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Structure and Function of theé Phytochromes:
Light Regulation of Plant Growth and Development
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Light exerts two primary roles in plant growth and development. Plants acquire all biochemical energy required for
growth and propagation solely from light energy via photosynthesis. In addition, light serves as a medium through
which plants recognize environmental fluctuations, such as photoperiod and presence of neighboring animals and
plants. Plants therefore constantly monitor the direction, intensity, duration, and wavelength of environmental light
and integrate these light signals into the intrinsic regulatory programs to achieve an optimized growth in a given
light condition. Although light regulates all aspects of plant growth and developmental aspects, the molecular
mechanisms and signaling cascades involved have not been well established until recently. However, recent
advances in genetic tools and plant transformation techniques greatly facilitated the elucidation of molecular events
in plant photomorphogenesis. This mini-review summarizes the gist of recent findings in deetiolation and suppression
of shade avoidance response as classic examples of the phytochrome-mediated photomorphogenesis.
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INTRODUCTION

Light regulates virtually all aspects of plant growth and
developmental processes throughout the whole life cycle,
covering from seed germination to flowering, among which
seedling growth and leaf development are most sensitive to
light [1,2]. Plant growth and developmental processes regulated
by light are collectively called photomorphogenesis. Plants
therefore evolved a versatile set of photoreceptors, each with
distinct roles, and various light signaling mediators.

Light signal transduction cascades that direct plant photo-
morphogenesis have been extensively studied by molecular
biological and genetic analyses of various photomorphogenic
mutants with altered light responses, mainly in model plants.
A battery of signaling mediators have been identified and,
their functional mechanisms have been elucidated in some
detail. Interestingly, many signaling mediators that have been
demonstrated in animals are also functional in plants. A
generally accepted scheme for light signal transduction
illustrates that light signals perceived by the photoreceptors
are converted into biochemical or conformational signals,
which are subsequently transmitted through down-stream
signaling mediators, such as phytochrome-interacting factors
(PIFs) [3-5], heterotrimeric G-proteins [6], Ras-like G-proteins
[71, Ca**/calmodulin [8,9], and protein kinases/phosphatases
[10], and finally regulate genes involved in growth and
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development (Figure 1).
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Figure 1. Phytochrome-mediated light signal transduction in plants.
Light signals perceived by the phytochromes are transmitted through a
series of signaling mediators and finally regulate gene expressions
involved in growth and development.
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light absorbing cryptochromes are two principal photoreceptors
that regulate most of the photomorphogenic processes in
plants. The cryptochromes are phosphorylated by the phyto-
chrome kinases [11]. In some cases, a photoreceptor is enough to
trigger a specific light response. However, recent genetic studies
on double and triple photoreceptor mutants have shown that the
photoreceptors function in a mode of coactions [9,12-14]. The
light responses mediated by the phytochromes are influenced
by the cryptochromes and vice versa. Moreover, physical and
functional interactions between the two photoreceptors have
been confirmed biochemically and genetically, especially in
flowering time contro} [11,15,16].

Most light responses in plants appear in forms of growth
rate adjustments, entailing that growth regulators are critical
components in light signal transduction. Studies on diverse
photomorphogenic mutants have confirmed this notion. It is
therefore generally accepted that light does not function
independently but is integrated with endogenous growth
regulators, such as growth hormones, for temporal and spatial
regulation of plant photomorphogenesis [17]. For example,
brassinosteroid (BR), auxin, and gibberellin (GA) are directly
involved in the photomorphogenic processes, particularly in
stem morphogenesis and leaf development [2,17]. Among
them, the most widely studied is the interaction between light and
BR. BR-deficient plants exhibit photororphogenic development
in the dark, such as development of primary leaves, apical
hook and cotyledon opening, and thick short hypocotyls
[18,19]. In the light, they show dwarfish stems and petioles,
dark-green leaves, male sterility, and delayed senescence.
However, the molecular mechanisms have not been fully
elucidated at the molecular level yet.

A classic example of the phytochrome-mediated photo-
morphogenesis in higher plants is shade avoidance response.
The shade avoidance response is a morphogenetic strategy for
plants to seek light signal for their growth and development. It
involves rapid stem growth toward the source of light as the
result of cell elongation in the soil or in the canopy shade. In a
recent study [7], we showed that cell elongation in the dark is
induced by BR whose level is up- and down-regulated by dark
and light, respectively, providing a first molecular basis for
etiolation/deetiolation in plants. The rapidly growing etiolated
seedling stops elongation of its hypocotyls once exposed to
light. The same mechanism regulates the shade avoidance
response. It is therefore evident that growth hormones play
critical roles in the phytochrome-mediated light signal trans-
duction.

In a previous review, the structure and function of the
phytochrome photoreceptors has been discussed [20]. Here,
we update recent advances in the phytochrome function,
with a couple of illustrative examples of the phytochrome-
mediated signal transduction pathway in plants, and provide
some experimental clues that can be examined in future
researches on light regulation of plant growth and develop-
ment.

FUNCTIONAL CLUES FROM THE
PHYTOCHROME STRUCTURE

The phytochrome molecule has a two-domain structure, the
N-terminal chromophore-binding photosensory domain and
the C-terminal regulatory domain that are connected by a
flexible hinge region [21,22] (Figure 2). The C-terminal domain
contains several structural motifs that directly interact with the
phytochrome-interacting factors (PIFs). A conserved subdomain
has been also identified in the C-terminal domain that is
homologous to the prokaryotic histidine kinases. Although
molecular biclogical and photochemical properties of the
phytochromes have been well characterized, we are only
beginning to understand as to how the phytochromes perceive
light signals and how the light signals are converted into
biochemical and conformational signals within the phytochrome
molecule.

Conversion of light signals into conformational signals

One feature of the phytochromes is that the C-terminal
domains are functionally interchangeable among different
phytochromes, suggesting that they share common molecular
mechanisms for the interaction with downstream signaling
components. It is thus intriguing that PIFs identified so far
exhibit diverse structural and functional properties [3-5,23],
although they all interact with the C-terminal domain.

It has been well recorded that the chromophore topography
and the secondary and tertiary structures of the phytochromes
are significantly changed through apoprotein : chromophore and
inter-domain interactions upon light perception [24-30]. The
Pfr chromophore is more exposed than the Pr chromophore,
which is modulated by the N-terminal o-helix forming 6 kDa-
peptide [25,31,32]. The N-terminal domain is more exposed
in the Pr form than in the Pfr form [33-35]. The hinge region
is preferentially exposed in the Pfr form. These observations

Figure 2. Schematic structural organization of monomeric phytochrome
molecule. It consists of two structural domains connected by a
hinge region (N/C). The N-terminal domain contains covalently
bound chromophore at a distinct cysteine residue (®). The C-
terminal domain contains several structural motifs that interact
with various PIFs, including the PAS motif and Quail box (Q). The
far C-terminal 200-residue region is highly homologous to the
prokaryotic histidine kinase. Numbers indicate amino acid positions.
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indicate that subtle conformational changes occur throughout
the phytochrome molecule during the phototransformation. In
this view, the phytochrome molecule is considered to be a
molecular device that converts external light signals into internal
conformational changes that are to be incorporated into
subsequent biochemical events. It is therefore concluded that
conformational signals as well as structural elements in the
phytochrome molecule are important determinants that regulate
the interactions with downstream signaling mediators, such as
PIFs.

Inter-domain interactions in the phytochrome molecule

Another scheme to generate diverse conformational signals
from the apparently simple structural organization of the
phytochrome molecule is the inter-domain interactions. The
NDPK?2 binds to the Quail box preferentially in the Pfr
phytochrome [3]. It has been suggested that both the N-
terminal and C-terminal domains are required for full binding
activity of the Pfr phytochrome to the PIF3 [23], although the
Quail box also seems to play a major role. On the other hand,
the PKS1 binds to the Ser/Thr kinase motif equally well in
both the Pr and Pfr forms, indicating that this motif is exposed
in both spectral forms [4]. However, the PKS1 phosphorylation
and phytochrome autophosphorylation are stimulated by a
factor of 2 to 2.5 in the Pfr form. It is thus probable that
phosphorylation is an important regulatory factor for the
phytochrome-PKS1 interaction. All these observations imply
that differential inter-domain interactions activate a specific
motif in the C-terminal domain to be recognized by different
PIFs. The C-terminal domain has been proven to take various
conformations and/or surface topologies in concert with con-
formational changes in the N-terminal domain through inter-
domain crosstalks.

The light signals perceived by phytochromes are also
differentiated at the molecular level. The N-terminal a-helix
forming motif plays a critical role in the apoprotein : chromophore
interaction [36]. It is thus notable that phytochrome B has an
N-terminal 38-residue extension, in addition to the characteristic
o-helix forming motif in the N-terminus. The 38-residue
extension may directly participate in the apoprotein : chromophore
interactions and induce a phytochrome B-specific inter-domain
crosstalk with the C-terminal domain.

Molecular mechanisms for the inter-domain interactions

The inter-domain interactions in the phytochrome molecule
can be regulated by two molecular mechanisms, intra-molecular
and inter-molecular pathways depending on whether other
signaling mediators are involved or not.

The photoinduced conformational signals could be further
differentiated by inter-domain interactions through an intra-
molecular pathway [21]. This pathway may be modulated by
phytochrome phosphorylation/dephosphorylation at Ser-598
in the hinge region. The PIF3 bound strongly to the full-size
Pfr phytochrome but moderately to the Pfr N-terminal domain

and weakly to the C-terminal domain. Based on these
observations, it has been suggested that the association of the
PIF3 to the N-terminal and C-terminal domains are synergistic
[23]. However this could be explained best by assuming that
the C-terminal domain polypeptide is oligomerized so that the
Quail box in this polypeptide becomes inaccessible to the
PIF3. The full-length Pfr phytochrome keeps the protein in its
native and dimeric state.

Also, an inter-molecular pathway via putative signal
transmitter proteins could be involved [21]. For example, the
SPA1 protein may serve this role as it is activated specifically
by phytochrome A [37]. However, these mechanisms are
oversimplified. Both the inter-molecular and intra-molecular
pathways could be integrated to generate differential Pfr or
conformational signals and to modulate the inter-domain
crosstalks [39]. The inter-domain interactions, direct or indirect,
are also important for the spectral integrity. Our chemical
cross-linking experiments detected a R/FR-dependent interaction
between the N-terminal peptide and the distal C-terminal
peptide. The interaction between the N- and C-terminal peptides
seems to shield the hinge region in the Pr form. However, the
hinge region becomes exposed, and the Ser-598 is pho-
sphorylated in the Pfr form.

Protein phosphorylation as an additional device to generate
diverse conformational signals

The phytochrome photoreceptors are light-regulated serine/
threonine-specific protein kinases [40,41]. Although it is still
a matter of some debate, two recent observations strongly
support the nature of the phytochrome kinase. A prokaryotic
phytochrome Cphl, isolated from the cyanobacterium
Synechocystis sp. PCC6803, has very similar structural and
photochemical properties to those of the eukaryotic phytochromes
and has a light-regulated histidine kinase activity [40]. The
kinase activity of the higher plant phytochromes also has been
demonstrated in virro using highly purified native and re-
combinant proteins [40]. Besides the phytochrome itself that
is autophosphorylated [42], additional phosphorylation substrates
have been identified, including the PKS1 [10], the Aux/TAA
[43], and the cryptochromes [11]. Furthermore, the phytochrome
-cryptochrome coactions have been functionally confirmed,
especially in flowering time control [9,13,15], suggesting that
protein phosphorylation plays a critical role in plant photo-
morphogenesis.

Phytochromes are autophosphorylated [35,44-46]. The Ser-
7 of the phytochrome A is phosphorylated in vivo in both the
Pr and Pfr forms [42,46]. The Ser-17 is phosphorylated by
protein kinase A in vitro only in the Pr form [42,45]. The Ser-
598 is preferentially phosphorylated in the Pfr form in vivo
[42,46]. Phosphorylation at a single residue can induce a
profound conformational change in a protein [47-49]. CD
analysis and proteolysis on the phytochromes have demonstrated
that the phosphorylation of Ser-598, Ser-7, and Ser-17 induces
subtle conformational changes in the phytochrome molecule.
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Protein phosphorylation appears not only to regulate
conformational changes but also to modulate the crosstalks
between the N- and C-terminal domains. Activation of the PIFs
by the phytochromes may be achieved through phosphorylation
by the phytochrome kinase [4], regulation of subcellular
locations [5,23], or through regulation of the complex formation
with other components [40]. These indicate that conformational
signals and accompanying inter-domain crosstalks are further
diversified by protein phosphorylation and amplified through
complex interactions with downstream signaling components.

Reversible protein phosphorylation in phytochrome signaling

Reversible protein phosphorylation, which is catalyzed by
functionally coupled protein kinases and protein phosphatases,
is a major signaling mechanism in eukaryotic cellular functions
and exerts its role as a feedback control mechanism in various
eukaryotic kinase signaling cascades [50-52]. Recent molecular
biological and biochemical evidences indicate that coordinate
interactions between coupled protein kinases and phosphatases
also play important roles in plants, especially in cell cycle
control in which a set of cyclin-dependent kinases and protein
phosphatases are involved [53-54]. It also has been suggested
that protein phosphorylation is an essential step in light signal
transduction in plants and protein phosphatase(s) is possibly
involved in this process [55-57].

The eukaryotic phytochromes are unique red/far-red light
receptors in that they perceive environmental light through the
N-terminal chromophore-binding domain and exert regulatory
roles through the C-terminal domain. The C-terminal domain
possesses structural elements required for interactions with
down-stream signaling mediators [3-5]. It also contains a
motif that is similar to the prokaryotic histidine kinases. It is
now generally accepted that the phytochromes are serine/
threonine-specific protein kinases that is regulated by light
[58]. Furthermore, the phytochrome autophosphorylation at
certain serine residues and phosphorylation of the phytochrome
kinase substrates are essential for the phytochrome function
[56,57]. Since the phytochromes are molecular light switches
that regulate many photomorphogenic growth and develop-
mental processes, the biochemical and physiological activities
should be precisely controlled. One potential molecular means to
achieve this would be to modulate the phosphorylation status
of the phytochromes, demanding that the intrinsic phytochrome
kinase activity is coupled with a protein phosphatase(s) as has
been suggested (Figure 3). Recent identification of the
phytochrome kinase substrates further supports this view.

The cryptochrome phosphorylation by the phytochrome
kinases is regulated by light wavelength and required for the
photoactivation of blue light responses [11]. Notably, the
photoactivated cryptochromes down-regulates the COP1 activity
via direct protein-protein interactions in blue light-mediated
photomorphogenic responses [59]. It is therefore assumed
that modulation of the phytochrome function by reversible
phosphorylation is an essential event that influences diverse

Nongenomic
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Transcriptional
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Figure 3. Phytochrome phototransformation and interactions with
PIFs. The S598 in the Pr phytochrome is phosphorylated upon
phototransformation into the Pfr phytochrome, which is designated
as a desensitized Pfr phytochrome (Pfr’) in a similar way as with
the desensitized rhodopsin. However, the Pfr’ phytochrome may
not be physiologically functional. A protein phosphatase is proposed to
dephosphorylate the phospho-S598, resulting in generation of the
sensitized Pfr phytochrome that can interacts with PIFs. Adopted
from Park et al. [20].

plant growth and developmental processes.

However, no such protein phosphatases have been identified,
and no physiological roles of protein phosphorylation have
been unequivocally elucidated at the molecular level yet.
Considering the nature of the eukaryotic phytochrome kinase,
light-regulated phytochrome autophosphorylation, the presence
of phytochrome kinase substrates, and light wavelength-
dependent phosphorylation of cellular proteins in plant photo-
morphogenesis, it is highly possible that phytochrome kinase-
mediated light signals are further modulated by a phytochrome
kinase-specific protein phosphatase (s) as previously suggested
[41,57].

PHYTOCHROME FUNCTION IN
DEETIOLATION AND SHADE AVOIDANCE

Seedling growth is a photomorphogenic process that is
most responsive to light. Dark-grown seedlings are remarkably
different from those grown in the light [2]. When seedlings
are grown in the dark, the hypocotyls are abnormally extended at
the expense of leaf and root growth. This light response,
called etiolation, is an adaptive process for plants to quickly
reach the light source so that they can efficiently perform
photosynthesis. When plants reach the light source, they
exhibit deetiolated development; hypocotyl elongation is
suppressed, whereas leaf and root growth is accelerated. A
similar light response that is regulated by an identical molecular
mechanism is shade avoidance response.

We recently showed that a dark-induced Ras-like small G-
protein, pea Pra2, plays a critical role in this process by
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Figure 4. A proposed role of Pra2 in light regulation of BR biosynthesis during etiolation. The light-responsive Pra2 would either directly
activate DDWF1 or catalyze the formation of a multi-component DDWF1 enzyme complex on ER membrane by recruiting other cofactor(s)
as illustrated by X. The Pra2 and DDWF1 expressions are repressed by light, possibly through unidentified light-responsive transcription

factors (TF1 and TF2). Adopted from Kang ez al. [7].

activating a novel cytochrome P450 that catalyzes C-2
hydroxylation in the BR biosynthesis in Arabidopsis thaliana
[7] (Figure 4). We demonstrated that Pra2 specifically regulates
a novel cytochrome P450 hydroxylase that catalyzes C-2
hydroxylations in the BR biosynthetic pathway. The BR
subsequently directs hypocotyl growth during the etiolation.
Transgenic plants with reduced Pra2 exhibit dwarfish hypocotyls
in the dark, which are completely restored by brassinolide (BL.).
Surprisingly, transgenic plants overexpressing the cytochrome
P450 show elongated hypocotyls even in the light, which
phenocopies the etiolated hypocotyl growth. These results
indicate that Pra2 is a molecular knob that integrates light and
BR signals in the hypocotyl elongation of etiolated seedlings,
a first functional evidence for small G-proteins in plants.
Monomeric small G-proteins that belong to the Ras superfamily
regulate numerous cellular processes in animals and plants,
such as cell growth and differentiation, cell morphogenesis, and
vesicle transport [60,61]. Previous experimental evidences have
suggested that they also fulfill an important role in light signal
transduction in plants [62,63]. However, studies on the roles
of plant small G-proteins have not been far advanced yet,
primarily because plants contain a big multi-gene family
encoding various small G-proteins. For example, among the
Rab subfamily alone, more than 30 genes have been identified
in Arabidopsis [64]. The pea Pra2 small G-protein is exceptional
in that the molecular mechanism for its light-regulated
expression has been characterized in detail [65,66]. Its
expression is dark-induced [67]. Notably, the 5’ nontranscribing
region of the pra2 gene contains a dark-inducible element
(DE1) that confers light down-regulation of a reporter gene

[66]. Pra2 is expressed exclusively in the rapidly elongating
upper region of etiolated pea epicotyls [65], where total
phytochrome content is the richest [68]. In addition, this plant
part is most responsive to BR [18]. Our experimental data as
well as previous observations all support that Pra2 plays a
crucial role in the integration of light with growth hormones,
most probably BRs, during the etiolated seedling growth.

However, there should be more Ras-like small G-proteins
involved in the light signal transduction and interactions between
light signaling mediators and growth regulators in plants.
First, several GTP-binding proteins have been differentially
expressed under different light conditions, although their
identities have not been determined. Secondly, there are at
least several heterotrimeric G-proteins in animals that mediate
different signals. On the contrary, only a single heterotrimeric
G-protein is present in plants, raising a question how the
diverse signals are mediated by the single heterotrimeric G-
protein in plants. The answer would be provided by the fact
that plants have more Ras-like small G-proteins than animals.
For example, there are more than 120 genes encoding small
G-proteins in Arabidopsis. It seems that each small G-protein
mediates a distinct signal. Notably, we observed that a tobacco
small G-protein gene, the Nt-rablld whose gene product has
a sequence identity (72%) to Pra2 [7], was drastically suppressed
in the pra2 transgenic plants, supporting this view.

A question of particular interest is how Pra2 mediates the
phytochrome signals into BR signaling pathway. The pra2 gene
expression is induced predominantly in the dark but greatly
suppressed by red light, suggesting that it is regulated by the
phytochromes. A 12-bp light-responsive element (DE1) in the
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promoter of the pra2 gene is enough for red light response
[66]. On the other hand, the phytochromes physically and
functionally interact with the cryptochrome, especially in
flowering time control. The cryptochromes are phosphorylated
by the phytochrome kinases. Notably, the cryptochromes also
interact with COP1, a photomorphogenic repressor with
versatile roles in photomorphogenic growth and development,
through protein-protein interactions [59]. Recently, transcription
factors, DF1 and PLATZ1 from pea, that specifically bind the
DE1 element have been identified [69,70]. It will be interesting
to examine whether there are any functional interactions
between COP1 and DF1 or PLATZ1.

INTERACTIONS AND INTEGRATIONS AMONG
SIGNALING MEDIATORS

Structural and biochemical studies reveal that the
phytochrome molecule contains various structural elements or
motifs with distinct characteristics. In addition, light triggers
complex conformational changes in conjunction with protein
phosphorylation at distinct serine residues. These may work
synergistically to generate diverse conformational changes within
the phytochrome molecule, which may explain the multiple
functions of the phytochromes in many photomorphogenic
processes via interactions with multiple PIFs.

Signaling cascades downstream of the phytochromes are
also complicated. Many morphological studies suggest that
growth hormones are involved in the light-regulated plant
growth and development [1,2]. For example, transgenic plants
overexpressing phytochrome A exhibit a dwarfish appearance
as observed in mutant plants that are deficient in BR or GA
biosynthesis and/or perception. It is also well established that
auxin exerts a critical role in phototropism, a pivotal light
response that ensures optimal perception of sun light by
leaves for efficient photosynthesis.

It is now evident that light signals perceived by plants are
further modulated by intrinsic developmental factors as well
as by other environmental cues. Flowering time control is
another example in which multiple genetic pathways are linked.
Light and GA signals are integrated via the so-called floral
pathway integrators, such as LFY, FT, and AGL20 [71-73].
‘We therefore propose that light signal transduction mechanisms
in plants should be considered as signaling networks rather
than signaling cascades (or pathways). Furthermore, the
interactions and integrations among the photoreceptors and
various signaling mediators rather than the function of each
light signaling mediator should be more seriously considered.
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