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The intracellular distribution of organelles is a crucial aspect of effective cell function. Chloroplasts change their intracellu-
lar positions to optimize photosynthetic activity in response to ambient light conditions. Through screening of mutants of
Arabidopsis defective in chloroplast photorelocation movement, we isolated six mutant clones in which chloroplasts gath-
ered at the bottom of the cells and did not distribute throughout cells. These mutants, termed 

 

chloroplast unusual position-
ing 

 

(

 

chup

 

), were shown to belong to a single genetic locus by complementation tests. Observation of the positioning of
other organelles, such as mitochondria, peroxisomes, and nuclei, revealed that chloroplast positioning and movement are
impaired specifically in this mutant, although peroxisomes are distributed along with chloroplasts. The 

 

CHUP1

 

 gene en-
codes a novel protein containing multiple domains, including a coiled-coil domain, an actin binding domain, a Pro-rich re-
gion, and two Leu zipper domains. The N-terminal hydrophobic segment of CHUP1 was expressed transiently in leaf cells of
Arabidopsis as a fusion protein with the green fluorescent protein. The fusion protein was targeted to envelope membranes
of chloroplasts in mesophyll cells, suggesting that CHUP1 may localize in chloroplasts. A glutathione 

 

S

 

-transferase fusion
protein containing the actin binding domain of CHUP1 was found to bind F-actin in vitro. 

 

CHUP1

 

 is a unique gene identified
that encodes a protein required for organellar positioning and movement in plant cells.

INTRODUCTION

 

Organelles are likely to occupy spaces within the cell that facili-
tate and coordinate their functions. Although plants are static
organisms, their organelles move actively within cells and take
up positions that maximize metabolic activities. Therefore, the
intracellular positioning and movement of organelles likely play a
role in facilitating cell functions. Organelle movement in plant
cells often is influenced by environmental stimuli such as light,
gravity, and mechanical stress (Nagai, 1993; Williamson, 1993;
Kagawa and Wada, 1995; Sack, 1997; Sato et al., 1999; Kagawa
and Wada, 2002). For example, chloroplast photorelocation
movement is a typical organellar response that is regulated by
light. During photorelocation, the chloroplasts situate along the
periclinal cell walls, optimizing their potential to harvest suffi-
cient sunlight for optimal photosynthesis under low-light condi-

tions. Under high light, the chloroplasts move away from the
periclinal walls and toward the anticlinal walls, minimizing po-
tential photodamage. We showed recently that in Arabidopsis
mutants in which the chloroplasts do not redistribute normally
in response to light intensity, the plastids suffer severe photo-
damage and become necrotic under continuous high light
(Kasahara et al., 2002). From these observations, it is evident
that the correct positioning of chloroplasts is very important for
the survival of plants challenged with extreme light conditions.

Two cytoskeletal systems, actin filaments and microtubules,
are critical for organelle movement and positioning. In plant
cells, organelle movement appears to depend more on actin fil-
aments than on microtubules, and actin filaments have been
shown to be involved in the movement of chloroplasts (Kadota
and Wada, 1992; Kandasamy and Meagher, 1999), mitochon-
dria (Van Gestel et al., 2002), nuclei (Chytilova et al., 2000), per-
oxisomes (Collings et al., 2002; Jedd and Chua, 2002; Mano et
al., 2002; Mathur et al., 2002), the endoplasmic reticulum
(Williamson, 1993; Boevink et al., 1998), and the Golgi body
(Boevink et al., 1998). A number of studies suggest that myosin
plays a role in actin filament–based organelle movements as a
motor protein (Williamson, 1993), although the components
have yet to be identified.

Recently, we initiated a screen to identify the components in-
volved in chloroplast movement in Arabidopsis and identified
mutations in a gene encoding the photoreceptor that medi-
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ates the high-light–induced chloroplast avoidance movement
(Kagawa et al., 2001). Here, we report the isolation of additional
Arabidopsis mutants showing aberrant chloroplast positioning
(termed 

 

chloroplast unusual positioning

 

 [

 

chup

 

]) using the same
method and determined that in this case the defective gene
(

 

CHUP1

 

) encodes a novel 112-kD protein. The domain struc-
ture predicted from the deduced amino acid sequence of CHUP1
indicates that this protein might be a factor involved in the ac-
tin-based cytoskeleton required for chloroplast positioning and
movement. We discuss the possible functions of the CHUP1
protein.

 

RESULTS

Isolation of Chloroplast Movement Mutants

 

We screened 15,000 T-DNA lines and 

 

�

 

100,000 ethyl meth-
anesulfonate–mutagenized F2 Arabidopsis seeds for plants
defective in chloroplast movement (see Methods) (Kagawa et
al., 2001). Detached leaves were covered with a black plate
with an open slit through which high-intensity white light was
supplied for 1 h. The irradiated area of the wild-type leaf
changed from green to pale green and was clearly distinguish-
able from the nonirradiated area (Figure 1). The irradiated area
of 

 

chup1

 

 leaves looked almost the same as the nonirradiated
area. One mutant from T-DNA insertional mutant pools and
five mutants from ethyl methanesulfonate–mutagenized mu-
tant pools were allelic. They were all determined to contain sin-
gle, nuclear, recessive mutations by complementation tests
(data not shown).

 

Characterization of the Chloroplast Position in Leaf Cells of 

 

chup

 

 Plants

 

The effect of low and high light intensity on chloroplast posi-
tioning was observed in palisade cells. In wild-type cells, the
chloroplasts accumulated along the periclinal cell walls under
low light (Figure 2A) and along the anticlinal walls under high
light (Figure 2C). In the mutant cells, chloroplast positioning
was quite different from that in wild-type plants under both
low-light and high-light conditions (Figures 2B and 2D), but al-
though many chloroplasts gathered in parts of the mutant
cells, it was difficult to determine the precise locations. To
clarify the distribution patterns, leaves of mutant and wild-type
plants were fixed and embedded, and cross-sections were
observed in more detail. From these sections, it was clear that
the chloroplasts in mutant plants accumulated at the bottom
of palisade and spongy cells (i.e., the side farther from the
adaxial surface of the leaf) (Figure 2F). Even when the mutant
leaves were detached at their petioles and placed on the sur-
face of an agar plate abaxial side up for 2 days, the positioning
of the chloroplasts remained unchanged, suggesting that
chloroplast accumulation at the bottom of the cells was not
simply the result of gravity-dependent sedimentation. Al-
though chloroplasts in wild-type cells changed their position
depending on light intensity, chloroplast movement in the mu-

tant cells was slight, if any movement occurred at all (data not
shown).

 

Observations of Other Organelles

 

Next, the distribution of mitochondria and peroxisomes in wild-
type and 

 

chup1

 

 cells was observed using transient transforma-
tion with green fluorescent protein (GFP) fusions to mitochon-
drial or peroxisomal targeting sequences. Mitochondria were
distributed throughout the cytoplasm, regardless of whether
movement occurred. The types of mitochondrial activity ob-
served can be divided into three classes: no movement, slow
movement in random directions, and rapid linear, directional
movement. The latter type of movement may reflect cytoplas-
mic streaming. Overall, there were no differences in mitochon-
drial distribution, number, or movement patterns between wild-
type and 

 

chup1

 

 cells (Figures 3A to 3D).
Most of the peroxisomes in palisade mesophyll cells were lo-

cated adjacent to chloroplasts in both the wild type and the
mutants and did not appear to move independently of chloro-
plast movement, in contrast to those in the mitochondria (Fig-
ures 3E to 3H). However, the distribution of peroxisomes in pal-
isade mesophyll cells of 

 

chup1

 

 differed from that of the wild
type, because they remained at the bottom of the cells, along
with the chloroplasts. Because peroxisomes usually localize
close to chloroplasts, their abnormal distribution in 

 

chup1

 

leaves likely is a secondary effect of chloroplast mislocalization.

Figure 1. Leaves of Wild-Type and chup1-2 Plants before and after
Partial Irradiation with High-Intensity White Light.

Leaves covered with a non-light-transmitting black plate with open slits
were irradiated through the slits with high-intensity cool-white light for
1 h. The irradiated area of the wild-type (WT) leaf changed from dark
green to pale green and was clearly distinguishable from the nonirradi-
ated area. In the chup1-2 leaf, the irradiated area looked almost the
same as the nonirradiated area.
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In epidermal cells lacking chloroplasts, the peroxisomes moved
actively around cells in both wild-type and 

 

chup1

 

 leaves.
To observe nuclei, transverse sections of the leaves were

made and stained with 4

 

�

 

,6-diamidino-2-phenylindole. The lo-
calization of nuclei in 

 

chup1

 

 cells was similar to that in wild-
type cells (Figures 3I to 3L). Overall, we conclude that the
effects of 

 

chup1

 

 are specific to chloroplast distribution and
movement.

 

Cloning of 

 

CHUP1

 

A segment of the DNA flanking the T-DNA insertion into 

 

chup1-1

 

was isolated by plasmid rescue and used to screen an Arabi-
dopsis cDNA library. Because the cDNA clone isolated in this
screen, which was a part of At3g25690, did not contain a full-
length insert, 5

 

�

 

 rapid amplification of cDNA ends was used to

obtain the full-length cDNA. The cDNA contained a single open
reading frame of 3015 bp, encoding a deduced protein of 1004
amino acid residues with a predicted molecular mass of 112 kD.
The corresponding 

 

CHUP1

 

 gene contains nine exons and eight
introns (Figure 4). The T-DNA insertion in the 

 

chup 1-1

 

 allele
was located in exon 5 (Figure 4). The molecular defects in the
other alleles were characterized by sequencing genomic DNA
fragments. All of the alleles tested carried mutations in the
same gene. The 

 

chup1-2

 

,

 

 -3

 

,

 

 -4

 

, and 

 

-5

 

 mutants all have single
base substitutions resulting in stop codons (Figure 4). The

 

chup1-6

 

 mutant has a single base substitution at the junction of
exon 8 and intron 8. The presence of a lesion in each of the six
independent mutants tested is consistent with the role of this
gene in chloroplast positioning. Furthermore, it was confirmed
that expression of a 

 

CHUP1-GFP

 

 gene (

 

CHUP1

 

 fused to GFP
at the C terminus) driven by the 35S promoter of 

 

Cauliflower

Figure 2. Distribution of Chloroplasts in the Mesophyll Cells of Wild-Type and chup1-2 Leaves.

(A) Low light–adapted wild-type cells.
(B) Low light–adapted chup1-2 cells.
(C) High light–treated wild-type cells.
(D) High light–treated chup1-2 cells.
(E) Cross-section of a wild-type leaf under low-light conditions.
(F) Cross-section of a chup1-2 leaf under low-light conditions.
Bars � 30 �m.
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mosaic virus

 

 in 

 

chup1-2

 

 complemented the mutant phenotype
(data not shown). However, GFP fluorescence was not de-
tected in the resulting transformant (data not shown).

 

CHUP1

 

 Encodes a Putative Actin Binding Protein with a 
Coiled-Coil Region, a Pro-Rich Region, and Two Leu 
Zipper Domains

 

Comparison of the predicted amino acid sequence against se-
quences available in public databases indicated that CHUP1
contains some previously described domains, including an ac-
tin binding domain, a coiled-coil region, Pro-rich motifs, and
Leu zipper motifs (Figure 5C).

 

Coiled-Coil Region

 

The Paircoil program (Berger et al., 1995) predicted the pres-
ence of a coiled-coil region (Asp-112 to Arg-341) (Figure 5A,
underline).

 

Actin Binding Domain

 

Comparison with PROSITE, a database of biologically signifi-
cant sites (http://kr.expasy.org/prosite), patterns, and profiles,
revealed the presence of an actinin-type actin binding domain
signature in CHUP1 (Asp-346 to Ala-356) (Figure 5A, box).

 

Leu Zipper Motifs

 

Comparison with the PROSITE database sequences revealed
the presence of two Leu zipper motifs (Leu-269 to Leu-304 and
Leu-802 to Leu-823) (Figure 5A, black boxes). These regions
may mediate protein–protein interactions with other proteins or
with itself.

 

Pro-Rich Motifs

 

The region from Pro-648 to Pro-705 is abundant in Pro resi-
dues (Figure 5A, double underline). A Pro-rich motif (PRM) can
be classified by comparison with consensus sequences de-
rived from several different PRM binding domains (Holt and
Koffer, 2001). The PRM of CHUP1 is most similar to PRM1,
which has been identified as a profilin binding motif.

 

Figure 3.

 

Distribution of Mitochondria, Peroxisomes, and Nuclei in
Wild-Type and 

 

chup1

 

 Cells.

 

(A)

 

 to 

 

(D)

 

 Arabidopsis palisade mesophyll cells transiently expressing
mitochondria-targeted GFP. Confocal microscopic images of the sec-
tions near the top (

 

[A]

 

 and 

 

[C]

 

) and the bottom (

 

[B]

 

 and 

 

[D]

 

) of wild-type
and 

 

chup1-2

 

 cells, respectively. The green and red signals show fluo-

 

rescence from GFP and autofluorescence from chloroplasts, respec-
tively. Bar 

 

�

 

 10 

 

�

 

m.

 

(E)

 

 to 

 

(H)

 

 Arabidopsis palisade mesophyll cells transiently expressing
peroxisome-targeted GFP. Confocal microscopic images of the sec-
tions near the top (

 

[E]

 

 and 

 

[G]

 

) and the bottom (

 

[F]

 

 and 

 

[H]

 

) of wild-type
and 

 

chup1-2

 

 cells, respectively. Fluorescent colors are the same as in

 

(A)

 

 to 

 

(D)

 

. Bar 

 

�

 

 10 

 

�

 

m.

 

(A)

 

 to 

 

(H)

 

 represent projections of seven optical 1.0-

 

�

 

m sections.

 

(I)

 

 to 

 

(L)

 

 Positions of nuclei in Arabidopsis leaves. Cross-sections of
wild-type and 

 

chup1-2

 

 leaves were stained with 4

 

�

 

,6-diamidino-2-phe-
nylindole to visualize nuclei (

 

[I]

 

 and 

 

[K]

 

, respectively), and the same
cross-sections are shown for the transmission images (

 

[J]

 

 and 

 

[L]

 

, re-
spectively). Bar 

 

�

 

 30 

 

�

 

m.
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Hydrophobic Region

 

A hydrophilicity plot revealed the presence of a short hydro-
phobic region at the N-terminal end of the protein (Figure 5B).
Comparison of the CHUP1 sequence with sequences in the
SignalP database, which enables prediction of the presence
and location of signal peptides (Nielsen et al., 1997), led to the
prediction that the hydrophobic region may function as a signal
peptide. The hydrophobic region could play a role in membrane
anchoring. We further investigated the possible roles of this re-
gion, and these efforts are described in more detail below.

 

Proteins That Are Similar to the C-Terminal Region of 
CHUP1 in Arabidopsis

 

No sequences similar to the full-length CHUP1 sequence were
found in the Arabidopsis database (TAIR; http://www.arabidopsis.
org). However, in Arabidopsis, there are three genes that en-
code proteins strikingly similar to the C-terminal region (from
the Pro-rich region to the end) of CHUP1 (Figure 6). The func-
tions of these genes are not known. We were unable to find any
additional sequence homology with other known proteins or
functional domains. Although the function of this C-terminal re-
gion is not known, it is likely to play a key role in the molecular
function of CHUP1.

 

Localization of the CHUP1–N-Terminal Hydrophobic 
Region–GFP Fusion Protein

 

GFP was fused to the C-terminal end of the N-terminal hydro-
phobic region of CHUP1 (Met-1 to Pro-25) to allow the study of
the possible roles of this N-terminal region in intact cells. The
construct was introduced into leaf cells by particle bombard-
ment to allow the transient expression of the fusion protein
(N-CHUP-GFP). In the transformants, the outlines of chloro-
plasts were stained strongly with green fluorescence in the
cells expressing N-CHUP-GFP, whereas GFP was distributed
uniformly in the cytosol (Figure 7). The localization of N-CHUP-
GFP was significantly similar to that of AtOEP7-GFP, which is
targeted to chloroplast envelope membrane (Lee et al., 2001),
rather than to that of pt-sGFP, a fusion of the transit peptide of

 

the ribulose-1,5-bisphosphate carboxylase/oxygenase small
subunit and GFP that is targeted to chloroplast stroma (Niwa et
al., 1999). Thus, N-CHUP-GFP probably was targeted to chlo-
roplast and plastid envelopes in mesophyll and epidermal cells,
respectively (Figure 7). These results suggest that the N-termi-
nal region may target and anchor CHUP1 in the chloroplast en-
velope membrane.

 

Expression of 

 

CHUP1

 

A 3.8-kb transcript was detected in wild-type plants using the
full-length 

 

CHUP1

 

 cDNA sequence, and the expression levels
were reduced greatly in all of the mutants tested (Figure 8A).
The gene was expressed in cauline leaves, rosette leaves,
stems, and inflorescences (flowers), but not in roots. If the
CHUP1 protein plays specific roles in determining the intracel-
lular distribution of chloroplasts, it is reasonable to expect that
the gene would be expressed in organs that contain chloro-
plasts.

 

Actin Binding Activity

 

Because the domain organization of CHUP1 included an actin
binding site, we studied the binding activity of this gene prod-
uct to actin. Attempts to express full-length CHUP1 as a glu-
tathione 

 

S

 

-transferase (GST)–tagged protein in 

 

Escherichia coli

 

were unsuccessful, because the level of expression was too
low to be useful and all of the expressed protein became insol-
uble (data not shown). Hence, we instead expressed a trun-
cated form of CHUP1 consisting of the putative actin binding
domain as a GST fusion protein, GST-CHUP1-ABD. The fusion
protein coprecipitated with F-actin (Figure 9, lane P of F-actin 

 

�

 

GST-ABD), whereas the control GST lacking the CHUP1 do-
main did not (Figure 9, lane P of F-actin 

 

�

 

 GST). These results
demonstrate that the putative actin binding motif in CHUP1 can
function as an actin binding site.

 

Actin Cytoskeleton in 

 

chup1

 

 Cells

 

To visualize actin filaments, wild-type and 

 

chup1-2 plants were
transformed with a construct to express GFP–mouse talin

Figure 4. Structure of the CHUP1 Gene and Positions of chup1 Mutations.

The locations of start (ATG) and stop (TGA) codons are indicated. Nine exons (boxes) and eight introns (lines) were identified by comparing the geno-
mic sequence with the cDNA sequence. Mutations in chup1-1, chup1-2, chup1-3, chup1-4, chup1-5, and chup1-6 are as follows: insertion of T-DNA
into exon 5 in chup1-1; the codon for Gln-234 was changed to a stop codon in chup1-2; the codon for Gln-75 was changed to a stop codon in chup1-3;
the codon for Trp-451 was changed to a stop codon in chup1-4; the codon for Trp-828 was changed to a stop codon in chup1-5; and the first base
(G) of intron 8 was changed to A in chup1-6.
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(GFP-mTalin), a marker for the actin cytoskeleton in live plant
cells (Kost et al., 1998). The actin filaments were distributed
over the cell cortex even around the chloroplasts in chup1 cells
and wild-type cells (Figure 10). There was no apparent differ-
ence between chup1 and wild-type cells in terms of the pattern
of actin filaments.

DISCUSSION

In this study, we describe the isolation of a novel gene, CHUP1,
required for the positioning and movement of chloroplasts. The
predicted CHUP1 protein sequence contains multiple func-
tional domains (Figure 5C), and of these, we demonstrate that

Figure 5. Structure of CHUP1.

(A) Amino acid sequence of CHUP1. The coiled-coil domain is underlined. The Pro-rich domain is double underlined. The actinin-like actin binding
motif is indicated by an open box. Two Leu zipper motifs are indicated by series of black boxes.
(B) Hydrophilicity plot of the amino acid sequence of CHUP1. Hydrophilic indices were calculated using the Kyte-Doolittle scale (Kyte and Doolittle,
1982) and averaging over a window of 17 amino acid residues.
(C) Domain organization of CHUP1. The hydrophobic region, coiled-coil domain, actin binding motif, Pro-rich region, and two Leu zipper domains are
indicated. aa, amino acids.
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Figure 6. Alignment of the C-Terminal Region of CHUP1 with Those of Arabidopsis At4g18570, At1g48280, and At1g07120 Gene Products.

Amino acid residues identical in at least three sequences are indicated by black boxes. Numbers given are amino acid positions for each protein sequence.

the actin binding motif can bind F-actin (Figure 9). Because
CHUP1 contains an actin binding domain, it is logical to as-
sume that the function of CHUP1 will include interaction with
the actin-based cytoskeleton.

There are multiple systems for targeting proteins to the chlo-
roplast outer envelope membrane (Keegstra and Cline, 1999).
The protein encoded by pea OEP14, the ortholog of Arabidop-
sis OEP7 (AtOEP7), is targeted to the chloroplast outer enve-
lope membrane using one of the targeting systems (Li and Chen,
1996). The N-terminal hydrophobic segment of OEP14 has
been shown to play roles in localization to the chloroplast outer
envelope membrane and anchoring to the membrane (Li and
Chen, 1996). Although the transit peptide required to transport
protein into chloroplasts is cleaved after targeting, the hydro-
phobic segment of OEP14, which likely works as a targeting
signal in this system, is not cleaved. In Figure 7, we showed
that the N-terminal hydrophobic segment of CHUP1 has the
ability to target GFP into the chloroplast envelope. It is difficult
to determine what components of the chloroplast envelope
(e.g., the outer envelope membrane, the inner envelope mem-
brane, or the space between these membranes) N-CHUP-GFP
localizes at in this experiment. However, by analogy with
OEP14, N-CHUP-GFP is likely to localize at the chloroplast
outer membrane using the same targeting system as OEP14.
Thus, CHUP1 could function at the periphery of the chloroplast
outer membrane.

To date, the majority of studies attempting to elucidate the
mechanisms of organelle movement have involved physiologi-
cal and histochemical approaches using cytoskeleton-disrupt-
ing drugs and fluorescent probes to stain cytoskeleton compo-
nents (Kandasamy and Meagher, 1999; Sato et al., 2001;
Collings et al., 2002; Jedd and Chua, 2002; Mano et al., 2002;
Mathur et al., 2002; Van Gestel et al., 2002). The outcomes of
these experiments suggest that the actin- and/or tubulin-based
cytoskeleton and their motor proteins play crucial roles in the
positioning and movement of organelles. It also is likely that
chloroplast positioning and movement involve the actin-based
cytoskeleton but not the tubulin-based cytoskeleton (Kadota
and Wada, 1992; Tlalka and Gabrys, 1993; Kandasamy and
Meagher, 1999). Myosin has been proposed to be a motor pro-
tein for chloroplast movement based on inhibitor experiments

using the fern Adiantum (Kadota and Wada, 1992; Sato et al.,
1999) and is the best candidate for the motor protein driving
chloroplast movement in Arabidopsis cells. However, CHUP1
does not show any similarity to the consensus sequence for
myosin motor domains.

CHUP1 is likely to be a factor required to spread chloroplasts
around cells close to the plasma membrane, because chlo-
roplasts gather at the bottom of chup1 cells. Interestingly,
chloroplasts aggregate aberrantly when actin filaments are de-
polymerized using the actin-disrupting drug latrunculin B in
Arabidopsis cells (Kandasamy and Meagher, 1999). The aggre-
gation pattern induced by this drug is somewhat similar to the
aberrant positioning of chloroplasts in chup1 cells. It is likely
that the proper distribution of actin filaments and the presence
of functional CHUP1 are required for normal chloroplast posi-
tioning. Although it is premature to attempt to describe pre-
cisely the function of CHUP1, it is possible to infer some gen-
eral roles from our observations. CHUP1 might function as a
chloroplast-anchoring factor, binding between chloroplasts
and actin filaments. Alternatively, although the major actin fila-
ments are likely to be normal in chup1 cells (Figure 10), it re-
mains possible that CHUP1 may serve to build the kind of actin
filaments required for chloroplast positioning and movement,
which might be so unstable or very thin that they could not be
visualized using transformants expressing GFP-mTalin. In this
regard, the Pro-rich region of CHUP1 could recruit profilactin, a
complex of G-actin and profilin, to provide the actin monomers
required for F-actin polymerization, as many proteins with Pro-
rich regions do (Holt and Koffer, 2001). Analysis of the various
CHUP1 subdomains would be the next logical step in the fur-
ther investigation of the molecular function of CHUP1.

In seed plants, it has been proposed that peroxisomes (Jedd
and Chua, 2002) and mitochondria (Van Gestel et al., 2002)
move within cells using an actomyosin system similar to that
used by chloroplasts. To determine if this is the case, the distri-
bution of mitochondria and peroxisomes was visualized using
GFP fused to localization signals for these organelles. Our ob-
servations revealed that CHUP1 likely has a function specific
for chloroplast movement. There are three genes with se-
quence similarity to the CHUP1 C-terminal region in Arabidop-
sis (Figure 6). Although we have already isolated six different



T
he

 P
la

nt
 C

el
l

2812 The Plant Cell

mutant alleles of chup1 in our screen, mutants defective in
these similar genes have yet to be identified. It is not known
whether these gene products play roles in the movement of
other organelles. If they do, mutants may not have been ob-
tained yet because insufficient mutations have been screened
or because the candidate genes have redundant functions.

Under low-light conditions, chloroplasts accumulate in areas
irradiated with light, presumably to optimize photosynthesis
(“accumulation movement”), although conversely, they avoid ar-
eas irradiated with high-intensity light, minimizing photodamage
of the photosynthetic apparatus (“avoidance movement”). When
chup1 plants were exposed to continuous high-intensity light, the
leaves were severely bleached and became necrotic (Kasahara
et al., 2002). Therefore, the correct relocation of chloroplasts in
response to changing light conditions is critical for plant survival.
This could be why the phenomenon of chloroplast photorelocation
movement is found in all of the chloroplast-containing organisms
examined to date, from algae to seed plants. We recently identi-
fied the photoreceptors responsible for the regulation of chloro-

plast photorelocation movement, phot1 and phot2 (Jarillo et al.,
2001; Kagawa et al., 2001; Sakai et al., 2001). Arabidopsis phot
mutants are defective in accumulation movement and/or avoid-
ance movement because of disrupted regulation of the light sig-
nal transduction pathways. The CHUP1 protein described in this
study probably functions as part of the machinery needed for
chloroplast positioning and movement, rather than in the signal
transduction pathway. Therefore, CHUP1 represents another
category of gene involved in chloroplast movement. Further in-
vestigation of the functions of CHUP1 is likely to reveal the
mechanism of chloroplast movement and confirm the impor-
tance of proper organelle distribution in plant cells.

METHODS

Plant Materials and Growth Conditions

Seeds of Arabidopsis thaliana (Columbia and Wassilewskija ecotypes)
were sown on one-third-strength Murashige and Skoog (1962) medium

Figure 7. Localization of N-CHUP-GFP.

(A) to (L) Confocal microscopic images of optical sections of Arabidopsis palisade mesophyll cells transiently expressing GFP ([A] to [C]), pt-sGFP
([D] to [F]), AtOEP7-GFP ([G] to [I]), and N-CHUP-GFP ([J] to [L]). The green and red signals show fluorescence from GFP and autofluorescence from
chloroplasts, respectively. Merged images of the green and red channels are shown ([C], [F], [I], and [L]). These images represent projections of 17
optical 1.25-�m sections. Bar � 10 �m.
(M) to (P) Confocal microscopic images of optical sections of Arabidopsis epidermal cells transiently expressing GFP (M), pt-sGFP (N), AtOEP7-GFP
(O), and N-CHUP-GFP (P). Merged images of the green and red channels are shown. These images represent projections of eight optical 1.5-�m sec-
tions. Bar � 20 �m.
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containing 1% (w/v) sucrose with 0.8% (w/v) agar, incubated at 4�C for 2
days, and then grown under light conditions of 16 h of light (�70
�mol·m�2·s�1) and 8 h of dark at 25�C.

Isolation of Mutants

Leaves of 2-week-old plants mutagenized by ethyl methanesulfonate
(Lehle Seeds, Round Rock, TX) or T-DNA insertion (ABRC, Columbus,
OH) were removed and placed adaxial side up on the surface of agar
plates solidified with 1% agar. These leaves were covered by a black
plate with 1-mm-wide slits and irradiated through these slits with strong
white light (�30 W/m2) for 1.5 h using a metal halide lamp. The color of
leaves irradiated with strong light through these slits changed from
green to pale green as a result of chloroplast avoidance movement. Mu-
tants were identified as plants that did not change their leaf color in the
slit region after irradiation with high-intensity light.

Observation of Organelle-Targeted GFP

Arabidopsis leaves were bombarded with gold particles coated with
plasmids containing mitochondrion-targeted GFP gene fusions (Niwa et

al., 1999) or peroxisome-targeted GFP gene fusions (Mathur et al., 2002)
using a Bio-Rad PDS-1000/He particle-delivery system. Bombarded
leaves were maintained at 25�C for at least 12 h until microscopic obser-
vation, and then GFP-expressing cells were imaged using a confocal la-
ser scanning microscope (LSM model 410; Zeiss, Jena, Germany).

Cloning of CHUP1

For plasmid rescue, DNA was prepared from chup1-1 Arabidopsis
plants and digested with SalI. After phenol/chloroform extraction, the di-
gested DNA was self-ligated at 16�C overnight and introduced into
Escherichia coli (DH5�). Rescued plasmid DNA was sequenced using a
T-DNA left border primer (5�-TTTAAGACGCTATTCCTCAACTTCC-3�). A
Basic Local Alignment Search Tool (BLAST) search confirmed that the
flanking sequence of the T-DNA was identical to part of the genomic se-
quence in BAC T5M7.

An Arabidopsis cDNA library was screened with a probe of the DNA
fragment described above, and a cDNA clone containing the open read-
ing frame of CHUP1 was isolated. Because the clone did not contain the
5� end of CHUP1, 5� rapid amplification of cDNA ends was performed
using a kit (Invitrogen, Carlsbad, CA) to obtain the full-length sequence
of CHUP1.

RNA Gel Blot and Reverse Transcriptase–Mediated PCR Analyses

Total RNA was isolated from 4-week-old plants. Ten micrograms of total
RNA was electrophoresed on an agarose gel and blotted onto a nylon
membrane (Hybond-N�; Amersham). After hybridization with a probe (aFigure 8. CHUP1 Gene Expression.

(A) RNA gel blot hybridization was performed with the 32P-radiolabeled
CHUP1 or TUBA cDNA as a probe against total RNA. Total RNA sam-
ples were prepared from wild-type (WT) ecotype Wassilewskija (Ws),
wild-type ecotype Colombia (Col), and four mutant alleles of chup1. The
respective wild-type parental ecotype of each mutant was included
for comparison (Ws for chup1-1 and Col for chup1-2, chup1-3, and
chup1-4). TUBA encoding tubulin was used as a control.
(B) CHUP1 mRNA accumulation was analyzed by reverse tran-
scriptase–mediated PCR. PRF1 encoding profilin was amplified as a
control. CL, cauline leaves; RL, rosette leaves; S, stems; R, roots; F,
flowers.

Figure 9. Actin Binding Activity of CHUP1.

GST or GST-ABD was incubated with or without F-actin at 25�C for 1 h
and then centrifuged at 100,000g for 1 h. Supernatant fraction (S) and
precipitant fraction (P) were loaded on an SDS-PAGE gel. The gel was
stained with Coomassie Brilliant Blue R 250. The arrowheads indicate
the positions of actin, GST-ABD, and GST. Molecular mass standards
are indicated at left.
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PCR product of the full-length CHUP1), the blot was exposed to x-ray
film (X-Omat; Kodak).

Localization of N-CHUP1-GFP

To make a construct to express a fusion protein of the N-terminal hydro-
phobic region of CHUP1 with GFP, a SalI site and an NcoI site were in-
troduced immediately upstream and downstream of the codons for
Met-1 and Pro-25 of CHUP1, respectively, using PCR. The two primers
used were 5�-AAGTCGACATGGGAAAAACTTCGGGA-3� and 5�-AAC-
CATGGGTTTAACGTTGAGCCGCTTAA-3�. PCR was performed with the
primers using CHUP1 cDNA as a template. The PCR product was di-
gested with SalI and NcoI and cloned into the SalI-NcoI site of the
CaMV35S	-sGFP(S65T) plasmid (Chiu et al., 1996; Niwa et al., 1999).
The resulting plasmid was named pN-CHUP-GFP.

To make a construct to express the AtOEP7-GFP fusion protein, we
followed the method described by Lee et al. (2001). GFP was fused to
the C terminus of the full-length AtOEP7. A SalI site and an NcoI site
were introduced immediately upstream and downstream of the codons
for Met-1 and Leu-64 of AtOEP7, respectively, using PCR. The PCR
product was digested with SalI and NcoI and cloned into the SalI-NcoI
site of the CaMV35S	-sGFP(S65T) plasmid (Chiu et al., 1996; Niwa et
al., 1999). The resulting plasmid was named pAtOEP7-GFP.

Arabidopsis leaves were bombarded with gold particles coated with
plasmids, the CaMV35S	-sGFP(S65T) plasmid, the plastid-targeted
pt-sGFP(S65T) plasmid (Chiu et al., 1996; Niwa et al., 1999), pN-CHUP-
GFP, or pAtOEP7-GFP using a Bio-Rad PDS-1000/He particle-delivery
system. Bombarded leaves were maintained at 25�C for at least 12 h un-
til microscopic observation, and then GFP-expressing cells were imaged
using a confocal laser scanning microscope (LSM model 410; Zeiss).

Construction, Expression, and Purification of GST-CHUP1-ABD

A BamHI site and an EcoRI site were introduced immediately upstream
and downstream of the codons for Lys-332 and Asn-364, respectively,
using PCR. The two primers used were S1-F (5�-TTGGATCCAAGC-
AAGTGGAAGGGCTT-3�) and S1-R (5�-TTGAATTCGTTTCTTAACTCA-
TACCG-3�). PCR was performed with the primers using CHUP1 cDNA
as a template. The PCR product was digested with BamHI and EcoRI and
cloned into the BamHI-EcoRI site of pGEX-2T (Amersham). E. coli

BL21(DE3) pLysS was transformed with the resulting plasmid, pGEX-
CHUP1-ABD, and was grown in Luria-Bertani medium (400 mL) at 25�C.
The recombinant protein, GST-CHUP1-ABD, was produced by inducing
exponentially growing cells with 1 mM isopropylthio-
-galactoside. Cells
were harvested by centrifugation after 5 h of cultivation, frozen at �20�C,
thawed at room temperature, resuspended in 25 mL of 50 mM Tris-HCl
buffer, pH 8.0, containing 10% (w/v) glycerol, 150 mM NaCl, 2 mM EDTA,
0.1% (w/v) Triton X-100, and 10 mM 2-mercaptoethanol (buffer A), and
then disrupted by sonication. The cell extract was centrifuged at 16,000g
for 30 min and applied to a glutathione-Sepharose column (0.5-mL bed
volume). The column was washed with 20 mL of buffer A and 10 mL of
buffer B (50 mM Tris-HCl, pH 8.0, and 10% [w/v] glycerol). The protein
was eluted with buffer B supplemented with 10 mM glutathione.

Actin Binding Assay

One milligram of actin (A-2522; Sigma, St. Louis, MO) was dissolved in
0.5 mL of 2 mM Tris-HCl buffer, pH 8.0, containing 0.1 mM CaCl2, 0.2
mM ATP, and 1 mM 2-mercaptoethanol (G buffer). The actin solution
was centrifuged at 100,000g for 1 h at 4�C. A supernatant fraction (0.45
mL) was recovered and added to 50 �L of 10 � F buffer (0.5 M Tris-
HCl, pH 8.0, 1 M KCl, 20 mM MgCl2, 10 mM EGTA, 2 mM ATP, and 10 mM
2-mercaptoethanol) to polymerize actin protein and centrifuged at
100,000g for 1 h at 4�C. The supernatant fraction was discarded to re-
move unpolymerized actin fraction. The precipitated fraction was dis-
solved in 100 �L of G buffer and used for the actin binding assay. GST or
GST-CHUP1-ABD was mixed with or without the actin solution. The mix-
ture was added to one-tenth final volume of 10 � F buffer, incubated at
25�C for 1 h, and centrifuged at 100,000g for 1 h at 4�C. Both the super-
natant and the precipitated fractions were analyzed using SDS-PAGE.

Transformation of Arabidopsis with
a GFP-mTalin–Expressing Construct

We constructed a transformation plasmid containing the gene that en-
codes GFP-mTalin (Kost et al., 1998) under the control of the 35S pro-
moter of Cauliflower mosaic virus. Arabidopsis ecotype Columbia (gl1)
and the chup1-2 mutant were transformed with the GFP-mTalin con-
struct using the in planta transformation method (Bechtold et al., 1993).

Figure 10.  Actin Cytoskeleton in Palisade Mesophyll Cells of the Wild Type and chup1-2.

The actin filaments were visualized in transgenic Arabidopsis plants by expressing GFP-mTalin with a confocal microscope in wild-type (A) and
chup1-2 (B) backgrounds. The green and red signals show fluorescence from GFP and autofluorescence from chloroplasts, respectively. The images
represent projections of 20 optical 0.95-�m sections. Bar � 10 �m.
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Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact Masamitsu Wada, wada-masamitsu@c.metro-u.ac.jp.

Accession Numbers

The sequence data for CHUP1 has been deposited in the DDBJ/GenBank/
EBI Data Bank with accession number AB087408. The sequence informa-
tion for At4g18570, At1g48280, and At1g07120 shown in Figure 6 was ob-
tained from the TAIR World Wide Web site (http://www.arabidopsis.org).
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