the volume of the pellet so that a final concentration of 5-10 mg/mL was
achieved. Cell lysis was performed on ice using a Qsonica CL-18 sonicator probe set to pulses of
2 s with 5 s rest periods over a total of 44 s. Sonicated samples were centrifuged for 10 min at
11,000 X g and 4° C. The supernatant was recovered, aliquoted, flash frozen in a dry ice/acetone
bath and stored at -80 °C. The protein concentration was measured using the Pierce ™ BCA Protein

Assay kit (Fisher #23227).
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T. brucei lysate was diluted to a final concentration of 1 pug/uL and 14 uL was incubated
with 1 pL of the specified CPB analog or DMSO concentration, diluted in 100% DMSO, for 1 h
at 37 °C. Afterwards, 1 pL. MesBodipyFL-AhxsLeusVS (Ubigbio #UbiQ-018), diluted in 100%
DMSO, was added so that a final concentration of 2 uM was achieved and co-incubated for 1 h at
37°C. Next, 8 pL 4X Bolt™ LDS sample buffer (Fisher #80007) containing 250 mM DTT was
added to each sample and boiled for 5 min at 95 °C. Samples were then loaded on a 4-12% Bis-
Tris gel (Fisher #NW04127BOX) with 1X MOPS running buffer (Fisher #NP000102). Gels were
first electrophoresed at 60 V until the dye front was approximately 15% below the comb, at which
point, the voltage was increased to 120 V for the duration of electrophoresis. Gels were washed
with water after electrophoresis and fixed for 5 min in 6:3:1 water:ethanol:acetic acid. Fluorescent
imaging was performed using a Bio-Rad ChemiDoc MP Imaging System with the settings
optimized to visualize Qdots 525 (Bodipy). Densitometric analysis was accomplished using Bio-

Rad Image Lab 6.1.

3.5.6. Mouse model efficacy study

Vertebrate animal use was supported under a protocol approved by UC San Diego’s
Institutional Animal Care and Use Committee. Approval was granted under the Animal Welfare
Act and Regulations (AWAR) Act and the United States Public Health Service Policy on Humane
Care and Use of Laboratory Animals.

Infections and treatments were set up and executed essentially as described.®* Briefly, six-
week-old, wild-type, BALB/c, female mice were infected with 1x10° T. b. brucei Lister 427 cells

by i.p. injection. Mice were divided into groups of three or five, and 48 h after infection, compound

83



or vehicle alone was administered i.p. in 9% DMSO and 91% corn oil at the doses indicated in the
Results section. Pentamidine (Sigma-Aldrich, Cat No. P0547) was used as reference drug.

Blood parasitemia was measured by microscopic examination of tail blood every 24 h
starting at 48 h post-infection. Specifically, 5 pL blood was withdrawn and diluted immediately
with 5 pL heparin solution (0.5 mg/mL in sterile water) before administering drug. Samples were
diluted a further 100-fold in PBS at 37 °C and the parasites counted using a Neubauer chamber.
The lower limit for accurate counting of cells in a Neubauer chamber is 2.5x10° cells/mL. Mice

were monitored every day for general appearance and behaviour.
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