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Trichomonas vaginalis phagolysosome consist of over 460 proteins.
Lysosomes are involved in secretion of virulence factors such as TvCP2.
N-glycosylation is required for lysosomal protein targeting.

T. vaginalis possesses homologs of mannose 6-phosphate receptor.
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The lysosome represents a central degradative compart-
ment of eukaryote cells, yet little is known about the
biogenesis and function of this organelle in parasitic pro-
tists. Whereas the mannose 6-phosphate (M6P)-depen-
dent 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 in hydrolase secretion. The
organelles were purified using Percoll and OptiPrep
gradient centrifugation and a novel purification protocol
based on the phagocytosis of lactoferrin-covered mag-
netic nanoparticles. The analysis resulted in a lysosomal
proteome of 462 proteins, which were sorted into 21
classes. Hydrolases represented the largest functional
class and included proteases, lipases, phosphatases, and
glycosidases. Identification of a large set of proteins
involved in vesicular trafficking (80) and turnover of actin
cytoskeleton rearrangement (29) indicate a dynamic
phagolysosomal compartment. Several cysteine pro-
teases such as TvCP2 were previously shown to be
secreted. Our experiments showed that secretion of
TvCP2 was strongly inhibited by chloroquine, which in-
creases 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 oligosac-
charides 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
p-amylase redirected this protein to lysosomes. Thus,

unlike other parasitic protists, T. vaginalis seems to utilize
glycosylation as a recognition marker for lysosomal hy-
drolases. Our findings provide the first insight into the
complexity of T. vaginalis phagolysosomes, their biogen-
esis, and role in the unconventional secretion of cysteine
peptidases.

Trichomonas vaginalis is a flagellated parasitic protist that
causes the most common nonviral sexually transmitted
disease, with 276 million new infections annually (1). In
women, the parasite can cause vaginitis and increase the
risk of HIV transmission, preterm delivery, low birth weight,
and cervical cancer. Most infected men are asymptomatic,
but long-term infections increase the risk of prostate cancer
development (2-5). In the vaginal mucosa, T. vaginalis par-
asites actively phagocytose host cells such as epithelial
cells, lymphocytes, erythrocytes, as well as cell debris and
microbes, including yeast and bacteria (6-9). Moreover,
T. vaginalis secretes a large number of biologically active
molecules, such as adhesins for cytoadherence, cytotoxic
cysteine 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 phag-
olysosomes, 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 (vATPases), lysosome-
associated membrane glycoproteins (LAMPs), and over 50
lysosomal channel proteins and transporters (14, 15).

In metazoans, the sorting of most lysosomal hydrolases
depends on the mannose 6-phosphate (M6P) pathway (23).
Soluble lysosomal proteins are glycosylated on asparagine
residues within the sequence Asn-X-[Ser/Thr] (soluble
lysosomal targeting sequence, s-LTS) in the endoplasmic
reticulum (ER) (23, 24). Then, in the Golgi body, N-acetyl-
glucosamine-1-phosphotransferase (GIcNAc-PT) and
N-acetylglucosamine-1-phosphodiester a-N-acetylgluco-
saminidase (“uncovering enzyme,” UCE) form M6P for
interaction with M6P receptors (MPRs). Two MPRs, a
cation-dependent (CD-MPR) and cation-independent MPR
(CI-MPR), have been identified (22, 23, 25). Other lyso-
somal sorting receptors have also been described,
including LIMP-2 (mammals), VSR (plants, algae, alveo-
lates), and sortilin/Vps10, which were studied in mammals
and yeast; however, sortilin homologues have been iden-
tified in members of all eukaryotic groups (23). Novel re-
ceptors 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 con-
tains 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
tyrosine-based (Yxxd) (24) and regulate endosomal/lysosomal
sorting and internalization from the plasma membrane (27).
T-LTSs are bound by cytosolic Golgi-localized, y-ear-con-
taining, 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 com-
plexes that recognize the same LTSs are found across eu-
karyotes and are known to be involved in trafficking
throughout the endolysosomal system (23, 25, 28-31).

Little is known about the lysosomal proteome, its biogen-
esis, and function in T. vaginalis. The genome of this protist
encodes 447 proteases; thus, a high number of these proteins
can be expected in lysosomes (32). Indeed, some cysteine
proteases involved in T. vaginalis pathogenesis, such as
TvCP4, have been shown to reside partially in lysosomes
(33-35). The secretome of T. vaginalis revealed active secre-
tion of almost 90 proteins, including over 20 hydrolases (10).

Moreover, the genome of T. vaginalis encodes an extensive
complement of at least 73 adaptin subunit genes implying
their role in the endolysosomal system (32). However, these
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 origi-
nating from external and internal sources and the high sensi-
tivity of mass spectrometry (MS), the major challenge is to
distinguish the actual lysosomal proteome from contaminants.
Therefore, we used three different methods to isolate phag-
olysosomes and lysosome-enriched samples, which were
analyzed 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
demonstrated that lysosomes are involved in the unconven-
tional secretion of a papain-like cysteine peptidase. These
studies provide the first insights into the phagolysosomal
composition and the endolysosomal route of T. vaginalis.

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 trans-
fectants) for transfectant selection (10). Cultures were grown at 37 °C.

Gene Cloning and T. vaginalis Transfection

The genes encoding Rab7a (TVAG_159730), acid phosphatase
(AP, TVAG_169070), Trichomonas beta-sandwich repeat protein 5
(TBSR-5, TVAG_340570), p-hexosaminidase (bHX, TVAG_110660),
MPR-2 (TVAG_351790), MPR-3 (TVAG_498650), f-amylase 2 (BA2,
TVAG_080000) and mutated BA2 (mBA2), and the cysteine pepti-
dases TvCP2 (TVAG_057000), CLCP (TVAG_485880), and mutated
CLCP (mCLCP) were cloned into the vector pTagVag-HA-Neo (38),
enabling the expression of these proteins with a C-terminal hae-
magglutinin (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 respec-
tive native promotor (300 bp upstream of coding sequence). The
plasmids were transfected into trichomonads by nucleofection using
the Human T Cell Nucleofector Kit (Lonza). Approximately 4 ml of
cells in the logarithmic growth phase (1.5 x 10° cells/ml) was har-
vested and resuspended gently in 82 pl Nucleofector Solution and
18 pl Supplement 1. Then, 10 pg of plasmid was added, and the
mixture was incubated at room temperature for 10 min. The manu-
facturer'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 amplifica-
tion and cloning are listed in Table S1.

Isolation of Lysosomal Fractions

Lysosomes were isolated by three approaches. () For density
gradient centrifugation in Percoll, we used a modified procedure
based on the protocol by Bradley et al. (40). Briefly, 1 | of TV17-48
expressing HA-tagged TvRab7a (TV17-48-Rab7a) (1.5 x 10° cells/
ml) was harvested by centrifugation (1200g, 10 min, 4 °C) and washed
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twice with phosphate-buffered saline (PBS) and once with sucrose-tris
(ST) buffer (500 mM sucrose, 20 mM Tris, 1 mM KClI, pH 7.2). The cells
were resuspended in 7.5 ml of ST buffer with 10 pg/ml leupeptin and
50 pg/ml tosyl-L-lysyl-chloromethane hydrochloride (TLCK). The cells
were disintegrated by sonication on ice, and unbroken cells were
removed by centrifugation at 800g for 10 min at 4 °C. The supernatant
was centrifuged at 14,000g 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 ul-
tracentrifuge 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 twice with ST
buffer at 14,000g 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 pl 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 200,000g for 2 h at 4 °C using a
Beckman Optima XPN-90 ultracentrifuge with an SW 41 Ti rotor.
Acceleration was set to 4 and deceleration to 9. Three fractions cor-
responding to three visible bands were collected, washed, and frozen.

(iliy Phagolysosomes were isolated using lactoferrin (Lf)-covered
Dynabeads. Lf was coupled with fluorescein isothiocyanate (FITC) in
one volume PBS and two volumes borate buffered saline (BBS, pH 9)
at a final concentration of 100 ng FITC/1 pg Lf. Then, the PBS-BBS
solution was exchanged for 25 mM 2-[n-morpholino]-ethanesulfonic
acid (MES) buffer (pH 6) using Amicon Ultra-4 30K Centrifugal Filters
(Millipore). Magnetic Dynabeads MyOne Carboxylic Acid (Invitrogen)
of 1 pm in diameter were coupled with the FITC-Lf in MES
buffer according to Invitrogen's two-step protocol 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 nonreacted 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 phag-
olysosomes, 1 | of TV17-48-Rab7a cells (1.5 x 10° 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. Lysis was evaluated under
a microscope at 30-s 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 pm
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.

Immunoblot Analysis

The presence of marker proteins in cellular fractions was tested by
immunoblotting using mouse monoclonal anti(a)-HA antibody (Exbio)
against HA-tagged TvRab7a (lysosomes) and rat polyclonal a-OsmC
antibody (hydrogenosomes) (41). Rat polyclonal a-soluble protein
disulphide-isomerase (sPDI) antibody (endoplasmic reticulum) was
raised against a recombinant PDI produced in Escherichia coli BL21
DE. The sPDI gene (TVAG_267400) was cloned into the bacterial

expression vector pET42b, and the His-tagged protein was isolated by
Ni-NTA agarose affinity chromatography (Qiagen). Anti-mouse or anti-
rat polyclonal antibodies coupled with peroxidase were used as sec-
ondary antibodies (Sigma-Aldrich). Visualization was performed with
chemiluminescence (Immobilon Forte, Merck), and images were ob-
tained using the Amersham Imager 600 (GE Healthcare), and signals
quantified using ImageJ/Fiji software (42).

Fluorescence Microscopy

T. vaginalis cells were incubated with 2.5 pM 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 incubated with FITC-Lf coupled Dynabeads
for 40 min at 37 °C, washed in PBS, and processed as before with
TvRab7a labeled with Alexa Fluor 594. Slides were observed with a
Leica TCS SP8 confocal laser scanning microscope (Leica Micro-
systems). Images were processed using Huygens Professional
version 19.10 (Scientific Volume Imaging) and further processed us-
ing ImagedJ/Fiji software (42) and the Imaris 9.7.2 Package for Cell
Biologists (Bitplane AG). Voxel-based colocalization was performed
using ImarisColoc. Costes's automatic thresholding was applied to
the images in the Z stack, and Pearson's correlation coefficient (PCC)
in colocalized volume was calculated.

Protein Preparation

Protein samples were precipitated with trichloroacetic acid (TCA) for
1 h at —20 °C (44), pelleted at 21,000g 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 deoxy-
cholate (SDC). Samples were digested with trypsin, and detergent was
removed by liquid-liquid extraction (45).

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 an 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 um, 300 A) in loading buffer (0.1% trifluoroacetic
acid in 2% acetonitrile) for 4 min at a flow rate of 15 pl/min and then
separated on an EASY-Spray column (75 pm x 50 cm) packed with
C18 (2 pm, 100 A, Thermo Scientific) at a flow rate of 300 nl/min.
Mobile phase A (0.1% formic acid in water) and mobile phase B (0.1%
formic acid in acetonitrile) were used to establish a 60-min gradient
from 4% to 35% B. Eluted peptides were ionized by electrospray. The
full MS spectrum (350-1400 m/z range) was acquired at a resolution of
120,000 at m/z 200 and a maximum ion accumulation time of 100 ms.
Dynamic exclusion was set to 60 s. Higher-energy collisional disso-
ciation (HCD) MS/MS spectra were acquired in iontrap in rapid mode,
and the normalized collision energy was set to 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) (46). Searches were performed using
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the T. 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 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 pre-
cursor 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 independent
biological experiments were performed for each method, and each
biological sample was analyzed by MS in three technical replicates.
The lysosomal proteome identifications were filtered using following
criteria: (i) the protein identification was supported by at least three
peptides, (i) the protein was identified in at least two out of three
biological replicates, and (i) the protein was identified by all three
methods for organelle isolation.

Bioinformatics

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 Secreto-
meP 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 do-
mains 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 (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 detec-
ted using the Protein Motif Pattern tool (https://trichdb.org/trichdb/
app/search/transcript/GenesByMotifSearch). For sequence align-
ments, Clustal Omega 1.2.4 was used (48).

Site-Directed Mutagenesis

Q5 Site-Directed Mutagenesis Kit (New England Biolabs, Inc) was
used alongside its high-efficiency 5-alpha competent E. coli to

FITC Lacto

introduce mutations into the CLCP gene. NEBaseChanger was used
to design primers (Table S1), and mutagenesis was performed ac-
cording to the manufacturer's protocol.

Monitoring of Protein Secretion

T. vaginalis T1 cells (50 ml, approximately 7.5 x 107 cells) were
harvested by centrifugation and washed three times with TYM
without horse serum. The cells were resuspended in 2 ml TYM
without horse serum and incubated for 60 min at 37 °C. The cells
were removed by centrifugation at 1200g for 10 min at 4 °C, and then
the supernatant was centrifuged at 10,000g for 10 min at 4 °C to
remove cell debris, followed by filtration through a 0.2 pm pore size
filter (Whatman, GE Healthcare). Proteins in the supernatant were
precipitated with TCA as described previously (44) and analyzed by
immunoblotting as above. Alternatively, cells were incubated with
1 pM chloroquine (Sigma-Aldrich) or 50 pg/ml brefeldin A (Sigma-
Aldrich) for 15 min or 45 min prior to protein isolation from the
supernatant.

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 localization in T. vaginalis, FITC-Lf and
LysoTracker Deep Red were used as lysosomal markers.
Extracellular Lf is known to be imported by trichomonads via
receptor-mediated endocytosis; thus, TV17-48-Rab7a cells
were incubated with FITC-Lf prior to slide preparation to allow
for FITC-Lf internalization. FITC-Lf appeared in a few small but
mainly larger vesicles corresponding to endosomes and ly-
sosomes (Fig. 1A). TvRab7a and LysoTracker appeared in
numerous small- to larger-sized vesicles scattered throughout
the cell (Fig. 1B). Colocalization of TvRab7a with FITC-Lf was
found mainly in the larger vesicles (Fig. 1A). Similarly, Lyso-
Tracker colocalized with TvRab7a mainly in larger vesicles,
which further supports that these vesicles represent lyso-
somes (Fig. 1B).

Lysotracker

Fic. 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 Coloc software). Scale bar = 5 um.
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Fic. 2. The isolation of lysosomes. A, the Percoll gradient yielded two bands corresponding to hydrogenosomes (1) and lysosomes (2).
B, Western blot of Percoll fractions from three independent isolations. HA-tagged TvRab7a was enriched in fraction 2, where the ER marker sPDI
was also present. Hydrogenosomal OsmC was detected only in fraction 1. C, the OptiPrep gradient showed three fractions. D, Western blot of
OptiPrep fractions. E, immunofluorescence microscopy of T. vaginalis TV17-48 with endocytosed Dynabeads. The beads covered with FITC-
lactoferrin (green) colocalize with mouse monoclonal a-HA and Alexa Fluor 594 donkey a-mouse-labeled TvRab7a (red) in phagolysosomes.

F, Western blot of three isolations by Dynabeads. Scale bar = 5 pm.

Proof of Principle of Lysosomal Isolation Methods

Three different methods were used for the isolation of ly-
sosomes/phagolysosomes. First, we employed 45% Percoll
gradient centrifugation as previously described (40), which
resulted in the separation of a brown hydrogenosomal frac-
tion (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
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 favorable to the
isolation of T. vaginalis hydrogenosomes compared with 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). Hydrogenosomes detected by
OsmC were clearly separate from the lysosomal fraction.
Finally, we employed a method based on T. vaginalis
phagocytic activity. TV17-48-Rab7a cells were incubated

with magnetic beads coupled with Lf that were ingested by
phagocytosis. Fluorescence microscopy confirmed the up-
take of beads into phagolysosomes colocalizing with
TvRab7a (Fig. 2E). Phagolysosomes containing beads were
then separated by a magnet. This approach resulted in the
separation of a phagolysosomal fraction with the TvRab7a
marker that was free of OsmC and sPDI (Fig. 2F). Lysosomal
fractions obtained by all three methods were submitted
for MS.

Proteomic Analysis

The total number of proteins identified by MS was 3442 in
the Percoll purified fraction, 4055 using the OptiPrep gradient,
and 1351 in the fraction obtained with magnetic beads
(Table S2-S4). The initial dataset was filtered using two pa-
rameters: 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 1758 (Percoll), 2748 (OptiPrep), and 748 (Dyna-
beads) proteins. These datasets overlapped in 550 proteins of
which 88 proteins were considered contaminants based on
their annotation and known cellular localization, and the
remaining 462 proteins were considered to represent
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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, phosphatases, li-
pases, and glycosidases, represented the largest functional
class in the phagolysosomal proteome. Cysteine proteases
formed the largest protease set (13 proteins). They included
TvCP2, TvCP3, TvCP4, and TvCPT, which were previously
shown to be secreted by T. vaginalis (51); the legumain-like
protease TVLEGU-1 (52); ten metallopeptidases (53); and
eight serine peptidases (10, 54). The other typical lysosomal
hydrolase was represented by a p-hexosaminidase that was
present as two paralogues. In the category of carbohydrate
metabolism, we identified 17 proteins, including a putative
glycogen debranching enzyme (TVAG_150430) and three
paralogues of 4-a-glucanotransferase. 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 hy-
drolysis 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 move-
ment (55).

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

Amino acid metabolism (7) Adhesins ()

Vesicular WD40 domain (5)
trafficking (80)

VATPases (6)
Membrane proteins (6)—
Reductases (12)

Proteases (38)

Phosphatases (7) “
Other hydrolases (16)

Channel proteins (12)
MPR-like (4)

Miscellaneous (68)

(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 tar-
geting material to lysosome-related organelles in mammalian
systems (58). Furthermore, we identified Rabs 21 and notably
Rab1. The metazoan-specific paralogue of Rab1, Rab35 is
well-established to play a role in regulating phagosomal
maturation (59, 60). Finally, we identified Rab11, which
although not directly lysosomal is a well-known marker of the
recycling endosome, an upstream endocytic compartment
(61). Five Rabs were present with less supported classifica-
tions, including Rab4, Rab8, Rab14, Rab22, and Rab24, and
interestingly, 18 Rabs with no clear classification. An over-
view of the identified Rab proteins is given in Figure 4. In
addition to Rabs, we identified components of the retromer
complex (Vps35), of the lysosome-associated HOPS com-
plex (Vps16, 33, 39), of the late endosomal/multivesicular
body associated ESCRT complexes (SNF7), and several
other endosomally associated Vps proteins (e.g., 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).

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 identifi-
cation 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

Calcium binding (4)
Carbohydrate metabolism (17)
Chaperons (20)

ytoskeleton (29)
Ba DNA metabolism (8)

Hypothetical soluble
proteins (59)

Hypothetical TM proteins (41)

Lipid metabolism (17)

Fic. 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.
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Fic. 4. Schematic of Rabs in the endomembrane system. Rabs displayed in color were identified in the lysosomal proteome and annotated
with high confidence. Rabs in gray 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 lysosomal proteome. Rab7 (TvRab7a) was used in this study as
lysosomal marker. Gray arrows indicate the transport of cargo to the cell surface and secretion. ER, endoplasmic reticulum; MVB, multivesicular

body.

trafficking and organellar movement along the cytoskeleton
(63-65).

A total of 55 proteins in the phagolysosomal proteome
overlap with the surface proteome (54) (Fig. 5), of which 45
are TM proteins. These proteins include two putative adhe-
sins of the BspA family, and in our phagolysosomal prote-
ome, we identified three more BspA members, the
tetraspanin protein TSP1 (TVAG_019180), which is associ-
ated with multivesicular bodies (12), and five paralogues of
the Trichomonas p-sandwich repeat protein (TBSR). A rela-
tively small number of TM proteins overlapping with the
surface proteome possess an internalization motif in the
cytosolic tail; a single protein contains the classical NPxY
signal (TBSR-5, TVAG_340570), five proteins harbor the [DE]
xxxL[LI]] motif, and 16 proteins possess the Yxx@ signal
(Table S5). The phagolysosomal proteome and the
T. vaginalis secretome overlapped with only 26 proteins,
eight of which are hydrolases, including p-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 pro-
teome 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 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), p-hexosaminidase (bHX, TVAG_110660),
TvCP2 (TVAG_057000), and CLCP (TVAG_485880) were
selected for experimental verification of their cellular locali-
zation. AP and bHX are known to reside in lysosomes in other
organisms and may serve as lysosomal markers (66), TBSR-5
was selected as an example of a membrane protein with C-
terminal NPIY signal for endocytic internalization (Table S5),
TvCP2 is known to be secreted as an important virulence
factor (67), while CLCP represents a new resident cysteine
protease that was not identified in other T. vaginalis pro-
teomes, thus far. The corresponding genes were expressed in
T. vaginalis under the control of their respective native pro-
motors and with a C-terminal HA-tag and investigated by
confocal microscopy. Colocalization with LysoTracker sup-
ported their lysosomal localization in large vesicles, whereas
limited colocalization was observed in smaller vesicles (Figs. 6
and 7A WT). The PCC in colocalized volume ranged from low
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(PCC r = 0.290, AP) to moderate (PCC r = 0.633, TvCP2)
values (Figs. 6 and 7C).

Mannose 6-phosphate-like Receptors

Four transmembrane proteins identified in phag-
olysosomes 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), TvMPR-3 (TVAG_498650), 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 be-
tween 882 and 991 amino acids long. Their N-terminal do-
mains 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 insulin-like growth factor Il (IGF2)
(28, 68). Each MRH domain consists of approximately 150
amino acid residues with eight conserved cysteine residues.
Interestingly, T. vaginalis MPRs consist of only five MRH
domains, which aligned with MRH9 to MRH13 of hMPR300
(Fig. S1). Although the protein sequence similarity of
T. vaginalis MRH domains to MRH of hMPR300 appeared to
be rather low (7.2% to 35.2%), most of the conserved
cysteine residues are present. TVMPR structure is similar to
the Drosophila lysosomal enzyme receptor protein (LERP),
which also possesses five MRH domains (Fig. S1). Moreover,
similar to LERP, TvMPR proteins lack most residues in

Lysosomal proteome
462 proteins

396

40
15 11

22z 37 26  Secretome

89 proteins

Surface proteome
314 proteins

Fic. 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 pro-
teome had 55 overlapping proteins, and the lysosomal proteome and
secretome had 26 overlapping proteins.

hMPR300 that are essential for the binding of M6P and IGF2.
All TYMPR proteins possess either the Yxx@ or DxxL[LI]
sorting motif for recognition by adaptor proteins (Figs. 8 and
S1). However, only three of them, TYMPR-1, TYMPR-4, and
TvMPR-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 TVMPR 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 phag-
olysosomal proteome and previously identified them in the
secretome and surface proteome, the expression of HA-
tagged TvMPR-2 and TvMPR-3 revealed that they localize
predominantly to the structures of the ER and Golgi body
(Fig. 9). V5-tagged p-amylase 1 was used as a marker for the
ER/Golgi body (10) that was coexpressed in double
T. vaginalis transfectants and colocalized with TvMPR-2 and
TvMPR-3 (Fig. 9).

Glycosylation-Dependent Targeting to Lysosomes

The observed localization of TYMPR proteins is consistent
with the model of the M6P-dependent signaling pathway that
is initiated in the ER, where lysosomal cargo is glycosylated
on the asparagine of the s-LTS motif Asn-X-[Ser/Thr] and
subsequently modified in the Golgi body to be recognized by
MPR. However, as TvMPR proteins lack most residues
required for M6P-dependent recognition, M6P signalling is
unlikely. Moreover, the generation of M6P on N-linked gly-
cans requires the consecutive activity of GIcNAc-PT and
UCE. Thus, we searched for corresponding homologues in
the T. vaginalis database using the human o/p GIcNAc-PT
(Q3T906) and UCE (Q9UK23) amino acid sequences as
queries. We identified the protein TVAG_166090 with only
limited 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 MG6P-
independent feature, such as a peptide structure or gly-
cans, 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 (Fig. 7B).
Whereas wild-type CLCP was observed in lysosomes with a
PCC r = 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
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Fic. 6. Immunofluorescence microscopy of selected proteins. The proteins were visualized using mouse monoclonal a-HA antibody and
Alexa Fluor 488 donkey a-mouse (green). LysoTracker (red) was used as a lysosomal marker. A, acid phosphatase, (B) Trichomonas p-sandwich
repeat protein 5, (C) p-hexosaminidase, (D) Trichomonas vaginalis cysteine protease 2. BF, brightfield; Coloc, colocalization channel (ImarisColoc

software). Scale bar = 5 um.

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 immu-
noblotting. Whereas wild-type CLCP was not secreted, which
is consistent with its absence in the secretome (10), all
mutated s-LTSs versions of mCLCP were secreted (Fig. 7D).

To further test the ability of the CLCP LTS1 and LTS2 se-
quences to target a protein to lysosomes, we introduced both
motifs into BA2 (mBA2), a nonlysosomal protein that does not
possess any glycosylation sites and expressed the protein
with a C-terminal HA tag. LTS1 was introduced at positions
232-234 and LTS2 at positions 312-314, thereby maintaining
the same distance of 78 amino acids between the signals as
in CLCP (Fig. 10B). The active sites of BA2 are located at
positions 133 and 330 and thus were not altered by the in-
sertions. While wild-type BA2 did not localize to lysosomes
(PCC r = 0.051 £ 0.029, n = 29, Fig. 10) but labeled ER
structures surrounding the nucleus as demonstrated previ-
ously (10), cells expressing mBA2 showed significant coloc-
alization 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 analyzed by

immunoblotting. Whereas wild-type BA2 was secreted, mBA2
was associated 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 pro-
teins with such a motif (Table S5). Interestingly, within the
soluble proteases, 44% contain this motif. These results
suggest that the tandem glycosylation sites might be a gen-
eral motif for lysosomal delivery in T. vaginalis; however, such
an assumption needs experimental verification in future.
Moreover, the distance between the glycosylation sites in
different proteins might not be conserved because the steric
position of glycans that are recognized by receptors is likely
dependent on the protein conformation. Further studies are
needed to establish which and how lysosomal receptor rec-
ognizes this s-LTS for which TvMPR proteins are the best
candidates.

Lysosomes Are Involved in Unconventional Secretion of CP

A few proteins were observed in the phagolysosomal pro-
teome as well as in the secretome. This phenomenon
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Fic. 7. Effect of LTS mutations on CLCP localization. A, localization of wild-type CLCP (WT) and CLCP with mutated glycosylation 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 pm.
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 PCC r = 0.512 + 0.1 (n = 16), whereas the PCCs of the mCLCP versions were below r = 0.1 (n = 12 cells per each version). 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.

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 in-
hibits classical secretion via stimulation of retrograde trans-
port 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
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Fic. 8. Domain composition of human MPR300 (hMPR300) and T. vaginalis homologues (TVMPR). hMPR300 consists of 15 repeats, of
which five are homologous to TvMPRs. Detected C-terminal signal sequence motifs DxxLL and Yxx@ (d, hydrophobic amino acid residue),
which are involved in the internalization and trafficking of membrane proteins is indicated. M6P and IGF2 binding sites are absent in TvMPRs;
only TVMPR-5 possesses three M6P binding residues, and TvMPR-1 and TvMPR-6 contain a single residue. TvMPR-2 contains
the isoleucine that is essential for IGF2 binding. No N-terminal signal peptide was predicted in TvMPRs. SP, signal peptide;
TM, transmembrane.

Fic. 9. Cellular localization of TvMPR. Immunofluorescence microscopy of (A) TvMPR-2 and (B) TvMPR-3. The proteins were visualized
using mouse monoclonal 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). TvMPR-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, p-amylase 1; BF, brightfield; Coloc, colocalization channel (ImarisColoc software); TvMPR, Trichomonas vaginalis mannose 6-
phosphate receptor. Scale bar = 5 pm.
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Fic. 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 (ImarisColoc software). Scale bar = 5 pm. 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 PCC r = 0.051 + 0.029 (n = 29), whereas the PCC of mBA2 was r = 0.556 + 0.07
(n = 22). Error bars represent standard deviation. D, secretion of BA2 and mBA2. BA2 is secreted and can be detected in the extracellular
supernatant and in cells (pellet) after 1 h incubation at 37 °C, whereas mBA2 was not secreted. Each experiment was performed with biological

triplicates.

pathway, and AP is eventually delivered to lysosomes via
endocytosis (Fig. 11).

DISCUSSION

Lysosomes play a key role in the pathogenicity and viru-
lence 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 phag-
olysosomes, showed that glycosylation is involved in lyso-
somal targeting of CLCP and that lysosomes are involved in
protease secretion. Unexpectedly, we identified homologues
of the M6P receptor, TYMPRs. While this protein has bio-
informatically been identified across eukaryotes, it is incon-
sistently conserved and to our knowledge only functionally
characterized in metazoans and fungi (31).

To separate the T. vaginalis lysosome-enriched fraction,
we initially employed a method based on differential and
gradient centrifugation using two different isoosmotic
gradient media, Percoll and OptiPrep. MS analysis identified
1758 (Percoll) and 2748 (OptiPrep) reproducibly enriched
proteins in these preparations, which is comparable to the
3703 proteins identified in the macrophage lysosome-
enriched fraction using a similar approach (74). Although

these methods are widely applied, lysosomes tend to cop-
urify with other organelles, typically the endoplasmic reticu-
lum, 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 immuno-
blotting, and contaminants were apparent from the annota-
tions of identified proteins. Therefore, we developed a new
experimental protocol for phagolysosome purification based
on the ingestion of magnetic 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 ob-
tained 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 previ-
ous proteomic studies of T. vaginalis surface membrane pro-
teins (54), secretome (10), and exosomes (12) allow us to
estimate the purity of our preparation and detect proteins with
multiple localizations. Indeed, there was a very low overlap
with these compartments that corroborated efficient
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Fic. 11. pH-dependent secretion of TvCP2. A, Western blot of secreted TvCP2, acid phosphatase (AP), and p-amylase 2 (BA2) after 15 min
and 45 min incubation at 37 °C. Both chloroquine (CLQ) and brefeldin A (BFA) inhibited secretion of TvCP2 compared with the untreated control.
Secretion of AP and BA2 was inhibited upon incubation with BFA compared with 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.

organellar separation. The highest number of shared proteins
(55 proteins) was found with the surface proteome. However,
multiple localizations are expected for membrane proteins,
and this is consistent with the endocytic pathways of some
lysosomal proteins that are expressed on the plasma mem-
brane as receptors, adhesins, or proteases and subsequently
internalized via endocytosis/phagocytosis and transported to
lysosomes. These shared proteins included the leucine-rich
repeat protein BspA (78), p-hexosaminidase, and the surface
adhesin TvAD1, which is also associated with exosomes (79).
Moreover, there were 19 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 and the major group in-
cludes primary lysosomal resident peptidases (34 proteins)
that have not been detected in other cellular compartments.
This group included seven new CPs, such as CLCP, in addi-
tion to four CPs (TvCP3, TvCP4, TvCPT, and TvLEGU-1) that
have been previously recognized in trichomonad cellular ly-
sates (81). TVLEGU-1 has been observed in lysosomes, the
Golgi complex, and on the trichomonad surface using immu-
nofluorescence and immunoelectron microscopy (52),

whereas it has been absent from the secretome and the sur-
face proteome (10, 54). However, the expression of TVLEGU-1
seems to be strongly dependent on the iron level, which may
explain the observed differences in cellular localization (52).
The first group further included seven serine peptidases and
nine metallopeptidases of different families (M1, 8, 16, 20, 24,
28, 67) that had not been characterized thus far. The second
group consists of two soluble CPs that are secreted (10)
including TvCP2, an important virulence factor (67), whereas
leishmanolysin-like metallopeptidase (GP-63 like) and
subtilisin-like serine peptidase (SUB1) were two membrane
proteases of the third group, which were shared with the
surface proteome (54). Previous cellular localization of SUB1
using fluorescence microscopy suggested its presence in
intracellular vesicles and on the plasma membrane, which
supports our proteomic data (82). In pathogenic fungi, subtil-
isin proteases have been shown to be important for host in-
vasion (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 hydrolyze glycerophospholipids (85).
Secreted phospholipases have been shown to kill bacteria (86)
and display antiviral activity (87), however, have not been
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studied in trichomonads. Finally, p-hexosaminidase is a typical
lysosomal hydrolase that we identified two copies of. Inter-
estingly, one copy (TVAG_110660) possesses a single TMD
and was shared between the secretome and the surface
proteome. lts cell membrane localization and previously
determined  N-acetyl-p-D-glucosaminidase  activity in
T. vaginalis (88) suggest that p-hexosaminidase may partici-
pate in T. vaginalis virulence via host mucin degradation.
Interestingly, in E. histolytica, f-hexosaminidase is transported
to the phagolysosome by a unique cysteine protease binding
protein family 8 (CPBF8) receptor that is not present in
T. vaginalis (26).

The model of protein delivery to lysosome and secretion in
T. vaginalis, which is based on our results, is provided in
Figure 11. In metazoans, most lysosomal proteins are typically
targeted via M6P-dependent pathways, whereas in other
eukaryotic lineages, sorting of hydrolases was not reported to
depend on oligosaccharides. Alternative receptors such as
sortilins/Vps10 and plant vacuolar sorting receptors (VSRs)
directly recognize the polypeptide motifs of cargo (23). Vsp10
is conserved 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 ortho-
logue 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 five domains,
which resemble the structure of the MPR-like protein LERP in
Drosophila (91). Moreover, TvMPR-1, TvMPR-4, and TvMPR-5
possess a single TMD and the endocytic sorting signal Yxx&
or a dileucine 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, TvMPR-2, -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
(GlcNAc-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-deficient
mouse cells in an M6P-independent manner, although it is
not known whether LERP recognizes a glycan or a peptide
structure (91). Thus, the identification of LERP-like TvMPR
prompted us to test whether glycans are involved in lysosomal
targeting in T. vaginalis. Indeed, we demonstrated that two
sites for N-glycosylation of the Nx[ST] motif within the lyso-
somal resident CLCP are essential for its lysosomal localiza-
tion. Moreover, introducing the two Nx[ST] motifs into
nonglycosylated BA2, which is secreted by the classical
ER-Golgi pathway (10), redirected this protein from the

Exosomes

©@®

)\
"4
TvCP2 ¢ ® LE/MV& ;/ ems:;lg,me
)
Q0'© )

C?®® Classical

A . o @ ) secretory

Lysosoma\ / AN a pathway
secretion Golgi

(UPS) /FVMPR? e
L7
qugr I~ °" O —BFA
TvCP2 Lo ©

mBA2  |ysosome R
AP

— El
7 N

Nucleus

Fiac. 12. Hypothetical protein delivery to lysosomes and secre-
tion 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 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 extra-
cellular space. AP is eventually endocytosed and transported to ly-
sosomes. 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
the unconventional lysosomal pathway (unconventional protein
secretion, UPS). AP, acid phosphatase; BA, f-amylase; BFA, brefeldin
A; CLQ, chloroquine; ER, endoplasmic reticulum; LE, late endosome;
MVB, multivesicular body; TvCP2, Trichomonas vaginalis cysteine
protease 2; TVMPR, T. vaginalis mannose 6-phosphate receptor.
Arrows indicate possible directions of the transport.

secretory pathway to lysosomes (Fig. 12). However, glyco-
sylation apparently needs a specific structure/conformation to
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 pre-
dominantly 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 GIcNAc,MangGlus
in the majority of eukaryotes (10, 92). Collectively, these re-
sults indicate that glycosylation is required for the recognition
and targeting of lysosomal proteins in T. vaginalis; however,
whether TVMPRs or other possible receptors are involved in
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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. 1t has been
suggested that this hydrolase is not a lysosomal protein and is
secreted via secretory vesicles (67). However, the presence of
TvCP2 in lysosomes, which was supported by immunofluo-
rescence microscopy and the proteomic analysis in this study,
suggested that TvCP2 might be secreted by an unconven-
tional secretory pathway via lysosomes (Fig. 12) (93). The
involvement of acidic organelles in TvCP2 secretion sup-
ported the treatment of T. vaginalis with the lysosomotropic
amine chloroquine, which is known to increase the intra-
lysosomal pH and inhibit lysosomal function (70, 71). The
secretion of TvCP2 under chloroquine treatment was strongly
inhibited, whereas no inhibition was observed for the secretion
of nonlysosomal 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 secre-
tory pathway as BA2 and possibly internalized via endocy-
tosis. 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 pro-
teins 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 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 un-
conventional mechanisms for the secretion of virulence fac-
tors such as TvCP2.

In conclusion, our proteomics study provided an extensive
dataset of phagolysosmal proteins, including known and
potentially novel virulence factors. Future investigations need
to be performed to elucidate their functions and, in particular,
to decipher the molecular mechanism of lysosomal sorting,
which may provide an interesting target for the development
of new antiparasitic strategies.
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