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Abstract: Vacuoles are one of the most prominent organelles in plant cells, and they play
various important roles, such as degradation of waste materials, storage of ions and
metabolites, and maintaining turgor. During the past two decades, numerous advances have
been made in understanding how proteins are specifically delivered to the vacuole. One of
the most crucial steps in this process is specific sorting of soluble vacuolar proteins.
Vacuolar sorting receptors (VSRs), which are type [ membrane proteins, are involved in the
sorting and packaging of soluble vacuolar proteins into transport vesicles with the help of
various accessory proteins. To date, large amounts of data have led to the development of
two different models describing VSR-mediated vacuolar trafficking that are radically
different in multiple ways, particularly regarding the location of cargo binding to, and
release from, the VSR and the types of carriers utilized. In this review, we summarize
current literature aimed at elucidating VSR-mediated vacuolar trafficking and compare the
two models with respect to the sorting signals of vacuolar proteins, as well as the molecular
machinery involved in VSR-mediated vacuolar trafficking and its action mechanisms.
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1. Introduction

Plant cells contain a variety of endomembrane compartments. Of these, the vacuole is the most
prominent organelle, occupying up to 90% of the cellular volume in mesophyll cells. Two different
types of vacuoles exist in plant cells: the lytic vacuole in vegetative cells and the protein storage
vacuole (PSV) in seed cells [1,2]. These vacuoles play many important roles, such as the degradation
of waste materials, ion and metabolite storage, and the maintenance of turgor pressure. To perform
these activities, a large number of proteins localized to both the lumen and tonoplast are required. In
plant cells, nascent vacuolar proteins are initially targeted to the endoplasmic reticulum (ER) and are
subsequently transported to the vacuole via multiple routes depending on the individual proteins.

Of these multiple routes, the most prominent employs multiple intermediate organelles, i.e., the
Golgi apparatus, trans-Golgi network (TGN), and prevacuolar compartment (PVC) [3-9]. In this route,
the process of protein trafficking from the ER to the vacuole comprises many distinct steps, each of
which requires a large number of protein factors. In fact, numerous molecular factors involved in this
route have been characterized at the molecular and cellular levels. One of these factors is the vacuolar
sorting receptor (VSR), which plays a crucial role as a sorting receptor for soluble vacuolar proteins
during their trafficking to the vacuole. VSRs are highly conserved among plant species, including
BP80 (binding protein 80 kD) in pea, PV72 in pumpkin, and seven VSRs in Arabidopsis [8,10-14].
VSRs are type [ membrane proteins, which consist of a large N-terminal luminal domain, a transmembrane
domain (TMD), and a short C-terminal cytosolic tail [10,15]. The luminal domain binds to soluble
vacuolar proteins, while the cytosolic tail interacts with various trafficking components for vesicle
formation and for its own recycling [8,16-20].

Alternatively, certain vacuolar proteins are transported directly from the ER to the vacuole via a
Golgi-independent route [21-23]. In particular, multiple tonoplast proteins including a-tonoplast intrinsic
protein, calcineurin B-like protein 6, the two-pore potassium channel TPKb, the vacuolar H -ATPase
VHA-a3, and the H+-pyrophosphatase AVP1 are transported via a Golgi-independent route [21-25]. In
pumpkin seed cells, precursor-accumulating (PAC) vesicle-mediated trafficking transports proteins
from the ER to the PSV via a Golgi-independent route [26]. Tonoplast proteins can also be transported
by another route; the sucrose transporter SUC4 is transported from the ER to the TGN through the
Golgi apparatus and is then directly targeted from the TGN to the tonoplast without passing through
the PVC in an adaptor protein complex (AP)-3-dependent manner [27].

In this review, we focus on the VSR-mediated trafficking of soluble proteins to the vacuole. For
other routes of vacuolar trafficking, we recommend other recent reviews [28-31]. Here, we summarize
recent advances in elucidating VSR-mediated trafficking of soluble proteins to two types of vacuoles in
plants, i.e., lytic vacuoles and PSVs, and we discuss the two models describing this process.

2. Involvement of VSRs in Trafficking of Soluble Vacuolar Proteins to Lytic Vacuoles and PSVs

VSRs were originally identified as abundant proteins in the CCV fraction purified from plant
extract [10]. Subsequently, many VSR homologs have been identified in association with the vacuolar
trafficking process in various plant species, and they were thus proposed to function as sorting
receptors of soluble vacuolar proteins [13,32,33]. The biological role of VSRs has been tested by
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examining protein trafficking to the vacuole. The protoplast system has been widely used to investigate
the role of VSRs in lytic vacuolar trafficking. Transient expression of dominant negative mutant forms
of AtVSRI1 and AtVSR2 causes secretion and/or inhibition of various coexpressed vacuole-destined
proteins, such as Spo:GFP (a fusion protein consisting of a sorting signal of sporamin protein from
sweet potato (lpomoea batatas) and green fluorescent protein (GFP)), AALP:GFP (a fusion of
Arabidopsis aleurain-like protein and GFP), and Spo:amylase (a fusion of sporamin and amylase,
destined for the lytic vacuole) [18,19,34,35]. These studies have provided strong evidence that VSRs
are sorting receptors of soluble lytic vacuolar proteins, which was confirmed by genetic studies; in
atvsrlatvsr4 double-mutant plants, a small amount of AALP is secreted into the apoplast in leaf
tissues [13]. In addition, in various atvsr single and double mutants (atvsr1, arvsrlatvsr3 and atvsrlatvsr4),
vacuolar trafficking capacity is reduced to varying degrees depending on the genotype, although these
mutants do not show any noticeable defects in vacuolar trafficking in intact leaf tissues [35]. The
defect in lytic vacuolar trafficking in atvsriatvsr4 double-mutant plants was complemented by
transient expression of AtVSR1 or AtVSR4, further confirming that these proteins are involved in lytic
vacuolar trafficking. Their role in lytic vacuolar protein sorting has also been directly supported by
numerous ways; ER-retained soluble PV72 (PV72-HDEL) caused accumulation of AtALEU in the ER
in Arabidopsis transgenic plants [36]. Amy-spo, a chimeric vacuolar cargo consisting of the N-terminal
region of sporamin and amylase, was secreted into the apoplast when a mutant form of BP0,
full-length BP80-Y612A, which was mistargeted to the plasma membrane was coexpressed in tobacco
protoplasts [18]. In cultured cell lines of Arabidopsis, expression of the luminal domain of AtVSRI1
caused co-secretion of various vacuolar proteins into the medium [37].

In addition, the role of VSRs in PSV trafficking has been confirmed by genetic studies. In a knock-out
mutant of A#VSRI, significant amounts of 12S globulins and 2S albumins accumulate as precursors
and are partially secreted into the extracellular matrix [33]. Zouhar et al. [13] subsequently confirmed
this observation and demonstrated that of the seven AtVSR isoforms, two isoforms, AtVSR3 and
AtVSRA4, are also involved in PSV trafficking and are functionally redundant to AtVSRI1. Interestingly,
these atvsr mutants have smaller PSVs than the wild type, which may be due to the reduced levels of
PSV proteins in the PSVs resulting from defects in PSV trafficking. However, single and double mutants
of atvrsl, atvsr3, and atvsr4 do not show any obvious defective phenotype in their vegetative tissues.

While the physiological roles of these AtVSR isoforms have been elucidated, the roles of AtVSRS
and AtVSR6 are not yet known. These two proteins also localize primarily to the PVC in protoplasts,
as does AtVSRI1 [35,38]. However, in contrast to other atvsr mutants, atvsrSatvsr6 double-mutant
plants did not exhibit defective trafficking of protein to the two vacuoles (lytic vacuole and PSV) when
two lytic vacuolar cargoes, sporamin:GFP and AALP:GFP, and two PSV proteins, 12S globulins and
2S albumins, were examined [13,35]. The difference between these two VSR isoforms (VSRS and
VSR6) and other VSR isoforms in terms of protein trafficking to the vacuoles stems from the
difference in their luminal domains; when the luminal domains of AtVSR1 and AtVSRS were swapped,
the vacuolar trafficking activity of the resulting mutants was determined by the luminal domain [35].
These results indicate that the luminal domain is involved in the specificity determination of AtVSR
isoforms. However, we cannot exclude the possibility that AtVSRS and AtVSR6 may also play a role
in sorting vacuolar cargoes other than those examined. Further studies are necessary to determine the
exact role of these two isoforms in plant cells.
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3. Vacuolar Sorting Signals and Their Interactions with VSRs

When VSRs function as sorting receptors, one of their most important activities is the specific
recognition of vacuolar proteins among the numerous organellar proteins that are simultaneously
transported through the endomembrane compartments. Vacuolar proteins contain a specific sequence
motif, the sorting signal, which is required for specific recognition by VSRs. The sorting signals of
various vacuolar proteins are classified into two groups, sequence-specific vacuolar sorting signal
(ssVSS) and C-terminal vacuolar sorting signal (ctVSS). The ssVSSs show a consensus sequence
while the ctVSSs are poorly defined but generally composed of hydrophobic amino acids [39]. ssVSSs,
which have been identified from lytic vacuolar proteins, such as barley proaleurain and sweet potato
sporamin, include NPIR or similar sequences [6,40—42]. Indeed, peptides containing ssVSSs
specifically bind to VSRs in vitro [10,16]. Consistent with the role of VSRs in the sorting of PSV
proteins, the ctVSSs of Brazil nut 2S albumin and Arabidopsis 12S globulin strongly bind to BP80 and
AtVSRI1, respectively, while the C-terminal sorting signal of barley lectin shows weak binding [10,16,33].
These observations raise the intriguing question of how VSRs bind to two different types of vacuolar
sorting signals, the ssVSS and ctVSS. One possibility is that they are recognized by different cargo
binding sites in the luminal domain.

The mechanism underlying the specific recognition of sorting signals by VSRs has been elucidated
at the molecular level. VSRs must bind to cargoes at the donor compartment and release them at the
acceptor compartment. Ca>" ion plays a crucial role in cargo binding to VSRs in vitro; cargo binding to
VSRs is enhanced by high concentrations of Ca*" [10,43-45]. Consistent with this finding, VSRs
contain a Ca®’-binding motif, the epidermal growth factor (EGF)-like motif, at the luminal domain.
Moreover, Ca2+-binding to the EGF-like motif is crucial for its interaction with other proteins [46].
Indeed, a luminal domain lacking the EGF-like motif exhibited a low level of cargo binding. These
results support the notion that Ca®" is involved in the interaction between cargoes and the luminal
domains of VSRs [44,47]. However, it is still not fully understood how Ca* binding to the EGF-like
motif contributes to cargo binding to the luminal domain.

Another important factor for the interaction between cargoes and their receptors is pH. In animal
cells, the lysosomal cargo receptor mannose-6-phosphate (M6P) receptor (MPR) binds to M6P (the
sorting signal of lysosomal cargoes) at the TGN and releases these cargoes at the late endosome [48].
In this process, the pH of these compartments is crucial for their interaction and dissociation; the pH of
the TGN and the late endosomes is 6.0 and 5.5, respectively [49]. Therefore, the organelle in which
cargo binding takes place has a higher pH than that for cargo release, indicating that a higher pH is
favorable for cargo binding and a lower pH is favorable for cargo release. For VSRs, in vitro
experiments have shown that the optimal pH for cargo binding to VSRs is pH 6-7, while they
dissociate at pH 4 [10,47]. Currently, the pH levels of the plant organelles are not yet clearly defined,
in fact, the results of two recent studies examining the pH of endomembrane compartments differ [50,51].
However, neither of these studies supports the in vitro result showing that cargo release from VSRs
occurs at pH 4.0; thus other conditions, including the Ca*" concentrations in the lumens of the
compartments, may contribute to cargo binding to and release from VSRs during vacuolar trafficking.
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4. Molecular Mechanisms of VSR-Mediated Vacuolar Trafficking

Extensive studies have been carried out investigating the molecular mechanisms of VSR-mediated
vacuolar trafficking in various plant species. These studies have resulted in the proposal of two
different models describing VSR-mediated vacuolar trafficking: VSR-mediated trafficking from the
TGN to the PVC (Model I) and VSR-mediated trafficking from the ER to the TGN (Model II). These
models are significantly different, particularly with respect to the locations of cargo binding to and
release from the VSRs, as well as the use of carrier vesicles.

4.1. Model I: VSR-Mediated Trafficking from the TGN to the PVC

Model I closely resembles the models describing lysosomal and vacuolar trafficking in animal cells
and yeast, respectively, whereas Model II appears to be specific to plant cells. One of the key
differences in the two models is the localization of VSRs. In Model I, VSRs primarily localize to the
PVC, while a significant proportion localize to the TGN. Indeed, immunogold labeling, immunostaining
using anti-VSR antibody, and live cell imaging of GFP- or RFP-tagged VSRs have revealed that VSRs
localize primarily to the PVC, with a significant proportion localizing to the TGN or trans-face of the
Golgi [52-55]. The TMD and cytosolic tail of VSRs are sufficient for their localization to the PVC,
because GFP-VSRs (with the luminal domain replaced with GFP) localize to the PVC [34,38,54]; thus,
in Model I, VSRs bind to vacuolar cargoes at the TGN and release them at the PVC, thereby cycling
between the TGN and PVC (Figure 1). In this model, the behavior of VSRs is conceptually similar to
that of the sorting receptors MPRs in animal cells and Vps10p in yeast [56—59]. Indeed, the recycling
of VSRs from the PVC to the TGN has been confirmed; The significant amounts of Spo:GFP and
AALP:GFP were accumulated to the TGN in vps29 mutant. Moreover, in the vps29 mutant plants,
VSRs accumulate to the PVC even when anterograde trafficking is inhibited by LatB, an inhibitor of
actin filaments [60].

A large number of proteins function either directly or indirectly in VSR-mediated vacuolar
trafficking. These protein factors include AtVTI11, EPSINI (renamed EpsinR1), AP-1, clathrin, actin
filaments, and VPS29. Their physiological roles in VSR-mediated vacuolar trafficking have been
confirmed genetically; like the vsrivsr4 double mutant, atvtill, vps29, epsinrl, and apIm2 mutant
plants exhibit a defect in protein trafficking to the PSV and/or lytic vacuole. Of these proteins,
EpsinR1 and AP-1 are monomeric and heterotetrameric adaptors of CCVs, respectively, thus raising
the possibility that CCVs function as carriers during VSR-mediated vacuolar trafficking. Indeed,
AtVSRI1 interacts with EpsinR1. AP-1 may also have a direct interaction with VSRs since VSRs have
an AP-1 binding motif, the YXX® motif, at their cytosolic tail. In fact, these proteins together with
clathrin appear to form an interaction network at the TGN that is crucial for CCV formation [17,52,61].
In addition, p-adaptin of AP-4 interacts with the cytosolic tail of VSR2 [20]. Another important
interaction is the homomeric interaction between VSRs via a motif in the cytosolic tail [19], which is
similar to oligomerization of MPRs in animal cells [62]. Therefore, overall, VSR-mediated vacuolar
trafficking is conceptually similar to CCV-mediated trafficking of lysosomal cargoes in animal cells. In
the interaction of VSRs with these proteins, the YXX® motif in the cytosolic tail is crucial,
substitution of the Y residue of the YMPL motif with alanine causes mislocalization to the plasma
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membrane in addition to accumulation at the TGN [8,18,63,64]. This observation again supports the
idea that VSRs are loaded into CCVs via the YXX® binding factor AP-1.

Figure 1. Vacuolar sorting receptor (VSR)-mediated soluble cargo transport from the
trans-Golgi network (TGN) to the prevacuolar compartment (PVC): Model I. Nascent
soluble vacuolar proteins are initially targeted to the endoplasmic reticulum (ER).
Subsequently, they are transported to the Golgi apparatus in a COPII-dependent manner.
Traveling from cis-Golgi to the TGN occurs via cisternal maturation. At the TGN, VSRs
recognize their cargoes and receptor-cargo complexes are packaged into clathrin-coated
vesicles with the help of AP-1 and/or EpsinR1. Clathrins and adaptor proteins dissociate
from the clathrin-coated vesicles (CCVs) after vesicle release. After fusion of vesicles
harboring vacuolar cargoes with the PVC, VSRs release their cargoes. VSRs are
recognized by VPS29-containing retromers and recycle back to the TGN for the next round
of cargo sorting. The exact mechanism of how retromers recognizes VSRs at the PVC
remains elusive. It is also unknown whether retromers dissociate from the recycling
vesicles in plants; thus retromers on the recycling vesicle are indicated with dotted lines.
VSRs are also involved in trafficking of proteins to the PSV at the TGN via CCVs.
However, it is not known which adaptors are involved in this pathway. It is also not clear
whether the PVCs for the lytic vacuole and PSV are the same compartment or two different
organelles. m, process occurring through maturation.
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VSRs require additional molecules for their action. The majority of VSRs localize to the PVC.
These VSRs must recycle to the TGN for cargo binding. In animal cells and yeast, retromer
(a pentameric complex composed of two sorting nexins, VPS26, VPS29, and VPS35) is involved in
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the recycling of MPRs and Vps10p from the late endosome/PVC to the TGN [58,65-67]. All of the
retromer components have been identified in plant cells. Moreover, VPS35, the receptor-binding
subunit of retromer in animal cells and yeast [68], coimmunoprecipitates with Arabidopsis VSRs, and
the VPS35/29/26 complex (cargo-selective subcomplex) localizes to the PVC [69]. Immunostaining
experiments have suggested that SNXs and VPS29 localize to the PVC as well as the TGN [70-73].
Recently, however, both immunogold labeling and immunostaining experiments have demonstrated
that SNX1 and SNX2a, as well as VPS29, localize to the TGN and not the PVC [74,75]. Currently, it is
not easy to explain this inconsistency. Biologically active SNX1-XFP and VPS29-GFP are sensitive to
both brefeldin A and wortmannin [70,71]. In addition, VPS29-GFP showed membrane localization in
snxI-1 and snx2a-2snx2b-1 mutants. These results raise the possibility that retromer components
localize to both the TGN and PVC, and they may not always function together [73]. Indeed, in
mammalian cells, retromer localizes to both donor and acceptor membranes [76].

In addition, vps29 mutant plants show defects in both PSV and lytic vacuolar trafficking [60,77]. A
recent study has shown that VPS29 is crucial for recycling from the PVC to the TGN [60]. These
results raise the possibility that retromer is involved in the recycling of VSRs from the PVC to the
TGN. If this recycling indeed occurs, VSRs should have a specific sequence motif at the C-terminal
cytosolic tail that can be recognized by retromer. Indeed, GFP-VSR2 (L615A), in which alanine is
substituted for leucine in the YXX® motif, trafficks to the vacuole [8,18], raising the possibility that
the YXX® motif also plays a role in retrograde trafficking. Similarly, yeast Vps10p, which also
functions as a vacuolar sorting receptor, contains the YXX® motif, which is involved in recycling
from the PVC to the TGN [78].

According to Model I, VSRs should bind to their cargoes at the TGN. Indeed, a large number of
proteins involved in VSR-mediated trafficking localize to the TGN, including AtVTI11, EpsinR1, AP-1,
and clathrin [17,79]. In addition, in protoplasts of magl-1/vps29 mutant plants, which have a defect in
retrograde trafficking of VSRs from the PVC to the TGN, vacuolar cargoes accumulate to the TGN or
are secreted into the medium [60]. However, a few critical questions should be answered before this
model is conclusively accepted. As mentioned above, Ca®" is an important cofactor for cargo binding
to VSRs [10,45,47]. When the Ca®" concentration was reduced from 1 mM to 10 uM, binding of the
luminal domains of BP80 and AtVSR4 to a peptide containing the aleurain sorting signal dropped to
20% and 50%, respectively [45], indicating the importance of Ca*" concentration for cargo binding to
VSRs. The ER and Golgi contain 0.05-0.5 mM and 0.7-3 pM Ca”", respectively [80,81]. If the Ca*"
concentration of the TGN is similar to that of its neighboring organelle, the Golgi, it is too low to
enable a high level of binding of cargoes to VSRs. However, the exact concentration of Ca®" at the
TGN is unknown. In addition, pH also plays a critical role in the binding of cargoes to VSRs. Currently,
the exact pH levels of the TGN and PVC in plants are not well established. Two recent studies reported
conflicting data on the pH of these organelles. One study reported that the pH of the TGN and PVC are
6.3 and 6.2, respectively [51], whereas the other study reported that the pH of the TGN and PVC are
6.1 and 7, respectively [50]. The underlying reason for the differences observed in the pH levels of
these organelles is not fully understood. In fact, both studies employed a similar pH sensor, ratiometric
pHluorin. It is likely that a combination of two factors, pH and Ca®" concentration, determines the
binding of cargoes to VSRs. In addition, the homomeric interaction of VSRs may also contribute to the
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binding of cargoes because the effective concentration of the luminal domain involved in cargo
binding is increased by this homomeric interaction [19].

Another important question is how cargoes are released from VSRs at the PVC in Model I. In fact,
there is no direct evidence for vacuolar cargo dissociation from VSRs in the PVC. A peptide containing
an N-terminal sorting motif binds to VSRs optimally at pH 6—7 and dissociates at pH 4. However,
according to two recent studies showing that the pH level of the PVC is 6.2 or 7 [50,51], cargoes may
not be easily released from VSRs at the PVC. It is likely that the dissociation of cargoes from VSRs
may also be determined by a combination of two factors, pH and Ca®" concentration. However,
additional studies are necessary to confirm the dissociation of cargoes from VSRs in the PVC.

4.2. VSR-Mediated Transport from the ER to the TGN: Model I1

Recently, a new model has been proposed for VSR-mediated vacuolar trafficking in plant cells. This
model is based on several observations that cannot be explained by Model 1. Niemes et al. [82] showed
that coexpression of mutant forms of SNXs or RNAi knockdown of SNXs cause accumulation of
GFP-BP80 (a chimeric protein in which the luminal domain of BP80 is replaced by GFP) at the ER
together with soluble vacuolar cargoes, while the secretion of a-amylase and the targeting of the Golgi
protein Man1-RFP are not affected. In addition, ER-retained VSR mutants and ER-localized soluble
PV72 accumulate soluble vacuolar proteins, but not Golgi proteins, in the ER [36,82]; thus, VSRs may
bind to their cargoes at the ER/Golgi but not at the TGN. High concentrations of free Ca®" in the
ER could be favorable for binding of VSRs to cargo proteins in the ER [80,81]. In another study,
Niemes et al. [74] found that SNX1, SNX2a, and VPS29 of retromer (involved in the recycling of VSRs)
localize to the TGN in Arabidopsis protoplasts and in root cells of Arabidopsis and tobacco, as
revealed by immunogold labeling and immunostaining. Stierhof et al. [75] also provided evidence for
the TGN localization of SNX1 and SNX2a in Arabidopsis root cells by immunogold labeling. In
addition, transient expression of SNX1 or SNX2a mutants in protoplasts, as well as RNAi1 knockdown
of SNXs caused mislocalization of BP80 to the TGN. These results support Model II, in which VSRs
cycle between the ER and TGN (Figure 2).

Another important difference between the two models is the trafficking of vacuolar proteins from
the TGN to the PVC. Model II proposes that the trafficking of vacuolar proteins from the TGN to the
PVC occurs in a receptor-independent manner without any carriers. It has been proposed that the TGN
is converted to the PVC via organelle maturation [74]. Indeed, maturation of the TGN to the PVC has
been suggested by electron microscopy [83]. Subsequently, the PVC may fuse with the vacuole.
Rab5-to-Rab7 replacement is crucial for the PVC-vacuole fusion in Arabidopsis. The MON1/SAND-
CCZ1 complex was shown to be involved in this Rab replacement process [84—86].



Plants 2014, 3 400

Figure 2. Vacuolar sorting receptor (VSR)-mediated cargo trafficking from the endoplasmic
reticulum (ER) to the frans-Golgi network (TGN): Model II. After targeting of nascent
vacuolar proteins to the ER, the folded vacuolar proteins bind to VSRs in the ER. Ca*"
plays a critical role in this binding. VSR-cargo complexes are transported to the cis-Golgi
via COPII vesicles. The complexes are maintained until they reach the TGN, where the
cargoes are released from the VSR due to the low concentrations of Ca®". VSRs are
selectively recycled back to the ER by retromer. Vacuolar cargo-enriched domains of the
TGN mature into the prevacuolar compartment (PVC). The endosomal sorting complexes
required for transport (ESCRT) machinery might be involved in this maturation step. m,
process occurring through maturation.
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Model II raises the question of how vacuolar proteins are sorted from secreted cargo proteins at the
TGN if the cargoes are dissociated from VSRs at the TGN and the vacuolar cargoes are transported
from the TGN to the PVC via maturation of the TGN into the PVC. In animal cells, it has recently been
demonstrated that secretory proteins are actively sorted at the TGN in a Ca**-dependent manner [87].
This active sorting involves Ca*"-ATPase SPCA1 and Ca**-binding protein Cab45 at the membrane and
in the lumen of the TGN, respectively [88-91]. In Arabidopsis, ECA3 (endoplasmic reticulum-type
calcium ATPase 3) localizes to the Golgi/TGN/endosomes, and eca3 mutant plants have a defect in
transporting apoplastic peroxidases [92,93]. In addition, secretory vesicles form at the trans-side of the
Golgi [94], which serves as a mechanism for discriminating secretory cargoes from vacuolar cargoes at
the TGN. Moreover, sorting of secretory cargoes via a complex consisting of Cab45, Ca*", and
Ca®"-ATPase at the trans-Golgi may lead to a reduction in Ca*" concentration at the TGN, thereby
resulting in the release of vacuolar cargoes from VSRs. Based on these possibilities, Robinson and
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Pimpl [95] suggested that Ca*"-based vacuolar cargo sorting occurs at the TGN; thus, according to this
model, soluble vacuolar proteins interact with VSRs at the ER and the cargo-VSR complexes are
transported to the cis-Golgi via COPII vesicles together with secretory cargo proteins. At the
trans-Golgi, secretory cargoes bind to the Ca’"-binding protein together with Ca*"-ATPase, while
vacuolar cargoes remain in association with VSRs. Secretory cargoes are packaged into secretory
vesicles at the “early” TGN, whereas vacuolar cargoes dissociate from VSRs at the “late” TGN due to
the low concentration of Ca*" and low pH achieved by the action of TGN-localized H™-ATPase. At the
“late” TGN, ligand-free VSRs recycle back to the ER via retromer, and vacuolar cargoes travel to the
PVC via maturation of the TGN into the PVC and, finally, to the vacuole [95]. Currently, however,
there is no experimental evidence for supporting the Ca**-based model in plants. On the contrary, there
were several reports supporting the bulk flow secretion. For example, sporamin lacking the ssVSS and
sec:GFP, a chimeric construct consisting of the leader sequence of binding protein (BiP) and GFP,
were secreted into the apoplast [96,97]. sec:GFP may not have any Ca®’-binding property which is
required by this model. Thus, the Ca’"-based model needs to be further tested in terms of both
secretion and vacuolar transport in the future.

5. Conclusions and Perspectives

VSR-mediated trafficking of soluble vacuolar proteins through the endomembrane compartments
has been studied extensively in plant cells. However, many questions remain unanswered. In fact, there
are two different models for VSR-mediated trafficking of soluble vacuolar proteins in plant cells. One
key issue is where cargoes are sorted by the receptors, VSRs, and then released from the VSRs.
Another key issue is how cargoes are transported from the TGN to the PVC. Currently, it appears that
more lines of evidence support Model I than Model II; however, further studies are necessary to
exclude either of these two models or to support both of them. More direct evidence for cargo binding
to, and release from, VSRs at their respective locations will be important for supporting both models.
In addition, for Model I, more direct evidence is necessary for the involvement of clathrin at the TGN.
For Model II, little information is currently available about the molecular machinery involved in
VSR-mediated trafficking of soluble vacuolar proteins; thus the identification of these molecular
factors will provide additional support for this model. Information about the exact pH and Ca®'
concentration at the Golgi, TGN, and PVC may also be crucial for explaining experimental results and
designing future experiments.

Another intriguing question about the role of VSRs in vacuolar trafficking is how they are involved
in trafficking proteins to the lytic vacuole and PSV in both leaf and seed cells. Lytic vacuolar proteins
and PSV proteins have the sorting signals ssVSSs and ctVSSs, respectively. Thus, further studies are
necessary to elucidate how VSRs function in both pathways with two different types of sorting signals.

Acknowledgments

This work was supported by a grant from the National Research Foundation of Korea (NRF) funded
by the Korea government (MEST) (No. 2013070270).



Plants 2014, 3 402

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Paris, N.; Stanley, C.M.; Jones, R.L.; Rogers, J.C. Plant cells contain two functionally distinct
vacuolar compartments. Cel// 1996, 85, 563—-572.

2. Miintz, K. Deposition of storage proteins. Plant Mol. Biol. 1998, 38, 77-99.

3. Jirgens, G. Membrane trafficking in plants. Annu. Rev. Cell Dev. Biol. 2004, 20, 481-504.

4. Tang, B.L.; Wang, Y.; Ong, Y.S.; Hong, W. COPII and exit from the endoplasmic reticulum.
Biochim. Biophys. Acta 2005, 1744, 293-303.

5. Traub, L.M. Common principles in clathrin-mediated sorting at the Golgi and the plasma
membrane. Biochim. Biophys. Acta 2005, 1744, 415-437.

6. Hwang, 1. Sorting and anterograde trafficking at the Golgi apparatus. Plant Physiol. 2008, 148,
673—-683.

7. Richter, S.; VoB, U.; Jirgens, G. Post-Golgi traffic in plants. Traffic 2009, 10, 819-828.

8.  Foresti, O.; Gershlick, D.C.; Bottanelli, F.; Hummel, E.; Hawes, C.; Denecke, J. A recycling-defective
vacuolar sorting receptor reveals an intermediate compartment situated between prevacuoles and
vacuoles in tobacco. Plant Cell 2010, 22, 3992-4008.

9. Jung, C.; Lee, G.J.; Jang, M.; Lee, M.; Lee, J.; Kang, H.; Sohn, E.J.; Hwang, 1. Identification of
sorting motifs of AtBFruct4 for trafficking from the ER to the vacuole through the Golgi and PVC.
Traffic 2011, 12, 1774-1792.

10. Kirsch, T.; Paris, N.; Butler, J.M.; Beevers, L.; Rogers, J.C. Purification and initial characterization
of a potential plant vacuolar targeting receptor. Proc. Natl. Acad. Sci. USA 1994, 91, 3403-3407.

11. Shimada, T.; Kuroyanagi, M.; Nishimura, M.; Hara-Nishimura, I. A pumpkin 72-kDa membrane
protein of precursor-accumulating vesicles has characteristics of vacuolar sorting receptor.
Plant Cell Physiol. 1997, 38, 1414—1420.

12. Paris, N.; Rogers, S.W.; Jiang, L.; Kirsch, T.; Beevers, L.; Phillips, T.E.; Rogers, J.C. Molecular
cloning and further characterization of a probable plant vacuolar sorting receptor. Plant Physiol.
1997, 115, 29-39.

13. Zouhar, J.; Mufioz, A.; Rojo, E. Functional specialization within the vacuolar sorting receptor
family: VSR1, VSR3 and VSR4 sort vacuolar storage cargo in seeds and vegetative tissues.
Plant J. 2010, 64, 577-588.

14. De Marcos Lousa, C.; Gershlick, D.C.; Denecke, J. Mechanisms and concepts paving the way
towards a complete transport cycle of plant vacuolar sorting receptors. Plant Cell 2012, 24,
1714-1732.

15. Paris, N.; Neuhaus, J.M. BP-80 as a vacuolar sorting receptor. Plant Mol. Biol. 2002, 50, 903-914.

16. Kirsch, T.; Saalbach, G.; Raikhel, N.V.; Beevers, L. Interaction of a potential vacuolar targeting
receptor with amino- and carboxyl-terminal targeting determinants. Plant Physiol. 1996, 111,
469-474.

17. Song, J.; Lee, M.H.; Lee, G.J.; Yoo, C.M.; Hwang, 1. Arabidopsis EPSIN1 plays an important role
in vacuolar trafficking of soluble cargo proteins in plant cells via interactions with clathrin, AP-1,
VTI11, and VSRI1. Plant Cell 2006, 18, 2258-2274.



Plants 2014, 3 403

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.

33.

34.

DaSilva, L.L.; Foresti, O.; Denecke, J. Targeting of the plant vacuolar sorting receptor BP80 is
dependent on multiple sorting signals in the cytosolic tail. Plant Cell 2006, 18, 1477-1497.

Kim, H.; Kang, H.; Jang, M.; Chang, J.H.; Miao, Y.; Jiang, L.; Hwang, I. Homomeric interaction
of AtVSRI1 is essential for its function as a vacuolar sorting receptor. Plant Physiol. 2010, 154,
134-148.

Gershlick, D.C.; de Marcos Lousa, C.; Foresti, O.; Lee, A.J.; Pereira, E.A.; DaSilva, L.L.;
Bottanelli, F.; Denecke, J. Golgi-dependent transport of vacuolar sorting receptors is regulated by
COPII, AP1, and AP4 protein complexes in tobacco. Plant Cell 2014, 26, 1308—1329.

Jiang, L.; Rogers, J.C. Integral membrane protein sorting to vacuoles in plant cells: Evidence for
two pathways. J. Cell Biol. 1998, 143, 1183-1199.

Bottanelli, F.; Foresti, O.; Hanton, S.; Denecke, J. Vacuolar transport in tobacco leaf epidermis
cells involves a single route for soluble cargo and multiple routes for membrane cargo. Plant Cell
2011, 23, 3007-3025.

Viotti, C.; Kriiger, F.; Krebs, M.; Neubert, C.; Fink, F.; Lupanga, U.; Scheuring, D.; Boutte, Y.;
Frescatada-Rosa, M.; Wolfenstetter, S.; ef al. The endoplasmic reticulum is the main membrane
source for biogenesis of the lytic vacuole in Arabidopsis. Plant Cell 2013, 25, 3434-3449.

Park, M.; Kim, S.J.; Vitale, A.; Hwang, 1. Identification of the protein storage vacuole and protein
targeting to the vacuole in leaf cells of three plant species. Plant Physiol. 2004, 134, 625-639.
Isayenkov, S.; Isner, J.C.; Maathuis, F.J. Rice two-pore K" channels are expressed in different
types of vacuoles. Plant Cell 2011, 23, 756—768.

Ikuko, H.N.; Shimada, T.; Hatano, K.; Takeuchi, Y.; Nishimura, M. Transport of storage proteins
to protein storage vacuoles is mediated by large precursor-accumulating vesicles. Plant Cell 1998,
10, 825-836.

Wolfenstetter, S.; Wirsching, P.; Dotzauer, D.; Schneider, S.; Sauer, N. Routes to the tonoplast:
The sorting of tonoplast transporters in Arabidopsis mesophyll protoplasts. Plant Cell 2012, 24,
215-232.

Marty, F. Plant vacuoles. Plant Cell 1999, 11, 587-599.

Pedrazzini, E.; Komarova, N.Y.; Rentsch, D.; Vitale, A. Traffic routes and signals for the tonoplast.
Traffic 2013, 14, 622—628.

Rojas-Pierce, M. Targeting of tonoplast proteins to the vacuole. Plant Sci. 2013, 211, 132—-136.
Viotti, C. ER and vacuoles: Never been closer. Front. Plant Sci. 2014, 5, €20.

Laval, V.; Masclaux, F.; Serin, A.; Carriére, M.; Roldan, C.; Devic, M.; Pont-Lezica, R.F.; Galaud, J.P.
Seed germination is blocked in Arabidopsis putative vacuolar sorting receptor (atbp80) antisense
transformants. J. Exp. Bot. 2003, 54, 213-221.

Shimada, T.; Fuji, K.; Tamura, K.; Kondo, M.; Nishimura, M.; Hara-Nishimura, I. Vacuolar
sorting receptor for seed storage proteins in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA
2003, 700, 16095-16100.

DaSilva, L.L.; Taylor, J.P.; Hadlington, J.L.; Hanton, S.L.; Snowden, C.J.; Fox, S.J.; Foresti, O.;
Brandizzi, F.; Denecke, J. Receptor salvage from the prevacuolar compartment is essential for
efficient vacuolar protein targeting. Plant Cell 2005, 17, 132—148.



Plants 2014, 3 404

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Lee, Y.; Jang, M.; Song, K.; Kang, H.; Lee, M.H.; Lee, D.W.; Zouhar, J.; Rojo, E.; Sohn, E.J;
Hwang, 1. Functional identification of sorting receptors involved in trafficking of soluble lytic
vacuolar proteins in vegetative cells of Arabidopsis. Plant Physiol. 2013, 161, 121-133.
Watanabe, E.; Shimada, T.; Tamura, K.; Matsushima, R.; Koumoto, Y.; Nishimura, M.;
Hara-Nishimura, I. An ER-localized form of PV72, a seed-specific vacuolar sorting receptor,
interferes the transport of an NPIR-containing proteinase in Arabidopsis leaves. Plant Cell Physiol.
2004, 45, 9-17.

Shen, J.; Suen, P.K.; Wang, X_; Lin, Y.; Lo, S.W.; Rojo, E.; Jiang, L. An in vivo expression system
for the identification of cargo proteins of vacuolar sorting receptors in Arabidopsis culture cells.
Plant J. 2013, 75, 1003—1017.

Miao, Y.; Yan, P.K.; Kim, H.; Hwang, 1.; Jiang, L. Localization of green fluorescent protein
fusions with the seven Arabidopsis vacuolar sorting receptors to prevacuolar compartments in
tobacco BY-2 cells. Plant Physiol. 2006, 142, 945-962.

Vitale, A.; Hinz, G. Sorting of proteins to storage vacuoles: How many mechanisms? Trends Plant
Sci. 2005, 10, 316-323.

Holwerda, B.C.; Padgett, H.S.; Rogers, J.C. Proaleurain vacuolar targeting is mediated by short
contiguous peptide interactions. Plant Cell 1992, 4, 307-318.

Koide, Y.; Matsuoka, K.; Ohto, M.; Nakamura, K. The N-terminal propeptide and the C-terminus
of the precursor to 20-kilo-dalton potato tuber protein can function as different types of vacuolar
sorting signals. Plant Cell Physiol. 1999, 40, 1152—1159.

Xu, X.Y.; Lee, K.H.; Dong, T.; Jeong, J.C.; Jin, J.B.; Kanno, Y.; Kim, D.H.; Kim, S.Y.; Seo, M.;
Bressan, R.A.; et al. A vacuolar B-glucosidase homolog that possesses glucose-conjugated
abscisic acid hydrolyzing activity plays an important role in osmotic stress responses in
Arabidopsis. Plant Cell 2012, 24, 2184-2199.

Shimada, T.; Watanabe, E.; Tamura, K.; Hayashi, Y.; Nishimura, M.; Hara-Nishimura, I. A
vacuolar sorting receptor PV72 on the membrane of vesicles that accumulate precursors of seed
storage proteins (PAC vesicles). Plant Cell Physiol. 2002, 43, 1086—1095.

Watanabe, E.; Shimada, T.; Kuroyanagi, M.; Nishimura, M.; Hara-Nishimura, I. Calcium-mediated
association of a putative vacuolar sorting receptor PV72 with a propeptide of 2S albumin.
J. Biol. Chem. 2002, 277, 8708-8715.

Suen, P.K.; Shen, J.; Sun, S.S.M.; Jiang, L. Expression and characterization of two functional
vacuolar sorting receptor (VSR) proteins, BP-80 and AtVSR4 from culture media of transgenic
tobacco BY-2 cells. Plant Sci. 2010, 179, 68-76.

Selander-Sunnerhagen, M.; Ullner, M.; Persson, E.; Eleman, O.; Stenflo, J.; Drakenberg, T. How
an epidermal growth factor (EGF)-like domain binds calcium. High resuolution NMR structure of
the calcium form of the NH2-terminal EGF-like domain in coagulation factor X. J. Biol. Chem.
1992, 267, 19642—19649.

Cao, X.; Rogers, S.W.; Butler, J.; Beevers, L.; Rogers, J.C. Structural requirements for ligand
binding by a probable plant vacuolar sorting receptor. Plant Cell 2000, 12, 493-506.

Kornfeld, S. Structure and function of the mannose 6-phosphate/insulinlike growth factor II
receptors. Annu. Rev. Biochem. 1992, 61, 307-330.



Plants 2014, 3 405

49.

50.

51.

52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

Casey, J.R.; Grinstein, S.; Orlowski, J. Sensors and regulators of intracellular pH. Nat. Rev. Mol.
Cell Biol. 2010, 11, 50-61.

Martiniere, A.; Bassil, E.; Jublanc, E.; Alcon, C.; Reguera, M.; Sentenac, H.; Blumwald, E.; Paris, N.
In vivo intracellular pH measurements in tobacco and Arabidopsis reveals an unexpected pH
gradient in the endomembrane system. Plant Cell 2013, 25, 4028—4043.

Shen, J.; Zeng, Y.; Zhuang, X.; Sun, L.; Yao, X.; Pimpl, P.; Jiang, L. Organelle pH in the
Arabidopsis endomembrane system. Mol. Plant 2013, 6, 1419-1437.

Sanderfoot, A.A.; Ahmed, S.U.; Marty-Mazars, D.; Rapoport, I.; Kirchhausen, T.; Marty, F.;
Raikhel, N.V. A putative vacuolar cargo receptor partially colocalizes with AtPEP12p on a
prevacuolar compartment in Arabidopsis roots. Proc. Natl. Acad. Sci. USA 1998, 95, 9920-9925.
Li, Y.B.; Rogers, S.W.; Tse, Y.C.; Lo, S.W.; Sun, S.S.; Jauh, G.Y.; Jiang, L. BP-80 and homologs
are concentrated on post-Golgi: Probable lytic prevacuolar compartments. Plant Cell Physiol.
2002, 43, 726-742.

Tse, Y.C.; Mo, B.; Hillmer, S.; Zhao, M.; Lo, S.W.; Robinson, D.G.; Jiang, L. Identification of
multivesicular bodies as prevacuolar compartments in Nicotiana tabacum BY-2 cells. Plant Cell
2004, /6, 672—693.

Kim, H.; Park, M.; Kim, S.J.; Hwang, I. Actin filaments play a critical role in vacuolar trafficking
at the Golgi complex in plant cells. Plant Cell 2005, 17, 888-902.

Gabel, C.A.; Goldberg, D.E.; Kornfeld, S. Lysosomal enzyme oligosaccharide phosphorylation in
mouse lymphoma cells: Specificity and kinetics of binding to the mannose 6-phosphate receptor
in vivo. J. Cell Biol. 1982, 95, 536-542.

Marcusson, E.G.; Horazdovsky, B.F.; Cereghino, J.L.; Gharakhanian, E.; Emr, S.D. The sorting
receptor for yeast vacuolar carboxypeptidase Y is encoded by the VPS10 gene. Cell 1994, 77,
579-586.

Arighi, C.N.; Hartnell, L.M.; Aguilar, R.C.; Haft, C.R.; Bonifacino, J.S. Role of the mammalian
retromer in sorting of the cation-independent mannose 6-phosphate receptor. J. Cell Biol. 2004,
165, 123-133.

Bonifacino, J.S.; Rojas, R. Retrograde transport from endosomes to the trans-Golgi network.
Nat. Rev. Mol. Cell Biol. 2006, 7, 568—579.

Kang, H.; Kim, S.Y.; Song, K.; Sohn, E.J.; Lee, Y.; Lee, D.W.; Hara-Nishimura, I.; Hwang, 1.
Trafficking of vacuolar proteins: The crucial role of Arabidopsis vacuolar protein sorting 29 in
recycling vacuolar sorting receptor. Plant Cell 2012, 24, 5058-5073.

Park, M.; Song, K.; Reichardt, I.; Kim, H.; Mayer, U.; Stierhof, Y.D.; Hwang, 1.; Jiirgens, G.
Arabidopsis p-adaptin subunit AP1M of adaptor protein complex 1 mediates late secretory and
vacuolar traffic and is required for growth. Proc. Natl. Acad. Sci. USA 2013, 110, 10318-10323.
Ghosh, P.; Dahms, N.M.; Kornfeld, S. Mannose 6-phosphate receptors: New twists in the tale.
Nat. Rev. Mol. Cell Biol. 2003, 4, 202-212.

Happel, N.; Honing, S.; Neuhaus, J.M.; Paris, N.; Robinson, D.G.; Holstein, S.E. Arabidopsis mu
A-adaptin interacts with the tyrosine motif of the vacuolar sorting receptor VSR-PS1. Plant J.
2004, 37, 678—693.



Plants 2014, 3 406

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Saint-Jean, B.; Seveno-Carpentier, E.; Alcon, C.; Neuhaus, J.M.; Paris, N. The cytosolic tail
dipeptide Ile-Met of the pea receptor BP80 is required for recycling from the prevacuole and for
endocytosis. Plant Cell 2010, 22, 2825-2837.

Seaman, M.N. Cargo-selective endosomal sorting for retrieval to the Golgi requires retromer.
J. Cell Biol. 2004, 165, 111-122.

Seaman, M.N.; Marcusson, E.G.; Cereghino, J.L.; Emr, S.D. 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. 1997, 137, 79-92.

Seaman, M.N.; McCaffery, J.M.; Emr, S.D. A membrane coat complex essential for endosome-to-
Golgi retrograde transport in yeast. J. Cell Biol. 1998, 142, 665—681.

Nothwehr, S.F.; Ha, S.A.; Bruinsma, P. Sorting of yeast membrane proteins into an endosome-to-
Golgi pathway involves direct interaction of their cytosolic domains with Vps35p. J. Cell Biol.
2000, /51, 297-310.

Oliviusson, P.; Heinzerling, O.; Hillmer, S.; Hinz, G.; Tse, Y.C.; Jiang, L.; Robinson, D.G. Plant
retromer, localized to the prevacuolar compartment and microvesicles in Arabidopsis, may
interact with vacuolar sorting receptors. Plant Cell 2006, 18, 1239-1252.

Jaillais, Y.; Fobis-Loisy, I.; Miege, C.; Rollin, C.; Gaude, T. AtSNX1 defines an endosome for
auxin-carrier trafficking in Arabidopsis. Nature 2006, 443, 106—1009.

Jaillais, Y.; Santambrogio, M.; Rozier, F.; Fobis-Loisy, I.; Miege, C.; Gaude, T. The retromer
protein VPS29 links cell polarity and organ initiation in plants. Cell 2007, 130, 1057-1070.

Phan, N.Q.; Kim, S.J.; Bassham, D.C. Overexpression of Arabidopsis sorting nexin AtSNX2b
inhibits endocytic trafficking to the vacuole. Mol. Plant 2008, 1, 961-976.

Pourcher, M.; Santambrogio, M.; Thazar, N.; Thierry, A.M.; Fobis-Loisy, I.; Miege, C.; Jaillais, Y.;
Gaude, T. Analyses of sorting nexins reveal distinct retromer-subcomplex functions in
development and protein sorting in Arabidopsis thaliana. Plant Cell 2010, 22, 3980-3991.
Niemes, S.; Langhans, M.; Viotti, C.; Scheuring, D.; San Wan Yan, M.; Jiang, L.; Hillmer, S.;
Robinson, D.G.; Pimpl, P. Retromer recycles vacuolar sorting receptors from the trans-Golgi
network. Plant J. 2010, 61, 107-121.

Stierhof, Y.D.; Viotti, C.; Scheuring, D.; Sturm, S.; Robinson, D.G. Sorting nexins 1 and 2a locate
mainly to the TGN. Protoplasma 2013, 250, 235-240.

McGough, I.J.; Cullen, P.J. Recent advances in retromer biology. Traffic 2011, 12, 963-971.
Shimada, T.; Koumoto, Y.; Li, L.; Yamazaki, M.; Kondo, M.; Nishimura, M.; Hara-Nishimura, I.
AtVPS29, a putative component of a retromer complex, is required for the efficient sorting of
seed storage proteins. Plant Cell Physiol. 2006, 47, 1187-1194.

Cooper, A.A.; Stevens, T.H. Vps10p cycles between the late-Golgi and prevacuolar compartments
in its function as the sorting receptor for multiple yeast vacuolar hydrolases. J. Cell Biol. 1996,
133, 529-541.

Uemura, T.; Ueda, T.; Ohniwa, R.L.; Nakano, A.; Takeyasu, K.; Sato, M.H. Systematic analysis of
SNARE molecules in Arabidopsis: Dissection of the post-Golgi network in plant cells.
Cell Struct. Funct. 2004, 29, 49-65.



Plants 2014, 3 407

80.

81.

82.

83.

84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

Ordenes, V.R.; Moreno, 1.; Maturana, D.; Norambuena, L.; Trewavas, A.l.; Orellana, A. In vivo
analysis of the calcium signature in the plant Golgi apparatus reveals unique dynamics. Cell
Calcium 2012, 52, 397-404.

Stael, S.; Wurzinger, B.; Mair, A.; Mehlmer, N.; Vothknecht, U.C.; Teige, M. Plant organellar
calcium signaling: An emerging field. J. Exp. Bot. 2012, 63, 1525-1542.

Niemes, S.; Labs, M.; Scheuring, D.; Krueger, F.; Langhans, M.; Jesenofsky, B.; Robinson, D.G.;
Pimpl, P. Sorting of plant vacuolar proteins is initiated in the ER. Plant J. 2010, 62, 601-614.
Scheuring, D.; Viotti, C.; Kriiger, F.; Kiinzl, F.; Sturm, S.; Bubeck, J.; Hillmer, S.; Frigerio, L.;
Robinson, D.G.; Pimpl, P.; ef al. Multivesicular bodies mature from the trans-Golgi network/early
endosome in Arabidopsis. Plant Cell 2011, 23, 3463—-348]1.

Cui, Y.; Zhao, Q.; Gao, C.; Ding, Y.; Zeng, Y.; Ueda, T.; Nakano, A.; Jiang, L. Activation of the
Rab7 GTPase by the MON1-CCZ1 complex is essential for PVC-to-vacuole trafficking and plant
growth in Arabidopsis. Plant Cell 2014, 26, 2080-2097.

Ebine, K.; Inoue, T.; Ito, J.; Ito, E.; Uemura, T.; Goh, T.; Abe, H.; Sato, K.; Nakano, A.; Ueda, T.
Plant vacuolar trafficking occurs through distinctly regulated pathways. Curr. Biol. 2014, 24,
1375-1382.

Singh, M.K.; Kriiger, F.; Beckmann, H.; Brumm, S.; Vermeer, J.E.; Munnik, T.; Mayer, U.;
Stierhof, Y.D.; Grefen, C.; Schumacher, K.; Jiirgens, G. Protein delivery to vacuole requires
SAND protein-dependent Rab GTPase conversion for MVB-vacuole fusion. Curr. Biol. 2014, 24,
1383-13809.

Von Blume, J.; Duran, J.M.; Forlanelli, E.; Alleaume, A.M.; Egorov, M.; Polishchuk, R.; Molina, H.;
Malhotra, V. Actin remodeling by ADF/cofilin is required for cargo sorting at the trans-Golgi
network. J. Cell Biol. 2009, 187, 1055-1069.

Scherer, P.E.; Lederkremer, G.Z.; Williams, S.; Fogliano, M.; Baldini, G.; Lodish, H.F. Cab45, a
novel (Ca*")-binding protein localized to the Golgi lumen. J. Cell Biol. 1996, 133, 257-268.

Von Blume, J.; Alleaume, A.M.; Cantero-Recasens, G.; Curwin, A.; Carreras-Sureda, A.;
Zimmermann, T.; van Galen, J.; Wakana, Y.; Valverde, M.A.; Malhotra, V. ADF/cofilin regulates
secretory cargo sorting at the TGN via the Ca®" ATPase SPCA1. Dev. Cell 2011, 20, 652—662.

Von Blume, J.; Alleaume, A.M.; Kienzle, C.; Carreras-Sureda, A.; Valverde, M.; Malhotra, V.
Cab45 is required for Ca(*")-dependent secretory cargo sorting at the trans-Golgi network.
J. Cell Biol. 2012, 199, 1057-1066.

Curwin, A.J.; von Blume, J.; Malhotra, V. Cofilin-mediated sorting and export of specific cargo
from the Golgi apparatus in yeast. Mol. Biol. Cell 2012, 23, 2327-2338.

Li, X.; Chanroj, S.; Wu, Z.; Romanowsky, S.M.; Harper, J.F.; Sze, H. A distinct endosomal
Ca®"/Mn*" pump affects root growth through the secretory process. Plant Physiol. 2008, 147,
1675-1689.

Mills, R.F.; Doherty, M.L.; Lopez-Marques, R.L.; Weimar, T.; Dupree, P.; Palmgren, M.G.;
Pittman, J.K.; Williams, L.E. ECA3, a Golgi-localized P2A-type ATPase, plays a crucial role in
manganese nutrition in Arabidopsis. Plant Physiol. 2008, 146, 116—128.

Kang, B.H.; Nielsen, E.; Preuss, M.L.; Mastronarde, D.; Stachelin, L.A. Electron tomography of
RabA4b- and PI-4Kbetal-labeled trans Golgi network compartments in Arabidopsis. 7raffic 2011,
12,313-329.



Plants 2014, 3 408

95. Robinson, D.G.; Pimpl, P. Receptor-mediated transport of vacuolar proteins: A critical analysis
and a new model. Protoplasma 2014, 251, 247-264.

96. Matsuoka, K.; Bassham, D.C.; Raikhel, N.V.; Nakamura, K. Different sensitivity to wortmannin
of two vacuolar sorting signals indicates the presence of distinct sorting machineries in tobacco
cells. J. Cell Biol. 1995, 130, 1307-1318.

97. Batoko, H.; Zheng, H.Q.; Hawes, C.; Moore, I. A rabl GTPase is required for transport between
the endoplasmic reticulum and golgi apparatus and for normal golgi movement in plants.
Plant Cell 2000, /2, 2201-2218.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



