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Rab GTPases serve as multifaceted organizers during vesicle trafficking. Rab7, a member of the Rab GTPase family, has been
shown to perform various essential functions in endosome trafficking and in endosome-to-lysosome trafficking in mammalian
systems. The Arabidopsis thaliana genome encodes eight putative Rab7 homologs; however, the detailed function and
activation mechanism of Rab7 in plants remain unknown. Here, we demonstrate that Arabidopsis RABG3f, a member of the
plant Rab7 small GTPase family, localizes to prevacuolar compartments (PVCs) and the tonoplast. The proper activation of
Rab7 is essential for both PVC-to-vacuole trafficking and vacuole biogenesis. Expression of a dominant-negative Rab7
mutant (RABG3fT22N) induces the formation of enlarged PVCs and affects vacuole morphology in plant cells. We also identify
Arabidopsis MON1 (MONENSIN SENSITIVITY1) and CCZ1 (CALCIUM CAFFEINE ZINC SENSITIVITY1) proteins as a dimeric
complex that functions as the Rab7 guanine nucleotide exchange factor. The MON1-CCZ1 complex also serves as the Rab5
effector to mediate Rab5-to-Rab7 conversion on PVCs. Loss of functional MON1 causes the formation of enlarged Rab5-
positive PVCs that are separated from Rab7-positive endosomes. Similar to the dominant-negative Rab7 mutant, the mon1
mutants show pleiotropic growth defects, fragmented vacuoles, and altered vacuolar trafficking. Thus, Rab7 activation by the
MON1-CCZ1 complex is critical for vacuolar trafficking, vacuole biogenesis, and plant growth.

INTRODUCTION

In plant cells, there are two different endomembrane trafficking
pathways that play crucial roles in trafficking of vacuolar cargo
proteins: the secretory pathway and the endocytic pathway (Jiang
and Rogers, 1999; Nielsen et al., 2008). For the secretory path-
way, proteins are synthesized in the endoplasmic reticulum (ER).
Properly folded proteins with the appropriate targeting signals
are subsequently transported to the Golgi apparatus (Jiang and
Rogers, 1998; Vitale and Raikhel, 1999; Kincaid and Cooper,
2007). According to the classical model for vacuolar protein sort-
ing, vacuolar proteins are recognized by vacuolar sorting re-
ceptors (VSRs) at the trans-Golgi network (TGN) and packaged
into clathrin-coated vesicles (Kirsch et al., 1994). In the classical
model, proteins with vacuolar sorting determinants are recruited
by VSR proteins and delivered to the PVCs (Jiang and Rogers,
1998; daSilva et al., 2006; Mo et al., 2006), while those without
targeting signals are secreted to the plasma membrane (PM)
through default pathways (Jiang and Sun, 2002; Belenkaya et al.,
2008; Collette et al., 2009; Toyooka et al., 2009). Due to low pH in

PVCs, cargo proteins delivered to PVCs were thought to disso-
ciate from receptors and then be sent to vacuoles while the VSRs
recycled back to Golgi or the TGN via a retromer complex (Lam
et al., 2007b; Shen et al., 2013b). Recently, this classical view has
been challenged, and the new model emphasizes the role of
calcium in addition to pH (Robinson and Pimpl, 2014). In this
model, VSRs interact with vacuolar cargo ligands already in the
ER and retromers recycle VSRs from the TGN to the ER (Niemes
et al., 2010; Robinson et al., 2012). In particular, the exact location
and mechanism of retromer-mediated VSR recycling still remain
unclear. On the other hand, for the endocytic pathway, proteins
are internalized at the PM and reach vacuoles via several in-
termediate endosomal compartments, including TGNs/early en-
dosomes and PVCs/late endosomes, where the early endosomes
also serve as recycling endosomes for the recycling of proteins
back to PM (Hwang and Robinson, 2009; Zouhar et al., 2009;
Viotti et al., 2010). Secretory and endocytic pathways merge in
the TGN in plant cells (Dettmer et al., 2006; Lam et al., 2007c;
Chow et al., 2008; Viotti et al., 2010). PVCs may be derived from
TGNs and fuse with vacuoles (Scheuring et al., 2011); however,
the underlying mechanism of PVC maturation remains unknown.
In endomembrane trafficking system, the efficient and accu-

rate fusion of membranes is an important requirement for protein
trafficking in cells (Bottanelli et al., 2011). The specificity of ve-
sicular transport relies mainly on the Rab GTPases, which co-
ordinate membrane traffic and function as molecular switches
(Stenmark, 2009). The inactive (GDP-bound) form of Rab requires
a guanine nucleotide exchange factor (GEF) for its conversion to
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the active (GTP-bound) form. Then, effectors such as tethering
factors and SNAREs (soluble N-ethylmaleimide-sensitive factor
attachment protein receptors) are recruited to the GTP-bound
Rab to promote membrane fusion (Novick et al., 2006; Cai et al.,
2007; Markgraf et al., 2007; Nielsen et al., 2008; Qiu, 2012).

In plant cells, Rab7 proteins are thought to be localized to the
tonoplast, which mediates the final step of vacuolar trafficking
(Nahm et al., 2003; Mazel et al., 2004; Limpens et al., 2009; Rho
et al., 2009; Heo et al., 2010; Kwon et al., 2010). However, details
of Rab7 function in PVC-to-vacuole trafficking are still un-
known (Nielsen et al., 2008). Recent studies in yeast and animal
cells reveal that the dimeric MON1-CCZ1 complex is the Rab7
GEF mediating a Rab5-to-Rab7 conversion, in which the early
endosome–localized Rab5 is replaced by Rab7, resulting in a
Rab7-positive late endosome (Poteryaev et al., 2007, 2010;
Kinchen and Ravichandran, 2010; Nordmann et al., 2010). How-
ever, in plant cells, the molecular mechanism underlying Rab7
activation and whether a comparable Rab5-to-Rab7 cascade ex-
ists are still unknown (Scheuring et al., 2011). The aim of this study
is to use Rab7 and Arabidopsis thalianaMONENSIN SENSITIVITY1
(MON1) and CALCIUM CAFFEINE ZINC SENSITIVITY1 (CCZ1)
homolog proteins as probes to investigate the plant vacuolar
trafficking from the PVC to the vacuole using a combination of
live-cell imaging, biochemical, and genetic approaches.

The Arabidopsis genome encodes eight putative Rab7 proteins
(Vernoud et al., 2003). Multiple combinations of different Rab7
T-DNA insertion mutations lead to no obvious phenotype, suggest-
ing that the functions of Rab7 proteins are highly redundant (Nielsen
et al., 2008). Since RABG3f is highly expressed in different tissues
and development stages of Arabidopsis (http://www.genevestigator.
ethz.ch) (Zimmermann et al., 2004), we choose RABG3f as a repre-
sentative to investigate Rab7 function and activation in Arabidopsis.

In this study, we demonstrated that (1) proper activation of
Rab7 is essential for its localization and function; (2) expression
of a dominant-negative Rab7 mutant induces the formation of
enlarged PVCs, affects vacuole morphology, inhibits vacuolar
trafficking, and causes seedling death; (3) the MON1-CCZ1 com-
plex preferentially binds to inactive Rab7 and functions as a Rab7
GEF; (4) through direct interaction with active Rab5, the MON1-
CCZ1 complex also serves as the Rab5 effector, thus linking ac-
tivated Rab5 to Rab7 recruitment in plants; (5) without functional
MON1, Rab5-positive endosomes are separate from Rab7-positive
ones, supporting the bridging role of the MON1-CCZ1 complex in
Rab5-to-Rab7 conversion; and (6) similar to the dominant-negative
Rab7 mutant, the mon1 mutant also contains enlarged PVCs and
fragmented vacuoles, exhibits defects in vacuolar trafficking, and
shows retarded growth. Taken together, these results demonstrate
that MON1-CCZ1 complex–mediated Rab7 activation is critical
for vacuolar trafficking and plant growth.

RESULTS

RABG3f (Rab7) Localizes to PVCs and the Tonoplast
in Arabidopsis Cells

In order to study Rab7 function in PVC-to-vacuole trafficking,
we first investigated the subcellular localization of active and

inactive forms of RABG3f in plant cells (Supplemental Figure 1).
As shown in Figure 1A, dexamethasone (Dex)-induced expression
of wild-type green fluorescent protein (GFP)-RABG3f showed
endosome and tonoplast localization patterns. Constitutively
active RABG3f (GFP-RABG3fQ67L) showed mainly the tono-
plast pattern, while dominant-negative RABG3f (GFP-RABG3fT22N)
showed a cytosolic and endosomal localization. This indicated
that the inactive RABG3f was capable of being targeted to en-
dosomes but failed to reach the tonoplast.
To identify RABG3f-localized endosomes, we compared the

subcellular localization of RABG3f with different organelle markers
via stable expression in transgenic Arabidopsis plants. As shown
in Supplemental Figures 2A and 2B online, a UBQ10 promoter-
driven yellow fluorescent protein (YFP)-RABG3f fusion mainly
showed the endosome and tonoplast localization patterns in
Arabidopsis root and leaf cells, similar to the Dex-induced expression
of GFP-RABG3f. The tonoplast-localized YFP-RABG3f colocalized
with the tonoplast marker mCherry-VAMP711 (Ch-VAMP711), while
YFP-RABG3f–positive endosomes were distinct fromCh-VAMP711–
positive small vacuoles (Supplemental Figure 2C). When compared
with the PVC marker line Ch-RHA1, 82% of the YFP-RABG3f–
positive endosomes colocalized with 68% of the Ch-RHA1–
positive PVCs (Figure 1B), suggesting that, besides tonoplast
localization, RABG3f also localized to PVCs. Upon treatment with
wortmannin (Wort), a specific inhibitor of phosphatidyl-inositol
3-kinase, YFP-RABG3f colocalized with Ch-RHA1 in enlarged en-
dosomes or PVCs, seen as ring-like structures in a single optical
confocal image (Supplemental Figure 2D), which further confirmed
the PVC localization of RABG3f. In addition, 4D (3D image plus
time) movie analysis of their dynamic relationship showed that
YFP-RABG3f was gradually recruited to RHA1-postive PVCs
(Supplemental Movie 1 and Supplemental Figure 3). The dual
localizations of RABG3f to PVCs and the tonoplast suggest that
it functions in mediating PVC-to-vacuole trafficking in plants.

Dominant-Negative Rab7 Induces the Formation
of Enlarged PVCs, Affects Vacuole Morphology,
and Inhibits Vacuolar Trafficking

Since Rab7 family proteins are highly redundant, in order to
study Rab7 function in vacuolar trafficking, we used another
strategy by exploiting Arabidopsis lines expressing a dominant-
negative Rab7, RABG3fT22N (Supplemental Figure 1). Expression
of RABG3fT22N induced 78% of YFP-ARA7 (PVC) and 65% of
GFP-VSR1 (PVC) to form enlarged endosomes or PVCs in plant
leaf and root cells, respectively (Figure 1C; Supplemental Figure
4A). In addition, abnormal or fragmented vacuoles were observed
in plant leaf and root cells when expression of RABG3fT22N was
induced (Figure 1D), which showed that expression of RABG3fT22N

affected vacuole morphology. However, the expression of
RABG3fT22N did not significantly affect other organelle markers,
including the TGN marker VHA1-GFP, the recycling endosome
marker YFP-RABA1e, the Golgi marker YFP-SYP32, or the PM
marker GFP-LTi6a (Supplemental Figures 4B to 4E). These re-
sults suggested that proper Rab7 activation was important for
PVC and vacuole morphology.
To determine the membrane source of these RABG3fT22N-

induced enlarged structures, RABG3fT22N was transiently expressed
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Figure 1. A Dominant-Negative RABG3f Mutant Protein Induces the Formation of Enlarged PVCs, Affects Vacuole Morphology, and Inhibits Vacuolar
Trafficking.

(A) Subcellular localization of GFP-RABG3f, GFP-RABG3fQ67L, and GFP-RABG3fT22N expressed under a Dex-inducible promoter and working model of
RABG3f localization in plant cells.
(B) YFP-RABG3f was crossed into a PVC marker line to analyze its localization.
(C) to (E) Confocal microscopy images of the PVC marker YFP-ARA7 (C), the tonoplast marker YFP-VAMP711 (D), and the lytic vacuolar cargo marker
spL-RFP (E) in 6-d-old RABG3fT22N seedlings grown in the absence or presence of 10 mM Dex.
Bars = 10 mm in (A) to (E).
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with different known organelle markers. Upon transient expression,
RABG3fT22N also induced YFP-ARA7 to form enlarged structures
that were largely separate from the ER marker monomeric red
fluorescent protein (mRFP)-HDEL, the Golgi marker ManI-mRFP,
and the TGNmarker mRFP-SYP61 (Supplemental Figures 5A to 5C).
However, these YFP-ARA7–positive enlarged structures were mostly
colocalized with the PVC marker mRFP-VSR2 (Supplemental Figure
5D). These results showed that the RABG3fT22N-induced enlarged
structures were PVCs in nature likely derived from homotypic
PVC fusion.

In addition, RABG3fT22N also inhibited vacuolar trafficking, since
the soluble lytic vacuolar cargo marker spL-RFP was not delivered
to vacuoles due to expression of RABG3fT22N (Figure 1E). spL-RFP
is an RFP fusion containing signal peptide (sp) and the sequence-
specific vacuolar sorting signals (ssVSS) of proricin. This fusion
protein is transported to lytic vacuole when expressed in plant
cells (Hunter et al., 2007). Indeed, similar secretion phenomena of
mis-sorted vacuolar cargoes have been shown in several vacuolar
sorting mutants, for example, the vps9a-2 mutant (loss-of-function
mutant of Rab5 GEF) (Ebine et al., 2011) and the vamp727 syp22
double mutant (a loss-of-function mutant of a SNARE complex)
(Ebine et al., 2008). Similarly, expression of RABG3fT22N may inhibit
PVC fusion with vacuole, thus causing abnormal vacuolar traf-
ficking and secretion of spL-RFP. The above results showed that
the dominant-negative RABG3fT22N induced the formation of en-
larged PVCs, affected vacuole morphology, and inhibited vacuolar
trafficking.

The Dominant-Negative Rab7 Inhibits Degradation of
Storage Proteins in the Protein Storage Vacuole
and Results in Seedling Death

Plants expressing dominant-negative Rab7 exhibited significant
plant growth defects. As shown in Figure 2A, Arabidopsis seed-
lings expressing RABG3fT22N (Line #3) died as seedlings, whereas
wild-type seedlings and seedlings expressing the wild-type
RABG3f appeared similar to each other. Two other lines, Line #8
and Line #12, showed weak and comparable phenotype com-
pared with Line #3 (Supplemental Figure 6A). Consistent with the
severity of their phenotypes, immunoblot analysis showed that
the expression of Myc-RABG3fT22N in Line #12 was higher than
that in Line #8 (Supplemental Figure 6B). Moreover, the defective
phenotypes of Line #3 were also exhibited in a Dex dose-dependent
manner, indicating that these phenotypes were most likely
caused by the expression of RABG3fT22N (Supplemental Figure
6C). Statistical analysis of root lengths showed that expression of
RABG3fT22N resulted in significantly shorter roots versus wild-
type or RABG3f seedlings (Figure 2B). Further control immunoblot
experiments showed that the expression levels of RABG3f and
RABG3fT22N in transgenic plants were comparable (Figure 2C).

Furthermore, we analyzed the vacuolar trafficking of newly syn-
thesized proteases in RABG3fT22N Line #3 (hereafter designated
simply RABG3fT22N). Using protein extraction from seeds and
seedlings of RABG3fT22N grown in the absence or presence of
10 mM Dex at 0 to 6 d after germination, the precursor of the
protease aleurain was detected when RABG3fT22N was induced
(Figure 2D). Aleurain is a plant vacuolar thiol protease that is
synthesized in the ER and transported to vacuoles via PVC and

processed into its mature form (Holwerda et al., 1992). Defects
in vacuolar transport cause the secretion of aleurain in its precursor
form (Shimada et al., 2003). Here, we detected accumulation of the
precursor form of aleurain in plants expressing RABG3fT22N. Such
accumulation of aleurain precursor is likely due to its secretion into
the extracellular space because RABG3fT22N inhibited vacuolar
trafficking. Interestingly, the mature form of aleurain in cells ex-
pressing Myc-RABG3fT22N was similar to that in the wild-type
cells, likely owing to unsuccessful vacuolar transport of mature
aleurain.
Processing of aleurain from its precursor to mature form occurs

in post-Golgi compartments (PVCs and vacuoles), while the
degradation of storage proteins likely occurs in vacuoles (Rogers
et al., 1997). In Myc-RABG3fT22N plants, PVC to vacuolar trafficking
was inhibited (Figure 1E). The vacuolar degradation of two native
storage proteins, 12S globulin and 2S albumin, was also tested. In
seeds and seedlings with induced expression of RABG3fT22N,
degradation of both storage proteins was largely delayed versus
the control seeds/seedlings (Figure 2D), which was likely caused
by the inhibition of vacuolar transport of the newly synthesized
proteases upon RABG3fT22N expression.
We also detected the protein storage vacuole (PSV) degrada-

tion process by observing PSV autofluorescence and the PSV
marker line GFP-CT24. PSV autofluorescence signals in the co-
tyledons of RABG3fT22N plants were still detectable at 3 d, and
even at 6 d after germination (Supplemental Figures 7A to 7F). In
comparison to the wild type, RABG3fT22N plants showed signifi-
cantly delayed storage protein degradation. Similarly, delayed
degradation of GFP-CT24 was also detected when expression
of RABG3fT22N was induced, as evidenced by confocal micros-
copy images and immunoblot analysis of cotyledons 3 d after
germination (Figures 2E and 2F). These results showed that ex-
pression of RABG3fT22N delayed the degradation of storage
proteins in the PSV during seed germination.
Next, as another control, we tested whether the addition of

a nitrogen source to the medium would recover the lethal phe-
notype of RABG3fT22N. We sprayed seeds on plates with 60 mM
nitrogen. The lethal phenotype of RABG3fT22N was slightly rescued,
as the cotyledons became green when the seeds were germinated
in medium containing 60 mM nitrogen (Supplemental Figures 7G to
7J). These results indicated that seedling death caused by
expression of RABG3fT22N was at least partially due to nitrogen
nutrient mobilization defects. Taken together, RABG3fT22N ex-
pression resulted in a lethal phenotype and also inhibited the
trafficking of newly synthesized protease to vacuoles, thus leading
to a delay in the degradation of storage proteins.

MON1 and CCZ1 Serve as a Rab7 GEF Complex That
Preferentially Binds Inactive Rab7 on PVCs

Since the dominant-negative Rab7 inhibited PVC-to-vacuole traf-
ficking and affected vacuole biogenesis, we suspected that a mu-
tation in its GEF protein(s) would cause similar defects. However, in
plant cells, Rab7 GEF proteins have not been identified as yet.
Recent articles on yeast have reported that the MON1-CCZ1
complex serves as the Rab7 GEF (Nordmann et al., 2010). In
Arabidopsis, there is one MON1 homolog (MON1, AT2G28390) and
two CCZ1 homologs (CCZ1a, AT1G16020; CCZ1b, AT1G80910)
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(Supplemental Figures 8A and 8B). Specific MON1 antibodies
were raised to test whether MON1 interacted with inactive Rab7
(Supplemental Figure 9A). Myc antibody–conjugated agarose
beads were used to perform the immunoprecipitation of Myc-
RABG3fT22N protein in Myc-RABG3fT22N plants. As shown in
Supplemental Figure 9B, MON1 immunoprecipitated with inactive
RABG3f in transgenic plants expressing Myc-RABG3fT22N, sug-
gesting that MON1 may activate RABG3f in plants.

To test whether MON1 and CCZ1 also served as a complex to
activate RABG3f in Arabidopsis, we first analyzed the interaction
between MON1 and CCZ1 via yeast two-hybrid (Y2H) and coim-
munoprecipitation (Co-IP) assays. As shown in Figure 3A, MON1
and CCZ1 interacted with each other in Y2H assays. Co-IP ex-
periments were also performed after transient coexpression of

YFP or YFP-CCZ1a with Myc-MON1 in Arabidopsis protoplasts.
As shown in Figure 3B, Myc-MON1 specifically bound the YFP-
CCZ1a and not YFP alone, suggesting that MON1 and CCZ1
interact and function as a complex.
To test if MON1-CCZ1 complex could activate Rab7 in Arabi-

dopsis, we measured the in vitro GEF activity of MON1-CCZ1
complex toward Rab7 by monitoring the change in intrinsic
tryptophan fluorescence upon nucleotide exchange (Pan et al.,
1995; Antonny et al., 2001; Goh et al., 2007). Since neither MON1
nor CCZ1 alone functions as the Rab7 GEF in yeast (Nordmann
et al., 2010), we coexpressed MON1 and CCZ1 proteins to per-
form the in vitro GEF assay (Supplemental Figure 10). As shown in
Figures 3C and 3D, MON1-CCZ1 complex stimulated the nucle-
otide exchange of RABG3f (Rab7) in a dose-dependent manner,

Figure 2. The Dominant-Negative RABG3f Mutant Protein Affects Degradation of Storage Proteins in the PSV and Results in Seedling Death.

(A) Phenotypes of 6-d-old seedlings of the wild type, Myc-RABG3f, and Myc-RABG3fT22N (Line #3) grown in the absence or presence of 10 mM Dex.
(B) Root length of 6-d-old seedlings as indicated. Each column represents the mean of 30 seedlings. Error bars indicate SD.
(C) Immunoblot with Myc antibody from protein extracts of 6-d-old seedlings of the wild type, Myc-RABG3f, and Myc-RABG3fT22N (Line #3) in the
presence of 10 mM Dex.
(D) Immunoblot analysis of seeds and seedlings of the RABG3fT22N in the absence or presence of 10 mM Dex at 0 to 6 d after germination with
antibodies against Aleurain, 12S globulin, 2S albumin, and Myc. Aleurain precursor was detected in seedlings of the RABG3fT22N in presence of 10 mM
Dex, suggesting that expression of RABG3fT22N inhibited the transport of newly synthesized proteases to the vacuole.
(E) and (F) Confocal microscopy images and immunoblot analysis of the PSV marker GFP-CT24 in 3-d-old RABG3fT22N seedlings grown in the absence
or presence of 10 mM Dex.
Bars = 1 cm in (A) and 10 mm in (E).
[See online article for color version of this figure.]
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Figure 3. The MON1-CCZ1 Complex Serves as the Rab7 GEF in Arabidopsis.

(A) Y2H analysis of the interaction between MON1 and CCZ1. MON1, CCZ1a, and CCZ1b were used as either bait or pray. Interactions between two
proteins were tested using the HIS3 reporter gene. AD, activation domain; BD, binding domain.
(B) Co-IP assays were performed after transient coexpression of YFP or YFP-CCZ1a with Myc-MON1 in Arabidopsis protoplasts. Total proteins (input)
were subjected to immunoprecipitation with GFP-Trap beads followed by immunoblot analysis.
(C) and (D) In vitro GEF assay of MON1-CCZ1 complex. Nucleotide exchange on RABG3f (Rab7) (C) and RHA1 (Rab5) (D) was measured by monitoring
tryptophan autofluorescence in the absence (yellow) or presence of 0.25 mM (green), 0.5 mM (blue), or 1 mM (red) GST-CCZ1a-123His-MON1. The
jagged lines represent the raw data, and the bold lines represent the trend lines.
(E) Co-IP assays were performed after transient coexpression of YFP-CCZ1a, Myc-MON1 with wild-type, active, or inactive RABG3f in Arabidopsis
protoplasts. Total proteins (input) were subjected to immunoprecipitation with GFP-Trap beads followed by immunoblot analysis.



while this complex showed limited GEF activity for RHA1 (Rab5).
In addition, in protoplasts, this MON1-CCZ1 complex prefer-
entially bound to inactive RABG3f (Figure 3E).

Theoretically, wild-type RABG3f should contain a GDP-bound
form that can be recruited by the MON1-CCZ1 complex. How-
ever, as shown in Figure 3E, very little wild type form Myc-Rab7
was coimmunoprecipitated with the CCZ1 bait, which could due
to the possible transient interaction between wild-type Rab7 and
the MON1-CCZ1 complex, as well as the relatively low efficiency
of the Co-IP detection system. In addition, neither MON1 nor
CCZ1a alone bound to any form of RABG3f (Supplemental Figure
11). These results indicated that MON1 and CCZ1 served as a
GEF complex to activate Rab7 in Arabidopsis.

To determine where (at which organelle) MON1 and CCZ1
perform their function, GFP-MON1 and YFP-CCZ1a were tran-
siently expressed in protoplasts for localization studies. As shown
in Supplemental Figures 12A to 12F online, both GFP-MON1 and
YFP-CCZ1a were found to be gradually recruited to endosomes

when they were expressed individually in protoplasts. As a con-
trol, GFP alone showed no recruitment even with a longer in-
cubation time (Supplemental Figures 12G to 12I). MON1 and
CCZ1 were recruited to the enlarged endosomes when coex-
pressed together with RABG3fT22N or CFP-RABG3fT22N (Figures
4A and 4B; Supplemental Figure 13A). To further identify these
endosomes, we coexpressed RABG3fT22N, XFP-MON1, and CCZ1a
together with TGN or PVC markers. These results showed that
these enlarged endosomes were enlarged PVCs (Figure 4C), but
not TGN (Figure 4D). Compared with the RABG3fQ67L, wild-type
RABG3f was able to recruit mRFP-MON1 to endosomes, when
coexpressed with CCZ1a (Supplemental Figures 13B and 13C).
Similar to the Co-IP data, neither MON1 nor CCZ1 was recruited
to the enlarged endosomes when individually coexpressed with
RABG3fT22N (Supplemental Figures 13D and 13E). These results
show that the MON1-CCZ1 complex was recruited to PVCs first
and then activated Rab7, which then mediated PVC-to-vacuole
trafficking.

Figure 4. Subcellular Localization of MON1 and CCZ1 in Arabidopsis Protoplasts.

(A) Subcellular localization of mRFP-MON1 and YFP-CCZ1a in Arabidopsis protoplasts.
(B) mRFP-MON1 and YFP-CCZ1a were recruited to enlarged structures when coexpressed with CFP-RABG3fT22N.
(C) and (D) RABG3fT22N-induced, XFP-MON1-localized enlarged endosomes colocalized with PVC marker GFP-VSR2 but were separate from the TGN
marker mRFP-SYP61.
Confocal images were collected from cells at 12 to 14 h after transfection. Bars = 10 mm.
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The MON1-CCZ1 Complex Is the Rab5 Effector and Is
Recruited to PVCs by Active Rab5

In yeast cells, the MON1-CCZ1 complex is recruited to the mem-
brane by active Rab5 protein (Nordmann et al., 2010). Whether a
similar recruitment of MON1-CCZ1 complex exists in plants is
a matter for speculation. To study the recruitment mechanism of
MON1-CCZ1 complex to PVCs, we analyzed the interaction of
MON1 or CCZ1 with Rab5 in its different nucleotide states via

Y2H. As shown in Figure 5A, MON1 showed interaction with
ARA7Q69L and ARA7 but not ARA7S24N. However, CCZ1a and
CCZ1b showed little interaction with any form of ARA7. These
results demonstrated that MON1 was the direct interacting
partner of ARA7 in Arabidopsis. Moreover, when YFP-CCZ1a
and Myc-MON1 were coexpressed in protoplasts with wild-type,
active, or negative ARA7, only the active ARA7 was coimmuno-
precipitated with MON1 and CCZ1 to a large degree (Figure 5B),

Figure 5. MON1 Directly Interacts with GTP-Bound ARA7, and the MON1-CCZ1 Complex Is Recruited to Enlarged PVCs and the Tonoplast by Active
ARA7 in Protoplasts.

(A) Y2H analysis of the interactions among MON1, CCZ1, and different forms of ARA7 (Rab5). MON1, CCZ1a, and CCZ1b were used as prey. Different
forms of ARA7 were used as bait. Interactions between two proteins were tested using the HIS3 reporter gene. AD, activation domain; BD, binding
domain.
(B) Co-IP assays were performed after transient coexpression of YFP-CCZ1a, Myc-MON1 with wild-type, active, or inactive ARA7 in Arabidopsis
protoplasts. Total proteins (input) were subjected to immunoprecipitation with GFP-Trap beads followed by immunoblot analysis.
(C) CFP-ARA7Q69L recruited MON1 and CCZ1 complex to the enlarged PVCs and the tonoplast.
(D) The inactive Rab5 (ARA7S24N) did not change the MON1 or CCZ1 pattern. Confocal images were collected from cells at 12 to 14 h after transfection.
Bars = 10 mm in (C) and (D).
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which showed that the MON1-CCZ1 complex preferentially bound
to the active ARA7.

We did not detect any wild-type ARA7 in the immunoblot of
the Co-IP assay. This might be due to the very transient in-
teraction between wild-type ARA7 and MON1-CCZ1 complex

and relatively low efficiency of the Co-IP detection system. On
the other hand, neither MON1 or CCZ1 alone showed interaction
with any form of ARA7 (Supplemental Figure 14). Consistent
with this, coexpression of the active ARA7 (ARA7Q69L) or CFP-
ARA7Q69L with YFP-CCZ1a and mRFP-MON1 showed that

Figure 6. The mon1 Mutants Show Growth Defects.

(A) Schematic structure of the MON1 gene and positions of T-DNA insertions.
(B) and (C) Mutants were confirmed at the DNA (B) and protein (C) levels.
(D) and (E) The mon1 mutants showed root growth defects.
(F) to (I) The mon1 mutants showed a growth defect phenotype.
(J) GFP-MON1 recovered the phenotype of mon1-1.
(K) Immunoblot showing expression of GFP-MON1 in GFP-MON1/mon1-1 plants via GFP antibody.
(L) In mature stage, mon1-2 showed a dwarf phenotype compared with wild-type plants.
Bars = 1 cm in (D) to (J) and (L).
[See online article for color version of this figure.]
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ARA7Q69L recruited MON1 and CCZ1 complex to the enlarged
PVC structures and the tonoplast in protoplasts (Figure 5C;
Supplemental Figure 15A).

Overexpression of MON1 and CCZ1a did not cause obvious
cytosolic release of YFP-ARA7 (Supplemental Figures 15B and
15C). However, coexpression of the inactive Rab5, ARA7S24N,
could not change the cytosolic pattern of MON1 and CCZ1,
which excluded the possibility that recruitment of the MON1-
CCZ1 complex was induced by the inactive Rab5 (Figure 5D). In
addition, expression of MON1 or CCZ1 alone with active Rab5
did not lead to any recruitment of MON1 or CCZ1 to the en-
larged PVC structures (Supplemental Figures 15D and 15E).
Taken together, we detected a direct interaction between MON1
and active Rab5 and the MON1-CCZ1 complex was recruited to
PVCs by active Rab5.

The mon1 Mutants Showed the Severe Plant
Growth Defects

To further study the functional role of the MON1-CCZ1 complex
in plant development, two mutant alleles of MON1, mon1-1
(SALK_075382) and mon1-2 (54-4894-1), were identified. The
mon1-1mutant contains a T-DNA insertion in the first exon, while
the mon1-2 harbors a Ds transposon in the first exon (Figure 6A).
Both mutants were null mutants, since MON1 was not detected

at either RNA or protein level (Figures 6B and 6C). Similar to the
dominant-negative Rab7mutant, bothmon1mutants also showed
a short root phenotype (Figures 2A, 2B, 6D, and 6E; Supplemental
Figure 16). This indicated that proper Rab7 activation was impor-
tant for normal root development. Compared with the wild-type
plants, both mutants also showed retarded growth (Figures 6F to
6I). The developmental defects of mon1-1 mutant were com-
plemented by the GFP-MON1 fragment (Figure 6J), and immu-
noblot using GFP antibody confirmed the successful expression
of GFP-MON1 in the mon1-1 mutant (Figure 6K). At the mature
stage, mon1-2 also showed a dwarf phenotype compared with
the wild-type plant (Figure 6L). Thus, MON1 was indispensable
for normal plant growth.

Effect of MON1 Mutation on Vacuolar Transport
and Biogenesis

Since previous studies showed that defects in the vacuolar
trafficking pathway interfered with proper cargo delivery to the
PSVs (Goh et al., 2007; Isono et al., 2010), we next examined
vacuolar transport of endogenous storage proteins and PSV
marker GFP-CT24 in wild-type and mon1 mutant seeds. In im-
munogold transmission electron microscopy studies using an-
tibodies against two storage proteins, both 12S globulin and 2S
albumin labels (gold particles) were found exclusively in the
PSVs (Figures 7A and 7C, indicated by arrowheads) but missing
in the extracellular space (indicated by arrows) in the wild-type
seeds. However, in an identical labeling experiment using the
mon1-2 mutant seeds, in addition to PSV labeling by both an-
tibodies (Figures 7B and 7D, indicated by arrowheads), abun-
dant gold particle labeling was found in the electron-dense
extracellular space (Figures 7B and 7D, indicated by arrows).
These results indicated that mutation ofMON1 caused secretion
of storage proteins.
Similarly, as shown in Figures 8A and 8B, GFP-CT24 was found

in PSVs in wild-type seeds but was secreted outside of the cells in
mon1-1 mutant seeds, further supporting the conclusion that the
mon1 mutation inhibited vacuolar transport and caused secretion
of vacuolar cargoes. GFP-MON1 mainly showed a cytosolic and
endosomal pattern in Arabidopsis plants (Figure 8C). Upon Wort
treatment, GFP-MON1–positive endosomes formed enlarged PVC
structures, confirming PVC localization of MON1 (Figure 8D).
To study the possible effects of MON1 mutation on PVC and

vacuole morphology, we introduced PVC and vacuolar markers
into themon1-1mutant via genetic crossing. As shown in Figures
8E and 8F, in mon1-1 mutant roots, YFP-ARA7–labeled PVCs
formed enlarged endosomes, a result similar to the effect of
RABG3fT22N on PVCs. Fragmented vacuoles were also frequently
observed in mon1-1 mutant roots compared with the wild type
(Figures 8G and 8H). Since the MON1-CCZ1 complex served as
the Rab5 effector and Rab7 GEF to mediate PVC maturation, we
next compared the localizations of Rab5 and Rab7 in the mon1-1
mutant. Interestingly, the Rab7-positive endosomes were sepa-
rate from the Rab5 (Ch-RHA1)-labeled enlarged PVCs (Figure 8I).
Rab7-positive endosomes were also distinct from the VSR-labeled
PVCs in cells coexpressing the MON1 RNA interference (RNAi)
construct (MON1RNAi) with YFP-RABG3f and mRFP-VSR2
(Supplemental Figure 17). Since the MON1 mutation affected the

Figure 7. Endogenous Storage Proteins Were Mis-Sorted into the Ex-
tracellular Space in mon1-2 Mutant Seeds.

Immunogold electron microscopy analysis was performed in wild-type
([A] and [C]) and mon1-2 mutant ([B] and [D]) seeds using antibodies
against the seed storage proteins 12S globulin ([A] and [B]) or 2S al-
bumin ([C] and [D]). Arrowheads indicate PSVs that were positive for
both antibodies in wild-type and mutant seeds, while arrows indicate
extracellular space positive for labeling only in mutant seeds (arrows in
[B] and [D]). e, extracellular space. Bars = 500 nm.

Arabidopsis Rab7 Activation and Function 2089

http://www.plantcell.org/cgi/content/full/tpc.114.123141/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123141/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123141/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123141/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123141/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123141/DC1


proper tonoplast localization of RABG3f and induced ARA7- or
VSR-labeled PVCs to form enlarged structures lacking RABG3f,
MON1 may serve as a linker between Rab5 and Rab7 and me-
diate PVC maturation in Arabidopsis.

Identification of PVCs and Vacuoles in Wild-Type, mon1-2,
and RABG3fT22N Cells

To further identify and confirm the nature of PVCs and vacuoles
observed in wild-type, mon1, and RABG3fT22N root cells, we
next performed immunogold electron microscopy studies with
VSR antibodies. Root cells were first subjected to high-pressure
freezing/freeze substitution, followed by block preparation and
sectioning for immunogold electron microscopy. Different from
wild-type cells, fragmented vacuoles and enlarged PVCs were
frequently found in cells of mon1-2 and RABG3fT22N (Figures 9A
to 9C). VSR antibodies specifically labeled normal PVCs in wild-type
cells and enlarged PVCs in mon1-2 and RABG3fT22N root cells
(Figures 9D to 9F). Statistical analysis showed that the average
diameter of PVCs inmon1-2 and RABG3fT22N was larger than that
in wild-type cells (Supplemental Figure 18A). Enlarged PVCs were
largely derived from homotypic fusion of PVCs (Supplemental

Figures 18B and 18C), a result similar to ARA7Q69L andWort-induced
enlarged PVC structures (Wang et al., 2009; Jia et al., 2013). Golgi
stacks and the TGN remained normal in both mon1-2 and
RABG3fT22N root cells (Supplemental Figures 18D to 18F). On
the other hand, MON1 antibodies labeled normal PVCs in wild-
type cells (Figure 9G). GFP antibodies also labeled normal PVCs
in GFP-MON1/mon1-1, further confirming PVC localization of MON1
(Figure 9H). However, due to the dominant-negative mutation of
Rab7, MON1 antibodies strongly labeled the enlarged PVCs in
RABG3fT22N root cells (Figure 9I). Taken together, these results
demonstrated that (1) MON1-mediated Rab7 activation occurred
on PVCs and (2) both mon1 mutations and dominant-negative
rab7 mutations affected proper Rab7 function and caused the
formation of enlarged PVCs.

DISCUSSION

Rab7 Activation Is Essential for Vacuolar Trafficking
and Biogenesis

In plants, similar to other eukaryotic cells, Rab proteins play vital
roles as switches in membrane trafficking system that are essential

Figure 8. Effects of MON1 Mutation on Vacuolar Transport and Organelle Markers.

(A) GFP-CT24 localized to PSV in wild-type seeds.
(B) GFP-CT24 was secreted in mon1-1 mutant seeds.
(C) Localization of GFP-MON1 in mon1-1 mutant roots.
(D) GFP-MON1 was sensitive to Wort treatment (33 mM).
(E) YPF-ARA7 localized to PVCs in wild-type roots.
(F) YPF-ARA7 formed enlarged PVCs in mon1-1 mutant roots.
(G) YFP-VAMP711 localized to the tonoplast in wild-type roots.
(H) Localization of YFP-VAMP711 in mon1-1 mutant roots.
(I) YFP-RABG3f localized to the endosomes, which were separate from Ch-RHA1–positive enlarged PVCs in mon1-1 mutant roots.
Bars = 10 mm.
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for development and growth (Woollard and Moore, 2008; Pfeffer,
2013). Extensive studies of Rab5 in plants demonstrate that Rab5
mainly localizes to PVCs and functions in vacuolar trafficking (Goh
et al., 2007; Ebine et al., 2011; Bottanelli et al., 2012; Inoue et al.,
2013; Jia et al., 2013). The Arabidopsis double mutants of Rab5
(ara7 rha1) or mutants lacking functional Rab5 GEF VPS9a are not
viable (Goh et al., 2007; Ebine et al., 2011). Rab7 localizes to the
tonoplast and may function in the final step of vacuolar trafficking
(Vernoud et al., 2003; Mazel et al., 2004). However, little is known
about the underlying mechanism of Rab7 activation and its re-
lationship with Rab5 in plants.

Among the eight putative Rab7 homologs in Arabidopsis, RABG3f
shows prominent expression in different tissues and developmental
stages (Vernoud et al., 2003). In this study, RABG3f (Rab7) was
localized to PVCs and the tonoplast (Supplemental Figures 2A
and 2B), supporting its expected function in the vacuolar path-
way. In addition, proper activation of RABG3f is crucial for its
correct localization because in contrast with the proper tonoplast

localization of active RABG3f, inactive RABG3f was failed to
reach the tonoplast (Figure 1A).
To further illustrate the Rab7 function in vacuolar trafficking,

we generated transgenic Arabidopsis plants expressing the in-
active RABG3f under the control of Dex-inducible promoter. These
plants died as seedlings upon Dex induction, demonstrating the
indispensible role of Rab7 in plant development (Figure 2A). At the
cellular level, enlarged PVCs and fragmented vacuoles were ob-
served, while vacuolar trafficking was also inhibited when inactive
Rab7 was expressed (Figures 1C to 1E). Thus, proper activation of
Rab7 leads to its function in PVC maturation, vacuole biogenesis,
and vacuolar trafficking in plants.

The MON1-CCZ1 Complex Is the Rab7 GEF in Plants

Rab7 activation plays important roles in the membrane traf-
ficking system. However, little is known about the activation
mechanism of Rab7 in plants. In yeast, Rab7 is activated by the

Figure 9. Immunogold Electron Microscopy and Ultrastructural Analysis of PVCs and Vacuoles in Wild-Type, mon1-2, and RABG3fT22N Root Cells.

Immunogold electron microscopy analysis of ultra-thin sections cut from high-pressure frozen/freeze-substituted samples of wild-type, mon1-2, and
RABG3fT22N root cells.
(A) to (C) Overview of wild-type, mon1-2, and RABG3fT22N root cells.
(D) to (F) Immunogold electron microscopy analysis with VSR antibodies on normal PVCs in wild-type root cells (D) and enlarged PVCs in mon1-2 (E)
and RABG3fT22N (F) root cells.
(G) to (I) MON1 antibodies labeled normal PVCs in wild-type root cells (G). GFP antibodies also labeled normal PVCs in GFP-MON1/mon1-1 root cells
(H). MON1 antibodies labeled enlarged PVCs in RABG3fT22N root cells (I).
Bars = 500 nm in (A) to (I).
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MON1-CCZ1 complex (Nordmann et al., 2010). In this study, we
demonstrated that the Arabidopsis MON1 and CCZ1 form a di-
meric complex and function as the Rab7 GEF. First, we showed
that MON1 and CCZ1 interacted with each other to form a
complex (Figures 3A and 3B). Then, in vitro GEF assays dem-
onstrated the specific GEF activity of MON1-CCZ1 complex
toward Rab7 (Figures 3C and 3D). Through Co-IP and locali-
zation studies, we also detected preferential binding of MON1-
CCZ1 complex to inactive Rab7 on PVCs (Figures 3E, 4B, and
4C). Thus, like in yeast, Arabidopsis MON1-CCZ1 complex
holds similar GEF function toward Rab7.

The MON1-CCZ1 Complex Mediates Rab5-to-Rab7
Conversion on PVCs in Plants

In plant cells, most vacuolar proteins are sorted at the TGN and
transported to the vacuole through PVCs (Lam et al., 2007a).
However, the underlying mechanism of PVC-to-vacuole trans-
port is largely unknown in plants. In mammalian cells, it is gen-
erally thought that trafficking to the lysosome is accompanied by
maturation of endosomal organelles (Rink et al., 2005). Rab5-to-
Rab7 conversion triggers maturation of late endosomes from early
endosomes, in which the early endosome-localized Rab5 is replaced
by MON1-CCZ1 complex, which in turn recruits Rab7, resulting in
a Rab7-positive late endosome (Kinchen and Ravichandran, 2010).
In plants, Rab5 localizes to PVCs, while Rab7 shows an endosome
and tonoplast localization pattern (Geldner et al., 2009).

In this study, we found that the Arabidopsis MON1-CCZ1
complex serves as a linker to mediate Rab5-to-Rab7 conversion
on PVCs, which is supported by several lines of evidence. (1)
The Y2H assay showed direct interaction between MON1 and
active Rab5 (Figure 5A), indicating that MON1 was the effector
for Rab5. (2) When expressed in protoplasts, MON1-CCZ1 com-
plex was recruited by active Rab5 to PVCs and subsequently
recruited the inactive Rab7 (Figures 3E, 4B, 5B, and 5C). (3) In

wild-type cells, Rab5- and Rab7-positive endosomes were partially
colocalized (Figure 1B). However, in the mon1-1 mutant, Rab5-
positive endosomes formed enlarged structures that were separate
from Rab7-positive endosomes (Figure 8I). (4) Time-lapse imaging
further confirmed that Rab7 was recruited to Rab5-positive PVCs
for possible Rab conversion events (Supplemental Movie 1 and
Supplemental Figure 3). These results indicate that PVCmaturation
in plants involves a Rab5-to-Rab7 conversion, which is mediated
by the MON1-CCZ1 complex (Figure 10).

PVCs Are Maturing Compartments between the TGN
to the Vacuole

Recent studies point that PVCs mature from the TGN and ulti-
mately fuse with the vacuole (Scheuring et al., 2011). We agree
with this, and in our PVC maturation model, Rab5 mainly in-
duces the homotypic fusion of PVCs (Jia et al., 2013), while
Rab7 mediates the fusion between PVCs and vacuoles. The MON1-
CCZ1 complex mediates the Rab5-to-Rab7 transition (Figure 10).
Expression of RABG3fT22N or loss of functional Rab7 GEF inhibits
the fusion between PVCs and vacuoles, which results in enlarged
PVCs, fragmented vacuoles, and a vacuolar trafficking defect
(Figures 1C to 1E, 8A, 8B, and 8E to 8H).
A recent article identified an intermediate compartment situated

between PVCs and vacuoles using a recycling-defective VSR in
tobacco (Nicotiana tabacum) epidermal cells (Foresti et al., 2010).
This study is consistent with the concept that PVCs are a series of
maturing compartments, but we think that the RHA1-positive late
prevacuolar compartments do not represent the final stage of PVC
maturation. If RHA1-positive PVCs fuse with vacuoles, we should
also detect RHA1 on the tonoplast. However, RHA1 localizes only
to PVCs, as also described in other reports (Sohn et al., 2003; Lee
et al., 2004; Zelazny et al., 2013). Irrespective of the RHA1 ques-
tion, PVCs still need to undergo a Rab5-to-Rab7 transition on the
PVC membrane before fusing with the vacuole.

Figure 10. Working Model of the Rab5- and Rab7-Mediated Vacuolar Trafficking Pathway in Plants.

Based on this study, a vacuolar trafficking pathway that involves Rab5 and Rab7 is presented. Rab5 protein is first activated and targeted to PVCs.
Then, active Rab5 recruits the MON1-CCZ1 complex. This complex also serves as the Rab7 GEF to mediate Rab5-to-Rab7 conversion on PVCs. Active
Rab7 finally mediates the fusion between the PVC and the vacuole.
[See online article for color version of this figure.]

2092 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.114.123141/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123141/DC1


Possible Multiple Vacuolar Trafficking Pathways
in Arabidopsis

Vacuolar trafficking of soluble and membrane cargo requires dif-
ferent classes of small GTPases, including Rab5 and Rab7 families
(Bottanelli et al., 2012). In this study, we demonstrated that MON1-
CCZ1 mediates the Rab5-to-Rab7 transition, and sequential action
of Rab5 and Rab7 regulates PVC maturation in plants (Figure 10).
However, combined with previous studies (Bottanelli et al., 2011),
the following evidence from this study points to the possible
existence of a Rab5-dependent (Rab7-independent) or Rab7-
dependent (Rab5-independent) vacuolar pathway in Arabidopsis:
(1) Expression of Rab7T22N or loss of function of Rab7 GEF pro-
tein did not block YFP-VAMP711 from reaching the vacuole
(Figures 1D and 8H). (2) YFP-ARA7 reached some small vacuole–
like structures besides enlarged PVCs in mon1 mutant roots
(Figure 8F). Thus, multiple vacuolar trafficking pathways may exist
in Arabidopsis. Another interesting question is the origin of the
endosomes containing GDP-bound Rab7. Previous studies sug-
gested that targeting of GDP-bound Rab7 is mediated by the
PRA1 family proteins (Rho et al., 2009). The PVC-localized Os-
PRA1 was shown to serve as an Os-Rab7 interacting partner and
facilitated the delivery of Os-Rab7 to the target membrane (Heo
et al., 2010). Since endosome-localized PRA1 family proteins also
exist in Arabidopsis, GDP-bound Rab7-positive endosomes may
be derived from certain portions of PVCs that contain the PRA1
family proteins (Alvim Kamei et al., 2008). Future study of different
Rab machineries such as tethering factors and SNAREs will lead
to a better understanding of plant vacuolar trafficking pathways.

METHODS

Plasmid Construction

Detailed construct information and primer sequences are listed in
Supplemental Tables 1 and 2. For the YFP-RABG3f transgenic plants, the
full-length cDNA of RABG3f was amplified and cloned into the pBI121
backbone for construction of the YFP fusion (Lam et al., 2007b). For the
RABG3f andRABG3fT22N transgenic plants,RABG3f andRABG3fT22Nwere
amplified and cloned into the pTA7002 backbone for construction of the
Myc fusion. For the GFP-RABG3f, GFP-RABG3fQ67L, and GFP-RABG3fT22N

transgenic plants, GFP fusions of Rab7 mutants were cloned into the
pTA7002 backbone for construction and generation of transgenic plants
(Aoyama and Chua, 1997). For the GFP-MON1/mon1-1 transgenic plant,
MON1 was cloned into the pUBN-GFP-DEST vector for transformation
(Grefen et al., 2010). For theMON1 RNAi construct, a 600-bp sequence of
MON1 predicted using MatchPoint (http://plantindustry.csiro.au/RNAi/
software.htm) was cloned into the pHANNIBAL vector. All constructs
were confirmed by restriction mapping and DNA sequencing.

Plant Materials and Growth Conditions

To generate the transgenic plants, all constructs were introduced into
Agrobacterium tumefaciens and transformed into wild-type Arabidopsis
thaliana plants by the floral dip method (Clough and Bent, 1998).

The T-DNA insertion lines SALK_075382 (mon1-1) was obtained from
the ABRC (Alonso et al., 2003). The Arabidopsis Ds transposon mon1-2
(54-4894-1) mutant line was obtained from RIKEN (Sakurai et al., 2005).

The Arabidopsis WAVE lines expressing XFP fusions for the Golgi
(WAVE22), PVC (WAVE2 and WAVE7), recycling endosome (WAVE34),
and the tonoplast (WAVE9) were obtained from the European Arabidopsis

Stock Center (Geldner et al., 2009). The following previously published
marker lines were crossed into the dominant-negative rab7 mutant: the
TGN marker line (VHA1-GFP), the PVC marker line (GFP-VSR1), the PM
marker line (GFP-LTi6a), the PSV marker line (GFP-CT24), the lytic vacuole
marker line (spL-RFP) (Dettmer et al., 2006; Miao et al., 2006; Hunter et al.,
2007; Zhang et al., 2011).

Seedlings were grown under continuous light on standard Murashige
and Skoog growth medium supplemented with 1% sucrose; adult plants
were grown on soil. When indicated, 10mMDex (Sigma-Aldrich) was added
to the medium. For nitrogen supplementation experiments, seeds were
germinated onmedium containing 60mMnitrogen as previously described
(Martin et al., 2002). The molar ratio of KNO3 to NH4NO3 was maintained in
each medium as it was in Murashige and Skoog medium (Murashige and
Skoog, 1962).

Transient Expression and Confocal Microscopy Images

Maintenance of Arabidopsis suspension-cultured cells and transient
expressionmethods were described previously (Tse et al., 2004; Miao and
Jiang, 2007; Gao et al., 2012; Zhuang et al., 2013). Confocal images were
collected at 12 to 14 h or 36 to 48 h after transformation as indicated using
an Olympus FV1000 system. Images were processed using Adobe
Photoshop as described previously (Jiang and Rogers, 1998; Shen et al.,
2013a). Time-lapse movie and images were obtained by spinning disc
confocal microscopy (Andor) and analyzed by Imaris software (Bitplane)
as described previously (Wang et al., 2010; Ding et al., 2014).

Drug Treatments

For drug treatment experiment, aliquots of Wort solution (Sigma-Aldrich;
stock at 1.65 mM in dimethyl sulphoxide) were added to the medium to
a final concentration of 33 mM.

Yeast Two-Hybrid Assay

The cDNAs forMON1, CCZ1a, and CCZ1b were cloned into the pGADT7
AD vector or pGBKT7 DNA-BD vector, and the different forms of Rab5
(ARA7) were cloned into the pGBKT7 DNA-BD vector. Plasmids were
transformed into the yeast strain AH109. Empty vectors were used for
negative controls. At least three colonies were checked for interaction for
each transformation.

Immunoprecipitation of GFP-Tagged or Myc-Tagged Proteins

Co-IP methods using GFP-TRAP agarose beads (ChromoTek) or sc-40 AC
agarose beads (Santa Cruz Biotechnology) were described previously (Cai
et al., 2012).

Expression and Purification of Recombinant Proteins

Plasmids pGEX-GST-CCZ1a-123His-MON1 for coexpression of MON1
and CCZ1a, pGEX-GST-RABG3f, and pGEX-GST-RHA1 were transformed
in BL21 Rosetta for expression. The expression of the fusion proteins was
induced by the addition of 0.8 mM isopropyl-D-thiogalactoside overnight at
28°C. GST-tagged RABG3f and RHA1 were purified on a 5-mL GST Trap
HP column using an ÄKTA TM purifier (Amersham Biosciences). GST-
tagged CCZ1a-123His-MON1 protein was purified on a 5-mL GST Trap
HP column, followed by an additional purification on a 5-mL HisTrap HP
column. Buffer exchange and protein concentration were performed with
an Amicon Ultra-4 centrifugal filter (Millipore).

Nucleotide-Exchange Assay

Intrinsic tryptophan fluorescence measurements were performed as de-
scribed previously (Pan et al., 1995; Antonny et al., 2001; Goh et al., 2007).
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Briefly, tryptophan fluorescence was recorded at 340 nmupon excitation at
298 nm by a fluorescence spectrophotometer (model F-7000; Hitachi High
Technologies). All experiments were performed at 25°C in reaction buffer
(20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.5 mMMgCl2). Each purified
Rab protein was preloaded with GDP and incubated with or without GST-
CCZ1a-123His-MON1. Then, GMP-PNP was added to 0.1 mM at time
0 andmixed for 10 s before fluorescence records. Tryptophan fluorescence
at time 0 was set at 1. On the figures, y axes show arbitrary units repre-
senting relative fluorescence levels. The trend lines were created using
OriginPro 8.0 (OriginLab). The assay was repeated at least three times for
each Rab GTPase.

Antibodies

A synthetic peptide (SRSSPSSSDTEFADPNPSSDPETNSERVQSQLEC)
within the N terminus of Arabidopsis MON1 was synthesized (GenScript)
and used as antigen to raise antibodies as described previously (Lam
et al., 2007c). Myc antibodies were purchased from Santa Cruz Bio-
technology (catalog No. sc-789) and used at 0.2 mg/mL for immunoblot
analysis. GFP, 12S, 2S, and Aleurain antibodies were described pre-
viously (Shimada et al., 2003; Tse et al., 2006).

Transmission Electron Microscopy Study

The general procedures for transmission electron microscopy sample
preparation, thin sectioning, and immunogold labeling were performed
essentially as described previously (Tse et al., 2004; Lam et al., 2007c;
Wang et al., 2010). Immunogold labeling was performed with antibodies
against VSR (40mg/mL) (Tse et al., 2004), MON1 (40mg/mL), 12S globulin
(dilution 1:2000), 2S albumin (dilution 1:2000) (Shimada et al., 2003), and
gold-coupled secondary antibody at a 1:50 dilution.

Accession Numbers

The Arabidopsis Genome Initiative locus identifiers for the genes men-
tioned in this article are RABG3f (At3g18820),MON1 (At2g28390), CCZ1a
(At1g16020),CCZ1b (At1g80910),ARA7 (AT4G19640), andRHA1 (AT5G45130).
Sequence data from the alignment of MON1 and CCZ1 can be found in the
GenBank data library under accession numbers Mon1p (Saccharomyces
cerevisiae) (NP_011391.2),SAND-1 (Caenorhabditis elegans) (NP_500791.2),
01g0976000 (Oryza sativa) (NP_001045563.2), Ccz1p (S. cerevisiae)
(NP_009689.3), CCZ-1 (C. elegans) (NP_506387.1), and 08g0427300
(O. sativa) (NP_001061842.1).
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