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We prepared Arabidopsis thaliana lines expressing a functional green fluorescent protein (GFP)-linked vacuolar H*-
pyrophosphatase (H*-PPase) under the control of its own promoter to investigate morphological dynamics of vacuoles and
tissue-specific expression of H*-PPase. The lines obtained had spherical structures in vacuoles with strong fluorescence,
which are referred to as bulbs. Quantitative analyses revealed that the occurrence of the bulbs correlated with the amount
of GFP. Next, we prepared a construct of H*-PPase linked with a nondimerizing GFP (mGFP); we detected no bulbs. These
results indicate that the membranes adhere face-to-face by antiparallel dimerization of GFP, resulting in the formation of
bulbs. In plants expressing H*-PPase-mGFP, intravacuolar spherical structures with double membranes, which differed
from bulbs in fluorescence intensity and intermembrane spacing, were still observed in peripheral endosperm, pistil
epidermis and hypocotyls. Four-dimensional imaging revealed the dynamics of formation, transformation, and disappearance of
intravacuolar spherical structures and transvacuolar strands in living cells. Visualization of H*-PPase-mGFP revealed intensive
accumulation of the enzyme, not only in dividing and elongating cells but also in mesophyll, phloem, and nectary cells, which
may have high sugar content. Dynamic morphological changes including transformation of vacuolar structures between

transvacuolar strands, intravacuolar sheet-like structures, and intravacuolar spherical structures were also revealed.

INTRODUCTION

H+*-translocating inorganic pyrophosphatase (H*-PPase)
catalyzes a coupled reaction of PPi hydrolysis and active proton
transport across membranes. The biochemical properties, mem-
brane topology, tertiary structure, gene expression profile, and
physiological roles of H*-PPase have been investigated in various
organisms (reviewed in Maeshima, 2000; Gaxiola et al., 2007).
In addition to acidification of vacuoles, H*-PPases play a key
role in the removal of excessive PPi from the cytoplasm (Ferjani
et al., 2011). Two types of H*-PPase, type | and type Il, have
been reported in various organisms (Drozdowicz and Rea,
2001). Type | H*-PPases require a relatively high concentration
of K+ for enzymatic activity, but the type Il enzymes do not. The
type Il H*-PPases exist in the Golgi apparatus and related
organelles, but in amounts <0.3% of those of the type | enzymes
(Segami et al., 2010). Therefore, the type | enzyme has been
predicted to be the key enzyme for vacuolar acidification as well
as H*-ATPase and PPi scavenger functions in plants.

The type | H*-PPase is predominantly localized in the tono-
plast (vacuolar membrane). However, localization of H*-PPase
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has also been reported in the plasma membrane (PM) of the
phloem companion cells, the cotyledons of pea (Pisum sativum)
and the leaves and roots of Arabidopsis thaliana (Robinson et al.,
1996; Langhans et al., 2001; Li et al., 2005; Paez-Valencia et al.,
2011). The vacuole is a huge organelle with morphological and
functional diversity in plant cells: examples include lytic
vacuoles, protein storage vacuoles, pigment storage vacuoles,
and the prevacuolar compartment (Martinoia et al., 2007). What
organelles contain H*-PPase? To understand the physiological
role of H*-PPase, knowing its localization in intracellular com-
partments, including vacuole-related organelles, is critical.

We examined the intracellular localization of H*-PPase in Arab-
idopsis by expressing the functional enzyme tagged with green
fluorescent protein (GFP). GFP, which is composed of 238 amino
acid residues, is a sensitive reporter used to detect the in-
tracellular localization of target proteins. The insertion or linkage
of this relatively large molecule may cause dysfunction of en-
zymes and other proteins. Therefore, attention has been paid to
avoiding artifacts from linkage with GFP. A problem in the visu-
alization of vacuolar proteins is that GFP fluorescence is reduced
under acidic conditions (Shaner et al., 2005). Moreover, a vacuo-
lar papain-type cysteine protease degrades blue light-excited
GFP in vacuoles (Tamura et al., 2003). To address these problems,
we prepared a functional H*-PPase in which GFP was inserted
into an internal, unconserved cytoplasmic loop, and expressed
the construct under the control of its own promoter.

In this study, GFP-linked H*-PPase was detected in the
membranes of the central vacuole in most cells and in the
membranes of a small spherical structure called the bulb in
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immature cells. Bulbs were discovered as membranous struc-
tures in the central vacuoles when the aquaporin y-TIP tagged
with GFP was expressed in Arabidopsis (Saito et al., 2002). The
word “bulb” has been used to describe fluorescent-labeled bulb-
like structure seen in confocal images. Subsequently, bulbs were
found in other plant tissues expressing GFP- and yellow fluores-
cent protein (YFP)-linked tonoplast proteins, such as aquaporins
(o-TIP and 3-TIP), SNAREs (membrane proteins mediating vesicle
fusion VAM3 and VTI11), and a phosphate transporter (PT1) (Saito
et al., 2002, 2011a; Uemura et al., 2002; Escobar et al., 2003;
Hicks et al., 2004; Reisen et al., 2005; Hunter et al., 2007; Beebo
et al., 2009; Gattolin et al., 2009).

GFP has a tendency to form dimers (Yang et al., 1996;
Zacharias et al., 2002). We thus carefully quantified the ex-
pression level of GFP-linked H*-PPase and its correlation with
the appearance of bulbs and found that GFPs tagged to mem-
brane intrinsic proteins, and not only H*-PPase, tend to adhere
to the surface of neighboring vacuoles and to cause bulb for-
mation. We prepared a monomer-type GFP by a single amino
acid substitution and inserted it into the cytoplasmic loop of
H+-PPase. There were no bulbs in the cells of plants expressing
this construct. Here, we show evidence for the artifactual formation
of bulbs and discuss a potential biochemical mechanism for this
formation. These results will be useful in studies of cells using GFP.

We determined the intracellular localization of the enzyme at
various growth stages by expressing monomeric GFP-linked
H+-PPase with enzymatic function under the control of its own
promoter. In these plants, intensive accumulation of H*-PPase
was observed not only in dividing and elongating cells but also
in mesophyll, phloem, and nectary cells. We discuss the high
accumulation of the enzyme, taking into consideration the sugar
content in those tissues. Furthermore, intravacuolar spherical
structures (IVSPs) with double membranes, which were different
from bulbs in fluorescence intensity and space between the
membranes, were detected in various tissues, such as periph-
eral endosperm, pistil epidermis, and hypocotyl. An intravacuolar
sheet-like structure and its transformation to the IVSP were also
detected. We discuss these dynamic morphological changes in
vacuoles and tonoplasts.

RESULTS

Construction of Functional GFP-Tagged H*-PPase

Both the N- and C-terminal regions of plant type | H*-PPase
(hereafter referred to as H+*-PPase, VHP1) face the vacuolar lu-
men (Figure 1A; Mimura et al., 2004; Lin et al., 2012). Generally,
GFP localization to the vacuolar lumen is thought to be un-
favorable (Tamura et al., 2003). Linkage of a large soluble protein
like GFP may affect the translation or folding of membrane
proteins in the endoplasmic reticulum (ER). Indeed, when we
added GFP to the N or C terminus of H*-PPase, we did not
detect fluorescence in the tonoplasts of over 50 individual
transgenic plants of each construct, whereas ER-like structures
with green fluorescence were detected in a few cases. We in-
ferred that the addition of GFP to the N and C termini caused
misfolding and mislocalization.
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Figure 1. Construction of VHP1-GFP.

(A) Membrane topology of Vigna radiata H*-PPase (VHP1) on the basis of
3D structure (Lin et al., 2012). The insertion site of sGFP is marked by
a red arrowhead. The undetermined region in loop A is shown by a bro-
ken line. The inner six transmembrane domains (TMs) and outer 10 TMs
in the 3D structure of VHP1 are shown as green and yellow cylinders,
respectively. Four a-helices and two B-strands of the TMs are marked as
« and B, respectively.

(B) Schematic model of a VHP1-GFP construct. Exons and introns are
respectively shown as wide red squares and narrow dark-blue squares.
sGFP with a [Gly,Ser],, a flexible linker, was inserted at position +132 of
VHP1. Nucleotides —1809 to +3071 of the VHP1 gene were subcloned
from genomic DNA, and sGFP was inserted into the +132 bp position.
(C) Sequence alignment of loop A. The region of V. radiata VHP1 not
determined by crystallography is marked by a blue-dotted-line box. The
alignment was generated with the Mafft program (Katoh et al., 2002).

We next tried to insert GFP into the cytoplasmic loop of
H*+-PPase. To select a suitable site for GFP insertion, we compared
the primary sequences of various H*-PPases. The unconserved
region is not essential for enzyme function and is a good candidate
for insertion of an exogenous sequence. Among the cytoplasmic
loops, the first loop (loop A) is unique to each H*-PPase (Figure
1C). Furthermore, crystallography did not allow the structure of
loop A of VI'VHP1 to be determined, indicating relatively high
flexibility (Lin et al., 2012). Thus, we inserted sGFP (Niwa et al.,
1999) into loop A between Gly-44 and Ala-45 of the enzyme
(hereafter referred to as VHP1-GFP) (Figure 1B). A 10-residue linker
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(Gly,Ser],) was added to the N terminus of sGFP to maintain
structural flexibility between sGFP and H*-PPase based on a pre-
vious report (Lewis et al., 2003).

This construct was used to transform the wild type (Columbia-0)
and an H*-PPase loss-of-function mutant vhp7-1 (Ferjani et al.,
2011) under the control of the Arabidopsis VHP1 promoter. We
obtained several transgenic lines that expressed VHP1-GFP at
various levels in the background of the wild type (WA lines) and
vhp1-1 (VA lines). The PPi hydrolysis activity and the amount
of H*-PPase in crude membranes prepared from transgenic
seedlings were increased compared with the wild type (Figures
2A to 2D). This indicates that VHP1-GFP expressed in plants
shows normal PPi hydrolysis activity. In terms of proton pump
function, a tonoplast enriched fraction prepared from suspension-
cultured cells of the vA-12 line showed PPi dependent H*-pumping
activity (Supplemental Figure 1).

Cotyledons of vhp1-1 mutant are rectangular, which is caused
by the accumulation of PPi (Ferjani et al., 2011). This phenotypic
property of vhp1 was complemented by transformation with VHP1-
GFP (Supplemental Figure 2), suggesting that the introduced
VHP1-GFP is functional.

To examine the intracellular localization of VHP1-GFP, we
centrifuged crude membranes from the VHP1-GFP/wild type
plants on sucrose density gradients. The distribution of VHP1-
GFP protein was the same as that of endogenous H*-PPase and
of tonoplast aquaporin y-TIP (Figure 2E). Thus, we considered
VHP1-GFP as a suitable reporter of the tonoplast with regards to
enzyme activity, expression level, and intracellular localization.

VHP1-GFP Is Localized to the Central Vacuole and
So-Called Bulbs

GFP-tagged H*-PPase, VHP1-GFP, in wA and VA lines was
detected in the tonoplast and also in spherical structures inside
the tonoplast by confocal laser scanning microscopy (CLSM)
(Figures 3A to 3C). Considering the size, morphology, and lo-
calization, we assumed that these spherical structures were
bulbs, which have been reported as a differentiated membrane
structure in the subregion of the tonoplast from studies on the
GFP-linked tonoplast markers y-TIP and Vam3 (Saito et al,,
2002, 2011a). Bulbs have been considered to be double mem-
brane structures in the central vacuole because of their higher
fluorescence intensity. In VHP1-GFP plants, the fluorescence
ratio of the spherical structures to the tonoplast was more than
3.0 and reached 5.2 in some cases (Figure 3D). These properties
indicate that the observed structures are bulbs.

Formation of the Bulb Depends on the Expression Level
of VHP1-GFP

Young growing tissues such as the elongating region (hook) of
hypocotyls have more H*-PPase than mature tissues of mung
bean (Nakanishi and Maeshima, 1998). In comparison with
vacuolar H+*-ATPase, H*-PPase is the major vacuolar proton
pump in dividing and expanding cells, which have a high PPi
content (Maeshima, 1990). As estimated, the hook region of
hypocotyls and the root tip region in Arabidopsis seedlings
showed stronger fluorescence than the corresponding mature
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Figure 2. Biochemical Properties of VHP1-GFP-Expressing Lines.

Crude membrane fractions (100,000g precipitate) prepared from 9-d-old
seedlings of eight lines, vhp1-1, wild type (WT), three VHP1-GFP lines
inserted into the wild type, and three VHP1-GFP lines inserted into vhp1-1
were assayed.

(A) PPi hydrolysis activity.

(B) Relative protein content of VHP1 and VHP1-GFP determined by
immunoblotting. The amount of VHP1 in the wild type was regarded as
100%. Bars indicate sp from three independent experiments ([A] and
[B).

(C) An immunoblot with anti-H*-PPase antibody. Open and closed tri-
angles indicate the position of VHP1 and VHP1-GFP, respectively.

(D) Silver-stained image of the crude membrane fractions (1.0 wg) after
SDS-PAGE. VHP1 and VHP1-GFP are marked by open and closed tri-
angles, respectively.

(E) Distribution of VHP1-GFP in sucrose density gradient centrifugation.
Crude membrane fractions prepared from intact 3-week-old plants of
wA-A6 (VHP1-GFP/wild type) were applied to a sucrose gradient (20 to
40%, w/w). After centrifugation for 18 h, the gradient was fractionated
and the concentration of sucrose in each fraction determined. Distribu-
tion of H*-PPase, y-TIP (tonoplast aquaporin), PIP2s (PM aquaporins),
and Bip (ER luminal protein) was determined by immunoblotting with
specific antibodies. VHP1-GFP was cofractionated with endogenous
H+-PPase and a tonoplast marker, y-TIP.
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Figure 3. Localization of VHP1-GFP in Membranes of Vacuoles and
Bulbs.

(A) A leaf mesophyll cell of the wA-A6 line observed by CLSM. Extra-
cellular air space was filled with water to avoid laser scattering. Two
bulbs are shown in a central vacuole.

(B) Merged image of GFP (green) and chloroplast autofluorescence
(magenta).

(C) Epidermal cell (abaxial) of a 4-DAG cotyledon of the wA-AB line.
(D) Fluorescence intensity of bulbs and the tonoplast (TP) from (C). Bars
indicate sp calculated from intensities of traced pixels.

regions of hypocotyls and roots (Supplemental Figure 3).
These young cells had many bulbs, but no bulbs were ob-
served in tissues with low VHP1-GFP content. Since H*-PPase
is the major component of the tonoplast (Maeshima, 2001),
the accumulation of excess VHP1-GFP may affect vacuolar
morphology.

To investigate the correlation between VHP1-GFP levels and
bulb formation, we determined the fluorescence levels in several
transgenic lines of both wild-type and vhp7-1 backgrounds
(Figures 2A to 2D) and compared the numbers of bulbs in
elongating root cells along a 20- to 40-pm region of the longi-
tudinal axis. In this experiment, we analyzed bulbs that had 3
times greater fluorescence than the normal tonoplast and
excluded dividing cells with clustered small vacuoles because of
their structural complexity. Bulb formation was positively
correlated with the expression of VHP1-GFP (Figures 4A to 4G).
Line wA-D6, which showed high expression of VHP1-GFP, had
many bulbs compared with wA-A6 and wA-C9, which showed
medium and low expression of VHP1-GFP, respectively.
Furthermore, it is notable that the endogenous VHP1 level did
not affect bulb formation. The vA-12 line expressed VHP1-GFP
at a moderate level and formed bulbs even though the line had
no endogenous VHP1 (Figures 2B and 4B). Thus, we concluded
that bulb formation was due to higher expression of VHP1-GFP.

Dynamics of Vacuoles and H*-PPase 3419

To confirm our findings, we visualized vacuoles and their re-
lated compartments in the wild type by staining with FM4-64
and compared the images with those of transgenic plants
expressing VHP1-GFP and 35SP™:GFP-Vam3 (Uemura et al.,
2002). Bulbs stained with FM4-64 were detected in the root
elongation zone of line wA-A6 expressing VHP1-GFP (Figures
4H to 4J). However, there were no bulbs in the equivalent region
of the wild type (Figure 4K). In the 35SP°:GFP-Vama3 lines, there
were many bulbs in the lateral root caps (Supplemental Figures
4A to 4G), whereas the wild type had no bulbs.

Moreover, we crossed the wA-A6 line (GFP) with the Vam3rro:
mRFP-Vam3 line (Uemura et al., 2010) to generate plants with
vacuoles with two-color fluorescence. The transgenic lines showed
bulbs both with high green fluorescence of VHP1-GFP and weak
purple fluorescence of mRFP-Vam3 (Supplemental Figures 4H
to 4J). This result indicates that VHP1-GFP was more highly
concentrated in the bulbs than mRFP-Vam3 and suggests that
the accumulation of the membrane-anchored GFP in the cells
caused bulb formation.

Dimerization of GFP Causes the Formation of Bulbs

At high concentrations, GFP from the jellyfish Aequorea victoria
tends to form anti-parallel dimers (Yang et al., 1996). Also, pairs of
GFP derivatives, such as cyan fluorescent protein (CFP) and YFP,
have been reported to cause an artifactual fluorescence resonance
energy transfer reaction on membranes (Zacharias et al., 2002). We
suspected that one VHP1-GFP interacts via the GFP moiety with
a second molecule in a closely apposed tonoplast. Cotyledons
of wA-A6 2 d after germination (DAG) had several flat, adhering
membranes with high fluorescence (Figure 5D). Flat, adhering
double membranes were also observed in lines showing low
expression of VHP1-GFP, such as wA-C9 (Figure 5G). In any
case, the contact regions showed high fluorescence. In 4-DAG
cotyledons of wA-A6 (Figure 5E), spherical bulb structures
appeared instead of flat, adhering membranes. Therefore, the
flat double-adhered membranes in 2-DAG cotyledons may be
precursors of the bulbs found in 4 DAG. Flat, adhering double
membranes were also detected in the root tips of wA-A6. Using
time-lapse imaging, we observed the fusion of two vacuoles
and how the adhering membranes were folded into the vacuolar
lumen (Figure 6; Supplemental Movie 1). This may be the initial
stage of bulb formation.

To directly test whether bulb formation is caused by GFP di-
merization, we used a GFP that does not form a dimer. We
exchanged Ala-206 of GFP, which corresponds to Ala-207 of
sGFP (Niwa et al. 1999), with a lysine residue (A206K) in the
VHP1-GFP construct to prevent dimer formation (Zacharias et al.,
2002), and transformed the VHP1-monomeric GFP (mGFP) con-
struct into wild-type plants to obtain wM lines. Although the wM-A9
line expressed VHP1-mGFP at the same level as the wA-A6 line
(Figures 5J to 5L), no bulbs were detected in the cotyledon epi-
dermis (Figures 5A to 5C) or in the root elongation zone (Figure
5M). This result demonstrated that bulbs are not formed when
GFP is not dimerized.

Conventional CLSM cannot distinguish the two layers of two
adhered tonoplasts, which have a thickness of 10 to 20 nm,
because the resolution of optical microscopy is ~200 nm (van
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Figure 4. Induction of Bulbs by Accumulation of Membrane-Anchored GFP.

(A) to (F) CLSM images of VHP1-GFP (green) and propidium iodide (magenta) of the root elongation zone of 5-DAG seedlings. Plant lines used for each
experiment are described by line number. Different lines (vA-19, vA-12, vA-14, wA-C6, wA-A6, and wA-D6) were examined. Pl labeled cell wall. vA,
vhp1-1 background; wA, wild-type background.

(G) Number of bulbs in each cell. Spherical structures for which fluorescence was 3 times greater than the tonoplast were counted as bulbs. Root cells
with a longitudinal length of 20 to 40 wm were assayed. Bars indicate se from 69 samples each. The same letter indicates no significant difference at
P > 0.05. Asterisk indicates significant difference at **P <0.001 or **P < 0.0001. Statistical analyses were performed using Steel-Dwass tests.

(H) to (K) FM4-64-stained bulbs formed in VHP1-GFP-expressing plants. FM4-64 was used to label plasma membrane and endosomes. Seedlings at 8 DAG
were stained with endocytosis tracer FM4-64 for 2 h, washed, and then incubated for 4 h. The elongation zone of the primary root was analyzed by CLSM.
(H) to (J) Line wA-AB. In addition to the tonoplast, bulbs (arrows) were also stained with FM4-64 (magenta).

(K) A photograph of a wild-type root stained with FM4-64. There were no bulbs even though the tonoplast was clearly stained. The left side of the
photograph corresponds to the root tip.

Putten et al., 2011). Thus, we analyzed the detailed ultrastructure of difference was due to the space between the membranes, not to
the bulbs by transmission electron microscopy (TEM). TEM images the thickness of the membrane itself. In other words, the mem-
showed small IVSPs in the wild type, wA-A6, and vA-12. However, branes adhered more tightly in the bulbs. Therefore, the structures
the thickness of double membranes observed in wA-A6 and vA-12 observed in the wild type are different from the bulbs detected in
was ~70% of those in the wild type (Supplemental Figure 5). The wA-AB and vA-12 given the thickness of the double membrane.
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Figure 5. Changes in Bulbs during Maturation of Cells Expressing VHP1
Linked with Dimeric GFP and Disappearance of Bulbs in Cells Expressing
VHP1 Linked with Monomeric GFP.

(A) to (I) To investigate morphological change in tonoplast, CLSM im-
ages of cotyledon epidermal cells (abaxial side) at three growth stages, 2,
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In addition to the TEM images of the wild type (Supplemental
Figure 5), IVSPs were observed in wM-A9 (VHP1-mGFP) cotyle-
dons by CLSM (Figures 5C and 50). The fluorescence intensity of
the IVSP was just twice that of a single, normal tonoplast (Figures
50 and 5P). On the other hand, bulbs detected in wA-A6 and wA-
C9 (VHP1-GFP) showed a fluorescence intensity 3- to 5.4-fold
that of a single tonoplast (Figures 3C and 3D). These results
suggest that the IVSPs detected in the wild type by TEM and in
wM-A9 are different from the bulbs in VHP1-GFP lines such as
wA-A6 and VA-12.

Conditions for Tonoplast Adjacency and GFP Dimerization

The results suggest that bulbs are an artifactual structure
caused by GFP-GFP antiparallel dimerization as shown in our
schematic model (Figure 7). However, it has been speculated
that GFP dimerization rarely occurs on the tonoplast because
plant vacuoles reportedly are surrounded by actin filaments
(Higaki et al., 2006). Therefore, GFP dimerization may not initiate
the membrane adjacency but just stabilize membrane adhesion.
GFP dimerization might occur under a specific conditions when
two membranes are tightly adjacent, e.g., under the conditions
of vacuolar fusion. To examine spatiotemporal points of the
membrane adjacency and GFP dimerization, we observed the
peripheral endosperm cells, which surround the embryo, of
water soaked seeds and ovules by CLSM.

During seed germination, small vacuoles are fused and trans-
formed to a giant central vacuole in each cell. In contrast, during
seed formation, small vacuoles are kept separate and unfused.
We compared both the conditions of maturation and germination
of seeds. In peripheral endosperm of seeds of wA-A6, which were
imbibed for 4 to 5 h, vacuoles had already bound to each other
(Figure 8D) and the most of the cytosolic space was excluded
from the membrane-adhered regions. Furthermore, formation of
vacuole clusters in the cells also indicated the tight adherence of
tonoplasts (Figure 8F; cell space is marked by dotted lines). In
contrast, there were many small vacuoles, which were adjacent
but not adhering, in cells of wM-A9 (Figure 8A). Furthermore, in
ovules of fruits of wA-A6 12 d after flowering (DAF), vacuoles
had already bound to neighboring ones (Figure 8H), whereas

4, and 7 DAG, are shown. The appearance of bulbs was compared be-
tween transgenic lines expressing monomeric GFP (WM-A9, a middle
expression line, [A] to [C]) and regular dimeric GFP (WA-AB, a middle
expression line, [D] to [FI; wA-C9, a low expression line, [G] to [I]).
Bars = 10 pm.

(J) Immunoblot and silver-stained gel of crude membrane fractions from
wM-A9 and wA-AB.

(K) Relative amounts of VHP1 (white boxes) and VHP1-GFP (gray boxes)
in wM-A9 and wA-A6 determined by immunoblotting.

(L) PPi hydrolysis activity detected in the crude membranes of wM-A9
and wA-AB. Bars indicate sp from three independent experiments.

(M) CLSM image of mGFP and propidium iodide (magenta, cell wall) of
the wM-A9 root elongation zone corresponding to the region shown in
Figures 4A to 4F.

(O) IVSPs (arrowheads) found in a wM-A9 cotyledon epidermal cell.

(P) Relative fluorescence intensities of the IVSPs (shown by arrowheads
1 and 2 in [O]) and tonoplast (TP). Bars indicate sb calculated from in-
tensities of traced pixels.
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Figure 6. Adhering Membranes Were Folded into the Vacuolar Lumen
during Vacuolar Fusion in a wA-A6 Root Tip.

Root tip of VHP1-GFP seedlings (WwA-A6) was observed by CLSM.
Sheet-like double-membranes (0 s; top panel) were invaginated into the
vacuole and then a bulb was observed at 95 s (bottom panel). Pictures in
the middle indicate the change of the double membrane to a bulb. For
details, see Supplemental Movie 1.

many small vacuoles in wM-A9 kept their spherical shape
(Figure 8G). These ovules in maturating seeds were at the stage
of predormancy. Therefore, we should note that bulbs could be
formed independently of vacuole fusion, as observed in maturing
seeds.

Time-Lapse Imaging of Formation and Disappearance
of IVSP

As demonstrated above, the IVSPs observed in the wild type
(Supplemental Figure 5) and wM-A9 expressing VHP1-mGFP
(Figure 50) have a different structure from bulbs. However, the
physiological roles, formation and disappearance of the IVSPs in
cells are unclear.

Because of high expression of H*-PPase, which is a major
tonoplast protein that accounts for 10% of the total protein
(Maeshima 2001), the fluorescence of VHP-mGFP was notably
high compared with other protein components. This property is
helpful for advanced microscopy analysis, namely time-lapse 3D
imaging. Furthermore, peripheral endosperm cells of seeds highly
express VHP1 and maintain their size and positions. These prop-
erties of the cells allow time-lapse analysis of their morphology
for a relatively long period. To obtain 3D images of vacuoles in
peripheral endosperm cells of wM-A9 expressing VHP1-mGFP,
we performed four-dimensional analysis, which takes sequential
images of Z series, a stack of continuous optical sections through
Z axis, by rapid imaging (Figure 9).

Figure 9A (see also Supplemental Movie 2) shows the moment
of fusion of two vacuoles. Vacuole a was in contact repeatedly
with vacuole b via extension of part of the tonoplast (arrowhead).
Then, vacuole a interacted with vacuole ¢ and finally fused with
vacuole ¢ within 1 min (arrows). The results indicate the exis-
tence of an unknown system by which two vacuoles are pulled
and contacted to each other and that the contact is not enough
for vacuolar fusion. Thus, tight adhesion of tonoplasts and the
vacuolar fusion should be considered separately.

In Figure 9B (see also Supplemental Movie 2), at first, va-
cuoles d and e were in contact and formed a double membrane
with twice the fluorescent intensity of a single tonoplast. Then
the two vacuoles fused; however, the double membrane was
changed to a tube-like structure (arrows). Finally, the tube-like
structure was retransformed to a double membrane (arrow-
heads) and two vacuoles, d’ and e’, formed again. A schematic
model for this transformation is shown in Figure 9J. This ob-
servation suggests a reversible structural change between the
tube-like structure and the double-layered membrane.

Figure 9C (see also Supplemental Movie 2) shows the moment
of formation of an IVSP in an enfolding vacuole, f, into its neigh-
boring vacuole, g. Before formation of the IVSP, vacuoles f and g
were apparently closely attached; then, a part of vacuole f moved
to the membrane of vacuole g (arrowhead). Finally, vacuole f was
transformed into an IVSP in vacuole g (arrows). During the process,
partial membrane fusion might have occurred between vacuoles
f and g, based on the observed shrinkage of vacuole f.

Figure 9D (see also Supplemental Movie 3) shows the
moment of disappearance of an IVSP. Vacuole h, which included
an IVSP, was pulled toward the upper right. Then the IVSP (arrows)
was pushed out from vacuole h and transformed into a regular
vacuole with a single membrane. Figure 9K shows a schematic
model for retransition of an IVSP to a regular vacuole. Reversibility
of IVSP formation was not detected in the case of bulbs, which
appeared in plants expressing VHP1 linked with regular GFP.

We observed vacuoles in other tissues and found complex,
invaginated vacuoles containing many large IVSPs in epidermal
cells of pistils taken from open flowers of the wM-A9 line (Figure
9F). For comparison of IVSPs with bulbs, we observed the
corresponding cells in wA-A6 (Figure 9G). The bulbs observed in
wA-A6 were markedly smaller than the IVSPs in wM-A9,
suggesting a difference in their morphology and mechanism of
formation. Moreover, wA-A6 had spherical central vacuoles
surrounded by a relatively large cytoplasmic space and showed
no intravacuolar strands or structure except for small bulbs.
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These observations suggest that adhesion of tonoplasts through
GFP dimerization inhibits the normal dynamic morphological
changes of vacuoles.

4D analysis of pistil epidermis of the wM-A9 line showed
moments when both an intravacuolar sheet was changed to an
IVSP (Figure 9H, arrows; Supplemental Movie 4) and when an
IVSP was changed to the sheet-like structure (Figure 9, arrows;
Supplemental Movie 4). The IVSPs detected in pistils may be
derived from the intravacuolar sheets. During morphological
change of a pistil IVSP (Figure 9I, arrowhead), a pore was gen-
erated in the IVSP and then extended in size. As a result, the
IVSP changed into a sheet-like structure. Similar pores were
observed in intravacuolar sheets, especially in hypocotyl cells,
which had complex invaginated vacuoles and IVSPs, as well as
pistil epidermis (Supplemental Figure 6 and Supplemental Movie
5). In these cells, the pores were expanded and changed from
intravacuolar sheets to transvacuolar strands (Supplemental
Figure 6 and Supplemental Movie 5). Therefore, the membrane
fusion system may function in the formation of pores and
change the dynamics of intravascular sheets.

VHP1 Is Specifically Localized in Tonoplast under
Physiological Conditions but Missorted to the PM When
Artificially Highly Expressed

H+-PPase has been reported to be localized in the PM in a few,
restricted tissues (Robinson et al., 1996; Li et al., 2005). In addi-
tion to a strong fluorescent signal in the tonoplast, weak fluo-
rescence was detected in the PM in VHP1-GFP and VHP-mGFP
plants when observed by CLSM at high sensitivity. We compared
images of the root elongation zones among three VHP1-mGFP
lines with different expression levels (Supplemental Figure 7).
In wM-B3, which expressed VHP1-mGFP at low levels, fluo-
rescence could not be detected in the PM. On the other hand,
clear fluorescence was detected in the PM in the highest ex-
pression line wM-A1. These results indicate that H*-PPase is
localized only to the tonoplast and that excessive expression
of VHP1-mGFP causes mislocalization of part of the protein to
the PM.

Phe-223 of its partner GFP by a hydrophobic bond (Yang et al.,
1996).

(B) In VHP1-mGFP-expressing cells, the positive charge and steric hin-
drance of the Lys-206 side chain completely block GFP dimerization. As
a result, adjacent tonoplasts are kept at a proper distance from each other.
(C) Schematic model of tonoplast adhesion via VHP1-GFP dimerization.
H+-PPase exists as a dimer as shown by Lin et al. (2012) (PDB ID: 4A01;
Vigna radiata VHP1). The dimeric structure of GFP is taken from PDB ID:
1GFL (Yang et al., 1996). Modeling of the molecular structure of the
dimeric form of VHP1-GFP was made with UCSF Chimera software (a
visualization system for exploratory research and analysis; www.cgl.
ucsf.edu/chimera/download.html). Ala-206 of GFP interacts with Phe-223
in another GFP by a hydrophobic bond, and a homotypic dimer is formed.
Total thickness of the double tonoplast is estimated to be around 20 nm
when the region of the [Gly,Ser,] stacked linker is a few nanometers.
This value is comparable to the thickness shown in Supplemental
Figure 5J.
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Peripheral endosperm in 4-5 hours imbibed seed
wM-A9
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Figure 8. GFP Dimerization Occurring before Seed Maturation in Pe-
ripheral Endosperm.

CLSM images of peripheral endosperm were observed in seeds imbibed
with water for 4 to 5 h for wM-A9 ([A] to [C]) or wA-A6 ([D] to [F]) and
immature seed in 12-DAF fruit of wM-A9 (G) and wA-A6 (H).

Analysis of Vacuolar Morphology and Accumulation of
H*-PPase Using VHP1-mGFP

In this study, the expression of VHP1-mGFP was controlled under
the VHP1’s own promoter (Figure 1B), which reflects the normal
tissue specificity and expression of VHP1. To identify the mor-
phology of native vacuoles and the accumulation of VHP1 under
physiological conditions, we observed various tissues of the
VHP1-mGFP expressing lines by CLSM. CLSM has advantages
over other analytical methods because it allows temporal and
spatial information on the intracellular localization and the accu-
mulation pattern of target proteins in living cells to be obtained.

To quantitatively compare the fluorescence intensity among
various organs, images obtained by CLSM were acquired under

two conditions: condition a for tissues with weak fluorescence
and condition B for that with strong fluorescence. The difference
between these conditions was only in the voltage of the pho-
tomultiplier tubes, which affected efficiency of photon sensing
(condition «, 546 V; condition 3, 441 V).

H+-PPase has been shown to be a major proton pump in di-
viding and expanding cells because of the high content of PPi
in these cells derived from active synthesis of nucleic acids,
proteins, and cell wall components based on observation of
etiolated hypocotyls (Supplemental Figure 3; Nakanishi and
Maeshima 1998). Similarly, high expression of VHP1 was ob-
served in the root tip and root elongation zone (Figures 10A and
10B). Interestingly, stem cells, including the quiescent center,
and the first and second cell layers of the columella, which exists
in the deep portion of the root tip and has low dividing activity
compared with surrounding cells (Dolan et al., 1993), had
significantly low fluorescence despite using thin 3-DAG roots
(Figure 10F). Similar results were obtained using two-photon
excitation microscopy, which is excellent for analysis of deep
cells, except for obtaining weak but reliable signals of vacuoles
in stem cells (Figure 10E). Furthermore, the fluorescence in-
tensity in the vascular bundle increased after secondary growth
(Figures 10G to 10Il). We found several IVSPs in TEM images of
wild-type root tips (Supplemental Figures 5A to 5C). However, it
was difficult to distinguish IVSPs from small vacuoles in root tips
and the root elongation zone by CLSM because of the com-
plexity of vacuolar shape in these cells (Figures 10D to 10F).

In petals just after flowering, elongating cells positioned in the
middle part of the petal showed strong fluorescence that was
twice that in cells of the upper part (Figures 10J to 10L). These
observations support the hypothesis that VHP1 expression is
correlated with PPi production in plants.

Furthermore, we found a different pattern of VHP1-mGFP
accumulation, which may be independent of cell growth. In root
vascular bundles before secondary growth, only the phloem
companion cells had strong fluorescence (Figures 10H and 10lI).
Vacuoles in the companion cells showed a relatively complex
shape and several bright points, which might be IVSPs. Simi-
larly, petal and leaf veins showed notably high fluorescence of
VHP1-mGFP (Figures 10N and 100), suggesting that H*-PPase
activity is involved in the function of phloem.

Leaf mesophyll cells are covered by nonphotosynthetic epi-
dermal cells. The tonoplast of mesophyll cells showed more
than twice the fluorescence of epidermal cells on both the ad-
axial side (Figure 10M) and abaxial side (Figure 11).

One of the brightest tissues examined was the nectary, which
secretes nectar for attraction of pollinators. Arabidopsis has
lateral and median nectaries (Figures 10R and 10S). Both nec-
taries gave significantly strong fluorescence. Another tissue,
which had a funicle, a bridge between the growing ovule and
mother body, also had extremely high fluorescence (Figures 10P
and 10Q).

When relative intensity of fluorescence in the tonoplast was
compared among various tissues (Figure 11), the values in
mesophyll, phloem, nectary and funicle cells as well as growing
cells, such as elongating root cells, were higher. These tissues,
such as phloem and nectaries, have the common property of
providing sugars.
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DISCUSSION

Construction of Functional VHP1-GFP

Visualization of proteins has enabled detailed studies in cell
biology. In particular, expression of GFP-linked proteins allows
their real-time monitoring in living cells and tissues. However,
artifactual effects of GFP may be seen in cells. For example,
linkage of a large molecule such as GFP may cause dysfunc-
tion of enzymes and mislocalization of proteins.

In this study, we prepared a functional H*-PPase linked with
GFP and expressed it under the control of the VHP1 promoter.
VHP1-GFP displayed normal PPi-hydrolysis and proton pump
Supplemental Figure 1). By the introduction of H*-PPase-GFP,
the phenotypic properties of vhp1 or fugu5, which has cotyle-
dons more rectangular than the wild type (Ferjani et al., 2011),
were recovered (Supplemental Figure 2). Cytoplasmic loop A,
which was the site of GFP insertion, is the most heterogeneous
region of the eight cytoplasmic loops, and its 3D structure has
not been determined, indicating that loop A does not have
a fixed structure. Loop A has four characteristic residues, serine,
glutamic acid, glutamine, and glycine, which are abundant in
intrinsically disordered proteins (Uversky and Dunker, 2010). The
structural flexibility of loop A probably permits the insertion of
GFP without causing dysfunction of H*-PPase, although the
biochemical function of loop A is unknown.

GFP Dimerization Triggers Artifactual Adhesion of
Tonoplasts and Formation of Bulbs

Bulbs were found in VHP1-GFP-expressing plants. This study
revealed that the bulb is an artifactual structure caused by di-
merization of GFP. First, the formation of bulbs positively cor-
related with the amount of VHP1-GFP protein, but not that of
endogenous H*-PPase (Figure 4). Second, the number of bulbs
also increased in plants expressing another tonoplast marker
linked with GFP (GFP-Vam3; Uemura et al., 2002; Saito et al.,
2011a) compared with the wild type (Supplemental Figure 4).
Third, no bulbs formed in plants expressing H*-PPase tagged
with the monomeric GFP (VHP1-mGFP) (Figure 5). It is known that
GFP has the capacity to form a homodimer by intermolecular
hydrophobic and hydrophilic bonds, e.g., between Ala-206 and

Phe-223 (Yang et al., 1996). A homotypic interaction of GFPs
tagged to H*-PPase is shown in Figure 7C. Considering their 3D
structure, two GFPs on the same membrane cannot interact with
each other. However, two GFPs immobilized on tonoplast sur-
faces that face each other can form a dimer (Figure 7). This may
trigger the adherence of the two membranes. In other words, GFP
can link to the membrane protein like a hook-and-loop fastener to
connect the membranes.

As for the tissue specificity of the bulbs, numerous bulbs were
detected in the root elongation zone, cotyledons, and hook of
etiolated hypocotyls of VHP1-GFP seedlings (Figures 4 and 5;
Supplemental Figure 3B). In epidermal cells of 2-DAG cotyle-
dons (Figure 5D) and peripheral endosperm cells of immature
and water imbibed seeds (Figures 8D and 8H), there were sheet-
like structures with high fluorescence at the regions of contact of
two vacuoles. In root tips, flat, adhering double-membranes
were invaginated into the vacuole and became a bulb (Figure 6).
These findings suggest that the primary structure of the bulb is
generated by artifactual adhesion of tonoplasts.

Dimerization of GFP is considered to be negligible in protein vi-
sualization experiments because of its relatively large dissociation
constant (K = 0.1 mM) (Zacharias et al., 2002). Nevertheless, neg-
ative effects of dimerization have been reported. In a fluorescence
resonance energy transfer assay for membrane proteins, the het-
erotypic dimerization of CFP and YFP gives a false positive signal
even though there is no interaction with the protein of interest
(Zacharias et al., 2002). Overexpression of membrane proteins linked
with GFP causes adhesion of peroxisomes, mitochondria, plastids,
or ER membranes individually via a weak homotypic interaction of
GFP (Lisenbee et al., 2003; Snapp et al., 2003). Based on our find-
ings, we recommend changing GFP and its derivatives to the
monomer type by a single amino acid substitution for more accurate
analyses of membrane proteins.

Like GFP, other fluorescent proteins may cause artifacts in
higher-order membrane structures such as formation of bulbs. A
bulb structure with high fluorescence was observed in cells
expressing TagRFP-Vam3 (Saito et al., 2011b). TagRFP is a
modified red fluorescent protein derived from the sea anemone
Entacmaea quadricolor (Merzlyak et al., 2007). TagRFP has
been reported to exist in monomer form based on gel filtration
and seminative gel electrophoresis at protein concentrations
up to 10 mg/mL (Merzlyak et al., 2007; Subach et al., 2010). In

Figure 9. (continued).

Peripheral endosperm in a water imbibed seed for 30 h ([A] to [D]) and epidermal cell of the pistil at 0 DAF ([E] and [F]) were observed by XYZT analysis.
Figures were constructed by projection of Z-stack images with a 0.47-um interval. Thickness of observed area: 1.41 um (four stacks) in (A) to (C), 1.88
wm (five stacks) in (D). All photographs were taken from the wM-A9 line except for (G) (WA-AB).

(A) Vacuolar fusion. Arrows indicate points of vacuole fusion.

(B) Tubular structure (arrows) derived from boundary face between two vacuoles.

(C) IVSP formation by invagination (arrows).
(D) IVSP disappearance. Arrows indicate IVSPs.
(E) 0-DAF pistil.

(F) and (G) Observed area is indicated by square located on the style. Pistil epidermal cell of wM-A9 (F). Pistil epidermal cell of wA-A6 (G).

(H) IVSP formation by sheet folding.
(I) IVSP disappearance. Arrows indicate IVSPs.

(J) Schematic model of dynamic transformation of vacuoles shown in (B).

(K) Schematic model of transformation of an IVSP to a regular small vacuole, as shown in (D).
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contrast, the crystal structure of TagRFP is tetrameric (Subach
et al., 2010). Thus, we should consider that bulbs formed in
cells expressing TagRFP-tagged membrane proteins are artifacts
formed by oligomerization of TagRFP, similarly to proteins tagged
with GFP.

GFP Dimerization Is Necessary but Not Sufficient for
Bulb Formation

We should note that GFP dimerization is one of the triggers but is
not sufficient for bulb formation. These results reveal that formation
of bulbs requires three conditions: (1) accumulation of a sufficient
amount of a tonoplast protein linked with GFP, (2) surface contact
between tonoplasts, and (3) conformational flexibility of GFP linked
to the membrane protein for dimerization. H*-PPase is the major
protein component of the tonoplast (Maeshima 2001) and satisfies
the requirement (1). Also, this study shows that VHP1-GFP, which
has a short flexible linker with 10 amino acid residues, has
dimerization capability.

Here, we consider requirement (2). Saito et al. (2011a) showed
that cells expressing Vam3r™:GFP-Vam3 or y-TIP-GFP have
many bulbs and that the number of bulbs was significantly de-
creased in a sgr2-1 or zig-1 background. Mutants sgr2-1 and
zig-1 lack stem gravitropism due to abnormal vacuolar dynamics
that inhibit amyloplast movement in endodermal cells (Morita
et al., 2002; Yano et al., 2003). The responsible gene of zig-1 is
Q,-SNARE VTI11, which encodes a subunit of a connecting
complex for membrane fusion. Furthermore, the phospholipase
lacking mutant sgr2 has the defects in physical properties of
tonoplasts. Therefore, activity of the SNARE complex and nor-
mal properties of tonoplasts might be necessary to form bulbs in
GFP-Vam3 plants. These reports and our observations suggest
that normal membrane-membrane interaction between two
facing tonoplasts under physiological conditions is essential for
bulb formation. In other words, the sgr2-1 and zig-1 mutants
might not satisfy requirement (2).

In a previous report, bulbs were not detected in embryos of
early water-imbibed seeds expressing GFP-Vam3 but appeared
during germination, when central vacuoles were developed (Saito
et al., 2011a). However, we detected primary structures of bulbs
even in seeds at the maturation stage, when protein bodies are
formed and vacuolar fusion does not occur (Figure 8H). Never-
theless, close contact of tonoplasts was observed in the maturing
seeds. Therefore, bulbs tend to be formed during vacuolar fusion
and at the moment of relatively stable contact of tonoplast sur-
faces when GFP-tagged tonoplast proteins are highly expressed.

Properties and Morphological Dynamics of IVSPs

IVSP were found by TEM in wild-type root tips (Supplemental
Figure 5) and in cotyledons (Saito et al., 2002). IVSPs were also
observed by CLSM in cotyledons (Figure 5C and 50), petal veins
(Figure 10N), funicles (Figure 10Q), peripheral endosperm (Fig-
ures 9C and 9D; Supplemental Movies 2 and 3), hypocotyls
(Supplemental Figure 7 and Supplemental Movie 5), and epi-
dermis of pistils (Figure 9F). The IVSPs detected by TEM and
CLSM were different from bulbs in terms of the thickness of the
double membrane (Supplemental Figure 5) and the intensity of
fluorescence (Figures 3D and 5P). The thickness of the double
membrane of IVSPs was thicker than that of bulbs and the
fluorescence intensity of the IVSP membrane was clearly weaker
than that of bulbs. The IVSPs and bulbs were found in the same
cells of the transgenic plants expressing VHP1-GFP and
Vam3rPo:mRFP-Vam3 (Supplemental Figures 4H to 4J). The
observation also strongly suggests that the IVSPs and bulbs
were independent structures.

Furthermore, this study clearly showed dynamic morpholog-
ical changes including transition of small vacuoles to IVSP, ex-
clusion of IVSPs from the host vacuole, and formation of IVSPs
from sheet-like structures (Figure 9). Furthermore, our CLSM
observations together with previous TEM observations (Saito
et al., 2002) revealed the existence of pores in the IVSPs, which

Figure 10. (continued).

(A) Heat map of a root.

(B) Bright field image of (A).

(C) Epidermal cells in root differentiation region.
(D) Epidermal cells in root elongation region.

(E) and (F) Root tip of 3-DAG seedling analyzed by two-photon microscopy (E) and CLSM (F).

(G) Root vascular bundle during secondary growth.

(H) and (I) Vascular bundle of young root. Arrows indicate phloem companion cells.

(J) Heat map of adaxial side of petal at 0 DAF.
(K) Epidermal cells of petal upper region.

(L) Epidermal cells of petal middle region.

(M) Adaxial side of rosette leaf.

(N) Abaxial side of petal, focused on vein.

(O) Abaxial side of rosette leaf. To obtain the vein image, the epidermal layer was peeled off.

(P) Ovule and funicle in 5-DAF fruit.
(Q) Ovule and funicle in 9-DAF fruit.

(R) Bottom of 0-DAF flower. Magnified figure of dashed square is shown at upper right.

(S) Basal region of a flower at 0 DAF.

All mGFP images were obtained by CLSM, except (E), which was obtained by two-photon microscopy. XZ image in (H), (), (M), and (N) was
constructed by Z stacking along the dashed line. (J), (P), and (R) are projection images of Z-stacks. Epi, epidermis; Me, mesophyll; Co, cortex; En,

endodermis; Cc, phloem companion cell.
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Figure 11. Relative Intensity per Tonoplast of VHP1-mGFP in wM-A9.

The intensities were extracted from CLSM images obtained under two conditions for observation (condition o or condition B; see Methods). Tissues
with weak and medium fluorescence were analyzed under the condition «, and the score readout from Fluoview software (Olympus) was defined as the
intensity of fluorescence (0 to 4095). Tissues with strong fluorescence were observed under the condition B. Intensity of fluorescence determined under
the both conditions was calculated using the same scale. Bars indicate se. Replication number of each experiment is shown at the left of organs’ name.

connect the lumen of IVSPs and their host vacuole. Appearance
of pores triggered the change of an IVSP to a sheet-like struc-
ture (Figure 9). Although the physiological relevance of the IVSPs
remains to be resolved, these observations suggest that they
are a transient structure of the vacuole and temporarily store
membrane components in elongating cells.

Internalization of boundary membrane was observed at the late
stage of vacuole fusion was observed in yeast cells (Wang et al.,
2002), in which subunit a of vacuolar H*-ATPase (Vph1p) and other
vacuolar membrane proteins were tagged with a regular GFP. The
internalized boundary membranes were estimated to be digested in
the vacuole after completion of vacuole fusion. It is unclear whether
these intravacuolar structures were spherical structures. This study
suggests that these intralumenal membranes found in yeast cells
are different from IVSPs because IVSPs are transformed into
transvacuolar strands and intravacuolar sheet-like structures.

Dynamics of Vacuoles under Normal Conditions Revealed
by VHP1-mGFP

This study on plants expressing VHP1-mGFP revealed the muilti-
faceted morphological dynamics of vacuoles in the peripheral
endosperm and pistil epidermis (Figure 9; Supplemental Movies 2
and 3), such as fusion of small vacuoles and subsequent trans-
formation of a single vacuole within 1 min (Figure 9A), reversible

changes between vacuoles and tube-like structures within 20 min
(Figure 9B), IVSP formation (Figure 9C), reformation of an IVSP to
a vacuole within 2 min (Figure 9D), transformation of intravacuolar
sheet to IVSP (Figure 9H), and transformation of an IVSP to an
intravacuolar sheet (Figure 9I). Considering these results, there
might be two mechanisms for formation of IVSPs. IVSPs formed by
invagination of neighboring vacuoles in the seed peripheral endo-
sperm and by swelling of intravacuolar sheet-like structures in pistil
epidermis. In root tip cells, the 35- to 43-nm double membrane in
the wild type was thicker than that of bulbs (Supplemental Figure 5),
with just twice the fluorescence intensity of a single tonoplast.
There must be an unknown biochemical mechanism to main-
tain the membrane thickness without GFP dimerization in
IVSPs, intravacuolar sheets, and intravacuolar tube-like struc-
ture. The intravacuolar tube-like structures (Figure 9B) might be
the transvacuolar strands observed even in the central vacuoles.
Transvacuolar strands are lined with actin filaments (Higaki
et al., 2006; Oda et al., 2009). Each strand is thought to be
created by invagination of a tonoplast groove (Higaki et al.,
2006) or by fission of an intravacuolar large membrane sheet
(Ruthardt et al., 2005) in tobacco (Nicotiana tabacum) BY-2
suspension cells. In Arabidopsis hypocotyls, we also observed
that several pores in the transvacuolar sheet were expanded and
then the sheet was transformed to a transvacuolar strand
(Supplemental Figure 6 and Supplemental Movie 5).
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In addition to the above morphological changes, this study
strongly suggests that the tube-like structures in vacuoles are
formed by a mechanism similar to that of the formation of
transvacuolar strands from intravacuolar sheets. Tube-like struc-
tures developed and eventually separated a single vacuole
into two smaller ones, much like a cell plate (Figure 9B). This
study revealed that IVSP is another temporal intravacuolar
structure in addition to intravacuolar sheets and transvacuolar
strands, in the peripheral endosperm, pistil epidermis, and hy-
pocotyl. These dynamic morphological changes of vacuoles
cannot be performed only by the tonoplast. Involvement of the
cytoskeleton is strongly speculated as reported previously
(Higaki et al., 2006; Oda et al., 2009). Further studies using
markers for both the tonoplast and actin should provide further
insight into the detailed mechanism behind these dynamics.

Marked Accumulation of H*-PPase in Specific Tissues

H+-PPase is the main proton pump of the tonoplast in growing
tissues, such as growing hypocotyls, which provide a large
quantity of PPi through macromolecule biosynthesis (Nakanishi
and Maeshima, 1998; Maeshima, 2000). This function was
clearly supported by observations that VHP1 was markedly ac-
cumulated in root tips, root vascular bundles during secondary
growth, growing hypocotyls, young cotyledons, and young petals
(Figure 10). In addition to these tissues, marked accumulation
of H*-PPase in funicles, nectaries, leaf mesophyll, and phloem
companion cells was clearly demonstrated. The loss-of-function
mutant of H*-PPase and its overexpressing plants should be in-
vestigated to shed light on the physiological significance of the
enzyme in these cells.

These tissues are rich in sucrose. The tissues with brightest
observed fluorescence were the funicle and nectary (Figures
10P to 10S). The main component of nectar in Arabidopsis is
hexose, which is derived from hydrolysis of sucrose by cell wall
invertase and degradation of temporarily stored starch in amy-
loplasts (Kram and Carter, 2009). Leaf mesophyll cells are the
major source of sucrose, which is produced by photosynthesis
or degradation of transiently stored starch. Phloem companion
cells are a key transport pathway of sucrose from the mesophyll
to sieve tubes. High expression of H*-PPase in the phloem
supports previous observations (Mitsuda et al., 2001; Yang et al.,
2007; Gaxiola et al., 2012). However, some groups reported that
H*-PPase is localized in the PM of the phloem companion cells
and either causes efflux of H* to the apoplast to energize a
sucrose/H* symporter or synthesizes PPi for glycolysis using
a proton gradient generated by the P-type H*-ATPase (Langhans
et al., 2001; Paez-Valencia et al., 2011; Gaxiola et al., 2012). This
was not confirmed in our observations, since most VHP1-mGFP
signals were detected in the tonoplast but not in the PM (Figures
10H, 10l, 10N, and 100). Thus, the physiological role of H*-PPase
in the PM should be considered.

The common role among the above tissues in which H*-PPase
markedly accumulated is to provide sugars, especially sucrose, to
neighboring cells. In metabolic pathways concerned with sucrose or
monosaccharide 1-phosphate, PPi is produced or hydrolyzed by
reversible reactions catalyzed by UDP-glucose pyrophosphorylase
(Park et al., 2010), UDP-sugar pyrophosphatase (Kotake et al.,

2007), and PPi-dependent phosphofructokinase (Mustroph et al.,
2007). Changes in PPi concentration are known to affect these
reactions in a specific direction. Indeed, loss of function of VHP1
caused inhibition of sucrose synthesis from storage oil in seedlings
(Ferjani et al., 2011), and heterologous expression of an Escherichia
coli soluble pyrophosphatase (PPase) in plants increased the
content of sugars, starch, and UDP-glucose (Sonnewald, 1992;
Geigenberger et al., 1998; Lee et al., 2005). Therefore, a higher
level of H*-PPase might be favorable for synthesis and/or storage
of sugars.

Interestingly, Lerchl et al. (1995) revealed that expression of
E. coli PPase under control of a phloem-specific promoter sup-
pressed transport of sucrose from source leaves to sink tissues
and stimulated accumulation of sucrose in the leaves. Moreover,
this phenotype was complemented by expression of yeast in-
vertase, which could generate glucose from sucrose for gly-
colysis. Glycolysis and subsequent oxidative phosphorylation
produces ATP for PM H*-ATPase, which energizes a sucrose/
H* cotransporter in the PM. Under physiological conditions, su-
crose in the companion cells is transported into the sieve ele-
ments and also used as a metabolic source for ATP production.
This phenomenon seems to be contradictory to high-level ex-
pression of H*-PPase in the companion cells. This difference may
be due to the difference in molecular activity between PPase and
H*-PPase because the molecular activity of PPase is 10-fold
higher that of the H*-PPase, although their K, values for PPi are
comparable (Nakanishi et al., 2003; Espiau et al., 2006). High
activity of E. coli PPase in the transformed companion cells may
cause PPi deficiency and suppress hydrolysis of sucrose. As
a result, ATP production, which is required for sucrose/H*
symport, may be strongly reduced. In the case of H*-PPase, its
moderate activity might be efficient for moderate reduction of
PPi in companion cells and for a sufficiently high level of sucrose
to export to the sieve elements.

In conclusion, the antiparallel dimerization of GFP tagged to
H+-PPase and other membrane intrinsic proteins triggers the
generation of artifactual bulbs in young plant cells in which GFP-
tagged proteins are highly expressed. This weak homodimerization
might have led to misinterpretation of the intracellular morphology
of the vacuole and related organelles. Finally, it should be noted
that spherical structures are also found in the vacuoles of wild-type
tissues, but their structure differed from that of the artifactual bulbs
in terms of fluorescence intensity and thickness of the double
membrane (Figures 5C and 50; Supplemental Figure 5). These
differences may indicate a difference in the mechanism of mem-
brane adhesion between bulbs and the spherical structures
in the wild type. The biological and chemical reasons for the
extremely high fluorescence intensity of the adhering membranes
remain to be resolved. IVSPs were found in wild-type and VHP1-
mGFP-expressing cells such as wM-A9. Although their physiolog-
ical relevance is unknown, this study strongly suggests reversible
transformation between IVSPs, intravacuolar sheet-like structures,
and transvacuolar strands. This study also unambiguously shows
that H*-PPase is specifically localized in the tonoplast under
physiological conditions but is mistargeted to the PM under con-
ditions of artificially high expression and that H+*-PPase is highly
accumulated in sucrose enriched tissues, such as the nectary and
funicle, in addition to growing tissues.
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METHODS

Plant Materials

Seeds of Arabidopsis thaliana (strain, Columbia 0) provided by the RIKEN
Bioresource Center were surface sterilized, placed in the dark at 4°C for
2 d, and then sown on half-strength MS-Gellan gum (0.5%; Wako Pure
Chemical) plates with 2.5 mM MES-KOH, pH 5.7, and 2% (w/v) sucrose.
Plates were incubated for 2 to 3 weeks at 21°C under long-day conditions
(16/8 h at 90 wmol m~2 s~ 7). For further analyses, plants were transferred
to soil in pots and grown in a greenhouse at 22°C under constant light. The
pots were irrigated twice a week with MGRL medium (Naito et al., 1994)
containing 1.75 mM sodium phosphate, pH 5.8, 1.5 mM MgSQO,, 2.0 MM Ca
(NOj), 3.0 mM KNO;, 12 uM Fe(lll)-EDTA, 30 uM H;BO;, 10.3 pM MnSO,,
1.0 uM ZnSO,, 1.0 uM CuSO,, 130 nM CoCl,, and 24 nM (NH,);Mo,0,,.

Preparation of Constructs of H*-PPase Tagged with GFP

For VHP1-GFP construction, the —1809 to +3071 region of VHP1 was
amplified from Arabidopsis (ecotype Columbia-0) genomic DNA using
KOD FX (Toyobo) with the pair of oligonucleotides, VHP1proFw and
VHP1Rv (all primer sequences are listed in Supplemental Table 1). The
amplified sequence was cloned into pENTR-D-TOPO (Invitrogen) and
its sequence was confirmed. The cloned VHP1 was cut by the inverse
PCR method using the following primers: Linker_alLoop1941_Rv and
GFP_alLoop1942_Fw. The open reading frame of sGFP was amplified
from CaMV35S-sGFP(S65T)-NOS3’ (Niwa et al., 1999) with the pair of
oligonucleotides, Linker_GFPM1A_Fw and GFPnonstop_Rv. These DNA
fragments were fused using a Clone EZ kit (GenScript). These sequences
were confirmed by DNA sequencing. The construct, pPENTR-VHP1-GFP,
was subcloned into the pGWB401 binary vector (Nakagawa et al., 2007)
using Gateway LR Clonase Il Enzyme Mix (Invitrogen).

The QuikChange site-directed mutagenesis kit (Stratagene) was used
to make VHP1-mGFP as previously described (Mimura et al., 2004).
pENTR-VHP1-GFP was mutated using primers sGFP454_A206K_Fw and
sGFP618+_A206K_Rv. The pENTR-VHP1-mGFP sequence was con-
firmed by DNA sequencing and then subcloned into the pGWB501 binary
vector (Nakagawa et al., 2007).

Generation of Transgenic Plants

Wild-type and vhp1-1 plants were transformed by Agrobacterium tumefaciens
strain C58C1 carrying the VHP1-(m)GFP binary vector by the floral dip method
(Clough and Bent, 1998). VHP1-(m)GFP transformants were grown on half-
strength MS-Gellan gum plates containing 0.2 mg mL~"' Cefotax (Chugai
Pharmaceutical). T1 transformants were selected by GFP fluorescence. All
transformants used in this study were single T-DNA inserted and homozy-
gous, selected by the segregation ratio of fluorescent pollen and seedlings.

SDS-PAGE and Immunoblotting

Proteins were separated by SDS-PAGE and transferred to an Immobilon-
P membrane (Millipore). After treatment with 1% ECL blocking agent (GE
Healthcare), the membrane filter was incubated with the primary antibody
(1:4000 dilution) and then with horseradish peroxidase-conjugated goat anti-
rabbit IgG (1:5000 dilution) (Zymed Laboratories). For H*-PPase detection, we
used an antibody to the substrate binding region of H*-PPase that was
prepared previously (Segami et al., 2010). The peptide-specific antibodies
against Raphanus sativus y-TIP (C+INQNGHEQLPTTDY) and PIP2s (MAKD-
VEAVSGEGFQTRDYQDP+C), and Arabidopsis Bip (SKDNKALGKLRRE+C)
were also prepared previously (Suga et al., 2001; Suga and Maeshima, 2004;
Segami et al., 2010). Chemiluminescent reagent ECL (GE Healthcare) was used
for detection of antigens. Chemiluminescence was detected with a Light-
Capture Il imaging device with a cooled CCD camera (Atto).
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Protein and Enzyme Assays

The protein content was quantified using a Bio-Rad protein assay kit. PPi
hydrolysis was measured at 30°C as described previously (Maeshima and
Yoshida, 1989). The assay medium for PPi hydrolysis activity contained
1 mM MgCl,, 1 mM Na,PPi, 1 mM Na,MoO,, 50 mM KClI, 30 mM Tris-MES,
pH 7.2, and 0.02% Triton X-100.

Subcellular Fractionation of Arabidopsis

A crude membrane fraction was prepared from Arabidopsis plants as
described previously (Kobae et al., 2004). Three-week-old plants were
homogenized at 4°C in a mortar and pestle in a 3X volume of homog-
enizing medium, which contained 0.25 M sorbitol, 50 mM Tris-acetate, pH
7.5, 1 mM EGTA-Tris, 1% polyvinylpyrrolidone, 2 mM DTT, and protease
inhibitor cocktail (1xX Complete, EDTA-free; Roche Applied Science). The
tissue homogenate was filtered and then centrifuged at 10,0009 for 10 min
at 4°C. The supernatant was centrifuged at 100,000g for 30 min at 4°C.
The pellet was suspended in 20 mM Tris-acetate, pH 7.5, 0.25 M sorbitol,
1 mM EGTA-Tris, 1 mM MgCl,, 2 mM DTT, and 1X protease inhibitor
cocktail and used as the crude membrane fraction.

For sucrose density gradient centrifugation, the crude membrane
suspension (2 mg protein, 0.3 mL) was layered on a sucrose density
gradient (10 mL of a gradient of 20 to 40% [w/w], 0.7 mL of 50% [w/w]
sucrose cushion), centrifuged at 25,000 rpm at 4°C for 18 h in a swinging-
bucket rotor (SW41Ti; Beckman Coulter), and collected in 0.42-mL
fractions. The sucrose solution consisted of 20 mM Tris-HCI, pH 7.5, 0.5
mM EGTA-Tris, 2 mM MgCl,, and protease inhibitor cocktail.

Microscopy

CLSM observations were conducted with an upright or inverted FV1000-D
confocal laser scanning microscope (Olympus). Excitation wavelength
and transmission range for emission were 473 nm/485 to 560 nm or 488
nm/500 to 560 nm for GFP and mGFP, 473 nm/617 to 717 nm for pro-
pidium iodide, 488 nm/635 to 680 nm for N-(3-triethylammoniumpropyl)-
4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibromide (FM4-64;
Invitrogen), 473 nm/660 to 720 nm for chlorophyll, and 559 nm/570 to 670
nm for mRFP. The images were obtained using Olympus Fluoview software
and a UPLSAPO60XW water immersion objective or UPLSAPO10X ob-
jective lens (Olympus). To quantify the amount of VHP1-mGFP in tissues,
CLSM parameters were fixed under two conditions as described below:
3% of 473-nm laser transmissivity, 546 V (condition «) or 441 V (condition )
of photomultiplier voltage, 10.0 ws/pixel of sampling speed, 1024 X 1024
pixel of image size, and UPLSAPO 60XW objective lens. Fluorescent in-
tensity was obtained using Fluoview software by tracing the boundary of
membranes in the image.

The intensities were extracted from CLSM images obtained under two
conditions for observation (condition « or condition ). Tissues with weak
and medium fluorescence were analyzed under the condition «, and the
score readout from Fluoview software (Olympus) was defined as the
intensity of fluorescence (0 to 4095). Tissues with strong fluorescence
were observed under the condition B. Intensity of fluorescence de-
termined under the both conditions was calculated using the same scale.
To compare the fluorescent intensity of GFP among several tissues, the
fluorescence was normalized with the following equation.

Fo = (F“ — Fbackground) /4.3 + Fhackground

where, Fa and FB are fluorescence detected under the condition o and 3,
respectively, and Fy,qg0ung i the background fluorescence (140 in this
experiment) under the condition. The coefficient 4.3 in the equation was
calculated from the values taken by comparison of mesophyll tonoplast
fluorescence acquired under the condition « and B (n = 30).
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Two-photon excitation microscopy observation was conducted with
an LSM 780-DUO- NLO instrument (Zeiss). Excitation wavelength for
mGFP was 820 nm. Images were obtained by C-Apochromat 40x/1.20 W
Korr M27 water immersion objective lens (Zeiss).

Staining of Tonoplast

To visualize the tonoplast in the root elongation zone, seedlings at 8 DAG were
suspended in a dye solution containing 20 wM FM4-64, 0.5X Murashige and
Skoog salts, 2% sucrose, and 2.5 mM MES-KOH, pH 5.7. The plants were
stained for 2 h with gentle agitation in the dark, washed three times, incubated
for 4 h with wash solution containing 0.5X Murashige and Skoog salts,
2% sucrose, and 2.5 mM MES-KOH, pH 5.7, and then observed.

See Supplemental Methods for a description of suspension cell culture
establishment, tonoplast preparation, H* pumping assay, and electron
microscopy.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL/DDBJ
libraries under the following accession numbers: Arabidopsis gene of
VHP1 (At1g15690.1), VHP2;1 (At1g78920.1), Vam3 (At5g46860), and Bip
(At5g42020), and genes for H*-PPase of Vigna radiata (AB009077.1), Oryza
sativa (Os0690644200), Chlamydomonas reinhardtii (AJ304836.1), Plas-
modium falciparum (AF115766.1), Rhodospirillum rubrum (AF044912.1),
and Streptomyces coelicolor (AB180905.1).
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The following materials are available in the online version of this article.

Supplemental Figure 1. H*-Pump Activity of VHP1-GFP Expressed in
Loss-of-Function Mutant vhp1.

Supplemental Figure 2. The Heterologous Expression of VHP1-GFP
Rescues Rectangular Cotyledon Phenotype of vhp1.

Supplemental Figure 3. Numerous Bulbs Were Detected in Dividing
and Elongating Cells, Which Expressed VHP1-GFP at High Levels.

Supplemental Figure 4. Bulbs Detected in 35SP©:GFP-Vam3 Ex-
pressing Lines by Staining with FM4-64.

Supplemental Figure 5. Comparison of Bulbs in a VHP1-GFP-
Expressing Line and Spherical Structures in the Wild Type by Electron
Microscopy.

Supplemental Figure 6. Intravacuolar Structures in Hypocotyls.

Supplemental Figure 7. Mislocalization of VHP1-mGFP to PM Was
Observed Only in Lines with High Expression of VHP1-mGFP.

Supplemental Table 1. List of Oligonucleotide Primers.

Supplemental Movie 1. Adhering Membranes Were Folded into the
Vacuolar Lumen during Vacuolar Fusion in a wA-A6 Root Tip (Movie
Corresponds to Figure 6).

Supplemental Movie 2. Dynamic Changes in Vacuoles Correspond-
ing to Figures 8A to 8C.

Supplemental Movie 3. Dynamic Changes in Vacuoles Correspond-
ing to Figure 8D.
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ing to Figures 8H and 8l.
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