1 AMERICAN Antimicrobial AgentS
B Scirer | and Chemotherapy®

EXPERIMENTAL THERAPEUTICS

L)

Check for
updates

20S Proteasome as a Drug Target in Trichomonas vaginalis

Anthony J. O'Donoghue,>* Betsaida Bibo-Verdugo,*< Yukiko Miyamoto,® Steven C Wang,”< Justin Z. Yang,¢
Douglas E. Zuill,¥ Shoun Matsuka,® Zhenze Jiang,® Jehad Almaliti,9 Conor R. Caffrey,2* William H. Gerwick,>?-f

Lars Eckmannad

aCenter for Discovery and Innovation in Parasitic Diseases, University of California, San Diego, La Jolla, California, USA
bSkaggs School of Pharmacy and Pharmaceutical Sciences, University of California, San Diego, La Jolla, California, USA

<Sanford Burnham Prebys Medical Discovery Institute, La Jolla, California, USA

dDepartment of Medicine, University of California, San Diego, La Jolla, California, USA

eDivision of Biological Sciences, University of California, San Diego, La Jolla, California, USA

fScripps Institution of Oceanography, University of California, San Diego, La Jolla, California, USA
9Department of Pharmaceutical Sciences, Faculty of Pharmacy, The University of Jordan, Amman, Jordan

ABSTRACT Trichomoniasis is a sexually transmitted disease with hundreds of mil-
lions of annual cases worldwide. Approved treatment options are limited to two re-
lated nitro-heterocyclic compounds, yet resistance to these drugs is an increasing
concern. New antimicrobials against the causative agent, Trichomonas vaginalis, are
urgently needed. We show here that clinically approved anticancer drugs that inhibit
the proteasome, a large protease complex with a critical role in degrading intracellu-
lar proteins in eukaryotes, have submicromolar activity against the parasite in vitro
and on-target activity against the enriched T. vaginalis proteasome in cell-free as-
says. Proteomic analysis confirmed that the parasite has all seven a and seven B
subunits of the eukaryotic proteasome although they have only modest sequence
identities, ranging from 28 to 52%, relative to the respective human proteasome
subunits. A screen of proteasome inhibitors derived from a marine natural product,
carmaphycin, revealed one derivative, carmaphycin-17, with greater activity against
T. vaginalis than the reference drug metronidazole, the ability to overcome metroni-
dazole resistance, and reduced human cytotoxicity compared to that of the antican-
cer proteasome inhibitors. The increased selectivity of carmaphycin-17 for T. vagina-
lis was related to its >5-fold greater potency against the B1 and B5 catalytic
subunits of the T. vaginalis proteasome than against the human proteasome sub-
units. In @ murine model of vaginal trichomonad infection, proteasome inhibitors
eliminated or significantly reduced parasite burden upon topical treatment without
any apparent adverse effects. Together, these findings validate the proteasome of T.
vaginalis as a therapeutic target for development of a novel class of trichomonacidal
agents.
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richomonas vaginalis is the causative agent of the most common, nonviral sexually

transmitted global infection, with an estimated incidence of 276 million new cases
each year (1, 2). In the United States alone, over 3 million cases are estimated to occur
annually, with overall prevalence rates of 1.8 to 3.1% in females and 0.5% in males and
even higher rates among African American women (8%) and men (4%) (3, 4). In addition
to urogenital infections, trichomoniasis increases the risk of adverse pregnancy out-
comes (5, 6) and HIV transmission (7), and 15% of HIV-infected women carry concurrent
T. vaginalis infections (3). Trichomoniasis also increases the incidence and severity of
cervical and prostate cancers (8).

Only two drugs are currently FDA approved for the treatment of trichomoniasis, the
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nitro drugs metronidazole and tinidazole. Both are prodrugs that must be activated to
reactive intermediates by reductive processes present in susceptible microbes (9). The
intermediates form covalent adducts with DNA and protein targets, but the nature and
relative importance of these targets in mediating cell killing are not well understood.
Oral administration of either drug leads to clinical and microbiological cure in the
majority of cases although treatment failures occur in 1 to 17% of patients (10, 11). A
recent survey in the United States found that 4.3% of 538 T. vaginalis isolates showed
metronidazole resistance (12). Higher oral metronidazole doses can sometimes lead to
cure of refractory infections but tend to be poorly tolerated (13). Given the prevalence
of T. vaginalis infections and the increase in resistance (12, 14), an urgent need exists
to develop new antimicrobials against trichomoniasis, particularly agents with new
targets and mechanisms of action (15, 16).

Proteasomes are large protease complexes that degrade intracellular proteins in all
eukaryotes and several prokaryotes. These multisubunit complexes are formed by two
rings of seven B subunits (81 to B7) sandwiched between two rings of seven « subunits
(17). Proteins targeted for degradation are first unfolded and then threaded into a
barrel-shaped core of the proteasome, where the catalytic subunits, 81, B2, and B5,
degrade the proteins into peptides. Each of the catalytic B subunits has a distinct
substrate specificity that varies between species (18). Because normal proteasome
function is required for cell survival, proteasome inhibitors have been developed as
agents against cancer, namely, multiple myeloma, in which degradation of large
amounts of misfolded proteins is particularly important for cell survival (19). More
recently, proteasome inhibition has been explored as a new strategy for antimicrobial
drugs against eukaryotic pathogens, particularly Plasmodium falciparum, Trypanosoma
cruzi, Leishmania donovani, and Babesia divergens (18, 20-24).

The genome of T. vaginalis encodes a number of proteolytic enzymes that play a role
in host-microbe interactions (25-27). The parasite, like all eukaryotic cells, also produces
proteasome subunits, but their importance for parasite growth and survival is poorly
defined. Short-term incubation with a proteasome inhibitor leads to autophagy in T.
vaginalis under glucose-rich growth conditions (28), suggesting a vital function of the
proteasome under specific nutrient conditions. In another trichomonad, Tritrichomonas
foetus, the proteasome inhibitor lactacystin A inhibits parasite growth (29). Based on
these initial observations and data from other parasites, we hypothesized that the
proteasome of T. vaginalis is a valuable target for the development of a novel class of
trichomonacidal agents.

RESULTS

Trichomonacidal activity of proteasome inhibitors. T. vaginalis encodes ~440
putative proteases in five major classes that include serine, threonine, cysteine, aspartic
acid, and metalloproteases (27, 30). To determine whether any of these protease classes
may be suitable as novel targets for trichomonacidal agents, we tested the activity of
several class-specific inhibitors, including AEBSF [4-(2-aminoethyl)benzenesulfonyl flu-
oride; specific for serine proteases], MG132 (threonine), E-64 (cysteine), pepstatin
(aspartic acid), and phenanthroline (metalloproteases), against T. vaginalis trophozoites
in a 24-h growth and survival assay. Only MG132 showed significant activity against the
parasite, with a 50% effective concentration (EC,,) value of 4.2 uM, whereas the other
four inhibitors had no detectable activity at the highest tested concentration of 20 uM
(Fig. TA). These data suggest that threonine-specific proteases may be new targets for
agents against T. vaginalis.

Threonine proteases, such as those in the proteasome, have important functions in
eukaryotic cells to maintain proteostasis (31). In fact, MG132, a reversible peptide-
aldehyde inhibitor of proteasomes, has been used extensively as a research tool to
investigate the ubiquitin-proteasome system in mammalian cells and was the lead
compound for the development of an anticancer agent (32). Several of these agents
have undergone extensive preclinical and clinical development in regard to target
specificity and tolerability for cancer indications (33, 34), which afforded us the oppor-
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FIG 1 Trichomonacidal activity of proteasome inhibitors. (A and B) Activity of the indicated protease and
proteasome inhibitors and of metronidazole as the reference drug against T. vaginalis F1623 trophozoites was
evaluated in vitro in a 24-h growth and survival assay with ATP content as readout. Results are shown as the EC;,
the effective compound concentration that resulted in 50% inhibition of growth and survival. Data are means +
standard errors of three separate experiments. *P < 0.05, for results with the drugs versus those with the DMSO
control (by analysis of variance). (C) Immunoblot analysis of ubiquitin-labeled proteins in T. vaginalis lysates after
1 h treatment with a T uM concentration of the indicated proteasome inhibitors or vehicle alone (DMSO). Total
protein was analyzed by staining a parallel gel with Coomassie brilliant blue.

tunity to utilize them for further exploration of the proteasome as a new trichomon-
acidal target. We evaluated three covalent reversible inhibitors containing boronic
acid-reactive groups and three irreversible inhibitors with epoxyketone-reactive groups
(Fig. 1B). All but one of the six proteasome inhibitors displayed significant activity
against T. vaginalis trophozoites, with EC,, values that were 2- to 5-fold better than the
value for the reference drug metronidazole. These initial studies showed that protea-
some inhibitors with different chemically reactive warheads were effective against T.
vaginalis with potencies that match or exceed the current standard drug.

On-target activity of proteasome inhibitors in T. vaginalis. In eukaryotes, pro-
teins destined for degradation by the proteasome are first conjugated with one or more
ubiquitin chains and then transported to the proteasome, where the ubiquitin chains
are removed and the protein substrate is degraded. Consequently, inhibition of the
proteasome leads to accumulation of ubiquitinated proteins in the cell, providing a
functional readout for proteasome inhibitors (35). Therefore, we treated T. vaginalis
with three of the proteasome inhibitors and examined the abundance of ubiquitin-
labeled proteins by immunoblotting with an antibody against ubiquitin. Treatment
with ixazomib and bortezomib at 1 uM (equivalent to about 2X to 5X the ECg, for
these agents) for 1 h led to a substantial increase in ubiquitinated proteins (Fig. 1C). In
contrast, addition of carfilzomib at 1 uM, which represented only 0.1X the EC,,, did not
alter the abundance of ubiquitin-labeled proteins compared to level with the solvent
(dimethyl sulfoxide [DMSO]) control (Fig. 1C). These results indicate that ubiquitin
labeling of proteins correlated with the potency of the proteasome inhibitors, suggest-
ing that the drugs had the expected on-target activity in T. vaginalis even though they
were not developed for this application.

Enrichment of T. vaginalis 20S proteasome. To further explore the biochemical
specificity of the proteasome inhibitors in T. vaginalis, we developed a two-step
fractionation protocol to enrich for the proteasome of the parasite. Cellular lysates were
first fractionated by DEAE anion exchange column chromatography, and enzymatic
activity in each of the eluted fractions was monitored with a standard fluorescent
substrate, Suc-LLVY-AMC (succinyl-Leu-Leu-Val-Tyr-amino-4-methylcoumarin) (Fig. 2A),
which detects chymotrypsin-type activity in human, Saccharomyces cerevisiae, parasite,
and bacterial proteasomes (21, 36, 37). Fractions with the highest activity were pooled,
concentrated, and further separated by gel filtration chromatography using a
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FIG 2 Enrichment of T. vaginalis proteasome. Total lysates of T. vaginalis F1623 were prepared and enriched for the 20S proteasome by two-step column
chromatography. (A) Lysates were first fractionated with a DEAE anion exchange column, and fractions were eluted with a NaCl gradient and assayed for total
protein (blue line) and enzymatic activity with the substrate Suc-LLVY-AMC (black line). AU, arbitrary units. (B) Fractions 33 to 37 were then pooled and further
separated by gel filtration using a Superose 6 column. Fractions were again assayed for total protein (blue line) and enzymatic activity (black line). (C) Fractions
12 to 14 and 16 to 18 of the second fractionation were pooled, and the pools were tested for sensitivity to the proteasome inhibitor, bortezomib (BTZ), and
the cysteine protease inhibitor, E-64. Data are expressed relative to the activity in vehicle-treated controls (means + standard errors, n = 3; *P < 0.05, for results
with the inhibitors versus those with the respective vehicle controls). (D) The pool of fractions 12 to 14 and purified preparations of the human constitutive
proteasome (c20S) and human immunoproteasome (i20S) were run on a denaturing SDS-PAGE gel and stained with silver. Proteins shown in the boxed area

were excised and subjected to proteomic analysis.

Sepharose-6 size exclusion column. Activity assays of the eluted fractions with the same
Suc-LLVY-AMC substrate yielded two well-defined activity peaks (Fig. 2B). Proteolytic activ-
ity in fractions 12 to 14 was inhibited by the proteasome inhibitor bortezomib, whereas
activity in fractions 16 to 18 was insensitive to bortezomib but sensitive to the cysteine
protease inhibitor E-64 (Fig. 2C). These data show that our fractionation strategy could
separate the large proteasome complex of T. vaginalis with chymotrypsin-type activity from
lower-molecular-weight cysteine proteases.

The proteins in pooled fractions 12 to 14 representing the proteasome were
visualized by silver staining following denaturing gel electrophoresis. As controls, the
human constitutive proteasome (c20S) and human immunoproteasome (i20S) were run
in parallel. The « and B subunits of c20S and i20S migrated in the expected molecular-
weight range of 22 to 38 kDa (Fig. 2D) (38). Several T. vaginalis proteins were visible in
the same mass range although a number of higher-molecular-weight proteins were
also detected (Fig. 2D). We excised the region from the T. vaginalis lane that corre-
sponded in mass to the human « and B subunits and analyzed the proteins with
proteomic methods. Seven putative « and B subunits were identified in the gel section,
confirming that we had successfully enriched the 20S proteasome from the T. vaginalis
(Tv20S) protein extract.

Proteasomes are structurally highly conserved, consisting of two rings of seven «
and two rings of seven B subunits that assemble into a core complex of 28 proteins. The
B1, B2, and B5 subunits generally have catalytic activity, with the active sites facing the
inner channel of the proteasome (Fig. 3A). In the mammalian proteasome, the three
catalytic B subunits have different substrate preferences, as illustrated by the differently
shaped active sites in Fig. 3A. The proteasome subunits of T. vaginalis are poorly
annotated, so we performed protein sequence alignments with the human « and 8
subunits. The resulting dendrogram shows that each T. vaginalis subunit aligned to a
single c20S subunit with between 28% and 52% sequence identity (Fig. 3B). In addition,
we confirmed that the T. vaginalis proteins A2E7Z2, A2F2T6, and A2DD57 (UniProt
accession numbers) closely align with the human B1, 82, and 85 subunits, respectively,
and that each of these subunits contains the critical active-site triad of Thr-1, Asp-17
and Lys-33 (mature protein numbering) (Fig. 3C). Therefore, we conclude that T.
vaginalis possesses the same three catalytically active proteasome 3 subunits as other
eukaryotic cells.

Differential activity of ixazomib against human and T. vaginalis proteasome f3
subunits. To identify a candidate proteasome inhibitor for further biochemical studies
and in vivo efficacy testing, we evaluated each of the proteasome inhibitors in a Hela
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FIG 3 Bioinformatic analysis of T. vaginalis proteasome subunits. (A) Scheme of the mammalian 20S proteasome in three dimensions (left) and
as a planar cross-section of a 3 ring containing the three enzymatically active subunits (right). The 81, B2, and 5 active sites face the inner
core of the proteasome barrel. Each subunit has a unique substrate and inhibitor-binding preference, as indicated by differently shaped active
sites. (B) Alignment dendrogram of putative T. vaginalis proteasome subunits (UniProt accession numbers in blue) and « and B subunits of
the human proteasome (UniProt accession numbers in black). The percentage of sequence identity for each pair is noted. (C) Sequence
alignment of the N-terminal amino acids of the mature human B1, B2, and 5 subunits (black) with the homologous T. vaginalis proteins
(blue). The active-site residues in positions 1 (Thr), 17 (Asp), and 33 (Lys) are boxed.

human cytotoxicity assay. Not surprisingly, all of the tested inhibitors, which were
originally developed as anticancer drugs, were more potent against Hela cells than T.
vaginalis, with selectivity ratios (i.e., ratios of human cytotoxicity over trichomonacidal
activity) ranging from 0.01 to 0.23 (Fig. 4A). Ixazomib had the most favorable selectivity
among these drugs, so we focused on this drug for further functional evaluation.
Because this compound preferentially targets two of the proteolytically active subunits,
B1 and B5, in the human c20S proteasome, we tested the potency of ixazomib against
the enriched Tv20S proteasome (corresponding to pooled fractions 12 to 14 in Fig. 2C)
using substrates specific for the 81 and B5 subunits. For the B5 subunit, we assayed
€20S and Tv20S proteasomes for sensitivity to ixazomib with a B5-selective substrate,
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FIG 4 Selectivity and 3 subunit specificity of the proteasome inhibitor ixazomib. (A) Proteasome inhibitors were tested for T. vaginalis activity (ECs,) and Hela
cytotoxicity (CC,,), and selectivity indices (CC,/EC,,) were calculated from the results. (B and C) Ixazomib, which displayed the best selectivity among the tested
compounds, was assayed for inhibition of the 5 subunit and 81 subunit of the enriched Tv20S (blue lines; corresponding to fractions 12 to 14 in Fig. 2C) and
purified human c20S (black lines), using the indicated subunit-specific substrates. Data are expressed relative to activity without inhibitor, and are shown as
means * standard errors (n = 3). (D) Female BALB/c mice (3 to 4 weeks old) were infected intravaginally with T. foetus trophozoites. After 1 day, mice were
treated intravaginally with a 0.5% (14 mM) suspension of ixazomib in PBS or with PBS alone, for a total of five or three times over 3 days (top). Live parasites
were enumerated in vaginal washes 1 day after the last treatment (bottom). Each point represents an individual mouse, and horizontal bars show geometric
means (*, P < 0.05, for results with inhibitor versus those in controls, by a Kruskal-Wallis test and Dunn’s post hoc test). The dashed line shows the detection
limit of the assay.
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Suc-LLVY-AMC. The drug was a potent inhibitor of both the human and parasite 85
subunits, with similar 50% inhibitory concentration (ICs,) values (Fig. 4B). In contrast, using
the B1 substrate Z-LLE-AMC (carboxybenzyl-Leu-Leu-Gly-7-amino-4-methylcoumarin), ix-
azomib was found to be a weak inhibitor of the 81 subunit of Tv20S, whereas it inhibited
the human B1 subunit as effectively as the 5 subunit (Fig. 4C). These studies suggest that
human cytotoxicity of ixazomib is associated with dual inhibition of the c20S B1 and 85
subunits, whereas inhibition of the 85 subunit alone may be sufficient for trichomonacidal
activity.

In vivo efficacy of ixazomib in a murine trichomonad infection model. To test for
in vivo efficacy of ixazomib, we employed T. foetus, a trichomonad species related to T.
vaginalis but with more robust vaginal infectivity in mice (39). We first confirmed that
ixazomib was active against T. foetus trophozoites in vitro (ECs, of 4.3 = 0.3 wM). Female
BALB/c mice (3 to 4 weeks old) were then infected intravaginally with T. foetus tropho-
zoites and subsequently treated with five intravaginal doses of ixazomib or vehicle
control over a 3-day period (Fig. 4D, top). Treatment with ixazomib eradicated the
parasites, whereas >85% of vehicle-treated mice had between 5 X 103 and 2 X 10°
trophozoites per mouse (Fig. 4D). Furthermore, treatment with only three doses of
ixazomib also led to a marked reduction in parasite numbers, indicating that fewer than
five doses can be therapeutic (Fig. 4D). No apparent adverse effects were observed in
any of the ixazomib-treated mice, demonstrating that proteasome inhibition is a viable
therapeutic strategy against vaginal trichomonad infection and has the potential for
reduced systemic adverse effects through effective topical application.

Carmaphycins as proteasome inhibitors with increased T. vaginalis selectivity.
Although ixazomib had marked trichomonacidal activity in vitro and in vivo, its signif-
icant human cytotoxicity and lack of selectivity (Fig. 4A) would presumably preclude its
use as an anti-infective agent. Alternative compounds with greater selectivity are likely
to be needed for therapy of trichomoniasis. In previous work by our group, we isolated
a compound from a marine cyanobacterium, carmaphycin B (CPB) (Fig. 5A), which
displays potent inhibitory activity against human and Plasmodium proteasomes (40). In
an effort to make a selective Plasmodium proteasome inhibitor with reduced mamma-
lian cytotoxicity, we synthesized 20 derivatives of CPB with the general structure of an
N-terminal hexanoic acid group, a tripeptide sequence (P3-P2-P1), and a C-terminal
epoxyketone group (21) (Fig. 5A). We evaluated this targeted compound library for
activity against T. vaginalis and Hela cells. The parent compound, CPB, was active
against T. vaginalis, with an EC,, of 490 nM, but was also highly cytotoxic in HelLa cells
(50% cytotoxic concentration [CCs,], 5 nM) (Fig. 5B). In contrast, the derivatives showed
a spectrum of activities against T. vaginalis and Hela cells (Fig. 5B). For example,
carmaphycin-17 (CP-17), consisting of bulky aromatic groups (indole and phenyl) in the
P1, P2, and P3 positions, had 493-fold reduced Hela cytotoxicity compared to that of
CPB but a 2-fold increase in potency for T. vaginalis (ECs, of 217 nM), resulting in
a dramatic 1,113-fold improvement in selectivity (Fig. 5B). On the other hand,
carmaphycin-18 (CP-18), which mostly differs from CPB in the P2 and P3 positions (Fig.
5A), had no effect on T. vaginalis or HelLa cells at 20 uM (Fig. 5B). Consistent with the
cell killing data, incubation of T. vaginalis with CP-17 resulted in an increase in
ubiquitinated proteins similar to that found with ixazomib, whereas CP-18 had no effect
(Fig. 5Q).

To explore the biochemical basis of the improved selectivity of CP-17, we assayed its
activity against the 81 and 85 subunits of Tv20S and c20S. The compound was >5-fold
more active against the 85 subunit of the parasite proteasome than that of the human
proteasome (Fig. 5D). Furthermore, CP-17 was also more potent at targeting the Tv20S
B1 subunit than the human c20S equivalent (Fig. 5E) even though the potency against
this subunit was much lower than that against the 5 subunit. These results suggest
that the T. vaginalis proteasome is functionally distinct from the human constitutive
proteasome and that this difference can be exploited for the development of more
selective proteasome inhibitors against the parasite.
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FIG 5 Carmaphycin derivatives as proteasome inhibitors with improved selectivity against T. vaginalis. (A) Struc-
tures of the marine natural product carmaphycin B (CPB) and two synthetic derivatives, carmaphycin-17 (CP-17)
and carmaphycin-18 (CP-18). (B) A library of 20 carmaphycin derivatives was tested for activity (ECs,) against T.
vaginalis and cytotoxicity (CCs,) against human Hela cells. Each data point represents the mean values of EC;, and
CC,, of three independent experiments; data for CPB, CP-17, and CP-18 are highlighted in red. The horizontal and
vertical dashed lines represent the assay sensitivities. Compounds that had no detectable activity are shown below
or to the left of these lines. For comparison, the diagonal dashed line depicts a selectivity ratio (CCs,/ECs,) of 1, sO
compounds located below that line are more active against human cells than against the parasite, while
compounds above the line are more active against the parasite than against human cells. (C) Immunoblot analysis
of ubiquitin-labeled proteins in T. vaginalis lysates after 1-h treatment with a 1 uM concentration of the indicated
proteasome inhibitors or vehicle alone (DMSO). Total protein was visualized by Coomassie brilliant blue staining.
(D and E) CP-17 was assayed for inhibition of the B5 subunit and B1 subunit of the enriched Tv20S (blue lines;
corresponding to fractions 12 to 14 in Fig. 2C) and purified human c20S (black lines), using subunit-specific
substrates. Data are expressed relative to activity without inhibitor and are shown as means = standard errors
(n = 3). Potency was calculated by extrapolation and is shown as ICs,, the inhibitory concentration that inhibited
50% of the enzyme activity in the assay. For c20S in panel E, none of the data points showed more than 50%
inhibition, so the IC;, could not be calculated; instead, it is shown as exceeding the highest tested drug
concentration.

Carmaphycin-17 can overcome metronidazole resistance in T. vaginalis and has
significant in vivo efficacy against trichomonads. An important rationale for devel-
oping new classes of drugs against trichomoniasis is the increasing occurrence of
resistance to the most commonly used trichomonacidal drug, metronidazole (12).
Therefore, we tested the activity of CP-17, as well as ixazomib, against a metronidazole-
resistant strain of T. vaginalis (41). Both compounds were equally or even slightly more
effective against the resistant line than against the susceptible strain of T. vaginalis, in
contrast to metronidazole, which showed the expected ~10-fold decrease in potency
against the resistant strain (Fig. 6A) (41). Furthermore, ixazomib and CP-17 showed
similar potencies against a third, unrelated T. vaginalis strain (Fig. 6A). These data show
that metronidazole resistance does not impact the activity of proteasome inhibitors
against T. vaginalis and that such inhibitors are active against several different strains,
thus underlining that these compounds represent a mechanistically novel class of
trichomonacidal drugs.
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FIG 6 Activity of carmaphycin derivative against metronidazole-resistant T. vaginalis and vaginal
trichomonad infection. (A) The proteasome inhibitors CP-17 and ixazomib (as a control) were tested for
activity (ECs,) against metronidazole (Mz)-sensitive (MzS) and Mz-resistant (MzR) strains of T. vaginalis in
a 24-h growth and survival assay, with ATP content as readout. Data are means + standard errors of three
separate experiments. (B) CP-17 and ixazomib were also tested for activity (EC,,) against T. foetus
(mean + standard error; n = 3). (C) T. foetus-infected mice were given five intravaginal treatments with
a 1% (15 mM) suspension in CP-17 or PBS as outlined in the legend of Fig. 4D, and live parasites were
enumerated in vaginal washes 1 day after the last treatment. Each point represents an individual mouse,
and horizontal bars show geometric means (*, P < 0.05 for results with the drugs versus those with the
controls by a Mann-Whitney U test). The dashed line shows the detection limit of the assay.

To further evaluate utility of CP-17 as a new lead compound, we investigated its in
vivo efficacy against vaginal trichomonad infection. We first confirmed that CP-17, like
ixazomib, had significant in vitro activity against the model parasite, T. foetus (Fig. 6B).
Subsequently, T. foetus-infected mice were given five topical administrations of the
compound over 3 days, and parasite numbers were evaluated in vaginal washes. CP-17
led to a significant 20-fold reduction in trophozoite numbers compared to levels for the
vehicle-treated controls (Fig. 6C). None of the drug-treated mice showed any apparent
adverse effects. These data demonstrate that CP-17 has significant in vivo efficacy
against trichomonads, further supporting its potential as a promising new drug lead.

DISCUSSION

Our studies advance the T. vaginalis proteasome as a new target for development
of potent antimicrobials against trichomoniasis. Proteasome inhibitors were lethal to
the parasite in vitro and in vivo, and bioactivity was associated with engagement of the
predicted drug target. Other recent reports have also validated the proteasome as a
drug target for disease-causing microbes (23, 42). For example, saturation mutagenesis
revealed that many essential genes of P. falciparum are in the proteasome degradation
pathway (43), and proteasome inhibitors have shown promise as new antimalarial
agents (21, 44-46). Similarly, inhibition of the proteasome in the kinetoplastid parasites,
Trypanosoma and Leishmania, is toxic to the parasites in vitro and clears infection in
murine models (23). Thus, our results and those in other parasites add to the
emerging concept that the proteasome is a drug target against a wide range of
eukaryotic pathogens.

Key to the development and ultimate utility of proteasome inhibitors as anti-
infectives will be maximizing selectivity relative to human cells. We found that the
improved selectivity of the most promising compound, CP-17, against T. vaginalis over
human cells was paralleled by a >5-fold greater potency against the 81 and B5
proteasome subunits of the parasite than that against the human subunits. In contrast,
another inhibitor, CP-18, which blocked the B5 proteasome subunit in Plasmodium
falciparum and had the best antimalarial potency and selectivity of a group of carma-
phycin derivatives (21), was inactive against T. vaginalis. Together, these observations
indicate that the proteasomes of different species have unique substrate specificities, a
contention generally supported by analysis of cleavage specificities and structural
modeling (36, 47-49). As a practical consequence, proteasome inhibitors developed for
a particular infectious indication may not be easily repurposed for other indications, so
separate medicinal chemistry efforts will probably be needed for further development
of the current lead, CP-17, into an optimal trichomonacidal agent. Such development
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would also have to consider optimal pharmacokinetic characteristics since CP-17 has so
far proved to be less efficacious in vivo than ixazomib despite its slightly greater in vitro
potency. However, our dosing experiments with ixazomib suggest that it might be
possible to develop high-potency compounds that could be therapeutic with small
numbers and perhaps only a single drug administration.

The mechanisms by which proteasome inhibition causes cell death in parasites are
not well defined. In human cancer cells, proteasome inhibitors prevent clearance of
unfolded or misfolded proteins that are cytotoxic to the cells (19). They also inhibit IkB
kinase degradation, thereby preventing the induction of gene products with prosur-
vival functions and leading to caspase-mediated cell death (50). In P. falciparum,
treatment with proteasome inhibitors results in accumulation of polyubiquitinated
proteins that activate an endoplasmic reticulum stress response, which ultimately leads
to cell death (51). Interestingly, another antimalarial drug, dihydroartemisinin, also
causes accumulation of polyubiquitinated proteins and synergizes with proteasome
inhibitors to kill cells, underlining the utility of the proteasome as a drug target (52). As
for P. falciparum, treatment of T. vaginalis for only 1 h with proteasome inhibitors
resulted in a significant accumulation of ubiquitinated proteins, suggesting that cell
death in this parasite may occur by a mechanism similar to that in P. falciparum.
Furthermore, depending on growth conditions, inhibition of the proteasome may also
induce autophagy in T. vaginalis, which, if excessive, could induce cell death (28).

The trichomonacidal activity of proteasome inhibitors was not impacted by resis-
tance to the most commonly used drug for treating trichomoniasis, metronidazole. This
suggests that proteasome inhibition holds promise as a rescue therapy for infections
refractory to nitro drugs (11, 53). Nitro drugs act in a two-step sequence, involving
initial activation by reduction to reactive intermediates, followed by covalent binding
of intermediates to and inactivation of multiple target molecules. Resistance is caused
by loss of the necessary reductases (9), a process that is evidently unrelated to the
ubiquitin-proteasome system. This molecular target independence raises the future
possibility that nitro drugs and proteasome inhibitors may exhibit synergistic activity in
T. vaginalis killing.

Both proteasome inhibitors that were tested in vivo, ixazomib and CP-17, were
active against vaginal trichomonad infection after topical administration, albeit with
differences in their efficacies. Treatment of multiple myeloma with proteasome inhib-
itors is by intravenous or oral drug administration (19, 54), so a suitable drug against T.
vaginalis may also be effective through those routes. However, topical administration
has potential advantages over systemic routes, including the possibility of reduced
systemic exposure and thus a lower risk of adverse effects. Although currently ap-
proved trichomonacidal drugs are only given orally, partly because of insufficient
efficacy with achievable topical doses (55), other vaginal infections are treated or
protected against with vaginal creams, gels, dissolvable tablets, or suppositories (56).
For those drugs, tissue levels in the mid-micromolar range are achievable (57, 58),
which are well above the range of potencies we found for proteasome inhibitors. It
remains to be determined whether topical treatment is feasible in males infected with
T. vaginalis, but it is noteworthy that the urgency for alternative treatment strategies is
greater in females, where infection can persist for months or even years, than in males,
where infection generally lasts less than 10 days (59). Overall, our findings demonstrate
that proteasome inhibition is a viable new therapeutic strategy for trichomoniasis and
thus, provides an impetus to the systematic development of suitable inhibitors with
improved potency, selectivity, and in vivo efficacy.

MATERIALS AND METHODS

Drugs and chemicals. Protease inhibitors were purchased from Selleckchem (Houston, TX, USA).
Carmaphycin B and analogs were synthesized as described previously (21). Human 20S constitutive
proteasome, human 20S immunoproteasome, and fluorescent substrates were purchased from Boston
Biochem (Cambridge, MA).

Antimicrobial and cytotoxicity assays. The following trichomonad strains were used: metronidazole-
sensitive T. vaginalis F1623 and S1469 (60), metronidazole-resistant T. vaginalis B7268 (41, 61), and

November 2019 Volume 63 Issue 11 €00448-19

Antimicrobial Agents and Chemotherapy

aac.asm.org 9


https://aac.asm.org

O’Donoghue et al.

metronidazole-sensitive T. foetus D1 (62). Cells were grown at 37°C in TYM (trypticase, yeast extract,
maltose) Diamond’s medium supplemented with 180 wM ferrous ammonium sulfate. Drug susceptibility
assays were done as described previously (41). Briefly, stocks of the test compounds were diluted in
phosphate-buffered saline (PBS) to 75 uM, and 1:3 serial dilutions were made. Trophozoites (3 X 103/
well) were added to 96-well plates, and cultures were incubated for 24 h at 37°C under anaerobic
conditions (AnaeroPack-Anaero system). Growth and viability were determined with an ATP assay by
adding BacTiter-Glo microbial cell viability assay reagent (Promega) and measuring ATP-dependent
luminescence in a microplate reader. The 50% effective concentration (EC,,) was derived from the
concentration-response curves using BioAssay software (CambridgeSoft Software).

Proteasome enrichment. T. vaginalis lysates were prepared in a buffer of 100 mM NaCl, 20 mM Tris
(pH 7.5), 0.01% Tween 20, 0.5% glycerol, and 100 uM E-64 by sonication for 30 s and three subsequent
freeze-thaw cycles. Protein amounts were determined by bicinchoninic acid assay. Tv20S was enriched
from the lysates by two chromatographic steps. In a first enrichment step, lysate (~8.5 mg of protein in
2 ml) was loaded onto a 5-ml anion exchange HiTrap DEAE FF column (GE Healthcare) connected to an
AKTA Pure instrument (GE Healthcare). Unbound proteins were removed by washing with a buffer of
25 mM Tris (pH 7.5), 1 mM dithiothreitol (DTT), and 10% glycerol. Bound proteins were eluted with 25 ml
of a linear gradient from 0 to 0.5 M NaCl, with collection of 1.5-ml fractions. Aliquots of the fractions were
analyzed for proteasome activity with a 25 wM concentration of the substrate succinyl-Leu-Leu-Val-Tyr-
7-amino-4-methylcoumarin (Suc-LLVY-AMC) in a buffer of 20 mM Tris (pH 7.5), 10 mM MgCl,, 1 mM DTT,
1 mM ATP, and 0.02% SDS, with and without 10 uM bortezomib or 10 uM E-64. Fractions containing
bortezomib-sensitive activity were pooled and concentrated to 0.5 ml using a 100-kDa centrifugal filter
(Amicon). In a second step, pooled fractions were loaded onto a Superose 6 10/300 gel filtration column
(GE Healthcare). Proteins were eluted with 1.5 column volumes of 25 mM Tris (pH 7.5), 1 mM DTT, 10%
glycerol, and 125 mM NaCl into 1-ml fractions, which were assayed again for proteolytic activity with
Suc-LLVY-AMC, with and without 10 uM bortezomib or 10 uM E-64. Bortezomib-sensitive fractions
without detectable E-64 sensitive activity (fractions 12 to 14) (Fig. 2C) were pooled and used for all
biochemical and structural characterization of Tv20S.

Proteomics. Tv20S was analyzed by electrophoresis together with 100 ng of c20S and i20S. Samples
were treated with NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Thermo Fisher Scientific),
denatured at 85°C for 10 min, run on a 4 to 12% Bis-Tris Plus gel (Thermo Fisher Scientific), and stained
with silver. The appropriate bands were excised from the gel with a clean scalpel, diced into 1-mm cubes,
and placed into 0.6-ml tubes (Axygen). In-gel trypsin digestion was performed as described previously
(63). Following digestion and extraction, the peptides were desalted with C,4 LTS tips (Rainin) and dried
in a vacuum centrifuge. Peptides were resuspended in 12 ul of 0.1% trifluoroacetic acid (TFA), and 5 ul
was analyzed on a Q Exactive mass spectrometer (MS) (Thermo Scientific). Peptides were first separated
by reverse-phase chromatography on an UltiMate 3000 high-performance liquid chromatography (HPLC)
system (Thermo Scientific) equipped with an in-house packed C,5 column (1.7-um bead size, 75 um by
25 cm, heated to 65°C) at a flow rate of 300 nl/min over a 76-min linear gradient from 5% solvent A to
25% solvent B, where solvent A and B correspond to 0.1% formic acid in water and 0.1% formic acid in
acetonitrile, respectively. Survey scans were recorded at a resolution of 35,000 at 200 m/z over a range
of 350 to 1,500 m/z with the automatic gain control (AGC) at 1 X 10° and a maximum injection time of
300 ms. Tandem MS (MS/MS) was performed in data-dependent acquisition mode with higher-energy
collision dissociation fragmentation (28 normalized collision energy) on the 20 most intense precursor
ions at a resolution of 17,500 at 200 m/z, with the AGC at 5 X 10° and a maximum injection time of 50 ms.

Data analysis was performed using the PEAKS, version 8.5, software (Bioinformatics Solutions, Inc.).
RAW files were searched against the reference proteome of T. vaginalis strain ATCC PRA-98 from UniProt
(https://www.uniprot.org/proteomes/UP000001542) with 50,190 entries using the following settings:
15 ppm precursor mass tolerance, 0.01 Da MS/MS mass tolerance, and an enzyme digest of trypsin with
a maximum of three missed cleavages. Carbamidomethylation of cysteines was included as a fixed
modification, and oxidation of methionine and protein N-terminal acetylation were included as variable
modifications. The false discovery rate for protein identification was set to 1%. Annotation of the putative
T. vaginalis proteasome subunits with @ and B subunit nomenclature was performed by comparing
sequence alignments against the human 20S proteasome subunits with BLAST, version 2.6.0+, command
line tools.

Proteasome assays. Proteasome activity was assayed using 0.29 nM c20S or Tv20S in 20 mM Tris (pH
7.5), 10 mM MgCl,, 1 mM DTT, 1 mM ATP, 0.02% SDS, and 25 uM Suc-LLVY-AMC or 25 uM carboxybenzyl-
Leu-Leu-Gly-7-amino-4-methylcoumarin (Z-LLE-AMC) in 50-ul reaction mixtures in black-walled 96-well
plates. AMC fluorophore release was monitored at excitation 360 nm and emission 460 nm at 24°C using
a Synergy HTX multimode reader (Biotek). For inhibition assays, substrate and inhibitor were added
simultaneously to the enzyme, and the reaction rate, expressed in relative fluorescence units (RFU) per
second, was determined for 4 h. The 50% inhibitory concentration (IC5,) was calculated in GraphPad
Prism, version 6, by normalizing activity to that of the DMSO controls and interpolating the data using
the log(inhibitor)-variable slope curve fitting algorithm.

Immunoblot analysis. T. vaginalis F1623 was incubated for 1 h with 1 uM proteasome inhibitor or
solvent control, and cells were lysed using radioimmunoprecipitation assay (RIPA) buffer with added Halt
protease inhibitors (Thermo Scientific). Protein concentrations were measured with detergent-
compatible (DC) protein assay (Bio-Rad) and adjusted to 10 mg/ml. Proteins were fractionated by
SDS-PAGE, transferred onto a nitrocellulose membrane (Bio-Rad), which was blocked with 5% nonfat dry
milk in TBST buffer (20 mM Tris base, 150 mM NaCl, 0.05% Tween 20, pH adjusted to 7.6 with HCI) for 1
h, and probed with primary anti-ubiquitin K48 antibody (Boston Biochem) at a 1:5,000 dilution, followed
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by incubation with anti-rabbit horseradish peroxidase (HRP)-conjugated IgG (Jackson laboratory) at a
1:10,000 dilution. Immunoreactions were visualized by chemiluminescence (Immobilon, Millipore).

Murine trichomonad infection model. Weanling (3- to 4-week-old) female BALB/cJ mice were
inoculated intravaginally with 5 ul of a suspension containing 106 T. foetus D1 trophozoites in TYM
medium. For drug treatment studies, mice were given 5 ul/dose of 0.5% (14 mM) ixazomib or 1% (15 mM)
of CP-17 in 0.1% hypromellose (Sigma), or vehicle controls, intravaginally five or three times for 3 days
beginning 1 day after infection. On day 4, live trophozoites were enumerated in vaginal washes. All
animal studies were reviewed and approved by the Institutional Animal Care and Use Committee of the
University of California, San Diego.

Data availability. The complete mass spectrometry data and annotations can be accessed on the
Mass Spectrometry Interactive Virtual Environment (MassIVE) public data repository under accession
number MSV000083474. The FTP download link is ftp://massive.ucsd.edu/MSV000083474.
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