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Photomorphogenesis: Light receptor kinases in plants!
Christian Fankhauser* and Joanne Chory*T

Plants must adapt to a capricious light environment, but
the mechanism by which light signals are transmitted to
cause changes in development has long eluded us. The
search might be over, however, as two photoreceptors,
phytochrome and NPH1, have been shown to
autophosphorylate in a light-dependent fashion.
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Because plants use light energy in photosynthesis, they
are extremely sensitive to their light environment. Light
affects plants throughout their life cycle, during processes
such as seed germination, seedling and vegetative devel-
opment and the transition to flowering [1]. Plants are sen-
sitive to the quality, quantity, duration and direction of
light [1], and to achieve this sensitivity they are armed
with a battery of photoreceptors. For example, photo-
receptors that detect UV-B light — not yet molecularly
characterized — are important for seedling development
in response to low doses of UV-B light [2]. T'wo classes of
photoreceptors detect UV-A and blue light: crypto-
chromes (CRY1 and CRY2) and a photoreceptor known by
its gene name as ‘non-phototropic hypocotyl 1’ (NPH1).
T'he former play major roles during seedling development
and the transition to flowering, whereas the latter is
required for directional growth towards a light source
(phototropism) [3,4]. Phytochromes are a class of red/far-
red photoreceptors — five types, phytochromes A to E,
have been defined in Arabidopsis — that affect all aspects
of plant development; they also play accessory roles in
UV-B and blue-light sensing [2,5].

In Arabidopsis, genetic analysis has demonstrated that, for
most developmental transitions, there is a large degree of
redundancy among, and multiple interactions between,
different photoreceptors [5,6]. Phototropism, by contrast,
appears primarily to use a single photoreceptor, NPHI,
with  some influence from cryptochromes and
phytochromes [7-9]. Phototropism has long been
suspected to require protein Kinase activity, because it is
correlated with blue-light-induced phosphorylation of a
120 kDa membrane protein [10]. This light-dependent
phosphorylation can be mimicked 7 vitro when mem-
brane fractions prepared from dark-grown tissue are subse-
quently irradiated with blue light [10]. Interestingly, #p/l
mutant plants fail to exhibit phototropism and also lack

this 120 kDa protein, and cloning of the NPHI locus
showed that it encodes a putative 120 kDa protein kinase
[4]. NPH1 is conserved in numerous plant species. The
protein has a carboxy-terminal domain with all the signa-
tures of a serine/threonine protein kinase, and the amino
terminus has two repeats of about 110 amino acids —
known as LLOV domains — that are related to motifs
present in a large group of sensor proteins. Interestingly,
the LOV domains are also related to the better-known
PAS domains, found in a number of regulatory proteins
including phytochromes (see below) [11].

Briggs and colleagues [7] have now convincingly shown
that NPH1 is the photoreceptor that mediates photo-
tropism. They have demonstrated that recombinant
NPHI1 is a chromoprotein that binds non-covalently to
flavin mononucleotide (FMN), with spectral properties
very similar to the action spectrum for phototropism in
Arabidopsis. Tt is therefore very likely that NPH1 binds to
this same chromophore in plants. Briggs and colleagues [7]
propose that the NPH1’s LOV/PAS domains mediate
binding of the chromophore; this is a distinct possibility,
as LOV/PAS domains serve as protein—protein interaction
domains in some cases, and bind a prosthetic group in
other proteins [11]. Mutations in a similar domain of the
Neurospora WC-1 blue-light photoreceptor result in blind
strains, further emphasizing the importance of the LOV
domain in blue-light sensing [12].

The biochemical characterization of recombinant NPH1
also identifies a mechanism by which the environmental
signal it detects is transmitted further in the plant
Recombinant NPH1 autophosphorylates poorly in the
dark, and blue-light treatments greatly increase the
protein’s autophosphorylation. The blue-light fluence
response and kinetics of this reaction are very similar for
both recombinant and plant-derived NPH1 [7]. Taken
together, the results clearly demonstrate that NPHI1 is the
photoreceptor that mediates phototropism in Arabidopsis,
and suggest that phosphorylation is the biochemical
mechanism initiating this signaling cascade (Figure 1).

It will now be interesting to see how the different
phosphorylation states of NPH1 modulate phototropism.
Mapping the phosphorylation sites of NPH1, manipulat-
ing the cloned NPH1 gene to code for mutant forms of the
protein with altered phosphorylation sites and then
reintroducing the mutant genes into Arabidopsis should
give us the beginning of an answer. Finding other
substrates of the NPH1 kinase activity will be another
important step. Three other loci that specifically affect
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phototropism have been identified in Arabidopsis —
NPH?2, NPH3 and NPH4 [13]. The molecular cloning of
these genes will identify potential NPH1 substrates that
are clearly implicated in the process of phototropism. I
vivo, NPH1 protein is associated with membrane fractions;
its amino-acid sequence does not, however, show any
hydrophobic domains that could serve as a membrane
anchor, and the recombinant protein is soluble. It will be
interesting to see whether NPH1 associates with the
membrane through binding of another protein, such as
NPH2, NPH3 or NPH4.

T'urning to the phytochromes, although these were the
first plant photoreceptors to be molecularly characterized,
it has taken a long time to determine a signaling mecha-
nism for red/far-red light sensing [14]. Phytochromes
photoconvert between red-light (Pr) and far-red-light (Pfr)
absorbing forms. Most physiological responses correlate
with the presence of the Pfr form, and they can be inhib-
ited by irradiation with far-red light (which converts Pfr
back to Pr); it is therefore generally accepted that Pfr is
the active form of the protein. Both forms are soluble
dimeric proteins with two major domains; the amino-
terminal portion is necessary and sufficient for the
protein’s native spectral properties. The chromophore is a
linear tetrapyrrole covalently bound to an invariant cys-
teine residue; light-induced isomerization between rings
C and D of the chromophore accounts for the interchange-
able spectral properties of phytochrome. This Pr-to-Pfr
transition is accompanied by rearrangements of the
protein backbone [14].

In 1992, Schneider-Poetsch [15] recognized that, near
their carboxyl termini, phytochromes show a modest but
significant similarity to the histidine kinases of bacterial
‘two-component’ sensors. But the critical histidine
residues for kinase activity in most bacterial sensors are

not conserved in all phytochromes. By the late 1980s,
there was already biochemical evidence that phyto-
chromes might be protein kinases. This was the subject of
intense debate, summarized in two recent reviews [14,16],
but the issue remained unresolved for 10 years.

Two years ago, the idea that phytochrome might be a
protein kinase resurfaced with the discovery of cyano-
bacterial phytochromes. Cloning the photoreceptor for
chromatic adaptation in the cyanobacterium Fremyella
identified a histidine kinase with an amino terminus
significantly similar to the chromophore binding domain of
phytochrome [17]. Until then, it was believed that phyto-
chromes are unique to plants. Around the same time, the
genome-sequencing project for the cyanobacterium
Synechocycris PCC6803 revealed open reading frames with
even more striking similarities to plant phytochromes.
Synechocystis phytochrome — dubbed cyanobacterial phyto-
chrome 1 (Cphl) — was found to have spectral properties
very similar to those of their plant relatives [18]. Cphl’s
output domain has all the hallmarks of a bacterial histidine
kinase, and Lagarias and co-workers [19] demonstrated
that it is indeed a histidine kinase and, more importantly,
that this activity is modulated by light. These results
strongly suggest that plant phytochromes have histidine
kinase ancestry, but are they histidine kinases?

The tenacity of Lagarias and co-workers has finally paid
off. In a recent paper [20] they report that recombinant oat
and algal phytochromes purified from two different sources
have light- and chromophore-regulated autophosphoryl-
ation activity. Recombinant oat phytochrome A was shown
to exhibit kinase activity with similar biochemical proper-
ties to those observed with the plant-purified protein; it is
stimulated by polycations, inhibited by pyrophosphates,
and shows differential phosphorylation according to the
Pr/Pfr ratio. Moreover, the kinase activity is independent of
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phytochrome concentration, consistent with an intramolec-
ular phosphotransfer reaction. Unlike their prokaryotic rela-
tives, however, plant phytochromes phosphorylate serine
and threonine, rather than histidine or aspartate, residues.
It should be noted that this is not the first example of a
eukaryotic serine kinase that is clearly related to histidine
kinases [21]. Phospho-serine and phospho-threonine are
the end products of the reaction; the existence of less
stable intermediates, such as phospho-aspartate and
phospho-histidine, has not been ruled out.

Phytochromes are the only proteins that have been shown
to have intramolecular kinase activity regulated by light
and chromophore. What is the physiological relevance of
this autophosphorylation? Phytochrome A is a phosphopro-
tein iz vivo, and two of the phosphorylation sites, serine 7
and serine 598, have been mapped [22]. Interestingly, sub-
stituting serine residues in a serine-rich region near the
protein’s amino terminus by alanines, or their deletion,
creates a hyperactive phytochrome [16]. This suggests that
phosphorylation near the amino terminus — which may or
may not be autophosphorylation — plays a role in down-
regulating the phytochrome signal. Serine 598 is preferen-
tially phosphorylated in the Pfr form, which might create
phospho-specific interfaces for interaction with down-
stream elements of the signaling cascade in a light-depen-
dent fashion (Figure 2) [22]. Phytochrome B undergoes
light-dependent translocation from the cytoplasm to the
nucleus [23], so it is possible that phosphorylation plays a
role in phytochrome subcellular localization.

Much remains to be done in terms of characterizing the
kinase activity of phytochromes. For example, what con-
sensus sequence do they phosphorylate preferentially? Do
different phytochromes, which play distinct roles 7z vivo,
phosphorylate different substrates? What constitutes a
phytochrome kinase domain? 'The carboxy-terminal
region of phytochrome is composed of two domains: a
proximal half containing two PAS repeats, and a distal part
that was originally shown to be similar to bacterial histi-
dine kinases. Upon closer examination, Yeh and Lagarias
[20] concluded that both of these domains are similarly
related to histidine kinases. The plant phytochrome
output domain might therefore have arisen by duplication
of a bacterial histidine kinase domain. Which one of these
has the kinase activity? Is a combination of both required?
Is more than this carboxy-terminal region required to
recreate an active kinase domain?

Phytochrome can phosphorylate a number of substrates in
addition to itself, but none of them is differentially
phosphorylated in response to variations in the Pr/Pfr ratio
[20,24]. A number of factors acting downstream of
phytochrome have been identified genetically, and one
protein has recently been cloned on the basis of it interac-
tion with phytochrome [25]. It is now important to test
whether these proteins are substrates of phytochrome’s
kinase activity, and determine if they are preferentially
phosphorylated by the Pfr form of phytochrome. Ultimately,
whether phosphorylation of such a factor is connected to
phytochrome signaling will have to be tested 7 vivo.
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How many substrates do phytochromes have? A number
of features, such as the multitude of phytochrome
responses, all suggest that phytochrome signaling requires
an elaborate web of interactions. One possible model
could be that phytochromes are the ‘workhorses’ of photo-
morphogenesis that phosphorylate a multitude of sub-
strates. An additional level of complexity comes from the
well documented interactions between phytochromes and
blue light photoreceptors [6]. A recent study suggests [24]
that phosphorylation could be a link between phyto-
chrome and cryptochrome signaling. By determining a
possible biochemical mechanism for light signaling, the
recent studies [7,20] give us a new tool to decipher light
signal transduction.
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