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SUMMARY

Through yet-undefined mechanisms, the plant endo-
plasmic reticulum (ER) has a critical role in endocy-
tosis. The plant ER establishes a close association
with endosomes and contacts the plasmamembrane
(PM) at ER-PM contact sites (EPCSs) demarcated
by the ER membrane-associated VAMP-associ-
ated-proteins (VAP). Here, we investigated two plant
VAPs, VAP27-1 and VAP27-3, and found an interac-
tion with clathrin and a requirement for the homeo-
stasis of clathrin dynamics at endocytic membranes
and endocytosis. We also demonstrated direct inter-
action of VAP27-proteins with phosphatidylinositol-
phosphate lipids (PIPs) that populate endocytic
membranes. These results support that, through
interaction with PIPs, VAP27-proteins bridge the ER
with endocytic membranes and maintain endocytic
traffic, likely through their interaction with clathrin.
INTRODUCTION

Endocytosis is an essential process (Fan et al., 2013), and cla-

thrin-mediated endocytosis (CME) is a major mechanism con-

trolling the plasma membrane (PM) proteome (Gadeyne et al.,

2014). During CME, proteins are recognized by adaptor proteins

and packaged into vesicles that bud from endocytic membranes

into the cell (McMahon and Boucrot, 2011). CME relies on

different steps to assemble vesicles, including the rate-limiting

recruitment of clathrin to endocytic membranes, vesicle

budding, and uncoating (Robinson, 2015). In addition to PM sub-

domains, clathrin is associated with subdomains of the trans-

Golgi network (TGN) (Ito et al., 2012; Konopka et al., 2008), an

endosomal cargo-sorting hub in the biosynthetic and endocytic

routes (Viotti et al., 2010). How clathrin associates to membrane

subdomains is not completely understood, but a role for charged

lipids is emerging (McMahon and Boucrot, 2011).

In plants, several endocytic components have been identified

(Fan et al., 2015), but little is known about how the endocytic ma-

chinery is recruited and regulated onmembranes. Intriguingly, the
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plant endoplasmic reticulum (ER) associates with endosomes,

including theTGN,which inplants functionsasanearly endosome

(EE) (Stefano et al., 2015; Viotti et al., 2010). Disruption of the

integrity of the plant ER network and membrane fluidity compro-

mises endocytosis (Stefano et al., 2015). Because the plant ER

influences the movement of endocytic organelles, the ER-driven

streaming may be necessary for their function (Stefano et al.,

2015); however, the ER membrane may have additional roles.

Also, although the functional association of ER and endosomes

infers that in plant cells endocytosis homeostasis depends on

an interaction of the ER with endocytic membranes (Stefano

et al., 2015), the underlying mechanisms are yet unknown.

Membersof themetazoanandyeastVAMP-associated-protein

(VAPs), which are generally type II ER integral proteins, work as

tethers between the ER and endosomes (Alpy et al., 2013), and

the PM at the ER-PM contact sites (EPCSs) (Stefan et al., 2011).

VAP27-1 and VAP27-3, two of the four plant homologs of the

non-plant VAPs (Wang et al., 2014), have been localized to the

bulk ER and the EPCSs (Saravanan et al., 2009; Wang et al.,

2014, 2016). Non-plant VAPs have various cellular functions,

including lipid transport and membrane traffic (Lev et al., 2008),

but their physiological roles in plants are unknown. The hypothe-

sis for an involvement of plant EPCSs in endocytosis (Wang et al.,

2017) and the close association of the ER with the endocytic or-

ganelles (Stefano et al., 2015) make VAPs candidates to establish

the mechanistic connection between endocytosis and the plant

ER. Therefore, in this work, we have investigated the role of

VAP27-1 and VAP27-3 in endocytosis. We found that these pro-

teins interact with clathrin and phosphatidylinositol-phosphate

lipids (PIPs) and are required for clathrin dynamics at endocytic

membranes and for endocytosis integrity. We propose that the

VAP27-proteins bridge the ER with endocytic membranes, likely

through their interaction with clathrin and PIPs. Such an interac-

tion may facilitate the clathrin targeting and dynamic binding to

endocyticmembranesubdomains,aswell as theER-drivenendo-

somal movement, which underpin endocytosis homeostasis.

RESULTS

VAP27-Proteins Interact with Clathrin In Vitro

We queried the interactome of VAP27-1 and VAP27-3 by coim-

munoprecipitation (coIP) and liquid chromatography-tandem
Reports 23, 2299–2307, May 22, 2018 ª 2018 The Author(s). 2299
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Figure 1. VAP27-1 and VAP27-3 Interact with Clathrin and Bind

Lipids Abundant in Endocytic Membranes

(A) List of proteins and heatmap of the number of peptides detected by coIP

experiments for VAP27-1-YFP and VAP27-3-YFP (0 indicates absence of

peptides).

(B) Y2H assay of the VAP27-cytosolic domain with five of the clathrin proteins

identified in the pulldowns (blue color: protein-protein interaction).

(C) Percentage (%) of blue color intensity (relative to B) compared to the

positive control (spot 12 in B showing the degree of protein interaction).

(D) Protein-lipid overlay assay.
mass spectrometry (LC/MS/MS) in lines stably expressing func-

tional YFP fusions (Wang et al., 2015, 2016). Among the interac-

tors, we found microtubules, already known to interact with

VAP27-1 and VAP27-3 (Wang et al., 2014), and proteins involved

in endocytosis, namely light and heavy clathrin isoforms, adaptor

proteins, and dynamin (Figures 1A and S1A). With a eukaryotic

linear motif (ELM) search and clustalW alignment, we identified

a conserved clathrin box motif (LLTID/VE) (Figure S1B), which

mediates direct protein-clathrin interactions in non-plant species

(Puertollano et al., 2001), at the VAP27-proteins N terminus (Fig-

ure S1B). Using yeast two-hybrid (Y2H) analysis, we confirmed

the interaction of both VAP27-1 and VAP27-3 with clathrin light

(CLCs) and heavy chains (CHCs) (Figures 1B and 1C) and, to a

much reduced extent, with the clathrin adaptor protein (Fig-

ure S1C). The strength of the interaction of each VAP27-protein

was different for the CLCs, but similar for the heavy chains CHCs
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(Figure 1C). Together, these results indicate that VAP-proteins

interact, at least indirectly, with the clathrin coat assembling

machinery.

VAP27-Proteins Interact Directly with Lipids Enriched in
Endocytic Membranes
The non-plant VAP cytosolic domain serves as bridge between

the ER and heterotypic membranes (Stefan et al., 2013). We

tested whether VAP27-proteins could interact directly with lipids

present in biological membranes through protein-lipid overlay

assays with a recombinant cytosolic domain of VAP27-1 and

VAP27-3. We found a preferential interaction with PI(3)P, PI(4)

P, PI(5)P, PI(3,5)P2, PI(4,5)P2, and PI(3,4)P2 (Figure 1D), which

are present to different levels in TGN/EEs, late endosomes

(LEs), and PM (Simon et al., 2014). Therefore, VAP27-proteins

interact directly with a specific subset of lipids that populate

endocytic membranes that have been shown to be closely

associated with the plant ER (Stefano et al., 2015; Wang et al.,

2014).

VAP27-1 and VAP27-3 Transiently Associate with
Clathrin In Vivo

We next tested the spatial relationship of clathrin and endocytic

membranes with VAP27-proteins. In leaf epidermal cells,

VAP27-proteins were localized at the bulk ER and EPCSs (Fig-

ures 2A, 3A, and S2) (Wang et al., 2014). The latter co-localized

with a small subpopulation of LEs labeled by YFP-RabF2a

(Stefano et al., 2015) (Figure S2A). To visualize clathrin, we

used a YFP fusion of CHC2 (herein referred as YFP-CHC), which

is localized to cytosolic punctate structures of various sizes in

plant cells (Ortiz-Morea et al., 2016; Wang et al., 2015). The

larger punctate YFP-CHC structures are TGN/EEs, and the

smaller ones (diameter %0.25 mm) are endocytic structures,

which are likely foci of clathrin coated pits at the PM or endoso-

mally derived vesicles (Ito et al., 2012; Konopka et al., 2008;

Wang et al., 2013, 2015). Here, we collectively indicate the

smaller clathrin-coated structures (diameter %0.25 mm)

asCCSs. Live-cell confocal imaging analyses in leaf epidermal

cells confirmed the TGN/EE identity of the CHC-structures with

a >0.25 mm diameter (Figure S2B) and the heterogeneous sub-

cellular distribution of YFP-CHC (Figures 2A, S2B, and S3A;

Videos S1 and S2).

Using surface plot analyses, which report the pixel intensity

values of fluorescent structures as pseudo-colored images in a

three-dimensional graph, in cells co-expressing YFP-CHC with

either VAP27-1-CFP (Figure 2B) or VAP27-3-CFP (Figure S3B),

we correlated the subcellular distribution of the ER network,

EPCSs, and CCSs at a spatial scale. The YFP-CHC signal

aligned along tracks delineated by the cortical ER network visu-

alized by the fluorescent VAP27-fusions; we also verified an

apparently close association of the EPCSs with CCSs (Figures

2B and S3D). To further investigate the relationship of the EPCSs

with CCSs, we estimated the percentage of EPCSs associated

with CCSs in relation to the total number of EPCSs per area of

cell cortex (33 areas, area size: 222.47 mm2). On average, 15%

of the total EPCSs were associated with CCSs (Figures 2C,

2D, S3C, and S3D). We next probed the association of EPCSs,

which are generally immotile (Wang et al., 2014, 2016) and



Figure 2. EPCSs and Clathrin Are Tran-

siently Associated

(A) Subcellular distribution of VAP27-1-CFP and

YFP-CHC visualized by CLSM of N. tabacum leaf

epidermal cells. Empty yellow arrows indicate

EPCSs. CCSs and TGN/EEs (see also Figure S2)

are indicated in the inset and by a white arrowhead

and arrow, respectively. Inset: magnified area

delineated by a yellow dotted square in main im-

age. Scale bar, 5 mm; inset scale bar, 1 mm.

(B) Magnified dashed square in merge image of (A)

(scale bar, 1 mm), and separate surface plot profiles

of this magnified area for VAP27-1-CFP and YFP-

CHC signals. The corresponding areas between

the two plots are indicated by numbers.

(C) Graph indicating the number of EPCSs per area

(222.47 mm2) and the number of EPCSs associated

with CCSs per area (n of analyzed areas = 33).

(D) Percentage of EPCSs labeled by VAP27-1-

CFP associated with CCSs (calculated from

values in C).

(E) Confocal images from a high-resolution time-

lapse sequence showing a dynamic association of

VAP27-1-CFP and YFP-CHC structures. In the

YFP-CHC images, dotted circles surround the

EPCSs labeled by VAP27-1-CFP (see VAP27-1-

CFP panels). Note the dynamic formation of CCSs

from a cytosolic pool (light blue arrowhead) or

dissolution of CCSs (green arrowhead) in corre-

spondence of the EPCSs. Dashed lines circum-

scribe the area occupied by two other EPCSs. In

the merge panels, arrows indicate one TGN/EE in

the sequence. Note the appearance and disap-

pearance of the CHC-associated structures with

respect to the VAP27-1-CFP-labeled membranes.

Scale bar, 5 mm.

(F) The degree of co-localization between VAP27-

1-CFP and YFP-CHC is expressed as MOC.

(G) MOC calculated over 27.58 s for 104 EPCSs.

Green, red and orange lines are an example of

VAP27-1-CFP and YFP-CHC co-localization

behavior during 27.58 s.

(H) Left: positive FRET experiment on VAP27-1-

CFP/YFP-CHC. Right: control FRET (VAP27-1-

CFP/cytosolic YFP). Numbers in each panel

indicate the fluorescence percentage (%).
CCSs, at a temporal scale. High-resolution time-lapse imaging

indicated that the association of the CCSs with the EPCSs was

transient (Figures 2E and S3D; Videos S1 and S2). Furthermore,

in coincidence of the EPCSs, over time the YFP-CHC signal

could concentrate into the CCSs or dissolve from a punctate

appearance (Figures 2E and S3E; Videos S1 and S2). These ob-

servations supported a dynamic association of the EPCSs and

CCSs. To validate this, we used two independent quantitative

approaches. We estimated the Mander’s overlap coefficient

(MOC) to evaluate the degree of overlapping fluorescent signals

of 156 individual EPCSs labeled by either VAP27-1-CFP or

VAP27-3-CFP and the CCSs in 2,184 consecutive snapshots.

The MOC values had a Gaussian distribution (Figures 2F and

S3E), supporting a dynamic association of the EPCSs with the
CCSs (Figure 2E). Estimation of the MOC values over time for

each EPCS indicated that the association of the EPCSs with

the CCSs could change. For example, in a 27.58-s time-lapse

sequence, the CCSs could be found either continuously or just

temporarily associated with EPCSs (Figures 2G and S3F).

Such a statistical distribution of the MOC values can be ex-

plained based on a formation and dissociation of CCSs at the

PM during CME and/or the formation and dissolution of endo-

cytic-derived vesicles in the cytoplasm. To further characterize

the association between the EPCSs and CCSs, we used fluores-

cence resonance energy transfer (FRET) analyses on EPCSs as

the CCSs emerged in the focal plane. We found a positive FRET

signal on EPCSs labeled by VAP27-CFP proteins and CCSs sup-

porting that EPCS components can interact with CCSs (Figures
Cell Reports 23, 2299–2307, May 22, 2018 2301



Figure 3. Endocytosis Is Delayed in

vap27-1/-3

(A) Maximal projections of confocal images

showing FM4-64 internalization (5, 15 min) into

endosomes (arrowheads) in 6DAG WT and

vap27-1/-3 root cells.

(B) Graphs show fluorescence quantification in the

cytosol versus PM (Doyle et al., 2015) at 5 and

15 min (n of cells for each genotype and each time

point = 119).

(C) Maximal projection image showing BFA bodies

in WT and vap27-1/-3 root cells (arrowheads) upon

pulse-labeling with FM4-64 and treatment with

50 mM BFA for 1 hr. Scale bar, 5 mm.

(D) Number of BFA bodies per cell (n cells = 56) and

size of BFA bodies (n = 87).
2H and S3G). These in vivo results validated the proteomics and

Y2H analyses for an interaction of clathrin and VAP27-proteins

(Figures 1A, 1B, S1A, and S1C). We next tested if the TGN/

EEs, which bind clathrin, could also associate with the ER and

EPCSs. Consistent with earlier reports (Ueda et al., 2004; Voigt

et al., 2005), we found that the TGN/EEswere highly pleomorphic

and motile structures in close contact with the ER network (Fig-

ures 2 and S3D; Videos S1 and S2). We also verified that the

TGN/EEs could be in temporary association with the EPCSs (Fig-

ures 2E and S3D, arrows). Together, these results indicate that

clathrin-enriched membranes are transiently distributed in the

close proximity of the EPCSs and the bulk ER network labeled

by VAP27-proteins.

VAP27-1 and VAP27-3 Are Required for Endocytosis and
Growth
The verified association between VAP27-proteins with clathrin-

enriched membranes and PIPs supported the hypothesis that

VAP27-proteins could be involved in endocytosis. To test this,

we generated a vap27-1/vap27-3 double mutant, herein dubbed

vap27-1/-3, through floral crosses of single VAP27 knockouts

(Figures S4A and S4B). The single and double VAP27 mutant

showed mild but significant defects in plant growth (Figures

S4C–S4F).

By monitoring the internalization of the endocytic tracer

FM4-64 in root cortex cells at 5 and 15 min after pulse-labeling

in wild-type (WT) (parental control, PC), we found a labeling of

endosomal structures within 5 min, which increased over time

(Figures 3A and 3B). Internalization of the dye occurred also in

vap27-1/-3, but the fluorescence levels were significantly lower
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compared to WT (Figures 3A and 3B),

supporting a delay in endocytosis in this

mutant. Brefeldin A (BFA) compromises

exocytic traffic leading to the formation

of endosome aggregates, known as BFA

bodies (Lam et al., 2009). Endocytosis de-

fects delay the formation of BFA bodies

and negatively influence their size (Pa-

ciorek et al., 2005). Consistent with the

reduced internalization of FM4-64 (Fig-

ures 3E and 3F), in the vap27-1/-3mutant
the number and size of BFA bodies were lower compared to WT

(Figures 3C and 3D). Therefore, the loss of VAP27-1 and VAP27-

3 partially compromises endocytosis.

We next investigated whether defects in VAP27 levels could

affect the TGN/EE morphology using transmission electron mi-

croscopy (TEM) on WT and vap27-1/-3 cells. We observed sig-

nificant differences in the Golgi and TGN/EE organization in the

VAP27 mutant (Figure S4G). Therefore, the loss of VAP27-pro-

teins partially affects the TGN/EE morphology, consistently

with the defects in endocytic traffic verified thus far in the

vap27-1/-3 mutant.

The Loss of VAP27-Proteins Alters the Dynamics of
Clathrin and Homeostasis of the Endocytic Membranes
We next tested the distribution of CCSs in WT and vap27-1/-3

using live-cell imaging in lines stably expressing YFP-CHC.

We generated isogenic backgrounds through crosses of

vap27-1/-3with a YFP-CHC line, which were confirmed by quan-

titative analyses of YFP-CHC expression (qRT-PCR) (Figure 4A)

and anti-GFP immunoblots (Figure 4B). We assayed whether the

cellular availability of VAP27-proteins could influence the dy-

namic distribution of CCSs at the PM. The visualization of clathrin

signal at the PM reflects the formation of clathrin-coated mem-

branes as PM-associated clathrin foci as well as peripheral

CCSs distributed in the cytosol in close proximity to the PM.

To establish whether the loss of VAP27-protein could affect

the number and movement of CCSs near the PM, we performed

variable-angle epifluorescence microscopy/total internal reflec-

tion fluorescence (VAEM/TIRF) microscopy, which allows visual-

izing proteins close to the PM in intact plant tissues and has been



Figure 4. The Loss of VAP27-1 and VAP27-3

Compromises CHC Distribution and Ho-

meostasis of the Endocytic Membranes

(A) qRT-PCR analyses show unchanged levels of

CHC2 expression in PC and vap27-1/-3.

(B) Immunoblot analyses of YFP-CHC (�220 kDa)

with GFP-antibody on soluble fractions of PC/

YFP-CHC, vap27-1/-3/YFP-CHC. Protein loading

control (rubisco; Ponceau red [PR] staining).

(C) VAEM/TIRF microscopy of leaf epidermal cells

of WT and vap27-1/-3 stably expressing YFP-

CHC. Arrows point to CCS. Scale bar, 1 um.

(D) Number of CCSs (n = 30 areas for each

genotype).

(E) VAEM/TIRF microscopy of hypocotyl

epidermal cells in WT and vap27-1/-3 stably ex-

pressing YFP-CHC. Arrowheads indicate CCSs in

blinking mode followed from their appearance at

the PM until disappearance. Time is indicated in

seconds at the left top corners, with 0.0 s indi-

cating appearance of the pointed CCS. Scale bar,

1 um.

(F) CCS blinking time (time between appearance

and disappearance of a CCS); n of blinking

events = 20 for each genotype.

(G) VAEM/TIRF microscopy of hypocotyl

epidermal cells in WT and vap27-1/-3 stably ex-

pressing YFP-CHC. Arrowheads indicate the

CCSs moving laterally before blinking. Each CCS

is indicated by the same colored arrowhead

overtime. Scale bar, 1 um.

(H) CCS velocity (lateral movement) (n CCSs

analyzed = 716 for each genotype).

(I) Confocal images of leaf epidermal cells in WT

and vap27-1/-3 stably expressing YFP-CHC.

Arrowheads indicate TGN/EEs; arrows point to

CCSs. Scale bar, 5 mm.

(J) Number of CCSs/area (n areas = 50 for WT and

56 for vap27-1/-3).

(K) Proposed role in CME for VAP27-1 and VAP27-

3 proteins at the EPCSs and TGN/EEs.
used successfully to follow clathrin-coated membranes at the

PM (Wan et al., 2011). We found that the number of CCSs/

imaging area in vap27-1/-3 was similar to the control (Figures

4C and 4D); however, the blinking time (time between appear-

ance and disappearance of CCSs at the PM) was significantly

reduced in the mutant compared to WT (29% decrease) (Figures

4E and 4F). The lateral movement of the peripheral CCSs was

also reduced (28% decrease in the mutant) (Figures 4G

and 4H). We then used live-cell confocal microscopy analyses,

which enable visualizing a thin layer of cytoplasm (Figure 4I)

and capturing both the peripheral CCSs in close association

with the PM and the CCSs distributed more distally from

the PM. We found that the number of CCSs/confocal area

was significantly reduced in vap27-1/-3 compared to WT (Fig-

ures 4I and 4J). Because no differences were found in the num-

ber of CCSs at the PM (Figure 4D), these results indicate that the
Cell R
number of cytosolic CCSs is reduced in

vap27-1/-3. Coupled with the reduction

in the blinking and lateral movement of

peripheral CCSs at the PM, these results
support an altered homeostasis of the endocytic membranes

in conditions of a reduced cellular availability of VAP27-proteins,

and are consistent the verified requirement of these ER proteins

for the integrity of endocytic traffic (Figure 3).

DISCUSSION

Despite the reported close association of the ERwith PMand en-

dosomal organelles (Stefano et al., 2015; Wang et al., 2014), the

identity of the factors bridging the ERwith endocytic membranes

are unknown in plant cells. Here, we established that the highly

conserved VAP proteins, VAP27-1 and VAP27-3, which are

localized to the bulk ER membrane and accumulate at the

EPCSs (Wang et al., 2016), associate with clathrin and lipids en-

riched in endocytic membranes. We also demonstrated that the

loss of the two VAP27-proteins partially compromises
eports 23, 2299–2307, May 22, 2018 2303



endocytosis homeostasis, the dynamics of endocytic structures

at the PM and plant growth. These findings support the model

that the VAP27-proteins provide a molecular bridge between

the ER and endocytic membranes (Figure 4K) and that such a

role is necessary to maintain endocytic traffic. While a mem-

brane-bridging function is consistent with the role of non-plant

VAPs to bridge the ER and other organelles, including endo-

somes, mitochondria, and Golgi (Prinz, 2014), the interaction of

VAPs with clathrin may underline a functional diversification of

plant VAP27-proteins or differences in the plant CME compared

to non-plant cells. Although the verified clathrin-VAP protein

interaction may be indirect, we have shown a direct interaction

of VAPs with PIPs, lipids abundant in endocytic membranes.

The results of an interaction of VAPs with PIPs are in agreement

with the recent findings that synaptotagmin SYT1, which partially

co-localizes with VAP27-3 at the EPCSs (Pérez-Sancho et al.,

2015; Siao et al., 2016), binds negatively charged PM phospho-

lipids (Pérez-Sancho et al., 2015). Nonetheless, our results and

earlier findings (Stefano et al., 2015) support also a temporary

interaction of the ER with other endocytic membranes, such as

the TGN/EEs (Figures 2E and S3D; Videos S1 and S2), besides

the PM. In non-plant organisms, several PIPs, like the one found

in our VAP27 interaction assay, are enriched at the endosomes,

PM, and modulate late-stages of clathrin-coated pit formation

(Simon et al., 2014). The evidence that some PIPs, such as

PI4P, are enriched at the TGN/EEs (Simon et al., 2014) and

interact with VAP27-proteins (Figure 1D) supports the possibility

that a VAP-PI4P interaction may facilitate the association of the

ER and TGN/EEs. Therefore, we propose that VAP27-proteins

function as anchors between the ER and specific membrane

sites where clathrin is recruited, through a direct interaction

with PIPs. VAP27-proteins may interact also with other organ-

elles, as supported by the evidence that these proteins interact

with PI(3)P (Figure 1D), which can be found on LEs (Simon

et al., 2014), and EPCSs and the bulk ER can be found in prox-

imity of these organelles (Figure S2A) (Stefano et al., 2015).

A connection of VAP27-proteins with endocytic machinery

(Figure 2) and endocytosis traffic (Figure 3) points to twomodels.

First, the CME process is rate-limited by the assembly of the

clathrin coat around the invagination or ‘‘pit’’ at thePM,which oc-

curs over�1–2min (Loerke et al., 2009). Subsequently, departure

of the clathrin-coated vesicle occurs on the timescale of �10 s

(Loerke et al., 2009). Clathrin is unable to bind the PM directly

(Maldonado-Báez and Wendland, 2006). The verified interaction

of clathrin with VAP27-proteins may be necessary for clathrin

recruitment to the PM. Therefore, a loss of VAP27-proteinswould

slow down the maturation of the clathrin-coated vesicles and,

consequently, their detachment. This is consistent with the

observed reduced blinking of CCSs in the vap27 mutant

compared to WT (Figure 4E). As a result, the endocytic traffic

from the PM and the number of CCSs in the cytosol may be

also reduced (Figures 4I and 4J). The latter part of thismodel pos-

tulates that the association of clathrin on newly formed CCSs

released into the cytoplasm is long lived. Alternatively, or

concomitantly with this model, the VAP27-proteins may be

needed for the movement of CCSs and consequently for their

trafficking function. Utilizing VAEM/TIRF microscopy, a linear

lateral motion of cell-surface-associated CCSs parallel to the
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PMhas been visualized inmultiple cell types, including plant cells

(Rappoport andSimon, 2003;Wanet al., 2011).We found that the

loss of VAP27-proteins did not affect the number of CCSs at the

PM; however, their lateral movementwas significantly reduced in

themutant compared toWT. In light of the verified influence of the

ER streaming and ER membrane fluidity on the movement of en-

dosomal organelles (Stefano et al., 2015), the loss of a mem-

brane-anchored ER bridge with clathrin-associated endosomes

could reduce the movement of CCSs in the cytosol and nega-

tively their function as endocytic cargo carriers. As a result, not

only endocytosis would be compromised, the number of endo-

cytic structures in thecellwould alsobe reduceddue to inefficient

recycling of endocytic effectors such as SNAREs and lipids. In

mammalian cells, the movement the CCSswas found to be coin-

cident with microtubules, and depolymerization of microtubules

led to a reduction of the motility of these punctae (Rappoport

et al., 2003). VAP27-proteins directly interact with microtubules

(Wang et al., 2014). It has also been demonstrated that themove-

ment of the plant ER depends at least partially on microtubules

(Hamada et al., 2014). Based on these premises, the reduced

movement of the CCSs verified in our work may be correlated

to an interaction of VAP27-proteins with clathrin and microtu-

bules. Therefore, in the absence of the VAP27-proteins, endo-

cytic trafficmaybesloweddowndue to the lackof efficientmove-

ment of the CCSs over microtubules and the ER network, which

would be normally facilitated by VAP27-proteins serving as a

bridge between the CCSs, ER membranes, and microtubules.

The TGN/EE is at the crossroadof both the biosynthetic and en-

docytic pathways, and clathrin is distributed to specific subdo-

mains of the TGN/EE membranes (Ito et al., 2012; Konopka

et al., 2008). Ultrastructural analyses revealed defects in the

TGN/EE morphology (Figure S4G), indicating that the loss of

VAP27-proteins compromises not only endocytic traffic at the

PMbut also the integrity of the TGN/EEs. The verified TGN/EE de-

fects may be a consequence of disrupted endocytosis at the PM

through an impairment of the anterograde traffic caused by the

lack of recycling of trafficking machinery at the TGN/EEs. How-

ever, given the demonstrated association of the plant ER with en-

dosomal membranes, including the TGN/EEs (Stefano et al.,

2015), we propose that VAP27-proteins may also affect TGN/EE

integrity directly. The loss of a clathrin-binding bridge between

the ER and the TGN/EE membranes mediated by the VAPs may

compromise the traffickingability of theTGN/EEs, andasaconse-

quence, lead to a morphological disruption of this organelle. A

simple model in this respect could be that the interaction of the

ERmembrane with the TGN/EEs through VAPsmay facilitate cla-

thrin-coated vesicle formation through a VAP-mediated clathrin

recruitment; alternatively, the ER/TGN interaction may facilitate

clathrin vesicle maturation and budding from the TGN/EEs

through ‘‘pulling’’ forces exerted by the ER through clathrin-inter-

acting VAPs.

The two VAP27-proteins analyzed in our work belong to a family

of four VAPs. Interrogating a mutant lacking all four VAP27-pro-

teins will be necessary to test whether the two yet-untested

VAP27-proteins are also involved in endocytosis. The viability of

the vap27-1/-3 mutant and the sequence similarity among the

four VAP27-proteins suggest that they may share overlapping

functions. Although the interactome of plant VAP-proteins is being



discovered (thiswork; see alsoSaravanan et al., 2009;Wanget al.,

2014), the role of these proteins at organismal level had not been

unraveled before this study. In this work, we have demonstrated

that both proteins are involved in plant growth. Although we do

not exclude that these VAPsmay have additional roles in the cells,

the growth phenotypes verified for vap27-1/-3may be linked to a

defective endocytosis, as demonstrated for other CME mutants

(Collings et al., 2008; Stefano et al., 2015). VAP27-1 and VAP27-

3 are known to heteromerize (Wang et al., 2014). Our results

showing that the weight of the shoot and root of vap27-1/-3 is

similar to either vap27-1 or vap27-3 are in line with VAP27-hetero-

merization in a functional complex. However, the evidence that,

unlike vap27-3, deletion of VAP27-1 affects root elongation, and

a deletion of VAP27-3, but not VAP27-1, affects root diameter, in-

dicates that the two proteins have non-completely overlapping

functions or interacting partners in root growth. These results sup-

port some degree of tissue specificity for the VAP27-proteins and

suggest the possibility that VAP27-1 and VAP27-3may form func-

tional complexes with other VAP27-protein in roots.

A functional heterogeneity across plant EPCSs has been pro-

posed based on the findings that the EPCSs labeled by synapto-

tagmin A (SYTA), another constituent of plant EPCSs, only

partially overlap with VAP27-EPCSs (McFarlane et al., 2017;

Siao et al., 2016). In our study, we have uncovered that the

EPCSs marked by VAP27-proteins transiently associate with

CCSs, and the association of CCSs with EPCSs does not occur

simultaneously across all the EPCSs. These data indicate that

the EPCSs interacting with clathrin represent a subpopulation

of the cell’s EPCSs. Therefore, our findings are in agreement

with the evidence that the composition of plant EPCSs is hetero-

geneous (McFarlane et al., 2017; Siao et al., 2016) and support a

diversification of the EPCSs, which likely underlies a functional

specialization of these ER subdomains.
EXPERIMENTAL PROCEDURES

Cloning, Plant Material, and Growth Conditions

VAP27 and CHC2 cDNAs were cloned into either pVKH18En6 or

pEarlyGateway104 as CFP or vYFP fusions. For Y2H assays, VAP27-cytosolic

domains were cloned into pBD42-AD or pGilda (Withers et al., 2012). For re-

combinant protein production, VAP27-cytosolic domains were cloned into

pET28b or pGEX5x-1. Four-week-old Nicotiana tabacum (cv Petit Havana)

plants grown at 25�C were used for transient expression (Batoko et al.,

2000), with a bacterial OD600 of 0.05. T-DNA lines were obtained from

ABRC. Homozygous transgenic A. thaliana lines (Col-0 ecotype) expressing

CHC2 were generated by floral dipping (Clough and Bent, 1998). Arabidopsis

plants were germinated and grown at 21�C under 16 hr light/8 hr dark condi-

tions. The list of primer sequences is provided in Table S1.
RNA Extraction, PCR, and Protein Blot Analyses

RNAextraction and qRT-PCRwere performedas describedpreviously (Stefano

et al., 2012). One-week-old seedlings were harvested, homogenated, sepa-

rated by SDS-PAGE, and blotted on nitrocellulose membrane (Renna et al.,

2013). The blotted membrane was incubated with a GFP antibody (Abcam).
coIP and Proteomics Analyses

CoIP experiments were performed using the Dynabeads Protein A Immuno-

precipitation kit (Thermo Fisher Scientific). Two-week-old Arabidopsis seed-

lings WT (Col-0) or stably expressing VAP27-1-YFP, VAP27-3-YFP were

homogenized in lysis buffer, and binding was performed as specified by
the manufacturer’s protocol. The eluate was collected and submitted for

LC/MS/MS analysis.

Expression and Purification of Recombinant VAP27-Proteins

Recombinant VAP27-1DTM and VAP27-3DTM carrying a 6His-tag or GST-tag

at the N terminus were expressed and purified as previously described

(Stefano et al., 2006). Purified proteins were concentrated using Amicon ultra

centrifugal filters and were stored at �80�C prior to use.

Yeast Two-Hybrid Assays

Yeast two-hybrid (Y2H) assays were performed as previously described

(Withers et al., 2012) using GAL4 system (Clontech, Mountainview, CA). The

assay was repeated at least three times with consistent results.

Protein Lipid Overlay Assay

Lipid binding assays were performed according to the manufacturers’ instruc-

tions (Echelon Biosciences, Salt Lake City). VAP27-1DTM-6HIS and GST-

VAP27-3DTMwere detected using anti-HIS serum (Santa Cruz Biotechnology)

and anti-GST serum (Thermo Fisher Scientific), respectively.

Confocal Laser Scanning Microscopy and VAEM-TIRF

Confocal laser scanning microscopy (CLSM) was performed using an inverted

Nikon A1Rsi microscope equipped with a 603 objective (Apo Oil lS DIC N2).

CFP and YFP were excited using 443 and 514 nm laser lines, respectively; sig-

nals were collected using 485/35, and 580/40 filter cubes. For FRET experi-

ments, the donor molecule was excited at 443 nm and fluorescence was

collected at 468–503 nm; the acceptor was excited at 514 nm and the fluores-

cent signal was collected between 570 and 620 nm. VAEM/TIRF analyseswere

performed on a Nikon A1Rsi system equipped with a CFI Apo TIRF 1003

NA1.49 oil immersion objective and a Andor iXon camera (Du 897 Ultra). Etio-

lated hypocotyls of 6-day-old seedlings were used for the analyses.

Drug and Dye Treatments

Arabidopsis seedlings were incubated with 2 mM FM4-64 and observed after

5 min, 15 min, or 1 hr. For BFA treatment, the seedlings were first incubated

with 2 mM FM4-64 then treated in 50 mM BFA.

Transmission Electron Microscopy

Leaves from 2-week-old Arabidopsis plants embedded and ultrathin sections

(70-nm thick) were cut on an RMC ultramicrotome (RMC, Tucson, AZ), and

then mounted on grids. TEM images analysis were taken with a JEOL100

CXII instrument (Japan Electron Optics Laboratories).

Statistical Analyses

Statistical analysis one-way ANOVA with Tukey’s post-tests was performed for

root length and for weight measurements, while Student’s t test was performed

for all other analyses. Error bars in Figures 3B, 3D, 4A, 4J, S4C–S4F, S4H, and

S4I indicate SEM. Boxplot whiskers in Figures 4D, 4F, 4H, and S4J indicate min

and max. ***p < 0.001; **0.001 > p < 0.01; *0.01 > p < 0.05; n.s., not significant.

Additional experimental details can be found in the Supplemental

Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, one table, and two videos and can be found with this article online

at https://doi.org/10.1016/j.celrep.2018.04.091.

ACKNOWLEDGMENTS

Weacknowledge support by the Chemical Sciences, Geosciences and Biosci-

ences Division, Office of Basic Energy Sciences, Office of Science, U.S.

Department of Energy (DE-FG02-91ER20021) and the National Science Foun-

dation (MCB1714561) and AgBioResearch to FB.
Cell Reports 23, 2299–2307, May 22, 2018 2305

https://doi.org/10.1016/j.celrep.2018.04.091


AUTHOR CONTRIBUTIONS

G.S., L.R., and F.B. designed the research and wrote the manuscript. G.S.,

L.R., C.W., J.G., and K.Z. performed the experiments.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: July 24, 2017

Revised: March 26, 2018

Accepted: April 20, 2018

Published: May 22, 2018

REFERENCES

Alpy, F., Rousseau, A., Schwab, Y., Legueux, F., Stoll, I., Wendling, C., Spie-

gelhalter, C., Kessler, P., Mathelin, C., Rio, M.C., et al. (2013). STARD3 or

STARD3NL and VAP form a novel molecular tether between late endosomes

and the ER. J. Cell Sci. 126, 5500–5512.

Batoko, H., Zheng, H.Q., Hawes, C., and Moore, I. (2000). A rab1 GTPase is

required for transport between the endoplasmic reticulum and golgi apparatus

and for normal golgi movement in plants. Plant Cell 12, 2201–2218.

Clough, S.J., and Bent, A.F. (1998). Floral dip: a simplified method for Agro-

bacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16,

735–743.

Collings, D.A., Gebbie, L.K., Howles, P.A., Hurley, U.A., Birch, R.J., Cork, A.H.,

Hocart, C.H., Arioli, T., and Williamson, R.E. (2008). Arabidopsis dynamin-like

protein DRP1A: a null mutant with widespread defects in endocytosis, cellu-

lose synthesis, cytokinesis, and cell expansion. J. Exp. Bot. 59, 361–376.

Doyle, S.M., Haeger, A., Vain, T., Rigal, A., Viotti, C., Langowska, M., Ma, Q.,

Friml, J., Raikhel, N.V., Hicks, G.R., et al. (2015). An early secretory pathway

mediated byGNOM-LIKE 1 and GNOM is essential for basal polarity establish-

ment in Arabidopsis thaliana. PNAS 112, E806–815.

Fan, L., Hao, H., Xue, Y., Zhang, L., Song, K., Ding, Z., Botella, M.A., Wang, H.,

and Lin, J. (2013). Dynamic analysis of Arabidopsis AP2s subunit reveals a key

role in clathrin-mediated endocytosis and plant development. Development

140, 3826–3837.

Fan, L., Li, R., Pan, J., Ding, Z., and Lin, J. (2015). Endocytosis and its regula-

tion in plants. Trends Plant Sci. 20, 388–397.

Gadeyne, A., Sánchez-Rodrı́guez, C., Vanneste, S., Di Rubbo, S., Zauber, H.,

Vanneste, K., Van Leene, J., De Winne, N., Eeckhout, D., Persiau, G., et al.

(2014). The TPLATE adaptor complex drives clathrin-mediated endocytosis

in plants. Cell 156, 691–704.

Hamada, T., Ueda, H., Kawase, T., and Hara-Nishimura, I. (2014). Microtu-

bules contribute to tubule elongation and anchoring of endoplasmic reticulum,

resulting in high network complexity in Arabidopsis. Plant Physiol. 166, 1869–

1876.

Ito, E., Fujimoto, M., Ebine, K., Uemura, T., Ueda, T., and Nakano, A. (2012).

Dynamic behavior of clathrin in Arabidopsis thaliana unveiled by live imaging.

Plant J. 69, 204–216.

Konopka, C.A., Backues, S.K., and Bednarek, S.Y. (2008). Dynamics of Arabi-

dopsis dynamin-related protein 1C and a clathrin light chain at the plasma

membrane. Plant Cell 20, 1363–1380.

Lam, S.K., Cai, Y., Tse, Y.C., Wang, J., Law, A.H., Pimpl, P., Chan, H.Y., Xia, J.,

and Jiang, L. (2009). BFA-induced compartments from the Golgi apparatus

and trans-Golgi network/early endosome are distinct in plant cells. Plant J.

60, 865–881.

Lev, S., Ben Halevy, D., Peretti, D., and Dahan, N. (2008). The VAP protein fam-

ily: from cellular functions to motor neuron disease. Trends Cell Biol. 18,

282–290.

Loerke, D., Mettlen,M., Yarar, D., Jaqaman, K., Jaqaman, H., Danuser, G., and

Schmid, S.L. (2009). Cargo and dynamin regulate clathrin-coated pit matura-

tion. PLoS Biol. 7, e57.
2306 Cell Reports 23, 2299–2307, May 22, 2018
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