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ABSTRACT light
switches that regulate various aspects of plant growth

Plant phytochromes, molecular
and development, are known as autophosphorylating
serine/threonine kinases. Although recent studies reveal
that plays
important regulation of phytochrome

phytochrome  autophosphorylation an
the

signaling through the control of phyA protein stability,

role in
the in vivo functional roles of phytochrome kinase
activity in plant light signaling are largely unknown.
Thus, it the detailed
function of phytochrome as a protein kinase, which

is necessary to investigate

might include mapping of kinase domain on the
phytochrome molecule,
could be

functional

searching for substrates that

phosphorylated by phyA, and in vivo
of the

mutants  displaying

analysis kinase activity with

phytochrome reduced kinase

activity. Our recent studies reveal that the kinase
activity of phytochrome plays a positive role in plant
light signaling. Therefore, we highlight the current
knowledge about the functional roles of phytochrome
in the light

plants, based on our recent results.

kinase activity signal transduction of

Phytochromes are red (R)/farred (FR) photoreceptors

that regulate various
2

aspects of plant growth and
development.l’ In Arabidopsis thaliana, five isoforms

of phytochromes have been known as phytochrome A

heterodimers.’ Among them, lightlabile phyA is the

primary  photoreceptor  responsible for  mediating
photomorphogenic responses in FR light, whereas
light-stable phyBphyE regulate R lightmediated

responses such as R-induced de-etiolation. Phytochromes
are dimeric chromoproteins with covalently linked open
tetrapyrrole chromophore phytochromobilin, and exist in
two distinct but photo-interconvertible forms, red-light
absorbing Pr and farred-light absorbing Pfr forms.
They are biosynthesized as the Pr form in the dark,
which can be phototransformed into the Pfr form upon
exposure to red light. The Prto-Pfr phototransformation
of phytochrome induces the highly regulated signaling
network for photomorphogenesis in plants.“’5

Recent studies on the phytochrome-mediated light
signaling discovered that phytochrome photoactivation

impacts on the control of protein subcellular
localization,®’ transcription,g’9 protein stability,lo’11 and
protein  phosphorylation. > The photoconversion  of

cytoplasmic Pr to Pfr causes the translocation of
phytochrome into the nucleus, which appears to be the
early molecular event for phytochrome signaling.S’13

Photo-activated and nuclearlocalized phytochromes
that the

regulation of lightresponsive genes, by interacting with

trigger a transcription cascade leads to

transcriptional such
interacting factors (PIFs) including PIF3." In addition,
phytochromes have been known to interact with other

regulators, as  phytochrome

(phyA) through phyE that may form homo- and downstream signaling components such as nucleotide
diphosphate kinase 2 (NDPKZ),15 and phytochrome
. 16
*To whom correspondence should be addressed. kinase sub‘s“[rate I (PKST) and'mflny more.
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it has been known that

phosphorylation and dephosphorylation play important

phytochrome, protein

roles in regulating phytochrome-mediated light signaling
the of
phytochromes accelerates its degradation, whereas its

pathway.””  For example, phosphorylation
dephosphorylation slows the degradation.17 Furthermore,
a number of transcription factors are known to undergo

their
which

of the

light-induced  phosphorylation depending on

interaction with photoactivated phytochromes,

accelerates
18-20

proteasome-mediated degradation
factors.

Plant phytochromes are known as phosphoproteins
.12, 21 The
phosphorylation have been investigated with purified
phyA from oat seedlings, Ser8,
Serl8, and Ser599, have the
phosphorylation sites.” Among them, phosphorylation

long time ago site of phytochrome

and three serines,
been identified as
at Ser599 in the hinge region has been reported to
the
transducers such as NDPK2,” suggesting that the hinge

prevent interaction of phyA with its signal

region of phytochromes serves as a phosphorylatable

signal-modulating site which regulate protein-protein

interactions between phytochrome and its signal

transducers. Ser8 and Serl8 in the N-terminal extension
(NTE) identified as
autophosphorylation phyA, the
a molecular mechanism

region have been

sites of oat and

autophosphorylation provides

for signal attenuation in phytochrome-mediated light
22,24

signaling by accelerating the degradation of phyA.

Since plant phytochromes are also known as

. . . 21
serine/threonine  kinases,” phytochromes have been

reported to directly phosphorylate several downstream
signal transducers, such as cryptochrome 1 (Cryl) and
auxin/indole-3-acetic acid (Aux/IAA) as well as PKS1.”
More recently, the Pfr form of phytochromes induces
mn

rapid vivo phosphorylation of PIFs

degradation.'®"

preceding
Furthermore, phyA mediates rapid R-
induced phosphorylation of Arabidopsis FHY1 and
FHL in a low-fluence response, which might regulate
the protein stability of FHY1 and FHL.* Collectively,
studies that

phytochrome molecule is important for the regulation

recent suggest phosphorylation  on

of phytochrome interaction with downstream signal

transducers, which might play an important role in fine
-tuning phytochrome signaling.

Based on the observation that phytochromes are
phosphoproteins, it has also been suggested the
existence of protein kinase(s) that phosphorylate
the phytochromes and protein phosphatase(s) that
dephosphorylate them. However, despite extensive
studies of phytochrome-interacting proteins, there is
no report thus far of a protein kinase that can
phosphorylate phytochromes. On the other hand, a
few protein phosphatases have been reported as
able with
dephosphorylate  phytochromes,

being to interact and specifically
including flower
specific phytochrome-associated protein phosphatase
(FYPP),”

phosphatase 5

phytochrome associated
(PAPP5),"”  and  phytochrome-
associated  protein  phosphatase type 2C
(PAPP2C).26 All these protein phosphatases act as
positive regulators in the phytochrome signaling,
that the

regulated by phosphorylation and dephosphorylation

protein

suggesting phytochrome signaling is

in which phytochrome is autophosphorylated and
then dephosphorylated by specific phosphatases.
Based on these results, it has been suggested that

phytochrome autophosphorylation decreases its
signaling flux by reducing the amounts of
phytochrome proteins, while phytochrome

dephosphorylation increase the signaling flux by
enhancing phytochrome interaction with its signal
transducers and increasing its protein stability.18
However, the molecular mechanism about how the
phosphorylation of these proteins by phytochromes
affects the light signaling are still unknown, so
further studies will be necessary to elucidate the
signaling pathways related to the phytochrome
kinase activity.

In order to clarify the phytochrome function as a
protein kinase, we recently investigated the in vivo
functional roles of kinase activity with oat phyA
mutants displaying reduced kinase activity. According

tranﬁucers and also for tht_’ regulation _Of pr9tein to the results of our study, transgenic plants expressing
stability of phytochrome itself and its signal the phyA mutants with impaired kinase activity
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showed reduced photoresponsiveness to farred light.
In addition, the degradation of PIF3 was significantly
prevented in the transgenic plants under farred light
compared with the transgenic plant of wild-type phyA.
These results suggest that phytochrome kinase activity
plays the of
phytochrome signaling through the control of PIF3

an important role in regulation
protein stability. Consequently, our results indicate that
phytochrome kinase activity play a positive role in
light signal transduction.

Overall, our current results provide a proposed model
for the regulation of phyA-mediated light signaling (Fig.
1). In the dark, phyA proteins are synthesized and
accumulated as Pr form in the cytosol, composed of
autophosphorylated and dephosphorylated phytochromes
due to the action of its own kinase activity of phyA
and specific phosphatases. Upon illumination, the Pr
form is photoactivated to the Pfr form that translocates
At this the

phosphorylated Pfr form of phyA is degraded via the

from cytosol to the nucleus. point,

ubiquitin/26S proteasome protein degradation pathway.

This  phyA  degradation = mechanism  involving
autophosphorylation  could facilitate the efficient
attenuation of the phyA signal. By contrast,

phytochrome-associated protein phosphatases insure the
stability of phyA protein for an enhanced light response
in photomorphogenesis, resulting from a decline in the
autophosphorylated phyA level. At the same time, the
phyA proteins translocated into the nucleus act as a
protein kinase, phosphorylating substrate proteins such
as PIFs. The phosphorylated PIFs are then degraded,
the
genes. In the dark, the expression of lightresponsive

which derepress expression of lightresponsive
genes is negatively controlled by PIFs at transcriptional
regulation and by COPl at proteolytic regulation, both
of which suppress the start of photomorphogenesis in
the dark. Upon light dark-to-light
transition), COPI1 is translocated into cytosol and PIFs
are degraded by the kinase action of phyA, which

illumination (i.e.,

release the suppression of the expression of light
responsive genes, inducing photomorphogenic responses
in plants. Therefore, the protein kinase activity of phyA
plays a crucial role in controlling the number of active
PIFs to elicit signaling events, and thus improve the

response of plants to fluctuating light environments.
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Figure 1. A proposed model
mechanism of phyA. In the
synthesized and accumulated as Pr forms in the
cytosol. Lightresponsive genes are not expressed
because the photomorphogenesis-promoting transcription
factors including two bZIP transcription factors, long
hypocotyl 5 (HY5)” and HY5homolog (HYH),” are
suppressed by PIFs. In addition, COP1 also negatively
regulates the action of the transcription factors by
promoting their degradation. In the dark-to-light
transition, the Pr form is photoactivated to the Pfr
form, which enter the nucleus. Then, they
phosphorylate the substrate proteins such as PIF3,
promoting its degradation by the ubiquitin/26S
proteasome protein degradation pathway, which releases
the suppression of the expression of lightresponsive
genes for photomorphogenesis and photosynthesis in
the dark. Together, with the translocation of COPI1
from the nucleus to the cytoplasm, the removal of
negative regulators for light signaling (i.e., PIFs) by
photoactivated phytochromes turns on the transcription
of lightresponsive genes, which allows plants to grow
and develop optimally in the light environment.
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