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To sense ambient light conditions in order to optimize their growth and development, plants employ a battery of

photoreceptors responsive to light quality and quantity. Essential for the sensing of red and far-red (FR) light is the

phytochrome family of photoreceptors. Among them, phytochrome A is special because it mediates responses to different

light conditions, including both very low fluences (very low fluence response [VLFR]) and high irradiances (high irradiance

response [HIR]). In contrast with the FR-HIR signaling pathway, in which several intermediates of the signaling pathway

have been identified, specific components of the VLFR pathway remain unknown. Here, we describe owl1 (for orientation

under very low fluences of light), a mutant that is specific for the VLFR, suggesting that VLFR and HIR pathways are

genetically distinct, although some common mechanisms can be observed. OWL1 codes for a ubiquitous J-domain protein

essential for germination, cotyledon opening, hypocotyl elongation, and deviation of the direction of hypocotyl growth from

the vertical under very low light conditions. Additionally, we observed a flowering phenotype suggesting a role for the VLFR

during the whole life cycle of a plant. OWL1 interacts with the basic helix-loop-helix HFR1 (LONG HYPOCOTYL IN FAR-RED)

transcription factor, previously characterized as a component of the FR-HIR pathway. Both proteins are involved in the

agravitropic response under FR light. We propose a central function of OWL1 in the VLFR pathway, which is essential for

plant survival under unfavorable light conditions.

INTRODUCTION

To optimize their growth and development, plants have evolved

different photosensory systems to perceive light quality, quan-

tity, duration, direction, and periodicity. Essential for sensing of

red (R) and far-red (FR) light is the phytochrome (phy) family of

photoreceptors (Chen et al., 2004; Bae and Choi, 2008). Phyto-

chromes are encoded by a small gene family, and five phyto-

chromes have been identified in the model plant Arabidopsis

thaliana (Clack et al., 1994). Light stable phytochromes (phyB to

phyE) mediate low fluence responses (LFRs) primarily to red light

(Borthwick et al., 1952; Shinomura et al., 1996). The function of

the light unstable phyA is more complex because it participates

in at least three photosensory modes: the very low fluence

response (VLFR) and the high irradiance response (HIR) to FR

and, as recently shown, to R light as well (Casal et al., 2000,

Franklin et al., 2007). The light treatments required to trigger the

responses are distinct: the VLFR is activated by very low intensity

light of any visible wavelength (fluences below 1 mmol m22 of

light) (Botto et al., 1996; Shinomura et al., 1996), whereas the FR-

HIR is induced by higher fluences of continuous far-red light

(Shinomura et al., 2000) and the R-HIR by strong red light (above

100 mmol m22 s21) (Franklin et al., 2007). Moreover, phyA in its

VLFR mode antagonizes phyB operating in the LFR mode,

whereas phyA in the FR-HIR mode enhances phyB action in

the LFR (Cerdan et al., 1999; Hennig et al., 2001). Thus, all three

signaling modes of phytochromes, VLFR, LFR, and HIR, are

linked in a complex web of interacting signaling pathways.

Phytochromes exist as dimers with each subunit of ;120 kD

linked to a tetrapyrrol chromophore, responsible for light ab-

sorption (Chen et al., 2004; Bae and Choi, 2008). phyA, like all

phytochromes, is synthesized in the cytoplasm, where it accu-

mulates to high levels in darkness. Upon light activation, which

leads to conformational changes of the chromophore trans-

duced to the protein backbone (Pfr form), phyA moves from the

cytoplasm to the nucleus where it localizes to nuclear foci

(Kircher et al., 2002; Schwinte et al., 2008). The phyA photore-

ceptor itself is modulated by light on multiple levels. Its protein

level is rapidly reduced in response to light via transcriptional and

posttranslational mechanisms (Canton and Quail, 1999; Clough

et al., 1999; Seo et al., 2004). Furthermore, the phosphorylation

state of phyA and therefore its activity and stability is light

dependent (Lapko et al., 1997; Kim et al., 2004; Rubio and Deng,

2005; Trupkin et al., 2007). In addition, there is evidence that the

phosphorylation state of the phyA dimer could lead to a prefer-

ential induction either of the FR-HIR or the VLFR pathway (Ryu

et al., 2005; Trupkin et al., 2007; Kneissl et al., 2008).

A number of signaling components downstream of phyA have

been identified in Arabidopsis that are either specific for the FR-

HIR (such as FAR-RED ELONGATED HYPOCOTYL [FHY3],

PHYTOCHROME A SIGNAL TRANSDUCTION [PAT1], and
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Bell-like homeodomain;Wang andDeng, 2002; Bolle et al., 2004;

Staneloni et al., 2009) or can mediate both the VLFR and FR-HIR

(such as FHY1, LONG HYPOCOTYL IN FAR-RED [HFR1], SUP-

PRESSOR OF PHYA [SPA1], and PHYTOCHROME KINASE

SUBSTRATE [PKS4]; Hoecker et al., 1999; Fairchild et al.,

2000; Soh et al., 2000; Desnos et al., 2001; Zeidler et al., 2001;

Schepens et al., 2008) (see Supplemental Figure 1 online). Pks1

and 2mutants showenhanced phyA-mediated VLFRbut are also

involved in blue light–mediated phototropism (Lariguet et al.,

2003, 2006). Although GIGANTEA (GI) was first characterized as

playing a role in the circadian clock and deetiolation under red

light conditions, recent work showed that this protein is also

important for hypocotyl growth, cotyledon opening, and germi-

nation under VLF conditions (Oliverio et al., 2007).

Quantitative trait locus (QTL) mapping led to the identification

of genetically unidentified loci that have been physiologically

characterized as specific for the VLFR. Introgression of the

Arabidopsis Columbia-0 (Col-0) ecotype with a reduced VLFR,

to the ecotype Landsberg erecta (Ler), which shows a strong

VLFR, led to the identification of vlf1 and 2 (Yanovsky et al., 1997).

Additionally, QTLs specific for VLFR have been identified by

recombinant inbred lines between the Ler and Cvi accessions

(vlf3 to 7) (Botto et al., 2003) or by rescreening of dwarfishmutants

(compacta3) (Quinn et al., 2002). None of them have so far been

characterized on the molecular level, but the results suggest that

FR-HIR and VLFR are at least partially genetically distinct.

Here, we describe the characterization of a positive regulator

specific for the VLFR pathway, OWL1 (for orientation under very

low fluences of light). Because this protein is essential for the

sensing of very low fluences, the name alludes to the way owls

can orientate themselves under minimal light conditions.

RESULTS

Molecular Characterization of owl1Mutant Alleles

The owl1-1 mutant was identified using a screen designed to

detect plants defective in phyA signaling (Bolle et al., 2000), and

the insertion site of the T-DNA was identified by sequencing.

OWL1 is a single-copy gene that consists of 11 exons and

encodes a J-domain protein (Figure 1A). J-domains, first iden-

tified in Heat shock protein (Hsp)40/DNAJ proteins, are highly

conserved and feature four a-helices and a HPD motif after the

second helix (Kelley, 1998; Qiu et al., 2006). The J-domain is

situated between residues 12 and 90 of the 538–amino acid

OWL1 protein (see Supplemental Figure 2 online). Because

OWL1 lacks the zinc finger and Cys repeats present in the C

terminus of class I (Hsp40) and class II (Hsp40-like) J-domain

proteins, it is relegated to class III. The gene encoding OWL1 has

been previously isolated in a yeast screen forArabidopsis cDNAs

that render yeasts tolerant to thiol-oxidizing drugs (Kushnir et al.,

1995). The human DNAJ C11 group, which so far has not been

functionally characterized, shows the highest homology to

OWL1 (20 to 30% amino acid identity; see Supplemental Figure

2 online). OWL1 is present in all higher plants analyzed so far,

usually as a single-copy gene. It is also found in Ostreococcus

lucimarinus, a green algae with a highly compact genome.

Figure 1. Molecular Characterization of Two owl1 Alleles.

(A) Schematic representation of OWL1 with intron and exon structure and the position of the insertions in the mutant lines.

(B) Immunological detection of OWL1 in 3-week-old wild-type lines (Col), two overexpressing lines (OWL1-OE1 andOWL1-OE2), and two different owl1

alleles (owl1-1 and owl1-2) with a specific antibody against OWL1. A nonspecific band was used as loading control.

(C) RT-PCR with cDNA from the mutant lines (owl1-1 and owl1-2) and the wild type (Col) to test for the presence of the 59-mRNA (fragment B) and the

39-mRNA (fragment A) in the lines. Actin2 served as a control.
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An additional loss-of-function line, owl1-2, was identified by

reverse genetics, and in both mutant alleles, OWL1 protein

accumulation could not be detected (Figure 1B). Nevertheless, in

owl1-2, the expression of the 59-part of the mRNA could be

observed by RT-PCR in agreement with the more 39-terminal

location of the T-DNA insertion (Figure 1C). To complement the

physiological analysis, we generated cauliflower mosaic virus

35S promoter (35S CaMV) promoter-driven overexpression lines

(OWL1-OE), which expressed the protein at approximately two-

to fourfold higher levels (Figure 1B).

owl1Mutant Alleles Are Impaired in VLFR but Not in HIR

Because exposure of etiolated seedlings to light inhibits hypo-

cotyl elongation and promotes cotyledon unfolding, the analysis

of seedling development under different light conditions pro-

vides information on the functionality of the corresponding

photoreceptor or its transduction pathway. To discriminate be-

tween the phyA-dependent VLFR and FR-HIR, we analyzed the

phenotypes of the mutant lines under hourly pulses of FR (VLFR)

and continuous FR (FR-HIR) light, respectively. Under pulses of

FR light, hypocotyl elongation was partially inhibited in wild-type

seedlings, whereas owl1 seedlings were significantly longer than

the wild type (P < 0.005; Figure 2A). Statistical evaluation of the

hypocotyl elongation of the overexpression lines showed that the

OWL1-OE1 line, which overexpresses OWL1 to a higher level,

was similar to the wild type, whereas the OWL1-OE2 line was

more similar to the owl1 mutants, suggesting cosuppression

effects. In aphyAmutant, hypocotyl elongationwas not inhibited.

Furthermore, cotyledons of phyA mutants did not expand under

these conditions, and seedlings featured an apical hook (Figure

2B). owl1 alleles had an intermediate phenotype with partially

unfolded cotyledons, while the overexpressing lines had com-

pletely opened cotyledons.

As VLFRs are induced by not only FR light but also very low

fluences of R light, we performed a fluence response assay

measuring hypocotyl lengths to evaluate the effect of impaired

VLFR in owl1. Hypocotyl elongation of wild-type seedlings was

strongly inhibited up to fluence rates of ;0.05 mmol m22 s21

when compared with the phyAmutant, which is devoid of VLFR.

The two owl1 mutant alleles had significantly longer hypocotyls

compared with Col-0, confirming the strongly reduced VLFR

Figure 2. OWL1 Is Specifically Involved in phyA-Dependent VLFR.

(A) Hypocotyl length under hourly pulses of FR light (0.5 mmol m�2 s�1, 5 min/h). Seedlings of the wild type (Col), two different owl1 alleles (owl1-1 and

owl1-2), two overexpressing lines (OWL1-OE1 andOWL1-OE2), and phyAwere grown for 4 d under these conditions. Hypocotyl elongation is displayed

as a percentage of elongation relative to dark-grown seedlings of the same genotype.

(B) Cotyledon opening under hourly pulses of FR light (0.5 mmol m�2 s�1, 5 min/h).

(C) Fluence response curve under very low R light for 4 d. Hypocotyl length is displayed as percentage of elongation relative to dark-grown seedlings of

the same genotype.

(D) Fluence response curve under continuous FR light. Seedlings were grown for 4 d under these conditions. Hypocotyl length is displayed as

percentage of elongation relative to dark-grown seedlings of the same genotype. Error bars are SD.
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(P < 0.05; Figure 2C). Under higher fluence rates of R light, no

statistically significant difference between wild type and owl1

could be observed, although owl1, OWL1 overexpressing lines

and phyA were slightly shorter than Col-0 (Figure 2C; see

Supplemental Figure 3 online).

On the other hand, under continuous FR light (HIR), no statis-

tically significant difference between the wild type and owl1 was

noted in hypocotyl elongation and cotyledon opening (Figure 2D).

To exclude the possible involvement of OWL1 in signal pathways

transduced by the blue light photoreceptors, hypocotyl elonga-

tion and cotyledon opening of seedlings grown under continuous

blue (B) light was measured. None of these conditions led to

statistically significant differences in growth from the wild type

under the analyzed conditions, suggesting that the B light per-

ception is not affected in owl1 (see Supplemental Figure 4A

online). Furthermore, phototropic responses to lateral nonsatu-

rating B light were not significantly altered in the owl1 mutant

alleles, although a slight increase in curvature was observed (see

Supplemental Figure 4B online). Additionally, no difference be-

tween dark-grown seedlings of the wild type and owl1 mutants

could be detected. From these results, we concluded that in owl1

mutants, the regulation of hypocotyl elongation and cotyledon

expansion is impaired in a VLFR-specific manner and that OWL1

is not important for the FR-HIR signal transduction.

Characterization of the VLFR in owl1

The VLFR has been implicated in several aspects of seedling

development, including germination, agravitropic growth, hypo-

cotyl elongation, and cotyledon opening. Germination efficiency

was evaluated after the exposure to an FR light pulse (450 mmol

m22) applied;48 h after imbibitions, conditions that would allow

for phyA accumulation in seed. Figure 3A shows that owl1 was

not able to germinate under these conditions, similar to phyA but

unlike the wild type. On the other hand, plants overexpressing

OWL1 showed a 2.5-fold increase in the germination frequency

compared with the wild type, suggesting an enhanced sensitivity

toward very low fluences. LFRs do not lead to differences in the

germination efficiency of owl1 and OWL1-OE tested after induc-

tion by saturating white (W) light (48,000 mmol m22) or R light

pulse (600 mmol m22) applied 3 h after imbibition (Figure 3A),

suggesting that only VLFR-mediated processes are impaired in

the owl1 mutant.

Wild-type seedlings, grown under FR light conditions, exhib-

ited agravitropic growth that deviated from the perpendicular

axis, probably due to circumnutational movements during their

growth (Figures 3B and 3C). Because phyA plants cannot sense

FR light, their growth axis was not influenced by FR light and

hence seedling growth was perpendicular, responding only to

gravity. This behavior was analyzed on vertical agar plates, which

allowed amomentary flash at the position of the hypocotyls after

a certain time. The growth of OWL1-OE lines under these

conditions was similar to the wild type (P > 0.4), whereas owl1

mutants exhibited amostly perpendicular growth with 60 to 70%

of the seedlings deviating only up to 408 from the perpendicular

(P < 0.001; Figures 3B and 3C; see Supplemental Figure 5A

online). This indicates that the gravitropic response can override

the light response.

Under FR light, protochlorophyllide does not convert into

chlorophyll because the light is not energetic enough to activate

the protochlorophyllide oxidoreductase. Additionally, plants that

are transferred into W light conditions after exposure to FR light

(continuous light or pulses) are disturbed in their ability to green,

in contrast with phyA mutants (van Tuinen et al., 1995; Barnes

et al., 1996). This response is known as the far-red-killing effect.

phyA mutants are able to retain their prolamellar body under FR

light, thereby being able to produce chlorophyll upon induction

withW light.Whereaswild-type plants fail to green inW light after

continuous FR light, they can accumulate low amounts of chlo-

rophyll after pulses of FR light. By contrast, owl1 was able to

green efficiently after pulses of FR light (Figure 3D; see Supple-

mental Figure 5B online). On the other hand, OWL1-OE lines

were evenmore sensitive to the FR light pulses than thewild type

and accumulated less chlorophyll. After continuous FR light for 4

d (FR-HIR conditions), owl1mutants did not accumulate chloro-

phyll, similar to the wild type, demonstrating that only after very

low fluences was the ability to green retained in the owl1mutants

(Figure 3D). These data confirmed that OWL1 is specific formany

or all developmental processes that are mediated by the VLFR.

Flowering Time Is Affected by OWL1

One of the few phyA-dependent phenotypes described in adult

plants is that phyA mutants flower later than the wild type

(Johnson et al., 1994). In owl1 mutants, flowering time under

long-day conditions was also moderately, but statistically sig-

nificantly, delayed as determined by the number of leaves at

bolting (Col 13.86 0.7; owl1-1 16.06 0.9, owl1-2 15.86 0.7; P <

0.01; Figure 3E) and the number of days until bolting, whereas

OWL1-OE lines were similar to the wild type. So far, flowering

time has not been attributed to any specific fluence rates, but the

data suggest that VLFR is at least partially involved in regulating

the transition from the vegetative state to the reproductive state.

OWL1 Is a Ubiquitously Expressed Protein

In order to elucidate the site of action of OWL1, OWL1 transcript

and its protein accumulation were investigated by RNA and

protein blot analyses. Figure 4A shows that OWL1 mRNA

and protein were present in root, stem, leaf, and flower tissues

and that the protein accumulation level did not vary strongly

between tissues. The ubiquitous presence of OWL1 mRNA was

confirmed by microarray data (AtGenExpress). No difference in

protein levels was detected during development from seedlings

up to 6-week-old plants, suggesting a role for OWL1 during the

whole lifespan of a plant (see Supplemental Figure 6 online).

Because the phenotype of owl1 prevailed in the seedling stage,

we also tested OWL1 accumulation in dark-grown seedlings and

etiolated seedlings illuminated with 3 or 18 h of FR light and 18 h

W light, but no differences were seen (Figure 4B). Similar results

with phyA mutant seedlings indicated that OWL1 accumulation

was also not dependent on the presence of phyA.

Fluorescence microscopy was employed to determine the

intracellular localization of OWL1-GFP (green fluorescent pro-

tein) fusion proteins. Figure 5A shows onion epidermis cells

bombarded with an OWL1-GFP construct driven by the 35S
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CaMV promoter. An accumulation of OWL1-GFP in the nucleus

and cytoplasm could be observed with a punctuated pattern of

green fluorescence. This expression pattern was independent of

the N- or C-terminal position of the fusion protein (see Supple-

mental Figure 7 online). Subcellular fractionation confirmed the

localization of OWL1 within the nucleus (Figure 5B). To evaluate

the distribution of OWL1 between the nucleus and the cyto-

plasm, we fractionated plant extracts into a nuclear and a soluble

(presumably cytosolic) fraction. Seedlings grown in darkness

showed an even distribution of OWL1 between the nucleus and

the soluble fraction, whereas in light-grown seedlings, OWL1

accumulated in the nucleus, although the protein was still de-

tectable in the soluble fraction (Figure 5C). Also, pulses of FR light

were sufficient to cause protein accumulation in the nucleus.

Changes in the abundance of OWL1 could be responsible for a

modified VLFR in phyA or in phyA signaling mutants. Especially

the SPA1 protein together with CONSTITUTIVE PHOTOMOR-

PHOGENIC (COP1) has been shown to be involved in the protein

stability of several phyA signaling intermediates (Hoecker and

Quail, 2001). However, our analyses of different mutants, such as

Figure 3. OWL1 Is Important for All Tested VLFRs.

(A) Germination efficiency after a FR light pulse (450 mmol m�2) applied 48 h after imbibition, after a R light pulse (600 mmol m�2) applied 3 h after

imbibitions, or a saturating 6-h W light pulse.

(B) and (C) Orientation of growth on vertical plates under FR light (0.5 mmol m�2 s�1) for 3 d.

(C) Percentage of seedlings that grew between 0 and 408 from the perpendicular; n (Col) = 172, n (owl1-1) = 107, n (owl1-2) = 123, n (OWL1 OE1) = 65, n

(OWL1 OE2) = 70, and n (phyA) = 66.

(D) Accumulation of chlorophyll in seedlings exposed to 3 d of FR light either as hourly pulses of 5 min (VLFR) or as continuous FR light (HIR) with 0.5

mmol m�2 s�1 and then transferred into W light (80 mmol m�2 s�1) for 3 d.

(E) Flowering time of mutants and overexpression lines under long-day conditions. The number of rosette leaves at bolting was counted. Error bars are SD.
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hfr1, pks1, fhy1, and spa1, that show changed VLFR, did not

uncover any drastic changes in OWL1 levels, albeit in fhy1,

OWL1 levels appeared slightly increased. Nor could a change of

the protein level in the phyA mutant be detected. This was

verified for seedlings grown under pulses of FR light (Figure 6A)

and for 3-week-old plants grown in W light (see Supplemental

Figure 8 online).

It is well established that phyA levels rapidly decline upon

induction with red light (Hennig et al., 1999). One reason for the

observed insensitivity toward VLF in the owl1mutants could be a

faster degradation or a lower steady state level of the phyA

photoreceptor. Protein levels of phyA were therefore analyzed in

etiolated seedlings treated with different times of R light (fluence

rate of 10 mmol m22 s21). In wild-type seedlings, phyA started to

degrade after 30 min and no protein was detectable after 2 h.

Figure 6B shows that phyA stability was not affected by the

presence or absence of OWL1, suggesting that OWL1 is a true

signaling component that could either be part of the signaling

cascade proper or be involved in feedback regulation.

OWL1 Interacts with HFR1

To place OWL1 in the signal transduction chain, we performed a

yeast two-hybrid assay using OWL1 as a bait against a cDNA

library. One of the interacting partners that was confirmed by

retesting in the yeast system was HFR1 (Figure 7A). HFR1 is a

putative transcription factor with a basic helix-loop-helix domain

acting as a positive regulator downstream of both phyA and the

cryptochrome (cry; Fairchild et al., 2000; Duek and Fankhauser,

2003). Although the hfr1 mutant is deficient in several FR-HIR

responses, its agravitropic behavior under FR light has also been

described, indicating some role in the VLFR (Fairchild et al.,

2000). OWL1 fused to a DNA binding domain (BD) interacts with

HFR1 fused to the activation domain (AD) as determined in the

yeast two-hybrid assay under rising concentrations of 3-amino-

1,2,4-triazole (3AT) (Figure 7A). OWL1-BD was not able to

induced yeast growth on selection media by itself via intrinsic

transactivation domains, and HFR1-AD could not interact with

the BD. The reverse experiment was not performed due to an

intrinsic ability of HFR1 to transactivate.

To provide evidence for a direct interaction betweenHFR1 and

OWL1, we performed in vitro pull-down assays using overex-

pressedHIS and glutathioneS-transferase (GST) fusion proteins.

Figure 7B shows that HIS-HFR1 bound to Ni-NTA agarose

interacted with GST-OWL1. As a negative control, GST-PAT1,

a FR-HIR phyA signaling component (Bolle et al., 2000), was

used, which has been shown not to interact with HFR1 (Jang

et al., 2007). Additionally, GST alone was also not able to interact

with HFR1. These results indicated that OWL1 and HFR1 can

indeed directly interact.

DISCUSSION

The physiological characterization of owl1 mutant alleles and

overexpression lines clearly showed that OWL1 plays an impor-

tant role in the VLFR branch, but not the FR-HIR branch, of the

Figure 4. Expression and Protein Accumulation of OWL1.

(A) RNA gel blot analysis ofOWL1 accumulation (top, with RNA shown as

a loading control) and immunological detection of OWL1 (bottom) in

different tissues. Total protein was quantified by amido black assay, and

equal amounts of protein were loaded.

(B) OWL1 accumulation is not changed in phyA mutants. Protein was

extracted from dark-grown (D 18) seedlings and etiolated seedlings

illuminated with 3 or 18 h of FR light (FR 3 or FR 18) and or with 18 h W

light (W 18) and immunologically detected. Total protein was quantified

by amido black assay, and equal amounts of protein were loaded.

Figure 5. Subcellular Localization of OWL1.

(A) Onion epidermis cells bombarded with a OWL1-GFP fusion driven by

the 35S cauliflower mosaic virus promoter analyzed by fluorescence

microscopy. To visualize the localization of the nucleus (arrows) differ-

ential interference contrast microscopy was performed (bottom panel).

Detail of GFP signal in the area of the nucleus is enlarged.

(B) Immunodetection of OWL1 in nuclear preparations of W light–grown

wild type and owl1-1 Arabidopsis confirmed the nuclear localization of

OWL1. Bottom, cross-reacting band indicates equal loading.

(C) The subcellular localization of OWL1 was followed by immunode-

tection in nuclear (N) or the cytoplasmic (C) fraction. Arabidopsis seed-

lings were grown under W light (80 mmol m�2 s�1), FR light pulses (FRp;

0.5 mmol m�2 s�1, 5 min/h), or in darkness for 4 d. Coomassie blue–

stained gel is shown below the blot as loading control. Quantified

intensity of immunoblot corrected with the loaded protein amount is

given.
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phyA-specific signaling pathway. Our data suggest that FR-HIR

and VLFR are indeed genetically separable pathways, as also

indicated by the identification of several QTLs in the Arabidopsis

ecotype Ler responsible for the VLFR (vlf1-7; Yanovsky et al.,

1997; Botto et al., 2003). In addition to these VLFR-specific

components, several other signaling intermediates have been

demonstrated to be important for both FR-HIR and VLFR. These

include FHY1 and FHY1-LIKE, two proteins necessary for the

import of phyA into the nucleus upon light activation (see

Supplemental Figure 1 online; Zeidler et al., 2004; Hiltbrunner

et al., 2005, 2006; Zhou et al., 2005; Rosler et al., 2007; Genoud

et al., 2008) and some members of the PKS1 and SPA1 protein

family. The cytoplasmic PKS1 and 2 proteins, which can interact

with phyA, show enhanced phyA-mediated VLFR and are also

involved in blue light–dependent phototropism (Fankhauser

et al., 1999; Lariguet et al., 2003). SPA1, which together with

COP1 is needed for the degradation of several light signaling

factors, is also important for VLFR as the hypersensitive pheno-

type of spa1 can also be observed under very low fluences

(Hoecker et al., 1999; Fittinghoff et al., 2006). Interestingly

though, the OWL1 protein level is not regulated by SPA1 (Figure

6A). GI, a small nuclear protein whose biochemical function is still

not understood, was first characterized for its role in promoting

flowering under long-day conditions and circadian clock. How-

ever, loss-of-functionmutants also show an increased hypocotyl

elongation under R and B light (Fowler et al., 1999; Park et al.,

1999; Huq et al., 2000; Martin-Tryon et al., 2007). Recently, GI

has been implicated in many VLFR, but not in HIR under contin-

uous FR light (Oliverio et al., 2007). The involvement of brassi-

nosteroids as positive regulators in the phytochrome signaling

cascade was established by the analysis of deetiolated2 and

the identification of the brassinosteroid biosynthesis mutant

diminuto/dwarf1 as an enhanced very-low-fluence response1

mutant (Luccioni et al., 2002). Additional to the hypersensitive

phenotype under very low fluence conditions, the mutant dis-

played a reduced LFR and HIR, suggesting a crosstalk between

the VLFR and LFR/HIR.

owl1 is indeed a bona fide VLFRmutant because we could not

detect any blue or red light–dependent responses except under

very low fluence conditions. Whereas the germination of owl1

mutants was strongly inhibited by FR light similar to phyA, other

owl1 phenotypes such as inhibition of hypocotyl elongation and

deviation of the hypocotyl growth from the vertical were inter-

mediate between phyA and the wild type. This suggests that

additional components are necessary for signal transduction

under these conditions or functional contributions from other

pathways are necessary for these responses. It would be in-

triguing to link this observation with the fact that the hormones

most important for germination responses are gibberellins and

abscisic acid, whereas for cell elongation responses such as

hypocotyl elongation and agravitropic movements, the respon-

sible hormone is mainly auxin (Collett et al., 2000; Finkelstein

et al., 2008). Additionally, gibberellins and ethylene have been

shown to affect hypocotyl elongation independently of auxin

(Collett et al., 2000, Saibo et al., 2003; Vandenbussche et al.,

2007). Therefore, the germination response and the growth

responses could target very different endpoints and overlap

with distinct hormonal pathways. The interaction with the differ-

ent hormones could differentiate the effectiveness of the OWL1-

dependent responses.

Compared with the wild type, the OWL1 overexpression lines

are more sensitive to FR light pulses with respect to germination

and chlorophyll accumulation, but no significant difference was

detected between the wild type and overexpression lines for

agravitropic responses and flowering time. When seeds were

germinated under FR light pulses, hypocotyls of the overex-

pressing lines were even slightly longer than wild-type hypo-

cotyls, resulting in a hyposensitive phenotype. This differential

pattern could be attributed to the fact that all these physiological

responses are induced by different endpoints in the signaling

cascade. High amounts of OWL1, which is expressed from a 35S

CaMV promoter, could lead to inhibitory effects. It is possible

that this could be the case for inhibition of hypocotyl elongation,

but not for the other responses described. It is likely that OWL1

might interact with different factors to modulate different VLFRs.

OWL1 is unlikely to be one of the loci identified by QTL

mapping in the Ler ecotype (Yanovsky et al., 1997). Like VLF1,

OWL1 is located on chromosome 2 but maps to a different

location. A divergence of Col-0 backgrounds seems to exist

because the Col background used by Yanovsky et al. (1997) to

identify VLFR loci between Col and Ler retains negligible VLFR,

whereas we clearly observed VLFR in the Col-0 strain used for

the generation of the transgenic T-DNA lines used in this study.

These differences could also result from variations in growth

conditions. Nevertheless, it is possible that the intermediate

Figure 6. Biochemical Role of OWL1.

(A) OWL1 accumulation is not affected in different phyA signaling

mutants. Seedlings were grown under VLFR conditions for 3 d (FRp;

0.5 mmol m�2 s�1, 5 min/h) and OWL1 detected immunologically.

Coomassie blue–stained gel is shown as loading control. Quantified

intensity of protein gel blot corrected with the loaded protein amount is

given as a mean from three independent blots and SD is added.

(B) The stability of phyA under R light (10 mmol m�2 s�1) is not changed in

the owl1 mutant compared with Col. PhyA was detected immunolog-

ically between 0 and 120 min of treatment. Coomassie blue–stained gel

is shown as loading control. Percentage of accumulation relative to time

0 is given.
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phenotype observed for hypocotyl elongation could also be due

to the fact that Col-0 has reduced sensitivity toward very low

fluences with respect to hypocotyl elongation compared with

germination.

The ubiquitous presence of OWL1 in the plant and the VLFR-

specific owl1 phenotypes observed mainly at the seedling stage

offer two possible explanations for OWL1 function. (1) OWL1

could have additional functions, which have not yet been

detected. On the other hand, no obvious disturbance of devel-

opment can be observed under greenhouse conditions. Further-

more, because OWL1 was initially isolated in a yeast screen for

plant genes in the oxidative stress response (Kushnir et al., 1995),

we tested the mutants and the overexpression lines on media

with different stress elicitors to induce oxidative (0.5 and 1 mM

methyl viologen), salt (100 mM NaCl), osmotic (250 mM manni-

tol), and temperature stress (14 and 428C). No divergence from

the wild-type phenotype could be observed in any instance. (2)

The VLFR could play amore significant role in plant development

than previously assumed. This is supported by a role for OWL1 in

flowering time (which is delayed in owl1 mutants), a process

previously not attributed to VLFR. The observed light-induced

relocation of OWL1 from the cytoplasm to the nucleus could be

one way to regulate the amount of active protein available for a

distinct process; therefore, we favor this hypothesis. The in-

creased sensitivity to lightmediated by components of the VLFR,

such as OWL1, can only be observed experimentally under very

low fluences, which does not exclude a modulating role of this

protein at every stage of a plant’s life. These variations might not

be visible under standard greenhouse conditions. Nevertheless,

mechanisms that allow plants to adjust their sensitivity to light

signals are of utter importance under the ever-changing light

conditions in the natural environment. Being able to sense even

low amounts of light provides a kind of safety net for plant

development that allows, for example, germination under un-

favorable conditions or induces deviation of the direction of

hypocotyl growth from the vertical, probably also performing

circumnutational movements for seedlings to locate better light

conditions.

Because OWL1 does not affect the stability of phyA, yet

specifically impairs phyA-dependent VLFR, we assume that

OWL1 acts downstream of phyA after the divergence into the

FR-HIR and VLFR pathways. DNAJ/Hsp40 proteins have been

characterized as molecular chaperones and are found ubiqui-

tously in all organisms (Kelley, 1998; Miernyk, 2001; Qiu et al.,

2006).The J-domain is crucial for the interaction with Hsp70,

regulating the activity of Hsp70 proteins by stimulating their

ATPase activity. The type III J-domain proteins, to which OWL1

belongs, represent a functionally distinct group from the DNAJ

proteins and are very heterogenous. They have been suggested

not to act as chaperones and seem not to bind to non-native

polypeptides, although they are still able to recruit Hsp70 pro-

teins, as the binding motifs are highly conserved (Walsh et al.,

2004; Hennessy et al., 2005).

In plants, very few type III J-domain proteins have been

biologically characterized. Two Arabidopsis proteins, ALTERED

RESPONSE TO GRAVITY1 (ARG1) and its paralog ARG1-LIKE2

Figure 7. OWL1 Interacts with HFR1.

(A) OWL1-HFR1 interaction in yeast two-hybrid assays on plates without His and with 10 and 15 mM 3AT. As a control, yeast growth on media without

Leu and Trp is shown (0).

(B) In vitro pull-down assays showing the interaction between OWL1 and HFR1. Recombinant HIS-HFR1 bound to Ni-NTA agarose was used in pull-

down assays with overexpressed OWL1-GST or PAT1-GST (as control). Furthermore, noninduced (n.i.) cultures of OWL1-GST were used as controls. In

each pair, the first lane shows the input proteins and the second the eluate. Arrows marks the OWL1-GST or PAT1-GST band, respectively. Samples

were separated by SDS-PAGE gel, and the blots were probed with anti-OWL or anti-GST antibodies. Experiments were repeated three times with

similar results.
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(ARL2), are required for root and hypocotyl gravitropism, influ-

encing the distribution of auxin upon stimulation (Sedbrook et al.,

1999; Boonsirichai et al., 2003; Guan et al., 2003). At least ARL2

localizes to the plasma membrane. By contrast, we could not

detect any difference in the gravitropic behavior of owl1 mutant

alleles, such as bending of the stem and root tip curvature in

response to gravity and no exclusive localization to the mem-

branes of OWL1, suggesting that OWL1 has a different bio-

chemical function from ARG1 and ARL2.

Functions have been established for several type III J-domain

proteins from species other than plants, but no consensus

picture has yet emerged. Some type III J-domain proteins are

involved in the recruitment of an Hsp70 protein to discrete

sublocalizations within a compartment. Examples of this are the

J-domain containing auxilins that are associated with clathrin-

coated vesicles in the cytoplasm and that allow docking for the

disassembly of clathrin coats (Lemmon, 2001). The localization

of OWL1-GFP in distinct speckles could suggest a role in similar

processes. In other cases, the Hsp70 and type III J-domain

protein are recruited independently to the site of action, where

the J-domain protein stimulates ATP hydrolysis by the partner

Hsp70. This can be observed for the import machinery of

mitochondria and chloroplasts (Westermann and Neupert,

1997; Becker et al., 2004; Kozany et al., 2004; Qbadou et al.,

2007). The divergence of the C terminus among the type III

J-domain proteins and their uniqueness suggests the possibility

that they bind very different proteins. This way, varying proteins

can be brought into proximity of each other, with the J-domain

protein acting as a scaffold assembling a multisubunit protein

complex. The Simian Virus 40 large T antigen contains a func-

tional J-domain, which can bind an Hsp70 protein. An additional

factor, such as the Retinoblastoma protein (Rb), can be bound to

the C-terminal part of the J-domain protein. The Hsp70 protein in

turn recruits a factor (e.g., E2F1) that is a substrate for Rb (Kim

et al., 2001). Thus, E2F1 and Rb are brought together in close

proximity and can interact.

OWL1 could therefore be important for the presence or activity

of factors that are crucial for VLFR.One example is the confirmed

interaction between OWL1 and HFR1, a putative transcription

factor. HFR1 (long hypocotyl in far-red 1) is a positively acting

component of phyA-dependent FR-HIR and the cry1 signaling

pathway, as the mutant exhibits a reduction in seedling respon-

siveness specifically to continuous FR and blue light (Duek and

Fankhauser, 2003; Fairchild et al., 2000). This basic helix-loop-

helix protein with an atypical basic region binds also to another

basic helix-loop-helix protein, PHYTOCHROME INTERACTING

FACTOR3, and the complex can bind the Pfr form of phyA and

phyB (Duek et al., 2004). HFR1 also interacts with the myb

transcription factor LONG AFTER FAR-RED LIGHT1, which is

involved in FR-HIR (Jang et al., 2007). Furthermore, HFR1 inter-

acts with COP1 and SPA1, leading to its ubiquitin-dependent

degradation in darkness, thereby abolishing photomorphogen-

esis (Duek et al., 2004; Jang et al., 2005; Yang et al., 2005a,

2005b). HFR1 phosphorylation is promoted by light, and the

protein is stabilized under these conditions. The tight regulation

of protein levels of transcription factors has emerged as a key

event to regulate and modulate signal transduction pathways

and to desensitize a pathway so that it is responsive to new

signals. As both OWL1 and HFR1 seem to have a crucial role in

the integration of VLFR and light signals to modulate hypocotyl

growth and growth direction, OWL1 could be needed to recruit

HFR1 for this specific subset of responses. Other factors might

be recruited byOWL1 for different VLFRs, such as germination or

flowering time. We note that several transcription factors, such

as HFR1 and ELONGATED HYPOCOTYL5, are capable of trans-

ducing signals derived fromhigh irradiance and very low fluences

of light, in addition to mediating other signal transduction path-

ways, such as the response to B light or hormones. It is possible

that OWL1 is important to impose specific VLF-dependent

activation on these more general downstream effectors, thereby

achieving specificity and modulation.

METHODS

Plant Materials

Wild-type and mutant plants used in this study were all in the Col-0

ecotypes. A phyA-null mutant in ecotype Col (phyA-211; Reed et al.,

1994) was used as a control. owl1-1 was isolated from the Koncz T-DNA

collection in a screen for phyA-defective mutants (Koncz et al., 1989;

Bolle et al., 2000) and owl1-2 from the GABI_KAT collection (091G03;

Rosso et al., 2003). The gene disrupted in owl1-1 was identified by

plasmid rescue (Koncz et al., 1994). Mutants were backcrossed and

selfed to generate homozygous lines. Homozygous mutants were con-

firmed by genotyping using PCR amplification with gene- and insertion-

specific primers (see Supplemental Table 1 online). spa1-3 was kindly

provided by U. Hoecker, University of Cologne (Hoecker et al., 1999), and

pks1, phyA-211, phot1, and nph3 by the Nottingham Arabidopsis Stock

Centre (NASC; Fankhauser et al., 1999; Liscum and Briggs, 1995). The

mutants hfr1-201 and fhy1-3 have been described bySoh et al. (2000) and

Zeidler et al. (2001), respectively.

Growth conditions, light sources, and phenotypical characterization

were performed as described previously (Kneissl et al., 2008). All phys-

iological experiments were repeated at least three times.

Statistical Analysis

Where appropriate, the physiological experiments were evaluated with t

tests between the wild-type and the mutant line. P values are given.

Furthermore, multiple comparisons among means have been tested

using Tukey and Scheffe tests. To test for statistical significance of

distributions, x2 tests were applied.

Sequence Analysis

Proteins homologous to Arabidopsis thaliana OWL1 were identified by

Protein BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequence align-

ments were performedwithMegAlign (Lasergene7; DNAStar) with default

settings.

Constructs

For overexpression, the full-length open reading frame of OWL1 was

amplified by PCR from a cDNA library with the primers 59-CAGATCTG-

ATGATGGGCCAAGAAGCAGCTCCG-39 adding a BglII site and

59-AAAACTAGTCACTGGCCTTCTTGTGGTATACT-39 adding a SpeI site.

The fragment was cloned into pGEM-T easy (Promega), checked for

mutations by DNA sequencing, and digested with the appropriate re-

striction endonucleases for cloning into a pVIP vector with the additional

restriction sites AscI and PacI in the multiple cloning site and the CaMV
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35Spromoter (van der Krol andChua, 1991). The insertionwas rechecked

by sequencing. This binary construct was introduced into the pGV3101

strain ofAgrobacterium tumefaciens and transformed into Col-0 using the

floral dip transformation method to generate overexpression lines

(Clough and Bent, 1998). Transformants were selected on kanamycin-

containing medium and tested for overexpression on the protein level.

For GFP fusion, OWL1 cDNA was amplified with the primers

59-CACCATGATGGGCCAAGAAGCAGC-39and59-TCACTGGCCTTCTTG-

TGGTATACT-39 (for N-terminal fusion of GFP) or 59-CTGGCCTTCTTGTG-

GTATACTC-39(for C-terminal fusion without a TGA codon) from a cDNA

library, cloned into the pENTR/D-TOPO vector (Invitrogen), and inserted

into the pK2FWG2 or pK7GWF2 GFP fusion vector (Karimi et al., 2002)

with LR clonase (Invitrogen).

RNA Extractions and RT-PCR

For gene expression analyses, total RNA was extracted from 2-week-old

seedlings using the Qiagen RNeasy Mini columns (Qiagen). RNA (1 mg)

was used for first-strand cDNA synthesis using the Omniscript System

(Qiagen) with a poly(T)18 primer, and 1.0 mL of this reaction was used as

template for PCR amplification. Primer sets were used for amplification

of the fragment A (59-CACCATGATGGGCCAAGAAGCAGC-39 and

59-AGTGGGTTGAAATGAGCCATCTTC-39) and fragment B (59-CAC-

CATGGAAGGATTGAATTCAGGA-39 and 59-CTGGCCTTCTTGTGGTAT-

ACT-39) of OWL1 and actin2 (59-CAGCACAATACCGGTTGTACGAC-39

and 59-CTCTTTCTTTCCAAGCTCATAAAAAATG-39).

For RNA gel blots, total RNAwas quantified photometrically, and 20 mg

of RNA was loaded on a MOPS formaldehyde gel, size-fractionated, and

subsequently transferred to a nylonmembrane. After hybridization in 50%

formamide with random prime-labeled fragments, membranes were

washed with 0.13 saline sodium citrate and 0.1% SDS at 458C. The

result was documentedwith a PhosphorImager (Molecular Dynamics). As

a probe for OWL1, the full-length cDNA fragment from the pGEM-T easy

vector was excised and radioactively labeled.

Protein Extraction and Immunoblotting

To generate a specific antibody against OWL1, the full-length OWL1

cDNA was amplified by PCR from a cDNA library with the following

primers: 59-GCATGCATGATGGGCCAAGAAGCAGCTCCG-39 adding an

SphI site and 59-GGTACCTCACTGGCCTTCTTGTGGTATAC-39 adding a

Kpn I site and cloned into pGEM-T easy. The fragment was checked for

mutations by DNA sequencing. The vector was digested with the appro-

priate restriction endonucleases, and the fragment was cloned in frame

behind a histidine hexapeptide in the pQE30 vector (Qiagen) using the

SphI and KpnI sites. Escherichia coliwas transformed with this construct.

Positive cloneswere inducedwith isopropylb-D-1-thiogalactopyranoside

(IPTG) and harvested 2 h after induction. A French press extract was

divided after centrifugation into French press supernatant, the 8 M urea

soluble fraction, and the 8 M urea insoluble fraction. The largest part of

His-tagged protein was in the fraction of proteins soluble in 8M urea. This

fraction was loaded on a Ni2+ agarose column. By washing the column

with 8 M urea of stepwise descending pH, the His-tagged protein was

purified and finally eluted from the column at pH 4.4.

Forty micrograms of purified protein per injection used for immuniza-

tion of mice (Cocalico Biologicals). The first boost was given 21 d after

initial inoculation, the second boost 49 d after initial inoculation, and

exsanguination took place 59 d after initial inoculation.

Protein extraction, SDS-PAGE, and immunodetection were performed

as described previously (Kneissl et al., 2008). The specific antibody was

diluted 1:2000, and a goat anti-mouse antibody conjugated to horserad-

ish peroxidase (Invitrogen), diluted 1:10,000, was used as a secondary

antibody. For quantification, the program BioDocAnalyze (Biometra) was

applied. PhyA degradation assay was performed according to Büche

et al. (2000). For this assay, seedlings were pregrown in D then incubated

in R light. Protein was extracted at the indicated time points and

separated on SDS-PAGE, and phyA was detected immunologically.

Amido black assays were used to quantify protein amounts in extracts

before loading (Popov et al., 1975).

Subcellular Localization

OWL1-GFP was introduced into onion epidermis cells via particle bom-

bardment as described by Torres-Galea et al. (2006). Samples were

incubated over night in the dark and analyzed with an Axioskop micro-

scope (Carl Zeiss). GFP fluorescence was detected with the filter set

38HE.

Isolation of Nuclei

Seedling tissue (500 mg) was homogenized in 1 mL extraction buffer

(2.5% ficoll 400 [w/v], 5% dextran T40 [w/v], 400 mM sucrose, 25 mM

Tris/HCl [pH 7.4], and 10 mM MgCl2). Extract was filtered through

Miracloth and supplied with Triton X-100 to a final concentration of

0.5% (v/v). After a 15-min incubation on ice, extract was sedimented

(1500 rfc, 5 min, 48C). The supernatant was used as the cytosolic fraction.

The sediment was washed with extraction buffer containing 0.1% Triton

X-100 (v/v) and resuspended in 1 mL of extraction buffer. Differential

centrifugation steps removed cellular debris (100 rfc, 15 min, 48C) and

pelleted the nuclei (1800 rfc, 5 min, 48C).

Yeast Two-Hybrid Assays

For the yeast two-hybrid screen, the ProQuest reverse two-hybrid system

(Invitrogen) was used according to manufacturer’s instructions. The full-

length open reading frame for OWL1 in the pENTR/D-TOPO vector (see

GFP fusion) was inserted in frame with the GAL4-BD into the pDEST32

vector (Invitrogen) using the respective attR sites. Plasmids containing

these constructswere transformed into competentMaV203 yeast cells as

described by Gietz and Woods (2002). Yeast cells were plated on SC-

Leu-His + 10 mM 3AT to test for autoactivation activity associated with

OWL1, which was minimal.

Yeast two-hybrid screen was performed using OWL1 in pDEST32 and

an Arabidopsis cDNA library (SuperScript Arabidopsis cDNA library;

Invitrogen) inserted into the pDEST22 vector (Invitrogen), both trans-

formed into competent MaV203 yeast cells. Putative interactors were

isolated on plates containing SC-Leu-Trp-His + 10 mM 3AT. Fifty-six

independent transformants were selected for putative positive interac-

tion. Plasmids were extracted from positive yeast clones using the

QIAprep Spin Miniprep Kit (Qiagen). Lysis of the yeast cells was achieved

by vortexing with the P1 buffer and added glass beads. The eluted vector

DNA was transformed into E. coli, reisolated, and sequenced.

The full-length open reading frame of HFR1 was amplified with the

primers 59-CACCATGTCGAATAATCAAGCTTTCATGG-39 and 59-TCA-

TAGTCTTCTCATCGCATGGG-39 and inserted into the pENTR/D-TOPO

vector (Invitrogen). The fragment was transferred in frame with GAL4-AD

into the pDEST22 vector (Invitrogen) using LR clonase (Invitrogen), and

yeast was transformed with the bait and the prey. Because HFR1 is

autoactivating, the reverse experiment was not performed. Strength of

interaction was tested on plates containing SC-Leu-Trp-His+10 mM/15

mM/20 mM 3AT.

Pull-Down Assays

Full-length OWL1 cDNA was amplified as for the GFP fusion but inserted

into the pENTR/SD-TOPO vector (Invitrogen), and the insertion was then

transferred, using the LR clonase, into pGEX-4T-1 (GE Healthcare) with

an additional GATEWAY cassette to obtain the GST fusion. PAT1 cDNA
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was amplified with the primers 59-CACCATGTACAAGCAGCCTAGAC-39

and 59-TCATTTCCAAGCACACGAGGC-39, and the fragment was cloned

accordingly into pGEX-4T-1.The vectors were transformed into the E. coli

strain BL21(DE3)pLysS (Stratagene), and liquid cultures of single colonies

were grown at 378C to a A600 = 0.8. Expression of the GST fusion proteins

was then induced with 0.2 mM IPTG, and cells were incubated for 3 h at

378C. The full-length HFR1 cDNA was amplified as described above and

inserted into the pENTR/SD-TOPO vector (Invitrogen), and the insertion

was then transferred, utilizing the LR clonase, into pGEX-4T-1 (GE

Healthcare). Using the primers 59-CACCACCACAAGGAGCCCTTCAC-

CATGTCG-39 and 59-GTGGTGGTGCATGAATACTGTTTCCTGTGT-39,

the vector was amplified using a proofreading polymerase (Finnzymes),

thereby excising the sequence coding for the GST-tag and substituting it

with an N-terminal 6xHIS-tag. The vector was transformed into the E. coli

strain BL21(DE3)pRIPL codon plus (Stratagene), and liquid cultures of

single colonies were grown at 378C to A600 = 0.8. Expression of HIS-HFR1

was then inducedwith 1mMIPTG,and cellswere incubated for 3 h at 378C.

The cultures were harvested and cells lysed under denaturing condi-

tions by resuspending in buffer B (50 mMNaH2PO4, 10 mM Tris·HCl, and

8 M urea, pH 8.0). Cells were stirred for 30 min at room temperature and

centrifuged at 10,000g for 30 min at room temperature to pellet the

cellular debris. The proteins in the supernatant were dialyzed overnight

against 50 mM NaH2PO4, 50 mM NaCl, 10 mM imidazole, 1 mM PMSF,

and 1 mM ascorbate.

For pull-down assay, HIS-HFR1 was bound to Ni-NTA agarose

(Qiagen) and washed according to the manufacturer’s instructions. One

microgram of OWL1-GST or PAT1-GST was applied to 1 mg bound HIS-

HFR1 and incubated for 1 h at 48C. Samples were washed using 50 mM

NaH2PO4, 50 mM NaCl, 25 mM imidazole, 1 mM PMSF, and 1 mM

ascorbate and eluted according to the manufacturer’s instructions.

Samples were separated using SDS-PAGE, and immunodetection was

performed with anti-OWL1 (dilution 1:2000), anti-Penta-HIS (Qiagen;

dilution 1:10,000), and anti-GST antibody (Sigma-Aldrich; 1:10,000) as

primary antibodies. As secondary antibodies, a goat anti-mouse antibody

conjugated to horseradish peroxidase (Invitrogen), diluted 1:10,000, was

applied. Blocking buffer was substituted with 3% nonfat milk powder,

only to detect the HIS-tag 1% casein was used. The signal was detected

by chemiluminescence, and for quantification the program BioDoc-

Analyze (Biometra) was used.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under the following accession

numbers: OWL1 (At2g35720), HFR1 (AT1G02340), PAT1 (AT5G48150),

OsOWL1 (Os10g0507800), OlOWL1 (XP_001419313), HsDNAJ c11C

(NP_060668), DmDNAJ c11 (NP_610945), and CeDNAJ 9 (NP_494872).
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