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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 β-amylase redirected this protein to lysosomes. However, 

even though divergent homologues of the mannose-6-phosphate 

(M6P) receptor, TvMPR, 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 
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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 představují centrální degradační kompartment 

eukaryotních buněk. Tyto organely s kyselým pH a řadou kyselých 

hydroláz jsou určeny k degradaci a recyklaci materiálu pro buněčnou 

homeostázu a výživu. 

Rozsáhlé studie savčích lysozomů odhalily dlouhý seznam 

lysozomálních proteinů. Jak lze očekávat, největší podskupinu tvoří 

hydrolázy, avšak funkce většiny z nich zůstává nejasná. O biogenezi 

a funkci lysozomů parazitických protistů je známo jen málo a ještě 

méně o jejich roli v sekreci. Cílem této studie bylo objasnit složení 

(fago-)lysozomálního proteomu lidského parazita Trichomonas 

vaginalis a jeho zapojení do sekrece hydroláz. Naše studie odhalili, 

že lysozomální proteom zahrnuje 462 proteinů ve 21 funkčních 

třídách. Hydrolázy představovaly největší funkční třídu a zahrnovaly 

proteázy, lipázy, fosfatázy a glykosidázy. Identifikace velkého 

souboru proteinů zapojených do vezikulárního transportu a přestavbě 

cytoskeletu ukazuje, že fagolysozomální kompartment je velmi 

dynamickou strukturou. Několik hydroláz jsme také identifikovali v 

sekretomu T. vaginalis, včetně cysteinové proteázy TvCP2, avšak 

způsob jejich sekrece byl nejasný. Studium lysosomů odhalilo, že k 

sekreci TvCP2 dochází spíše prostřednictvím lysozomů než 

klasickou sekreční cestou. 

Dále jsme ukázali, že cysteinová proteáza CLCP, která je rezidentní 

v lysozomech je specificky rozpoznána a importována do lysozomů v 

závislosti na glykosylaci. Zavedení glykosylačních míst do sekvence 

β-amylázy, která je sekretována klasickou sekreční drahou 

přesměrovalo tento protein do lysozomů, což potvrdilo klíčovou úlohy 

glycosylace pro transport do lysoszomů K rozpoznání glykosylačního 

lysosomálního markeru jako je manóso-6-fosfát (M6P) by mohl 

sloužit M6P-receptor, TvMPR, který jsme našli v lysozomálním 
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proteomu. Avšak T. vaginalis postrádá enzymy pro tvorbu M6P a tak 

způsob rozpoznání lysozomálního signálu zůstává nejasný. 

Celkově tato studie ukazuje na společný evoluční původ lysozomů 

protistů jako je T. vaginalis a mnohobuněčných organismů, vzhledem 

k tomu, že sdílejí velký soubor společných lysozomálních 

komponentů. Jsou však také patrné důležité rozdíly, které by mohly 

být relevantní pro virulence parazitů. V budoucích studiích je třeba 

objasnit, zda se TvMPR nebo jiné možné receptory podílejí na 

rozpoznání a importu proteinů do lysozomů a přesnou strukturu 

lysozomálního rozpoznávacího markeru. 

 

INTRODUCTION 
 

Lysosomes are 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 (1). 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 (2–4). Lysosomes break down any intra- or 

extracellular material that reaches the organelle (2,5). Therefore, 

lysosomes represent the major catabolic compartment in eukaryotic 

cells (6), with the end products being reused (7). Lysosomes typically 

have an acidic pH and possess around 60 acid hydrolases to fulfill 

the degradative function (8–11). 

Five pathways have been described that deliver material to 

lysosomes for degradation. (I) Endocytosis and (II) phagocytosis are 

receptor-mediated processes of plasma membrane invagination by 

which extracellular material is taken up (12). Endocytosis and 

phagocytosis differ in the size of the engulfed material: While 

endocytosis refers to the uptake of small particles into endosomes, 

phagocytosis represents the uptake of particles larger than 0.5 µm in 

size, for example bacteria, into phagosomes (13–15). (III) Pinocytosis 

refers to the non-specific engulfment of extracellular fluid (16,17). 

Material is taken up into micropinosomes or macropinosomes, 
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depending on the volume of the engulfed external fluid (16). (IV) 

Autophagy is a recycling process in which intracellular components 

are degraded (18–20) and leads to the consumption of a portion of 

the cell’s cytoplasm for self-sustenance (19,20). Material is engulfed 

by an endoplasmic reticulum (ER)-derived isolating membrane 

forming first the autophagic cup and then the autophagosome. (V) 

Trogocytosis is a process of “nibbling” on cells and biting off pieces. 

In metazoans, trogocytosis plays an important role in the immune 

system, nervous system, and during embryonic development and has 

a benign nature (21). However, immune cells may use it to kill certain 

target cells. For example, neutrophils kill parasites such as T. 

vaginalis, and macrophages were shown to trogocytose antibody-

opsonized breast cancer cells (22–24). Vice versa, trogocytosis was 

adapted by multiple pathogenic amoeba species including E. 

histolytica, Naegleria fowleri, Acanthamoeba, and Hartmannella to kill 

host cells (25–28). As of today, trogocytosis has been described only 

in metazoans and amoebae (29). It has not been observed in T. 

vaginalis and is believed to be absent in this parasite. 

Material that was internalized by endocytosis is packed into 

early endosomes, which further mature to late endosomes (30,31). 

The maturation is accompanied by a luminal pH decrease from ~6.2 

in early to ~5.5 in late endosomes (30,32). Maturation is regulated by 

the largest subfamily of the Ras superfamily, the Rab GTPases 

(20,33,34). 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 (20,35). 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 (20). 

Pinosomes, autophagosomes, and trogosomes mature in a 

similar manner as endosomes including the exchange of Rab5 to 

Rab7 on the vesicular surface. Then, they fuse with endo-lysosomal 
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vesicles so that the cargo is degraded in lysosomes (13,14,16-

19,25,36).  

Besides its role in the degradation of cargo, lysosomes have 

been shown to be involved in unconventional protein secretion. In 

contrast to conventional protein secretion, which involves an amino-

terminal signal peptide, the ER, and Golgi body (37), the term 

“unconventional protein secretion” describes a collection of pathways 

that lead to the secretion of proteins lacking a signal peptide (38). 

Four types of UPS were described by Rabouille et al. (39): (I) Self-

sustained protein secretion by oligomerization and pore-creation into 

the plasma membrane (UPS Type I); (II) Secretion through ABC 

transporters (UPS Type II); (III) Secretion by autophagosome-like 

vesicles (UPS Type III); (IV) Golgi bypass of SP-harboring 

transmembrane proteins through ER-derived vesicles (UPS Type IV) 

(40). However, it is not fully understood how a leaderless protein 

reaches the endo-lysosomal compartment prior to secretion. 

Furthermore, the same protein might be secreted through different 

routes depending on the cellular status (40). 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 (40). These glycolytic 

proteins often have moonlighting functions upon secretion that are 

essential for invasion and persistence (40). 

Sorting of most mammalian lysosomal hydrolases depends 

on the mannose-6-phosphate (M6P) pathway that relies on M6P on 

the lysosomal glycoprotein and an M6P receptor (MPR) that delivers 

the protein to the endo-lysosomal compartment (41,42). The 

formation of M6P depends on the consecutive action of two proteins 

in the Golgi. First, N-acetylglucosamine-1-phosphotransferase 

(GlcNAc-PT) transfers GlcNAc-1-phosphate from UDP-GlcNAc onto 

mannoses within the Glc3Man9GlcNAc2 oligosaccharide (42,43). 

Then, N-acetylglucosamine-1-phosphodiester-α-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 (42,43). 

Trafficking of cargo-loaded receptors and transmembrane proteins is 
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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 

(YxxØ) motifs (41,44,45). Lysosomal targeting sequences of 

transmembrane proteins (t-LTS) not only mediate lysosomal delivery 

but also rapid internalization from the plasma membrane (43,45). 

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 

groups (41,46). Interestingly, in E. histolytica, a novel class of 

receptors for the lysosomal delivery of cysteine peptidases (cysteine 

peptidase-binding protein family, CPBF) was identified (47).  

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 (48–51). 

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 (51–53). Even though little is 

known about host-parasite interactions, T. vaginalis is suggested to 

secrete perforin-like pore-forming proteins (54). Furthermore, 

secreted proteases have repeatedly been implicated in parasite 

virulence (55–59), 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 (60). Furthermore, 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 (52). As an example, unicellular eukaryotes usually encode 

between 5 and 20 Rab GTPases, whereas metazoans possess a 

repertoire of between 25 and 60 (61). Humans encode around 60 

Rab GTPases, Saccharomyces cerevisiae and Plasmodium 
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falciparum 11, and Giardia lamblia only 8 (62–64). In contrast, T. 

vaginalis has been found to encode 292 Rab GTPases (60), 

however, their functions remain to be elucidated. 

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. 

 

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 

 

MATERIAL AND METHODS 
 

The experimental procedures used in this work are described in 

detail in the individual studies (65,66). Briefly, the following methods 

were used: Isolation of (phago-)lysosomal fractions using (i) density 

gradient centrifugation in a Percoll gradient, (ii) density gradient 

centrifugation in an Optiprep gradient, (iii) lactoferrin-covered 

magnetic Dynabeads; confocal fluorescence microscopy; 

immunoblotting; mass spectrometry; bioinformatic tools for data 

analysis and annotation including SignalP 4.1, TargetP 2.0, 

SecretomeP 2.0, the TMHMM server v. 2.0, Pfam 34.0 database, 

TrichDB database. 
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RESULTS AND CONCLUSION 
 

TvRab7a as 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 µm in size, corresponding to late 

endosomes and lysosomes. Thus, we validated Rab7a as a late 

endosomal/lysosomal marker in T. vaginalis. 

 

Proteomic analysis 

The isolation of (phago-)lysosomes with three methods and following 

mass spectrometry analysis 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 (67). 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 

(59). Proteases are key players in T. vaginalis virulence (55,56), 

which is not surprising given the large set of 440 peptidases encoded 

in the parasite’s genome (60). Seventeen proteins identified are 

involved in carbohydrate 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 

(40). The second-largest class that we identified is involved in vesicle 

formation and vesicular trafficking, which includes Rab proteins 
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(including Rab7a), Vps proteins, SNARE complex proteins, clathrin, 

and adaptor proteins (68–70). 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 

(71–73). 

 

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 domains and lack the M6P 

binding sites, which makes them more alike to Drosophila LERP. All 

TvMPRs contain either the YxxØ or DxxL[LI] sorting motif for the 

recognition by adaptor proteins, however, only TvMPR-1, -4, and -5 

appeared to be type I 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, TvMPRs likely do not 

recognize cargo through M6P. Moreover, the searches for GlcNAc-

PT and UCE in the T. vaginalis database using the human α/β 

GlcNAc-PT (Q3T906) and UCE (Q9UK23) amino acid sequences as 

queries did not reveal any homologues. The absence of GlcNAc-PT 

and UCE together with the lack of M6P recognition sites makes it 

unlikely that TvMPRs recognize lysosomal hydrolases through M6P 

modifications. Thus, we hypothesize that TvMPRs bind lysosomal 

cargo through features or modifications other than M6P. 

 

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. We chose the lysosome resident Cathepsin 
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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 β-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. 

 

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 DNaseII, pore-forming 

proteins, phospholipases, β-hexosaminidase, a single α-amylase, 

and β-amylases, some of which we also identified in the lysosomal 

proteome. Secreted phospholipases have been observed to kill 

bacteria (74) and possess antiviral activity (75), whereas β-

hexosaminidase is suggested to degrade host mucin (76). 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 (77), including TBSR proteins. This overlap of proteins is 

consistent with the finding that the surface rhomboid protease 

TvROM1 cleaves membrane-bound proteins (78) that are then 
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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 β-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 α-1,4-linkages 

of glycogen (79,80) 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 β-amylases (81). 

 

Unconventional secretion of cysteine peptidases through 

lysosomes 

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 (82), and BFA, which increases a 

retrograde transport from the Golgi to the ER (83,84), 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 (85,86). 

The experiments with CLQ and BFA led us to the conclusion that T. 
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vaginalis employs an unconventional secretory pathway through 

lysosomes to secrete hydrolases. 

 

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 β-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 (55,56,60). An interesting 

investigation in future studies might be whether (and how) the 

secretome of T. vaginalis changes upon contact with the host cells or 

bacteria and whether such a contact stimulates lysosomal secretion. 
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