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Chloroplast division is performed by the constriction of envelope membranes at the division site. Although constriction of
a ring-like protein complex has been shown to be involved in chloroplast division, it remains unknown how membrane lipids
participate in the process. Here, we show that phosphoinositides with unknown function in envelope membranes are involved
in the regulation of chloroplast division in Arabidopsis thaliana. PLASTID DIVISION1 (PDV1) and PDV2 proteins interacted
specifically with phosphatidylinositol 4-phosphate (PI4P). Inhibition of phosphatidylinositol 4-kinase (PI4K) decreased the
level of PI4P in chloroplasts and accelerated chloroplast division. Knockout of PI4K[32 expression or downregulation of
Pl4Ka1 expression resulted in decreased levels of PI4P in chloroplasts and increased chloroplast numbers. Pl4Ka1 is the
main contributor to PI4P synthesis in chloroplasts, and the effect of PI4K inhibition was largely abolished in the pdv1 mutant.
Overexpression of DYNAMIN-RELATED PROTEIN5B (DRP5B), another component of the chloroplast division machinery,
which is recruited to chloroplasts by PDV1 and PDV2, enhanced the effect of PI4K inhibition, whereas overexpression of PDV1
and PDV2 had additive effects. The amount of DRP5B that associated with chloroplasts increased upon PI4K inhibition. These

findings suggest that PI4P is a regulator of chloroplast division in a PDV1- and DRP5B-dependent manner.

INTRODUCTION

Chloroplasts arose from the integration of a cyanobacterial en-
dosymbiont into primitive eukaryotic cells more than 1 billion
years ago. Reminiscent of their free-living ancestor, chloroplasts
multiply by division (Keeling, 2010), which is initiated by stromal
FtsZ (originally named prokaryotic cell division gene, Filament-
ing temperature-sensitive Z) ring formation at the division site
(Vitha et al., 2001; Kuroiwa et al., 2002). ACCUMULATION AND
REPLICATION OF CHLOROPLAST6 (ARC6) and PARALOG OF
ARC6 (PARCS) inner envelope-spanning proteins regulate FtsZ
polymerization and mediate the interactions between the stro-
mal and cytosolic division machinery (Vitha et al., 2003; Glynn
et al., 2009). FtsZ and ARC6 are derived from the cell division
machinery of the cyanobacterial endosymbiont (Osteryoung and
Vierling, 1995; Vitha et al., 2003), and PARC6 is derived from
ARCS6 by gene duplication and differentiation (Glynn et al., 2009).
After stromal FtsZ ring formation, the outer envelope-spanning
proteins PLASTID DIVISION1 (PDV1) and PDV2 are recruited to
the division site through direct interactions with PARC6 and
ARC6 (Glynn et al., 2008, 2009). Finally, DYNAMIN-RELATED
PROTEIN5B (DRP5B; also known as ARC5), a member of the
dynamin family of self-assembling proteins, is recruited by PDV1
and PDV2 to chloroplasts to complete chloroplast division
(Miyagishima et al., 2006). DRP5B is specific to plants and algae
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and is thought to have evolved from a dynamin-related protein
involved in eukaryotic cytokinesis (Miyagishima et al., 2008).
PDV1 and PDV2 are specific to land plants (Miyagishima et al.,
2006; Glynn et al., 2008), in which the levels of PDV proteins
determine the rate of chloroplast division (Okazaki et al., 2009).
The levels of PDV proteins, but not other division components,
decrease during leaf development, with a concomitant decline in
the rate of chloroplast division. The amount of PDV2 is increased
by cytokinin treatment or overexpression of the cytokinin-
responsive transcription factor CRF2, with a corresponding in-
crease in the chloroplast division rate. The regulation of PDV2
level by cytokinin enables land plant cells to change chloroplast
size and number in coordination with cell differentiation (Okazaki
et al., 2009). Although PDV proteins have been shown to have
a key function in land plants, the mechanisms that regulate the
size and number of chloroplasts are largely unknown. In addi-
tion, several other proteins were reported to affect chloroplast
division, but most of them showed no direct interactions with the
chloroplast division machinery or the mechanisms of regulation
were not clear (Basak and Mgller, 2013). FHY3, a key regulator
of far-red light signaling, and its homolog FRS4 were recently
reported to bind the promoter region of DRP5B and activate its
expression (Ouyang et al., 2011; Gao et al., 2013). These results
showed that transcription factors are also involved in the regu-
lation of chloroplast division, although a relationship between
far-red light signaling and chloroplast division was not demon-
strated. Mutations in genes involved in lipid synthesis and/or
trafficking also affect chloroplast division, suggesting that an
inadequate lipid supply and/or alteration of lipid composition
limits membrane proliferation during chloroplast division (Wu
and Xue, 2010; Ajjawi et al., 2011; Fan and Xu, 2011; Nobusawa
and Umeda, 2012). These findings revealed relationships between
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fundamental cellular processes and chloroplast division, although
the mechanism of regulation remains unclear.

Phosphoinositides, the phosphorylated derivatives of phos-
phatidylinositol (PI), modulate fundamental cellular processes.
The inositol ring of Pl can be phosphorylated at position 3, 4, or
5 in all possible combinations, and seven phosphorylated de-
rivatives have been detected (Boss and Im, 2012). Phosphati-
dylinositol 4-phosphate (PI4P) is the most abundant Pl molecule
in plant cells (Krinke et al., 2007; Munnik and Vermeer, 2010). In
addition to being important for signaling as a direct substrate for
phospholipase C (Gonorazky et al., 2010) or as a precursor for
phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,] (Berridge and
Irvine, 1989), PI4P itself acts as a signaling lipid (Jung et al.,
2002; Preuss et al., 2006; Chapman and Goring, 2011). PI4P is
synthesized by phosphatidylinositol 4-kinase (PI4K), and Pl4K
activities are present in many cellular compartments, including
the plasma membrane (Sommarin and Sandelius, 1988), cytosol
(Okpodu et al., 1995), cytoskeleton (Xu et al., 1992), and nucleus
(Hendrix et al., 1989). The existence of Pl kinase activity was
reported in chloroplast envelope membranes, and phosphati-
dylinositol 3-phosphate (PI3P) and PI4P were identified as its
products (Bovet et al., 2001). Although the presence of phos-
phoinositides in chloroplast membranes suggests that signal
transduction pathways and/or protein regulation occur in the
envelopes, little is known about the functions of the Pl phos-
phates and what genes are involved in their synthesis.

Here, we show that PI4P negatively regulates chloroplast di-
vision. PI4P bound specifically to PDV1 and PDV2, and the in-
hibition of PI4K decreased the level of PI4P in chloroplasts and
accelerated chloroplast division. The regulation of chloroplast
division by PI4P was mediated primarily by PDV1. A decrease in
PI4P caused increased recruitment of DRP5B to chloroplasts
and an increased rate of chloroplast division. Our results dem-
onstrate the existence of a lipid signaling pathway involved in
chloroplast division and identify PI4P in the chloroplast envelope
as a regulator of chloroplast division.

RESULTS

PDV1, PDV2, and DRP5B Exhibit Specific Interactions
with Lipids

DRP5B belongs to the dynamin protein superfamily and has
a pleckstrin homology (PH) domain (Hong et al., 2003). The PH
domains of dynamins, which often bind specific lipids such as PI
(4,5)P, or protein ligands, regulate the GTPase activity of their
own GTPase domains (Zheng et al., 1996; Barylko et al., 1998).
The PH domain of DRP5B was reported to interact with PDV1
and PDV2 (Holtsmark et al., 2013), but whether DRP5B binds to
lipids is unknown. PDV1 and PDV2 are integral outer envelope
proteins (Miyagishima et al., 2006), so they may exhibit specific
interactions with lipids. To examine whether PDV1, PDV2, and
DRP5B bind specifically to different lipids, we performed lipid-
protein interaction assays. Commercial membranes spotted
with different phospholipids and a membrane spotted with
chloroplast lipids (Figure 1A) were used. PDV1 bound to PI4P,
phosphatidylinositol 5-phosphate, and phosphatidic acid (PA),

whereas PDV2 bound to PI4P with high affinity. Weak signals
were detected between PDV2 and PI3P, phosphatidylinositol
5-phosphate, PI(3,4)P,, PI(3,5)P,, PI(4,5)P,, phosphatidylserine
(PS), and cardiolipin (CL) (Figure 1A). DRP5B bound to PS and
CL. None of the proteins bound to chloroplast lipids such as
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol
(DGDG), sulfoquinovosyldiacylglycerol (SQDG), and phospha-
tidylglycerol (PG) (Figure 1A). The PH domain of phospholipase
Cd (PLC31-PH) used as a positive control interacted specifi-
cally with P1(4,5)P,, as reported previously (Kavran et al., 1998),
and His-tagged GST alone used as a negative control bound to
lipids very weakly (Figure 1B). To confirm that PDV1 and PDV2
bind to PI4P, liposome pull-down assays were also performed.
As shown in Figure 1C, PDV1 and PDV2, but not GST, bound to
PI4P. Since PI4P is present in chloroplast membranes (Bovet
et al., 2001), PDV1 and PDV2 are probably able to interact with
PI4P in vivo. Chloroplast membranes contain neither PS nor CL
(Douce and Joyard, 1990); thus, they would not be targets for
DRP5B binding on the chloroplast membrane. Because DRP5B
localizes to peroxisomes (Zhang and Hu, 2010) as well as chlor-
oplasts, and peroxisome membranes probably contain PS, DRP5B
may bind to PS on peroxisome membranes. In this study, we fo-
cused on the functions of PI4P, which interacts with PDV1 and
PDV2, in chloroplast division.

Inhibition of PI4K Increases the Rate of Chloroplast Division
in Arabidopsis thaliana

To examine the relationship between chloroplast division and
Pl4P, we performed PI4K inhibition assays. Wortmannin (WM)
inhibits phosphatidylinositol 3-kinase (PI3K) at nanomolar con-
centrations and inhibits both PI3K and type Il PI4K at micro-
molar concentrations (Matsuoka et al., 1995; Westergren et al.,
1999). PI4K and PI3K phosphorylate specific positions in the
inositol ring of Pl and produce PI4P and PI3P, respectively.
Phenylarsine oxide (PAO) and LY294002 are used as specific
inhibitors of PI4K and PI3K, respectively (Walker et al., 2000;
Vermeer et al., 2009).

Wild-type seedlings were grown on medium containing 200 uM
WM, 25 uM PAO, or 50 uM LY294002 (Figures 2A and 2B). All
three inhibitors impaired plant growth. When 4-d-old seedlings
were treated with inhibitors for 3 d, fresh weight per seedling was
0.820 = 0.0234 mg for WM, 1.11 + 0.0398 mg for PAO, and
1.02 = 0.0197 mg for LY294002, whereas it was 2.13 *= 0.0838
mg for DMSO used as a control. Even though plant growth was
inhibited, the sizes of mesophyll cells were similar between in-
hibitor-treated and untreated plants when inhibitors were used at
the above concentrations. We then compared the size and
number of chloroplasts between inhibitor-treated and untreated
seedlings. Chloroplasts in the leaf cells of plants treated with 200
pwM WM or 25 uM PAO were smaller and more numerous than
those in plants grown without inhibitors (Figures 2A and 2B). WM
treatment at 50 and 100 wM also increased the number of
chloroplasts, but the increase was more significant at 200 uM
WM (Supplemental Figure 1). Chloroplasts treated with 50 uM
LY294002 were pale and deformed, but the size and number of
chloroplasts were similar to those in the untreated plants
(Figures 2A and 2B).
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Figure 1. Binding of Recombinant PDV1, PDV2, and DRP5B Proteins to Lipids.

(A) Membrane binding assays with lipid-spotted membranes. Each spot on the left and middle membranes contained 100 pmol of lipids. The right
membranes contained chloroplast lipids, MGDG, DGDG, SQDG, and PG. The chloroplast lipid membranes also contained CL or PA as the control. The
membranes were incubated with 0.5 pg/mL GST-PDV1, His-PDV2, or GST-DRP5B. Abbreviations are as follows: LPA, lysophosphatidic acid; LPC,
lysophosphatidylcholine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1P, sphingosine 1-phosphate; PI(3,4,5)P;, phosphatidylinositol

3,4,5-trisphosphate; TAG, triacylglycerol; DAG, 1,2-diacylglycerol.

(B) Membrane binding assays with control proteins. PIP Strips were incubated with 0.5 wg/mL His-GST or PLC31-PH protein. His-GST and PLC81-PH

were used as negative and positive controls, respectively.

(C) Liposome pull-down assays with PolyPIPosomes containing Pl or PI4P. Ten micrograms of His-GST, GST-PDV1, or His-PDV2 was incubated with
10 wmol of biotinylated liposomes containing 5 mol % of Pl or PI4P. Proteins sedimented with liposomes were separated by SDS-PAGE and detected

with anti-His antibody. Input denotes 5% of total protein in each assay.

To confirm that the treatments with WM or PAO diminished
cellular Pl4P, transgenic plants overexpressing the PI4P bio-
sensor, eYFP-PHg,ppy, Were treated with WM, PAO, or LY294002
(Figure 2C). PHg,pp4 is a lipid binding domain that specifically binds
P14P (Vermeer et al., 2009). The fluorescence of eYFP-PH,pp, Was
localized to the plasma membrane in the cells of plants treated
with LY294002 or DMSO (Figure 2C), indicating that PI4P was
mainly present in the plasma membranes of these plants. By
contrast, the fluorescence of eYFP-PH,pp; Was localized mainly in
the cytoplasm of PAO-treated cells (Figure 2C), as reported pre-
viously (Vermeer et al., 2009), indicating that PI4P-free eYFP-

PH:,pp1 Was present in the cytoplasm of PAO-treated plants. This
finding suggests that the level of PI4P decreased in the cells of
PAO-treated plants. In plants treated with WM, eYFP-PH,pp,
appeared to be partially localized in the cytoplasm.

We measured PI4P levels in the isolated intact chloroplasts
prepared from plants treated with WM, PAO, LY294002, or
DMSO. When wild-type plants were treated with WM or PAO,
PI4P levels in the chloroplasts decreased dramatically com-
pared with that in the chloroplasts of DMSO-treated plants
(Figure 2D). On the other hand, the amount of PI4P in the chlor-
oplasts of LY294002-treated plants was only slightly decreased
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Figure 2. PI4K Inhibition Increases Chloroplast Number, Decreases Chloroplast Size, and Decreases the Level of PI4P.

(A) Chloroplasts of wild-type plants treated with inhibitors of PI4K and/or PI3K. Chloroplasts in a single mesophyll cell are shown. Wild-type 4-d-old
seedlings were transferred onto agar plates with 200 uM WM, 25 uM PAO, or 50 wM LY294002 (LY) or onto plates lacking inhibitors (DMSO) and grown

for 2 weeks. Bar = 10 pm.

(B) Statistical comparison of the number of chloroplasts per mesophyll cell in inhibitor-treated plants. Error bars represent se (n = 50 cells).
(C) Intracellular localization of the PI4P biosensor, eYFP-PHg,pp4, in the cells of transgenic plants treated with PIK inhibitors. Transgenic plants
overexpressing eYFP-PH_,pp, were treated with WM, PAO, or LY294002, or without inhibitors (DMSO), for 3 d. Images of YFP fluorescence were taken

using a confocal laser-scanning microscope. Bar = 20 pm.

(D) PI4P levels in the isolated intact chloroplasts prepared from plants treated with PIK inhibitors. Wild-type plants were treated with WM, PAO, or
LY294002, or without inhibitors (DMSO), for 3 d. Intact chloroplasts were isolated, and the amounts of PI4P were measured using a PI(4)P Mass Strip

Kit. Error bars represent st (n = 3).

compared with that in the chloroplasts from the DMSO-treated
plants.

These results suggest that the level of PI4P was lowered in
chloroplasts by treatment with WM or PAO, with an accompa-
nying positive effect on the rate of chloroplast division.

Pl4Kx1 Contributes Mainly to the Regulation of
Chloroplast Division

Four PI4K genes, Pl4Ka1, PI4Ka2, PI4KB1, and PI4KR2, have
been identified in Arabidopsis (Muller-Réber and Pical, 2002). To
identify the PI4Ks involved in production of PI4P in the outer
envelope membrane of chloroplasts, green fluorescent protein
(GFP) fusion proteins were transiently expressed under the
control of the cauliflower mosaic virus 35S promoter (35S) in
guard cells of broad bean (Vicia faba). Because we were not able
to obtain the PI4Ka2 transcripts encoding an active Pl4K cata-
lytic domain, we used Pl4Ka1-GFP, PI4KB1-GFP, and PI4KR2-
GFP fusion constructs. PI4KB1-GFP fluorescence exhibited
a dot-like pattern (Figure 3A). PI4KB1 was shown previously to
be localized to the trans-Golgi network (TGN; Kang et al., 2011).
PI4KB1 interacts with RabA4b, a Rab GTPase specifically lo-
calized to the TGN, through a novel homology domain specific
to eukaryotic type llIB PI4K (Preuss et al., 2006). The dot-like
pattern of fluorescence may indicate that PI4KB1-GFP is local-
ized to the TGN. By contrast, diffused fluorescence was ob-
served throughout the cytosol in cells expressing Pl4Ka1-GFP
and PI4KB2-GFP (Figure 3A).

To further examine the localization of PI4Ka1 and PI4KR2, we
also expressed GFP-Pl4Ka1 and GFP-PI4KB2 under the control
of their respective promoters in Arabidopsis. When GFP-Pl4Ka1
was expressed in Pl4Ka1/pi4kal heterozygous plants, pidka1

homozygous plants carrying a GFP-PI4Ka1 gene were obtained.
Because null mutations of PI4Ka 1 are lethal (Delage et al., 2012),
we conclude that the GFP-PI4Ka1 transgene complemented the
pidka1 mutation and that GFP-Pl4Ka1 is functional. GFP-
Pl4Ka1 and GFP-PI4KB2 signals were detected in leaf and root
cells, but the signals of GFP-PI4Ka1 and GFP-PI4KR2 in plants
expressing GFP-PI4Ka1 and GFP-PI4KB2 driven by their own
promoters were too weak to determine the intracellular locali-
zation, especially in mesophyll cells, because of the high level
of background chlorophyll fluorescence. Strong signals were
detected in the anthers of GFP-PI4Ka 1- or GFP-PI4KB2-expressing
plants and in the stigma of GFP-PI4Ka1 plants (Supplemental
Figure 2). As shown in Figure 3B, fluorescence was observed in
the plasma membrane and throughout the cytosol in root cells of
GFP-Pl4Ka1- or GFP-PI4KB2-expressing plants. Bright speck-
les in the cytosol were also observed in some cells of both
plants. Pl4Ka1 has a PH domain, which binds specifically to
PI4P, and the GFP fusion protein is localized in perinuclear
membranes when it is expressed in Sf9 insect cells (Stevenson-
Paulik et al., 2003). Our results suggest that PI4Ka1 localizes in
membranes and the cytosol, as does PIl4Kllla in mammalian
cells (Kakuk et al., 2006). The localization of PI4KB2 has not
been demonstrated, although it was reported that the novel
homology domain of PI4KB2 interacts with RabA4b as does that
of PI4KB1 (Preuss et al., 2006). Therefore, the speckles in the
cytosols of GFP-PI4KB2-expressing plants may indicate that
GFP-PI4KB2 is localized to the TGN by RabA4b recruitment as
does PI4KB1. However, the finding that PI4KB2-GFP signal was
also detected in the plasma membrane and throughout the cy-
tosol suggests that a part of PI4KB2 is not recruited by RabA4b,
in contrast with the complete colocalization of PI4KB1 and
RabA4b (Preuss et al., 2006). These results suggest that PI4Ka1
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Figure 3. Intracellular Localization of PI4K-GFP, Increased Chloroplast Number, Decreased Chloroplast Size, and Decreased Level of PI4P in PI4Ka1
Knockdown and/or PI4KB2 Knockout Plants.

(A) GFP, Pl4Ka1-GFP, PI4KB1-GFP, and PI4KB2-GFP were transiently overexpressed in guard cells of broad bean. Images of GFP and chlorophyll
fluorescence were taken using a confocal laser-scanning microscope. Bar = 10 um.

(B) GFP-PI4Ka1 and GFP-PI4KB2 were expressed under the control of their respective promoters in Arabidopsis. Root cells of transgenic plants are
shown. Bar = 20 pm.

(C) Pl4Ka1 expression was diminished by Pl4Ka1 expression knockdown in transgenic plants. Expression of amiRNAs with high specificity to PI4Ka1
was induced by treatment with (+) DEX in wild-type or pi4kp2-1 mutant backgrounds. Total RNA extracted from whole plants was used for RT-PCR.
UBQ1 was used as an internal control. Signal intensities were estimated based on ethidium bromide staining. Two biological replicates showed
equivalent results.

(D) PI4P levels in the isolated intact chloroplasts decreased upon knockdown of PI4Ka1. Wild-type, pi4kB2-1 mutant, and PI4Ka1 knockdown plants
were grown for 4 d on MS agar plates and then transferred onto agar plates with or without 5 wWM DEX and grown for 1 week. Intact chloroplasts were
isolated, and the amounts of PI4P were measured using a PI(4)P Mass Strip Kit. Error bars represent se (n = 3).

(E) Chloroplasts in mesophyll cells of wild-type, pi4k2-1 mutant, and PI4Ka1 knockdown plants. Chloroplasts in a single mesophyll cell are shown.
Four-day-old seedlings were transferred to agar plates with or without 5 uM DEX and grown for 2 weeks. Bar = 10 um.

(F) Statistical comparison of the number of chloroplasts per mesophyll cell in DEX-treated or untreated wild-type, pi4kp2-1 mutant, and Pl4Ka1
knockdown plants. Error bars represent se (n = 50 cells). **P < 0.0001 by Student’s t test.

and PI4KpB2 in the cytosol may convert Pl to PI4P in the chlo- plants in which PI4Ka1 expression was knocked down. Artificial
roplast outer envelope. microRNAs (amiRNAs; Schwab et al., 2006) with high specificity

We examined whether Pl4Ka1 or PI4KR2 is involved in the for PI4Ka1 were expressed in wild-type and pi4kp2-1 mutant
regulation of chloroplast division using the previously character- plants under the control of dexamethasone (DEX)-inducible pro-

ized pi4kp2-1 (SALK_098069) null mutant (Preuss et al., 2006). The moters (Aoyama and Chua, 1997) to downregulate Pi4Ka1 ex-
number of chloroplasts was slightly but significantly higher in pression by RNA interference (Figure 3C). When PI4Ka.1 expression
pi4kp2-1 compared with the wild type (Figures 3E and 3F; Stu- was transiently knocked down (Figure 3C), the levels of Pl4P
dent’s t test, one-tailed, P < 0.0001). Because plants homozygous decreased in chloroplasts (Figure 3D), the number of chlor-
for a T-DNA insertion in PI4Ka1 could not be produced due to oplasts increased, and their size was diminished compared with
embryonic lethality (Delage et al., 2012), we generated transgenic noninduced plants (Figures 3E and 3F). These results indicate



668 The Plant Cell

that PI4Ka1 and PI4KB2 negatively regulate the rate of chloro-
plast division and that Pl4Ka1 is the main contributor to the
regulation.

The Effects of PI4K Inhibition Are Decreased by Deletion of
PDV1 and Enhanced by Overexpression of DRP5B

Because PDV1 and PDV2 bound PI4P, and DRP5B interacts with
PDV1 and PDV2 (Holtsmark et al., 2013), we examined whether
PDV1, PDV2, and DRP5B are involved in the regulation of chlo-
roplast division by Pl4P. We treated the padv1, pdv2, and drp5b
mutants and a padv1 padv2 double mutant with PAO (Figures 4A
and 4B). The number of chloroplasts was 2-fold higher in pav2
and drp5b mutant plants grown with 25 uM PAO than without
PAO. By contrast, PAO treatment had much less of an effect on
chloroplast number in the pdv1 mutant, although the difference
between PAO-treated and untreated plants was significant
(Student’s t test, one-tailed, P < 0.01). The number of chlor-
oplasts was similar in PAO-treated and untreated padv1 padv2
double mutant plants. Knockdown of PI4K«1 in the pav1, pav2,
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and pdv1 pdv2 mutants caused similar results (Figure 4C). These
results indicate that PDV1 has a major role in the regulation of
chloroplast division mediated by PI4P.

We also treated plants overexpressing PDV1, PDV2, or
DRP5B with PAQO. Overexpression of PDV1 and/or PDV2 re-
sulted in an increased number of chloroplasts in the transgenic
plants compared with wild-type plants, as reported previously
(Okazaki et al., 2009). PAO treatment caused an additional
increase in chloroplast numbers in the overexpressing lines
(Figure 4D). By contrast, the numbers of chloroplasts in DRP5B-
overexpressing plants and wild-type plants were similar, as re-
ported previously (Okazaki et al., 2009), but the effect of PAO
treatment was enhanced by the overexpression of DRP5B
(Figure 4D). The number of chloroplasts was 1.85 times higher
in 35S-DRP5B plants treated with PAO than in untreated
35S-DRP5B plants, but it was only 1.39 times higher in wild-
type plants treated with PAO than in untreated wild-type
plants (Student’s t-test, one-tailed, P < 0.0001). Chloro-
plast number increased 1.93-fold in 35S-PDV2 35S-DRP5B
plants by PAO treatment but increased only 1.18-fold in
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Figure 4. Effects of PAO Treatment on the Chloroplast Division Rate in pdv1, pdv2, pdv1 pdv2, and drp5b Mutants and PDV1-, PDV2-, and/or DRP5B-

Overexpressing Plants.

(A) Chloroplasts of pdv1, pdv2, pdv1 pdv2, and drp5b mutant plants treated or not with 25 uM PAO. Bar = 10 pm.
(B) Statistical comparison of the number of chloroplasts per mesophyll cell of mutant plants treated or not with 25 WM PAO. Error bars represent se

(n =50 cells). **P < 0.01 and ***P < 0.0001 by Student’s t test.

(C) Statistical comparison of the number of chloroplasts per mesophyll cell in PI4Ka1 knockdown/pdv1, Pl4Ka1 knockdown/pdv2, and Pl4Ka1
knockdown/pdv1 pdv2 mutants. Four-day-old seedlings were transferred onto agar plates with or without 5 uM DEX and grown for 2 weeks. Error bars
represent st (n = 50 cells). P < 0.01 and ***P < 0.0001 by Student’s t test.
(D) Statistical comparison of the number of chloroplasts per mesophyll cell in 25 uM PAO-treated and untreated plants overexpressing PDV1, PDV2,
and/or DRP5B. Error bars represent se (n = 50 cells). **P < 0.0001 by Student’s t test.



35S-PDV2 plants treated with PAO (Student’s t test, one-
tailed, P < 0.0001). These results indicate that DRP5B is
also involved in the regulation of chloroplast division medi-
ated by PI4P, although DRP5B is not indispensable to the
regulation.

PAO Treatment Increases the Amount of DRP5B Associated
with the Chloroplast Surface

PDV protein levels were shown previously to determine the rate
of chloroplast division (Okazaki et al., 2009). Elevated levels of
PDV proteins increase the number of chloroplasts and de-
creased PDV levels have the opposite effect, suggesting that
PI4P might regulate the levels of PDV proteins. Therefore, we
compared the levels of PDV1 and PDV2 in PAO-treated and
untreated plants (Figure 5A). GFP-PDV1 was expressed under
the control of the PDV1 promoter in the homozygous pav?
knockout mutant, and the expressed protein was detected using
an anti-GFP antibody. PDV2 expression was also detected in
the same samples using an anti-PDV2 antibody. Immunoblot
analyses showed that the levels of PDV1 and PDV2 were similar
in the PAO-treated and untreated plants (Figure 5A). These re-
sults suggest that the increase in chloroplast number in the cells
of PAO-treated plants was not caused by an increase in PDV
protein levels. We also compared the levels of DRP5B in PAO-
treated and untreated plants (Figure 5B). GFP-DRP5B was
expressed under the control of the DRP5B promoter in the
homozygous drp5b knockout mutant. The level of DRP5B in-
creased in the total extracts and isolated intact chloroplasts of
PAO-treated drp5b plants (Figure 5B). When total extracts of
GFP-DRP5B-expressing plants were fractionated by centrifu-
gation, GFP-DRP5B was detected primarily in the low-speed
pellet (LSP), consisting mostly of chloroplasts, and partly in
the soluble fraction (Figure 5B). PAO treatment significantly
increased GFP-DRP5B levels in the LSP fractions of drp5b
plants expressing GFP-DRP5B under the control of either the
DRP5B or 35S promoter. In addition, the level of DRP5B in
the soluble fraction of GFP-DRP5B-overexpressing drp5b
plants treated with PAO decreased relative to untreated over-
expressing plants, even though the total DRP5B level in-
creased slightly (Figure 5B). Overexpression of PDV2 had no
effect on the level or localization of DRP5B (Supplemental
Figure 3A).

To further examine the localization of DRP5B, we observed
DRP5Bpro-GFP-DRP5B drp5b plants treated with DMSO or PAO
using fluorescence microscopy. GFP-DRP5B signals were ob-
served with higher frequency at the midpoint of chloroplasts in the
cells of DRP5Bpro-GFP-DRP5B plants treated with PAO than in
untreated plants (Figure 5C). In several chloroplasts of PAO-
treated plants, GFP-DRP5B fluorescence was visible as small
puncta distributed over the chloroplast envelope (Figure 5C).
GFP-DRP5B signals associated with the chloroplast surface also
increased in the cells of 35S-GFP-DRP5B plants treated with PAO
compared with untreated plants (Supplemental Figure 3B). Large
aggregations were often observed in the cytosol of untreated
35S-GFP-DRP5B plants; these aggregations were diminished
in the cells of PAO-treated plants. These results indicate that
PI4P affects the localization of DRP5B, which is recruited to
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Figure 5. PAO Treatment Increases DRP5B Expression and Enhances
DRP5B Recruitment to Chloroplasts.

(A) Levels of GFP-PDV1 and PDV2 in pdv1 plants expressing GFP-PDV'1
under the control of the PDV1 promoter. Plants were treated with DMSO
or 25 uM PAO for 3 d. Total extracts containing 50 g of protein were
loaded for analysis of GFP-PDV1 and PDV2. GFP-PDV1 and PDV2 were
detected with anti-GFP and anti-PDV2 antibodies, respectively.

(B) Levels of GFP-DRP5B in drp5b plants expressing GFP-DRP5B under
the control of the DRP5B promoter (DRP5Bpro-GFP-DRP5B) and the
cauliflower mosaic virus 35S promoter (35S-GFP-DRP5B). In total extracts,
50 and 2.5 ng of proteins extracted from whole plants were loaded for
analysis of DRP5Bpro-GFP-DRP5B and 35S-GFP-DRP5B, respectively. In
isolated chloroplasts, 2 and 0.2 pg of proteins were loaded for analysis of
DRP5Bpro-GFP-DRP5B and 35S-GFP-DRP5B, respectively. GFP-DRP5B
was detected with an anti-GFP antibody. In fractionated samples, homo-
genates prepared from 30 to 50 mg of leaves were fractionated into LSP,
high-speed pellet (HSP), and supernatant (S) fractions by centrifugation.
Two biological replicates showed equivalent results.

(C) DRP5Bpro-GFP-DRP5B drp5b plants were treated with DMSO (left
panel) or 25 uM PAO (right panel) for 3 d. Images of GFP and chlorophyll
fluorescence were taken using a confocal laser-scanning microscope.
Bar =10 pm.

chloroplasts by PDV1 and PDV2 (Miyagishima et al., 2006; Glynn
et al., 2008, 2009; Holtsmark et al., 2013), and our results highlight
the importance of PDV1 for PI4P regulation (Figures 4A and 4B).
We conclude that PI4P regulates the recruitment of DRP5B to
chloroplasts by PDV1.
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DISCUSSION

In this study, we showed that PI4K inhibition increased the rate of
chloroplast division. Two kinds of PI4K inhibitor treatments and
downregulation of Pl4K expression similarly increase the number
of chloroplasts, indicating that PI4P is a negative regulator of
chloroplast division. Inhibition of PI4K caused an increase of
chloroplast division in parallel with an increase in the amount
of DRP5B localized on the surface of chloroplasts (Figures 5B
and 5C). These results suggest that the binding of PI4P to PDV1
changes the interaction between PDV1 and DRP5B. Decrease of
PI4P in envelope membranes probably causes increases in the
binding affinity of PDV1 for DRP5B or inhibits the dissociation of
DRPSB from chloroplasts. As a result, the recruitment of DRP5B
to chloroplasts increases and may enhance the rate of chloro-
plast division. In addition, the total protein level of DRP5B was
increased by the PAO treatment (Figure 5B). The increase in
DRPS5B recruited to chloroplasts suggests that the expression of
DRPS5B is increased or its degradation is reduced.

Although our results show that DRP5B is involved in the reg-
ulation of chloroplast division mediated by PI4P, the increase in
chloroplast number in PAO-treated drp5b mutant plants indicates
that DRP5B-independent regulation also exists. The pav1 pdv2
double mutation abolished the response to changes in PI4P lev-
els, indicating that PDVs are involved in the DRP5B-independent
regulation as well as in the DRP5B-dependent regulation. The
pav1 pdv2 double mutant was shown previously to exhibit a more
severe phenotype than the drp5b mutant (Miyagishima et al.,
2006; Figure 4B). We suggest that proteins other than DRP5B are
involved in chloroplast division and its regulation by PI4P and
PDV. One possibility is that other members of the DRP super-
family play a role, as in peroxisomal or mitochondrial division
(Zhang and Hu, 2009, 2010; Aung and Hu, 2012). Identification
and characterization of such proteins will provide insights into
chloroplast division and its regulation.

Previous studies showed that PDV1 and PDV2 are homologs
and have partial functional redundancy (Miyagishima et al.,
2006; Okazaki et al., 2009). Our results indicate several differ-
ences between PDV1 and PDV2. Lipid-protein interaction as-
says revealed that the lipid binding specificity of PDV1 differed
from that of PDV2, although both PDV1 and PDV2 bound to
Pl4P (Figure 1A), suggesting that the lipid binding regions of
PDV1 are distinct from those of PDV2. PDV1 exhibited relatively
weak signals in lipid-protein interaction assays but strong sig-
nals in liposome pull-down assays, which are thought to be
more similar to the in vivo condition. On the other hand, PDV2
showed specific interaction with lipids in both lipid-protein in-
teraction assays and liposome pull-down assays (Figures 1A
and 1C). This finding also suggests that the lipid recognition site
of PDV1 is structurally different from that of PDV2. Furthermore,
the regulation of chloroplast division by PI4P is almost entirely
via PDV1. It can be assumed that the binding of PI4P to PDV1
causes a structural change of PDV1 and influences the in-
teraction between PDV1 and DRPS5B. Further biochemical in-
vestigations will be required to understand why the binding
affinity of PDV1 with PI4P is different from that of PDV2 and how
the binding of PDV1 with PI4P influences the recruitment of
DRP5B to the chloroplast envelope.

The binding of PI4P to PDV2 probably causes a minor change
or a structural change that does not affect the interaction be-
tween PDV2 and DRP5B. However, the number of chloroplasts
increased slightly but significantly in PAO-treated pdv1 mutant
plants compared with untreated plants, but PAO treatment did
not increase chloroplast numbers in the padv1 pdv2 double
mutant (Figure 4B). The results of lipid-protein interaction assays
and liposome pull-down assays suggest that PI4P interacts with
PDV2 as well as PDV1 on chloroplast envelopes (Figures 1A and
1C). These results suggest that PDV2 may contribute the re-
mainder of the overall response to alterations in PI4P levels in
the pdv1 mutant.

PDV1 and PDV2 specifically bound PI4P (Figures 1A and 1C).
Lipid binding specificities of PDV proteins must be important for
the regulation by PI4P. Major lipid constituents of chloroplast
envelopes, such as MGDG, DGDG, SQDG, PG, and phospha-
tidylcholine, did not interact with PDV1 and PDV2 (Figure 1A).
PI4P is a minor lipid, but it is involved in major biological pro-
cesses and regulates the activities of many proteins. PDV1 and
PDV2 are key components in the regulation of chloroplast di-
vision (Okazaki et al., 2009); thus, the regulation of PDV1 activity
by PI4P links chloroplast division to developmental processes
and environmental responses. Although Pl and its phosphory-
lated derivatives were detected in chloroplasts (Douce and
Joyard, 1990; Bovet et al., 2001), their functions in chloroplasts
have not been clarified. In this study, we clarified that PI4P
negatively regulates chloroplast division and the function of
phosphoinositides in chloroplasts.

Our results indicate that PI4Ka1 is the main contributor to the
regulation of chloroplast division by changing the level of PI4P
in chloroplasts (Figures 3E and 3F). Phosphorylation of Pl in
chloroplasts was reported to be sensitive to WM (Bovet et al.,
2001), which was consistent with a previous study showing that
Pl4Ka1 was inhibited by WM (Stevenson-Paulik et al., 2003).
Although we demonstrated the relationship between Pl4Ka1
and chloroplast division, the functions of PI4Ka1 have not been
thoroughly studied because null mutations of the PI4Ka1 gene
are lethal (Delage et al., 2012). Further investigations into Pl4Ka1
function will provide important insights into the phosphoinosi-
tide signaling pathways in the chloroplast envelope.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana (Columbia-0) was used as the wild-type control and
for plant transformation in this study. The pdv1 and pdv2 mutants used in
this study were pdv1-1 (contains a premature stop codon close to the
start codon) and pdv2-1 (T-DNA insertion in the first intron), respectively
(Miyagishima et al., 2006). pdv1 mutant plants transformed with ProPDV1-
GFP-PDV1, drp5b mutant plants transformed with ProDRP5B -GFP-
DRP5B, and wild-type plants transformed with Pro35S-GFP-DRP5B,
Pro35S-PDV1, and Pro35S-PDV2 constructs were generated as de-
scribed previously (Okazaki et al., 2009). ProDRP5B-GFP-DRP5B and
Pro35S-DRP5B plants were crossed with Pro35S-PDV2 plants to pro-
duce plants overexpressing PDV2 and both DRP5B and PDV2. Arabi-
dopsis seeds were surface-sterilized, sown on Murashige and Skoog (MS)
plates, and stratified at 4°C for 48 h in darkness before germination. Plants
were grown in controlled-environment chambers with continuous light



(100 umol m~2 s~ 1) at 23°C. For treatments with PI3K and Pl4K inhibitors,
4-d-old seedlings were transferred onto MS plates supplemented with
200 pM WM (Wako), 25 uM PAO (Wako), 50 uM LY294002 (Wako), or
without inhibitors and grown for 2 weeks after the transfer. For transient
knockdown of PI4Ka 1 expression, 4-d-old seedlings of transgenic plants
expressing amiRNAs were transferred onto MS plates supplemented with
5 wM DEX.

Expression and Purification of GST- and His-Tagged Proteins

The coding regions of DRP5B, PDV1, and PDV2 were amplified by RT-PCR
with the following primer sets: 5'-GGATCCGATGGCGGAAGTATCAGCAAAA-
3’ and 5'-GAATTCCCATGCTGCACCGAAGGAGCCTT-3' for DRP5B (the
BamHI and EcoRl sites are underlined, respectively); 5'-AAAGGATCC-
GATGGGAGAAATGGAGATCGAA-3' and 5'-TTTGAATTCCCACCACGAGC-
CATCATTACGTC-3' for PDV1 (the BamHI and EcoRl sites are underlined,
respectively); and 5'-CACCATGGAAGACGAAGAAGGCATC-3' and
5'-TCAACCGTATCCGTAAGTTAC-3' for PDV2. Amplified cDNA fragments
for DRP5B and PDV1 were digested with BamHI and EcoRl and cloned into the
pET-49b(+) vector (Novagen). Amplified cDNA fragments of PDV2 were cloned
into the pET100/D-TOPO vector (Invitrogen) according to the manufacturer’s
instructions. The resultant constructs were used for the transformation of
Escherichia coli BL21 cells, and the obtained transformants were used for the
expression of recombinant proteins. The expressed recombinant proteins were
purified using GSTrap FF or HisTrap FF columns according to the manu-
facturer’s protocols (GE Healthcare).

Lipid-Protein Interaction Assay

PIP Strips and Membrane Lipid Strips were bought from Echelon Bio-
sciences. PA and CL were purchased from Sigma-Aldrich. MGDG, DGDG,
SQDG, and PG were purified from the cyanobacterium Synechocystis sp
PCC 6803. Lipids were spotted onto Hybond-ECL membranes (GE
Healthcare). The strips were first blocked with 3% fatty acid-free BSA in
PBS (10 mM phosphate and 150 mM NaCl, pH 7.4) for 1 h and incubated
overnight at 4°C in blocking buffer containing 0.5 ng/mL GST-PDV1, His-
PDV2, GST-DRP5B, His-GST, or PLC31-PH protein. To detect the
proteins, an anti-penta-His mouse monoclonal antibody (Qiagen) and an
anti-GST mouse monoclonal antibody (Sigma-Aldrich) were used at
1:2000 and 1:1000 dilution, respectively.

Liposome Pull-Down Assay

PolyPIPosomes (Echelon Biosciences) contain phosphatidylcholine (65
mol %), phosphatidylethanolamine (29 mol %), biotin-phosphatidyleth-
anolamine (1 mol %), and PI or PI4P (5 mol %). PolyPIPosomes (10 pmol)
were diluted in 1 mL of binding buffer (20 mM HEPES-KOH, pH 7.5, 150
mM KCl, and 0.05% Nonidet P-40) and incubated overnight at 4°C with 10
g of His-GST, GST-PDV1, or His-PDV2 protein. Samples were centri-
fuged at 15,000g for 10 min at 4°C, and pellets were washed in 1 mL of
binding buffer three times. The bound proteins were resolved by SDS-
PAGE. Immunoblotting assays were performed as described previously
(Nakanishi et al., 2009). An anti-His antibody was used at a dilution of
1:2000.

Measurement of PI4P Levels

For treatments with PI3K and PI4K inhibitors, wild-type plants were grown
for 4 d on MS agar plates and then transferred onto agar plates containing
200 pM WM, 25 pM PAO, or 50 uM LY294002 or onto plates lacking
inhibitors (DMSO) and grown for 3 d. For transient knockdown of Pl4Ka.1
gene expression, 4-d-old seedlings were transferred onto MS plates with
or without 5 wM DEX and grown for 1 week. Intact chloroplasts were
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isolated as described previously (Nakanishi et al., 2009) with the following
modifications. Seedlings (0.5 to 1 g) were homogenized in 6 mL of
grinding buffer (0.33 M sorbitol, 30 mM HEPES-KOH, pH 7.5, and 2 mM
EDTA) containing protease inhibitor cocktail (Nakarai). The homogenate
was filtered through a Miracloth (Calbiochem) and then centrifuged at
2500g for 15 min at 4°C. The obtained pellet was resuspended in grinding
buffer, and Percoll was added to a final concentration of 20% (v/v). The
suspension was overlaid onto a stepwise Percoll gradient (40 and 80% [v/v])
and then centrifuged at 3200g for 30 min at 4°C. A green band corre-
sponding to intact chloroplasts at the interface between 40 and 80%
Percoll was collected, washed twice with grinding buffer by centrifugation
at 700g for 5 min at 4°C, and used as intact chloroplasts. Lipids were
extracted from the isolated chloroplasts according to the manufacturer’s
protocols, and the level of PI4P was measured with a PI(4)P Mass Strip Kit
(Echelon Biosciences).

Transient Overexpression of Pl4K in Broad Bean Cells

For transient overexpression of Pl4Ka1-GFP, PI4KB1-GFP, and PI4Kp2-
GFP, cDNA fragments containing respective open reading frame
sequences were amplified by RT-PCR with the following primer sets:
5'-ACGCGTCGACATGGAGGCACTGACGGAGCT-3" and 5'-TCGCGTC-
GACCTTCTCGATGCCTTGTTGCA-3' for Pl4Ka1;5'-ACGCGTCGACATG-
CCGATGGGACGCTT-3" and 5'-TCGCGTCGACCAATATTCCATTTAAGACC-3'
for PI4KB1; and 5-ACGCGTCGACATGCAGATGGCACAGTT-3' and
5'-TCGCGTCGACTCGTATTCCATTCAACAC-3' for PI4KR2 (the Sall sites
are underlined). The amplified cDNA fragments were cloned into a pGEM-T
Easy vector (Promega). The subcloned fragments were digested with
Sall and ligated into the Sall site (downstream of the cauliflower mosaic
virus 35S promoter) of the pTH2 vector (Niwa, 2003). The plasmids were
introduced into leaves of broad bean (Vicia faba) using a particle bom-
bardment device (PDS-1000/He Biolistic Particle Delivery System; Bio-
Rad) according to the manufacturer’s instructions. Conditions were 1350 p.
s.i. of helium gas pressure, a distance of 9 cm between the macrocarrier
and the sample, and a decompression vacuum of 28 inches of Hg.
Tungsten particles (1 pm) were used as plasmid DNA carriers. The
bombarded samples were incubated overnight at room temperature
in darkness. The epidermis was stripped from the bombarded leaves
after the incubation and used for the observation of red fluorescence
from chlorophyll and green fluorescence from GFP using a confocal
laser-scanning microscope.

Generation of Transgenic Arabidopsis Plants Expressing
GFP-Pl4Ka1, GFP-PI4KB2, or amiRNAs

For the expression of GFP-PI4Ka1 and GFP-PI4KB2 by their respective
promoters, we amplified the PI4Ka1 and PI4KB2 open reading frame se-
quences using the primers 5'-AGGAGGAGGTACCATGGAGGCACT-
GACGGA-3' (the Kpnl site is underlined, and overlaps are indicated by
boldface letters) and 5'-AAAGCGGCCGCTTACTTCTCGATGCCTTGT-3'
(the Notl site is underlined) for PI4Ka1 and 5'-AGGAGGAGGTACCATGCC-
GATGGGACGCTT-3' (the Kpnl site is underlined, and overlaps are
indicated by boldface letters) and 5-AAAGCGGCCGCTCACAA-
TATTCCATTTAAGACC-3'’ (the Notl site is underlined) for PI4KB2, and the
GFP sequence was amplified by primers 5'-AAAGGATCCATGGTGAG-
CAAGGGCGAGGAG-3' and5'-TTTGGTACCTCCTCCTCCCTTGTA-3' (the
BamHlI sites are underlined). Amplified PI4Ka1 or PI4KB2 fragments were
mixed with the GFP fragment and fused by overlap-extension PCR using
primers 5'-AAAGGATCCATGGTGAGCAAGGGCGAGGAG-3' (the BamHI
site is underlined) and 5'-AAAGCGGCCGCTTACTTCTCGATGCCTTGT-3’
or 5'-AAAGCGGCCGCTCACAATATTCCATTTAAGACC-3' (the Notl sites
are underlined). The fused fragment was cloned into pPGEM-T Easy. The 1.2-
kb 5" upstream sequences of Pl[4Ka1 and GFP-PI4KB2, including the start
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codon, were amplified by primers 5'-AAATCTAGAGCGGCCGCGTGA-
GAGAAATATGCAATTGC-3' (the Xbal and Notl sites are underlined) and
5'-TTTTCTAGAAATGTCACAAAGCTCCGTCAG-3' (the Xbal site is un-
derlined) for PI4Kal and 5-AAATCTAGAGCGGCCGCAACCGTCG-
GTGTTCCTCGTAA-3' (the Xbal and Notl sites are underlined) and
5'-TTTTCTAGAAACCAATGAAAGAAACTGTGC-3' (the Xbal site is un-
derlined) for PI4KB2. Promoter fragments were digested with Xbal and
cloned upstream of GFP in the plasmid constructs. The resulting
ProPl4Ka1-GFP-Pl4Ka1 and ProPl4KB2-GFP-PI4KB2 fusion constructs
were excised with Notl and then transferred into pMLBART (Vitha et al.,
2001; conferring resistance to glufosinate ammonium).

For transient knockdown of PI4Ka1 expression, transgenic plants that
expressed amiRNAs (Schwab et al., 2006) under the control of DEX-
inducible promoters (Aoyama and Chua, 1997) were generated. PI4Ka1
amiRNAs were designed using Web MicroRNA Designer (http://wmd.
weigelworld.org) software. A miR319a sequence was amplified by RT-PCR,
and the target sequences were replaced by overlap-extension PCR. The
miR319a sequence was amplified using the primer set 5'-CTCGAG-
CAAACACACGCTCGGACGCAT-3' (the Xhol site is underlined) and
5'-CATGGCGATGCCTTAAATAAAGA-3’ and cloned into a pGEM-T Easy
vector. The cloned miR319a sequence was further amplified by PCR with
the following three primer sets: 5'-GTTTTCCCAGTCACGAC-3’ and
5'-GAAAAACTAACCAGACATGATGTTCTACATATATATTCCT-3/,
5’-GAACGTCATGTCTGGATAGTTTATCAAAGAGAATCAATGA-3' and
5'-GAACATCATGTCTGGTTAGTTTTTCACAGGTCGTGATATG-3/,
and 5'-GATAAACTATCCAGACATGACGTTCTCTCTTTTGTATTCC-3’
and 5 -CAGGAAACAGCTATGAC-3' (overlaps are indicated by boldface
letters). The three amplified DNA fragments were mixed and fused by PCR
using the primer set 5'-GTTTTCCCAGTCACGAC-3' and 5'-CAGGAAA-
CAGCTATGAC-3'. The amplified DNA fragment was digested with Spel
and Xhol and cloned into a pTA7002 vector (Aoyama and Chua, 1997).

All constructs were transferred to Agrobacterium tumefaciens GV3101
and introduced into the wild type and pi4kp2 (SALK_098069; Preuss et al.,
2006) homozygous mutant or pi4ka1 (GK_502D11) heterozygous mutant
plants. T1 plants were selected for resistance to glufosinate ammonium or
hygromycin B. A Pl4Ka1 knockdown plant was crossed with the padv1
pdv2 mutant to produce PI4Ka1 knockdown/pdv1, PI4Ka1 knockdown/
pdv2, and Pl4Ka1 knockdown/pdv1 pdv2 mutants.

Downregulation of PI4Ka1 was confirmed by RT-PCR analysis. Total
RNA was extracted using an RNeasy Mini Kit (Qiagen). Four-day-old
seedlings were transferred onto MS plates with or without 5 uM DEX and
grown for 1 week. RNA (0.8 n.g) was reverse-transcribed using the oligo
(dT) (20 nucleotides) primer. The resulting cDNA was used as a template
for PCR. Before comparing the expression levels, we confirmed that the
amplification was in the linear range by comparing different cycles of
amplification by ethidium bromide staining. PCR was performed using the
primer set 5'-TGGCGTAAAATGAAGGCCTGT-3’ and 5’-TCCGGCTTCTTAA-
CAGCAACA-3'. As a control, UBQT cDNA was amplified using the primers
5'-GGCCAAGATCCAAGACAAAG-3’ and 5'-GTTGACAGCTCTTGGGTGAA-
3’. The number of PCR cycles was 30 for PI4Ka1 and 25 for UBQT1.

Microscopic Observation

Observations of chloroplasts in Arabidopsis leaf cells were performed as
described previously (Okazaki et al., 2009). Samples were observed using
Nomarski optics. Images of GFP and chlorophyll fluorescence were taken
using a confocal laser-scanning microscope.

Antibodies and Immunoblotting

Four-day-old seedlings were transferred onto MS plates with or without
25 pM PAO and grown for 3 d. Plants were ground with a mortar and
pestle on ice and homogenized in extraction buffer (50 mM Tris, pH 7.5,

2 mM MgCl,, 5 mM EDTA, and a protease inhibitor mixture [cOmplete
ULTRA; Roche Applied Science]). The homogenate was filtered through
Miracloth (Calbiochem). The protein concentration of the homogenate
was determined, and then the homogenate was subjected to fractionation
and immunoblotting. The total extract was centrifuged at 20,000g for 20
min at 4°C to sediment an LSP. The supernatant fraction was further
centrifuged at 100,000g for 1 h at 4°C to obtain a high-speed microsomal
pellet and a supernatant fraction. Isolation of intact chloroplasts was
performed as described in Measurement of PI4P Levels above.

Immunoblotting assays were performed as described previously
(Nakanishi et al., 2009). An anti-PDV2 antibody (Okazaki et al., 2009) and
an anti-GFP mouse monoclonal antibody (JL-8; Invitrogen) were used at
dilutions of 1:20,000 and 1:1000, respectively.

Accession Numbers

Sequence data from this work can be found in the Arabidopsis Genome
Initiative or GenBank databases under the following accession numbers
and Gl numbers: PDV1 (At5g53280), PDV2 (At2g16070), DRP5B (At3g19720),
Pl4Ka1 (At1g49340), PI4KB1 (At5g64070), and Pl4KB2 (At5g09350).
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Supplemental Figure 3. Phenylarsine Oxide (PAO) Treatment In-
creases DRP5B Expression and Enhances DRP5B Recruitment to
Chloroplasts.
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