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The plant trans-Golgi network (TGN) is a central trafficking hub
where secretory, vacuolar, recycling, and endocytic pathways
merge. Among currently known molecular players involved in
TGN transport, three different adaptor protein (AP) complexes
promote vesicle generation at the TGN with different cargo spec-
ificity and destination. Yet, it remains unresolved how sorting into
diverging vesicular routes is spatially organized. Here, we study
the family of Arabidopsis thaliana Epsin-like proteins, which are
accessory proteins to APs facilitating vesicle biogenesis. By com-
prehensive molecular, cellular, and genetic analysis of the EPSIN
gene family, we identify EPSIN1 and MODIFIED TRANSPORT TO
THE VACUOLE1 (MTV1) as its only TGN-associated members. De-
spite their large phylogenetic distance, they perform overlapping
functions in vacuolar and secretory transport. By probing their re-
lationship with AP complexes, we find that they define two mo-
lecularly independent pathways: While EPSIN1 associates with AP-1,
MTV1 interacts with AP-4, whose function is required for MTV1
recruitment. Although both EPSIN1/AP-1 and MTV1/AP-4 pairs re-
side at the TGN, high-resolution microscopy reveals them as spa-
tially separate entities. Our results strongly support the hypothesis
of molecularly, functionally, and spatially distinct subdomains of
the plant TGN and suggest that functional redundancy can be
achieved through parallelization of molecularly distinct but func-
tionally overlapping pathways.
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he trans-Golgi network (TGN) is a major sorting hub of the

plant endosomal system. It is a blebbing, tubular-reticular
membrane structure usually found in close vicinity to the trans
side of Golgi stacks, from which it originates (1). At least four
important pathways merge at this morphologically and func-
tionally independent entity. This includes the anterograde routes
of secretory, recycling, and vacuolar transport, as well as the
retrograde endocytic pathway (reviewed in ref. 2). All instances
of cargo exit and entry involve mobile vesicles. Given the wide
range of cargo types and destinations, it is currently not clear
how sorting of cargo and distribution into different vesicles are
organized at the molecular level. A current hypothesis in the
field is the presence of distinct TGN subdomains with differing
molecular makeup and cargo affinity that define specific trans-
port routes. There is some evidence hinting at the presence of
such subdomains or molecularly distinct TGN populations (3-7),
but many details remain unclear.

Controlled exit from the TGN requires molecular machinery
to recognize, sort, and pack cargo proteins into vesicles. Adaptor
protein (AP) complexes and their associated accessory proteins
of the Epsin type are important components for clathrin-coated
vesicle (CCV) generation. AP complexes are heterotetrameric
complexes that are recruited to sites of incipient CCV formation
and serve as molecular bridges between cargo receptors and
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clathrin coat components. They sort and concentrate cargo into
clathrin-coated pits and also contribute to the actual coat for-
mation. In Arabidopsis, four functional AP complexes, AP-1
through AP-4, have been reported. A fifth, AP-5, complex might
be missing in land plants because the AP-5 o-subunit appears to
have been lost (8). While many details still await elucidation, the
general roles of the APs are endocytosis at the plasma mem-
brane (PM) (AP-2) and anterograde transport of cargo from the
TGN to the vacuoles/tonoplast as well as the apoplast/PM (AP-1,
AP-3, AP-4) (reviewed in ref. 9). Although functional differences
are known, the molecular details are only slowly emerging.

In contrast to APs, little is known about plant Epsin-type ac-
cessory proteins. Most of our knowledge stems from studies of
their conserved counterparts in animals and yeast. Generally,
Epsins interact with the appendage/ear domains of large adaptin
subunits present in all APs (10). The large, unstructured C-terminal
part of Epsins contains motifs for this interaction as well as for
interaction with clathrin. The N terminus contains an Epsin
N-terminal homology (ENTH) domain that recognizes specific
phosphoinositides in the donor membrane, triggering a confor-
mational change that leads to partial insertion of an a-0-helix into
the cytoplasmic leaflet (11). This facilitates membrane bulging and
might also exert destabilizing functions to enable scission of the
vesicle (12, 13). Furthermore, Epsins can interact with ubiquitin,
certain types of cargo molecules, and actin, making them ver-
satile adaptor/accessory proteins in vesicular transport (reviewed
in ref. 14).

Significance

This is a comprehensive study of Epsin-like accessory proteins
in Arabidopsis, for which so far only limited data are available.
We identify two members as major accessory proteins at the
TGN, controlling vacuolar and a subset of secretory transport.
By interaction studies with AP complexes, genetic interactions,
and enhanced-resolution microscopy, our work reveals the
existence of two independent, parallel transport pathways,
which originate from spatially separate regions at the TGN. Our
study thus provides strong molecular, cellular, and genetic
evidence for spatially, functionally, and molecularly separate
subdomains of the plant TGN.
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Arabidopsis contains several proteins with an ENTH domain
(15) (Fig. 14), whose functional roles and exact localizations are
only partially described. EPSIN1/EPSIN1R was found in endo-
somal structures of unclear identity and may play a role in pro-
tein delivery to vacuoles (16) and a subset of PM proteins (17).
The phylogenetically distant MODIFIED TRANSPORT TO
THE VACUOLE1 (MTV1) was found at the TGN, with a clear
role in vacuolar transport (18). For the remaining ENTH-type
accessory proteins, there are no definite data on their localiza-
tion or function. Here, we present a comprehensive analysis of
all Arabidopsis Epsin-like proteins. We find that they split into
two groups based on their localization: PM and TGN. The two
TGN members both perform widely overlapping functions in
vacuolar and secretory transport. Surprisingly, they nevertheless
associate with different AP complexes and reside on spatially
separate parts of the TGN. Our work provides strong micro-
scopic, biochemical, and genetic evidence for the existence of the
TGN subdomains and sheds light on the functional specialization
of the so far underresearched accessory proteins.

Results

Based on Subcellular Localization, ENTH Proteins Can Be Sorted into
Two Groups. A phylogenetic analysis of all ENTH-like proteins
across diverse plant taxa revealed that Arabidopsis contains four
proteins with ENTH domains and long, unstructured C-terminal
tails (Fig. 14) (15). Three of them are closely related and include
EPSIN1/EPSINR1 (16), EPSIN2 (19), and the so far uncharacterized
EPSIN3. The remaining ENTH protein, MTV1, is a phylogenetic
outlier, but remarkably conserved throughout plant taxa (18). Three
other ENTH domain proteins possess truncated C termini of only
around 100 amino acids (Fig. 14, short ENTH proteins). These are
not included in this study, because they lack any detectable clathrin or
AP complex interaction sites and likely have other functions (15).

In order to functionally classify the four large ENTH proteins
EPSINI1 to 3 and MTV1, we first addressed their subcellular
localization by generating transgenic lines that stably expressed
functional, fluorescently (enhanced green fluorescent protein
[EGFP] or mRuby3) tagged proteins under control of their en-
dogenous promoters. Using root epidermal cells as an estab-
lished model system, we observed two clearly distinct localization
patterns: EPSIN1-GFP and MTV1-GFP were found in speckles
reminiscent of endosomal structures (Fig. 1B), while EPSIN2
and EPSIN3 were found predominantly at the PM and also at
the cell plate in dividing cells (Fig. 1B, arrowheads). Thus, sub-
cellular localization alone helped to identify at least two groups
of likely distinct function.

EPSIN1 and MTV1 Show Strong Genetic Interaction. For functional
analyses, we isolated T-DNA insertion mutants of all four genes
and confirmed their nullizygosity by qPCR (SI Appendix, Fig.
S1). However, we did not observe drastic phenotypes in any of
the single mutants (SI Appendix, Fig. S2), potentially indicating
functional redundancy. For redundancy to occur, gene expression
must spatiotemporally overlap. We therefore checked expression
patterns in planta by generating C-terminally B-glucuronidase-
tagged versions of all proteins under their endogenous promoters.
All four genes are expressed in almost all plant tissues and de-
velopmental stages tested (SI Appendix, Fig. S3), with most vari-
ation found in floral organs. We conclude that, at least during
vegetative development, there is substantial spatiotemporal over-
lap of expression, potentially allowing functional redundancy.

To address redundancy, we generated higher-order mutants
and measured rosette area as a proxy for overall plant status.
From all mutant combinations, only the epsinl mtvi (epsl mtvl)
double mutant exhibited a drastic dwarf phenotype (Fig. 1 C and D
and SI Appendix, Fig. S2), which was also reflected by reduced root
length (Fig. 1E). From these results, we conclude that, despite their
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Fig. 1. EPSIN1 and MTV1 are the major endosomal ENTH proteins of Ara-
bidopsis. (A) Phylogenetic analysis of ENTH domain-like proteins shows
MTV1 is a highly conserved outlier. The Coulson plot shows the occurrence of
at least one ortholog in the indicated taxa. (B) EPSIN1 and MTV1 show a
punctate endosomal pattern; in contrast, EPSIN2 and EPSIN3 are at the PM
and cell plates (arrowheads). Epidermal root cells of 5 d after germination
(dag) plants expressing pEPSINT:EPSINT-GFP, pMTV1:MTV1-GFP, pEPSIN2:EPSIN2-GFP,
and pEPSIN3:EPSIN3-GFP. (C-E) The double mutant eps? mtv1 has severely
reduced growth. (C) Phenotypes of 24 dag rosettes of Col-0, eps?, mtv1,
and the epsT mtv1 double mutant. (D) Rosette area over three time points,
three experiments, with six to eight plants per genotype; plotted is the
mean of means, and bars indicate range. (E) Root length of 58 < n < 146 7
dag plants per genotype from three experiments normalized to the re-
spective Col-0 and then pooled; whiskers, 10 to 90%, with all outliers as
points. a.u., arbitrary units. [Scale bars, substitutions per site (A), 10 um (B),
and 2 cm (C).]

large phylogenetic distance, EPSIN1 and MTV1 form a functionally
redundant pair of endosomal ENTH proteins. Since no other mu-
tant combinations exhibited obvious phenotypes, we decided to
focus our attention on these two members.

EPSIN1 and MTV1 Are TGN-Associated Proteins. MTV1 is a TGN-
localized protein (18), while the subcellular localization of EPSIN1
has not clearly been demonstrated in Arabidopsis tissue (16). To
address its localization, we introgressed established fluorescent
subcellular marker lines into the lines expressing functional pEP-
SINI:EPSINI-GFP or pMTVI:MTVI-GFP. We performed coloc-
alization analyses using enhanced-resolution (Airyscan) confocal
microscopy in conjunction with object-based quantification to measure
the center—center distance of neighboring endosomal punctae [DiAna
plugin for ImageJ (20)]. This method is advantageous over intensity
correlation-based methods because it is relatively insensitive to back-
ground noise, does not require arbitrarily set intensity thresholds, and
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does not discard punctae. Large populations of object pairs can be
measured semiautomatically and we use the median distance from
each object pair population as a proxy for the degree of colocal-
ization. By defining and comparing the centers of larger objects,
distance values can be smaller than the theoretical resolution limit
(~150 nm in our setup).

Using the established TGN marker VHAal-RFP (red fluores-
cent protein) (21), we observed relatively small median distances of
182 nm for EPSINI and 104 nm for MTV1 (Fig. 2 A-C). More-
over, the distributions were clearly skewed toward smaller values,
indicating close proximity for the majority of objects. We also
tested the clathrin light-chain marker CLC-mKO, which predom-
inantly marks the TGN, albeit with minor portions of #rans-Golgi
cisternae and multivesiculate bodies (22). Again, we observed small
distances close to or below the resolution limit (median 98 nm for
EPSIN1 and 186 nm for MTV1) (Fig. 2 D-F). Other endosomal
structures with similar, punctate localization patterns include the
prevacuolar compartment (PVC) and the Golgi. We tested
colocalization with these compartments using wave2R/mCherry-
RabF2b for the PVC and wave22R/mCherry-SYP32 for the Golgi

EPS1-GFP VHA@1-RFP s
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EPS1-GFP wave22R/SYP32 ‘¢ . merge

(23). Neither of them colocalized with EPSIN1-GFP or MTV1-
GFP (Fig. 2 G-L). For the PVC, the distances between neigh-
boring object centers distributed uniformly around medians of 341
and 343 nm for EPSIN1 and MTV1, respectively (Fig. 2 G-I). For
the Golgi marker wave22R/mCherry-SYP32, we found 436 nm for
EPSIN1 and 351 nm for EPSIN (Fig. 2 J-L). Another Golgi
marker, wavel8R/mCherry-Gotlp (23), showed highly similar
distance distributions (median 463 nm with EPSIN1 and 368 nm
with MTV1), corroborating the robustness of the center—center
distance method (SI Appendix, Fig. S4). Taken together, our re-
sults strongly suggest that both EPSIN1 and MTV1 are localized
at the TGN but that there might be also subtle differences be-
tween their respective localizations.

EPSIN1 and MTV1 Play Synergistic Roles in Vacuolar Transport. MTV1
has been demonstrated to be required for vacuolar transport
(18), and some data point to an involvement of EPSIN1 in vacuolar
transport as well (16). To address whether there are synergistic ef-
fects, we quantitatively analyzed transgenic and endogenous vacuo-
lar cargo in epsI and mitv1 single and double mutants. The vacuolar
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Fig.2. EPSIN1 and MTV1 reside at the TGN and control vacuolar transport. (A-L) Colocalization of EPSIN1-GFP and MTV1-GFP with various subcellular marker
lines. Enhanced-resolution (Airyscan) micrographs, object-based quantification of center-center distances, and violin plots of distributions with medians in red
and quartiles as dashed lines. The horizontal dashed lines indicate the theoretical resolution limit of ~150 nm. (A-C) Colocalization with the TGN marker VHA-a1-
RFP. (D-F) Colocalization with the clathrin marker CLC2-mKO. (G-/) No apparent colocalization with the PVC marker wave2R/mCherry-RabF2b/ARA7. (J-L)
No clear colocalization with the Golgi marker wave22R/mCherry-SYP32. (M) Apoplastic mislocalization of the vacuolar marker SecN-Rm-2A-GH: micrographs
of 7 dag cotyledons and plot showing the percentage of cells with apoplastic signal; bars indicate SD, with 227 to 299 cells total per genotype. (N) Accu-
mulation of unprocessed 12S storage protein precursors: representative immunoblot and loading control; the graph shows signal quantification as the mean
of two independent experiments, and bars indicate SD. (O) Altered morphology of storage vacuoles in seed cotyledon parenchyma cells; PSVs are more
rounded and smaller in the eps? mtv1 double mutant. See S/ Appendix, Materials and Methods for quantification and statistical details. [Scale bars, 5 um

(A-K) and 10 um (M and 0).]
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marker secN-Rm-2A-GH (24) is an RFP fusion protein that normally
accumulates in vacuoles. When vacuolar transport is impaired, RFP is
secreted via bulk flow into the apoplast. While loss of EPSIN1 had
no discernible effects on secN-Rm-2A-GH distribution, loss of
MTV1 led to an increased percentage (roughly 25%) of cells with
an apoplastic signal. Interestingly, the percentage drastically in-
creased to about 90% in the double mutant (Fig. 2M). This sug-
gests that there is a strong synergistic effect of EPSINI and MTV1
on the vacuolar transport of this marker.

The situation for endogenous vacuolar cargo proved similar:
128 globulin is normally processed en route to the vacuole from
a precursor of ~55 kDa, and accumulation of the precursor form
is a well-established indicator of vacuolar transport defects (25).
Seed extracts revealed clearly elevated levels of 12S globulin
precursor proteins in both the single as well as double mutants,
again with eps/ mutation having the smallest effects (Fig. 2N).
Interestingly, in m#v1 single mutants, 12S precursors accumulate
almost to the level of the double mutant, while the epsin! mutation
has only a relatively minor impact. This is most likely related to
differences in spatiotemporal expression: MTV1 expression peaks
toward late stages of seed development, when also expression of
storage proteins is highest. In contrast, EPSINI expression steadily
decreases and is lowest in the late stages (SI Appendix, Fig. S5 A
and B). Therefore, loss of m#vl would have a much larger impact
on storage protein sorting, which occurs at the late stages. Addi-
tionally, we observed smaller and more rounded protein storage
vacuoles (PSVs) in seeds of the double mutants (Fig. 20). This
phenotype is linked to defective vacuolar transport (18) and can be
observed also in the single mutants, again with mi#vl having a
stronger effect than epsinl (SI Appendix, Fig. S5 C-E). We con-
clude that both EPSIN1 as well as MTV1 contribute individually
but also synergistically to the transport of at least a subset of vac-
uolar cargo. Whether this indicates functional redundancy within
the same molecular pathway or two independent pathways acting
in parallel remains to be determined.

EPSIN1 and MTV1 Contribute to Secretory Transport of a Subset of
Cargo. Apart from vacuolar trafficking, secretory transport is
another major transport route branching off at the TGN. We
tested if EPSINI or MTV1 plays a role in secretory transport by
probing chimeric and endogenous cargo. Sec-RFP is secreted to
the apoplast and is an established marker for secretory transport
(26). We did not observe obvious differences in apoplastic Sec-
RFP signal between the wild type and the double mutant
(Fig. 34), indicating no major contribution of EPSIN1 or MTV1
to this transport pathway. Another, endogenous cargo of the
secretory pathway is the pectinic mucilage of the seed coat, and a
reduced mucilage layer upon seed hydration has been used as a
proxy for secretory defects (27). In contrast to unaltered Sec-
RFP secretion, we found a clear reduction of mucilage layer
thickness, which was mildest in the eps/ single mutant and
strongest in the eps! mtv] double mutant (Fig. 3B). This indi-
cates that both EPSIN1 and MTV1 contribute to the transport of
a subset of secretory cargo.

EPSIN1 and MTV1 Pathways Are Independent of the TGN Protein
ECHIDNA. Of note, the observed mucilage defects were not as
strong as in the echidna (ech) mutant, which we included for
reference. ECHIDNA has primarily been implicated in the for-
mation of secretory vesicles at the TGN, but its loss of function
also leads to overall alterations of TGN structure, such as a re-
duction of TGN bulbs and a larger distance between Golgi stacks
and the TGN (28). Recent evidence also suggests an involvement
of ECHIDNA in vacuolar transport and morphogenesis (29) and
loss of ECHIDNA has been shown to cause mislocalization of
TGN marker proteins such as VHAal-RFP into ring-like struc-
tures of likely vacuolar/provacuolar nature (28). We have observed
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a similar phenomenon in the eps! mtvl double mutant for
VHAal-RFP and cyan fluorescent protein-SYP61 (SI Appendix,
Fig. S6). For these reasons, we wanted to assess whether the ob-
served defects in the eps! mtvl double mutant arise from an in-
terference with an ECHIDNA-dependent pathway. First, we
observed the structure of the TGN in the eps! mtvl double mu-
tants by transmission electron microscopy (TEM). We did not
detect any notable defects, as the extent of the TGN appeared
unaltered, as well as the distance to the Golgi stacks (Fig. 3C). We
next tested whether loss of EPSIN1 and MTV1 function affected
ECH abundance or localization by immunofluorescence employing
a specific anti-ECH antibody (28). We did not detect differences
in ECH fluorescence intensity and still observed a punctate ECH-
positive pattern indistinguishable from wild type in the eps! mtvI
double mutant (Fig. 3D). Furthermore, we tested whether the
structural and functional changes inflicted on the TGN by loss of
ech had implications for EPSIN1 or MTV1 abundance or locali-
zation. We produced affinity-purified antibodies against EPSIN1
and MTV1 (SI Appendix, Fig. S7) (18) and compared signals in
wild type versus the ech mutant. We could not detect any differ-
ences regarding signal strength or localization (Fig. 3 E and F),
indicating that ECH is not required for EPSIN1 and MTV1
placement. In summary, our data show that EPSIN1 and MTV1
contribute to vacuolar transport and also to the transport of a
subset of secretory cargo but EPSIN1 and MTV1 localization is
independent of ECH.

EPSIN1 and MTV1 Do Not Contribute to Endocytosis or Endocytic
Recycling. In line with their assumed roles in CCV formation,
both EPSIN1 and MTV1 have previously been reported to asso-
ciate with the clathrin heavy chain (16, 18). CCVs are involved in
transport processes from and to the PM, and we therefore tested
whether EPSIN1 and MTV1 play a role in these processes. We
first tested endocytic uptake by quantitatively assessing inter-
nalization of the endocytic tracer dye FM4-64. We observed
FM4-64 fluorescence after 5 min of incubation and quantified
the intensity and number of endosomal structures. The average
number of detected FM4-64—positive structures per cell was
essentially the same for wild type (Col-0: 20.68 particles per
cell, SD 3.8; eps1 mtvI: 19.28 particles per cell, SD 4.6; 418 <
n < 583 cells measured). Also, intensity distributions were
virtually identical between wild type and the eps! mtvl double
mutant (Fig. 3G), indicating no difference in endocytic FM4-
64 uptake.

To further corroborate these findings, we made use of the
transmembrane protein PIN2-GFP. It is constantly endocytosed
and recycled back to the PM and has been used as a marker for
endocytosis and recycling (30, 31). We first measured PIN2-GFP
signal intensity at the PM in wild type and the eps] mtvI double
mutant but did not observe a difference (Fig. 3H), indicating that
PIN2 endocytosis and/or recycling are not likely affected in
epsl mwvl.

To distinguish between endocytic and recycling events, we
treated PIN2-GFP plants with the fungal toxin brefeldin A
(BFA), which inhibits the recycling of internalized material and
in Arabidopsis root cells leads to accumulation of endocytosed
material in endosomal aggregations [so-called BFA compart-
ments (32)]. This has previously been established as a sensitive
indicator for defects in PIN2 endocytic trafficking (31, 33). As a
quantitative readout, we classified epidermal cells by the number
of contained BFA compartments and observed no obvious dif-
ferences in frequency distribution between Col-0 and epsI mtvl
(Fig. 3I). Quantifying the intensity of BFA compartments rela-
tive to PM localized signal also revealed no obvious differences
(SI Appendix, Fig. S8), further corroborating the FM4-64 results.
An influence on the recycling pathway was tested by measuring
PIN2-GFP intensity distribution at the PM after washing out
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Fig. 3. Differential involvement of EPSINT and MTV1 in nonvacuolar TGN-dependent trafficking pathways. (A and B) Defects in trafficking of a subset of
secretory cargo. (A) The secretory marker Sec-RFP is correctly transported in the eps7 mtv1 double mutant: micrographs of 7 dag cotyledons. (B) Secreted
pectinic seed mucilage is stained by ruthenium red after imbibing. Mucilage layer thickness is reduced in eps1, mtv1, and the double mutant; secretory mutant
echidna is shown for comparison. The graph shows mucilage thickness relative to Col-0, and bars indicate 95% Cl. (C) Golgi and TGN morphology are
seemingly unaffected in the eps? mtv1 double mutant. Transmission electron micrographs after high-pressure freezing. (D) ECHIDNA immunolocalization in
eps! mtvl double mutants reveals no obvious localization defects. (E and F) Loss of ECHIDNA does not affect EPSIN1 or MTV1 localization as revealed by
immunolocalization experiments. (G-J) EPSIN1 and MTV1 play no apparent role in endocytosis or recycling. (G) Endocytic FM4-64 uptake after 5 min: highly
similar distribution of endosomal intensity values. (H) PIN2-GFP signal before treatment with BFA: highly similar intensity distribution. (/) PIN2-GFP signal after
1 h of cotreatment with 50 uM BFA and 50 pM CHX. The graph shows the relative number of cells classified by number of BFA compartments; error bars
indicate SD. See also S/ Appendix, Fig. S8. (J) PIN2-GFP signal after a 2-h washout in the presence of 50 pM CHX after previous BFA treatment: highly similar
intensity distribution. Refer to S/ Appendix, Materials and Methods for details. ns, not significant. [Scale bars, 10 um (A and D-J), 100 um (B), and 200 nm (C).]
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BFA in the presence of the translation elongation inhibitor cy-
cloheximide (CHX) to block de novo synthesis. We found a
nearly complete restoration of PIN2-GFP at the PM with no
significant differences in signal intensity distribution between the
double mutant and wild type (Fig. 3/). Taken together, our re-
sults suggest that MTV1 and EPSIN1 do not significantly con-
tribute to endocytic or recycling transport routes.

EPSIN1 and MTV1 Are Spatially Separated. From the data, one could
speculate that EPSIN1 and MTV1 perform largely overlapping
functions at the TGN by synergistically acting on the same mo-
lecular pathway. Such a hypothesis, however, would raise the
question of whether these two phylogenetically rather divergent
proteins (Fig. 14) indeed impinge on the same molecular ma-
chinery, or whether their different lineage might be reflected at

EPS1-GFP MTV1-mRuby3 EPS1-mRuby3 .

C epsi-wmv1 r1.0
centerfcenter disfance |og

MTV1-GFP

EPS1-GFP MTVI-GFP

| F ;B 10
center-center distance [ g

EPS1-GFP AP1B‘mK02 MTV1-GFP AP1B-mKO2

. EPST MTV1
AP4B-mKO2 <SR §| AP 10

center;center distance

G EPS1-GFP AP4B-mK02 “MTVI-GFP

. EPS1 MTV1
prey: EPS1 Eluate Pulldown: GST
130- . T S “Halo-AP4B
signal intensity (percent of input signal)
g ':
fc: 8.90
APiB AL
- MTV1 B3 O AP1B
DDO X-a-Gal QDO DDO X-a-Gal 0 10 100 1000

OSkewness (a.u) mEPS1
EMTV1

eps1ap4m-1 mtv1 ap4m-1

Fig. 4. EPSIN1/AP-1 and MTV1/AP-4 define two spatially and molecularly distinct TGN subdomains. (A-C) Colocalization of EPSIN1-GFP with MTV1-mRuby3
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colocalizes with AP-1B. (G-/) MTV1 preferentially colocalizes with AP-4B. (J and K) Yeast two-hybrid assay showing the strongest interactions between EPSIN1
and AP-1B (J) and MTV1 and AP-4B (K). (L) Competitive in vitro interaction. In the presence of equimolar amounts of AP-1B and AP-4B, EPSIN1 preferentially
pulls down AP-1B and MTV1 pulls down AP-4B. Representative immunoblot and scatterplot of signal quantification (relative to input intensity) from three
independent pull-down assays with two or three technical replicates each. Bars indicate range and mean. WB, Western blotting. See also S/ Appendix, Fig. S10.
(M-0) MTV1, but not EPSIN1, localization requires the AP-4 complex. (M) EPSIN1-mRuby3 and MTV1-GFP punctae in the wild-type background. (N) Loss of
MTV1-GFP, but not EPSIN1-mRuby3, punctae in the ap4m mutant. (O) Quantification of the presence of defined punctate signal by analyzing the skewness of
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more diffuse signal. ***P < 0.001. Please refer to SI Appendix, Materials and Methods for a detailed explanation. (P and Q) Genetic interaction between MTV1
and AP-4: rosette phenotype at 25 dag. (P) Phenotypes of eps?, mtv1, and ap4m single mutants. Note the smaller rosettes of the latter two. (Q) The dwarf
phenotype of the eps? mtv1 double mutant is phenocopied by eps? ap4m while mtv1 ap4m shows no genetic interaction. Refer to SI Appendix, Materials and
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the levels of localization, molecular interaction, and/or function.
The observation that EPSIN1 and MTV1 displayed subtle differ-
ences in their localization distances relative to the TGN markers
(Fig. 2) prompted us to investigate EPSIN1 and MTV1 colocali-
zation. To this end, we generated additional, functional mRuby3-
tagged versions of both proteins expressed under control of their
endogenous promoters and analyzed co-occurrence of each with the
respective GFP-tagged counterparts. Center—center distance anal-
ysis yielded median values higher than those observed for co-
occurrence with TGN markers (median 230 and 292 nm, com-
pared with values below 200 nm for all TGN markers tested)
(Fig. 4 A-C). These values were above the optical resolution limit
and separation was already clearly visible in the micrographs, indi-
cating that MTV1 and EPSIN1 mark distinct entities. Given that
both are bona fide TGN-associated proteins, this strongly suggests
their presence at two distinct TGN subdomains.

EPSIN1/AP-1 and MTV1/AP-4 Define Two Separate TGN Subdomains.
We reasoned that these hypothetical EPSIN1- and MTVI1-
positive subdomains might be molecularly further distinguish-
able by co-occurrence of preferred interaction partners. EPSIN1
has previously been shown to interact with the AP-1 complex
(16). On the other hand, tepsin, an only distantly related MTV1
ortholog present in animal systems, binds the AP-4 complex via
the appendage domain of the AP-4 beta subunit (34). We therefore
generated mKO2-tagged versions of the beta subunits of AP com-
plexes 1 and 4 (AP-1B and AP-4B) under their endogenous pro-
moters and tested their co-occurrence with EPSIN1-GFP or MTV1-
GFP, respectively. Strikingly, we observed clearly distinguishable
distance distribution patterns: EPSIN1 preferentially colocalized with
AP-1B (median distance 117 nm) and displayed a nearly twice larger
distance to AP-4B (median 225 nm), whereas MTV1 colocalized
strongly with AP-4B (median distance 92 nm) but was located clearly
farther away from AP-1B (median distance 191 nm) (Fig. 4 D-I).
Between 6,981 and 8,797 object pairs from at least 10 roots were
measured (see SI Appendix, Table S2 for detailed numbers).

We next addressed whether the closer subcellular association
of the EPSIN1/AP-1 and MTV1/AP-4 pairs might be reflected at
the level of their molecular interactions. ENTH proteins typically
interact with AP complexes through the appendage domains of
the beta subunits (34). We therefore probed protein—protein in-
teractions between the beta subunits of the AP-1, AP-2, AP-3, and
AP-4 complexes (expressed as baits) and EPSIN1 and MTV1
(expressed as preys) in yeast two-hybrid (Y2H) assays. In accor-
dance with the subcellular localization results, the strongest in-
teractions were observed for the EPSIN1/AP-1B and MTV1/AP-
4B pairs (Fig. 4 J and K). It should be noted that these interactions
were not exclusive and weaker interactions were observed with
other AP beta subunits, especially between EPSIN1 and AP-2B.
This is, however, not surprising because p-adaptin isoforms of AP-
1 and AP-2 are shared proteins in both complexes (35, 36). In
order to test these findings also in planta, we extended our co-
occurrence analyses to mKO2-tagged versions of AP-2B and AP-
3B (SI Appendix, Fig. S9). Here, EPSINI colocalized nearly per-
fectly with the punctate signal population of AP-2B (median 64
nm), which pertains to the AP-2B subunit incorporated into the
AP-1 complex, while MTV1 was clearly much farther away (me-
dian 265 nm) (SI Appendix, Fig. S9 A-C). For AP-3B, neither
EPSIN1 (median 352 nm) nor MTV1 (median 260 nm) was no-
ticeably close (SI Appendix, Fig. S9 D-F). These data are fully in
line with the Y2H results and further support the notion of
EPSIN1 preferentially binding the AP-1 complex and MTV1
preferentially binding AP-4.

In order to further probe the binding preferences of EPSIN1 and
MTV1, we performed a competitive in vitro pull-down assay, using
an equimolar mix of cell-free expressed HaloTag-AP-1B and
HaloTag-AP-4B as binding partners for glutathione-agarose-bound
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glutathione S-transferase (GST)-EPSIN1 and GST-MTVI,
with GST as negative control. We performed and quantified
three independent pull-down assays with two or three technical
replicates each. We found that GST alone did not pull down
any detectable HaloTag protein, while GST-EPSIN1 prefer-
entially pulled down HaloTag-AP-1 (on average 8.9-fold more
signal than for HaloTag-AP-4B), and GST-MTV1 preferentially
pulled down HaloTag-AP-4B (on average 9-fold more signal than
HaloTag-AP-1B) (Fig. 4L and SI Appendix, Fig. S10).

Taken together, these three complementary approaches sug-
gest a preferential subcellular association and molecular inter-
action of EPSIN1 with AP-1 and of MTV1 with AP-4.

AP-4 Recruits MTV1 and Both Act in the Same Molecular Pathway. In
light of the MTV1-AP-4 colocalization and protein—protein in-
teraction, we aimed to address the relevance of this interaction in
planta. To this end, we first tested localization of EPSIN1 and
MTV1 to endosomal structures in an ap4m mutant (36) lacking
the small p-subunit of AP-4, which disrupts the entire complex.
Intriguingly, loss of AP-4 complex function led to an almost
complete abolishment of the MTVI1-GFP punctate pattern,
which remained mostly cytosolic in the ap4m mutant (Fig. 4
M-0), whereas the punctate EPSIN1-mRuby signal remained
largely unaffected (Fig. 4 M-0O). This suggests that a functional
AP-4 complex is specifically required for either MTV1 recruit-
ment or its stabilization at the TGN. Although EPSIN1-mRuby
signal was essentially unaltered in the ap4m mutant, we further
wanted to verify that the observed defects were not due to a
general alteration of the TGN in the ap4m mutant. For this, we
quantified the size and shape of the TGN by using immunoloc-
alization of ECHIDNA as a marker for the overall TGN, fol-
lowed by DiAna object-based detection and quantification.
Neither visual inspection nor image quantification results
revealed any marked difference in size or overall shape (SI Ap-
pendix, Fig. S11). Therefore, a general disruptive effect of ap4m
on the TGN seems unlikely.

The different effects of loss of AP-4 on EPSIN1 and MTV1
prompted us to examine genetic interactions, especially since loss
of the Arabidopsis AP-4 complex causes slightly reduced leaf
rosette size (36), similar to what we observed in mivI mutants
(Figs. 1C and 4P and SI Appendix, Fig. S2). Given the strong
dependence of MTV1 localization on AP-4 function, we pre-
dicted that if MTVI and AP-4 act in the same pathway, loss of
AP-4 activity should phenocopy loss of MTV1, and mtvl muta-
tions should not enhance the ap4m mutant phenotype. To test
this and to compare it with a putative interaction with EPSINI,
we generated mtvl ap4m and epsl ap4m double mutants. As
expected, mtvl and ap4m single mutants displayed reduced ro-
sette size phenotypes that were indistinguishable from each other
(Fig. 4P) and also from the mtvl ap4m double mutant (Fig. 40),
further supporting that AP-4 and MTV1 act in the same pathway.
Strikingly, and in support of this view, both the m#vI and the
ap4m mutations strongly enhanced the eps! phenotype. Both the
mtvl epsl and ap4m epsl double mutants cause an indistin-
guishable dwarf phenotype (Fig. 40). Thus, our findings strongly
support that AP-4 and MTV1 act in the same molecular path-
way, which is molecularly distinct from EPSIN1. However, the
functions of these two pathways largely overlap, resulting in a
strongly synergistic genetic interaction upon mutation of mem-
bers in both pathways.

Discussion

EPSIN1 and MTV1 Are the Major ENTH Proteins at the TGN and
Promote Vacuolar and Secretory Transport. We identified EPSIN1
and MTV1 as the two major ENTH proteins present at the TGN
by analyzing functional redundancy among all large Arabidopsis
ENTH proteins. Their simultaneous loss of function leads to
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defects in vacuolar and secretory transport, ultimately resulting
in drastic overall growth defects. This indicates that EPSIN1 and
MTV1 form a functionally redundant, or at least widely over-
lapping, pair, whose function cannot be adequately replaced by
any other molecular component.

Previous results on EPSIN1 were limited to a partial loss-of-function
mutant (SALK_049204). The eps! full loss-of-function allele
used in this study (SAIL_394G02) also shows noticeable, albeit
relatively weak, vacuolar transport defects. In line with this, the
EPSINI1 ortholog from mammals, EpsinlR, also has a clear but
limited contribution to vacuolar/lysosomal transport (37, 38).
MTVI, on the other hand, has a much stronger impact on all
tested vacuolar markers. Interestingly, however, the combination
of epsI and mtvI mutations leads to defects in vacuolar transport
that go much beyond an additive defect, as exemplified by the
vacuolar marker sec-N-Rm-2A (Fig. 2M). This could indicate
that 1) EPSIN1 and MTV1 mutually act in the same molecular
pathway and are direct functional replacements of one another
or 2) there are two independent pathways with overlapping
cargo. Our association data with AP-1 and AP-4 (see below)
strongly support the latter explanation.

We were surprised about the secretory defects observed in the
epsl and mtvl mutants, because previous reports did not hint at
an involvement of either protein in secretory activity (16, 18).
However, a very recent study supports our findings, in that
EPSIN1 does contribute to anterograde PM transport of a subset
of membrane proteins (17). Generally, the role of the plant TGN
in secretory activity is well-established and a number of molec-
ular components, such as SYP42/43, SYP61, ECHIDNA, and
YIP4A/B, are known players in secretory transport from the
TGN (reviewed in refs. 39 and 40). In particular, the transport of
cell-wall components has gained attention, and seed coat muci-
lage has become an established model to study biosynthesis and
secretory pathways of extracellular polysaccharides. Mounting
evidence suggests several independent pathways for secretion of
TGN-derived extracellular cargo (reviewed in ref. 39). Our re-
sults support this notion, as the transport of a secretory marker,
Sec-RFP, is unaltered in the eps! mtvl double mutant, whereas
seed coat mucilage secretion is clearly reduced. However, some
caution must be exerted in the interpretation of these results,
since the observed organs (cotyledons and seed coat) are very
different and activity of different transport pathways may not be
directly comparable. We also cannot exclude the possibility that
the observed mucilage reduction is due to a down-regulation of
biosynthesis. However, the recent finding that the AP-1 complex
participates in mucilage transport (41) strongly suggests that
ENTH proteins influence secretory events. Since AP-1, EPSINT,
and MTV1 are all clathrin-associated, this implies that mucilage
transport can make use of CCVs. However, it is clear that this is
not the only pathway for secretion of pectinic polysaccharides,
because the epsl mtvl double mutant does not result in full
mucilage transport blockage, as observed in the ech mutant, for
example (27).

EPSIN1 and MTV1 Are Not Directly Related to ECHIDNA-Mediated TGN
Stability. The results on secretion and mislocalization of TGN
marker proteins prompted us to probe a potential relation to
the ECHIDNA protein, which is a major factor required for
Golgi-TGN association and secretory function (27, 28, 42). Loss
of ECH causes secretory defects associated with changes in TGN
morphology and we therefore probed if loss of eps! and mvI
causes defects in TGN morphology by TEM. However, our re-
sults exclude dramatic defects in TGN morphology and, fur-
thermore, in the eps! mtvI double mutant, ECH is still correctly
localized, indicating that EPSIN1 and MTV1 are not components
merely required for TGN structure. Interestingly, also in ech mu-
tants with altered TGN structure and post-Golgi transport defects,
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EPSIN1 and MTV1 exhibit a punctate localization pattern indis-
tinguishable from the wild-type situation. Hence, proper TGN re-
cruitment or maintenance of the localization of these players does
not require ECH function.

EPSIN1/AP-1 and MTV1/AP-4 Define Two TGN Subdomains. Mounting
evidence suggests that the diverse transport routes branching at
the TGN of plants pertain to subdomains or subpopulations of
distinct molecular makeup (e.g., refs. 3, 4, 6, and 7). We have
now identified two spatially distinct subdomains of the plant
TGN by microscopic interaction and genetic analyses. One do-
main preferentially contains AP-1 and EPSIN1 and the other
one contains AP-4 and MTV1. MTV1 is furthermore dependent
on recruitment by the AP-4 complex and loss of either the AP-4
complex or MTV1 has a similar functional outcome. This sug-
gests that AP-4/MTV1 are indispensable players in a transport
pathway that is molecularly independent of AP-1/EPSIN1.

Nevertheless, our data also indicate that the two pathways
overlap functionally and likely contribute to vacuolar and secre-
tory transport of a similar subset of cargo. This is supported by
previous findings that the AP-4 complex and MTV1 are clearly
linked to vacuolar transport and secretion of a subset of cargo (18,
37, 43, 44). The plant AP-1 complex has broad functionality in
post-Golgi secretory and vacuolar traffic during interphase as well
as cytokinesis, and notably also mucilage secretion (42, 45-47).
Loss of AP-1 is gametophytic lethal, underscoring its importance
in a wide range of transport processes. EPSIN1, on the other
hand, appears to play a more specific role, as its loss does not
cause severe phenotypes. Consequently, AP-1 may not be strictly
dependent on EPSIN1 but instead may function without accessory
proteins, or with other members of the related ANTH domain
protein family (15). Our Y2H and in vitro interaction data suggest
that at least in these heterologous systems, EPSIN1 can also in-
teract with AP-4, although to a small extent, and the same holds
true for MTV1 and AP-1. We therefore do not rule out that there
is some level of direct functional replacement between EPSIN1
and MTV1, possibly at the level of AP complex choice.

AP-4 Interaction with MTV1/Tepsin Is Evolutionarily Conserved.
MTV1 clearly differs from animal tepsin in that it was found
enriched in CCVs and binds the clathrin heavy chain via its
unstructured C-terminal half (18). Intriguingly, for tepsin there is
no evidence of a clathrin association, as the AP-4 complex in
animal systems is believed to be a nonclathrin coat (48, 49).
Nevertheless, the fact that MTV1 and tepsin require AP-4 for
endosomal recruitment appears to be a feature conserved be-
tween animals and plants (this study and ref. 31), and the amino
acid motifs for tepsin—AP-4B interactions (50, 51) are also pre-
sent in MTV1. This suggests that the interaction between MTV1/
tepsin and the AP-4 complex remained evolutionarily conserved,
but the function and clathrin dependency of the AP-4 complex
may have evolved independently. In animals, the exact roles of
AP-4 and tepsin for trafficking events remain to be determined.
AP-4 has been implicated in anterograde TGN endosomal
sorting of basolateral PM cargo as well as amyloid precursors
and its loss causes neurological defects in humans (reviewed in
ref. 52). A direct role for AP-4 in lysosomal transport has not
been demonstrated. Interestingly, a recent study links animal
AP-4 to autophagic events because the core component ATG9A
is not properly exported from the TGN to the cytosol in AP-
4—deficient cells (53). Loss of tepsin, on the other hand, did not
affect ATGYA sorting, indicating that not all functions of animal
AP-4 require this accessory protein. Whether plant AP-4 and/or
MTV1 also participate in autophagic events can now be addressed
in future studies.
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Conclusion

Our results demonstrate that EPSIN1 and MTV1 are the two
major ENTH-type accessory proteins at the TGN involved in
vacuolar and secretory transport. Although the phenotypes ob-
served upon mutation of both pathways are largely overlapping
and often a genetic enhancement is observed, the two pathways
in which EPSIN1 and MTV1 play a role appear to be distinct
based on both subcellular localization and molecular interaction
data. They can be molecularly defined by association with two
different AP complexes and occur at spatially and molecularly
separated regions of the TGN. Our work thus provides an im-
portant molecular stepping stone for future studies defining
additional TGN subdomains and for in-detail probing of the
relationships between the different APs and their accessory
proteins in specifying the still largely enigmatic plant TGN.

Materials and Methods

Functionality of pEPSIN1T:EPSIN1-GFP and pMTV1:MTV1-GFP constructs was
verified in several complementation assays (S/ Appendix, Fig. $12). All lines
and materials are described in S/ Appendix, Materials and Methods. Arabi-
dopsis plants were grown under a 16/8-h, 23/18 °C, light/dark cycle on soil or
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vertical agar plates with 1% sucrose Murashige and Skoog medium at pH
5.8. All confocal microscopy was performed on a Zeiss LSM 880 Airyscan Fast
System. Protein—protein interactions were done using the Matchmaker Gold
Y2H assay or via pull-down experiments using HaloTag-coupled bait and
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