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30  Abstract

31 African trypanosomes are an early branch in eukaryotic evolution and developed a unique
32 endomembrane system as an adaptation to their parasitic life style. The key virulence mechanism of
33 many pathogens is successful immune evasion to enable survival within the host, which is a feature
34  requiring both genetic events and membrane transport in African trypanosomes. Intracellular
35 trafficking not only plays a role in immune evasion, but also in homeostasis of intracellular and
36  extracellular compartments and interactions with the environment. Significantly, historical and recent
37  work has unravelled some of the connections between these processes and highlighted how immune
38  evasion mechanisms associated with adaptations in membrane trafficking may have, paradoxically,
39 provided specific sensitivity to drugs. Here we explore these advances in understanding the
40  membrane composition of the trypanosome plasma membrane and organelles and provide a
41  perspective for how transport could be exploited for therapeutic purpose.
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62  Introduction
63 Diverging early from the eukaryote lineage a group of unicellular organisms emerged as
64  trypanosomatids and featured a singular flagellum and kinetoplastid [1]. Their position in the course
65  of evolution provides unique opportunity for studying the mechanisms of evolution and [2,3]
66  moreover, being almost exclusively parasitic, they impose significant burden on public health and
67  economic advancement. The African trypanosomes, are the causative agents of Human African
68  trypanosomiasis (HAT), or “sleeping sickness”, and animal African trypanosomiasis (AAT), or
69  “Nagana”, and are transmitted by the tsetse fly [4,5] (Figure 1). These extracellular parasites have
70  evolved multiple mechanisms to successfully establish and maintain an infection in both insect and
71  mammal hosts [6]. The most sophisticated of these mechanisms is the frequent remodelling of the
72 surface proteome during the course of infection in mammalian hosts and removal of surface-bound
73 immune effectors [4]. During the transition through the vertebrate host, the plasma membrane of
74 Trypanosoma brucei spp is characterized by the presence of a dense coat composed mostly of variant
75  surface glycoproteins (VSGs) [4]. VSGs are switched during the course of infection, allowing the
76  parasite to present distinct surface epitopes at any given time, conferring a competitive advantage
77  over the immune system [4]. Moreover, the VSG coat provides a physical barrier between immune
78  effector complexes and non-varying surface proteins, such as nutrient and ion transporters and
79  receptors [4,5]. Hence trypanosomes shield themselves from their environment and present just a
80  single invagination at the plasma membrane, the flagellar pocket (FP), to provide the sole point of
81  active exchange with the cell interior [5].
82 Remodelling of the trypanosome surface is supported by a highly efficient endocytic and
83  exocytic apparatus and the underlying endomembrane system. Both the endocytic and exocytic
84  systems of 7. brucei possess canonical, highly conserved proteins, including clathrin and clathrin-
85  interacting protein partners, adaptor proteins, tethering complexes and Rab proteins together with
86  specialized lineage-specific components (Figure 2) [7-9]. Continuous and rapid endocytosis ensures
87  that immune complexes formed on the cell surface are internalized and degraded rapidly in acidic
88 intracellular compartments [7-9]. Alongside, the recycling system ensures that proteins, including
89  VSGs, are swiftly returned to the surface to maintain the coat [8]. Additionally, the exocytic system
90  must meet the requirement for de novo surface components, particularly relevant during cell growth
91 and division as well as VSG switching [8,10,11]. The concerted functions of both endocytosis and
92  exocytosis are paramount to ensuring the fidelity of the cell surface proteome at any given time [7—
93  9]. Understanding the mechanisms of surface proteome homeostasis in trypanosomatids has also
94  become relevant for understanding those processes underpinning drug sensitivity and has potential
95  for exploitation for therapeutic purposes. For example, high endocytic capacity represents an
96  opportunity for delivery of chemotherapeutic agents and may bypass potential treatment failure
97  through the emergence of resistance [12].
98 Here we present an integrated view of the surface proteome of 7. brucei, with special
99  emphasis on the plasma membrane and endomembrane interface. Similarly, we consider how the

100  surface proteome, and its homeostatic maintenance, is key in providing effective mechanisms against

101  recognition by the immune system during infection and describe the most recent findings providing

102 anew depiction of how different trypanocidal agents function within trypanosomes.
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106 A dynamic surface for host and environmental interactions

107 The plasma membrane is the interface between the environment and the cell. The maintenance
108  of the surface composition in trypanosomes, as in any eukaryotic cell, is only possible due to a large
109  and highly specialized endomembrane system, broadly constituted by the endoplasmic reticulum
110  (ER), the trans-Golgi network (TGN), and various endolysosomal organelles [5,8,13]. From a cellular
111 point of view, the 7. brucei ER is distributed throughout the cytoplasm, whereas multiple vesicular
112 structures, including early, late, and recycling endosomes, alongside the Golgi complex, are located
113 in close proximity to the FP [5,8,13]. Similarly, the single lysosome is normally located close to the
114 nucleus, with the result that the endomembrane system is highly polarized [5,8,13].

115 One of the key features of the 7. brucei mammalian infective form is rapid and tightly
116  controlled endocytic and recycling machineries (Figure 2). In trypanosomes initial endocytic steps
117  are exclusively mediated by clathrin and also independent of adaptor protein 2 (AP-2), which
118  associates with clathrin for the specific purpose of concentrating receptors within clathrin-coated pits
119  inhigher eukaryotes [14,15]. Clathrin-mediated endocytosis (CME) is the most evolutionarily ancient
120 endocytic mechanism known, and in many lineages the sole mechanism for internalization [16].
121 Additionally, trypanosomes also possess a cohort of proteins that interact with clathrin to facilitate
122 transport, some of which are conserved and others are trypanosomatid-specific [17]. Interestingly,
123 the T. brucei genome does not encode orthologues for AP-2 subunits [17] and indicates that the initial
124 steps of endocytosis are likely non-selective [17]. A conserved cohort characterized as bona fide
125  interacting partners of clathrin includes adaptor protein 1 (AP-1), epsinR, orthologues of endosomal
126  SNARE, Rab and ARF GTPase-activating protein (SMAP) and the AP-2 associated kinase (AAK)I
127 [17] (Figure 2). AAKI is particularly interesting as it is a pseudokinase in trypanosomes rather than
128  an active AP-2 kinase, suggesting that there are additional roles for this protein beyond interaction
129  with AP-2 [17]. By contrast, a second cohort of clathrin-interacting proteins have been described that
130  are restricted to trypanosomes, several of which have clear roles in endocytosis and organization of
131  the endomembrane system [17,18]. One key observation in this regard is that Rab5/Rabll-
132 containining endosomes are important for sorting of VSGs and ISGs during their internalization and
133 recycling [19,20] (Figure 2).

134 Rab proteins are spatiotemporal regulators of membrane transport and have also served as
135  valuable markers for endomembrane compartments in trypanosomes [21]. In the context of surface
136  remodeling, Rab5 emerges as a key component during early steps of endocytic trafficking [8,22,23].
137  T. brucei has two isoforms of Rab5, Rab5A and Rab5B, that co-localize to the same structures in PCF
138  but are in different endosomal compartments in BSF [7,24,25], where these two endosomal
139  populations receive distinct cargoes. For example, Rab5SA, but not Rab5B, endosomes contain VSG
140  [25] (Figure 2). These findings support a model in which the sorting of endocytosed surface proteins
141  is through different endosomal structures, a form of functional diversion, perhaps to allow for a
142 continuous recycling of VSG without disturbing the adequate internalization of other surface proteins
143 [25,26]. This is also supported by the presence of clathrin buds on endosomal structures that appear
144 to exclude VSG, suggesting that recognition of frans-membrane domain proteins may take place at
145  internal compartments and possibly would be mediated by AP-1 [8,27,28]. Subsequently, the
146  endocytic process involves transitioning through additional compartments defined by Rab21, Rab28
147  and finally Rab7 [29-31]. Quite what the specific functions of these steps are remains to be elucidated
148  but control does appear to be mediated by the vacuolar protein sorting 9 (Vps9), a process conserved
149  with mammalian cells [32].
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150 Another subset of Rab proteins, Rab11 and Rab4, are intimately involved in the recycling of
151  proteins from early endosomes to the PM [33-35]. However, there is conflictive evidence regarding
152 the role of Rabll1 in the recycling of trans-membrane proteins and GPI-anchor proteins [33-35],
153 which clearly evidence the need to further characterize the role of Rab11 in recycling in a more high-
154  throughput manner. Nevertheless, the crosstalk between the early, Rab5-containing early endosomes
155 and the Rabll-containing recycling endosomes are thought to be mediated by both conserved
156  proteins as well as potentially lineage-specific proteins, such as 5-azacytidine-induced 1 (AZI1) and
157  Rabl1-binding protein of 74 kDa (RBP74), respectively [34]. Importantly, several Rab1 1-interacting
158  partners, including Secl5, connect the Rab11-containing endosomes to the exocyst [11], a complex
159  important in mediating the last steps of exocytosis [11] (Figure 2).
160
161  The major surface proteins and their trafficking itinerates
162 VSGs are homodimeric ~50-55 kDa glycosylphosphatidylinositol (GPI) anchored proteins
163 [4,5,36]. Each monomer is connected to the GPI-anchor by a flexible peptide linker [37], allowing
164  the protein to exist in at least two conformational states; “compact”, characterized by tight protein
165  packing, or “relaxed”, where the space between homodimers increases [37] (Figure 3). The flexibility
166  and presence of at least two conformational states have implications for VSG movement at the
167  surface. At least two populations can be measured that exhibit differential lateral movement; one with
168  slow dynamics and another population displaying faster movement and similar to that observed for
169  lipids in the membrane [37]. This results are consistent with the structural flexibility observed for
170 VSGs, and suggest that “relaxed” and “compact” states diffuse in the plasma membrane at different
171  rates [26,37].
172 VSGs are continually switched during the course of an infection [5,36]. This antigenic variation
173 is the most sophisticated by which trypanosomatids evade being recognized by the host immune
174 system [5,36]. Antigenic variation is achieved by means of a hypervariable N-terminal domain which
175  faces the extracellular space, when compared to the more conserved C-terminal domain, located
176  under the dense VSG coat [5,36]. The process of antigenic switching implies that trypanosomes must
177  survive with at least two different VSGs co-existing at the PM during the transition from one VSG to
178  another [4,38]. It is plausible that the “compact” state adopted by VSGs at the PM may facilitate
179  incorporation of newly synthesized VSGs whilst the previous VSG is being removed, ensuring that
180  none of the non-variable antigens are exposed [37] (Figure 3). Similarly, the more “relaxed” state
181  may be achieved after antigenic switching program is completed [37]. The flexible states of VSGs
182  are therefore important for adaptation to a range of protein densities at the plasma membrane, of
183  relevance during VSG switching as well as situations where additional membrane proteins are
184  accommodated within the confined plasma membrane area [26,37] (Figure 3).
185 Following translation, VSGs follow a trafficking itinerary to mature and be delivered to the
186  surface [39]. VSG biosynthesis and transport is vital, demonstrated by in vitro experiments in which
187  knockdown of VSG leads to marked defects in cell cycle, cell division, and survival [40,41]. The
188  nascent VSG polypeptide is translocated to the ER in a Sec61-dependent manner, but likely to be
189  independent of the signal recognition particle (SRP) [42,43]. This seems possible for most GPI-
190  anchor proteins in 7. brucei, whereas the translocation of polytopic membrane proteins requires SRP
191  [44]. In the ER lumen, VSGs undergo multiple modifications, including cleavage of the N-terminal
192  signal and N-glycosylation, all central to maintaining VSG expression levels [45]. Importantly, there
193  is some evidence to suggest that VSGs maybe synthesised in excess, and their relative abundance
5
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194  being regulated by an active ER associated degradation (ERAD) [46]. However, further evidence
195  challenged these results, but argued in favour of the presence of active ERAD operating in the ER,
196  acting as a quality control (QC) system for newly synthesized proteins, including membrane proteins
197  [47]. Upon addition of the GPI anchor and interaction with folding and quality control (QC) systems,
198  VSG is transported from the ER to the TGN and matured further by glycan elaborations [48,49].
199  Interestingly, the AP-1 complex is essential for biosynthetic lysosomal trafficking from the TGN, at
200 least in the PCF, and suggests a stage-specific role of this complex in 7. brucei [28]. The role of this
201  complex in BSF remains to be fully elucidated for a greater repertoire of surface proteins in BSF and
202  thus merits further investigation.
203 The final steps in delivery of the VSG to the PM are mediated by Rab11-containing vesicles and
204  likely coordinated by the exocyst [11]. The overall process (from translation to transport to the PM)
205  is completed extremely rapidly, and due to the large excess of VSG polypeptides in the PM when
206  compared to other organelles in the endomembrane system, suggest a concentrative gradient towards
207  the PM [26,39]. Nevertheless, mechanisms by which newly synthesized VSGs are concentrated,
208  sorted, and QC controlled in different compartments of the endomembrane system remains elusive.
209 During the transition from the vertebrate host to the insect vector, a major surface remodelling
210  takes place, leading to a complete change in the high abundance proteins exposed in the surface coat.
211 At the insect stage, the surface is dominated by procyclin [38], encoded by a small gene family for
212 GPI-anchored proteins with a characteristic amino acid repeat sequence; either EP or GPEET [50].
213 Unlike VSG, the antigenic variation potential of procyclin is limited, reflecting a simpler immune
214  system within the insect host [50-52]. Procyclins are highly acidic, and carry sialic acid on both N-
215  glycans and the GPI-anchor, a modification facilitated by a surface trans-sialidase [5S1]. During the
216  insect stage, procyclins are expressed in an orderly fashion, rendering parasites that simultaneously
217  express both EP- and GPEET-procyclins [50-52]. Following transition from the midgut lumen to the
218  epithelium (around day three post infection) and coinciding with an expansion in the parasite
219  population, levels of EP-procyclin decrease, leading to dominance of GPEET-procyclin at the cell
220  surface [50-52]. As proposed for VSG, the procyclin coat is thought to shield against proteolytic
221  activity in the tsetse midgut [50-52]. However, procyclin-null trypanosomes are capable of infecting
222 tsetse, albeit at lower fitness [50—52]. Thus, while procyclin clearly provides an advantage to the
223 parasite, the reason for the developmental transition within the insect host remains elusive.
224
225  Invariant surface glycoproteins
226 The most abundant trans-membrane proteins at the plasma membrane are the invariant surface
227  glycoproteins, or ISGs [53] (Figure 3). Structurally, ISGs are type I trans-membrane domain (TMD)
228  proteins that display some structural similarity to VSGs, with an extracellular hydrophilic N-
229  terminus, followed a single transmembrane a-helix and a short cytoplasmic C-terminus [53]. There
230 are at least five groups of ISGs, but only two have been analyzed in any detail and are known to be
231  expressed on the surface, ISG65 and ISG75 [53]. Both are only detected in the mammalian stage
232 suggesting that their functions may be restricted to potential interactions with host-derived factors,
233 and efforts to express ISGs in insect stages indicate the presence of a QC mechanism to prevent this
234 from taking place and which involves rapid degradation of the ISG [53].
235 Although the function of ISGs remain elusive, ISG75 plays a central role in mediating suramin
236 internalization [54,55] (Figure 3). Suramin, the longest-standing trypanocidal drug, is a highly
237  negatively charged molecule used to treat the haemolymphatic stage of trypanosomiasis [56,57].
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238  Given its physicochemical properties, suramin cannot diffuse through the plasma membrane,
239  suggesting an active uptake process is required [56,57]. The current model for suramin uptake
240 involves endocytosis of ISG75 [54,56,57], as well as a role for lysosomal delivery of additional
241  proteins by AP-1 [55]. Several lysosomal components are required for suramin sensitivity including
242  p67 and CatL and thought to actively participate in degradation of ISG75 and subsequent release of
243 suramin into the lysosomal lumen [55].
244 ISG75 and 65 are modified by ubiquitylation at specific cytoplasmic lysine residues [58,59].
245  Addition of ubiquitin is important for the internalization of ISG75 and 65 promoting endosomal
246  targeting and degradation [54]. Furthermore, two deubiquitylating (DUB) enzymes, Usp7 and Vdul,
247  act upon ubiquitylated ISGs, mediating removal of ubiquitin [54]. However, due to the loss of the
248  adaptor complex AP-2 it is possible that addition of ubiquitin acts as a sorting signal for trans-
249  membrane proteins destined either for recycling or degradation. Moreover, given the absence of
250  selectivity at the PM, ubiquitylation may well act as a checkpoint for further trafficking through the
251  endosomal compartments. Taken together, the evidence presented thus far suggests that suramin is
252 rapidly taken up and accumulates inside bloodstream form of 7. brucei as a consequence of the high
253  endocytic rate of ISG75, whereby ISG75 likely acts as a carrier for suramin [54]. However, there is
254  not yet clear evidence to support a physical interaction between suramin and ISG75, and further
255  investigation into the structural aspects of the potential interaction between ISG75 and suramin are
256  required.
257
258  The Flagellar pocket (FP) and contact with the environment
259 The flagellar pocket (FP) is a specialized invagination of the plasma membrane, acting as a
260  focal point for exchange of material between the intracellular space and the extracellular milieu [5];
261  the configuration of the FP and the cytoskeleton that subtends it is in fact a consequence of the
262  evolutionary origins of eukaryotes [5] (Figure 2). The FP membrane has a unique array of lipids and
263  proteins, including several likely receptors, as well as several signalling components, including the
264  phosphoinositide-3-kinase (PI3K) Vps34 and the target of rapamycin (mTOR) signalling pathways
265  [60,61]. Indeed, the association of several PI3K-dependent components important for endocytic flux
266  are almost invariably located at the FP [5,61]. Moreover, an association between the FP with the
267  Golgi apparatus and different components of the endosomal compartments ensures that the entire
268  system operates with great efficiency and likely close coupling between different pathways [5,61].
269 Several membrane proteins display a marked localization to the FP and/or endomembrane
270  compartments subtending this structure. For example, the transferrin receptor, TfR, which is a
271  heterodimeric complexed formed by the composed of the GPI-anchor ESAG6 and soluble ESAG7
272 [62,63]. After uptake, the TfR complex and ligand are routed to lysosomes where transferrin is
273  proteolytically degraded [64,65]. While the degradation products are released from the cells, iron
274  remains cell associated and the TfR complex is recycled to the membrane of the flagellar pocket
275  [66,67].
276 Intimately associated with the FP and subtending endomembrane compartments are the
277  haptoglobin-hemoglobin receptor (TbHpHbR) and serum resistance-associated (SRA) protein,
278  involved in preventing human serum-mediated lysis in trypanosomes [6,68,69]. SRA is a GPI-anchor
279  protein structurally related to VSGs [69]. Two different trypanolytic lytic factor (TLF) complexes,
280  TLFI1 and TLF2, are present in human serum and associated with apolipoprotein-L1 (ApoL1) and
281  internalized via the TbHpHbR [6,70,71]. Upon internalization, ApoL1 undergoes a series of
7
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282  conformational changes in response to variations in endosomal pH, leading to the formation of pores
283  in several membranes [70-72]. The trypanolytic action of ApoL1 is counteracted by SRA, which
284  directly binds to ApoLl in the endosomal system, preventing the formation of pores [70-72].
285  Although the mechanisms by which this process operates are well documented, the factors associated
286  with the human serum TLF, contained in complex with ApoL1, were poorly understood. A recent
287  RNAi-mediated screening surveyed the entire 7. brucei genome and identified an array of proteins
288  involved in the trypanolytic activity of ApoL1 [72]. Interestingly, at least six putative ubiquitylating
289  enzymes involved in remodelling of the surface proteome (including RING-E3 ligases and
290  deubiquitylating (DUB) enzymes), as well as several vacuolar ATPases, the lysosome-associated
291  membrane protein p67, and the TbHpHbR were all identified as bona fide components of the ApoL1-
292  mediated trypanosome killing [72]. The ubiquitylation/deubiquitylation cycle is known to be central
293  in mediating protein trafficking at the PM and through the endomembrane system [73,74]. Together,
294  these findings underpin the importance of intracellular trafficking events and ubiquitin-mediated
295  systems mediating surface remodelling, as central components in the resistance to human serum [72].
296
297  Complex interactions between drugs and trafficking revealed by genetics
298 Several studies have surveyed the 7. brucei genome to identify proteins involved in the
299  transport and metabolism of chemotherapeutic agents, either currently used or in development for
300 treating early- or late-stage of HAT [55,75,76]. These demonstrated a robust link between transport
301  mechanisms at the FP and sensitivity to chemotherapy [55]. Components required to mediate
302 sensitivity to drugs include surface proteins predominantly located in, or trafficked through the FP,
303 and components of, or interacting with, proteins mediating active internalization via endocytosis
304  and/or recycling [55]. At least two proteins, ISG75 and AQP2, mediate drug internalization; suramin
305 and pentamidine/melarsoprol respectively [54,55,77] (Figure 3). However, the mode of entry is
306  context-dependent and depends on distinct pathways. Several polytopic proteins are also involved in
307  susceptibility to difluoromethylated ornithine compounds (eflornithine), aromatic diamidines
308 (pentamidine) and melaminophenyl arsenicals (melarsoprol) [55,77—80]. These include the amino
309 acid transporter 6 (AAT6), the plasma membrane P-type H'-ATPase (HA1-3), the ATI1/P2
310  adenosine/adenine transporter, and AQP2 [55,77-80].
311 Eflornithine, an irreversible inhibitor for ornithine decarboxylase (ODC), is efficiently
312 transported by AAT6 [78]. The single-copy gene encoding AAT6 is involved in transport of neutral
313  amino acids under physiological conditions [80], and has been identified as a target transporter by
314 both metabolomics and genome-wide RNAIi [55,75,81], thereby indicating its role in eflornithine
315  sensitivity. Indeed, AAT6 RNAi knockdown increased the EC50 of eflornithine by ~16- fold [81,82].
316 Similarly, pentamidine and melarsoprol uptake are mediated by a myriad of frans-membrane
317  proteins, including P-type H-ATPase (HA1-3), the AT1/P2 transporter, and AQP2 [55]. Knocking
318 down P-type H*-ATPases decreases the susceptibility to pentamidine 8-fold [55], and the current
319  hypothesis proposes that the P-type H'-ATPase acts as a proton symporter generating the motive
320  force required for pentamidine uptake, whereas the AT1/P2 transporter is involved in melarsoprol
321  uptake [55,79,83]. Apart from the AT1/P2 transporter, the only other surface protein involved in
322  pentamidine/melarsoprol cross-resistance is AQP2 [55,77,84], indicating a central role for these
323  membrane-spanning proteins in the uptake both compounds. AQPs are conserved proteins that
324  facilitate transport of small solutes across the plasma membrane, including water, urea and glycerol
325  [85,86]. Their main function is associated with osmoregulation [85,86]. 7. brucei possesses three
8
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326  AQPs, all with distinct transport specificities [85]. Although these proteins display >70% similarity
327  in sequence, several features distinguish AQP2 from AQP1 and AQP3, including a non-canonical
328 NSA/NPS and IVLL motif alongside the pore channel and an unusual (and relatively wider)
329  aromatic/arginine (ar/R) constriction [78,85], potentially explaining a capacity to allow the passage
330  of larger solutes. Similarly, AQP2 localizes almost exclusively to the FP, whereas AQP1 and AQP3
331 locate to the flagellum and the plasma membrane, respectively [77,88,89].

332 Owing to its localization in the FP, AQP2 may be subject to continued rounds of endocytosis
333  and recycling. Indeed, in mammalian renal cells, AQP2 traffics between the plasma membrane and
334  cytoplasmic vacuolar reservoirs [86], which mediate phosphorylation and ubiquitylation of human
335  AQP2 [87,90-92]. There is also compelling evidence to suggest that phosphorylation of other AQPs
336  has important functional consequences in both yeasts (Saccharomyces cerevisiae) [93] and
337  Leishmania major [94]. Although evolutionary distant, the combined observations in yeast, kidney
338  cells, and Leishmania major provide a mechanistic framework to resolve the trafficking itinerary of
339  the members of the AQP family. Several enzymes involved in post-translational modifications are
340  also mediators of the susceptibility to both pentamidine and melarsoprol, including several E3
341  ubiquitin ligases such as the Cullin-RING Tb927.11.11430 (referred to as Cullin 1) and at least two
342 hypothetical proteins containing a C-terminal HECT-domain suggesting that they are also likely E3
343  ligases [55]. Similarly, several serine/threonine-protein kinases, such as STE7, STE, mitogen-
344  activated protein kinase 11 and the nuclear Dbf2-related kinase were also identified [55].

345 Interestingly, the serine/threonine protein kinase STE7 was detected as a mediator of
346  susceptibility to both pentamidine and melarsoprol, while different E3 ubiquitin ligases are identified
347  as specific for either pentamidine (Culling-RING Tb927.11.11430) or melarsoprol (HECT-domain
348  hypothetical proteins) [55]. This observation suggests that, although phosphorylation may be central
349 for susceptibility to both compounds, mechanisms controlling ubiquitylation-mediated
350 internalization of these drugs may be divergent, involving different E3 ligases. It remains unclear if
351  the intracellular trafficking itinerary mediated by modifications of AQP2 is vital for trypanocide
352 internalization. Alternatively, continuous cycling of AQP2 through the endo/exocytic machinery may
353  act as a quality control mechanism controlling stability and correct (homo)tetramer formation,
354  thereby ensuring a correct balance of functional AQP2 complexes in the cell surface, which in turn
355  could facilitate the transport of trypanocides through the plasma membrane. Further work is required
356  to clarify the mode of internalization and action of these compounds by trypanosomes.

357 Although surface and FP proteins provide a route for entry into the cell, reverse genetics also
358 indicates that proteins of intracellular organelles such as the lysosome and the mitochondria
359  contribute to drug sensitivity. For instance, knockdown of the glycoprotein p67, an essential
360 lysosomal protein, decreases suramin sensitivity comparable to knockdown of ISG75 [55]. On the
361 other hand, several aromatic diamidines, isometamidium chloride, and diminazene aceturate,
362  important veterinary trypanocides, accumulate in the mitochondria in a process dependent on the
363 membrane-spanning mitochondrial vacuolar-type H'-ATPase [95-98]. Similarly, several
364  mitochondrial enzymes such as flavin-dependent nitroreductase and flavokinase and components of
365  the ubiquinone biosynthesis, are involved in the susceptibility to nifurtimox [55] , suggesting that the
366  mitochondrion is one of the main intracellular target sites for several trypanocidal compounds.
367 However, more mechanistic details are required to understand precisely how the surface composition
368  of these organelles impact drug sensitivity in trypanosomes, or how these compounds traffic between
369  and are effectively delivered to subcellular organelles.
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370
371  Can we harness endocytic machinery for therapy?
372 Is it possible to harness the endocytic capacity, trafficking and sorting of the bloodstream form of
373 T. brucei to improve treatment of HAT? Although current therapeutic approaches are proficient in
374  killing these parasites, issues with systemic drug toxicity and emergence of drug resistance are
375  shortcomings that could be bypassed altogether by targeting trafficking pathways. Moreover, a
376  plethora of drugs have been developed through target-based strategies, and which fail against intact
377  cells, likely due to difficulty in crossing biological membranes. In this regard, the development of
378 nanobodies (Nbs), small (~15 kDa) antibody fragments derived from camelid heavy chains, has
379  recently proved to provide an unparalleled opportunity to test this concept [99,100].
380 Nbs possess several key features that make them attractive candidates for therapeutic applications;
381  apart from small size, they can bind to their target with nanomolar affinity and are highly soluble
382 [99]. More importantly, given their small size they can recognize epitopes that are otherwise
383  inaccessible to IgG or IgM, and can penetrate the blood-brain barrier, providing an opportunity to
384  deliver compounds to parasites in the CNS during late stage disease [99]. A recent report
385  demonstrated that nanoparticles loaded with pentamidine, coated with the Nb-33 against a variable
386  region of VSG reduced the IC50 by 7-fold in vitro, and cured infected mice with ~10-fold lower dose
387  than free pentamidine [101]. An improved formulation reduced by ~100-fold the curative dose
388 required when compare to free pentamidine in a murine model [102]. In this scenario, the
389  pentamidine-loaded nanoparticle coated with the anti-VSG Nb specifically targets variable regions
390  of the VSG coat in the surface and is further internalized by a clathrin-dependent mechanism and the
391  rapid surface proteome turnover, potentially overcoming resistance associated to mutations in AQP2
392 [12,99,100]. Although promising, several aspects need to be considered carefully before these
393  findings can be effectively translated into clinical trials, as well as consideration of alternative Nb
394  targets and means for production; such studies are currently in progress in our laboratory and
395  elsewhere.
396
397  Conclusions
398 Trypanosoma brucei maintains a surface proteome, mainly composed of VSGs in the
399  bloodstream form, for active evasion of recognition by both innate and acquired immune effectors.
400 A highly rapid endocytic capacity is fundamental for internalization and recycling of surface proteins,
401  which in turn removes immune effector complexes bound to the cell surface. At the very core the
402  flagellar pocket plays the central role in maintaining a flux of molecules to and from the plasma
403  membrane, and the clear participation of conserved and lineage-specific proteins is now well
404  established. What remains is a fuller account of the proteins that are targeted through the endocytic
405  system and understanding how transport is regulated. A significant challenge in any system, the small
406  size of the trypanosome proteome, a comparatively simple endosomal system when compared to
407  mammalian cells and an expanding suite of genetic tools, offers a possible unique opportunity to
408  address these questions.
409 A promising avenue is development of novel chemotherapeutic agents. Many existing
410  trypanosome drugs interact with surface proteins promoting their active internalization; essentially
411 any compound that is charged at physiological pH requires a mechanism for translocation across
412  either the surface or endosomal membrane. Significantly, the very high endocytic flux clearly
413  explains the participation of ISGs in suramin sensitivity and potentially also of pentamidine and
10
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414  AQPs. A recent demonstration that pentamidine-loaded nanoparticles coated with a nanobody
415  recognizing an epitope associated with VSG was more efficient in killing trypanosomes by several
416  orders of magnitude when compared to pentamidine alone, and bypassed resistance conferred by
417  mutation of the AQP2 locus. Similar strategies directed against additional surface molecules are in
418  progress and show considerable promise and illustrate how understanding mechanisms underlaying
419  maintenance of the surface proteome can aid the development and application of novel approaches to
420  tackle parasitic disease.
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437  Figure legends

438

439  Figure 1. Simplified life cycle of Trypanosoma brucei. Parasites in the stumpy stage differentiate
440  into procyclic forms inside the midgut of the tsetse fly. Procyclic forms of the parasite express a
441  procyclin surface that changes throughout the infection of the midgut. On route to the salivary glands,
442  trypanosomes cross the proventriculus, differentiate into epimastigotes and switch the procyclin coat
443  to BARP. The final stage of infection in the tsetse fly takes places in the salivary glands; the parasites
444  differentiate into metacyclic forms and express VSGs, ready to infect a new host. Through a blood
445  meal trypanosomes reach the bloodstream of a mammalian host and differentiate into the replicative,
446  long and slender form. This may also involve the skin, lymphatics and adipose tissues, but which are
447  omitted for simplicity. As the levels of parasitemia increase, trypanosomes differentiate into the
448  infective, non-replicative short and stumpy form. Trypanosomes are also able to reach the
449  cerebrospinal fluid and to cross the blood brain barrier into the central nervous system. It is unclear
450  if this population is in equilibrium with the bloodstream stages. The dominant proteins in each stage
451  of the infection are indicated by colour: VSG; red, BARP; blue and procyclin; teal.

452

453  Figure 2. Organization of the endomembrane system of bloodstream form of 7. brucei sp. A
454  simplified schematic representation of the trypanosome endomembrane system is shown, with the
455  flagellar pocket at the top of the panel, and also including other intracellular organelles such as the
456  trans-Golgi network (TGN), early, sorting and intermediate endosomes and the lysosome.
457  Intracellular trafficking routes are indicated by arrows, with the arrowheads pointing towards the
458  destination of traffic. The endocytic route is depicted from the pocket to various intracellular
459  organelles, whereas the exocytic route is depicted from intracellular organelles (TGN, endosomes) to
460  the surface. The cohort of conserved trafficking-related protein between trypanosomes and higher
461  eukaryotes is shown in green, whereas lineage-specific proteins, i.e. those present only in
462  trypanosomes (and possibly a few additional taxa) are indicated in red. Similarly, those components
463  not detected in trypanosomes, and therefore thought to be lost in these organisms (e.g. the AP-2
464  complex) are shown in grey. Rab proteins are also shown and positioned based on the step they
465 mediate as well as localisation data (e.g. Rab5 in early endosomes, Rabll in sorting/recycling
466  endosomes). Note that not all proteins and complexes shown are discussed in the text but are present
467  for completeness.

468

469  Figure 3. Arrangement of the VSG coat at the cell surface. VSGs form a physical barrier on the
470  plasma membrane to protect the underlying and invariable membrane proteins, thereby preventing
471  the exposure of potentially highly antigenic proteins. During VSG switching and other other dynamic
472  conditions, the surface has to accommodate a greater number of VSG molecules, which is achieved
473 by tightly packing VSG under a “compact” conformation. When the VSG switching program is
474  completed and the old VSG is completely removed from the surface, the density of the newly formed
475  VSG coat is reduced, leading to a “relaxed” conformation. It is likely that these conformations are
476  dynamic at the steady-state level, and have important consequences for immune recognition, so that

477  antibody against invariant determinants (blue) is more likely in the relaxed state.
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