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After the endocytic and biosynthetic pathway converge, they partially share the route to the lysosome/vacuole. Similarly, the endocytic recycling and secretory pathways also partially share the route to the plasma membrane. The interaction of these transport pathways is mediated by endosomes and the trans-Golgi network (TGN), which act as sorting stations in endocytic and biosynthesis pathway, and endosomes has a bidirectional transport to and from the TGN. In mammalian cells endosomes can be largely classified as early/sorting, late, and recycling endosomes, based on their morphological features and localization of Rab family proteins, which are key factors in vesicular trafficking. However, these endosomes do not necessarily represent specific compartments that are comparable among different species. For instance, Rab5 localizes to early endosomes in mammalian cells but is widely localized to early-to-late endosomes in yeast, and to pre-vacuolar endosomes and the TGN in plant cells. The SNARE complexes are also key factors widely conserved among species and localized specifically to the endosomal membrane, but the localization of respective homologs is not necessarily consistent among species. These facts suggest that endosomes should be classified more inclusively across species. Here we reconsider the mammalian endosome system based on findings in budding yeast and other species and discuss the differences and similarities between them.
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1 INTRODUCTION
Endocytosis is the process by which cells internalize extracellular materials, cell surface proteins, and lipids via vesicles formed by membrane invagination. Endocytosed cargos are first delivered to sorting compartments and then recycled back to the plasma membrane (PM) or brought to late endosomal compartments en route to the lysosome/vacuole for degradation. After leaving the PM, endocytic vesicles are transported to the early/sorting compartment where cargos are sorted for degradation or recycling (Cullen and Steinberg, 2018; Valencia et al., 2016). Previous studies of budding yeast Saccharomyces cerevisiae have contributed significantly to clarification of the mechanisms involved in these endocytosis and recycling pathways, many of which are also highly conserved in mammalian cells. However, some mechanisms identified in yeast are absent in mammalian cells, or some are present only in mammalian cells.
Comparison of the process of clathrin-mediated endocytosis in yeast and mammalian cells shows that about 60 endocytic proteins function cooperatively in yeast, and that most of them have similar functions in mammalian cells, suggesting that yeast and mammal share similar mechanisms for these processes (Kaksonen and Roux, 2018; Traub, 2011). By contrast, the mechanisms of the intracellular vesicle transport are considerably more complex in mammalian cells and involve more proteins. For instance, mammalian cells have over 68 Rab GTPases and 38 SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein receptors), which are key regulators of vesicular trafficking, whereas yeast has only 11 Rab GTPases and 24 SNAREs (Burri and Lithgow, 2004; Homma et al., 2021; Hong, 2005; Lipatova et al., 2015; Stenmark, 2009). Consistent with this, endosomal systems differ significantly between organisms: mammalian cells have several different types of endosomes, including the early/sorting endosome (EE/SE), the late endosome (LE) and the recycling endosome (RE), whereas plant cells luck such endosomes and instead the trans-Golgi network (TGN) serves their roles. Furthermore, it is unclear whether budding yeast and some other organisms have endosomal systems similar to those of mammalian or plant cells or whether they have their own systems.
In this review, we discuss the similarities and differences of protein sorting mechanisms in endosomes and the TGN, particularly in yeast, plants and mammalian cells, as well as convergence of the biosynthetic, endocytic, and recycling pathways in these organisms.
2 VESICLE TRANSPORT TO THE EARLY/SORTING COMPARTMENT IN THE ENDOCYTIC PATHWAY
2.1 Target compartment of the endocytic vesicle and Rab5 localization
The structure and properties of the endocytic early/sorting compartment differ considerably between organisms. In mammalian cells an independent early endosome (EE) functions mainly as the sorting compartment for degradation and recycling trafficking processes (Gruenberg, 2001; Gruenberg and Maxfield, 1995; Hopkins et al., 1985; Ullrich et al., 1996). The small GTPase, Rab5, is a key regulator of early endocytosis, being involved in targeting endocytic vesicles to endosomes, fusion between EEs, multivesicular body biogenesis, and endosomal motility (Bucci et al., 1992; Gorvel et al., 1991; Horiuchi et al., 1995; McLauchlan et al., 1998; Zerial and McBride, 2001). In mammalian cells three isoforms of Rab5 – Rab5a, Rab5b, and Rab5c–are localized at the PM and EE (Chavrier et al., 1990). Fluorescently labeled endocytic cargos, such as transferrin and EGF receptor, are first transported to Rab5-positive endosomes and then sorted to the lysosome or the PM (Chen and Wang, 2001; Sönnichsen et al., 2000). On the basis of these observations, endosomes where Rab5 localizes are generally considered to be early/sorting compartments in mammalian cells.
In Arabidopsis (Arabidopsis thaliana) or tobacco BY-2 cells, FM4-64, a fluorescent endocytic tracer used in a broad range of organisms, initially accumulates at the TGN and is then transported to the endosomes where plant Rab5 homologue (RabF1(Ara7) or Ara6) resides (Dettmer et al., 2006; Lam et al., 2007). Thus, in plants, the TGN, and not the Rab5-positive endosome, is considered to be the direct target for endocytic vesicles, functioning as the early/sorting compartment.
It has been believed that budding yeast possesses an endo-lysosomal system that includes EEs and LEs similar to those in mammalian cells. This idea was derived from observations suggesting that transport to the vacuole passes through at least two different endosomal compartments, based on the kinetics of appearance of radiolabeled, internalized pheromones in the biochemically separable organelles (Singer-Krüger et al., 1993). Additionally, immunofluorescence and electron microscope analyses of endocytic cargos have identified two distinct endocytic intermediates differing in both distribution and morphology (Hicke et al., 1997; Prescianotto-Baschong and Riezman, 1998). Unlike mammalian Rab5, which localizes primarily to EEs, the yeast Rab5 homologue, Vps21p, is widely localized to the early-to-late endosomal compartments (Gerrard et al., 2000; Toshima et al., 2014). Additionally, none of the yeast Rab5 family proteins (Vps21, Ypt52, and Ypt53) localized at the PM (Lachmann et al., 2012; Toshima et al., 2014). Deletion of their genes had little effect on the formation and internalization of endocytic vesicles, but it caused severe defect in endosomal fusion and maturation, and also resulted in accumulation of the vacuolar proteins at endosomal intermediates after delivery from the TGN. This indicates that yeast Rab5 proteins are required for vesicle transport from the TGN to the vacuole, as well as endosomal transport in the endocytic pathway (Toshima et al., 2014).
Electron microscopy demonstrated that endocytic cargo is first transported to the tubular endosome-like structure that contains the Q-SNARE Tlg1p (yeast syntaxin homologue) after internalization (Prescianotto-Baschong and Riezman, 1998). However, since Tlg1p and its partner Q-SNARE Tlg2p were shown to localize to the TGN and putative EEs (Holthuis et al., 1998; Lewis et al., 2000), it remained unclear for nearly 2 decades whether the TGN or the EE was the direct target of the endocytic vesicle. One reason for this lack of clarity was the inconsistent observation of colocalization between the endocytic cargo and Sec7p, a marker protein for the TGN. One previous study indicated that Sec7p rarely colocalized with fluorescently labeled endocytic cargo (Toshima et al., 2014), while another study demonstrated such colocalization (Day et al., 2018). A recent study using super-resolution confocal live imaging microscopy (SCLIM) (Kurokawa and Nakano, 2020; Tojima et al., 2022) provided an explanation for this discrepancy (Toshima et al., 2023). In budding yeast, Golgi cisternae lack the stacked structure seen in mammalian and plant cells, and show cis to trans maturation, further proceeding to the TGN (Losev et al., 2006; Matsuura-Tokita et al., 2006; Tojima et al., 2019). 3D analysis using SCLIM revealed that endocytic Q-SNARE Tlg1p/2p and Sec7p localize at spatiotemporally distinct sub-compartments: the former at the early TGN, and latter at the late TGN (Toshima et al., 2023). Endocytic vesicles were shown to directly target the Tlg1p/2p sub-compartment (Toshima et al., 2023), suggesting that this region within the TGN is the early/sorting compartment in budding yeast.
As described above, the early/sorting compartments seem to differ in various organisms, and it is debatable whether the sorting mechanisms in each compartment are fundamentally different, or whether they share basic similarities.
2.2 SNARE complexes mediating fusion with the early/sorting compartments
SNARE proteins are key factors that determine organelle identity and operate at the center of fusion reactions (Schiavo et al., 1992; Söllner et al., 1993). SNARE proteins comprise 4 classes based on the structures of their SNARE motifs: Qa-, Qb-, Qc-, and R-SNARE (Jahn and Scheller, 2006; Wickner and Schekman, 2008). Since yeast Q-SNAREs Tlg1p/2p localize to the early/sorting compartments within the TGN, we next compare SNARE proteins that localize to the endosomes or the TGN in mammalian and yeast (Figure 1) and also plant cells.
[image: Figure 1]FIGURE 1 | Comparison of SNARE proteins localized to endosomes and the TGN between yeast and mammalian cell. In yeast, Tlg2-residing region within the TGN function as the early/sorting compartment. Tlg2 (Qa-SNARE), Tlg1 (Qc-SNARE) and Vti1(Qb-SNARE), yeast homologues of Syn16 (Syntaxin16), Syn6 (Syntaxin6) and Vti1 respectively, forms a complex with Snc1/2 (R-SNAREs)-residing endocytic vesicle. Snc1/2 are yeast homologues of VAMP2, which are involved in the secretory and endocytic pathways, and cycle between the TGN and the PM. In mammalian cell, Rab5-residing endosome functions as early/sorting compartment. Endosome-to-TGN transport in mammalian cells require a two-step transport process: transport from the PM to the EE via the VAMP2 and Syn13 (Syntaxin13)/SNAP25 or SNAP23 complexes, and transport from the EE to the TGN via the VAMP4 and Syn16/Vti1/Syn6 complexes. Yeast does not have homologous genes for VAMP4 and Syn13. See text for details.
Syntaxin13 is reported to be the major Qa-SNARE that functions at the early/sorting endosome in mammalian cells (Prekeris et al., 1998). Syntaxin13 forms the Q-SNARE complex with SNAP-25 or SNAP-23 (Qbc-SNARE) at endosomes and mediates homotypic fusion of EEs (McBride et al., 1999; Sun et al., 2003; Tang et al., 1998b) or recycling of PM proteins via RE (Prekeris et al., 1998). Syntaxin13 likely also forms SNARE complex with Syntaxin6 (Qc-SNARE) and Vti1 (Qb-SNARE) and mediates homotypic fusion of EEs (Brandhorst et al., 2006). Since Syntaxin6 and Vti1 predominantly localize to the TGN and Syntaxin13 localizes to endosomes, this complex could be formed by the fusion of transport vesicles from the TGN carrying Syntaxin6 and Vti1 to endosomes (details in section 3-1). VAMP2 (also known as Synaptobrevin2) is a cognate R-SNARE pairs with Syntaxin13, and known to reside on synaptic vesicles (Söllner et al., 1993) or secretory vesicles (Watson et al., 2004), and forms a complex with Syntaxin1 (Qa-SNARE)/SNAP25 (Qbc-SNARE) or Syntaxin4 (Qa-SNARE)/SNAP23 (Qbc-SNARE) residing on the PM to drive fusion between synaptic vesicle or secretory vesicles and the PM (Hong, 2005) (Figure 1, mammalian cell).
The yeast R-SNAREs Snc1/2 (yeast homologues of VAMP2) originally identified as proteins residing on secretory vesicles, forms complexes with Qa-SNAREs Sso1/2 (yeast Syntaxin1 homologues) and Qbc-SNAREs Sec9 or Spo20 (yeast SNAP23 or SNAP25 homologue, respectively) to drive fusion of secretory vesicles to the PM (Gerst et al., 1992; Protopopov et al., 1993). In addition, Snc1/2 function as R-SNAREs in endocytic pathways by interacting with the Q-SNARE Tlg2/Tlg1/Vti1complex residing on the TGN (Gurunathan et al., 2000), thereby cycling between the TGN and the PM (Best et al., 2020; Lewis et al., 2000) (Figure 1, yeast). VAMP2 is also reported to be essential for recycling of synaptic vesicle fast exocytosis for neurotransmitter release and endocytosis that mediates the rapid reuse of synaptic vesicles (Deák et al., 2004; Grote et al., 1995). These findings suggest that VAMP2 and Snc1/2 are likely to share a conserved role in secretory and endocytic pathways between the TGN and the PM. It is also reported that VAMP3 (also known as Cellubrevin or Synaptobrevin3) and YKT6, involved in diverse vesicular fusion pathways, are required for constitutive secretion (Gordon et al., 2017). Therefore, after transporting to early/sorting compartments via endocytosis they may also function as R-SNARE in these compartments.
As described above, Tlg2 (Qa-SNARE) and Tlg1 (Qc-SNARE) form a complex with Vti1p (Qb-SNARE) and seem to function as an endocytic SNARE complex with Snc1(R-SNARE) residing on the endocytic vesicle (Gurunathan et al., 2000) (Figure 1, yeast). The mammalian SNARE protein Syntaxin16 is a functional homologue of the yeast SNARE Tlg2p, and its expression fully complements the mutant phenotypes of tlg2Δ mutant yeast (Simonsen et al., 1998; Struthers et al., 2009; Tang et al., 1998a). Both Syntaxin16 and Tlg2 bind to the SM protein Vps45 via their N-terminal region, facilitating conversion from a closed to an open conformation (Dulubova et al., 2002; Eisemann et al., 2020).
Similar to the yeast endocytic Q-SNARE complex (Tlg2/Tlg1/Vti1), Syntaxin16 localizes to the TGN and forms a complex with Syntaxin6 (Qc-SNARE), which is a homologue of yeast Tlg1, and mammalian Vti1 (Qb-SNARE). However, these Q-SNAREs do not form a complex with R-SNARE VAMP2 (a homologue of yeast Snc1) but rather with VAMP4 (Figure 1, mammalian cell) (Mallard et al., 2002). VAMP4 is localized predominantly to the TGN and endosomes (Steegmaier et al., 1999), and these SNAREs mediate retrograde transport of the Shiga-toxin B subunit or TGN38/46 from the RE to the TGN (Mallard et al., 2002) or the mannose 6-phosphate receptor from the early/late endosome to the TGN (Saint-Pol et al., 2004). Note that yeast does not have homologous genes either for VAMP4 or Syntaxin13.
The Arabidopsis genome has three homologous genes for Tlg2/Syntaxin16, Syp41/42/and 43, three for Vti1, AtVTI11/12/13, and one for Tlg1/Syntaxin6, Syp61 (Uemura et al., 2004). These SNARE proteins form several different complexes; Syp61 forms a complex with SYP41/43 and VTI12 and localizes to the TGN (Chen et al., 2005; Sanderfoot et al., 2001). As with yeast or mammalian Vps45, Arabidopsis VPS45 interacts with the SYP41/SYP61/VTI12 SNARE complex at the TGN and regulates retrograde transport of the vacuolar sorting receptors back to the TGN (Zouhar et al., 2009).
Taken together, the data suggest that mammalian, yeast, and plant cells have homologous Q-SNARE complexes, which interact with Vps45, at the TGN. While a direct PM to TGN transport pathway via the Snc1/2 and Tlg2/Tlg1/Vti1 complexes exist in yeast, mammalian cells require a two-step transport process, i.e., from the PM to the early/sorting endosome via the VAMP2 and Syntaxin13/SNAP25 or SNAP23 complexes, and from there to the TGN via the VAMP4 and Syntaxin16/Vti1/Syntaxin6 complexes (Figure 1). Although not previously reported, a direct route from the PM to the TGN via the VAMP2 and Syntaxin16/Vti1/Syntaxin6 complexes might exist in mammalian cells as well as yeast and would be worth investigating.
3 TRANSPORT BETWEEN ENDOSOMES AND THE TGN
Endosomes have bidirectional transport pathways to and from the TGN, which transport proteins and lipids. Here, we compare the fundamental mechanisms of transport between the endosomes and the TGN operating in the endocytic recycling pathway in mammalian cells and yeast, and discuss their similarities (Figure 2).
[image: Figure 2]FIGURE 2 | Comparison of transport pathway via endosomes and the TGN between yeast and mammalian cell. Transport pathway between endosomes and the TGN are schematically represented. Each number represents route shown below. Points of convergence between the biosynthetic and endo-lysosomal pathways or endo-recycling pathways are shown as A and B. Yeast lacks independent EE/SE and RE but might have functionally equivalent compartments within the TGN. See text for details. TGN, trans-Golgi-network; PM, plasma membrane; EE/SE, early/sorting endosome or compartment; EE, early endosome; LE, late endosome; End, endosome; MVE, multivesicular endosome; RE, recycling endosome or compartment.
3.1 Transport between endosomes and the TGN in the endo-lysosomal pathway
Transport from the EE/SE to the LE, and further to the lysosome plays an important role in cargo degradation. This transition process is regulated by a sequential shift of activity from the early endosomal Rab5 to the late endosomal Rab7, a process termed Rab conversion (Podinovskaia and Spang, 2018; Rink et al., 2005). In this process, EEs with thin tubular structures show a change in morphology to multivesicular body/endosomes (MVB/MVEs), which contain multiple intraluminal vesicles (ILVs), through inward bending of their membrane by the ESCRT complex (Henne et al., 2011).
Since the sequential activation from Vps21 (yeast Rab5) to Ypt7 (yeast Rab7) via Rab7-GEF, Mon1/Ccz1, has been reported in yeast (Nordmann et al., 2010), the overall mechanisms regulating the transition from EE to LE seem to be conserved in yeast and mammalian cell. Vps21 is widely localized to the early-to-late endosomal compartments, including the MVEs, suggesting that function of yeast Rab5 is required for endosomal trafficking in late stage, as well as early stage (Figure 2). It has been also shown that MVEs are persistent organelle maintained by fission and homotypic fusion (Day et al., 2018). Despite accumulating evidence concerning Rab5-Rab7 conversion in yeast, sequential change of localization from Vps21 to Ypt7 has not yet been clearly shown, and thus how late endosomes are formed in yeast should be carefully examined.
The transport route from the TGN to endosomes functions to deliver newly synthesized lysosomal/vacuolar proteins, such as vacuolar type H+-ATPase (V-ATPase) (Figure 2, route 2). Previously, it was thought that TGN-derived transport vesicles preferentially fuse with LEs (Geuze et al., 1988; Griffiths et al., 1988). Later, however, it was demonstrated that the Rab5 effector EEA1 interacts directly with Syntaxin6, which is implicated in TGN-to-EE trafficking (Simonsen et al., 1999), and that expression of the dominant negative form of Rab7 causes accumulation of cargos derived from the TGN at early endocytic compartments (Press et al., 1998), suggesting that TGN-derived transport vesicles are also able to fuse with EEs. Recent studies have demonstrated that early endosomal membranes to which Rab5 is recruited are partly derived from the TGN (Podinovskaia et al., 2021), suggesting that fusion of TGN-derived vesicles and endosomes occurs before the EE-to-LE transition.
It was also believed that in yeast the transport route from the TGN to endosomes converged with the endocytic pathway at LEs/MVEs (Davis et al., 1993; Piper et al., 1995; Rieder et al., 1996; Vida et al., 1993). However, based on the recent finding that endocytic vesicles are first transported to the early/sorting compartment resides in the TGN (Figure 2, route 1 in yeast), it seems reasonable to consider that the transport pathway from the TGN to the endosome contain not only biosynthetic cargo but also endocytic cargo (Day et al., 2018; Toshima et al., 2023) (Figure 2, route2 in yeast). Although the TGN serves as an early/sorting compartment in both yeast and plants, the mechanism of endocytic cargo transport from the TGN to the vacuole seems to differ between them. Whereas in yeast cargo from the TGN move to yeast Rab5 (Vps21p) residing endosomes (Toshima et al., 2023), in Arabidopsis the ESCRT-mediated formation of MVEs begins at the TGN and then the MVEs fuse directly with the vacuole without mediating endosomes (Scheuring et al., 2011). Two plant RAB5 homologues, ARA6 and ARA7, show localization that overlaps with the TGN/MVE complex (Ito et al., 2016).
The pathway of retrograde transport from endosomes to the TGN is essential for the recycling of proteins, such as cargo receptors and SNARE proteins, after transport from the TGN (Arighi et al., 2004; Seaman et al., 1997) (Figure 2, route 3). The retromer complex and associated sorting nexins regulate this retrograde transport by deforming the endosomal membrane and forming carriers (Cullen and Steinberg, 2018). These retromer-mediated processes occur at different stages of early-to-late endosome transition (Johannes and Popoff, 2008).
3.2 Transport between endosomes and the TGN in the endocytic recycling pathway
Cargos returning to the PM can be recycled directly from EEs (fast recycling) or indirectly from endosomal recycling compartment, such as the RE and TGN (slow recycling) (Sheff et al., 1999; Sönnichsen et al., 2000). In the slow recycling route of mammal, endocytosed cargos are first transported to the EEs, and then membrane tubules leaving the EEs carry the cargos to the endocytic recycling compartment (ERC), which resides near the perinuclear region (Grant and Donaldson, 2009). The ERC is composed of tubular and vesicular membrane compartments and gives rise to REs destined for the PM. The slow recycling pathway is known to be mediated by Rab11, which is localized to the RE (Grant and Donaldson, 2009; Ren et al., 1998; Ullrich et al., 1996). Rab11 is transported from the RE though association with recycling vesicles and participate in fusion of these vesicles with the PM (Takahashi et al., 2012).
The existence of a transport route from the TGN to the RE has been confirmed by observation of secretory cargoes, such as the transferrin receptor, E-cadherin and TNF-alpha, transiting the REs during delivery from the TGN to the PM (Ang et al., 2004; Futter et al., 1995; Lock and Stow, 2005; Murray et al., 2005) (Figure 2, route 4 in mammalian cell). Expression of the dominant negative form of Rab11 disrupts the cell surface delivery of E-cadherin, and causing it to be mistargeted to the apical membrane (Lock and Stow, 2005), suggesting that Rab11 functions in this pathway.
It has been shown that budding yeast does not possess an independent RE but has a functionally independent early/sorting compartment (the Tlg1p/2p sub-compartment) in the TGN, where yeast Rab11 homologues Ypt31/32 reside (Toshima et al., 2023). In yeast, the Golgi/TGN maturation process can be classified into three successive stages–the Golgi stage, the early TGN stage and the late TGN stage –and the early/sorting compartment exists in the early TGN stage (Tojima et al., 2019; Toshima et al., 2023) (Figure 2, yeast). Ypt31/32 are recruited to the early/sorting compartment during the late TGN stage (Toshima et al., 2023). Tlg2, a marker for the early/sorting compartment, disappears at the late TGN stage. This suggests that the property of early/sorting compartment may change like those of RE as it moves into the late TGN stage (Figure 2, route 4 in yeast). Golgi/TGN maturation is known to be associated with a change in lipid compositions and PtdIns(4)P plays a key role in this process (Daboussi et al., 2012). PtdIns(4)P increases in the early TGN stage and recruits Ypt31/32 and clathrin adaptors to the TGN. In the late TGN stage, the level of PtdIns(4)P begins to decrease and that of phosphatidylserine (PS) increases. In mammalian cells PS is highly enriched in the cytosolic leaflet of the RE membrane (Uchida et al., 2011). Since in mammalian cells, a proportion of EEs transition to REs in which PS is highly localized, there may be a similar mechanism in yeast whereby the early sorting compartment transits to a compartment with RE properties.
4 THE POINT OF CONVERGENCE BETWEEN THE BIOSYNTHETIC PATHWAY AND THE ENDOCYTIC PATHWAY
The endocytic and biosynthetic pathways partially share the route to the lysosome/vacuole after they converge. The endocytic recycling and secretory pathways also partially share the same route to the PM. Here we compare the convergence of these pathways between yeast and mammalian cells.
4.1 Convergence of the biosynthetic and endocytic pathways in the endo-lysosomal pathway
Vacuolar H+-ATPase (V-ATPase) is assembled at the Golgi apparatus and transported to endosomes and lysosomes/vacuoles, thereby acidifying these organelles (Forgac, 2007). Such acidification of the early/sorting compartments is required for dissociation of many ligand-receptor complexes and their subsequent sorting and transport. This would suggest that transport of V-ATPase from the TGN to the early/sorting compartment occurs at an early stage in the endocytosis pathway. In yeast and plants, it is reasonable to consider that the biosynthetic and endocytic pathways converge at the TGN (Figure 2, points of convergence (A) in yeast). An earlier study using yeast demonstrated that inhibition of transport through the early secretory pathway in secretion mutants or by Brefeldin A (BFA) treatment quickly impeded transport from the EE to the vacuole (Hicke et al., 1997). Recent studies have demonstrated that yeast Rab5 Vps21 functions after the convergence of the two pathways and is activated by post-Golgi transport (Nagano et al., 2019; Toshima et al., 2014). It has also been shown that BFA treatment inhibits the process of endosome fusion mediated by Vps21p (Nagano et al., 2019), suggesting that convergence of the biosynthetic and endocytic pathways occurs before endosome formation by Rab5 in yeast. Similarly, in plant cells treatment with the V-ATPase inhibitor, concanamycin A, has been shown to induce accumulation of FM4-64 at the TGN and severely impair its transport to the vacuole (Dettmer et al., 2006).
In mammalian cells, convergence of these two pathways appears to occur through fusion of TGN-derived vesicles and endosomes during transition from the early to late stages (Figure 2, point of convergence (A) in mammalian cell). Although the timing of the convergence seems to differ from that in yeast and plant cells, it has also been demonstrated in mammalian cells that vesicle transport from the TGN is crucial for endosome formation. As described above, a recent study has demonstrated that early endosomal membranes to which Rab5 is recruited are partly derived from the TGN (Podinovskaia et al., 2021). Additionally, Rabaptin-5, which is a functional modulator of mammalian Rab5-GEF Rabex-5, has been shown to associate with TGN-residing clathrin adaptors, similar to yeast Rab5 GEF Vps9 (Mattera et al., 2003; Nogi et al., 2002), suggesting that Rab5 might be activated by the Rabex-5–Rabaptin-5 complex in post-Golgi vesicle transport.
4.2 Convergence of the biosynthetic-secretory and endocytic-recycling pathways
In the secretory pathway, multiple routes from the TGN to the PM are known to exist, and some function commonly with the recycling pathway (Figure 2, route 4 and 5). As described above, in mammalian cells, some newly synthesized cargoes are transported to the PM through the REs, which mediate cargo transport in the slow recycling pathway (Figure 2, point of convergence (B) in mammalian cell). A recent study has reported that in Drosophila S2 cells and nocodazole-treated HeLa cells, REs exhibit two distinct (Golgi-associated and dissociated) states, which repeatedly attach to and detach from the TGN, and transport newly synthesized cargo to the PM (Fujii et al., 2020). The dynamics of REs in these cells are very similar to those of plant TGNs, which have interconvertible two different statuses, one being attached to the trans face of the Golgi (Golgi-associated TGN) and the other detached from the Golgi (Golgi-independent TGN) (Kang et al., 2011; Nakano, 2022; Staehelin and Kang, 2008; Uemura et al., 2014; Viotti et al., 2010). This indicates that the TGN and the RE have overlapping function.
In yeast it has been ambiguous whether the secretory and recycling pathways utilize distinct routes or share a common route because early/sorting and recycling compartment exists in the same organelle. A recent study using Arabidopsis has shown that the single TGN has at least two distinct subregions (zones) each responsible for distinct cargo sorting: the secretory-trafficking zone destinated to the PM and the vacuolar-trafficking zone (Heinze et al., 2020; Shimizu et al., 2021). These subregions can be distinguished by localization of two R-SNAREs: VAMP721 localized mainly to the TGN and the PM, and VAMP727 localized to the MVE and the vacuolar membrane. Similarly, transport pathway to the PM in yeast could be also partitioned into secretory and recycling subregions within the TGN. Earlier studies had reported that two distinct and independent secretory pathways, mediated by high-density secretory vesicles (HDSVs) and low-density secretory vesicles (LDSVs), exist in yeast (Gurunathan et al., 2002; Harsay and Bretscher, 1995). While cargos in LDSVs are transported directly from the TGN to the PM, those in HDSVs are transported through endosomes. The yeast TGN has at least two distinct compartments, the Tlg1p/2p sub-compartment and Sec7 sub-compartment, which presumably function in the recycling and secretory pathways (Figure 2, route 4 and 5, yeast) (Toshima et al., 2023). Deletion of clathrin adaptors GGAs, which mediate TGN-to-endosome traffic, affects transport from the Tlg1/Tlg2 sub-compartment, but does not significantly affect Sec7 sub-compartment (Toshima et al., 2023). These observations suggest that the LDSV pathway might be mediated through Sec7 sub-compartment (Figure 2, route 5, yeast), while the HSDV pathway is mediated through the Tlg1/Tlg2 sub-compartment (Figure 2, route 4, yeast). The Tlg1/Tlg2 sub-compartment may function as an RE at the late TGN, and given its similarity to that in mammalian cells, the existence of a secretory pathway from the Tlg2 sub-compartment to the PM seems likely (Figure 2, point of convergence (B) in yeast).
5 DISCUSSION
The TGN is a major sorting station in the secretory pathway, but its importance in the endocytic pathway, especially in yeast and mammalian cells, has not been well understood. The pathways of transport between the endosome and the TGN are well conserved and the molecular mechanisms regulating them are similar, although the distributions of particular Rab and SNARE proteins differ between yeast and mammalian cells. Therefore, although yeast seems to lack a specific transport pathway or organelles, such as EEs and REs, it could be considered to have functionally equivalent compartments within the TGN through which it utilizes an alternative pathway. The TGN is the point of convergence for various vesicle transport pathways and functions as a key platform for sorting and transporting cargo to its various destinations. While the mechanisms responsible for cargo sorting in the biosynthetic pathway are becoming clear, it remains less evident how the biosynthetic and endocytic pathways are regulated independently. Recent studies suggest that the TGN is not a homogeneous organelle and can be divided into sub-domains that produce specific carriers for efficient cargo sorting. How these specialized sub-domains are formed and maintained during successive Golgi/TGN maturation and how cargoes are properly sorted into distinct carriers are important issues that await further investigation. In addition, many unanswered questions remain regarding the molecular mechanisms underlying post-TGN transport to the endosome or the PM.
AUTHOR CONTRIBUTIONS
JUT: Writing–original draft, Writing–review and editing. JIT: Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by JSPS KAKENHI GRANT #21K06087, and Aya Irisawa Memorial Promotion Award to J.Y.T., as well as JSPS KAKENHI GRANT #22K061330 and Life Science Foundation of JAPAN to JT
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ang, A. L., Taguchi, T., Francis, S., Fölsch, H., Murrells, L. J., Pypaert, M., et al. (2004). Recycling endosomes can serve as intermediates during transport from the Golgi to the plasma membrane of MDCK cells. J. Cell Biol. 167 (3), 531–543. doi:10.1083/jcb.200408165
 Arighi, C. N., Hartnell, L. M., Aguilar, R. C., Haft, C. R., and Bonifacino, J. S. (2004). Role of the mammalian retromer in sorting of the cation-independent mannose 6-phosphate receptor. J. Cell Biol. 165 (1), 123–133. doi:10.1083/jcb.200312055
 Best, J. T., Xu, P., McGuire, J. G., Leahy, S. N., and Graham, T. R. (2020). Yeast synaptobrevin, Snc1, engages distinct routes of postendocytic recycling mediated by a sorting nexin, Rcy1-COPI, and retromer. Mol. Biol. Cell 31 (9), 944–962. doi:10.1091/mbc.E19-05-0290
 Brandhorst, D., Zwilling, D., Rizzoli, S. O., Lippert, U., Lang, T., and Jahn, R. (2006). Homotypic fusion of early endosomes: SNAREs do not determine fusion specificity. Proc. Natl. Acad. Sci. U. S. A. 103 (8), 2701–2706. doi:10.1073/pnas.0511138103
 Bucci, C., Parton, R. G., Mather, I. H., Stunnenberg, H., Simons, K., Hoflack, B., et al. (1992). The small GTPase rab5 functions as a regulatory factor in the early endocytic pathway. Cell 70 (5), 715–728. doi:10.1016/0092-8674(92)90306-w
 Burri, L., and Lithgow, T. (2004). A complete set of SNAREs in yeast. Traffic 5 (1), 45–52. doi:10.1046/j.1600-0854.2003.00151.x
 Chavrier, P., Parton, R. G., Hauri, H. P., Simons, K., and Zerial, M. (1990). Localization of low molecular weight GTP binding proteins to exocytic and endocytic compartments. Cell 62(2),317–329. doi:10.1016/0092-8674(90)90369-p
 Chen, X., and Wang, Z. (2001). Regulation of intracellular trafficking of the EGF receptor by Rab5 in the absence of phosphatidylinositol 3-kinase activity. EMBO Rep. 2 (1), 68–74. doi:10.1093/embo-reports/kve005
 Chen, Y., Shin, Y. K., and Bassham, D. C. (2005). YKT6 is a core constituent of membrane fusion machineries at the Arabidopsis trans-Golgi network. J. Mol. Biol. 350 (1), 92–101. doi:10.1016/j.jmb.2005.04.061
 Cullen, P. J., and Steinberg, F. (2018). To degrade or not to degrade: mechanisms and significance of endocytic recycling. Nat. Rev. Mol. Cell Biol. 19 (11), 679–696. doi:10.1038/s41580-018-0053-7
 Daboussi, L., Costaguta, G., and Payne, G. S. (2012). Phosphoinositide-mediated clathrin adaptor progression at the trans-Golgi network. Nat. Cell Biol. 14 (3), 239–248. doi:10.1038/ncb2427
 Davis, N. G., Horecka, J. L., and Sprague, G. F. (1993). Cis- and trans-acting functions required for endocytosis of the yeast pheromone receptors. J. cell Biol. 122 (1), 53–65. doi:10.1083/jcb.122.1.53
 Day, K. J., Casler, J. C., and Glick, B. S. (2018). Budding yeast has a minimal endomembrane system. Dev. Cell 44 (1), 56–72. doi:10.1016/j.devcel.2017.12.014
 Deák, F., Schoch, S., Liu, X., Südhof, T. C., and Kavalali, E. T. (2004). Synaptobrevin is essential for fast synaptic-vesicle endocytosis. Nat. Cell Biol. 6 (11), 1102–1108. doi:10.1038/ncb1185
 Dettmer, J., Hong-Hermesdorf, A., Stierhof, Y. D., and Schumacher, K. (2006). Vacuolar H+-ATPase activity is required for endocytic and secretory trafficking in Arabidopsis. Plant cell 18 (3), 715–730. doi:10.1105/tpc.105.037978
 Dulubova, I., Yamaguchi, T., Gao, Y., Min, S. W., Huryeva, I., Südhof, T. C., et al. (2002). How tlg2p/syntaxin 16 'snares' Vps45. EMBO J. 21 (14), 3620–3631. doi:10.1093/emboj/cdf381
 Eisemann, T. J., Allen, F., Lau, K., Shimamura, G. R., Jeffrey, P. D., and Hughson, F. M. (2020). The Sec1/Munc18 protein Vps45 holds the Qa-SNARE Tlg2 in an open conformation. Elife 9, e60724. doi:10.7554/eLife.60724
 Forgac, M. (2007). Vacuolar ATPases: rotary proton pumps in physiology and pathophysiology. Nat. Rev. Mol. cell Biol. 8 (11), 917–929. doi:10.1038/nrm2272
 Fujii, S., Kurokawa, K., Inaba, R., Hiramatsu, N., Tago, T., Nakamura, Y., et al. (2020). Recycling endosomes attach to the trans-side of Golgi stacks in Drosophila and mammalian cells. J. Cell Sci. 133 (4), jcs236935. doi:10.1242/jcs.236935
 Futter, C. E., Connolly, C. N., Cutler, D. F., and Hopkins, C. R. (1995). Newly synthesized transferrin receptors can be detected in the endosome before they appear on the cell surface. J. Biol. Chem. 270 (18), 10999–11003. doi:10.1074/jbc.270.18.10999
 Gerrard, S. R., Bryant, N. J., and Stevens, T. H. (2000). VPS21 controls entry of endocytosed and biosynthetic proteins into the yeast prevacuolar compartment. Mol. Biol. Cell 11 (2), 613–626. doi:10.1091/mbc.11.2.613
 Gerst, J. E., Rodgers, L., Riggs, M., and Wigler, M. (1992). Snc1, a yeast homolog of the synaptic vesicle-associated membrane-protein synaptobrevin gene family - genetic interactions with the ras and cap genes. Proc. Natl. Acad. Sci. U. S. A. 89(10),4338–4342. doi:10.1073/pnas.89.10.4338
 Geuze, H. J., Stoorvogel, W., Strous, G. J., Slot, J. W., Bleekemolen, J. E., and Mellman, I. (1988). Sorting of mannose 6-phosphate receptors and lysosomal membrane proteins in endocytic vesicles. J. Cell Biol. 107 (6 Pt 2), 2491–2501. doi:10.1083/jcb.107.6.2491
 Gordon, D. E., Chia, J., Jayawardena, K., Antrobus, R., Bard, F., and Peden, A. A. (2017). VAMP3/Syb and YKT6 are required for the fusion of constitutive secretory carriers with the plasma membrane. PLoS Genet. 13 (4), e1006698. doi:10.1371/journal.pgen.1006698
 Gorvel, J. P., Chavrier, P., Zerial, M., and Gruenberg, J. (1991). rab5 controls early endosome fusion in vitro. Cell 64 (5), 915–925. doi:10.1016/0092-8674(91)90316-q
 Grant, B. D., and Donaldson, J. G. (2009). Pathways and mechanisms of endocytic recycling. Nat. Rev. Mol. cell Biol. 10 (9), 597–608. doi:10.1038/nrm2755
 Griffiths, G., Hoflack, B., Simons, K., Mellman, I., and Kornfeld, S. (1988). The mannose 6-phosphate receptor and the biogenesis of lysosomes. Cell 52 (3), 329–341. doi:10.1016/s0092-8674(88)80026-6
 Grote, E., Hao, J. C., Bennett, M. K., and Kelly, R. B. (1995). A targeting signal in VAMP regulating transport to synaptic vesicles. Cell 81 (4), 581–589. doi:10.1016/0092-8674(95)90079-9
 Gruenberg, J. (2001). The endocytic pathway: a mosaic of domains. Nat. Rev. Mol. Cell Biol. 2 (10), 721–730. doi:10.1038/35096054
 Gruenberg, J., and Maxfield, F. R. (1995). Membrane transport in the endocytic pathway. Curr. Opin. Cell Biol. 7 (4), 552–563. doi:10.1016/0955-0674(95)80013-1
 Gurunathan, S., Chapman-Shimshoni, D., Trajkovic, S., and Gerst, J. E. (2000). Yeast exocytic v-SNAREs confer endocytosis. Mol. Biol. Cell 11 (10), 3629–3643. doi:10.1091/mbc.11.10.3629
 Gurunathan, S., David, D., and Gerst, J. E. (2002). Dynamin and clathrin are required for the biogenesis of a distinct class of secretory vesicles in yeast. EMBO J. 21 (4), 602–614. doi:10.1093/emboj/21.4.602
 Harsay, E., and Bretscher, A. (1995). Parallel secretory pathways to the cell surface in yeast. J. cell Biol. 131 (2), 297–310. doi:10.1083/jcb.131.2.297
 Heinze, L., Freimuth, N., Rößling, A. K., Hahnke, R., Riebschläger, S., Fröhlich, A., et al. (2020). EPSIN1 and MTV1 define functionally overlapping but molecularly distinct trans-Golgi network subdomains in Arabidopsis. Proc. Natl. Acad. Sci. U. S. A. 117 (41), 25880–25889. doi:10.1073/pnas.2004822117
 Henne, W. M., Buchkovich, N. J., and Emr, S. D. (2011). The ESCRT pathway. Dev. Cell 21 (1), 77–91. doi:10.1016/j.devcel.2011.05.015
 Hicke, L., Zanolari, B., Pypaert, M., Rohrer, J., and Riezman, H. (1997). Transport through the yeast endocytic pathway occurs through morphologically distinct compartments and requires an active secretory pathway and Sec18p/N-ethylmaleimide-sensitive fusion protein. Mol. Biol. Cell 8 (1), 13–31. doi:10.1091/mbc.8.1.13
 Holthuis, J. C. M., Nichols, B. J., Dhruvakumar, S., and Pelham, H. R. B. (1998). Two syntaxin homologues in the TGN/endosomal system of yeast. EMBO J .17(1),113–126. doi:10.1093/emboj/17.1.113
 Homma, Y., Hiragi, S., and Fukuda, M. (2021). Rab family of small GTPases: an updated view on their regulation and functions. Febs J. 288 (1), 36–55. doi:10.1111/febs.15453
 Hong, W. (2005). SNAREs and traffic. Biochim. Biophys. Acta 1744 (3), 120–144. doi:10.1016/j.bbamcr.2005.03.014
 Hopkins, C. R., Miller, K., and Beardmore, J. M. (1985). Receptor-mediated endocytosis of transferrin and epidermal growth factor receptors: a comparison of constitutive and ligand-induced uptake. J. Cell Sci. Suppl. 3 (3), 173–186. doi:10.1242/jcs.1985.supplement_3.17
 Horiuchi, H., Giner, A., Hoflack, B., and Zerial, M. (1995). A GDP/GTP exchange-stimulatory activity for the Rab5-RabGDI complex on clathrin-coated vesicles from bovine brain. J. Biol. Chem. 270 (19), 11257–11262. doi:10.1074/jbc.270.19.11257
 Ito, E., Uemura, T., Ueda, T., and Nakano, A. (2016). Distribution of RAB5-positive multivesicular endosomes and the trans-Golgi network in root meristematic cells of Arabidopsis thaliana. Plant Biotechnol. (Tokyo) 33 (4), 281–286. doi:10.5511/plantbiotechnology.16.0218a
 Jahn, R., and Scheller, R. H. (2006). SNAREs--engines for membrane fusion. Nat. Rev. Mol. Cell Biol. 7 (9), 631–643. doi:10.1038/nrm2002
 Johannes, L., and Popoff, V. (2008). Tracing the retrograde route in protein trafficking. Cell 135 (7), 1175–1187. doi:10.1016/j.cell.2008.12.009
 Kaksonen, M., and Roux, A. (2018). Mechanisms of clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 19 (5), 313–326. doi:10.1038/nrm.2017.132
 Kang, B. H., Nielsen, E., Preuss, M. L., Mastronarde, D., and Staehelin, L. A. (2011). Electron tomography of RabA4b- and PI-4Kβ1-labeled trans Golgi network compartments in Arabidopsis. Traffic 12 (3), 313–329. doi:10.1111/j.1600-0854.2010.01146.x
 Kurokawa, K., and Nakano, A. (2020). Live-cell imaging by super-resolution confocal live imaging microscopy (SCLIM): simultaneous three-color and four-dimensional live cell imaging with high space and time resolution. Bio-Protocol. 10 (17), e3732. doi:10.21769/BioProtoc.3732
 Lachmann, J., Barr, F. A., and Ungermann, C. (2012). The Msb3/Gyp3 GAP controls the activity of the Rab GTPases Vps21 and Ypt7 at endosomes and vacuoles. Mol. Biol. Cell 23 (13), 2516–2526. doi:10.1091/mbc.E11-12-1030
 Lam, S. K., Siu, C. L., Hillmer, S., Jang, S., An, G., Robinson, D. G., et al. (2007). Rice SCAMP1 defines clathrin-coated, trans-golgi-located tubular-vesicular structures as an early endosome in tobacco BY-2 cells. Plant Cell 19 (1), 296–319. doi:10.1105/tpc.106.045708
 Lewis, M. J., Nichols, B. J., Prescianotto-Baschong, C., Riezman, H., and Pelham, H. R. (2000). Specific retrieval of the exocytic SNARE Snc1p from early yeast endosomes. Mol. Biol. Cell 11 (1), 23–38. doi:10.1091/mbc.11.1.23
 Lipatova, Z., Hain, A. U., Nazarko, V. Y., and Segev, N. (2015). Ypt/Rab GTPases: principles learned from yeast. Crit. Rev. Biochem. Mol. Biol. 50 (3), 203–211. doi:10.3109/10409238.2015.1014023
 Lock, J. G., and Stow, J. L. (2005). Rab11 in recycling endosomes regulates the sorting and basolateral transport of E-cadherin. Mol. Biol. Cell 16 (4), 1744–1755. doi:10.1091/mbc.e04-10-0867
 Losev, E., Reinke, C. A., Jellen, J., Strongin, D. E., Bevis, B. J., and Glick, B. S. (2006). Golgi maturation visualized in living yeast. Nature 441 (7096), 1002–1006. doi:10.1038/nature04717
 Mallard, F., Tang, B. L., Galli, T., Tenza, D., Saint-Pol, A., Yue, X., et al. (2002). Early/recycling endosomes-to-TGN transport involves two SNARE complexes and a Rab6 isoform. J. Cell Biol. 156 (4), 653–664. doi:10.1083/jcb.200110081
 Matsuura-Tokita, K., Takeuchi, M., Ichihara, A., Mikuriya, K., and Nakano, A. (2006). Live imaging of yeast Golgi cisternal maturation. Nature 441 (7096), 1007–1010. doi:10.1038/nature04737
 Mattera, R., Arighi, C. N., Lodge, R., Zerial, M., and Bonifacino, J. S. (2003). Divalent interaction of the GGAs with the Rabaptin-5-Rabex-5 complex. EMBO J. 22 (1), 78–88. doi:10.1093/emboj/cdg015
 McBride, H. M., Rybin, V., Murphy, C., Giner, A., Teasdale, R., and Zerial, M. (1999). Oligomeric complexes link Rab5 effectors with NSF and drive membrane fusion via interactions between EEA1 and syntaxin 13. Cell 98 (3), 377–386. doi:10.1016/s0092-8674(00)81966-2
 McLauchlan, H., Newell, J., Morrice, N., Osborne, A., West, M., and Smythe, E. (1998). A novel role for Rab5-GDI in ligand sequestration into clathrin-coated pits. Curr. Biol. CB 8 (1), 34–45. doi:10.1016/s0960-9822(98)70018-1
 Murray, R. Z., Kay, J. G., Sangermani, D. G., and Stow, J. L. (2005). A role for the phagosome in cytokine secretion. Science 310 (5753), 1492–1495. doi:10.1126/science.1120225
 Nagano, M., Toshima, J. Y., Siekhaus, D. E., and Toshima, J. (2019). Rab5-mediated endosome formation is regulated at the trans-Golgi network. Commun. Biol. 2, 419. doi:10.1038/s42003-019-0670-5
 Nakano, A. (2022). The golgi apparatus and its next-door neighbors. Front. Cell Dev. Biol. 10, 884360. doi:10.3389/fcell.2022.884360
 Nogi, T., Shiba, Y., Kawasaki, M., Shiba, T., Matsugaki, N., Igarashi, N., et al. (2002). Structural basis for the accessory protein recruitment by the gamma-adaptin ear domain. Nat. Struct. Biol. 9 (7), 527–531. doi:10.1038/nsb808
 Nordmann, M., Cabrera, M., Perz, A., Brocker, C., Ostrowicz, C., Engelbrecht-Vandre, S., et al. (2010). The Mon1-Ccz1 complex is the GEF of the late endosomal Rab7 homolog Ypt7. Curr. Biol. CB 20 (18), 1654–1659. doi:10.1016/j.cub.2010.08.002
 Piper, R. C., Cooper, A. A., Yang, H., and Stevens, T. H. (1995). VPS27 controls vacuolar and endocytic traffic through a prevacuolar compartment in Saccharomyces cerevisiae. J. cell Biol. 131 (3), 603–617. doi:10.1083/jcb.131.3.603
 Podinovskaia, M., Prescianotto-Baschong, C., Buser, D. P., and Spang, A. (2021). A novel live-cell imaging assay reveals regulation of endosome maturation. Elife 10, e70982. doi:10.7554/eLife.70982
 Podinovskaia, M., and Spang, A. (2018). The endosomal network: mediators and regulators of endosome maturation. Prog. Mol. Subcell. Biol. 57, 1–38. doi:10.1007/978-3-319-96704-2_1
 Prekeris, R., Klumperman, J., Chen, Y. A., and Scheller, R. H. (1998). Syntaxin 13 mediates cycling of plasma membrane proteins via tubulovesicular recycling endosomes. J. Cell Biol. 143 (4), 957–971. doi:10.1083/jcb.143.4.957
 Prescianotto-Baschong, C., and Riezman, H. (1998). Morphology of the yeast endocytic pathway. Mol. Biol. Cell 9 (1), 173–189. doi:10.1091/mbc.9.1.173
 Press, B., Feng, Y., Hoflack, B., and Wandinger-Ness, A. (1998). Mutant Rab7 causes the accumulation of cathepsin D and cation-independent mannose 6-phosphate receptor in an early endocytic compartment. J. Cell Biol. 140 (5), 1075–1089. doi:10.1083/jcb.140.5.1075
 Protopopov, V., Govindan, B., Novick, P., and Gerst, J. E. (1993). Homologs of the synaptobrevin/VAMP family of synaptic vesicle proteins function on the late secretory pathway in S. cerevisiae. Cell 74 (5), 855–861. doi:10.1016/0092-8674(93)90465-3
 Ren, M., Xu, G., Zeng, J., De Lemos-Chiarandini, C., Adesnik, M., and Sabatini, D. D. (1998). Hydrolysis of GTP on rab11 is required for the direct delivery of transferrin from the pericentriolar recycling compartment to the cell surface but not from sorting endosomes. Proc. Natl. Acad. Sci. U. S. A. 95 (11), 6187–6192. doi:10.1073/pnas.95.11.6187
 Rieder, S. E., Banta, L. M., Kohrer, K., McCaffery, J. M., and Emr, S. D. (1996). Multilamellar endosome-like compartment accumulates in the yeast vps28 vacuolar protein sorting mutant. Mol. Biol. Cell 7 (6), 985–999. doi:10.1091/mbc.7.6.985
 Rink, J., Ghigo, E., Kalaidzidis, Y., and Zerial, M. (2005). Rab conversion as a mechanism of progression from early to late endosomes. Cell 122 (5), 735–749. doi:10.1016/j.cell.2005.06.043
 Saint-Pol, A., Yélamos, B., Amessou, M., Mills, I. G., Dugast, M., Tenza, D., et al. (2004). Clathrin adaptor epsinR is required for retrograde sorting on early endosomal membranes. Dev. Cell 6 (4), 525–538. doi:10.1016/s1534-5807(04)00100-5
 Sanderfoot, A. A., Kovaleva, V., Bassham, D. C., and Raikhel, N. V. (2001). Interactions between syntaxins identify at least five SNARE complexes within the Golgi/prevacuolar system of the Arabidopsis cell. Mol. Biol. Cell 12 (12), 3733–3743. doi:10.1091/mbc.12.12.3733
 Scheuring, D., Viotti, C., Krüger, F., Künzl, F., Sturm, S., Bubeck, J., et al. (2011). Multivesicular bodies mature from the trans-Golgi network/early endosome in Arabidopsis. Plant Cell 23 (9), 3463–3481. doi:10.1105/tpc.111.086918
 Schiavo, G., Benfenati, F., Poulain, B., Rossetto, O., Polverino de Laureto, P., DasGupta, B. R., et al. (1992). Tetanus and botulinum-B neurotoxins block neurotransmitter release by proteolytic cleavage of synaptobrevin. Nature 359 (6398), 832–835. doi:10.1038/359832a0
 Seaman, M. N., Marcusson, E. G., Cereghino, J. L., and Emr, S. D. (1997). Endosome to Golgi retrieval of the vacuolar protein sorting receptor, Vps10p, requires the function of the VPS29, VPS30, and VPS35 gene products. J. Cell Biol. 137 (1), 79–92. doi:10.1083/jcb.137.1.79
 Sheff, D. R., Daro, E. A., Hull, M., and Mellman, I. (1999). The receptor recycling pathway contains two distinct populations of early endosomes with different sorting functions. J. Cell Biol. 145 (1), 123–139. doi:10.1083/jcb.145.1.123
 Shimizu, Y., Takagi, J., Ito, E., Ito, Y., Ebine, K., Komatsu, Y., et al. (2021). Cargo sorting zones in the trans-Golgi network visualized by super-resolution confocal live imaging microscopy in plants. Nat. Commun. 12 (1), 1901. doi:10.1038/s41467-021-22267-0
 Simonsen, A., Bremnes, B., Rønning, E., Aasland, R., and Stenmark, H. (1998). Syntaxin-16, a putative Golgi t-SNARE. Eur. J. Cell Biol. 75 (3), 223–231. doi:10.1016/s0171-9335(98)80116-7
 Simonsen, A., Gaullier, J. M., D'Arrigo, A., and Stenmark, H. (1999). The Rab5 effector EEA1 interacts directly with syntaxin-6. J. Biol. Chem. 274 (41), 28857–28860. doi:10.1074/jbc.274.41.28857
 Singer-Krüger, B., Frank, R., Crausaz, F., and Riezman, H. (1993). Partial purification and characterization of early and late endosomes from yeast. Identification of four novel proteins. J. Biol. Chem. 268 (19), 14376–14386. doi:10.1016/s0021-9258(19)85250-x
 Söllner, T., Whiteheart, S. W., Brunner, M., Erdjument-Bromage, H., Geromanos, S., Tempst, P., et al. (1993). SNAP receptors implicated in vesicle targeting and fusion. Nature 362 (6418), 318–324. doi:10.1038/362318a0
 Sönnichsen, B., De Renzis, S., Nielsen, E., Rietdorf, J., and Zerial, M. (2000). Distinct membrane domains on endosomes in the recycling pathway visualized by multicolor imaging of Rab4, Rab5, and Rab11. J. Cell Biol. 149 (4), 901–914. doi:10.1083/jcb.149.4.901
 Staehelin, L. A., and Kang, B. H. (2008). Nanoscale architecture of endoplasmic reticulum export sites and of Golgi membranes as determined by electron tomography. Plant Physiol. 147 (4), 1454–1468. doi:10.1104/pp.108.120618
 Steegmaier, M., Klumperman, J., Foletti, D. L., Yoo, J. S., and Scheller, R. H. (1999). Vesicle-associated membrane protein 4 is implicated in trans-Golgi network vesicle trafficking. Mol. Biol. Cell 10 (6), 1957–1972. doi:10.1091/mbc.10.6.1957
 Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. cell Biol. 10 (8), 513–525. doi:10.1038/nrm2728
 Struthers, M. S., Shanks, S. G., MacDonald, C., Carpp, L. N., Drozdowska, A. M., Kioumourtzoglou, D., et al. (2009). Functional homology of mammalian syntaxin 16 and yeast Tlg2p reveals a conserved regulatory mechanism. J. Cell Sci. 122 (Pt 13), 2292–2299. doi:10.1242/jcs.046441
 Sun, W., Yan, Q., Vida, T. A., and Bean, A. J. (2003). Hrs regulates early endosome fusion by inhibiting formation of an endosomal SNARE complex. J. Cell Biol. 162 (1), 125–137. doi:10.1083/jcb.200302083
 Takahashi, S., Kubo, K., Waguri, S., Yabashi, A., Shin, H. W., Katoh, Y., et al. (2012). Rab11 regulates exocytosis of recycling vesicles at the plasma membrane. J. Cell Sci. 125 (Pt 17), 4049–4057. doi:10.1242/jcs.102913
 Tang, B. L., Low, D. Y., Lee, S. S., Tan, A. E., and Hong, W. (1998a). Molecular cloning and localization of human syntaxin 16, a member of the syntaxin family of SNARE proteins. Biochem. Biophys. Res. Commun. 242 (3), 673–679. doi:10.1006/bbrc.1997.8029
 Tang, B. L., Tan, A. E., Lim, L. K., Lee, S. S., Low, D. Y., and Hong, W. (1998b). Syntaxin 12, a member of the syntaxin family localized to the endosome. J. Biol. Chem. 273 (12), 6944–6950. doi:10.1074/jbc.273.12.6944
 Tojima, T., Miyashiro, D., Kosugi, Y., and Nakano, A. (2022). Super-resolution live imaging ofcargo traffic through the Golgi apparatus in mammalian cells. Methods Mol. Biol. 2557, 127–140. doi:10.1007/978-1-0716-2639-9_10
 Tojima, T., Suda, Y., Ishii, M., Kurokawa, K., and Nakano, A. (2019). Spatiotemporal dissection of the trans-Golgi network in budding yeast. J. Cell Sci. 132 (15), jcs231159. doi:10.1242/jcs.231159
 Toshima, J. Y., Nishinoaki, S., Sato, Y., Yamamoto, W., Furukawa, D., Siekhaus, D. E., et al. (2014). Bifurcation of the endocytic pathway into Rab5-dependent and -independent transport to the vacuole. Nat. Commun. 5, 3498. doi:10.1038/ncomms4498
 Toshima, J. Y., Tsukahara, A., Nagano, M., Tojima, T., Siekhaus, D. E., Nakano, A., et al. (2023). The yeast endocytic early/sorting compartment exists as an independent sub-compartment within the trans-Golgi network. Elife 12, e84850. doi:10.7554/eLife.84850
 Traub, L. M. (2011). Regarding the amazing choreography of clathrin coats. PLoS Biol. 9 (3), e1001037. doi:10.1371/journal.pbio.1001037
 Uchida, Y., Hasegawa, J., Chinnapen, D., Inoue, T., Okazaki, S., Kato, R., et al. (2011). Intracellular phosphatidylserine is essential for retrograde membrane traffic through endosomes. Proc. Natl. Acad. Sci. U. S. A. 108 (38), 15846–15851. doi:10.1073/pnas.1109101108
 Uemura, T., Suda, Y., Ueda, T., and Nakano, A. (2014). Dynamic behavior of the trans-golgi network in root tissues of Arabidopsis revealed by super-resolution live imaging. Plant Cell Physiol. 55 (4), 694–703. doi:10.1093/pcp/pcu010
 Uemura, T., Ueda, T., Ohniwa, R. L., Nakano, A., Takeyasu, K., and Sato, M. H. (2004). Systematic analysis of SNARE molecules in Arabidopsis: dissection of the post-Golgi network in plant cells. Cell Struct. Funct. 29 (2), 49–65. doi:10.1247/csf.29.49
 Ullrich, O., Reinsch, S., Urbé, S., Zerial, M., and Parton, R. G. (1996). Rab11 regulates recycling through the pericentriolar recycling endosome. J. Cell Biol. 135 (4), 913–924. doi:10.1083/jcb.135.4.913
 Valencia, J. P., Goodman, K., and Otegui, M. S. (2016). Endocytosis and endosomal trafficking in plants. Annu. Rev. Plant Biol. 67 (67), 309–335. doi:10.1146/annurev-arplant-043015-112242
 Vida, T. A., Huyer, G., and Emr, S. D. (1993). Yeast vacuolar proenzymes are sorted in the late Golgi complex and transported to the vacuole via a prevacuolar endosome-like compartment. J. cell Biol. 121 (6), 1245–1256. doi:10.1083/jcb.121.6.1245
 Viotti, C., Bubeck, J., Stierhof, Y. D., Krebs, M., Langhans, M., van den Berg, W., et al. (2010). Endocytic and secretory traffic in Arabidopsis merge in the trans-Golgi network/early endosome, an independent and highly dynamic organelle. Plant Cell 22 (4), 1344–1357. doi:10.1105/tpc.109.072637
 Watson, R. T., Kanzaki, M., and Pessin, J. E. (2004). Regulated membrane trafficking of the insulin-responsive glucose transporter 4 in adipocytes. Endocr. Rev. 25 (2), 177–204. doi:10.1210/er.2003-0011
 Wickner, W., and Schekman, R. (2008). Membrane fusion. Nat. Struct. Mol. Biol. 15 (7), 658–664. doi:10.1038/nsmb.1451
 Zerial, M., and McBride, H. (2001). Rab proteins as membrane organizers. Nat. Rev. Mol. cell Biol. 2 (2), 107–117. doi:10.1038/35052055
 Zouhar, J., Rojo, E., and Bassham, D. C. (2009). AtVPS45 is a positive regulator of the SYP41/SYP61/VTI12 SNARE complex involved in trafficking of vacuolar cargo. Plant Physiol. 149 (4), 1668–1678. doi:10.1104/pp.108.134361
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Toshima and Toshima. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Transport mechanisms between the endocytic, recycling, and biosynthetic pathways via endosomes and the trans-Golgi network		1 Introduction

		2 Vesicle transport to the early/sorting compartment in the endocytic pathway		2.1 Target compartment of the endocytic vesicle and Rab5 localization

		2.2 SNARE complexes mediating fusion with the early/sorting compartments





		3 Transport between endosomes and the TGN		3.1 Transport between endosomes and the TGN in the endo-lysosomal pathway

		3.2 Transport between endosomes and the TGN in the endocytic recycling pathway





		4 The point of convergence between the biosynthetic pathway and the endocytic pathway		4.1 Convergence of the biosynthetic and endocytic pathways in the endo-lysosomal pathway

		4.2 Convergence of the biosynthetic-secretory and endocytic-recycling pathways





		5 Discussion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiers in Cell and Developmental Biology

Transport mechanisms between
the endocytic, recycling, and
biosynthetic pathways via

endosomes and the trans-Golgi
network





OPS/images/fcell-12-1464337-g001.gif
Yeast Mammalian cell

|- +- +-
ECNNS-A) (PP T,
i ¥ A A
! [
s , ]

\ I .
s oy






OPS/images/fcell-12-1464337-g002.gif
S Tave

FweTon

Jooveeese

2 TGNt Enbmomn £ TON ISPV RE - Poof omrece









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





