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B Abstract Plants utilize several families of photoreceptors to fine-tune growth
and development over a large range of environmental conditions. The UV-A/blue light
sensing phototropins mediate several light responses enabling optimization of photo-
synthetic yields. The initial event occurring upon photon capture is a conformational
change of the photoreceptor that activates its protein kinase activity. The UV-A/blue
light sensing cryptochromes and the red/far-red sensing phytochromes coordinately
control seedling establishment, entrainment of the circadian clock, and the transition
from vegetative to reproductive growth. In addition, the phytochromes control seed ger-
mination and shade-avoidance responses. The molecular mechanisms involved include
light-regulated subcellular localization of the photoreceptors, a large reorganization of
the transcriptional program, and light-regulated proteolytic degradation of several pho-
toreceptors and signaling components.
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GENERAL INTRODUCTION

The survival of single-cell or multicellular organisms depends on their ability to
accurately sense and respond to their extracellular environment. Light is a very
important environmental factor and many species have evolved sophisticated pho-
tosensory systems enabling them to respond appropriately. Being sessile and pho-
toautotrophic, plants are particularly sensitive to this crucial external signal (48,
147). In this review we focus on light responses in higher plants and emphasize
recent progress in our understanding of the molecular events occurring upon pho-
ton capture. Most of this work has been performed in the small weed Arabidopsis
thaliana, which has become the favorite subject of study for molecular genetics.
Classic photobiological studies have determined that plants are most sensitive to
UV-B, UV-A/blue, red, and far-red light (48, 147). The molecular nature of the
UV-B photoreceptors is still elusive. Two families of UV-A/blue light receptors,
the phototropins and the cryptochromes, have been identified (14, 111). More re-
cently, a third family of putative blue light photoreceptors has been uncovered (85).
The phytochromes were the first family of plant photoreceptors to be discovered;
they are most sensitive to the red and far-red region of the visible spectrum (148).
Although these photoreceptors specifically affect individual light responses, in
most instances there is also abundant crosstalk between the different photosensory
systems (19).

UV-B

In plants, UV-B light triggers developmental responses (10, 17, 95). In Arabidopsis
seedlings, UV-B responses include inhibition of hypocotyl elongation and tran-
scriptional regulation of a large number of genes (10, 95, 173, 183). Genome-wide
analysis of gene expression suggests the possible involvement of more than one
UV-B sensing mechanism (183). UV-B photoreceptor(s) are still unknown; how-
ever, these UV-B responses are clearly not triggered by the known photoreceptors,
phototropins, cryptochromes, or phytochromes (173, 183). Two signaling compo-
nents required for normal UV-B responses have been identified. ULI3 is specifically
involved in UV-B responses. /i3 mutants have no obvious phenotype when grown
under any other light condition. The ULI3 gene codes for a protein of unknown
function with putative heme and diacylglycerol binding sites. ULI3-GFP fusions
are localized in the cytoplasm and at the plasma membrane (173). The second
known component of UV-B signaling is the bZIP transcription factor HY5. In con-
trast to ULI3, HYS is required for normal development under all light conditions
(183).
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PHOTOTROPINS

Physiological Responses Mediated by the Phototropins

Phototropic responses were described more than a century ago. Typically, plant
stems bend toward a unilateral source of light. In contrast, roots grow away (neg-
ative phototropism) from a unilateral light source. Action spectra of this response
have shown that in higher plants this is a blue light response with maximal response
around 450 nm (14, 16). The photoreceptor responsible for directional growth was
identified just 7 years ago (79). In this short time, enormous progress has been
made concerning the structure and the functions of this family of photoreceptors.
We invite the readers to consult several recent and excellent reviews for a more
in-depth coverage of the field (14, 15, 33, 114, 186). Photl (originally nphl for
non phototropic hypocotyl) was identified based on the inability of phot/ mutant
hypocotyls to bend towards unilateral blue light (113). Phot2, a second phototropin,
is present in Arabidopsis (13). This pair of photoreceptors is extremely important
for a number of light responses that ultimately allow optimal photosynthesis, in-
cluding phototropism, chloroplast movements, and stomatal opening (14, 186).
This is consistent with photobiological studies that have shown that all these re-
sponses have similar action spectra. Photl is specialized for low blue light fluence
rates; in contrast, phot2 is more important for high light responses (14). This can
be observed for phototropism where photl alone is required under low light, but
photl and phot2 have a redundant activity under higher light intensities (113, 150).

Higher plants display two types of chloroplast relocalization responses: a chloro-
plast accumulation response that maximizes light capture in low light, and a chloro-
plast avoidance response that minimizes chloroplast photodamage in high light
(186). Phot2 is responsible for the chloroplast avoidance response, whereas photl
acts redundantly with phot2 to achieve the accumulation response (89, 92, 150).
The phot2-mediated chloroplast-avoidance response is of critical importance for
plant survival in high light conditions (93).

Blue light—driven stomatal opening is also a phototropin-mediated response
(98). However, this light response is also controlled by other photosensory systems
including a UV-B and a blue-green light receptor (44, 177). A more in-depth
analysis of phot mutants has shown that these photoreceptors are required for
additional light responses. Photl transiently controls light-mediated inhibition of
hypocotyl growth (54). The phototropins play a modest role in the blue light-
induced remodeling of the transcriptional program; however, photl is essential
for the high blue light-induced destabilization of the LHCB and RBCL transcripts
(51, 141). In addition, both phototropins redundantly mediate cotyledon and leaf
expansion (141, 152).

Phototropin Structure, Regulation, and Mode of Action

The phototropins are composed of an amino-terminal photosensory domain and a
carboxy-terminal Ser/Thr protein kinase domain (14) (Figure 1A). A FMN (flavin
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Figure 1 Structure and proposed mechanism of light activation of the phototropins.
(A) Schematic representation of the phototropin structure. The phototropins contain
two FMN binding LOV domains and a canonical Ser/Thr protein kinase domain at
the C terminus. (B) Schematic mechanism of light activation according to the model
proposed by (69).

mononucleotide) molecule tightly bound to the so-called LOV (Light, Oxygen,
Voltage) domains allows light sensing. LOV domains are structurally related to
PAS (Per, Arnt, Sim) domains (14). LOV domains are encountered in numerous
photoreceptors from plants, fungi, and bacteria; they are coupled with a wide
variety of signaling domains (33). An exceptional feature of phototropins is that
they contain two LOV domains, called LOV1 and LOV2 (33). Photochemical and
functional analyses have clearly demonstrated that these two domains play distinct
functions (29).

The characterization of recombinant photl demonstrated that it is indeed the
primary photoreceptor for phototropism (27, 28). In the dark state, photl binds to
FMN noncovalently. The absorption spectrum of this recombinant protein closely
matches the action spectra for phot1-mediated responses (27, 28). Phosphorylation
of a 120-kD membrane protein is an early marker for phototropism (15, 16). The
identification of phot1 showed that the phosphorylated protein is the photoreceptor
itself (79). Since recombinant phot1 undergoes this light-dependent reaction in the
absence of any other plant proteins, it can be concluded that photl is necessary
and sufficient for light perception and light-regulated protein kinase activity (27).
Recombinant phot2 has very similar spectral and protein kinase properties (150).

The structures of several LOV domains have confirmed the similarity between
LOV and PAS domains (31, 33). Both spectroscopic and structural analyses have
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uncovered a self-contained light cycle that this photoreceptor undergoes upon
photon capture (32, 154). In the ground state, FMN is noncovalently bound to the
LOV domain. Light absorption triggers a transient covalent binding of the FMN
molecule to an invariant Cys residue in the core of the LOV domain (32, 154). The
return to the ground state is a relatively slow process, suggesting that this light-
activated (signaling) state is long-lived (33). The functional importance of the
transient covalent attachment of the FMN to the Cys has been demonstrated both
for photl and phot2 (29). Moreover, the LOV2 domain is clearly more important
for biological activity than the LOV1 domain (29). Consistent with this finding,
spectroscopic analysis indicates that the LOV2 domain is the predominant photo-
sensing domain of phototropins (29, 33).

Modest structural rearrangements are observed during the photocycle of isolated
LOV domains (32, 155, 175). However, a recent NMR study of an oat phototropin
construct containing the LOV2 domain with a 40 amino-acid carboxy-terminal
extension (the linker helix between the LOV2 domain and the protein kinase do-
main) indicates a large light-driven structural rearrangement (70). In the dark, the
helix is associated with the LOV2 domain, but light disrupts this interaction. This
suggests that in the dark the protein kinase domain is closely associated with the
amino-terminal photosensory domain (closed conformation). Upon light absorp-
tion, this interaction is broken, liberating the protein kinase domain and presumably
allowing protein kinase activity (Figure 1B) (70).

Photl and phot2 are highly similar proteins; they are both plasma membrane
associated, but the mechanism of membrane binding is currently unknown (67,
152). Upon light stimulation, a fraction of photl is released into the cytoplasm
(152). In etiolated seedlings, photl expression is strongest in the elongation zones
of both the hypocotyl and the root. These are the regions of the seedling where the
light signal for phototropism is perceived (152). photl is evenly distributed at the
plasma membrane of epidermal cells but largely confined to the plasma membrane
close to the transverse cell walls in cortical cells. This asymmetric distribution
might be relevant for the asymmetric growth response initiated by unilateral light.
The fairly good overlap between phot1 localization and the localization of members
of the PIN family of auxin efflux carriers is quite tantalizing given that phototropin
activation ultimately leads to an asymmetric auxin distribution to allow oriented
growth (see below) (57, 152). In leaves, photl1 is uniformly expressed at the plasma
membrane of epidermal, mesophyll, and guard cells (152). It is also noteworthy
that photl protein levels decrease when seedlings are exposed to extended periods
of light, a possible explanation for the greater importance of photl under lower
fluence rates (152). PHOT2 mRNA levels are very low in the dark but are light-
induced, a possible explanation for the more prominent role of phot2 in high
light-mediated processes (89).

Phototropin-Mediated Signaling

Light-regulated photl autophosphorylation appears to be the initial event in the
transmission of the light signal. It has long been recognized that this biochemical
response requires significantly more light than some of the phototropin-mediated
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responses (15). The role for autophosphorylation is, therefore, still not fully re-
solved. Photl autophosphorylates at multiple Ser residues (156). Phosphorylation
of some of these sites already occurs in response to low fluences of blue light (suffi-
cient to trigger phototropism); in contrast, other sites require much higher fluences
(156). As such, it is plausible that phosphorylation of some of the residues is
required for the signaling state. In contrast, other phosphorylation events may be
involved in a desensitization mechanism (156). Another possibility is that phospho-
rylation of photl is required for photl-mediated inhibition of hypocotyl growth,
rather than phototropism, because the fluence rate requirements for inhibition of
hypocotyl growth are much higher (52). After phototropin autophosphorylation,
a 14-3-3-type protein binds rapidly to the activated photoreceptor (99). Such pro-
teins are often involved in signaling and upon binding they can alter enzymatic
activities, modify subcellular localization, or serve as a landing platform for ad-
ditional interactions (159). The functional significance of this finding remains
to be elucidated but the temporal correlation between light-activated autophos-
phorylation and 14-3-3-binding is striking. A second unresolved point is whether
phototropins also phosphorylate other proteins in addition to themselves. So far no
phototropin substrate has been reported, although after phot1 autophosphorylation,
a plasma membrane H+ ATPase also becomes phosphorylated. Both phosphory-
lation events are inhibited by flavoprotein inhibitors, suggesting the requirement of
a phototropin to phosphorylate the plasma membrane H4+ ATPase (99). Although
this study does not prove that the H4- ATPase is a phototropin substrate, activation
of this enzyme makes sense since activation of the H4- ATPase is a very early event
allowing stomatal guard cell opening (99). Consistent with this idea, epidermal
cell strips of photl phot2 double mutants fail to extrude protons and open stomata
in response to blue light—again emphasizing the importance of the phototropins
for H4+ ATPase activation (98).

The analysis of mutants with nonphototropic hypocotyls has led to the identifi-
cation of two classes of proteins that are involved in phototropin signaling. NPH3
is a member of the first class. Similar to photl, NPH3 is associated with the plasma
membrane by an unknown mechanism. The biochemical function of NPH3 is not
known, but it can interact directly with photl (131). NPH3 is a member of a large
plant-specific gene family with more than 30 members in Arabidopsis (131, 151).
RPT2, another member of this family, binds to photl and is also required for
phototropism (86, 151). RPT2, but not NPH3, is also required for stomatal open-
ing, indicating that several members of this gene family have distinct functions
in phototropin signaling (86). This idea is consistent with the finding that NPH3
is also dispensable for the photl-mediated inhibition of hypocotyl elongation and
indicates early branching during photl-mediated signal transduction (54).

It has long been suspected that asymmetric growth (the basis for growth toward
or away from a light source) requires a gradient of the plant hormone auxin (57).
This hypothesis has received strong genetic support with the isolation of a number
of mutants defective for phototropism (58, 69, 179). The establishment of such
an auxin gradient requires the action of auxin efflux carriers that transport the
hormone out of the cell (57). The PIN gene family in Arabidopsis (57) encodes
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these efflux carriers. PIN3 appears to be particularly important to establish auxin
gradients in response to changes in the gravity vector and phototropism (58).
Upon light stimulation, indirect measurements indicate that an auxin gradient is
rapidly established (58). Characterization of the pin3 mutant suggests that other
members of the PIN family act in concert with PIN3 to control tropic growth.
Normal localization of PIN1 is required for normal phototropism (8, 140). The ARF
(Auxin Response Factor) transcriptional activator, NPH4, and the IAA (Indole-3-
Acetic Acid) transcriptional repressor protein, MSG2, represent two other clear
connections between auxin-mediated asymmetric growth and phototropism (69,
179). Msg2 gain-of-function mutants have very similar phenotypes to nph4 loss-
of-function mutants, indicating that an auxin-regulated transcriptional response is
required for normal phototropism.

Blue light stimulation leads to a number of very rapid electrophysiological
responses. Most notably, Ca?>* concentration rapidly rises in the cytoplasm in a
phototropin-dependent manner. Ca’* uptake from the apoplast is mediated by
photl and phot2. Phot2 has also been implicated in Ca?* release from intracellular
stores (4, 6,67, 171). A recent publication provides a first functional implication for
these phot1-mediated changes in intracellular Ca?>* concentrations (52). When the
photl-mediated change in Ca>* concentration is inhibited with a Ca>* chelator, the
rapid blue light-mediated hypocotyl growth inhibition is prevented (52). The same
chelator did not affect phototropism (52). These data are consistent with photl
eliciting distinct signaling mechanisms. Only some of these signaling branches
involve changes in cytoplasmic Ca’* levels (52). Changes in Ca?* concentrations
are also functionally important for the regulation of stomatal opening. In this case
as well, the phot1-mediated changes in Ca’>* concentration could be functionally
relevant.

Other LOV Domain Photoreceptors in Plants?

In addition to the phototropins, a few other Arabidopsis proteins have LOV do-
mains (33). Three have a similar domain organization with an amino-terminal
LOV domain, followed by an F-box and several kelch repeats (137, 169). They
are known as ZTL (Zeitlupe), LKP2 (LOV Kelch repeat Protein 2), and FKF1
(Flavin-binding, Kelch repeat, F-box). Gain- and loss-of-function experiments
have indicated that these proteins are required to sustain normal circadian clock
function and photoperiod-dependent flowering in Arabidopsis (85, 198). A detailed
description of their involvement in circadian biology is beyond the scope of this
review, and we refer the readers to the following publication (198). However, this
class of proteins may represent a fourth class of photoreceptors in Arabidopsis (85).
The LOV domain of FKF1, LKP2, and ZTL displays similar photochemistry to the
LOV domain of phototropins, with the exception of a very slow dark-reversion rate
(85). FKF1 likely regulates the waveform of the circadian expression of the floral
inducer CO, thereby controlling long day-induced flowering in Arabidopsis (85).
Despite its close similarity to FKF1, ZTL appears to work in a different way. It
interacts with the circadian clock central oscillator component TOC1 via its LOV
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domain (119). This interaction appears to mediate dark-dependent degradation of
TOCI1 protein in a ZTL- and proteasome-dependent manner (119).

CRYPTOCHROMES

Physiological Responses Mediated by the Cryptochromes

The cryptochrome family of UV-A/blue light photoreceptors mediate a number of
specific light responses in plants (109, 114). These photoreceptors are very im-
portant during de-etiolation, the transition of a dark grown seedling living from its
seed reserves to a photoautotrophically competent seedling. This developmental
transition includes a massive reorganization of the transcriptional program, inhi-
bition of hypocotyl growth, promotion of cotyledon expansion, and synthesis of a
number of pigments including chlorophyll and anthocyanins (109, 114). In addi-
tion, this class of photoreceptor is important for photoperiod-dependent flowering
induction and in resetting the circadian oscillator (24, 198). It is important to point
out that the cryptochromes act in coordination with the phytochromes (discussed
below) in numerous instances (19).

Owing to space constraints, we only present a succinct summary of cryp-
tochrome functions. For a more detailed description, we refer the readers to the
following recent reviews (16, 109, 111, 114). Arabidopsis has two cryptochromes,
cryl and cry2, with known functions and a more divergent family member, cry3,
for which there is no known function (102, 111). Both cryl and cry2 are impli-
cated in resetting the circadian clock (37, 167). cryl and cry2 are also involved
in de-etiolation responses, but cryl is the primary photoreceptor under high blue
light fluence rates, whereas cry2 is most important under low blue light fluence
rates (1, 112). Both photoreceptors play partially redundant functions during de-
etiolation (122, 126). Most of these physiological responses presumably require
an extensive remodeling of the transcriptional program. In response to blue light,
this is predominantly mediated by cryl and cry2, with lesser contributions by the
phototropins and phyA (53, 90, 141). Interestingly, the microarray study by Folta
and colleagues indicates that blue light—induced inhibition of hypocotyl elongation
is a cryl response occurring by suppressing the levels and/or sensitivity of two
phytohormones (gibberellins and auxin) (53).

Flowering time of numerous plants is determined by daylength. Arabidopsis is
a facultative long-day plant, indicating that it flowers more rapidly when grown in
long days than in short days. cry2 mutants flower late in long days specifically (64).
Cry1 has amore modest contribution to flowering-time control in Arabidopsis (125,
126). It was recently shown that the cryptochromes are directly involved in the light-
dependent stabilization of the floral-inducing transcription factor CO (184, 197).

Cryptochrome Structure, Regulation, and Mode of Action

The cryptochromes are structurally related to DNA photolyases, but they do not
possess DNA photolyase activity (158). DNA photolyases are a class of UV-A/blue
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light—induced enzymes that repair UV-B-induced damage on DNA (158). Although
originally identified in Arabidopsis, the cryptochromes have now been found in
bacteria, plants, and animals (1, 18, 24). Cryptochromes have an amino-terminal
photolyase homology region (PHR) noncovalently binding a primary/catalytic
FAD chromophore (Flavin Adenine Dinucleotide) and a second light-harvesting
chromophore, a pterin or deazaflavin (110, 158). In addition to the PHR domain,
most plant cryptochromes have a distinctive carboxy-terminal domain (111). At
first glance, the carboxy-terminal extensions of plant cryptochromes have little in
common. They are of variable length but they share short stretches of homology
(111). Going from the amino-terminal to the carboxy-terminal end of this exten-
sion, one finds a DQXVP motif, a stretch of acidic residues, STAES, and finally
GGXVP. Following the nomenclature from C. Lin, we refer to these sequence
motifs as DAS (Figure 2) (111). Cry3 differs significantly from cryl and cry2 and
is most closely related to the recently identified cryptochrome from cyanobacteria,
dubbed cry-DASH (Drosophila, Arabidopsis, Synechocystis, Homo) (18, 102). It
has no carboxy-terminal extension but has a transient peptide sequence targeting
it to both chloroplasts and mitochondria (102).

A mechanism of light activation was proposed for cryptochromes based on the
well-described light activation of DNA photolyases (111, 190, 195, 196). In DNA
photolyases, an electron is transiently transferred from the FAD chromophore to the
damaged DNA (158). A laser flash spectroscopy study of recombinant Arabidopsis
cryl is consistent with the existence of such an electron-transfer reaction involving
FAD, Trp, and Tyr residues of the cry1 protein (60). This electron-transfer reaction
is hypothesized to trigger a conformational change of cry1 that has been proposed
to initiate signaling reactions (see below, Figure 2B). No direct proof of such a
light-induced conformational change is currently available, but this scenario is
consistent with a study showing that the carboxy-terminal domain of cryl and
cry2 can adopt a constitutively activated conformation when fused to the GUS (8-
glucuronidase) protein (196). Excellent recent reviews expose the cryptochrome
structure-function relationship in detail (23, 111, 114).

The cryptochromes undergo light-regulated photochemistry that is beginning
to be unraveled. Based on the homology with DNA photolyases, one might have
expected that they also bind DNA. This has actually been demonstrated for Ara-
bidopsis cry3 and cry-DASH, its Synechocystis homolog (18, 102). In Synechocys-
tis, cry-DASH is directly involved in gene regulation; such a function has not been
demonstrated yet for cry3 (18). Direct DNA binding of cryl and cry2 has not been
reported; however, a cry2 carboxy-terminal extension-GFP fusion is chromatin
associated (34).

An additional enzymatic activity has recently been found for cryl. The re-
combinant protein binds ATP; this binding is stoichiometric and depends on FAD
binding (12). In addition, recombinant cry 1 autophosphorylates in a light-regulated
manner, but no other substrate has been found (12, 163). Blue light triggers cryl
and cry2 phosphorylation at multiple sites in vivo (162, 163). Some of these sites
are within the carboxy-terminal extension of cry2 (162). This reaction is blue light
specific and fluence rate dependent (162, 163). Taken together with the in vitro
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Figure2 Structure and proposed mechanism of light activation of the cryptochromes.
(A) Schematic representation of the cryptochrome structure. The cryptochromes have a
photolyase homology region that binds to FAD and a pterin or deazaflavin (P/T). cry1
and cry2 have short carboxy-terminal extensions with little conservation except for
short stretches of homology (DAS) according to the nomenclature by Lin & Shalitin
(111). cry3 has a transient peptide (TP) required for localization in the chloroplast and
mitochondria. (B) Schematic mechanism of light activation according to the model
proposed by Cashmore (23). Upon light perception the conformation of cryl is modi-
fied, leading to a conformational change of COP1. The change of COP1 conformation
releases the transcription factor HY5 that can activate light-induced genes.

characterization of cryl, one might propose that this is the result of autophos-
phorylation. An earlier report has shown that phytochrome A can phosphorylate
the cryptochromes in vitro (2). However, the phosphorylation state of both cryl
and cry2 does not appear to depend on the phytochromes in vivo (162, 163).
Given that a phyA-phyE quintuple mutant is currently not available, the role of
the phytochromes in cryptochrome phosphorylation cannot be fully excluded. In
the case of cry2, phosphorylation is associated with proteolytic degradation (162).
This degradation is in part mediated by the E3 ubiquitin ligase COP1. In addition,
phosphorylation of both cryl and cry2 appears to be closely linked to function.



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

LIGHT SIGNALING IN PLANTS 97

When the carboxy-terminal domain of cry?2 is fused to GUS, it results in consti-
tutive signaling activity (even in the dark) and constitutive phosphorylation (162).
Several missense mutants severely affecting cryl function in vivo also fail to un-
dergo light-dependent phosphorylation in vivo, again suggesting a link between
phosphorylation and function (163).

When fused to either GUS or GFP, cry1 and cry2 are nuclear (24, 62, 103, 196).
However, cry?2 is constitutively in the nucleus in contrast to cry1, which is mainly
nuclear in the dark but predominantly cytoplasmic in the light (196). Subcellular
fractionation experiments are consistent with this idea (62). The subcellular local-
ization of cry3 is distinct; this cryptochrome is present in both the mitochondria
and the chloroplasts (102).

In young seedlings, CRYI and CRY2 have somewhat different expression pro-
files. CRY2 expression is highest in the root and shoot primordia and lower levels
are found in the cotyledons, the hypocotyl, and the root (182). CRY1 is strongly
expressed in all aerial parts but absent in the root (182). In addition, both CRY2
and CRY1 expression are under circadian control but their phase of expression is
different (182). In the case of CRY2, this is translated at the protein level. Cry2
protein levels fluctuate diurnally in short days but remain stable in long days (45,
125). This regulation at the protein level is due to the light-mediated instability of
the protein (112, 125). In contrast, cryl protein levels do not fluctuate diurnally,
presumably because of higher protein stability (112, 125). Cry2 and phyA have
similar expression profiles and are light labile. This is interesting in view of their
importance in promoting flowering in long days (168, 182, 184, 197, 198).

Cryptochrome-Mediated Signaling

Light-regulated protein degradation appears to be central to cryptochrome signal-
ing. Such a mechanism is well described for animal cryptochromes and also occurs
for both cry1 and cry2 in Arabidopsis (23). Both cryptochromes interact with the
E3 ubiquitin ligase COP1 (190, 195). The COP1 protein is required for the light-
regulated degradation of several transcription factors involved in light-regulated
transcription (77, 142, 161). In the dark, COP1 degrades these transcription factors
including the bZIP protein HYS, but upon light perception this degradation is pre-
vented (77, 142, 161). The constitutively de-etiolated phenotype of cop! mutants is
consistent with this model, since in those mutants a number of transcription factors
(and presumably other COP1 targets) can accumulate in the absence of a light sig-
nal (161). Similarly, the light-hyposensitive phenotype of #y5 mutants can also be
reconciled with this model (77, 142, 161). COP1 interacts with the cryptochromes
both in the light and the dark, indicating that the light-driven electron-transfer reac-
tion that was postulated to induce a conformation change in the cryptochromes does
not disrupt this interaction (190, 195, 196). It was proposed that the light-driven
conformational modification of the cryptochromes induces a structural modifi-
cation of COP1 (190, 195). Light-induced alteration of COP1 structure would
release HYS that was bound to COP1 in the dark. HYS (and other COP1-regulated
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transcription factors) can then accumulate and bind to light-regulated promoter
elements to initiate de-etiolation (23, 111, 114) (Figure 2B).

The cryptochromes also interact with a number of other proteins, but the
functional implications of these interactions are still unclear. The direct inter-
action between the cryptochromes and the phytochromes is perhaps most excit-
ing, given the large literature indicating coaction between these two families of
photoreceptors (2, 118). Photoreceptor interactions might even be more exten-
sive since cryl can also interact with the putative photoreceptor ZTL in vitro
(88).

A limited number of cryptochrome-signaling components have been identi-
fied. As already discussed, several transcription factors are required for nor-
mal development in response to blue light. They include HYS, which is re-
quired for de-etiolation under all light conditions; the HYS homolog, HYH (HYS
Homologue), which is mainly required in blue light; and the bHLH protein HFR1
(long Hypocotyl in FR light), a component of both cryptochrome and phyA signal-
ing (40, 77, 183). Of note, a negative regulator of cryptochrome-signaling SUB1
(Short Under Blue light) also modulates phyA signaling (63). This gene codes
for a cytoplasmic protein with Ca?* binding domains. The identification of this
mutant indicates that certain cryptochrome-signaling events occur in the cyto-
plasm. We have already discussed the blue light-dependent changes in cytosolic
Ca’* levels that are mediated by the phototropins and not the cryptochromes.
However, the cryptochromes rapidly activate anion channels, resulting in plasma-
membrane depolarization and also demonstrating nongenomic functions of the
cryptochromes (144). The PP7 protein phosphatase is actually the only posi-
tive regulator that appears to be specifically required for cryptochrome signal-
ing. Seedlings with a reduced level of this protein are defective for all tested
de-etiolation responses (127). It is currently difficult to make a simple model
including all elements involved in cryptochrome signaling. It is probably naive
to view these events as a linear pathway. We have a fairly good understand-
ing of some signaling branches (for example, the COP1 branch) but know lit-
tle about the way in which other signaling events are linked to cryptochrome
photoactivation.

PHYTOCHROMES

The discovery of physiological responses, such as the germination of lettuce seeds
that is promoted by red (R) light and repressed by subsequent far-red (FR) light, led
to the identification of phytochromes (94). It has been suggested that phytochromes
evolved from bacterial bilinsensory proteins, a hypothesis that is supported by the
discovery of phytochrome-like proteins in photosynthetic bacteria, nonphotosyn-
thetic eubacteria, and fungi (130). Arabidopsis phytochromes are encoded by five
genes designated PHYA to PHYE (165). Based on their stability in the light, phy-
tochromes have been classified into two types. Type I phytochromes (photo-labile)
accumulate in etiolated seedlings and degrade rapidly upon light exposure, whereas
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type II phytochromes (photo-stable) are relatively stable in the light (59). In Ara-
bidopsis, phyA is the only type I phytochrome; phyB-E are type II phytochromes
(146, 164).

Physiological Responses Mediated by the Phytochromes

Phytochrome responses have been subdivided into different classes based on the
radiation energy of light that is required to obtain the response. These include
low fluence responses (LFRs), very low fluence responses (VLFRs), and high
irradiance responses (HIRs). LFRs are the classical phytochrome responses with
R/FR reversibility. VLFRs are not reversible and are sensitive to a broad spectrum
of light between 300 nm and 780 nm. HIRs require prolonged or high-frequency
intermittent illumination and usually are dependent on the fluence rate of light (20,
21, 134, 166). Genetic studies of Arabidopsis phytochrome mutants demonstrate
that type I phytochrome phyA is responsible for the VLFR and the FR-HIR, and
that phyB is the prominent type II phytochrome responsible for the LFR and R-HIR
during photomorphogenesis (134, 148).

Extensive physiological and genetic studies on individual and combinations of
phytochrome mutants have unraveled distinct, redundant, antagonistic, and syner-
gistic roles among different phytochromes in Arabidopsis development and growth
(55, 129; for reviews, see 19, 56). With the exception of seed germination and
the shade-avoidance response, which are controlled solely by phytochromes in
Arabidopsis (22, 136), other physiological processes, including seedling devel-
opment and floral induction, are controlled by interconnected networks of both
phytochromes and cryptochromes (72, 123, 126, 135). The current understanding
of the function of each phytochrome in seed germination, seedling establishment,
shade-avoidance response, and floral induction has been extensively reviewed re-
cently (56). Here we highlight recent evidence demonstrating that both ambient
temperature and photoperiod significantly modulate the function and interaction
of photoreceptors.

The effects of temperature and photoperiod are best characterized in the control
of Arabidopsis flowering time. The roles of each phytochrome and cryptochrome
in flowering initiation vary dramatically with a small temperature change from
23°C to 16°C. Null phyB mutants flower early at 23°C but flower at the same
time as wild type at 16°C (65). Genetic studies further revealed that phyA/D/E
play prominent roles in flowering control at lower temperatures (66). Similar
temperature-dependent alterations in flowering time have been observed for cryl
and cry2 mutants (9). Besides flowering time, the control of Arabidopsis rosette
habit (or internode elongation) by phytochromes and cryptochromes is also tem-
perature sensitive (66, 121). Temperature-dependent hypocotyl elongation has also
been reported and shown to be related to an increase in auxin levels at elevated
temperatures (61). It remains unclear whether temperature-dependent internode
elongation is related to auxin levels. Photoperiod modulates the relative contri-
butions of different photoreceptors as well (56, 66). Taken together, these studies
have broadened our views on the function of each individual phytochrome, and
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elucidated a plastic and sophisticated photosensory network that monitors and
responds to a wide range of ambient light and temperature changes.

Phytochrome Structure, Localization, and Function

PHYTOCHROME STRUCTURE Phytochromes are homodimers in solution. Each mo-
nomer is a ~125-kDa polypeptide with a covalently attached linear tetrapyrrole
chromophore, phytochromobilin, which is synthesized in the chloroplasts from
heme (35, 104, 134, 145, 146). The phytochrome protein can be divided into two
domains: an amino-terminal photosensory (signal input) domain and a carboxy-
terminal domain that has been traditionally regarded as a regulatory, dimerization
and signal output domain (146). The N-terminal domain comprises four subdo-
mains: P1 (N-terminal extension, NTE), P2, P3 (bilin lyase domain, BLD), and
P4 (Figure 34) (130, 192). The P3 domain contains a conserved cysteine residue
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Figure 3 Domain structure and photochemical property of phytochromes. (A) Do-
main structure of phytochromes using Arabidopsis phyB as a model. (B) Two isomers of
phytochromobilin, 15Z (Pr chromophore) and 15E (Pfr chromophore). (C) Absorption
spectra of Pr and Pfr forms of phytochrome. (D) Photoconversion and dark reversion
between Pr (inactive) and Pfr (active) form of phytochrome.
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that forms a thioether linkage with the A ring of phytochromobilin and also auto-
catalyzes the bilin ligation reaction (Figure 3B) (94, 192). The P4 domain has been
suggested to directly interact with the D ring of the chromophore to maintain its ex-
tended linear conformation in the Pr form and to stabilize the Pfr form (130). The
carboxy-terminal half of phytochrome contains two subdomains: a PAS-related
domain (PRD) containing two PAS domains (PAS-A and PAS-B) (11) and a histi-
dine kinase-related domain (HKRD), which belongs to the ATPase/kinase GHKL
(gyrase, Hsp90, histidine kinase, MutL) superfamily (Figure 3A) (42, 130, 200).
~ Phytochromes have two relatively stable, spectrally distinct, and intercon-
vertable conformers: an R-absorbing Pr form and a FR-absorbing Pfr form (146).
The Pfr form is considered to be the active form because many physiological re-
sponses are promoted by R light. Photoconversion between Pr and Pfr, which is
triggered by a configuration change between 15Z and 15E isomers of phytochro-
mobilin, occurs upon FR or R absorption, respectively (Figure 3C,D) (94). The Pfr
form also converts to Pr thermally, which is called dark reversion (94). Dark rever-
sion rate is a biophysical property of a phytochrome molecule in vitro; however,
it can be modulated in vivo (134). For example, ARR4 (Arabidopsis response
regulator 4) binds preferentially to and stabilizes the Pfr form of phyB (176).
The dark reversion rates vary for different phytochromes. Arabidopsis phyB has a
fast dark reversion rate, which is suggested to be the reason for the fluence rate-
dependency of phyB R responses (26, 43, 73). This contrasts with phyA, which
is very stable in the Pfr conformation (43, 73). Biochemical studies on oat phyA
indicate that the phytochromes undergo substantial structural rearrangements upon
phototransformation (143). Some of the significant changes noted include: (a) The
P1 domain is relatively exposed in the Pr and forms an alpha-helical conforma-
tion shielding the chromophore in the Pfr. (b) The hinge region between amino-
and carboxy-halves is more exposed in the Pfr. (c¢) PAS-B is more exposed in the
Pfr than in the Pr form (143). Similar light-regulated structural rearrangements
probably hold true for all phytochromes.

Higher plant phytochromes are Ser/Thr kinases (47, 200). The autophosphory-
lation of oat phyA is down-regulated by chromophore attachment and enhanced
by R light (200). Recombinant phyA also phosphorylates a number of proteins
in vitro, including PKS1 (protein kinase substrate 1) (50), Aux/IAA (30), cryl,
and cry2 (2). However, the physiological significance of these phosphorylation
events remains unknown. PhyA from the Arabidopsis natural accession Lm-2 has
reduced autophosphorylation activity and is less sensitive to FR, suggesting that
phyA kinase activity might be important to its function (116). Two in vivo phos-
phorylation sites in oat phyA have been identified. Ser-7 is phosphorylated in both
the Pr and Pfr forms, whereas Ser-598 is preferentially phosphorylated in the Pfr
form (105, 106). Phosphorylation on both Ser-7 and Ser-598 has been suggested to
desensitize oat phyA activity. Oat phyA with a SS98A mutation (143) or deletion
of the very amino-terminal serine rich region including Ser-7 (20) expressed in
Arabidopsis phyA mutant plants are hypersensitive to FR. Recently, the catalytic
subunit of a protein phosphatase 2A has been implicated in dephosphorylation



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

102

CHEN ® CHORY ® FANKHAUSER

of oat phyA in a light-dependent manner, which could serve as a mechanism to
regulate phyA activity (96).

PHYTOCHROME LOCALIZATION One of the major breakthroughs in phytochrome
research in recent years is the discovery of light-regulated translocation of phy-
tochromes from the cytoplasm to the nucleus. In Arabidopsis, all five phytochromes
accumulate in the cytoplasm in the dark and translocate into the nucleus in a light-
dependent manner (100, 153, 193). A Pr to Pfr conformational change is required
for nuclear import (101). The light quality requirements and nuclear import kinet-
ics are different for each of the different phytochromes (134). PhyA translocates
to the nucleus in FR (100, 134), while all five phytochromes accumulate in the
nucleus in R or white light (100). The nuclear import of phyA is much faster than
that of phyB/C/D/E (100, 134). Only a fraction of phytochrome molecules localize
to the nucleus in the light (134).

In the nucleus, phytochromes compartmentalize to discrete small dot-like sub-
nuclear foci (134). Similar localization patterns of both endogenous pea phyA
and Arabidopsis phyB have been observed by immunolocalization, suggesting
that the formation of subnuclear foci is not an artifact of overexpression of phy-
tochrome::GFP fusion proteins (74, 100). Subnuclear compartments have been
studied extensively in animal systems. Some of the best-studied are the nucleo-
lus, the speckles [also called the splicing-factor compartments (SFCs) or IGCs
(interchromatin granule clusters)], the Cajal body (CB), the promyelocytic leu-
kemia oncoprotein (PML) body, and many other small dot-like nuclear bodies (41,
170). With the exception of the nucleolus, the precise functions of the nuclear
bodies remain elusive (41, 170). Since the nature of phytochrome subnuclear foci
is still unknown, we adopt a more general term, nuclear body (NB), to describe
phytochrome subnuclear domains in this review.

The steady-state pattern of subnuclear phytochrome localization has been most
studied for Arabidopsis phyB, whose localization to NBs is dependent on the
percentage of phytochrome in the Pfr form (26). Nuclear import is not sufficient for
phyB NB association, and these two processes have different requirements for the
amount of Pfr to total phyB. PhyB nuclear import occurs at very low fluence rates
of R light, conditions in which phytochromes are most likely PfrPr heterodimers.
PhyB NB formation requires higher fluence rates of R, conditions in which PfrPfr
are likely to be present (26). This observation suggests that a PfrPr heterodimer is
sufficient for nuclear import and that PfrPfr homodimers favor localization to phyB
NBs (Figure 4). The association of phytochrome to NBs also displays a diurnal
rhythm (100).

PHYTOCHROME STRUCTURE, LOCALIZATION, AND FUNCTION RELATIONSHIP Rec-
ent efforts have focused on the elucidation of the domains of phytochrome re-
sponsible for its signaling function and regulated subcellular localization.
Localization studies using phyB truncated proteins have revealed that the carboxy-
terminal domain localizes to discrete subnuclear foci even in the dark, whereas the
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Figure4 A schematicillustration of phytochrome localization using phyB as a model.
There are two steps involved in phytochrome translocation after light activation, nu-
clear import and localization to nuclear bodies. Nuclear import requires at least one
phytochrome molecule in the Pfr form in a phytochrome dimer. In the nucleus, PfrPfr
homodimers are more likely to compartmentalize to nuclear bodies. Shaded arrows
represent phyB signaling function. D.R., dark reversion.

amino-terminal domain remains mostly in the cytoplasm (120, 133). This sug-
gests that phyB’s carboxy-terminus contains the structural requirements for both
nuclear import and NB localization, and that the amino-terminal domain regu-
lates both of these two localization signals in a light-dependent manner. As such,
both the amino- and carboxy-termini contribute to the subcellular localization of
phytochromes. This notion is consistent with studies on the localization of phy-
tochrome mutant proteins. Localization studies on phyA and phyB PRD mutants
have shown that most of them localize to the nucleus but fail to form NBs (26,
100, 199). One notable exception is phyB G767R, which is impaired in nuclear
import (120). An unbiased genetic screen for phyB::GFP mislocalization mutants
has demonstrated that mutations in the P2, P3, and P4 domains also affect phyB’s
localization to NBs, suggesting that in full-length phyB the integrity of the holopro-
tein is crucial for its localization (26). Moreover, deletion of either the N-terminal
serine-rich region of oat phyA or most of the HKRD domain of phyB affects its
NB patterns as well (20, 26).

The function and localization studies of phyB mutants also suggest that both
nuclear localization and association to the NBs are crucial for the function of the
full-length protein. A recent study using phyB::GR (glucocorticoid receptor) fusion
proteins in transgenic Arabidopsis plants provides additional evidence supporting
the conclusion that nuclear accumulation is required for the majority of phyB
responses during seedling photomorphogenesis (83). Moreover, the formation of
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large phyB NBs correlates positively with light responsiveness (26). However, the
importance of NBs in phytochrome signaling has been questioned by a recent
report. Matsushita et al. demonstrated that the N-terminal half of phyB, when
fused to heterologous domains that allow dimerization and nuclear localization, can
localize to the nucleoplasm without accumulation in NBs. Surprisingly, transgenic
plants expressing such fusion proteins are hypersensitive to R light. Conversely,
expression of the carboxy-terminal half of phyB localizes to subnuclear foci and has
little function (120). The authors conclude that the amino-terminal domain of phyB
is necessary and sufficient for both photosensory and signaling functions of phyB,
whereas the function of the carboxy-terminal domain is simply in dimerization,
localization, and regulation of the signaling function of the amino-terminal domain
(120). As such, NBs may not be required for phyB function, leading to the proposal
that localization of phyB to NBs is to desensitize phyB signaling in high intensities
of R1light (26, 120). On the other hand, many light-signaling components have been
reported to localize to subnuclear foci, including cry2 (118), COP1 (185), HYS
(3), and LAF1 (long after far-red light) (5, 118). These data support an alternative
hypothesis that full-length phyB localizes to NBs where it can function in a subset
of responses in high fluence rates of light (26). Given the recent data showing the
colocalization of phyA, LAF1, and COP1 in NBs and COP1-dependent phyA and
LAF1 degradation, one possible function of NBs is as a site for protein degradation
(5, 160, 161).

Phytochrome Signaling

Extensive genetic studies have identified both shared and separate downstream
components for phyA and phyB pathways (81, 188). To uncover early phytochrome-
signaling events, phytochrome-interacting proteins have been identified and char-
acterized (134, 148). Here we concentrate only on emerging molecular mechanistic
processes involved in phytochrome signaling. Owing to space constraints, we do
not discuss the interconnected networks between phytochrome signaling and the
circadian clock. We refer readers to recent reviews (49, 124, 198).

PHYTOCHROME AND TRANSCRIPTION REGULATION Global gene expression stud-
ies have shown that phytochrome responses are associated with massive alterations
in gene expression (38, 115, 148, 180, 189). In phyA pathways, a number of tran-
scription factors are either required for phyA signaling (HYS, LAF1, and HFR1)
or are early targets of phyA responses, such as CCA I (circadian clock associated)
and LHY (late elongated hypocotyl) (5, 25, 40, 180). Recently, FAR1 (far-red-
impaired response) and FHY3 (far-red elongated hypocotyl), two additional phy A
signaling components, have been suggested to be related to transposases regulating
transcription as well (80, 82, 187).

Studies on PIF3 (phytochrome interacting factor) and PIF3-like basic helix-
loop-helix (bHLH) transcription factors suggest a molecular mechanism di-
rectly bridging phytochromes to transcription regulation (148). PIF3, which was
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identified as a phytochrome-interacting protein, binds preferentially to the Pfr
form of phyB and, to a lesser extent, phyA (138, 139). PIF3 and phyB complexes
have been shown to bind to a light-responsive G-box cis-element in vitro (117).
PIF3 belongs to a large gene family of bHLH proteins in Arabidopsis (71, 181).
A half-dozen bHLH proteins closely related to PIF3 have also been implicated
in light responses, in particular in phytochrome responses (181, 194). Among
those tested, PIF4 also binds to the Pfr form of phyB (84), whereas HFR1 does
not interact directly with phytochromes (46). Genetic studies suggest that these
bHLH transcription factors play positive or negative roles in overlapping or distinct
branches of light-signaling pathways. For example, PIF3 has been suggested to be
anegative regulator for both R and FR responses (97); HFR1 has been shown to be
a positive component of FR and B responses (40); PIL1 (PIF3-like) and PIF4 are
involved specifically in shade-avoidance and R responses, respectively (84, 157).
The possibilities of heterodimer formation of these bHLH transcription factors add
layers of complexity to their roles in light signaling (46, 181).

UBIQUITIN-MEDIATED PROTEIN DEGRADATION IN PHYTOCHROME SIGNALING Re-
gulation of protein degradation is an integral part of the phytochrome signaling
mechanism. First, phyA undergoes COP1-dependent ubiquitin-mediated degrada-
tion in the light, which serves as a desensitizing mechanism for phyA function
(160, 164). The levels of phyB-E are also slightly down-regulated by light (87,
164). PhyB has been shown to interact with COP1 in the yeast two-hybrid system;
however, it is still unknown whether this is related to phyB turnover (195). As
mentioned above, downstream signaling components are subject to regulated pro-
tein degradation. HY5 is under the control of COP1-mediated ubiquitin-dependent
degradation (77). LAF1, a phyA signaling component, is also a substrate of COP1
(149). Recently, a direct link has been established between phyA signaling com-
ponents and COP1 function. SPA1 (suppressor of phytochrome A), a negative
regulator of phyA signaling, directly interacts with COP1 and modulates its E3
ubiquitin ligase activities on LAF1 and HYS (75, 149, 161). Moreover, two SPA1-
related proteins, SPA3 and SPA4, interact with COP1 as well and act as negative
regulators for FR, R, and B responses (108). These data suggest a model in which
phyA signaling directly regulates COP1 activities through SPA1 and SPA1-like
proteins. Other phyA signaling components may also play arole in protein degrada-
tion, including EID1 (Empfindlicher Im Dunkelroten licht 1) and AFR (attenuated
FR response), two F-box proteins that play negative and positive roles in phyA
signaling (39, 68).

PHYTOCHROME SIGNALING IN THE CYTOPLASM Despite recent data emphasizing
phytochrome functions in the nucleus, it has long been thought that phytochromes
also function in the cytoplasm. Pharmacological studies have suggested that het-
erotrimeric G proteins, cGMP, calcium, and calmodulin are early components in
phytochrome signaling (132). Recent data further tested these possibilities. Ge-
netic studies on mutants of alpha and beta subunits of the heterotrimeric G protein
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indicate that heterotrimeric G protein is not directly involved in phytochrome-
mediated seedling photomorphogenesis in Arabidopsis (91). On the other hand,
the involvement of calcium is reinforced by the identification of a cytoplasmic-
localized calcium binding protein SUB1 modulating phyA signaling (63).

A number of phyA signaling intermediates have been localized to the cytosol
or in organelles (11, 78, 128). Perhaps the best-characterized cytoplasmic phy-
tochrome signaling component is PKS1. PKS1 interacts with the HKRD of both
phyA and phyB, can be phosphorylated by phyA in vitro, and is a phosphoprotein
in vivo (50). The PKS1 primary sequence gives no clues concerning its biochem-
ical activity. PKS1 is a member of a small gene family in Arabidopsis and to date
only PKS1 and its closest homolog PKS2 have been characterized to some extent.
Proper light regulation of PKS1 requires phyA. Moreover, phyA is involved in
posttranslational regulation of PKS1 protein levels. PKS1-GFP fusion proteins are
present in the cytoplasm and enriched at the plasma membrane. Both PKS1 and
PKS2 are required for normal phyA signaling in particular during VLFR condi-
tions (107). It is still unknown by what mechanism PKS1 and related proteins
modulate phytochrome signaling.

SIGNAL INTEGRATION

A number of light responses are mediated by the coordinated action of several
photoreceptors (19). For instance, phototropism and chloroplast movement are
primarily controlled by the phototropins, but the amplitude of the response is
modulated by both the phytochromes and the cryptochromes (36, 141, 172, 191).
The underlying molecular mechanisms are not known. Seedling establishment, en-
trainment of the circadian clock, and photoperiod-induced flowering are controlled
by the combined action of the phytochromes and the cryptochromes (19, 198). We
are only beginning to understand how this is achieved. Different light colors that
selectively activate different photoreceptors activate a highly overlapping set of
genes, indicating the presence of shared signaling components (38, 53, 115, 148,
180, 189). These include the negative regulators of the DET/COP/FUS class and
the positive regulator HYS (148, 174). In particular, the E3 ligase COPI is in-
volved in the degradation of phyA, cry2, and HYS (76, 160, 162). Other signaling
components such as HFR1 and SUB1 are required for a subset of light responses.
Since they act downstream of phyA and the cryptochromes, they might also repre-
sent elements of signal integration (40, 63). Physical interaction between the two
families of photoreceptors has also been reported (2, 118). There will likely be
several points of contact in this complex web of interactions.

Many important challenges lie ahead of us. We are beginning to understand
events occurring during light-regulated transcriptional control; however, with the
exception of light-regulated proteolysis, we still know very little about posttrans-
lational mechanisms. The molecular function of numerous light-signaling com-
ponents is not understood. Some might be involved in light-regulated subcellular
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localization of the phytochromes, while others in rapid signaling events such as ac-
tivation of various ion channels. Currently, the role of these photoreceptors outside
the nucleus remains elusive. It is apparent that most light responses are coordi-
nately controlled by several photoreceptors. Deciphering the complex architecture
of these signaling networks will be difficult. Another field of investigation barely
touched is the molecular basis for organ-specific light responses. How does light
inhibit cell growth in the hypocotyl but promote it in the cotyledons? And, how are
light responses communicated and coordinated between organs such as cotyledons
(or leaves) and hypocotyls (or stems) (7, 178)? The answer to these questions pre-
sumably resides in the interplay between hormonal networks and light signaling.

ACKNOWLEDGMENTS

We thank Kim Emerson for her help with reformatting the figures. Our work
was supported by National Institutes of Health Grant (GM52413) to J.C. and by
Swiss National Science Foundation Grant No. PPAOOA-103005 to C.F. J.C. is an
investigator of the Howard Hughes Medical Institute.

The Annual Review of Genetics is online at http://genet.annualreviews.org

LITERATURE CITED
1. Ahmad M, Cashmore AR. 1993. HY4 tochrome A signaling. Genes Dev. 15:
gene of A. thaliana encodes a protein with 2613-25
characteristics of a blue-light photorecep- 6. Baum G, Long JC, Jenkins GI, Trewavas
tor. Nature 366:162—-66 AJ. 1999. Stimulation of the blue light
2. Ahmad M, Jarillo JA, Smirnova O, Cash- phototropic receptor NPH1 causes a tran-
more AR. 1998. The CRY 1 blue light pho- sient increase in cytosolic Ca’*. Proc.
toreceptor of Arabidopsis interacts with Natl. Acad. Sci. USA 96:13554-59
phytochrome A in vitro. Mol. Cell. 1:939— 7. Black M, Shuttleworth JE. 1974. The role
48 of the cotyledons in the photocontrol of
3. AngLH, Chattopadhyay S, WeiN, Oyama hypocotyl extension in Cucumis sativus
T, Okada K, et al. 1998. Molecular inter- L. Planta 117:57-66
action between COP1 and HY5 defines a 8. Blakeslee JJ, Bandyopadhyay A, Peer
regulatory switch for light control of Ara- WA, Makam SN, Murphy AS. 2004. Relo-
bidopsis development. Mol. Cell. 1:213— calization of the PIN1 auxin efflux facili-
22 tator plays arole in phototropic responses.
4. Babourina O, Newman I, Shabala S. Plant Physiol. 134:28-31
2002. Blue light-induced kinetics of 9. Blazquez MA, AhnJH, Weigel D.2003. A
H* and Ca’ fluxes in etiolated wild- thermosensory pathway controlling flow-
type and phototropin-mutant Arabidopsis ering time in Arabidopsis thaliana. Nat.
seedlings. Proc. Natl. Acad. Sci. USA 99: Genet. 33:168-71
2433-38 10. Boccalandro HE, Mazza CA, Mazzella
5. Ballesteros ML, Bolle C, Lois LM, Moore MA, Casal JJ, Ballare CL. 2001. Ultravi-
JM, Vielle-Calzada JP, et al. 2001. LAF1, olet B radiation enhances a phytochrome-

a MYB transcription activator for phy- B-mediated photomorphogenic response



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

108

CHEN ® CHORY ® FANKHAUSER

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

in Arabidopsis. Plant Physiol. 126:780-
88

Bolle C, Koncz C, Chua NH. 2000. PAT1,
a new member of the GRAS family, is in-
volved in phytochrome A signal transduc-
tion. Genes Dev. 14:1269-78

Bouly JP, Giovani B, Djamei A, Mueller
M, Zeugner A, et al. 2003. Novel ATP-
binding and autophosphorylation activ-
ity associated with Arabidopsis and hu-
man cryptochrome-1. Eur. J. Biochem.
270:2921-28

Briggs WR, Beck CF, Cashmore AR,
Christie JM, Hughes J, et al. 2001.
The phototropin family of photoreceptors.
Plant Cell 13:993-97

Briggs WR, Christie JM. 2002. Pho-
totropins 1 and 2: versatile plant blue-
light receptors. Trends Plant Sci. 7:204—
10

Briggs WR, Christie JM, Salomon M.
2001. Phototropins: a new family of
flavin-binding blue light receptors in
plants. Antioxid. Redox Signal. 3:775-88
Briggs WR, Huala E. 1999. Blue-light
photoreceptors in higher plants. Annu.
Rev. Cell Dev. Biol. 15:33-62

Brosche M, Strid A. 2003. Molecular
events following perception of utraviolet-
B radiation by plants. Physiol. Plant. 117:
1-10

Brudler R, Hitomi K, Daiyasu H, Toh H,
Kucho K, et al. 2003. Identification of a
new cryptochrome class. Structure, func-
tion, and evolution. Mol. Cell 11:59-67
Casal JJ. 2000. Phytochromes, cryp-
tochromes, phototropin: photoreceptor in-
teractions in plants. Photochem. Photo-
biol. 71:1-11

Casal JJ, Davis SJ, Kirchenbauer D,
Viczian A, Yanovsky MJ, et al. 2002.
The serine-rich N-terminal domain of oat
phytochrome A helps regulate light re-
sponses and subnuclear localization of the
photoreceptor. Plant Physiol. 129:1127—
37

Casal JJ, Luccioni LG, Oliverio KA, Boc-
calandro HE. 2003. Light, phytochrome

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

signalling and photomorphogenesis in
Arabidopsis. Photochem. Photobiol. Sci.
2:625-36

Casal JJ, Sanchez RA. 1998. Phy-
tochromes and seed germination. Seed
Sci. Res. 8:317-29

Cashmore AR. 2003. Cryptochromes: en-
abling plants and animals to determine cir-
cadian time. Cell 114:537-43

Cashmore AR, Jarillo JA, Wu YJ, Liu D.
1999. Cryptochromes: blue light receptors
for plants and animals. Science 284:760—
65

Chattopadhyay S, Ang LH, Puente P,
Deng XW, Wei N. 1998. Arabidopsis bZIP
protein HYS directly interacts with light-
responsive promoters in mediating light
control of gene expression. Plant Cell 10:
673-83

Chen M, Schwab R, Chory J. 2003.
Characterization of the requirements for
localization of phytochrome B to nu-
clear bodies. Proc. Natl. Acad. Sci. USA
100:14493-98

Christie JM, Reymond P, Powell GK,
Bernasconi P, Raibekas AA, et al. 1998.
Arabidopsis NPH1: a flavoprotein with
the properties of a photoreceptor for pho-
totropism. Science 282:1698-701
Christie JM, Salomon M, Nozue K, Wada
M, Briggs WR. 1999. LOV (light, oxy-
gen, or voltage) domains of the blue-
light photoreceptor phototropin (nphl):
binding sites for the chromophore flavin
mononucleotide. Proc. Natl. Acad. Sci.
USA 96:8779-83

Christie JM, Swartz TE, Bogomolni RA,
Briggs WR. 2002. Phototropin LOV do-
mains exhibit distinct roles in regulating
photoreceptor function. Plant J. 32:205-
19

Colon-Carmona A, Chen DL, Yeh KC,
Abel S. 2000. Aux/IAA proteins are phos-
phorylated by phytochrome in vitro. Plant
Physiol. 124:1728-38

Crosson S, Moffat K. 2001. Structure of
a flavin-binding plant photoreceptor do-
main: insights into light-mediated signal



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

LIGHT SIGNALING IN PLANTS 109

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

transduction. Proc. Natl. Acad. Sci. USA
98:2995-3000

Crosson S, Moffat K. 2002. Photoexcited
structure of a plant photoreceptor domain
reveals a light-driven molecular switch.
Plant Cell 14:1067-75

Crosson S, Rajagopal S, Moffat K. 2003.
The LOV domain family: photorespon-
sive signaling modules coupled to di-
verse output domains. Biochemistry 42:2—
10

Cutler SR, Ehrhardt DW, Griffitts JS,
Somerville CR. 2000. Random GFP::
cDNA fusions enable visualization of sub-
cellular structures in cells of Arabidopsis
at a high frequency. Proc. Natl. Acad. Sci.
USA 97:3718-23

Davis SJ, Kurepa J, Vierstra RD. 1999.
The Arabidopsis thaliana HY1 locus,
required for phytochrome-chromophore
biosynthesis, encodes a protein related to
heme oxygenases. Proc. Natl. Acad. Sci.
USA 96:6541-46

DeBlasio SL, Mullen JL, Luesse DR,
Hangarter RP. 2003. Phytochrome mod-
ulation of blue light-induced chloroplast
movements in Arabidopsis. Plant Phys-
iol. 133:1471-79

Devlin PF, Kay SA. 2000. Cryptochromes
are required for phytochrome signaling to
the circadian clock but not for rhythmic-
ity. Plant Cell 12:2499-510

Devlin PF, Yanovsky MJ, Kay SA. 2003.
A genomic analysis of the shade avoid-
ance response in Arabidopsis. Plant Phys-
iol. 133:1617-29

Dieterle M, Zhou YC, Schafer E, Funk M,
Kretsch T. 2001. EID1, an F-box protein
involved in phytochrome A-specific light
signaling. Genes Dev. 15:939-44

Duek PD, Fankhauser C. 2003. HFR1, a
putative bHLH transcription factor, me-
diates both phytochrome A and cryp-
tochrome signalling. Plant J. 34:827-36

Dundr M, Misteli T. 2001. Functional ar-
chitecture in the cell nucleus. Biochem. J.
356:297-310

Dutta R, Inouye M. 2000. GHKL, an

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

emergent ATPase/kinase superfamily.
Trends Biochem. Sci. 25:24-28
Eichenberg K, Baurle I, Paulo N, Sharrock
RA, Rudiger W, Schafer E. 2000. Ara-
bidopsis phytochromes C and E have dif-
ferent spectral characteristics from those
of phytochromes A and B. FEBS Lett.
470:107-12

Eisinger W, Bogomolni RA, Taiz L. 2003.
Interactions between a blue-green re-
versible photoreceptor and a separate UV-
B receptor in stomatal guard cells. Am. J.
Bot. 90:1560-66

El-Din El-Assal S, Alonso-Blanco C,
Peeters AJ, Raz V, Koornneef M. 2001.
A QTL for flowering time in Arabidop-
sis reveals a novel allele of CRY2. Nat.
Genet. 29:435-40

Fairchild CD, Schumaker MA, Quail PH.
2000. HFR1 encodes an atypical bHLH
protein that acts in phytochrome A signal
transduction. Genes Dev. 14:2377-91
Fankhauser C. 2000. Phytochromes as
light-modulated protein kinases. Semin.
Cell Dev. Biol. 11:467-73

Fankhauser C, Chory J. 1997. Light con-
trol of plant development. Annu. Rev. Cell
Dev. Biol. 13:203-29

Fankhauser C, Staiger D. 2002. Photore-
ceptors in Arabidopsis thaliana: light per-
ception, signal transduction and entrain-
ment of the endogenous clock. Planta
216:1-16

Fankhauser C, Yeh KC, Lagarias JC,
Zhang H, Elich TD, Chory J. 1999.
PKS1, a substrate phosphorylated by phy-
tochrome that modulates light signaling in
Arabidopsis. Science 284:1539-41

Folta KM, Kaufman LS. 2003. Pho-
totropin 1 is required for high-fluence
blue-light-mediated mRNA destabiliza-
tion. Plant Mol. Biol. 51:609-18

Folta KM, Lieg EJ, Durham T, Spalding
EP. 2003. Primary inhibition of hypocotyl
growth and phototropism depend differ-
ently on phototropin-mediated increases
in cytoplasmic calcium induced by blue
light. Plant Physiol. 133:1464—70



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

110

CHEN ® CHORY ® FANKHAUSER

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Folta KM, Pontin MA, Karlin-Neumann
G, Bottini R, Spalding EP. 2003. Genomic
and physiological studies of early cryp-
tochrome 1 action demonstrate roles for
auxin and gibberellin in the control of
hypocotyl growth by blue light. Plant J.
36:203-14

Folta KM, Spalding EP. 2001. Unexpected
roles for cryptochrome 2 and phototropin
revealed by high-resolution analysis of
blue light-mediated hypocotyl growth in-
hibition. Plant J. 26:471-78

Franklin KA, Davis SJ, Stoddart WM,
Vierstra RD, Whitelam GC. 2003. Mu-
tant analyses define multiple roles for phy-
tochrome C in Arabidopsis photomorpho-
genesis. Plant Cell 15:1981-89

Franklin KA, Whitelam GC. 2004. Light
signals, phytochromes and cross-talk with
other environmental cues. J. Exp. Bot. 55:
271-76

Friml J. 2003. Auxin transport—shaping
the plant. Curr. Opin. Plant Biol. 6:7-12
Friml J, Wisniewska J, Benkova E, Mend-
gen K, Palme K. 2002. Lateral relocation
of auxin efflux regulator PIN3 mediates
tropism in Arabidopsis. Nature 415:806—
9

Furuya M. 1993. Phytochromes: their
molecular species, gene family and func-
tions. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 44:617-45

Giovani B, Byrdin M, Ahmad M, Brettel
K. 2003. Light-induced electron transfer
in a cryptochrome blue-light photorecep-
tor. Nat. Struct. Biol. 10:489-90

Gray WM, Ostin A, Sandberg G, Romano
CP, Estelle M. 1998. High temperature
promotes auxin-mediated hypocotyl elon-
gation in Arabidopsis. Proc. Natl. Acad.
Sci. USA 95:7197-202

Guo H, Duong H, Ma N, Lin C.
1999. The Arabidopsis blue light recep-
tor cryptochrome 2 is a nuclear pro-
tein regulated by a blue light-dependent
post-transcriptional mechanism. Plant J.
19:279-87

Guo H, Mockler T, Duong H, Lin C. 2001.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

SUBI, an Arabidopsis Ca>*-binding pro-
tein involved in cryptochrome and phy-
tochrome coaction. Science 291:487-90
Guo H, Yang H, Mockler TC, Lin C.
1998. Regulation of flowering time by
Arabidopsis photoreceptors. Science 279:
1360-63

Halliday KJ, Salter MG, Thingnaes E,
Whitelam GC. 2003. Phytochrome con-
trol of flowering is temperature sensitive
and correlates with expression of the floral
integrator FT. Plant J. 33:875-85
Halliday KJ, Whitelam GC. 2003.
Changes in photoperiod or temperature
alter the functional relationships between
phytochromes and reveal roles for phyD
and phyE. Plant Physiol. 131:1913-
20

Harada A, Sakai T, Okada K. 2003. Phot1
and phot2 mediate blue light-induced
transient increases in cytosolic Ca>* dif-
ferently in Arabidopsis leaves. Proc. Natl.
Acad. Sci. USA 100:8583-88

Harmon FG, Kay SA. 2003. The F box
protein AFR is a positive regulator of
phytochrome A-mediated light signaling.
Curr. Biol. 13:2091-96

Harper RM, Stowe-Evans EL, Luesse DR,
Muto H, Tatematsu K, et al. 2000. The
NPH4 locus encodes the auxin response
factor ARF7, a conditional regulator of
differential growth in aerial Arabidopsis
tissue. Plant Cell 12:757-70

Harper SM, Neil LC, Gardner KH. 2003.
Structural basis of a phototropin light
switch. Science 301:1541-44

Heim MA, Jakoby M, Werber M, Mar-
tin C, Weisshaar B, Bailey PC. 2003. The
basic helix-loop-helix transcription factor
family in plants: a genome-wide study of
protein structure and functional diversity.
Mol. Biol. Evol. 20:735-47

Hennig L, Funk M, Whitelam GC, Schafer
E. 1999. Functional interaction of cryp-
tochrome 1 and phytochrome D. Plant J.
20:289-94

Hennig L, Schafer E. 2001. Both sub-
units of the dimeric plant photoreceptor



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

LIGHT SIGNALING IN PLANTS 111

74.

75.

76.

7.

78.

79.

80.

81.

82.

phytochrome require chromophore for
stability of the far-red light-absorbing
form. J. Biol. Chem. 276:7913-18
Hisada A, Hanzawa H, Weller JL, Na-
gatani A, Reid JB, Furuya M. 2000. Light-
induced nuclear translocation of endoge-
nous pea phytochrome A visualized by
immunocytochemical procedures. Plant
Cell 12:1063-78

Hoecker U, Tepperman JM, Quail PH.
1999. SPA1, a WD-repeat protein spe-
cific to phytochrome A signal transduc-
tion. Science 284:496-99

Holm M, Hardtke CS, Gaudet R, Deng
XW. 2001. Identification of a structural
motif that confers specific interaction with
the WD40 repeat domain of Arabidopsis
COP1. EMBO J. 20:118-27

Holm M, Ma LG, Qu LJ, Deng XW. 2002.
Two interacting bZIP proteins are direct
targets of COP1-mediated control of light-
dependent gene expression in Arabidop-
sis. Genes Dev. 16:1247-59

Hsieh HL, Okamoto H, Wang M, Ang LH,
Matsui M, et al. 2000. FIN219, an auxin-
regulated gene, defines a link between
phytochrome A and the downstream regu-
lator COP1 in light control of Arabidopsis
development. Genes Dev. 14:1958-70
Huala E, Oeller PW, Liscum E, Han IS,
Larsen E, Briggs WR. 1997. Arabidop-
sis NPH1: a protein kinase with a puta-
tive redox-sensing domain. Science 278:
2120-23

Hudson M, Ringli C, Boylan MT, Quail
PH. 1999. The FARI locus encodes a
novel nuclear protein specific to phy-
tochrome A signaling. Genes Dev. 13:
2017-27

Hudson ME. 2000. The genetics of
phytochrome signalling in Arabidopsis.
Semin. Cell Dev. Biol. 11:475-83
Hudson ME, Lisch DR, Quail PH. 2003.
The FHY3 and FARI1 genes encode
transposase-related proteins involved in
regulation of gene expression by the phy-
tochrome A-signaling pathway. Plant J.
34:453-71

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Huq E, Al-Sady B, Quail PH. 2003. Nu-
clear translocation of the photoreceptor
phytochrome B is necessary for its bio-
logical function in seedling photomorpho-
genesis. Plant J. 35:660-64

Huq E, Quail PH. 2002. PIF4, a
phytochrome-interacting bHLH factor,
functions as a negative regulator of phy-
tochrome B signaling in Arabidopsis.
EMBO J. 21:2441-50

Imaizumi T, Tran HG, Swartz TE, Briggs
WR, Kay SA. 2003. FKF1 is essential for
photoperiodic-specific light signalling in
Arabidopsis. Nature 426:302-6

Inada S, Ohgishi M, Mayama T, Okada
K, Sakai T. 2004. RPT2 is a signal trans-
ducer involved in phototropic response
and stomatal opening by association with
phototropin 1 in Arabidopsis thaliana.
Plant Cell. 16:887-96

Jabben M, Shanklin J, Vierstra RD. 1989.
Ubiquitin-phytochrome conjugates. Pool
dynamics during in vivo phytochrome
degradation. J. Biol. Chem. 264:4998—
5005

Jarillo JA, Capel J, Tang RH, Yang HQ,
Alonso JM, et al. 2001. An Arabidopsis
circadian clock component interacts with
both CRY 1 and phyB. Nature 410:487-90
Jarillo JA, Gabrys H, Capel J, Alonso
JM, Ecker JR, Cashmore AR. 2001.
Phototropin-related NPL1 controls chlo-
roplast relocation induced by blue light.
Nature 410:952-54

Jiao Y, Yang H, Ma L, Sun N, Yu H,
et al. 2003. A genome-wide analysis of
blue-light regulation of Arabidopsis tran-
scription factor gene expression during
seedling development. Plant Physiol. 133:
1480-93

Jones AM, Ecker JR, Chen JG. 2003.
A reevaluation of the role of the het-
erotrimeric G protein in coupling light
responses in Arabidopsis. Plant Physiol.
131:1623-27

Kagawa T, Sakai T, Suetsugu N, Oikawa
K, Ishiguro S, et al. 2001. Arabidopsis
NPL1: a phototropin homolog controlling



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

112

CHEN ® CHORY ® FANKHAUSER

93.

94.

95s.

96.

97.

98.

99.

100.

101.

102.

the chloroplast high-light avoidance re-
sponse. Science 291:2138-41

Kasahara M, Kagawa T, Oikawa K, Suet-
sugu N, Miyao M, Wada M. 2002. Chloro-
plast avoidance movement reduces photo-
damage in plants. Nature 420:829-32
Kendrick RE, Kronenberg GHM. 1994.
Photomorphogenesis in Plants. Dor-
drecht, Neth.: Kluwer

Kim BC, Tennessen DJ, Last RL. 1998.
UV-B-induced photomorphogenesis in
Arabidopsis thaliana. Plant J. 15:667-74
Kim DH, Kang JG, Yang SS, Chung KS,
Song PS, Park CM. 2002. A phytochrome-
associated protein phosphatase 2A mod-
ulates light signals in flowering time con-
trol in Arabidopsis. Plant Cell 14:3043—
56

Kim J, Yi H, Choi G, Shin B, Song PS.
2003. Functional characterization of phy-
tochrome interacting factor 3 in phyto-
chrome-mediated light signal transduc-
tion. Plant Cell 15:2399-407

Kinoshita T, Doi M, Suetsugu N, Kagawa
T, Wada M, Shimazaki K. 2001. Photl
and phot2 mediate blue light regulation
of stomatal opening. Nature 414:656—60
Kinoshita T, Emi T, Tominaga M, Saka-
moto K, Shigenaga A, et al. 2003. Blue-
light- and phosphorylation-dependent
binding of a 14-3-3 protein to pho-
totropins in stomatal guard cells of broad
bean. Plant Physiol. 133:1453-63
Kircher S, Gil P, Kozma-Bognar L, Fejes
E, Speth V, et al. 2002. Nucleocytoplas-
mic partitioning of the plant photorecep-
tors phytochrome A, B, C, D, and E is reg-
ulated differentially by light and exhibits
a diurnal rhythm. Plant Cell 14:1541-55
Kircher S, Kozma-Bognar L, Kim L,
Adam E, Harter K, et al. 1999. Light
quality-dependent nuclear import of the
plant photoreceptors phytochrome A and
B. Plant Cell 11:1445-56

Kleine T, Lockhart P, Batschauer A. 2003.
An Arabidopsis protein closely related to
Synechocystis cryptochrome is targeted to
organelles. Plant J. 35:93-103

103

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Kleiner O, Kircher S, Harter K, Batsch-
auer A. 1999. Nuclear localization of
the Arabidopsis blue light receptor cryp-
tochrome 2. Plant J. 19:289-96

Kohchi T, Mukougawa K, Frankenberg
N, Masuda M, Yokota A, Lagarias JC.
2001. The Arabidopsis hy2 gene encodes
phytochromobilin synthase, a ferredoxin-
dependent biliverdin reductase. Plant Cell
13:425-36

Lapko VN, Jiang XY, Smith DL, Song
PS. 1997. Posttranslational modification
of oat phytochrome A: phosphorylation
of a specific serine in a multiple serine
cluster. Biochemistry 36:10595-89
Lapko VN, Jiang XY, Smith DL, Song
PS. 1999. Mass spectrometric character-
ization of oat phytochrome A: isoforms
and posttranslational modifications. Pro-
tein Sci. 8:1032-44

Lariguet P, Boccalandro HE, Alonso JM,
Ecker JR, Chory J, et al. 2003. A growth
regulatory loop that provides homeostasis
to phytochrome A signaling. Plant Cell
15:2966-78

Laubinger S, Hoecker U. 2003. The
SPA1-like proteins SPA3 and SPA4 re-
press photomorphogenesis in the light.
Plant J. 35:373-85

Lin C. 2002. Blue light receptors and
signal transduction. Plant Cell 14:S207-
25

Lin C, Robertson DE, Ahmad M,
Raibekas AA, Jorns MS, etal. 1995. Asso-
ciation of flavin adenine dinucleotide with
the Arabidopsis blue light receptor CRY 1.
Science 269:968-70

Lin C, Shalitin D. 2003. Cryptochrome
structure and signal transduction. Annu.
Rev. Plant Biol. 54:469-96

Lin C, Yang H, Guo H, Mockler T,
Chen J, Cashmore AR. 1998. Enhance-
ment of blue-light sensitivity of Arabidop-
sis seedlings by a blue light receptor cryp-
tochrome 2. Proc. Natl. Acad. Sci. USA
95:2686-90

Liscum E, Briggs WR. 1995. Mutations in
the NPH 1 locus of Arabidopsis disrupt the



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

LIGHT SIGNALING IN PLANTS

113

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

perception of phototropic stimuli. Plant
Cell 7:473-85

Liscum E, Hodgson DW, Campbell TJ.
2003. Blue light signaling through the
cryptochromes and phototropins. So that’s
what the blues is all about. Plant Physiol.
133:1429-36

MalL, LiJ, QuL, Hager J, Chen Z, et al.
2001. Light control of Arabidopsis devel-
opment entails coordinated regulation of
genome expression and cellular pathways.
Plant Cell 13:2589-607

Maloof JN, Borevitz JO, Dabi T, Lutes
J, Nehring RB, et al. 2001. Natural vari-
ation in light sensitivity of Arabidopsis.
Nat. Genet. 29:441-46

Martinez-Garcia JF, Huq E, Quail PH.
2000. Direct targeting of light signals to
a promoter element-bound transcription
factor. Science 288:859-63

Mas P, Devlin PF, Panda S, Kay SA. 2000.
Functional interaction of phytochrome B
and cryptochrome 2. Nature 408:207-11
Mas P, Kim WY, Somers DE, Kay SA.
2003. Targeted degradation of TOC1 by
ZTL modulates circadian function in Ara-
bidopsis thaliana. Nature 426:567-70
Matsushita T, Mochizuki N, Nagatani A.
2003. Dimers of the N-terminal domain
of phytochrome B are functional in the
nucleus. Nature 424:571-74

Mazzella MA, Bertero D, Casal JJ. 2000.
Temperature-dependent internode elon-
gation in vegetative plants of Arabidop-
sis thaliana lacking phytochrome B and
cryptochrome 1. Planta 210:497-501
Mazzella MA, Casal JJ. 2001. Interac-
tive signalling by phytochromes and cryp-
tochromes generates de-etiolation home-
ostasis in Arabidopsis. Plant Cell Environ.
24:155-62

Mazzella MA, Cerdan PD, Staneloni RJ,
Casal JJ. 2001. Hierarchical coupling of
phytochromes and cryptochromes recon-
ciles stability and light modulation of
Arabidopsis development. Development
128:2291-99

Millar AJ. 2003. A suite of photoreceptors

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

entrains the plant circadian clock. J. Biol.
Rhythms 18:217-26

Mockler T, Yang H, Yu X, Parikh D,
Cheng YC, et al. 2003. Regulation of pho-
toperiodic flowering by Arabidopsis pho-
toreceptors. Proc. Natl. Acad. Sci. USA
100:2140-45

Mockler TC, Guo H, Yang H, Duong H,
Lin C. 1999. Antagonistic actions of Ara-
bidopsis cryptochromes and phytochrome
B in the regulation of floral induction. De-
velopment 126:2073-82

Moller SG, Kim YS, Kunkel T, Chua NH.
2003. PP7 is a positive regulator of blue
light signaling in Arabidopsis. Plant Cell
15:1111-19

Moller SG, Kunkel T, Chua NH. 2001.
A plastidic ABC protein involved in in-
tercompartmental communication of light
signaling. Genes Dev. 15:90-103

Monte E, Alonso JM, Ecker JR, Zhang Y,
Li X, et al. 2003. Isolation and character-
ization of phyC mutants in Arabidopsis
reveals complex crosstalk between phy-
tochrome signaling pathways. Plant Cell
15:1962-80

Montgomery BL, Lagarias JC. 2002. Phy-
tochrome ancestry: sensors of bilins and
light. Trends Plant Sci. 7:357-66
Motchoulski A, Liscum E. 1999. Ara-
bidopsis NPH3: A NPH1 photoreceptor-
interacting protein essential for pho-
totropism. Science 286:961-64

Mustilli AC, Bowler C. 1997. Tuning
in to the signals controlling photoregu-
lated gene expression in plants. EMBO J.
16:5801-6

Nagy F, Kircher S, Schafer E. 2000.
Nucleo-cytoplasmic partitioning of the
plant  photoreceptors  phytochromes.
Semin. Cell Dev. Biol. 11:505-10

Nagy F, Schafer E. 2002. Phytochromes
control photomorphogenesis by differ-
entially regulated, interacting signaling
pathways in higher plants. Annu. Rev.
Plant Biol. 53:329-55

Neff MM, Chory J. 1998. Genetic
interactions between phytochrome A,



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

114

CHEN ® CHORY ® FANKHAUSER

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

phytochrome B, and cryptochrome 1
during Arabidopsis development. Plant
Physiol. 118:27-35

Neff MM, Fankhauser C, Chory J. 2000.
Light: an indicator of time and place.
Genes Dev. 14:257-71

Nelson DC, Lasswell J, Rogg LE, Co-
hen MA, Bartel B. 2000. FKF1, a clock-
controlled gene that regulates the tran-
sition to flowering in Arabidopsis. Cell
101:331-40

Ni M, Tepperman JM, Quail PH. 1998.
PIF3, a phytochrome-interacting factor
necessary for normal photoinduced signal
transduction, is a novel basic helix-loop-
helix protein. Cell 95:657-67

Ni M, Tepperman JM, Quail PH. 1999.
Binding of phytochrome B to its nuclear
signalling partner PIF3 is reversibly in-
duced by light. Nature 400:781-84

Noh B, Bandyopadhyay A, Peer WA,
Spalding EP, Murphy AS. 2003. En-
hanced gravi- and phototropism in plant
mdr mutants mislocalizing the auxin ef-
flux protein PIN1. Nature 424:999-1002
Ohgishi M, Saji K, Okada K, Sakai T.
2004. Functional analysis of each blue
light receptor, cryl, cry2, photl, and
phot2, by using combinatorial multiple
mutants in Arabidopsis. Proc. Natl. Acad.
Sci. USA 101:2223-28

Osterlund MT, Hardtke CS, Wei N, Deng
XW. 2000. Targeted destabilization of
HYS5 during light-regulated development
of Arabidopsis. Nature 405:462-66

Park CM, Bhoo SH, Song PS. 2000. Inter-
domain crosstalk in the phytochrome
molecules. Semin. Cell Dev. Biol. 11:449—
56

Parks BM, Folta KM, Spalding EP. 2001.
Photocontrol of stem growth. Curr. Opin.
Plant Biol. 4:436-40

Parks BM, Quail PH. 1991. Phytochrome-
deficient hyl and hy2 long hypocotyl
mutants of Arabidopsis are defective in
phytochrome chromophore biosynthesis.
Plant Cell 3:1177-86

Quail PH. 1997. An emerging molecular

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

map of the phytochromes. Plant Cell En-
viron. 20:657-66

Quail PH. 2002. Photosensory percep-
tion and signalling in plant cells: new
paradigms? Curr. Opin. Cell Biol. 14:
180-88

Quail PH. 2002. Phytochrome photosen-
sory signalling networks. Nat. Rev. Mol.
Cell Biol. 3:85-93

Saijo Y, Sullivan JA, Wang H, Yang J,
Shen Y, et al. 2003. The COP1-SPA1 in-
teraction defines a critical step in phy-
tochrome A-mediated regulation of HY5
activity. Genes Dev. 17:2642-47

Sakai T, Kagawa T, Kasahara M, Swartz
TE, Christie JM, et al. 2001. Arabidopsis
nphl and npll: blue light receptors that
mediate both phototropism and chloro-
plast relocation. Proc. Natl. Acad. Sci.
USA 98:6969-74

Sakai T, Wada T, Ishiguro S, Okada
K. 2000. RPT2. A signal transducer of
the phototropic response in Arabidopsis.
Plant Cell 12:225-36

Sakamoto K, Briggs WR. 2002. Cellu-
lar and subcellular localization of pho-
totropin 1. Plant Cell 14:1723-35
Sakamoto K, Nagatani A. 1996. Over-
expression of a C-terminal region of phy-
tochrome B. Plant Mol. Biol. 31:1079-82
Salomon M, Christie JM, Knieb E,
Lempert U, Briggs WR. 2000. Photo-
chemical and mutational analysis of the
FMN-binding domains of the plant blue
light receptor, phototropin. Biochemistry
39:9401-10

Salomon M, Eisenreich W, Durr H, Schle-
icher E, Knieb E, et al. 2001. An optome-
chanical transducer in the blue light recep-
tor phototropin from Avena sativa. Proc.
Natl. Acad. Sci. USA 98:12357-61
Salomon M, Knieb E, von Zeppelin T,
Rudiger W. 2003. Mapping of low- and
high-fluence autophosphorylation sites in
phototropin 1. Biochemistry 42:4217—
25

Salter MG, Franklin KA, Whitelam GC.
2003. Gating of the rapid shade-avoidance



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

LIGHT SIGNALING IN PLANTS

115

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

response by the circadian clock in plants.
Nature 426:680-83

Sancar A. 2003. Structure and function of
DNA photolyase and cryptochrome blue-
light photoreceptors. Chem. Rev. 103:
2203-37

Sehnke PC, DeLille JM, Ferl RJ. 2002.
Consummating signal transduction: the
role of 14-3-3 proteins in the completion
of signal-induced transitions in protein ac-
tivity. Plant Cell 14 (Suppl.):S339-54
Seo HS, Watanabe E, Tokutomi S, Na-
gatani A, Chua NH. 2004. Photoreceptor
ubiquitination by COP1 E3 ligase desen-
sitizes phytochrome A signaling. Genes
Dev.

Seo HS, Yang JY, Ishikawa M, Bolle C,
Ballesteros ML, Chua NH. 2003. LAF1
ubiquitination by COP1 controls pho-
tomorphogenesis and is stimulated by
SPA1. Nature 424:995-99

Shalitin D, Yang H, Mockler TC, May-
mon M, Guo H, et al. 2002. Regulation
of Arabidopsis cryptochrome 2 by blue-
light-dependent phosphorylation. Nature
417:763-67

Shalitin D, Yu X, Maymon M, Mockler T,
Lin C. 2003. Blue light-dependent in vivo
and in vitro phosphorylation of Arabidop-
sis cryptochrome 1. Plant Cell 15:2421—
29

Sharrock RA, Clack T. 2002. Patterns
of expression and normalized levels of
the five Arabidopsis phytochromes. Plant
Physiol. 130:442-56

Sharrock RA, Quail PH. 1989. Novel
phytochrome sequences in Arabidopsis
thaliana: structure, evolution, and differ-
ential expression of a plant regulatory
photoreceptor family. Genes Dev. 3:1745—
57

Shinomura T, Uchida K, Furuya M. 2000.
Elementary processes of photoperception
by phytochrome A for high-irradiance re-
sponse of hypocotyl elongation in Ara-
bidopsis. Plant Physiol. 122:147-56
Somers DE, Devlin PF, Kay SA. 1998.
Phytochromes and cryptochromes in the

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

entrainment of the Arabidopsis circadian
clock. Science 282:1488-90

Somers DE, Quail PH. 1995. Temporal
and spatial expression patterns of PHYA
and PHYB genes in Arabidopsis. Plant J.
7:413-27

Somers DE, Schultz TF, Milnamow M,
Kay SA. 2000. ZEITLUPE encodes a
novel clock-associated PAS protein from
Arabidopsis. Cell 101:319-29

Spector DL. 2001. Nuclear domains. J.
Cell Sci. 114:2891-93

Stoelzle S, Kagawa T, Wada M, Hedrich
R, Dietrich P. 2003. Blue light activates
calcium-permeable channels in Arabidop-
sis mesophyll cells via the phototropin
signaling pathway. Proc. Natl. Acad. Sci.
USA 100:1456-61

Stowe-Evans EL, Luesse DR, Liscum E.
2001. The enhancement of phototropin-
induced phototropic curvature in Ara-
bidopsis occurs via a photoreversible
phytochrome A-dependent modulation of
auxin responsiveness. Plant Physiol. 126:
826-34

Suesslin C, Frohnmeyer H. 2003. An Ara-
bidopsis mutant defective in UV-B light-
mediated responses. Plant J. 33:591-601
Sullivan JA, Deng XW. 2003. From
seed to seed: the role of photoreceptors
in Arabidopsis development. Dev. Biol.
260:289-97

Swartz TE, Corchnoy SB, Christie JM,
Lewis JW, Szundi I, et al. 2001. The pho-
tocycle of a flavin-binding domain of the
blue light photoreceptor phototropin. J.
Biol. Chem. 276:36493-500

Sweere U, Eichenberg K, Lohrmann J,
Mira-Rodado V, Baurle I, et al. 2001. In-
teraction of the response regulator ARR4
with phytochrome B in modulating red
light signaling. Science 294:1108-11
Talbott LD, Shmayevich 1J, Chung Y,
Hammad JW, Zeiger E. 2003. Blue
light and phytochrome-mediated stomatal
opening in the npql and photl phot2
mutants of Arabidopsis. Plant Physiol.
133:1522-29



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

116

CHEN ® CHORY ® FANKHAUSER

178.

179.

180.

181.

182.

183.

184.

185.

186.

Tanaka S, Nakamura S, Mochizuki N, Na-
gatani A. 2002. Phytochrome in cotyle-
dons regulates the expression of genes
in the hypocotyl through auxin-dependent
and -independent pathways. Plant Cell
Physiol. 43:1171-81

Tatematsu K, Kumagai S, Muto H, Sato A,
Watahiki MK, et al. 2004. MASSUGU2
encodes Aux/IAA19, an auxin-regulated
protein that functions together with the
transcriptional activator NPH4/ARF7 to
regulate differential growth responses of
hypocotyl and formation of lateral roots in
Arabidopsis thaliana. Plant Cell 16:379—
93

Tepperman JM, Zhu T, Chang HS, Wang
X, Quail PH. 2001. Multiple trans-
cription-factor genes are early targets of
phytochrome A signaling. Proc. Natl.
Acad. Sci. USA 98:9437-42
Toledo-Ortiz G, Huq E, Quail PH. 2003.
The Arabidopsis basic/helix-loop-helix
transcription factor family. Plant Cell 15:
1749-70

Toth R, Kevei E, Hall A, Millar AJ,
Nagy F, Kozma-Bognar L. 2001. Circa-
dian clock-regulated expression of phy-
tochrome and cryptochrome genes in Ara-
bidopsis. Plant Physiol. 127:1607-16
Ulm R, Baumann A, Oravecz A, Mate Z,
Adam E, et al. 2004. Genome-wide anal-
ysis of gene expression reveals function
of the bZIP transcription factor HYS in
the UV-B response of Arabidopsis. Proc.
Natl. Acad. Sci. USA 101:1397-402
Valverde F, Mouradov A, Soppe W,
Ravenscroft D, Samach A, Coupland G.
2004. Photoreceptor regulation of CON-
STANS protein in photoperiodic flower-
ing. Science 303:1003-6

von Arnim AG, Deng XW, Stacey MG.
1998. Cloning vectors for the expression
of green fluorescent protein fusion pro-
teins in transgenic plants. Gene 221:35—
43

WadaM, Kagawa T, Sato Y. 2003. Chloro-
plast movement. Annu. Rev. Plant Biol.
54:455-68

187

188.

189.

190.

191.

192.

193.

194.

195.

196.

Wang H, Deng XW. 2002. Arabidop-
sis FHY3 defines a key phytochrome
A signaling component directly interact-
ing with its homologous partner FARI.
EMBO J. 21:1339-49

Wang H, Deng XW. 2003. Dissecting the
phytochrome A-dependent signaling net-
work in higher plants. Trends Plant Sci.
8:172-78

Wang H, Ma L, Habashi J, Li J, Zhao H,
Deng XW. 2002. Analysis of far-red light-
regulated genome expression profiles of
phytochrome A pathway mutants in Ara-
bidopsis. Plant J. 32:723-33

Wang H, Ma LG, Li JM, Zhao HY, Deng
XW. 2001. Direct interaction of Ara-
bidopsis cryptochromes with COP1 in
light control development. Science 294:
154-58

Whippo CW, Hangarter RP. 2003. Second
positive phototropism results from coor-
dinated co-action of the phototropins and
cryptochromes. Plant Physiol. 132:1499-
507

Wu SH, Lagarias JC. 2000. Defining
the bilin lyase domain: lessons from the
extended phytochrome superfamily. Bio-
chemistry 39:13487-95

Yamaguchi R, Nakamura M, Mochizuki
N, Kay SA, Nagatani A. 1999. Light-
dependent translocation of a phytochrome
B-GFP fusion protein to the nucleus in
transgenic Arabidopsis. J. Cell Biol. 145:
437-45

Yamashino T, Matsushika A, Fujimori T,
Sato S, Kato T, et al. 2003. A link between
circadian-controlled bHLH factors and
the APRR1/TOCI1 quintet in Arabidopsis
thaliana. Plant Cell. Physiol. 44:619-29
Yang HQ, Tang RH, Cashmore AR. 2001.
The signaling mechanism of Arabidop-
sis CRY 1 involves direct interaction with
COPL. Plant Cell 13:2573-87

Yang HQ, Wu YJ, Tang RH, Liu D, Liu
Y, Cashmore AR. 2000. The C termini
of Arabidopsis cryptochromes mediate a
constitutive light response. Cell 103:815-
27



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only

LIGHT SIGNALING IN PLANTS

117

197.

198.

199.

Yanovsky MJ, Kay SA. 2002. Molecu-
lar basis of seasonal time measurement in
Arabidopsis. Nature 419:308-12
Yanovsky MJ, Kay SA. 2003. Living by
the calendar: how plants know when to
flower. Nat. Rev. Mol. Cell Biol. 4:265—
75

Yanovsky MJ, Luppi JP, Kirchbauer D,
Ogorodnikova OB, Sineshchekov VA,

200.

etal. 2002. Missense mutation in the PAS2
domain of phytochrome A impairs sub-
nuclear localization and a subset of re-
sponses. Plant Cell 14:1591-603

Yeh KC, Lagarias JC. 1998. Eukary-
otic phytochromes: light-regulated ser-
ine/threonine protein kinases with histi-
dine kinase ancestry. Proc. Natl. Acad.
Sci. USA 95:13976-81



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only.

A
i_a Annual Review of Genetics
Volume 38, 2004

CONTENTS

MOBILE GROUP II INTRONS, Alan M. Lambowitz and Steven Zimmerly

THE GENETICS OF MAIZE EVOLUTION, John Doebley

GENETIC CONTROL OF RETROVIRUS SUSCEPTIBILITY IN MAMMALIAN
CELLS, Stephen P. Goff

LIGHT SIGNAL TRANSDUCTION IN HIGHER PLANTS, Meng Chen,
Joanne Chory, and Christian Fankhauser

CHLAMYDOMONAS REINHARDTII IN THE LANDSCAPE OF PIGMENTS,
Arthur R. Grossman, Martin Lohr, and Chung Soon Im

THE GENETICS OF GEOCHEMISTRY, Laura R. Croal, Jeffrey A. Gralnick,
Davin Malasarn, and Dianne K. Newman

CLOSING MITOSIS: THE FUNCTIONS OF THE CDC14 PHOSPHATASE AND
ITS REGULATION, Frank Stegmeier and Angelika Amon

RECOMBINATION PROTEINS IN YEAST, Berit Olsen Krogh
and Lorraine S. Symington

DEVELOPMENTAL GENE AMPLIFICATION AND ORIGIN REGULATION,
John Tower

THE FUNCTION OF NUCLEAR ARCHITECTURE: A GENETIC APPROACH,
Angela Taddei, Florence Hediger, Frank R. Neumann,
and Susan M. Gasser

GENETIC MODELS IN PATHOGENESIS, Elizabeth Pradel
and Jonathan J. Ewbank

MELANOCYTES AND THE MICROPHTHALMIA TRANSCRIPTION FACTOR
NETWORK, Eirikur Steingrimsson, Neal G. Copeland,
and Nancy A. Jenkins

EPIGENETIC REGULATION OF CELLULAR MEMORY BY THE POLYCOMB
AND TRITHORAX GROUP PROTEINS, Leonie Ringrose and Renato Paro

REPAIR AND GENETIC CONSEQUENCES OF ENDOGENOUS DNA BASE
DAMAGE IN MAMMALIAN CELLS, Deborah E. Barnes
and Tomas Lindahl

MITOCHONDRIA OF PROTISTS, Michael W. Gray, B. Franz Lang,
and Gertraud Burger

37

61

87

119

175

203

233

273

305

347

365

413

445

477



Annu. Rev. Genet. 2004.38:87-117. Downloaded from arjournals.annualreviews.org
by lowa State University on 04/25/05. For personal use only.

vi CONTENTS

METAGENOMICS: GENOMIC ANALYSIS OF MICROBIAL COMMUNITIES,
Christian S. Riesenfeld, Patrick D. Schloss, and Jo Handelsman

GENOMIC IMPRINTING AND KINSHIP: HOW GOOD IS THE EVIDENCE?,
David Haig

MECHANISMS OF PATTERN FORMATION IN PLANT EMBRYOGENESIS,
Viola Willemsen and Ben Scheres

DUPLICATION AND DIVERGENCE: THE EVOLUTION OF NEW GENES
AND OLD IDEAS, John S. Taylor and Jeroen Raes

GENETIC ANALYSES FROM ANCIENT DNA, Svante Péiiibo,
Hendrik Poinar, David Serre, Viviane Jaenicke-Despres, Juliane Hebler,
Nadin Rohland, Melanie Kuch, Johannes Krause, Linda Vigilant,
and Michael Hofreiter

PRION GENETICS: NEW RULES FOR A NEW KIND OF GENE,
Reed B. Wickner, Herman K. Edskes, Eric D. Ross, Michael M. Pierce,
Ulrich Baxa, Andreas Brachmann, and Frank Shewmaker

PROTEOLYSIS AS A REGULATORY MECHANISM, Michael Ehrmann and
Tim Clausen

MECHANISMS OF MAP KINASE SIGNALING SPECIFICITY IN
SACCHAROMYCES CEREVISIAE, Monica A. Schwartz
and Hiten D. Madhani

rRNA TRANSCRIPTION IN ESCHERICHIA COLI, Brian J. Paul, Wilma Ross,
Tamas Gaal, and Richard L. Gourse

COMPARATIVE GENOMIC STRUCTURE OF PROKARYOTES,
Stephen D. Bentley and Julian Parkhill

SPECIES SPECIFICITY IN POLLEN-PISTIL INTERACTIONS,
Robert Swanson, Anna F. Edlund, and Daphne Preuss

INTEGRATION OF ADENO-ASSOCIATED VIRUS (AAV) AND
RECOMBINANT AAV VECTORS, Douglas M. McCarty,
Samuel M. Young Jr., and Richard J. Samulski

INDEXES
Subject Index

ERRATA
An online log of corrections to Annual Review of Genetics chapters
may be found at http://genet.annualreviews.org/errata.shtml

525

553

587

615

645

681

709

725

749

771

793

819

847





