Charles University, Faculty of Science

Univerzita Karlova, Prirodovédecka fakulta

Ph.D. study program: Parasitology

Doktorsky studijni program: Parazitologie

Nadine Zimmann MSc.

Analysis of lysosomes of Trichomonas vaginalis

Analyza lysosomuU Trichomonas vaginalis

Ph.D. Thesis
Thesis supervisor: Prof. RNDr. Jan Tachezy, Ph.D.

Prague, 2021






Declaration of the author

| declare that | prepared this Ph.D. thesis independently and that all literary sources
were properly cited. Neither this work nor a substantial part of it was used to reach the

same or any other academic degree.

Nadine Zimmann MSc.






Declaration of the thesis supervisor

The data presented in this thesis resulted from a team collaboration at the Laboratory
of Molecular and Biochemical Protistology and from the cooperation with our
collaborators. | declare that the involvement of Nadine Zimmann in this work was

substantial and that she contributed significantly to obtain the results.

Prof. RNDr. Jan Tachezy, Ph.D.






Acknowledgements

First and foremost, | would like to thank my supervisor Jan Tachezy for the unwavering
support and the opportunity to pursue my Ph.D. and work on this project in his
laboratory. Furthermore, | am grateful to my colleagues who encouraged me and
provided a pleasant working atmosphere. | would like to give a special thanks to my
office mates for the many jovial jokes and wonderful laughter they provided me during
this journey. | am also thankful to the BIOCEV core facilities for their help, the Grant
Agency of the Charles University (GAUK), and the Operational Program Research,
Development and Education (OP RDE) which funded this work and enabled me to
attend international conferences. | would also like to express my sincere thanks to my

husband whose support can be barely put into words.






TABLE OF CONTENTS

Y 0] 1 =T ST PPPPPPPPPPPPP 1
ADSTIraKt (CZECN) ... 3
1 INEOAUCTION ...t a e e e e 5
1.1 Lysosomal research hiStory ... 5
1.2 Characteristics of lysosomes and lysosome-related organelles ........................... 5
1.3 Endo-lysosomal pathWays .......ccuuiiiiiiiiii e 6
RS Tt I = o o [0 037 (0 1= 1< 6
1.3.2 PhagOCYLOSIS .....ccoiiiiiiiiiiiiieeeee e 7
1.3.3 PINOCYLOSIS ..ot 8

G TR 3 U (] o] =T )OSR 9
1.3.5 TrOQOCYLOSIS ....eeeeieiiee ettt et e e e e e e et e e e e e eeeeennees 11

1.4 Secretory Pathways ...... ... 11
1.4.1 Conventional protein SeCretion.............ouviiiii e 12
1.4.2 Unconventional protein secretion ... 13

1.5 Targeting of lysosomal constituents............cccccoiiiiiiii s 15
1.6 The lysosomal degradOomi..............uuuuuumummuiiiiii e 18
1.7 Trichomonas vaginalis, its lysosomes and secretome............cccccccennniinininnnnnns 20
2. Aims and ODJECHIVES ... 23
3. Results @and CONCIUSIONS ........ccooiiieieeeeee e 25
0 T I Vot To )0 g F=1 I o] ] (=To T 0 1= IO 25
3.1.1 TvRab7a as a lysosomal marker..............coouvieiiiiiiiiiiiicce e, 25

3.1.2 Proof of principle of lysosomal isolation methods......................o . 26



3.1.3 ProteomiC @nalySiS..........coouiiiiiiiii e 26

3.2 Lysosomal targeting.........ceiiiiiiiiiiiicce e 27
3.2.1 Mannose-6-phosphate-like receptors ...........cccvvieiiiiiiii e 28
3.2.2 Glycosylation dependent targeting to lysosomes..............ccovvvviviiiiiiiiieinnnee. 29

3.3 SECIEIOMIE ...ttt et e e e e e e 29

3.4 LySOSOMES iN SECTELON ......cceeiiiiiiiice et e e et e e e e e e eeanees 30
3.4.1 Unconventional secretion of cysteine peptidases ............cccevvvvvciiiiieeriennnn, 31
3.4.2 Overlap of lysosomal proteome and secretome ............ccoevvvvviiicieiieeeeeceenn, 31

4. List of publications and contributions...............iiiiii e, 33
5. ADDIreVIAtIONS ......eeiiiiie e 35
B. REFEIENCES ...ttt 39

T PUDB I At ONS . .. 62



ABSTRACT

Lysosomes represent the central degradative compartment of eukaryote cells.
Harboring a variety of acid hydrolases at acidic pH, this organelle is designed for the

degradation and recycling of material for cellular homeostasis and sustenance.

Studies on mammalian lysosomes have been extensive and revealed a long list of
lysosomal proteins. While the function of most of these remains elusive, it is not
surprising that a large subset have been found to be hydrolases. However, little is
known about the biogenesis and function of this organelle in parasitic protists, and
even less about its role in secretion. This work aimed to shed light on the
(phago-)lysosomal proteome of the human parasite Trichomonas vaginalis, its protein
targeting, and involvement in hydrolase secretion. Our studies revealed a lysosomal
proteome of 462 proteins in 21 functional classes. Hydrolases represented the largest
functional class and included proteases, lipases, phosphatases, and glycosidases. The
identification of a large set of proteins involved in vesicular trafficking and cytoskeleton
rearrangement indicates a dynamic phagolysosomal compartment. Our research, as
well as the research of others, have identified several hydrolases also in the
secretome, including the cysteine protease TvCP2. However, previously the mode of
their secretion has been unclear. This work revealed that TvCP2 secretion occurs

through lysosomes rather than the classical secretory pathway.

Unexpectedly, we showed that the lysosome-resident cysteine protease CLCP is
targeted to lysosomes in a glycosylation-dependent manner. Similarly, the introduction
of glycosylation sites to a secreted B-amylase redirected this protein to lysosomes.
However, even though divergent homologues of the mannose-6-phosphate (M6P)
receptor, TYMPR, were identified in the phagolysosomal proteome, T. vaginalis lacks
enzymes for M6P formation and thus the character of the lysosomal signal recognition

remains unclear.



Taken together, this work suggests a deep evolutionary origin of lysosomes across
eukaryotes as they share a large set of common components, but also important
differences that might be relevant for the parasite virulence. Whether TvMPR or other
possible receptors are involved in lysosomal targeting and the precise structure of the

lysosomal recognition marker need to be clarified in future studies.



ABSTRAKT (CZECH)

Lysozomy predstavuji centralni degradacni kompartment eukaryotnich bunék. Tyto
organely s kyselym pH a fadou kyselych hydrolaz jsou uréeny k degradaci a recyklaci

materialu pro bunécnou homeostazu a vyzivu.

Rozsahlé studie savé&ich lysozomu odhalily dlouhy seznam lysozomalnich proteint. Jak
Ize oekavat, nejvétsi podskupinu tvofi hydrolazy, avSak funkce vétSiny z nich zlGstava
nejasna. O biogenezi a funkci lysozomu parazitickych protistll je znamo jen malo a
jeSté méné o jejich roli v sekreci. Cilem této studie bylo objasnit slozeni (fago-
)lysozomalniho proteomu lidského parazita Trichomonas vaginalis a jeho zapojeni do
sekrece hydrolaz. NaSe studie odhalili, ze lysozomalni proteom zahrnuje 462 protein(
ve 21 funkCnich tfidach. Hydrolazy predstavovaly nejvétsi funkéni tfidu a zahrnovaly
protedzy, lipazy, fosfatdzy a glykosidazy. Identifikace velkého souboru proteinu
zapojenych do vezikularniho transportu a prestavbé cytoskeletu ukazuje, Ze
fagolysozomalni kompartment je velmi dynamickou strukturou. Nékolik hydrolaz jsme
také identifikovali v sekretomu T. vaginalis, v€etné cysteinové protedazy TvCP2, avSak
zpusob jejich sekrece byl nejasny. Studium lysosomi odhalilo, Ze k sekreci TvCP2

dochazi spise prostfednictvim lysozomu nez klasickou sekre¢ni cestou.

Dale jsme ukazali, Ze cysteinova proteaza CLCP, ktera je rezidentni v lysozomech je
specificky rozpoznana a importovana do lysozomu v zavislosti na glykosylaci.
Zavedeni glykosylacnich mist do sekvence B-amylazy, ktera je sekretovana klasickou
sekrecni drahou pfesmérovalo tento protein do lysozom, coz potvrdilo klicovou ulohy
glycosylace pro transport do lysoszomU K rozpoznani glykosylaéniho lysosomalniho
markeru jako je mandso-6-fosfat (M6P) by mohl slouzit M6P-receptor, TVMPR, ktery
jsme nasli v lysozomalnim proteomu. AvSak T. vaginalis postrada enzymy pro tvorbu

MG6P a tak zpusob rozpoznani lysozomalniho signalu zGstava nejasny.



Celkové tato studie ukazuje na spolecny evolu¢ni puvod lysozomu protistl jako je T.
vaginalis a mnohobunéénych organismu, vzhledem k tomu, Ze sdileji velky soubor
spoleénych lysozomalnich komponentl. Jsou vSak také patrné dllezité rozdily, které
by mohly byt relevantni pro virulence parazitd. V budoucich studiich je tfeba objasnit,
zda se TVMPR nebo jiné mozné receptory podileji na rozpoznani a importu proteint do

lysozomu a pfesnou strukturu lysozomalniho rozpoznavaciho markeru.



1. INTRODUCTION

1.1 Lysosomal research history

Lysosomes were first described in the nineteen fifties as cytoplasmic granules marked
by the presence of acid phosphatase [1]. More detailed surveys on this organelle were
conducted shortly after by de Duve and Novikoff [2—4] yielding a limited proteome of a
handful of hydrolytic enzymes that have an acidic pH optimum [4]. However, lysosomes
are not uniform but greatly vary in size and shape between cell types and within cells
[4], depending on the last “meal” and time elapsed since ingestion [5]. Initially called
“suicide bag” [6] and considered a death warrant for any particle ending up in this
vesicle, over the past 70 years the lysosome has been recognized as a metabolic hub
for cell homeostasis with over 400 proteins assigned to this organelle across different
cell lines [7]. Presently, lysosomes are seen as key players in a plethora of intracellular
mechanisms and lysosomal dysfunction has been connected to a number of conditions
including neurodegenerative diseases, inflammatory and autoimmune disorders,
cancer, and metabolic disorders [8]. Besides its involvement in programmed cell death,
it has been shown that the lysosome participates in the degradation of intra- and
extracellular material, plasma membrane repair, pathogenic defense, secretion, and

antigen presentation [9—11].

1.2 Characteristics of lysosomes and lysosome-related organelles

Eukaryotic cells possess two major routes for the degradation of material: the
proteasome and the lysosome [reviewed in 9,12]. While the proteasome degrades
individual cytosolic proteins in a highly targeted fashion, lysosomes break down any
intra- or extracellular material that reaches the organelle [9,13]. Therefore, lysosomes
represent the major catabolic compartment in eukaryotic cells [14], with the end

products being reused [15]. Lysosomes typically have an acidic pH and possess
5



around 60 acid hydrolases to fulfill the degradative function [5,16-18]. In electron
microscopy, lysosomes appear as dense bodies in the cytosol with a spherical to
tubular shape and often show a perinuclear distribution [19]. Lysosomes are
surrounded by a single phospholipid-bilayer membrane of 7-10 nm thickness [20] and
organellar size ranges from 100 nm to several microns depending on cell type and

availability of nutrients [9,17,19].

Specialized compartments that present lysosomal properties are generally referred to
as “lysosome-related organelles” and include melanosomes in melanocytes, lytic
granules in lymphocytes, dense granules in platelets, pigment granules in Drosophila,
MHC class Il compartments in antigen-presenting cells [9,21,22], fungi and yeast

vacuoles [23,24], and the lytic vacuole of plants [25].

1.3 Endo-lysosomal pathways

1.3.1 Endocytosis

Endocytosis is a receptor-mediated process of plasma membrane invagination by
which surface proteins and small external particles are taken up into clathrin-coated
pits (Fig. 1A) [26]. Thus, endocytosis plays two important roles for the cell: (1) it is
involved in signaling by removing receptors from the cell surface, and (2) is inevitable
for nutrient acquisition [26,27]. Internalized material is first packed into vesicles, the
early endosomes, also called sorting endosomes. From there, cargo is either recycled
back to the plasma membrane or further targeted for degradation through the
endosomal-lysosomal pathway [28]. In the latter case, early endosomes mature into
late endosomes that contain distinct intraluminal vesicles. Therefore, late endosomes
are also called multivesicular bodies (MVBs) [29]. MVBs fuse and thereby grow in size
[30]. The maturation process from early to late endosome is accompanied by a luminal

pH decrease from ~6.2 in early to ~5.5 in late endosomes [28,31]. Maturation is
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regulated by the largest subfamily of the Ras superfamily, the Rab GTPases
[30,32,33]. Members of the Ras superfamily regulate a broad range of processes such
as trafficking, cytoskeletal remodeling, and sensory perception and signaling [33]. In
endosomal maturation, Rab5 and Rab7 possess key functions: The exchange of Rab5
for Rab7 on the endosomal surface marks the transition from early to late endosome
and primes the organelle for fusion with a lysosome, which also harbors Rab7 on its
surface [30,34]. Tethering and fusion then depend on soluble N-ethylmaleimide-
sensitive factor-attachment receptors (SNAREs) that become enriched on both
membranes surrounding the future fusion site. Once late endosome and lysosome are
in close proximity, SNARE proteins form a “zipper’-complex that triggers Rab7-

coordinated membrane fusion [30].

1.3.2 Phagocytosis

Phagocytosis represents the receptor-mediated uptake of particles larger than 0.5 pm
in size, for example bacteria, by plasma membrane protrusions (Fig. 1B) [35-37]. It is
an evolutionarily highly conserved process that is best studied in professional
phagocytes of the human immune system; however, it is also evident in unicellular
eukaryotes [35,36,38], out of which it is best studied in the protist Entamoeba
histolytica [36]. Upon close cell-cell contact, the actin cytoskeleton undergoes
rearrangements that are coordinated by various actin-binding proteins (ABPs) [39].
ABPs are a diverse group that includes formins, profilins, cofilins, twinfilins, gelsolins,
coronins, and calponins [39]. Interestingly, the T. vaginalis genome has been reported
to express 23 isoforms of actin [40], whereas only six isoforms were found in higher
mammals [41] and four isoforms in E. histolytica [39,42]. The actin cytoskeleton
polymerizes to form membrane protrusions that close around the particle to build a
phagocytic cup [39,43]. Then, the membranes of the phagocytic cup fuse and the early

phagosome is formed [35,37]. The initiation of the phagocytic cup and its maturation to
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the phagosome is regulated by cytosolic calcium. Entamoeba histolytica expresses
over 27 Ca?*-binding proteins (CaBPs) that regulate different steps in the maturation
process, some of which have been reviewed by Babuta et al. [44]. For example, the
protein kinase EnC2PK has been shown to participate in initiating phagocytosis [45,46],
whereas the calmodulin-like EhCaBP3 interacts with myosin and is involved in the
formation of the early phagosome by separating it from the plasma membrane [47].
Fusion events of an early phagosome with an early endosome are frequent as both
vesicles are marked by Rab5 on their surface [35,36]. The switch of Rab5 to Rab7 on
the phagosomal surface marks the vesicle transition from an early to a late
phagosome. The late phagosome either fuses directly with a lysosome to generate a

phagolysosome or with a late endosome prior to the fusion with a lysosome [35,36].

1.3.3 Pinocytosis

Pinocytosis refers to the non-specific engulfment of extracellular fluid [48,49]. It is also
called bulk-phase endocytosis and, in contrast to receptor-mediated endocytosis, does
not show saturation [48]. Pinocytosis has been described in animals and several
branches of Amoebozoa, which indicates an early evolutionary origin [49]. However,
while a non-specific, non-saturable uptake has been observed in Tritrichomonas foetus
[50], it is not certain whether T. vaginalis is capable of pinocytosis [51]. In pinocytosis,
the external fluid is engulfed into a pinosome, whose size can range from a few
nanometers (micropinocytosis) up to 5 pym (macropinocytosis) (Fig. 1C) [48]. The
pinosome is progressively acidified as it matures, which is accompanied by fusions with
the endosomes. Once Rab5 is exchanged for Rab7 on the pinosome surface, it fuses

with a lysosome for content degradation [48,49,52].



1.3.4 Autophagy

In contrast to the endocytic pathways discussed before, which take up material from
the cell environment, autophagy is a recycling process in which intracellular
components such as harmful protein aggregates and aged or damaged organelles are
degraded [30,53,54]. Selective autophagy is thus an important way of organellar quality
control [53]. However, nutrient deficiency and other stress conditions can induce non-
selective autophagy that leads to the consumption of a portion of the cell’s cytoplasm
for self-sustenance [30,54]. The autophagic pathway starts with the engulfment of
material by an endoplasmic reticulum (ER)-derived isolating membrane, also called
phagophore (Fig. 1D) [30,53,54]. The phagophore is sealed with the help of the
proteins produced from autophagy-related genes (Atg), forming a closed double-
membrane early autophagosome [30,53]. Atg8 is thought to be the key player in the
sealing and maturation process as a loss of this protein from the outer autophagosomal
membrane leads to the disassembly of the autophagy-initiating machinery from the
newly built autophagosome in yeast [30,32,53,54]. Early autophagosomes mature to
late autophagosomes, which are very dynamic organelles that fuse with single-
membrane early and late endosomes, forming a hybrid organelle called amphisome
[30,53]. The fusion events lead to a stepwise acquisition of lysosomal membrane
proteins, hydrolases and luminal acidification [53]. Eventually, Rab7 is recruited to the
late autophagosome/amphisome and the fusion with a lysosome is initiated [54].

The first evidence of autophagy in trichomonads dates back to the late nineteen
nineties. Benchimol [55] observed a rough ER-derived membrane enclosing
hydrogenosomes in T. foetus under both normal and stress conditions. However, the
molecular mechanisms governing these events were not investigated. Huang et al. [56]
later found a reduced autophagic machinery in T. vaginalis that requires only Atg8 for
autophagosome formation, and that both inhibition of the proteasome and glucose-
restriction induce autophagy. Thus, autophagy represents an inevitable proteolytic

mechanism in T. vaginalis [56].
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Figure 1. Endo-lysosomal pathways. (A) Endocytosis. Receptor-mediated endocytosis leads to
the uptake of smaller particles into clathrin-coated pits. Engulfed material is sorted in early
endosomes and either recycled back to the cell surface or sent through the endo-lysosomal
pathway. An early endosome matures into a late endosome by a decrease in pH and fusion events
between the organelles. A late endosome eventually fuses with a lysosome to an endolysosome.
(B) Phagocytosis. A cell is engulfed in a receptor-mediated fashion. The forming phagosome
undergoes a maturation process in which it fuses with early and late endosomes. The mature
phagosome eventually fuses with a lysosome. (C) Pinocytosis. Extracellular fluid-phase particles
are taken up non-specifically. The size of the resulting pinosome can range depending on the
engulfed volume. The pinosome is progressively acidified as it matures and fuses with endosomes.
It eventually fuses with a lysosome. (D) Autophagy. Autophagy is a recycling process to break
down intracellular components either for quality control or in case of nutritional deficiencies. A
double-membrane phagophore forms around the compartment to be degraded, here a
hydrogenosome (H). Once the phagophore is sealed, the autophagosome is formed. The
autophagosome fuses with endocytic vesicles, thereby forming a single-membrane amphisome.
The amphisome and autophagosome eventually fuse with a lysosome. (E) Togocytosis. A
trogocytosing cell bites off pieces of another cell that are taken up into a trogosome. The trogosome
matures, fuses with endosomes, and eventually with a lysosome.
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1.3.5 Trogocytosis

Trogocytosis is a process of “nibbling” on cells and biting off pieces (Fig. 1E). It differs
from phagocytosis which engulfs cells and other large particles in their entirety. In
metazoans, trogocytosis plays an important role in the immune system, nervous
system, and during embryonic development [57]; for example, trogocytosis is used by
microglia to remodel neuronal synapses. While trogocytosis between immune cells has
a benign nature and is used for cell-cell communication [57], it may serve for killing
certain target cells. For example, neutrophils kill parasites such as T. vaginalis, and
macrophages were shown to trogocytose antibody-opsonized breast cancer cells [58—
60]. Vice versa, trogocytosis was adapted by multiple pathogenic amoeba species
including E. histolytica, Naegleria fowleri, Acanthamoeba, and Hartmannella to kill host
cells [61-64]. Similar to phagocytosis, the trogocytic pathway is regulated by cytosolic
calcium and follows the EhC2PK-mediated pathway [61]. However, initiation of
trogocytosis depends on the AGC family kinase 1 [65]. Interestingly, E. histolytica was
shown to differentiate between live and dead host cells, with the former being
trogocytosed and the latter phagocytosed [61]. Trogocytosis does not lead to
immediate death of the nibbled cell but is lethal when too much damage has been done
[61,64]. As of today, trogocytosis has been described only in metazoans and amoebae
[66]. It has not been observed in T. vaginalis and is believed to be absent in this

parasite.

1.4 Secretory pathways

Secretion is a major anabolic process that is highly conserved in eukaryotes and
displays an important way for the cell to respond to a changing environment. Changing
factors include nutrients, growth factors, but also heat and oxidative stress [67]. The

majority of secretory proteins possesses an amino-terminal signal peptide (SP) that
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primes the protein for the conventional secretory pathway, a route employing the ER
and Golgi body (Golgi) [68,69]. However, multiple studies have shown that a
substantial number of proteins are secreted despite the absence of an SP, a process
termed unconventional secretion [reviewed in 68]. The next two chapters will elaborate

on conventional and unconventional secretion in more detail.

1.4.1 Conventional protein secretion

Conventional protein secretion (CPS) involves the ER, Golgi, secretory vesicles, and
the plasma membrane [70], and is considered the default pathway for eukaryote
protein secretion (Fig. 2) [71]. The maijority of secretory proteins possesses an amino-
terminal SP that, once recognized by the signal recognition particle (SRP), leads to a
translation pause and protein transport to the ER surface. Then, the translation of the
protein is resumed into the ER lumen through a Sec protein channel complex. After
translocation, the SP is cleaved off by signal peptidases [71-73]. Early glycosylations
take place in the ER during translation. For N-glycosylation, the pre-assembled
oligosaccharide GlcsManoGIcNAC; is transferred to the asparagine in the sequence
Asn-X-[Ser/Thr] by the oligosaccharyltransferase [reviewed in 74]. In O-glycosylation,
on the other hand, mannoses are transferred to serine or threonine by protein O-
mannosyl transferase [71]. However, T. vaginalis has been shown to possess a limited
set of glycosyltransferases that are available for glycan synthesis. This leads to a
simplified glycan structure in T. vaginalis consisting of only five mannoses and two N-
acetyl glucosamines [75,76]. N-glycans have been shown to be an important factor in
the quality control of protein folding [77]. If misfolding is detected, the protein is
subjected to the ER-associated degradation pathway (ERAD) for proteasomal
degradation [71]. Well-folded glycoproteins are directed to the ER-exit sites (ERES) by
the N-glycan binding lectin ERGIC-53 [71,78] and then transported to the Golgi via

COPII vesicles. Transported proteins undergo cisternal migration from the cis-Golgi
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(CGN), which is facing the ER, to the trans-Golgi (TGN), which is directed toward the
cytosol [71,73,79]. This migration is often accompanied by glycan modifications
[71,73,80]. Simultaneously, a constant retrograde transport by COPI vesicles retrieves
proteins to earlier compartments: ER-resident proteins are retrieved from the CGN and
CGN-resident proteins from the TGN, both to ensure that ER- and Golgi-resident
proteins are not secreted [71,73]. ER-resident proteins possess the C-terminal ER-

retention signal XDEL [71,81], which is KQEL in T. vaginalis [75,82].

Secretory proteins that arrive at the TGN are packed either into transport vesicles that
directly move to the cell surface or into secretory vesicles whose fusion with the plasma
membrane is tightly regulated [73]. The vesicles are transported to the plasma
membrane along the actin cytoskeleton [71]. Cytosolic calcium is considered the
master regulator of exocytosis and leads the secretory vesicles to migrate to and fuse
with the plasma membrane [73,83]. The transmembrane protein synaptotagmin,
located in the vesicular membrane and part of the SNARE protein complex, is the
major calcium sensor on the vesicular surface [83]. Besides intracellular factors,

secretion is also stimulated by external factors such as nutrients [84].

1.4.2 Unconventional protein secretion

The term unconventional protein secretion (UPS) does not describe a single
mechanism but a collection of pathways that lead to the secretion of proteins lacking an
SP either vesicle-dependently or vesicle-independently [85]. Proteins secreted by UPS
often fulfill important extracellular functions [86]. Even though UPS has been known for
almost four decades [87], the mechanistic understanding behind it is still lacking, while
the number of leaderless proteins found in the secretomes and surface proteomes

keeps rising [88]. Initially, four types of UPS were described by Rabouille et al. [68]
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Nucleus

Figure 2. Secretory pathways. In conventional protein secretion, the secretory protein is translated into
the ER and transported to the Golgi. It migrates through the Golgi and is packed into a secretory vesicle
that fuses with the plasma membrane. Four types of unconventional protein secretion (UPS) have been
described. In UPS |, the protein forms its own plasma membrane pore by oligomerization through which it
is released. UPS Il makes use of ABC-transporters. UPS 1l describes secretion through vesicles of endo-
lysosomal and autophagic origin such as lysosomes, late endosomes (LE), multivesicular bodies (MVB),
autophagosomes, autosomes, exosomes, and microvesicles. In UPS 1V, transmembrane proteins
synthesized in the ER bypass the Golgi and are transported to the plasma membrane by ER-derived
vesicles.

(Fig. 2): (1) Self-sustained protein secretion by oligomerization and pore-creation into
the plasma membrane (UPS Type I); (2) Secretion through ABC transporters (UPS
Type Il); (3) Secretion by autophagosome-like vesicles (UPS Type lll); (4) Golgi bypass
of SP-harboring transmembrane proteins through ER-derived vesicles (UPS Type 1V)
[88]. However, additional studies showed that vesicles of the endo-lysosomal pathway
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other than autophagosomes can also serve for secretion as well, such as the
endosomes, lysosomes, amphisomes, microvesicles, and exosomes [86,89,90].
Metazoan lysosomes and endo-lysosomes have been shown to fuse with the plasma
membrane in a calcium-dependent manner, thereby secreting vesicle content [24,91].
However, it is not fully understood how a leaderless protein reaches the endo-
lysosomal compartment prior to secretion. The cytoplasmic fatty acid-binding protein 4
has been suggested to be imported into lysosomes by a receptor, but the particular
receptor has not yet been elucidated [91]. Other leaderless proteins have been shown
to be secreted through lysosomes including heat shock protein 70, aldo-keto reductase
family 1 member B8 (AKR1B8), and AKR1B10. Their import into lysosomes is
facilitated by ABC transporters [91]. Furthermore, the same protein might be secreted
through different routes depending on the cellular status [88]. This became particularly
evident through the cytokine interleukin 1B, which is secreted via lysosomes under
starvation but through pores in the plasma membrane upon inflammation [89,92—-94].
Whereas UPS is often stress-induced in mammalian cells, it is a common mechanism
in parasitic protists to release virulence factors such as glycolytic enzymes during
normal growth conditions [88]. These glycolytic proteins often have moonlighting
functions upon secretion that are essential for invasion and persistence [88].
Secretome and surface proteome studies on protists have led to the understanding of

the importance of UPS for these organisms [88].

1.5 Targeting of lysosomal constituents

Lysosomal proteins possess an amino-terminal SP and are thus imported
cotranslationally into the ER [95]. As the default pathway of ER-synthesized proteins is
secretion, lysosomal proteins need targeting signals that segregate them from the
secretory pathway and direct them to the endo-lysosomal compartment. Thus, sorting

of most mammalian lysosomal hydrolases depends on the mannose-6-phosphate

15



(M6P) pathway that relies on M6P on the lysosomal glycoprotein and an M6P receptor
(MPR) that delivers the protein to the endo-lysosomal compartment (Fig. 3) [96,97].
The formation of M6P depends on the consecutive action of two proteins in the Golgi.
First, N-acetylglucosamine-1-phosphotransferase (GIcNAc-PT) transfers GIcNAc-1-
phosphate from UDP-GIcNAc onto mannoses within the GlcsMangsGIcNACc;
oligosaccharide [95,97]. Then, N-acetylglucosamine-1-phosphodiester-a-N-acetyl-
glucosaminidase (“uncovering enzyme”, UCE) trims the oligosaccharide, which results
in the exposure of M6P. The M6P of the lysosomal glycoprotein is then bound by MPR
in the TGN [95,97]. Two MPRs have been found, a cation-dependent (CD-MPR) and a
cation-independent (CI-MPR) [18,95-99]. Both are type | transmembrane glycoproteins
that differ in mass: while CI-MPR has 300 kDa (MPR300), CD-MPR has only 46 kDa
(MPR46) [95,97]. MPR300 consists of fifteen M6P receptor homology (MRH) domains
of around 147 amino acids each in length, with three M6P binding sites in domains 3,
5, and 9. MPR46 possesses only a single repeat and M6P binding site, however,
MPR46 exists mainly in dimers and thus can bind M6P in a similar manner as MPR300
[95-97]. MPRs localize mainly to the TGN and endosomes, but a small proportion can
be found on the plasma membrane for the endocytosis of ligands [95,97]. However, it
has been shown that up to 20% of luminal proteins escape MPR binding and are
secreted instead [95]. Trafficking of cargo-loaded receptors and transmembrane
proteins is directed via two routes, the canonical and the alternative route, and
depends on targeting signals in their cytosolic tails, which are, most frequently,
dileucine-based ([DE]xxxL[LI], DxxLL) or tyrosine-based (Yxxd) motifs [96,100,101].
Lysosomal targeting sequences of transmembrane proteins (t-LTS) not only mediate
lysosomal delivery but also rapid internalization from the plasma membrane [95,101].
In the canonical pathway, t-LTSs are bound by cytosolic Golgi-localized, y-ear-
containing ADP ribosylation factor-binding proteins (GGAs) and the adaptor proteins
AP1 and AP4 that mediate sorting at the TGN [95,96,99,102—104]. The receptor-cargo

complex leaves the TGN via clathrin-coated vesicles that fuse with the endosomes.
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Figure 3. Mannose-6-phosphate pathway. In the endoplasmic reticulum (ER), soluble lysosomal proteins
are glycosylated on asparagine residues within the sequence Nx[S/T]. In the Golgi body, N-
acetylglucosamine-1-phosphotransferase (GIcNAc-PT) transfers GIcNAc-1-phosphate from UDP-GIcNAc
onto mannose within the oligosaccharide. Next, the uncovering enzyme (UCE) trims the oligosaccharide
and mannose-6-phosphate (M6P) is exposed. The M6P is then bound by M6P-receptor (MPR) in the
trans-Golgi network (TGN). The complex of MPR and lysosomal protein is then targeted through the
endolysosomal pathway. MPR dissociates from the lysosomal protein in the acidified pH of early and late
endosomes and is recycled back to the TGN.

The cargo is released in early and late endosomes due to the decreasing pH and
migrates intraluminally to lysosomes. MPRs are retrieved to the TGN from early
endosomes by the retromer protein complex and from late endosomes by Rab9 and its
effector TIP47 [95,97-99,101,105]. In the alternative pathway, lysosomal membrane
proteins and receptors travel to the plasma membrane first and are then internalized
through signals on the cytosolic tail [95-97]. Internalization of the MPRs is mediated
through the Yxx@ signal, which is recognized and bound by the adaptor proteins AP2

and AP3 that initiate endocytosis into clathrin-coated vesicles [95,96,106,107].

M6P-independent lysosomal sorting receptors have been described including
lysosomal integral membrane protein (LIMP) 2 (mammals), vacuolar sorting receptors
(VSRs; plants, algae, alveolates), and sortilin/Vps10 that were studied in mammals and

yeast. However, sortilin homologues have been found in members of all eukaryotic
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groups [96,98]. Interestingly, in E. histolytica, a novel class of receptors for the
lysosomal delivery of cysteine peptidases (cysteine peptidase-binding protein family,
CPBF) was identified [108]. Most receptors that are involved in lysosomal targeting
bind their cargo in the late Golgi. However, LIMP-2 and CPBF1 have been shown to

bind substrate in the ER [96,108].

1.6 The lysosomal degradome

Lysosomes possess three major components: (1) luminal proteins that are either acid
hydrolases or their activators; (2) transmembrane proteins; and (3) cytosolic lysosome-
associated proteins [17,109,110]. The number of proteins identified in lysosomal
isolations differs tremendously between studies and depends on the methods used and
interpretation of the data [110]. For example, Zhang et al. [111] identified 90 proteins in
lysosomal isolations from murine liver cells, whereas Schroder et al. [112] found 1,565
lysosomal proteins in human placental cells. Akter et al. [113] analyzed four human and
two murine cell lines and found 2,173 lysosomal proteins as a common set. However,
only around 450 proteins can be reproducibly detected in lysosomal isolations from
eukaryotic cells [7]. This includes around 60 hydrolases and more than 100
transmembrane proteins that were assigned to this organelle [17,110,114]. Whereas
soluble hydrolases are directly involved in the proteolytic processing or degradation of
incoming material, the functions of membrane proteins are more diverse. Some
membrane proteins serve for the structural stability of the organelle, while others
regulate the lysosomal pH or the exchange of metabolites with the cytosol that were
derived from the digested material [110,115]. The most frequent lysosomal membrane
proteins are the lysosome-associated membrane protein 1 (LAMP-1), LAMP-2, LIMP-1,
and LIMP-2 that account for more than 50% of the lysosomal membrane protein
content. As they are heavily glycosylated on their luminal parts, they are believed to

protect the organelle from self-digestion by creating a dense sugar-lining along the
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lysosomal membrane [17,110,115-118]. However, LAMPs have also been shown to
regulate the intracellular positioning of the mitochondria [119]. Other membrane-
resident proteins are displayed by over 50 channels and transporters that are important
for ion homeostasis and nutrient exchange [17,32]. Vacuolar-type ATPases (v-
ATPases) import protons from the cytosol to establish and maintain the acidic pH that
not only hydrolases need for their degradative function, but also many catabolite
exporters depend on [17,120,121]. Nicastrin is a component of the secretase-complex
that has a proteolytic function within its hydrophobic domain [122]. Ca?* transporters
regulate the calcium efflux from endosomes and lysosomes, a signal necessary for
membrane fusion. Other exporters found in the lysosomal membrane include amino
acid, sugar, and lipid exporters [17]. To date, more than 30 solute transporters have
been described [123]. Thus, lysosomal membrane constituents play essential roles in

lysosomal homeostasis [17].

Luminal hydrolases include phosphatases, nucleases, lipases, glycosidases,
sulfatases, and proteases [110,124,125]. Mutations have been implicated in lysosomal
storage disorders through which undigested cargo accumulates within the lysosome
[109]. More than 15 groups of matrix proteases are involved in cargo turnover, primarily
cathepsins [116]. Cathepsins were first described in the gastric fluid in 1929 and the
term literally means “to digest” [125,126]. These proteases are grouped based on their
structure and catalytic type into cysteine, aspartic, and serine cathepsins [127], some
of which have also been shown to be secreted [128,129]. While initially thought to be
responsible for the non-specific bulk proteolysis of incoming cargo [130], it became
evident that cathepsins are important for the proteolytic processing and regulation of
lysosomal cargo and for controlling normal and pathological processes including
macroautophagy [116,125,130]. Other soluble proteins assigned to lysosomes include
B-hexosaminidase and acid phosphatase, both of which are used as lysosomal
markers [110,122]. Acid phosphatase plays an important role in M6P removal from

newly synthesized lysosomal hydrolases [131,132] and its presence was the main
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feature that led to the description of the lysosomal organelle [1]. B-hexosaminidase has
later been found important for the hydrolysis of glycoproteins, glycosaminoglycans, and
glycolipids [133]. Whereas lipases are crucial for energy metabolism and signaling,
nucleases degrade RNA and DNA in a process known as RNautophagy and

DNautophagy [125].

Besides bona fide lysosomal proteins, some cytosolic proteins and protein complexes
are, either transiently or constitutively, associated with the lysosomal surface and
regulate vesicular interaction and fusion [110]. They include the fusion-machinery of
Rab GTPases, SNAREs, and adaptor proteins described earlier and also cytoskeletal
proteins [134-136]. Interaction of lysosomes with the cytoskeleton enables the
organelle to migrate within the cell, an ability that is necessary for the lysosome to meet

its diverse functions in a spatially regulated manner [137].

1.7 Trichomonas vaginalis, its lysosomes and secretome

Trichomonas vaginalis is a unicellular, microaerophilic, flagellated, parasitic protist that
causes the most common non-viral sexually transmitted disease in humans and is
responsible for more than 150 million infections worldwide each year [138-141]. Its
primary localization is the urogenital tract of women and the urethra and prostate of
men; however, the majority of infections is asymptomatic [140,141]. Upon infection, T.
vaginalis undergoes morphological changes from a pyriform to amoeboid shape and
establishes close contact with the squamous epithelium [141,142]. Carbohydrates are
its main energy source, however, T. vaginalis also phagocytoses vaginal epithelial
cells, erythrocytes, immune cells such as lymphocytes and monocytes, and
components of the vaginal microbiota including yeast and bacteria [141-143].
Trichomonas vaginalis phagocytic activity changes the vaginal microbiome in a way

that is favorable to parasite survival [144]. As Lactobacilli form a natural protective
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barrier on the vaginal epithelium to prevent pathogen adhesion [145], it is not surprising
that the T. vaginalis infection has been associated with a decrease in the Lactobacilli
population [146,147]. Nutrients are taken up by T. vaginalis through receptor-mediated
endocytosis, which is also important for the neutralization of host defense proteins
[142]. Even though little is known about host-parasite interactions, T. vaginalis is
suggested to secrete perforin-like pore-forming proteins [148]. Furthermore, secreted
proteases have repeatedly been implicated in parasite virulence [149-153], and the
importance of this class of proteins for T. vaginalis becomes apparent from its genome:
it encodes an enormous set of over 440 peptidases, half of which account for cysteine
peptidases [40]. The legumain-like cysteine peptidase TvVLEGU-1 is one of the few that
has been analyzed regarding its cellular localization and has been assigned to the
lysosomes, Golgi, and cell surface [154]. Only a few secreted proteins that are
implicated in pathogenicity and virulence toward the host have been described,
including TvCP2, TvCP3, TvCP4, and TvCPT, all of which are cysteine peptidases

[149,155]. However, their cellular localization is mostly unknown [155].

Besides the crucial role of cysteine peptidases in virulence, a few more proteins have
been found secreted although initially assigned to other organelles and are believed to
have secondary functions. These include enolase, glyceraldehyde-3-phosphate
dehydrogenase, and triosephosphate isomerase [88]. These proteins were also shown
to be secreted through UPS [88]. However, little is known about the parasite's vesicular
trafficking machinery. Trichomonas vaginalis likely encodes the most complex
machinery associated with vesicular trafficking, which is due to massive gene
duplication events in its genome [142]. As an example, unicellular eukaryotes usually
encode between 5 and 20 Rab GTPases, whereas metazoans possess a repertoire of
between 25 and 60 [156]. Humans encode around 60 Rab GTPases, Saccharomyces
cerevisiae and Plasmodium falciparum 11, and Giardia lamblia only 8 [157-159]. In
contrast, T. vaginalis has been found to encode 292 Rab GTPases [40], however, their

functions remain to be elucidated.
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The massively expanded trafficking system together with the huge expansion of genes
that encode (cysteine) peptidases emphasize the importance of the lysosomal and
secretory system for this parasite and highlights the necessity of studies on the endo-
lysosomal and secretory compartment. This work’s purpose is to help fill this

knowledge gap.
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2. AIMS AND OBJECTIVES

1. To develop and optimize a protocol for the isolation of lysosomes from T. vaginalis
2. To analyse the lysosomal proteome of T. vaginalis

3. To elucidate the role of N-linked glycosylation in lysosomal protein targeting

4. To investigate the role of lysosomes in hydrolase secretion

5. To analyse the secretome regarding lysosome-derived virulence factors
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3. RESULTS AND CONCLUSIONS

3.1 Lysosomal proteome

Most studies on the lysosomal proteome have been conducted on human and other
mammalian cell lines as the implications of lysosomal dysfunction became clear
through a variety of diseases. However, the interest in lysosomes of parasitic protists is
quite different. First, lysosomes can be a useful drug target to treat a parasite infection.
For example, chloroquine (CLQ) targets the Plasmodium vacuole and increases its pH,
and thus impairing its function [160]. Second, as lysosomes are involved in protein
secretion, knowledge of lysosomal protein content may help understand pathogenicity
and reveal potential virulence factors. However, there is surprisingly limited information
on parasite lysosomes. Thus, this work focused on the analysis of the lysosomal
proteome, lysosomal biogenesis, and the role of lysosomes in unconventional protein

secretion in T. vaginalis.

3.1.1 TvRab7a as a lysosomal marker

Bioinformatic analysis revealed three Rab7 paralogues in the T. vaginalis genome, of
which TvRab7a was selected. Its lysosomal localization was verified by fluorescence
microscopy using LysoTracker Deep Red and fluorescein isothiocyanate (FITC)-
coupled lactoferrin, which is engulfed by receptor-mediated endocytosis, as lysosomal
markers. Co-localization of FITC-lactoferrin and LysoTracker Deep Red with Rab7 was
observed in larger vesicles of approximately 1 ym in size, corresponding to late
endosomes and lysosomes. Thus, we validated Rab7a as a late endosomal/lysosomal

marker in T. vaginalis.
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3.1.2 Proof of principle of lysosomal isolation methods

Three methods were used for the isolation of (phago-)lysosomes: (1) 45% Percoll
gradient centrifugation as previously described [161]; (2) OptiPrep gradient
centrifugation; and (3) isolation by phagocytosed lactoferrin-covered magnetic beads.
Isolated fractions were analyzed by Western Blot regarding the presence of marker
proteins. Rab7a was used as a lysosomal marker [156], OsmC as a hydrogenosomal
marker [162], and soluble protein disulfide-isomerase (sPDI) as an ER marker.
Lysosomal fractions isolated by Percoll and Optiprep were positive for Rab7 but
contaminated with ER-derived vesicles, as shown by a weak sPDI signal. This was,
however, not surprising, as lysosomes often co-purify with other organelles such as ER
and Golgi or contain proteins of other organellar origins due to autophagy [55,110,163].
Thus, phagocytosed magnetic beads were used to isolate phagolysosomes. This
approach resulted in the purest isolations that showed a strong signal for Rab7 and no

OsmC or sPDI signal.

3.1.3 Proteomic analysis

The combination of the three isolation methods and manual curation of the data
resulted in a set of 462 proteins, which is comparable to the lysosomal proteome
reported from mouse embryonic fibroblasts [7]. The 462 phagolysosomal proteins were
sorted manually into 21 functional classes, out of which acid hydrolases represented
the largest set. These included typical lysosomal proteins such as phosphatases,
lipases, proteases, and glycosidases. Out of the proteases, the majority belonged to
the cysteine proteases, some of which (TvCP2, TvCP3, TvCP4, TvCPT) had previously
been shown to be secreted [153]. Proteases are key players in T. vaginalis virulence
[149,150], which is not surprising given the large set of 440 peptidases encoded in the

parasite’s genome [40]. Seventeen proteins identified are involved in carbohydrate
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metabolism, including glucanotransferases and a glycogen debranching enzyme.
Furthermore, our proteomic analysis identified six acidifying v-ATPases and three ABC
transporters that couple ATP hydrolysis with the transfer of cargo across membranes
and have been observed to be involved in UPS [88]. The second-largest class that we
identified is involved in vesicle formation and vesicular trafficking, which includes Rab
proteins (including Rab7a), Vps proteins, SNARE complex proteins, clathrin, and
adaptor proteins [164—-166]. Furthermore, we identified 29 proteins that are connected
to the cytoskeleton, which is in line with the established model of lysosomal movement

along the cytoskeleton [134—136].

When the lysosomal proteome is compared to previous proteomic studies on
hydrogenosomes [167], exosomes [168], and the cell surface [169], only a small
overlap can be observed, which supports a correct organellar separation. However, as
some lysosomal proteins reach their organellar destination through the indirect route
employing the cell surface, and since lysosomes can serve as membrane reservoir for
plasma membrane repairs, a certain overlap of the lysosomal proteome with the
surface proteome is expected. A total of 55 proteins of our phagolysosomal proteome
was also identified in the surface proteome [169]. These proteins include adhesins of
the BspA family [170], the tetraspanin protein 1 (TSP1), which is associated with MVBs
[168], B-hexosaminidase, the surface adhesin TvAD1 [171], a v-ATPase [169], and five

Trichomonas beta-sandwich repeat (TBSR) proteins.

3.2 Lysosomal targeting

In metazoans, soluble lysosomal proteins are typically targeted via the M6P-dependent
pathway, whereas in other eukaryotes, sorting of lysosomal hydrolases is independent
of oligosaccharides. Alternative receptors such as sortilins/Vps10 and plant VSRs have

been shown to directly recognize sequence motifs of the cargo protein [96], while the
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recognition particle for the Drosophila lysosomal enzyme receptor protein LERP is still
unknown [172]. Whereas Vps10 is conserved in most eukaryote lineages
[105,173,174], no orthologue was found in the T. vaginalis genome [105]. Thus, we
aimed to elucidate how lysosomal hydrolases are targeted in T. vaginalis in order to

separate them from the secretory pathway.

3.2.1 Mannose-6-phosphate-like receptors

Interestingly, we identified six transmembrane proteins that are homologues to the
mammalian MPR300 in the T. vaginalis genome, TvMPR-1 to TvMPR-6. Of these,
TvMPR-1 to TvMPR-4 were also found in the phagolysosomal proteome. However,
TvMPRs contain only five out of fifteen characteristic MRH domains and lack the M6P
binding sites, which makes them more alike to Drosophila LERP. All TvMPRs contain
either the Yxx@ or DxxL[LI] sorting motif for the recognition by adaptor proteins,
however, only TYMPR-1, -4, and -5 appeared to be type | membrane proteins similar to
human MPR300 (hMPR300) and LERP. The other three TvMPRs possess two
transmembrane domains that result in their C-terminal sorting motif to be in the
lysosomal lumen and thus unrecognizable for cytosolic adaptor proteins. The homology
to hMPR300 and the presence of sorting signals at the C-termini support TvMPRs role
as receptors. However, as the M6P binding sites are missing, TYMPRs likely do not
recognize cargo through M6P. Moreover, the searches for GICNAc-PT and UCE in the
T. vaginalis database using the human a/f GIcNAc-PT (Q3T906) and UCE (Q9UK23)
amino acid sequences as queries did not reveal any homologues. The absence of
GIcNAc-PT and UCE together with the lack of M6P recognition sites makes it unlikely
that TYMPRs recognize lysosomal hydrolases through M6P modifications. Thus, we
hypothesize that TYMPRs bind lysosomal cargo through features or modifications other

than M6P.
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3.2.2 Glycosylation dependent targeting to lysosomes

As we identified MPR-like proteins in T. vaginalis, we were interested in whether
glycans are involved in the lysosomal targeting of hydrolases. First, we chose the
lysosome resident Cathepsin L-like cysteine peptidase CLCP, which possesses two
putative N-glycosylation sites Nx[ST]. Upon mutation of single amino acids of this motif,
the localization of CLCP changed from lysosome-resident to being secreted. Then, we
introduced both glycosylation sites of CLCP into the non-lysosomal, non-glycosylated
B-amylase 2 (BA2). This introduction partially changed the protein location to the
lysosomal compartment. Thus, glycosylations are involved in lysosomal targeting.
However, as other proteins such as BA1 are also glycosylated but not targeted to
lysosomes, we concluded that structural features such as a specific conformation are
necessary to provide the lysosomal signal. Furthermore, whether TvMPRs or other
receptors are involved in the sorting and recognition of glycosylated proteins needs to

be elucidated in future studies.

3.3 Secretome

As secretion is the major pathway for virulence factors to reach host cells, and secreted
proteins modulate host-parasite relationships, we were interested in elucidating the
secretome of T. vaginalis. Secretome analysis of T. vaginalis revealed 89 proteins that
are actively secreted in a time-dependent manner and are thus considered bona fide
secreted proteins. The proteins were sorted manually into 13 functional groups. More
than 1/3 of the secretome was represented by hydrolases. Identified proteins which
might be involved in parasite virulence included DNasell, pore-forming proteins,
phospholipases, B-hexosaminidase, a single a-amylase, and B-amylases, some of
which we also identified in the lysosomal proteome. Secreted phospholipases have

been observed to kill bacteria [175] and possess antiviral activity [176], whereas [3-
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hexosaminidase is suggested to degrade host mucin [177]. This supports the fact that
secreted proteins are key players in host-parasite relationships and T. vaginalis
virulence. Interestingly, almost half of the secreted proteins (40) were previously found
in the surface proteome [169], including TBSR proteins. This overlap of proteins is
consistent with the finding that the surface rhomboid protease TvROM1 cleaves
membrane-bound proteins [178] that are then released and thus identified in the
secretome. Hence, the relatively large overlap of the secretome with the surface
proteome highlights the dynamics in the localization of cell-associated and secreted
proteins. The B-amylases that we identified in the secretome are a particularly
interesting group of secreted proteins. We found four paralogues in the T. vaginalis
genome (BA1-BA4). However, we showed that only BA1 and BA2 were secreted to the
cell environment, whereas BA3 and BA4 were not. Experiments with brefeldin A (BFA),
which leads to a retrograde transport from the Golgi to the ER, and FLI-06, which
blocks TGN exit sites, further indicated that BA1 and BA2 are secreted through the
classical secretory pathway. In contrast, BA3 and BA4 localized to lysosomes in
fluorescence microscopy. These proteins hydrolyze a-1,4-linkages of glycogen
[179,180] and thus represent important enzymes for the nutrient acquisition of T.
vaginalis in the vaginal mucosa. By feeding on free glycogen, T. vaginalis competes

with the vaginal microbiota including Lactobacilli that lack B-amylases [181].

3.4 Lysosomes in secretion

Lysosomes are known to be involved in protein secretion, and by fusing with the
plasma membrane, this organelle can also repair membrane damage. Parasitic
protists, however, depend on secreted factors for nutrient acquisition and fighting host
cells, for which lysosomal hydrolases might represent powerful tools. Thus, we
investigated whether T. vaginalis employs lysosomes for the secretion of lysosomal

hydrolases.
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3.4.1 Unconventional secretion of cysteine peptidases

To answer the question of whether T. vaginalis lysosomes are involved in
unconventional protein secretion, we selected the two proteins TvCP2 and acid
phosphatase that were identified in our phagolysosomal proteome as well as in the
secretome. Upon incubation with CLQ, which blocks the endo-lysosomal pathway by
increasing the lysosomal pH [160], and BFA, which increases a retrograde transport
from the Golgi to the ER [182,183], we observed a decreased secretion of TvCP2 in
both cases. We concluded that TvCP2 is indeed secreted via lysosomes. Surprisingly,
acid phosphatase secretion was reduced only upon BFA treatment but was unaffected
by CLQ. This indicates secretion along the classical secretory pathway like BA1 and
BA2. Indeed, acid phosphatases have been described to travel to the plasma
membrane, and in a second step, become internalized to reach the lysosomes

[184,185].

The experiments with CLQ and BFA led us to the conclusion that T. vaginalis employs

an unconventional secretory pathway through lysosomes to secrete hydrolases.

3.4.2 Overlap of lysosomal proteome and secretome

The phagolysosomal proteome (462 proteins) and the secretome (89 proteins) of T.
vaginalis overlap by 26 proteins. The overlap includes hydrolases such as [-
hexosaminidase, acid phosphatase, serine and cysteine peptidases, phospholipases,
and glucosaminidase. This result indicates that not only TvCP2 is secreted through
lysosomes, as we have shown experimentally, but a broad range of hydrolases might
be unconventionally secreted by T. vaginalis. The parasite virulence has repeatedly
been shown to rely on a massive set of proteases that its genome encodes

[40,149,150]. An interesting investigation in future studies might be whether (and how)
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the secretome of T. vaginalis changes upon contact with the host cells or bacteria and

whether such a contact stimulates lysosomal secretion.

32



4. LIST OF PUBLICATIONS AND CONTRIBUTIONS

4.1 Zimmann N, Rada P, Zérsky V, Smutna T, Zahonova K, Dacks J, Harant K, Hrdy
[,Tachezy J (2021) Proteomic analysis of Trichomonas vaginalis phagolysosome,
lysosomal targeting, and unconventional secretion of cysteine peptidases. Molecular

and Cellular Proteomics: https://doi.org/10.1016/j.mcpro.2021.100174. IF 5.911

Contribution: Design and performance of the experiments, data analysis, manuscript

preparation (75%)

4.2 Stafkova J, Rada P, Meloni D, Zarsky V, Smutna T, Zimmann N, Harant K,
Pompach P, Hrdy |, Tachezy J (2018) Dynamic secretome of Trichomonas vaginalis:

Case study of B-amylases. Molecular and Cellular Proteomics 17(2): 304-320. IF 5.911

Contribution: Lactoferrin assay, immunofluorescence microscopy (15%)

33


https://doi.org/10.1016/j.mcpro.2021.100174




5. ABBREVIATIONS

ABP

AKR

AP

Atg

BA

BFA

CaBP

CD-MPR

CGN

CI-MPR

CLCP

CLQ

CPBF

CPS

ER

ERAD

ERES

FITC

GGA

Actin-binding protein

Aldo-keto reductase family

Adaptor protein

Autophagy-related gene

B-amylase

Brefeldin A

Calcium-binding protein

Cation-dependent MPR

Cis-Golgi body

Cation-independent MPR

Cathepsin L-like cysteine peptidase

Chloroquine

Cysteine peptidase-binding protein family

Conventional protein secretion

Endoplasmic reticulum

ER-associated degradation pathway

ER-exit site

Fluorescein isothiocyanate

Golgi-localized, y-ear-containing, ADP ribosylation factor-binding protein
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GIcNAc-PT

Golgi

hMPR300

LAMP

LERP

LIMP

M6P

MPR

MPR46

MPR300

MRH

MVB

SNARE

sPDI

SP

SRP

t-LTS

TBSR

TGN

TSP1

N-acetylglucosamine-1-phosphotransferase

Golgi body

Human MPR300

Lysosome-associated membrane protein

Lysosomal enzyme receptor protein

Lysosomal integral membrane protein

Mannose-6-phosphate

M6P-receptor

46 kDa MPR

300 kDa MPR

M6P receptor homology

Multivesicular body

Soluble N-ethylmaleimide-sensitive factor-attachment receptor

Soluble protein disulfide isomerase

Signal peptide

Signal recognition particle

Lysosomal targeting sequence of a transmembrane protein

Trichomonas beta-sandwich repeat

Trans-Golgi body

Tetraspanin protein 1
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TvMPR

UCE

UPS

v-ATPase

VSR

Trichomonas vaginalis MPR

Uncovering enzyme

Unconventional protein secretion

Vacuolar-type ATPase

Vacuolar sorting receptor
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Abstract
The lysosome represents a central degradative compartment of eukaryote cells, yet little is
known about the biogenesis and function of this organelle in parasitic protists. Whereas the
mannose 6-phosphate (M6P)-dependent system is dominant for lysosomal targeting in
metazoans, oligosaccharide-independent sorting has been reported in other eukaryotes. In this
study, we investigated the phagolysosomal proteome of the human parasite Trichomonas
vaginalis, its protein targeting and the involvement of lysosomes i@xgolase secretion. The
organelles were purified using Percoll and OptiPrep gradient ugation and a novel
purification protocol based on the phagocytosis of Iacto@covered magnetic nanoparticles.
V4
The analysis resulted in a lysosomal proteome of, @oteins, which were sorted into 21
classes. Hydrolases represented the largest T8Qctional class and included proteases, lipases,
phosphatases, and glycosidases. Identi@xn of a large set of proteins involved in vesicular

trafficking (80) and turnover&ﬁytoskeleton rearrangement (29) indicate a dynamic
phagolysosomal com;gt@t.

shown to be secreted.

everal cysteine proteases such as TvCP2 were previously
experiments showed that secretion of TvCP2 was strongly inhibited
by chloroquine, which increases intralysosomal pH, thus indicating that TvCP2 secretion occurs
through lysosomes rather than the classical secretory pathway. Unexpectedly, we identified
divergent homologues of the M6P receptor TVMPR in the phagolysosomal proteome, although
T. vaginalis lacks enzymes for M6P formation. To test whether oligosaccharides are involved in
lysosomal targeting, we selected the lysosome-resident cysteine protease CLCP, which
possesses two glycosylation sites. Mutation of any of the sites redirected CLCP to the secretory

pathway. Similarly, the introduction of glycosylation sites to secreted B-amylase redirected this
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protein to lysosomes. Thus, unlike other parasitic protists, T. vaginalis seems to utilize
glycosylation as a recognition marker for lysosomal hydrolases. Our findings provide the first
insight into the complexity of T. vaginalis phagolysosomes, their biogenesis and role in the

unconventional secretion of cysteine peptidases.

Introduction

Trichomonas vaginalis is a flagellated parasitic protist that causes b%st common non-viral

sexually transmitted disease, with 276 million new infection lly (1). In women, the

parasite can cause vaginitis and increase the risk of HIV @nission, preterm delivery, low

birth weight, and cervical cancer. Most infected & asymptomatic, but long-term

infections increase the risk of prostate canceNlevelopment (2-5). In the vaginal mucosa, T.
\ cells such as epithelial cells, lymphocytes,

vaginalis parasites actively phagocyto%

erythrocytes, as well as cell de &a microbes, including yeast and bacteria (6—9). Moreover,

T. vaginalis secretes a{ar@x er of biologically active molecules, such as adhesins for

cytoadherence, cytoto ysteine proteases (CPs), amylases and glycosidases to metabolize
available glycogen (4, 10), and peptidoglycan hydrolases that are active against the bacterial
cell wall (11). T. vaginalis secretes proteins through the classical secretory pathway (10) or
unconventionally via exosomes, which are derived from the endolysosomal pathway (12).
Vesicles with engulfed material fuse with lysosomes to form phagolysosomes, which are acidic
organelles specializing in the breakdown of a broad range of biomolecules (13—16). In addition,

lysosomes participate in various other cellular processes, such as autophagy (17, 18), secretion,

and degradation of misfolded proteins within the secretory pathway (19).
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The biogenesis of lysosomes depends on the delivery of newly synthesized proteins
from the trans-Golgi network (TGN) via the transport vesicles that deliver cargo within the cell
and through the endosomal pathway that imports proteins from the plasma membrane (20,
21). Lysosomes are supplied with over 60 hydrolases (15, 22), as well as other proteins such as
acidifying vacuolar ATPases (vVATPases), lysosome-associated membrane glycoproteins (LAMPs),
and over 50 lysosomal channel proteins and transporters (14, 15).

In metazoans, the sorting of most lysosomal hydrolases deb&on the mannose-6-
phosphate (M6P) pathway (23). Soluble lysosomal proteins osylated on asparagine
residues within the sequence Asn-X-[Ser/Thr] (soluble I\/,Qnal targeting sequence, s-LTS) in
the endoplasmic reticulum (ER) (23, 24). Then, ir@lgi body, N-acetylglucosamine-1-
phosphotransferase (GIcNAc-PT) and N-Ket ucosamine-1-phosphodiester a-N-
acetylglucosaminidase (‘uncovering e , UCE) form M6P for interaction with M6P
receptors (MPRs). Two MPRs, &Qﬂependent (CD-MPR) and cation-independent MPR (Cl-
MPR), have been |den ifi 3, 25). Other lysosomal sorting receptors have also been
described, including LI 2 (mammals), VSR (plants, algae, alveolates), and sortilin/Vps10,
which were studied in mammals and yeast; however, sortilin homologues have been identified
in members of all eukaryotic groups (23). Novel receptors for the delivery of CPs to lysosomes
(CP-binding protein family 1) were identified in Entamoeba histolytica (26).

Receptors involved in protein delivery to lysosomes consist of a luminal domain that
binds cargo in the Golgi body, at least one transmembrane domain, and a C-terminal tail that

contains a lysosomal targeting sequence (LTS) facing the cytosol. LTSs of transmembrane

proteins and receptors (t-LTS) are most frequently dileucine-based ([DE]xxxL[LI], DxxLL) or
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tyrosine-based (Yxx@) (24) and regulate endosomal/lysosomal sorting and internalization from
the plasma membrane (27). T-LTSs are bound by cytosolic Golgi-localized, y-ear-containing, ADP
ribosylation factor-binding proteins (GGAs) that mediate sorting at the TGN, which is further
facilitated by adaptor proteins. Cargo is released into acidified endosomes, and receptors are
recycled. However, GGAs are known to be opisthokont-specific innovations while adaptor
protein complexes that recognize the same LTSs are found across eukaryotes and are known to
be involved in trafficking throughout the endolysosomal system (26&28—31).

Little is known about the lysosomal proteome, its bioge @ 5, and function in T.
vaginalis. The genome of this protist encodes 447 proteé@vhus, a high number of these
proteins can be expected in lysosomes (32). Inde@we cysteine proteases involved in T.
vaginalis pathogenesis, such as TvCP4, have B§en shown to reside partially in lysosomes (33—
35). The secretome of T. vaginalis rev@ ctive secretion of almost 90 proteins, including
over 20 hydrolases (10). More &,Qgenome of T. vaginalis encodes an extensive
complement of at Ieag

system (32). However,

in subunit genes implying their role in the endolysosomal
se data did not clarify the role of lysosomes in secretion, nor has
lysosomal protein targeting been studied in this organism.

Considering the highly complex lysosomal content originating from external and internal
sources and the high sensitivity of mass spectrometry (MS), the major challenge is to
distinguish the actual lysosomal proteome from contaminants. Therefore, we used three
different methods to isolate phagolysosomes and lysosome-enriched samples, which were
analysed by MS to estimate the phagolysosomal proteome. To uncover the mode of T. vaginalis

lysosomal targeting, we evaluated the role of specific glycosylation. Furthermore, we
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demonstrated that lysosomes are involved in the unconventional secretion of a papain-like
cysteine peptidase. These studies provide the first insights into the phagolysosomal

composition and the endolysosomal route of T. vaginalis.
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Experimental Procedures

Cell cultivation

The T. vaginalis strains T1 (36) and TV17-48 (37) were cultured axenically in tryptone-yeast
extract-maltose medium (TYM; pH 6.2) with 10% (v/v) heat-inactivated horse serum. The
culture medium was supplemented with 200 pg/ml Geneticin G418 (single transfectants) or

with both 200 pg/ml G418 and 40 pg/ml puromycin (double transf s) for transfectant

selection (10). Cultures were grown at 37°C. @

4

Gene cloning and T. vaginalis transfection &

The genes encoding Rab7a (TVAG_159730), &d phosphatase (AP, TVAG_169070), Trichomonas

beta-sandwich repeat protein 5 (TBSR G_340570), B-hexosaminidase (bHX,
TVAG_110660), MPR-2 (TVAG 3({ ), MPR-3 (TVAG_498650), B-amylase 2 (BA2,
TVAG_080000) and m ta@Q(mBAZ), and the cysteine peptidases TvCP2 (TVAG_057000),
CLCP (TVAG_485880), mutated CLCP (mCLCP) were cloned into the vector pTagVag-HA-Neo
(38), enabling the expression of these proteins with a C-terminal haemagglutinin (HA) tag. The
gene encoding BA1 (TVAG_436700) was cloned into the vector pTagVag-V5-Pur (10), fusing the
protein to a V5 tag at the C-terminus. Genes were expressed with their respective native
promotor (300 bp upstream of coding sequence). The plasmids were transfected into
trichomonads by nucleofection using the Human T Cell Nucleofector™ Kit (Lonza, Basel,
Switzerland). Approximately 4 ml of cells in the logarithmic growth phase (1.5 x 10° cells/ml)

were harvested and resuspended gently in 82 pl Nucleofector Solution and 18 pl Supplement 1.

10
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Then, 10 pg of plasmid was added, and the mixture was incubated at room temperature for 10
min. The manufacturer’s program U.033 was used for transfection (39). For double
transfection, the cells were consecutively transfected with pTagVag-HA-Neo and pTagVag-V5-

Pur. All primers used for gene amplification and cloning are listed in Table S1.

Isolation of lysosomal fractions

Lysosomes were isolated by three approaches. (i) For density gradb&ntrifugation in Percoll,
we used a modified procedure based on the protocol by Bra @al. 1997 (40). Briefly, 1 | of
TV17-48 expressing HA-tagged TvRab7a (TV17-48-Rab7a@x106 cells/ml) was harvested by
centrifugation (1,200 x g, 10 min, 4°C) and washg{ igk with phosphate-buffered saline (PBS)
and once with sucrose-tris (ST) buffer (500 sucrose, 20 mM Tris, 1 mM KCl, pH 7.2). The
cells were resuspended in 7.5 ml of S \ with 10 pg/ml leupeptin and 50 pg/ml tosyl-L-
lysyl-chloromethane hydroch &QK) The cells were disintegrated by sonication on ice,
and unbroken cells w Qd by centrifugation at 800 x g for 10 min at 4°C. The
supernatant was centhed at 14,000 x g for 20 min at 4°C. The top white layer of the pellet
was separated from a brown layer of hydrogenosomes, gently resuspended in 7.5 ml of ST
buffer and centrifuged again under the same conditions. The white pellet was collected and
resuspended in 2 ml of ST buffer with protease inhibitors as described above (large granule
fraction, LGF) and centrifuged in a 45% Percoll gradient at 30,000 rpm for 30 min at 4°C using a
Beckman Optima XPN-90 ultracentrifuge and a Ti70 rotor. Deceleration was set to 9 to avoid
disruption of the gradient. The upper lysosomal fraction was collected and centrifuged again in

a 45% Percoll gradient under the same conditions. The final lysosomal fraction was washed

11



T. vagirnars 1ysosorrndi proteolirne dna wdrgelng

twice with ST buffer at 14,000 x g for 20 min at 4°C, resuspended in 500 pl ST buffer with
protease inhibitors and frozen before further processing.

(ii) Density gradient centrifugation using Optiprep. The LGF of TV17-48-Rab7a was obtained as
above and resuspended in 800 ul of a buffer consisting of 0.25 M sucrose, 1 mM EDTA, and 10
mM Tris-HCI, pH 7.4. The suspension was loaded into a 5% to 50% continuous Optiprep
gradient and centrifuged at 200,000 x g for 2 h at 4°C using a Beckman Optima XPN-90
ultracentrifuge with an SW 41 Ti rotor. Acceleration was set to 4 a eleration to 9. Three
fractions corresponding to three visible bands were collecte ed and frozen.

(iii) Phagolysosomes were isolated using lactoferrin (Lf)i@ed Dynabeads. Lf was coupled
with fluorescein isothiocyanate (FITC) in one voll,( and two volumes borate buffered
saline (BBS, pH 9) at a final concentration of 30 ng FITC/1 ug Lf. Then, the PBS-BBS solution
was exchanged for 25 mM 2—[n—morpi®\_ethanesulfonic acid (MES) buffer (pH 6) using
Amicon Ultra-4 30K Centrifuga Qe (Millipore). Magnetic Dynabeads MyOne Carboxylic Acid
(Invitrogen) of 1 umi di@%ere coupled with the FITC-Lf in MES buffer according to
Invitrogen’s two—steprp>ocol using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS). Subsequently, FITC-Lf-coupled
Dynabeads were incubated with 300 pl of 50 mM Tris, pH 7.4, for 15 min to quench non-
reacted activated carboxylic acid groups. The FITC-Lf-coupled Dynabeads were washed four
times with Tris for 5 min and resuspended in 100 ul PBS. For the isolation of phagolysosomes, 1
| of TV17-48-Rab7a cells (1.5x10° cells/ml) was harvested. The cells were resuspended in 20 ml

TYM medium and incubated with 100 pl of FITC-Lf-coupled Dynabeads in a 150 ml tissue culture

flask for 1 h at 37°C. After incubation, the cells were gently disintegrated by sonication on ice.

12
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Lysis was evaluated under a microscope at 30-sec intervals. Leupeptin and TLCK were added as
before to avoid protein degradation. The lysosomes containing Dynabeads were washed three
times with PBS by applying a magnet for 15 min after each wash and then filtering them
through a 3 um pore size filter (Whatman, GE Healthcare). Then, the lysosomes were treated
with 0.1% Triton X-100 to release the Dynabeads. A magnet was applied, and the supernatant
containing the lysosomal content was transferred to a new tube and frozen.
X

O

Immunoblot analysis KO

The presence of marker proteins in cellular fractions wa@ed by immunoblotting using

mouse monoclonal anti(a)-HA antibody (Exbio, V{ zech Republic) against HA-tagged
TvRab7a (lysosomes) and rat polyclonal o-OsMC antibody (hydrogenosomes) (41). Rat
polyclonal a-soluble protein disulphid& erase (sPDI) antibody (endoplasmic reticulum) was
raised against a recombinant P, %ced in E. coli BL21 DE. The sPDI gene (TVAG_267400)

was cloned into the cht ression vector pET42b, and the His-tagged protein was

isolated by Ni-NTA aga affinity chromatography (Qiagen). Anti-mouse or anti-rat polyclonal
antibodies coupled with peroxidase were used as secondary antibodies (Sigma-Aldrich).
Visualization was performed with chemiluminescence (Immobilon Forte, Merck, St. Louis, MO,

USA) and images were obtained using the Amersham Imager 600 (GE Healthcare), and signals

quantified using Imagel/Fiji software (42).

Fluorescence microscopy

13
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T. vaginalis cells were incubated with 2.5 uM LysoTracker Deep Red (Thermo Fisher Scientific)
for 5 min or with 5% FITC-Lf (v/v) for 30 min at 37°C. Then, the cells were washed in PBS, fixed
with 2% formaldehyde, and processed as described (43). Transfectants were stained using
mouse monoclonal a-HA antibody (Exbio) and the secondary donkey a-mouse antibody
conjugated to Alexa Fluor 488 or 594 (Life Technologies), and rabbit polyclonal a-V5 antibody
(Abcam) and Alexa Fluor 594 donkey a-rabbit (Life Technologies). To observe T. vaginalis
phagocytosis, TV17-48 cells expressing HA-tagged TvRab7a were i@&ed with FITC-Lf coupled
Dynabeads for 40 min at 37°C, washed in PBS, and processedss ﬁ ore with TvRab7a labelled
with Alexa Fluor 594. Slides were observed with a Leica,Q’S confocal laser scanning
microscope (Leica Microsystems, Germany). Ima @e processed using Huygens Professional
version 19.10 (Scientific Volume Imaging, Th&Qletherlands) and further processed using
Imagel/Fiji software (42) and the Imar@\ Package for Cell Biologists (Bitplane AG, Zurich,
Switzerland). Voxel-based colq, '&1 was performed using ImarisColoc. Costes’s automatic
thresholding was appl'ed@w Images in the Z stack, and Pearson’s correlation coefficient
Be was calculated.

(PCC) in colocalized vol

Protein preparation

Protein samples were precipitated with trichloroacetic acid (TCA) for 1 h at -20°C (44), pelleted
at 21,000 x g for 5 min at 4°C, washed twice with cold acetone, dried for 5 min at 95°C and
stored at -80°C. LFQ MS analysis was performed as described previously (10). Briefly, proteins
were dissolved in 100 mM TEAB with 1% sodium deoxycholate (SDC). Samples were digested

with trypsin, and detergent was removed by liquid-liquid extraction (45).

14



T. vagirnars 1ysosorrndi proteolirne dna wdrgelng

Mass spectrometry data acquisition

Tryptic peptides were injected on a nano reverse-phase liquid chromatograph (UltiMate 3000
RSLC, Thermo Scientific) coupled with MS (nanoLC-MS) using a Orbitrap Fusion Tribrid mass
spectrometer (Thermo Scientific) as described previously (10). Briefly, peptides were loaded
onto an Acclaim PepMap300 trap column (300 pm x 5 mm) packed with C18 (5 pm, 300 A) in
loading buffer (0.1% trifluoroacetic acid in 2% acetonitrile) for 4 mj flow rate of 15 puL/min
and then separated on an EASY-Spray column (75 um x 50 ¢ @ed with C18 (2 pm, 100 A,
Thermo Scientific) at a flow rate of 300 nl/min. Mobile pQA (0.1% formic acid in water) and
mobile phase B (0.1% formic acid in acetonitrile){@sed to establish a 60-min gradient from
4% to 35% B. Eluted peptides were ionized bW¢lectrospray. The full MS spectrum (350-1,400
m/z range) was acquired at a resoluti 0,000 at m/z 200 and a maximum ion
accumulation time of 100 ms. &Qexclusion was set to 60 s. Higher-energy collisional
dissociation (HCD) MSS@§

collision energy was se

ra were acquired in iontrap in rapid mode and the normalized
30% with a maximum ion accumulation time of 35 ms. An isolation

width of 1.6 m/z units was used for MS 2.

Analysis of MS data

Raw data were processed using MaxQuant version 1.6.2.0 (Max-Planck-Institute of
Biochemistry, Planegg, Germany) (46). Searches were performed using the Trichomonas
vaginalis database from EUpathDB (47) (release 2020-05-27, 60,330 entries). Trypsin cleaving

specificity was used to generate the peptides, and two missed cleavages were allowed. The

15
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protein modifications were set as follows: cysteine (unimod nr: 39) as static and methionine
oxidation (unimod: 1384) and protein N-terminus acetylation (unimod: 1) as variable. The false
discovery rates for peptides and proteins were set to 1%. Search mass tolerances were used in
MaxQuant default settings for Orbitrap and lontrap. The precursor ion mass tolerance in the
initial search was 20 ppm, the tolerance in the main search was 4.5 ppm, and the fragment ion
mass tolerance was 0.5 Da.

Experimental design and statistical rationale &

Three different isolation methods were used, three indepen logical experiments were

performed for each method, and each biological sampli@analysed by MS in three technical
replicates. The lysosomal proteome identificatio‘ filtered using following criteria: (i) the
protein identification was supported by

chree peptides, (ii) the protein was identified in

at le
at least two out of three biological rer@, and (iii) the protein was identified by all three
methods for organelle isolati06®
Bioinformatics B

For each protein identified in the lysosomal proteome, targeting to the secretory pathway was
predicted using the SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP-4.1/), the
TargetP 2.0 server (http://www.cbs.dtu.dk/services/TargetP/), and the SecretomeP 2.0 server
(http://www.cbs.dtu.dk/services/SecretomeP/). Transmembrane domains were predicted using
the TMHMM server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMMY/). Conserved domains
were predicted using the Pfam 34.0 database (http://pfam.xfam.org, 19,179 entries). Identified

proteins were annotated and sorted based on TrichDB annotation
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(https://trichdb.org/trichdb/), Pfam database, consensus of BLASTp top hits against the refseq
database for the vesicle-trafficking specific proteins, and molecular function gene ontology
(http://geneontology.org/docs/ontology-documentation/). Putative lysosomal targeting motifs
were detected using the Protein Motif Pattern tool

(https://trichdb.org/trichdb/app/search/transcript/GenesByMotifSearch). For sequence

S

Site-directed mutagenesis O

alignments, Clustal Omega 1.2.4 was used (48).

Y4

Q5 Site-Directed Mutagenesis Kit (New England BioIabs,Qwas used alongside its high-
efficiency 5-alpha competent E. coli to introduce @ons into the CLCP gene. NEBaseChanger

was used to design primers (Table S1), a{ agenesis was performed according to the

manufacturer’s protocol. @.

Monitoring of protein segfety
W

T. vaginalis T1 cells (504, approximately 7.5x107 cells) were harvested by centrifugation and
washed three times with TYM without horse serum. The cells were resuspended in 2 mI TYM
without horse serum and incubated for 60 min at 37°C. The cells were removed by
centrifugation at 1,200 x g for 10 min at 4°C, and then the supernatant was centrifuged at
10,000 x g for 10 min at 4°C to remove cell debris, followed by filtration through a 0.2 um pore
size filter (Whatman, GE Healthcare). Proteins in the supernatant were precipitated with TCA as

described previously (44) and analysed by immunoblotting as above. Alternatively, cells were
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incubated with 1 uM chloroquine (Sigma-Aldrich) or 50 pug/ml brefeldin A (Sigma-Aldrich) for 15

min or 45 min prior to protein isolation from the supernatant.
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Results

Lysosomal localization of TvRab7a

Before the separation of T. vaginalis phagolysosomes, we selected Rab7 as a potential
phagolysosomal protein marker. There are three Rab7 paralogues in the T. vaginalis genome, of
which we selected TvRab7a (49), which displayed the highest pairwise protein sequence
identity with human Rab7 (45.5%). To verify its lysosomal Iocalizatb&T. vaginalis, FITC-Lf and
LysoTracker Deep Red were used as lysosomal markers. Extr @r Lf is known to be imported
by trichomonads via receptor-mediated endocytosis; thAQ17-48-Rab7a cells were incubated
with FITC-Lf prior to slide preparation to allow fo@f internalization. FITC-Lf appeared in a
few small but mainly larger vesicles correspoMing to endosomes and lysosomes (Fig. 1A).
TvRab7a and LysoTracker appeared in@erous small- to larger-sized vesicles scattered
throughout the cell (Fig. 1B)§ aMeation of TvRab7a with FITC-Lf was found mainly in the

LysoTracker colocalized with TvRab7a mainly in larger

larger vesicles (Fig. 1A} S@ 4
vesicles, which further ports that these vesicles represent lysosomes (Fig. 1B).

Proof of principle of lysosomal isolation methods

Three different methods were used for the isolation of lysosomes/phagolysosomes. First, we
employed 45% Percoll gradient centrifugation as previously described (40), which resulted in
the separation of a brown hydrogenosomal fraction (lower band) and a white upper lysosome-
enriched fraction (Fig. 2A). The lysosomal fraction was subsequently repurified on a second 45%

Percoll gradient. Using the OsmC protein as a marker (41), immunoblot analyses confirmed a
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clear separation of hydrogenosomes from the lysosomal fraction with TvRab7a; however, the
lysosomal fraction also contained a weaker sPDI signal, suggesting the presence of ER-derived
vesicles (Fig. 2B). Next, we employed an OptiPrep density gradient, which appeared to be more
favourable to the isolation of T. vaginalis hydrogenosomes compared to the Percoll gradient
(50). Separation of the LGF using OptiPrep resulted in the formation of three visible bands (Fig.
2C), and immunoblot analyses revealed that lysosomes were present in the uppermost band
with a strong TvRab7a signal and a low sPDI signal (Fig. 2D). Hydro&mes detected by
OsmC were clearly separate from the lysosomal fraction. Fin @ employed a method based
on T. vaginalis phagocytic activity. TV17-48-Rab7a cells \@ncubated with magnetic beads

V4
coupled with Lf that were ingested by phagocytq, @)rescence microscopy confirmed the
Q\g with TvRab7a (Fig. 2E). Phagolysosomes

uptake of beads into phagolysosomes cqloca
containing beads were then separate:@\nagnet. This approach resulted in the separation of
a phagolysosomal fraction wit t&gabh marker that was free of OsmC and sPDI (Fig. 2F).

a

Lysosomal fractions ohta@ Il three methods were submitted for MS.

Proteomic analysis

The total number of proteins identified by MS was 3,442 in the Percoll purified fraction, 4,055
using the OptiPrep gradient, and 1,351 in the fraction obtained with magnetic beads (Table S2-
S4). The initial dataset was filtered using two parameters: the protein must be identified in at
least two out of three biological experiments, and the protein identification must be supported
by at least three peptides. Therefore, we obtained 1,758 (Percoll), 2,748 (Optiprep), and 748

(Dynabeads) proteins. These datasets overlapped in 550 proteins of which eighty-eight proteins
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were considered contaminants based on their annotation and known cellular localization and
the remaining 462 proteins were considered to represent phagolysosomal proteins. These
proteins were sorted into 21 functional groups considering TrichDB annotations, Pfam domain
identifications, and molecular function gene ontology (Fig. 3, Table S5). Seventy-six percent
(351 proteins) appeared to be soluble proteins, and the remaining 24% (111 proteins)
possessed one or more transmembrane domains (TMDs), with the majority (75 proteins)
possessing a single TMD. Hydrolases, including proteases, phosphb lipases, and
glycosidases, represented the largest functional class in the sosomal proteome.
Cysteine proteases formed the largest protease set (13 r@ns). They included TvCP2, TvCP3,
TvCP4, and TvCPT, which were previously shown{ ecreted by T. vaginalis (51); the
legumain-like protease TVLEGU-1 (52); 10 megllopeptidases (53); and eight serine peptidases
(10, 54). The other typical lysosomal se was represented by a B-hexosaminidase that

proteins, including a pyt cogen debranching enzyme (TVAG_150430) and three

was present as two paralogue;&@ategory of carbohydrate metabolism, we identified 17
paralogues of 4-a-gluc ransferase. Another class of typical lysosomal proteins are the
vATPases, of which we identified six, with two of them possessing seven TMDs. One vATPase
(TVAG_075320) has also been found on the surface (54). Among the channel proteins, we
found three ABC transporters, a class of proteins known to couple ATP hydrolysis with the
transport of substrates across membranes. Interestingly, we identified one Piezo channel

(TVAG_223490) with 37 TMDs. In Dictyostelium, this group of proteins is proposed to act as a

pressure sensor to regulate cell movement (55).
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In the vesicular trafficking group, we identified 43 Rab proteins, including multiple
paralogues in most categories. Of these, six Rabs were assigned to known categories based on
orthology searches (Fig. 4, Table S5). As expected, we identified Rab7a, which controls
transport to late endosomes and lysosomes and is required for phagosomal maturation (56).
We also identified three paralogues of Rab32 that are known to promote the fusion of
phagosomes with lysosomes (57) and Rab 6 which has been shown to play a role in targeting
material to lysosome related organelles in mammalian systems (5 hermore, we identified
Rabs 21 and notably Rabl. The metazoan-specific paralogue @ 1, Rab 35 is well-established
to play a role in regulating phagosomal maturation (59, Qinally, we identified Rab11 which
although not directly lysosomal is a well-known @of the recycling endosome, an upstream
endocytic compartment (61). Five Rabs wereMresent with less supported classifications,
including Rab4, Rab8, Rab14, Rab22 a 24, and interestingly, 18 Rabs with no clear
classification. An overview o$ tified Rab proteins is given in Fig. 4. In addition to Rabs,

we identified compon nt@
D

f the late endosomal/multi-vesicular body associated ESCRT

retromer complex (Vps35), of the lysosome-associated HOPS
complex (Vps16, 33, 3
complexes (SNF7) and several other endosomally-associated Vps proteins (eg. Vps9). We also
identified SNARE proteins, notably syntaxin 16, Vtal, and several Vamp7 homologues, all of
which mediate endolysosomal trafficking and cargo delivery. Additional proteins associated
with endocytic vesicle formation included a single enthoprotin, and three dynamins. Finally, we
found clathrin and six subunits of adaptor complexes including a near complete AP4 complex
(missing only the sigma subunit) and mu subunits for AP1, AP2, and AP4. It is the mu subunit

that binds the YXX@ motif in proteins during lysosomal trafficking (62).
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Another striking category was the cytoskeleton, for which we identified 29 proteins.
These proteins included two actins and other actin-interacting proteins such as two actinins,
three profilins, two gelsolins, and one twinfilin. The identification of proteins involved in
vesicular trafficking and proteins associated with the cytoskeleton in the lysosomal proteome is
in line with the established model of endolysosomal trafficking and organellar movement along
the cytoskeleton (63—65).

A total of 55 proteins in the phagolysosomal proteome oveb&ith the surface
proteome (54) (Fig. 5), of which 45 are TM proteins. These p{@ include two putative
adhesins of the BspA family, and in our phagolysosomal ome, we identified three more
BspA members, the tetraspanin protein TSP1 (T &9180) which is associated with
multivesicular bodies (12), and five para ogu® of the Trichomonas B-sandwich repeat protein
(TBSR). A relatively small number of T ems overlapping with the surface proteome
possess an internalization m Q tosolic tail; a single protein contains the classical NPxY
signal (TBSR-5, TVAG 4 |ve proteins harbour the [DE]xxxL[LI] motif, and 16 proteins
possess the Yxx@ signa ble 55) The phagolysosomal proteome and the T. vaginalis
secretome overlapped with only 26 proteins, eight of which are hydrolases, including B-
hexosaminidase, an acid phosphatase, a serine and two cysteine peptidases, two
phospholipases, and a glucosaminidase (Fig. 5) (10). A relatively low level of overlap between
phagolysosomal proteome and previously reported proteomes of the secreted proteins, and
the surface proteome supports the successful separation of the phagolysosomal fraction.

However, it also indicates an expected engulfment of some surface proteins and their transport
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to the lysosomes, and conversely, possible participation of lysosomes in unconventional protein

secretion.

Experimental cellular localization of selected proteins

Acid phosphatase (AP, TVAG_169070), TBSR-5 (TVAG_340570), B-hexosaminidase (bHX,
TVAG_110660), TvCP2 (TVAG_057000), and CLCP (TVAG_485880) were selected for
experimental verification of their cellular localization. AP and bHX &own to reside in
lysosomes in other organisms and may serve as lysosomal m @ (66), TBSR-5 was selected as
an example of a membrane protein with C-terminal NPI}@aI for endocytic internalization
(Table S5), TvCP2 is known to be secreted as an i{p@nt virulence factor (67), while CLCP
represents a new resident cysteine prot§ at was not identified in other T. vaginalis

es were expressed in T. vaginalis under the control

proteomes, thus far. The correspondi@n

of their respective native pro GQ nd with a C-terminal HA-tag and investigated by confocal

microscopy. CoIocaIizqfio@ ysoTracker supported their lysosomal localization in large
t

vesicles, whereas limi olocalization was observed in smaller vesicles (Fig. 6, Fig. 7A WT). The
PCC in colocalized volume ranged from low (PCC r = 0.290, AP) to moderate (PCC r = 0.633,

TvCP2) values (Fig. 6, Fig. 7C).

Mannose-6-phosphate-like receptors

Four transmembrane proteins identified in phagolysosomes appear to be homologues of
mammalian cation-independent mannose-6-phosphate receptor 300 (MPR300). These proteins

were named TvMPR-1 (TVAG_177320), TvMPR-2 (TVAG_351790), TMPR-3 (TVAG_498650),
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and TvMPR-4 (TVAG_166760). In addition, we identified two more paralogues, TvMPR-5
(TVAG_160180) and TvMPR-6 (TVAG_445110), in the T. vaginalis genome, which are between
882 and 991 amino acids long. Their N-terminal domains range in length between 809 and 924
amino acid residues, and their C-terminal tails are between eight and 49 amino acids long.
Human MPR300 (hMRP300) consists of 15 characteristic mannose 6-phosphate receptor
homology (MRH) domains in the N-terminus (Fig. 8), of which MRH3, 5, and 9 were implicated
in binding M6P and MRH11 has been implicated in binding insulinﬁb&owth factor Il (IGF2)
(23, 68). Each MRH domain consists of approximately 150 a '@id residues with eight
conserved cysteine residues. Interestingly, T. vaginalis r\@onsist of only five MRH domains,
which aligned with MRH9 to MRH13 of hMPR3OK _J1). Although the protein sequence
similarity of T. vaginalis MRH domains tg MR¥of hMPR300 appeared to be rather low (7.2% to
35.2%), most of the conserved cystei jidues are present. TVMPR structure is similar to the
Drosophila lysosomal enzyme &Qprotein (LERP), which also possesses five MRH domains
(Fig. S1). Moreover, sigil QP, TvMPR proteins lack most residues in hMPR300 that are
essential for the bindin M6P and IGF2. All TYMPR proteins possess either the Yxx@ or
DxxL[LI] sorting motif for recognition by adaptor proteins (Fig. 8, Fig. S1). However, only three
of them, TvMPR-1, TvMPR-4, and TYMPR-5, were predicted to be type | glycoproteins with a
single TMD, similar to hMPR300 and LERP, which is consistent with the cytosolic topology of
their sorting signal (Fig. 8). The other three TYMPR proteins were predicted to possess two
TMDs, resulting in the C-terminal Yxx@ motif most likely being in the same compartment as the

N-terminal domain. Although we found TVMPR proteins in the phagolysosomal proteome and

previously identified them in the secretome and surface proteome, the expression of HA-
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tagged TvMPR-2 and TVMPR-3 revealed that they localize predominantly to the structures of
the ER and Golgi body (Fig. 9). V5-tagged B-amylase 1 was used as a marker for the ER/Golgi
body (10) that was co-expressed in double T. vaginalis transfectants and colocalized with

TvMPR-2 and TvMPR-3 (Fig. 9).

Glycosylation dependent targeting to lysosomes

The observed localization of TVMPR proteins is consistent with the &I of the M6P-
dependent signalling pathway that is initiated in the ER, whe somal cargo is glycosylated
on the asparagine of the s-LTS motif Asn-X-[Ser/Thr] an}@equently modified in the Golgi
body to be recognized by MPR. However, as va@teins lack most residues required for
M6P-dependent recognition, M6P signalling nlikely. Moreover, the generation of M6P on N-
\lty of GIcNAc-PT and UCE. Thus, we searched for

linked glycans requires the consecutiv@

corresponding homologues &Q{Jginaﬁs database using the human a/B GIcNAc-PT
(Q3T906) and UCE (Q%UI@

TVAG_166090 with onl

Ino acid sequences as queries. We identified the protein

ited homology to one of four characteristic GICNAc-PT stealth
domains (69), and we did not identify any UCE homologues, which further supports the absence
of M6P signalling. Thus, we hypothesized that another M6P-independent feature, such as a
peptide structure or glycans, may serve as a signal. To test whether glycosylation is involved in
the protein targeting of T. vaginalis lysosomes, we selected phagolysosome-resident CLCP. This
protein is composed of 452 amino acid residues and possesses two putative s-LTSs, Asn-Ser-Thr
at position 188-190 (LTS1) and Asn-Arg-Ser at position 268-270 (LTS2). A series of CLCPs with

mutated s-LTSs (mCLCP) was prepared in which asparagine was replaced by serine or glutamine
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(Fig. 7B). Whereas wild-type CLCP was observed in lysosomes with a PCCr=0.512 + 0.1 (n = 16)
(Fig. 7C), all mCLCP variants accumulated predominantly around the nucleus (Fig. 7A). Some
mCLCP variants were observed in vesicles scattered throughout the cell, in which cases the
mCLCP signal exceptionally colocalized with LysoTracker. The PCC of mCLCP was below r=0.1
(Fig. 7C). Next, we were interested in whether mCLCP is arrested in the ER or secreted into the
cell environment. Thus, the cells were incubated for 1 h at 37°C in TYM, and secreted mCLCP
was detected by immunoblotting. Whereas wild-type CLCP was no@&ted, which is
consistent with its absence in the secretome (10), all mutate{@s versions of mCLCP were
secreted (Fig. 7D).
Y4

To further test the ability of the CLCP LTSQ S2 sequences to target a protein to
lysosomes, we introduced both motifs ir{ (mBA2), a non-lysosomal protein that does not
possess any glycosylation sites and ex%ed the protein with a C-terminal HA tag. LTS1 was
introduced at positions 232—234%91’52 at positions 312-314, thereby maintaining the same
distance of 78 amino cid@then the signals as in CLCP (Fig. 10B). The active sites of BA2 are
located at positions lbwd 330 and thus were not altered by the insertions. While wild-type
BA2 did not localize to lysosomes (PCC r =0.051 + 0.029, n = 29, Fig. 10) but labelled ER
structures surrounding the nucleus as demonstrated previously (10), cells expressing mBA2
showed significant colocalization with LysoTracker in lysosomes (Fig. 10A) with a PCC r = 0.556 +
0.07 (n = 22, Fig. 10C), whereas no accumulation in the ER/Golgi was observed. Next, we were
interested in whether the insertion of LTS1 and LTS2 into BA2 influences protein secretion.

Therefore, the cells were incubated in TYM as before, and the conditioned medium was

analysed by immunoblotting. Whereas wild-type BA2 was secreted, mBA2 was associated
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exclusively with cells, and no secretion was observed (Fig. 10D). These experiments
demonstrated that the tandem N-glycosylation sites were decisive for protein sorting, they
represent the s-LTS of CLCP, and they are essential for protein delivery to lysosomes. The
screening of the lysosomal proteome for tandem N-glycosylation sites that have a similar
distance to one another as in CLCP (78 amino acids + 20 amino acid range) revealed 27% of
soluble proteins with such a motif (Table S5). Interestingly, within the soluble proteases, 44%
contain this motif. These results suggest that the tandem glycosylaj ites might be a general
motif for lysosomal delivery in T. vaginalis, however, such a ption needs experimental
verification in future. Moreover, the distance between t@cosylation sites in different
T4

proteins might not be conserved because the stg@tion of glycans that are recognized by
receptors is likely dependent on the proteierormation. Further studies are needed to
establish which and how lysosomal re@\recognizes this s-LTS for which TvMPR proteins are

Q
N
O

Lysosomes are involvedch# unconventional secretion of CP

the best candidates.

A few proteins were observed in the phagolysosomal proteome as well as in the secretome.
This phenomenon prompted us to test whether lysosomes are involved in protein secretion in
addition to the classical ER-Golgi secretory pathway. We selected the two proteins TvCP2 and
AP that were found in the phagolysosome and secretome and BA2 as a control for classical
secretion (10). The proteins were expressed with an HA-tag and transfected trichomonads were
incubated in TYM medium with either 1 uM chloroquine (CLQ) or 50 pg/ml brefeldin A (BFA).

CLQ blocks the endolysosomal pathway by increasing lysosomal pH (70, 71), while BFA inhibits
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classical secretion via stimulation of retrograde transport from the Golgi body to the ER (10,
72). The secretion of TvCP2 was strongly decreased by both CLQ and BFA, while the secretion of
BA2 and AP was inhibited only by BFA (Fig. 11). These results indicated that lysosomes were
involved in the unconventional secretion of TvCP2, as opposed to BA2 and AP, which are
secreted through the classical secretory pathway, and AP is eventually delivered to lysosomes

via endocytosis (Fig. 11).

©
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Discussion

Lysosomes play a key role in the pathogenicity and virulence of parasitic protists (73). However,
little is known about their biogenesis, lysosomal protein targeting and composition outside of
classical mammalian and yeast models. In this paper, we characterized the proteome of T.
vaginalis phagolysosomes, showed that glycosylation is involved in Iygsosomal targeting of CLCP
and that lysosomes are involved in protease secretion. Unexpecte@v& identified
homologues of the M6P receptor, TvMPRs. While this proteQ ioinformatically been

identified across eukaryotes, it is inconsistently cons;rvﬁ d to our knowledge only

functionally characterized in metazoans and

To separate the T. vaginalis Iys@—enriched fraction, we initially employed a method
based on differential and gradie n®¥ifugation using two different isoosmotic gradient
media, Percoll and Optipr @nalysis identified 1,758 (Percoll) and 2,748 (Optiprep)
reproducibly enriched%tems in these preparations, which is comparable to the 3,703
proteins identified in the macrophage lysosome-enriched fraction using a similar approach (74).
Although these methods are widely applied, lysosomes tend to co-purify with other organelles,
typically the endoplasmic reticulum, Golgi, and mitochondria (74, 75), or may contain proteins
of other compartments due to autophagy (18). Indeed, we observed the presence of the PDI ER
marker in samples of the lysosome-enriched fractions using immunoblotting, and contaminants
were apparent from the annotations of identified proteins. Therefore, we developed a new

experimental protocol for phagolysosome purification based on the ingestion of magnetic
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nanobeads by T. vaginalis. To increase the specific binding of the nanobeads, we covered the
beads with Lf, which binds to trichomonad receptors on the surface (76). This analysis identified
748 proteins and resulted in a set of 462 phagolysosomal proteins when combined with the
previous proteomic datasets. The obtained size of the trichomonad phagolysosomal proteome
is close to the approximately 450 lysosomal proteins identified in the lysosomes of mouse

embryonic fibroblasts isolated using magnetite solution (77).

Comparisons of the phagolysosomal proteome with previo@xeomic studies of T.
vaginalis surface membrane proteins (54), secretome (10), dQsomes (12) allow us to
estimate the purity of our preparation and detect proteigs®th multiple localizations. Indeed,
there was a very low overlap with these co ’&@sthat corroborated efficient organellar
separation. The highest number of sharwo ins (55) was found with the surface proteome.
However, multiple localizations ar ed for membrane proteins and this is consistent with
the endocytic pathways of s osomal proteins that are expressed on the plasma
membrane as recepto @sins or proteases and subsequently internalized via
endocytosis/phagocytosis and transported to lysosomes. These shared proteins included the
leucine-rich repeat protein BspA (78), B-hexosaminidase, and the surface adhesin TvAD1, which
is also associated with exosomes (79). Moreover, there were nineteen conserved membrane

proteins of unknown function, which provide interesting targets for future studies.

Proteases have been repeatedly implicated in T. vaginalis virulence (33, 80), however,
their cellular localization is mostly unknown. A comparison of the lysosomal proteome that

included 38 peptidases with previous studies allowed us to distinguish three groups. The first
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and the major group includes primary lysosomal resident peptidases (34) that have not been
detected in other cellular compartments. This group included seven new CPs, such as CLCP, in
addition to four CPs (TvCP3, TvCP4, TvCPT, and TVLEGU-1) that have been previously recognized
in trichomonad cellular lysates (81). TVLEGU-1 has been observed in lysosomes, the Golgi
complex, and on the trichomonad surface using immunofluorescence and immunoelectron
microscopy (52), whereas it has been absent from the secretome and the surface proteome
(10, 54). However, the expression of TVLEGU-1 seems to be strong &endent on theiron
level, which may explain the observed differences in cellular }o @ ation (52). The first group
further included seven serine peptidases and nine meta@tidases of different families (M1,
8, 16, 20, 24, 28, 67) that had not been characterj @us far. The second group consists of two
soluble CPs that are secreted (10) including P2, an important virulence factor (67), whereas
leishmanolysin-like metallopeptidase 2&\ like) and subtilisin-like serine peptidase (SUB1)
were two membrane protease &thrd group, which were shared with the surface
proteome (54). Previoys Qlocalization of SUB1 using fluorescence microscopy suggested
its presence in intracebr vesicles and on the plasma membrane, which supports our
proteomic data (82). In pathogenic fungi, subtilisin proteases have been shown to be important
for host invasion (83, 84), however, their role in T. vaginalis has not been established. Another
hydrolase group that we found in the lysosomal proteome was phospholipase B, of which we
identified eight paralogues, two of which are secreted (TVAG_215920, TVAG_333010).
Phospholipase B belongs to the group of acyl esterases and represents an important lysosomal

component to hydrolyse glycerophospholipids (85). Secreted phospholipases have been shown

to kill bacteria (86) and display antiviral activity (87), however, have not been studied in
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trichomonads. Finally, B-hexosaminidase is a typical lysosomal hydrolase that we identified two
copies of. Interestingly, one copy (TVAG_110660) possesses a single TMD and was shared
between the secretome and the surface proteome. Its cell membrane localization and
previously determined N-acetyl-B-D-glucosaminidase activity in T. vaginalis (88) suggest that 3-
hexosaminidase may participate in T. vaginalis virulence via host mucin degradation.
Interestingly, in E. histolytica, B-hexosaminidase is transported to the phagolysosome by a

unique cysteine protease binding protein family 8 (CPBF8) recepto is not presentin T.

vaginalis (26). KO

The model of protein delivery to lysosome a%@r on in T. vaginalis, which is based
on our results, is provided in Fig. 11. In met &most lysosomal proteins are typically
targeted via M6P-dependent pathways,%re in other eukaryotic lineages, sorting of
hydrolases was not reported to de @'oligosaccharides. Alternative receptors such as
sortilins/Vps10 and plant va%&orting receptors (VSRs) directly recognize the polypeptide
motifs of cargo (23). onserved in most eukaryotic lineages (31), and its function as a
sorting receptor was shown in Giardia intestinalis (89) and Toxoplasma gondii (90). However,
there is no obvious orthologue of Vsp10 in the T. vaginalis genome (31). Surprisingly, we
identified four paralogues of the putative M6P receptor TvMPR in the lysosomal proteome and
two other paralogues in the genome. These proteins contain the characteristic N-terminal
domain repeats with typical cysteines (22) that are mostly conserved in TvMRPs. However,
unlike the mammalian CI-MPR with 15 domains, TvMPRs contain only 5 domains, which
resembles the structure of the MPR-like protein LERP in Drosophila (91). Moreover, TVMPR1,

TvMPR4, and TVMPRS5 possess a single TMD and the endocytic sorting signal Yxx@ or a dileucine
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motif (DXXLI]) in their C-termini, which further supports their role as receptors and is consistent
with the presence of adaptin complex proteins, particularly the mu subunits that we identified.
Interestingly, TvMPR2, 3 and 6 were predicted to possess double TMDs at their C-termini,
which may indicate a different topology of their N-terminal domains. Similar to Drosophila,
TvMPRs lack most of the residues involved in M6P binding and the two enzymes (GIcNAc-PT
and UCE) required for the formation of M6P recognition markers. Interestingly, LERP has been
shown to rescue the missorting of lysosomal proteins in MPR-defigj %ouse cells in an M6P-
independent manner, although it is not known whether LERP, @ nizes a glycan or a peptide
structure (91). Thus, the identification of LERP-like TleQmpted us to test whether glycans
are involved in lysosomal targeting in T. vaginali{ d, we demonstrated that two sites for
N-glycosylation of the Nx[ST] motif withjn th&ysosomal resident CLCP are essential for its
lysosomal localization. Moreover, intr ing the two Nx[ST] motifs into non-glycosylated BA2,
which is secreted by the cIas&Q@lgi pathway (10), redirected this protein from the

secretory pathway to lysqSoN€eS (Fig. 12). However, glycosylation apparently needs a specific
@

structure/conformatio provide the lysosomal signal. First, we demonstrated that both
Nx[ST] motifs in CLCP are needed for correct targeting, as mutation of a single site mistargeted
CLCP to the secretory pathway. Second, a number of other glycosylated proteins, such as BA1,
that possess multiple Nx[ST] motifs are predominantly secreted (10) (Fig. 12). For future
investigations of recognition markers, it also needs to be considered that T. vaginalis possesses
a limited set of glycosyltransferases available for glycan synthesis in the ER, producing a

simplified glycan structure consisting of two N-acetyl glucosamines and only five mannose

residues, as opposed to GIcNAcaMansGlus in the majority of eukaryotes (10, 92). Collectively,
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these results indicate that glycosylation is required for the recognition and targeting of
lysosomal proteins in T. vaginalis; however, whether TYMPRs or other possible receptors are
involved in this process and the precise structure of the lysosomal recognition marker need to

be clarified in future studies.

The secretion of TvCP2 has been shown to contribute to the host cell cytotoxicity caused
by T. vaginalis. It has been suggested that this hydrolase is not a lysqgomal protein and is
secreted via secretory vesicles (67). However, the presence of TvCéx@osomes, which was
supported by immunofluorescence microscopy and the pro& analysis in this study,
suggested that TvCP2 might be secreted by an unco&ﬁi | secretory pathway (USP) via
lysosomes (Fig. 12) (93). The involvement of rganelles in TvCP2 secretion supported the
treatment of T. vaginalis with the IysosNro ic amine chloroquine, which is known to
increase the intralysosomal pH an@ysosomal function (70, 71). The secretion of TvCP2
under chloroquine treatmen@trongly inhibited, whereas no inhibition was observed for
the secretion of non-I%Ql BA2. Secretion of both proteins was inhibited by brefeldin A,
which impairs transport between the ER and Golgi (10, 72). Unlike TvCP2, secretion of
lysosomal acid phosphatase (TVAG_169070) was insensitive to chloroquine, suggesting that this
soluble protein is released via the secretory pathway as BA2 and possibly internalized via
endocytosis. Interestingly, chloroquine was observed to have the opposite effect on lysosomal
protein secretion in human cells that employed the M6P recognition marker. Treatment with
chloroquine resulted in enhanced secretion of lysosomal proteins via the secretory pathway. In

these cells, MPR proteins bind lysosomal cargo in the TGN and deliver the cargo through the

intracellular pathway or via the plasma membrane to acidic vesicles, where the cargo
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dissociates and MPRs are recycled. Enhanced secretion of lysosomal proteins was explained by
the inhibition of MPR recycling and consequently the decreased capacity to bind M6P (24, 70).
The striking differences in the effect of chloroquine on lysosomal protein secretion and the
absence of the M6P-dependent pathway in T. vaginalis suggest that the parasite employs

specific unconventional mechanisms for the secretion of virulence factors such as TvCP2.

In conclusion, our proteomics study provided an extensive dﬁt of phagolysosmal
proteins, including known and potentially novel virulence factors. € investigations need to

be performed to elucidate their functions and, in particular @pher the molecular

mechanism of lysosomal sorting, which may provide gn tgestmg target for the development

of new antiparasitic strategies. Q
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Figure legends

Figure 1. Lysosomal localization of TvRab7a in T. vaginalis TV17-48. TvRab7a (Rab7) was
visualized using mouse monoclonal a-HA antibody and (A) Alexa Fluor 594 (red) or (B) Alexa
Fluor 488 (green) donkey a-mouse antibody. FITC-lactoferrin (A, green) or LysoTracker (B, red)

was used as a lysosomal marker. BF, brightfield; Coloc, colocalization channel (Imaris software).

Scale bar =5 um. &

Figure 2. The isolation of lysosomes. (A) The Percoll gradient vyi o bands corresponding
to hydrogenosomes (1) and lysosomes (2). (B) Western b %ercoll fractions from three
independent isolations. HA-tagged TvRab7a was er@gmction 2, where the ER marker
sPDI was also present. Hydrogenosomal O &Ietected only in fraction 1. (C) The Optiprep
gradient showed three fractions. (D) W, n blot of Optiprep fractions. (E)
Immunofluorescence microscop Qaginalis TV17-48 with endocytosed Dynabeads. The
beads covered with FITC—Iac@in (green) colocalize with mouse monoclonal a-HA and Alexa
Fluor 594 donkey a—m%— abelled TvRab7a (red) in phagolysosomes. (F) Western blot of three

isolations by Dynabeads. Scale bar =5 um.

Figure 3. Lysosomal proteome. The 462 proteins were sorted into 21 groups with the help of

TrichDB annotations, Pfam motif identifications, and molecular function gene ontology.

Figure 4. Schematic of Rabs in the endomembrane system. Rabs displayed in colour were
identified in the lysosomal proteome and annotated with high confidence. Rabs in grey were
found, but their phylogenetic classifications were weakly supported. White Rabs have been

previously described to be present in the respective organelle but were not found in our
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lysosomal proteome. Rab7 (TvRab7a) was used in this study as lysosomal marker. Grey arrows
indicate the transport of cargo to the cell surface and secretion. MVB, multivesicular body; ER,

endoplasmic reticulum.

Figure 5. Overlap of the lysosomal proteome with the secretome (10) and the surface proteome
(54). Fifteen proteins were found in all three proteomic studies. The lysosomal proteome and

surface proteome had 55 overlapping proteins, and the lysosomal pmﬁ)me and secretome

had 26 overlapping proteins. O

Figure 6. Immunofluorescence microscopy of selected pQ? The proteins were visualized
48

using mouse monoclonal a-HA antibody and Alexa @ onkey a-mouse (green).
LysoTracker (red) was used as a lysosomal &A) Acid phosphatase, (B) Trichomonas -

sandwich repeat protein 5, (C) B-hexos idase, (D) Trichomonas vaginalis cysteine protease

2. BF, brightfield; Coloc, coIocaIiL& annel (ImarisColoc software). Scale bar =5 um.

Figure 7. Effect of LTS mujes on CLCP localization. (A) Localization of wild-type CLCP (WT)
and CLCP with mutatebcosylation motifs LTS1 and LTS2 (mCLCP) in T. vaginalis T1. WT CLCP
and mCLCP versions were visualized using mouse monoclonal a-HA antibodies and Alexa Fluor
488 donkey a-mouse antibodies (green). BF, brightfield; Coloc, colocalization channel
(ImarisColoc software). Scale bar = 5 um. (B) Schematic illustration of the amino acid
substitutions (in red) introduced into glycosylation motifs LTS1 and LTS2 of CLCP. (C) Boxplot
chart of Pearson’s correlation coefficient (PCC) in colocalized volume for WT CLCP and mCLCP
versions with LysoTracker. WT CLCP and LysoTracker colocalized with PCCr=0.512+0.1 (n =

16), whereas the PCCs of the mCLCP versions were below r = 0.1 (n = 12 cells per each version).
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Error bars represent standard deviation. (D) Secretion of mutated and WT CLCP. CLCP with
mutated LTS1 (SST, QST) and LTS2 (SRS, QRS) was secreted and detected in the extracellular
supernatant after 1 h incubation at 37°C. WT CLCP was not secreted and was associated only

with cells (Pellet). Each experiment was performed with biological triplicates.

Figure 8. Domain composition of human MPR300 (hMPR300) and T. vaginalis homologues
(TvMPR). hMPR300 consists of 15 repeats, of which five are homologpus to TvMPRs. Detected
C-terminal signal sequence motifs DxxLL and Yxx@ (@, hydrophobié&o acid residue), which
are involved in the internalization and trafficking of membr&Qteins is indicated. M6P and
IGF2 binding sites are absent in TvMPRs; only TVMPR-5 go3€sses three M6P binding residues,

and TvMPR-1 and TVMPR-6 contain a single gsSe. PR-2 contains the isoleucine that is

essential for IGF2 binding. No N—termin%n eptide was predicted in TvMPRs. SP, signal

peptide; TM, transmembrane. Q@'

Figure 9. Immunofluorescen@c&oscopy of (A) TvMPR-2 and (B) TvMPR-3. The proteins were
visualized using mous% clonal a-HA antibody and Alexa Fluor 488 donkey a-mouse (green)
in T. vaginalis T1. BA1 was used as an ER marker and was stained with rabbit polyclonal a-V5
antibody and Alexa Fluor 594 donkey a-rabbit (red). TYMPR-2 and TvMPR-3 strongly colocalized
with BA1 in the ER and possibly Golgi body (asterisk). Some TvMPR-2 and TvMPR-3 appeared in
small vesicles not colocalizing with BA1 (arrows). BA1, B-amylase 1; TvMPR, Trichomonas
vaginalis mannose 6-phosphate receptor; BF, brightfield; Coloc, colocalization channel

(ImarisColoc software). Scale bar =5 um.
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Figure 10. Effect of LTS on BA2 localization. (A) Localization of wild-type and mutated BA2
(mBA2) in T. vaginalis T1 transformants. Both were visualized using mouse monoclonal a-HA
antibodies and Alexa Fluor 488 donkey a-mouse antibodies (green). LysoTracker (red) was used
as endolysosomal marker. BF, brightfield; Coloc, colocalization channel (Imaris software). Scale
bar =5 um. (B) Schematic illustration of LTS1 and LTS2 insertions introduced into BA2. (C)
Boxplot chart of Pearson’s correlation coefficient (PCC) in colocalized volume for BA2 and mBA2
with LysoTracker. BA2 and LysoTracker did not colocalize with a Pb&.OSl +0.029 (n = 29),
whereas the PCC of mBA2 was r = 0.556 + 0.07 (n = 22). Error, epresent standard
deviation. (D) Secretion of BA2 and mBA2. BA2 is secre can be detected in the
extracellular supernatant and in cells (pellet) aft&@cubation at 37°C, whereas mBA2 was

not secreted. Each experiment was peer with biological triplicates.

Figure 11. pH-dependent secretio %2. (A) Western blot of secreted TvCP2, acid
phosphatase (AP), and B-amyl (BA2) after 15 min and 45 min incubation at 37°C. Both
chloroquine (CLQ) an @in A (BFA) inhibited secretion of TvCP2 compared to the
untreated control. Secretion of AP and BA2 was inhibited upon incubation with BFA compared
to the untreated controls, but no change in secretion was observed upon treatment with CLQ.
Each experiment was performed with biological triplicates. (B) Quantification of western blots
using densitometry that shows the relative amounts of secreted TvCP2, AP, and BA2 from three

biological replicates. Error bars indicate standard deviation. a. u., arbitrary unit; untr, untreated.

Figure 12. Hypothetical protein delivery to lysosomes and secretion in T. vaginalis. CLCP is a
resident lysosomal peptidase, delivery of which is dependent on a glycosylation signal. Upon

signal mutation (mCLCP), the protein is secreted. BA1, BA2, AP, and mCLCP are secreted via the
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classical ER-Golgi secretory pathway that is inhibited by brefeldin A but not chloroquine. They
are delivered by secretory vesicles directly to the plasma membrane and released to the
extracellular space. AP is eventually endocytosed and transported to lysosomes. Introduction of
CLCP glycosylation signal into BA2 (mBA2) redirected this protein to lysosomes. TvCP2 is a
lysosomal peptidase, which is secreted. Inhibition of acidification by chloroquine inhibited
TvCP2 secretion, which indicates that this peptidase is secreted via unconventional lysosomal
pathway (UPS). AP, acid phosphatase; TvCP2, Trichomonas vaginab&ceine protease 2; BA, B-

amylase; TVMPR, T. vaginalis mannose 6-phosphate receptorg @ndoplasmic reticulum; LE,

/
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Q
N
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late endosome; MVB, multivesicular body; CLQ, chIorquFA, brefeldin A. Arrows indicate

possible directions of the transport.
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Highlights

e Trichomonas vaginalis phagolysosome consist of over 460 proteins

e Lysosomes are involved in secretion of virulence factors such as TvCP2
e N-glycosylation is required for lysosomal protein targeting

e T.vaginalis possess homologs of mannose 6-phosphate receptor
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In Brief

Lysosomes represent a central degradative compartment of eukaryotes, yet little is known
about biogenesis and function of this organelle in the parasitic protist Trichomonas vaginalis.
We analysed the phagolysosomal proteome that consists of over 460 proteins including
important virulence factors. We demonstrated that glycosylation is involved in lysosomal
protein targeting in T. vaginalis, which is unprecedented in parasitic protists. In addition to

the classical secretory pathway, lysosomes are involved in unconventional protein secretion.
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Dynamic secretome of Trichomonas vaginalis:
Case study of p-amylases*s

Jitka Stafkovat, Petr Radat, Dionigia Melonit, Vojtéch 2érsk§¢, Tamara Smutnat,
Nadine Zimmannt, Karel Harantt, Petr Pompach§], lvan Hrdyt, and Jan Tachezyt|

The secretion of virulence factors by parasitic protists
into the host environment plays a fundamental role in
multifactorial host-parasite interactions. Several effector
proteins are known to be secreted by Trichomonas vagi-
nalis, a human parasite of the urogenital tract. However, a
comprehensive profiling of the T. vaginalis secretome re-
mains elusive, as do the mechanisms of protein secretion.
In this study, we used high-resolution label-free quantita-
tive MS to analyze the T. vaginalis secretome, considering
that secretion is a time- and temperature-dependent
process, to define the cutoff for secreted proteins. In total,
we identified 2 072 extracellular proteins, 89 of which
displayed significant quantitative increases over time at
37 °C. These 89 bona fide secreted proteins were sorted
into 13 functional categories. Approximately half of the
secreted proteins were predicted to possess transmem-
brane helixes. These proteins mainly include putative ad-
hesins and leishmaniolysin-like metallopeptidases. The
other half of the soluble proteins include several novel
potential virulence factors, such as DNasell, pore-forming
proteins, and B-amylases. Interestingly, current bioinfor-
matic tools predicted the secretory signal in only 18% of
the identified T. vaginalis-secreted proteins. Therefore,
we used p-amylases as a model to investigate the T.
vaginalis secretory pathway. We demonstrated that two
B-amylases (BA1 and BA2) are transported via the classi-
cal endoplasmic reticulum-to-Golgi pathways, and in the
case of BA1, we showed that the protein is glycosylated
with multiple N-linked glycans of Hex;HexNAc, structure.
The secretion was inhibited by brefeldin A but not by
FLI-06. Another two -amylases (BA3 and BA4), which are
encoded in the T. vaginalis genome but absent from the
secretome, were targeted to the lysosomal compart-
ment. Collectively, under defined in vitro conditions, our
analysis provides a comprehensive set of constitutively
secreted proteins that can serve as a reference for fu-
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ture comparative studies, and it provides the first infor-
mation about the classical secretory pathway in this
parasite. Molecular & Cellular Proteomics 17: 10.1074/
mcp.RA117.000434, 304-320, 2018.

Trichomonas vaginalis is an anaerobic, aerotolerant patho-
gen that causes trichomoniasis, the most widespread nonviral
sexually transmitted disease in humans. Although the majority
of infections are asymptomatic, approximately one-third of
infected women develop symptoms such as vaginitis and
urethritis (1). In addition, trichomonad infection has been as-
sociated with poor birth outcomes and increased risk of Hu-
man Immunodeficiency Virus (HIV) acquisition (2). In men, the
infection is rarely symptomatic; however, the parasite can
damage sperm cells (3, 4), and chronic infection has been
associated with prostate cancer (5, 6).

In the female urcgenital tract, T. vaginalis is challenged by
factors such as nutrient limitation, the host immune response,
physiological changes during the menstrual cycle, the contin-
ual flow of vaginal fluid, and coexistence with other members
of the vaginal microbiota (7). Upon transmission to men, the
parasite must adapt to the different environmental conditions
within the male urogenital tract, including increased concen-
trations of zinc in the prostatic fluid that may Kill the parasite
(8, 9). Thus, the establishment of trichomonad infection within
such hostile environments is dependent on multifactorial
host—parasite interactions that involve both contact-depend-
ent and contact-independent mechanisms (10). The former
include the adherence of the parasite to vaginal epithelial
cells, the contact-dependent extracellular killing of host cells
(11-14), and active phagocytosis of host cells and bacteria
(15, 16). The contact-independent mechanisms include the
secretion of soluble biclogically active molecules, particularly
proteases with diverse effects (10, 17, 18). Finally, T. vaginalis
has been shown to pack specific sets of macromalecules into
microvesicles (exosomes) that are secreted and that influence
the parasite’s binding to the host cell (19).

With regard to nutrients, the energy metabolism of T, vagi-
nalis is dependent on glucose to generate ATP via anaerobic
fermentation in the cytosol and via the extended glycolytic
pathway in hydrogenosomes, an anaerobic form of mitochon-
dria (20, 21). The main source of glucose in the vaginal fluid is
likely free glycogen derived from vaginal epithelial cells (VECs)
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(22-28). To be utilized by T. vaginalis, glycogen and glucose-
containing polymers must be extracellularly digested to mo-
nomeric glucose, which is then transported into the cells.
Glycogen-hydrolyzing enzymes include endo-acting «-amy-
lases (EC 3.2.1.1) that randomly hydrolyze «-1,4-linkages of
glycogen, exo-acting B-amylases (EC 3.2.1.2) that hydrolyze
a-1,4-linkages of glycogen at the nonreducing end to liberate
B-maltose, and a-glucosidases (EC 3.2.1.20) that act on
a-1,4-linkages of oligosaccharides to liberate o-glucose. Early
studies suggested that T. vaginalis secretes a-glucosidase to
hydrolyze maltose to glucose (27). More recently, enzymes
with a-amylase and p-amylase activities that utilize glycogen
as a substrate were found to be released by T. vaginalis
(28, 29).

High-resolution mass-spectrometry-based proteomic stud-
ies have been used to analyze the T. vaginalis surface pro-
teome (30) and the exosome proteome (19), which have re-
vealed a number of new candidate proteins with potential
roles in T. vaginalis-—host interactions and in the parasite’s
pathogenicity. More recent quantitative proteomic analyses
have identified surface membrane proteins that are released
to the T. vaginalis environment upon cleavage by rhomboid
protease (31). The best-studied group of secreted proteins is
the proteases, including cysteine proteases and metallopro-
teases (17, 32, 33). Kucknoor et al. (34) identified 32 various
secreted proteins, including a putative adhesin, AP65, via 2-D
SDS-PAGE followed by MALDI-TOF (34). In addition, Twu et
al. showed that the parasite secretes a macrophage migration
inhibitory factor (5). However, information about the T. vagi-
nalis secretome remains rather incomplete.

The major challenge for studies of the secretome using
high-resclution MS is to identify bona fide secreted proteins
and avoid artifacts caused by protein contamination. Here, we
used quantitative MS and considered the fact that secretion is
a time- and temperature-dependent process in defining the
cutoff for T. vaginalis-secreted proteins. After bicinformatic
sorting of the secreted proteins, we focused on B-amylases
as model secreted proteins to investigate the T. vaginalis
secretory pathway. Moreover, B-amylases are absent from
humans and animals and may provide a suitable target for the
development of novel antiparasitic strategies.

EXPERIMENTAL PROCEDURES

Cell Cultivation—T. vaginalis strain Tv17-48 was isolated from a
symptomatic patient, and the axenic culture was immediately stored
in liquid nitrogen (35). The strain was cultivated in tryptone-yeast
extract-maltose medium (TYM) supplemented with 10% inactivated
horse serum (36).

Cell Incubation and Sample Preparation—T. vaginalis cells in the
logarithmic phase of growth were harvested by centrifugation and
washed twice in isotonic Doran’'s medium (37) with 15 mm maltose
(Doran’s medium with maltose). The cells were then resuspended at
a concentration of 1 % 10° cells/ml, and 15 ml of suspension was
incubated in 15 ml tubes for 10, 30, 60, and 120 min at 37 °C. Control
cells were incubated for 80 and 120 min on ice. After incubation, the
cells were removed by centrifugation at 1,000 x g for 5 min at 4 °C,

and then the supernatant was centrifuged at 10,000 = g for 10 min to
remove cell debris, filtered through a 0.22 pm filter, and centrifuged at
100,000 = g for 75 min to remove microvesicles (5). The proteins in
the final supernatant were precipitated with TCA for 10 min at 4 °C
(one volume of TCA to four volumes of supernatant). The precipitated
proteing were pelleted at 12,000 x g for 20 min at 4 °C, washed with
cold acetone, dried, and stored at —80 °C.

Cell integrity Assays—During the incubation described above, the
cell integrity was monitored under a light microscope using the trypan
blue exclusion test (38). In parallel, at each time point, we determined
the free activity of the cytosolic enzyme NADH oxidase in the cell
suspension (39). In addition, aliquots of trichomonad suspensions
taken at each time point were processed for transmission electron
microscopy. The cell samples were centrifuged at 3 000 = g for 10
min and fixed in 2.5% glutaraldehyde and 5 mm CaCly in 0.1 m
cacodylate buffer, pH 7.2, overnight at 4 °C. The cells were then
pastfixed in 0.1 M cacodylate buffer containing 1.6% ferricyanide, 10
mm CaCl,, and 2% Os0O, at 4 °C for 15 min, dehydrated in acetone,
and embedded in the epoxy resin EMBed 812 (Electron Microscopy
Sciences, Hatfield, PA, USA). Ultrathin sections were stained with
uranyl acetate and observed using a JEOL JEM-1011.

Protein Preparation—The cell-free samples of TCA-precipitated
proteins were dissolved in 100 mm triethylammaonium bicarbonate
buffer with 2% sodium deoxycholate, reduced with & mm tris(2-
carboxyethyliphosphine for 30 min at 60 °C, and alkylated with 10 mm
S-methyl methanethiosulfonate for 10 min at room temperature. Total
protein concentrations were measured via the bicinchoninic acid
assay (Sigma-Aldrich, St. Louis, MO, USA). Next, 100 ug of proteins
were digested with trypsin (trypsin:protein ratio 1:50) overnight at
37 °C. After digestion, 1% trifluoroacetic acid (TFA) was added. So-
dium deoxycholate was removed by extraction to ethyl acetate as
previously described (40). The remaining ethyl acetate was removed
using vacuum centrifugation at 45 “C for 10 min, and then 1% TFA
was added. The samples were desalted using C18 sorbent (Supelco
66883-U, supplied by Sigma-Aldrich). The eluents were dried and
resuspended in 20 ul of 1% TFA.

Mass Spectrometry Data Acquisition— A nano reversed-phase col-
umn (EASY-Spray column, 50 cm x 75 pum inner diameter, PepMap
C18, 2 um particles, 100 A pore size) was used for nanolLC-MS
analysis. Mobile phase buffer A consisted of water, 2% acetonitrile,
and 0.1% formic acid. Mobile phase B consisted of 80% acetonitrile
and 0.1% formic acid. Two micrograms of each sample were loaded
onto the trap column (Acclaim PepMap300, C18, 5 um, 300 A Wide
Pore, 300 wm % 5 mm) at a flow rate of 15 wl/min. The loading buffer
consisted of water, 2% acetonitrile, and 0.1% TFA. Peptides were
eluted with a gradient from 2% to 40% B over 60 min at a flow rate of
300 nl/min. The peptide cations eluted were converted to gas-phase
ions via electrospray ionization and analyzed on a Thermo Qrbitrap
Fusion (Q-OT- glT, Thermo Fisher Scientific, Waltham, MA, USA).
Spectra were acquired with a 2 s duty eycle. Full MS spectra were
acquired in the Orbitrap within a mass range of 350-1,400 m/z, at a
resolution of 120,000 at 200 m/z and with a maximum injection time
of 50 ms. The most intense precursors were isolated by quadrupole
ion trapping with a 1.6 m/z isolation window and fragmented via
higher-energy collisional dissociation with the collision energy set to
30%. Fragment ions were detected in the ion trap with the scan range
mode set to normal and the scan rate set to rapid with a maximum
injection time of 35 ms. The fragmented precursors were excluded
from fragmentation for 60 s.

Analysis of Mass Spectrometry Data— For label-free quantification
(LFQ). the data were processed in MaxCQuant LFQ version 1.5.8.3 (41).
Searches were performed using the latest version of the T. vaginalis
database from UniProt (release 2017_4, 60,330 entries) and a com-
mon contaminant database. Trypsin was used to generate the pep-
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tides, and two missed cleavages were allowed. The protein modifi-
cations were set as follows: cysteine (unimod nr: 39) as static and
methionine oxidation (unimod: 1384) and protein N terminus acetyla-
tion (unimod: 1) as variable. The precursor ion mass tolerance in the
initial search was 20 ppm, the tolerance in the main search was 4.5
ppm, and the fragment ion mass tolerance was 0.5 Da. The false
discovery rates for peptides and for proteins were set to 1%.

For each identified protein, the cell localization and secretory
pathway signal were predicted using the SignalP 4.1 server (http://
www.chs. diu.dk/services/ TMHMM/), TargetP 1.1 server (http/fwww,
cbs.dtu.di/services/TargetP/), and SecretomeP 2.0 server (http:/
www.cbs.dtu.dk/services/SecretomeP/). Transmembrane helixes
and topology were predicted using the TMHMM server v. 2.0 (http://
www.cbs.dtu.dk/services/ TMHMM/). Conserved domains were pre-
dicted using Pfam 31.0 (http://pfam.xfam.org/), and distant homolo-
gies were detected using the HHpred search against the CD database
https://toclkit.tuebingen.mpg.de and Evolutionary Classification of
Protein Domains (42) Molecular function gene ontology (httpi//
geneontology.org/page/malecular-function-antalogy-guidelines) and
manual curation were usad to sort the identified proteins.

Experimental Design and Statistical Rationale—Three independent
biological experiments were performed, and each biological sample
was analyzed in three technical replicates using LFQ mass spectrom-
etry. Proteins with LFQ values determined in at least two biological
replicates with two valid values within the technical replicates were
used for further processing. Changes in the LFQ values between two
consecutive time points were calculated for each biological replicate
as the difference in the LFQ binary logarithm between the means of
technical replicates. The significance of each change was estimated
using Student’s t test. To distinguish actively released proteins from
contaminants, we used two criteria: (i) the secreted protein displayed
more significant increases than decreases in LFQ values over time,
and (i) the difference between the LFQ values for a given protein at
37 °C and 4 "C was greater than 1 LFQ unit. The secretion score
[SecS) was then calculated as the sum of all decreases and significant
increases (p value = 0.08). Hierarchical clustering was performed
using the standard UPGMA hierarchical clustering method with the
Scipy package (https://www.scipy.org/). Secreted proteins were
ordered according to the means of LFQ values of technical repli-
cates at 37 °C. Boxplot analysis of dominant clusters was per-
formed based on the ratio [sum LFQ values (10 min, 30 min)+1)/
[sum LFQ values (60 min, 120 min)+1]. The median, 25", and 75th
percentiles were computed for each cluster using the Scipy pack-
age (https:.//www.scipy.org/).

Glycopeptide MS Analysis—The BA1 coding gene was subcloned
into the modified TagVag vector (43) to allow for the expression of
BA1 in T. vaginalis with a streptavidin tag at the C terminus. The
logarithmic cell culture (2.5 liter) was harvested, the cells were broken
by sonication, and the cell lysate was spun down by ultracentrifuga-
tion (100,000 = g for 25 min at 4 °C). Tagged BA1 was isolated from
the supernatant using the Strep-Tactin system (IBA GmbH, Gottin-
gen, Germany). The purity of the isolated protein was checked by
SDS-PAGE.

Recombinant BA1 protein was transferred to 50 mm ammonium
bicarbonate buffer, pH 7.8, with Amicon Ultra 0.5 ml centrifugal filters
MWCO 3 kDa (Merck, Darmstadt, Germany). Twenty micrograms of
BA1 protein were reduced by dithiothreitol (Sigma-Aldrich) and alky-
lated by iodoacetamide (Sigma-Aldrich). The protein was digested by
trypsin (Promega, Madison, WI, USA) overnight at 37 °C. To reduce
the size of certain tryptic peptides, the endoproteinase Glu-C (Roche,
Basel, Switzerland) was added to the sample and incubated overnight
at 25 °C. The peptide mixture was separated by a reversed-phase
HPLC connected to a 15 T solariX XR mass spectrometer (Bruker
Daltonics, Billerica, MA USA) operating in data-dependent mode.

Data were processed by the Datafnalysis 4.2 software (Bruker Dal-
tonies), and glycopeptides were identified by manual data curation
based upon measured mass values. Annotated, mass-labeled spec-
tra for all glycopeptides identified are presented in Fig. $14-51G.

B-Amylase Phylogeny—The T. vaginalis BA1 protein sequence was
used as a query for a BLAST search in the NCBI RefSeq protein
database (GenBank release 220.0), and 1,312 homologues were used
to build a preliminary phylogeny using Fast Tree (44). Then, 166
representative sequences were manually selected and aligned using
MAFFT {45), and the alignment was trimmed with BMGE (354 sites)
(48). The phylogenetic tree was inferred using PhyloBayes (47) v. 4.1
under the CAT + GTR model with a burn-in of 1,000 generations and
a postburn-in sampling of —30,000 generations. The maximum like-
lihcod bootstrap support was calculated using PHYML (48) with the
best-fit model (LG+1+G4) and 200 bootstrap replicates.

Quantitative Real-Time PCR—Trichomonads were grown in TYM
medium lacking maltose with 5% inactivated dialyzed fetal bovine
serum (Sigma-Aldrich) and supplementad with either maltose or oys-
ter glycogen at a final concentration of 5%. The cells were subcul-
tured twice under these conditions (48 h) prior to RMA isolation. The
iron-depleted cells were subcultured daily in TYM medium supple-
mented with 5% inactivated dialyzed fetal bovine serum, 5% maltose,
and 60 pm 2,2-dipyridyl (Sigma-Aldrich) for 5 days prior to RNA
isolation.

An RMNA Isolation Kit (Pharmacia, Whitehouse Station, NJ, USA)
was used to extract the total RNA from the cells, and the comple-
mentary DNA was synthesized using a SuperScript VILO™ cDNA
Synthesis Kit (Thermo Fisher Scientific). The RMA was isolated in
quadruplicate. The DNATopll, a-tubulin, and actin genes were se-
lected as reference genes for quantitative RT-PCR (gRT-PCR) anal-
ysis (49). The specific primers for the amplification of p-amylases are
listed in Table S1. Gene expression levels were evaluated using a
LightCycler 480 instrument (Roche). Each amplification reaction (10
wl) contained specific primers (400 nu final concentration), 20 ng of
cDOMA template, iQ SYBR Green Supermix (Bio-Rad, Hercules, CA,
USA) and RMNase-free water, PCR thermal cycling conditions; 95 °C
for 3 min followed by 50 cycles of 95 °C for 10 s, 83 °C for 20 s, and
72 °C for 30 s. The specificity of the amplified PCR product was
assessed by performing a melting curve analysis. The PCR data
were analyzed using the GenEx software (MultiD Analyses). Relative
gene expression levels were normalized to the expression levels of
reference genes selected by the Normfinder software (https://
moma.dk/normfinder-software).

Cellular Localization of Biotinylated p-Amylases—A partial se-
quence of T. vaginalis protein disulfide isomerase (TVAG_267400)
encoding the first 75 amino acids (AAs) was amplified by PCR from
genomic DNA and fused at the C terminus with Escherichia coli gene
for biotin ligase (BirA, WP_023308552) amplified from pET21a-BirA
(50). Protein disulfide isomerase-BirdA was subcloned to modified
pTagWag (43), in which the C-terminal hemagglutinin tag was re-
placed with the 2x\'5 epitope tag and the KQEL seguence, and the
neomycin phosphotransferase cassette was replaced with the puro-
mycin-N-acetyltransferase gene (pTagVag-V5-Pur). The vector was
intraduced into T. vaginalis by electroporation as previously described
(43), and transformants were selected in the presence of 40 pg/ml
puromycin (strain Tv17-48-BirA).

The g-amylase-coding genes BA1-4 were amplified by PCR and
subcloned into the modified pTagVag, into which we introduced a
sequence encoding the biotin acceptor peptide (AP, GLNDIFEAQKIE-
WHE), which allowed for the production of recombinant proteins with
a C-terminal AP tag. The BA1-4 genes were expressed under the
control of the native promotor (ca. 500 bp of upstream noncoding
sequences). The constructs were electroporated into the Tv17-48-
BirA strain, and the double transformants were selected in the pres-
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ence of 200 pa/ml geneticin and 40 pg/ml puromycin, All primers
used for gene amplification and cloning are listed in Supplemental
Table S1.

Immunofluorescence Microscopy—For biotin labeling, the double
transformants were incubated in TYM medium with 1 mm biotin for 30
min at 37 °C. Cells were then fixed in 1% formaldehyde for 30 min,
washed in PEM (100 mM PIPES, 1 mM EGTA, 0.1 mM MgS04) buffer
(51) and placed on high-performance cover glasses (Carl Zeiss,
Oberkochen, Germany). The attached cells were treated in 1% Triton
%-100 for 20 min in PEM and stained using rabbit polyclonal a-V5 Ab'
(Sigma-Aldrich) and the secondary antibody Alexa Fluor 594 donkey
a-rabbit Ab (Life Technologies, Carlsbad, CA, USA). Biotinylated pro-
teins were detected using streptavidin Alexa Fluor 488 conjugate (Life
Technologies). Structured illumination microscopy (SIM} was per-
formed on a 3D N-SIM microscope (Nikon Eclipse Ti-E, Nikon, Japan)
equipped with a Nikon CFl SR Apo TIRF objective (100x oil, NA 1.49),
The structured illumination pattern projected into the sample plane
was created on a diffraction grating block (100 EX V-R 3D-SIM) at
laser wavelengths of 488 and 561 nm. The excitation and emission
light were separated by filter sets SIM488 (excitation 470-490, emis-
sion 500-545) and SIM561 (excitation 556-566 nm, emission 570-
640 nm). The emission light was projected through a 2.5x relay lens
anto the chip of an EM CCD camera (AndoriXon Ultra DUBS7, 10 MHz
at 14-bit, 512 ® 512 pixels, Andor Technology, Belfast, U.K.). Three-
color z-stacks (z-step: 125 nm) were acquired in the NIS-Elements AR
software (Laboratory Imaging, Prague, Czech Republic). The laser
intensity, EM gain, and camera exposure time were set independently
for each excitation wavelength. The intensity of the fluorescence
signal was maintained within the linear range of the camera. Fifteen
images (three rotations and five phase shifts) were recorded for every
plane and color. The SIM data were processed in the NIS-Elements
AR software. Before sample measurement, the symmetry of the point
spread function was checked with 100 nm red fluorescent beads
(580/605, Carboxylate-Modified Microspheres, Life Technologies)
mounted in Prolong Diamond Antifade Mountant (Life Technologies)
and optimized by adjusting the objective correction collar. The signal
for 4,6-diamidine-2-phenylindole dihydrochloride (DAPI) was ob-
served in wide-field mode.

Effect of Inhibitors on B-Amylase Glycosylation and Secretion—
Trichomonads episomally expressing HA-tagged BA1-4 were inocu-
lated into TYM medium (1 x 10° cells/ml) supplemented with 5 pg/ml
tunicamyein (Sigma-Aldrich) and grown for 24 h. The control cells
were grown without tunicamycin. After 24 h, the cells were harvested
by centrifugation, and the cell lysate was examined by Western blot
analysis with mousa monoclonal a-HA Ab (Sigma-Aldrich). Brefeldin
A (Sigma-Aldrich) and FLI-06 (Sigma-Aldrich) were tested using T.
vaginalis episomally expressing HA-tagged BA1-3. The cells (1 = 10°
cells/ml of TYM without serum) were preincubated for 30 min at 24 °C
with brefeldin A (50 pg/ml) or FLI-06 (50 pw), and then the cells were
washed with the medium and incubated with the inhibitors for 5 and
&0 min at 37 °C. The cells were then removed by centrifugation, and
the proteins in the supernatant were precipitated by TCA as de-
scribed above and examined by Western blot analysis with mouse
monoclonal a-HA Ab. Western blots were quantified using Imaged
v1.47 (National Institute of Health, Bethesda, MD, USA), and statisti-

! The abbreviations used are: Ab, antibody; AP, acceptor peptide;
DAPI, 4'6-eiamidino-2-phenylindole; FITC, flucrescein isothiocya-
nate; HA, hemagglutinin; gRT-PCR, quantitative RT-PCR; PEM, 100
mM PIPES, 1 mM EGTA, 0.1 mM MgSO,; PNGase F, N-glycosidase
F: SecS, secretion score; SIM, structured illumination microscopy;
TMD, transmembrane domain; TBSR, trichomonas beta-sandwich
repeat protein; TYM, tryptone-yeast extract-maltose medium.

cal analysis was performed using the Mann-Whitney nonparametric
test (GraphPad Software, Inc., La Jolla, CA, USA).

Treatment of B-Amylases with N-glycosidase F (PNGase F)—T.
vaginalis strains expressing HA-tagged BA1-4 were harvested by
centrifugation (~2 * 10% cells), washed twice with 50 mwm sodium
phosphate buffer, pH 7.5, resuspended in 100 pl of the same buffer
with 0.2% 3SDS and 100 mm 3-mercaptoethanol, and denatured at
100 *C for 10 min. Then, Triton X-100 was added to a final concen-
tration of 1%, and a 50 pl aliquot was treated with 1 U PNGase F
(Sigma-Aldrich) at 37 °C for 120 min. After incubation, the sample was
incubated at 100 °C for 5 min and examined by Western blot analysis
with mouse monoclonal a-HA Ab.

Localization of BA4 in Lactoferrin-Labeled Vesicles — After pralimi-
nary experiments to optimize the conditions, trichomonads epi-
somally expressing HA-tagged BA1-4 were incubated at 20 °C for 10
min in TYM with 450 pg/ml lactoferrin (Sigma-Aldrich) labeled with
FITC as previously described (httpuYwww.ridgeviewinstruments.
com). The cells were then washed twice in TYM and processed for
immunoflucrescence microscopy as described above. BA1-4 were
labeled using mouse monoclonal a-HA Ab (Sigma-Aldrich) and the
secondary Alexa Fluor 594 donkey a-mouse Ab (Life Technologies).

RESULTS

Analysis of Secreted Proteins Using Quantitative Mass
Spectrometry—To study the secretome of T. vaginalis, we
developed a protocol for analyzing the time-dependent accu-
mulation of extracellular proteins via high-resolution nano LC
coupled with ESl-linear-ion trap and MS/MS LFQ. The cells
were incubated in Doran's medium with maltose for 10, 30,
60, and 120 min at 37 °C, and the amounts of secreted
proteins were analyzed at each time point. The control cells
were incubated for 60 and 120 min on ice. The viability of the
cells during incubation was monitored via a trypan blue ex-
clusion test that revealed =99% (n = 12) viable cells during all
experiments. The intactness of the cells was further moni-
tored via an enzyme assay using NADH oxidase as a cytosolic
marker enzyme (Table S2). In addition, the integrity of most
cells was confirmed by transmission electron microscopy,
which revealed that =85% (n = 6) of cells were intact. In some
cells, we observed budding of extracellular microvesicles (ec-
tosomes), and occasionally we found destroyed cells with
hydrogenosomes (Fig. S2).

LFQ values were calculated for individual proteins at each
time point. Altogether, we identified 2,072 proteins (Table S3).
To distinguish bona fide secreted proteins from contaminants,
we applied two main criteria. First, the amount of the secreted
protein significantly increased over time (Fig. 1), and second,
the LFQ values for a given protein at 37 °C were greater than
LFQ values at 4 °C for more than 1 LFQ unit. Then, for each
protein, we calculated SecS as the sum of the differences in
LFQ values determined for each time point. The application of
these criteria resulted in a list of 89 actively released proteins
(Table 1) that were manually sorted into 13 functional catego-
ries considering TrichoDB annotations, HHpred searches,
Pfam motif identifications, Evolutionary Classification of Pro-
tein Domains classification, and molecular function gene
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Fiz. 1. Proteins secreted by T. vaginalis. (A) Functional categories. (8) Normalized LFQ values (binary logarithm) determined for proteins
released between 10 and 120 min of incubation of T. vaginalis in Doran’s medium with maltose at 37 °C. Secreted proteins are color-coded
as in (A}, and proteins in gray are under the defined cutoff. Accession numbers of color-coded proteins are given in Fig. S3. (C) Hierarchical
clustering. The means of LFQ values of three technical replicates for three biological replicates were clustered over 10-120 min cell incubation
at 37 °C. X_Y; X, time point in min; Y, code of biclogical experiment according to Table S3. (D) Five dominant clusters were tested by boxplot
analysis as the ratio [sum LFQ values (10 min, 30 min)+1)/sum LFQ values (60 min, 120 min)+1]. The median (red ling) and 25th and 75th
percentiles were computed for each cluster and are shown as boxplots. Circles indicate [sum LFQ values (10 min, 30 min)+1]/[sum LFQ values

(60 min, 120 min)+ 1) calculated for each protein.

ontology (GOMF) names (Fig. 1, Table |, and Table 53). Most
categories contain both soluble proteins and proteins with
predicted transmembrane domains (TMD) (Table |, Table S3).

The actively released proteins were then ordered by hierar-
chical clustering according to LFQ values over 10-120 min at

37 °C (Fig. 1C). This analysis revealed five main clusters with
different dynamics of protein release. The most striking dif-
ference appeared between 10 to 30 min versus 60 to 120 min,
which is supported by boxplot analysis (Fig. 10). As indicated
by the heat map, proteins in cluster 1 (eight proteins) were
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TagLe |
The list of T. vaginalis secreted proteins

Category Accession No. Annotation Length TMD TMD-C SignalP SecretomeP SecS
Acid phosphatase TVAG_218780 acid phosphatase, putative 379 o 0.401 0.433 6§.34
TVAG_508080 acid phosphatase, putative 3 o] 0.304 0.470 4,99
TVAG_169070 acid phosphatase, putative 394 0 0.356 0.408 3.45
TVAG_228930 acid phosphatase, putative 3090 0 0.272 0.486 3.42
Amylase TVAG_178580 alpha-amylase, putative 494 i 0.374 0.724 1.86
TVAG_ 080000 beta-amylase, putative ETrd 0 0.106 0.568 3.97
TWAG_436700 beta-amylase, putative 428 o] 0.335 0.654 0.67
BspA TVAG_186310 leucine-rich repeat protein, BspA family 1,363 0 0109 0.644 5.85
TWAG_3B3580 leucine-rich repeat protein, BspA family 927 1 23 0.182 0.260 3o
TVAG_ 186280 |eucing-rich repeat protein, BspA family 1,474 0 0133 0,697 1.43
TVAG_186300 leucine-rich repeat protein, BspA family 1,434 0 0.554 0.710 1.37
Carbohydrate binding TVAG_362370 carbohydrate-binding domain, FASBC 224 0 0416 0.813 4.76
TVAG_354610 carbohydrate-binding domain, FASBC 218 0 0.178 0.487 2.25
TVAG_166610 carbohydrate-binding module, cd14489 354 0 0.325 0.755 2.57
Conserved TMD TVAG_544880 conserved protein 290 1 23 0.109 0,256 7.33
TWAG_345130 conserved protein 383 1 26 0.373 0.257 5.60
TWAG_218130 conserved protain 1,085 1 24 0.570 0.672 .51
TWAG_ 404590 conserved protein 583 1 79 0.100 0.9 2,53
TWAG_ 212570 conserved protein 624 1 7 0.443 0,345 0,90
TWAG_172650 conserved protein 356 1 71 0.106 0121 0.80
TVAG_(DBT20  conserved protein 1,300 1 24 0,190 0.457 0.47
TWAG_140930 conserved protein 276 1 12 0.540 0.427 6.86
ONA metabaolism TYAG_0158570 deoxyribonuclease |l precursor, putative 337 0 0.272 0,658 10,30
TVAG_250220 DNA replication licensing factor MCM4, putative 752 0 0102 0.462 0.70
TWAG_120370 extracellular ribonucleass precursor, putative 233 0 0.279 0.742 4,29
Miscellaneous TVAG_ 421200 APC10 subunit of the anaphase-promaoting complax 217 [H] 0117 0.239 1.20
TWAG_224490 cystatin-like domain, cd00042 188 o] 0.382 0.475 419
TVAG_274750 GTP-binding protein alpha subunit, gna, putative 363 [} 0107 0.817 0.85
TVAG_186390 guanylate cyclase, putative 1,540 " av4 0.105 0.745 0,30
TVAG_161100 heat shock protein 7OKD, putative 659 0 0112 0.272 1.29
TVAG_414180  pgif integral membrane protein, TIGRO0155 1,074 k] 29 0.505 0.656 1.29
TVAG_070550  syntaxin, putative 298 1 4 0106 0.295 0.70
Other hydrolase TVAG_084880 alpha-L-fucosidase, putative 1,021 1 27 0.212 0.448 1.81
TVAG_110660 beta-hexosaminidase, putative 953 1 521 0.196 0.654 1.68
TWAG_323360 GH36 glycosyl hydrolase family 36, cd14791 2,104 1 19 0,145 0.366 1.36
TWAG_215820 phospholipase B 621 1 19 0.183 0.48 5.03
TVAG_333010 phospholipase B 533 0 0.501 0.6786 4.47
TVAG_457850 N-acetylglucosamine-1-phosphodiester alpha-N- 1,000 1 35 0.600 0.606 6.53
acetylglucosaminidass
Oxygen metabolism  TWAG_404200 superoxide dismutase, putative 217 0 0.154 0.474 3.04
TVAG_094410  thioredoxin-like 197 0 0.296 0.908 1.01
Protease TWAG_339720 MED peptidase 1,148 1 11 0.483 0.456 0.20
TVAG_229200 cathepsin C-like protein 433 0 0.215 0.751 2158
TVAG_057000 clan CA, family C1, papain-like cysteine paptidase 314 0 0.181 0.399 0.51
TVAG_034140 clan CA, family C1, papain-like cysteine peptidase 317 0 0.257 0.525 0.24
TWAG_457240 clan GA, family G40, NIpG/P80 superfamily cysteine 275 0 0.208 0.57 213
peptidase
TVAG_400860 clan MA, family M8, protease GP83 588 0 0.101 0.337 1.79
TVAG_ 226580 clan MA, family M8, surface protease GPE3 637 1 22 0.105 0.111 4,66
TVAG_367130  clan MA, family M8, surface protease GPG3 630 1 21 0.519 0.248 3.40
TWAG_371800 clan MA, family M3, surface protease GPG3 704 1 14 0.252 0,047 3.02
TWAG_013480 clan MG, family M24, aminopeptidase P-like 383 0 0.100 0.443 0.30
metallopeptidase
TVAG_485250 clan 3B, family S8, subtilisin-like serine peptidase 768 1 2 031 0.500 293
TVAG_144390 peptidase C1A subfamily 573 1 53 0118 0.616 0.30
TVAG_188150 peptidase M&0 domain 1.247 1 21 0.304 0.437 8.44
TBSR protein TVAG_ 244130 conserved protein 751 1 53 0.323 0.405 12.31
TWAG_045320 conserved protein 581 1 7 0.244 0.194 9.80
TVWAG_137010 conserved protein 1.080 1 62 0.475 0.417 7.22
TVAG_289840 conserved protein 972 1 68 0.656 0,364 6,68
TWAG_280090 conserved protein TE3 1 62 0122 0.369 6.60
TVAG_498870 conserved protein 734 1 3] 0475 0.210 6,35
TVWAG_383400 conserved protein 563 1 2 0.377 0.500 5.7
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TABLE l—continued

Category Accession Mo, Annotation Length TMD TMD-C SignalP SecretomeP SecS
TVAG_245580 conserved protein 2,365 1 66 0.184 0.388 4.58
TVAG_166850 conserved protein 748 1 61 0.132 0.444 4,35
TVAG_0B2620 conserved protein 1,365 1 8 0.533 0.561 3.61
TVAG_184310 conserved protein 1,239 1 7 0.173 0.423 3.47
TVAG_ 377740 conserved protein 39 0 0101 0.408 3.37
TVAG_573910 conserved protein 1,225 1 63 0.113 0.330 3.33
TVAG_477640 conserved protein 621 0 0.280 0.520 3.24
TVAG_425470 conserved protein 2,061 1 66 0.172 0.407 2,92
TVAG_529190 conserved protein 1,088 i) 0.524 0.507 2.82
TVAG_340570 conserved protein 752 1 6 0.243 0.250 2.61
TWAG_393390 conserved protein 563 1 2 0.238 0.437 2.28
TWVAG_ 369130 conserved protein 523 1 3 0,097 0,318 1.86
TWAG_359880 conserved protein 1,592 1 43 0.171 0.383 1.63
TvSaplip TVAG_213250 TvSaplipg 126 0 0.653 0.944 353
TWAG_453350 TvSaplipt 131 i) 0.382 0.673 1.03
Unknown TVAG_213670 conserved protein 733 1 29 0.149 0,314 8.74
TWAG_133500 conserved protein 255 i} 0.133 0.636 6.80
TVAG_ 213390 conserved protein 285 0 0.227 0125 5.34
TWVAG_177320 conserved protein 863 1 A4 0.154 0.610 4.93
TWAG_ 498650 conserved protein 988 2 14 0.217 0,509 4,10
TWAG_351780 consarved protein 291 2 15 0115 0.584 2.50
TWAG_ 353290 conserved protein 252 0 0.276 0.455 2.24
TVAG_ 547420 consarved protein 158 0 0.430 0.663 1.66
TWAG_321740 conserved protein B03 1 19 0.202 0617 1.52
TVAG_213210 consarved protein 1,023 1 55 0.269 0.421 0.76
TWAG_193980 conserved protein 511 0 0.122 0.409 0.30
TVAG_315840 consarved protein 296 1 Ak 0.327 0.309 0.20
TWAG_039040 conserved protein 554 1 49 0.108 0.253 0.20
TVAG_166760 unknown protein [z7 1 44 0.179 0.485 5.26

Length, number of amino acids; TMD, number of predicted transmembrane helixes; TMD-C, number of amino acids from the last TMD to
the C-terminus; SignalP prediction of signal peptide (default cutoff value 0.450); SecretomeP, prediction of nonclassical protein secretion
{default cutoff value 0.600); SecS, secretion score indicating time-dependent protein secretion.

entirely absent (seven proteins) or present in a low guantity
(one protein) during 10-30 min incubation (late secreted pro-
teins). Two of the proteins were detected only after 120 min of
incubation (TVAG_186390, and TVAG_193980). On the other
side of the spectrum, proteins of Group 5 (52 proteins) were
present in relatively high quantity beginning 10 min after in-
cubation (early secreted proteins) and included a subcluster
of the most abundant proteins, such as TVAG_057000. We
suspected that differences in the dynamics of protein secre-
tion may reflect the presence or absence TMD; however, we
did not find such a correlation.

Transmembrane Proteins—Predictions of TMD using the
TMHMM software detected 51 secreted proteins with puta-
tive TMDs, among which 46 proteins possess a single-span-
ning TMD and 5 proteins possess 2-11 TMDs (Table ). The
peptides determined in the secretome corresponded exclu-
sively to the soluble protein domains, whereas the TMD do-
mains were predicted based on the corresponding AA se-
quences in TrichDB. The largest group of single spanning
proteins (17 entries) is a heterogeneous group of unknown
proteins that we named Trichomonas beta-sandwich repeat
(TBSR) protein for the presence of a glycosyl hydrolase do-
main-like of a beta-sandwich structure at the N terminus
followed by 2-5 immunoglobulin-like beta-sandwich domains

and a conserved transmembrane domain close to the C ter-
minus. Most of the TBSR proteins are grouped into two
clusters. Cluster 2 contains seven TBSR proteins, including
TVAG_ 244130, TVAG_045320, and TVAG_289840, that are
among the 10 top proteins with the highest SecS (Table |,
Table S3). Nine TBSR proteins with TMD and three TBRS
proteins without TMD are grouped in cluster 5 (Fig. 1C). These
TBSR proteins are among the most abundant proteins in the
secretome with the top TBSR protein TVAG_245580. A single
TESR protein is present in cluster 3 (Fig. 1C). The topology of
TMD at the C terminus of TBSR proteins and the high score
for secretory signal prediction at the N terminus (Table |, and
Table S3) correspond to type | membrane proteins with the
N-terminal part outside the cell and the C-terminal part facing
the cytosal (52). Analysis of the C termini revealed that 11
TBSR proteins possess an NPXY-type signal for endocytic
internalization, which further supports their type | topology.
We also found the NPXY motif at the C termini of two proteins
in the conserved TMD category (Fig. S4). Interestingly, most
of the C-terminal domains of TBSR proteins and two con-
served TMD proteins possess the DDPFA motif that was
previously noted at the C terminus of 21 surface TvBspA
proteins (53). Four TBSR proteins scattered among cluster 2,
3, and 5 possess the motif for parasite rhomboid protease
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Fia. 2. Phylogeny of g-amylases. The phylogeny
of beta-amylase homologues inferred by Phylo-
Bayes (CAT+GTR model) and PhyML (LG+I+G
madel). For each branch, the posterior probability
and ML bootstrap support are given. Branches with
maximum support (1.0/100) are indicated by black
circles. Supports with posterior probability below 0.5
are omitted.
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within TMD (Fig. S4) (31). The other transmembrane proteins
consist of seven proteases, including three GPE3-like mem-
brane proteases, a single TvBspA protein, four putative
hydrolases, 10 unknown proteins, and three proteins of
miscellaneous category.

Soluble Proteins— The second half of the T. vaginalis secre-
tome consisted of soluble proteins of various categories. The
highest SecS of the soluble proteins belonged to a putative
deoxyribonuclease Il family protein (TVAG_015570, TvDNa-
sell). The other soluble proteins include four acid phospha-
tases of the histidine phosphatase family; three soluble TvB-
spA proteins; three putative carbohydrate-binding proteins;
two other proteins involved in DNA metabolism; two oxygen-
metabolizing enzymes; six proteases, including papain-like
cysteine peptidase TvCP2 of cluster 5 (TVAG_057000), which
appeared to be the most abundant soluble protein; three
TBSR proteins; two proteins with saposin-like domains; and
seven hydrolases (Table |). The largest number of soluble
proteins (12 proteins) was in the miscellaneous category of
proteins with known functional domains but with currently
unclear functions in the T. vaginalis secretome. Finally, eight
soluble proteins belong to the category of unknown proteins.

Glycoside Hydrolases—For further investigation, we se-
lected soluble glycoside hydrolases as model secreted pro-
teins. These enzymes have the potential to metabolize exter-
nal glycogen, a key substrate for the energy metabolism of the
parasite. Searches in our dataset revealed the presence of a
single e-amylase (TVAG_178580, glycoside hydrolases family
13) and two p-amylases (glycoside hydrolases family 14)

Tritrich

e BA1 Trichomonss vaginalis
BAZ Trichomonas vaginalis
199k BA3 Trichomanas vaginalis

(http:/fwww.cazy.org/). In the T. vaginalis genome, proteins
with a-amylase domains are encoded by at least 19 genes
that form three distinct clades (Fig. S5). The secreted a-am-
ylase TVAG_178580 belongs to clade | together with two
other paralogues in the genome. Another e-amylase of clade
I{TVAG_112500) was identified among the proteins under the
SecS cutoff,

Four 3-amylase paralogues are encoded in the T. vaginalis
genome, among which we identified TVAG_436700 (BA1)
grouped in cluster 2 and TVAG_080000 (BA2) grouped in
cluster 5 (Fig. 1C). Two other paralogues were named BA3
(TVAG_175670) and BA4 (TVAG_236600). Comparing the AA
sequences of BA1-4 revealed that BA1-3 are highly similar,
with a high AA sequence identity of 72.9-88.6%, whereas
BA4 displayed only 35.2-36.5% sequence similarity to the
other paralogues. In addition, BA4 possesses a 19 AA N-ter-
minal extension and a predicted N-terminal transmembrane
helix (17-33 AA). BA3 and BA4 were not identified in the
secretome and were not present among the proteins below
the SecS cutoff.

Peculiar Distribution of B-Amylases in Eukaryotes—The se-
cretion of B-amylase by T. vaginalis is noteworthy, as the
production of this enzyme has been observed in only a few
eukaryotic lineages, including land plants and Enfamoeba
histolytica (54). Thus, to gain further insight into B-amylase
distribution, we searched for 3-amylase coding genes across
eukaryotic supergroups (Fig. 2 and Fig. S6). In addition to T.
vaginalis, we identified g-amylase genes in the related bovine
pathogen Tritrichomonas fetus. Naegleria gruberi, and N.
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Fiz. 3. Effect of environmental factors on expression of g-am-
ylases analyzed by qRT-PCR. (4) Relative mRMA expression levels
of BA1-4 in T. vaginalis cultivated in standard TYM medium. Expres-
sion levels of B-amylases were normalized using the DNATopll refer-
ence gene. (B) Relative mRANA expression level of BA1-4 in T. vagi-
nalis cultivated in TYM when maltose is replaced with glycogen or in
standard TYM medium with a restricted level of iron. Data are ex-
pressed as -fold increases relative to the expression of the corre-
sponding gene in standard TYM medium. Error bars represent the
standard deviation of the mean.

fowleri appeared to be the only other members of the Exca-
vata supergroup with putative S-amylase-coding genes. As
expected, we found B-amylases in land plants, but we also
found orthologues in members of the Chlorophyta and Rho-
dophyta groups. Moreover, we identified B-amylase genes in
several members of Qomycota and Cryptophyta. Whereas
patchy distribution is apparent in the other eukaryotic groups,
B-amylases appear to be common in Amoebozoa. However,
animals and fungi appear to be devoid of g-amylases.
Expression of p-Amylases and Influence of Environmental
Conditions—The presence of only two of four -amylase par-
alogues in the T. vaginalis secretome may reflect differences
in gene expression among BA1-4 under certain environmen-
tal conditions. First, using gqRT-PCR, we compared BA1-4
expression in trichomonads cultivated in standard medium
with maltose and detected transcripts for all four paralogues
(Fig. 34). The gene for BAZ2 showed the highest expression
level, which corresponded to the highest LFQ values deter-
mined for BAZ in the secretome. The expression of bal was
lower by two orders of magnitude, and ba3 displayed the
lowest expression. Interestingly, the expression of bad was
higher than that of ba’. When maltose was replaced by gly-
cogen, the expression level significantly increased for ba7-3,
whereas bad4 expression showed no significant effect (Fig.
3B). We observed a similar trend when trichomonads were

cultivated under iron-limited conditions, which resulted in in-
creased transcription of ba1-3 with no effect on ba4 (Fig. 3B).
Next, we expressed recombinant BA3 and BA4 under the
control of a strong promotor of succinyl CoA synthase with a
C-terminal HA tag in T. vaginalis (55). BA1 and BAZ were
expressed as a positive control. The transformed cells were
incubated for 60 minin TYM. BA1, BA2, and a low level of BA3
were detected in cell-free TYM, but BA4 was not (Fig. 4). All
four proteins were detected in the cell lysates. These experi-
ments confirmed our suspicion that BA4 is not secreted,
whereas the secretion of BA1-3 depends on the expression
level.

Secretion of B-Amylases via Classical Secretory Pathway—
The secretory pathway in T. vaginalis has not yet been stud-
ied. Thus, we were interested in whether T. vaginalis B-amy-
lases are secreted via the classical endoplasmic reticulum
(ER)-to-Golgi secretory pathway or a nonclassical secretory
pathway that is independent of the ER (56). The predictions of
classical and nonclassical secretion using the SignalP/Tar-
getP and SecretomeP servers, respectively, were not conclu-
sive (Table |, Table S3). Thus, we prepared T. vaginalis strain
Tw17-48-BirA expressing biotin ligase (BirA) fused at the N
terminus with the first 75 AA of protein disulfide isomerase to
target BirA to the ER and with the V5 tag at the C terminus for
BirA visualization. This cell line allows for the specific biotin-
ylation of proteins containing the AP tag within the ER and
their subsequent visualization using fluorochrome-conjugated
avidin. When we co-expressed BA1, BA2, and BA4 in this cell
line, all B-amylases were biotinylated and detected in the ER
(Fig. 5). We observed a strongly labeled ring of ER around the
nucleus and a rich ER network within the T. vaginalis cell.
Moreover, BA1 and BAZ appeared in rod-like structures close
to the nucleus whose appearance corresponds to that of the
Golgi apparatus, whereas no Golgi labeling was observed in
the cells expressing BA4. Multiple attempts to express BA3 in
the Tv17-48-BirA strain under the control of a native promo-
tor were not successful. Therefore, we expressed BA3 in
Tw17-48 strain without BirA (Fig. S7). The BA3 was observed
in ER structures, whereas its presence in the Golgi apparatus
was not conclusive. These data indicate that recombinant
BA1 and BAZ are biotinylated within the ER and transported
to the Golgi apparatus.

To gain further insight into the secretion mechanisms, we
tested the effect of two secretion inhibitors, brefeldin A and
FLI-6, with different modes of action. Brefeldin A causes a
collapse of the Golgi apparatus via stimulation of retrograde
transport from the Golgi to the ER (57), whereas FLI-06 inhib-
its the recruitment of cargo to the ER and trans-Golgi network
exit sites (58). The treatment of T. vaginalis with brefeldin A
clearly inhibited BA1, BAZ2, and BA3 secretion, as expected
for the ER-Golgi secretory pathway. Interestingly, we ob-
served no effect of FLI-06 on BA1-3 secretion despite the use
of a range of concentrations up to 50 um (Fig. 6).
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N-Linked Glycosylation of T. vaginalis p-Amylases—N-
linked glycosylation is a major modification of secretory pro-
teins upon their translocation to the ER. Searches for the
conserved sequon NX[ST], which serves as a glycan accep-
tor, predicted seven glycosylation sites in BA1, none in BA2,
one in BA3, and two in BA4 (Table S4). To investigate the
predicted N-glycosylation, we expressed HA-tagged BA1-4
in T. vaginalis and treated the cell lysate from each strain with
N-glycosidase F (PNGase F), which cleaves N-linked oligo-
saccharides. Western blot analysis of the treated and un-
treated lysates showed the most prominent shift in molecular
weight in BA1 (—11 kDa), which is consistent with the predic-
tion of the largest number of glycosylation sites in this protein
(Fig. 7A). Unireated BA3 appeared as a double band that was
shifted by ~1.5 kDa by PNGase treatment. Although two
glycosylation sites were predicted for BA4, we did not ob-
serve any shift in this case.

Next, we treated the T. vaginalis strains expressing HA-
tagged BA1-4 with tunicamycin, a nucleoside antibictic that
inhibits N-linked glycan biosynthesis. The immunoblot analy-
sis of T. vaginalis incubated for 24 h with tunicamycin revealed
a series of BA1 forms of 51-63 kDa that differ by —1 kDa
(Fig. 7B), indicating impaired N-glycosylation. However, BA3
formed a double band under both conditions. Next, we ex-
pressed streptavidin-tagged BA1 in the Tv17-48 strain, puri-
fied the protein by affinity chromatography, and subjected the
purified protein to MS analysis. The analysis confirmed that all

i
BA-4 %27

<

o

seven predicted sites in BA1 were glycosylated. Moreover, all
seven glycosylated peptides contained glycans with the same
composition of Hex;HexAc, (Table S5).

BAS3 and BA4 Are Present in Lactoferrin-Labeled Vesicles—
BA4 protein is apparently not secreted into the T. vaginalis
environment, and only small amount of BA3 is released when
it is expressed under a control of a strong promotor. Thus, we
were interested in whether these proteins are recruited to the
lysosomal compartment. To label the endosomal/lysosomal
compartment, we incubated trichomonads in medium con-
taining FITC-labeled lactoferrin, which is known to be inter-
nalized via receptor-mediated endocytosis and to release
lactoferrin-associated iron upon reaching the acidified com-
partment (59, 60). After incubation, the cells were processed
for immunofluorescence microscopy by labeling the HA-
tagged p-amylases. For comparison, we performed the same
experiment with BA1-2. As described above, BA4 appeared
in the ER structure surrounding the nucleus and in numerous
vesicles scattered within the cell. FITC-labeled lactoferrin ap-
peared in tiny endosomes and in large vesicles corresponding
to lysosomes, in which it was co-localized with BA4 (Fig. 8).
Lactoferrin-labeled vesicles were co-stained also with BAS. In
contrast, labeling of BA2 did not co-localize with lactoferrin.
BA1-labeled structures were mostly distinct from lysosomes,
although 18% (0 = 3) of lactoferrin-labeled vesicles also dis-
played a BA1 signal. These results indicate that BA4 and BA3
are targeted to the T. vaginalis lysosomal compartment,
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Fia. 5. Visualization of p-amylases in the secre-
tory pathway using super-resolution fluores-
cence microscopy (SFM). BA1, BAZ, and BA4 with
AP tag were biotinylated by BirA in ER and visualized
using Alexa Fluor 488 avidin conjugate (green). BirA
targeted to ER was visualized using rabbit polyclonal
a-VW5 Ab and the secondary Alexa Fluor 594 donkey
a-rabbit Ab (red). The nucleus is labeled with 4°,6-
diamidino-2-phenylindole (DAPI). Arrows indicate
Golgi apparatus. Bar = 2.5 um.

whereas secretion of BA2 and that of most of BA1 are inde-
pendent of lysosomes.

DISCUSSION

Products secreted by parasitic protists play a fundamental
role in the host-parasite relationship. Here, we analyzed the T.
vaginalis secretome using high-resolution LFQ MS. Alto-
gether, we identified 2,072 extracellular proteins, which is the
largest protein set of T. vaginalis origin identified to date.
However, our filter for distinguishing bona fide secreted pro-
teins from contaminants resulted in only 89 proteins that
fulfilled our strict criteria. Most experimental designs for
studying the secretome of parasitic protists are based on a
single time period of incubation under optimal conditions to
minimize cell lysis, followed by MS analysis of the proteins
released to the medium (conditioned medium) (31, 34, 61-64).
Although this approach has identified important secreted pro-
teins, eliminating contaminant proteins is problematic. More
precise identification could be achieved by quantitative MS
analysis of metabaolically labeled cells, which makes it possi-
ble to define a cutoff based on the ratio of protein levels in the
conditioned medium to the corresponding protein levels as-
sociated with the cells (65). Our approach was based on the
LFQ MS analysis of time- and temperature-dependent secre-
tion. This strategy makes it possible to define a simple cutoff

based on the increasing concentration of a given protein over
time. We also removed all proteins with similar levels at 37 °C
and 4 °C, as exocytosis is a temperature-dependent process.

Analysis of the T. vaginalis secretome revealed surprisingly
high participation of proteins (over 50%) that contain TMD.
Maost of these proteins possess a single C-terminal trans-
membrane helix (47 proteins), and of this majority, 40 proteins
were previously found in the T. vaginalis surface proteome
(30). Most likely, these proteins are embedded in the cellular
membrane via the C-terminal TMD, and their N-terminal do-
mains are subsequently released to the environment upon
proteclytic cleavage. Indeed, Riestra ef al. (31) found that T.
vaginalis possesses an active rhomboid secretory protease,
TvROMA1, that is localized in the plasma membrane. This
enzyme has been shown to catalyze the cleavage within the
TMD of two proteins, TVAG_166850 and TVAG_280090.
Moareaver, the treatment of TvROM1-transfected cells with
the serine protease inhibitor 3,4-dichloroisocoumarin caused
a statistically significant decrease in the secretion of four
additional proteins with predicted TMDs (31). These proteins
were not cleaved by TvROM1, but they all contain a bacterial-
like rhombaoid substrate motif, All these proteins belong to the
family of 17 TBSR proteins that we identified in the secretome.
Interestingly, all TBSR proteins with C-terminal TMDs and two
conserved TMD proteins possess the endosomal signal
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Fic. 7. Effect of PNGase and tunicamycin on f-amylase glyco-
sylation. (A) Representative Western blot analysis (n = 3) of HA-
tagged BA1-4 produced by T. vaginalis cells that were treated with
PNGase F {+) or untreated (-). (B) Representative Western blot anal-
ysis (n = 3) of T. vaginalis cell lysate producing HA-tagged BA1-4 in
the presence (+) or absence (-) of tunicamycin.

NPX[YFW] at the C terminus facing the cytosol. The same
signal was previously observed at the C termini of 15 putative
surface TvBspA proteins (53). The NPXY sorting signal is

5 60 5 60

[min]

known to mediate the rapid internalization of membrane pro-
teins such as receptors in humans. It would be interesting to
test the role of this sorting signal in T. vaginalis. The signal
may facilitate the internalization of complete proteins, such as
receptors with cargo, or it may clear the C-terminal domains
after the release of the N-terminal part. Altogether, our results
indicate that the proteolytic cleavage of membrane pro-
teins greatly contributes to the protein spectrum in the T.
vaginalis secretome and that, in addition to TvROM1, other
proteases are likely involved in the membrane protein secre-
tion. In contrast to the membrane proteame, there is very low
overlap (eight proteins) between our dataset of secreted pro-
teins and the set obtained in a previous proteomic analysis of
T. vaginalis exosomes (19). This finding is consistent with the
concept that secretory proteins and exosomal proteins rep-
resent two distinct sets of extracellular proteins released by
two different mechanisms.

The function of most of these secreted membrane proteins
is unknown; however, members of at least two protein
groups, TBSR and TvBspA proteins, are likely involved in the
adhesion of the parasite to the host cell. Exogenous expres-
sion of the TBSR protein TVAG_166850 leads to increased
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Lactoferrin

Fia. B. Visualization of BA1-4 and lactoferrin-labeled endo-
somal/lysosomal compartment. T. vaginalis strains expressing HA-
tagged BA1-4 were incubated for 10 min with FITC-labeled lactofer-
rin (green) and then processed for SIM microscopy. BA proteins were
visualized using mouse monoclonal x-HA Ab and the secondary
Alexa Fluor 594 donkey a-mouse Ab (red). Arrow indicates co-local-
ization of lactoferrin and BA proteins in lysosomes; arrow head indi-
cates small endosomes with lactoferrin that do not contain BA.

attachment of trichomonads to the host ectocervical cells
(31). In the secretome, we found six TBSR protein paralogous
to TVAG_166850 that may have similar properties. TvBspA
proteins are known as membrane adhesins, originally de-
scribed in Bacteroides forsythus, that mediate the co-aggre-
gation of bacteria as well as their adhesion to host cells (53,
66). In the secretome, we identified a single TvBspA pro-
tein with C-terminal TMD, TVAG_383590, and three soluble
TvBspA proteins, TVAG_186300, TVAG_186290, and TVAG_
186310. The latter three proteins have also been found in the
surface proteome of two different T. vaginalis strains (30).
Motably, the T. vaginalis genome encodes an extraordinarily
large set of TvBspA-like proteins, numbering 911 genes, and
there is evidence of the transcription of more than 30% of
these genes (53). Thus, the identification of a rather limited
number of identical TvBspA proteins exposed to the cell
environment in different T. vaginalis strains suggests that they
have a specific function that should be elucidated in future
studies. Interestingly, six hydrogenosomal enzymes involved
in energy metabolism have been previously reported to serve
as adhesins in addition to their metabolic functions. These
enzymes include three paralogues of malic enzyme (APB5
1-3), the a- and 3-subunits of succinyl CoA synthetase (AP51,

AP33), and pyruvate:ferredoxin oxidoreductase (AP120) (67,
68). We found over 30 hydrogenosomal proteins, including all
putative adhesins, in our dataset under the SecS cutoff. These
proteins most likely represent hydrogenosomal contaminants
resulting from the presence of hydrogenosomes released
from some broken cells, which we observed in our samples by
electron microscopy. B-Amylases are part of the second half
of the T. vaginalis secretome, which consists of soluble pro-
teins. These enzymes have been found in several pathogenic
protists but are absent in human and animal proteomes. For
example, E. histalytica expresses eight f-amylases that are
proposed to be involved in the utilization of host mucus gly-
cans as a carbon source for energy metabolism and to con-
tribute to the mucosa invasion (69). Our genome searches and
phylogenetic analysis revealed that B-amylases are also pres-
ent in other amoebozoans, in the bovine pathogen T. fetus,
and in N. fowleri, the causative agent of human primary me-
ningoencephalitis. However, nothing Is currently known about
the role of B-amylase in these pathogens. In T. vaginalis,
p-amylase likely contributes to the utilization of free glycogen
and oligosaccharides in the vaginal fluids by breaking down
the substrate into maltose. Indeed, Smith ef al. 2016 (29)
showed that recombinant TVAG_080000 produces a detect-
able amount of maltose from glycogen. Maltose is then ex-
tracellularly hydrolyzed by a-glucosidase, and glucose is
taken up via a putative glucose transporter into the cell (27).
The proposed production of maltose from glycogen is sup-
ported by our finding of two B-amylases (BA1 and BA2) that
are actively released to the secretome in a time-dependent
manner, although with different dynamics. Whereas BA2 clus-
ters with the most abundant proteins after 10 min of incuba-
tion and increases markedly over time (high SecS value), BA1
clusters with proteins of low abundance between 10 and 30
min after incubation and slowly increases (low SecS value).
The involvement of BA1 and BA2 in the glycogen metabolism
is further supported by the observed up-regulation of corre-
sponding gene transcription when glycogen was added to the
cultivation media instead of maltose, as determined by qRT-
PCR. Mareover, Smith et al. (29) purified proteins with gluco-
sidase activity from culture medium in which T. vaginalis strain
G3 was grown. In contrast, the conversion of maltose to
glucose remains unclear. It has been shown that a-glucosi-
dase (maltase) activity is associated with the T. vaginalis outer
membrane (27); however, no candidate for a-glucosidase ac-
tivity has been found either among the list of T. vaginalis
membrane proteins (30) or in the secretome (this study).

T. vaginalis is currently the only eukaryote that has been
shown to actively secrete g-amylases into its environment. In
E. histolytica, B-amylases have been identified only in the
proteome of the lysosomes (54) or associated with the cellular
surface (69); however, none of the multiple g-amylase paral-
ogues have been found in the E. histolytica secretome (64).
Although the secretory pathway in T. vaginalis has not been
studied, trichomonads possess an ER and a well-developed
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Golgi apparatus with a specific structure. The Golgi apparatus
is organized along two striated filaments forming a “V"-
shaped body. To trace protein transport through the ER-Golgi
pathway in T. vaginalis, we established a system using spe-
cific in vivo biotinylation of the target protein by BirA (70). This
tool allowed us to demonstrate that both BA1 and BA2 pro-
ceed through the ER, where they are labeled by ER-targeted
BirA and are subsequently transported to the Golgi apparatus
and exported from the cell. As expected, the export was
inhibited by brefeldin A, which prevents ER-Golgi transport;
however, the export was resistant to FLI-06, which interferes
with the function of ER and trans-Golgi network exit sites.
These results indicate that BA1 and BAZ are secreted by the
classical secretory pathway, but the resistance to FLI-06 sug-
gests that there are likely subtleties in the mechanisms of T.
vaginalis secretion, in which this parasite may differ from
classical models.

Interestingly, BA1 appeared to be remarkably N-glycosy-
lated. According to MS analysis of the purified protein, BA1
possesses seven glycosylation sites that are all glycosylated.
In the majority of eukaryotes, N-glycans consist of two N-
acetyl glucosamines, nine mannose residues, and three glu-
cose residues that are linked to the sequon NX[ST] in the
nascent protein in the ER and then meodified in the Golgi
apparatus. Based on the reduced set of glycosyltransferases
responsible for sequential glycan synthesis, Samuelson et al.
(71) predicted a simplified glycan structure consisting of
GleNAc2Manb in T. vaginalis and E. histolytica. This finding is
consistent with the Hex;HexNAc, type of glycosylation that
we detected in BA1.

Two other 3-amylase paralogues encoded in the genome
(BA3 and BA4) were not identified either in the secretome or in
the membrane proteome. The absence of BA3 in the secre-
tome is consistent with the very low transcription level of the
corresponding gene. When BA3 was episomally expressed
under the control of a strong promotaor, still only low secretion
of BA3 was observed, while a majority was associated with
the cell. BA4 was not secreted under any conditions, although
native ba4 transcription is comparable with that of ba7 and
ba2. This protein appeared to be exclusively associated with
the cell. The partial co-localization of BA3 and BA4 with
lactoferrin in the endosomal/lysosomal compartment sug-
gests that these amylases are targeted preferentially to lyso-
somes, similarly to p-amylase EAL51020 in E. histolytica.
Surprisingly, the transcription of ba4 was downregulated in
the presence of glycogen, which argues against glycogen as
a preferential substrate. T. vaginalis is a mucin-dwelling par-
asite that binds and degrades mucin with mucinases (72) and
various glycosidases (73). In the T. vaginalis secretome, we
identified B-hexosaminidase (TVAG_110660), which is also
present in E. histolyfica lysosomes. Thus, oligosaccharides
released from sources other than glycogen might serve as an
alternative substrate for BA4.

In addition to B-amylases, we identified several other fam-
ilies of soluble proteins in the T. vaginalis secretome that may
play an important role in the parasite’s virulence. As expected,
the most prominent family appeared to be proteases. Cur-
rently, five proteases (CP2, TVAG_057000; CP3, TVAG_090100;
CP4, TVAG_467970; CPT, TVAG_298080; and CP65,
TVAG_096740) have been shown to be secreted by T. vagi-
nalis (17, 32). Altogether, we identified seven proteases, in-
cluding soluble GP63-like protease (TVAG_400880), two pa-
pain-like cysteine proteases (TVAG_057000; TVAG_034140),
MNIpC/P60 superfamily cysteine protease (TVAG_457240),
cathepsin C protease (TVAG_229200), and two metallopro-
teases of the M24 (TVAG_013480) and M60 (TVAG_339720)
superfamilies. Thus, in our dataset, only CP2, which appeared
to be the most abundant soluble protein in the secretome,
was previously identified. CP3, CP4, and CPT were found
together with 58 other proteases under the SecS cutoff,
whereas we did not detect CP65 (Table S3). The observed
differences in the secretion of soluble CPs are not surprising.
The T. vaginalis genome encodes 220 genes for CPs, and the
differential expression of CPs between various strains (74) as
well as in response to various external conditions has been
reported (75).

TvDNasell displayed the second highest SecS and in hier-
archical clustering appeared among abundant early secreted
proteins. It has been shown that neutrophils form an extra-
cellular DNA trap (NET) as a form of innate response that
degrades virulence factors and kills microorganisms (76, 77).
To defend against NET, various pathogens secrete NET-
degrading DNases (78, 79). Moreover, in the roundworm
Trichinella spiralis, members of the secreted DNase Il subfam-
ily have been found to counteract host innate immune re-
sponses (80). In this context, the high secretion of TvDNasell
by T. vaginalis is a noteworthy and attractive topic for further
studies.

The TvSaplip category of secreted proteins includes two
putative pore-forming proteins, TvSaplip-6 (TVAG_453350)
and TvSaplip-8 (TVAG 213250). These proteins belong to the
saponin-like protein family, which includes the amoebapore
and naegleriapare pore-forming proteins, which are secreted
by E. histolytica (81) and N. fowleri, (82), respectively. TvSap-
lip-6 and -8 possess a single SAPLIP domain, and the latter
contains a predicted signal peptide for the classical secretory
pathway. In the T. vaginalis genome, there are 12 predicted
genes for TvSaplips encoding proteins with 1-7 SAPLIP do-
mains, 11 of which have been found to be transcribed (83).
However, TvSaplip-6 and -8 are the first SAPLIP proteins
observed to be actively secreted by T. vaginalis. In addition,
four other SAPLIP proteins (TvSaplip1-4) were found under
the SecS cutoff. Further studies are necessary to investigate
whether T. vaginalis utilizes this potential weapon against host
cells or bacteria via the formation of destructive pores within
the target membrane.
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Our broad analysis of the secretome using high-resolution
proteomics and rigorous analyses of the obtained data pro-
vides valuable information about new trichomonad virulence
factors. Our set of 89 secreted proteins highlights several new
protein targets that are highly attractive for future investiga-
tions. However, this set of proteins is likely not complete, as
we used strict criteria for the data evaluation based on pro-
teins that were constitutively secreted in a time- and temper-
ature-dependent manner. Previous transcriptomic studies
have revealed dramatic changes in T. vaginalis gene expres-
sion in response to various environmental stimuli such as iron
level (84), glucose availability (85), interaction with fibronectin
(86), and contact with vaginal epithelial cells (87), which may
affect various cellular functions, including protein secretion.
Therefore, the presented T. vaginalis secretome provides a
solid set of proteins that are constitutively secreted under
defined in vitro conditions that can serve as a reference for
future comparative studies.
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