
Plant Molecular Biology 20: 1003-1017, 1992. 
© 1992 Kluwer Academic Publishers. Printed in Belgium. 1003 

Molecular cloning of a novel phytochrome gene of the moss Ceratodon 
purpureus which encodes a putative light-regulated protein kinase 

Fritz Thtimmler 1, Monika Dufner 1, Peter Kreisl 2 and Peter Dittrich ~ 
1Botanisches Institut der Universittit Mfinchen, Menzingerstrasse 67, D-8000 Miinchen 19, Germany," 
2 MIPS, Martinsrieder Institut fiir Proteinsequenzen, am MPI fiir Biochemie, Am Klopferspitz 18, D-8033 
Martinsried, Germany 

Received 7 May 1992; accepted in revised form 24 July 1992 

Key words: moss, photoreceptor, phytochrorne, protein kinase, protein-tyrosine kinase, signal 
transduction 

Abstract 

The phytochrome gene (phyCer) of the moss Ceratodon purpureus was isolated and characterized, phyCer 
is composed of three coding exons: exon I of 2035 bp, exon I! of 300 bp and exon III of 1574 bp. The 
deduced polypeptide encoded by exon I and II exhibits substantial sequence homology to the conserved 
NH2-terminal chromophore domain of known phytochromes. In contrast, the COOH-terminal polypep- 
tide encoded by exon III shows no sequence homology to any phytochrome molecule, phyCer most likely 
represents a single-copy gene and is expressed in a light-independent manner. From the DNA sequence 
analysis it can be deduced that the PhyCer polypeptide is composed of 1303 amino acids (including the 
starting Met) which predicts a molecular mass for PhyCer of 145 kDa. The polypeptide encoded in exon 
III exhibits striking homology within the 300 carboxy-terminal amino acids to the catalytic domain of 
protein kinases. The carboxy terminus of PhyCer was found to be most homologous to protein-tyrosine 
kinases of Dictyostelium discoideum and to the products of retroviral oncogenes which belong to the 
Raf-Mos serine/threonine kinase family. From the hydropathy profile PhyCer appears to be a soluble 
protein. The predicted structure suggests that PhyCer represents a soluble light-sensor protein kinase 
which is linked with a cellular phosphorylating cascade. 

Introduction 

Phytochrome is one of the most important pho- 
toreceptors in plant cells. The red/far-red revers- 
ible chromoprotein controls a wide variety of 
photomorphogenetic responses including regula- 
tion of gene expression [24, 28, 44]. In an- 
giosperms phytochrome is encoded by a small 

gene family of four to five divergent members. The 
primary structures of phyA, which code for labile 
phytochrome (PI) and of phyB and phyC, which 
are thought to code for stable phytochrome (PII) 
have been determined [39, 9]. A partial sequence 
of a phytochrome, designated phyD, was reported 
by R~idiger and Thammler [29]. 

Despite many efforts, the signal transduction 

The phyCer sequence was submitted to the Martinsried Institute of Protein Sequences (MIPS; MPI f. Biochemie, FRG) under 
the accession number $20160. 
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chains that link the light dependent activation of 
phytochrome with the physiological plant re- 
sponses are still unknown. So far the sequence 
analysis of phytochrome genes has not provided 
many clues about possible signal transduction 
mechanisms. Interestingly, Schneider-Poetsch 
et al. [36, 37] found that the COOH-terminal do- 
mains of phytochrome of the fern SelagineIla 
martensii and the angiosperm phytochromes ex- 
hibit substantial homology to the cytosolic, 
COOH-terminal parts of bacterial sensor pro- 
teins, which are involved in the transduction of 
chemical stimuli within bacterial cells. These bac- 
terial sensor proteins are generally composed of 
a NH2-terminal sensor domain and a COOH- 
terminal catalytic regulator domain [42]. Thus, 
according to this model, phytochrome is com- 
posed of a NH2-terminal domain functioning as 
a conserved light sensor and a catalytic, COOH- 
terminal regulator domain. However, up to now 
there exists no direct evidence supporting the ex- 
istence of a catalytic activity of the COOH- 
terminal part of any phytochrome molecule. 

The presence of several different phytochromes 
that respond to the same light stimulus compli- 
cate the analysis of phytochrome action in higher 
plants. For this reason, we looked for a more 
simple plant system to analyse the molecular ac- 
tion of phytochrome. 

The development of mosses is in many ways 
under the control of phytochrome [20]. The best 
investigated example for phytochrome action in 
mosses is the red light-dependent positive pho- 
totropism of Ceratodon purpureus protonemata 
[ 19]. The low level of organization makes mosses 
a simple model system to study more complex 
cellular processes. Therefore we decided to inves- 
tigate phytochrome action in the moss C. pur- 
pureus. Recently we were able to isolate phyto- 
chrome sequences from C. purpureus using the 
polymerase chain reaction [45]. We used these 
DNA-probes to screen a C. purpureus genomic 
library and were able to isolate and characterize 
a genomic clone coding for C. purpureus phyto- 
chrome. 

Here we report the complete sequence of the 
phytochrome gene of C. purpureus (phyCer). 

phyCer represents an unusual, novel phytochrome 
gene. In contrast to all known phytochromes, the 
3' terminus of phyCer codes for a putative 
polypeptide with striking homology to protein ki- 
nases suggesting that phytochrome in mosses is a 
light-regulated protein kinase. The meaning of this 
finding for the understanding of phytochrome- 
dependent photomorphogenesis in plants will be 
discussed. 

Materials and methods 

Plant materials 

Experiments were performed with sterile cultures 
of Ceratodon purpureus (Hedw.) Brid. protone- 
mata which were originally derived from a single 
spore [18]. The cultures, a gift of Dr E. Hart- 
mann, were subcultured by vegetative regenera- 
tion. The protonemata were grown in sterile 
liquid cultures or on solid medium containing 
1.2~o (w/v) agar at 20 °C under a light regime of 
18 h light and 6 h dark. The medium used is a 
modified Kofler's medium described by Saxena 
and Rashid [35] containing: Ca(NO3)2.4H20 
(50 mg/1), K2SO 4 (100 mg/1), KH2PO 4 (220 rag/ 
1), FeSO4.7H20 (10mg/l), ZnSO 4 (lmg/1), 
KNO3 (770rag/I), KC1 (250rag/I), MgSO4 
(250 mg/l), Na2EDTA (10 mg/1), H3BO 3 (1 rag/ 
1), MnSO4 (0.1mg/1), KJ (0.01rag/I), CuSO4 
(0.03 mg/1), 1 ~o (w/v) glucose. The pH was ad- 
justed to 5.8 using 0.1 M NaOH. 

Oat seedlings (Arena sativa L. cv. Pirol; 
BayWa, Munich, FRG) were grown on Vermic- 
ulite at 25 °C in the dark for 3.5 days. Arabidopsis 
thaliana cv. Eil-O was grown for four weeks in a 
greenhouse in soil under short-day conditions (8 h 
light/16 h dark). 

Genomic library construct&n and screening 

C. purpureus genomic DNA was isolated accord- 
ing to a miniprep method as described by Davis 
et al. [6]. An additional precipitation step with 
LiC1 to remove RNA and further interfering im- 



purities from the DNA preparations was per- 
formed. The genomic library was constructed with 
Sau3AI partial digested, size fractionated DNA 
and the LambdaGEM-11 phage vector (Promega) 
cut with Xho I according to the protocol provided 
by the manufacturer. The cloning strategy using 
partially filled-in Xho I lambda arms and partially 
filled-in Sau3AI-cut genomic DNA was followed. 
About 18 000 recombinant phages were obtained 
in a typical cloning experiment. Without further 
amplification the phages were screened with the 
phyCer.specific probe, which was derived from a 
PCR fragment amplified with the primer combi- 
nation L456/R740 [45]. Hybridization was car- 
ried out with a DIG-dUTP (Boehringer Mann- 
heim) labelled, single-stranded probe. The 
labelling reaction was carried out with Amplitaq 
(Perkin Elmer Cetus) as described [45]. Plaque 
hybridization was carried out at low stringency in 
30~o formamide, 5 x SSC (0.75 M NaC1, 0.075 
sodium citrate), 5 ~o blocking reagent (Boehringer 
Mannheim), 0.1 ~o N-lauroylsarcosine, 0.02~o 
SDS and denatured salmon sperm DNA (100 #g/ 
ml) for 18 h at 42 °C. Filters were washed in 
2x SSC, 0.1~o SDS at room temperature with 
final washes at 50 °C. Immunological detection 
of the hybrids was performed with the DIG DNA 
detection kit (Boehringer Mannheim) according 
to the kit instructions. 

DNA subcloning, PCR experiments, nucleotide se- 
quencing and sequence analysis 

All manipulations were carried out according to 
standard protocols [2]. Conditions for PCR ex- 
periments, cloning of PCR fragments and label- 
ling of PCR fragments were essentially as de- 
scribed [45]. Phage insert fragments and 
derivative subfragments were cloned into the 
pBluescript-KS+(Stratagene) plasmid vector. 
Nucleotide sequence determination was carried 
out by the dideoxy chain termination method [32] 
with double-stranded DNA templates using the 
T7 DNA polymerase (Pharmacia). Subclones for 
further sequence analysis were obtained by se- 
quential deletions. The data were analysed on 
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VAX-computers using GCG sequence analysis 
programs [10] at Martinsried Institute for Pro- 
tein Sequences (MIPS), MPI far Biochemie, 
FRG. Multiple sequence alignments were made 
with the PILEUP program using standard pa- 
rameters; the resembling phylogenetical distances 
of the aligned sequences were calculated with the 
DISTANCES program. Homology plots were 
drawn with the PLOTSIMILARITY program. 

Mapping of intron-exon boundaries (reverse PCR) 

Poly(A) + RNA was prepared by chromatogra- 
phy of total RNA isolated from C. purpureus pro- 
tonemata (see below) on oligo-dT-cellulose 
(Type 7, Pharmacia). About 1 #g of poly(A) + 
RNA was used to synthesize oligo-dT-primed 
cDNA with the M-MLV reverse transcriptase 
(BRL), in a 20 #1 reaction volume. The reaction 
mix was brought to 100/A with H20 and 1 #1 was 
used directly in a subsequent PCR experiment. 
The oligonucleotide primers used were L2480 (5'- 
T G A G C A G A G A A T G T T C A T G G A C A G - 3  ' ) 
and primer R3553 (5'-GCTGAAGAACCACT- 
TCCCAAGCTC-3')  (L= sense, R-- antisense 
primer; the numbers indicate the positions of the 
5'-terminal nucleotides within phyCer relative to 
the initiation ATG). The PCR products were pu- 
rified on agarose gels, extracted from the gels with 
GEANCLEAN (BIO 101, USA) and subcloned 
into pBluescript. Nucleotide sequence determina- 
tion was performed as described above. 

Southern blot analysis 

For Southern blot analysis of the phyCer gene, 
10 #g genomic DNA was digested with Eco RI or 
Hind III. The resulting fragments were separated 
by electrophoresis through a 1 ~o agarose gel and 
blotted onto Biodyne A (PALL) nylon membrane. 
The DNA was fixed to the membrane by UV 
treatment. Synthesis of the single-stranded, DIG- 
dUTP-labelled probes, hybridization and immu- 
nological detection of the hybrids was essentially 
as described above for screening except that hy- 
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bridization solutions contained 50% formamide 
instead of 30% formamide. The subcloned 
Eco RI/Pst I and 1.2 kb Hind III fragments were 
amplified prior to labelling with PCR using the T3 
and T7 sequencing primers. 

Northern blot analysis 

Total RNA was isolated with a hot phenol method 
as described by de Vries et al. [ 11]. RNAs were 
prepared from light-grown C. purpureus protone- 
mata, from protonemata kept in the dark for 3 
days prior to RNA extraction, from 3.5-day-old 
etiolated oat seedlings and from leaves of 4-week- 
old A. thaIiana plants, kept 3 days in the dark 
prior to RNA extraction. The RNAs (10 gg per 
lane) were separated in a formaldehyde contain- 
ing, 1~o agarose gel and blotted to Biodyne A 
(PALL) nylon membrane. The RNA was fixed to 
the matrix by UV-treatment. The blots were hy- 
bridized with single-stranded 32p-dCTP-labelled 
probes at high stringency as described above for 
Southern analysis. C. purpureus blots were hy- 
bridized with the phyCer-specific PCR probe used 
for screening. The oat phyA probe was derived 
from a PCR fragment obtained with the primer 
combination L721/R1676 [45] and the full-length 
cDNA clone HM41 coding for oat phytochrome 
[47]. The A. thaliana phyA probe was derived 
from a PCR fragment obtained with the primer 
combination L1318/R1676 [45] and the genomic 
clone d4 containing the phyA gene of A. thaliana 
(Rollfinke and Thtimmler, unpublished). Synthe- 
sis of the single stranded, 32P-dCTP-labelled 
probes was performed as described previously 
[45]. Hybrids were detected by autoradiography. 
Transcript sizes were estimated from mobility 
relative to RNA molecular standards (Boehringer 
Mannheim). 

Results 

Isolation and characterization of phyCer 

ThephyCer-specific probe which was amplified in 
a PCR experiment with the primer combination 

L456/R740 [45] was used to search a C. pur- 
pureus genomic library (PCR probe; Fig. 1A). Of 
ca. 18000 plaques, four reacted positively with 
the phyCer probe. The positives were plaque pu- 
rified; one of the initial clones turned out to be a 
false-positive. The remaining three clones exhib- 
ited similar restriction maps implicating that they 
are carrying the identical, partly overlapping gene. 
TheQclone designated A2 was used for further 
analysis. The physical map of A2 is given in 
Fig. 1A. The 5.8 kb Xho I fragment of A2 which 
hybridizes to the PCR probe and most likely con- 
tained phyCer completely was subjected to DNA 
sequence analysis. The nucleotide and derived 
amino acid sequences are shown in Fig. 2. The 
sequence analysis revealed that phyCer is com- 
posed of 3 major open reading frames (ORF): 
ORF I of about 2000 bp, ORF II of about 300 bp 
and ORF III of about 1500 bp. 

The putative polypeptides encoded by ORF I 
and II exhibit striking sequence homologies to the 
NH 2 terminal, chromophore binding domain of 
the known phytochrome polypeptides (see below; 
Table 2). Because of the high degree of homology 
of phyCer to the phyA genes it was possible to 
localize the precise boundaries of exons I and II 
of phyCer based on the presence of conserved 
splice junctions. Exon I codes for a polypeptide 
of 678 amino acids calculated from the first in 
frame Met; the exon II-encoded polypeptide is 
100 amino acids long. Exon I and II are separated 
by a 296 bp intron. As mentioned above, the gene 
structure of the phyA genes and the phyCer gene 
is conserved in this region (Fig. 1B). A large exon 
(exon I in phyCer) of about 2000 bp is coding for 
the chromophore-binding domain followed by a 
short intron (intron 1 in phyCer). The exon-intron 
junctions of this intron are conserved between 
phyCer and all known phyA genes and are most 
likely conserved in all phy genes [30]. Interest- 
ingly, exon II, which is about 820 bp long in all 
known phytochrome genes [5, 21, 23, 33] is only 
partly present in the phyCer gene. The corre- 
sponding exon II stops 300 nucleotides down- 
stream from the intron 1/exon II junction. 

In contrast to the phyA genes, the COOH ter- 
minus of phyCer is encoded by a long continuous 
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Fig. 1. Analysis of the phyCer gene. A. Restriction map of the genomic clone A2. E, H, P and X represent restriction sites ofEco RI, 
Hind III, Pst I and Xho 1, respectively. The thick bar indicates the site of hybridization of the 289 bp DNA fragment (PCR probe) 
used for screening. B. Comparison of the structures of the phyCer gene and the phyA gene from oat [21]. The 5.8 Xho I fragment 
of A2 containing the phyCer gene is shown at the top. X represents the restriction sites ofXho I. The black boxes indicate the coding 
sequences. The open boxes indicate intron sequences and the lines indicate 5' and 3' flanking sequences. I, II and I I I=  exon I, 
II and III of phyCer; 1 and 2 = intron 1 and 2 of phyCer. The arrowheads indicate the positions of the chromophore attachment 
sites. 

ORF (see Fig. 1B). The predicted polypeptide en- 
coded in ORF III has no sequence homology to 
the known phytochrome polypeptides. 236 bp 
downstream of the termination codon (TGA) of 
ORF III a polyadenylation signal (AATAAA) is 
found, implicating that ORF III is coding for the 
COOH terminus of the phyCer polypeptide. 
Downstream of the polyadenylation signal other 
consensus sequences are found, which are con- 
sidered to be also essential for the formation of 
active mRNA; 23 bp downstream of AATAAA 
the sequence TGTGTTCC is found which fits the 
consensus sequence YGTGTTYY present in 
many mammalian mRNAs [25]; 10 bp down- 
stream of this sequence the motif CAYTG is 
present which is usually found close to the site of 
poly(A) addition [3 ]. It is interesting to note that 
all consensus sequences involved in precise poly- 
adenylation in mammals are present in the 3' 
terminus of phyCer; genes of higher plants are 
usually much more diverse in this region [7]. 

To prove that this unusual phytochrome gene 
is indeed an actively transcribed gene and to lo- 

calize the precise exon/intron boundaries between 
exon II and ORF Ill  we investigated the corre- 
sponding cDNA of phyCer, cDNA clones of in- 
terest were isolated with the reverse PCR method 
[13] using primer combinations flanking the pu- 
tative exon/exon boundary. With poly(A) + 
mRNA isolated from C. purpureus protonemata 
oligo(dT)-primed single-stranded cDNA was 
synthesized. With the primers L2480/R3553 and 
the single stranded cDNA as template a PCR 
product of about 900 bp was obtained. Sequence 
analysis of this PCR product revealed that exon 
I! and ORF III are indeed spliced together into 
an actively transcribed mRNA. From this clone 
the precise exon/intron boundaries between exon 
II and exon III could be localized; the size of 
intron 2 turned out to be 210 bp. Figure 3 shows 
the sequence data around the junction site be- 
tween exon II and III. The phyA genes contain 
introns within the 5' non-coding region; in the 
case of rice this intron is 2582 bp long [23]. It is 
not known if phyCer contains a corresponding 
intron in this region. This is possible since up- 
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2680 2700 2720 2740 2760 2780 

cctttcctgcttttgtattaaagttgtagtaggatgtgcctagttaqtgtggatttataagtgtagtatgtcaagC~ttctacctagtttctaa~gaataattgatgatcCa~taca¢a 
2800 2820 2840 2860 2880 2900 

c a g t t a g c t t g t t t c t c t t t a c t t a g a a t t a a t t t t t g c g c a a t g c c g t t ~ c t t c c a a g c a g A T C A T G C T A C C G G A T C A G T G ~ A A A G A C T T G A T T T ~ T A ~ G A ~ c ~ C A G ~ G ~ T  G 
779 D H A  G S V E R L D L Y L R R A E E C  

2920 2940 2960 2980 3000 3020 

TATGGAGGT~TGGAAAcGA~C~TCACC~A~ATTT~C~C~GCAGT~CC~TAT~TGCTGGTAAA~TcA~A~CAG~CTT~AG~AAGCTTG~CTT~ATATCG~AT~ 
7 9 9 M E V M E T  P S P  F N N K Q C Q Y L A G K  K A V L Q S A S L F L R  S H H  

3040 3060 3080 3100 3120 3140 

TG~CCATG~TGGTGCGTCTATA~ACATGGG~GACATGTTGAAAT~TC~G~TACTG~CATT~CAA~GGAGATTGAAAG~C~AT~CT~ATGAG~ 
839 HH LG S I D  G R H V E I F K L L L A  A K E I E S F I Q G C C  D E W  

3160 3180 3200 3220 3240 3260 

GATCA~GCTGCAATGACA~GA~A~ACGTGTCGGA~TA~GTcT~TC~GGATTT~CTTGGAG~GTGTA~TTGC~TT~TGC~GT~TG~C~GT~CA~ 
8 7 9 I K A A M T  T N V  E Y V S S M G F N L E L  K I A F C K S C A A S G  L T L  

3280 3300 3320 3540 3360 3380 

AGATC~TTG~GTCATCTGCA~AGATG~GCCG~GTCG~%AAGAAA~TCT~TTGATGTAGACACCCTA~T~GGT~T~TA~ATCTG~C~GACCTTG~GTAG 
919 Q I E V I  K D E  E V V K R N A S I D V D  L F A K V I Y D L T E K  L S S  

3400 3420 3440 3460 3480 3500 

~AT~G~AT~TGGCCATCTACTTACTC~AAAGA~TA~GAG~GC~ATTCTG~C~TCA~AccATCTT~TGG~FF~A~A~ATTGGAGTTTT~CTGA 
9 5 9 0 Q N D L A  Y L L  R L K R A K P I L P S F  S R P S W W N F Y D D W  F S E  

3520 3540 3560 3580 3600 3620 

AAAA~CTTTC~TGGATCCA~AT~CAG~AGCT~G~G~GTTC~GcAACTGTAGAAAAGGCA~TGGTTGGG~GTTGcCAAG~GA~TT~ATGGA~CJ%AT~ 
999 F F Q W I I T G S L G  G S S A T V E K A  W L G T P V A K K T F Y  R N N  

A 

A3640 3860 3680 3700 3720 3740 

~G~GATTTCAAGA~G~GTTGAAATCTTAG~AG~TTA~TCAT~cG~AT~A~T~ATGTTTTGTAGT~T~A~CAAG~cA~A~AT~TTG~AT~ 
1039 D F K R E V E I L  EL H P N I T S M F C  P L Y R R K C 6 1  M E L M D G  

3760 3780 3800 3820 3840 3860 

~AT~CTT~CT~ATG~AAAG~GATT~GA~A~AAA~GAT~ATGA~ATTTT~CA~T~G~TTGATA~ATCCTT~%Ac~~Ac~ 
1 0 7 9 0 L L A L M  R R L  RN D H D S P P F S I L E V V D I I L Q T S E G  N Y L  

3880 3900 3920 3940 3960 3980 

TCATGA~GG~TCATTCAcAG~ATCTG~GTC~TG~ATTC~A~GTGTG~GGT~CAAAATcG~AGA~GGATATG~CA~TCAA~TAGCTGACTTTGGTc~TC 
I I I g H E K G I I H R D L K S M  I L V K S V K V T  SE G Y V  V K V A D F G L S  

4000 4020 4040 4060 4080 4100 

~AGACA~GATT~AGCAC~GATATTC~ACCAGAC~CAGGGGTACC~TAGATGGATGG~CCCG~GTTATA~ACCTT~A~GAAA~TACTG~A~AAAT~ 
I I 5 9 K T K D S S T R Y S N Q T  N R G T N R W M A  EV N L G  E S T E G E I S F  

4120 4140 4160 4180 4200 4220 

TGAT~G~TG~A~TA~TTA~T~GATGTTTA~AGTTT~GGGAT~GTTTGCTATGA~TATTGA~T~AGATGTT~CT~cC~G~GR~G~Tc~CAAT~T~ 
l I 9 9 D G K V P K Y P L K S D V  S F G M V C Y E V  TG V P F  E E K N P N N V K  

4240 4260 4280 4300 4320 4340 

GAG~TGGTC~GGA~TGTCCGCCCAGACTTACCTGCTCAT~TCC~TTGAGCTG~GGCTTT~A~ACAGATT~T~G~CC~GACC~C~GAG~TCCTTTGCTGT~T 
1 2 3 9 R M V L E G V R P D L P A  C P I E L K A L I T D C W N Q D  L K R P S F A V I  

4360 4380 4400 4420 4440 4460 

CTGT~AAAAATTGA~ATATTT~AAATATTTA~GAT~CA~T~GCTTT~AGT~T~GTT~TC~ACTTCCAAAtgacgcaattt~aggatgaggtgcataacattta~cacaatat 
1 2 7 9 C Q K L K Y L K Y L L M T  K L S S H S Y L T S K  

4480 4800 4520 4540 4560 4580 

tc~c~catttga¢atgaaatg9atttgttcattcatcgaaaatgagcctttaaa~caaattctgtaatttcct0taaaagtat~gg~taatataaaaca~gaag9ataat~a~aaaa 
4600 4620 4640 4660 4680 4700 

t0t~tgatc~a~tcattg~aa~a~g~aaatcgttttaaat~cactt~t~aa0ta9aacagtaccactat0gaaataaac~c~aa¢t~aaa~a~a 
4720 4740 4760 4780 4800 4820 

ccac~qattgtagttcc~tttatgtta~tca~ta~t~aCatCgaact~c~tggaat~aaCttt~tgatgtttcca~gagag~caa~tt~aca~&tt~&aa~&~ca&~aaa~t~ 
4840  4860 4880 4900 4 9 2 0  4~40  

g c a t ~ c a ~ t a t ~ a ~ c t a a t ~ t ~ a ~ a ~ a t ~ t t t t t g a ~ a t a a c t ~ a a t t ~ a ~ c c c a t ~ a t t ~ a a c ~ a ~ a a ~ t ~ c a a t t ~ a ~ t ~ a ~ t ~ c t ~ ¢ a ~ t  

4 9 8 0  4880 5000 5020  s 0 4 0  5 0 8 0  

tatcc~=aa¢tg~a~accatc~aa~tggcacua~cac~¢atctcttcca~c~ccaaaacaaaatc~ag~t~a9c~t~c~a9~c~atq~g~ca~ q 
5080 5100 5120  5140  5 1 6 0  5 1 8 0  

~aaac~aa~tcat0atatggaag¢catagggaacatcctc¢agtccacttta¢ttcaqgcacc~ca~ca~atc¢a~a~ca9qct~aa~cc~agcaaq~t~a9~tta~ 
5200 5220 5240 5260 

Ccaa~a~atac~tgc~ca~tcatgaaacttccacggac~tagcgtccaa~aaatct~t~tgcat0ccataacaaacagatcat~c~a ~ 

Fig• 2. Nucleotide and derived amino acid sequences of phyCer. The coding regions are represented by capitM letters; intron and 
flanking regions ~e  shown in lower-case letters. Nucleotides ~e  numbered above the sequences; amino acids ~ e  numbered 
the leR side stating with the first in-~ame methionme of the phyCer-encoded polypeptide. Consensus sequences presumably re- 
volved in polyadenylation of the phyCer transcript are underlined. The ~row indicates the approximate position of the beNnning 
of the protein kinase catNytic domain (see Fig. 4). 
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Fig, 3. Mapping of intron 2; nucleotide sequence analysis of 
the cDNA clone obtained by the reverse PCR experiment. The 
sequence aroun~t the junction of exon II and exon III is shown. 
GATC are the respective lines of the dideoxy sequencing lad- 
der. 

stream of the putative initiation ATG we were not 
able to detect conserved sequence motives which 
are usually found in typical eucaryotic plant pro- 
moters. 

The 3' terminus of phyCer exhibits homology to 
protein kinases 

A database comparison of the amino acid se- 
quence of the polypeptide encoded in exon III 

revealed striking homology within the 300 car- 
boxy-terminal amino acids to the catalytic do- 
mains of protein kinases. Each residue thought to 
be essential to phosphotransferase activity [ 17] is 
present at an analogous position in PhyCer (see 
Fig. 4). PhyCer was found to be most homolo- 
gous to previously described protein-tyrosine ki- 
nases of Dictyostelium discoideum [43] (DPYK1 
and DPYK2) and to the products of retroviral 
oncogenes and their cellular counterparts which 
belong to the Raf-Mos serine/threonine kinase 
family [16] (see Table 1). 

The catalytic region of the kinase domain of 
PhyCer was compared with over 120 protein ki- 
nase catalytic domains included in the SALK 
protein-kinase database [ 16] using GCG multiple 
alignment programs [ 10]. The PILEUP program 
[12] clustered the PhyCer kinase between Mos 
and Raf protein serine/threonine kinases together 
with DPYK1 and DPYK2 (see Fig. 4 in Hanks 
and Quinn [16]. The phylogenetic distances and 
the percentage of identical residues between the 
different kinases are given in Table 1. The multi- 
ple alignment is shown in Fig. 4. The homology 
of PhyCer to DPYK1, DPYK2 and Raf and Mos 
is interesting: Raf and Mos represent serine/ 
threonine kinases which are phylogenetically 
closest to the protein-tyrosine kinases [17]; 
DPYK1 and DPYK2 are protein-tyrosine kinases 
which possess elements of both protein-tyrosine 
and serine/threonine kinases [43]. In fact, PhyCer 
also exhibits this 'structural mosaic' (see Fig. 4). 

Table 1. Phylogenetical distances and percentage of identical residues between the kinase catalytical domain of protein kinases 
which are closest to PhyCer. 

DPYK1 DPYK2 A-Raf C-Src PhyCer C-Mos 

DPYK1 - 59 (42) 49 (32) 47 (32) 46 (31) 43 (25) 
DPYK2 - 53 (32) 52 (33) 49 (33) 46 (29) 
A-Raf - 54 (34) 47 (31) 45 (26) 
C-Src - 46(30) 46(31) 
PhyCer - 38 (22) 

The distance value is the number of matches between each sequence pair divided by the length of the shorter sequence of the pair 
without gaps multiplied by 100. Percentage of identical residues (in parenthesis) were calculated by dividing the number of identical 
residues between each sequence pair by the length of the shorter sequence of the pair without gaps and multiplying the result by 
100. The region of the kinase domains compared to each other is shown in Fig. 4. References for A-Raf, C-Mos and C-Src are 
found in Hanks and Quinn [16], DPYK1 and DPYK2 in Tan and Spudich [43]. 
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1004 
I I I  I I I  IV 

C-Mos VCLLQRLGAGGFGSVYKATYRGV.PVAIKQVNKCTKNRLASRRS . . . .  FWAELNV.ARLRHDNIVRWAASTRTPAGSNSLGTI 
A-Raf VQLLKRIGTGSFGTVFRGRWHGD..VAVKVLKVSQ . . . . .  PTAEQAQAFKNEMQVLRKTRHVNILLFHGFMTRPG...FAIITQ 
C-Src LRLEVKLGQGCFGEVWMGTWNGTTRVAIKTLKPGT . . . . .  MSPE...AFLQEAQVMKKLRHEKLVQLYAWSEEP...IYIVTE 
DYKI LEFGQTIGKGFFGEVKRGYWRET.DVAIK . . . .  IIYRDQFKTK$SLVMFQNEVGILSKLRHPNWQFLGACTAGGEDHHCIVTE 
DYK2 IQFIQKVGEGAFSEVWEGWIqKGI.HVAIKKLKIIGDEEQFKER . . . . .  FIREVQNLKKGNHQNIVMFIGACYKPA . . . .  CIITE 

PhyCer IQITGSLGSGSSATVEKAVWLGT.PVAKKTFYGRNNED . . . . . . . . . .  FKREVEILAELCHPNITSMF..CSPLYRRKCSIIME 
ConsTyr G G fg V A K E 
ConsSer G G g V A K E 

V Via V lb  
C-Mos IMEFGGNVTLHQVIYGAAGHPEGDAGEPHCRTGGQLSLGKCLKYSLDWNGLLFLH$Q$..IVHLDLKPANILISEQD . . . . . .  
A-Raf WCE.GS..SLYHHLHVADTRF . . . . . . . . . . .  D . . . .  MVQLIDVARQTAQGMDYLHAKN..IIHRDLKSNNIFLHE . . . . . . . .  
C-$rc YM$.KG..SLLDFLKGETGKYL . . . . . . . . . .  R . . . .  LPQLVOMAAQIASGMAYVERMW..YVHRDLRAANILVGE . . . . . . . .  
DYK1 WMG.GG..SLRQFLTDHFNLLE . . . . . . . . . .  QWPH.,.IRLKLALDIAKGMNYLHGWTPPILHRDLSSRNILLDHNIDPKNPL 
DYK2 YMA.GG,.SLYNILHNPNSSTP . . . . . . . . . .  KVKYSFPLVLKMATDMALGLLHLHSIT..IVHRDLTSQNILLDELGN . . . . .  

PhyCer LMD.GDLLALMQRRLDRNEDHD . . . . . . . . . .  $PPFSILEVVDIILQTSEGMNYLHEKG..IIHRDLKSMNILVKSVKVTKSEI 
ConsTyr HRDL N 
ConsSer DLK N 

1129 t 
V I I  V I I I  IX 

C-Mos . . . . . . .  VCKISDFGCSEKLEDLLCFQTPSYPLGGTYT..HRAPELLK . . . . . . . . . . . . . . .  GEGVTPKADIYSFAITLWQMT 
A-Raf . . . . .  GLTVKIGDFGLATVKTRWSGAQPLEQPSG...SVLWMAAEVIRM . . . . . . . . . . . .  QDPNPYSFQSDVYAYGWLYELM 
C-$rc . . . . .  NLVCKVADFGLA . . . .  RLIEDNEYTARQGAKFPIKWTAPEAALY . . . . . . . . . . . . . . .  GRFTIKSDVWSFGILLTELT 

DYKI VSSRQDIKCKISDFGLSRLKKE...QASQ.MTQSVGCIP.YMAPEVFK . . . . . . . . . . . . . .  GDSN.SEKSDVYSYGMVLFELL 
DYK2 . . . . . . . .  IKISDFGLSAEKSR...EGSMTMTNGGICNPRWRPPELTK . . . . . . . . . . . . . .  NLGHYSEKVDVYCFSLVVWEIL 

PhyCer GY . . . .  VHVKVADFGLSKTKD.,.SSTRYSNQTWNRGTNRWMAPEVINLGYESTEGEISFDGKVPKYPLKSDVYSFGMVCYEVL 
ConsTyr K DFG p W APE $DVwS G E 
ConsSer DFG APE D wS G 

X XI 
C-Mos TK.QAPYSG..ERQHILYAVVAYDLRPSLSAAVFEDSLPGQRLGDVIQRCWRPSAAQRPSARLLLVDL 
A-Raf T.GSLPYSHIGCRDQIIFMVGRGYLSPDLSKI...SSNCPKAMRRLLSDCLKFQREERPLFPQILAT] 
C°Src TKGRVPYPGMVNRE.VLDQVERGYRMP . . . .  C,.,PPECPESLHDLMCQCWRKEPEERPTFEYLQAFL 

DYK1 T.SDEPQQDMKPHKMAHLAAYESYRPP . . . .  I...PLTTSSKWKEILTQCWDSNPDSRPTFKQIIVHL 
DYK2 T,GEIPFSDLDGSQRSAQVAYAGLRPP . . . .  I...PEYCDPELKLLLTQCWEADPNDRPPFTYIVNKL 

PhyCer T.GDVPFPEEKNPNNVKRMVLEGVRP . . . .  DL...PAHCPIELKALITDCWNQDPLKRPSFAVICQKL 
ConsTyr P CW RP 
ConsSer R 

Fig. 4. Multiple amino acid sequence alignment of protein kinase catalytic domains and the kinase domain of PhyCer. Number- 
ing is according to Fig. 2. The PhyCer sequence is compared with those of protein-serine/threonine kinases C-Mos and A-Ra~ 
the authentic protein-tyrosine kinase C-Src and recently described C. discoideum protein-tyrosine kinases DPYK1 and DPYK2. 
References for the kinases are given in Table 1. The anaino acid residues highly conserved in typical protein-tyrosine kinases 
(ConsTyr) and serine/threonine kinases (ConsSer) [16] are indicated below the sequences. The conserved residues also present 
in PhyCer are given in capitals, conserved residues not found in PhyCer are given in lower-case letters. The arrow indicates the 
lysine (K 1129) found in almost all serine/threonine kinases. Roman numerals above the sequences indicate conserved kinase 
subdomains designated by Hanks and Quinn [ 16]. 

The residue strictly conserved in typical protein- 
serine/threonine kinases which is also present in 
PhyCer is Lys 1129 found in region VIb defined by 
Hanks and Quinn [ 16]. In contrast, only 4 of 34 
residues specifically conserved in well character- 
ized tyrosine kinases are not present in PhyCer. 
From these homologies we tentatively conclude 
that the phyCer gene product is a protein-tyrosine 
kinase likely to be regulated in a red/far-red re- 
versible manner. 

Southern blot analysis of phyCer 

Genomic Southern blots of C. purpureus DNA 
were hybridized with DNA probes directed to 

different regions of phyCer. The 808 bp Eco RI- 
['st I fragment hybridizes to the 5' untranslated 
end including 160 bp of exon I. The 289 bp PCR 
fragment used for screening hybridizes to exon I 
about 220 bp upstream of the chromophore at- 
tachment site. The 1267 bp Hind III fragment al- 
most completely covers exon III. These experi- 
ments revealed the fragments expected from the 
restriction map of A2, but in addition larger frag- 
ments were detected with the PCR probe hybrid- 
izing to exon I (Fig. 5, lane B). Since the hybrid- 
ization conditions were stringent, all bands shown 
in Fig. 5 represent DNA fragments homologous 
to the phyCer gene. The gel blots implicate that 
phyCer is present in a single copy within the 
C. purpureus genome. In addition, a stretch of 
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Fig. 5. Southern blot analysis of the phyCer gene. Genomic 
DNA prepared from C. purpureus protonemata was digested 
(10 gg per line) with Eco RI (E) or Hind III (H), separated by 
eleetrophoresis through a 1% agarose gel and blotted onto 
Biodyne A (PALL). Hybridization was performed at high 
stringency with the following probes: the 808 bp Eco RI/Pst I 
fragment containing the 5' end of A2 (A), the PCR probe 
hybridizing to exon I (B) and the 1.2 kb Hind III fragment 
containing exon III nearly complete (C). The probes were 
labelled with DIG-dUTP and the hybrids were detected with 
immunological methods (see Materials and methods). 

phyCer containing the chromophore attachment 
site is present twice. If this fragment represents a 
pseudogene or another active phytochrome gene 
in C. purpureus is not known yet. The presence of 
phytochrome pseudogenes has also been de- 
scribed for pea and maize [5, 33, 34]. 

Structural features of the phyCer-encoded polypep- 
tide 

From the predicted polypeptide encoded by 
phyCer, it can be deduced that PhyCer is com- 
posed of three major domains, the conserved 
chromophore domain encoded by exon I and II, 
the COOH-terminal kinase domain and a hinge 
region of about 220 amino acids which links the 
chromophore and the kinase domain. The hinge 
region of PhyCer does not show significant ho- 
mology to any protein found in the databases. 
From the DNA sequence analysis the deduced 
PhyCer polypeptide is composed of 1303 amino 
acids (aa) which predicts a molecular mass of the 
C. purpureus phytochrome polypeptide of about 
145 kDa and is thus larger than other phy-coded 
polypeptides (e.g. PhyA oat 1129 aa, 125 kDa; 
A. thaliana PhyA 1122 aa, 124kDa; PhyB 
1172 aa, 129 kDa and PhyC 1111 aa, 124 kDa). 

The distribution of amino acid sequence iden- 
tity along aligned pairs of oat and A. thaliana 
PhyA and of A. thaliana PhyA and PhyCer are 
compared in Fig. 6. It is striking to note that the 
drop of homology between the PhyA sequences 
[9, 21, 38, 39] marks the fusion point between the 
chromophore and the kinase domain of PhyCer. 
From the hydropathy profile (not shown) PhyCer 
appears to be a soluble protein. It has no stretch 
of hydrophobic amino acids in the amino termi- 

I I ~ I | • I I 
0 200 400 600 800 1000 

Fig. 6. Homology plots of oat and A. thaliana PhyA and PhyCer. Top panel: oat versus A. thaliana PhyA, bottom panel: A. thaliana 
PhyA versus PhyCer. Numbering of amino acid residues refers to residue positions in PhyCer. The arrowhead indicates the 
chromophore attachment site; the dashed line marks the average homology of the compared sequences and the dotted line indi- 
cates the junction of the chromophore and the kinase domain of PhyCer. 



nus characteristic for signal peptide sequences 
nor a cluster of hydrophobic amino acids char- 
acteristic of a membrane-anchoring domain. 

The predicted structure of PhyCer implicates 
that the NH 2 terminus of phytochrome undergoes 
light-dependent conformational changes, trig- 
gered by a reversible Z-E isomerization of the 
chromophore [31, 46], which are transmitted to 
the COOH-terminus which in turn is linked with 
a cellular phosphorylating cascade. 

Phylogeny of phyCer 

The 778 aa polypeptide encoded by exon I and II 
of phyCer representing the conserved chro- 
mophore binding domain was compared with all 
available phytochrome sequences using GCG 
multiple alignment programs [10]. The phyloge- 
netic distances and the percentage of identical 
residues between the conserved chromophore do- 
mains are given in Table 2. The moss and fern 
phytochromes turned out to be related more 
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closely to each other than the higher-plant PhyA, 
PhyB and PhyC sequences to each other. Fur- 
thermore, according to these data the chro- 
mophore domains of the PhyB phytochromes are 
related more closely to PhyCer and S. martensii 
phytochrome than to PhyA or PhyC. 

PhyCer is constitutively expressed in C. purpureus 
protonemata 

Northern blot analysis shows that in light-grown 
and dark-adapted C. purpureus protonemata 
phyCer mRNA is expressed at the same level 
(Fig. 7). The transcript hybridizing to the phyCer- 
specific probe is about 4.8 kb and is larger than 
the phyA transcript in oat or Arabidopsis thaliana. 
The phyA transcripts are reported to be about 
4.2 kb [22, 39]. This finding correlates with the 
predicted molecular mass of the PhyCer subunit 
which is about 20 kDa larger than the PhyA sub- 
units (see above). 

Table 2. Phylogenetical distances and percentage of identical residues between the conserved chromophore domain of various 
phytochromes. 

PhyA 

oat rice maize Arab pea zucc 

LP PhyB PhyC 

PhyCer Sel Arab rice Arab 

Oat - 95(92) 94(90) 82(70) 82(69) 83(71) 72(56) 74(60) 69(53) 69(53) 71(54) 
Rice - 95 (90) 84 (70) 83 (70) 84 (71) 73 (56) 76 (61) 69 (54) 69 (54) 72 (54) 
Maize - 84 (70) 83 (70) 84 (70) 73 (56) 76 (62) 69 (53) 69 (54) 71 (54) 

Arab - 91(83) 90(83) 75(59) 78(62) 71(56) 71(55) 73(57) 
Pea - 90(83) 75(60) 78(63) 71(56) 72(56) 73(57) 
Zucc - 74(57) 77(62) 70(56) 71(56) 72(55) 

PhyCer - 85 (75) 74 (60) 74 (60) 71 (55) 
Sel - 78 (65) 78 (64) 74 (58) 

Arab - 84 (74) 71 (55) 
Rice - 71 (54) 

Distance values and percentage of identical residues (in parenthesis) were calculated according to Table 1. The regions of the 
different phytochrome polypeptides compared to each other resemble the 778 aa conserved chromophore domain (encoded by 
exons I and II) of PhyCer. LP =lower plants. References for the different phytochrome sequences: oat [21], rice PhyA [23], 
maize [5], Arab(idopsis) PhyA, PhyB and PhyC [39], pea [33], rice PhyB [9], Zuc(chini) [38], Sel = SelagineIla: S. Hanelt and 
H.J.A.W. Schneider-Poetsch (unpublished), EMBL database accession number X61458. 
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Fig. 7. Northern blot analysis of the phyCer transcript. Total 
RNAs (10/~g per lane) from fight grown C. purpureus pro- 
tonemata (lane a), from protonemata kept in the dark for 3 
days prior to RNA extraction (lane b), from 3-day-old eti- 
olated oat seedlings (lane c) and from 4-week-old A. thaliana 
leaves kept 3 days in the dark prior to RNA extraction (lane 
d) were separated in a formaldehyde containing 1% agarose 
gel and blotted to Biodyne A (PALL) nylon membrane. Hy- 
bridization was carried out at high stringency with 32P-dCTP- 
labelled single-stranded probes and RNA-DNA hybrids were 
detected by autoradiography. C. purpureus blots were hybrid- 
ized with the phyCer-specific PCR probe used for screening 
(lanes a and b). Filters with oat and Arabidopsis RNA were 
hybridized with a mixture of probes specific to phyA from oat 
and from A. thaliana. The probes detected specifically the oat 
phyA transcript (lane c) and the A. thaliana phyA transcript 
(lane d). Mobilities of the 25S and 18S rRNA are indicated. 

Discussion 

The structure of phyCer expression 

The structure of the phy genes, including phyCer 
is highly conserved in the region surrounding the 
chromophore attachment site (see Fig. 1B). This 
implicates that all phytochromes have a common 
ancestor gene with an identical gene structure 
within this 5'-terminal region. In contrast to the 
conserved chromophore domain which is in- 
volved in highly specific and complex interactions 
with the tetrapyrrol chromophore, the less con- 
served COOH-terminal domains obviously reflect 
the different roles of the different phytochrome 
types in the plant cells responding to the same 
light stimulus. All angiosperm phytochromes and 
the fern phytochrome have a conserved overall 
structure in the C-terminal domains [9, 36]. In 
contrast, in mosses a major rearrangement of the 
phytochrome gene must have occurred bringing a 
different catalytic domain under the control of the 
conserved light regulator domain. As mentioned 
above, the fusion point of the chromophore and 

kinase domain in PhyCer (at Lys 778) also marks 
a significant drop in the homology between dif- 
ferent PhyA proteins (see Fig. 6). Therefore this 
point probably marks the link between the chro- 
mophore and the regulatory domains in all phy- 
tochromes. According to Deforce etal. [8], a 
NH2-terminal polypeptide of only 549 aa of pea 
phytochrome is already sufficient to assemble in 
vitro with the phytochromobilin chromophore and 
to exhibit red/far-red photoreversibility. 

That phyCer indeed represents a novel, active 
phytochrome gene and not a cloning artefact is 
supported by the facts that (1) the structure of 
phyCer could be confirmed by the genomic 
Southern experiments (2) phyCer contains very 
large open reading frames which are not found 
within pseudogenes and (3) a cDNA clone could 
be isolated containing the in frame splicing prod- 
uct of the chromophore- and the kinase-domain 
coding open reading frames. This cDNA clone 
also demonstrates that phyCer is expressed in the 
protonemata cells. 

The steady-state concentration of phyCer 
mRNA is not affected by light (Fig. 7). Therefore, 
with respect to the expression phyCer is also more 
closely related to type II (light-stable) phyto- 
chrome [39]. Whether PhyCer is a light-stable 
protein is not known since we were not able to 
detect PhyCer in protein extracts of C. purpureus 
protonemata with antibodies raised against oat 
and maize PhyA; antibodies specific to PhyCer 
are presently not available. 

Homology and phylogeny 

In Table 2 a comparison of the phylogenetical 
distances and the percent identical residues be- 
tween the conserved chromophore domains of 
various phytochromes is given. The values are 
somewhat higher and less divergent compared 
with the values obtained with the complete phy- 
tochrome sequences [9] reflecting the less pro- 
nounced sequence conservation within the 
COOH-terminus of the different phytochromes. 
Nevertheless, with respect to the fern and an- 
giosperm phytochromes, basically the same con- 



clusions drawn from the complete phytochrome 
sequences can be drawn alone from the conserved 
chromophore domain sequence, namely: (a) the 
three angiosperm phytochromes (PhyA, PhyB 
and PhyC) are equally divergent from each other 
reflecting an early three way divergence of the 
different phytochrome types preceding the diver- 
gence of monocots and dicots (b) PhyB diverged 
more slowly in evolution [9]. The observation 
that PhyB diverged more slowly in evolution is 
supported by the now available data from lower- 
plant phytochromes because, as expected, PhyB 
is closer to the (ancient) lower plant phyto- 
chromes than to PhyA and PhyC. Additional 
conclusions can be made with the lower-plant 
data: (c) dicot PhyA is closer to lower-plant phy- 
tochrome (as well to PhyB and PhyC sequences) 
than monocot PhyA; (d) the moss and fern phy- 
tochromes are related more closely to each other 
than the higher-plant PhyA, PhyB and PhyC se- 
quences to each other; (e) PhyC represents an 
isolated phytochrome type which is most diver- 
gent from all known phytochromes. The obser- 
vation that PhyB is less divergent from the lower- 
plant phytochromes could implicate that PhyB in 
higher plants is functionally related to lower-plant 
phytochrome. In lower plants phytochrome 
mainly triggers rapid reversible modulations 
within plant development [48]. In our previous 
study [45] we stated that phyCer is equally dis- 
tant to the different angiosperm phytochromes. In 
this study only a partial sequence of phyCer 
around the highly conserved chromophore attach- 
ment site was available which did not reflect 
the phylogenetical relationship of phyCer to the 
higher phytochrome types so clearly. We do 
not know yet if in C. purpureus in addition to 
PhyCer further phytochromes corresponding to 
PhyA, PhyB or PhyC do exist or not. In our 
screening experiment which was performed at low 
stringency we isolated only one type of phyto- 
chrome. 

Kinase activity and phytochrome action 

The proposal that the COOH-terminus of PhyCer 
has a protein kinase activity has implications 
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on the mechanism of transduction of light stim- 
uli in plant cells. Protein kinases play a key role 
in signal transduction; the involvement of protein 
kinases within the phytochrome-dependent reac- 
tion pathways has been speculated and red/far- 
red-dependent changes in phosphorylation pat- 
terns have been reported [ 1, 27, 41 ]. Interestingly, 
preparations of oat type A phytochrome can 
be phosphorylated in a red/far-red light-depen- 
dent manner [26, 49]. This phosphorylating 
activity, however, is most likely not due to auto- 
phosphorylation of the PhyA polypeptide but 
is rather associated with a copurified protein 
[14]. Although angiosperm and fern phyto- 
chrome do not exhibit the typical consensus se- 
quences of eucaryotic protein kinases, the close 
association of PhyA and kinases in higher 
plants suggests a functional connection also in 
angiosperms. Schneider-Poetsch etal. [36, 37] 
found homologies of angiosperm and fern phyto- 
chrome to the cytosolic region of bacterial 
sensor proteins. All these bacterial sensor pro- 
teins possess a conserved cytosolic histidine 
kinase domain [42] and probably the higher- 
plant and fern phytochromes use signal trans- 
duction ways similar to those found in bac- 
teria. 

In contrast to fern and higher plant phyto- 
chromes, PhyCer exhibits the clear features of an 
eucaryotic light receptor protein kinase. Receptor 
protein kinases are usually tyrosine-specific trans- 
membrane protein kinases [4]. In fact, PhyCer 
exhibits strong homologies to tyrosine kinases 
(see Fig. 4), but the hydropathy profile (not 
shown) does not indicate that PhyCer is an inte- 
gral membrane protein. This implies that PhyCer 
is not involved in trans-membrane signalling; 
PhyCer appears rather to be involved in intra- 
cellular signal transduction. This is very likely 
because the light stimulus is present in all pro- 
tonemata cells at the same time. Nevertheless, 
from experiments with polarized light, PhyCer 
appears to be located in a fixed position close to 
the plasma membrane in C. purpureus protone- 
mata [20]. 
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Concluding remarks 

Signalling via protein kinases is a fundamental 
regulatory mechanism. Surprisingly, homology of 
eukaryotic protein kinases to phytochrome is only 
observed in primitive mosses and not in higher 
plants. Phytochrome in higher plants is encoded 
by a multigene family. Since not all members of 
this family have been characterized yet [ 39] there 
is still the option that the protein kinase feature 
of PhyCer may also be associated with higher- 
plant phytochrome. 

The function of the D. discoideum protein- 
tyrosine kinases which show strong homologies 
with PhyCer are not known. Blue-light effects on 
the development of D. discoideum have been de- 
scribed [ 15]; it will be interesting to see if DPYK1 
or DPYK2 are involved in these processes, this 
time representing the catalytic domain of a blue- 
light receptor. Blue light modifies the phosphory- 
lation of a single plasma membrane protein in pea 
[40]. This protein itself is probably a protein ki- 
nase and may be the blue light receptor. 

The identification of PhyCer provides a unique 
opportunity to gain fresh insight into the mecha- 
nism of transduction of light stimuli in plant cells. 
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