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Bacterial Photoreceptor with
Similarity to Photoactive
Yellow Protein and Plant

Phytochromes

ZeYu Jiang," Lee R. Swem,” Brenda G. Rushing,’
Savitha Devanathan,? Gordon Tollin,? Carl E. Bauer™*

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 organisms respond in seme
manner to light quality and quantity. Multicel-
lular plants control development, floral induc-
tion, and phototropism through photoreceptors
that absorb specific wavelengths of light. Al-
gae, cyanobacteria, and anoxygenic photosyn-
thetic bacteria control motility and gene expres-
sion in response to light.

Until recently, phytochrome was thought
to be a plant- and algal-specific red and
far-red light photoreceptor (/). However,
the cyanobacteria Synechocystis and Fre-
myella diplosiphon have proteins with sim-
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ilarity to plant phytochromes (2). Plant and
cyanobacterial phytochromes contain simi-
lar NH,-terminal chromophore (bilin) bind-
ing domains as well as one or two COOH-
terminal kinase domains (Fig. 1). Cyanobac-
terial phytochromes exhibit similarity to his-
tidine sensor kinases (2). Plant phytochromes
contain limited sequence similarity to histi-
dine kinases, lacking some critical sequence
motifs such as the highly conserved 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-
tion cascade (4).

Plant blue-light receptors cryptochrome
CRY1, CRY2 (5), and NPHI (6) contain flavin
as chromophores. Cryptochromes exhibit
similarity to photolyases, whereas NPHI1
has similarity to serine kinases. Prokaryotic
homologs of cryptochrome and NPH1 have

Fig. 1. Domains con-
served among vari-
ous phytochrome-like
sequences.
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not been described; however, many photo-
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 (/7). 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
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to blue light (/2). Amplification of an inter-
nal domain of PYP by polymerase chain re-
action (PCR) was accomplished with degen-
erate primers (/3). 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 (/4). Be-
cause of these structural features, we have
named this gene ppr for PYP-phytochrome-
related.
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Fig. 2. DNA sequence alignments of R. centenum Ppr with selected PYP (A) and the bilin domains
from phytochromes (B). 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; Cph1, phyto-
chrome Cph1 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, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser;
T, Thr; V, Val; W, Trp; and Y, Tyr.

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 chromophore p-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-
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Fig. 3. Absorption characteristics of Ppr. (A)
Absorption spectra of a dark-adapted Ppr (solid
line) and the photobleached product (dashed
line) obtained after 2 min of irradiation with a
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
the data points represents a single exponential
fit with k = 2.17 X 1072 s~ (time constant =
46 s). (B) 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 fit to the partial fast recovery phase
with k = 4.7 X 10®s~" (time constant = 1.5 X
10745s).
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valently attached p-hydroxycinnamic 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 (/6). 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 (/6). 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 ws, and a return to the dark-
adapted state in 140 ms (/6).

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 (/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
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Fig. 4. Kinetics of autophosphorylation of Ppr
when incubated with [y -32P]ATP (77). (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 (O).
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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 (/8). 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 (/8). 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). i

We next tested whether Ppr affects gene
expression by assaying expression of the
chalcone synthase gene (cks). 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. centenum (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. centenum chs promoter region to a lacZ
reporter gene (24) and then assayed (-galac-
tosidase (B-Gal) activity after growth under
different illumination conditions (25). Maxi-
mal expression of chs was observed when
wild-type cells were illuminated with only
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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
B-Gal activity (25). Activity units represent mi-
cromoles of o-nitrophenyl-3-D-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. centenum 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. centenum 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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An Allele of COL9A2 Associated
with Intervertebral Disc Disease

Susanna Annunen,’ Petteri Paassilta,’ Jaana Lohiniva,’
Merja Perild,” Tero Pihlajamaa,’ Jaro Karppinen,?
Osmo Tervonen,® Heikki Kroger,> Seppo Lihde,?

Heikki Vanharanta, Lasse Ryhinen,* Harald H. H. Goring,®
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Intervertebral disc disease is one of.the most common musculoskeletal disor-
ders. A number of environmental and anthropometric risk factors may con-
tribute to it, and recent reports have suggested the importance of genetic
factors as well. The COL9A2 gene, which codes for one of the polypeptide chains
of collagen IX that is expressed in the intervertebral disc, was screened for
sequence variations in individuals with intervertebral disc disease. The analysis
identified a putative disease-causing sequence variation that converted a codon
for glutamine to one for tryptophan in six out of the 157 individuals but in none
of 174 controls. The tryptophan allele cosegregated with 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 of 7.1.

Intervertebral disc disease is among the most
common musculoskeletal disorders. It is a ma-
jor cause of work disability and an extremely
costly health care problem. It is typically asso-
ciated with sciatica, which has a prevalence of
about 5% in Finland (7). Sciatica is defined as
pain caused by a lesion of the spinal nerve root
radiating along the femoral or sciatic nerve
from the back into the dermatome of the root. It
is usually related to either disc protrusion or
herniation, which will cause both chemical and
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mechanical irritation of the nerve root. Even
though there is an association between various
environmental and anthropometric risk factors
and sciatica, their effects are modest (2, 3). A
recent twin study suggests that genetic factors
may be involved in the pathogenesis of inter-
vertebral disc disease and sciatica (3). This is
supported by findings of a considerable genetic
predisposition to early-onset sciatica and lum-
bar disc herniation in certain families (4).
Therefore, intervertebral disc disease appears to
be similar to other common complex diseases
with multiple genetic forms and a high pheno-
copy rate, such as breast cancer and Alzhei-
mer’s disease. ‘

Intervertebral discs contain an abundant ex-
tracellular matrix of proteoglycans and colla-
gens (5). The outer layer, the annulus fibrosus,
consists mainly of collagen I, and the interior
structure of the disc, the nucleus pulposus, is
about 50% proteoglycan, mainly aggrecan, and
20% collagen II. Both contain small amounts of
collagen IX. Recent results indicate that muta-

24. The R. centenum chs promoter was amplified by PCR
with primers TAGGTACCGATGAACAGCCAGGCGAG
and TAGCATGCCGTGAAAACGGGGGAGAG. The PCR
product was cloned into the lacZ reporter plasmid
pZJD11 (27) and maintained with antibiotics.

25. R. centenum was cultured in peptone—yeast extract—
soytone (72) and illuminated with infrared light
(>700 nm). White light was provided with a 400-W
pressure sodium Lumalux lamp (LU400, Osram Syl-
vania, Danvers, MA) and blue light (400 to 450 nm)
by passing the white light through filters. Cells were
assayed for B-Gal activity as described (27).

26. Supplemental Web material is available at www.
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tions in collagen IX and aggrecan can cause
age-related disc degeneration and herniation in
mice (6, 7).

Collagen IX is a heterotrimer of three a
chains, al1(IX), a2(IX), and a3(IX), encoded
by the genes COL941, COL9A42, and COL943,
respectively. It consists of three collagenous
(COL1 to COL3) and four noncollagenous
(NC1 to NC4) domains (8). The COL2 domain
is covalently linked to collagen II fibrils (9).
Collagen IX is thought to serve as a bridge
between collagens and noncollagenous proteins
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 1.4, LS, and S1). Therefore, the
subjects had the most characteristic symptom
of herniated intervertebral disc (/). 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, COL9A42 was screened for sequence
variations by conformation-sensitive gel elec-
trophoresis (CSGE) in 10 patients (1), yield-
ing a unique CSGE pattern in the polymerase
chain reaction (PCR) products for exon 19 in
one case (Fig. 1). Sequencing (/2) indicated a

Fig. 1. CSGE analysis of exon
19 of the COL9A2 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'-TGGATCT-
CAGTTTCCCTACCTG, —92 to
—71 in infron 18) and infron
19 (5'-CAAGAGGTGGTGATT-
GAGCAAGAGC, +99 to +75
in infron 19). The analysis indicated heterodu-
plexes in the proband’s sample.
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