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Abstract
In eukaryotes, clathrin-coated vesicles (CCVs) facilitate the internalization of material from the cell surface as well as the move-
ment of cargo in post-Golgi trafficking pathways. This diversity of functions is partially provided by multiple monomeric and
multimeric clathrin adaptor complexes that provide compartment and cargo selectivity. The adaptor-protein assembly
polypeptide-1 (AP-1) complex operates as part of the secretory pathway at the trans-Golgi network (TGN), while the AP-2 com-
plex and the TPLATE complex jointly operate at the plasma membrane to execute clathrin-mediated endocytosis. Key to our
further understanding of clathrin-mediated trafficking in plants will be the comprehensive identification and characterization of
the network of evolutionarily conserved and plant-specific core and accessory machinery involved in the formation and targeting
of CCVs. To facilitate these studies, we have analyzed the proteome of enriched TGN/early endosome-derived and endocytic
CCVs isolated from dividing and expanding suspension-cultured Arabidopsis (Arabidopsis thaliana) cells. Tandem mass spec-
trometry analysis results were validated by differential chemical labeling experiments to identify proteins co-enriching with
CCVs. Proteins enriched in CCVs included previously characterized CCV components and cargos such as the vacuolar sorting
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receptors in addition to conserved and plant-specific components whose function in clathrin-mediated trafficking has not been
previously defined. Notably, in addition to AP-1 and AP-2, all subunits of the AP-4 complex, but not AP-3 or AP-5, were found
to be in high abundance in the CCV proteome. The association of AP-4 with suspension-cultured Arabidopsis CCVs is further
supported via additional biochemical data.

Introduction
Vesicle trafficking is critical for the exchange of materials be-
tween the various biochemically and functionally distinct
compartments of the biosynthetic/secretory and endocytic
pathways. In particular, the trafficking of vacuolar proteins
and the polar localization of plasma membrane (PM) pro-
teins is critical for nutrient uptake, pathogen response, and
organismal homeostasis.

Fundamental to the process of vesicle trafficking is the as-
sembly of cytosolic coat protein complexes, which cluster
cargo and generate the membrane curvature necessary for a
budding vesicle (Bonifacino and Glick, 2004; Robinson,
2015). The distinctive geometric lattice that surrounds
clathrin-coated vesicles (CCVs) is composed of clathrin tris-
kelia, which in turn are composed of clathrin heavy chain
(CHC) and clathrin light chain (CLC) subunits.

Since their initial discovery in metazoans and plants (Gray,
1961; Roth and Porter, 1964; Bonnett and Newcomb, 1966),
CCVs have been demonstrated to function in endocytosis
(Robinson, 2015; Reynolds et al., 2018) and post-Golgi traf-
ficking (Orci et al., 1985; Hirst et al., 2012). The highly chor-
eographed multi-step process of clathrin-mediated
endocytosis (CME) requires clathrin and a large number of

endocytic accessory proteins (EAPs) that function at specific
sites on the PM (i.e. clathrin-coated pits [CCPs]) to mediate
cargo recruitment, membrane invagination, and scission/sev-
ering of the nascent CCV from the PM and their uncoating
prior to fusion with endosomes (Taylor et al., 2011;
Kaksonen and Roux, 2018; Wu and Wu, 2021). Our current
understanding of the complex network of proteins and lip-
ids required for post-Golgi trafficking and endocytosis in
plants largely comes from yeast and mammalian systems
and the use of various biochemical, proteomic, genetic, and
advanced quantitative live-cell imaging approaches. By com-
parison, mechanistic insight into clathrin-dependent mem-
brane trafficking in plants remains limited.

CCVs facilitate multiple intracellular trafficking pathways
via the action of adaptor protein complexes that are tasked
with pathway-specific cargo recognition and clathrin recruit-
ment at the PM and endomembrane compartments. The
first clathrin adaptors to be identified were the assembly
polypeptide (AP)-2 and AP-1 heterotetrameric complexes
(Pearse and Robinson, 1984; Keen, 1987) that interact with
protein cargo and specific phospholipids residing at the PM
and the trans-Golgi Network (TGN), respectively (Robinson,
2015). These functions are largely conserved in plants, in-
cluding the central role of AP-2 in endocytosis (Bashline

IN A NUTSHELL
Background: Trafficking of vacuolar and plasma membrane (PM) proteins and other macromolecules is essential
for plant development, nutrient uptake, stress responses, and pathogen defense. At the trans-Golgi network/early
endosomes and PM, the oligomerization of repeating clathrin protein units together with varying complements
of additional accessory proteins generate a membrane coat that sequesters cargo such as membrane, proteins,
and extracellular ligands into transport vesicles. The identities of these clathrin-associated proteins remain to be
fully elucidated, but are of critical importance as they facilitate cargo transport in a directional manner, thereby
modulating cargo abundance at subcellular sites and consequently, cargo protein function.

Question: What proteins are associated with clathrin-coated vesicles (CCVs) isolated from plant cells?

Findings: CCVs were enriched by differential centrifugation from suspension-cultured Arabidopsis cells and ana-
lyzed by unlabeled shotgun proteomics using two parallel methodologies to establish a core proteome of plant
CCVs. In addition, a differential stable isotope labeling strategy combined with immunoblot analyses was used to
quantitatively assess the enrichment or depletion of proteins with the purified CCVs. Manual annotation of pro-
teins that were greater than or equal to two-fold enriched identified conserved proteins involved in CCV-medi-
ated trafficking between plants and other eukaryotes as well as key evolutionary divergences including the
association of the adaptor, AP-4, with plant CCVs. The identities and metrics of proteins associated with plant
CCVs provide a key reference for researchers studying eukaryotic membrane trafficking pathways mediated by
the formation and transport of CCVs.

Next steps: Future research will investigate the involvement of CCV-associated proteins in endocytosis and post-
Golgi trafficking and assess changes in the dynamics and regulation of clathrin-mediated endocytic and post-
Golgi trafficking.
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et al., 2013; Di Rubbo et al., 2013; Fan et al., 2013; Kim et al.,
2013) and of AP-1 in trafficking at TGN/early endosomes
(TGN/EE) (Song et al., 2006; Park et al., 2013; Teh et al.,
2013). The latter’s function is somewhat more complex as
the plant TGN/EE appears to comprise numerous distinct
sub-compartments with varying morphologies and functions
in contrast to its metazoan counterpart (Dettmer et al.,
2006; Viotti et al., 2010; Kang et al., 2011; Rosquete et al.,
2018; Heinze et al., 2020; Shimizu et al., 2021). Moreover, an
increasing number of studies have demonstrated that these
core CCV trafficking proteins have evolved to accommodate
processes critical for plant growth and development against
the differing biophysical properties of plant cells, including
cell wall formation, cytokinesis, and pathogen response
(McMichael and Bednarek, 2013; Zhang et al., 2015; Gu
et al., 2017; Ekanayake et al., 2019).

In addition to AP-2 and AP-1, three additional AP com-
plexes, AP-3 (Dell’Angelica et al., 1997; Simpson et al., 1997;
Zwiewka et al., 2011), AP-4 (Dell’Angelica et al., 1999; Hirst
et al., 1999), and AP-5 (Hirst et al., 2013), mediate post-Golgi
endomembrane trafficking in multicellular eukaryotes.
However, relative to AP-1 and AP-2, their interaction with
the clathrin machinery in mammalian and other systems is
less defined. Proteomic analyses of mammalian CCVs suggest
that of the five evolutionarily conserved adaptor complexes,
only AP-1 and AP-2 were found to be associated with the
clathrin coat (Blondeau et al., 2004; Borner et al., 2012).
Recent super-resolution microscopy of plant cells showed a
lack of colocalization between AP4 and clathrin (Shimizu
et al., 2021). Lastly, the association of AP-5 with clathrin in
metazoans and plants remains undetermined (Sanger et al.,
2019).

Plants have shown evolutionary divergence in their key
EAPs compared to other model systems including, for ex-
ample, the TPLATE complex (TPC), which likely evolved in
early eukaryotes but is notably absent from yeast and met-
azoans and which is essential for plant CME (Gadeyne
et al., 2014; Hirst et al., 2014; Bashline et al., 2015; Wang
et al., 2021). Similar to AP-2, TPC functions exclusively at
the PM and acts as a central interaction hub required for
the formation of endocytic CCVs (Gadeyne et al., 2014;
Zhang et al., 2015; Wang et al., 2016; Yperman et al., 2021).
Additional conserved accessory proteins have been demon-
strated to be required for CCV maturation including mo-
nomeric cargo adaptor families such as the ENTH/ANTH/
VHS domain-containing proteins, which aid in cargo recog-
nition and membrane deformation (Zouhar and Sauer,
2014; Fujimoto, 2020). In addition, CCV formation requires
members of the Arabidopsis dynamin-related protein
(DRP) families DRP1s and DRP2s, which are necessary for
scission of the budding vesicle from the PM (Bednarek and
Backues, 2010). DRP1 and DRP2 protein assembly into
CCPs is critical for efficient CME and cell plate biogenesis
but the precise mechanistic details of their function(s) in
these processes are not fully established (Konopka et al.,
2008; Backues et al., 2010; Fujimoto et al., 2010; Mravec

et al., 2011; Narasimhan et al., 2020; Ekanayake et al., 2021).
Various plant uncoating factors have been identified, and
the mechanistic details are under investigation (Robinson,
2015; Adamowski et al., 2018).

Trafficking factors including Rab and ADP-ribosylation fac-
tor (ARF)-related small GTPases (Jürgens et al., 2015;
Lipatova et al., 2015; Takemoto et al., 2018), vesicle tethering
complexes (Jürgens et al., 2015; Takemoto et al., 2018), and
soluble N-ethylmaleimide-sensitive factor adaptor protein
receptors (SNARE) proteins (Yun and Kwon, 2017) add
complexity to the regulation of clathrin-mediated trafficking
pathways.

Defining the protein complement of post-Golgi and endo-
cytic CCVs will further enhance our understanding of the
evolutionarily conserved and plant-specific core and acces-
sory machinery involved in the formation and targeting of
plant CCVs. Organelle proteomics is a useful tool for such
studies as it can provide a global view of the protein con-
tent of a particular organelle, thereby placing known and
un-annotated gene products in a functional context. Several
studies have employed mass spectrometry (MS) to answer
questions of mammalian CCV content including analyses of
rat brain CCVs to examine their role in synaptic vesicle recy-
cling (Blondeau et al., 2004; Takamori et al., 2006) and of
those isolated from HeLa cells (Borner et al., 2006, 2012). In
addition to the identification of previously unknown CCV
components, the relative abundance of proteins across
CCVs isolated from rat brain and liver has been examined
to interrogate pathway-specific proteins such as AP-1 and
AP-2 subunits (functioning in secretion and endocytosis, re-
spectively) and the proportion of CCVs involved in post-
Golgi and endocytic trafficking in different cell types (Girard
et al., 2005). In plants, subcellular fractionation coupled with
tandem MS has also been utilized to elucidate the protein
content of endomembrane compartments including
Arabidopsis Golgi cisternae (Parsons et al., 2012, 2019;
Okekeogbu et al., 2019), vacuoles (Carter et al., 2004), syn-
taxin of plants 61 (SYP61)-positive TGN compartments
(Drakakaki et al., 2012), and multiple compartments of the
Arabidopsis endomembrane system (Heard et al., 2015).
Here, we report the proteomic assessment of CCVs isolated
from undifferentiated Arabidopsis suspension cultured cells
using tandem MS and quantitative immunoblotting to eluci-
date the ensemble of proteins underlying clathrin-mediated
trafficking in plants and to better understand the similarities
and differences among trafficking protein pathways within
eukaryotes.

Results and discussion

CCV isolation
In plants, CCVs mediate trafficking of secretory and endo-
cytic cargo necessary for cell expansion, cytokinesis, nutrient
uptake, and pathogen immunity pathways underlying
growth, morphogenesis, and defense in a variety of develop-
mentally distinct cell types (Reynolds et al., 2018; Ekanayake
et al., 2019). Undifferentiated suspension-cultured plant cells

2152 | THE PLANT CELL 2022: 34; 2150–2173 Dahhan et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/34/6/2150/6537545 by guest on 22 Septem

ber 2023



offer, however, several benefits as a biological sample source
for proteomic analysis of plant CCVs as they: (1) display
high levels of division and expansion, processes that require
a large flux of vesicular trafficking; (2) are easily scaled to
provide large amounts of material; and (3) when grown un-
der constant conditions, provide a population of cells uni-
form in cell type and development between biological
replicates. With these features in mind, the CCVs used for
proteomic analysis in this study were isolated from 3- to 4
day-old T87 suspension-cultured Arabidopsis cells (Axelos
et al., 1992). In addition, the availability of the Arabidopsis
genome sequence and in silico proteome (Arabidopsis
Genome, 2000; Berardini et al., 2015) as well as the T87 tran-
scriptome datasets (Stolc et al., 2005) facilitate the assess-
ment of the enrichment or depletion of proteins of interest
in the CCV proteome.

For proteomic analyses, plant CCVs were isolated under
pH conditions that inhibit clathrin cage disassembly using
a fractionation scheme that includes differential, rate-zonal
centrifugation, and a final equilibrium deuterium/Ficoll gra-
dient as described previously (Reynolds et al., 2014). Prior
to MS analysis, the composition and quality of CCV prepa-
rations were assessed by morphological analysis using
transmission electron microscopy (TEM) and immunoblot-
ting for protein markers of the secretory and endocytic
pathways. TEM analysis (Figure 1A) of the enriched CCV
samples revealed that 80% ± 7.6% of the vesicles from four
independent CCV preparations used for MS analysis dis-
played the characteristic geometry of clathrin coats with
an average diameter of 75 ± 5.3 nm. Transmission electron
micrographs of enriched CCVs at higher resolution show
striking symmetry of the coat (Figure 1, B and C;
Supplemental Figure S1).

CCV MS/MS sample preparation and analysis
To establish a comprehensive understanding of the protein
composition of plant CCVs, two independent, parallel prote-
omic workflows were performed on enriched CCV protein
samples (Supplemental Figure S2). In the first methodology,
CCVs isolated from four independent preparations were re-
solved via one-dimensional sodium dodecyl-sulfate polyacryl-
amide gel electrophoresis (1D SDS-PAGE) before in-gel
digestion of proteins by trypsin and subjection to liquid
chromatography/tandem mass spectrometry (LC/MS-MS).
To account for differences in protein sampling related to 1D
SDS–PAGE sample fractionation and the use of detergents,
we used a second methodology in which three independent
CCV preparations were denatured in a urea buffer prior to
trypsin digestion in-solution and separation of recovered
peptides by LC/MS–MS.

Coomassie staining of a representative enriched CCV frac-
tion separated by 1D SDS-PAGE is shown in Figure 2A. Gel
slices 2, 6, and 8 contain bands of high protein abundance
(intense Coomassie staining), which migrate at rates corre-
sponding to the molecular weights of the clathrin coat pro-
teins. To confirm the identity of the specific heavy or light
chain clathrin isoforms in each polyacrylamide gel slice, we
plotted the unique spectral counts as a percentage of
unique spectral counts for that isoform across the entire
SDS–PAGE gel and showed that the protein abundances in
gel slices 2, 6, and 8 in Figure 2A corresponded to the pres-
ence of clathrin subunits (Figure 2B). Arabidopsis encodes
two CHC isoforms, CHC1 and CHC2, of approximately the
same mass (193 kDa) which share 490% sequence identity
(Kitakura et al., 2011) and are transcribed at comparable lev-
els in T87 suspension cultured cells (Stolc et al., 2005). In
contrast to CHC, the three Arabidopsis CLC isoforms share

Figure 1 TEM of purified plant CCVs. A, Negative stain transmission electron micrographs of a typical CCV preparation. Uncoated vesicles are in-
dicated by arrowheads and coated vesicles by arrows. B and C, Positive stain scanning transmission electron micrographs of CCVs. Scale bars
(clockwise, starting top): 100, 20, and 50 nm.
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only �55% sequence identity (Wang et al., 2013) and vary
in predicted mass (37.2, 28.8, and 29.1 kDa, CLC1-3, respec-
tively). The spectral count and SDS–PAGE data confirmed
that CHC contributes to the high protein abundance of gel
slice 2 (predicted molecular weight of CHC1 and CHC2,
193 kDa), and that CLC contribute to the protein abundance
of gel slices 6 and 8 (predicted molecular weight of CLC1,
37 kDa; of CLC2 and CLC3, 29 kDa). The identities of the
other CCV-associated proteins in Figure 2A with abundances
below the limits of detection by Coomassie staining were
determined by proteomic and immunoblot analyses
addressed below.

To define the CCV proteome, protein or protein group
assignments were considered true if at least two unique
peptides denoting the protein or protein group were found
in at least two biological replicates based on a 1% false dis-
covery rate (FDR) protein and peptide threshold
(Supplemental Figures S2, B and C). Processed spectra from
the first methodology were matched against the Arabidopsis
protein sequence database using the Mascot searching algo-
rithm (Perkins et al., 1999), while in the second methodol-
ogy, MS/MS spectra were analyzed with the MaxQuant
software package.

Following these criteria, protein assignments from the four
independent CCV preparations analyzed by the first meth-
odology (in which CCVs were separated by 1D SDS–PAGE)
comprised a list of 3,745 proteins (Supplemental Data Set
1), the vast majority of which (�70%) were in relatively low
abundance (550 spectral counts across four replicates).
Total spectral counts have previously been used as an ap-
proximation of overall protein abundance in biological sam-
ples for those proteins with a reasonably high (410–20)
total number of counts (Lundgren et al., 2010). Accordingly,
we compared total counts over four independent CCV
preparations without normalization as an approximation of
overall protein abundance within CCVs and focused our
analysis on those proteins with the highest associated spec-
tral count totals. The proteomic data from CCVs fraction-
ated by 1D SDS–PAGE and analyzed by tandem MS is
presented in Supplemental Data Sets 1, 4, and 5. Protein
assignments obtained from the second CCV methodology
resulted in a list of 1,981 protein groups (Supplemental Data
Set 2). Intensity-based absolute quantitation (iBAQ) values
were used to sort protein groups within this dataset, as this
method of label-free quantification has been previously
judged to be a metric for protein abundances within biologi-
cal samples and enables comparison of these abundances
(Nagaraj et al., 2011; Schwanhäusser et al., 2011; Arike et al.,
2012). The data from this second methodology are pre-
sented in Supplemental Data Sets 2 and 4.

Previous proteomic studies of CCVs purified from mam-
malian tissue have found that clathrin light and heavy
chains predominantly exist in a stoichiometric 1:1 ratio.
However, clathrin subunits were also found in nonstoichio-
metric ratios depending on the tissue and species source of
the CCV sample (Blondeau et al., 2004; Girard et al., 2005;
Borner et al., 2012). We used iBAQ levels to analyze the
abundances of clathrin heavy and light chain subunits and
determine the ratio of subunits within the triskelion inde-
pendently of immunoblotting-based methods. We summed
the iBAQ values for CHC and CLC subunits from each of
three independent CCV preparations and calculated the ra-
tio between these values as the measure of CLC:CHC per
replicate of 1.24, 2.05, and 1.07 (Figure 2C; Supplemental
Data Set 2). These values generally support a 1:1 ratio but
suggest that, in some CCV preparations from plant cells,
CLC subunits are in excess.

Figure 2 Distinction of clathrin isoforms by MS and stoichiometry of
clathrin subunits. A, Representative Coomassie stained SDS–PAGE
analysis of 1 mg of CCVs purified by differential centrifugation from
Arabidopsis T87 suspension cultured cells. After separation by SDS–
PAGE, gels were sliced along the indicated dotted lines before in-gel
trypsin digest and analysis of each fragment by LC/MS–MS. The iden-
tity of abundant CCV associated proteins marked by arrowheads to
the right of the gel were found to be clathrin heavy (single arrow
head) and light chain isoforms (CLC1, double arrowhead; CLC2 and
CLC3, triple arrowheads) based on MS and analysis in Figure 2B. B,
Spectral counts attributed to a specific clathrin heavy or light chain
isoform from the unlabeled LC/MS–MS analysis of the CCV purifica-
tions separated by 1D SDS-PAGE and visualized by Coomassie staining
in Figure 2A. Peaks in the line graphs were used to assign particular
clathrin heavy and light chain isoforms to the indicated bands in
Figure 2A. C, Ratio of CHC to CLC subunits for three independent
CCV purifications analyzed by LC/MS–MS without separation by 1-D
SDS–PAGE. The iBAQ value plotted on the y-axis is derived from the
sums of the iBAQ intensity values assigned to clathrin light or heavy
chain isoforms from the indicated replicate normalized to the sum of
the iBAQ intensity value assigned to CHC for each replicate. The
boxed number overlaid on the columns is the ratio of CLC:CHC for
each replicate.
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The numbers of proteins comprising each proteomic data-
set and shared between both sample preparations described
above are illustrated in Figure 3. Cross-referencing the data-
sets derived from these independent, parallel workflows
established an overlapping CCV proteome comprising 1,683
proteins (Figure 3).

Assessment of protein enrichment and depletion in
CCV fraction
To further refine the CCV proteome, we quantitatively
compared the abundance of peptides in predeuterium and
postdeuterium/Ficoll-gradient samples, termed Deuterium
Ficoll-Gradient Load (DFGL) and CCV samples, respectively.
To do so, we assessed the relative enrichment or depletion
of proteins identified by MS in an unbiased manner through
a differential labeling strategy with stable isotope dimethyl
moieties (Boersema et al., 2009). This methodology involves
the reaction of peptide primary amines with either formal-
dehyde or deuterated formaldehyde to form methylated

peptides, which results in identical peptides treated in this
way differing by 4 Da. Accordingly, a quantitative ratio of an
individual peptide’s abundance in the DFGL relative to the
final enriched CCV preparation, as represented by spectral
counts, can be derived.

DFGL and CCV fractions from two independent CCV prep-
arations were separated by 1D SDS–PAGE prior to gel sec-
tioning and in-gel digestion with trypsin. Peptides from both
fractions were recovered and treated with dimethyl reagents
as previously described (Boersema et al., 2009). In the second
replicate, heavy (deuterated) and light labels applied to CCV
and DFGL samples were swapped to control for potential
discrepancies resulting in the identification of proteins that
were enriched in (CCV:DFGL spectral count ratio 52.0) or
depleted from (DFGL:CCV spectral count ratio 52.0) the pu-
rified CCVs (Figure 3; Supplemental Data Set 3). Cross-
referencing these datasets yielded a core set of 781 proteins
in the enriched CCV purification sample as detected by all
three proteomic workflows, 213 (27%) of which had a
CCV:DFGL spectral count ratio 52.0, that is, were enriched
more than two-fold in the final preparatory step resulting in
purified CCVs (Figure 3; Supplemental Data Set 3).

In previous studies, immunoblotting has been used to vali-
date differential centrifugation as a means to purify CCVs
from plant cells by confirming the depletion of markers of
the endoplasmic reticulum (ER) and Golgi, as well as of other
organelles including plastids, peroxisomes, and mitochondria,
in addition to confirming the enrichment of CCV associated
proteins (McMichael et al., 2013; Reynolds et al., 2014).
However, the fold enrichment or depletion of these proteins
relative to their initial abundance in the lysate (S0.1) fraction
has not been quantified. Here, we performed quantitative im-
munoblotting of equal amounts of protein from steps
throughout the CCV purification process, including the DFGL
and CCV fractions, to establish the fold enrichment and de-
pletion of CCV mediated trafficking-associated and unassoci-
ated proteins, respectively, relative to the lysate (Figure 4). We
then used the average fold enrichments between the DFGL
and CCV fractions from quantitative immunoblotting of three
independent CCV preparations (apart from immunoblotting
for DRP2, where n = 2) to corroborate the values obtained by
the dimethyl labeling proteomic workflow (Table 1).

The expected enrichment of CCV-associated proteins,
such as clathrin coat proteins CHC and CLC2 and subunits
of AP-1 and AP-2 complexes, as well as the cell plate, TGN,
and putative CCV cargo marker, KNOLLE (Dhonukshe et al.,
2006; Reichardt et al., 2007; Boutt�e et al., 2010), is shown in
Figure 4A. To demonstrate the removal of non-CCV traffick-
ing-associated proteins from the purified CCVs, the deple-
tion of cFBPase and SEC12 proteins, markers for the cytosol
and ER, respectively, between the S0.1 fraction and final
CCV sample, is shown in Figure 4B. We also quantitated the
intensity of the proteins in Figure 4, A and B at the DFGL
and CCV steps of the CCV purification scheme and com-
pared these values to those obtained in the dimethyl label-
ing experiment (Table 1). The average fold enrichment
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Figure 3 Sizes of and overlaps in proteomic datasets defining proteins
associated with CCVs purified from Arabidopsis cells. Four indepen-
dent CCV preparations were separated by 1D SDS–PAGE before LC/
MS–MS. Proteins or proteins representative of protein groups were in-
corporated into the unlabeled LC/MS–MS dataset (circle with largest
area) if total spectral counts for the protein/protein group were pre-
sent in 52 replicates (3,745 proteins). Three independent CCV prepa-
rations were not separated by SDS–PAGE but treated with urea
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(circle with intermediate area) if they were identified in at least two
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ciprocally labeled with light and heavy formaldehyde before separa-
tion with SDS–PAGE and subjection to LC/MS–MS. Proteins
identified in at least one replicate as increased or decreased in abun-
dance between CCV and DFGL fractions were included in the di-
methyl labeling LC/MS–MS dataset (1,109 proteins; circle with
smallest area). The sizes of circles and overlaps are proportional to the
number of proteins or protein groups contained within.
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values between the CCV and DFGL samples for the proteins
in Figure 4, A and B as determined by immunoblotting or
dimethyl labeling are compared in Table 1, which shows
that the general trends of enrichment of CCV-associated
proteins and depletion of markers of subcellular compart-
ments not associated with CCV-mediated trafficking away

from the final CCV sample are consistent across both
methods. These quantitative immunoblotting data support
the use of the dimethyl labeling proteomic dataset
(Supplemental Data Set 3) as a tool for researchers investi-
gating proteins of interest and the strength of potential con-
nections to CCV-mediated trafficking processes.

To assess the contributions of subcellular organelles to the
complement of the 546 proteins detected by the first meth-
odology that were depleted at least two-fold during the final
CCV purification step, their predicted subcellular localiza-
tions were determined using the SUBcellular Arabidopsis
consensus (SUBAcon) bioinformatics tool, an algorithm that
integrates experimental fluorescent and proteomic data, as
well as computational prediction algorithms to identify a
likely protein location (Hooper et al., 2014) (Supplemental
Data Set 5). The average fold depletion of each of the 546
proteins sorted by subcellular localization as identified by
SUBAcon is shown in Figure 5A, and the contribution of
each organelle to the abundance of spectral counts repre-
sented in the 546 protein depletion dataset is depicted in
Figure 5B. Approximately 49% of depleted spectra were at-
tributed to proteins associated with the cytoplasm and
other organelles likely not directly participating in clathrin-
mediated trafficking, such as the ER (Figure 5B).
Demonstrating the effectiveness of the deuterium/Ficoll gra-
dient, �24% and 4% of all spectra corresponding to pepti-
des more abundant in the DFGL relative to the final
postcentrifugation CCV fraction (i.e. peptides indicating the

Figure 4 Stepwise enrichment and depletions of AP4 and trafficking and marker proteins throughout the CCV purification process. A, Equal
amounts of protein from S0.1 (lysate), S30, sucrose step-gradient load (SGL), DFGL, and CCV fractions were immunoblotted with antibodies
against known CCV associated proteins (CHC, CLC2, AP1G, AP2A, AP2M, and T-PLATE) as well as AP4E and the cell plate marker, KNOLLE. These
proteins were found to be enriched in the final CCV fraction relative to the lysate. B, Equal amounts of protein from S0.1, S30, SGL, DFGL, and
CCV fractions were immunoblotted with antibodies for proteins known to be transiently associated with the CCV formation process (DRP1c,
DRP1a, and DRP2) as well as for organellar markers, cFBPase (cytosol) and SEC12 (ER). These proteins were found to be depleted in the final CCV
fraction relative to the lysate. C, Quantitation of the enrichment of proteins in (A) and (B) from three independent CCV preparations (apart from
DRP2, where n = 2). The mean signal intensity of each step relative to that of the mean signal intensity in the lysate for each protein was plotted
on a logarithmic scale with error bars indicating standard deviation about the mean. S0.1, lysate; S30, 30,000 � g supernatant.

Table 1 Enrichment and depletion profiles of CCV-associated proteins
and organellar markers

Protein Name Average fold enrichment of CCV relative to DFGL

Immunoblot Dimethyl Labeling

CHC 5.15 ± 2.37 5.68 ± 1.48
AP4E 3.14 ± 1.10 3.18 ± 0.60
CLC2 2.07 ± 0.14 18.17 ± 13.70
AP2M 4.33 ± 1.91 2.89
AP1G 1.69 ± 0.53 5.28 ± 0.72
KNOLLE 1.29 ± 0.15 6.28 ± 4.87
T-PLATE 0.88 ± 0.28 0.53
AP2A 0.84 ± 0.30 2.62 ± 1.06
cFBPase 0.77 ± 0.43 –
SEC12 0.13 ± 0.06 –
DRP1A 0.16 ± 0.02 –
DRP1C 0.32 ± 0.34 –
DRP2A 0.87 ± 0.59 –

The ratio of protein levels in the CCV fraction relative to levels in the DFGL fraction
(without normalizing to levels in the S0.1 fraction) are presented alongside standard
deviation about the mean. For average ratios derived by immunoblotting, n = 3 in-
dependent CCV preparations, except for DRP2 (n = 2). For dimethyl labeling values,
a dash in the right-hand column indicates the protein was not detected in the label-
ing datasets. An absence of standard deviation about the mean in the right-hand
column indicates the protein was present in only one of two replicates.
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546 depleted proteins) were attributed to components of
the ribosome and 26S proteasome, respectively.

Manual annotation of the 257 proteins that were enriched
at least two-fold in the final CCV fraction relative to the
deuterium/Ficoll-gradient load is depicted in Figure 5C. The
fold enrichment and total spectral count are plotted for the
enriched proteins sorted by manually assigned category re-
lating to their roles in CCV trafficking. The fold enrichment
and abundance of specific categories of CCV-associated pro-
teins will be discussed further below.

Validation of CCV-associated proteins

Clathrin
Morphological and SDS–PAGE analyses demonstrated that
CHC and CLC subunits were highly enriched in the CCV
preparations (Figures 1, A and 2, A). Consistent with this,
41% of all spectra assigned to peptides corresponding to the
257 proteins that were enriched in the CCV fraction corre-
sponded to the core clathrin coat components, namely CHC
and CLC (Figure 5C). CHC1 and CHC2 were enriched six-
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and five-fold, respectively, in CCVs compared to the DFGL
(Table 1; Supplemental Data Set 4), which is comparable to
their three-fold DFGL to CCV enrichment observed via
quantitative immunoblotting (Figure 4, A and C). CLC1–3
were 8-, 18-, and 9-fold enriched in CCVs relative to the
DFGL in dimethyl labeling experiments (Supplemental Data
Set 4), while quantitative immunoblotting with aCLC2 anti-
body supported an enrichment for the CLC2 isoform in the
final CCV fraction (Table 1; Figure 4, A and C).

The AP-1, AP-2, and TPC hetero-oligomeric adaptor
protein complexes
Subunits of the previously characterized multimeric adaptor
protein complexes AP-2, TPC, and AP-1 underlying endo-
cytic and post-Golgi clathrin-dependent trafficking, respec-
tively, were also identified in the suspension-cultured cell
CCV proteome. All subunits, including large (A, B, and G),
medium (M), and small (S) proteins, of the canonical, con-
served heterotetrameric adaptin AP-1, and AP-2 complexes
were detected in our datasets in high abundance, account-
ing for 16% of all spectra assigned to peptides enriched in
CCVs in dimethyl labeling experiments (Supplemental Data
Set 4). AP1G and AP2A were six- and three-fold more abun-
dant in CCVs relative to the DFGL as observed by dimethyl
labeling (Table 1; Supplemental Data Set 4). Consistent with
this, AP1G was found to be enriched two-fold, and AP2A
was found to be present in the final CCV fraction as deter-
mined by quantitative immunoblotting (Table 1; Figures 4,
A and C), indicating that the enriched CCV preparations are
a mixed population of post-Golgi and PM-derived CCVs.
While both AP1G1 and AP1G2 homologs were detected in
the dimethyl labeling replicates at an enrichment of about
five-fold, only one of two AP2A homologs, AP2A2, was
detected in the labeling studies at an enrichment of 2.6-fold,
suggesting that AP2A1 is less abundant in the suspension-
cultured cell CCV fraction. The medium and small subunits
of the AP-1 and AP-2 complexes were enriched three-fold
or greater as were the AP-1/2 B1 and B2 large subunits (six-
and four-fold enrichment; Supplemental Data Set 4), which,
similar to the case in Dictyostelium (Sosa et al., 2012) have
been postulated to be interchangeably associated with AP-1
and AP-2 complexes in plants (Bassham et al., 2008). Efforts
in recent years have established that the role of AP-1 in the
trafficking of vacuolar cargo and clathrin recruitment in
plant cells resembles that observed in yeast and mammalian
systems. AP1M isoform mutants (ap1m1 and ap1m2) both
show defects in trafficking of the soluble vacuolar protease
precursor proaleurain (Song et al., 2006; Park et al., 2013). In
addition, the AP-1 complex is critical for proper targeting of
membrane-bound cargo to the tonoplast, at least partially
via cytoplasmic sorting signals such as the N-terminal dileu-
cine motif found in VACUOLAR ION TRANSPORTER1,
which is mislocalized to the PM in ap1g mutants (Wang
et al., 2014). TGN/EE integrity is, however, compromised in
ap1 mutants, which manifests not only in defects in

vacuolar protein transport but also in exocytic trafficking to
the PM and cell plate, as well as CME (Park et al., 2013; Yan
et al., 2021).

Recent characterization of the plant-specific TPC has
revealed that the complex functions in endocytosis in con-
cert with clathrin and AP-2 (Gadeyne et al., 2014; Bashline
et al., 2015; Zhang et al., 2015; Wang et al., 2016). The two
adapter complexes likely have overlapping as well as distinct
functions (Gadeyne et al., 2014; Narasimhan et al., 2020;
Johnson et al., 2021). Consistent with the former, both AP-2
and TPC bind clathrin and have been shown to interact
with a common endocytic cargo protein, CESA6 (Bashline
et al., 2013; Sánchez-Rodr�ıguez et al., 2018), one of three
CESAs identified in the CCV proteome (Supplemental Data
Set 4). However, compared to ap2 mutants, loss-of-function
TPC subunit mutants display more severe biological pheno-
typic defects including pollen lethality (Van Damme et al.,
2006; Gadeyne et al., 2014). Thus, given the essential nature
of TPC in plant CME and the absence of homologs of most
TPC subunits in yeast and metazoans, TPC is critical for
functions unique to plants (Zhang et al., 2015). In our stud-
ies, MS analysis identified all eight core TPC subunits in the
proteome derived from 1D SDS–PAGE separated CCVs
(Supplemental Data Set 4). However, unlike the subunits of
the heterotetrameric AP-1 and AP-2 complexes, which are
all enriched in the CCV relative to DFGL fraction, the enrich-
ment of the core TPC subunits was generally lower.
Although the enrichment values of TPC subunits, TML and
TASH3, were somewhat higher than those of the other sub-
units of TPC (e.g. TPLATE), no TPC subunit was strongly
enriched in the last CCV purification step as detected by im-
munoblotting or dimethyl labeling (Table 1; Supplemental
Data Set 4). Consistent with recent data from Johnson et al.
showing that TPC is structurally more external to endocytic
CCVs than AP-2, localizing around clathrin and AP2, and
that TPC is loosely associated with purified CCV (Johnson
et al., 2021), the EH domain-containing proteins EH1 and
EH2 were present in the CCV proteome and similarly nei-
ther enriched alongside the vesicles as measured by the di-
methyl labeling experiments (Supplemental Data Set 4).
However, two ENTH-domain-containing TPC accessory com-
ponents (AtECA4 and CAP1) were found in comparatively
high abundance in CCVs (Supplemental Data Set 4). Given
that ENTH proteins directly interact with membranes
(Zouhar and Sauer, 2014), AtECA4 and CAP1 may be
retained on CCVs to a larger extent than the core TPC.
These data may explain why TPC components do not en-
rich to the degree of AP-2 subunits between the DFGL and
CCV steps as measured by dimethyl labeling or immuno-
blotting, in that TPC subunits may have dissociated from
the purified CCV. The abundance of TPC core and accessory
proteins identified did not differ based on CCV sample prep-
aration, including a similar enrichment of AtECA4 and CAP1
in CCVs relative to TPC core subunits (Supplemental Data
Set 4).
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The AP-4 adapter complex, but not AP-3 and AP-5,
is associated with CCVs
In addition to the known clathrin-associated heterooligo-
meric adapter complexes, AP-1, AP-2, and TPC, the detec-
tion of all subunits of the less-studied AP-4 complex (AP4E,
B, M, and S) and the abundance thereof at levels compara-
ble to that of AP-1 and AP-2 are notable in the CCV prote-
ome (Supplemental Data Set 4). The enrichment of the
AP4E large subunit in CCV preparations was similar to that
of AP2A and AP1G subunits (4.6-, 2.6-, and 5.6-fold
CCV:DFGL ratios, respectively) as was the medium AP4M
subunit relative to those corresponding to AP-2 and AP-1
(3.2-, 2.9-, and 5.9-fold, respectively) as determined by differ-
ential labeling experiments (Supplemental Data Set 4). In
mammals, AP4M was not detected by immunoblotting in
purified CCVs and the AP-4 complex was revealed to associ-
ate with non-CCVs near the TGN via immunogold electron
microscopy (Hirst et al., 1999), suggesting AP-4 is not associ-
ated with clathrin in these organisms.

In plants, the four AP-4 subunits function together in a
complex critical in trafficking to the protein storage vacuole
(PSV). Similar to vacuolar sorting receptor (VSR) mutants
vsr1, vsr3, and vsr4 (Zouhar et al., 2010), GREEN-
FLUORESCENT SEED (GFS) loss-of-function AP-4 mutants
gfs4, gfs5, gfs6, ap4e-1 corresponding to AP4B, AP4M, AP4S,
and AP4E, respectively, mislocalize the PSV-targeted 12S
globulin seed storage protein to the extracellular space (Fuji
et al., 2016). Binding studies have demonstrated that the
Arabidopsis AP4M subunit interacts with the cytoplasmic
tail of VSR2 (Gershlick et al., 2014). Recently, evidence for in-
teraction between AP4 subunits with DRPs and clathrin was
shown via several independent approaches, including coim-
munoprecipitations and yeast two-hybrid experiments (Fuji
et al., 2016; Shimizu et al., 2021).

To further investigate the association of AP-4 subunits
with plant CCVs, we generated a recombinant antibody
against the C-terminal 22 amino acids of the AP4-E large
subunit. The specificity of this antibody was confirmed by
immunoblotting of total protein extracts prepared from
wild-type, ap4e, and complemented ap4e plants, which
showed the presence, absence, and presence, respectively, of
a band corresponding to the molecular weight of AP4E
(Supplemental Figure S3). AP4E co-enriched with bona fide
CCV proteins and was approximately 90-fold more abun-
dant in the CCV fraction compared with lysate and 3-fold
more abundant in the CCV fraction compared to the DFGL
(Table 1; Figure 4, A and C).

Previous studies have indicated AP-4 functions at the
TGN/EE (Hirst et al., 1999; Fuji et al., 2016; Shimizu et al.,
2021). Consistent with this, functional GFP-tagged AP4M
colocalizes with the TGN-resident SNARE mRFP-SYP43 and
the endocytic tracer FM4–64 in Arabidopsis root tip cells
(Fuji et al., 2016). Recently, GFP-tagged AP4M was shown to
localize to the TGN/EE at sites distinct from AP1M2
(Shimizu et al., 2021). To further investigate the subcellular
distribution of AP-4 and to determine whether it colocalizes
with clathrin at the TGN/EE, we constructed lines that

stably expressed N-terminal and C-terminal GFP- and RFP-
tagged AP4E fusion proteins under control of the ubiquitin-
10 promoter (Grefen et al., 2010). These constructs are func-
tional in vivo as demonstrated by the rescue of the overall
dwarf and abnormal growth phenotype observed in homo-
zygous ap4e-1 and ap4e-2 plants (Supplemental Figure S4).
Consistent with visualization of GFP-tagged AP4M (Fuji
et al., 2016), ap4e-2 lines that expressed GFP-AP4E primarily
displayed cytosolic and endomembrane subcellular localiza-
tion with signal notably absent from the PM and tonoplast
(Figure 6A).

We corroborated the subcellular localization of RFP-AP4E
by pulse labeling, co-localization studies with the endocytic
tracer dye, FM4–64. This dye has been used to distinguish
plant endosomal compartments based on their spatial and
temporal distribution of the dye upon internalization, for ex-
ample, by labeling the TGN/EE within 2–6 min of internali-
zation (Dettmer et al., 2006; Viotti et al., 2010). We observed
co-localization between RFP-AP4E and FM4–64 (Pearson’s
correlation coefficient [PCC] = 0.705 utilizing a Costes’

Figure 6 AP4E colocalizes with FM4–64 and clathrin at the TGN. A,
ProUB10:GFP-AP4E expressed in homozygous ap4e-2 knockout lines
has a primarily cytosolic and endomembrane localization in epidermal
cells of root tips. B, TGN/EE labeled with FM4–64 after 6 min incuba-
tion colocalizes with ProUB10:RFP-AP4E in homozygous ap4e-2 knock-
outs (C); (D) Merge (Costes P-value, 1.00; Pearson’s correlation
coefficient, 0.705). E, ProCLC2:CLC2-GFP and ProUB10:RFP-AP4E (F)
colocalize at the TGN but not at the PM nor cell plate; (G) Merge
(Costes P-value, 1.00; Pearson’s correlation coefficient, 0.37). Scale
bars = 10 mm.
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automated threshold, Costes P = 1.00) on a similar timescale
(Figure 6B), which confirmed that AP4E, like AP4M and
AP4S, localized to the TGN/EE (Fuji et al., 2016; Shimizu
et al., 2021). Clathrin distribution within the cell is divided
into soluble (cytosolic) and membrane-associated pools, the
latter of which includes the PM, TGN/EE and cell plate.
Root epidermal cells expressing CLC2-GFP under control of
the native CLC2 promoter (Konopka et al., 2008) and
ProUB10:RFP-AP4E showed occasional colocalization of these
fluorophores (PCC = 0.37 utilizing a Costes’ automated
threshold, Costes P = 1.00) in endosomal structures, but not
at the PM nor at the cell plate (Figure 6D). Taken together
with the presence of AP-4 in the CCV proteome, these data
suggest AP-4 is incorporated into CCVs, likely at the TGN as
part of a trafficking pathway to the PSV.

In contrast to AP-1, AP-2, and AP-4, subunits of the AP-3
and AP-5 complexes were absent or were detected in only
trace amounts in our CCV proteomes (Supplemental Data
Set 4). Mammalian AP-3 is involved in trafficking between
recycling and late endosomes (LEs) with mixed evidence of
a clathrin association (Hirst et al., 1999). In plants, AP-3 has
been found to localize to compartments distinct from the
TGN/EE, recycling endosome, and Golgi (Feraru et al., 2010).
The Arabidopsis AP3B and AP3D mutants, protein affected
trafficking2 (pat2) and pat4, display defects in a vacuole bio-
genesis pathway apparently independent of the canonical
PVC/MVB maturation sequence, though both mutants dis-
play overall normal growth and development, suggesting
AP-3 mediates trafficking of some but not all tonoplast pro-
teins (Feraru et al., 2010; Zwiewka et al., 2011; Wolfenstetter
et al., 2012; Feng et al., 2017). Furthermore, while Zwiewka
et al. observed that CHC was identified as a potential inter-
actor of AP3 by immunoprecipitation (IP) of AP3B subunit
and subsequent MS, this was not supported by IP of AP3D
or in the CCV proteomic datasets presented herein
(Supplemental Data Set 4; Zwiewka et al., 2011). Little is
known of the AP-5 complex, though recent studies in mam-
malian cells have suggested that it functions in LE to Golgi
protein retrieval in a clathrin-independent fashion (Hirst
et al., 2011, 2018). The AP-5 complex is essentially uncharac-
terized in plants, though its absence in the CCV proteome
(Supplemental Data Set 4) suggests its function(s) are also
clathrin independent.

Clathrin accessory factors
In addition to hetero-oligomeric protein complexes, mono-
meric adapters, including members of the ENTH/ANTH/
VHS domain-containing protein family and the Golgi-
localized, gamma-ear-containing, ARF-binding (GGA) family,
facilitate cargo recognition and vesicle formation at various
points in the late endomembrane system. GGA proteins,
which function in CCV formation at the TGN in yeast and
mammals (Bonifacino, 2004), are absent from plants
(Zouhar and Sauer, 2014). Arabidopsis contains 35 ENTH/
ANTH/VHS domain-containing genes, 24 of which are puta-
tively expressed in T87 suspension-cultured cells (Stolc et al.,
2005). In addition to the TPC accessory proteins AtECA4

and CAP1 (see above), 13 other ENTH/ANTH/VHS-domain
containing proteins were identified in the suspension-
cultured cell CCV proteome (Supplemental Data Set 4) in-
cluding the ENTH domain-containing monomeric clathrin
adaptors EPSIN1 (EPS1) and EPS2 (Song et al., 2006; Lee
et al., 2007; Collins et al., 2020) and the TGN-localized
MODIFIED TRANSPORT TO THE VACUOLE 1 (MTV1;
Sauer et al., 2013; Heinze et al., 2020).

EPS1 and MTV1 have previously been implicated in
clathrin-mediated trafficking to the vacuole (Song et al.,
2006; Sauer et al., 2013; Heinze et al., 2020). Consistent with
additional roles in cargo trafficking to the PM, EPS1 modu-
lates the PM abundance of the immune receptor
FLAGELLIN SENSING2 and its co-receptor, BRI1-
ASSOCIATED KINASE for effective defense responses
(Collins et al., 2020). In our study, EPS1, EPS2, and MTV1
were enriched in CCVs relative to the DFGL in labeling
experiments five-, five-, and seven-fold, respectively
(Supplemental Data Set 4), consistent with data demon-
strating their incorporation into CCVs (Sauer et al., 2013),
biochemical interaction with clathrin and AP-1 (Song et al.,
2006), and similar defects in the trafficking of the soluble
vacuolar protease precursor proaleurain in eps1 and ap1m
lines (Song et al., 2006; Park et al., 2013).

Mammalian and plant CME are also regulated by Eps15
homology domain-containing proteins, which function as
membrane and/or protein adaptors (Chen et al., 1998; Bar
et al., 2008; Schwihla and Korbei, 2020; Yperman et al.,
2021). The Arabidopsis Eps15 homology domain-containing
proteins, EHD1 and EHD2, were also found in the CCV pro-
teome derived from both methodologies (Supplemental
Data Set 4).

Several other proteins putatively functioning as trafficking
adaptors were identified in the CCV proteome datasets in-
cluding the sorting nexin homologs SNX1 and SNX2b
(Supplemental Data Set 4). Mammalian sorting nexins inter-
act with subunits of the endosomal retromer coat protein
complex in a clathrin-independent fashion (McGough and
Cullen, 2013) to mediate protein export from the early en-
dosome to the TGN and PM by retrieving sorting receptors
(e.g. the mannose-6-phosphate receptor) from the lysosome
(Burd and Cullen, 2014). However, an interaction between
the Arabidopsis retromer (VPS26a, 26b, 29, 35a, 35b, and
35c) and the three sorting nexin homologs (SNX1, 2a, and
2b) has yet to be shown, and conflicting evidence in the lit-
erature regarding SNX and retromer localization in plant
cells at the TGN and MVB (reviewed in (Heucken and
Ivanov, 2018; Robinson, 2018)) suggest multiple, indepen-
dent roles for these complexes. Intriguingly, 12S globulin
trafficking to the PSV is disrupted in snx mutants while that
of 2S globulin remains apparently normal (Pourcher et al.,
2010), a phenotype also observed in ap4 mutants (Fuji et al.,
2016). Moreover, a yellow fluorescent protein (YFP) fusion
with the Pisum sativum (pea) homolog of Arabidopsis VSR1
(BP80) colocalizes with AtSNX1 (Jaillais et al., 2008) and traf-
ficking of a similar BP80 reporter depends on SNX1 and
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SNX2 function (Niemes et al., 2010). In contrast to SNX1
and SNX2b, components of the retromer core (VPS26A,
VPS26B, VPS29, VPS35A, VPS35B, and VPS35C) were identi-
fied in the CCV proteome in low abundance (Supplemental
Data Set 4), suggesting a possible role for SNX proteins in
CCVs independent of retromer. Further studies are required
to investigate the role of SNX proteins and a possible associ-
ation with CCVs as an evolutionary divergence from the
clathrin-independent nature of mammalian retromer/SNX
function.

Several SH3 domain-containing proteins (SH3Ps) impli-
cated in CCV trafficking were present in the suspension-
cultured cell CCV proteome including the TASH3 subunit of
the TPC, as well as SH3P1 and SH3P2, the latter of which is
in high abundance and enriched in CCVs relative to DFGL
fractions as measured by quantitative dimethyl labeling
(eight-fold CCV:DFGL, Supplemental Data Set 4) and by im-
munoblotting (Nagel et al., 2017). Ubiquitylation of PM pro-
teins serves as a posttranslational modification signaling for
internalization and vacuolar degradation (Martins et al.,
2015). SH3P2 localizes to the PM and functions as a
ubiquitin-binding protein that may facilitate endosomal
sorting complex required for transport (ESCRT) recognition
of ubiquitylated cargo for subsequent degradation (Nagel
et al., 2017). However, SH3P2 also localizes to the cell plate
and to other clathrin-positive foci, suggesting this and other
ubiquitin adaptors may function at other membranes be-
yond the PM.

Another set of clathrin accessory factors identified in the
CCV proteome are Arabidopsis homologs of animal SCY1-
LIKE2 proteins (SCYL2A and SCYL2B); SCYL2B is in high
abundance and was found to co-enrich with CCVs by quan-
titative dimethyl labeling MS/MS experiments (15-fold
CCV:DFGL ratio, Supplemental Data Set 4). In animals,
SCYL2 binds clathrin (Duwel and Ungewickell, 2006), local-
izes to the Golgi, TGN, and other endosomes, and is incor-
porated into CCVs (Conner and Schmid, 2005; Borner et al.,
2007). Although less is known about SCY1-LIKE2 protein
function in plants, SCYL2B was recently shown to localize to
the TGN and interact with CHC as well as two related but
functionally distinct TGN-associated SNAREs, VTI11 and
VTI12, both of which were also identified in the CCV prote-
ome (Supplemental Data Set 4; Jung et al., 2017). Taken to-
gether, these data suggest SCYL2A and SCYL2B function
may reflect that of mammalian SCYL2 by mediating TGN
CCV formation in Arabidopsis.

DRPs
Following cargo recognition and clathrin recruitment, the
maturing CCV must separate from the PM prior to internal-
ization. In metazoans, this is accomplished by the action of
the dynamin GTPases, which oligomerize around the vesicle
neck and utilize GTP hydrolysis to exert a constricting, twist-
ing force, achieving scission (Antonny et al., 2016; Cheng
et al., 2021). In plants, members of the DRP2 protein family,
DRP2A and DRP2B, which are most closely related to mam-
malian dynamin (Backues et al., 2010; Smith et al., 2014),

and the plant-specific DRP1 family members DRP1A and
DRP1C (Collings et al., 2008; Mravec et al., 2011; Smith et al.,
2014; Ekanayake et al., 2021) function together in cargo traf-
ficking via CME (Ekanayake et al., 2021). DRP2 and DRP1
family members also biochemically interact with TPC and
AP-2 (Gadeyne et al., 2014) and localize to PM CCPs
(Konopka et al., 2008; Fujimoto et al., 2010; Wang et al.,
2020).

Despite their clear association with PM CCPs (Konopka
et al., 2008; Konopka and Bednarek, 2008; Fujimoto et al.,
2010), DRP proteins were only detected at low levels in the
total CCV proteome datasets (Table 1; Supplemental Data
Set 4). Consistent with this, DRP1A and DRP1C show signifi-
cant depletion in the CCV fraction relative to the DFGL as
determined via quantitative immunoblotting (Figure 4, B
and C; Table 1). This apparent discrepancy may reflect a
short residency of DRP proteins at the PM wherein DRPs
are recruited, accomplish their function(s), and dissociate
from the newly formed CCV. The former hypothesis is sup-
ported by high-temporal-resolution imaging data showing
recruitment of DRP2B, DRP1C, and DRP1A to endocytic foci
at the PM simultaneously with or shortly after clathrin be-
fore their simultaneous disappearance, potentially reflecting
a function in CCV maturation and/or scission (Konopka
et al., 2008; Konopka and Bednarek, 2008; Fujimoto et al.,
2010). The brief tenure of DRPs at nascent CCVs may also
be reflected in the putative interaction between DRPs and
the TASH3 subunits of the TPC (Gadeyne et al., 2014),
which, along with other core TPC components, were like-
wise detected at relatively low abundance in the
suspension-cultured cell CCV proteome (Supplemental Data
Set 4). This parallel may reflect a functional coordination of
recruitment and dissociation between DRPs and TPC in
endocytic CCV formation. Alternatively, we cannot rule out
the low abundance of DRP peptides in our dataset may be
due to poor retention of the DRPs during the CCV isolation.
In contrast, the DnaJ-related AUXILIN-LIKE1 and AUXILIN-
LIKE2 proteins, which are postulated to function in uncoat-
ing of CCVs (Lam et al., 2001; Adamowski et al., 2018), were
readily identified in the suspension-cell cultured CCV prote-
ome (Figure 5C; Supplemental Data Set 4), possibly due to
the conditions used in vesicle preparation (pH 6.4) that
block clathrin coat disassembly but permit association of
the AUXILIN-LIKE proteins with CCVs (Reynolds et al.,
2014). Furthermore, recent data suggest that uncoating of
CCVs in plants may not occur immediately after scission
but as the CCV is trafficked away from the PM (Narasimhan
et al., 2020).

Our results appear consistent with those observed in
mammalian and yeast systems including the apparent un-
certainty of dynamin association with isolated mammalian
CCVs, with the protein being alternatively undetected
(Blondeau et al., 2004) or observed with high confidence
(Borner et al., 2006) in different preparations. However, the
precise role(s) of members of the DRP2 and DRP1 protein

Proteomic analysis of Arabidopsis CCVs THE PLANT CELL 2022: 34; 2150–2173 | 2161

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/34/6/2150/6537545 by guest on 22 Septem

ber 2023

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac071#supplementary-data


families in CCV maturation and/or scission remains to be
determined.

Vacuolar protein trafficking
Plant VSRs bind soluble vacuolar proteins including hydro-
lytic enzymes and vacuolar storage proteins (e.g. 12S globu-
lin and 2S albumin) in the lumen of the secretory pathway
through recognition of sorting motifs of vacuolar ligands, se-
questering these cargo from others that are secreted or tar-
geted toward the PM (Shimada et al., 2003). The primary
mode of VSR function in plants had been postulated to re-
flect that of the mammalian mannose 6-phosphate receptor
(MPR), which binds and traffics soluble lysosomal hydrolases
via CCVs to the LE. The increasingly acidic nature of the ma-
turing endosome triggers pH-dependent dissociation of its li-
gand, resulting in MPR recycling back to the TGN via
retromer-mediated trafficking (Braulke and Bonifacino,
2009), at which the pH falls within the pH range for optimal
MPR-ligand binding established by in vitro experiments
(Tong and Kornfeld, 1989). However, increasing evidence
indicates that VSR-mediated vacuolar protein trafficking is
distinct in plants (Robinson and Neuhaus, 2016). In one in-
stance of divergence from the mammalian MPR sorting
model, plant VSR–ligand interaction appears to be initiated
in the ER and cis-Golgi rather than the TGN/EE (daSilva
et al., 2005; Gershlick et al., 2014; Künzl et al., 2016).
Furthermore, the pH of the plant TGN (5.5) is lower than
that of other compartments involved in VSR trafficking (Luo
et al., 2015), ostensibly marking it as the site of ligand disso-
ciation. Thus, the newly liberated VSRs must be recycled
from the TGN back to the ER. In line with this hypothesis, a
recent study has demonstrated the retrograde movement of
nano-body tagged VSR from the TGN/EE to the early secre-
tory pathway in tobacco (Nicotiana tabacum) protoplasts
(Früholz et al., 2018). Therefore, in addition to the AP/CCV-
mediated anterograde trafficking of VSRs, alternative pro-
posals have questioned whether VSR-laden CCVs carry solu-
ble vacuolar cargo directly or are instead part of a recycling
mechanism responsible for bringing VSRs back to the early
secretory pathway after cargo dissociation in the TGN
(reviewed in Kang and Hwang, 2014; Robinson and
Neuhaus, 2016).

Previous analyses of isolated plant CCVs have identified
abundant VSR proteins, consistent with a role for CCVs as
VSR carriers (Masclaux et al., 2005; De Marcos Lousa et al.,
2012). Indeed, the first plant VSR to be discovered (BP80)
was initially detected in CCVs isolated from pea (P. sativum)
cotyledons (Kirsch et al., 1994), and VSRs have been shown
to co-fractionate with clathrin and vacuolar cargos during
CCV preparations (Jolliffe et al., 2004). Consistent with this,
five VSR proteins were identified in the suspension-cultured
cell CCV proteome, of which three (VSR1, 3, and 4) were in
highest abundance (Figure 5C, Supplemental Data Set 4).

Adaptor protein 1 and 4 complexes mediate the interac-
tion of clathrin with VSR-ligand complexes, facilitating clus-
tering of vacuolar cargo and vesicular formation necessary
for vacuolar protein trafficking. The function of the AP-1

complex as an adaptor of vacuolar trafficking in plants
reflects that of its mammalian/yeast counterparts in lysoso-
mal/vacuolar trafficking. Recent work in Saccharomyces cere-
visiae has demonstrated AP-1 is critical for retrograde
recycling of cargo from mature to earlier Golgi cisternae
(Papanikou et al., 2015; Day et al., 2018; Casler et al., 2019),
suggesting that retrograde trafficking of VSRs and other
cargo from the TGN and/or late Golgi to the early secretory
pathway in plants may be mediated by AP-dependent
CCVs. Moreover, binding of plant VSRs to AP1M is depen-
dent on a cytoplasmic motif and is required for proper traf-
ficking and maturation of the 12S globulin precursor seed
storage protein (Gershlick et al., 2014; Fuji et al., 2016).
Another member of the Arabidopsis VSR family, VSR4, inter-
acts with AP1M2 partly through a complex cargo-
recognition sequence. Mutations of this AP1M2 interaction
motif result in VSR4 mislocalization to the PM and in-
creased residency at the tonoplast, suggesting that this motif
mediates both anterograde and retrograde VSR4 transport
(Nishimura et al., 2016).

As noted above, mutants of AP-4 subunits mislocalize PSV
cargo, a phenotype also observed in vsr and AP-1 subunit
mutants (Zouhar et al., 2010; Park et al., 2013; Fuji et al.,
2016), raising questions regarding the cargo and destination
specificity of AP-1 and AP-4 dependent vacuolar trafficking.
Pathway specific accessory proteins may aid in differentiating
AP-1 and AP-4 function, such as the Arabidopsis homolog
of the mammalian AP-4 accessory protein tepsin, MTV1,
which has been shown to both bind clathrin and co-enrich
with isolated CCVs as measured by immunoblotting and
electron microscopy techniques (Borner et al., 2012; Sauer
et al., 2013; Heinze et al., 2020). We have also found the
AP4 interactor, MTV1, to be highly abundant in the
Arabidopsis suspension-cultured cell CCV proteome and
enriched in CCV pools relative to DFGL (seven-fold enrich-
ment, Supplemental Data Set 4). Recent studies present a
genetic interaction between AP4 and MTV1 and demon-
strate that MTV1 functions in vacuolar trafficking (Heinze
et al., 2020). Furthermore, the presence of EPS1, AP-1, AP-4,
VTI11, and VSR1, 3, and 4 in the CCV data Set (Figure 5C;
Supplemental Data Set 4) considered alongside available
data regarding the vacuolar trafficking defects of ap1, ap4,
and vsr mutants suggest that AP-1 and AP-4 facilitate anter-
ograde, and possibly retrograde, CCV-mediated trafficking of
VSRs to some degree.

Regulators of clathrin-mediated trafficking
Phospholipid metabolism

Intriguingly, one of the most abundant CCV proteome com-
ponents identified was the phosphoinositide phosphatase
SAC9, which is thought to regulate levels of phosphatidyli-
nositol 4,5-bisphosphate [PI(4,5)P2] (Williams et al., 2005;
Vollmer et al., 2011). In mammals, PI(4,5)P2 in the inner leaf-
let of the PM mediates CCP formation (Antonescu et al.,
2011) through interactions with clathrin adaptor and acces-
sory proteins including subunits of the AP-2 complex
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(AP2A, AP2B, and AP2M) (Jackson et al., 2010), epsin (Itoh
et al., 2001), and dynamin (Vallis et al., 1999). The impor-
tance of these interactions in plant CME remains to be
demonstrated, though PI(4,5)P2 accumulates at sites of high
membrane flux, like the growing pollen tube tip (Kost et al.,
1999; Yao et al., 1999) and at the apex of expanding root
hairs (Braun et al., 1999) and is incorporated into CCVs
(Zhao et al., 2010). Moreover, mutants lacking the CCV-
associated enzymes involved in the synthesis of PI(4,5)P2,
phosphatidylinositol 4-phosphate 5-kinases PIP5K1 and
PIP5K, show fewer CCPs at the PM of root epidermal cells
(Ischebeck et al., 2013). Studies in plants have demonstrated
that PI(4,5)P2 recruits the endocytic accessory factor AP2M
to the PM and interacts with the EH1 subunit of the
TPLATE complex, suggesting that this phospholipid plays a
role in the regulation of clathrin-mediated endocytosis
(Doumane et al., 2021; Yperman et al., 2021). The presence
of SAC9 in the CCV proteome (Figure 5C; Supplemental
Data Set 4), suggests that PI(4,5)P2 turnover in mature CCVs
may play an important role in the regulation of CCV
trafficking.

Small GTPases

Rabs and ARF GTPases regulate vesicle trafficking by modu-
lating between GTP and GDP (active and inactive) bound
states, which govern interactions with downstream effector
proteins. Arabidopsis maintains 57 Rabs and 27 ARFs, of
which the former can be grouped into eight distinct clades
corresponding to mammalian Rab groups mediating differ-
ent trafficking pathways (Rutherford and Moore, 2002). Of
the numerous Rabs identified in our study, members of the
RabA1, D2, and E1 families were most abundant (Figure 5C;
Supplemental Data Set 4). RabA proteins are most closely
related to mammalian Rab11, which regulates endosomal
trafficking and mediates TGN-PM trafficking in plants
(Nielsen et al., 2008; Li et al., 2017; Zhou et al., 2020). In ad-
dition, members of the RabE family, which are orthologs of
the Sec4p/Rab8 GTPase family, mediate exocytosis in yeast
and mammalian cells (Rutherford and Moore, 2002) and
regulate post-Golgi trafficking to the PM and to the cell
plate during cytokinesis (Speth et al., 2009; Ahn et al., 2013;
Orr et al., 2021). RabD2 proteins are related to mammalian
Rab1s, which participate in the early secretory pathway. In
plants, however, RabD2 proteins localize to the Golgi/TGN
(Pinheiro et al., 2009) and mediate post-Golgi trafficking at
certain endosomes (Drakakaki et al., 2012).

Guanine nucleotide exchange factors (GEFs) activate
GTPases by catalyzing the exchange of GDP for GTP.
Evidence has shown STOMATAL CYTOKINESIS DEFECTIVE1
(SCD1) and SCD2 proteins participate in a complex that
interacts with RabE1s in a nucleotide-dependent matter as
well as subunits of the exocyst (Mayers et al., 2017), suggest-
ing the SCD complex may function as a RabGEF in exocyto-
sis. Both SCD1 and SCD2 enrich with the purification of
CCVs by immunoblot analysis (McMichael et al., 2013) and
were detected, albeit at low levels, in both unlabeled CCV

proteomic datasets (Supplemental Data Set 4). Despite the
presence of SCD1 and SCD2 in enriched CCVs and impaired
internalization and post-Golgi trafficking defects of scd
mutants, it is not clear whether the SCD complex directly
functions in endocytosis or functions in recycling endocytic
machinery to the PM.

The Arabidopsis suspension-cultured cell CCV proteome
contains several additional structural and regulatory compo-
nents of the exocyst tethering complex including SEC6,
SEC15b, SEC10, EXO84B, and EXO70A1 (Figure 5C;
Supplemental Data Set 4). Mammalian SEC15, SEC10, and
EXO84 interact with vesicle-bound small GTPases to facili-
tate secretory trafficking from the TGN while EXO70 local-
izes to target membranes (Wu and Guo, 2015). Exocyst
function in Arabidopsis appears to be conserved, including
putative subcellular localizations at sites with high rates of
vesicle fusion, for example, EXO70A1 and EXO84b at the CP
(Fendrych et al., 2010).

In addition to GEFs, which initiate GTPase activation,
GTPase activating proteins (GAPs) promoting Rab GTP hy-
drolysis to terminate GTPase signaling are likewise critical
for controlling vesicle trafficking. The ARF-GAP
NEVERSHED/AGD5/MTV4, which is required for vacuolar
protein trafficking (Sauer et al., 2013), was previously dem-
onstrated to co-enrich with CCVs using immunoblotting
and immunoEM techniques. In agreement, this ARF-GAP is
well represented in the CCV proteome (Supplemental Data
Set 4).

SNAREs

In this study, we identified PM- and endosome-localized
SNAREs in the CCV proteome (da Silva Conceicao et al.,
1997; Bassham et al., 2000; Suwastika et al., 2008; Ebine
et al., 2011; Eisenach et al., 2012; Uemura et al., 2012;
Ichikawa et al., 2014). SNAREs that localized to the PM, such
as SYP121, VAMP722, SYP132, and SYP71, were enriched
seven-, five-, eight-, and six-fold, respectively, in the CCV
fraction. Endosomal SNAREs, SYP61, SYP41, VTI12,
VAMP727, SYP21, and SYP43, were enriched 6-, 13-, 7-, 5-,
2-, and 9-fold, respectively (Figure 5C; Supplemental Data
Set 4). The cell plate/cytokinesis-specific syntaxin and puta-
tive CCV cargo KNOLLE (KN) (Lauber et al., 1997; Boutt�e
et al., 2010) was notably enriched in CCVs in dimethyl label-
ing (six-fold) and modestly enriched in quantitative immu-
noblotting (1.3-fold) experiments (Figure 4; Table 1;
Supplemental Data Set 4). In contrast, SNAREs localized to
compartments likely not engaged in CCV trafficking, such as
the tonoplast protein VAMP713 (Takemoto et al., 2018) and
the Golgi-localized VAMP714 (Uemura et al., 2005), were de-
pleted in CCVs five- and three-fold relative to the DFGL, re-
spectively (Supplemental Data Set 4).

We also identified several homologs of mammalian traf-
ficking regulators involved in vesicle fusion in the CCV pro-
teome, including PROTON ATPASE TRANSLOCATION
CONTROL 1 (PATROL1), which contains the Munc13 MUN
domain (Figure 4C; Supplemental Data Set 4). While the
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mammalian Munc13 interacts with the SNARE syntaxin-1 to
prime synaptic vesicles for fusion with the PM (Ma et al.,
2011), less is known of MUN-domain containing protein
function in plants. PATROL1 appears to modulate the deliv-
ery of the PM H + -ATPase AHA1 to the PM possibly
through interactions with the exocyst complex and localizes
to endosomes and dynamic foci at the cell cortex
(Hashimoto-Sugimoto et al., 2013; Higaki et al., 2014; Zhu
et al., 2018). The presence of both PATROL1 and AHA1 in
the CCV proteome (Figure 5C; Supplemental Data Set 4)
suggests PATROL may regulate the trafficking of CCVs con-
taining AHA1 through interactions with its MUN domain.
Another SNARE interacting protein, VPS45, was detected in
abundance in the CCV proteome and found to enrich in
CCVs in differential labeling experiments (five-fold
CCV:DFGL enrichment, Supplemental Data Set 4). VPS45 is
a Munc18 protein that binds and regulates the TGN SNARE
complex composed of SYP41, SYP61, YKT61, and VTI12, po-
tentially to mediate fusion of PVC-derived vesicles at the
TGN (Bassham et al., 2000; Zouhar et al., 2009). Given the
presence of VPS45 and its cognate SNAREs (SYP41, SYP61,
VTI12, and YKT61) in the CCV proteome (Figure 5C;
Supplemental Data Set 4), clathrin-mediated trafficking may
play a role in the regulation/function of the complex, possi-
bly by recycling individual SNAREs for subsequent fusion
events.

Conclusion
Space constraints prohibit a full discussion of all protein
groups identified in the suspension-cultured cell CCV prote-
ome; instead, we have reported on a subset of actively dis-
cussed protein groups and provided the complete CCV
proteome as a rich data reference and resource for future
investigations of proteins putatively involved in clathrin-
mediated trafficking. An important caveat to interpreting
the biological significance of the suspension-cultured CCV
proteome is that CCV composition reflects the tissue/cell
type and developmental stage of the biological source mate-
rial from which they are isolated. The data reported here re-
flect the content of CCVs isolated from undifferentiated,
rapidly dividing, and expanding Arabidopsis suspension-cul-
tured cells under conditions amenable to tissue culture.
Future experiments probing CCV content in other cell and
tissue types under varying conditions or in different genetic
backgrounds might apply our isolation methodology
(Reynolds et al., 2014) using seedlings as a sample source as
recently described (Nagel et al., 2017; Mosesso et al., 2019).

Our proteomic data demonstrate that, in addition to the
canonical clathrin coat adapters AP-1 and AP-2, the AP-4
complex is incorporated into plant CCVs in an apparent
contrast to its function in metazoans (Mattera et al., 2015;
Robinson, 2015). This result inspires numerous questions re-
garding the evolutionary divergence of plant trafficking pro-
teins relative to other eukaryotes, as well as the identity of
which pathway(s) might be mediated by AP-4 and clathrin.
Current biochemical and genetic studies in the literature

suggest AP-4 mediates the trafficking of specific cargos to
the PSV (Gershlick et al., 2014; Fuji et al., 2016), though
whether AP-4 function in CCVs directly facilitates the anter-
ograde trafficking of soluble cargos and their cognate recep-
tors (i.e. VSRs) or instead participates in the recycling
thereof remains to be determined. Additional studies identi-
fying the composition of AP-2, AP-1, and AP-4-positive
CCVs are needed to better understand cargo specificity and
identify the regulators governing formation, trafficking, and
fusion of these vesicles. Nevertheless, the identification of
AP-4 as a CCV-associated protein complex presented here,
together with recent genetic and biochemical evidence, will
contribute to future experiments focused on elucidating the
mechanisms of AP-4-dependent post-Golgi trafficking to the
PSV. The question remains: is the interaction between AP-4
and clathrin direct as is the case for AP-1 and AP-2?
Coimmunoprecipitation experiments (Fuji et al., 2016;
Shimizu et al., 2021) and AP-4 abundance in the CCV prote-
ome suggest that it might be, but a conclusive demonstra-
tion of a direct biochemical interaction remains to be
determined. Determining the role of clathrin in VSR sorting,
given the recent evidence of an ER/cis-Golgi to TGN/EE
VSR-dependent, vacuolar trafficking pathway, will be essen-
tial as plant endomembrane dynamics become better under-
stood (Robinson and Pimpl, 2014; Robinson and Neuhaus,
2016).

In contrast to the evolutionarily conserved endocytic
adaptor AP-2, subunits of the TPLATE complex, which is es-
sential for CME, were not significantly enriched in the final
enrichment step toward purified CCVs, suggesting that the
TPLATE complex may dissociate more readily from CCVs
following their budding from the PM relative to AP-2. This
observation may be resolved by a recent study in which
TPLATE dissociated from CCVs earlier than clathrin and
which positioned the TPLATE complex on the periphery of
a clathrin-coated structure at the PM (Johnson et al., 2021).
The positioning of the TPLATE complex to the periphery of
the budding vesicle will be of significant biological interest.

As discussed above, the enriched CCV proteomic datasets
contain numerous proteins that are unlikely to be associated
with CCVs (e.g. ribosomal subunits). The presence of a pro-
tein in a shotgun MS/MS dataset, especially those of low
abundance, must be taken as a preliminary indication only
of its presence and therefore requires subsequent confirma-
tion. Conversely, the absence or low abundance of proteins
of interest might also be explained by low intracellular con-
centrations, such as in the case of regulatory proteins like
the SCD1 and SCD2 subunits of the SCD complex which,
while in low abundance in the MS/MS dataset, are shown
to coenrich with isolated CCVs via immunoblotting and
other techniques. Nevertheless, our CCV proteomics data
expand our understanding of the plant endomembrane
compartments for subsequent efforts to investigate the
plant endomembrane network and their physiological
function.
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Materials and methods

Plant materials and growth conditions
Seed stocks of Col-0 (CS70000) and Col-3 (CS708) were
obtained from the Arabidopsis Biological Research Center
(ABRC). Seed stocks of the ap4e-1 and ap4e-2 T-DNA inser-
tion mutants (Fuji et al., 2016) were graciously provided by
T. Shimada of Kyoto University. CLC2-GFP transgenic plant
lines were generated as previously described (Konopka et al.,
2008). Seeds were sterilized in 70% (v/v) ethanol with 0.1%
(v/v) Triton X-10 for 5 min and in 90% (v/v) ethanol for
1 min prior to plating on 0.5� strength MS media
(Murashige and Skoog, 1962) containing 0.6% (w/v) agar.
Seeds were stratified without light at 4�C for 3 days prior to
growing under continuous light at 22�C (T8 fluorescent
bulb of 120mmol–2 s–1). Plants grown on soil were trans-
ferred from plates after 7–14 days to Metro-Mix 360
(SunGro Horticulture) and grown at 22�C long days (16 h of
light exposure using T12 fluorescent bulb of 160mmol–2 s–1).
ap4e-1 and ap4e-2 mutants were genotyped using primers
GR1, 2, and 5 and GR3, 4, and 5, respectively (sequences
listed in next section).

Undifferentiated Arabidopsis T87 cells (Axelos et al., 1992)
were maintained in MS media supplemented with 0.2-mg/L
2,4-Dichlorophenoxyacetic (2,4-D) acid and 1.32-mM
KH2PO4 under continuous light (T12 fluorescent bulb of
160mmol–2 s–1) at 22�C on an orbital shaker at 140 RPM.
Cells were passaged weekly by a 1:10 dilution of a 7-day-old
suspension culture into fresh MS 0.2 mg/L 2,4-D media.

Primers
GR1 – SAIL866C01_LP – 50-CATGGGTATTGATGGTCTTG
G-30

GR2 – SAIL866C01_RP – AGACCAGAACAGCTAAG
CACG

GR3 – SAIL60E03_LP – ATAGGCTTCGAATCGAAGAGC
GR4 – SAIL60E03_RP – ATGCAGGTGGAATCGTACTTG
GR5 – SAIL_LB3 – TAGCATCTGAATTTCATAACCAATC

TCGATA
GR6 – SB1859STOPsense – CAAAGATCTCCTCGGCTGA

GCACCTCTCTTCTTCA
GR7 – SB1859STOPanti – TGAAGAAGAGAGGTGCTCA

GCCGAGGAGATCTTTG
GR8 – SB1859del673sense – CAAAAAAGCAGGCTTCGC

AAGAAGGTCCATGGA
GR9 – SB1859del673anti – CTCCATGGACCTTCTTG

CGAAGCCTGCTTTTTTG

Plasmid construction and plant transformation
All oligonucleotide primers used in this study were synthe-
sized by Integrated DNA Technologies. Transgenic plants
were generated using the floral dip method (Clough and
Bent, 1998) with the Agrobacterium tumefaciens strain
EHA105. N-terminal and C-terminal GFP and RFP fusions
with AP4E under control of the UBQ10 promoter were cre-
ated in pUBN-Dest and pUBC-Dest vectors (Grefen et al.,
2010) using Gateway cloning (Invitrogen, Waltham, MA,

USA). The AP4E CDS in pLIC6, obtained from ABRC clone
DKLAT1G31730, was moved into pDONR221 (Invitrogen)
using the BP Clonase kit. Stop codon insertion and frame
correction for pUBN constructs was accomplished with
primer pairs GR6&7 and GR8&9, respectively, before using
the LR Clonase kit (Invitrogen) to move respective AP4E
constructs into pUBN and pUBC destination vectors.

T1 seedlings from pUBN/pUBC transformed plants were
sown on soil and selected by spray application of a 120mg/
mL Glufosinate (Liberty Herbicide, Bayer Crop Sciences) wa-
ter solution containing 0.05% (v/v) Silwet-77 surfactant 7, 9,
12, and 14 days after germination.

CCV enrichment and analysis
CCVs were isolated from undifferentiated Arabidopsis T87
cells as described (Reynolds et al., 2014). Total protein yield
in the enriched CCV fraction was approximately 300–500 lg
per biological replicate. Protein concentrations of individual
fractions for subsequent immunoblotting analysis and total
CCV yield were obtained using the Pierce 660 nm Protein
Assay (Thermo Fisher Scientific, Waltham, MA, USA).

Immunoblotting was performed as described (McMichael
et al., 2013). Information about generation of antibodies and
concentrations used is described in Supplemental Table S1.

Anti-AP4E antibody generation
The C-terminal 22 amino acids of the Arabidopsis AP4
Epsilon subunit were cloned from the ABRC stock
DKLAT1G31730 into the pAN4GST GST-expression vector
and the resulting construct used for phage display as de-
scribed (Blanc et al., 2014) by the Geneva Antibody Facility
at the Universit�e de Genève, Switzerland. Antibody specific-
ity was tested by probing the total protein content of wild-
type, ap4e-1, ap4e-2, and various transgenic plants express-
ing GFP and RFP fusions with AP4E (Supplemental Figure
S3). Seedlings grown on plates as described for 7–14 days
were flash frozen and homogenized via mortar and pestle
under liquid nitrogen. Tissue was resuspended in 2X
Laemmli buffer, quantified using the Pierce 660 nm Protein
Assay (Thermo Scientific). About 23.5mg of each sample
were fractionated on an 11% Tris–HCl SDS–PAGE gel and
analyzed via immunoblotting.

Light microscopy
All confocal imaging experiments were conducted on a
Nikon A1R-Si + microscope. Colocalization and localization
observations were made in root tip epidermal cells of 5- to
7-day-old T3 generation seedlings grown on plates as de-
scribed above. Seedlings were mounted for imaging in 0.5�
MS media. FM4–64 treated samples were incubated in 0.5�
MS containing 4–mM FM4–64 for 3 min and mounted in
the same solution before imaging after 6 min total
incubation.

Colocalization analysis was performed using the JACoP
plugin (Bolte and Cordelieres, 2006) in the Fiji (Schindelin
et al., 2012) distribution of ImageJ2 (Rueden et al., 2017).
Images were processed to remove background (Rolling ball
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50-pixel diameter) and cropped to relevant ROIs before
analysis with JACoP utilizing 1000 Costes randomizations
with a point spread function of two pixels and Costes’ auto-
mated thresholding.

STEM imaging of purified CCVs
Four microliters of purified CCV preparation (0.33 mg/mL)
were applied to carbon-coated and glow discharged (2 min
at 7 � 10–1 mbar) 300-mesh copper EM grids (Electron
Microscopy Sciences; CF300-CU) and incubated for 4 min at
room temperature. Excess solution was removed with blot-
ting paper and samples immediately fixed by a 20-min incu-
bation at room temperature with 2% glutaraldehyde (v/v) in
PEM buffer (100-mM PIPES, 1-mM MgCl2, 1-mM EGTA, pH
6.9). Samples were then washed with phosphate buffer
(0.1 M, pH 7.4) and distilled water, followed by a 20-min in-
cubation with 0.1% tannic acid (w/v) in MilliQ water. After
three washes in water, the samples were incubated with
0.2% aqueous uranyl acetate for 30 min at room tempera-
ture and then washed 3 times with water before being dehy-
drated in a series of graded ethanol (10%, 20%, 40%, 60%,
80%, 96%, and 100% for 2 min each) and two washes with
hexamethyldisilane (99%). Dried samples were then coated
with 3-nm platinum and 4-nm carbon using an ACE600
coating device (Leica Microsystems, Wetzlar, Germany). The
sample grids were imaged using a JEOL JEM2800 scanning/
transmission electron microscope at 200 kV.

LC/MS-MS of CCVs separated by 1D SDS–PAGE
Enriched CCV fractions were resolved via 1D SDS–PAGE on
a 4%–15% Tris–HCl gradient gel (BioRad, Hercules, CA, USA;
cat# 161-1158) at a constant 200 V for �90 min. Gels were
stained with Coomassie R250 and cut into �10 bands. Gel
bands were digested in-gel as described (Shevchenko et al.,
1996) with modifications. Briefly, gel bands were dehydrated
using 100% acetonitrile and incubated with 10- mM dithio-
threitol in 100-mM ammonium bicarbonate, pH �8, at
56�C for 45 min, dehydrated again and incubated in the
dark with 50-mM iodoacetamide in 100-mM ammonium bi-
carbonate for 20 min. Gel bands were then washed with am-
monium bicarbonate and dehydrated again. Sequencing
grade modified trypsin was prepared to 0.01mg/mL in 50-
mM ammonium bicarbonate and �50mL of this was added
to each gel band so that the gel was completely submerged.
Bands were then incubated at 37�C overnight. Peptides
were extracted from the gel by water bath sonication in a
solution of 60% acetonitrile/1.0% trifluoroacetic acid and
vacuum dried to �2mL.

Enriched DFGL or CCV fractions for dimethyl labeling
experiments were prepared in the same manner as the
other CCV samples up to peptide extraction and vacuum
drying except that a 12.5% Tris–HCl SDS polyacrylamide gel
was used. Each peptide sample was then re-suspended in
100-mM Triethylammonium and labeled in solution with di-
methyl reagents (light label – C2H6, medium label –
C2H2D4) according to Boersema et al. (2009). Aliquots of
DFGL and CCV samples labeled with light and heavy

formaldehyde were analyzed by MS to measure the labeling
efficiency, which was found to be 495% for each replicate.
After labeling, peptides were purified using solid phase ex-
traction tips (OMIX, www.varian.com). Same slice samples
from each condition were combined and dried to �2mL.
Peptides were then re-suspended in 2% acetonitrile/0.1%TFA
to 25mL. From this, 10mL was automatically injected by a
Waters nanoAcquity Sample Manager (www.waters.com)
and loaded for 5 min onto a Waters Symmetry C18 peptide
trap (5mm, 180mm � 20 mm) at 4mL/min in 5% acetoni-
trile/0.1%Formic Acid. The bound peptides were then eluted
onto a MICHROM Bioresources (www.michrom.com)
0.1 � 150 mm column packed with 3mm, 200A Magic
C18AQ material over 90 min with a gradient of 5% B to 35%
B in 77 min, ramping to 90%B at 79 min, holding for 1min
and returning to 5%B at 80.1 min for the remainder of the
analysis using a Waters nanoAcquity UPLC (Solvent
A = 99.9% Water/0.1% Formic Acid, Solvent B = 99.9%
Acetonitrile/0.1% Formic Acid) with an initial flow rate of
1mL/min.

Peptides were then re-suspended in 2% acetonitrile/
0.1%TFA to 20mL. From this, 10mL was automatically
injected by a Thermo (www.thermo.com) EASYnLC onto a
Thermo Acclaim PepMap RSLC 0.075 mm � 150 mm C18
column and eluted at 250 nL over 90 min with a gradient of
5%B to 30%B in 79 min, ramping to 100%B at 80 min and
held at 100%B for the duration of the run (Solvent
A = 99.9% Water/0.1% Formic Acid, Solvent B = 99.9%
Acetonitrile/0.1% Formic Acid). Eluted peptides were ana-
lyzed as follows: CCV I: peptides were sprayed into a hybrid
ThermoFisher LTQ FT-ICR Ultra mass spectrometer with
both ion cyclotron resonance (ICR) and LTQ linear ion trap
mass analyzers and a Michrom ADVANCE nanospray source
with survey scans taken in the FT (25,000 resolution deter-
mined at m/z 400) and the top five ions in each survey scan
then subjected to automatic low energy collision-induced
dissociation (CID) in the LTQ; CCV II: peptides were sprayed
into a ThermoFisher LTQ Linear Ion trap mass spectrometer
using a Michrom ADVANCE nanospray source with the top
eight ions in each survey scan are then subjected to low en-
ergy CID in a data dependent manner; CCV III and CCV IV:
peptides were sprayed into a ThermoFisher Q-Exactive mass
spectrometer using a FlexSpray spray ion source with survey
scans taken in the Orbi trap (70,000 resolution, determined
at m/z 200) and the top twelve ions in each survey scan
then subjected to automatic higher energy CID (HCD at
25%) with fragment spectra acquired at 17,500 resolution;
Dimethyl Labeling Samples: peptides were sprayed into
ThermoFisher LTQ FT-ICR Ultra mass spectrometer using a
Michrom ADVANCE nanospray source with intensity meas-
urements of the two diMe forms made in the FT-ICR por-
tion of the instrument and peptide fragmentation
performed in the linear ion trap. The resulting MS/MS spec-
tra from CCV replicates were converted to peak lists using
Mascot Distiller, version 2.4.3.3 (www.matrixscience.com)
and searched against a custom database that included all
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entries in the TAIR10 protein sequence database (down-
loaded from www.arabidopsis.org), appended with common
laboratory contaminants (downloaded from www.thegpm.
org, cRAP project), using the Mascot searching algorithm,
version 2.4, with the following parameters: two allowed
missed tryptic cleavages, fixed modification of carbamido-
methyl cysteine, variable modification of oxidation of methi-
onine, peptide tolerance ±5 p.p.m., MS/MS tolerance 0.50 Da
(Replicates I and II) and 0.015 Da (Replicates III and IV).
FDRs were calculated against a randomized database search.
The Mascot output was then analyzed using Scaffold, ver-
sion 4.8.4 (Proteome Software Inc., Portland, OR, USA) to
probabilistically validate protein identifications. Assignments
validated using the Scaffold 1% FDR protein threshold, con-
taining two unique peptides, meeting the 1% FDR peptide
threshold were considered true. Assignments matching these
criteria from four distinct biological replicates (CCV enrich-
ments) were cross-referenced to eliminate duplicates and fil-
tered to exclude proteins not present in at least two
biological replicates, generating a list of 3,745 protein
assignments.

Quantitation of labeled MS peaks from dimethyl labeling
samples and processing of the resulting MS/MS spectra to
peak lists was done using MaxQuant3, version1.2.2.5 (Cox
and Mann, 2008). Peak lists were searched against the
TAIR10 protein sequence database, downloaded from www.
arabidopsis.org and appended with common laboratory con-
taminants using the Andromeda search algorithm within
MaxQuant with the following parameters: two allowed
missed tryptic cleavages, fixed modification of carbamido-
methyl cysteine, variable modification of oxidation of methi-
onine and acetylation of protein N-termini, DimethLys0,
DimethNter0; DimethLys4, DimethNter4, peptide tolerance
±6 p.p.m., MS/MS tolerance 20 p.p.m., protein and peptide
FDR filter set to 1% (Cox et al., 2011). A total of 1,109
unique proteins were identified between both replicates, 957
of which were identified in the LC/MS–MS dataset corre-
sponding to CCVs digested in gel across two or more bio-
logical replicates.

Overlaps between proteomic datasets were identified by
matching accession numbers between the 3,745 accession
numbers in column 1 of Supplemental Data Set 1, the ac-
cession numbers of the 1,109 proteins identified in at least
one of two dimethyl replicates (Supplemental Data Set 3),
and the first accession number (corresponding to iBAQ val-
ues listed) of the majority accession numbers (identifiers of
all sequences containing at least half of the peptides of the
leading sequence) within each protein group (n = 1,981) in
the alternative methodology CCV LC/MS–MS dataset
(Supplemental Data Set 4). Overlaps between proteomic
datasets were visualized using the application BioVenn
(Hulsen et al., 2008).

Protein localization of the 546 more than two-fold de-
pleted proteins between the DFGL and CCV purification
steps (Supplemental Data Set 3) was determined by submis-
sion of the corresponding accession numbers (Supplemental

Data Set 5) to the SUBcellular Arabidopsis (SUBA) consen-
sus algorithm (Hooper et al., 2014).

LC/MS–MS of CCVs digested in solution
About 5mg of 1mg/mL isolated CCVs were lysed in a urea
lysis buffer containing 8-M urea, 20-mM HEPES pH 8.0, by
repeatedly pipetting up and down. Proteins in each sample
were reduced by adding 15-mM dithiothreitol and incubat-
ing the samples for 30 min at 55�C. Proteins were alkylated
by addition of 30-mM iodoacetamide for 15 min at room
temperature in the dark. The samples were diluted with 20-
mM HEPES pH 8.0 to a urea concentration of 2 M and the
proteins were digested with 4-mL Trypsin/LysC (Promega
V5073: 20mg + 80mL 50-mM acetic acid) for 4 h at 37�C
and boosted with an extra 2-mL Trypsin/LysC (Promega
V5073: 20mg + 80mL 50-mM acetic acid) overnight at 37�C.
Peptides were then purified on a OMIX C18 pipette tip
(Agilent, Santa Clara, CA, USA).

Purified peptides were re-dissolved in 25-mL loading sol-
vent A (0.1% trifluoroacetic acid in water/acetonitrile (98:2,
v/v)) and 5mL was injected for LC–MS/MS analysis on an
Ultimate 3000 RSLCnano ProFLow system in-line connected
to a Q Exactive HF mass spectrometer (Thermo). Trapping
was performed at 10 lL/min for 4 min in loading solvent A
on a 20-mm trapping column (made in-house, 100-lm in-
ternal diameter (I.D.), 5 lm beads, C18 Reprosil-HD, Dr
Maisch, Germany) and the sample was loaded on a 200-mm
analytical column (made in-house, 75mm ID, 1.9-mm beads
C18 Reprosil-HD, Dr Maisch). Peptides were eluted by a
nonlinear gradient from 2% to 55% MS solvent B (0.1% FA
in water/acetonitrile (2:8, v/v)) over 175 min at a constant
flow rate of 250 nL/min, reaching 99% MS solvent B after
200 min, followed by a 10 min wash with 99% MS solvent B
and re-equilibration with MS solvent A (0.1% FA in water).
The column temperature was kept constant at 50�C in a
column oven (Butterfly, Phoenix S&T). The mass spectrome-
ter was operated in data-dependent mode, automatically
switching between MS and MS/MS acquisition for the 16
most abundant ion peaks per MS spectrum. Full-scan MS
spectra (375–1,500 m/z) were acquired at a resolution of
60,000 in the orbitrap analyzer after accumulation to a tar-
get value of 3E6. The 16 most intense ions above a thresh-
old value of 1.3E4 were isolated for fragmentation at a
normalized collision energy of 28% after filling the trap at a
target value of 1E5 for a maximum of 80 ms. MS/MS spectra
(200–2,000 m/z) were acquired at a resolution of 15,000 in
the orbitrap analyzer.

Data were analyzed with MaxQuant (version 1.6.10.43) us-
ing the built in Andromeda search engine with default set-
tings, including an FDR set at 1% on both the peptide and
protein level. Spectra were searched against the
Araport11plus database, consisting of the
Araport11_genes.2016.06.pep.fasta downloaded from www.
arabidopsis.org, extended with sequences of all types of pos-
sible contaminants in proteomics experiments in general.
These contaminants include the cRAP protein sequences, a
list of proteins commonly found in proteomics experiments,
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which are present either by accident or by unavoidable con-
tamination of protein samples (The Global Proteome
Machine, http://www.thegpm.org/crap/). In addition, com-
monly used tag sequences and typical contaminants, such
as sequences from frequently used resins and proteases,
were added. The Araport11plus database contains in total
49,057 sequence entries. The mass tolerance for precursor
and fragment ions was set to 4.5 and 20 p.p.m., respectively,
including matching between runs and FDR set at 1% on
PSM, peptide, and protein level. Enzyme specificity was set
as C-terminal to arginine and lysine (trypsin), also allowing
cleavage at arginine/lysine-proline bonds with a maximum
of two missed cleavages. Variable modifications were set to
oxidation of methionine residues and acetylation of protein
N-termini. Proteins were quantified by the MaxLFQ algo-
rithm integrated in the MaxQuant software. Only protein
groups with at least one unique peptide and with peptides
identified in at least two of three biological replicates were
retained, yielding a list of 1,981 protein groups
(Supplemental Data Set 4).

Accession numbers
Accession numbers corresponding to proteins identified in
this study can be found in Supplemental Data Sets 1–3.
Files corresponding to raw proteomics data, as well as
results, search, and peak list files can be accessed at the
MassIVE data repository (MassIVE, University of California at
San Diego) using the identifiers, PXD026180 or at
doi:10.25345/C50F9D. A summary of the methods and pro-
tocols used, as well as gel images and supplementary files,
can also be accessed here.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. TEM of CCVs (supports
Figure 1).

Supplemental Figure S2. Schematics illustrating protocol
for clathrin coated vesicle purification and workflows detail-
ing the CCV proteome (Supports Figure 3).

Supplemental Figure S3. AP4E antibody is specific for the
AP4E subunit (supports Figure 4).

Supplemental Figure S4. ProUB10:GFP-AP4E is functional
in vivo (supports Figure 6).

Supplemental Table S1. Antibodies used in this study.
Supplemental Data Set 1. Merged CCV proteomic

datasets.
Supplemental Data Set 2. LC/MS–MS data correspond-

ing to CCVs digested in solution.
Supplemental Data Set 3. CCV dimethyl labeling LC/

MS–MS data.
Supplemental Data Set 4. LC/MS–MS data correspond-

ing to discussed proteins.
Supplemental Data Set 5. Predicted protein localization

data for proteins more than two-fold depleted between
DFGL and CCV fractions.
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H, Friml J (2011) Clathrin mediates endocytosis and polar distribu-
tion of PIN auxin transporters in Arabidopsis. Plant Cell 23:
1920–1931

Konopka CA, Backues SK, Bednarek SY (2008) Dynamics of
Arabidopsis dynamin-related protein 1C and a clathrin light chain
at the plasma membrane. Plant Cell 20: 1363–1380

Konopka CA, Bednarek SY (2008) Comparison of the dynamics and
functional redundancy of the Arabidopsis dynamin-related iso-
forms DRP1A and DRP1C during plant development. Plant Physiol
147: 1590–1602

Kost B, Lemichez E, Spielhofer P, Hong Y, Tolias K, Carpenter C,
Chua NH (1999) Rac homologues and compartmentalized phos-
phatidylinositol 4, 5-bisphosphate act in a common pathway to
regulate polar pollen tube growth. J Cell Biol 145: 317–330
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