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The relative concentrations of ions and solutes inside cells are actively maintained by several classes
of transport proteins, in many cases against their concentration gradient. These transport
processes, which consume a large portion of cellular energy, must be constantly regulated. Many
structurally distinct families of channels, carriers, and pumps have been characterized in
considerable detail during the past decades and defects in the function of some of these proteins
have been linked to a growing list of human diseases. The dynamic regulation of the transport
proteins present at the cell surface is vital for both normal cellular function and for the successful
adaptation to changing environments. The composition of proteins present at the cell surface is
controlled on both the transcriptional and post-translational level. Post-translational regulation
involves highly conserved mechanisms of phosphorylation- and ubiquitylation-dependent signal
transduction routes used to modify the cohort of receptors and transport proteins present under
any given circumstances. In this review, we will summarize what is currently known about one
facet of this regulatory process: the endocytic regulation of alkali metal transport proteins. The
physiological relevance, major contributors, parallels and missing pieces of the puzzle in mammals,

yeast and plants will be discussed.

IMPORTANCE OF ALKALI METAL
TRANSPORTERS

The regulation of ion homeostasis is critical for
cell viability. Monovalent and divalent cations
are required for many cellular functions, but in
excess, they become toxic. Therefore, cells have
developed sophisticated mechanisms to ensure
proper uptake, utilization and storage of these
molecules, while avoiding toxicity. As ions exist
as charged molecules, not easily able to diffuse
through the plasma membrane, several types of
transport proteins have evolved to control both
the influx and efflux of these molecules, in many
cases against their concentration gradient.
Moreover, the concentration of these ions is not
uniform within the cell. Accordingly, each
organelle contains specific transport proteins that
function to maintain adequate ion concentrations
within these compartments. These transport
proteins can be classified into three functional
categories: channels, carriers and pumps. The
coordinated regulation of these proteins
maintains the homeostatic concentrations of ions
both within cells and in the organs and interstitial
fluids of multi-cellular organisms.

The human genome contains at least 232 genes
that encode pore-forming subunits of plasma

membrane ion channels (Jegla, et al. 2009). The
physiological relevance of this class of molecules
is highlighted by the considerable number of
human diseases classified as “‘channelopathies”.
In most cases, these illnesses are caused by
mutations in ion transporter proteins present at
the plasma membrane, which affect neuronal,
muscular or endocrine tissues, and include many
types of epilepsy, ataxia, hypertension,
migraines, cardiac arrhythmias and some forms
of diabetes mellitus (Kullmann 2010, Rolim, et
al. 2010, Webster and Berul 2013).

In the model plant Arabidopsis thaliana, there
are approximately 880 putative cation transporter
proteins, which can be classified into 46 different
families (Maéser, et al. 2001). These proteins play
an important role in maintaining normal
homeostasis, but are also required for effective
adaptation to many types of abiotic stresses, like
drought or soil salinization. Therefore,
understanding the regulation of gene expression
and activity of these ion transport proteins is
important for crop improvement programs aimed
at increasing tolerance to arid soils world-wide.
The baker’s yeast, Saccharomyces cerevisiae,
has served as an excellent model system for both
the identification and characterization of many
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ion transport proteins. For example, the first two
plant potassium channels were cloned by
complementation of a yeast mutant defective in
potassium transport (Anderson, et al. 1992,
Kullmann 2010, Sentenac, et al. 1992).
Moreover, many mammalian transporters have
been successfully expressed and functionally
characterized in this model organism and it has
also been used as a platform for high-throughput
K* channel inhibitor screens (Anderson, et al.
1994, Hasenbrink, et al. 2005, Schwarzer, et al.
2008, Tang, et al. 1995, Zaks-Makhina, et al.
2004).

Approximately 320 genes (~ 6% of the yeast
genome) have been predicted to encode for
proteins directly involved in the transport of
small molecules across membranes (Van Belle
and André 2001). Nine of these yeast genes are
known to encode alkali metal transport proteins
localized to the plasma or organellar membranes,
many of which have mammalian and plant
orthologues (Arino, et al. 2010, Miser, et al.
2001, Wolfe and Pearce 2006). The function of
the transporters encoded by these genes has been
extensively characterized, but less is known
about how their activity is regulated.

REGULATION OF ALKALI METAL
TRANSPORTERS

As with the majority of proteins, alkali metal
transporters are regulated both transcriptionally
and post-translationally. Transcriptional
regulation ensures the proper tissue-specific and
temporal expression of these transporters and is
also responsible for long term adaptation to
changes in environmental conditions. For
example, several hormones and neuropeptides
are known to regulate the expression of K*
channels in cardiac tissue (Rosati and McKinnon
2004). Another important facet of alkali
transporter regulation, with the potential to
respond more quickly to acute changes, is the
post-translational  regulation of transporter
activity. One clear example is the
phosphorylation-dependent regulation of the
activity of the Na'/H* antiporter SOS1 (salt
overly sensitive 1) in the model plant,
Arabidopsis thaliana. Genetic, biochemical and
structural data have shown that phosphorylation
of the auto-inhibitory C-terminal domain by the
SOS2-SOS3 protein kinase complex leads to
activation of this alkali metal transporter by
causing a conformational change that favors the
open conformation (Nufez-Ramirez, et al. 2012,
Quintero, et al. 2011).

As mentioned above, transport proteins can be
regulated on many levels. As they are integral
membrane proteins, which, in many cases, are
composed of multiple subunits, their biosynthesis
is complex. Upon co-translational insertion into

the lipid bilayer of the endoplasmic reticulum
(ER), these proteins must be correctly folded,
assembled and modified to generate the active
form of the transporter. At this juncture, these
proteins are subjected to quality control and
sorting processes to ensure delivery of properly
assembled proteins to the correct -cellular
membrane. Integral membrane proteins that are
not properly folded and/or assembled are
retained in the ER and ultimately degraded in the
proteosome by the endoplasmic reticulum-
associated degradation (ERAD) pathway, which
is thought to represent an important step of
integral membrane quality control in the
secretory pathway. This complex and well-
studied process has been subject of several recent
reviews and will not be discussed further here
(Brodsky 2012, Hampton and Sommer 2012,
Needham and Brodsky 2013, Smith, et al. 2011).
Upon exit from the ER, properly folded proteins
are subsequently transported to the Golgi where
they are sorted either to the plasma membrane or
to endosomes which generally arrive to the
degradative organelle (lysosomes in mammals or
the vacuole in plants and yeast). Resident
vacuolar proteins are sorted to endosomes in a
ubiquitin-dependent manner. The molecular
mechanisms controlling this sorting step are still
being characterized. Some plasma membrane
proteins, for example, the yeast general amino
acid permease, Gapl, also follow this Golgi-
endosome-vacuole pathway under certain
environmental conditions. More specifically,
when yeast cells are grown in media containing a
preferred nitrogen source, newly synthesized
Gapl does not arrive to the plasma membrane.
Instead, it is ubiquitylated and delivered from the
Golgi to the vacuole for degradation via
endosomes. However, when cells are grown in
poor nitrogen sources, Gapl is delivered to the
plasma membrane (Roberg, et al. 1997). Similar
vacuolar sorting is observed for the Fur4 uracil
permease in the presence of excess substrate
(Blondel, et al. 2004).

An additional level of regulation of transport
proteins involves the post-translational control of
the removal from the plasma membrane. This
mode of regulation plays a key role in
determining the amount of functional transporter
present under any given circumstances and also
plays an important role in plasma membrane
protein quality control. Many components of the
cellular machinery required to carry out this
process are highly conserved among eukaryotic
organisms. Here we will focus on summarizing
what is known about this endocytic regulation of
alkali metal transporters and highlight the
parallels and gaps in our knowledge in mammals,
yeast and plants.



ENDOCYTOSIS OF TRANSPORT
PROTEINS: WHY, WHEN AND HOW?

The endocytic removal of plasma membrane
proteins plays at least two important roles:
removal of damaged or misfolded proteins and
remodeling of the composition of proteins
present in the plasma membrane in response to
environmental changes.

The role of endocytosis as a mechanism to
remove damaged or misfolded proteins has been
most clearly demonstrated in yeast. Studies of
temperature-sensitive alleles of both the Ste2
pheromone receptor and the Pmal H'-ATPase
have demonstrated rapid endocytosis and
vacuolar degradation when protein misfolding is
induced by shifting cells to the restrictive
temperature (Gong and Chang 2001, Jenness, et
al. 1997). In the case of Pmal, this
internalization and degradation process was
shown to require ubiquitylation (Liu and Chang
2006).

Many examples of plasma membrane protein
composition remodeling in response to
extracellular stimuli have been described in
mammals and yeast. The nature of the stimulus
may be receptor ligand binding, excess substrate,
nutritional status or stress conditions. Once
endocytosed, plasma membrane proteins can be
recycled back to the membrane or sorted into
endocytic vesicles that mature into multi-
vesicular bodies (MVB, see below), which
ultimately fuse with the degradative organelle
(lysosome in mammals and vacuole in yeast and
plants).

Many classes of plasma membrane proteins are
regulated by these internalization and sorting
events, but they will not be discussed extensively
here. Several recent reviews include a broad
discussion of vesicle trafficking and the variety
of plasma membrane proteins controlled by these
regulatory processes in yeast, plants and
mammals (Clague, et al. 2012, MacGurn, et al.
2012, Peer 2011, Tian and Xie 2013). In this
review, we will focus mainly on the ubiquitin-
dependent endocytic down-regulation of alkali
metal transporters.

Importance of target protein ubiquitylation

In the majority of cases, this process of
endocytosis and eventual degradation in the
lysosome/vacuole depends on the specific and
timely ubiquitylation of the target proteins
(Hicke and Dunn 2003) (see below). In some
cases, this post-translational modification is
sufficient for endocytosis and subsequent
degradation, whereas in other cases, it is required
for lysosomal/vacuolar degradation, but not for
endocytosis (Hicke and Riezman 1996, Huang, et
al. 2007).

Ubiquitin is an evolutionarily-conserved 76
amino acid protein. It serves as a multi-
functional post-translational modification for
diverse target proteins. The first function of
ubiquitin discovered was as a signal for
proteosomal degradation of cytosolic proteins
(Pickart 2004). The covalent attachment of the
ubiquitin peptide to target proteins is referred to
as ubiquitin conjugation or ubiquitylation (also
ubiquitination). It is the result of the formation of
an isopeptide bond between the C-terminal
glycine residue of ubiquitin and the €-amino
group of a lysine present in the target protein.
The formation of this bond requires three
sequential reactions catalyzed by a ubiquitin
activating enzyme referred to as El, a ubiquitin
conjugating enzyme, called E2 and an E3
ubiquitin ligase enzyme.

In general, genomes encode for few EIl
activating enzymes. The human genome contains
2 ubiquitin-specific E1 genes (Schulman and
Harper 2009). One ubiquitin-specific E1 gene is
present in S. cerevisiae and 2 are found in
Arabidopsis thaliana (Chen and Hellmann 2013,
Gao, et al. 2013).

There are many more E2 ubiquitin conjugating
enzymes (11 in yeast, and roughly 35 and 40 in
humans and Arabidopsis thaliana, respectively)
(Chen and Hellmann 2013, Ye and Rape 2009).
However, the maximum diversity is found in the
E3 ubiquitin ligase enzymes. There are estimated
to be more than 50 E3 ubiquitin ligases in S.
cerevisiae, over 600 in humans and over 1000 in
Arabidopsis thaliana (Chen and Hellmann 2013,
Gao, et al. 2013, Michelle, et al. 2009).

The explanation for this considerable diversity in
the E3 ubiquitin ligase family resides in the fact
that these proteins are responsible for target
protein interaction and must be able to
specifically interact with the myriad of protein
substrates which are targeted for ubiquitylation.
E3 ubiquitin ligase enzymes are generally
divided into two major families: RING (really
interesting new gene) and HECT (homologous to
E6-AP C terminus) (Metzger, et al. 2012). The
RING family contains the vast majority of E3
ubiquitin ligases and is functionally distinct from
the HECT family enzymes. RING E3 ligases
serve as a scaffold to facilitate the direct transfer
of the ubiquitin moiety from the E2 enzyme to
the target protein. By contrast, the HECT family
members directly participate in the catalytic
transfer of ubiquitin to target proteins. These E3
ubiquitin ligases accept ubiquitin on catalytic
cysteine residues from their cognate E2 ubiquitin
conjugating enzyme and catalyze the subsequent
transfer of ubiquitin to the target protein.
Ubiquitylation is a reversible process and the
hydrolysis of the ubiquitin-target isopeptide bond
is catalyzed by a family of enzymes known as



deubiquitylating enzymes or DUBs. Earlier
estimates stated that the human genome encodes
for approximately 80 functional DUBs (Nijman,
et al. 2005). More recently, sequence analysis
methods predict the presence of ~125 human
DUBs, whereas there are approximately 25 in S.
cerevisiae and approximately 50 have been
predicted in Arabidopsis thaliana (Gao, et al.
2013). However, it remains to be established
whether all of these genes are functionally
expressed and whether they are specific for
ubiquitin or ubiquitin-like molecules (i.e.
SUMO).

Proteins can either be mono-ubiquitylated on one
or more lysine residues or poly-ubiquitylated by
chains of wubiquitin. The ubiquitin protein
contains 7 lysine residues which, along with the
N-terminus, are also targets for ubiquitin
conjugation. The successive addition of ubiquitin
moieties leads to the formation of poly-ubiquitin
chains with different structures and functions
(Komander and Rape 2012). These ubiquitin
chains are known to have varying affinities for
the different ubiquitin-binding domains (UBD).
Proteins containing these UBDs are responsible
for decoding the information contained within
the “ubiquitin code” and therefore determine the
functional outcome of these post-translational
modifications (Husnjak and Dikic 2012).

All possible ubiquitin linkages have been
observed in cells (Kulathu and Komander 2012).
However, the two most abundant types of poly-
ubiquitin chains have been most extensively
studied: those linked through lysine 48 (K48)
and those formed by linking additional ubiquitin
moieties to lysine 63 (K63). In general, K48
poly-ubiquitylation directs target proteins for
degradation by the proteosome, while K63 poly-
ubiquitylation can have several functions in cell
signaling, one of which is to direct the
endocytosis and/or lysosomal/vacuolar
degradation of target proteins (Komander and
Rape 2012). Endocytosis and degradation of
plasma membrane proteins can also be initiated
by single or multi-site mono- ubiquitylation of
target proteins. In the case of alkali metal
transporters, in mammalian cells, this
ubiquitylation step is frequently carried out by
the HECT family E3 ubiquitin ligase, Nedd4-2.

ENDOCYTIC REGULATION OF ION
TRANSPORTERS

Mammals

The HECT family of mammalian E3 ubiquitin
ligases contains 28 members that can be divided
into three groups based on the N-terminal
domain architecture: the Nedd4 (neural precursor
cell-expressed developmentally downregulated
gene 4) family, the HERC family (which contain
a HECT domain and one or more regulator of

chromosome condensation 1 (RCC1)-like
domains (RLDs)) and a third family referred to
as “other HECTs” (Rotin and Kumar 2009). The
HERC and other HECT families contain 6 and
13 members, respectively, and have apparently
diverse cellular functions which are still being
defined. Notably, several of the genes encoding
these enzymes have been associated with cancer,
such as E6AP, EDD and HACEI1 via different
mechanisms (Clancy, et al. 2003, Scheffner, et
al. 1993, Zhang, et al. 2007).

The Nedd4 family is comprised of 13 members
sharing a common domain structure (Rotin and
Kumar 2009). At the N-terminus, these proteins
contain a C2 domain. This 120 amino acid
domain binds phospholipids in a Ca**-dependent
manner and is therefore responsible for the
association with membranes.

The central region contains 2-4 repeats of a WW
protein-protein interaction domain. WW domains
are 38-40 amino acids long, formed by a 3-
stranded B sheet and named for the two
invariable Trp residues, separated by 20-22
amino acids. In many cases, these domains bind
proline-rich  sequences with a minimum
consensus recognition sequence: L/PPxY (PY
motif). WW domains have also been reported to
bind phosphoserine or phosphothreonine residues
(Lu, et al. 1999). Therefore, they have the
potential to mediate a variety of protein-protein
interactions (Jolliffe, et al. 2000).

The HECT E3 catalytic domain is located at the
C-terminus. These domains are approximately
350 amino acids in length and contain a
conserved, catalytic Cys residue which accepts
the ubiquitin molecule from the cognate E2
conjugating enzyme, forming a transient
thioester bond, and then transfers it to the
substrate molecule (Huibregtse, et al. 1995).
Nedd4 (also called Nedd4-1) and Nedd4-2 (also
called Nedd4L) are closely related genes that are
well-conserved in eukaryotes. Phylogenetic
studies suggest that Nedd4 was the ancestral
form and that Nedd4-2 is likely the result of gene
duplication (Yang and Kumar 2010). Nedd4 was
first identified in a screen for genes highly
expressed in early stages of development in the
central nervous system of mouse embryos
(Kumar, et al. 1992). Nedd4 was subsequently
found to be widely expressed, whereas Nedd4-2
is expressed mainly in lung, heart, kidney, brain,
and liver (Kumar, et al. 1997, Yang and Kumar
2010).

Despite their sequence similarity, Nedd4 and
Nedd4-2 have different physiological functions,
as shown by a systematic analysis of their
substrates and the different phenotypes presented
by mouse knock-out models (Boase, et al. 2011,
Cao, et al. 2008, Persaud, et al. 2009, Shi, et al.
2008). The function of Nedd4 is related to the



control of cell growth, as nedd4” knock-out mice
display growth retardation (with a 60% reduction
in body weight compared to wild type
littermates) and associated perinatal lethality
(Cao, et al. 2008). This defect is thought to be
due to the down-regulation of the Insulin-like
Growth Factor (IGF)-1 receptor, likely via
modulation of the Grb10 adaptor protein (Cao, et
al. 2008). However, the detailed molecular
mechanism is still being defined. This knock-out
mouse model and various biochemical studies
also provide evidence that Nedd4 regulates,
directly or indirectly, T cell function,
neuromuscular junctions, VEGF receptor 2
function and possibly the PTEN protein
phosphatase, although this last case is still
controversial (Christie, et al. 2012, Liu, et al.
2009, Morrione, et al. 1999, Murdaca, et al.
2004, Peruzzi, et al. 2001, Vecchione, et al.
2003, Wang, et al. 2007, Yang, et al. 2008, Yang
and Kumar 2010).

Interestingly, the first substrate identified for
Nedd4 was the epithelial Na* channel, ENaC,
(Staub, et al. 1996). ENaC is a heterotrimeric
channel composed of PY-containing o, B and 7y
subunits. These WW domain-binding sequences
are mutated in patients suffering from inherited
forms of hypertension known as Liddle’s
syndrome. These mutations lead to the over-
accumulation of the ENaC channel, which causes
increased Na* reabsorption by the kidneys and
leads to hypertension (Shimkets, et al. 1994).
Further studies and the generation of nedd4-2"
mouse models have established that it is Nedd4-
2, and not Nedd4, which plays an important
physiological role in down-regulating ENaC by
catalyzing its ubiquitylation, which leads to its
degradation in the lysosome (Figure 1) (Boase, et
al. 2011, Shi, et al. 2008, Snyder, et al. 2004).
The first mouse model generated by Shi and
colleagues suggested that Nedd4-2 function was
not necessary for proper development. Nedd4-2
loss-of-function mice presented higher blood
pressure, which was exacerbated on a high-salt
diet, leading to cardiac hypertrophy and
decreased long-term cardiac function. These
phenotypes were attributable to increased ENaC
activity based on biochemical analysis of ENaC
protein levels and phenotypic improvement upon
treatment with the ENaC-specific inhibitor,
amiloride. More recently, a second knock-out
mouse was constructed in an inbred genetic
background (Boase, et al. 2011). In this case, the
phenotypes were more severe, leading to
perinatal death of the pups caused by failure to
inflate the lungs due to increased ENaC activity
in this tissue. These two studies confirm the key
physiological role of Nedd4-2 in ENaC
regulation.

Numerous studies suggest that the role of Nedd4-
2 in regulating alkali cation homeostasis involves
many more transporters expressed in various
tissues, including voltage-gated sodium channels
and several potassium transporters (Table 1). In
these cases, Nedd4-2 is also proposed to function
by  controlling  the ubiquitin-dependent
endocytosis and subsequent degradation of these
transporters in the lysosome. Therefore, Nedd4-2
plays an important role in the maintenance of ion
homeostasis by determining the levels of plasma
membrane accumulation of many transport
proteins expressed in various tissues. In fact, in a
very recent study, the analysis of a tissue specific
Nedd4-2 knock-out (renal tubular) uncovered a
role for Nedd4-2 in the regulation of both ENaC
and the Na"CI™ co-transporter, NCC, confirming
earlier biochemical studies (Arroyo, et al. 2011,
Ronzaud, et al. 2013). Therefore, the role of
Nedd4-2 in both kidney and lung are well
established by these studies. The physiological
consequences of Nedd4-2-dependent regulation
of other transporters may require the generation
of more tissue-specific Nedd4-2 loss-of-function
models. In any case, these studies, taken
together, demonstrate the importance of Nedd4-
2-mediated ubiquitylation-dependent regulatory
processes in the maintenance of ion homeostasis
in mammals.

Yeast

The yeast genome encodes one Nedd4 family
orthologue called Rsp5 (Gajewska, et al. 2003,
Huibregtse, et al. 1995). This essential HECT
family E3 ubiquitin ligase has been implicated in
many cellular functions, such as transcriptional
regulation (proposed target: Rpbl), mRNA
export (proposed target: Hprl), chromatin
condensation (together with Apc5, target
unknown), and unsaturated fatty acid synthesis
(proposed targets: Spt23 and Mga2) (Arnason, et
al. 2005, Beaudenon, et al. 1999, Gwizdek, et al.
2005, Harkness, et al. 2002, Hoppe, et al. 2000,
Rodriguez, et al. 2003, Shcherbik, et al. 2004,
Shcherbik, et al. 2003). Rsp5 is also known to be
involved in mitochondrial inheritance and
mitochondrial- cytoplasmic protein distribution;
although in these cases, the mechanisms are not
well-defined (Fisk and Yaffe 1999, Zoladek, et
al. 1997). Another important function that has
been attributed to Rsp5, similar to its mammalian
counterpart Nedd4-2, is the ubiquitylation of a
large number of plasma membrane proteins
(Belgareh-Touzé, et al. 2008). Here, we will
focus on this function of Rsp5.

The yeast model system provided the first
evidence of a connection between plasma
membrane protein ubiquitylation and endocytosis
almost 20 years ago. In this initial study,
ubiquitylated forms of the ABC pheromone



transporter, Ste6, were shown to accumulate at
the plasma membrane in yeast mutants defective
in endocytosis (Kolling and Hollenberg 1994).
Moreover, mutations in Ste6 that reduced
ubiquitylation also prevented down-regulation by
impeding the delivery of this transporter to the
vacuole, thus showing that ubiquitylation was
necessary for both endocytosis and subsequent
transporter degradation in this case. Subsequent
studies showed that ligand-induced degradation
of the Ste2 pheromone receptor also followed a
similar  ubiquitin-dependent  internalization
mechanism and identified Rsp5 as the E3
ubiquitin ligase responsible for the ubiquitylation
of the general amino acid permease, Gapl and
the uracil permease Fur4 (Galan, et al. 1996,
Hein, et al. 1995, Hicke and Riezman 1996).
Since then, many more transporters have been
shown to be down-regulated by ubiquitin-
dependent endocytosis in response to excess
ligand, nutritional changes and stress conditions.
In almost all cases, Rsp5 is the E3 ubiquitin
ligase responsible for this regulation (Lauwers, et
al. 2010, Rotin, et al. 2000). Therefore, it is clear
that in yeast, as in mammals, this HECT family
E3 ubiquitin ligase is a key regulator of plasma
membrane protein composition.

The list of transporters that are regulated by Rsp5
contains several metal ion transporters, such as
Smfl (manganese), Zrtl (zinc) and Ctrl (copper)
(Gitan and Eide 2000, Gitan, et al. 1998, Liu, et
al. 2007, Nikko and Pelham 2009, Nikko, et al.
2008, Sullivan, et al. 2007). The Pmal H'-
ATPase is also known to be regulated by Rsp5-
dependent ubiquitylation, but in this case, as part
of the Golgi-based quality control mechanism of
a misfolded isoform (Pizzirusso and Chang
2004).

As discussed above, the Nedd4-2 HECT E3
ligase is involved in the down-regulation of
many alkali metal transport proteins. In yeast,
this function of Rsp5 has not been fully
addressed, but some data indicate that this E3
ubiquitin ligase may also play a role in alkali
metal transporter regulation. For example, we
have observed alterations in the growth rate of
conditional rsp5 mutants in potassium-limiting
media (Figure 2) (Abe and lida 2003). These
growth tests are used to monitor alterations in the
accumulation and/or activity of the Trkl
potassium transporter (Navarrete, et al. 2010).
Although more experiments are required to fully
characterize these phenotypes, they suggest a
role for Rsp5 in the regulation of monovalent
cation homeostasis.

Additional data suggest that the high affinity
potassium transporter, Trk1, undergoes endocytic
regulation. Specifically, it was shown that in
mutant strains lacking two related protein
kinases, Sat4/Hal4 and Hal5, Trkl is rapidly

targeted to the vacuole in the absence of
potassium supplementation. Moreover, deletion
of the last 35 amino acids of Trklresults in its
plasma membrane stability in the hal4 hal5
mutant under all conditions tested (Perez-Valle,
et al. 2007).

Yeast two hybrid screens using the C-terminus of
Trk1l have failed to identify binding proteins
potentially involved in this regulation and no
Hal4-dependent phosphorylation of this region
has been detected in vitro. However, we have
generated preliminary data suggesting that Trkl
is ubiquitylated (J. Peréz-Valle, V. Llopis, L.
Yenush, unpublished data).

Interestingly, in the case of the hal4 hal5 mutant,
Trkl is not the only transport protein that
aberrantly accumulates in the vacuole in the
absence of potassium supplementation. Amino
acid permeases, such as Gapl (general amino
acid permease), Tat2 (tryptophan), Canl
(arginine), and Mupl (methionine), the Fur4
uracil permease and the Hxtl glucose permease
have also been shown to be degraded in the
vacuole in the hal4 hal5 mutant, leading to
alterations in carbon and nitrogen uptake and
metabolism (Perez-Valle, et al. 2007, Perez-
Valle, et al. 2010). The detailed mechanism of
Hal4 and Hal5 function is currently under
investigation.

Plants

As mentioned above, plant genomes contain
more than 1000 E3 ubiquitin ligase genes, but in
Arabidopsis thaliana, for example, there is only
a small family of 7 HECT-containing E3
ubiquitin ligases (Downes, et al. 2003, Gao, et al.
2013). Moreover, none of these family members
share the same C2-WWs-HECT domain
architecture as the Nedd4 family.

The N-terminal architecture of the 7 HECT
family E3 ligases in Arabidopsis thaliana, called
ubiquitin protein ligase (UPL) 1-7, is quite
varied. UPL1 and 2 are large proteins (>3500
amino acids), which contain ubiquitin associated
(UBA) and ubiquitin interacting motif (UIM)
domains in their N-terminal sequences. UPL3
and 4 are smaller (<2000 amino acids) and are
characterized by the presence of 4 armadillo
repeats in their N-terminus. UPL5, the smallest
family member (873 amino acids), contains three
repeats of ubiquitin-like sequence and a C-type
lectin binding domain. The last members, UPL6
and 7, composed of approximately 1000 amino
acids, each contain two predicted membrane-
spanning domains and a calmodulin-binding 1Q
motif (Downes, et al. 2003).

The functions of the 7 HECT E3 ubiquitin
ligases in Arabidopsis thaliana have only been
partially characterized. No data are available for
the functions of UPLI, 2, 4, 6 or 7. Analysis of



UPL3  loss-of-function  mutants  initially
implicated this enzyme in trichome development
(Downes, et al. 2003). More recently, it was
reported that UPL3 regulates the transcription
factors, GLABROUS 3 (GL3) and ENHANCER
OF GL3 (EGL3) (Patra, et al. 2013). These
transcription factors are known regulators of
trichome development and flavonoid
biosynthesis in Arabidopsis thaliana, thus
providing a plausible molecular mechanism
explaining the upl3 phenotypes.

The ubiquitin ligase activity has only been
confirmed for UPL5 (Miao and Zentgraf 2010,
Takahashi, et al. 2009). At least one function of
this enzyme is related to the regulation of the
WRKYS53 transcription factor, which controls
leaf senescence (Miao and Zentgraf 2010).
Accordingly, in this study, they demonstrate in
vitro ubiquitylation and physical interaction
between UPL5 and WRKYS53 and genetic data
consistent with UPLS5 acting as a negative
regulator of WRKYS53.

No evidence has emerged indicating that
members of Arabidopsis HECT family of E3
ubiquitin  ligases are involved in the
ubiquitylation of plasma membrane transport
proteins. However, it is clear that plant cells also
employ mechanisms of endocytic regulation
(Geldner 2004, Peer 2011).

Several examples demonstrating the
physiological importance of endocytic regulation
have been described in plants. For example, the
auxin receptor, PIN1, has been shown to undergo
ubiquitin-dependent asymmetrical sorting to
create the auxin gradient and the iron transporter,
IRT1, was recently shown to undergo mono-
ubiquitylation-dependent vacuolar degradation
(Barberon, et al. 2011, Lofke, et al. 2013).
Moreover, translational fusion of ubiquitin to the
plasma membrane H*-ATPase was shown to be
sufficient for vacuolar degradation (Herberth, et
al. 2012).

Here, we will discuss in more detail three other
relevant examples of transporter down-regulation
in plants: the KATlalkali metal transporter, the
BOR1 boron transporter and the pattern-
recognition receptor, flagellin-sensing 2 (FLS2).

KAT1 is a Skaker-like inward rectifying K*
channel whose activity must be properly
regulated during stomatal opening and closing
(Schachtman, et al. 1992). Specifically, in order
for guard cells to close, inward K currents must
decrease to help reduce the turgor pressure.

The phytohormone, abscisic acid, is known to
stimulate stomatal closure through various
signaling mechanisms, including the activation
of anion transport and the down-regulation of K*
uptake (Kim, et al. 2010). One aspect of this
regulation involves the stimulated endocytosis of
the KATI alkali metal transporter (Sutter, et al.

2007). The selective endocytosis of KATI
contributes to stomatal closure by decreasing the
inward K" current. Several studies have
suggested that KAT1 is endocytosed and stored
in internal vesicles in response to abscisic acid
and turgor pressure (Eisenach, et al. 2012, Hurst,
et al. 2004, Meckel, et al. 2004, Sutter, et al.
2007). KAT1 does not appear to be degraded
under these circumstances. Instead, these
vesicles are slowly recycled back to the plasma
membrane in a process that requires the SNARE
protein, SYP121 (Eisenach, et al. 2012). It is not
known whether ubiquitylation is required for the
selective, ABA-stimulated endocytic regulation
of KATI.

In plants, a well-studied example of ubiquitin-
dependent endocytic regulation in response to
excess substrate is the boron transporter, BOR1
(Figure 1). It has been shown that in response to
high  boron  concentrations, BOR1 is
ubiquitylated, endocytosed from the plasma
membrane, sorted to the trans-Golgi
network/early endosomes (TGN/EE), then to
intralumenal vesicles of the multivesicular body
(MVB)/late endosome compartment, and finally
to the vacuolar lumen for degradation (see
below) (Kasai, et al. 2011, Takano, et al. 2005,
Viotti, et al. 2010). A target lysine residue has
been identified, but the E3 ubiquitin ligase
responsible for BORI1 regulation is not yet
known (Kasai, et al. 2011). These studies are
important as they establish the existence of
similar mechanisms of ubiquitin-dependent
endocytic regulation in plants, mammals and
yeast.

Interestingly, the ubiquitylation of the BORI
transporter is not necessary for endocytosis, but
is required for sorting into the MVBs, similar to
what has been observed for the mammalian
epidermal growth factor receptor (EGFR)
(Huang, et al. 2007, Huang, et al. 2006). The
endocytosis of BORI requires at least two
tyrosine residues present in Yxx® motifs (where
X is any amino acid and @ is a bulky
hydrophobic amino acid), which, in mammals,
have been shown to bind to a medium (W)
subunit of adaptor protein (AP) complexes which
mediate sorting into clathrin-coated vesicles and
different  post-Golgi  transport  pathways
(Bonifacino and Traub 2003, Takano, et al.
2010). Thus, BORI1 is thought to be
constitutively endocytosed, via the tyrosine-
based signals, and recycled back to the plasma
membrane under normal conditions.
Ubiquitylation of BORI, leading to its sorting
and vacuolar degradation only takes place in the
presence of high boron concentrations, thus
providing a mechanism of down-regulation to
avoid toxicity. Identification of the E3 ubiquitin
ligase and the signal transduction pathway



responding to high boron will be required to fully
define this mechanism of endocytic regulation.
One case where the plant E3 ubiquitin ligase
responsible for endocytic down-regulation has
been identified is for the FLS2 pattern
recognition receptor. FLS2 is a plasma
membrane—localized leucine-rich repeat
receptor—like kinase (LRR-RLK) (Go6mez-
Goémez and Boller 2000). This receptor binds to
bacterial flagellin and is an important component
of innate plant immunity (O'Neill 2011). Upon
flagellin binding, FLS2 associates with another
receptor-like kinase, called BAK1 and the BIK1
cytosolic kinase (Chinchilla, et al. 2007, Heese,
et al. 2007, Lu, et al. 2010, Zhang, et al. 2010).
Initial studies showed that upon ligand binding,
FLS2 is endocytosed and subsequently degraded
(Robatzek, et al. 2006). Using the FLS2-
interacting BIK1 kinase as a bait protein in a
yeast two-hybrid screen, the E3 ubiquitin ligase
PUBI13 was identified (Lu, et al. 2011). PUB13
and the closely related PUB12 are RING family
E3 ubiquitin ligases belonging to the plant U-box
(PUB) family. The E3 ubiquitin ligases contain a
U-box N-terminal domain (UND), a U-box
domain, and a C-terminal armadillo domain.
PUB12 and PUBI13 E3 ubiquitin ligases
specifically ubiquitylate FLS2 upon ligand
binding and thus participate in receptor down-
regulation. Whether FLS2 ubiquitylation leads to
its degradation in the proteosome or in the
vacuole was not fully addressed in this study,
although it was reported that the proteosome
inhibitor, MG132, partially inhibited FLS2
degradation. Importantly, FLS2 represents the
first case of ligand-induced ubiquitylation-
dependent endocytic regulation reported in
plants. Whether PUB family E3 ubiquitin ligases
are involved in the endocytic regulation of other
plasma membrane transporters remains to be
determined.

CONTROLLING WHICH TRANSPORT
PROTEINS ARE TARGETED AND WHEN

As  discussed previously, ubiquitylation-
dependent endocytosis is a highly-regulated
process. The cell must control which transporters
are targeted for degradation and when. This
control can be carried out on many levels, such
as the modification of transcriptional levels of
the genes encoding the transport proteins
themselves or the wubiquitin conjugation
machinery. Another possibility is the post-
translational modification of the transporters
themselves, the E3 ubiquitin ligases or other
regulatory components.

Examples of phosphorylation-dependent
regulation of transporter proteins have been
reported. For example, in yeast, phosphorylation
of three serines in the C-terminus of the Ste2, G-

protein coupled pheromone receptor facilitates
ubiquitylation and thus internalization (Hicke, et
al. 1998). Similar examples have been reported
in mammals as well (Naik, et al. 1997, Pals-
Rylaarsdam and Hosey 1997). In most cases, the
mechanism by which transporter phosphorylation
influences its endocytic regulation is not fully
understood, but in some cases it is thought to
affect the binding of E3 ubiquitin ligase adaptor
proteins (see below) (Hatakeyama, et al. 2010,
Lee, et al. 2000, Nikko, et al. 2008).

Regulation of E3 Ubiquitin ligases

As mentioned, the Nedd4-2 E3 ubiquitin ligase
binds to PY motifs present in alkali metal
transport proteins. This binding has been shown
to be regulated by the phosphorylation of Nedd4-
2. Several kinases have been reported to regulate
Nedd4 E3 ubiquitin ligases (Rotin and Kumar
2009), but here we will focus on two examples:
the regulation of Nedd4-2 by the AMP-activated
kinase (AMPK) and by the serum- and
glucocorticoid-regulated kinase (Sgkl) (Figure
1). AMPK-dependent phosphorylation of Nedd4-
2 was shown to facilitate its interaction with
ENaC, thus leading to channel down-regulation
(Bhalla, et al. 2006). In this case, the molecular
mechanism involved is still being defined.

In the case of Sgkl, phosphorylation of Nedd4-2
creates binding sites for 14-3-3 proteins and thus
blocks the interaction of the E3 ubiquitin ligase
with ENaC (Bhalla, et al. 2006, Debonneville, et
al. 2001, Ichimura, et al. 2005, Snyder, et al.
2002). The end result is accumulation of ENaC
at the plasma membrane upon Sgkl activation.
The physiological relevance of this regulatory
mechanism was recently confirmed by
generating a mouse model containing an
inducible, renal tubular-specific knock-out of
Sgkl (Faresse, et al. 2012). In this study, they
observed a reduction in the amount of ENaC, as
expected, but also an important reduction in the
amount of the Na*/Cl' co-transporter, NCC,
which together lead to a salt-losing phenotype.
The marked reduction in Nedd4-2
phosphorylation also documented in this study
demonstrates that Sgkl is a physiologically-
relevant Nedd4-2 regulator.

In yeast, the regulation of Rsp5 appears to
involve several mechanisms. Very recently, Rsp5
was reported to be phosphorylated, although the
kinase involved and the mechanism by which
Rsp5 function is affected is unknown (Sasaki and
Takagi 2013). However, using yeast two hybrid
analyses, we have found no evidence that 14-3-3
proteins bind to the WW domains of Rsp5, as
occurs in the case of Nedd4.2 (V. Llopis, L.
Yenush, unpublished data). Thus, more studies
will be required to clarify if this mode of



phosphorylation-dependent regulation is as
important for Rsp5 as it is for Nedd4-2.

As discussed earlier, many of the alkali metal
transporters regulated by Nedd4-2 contain PY
motifs capable of interacting with the WW
domains of this E3 ubiquitin ligase. However, in
yeast, the majority of transport proteins regulated
by Rsp5 do not contain PY motifs. At least 18
proteins have been proposed to act as adaptors
between Rsp5 and target proteins (Lauwers, et al.
2010). These proteins contain PY motifs that
bind to the WW domains of Rsp5 and other
domains responsible for target protein
recognition. These adaptor proteins have been
shown to recruit Rsp5 to substrate proteins in
different subcellular locations. For example, a
member of the arrestin-related trafficking (ART)
family of Rsp5 adaptors, Ecm21 (also called
Art2) was shown to bind to and participate in
Cd**-mediated endocytic regulation of the Smf1
Mn** transporter at the plasma membrane, while
adaptor proteins such as Bsd2, Trel and Tre2 are
necessary for direct vacuolar sorting of the this
transporter in the presence of excess substrate
(Nikko, et al. 2008, Sullivan, et al. 2007) (Figure
1). Interestingly, there are at least two Bsd2
homologues in mammals, NDFIPland NDFIP2
(also known as N4WBP5 and N4WBP5A,
respectively). These proteins have been
suggested to act as adaptors for Nedd4 family E3
ubiquitin ligases (Shearwin-Whyatt, et al. 2006).
In fact, ndfipl” mice exhibit phenotypes similar
to mice lacking the gene encoding Itch, which is
a Nedd4-family E3 ubiquitin ligase (Oliver, et al.
2006).

Several recent reports have begun to define
mechanisms of post-translational regulation of
these Rsp5 adaptor proteins in yeast. For
example, the founding member of the ART
family, Artl (Lbd19) was shown to be phospho-
inhibited by the TORCI1-responsive Nprl kinase
(MacGurn, et al. 2011). Phosphorylation of Artl
on multiple sites diminishes the association of
Artl with the plasma membrane, thus decreasing
Rsp5-dependent ubiquitylation of target proteins,
such as the Canl arginine permease. Similarly,
the Nprl kinase was shown to phosphorylate the
Bull and Bul2 Rsp5 adaptor proteins. This
phosphorylation also inhibits these adaptor
proteins, but in this case, by creating binding
sites for 14-3-3 proteins. The association of Bull
and Bul2 with 14-3-3 proteins prevents the
targeting of Rsp5 to Gapl (Merhi and André
2012). Another ART family member, Rod1 (also
known as Art4) has also been shown to be
inhibited by 14-3-3 binding, but in this case, the
phosphorylation is carried out by the Snfl kinase
and the targeted transporter is the Jenl lactate
permease (Becuwe, et al. 2012). Thus, yeast
contains an elaborate system of Rsp5 adaptor

proteins that respond to signal transduction
pathways to mediate the specific and regulated
interaction of the E3 ubiquitin ligase with
literally hundreds of possible target proteins.
Interestingly, the ART family of Rsp5 adaptors
contains arrestin-like domains in their N-
terminus, in addition to the PY motifs (Lin, et al.
2008). A class of mammalian proteins, called -
arrestins, have been known for many years to
mediate the endocytic regulation of a variety of
mammalian receptor classes (Lefkowitz, et al.
2006). The ART family from yeast shares
similarity with the related a-arrestin family in
mammals. There are 6 o-arrestins in the human
genome and, similar to the ART family, they
contain WW domain-binding PY motifs (Patwari
and Lee 2012). At least two studies show that
members of the mammalian o-arrestin family
can recruit Nedd4 ubiquitin ligases to activated
receptors (Nabhan, et al. 2010, Shea, et al. 2012).
Interestingly, the study by Shea and colleagues
also showed that ot-arrestins can bind B-arrestins,
thus suggesting that these proteins may act in a
coordinated manner to regulate the composition
of plasma membrane proteins present at the cell
surface. Finally, a very recent study suggests that
one member of the «a-arrestin family,
thioredoxin-interacting protein (TXNIP), binds
to the GLUT1 glucose transporter and is
regulated by the Snf1 orthologue, AMPK (Wu, et
al. 2013). This data is in good agreement with
previous studies showing that TXNIP is a potent
inhibitor of glucose uptake (Parikh, et al. 2007,
Patwari, et al. 2009). However, these studies
show that the C-terminal PY motifs are not
required for the inhibition of glucose uptake.
Therefore, it remains to be seen whether Nedd4
family members are implicated in this regulatory
mechanism.

THE FATE OF UBIQUITYLATED
PROTEINS

As discussed above, cells internalize plasma
membrane proteins into vesicles as a regulatory
mechanism. Once endocytosed (in the so-called
early endosome), these proteins can have
different fates. Endocytosed proteins can be
constitutively recycled back to the plasma
membrane or can be destined for degradation in
the lysosome (or vacuole in plants and yeast). In
animal cells, receptors that are selected for
recycling back to the plasma membrane are
sorted away into tubular regions of the early
endosome and returned to the plasma membrane
(Woodman 2009). In addition to the plasma
membrane contribution, early endosomes can
also be derived from the TGN (Waguri, et al.
2003).

The early endosome also contains proteins
targeted for lysosomal/vacuolar degradation. As
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discussed above, the signal for this degradation
can be a mono-ubiquitylation, multiple-site
mono-ubiquitylation or K-63 linked poly-
ubiquitin chains (Komander and Rape 2012).
This ubiquitylation step is thought to be required
for the sorting of target or “cargo” proteins that
are to be degraded and, as described in the
examples above, may or may not be required for
the endocytosis step. Here, we will briefly
discuss the components involved and the
vesicular route followed by plasma membrane
proteins targeted for degradation.

Early endosomes mature into multivesicular
bodies (MVB) (also called late endosomes,
multivesicular endosomes or  pre-vacuolar
compartments). The most evident morphological
change during this maturation process is the
formation of intraluminal vesicles. During MVB
formation, proteins that are destined for
degradation are selectively retained in this
compartment. The molecular mechanisms of this
maturation process are still being defined, but it
is thought to require several proteins, including
components of the endosomal sorting complex
required for transport (ESCRT) (see below),
COP-I, annexin A2, and the SAND-1/Monl
protein (Aniento, et al. 1996, Futter and White
2007, Gabriely, et al. 2007, Mayran, et al. 2003,
Poteryaev, et al. 2010).

The ESCRT machinery

Mammals and Yeast

ESCRT is a protein complex involved in the
sorting of ubiquitylated membrane proteins into
the intralumenal vesicles of MVBs. In addition,
the ESCRT proteins are involved in other
cellular processes such as cytokinesis, tumor
suppression, and viral budding (see below). The
ESCRT machinery was first identified in yeast as
class-E vacuolar protein sorting (Vps) mutants
(Raymond, et al. 1992). This class of mutants
accumulates an exaggerated multi-lamellar
prevacuolar endosome-like compartment that
does not fuse with the vacuole (Coonrod and
Stevens 2010). The ESCRT complex is
phylogenetically conserved in eukaryotic cells
and is thought to have been present in the last
common ancestor of all eukaryotes (Field, et al.
2007). ESCRT-like components can even be
found in some archae (Obita, et al. 2007,
Samson, et al. 2008). Table 2 contains a
summary of the nomenclature for the ESCRT
components in yeast, mammals and plants.

In yeast and mammals, ESCRT function starts
with cargo recognition by the ESCRT-0
complex. This complex is a heterodimer formed
by Vps27/Hrs and Hsel/STAM1/2, which has
been proposed to recognize mono-ubiquitylated
cargo through single UIM domains present in
both proteins (Katzmann, et al. 2003, Prag, et al.

2007). In addition, Vps27/Hrs interacts with
phosphatidylinositol-3-phosphate (PtdIns3P) via
its FYVE domain.

ESCRT-I and ESCRT-II complexes are present
in the assembled form in the cytoplasm. ESCRT-
I is a heterotetramer consisting of
Vps23/TSG101, Vps28, Vps37 and Mvbl2
(Katzmann, et al. 2001). ESCRT-I is recruited to
the endosomal membrane via the interaction
between Vps23/TSG101 and Vps27/Hrs. The
ubiquitin-binding UEV (Ubiquitin E2 variant)
domain of Vps23/TSG101 is thought to be
responsible for cargo sorting. ESCRT-II is a
heterotetramer composed of Vps36/EAP45,
Vps22/EAP30, and two Vps25/EAP20 molecules
(Babst, et al. 2002b). Vps36/EAP45 interacts
with PtdIns3P, the ubiquitylated cargo and with
the ESCRT-I component, Vps28, via its GLUE
domain.

In contrast to ESCRT-I and -II, ESCRT-III
assembles in situ with an irregular stoichiometry
(Babst, et al. 2002a, Teis, et al. 2008). ESCRT-
IIT assembly is initiated when Vps20/CHMP6
interacts with the ESCRT-II component,
Vps25/EAP20 and acts as a primer for
Snf7/CHMP4 homo-oligomerization into a
filament like structure with an indeterminate
number of Snf7/CHMP4 molecules. This
structure  is  subsequently = capped by
Vps24/CHMP3, which recruits Vps2/CHMP2.
The Snf7/CHMP4 filament creates a closed
structure that sequesters ubiquitylated proteins
inside and initiates invagination (Muziot, et al.
2006). In yeast, it has been shown that ESCRT-
IIT also serves as a scaffold for the Brol/ALIX-
Doa4 deubiquitylation machinery that recycles
ubiquitin from MVB cargoes before vesicle
formation  (Luhtala and Odorizzi 2004). In
mammals, the deubiquitylating step is thought to
be carried out by the ubiquitin-specific protease
(USP) 8 and the AMSH (associated molecule
with the SH3 domain of STAM) DUBs (Wright,
et al. 2011).

Finally, the Vps4/SKDI (suppressor of K*
transport growth defect) AAA ATPase binds to
the Vps24/CHMP3-Vps2/CHMP2 dimer and
forms a double ring-shaped octamer or hexamer,
which upon activation by Vps46/CHMPI,
disassembles the complex (Nickerson, et al.
2006, Rue, et al. 2008, Saksena, et al. 2009).
Vps4/SKD1 activity is also regulated by other
components. For example, Vtal/LIP5S (lyst-
interacting protein 5) and its interacting protein,
Vps60/CHMPS, have been shown to activate
Vps4/SKD1 in yeast (Azmi, et al. 2008).
Evidence suggests that ESCRT-III components
have several functions. For example, ESCRT-III
components were independently discovered in
humans as proteins affecting chromatin structure
and cell cycle progression and were named
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“CHMP” (initially chromatin modifying protein,
later charged multivesicular body protein)
(Stauffer, et al. 2001). The role of ESCRT-III in
chromatin remodeling is far less characterized,
but recently it has been shown that one isoform,
CHMPI1A is required for cerebellar development,
possibly by functioning as a link between
cytoplasmic signals and chromatin modifications
(Mochida, et al. 2012). Additionally, ESCRT-III
was shown to play a role in cytokinetic
abscission (Lafaurie-Janvore, et al. 2013,
Wollert, et al. 2009). In yeast, ESCRT-III
components were also found to be extragenic
suppressors of a mutation in the deubiquitylating
enzyme Doa4, so were also named DID (doa-
independent degradation) (Amerik, et al. 2000).
Snf7, one of the ESCRT-III components, was
initially identified as a sucrose non-fermenting
gene due to its effect on SUC2 expression, which
encodes the yeast invertase enzyme (Vallier and
Carlson 1991). The ESCRT-II component,
Vps22 (also known as Snf8) was also identified
in this screen. Finally, ESCRT components were
also shown to play a role in the yeast alkaline
response, or Riml101, pathway (Hayashi, et al.
2005).

In some cases, trafficking through the MVB has
an essential role in signal transduction. For
instance, ESCRT-III has been shown to affect
mammalian TORCI1 activation and signaling
(Flinn, et al. 2010). This could also be a means
of regulating ion fluxes, as TOR signaling has
been related to salt stress in yeast (Crespo, et al.
2001, Mulet, et al. 2006).

Interestingly, although the standard fate of MVB
is to fuse with the lysosome /vacuole for
degradation, there is an alternative pathway that
fuses the MVB with the plasma membrane and
releases the intralumenal vesicles to the
extracellular media in the form of exosomes. It
has recently been shown that ESCRT function is
required for exosome formation (Baietti, et al.
2012). No markers have been defined to
distinguish between lysosomal-destined MVBs
and MVBs used for secretion, but it is known
that RAB26A, RAB27B, RAB35 and ceramide
are required for exosome targeting and docking
at the plasma membrane (Hsu, et al. 2010,
Ostrowski, et al. 2010, Trajkovic, et al. 2006). In
plants, there is an additional organelle that
controls exocytosis, the EXPO (exocyst positive
organelles). This organelle releases single
membrane vesicles into the cell wall, but no
relation with the MVB has been shown (Wang,
et al. 2010).

Plants

Most of the data regarding endosomal trafficking
and transport protein endocytosis comes from
yeast or animal models. Initial data from genome

projects indicate that the ESCRT machinery is
largely conserved in plants (Winter and Hauser
2006). However, it is important to point out that
the endosomal system is different in plants and
animals. There are only two endosomal
organelles that have been clearly identified and
characterized: TGN/TGN-derived vesicles that
act as recycling early endosomes and the late
endosomes or MVB, also called pre-vacuolar
compartments (Reyes, et al. 2011). The tubulo-
vesicular early endosomes responsible for
receptor recycling found in mammals, have not
been observed in plants (Otegui and Spitzer
2008), although there is a description in the
literature of tubular-vesicular structures in the
plant TGN (Lam, et al. 2007). In general, there is
much less information available on the molecular
function of ESCRT components and the
endocytic pathway in plants as compared to other
organisms. However, it is interesting to note that
some key features, such as the role of ESCRT in
cytokinesis, were first described in plants. The
characterization of the cytokinesis defect of the
elch mutant in Arabidopsis thaliana showed that
this gene encodes the plant orthologue of
ESCRT-I component, Vps23/TSG101, which in
Arabidopsis is called AtELC (Spitzer, et al.
2006).

ESCRT-0 components are not conserved in
plants, although there are plant proteins that
contain structural motifs common to this family
of proteins (i.e. FYVE domains) and thus may
carry out this function (Winter and Hauser 2006).
The first ESCRT component described in plants
was SALI (supernumerary aleurone layer 1) in
maize. This orthologue of the ESCRT-III-
associated component, Vps46/CHMP1, was
identified for its function in determining the
number of aleurone cell layers in endosperm
(Shen, et al. 2003). Interestingly, a knockout of
the ESCRT-II component, OsVPS22 in rice also
causes an abnormal endosperm and early
seedling lethality, suggesting that endosome
trafficking in plants is required for proper seed
development (Zhang, et al. 2013). In fact SALI,
and presumably all components of the ESCRT
machinery, are required to maintain proper
plasma membrane concentrations of both DEK1
and CRINKLY, proteins essential for aleurone
formation in maize (Tian, et al. 2007). Silencing
of the Nicotiana benthamiana Vps46/CHMP1
orthologue, called NbCHMPI1, has only a mild
leaf morphology phenotype, but a double
chmpla chmplb Arabidopsis thaliana mutant is
defective in embryo development, dying after
germination (Spitzer, et al. 2009, Yang, et al.
2004). This mutant accumulates proteins in the
PM, including the auxin receptors PIN1, PIN2
and AUXI1, resulting in a defect in the formation
of the auxin gradient.
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In Arabidopsis, the role of the orthologue of the
AAA ATPase Vps4/SKDI1 (named AtSKD1) in
MVB function has been established (Haas, et al.
2007). The expression of AtSKD1 ATPase-
deficient mutants leads to alterations in the
endosomes in both Nicotiana tabacum cell
culture and transgenic Arabidopsis thaliana
model systems. In this study, the Vtal/LIP5
orthologue, AtLIP5 was also identified as an
AtSKD1 activating protein. There is also a
proteomic report mapping the protein-protein
interactions within ESCRT-III in Arabidopsis
thaliana (Ibl, et al. 2012). In this study, a
member of the Vps2 family of Arabidopsis,
AtVPS2.2 was used as a bait to identify
interacting proteins. As expected, AtSNF7.1 was
identified, as were the ESCRT-III-associated
components, AtVPS46.1/AtCHMP1B,
AtVPS46.2/AtCHMP1A and AtVPS60.1.

THE ROLE OF NHX1 ALKALI METAL
ANTIPORTERS IN ENDOCYTIC
REGULATION

Another factor connecting alkali metal regulation
with endocytosis is the Na*-K*/H" antiporter
Nhx1 (also known as Vps44). Originally
identified as a class-E Vps mutant in yeast, Nhx1
was characterized as a Na'/H" antiporter
localized in the vacuole and in the pre-vacuolar
compartment (Nass, et al. 1997, Nass and Rao
1998, Raymond, et al. 1992). Nhx1 function is
essential for proper protein sorting and it is
essential for controlling the pH of the lumen of
the MVB compartment (Bowers, et al. 2000,
Brett, et al. 2005). Nhx1-mediated control of
luminal pH is also essential for the first steps of
vacuolar fusion (Qiu and Fratti 2010). In fact, it
has been suggested that the function of Nhx1 in
vesicular fusion may be parallel or posterior to
MVB formation (Kallay, et al. 2011).

Yeast Nhx1 is conserved in plants (NHX) and
animals (NHE). In animals there are nine
isoforms, whose main function is the regulation
of internal pH of cytoplasm and organellar
lumens such as Golgi and post-Golgi (Nakamura,
et al. 2005). A role for mammalian NHE
transporters in endocytosis is not well
characterized, but recently it has been shown that
NHE6 is required for clathrin-dependent
endocytosis of transferrin (Xinhan, et al. 2011).
NHE8 has also been shown to regulate the
morphology of late endosomes and affect protein
trafficking. Silencing its expression in HeLa cells
induced an increase in cell volume due to the
accumulation of MVB, although the intralumenal
pH of this aberrant MVB was normal, indicating
that the main function of NHES is different from
yeast Nhx1 (Lawrence, et al. 2010). The neuron-
specific isoform, NHES is regulated by clathrin-
mediated endocytosis and recycling, depending

on the phosphatidylinositol 3’-kinase and F-actin
assembly (Szaszi, et al. 2002). The intestinal
isoform NHE3 requires phosphorylation by
SGK3 in the recycling endosome for acute
activation by glucocorticoids (He, et al. 2011).

In the model plant Arabidopsis thaliana, there
are 6 NHX orthologues (Rodriguez-Rosales, et
al. 2009). AtNHXs are key determinants for
abiotic stress tolerance, but are also required for
potassium uptake into vacuoles to regulate cell
turgor and stomatal function and regulate
changes of petal color in some plants (Apse, et
al. 1999, Barragan, et al. 2012, Yamaguchi, et al.
2001, Yoshida, et al. 2005). The role of plant
NHX proteins in endocytic trafficking is not
characterized, but it its known that in addition to
its well-established function in ion homeostasis,
different NHX genes are required to regulate
growth, flower development and reproduction.
Thus, these transporters may have pleiotropic
functions (Bassil, et al. 2011).

ENDOCYTIC TRAFFICKING AND DISEASE
MVBs were originally discovered in yeast, but
investigation in mammalian systems advanced
rapidly due to the fact that the MVB machinery
is hijacked by the HIV virus to egress from the
cell. The PTAP-type primary L domain of HIV-1
binds to the ESCRT-I component TSG101 to
recruit this complex. Additionally, an auxiliary
LYPXmL-type L domain recruits the ESCRT-III
binding partner, ALIX (Usami, et al. 2009).
Ubiquitylation has a role in this process, as over-
expression of Nedd4-2 bypasses the requirement
to engage ESCRT-I in HIV-1 mutants lacking a
TSG101-binding site (Usami, et al. 2008). It is
also clear that not all components of the ESCRT
machinery are required for virus assembly in the
MVB and subsequent exocytosis. HIV-1 budding
only requires TSG101 and/or ALIX, and a subset
of ESCRT-III proteins (CHMP4, CHMP2 and
SKD4) (Langelier, et al. 2006, Morita, et al.
2011).

Herpes simplex virus type I production also
requires a functional ESCRT-III complex, but
not ALIX or TSG101, whereas Ebola virus
budding requires host Vps4/SKD1 activity, but
can also bypass the requirement for the TSG101
ESCRT-I component (Pawliczek and Crump
2009, Silvestri, et al. 2007). The ESCRT
complex has also been shown to restrict the
growth of intracellular bacterial pathogens, such
as Mycobacterium tuberculosis (Philips, et al.
2008). The mechanism is unknown, but it is
thought to be due to alterations in lysosomal
composition or trafficking routes. Moreover,
Cryptococcus neoformans, the causative agent of
fungal meningoencephalitis in  HIV/AIDS
patients, requires its Vps23 protein for both
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capsule formation and virulence (Hu, et al
2013).

In plants, tombusvirus, like the tomato bushy
stunt virus, also hijacks the ESCRT machinery.
In this case, the mechanism has been proposed to
involve the ubiquitylation of the viral replication
protein, p33. This viral protein was shown to
interact with yeast ESCRT-I component, Vps23
in a ubiquitylation-dependent manner, thus
suggesting that ESCRT recruitment by the virus
occurs via this interaction (Barajas and Nagy
2010). Overexpression of dominant negative
versions of AtVPS4/SKD1 and ESCRT-III
components have been shown to interfere with
tomato bushy stunt virus replication and
assembly in plant models of wviral infection,
further supporting a role for ESCRT function in
these processes (Barajas, et al. 2009).

The regulation of ion homeostasis by the ESCRT
pathway can also be related to disease. As
discussed above, ENaC, the epithelial sodium
channel implicated in the pathogenesis of
Liddle’s Syndrome, is ubiquitylated by Nedd4-2,
endocytosed and targeted to the MVB for
lysosomal degradation in response to different
stimuli, including hormones. Recently, the
ESCRT-0 component, Hrs was shown to mediate
the lysosomal sorting of ENaC, demonstrating
the expected role of the ESCRT pathway in this
process (Zhou, et al. 2010).

Interestingly, defects in MVB have been
associated with several kidney diseases,
indicating the pivotal role of this system in
regulating ion and water fluxes. Mutant alleles of
the aquaporin, AQP2, which accumulate in the
MVB instead of the plasma membrane, cause
nephrogenic diabetes insipidus (Kamsteeg, et al.
2008). Moreover, defects in MVB formation are
used as biomarkers of focal segmental
glomerulosclerosis (Kim, et al. 2003). This
disease is caused by mutations in TRPC6, the
non-selective  cation channel involved in
receptor-mediated calcium signaling. Recently it
has been shown that the ESCRT-II component,
EAP30, physically interacts with the cytoplasmic
amino-terminal domain of TRPC6 and enhances
its activity, but apparently in an ESCRT-
independent manner as the amount of TRPC6 in
the plasma membrane is not altered
(Carrasquillo, et al. 2012).

There many other examples of ESCRT-related
diseases. A mutation in the CHMP4 isoform,
CHMP4B, is the cause of one form of familiar
cataracts and mutations in CHMP2B cause a
class of amyotrophic lateral sclerosis and
frontotemporal dementia (Parkinson, et al. 2006,
Shiels, et al. 2007, Skibinski, et al. 2005).
CHMPI1B also interacts with the hereditary
spastic paraplegia protein, spastin (Reid, et al.
2005).

Targeting receptors to the MVB is a way to
modulate  signals to  maintain  cellular
homeostasis. MVB function has also been related
to several kinds of cancer due to its role in the
degradation of receptor tyrosine kinases and its
involvement in cytokinesis.  Accordingly,
TSG101 has been found to be over-expressed in
several cancers and Hrs over-expression is
associated with malignancy (Toyoshima, et al.
2007, Tu, et al. 2011). Surprisingly, in other
cases ESCRT loss-of-function, instead of over-
expression, can lead to tumorigenesis.
Specifically, mutations in isoforms of the
ESCRT-I component, VPS37 have been related
to hepatocellular carcinoma and ovarian cancer
(Bache, et al. 2004, Wittinger, et al. 2011).

There are a few examples where the study of a
disease may give new insights into ESCRT
function. There is a recent report indicating that
the small integral membrane protein of
lysosome/late endosome (SIMPLE) co-localizes
and interacts with ESCRT-0 and ESCRT-I
components and is required for the recruitment
of ESCRT components to the endosomal
membrane (Lee, et al. 2012). Mutations in the
SIMPLE protein cause the autosomal dominant
type 1C Charcot-Marie-Tooth disease.

CONCLUDING REMARKS

The endocytic regulation of many mammalian
alkali metal transporters has been well-
documented. In many cases, it is the Nedd4-2 E3
ubiquitin ligase which is responsible for this
regulation (Rotin and Kumar 2009). Future
studies will continue to elucidate the mechanisms
through which Nedd4-2 associates with target
proteins in a timely manner and continue define
the physiological relevance under normal
conditions and in disease states. In yeast, the
Nedd4 orthologue, Rsp5, is the E3 ubiquitin
ligase responsible for the regulation of the
majority of plasma membrane proteins studied to
date (Lauwers, et al. 2010). Although more
studies are needed, initial data suggest that Rsp5,
like Nedd4-2, may mediate the regulation of
yeast alkali metal transport proteins, like the
Trk1K" transporter.

In plants, the role of endocytic regulation is
currently being established for many classes of
transport proteins. It is clear that all major
components of the ESCRT machinery are
conserved and play important roles in many
facets of plant physiology (Schellmann and
Pimpl 2009). However, the Nedd4 family of E3
ubiquitin ligases is absent in plants, as are the o-
arrestin adaptor proteins (Alvarez 2008, Downes,
et al. 2003). Therefore, although it is known that
endocytic regulation of the alkali metal
transporter KAT1 is important for processes like
stomatal closure, the role of ubiquitylation
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remains to be determined (Eisenach, et al. 2012,
Sutter, et al. 2007). Excess substrate-mediated
and ligand-mediated ubiquitylation-dependent
down-regulation has been described in plants,
but future studies will be required to define the
E3 ubiquitin ligases and signal transduction
pathways involved in these processes (Kasai, et
al. 2011, Lu, et al. 2011). Finally, more work
will be required to fully characterize the
remaining components of the plant ESCRT and
endocytic machinery to define the mechanistic
similarities and differences.

The next few years should bring exciting
discoveries in these areas which are sure to have

important impacts not only in basic science, but
also in fields as diverse as channelopathies, plant
abiotic stress tolerance and plant and animal viral
infections.
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Tables

(Abriel, et al. 1999, Kamynina, et al. 2001, Staub, et al.

TRANSPORTER E3 Ub LIGASE
ENaC Nedd4-2

1996)
NavS, Navl.2, Navl.3, Nedd4-2,

Navl.5, Navl.7, Navl.8 Nedd4/Nedd4-like

NCC Nedd4-2
KCNQI/KCNE1 Nedd4-2
KCNQ2/3, KCNQ3/5 Nedd4-2
KCNA3/KCNAS Nedd4-2
KCNIJ2 Nedd4-2
hERG Nedd4-2

(Fotia, et al. 2004, Rougier, et al. 2005, van Bemmelen,
et al. 2004)
(Arroyo, et al. 2011, Ronzaud, et al. 2013)

REFERENCES

(Jespersen, et al. 2007)

(Ekberg, et al. 2007, Schuetz, et al. 2008)
(Boehmer, et al. 2008, Henke, et al. 2004)

(Alesutan, et al. 2011)

(Guo, et al. 2012, Lamothe and Zhang 2013)

Table 1. Mammalian alkali metal transporters regulated by the Nedd4 family of E3 ubiquitin ligases.

COMPLEX FUNCTION (O LEBI N
Yeast Humans Plants
Initiation. 3 Vps27 Hrs
ESCRT-0 prz)ltlelii 1r(f):Iclz’o ga;;gt?on Hsel STAML,
STAM2
Vps23 (Stp22) TSG101 AtELC
Vps28 VPS28
Target protein VPS3TA,
ESCRT-I o Vps37 (Snr2) VPS37B,
& VPS37C
hMVBI12A,
Mvb12 hMVB12B
Tareet protei Vps36 EAP45
ESCRT-II arfzr é’;" em Vps22 (Snf8) EAP30 OsVPS22
5 Vps25 EAP20
Vps20 CHMP6
CHMP4A,
Targot profoin Snf7 CHMP4B, AtSNF7.1
ESCRT-III sequestering, Vosod CCILI\I/\[/F;;
MYVB formation ps ATVPSI1
Vps2 (Did4) %%1;’[;;22‘;’ AtVPS2.2
AtVPS2.3
Vps4 SKDI1 AtVPS4/SKD1
. J Vps60 CHMP5 ACVPS60.1
NbCHMP1
o . CHMPIA, AtCHMP1A/AtVPS46.2
Vps4 activation Vps46 (Did2) CHMP1B AtCHMP1B/AtVPS46.1
Others ZmSAL1
ESCRT auxiliary Brol ALIX (AIP1)
protein
USPS8 (UBPY) and
ESCRT-DUB Doad AMSH AtAMSH

Table 2. ESCRT component nomenclature. See text for references and details. We have opted for the use
of commonly-used yeast names adopted in other species. If different, the standard Saccharomyces
Genome Database names of yeast proteins are in parenthesis. Here, we have listed the plant proteins
discussed here that have been characterized genetically or biochemically.
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Figure Legends

Figure 1. Schematic representation of examples of endocytic regulation of selected plasma membrane
transport proteins in mammals, yeast and Arabidopsis thaliana. See text for details. (EE, early endosome;
LE, late endosome; RE, recycling endosome).

Figure 2. Improved growth of rsp5 mutants in low-potassium media. Strains containing the wild type
version or partial loss-of-function mutations in the RSP5 gene were grown to saturation, serially diluted in
water and deposited on Translucent media plates supplemented with the indicated amount of KCl
(Navarrete, et al. 2010). The rsp5 mutants harbor different point mutations in the HECT domain of the
genomic copy of RSP5 (HPG: High Pressure Growth) (Abe and Ilida 2003). Images were taken after 72
hours. Identical results were observed in three different experiments.
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