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ABSTRACT Phytochromes (Phy) and phytochrome-interacting factor (PIF) transcription factors constitute a major signal-
ing module that controls plant development in response to red and far-red light. A low red:far-red ratio is interpreted as
shading by neighbor plants and induces cell elongation—a phenomenon called shade-avoidance syndrome (SAS). PAR1
and its closest homolog PAR2 are negative regulators of SAS; they belong to the HLH transcription factor family that lacks
a typical basic domain required for DNA binding, and they are believed to regulate gene expressions through DNA binding
transcription factors that are yet to be identified. Here, we show that light signal stabilizes PAR1 protein and PAR1 interacts
with PIF4 and inhibits PIF4-mediated gene activation. DNA pull-down and chromatin immunoprecipitation (ChIP) assays
showed that PAR1 inhibits PIF4 DNA binding in vitro and in vivo. Transgenic plants overexpressing PAR1 (PAR10X) are
insensitive to gibberellin (GA) or high temperature in hypocotyl elongation, similarly to the pifg mutant. In addition
to PIF4, PAR1 also interacts with PRE1, a HLH transcription factor activated by brassinosteroid (BR) and GA. Overexpression
of PRET1 largely suppressed the dwarf phenotype of PARTOX. These results indicate that PAR1-PRE1 and PAR1-PIF4 het-
erodimers form a complex HLH/bHLH network regulating cell elongation and plant development in response to light and

hormones.
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INTRODUCTION

Light is one of the most important environmental factors
affecting plant growth and development, not only as an en-
ergy source for photosynthesis, but also as a regulatory signal
that controls plant development. Plants have an elaborate
photoreceptor system that perceives the environmental light
conditions; this includes three major photoreceptors: phyto-
chromes, cryptochromes, and phototropins (Quail, 1994; Sakai
et al.,, 2001). Among these, phytochromes perceive red and far-
red light and regulate diverse developmental processes includ-
ing seed germination, hypocotyl elongation, chlorophyll bio-
synthesis, rhythmic growth, stomata opening, and flowering
(Whitelam et al., 1998; Wang et al., 2010). Phytochromes are
synthesized in cytoplasm in their inactive red light-absorbing
(Pr) form. Upon irradiation with red light, phytochromes
are converted from the Pr forms to the active far-red light-
absorbing (Pfr) forms, and translocated into the nucleus
(Whitelam et al., 1998). In the nucleus, phytochromes directly
interact with various transcription factors including PIFs (Quail,
1994; Ni et al., 1998; Huq and Quail, 2002; Huq et al., 2004;
Khanna et al., 2004; Oh et al., 2004; Leivar et al., 2008a) and
induce global gene expression changes and various light-
mediated developments (Hug and Quail, 2002).

The phytochrome-interacting factors (PIFs) are members of
the subfamily 15 of the Arabidopsis bHLH transcription factors
(Bae and Choi, 2008; Franklin and Quail, 2009). In the dark,
four PIFs (PIF1/PIL5, PIF3, PIF4, and PIF5/PIL6) redundantly re-
press photomorphogenesis (Leivar et al., 2008b), but, under
light, activated phytochromes interact with PIFs and induce
their phosphorylation and degradation, and thus promote
photomorphogenesis. PIFs regulate various light-mediated de-
velopmental processes. PIF1 negatively regulates seed germi-
nation (Oh et al., 2004); PIF1 and PIF3 inhibit chlorophyll
biosynthesis in the etiolated seedlings to prevent photo-
bleaching (Huq et al., 2004; Monte et al., 2004). PIF4 and
PIF5 regulate shade-avoidance response and rhythmic hypo-
cotyl growth (Nozue et al., 2007; Lorrain et al., 2008). Recent
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studies have shown that PIF4 plays a key role in gibberellin
(GA) signal transduction and high-temperature-mediated hy-
pocotyl elongation (Ogawa et al., 2003; de Lucas et al., 2008;
Koini et al., 2009). Therefore, PIF4 seems to integrate external
signals (light and temperature) and internal signal (GA) to reg-
ulate growth and development.

Since PIF4 is crucial for optimizing plant growth and develop-
ment, PIF4 activity is controlled at multiple levels. Light-mediated
degradation is a major mechanism regulating PIF4 activity
(Nozue et al., 2007). In addition, PIF4 expression is affected by
circadian rhythm and temperature (Nozue et al., 2007; Koini
et al., 2009). PIF4 activity is also regulated through interaction
with negative regulators such as DELLA and HFR1 (de Lucas
etal., 2008; Hornitschek et al., 2009; Foreman et al., 2011). DELLA
is a major negative regulator in the GA signaling pathway. HFR1,
a bHLH transcription factor belonging to the same subfamily 15
as PIF4, is involved in the shade-avoidance, far-red light, and
high-temperature responses. Both DELLA and HFR1 directly in-
teract with PIF4 and prevent PIF4 from binding to DNA.

PAR1 and its closest homolog, PAR2, are primary phyto-
chrome signaling target genes that are rapidly induced by shade
(Roig-Villanova et al., 2006). Under shade, PAR1 and PAR2 neg-
atively regulate shade-avoidance response to prevent an exag-
gerated shade response. PAR1 and PAR2 are atypical HLH
proteins lacking proper DNA binding domain (Roig-Villanova
et al., 2007) and, hence, are not expected to directly bind to
DNA. Consistently with this hypothesis, a recent paper reported
that only HLH and C-terminal domains are required for the PAR1
function. Furthermore, the transactivation domain fusion form
of PAR1 repressed target gene expression, suggesting that PAR1
functions as a transcription cofactor regulating target gene
expressions through interaction with canonical transcription
factors that directly bind to DNA (Galstyan et al., 2011). How-
ever, no such transcription factors have been identified yet.

Here, we show that PAR1 directly interacts with PIF4 and
inhibits PIF4 function. DNA pull-down assays indicated that
PAR1 inhibits PIF4 binding to DNA. Consistently with in vitro
data, PAR1 repressed PIF4-induced gene expression and
PIF4-mediated developmental processes such as skotomorpho-
genesis and hypocotyl elongation responses to GA and high
temperature. We also showed that PAR1 interacts with an-
other atypical HLH protein, PRE1, which promotes cell elonga-
tion. Furthermore, PAR1 protein stability is increased by light.
Our results suggest that PAR1-PIF4 and PAR1-PRE1 hetero-
dimers form a complex HLH network regulating cell elonga-
tion and plant development.

RESULTS

PAR1 Is Involved in Photomorphogenesis

PAR1 and PAR2 act as negative regulators of shade-avoidance
response. In addition, both PART- and PAR2-overexpressing
transgenic plants showed severe dwarfism, indicating that
they function as growth repressors under normal conditions
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(Roig-Villanova et al., 2007). To further investigate the biolog-
ical functions of PAR1, we generated transgenic plants overex-
pressing PART fused with the myc tag (PART0OX). Consistently
with previous observations (Roig-Villanova et al.,, 2007),
PAR10X plants displayed dwarfism with reduced petiole length
and small leaves compared with wild-type (Figure 1A), and the
severity of the phenotypes correlated with the PAR1-myc levels
(Figure 1A and 1B), indicating that PAR1-myc is functional in
planta. The PAR10X seedlings showed small, dark-green coty-
ledons and short hypocotyl compared with wild-type (Figure
1C). Examination under a confocal microscope showed that
the average hypocotyl cell length of PARTOX was shorter than
that of wild-type (Figure 1D), indicating that the short hypo-
cotyl phenotype is at least partially due to reduced cell elonga-
tion.

When grown in the dark, PARTOX plants showed short hy-
pocotyl length and open apical hook compared to wild-type
(Figure 2A and 2B). When grown under different intensities
of white light (from 0 to 15 umol m~2 s~ "), PAR10X showed
hypersensitive response to light (Figure 2C). These results sug-
gest that PAR1 promotes photomorphogenesis.

Many proteins involved in the light-signaling pathway are
regulated post-translationally by light. Therefore, we exam-
ined whether PAR1 protein is also affected by light. Transgenic
plants overexpressing PART-myc from the constitutive 35S pro-
moter were grown in the dark and then treated with white
light for various durations. As shown in Figure 2D, PAR1
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Figure 1. PAR1 Inhibits Cell Elongation.

(A) PART-overexpressing transgenic plants (PAR70X) show dwarf-
ism. Plants were grown for 4 weeks in long-day conditions.

(B) Immunoblot analysis of PAR1-myc levels in the PARTOX plants
shown in panel (A).

(C) PART0OX seedlings exhibit short hypocotyls and dark-green coty-
ledons compared to wild-type (Col-0). Seedlings were grown for 5 d
under white light.

(D) Hypocotyl cells of PARTOX are shorter than those of wild-type
(Col-0). Hypocotyls were stained with propidium iodide and exam-
ined by confocal microscopy. Bar = 25 um.
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protein levels were increased when etiolated seedlings were
irradiated with white light for 1 h, but prolonged white light
(up to 12-h) treatment did not increase PAR1 protein levels fur-
ther. To test which wavelength of light regulates PAR1 protein
stability, we irradiated etiolated seedlings for 3 h with differ-
entwavelengths of light and then quantified PAR1 protein lev-
els. Red, far-red, and blue light treatments all increased PAR1
protein levels, indicating that PAR1 protein stability is regu-
lated by multiple photoreceptors (Figure 2E).
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Figure 2. PAR1 Is Involved in Photomorphogenesis.

(A) PAR10OX showed short hypocotyl and partially opened apical
hook in the dark. Seedlings were grown in the dark for 5 d.

(B) Apical hook angle of Col-0, PART10OX, and the pif1pif3pif4pif5
quadruple mutant (pifq). Seedlings were grown in the dark for 5 d.
(C) PARTOX is more sensitive to light. Seedlings were grown in the
dark or under various intensities of white light for 5 d.

(D) Light increased PAR1 protein stability. PARTOX were grown in
the dark for 5 d and then irradiated with white light for the indi-
cated time. PAR1-myc protein was analyzed by immunoblotting.
Ponceau S staining shows equal loading. The numbers below the
bands indicate quantification of relative band intensity.

(E) Red, far-red, and blue light increased PAR1 protein stability.
Conditions were the same as in (D) but irradiated with different
wavelengths of light for 3 h. Ponceau S staining shows equal
loading.

PAR1 Interacts with PIF4

Although PAR1 belongs to the bHLH transcription factor fam-
ily, the H/K9-E13-R17 DNA binding motif is missing in PAR1. It
has been suggested that PAR1 acts as a transcription cofactor
that modulates activities of other transcription factors
(Galstyan et al., 2011). To identify PAR1-interacting transcrip-
tion factors, we performed yeast two-hybrid assays of possible
PAR1 interaction with various transcription factors involved in
the light and shade-avoidance responses in which PAR1 has
been shown to play a role. We found that PAR1 interacts with
PIF4 (Figure 3A). A PAR1 homolog, PAR2, also interacted with
PIF4 in yeast. To confirm this interaction in plant cells, we per-
formed a bimolecular fluorescence complementation (BiFC)
assay in tobacco (Nicotiana benthamiana) lower epidermal
cells. Consistently with the yeast two-hybrid results, both
PAR1 and PAR2 fused with N-terminal half of YFP interacted
with PIF4 fused with the C-terminal half of YFP, generating
YFP fluorescence in the nucleus (Figure 3B).
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Figure 3. PAR1 and PAR2 Interact with PIF4.

(A) PAR1 and PAR2 interact with PIF4 in yeast. Yeast colonies con-
taining BD (GAL4 binding domain)-PAR1 or PAR2 and AD (GAL4
activation domain)-PIF4 were grown on the -LT or -LTH medium
with 1 mM 3AT.

(B) Bimolecular fluorescence complementation (BiFC) assays show
interaction between PAR1/PAR2 and PIF4. The indicated plasmid
vectors were co-transformed into Nicotiana benthamiana leaves
and images show overlay of fluorescence and light view.

(C) In vitro pull-down assays show interaction between PAR1 and
PIF4. GST or GST-PAR1 was pulled down by MBP-PIF4 immobilized
on maltose-agarose beads. Proteins bound to MBP-PIF4 were
detected by immunoblotting using anti-GST antibody.

(D) Co-immunoprecipitation of PAR1-myc and PIF4-GFP using Ara-
bidopsis mesophyll protoplast. 355::PART-myc was transfected
alone or co-transfected with 35S::PIF4-GFP into protoplasts and
the proteins extracted from the protoplasts were immunoprecipi-
tated by anti-GFP antibody and detected by immunoblotting using
anti-myc or anti-GFP antibody.
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The interaction between PAR1 and PIF4 was further analyzed
by in vitro pull-down assays. As shown in Figure 3C, only GST-
PAR1, but not GST itself, was specifically pulled down by MBP-
PIF4. In addition, MBP-PIF4 was pulled down by GST-PAR1 much
more effectively than MBP alone (Supplemental Figure 1),
confirming the interaction between PAR1 and PIF4 in vitro.
Next, we conducted co-immunoprecipitation assays by co-
transfecting PIF4-GFP and PAR1-myc into Arabidopsis
mesophyll protoplasts. The transfected protoplasts were incu-
bated at room temperature for 6 h to express the proteins,
and then co-immunoprecipitation was carried out with anti-
GFP antibody, and subsequently detected by immunoblot with
anti-myc or anti-GFP antibody. Figure 3D shows that PAR1
directly interacts with PIF4 in the mesophyll protoplasts.

PAR1 Inhibits PIF4-Mediated Transcription Activation

The interaction between PAR1 and PIF4 suggested that PAR1
may regulate PIF4 activity. To test this possibility, we analyzed
whether expression levels of previously reported PIF4 direct
targetgenes (PIL1, HFR1, and IAA29) are altered in the PARTOX
plants (Lorrain et al., 2008; Hornitschek et al., 2009; Koini et al.,
2009). Consistently with previous studies, expression levels of
PIL1, HFR1, and IAA29 were much lower in the pifq mutant
than in wild-type (Figure 4A). Although less dramatic, expres-
sion levels of these genes were also lower in PARTOX than
Col-0, consistently with PAR1 suppressing PIF4 activity. To see
whether PAR1 regulates PILT through PIF4, we performed
a transient reporter gene assay using a PIL1p::GUS reporter
gene containing 2 kb PILT promoter, which includes three
putative PIF4-binding G-box motifs (Hornitschek et al., 2009)
(Figure 4B). PIF4 activated the PIL1 promoter activity about four-
fold compared with an empty vector as a negative control
(Figure 4B). However, when PIF4 was co-transfected with
PAR1, PIL1p::GUS expression was increased less than twofold,
indicating that PAR1 repressed PIF4-mediated transcriptional
activation of PIL1. Together with our gene expression analysis,
this result indicates that PAR1 interacts with PIF4 and inhibits
PIF4-mediated transcriptional activation.

PAR1 Blocks PIF4 Binding to DNA

Next, we investigated the molecular mechanism by which
PAR1 inhibits PIF4. Since PAR1 has no typical DNA binding do-
main, it is possible that PAR1 forms a non-DNA binding heter-
odimer with PIF4, thus preventing PIF4 from binding to DNA.
To test this possibility, we performed DNA pull-down assays us-
ing biotin-labeled PILT promoter containing G-box motifs.
Figure 5A shows that PIF4 is pulled down by biotin-labeled
PILT promoter indicating that PIF4 binds to the PILT promoter
in vitro as previously reported. PIF4 binding to the PILT pro-
moter was reduced when PIF4 was pre-incubated with similar
amount of GST-PAR1 and abolished when pre-incubated with
fivefold more GST-PAR1, whereas incubation with GST had no
effect on PIF4-DNA binding (Figure 5A). These results demon-
strate that PAR1 represses PIF4 binding to DNA.
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Figure 4. PAR1 Inhibits PIF4-Mediated Transcriptional Activation.

(A) Quantitative RT-PCR analysis of the expression levels of PIL1,
HFR1, and IAA29 in the Col-0, pifq, and PARTOX plants. Seedlings
were grown under red light for 5 d. Data were normalized to PP2A
gene as internal control. Error bars indicate S.E. of three biological
repeats.

(B) PAR1 inhibits PIF4A-mediated PILT promoter activation. The re-
porter construct containing a 2-kb PILT promoter placed upstream
of the luciferase reporter (PIL1p::luc) was co-transformed into pro-
toplasts with the indicated effector vectors. Luc activity was nor-
malized by renilla luciferase activity (internal control). Error bars
indicate S.E. of three biological repeats.

To confirm the PAR1 function in inhibition of PIF4 DNA bind-
ing in vivo, we performed chromatin immunoprecipitation
(ChIP) using Arabidopsis mesophyll protoplasts. Consistently
with previous studies showing that PILT and HFRT are direct
target genes of PIF4 (Lorrain et al., 2008; Hornitschek et al.,
2009), both PILT and HFR1 promoter fragments were enriched
by immunoprecipitation of PIF4, compared with PP2A (coding
region) and 25s rDNA as negative controls (Figure 5B). How-
ever, when PAR1 was co-transfected with PIF4, the enrichment
of PILT and HFR1 promoters was significantly reduced
compared with PIF4 alone, supporting that PAR1 inhibits
PIF4 binding to target genes in plant cells.

PAR1 Inhibits PIF4-Mediated Hypocotyl Elongation

To test whether PAR1 inhibits PIF4 function in planta, we gen-
erated PARTOX/PIFA0X double transgenic plants and then
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Figure 5. PAR1 Prevents PIF4 from Binding to Its Target DNA and
Inhibits PIF4-Promoted Hypocotyl Elongation.

(A) DNA binding assays show that PAR1 inhibits PIF4 DNA bind-
ing. The indicated proteins were expressed and purified from
E. coli and incubated and pulled down with biotin-labeled
PILT promoter fragment. The input and pulled-down proteins
were analyzed by immunoblotting. Asterisks indicate non-
specific band in PIF4-HIS.

(B) ChlIP assays show that PAR1 inhibits PIF4 binding to PILT and
HFR1 promoters. Protoplasts transfected with PIF4-GFP with or
without PART-myc were analyzed by ChIP using anti-GFP antibody.
The PILT and HFR1 promoter fragments were analyzed by qPCR
and normalized to a fragment of PP2A coding region. Error bars

compared hypocotyl length with each single transgenic plant.
While PIF40X dramatically promoted hypocotyl elongation,
PART0OX partially suppressed the long-hypocotyl phenotype
of PIF40X, consistent with PIF4 being less active in the PARTOX
background (Figure 5C).

PAR1 Is Involved in the High-Temperature and Gibberellins
Responses

In addition to hypocotyl inhibition by light, PIF4 also mediates
high-temperature-promoted hypocotyl elongation (Koini
et al., 2009). Elevated temperature (26-29°C) promotes hypo-
cotyl elongation, partly due to enhanced auxin signaling (Gray
et al., 1998). The high-temperature-promoted hypocotyl elon-
gation was not observed in the pif4 mutant, indicating that
PIF4 plays a major role in this process (Koini et al., 2009). To
see whether PAR1 is also involved in high-temperature-
promoted hypocotyl elongation, we measured hypocotyl
length of PARTOX grown at either 22 or 29°C. Hypocotyl
lengths of Col-0 were dramatically increased (about four
times) by high temperature, but hypocotyl lengths of pifg
mutant, which lacks four PIFs including PIF4, were much less
increased by high temperature, as previously reported (Koini
et al., 2009) (Figure 6A). The hypocotyls of PARTOX, like those
of the pifg mutant, were also less sensitive to high tempera-
ture, consistently with PAR1 repressing PIF4-mediated high-
temperature-induced hypocotyl elongation.

According to recent studies, PIF4 is also involved in the GA
signaling pathway by directly interacting with DELLA proteins,
which are negative regulators of GA signaling (Feng et al.,
2008). Thus, we tested whether PAR1 also regulates GA
responses. As shown in Figure 6B, GA treatment significantly
promoted hypocotyl elongation in Col-0, whereas the hypoco-
tyls of pifq were much less sensitive to GA, consistently with
PIFs playing a key role in GA responses. Similarly, PARTOX
showed reduced responsiveness to GA with regard to hypo-
cotyl elongation (Figure 6B). Taken together, PARTOX showed
defects in both high-temperature and GA responses, which is
consistent with our observation that PAR1 represses PIF4 activ-
ity by preventing PIF4 from binding to DNA, and with previous
reports that PIF4 plays key roles in these responses.

PAR1 Interacts with PRE1

In addition to PIF4, we also found that PAR1 interacts with
PRE1 in yeast two-hybrid assays (Figure 7A). Like PAR1, PRE1
is a small HLH transcription factor and does not have a con-
served H/K9-E13-R17 motif for DNA binding. Thus, it has been
thought that PRE1 regulates gene expression through other
transcription factors capable of binding to DNA. To confirm
the interaction between PAR1 and PRE1, we performed the

indicate S.D. of two technical repeats. Three independent experi-
ments showed similar patterns.

(C) Seedlings overexpressing PAR1, PIF4, or both were grown under
light for 5 d. Bars indicate S.E. of at least 20 seedlings.
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Figure 6. PAR1 Is Involved in the High-Temperature and GA
Responses.

(A) PARTOX is less sensitive to high temperature, like pifg mutant.
Seedlings were grown at 22°C for 7 d (22) or at 22°C for 4 d and
then at 29°C for 3 d. Error bars indicate S.E. of 20 seedlings.

(B) PARTOX is less sensitive to GA. Seedlings were grown on the me-
dium containing various concentrations of GA. Hypocotyl lengths
were normalized by hypocotyl length of seedlings grown on me-
dium without GA. Error bars indicate S.E. of 20 seedlings.

BiFC assays. When PAR1-cYFP was co-transformed with PRE1-
nYFP into tobacco leaves, a strong YFP signal was observed in
the nucleus, indicating that PAR1 interacts with PRE1 in planta
(Figure 7B). Previously, it was reported that PRE1 and its close
homolog, ATBS1, interact with both IBH1 and AIF1 and com-
promise their function in inhibition of cell elongation. Because
PAR1 also inhibits cell elongation (Figure 1D), it is highly pos-
sible that PRE1 inhibits PAR1 activity in a manner similar to the
mechanism by which PRE1 (or ATBS1) inhibits IBH1 (or AIF1)
activity. To test this possibility, we crossed the PARTOX showing
dwarf phenotype with PRETOX and examined the phenotype
of PARTOX/PRE1OX double transgenic plants. PARTOX/
PRE1OX plants showed long petioles and expanded leave
blades, similarly to PRETOX plants (Figure 7C). The PARTOX/
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Figure 7. PRE1 Interacts with PAR1 and Suppresses Dwarfism of
PARTOX.

(A) PAR1 interacts with PRE1 in yeast two-hybrid assays.

(B) Bimolecular fluorescence complementation (BiFC) assays in Ni-
cotiana benthamiana leaves show interaction between PAR1 and
PRE1.

(C) PRETOX suppresses dwarfism of PARTOX. Plants were grown for
4 weeks in long-day conditions.

(D) PRE1-YFP and PAR1-myc levels of plants shown in panel (C),
analyzed by immunoblotting. Ponceau S staining shows equal
loading.

PRET10OX double transgenic plants accumulated a slightly re-
duced level of PRE1 and increased level of PAR1 protein com-
pared to each parental line (Figure 7D). The reason for such
changes of protein level is unclear, but the changes are oppo-
site to that expected from the phenotype, and thus indicate
that the long-petiole phenotype of PARTOX/PRETOX plants
was caused by altered activities rather than accumulation lev-
els of PAR1 or PRE1 proteins. These results support our hypoth-
esis that PRE1 directly suppresses PAR1, leading to de-
repression of PIF4 and activation of cell elongation.

DISCUSSION

PAR1 has been identified as a negative regulator of shade-
avoidance response (Roig-Villanova et al., 2007); however, the
molecular mechanism by which PAR1 inhibits cell elongation
has remained unclear. In the present work, we show that PAR1
directly interacts with a positive regulator of shade-avoidance
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response, PIF4, and inhibits PIF4-mediated transcriptional acti-
vation by preventing PIF4 from binding to its target genes, in-
cluding PILT and HFRI1. In addition to shade-avoidance
responses, PIF4 is also involved in the light regulation of seed-
ling development, and the responses to high temperature and
GA. We show that all of these processes are oppositely regu-
lated by PIF4 and PAR1, which is consistent with PAR1 inacti-
vation of PIF4 at the molecular level. Therefore, our data
suggest that PAR1 regulates diverse developmental responses
by inhibiting PIF4 activity (Figure 8).

Previous studies using overexpression and RNAi suppression
have shown that PAR1 and its close homolog PAR2 negatively
regulate cell elongation, particularly the elongation induced
by shade (Roig-Villanova et al., 2007). Suppression of both
PAR1 and PAR2 by RNAI increased cell elongation, and the
par2-1 knockout mutant also showed slight but significant in-
crease in cell elongation. It is believed that PAR1 and PAR2 play
redundant or overlapping roles. We showed that PAR2 also
interacts with PIF4. However, the par2-1 (Salk_109270) single
mutant did not show significantly altered responsiveness to
light, high temperature, or GA (Supplemental Figure 2), sug-
gesting that lack of PAR2 activity is compensated by other re-
dundant factors like PAR1 under our experimental conditions.
Future analysis of par1/par2 double mutant will be required to
determine whether PAR1 and PAR2 are functionally redundant
and to evaluate their roles in light-regulated responses.

Our results strongly suggest that PAR1 promotes photomor-
phogenesis by inhibiting PIF4, which is a key negative regula-
tor of photomorphogenesis. First, PAR1 directly interacts with
PIF4 (Figure 3) and blocks PIF4 binding to DNA. Second,
PAR10X reduces PIF4 binding to target promoters in vivo
(Figure 5) and has similar effects to pifq on the expression
of PIF4 target genes (PIL1, HFR1, and IAA29). Third, PIF4

BR GA auxin
N\ | rd
PRE1

Light

\

.

PIF4

Photomorphogenesis

PAR1
—> | PIF4

Figure 8. A Model of PAR1 and PIF4 Functions in Light and Hor-
mone Responses.

In the absence of PAR1, PIF4 binds to DNA to inhibit photomorpho-
genesis and promote high-temperature and GA responses. Light
induces degradation of PIF4 and stabilizes PAR1. Accumulated
PAR1 inhibits PIF4 activity by preventing PIF4 from binding to
DNA. PRE1, which is induced by BR, GA, and auxin, interacts with
PAR1, and possibly prevents its interaction with PIF4.

High temperature response

GA response

transcriptional activation of PILT is compromised by PAR1 in
transient assays (Figure 4). Finally, PARTOX reduces the hypo-
cotyl length of PIF4OX (Figure 5C). Our results indicate that
PAR1 forms a non-DNA-binding heterodimer with PIF4 to
inhibit PIF4 function.

The RNA levels of PART and PAR2 are rapidly regulated by
changing light conditions, and thus PAR1 and PAR2 were pre-
viously considered as downstream of light signaling. Our find-
ing that PAR1 protein stability is regulated by light supports
that PAR1 mediates light signaling. Light induces PIF4 degra-
dation, but stabilizes PAR1 protein (Figure 2D). Therefore,
light inhibits PIF4 activity through two distinct mechanisms
to promote photomorphogenesis: light induces phytochrome-
mediated PIF4 protein degradation by 26s proteasome and
light also increased accumulation of PAR1, which inhibits
PIF4A DNA binding. Red, far-red, and blue light all increased
PAR1 protein level. Therefore, PAR1 and PIF4 appear to be in-
volved in the general light signaling pathways, rather than
a specific photoreceptor pathway. Consistently with this no-
tion, previous studies showed that PIF4 is involved in the
red, far-red, and blue light signaling (Hug and Quail, 2002;
Kang et al., 2005; Kunihiro et al., 2010).

Light stabilizes many proteins through inhibiting the ring
finger-type E3 ubiquitin ligase, COP1. In the dark, COP1 is lo-
cated in the nucleus and interacts with various positive regu-
lators of photomorphogenesis such as HY5 and HFR1
(Osterlund et al., 2000; Jang et al., 2005), inducing their deg-
radation by the 26s proteasome. In contrast, light suppresses
COP1 activity partially by promoting its translocation into cy-
toplasm (Vonarnim and Deng, 1994), resulting in accumulation
of HY5 and HFR1 in the nucleus. Because light treatments also
stabilize PAR1, it is possible that PAR1 protein stability is also
regulated by COP1. This will need to be tested by future study.

In addition to PIF4, PAR1 also interacted with the small HLH
protein PRE1, and PRET10OX completely suppressed the growth
defect of PARTOX (Figure 7). PRE1 was first identified as a GA
signaling component because PRETOX rescued the dwarfism
of a GA-deficient mutant and reduced plants’ sensitivity to
paclobutrazol, a GA biosynthesis inhibitor (Lee et al., 2006).
Recent studies showed that PRE1 and its homolog, ATBS1, me-
diate BR-induced cell elongation by inhibiting bHLH proteins
IBH1 and AIF1, respectively (Wang et al., 2009; Zhang et al.,
2009). PRE1 is a small HLH protein and does not have a DNA
binding domain, like PAR1. It was previously suggested that
PRE1 inactivates IBH1, which inhibits cell elongation. Our
results indicate that PRE1 also inhibits PAR1 activity.

Given that PAR1 binds to PIF4 to prevent PIF4 binding to
DNA, PRE1 interaction with PAR1 may prevent PAR1 from
interacting with PIF4. In addition, PRE1 was reported to inter-
act with HFR1, which, like PAR1, also interacts with PIF4 and
inhibits its DNA binding (Hornitschek et al., 2009). Thus,
PRE1 may sequester both PAR1 and HFR1, and hence allow
PIF4 to activate target genes. PRET expression is increased
by GA and BR. The stabilities of PAR1, HFR1, and PIF4 proteins
are regulated by light. Thus, hormones and light may control
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the balance between two heterodimers, PRE1-PAR1 (or HFR1)
and PAR1-PIF4, to optimize growth and development. The
hormones increase PRE1 to inhibit PAR1 and thus de-repress
PIF4, whereas light reduces PIF4 accumulation and also stabil-
izes PAR1, which further inactivates PIF4. Therefore, PAR1 in-
teraction with PIF4 and PRE1 provides another important link
for integrating the light and hormone pathways (Figure 8).
This mechanism should contribute to the control of overlap-
ping transcriptomes by BR and light (Song et al., 2009; Luo
et al., 2010). Future study of these molecular interactions will
advance our understanding of how growth and development
are co-regulated by environmental and endogenous signals.

METHODS

Plant Materials and Growth Conditions

Seeds were surface-sterilized for 15 min with 75% ethanol and
plated on %2 Murashige and Skoog basal salt medium (Phyto-
Technology Laboratories) supplemented with 0.7% phytoagar.
After 3 d of incubation at 4°C to promote germination, seed-
lings were grown under either white light, red, blue, or far-red
light for further analysis.

For hypocotyl measurement, seedlings were grown for 5 d
on medium, imaged with a scanner, and the hypocotyl lengths
were measured using the Imagel) software (http:/rsb.info.
nih.gov/ij).

Plasmid Construction and Plant Transformation

To construct the PART overexpression construct, full-length
PAR1 coding sequence was amplified by PCR and cloned into
the gateway-compatible pGWB17 vector (Nakagawa et al.,
2007). For the constructs expressing PART-GFP and PIF4-GFP
fusion proteins for protoplast transient expression assay, the
coding sequence of PART or PIF4 was cloned into the
pBI222-GFP vector. Transgenic plants were generated using
the Agrobacterium tumefaciens vacuum infiltration method.

Western Blot Analysis

Plant tissues were harvested and ground in liquid nitrogen.
Proteins were extracted with 2X SDS buffer (100 mM Tris-
HCl, pH 6.8, 25% glycerol, 2% SDS, 0.01% Bromphenol blue,
add B-Mercaptoethanol to 10% before use). Western blot
analysis was performed to check PAR1-myc or PRE1-GFP pro-
tein levels using anti-myc or anti-GFP antibodies, respectively.

Yeast Two-Hybrid Assay

The full-length coding sequences were cloned into gateway-
compatible pBD-GAL4 and pAD-GAL4 vectors (Stratagene)
and then transformed into yeast strain AH109, as previously
reported (Fields and Song, 1989).

Protoplast Extraction and Analysis of Gene Expression

Protoplast isolation and PEG transformation were performed
according to the methods described by Yoo et al. (2007). Plas-
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mid DNAs used in dual-luciferase assay were prepared using
the Plasmid Maxi Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. A dual-luciferase reporter
assay system was performed as previously described (Hellens
et al., 2005; Liu et al., 2008). Three biological repeats were
measured for each sample. The reporter vector, pGreen-
0800Il-luc, contains a 35s promoter upstream of the renilla
gene, which is served as internal normalization standard,
and a reporter promoter that drives firefly luciferase gene.

Co-Immunoprecipitation Assay

For Co-IP assay, 1 X 10° mesophyll protoplasts were trans-
fected with 20 pg of DNA and incubated overnight. The pro-
toplast cells were harvested by centrifugation and lysed in
200 ul of IP lysis buffer (100 mM NaCl, 500 mM Tris-HCI,
5 mM EDTA, 1% Triton X-100, 1 mM DTT, 5% glycerol). The
lysates were incubated with anti-GFP antibody and protein
agarose beads for 2 h, thoroughly washed twice with IP lysis
buffer, and the eluted samples were analyzed by SDS-PAGE.

RNA Analysis and Quantitative PCR

Total RNA was extracted from 5-day-old Arabidopsis seedlings
using a Plant Total RNA extraction kit (Sigma, USA). M-MLYV re-
verse transcriptase (Fermatas, USA) was used to synthesize
first-strand cDNA from RNA. Real-time PCR was performed us-
ing the Bioline SYBR master mix (Bioline, USA). The conditions
for PCR amplification were as follows: 98°C for 10 min; 45
cycles of 98°C for 30 s; 65°C for 45 s and 72°C for 30 s; one cycle
72°C for 10 min. PP2A was used to as an internal reference
gene. Gene-specific primers are listed in Supplemental Table 1.

Bimolecular Fluorescence Complementation Assays

Tobacco transformation followed the protocol by Sparkes
et al. (2006). Full-length coding sequences of PAR1/2, PIF4,
and PRET were cloned into the pX-nYFP or pX-cYFP gate-
way-compatible vectors (Gampala et al., 2007). For expression
in the Nicotiana benthamiana, the bacterial suspension was
injected into leaves from lower epidermis. Tobacco plants were
kept in the greenhouse for at least 36 hours at 22°C to allow
the expression of the transfected DNA. All fluorescence obser-
vations were made with a Leica microscope.

In Vitro Protein Pull-Down Assay

For in vitro pull-down assays, recombinant GST-PAR1 and
MBP-PIF4 were expressed in Escherichia coli and purified using
glutathione beads or maltose-agarose beads, respectively. Re-
action components were incubated in 1X TEN buffer (20 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM EDTA) at 4°C for 1 h. The
beads were then washed three times with NETN buffer
(200 mM NaCl, 1 mM EDTA, 0.5% NonidetP-40, 20 mM Tris-
HCI, pH 8.0) and eluted samples were analyzed by SDS-PAGE.

In Vitro DNA:Protein Pull-Down Assay

To produce PIF4-his protein, full-length PIF4 coding sequence
was amplified and cloned into pET28a vector. The recombinant
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PIF4-his protein was purified using NI-NTA resin according to
the manufacturer’s instructions (Qiagen, USA). Biotinylated
PILT promoter DNA was produced by PCR using biotinylated
oligos, bound to the streptavidin-coated agarose beads
(Sigma, USA) for at least 1 h in advance at 4°C. The DNA-beads
were incubated with purified protein for 1 h and then col-
lected by centrifugation and washed three times with DNA
binding buffer (50 mM Tris-HCI, pH 7.5, 100 mM NacCl, 5 mM
EDTA, 0.05% Nonidet P-40). Eluted samples were analyzed
by SDS-PAGE.

Chromatin Immunoprecipitation (ChIP) Assay

ChlIP assay was performed as described previously (Oh et al.,
2009) and modified for Arabidopsis protoplasts. After co-
transfection and incubation at room temperature overnight,
protoplasts were fixed by formaldehyde (final concentration:
1%) for 20 min. The chromatin complex was fragmented by
sonication and incubated with anti-GFP antibody-Protein
A beads overnight. After washing, beads were treated at
65°C for 6 h to reverse cross-linking and the co-precipitated
DNA was purified using a DNA purification kit (Fermantas,
USA). The DNA was analyzed by quantitative real-time PCR
using the Bioline SYBR master mix (Bioline, USA). Primers
for the ChIP-PCR are listed in Supplemental Table 1.
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