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To serve the purposes of controlled protein turnover,
eukaryotic cells compartmentalize the required acid hy-
drolases in specialized digestive organelles: lysosomes in
animals and vacuoles in yeasts and plants. Therefore, a
reliable system must be in operation to prevent such
proteolytic enzymes being released at the cell surface.
Such a mechanism requires that acid hydrolases be
identified and diverted away from the secretory flow to
the plasma membrane (PM). This process is facilitated by
receptors that recognize specific motifs in the hydrolases
that are absent in secretory proteins. The most well-
known example of this is the mannosyl 6-phosphate
receptor (MPR), which is responsible for the sorting of
lysosomal enzymes; indeed, it has become a paradigm for
protein sorting in most cell biology textbooks. It entails
the recognition of phosphomannan cargo ligands by
MPRs in the trans-Golgi network (TGN) followed by the
sequestration of the MPR-ligand complexes into specific
transport vectors (clathrin-coated vesicles [CCVs]). These
are then transported to an endosomal compartment (the
early endosome [EE]) having a more acidic pH than
the TGN, thereby causing the ligands to separate from the
MPRs. The MPRs are subsequently recycled back to the
TGN via retromer-coated carriers for another round of
trafficking (for review, see Braulke and Bonifacino, 2009;
Seaman, 2012).

Many plant scientists support a scenario for the sorting
of soluble vacuolar proteins and the trafficking of their
receptors (vacuolar sorting receptors [VSRs]) that closely
resembles that of the MPR system of mammalian cells
(Hwang, 2008; De Marcos Lousa et al.,, 2012; Kang et al.,
2012; Sauer et al., 2013; Xiang et al., 2013). This working
model is based on three key observations: (1) VSRs were
first identified in detergent-solubilized CCV fractions iso-
lated from developing pea (Pisum sativum) cotyledons; (2)
CCVs are regularly seen budding off the TGN in thin-
sectioned plant cells; and (3) depending on the organism,
VSRs and VSR-reporter constructs are found concentrated
either in the TGN or in multivesicular prevacuolar com-
partments (PVCs) under steady-state conditions (Robinson
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and Pimpl, 2014a, 2014b, and refs. therein). Unfortunately,
information on VSRs has not been obtained from a single
experimental system. Although much work on Arabi-
dopsis (Arabidopsis thaliana) VSR mutants has been pub-
lished (for review, see De Marcos Lousa et al., 2012) and
the majority of immunogold electron microscopic locali-
zation experiments have been performed in Arabidopsis,
the majority of the fluorescence localizations, particularly
with regard to VSR trafficking, have been carried out by
transient expression in tobacco (Nicotiana tabacum; agro-
infiltration for leaves and electroporation for protoplasts).
Nevertheless, it should be stressed that sorting motifs for
acid hydrolases and their corresponding receptors in the
three major eukaryotic organismal groups differ consid-
erably (Robinson et al.,, 2012). In addition, the secretory
and endocytic pathways of plant cells contrast significantly
with mammalian cells, the most important distinctions
being (1) the lack of an intermediate compartment between
the endoplasmic reticulum (ER) and the Golgi apparatus
in plants, (2) that plants have motile Golgi stacks rather
than a perinuclear Golgi complex, and (3) the absence of
an independent EE in plants, the function of which is as-
sumed by the TGN (Contento and Bassham, 2012). While
these differences do not automatically negate the validity
of the above working model for VSR trafficking, they at
least legitimize a more thorough analysis of the supporting
data than has previously been the case (Robinson and
Pimpl, 2014a, 2014b).

The principal issues at stake are as follows. Where do
VSRs bind and release their cargo ligands? What is the
actual mechanism resulting in the separation of secretory
from vacuolar cargo molecules? What is/are the precise
role(s) of TGN-derived CCVs? And where does retromer
pick up VSRs and where are they delivered to? The
impact of several new publications on these points of
dispute is the subject of this article.

VSRs BIND CARGO LIGANDS IN THE ER: EVIDENCE
AND CONSEQUENCES

Since immunogold electron microscopy has confirmed
the presence of VSRs in CCVs at the TGN (Hinz et al,,
2007, and refs. therein), it was thought that this is where
vacuolar ligands became bound to their VSRs. While
being morphologically in agreement with the situation in
mammalian cells, this interpretation does not take into
account the different biochemical premises for receptor-
ligand interactions in the mammalian and plant systems.
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In mammalian cells, acid hydrolases are identified
through a tertiary conformational motif (signal patch) in
the cis-Golgi and then receive a secondary recognition
signal: phosphorylation of terminal Man residues in
N-oligosaccharide side chains (Braulke and Bonifacino,
2009). This signal, however, remains masked until the
acid hydrolase arrives in the TGN, where it becomes
unveiled, leading to ligand binding (i.e. the MPR-ligand
interaction occurs immediately prior to sequestration into
nascent CCVs; for details and pertinent literature, see
Robinson et al., 2012). This process may seem compli-
cated, but it ensures that receptor-ligand interactions
cannot occur earlier in the secretory pathway than the
TGN. In contrast, vacuolar cargo ligands in plants have
primary sequence-sorting determinants (Neuhaus and
Paris, 2005), so there is no a priori reason for their rec-
ognition to be delayed until entering the TGN.

Convincing evidence that VSR-ligand interactions are
in fact initiated earlier than the TGN in the secretory
pathway was recently published by Gershlick et al.
(2014). These authors prepared reporter constructs hav-
ing both an N-terminal vacuolar sorting signal (NPIR)
and a C-terminal ER retention signal (HDEL). Although
the authors did not take into account the possibility that
dual-signal molecules might bind simultaneously to
VSRs and the ER retrieval receptor endoplasmic reticu-
lum retention defective2 (ERD2), HDEL/KDEL receptor,
they nevertheless compared the transport of such dual
signal reporters with reporters containing only either an
HDEL retrieval signal or an NPIR vacuolar sorting signal
as the sole sorting information. On the basis of their data,
Gershlick et al. (2014) concluded that VSRs and the ER
retrieval receptor ERD2 were in competition with one
another for transport ligands, and since ERD2 binds to
HDEL cargo in the cis-Golgi (Phillipson et al., 2001), it
was inferred that this must be the location for VSR-
ligand interactions as well.

That VSRs should meet their ligands early in the se-
cretory pathway is actually not a novel finding, since
there exist other reports that claim that VSR-ligand in-
teraction in fact already starts in the ER (Watanabe et al.,
2004; daSilva et al.,, 2005). The basic approach in these
earlier studies was to trap VSR ligands in the early se-
cretory pathway by expressing the luminal ligand-
binding domain (LBD) of the VSR as a soluble protein
that additionally carries an HDEL peptide for ER retrieval
at its C terminus. The VSR(LBD)-HDEL construct would
then cycle between the ER and the cis-Golgi. Although it
was not possible to pinpoint the location of the initial VSR
(LBD)-ligand interaction, in both cases vacuolar proteins
accumulated in the ER lumen. However, more recently,
it was shown that VSR-LBDs, which were directly an-
chored in the ER as fusion proteins between the LBD and
the transmembrane domain of calnexin, an ER-resident
protein (Niemes et al., 2010a), also caused VSR ligands to
accumulate in the ER and prevented their delivery to the
vacuole. This strongly suggests that native VSRs will also
interact with their cargo ligands in the ER and do not
need to be transported separately via bulk flow to the cis-
Golgi for this to occur (for a comparison of the two
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possibilities, see Fig. 1). Indeed, smce VSR-ligand inter-
actions are positively influenced by Ca** (Watanabe et al.,
2002) and the ER has much higher Ca®* levels than the
Golgi (Ordenes et al., 2012), it is hard to understand what
would prevent their interaction in the ER lumen or, for
that matter, in the confined space of a coat protein vesicle
I (COPI) transport vesicle.

Several conclusions may be drawn on the knowledge
that VSR-ligand binding starts in the ER (or cis-Golgi). (1)
VSR-ligand binding is spatially separated from the sort-
ing event that segregates vacuolar from secretory traffic.
(2) High concentrations of VSRs do not faithfully reflect
locations where ligand binding takes place. (3) If VSR-
ligand complexes are exported out of the TGN in CCVs,
as many plant scientists believe, then these complexes
would naturally become concentrated at the TGN prior
to their sequestration into CCVs. Presumably, CCV as-
sembly occurs through the guanidine nucleotide ex-
change factor-mediated recruitment of ADP-ribosylation
factorl followed by adaptor protein complexl (AP-1)
adaptors, which attach to phospholipids and to the cy-
tosolic tails of the VSRs (Park et al., 2013). (4) It is well
known that the cation-dependent MPR must be present
as a dimer in order to bind ligands (Olson et al., 2010).
The same requirement exists for VSRs, and while VSR
mutants incapable of oligomerizing may enter the Golgi
apparatus, they proceed no farther and do not interact
with clathrin (Kim et al., 2010). Thus, it can be expected
that the ER is also the location where oligomerization
(possibly trimerization, since the complex has a molec-
ular mass of 240 kD and the molecular mass of VSRs in
SDS-PAGE is around 80 kD) of VSRs takes place.

THE SEGREGATION OF SECRETORY AND
VACUOLAR TRAFFIC AT THE TGN:
POSSIBLE MECHANISMS

The TGN is a transport hub for incoming endocytic
cargo and outgoing secretory and vacuolar cargo (Uemura
and Nakano, 2013). It is continually formed as a conse-
quence of cisternal progression through the Golgi stack
and remains associated with the stack for a while
before being detached (Viotti et al., 2010; Uemura
et al., 2014). The TGN is a cisternal-tubular network
bearing two morphologically different types of vesicle:
smooth-surfaced secretory vesicles and CCVs. Tradi-
tionally, secretion is regarded as occurring by default,
simply going with the flow, but recent work on mam-
malian and yeast cells (Curwin et al., 2012; von Blume
etal, 2012) suggest that it is an active process involving
a Ca®*-binding, secretory cargo-sequestering protein and
a TGN-localized Ca** pump. The possibility that such a
mechanism might operate in plants has been discussed
(Robinson and Pimpl, 2014b).

It is also unclear whether there are functionally two
different types of CCV at the plant TGN or only one.
Since the TGN in plants probably acts as a recycling
endosome as well as an EE, it is likely that one class of
CCV serves to recycle internalized membrane proteins/
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Figure 1. Two possible scenarios for VSR-ligand interactions in the early secretory pathway. At the left, soluble vacuolar cargo
molecules are already recognized by VSRs while still in the lumen of the ER. Receptor-ligand binding is favored by the high Ca®*
concentrations in the ER. In the version at the right, ligand binding to VSRs is delayed until the cis-Golgi cisternae, where the
K(H)DEL-receptor scavenges ER-resident proteins that have inadvertently entered COPII transport vesicles. Whereas the latter
are selectively sequestered into COPI vesicles for recycling back to the ER, VSR-ligand complexes are excluded and move up

through the Golgi stack via cisternal maturation.

receptors back to the PM. If there is another class of
CCV, does it transport VSR-ligand complexes out of the
Golgi, or is this achieved passively, as a result of
cisternal release from the Golgi stack and subsequent
maturation/transformation into a multivesicular PVC
(Niemes et al., 2010b)? These two scenarios are depicted
in Figure 2.

If a transformation of the TGN into a multivesicular
body (MVB) does occur, it is extremely difficult to obtain
electron micrographs of intermediate stages depicting
this process, suggesting that the maturation of the TGN
into an MVB must be rapid. However, immunolabeling
has demonstrated the presence of endosomal sorting
complex required for transport (ESCRT) I and ESCRT 1I
complex proteins (required for the initiation of internal
vesicle formation in MVBs; Hurley and Hanson, 2010) at
the TGN. In contrast, ESCRT III (required for the fission
of the internal vesicles) was detected at the multi-
vesicular PVC (Scheuring et al.,, 2011; Cai et al.,, 2014).
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Further evidence comes from the observation that some
proteins that have previously been regarded as being
markers for the MVB now also have been detected on
discrete domains of the TGN (e.g. the Rab5 GTPase
Arabidopsis Rab5GTPase-like protein7 and phosphati-
dylinositol 3-phosphate; Singh et al., 2014). Thus, there is
increasing support for the notion that multivesicular
PVCs are derived from the TGN through maturation in a
similar manner to how late endosomes (LEs) mature out
of EEs in mammalian cells (van Weering et al., 2010).
Evidence in favor of CCVs being the means of trans-
porting soluble vacuolar cargo out of the TGN lies in the
interaction of the cytosolic tails of VSRs with AP-
1 adaptor proteins required for CCV assembly at the
TGN (De Marcos Lousa et al., 2012; Gershlick et al,,
2014). This appears to be a convincing argument, except
that VSRs have also been detected at the PM and the Tyr
motif in the VSR tail may instead be required for endo-
cytosis (Saint-Jean et al., 2010). Moreover, the expression
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Figure 2. Options for the sorting of soluble secretory and vacuolar cargo molecules at the TGN, together with possible models
for post-Golgi recycling of VSRs. In option A, there are two classes of CCV formed at the TGN: one for recycling membrane
proteins/receptors back to the PM after they have been internalized and transported to the EE(TGN) and the other serving to
package VSR-ligand complexes for transport to the LE(MVB) and LE(PVC). Ligands dissociate from the VSRs in the MVBs, and
retromer-coated carriers transport the VSRs back to the TGN. Secretory proteins are passively sorted into secretory vesicles at
the TGN. This option is favored by Hwang (2008), De Marcos Lousa et al. (2012), Kang et al. (2012), and Xiang et al. (2013). In
option B, it is proposed that, in analogy to mammalian and yeast cells, secretory proteins are actively sequestered into secretory
vesicles via Ca®*-binding proteins/Ca’*-ATPase. In contrast, VSR-ligand complexes passively leave the Golgi stack through
maturation/transformation of the TGN, which is released from the stack. As maturation proceeds, VSR-ligand dissociation takes
place and the VSRs become concentrated in retromer carriers for transport back to the ER/cis-Golgi. In this model, there is only
one type of CCV that is responsible for recycling membrane proteins back to the PM. Evidence for this option has been given by

Niemes et al. (2010a, 2010b) and Robinson and Pimpl (2014a, 2014b).

of clathrin hubs, which titrate out the clathrin light chains
required for triskelion assembly and thereby prevent
CCV formation (and endocytosis), does not inhibit vac-
uolar protein transport (Scheuring et al., 2011). Perhaps
the most serious argument against CCV transporting
VSR-ligand complexes out of the TGN is that it does not
seem to make much sense to do this if the MVB with
which the CCVs are supposed to fuse is also derived
from the TGN. Unfortunately, studies on AP-1 adaptor
mutants (Park et al., 2013; Robinson and Pimpl, 2014a),
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which might have delivered a decisive answer on this
issue, have proved equivocal, since the expression of
these mutants also had adverse effects on secretion and
TGN functioning in general.

VSR RECYCLING: FROM WHERE?

Theoretically, VSRs should recycle from the com-
partment where ligands dissociate, and dissociation is

Plant Physiol. Vol. 165, 2014



supposed to be pH dependent (Martiniere et al., 2013).
Determinations of the pH for ligand binding to MPRs
(Tong and Kornfeld, 1989) and VSRs (Kirsch et al.,
1994) reveal bell-shaped curves with optima at around
6, decreasing to less than 50% at pH 5.5; in the case of
the cation-dependent MPR, there is clear crystallo-
graphic evidence that low pH affects the protonation
state of the ligand-binding pocket as well as the dimer
conformation (Olson et al., 2008). There is thus good
reason to expect VSRs to dissociate from their ligands
at acidic pH. However, the expectation that multi-
vesicular PVCs would fulfill this criterion has not been
met. In fact, recent measurements of pH in the TGN
and PVC point to an alkaline rather than an acid gra-
dient between these two organelles (Martiniere et al.,
2013). So, for the moment, organelle pH is not a good
indicator for the location of VSR-ligand dissociation.
A pentameric cytosolic coat complex called the retro-
mer is responsible for the recycling of MPRs in mammals
and VSRs in yeast (Attar and Cullen, 2010). The vacuolar
protein sorting35 homolog (VPS35) subunit of the tri-
meric core retromer subcomplex has been shown to bind
to the cytosolic tail of the MPR and to the VSR BP80 of
plants (Oliviusson et al., 2006). The other subunit consists
of the two sorting nexins (SNXs), which have PX do-
mains for binding to phosphatidylinositol phosphates
and BAR domains causing the membranes to tubularize
(van Weering et al.,, 2010). The subcellular location of
plant SNXs has been a matter of some debate (Robinson
et al., 2012), with current evidence now favoring the TGN
rather than multivesicular PVCs (Stierhof et al., 2013;
Ivanov et al., 2014). Attempts to localize the retromer
core subunit by immunogold electron microscopy and
immunofluorescence microscopy have been performed,
and in both cases the published data are contradictory
(compare Oliviusson et al. [2006] with Niemes et al.
[2010b]). However, mutants of the VPS35A and VPS29
retromer core subunits show defects in PIN-formed1-
GFP transport and appear to have an altered PVC mor-
phology (Nodzynski et al., 2013). Whether this reflects a
retromer localization at the PVC, or is a consequence of
retromer malfunction upstream of the PVC, is unclear.
In mammalian cells, maturing endosomes are charac-
terized by tubular protuberances that are enriched in
SNX1, the retromer core, and MPRs (Mari et al., 2008).
These then pinch off to form torpedo-like retrograde
transport carriers (Collins et al., 2008). The onset of tubule
formation on the EE in mammals is coordinated with a
transition from Rab5- to Rab7-type GTPases, culminating
in the binding of the core retromer subunit (van Weering
et al., 2012). Also required for the recruitment of the ret-
romer core onto mammalian endosome membranes is
SNX3, lacking BAR domains (Seaman, 2012). Surpris-
ingly, in plants, Rab7 GTPases are found on the tonoplast
and prefusion late PVCs (LPVCs; Nielsen et al., 2008;
Bottanelli et al., 2012), whereas Rab5 GTPases are pre-
sent on MVB/PVCs and not the TGN (Contento and
Bassham, 2012). This was recently confirmed in investi-
gations of SAND/Monl (for a protein family containing
Sp100, AIRE-1, DEAF-1; with monensin sensitivity), the
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guanidine nucleotide exchange factor for Rab7 that also
locates to LPVCs and the tonoplast (Cui et al., 2014;
Ebine et al., 2014; Singh et al., 2014). Thus, and in marked
contrast to the situation in other organisms, the Rab5-to-
Rab7 conversion in plants is not associated with the
maturation from EE(TGN) to LE(MVBs) but, instead, is
required for MVB/LPVC-vacuole fusion. Mutants of both
Rab7 and SAND/Monl show enlarged MVBs, and sol-
uble vacuolar proteins are secreted (Ebine et al., 2014;
Singh et al., 2014). Conversely, PIN cycling and the ac-
cumulation of the cytokinesis syntaxin KNOLLE at the
cell plate were unaffected in SAND/Monl mutants, as
was the localization of the TGN marker vacuolar protein
ATPase Al, indicating that a Rab5-to-Rab7 conversion is
not required for TGN-based secretory events (Singh et al.,
2014).

Based on the data just described, the core subunit of
plant retromer should also localize to the membranes of
prefusion MVBs and the tonoplast, but this is difficult to
reconcile with the fact that mature MVBs, even when
optimally freeze fixed for electron microscopy, do not
possess tubular extensions, and vesiculation profiles are
extremely rare (Stierhof et al., 2013). Moreover, it has been
shown that the retromer core subunit by itself is incapable
of inducing endosomal membranes from mammalian
cells to tubularize in vitro (van Weering et al., 2012). So,
even though it has been demonstrated that Ras-related
protein in brain G3f, GTPase is required for the binding of
the retromer core to plant membranes (Zelazny et al.,
2013), without the participation of SNXs, which appear to
localize predominantly to the TGN (see above), it is dif-
ficult to understand how retromer can retrieve VSRs from
the LPVC/tonoplast. In this regard, it is important to note
that Foresti et al. (2010) characterized their LPVC as
lacking VSRs. This suggests that retromer-mediated re-
trieval of VSRs must occur earlier than the Rab5-to-Rab7
conversion. This, and the demonstration that there are
multiple pathways to the vacuole, some requiring a se-
quential Rab5-to-Rab? transition and others needing only
one of these GTPases (Ebine et al., 2014), underline once
again the dangers of trying to dovetail plant data into a
mammalian (yeast) template.

VSR RETRIEVAL: WHERE TO?

The target compartment for the recycling of VSRs has
also become a subject for debate. The widely held opinion
that VSRs are recycled to the TGN was challenged by
Niemes et al. (2010b), who, based on their contention that
VSR-ligand binding is initiated at the ER, suggested that,
after ligand dissociation, VSRs also must be delivered to
this location to start a new cycle of anterograde transport
of cargo ligands. Since the new data of Gershlick et al.
(2014) support the occurrence of VSR-ligand interactions
very early in the secretory pathway, I would have ex-
pected agreement on the matter of VSR recycling, but
Gershlick et al. (2014) have stated, “It is plausible that VSRs
return directly to the trans-Golgi cisternae, as it would
explain why VSRs can be enriched in this compartment
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(Hillmer et al., 2001), but this remains to be shown.” It is
difficult to follow the logic behind this conclusion. What
function would recycled free VSRs have in the TGN if
there are no free ligands, since vacuolar cargo ligands are
already bound to VSRs upon entry to the TGN? Only if
VSR-ligand binding at the ER or cis-Golgi were inefficient,
leading to high concentrations of unbound ligands at the
TGN, would this make sense.

Obviously, the oligomerization status of recycled VSRs
will be crucial: if upon ligand dissociation they assume a
monomeric form, they would be nonfunctional when
reinserted into the TGN. However, this would not matter
if recycling to the ER takes place where, as discussed
earlier, oligomerization presumably takes place. In this
regard, the situation in mammalian cells is worth bearing
in mind. Although phosphomannans are first available in
the TGN, the small 46-kD MPR nevertheless dimerizes
and attains its ligand-binding ability before exiting the
ER (Hille et al., 1990). However, as determined by in situ
cross-linking studies, the dimer is the dominant form of
the 46-kD MPR in both the TGN and the EE (Punnonen
et al., 1996). Thus, although a pH-dependent change in
MPR conformation may take place upon entry into the
EE, resulting in ligand dissociation, it is not accompanied
by a change in oligomeric status.

Clearly, there are many evolutionarily conserved aspects
of the secretory and endocytic pathways in eukaryotes,
but, as illuminated in this article, there are an equal
number of significant differences between the major or-
ganismal groups. So, in conclusion, great care is needed
when a well-established scheme of events in animal cells is
used as a basis for the interpretation of plant data.
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