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An emerging molecular map of the phytochromes
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ABSTRACT

Molecular mapping studiesand sequence comparisonsare
providing provocative new insights into regions of the
phytochrome polypeptide important to the functional
activities of the photoreceptor. The NH,-terminal struc-
tural domain contains the determinants for photoper cep-
tion, and for the differences in photosensory specificity
and photolability between phyA and phyB. However, a
contiguous COOH-terminal domain is also required for
the transfer of perceived informational signals down-
stream to transduction pathway components and for
Pfr A-specific degradation to proceed. The COOH-ter mi-
nal domains of phyA and phyB are functionally inter-
changeable in these processes and a cor e sequence at the
proximal end of thisdomain contains deter minants neces-
sary for signal transfer from both phyA and phyB, sug-
gesting a common biochemical mechanism of signal trans-
fer for the two photoreceptors. Striking sequence
similarity between the NHj-terminal domain of a
Synechocystis protein, ORF SLR0473, and the phy-
tochromes indicates that the cyanobacteria contain phy-
tochrome-related photoreceptors. The COOH-terminal
domains of ORF SLR0473 and the phytochromes are also
related to oneanother and both show sequencesimilarities
to the sensor histidine kinases. These data raise the possi-
bility that the cyanobacteria have a functional photoregu-
lated histidine kinase signalling system and that the plant
phytochromesrepresent remnants of that system.

Key-words: functional domains; histidine kinase; photo-
sensory perception; phytochromes; signal transduction;
structural domains; structure—function relationships; two-
component systems.

INTRODUCTION

In the absence of definitive evidence establishing the bio-
chemical mechanism of phytochrome (phy) action, amajor
strategy followed by many researchers over the years has
been to map molecular domains associated with various of
the measurabl e activities of the photoreceptor family. This
process has been greatly facilitated in recent times by the
use of genetic and molecular approaches. The mgjor find-
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ings from these studies are compiled in Fig. 1 and
discussed briefly below.

The coordinates in Fig. 1 (referred to as ‘position’
numbers throughout the paper) are those of the consensus
sequence developed by Mathews, Lavin & Sharrock (1995)
in aligning the amino acid sequences of the five-membered
phy family from Arabidopsis, and other available full-
length sequences. The generic phytochrome corresponding
to this consensus sequence is depicted diagrammatically at
the top of the figure. The extremities of this consensus cor-
respond to the Arabidopsis phyB sequence, the longest
family member, and the indents at each end depict the
extent and location of the shorter Arabidopsis phyA
sequence within the alignment. At the bottom of Fig. 1isa
diagrammatic alignment of phyA through phyE of
Arabidopsisand aplot of the degree of amino acid sequence
identity among the five sequences across the length of the
aligned polypeptides from Clack, Mathews & Sharrock
(1994). The locations of the various molecular activities
that have been mapped within the photoreceptor are
depicted by the solid black horizontal bars.

STRUCTURAL DOMAINS

Evidence from biochemical studies on phyA indicated
some years ago that the polypeptide folds into two major
structural domains; a globular NH,-terminal  domain
cradling the covalently attached chromophore in a
hydrophobic pocket, and a more extended COOH-terminal
domain, with a short proteolytically vulnerable linker
segment connecting the two (see Quail 1991). The
behaviour of the NH,-terminal domains of phyA and phyB
when expressed alonein transgenic plantsis consistent with
these data (Cherry et al. 1993; Boylan, Douglas & Quail
1994; Wagner, Koloszvari & Quail 1996a). Electron micro-
scopic images (Jones & Erickson 1989) and low angle X-
ray analysis (Tokutomi et al. 1989) are also consistent with
these data although differing on interpretation of the shape
of the NH.-terminal domain (see Quail 1991). The molecu-
lar and biochemical data indicate that the junction between
thetwo domainsisaround position 673 (Fig. 1).

SPECTRAL ACTIVITY
Chromophore lyase

The semina demonstration by L agarias and coworkersthat
the PHYA apoprotein can autocatalytically attach the
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Figure 1. Molecular map of phytochrome. A schematic diagram of a‘consensus  phytochrome molecule derived from the alignment of
multiple full-length phytochrome polypeptide sequences by Mathews et al. (1995) is shown at the top. The coordinates for thisfigure and
throughout the paper are those for the consensus line of this alignment and are referred to as ‘ positions’ within the consensus sequence. The
extremities of the schematic (positions 1 and 1210) correspond to the NH,- and COOH-termini, respectively, of Arabidopsis phyB, the
longest sequence in the alignment. The indented positions at each end (positions 37 and 1195) correspond to the NH,- and COOH-termini,
respectively, of Arabidopsis phyA. Thelocation of the tetrapyrrole chromophore covalently linked to acysteineisindicated at position 374.
Theresidue substitutionsindicated at various positions along the consensus molecule are acomposite of phyA and phyB missense mutations
causing loss of regulatory activity (see Quail et al. 1995). The stippled area demarcates aregion containing a high density of such mutations
(the‘core’ region) and the small black box, a short segment containing multiple substitutions of individual residues. The horizontal barsin the
body of the figure show the locations within the polypeptide of the activity, property, or feature of the molecule shown to the left (discussed in
detail in the text). At the bottom isaplot of the distribution of amino acid sequence identity across the aligned polypeptide sequences of the
five Arabidopsis phytochromes PHY A, B, C, D and E, shown below (from Clack et al. 1994). Thelight vertical dashed line at position
673/674 represents the junction of the two major structural domains. The heavy vertical dashed lines represent the positions of the introns
within the structural PHY genes of higher plants (except PHYC which lacks the intron at position 1020; Cowl et al. 1994).

chromophore in vitro (Lagarias & Lagarias 1989;
Wahleithner, Li, & Lagarias 1991; Cornejo et al. 1992) as
well asin living yeast (Li & Lagarias 1994) has been fol-
lowed by similar demonstrationsin vitro for phyB (Kunkel
et al. 1993) and phyC (B. Parks & P. Quail, unpublished
results). Analysis of deletion derivatives of phyA and
phyB expressed in yeast or transgenic plants has mapped

the chromophore lyase activity sufficient for attachment to
within the NH,-terminal segment between positions 115
and 450 (Fig. 1) (Deforce et al. 1991; Boylan & Quail
1991; Cherry et al. 1993; Vierstra1993; Cherry & Vierstra
1994; Wagner et al. 1996a). In a more detailed site-
directed mutational analysis of five conserved residues
(positions 360, 369, 372, 375 and 377) surrounding the
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chromophore attachment residue (the cysteine at position
374), Song and colleagues have obtained evidence that
none is essential for chromophore lyase activity, suggest-
ing astructural rather than acatalytic role (Deforce, Furuya
& Song 1993; Song, Park & Furuya 1997).

Spectral integrity

Seqguences necessary to sustain complete spectral integrity
equivalent to that of the full-length molecule extend in both
directions beyond that for chromophore lyase activity to
encompass mogt, if not al, of the NH,-terminal domain
(positions 1-673, Fig. 1). Spectral integrity here refers to
maintenance of photoreversibility and absorption spectrain
both Pr and Pfr forms unaltered from that obtained with the
native photoreceptor. Analysis of deletion derivatives of
phyA in transgenic seedlings has shown that the full NH-
termina structural domain (positions 1-673) is sufficient for
spectral integrity (Boylan & Quail 1991; Cherry et al. 1993;
Boylan et al. 1994; Cherry & Vierstra 1994). A series of
deletions covering avariety of segments within thefirst 115
positions at the NH,-terminus (residues 1-69 of the phyA
sequence) has revealed subdomains necessary for stability
and spectral integrity of the Pfr form alone (positions 51-94)
or of both the Pr and Pfr forms (positions 51-115) (Cherry et
al. 1992, 1993; Boylan et al. 1994; Cherry & Vierstra1994;
Jordan et al. 1995). These data are consistent with earlier
proteolytic studies on native phyA suggesting interaction of
this NH,-terminal segment with the chromophore, espe-
cialy inthe Pfr form (see Joneset al. 1985; Vierstra& Quail
1986). Similarly, determinants between positions 524 and
673 a the COOH-termina end of the NH,-terminal struc-
tural domain have been shown to be necessary for spectral
normalcy (Boylan & Quail 1991; Cherry et al. 1993; Boylan
et al. 1994). Preliminary spectral anaysis of some compara-
ble deletion derivatives of phyB suggestsasimilar pattern to
that of phyA (Wagner et al. 1996a).

Pr/iPfr CONFORMATIONAL CHANGES

Conformational changes in the protein moeity induced by
photoconversion between the Pr and Pfr forms have been
mapped in phyA to the NH,-termina segment (within
positions 37-136), to a segment around position 406 near
the chromophore attachment site, to a segment in or near
the linker region (positions 684-731), and to a region
around position 814 (Fig. 1). Most of these data have come
from older biochemical, immunochemical or physico-
chemical studies on extracted or purified, non-recombinant
phytochrome (see Lagarias & Mercurio 1985; Wong et al.
1986; Grimm et al. 1988; McMichael & Lagarias 1990a,b;
Quiail 1991; Song 1993; Furuya & Song 1994).

DIMERIZATION

Proteolytic fragmentation coupled with the use of mono-
clonal antibodies against mapped epitopes provided
evidence some years ago that the COOH-terminal structural
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domain of phyA carries the determinants for dimerization,
whereasthe NH,-terminal domain isreleased asamonomer
upon cleavage, indicating no stable intra- or intersubunit
interactions (see Jones & Quail 1986; Quail et al. 1987;
Quiail 1991). Transgene-encoded NH.,-terminal domains of
both phyA and phyB behave as globular monomers, con-
firming thislatter conclusion (Cherry et al. 1993; Boylan et
al. 1994; Wagner et al. 19964), and the transgene-encoded
COOH-terminal domain of phyB has been shown to associ-
ateinto homodimersin Arabidopsis (Wagner et al. 1996a).

Using a conceptualy elegant prokaryotic assay system,
Edgerton & Jones (1992) presented data interpreted to indi-
cate that two regions of the phyA COOH-terminal domain
(positions 680731 and 1116-1195, respectively) are capa-
ble of mediating dimerization (Fig. 1). However, subsequent
analysis of a COOH-terminal deletion seriesby Cherry et al.
(1993) showed that simply removal of residues COOH-ter-
minal of position 981 was sufficient to cause loss of dimer-
ization capacity. This result indicates that neither the initial
(positions 680-731) nor revised (positions 652—741) centra
segments (Edgerton & Jones 1992, 1993) are sufficient to
mediate dimerization in the context of the native molecule.
Moreover, sinceinternal deletion of asimilar region of phyB
(positions 666—726) has been shown not to affect dimeriza-
tion when expressed intransgenic Arabidopsis (Wagner et al.
19964a), it would appear that this region is neither necessary
nor sufficient for dimerization in the context of the native
molecule. By contrast, the COOH-termina deletion analysis
by Cherry et al. (1993) indicates that residues between posi-
tions 981 and 1161 are necessary for dimerization of native
phyA in transgenic plants. Combined with the proposal from
the prokaryotic assay that positions 1116-1195 are necessary
for dimerization (Edgerton & Jones 1992), these transgenic
plant data might suggest that critica residues for dimeriza-
tion lie between positions 1116 and 1161 (Fig. 1).

PfrA DEGRADATION

The rapid intracellular degradation of phyA induced upon
its photoconversion to the Pfr form (representing a 100-
fold greater turnover rate for PfrA than PrA) is one of the
earliest molecular properties of the photoreceptor recorded
in the literature (Vierstra 1994). The other phytochromes
(phyB, C, D and E) do not display this dramatic isoform-
specific difference in degradation rate and are therefore
considered to be more ‘light stable’ (Somerset al. 1991; J.
Tepperman, R. Sharrock & P. Quail, unpublished results).
Recent domain swapping experiments using transgenic
Arabidopsis have provided evidence that the determinants
specifying recognition of phyA for degradation in the Pfr
form reside in the NH,-terminal structural domain
(Wagner et al. 1996b). However, these determinants are
alone insufficient for degradation because the NH,-termi-
nal domain alone of phyA islight stablein vivo (Boylan et
al. 1994), requiring a contiguous COOH-terminal domain
for degradation to proceed (Wagner et al. 1996b). Indeed,
deletion of the extreme COOH-terminus of the phyA
polypeptide has been reported to stabilize the molecule as
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Pfr (Vierstra 1993, 1996), localizing one determinant
necessary for degradation to a small stretch of amino acids
at the extremity of this domain (Fig. 1). Because the full
COOH-terminal domain from either phyA or phyB sup-
ports degradation when fused to the phyA NH_-terminal
domain, the necessary determinants are apparently com-
mon to both family members (Wagner et al. 1996b).

Proposed mechanisms of selective PfrA degradation
have focused on the possible involvement of the ubiquitin-
mediated proteolytic pathway and/or the hypothesized
PEST-sequence mechanism (see Vierstra 1994; Clough &
Vierstra 1997). There is evidence that phyA is rapidly
ubiquinated in vivo upon conversion to Pfr and kinetic data
are at least partially consistent with subsequent degrada-
tion ensuing via the ubiquitin pathway (Vierstra 1994,
1996). The proposed location of the ubiquitin target site
(one or more of the three lysine residues between positions
803 and 851) in the COOH-terminal domain (Vierstra
1993, 1994, 1996), as well as the conservation of these
three lysine residues between phyA and phyB sequences
(Mathews et al. 1995) would be consistent both with the
need for a contiguous COOH-terminal domain for degra-
dation (Boylan et al. 1994; Wagner et al. 1996b) and with
theinterchangeability of the phyA and phyB COOH-termi-
nal domains in this process (Wagner et al. 1996h).
Unfortunately, site-directed substitution of arginines for
the three lysines apparently did not affect the rate of PfrA
degradation (Vierstra 1996), indicating that if ubiquitina-
tion does occur at these sitesit is not necessary for proteol-
ysis. Thus, although still clearly aviable possibility adirect
link between ubiquitination of PfrA and degradation
remains to be demonstrated.

The presence of a PEST sequence (Rogers, Wells &
Rechsteiner 1986) and its associated cluster of acidic
residues in phyA, but not phyB, C, D or E sequences
(Quail etal. 1991; Mathewset al. 1995), aswell asitsloca
tion adjacent to the chromophore (positions 375-413) in
the amino terminal domain (Fig. 1), and the photoconver-
sion-induced exposure of this region in the Pfr form
(Grimm et al. 1998), are al consistent both with the selec-
tive degradation of phyA following Pfr formation and the
location of the determinants for this selectivity in the NH,-
terminal domain (Wagner et al. 1996b). One possibility
would be that the PEST sequence provides specific recog-
nition of PfrA by the degradative machinery which then
initiates degradation via the ubiquitin pathway involving
determinants in the  COOH-termina  domain.
Unfortunately, no direct experimental test of the relevance
of the PEST sequence to PfrA degradation has been
reported to date and the importance of this sequence to the
degradation of several other PEST-containing proteins has
been questioned (Rechsteiner 1991; Vierstra 1994).

SEQUENCE HOMOLOGY

Schneider-Poetsch and colleagues provided the first
provocative evidence from computerized database
searches that the distal half of the COOH-terminal domain

of the phytochromes (positions 931-1210) exhibits a
degree of sequence similarity to the sensor histidine kinase
module of bacterial two-component signalling systems
(Schneider-Poetsch & Braun 1991; Schneider-Poetsch et
al. 1991; Schneider-Poetsch 1992), thereby raising the
possibility that the photoreceptors function as a family of
photoregulated histidine kinases. Subsequently, three con-
siderations tended to detract from the likelihood that this
simple extrapolation from the prokaryotic systemsis accu-
rate. First, the histidine residue that is autophosphorylated
in the majority of the bacterial kinasesis conserved at that
site (position 967) only in the monocot phyAs and
Arabidopsis phyC, and not any of the other reported phy
sequences (Mathews et al. 1995). Secondly, attempts to
detect autophosphorylation of histidine residues in prepa-
rations of purified phyA were unsuccessful (D. Dailey & P.
Quiail, unpublished results). Thirdly, site-directed mutage-
nesis of four single residues [positions 967 (histidine),
1132 (glycine), 1153 (glycine), 1156 (leucine); see Fig. 1]
in oat phyA (the latter three residues conserved among all
phytochromes and the mgjority of histidine kinases) failed
to abrogate the activity of the molecule when tested in
transgenic Arabidopsis (Boylan & Quail 1996).

However, the recent sequencing of the entire genome of
the cyanobacterium Synechocystis sp. strain PCC6803
(Kaneko et al. 1996) has strongly revitalized this proposal.
One of the open reading frames (ORFs) in the Synechocystis
genome (Cyanobase database), designated ORF SLR0473,
has regions of striking sequence similarity both to the phy-
tochromes and to the sensor histidine kinases (see Quail
1997). ORF SLR0473, encoding 748 amino acids, consists
of an NH,-terminal domain with 36% identity (60% similar-
ity) to the NH,-terminal domain of phyE between positions
119 and 640, and an immediately adjacent COOH-terminal
domain with 20% identity (52% similarity) to the COOH-
termina domain of phyE between positions 938 and 1187
(Fig. 1; see Quail 1997). This|atter region of phyE iswithin
the proposed histidine kinase-like domain of the phy-
tochromes. In turn, the COOH-terminad domain of ORF
SLR0473 shows convincing sequence similarity to the histi-
dine kinase module of established bacterial two-component
systems (e.g. 31% identity and 55% similarity to B. subtilis
KinA), including the presence of the conserved signature
motifs, designated H, N, G1, F and G2 (Parkinson & Kofoid
1992). These data suggest that the Synechocystis SLR0473
protein may be aphotoregul ated histidine kinase and that the
plant phytochromes may be evolutionary remnants of these
prokaryotic molecules (see Schneider-Poetsch & Braun
1991; Schneider-Poetsch et al. 1991). Strong support for at
least part of this notion has been provided recently by
Lagarias and coworkers who have shown that the SLR0473
protein can attach tetrapyrrole chromophores, including
phytochromobilin, with the formation of a chromoprotein
that is fully photoreversible by red and far red light analo-
gous to plant phytochromes (K. C. Yeh & J. C. Lagarias,
University of California, Davis, USA, personal communica-
tion). In addition, a genetically defined locus for chromatic
adaptation in the cyanobacterium Fremyella has aso
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recently been shown to encode a protein with some
sequence similarity to the phytochromesin its NH,-terminal
domain and to the histidine kinases in its COOH-terminal
domain (Kehoe & Grossman 1996).

Two other related observations arising from sequence
comparisons are that the COOH-terminal domain of the
phytochromes contains two repeats of a sequence (posi-
tions 689-723 and 826-860, respectively) (Jones &
Edgerton 1994), and that these repeats have weak sequence
similarity to a segment of photoactive yellow protein from
the purple bacterium Ectothiorhodospira (Lagarias, Wu &
Lagarias 1995) (Fig. 1). The significance of these findings
isyet to be determined.

BIOLOGICAL ACTIVITY
Deletion analysis

A number of investigations have used overexpression of
various deletion derivatives of phyA or phyB in transgenic
plants to identify regions of the photoreceptors necessary
for biological activity (Boylan & Quail 1991; Cherry et al.
1992, 1993; Boylan et al. 1994; Cherry & Vierstra 1994;
Wagner et al. 1996a). Although subtleties exist between
the effects of some individual constructs and plant sys-
tems, the basic conclusion from these combined studiesis
that deletion of relatively short segments at either terminus
of the polypeptide either eliminates or modifies detectable
biological activity. The results indicate that determinants
within the first 60 residues or less at the NH,-terminus of
phyA (positions 37-94) (Boylan et al. 1994; Cherry &
Vierstra1994; Jordan et al. 1995) or phyB (positions 1-57)
(Wagner et al. 1996a), and within as few as 35 residues at
the COOH-terminus of phyA (positions 1161-1195)
(Cherry et al. 1993; Cherry & Vierstra1994) are necessary
for normal biological activity (Fig. 1). In addition, internal
deletions near the linker region at the proximal end of the
COOH-terminal domain of phyA (positions 674—744)
(Boylan et al. 1994) or phyB (positions 666—726) (\Wagner
et al. 1996a) also eliminate normal activity, indicating the
necessity of this region. The limitation of such data is that
it is unknown whether these regions are directly involved
in photoreceptor activity or the deletions indirectly perturb
the function of another critical part of the molecule. One
interesting ‘ gain-of-function’ effect is that either deletion
of the serine-rich region between residues 6 and 12 of
phyA (positions 42-51) (Jordan et al. 1995) or site-
directed substitution of alanines for all the serines in this
region (Stockhaus et al. 1992) result in enhanced biologi-
cal activity of the transgene-encoded phyA. This result
suggests that the serinesin thisregion may mediate attenu-
ation of phyA activity.

Photosensory specificity

Like other receptors, the phytochromes can be considered
to exhibit dual molecular functions: a sensory function
involving perception and interpretation of the incoming
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light signal's, and aregulatory function involving biochem-
ical transfer of the perceived information to downstream
transduction chain components (Fig. 2). The phytochrome
system is well known to monitor multiple parameters of
thelight environment (wavelength, fluencerate, etc.), to do
so in multiple sensory ‘modes (LFR, VLFR, HIR, etc.),
and to regulate multiple facets of growth and development
throughout the plant life cycle via modul ated gene expres-
sion (Kendrick & Kronenberg 1994). Studieswith photore-
ceptor mutants of Arabidopsis have shown that some of
this sensory complexity, at least in early seedling develop-
ment, is attributable to the fact that phyA is predominantly,
if not exclusively, responsible for FRc perception in the
FR-HIR, whereas phyB is predominantly responsible for
Rc perception in the R-HIR, and that the two phy-
tochromes transduce mutually antagonistic signals in
response to Rc or FRc enrichment (see Quail et al. 1995;
Smith, Xu & Quail 1997).

To begin to map the determinants involved in this photo-
sensory specificity, reciprocal domain-swap experiments
have been performed in which the NH,-terminal domain of
phyA fused to the COOH-terminal domain of phyB at posi-
tion 673 (phyA/B) and the converse fusion protein
(phyB/A) have been overexpressed in transgenic
Arabidopsis (Wagner et al. 1996b). The data show that the
wavelength-dependent seedling responses to Rc or FRc
mediated by the phyA/B fusion resemble those of phyA,
whereas the responses mediated by the phyB/A fusion
mimic those of phyB (Fig. 3). The evidence therefore indi-
cates that the determinants for the photosensory specificity
of phyA and phyB to FRc and Rc, respectively, residein the
NH.-terminal domains. Because deletion of the NH,-termi-
nal 52 residues of phyA (positions 37-94) produces atrans-
gene-encoded molecule defective in FRc perception, but
retaining Rc responsiveness, it is possible that one or more
of these determinants of phyA photosensory specificity
residein this short-terminal segment (Boylan et al. 1994).

On the other hand, the NH.,-terminal domain of neither
phyA (Boylan et al. 1994) nor phyB (Wagner et al. 1996a)
when expressed alone exhibits normal biological activity
(Fig. 3) despite being fully photoactive and having appar-
ently normal spectral properties. Thisresult indicatesthat a
contiguous COOH-terminal domain provides determinants
necessary for transmission of perceived photosignals.
Because the COOH-terminal domains of phyA and phyB
appear to be fully interchangeable in this function, the crit-
ical COOH-terminal determinants appear to be common to
both phytochromes (Wagner et al. 1996b). From these data
alone, it cannot be determined whether this domain playsa
purely structural role or isdirectly involved in signal trans-
fer. However, at least for phyB, the COOH-terminal
domain is not capable of autonomously performing phyB
function (Fig. 3; Wagner et al. 1996a). Thisresult indicates
that the phytochromes appear to be unlike some biological
molecules, such as receptor kinases, in which removal of
the ligand-binding (receptor) domain resultsin constitutive
activation of the signalling (catalytic) domain (Struhl,
Fitzgerald & Greenwald 1993).
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Figure 2. Dua molecular functions of the phytochromes. The photoreceptor molecule can be considered to have two sequential functions:
sensory, defined as perception and interpretation of signals from the light environment, and regulatory, defined molecularly as biochemical
transfer of the perceived signalsto transduction pathway components that ultimately regulate morphogenesis through altered gene expression.
The principal parametersin the light environment known to be monitored by the phytochrome system are shown to the | eft, as are the multiple
sensory ‘modes’ displayed by the photoreceptor: LFR = low fluence response; VLFR = very low fluence response; HIR = high irradiance
response; EOD-FR = end-of-day far red; R/FR ratio = theratio of the fluence rates of red to far red light (the parameter used for vegetative
shade or proximity detection). Major facets of plant growth and development controlled by the phytochromes are indicated to the right.

Regulatory activity

One strategy for identifying determinants in the phy-
tochrome protein potentially involved in downstream
signal transfer, as distinct from signal perception, is to
screen for missense mutations within the polypeptide
that do not affect expression level, spectral properties, or
gross structural properties (dimer formation, apparent
molecular cross-section), but do disrupt biological activ-
ity. Such mutant molecules can be considered to be com-
petent in photoperception but defective in regulatory
activity. The mutated resides detected in a series of such
screensinvolving phyA and phyB are compiled at the top
of Fig. 1 (see Quail et al. 1995; Wagner & Quail 1995;
Xu et al. 1995). A majority of these mutations (76%)
cluster at the proximal end of the COOH-terminal
domain (positions 681-838), designated the ‘core€
region, with multiple substitutions occurring at four
positions within an 18 residue sub-segment (positions
776-793). The data indicate therefore that this restricted
‘core’ region of the polypeptide contains determinants
necessary for effective communication of perceived light
signalsto the cellular transduction circuitry. Because the
COOH-terminal domains of phyA and phyB are func-
tionally interchangeable (Fig. 3) and because the regula-
tory missense mutations cluster in the same region for
both phyA and phyB (Quail et al. 1995; Wagner & Quail

1995; Xu et al. 1995), it would appear that the same
function is disrupted in both molecules by these muta-
tions. If the region between positions 681 and 838 is
directly involved in the transfer of signalling information
from photoreceptor to recipient transduction component,
the biochemical mechanism of thistransfer would appear
to be the same for phyA and phyB.

How could the specificity of signal perception deter-
mined by the NH,-terminal domains of phyA and phyB
be reconciled with a putative common biochemical mech-
anism of downstream signal transfer specified by the
‘core’ region? One possible formal model is depicted in
Fig. 4 (Wagner, Hoecker & Quail 1997). In this model,
the NH,-terminal domains of phyA and phyB carry dif-
ferent determinants that allow each to recognize (bind to)
its own cognate reaction partner(s) (target selection) upon
appropriate signal perception. The biochemical modifica
tion of the bound reaction partner involving the ‘core’
COOH-terminal region would then be identical in all
cases (e.g. phosphorylation of a residue in the reaction
partner). Subsequent steps in the signal cascade could
then either converge immediately or remain independent
to the point where the common cellular functions control -
ling the growth and developmental responses to phyA
and phyB are affected. This model is analogous to that of
many other families of receptor molecules, especialy the
receptor kinases.
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OVEREXPRESSED DEETIOLATION
PHYTOCHROME ACTIVITY
Rc ERc
A [ = ) * +
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Figure 3. Activity of transgene-encoded phytochrome derivatives
in enhancing the deetiolation process when overexpressed in
Arabidopsis. Constructs: A, oat phyA; B, rice phyB; AB, chimeric
protein with NH-terminal domain of oat phyA (positions 37—673)
fused to COOH-terminal domain of rice phyB (positions
673-1210); BA, chimeric protein with NH,-terminal domain of
rice phyB (positions 1-673) fused to COOH-terminal domain of
oat phyA (positions 673-1195); A/N, NH,-terminal domain of oat
phyA only (positions 37-673); B/N, NH,-terminal domain of rice
phyB only (positions 1-666); B/C, COOH-terminal domain of rice
phyB only (positions 647-1210). Deetiolation activity = capacity
of transgene encoded phytochrome to enhance deetiolation
(suppress hypocotyl elongation) of transgenic Arabidopsis
seedlingsin Rc or FRc. + = enhanced deetiolation relative to non-
transgenic Arabidopsis; — = no enhancement of deetiolation
relative to non-transgenic Arabidopsis; -* = quantitatively less
effective than rice phyB in enhancement of deetiolationin Rcona
per mole basis of overexpressed phytochrome. Data compiled from
Boylan & Quail (1991), Wagner et al. (1991), McCormac et al.
(1993), Boylan et al. (1994) and Wagner et al. (1996a,b).

An integrated picture

Several interesting insights emerge from considering the
various features or activities that have been defined for a
given region of the phytochrome molecule.

(1) The locations of the introns in the higher plant PHY
genes do not appear to correlate in any obvious way
with the structural domains or various functional activ-
ities described (Fig. 1). In addition, the algal phy-
tochromes have larger numbers of introns than their
higher plant counterparts (Lagarias et al. 1995;
Winands & Wagner 1996), and Arabidopsis PHYC
lacks the intron at position 1020 (Cowl et al. 1994).
The functional significance, if any, of these observa-
tionsis unknown.

(2) The region of the higher plant phytochromes that has
the highest sequence similarity to the Synechocystis
SLR0473 ORF (positions 119-640) corresponds
extremely well to the region most highly conserved
among the higher plant phytochromes themselves
(Fig. 1). Indeed 67% of the invariant residues in this
region of the plant phytochromes are aso invariant in
the Synechocystis sequence (data not shown). This
observation is consistent with the demonstrated
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functional homology between the cyanobacterial and
plant sequences in chromophore attachment and
photoreversibility.

(3) Each of the regions that undergo photoinduced confor-
mational changes overlaps with other activities. The
NH.-terminus (positions 1-136) and the region sur-
rounding position 406 are each within the larger domain
defined as determining the differences in the photosen-
sory specificity and Pfr-specific degradation between
phyA and phyB (Fig. 1). As each of these functions
requires phototransformation, each of these conforma-
tional changes is potentialy involved in either or both
functions. Similarly, the regions from positions
684—731 and surrounding position 814 both lie within
therelatively conserved ‘ core’ region, defined function-
ally as being necessary for downstream signal transmis-
sion (Fig. 1). This correlation would be consistent with
the notion that photoconversion induced conformational
changes expose surfaces in this region necessary for
biochemical transfer of perceived informationa signals
to phytochrome reaction partners (Fig. 4).

Photosensory Specificity

/pz;“ phyA

NH[ T -coon

TARGET SIGNAL TRANSFER
SELECTION (BIOCHEMICAL
(BINDING) MODIFICATION)

etc.

Figure 4. Two-point contact model of phytochrome action. NH,-
terminal domains of phyA and phyB are postulated to contain
distinct determinants which recognize specific cognate determinants
(protruding triangle or diamond) on separate reaction partners (X1
and X2, respectively) in response to photosignal perception (induced
target selection). Biochemical transfer of the perceived signal to the
reaction partner is postulated to be functionally identical for the two
photoreceptors and to involve interaction of the‘ core’ region
(stippled area) of the COOH-terminal domain of each witha
common determinant (indented triangle) present on all reaction
partners (X1, X2, etc.). Thus, the specificity in signal perception
exhibited by phyA and phyB involving the capacity to discriminate
between Rc and FRc signalsis postul ated to be transduced at the first
step viaselection of different cognate molecular targets that undergo
the samelocal biochemical modification in the process of signal
transfer from the photoreceptor. (From Wagner, Hoecker & Quiail
1997.)
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(4) It should be noted that, despite the attractiveness of the
possibility that the phytochromes may function as pho-
toregulated histidine kinases, none of the mutations
affecting regulatory activity thus far reported falls
within the postulated kinase domain, and site-directed
mutations targeted at conserved residues within this
domain failed to disrupt phytochrome activity in vivo
(Fig. 1). Although there are many possible explana-
tions for these observations, caution is still needed in
attempting to transpose the bacterial two-component
model directly to the phytochrome system.

CONCLUSIONS

Our contemporary view of the phytochrome molecule inte-
grates evidence from earlier biochemical, immunochemica,
and spectroscopic studies with that from more recent molecu-
lar and genetic studies. Many of the recent advances have
come from the capacity afforded by molecular and genetic
gpproaches to perform functional assays on mutagenized
moleculesin living plants, and to search for similar sequences
or structural motifsthat have identified functional activitiesin
the rapidly expanding sequence databases. Regions of the
molecule potentially involved in reaction partner recognition
andinsignd transfer have been identified by functiond assay,
and a domain with tantalizing sequence similarity to the
prokaryaotic sensor histidine kinases remainsthe best clue cur-
rently available to a potentia biochemical mechanism of sig-
nal transfer. Despite these advances, however, the picture we
have of the photoreceptor molecule remains relatively crude,
and the molecular mechanism of phytochrome action remains
to be identified. The continued use of the combined power of
quantitative photobiological, molecul ar-genetic and biochem-
ical approaches holds the promise of significant progress on
these problemsin the near future.

ACKNOWLEDGMENTS

| am grateful to the many colleagues who contributed to the
work from our laboratory cited here, to Jim Tepperman for
figure preparation, and to Ron Wells for preparing and
editing this manuscript. | aso thank K. C. Yeh and J. C.
Lagarias for permission to cite their data before publica-
tion. Our research is supported by a National Institutes of
Health grant (no. GM47475), aU.S. Department of Energy
grant (no. DE-FG03-87ER13742), a U.S. Department of
Agriculture (USDA) National Research Initiative
Competitive Grants Program grant (no. 96-35301-3154),
a National Science Foundation grant (no. MCB
95135590), and a USDA Agricultural Research Service
CRIS grant (no. 5335-21000-006-00D).

REFERENCES

Boylan M.T. & Quail P.H. (1991) Phytochrome A overexpression
inhibits hypocotyl elongation in transgenic Arabidopsis.
Proceedings of the National Academy of Sciences USA 88,
10806-10810.

Boylan M., Douglas N. & Quail P.H. (1994) Dominant negative
suppression of Arabidopsis photoresponses by mutant phyto-

chrome A sequences identifies spatially discrete regulatory
domainsin the photoreceptor. Plant Cell 6, 449-460.

Boylan M.T. & Quail P.H. (1996) Are the phytochromes protein
kinases? Protoplasma 195, 59-67.

Cherry JR. & Vierstra R.D. (1994) The use of transgenic plants to
examine phytochrome structure/function. In Photomorphogenesis
in Plants, 2nd edn (eds R. E. Kendrick & G. H. M. Kronenberg),
pp. 271-300. Kluwer, Dordrecht, The Netherlands.

Cherry JR., Hondred D., Waker JM. & Vierstra R.D. (1992)
Phytochrome requires the 6-kDa N-terminal domain for full bio-
logical activity. Proceedings of the National Academy of
Sciences USA 89, 5039-5043.

Cherry JR., Hondred D., Walker JM., Keller JM., Hershey H.P. &
Vierstra R.D. (1993) Carboxy-terminal deletion analysis of oat
phytochrome A reveal s the presence of separate domains required
for structure and biological activity. Plant Cell 5, 565-575.

Clack T., Mathews S. & Sharrock R.A. (1994) The phytochrome
apoprotein family in Arabidopsis is encoded by five genes: The
sequences and expression of PHYD and PHYE. Plant Molecular
Biology 25, 413-427.

Clough R.C. & Vierstra R.D. (1997) Phytochrome degradation.
Plant, Cell and Environment 20, 713-721.

Corngjo J., Bede SIl., Terry MJ. & Lagarias JC. (1992)
Phytochome assembly: the structure and biologica activity of 2
(R), 3 (E)-phytochromobilin derived from phycobiliproteins.
Journal of Biological Chemistry 267, 14790-14798.

Cowl J.S,, Hartley N. Xie, D.-X., Whitelam G.C., Murphy G.P. &
Harberd N.P. (1994) The PHYC gene of Arabidopsis. Absence of
thethird intron found in PHYA and PHYB. Plant Physiology 106,
813-814.

Deforce L., Tomizawa, K.-I. Ito N., Farrens D., Song, P.-S. &
Furuya M. (1991) In vitro assembly of apophytochrome and
apophytochrome deletion mutants expressed in yeast with phy-
cocyanobilin. Proceedings of the National Academy of Sciences,
USA 88, 10392-10396.

Deforce L., FuruyaM. & Song P.S. (1993) Mutational analysis of
the pea phytochrome A chromophore pocket: chromophore
assembly with apophytochrome A and photoreversibility.
Biochemistry 32, 14165-14172.

Edgerton M.D. & Jones A.M. (1992) Localization of protein—pro-
tein interactions between subunits of phytochrome. Plant Cell 4,
161-171.

Edgerton M.D. & Jones A.M. (1993) Subunit interactions in the
carboxy-terminal domain of phytochrome. Biochemistry 32,
8239-8245.

Furuya M. & Song P.S. (1994) Assembly and properties of holo-
phytochrome. In Photomor phogenesisin Plants, 2nd edn (eds R.
E. Kendrick & G. H. M. Kronenberg), pp. 105-140. Kluwer,
Dordrecht, The Netherlands.

Grimm R., Eckerskorn C., Lottspeich F., Zenger C. & Rudiger W.
(1988) Sequence analysis of proteolytic fragments of 124-kilo-
dalton phytochrome from etiolated Avena sativa L.: Conclusions
on the conformation of the native protein. Planta 174, 396-401.

Jones A.M. & Quail P.H. (1986) Quaternary structure of 124
kiloDalton phytochrome from Avena sativa. Biochemistry 25,
2987-2995.

Jones A.M. & Erickson H.P. (1989) Domain structure of phy-
tochrome from Avena sativa visualized by electron microscopy.
Photochemistry and Photobiology 49, 479-483.

Jones A.M., VierstraR.D., Daniels SM. & Quail P.H. (1985) The
roles of separate molecular domains in the structure of phy-
tochrome from Avena sativa L. Planta 164, 501-506.

Jordan E.T., Cherry JR., Walker JM. & VierstraR.D. (1995) The
amino-terminus of phytochrome A contains two distinct func-
tional domains. The Plant Journal 9, 243-257.

Kaneko T., Sato S., Kotani H., Tanaka A., Asamizu E., Nekamura

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 657-665



Y., Miygima N., Hirosawa M., Sugiura M., Sasamoto S,
Kimura T., Hosouchi T., Matsuno A., Muraki A., Nakazaki N.,
Naruo K., Okumura S., Shimpo S., Takeuchi C., Wada T.,
Watanabe A., Yamada M., Yasuda M. & Tabata S. (1996)
Sequence anaysis of the genome of the unicellular
Cyanobacterium Synechocystis sp. strain PCC6803. 1. Sequence
determination of the entire genome and assignment of potential
protein-coding regions. DNA Research 3, 109-136.

Kehoe D.M. & Grossman A.R. (1996) Similarity of a chromatic
adaptation sensor to phytochrome and ethylene receptors.
Science 273, 1409-1411.

Kendrick R.E. & Kronenberg G.H.M. (eds) (1994) Photo-
morphogenesis in Plants, 2nd edn. Kluwer, Dordrecht, The
Netherlands.

Kunkel T., Tomizawa K.I., Kern R., Furuya M., Chua N.H. &
Schéfer E. (1993) In vitro formation of a photoreversible adduct
of phycocyanobilin and tobacco apophytochrome B. European
Journal of Biochemistry 215, 587-594.

Lagarias J.C. & Lagarias D.M. (1989) Self-assembly of synthetic
phytochrome holoprotein in vitro. Proceedings of the National
Academy of Sciences USA 86, 5778-5780.

Lagarias J.C. & Mercurio F.M. (1985) Structure function studies on
phytochrome. Journal of Biological Chemistry 260, 2415-2423.

Lagarias D.M. Wu, S.-H. & Lagarias J.C. (1995) Atypical phy-
tochrome gene structure in the green alga Mesotaenium caldario-
rum. Plant Molecular Biology 29, 1127-1142.

Li L. & Lagarias J.C. (1994) Phytochrome assembly in living cells
of the yeast Saccaromyces cerevisiae. Proceedings of the
National Academy of Sciences USA 91, 12535-12539.

McMichael RW., Jr & Lagarias J.C. (1990a) Polycation-stimulated
phytochrome phosphorylation: Is phytochrome a protein kinase?
Current Topicsin Plant Biochemistry & Physiology 9, 259-270.

McMichael RW., Jr & Lagarias J.C. (1990b) Phosphopeptide map-
ping of Avena phytochrome phosphorylated by protein kinasesin
vitro. Biochemistry 29, 3872—-3878.

Mathews S., Lavin M. & Sharrock R.A. (1995) Evolution of the
phytochrome gene family and its utility for phylogenetic analy-
ses of angiosperms. Annals of the Missouri Botanical Garden 82,
296-321.

Parkinson J.S. & Kofoid E.C. (1992) Communication modules in
bacterial signaling proteins. Annual Reviews of Genetics 26,
71-112.

Quail P.H. (1991) Phytochrome: A light-activated molecular switch
that regulates plant gene expression. Annual Reviews of Genetics
25, 389-409.

Quail P.H. (1997) The phytochromes: A biochemical mechanism of
action in site? BioEssays, in press.

Quail P.H., Barker R.F., Colbert J.T., Daniels SM., Hershey H.P,,
Idler K.B., Jones A.M. & Lissemore J.L. (1987) Structural fea-
tures of the phytochrome molecule and feedback regulation of
the expression of its genes in Avena. In Molecular Biology of
Plant Growth Control (edsJ. E. Fox & M. Jacobs), pp. 425-439.
AlanR. Liss, New York.

Quail P.H., BoylanM.T., Parks B.M., Short T.W. Xu Y. & Wagner
D. (1995) Phytochromes: Photosensory perception and signal
transduction. Science 268, 675-680.

Rechsteiner M. (1991) Natural substrates of the ubiquitin prote-
olytic pathway. Cell 66, 615-618.

Rogers S., Wells R. & Rechsteiner M. (1986) Amino acid
sequences common to rapidly degraded proteins: the PEST
hypothesis. Science 234, 364-368.

Schneider-Poetsch H.AA.W. (1992) Signal transduction by phy-
tochrome: phytochromes have a module related to the transmitter
modules of bacterial sensor proteins. Photochemistry and
Photobiology 56, 839-846.

Schneider-Poetsch H.AA.W. & Braun B. (1991) Proposal on the

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 657-665

Phytochrome molecular map 665

nature of phytochrome action based on the C-terminal sequences
of phytochrome. Journal of Plant Physiology 137, 576-580.

Schneider-Poetsch H.AA.W., Braun B., Marx S. & Schaumburg A.
(1991) Phytochromes and bacteria sensor proteins are related by
structural and functional homologies. FEBS Journal 281, 245-249.

SmithH. Xu Y. & Quail P.H. (1997) Antagonistic but complemen-
tary actions of phytochromes A and B allow optimum seedling
de-etiolation. Plant Physiology, in press.

Somers D.E., Sharrock R.A., Tepperman JM. & Quail P.H. (1991)
The hy3 long hypocotyl mutant of Arabidopsis is deficient in
phytochrome B. Plant Cell 3, 1263-1274.

Song, P.-S. (1993) Phytochrome as a light switch for gene expres-
sion in plants. Molecules and Cells 3, 353-361.

Song P.-S., Park M.H. & Furuya M. (1997) Chromophore: apopro-
tein interactions in phytochrome A. Plant, Cell and Environment
20, 707-712.

Stockhaus J., Nagatani A., Halfter U. Kay S., Furuya M. & Chua,
N.-H. (1992) Serine-to-alanine substitutions at the amino-termi-
nal region of phytochrome A result in an increase in biological
activity. Genes and Devel opment 6, 2364-2372.

Struhl G., Fitzgerald K. & Greenwald I. (1993) Intrinsic activity of the
Lin-12 and Notch intracellular domainsin vivo. Cell 74, 331-345.

Tokutomi S., Nakasako M., Sakai J., KataokaM., Y amamoto. K.T.,
Wada M., Tokunaga F. & Furuya M. (1989) A model for the
dimeric molecular structure of phytochrome based on small-
angle X-ray scattering. FEBS Journal 247, 139-142.

VierstraR.D. (1993) Illuminating phytochrome functions— Thereis
light at the end of the tunnel. Plant Physiology 103, 679-684.

Vierstra R.D. (1994) Phytochrome degradation. In Photomor pho-
genesis in Plants, 2nd edn (eds R. E. Kendrick & G. H. M.
Kronenberg), pp. 141-162. Kluwer, Dordrecht.

Vierstra R.D. (1996) Proteolysis in plants: mechanisms and func-
tions. Plant Molecular Biology 32, 275-302.

Vierstra R.D. & Quail P.H. (1986) Phytochrome: the protein. In
Photomorphogenesis in Plants (eds R. E. Kendrick & G. H. M.
Kronenberg), pp. 35-60. Martinus Nijhoff, Dordrecht.

Wagner D. & Quail P.H. (1995) Mutational anaysis of phy-
tochrome B identifies a small COOH-terminal-domain region
critical for regulatory activity. Proceedings of the National
Academy of Sciences USA 92, 8596-8600.

Wagner D., Koloszvari M. & Quail P.H. (1996a) Two small spa-
tially distinct regions of phytochrome B are required for efficient
signaling rates. Plant Cell 8, 859-871.

Wagner D., Fairchild C.D., Kuhn RM. & Quail P.H. (1996b)
Chromophore-bearing NHsub 2-terminal domains of phy-
tochromes A and B determine their photosensory specificity and
differential light lability. Proceedings of the National Academy
of Sciences USA 93, 4011-4015.

Wagner D., Hoecker E. & Quail P.H. (1997) RED1 is necessary for
phytochrome B-mediated red light specific signal transductionin
Arabidopsis. Plant Cell, in press.

Wahleithner JA. Li L. & Lagarias J.C. (1991) Expression and
assembly of spectrally active recombinant holophytochrome.
Proceedings of the National Academy of Sciences USA 88,
10387-10391.

Winands A. & Wagner G. (1996) Phytochrome of the green aga
Mougeotia: cDNA sequence, autoregulaiton and phylogenetic
position. Plant Molecular Biology 32, 589-597.

Wong, Y .-S., Cheng, H.-C., Walsh D.A. & Lagarias J.C. (1986)
Phosphorylation of Avena Phytochrome in Vitro as a Probe of
Light-Induced Conformational Changes. Journal of Biological
Chemistry 261, 12089-12097.

Xu Y., Parks B.M., Short TW. & Quail P.H. (1995) Missense
mutations define a restricted segment in the COOH-termina
domain of phytochrome A critical to itsregulatory activity. Plant
Cell 7, 1433-1443.



