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Phytochrome A (phyA) is the only plant photoreceptor that perceives
far-red light and then mediates various responses to this signal.
Phosphorylation and dephosphorylation of oat phyA have been
extensively studied, and it was shown that phosphorylation of a
serine residue in the hinge region of oat phyA could regulate the
interaction of phyA with its signal transducers. However, little is
known about the role of the hinge region of Arabidopsis phyA. Here,
we report that three sites in the hinge region of Arabidopsis phyA
(i.e., S590, T593, and S602) are essential in regulating phyA function.
Mutating all three of these sites to either alanines or aspartic acids
impaired phyA function, changed the interactions of mutant phyA
with FHY1 and FHL, and delayed the degradation of mutant phyA
upon light exposure. Moreover, the in vivo formation of a phosphor-
ylated phyA form was greatly affected by these mutations, while our
data indicated that the abundance of this phosphorylated phyA form
correlated well with the extent of phyA function, thus suggesting a
pivotal role of the phosphorylated phyA in inducing the far-red light
response. Taking these data together, our study reveals the important
role of the hinge region of Arabidopsis phyA in regulating phyA
phosphorylation and function, thus linking specific residues in the
hinge region to the regulatory mechanisms of phyA phosphorylation.
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hytochromes are red (R) and far-red (FR) photoreceptors

that play fundamental roles in photoperception of the light
environment and triggering the corresponding changes in plant
growth and development (1, 2). Phytochromes are generally
classified into two types according to their protein stability in
light: light-labile type I and light-stable type II. In Arabidopsis
thaliana, there are five distinct phytochromes, phyA to phyE;
phyA is a type I phytochrome and is the most abundant phyto-
chrome species in etiolated seedlings, whereas phyB to phyE are
all type II phytochromes, and phyB is the most abundant phy-
tochrome in light-grown plants (1-3). PhyA is the only photo-
receptor in plants responsible for initiating responses in FR light,
and thus is unique to higher plants enabling them to de-etiolate
in shady conditions characterized by a high FR content (1, 2, 4,
5). Both type I and type II phytochrome molecules can be di-
vided into an N-terminal domain (~70 kDa) and a C-terminal
domain (~55 kDa), which are connected by a flexible hinge re-
gion (2, 6).

Phytochromes are synthesized in the cytosol in their inactive
Pr form; upon light illumination, phytochromes are converted to
the biologically active Pfr form, and translocate into the nucleus.
phyB can enter the nucleus by itself in response to R light,
whereas phyA nuclear import depends on two small plant-
specific proteins FAR-RED ELONGATED HYPOCOTYL 1
(FHY1) and FHY1-LIKE (FHL) (7-9). Two transposase-derived
transcription factors, FHY3 and FAR-RED IMPAIRED RE-
SPONSEI (FAR1), act together to directly activate the transcription
of FHYI and FHL, thus indirectly regulating phyA nuclear accumu-
lation and phyA responses (10). ELONGATED HYPOCOTYLS

E11864-E11873 | PNAS | vol. 115 | no. 50

(HYS), a bZIP family transcription factor, has been shown to func-
tion as a pivotal positive regulator of photomorphogenic development
under a wide spectrum of wavelengths (11-16). CONSTITUTIVE
PHOTOMORPHOGENICI (COP1), a well-characterized E3 ubiq-
uitin ligase, forms complexes with SUPPRESSOR OF phyA-105
(SPA) proteins (17), and they work in concert to target multiple
photomorphogenesis-promoting factors for degradation, such as
HYS5 (13, 18). It was recently proposed that light-activated phy-
tochromes interact with SPA proteins to disrupt the interaction be-
tween COP and SPA proteins and thus inactivate the COP1-SPA
complexes, thus allowing rapid accumulation of transcription fac-
tors (such as HYS5) and initiation of photomorphogenesis (19).

It is well established that phytochromes are phosphoproteins,
because they can be readily labeled with **P in vivo (20-22). An
outstanding feature of the N-terminal extension region of all
phyA proteins, from both monocots and dicots, is that there is a
serine-rich stretch in the first 20 aa, and it has been well-
documented that converting these serines to alanines, or de-
letion of this 20-aa region, results in an increased stability and
biological activity of phyA, thus suggesting that these serine
residues are involved in desensitization of phyA signaling (23—
27). The phosphorylation sites of oat (Avena sativa) phyA have
been investigated since the 1980s, and two serine residues in the
N-terminal extension region (S8 and S18) and a serine residue in
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the hinge region (S599) of oat phyA have been well-characterized to
be phosphorylation sites (2022, 28). Interestingly, overexpression
of S599A in the Arabidopsis phyA-201 mutant made the transgenic
plants hypersensitive to light, and further analyses indicated that
phosphorylation of S599 did not affect phytochrome stability, but
prevented the interaction of phyA with its signal transducers such as
NUCLEOSIDE-DIPHOSPHATE KINASE2 (NDPK2) and PIF3
(29). In contrast to the vast literature on phyA phosphorylation,
limited data have been published concerning phyB phosphorylation
and its impact on phyB signaling. Very recently the S86 and
Y104 residues of Arabidopsis phyB were separately reported to be
phosphorylation sites (30, 31). It was shown that phosphorylation of
S86 accelerated dark reversion (light-independent reversion of Pfr
into Pr) of phyB, whereas light-induced phosphorylation of
Y104 inhibited PIF3 binding to the Pfr form of phyB (30, 31). Thus,
these reports suggest that phosphorylation of phyB at multiple sites
negatively regulates the action of phyB.

The observation that phytochromes are phosphoproteins suggests
that there must be protein kinases and phosphatases that phos-
phorylate and dephosphorylate phytochromes, respectively. Several
studies reported the discovery of protein phosphatases that could
dephosphorylate phytochromes, such as a phytochrome-associated
protein phosphatase 2A (designated FyPP) (32), PHYTOCHROME-
ASSOCIATED PROTEIN PHOSPHATASE 5 (PAPPS) (33), and
PHYTOCHROME-ASSOCIATED PROTEIN PHOSPHATASE
2C (PAPP2C) (34). However, despite the numerous investigations of
phytochrome-interacting proteins, there is no report thus far of a
protein kinase that can specifically phosphorylate phytochromes. In-
stead, accumulating evidence indicates that phytochromes themselves
may function as light-regulated serine/threonine kinases (28, 35, 36). It
was shown that phytochromes can phosphorylate several substrates,
including histone H1, cryptochromes, PHYTOCHROME KINASE
SUBSTRATE 1 (PKS1), AUX/IAA proteins, FHY1, PIFs, and
themselves in vitro (36-41). Two phosphorylation sites in the N-
terminal extension region of oat phyA (i.e., S8 and S18) were shown
to be autophosphorylated by phyA itself in vitro (2022, 27); how-
ever, another phosphorylation site of oat phyA, S599, was not
autophosphorylated by phyA (27, 29). The protein kinases that
phosphorylate this site of oat phyA have not yet been identified.

In this study, we report that three sites in the hinge region of
Arabidopsis phyA—S590, T593, and S602—are important for reg-
ulating phyA function. We further show that the in vivo formation of
a phosphorylated form of Arabidopsis phyA, whose abundance is
highly associated with the extent of phyA function, was also influ-
enced by mutations of these sites. Thus, our study demonstrates that
the hinge region of Arabidopsis phyA plays an essential role in
regulating phosphorylation and function of the phyA photoreceptor.

Results

§590, T593, and S602 in the Hinge Region of Arabidopsis phyA Are
Important for phyA Function. It was previously shown that a phos-
phorylation site in the hinge region of oat phyA, S599, is important
for regulating phyA function (29). However, the amino acid se-
quences of the hinge region vary widely among monocot and dicot
phyA proteins, and S599 is not conserved (SI Appendix, Fig. S1).
Notably, serines and threonines are always present in the hinge
region of both monocot and dicot phyA proteins (S Appendix, Fig.
S1), implying that this region may contain phosphorylation sites.
We used the NetPhos 2.0 server (42) (www.cbs.dtu.dk/services/
NetPhos/) to predict the possible phosphorylation sites of Ara-
bidopsis phyA, and the output indicated that one residue in the
hinge region, T593, was likely to be a phosphorylation site (with
NetPhos score 0.910). To test the role of T593 in regulating
phyA function, we first generated transgenic Arabidopsis V&Rﬂlants
to express WT phyA (hereafter abbreviated as phyA"™ ") or
phosphorylation-deficient T593A (by changing T593 to A) phyA,
respectively, under the control of the native PHYA promoter
in the phyA-I-null mutant background. We produced their T3
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homozygous transgenic lines, and the transgene expression levels
were determined by immunoblot analysis. Our data showed that
WT and T593A phyA levels were largely similar in darkness (S/
Appendix, Fig. S2); however, the phenotypes of TS93A transgenic
lines were indistinguishable from those expressing phyA™ " in FR
light (Fig. 1), suggesting that mutation of T593 alone to alanine
did not affect phyA function.

There are two serines in the hinge region of Arabidopsis phyA
(i.e., S590 and S602); however, their NetPhos scores were low
(0.208 and 0.256, respectively, for S590 and S602) (SI Appendix,
Fig. S1B). Because overexpression of SS599A oat phyA in the Ara-
bidopsis phyA mutant background caused the transgenic plants to
be hypersensitive to light (29), we hypothesized that one or more of
the serines in the phyA hinge region may be involved in regulating
phyA function. We therefore performed site-directed mutagenesis
to mutate S590 and S602 to alanine, individually or together, and
expressed the mutant phyA proteins in the phyA4-I background
under the control of the native PHYA promoter. Our phenotypic
analyses showed that whereas mutating either S590 or S602 to al-
anine separately did not substantially affect phyA function, muta-
tion of S590 and S602 together to alanines resulted in significantly
longer hypocotyls of transgenic seedlings grown under FR light
(Fig. 1), indicating that phyA function was greatly impaired.
Strikingly, when we mutated T593 with S590 and S602 together to
alanines, the transgenic seedlings of SS90A T593A S602A phyA
(hereafter abbreviated as phyA”™**) displayed substantially long
hypocotyls in FR light, resembling those of the phy4-I mutant
(Fig. 1). However, phyA®** transgenic seedlings developed half-
open cotyledons (Fig. 14 and SI Appendix, Fig. S3), indicating that
phyA still harbored a low level of function.

Next, we mutated S590, T593, and S602 of Arabidopsis phyA
to Asp (D), individually or together to express phosphorylation-
mimic phyA mutants in the phy4-1 background. Surprisingly, we
found that mutation of any of these three residues to Asp caused
the transgenic seedlings to develop longer hypocotyls than
phyA™T when grown in FR light (Fig. 2 and SI Appendix, Fig.
S4). Moreover, when all three residues were mutated together to
Asp, the S590D T593D S602D phyA (hereafter abbreviated as
phyAPPP) transgenic seedlings displayed even longer hypocotyls
(Fig. 2 and SI Appendix, Fig. S4). Notably, the hypocotyl lengths
of phyAPPP seedlings were largely shorter than those of
phyA””A (Figs. 1 and 2), indicating that phyAPPP lines dis-
played more photomorphogenic development than phyA*A*
seedlings. Collectively, our data indicate that S590, T593, and
S602 play important roles in regulating phyA function.
Transcriptomic Changes in phyA*** and phyAPPP Seedlings. To in-
vestigate the global gene-expression changes in phyA*** and
phyAPPP seedlings, we examined the transcriptomes of phyAW?,
phyA”*A | and phyAPPP seedlings by RNA-sequencing analysis.
The homozygous transgenic seedlings were grown in FR light for
4 d, and then harvested for RNA extraction and sequencing.
RNA-sequencing data were collected from three independent
experiments (each sample with 2.0 G clean data) and differential
gene-expression analysis was performed using Cufflinks (43)
(cufflinks.cbcb.umd.edu). Our results showed that 1,834 and
964 genes displayed statistically significant changes (using Stu-
dent’s ¢ test with P < 0.05 and fold-change > 2) in phyA*** and
phyAPPP seedlings, respectively, compared with those in phyA™ "
(Fig. 3 A and B). Further comparison of these genes led to the
identification of 191 genes whose expression was significantly
changed in both phyA”** and phyAPPP seedlings (Fig. 3B), among
which 75 and 84 genes were up-regulated and down-regulated, re-
spectively, in both phyA*** and phyAPPP seedlings (Dataset S1).

Quantitative RT-PCR (qRT-PCR) assays were performed to
validate the expression of several representative genes. The ex-
pression of PIN5, encoding a functional auxin transporter involved
in regulating intracellular auxin homeostasis and metabolism (44),
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Fig. 1. Mutating S590, T593, and S602 to alanines impaired phyA function. (A) Phenotypes of 4-d-old WT (Ler), phyA-1, and homozygous transgenic lines
expressing WT or various mutant forms of Arabidopsis phyA (under the control of the native Arabidopsis PHYA promoter in the phyA-1 background) grown in
darkness (D) or continuous FR light. (Scale bar: 2 mm.) (B) Quantitative analysis of hypocotyl lengths of the WT (Ler), phyA-1, and various transgenic lines

shown in A. Error bars represent SD from 30 seedlings.

EARLII, a member of the proline-rich protein family regulating
flowering time and lignin synthesis (45), and AT1G52100, was down-
regulated in both phyA”*** and phyAPPP seedlings; in contrast, the
expression of PME35, encoding a pectin methylesterase regulating
the mechanical strength of the Arabidopsis stem (46), WSDI, a
member of the bifunctional wax ester synthase/diacylglycerol
acyltransferase gene family playing a key role in wax ester synthesis
in Arabidopsis (47), and BHLH038, was up-regulated in both
phyA*** and phyAPPP seedlings (Fig. 3C). The expression of
several key regulatory genes of the phyA signaling pathway, such as
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FHYI, FHL, FHY3, FARI, HYS, and HYH, did not display statistically
significant changes in RNA-sequencing analysis. qRT-PCR assays
were performed to further validate their expression, and the data
confirmed that the expression of these genes was not significantly
changed in phyA*** and phyAPPP seedlings (SI Appendix, Fig. S5).

Both phyA*** and phyAPP® Interact with FHY1/FHL More Strongly
than phyA"", and Can Enter the Nucleus and Form Nuclear Bodies.
It was previously shown that FHYI1/FHL-mediated nuclear
translocation of phyA upon light exposure is a prerequisite for
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Fig. 2. Mutating $590, T593, and S602 to aspartic acids also impaired phyA
function. (A) Phenotypes of 4-d-old WT (Ler), phyA-1, and homozygous
transgenic lines expressing WT or various mutant forms of Arabidopsis phyA
(under the control of the native Arabidopsis PHYA promoter in the phyA-1
background) grown in darkness (D) or continuous FR light. (Scale bar: 2 mm.)
(B) Quantitative analysis of hypocotyl lengths of the WT (Ler), phyA-1, and
various transgenic lines shown in A. Error bars represent SD from 30 seedlings.

phyA signaling (4, 7-10). We therefore asked whether the defect of
phyA*** and phyAPPP was due to altered interactions with FHY1/
FHL. To address this question, we employed a yeast two-hybrid
system (48) to allow phyA to form the Pr and Pfr forms after FR
and R light treatments, respectively, by adding phycocyanobilin
(PCB) extracted from Spirulina. Consistent with previous reports (4,
7, 8), the Pfr form of phyA specifically interacted with FHY1 and
FHL in this system gil% 4 A and B). Interestingly, compared with
phyA™T, both phyA”*** and phyAPPP interacted with FHY1 and
FHL more strongly after R light treatment (Fig. 4 A and B).

To investigate whether the mutations affect the nuclear ac-
cumulation of phyA, we generated green fluorescent protein
(GFP)-tagged phyA™T, phyA***, and phyAPPP fusions in the
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phyA-I-null mutant background (SI Appendix, Fig. S6). Our
observations made from confocal microscopy indicated that both
phyA**A.GFP and phyAPPP.-GFP entered the nucleus and
formed nuclear bodies as phyAW -GFP after 5 min of R light or
30 min of FR light treatments (Fig. 4C), indicating that phyA***
and phyAPPP mutations did not obviously affect the nuclear
translocation of phyA.

To further investigate whether the phenotypes of phyA***
and phyAPPP mutants were due to impaired nuclear translocation,
we generated constitutively nuclear-localized phyA™"-NLS-GFP,
phyA*A.NLS-GFP, and phyAPPP-NLS-GFP fusions, respectively,
in the phyA-I-null mutant background by inserting a nuclear locali-
zation signal (NLS) between phyA and GFP. We selected homozy-
gous lines expressing comparable levels of phyA“'-NLS-GFP,
phyA“*A-NLS-GFP, and phyAPPP-NLS-GFP, and measured their
hypocotyls under FR light. Again, the hypocotyls of phyA”***-NLS-
GFP and phyAPPP-NLS-GFP seedlings were still longer than those
of phyA"™ "-NLS-GFP seedlings (Fig. 4D and SI Appendix, Fig. S7).
Notably, nuclear bodies appeared extremely rapidly upon light illu-
mination in phyA""-NLS-GFP, phyA”**-NLS-GFP, and phyAP"P-
NLS-GFP plants (Fi]% 4F). Taken together, our data indicated that
phyA*** and phyAPPP interacted with FHY1/FHL more stronglg
than phyA™", but the functional defects of phyA*** and phyA”
did not seem to be caused by impairment of nuclear translocation.

Both phyA*** and phyAPPP Displayed Normal Activities in Inhibiting
COP1-SPA1 Interaction. It was recently reported that both phyA
and phyB could disrupt the interaction of COP1 with SPA pro-
teins, which may serve as a major molecular mechanism for light-
activated phytochromes to inactivate the COP1-SPA complexes
and to initiate photomorphogenesis (19). Therefore, we next
performed yeast three-hybrid assays to investigate whether the
phyA*A4 and phyAPPP mutations affect the inhibitory activity
of phyA toward the COP1-SPALl interaction. The chromophore
PCB was added into the yeast system to allow phyA to form Pr
and Pfr forms after FR and R light treatments, respectively.
Indeed, our data showed that BD-COP1 and AD-SPAI1 dis-
played robust interaction in the yeast cells (ST Appendix, Fig. S8).
Unexpectedly, when an NLS was fused with phyA to allow phyA
nuclear translocation by itself in yeast cells, both Pr and Pfr
forms of the WT phyA displayed strong (with Pfr phyA showing
stronger) inhibition of COP1-SPALl interaction (SI Appendix,
Fig. S8). These observations are consistent with those reported
by Sheerin et al. (19). Nevertheless, our data showed that the Pfr
forms of both phyA®** and phyAPPP displayed normal in-
hibition of the COP1-SPA1 interaction as phyA™" in yeast cells
(S1 Alg)gendix, Fig. S8), suggesting that both phyA“** and
phyAPPP could form the biologically active Pfr form to disrupt
the COP1-SPA complexes.

Both phyA*** and phyAP°® Are Degraded More Slowly. It was re-
cently suggested by a mathematical modeling approach that
light-induced phyA degradation is an important property re-
quired for shifting the action peak of phyA from R to FR li%ht
(4). Thus, we next examined whether phyA“** and phyAPPP
showed different patterns of degradation upon l\i,%l_lt exposure.
Homozygous transgenic plants expressing phyA™ ', phyA**4,
and phyAPPP proteins were first grown in darkness for 4 d, and
then transferred to R light for various time points. Our immu-
noblot data show that phyAVT, phyA*** and phyAPPP pro-
teins were all degraded rapidly upon R light exposure, but the
degradation of phyA“** was obviously slower than that of
phyAW™T (SI Appendix, Fig. S9 A and B). phyAPPP proteins were
initially degraded similarly as phyA™“", but after 1 h of R light
treatment, the degradation of phyAPPP slowed relative to that of
phyAW™T (SI Appendix, Fig. S9 A and B).

We also compared the degradation dynamics of phyA™",
phyA*** and phyAPPP after FR light treatment. Homozygous
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transgenic plants expressing phyA™", phyA*** and phyAPPP

proteins were grown in darkness for 4 d, or in darkness for 1-3 d
first and then transferred to FR light for up to 4 d. The seedlings
were harvested simultaneously and then subjected to immuno-
blotting. Although phyA degradation in FR light was much
slower than in R, our data showed that botléwphyAAAA and
phyAPPP were degraded much slower than phyA™" after FR light
treatment (SI Appendix, Fig. S9C) (HRP data). Taken together,
our results indicate that both phyA*** and phyAPPP mutants are
degraded more slowly upon exposure to R and FR light.

Accumulation of FHY1 and HY5 Proteins in phyA*** and phyAP°?

Lines. Our previous studies showed that phyA mediates the
phosphorylation and proteasomal degradation of FHY1 (41, 49).
Therefore, we asked whether accumulation of FHY1 protein was
affected in phyA**” and phyAPPP lines. Although the expres-
sion of FHY1 was largely unchanged in phyA*** and phyAPPP
lines (SI Appendix, Fig. S5), our immunoblot data showed that
more FHY1 proteins accumulated in both phyA*** and phyAPPP
seedlings than in phyA™" (SI Appendix, Fig. S104), consistent with
the conclusion that phyA function is impaired in both phyA*** and
phyAPPP [ines,

The abundance of HYS protein was shown to be directly
correlated with the extent of photomomgenesis (133, we next
examined HYS5 protein levels in phyA and phyAPPP lines.
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Our immunoblot data indicated that HYS protein levels were
much lower in phyA”*A lines (SI Appendix, Fig. S10B), consistent
with their phenotypes showing that phyA function was greatly
disrupted in phyA™" lines; in contrast, HYS protein accumulated
in phyAPPP lines (SI Appendix, Fig. S10B), which may explain why
phyAPPP seedlings displayed more photomorphogenic develop-
ment than phyA*** seedlings.

A Nuclear Phosphorylated phyA Form Is Less Produced in phyA*** and
phyA®PP Seedlings in FR. A phosphorylated form of Arabidopsis
phyA was shown to accumulate in vivo upon irradiation with FR
light (50, 51). Our recent report showed that TANDEM ZINC
FINGER/PLUS3 (TZP) acts as a key component of phyA sig-
naling required for phosphorylation of phyA, thus suggesting an
important role of phosphorylated phyA in inducing the FR light
response (51). We then asked whether the production of this
phosphorylated phyA form was altered in phyA“*” and
phyAPPP lines. Interestingly, this phosphorylated phyA form was
observed in phyA™T seedlings upon exposure to FR light; how-
ever, this form was observed at much lower levels in phyADDD, but
was hardly detectable in phyA®** seedlings (SI Appendix, Fig.
S9C) (AP data), indicating that the formation of phosphorylated
phyA was influenced by phyA®** and phyAPPP mutations.
Next, we performed nuclear-cytoplasmic fractionation assays to
further localize the changes of phosphorylated phyA production in
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Fig. 4. Both phyA** and phyAPPP interact with FHY1/FHL more strongly and enter the nucleus upon light illumination. (A and B) Both phyA*** and
phyAPPP interact with FHY1 (A) and FHL (B) more strongly than phyA"T in yeast cells. Yeast cells transformed with the indicated plasmids were used for ortho-
Nitrophenyl-p-galactoside (ONPG) assays. The yeast cultures were irradiated with 5 min of R alone, or with 5 min of R followed by 5 min of FR, and then
incubated for another 4 h before measuring the p-galactosidase activity. Error bars represent SD of triplicate experiments. (C) phyA"V'-GFP, phyA**A-GFP and
phyAPPP_GFP all enter the nucleus after 5 min of R or 30 min of FR irradiation. Homozygous PHYAp:PHYA"-GFP phyA-1, PHYAp:PHYA**4-GFP phyA-1, and
PHYAp:PHYAPPP-GFP phyA-1 seedlings were grown first in darkness (D) for 4 d, and then treated with 5 min of R or 30 min of FR light and examined using
fluorescence microscopy. (Scale bar: 10 um.) (D) Phenotypes of 4-d-old WT (Ler), phyA-1, and homozygous PHYAp:PHYAYWT-NLS-GFP phyA-1, PHYAp:PHYA"AA-
NLS-GFP phyA-1, and PHYAp:PHYAPPP-NLS-GFP phyA-1 seedlings grown in darkness (D) or continuous FR light. (Scale bar: 2 mm.) (E) Nuclear localization of
phyAWT-NLS-GFP, phyA**A-NLS-GFP, and phyAPPP-NLS-GFP following exposure to 5 min of R or FR light. Homozygous PHYAp:PHYAYT-NLS-GFP phyA-1,
PHYApP:PHYA*A-NLS-GFP phyA-1, and PHYAp:PHYAPPP-NLS-GFP phyA-1 seedlings were grown first in darkness (D) for 4 d, and then irradiated with 5 min of
R or FR light and examined using fluorescence microscopy. (Scale bar: 10 pm.)

phyA“** and phyAPPP lines. Consistent with our recent report  (0.11 and 0.43 for the phosphorylated versus unphosphorylated
(51), the phosphorylated phyA form was undetectable in either the ~ phyA in phyA“** and phyAPPP lines, respectively) (Fig. 54).
nuclear or the cytosolic fractions of phyAV", phyA®**, and These data indicated that the proportion of the phosphorylated
phyAPPP seedlings grown in the dark (Fig. 54). When the seedlings phyA form was decreased in the nucleus in phyAPPP lines and
were grown in FR light, we observed that the phosphorylated form  further decreased in phyA** lines.

was highly enriched in the nuclear fractions of Ler and phyA™ " line Our previous studies showed that COP1 preferentially associates
(0.66 and 0.62 for the phosphorylated versus unphosphorylated — with the phosphorylated phyA form in FR light (50, 51). To in-
phyA in Ler and phyA™ " seedlings, respectively) (Fig. 54); how-  vestigate whether the pool of phyA interacting with COP1 is altered
ever, the proportions of the phosphorylated form were dramatically  in phyA*** and phyAPPP seedlings, we performed coimmunopre-
reduced in the nuclear fractions of phyA”*** and phyAPPP lines  cipitation (co-IP) assays using anti-COP1 antibodies and 4-d-old Ler,
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phyAWT, phyA?A and phyAPPP seedlings grown in FR light.
Consistent with our previous report that COP1 is preferentially as-
sociated with phosphorylated phyA (50), large ratios of phosphory-
lated phyA were co-IP by anti-COP1 antibodies in Ler and phyA

seedlings (0.83 or higher for phosphorylated versus unphosphorylated
phyA); in contrast, lower ratios of phosphorylated phyA were asso-
ciated with COP1 in phyAPPP (0.48 and 0.39 for phosphorylated
versus unphosphorylatﬂg)hyA after R and R+FR pulse exposure,
respectively) and phyA™** seedlings (0.34 and 0.2 for phosphorylated
versus unphosphorylated phyA after R and R+FR pulse exposure,
respectively) (Fig. 5B). Collectively, our data indicated that the pool
of phyA interacting with COP1 contained less ratios of the phos-
phorylated form in phyA”*** and phyAPPP seedlings in FR light.

The Phosphorylated phyA Form Is Produced in the Nucleus by the Pfr
Form. Our recent study showed that the abundance of phos-
phorylated phyA correlated well with the degree of phyA response
(51). To further investigate the importance of the phosphorylated
phyA form in FR light response, we examined two phyA point
mutants, phyA-105 [A893V (52) and phyA-300D (V631M) (53)],
in which point mutations in the C-terminal domain of phyA im-
paired its function but did not change phyA protein levels in FR
light. Our immunoblot data showed that similar levels of mutant
phyA proteins accumulated in the phyA-105 and phyA-300D mu-
tants in FR light compared with their corresponding WT (RLD
and Col, respectively); however, it was evident that the phos-
phorylated phyA form was not detected in both phyA-105 and
phyA-300D mutants (Fig. 64). Thus, our data suggest that the
formation of the phosphorylated phyA form may be important for
phyA to induce the FR light response.

To investigate how phyA phosphorylation is regulated by its sub-
cellular localization, we tested the production of the phosphorylated
phyA form in fhy! fhl and fhy3 far] mutants, in both of which phyA is
localized exclusively in the cytosol (7, 8, 10, 54). Interestingly, we did
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not detect the phosphorylated phyA form in either mutant in FR
light (Fig. 6B), indicating that nuclear localization is required for the
formation of this phosphorylated phyA form.

We then asked whether the phosphorylated phyA could be pro-
duced by both Pr and Pfr forms when phyA is localized in the nu-
cleus. We grew phyA-NLS-GFP phyA-211 seedlings in dark or FR
light for 4 d, and then extracted total proteins and performed im-
munoblot assays. Our data showed that although phyA-NLS-GFP is
constitutively localized in the nucleus (9), the phosphorylated phyA
form was only produced in seedlings grown in FR light, but not in
darkness (Fig. 6C). The nuclear-cytoplasmic fractionation assay data
further support this conclusion (Fig. 6D). These data indicated that
the phosphorylated phyA could not be produced by the nuclear-
localized Pr form. Furthermore, we examined the constitutively ac-
tive phyA mutant, phyA(Y242H)-NLS-YFP, which is constitutively
locked in the Pfr form and showed strong cop phenotype (4, 55).
Strikingly, the phosphorylated phyA form was detected in phyA
(Y242H)-NLS-YFP seedlings not only in FR light, but also in
darkness (Fig. 6 C and D). Collectively, our data suggested that the
phosphorylated phyA form is produced by the nuclear-localized Pfr
form, and may be essential for phyA to induce the FR light response.

Discussion

The flexible hinge region of phytochrome connects the N-terminal
chromophore-bearing photosensory domain and the C-terminal
dimerization domain. It was demonstrated that in the Pr form,
the N-terminal domain of Arabidopsis phyB interacts directly
with the C-terminal PAS-related domain (PRD), which con-
tains the NLS; thus, the interaction masks the NLS of phyB in the
Pr form. Upon photoconversion to the Pfr form, conformational
changes allow the exposure of NLS and nuclear translocation of
phyB (56). In terms of phyA, although its nuclear translocation has
been demonstrated to be dependent on FHY1 and FHL (7-9), it
was also shown that the far N-terminal and the distal C-terminal
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Fig. 5. The abundance of the phosphorylated phyA form is reduced in phyA*** and phyAPPP lines. (A) Immunoblot analyses of nuclear and cytoplasmic
fractions from 4-d-old WT (Ler), homozygous PHYAp:PHYAYT phyA-1, PHYAp:PHYA*** phyA-1, and PHYAp:PHYAPPP phyA-1 seedlings grown in darkness (D)
or continuous FR light. PEPC and H3 were used as cytosolic and nuclear markers, respectively. (B) Co-IP assays showing that the pool of phyA interacting with
COP1 contained less ratio of phosphorylated form in phyA*** and phyAPPP seedlings in FR light. The 4-d-old Ler, phyA"T, phyA**4, and phyAPPP seedlings
grown in FR light were subjected to anti-COP1 co-IP assays. Asterisks and arrowheads represent the phosphorylated and unphosphorylated phyA forms,
respectively (50). The numbers below each blot indicate relative band intensities for the phosphorylated and unphosphorylated phyA, with the band intensity
of unphosphorylated phyA in the first lane set to 100.
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Fig. 6. The phosphorylated phyA form is produced in the nucleus by the Pfr form. (A) The phosphorylated phyA form was detected in the WT seedlings but
not in the phyA-105 and phyA-300D mutants. (B) The phosphorylated phyA form was detected in 4-d-old WT plants but not in fhy1 fhl and fhy3 far1 mutants
grown in continuous FR light. (C) The phosphorylated phyA form was produced in phyA-NLS-GFP phyA-211 seedlings only in FR light, but was produced in
phyA(Y242H)-NLS-YFP phyA-211 seedlings in both darkness and FR light. (D) Immunoblot analyses of nuclear and cytoplasmic fractions from 4-d-old phyA-
NLS-GFP phyA-211 and phyA(Y242H)-NLS-YFP phyA-211 seedlings grown in darkness (D) or continuous FR light. PEPC and H3 were used as cytosolic and
nuclear markers, respectively. Asterisks and arrowheads represent the phosphorylated and unphosphorylated phyA forms, respectively (50).

ends of phyA interact in the Pr form, and the interaction seems
to shield the hinge region in the Pr form; however, after Pr-to-Pfr
photoconversion, the hinge region of phyA becomes exposed
in the Pfr form (57). Interestingly, a serine residue in the hinge
region of oat phyA (i.e., S599) was shown to be phosphorylated
in vivo in a Pfr-dependent manner (21, 22), consistent with the
notion that the hinge region is preferentially exposed in the Pfr
form. Therefore, it was proposed that the phosphorylation
sites in the hinge region may serve as a switch for interdomain
interaction between the N- and C-terminal domains (57), and
may also affect protein—protein interactions between phyto-
chrome and its signal transducers (29, 33). Our data support
this notion because FHY1 and FHL also act as signal trans-
ducers of phyA (50, 58, 59). The fact that phyA*** and phyAPPP
both showed increased interaction with FHY1 and FHL (Fig. 4 4
and B) indicates that these three sites in the hinge region indeed
regulate phyA interaction with its signal transducers. More-
over, because FHY1 and FHL interact with both the N-terminal
chromophore-binding domain (8) and the C-terminal HKRD
domain of phyA (SI Appendix, Fig. S11), FHY1 and FHL may
mediate the interdomain cross-talk between the N- and the
C-terminal domains of phyA as well. Thus, increased interaction
of the Pfr forms of phyA*** and phyAPPP with FHY1 and FHL
(Fig. 4 A and B) may reflect altered cross-talk of the N- and
C-terminal domains caused by phyA”*** and phyAPPP mutations,
suggesting that the hinge region of phyA and FHY1/FHL both
play roles in regulating interdomain cross-talk of the phyA pho-
toreceptor. Although we tried several times to immunoprecipitate
phyA proteins using anti-phyA antibodies from 4-d-old FR-grown
WT seedlings and then employed a liquid chromatography-mass
spectrometry approach to identify the in vivo phosphorylation sites
of Arabidopsis phyA, we were unsuccessful in proving that S590,
T593, and S602 are indeed phosphorylated in vivo in FR light,
possibly due to the fact that the level of phosphorylated phyA is
extremely low in Arabidopsis. Thus, whether S590, T593, and S602
(or some of them) serve as in vivo phosphorylation sites remains to
be answered in future studies.

Zhou et al.

We analyzed the reported phyA mutant alleles caused by
amino acid substitutions, and found that all of the reported sub-
stitutions occurred at the amino acids conserved among monocot
and dicot phyA proteins (SI Appendix, Table S1), whereas S590,
T593, and S602 are not conserved residues that only appear in the
hinge region of Arabidopsis phyA (SI Appendix, Fig. S1). These
observations suggest that the mutations of S590, T593, and
S602 may not change the structures of the conserved N- or the C-
terminal domain of th. The fact that the Pfr forms of both
phyA*** and phyAPPP displayed normal activities in inhibiting
COP1-SPA1 interaction in yeast cells (SI Appendix, Fig. S8) indi-
cates that the Pfr form formation was not affected by both phyAAA4
and phyAPPP mutations. In addition, most of the mutations oc-
curred in the regions other than the hinge region, whereas relatively
few mutations of both phyA and phyB have been reported to be
located in the hinge region. Interestingly, a naturally occurring
M548T polymorphism of phyA was identified in the Lm-2 ecotype,
and it was shown that this mutation results in the reduced FR
sensitivity of Lm-2 (60). Although this residue is also located in the
hinge region of phyA, it is within the conserved PHY domain rather
than the highly diversified hinge region containing S590, T593, and
S602 (SI Appendix, Fig. S1). Moreover, it was also suggested that the
Lm-2 phyA variant (M548T) may alter the cross-talk between the
light-sensing and output domains of phyA, rather than having a
direct structural effect on either domaMO).

Our data indicated that both phyA and phyAPPP mutants
displayed less (with phyA*** showing least) activity in vivo in
FR light. Although rarely reported, similar observations were
also made for Arabidopsis CRY2, for which mutations of 13 ser-
ine residues in the CCE domain to either alanines or aspartic
acids both caused loss-of-function effect on CRY2 (61). It was
reasoned that phosphomimetic mutation does not always mimic
or reproduce the changes introduced by protein phosphorylation
(62), especially when the phosphorylation of the protein is to
establish a charge-dependent structural change, such as blue
light-triggered separation of the PHR domain and the CCE
domain of CRY2 (61). These notions are consistent with our
observations regarding the phyA*** and phyAPP° mutants,
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especially considering the fact that the hinge region may be in-
volved in regulating the structural changes of photoconversion
between the Pr and Pfr forms. Alternatively, dynamic phos-
phorylation and dephosphorylation of these sites might be im-
portant for structural maintenance and function of phyA, which
was, however, abolished when these sites were mutated to either
alanines or aspartic acids.

An in vivo phosphorylated form of Arabidopsis phyA was first
reported in our previous study (50). It was proposed that this
phosphorylated phyA form may serve as a preferred substrate for
the COP1-SPA complex-mediated degradation (50). Our data of
this study, and those shown in our recent report (51), both in-
dicate that the phosphorylated phyA form may play an important
role in phyA function based on the following observations. First,
the abundance of the phosphorylated phyA form correlated well
with the degree of phyA response (51), and it was striking to
observe that the phosphorylated phyA form could be produced
even in darkness by the constitutively active phyA mutant, phyA
(Y242H)-NLS-YFP (Fig. 6 C and D). Second, in phyA-105,
phyA-300D, and tzp mutants, all of which were hyposensitive to
FR light, unphosphorylated phyA accumulated to normal or
even higher levels compared with the WT but the phosphory-
lated phyA form was not detectable (Fig. 64) (51), suggesting
that the formation of the phosphorylated phyA form may be
important for phyA to induce the FR light response. Third, our
data indicated that nuclear localization and Pfr form formation
are both required for the production of the phosphorylated
phyA form, both of which are the well-known prerequisites for
phyA to induce the FR light response. Collectively, our data
substantiated the tight correlation between the abundance of
phosphorylated phyA form and the extent of phyA response,
suggesting that the phosphorylated phyA form may represent a
more active form of phyA in vivo essential for inducing the FR
light response.

Moreover, our data clearly showed that the abundance of
phosphorylated phyA form was decreased in both phyA*** and
phyAPPP lines; notably, phyA*** lines, which exhibited greatest
defect in phyA function, accumulated the least level of phos-
phorylated phyA form in vivo. Thus, it seems that the functional
defects of phyA*** and phyAPPP could be explained well by the
reduced levels of phosphorylated phyA form produced by these
mutants in vivo in FR light. However, how many phosphorylation
sites are involved in the production of this phosphorylated phyA
form in vivo remains currently unknown. Because the phos-
phorylated phyA form seemed at least 5-10 kDa larger than the
unphosphorylated form in immunoblots, it is likely that many
phosphorylation sites on phyA contribute to the formation of the
phosphorylated phyA form in vivo in FR light. The fact that both
phyA”*** and phyAPPP mutations caused reduced levels of the
phosphorylated phyA form suggests that the hinge region may be
involved in regulating the efficiency of phyA phosphorylation at
many other sites indirectly.

In this study, our phyA™** lines showed opposite phenotypes
compared with transgenic lines overexpressing S599A oat phyA,
which showed hypersensitivity to light (29). These contrasting
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observations can possibly be explained as follows. First, different
experimental conditions were used in these two studies. For
example, different promoters (i.e., the Arabidopsis PHYA pro-
moter and the 35S promoter) were employed by this study and
the previous study (29), respectively. Second, we hypothesize
that phosphorylation and function of the hinge region may differ
between oat and Arabidopsis phyA based on the following evi-
dence. (i) It was shown that a single residue in the hinge region
of oat phyA, S599, plays an important role in regulating the in-
teraction of phyA with its signal transducers (29); however,
S599 of oat phyA is not conserved and the hinge region of
Arabidopsis phyA does not have a similarly critical single residue
based on our data. (i) Our previous study showed that the oat
phyA (both WT and S599A) did not produce a slower-migrating
band (corresponding to the phosphorylated form of Arabidopsis
phyA) in Arabidopsis in FR light (figure S7 in ref. 50), indicating
that the molecular mechanisms responsible for phosphorylating
oat and Arabidopsis phyA may be different.

A recently developed mathematical model suggested that the
dissociation rate of the phyA-FHY1/FHL nuclear import com-
plex is a principal determinant for shifting the action peak of
phyA from R to FR light (4). Our data indicated that the Pfr
forms of both phyA*** and phyAPPP displayed stronger in-
teraction with FHY1 and FHL in yeast cells (Fig. 4 A and B).
Notably, phyA“**, showing the strongest interaction with
FHY]1, exhibited the greatest defect in phyA function. Thus,
increased interaction of phyA*** and phyAPPP with FHY1/
FHL may lead to decreased dissociation rate of the phyA-FHY1/
FHL com%lex, which may cause functional defects of phyA”AA
and phyAPPP in FR light based on the mathematical model.
However, it remains obscure how the hinge region of phyA
regulates its interaction with FHY1/FHL, and how the increased
interaction with FHY1/FHL is finally channeled to the regula-
tion of phyA phosphorylation. Evidently, the elucidation of the
precise structural changes of photoconversion between the Pr
and Pfr forms of plant phytochromes, and the identification of
protein kinases responsible for phosphorylating phyA will help to
answer the questions. Taking these data together, our study
uncovers an important role of the hinge region of Arabidopsis
phyA in regulating phyA phosphorylation and function, thus
linking specific residues in the hinge region to the regulatory
mechanisms of phyA phosphorylation.

Materials and Methods

The details and procedures of plant materials and growth conditions, plasmid
construction, generation of transgenic Arabidopsis plants, yeast assays, real-
time gRT-PCR, transcriptome analyses, nuclear-cytoplasmic fractionation,
and immunoblotting are provided in S/ Appendix, Materials and Methods.
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