
The Arabidopsis Endosomal Sorting Complex
Required for Transport III Regulates Internal Vesicle
Formation of the Prevacuolar Compartment and Is
Required for Plant Development1[C][W][OPEN]

Yi Cai2,3, Xiaohong Zhuang2, Caiji Gao2, Xiangfeng Wang2, and Liwen Jiang*

School of Life Sciences, Centre for Cell and Developmental Biology and State Key Laboratory of
Agrobiotechnology, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong, China
(Y.C., X.Z., C.G., X.W., L.J.); and Chinese University of Hong Kong Shenzhen Research Institute, The Chinese
University of Hong Kong, Shenzhen 518057, China (L.J.)

ORCID ID: 0000-0002-2480-8210 (L.J.).

We have established an efficient transient expression system with several vacuolar reporters to study the roles of endosomal sorting
complex required for transport (ESCRT)-III subunits in regulating the formation of intraluminal vesicles of prevacuolar compartments
(PVCs)/multivesicular bodies (MVBs) in plant cells. By measuring the distributions of reporters on/within the membrane of PVC/
MVB or tonoplast, we have identified dominant negative mutants of ESCRT-III subunits that affect membrane protein degradation
from both secretory and endocytic pathways. In addition, induced expression of these mutants resulted in reduction in luminal vesicles
of PVC/MVB, along with increased detection of membrane-attaching vesicles inside the PVC/MVB. Transgenic Arabidopsis
(Arabidopsis thaliana) plants with induced expression of ESCRT-III dominant negative mutants also displayed severe cotyledon
developmental defects with reduced cell size, loss of the central vacuole, and abnormal chloroplast development in mesophyll cells,
pointing out an essential role of the ESCRT-III complex in postembryonic development in plants. Finally, membrane dissociation of
ESCRT-III components is important for their biological functions and is regulated by direct interaction among Vacuolar Protein Sorting-
Associated Protein20-1 (VPS20.1), Sucrose Nonfermenting7-1, VPS2.1, and the adenosine triphosphatase VPS4/SUPPRESSOR OF K1

TRANSPORT GROWTH DEFECT1.

Endomembrane trafficking in plant cells is complicated
such that secretory, endocytic, and recycling pathways
are usually integrated with each other at the post-Golgi
compartments, among which, the trans-Golgi network
(TGN) and prevacuolar compartment (PVC)/multivesicular
body (MVB) are best studied (Tse et al., 2004; Lam et al.,

2007a, 2007b; Müller et al., 2007; Foresti and Denecke,
2008; Hwang, 2008; Otegui and Spitzer, 2008; Robinson
et al., 2008; Richter et al., 2009; Ding et al., 2012; Gao
et al., 2014). Following the endocytic trafficking of a
lipophilic dye, FM4-64, the TGN and PVC/MVB are
sequentially labeled and thus are defined as the early
and late endosome, respectively, in plant cells (Lam
et al., 2007a; Chow et al., 2008). While the TGN is a
tubular vesicular-like structure that may include several
different microdomains and fit its biological function as
a sorting station (Chow et al., 2008; Kang et al., 2011),
the PVC/MVB is 200 to 500 nm in size with multiple
luminal vesicles of approximately 40 nm (Tse et al.,
2004). Membrane cargoes destined for degradation are
sequestered into these tiny luminal vesicles and delivered
to the lumen of the lytic vacuole (LV) via direct fusion
between the PVC/MVB and the LV (Spitzer et al., 2009;
Viotti et al., 2010; Cai et al., 2012). Therefore, the PVC/
MVB functions between the TGN and LV as an interme-
diate organelle and decides the fate of membrane cargoes
in the LV.

In yeast (Saccharomyces cerevisiae), carboxypeptidase S
(CPS) is synthesized as a type II integral membrane pro-
tein and sorted from the Golgi to the lumen of the vacuole
(Spormann et al., 1992). Genetic analyses on the traf-
ficking of CPS have led to the identification of approxi-
mately 17 class E genes (Piper et al., 1995; Babst et al., 1997,
2002a, 2002b; Odorizzi et al., 1998; Katzmann et al., 2001)
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that constitute the core endosomal sorting complex
required for transport (ESCRT) machinery. The evo-
lutionarily conserved ESCRT complex consists of several
functionally different subcomplexes, ESCRT-0, ESCRT-I,
ESCRT-II, and ESCRT-III and the ESCRT-III-associated/
Vacuolar Protein Sorting4 (VPS4) complex. Together,
they form a complex protein-protein interaction network
that coordinates sorting of cargoes and inward budding
of the membrane on the MVB (Hurley and Hanson, 2010;
Henne et al., 2011). Cargo proteins carrying ubiquitin
signals are thought to be passed from one ESCRT sub-
complex to the next, starting with their recognition by
ESCRT-0 (Bilodeau et al., 2002, 2003; Hislop and von
Zastrow, 2011; Le Bras et al., 2011; Shields and Piper,
2011; Urbé, 2011). ESCRT-0 recruits the ESCRT-I com-
plex, a heterotetramer of VPS23, VPS28, VPS37, and
MVB12, from the cytosol to the endosomal mem-
brane (Katzmann et al., 2001, 2003). The C terminus of
VPS28 interacts with the N terminus of VPS36, a
member of the ESCRT-II complex (Kostelansky et al.,
2006; Teo et al., 2006). Then, cargoes passed from ESCRT-
I and ESCRT-II are concentrated in certain membrane
domains of the endosome by ESCRT-III, which in-
cludes four coiled-coil proteins and is sufficient to
induce the membrane invagination (Babst et al.,
2002b; Saksena et al., 2009; Wollert et al., 2009). Fi-
nally, the ESCRT components are disassociated from

the membrane by the adenosine triphosphatase (ATPase)
associated with diverse cellular activities (AAA) VPS4/
SUPPRESSOROF K+ TRANSPORTGROWTHDEFECT1
(SKD1) before releasing the internal vesicles (Babst et al.,
1997, 1998).

Putative homologs of ESCRT-I–ESCRT-III and ESCRT-III-
associated components have been identified in plants,
except for ESCRT-0, which is only present in Opis-
thokonta (Winter and Hauser, 2006; Leung et al., 2008;
Schellmann and Pimpl, 2009). To date, only a few plant
ESCRT components have been studied in detail. The
Arabidopsis (Arabidopsis thaliana) AAA ATPase SKD1
localized to the PVC/MVB and showed ATPase ac-
tivity that was regulated by Lysosomal Trafficking
Regulator-Interacting Protein5, a plant homolog of Vps
Twenty Associated1 Protein (Haas et al., 2007). Expres-
sion of the dominant negative form of SKD1 caused an
increase in the size of the MVB and a reduction in the
number of internal vesicles (Haas et al., 2007). This pro-
tein also contributes to the maintenance of the central
vacuole and might be associated with cell cycle regula-
tion, as leaf trichomes expressing its dominant negative
mutant form lost the central vacuole and frequently
contained multiple nuclei (Shahriari et al., 2010). Double
null mutants of CHARGED MULTIVESICULAR BODY
PROTEIN, chmp1achmp1b, displayed severe growth de-
fects and were seedling lethal. This may be due to the

Figure 1. An efficient system with four
vacuolar reporters to study the biogenesis
of PVC/MVB’s internal vesicles. Four re-
porters, a soluble vacuolar cargo aleurain-
GFP, a tonoplast-localized iron transporter
GFP-Vacuolar Iron Transporter1 (VIT1),
and two degraded membrane proteins,
Leucine-Rich-Repeat84A (LRR84A)-GFP
and Endomembrane Protein12 (EMP12)-
GFP, were used in this system. A and B,
Coexpression of the four reporters with
Red Fluorescent Protein (RFP)-Vacuolar
Sorting Receptor2 (VSR2; A) or RFP-
ARA7(Q69L; B) in Arabidopsis proto-
plasts. Note that the soluble vacuolar
cargo aleurain-GFP as well as the de-
graded membrane proteins LRR84A-
GFP and EMP12-GFP were trapped in
the lumen of the enlarged PVC induced
by RFP-ARA7(Q69L). C and D, Coex-
pression of the reporters with SKD1
(E232Q) and RFP-VSR2 (C) or RFP-
ARA7(Q69L; D) in Arabidopsis proto-
plasts. Note that the soluble vacuolar
cargo aleurain-GFP remained in the
lumen of the enlarged PVC, whereas the
degraded membrane proteins LRR84A-
GFP and EMP12-GFP were colocalized
with RFP-ARA7(Q69L) on the membrane
of the enlarged PVC (D). Bar = 50 mm.
[See online article for color version of
this figure.]
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mislocalization of plasma membrane (PM) proteins,
including those involved in auxin transport such as
PINFORMED1, PINFORMED2, andAUXIN-RESISTANT1,
from the vacuolar degradation pathway to the tonoplast
of the LV (Spitzer et al., 2009).

Plant ESCRT components usually contain several
homologs, with the possibility of functional redundancy.
Single mutants of individual ESCRT components may
not result in an obvious phenotype, whereas knockout
of all homologs of an ESCRT component by generating
double or triple mutants may be lethal to the plant. As a
first step to carry out systematic analysis on each ESCRT
complex in plant cells, here, we established an efficient
analysis system to monitor the localization changes of
four vacuolar reporters that accumulate either in the
lumen (LRR84A-GFP, EMP12-GFP, and aleurain-GFP)
or on the tonoplast (GFP-VIT1) of the LV and identi-
fied several ESCRT-III dominant negative mutants. We
reported that ESCRT-III subunits were involved in the
release of PVC/MVB’s internal vesicles from the limiting
membrane and were required for membrane protein
degradation from secretory and endocytic pathways. In
addition, transgenic Arabidopsis plants with induced ex-
pression of ESCRT-III dominant negative mutants showed
severe cotyledon developmental defects. We also showed

that membrane dissociation of ESCRT-III subunits was
regulated by direct interaction with SKD1.

RESULTS

An Efficient System to Study the Biogenesis of PVC/MVB’s
Internal Vesicles

A number of cargo proteins are processed for degra-
dation by being engulfed into the luminal vesicles of the
PVC/MVB before reaching the vacuole (Spitzer et al.,
2009; Viotti et al., 2010; Cai et al., 2012; Gao et al., 2012).
In this process, the evolutionarily conserved ESCRT
machinery plays key roles in guiding the sorting of
cargo proteins and inducing inward budding of the
membrane (Hurley and Emr, 2006; Winter and Hauser,
2006). In plants, although several genetic and bio-
chemical analyses have been carried out to fulfill the
map of the ESCRT machinery (Spitzer et al., 2006, 2009;
Haas et al., 2007; Shahriari et al., 2010, 2011; Richardson
et al., 2011; Ibl et al., 2012), most of the plant ESCRT
subunits remain functionally unknown, and systematic
approach for understanding their functions in plant
cells is still lacking. Thereby, we established an effi-
cient transient expression system using Arabidopsis

Figure 2. Overexpression of ESCRT-III
dominant negative mutants altered the
localizations of the reporters on the LV.
A to D, Coexpression of the myc-tagged
ESCRT-III dominant negative mutants
with four reporters and RFP-VSR2 in
Arabidopsis protoplasts. Bar = 50 mm.
[See online article for color version of
this figure.]
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protoplasts to monitor the cellular functions of ESCRT
machinery during the biogenesis of PVC/MVB’s in-
ternal vesicles.
Four GFP fusions were selected and used as reporters

for vacuolar targeting in this study (Fig. 1A): (1) LRR84A-
GFP, a PM-localized LRR-Receptor-Like Kinase that un-
dergoes internalization and proteolysis in the vacuole
(Cai et al., 2012); (2) EMP12-GFP, an integral mem-
brane protein that traffics through the Golgi apparatus
prior to reaching the vacuole via TGN-PVC for deg-
radation (Gao et al., 2012); (3) aleurain-GFP, a reporter
for the lumen of the vacuole (Shen et al., 2013); and (4)
GFP-VIT1, a membrane marker for the tonoplast (Kim
et al., 2006). As shown in Figure 1A, all four fusions
reached the vacuole via the RFP-VSR2-positive PVCs/
MVBs, even though they accumulated in the lumen or
tonoplast of the vacuole, respectively. To determine the
site where the four reporters are separated from each
other, RFP-ARA7(Q69L), a GTP-binding form of ARA7
that can enlarge the plant PVC/MVB (Kotzer et al.,
2004; Jia et al., 2013; Cui et al., 2014), was coexpressed
with the reporters. As expected, the GFP fusions showed
distinct localizations on the enlarged PVC/MVB, with
LRR84A-GFP, EMP12-GFP, and aleurain-GFP in the lu-
men and GFP-VIT1 on the outer membrane, indicating

that LRR84A-GFP and EMP12-GFPwere already relocated
into the internal vesicles of the PVC/MVB before reaching
the LV (Fig. 1B).

SKD1, an Arabidopsis homolog of the yeast and
mammalian AAA ATPase VPS4/SKD1, is an ESCRT-III-
associated protein that localizes to the cytoplasm and
PVC/MVB. Overexpression of SKD1(E232Q), an ATPase-
deficient form of SKD1, caused the enlargement of the
PVC/MVB with a reduced number of luminal vesicles
(Haas et al., 2007). This dominant negative mutant SKD1
(E232Q) was coexpressed with the four reporters to
evaluate the transient expression system used in this
study. As shown in Figure 1C, in protoplasts expressing
SKD1(E232Q), LRR84A-GFP and EMP12-GFP changed
their location from the lumen of the vacuole to the
tonoplast, whereas the expression patterns of aleurain-
GFP and GFP-VIT1 remained unchanged. To examine if
the sorting event occurs on the PVC/MVB before these
cargoes reach the vacuole, we coexpressed these reporters
together with SKD1(E232Q) and RFP-ARA7(Q69L). As
shown in Figure 1D, redistribution of LRR84A-GFP
and EMP12-GFP took place at the PVC/MVB owing
to the ability of SKD1(E232Q) to reduce the formation
of PVC/MVB’s internal vesicles (Haas et al., 2007). These
results indicate that our transient expression system is

Figure 3. Overexpression of ESCRT-III
dominant negative mutants altered the
localizations of the reporters on the
enlarged PVC/MVB. A to D, Coex-
pression of the myc-tagged ESCRT-III
dominant negative mutants with four
reporters and RFP-ARA7(Q69L) in
Arabidopsis protoplasts. Bar = 50 mm.
[See online article for color version of
this figure.]

Plant Physiol. Vol. 165, 2014 1331

ESCRT-III Function in Plant Cells



efficient for the systematic functional analysis of the
ESCRT-III complex.

ESCRT-III Subunits Are Required for the Degradation
of Membrane Proteins from Secretory and
Endocytic Pathways

Numerous studies, including extensive genetic analy-
ses and in vitro reconstitution of the ESCRT-III machin-
ery in mammalian and yeast cells, have now highlighted
the key roles of this subcomplex in PVC/MVB bio-
genesis (Babst et al., 2002a; Saksena et al., 2009; Wollert
et al., 2009; Wollert and Hurley, 2010). Although all of
the ESCRT-III subunits have been identified in Arabi-
dopsis based on genome comparison and homology
analysis (Winter and Hauser, 2006), with some data on
their subcellular localizations and interactome (Richardson
et al., 2011; Scheuring et al., 2011; Shahriari et al., 2011),
their cellular functions remain unclear and the working
model is still obscure.

XFP (for any kind of fluorescent protein) fusion ap-
proach has been widely used for detecting the subcellular
localizations of ESCRT-III components in mammalian
cells (Tsang et al., 2006; Ariumi et al., 2011; Guizetti et al.,
2011; Carlton et al., 2012; Fumoto et al., 2012; Schiel et al.,
2012) and in yeast (Teis et al., 2008, 2010; Davies
et al., 2010; McMurray et al., 2011; Henne et al., 2012).
Recent studies in plants also used the transient system
by expressing the XFP fusions of ESCRT components
to analyze their subcellular distributions (Katsiarimpa
et al., 2011; Scheuring et al., 2011; Shahriari et al., 2011;
Ibl et al., 2012). However, caution should be consid-
ered in using XFP fusions, and multiple approaches
are needed to confirm the results (Denecke et al., 2012).
For example, VPS2.2-GFP was shown to be a functional
fusion that coimmunoprecipitated with other ESCRT
proteins and complemented the vps2.2mutant (Ibl et al.,
2012), whereby the VPS2.1pro:Yellow Fluorescent Protein
(YFP)-VPS2.1 construct only partially rescued the de-
velopmental arrest of vps2.1mutant embryos (Katsiarimpa
et al., 2011). Moreover, while YFP-VPS2.1 diffused in the
cytosol (Katsiarimpa et al., 2011), VPS2.1-YFP displayed a
punctate distribution that partially colocalized with the
PVC/MVB marker mRFP-VSR2 (Scheuring et al., 2011).
Therefore, YFP tagwas fused to the C terminus of ESCRT-
III components and used in this study. Similar to previous
reports (Katsiarimpa et al., 2011; Scheuring et al., 2011;
Shahriari et al., 2011; Ibl et al., 2012), we first used a
transient expression system to study the subcellular
localizations of four putative Arabidopsis ESCRT-III
subunits (VPS20.1, Sucrose Nonfermenting7-1 (SNF7.1),
VPS24.1, and VPS2.1) using their YFP fusions. ESCRT-III
YFP fusions were coexpressed with different organelle
markers (Mannosidase1 (Man1)-RFP for the Golgi,
RFP-Syntaxin of Plants61 (SYP61) for the TGN, RFP-
VSR2 for the PVC/MVB, and RFP-ARA7(Q69L) for the
enlarged PVC/MVB) in Arabidopsis protoplasts to
observe their subcellular localizations. As shown in
Supplemental Figures S1 to S4, while VPS24.1-YFP and

VPS2.1-YFP showed high cytoplasmic expression pat-
tern and an obscure colocalization with the PVC/MVB
marker RFP-VSR2, SNF7.1-YFP did not show a clear
colocalization and VPS20.1-YFP was mostly cytosolic.
However, because the functionality of these fusion
proteins was not tested in this study, it remains to be
determined whether this C-terminal tagging approach
might cause partial mislocalizations of these ESCRT-III
proteins (Teis et al., 2008). In a recent study of ESCRT-III
in Arabidopsis, VPS2.1-GFP fusion was shown to have a
dominant negative effect, indicating that the partially
functional impairment of this protein was likely caused
by GFP tagging (Katsiarimpa et al., 2013). We also noted
that SNF7.1-YFP and VPS2.1-YFP tended to form ag-
gregates when excess plasmid DNA was added, and
therefore, we applied a moderate amount of DNA
(10 mg) in our studies (Supplemental Fig. S5).

Previous structural studies and in vivo functional
analysis of mammalian and yeast ESCRT-III subunits
have identified a set of dominant negative mutants

Figure 4. Western-blot analysis on the degradation of reporters in the
presence of ESCRT-III dominant negative mutants. CS and CM fractions
were isolated from transiently expressed Arabidopsis protoplasts and
subjected to western-blot analysis to detect the effect of ESCRT-III
dominant negative mutants on the degradation of EMP12-GFP,
LRR84A-GFP, GFP-VIT1, and aleurain-GFP using GFP antibody. Coo-
massie Blue (CBB) staining was used as the loading control.
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that affect the transport of PVC/MVB’s luminal cargoes
such as CPS (Dukes et al., 2008; Bajorek et al., 2009;
Saksena et al., 2009). Based on this information and
homology analysis, we generated dominant negative
mutants of Arabidopsis ESCRT-III subunits and fused
themwith the MYC tag, a polypeptide tag derived from
the c-myc oncogene. To test their functions, ESCRT-III

mutants were next coexpressed with the four reporters
in our transient expression system. As shown in Fig-
ures 2 and 3, similar to the effect of SKD1(E232Q),
these mutants caused redistribution of the two PVC/
MVB luminal cargoes LRR84A-GFP and EMP12-GFP
to the tonoplast and outer membrane of the enlarged
PVC/MVB, whereas coexpression of wild-type ESCRT-III

Figure 5. Subcellular localizations of ESCRT-III mutant YFP fusions. A to D, VPS20.1-1-112-YFP, SNF7.1(L22W)-YFP, VPS24.1-
1-152-YFP, or VPS2.1-1-179-YFP was coexpressed with different organelle markers including the Golgi marker Man1-RFP, the
TGN marker RFP-SYP61, the PVC marker RFP-VSR2, the enlarged PVC marker RFP-ARA7(Q69L), and the tonoplast marker
RFP-VIT1 in Arabidopsis protoplasts. Bar = 50 mm. E, Schematic model showing the subcellular localizations of ESCRT-III
mutants. [See online article for color version of this figure.]
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subunits did not alter the expression patterns of these
reporters (Supplemental Figs. S6 and S7). When statisti-
cal analysis was performed, a majority of the protoplasts
expressing ESCRT-III mutants displayed altered expres-
sion patterns of LRR84A-GFP and EMP12-GFP from the
lumen of the LV to the tonoplast (Supplemental Fig. S8).
Notably, none of the protoplasts showed tonoplast pat-
terns in the control experiments (Supplemental Fig. S8).
Interestingly, combinational expression of aleurain-GFP
and RFP-VSR2 showed many green-only and red-only
dots in addition to the yellow puncta (Figs. 1 and 2),
supporting the notion that the PVCs fall into two or
perhaps more classes (Foresti et al., 2010). When similar
experiments were conducted in tobacco (Nicotiana tabacum)
BY-2 (Bright Yellow2) cells, all ESCRT-III dominant
negative mutants caused redistribution of EMP12-GFP
from the lumen of the vacuole to the tonoplast (Supplemental
Fig. S9). Therefore, conserved ESCRT-IIImachinerymay also
functionally operate in tobacco BY-2 cells.

To further verify the above confocal data, cell-soluble
(CS) or cell membrane (CM) fractions isolated from tran-
siently expressed protoplasts were examined by western
blot to follow the fate of the reporters. As shown in
Figure 4, a 25-kD band accumulated in the control CS
fraction that represented the classical vacuolar de-
graded products of the GFP fusions (Frigerio et al.,
2001; Brandizzi et al., 2002; daSilva et al., 2005, 2006; Cai
et al., 2012). In samples prepared from protoplasts
overexpressing ESCRT-III dominant negative mutants,
accumulation of the GFP core in the CS fraction was

greatly reduced compared with the control lanes (Fig. 4).
Taken together, these data suggested that functional
ESCRT-III subunits were required for PVC/MVB in-
ternalization and LV degradation of cargo proteins
from secretory and endocytic pathways (Figs. 2–4). We
also noticed that the full length of soluble marker
aleurain-GFP substantially appeared in the membrane
fraction. After overnight expression of aleurain-GFP,
most of the GFP signals (likely the GFP core) were accu-
mulated in the vacuole, while the full-length aleurain-GFP
proteins remained intact in various compartments, such
as the Golgi apparatus, TGN, and PVC/MVB, during
their transport to the vacuole. In addition, during the
simple fractionation procedure used in this study, most
of these organelles might remain intact, and therefore,
their luminal contents, such as aleurain-GFP proteins,
were detected in the membrane fraction.

Mislocalization of Dominant Negative ESCRT-III Mutants

To further gain insight into how ESCRT-III dominant
negative mutants interfere with the endogenous ESCRT-III
machinery, we next carried out subcellular localization
analysis on the ESCRT-III mutants. As shown in Figure
5C, terminus deletion caused redistribution of VPS2.1
from the PVC/MVB to the tonoplast, while SNF7.1
(L22W)-YFP and VPS24.1-1-152-YFP remained mostly
punctate along the tonoplast, suggesting that the mu-
tants were defective in membrane dissociation and thus

Figure 6. Induced expression patterns
of ESCRT-III mutant YFP fusions in Arabi-
dopsis root cells. A, Six-day-old transgenic
Arabidopsis plants were transferred onto
medium containing 10 mM b-estradiol for
24 h to induce the expression of ESCRT-III
mutant YFP fusions. Bar = 50 mm. B to E,
Transgenic Arabidopsis plants with in-
duced expression of ESCRT-III mutant YFP
fusions were labeled with FM4-64 for 4 h
before confocal imaging to highlight the
tonoplast staining. Bar = 25 mm. [See
online article for color version of this
figure.]
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reached the LV when the PVC/MVB fused with the
LV (Scheuring et al., 2011). This observation supported
the notion that such mutations or deletions of ESCRT-
III subunits enhanced their membrane association
(Bajorek et al., 2009; Weiss et al., 2009). Particularly,
truncation of VPS20.1 (VPS20.1-1-112) resulted in a
different localization, with most of the YFP signals
located on the PM (Fig. 5A). Because VPS20 initiates
the recruitment of the ESCRT-III complex (Teis et al.,
2008), we hypothesized that subsequent components
of ESCRT-III may also be translocated to the PM to-
gether with the VPS20 mutant. When VPS20.1-1-112-
MYC was coexpressed with ESCRT-III YFP fusions,
VPS20.1-1-112-MYC caused redistribution of VPS20.1-
YFP and SNF7.1-YFP to the PM (Supplemental Fig. S10A).
When VPS20.1-1-112-RFP was coexpressed with VPS20.1-
YFP or SNF7.1-YFP, these fusion proteins colocalized
with each other on the PM and intracellular compart-
ments (Supplemental Fig. S10, B and C). This obser-
vation was consistent with previous yeast two-hybrid
analysis, which showed the self-interaction of VPS20.1
and the interaction between VPS20.1 and SNF7.1
(Richardson et al., 2011; Shahriari et al., 2011). There-
fore, it was likely that VPS20.1-1-112 affected the loca-
tions and functions of endogenous VPS20.1 and SNF7.1,
which, in turn, disrupted the proper translocation of
other ESCRT-III subunits onto the PVC/MVB mem-
brane for cargo sorting. The N-terminal a1/a2 hairpin
of VPS20 has been proved to be sufficient to recruit
SNF7-GFP to endosomes in yeast cells (Teis et al., 2008,
2010; Davies et al., 2010; McMurray et al., 2011; Henne
et al., 2012).

Expression of Dominant Negative ESCRT-III Mutants
Reduces the Number of Internal Vesicles within the
PVCs/MVBs

To confirm our previous observations in transiently
expressed Arabidopsis protoplasts, we have generated
transgenic Arabidopsis plants by expressing ESCRT-III
dominant negative mutants under the control of the
b-estradiol-inducible system (Zuo et al., 2000; Liang et al.,
2012). Six-day-old seedlings were transferred onto
medium containing b-estradiol and incubated for
24 h to induce the expression of ESCRT-III mutants
(Fig. 6A). Consistent with our previous observations,
VPS2.1-1-179-YFP was found to colocalize with the
endocytic tracker FM4-64 on the vacuolar membrane
at 4 h after uptake in Arabidopsis root cells (Fig. 6E).
We also noted that SNF7.1(L22W)-YFP showed addi-
tional signals on the PM in Arabidopsis root cells (Fig. 6,
A and C).
Next, the role of ESCRT-III dominant negative mutants

in the formation of PVC/MVB’s internal vesicles was
examined by analyzing the ultrastructure of the PVC/
MVB. Vacuolar sorting receptors (VSRs) are type I inte-
gral transmembrane protein markers for the PVCs/MVBs
(Tse et al., 2004). When coexpressed with the ESCRT-III
mutants, VSR markers remained on the membrane of the

Figure 7. Immunogold detection of VSRs in wild-type and transgenic
Arabidopsis plants with induced expression of ESCRT-III mutants. Six-
day-old wild-type plants (A and B) and transgenic plants (C–J) germi-
nated and cultured in the absence of inducers were transferred onto
medium containing 10 mM b-estradiol for 24 h to induce the expres-
sion of VPS20.1-1-112-YFP (C and D), SNF7.1(L22W)-YFP (E and F),
VPS24.1-1-152-YFP (G and H), or VPS2.1-1-179-YFP (I and J). Arabi-
dopsis roots were subjected to high-pressure frozen/freeze substitution
followed by ultrathin sectioning and immunogold labeling using VSR
antibodies. Bar = 100 nm.
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ARA7(Q69L)-induced enlarged PVCs/MVBs (Supplemental
Fig. S11). Because not all of the ESCRT-III dominant
negative mutants localized to the PVCs/MVBs, we next
used specific VSR antibodies for the identification of
PVCs/MVBs in different mutant backgrounds (Fig. 7).
Our results showed that in transgenic plants with in-
duced expression of ESCRT-III dominant negative
mutants, the number of PVC/MVB’s internal vesicles
was dramatically reduced and many PVCs/MVBs con-
tained no internal vesicles (Fig. 7, D, F, H, and J). When a
quantitative analysis on labeled PVCs/MVBs was per-
formed, a higher proportion of vesicles was found to
remain attached to the limiting membrane of the PVC/
MVB, indicating that ESCRT-III dominant negative mu-
tants delayed or inhibited the release of PVC/MVB’s
internal vesicles (Table I). Furthermore, we did not notice
a prominent effect of dominant negative mutants on the
size of the PVCs/MVBs and their luminal vesicles.

Expression of Dominant Negative ESCRT-III Mutants
Causes Cotyledon Developmental Defects

To further understand the function of ESCRT-III com-
ponents in plant development, wild-type or transgenic
Arabidopsis plants were directly grown on the medium
with or without inducer. Transgenic Arabidopsis plants
showed normal growth phenotype in medium without
inducer; however, upon the induced expression of
ESCRT-III mutants, they displayed obvious cotyledon
developmental defects when compared with the wild-
type plants (Fig. 8A; Supplemental Fig. S12). To have a
more detailed analysis, cotyledons from wild-type or
transgenic Arabidopsis seedlings were glutaraldehyde/
osmium tetroxide fixed and embedded in Spurr’s resin
for subsequent transmission electron microscopy analysis.
As shown in Figure 8, in contrast to wild-type cells, most
of the cotyledon mesophyll cells in transgenic Arabi-
dopsis plants expressing ESCRT-III dominant negative
mutants displayed a reduced cell size and lost the
large central vacuole (Fig. 8, B and D). In addition, the
plastids were unable to develop into normal chloroplasts
with stacks of thylakoid for photosynthesis (Fig. 8C). The
molecular mechanism of these ESCRT-III dominant

negative mutants in inhibiting the formation of central
vacuole and development of chloroplast in cotyledons
remains unknown. One possibility is that postembryonic
development of cotyledons in these mutants was dis-
rupted at very early stage, pointing to an important role
of ESCRT-III components in plant development.

SKD1 Directly Interacts with ESCRT-III Subunits
and Regulates Their Membrane Dissociation

The AAA ATPase VPS4/SKD1 has long been viewed
as a master regulator of membrane dissociation for the
ESCRT-III subunits, and its ATP hydrolysis mutant in-
duced the formation of class E compartments (Stuchell-
Brereton et al., 2007; Azmi et al., 2008). In plants,
previous studies also showed an interaction among
VPS20.1, VPS2.1, and SKD1, suggesting a relationship
between ESCRT-III components and SKD1 (Katsiarimpa
et al., 2011; Richardson et al., 2011). Here, to further
integrate this study with previous reports of plant
ESCRT (Haas et al., 2007; Shahriari et al., 2010), we
next studied the effects of SKD1(E232Q) mutant on the
distribution of plant ESCRT-III subunits. As shown in
Figure 9A, coexpression of SKD1(E232Q) caused the
relocation of ESCRT-III subunits into aggregates, while
no such effect was observed with the components of
ESCRT-I (VPS28a-GFP) and ESCRT-II (VPS25-GFP).
Moreover, the intracellular ESCRT-III YFP signals
colocalized with RFP-SKD1(E232Q), suggesting that
SKD1(E232Q) recruited ESCRT-III subunits to the class
E compartments or enlarged PVCs/MVBs in plant cells
(Haas et al., 2007; Katsiarimpa et al., 2011).

To further confirm the confocal observations,
ESCRT-III YFP fusions or members of the ESCRT-I
(VPS28a-GFP) and ESCRT-II (VPS25-GFP) complexes
were coexpressed with SKD1(E232Q), followed by
protein extraction and western-blot analysis using GFP
antibodies to detect the fusion proteins. As shown in
Figure 9B, SKD1(E232Q) specifically induced the re-
distribution of ESCRT-III components, especially VPS24.1
and VPS2.1, from the CS fraction to the CM fraction, sug-
gesting an enhanced membrane association of ESCRT-III
subunits upon SKD1(E232Q) coexpression.

Table I. Quantitative analysis of PVC/MVB structural characteristics in roots

Only those endosomes labeled with the anti-VSR antibodies were used for this analysis.

Wild-type or Transgenic Plants

Expressing ESCRT-III Mutants
PVC/MVB Diameter

No. of Luminal Vesicles

per PVC/MVB

Percentage of Luminal Vesicles

Attached to PVC/MVB Membrane
Diameter of Luminal Vesicles

nm % nm
VPS20.1-1-112-YFP 310.6 6 44.9 0.2 6 0.5 43.8 34.3 6 3.4

(n = 55) (n = 14)
SNF7.1(L22W)-YFP 304.2 6 42.8 1.3 6 1.7 38.7 39.6 6 5.4

(n = 46) (n = 61)
VPS24.1-1-152-YFP 308.4 6 47.4 0.3 6 0.8 35.7 37.1 6 6.4

(n = 44) (n = 11)
VPS2.1-1-179-YFP 359.8 6 68.7 0.4 6 1.1 66.2 46.5 6 9.5

(n = 89) (n = 26)
Wild type 276.2 6 15.2 5.6 6 1.2 9.9 36.0 6 2.1

(n = 32) (n = 180)
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Because SKD1(E232Q) and ESCRT-III subunits localized
to the same compartments when coexpressed, we there-
fore performed fluorescence resonance energy transfer
(FRET) analysis to detect their physical interactions. In this
study, free CFP and YFP proteins were expressed together
as the negative control, while single expression of the CFP-
YFP tandem fusion was used as the positive control
(Supplemental Fig. S13; Shah et al., 2001, 2002). As shown
in Supplemental Figure S13, our data clearly indicated
that SKD1(E232Q) directly interacted with members of
the ESCRT-III complex, VPS20.1, SNF7.1, and VPS2.1.

DISCUSSION

Conserved ESCRT-III Machinery in Plant Cells

The plant PVC/MVB, which is 200 to 500 nm in size,
contains multiple luminal vesicles and functions as an

intermediate station for cargoes on theway to the LV. These
cargoes include transporters that function on the LV (e.g.
Inositol Transporter1, VIT1, and Peptide Transporter2/
Nitrate Transporter1) and transmembrane PM proteins
(e.g. PINFORMED1, Brassinosteroid-Insensitive1, Boron
Transporter1, OsSCAMP1 [forOryza sativa secretory carrier
membrane protein1], and LRR84A) destined for vacuolar
degradation (Spitzer et al., 2009; Viotti et al., 2010; Cai et al.,
2012;Komarovaetal., 2012;Larischetal., 2012;Wolfenstetter
et al., 2012). Therefore, physical separation of these cargo
proteins on the PVC/MVB is essential for their proper tar-
geting to the LV. In mammalian and yeast cells, protein
sorting and membrane isolation on the MVB are accom-
plished by the sequential actions of several protein com-
plexes,ESCRT-0,ESCRT-I,ESCRT-II,andESCRT-IIIplusthe
ESCRT-III-associated/VPS4 complex (Babst et al., 2002a,
2002b; Katzmann et al., 2003;Wollert andHurley, 2010).

Figure 8. Induced expression of ESCRT-III mutant components caused developmental defects. A, Phenotypes of 6-d-old wild-
type and transgenic Arabidopsis plants with induced expression of ESCRT-III dominant negative mutants grown in the presence
of 1 mM b-estradiol. Bar = 2 mm. B and C, Morphological changes of mesophyll cells (B) and chloroplasts (C) in the cotyledons
of 6-d-old wild-type or transgenic Arabidopsis plants with induced expression of ESCRT-III dominant negative mutants. Note the
absence of the large central vacuoles and thylakoid membrane stacks in the transgenic plants expressing the ESCRT-III dominant
negative mutants. Bar = 2 mm. D, Quantitative analysis of the cotyledon mesophyll cell size in wild-type or transgenic plants
with induced expression of ESCRT-III dominant negative mutants. [See online article for color version of this figure.]
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Previous studies in mammals and yeast identified
ESCRT-III subunits as four small coiled-coil proteins,
with their C terminus acting as the autoinhibition do-
main (Babst et al., 2002b; Bajorek et al., 2009). Based on
the structural information and homology analyses,
we generated a series of dominant negative plant
ESCRT-III mutants and monitored their effects on the
trafficking of four PVC/MVB cargoes (Figs. 2–4). We
have shown that these ESCRT-III mutants were able to
reduce the number of PVC/MVB’s internal vesicles
and disturb the trafficking of two membrane proteins
(EMP12-GFP and LRR84A-GFP) to the internal vesicles
of PVC/MVB for vacuolar degradation (Cai et al.,
2012; Gao et al., 2012), resulting in their redistributions
onto the outer membrane of the PVC/MVB and ton-
oplast of the LV (Figs. 2, 3, and 7; Table I). A recent
study also highlighted a role of the ESCRT-1 complex
in plant immunity via regulating endosomal sorting
of FLAGELLIN SENSING2 (Spallek et al., 2013), a
PM-localized receptor that perceives the bacterial flagellin

(flg22) and is required for immunity against bacteria
(Boller and Felix, 2009). Previous interaction analysis
has revealed an ordered network of plant ESCRT-III
subunits as being VPS20.1-SNF7.1-VPS24.1-VPS2.1
(Richardson et al., 2011; Shahriari et al., 2011). In
addition, membrane disassociation of plant ESCRT-III
subunits, but not members of the putative plant
ESCRT-I and ESCRT-II subcomplexes, was regulated
by the AAA ATPase SKD1 via direct interaction among
VPS20.1, SNF7.1, VPS2.1, and SKD1 (Fig. 9; Supplemental
Fig. S13; Katsiarimpa et al., 2011; Richardson et al., 2011),
which has also been described in mammalian and yeast
cells (von Schwedler et al., 2003; Yeo et al., 2003; Bowers
et al., 2004; Fujita et al., 2004; Lin et al., 2005). In our study,
we have systematically analyzed the ESCRT-III compo-
nents by examining the effects of ESCRT-III mutants in
controlling cargo sorting on the PVCs/MVBs, therefore
providing direct evidence to show that conserved ESCRT-
III machinery is functionally operating in plants (Fig. 10),
even though plant-specific ESCRT components may exist,

Figure 9. SKD1 regulated membrane disassociation of ESCRT-III but not ESCRT-I–ESCRT-II subunits. A, ESCRT-I–ESCRT-III subunits
were coexpressed with SKD1(E232Q) or RFP-SKD1(E232Q) in Arabidopsis protoplasts. Bar = 50 mm. B, Western-blot analysis
of the distribution of ESCRT-I–ESCRT-III subunits in the cytosol (CS) or on the membrane (CM) in the presence or absence of
SKD1(E232Q). Arabidopsis protoplasts expressing the indicated constructs were subjected to protein isolation into CS and CM
fractions, followed by protein immunoblot analysis using a GFP antibody, cytosolic fructose-1,6-bisphosphatase (cFBPase)
antibody (CS fraction loading control), and Man1 antibody (CM fraction loading control). [See online article for color version of
this figure.]
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such as POSITIVE REGULATOR OF SKD1, which has
been identified recently (Reyes et al., 2014).

The Plant ESCRT-III Complex Associates with Scission
of PVC/MVB’s Internal Vesicles

The exact role of plant ESCRT complexes in luminal
vesicle formation, which is topologically distinct from the
classical vesicle budding events, remains largely un-
known. Previous in vitro studies showed that combined
action of ESCRT-I and ESCRT-II complexes deformed
the membrane into buds, while the ESCRT-III complex
localized to the bud neck and formed polymers to cata-
lyze the late steps in budding and thus help the gener-
ation of intralumenal vesicles in MVBs (Ghazi-Tabatabai
et al., 2008; Hanson et al., 2008; Lata et al., 2008; Wollert
and Hurley, 2010). Thus, ESCRT-III subunits function as
a scission machine in which SNF7 acts as the main en-
gine (Wollert et al., 2009).
In this study, overexpression of ESCRT-III dominant

negative mutants caused the reduction of PVC/MVB’s
intraluminal vesicles, with a much higher percentage
of the vesicles remaining associated with the limiting
membrane of PVC/MVB (Fig. 7; Table I). These find-
ings are consistent with a previous study showing that
overexpression of SKD1(E232Q) delayed the release of
PVC/MVB’s internal vesicles (Haas et al., 2007). De-
spite topological differences between classical vesicle
and PVC/MVB’s internal vesicle budding, their
underlying molecular machinery may share some com-
mon features. In garland cells of shibire, a temperature-
sensitive mutant of dynamin, which plays a key role in
scission of the clathrin-coated vesicles (Wu et al., 2010;

Dannhauser and Ungewickell, 2012), displayed elongated
tubular intermediates and buds on the PM (Kosaka and
Ikeda, 1983). Therefore, our in vivo data in Arabidopsis
root cells strongly suggest that the plant ESCRT-III
complex is associated with the scission of PVC/MVB’s
internal vesicles.

Membrane Protein Quantity and Quality Control by the
ESCRT-Dependent and PVC/MVB-Mediated
Vacuolar Degradation

Central to membrane protein quantity and quality
control is protein degradation from the targeted mem-
brane. In the plant endomembrane system, nascent pol-
ypeptides with significant defects are frequently retained
in the endoplasmic reticulum (ER) and subjected to ER-
associated degradation (Brandizzi et al., 2003; Müller
et al., 2005; Hong et al., 2008; Marshall et al., 2008; Cui
et al., 2012). In addition, however, post-ER compart-
ments will change their protein content under specific
physiological conditions and remove the mistargeted/
misfolded proteins. In plant cells, the recent identifi-
cation of several cell surface receptors/transporters as
PVC/MVB luminal cargoes indicated that PVC/MVB-
mediated vacuolar degradation may be a major path-
way for the removal of excess PM proteins in response
to different environmental conditions (Robatzek et al.,
2006; Viotti et al., 2010; Barberon et al., 2011; Kasai
et al., 2011; Nimchuk et al., 2011). Our results have
showed that degradation of a PM cargo LRR84A in
the LV is ESCRT-III dependent. Additionally, we have
showed that the ESCRT-III complex plays a role in con-
trolling abnormal cargo proteins. EMP12 is localized to

Figure 10. Schematic working model of ESCRT-III function on the PVC/MVB. Four marker proteins, aleurain-GFP, GFP-VIT1,
LRR84A-GFP, and EMP12-GFP, reach the LV via the PVC/MVB from secretory or endocytic pathways. The ESCRT-III complex
and its regulator SKD1 function on the PVC/MVB to sequester specific membrane cargoes and generate luminal vesicles. ER and
TGN are omitted from the model for clarity. CW, Cell wall; LPVC, late prevacuolar compartment. [See online article for color
version of this figure.]
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the Golgi apparatus because its C-terminal KXD/E motif
interacts with coat protein complex I subunits, whereas
EMP12-GFP is mistargeted and delivered to the vacuole
for degradation, owing to the blockage of the Golgi re-
tention signal KXD/E by the C-terminally fused GFP
(Gao et al., 2012, 2014). Our results showed that the
ESCRT-III mutants disrupted the sorting of EMP12-GFP
into PVCs/MVBs, implying that the ESCRT machinery
was responsible for regulating vacuolar degradation of
mistargeted proteins. Moreover, several other membrane
proteins such as SCAMP1 and AtPRA1.B6 (for Arabi-
dopsis thaliana Prenylated Rab Acceptor 1-B6) were relo-
cated to the internal vesicles of the PVCs/MVBs when
the targeting signals for post-ER compartments were
deleted (Cai et al., 2011; Jung et al., 2011). Therefore, we
hypothesize that ESCRT-dependent and PVC/MVB-
mediated vacuolar degradation plays a major role in
membrane protein quantity and quality control for
post-ER compartments in plant cells (Fig. 10).

MATERIALS AND METHODS
General methods for construction and characterization of recombinant

plasmids and maintenance of suspension-cultured Arabidopsis (Arabidopsis
thaliana) plant system biology dark type culture cells have been described
previously (Wang et al., 2010a, 2010b).

Plasmid Construction

For transient expression, ESCRT-III subunits and ESCRT-III mutant con-
structs were prepared in a pBI221 vector that contained the 35S promoter, the
nopaline synthase 39 terminator, and the CFP/MYC/YFP gene (summarized
in Supplemental Table S1). For plant transformation, ESCRT-III mutants were
cloned into the pER8 vector containing the LexA operator sequence fused
upstream of the 246 35S minimal promoter and the Rubisco rbcsS3A poly(A)
addition sequence (summarized in Supplemental Table S1). ESCRT-III sub-
units and ESCRT-III mutants were generated by PCR, double digested with
their specific restriction enzymes, and inserted into the pBI221 or pER8 vector.

Transient Expression in Protoplasts, Confocal Imaging,
and Colocalization Analysis

Transient expression in Arabidopsis plant system biology dark type culture
and tobacco (Nicotiana tabacum) BY-2 protoplasts was carried out essentially as
described previously (Miao and Jiang, 2007). Confocal fluorescent images
were acquired 16 to 18 h after transformation in most of the experiments or
6 to 8 h during RFP-ARA7(Q69L) coexpression using an Olympus FV1000
system (http://www.olympusconfocal.com). Line-sequential scanning mode
was always selected in dual-channel observation to avoid the possible cross
talk between two fluorophores. For each experiment or construct, more than
30 individual cells were observed for confocal imaging that represented more
than 75% of the cells showing similar expression levels and patterns. Images
were processed using Adobe Photoshop software (http://www.adobe.com)
as previously described (Jiang and Rogers, 1998). Colocalizations between two
fluorophores were calculated by using ImageJ program with the Pearson and
Spearman Correlation coefficients colocalization plug-in (French et al., 2008).
Results are presented either as Pearson correlation coefficients or as Spear-
man’s rank correlation coefficients, both of which produce r values in the
range –1 to +1, where 0 indicates no discernable correlation and +1 and –1
indicate strong positive or negative correlations, respectively.

Transient Expression in Tobacco BY-2 Cells

Tobacco BY-2 cells were subcultured twice a week in liquid Murashige and
Skoog (MS) medium. Three-day-cultured tobacco BY-2 cells were collected
and treated with 3% (w/v) cellulysin in MS liquid medium (pH 5.7) for 45 min
to loosen the cell wall. Cells were washed twice with electroporation buffer

(30% [w/v] Suc, 2.4 g L–1 HEPES; 6 g L–1 KCL; and 600 mg L–1 CaCl2$2H2O,
pH 7.2). Ten to twenty micrograms of each construct was mixed together and
incubated with the cells for 15 min before electroporation at 130 V and 1,000 mF.
Cells were supplied with 5 mL of MS liquid medium and incubated for 16 to 18 h
before confocal imaging.

Antibodies

GFP antibodies were purchased from Molecular Probes (catalog no.
A-11122) or generated using recombinant GFP purchased from Roche Applied
Science (http://www.roche-applied-science.com; catalog no. 11814524001) as
antigen to inject rabbits at the Chinese University of Hong Kong. VSR anti-
bodies were generated using AtVSR1 N-terminal recombinant protein
expressed in Drosophila melanogaster S2 cells (Tse et al., 2004). Antibodies were
affinity purified using CNBr-activated Sepharose (Sigma-Aldrich) conjugated
with recombinant GFP. For western-blot analysis, GFP antibodies were used
at a concentration of 4 mg mL–1.

Electron Microscope Studies of Resin-Embedded Cells

The general procedures used for the preparation of transmission electron
microscopy samples and thin sectioning of samples were described previously
(Ritzenthaler et al., 2002; Tse et al., 2004; Wang et al., 2007, 2011, 2012; Zhuang
et al., 2013). For chemical fixation, cotyledons were cut into small cubes (,1 mm)
and fixed in primary fixation solution (2% [w/v] glutaraldehyde and 10% [w/v]
picric acid in 25 mM CaCo buffer, pH 7.2) at 4°C overnight. After washing in
CaCo buffer, samples were incubated in secondary fixation solution (2% [w/v]
osmium tetroxide and 0.5% [w/v] potassium ferricyanide in 25 mM CaCo buffer,
pH 7.2), followed by steps of dehydration and infiltration before embedding in
Spurr’s resin. Ultrathin sections were poststained with uranyl acetate/lead cit-
rate before electron microscope (EM) observation. For high-pressure freezing,
Arabidopsis roots were cut from the seedlings and immediately frozen in a high-
pressure freezing apparatus (EM PACT2, Leica, http://www.leica-microsystems.
com). For immunolabeling, standard procedures were performed as described
previously (Lam et al., 2007a; Wang et al., 2010a, 2010b, 2013a, 2013b using
anti-GFP and anti-VSR at 100 mg mL–1 and gold-coupled secondary anti-
bodies with 1:50 dilution. Ultrathin sections were poststained with uranyl
acetate/lead citrate before EM observation using a Hitachi H-7650 transmission EM
with a CCD camera operating at 80 kV (Hitachi High-Technologies Corporation,
http://www.hitachi-hitec.com/).

Protein Extraction and Immunoblot Analysis

To prepare cell extracts from protoplasts, transformed protoplasts were first
diluted 3-fold with 250 mM NaCl and then harvested by centrifugation at 100g
for 10 min, followed by resuspension with lysis buffer containing 25 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulphonyl fluo-
ride, and 25 mg mL–1 of leupeptin. The protoplasts were further lysed by
passing through a 1-mL syringe with a needle and then spun at 600g for 3 min
to remove intact cells and large cellular debris. The supernatants, containing
total cell extracts, were then centrifuged at 100,000g for 30 min at 4°C; the
supernatant and pellet were the soluble and membrane fractions, respectively.
Proteins were separated by SDS-PAGE and analyzed by immunoblotting.
Quantification of the relative grayscale intensity in the immunoblots was
performed using ImageJ software version 1.45 according to online instructions
(http://www.lukemiller.org/index.php/2010/11/analyzing-gels-and-western-
blots-with-image-j/).

FRET Measurements

FRET signals between CFP and YFP fusions were detected according to the
fluorescence spectral analysis (Shah et al., 2001, 2002). Protoplasts cotrans-
fected with CFP and YFP fusions were used for emission spectrum analysis
with the Leica TCS SP5 MP confocal system. CFP and YFP images were ob-
served in two detection channels using the 458- and 515-nm argon laser lines,
respectively, as the excitation light source. For emission spectrum analysis, the
458-nm argon laser line was used as the excitation source, and excitation and
emission lights were split using the Acousto-Optical Beam Splitter. The
emission spectra were recorded from 464 to 600 nm with a bandwidth of 5 nm
in the l stack acquisition mode. The emission peaks at 476 and 522 nm from
different regions of interest were recorded for FRET analysis by calculating
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YFP/CFP fluorescence emission ratios. Free CFP and YFP were coexpressed as
a negative control for the FRET analysis. For the positive control, an 18-amino
acid linker peptide, SSSELSGDEVGGTSGSEF, was used to fuse the C terminus of
CFP and the N terminus of YFP to create the CFP-YFP fusion (Tyas et al., 2000).

The Arabidopsis Genome Initiative locus identifiers for the genes mentioned
in this article are VPS20.1 (At5g09260), SNF7.1 (At4g29160), VPS24.1 (At5g22950),
VPS2.1 (At2g06530), SKD1/VPS4 (At2g27600), VPS28a (At4g21560), and VPS25
(At4g19003).
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The following materials are available in the online version of this article.

Supplemental Figure S1. Subcellular localizations of VPS20.1-YFP.

Supplemental Figure S2. Subcellular localizations of SNF7.1-YFP.
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Supplemental Figure S5. Overexpression of SNF7.1-YFP-induced aggre-
gates.

Supplemental Figure S6. Coexpression of ESCRT-III subunits did not
change the expression pattern of the reporters on the LV.

Supplemental Figure S7. Coexpression of ESCRT-III subunits did not
change the expression pattern of the reporters on the enlarged PVC/
MVB.

Supplemental Figure S8. Statistic analysis on the expression pattern of
EMP12-GFP or LRR84A-GFP with coexpression of ESCRT-III dominant
negative mutants.

Supplemental Figure S9. Coexpression of Arabidopsis ESCRT-III domi-
nant negative mutants altered the expression pattern of EMP12-GFP in
tobacco BY-2 cells.

Supplemental Figure S10. Effect of VPS20.1-1-112 overexpression on the
localizations of ESCRT-III subunits.

Supplemental Figure S11. Coexpression of ESCRT-III mutants with GFP-
VSR2 and RFP-ARA7(Q69L).
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grown on MS plates without inducer.

Supplemental Figure S13. SKD1(E232Q) directly interacts with ESCRT-III
subunits.

Supplemental Table S1. Detailed information and primer sequences for
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