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Protein–protein interaction network and subcellular 
localization of the Arabidopsis thaliana ESCRT machinery
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The endosomal sorting complex required for transport (ESCRT) consists of several multi‑protein 
subcomplexes which assemble sequentially at the endosomal surface and function in 
multivesicular body (MVB) biogenesis. While ESCRT has been relatively well characterized in 
yeasts and mammals, comparably little is known about ESCRT in plants. Here we explored 
the yeast two‑hybrid protein interaction network and subcellular localization of the Arabidopsis 
thaliana ESCRT machinery. We show that the Arabidopsis ESCRT interactome possesses a 
number of protein–protein interactions that are either conserved in yeasts and mammals or 
distinct to plants. We show also that most of the Arabidopsis ESCRT proteins examined at least 
partially localize to MVBs in plant cells when ectopically expressed on their own or co‑expressed 
with other interacting ESCRT proteins, and some also induce abnormal MVB phenotypes, 
consistent with their proposed functional role(s) as part of the ESCRT machinery in Arabidopsis. 
Overall, our results help define the plant ESCRT machinery by highlighting both conserved and 
unique features when compared to ESCRT in other evolutionarily diverse organisms, providing 

 
a foundation for further exploration of ESCRT in plants.
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Roxrud et al., 2010), the details of which have come initially from 
yeast  two-hybrid studies of the yeast and mammalian ESCRT 
interactomes followed by a proliferation in the past few years of  
biochemical, genetic, structural, and biophysical studies aimed at 
characterizing the role of ESCRT during MVB protein-sorting 
in these organisms. According to these models, ESCRT assembly 
begins with the recognition and concentration of ubiquitinated 
cargo proteins in the endosomal membrane by ESCRT-0 and the 
recruitment of ESCRT-I. ESCRT-I also binds and sorts ubiqui-
tinated cargo, recruits ESCRT-II, and together, ESCRT-I and II 
induce membrane deformation. ESCRT-II additionally recruits 
ESCRT-III components, which oligomerize into higher-ordered 
polymers at the neck of the nascent vesicle that facilitate cargo 
protein sequestration and drive membrane scission resulting in 
the release of the nascent vesicle into the MVB lumen. Thereafter, 
ESCRT-III is disassembled and subsequently recycled back to the 
cytosol by the action of the AAA-type ATPase Vps4, a process that 
requires numerous protein regulators that ensure the proper recruit-
ment and assembly of Vps4 and stimulate its activity. Interestingly, 
the ESCRT machinery, or at least portions thereof, also plays crucial 
roles in other important cellular processes, including enveloped 
retroviral budding, cytokinesis, and autophagy, all of which require 
membrane deformation and scission directed away from the cytosol 
(Carlton and Martin-Serrano, 2009).

In plants, the endosomal pathway is considered highly dynamic, 
but overall, is far less well understood compared to that of animals 
and yeasts. Nonetheless, several functional similarities exist, includ-
ing roles in protein degradation, cytokinesis, receptor-mediated 
endocytosis, and intracellular signaling (Müller et al., 2007; Otegui 
and Spitzer, 2008; Robinson et al., 2008; Schellmann and Pimpl, 

INTRODUCTION
In animal cells, plasma membrane proteins destined to be degraded 
are internalized via endocytosis and delivered through the endo-
somal pathway to the lysosome (Gruenberg and Stenmark, 2004). 
This sorting process is highly complex, involving the concentra-
tion of endocytosed membrane-bound, ubiquitinated cargo pro-
teins within intralumenal vesicles of late endosomes or so-called 
multivesicular bodies (MVBs), which are derived from early (and 
recycling) endosomes by the progressive invagination and scission 
of their boundary membranes. Once formed, MVBs eventually fuse 
with the lysosome where their contents, including the intralumenal 
vesicles, are degraded.

The formation and scission of MVB intralumenal vesicles is 
unique, because, unlike other vesicle budding events (e.g., those medi-
ated by clathrin or the coat protein complexes), it is directed away 
from the cytosol. This process is mediated by a set of ∼30 soluble pro-
teins collectively known as the endosomal sorting complex required 
for transport (ESCRT), which, in a sophisticated hierarchical- and 
stoichiometric-dependent manner, are assembled at the endosomal 
membrane into several multi-protein subcomplexes, termed ESCRT-
0, -I, -II, and -III. First identified in the yeast Saccharomyces cerevi-
siae as class E vacuolar protein-sorting (Vps) proteins based on the 
observation that their mutations result in abnormal late endosomal 
structures termed class E compartments (Raymond et al., 1992), 
ESCRT proteins have been since found in a wide range of other 
evolutionarily diverse species, suggesting they perform a variety of 
conserved functions (Leung et al., 2008).

Current working models of the molecular mechanisms underly-
ing ESCRT function have been the subject of several recent com-
prehensive reviews (Hurley and Hanson, 2010; Peel et al., 2010; 
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2009). The plant endosomal pathway is also involved in a number 
of key plant-specific processes, including embryo differentiation 
and the regulation of auxin transport (Otegui and Spitzer, 2008). 
Plants, like yeasts and animals, also possess MVBs (also referred to 
as prevacuolar compartments; Mo et al., 2006) that act as protein-
sorting junctions for processes including ESCRT-mediated traf-
ficking of ubiquitinated membrane proteins to the vacuole for 
degradation. However, the biogenetic relationship between MVBs 
and other compartments of the endosomal pathway in plant cells 
is not entirely clear. Plants, for instance, do not appear to possess 
early endosomes like those that mature into MVBs in mammals. 
Moreover, multiple types of MVBs as well as vacuoles appear to exist 
in plant cells, all of which may have different functions depending 
on the tissue or organ that they reside in and/or the developmental 
stage (Otegui and Spitzer, 2008).

As listed in Table 1, homologs of all of the main ESCRT and 
ESCRT-associated proteins in yeasts and mammals, with the excep-
tion of those comprising ESCRT-0 (i.e., Vps27/HRS, HseI/STAM) 
and the ESCRT-I component Mvb12, exist in Arabidopsis thali-
ana (Mullen et al., 2006; Spitzer et al., 2006; Winter and Hauser, 
2006; Leung et al., 2008). However, only a few of these proteins 
and/or their homologs in other plant species have been analyzed 
experimentally, and to varying degrees (Shen et al., 2003; Yang 
et al., 2004; Jou et al., 2006; Haas et al., 2007; Tian et al., 2007; 
Spitzer et al., 2009; Shahriari et al., 2010). While each of these 
studies has provided important functional insights to the plant 
ESCRT machinery, experimental data for the overall organization 
of ESCRT in plants compared to other organisms are lacking, and 
virtually non-existent for the putative components of ESCRT-II 
and ESCRT-III. Furthermore, like other non-opisthokonts (e.g., 
Dictyostelium, Chlamydomonas), plants lack an ESCRT-0 complex, 
but they possess a family of proteins homologous to the target of 
myb 1 (Tom1) proteins that in mammals, participate in ubiquit-
inated cargo sorting, bind ESCRT-I, and are thought to function 
in parallel with ESCRT-0 (Wang et al., 2010). Thus, plant Tom1 
proteins have been also proposed, but not tested experimentally, to 
function as a so-called “alternate” ESCRT-0 complex during MVB 
biogenesis (Winter and Hauser, 2006; Leung et al., 2008).

Here we begin to address the paucity in our understanding of 
the plant ESCRT machinery by examining many of the known 
and putative components of Arabidopsis ESCRT in terms of their 
protein–protein interaction network using yeast two-hybrid assays 
and subcellular localization(s) in transiently transformed suspen-
sion-cultured tobacco cells. We discuss the results of these studies 
primarily in terms of the current working models of ESCRT’s role 
during MVB biogenesis in yeast and mammalian model systems 
and, in doing so, we highlight not only evolutionarily conserved 
aspects of the plant ESCRT machinery, but also unique features 
which may reflect the functional plasticity of ESCRT in plants.

MATERIALS AND METHODS
RECOMBINANT DNA PROCEDURES AND PLASMID CONSTRUCTION
Molecular biology reagents were purchased either from New England 
BioLabs, Promega, Perkin Elmer Life Sciences Inc., Stratagene, or 
Invitrogen. Oligonucleotides were synthesized by Sigma-Aldrich or 
University of Guelph Laboratory Services. DNA was isolated and 
purified using reagents from Invitrogen. All DNA constructs were 

verified using dye-terminated cycle sequencing performed at the 
University of Guelph Genomics Facility. Mutagenesis was carried 
out using appropriate complementary forward and reverse muta-
genic primers and the QuikChange site-directed mutagenesis kit 
according to the manufacturer’s instructions (Stratagene).

cDNAs encoding full-length open reading frames (ORF) for 
various Arabidopsis ESCRT components were obtained from the 
Arabidopsis Biological Resource Center (Ohio State University) or 
RIKEN Bioresource Center and then, using PCR and the appropri-
ate forward and reverse primers, were sub-cloned into one or more 
of the following plasmids: the yeast (two-hybrid) expression vectors 
pGADT7 and pGBKT7 (Clontech; distributed by BD Bioscience), 
consisting of sequences encoding (in pGADT7) the GAL4 activa-
tion domain (AD) and an hemagglutinin (HA)-epitope tag fol-
lowed by a multiple cloning site (MCS), or (in pGBKT7) the GAL4 
DNA-binding domain (BD) and a Myc-epitope tag, followed by 
an MCS; pRLT2/Myc-MCS, a plant expression vector that includes 
the 35S cauliflower mosaic virus (CMV) promoter and sequences 
encoding an initiation methionine and Myc-epitope tag, then an 
MCS (Shockey et al., 2006); pRTL2/HA-MCS, which is equivalent 
to pRTL2/Myc-MCS, except that it contains sequences encoding an 
HA epitope tag; pRTL2/GFP-MCS and pUC18/NheI-GFP, both of 
which contain the 35S CMV promoter, but differ in that an MCS 
or unique NheI restriction site is either immediately 3′ or 5′ of the 
green fluorescent protein (GFP) ORF, respectively (Shockey et al., 
2006; Clark et al., 2009). Complete details on the construction pro-
cedures used for generating plasmids encoding any of the various 
Arabidopsis ESCRT components (or modified versions thereof) 
used in this study are available upon request.

pUC18/GFP-Syp21 encodes GFP fused to the N termi-
nus of the Arabidopsis membrane-bound Qa-SNARE (soluble 
N-ethylmaleimide-sensitive factor attachment protein receptor) 
Syp21 (Syntaxin of plants 21; Ueda et al., 2001) and pBSIIKS+/
GFP-ARA7 encodes the Arabidopsis Rab5 (Rabenosyn-5)-related 
GTPase Ara7 fused to the C terminus of GFP (Uemura et al., 2004). 
pBSIIKS+/GFP-ARA7 was used for the construction of pRTL2/
RFP-Ara7, whereby the Ara7 ORF was sub-cloned (via PCR) into 
pRTL2/RFP-MCS, containing the red fluorescent protein (RFP) 
ORF followed by an MCS (Shockey et al., 2006). pCam-YFP-Rab5/
F2a encodes the yellow fluorescent protein (YFP) fused to the N ter-
minus of the Arabidopsis Rab5-related GTPase Rha1 (also referred 
to as RabF2a; Haas et al., 2007) and pMO4-AtSKD1[E232Q] 
encodes GFP fused to the N terminus of a mutant version of 
Arabidopsis SKD1 (referred to hereafter as Vps4), whereby the glu-
tamic amino acid residue at position 232 of Vps4 was replaced with 
a glutamine (Vps4E232Q), resulting in an ATP hydrolysis deficiency 
(Haas et al., 2007).

YEAST TWO-HYBRID AND β-GALACTOSIDASE ASSAYS
The Clontech Matchmaker GAL4 Two-Hybrid System 3 (BD 
Bioscience) was used according to the manufacturer’s instruc-
tions, with some modifications. Briefly, yeast cells (strain PJ69-4A) 
harboring pGADT7 (bait) and/or pGBKT7 (prey) plasmids were 
cultured in duplicate in synthetic dextrose medium [2% (w/v) 
dextrose, 0.67% (w/v) yeast nitrogen base without amino acids, 
2 g L−1 synthetic mix of amino acid supplements, minus leucine, 
and tryptophan; SD-LT; Bufferad] and plated [at equal cell density 
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Complex Yeasta Mammalsa

 Arabidopsisb

Proteinc AGId

ESCRT‑0 Vps27 HRS

Hse1 STAM1

STAM2

Other proteins 

known or 

proposed to be 

involved in 

ubiquitinated 

cargo 

protein‑sorting 

and/or 

interaction with 

ESCRT‑I

Tom1L1 Tom1A At2g38410

Tom1L2‑1 Tom1B At5g01760

Tom1L2‑3 Tom1C At1g76970

Tom1L3 Tom1D At4g32760

Tom1 Tom1E At1g06210

Tom1F At1g21380

Tom_L At5g16880

Tom1G At5g63640

Tom1H At3g08790

ESCRT‑I Vps23 VPS23/

TSG101

Vps23A 

(ELC)

At3g12400

Vps23B 

(ELC‑like)

At5g13860

Vps28 VPS28 Vps28A At4g05000

Vps28B At4g21560

Vps37 VPS37A Vps37A At3g53120

VPS37B Vps37B At2g36680

VPS37C

VPS37D

Mvb12 MVB12

ESCRT‑II Vps22 EAP30 Vps22 At4g27040

Vps25 EAP20 Vps25 At4g19003

Vps36 EAP45 Vps36 At5g04920

ESCRT‑III Vps2/Did4 CHMP2A Chmp2A At2g06530

CHMP2B Chmp2B At5g44560

Chmp2C At1g03950

Vps20 CHMP6 Vps20A At5g09260

Vps20B At5g63880

Vps24 CHMP3 Vps24A At5g22950

Vps24B At3g45000

Snf7/Vps32 CHMP4A Snf7A 

(Vps32.1)

At2g19830

CHMP4B Snf7B 

(Vps32.2)

At4g29160

CHMP4C

Vps4 and 

associated 

regulators

Vps4 VPS4A Vps4 

(SKD1)

At2g27600

VPS4B

Vps60 CHMP5 Vps60A At3g10640

Vps60B At5g04850

Did2/Vps46 CHMP1A Chmp1A At1g73030

CHMP1B Chmp1B At1g17730

Bro1/Vps31 ALIX/AIP1 Bro1 At1g15130

Vta1 VTA1/LIP5 Vta1 

(LIP5)

At4g26750

aNomenclature of yeast (S. cerevisiae) and mammalian (human) ESCRT and 
ESCRT-associated proteins is based on those previously published (Hurley 
and Hanson, 2010), including for the Arabidopsis Tom1 proteins (Winter and 
Hauser, 2006). bArabidopsis ESCRT and ESCRT-associated proteins were 
identified previously using BLASTp analyses with amino acid sequences of 
known class E Vps proteins from yeasts and humans as queries (Mullen et al., 
2006; Spitzer et al., 2006; Winter and Hauser, 2006), or using comparative 
genomic analyses of coding sequences (Leung et al., 2008). cNomenclature 
of Arabidopsis ESCRT and ESCRT-associated proteins used in this study. 
Alternate nomenclature of selected Arabidopsis proteins indicated in brackets 
are based on Spitzer et al. (2006), Haas et al. (2007) and Shahriari et al. 
(2010). dArabidopsis gene identifier (AGI) number represents the systematic 
designation given to each locus, gene, and its corresponding protein product(s) 
by the Arabidopsis Information Resource (http://www.arabidopsis.org). Alix, 
ALG-2-interacting protein x; Aip1, apoptosis-linked gene (ALG)-2-interacting 
protein; Bro1, bypass requirement for protein kinase C homolog (BCK) 1-like 
resistance to osmotic shock; Chmp, charged multivesicular body protein; Did2, 
DOA4-independent degradation 2; EAP, RNA polymerase II elongation factor 
ELL-associated protein; ELC, elch (German for elk); HRS, hepatocyte growth 
factor-regulated tyrosine kinase substrate; LIP5, lysosomal trafficking regulator 
(lyst) interacting protein 5; Snf7, sucrose non-fermenting 7; STAM, signal-
transducing adaptor molecule; TSG101, tumor susceptibility gene 101; SKD1, 
suppressor of K+ transport growth defect 1; HseI, Hbp, STAM, and EAST; Tom1, 
target of myb 1; Vta1, Vps20-associated 1.

Table 1 | Endosomal sorting complex required for transport and ESCRT-associated proteins in yeasts, mammals, and Arabidopsis.

Complex Yeasta Mammalsa

 Arabidopsisb

Proteinc AGId

(0.1 OD
600

)] on either SD-LT (low-stringency selection media), 
SD-LTHA (SD-LT medium that also lacked histidine and ade-
nine; high-stringency selection media), or SD-LTHA plus 15 mM 
3-amino-1,2,4-triazole (3-AT), which is used to inhibit low levels of 
His3 activity, and thus, suppress background growth due to “auto-
activation” of the HIS3 reporter gene. The relative growth rates 
of cells (compared to each other and to cells containing positive 
or negative control “bait” and “prey” plasmid pairs provided by 
Clontech) were assessed daily (up to 5 days) as either: no growth or 

weak, medium, or strong growth. Results of growth assays are based 
on three separate experiments performed using all of the respec-
tive genes (other than those that “autoactivated” in the presence 
of 3-AT) both as “bait” and “prey.” Activation of the lacZ reporter 
and determination of the resulting β-galactosidase (β-Gal) activity 
in co-transformed yeast strains cultured in SD-LT was carried out 
using a Semi-quantitative β-Gal Assay kit (Pierce Protein Research 
Products) and a Molecular Devices Thermo Max microplate reader 
to detect β-gal product (o-nitrophenol) formation at OD

660
. β-Gal 
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 performed using a Retiga 1300 CCD camera (Qimaging) and 
Openlab software (Improvision). Confocal laser-scanning micros-
copy (CLSM) was carried out using a Leica DM RBE microscope 
with a 63× Plan Apochromat oil-immersion objective, anTCS 
SP2 scanning head, and the TCS NT software. Fluorophore emis-
sions were collected sequentially in double- and triple-labeling 
experiments; single-labeling experiments showed no detectable 
crossover at the settings used for data collection. Other negative 
controls including omission of primary or secondary antibodies 
and mock transformations with vector (pRTL2) alone also yielded 
no detectable fluorescence. Confocal images were acquired as a 
z-series or single optical sections of representative cells were saved 
as 512 × 512-pixel digital images. Figure compositions and merged 
images were generated using Northern Eclipse software (Empix 
Imaging Inc.) and Adobe Photoshop CS or Illustrator CS2 (Adobe 
Systems). The co-localization of proteins in selected CLSM optical 
sections was quantified using the ImageJ plugin “Co-localization 
Finder” and methods based on those described previously by us 
(Gidda et al., 2011).

In all experiments, at least 50 independently (co-)transformed 
cells were evaluated to determine subcellular localization(s) of 
transiently (co)expressed proteins, and all micrographs shown in 
the figures are representative images. Each biolistic experiment was 
replicated at least two times.

RESULTS AND DISCUSSION
ARABIDOPSIS ESCRT PROTEIN INTERACTOME
As mentioned in the Introduction, considerable effort has been 
devoted previously to generating yeast two-hybrid-based protein–
protein interactomes for the ESCRT machinery in both yeasts and 
mammals (Nikko and André, 2007 and references therein). All of 
these studies took advantage of the robust and high-throughput 
nature of the yeast two-hybrid assay to identify the multitude of 
protein–protein interactions that occur within and between the 
ESCRT subcomplexes in these organisms, providing the foundation 
for most of the subsequent biochemical, genetic, and structural 
studies of ESCRT, leading to current working models of ESCRT 
assembly and function.

Here we also employed the yeast two-hybrid system to character-
ize the Arabidopsis ESCRT interactome. DNA sequences encoding 
most of the known or putative Arabidopsis ESCRT proteins listed in 
Table 1 were cloned as both GAL4-AD and GAL4-DNA-BD fusions, 
allowing for the detection of self-interactions and those interactions 
that may have been otherwise absent due to interference from either 
the AD or BD fusion tag. Each of the AD/BD-ESCRT fusions were 
also introduced individually into yeast to confirm that they were 
properly expressed (Figure S1 in Supplementary Material) and 
that they did not “autoactivate” the two-hybrid reporter gene sys-
tem on their own. Interactions among Arabidopsis ESCRT proteins 
were then assessed in two ways. First, the relative growth rates of 
co-transformed yeast were compared on selection media with or 
without 3-AT, and all positive interactions were then scored based 
on growth as either weak, medium, or strong; refer to Figure S2 
in Supplementary Material for an example of the relative growth 
of yeast expressing positive-interacting ESCRT proteins. Second, 
all positive interactions detected by growth assays were quanti-
fied using liquid β-Gal assays. We also verified at least some of 

enzyme activity was calculated in Miller units (Miller, 1972) and 
based on the average activity of at least three replicates from three 
separate (yeast) co-transformations.

YEAST PROTEIN EXTRACTS AND WESTERN BLOT ANALYSIS
Protein lysates of yeast strains transformed individually with 
Arabidopsis ESCRT plasmids were prepared as described by O’Quin 
et al. (2009). Proteins were separated on 10% SDS-PAGE gels 
and stained with Coomassie blue R250 to verify approximately 
equal loading of total protein or, for Western blotting, proteins 
were transferred to nitrocellulose membranes using a semi-dry 
transfer cell (Bio-Rad Laboratories). Membranes were probed 
with either rabbit α-Myc, rabbit α-HA (Bethyl Laboratories), or 
mouse α-HA (Covance) primary antibodies and goat α-rabbit 
or rabbit α-mouse secondary antibodies conjugated to peroxi-
dase (Sigma). Proteins were immunodetected using the Western 
Lightning® Chemiluminescence Reagent Plus kit (Perkin Elmer) 
and membranes were exposed to Kodak X-OMAT Blue XB film 
and developed using a Konica Minolta SRX-101A film processor.

IN VITRO CO-IMMUNOPRECIPITATIONS
Hemagglutinin- or Myc-tagged proteins were synthesized in vitro 
using the TNT T7 Coupled Reticulocyte Lysate System (Promega) 
according to the manufacturer’s protocol, with the correspond-
ing pGADT7 or pGBKT7 Arabidopsis ESCRT plasmids serving as 
template DNA. In vitro co-immunoprecipitations were carried out 
essentially as described in the Clontech Matchmaker Co-IP kit user 
manual. Specifically, immunoprecipitation of “bait” proteins were 
carried out using either rabbit α-HA or mouse α-Myc antibodies in 
hybridoma medium (clone 9E10; Princeton University Monoclonal 
Antibody Facility) and protein A-Sepharose beads (Sigma-Aldrich). 
SDS-PAGE and Western blotting of co-immunoprecipitated pro-
teins were performed as described above.

BIOLISTIC BOMBARDMENT AND FLUORESCENCE MICROSCOPY
Tobacco [Nicotiana tabacum cv Bright-Yellow-2 (BY-2)] suspen-
sion cell cultures were maintained and prepared for biolistic bom-
bardment as described previously (Lingard et al., 2008). Transient 
(co-)transformations were performed using 0.5–6 μg of plasmid 
DNA [determined empirically based on the relative strength of 
the (immuno)fluorescence signal due to expression levels of each 
plasmid-encoded protein construct] with a biolistic particle deliv-
ery system-1000/HE (Bio-Rad Laboratories). Bombarded cells were 
incubated for ∼4–8 h to allow for expression and sorting of the 
introduced gene product(s) and to reduce potential negative effects 
due to protein over-expression. Cells were either viewed immedi-
ately or fixed in 4% (w/v) formaldehyde, followed by permeabiliza-
tion with 0.01% (w/v) pectolyase Y-23 (Kyowa Chemical Products) 
and 0.3% (v/v) Triton X-100 (Sigma-Aldrich). Antibodies used 
for subsequent immunofluorescence staining of cells were as fol-
lows: mouse α-Myc antibodies; rabbit α-Myc; rabbit α-HA; goat 
α-mouse and goat α-rabbit Alexa Fluor 488 IgGs, goat α-mouse 
and goat α-rabbit Cy5 (Cedar Lane Laboratories); and goat α-rabbit 
rhodamine red-X IgGs (Jackson ImmunoResearch Laboratories).

Epifluorescent images of cells were acquired using an Axioscope 
2 MOT epifluorescence microscope (Carl Zeiss Inc.) with a 63× 
Plan Apochromat oil-immersion objective. Image capture was 
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for mammalian and/or yeast ESCRT proteins during the assembly 
process, the majority of interactions detected between Arabidopsis 
ESCRT proteins were those within and between multi-protein 
subcomplexes that function sequentially in MVB biogenesis, sug-
gesting that these interactions are mechanistically equivalent in 
plants. For example, the ESCRT-I components Vps23A and Vps23B, 
displayed numerous interactions that likely reflect their conserved 
importance in ESCRT-I assembly (e.g., Vps23A/B-Vps23A/B, 
Vps23A/B-Vps37A and Vps23A/B-Vps28A/B) and in the recruit-
ment of ESCRT-II (e.g., Vps23A/B-Vps25, Vps23A/B-Vps22, and 
Vps23A/B-Vps36; Figure 1) in Arabidopsis. However, unlike mam-
mals and yeast, plants appear to be devoid of a fourth ESCRT-I 
component, Mvb12, which regulates the cargo protein-sorting 
activity of ESCRT-I (Leung et al., 2008). Thus, plants might rely 
on a separate mechanism for this process.

We also observed interactions between various Arabidopsis 
ESCRT-I components and members of the Tom1 family of proteins. 
Specifically, Vps23A/B, Vps28A/B, and Vps37A all interacted with 
Tom1D, and Vps23B interacted also with Tom1A/F/_L/G (Figure 1). 

the results of our yeast two-hybrid assays by carrying out co-
immunoprecipitations with selected in vitro-synthesized Myc- or 
HA-epitope-tagged ESCRT proteins (Figure S3 in Supplementary 
Material). However, the low efficiency of in vitro translation for 
many of the ESCRT proteins precluded us from validating a large 
number of interactions using this method. Nonetheless, the results 
from our yeast two-hybrid assays, as discussed below, revealed not 
only several new interactions for Arabidopsis ESCRT proteins, but 
also reconfirmed almost all of the interactions previously pub-
lished for selected Arabidopsis ESCRT proteins using the same (yeast 
two-hybrid) or other [e.g., immunoprecipitations or biomolecular 
fluorescence complementation (BiFC)] interaction methods, hence 
validating the reliability of this assay for mapping the Arabidopsis 
ESCRT interactome overall.

As summarized in the matrix presented in Figure 1, the overall 
pattern of the Arabidopsis ESCRT protein interactome reflects well 
the conservation of the hierarchical manner in which the ESCRT 
machinery is assembled during MVB biogenesis across evolutionar-
ily diverse species. That is, analogous to the interactions reported 
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FIGuRE 1 | Matrix illustrating the Arabidopsis ESCRT interactome based 
on the yeast two-hybrid assay. Plasmids encoding selected GAL4‑AD and ‑BD 
Arabidopsis ESCRT fusion proteins (as well as the corresponding “empty” AD 
and BD plasmids) were co‑transformed into yeast, then replica plated on either 
low‑ or high‑stringency selection media with or without 3‑AT. Those BD‑ESCRT 
fusion constructs that were not further tested in yeast two‑hybrid (growth) 
assays because they displayed growth when co‑expressed with the “empty” 
AD plasmid (i.e., autoactivation) on selective media with or without 3‑AT, are 
indicated with solid squares or circles, respectively. Shaded boxes represent the 

relative rates of yeast growth on high‑stringency selection media (with 3‑AT) as 
either: strong (black), medium (dark gray), weak (light gray), or no growth (white). 
Also indicated in the matrix are the averages of the measured β‑Gal activities for 
each positive‑interacting protein pair, with the exception of those interactions in 
which yeast strains that harbored certain BD‑ESCRT plasmids along with the 
“empty” AD plasmid displayed growth (autoactivation) on low‑selection media 
alone (indicated as “nd”). Note that the relative growth rates of most yeast 
strains expressing a positive‑interacting protein pair are generally proportional to 
their calculated β‑Gal activities.
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tioned above, a general limitation of the yeast two-hybrid assay, it is 
also possible that it represents plant-specific differences in ESCRT-
III assembly. Hence, both possibilities require further investigation.

Following membrane scission, the disassembly of ESCRT-III in 
yeasts and mammals is mediated by the recruitment of the AAA-
ATPase Vps4 and several of its regulatory factors, including IstI 
and Did2/Chmp1, to the endosomal membrane. Additional Vps4 
regulatory factors are then also recruited, including Vps60 and 
Vta1/LIP5, both of which induce the assembly of Vps4 into an 
active oligomer and stimulate ATP hydrolysis (reviewed in Hurley 
and Hanson, 2010; Peel et al., 2010). While no interactions were 
observed in this study between any of the putative Arabidopsis 
ESCRT-III proteins and the Vps4 regulators Chmp1A or Vta1, 
between Vta1 and the other putative Vps4 regulators, Vps60A/B, 
or, in contrast to the results recently reported by Shahriari et al. 
(2010), between Vps4 and Snf7A/B, we did observe interactions 
between Vps24A and Vps60A/B, as well as between Chmp2B and 
Vps4 (Figure 1). Moreover, as reported previously using in vitro 
co-immunoprecipitations (Haas et al., 2007; Spitzer et al., 2009) 
or yeast two-hybrid and/or BiFC assays (Shahriari et al., 2010), 
we observed interactions between Chmp1A and Vta1 with Vps4 
(Figure 1; Figure S3 in Supplementary Material). We also found 
that Vps4 interacted with Vps20A/B and Vps60A/B, similar to their 
reported interactions via BiFC (Shahriari et al., 2010), and Vps4 
also displayed homotypic binding (Figure 1), just as it does in other 
(non-plant) organisms (Shestakova et al., 2010).

Taken together, the interaction results for components of 
Arabidopsis ESCRT-III, Vps4, as well as the various Vps4 regulators, 
further support our conclusion that while generally conserved with 
respect to the interactions that take place between their counter-
parts in yeasts and/or mammals, the Arabidopsis ESCRT machinery 
also possesses a number of unique differences that may reflect the 
functional plasticity of the plant ESCRT system overall. Indeed, 
given the number of different isoforms for several of the subunits 
of the Arabidopsis ESCRT-III complex, as well as the Vps4 regula-
tors (Table 1), and that, compared to yeasts and mammals, the 
endosomal system in plants appears to be more complex in terms 
of its organization and trafficking pathways (Otegui and Spitzer, 
2008; Robinson et al., 2008), it is not altogether surprising that these 
proteins, and perhaps other uncharacterized proteins interact and 
operate in additional and/or different ways in plants.

SUBCELLULAR LOCALIZATION OF ARABIDOPSIS ESCRT PROTEINS
We next characterized the Arabidopsis ESCRT machinery by exam-
ining the subcellular localization of some of the known and putative 
ESCRT proteins in tobacco BY-2 suspension-cultured cells, which 
serve as a well-known model plant cell system for studying protein 
targeting and organelle biogenesis (Brandizzi et al., 2003; Miao and 
Jiang, 2007). Specifically, epitope- or fluorescent protein-tagged 
versions of selected ESCRT proteins from Table 1, including one 
or more proteins from each of the various ESCRT subcomplexes, 
as well as Vps4, or modified versions thereof, were expressed tran-
siently (via biolistic bombardment) either individually or in com-
bination in BY-2 cells. Their resulting subcellular localizations were 
then assessed, along with that of the co-expressed MVB marker 
protein, GFP-Syp21, consisting of GFP appended to the N terminus 
of the Arabidopsis membrane-bound Qa-SNARE Syp21 (Uemura 

Moreover, co-immunoprecipitation assays confirmed the binding 
between Vps23A/B and Tom1D as well as the apparent lack of 
binding between Vps23A/B and Tom1A or Tom1C (Figure S3 in 
Supplementary Material). These data are consistent with the pro-
posal that specific Tom1 proteins may act as an alternate ESCRT-0 
complex in plants (Winter and Hauser, 2006; Leung et al., 2008), 
as may be also the case in Dictyostelium, which lacks an ESCRT-0 
complex, but possesses a Tom1 homolog that binds Tsg101 (Blanc 
et al., 2009). Of course the lack of interaction between other Tom1 
proteins and Vps23A/B in this study (Figure 1) does not preclude 
an interaction in plant cells, given the general limitations of the 
yeast two-hybrid assay, such as BD-fusion-protein “autoactivation” 
(e.g., Tom1A/B/C/F/_L) or the absence of additional endogenous 
interacting proteins and/or membranes. Thus, subsequent exami-
nation of these and other Arabidopsis ESCRT proteins in terms of 
validating these interactions (or lack thereof) using complementary 
experimental approaches is still required. Further work is needed 
to also confirm and clarify the functional implications of Tom1 
proteins as a possible alternate ESCRT-0 complex in Arabidopsis, 
including whether they bind to and mediate cargo protein-sorting.

In addition to interacting with components of ESCRT-I, we 
showed that the putative Arabidopsis ESCRT-II components, Vps22 
and Vps36, interacted with themselves and each other, as well as 
with the other (third) putative component of ESCRT-II, Vps25 
(Figure 1). Moreover, the binding of Vps36 and Vps25 was con-
firmed by co-immunoprecipitation (Figure S3 in Supplementary 
Material). Vps25 and Vps36 also interacted with the puta-
tive ESCRT-III components Vps20A/B and Snf7A/B (Figure 1; 
Figure S3 in Supplementary Material). These interactions have not 
been previously shown for plants and are consistent with yeast 
and mammalian models for ESCRT-II assembly and the role of 
ESCRT-II in the recruitment and assembly of ESCRT-III (Hurley 
and Hanson, 2010; Peel et al., 2010). That is, ESCRT-II is thought 
to be recruited to the endosomal surface via an interaction between 
ESCRT-I and Vps36/Eap45, and is assembled into a core complex 
composed of one copy each of Vps22/Eap30 and Vps36/Eap45, both 
of which are bound to a molecule each of Vps25/Eap20. Thereafter, 
Vps25/Eap20 interacts with Vps20/Chmp6 of ESCRT-III, which 
subsequently binds to Snf7/Chmp4 and serves as an active nuclea-
tor for Snf7/Chmp4 oligomerization, leading to the final assem-
bly steps of the ESCRT-III polymer complex, membrane scission 
and formation of an internal vesicle within the MVB. Notably, the 
putative Arabidopsis Snf7A and Snf7B proteins are also capable 
of homotypic and heterotypic interactions (Figure 1), consistent 
with a conserved role for Snf7 oligomerization during ESCRT-III 
assembly in plants.

On the other hand, we found that Snf7A/B and Vps20A/B, did not 
interact with the other two putative components of the Arabidopsis 
ESCRT-III complex, i.e., Vps24A and Chmp2B (Figure 1). These 
results were somewhat unexpected given the reported binding 
behaviors and proposed roles of their counterparts in other organ-
isms. For example, in yeast, Vps24 and Vps2 (the homolog of mam-
malian and Arabidopsis Chmp2) interact to form a subcomplex that 
then binds to the Vps20-Snf7 subcomplex, yielding the core ESCRT-
III complex (Hurley and Hanson, 2010; Peel et al., 2010). While 
the apparent lack of interaction between Arabidopsis Vps24A and 
Chmp2B with other ESCRT-III components may reflect, as men-
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to be enlarged and/or aggregated (i.e., clustered in certain regions 
of these cells); the partial co-localization between GFP-Syp21 and 
RFP-Ara7 also verified by CLSM (Figure 2F) and quantified based 
on the mean Pearson’s correlation coefficient r, which revealed a 
significant amount of fluorescence signal overlap (r = 0.67 ± 0.09; 
see Materials and Methods for details). Overall, these results match 
those from similar experiments which showed that Ara7/Rha1 and 
Syp21 are preferentially localized in at least two types of partially 
overlapping and structurally related endosomal (MVB) compart-
ments in plant cells (Lee et al., 2004; Ueda et al., 2004; Foresti et al., 
2010). For the remainder of experiments described in this study, 
however, we chose to utilize GFP-Syp21 as a marker for MVBs, 
since, for among other reasons, it represents one of the best char-
acterized MVB marker proteins in terms of its trafficking and bio-
logical activities (Shirakawa et al., 2010; Uemura et al., 2010). We 
also attempted to control for any potential negative effects due 
to GFP-Syp21 over-expression (Foresti et al., 2006), or transient 
protein (over)expression in general, by focusing on cells exhibit-
ing relatively low or moderate levels of (immuno)fluorescence, as 
previously described (e.g., Ueda et al., 2004; Kato et al., 2010). In 
addition, as we did for with the abovementioned Tom1 proteins, 
all of the other ESCRT or ESCRT-associated proteins examined in 
this study in terms of their localization in BY-2 cells were expressed 
on their own to assess the effects of co-expression with GFP-Syp21 
and/or other ESCRT proteins.

Given that both Dictyostelium Tom1 and human Tom1L1 bind 
Tsg101 (Yanagida-Ishizaki et al., 2008; Blanc et al., 2009) we tested 
further whether the Arabidopsis Tom1 proteins, using Tom1A and 
Tom1D as representatives of this group [i.e., both proteins bound 
Vps23A and/or Vps23B in yeast two-hybrid assays (Figure 1)], are 
redistributed to MVBs when co-expressed with Vps23A, which rep-
resents the best characterized component of ESCRT-I in plants 
(Spitzer et al., 2006). As shown in Figure 3, HA-Vps23A partially 
colocalized with co-expressed GFP-Syp21 in MVBs in BY-2 cells 
(r = 0.62 ± 0.13), as expected (Spitzer et al., 2006). Figure 3 shows 
also that Myc-Tom1A partially localized to HA-Vps23A-containing 
structures (r = 0.59 ± 0.12) that, based on the co-localization of 
HA-Vps23A and GFP-Syp21, were presumed to be MVBs. By 
contrast, Myc-Tom1D co-expressed with HA-Vps23A was not 
redirected to HA-Vps23A-containing MVBs (r = 0.22 ± 0.07), 
but rather remained localized in the cytosol and small punctae in 
these cells (Figure 3), similar to when it is either expressed on its 
own or co-expressed with GFP-Syp21 (Figure 2). Additionally, we 
showed that GFP-Tom1A partially colocalized with Myc-Vps23B 
in co-transformed cells (Figure 3; r = 0.61 ± 0.06), suggesting that 
Vps23A and Vps23B are equivalent in terms of their ability to 
recruit Tom1A to MVBs.

That Tom1D, unlike Tom1A, is not recruited to MVBs upon co-
expression of Vps23A/B was unexpected, given their high degree of 
sequence similarity and comparable domain organization (Winter 
and Hauser, 2006), as well as their shared ability to interact with 
ESCRT-I components in yeast two-hybrid assays (Figure 1). We 
speculate that this may be due to stoichiometric differences in the 
relative amounts of these co-expressed proteins and/or additional 
endogenous factors. Regardless, the co-localization of Tom1A and 
Vps23 observed in this study is consistent with the localization 
of Tom1-related proteins in other organisms (Yanagida-Ishizaki 

et al., 2004), by standard epifluorescence microscopy, and/or by 
CLSM, when greater spatial resolution was necessary in order to 
confirm protein co-localization on a single optical plane or to view a 
novel MVB-related structure(s) in a 3D distribution. We also chose 
to examine the subcellular localization of selected plant ESCRT 
proteins in order to complement the protein–protein interaction 
results from our yeast two-hybrid assays (Figure 1), as well as the 
wealth of information already available on the ESCRT-related 
functions and/or MVB targeting mechanisms of their homologs 
in yeasts and mammals. In doing so, this allowed us to discuss these 
(Arabidopsis) proteins in terms of the current, generalized working 
models for ESCRT.

As shown in Figure 2A, N-terminal Myc-epitope-tagged ver-
sions of various members of the Arabidopsis Tom1 protein family 
displayed either (for Tom1A and Tom1D) a diffuse cytosolic and 
small punctate fluorescence pattern or (for Tom1C and Tom1E) 
an exclusively cytosolic fluorescence pattern, all of which were 
distinct from the punctate/globular fluorescence pattern attrib-
utable to GFP-Syp21 in the same representative co-transformed 
BY-2 cells, suggesting that these Tom1 proteins do not localize at 
steady state to MVBs. Moreover, the punctate structures observed 
in Myc-Tom1D-expressing cells did not colocalize with other endo-
somal pathway marker proteins, including those for the trans-Golgi 
or vacuole (data not shown). We also found that the subcellular 
localization of each of the selected Tom1 proteins was not affected 
by their co-expression with GFP-Syp21, since similar localization 
results were observed when Myc-Tom1A/C/D/E were expressed 
on their own (Figure 2B). Moreover, Tom1A-Myc (consisting 
of the Myc-epitope appended to the C terminus of Tom1A) and 
GFP-Tom1A (consisting of GFP appended to the N terminus of 
Tom1A), similar to Myc-Tom1A, localized to both the cytosol and 
small punctae in formaldehyde-fixed or living BY-2 cells, which 
were co-transformed with GFP-Syp21 or RFP-Ara7, respectively 
(Figures 2C,D); RFP-Ara7 serving as another well characterized 
endosomal (MVB) marker fusion protein consisting of RFP fused 
to the N terminus of the Arabidopsis Rab5-related soluble GTPase, 
Ara7 (Lee et al., 2004; Ueda et al., 2004). Collectively, these results 
indicate that the subcellular localization of the Tom1 proteins is 
not influenced by their appended epitope or fluorescent protein 
tags, or despite modest changes in endosome morphology due to 
formaldehyde fixation.

While the appearance (i.e., number, size, and distribution) of 
GFP-Syp21- or RFP-Ara7-labeled MVBs in BY-2 cells co-express-
ing selected Tom1 proteins (or other ESCRT or ESCRT-associated 
proteins) often varied among cells, this variability has been also 
reported for other plant cell types and was expected given the 
highly dynamic nature of the plant endosomal system overall. In 
addition, over-expression of Syp21 has been previously shown to 
prevent fusion of MVBs with the vacuole, leading to accumulation 
of vacuole-destined proteins at MVBs, ultimately resulting in the 
formation of enlarged MVBs (Foresti et al., 2006). Regardless, in 
a series of control experiments (Figure 2E), we confirmed that 
GFP-Syp21 partially colocalized with co-expressed RFP-Ara7, 
while YFP-Rha1, consisting of YFP fused to Rha1, another MVB-
localized Arabidopsis Rab5-related GTPase (Lee et al., 2004), par-
tially colocalized with co-expressed RFP-Ara7, and that in both 
sets of co-transformed cells at least some of the MVBs appeared 
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FIGuRE 2 | Subcellular localization of Arabidopsis Tom1 proteins, GFP-Syp21, 
YFP-Rha1, and RFP-Ara7. BY‑2 cells were either transiently (co‑)transformed with 
either (A) various Myc‑tagged Tom1 proteins and GFP‑Syp21, (B) the same 
Myc‑Tom1 proteins on their own, (C) Tom1A‑Myc and GFP‑Syp21, (D) GFP‑Tom1A 
and RFP‑Ara7, (E) GFP‑Syp21 and RFP‑Ara7 or YFP‑Rha1 and RFP‑Ara7, or (F) 
GFP‑Syp21 and RFP‑Ara7. Cells were then either formaldehyde‑fixed and 
processed for immuno‑epifluorescence microscopy or [in (F)] CLSM. Alternatively, 
cells [in (D) bottom row) were viewed living (i.e., non‑fixed) using epifluorescence 

microscopy. Each micrograph is labeled at the top left with the name of the (co‑)
expressed protein construct. Also shown is the corresponding differential 
interference contrast (DIC) image or [in (F)] merged image for each set of (co‑)
transformed cell(s). Hatched boxes in [(A) and (C–F)] represent the portion of cells 
shown at higher magnification and colorized in the panels below. The yellow color 
in the merged images indicates co‑localization between co‑expressed proteins; 
white arrowheads [in (E,F)] also indicate obvious protein co‑localization, while the 
open arrowheads in (E,F) indicate obvious non‑co‑localization. Bar = 10 μm.
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the interactions detected between ESCRT-I proteins (Figure 1), 
we examined the subcellular localization of the putative Vps28A 
and Vps28B proteins when expressed with or without Vps23A. As 
shown in Figure 4A, both Myc-tagged Vps28A and Vps28B local-
ized exclusively to the cytosol in BY-2 cells co-expressing GFP-
Syp21, similar to the cytosolic localization of ectopically expressed 
Vps28 proteins in other organisms (Bishop and Woodman, 2001). 
By contrast, co-expression of Myc-Vps28A or Myc-Vps28B with 
HA-Vps23A resulted in both sets of proteins being colocalized 
partially to the cytosol and also to the periphery of large, ring-like 
structures (Figure 4B); shown also in Figure 4B (bottom row) are 
three related CLSM 3D projection images illustrating the localiza-
tion of Myc-Vps28A in the large, ring-like structures found in an 
Myc-Vps28A and HA-Vps23A co-transformed cell. While similar 
structures were not observed in cells co-expressing any of these 
proteins with GFP-Syp21 alone (Figures 3A and 4A), these struc-
tures were readily observed in cells triple-transformed with Myc-
Vps28A (or Myc-Vps28B), HA-Vps23A, and GFP-Syp21, wherein 
all three proteins colocalized (Figure 4C; results presented only 
for co-expressed Myc-Vps28A-HA-Vps23-GFP-Syp21), indicating 
they are derived from MVBs.

The relocalization of Vps28 to MVB-derived structures upon 
co-expression with Vps23A is consistent with its classification as 
a core ESCRT-I component. Furthermore, the formation of these 
structures is reminiscent of the aberrant MVB-related structures 
or so-called “class E compartments” formed in yeast or mam-
malian cells upon over-expression or deletion of certain ESCRT 
components (or mutants versions thereof) that act in a dominant-
negative fashion to disrupt normal ESCRT function (Roxrud et al., 
2010). While we do not know the ultrastructure of the class E-like 
compartments in Vps23 and Vps28-co-transformed BY-2 cells 
(Figure 4) or the molecular mechanism underlying their forma-
tion, the appearance of these unique structures, combined with 
the observation that Arabidopsis Vps23 and Vps28 interact directly 
(Figure 1; Spitzer et al., 2006) provides further evidence that these 
proteins function together in MVB biogenesis. On the other hand, 
until Vps23 and Vps28 have been studied in more detail, we also 
urge caution in interpretation of results obtained from studies 
of the subcellular localization and/or MVB morphology changes 
associated with expression of these proteins (or any other plant 
ESCRT protein described in this study), and their extrapolation 
to cellular function(s).

As mentioned previously, in yeast and mammals, ESCRT-II is 
recruited to the endosomal membrane by ESCRT-I, where it plays 
an essential role in the concentration of ubiquitinated cargo pro-
teins and the recruitment of ESCRT-III (reviewed in Hurley and 
Hanson, 2010; Peel et al., 2010). As shown in Figure 5A, HA-Vps36 
localized in BY-2 cells to the plasma membrane and to numerous 
small punctae/globular or ring-like structures that occasionally 
colocalized with GFP-Syp21. Myc-Vps25, a second component of 
ESCRT-II that we showed interacts directly with Vps36 (Figure 1; 
Figure S3 in Supplementary Material) localized exclusively to the 
cytosol when co-expressed with GFP-Syp21 (Figure 5A), but was 
localized primarily to the plasma membrane when co-expressed 
with HA-Vps36 (Figure 5B); refer also to CLSM images in Figure 5B 
(bottom row) confirming the co-localization of HA-Vps36 and 
Myc-Vps25 at the plasma membrane (r = 0.90 ± 0.10). Together, 

et al., 2008; Blanc et al., 2009). Additional studies of the Arabidopsis 
Tom1-related protein family, Vps23 homologs, plus the multitude 
of other uncharacterized ubiquitin-binding proteins encoded in 
the Arabidopsis genome that may function in MVB protein cargo 
selection (Leung et al., 2008) are needed in order to better under-
stand the potential role of an “alternate” ESCRT-0 complex in 
plants. This task will also need to take into consideration that the 
Tom1 family members display distinct organ/tissue expression 
patterns and thus the subcellular localization of these proteins 
(as well as all the other ESCRT proteins examined in this study) 
should also be studied in planta. There is also a possibility that 
specific ubiquitinated MVB cargo proteins may serve to initiate the 
assembly of an ESCRT-0 complex, notably, several candidates have 
been recently identified as plant ESCRT cargo proteins (Spitzer 
et al., 2009; Viotti et al., 2010).

In addition to Vps23A and Vps23B, the putative ESCRT-I com-
plex in Arabidopsis also includes Vps28A/B and Vps37A/B (Table 1) 
and while we showed via yeast two-hybrid assays (Figure 1) that 
Vps23A/B interacts with Vps28A/B and Vps37A, only Vps23A, 
Vps28B, and Vps37A have been shown elsewhere to form a com-
plex in plant cells (Spitzer et al., 2006). Thus, to further investigate 

FIGuRE 3 | Subellular localization of Vps23A and co-expression of Tom1A 
and/or Tom1D with Vps23A or Vps23B. BY‑2 cells were co‑transformed with 
the indicated gene constructs and then cells were processed, imaged and 
analyzed by CLSM as described in the legend of Figure 2. The yellow color in 
the merged images indicates co‑localization between co‑expressed proteins; 
white arrowheads also indicate obvious protein co‑localization. Bar = 10 μm.
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these data are consistent with the premise that these two proteins 
function together as part of the ESCRT-II complex in Arabidopsis, 
just as they do in yeasts and mammals (Hurley and Hanson, 2010; 
Peel et al., 2010). However, the functional significance of the plasma 
membrane localization of Vps36 (and co-expressed Vps25) is still 
unknown and needs to be confirmed in planta, and further investi-
gation of ESCRT-II and the functional relationship between Vps36 
and Vps25 in Arabidopsis may reveal additional and/or unique roles 
for ESCRT-II in plants.

FIGuRE 4 | Subcellular localization of Vps28A and Vps28B and co-
expression of Vps28A or Vps28B with Vps23A. BY‑2 cells were co‑
transformed the indicated gene constructs and then cells were processed, 
imaged, and analyzed either by (A,B) epifluorescence microscopy or [(B) 
bottom row and (C)] CLSM as described in the legend of Figure 2. The yellow 
color in the corresponding merged images indicates co‑localization between 
co‑expressed proteins; white arrowheads also indicate obvious protein 
co‑localization in the large, ring‑like MVB‑related structures. Note that the 
CLSM images presented in [(B) bottom row] are three different rotations (i.e., 
left ∼−15°, center, and right ∼+15°) obtained from the same 3D projection (full 
z‑series) of immunostained Myc‑Vps28A in an Myc‑Vps28A and HA‑Vps23A 
co‑transformed cell; refer also to Figure S4 in Supplementary Material for the 
corresponding movie. The CLSM images of the triple‑transformed cell in (C) 
are single z‑sections. Bar = 10 μm.

FIGuRE 5 | Subcellular localization of Vps25 and Vps36. BY‑2 cells were 
co‑transformed with the indicated gene constructs and then cells were 
processed, imaged, and analyzed either by epifluorescence microscopy [(A,B) 
top row] or [(B) bottom row] CLSM as described in the legend of Figure 2. The 
yellow color in the corresponding merged images indicates co‑localization 
between co‑expressed proteins; white arrowheads also indicate obvious 
protein co‑localization, while open arrowheads in (A) indicate the localization 
of HA‑Vps36 (but not co‑expressed GFP‑Syp21) at the plasma membrane. 
Bar = 10 μm.
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the Vps2-Vps24 subcomplex that binds via an interaction between 
Vps24 and Snf7A. Consistent with this model, our yeast two-hybrid 
assays (Figure 1) revealed that both of the putative Arabidopsis Vps20 
isoforms (Vps20A and Vps20B) interact with Vps25, as well as with 
Snf7A and Snf7B. Moreover, both Snf7A/B and all of the other puta-
tive Arabidopsis ESCRT-III proteins share a relatively high degree of 
primary sequence and secondary structure similarity with their yeast 
and mammalian counterparts (Winter and Hauser, 2006; Leung et al., 
2008), including conserved N-terminal basic and C-terminal acidic 
regions. In addition, both Arabidopsis Vps20A/B, like Vps20 proteins 
in other organisms, possess a predicted N-terminal myristoylation 
signal (Leung et al., 2008).

As shown in Figure 6A, both Vps20A-Myc and Vps20B-Myc, 
consisting of full-length Arabidopsis Vps20A and Vps20B appended 
to the Myc-epitope tag at their C terminus in order to preserve their 

We examined next the subcellular localization of several putative 
Arabidopsis ESCRT-III components, including Vps20A, Vps20B, and 
Snf7A. Based on the working models for ESCRT in yeast and mam-
mals (Hurley and Hanson, 2010; Peel et al., 2010), each of the four 
core components of ESCRT-III (e.g., yeast Vps2, Vps20, Vps24, and 
Snf7; Table 1) contain a similar domain organization, including an 
N-terminal basic domain required for membrane interaction and 
(homo- and/or hetero-) oligomerization, and a C-terminal acidic 
autoinhibitory domain that prevents their oligomerization and 
recruitment from the cytosol to endosomes. By a mechanism that is 
not fully understood, autoinhibition is relieved, allowing the ESCRT-
III proteins to be sequentially assembled on the endosomal mem-
brane as two subcomplexes; the Vps20-Snf7 subcomplex that binds 
to the endosomal membrane through the N-terminal myristoyla-
tion of Vps20 and a direct interaction with Vps25 of ESCRT-II, and 

FIGuRE 6 | Subcellular localization of full-length and C-terminal-truncated 
versions of Vps20A and Vps20B, and co-expression of Snf7A and Vps4 or 
Vps4E232Q. (A–D) BY‑2 cells were co‑transformed with the indicated gene 
constructs and then cells were processed, imaged and analyzed by 

epifluorescence microscopy as described in the legend of Figure 2. The yellow 
color in the corresponding merged images [in (B–D)] indicates co‑localization, 
between co‑expressed proteins; white arrowheads indicate obvious protein 
co‑localization including in the enlarged globular‑like structures in (C). Bar = 10 μm.
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putative N-terminal myristoylation signal, localized exclusively to 
the cytosol in BY-2 cells. By contrast, C-terminal-mutant versions 
of both proteins, namely Vps20A

1–170
-Myc and Vps20B

1–170
-Myc 

(consisting of their N-terminal 1–170 out of ∼220 amino acid 
residues), localized to the cytosol and to punctate/globular struc-
tures, at least some of which also contained co-expressed GFP-
Syp21 (Figure 6B). Combined, these results are similar to those for 
the localization of human (full-length) Chmp6 (the mammalian 
homolog of Arabidopsis Vps20) in the cytosol and the partial locali-
zation of a C-terminally truncated mutant version of Chmp6 to 
endosomes (Peck et al., 2004), suggesting that a C-terminal auto-
inhibitory mechanism may be conserved between Chmp6 and 
Arabidopsis Vps20.

As shown in Figure 6C, the putative Arabidopsis Snf7A (i.e., 
HA-Snf7A) localized in BY-2 cells to punctae and large, globular-
like structures that mostly colocalized with co-expressed GFP-
Syp21. Given the ability of Snf7 and Chmp4 yeast and mammalian 
cells, respectively, to form large, higher-ordered polymers on the 
endosomal surface (Teis et al., 2010) and induce the formation of 
aberrant MVB-related structures upon their over-expression in cells 
(Peck et al., 2004; Boysen and Mitchell, 2006), it is possible that 
the large globular structures observed in BY-2 cells may be also the 
result of the assembly of abnormal Snf7A oligomers. This premise 
is supported, albeit indirectly, by the ability of Arabidopsis Snf7A/B 
to interact in yeast two-hybrid assays (Figure 1), just as their yeast 
and mammalian counterparts do (Nikko and André, 2007).

Following membrane scission, ESCRT-III subunits (mainly Snf7) 
are disassembled and recycled to the cytosol for further rounds of 
vesicle formation, a process that is mediated by Vps4 and its regula-
tors in yeasts and mammals (Hurley and Hanson, 2010; Peel et al., 
2010), and, based on available data, also in plants (Jou et al., 2006; 
Haas et al., 2007; Shahriari et al., 2010). Unexpectedly, however, 
Vps4 and Snf7A/B did not interact in the yeast two-hybrid assay 
(Figure 1), which contrasts the interaction data reported elsewhere 
(Shahriari et al., 2010), and Myc-Vps4 was localized exclusively 
to the cytosol in BY-2 cells co-expressing HA-Snf7A (Figure 6D). 
We therefore took advantage of a catalytically inactive version of 
Vps4 that is well-known in yeasts and mammals to have a potent 
dominant-negative effect on MVB biogenesis by binding irrevers-
ibly to MVBs and “trapping” the ESCRT(-III) machinery on the 
MVB surface (Babst et al., 1998). The equivalent mutation in the 
Arabidopsis protein (Vps4E232Q) has also been shown to be catalyti-
cally inactive and disrupt MVB biogenesis in plant cells (Haas et al., 
2007; Shahriari et al., 2010). As shown also in Figure 6D, when 
HA-Snf7A was co-expressed with Myc-Vps4E232Q, both proteins 
mostly colocalized in irregular-shaped structures that appeared 
to be distinct from punctate and large, globular-like structures 
observed in cells expressing HA-Snf7A and GFP-Syp21, further 
supporting the classification of Snf7A (and Snf7B) as a component 
of ESCRT-III, and suggesting a possible functional relationship 
between Snf7A and Vps4, just as in other organisms (Hurley and 
Hanson, 2010; Peel et al., 2010).

CONCLUSION
In recent years, there has been a proliferation in studies of the ESCRT 
machinery in yeasts and mammals, wherein ESCRT has been shown 
to participate in a remarkable range of cellular processes (Carlton 

and Martin-Serrano, 2009; Hurley and Hanson, 2010; Peel et al., 
2010; Roxrud et al., 2010). However, while homologs of most of 
the ESCRT proteins exist in plants (Table 1), only relatively few of 
these have been characterized in detail and, thus, the main objective 
of this study was to gain a better, more global understanding of the 
Arabidopsis ESCRT machinery. Toward that end, we surveyed many 
of the known and putative ESCRT components in Arabidopsis in 
terms of their protein–protein interaction network and subcellular 
localizations. In doing so, we were able to not only integrate the 
results of these experiments with those obtained from other studies 
on some of the same Arabidopsis ESCRT proteins, but also to directly 
compare and contrast features of the plant ESCRT machinery with 
those reported for ESCRT in other evolutionarily diverse organisms. 
This latter point is perhaps best exemplified by our systematic analy-
sis of the Arabidopsis ESCRT interactome using the yeast two-hybrid 
assay (Figure 1), since a similar strategy was employed for initially 
characterizing interactions among ESCRT proteins in yeasts and 
humans (Martin-Serrano et al., 2003; von Schwedler et al., 2003), 
and, just like it has done so for these organisms, our yeast two-hybrid 
results should now serve as a framework for generating testable 
working models for ESCRT function(s) in plants.

In examining the subcellular localization of several putative or 
known ESCRT proteins, we also observed the formation of aber-
rant MVB-related structures when some of these proteins were 
expressed or co-expressed in plant (BY-2) cells [e.g., Vps23A and 
Vps28A (Figure 4B), Snf7A (Figure 6C), or Snf7A and Vps4E232Q 
(Figure 6D)]. Notably, similar abnormal MVB structures are formed 
upon (co)expression of their mammalian and/or yeast counterparts 
(or mutant versions thereof; reviewed in Roxrud et al., 2010), imply-
ing that not only do these plant ESCRT proteins operate mechanisti-
cally in a similar manner, but that the subsequent characterization 
of these abnormal MVB-related structures in plant cells will be 
informative in understanding normal ESCRT function, just as they 
have been for understanding ESCRT in yeasts and mammals. Of 
course, the fact that many of the known and putative plant ESCRT 
proteins exist as paralogs (Mullen et al., 2006; Spitzer et al., 2006; 
Winter and Hauser, 2006; Leung et al., 2008) and are differentially 
expressed in various organs/tissues (i.e., based on publicly available 
microarray databases) adds layers of complexity to the examination 
and determination of their biological roles in planta, complexity that 
must be also reconciled with the highly conserved nature of ESCRT 
interactions and operation. Moreover, any complete understanding 
of ESCRT in plants will undoubtedly be challenged by our need to 
know more about the distinct and highly dynamic nature of the 
plant endosomal pathway overall, such as the trans-Golgi network 
acting as an early endosome in MVB formation and the functional 
diversification of MVBs (Foresti et al., 2010; Viotti et al., 2010). 
Nevertheless, the data provided here combined with those from 
recent proteomic (Groen et al., 2008) and microscopy studies (Kang 
et al., 2011; Viotti et al., 2010), as well as high-throughput chemical 
screens (Hicks and Raikhel, 2010), should begin to shed light on 
these and other aspects of plant MVB biogenesis.
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protein, or (B) α‑HA antibodies, which recognize the HA epitope tag located 
between the GAL4‑BD moiety and ESCRT protein. All of the immunodetected 
AD/BD‑ESCRT fusion proteins (indicated with upward or downward arrows) were 
consistent with their expected (ca.) sizes; although, in some cases, smaller, 
additional bands were also observed, likely truncated version of these proteins 
due to internal translation initiation and/or partial protein degradation. Note also in 
(A) a non‑specific, ∼80 kDa endogenous yeast polypeptide (marked with an 
asterisk) was immunodetected in protein blots probed with α‑Myc antibodies. 
Numerical values to the left of blots are the molecular masses (in kDa) of protein 
standards.
FIGuRE S2 | Representative two-hybrid-assay plates showing the relative 
growth of selected AD- and BD-Arabidopsis ESCRT co-transformed yeast 
strains. Yeast harboring (co‑transformed) either individual pairs of each of the 
positive two‑hybrid‑interacting AD‑ and BD‑ESCRT fusion proteins (refer to shaded 
boxes in Figure 2) or the corresponding “empty” AD or BD control plasmids (refer 
to the top two rows in Figure 2), were (replica) spotted onto agar plates containing 
either (B) low‑stringency selection media (SD‑LT), (C) high‑stringency selection 
media (SD‑LTHA) without 3‑AT, or (D) SD‑LTHA with 3‑AT, and incubated for 5 days 
at 30°C. Shown in (A) are the locations (drawn as circles) on the plates of each of 
the co‑transformed yeast strains examined, as well as the specific combinations of 
AD‑ and BD‑ESCRT (or “empty vector”) plasmids they harbor (numbered 1–150).
FIGuRE S3 | Co-immunoprecipitations of Arabidopsis ESCRT proteins in vitro. 
Plasmids encoding selected AD‑ or BD‑ESCRT fusion proteins (which included an 
HA or Myc‑epitope tag between the GAL4‑AD or BD moieties, respectively, and 
the ESCRT protein) were transcribed and translated in vitro (see Materials and 
Methods for details). Translation products for specific protein pairs (referred to as 
“prey” and “bait”) or only the “prey” proteins serving as negative controls were 
mixed and incubated [as indicated below each blot (IP)] with either α‑Myc or α‑HA 
antibodies, followed by an incubation with Protein A‑Sepharose and then 
centrifugation. Next, equivalent amounts of all co‑immunoprecipitated protein 
fractions, as well an aliquot of in vitro‑synthesized “prey” protein alone (refer to 
the first lane in each blot) were subjected to SDS‑PAGE and Western blotting with 
(as indicated to the left of each blot) either α‑HA or α‑Myc antibodies and the 
appropriate enzyme‑linked secondary antibodies. Arrowheads at the right side of 
the blots indicate the migration positions of the specific immunodetected “prey” 
proteins. The additional lower molecular mass proteins observed in most blots are 
IgGs carried over from the co‑immunoprecipitation reactions. Shown also (on the 
right) are compilations of blots of the individual HA‑ or Myc‑tagged “bait” proteins 
used as input for corresponding co‑immunoprecipitations reactions.
FIGuRE S4 | Subcellular localization of Vps28A. Movie depicting the CLSM 3D 
projection (full z‑series) of immunostained Myc‑Vps28A in the Myc‑Vps28A and 
HA‑Vps23A co‑transformed cell shown in Figure 4B (bottom row).
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