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Coated vesicles provide a major mechanism for the transport of proteins through the endomembrane system of plants.
Transport between the endoplasmic reticulum and the Golgi involves vesicles with COPI and COPII coats, whereas clathrin is
the predominant coat in endocytosis and post-Golgi trafficking. Sorting of cargo, coat assembly, budding, and fission are all
complex and tightly regulated processes that involve many proteins. The mechanisms and responsible factors are largely
conserved in eukaryotes, and increasing organismal complexity tends to be associated with a greater numbers of individual
family members. Among the key factors is the class of ENTH/ANTH/VHS domain-containing proteins, which link membrane
subdomains, clathrin, and other adapter proteins involved in early steps of clathrin coated vesicle formation. More than
30 Arabidopsis thaliana proteins contain this domain, but their generally low sequence conservation has made functional
classification difficult. Reports from the last two years have greatly expanded our knowledge of these proteins and suggest that
ENTH/ANTH/VHS domain proteins are involved in various instances of clathrin-related endomembrane trafficking in plants. This
review aims to summarize these new findings and discuss the broader context of clathrin-dependent plant vesicular transport.

INTRODUCTION

As in all eukaryotes, plant cells contain membrane-bound sub-
compartments with specialized functions that are mainly defined
by the proteins residing inside the compartments or at their
membranes. The correct transport and localization of such
proteins is therefore of crucial importance to the cell, and given
the variety of cargo and target compartments, it is not surprising
that intracellular protein transport is a complex affair involving
different mechanisms and a plethora of proteins. A main means
of protein transport between compartments are vesicles, which
bud off from a donor membrane, are transported along the
cytoskeleton, and eventually fuse with the target membrane to
release their contents. Vesicle formation is a stepwise process
and typically involves a protein coat. COAT PROTEIN I (COPI)
and COPII coats function in transport between the endoplasmic
reticulum and the Golgi, while clathrin coats participate in en-
docytosis at the plasma membrane (PM) and post-Golgi traffic
such as secretion and vacuolar transport. In the last few years,
knowledge about protein transport through the plant endo-
membrane system has been increasing, and several recent
articles give a comprehensive general overview of our current
understanding (Reyes et al., 2011; Park and Jürgens, 2012;
Baisa et al., 2013). In this review, we focus on a group of ac-
cessory proteins that play roles in early steps of clathrin-coated
vesicle (CCV) formation. These proteins share a similar domain

organization, with an ENTH, ANTH, or VHS domain at their N
terminus for interaction with endomembranes and a relatively
unstructured C-terminal part required for interaction with other
components of the vesicle generating machinery, such as cla-
thrin. Until recently, only few of them had been characterized in
plants, and it was therefore not clear whether the structurally
similar ENTH, ANTH, and VHS domains distinguish these proteins
functionally. However, the last two years have seen considerable
progress in the functional and biochemical understanding of
these proteins, and it is now possible to suggest a classification
based on structure and function.
Historically, cell biology knowledge in yeast and animals has

been advanced compared with that in plants, and much of the cell
biological research in plants has been driven by seeking out (and
sometimes discarding) similarities to functional counterparts from
other kingdoms. Therefore, we begin this review by describing
prototypical ENTH, ANTH, and VHS proteins from yeast and
animals. Then, we take a phylogenetic approach to group the
plant proteins, using Arabidopsis thaliana as the focus species.
Reviewing the current literature, it seems possible to assign for
each group a specific functional context within the plant endo-
membrane system. Nevertheless, there are still many unresolved
questions in the field and we conclude with some of them.

ENTH DOMAIN

Although mammalian Epsin1 is the best characterized protein of
this class, the first isolated protein with this domain came from
plants (Jones et al. 1997) two years before the domain was bio-
chemically described and termed the Epsin N-Terminal Homology
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(ENTH) domain (Rosenthal et al. 1999). The ENTH domain forms
a compact solenoid of eight a-helices, comprising roughly 130
to 150 amino acids. For simplicity, we will use the term “ENTH
protein” for proteins that contain an ENTH domain, which in-
cludes the family of Epsin homologs. The ENTH domain of
mammalian Epsin1 binds phosphoinositides (PtdInsPs) that are
present in low amounts in the membranes, with a preference for
PdtIns(4,5)P2 (Itoh et al., 2001). The amino acids required for this
activity are often conserved between ENTH-containing proteins,
yet phosphoinositide binding has not been shown for all ENTH
proteins, and not all ENTH proteins have a preference for PtdIns
(4,5)P2 (see below). The interaction with PtdIns(4,5)P2 was spec-
ulated to result in a wedge-like insertion into the cytosolic leaflet
of the phospholipid bilayer, thus mechanically facilitating the
bulging of incipient vesicles (Ford et al., 2002). In most ENTH
domain proteins, the part C-terminal to the ENTH domain (which
typically makes up more than two thirds of the entire protein) is
remarkably unstructured. However, that region contains many
short sequence motifs, which are required for interaction with
clathrin and with the so-called ear domain of the large subunits
of heterotetrameric clathrin adaptor complexes (APs). Mamma-
lian Epsin1 binds the a-ear domain of AP-2, a complex involved
in formation of CCVs in endocytosis, in agreement with the en-
richment of the PM for PtdIns(4,5)P2.

A similar ENTH protein, mammalian EpsinR/CLINT/Entho-
protein (reviewed in Legendre-Guillemin et al., 2004), instead
binds the g-ear domain of AP-1, which is involved in CCV
formation at the trans-Golgi network (TGN) and has high affinity
for PtdIns(4)P, in line with the enrichment of this phosphoinositide
at the TGN (Mills et al., 2003). Therefore, it seems that slight
variations in the phosphoinositide binding properties of the
ENTH domain are associated with guiding Epsin activity to
different subcellular locations.

A key question is what, precisely, constitutes Epsin activity?
An affinity for membrane subdomains, APs, and clathrin, along
with protein transport defects in Epsin mutants, leave no doubt
that Epsins, and presumably other ENTH domain-containing
proteins, are important factors in CCV generation. McMahon
and coworkers (Ford et al., 2002) suggested that Epsins induce
the membrane curvature required for vesicle bulging, or at least
reduce the amount of energy required for forming a membrane
bulge. This view has been recently challenged by the finding that
clathrin alone is sufficient to induce spherical bulbs in mem-
branes, in the absence of any membrane reshaping proteins
(Dannhauser and Ungewickell, 2012). If Epsins indeed do not
induce membrane curvature under physiological conditions,
then their role would be mainly that of an early adaptor, linking
membrane subdomains with APs and clathrin. An interesting
alternative hypothesis arises from the recent finding that Epsin1
is required for dynamin-dependent membrane scission at the
neck of the budding CCV, which is a late step in CCV generation
(Boucrot et al., 2012). This is supported by an analysis of the
temporal succession of events in CCV formation, showing that
mammalian Epsin2 gradually accumulates at the site of CCV
generation right up to the point of scission, a pattern identical to
that of clathrin itself (Taylor et al., 2011), whereas AP-2 levels
decreased before scission. A role in scission of the budding
CCV is also supported by the finding that Epsin seems to

concentrate toward the neck of a forming vesicle, whereas AP-2
is found in the opposite, oldest part (Saffarian et al., 2009). Fi-
nally, mouse cells with near complete loss of all Epsin activity
exhibit failure in CCV scission at the PM (Messa et al., 2014).
Whether the requirement for Epsins is restricted to the late

events of vesicle scission or if they also are needed to facilitate the
earlier steps of inducing membrane curvature remains to be de-
termined. Recent reports suggest that Epsins link vesicle budding
sites with the cytoskeleton. The yeast epsin Ent1 directly interacts
with actin via a phospho-regulated binding domain (Skruzny et al.,
2012), and a similar acting binding activity has been found in
mammalian Epsin1 (Messa et al., 2014). Thus, the membrane
destabilizing properties of the ENTH domain, combined with me-
chanical force introduced by the actin cytoskeleton might lead to
membrane bulging and, eventually, vesicle fission. Apart from their
function in vesicle assembly, Epsins and other ENTH proteins may
have additional roles in recruiting cargo: Several lines of evidence,
including identification of the actual interaction surface, demon-
strate that Epsin can interact with soluble N-ethylmaleimide-
sensitive fusion protein-attachment protein receptors (SNAREs)
that are important for fusion of the vesicle with its target membrane
(Chidambaram et al., 2004; Miller et al., 2007; Messa et al., 2014).

ANTH DOMAIN

The brain-enriched AP180 protein and its non-neuronal homolog
Clathrin Assembly Lymphoid Myeloid (CALM) both contain an
AP180 N-Terminal Homology (ANTH) domain. Although it shares
very little sequence identity with the ENTH domain, the ANTH
domain also forms a compact solenoid of a-helices, some of
which overlap well with the structure of the ENTH domain (Ford
et al., 2001). However, the ANTH domain contains 9 to 10 helices
and is considerably longer, at ;250 to 300 amino acids. The
ANTH domain also binds PtdIns(4,5)P2, but the binding surface is
different from that of ENTH. A short conserved motif K[X]9[K/R][H/Y]
between helices 1 and 2 is required for the binding activity (Ford
et al., 2001), but unlike the ENTH binding, no insertion into the
membrane takes place. This is consistent with the observation that
ANTH proteins do not cause liposome tubulation in in vitro assays,
indicating that, in contrast to ENTH proteins, they are not directly
associated with membrane-shaping properties. However, they link
clathrin to PtdIns(4,5)P2-enriched sites at the PM and thus might
indirectly cause membrane curvature and vesicle formation, since
clathrin assembly alone is sufficient to induce membrane curvature
in vitro, as mentioned above (Dannhauser and Ungewickell, 2012).
The canonical and well-described role of ANTH proteins is in en-
docytosis at the PM; however, there are also hints that CALM may
play a role in CCV formation at endosomal structures, presumably
the TGN (Borner et al., 2006; Bushlin et al., 2008). Similarly to Epsin,
CALM was found to be involved in direct interaction with SNAREs
(VAMP2, VAMP3, and VAMP8) to recruit them into endocytic
vesicles (Miller et al., 2011).

VHS DOMAIN

The Vps-27, Hrs, and STAM (VHS) domain is structurally
very similar to the ENTH domain, and the ENTH, ANTH, and
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VHS proteins are often treated as a superfamily (Interpro
IPR008942=ENTH/VHS). Similar to the ENTH domain, the VHS
domain contains eight a-helices and is ;150 amino acids in
length (Mao et al., 2000). Proteins with a VHS domain often have
other functionally important structured domains and can be
grouped accordingly (for an overview, see Lohi et al., 2002).
Members of one such group contain the Fab-1, YGL023, Vps27,
and EEA1 (FYVE) domain, which is required for PtdIns(3)P
binding at the animal early endosome (EE). FYVE-containing
proteins act as sorting receptors for ubiquitinated cargo to tar-
get it for degradation via the Endosomal Sorting Complexes
Required for Transport (ESCRT) pathway, which is based on the
sequential action of ESCRT subcomplexes termed ESCRT-0 to
ESCRT-III. Two interacting members of the FYVE group, Hrs and
Vps27, form the ESCRT-0 complex in yeast. Proteins of another
group lack the FYVE domain and instead contain a Golgi-
localized, g-ear-containing, ADP-ribosylation-factor binding, and
Tom1 (GAT) domain that interacts with ubiquitinated cargo and
thus may perform a function similar to ESCRT-0 components. A
third important group consists of the Golgi-localizing, g-adaptin
ear homology domain, ARF binding (GGA) proteins, which are
involved in vesicle formation at the TGN (Puertollano et al., 2001;
Demmel et al., 2008) and also at the PM (Puertollano and
Bonifacino, 2004). In contrast to the ENTH domain, no mecha-
nism for physical insertion of the VHS domain into the membrane
has been reported. Therefore, it seems more likely that these
proteins function in cargo recruitment and interfacing with sub-
sequent components for either incorporation into CCVs or the
ESCRT-dependent degradation pathway.

PHYLOGENETIC ANALYSIS OF ENTH/ANTH/VHS
PROTEINS

The TAIR10 database lists 43 proteins with the automatically
generated Interpro IPR008942=ENTH/VHS annotation, which
also includes ANTH domain proteins. We performed an initial
analysis for motifs using SMART v7 (Letunic et al., 2012) and
identified eight proteins that are likely not involved in vesicular
biogenesis (see Methods for their AGIs). The ENTH/VHS domain
in these eight proteins is not at the N terminus, and all of them
contain an RPR domain (PDB ID: 2diw), which is found in pro-
teins related to RNA processing. Indeed, one of the eight pro-
teins, RRC1, has been recently functionally characterized as
a splice factor (Shikata et al., 2012). We performed phylogenetic
analysis of the remaining 35 proteins (Figure 1; Supplemental
Data Set 1). We also analyzed the presence/absence of homo-
logs in other, selected plant species by reciprocal BLAST (Figure
1; see Methods for details). Based on the tree topology and
other factors, such as predicted structure (using the Protein
Homology/analogY Recognition Engine V 2.0 [Phyre2]; Kelley
and Sternberg, 2009) and protein size, we propose classification
into three main groups, which reflect the ENTH, the ANTH, and
the VHS domains. The ENTH group splits by tree topology,
predicted structure, and protein size into two groups of three
proteins each, in agreement with an earlier analysis of eukaryotic
ENTH/ANTH/VHS proteins by De Craene et al. (2012). For
consistency, their nomenclature (ENTH1,2,3 and ENTH4) is

indicated as well. The ANTH group is the largest, comprising the
eight ANTH proteins mentioned in an earlier report (Holstein and
Oliviusson, 2005) along with another 10 members. We further
subdivided this group into three subgroups mainly based on
protein size, although it is unclear whether this reflects any
functional difference. The third main group contains proteins that
have an N terminus with structural similarity to the VHS domain of
human Hrs1 and additionally contain a GGA domain. In addition
to these three main groups, there are two outliers: AT3G61800
and the recently described MTV1/AT3G16270 (Sauer et al., 2013).
These are single genes in Arabidopsis, but they are conserved
throughout the plant lineage with homologs found even in an-
cestral plants. A tree based on alignment of only the first 200
amino acids (where the ENTH/ANTH/VHS domain lies) has an
almost identical topology (Supplemental Figure 1 and Supplemental
Data Set 2), confirming that the C-terminal part of the proteins is
generally poorly structured and as such not useful to determine
phylogeny. Our analysis goes beyond two earlier analyses of
this group of proteins (Holstein and Oliviusson, 2005; De
Craene et al., 2012) in that it includes all annotated Arabidopsis
ENTH/ANTH/VHS proteins and further provides information on
the presence/absence of homologs in 15 other plant species. It
uses data on protein length and information on the predicted
structure to define additional subgroups. The overall tree to-
pology agrees well with the aforementioned studies, and we
included their nomenclature for consistency (Figure 1).

TRANSCRIPTIONAL REGULATION OF ENTH/ANTH/VHS
PROTEINS

Generally, not much is known about the transcriptional regula-
tion of factors required for protein transport, and the ENTH/
ANTH/VHS proteins are no exception. In the few cases where
expression patterns have been analyzed, the expression was
ubiquitous. Arabidopsis coexpression databases allow for visu-
alization of gene-to-gene relationships in gene networks by
connecting the most correlated genes, which may suggest po-
tential protein-protein interactions or underlying biological net-
works. Therefore, this type of analysis can help to identify genes
that might be central for a given physiological process. To im-
plement this approach, we took advantage of the ATTED-II da-
tabase of gene coexpression in Arabidopsis (Obayashi et al.,
2009) and constructed an undirected gene coexpression network
(Figure 2; see Methods for details). The network contained 297
nodes (i.e., genes) and 606 edges (Supplemental Data Set 3 and
Supplemental Figure 2) and was further analyzed using the
Cytoscape network analysis framework to identify and visualize
clusters of genes whose expression is correlated and therefore
may form a functional group. A scale-free biological network,
such as a gene coexpression network, shows the distribution of
a node connectivity that follows a power law and as a conse-
quence, some nodes have many locally connected neighbors
and are characterized by high degree centrality (DC). In addition,
nodes that are part of the shortest route between two arbitrary
nodes in the network often control the communication between
network modules and are represented by high between-ness
centrality (BC) measures. Therefore, we can differentiate between
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local and global importance of a particular node by analyzing its
centrality. Out of the 35 analyzed ENTH genes, EPSINs 1, 2, and
3 and ECA1 were the only ones with high centrality measures.
EPSIN2 and ECA1 were among the 10 genes with the highest
DC, but they showed low BC values, suggesting that they may
function locally inside larger modules (Yu et al., 2007). Con-
versely, BC has been described as a common attribute of
globally essential nodes in biological networks (Joy et al., 2005;
Yu et al., 2007). Among the 10 genes with the highest BC, we
identified MTV1, EPSIN1, and EPSIN3. None of these nodes
showed high DC, suggesting that these genes may act as

major intersections between network clusters and mediate
crosstalk (Joy et al., 2005).
EPSIN1 formed a coexpression cluster with genes encoding

members of the conserved oligomeric Golgi complex, the exo-
cyst complex (SEC6 and SEC8), and other known membrane
trafficking genes (DYNAMIN-LIKE 1C, VPS11, B-COPa, SYT5,
and AP-4e) (Figure 2; for gene identifiers, see Supplemental
Data Set 3). The proximal coexpression cluster contained two
members of the ESCRT complex (ALIX and LIP5), the ADP ri-
bosylation factor GTPase-activating protein AGD5, and several
members of the TOL gene family. Both modules were connected

Figure 1. Phylogenetic Analysis of Arabidopsis ENTH/ANTH/VHS Domain-Containing Proteins.

Midpoint-rooted maximum likelihood tree of 35 Arabidopsis ENTH/ANTH/VHS domain-containing genes. See Methods for details of analysis. Common
names for genes described in the literature in bold, preceding the AGI. Segments of the rainbow-colored bar indicate the presence/absence of a clear
homolog in at least one of the species indicated. For consistency, features and domains referred to in previous works are also indicated in columns (1)
and (2). Rough domain topology is shown on the right, with approximate length and placement of N-terminal domains. The structurally most similar
protein is also given, according to the Phyre2 prediction.
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via MTV1, the node with the highest value of between-ness
centrality among the analyzed ENTH genes. Thus, the unique
topological features of the MTV1 node may contribute to the
striking ubiquitous phenotype of the mtv1 agd5 double mutant
(Sauer et al., 2013).

Using the AmiGO annotation and ontology toolkit (Carbon
et al., 2009), we analyzed the gene ontology (GO) term enrich-
ment for the 297 nodes of the coexpression network. Among the
enriched Biological Process GO terms, we identified GO:0009827
(plant-type cell wall modification, 16 times above background)

Figure 2. Transcriptional Network Analysis of Arabidopsis ENTH/ANTH/VHS Genes.

Graphical representation of the coexpression network analysis. See text for details and Supplemental Figure 2 and Supplemental Data Set 3 for gene
identifiers.
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and GO:0048868 (pollen tube development, 12 times above
background). This is in agreement with the fact that secretion and
endocytosis are key processes for cell wall formation and pollen
tube outgrowth. Interestingly, the network contained 35 kinase
genes that made the GO:0016301 (kinase activity) the most en-
riched GO term in the Molecular Function category. As many of
these kinases are directly coexpressed with particular ENTH
genes and there is evidence for regulation of Epsin-like proteins
by phosphorylation (see below), they are interesting targets for
future studies.

EPSINs AND OTHER ENTHs: FUNCTIONALLY DIVERSE IN
POST-GOLGI TRAFFIC

Of the six plant proteins in the ENTH domain group, two have
been functionally characterized, and despite their similarity, they
appear to be involved in distinct processes. Song et al. (2006)
generated antibodies against Arabidopsis EPSIN1/EPSIN1R
(AT5G11710) to examine patterns of localization and confirmed
that EPSIN1 is a soluble protein that is expressed in a wide
range of tissue types. Its subcellular localization was studied in
transiently transformed protoplasts, where a punctate and (in
unfixed samples) a network-like pattern was observed. Treat-
ment with the actin-depolymerizing drug Latrunculin B led to
loss of the network pattern and loss of colocalization with an
actin marker; this might hint at association with actin filaments.
Whether the punctate pattern indeed reflects a partial Golgi and
prevacuolar compartment (PVC) localization is not entirely clear.
Song et al. observed partial colocalizations with the Golgi
marker ST-GFP (green fluorescent protein), the TGN marker
vSNARE VTI11, and the late endosome (LE)/PVC marker SYP21/
PEP12p:HA and also show colocalization with clathrin, which by
current knowledge is expected at neither the Golgi nor the LE/
PVC. It was not indicated whether clathrin heavy or light chain
(CHC or CLC) were detected, but both localize mainly to PM and
TGN, with differences in dynamics and localization patterns
(C. Wang et al., 2013). Since the EPSIN1 constructs were not
tested for functionality, and only transient expression assays
were used, the definitive localization of endogenous EPSIN1
cannot be inferred from these data. It is possible that the
observed punctate localization corresponds to a yet un-
characterized endomembrane compartment between the
TGN and the LE/PVC or subspecies of the TGN or LE/PVC
that are not labeled by conventional TGN or LE/PVC markers,
respectively (Figure 3). However, biochemical evidence
corroborates both VTI11 and clathrin interactions (Table 1
lists all known interactors from the plant literature). Epsin1
binds to clathrin through its C-terminal domain, where a canonical
clathrin binding motif LIDL is required for the interaction (Song
et al., 2006). This motif is conserved in all tested homologs from
the species analyzed in Figure 1. The C terminus also binds
specifically and directly to the ear domain of g-Adaptin1 of the
AP-1 complex. Three recent publications place AP-1 firmly in the
late secretory pathway at the TGN, and loss of function of its
central m1 subunit AP1M leads to strong defects in delivery of
vacuolar cargo and cell plate material (Park et al., 2013; Teh et al.,
2013; J.-G. Wang et al., 2013). This is in line with the earlier finding

that the m1 subunit of AP-1 interacts with VACUOLAR SORTING
RECEPTOR (VSR) (Happel et al., 2004). Correspondingly, a partial
loss-of-function epsin1 mutant showed defects in delivery of
vacuolar cargo (Sporamin-GFP; Song et al., 2006). Taken to-
gether, it appears that Arabidopsis EPSIN1 is an accessory pro-
tein for AP1-dependent post-Golgi trafficking events. Whether it
is involved in a functional spectrum as broad as that of AP-1
(vacuolar sorting, secretion, and cytokinesis) or rather is spe-
cialized for vacuolar trafficking events remains to be seen. Also
unclear is whether EPSIN1 is essential because data from a full
loss-of-function mutant is lacking.
The other characterized member is Arabidopsis EPSIN2/EP-

SINR2 (AT2G43160), which was shown to bind PI(3)P in a lipid
overlay experiment (Lee et al., 2007). This is surprising because
this activity depended on conserved amino acids (R69 and K82)
that also are strictly conserved in mammalian Epsins (rEpsin1,
hEpsin1, and 2), where they are critical for binding PI(4,5)P2
(Ford et al., 2002). EPSIN2 binds clathrin via a motif (LADVF) that
resembles a degenerate clathrin box, and multiple additional
binding sites on its Met-rich C-terminal side. Interestingly, the
LADVF motif is not strictly conserved in EPSIN2 homologs from
other plant species, but it is unknown whether the degenerate
motifs of other species are functionally equivalent. Phylogenetic
footprinting might be a straightforward approach to enhance our
understanding of such degenerate motifs and help to predict
protein function. EPSIN2 binds to the d-subunit of the AP-3
complex and, to a much lesser degree, to the a-subunit of the
AP-2 complex (Table 1). Consistent with the AP-3 binding data,
EPSIN2 colocalizes with d adaptin on punctate structures. Little
to no colocalization of these punctae was observed for VSR1,
Golgi, or the EE markers Ara6 or endocytosed FM4-64 (after 3
h). Although colocalization with clathrin and a subset of VTI12
might suggest a localization at the TGN, the steady state dis-
tribution of VTI12 likely labels a TGN/PVC continuum.

Figure 3. Known Subcellular Localizations of ENTH/ANTH/VHS Proteins

Proteins are color-coded according to their N-terminal domain. C1 stands
for a hypothetical endomembrane compartment involved in sorting cargo
for degradation, and C2 is a not fully characterized compartment where
EPSIN1 localizes, apparently distinct from TGN and PVC/MVB (Song
et al., 2006). ER, endoplasmic reticulum; PM/CP, plasma membrane/cell
plate.
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More recent studies clearly implicate the AP-3 complex in
post-Golgi transport to the vacuole (Niihama et al., 2009; Feraru
et al., 2010) and moreover suggest an interaction with clathrin
(Zwiewka et al., 2011). Interestingly, mutants in AP-3 function
(pat2 in AP-3 b, pat4 in AP-3 d, or dominant-negative AP-3 m)
only affect part of the vacuolar traffic, as transport of lytic, but
not storage vacuolar cargos, is impaired (Feraru et al., 2010;
Zwiewka et al., 2011). In addition to soluble cargo that is delivered
to the lumen of the vacuole, tonoplast-resident membrane pro-
teins also are differentially dependent on AP-3 function: The
sucrose transporter SUC4 is blocked at the Golgi under AP-3
deficiency, while the inositol transporter INT4 is still properly
transported (Wolfenstetter et al., 2012). Based on the current
data regarding EPSIN2 and AP-3, it seems plausible that they
interact at a Golgi-derived endosome, which may simply rep-
resent a subpopulation of the TGN, but could be a more se-
parate entity (Figure 3). The PI3P binding of EPSIN2 seems
surprising at first, since PI3P in plants so far has been associ-
ated with LE/PVC, and neither EPSIN2 or AP-3 colocalize with
commonly used markers for the LE/PVC. However, mammalian
AP-3 also preferentially binds PI3P (Baust et al., 2008); there-
fore, it would be worthwhile to see whether a discrete, AP-3-,
EPSIN2-, and clathrin-dependent vacuolar trafficking pathway
starts at a PtdIns(3)P-enriched endomembrane compartment or
subdomain relatively near the Golgi.

EPSIN3 (AT3G59290) is similar to EPSIN2 (>60% sequence
identity), but no functional analysis has been performed to date.
Our preliminary analysis suggests that it might be absent in
monocotyledons (Figure 1). The other three members of the
ENTH group remain uncharacterized. It is striking that they are
very short proteins, containing not much more than the ENTH
domain itself. It is therefore unclear whether their C termini are
sufficient to function as adaptors in CCV formation or whether
they might adopt other, perhaps regulatory roles by out-
competing “true” EPSINs at phosphoinositide-rich sites in the
membrane.

ANTHs: A LARGE GROUP INVOLVED IN ENDOCYTOSIS

As noted above, our phylogenetic analysis shows that the ANTH
group has the most members (Figure 1). Based on topology and
additional criteria, we define a core ANTH group that contains
the eight ANTH genes previously identified in the phylogenetic
analysis of Holstein and Oliviusson (2005), who further sub-
divided those proteins into two subclades based on the pres-
ence or absence of a functionally important NPF domain (in
plants, this is a DPF motif). This core group contains all ANTH
proteins that have been characterized to date. We define two
additional groups “A1” and “A2,” mainly based on protein

Table 1. Known Interactors of Arabidopsis ENTH/ANTH/VHS Proteins

Name Interactor Technique Localization Reference

AP180 AT5G22780 a adaptin (AP-2) Pull-down n.d. Barth and Holstein (2004)
AT1G05020
ECA1 AT2G01600 TML Affinity purification + MS, CoIP n.d. Gadeyne et al. (2014)

AT5G57460
Clathrin heavy chain Pull-down (specific for C-terminus

of ECA1)
PM, early CP, TGN Song et al. (2012)

ECA2 n.d. n.a. PM, endosomes Song et al. (2012)
AT1G03050
ECA4 n.d. n.a. PM, CP, endosomes Song et al. (2012)
AT2G25430 TML Affinity purification + MS, CoIP n.d. Gadeyne et al. (2014)

AT5G57460
CAP1 AT4G32285 TML Affinity purification + MS, CoIP n.d. Gadeyne et al. (2014)

AT5G57460
EPSIN1 (EPSINR1) Clathrin heavy chain, g-ADR

(g-AP-1 homolog), VTI11, VSR1
Pull-down (specific for C terminus) Punctate structures Song et al. (2006)

AT5G11710 VTI11, VSR1 Pull-down (specific for ENTH domain)
KRP4 AT2G32710 TAP-Tag n.d. Van Leene et al. (2010)

EPSIN2 (EPSIN2R) Clathrin heavy chain
(weakly with AP-2 a-adaptin)

Pull-down (specific for two domains
in the C terminus)

Punctate structures Lee et al. (2007)

AT2G43160 AP-3 d-adaptin, VTI12 Pull-down (specific for the
ENTH domain)

Ubiquitin3 Affinity-capture MS Igawa et al. (2009)
TOL2 Ubiquitin Pull-down n.d. Korbei et al. (2013)
AT1G06210
TOL6 Ubiquitin Pull-down n.d. Korbei et al. (2013)
AT2G38410
MTV1 Clathrin heavy chain Pull-down (specific for C terminus

of MTV1)
TGN, CCVs Sauer et al. (2013)

AT3G16270

n.d., not determined; n.a., not applicable; CP, cell plate; MS, mass spectrometry; CoIP, coimmunoprecipitation.
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length, but none of them has been characterized in further detail,
and three of the five members seem to be restricted to the
Brassicaceae. At-AP180 (AT1G05020) was the first plant ANTH
protein identified (Barth and Holstein, 2004). It was isolated due
to its high similarity to the mammalian AP180 homolog CALM
and binds to the ear region of the AP-2 a-subunit with high af-
finity (Table 1). Binding requires the DPF motif in the C terminus,
which is conserved in its homologs. It also binds clathrin through
uncharacterized motifs on the C terminus. Clathrin reassembly
experiments show that the C terminus of At-AP180 is sufficient
to drive formation of regular clathrin cages and that a conserved
DLL motif is required for this function. So far, there is no direct
data about At-AP180 subcellular localization, phosphoinositide
binding, or in vivo function, but from its clathrin binding and
association with AP-2, it is no far stretch to assume that At-
AP180 plays a role in clathrin-dependent endocytosis at the PM:
AP-2 is an endocytic adaptor in animals (reviewed in Robinson
2004) and AP-2 homologs are found throughout the eukaryotes.
AP-2 is not always strictly required for clathrin-mediated endo-
cytosis (CME): It is dispensable in yeast (Huang et al., 1999) but
essential in mammalian cells. In plants, the functional charac-
terization of AP-2 has been reported only recently by several
independent groups. Various mutants in AP-2 subunits show
impaired CME and developmental aberrations that presumably
are the consequence of these cellular defects. These results, plus
the dynamic spatiotemporal localization of AP-2 components at
the PM, support the notion that AP-2 is an early adaptor complex
for clathrin recruitment/assembly (Di Rubbo et al., 2013; Fan et al.,
2013; Kim et al., 2013; Yamaoka et al., 2013) in plant endocytosis.

For another three ANTH proteins, involvement in CCV for-
mation at the cell plate has been postulated (Song et al., 2012).
GFP-tagged ECA1 (AT2G01600), ECA2 (AT1G03050), and ECA4
(AT2G25430) (and ECA1-specific antibody signal) localize to the
PM and the nascent cell plate and to some extent to punctate
structures (Figure 3). In the case of ECA1, these punctae were
further identified as EEs, mainly via colocalization with early
endocytosed FM4-64 and colocalization also after treatment
with Brefeldin A (BFA; Song et al., 2012). Analysis of spatio-
temporal dynamics of ECA1 labeling at the nascent cell plate
revealed a pattern that is suggestive of a role in endocytosis
from the forming cell plate (reviewed in Jürgens, 2005). ECA1
arrives somewhat later than the fusogenic factors KNOLLE and
DRP1C and also later than membrane material of incoming
vesicles labeled with FM-4-64. However, it arrives earlier than
the clathrin light chain, with which it colocalizes perfectly later
on. Further corroborating a role in CME at the maturing cell
plate, pull-down assays showed that ECA1 binds clathrin via
a yet unidentified motif(s) on its C terminus (Table 1). No direct
association with the alpha AP-2 adaptin AP2A2 subunit was
found in this work, which might seem in conflict with later
findings (see below), but more evidence is needed to determine
whether there is indeed no involvement in AP-2 related CME.
Currently, there is no direct data on the physiological function of
ECA1, ECA2, or ECA4. It is likely that higher order loss-of-
function mutant combinations would need to be tested in order
to overcome an expected functional redundancy.

Evidence for a role of ECA4 and another related ANTH protein,
CAP1 (AT4G32285), in CME comes from the recent identification

of the TPLATE complex (Gadeyne et al., 2014), a tightly inter-
acting multiprotein complex that includes ECA4 and CAP1. The
eponymous TPLATE protein was originally identified as a factor in
cytokinesis and pollen development with some similarity to other
adaptor proteins (Van Damme et al., 2006). It is now clear that the
TPLATE complex is essential for CME in plants both at the PM as
well as the cell plate. It operates in concert with the AP-2 com-
plex; indeed, AP2A1 and AP2S form part of the TPLATE complex
network. However, AP-2 and TPLATE are not unvariably linked,
and there are also isolated subpopulations of TPLATE as well
as AP-2 at the PM, which indicate that each may serve
a unique, nonoverlapping role. It seems that ECA4 and CAP1
interact directly with TML, one of the core components of the
TPLATE complex (Gadeyne et al., 2014) (Table 1); however,
an interaction study in the absence of any remaining bridging
factors, such as clathrin, has not been performed to date. It
will be interesting to see whether CAP1 and ECA4 indeed are
specific accessory proteins for the TPLATE complex or if they
can also associate with AP-2 and with what affinity. Even more
telling would be a similar analysis for ECA1, which is phyloge-
netically far more distant from the former two (Figure 1). A more
systematic analysis of ANTH interactions and their physiological
roles would contribute to our understanding of CME in plants, as
well as the bigger picture of evolution and specialization of CME
in eukaryotes. Although the TPLATE complex has no clear ho-
mologs in animals and fungi, a recent analysis found the homol-
ogous TSET complex in a wide range of eukaryotic taxa, so it
appears TPLATE/TSET is an evolutionarily ancestral complex that
has been lost secondarily in some clades (Hirst et al., 2014).
As described above, all ANTH proteins characterized to date

play a role in endocytosis. Most likely, the phosphoinositide
binding properties of the ANTH domain itself are responsible for
a strong affinity to the PM and nascent cell plate. Whether en-
docytosis at the PM and the cell plate are identical in terms of
machinery is currently not known, but so far there is no evidence
to suggest that this not the case. Whether ANTH proteins have
additional non-PM-associated functions or if plant ENTH pro-
teins under certain circumstances play a role in endocytosis is
not known. In pull-down experiments using AP-2 a as bait, no
plant EPSIN was found using mammalian anti-Epsin antibodies
(Barth and Holstein, 2004), which hints to exclusive use of
ANTHs in AP-2 related endocytosis, but more detailed studies
would be needed for a conclusive answer.
In this respect, the outlier AT3G61800 (which we placed in

group “U” on its own; Figure 1) is interesting because in this tree
topology it is placed in between the ANTH and the ENTH group,
though the branch is not supported with high confidence. No
data about its localization, function, or gene expression are
available. Structural analysis by Phyre2 reveals that its N ter-
minus closely resembles that of the VHS domain of the hu-
man Golgi-localized, g ear-containing, ARF binding protein 3
(hsGGA3), which is involved in the recycling of cargo to the PM
from a sorting endosome (Parachoniak et al., 2011). Whether in
Arabidopsis AT3G61800 is involved in a recycling pathway to
the PM or, as suggested by other studies on human GGA
(Puertollano et al., 2001), in vacuolar transport is currently not
known.
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TOLs: COUPLING ENDOCYTOSIS AND
LYSOSOMAL DEGRADATION

LE/PVCs are membrane-delineated structures that contain small
internal membrane-clad vesicles and are therefore called mul-
tivesiculate bodies (MVBs). The formation of the intraluminal
vesicles topologically is entirely different from endocytosis or
vesicle formation at the TGN because it requires negative mem-
brane curvature (i.e., away from the cytosol). Correspondingly, the
machinery involved in membrane reshaping is very different from
that which drives the positive curvature in COP or CCV formation
and will not be covered here (Wollert and Hurley, 2010; for an
overview, see Henne et al., 2011). However, MVB formation also
initiates with cargo recognition and recruitment of the remodeling
machinery; in this aspect, it is not different from other vesicle-
generating mechanisms.

The stepwise process of cargo recognition to intraluminal
vesicle generation is performed by a series of protein complexes
termed ESCRT-0 to ESCRT-III. The process and the machinery
are highly conserved between the eukaryotic kingdoms, with
one notable exception: ESCRT-0, which recognizes and sorts
cargo and recruits ESCRT-I, is absent in plants. Instead, there is
evidence that a group of proteins termed TARGET OF RAPA-
MYCIN LIKEs (TOLs) carries out a function comparable to that of
ESCRT-0 (Korbei et al., 2013; for a mini review on the topic, see
Sauer and Friml, 2014). This divergence regarding ESCRT-0 func-
tion is linked to another difference between plants and animals,
with respect to the location of MVB formation: In animals, this
process occurs on EEs that are commonly conceptualized as
a sorting station for endocytosed cargo. The major phosphoi-
nositide on the bounding membrane is PtdIns(3)P (Gillooly et al.,
2000). The animal ESCRT-0 constituent HRS (Vps27 in yeast)
binds PtdIns(3)P with high affinity through its FYVE domain, and
is thus recruited to the EE. In plants, however, the sorting
functions of the EE are performed by the TGN (Dettmer et al.,
2006; Viotti et al., 2010), which is poor in PtdIns(3)P. Corre-
spondingly, plant TOLs lack a FYVE domain.

The location of the interaction between TOLs and endocy-
tosed polyubiquitinated membrane proteins destined for deg-
radation is not clear at present. Interestingly, Mayers et al. (2013)
identified a FEI complex that seems to recruit ESCRT-0 to a subset
of clathrin coated pits on the plasma membrane in Caenorhabditis
elegans. Loss of the complex does not affect the overall rate of
clathrin-mediated endocytosis but specifically inhibits degradation
of lysosomal cargo. Thus, the cargo-ESCRT-0 interaction is
expected to begin at the PM, before reaching the endosome,
and could play a role in concentrating cargo. It is unknown
whether in plants the TOL-cargo interaction also occurs at the
PM, but the data so far do not exclude this possibility. Further
studies on phosphoinositide binding and interactors and de-
tailed data on localization and dynamics should answer these
questions. Interestingly, some of the results of Korbei et al.
(2013) suggest that TOLs themselves might be subject to dy-
namic spatiotemporal regulation of their abundance at or close
to the PM, which could be a means to modulate the endocy-
tosis and degradation of PM effector proteins, such as chan-
nels, transporters, or receptors. The underlying mechanisms,
however, are currently not known.

MTV1: A PLANT OUTSIDER?

Phylogenetic analysis shows MODIFIED TRANSPORT TO
VACUOLE1 (MTV1) (AT3G16270) as the only member of a very
distant clade (Figure 1) that seems to be conserved throughout
the plant kingdom. Its sequence is so divergent that it has not
been included in the largest phylogenetic analysis of the ENTH/
ANTH/VHS superfamily in eukaryotes (De Craene et al., 2012).
Nevertheless, its N terminus bears all hallmarks of an ENTH
domain; indeed, before its functional characterization, MTV1
was subjected to structural NMR analysis (López-Méndez et al.,
2004), and a comparison to known protein structures using
Phyre2 reveals human Enthoprotein as the best scoring hit. A
screen for mutants impaired in vacuolar transport (Sanmartín
et al., 2007) identified a mtv1 loss-of-function mutant, andMTV1
was characterized functionally and biochemically (Sauer et al.,
2013). Loss of MTV1 leads to mis-sorting of several endogenous
and chimeric vacuolar marker proteins, which instead are se-
creted to the extracellular space. MTV1 localizes to the TGN,
where it colocalizes with SYP61, VHA-a1, and CLC (Figure 3). It
is also strongly enriched on purified CCVs, together with VSR1
and the g-subunit of AP-1. Biochemical data show that it binds
CHC via a single or multiple unknown motifs in the C-terminal
region (Table 1). A candidate could be a LIDTG motif, which is
highly conserved among all plant homologs, but this is yet un-
proven.
Another player in vacuolar transport was identified from the

same screen (Sanmartín et al., 2007), the ARF-GAP5 NEVERSHED
(AGD5/NEV) protein, which was previously identified as a factor
required for floral organ abscission (Liljegren et al., 2009). In-
triguingly, we found MTV1 and AGD5/NEV highly coexpressed in
our network analysis (see above), hinting at a physiological link.
Indeed, a mtv1 agd5/nev double mutant shows a dramatically
enhanced overall phenotype (dwarfism) and strongly enhanced
defects in vacuolar sorting, suggesting that MTV1 and AGD5/
NEV act in a common pathway. This notion is supported by
virtually identical expression patterns and complete colocaliza-
tion at the TGN. Treatment of Arabidopsis cells with the traf-
ficking inhibitor Brefeldin A causes the TGN to aggregate in
so-called BFA bodies (Langhans et al., 2011). Intriguingly, both
MTV1 and AGD5/NEV localize to the periphery of the BFA body,
which may indicate the presence of different types of TGN.
However, at present, this is speculation, and it may be that this
localization simply reflects TGN from which CCVs are budding.
Indeed, clathrin itself shows similar behavior upon BFA treat-
ment (Ito et al., 2012). Both MTV1 and AGD5/NEV were shown
by immunogold labeling to reside on purified CCVs. Currently,
there is no way to determine the origin of these CCVs, but it
seems reasonable to assume that they formed at the TGN, and
the fact that loss of function of either MTV1 or AGD5/NEV leads
to defective vacuolar transport suggests that their destination is
the vacuole or the prevacuolar compartment. There is now ev-
idence that, like in animals, the plant LE/PVC matures from the
TGN (Scheuring et al., 2011). It was therefore suggested that
vacuolar transport from the TGN does not involve CCVs. This is
currently an ongoing debate (reviewed in Robinson and Pimpl,
2014) with experimental evidence on both sides. For definitive
proof, CCVs would have to be traced from their origin to their
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destination, an experimentally daunting task, especially given
the fact that the clathrin coat disassembles prior to fusion with
the target membrane. Unless definite evidence is gathered, it
seems prudent to assume that both TGN maturation as well as
CCVs are mechanisms of vacuolar transport.

OPEN QUESTIONS

Functional Redundancy: Robustness versus Specificity

In the phylogenetic analysis, it is striking that some of the sub-
groups contain many members among the vascular plants
(namely, the ANTHs and the TOLs), but only few of them have
clear homologs in the more distantly related bryophyte and algal
lineages. From a functional perspective, this expansion in the
vascular plants could signify either specialization or increased
robustness. Both ANTHs and TOLs are likely to be involved in
processes at the PM, controlling the amounts of proteins by
endocytosis and targeting for degradation. Since many PM
proteins are regulators that interface with the environment
(receptors, channels, transporters, etc.), it is conceivable that
along with a more complex architecture and lifestyle, higher
demands on a robust interaction with the environment have
evolved. This seems to be the case for the TOLs where there is
significant functional overlap: Only a quintuple mutant shows
a phenotype and the patterns of expression broadly overlap
(Korbei et al., 2013). This is consistent with increased robust-
ness, reflecting on the importance of this pathway. For the
ANTHs, insufficient functional data are available and further
studies, including higher order mutants and expression analy-
ses, are needed to elucidate functional specificity in this group.

Posttranslational Regulation

In animals, Epsins are phosphorylated during mitosis, resulting
in lower affinity toward adaptor proteins (Chen et al., 1999;
Kariya et al., 2000). In plants, to date, there is no evidence for
phosphorylation, although it was speculated that At-AP180 is
regulated via phosphorylation by a casein kinase because of the
presence of four conserved casein kinase substrate sites in its
primary sequence (Barth and Holstein, 2004). EPSIN1 was found
as an interactor of the cyclin-dependent kinase inhibitor KIP
RELATED PROTEIN4 (KRP4) in a TAP-Tag experiment (Van
Leene et al., 2010), but whether this is related to a role of EPSIN1
in the cell cycle or a KRP4-dependent modulation of EPSIN1
activity has not been addressed experimentally to date. In ani-
mals, GGA proteins (which are similar to plant TOLs) can be
phosphorylated by casein kinases associated with AP-1, and this
phosphorylation modulates the affinity for membranes (Doray
et al., 2002). Whether plant TOLs undergo a similar mechanism of
regulation is unknown. In summary, the posttranslational modu-
lation of ENTH/ANTH/VHS proteins is largely uncharted territory,
and we expect important insights from its study in the future.

Phosphoinositide Binding

Vesicle formation is influenced by membrane phosphoinositide
composition, yet our understanding of composition and also of

phosphoinositide-specific interactions is limited in plants. In-
dependently of the ENTH/ANTH/VHS proteins, it would be
desirable to have a better understanding of how membrane
phosphoinositide composition influences and guides the activity
of regulatory effector proteins. Of all proteins covered in this
review, phosphoinositide binding data are available only for
EPSIN2, which predominantly binds PtdIns(3)P (Lee et al., 2007).
Interestingly, Lee et al. (2007) indicate that they could not dem-
onstrate phosphoinositide binding activity for EPSIN1, which
might suggest that the commonly used lipid overlay (“fat blot”)
technique is not the most suitable for this type of analyses. For
mammalian Epsin, a high-resolution crystal structure in presence
of d-myo-inositol-1,4,5-triphosphate has identified several key
amino acids forming an interaction site that can accommodate
PtdIns(4,5)P2 (Ford et al., 2002). Given that the ENTH domains are
relatively well conserved between animals and plants, it might be
possible to predict whether a similar binding interface is present
in one of the plant ENTH proteins. Indeed, high affinity for PtdIns
(4,5)P2 in any of the known plant Epsins would be a surprise,
since this should go along with localization in the PM, in contrast
to the currently reported localizations.

SUMMARY

Based on our phylogenetic analysis and by extrapolating find-
ings from the literature, we propose a functional classification in
which ENTH-containing proteins such as EPSINs and MTV1
play roles in post-Golgi (presumably vacuolar) transport, while
ANTH-containing proteins are involved in endocytosis, and
TOLs are required for the selection of PM-derived cargo for
vacuolar degradation (Figure 3). We believe this classification is
the most plausible based on the current knowledge. Because
the data are still limited and many open questions remain, this
classification should be taken as a work in progress.

METHODS

Phylogenetic Analysis

From the TAIR10 database, all proteins with an Interpro domain
IPR008942=ENTH/VHS were selected. This group includes also proteins
with a VHS-like domain in the center, rather than at the N terminus (see
main text), which were excluded from further analysis. AGIs of excluded
proteins are AT2G36480, AT2G36485, AT3G26990, AT4G04885,
AT5G10060, AT5G10800, AT5G25060, and AT5G65180. Alignments of
the remaining 35 proteins were performed using the ProbCons algorithm
(Do et al., 2005), with two passes of consistency transformation, no
pretraining, and 100 passes of iterative refinement. Phylogenetic analysis
was performed using MEGA6 (Tamura et al., 2013), using the maximum
likelihood method based on the JTT matrix-based model (Jones et al.,
1992) and 1000 bootstrap replicates. A midpoint-rooted tree with the
highest log likelihood (27744.0359) is shown in Figure 1. Bootstrap values
are indicated above the branches. Initial trees for the heuristic search were
obtained by applying the neighbor-joining method to a matrix of pairwise
distances estimated using a JTT model. The tree was drawn to scale, with
branch lengths measured in the number of substitutions per site. All
positions with <95% site coverage were eliminated. That is, fewer than
5% alignment gaps, missing data, and ambiguous bases were allowed at
any position. There were a total of 124 positions in the final data set. For
the presence/absence analysis of homologs in other species (Volvox
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carteri, Chlamydomonas reinhardtii, Physcomitrella patens, Sellaginella
moellendorffii, Oryza sativa, Sorghum bicolor, Zea mays, Vitis vinifera,
Teobroma cacao, Carica papaya, Arabidopsis thaliana, Arabidopsis lyrata,
Capsella rubella, Medicago truncatula, Glycine max, and Populus tri-
chocarpa), we obtained sequences from the suggested protein homologs
of Phytozome v10.0.2. The top three hits were chosen for subsequent
reciprocal BLAST analysis, plus any other hit with a similarity greater than
50%. Splice isoforms, fragments, and duplicate entries were discarded.
Reciprocal BLAST was performed locally using PrfctBlast v.2 with the
TAIR10 database (Santiago-Sotelo and Ramirez-Prado, 2012). Only pro-
teins that returned the original Arabidopsis query as first hit were retained
for further analysis.

Transcriptional Network Analysis

From the manually curated list of the 35 Arabidopsis ENTH-domain
containing genes, seven loci (AT1G14686, AT3G08790, AT3G61800,
AT4G02650, AT4G32285, AT5G01760, and AT5G10410) are not repre-
sented in the microarray database and therefore could not be included in
our analysis. The remaining genes were used as seeds in the ATTED-II
(Obayashi et al., 2009) database, using default conditions. We chose to
restrict the protein-protein interaction data to reduce a possible bias
toward better characterized genes. Node centrality analysis was per-
formed in the Cytoscape framework environment using the Hubba plug-in
(Shannon et al., 2003; Lin et al., 2008).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL/TAIR
data libraries under the following accession numbers: ECA2, AT1G03050;
AP180, AT1G05020; TOL2, AT1G06210; AT1G08670; AT1G14686;
AT1G14910; TOL3, AT1G21380; AT1G25240; AT1G33340; AT1G68110;
TOL4, AT1G76970; ECA1, AT2G01600; AT2G01920; ECA4, AT2G25430;
AT2G36480; AT2G36485; TOL6, AT2G38410; EPSIN2, AT2G43160; TOL8,
AT3G08790; MTV1, AT3G16270; AT3G23350; AT3G26990; AT3G46540;
EPSIN3, AT3G59290; AT3G61800; AT4G02650; AT4G04885; AT4G25940;
CAP1, AT4G32285; TOL9, AT4G32760; AT4G40080; TOL7, AT5G01760;
AT5G10060; AT5G10410; AT5G10800; EPSIN1, AT5G11710; TOL1,
AT5G16880; AT5G25060; AT5G35200; AT5G57200; TOL5, AT5G63640;
AT5G65180; AT5G65370.
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