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Bacterial Photoreceptor with 
Similarity to  Photoactive 
Yellow Protein and Plant 

Phytochromes 
ZeYu Jiang,' Lee R. Swem,' Brenda C. Rushing,' 

Savitha Devanathan,' Cordon Tollin,' Carl E. Bauerl* 

A phytochrome-like protein called Ppr was discovered in the purple photosyn- 
thetic bacterium Rhodospirillum centenum. Ppr has a photoactive yellow protein 
(PYP) amino-terminal domain, a central domain with similarity to phytochrome, 
and a carboxyl-terminal histidine kinase domain. Reconstitution experiments 
demonstrate that Ppr covalently attaches the blue light-absorbing chromo- 
phore p-hydroxycinnamic acid and that it has a photocycle that is spectrally 
similar to, but kinetically slower than, that of PYP. Ppr also regulates chalcone 
synthase gene expression in response to blue light with autophosphorylation 
inhibited in vitro by blue light. Phylogenetic analysis demonstrates that R, cen- 
tenum Ppr may be ancestral to cyanobacterial and plant phytochromes. 

All photosynthetic organisills respond in soine 
manner to light quality and quantity. hIulticel- 
lular plants contl-01 development, floral induc- 
tion. and phototropis~n through photoreceptors 
that absorb spec~fic navelengths of light Al- 
gae. cya~lobacteria, and anoxygenic photosyn- 
thetic bactena control ~notility and gene eupres- 
sion in response to light. 

Until recently, phytochrome was thought 
to be a plant- and algal-specific red and 
far-red light photoreceptor ( I ) .  However. 
the cyanobacteria Sj~~~ec i~ocys t i s  and Fre- 
ii~j~ellcr dip10,siplioiz have proteins with sim- 
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ilarity to plant phytochromes (2). Plant and 
cyailobacterial pl~ytocl~romes contain simi- 
lar NH,-terminal chromophore (bilin) bind- 
ing doinains as well as one or two COOH- 
terminal kinase domains (Fig. 1). Cyanobac- 
terial phytochromes exhibit similarity to his- 
tidine sensor kinases (2). Plant phytochro~nes 
contain limited sequence similarity to histi- 
dine kinases. lacking some critical sequence 
motifs such as the highly consei-ved histidine 
residue of autophosphorylation (3). Never- 
theless, plant phytochromes do undergo auto- 
phosphorylation, suggesting that they func- 
tion as a sensor kinase in a signal transduc- 
tioil cascade (4) 

Plant blue-light receptors ciyptochrome 
CRY1. CRY2 (j), and hPHl  (6)  contain flavin 
as chromophores. Cryptochromes exhibit 
si~llilarity to photolyases, whereas NPHl 
has sinlilarity to serine kinases. Prokaryotic 
honlologs of cryptochro~ne and NPHl have 

Fig. 1. Domains con- 

Plant s&ed among vari- 
ous ~hvtochrome-like 

Bilin attachment 
8 ,  

Kinase domain ii Kinase domain I sequences, 

I 

Cyano c 
Bilin attachment Kinase domain 

A 

Purple 61 
PYP Bilin attachment Kinase domain 
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not been described; however, many photo- to blue light (12). Amplification of an inter- 
synthetic prokaryotes do contain a blue 
light-absorbing photoreceptor termed pho- 
toactive yellow protein (PYP) (7). PYP has 
the chromophore p-hydroxycinnamic acid 
attached by a covalent thioester linkage to a 
conserved cysteine (8). Blue-light excitation 
of PYP results in a reversible dark-light pho- 
tocycle (9). High-resolution structural analy- 
ses of PYP in its ground state, as well as 
several photocycle intermediates, have been 
determined (10). 

Despite detailed structural and biophysi- 
cal knowledge of PYP, little is known of its 
biological role (11). To define a function for 
PYP, we cloned and disrupted a PYP ho- 
molog from the purple photosynthetic bacte- 
rium Rhodospirillum centenum, an organism 
that exhibits phototactic motility in response 

nal domain of PYP by polymerase chain re- 
action (PCR) was accomplished with degen- 
erate primers (13). Sequence analysis indicat- 
ed that the amplified PYP domain was part of 
a much larger open reading frame encoding a 
-96-kD polypeptide. A similarity (BLAST) 
search with the deduced polypeptide indicat- 
ed the presence of a 135-amino acid PYP 
domain at the NH,-terminus followed by a 
-500-amino acid central domain with simi- 
larity to the chromophore (bilin) attachment 
domain of phytochromes (Fig. 1). The central 
domain is followed by a -250-amino acid 
COOH-terminal domain with features typical 
of prokaryotic histidine kinases (14). Be- 
cause of these structural features, we have 
named this gene ppr for PYP-phytochrome- 
related. 

Alignment of the PYP domain of Ppr with 
PYPs from other bacteria showed high simi- 
larity, including the cysteine used for attach- 
ment of the chromophorep-hydroxycinnamic 
acid (Fig. 2A). Alignment of the middle do- 
main with the bilin attachment domains from 
phytochromes shows that the conserved cys- 
teine used for covalent attachment of bilin is 
absent (Fig. 2B). Indeed, the lack of the 
conserved bilin attachment cysteine in Ppr is 
congruent with the observation that anoxy- 
genic photosynthetic bacteria do not synthe- 
size linear tetrapyrroles. Thus, Ppr appears to 
have substituted the blue light-absorbing 
chromophore p-hydroxycinnamic acid in the 
PYP domain for red and far-red light-absorb- 
ing bilin that is attached to phytochromes. 

We purified Ppr apoprotein and co- 

Eha-PYP ~sp-PYP 74 73 r $ T g T 3 $ & $ % $ E T  
Rca PYP 73 R3 r E  KFNR k I* .SW ~oFc,,, < - A  
ppr- 79 &JSLd DGVT zTL!&V3?&.&zF+, &AGV DRYY L 

PhyC 152 T.. Pf' 
PhyE 156 L~HS.  TQK . . 'kE 
Cphl 93 2 w. v o D l V l  D' F -NS 
Ppr 230 AR% . . . I Dl A& SG 

PhyC 228 
PhyE 232 
Cphl 167 
Ppr 304 

Wavelength (nm) 
1 

0.000 0 . ~ 1  0.002 
Time (8) 

Fig. 3. Absorption characteristics of Ppr. (A) 
Absorption spectra of a dark-adapted Ppr (solid 
line) and the photobleached product (dashed 

PhyC 462 
linej obtained i f ter  2 min of i;radiation' with a 

P ~ Y E  456 40-W fiber optic lamp. (Inset) The kinetic trace 
observed during dark recovery of the 434-nm 
peak with 10-s data points. The line through 

Fig. 2. DNA sequence alignments of R. centenom Ppr with selected PYP (A) and the bilin domains 
from phytochromes (0). Abbreviations in (A) are Eha-PYP, Ectothiorhodospira halophila PYP; 
Rsp-PYP, Rhodobacter sphaeroides PYP; Rca-PYP, Rhodobacter capsulatus PYP. Abbreviations in (B) 
are PhyC, phytochrome C from Arabidopsis; PhyE, phytochrome E from Arabidopsis; Cphl, phyto- 
chrome Cphl from Synechocystis PCC6803. Conserved Cys residues used for chromophore attach- 
ment are indicated with a plus sign in the PYP domain and an asterisk in the phytochrome 
chromophore domain. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, 
Asp; E, Clu; F, Phe; C, Cly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Cln; R, Arg; 5, Ser; 
T, Thr; V, Val; W, Trp; and Y, Tyr. 

the data points represents a single exponent% 
fit with k = 2.17 X 10-2s-' (time constant = 
46 s). (0) Light minus dark difference spectrum 
shows two spectral bands at 470 and 330 nm 
with isobestic points at 465 and 365 nm. (C) 
Microsecond laser flash photolysis transient ob- 
served at 434 nm after 445-nm excitation. 
Irradiation of Ppr resulted in a rapid loss of 
absorption with a biphasic recovery. The 
smooth line through the data is a single expo- 
nential f it t o  the partial fast recovery phase 
with k = 4.7 X lo3 s-' (time constant = 1.5 X 
I O - ~  s). 
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valently attachedp-hydroxycimamic acid us- 
ing a procedure developed for PYP from 
Ectothiorhodospira halophila (E-PYP) (15). 
Reconstituted Ppr had a yellow color with an 
absorbance maximum at 434 nm (Fig. 3A). 
When irradiated with white light, steady-state 
photobleaching occurred followed by dark 
recovery with a time constant of 46 s (Fig. 
3A). This recovery is 330-fold slower than 
that observed with E-PYP (16). The light 
minus dark difference spectrum indicated two 
spectral species, a red-shifted form at -470 
nm and a blue-shifted form at -330 nm that 
have isosbestic points at 465 and 365 nm, 
respectively (Fig. 3B). These species are 
comparable to the I ,  and I, intermediates 
observed with E-PYP (16). A microsecond 
photolysis experiment by laser flash excita- 
tion at 445 nm resulted in a rapid decrease of 
the 434-nm absorbance followed by a fast 
partial recovery with a time constant of 0.21 
ms (Fig. 3C). This was followed by a slow 
recovery component. The photocycle kinetics 
obtained with Ppr are different from those 
observed with E-PYP in which I, is formed 
with a time constant of 3 ns, I, with a time 
constant of 200 ~ s ,  and a return to the dark- 
adapted state in 140 ms (16). 

In vitro kinase assays of both apoprotein and 
chromophore-reconstituted Ppr were performed 
under dark and light (400 to 900 nm) conditions 
to see if excitation affected kinase activity (1 7). 
Analysis of the apoprotein indicated that dark 
and illuminated kinase preparations had similar 
high rates of autophosphorylation (Fig. 4A). In 
contrast, the photochemically active reconstitut- 
ed Ppr demonstrated two- to threefold higher 
phosphorylation under dark conditions than 

Fig. 4. Kinetics of autophosphorylation of Ppr 
when incubated with [y -32P]ATP ( 7  7). (A) Au- 
toradiography of phosphorylated holoenzyme 
(lanes 1 and 2) and apoprotein (lanes 3 and 4) 
after a 20-min incubation in the dark (lanes 1 
and 3) or in blue light (lanes 2 and 4). (B) Ppr 
autophosphorylation in reactions that were in- 
cubated in the dark (.) or that were illuminat- 
ed with >400-nm light (0). 

when illuminated as assayed after a 20-min 
incubation (Fig. 4, A and B). The inhibitory 
effect of light was reproducible and evident in 
four independent experiments (18). Because the 
apoprotein has kinase activity, the presence of 
significant amounts of apoprotein in these prep- 
arations (-40%) (19) tends to mask the inhib- 
itory effect of light on the reconstituted protein. 

We also assayed for a role of Ppr in 
phototaxis by the construction of a ppr dele- 
tion through allelic exchange with a specti- 
nomycin cassette (20). The resulting strain 
exhibited no defects in photosensory behav- 
ior when compared with the wild-type parent 
strain (18). This indicates that a Ppr photo- 
sensory pathway does not interact with the 
chemotaxis sensory transduction cascade that 
governs photosensory behavior in this organ- 
ism (21). 

We next tested whether Ppr affects gene 
expression by assaying expression of the 
chalcone synthase gene (chs). Chalcone syn- 
thase is an early enzyme in the flavonoid 
biosynthetic pathway, the products of which 
serve protective roles in plants (22). The 
function of chalcone synthase in bacteria is 
unknown but it is present in several species, 
including R. centenurn (23). In plants, chs 
expression is regulated by both blue and red 
light through the phytochrome and crypto- 
chrome signal transduction pathways (22). 
Consequently, we tested whether chs expres- 
sion is affected by Ppr. For these assays, we 
constructed a transcriptional fusion of the 
R. centenurn chs promoter region to a lacZ 
reporter gene (24) and then assayed (3-galac- 
tosidase @-Gal) activity after growth under 
different illumination conditions (25). Maxi- 
mal expression of chs was observed when 
wild-type cells were illuminated with only 

Light IR IR IR IR IR IR 
+ + + + 

I White Blue 1 1 mltm B lw  I 

Wild Type C145 

Fig. 5. Light-regulated chalcone synthase expres- 
sion of a chs::lacZ fusion in wild-type and ppr- 
disrupted cells (strain C145). Cells were illuminat- 
ed with infrared light (IR), IR + white light, or 
IR + blue light (400 to 450 nm) and measured for 
P-Gal activity (25). Activity units represent mi- 
cromoles of o-nikrophenyCP-~galactopyranoside 
hydrolyzed min-' mg-' protein. 

infrared light (Fig. 5). When these cells were 
illuminated with infrared light and white 
light, or infrared light and blue light (400 to 
450 nm), chs expression was reduced two- 
fold. Expression of chs is clearly dependent 
on Ppr as evidenced by low-level unregulated 
expression in the ppr-disrupted strain, C145. 
The finding that the ppr-deleted strain has 
much lower expression than the blue light- 
irradiated wild-type cells suggests that Ppr 
may be providing a certain basal level of 
phosphorylation to a signal transduction cas- 
- - 

cade under illuminated conditions that is 
ramped up to a higher level in the dark. 

Given that R. centenurn and plants both 
regulate chalcone synthase with related pho- 
toreceptors, it raises the intriguing question 
of whether Ppr is ancestral to phytochromes. 
For analysis we constructed a phylogenetic 
tree which indicated that bacterial phyto- 
chromes appear to be ancestral to plant phy- 
tochromes, with R. centenurn phytochrome 
being the most distant (Web Fig. 6) (18, 26). 
The phytochrome tree is similar to rooted 
trees depicting comparison of photosynthesis 
genes, which indicate that the photosystem 
synthesized by purple bacteria is ancestral to 
cyanobacterial and plant photosystem (27). 
Thus, plant phytochromes may be derived 
from an ancient bacterial signal transduction 
system that has been retained among many 
diverse photosynthetic organisms. 
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tions in collagen IX and aggecan can cause 
age-related dlsc degeneration and herniation in 

with lntervertebral Disc Disease mice (6, 7). 
Collagen IX is a heterotrimer of three a 

chains, al(IX), a2(IX), and a3(IX), encoded 
Susanna Annunen,' Petteri ~aassilta,' Jaana Lohiniva,' by the genes COL9A1, COL9A2, and COL9A3, 

Merja Perala,' Tero ~ihlajamaa,' Jaro Karppinen,' respectively. It consists of three collagenous 
Osmo ~ervonen,~ Heikki K r ~ g e r , ~  Seppo Lahde,3 (COLl to COL3) and four noncollagenous 

Heikki Vanharanta,' Lasse R~hanen,~  Harald H. H. Goring,= (NCl to NC4) domains (8). The COL2 domain 

Jiirg Ott,6*7 Darwin J. Prockop,' Leena Ala-Kokkol*'* is covalently linked to collagen I1 fibrils (9). 
Collagen IX is thought to serve as a bridge 

lntervertebral disc disease is one o f  the most common musculoskeletal disor- 
ders. A number of environmental and anthropometric risk factors may con- 
tribute t o  it, and recent reports have suggested the importance of genetic 
factors as well. The COL9A2 gene, which codes for one of the polypeptide chains 
o f  collagen IX that is expressed in  the intervertebral disc, was screened for 
sequence variations in individuals wi th  intervertebral disc disease. The analysis 
identified a putative disease-causing sequence variation that converted a codon 
for glutamine t o  one for tryptophan in  six out of the 157 individuals but in  none 
of 174 controls. The tryptophan allele cosegregated wi th  the disease phenotype 
in  the four families studied, giving a lod score (logarithm of odds ratio) for 
linkage of 4.5, and subsequent linkage disequilibrium analysis conditional on 
linkage gave an additional lod score o f  7.1. 

Intervertebral disc disease is among the most mechanical irritation of the nerve root. Even - 
common muscu1oske1eta.1 disorders. It is a ma- though there is an association between various 
jor cause of work disability and an extremely environmental and anthropometric risk factors 
costly health care problem. It is typically asso- and sciatica, their effects are modest (2, 3). A 
ciated with sciatica, which has a prevalence of recent twin study suggests that genetic factors 
about 5% in Finland (I). Sciatica is defined as may be involved in the pathogenesis of inter- 
pain caused by a lesion of the spinal nerve root vertebral disc ksease and sciatica (3). This is 
radiating along the femoral or sciatic nerve supported by findings of a considerable genetic 
from the back into the dermatome of the root. It predisposition to early-onset sciatica and lum- 
is usually related to either disc protrusion or bar disc hemiation in certain families (4). 
hemiation, which will cause both chemical and Therefore, intervertebral disc disease appears to 

be similar to other common complex diseases 
'Collagen Research Unit, Biocenter and Department with multiple genetic forms and a high pheno- 
of Medical Biochemistry: 'Department of Physical copy rate, such as breast cancer and ~ l ~ h ~ i -  
Medicine and Rehabilitation; 3Diagnostic Radiology; 
41nternal Medicine, University of Oulu, 90220 Oulu, disease. 
Finland. 5Department of Surgery, University of KUO- Intervertebral discs contain an abundant ex- 
pio, 7021 1 Kuopio, Finland. 6Department of Genetics tracellular matrix of proteoglycans and colla- 
and Development, Columbia University, New York, gens (5). The outer layer, the annulus fibrosw, 
NY 10032, USA. 'Laboratory of Statistical Genetics, 
Rockefeller University, New York, NY 10021, USA. 

mainly of "'lagen I7 and the 
8Center for Gene Therapy, MCP Hahnemann Univer- Shlcture of the disc, the nucleus ~ u l ~ o s u s ,  is 
sity, Philadelphia, PA 19i02, USA. about 50% proteoglycan, mainly aggecan, and 
*To whom correspondence should be addressed (in 20% collagen 11. Both contain small amounts of 
Finland). E-mail: Leena.ala-kokko@oulu.fi collagen IX. Recent results indicate that muta- 

between collagens and noncollagenous 
in tissues. 

To study the role of collagen IX in inter- 
vertebral disc disease and associated sciatica, 
we selected 157 unrelated Finnish individuals 
(ages 19 to 78; mean = 44, SD = 13) with 
unilateral pain of duration over 1 month ra- 
diating from the back to below the knee 
(dermatomes L4, L5, and Sl). Therefore, the 
subjects had the most characteristic symptom 
of herniated intervertebral disc (I). After clin- 
ical evaluation, 156 of them were examined 
by magnetic resonance imaging (MRI) and 
one was evaluated by computerized tomog- 
raphy (CT) (10). Radiologically detectable 
intervertebral disc disease was present at the 
time of the examination in 73% of the cases. 
Initially, COL9A2 was screened for sequence 
variations by conformation-sensitive gel elec- 
trophoresis (CSGE) in 10 patients ( I l ) ,  yield- 
ing a unique CSGE pattern in the polymerase 
chain reaction (PCR) products for exon 19 in 
one case (Fig. 1). Sequencing (12) indicated a 

Fig. 1. CSCE analysis of exon 
19 of the COL9AZ gene. The 
exon and its flanking sequenc- 
es were amplified by PCR from 
the proband (P) and a control 
(C) using primers specific for 
intron 18 (5'-TCCATCT- 
CACTTTCCCTACCTC, -92 to 
-71 in infron 18) and infron 
19 (5'-CAACACCTCCTCATT- 
CAGCAACACC, +99 to +75 
in infron 19). The analysis indicated heterodu- 
plexes in the proband's sample. 

www.sciencemag.org SCIENCE VOL 285 16 JULY 1999 409 




