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Distinct substrate specificities of the three catalytic
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Abstract

The protozoan parasite Trichomonas vaginalis (Tv) causes trichomoniasis, the
most common non-viral sexually transmitted infection in the world. Although
Tv has been linked to significant health complications, only two closely related
5-nitroimidazole drugs are approved for its treatment. The emergence of resis-
tance to these drugs and lack of alternative treatment options poses an increas-
ing threat to public health, making development of novel anti-Trichomonas
compounds an urgent need. The proteasome, a critical enzyme complex found
in all eukaryotes has three catalytic subunits, f1, f2, and 5 and has been vali-
dated as a drug target to treat trichomoniasis. With the goal of developing tools
to study the Tv proteasome, we isolated the enzyme complex and identified
inhibitors that preferentially inactivate either one or two of the three catalytic
subunits. Using a mass spectrometry-based peptide digestion assay, these
inhibitors were used to define the substrate preferences of the f1, f2 and B5
subunits. Subsequently, three model fluorogenic substrates were designed,
each specific for one of the catalytic subunits. This novel substrate profiling
methodology will allow for individual subunit characterization of other
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1 | INTRODUCTION

Trichomonas vaginalis (Tv) is the protozoan parasite
responsible for the most common non-viral sexually
transmitted infection, trichomoniasis (Kissinger 2015;
Petrin et al. 1998). Trichomoniasis can cause various
symptoms including vaginal discharge, irritation, and
itchiness. The infection can be asymptomatic and has his-
torically been disregarded as a serious threat to human
health, therefore, diagnosis and treatments are understu-
died (Menezes et al. 2016; Schwebke and Burgess 2004).
However, comorbidity with other sexually transmitted
infections as well as the relationship with other serious
health concerns including cancers, HIV acquisition,
infertility, and adverse pregnancy outcomes points to a
need for improved diagnostic and therapeutic options
(Kissinger 2015; Petrin et al. 1998; Schwebke and Bur-
gess 2004). Due to a lack of screening for trichomoniasis,
incidence estimates range widely from 156 to 276 million
annual cases worldwide (Cates 1999; Menezes et al. 2016;
Rowley et al. 2019).

The 5-nitroimidazole drugs, metronidazole and tini-
dazole, are the only two FDA approved drugs for treat-
ment of trichomoniasis. Nitroimidazoles are prodrugs
that require activation by nitro group reduction in anaer-
obic microbes, leading to the generation of reactive inter-
mediates that form cytotoxic protein adducts (Dingsdag
and Hunter 2018). While metronidazole and tinidazole
are generally effective for treating trichomoniasis, signifi-
cant adverse effects can occur, including nausea, abdomi-
nal pain, diarrhea, metallic taste, neurotoxicity, and optic
neuropathy (Hernandez Ceruelos et al. 2019). Oral met-
ronidazole treatment also impacts the gut microbiome
with potential long-term health impacts. In a murine
model, metronidazole was linked to a reduction of probi-
otic related bacterial communities and development of
antibiotic-resistant bacteria (Huang et al. 2022). In
healthy dogs, metronidazole decreased microbiome

proteasomes of interest. Using the new substrates, we screened a library of
284 peptide epoxyketone inhibitors against Tv and determined the subunits
targeted by the most active compounds. The data show that inhibition of the
Tv B5 subunit alone is toxic to the parasite. Taken together, the optimized pro-
teasome subunit substrates will be instrumental for understanding the molecu-
lar determinants of proteasome specificity and for accelerating drug

development against trichomoniasis.

drug discovery, drug screening, parasite, protease inhibitor, proteasome, substrate specificity,

richness and reduced abundance of key bacteria that did
not recover 4 weeks after discontinuing treatment (Pilla
et al. 2020). Lastly, Tv strains with resistance to metroni-
dazole are becoming more prevalent, with some studies
estimating resistance rates as high as 9.6% (Cudmore
et al. 2004; Hernandez Ceruelos et al. 2019; Narcisi and
Secor 1996; Schwebke and Barrientes 2006). The high
incidence of Tv infection paired with limited diagnostics,
its correlation to other serious health impairments, grow-
ing resistance to drugs, and the potential deleterious
effects of current drugs on the gut microbiome, make the
development of new trichomoniasis drugs urgent.

In eukaryotes, the 20S proteasome is responsible for
proteolysis in the ubiquitin-dependent protein degrada-
tion pathway. This process of degrading damaged, mis-
folded, or unneeded proteins is necessary for eukaryotes
to maintain homeostasis. In addition, the human protea-
some degrades proteins into peptides that are presented
as antigens on the cell surface by the major histocompati-
bility complex (Vigneron and Van den Eynde 2014). The
20S proteasome has a hollow cylindrical structure con-
sisting of a stack of four heptameric rings, each composed
of either seven o subunits, al to o7, in the outer rings or
seven p subunits, p1-f7, in the two inner rings (Buden-
holzer et al. 2017; Collins and Goldberg 2017). The f
rings contain three catalytic subunits, p1, 2, and p5, each
with distinct substrate specificity. Subunit-specific fluoro-
genic substrates of the human proteasome have been
used extensively as reporters of activity from each subu-
nit (Liggett et al. 2010) to screen compound collections
for proteasome inhibitors, and to uncover the mechanism
of inhibitor binding (Kisselev 2022).

We previously validated the 20S proteasome (Tv20S)
as a drug target in Tv infections (O'Donoghue et al. 2019)
using proteasome inhibitors that are clinically approved
for treating cancers such as multiple myeloma (Mana-
sanch and Orlowski 2017). Currently approved protea-
some inhibitors are likely to be too toxic for treatment of
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parasitic diseases such as trichomoniasis and therefore
Tv-specific proteasome inhibitors with low human cell
cytotoxicity are needed to realize the potential of this
therapeutic approach. Only few bacterial species have a
proteasome and therefore, a selective, potent and effec-
tive proteasome inhibitor against Tv would likely have
fewer, if any, negative impacts on the gut microbiome
when compared to nitroimidazole drugs, which target a
broad spectrum of anaerobic microbes (Becker and
Darwin 2016).

Inhibition of protozoan proteasomes has recently
become an established strategy for drug development.
Active site differences between the human and parasite
20S proteasome have been exploited to develop inhibitors
that specifically target the parasite proteasome (Bibo-Ver-
dugo et al. 2019; Koester et al. 2022; Krishnan and Wil-
liamson 2018; LaMonte et al. 2017; Li et al. 2016; Nagle
et al. 2020a; Wyllie et al. 2019a; Xie et al. 2019; Zhang
and Lin 2021). For example, proteasome inhibitors were
developed that are >2,000-fold more toxic to Plasmodium
falciparum than human cells (LaMonte et al. 2017). In
addition, two related proteasome inhibitors are currently
in clinical trials for treatment of visceral leishmaniasis
(Nagle et al. 2020b; Wyllie et al. 2019b). These studies
with other protozoan parasites encouraged us to define
the enzymatic activity of the proteasome from Tv with
the goal of revealing the substrate specificity of Tv20S
and uncovering the role that each of the catalytic sub-
units play in substrate digestion. The knowledge gained
will improve the understanding of Tv20S function while
also providing new guidance on how to design reporter
substrates and proteasome inhibitors.

2 | RESULTS

2.1 | Isolation and subunit identification
of Tv20S proteasome

To perform an in-depth characterization of Tv20S and
define the substrate specificity of the catalytic Tv protea-
some subunits, we first isolated Tv20S from protein
extracts using sequential steps of ammonium sulfate pre-
cipitation, size exclusion chromatography and anion
exchange chromatography (Figure S1, Supporting Infor-
mation). At each step, catalytic activity was evaluated
using the fluorogenic substrate, Suc-Leu-Leu-Val-Tyr-7-
amino-4-methylcoumarin (Suc-LLVY-amc), which is
cleaved by Tv20S as well as several other eukaryotic pro-
teasomes (Becker and Darwin 2016; Bibo-Verdugo
et al. 2017; Jalovecka et al. 2018; O'Donoghue et al. 2019;
Saha et al. 2020; Tanaka 2009; Vigneron and Van den
Eynde 2014; Zhang and Lin 2021). Visualization of the
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isolated Tv20S by non-denaturing, native gel electropho-
resis and silver staining revealed a protein complex of
~700 kDa (Figure 1la), which was smaller than the
~750 kDa of the human constitutive 20S proteasome
(c20s) analyzed in parallel (Tanaka 2009). These findings
are consistent with the calculated masses of Tv20S
(697.3 kDa) and c20S (716.4 kDa) as predicted from the
respective genomes (Data S1). To confirm that the iso-
lated protein was Tv20S, it was incubated with a protea-
some-specific  activity-based probe, Me4BodipyFL-
Ahx3Leu3VS, consisting of a tri-leucine-vinyl sulfone
inhibitor and an N-terminal fluorescent tag (Berkers
et al. 2007) The enzyme-probe complex was resolved by
non-denaturing gel electrophoresis and visualized
by fluorescent imaging. The probe bound to a single band
which corresponded to the silver-stained band of the iso-
lated Tv20S (Figure 1a,b). These results demonstrate that
catalytically active Tv20S can be isolated from Tv lysate.
To determine which Tv20S subunits are labeled by
the fluorescent probe, we incubated the isolated Tv20S
with the probe for various times and separated the indi-
vidual subunits by SDS-PAGE (Figure 1c). The probe
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FIGURE 1 Gel electrophoresis-based characterization of
Tv20S. (a) Tv lysate, isolated Tv20S, and human c20S were resolved
on a non-denaturing NuPAGE 3%-8% tris-acetate gel, silver stained
and imaged. (b) The same protein samples were incubated for 1 h
with 2 pM of the fluorescent Me4BodipyFL-Ahx3Leu3VS probe and
imaged with 470 nm excitation and 530 nm emission wavelengths.
(c) Tv lysate was incubated with 2 pM of the fluorescent probe for
the indicated times and the subunits were resolved by
electrophoresis using a NuPAGE 12% bis-tris denaturing gel.
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labeled two bands at ~20 and ~30 kDa within 1 h, and a
third band with an intermediate molecular weight of
~23 kDa after >2 h incubation. These findings indicate
that the probe detects three catalytic Tv20S subunits in a
time-dependent manner, requiring up to 24 h incubation
for strong labeling. The three bands were excised from
the SDS-PAGE gel and subjected to proteomic analysis.
The most abundant proteasome subunit found in the
upper (~30kDa) band was the Tv protein, UniProt
A2F2T6 while the middle (~23kDa) and lower
(~20 kDa) bands were determined to be the proteins,
UniProt A2E7Z2 and A2DD57 (Figure S2). The genomic
sequences of these proteins align >40% with each
of the respective human catalytic subunits f2
(UniProt Q99436), B1 (UniProt P28072), and p5 (UniProt
P28074), and therefore were assigned as follows: (2
(UniProt A2F2T6), p1 (UniProt A2E7Z2), and {5
(UniProt A2DD57) (O'Donoghue et al. 2019). Although
the probe only labels catalytic subunits, several non-cata-
lytic proteasome subunits and putative proteasome bind-
ing proteins were also detected in the excised gel
fragments, consistent with their predicted sizes within
the range of the catalytic subunits.

2.2 | Tv20S subunit inactivation with
irreversible inhibitors

Using the fluorescent probe to visualize the catalytic sub-
units of Tv20S, we evaluated previously identified protea-
some inhibitors for their ability to inactivate one or more
of the subunits. Tv20S was pre-incubated with 1 pM of
the proteasome inhibitor, carmaphycin-17 (CP-17)
(O'Donoghue et al. 2019) for 1 h, prior to labeling with
the fluorescent probe and showed a concentration-depen-
dent decrease in labeling of all three subunits. A one-
sample t-test was performed with a Bonferroni alpha
value correction for multiple tests to assess if the inten-
sity of any bands were significantly reduced
(p < 0.00278). Using 2 pM of CP-17, B5 is significantly
reduced, while 5 and f2 are both significantly reduced
in the presence of 5 pM CP-17 (Figure 2a,b). Using 5 pM
of carfilzomib (CFZ), f5 and p2 are significantly reduced
(Figure 2c,d). Therefore, we conclude that CP-17 prefer-
entially inhibits the f5 subunit of Tv20S whereas CFZ
inhibits both p2 and B5, making these two inhibitors
valuable tools for biochemical characterization of Tv20S
substrate specificity.

® 1uM 2 uM 5uM ®)
M M M 120+
kDa DMSO CP-17 CP-17 CP-17 _ == 1 uMCP-17
35 vy ; & 100 == 2 uM CP-17
- - Z 80 = 5 UM CP-17
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FIGURE 2

Subunit-specific inhibition of Tv20S by carmaphycin-17 (CP-17) and carfilzomib (CFZ). Tv20S was preincubated with 1-

5 pM of CP-17 (a) or CFZ (c) for 1 h prior to labeling with the Me4BodipyFL-Ahx3Leu3VS probe and size separation by SDS-PAGE gel
electrophoresis. The bands from (a) and (c) were respectively quantified with ImageJ software (b, d), and the intensities were plotted relative
to the band intensity in vehicle (DMSO) treated lanes. Three independent assays were performed using the same preparation of Tv20S.
Results represent means and SEM of the triplicate assays and * represents band intensity that is significantly changed relative to the non-

inhibitor treated control.
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2.3 | Substrate specificity of Tv20S @ o 30- _

. . U n=165
catalytic subunits =

g 207

To define the substrate specificity of Tv20S, we employed § 10 -
multiplex substrate profiling by mass spectrometry (MSP- 3
MS) (Lapek e't al. 2019; Rohweder'et al. 2022), a metho'd g N (DD DBE)DE) (PTG coom
that was previously used to determine the substrate speci-
ficity of the human and Plasmodium falciparum protea- (b)
somes (Li et al. 2016; Winter et al. 2017). This method 30 R n=165
employs the use of 228 strategically designed peptides F W
which contain all possible combinations of amino acids g 151 P H A
surrounding a cleavage site. Following incubation of the @ w n HN & L \E} P
enzyme with this peptide mixture, quantification of the & \r'( \.I_" |’$< Ell % vnv Q =
cleaved products by liquid chromatography, and tandem ° P4TP3T P21 PT pTJ TP TP Pa
mass spectrometry (LC-MS/MS) revealed that Tv20S § E P P % E S < ™
cleaved 165 of 2964 available peptide bonds after a 20 h E D EE) é \YAY4
incubation (Data S2). Of these cleavage sites, 90% were -15 1 G P Q
located between the 4th and 12th amino acid, indicating
that Tv20S strongly favors cleaving at sites that are not
adjacent to the N- and C-termini (Figure 3a). Based on -30
the detected cleavage sites, we generated an iceLogo plot (c) Group 2 Group3 ¢ -0
to illustrate the frequency of amino acids occurring in L'_L g
each of the eight P4 to P4’ positions (Figure 3b). The pro- o 8 100
file revealed that hydrophobic amino acids (particularly F H Mﬁmm o\g
and P) were found most frequently in P4 and P4'. At P3, { m ~400
a high frequency of hydrophobic residues was also EQA?? (1 uM)
observed, in addition to the positively charged residues, R CP-17 (10 uM)
and H. At P2, H and K were preferred, and P was not | CFZ+ CP-17

well tolerated. At P1, N, R, and F were commonly found,
while peptides were generally not cleaved when P, G, T,
K, and Q were in the P1 position. These data demonstrate
that the Tv proteasome is an endopeptidase that cleaves a
wide range of peptide bonds but with distinct preferences
for the amino acids adjacent to the cleavage site.

To characterize the cleavage profile of individual sub-
units of Tv20S, we preincubated the enzyme with differ-
ent combinations and concentrations of the irreversible
inhibitors CP-17 and CFZ to preferentially inactivate
either p5 alone (1 pM CP-17), and both p5 and $2 (10 pM
of CP-17 or 10 uM of CP-17 and 10 uM of CFZ). These
concentrations were chosen based on our preliminary
studies using Suc-LLVY-amc and Boc-LRR-amc which
revealed that 1 pM of CP-17 decreases B5 activity (Suc-
LLVY-amc) by 89% while only reducing p2 activity (Boc-
LRR-amc) by 23% (Figure S3). At 10 pM of CP-17 and in
the presence of CFZ, p2 activity was reduced by 98%. The
abundance of each cleaved product in the MSP-MS analy-
sis was compared between the inhibitor-treated prepara-
tion relative to the vehicle-treated control (2.5% DMSO).
From the normalized data, we performed a hierarchical
clustering analysis and found that three distinct groups of
cleaved peptides were generated from the different assay
conditions (Figure 3c). Group 1 cleavage sites were

FIGURE 3
(a) Distribution of cleavage sites within the 14-mer peptides.

Characterization of peptides cleaved by Tv20S.

(b) IceLogo frequency plot of the peptides cleaved by Tv20S
showing the amino acids that are increased (above mid-line) and
decreased (below mid-line) in the P4 to P4’ positions. The red arrow
indicates the cleavage site. Lowercase n in the plot designates
norleucine. (c) Abundance of individual cleaved peptides is
expressed as a percentage relative to their abundance in DMSO
treated controls. Cyan colors designate peptides whose cleavage
was decreased by the indicated inhibitors, while purple colors
depict peptides that were more abundant in the presence of the
inhibitors compared to DMSO controls. Cleavage products
clustered into three main groups, designated as 1 to 3.

related to PS5 activity, because the formation of these
cleavage products was significantly decreased in the pres-
ence of CP-17. Group 2 corresponded to 2 activity as the
cleavage products were reduced by 10 pM of CP-17 and
CFZ but not by 1 pM of CP-17. Group 3 consisted of
cleavage products that were not reduced in the presence
of CP-17 and CFZ when compared to the vehicle control.
These cleavage products are likely to have been generated
by 1, the remaining third catalytic subunit. In summary,
the cleaved peptides generated by Tv20S activity could be

85U8017 SUOWILLOD 3A1Ie.1D) 3ot dde 8Ly Aq peusenof afe saole VO ‘88N JO S9InJ o4 Akeid178U1|UO /8|1 UO (SUORIPUOD-PUR-SLLIBYLIOD™AB | 1M AeIq 1 BU1|UO//SdNL) SUORIPUOD pUe SWie | 38U 89S *[9202/T0/T2] Uo ARiqi7auluo ABjim * Aisiweyd owebio Jo sininsu| -einog ‘3 Aq GzzG 01d/200T 0T/10p/wo0 A8 M Akeiqijpuluo//:sdny wo.y papeojumod ‘2T ‘202 ‘X968697T



o | WILEY-$9 By

FAJTOVA ET AL.

clustered into three groups, which correlated with the
three catalytic subunits.

2.4 | Development of a f5-specific Tv20S
substrate

We next leveraged the cleavage and inhibition profiles to
develop subunit-specific reporter substrates. Using 1 pM
of CP-17, we had shown above that only Tv20S f5 is inac-
tivated (Figure 2a). In the MSP-MS studies, Group 1 con-
sisted of cleaved peptides that were reduced in
abundance when Tv20S was treated with 1 pM CP-17
(Figure 3c). Therefore, Group 1 peptides are the products
of the B5 subunit. An iceLogo of the 96 cleavage sites of
the Group 1 peptides revealed that this subunit preferen-
tially hydrolyzes substrates with hydrophobic amino
acids in the P4, P1, and P4’ positions and mixed types of
amino acids in other positions (Figure 4a). In the P3 posi-
tion the most frequent residues found were W, R, and H,
with W being the most enriched amino acid at any of the
P4 to P4’ positions. The fluorogenic substrate that we had
previously used for detecting activity of Tv20S p5 consists
of the P4 to P1 sequence, LLVY (O'Donoghue et al. 2019).
This substrate was developed for c20S, but based on the
iceLogo, Y in the P1 position appears to be the only
amino acid in this substrate that is preferred by Tv20S.
Therefore, we chose a new peptide from the MSP-MS
substrate library (AnTDRGWYL*AIQAV) that contains
W in P3 and was cleaved with high efficiency by Tv20S
between L and A (Figure 4b). The cleavage product
(AnTDRGWYL) was not formed in the presence of 1 pM
CP-17, confirming that it is a substrate of p5. Using the
P4 to P1 sequence as a template, we synthesized a

fluorogenic substrate, Ac-GWYL-amc, consisting of the
tetrapeptide flanked by an N-terminal acetyl
(Ac) capping group and a C-terminal fluorescent amc
reporter group. The cleavage of this substrate, evaluated
using a concentration range of 2-250 pM, was character-
ized by a Ky, of 7.41 + 1.73 uM (Figure 4c). Under identi-
cal conditions, the Kj, for the human p5 substrate, Suc-
LLVY-amc, was determined to be 589.4 + 134.7 uM.
Thus, Ac-GWYL-amc is cleaved with ~80-fold higher
affinity than Suc-LLVY-amc.

2.5 | Development of a f2-specific
substrate

We next evaluated the peptides in cleavage Group
2 whose abundance was partially reduced by 1 pM of CP-
17 and further reduced with 10 pM of CP-17 or a combi-
nation of 10 pM CP-17 and 10 uM CFZ (Figure 3c). Since
these conditions led to inhibition of both g5 and p2 and
we had already resolved Group 1 as p5 cleavages, Group
2 cleavages were attributed to p2 activity (Figure 3c). The
iceLogo plot of the 48 peptides in Group 2 revealed that
the p2 subunit prefers peptides with hydrophobic amino
acids at P4, and R at both P3 and P1 (Figure 5a). We
chose HWAFRSR*YHGPLAH from the MSP-MS sub-
strate library as a template for designing a p2 substrate as
it closely matched the consensus sequence. Cleavage of
this substrate was inhibited in a concentration-dependent
manner by CP-17 with full inhibition seen with a combi-
nation of CP-17 and CFZ (Figure 5b). Consequently,
based on the core tetrapeptide FRSR, we synthesized a
fluorogenic substrate, Ac-FRSR-amc, and used it for
assaying Tv20S. A concentration-response resulted in a

(a) (b) AnTDRGWYL*AIQAV () -= Ac-GWYL-amc & Suc-LLVY-amc
40 8x10 1 -e- DMsO
FW F e o~ CP-17 (1 M) 031
7
] 20— A A ‘i,‘ 6X10 7
: TP RKwWE | pP| & g 02-
s L H S ¥YIY 5wF| g 7 2
£ C e Vs 5 e Aal £ 407 >
S PaTP3T P2 [PLIPI T2 TPy P4 3 o
c =
S @Q 8 K W aQ 7] 0.1
§ D E P o Q 9 2x10
204 B B o /. ) )
G M | I 1 A I 1 LI | 0 T I T I T
0 10 20 30 40 0 50 100 150 200 25
-40 Incubation time (h) [Substrate] uM
FIGURE 4 Design of a Tv20S p5-specific substrate. (a) IceLogo frequency plot showing the amino acids that are increased (above mid-

line) and decreased (below mid-line) in the P4 to P4’ positions of the Tv20S B5 subunit. Lowercase n corresponds to norleucine. (b) Example
peptide from the MSP-MS substrate library that is cleaved by Tv20S and whose cleavage is inhibited by 1 pM CP-17 (mean + SE, n = 4
replicates). The N-terminal cleavage product in bold was identified by LC-MS/MS. (c) Michaelis Menten plots with the indicated fluorogenic

substrates (mean + SE, n = 3 replicates).
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FIGURE 5 Design of a 2-specific substrate. (a) IceLogo frequency plot showing the amino acids that are increased (above mid-line)

and decreased (below mid-line) in the P4 to P4’ positions of the Tv20S B2 subunit. Lowercase n corresponds to norleucine. (b) Example
peptide that is cleaved by Tv20S, partially inhibited by 1 pM CP-17, and fully inhibited by 10 uM each of CP-17 and CFZ. The cleavage
product in bold was identified via LC-MS/MS (mean + SE, n = 4 replicates). (c) Michaelis Menten plot with the substrates Ac-FRSR-amc

and Boc-LRR-amc (mean =+ SE, n = 3 replicates).

calculated K, of 4.39 + 1.0 uM (Figure 5c). Under
identical conditions, the K, for the human p2 substrate,
Boc-LRR-amc, was 13.72 + 2.36 pM. Ac-FRSR-amc is
therefore a higher affinity reporter substrate than the
standard human substrate for monitoring p2 activity of
Tv20S.

2.6 | Development of a f1-specific Tv20S
substrate

Finally, we evaluated peptides in cleavage Group 3 that
were not inhibited by the combination of 10 uM CP-17
and 10 pM CFZ and, in many cases, the intensity of the
cleaved products increased in the presence of these inhib-
itors (Figure 3c). Based on these properties, we concluded
that these peptides were most likely hydrolyzed by the p1
subunit or possibly other protease(s) that may have been
enriched during the isolation of Tv20S. The iceLogo plot
of the 27 cleavage sites in this group revealed that most
had either D, N, or E in the P1 position (Figure 6a), and
one of the most efficiently cleaved peptides in the MSP-
MS substrate library was QYELPSRN*GWHHNP
(Figure 6b). Consequently, the tetrapeptide sequence,
PSRN, corresponding to the P4-P1 amino acids was syn-
thesized with a fluorogenic reporter to yield Ac-PSRN-
amc. As expected, this fluorogenic substrate was cleaved
by Tv20S and the activity was not significantly inhibited
by CP-17 or a combination of CP-17 and CFZ (Figure 6c).
This lack of inhibition revealed that Ac-PSRN-amc is
cleaved by an enzyme that is distinct from the Tv20S p5
and P2 subunits. However, cleavage of peptides with
asparagine in the P1 position is uncharacteristic of other
proteasomes (Harris et al. 2001), and these data did not

sufficiently confirm that cleavage of Ac-PSRN-amc was
the result of Tv20S p1 activity.

We next evaluated an alternative proteasome inhibi-
tor, bortezomib (BTZ), which is known to inactivate the
f1 subunit of the human proteasome and several micro-
bial proteasomes (Buac et al. 2013; Collins et al. 2010;
Piro et al. 2012; Reynolds et al. 2007). Tv lysate was pre-
incubated with 2, 5, and 10 pM of BTZ prior to labeling
with the fluorescent probe, Me4BodipyFL-Ahx3Leu3Vs.
These assays showed that BTZ targets the p1 subunit of
Tv20S (Figure S4). However, when BTZ was incubated
with Tv20S and assayed using Ac-PSRN-amc, no inhibi-
tion of activity was observed. This revealed that the
enzyme responsible for hydrolyzing Ac-PSRN-amc is not
Tv20S P1. Meanwhile asparagine is known to be the pre-
ferred P1 amino acids for the legumain family of cysteine
proteases, such as Tv legumain 1 (TVLEGU-1), an abun-
dant Tv protease that is known to hydrolyze the tripep-
tide substrate Z-AAN-amc (Rendén-Gandarilla
et al. 2013). Therefore, we speculated that the cleavage of
Ac-PSRN-amc may be due to the presence of a contami-
nating legumain such as TVLEGU-1. We anticipated that
cleavage of substrates with asparagine at P1 would be
inhibited by RR11la, a well characterized azapeptidyl
inhibitor of legumain (Ekici et al. 2004; Gotz et al. 2008;
Ledn-Félix et al. 2004; Renddn-Gandarilla et al. 2013).
We found that Ac-PSRN-amc and Z-AAN-amc activities
were inhibited by RR11a, demonstrating TVLEGU-1 or a
related enzyme co-purified with Tv20S (Figure 6c).

Having determined that Ac-PSRN-amc is not a p1
substrate, we subsequently selected a different peptide
from the MSP-MS substrate library, EPLDLQKQ-
RYFD*WL, one of the most efficiently cleaved peptides in
Group 3 that did not have a P1-N residue, as an
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FIGURE 6 Design of a p1-specific substrate. (a) IceLogo frequency plot showing the amino acids that are increased (above mid-line)

and decreased (below mid-line) in the P4 to P4’ positions of cleaved peptides in Group 3. Lowercase n corresponds to norleucine.

(b) Example peptide product that is cleaved independent of CP-17 and/or CFZ (n = 4). (c) Enzyme activity using Ac-PSRN-amc and the

legumain substrate Z-AAN-amc (n = 3). (d) Example peptide product that is cleaved by Tv20S p1 where activity increases in the presence of
CP-17 and CFZ (mean + SE, n = 4 replicates). (e) Michaelis Menten plot of Ac-RYFD-amc and Z-LLE-amc (mean + SE, n = 3 replicates).
(f) Enzyme activity using Ac-RYFD-amc and Z-LLE-amc following a 30 min preincubation of Tv20S with the indicated inhibitors (mean

+ SE, n = 3 replicates).

alternative template for a p1 substrate (Figure 6d). Inter-
estingly, the cleavage products of this peptide were
increased in the presence of CFZ and CP-17 which would
indicate that these compounds are activating enzyme
activity. A fluorescent reporter substrate corresponding
to the P4 to P1 amino acids, RYFD, of this substrate was
synthesized with a N-terminal acetyl group and C-termi-
nal amc group. Cleavage of Ac-RYFD-amc by Tv20S was
completely inhibited by bortezomib but not by RR11a.
These data indicate that Ac-RYFD-amc is cleaved by
Tv20S B1 and it is not a substrate for the co-purified legu-
main-like protease (Figure 6f).

The activity of Tv20S p1 over a concentration range of
Ac-RYFD-amc was evaluated and the K, was calculated
to be 1,778 + 274 pM. When compared to the human p1
substrate, Z-LLE-amc, Ac-RYFD-amc was less efficiently
cleaved (Figure 6e), but in the presence of CP-17 and CFZ
a different inhibition profile emerged for these two sub-
states. Thus, as expected from the known inhibitory pro-
files of CP-17 and CFZ, 10 pM of CP-17 alone or in
combination with CFZ did not inhibit cleavage of Ac-

RYFD-amc substrate cleavage. In fact, subunit activity
increased by 160% or more as was also seen in the MSP-
MS assay with the longer substrate, EPLDLQKQ-
RYFD*WL (Figure 6d). In contrast, for the human sub-
strate Z-LLE-amc, 1pM of CP-17 partially inhibited
activity and 10 pM CP-17 completely inhibited activity
(Figure 6e). These inhibition profiles suggest that Z-LLE-
amc is cleaved not only by Tv20S f1, but possibly by all
three catalytic subunits. In summary, Ac-RYFD-amc is a
specific substrate for Tv20S 1 and therefore superior to Z-
LLE-amc for identifying inhibitors that target this subunit.

2.7 | Validation of substrates with
established proteasome inhibitors

To establish the utility of the newly designed Tv20S sub-
strates for use as tools for inhibitor screening, dose-
response curves were generated for all three Tv20S sub-
units using CP-17 and CFZ. CP-17 is a potent 5 inhibitor
(ICso of 94.7 + 18.9 nM) (Figure 7a), and CFZ inhibited
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B5 (ICso of 784 +17.3nM) and B2 (ICs, of 372.5
+ 92.1 nM) (Figure 7b). For both compounds, a concen-
tration-dependent increase in Pl activity (>200% at the
highest concentration) was measured. These subunit
inhibition patterns are consistent with the decrease in
probe labeling of the catalytic sites following pre-incuba-
tion with CFZ and CP-17 (Figure 2a-d). In addition, leu-
peptin, an inhibitor of human B2 activity (Kisselev
et al. 2006) was incubated with Tv20S and then assayed
with the three substrates. Leupeptin inhibited only p2
(ICs of 3,159 + 654 nM) while activating p1 (Figure 7c).
Finally, ixazomib, a clinically used proteasome inhibitor
for treatment of multiple myeloma (Kisselev 2022) was
preincubated with Tv20S and found to inhibit Tv20S 5
(ICsg of 34.1 + 5.4 nM) and p1 (ICsy of 269.6 + 97.1 nM)
with concomitant activation of the 2 subunit
(Figure 7d). In a previous study, ixazomib had activity
against trichomonads in vitro and in vivo (O'Donoghue
et al. 2019), so the observed dual inhibition of p1 and 5
reveals the mechanism of action for this drug. Taken
together, these analyses confirm that the new subunit
specific substrates can distinguish between the three cata-
lytic subunits and can help to define the mechanism of
action of proteasome inhibitors against Tv.
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2.8 | Screening of novel proteasome
inhibitors for Tv20s subunit specific
inhibition

To further demonstrate the utility of our new substrates,
we screened a library of 284 peptide-based epoxyketone
proteasome inhibitors for activity against Tv in culture.
These compounds are analogs of zetomipzomib (KZR-
616) and were originally developed as human immuno-
proteasome inhibitors for the treatment of lupus nephri-
tis (Johnson et al. 2018; Muchamuel et al. 2023). Six of
the compounds had inhibitory activities at 1 pM or less
against live Tv (i.e., pECso > 6) (Figure 8a). The top two
compounds, KZR-58100 and KZR-58165, had pECs,
values of 6.63 + 0.13 (ECso =230 nM) and 6.56 + 0.21
(ECso = 280 nM), respectively. Against HeLa cell lines,
the compounds had pECs, values of 5.12+ 0.06
(ECso = 7,510 nM) and 5.32 + 0.1 (ECso = 4,780 nM),
yielding selectivity indices of 27.29 and 20.55, respec-
tively. Both compounds consist of tripeptide-epoxyke-
tones that differ only by the stereochemistry of alanine in
the P3 position (Figure 8b). When Tv lysate was pre-incu-
bated with these inhibitors prior to Me4BodipyFL-Ahx3-
Leu3VS labeling of the subunits, the staining of the f5
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Validation of subunit-selective substrates. Concentration-response curves for Tv20S subunit inhibition by (a) CP-17, (b) CFZ,

(c) leupeptin, and (d) ixazomib, with activity normalized to a 0.025% DMSO control. Assays were performed using 30 pM Ac-GWYL-amc
(B5), 30 pM Ac-FRSR-amc (f2) or 50 pM Ac-RYFD-amc (1). Fluorescence was measured over 2 h and the velocity of each reaction was
plotted to generate concentration-response curves (data points show mean + SE, n = 3 replicates). ICs, values were calculated by fitting to a

concentration-response curve using GraphPad Prism 9.
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FIGURE 8 Inhibition of Tv growth by two 5 subunit specific proteasome inhibitors. (a) Whole-cell activity (ECs,) screen of

284 proteasome inhibitors comprising the Kezar Life Sciences library against Tv. Each data point represents the mean pECs, for one
compound (n = 3 biological replicates). The top 2 most active compounds are highlighted in red. (b) Chemical structures of KZR-58100 and
KZR-58165. Subunit staining by a 24 h incubation with Me4BodipyFL-Ahx3Leu3VS following pre-incubation of Tv lysate with KZR-58100
and KZR-58165. The sample was then size-separated by SDS-PAGE. (c, d) Concentration-response curves for Tv20S subunit inhibition by
KZR-58100 and KZR-58165. Activity was normalized to a 0.025% DMSO control. ICs, values were calculated by fitting to a dose-response

curve using GraphPad Prism 9 (mean + SE, n = 3 replicates).

subunit was reduced while the other subunits were unaf-
fected (Figure 8b). Finally, these compounds were
assayed with Tv20S using the newly designed p1, 2, and
B5 substrates. Both KZR-58100 and KZR-58165 targeted
Tv20S B5, with ICs, values of 136.0 + 34.7 nM (Figure 8c)
and 74.6 + 24.3 nM (Figure 8d), respectively. Both com-
pounds also increased p1 activity by 200% and B2 activity
by 120% at the highest concentrations tested. These data
suggest that the activity of KZR-58100 and KZR-58165
against Tv was mediated by inhibition of the Tv20S B5
subunit alone.

3 | DISCUSSION

This study highlights the importance of biochemically
characterizing proteasome of targeted organisms as clear
differences in substrate cleavage preferences exist across
species. Previously, we validated the Tv20S proteasome
as a druggable target using a panel of peptide inhibitors

with boronic acid or epoxyketone warheads (O'Donoghue
et al. 2019). However, we utilized the human proteasome
substrates, which we found here to be sub-optimal
reporter substrates of Tv20S activity. The current work
reveals the distinct substrate preference of the catalytic
Tv20S subunits. The findings allowed us to develop new
reporter substrates that specifically measure the activity
of each subunit, making these substrates important new
tools to quantify enzyme activity of the p1, p2, and 5
subunits of Tv for detecting changes in catalytic activity
in the presence of inhibitors or activators.

Key to the success of our studies was an improved
protocol for isolating Tv20S from Tv lysate by using a
three-step enrichment protocol that was optimized from
a previously reported protocol (O'Donoghue et al. 2019).
This protocol allowed us to visualize the three probe-
labeled catalytic subunits on an SDS-PAGE gel and excise
each band for proteomic identification. Such validation
experiment would be valuable for all pathogen protea-
somes that are being targeted for inhibitor development
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as it is often unclear which band corresponds to which
subunit. For example, when Plasmodium falciparum 20S
was labeled with a fluorescent probe, MV151, the upper
and lower bands were designated as 5 and 2, respec-
tively, while the p1 subunit was not labeled
(Li et al. 2014). However, in a follow-up study by the
same group with a new probe (BMV037) that labels all
three subunits, the upper, middle and lower bands were
designated as f1, p2 and 5, respectively (Li et al. 2016).
Thus, for P. falciparium, clear consensus remains elusive
as to which labeled band corresponds to which subunit.
By taking the approach outlined here, which involves
enriching the proteasome from cell extracts and perform-
ing proteomic analysis on the excised bands illuminated
with the probe, definitive identification of each subunit
was possible.

Previously, Tv was screened against a library of pro-
teasome inhibitors derived from the marine natural prod-
uct, carmaphycin B (O'Donoghue et al. 2019). The
leading compound, carmaphycin-17 (CP-17), was more
effective than metronidazole at killing Tv in vitro as well
as in vivo using a murine model infected with the related
parasite, Tritrichomonas foetus. Importantly, CP-17 could
overcome metronidazole resistance and was found to
directly target the Tv20S proteasome (O'Donoghue
et al. 2019). CP-17 also showed >5-fold greater potency to
Tv20S proteasome than human proteasome and less cyto-
toxicity to HeLa cells compared to anticancer proteasome
inhibitors. There is low sequence conservation between
human and trichomonad catalytic subunits (28%-52%
sequence identity) which would indicate that inhibitors
with improved selectivity could be designed. We and
others have developed proteasome inhibitors that are
>2,000-fold more toxic to Plasmodium falciparum than
human cells (LaMonte et al. 2017; Zhang et al. 2022) and
therefore there is potential for developing Tv-specific pro-
teasome inhibitors that could reach the same level of
selectivity. However, unlike the Plasmodium research, lit-
tle is known about the catalytic subunits of Tv20S and
the fluorogenic reporter substrates that have been used in
the past, were developed for the human proteasome. To
advance Tv proteasome inhibitor development, it is
important that optimal reporter substrates are developed
to quantify inhibition of p1, 2, and p5. To do this, then
the substrate specificity profile for each subunit needs to
be uncovered.

Several methods have been used to uncover the sub-
strate specificity of the human proteasome. Harris and
colleagues incubated the human 20S proteasome with a
combinatorial library of tetrapeptides containing a C-ter-
minal fluorogenic reporter group (Harris et al. 2001) and
used these data to develop a panel of substrates that are
efficiently cleaved. However, it was not confirmed which
catalytic subunit was responsible for cleaving each

substrate. In another study, Rut and colleagues used a
much larger library of tetrapeptides containing natural
and non-natural amino to generate substrate specificities
of each catalytic subunit. In this case, they used three
sub-libraries that had either Asp, Arg or Ala fixed in the
P1 position to preference cleavage by 1, B2, or f5,
respectively (Rut et al. 2018). To validate the hit sub-
strates, they synthesized three fluorogenic substrates con-
sisting of peptide sequences that were specific for each of
the three subunits making these substrates valuable for
screening human proteasome inhibitors, similar to what
we found for the Tv specific substrates.

We previously used MSP-MS to uncover the substrate
specificity of the human and Plasmodium proteasomes
(Li et al. 2016; Winter et al. 2017). The method utilizes a
library of 228 strategically designed synthetic 14-mer pep-
tides as substrates for proteases, where cleavage of each
substrate can be quantified by LC-MS/MS. In studies
with human and Plasmodium proteasomes we obtained
substrate profiles for the whole proteasome but were
unable to determine which subunits were responsible for
cleaving each peptide. Therefore, in this study, we sought
to use the MSP-MS method to generate a substrate speci-
ficity profile of each catalytic subunit of Tv20S. As protea-
some subunits cannot be physically separated from each
other, we took a chemical approach to inactivate one or
two subunits of Tv20S and then generate a substrate spec-
ificity profile for the subunit(s) that still retain activity.
More specifically, we inactivated p5 alone using CP-17
and B5 + p2 with a mixture of CP-17 and CFZ. While
other proteasome inhibitors are known to target 2 (e.g.,
leupeptin) and 5 + P1 (e.g., bortezomib), none of these
compounds bind irreversible to the proteasome and
therefore it is possible that the inhibitors may dissociate
for the target subunit during the incubation with peptide
library, which could ultimately lead to spurious data.

Studies with CP-17 and CFZ identified three groups
of cleaved peptides which correlated with the three cata-
lytic subunits. From here, representative peptides from
each group were chosen and fluorogenic reporter sub-
strates were designed. The 5 and P2 substrates, namely
Ac-GWYL-amc and Ac-FRSR-amc, had lower K,,; values
when compared to the commercially available substrates,
Suc-LLVY-amc (for p5) and Boc-LRR-amc (for $2) that
are commonly used for detecting human and microbial
proteasome activities (Andersson et al. 1998; Bonet-Costa
et al. 2019; Ott et al. 2021). In general, the limiting
reagent in parasite proteasome assays is the amount of
enzyme available. Therefore, having substrates that are
efficiently cleaved by Tv20S will allow for more screening
studies and dose-response assays.

When assessing the peptides cleaved in Group 3, we
found that many cleaved products were not inhibited by
CP-17 and CFZ and some products were increased by up
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to 400% when compared to the untreated sample. In addi-
tion, a strong preference for cleaving peptides after Asn
residues was unusual, as the p1 subunits in proteasomes
from other organisms generally cleave after Glu, Asp and
Leu (Tanaka 2009). We subsequently determined that the
enzyme responsible for cleaving after Asn was a legu-
main-like protease(s) that co-purified with Tv20S. Co-
purification of other proteases with the proteasome has
been reported previously (Thibaudeau and Smith 2019).
For example, tripeptidyl peptidase II (TPPII) co-purified
with the mouse proteasome from EL4 cells
(T lymphoblast; mouse) following ultra-centrifugation
and anion exchange chromatography (Geier et al. 1999).
This led the authors to conclude that TPPII provides
additional proteolytic capabilities for the mouse protea-
some. While TPPII is a large protease with a MW of
138 kDa, legumain-like proteases such as TVLEGU-1 are
predicted to be only ~30 kDa (Ekici et al. 2004; Gotz
et al. 2008; Ledn-Félix et al. 2004; Rendon-Gandarilla
et al. 2013). Therefore, this enzyme should not elute from
the size exclusion column in the same fraction as the
700 kDa proteasome, leading us to hypothesize that it
may directly bind to the proteasome. If so, the function of
legumain may provide the proteasome with additional
specificity for cleaving after Asn residues.

When comparing the inhibition profile of the new
Tv20S P1 substrate, Ac-RYFD-amc, with the commercial
Bl substrate Z-LLE-amc it was clear that they are not
cleaved by the same subunit. Using Ac-RYFD-amc, 1
activity increased by 160% in the presence of 10 pM CP-
17, however, under the same conditions, Tv20S activity
using Z-LLE-amc was fully inhibited. Based on the activ-
ity of Tv20S with Z-LLE-amc in the presence of different
inhibitors, it is likely that all three subunits of Tv20S are
capable of cleaving Z-LLE-amc. While this substrate is
not suitable to evaluate Tv20S p1 activity it can still be a
useful reagent to detect Tv20S activity in Tv extracts and
track proteasome activity in chromatography fractions
during the purification procedure. This discovery high-
lights the importance of developing parasite-specific
reporter substrates, as the widely available human pro-
teasome substrates may not be cleaved by the intended
subunit.

Armed with three new subunit selective substrates,
we validated their use in identifying the mechanism of
action of different inhibitors. Consistent with our previ-
ous study CP-17 was selective for Tv20S B5 and inhibited
B2 at higher concentrations, whereas CFZ inhibited both
B5 and p2 (O'Donoghue et al. 2019). Ixazomib targeted p5
and Pl and caused an increase in 2 activity while leu-
peptin inhibited p2 and increased activity of pl. Inhibi-
tion of some subunits that results in the concomitant
increase in activity of another suggests that the function-
ing of the 1, B2, and B5 subunits are intricately linked.

The 1 and B2 subunits of Tv20S are predicted to be adja-
cent on the p ring and therefore binding of an inhibitor
to one subunit may directly affect substrate access to the
adjacent subunit. However, it is unclear how inhibition
of B5 increases activity of p1 since they are predicted to
be one opposite sides of the P ring. Proteasomes first
assemble into half-proteasomes consisting of one a-ring
and one p-ring. Two P-rings from these half-proteasomes
then combine to form the 20S enzyme complex (Adolf
et al. 2024). It is possible the 5 from one half-proteasome
binds close to the p1 from the second half-proteasome,
which could then result in 5 inhibition being able to
modulate p1 activity. For future studies, it will be impor-
tant to understand the cellular implications of inhibiting
one or more subunits of the proteasome, while simulta-
neously activating another subunit.

Finally, we tested our substrates using two new inhib-
itors, KZR-58100 and KZR-58165, that are potent anti-
parasitic agents for Tv in culture. These compounds are
analogs of zetomipzomib (KZR-616), an immunoprotea-
some-selective inhibitor in clinical trials for treatment of
lupus nephritis (Johnson et al. 2018; Muchamuel
et al. 2023). KZR-616 targets all three subunits of the
human immunoproteasome, however the two analogs
tested inhibit only the B5 subunit of Tv20S with ICs,
values of 136.0 + 34.7 nM and 74.6 + 24.3 nM. These
compounds reveal that the anti-parasitic effects of protea-
some inhibitors can be mediated through inhibition of
the B5 subunit alone. These compounds can be a starting
point for development of a series of Tv20S inhibitors that
have greater selectivity for Tv over human cells, as we
have achieved for P. falciparum-specific inhibitors (Alma-
liti et al. 2023).

To summarize, our improved proteasome isolation
protocol for Tv20S and the application of substrate cleav-
age profiling yielded subunit selective substrates with
which the respective catalytic activities of Tv20S can be
individually evaluated. The approach outlined here is
applicable to any new proteasome of interest as the stan-
dard commercial substrates may be sub-optimal or non-
specific for the target subunits of particular organisms.
The tools developed in this study will also aid in our
understanding of the biological functions of the Tv20S and
allow us to understand the mechanism of action for all
new inhibitors that are developed to treat trichomoniasis.

4 | EXPERIMENTAL PROCEDURES

4.1 | Trichomonas vaginalis cell culture

Tv F1623 (Brown et al. 1999) parasites were cultured in
TYM (trypticase, yeast extract, and maltose). Diamond's
medium supplemented with 180 mM ferrous ammonium
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sulfate. Cells were maintained at 37°C under anaerobic
conditions (AnaeroPack-Anaero system).

4.2 | Purification of native Tv20S

Tv20S proteasome was purified from frozen pellets of Tv
parasites using a modification of published procedure
(O'Donoghue et al. 2019). Briefly, frozen pellets of
washed parasites in 50 mM HEPES, pH 7.5, 10 mM E-64,
were thawed on ice and resuspended in 1 mL of lysis
buffer containing 50 mM HEPES, pH 7.5, 10 mM E-64,
100 mM AEBSF, 1 mM pepstatin A, and 1 mM dithio-
threitol (DTT) and sonicated three times on ice. The
lysate was clarified by centrifugation at 30,000 g for
20 min. The 20S proteasome was precipitated with 30%
and 60% ammonium sulfate and collected by centrifuga-
tion (30,000 g, 30 min). The pellet was resuspended in
50 mM HEPES, pH 7.5, 125 mM NaCl, and purified by
gel filtration using a Superose 6 Increase column
(GE Healthcare). Fractions containing enzyme that
cleaved Suc-LLVY-amc and were sensitive to 10 pM CFZ
were pooled. The pooled fractions were applied to a 5 mL
HiTrap DEAE FF column (GE Healthcare), and washed
with 50 mM Tris—HCl, pH 7.5. Tv20S proteasome was
eluted using a 0-1 M NaCl gradient in 50 mM Tris-HClI,
pH 7.5. Fractions containing proteasome activity were
pooled, buffer exchanged to 50 mM HEPES, pH 7.5, ali-
quoted and stored at —80°C.

4.3 | Protein gels

Tv20S and c20S were diluted with 50 mM HEPES pH 7.5
then mixed with 2 pM of Me4BodipyFL-Ahx3Leu3Vs
(R&D Systems #I-190). Tv lysate was first diluted with
50 mM HEPES pH 7.5 and 10 pM E64 before 2 pM of
probe was added. After probe addition, samples were
incubated at 37°C for up to 24 h. For denaturing gels,
samples were mixed with 4X Bolt LDS sample buffer
(Thermo Fisher Scientific) containing DTT, incubated at
99°C for 5 min and loaded into a Bolt 4%-12% Bis-Tris
(Thermo Fisher Scientific) or NuPAGE 12% Bis-
Tris (Thermo Fisher Scientific) alongside PageRuler Plus
pre-stained protein ladder (Thermo Fisher Scientific).
Gels were run with 1X MES or 1X MOPS SDS buffers
(Invitrogen) at 130 V. For native gels, samples were
mixed with 2X Novex Tris-glycine native sample buffer
and loaded into NuPage Tris-glycine gels (Invitrogen)
with NativeMark unstained protein standard (Thermo
Fisher Scientific). Gels were run at 130 V with Novex
Tris-glycine running buffer (Invitrogen). All gels were
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imaged on Bio-Rad ChemiDoc XRS+ at 470 nm excita-
tion 530 nm emission for probe visualization and imaged
with white light for silver stain visualization. Silver stain
was performed using Pierce™ Silver Stain Kit (Thermo
Fisher Scientific). Probe labeled bands were quantified
using Image] from three independent experiments
(Schneider et al. 2012).

4.4 | Liquid chromatography with
tandem mass spectrometry (LC-MS/MS)

Gel bands were excised from a denaturing gel using a
clean scapel. The digestion protocol and LC-MS/MS
instrumentation set up was as previously reported
(Royseth et al. 2023). Resulting data was searched against
the Trichomonas vaginalis proteome (UniProt taxon ID
412133) using PEAKS studio (v8.5) software (Bioinfor-
matics Solutions Inc.) with a precursor mass error toler-
ance of 20 ppm and fragment mass error tolerance of
0.01 Da defined and trypsin digest specified. The identi-
fied peptides were adjusted to a false discovery rate of
<1%. The intensity of all proteins found in each band
was totaled as was the intensity of all non-catalytic pro-
teasome subunits (UniProt Accession numbers: A2D8G5,
A2FCM7, A2FT79, A2E119, A2DTN3, A2FJV7, A2F568,
A2F3X4, A2F8W4, A2F716, A2F3H9). A sum of intensi-
ties of all 14 proteasome subunits was subtracted from
total protein intensity to determine intensity of other pro-
teins in the sample. The data was analyzed as a pie chart
in GraphPad Prism 9 (GraphPad Software).

4.5 | Preparation of substrate and
inhibitors

Carfilzomib (CFZ), E64, AEBSF, Pepstatin A, and Z-
AAN-amc were purchased from MedChemExpress. Suc-
LLVY-amc, Boc-LRR-amc, and Z-LLE-amc were pur-
chased from Cayman Chemical. Newly designed sub-
strates were custom synthesized by GenScript and
dissolved in DMSO to 10 mM (Ac-GWYL-amc, Ac-FRSR-
amc, Ac-PSRN-amc) or 50 mM (Ac-RYFD-amc). HPLC
and mass spectrometry data for the new substrates can be
found in Data S2. Substrates were dissolved in DMSO at
a concentration of 10 mM and stored at —20°C (Ac-
GWYL-amc, Ac-FRSR-amc) or —80°C (Ac-RYFD-amc).
Inhibitors were dissolved in DMSO to 10 mM and serially
diluted in DMSO on a black 384-well microplates. Inhibi-
tors and substrates were transferred using an acoustic
transfer system (Biosera) into low volume 384-well
microplates as needed.
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4.6 | Multiplex substrate profiling by
mass spectrometry (MSP-MS)

Tv20S was pre-incubated with CP-17, CFZ, or DMSO
prior to mixing with an equimolar mixture of 228 14-mer
peptides such that the final concentration of each peptide
was 0.5 pM and the final concentration of inhibitor was
either 1 pM (CP-17) or 10 uM (CP-17 and CFZ). The exact
concentration of Tv20S was unknown due to levels being
below the detection limit for protein quantification Kkits,
such as a BCA assay. However, a 1:20 dilution of the
enzyme stock was used. Reactions were incubated at
room temperature and after 3, 20, and 38 h, 10 pL of this
mixture was removed and the enzyme inactivated by
mixing with 40 pL of 8M urea. A 0 h timepoint was gen-
erated by first mixing 5 pL of inhibitor/enzyme with
40 pL of 8M urea, incubating for 20 min, then adding
5 puL of peptide mix. The reactions were performed in
quadruplicate reaction tubes in assay buffer consisting of
50 mM HEPES pH 7.5, 10yM E64, 100 pM AEBSF,
10 pM pepstatin, 1 mM DTT. The samples were then
desalted, prepared for mass spectrometry, and analyzed
as previously described (Almaliti et al. 2023), including
iceLogo generation (Colaert et al. 2009).

4.7 | Hierarchical clustering analysis
Clustering of peptides sequences and their cleavage pat-
terns were assessed by hierarchical cluster analysis
(HCA) with the ArrayTrack™ bioinformatics tool from
the National Center for Toxicological Research (NCTR),
Food and Drug Administration (FDA) (Xu et al. 2010).
ArrayTrack™ is a minimum information about a micro-
array experiment (MIAME) supportive tool, which pro-
vides linking between results with functional information
and a given method (i.e., data biological relevance). HCA
allows investigating grouping of samples or any data ele-
ments by their similarity profiles. Analysis was performed
employing the dual cluster method, with Euclidean met-
ric for distance measurements, and Ward's linkage type.

4.8 | Kinetic Tv20S assays and inhibitor
screening

Activity assays were performed by diluting Tv20S 1:20 in
assay buffer (50 mM HEPES pH 7.5, 10 pM E64, 100 pM
AEBSF, 10 pM pepstatin, 1 mM DTT) with the indicated
substrate. For substrate validation assays a final volume
of 30 pL per well was used in black 384-well plates
(Thermo Scientific #262260). ICs, curves were generated
with 7.5 mL final volume on 384-well low volume black

microplates (Greiner Bio-One #784900). Fluorescence
was measured for 2 h at excitation 360 nm and emission
of 460 nm on a Synergy HTX Multi-Mode Microplate
Reader (BioTek). Z-AAN-amc, Suc-LLVY-amc, Boc-LLR-
amc, and Z-LLE-amc were purchased from
MedChemExpress.

4.9 | Whole cell activity assays
against Tv

The antitrichomonal activity against Tv F1623 was
assessed as  described previously (O'Donoghue
et al. 2019). Cells were grown at 37°C in TYM Diamond's
medium supplemented with 180 pM ferrous ammonium
sulfate. Briefly, stocks of the test compounds were diluted
in 0.1 pL of dimethyl sulfoxide (DMSO) to 2 mM, and 1:3
serial dilutions were made in 384-well microplates using
Acoustic Liquid Dispenser (EDC Biosystems). A 20 pL
trophozoites suspension (10°/well) in TYM was added to
each well with diluted compounds, 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 by
measuring ATP-dependent luminescence in a Spectra
Max M2E microplate reader (Molecular Devices). The
50% effective concentration (ECsy) was derived from
the concentration-response curves using GraphPad Prism
9 (GraphPad Software).
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