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ABSTRACT: PixJ1, a photoreceptor in the unicellular cyanobacteriumSynechocystissp. PCC 6803, mediates
positive phototactic motility and contains two GAF domains, the latter of which binds a bilin chromophore.
Full-length PixJ1 expressed and purified fromSynechocystisshowed unique reversible photoconversion
between a blue light-absorbing (Pb) form and a green light-absorbing (Pg) form (1) in contrast to the
reversible phototransformation between the red light-absorbing form and far-red light-absorbing form of
the other GAF-containing photoreceptors such as plant or bacterial phytochromes. To clarify the origin of
the blue-shifted photoconversion, we tried to reconstitute this blue-green reversible phototransformation
by synthesizing the second GAF domain inEscherichia colitransformed with genes for biosynthesis of
four different bilins, biliverdin (BV), bilirubin (BR), phycocyanobilin (PCB), and phycocyanorubin (PCR),
as final products. The three expression systems, the BR system being the exception, produced a GAF
polypeptide with a covalently bound bilin. The GAF polypeptide from the BV-synthesizing system exhibited
an irreversible photoconversion, while that from the PCB-synthesizing system revealed photoconversion
between Pb and Pg almost identical to that of the full-length PixJ1, indicating that PCB is responsible for
the blue-green reversible photoconversion. Furthermore, the GAF polypeptide from the PCR-producing
system exhibited almost the same reversible spectral change, possibly coming from the PCB accumulated
in the PCR-biosynthetic pathway. Mass spectrometry (MS) of the main tryptic chromopeptide revealed
that the chromophore binds to a 21-amino acid peptide that contains a cysteine-histidine motif for
phytochrome chromophore binding and that an ion signal can be assigned to desorbed PCB. The absorption
spectra of the denatured GAF polypeptide suggested that PCB is attached to the protein moiety in a
twisted conformation that disrupts theπ-electron conjugation between the A and B rings, possibly being
held in position through a second covalent linkage.

Plants use visible light to sense their environmental
conditions to fine-tune their development as well as to
produce energy in photosynthesis. Plants have acquired two
types of photoreceptors for this purpose, phytochrome and
the blue light photoreceptors. Plant phytochromes are soluble
chromoproteins composed of∼1100 amino acid residues and
bind one linear tetrapyrrole chromophore, phytochromobilin
(PΦB),1 covalently attached to a conserved Cys residue
through a thioether linkage, and mediate a broad range of
photomorphogenetic responses such as seed germination,
de-etiolation, and floral induction (2, 3). They exist in two
forms, namely, the red light-absorbing (Pr) and the far-red
light-absorbing (Pfr) forms that can be reversibly intercon-

verted by red or far-red light, and act as a light-regulated
molecular switch.

With recent developments in genomic science, distinct
homologues of plant phytochrome, known as bacterio-
phytochromes, have been found in many prokaryotic organ-
isms, such as Cph1 from the unicellular cyanobacterium
Synechocystissp. PCC 6803 (4), CphA from the filamentous
cyanobacteriumCalothrixsp. PCC 7601 (5), and BphPs from
the soil bacteriumAgrobacterium tumefaciens(6), the
pathogenic bacteriumPseudomonas aeruginosa(7), and the
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radiation-resistant bacteriumDeinococcus radiodurans(7).
Most of these bacteriophytochromes exhibit red/far-red
reversible absorption spectral changes similar to those of
plant phytochromes upon reconstitution of apoproteins with
bilin chromophoresin Vitro.

Both plant phytochromes and bacteriophytochromes can
be divided into two functional regions, the N-terminal
photosensory region and the C-terminal regulatory region
(8). The photosensory region senses the light that induces
the reversible phototransformation, and the regulatory region
is involved in the regulation of light-to-signal transduction.
The photosensory region is a bilin lyase domain, a part of
which, including the bilin-binding site, is supposed to have
a tertiary structure similar to that of GAF, cGMP-binding
phosphodiesterase,Anabaenaadenylate cyclase, andEs-
cherichia coliFhlA, domains found in hundreds of signaling
and sensory proteins based on amino acid sequence homol-
ogy (9).

Recently, one of us found a novel GAF-containing
photoreceptor, PixJ1, in the unicellular cyanobacterium
Synechocystissp. PCC 6803 that mediates positive photo-
tactic motility on solid surfaces using a type IV-like pilus
structure (10-13). PixJ1 [entry sll0041 in Cyanobase
(http://www.kazusa.or.jp/cyano/)] contains two GAF domains
in addition to a signaling motif found in chemoreceptors,
MCP (methyl-accepting chemotaxis protein) (Figure 1A).
Purified PixJ1 fromSynechocystisexhibited a unique revers-
ible phototransformation between a blue light-absorbing (Pb,
λAmax ) 435 nm) form and a green light-absorbing (Pg,λAmax

) 535 nm) form (1). The second GAF domain proved to be
the chromophore-binding site on the basis of mutational
analyses. A zinc blot following SDS-polyacrylamide gel
electrophoresis (PAGE) demonstrated the covalent binding
of a tetrapyrrole chromophore.

No such blue-green reversible photoreceptor has been
reported so far among the GAF-containing photoreceptors.
It is of much interest to clarify the origin of the blue-shifted
absorption spectral changes in the GAF domain. There are
two possible causes for this blue-shifted spectral change.
PixJ1 may bind an unusual bilin chromophore lacking a long-
range conjugation system ofπ-electrons, for example, a
rubin-type chromophore, or theπ-electron conjugation
system is twisted and disrupted within the tertiary structure
of the GAF domain. To reveal clues for the molecular basis
of this unique photoreversibility, we tried to reconstitute the
blue-green reversible phototransformation of the GAF
domain inE. coli cells that produced a variety of bilins.

All bilin chromophores are derived from heme. The first
step is the cleavage of heme at the IXR position by heme
oxygenase (HO) to form biliverdin IXR (BV). In plants, BV
is converted to phytochromobilin (PΦB), the chromophore
of the phytochrome, by phytochromobilin:ferredoxin oxi-
doreductase (14-17). In algae and cyanobacteria, BV is
converted to phycocyanobilin (PCB) by 3(Z)-phycocyano-
bilin:ferredoxin oxidoreductase (PcyA) (16) or to phyco-
erythrobilin (PEB) by 15,16-dihydrobiliverdin:ferredoxin
oxidoreductase, PebA, and 3(Z)-phycoerythrobilin:ferredoxin
oxidoreductase, PebB (16). Algae and cyanobacteria utilize
these bilins as light energy-harvesting chromophores in
phycobiliproteins (18, 19). PCB is also used as the chro-
mophore for a cyanobacterial phytochrome, Cph1, inSyn-
echocystis(20). In animals, on the other hand, BV is reduced
to bilirubin (BR) by biliverdin reductase (BVR) as part of
the degradation pathway of heme (21). Plants and higher
photosynthetic organisms lack homologues to the BVR gene,
while some cyanobacteria, includingSynechocystis, harbor
the gene,bVdR. In Synechocystis, disruption of thebVdRgene
was shown to reduce the amount of phycocyanin to an
undetectable level, resulting in a 75% reduction in the level
of phycobilisome core proteins (22). Furthermore, recom-
binant BvdR ofSynechocystiswas reported to reduce PCB
into a phycocyanorubin (PCR)-like bilirubinoid with aλAmax

of 429 nm [λAmax ) 450 nm in mammalian BR (23)],
although its activity on PCB was much lower than that on
BV (22). These results suggest that BR and PCR are
synthesizedin ViVo in Synechocystis.

Considering the above biosynthetic pathways of bilins in
Synechocystis, we constructed four expression systems in
E. coli that produce BV, BR, PCB, and PCR as final products
(Figure 2). Using these expression systems, we succeeded
in producing GAF-containing polypeptides showing a blue-

FIGURE 1: Domain structure and recombinant polypeptides of
Synechocystissp. PCC 6803 PixJ1. (A) Domain and motif structure
of PixJ1. FL, GAF 1/2, and MCP represent the full-length protein,
the first GAF domain from the N-terminus, and the methyl-
accepting chemotaxis protein, respectively. P (proline), C (cysteine),
and H (histidine) in each GAF domain show the two corresponding
important amino acid residues for the chromophore binding of plant
phytochromes. (B and C) Constructs of the two recombinant GST-
tagged GAF polypeptides, GST-63k and GST-43k, respectively.

FIGURE 2: Established bilin biogenesis pathways inSynechocystis
sp. PCC 6803 (arrows with solid lines), a BR synthetic process in
animal (arrow with a dashed line), and a proposed BR and PCR
synthetic processes inSynechocystissp. PCC 6803 (arrows with
dotted lines). Fd means ferredoxin, and for the other abbreviations
of the enzymes at each process, see the text. Theλmax values of
BV and BR are referenced to those of mammal BV and BR (20).
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green reversible photoreaction almost identical to that of the
intact PixJ1.

MATERIALS AND METHODS

Preparation of Bilin-Producing E. coli. Four plasmids,
pKT270,bVdR/pKT270, pKT271, andbVdR/pKT271 for BV,
BR, PCB, and PCR synthesis, respectively, were prepared.
The pKT270 vector contains theSynechocystisHO gene,ho1
(Cyanobase entrysll1184), and pKT271 contains theho1
gene and theSynechocystisPcyA gene,pcyA (Cyanobase
entry slr0116). These genes were amplified by PCR and
sequentially cloned into the pACYC184 vector under the
control of a T5 promoter and a lacO operator. The details of
the construction of these two plasmids are reported elsewhere
(24). Two other plasmids,bVdR/pKT270 andbVdR/pKT271,
were prepared as follows. Using theSynechocystisgenome
as a template, DNA fragments corresponding to thebVdR
gene (Cyanobase entryslr1784) were amplified by the PCR
method with the following oligonucleotide primers with
restriction sites in bold: 5′-CTCGAGTAAAGAGGAG-
CAAGGTACTATGTCTGAA-3′ and 5′-GCCGATGTC-
GACGCTAATTTTCAACCTTA-3′. The amplified DNA
was isolated, digested, and cloned into the pKT270 or
pKT271 vector. JM109 strains ofE. coli were transformed
with each vector and used for synthesis of photoactive GAF
polypeptides.

Preparation of Recombinant GAF-Containing Polypep-
tides.Two types of polypeptides containing the second GAF
domain ofSynechocystissp. PCC 6803 PixJ1 were prepared
as N-terminal glutathioneS-transferase fusion proteins by
overexpression the bilin-synthesizingE. colidescribed above.
The recombinant polypeptides, GST-43k and GST-63k,
were designed as shown in Figure 1, 4- and 20-amino acid
extensions at the N-termini and 6- and 170-amino acid
extensions at the C-termini of the GAF domain, respectively.
Using the Synechocystisgenome as a template, DNA
fragments corresponding to the GAF polypeptides were
amplified by the PCR method by using Pfu DNA polymerase
(Stratagene, Madison, WI) and the following oligonucleotide
primers with restriction sites in bold: 5′-CCAGGGATC-
CCCGGAAAGCGCCCAGCAAGCC-3′ and 5′-GAGAT-
CTCGAGTCATGATTCCCCCAATCGCT-3′ for GST-63k
and 5′-TAAAGAATTGACT GGATCCCCGTCCGCTGC-
CATCAACAGC-3′ and 5′-ACTTCCTCGAGTCACTGT-
TGGGCTAAGAGGTC-3′ for GST-43k. The amplified
DNA was isolated, digested, and cloned into pGEX-4T-1
bacterial expression vectors (Amersham Bioscience) as fusion
proteins with GST. A linker sequence (Gly-Ser-Pro-Glu-Phe)
was inserted to connect the N-terminal end of the polypeptide
and the C-terminal end of GST. The two constructs were
verified by DNA sequencing with a CEQ 200XL DNA
Analysis System (Beckman Coulter). JM109 strains ofE.
coli with the bilin- or rubin-synthesizing genes were trans-
formed with the expression vectors, grown at 310 K in
L-broth containing 50µg/mL ampicillin and 20µg/mL
chloramphenicol until the OD600 reached 0.2-0.3, and then
incubated in the presence of 0.1 mM isopropylâ-D-
thiogalactopyranoside for a further 20 h at 18°C in the dark.
The following purification procedures were carried out at
0-4 °C under dim red light. Harvested bacteria were lysed
in phosphate-buffered saline [10 mM Na2HPO4, 1.8 mM
KH2PO4, 140 mM NaCl, and 2.7 mM KCl (pH 7.4)]

containing 1 mM phenylmethylsulfonyl fluoride, and the
supernatant was mixed and incubated with glutathione-
Sepharose 4B gel (Amersham Bioscience). The fusion
proteins were eluted from the gel with a solution containing
10 mM reduced glutathione, 50 mM Tris-HCl, 100 mM
NaCl, and 1 mM EGTA (pH 7.5).

For the absorption spectral measurements in Figure 4, we
substituted the external medium with phosphate-buffered
saline. For the denaturation experiment in Figure 5, the
GST-43k polypeptide was purified further. The eluted
GST-43k polypeptide was applied on a Sephacryl S-100
HR column (Amersham Biosciences) equilibrated and eluted
with a solution of 100 mM NaCl, 25 mM Tris-HCl, and 1
mM Na2EDTA (pH 7.8). The eluted polypeptides were
further purified using ion-exchange chromatography with a
HiTrap DEAE Sepharose FF column (Amersham Bio-
sciences) and a buffer solution containing 50 mM potassium
phosphate and 1 mM Na2EDTA (pH 6.5) using a gradient
from 0 to 1 M NaCl. Elution profiles were monitored by
band patterns of Coommasie Brilliant Blue-stained gels after
SDS-polyacrylamide gel electrophoresis (PAGE). The frac-
tions containing the fusion proteins were collected and
concentrated by ultrafiltration with Centriprep (Millipore).
For the zinc-induced fluorescence assay, the SDS-PAGE
gel was soaked in 10 mM zinc acetate for 30 min and
fluorescence was visualized through a 605 nm filter upon
excitation at 532 nm with a FMBIO II system (Hitachi).

Measurements of UV-Visible Absorption Spectra. UV-
visible absorption spectra were measured at room temperature
(25 °C) with a U-3310 spectrophotometer (Hitachi). For
actinic irradiation of the sample solution, violet light
(λmax ) 400 nm and half-bandwidth of 5 nm at 80µmol
m-2 s-1), green light (λmax ) 513 nm and half-bandwidth of
30 nm at 30µmol m-2 s-1), and red light (λmax ) 640 nm
and half-bandwidth of 15 nm at 200µmol m-2 s-1) were
provided by the SDL-5N3CUV-A (Sander), DG5306XDG
(Stanley Electric), and L645-03AU (Epitex Inc.) light-
emitting diodes, respectively.

Urea Denaturation.GST-43k protein in the Pb form
purified from E. coli coexpressed with pKT271 andAna-
baena cylindricaphycocyanin (a kind gift of A. Murakami,
Kobe University, Kobe, Japan) were prepared in a 50 mM
potassium phosphate solution containing 1 mM Na2EDTA
(pH 6.5) with an absorbance of 0.5 at 435 nm and an
absorbance of 0.3 at 615 nm, respectively. They were
denatured by addition of a 10 M urea solution to give a final
urea concentration of 8 M and a pH of 8. After measurements
of absorption spectra, the pH of the sample solutions was
adjusted to pH 2.0 using HCl and the absorption spectra were
remeasured.

In-Gel Digestion and HPLC Analysis.Three excised spots
of GST-43k protein separated by SDS-PAGE were sub-
jected to in-gel digestion with trypsin as described in ref
25, except that the trypsin solution contained 50 mM NH4-
HCO3 and 1 mM CaCl2. Extracted polypeptides from the
gel were dried in a centrifugal evaporator and then dissolved
in 100 µL of a 0.1% (v/v) TFA and 5% (v/v) acetonitrile
solution. After filtration, the polypeptide sample was applied
to a Shimadzu LC-10Ai Semi-micro Inert Gradient System
and separated on a Macherey-Nagel Nucleosil 120-5C18

column (26) using a gradient elution of a 0.1% TFA/H2O
solution and a 0.07% TFA/acetonitrile solution at a flow rate
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of 0.2 mL/min at room temperature. The elution profile was
monitored by the absorbance at 580 and 216 nm, and the
eluate was sampled in 0.1 mL fractions. For the experiments
described above, HPLC-grade acetonitrile, formic acid, and
trifluoroacetic acid (TFA) (Wako Pure Chemical Industry,
Osaka, Japan), microselect-grade dithiothreitol and am-
monium bicarbonate (Fluka Chemie GmbH, Buchs, Swit-
zerland), and sequencing-grade trypsin (Promega, Madison,
WI) were used.

Mass Spectrometry.The HPLC fractions at the main
absorption peak at 580 nm were dried in a centrifugal
evaporator, resolved in 2µL of 0.1% TFA and 30%
acetonitrile, and analyzed by an AXIMA CFRplus matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometer (Shimadzu Corp.), using CHCA (R-
cyano-4-hydroxycinnamic acid) as a matrix at a concentration
of 5 mg/mL CHCA in 0.1% TFA and 50% acetonitrile.

A PCB-bound peptide separated as described above was
analyzed using an AXIMA QIT matrix-assisted laser de-
sorption ionization quadrupole ion trap time-of-flight (MALDI-
QIT-TOF) mass spectrometer (Shimadzu Corp.) with a
matrix of DHB (2,5-dihydroxybenzoic acid). The resultant
PCB-desorbed peptide was further analyzed by mass spec-
trometric peptide fragmentation and sequencing (25, 27)
using the AXIMA QIT apparatus (10 mg/mL DHB in 40%
acetonitrile). The spectra were calibrated externally using
angiotensin II ([M+ H]+ ) 1046.54) and ACTH fragment
([M + H]+ ) 2465.20). MS, MS/MS, and MS/MS/MS
spectra were analyzed using Shimadzu Launchpad version
2.4. For the experiments described above, proteomics-
recrystallized CHCA and DHB (Wako Pure Chemical
Industry) and angiotensin II and ACTH fragment from
Sigma-Aldrich (St. Louis, MO) were used.

RESULTS

Synthesis of the GST-GAF Polypeptides in E. coli
Harboring Bilin Biosynthesis Genes.To characterize the
chromophore in PixJ1, the GAF-containing polypeptides,
GST-63k and GST-43k (Figure 1), were synthesized in
E. coli transformed with genes for the biosynthesis of four
different bilins. GAF polypeptides purified by gel filtration
and ion-exchange column chromatography were run on
SAS-PAGE and analyzed by Coomassie staining and a zinc-
induced fluorescence assay.

E. coli transformed with pKT271 and pKT270 carrying
the genes for PCB and BV synthesis, respectively, synthe-
sized a GST-63k polypeptide (row 1 of Figure 3A,B) with
covalently bound tetrapyrrole (row 2 of Figure 3A,B). These
E. coli expression systems also synthesized a tetrapyrrole-
bound GST-43k polypeptide (data not shown).

TheE. coli that carries pKT271 and thebVdRgene and is
expected to synthesize PCR also produced tetrapyrrole-bound
GST-43k (rows 1 and 2 of Figure 3C) and GST-63k
polypeptides. In contrast,E. coli that carries pKT270 and
the bVdR gene, the genes for BR biosynthesis, produced a
GST-63k polypeptide with extremely weak fluorescence
(row 1 of Figure 3D), indicating a very low level of
covalently bound bilin (row 2 of Figure 3D). Similar results
were obtained with GST-43k (data not shown).

The other minor bands that appear in Figure 3, derived
possibly from degradation products in the SDS-PAGE,

exhibited no Zn-induced tetrapyrrole fluorescence. Since
cleavage of GST from GST-63k and GST-43k poly-
peptides with thrombin resulted in formation of insoluble
aggregates, GST fusion proteins were used for the absorption
spectroscopy studies below.

Spectroscopic Properties of the GST-GAF Polypeptides
Synthesized in E. coli Containing Genes for BV and BR
Biosynthesis.Spectroscopic properties of the GST-GAF
polypeptides produced inE. coli transformed with genes for
BV and BR biosynthesis were studied. The two bilins have
a vinyl substituent at ring A in contrast to an ethylidene
substituent in PCB and PCR.

The GST-63k polypeptide isolated from BV-synthesizing
E. coli bound tetrapyrrole covalently (Figure 3B). The UV-
visible absorption spectrum of the GST-63k solution
prepared in the dark revealed a peak at 405 nm with a
shoulder at around 460 nm overlapping with a large peak in

FIGURE 3: Coomassie staining (row 1) and zinc-induced fluores-
cence (row 2) of the SDS-PAGE bands corresponding to either
GST-63k (A, B, and D) or GST-43k (C). Polypeptides were
purified fromE. coli synthesizing PCB (A), BV (B), PCR (C), and
BR (D). Numbers below the bands represent the amount in
micrograms of the applied GST fusion samples.

FIGURE 4: UV-visible absorption spectra of the GST-63k and
GST-43k polypeptides purified fromE. coli transformed with BV
(A), PCB (B), and PCR (C) biosynthesis genes. (A-1) Absorption
spectra of a GST-63k polypeptide from the BV expression system
in the dark (solid line, D), after illumination with violet light (dotted
line, VL), and after successive illumination with red light (dashed
line, RL). (A-2) Absorption difference spectra obtained by VL
minus D (solid line) and RL minus VL (dotted line). (B-1)
Absorption spectra of the GST-63k polypeptide from the PCB
expression system in the dark (solid line, D), after illumination with
violet light (dotted line, VL), after successive illumination with
green light (dashed line, GL), and after a successive second
illumination with violet light (dotted and dashed line, VL2). (B-2)
Absorption difference spectra obtained from GL minus VL (dashed
line) and VL2 minus GL (dotted line). The solid line and the thick
gray line represent the GL minus VL absorption difference spectra
of the 43k polypeptide fromE. coli transformed with PCB and the
His-tagged full-length PixJ1 protein isolated fromSynechocystis
sp. PCC 6803 (1), respectively. (C-1) Absorption spectra of the
GST-43k polypeptide from the PCR expression system. The light
conditions of each line are the same as those in panel A-1. (C-2)
Absorption difference spectra obtained from GL minus VL (solid
line) and VL2 minus GL (dotted line). All the illuminations were
saturating.
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the UV region (part 1 of Figure 4A, solid line). Illumination
with violet light (emission peak at 400 nm) caused an
absorbance decrease and a blue shift of the 405 nm
absorption peak, and the appearance of a new broad peak
spreading from 550 to 650 nm with aλmax at 620 nm (dotted
line in part 1 of Figure 4A and solid line in part 2 of Figure
4A). Successive illumination of the new peak with red light
(emission peak at 645 nm) changed the spectrum by only a
small amount (dashed line in part 1 of Figure 4A and dotted
line in part 2 of Figure 4A), indicating that this violet light-
induced small absorption change is not reversible.

The GST-GAF polypeptide isolated fromE. coli that
synthesizes BR via BV exhibited a trace amount of co-
valently bound tetrapyrrole (Figure 3D). In accordance with
this result, the absorption spectrum of the GST-63k
polypeptide solution exhibited only an obscure absorption
peak except for the large absorption by tryptophan in the
shorter wavelength region for both the GST-43k and GST-
63k polypeptides (data not shown).

Spectroscopic Properties of the GST-GAF Polypeptides
Synthesized in E. coli Containing Genes for PCB and PCR
Biosynthesis.We studied the spectroscopic properties of the
GST-GAF polypeptides prepared inE. coli, coexpressed
with genes synthesizing PCB and PCR. The two bilins have
an ethylidene residue at ring A that enables them to form a
thioether linkage with a cysteine in the GAF domains of
phytochrome.

The GST-GAF polypeptide produced in the PCB-
synthesizingE. coli binds a tetrapyrrole chromophore co-
valently (Figure 3A). The absorption spectrum of a GST-
63k solution prepared in the dark exhibited an absorption
peak at 410 nm (part 1 of Figure 4B, solid line). Illumination
of the sample with violet light induced the appearance of a
new absorption peak at 535 nm (part 1 of Figure 4B, dotted
line) that reverted after illumination with green light (part 1
of Figure 4B, dashed line). This absorption change was
repeatable (part 1 of Figure 4B, dotted and dashed line). The
absorption difference spectra revealed a typical reversible
photoconversion between the blue light-absorbing form (Pb,
λmax ) 435 nm) and a green light-absorbing form (Pg,λmax

) 535 nm) (part 2 of Figure 4B, solid and dotted line) that
is almost identical to Pb (λmax ) 435 nm) and Pg (λmax )
535 nm) of His-tagged full-length PixJ1 purified from
Synechocystis(part 2 of Figure 4B, thick gray line). An
absorption difference spectrum of the GST-43k polypeptide
prepared in the same PCB-synthesizingE. coli was almost

the same as that of the GST-63k polypeptide (part 2 of
Figure 4B, dashed line), indicating that the amino acid region
corresponding to GST-43k is sufficient for the chromophore
binding and the reversible blue-green photoconversion of
PixJ1, and that the additional N- and C-terminal amino acids
in GST-63k do not interfere with either of these functions.

The GST-GAF polypeptide produced inE. coli carrying
genes for PCR biosynthesis binds bilin covalently (Figure
3C). Their solutions also revealed an almost identical
photoreversible conversion between Pb and Pg (part 2 of
Figure 4C) almost identical to those of GST-GAF poly-
peptides prepared by the PCB-synthesizing system (part 2
of Figure 4B).

Absorption Spectra of the Denatured GST-43k Poly-
peptide and Phycocyanin. Since GST-GAF polypeptides
prepared in the PCB-synthesizingE. coli mimic well the
blue-green spectral change of the full-length PixJ1, dena-
turation effects on the absorption spectra were studied with
the GST-43k polypeptide. Among the phycobiliproteins in
cyanobacteria, phycocyanin and allophycocyanin are known
to bind PCB covalently as the chromophore (18, 28). The
biliproteins in the native state show a broad range ofλmax

from 615 to 650 nm in their first absorption band (18).
However, in the acidic urea solutions that minimize the effect
of the apoprotein on the absorption spectra of the chro-
mophore, theλmax of the first absorption band comes to
around 660 nm (29, 30) and its molar extinction coefficient
increases. Therefore, the absorption spectra of the GST-
43k polypeptide were compared with those of phycocyanin
from A. cylindrica in the acidic urea solution.

The absorption spectrum of the phycocyanin in a 8.0 M
urea solution at pH 8.0 exhibited two absorption peaks with
a λmax at 350 and 600 nm (Figure 5A, solid line). Theλmax

of the first absorption band shifted from 600 to 663 nm, and
the extinction coefficient increased at pH 2.0 (Figure 5A,
dotted line). The GST-43k polypeptide thought to bind PCB
exhibited a second absorption peak at 408 nm and a broad
first absorption band at around 560 nm in 8 M urea at pH
8.0 (Figure 5B, solid line). At pH 2.0, the first absorption
peak exhibited an increase in the extinction coefficient but
showed only a small red shift to 595 nm with a shoulder at
568 nm (Figure 5A, dotted line). In addition, a broad new
peak appeared at around 660 nm that increased in magnitude
and was accompanied by a decrease in the magnitude of the
595 nm peak when the GST-43k polypeptide solution was
left in the dark at room temperature (data not shown).

Isolation of the Chromopeptide from the GST-GAF
Polypeptide. To obtain the information concerning the
chromophore and its binding site in the GAF polypeptide
by MS, we isolated chromopeptides from tryptic fragments
of the GST-43k polypeptide by HPLC. The HPLC elution
profile detected by 580 nm exhibited a single large peak at
a retention time of∼38 min and a few very small peaks
(Figure 6A). The major peak (arrow) was collected and used
for MS analysis.

Analysis by Mass Spectrometry. The collected chromo-
peptide was applied on a MALDI-TOF mass spectrometer.
The monoisotopic masses showed four major ion signals at
m/z2269.23, 2326.26, 2357.30, and 2929.54. Among the four
signals, that atm/z 2929.54 (Figure 6B) matched well the
calculated mass, 2929.50, of PCB with a peptide with the
DIYNAGLTPCHIGQLKPFEVK amino acid sequence that

FIGURE 5: UV-visible absorption spectra of (A)A. cylindrica
phycocyanin and (B) the GST-43k polypeptide purified fromE.
coli transformed with PCB biosynthesis genes, after denaturation
with 8 M urea at pH 8.0 (solid line) and pH 2.0 (dotted line).
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covers the chromophore-binding motif of cysteine-histidine
in the GAF polypeptide. Furthermore, in the low-m/z region,
we detected an in-source decay (ISD) ion signal atm/z587.27
(Figure 6C), which is almost identical to the calculated mass,
587.29, for PCB, suggesting that the signal comes from the
desorbed chromophore.

The peptide producing an ion signal atm/z2929.54 (Figure
6B, box) was subjected to MALDI-QIT-TOF mass spec-
trometry. The main MS/MS signal atm/z 2343.35 (Figure

6D, box) coincides with the calculated mass, 2343.38, of
the 21-amino peptide without PCB, indicating that the signal
comes from the peptide after desorption of PCB. This peptide
was further subjected to MS/MS/MS analysis and sequenc-
ing. The spectrum (Figure 7) exhibited intense collision-
induced dissociation (CID) fragment ion signals from both
the Y-type and B-type ion series (27) as well as the other
ions derived from additional fragmentations such as the loss
of H2O and of ammonia. The partial amino acid sequence,
DIYNAGLTPCHIGQLKPFEVK, determined from the MS/
MS/MS spectrum is identical to that of the 21-amino acid
polypeptide proposed on the basis of the mass data. The mass
analysis data clearly show that the chromophore, probably
PCB, binds to the 21-amino acid sequence region that
includes the cysteine-histidine motif of phytochrome chro-
mophore binding.

DISCUSSION

Reconstitution of a ReVersible PhotoconVersion between
Pb and Pg in the Bilin-Bound GAF Polypeptides.Previously,
the His-tagged full-length PixJ1 expressed and isolated from
the Synechocystiscells was found to bind a bilin chro-
mophore(s) covalently in only the second GAF domain and
to exhibit a photoreversible conversion between two distinct
absorption forms, Pb and Pg (1). Since the molecular species
of the chromophore was not identified in that study, we tried
to reconstitute the GAF polypeptides with a variety of bilin
chromophoresin Vitro. However, we obtained an extremely
low reconstitution yield using the standard method of mixing
DMSO or MeOH solutions of bilins with the GAF poly-
peptides as compared with plant phytochrome (31) or
bacteriophytochromes (4-7). We, therefore, used thein ViVo
reconstitution method.

In the study presented here, almost the same photo-
conversion was successfully reproduced in the GST fusion
polypeptides with the second GAF domains that were
coexpressed with genes for synthesis of PCB or PCR (Figure
4).

Molecular Species of the Chromophore Responsible for a
ReVersible PhotoconVersion between Pb and Pg. E. coli
transformed with pKT271 can produce two bilin pigments,
BV and PCB. Since the GST-GAF polypeptides from the
BV-synthesizing system did not show the blue-green
photoconversion even though the polypeptides could bind
to the chromophore (Figure 4A), it is reasonably concluded
that PCB is the chromophore responsible for this photo-
conversion, although a possible modification of PCB in the
E. coli cell cannot be excluded completely.E. coli trans-
formed withbVdR/pKT271 can produce four bilin pigments,
BV, BR, PCB, and PCR. BV can be excluded as a candidate
for the target chromophore as described above. Furthermore,
the GAF polypeptides prepared from BR-synthesizingE. coli
bind no bilin as proved by the zinc staining analysis (row 2
of Figure 3D). Between the remaining two chromophores,
PCB and PCR, PCB is very likely to be responsible for the
spectral changes on the basis of the following two facts. First,
plant phytochrome that has the same amino acid sequence,
cysteine-histidine for chromophore binding, has been re-
ported to bind PCB and a trace amount of BV but not BR
nor PCR in Vitro (32). Second, recombinant BvdR of
Synechocystiswas reported to exhibit a 10 times lower

FIGURE 6: (A) HPLC elution profile of tryptic fragments of the
GST-43k polypeptide. The absorptions at 580 nm (thick trace)
and 216 nm (thin trace) and the gradient used for the elution (thin
linear line) are indicated. The gradient is shown as the percentage
of a 0.07% TFA/acetonitrile solution in a 0.1%TFA/H2O solution.
mAU indicates milliabsorbance unit. The arrow shows the main
chromopeptide peak. (B and C) MALDI-TOF MS of the chro-
mopeptide shown in panel A by the arrow. (B) MS spectrum around
the ion signal atm/z2929.54 (box) corresponding to the calculated
mass, 2929.50, of a PCB-bearing peptide with the DIYNAGLT-
PCHIGQLKPFEVK amino acid sequence, including the chro-
mophore-binding motif of cysteine-histidine in the GAF poly-
peptide. (C) MS spectrum around the in-source decay (ISD) ion
signal atm/z 587.27 corresponding to the calculated mass, 587.29,
of PCB. (D) MS/MALDI-QIT-TOF MS spectrum of the peptide
with ion signal atm/z 2929.54 in the MS (Figure 6B, box). The
main signal atm/z 2343.35 corresponding to the calculated mass,
2343.38, of the 21-amino acid DIYNAGLTPCHIGQLKPFEVK
peptide without PCB is indicated with a box.
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reductase activity on PCB than on BV (22). Thereafter, PCB
may accumulate as an intermediate product due to the low
activity of BvdR on PCB in theE. coli cells and may be
bound to the GAF polypeptides. The PCB-bound polypep-
tides can be the origin for the observed spectral changes.
Actually, the spectral changes of the GAF polypeptides are
almost indistinguishable between the pKT271 andbVdR/
pKT271 systems (Figure 4), suggesting that the GAF
polypeptides from different expression systems bind the same
chromophore to each other.

MS detected the signal coming from the desorbed chro-
mophore that has the calculated mass of PCB, supporting
the idea that PCB is the chromophore. However, these data
should be treated with care since the difference in mass
between PCB and PCR is only 2 and is within the mass
variation coming from different ionized states or different
binding modes from a thioether bonding of PCR. The
absorption spectrum of the trypsin-digested GST-43K
polypeptide after treatment with SDS-PAGE sample buffer
exhibited aλmax at 555 nm, which is almost the same as that
of phycocyanin fromA. cylindrica(560 nm, data not shown).
The data indicate that the attached chromophore has an
extendedπ-electron conjugation system like PCB but not
rubin-type linear tetrapyrrole lacking the conjugation between
the B and C rings. Thus, all the results can be reasonably
explained by the interpretation that PCB is the chromophore
responsible for the reversible photoconversion between Pb
and Pg.

Chromophore-Binding Site.PCB has an ethylidene side
chain at ring A that is known to attach to a conserved cysteine
in the GAF domains of plant and some cyanobacterial
phytochromes. BV has, on the other hand, a vinyl side chain
at ring A, which is shown to be responsible for the
chromophore binding of the bacteriophytochromes from

AgrobacteriumAgp1 andD. radioduransDrBphP. Some
other bacteriophytochromes fromPseudomonas syringae
PsBphP,BradyrhizobiumBrBphP, orCalothrix CphB also
bind BV covalently, but the binding rings have not been
resolved (7, 33-35). Agp1 and DrBphP bind BV at an
N-terminal cysteine which is far from the chromophore-
binding region of phytochromes (6, 36-38). The recently
determined crystal structure of DrBphP shows the binding
of A ring C32 to the thiol group of the cysteine which is
different from the binding at C31 in the ethylidene-type
chromophore (38). This N-terminal cysteine is well-
conserved among bacteriophytochromes lacking the con-
served cysteine in their GAF domains. On the other hand,
none of all the plant phytochromes and only some of the
cyanobacterial phytochromes carrying a chromophore in
GAF domains have the N-terminal cysteine. From this point
of view, PixJ1 falls into the latter (plant) type phytochrome,
since it carries a cysteine at the second GAF domain
responsible for chromophore binding (1). These MS data
proved that the chromophore, probably PCB, binds to the
21-amino acid region, DIYNAGLTPCHIGQLKPFEVK, of
the GAF polypeptide, including the conserved cysteine.

Molecular Basis for the Blue-Shifted Absorption Spectral
Change.In contrast to the plant phytochromes that bear PΦB
as the chromophore, prokaryotic phytochrome-like photo-
receptors have been known to bind other bilins, such as PCB
in SynechocystisCph1 (20) and BV in bacterial BphP from
Bradyrhizobium due to the lack of PΦB biosynthetic
pathways.In Vitro assembly experiments have also shown
the binding of PCB by CphA from the cyanobacterium
Calothrix PCC 7601 (5) or binding of BV by CphB from
Calothrix (20), and BphPs fromP. aeruginosaand D.
radiodurans(7). All these bacterial phytochromes, however,
exhibit a similar photoconversion between Pr and Pfr. The

FIGURE 7: MS/MS/MALDI-QIT-TOF MS spectrum of the peptide with an ion signal atm/z 2343.35 in the MS/MS spectrum (Figure 6D,
box). The mass spectrometric fragment ions from both the Y-type and B-type ion series are indicated. The determined partial amino acid
sequence is depicted and was assigned to the 21-amino acid peptide DIYNAGLTPCHIGQLKPFEVK in the GAF polypeptide.
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photoconversion between Pb and Pg of PixJ1 is very unique,
and the underlying molecular mechanism for this blue shift
is of great interest.

An absorption maximum of UV-visible spectra of bilins
is determined by itsπ-electron conjugation system as well
as the structure of its binding pocket in biliproteins. Verdin-
type bilins, such as BV, PCB, and PΦB, have extended
π-electron conjugation systems from ring A to D that are
responsible for the photoconversion between Pr and Pfr in
the GAF domains. On the other hand, three bilins with
disrupted conjugation systems have been reported to show
blue-shifted absorption maxima in biliproteins. PEB that
lacks theπ-electron conjugation between rings C and D
exhibits the absorption maxima in the wavelength region
from 540 to 575 nm in the free forms, and those from 535
to 567 nm after binding to phycobilisome proteins (18). PEB
carries an ethylidene side chain at ring A and is bound to a
conserved cysteine in plant phytochromes through a thioether
linkage with aλmax of 575 nm, although it is not photo-
convertible (32, 39). SinceSynechocystisdoes not synthesize
PEB, it cannot be responsible for this blue-green photo-
conversion. Phycourobilin (PUB) lacking the conjugation
between rings A and B in addition to that between rings C
and D has aλmax at 495 nm in phycobiliproteins (40). The
biosynthetic pathway of PUB is not known, but its involve-
ment in this phototransformation can be excluded since PUB
has not been detected inSynechocystis. The third bilin,
phycoviolobilin (PVB), missing the conjugation between
rings A and B shows an absorption maximum at 568 nm in
the R-subunit of phycoerythrocyanin (PecA) (41). The
biosynthetic pathway of this bilin is still not clear. In the
cyanobacteriumMastigocladus, PecE and PecF, which are
homologues of CpcE and CpcF of PCB lyase, respectively,
catalyze the covalent attachment of PCB to PecA and
isomerization and reduction of PCB to PVB (41, 42). PVB
is bound to a cysteine in PecA via thioether bond and shows
a reversible photoconversion between a 505 and 570 nm-
absorbing form that comes fromZ/E photoisomerization
around the C15dC16 bond between rings C and D (43, 44).
In Synechocystis, however, PVB-attached biliproteins have
not been detected. Furthermore, theSynechocystisgenome
harbors CpcE and CpcF genes but no genes obviously
homologous to PecE and PecF. Accordingly, the involvement
of PVB in this photoconversion may be excluded. Rubin-
type bilins, such as BVR and PCR, also show a blue-shifted
absorption, but their contributions to this blue-green
photoconversion can be excluded as discussed in the previous
section. All these are consistent with the results presented
here and indicate PCB is the chromophore responsible for
Pb-Pg phototransformation.

Accordingly, the molecular structure of the bilin-binding
pocket is likely a key factor for Pb-Pg phototransformation.
For example, the ArchaeonHalobacterium salinarumhas
four retinal binding proteins, bacteriorhodopsin (45), halo-
rhodopsin (46), sensory rhodopsin I (47), and phoborhodop-
sin (pR) or sensory rhodopsin II (48). All of them bind retinal
as the chromophore and are in an all-trans form in the ground
state; however, the former three haveλmax in the wavelength
region of 560-590 nm, while pR shows aλmax of <500 nm
(49). The blue-shiftedλmax of pR is supposed to be caused
by the different structure in the retinal-binding pocket.

In this analogy, PCB in the binding pocket of the GAF
polypeptides might disrupt itsπ-electron conjugation system
by twisting the planar configuration, and/or theπ-electron
might be localized due to the electrostatic interactions with
a cationic amino acid residue(s). Since even the disruption
of the twoπ-electron conjugations between rings A and B
and between rings C and D shifts theλmax only to ∼500 nm
(40), both contributions seem to be required to shift theλAmax

of Pb to 430 nm. To keep the PCB in such an unusual
configuration in the binding pocket, PCB may need to attach
to the apoprotein at two positions. In fact, some phycobili-
proteins have been shown to bind bilins via two linkages;
the â-subunit of Gastroclonium coulteriR phycoerythrin
binds PUB at ring A and ring D covalently (40).

This view may be supported by the results of denaturation
treatment of the GAF polypeptide (Figure 5). The 8 M urea
treatment at pH 2.0 of phycocyanin that uncovers the effect
of the protein moiety on PCB produces a typical denatured
spectrum with a peak at 663 nm with an increased molar
extinction coefficient. In the GAF polypeptide, however, the
treatment gave a spectrum different from that of phycocyanin.
The GAF polypeptide still has aλmax at 595 nm in the acidic
urea solution that decreases in magnitude and is accompanied
by a gradual increase in the magnitude of a peak at 670 nm
corresponding to that of the naked PCB in phycocyanin. This
indicates the existence of strong interactions between the bilin
and apoprotein even in the acidic urea solution. Interestingly,
the absorption spectrum of the GST-GAF polypeptide in
the acidic urea is very similar to that of PecA having PVB
as the chromophore in the acidic urea solution (compare
Figure 5B with Figure 2 of ref43). The similar absorption
spectra of the GAF polypeptide and PecA in the acidic urea
solution indicate that the GAF chromophore has aπ-electron
conjugation similar to that of the PecA chromophore in the
naked state. Since PVB lacks theπ-electron conjugation
between rings A and B, the bilin chromophore of the GAF
polypeptide preserves a similar configuration in which the
π-electron conjugation between rings A and B is inhibited
even under the crucial condition. To keep this configuration,
a two-covalent bonding, possibly via rings A and B or rings
A and C, of the chromophore to the apoprotein is very
probable.

The difference between theλmax of Pb and Pg is 100 nm,
which is somewhat larger than those of∼60 nm of PΦB in
plant phytochromes, 50 nm of PCB inSynechocystisCph1,
or 65 nm of PVB in PecA; however, it could be explained
by Z/E photoisomerization around a double bond, possibly
between rings C and D as observed with known photo-
receptors with linear tetrapyrrole chromophores. To elucidate
the molecular processes underlying this unique photocon-
version, we need to conduct further studies such as crystal-
lography (38) or detailedin Vitro reconstitution studies as
reported with phytochrome B (50).
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20. Hübschmann, T., Bo¨rner, T., Hartmann, E., and Lamparter, T.
(2001) Characterization of the Cph1 holo-phytochrome from
Synechocystissp. PCC 6803,Eur. J. Biochem. 268, 2055-2063.

21. Foresti, R., Green, C. J., and Motterlini, R. (2004) Generation of
bile pigments by haem oxygenase: A refined cellular strategy in
response to stressful insults,Biochem. Soc. Symp., 177-192.

22. Schluchter, W. M., and Glazer, A. N. (1997) Characterization of
cyanobacterial biliverdin reductase. Conversion of biliverdin to
bilirubin is important for normal phycobiliprotein biosynthesis,
J. Biol. Chem. 272, 13562-13569.

23. Maines, M. D., and Trakshel, G. M. (1993) Purification and
characterization of human biliverdin reducatse,Arch. Biochem.
Biophys. 300, 320-326.

24. Mukougawa, K., Kanamoto, H., Kobayashi, T., Yokota, A., and
Kohchi, T. (2006) Metabolic engineering to produce phytochromes
with phytochromobilin, phycocyanobilin, or phycoerythrobilin
chromophore inEscherichia coli, FEBS Lett.(in press).

25. Koy, C., Mikkat, S., Raptakis, E., Sutton, C., Resch, M., Tanaka,
K., and Glocker, M. O. (2003) Matrix-assisted laser desorption/
ionization- quadrupole ion trap-time of flight mass spectrometry
sequencing resolves structures of unidentified peptides obtained
by in-gel tryptic digestion of haptoglobin derivatives from human
plasma proteomes,Proteomics 3, 851-858.

26. Sanderson, K., Thornwall, M., Nyberg, G., Glamsta, E. L., and
Nyberg, F. (1994) Reversed-phase high-performance liquid chro-
matography for the determination of haemorphin-like immunore-
activity in human cerebrospinal fluid,J. Chromatogr., A 676, 155-
160.

27. Roepstorff, P., and Fohlman, J. (1984) Proposal for a common
nomenclature for sequence ions in mass spectra of peptides,
Biomed. Mass Spectrom. 11, 601.

28. Glazer, A. N. (1989) Light guides. Directional energy transfer in
a photosynthetic antenna,J. Biol. Chem. 264, 1-4.

29. Glazer, A. N., and Fang, S. (1973) Chromophore content of blue-
green algal phycobiliproteins,J. Biol. Chem. 248, 659-662.

30. Glazer, A. N., and Hixson, C. S. (1975) Characterization of
R-phycocyanin. Chromophore content of R-phycocyanin and
C-phycoerythrin,J. Biol. Chem. 250, 5487-5495.

31. Elich, T. D., and Lagarias, J. C. (1989) Formation of a photo-
reversible phycocyanobilin-apophytochrome adductin Vitro, J.
Biol. Chem. 264, 12902-12908.

32. Li, L., and Lagarias, J. C. (1992) Phytochrome assembly. Defining
chromophore structural requirements for covalent attachment and
photoreversibility,J. Biol. Chem. 267, 19204-19210.

33. Bhoo, S. H., Davis, S. J., Walker, J., Karniol, B., and Vierstra, R.
D. (2001) Bacteriophytochromes are photochromic histidine
kinases using a biliverdin chromophore,Nature 414, 776-779.

34. Giraud, E., Fardoux, J., Fourrier, N., Hannibal, L., Genty, B.,
Bouyer, P., Dreyfus, B., and Vermeglio, A. (2002) Bacterio-
phytochrome controls photosystem synthesis in anoxygenic bac-
teria,Nature 417, 202-205.

35. Quest, B., and Gartner, W. (2004) Chromophore selectivity in
bacterial phytochromes: Dissecting the process of chromophore
attachment,Eur. J. Biochem. 271, 1117-1126.

36. Lamparter, T., Carrascal, M., Michael, N., Martinez, E.,
Rottwinkel, G., and Abian, J. (2004) The biliverdin chromophore
binds covalently to a conserved cysteine residue in the N-terminus
of Agrobacteriumphytochrome Agp1,Biochemistry 43, 3659-
3669.

37. Lamparter, T., Michael, N., Caspani, O., Miyata, T., Shirai, K.,
and Inomata, K. (2003) Biliverdin binds covalently toAgro-
bacteriumphytochrome Agp1 via its ring A vinyl side chain,J.
Biol. Chem. 278, 33786-33792.

38. Wagner, J. R., Brunzelle, J. S., Forest, K. T., and Vierstra, R. D.
(2005) A light-sensing knot revealed by the structure of the
chromophore-binding domain of phytochrome,Nature 438, 325-
331.

39. Murphy, J. T., and Lagarias, J. C. (1997) The phytofluors: A new
class of fluorescent protein probes,Curr. Biol. 7, 870-876.

40. Klotz, A. V., and Glazer, A. N. (1985) Characterization of the
bilin attachment sites in R-phycoerythrin,J. Biol. Chem. 260,
4856-4863.

41. Zhao, K. H., Wu, D., Wang, L., Zhou, M., Storf, M., Bubenzer,
C., Strohmann, B., and Scheer, H. (2002) Characterization of
phycoviolobilin phycoerythrocyanin-R 84-cystein-lyase-(isomer-
izing) from Mastigocladus laminosus, Eur. J. Biochem. 269,
4542-4550.

42. Storf, M., Parbel, A., Meyer, M., Strohmann, B., Scheer, H., Deng,
M. G., Zheng, M., Zhou, M., and Zhao, K. H. (2001) Chro-
mophore attachment to biliproteins: Specificity of PecE/PecF, a
lyase-isomerase for the photoactive 3(1)-Cys-R 84-phycoviolobilin
chromophore of phycoerythrocyanin,Biochemistry 40, 12444-
12456.

43. Zhao, K. H., Haessner, R., Cmiel, E., and Scheer, H. (1995) Type
I reversible photochemistry of phycoerythrocyanin involves Z/E-
isomerization ofR-84 phycoviolobilin chromophore,Biochim.
Biophys. Acta 1228, 235-243.

Reconstitution of Blue-Green Photoreversible PixJ1 Biochemistry, Vol. 45, No. 11, 20063783



44. Zhao, K. H., and Scheer, H. (1995) Type I and type II reversible
photochemistry of phycoerythrocyanin a-subunit fromMastigo-
cladus laminosusboth involve Z, E isomerization of phycovio-
lobilin chromophore and are controlled by sulfhydryls in apopro-
tein, Biochim. Biophys. Acta 1228, 244-253.

45. Oesterhelt, D., and Stoeckenius, W. (1971) Rhodopsin-like protein
from the purple membrane ofHalobacterium halobium, Nat. New
Biol. 233, 149-152.

46. Varo, G. (2000) Analogies between halorhodopsin and bacterio-
rhodopsin,Biochim. Biophys. Acta 1460, 220-229.

47. Bogomolni, R. A., and Spudich, J. L. (1982) Identification of a
third rhodopsin-like pigment in phototacticHalobacterium halo-
bium, Proc. Natl. Acad. Sci. U.S.A. 79, 6250-6254.

48. Takahashi, T., Tomioka, H., Kamo, N., and Kobatake, Y. (1985)
A photosystem other than PS370 also mediates the negative
phototaxis ofHalobacterium halobium, FEMS Microbiol. Lett.
28, 161-164.

49. Takahashi, T., Yan, B., Mazur, P., Derguini, F., Nakanishi, K.,
and Spudich, J. L. (1990) Color regulation in the archaebacterial
phototaxis receptor phoborhodopsin (sensory rhodopsin II),Bio-
chemistry 29, 8467-8474.

50. Hanzawa, H., Shinomura, T., Inomata, K., Kakiuchi, T., Kinoshita,
H., Wada, K., and Furuya, M. (2002) Structural requirement of
bilin chromophore for the photosensory specificity of phyto-
chromes A and B,Proc. Natl. Acad. Sci. U.S.A. 99, 4725-4729.

BI051983L

3784 Biochemistry, Vol. 45, No. 11, 2006 Yoshihara et al.


