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Photointerconversion between the red light-absorbing (Pr)
form and the far-red light-absorbing (Pfr) form is the central
feature that allows members of the phytochrome (Phy) super-
family to act as reversible switches in light perception.Whereas
the chromophore structure and surrounding binding pocket of
Pr have been described, those for Pfr have remained enigmatic
for various technical reasons. Here we describe a novel pair of
Phys from two thermophilic cyanobacteria, Synechococcus sp.
OS-A and OS-B�, that overcome several of these limitations.
Like other cyanobacterial Phys, SyA-Cph1 and SyB-Cph1
covalently bind the bilin phycocyanobilin via their cGMP phos-
phodiesterase/adenyl cyclase/FhlA (GAF) domains and then
assume the photointerconvertible Pr andPfr states with absorp-
tionmaxima at 630 and 704 nm, respectively. However, they are
naturally missing the N-terminal Per/Arndt/Sim domain com-
mon to others in the Phy superfamily. Importantly, truncations
containing only the GAF domain are monomeric, photochro-
mic, and remarkably thermostable. ResonanceRamanandNMR
spectroscopy show that all four pyrrole ring nitrogens of phyco-
cyanobilin are protonated both as Pr and following red light
irradiation, indicating that the GAF domain by itself can com-
plete the Pr to Pfr photocycle. 1H-15N two-dimensional NMR
spectra of isotopically labeled preparations of the SyB-Cph1
GAFdomain revealed that a number of amino acids change their
environment during photoconversion of Pr to Pfr, which can be
reversed by subsequent photoconversion back to Pr. Through
three-dimensional NMR spectroscopy before and after light
photoexcitation, it should now be possible to define the move-
ments of the chromophore and binding pocket during photo-
conversion. We also generated a series of strongly red fluores-
cent derivatives of SyB-Cph1, which based on their small size
and thermostability may be useful as cell biological reporters.

Phytochromes (Phys)3 include a large and diverse superfam-
ily of sensory photoreceptors that use a bilin (or linear tetrapyr-
role) chromophore for light detection (1–3). These chro-
moproteinswere first discovered in higher plants based on their
control of many agriculturally relevant processes and have
since been found by sequence searches in lower plants, algae,
and numerous proteobacteria, cyanobacteria, and fungi. For
photoautotrophic organisms, Phys are particularly important
for optimizing photosynthetic potential where they measure
the fluence rate, duration, and the direction of light and help
detect shading by competitors (1, 4).
The signature feature of canonical Phys is their ability to

photoconvert between two stable states, a red light-absorbing
Pr form that is typically the parent state of the photoreceptor,
and a far-red light-absorbing Pfr form that is often biologically
active (1–3) (for examples of exceptions see Refs. 5–7). This
activity is directed by a series of structural domains that play
specific roles in photoperception. A large N-terminal region
encompasses the chromophore-binding domain (CBD); it
includes a proximal Per/Arndt/Sim (PAS) domain immediately
followed by a cGMP phosphodiesterase/adenyl cyclase/FhlA
(GAF) domain. The CBD autocatalytically attaches the bilin via
a thioether linkage and together with the chromophore gener-
ates the unique photochromic absorption properties of Phys.
For proteobacterial (BphP) and fungal Phys, biliverdin (BV)

is used as the chromophore (8). BV is synthesized by oxidative
cleavage of heme by a heme oxygenase (HO) and then attached
to the apoprotein through its A-pyrrole ring vinyl side chain to
a positionally conserved cysteine upstream of the PAS domain
(9, 10). For cyanobacterial (Cph) and plant Phys, phycocyano-
bilin (PCB) and phytochromobilin (P�B) are used as the chro-
mophore, respectively (2, 11, 12). PCB/P�B are synthesized by
enzymatic reduction of BV using a BV reductase (BVR) and
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positionally conserved cysteine in the GAF domain. Despite
these differences in binding geometry, it appears that the posi-
tioning of the bilin in the CBD is similar in both the BV- and
PCB/P�B-containing Phys (13). Following theGAFdomain is a
phytochrome (PHY) domain that helps stabilize the Pfr form
(14, 15).
The C-terminal half of Phys contains one or more domains

that promote signal output. The most common in microorga-
nisms is a histidine kinase (HK) domain that allows Phys to
participate in specific two-component signal transduction cas-
cades (3). Higher plant Phys have C-terminal sequences related
toHKdomains (2, 3), but it has not yet been confirmed that they
function as protein kinases.
Despite intensive effort, it still remains unclear how Phys

photointerconvert between Pr and Pfr and how this change
initiates signal transmission (2). Important insights were pro-
vided recently by determinations of the three-dimensional
structure of the CBD as Pr. These high resolution x-ray crystal-
lographic models, which were generated with proteobacterial
Phys from Deinococcus radiodurans (DrBphP) (10, 13) and
Rhodopseudomonas palustris BphP3 (53) assembled with BV,
revealed that that the bilin is deeply buried within the GAF
domain in a ZZZ-syn,syn,anti configuration. The PAS domain
has no direct contact with the chromophore; instead, it is con-
nected indirectly to the bilin and the GAF domain through a
figure-of-eight knot in the polypeptide. These models also
identified a number of amino acid contacts potentially impor-
tant for bilin binding and photochemistry that we and others
have confirmed to be critical by mutagenic analysis of recom-
binant chromoproteins (13, 15–19). For example, the aspartate
residue (Asp-207 in DrBphP) within an invariant Asp-Ile-Pro
(DIP) motif was shown to be essential for photoconversion,
presumably by helping coordinate a fixed water (pyrrole water)
adjacent to the pyrrole nitrogens of rings A–C (18, 19).
In contrast to our detailed understandings of Pr, we know

little about the structure of Pfr. A variety of spectroscopic stud-
ies has proposed that Pr 3 Pfr phototransformation first
involves a Z to E isomerization of the methine bridge double
bond between the C and D pyrrole rings to form the Lumi-R
intermediate (20–22). The transition from Lumi-R to Pfr then
proceeds by a series of relaxation steps that include deprotona-
tion/reprotonation of the pyrrole ring nitrogens (23, 24) along
with conformational changes within the protein, which ulti-
mately affect the C-terminal output domain. Although the
environment of several regions of the polypeptide have been
indirectly shown to change during photoconversion (e.g. (25–
31)), the extent of the conformationmovements is not yet clear.
To help resolve the structure of Pfr, we and others (32–34)

have begun to exploreNMRspectroscopic approaches to deter-
mine its solution structure. Here we describe a pair of Cphs
from two Synechococcus strains (designated SyA-Cph1 and
SyB-Cph1) that offer several advantages. One useful feature is
their remarkable stability across a wide range of temperatures,
which enhances their survival during NMR data collection.
Another was revealed from sequence alignments, which
showed that they are members of a previously uncharacterized
subfamily of Phys that lacks the N-terminal PAS domain, pre-
viously considered important for holo-protein assembly and

photochromicity (2, 3). Truncations containing just the �200-
amino acid GAF domain are photoactive, thus placing them
within the acceptable size range for NMR studies (35, 36).
Remarkably, two-dimensional 1H-15N heteronuclear single
quantum coherence (HSQC) NMR spectra of the SyB-
Cph1(GAF) truncation collected before and after red light irra-
diation detected changes for numerous amide nitrogens, sug-
gesting that the GAF domain changes conformation more
substantially during Pr 3 Pfr photoconversion than antici-
pated. We also engineered a set of GAF domain mutants in
SyB-Cph1 that are strongly red fluorescent, whichmay have use
as cell biological reporters.

EXPERIMENTAL PROCEDURES

Operon Organization and Sequence Alignment—Genomic
sequences for the SyA-Cph1 and SyB-Cph1 operons from Syn-
echococcus sp. OS-A (also referred to as sp. JA-3–3Ab: NCBI
accession NC_007775) and Synechococcus sp. OS-B� (also
referred to as sp. JA-2–3B�a(2-13): NCBI accession number
NC_007776) were obtained from The Institute for Genomic
Research (TIGR) comprehensive microbial resource (CMR)
website. Operon organizations were predicted by the
FGENESB bacterial and operon gene prediction and TIGR
CMR operon prediction functions. Related proteins were iden-
tified by BLAST searches of the GenBankTM data base
(www.ncbi.nlm.nih.gov), aligned by ClustalW, and displayed
using MACBOXSHADE version 2.18 (Institute of Animal
Health, Pirbright, UK).
Construction of Recombinant Phy Expression Strains—PCR-

basedmodifications of Phys involved paired amplifications that
were subsequently combined, melted, and re-annealed to gen-
erate blunt-ended doubled-stranded fragments as described
(37). The DNA templates for SyA-Cph1 and SyB-Cph1 full-
length coding sequences were PCR-amplified directly from
Synechococcus sp. OS-A and OS-B� genomic DNA, respec-
tively. The pBAD-C expression plasmid encoding the PAS-
GAF-PHY region from Synechocystis sp. PCC6803 (Syn) Cph1
(residues 1–514) was as described (38). The codons for the
C-terminal c-Myc tag attached to Syn-Cph1(PAS-GAF-PHY)
were replaced with those encoding a His6 tag (underlined) fol-
lowed by a stop codon by ligating the annealed primers
5�-AGCTTTGCATCATCAT-CATCATCATTGAAGC and
5�-AGCTGCTTC-AATGATGATGATGATGATGCAA into
HindIII-digested pBAD-C plasmid containing the Syn-
Cph1(PAS-GAF-PHY) construction. From this manipulation,
the plasmid pBAD-6H was generated.
Assembly of the various Cph truncations and mutants were

accomplished by PCR using appropriate primer pairs. Products
for the two PCRs were combined, melted, and re-annealed,
phosphorylated, and purified as described (37). Phosphorylated
flush inserts were then ligated into the NcoI- and HindIII-di-
gested pBAD-6H plasmid. Site-directed mutations were intro-
duced into the His6-tagged SyB-Cph1(GAF) construction by
the QuickChange method (Stratagene, La Jolla, CA) using Pfx
polymerase (Invitrogen) in combination with the appropriate
mutagenic primers. All coding regions were sequenced in their
entirety to confirm the presence of the desired mutation and
the absence of secondary mutations.
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The PAS-GAF-PHY truncation (residues 1–501) of DrBphP
was generated by PCR amplification of the full-length coding
region with the primers 5�-CGTAAGGATCCATGAGCCGG-
GACCCGTTGCCC and 5�-CCTGACTCGAGCGCCCCG-
GTCAATGTGTCACG that were designed to add BamHI and
XhoI sites to the 5� and 3� ends, respectively. The PCR product
was digestedwith BamHI andXhoI and ligated into the pET21a
plasmid (Novagen, Madison, WI) that was similarly digested.
Protein Expression and Purification—PCB-containing holo-

Cphs suitable for absorption, resonance Raman (RR), and/or
NMR spectroscopy were produced using a dual-plasmid Esch-
erichia coli expression system (38). The kanamycin resistance
plasmid pPL-PCB expressed the HO and BVR enzymes under
isopropyl 1-thio-�-D-galactopyranoside control to direct the
synthesis of PCB from heme. Ampicillin resistance pBAD-6H
plasmids expressed the His6-tagged SyA-Cph1, SyB-Cph1, and
Syn-Cph1 truncations solely under arabinose control (38). The
pPL-PCB and pBAD-6H plasmids were simultaneously intro-
duced into the ara operon-deficient E. coli expression strain
BL21-AI (Invitrogen) and cultured in 500 ml of repression
medium (RM (38)) to suppress protein production. After an
overnight incubation, the cells were harvested, resuspended,
and grown at 37 °C in 2 liters of M9 minimal medium contain-
ing NH4Cl, 0.2% glycerol, 100 �M �-aminolevulinic acid (ALA)
(39), 100�MFeCl3, 5mg of thiamine, and a vitaminmix (40). To
synthesize isotopically labeled SyB-Cph1(GAF), NH4Cl and
glycerol were replaced with 15N- and 13C-isotopically labeled
forms, respectively. To produce SyB-Cph1(GAF) that con-
tained either [15N]PCB or [13C]PCB (isotopically labeled at all
sixmethyl groups and theC82 andC122methylene carbons (see
Fig. 8A)) attached to unlabeled protein, unlabeled ALA in the
medium was replaced with 100 �M [15N]ALA (Medical Iso-
topes Inc., Pelham, NH) or 1,2-[13C]ALA (a gift fromDr.Mario
Rivera, Kansas State University), respectively. In all cases, once
the A600 of the culture reached 0.8–0.9, PCB synthesis was
induced by adding 1 mM isopropyl 1-thio-�-D-galactopyrano-
side. After 2 h, synthesis of the Cph1 apoproteins was induced
by the addition of 0.2% w/v arabinose, and the cultures were
grown overnight at 20 °C. All subsequent steps were performed
under dim green light.
To purify the various Phy chromoproteins, the expressing

cells were collected by centrifugation, resuspended in 25 ml/li-
ter of culture in lysis buffer (50 mM Tris-HCl (pH 8.0), 100 mM
NaCl, 1mMdithiothreitol, 1mMphenylmethylsulfonyl fluoride,
and a tablet of Complete-EDTA free protease inhibitormixture
(Hoffmann-La Roche)), and lysed by sonication. Nonidet P-40
(0.1% v/v) was then added to the lysates followed by incubation
on ice for 30min, agitation at 4 °C for 2 h, and finally clarified by
centrifugation at 16,000 � g for 30 min. The resulting superna-
tant was filtered through a 0.45 �m filter (Corning Glass) and
dialyzed into wash buffer (50 mM Tris-HCl (pH 7.0), 300 mM
NaCl, 10% (v/v) glycerol, 20 mM imidazole, 0.05% (v/v) Tween
20, and 1mM2-mercaptoethanol) overnight at 4 °C as described
(38). The Phy chromoproteinswere then purified by nickel che-
late-affinity chromatography (Qiagen Sciences, Germantown,
MD) using the wash buffer plus 300 mM imidazole for elution.
The Phy-containing eluates were then subjected to hydropho-
bic interaction FPLCusing a 1� 10-cmphenyl-HP column (GE

Healthcare) with a 0–300mMammonium sulfate gradient in 25
mM Tris-HCl (pH 8.0) for elution. Pooled Phy-containing frac-
tions for NMR analysis were exchanged and concentrated into
10 mM deuterated Tris-HCl (pH 8.5) (Sigma) in 100% H2O
using an Amicon Ultra-15 filter (Millipore, Billerica, MA).
[13C]PCB containing samples were exchanged into 10mMTris-
DCl (pH 8.5) in 100% D2O. This buffer was found to enhance
the stability of SyB-Cph1(GAF) chromoprotein based on the
solubility screen of Collins et al. (41). For all nonisotopically
labeled Cph1 holo-proteins, the same protocol was applied
except nonisotopically labeled reagents were used in the M9
medium preparation, and the FPLC purification step was
omitted.
To test for bilin specificity, the various Phy apoproteins were

expressed in the pBAD-6H plasmid as above without co-ex-
pression of theHO andBVR genes frompL-PCB.Apo-DrBphP-
(PAS-GAF-PHY)C-terminally taggedwith aHis6 sequencewas
expressed as described by Karniol et al. (15). The E. coli cells
were resuspended in 30 mM Tris-HCl (pH 8.0), 100 mM NaCl,
and 30 mM imidazole and lysed by sonication. The resulting
extracts were clarified by centrifugation as above and then
mixed with 100 �M of either PCB or BV for 2 h at 4 °C. The
polypeptides were purified by nickel-chelate affinity chroma-
tography using 300 mM imidazole for elution. Presence of the
covalently bound bilin was assayed by zinc-induced fluores-
cence of the chromoproteins following SDS-PAGE (8). PCB
was purified from lyophilized Spirulina platensis as described
(42) but without the final high pressure liquid chromatography
step. Purified BV was obtained from Frontier Scientific (Logan,
UT).
Size Exclusion Chromatography—Size exclusion chromatog-

raphy (SEC) was performed by FPLC using a 24-ml Superose 6
(S6) column (GEHealthcare). The chromoproteins (100 �l of a
5 mg/ml sample) were first purified through the phenyl-HP
step, dissolved in 30 mM Tris-HCl (pH 8.0) and 200 mM NaCl,
and either loaded onto the column as Pr or immediately follow-
ing saturating irradiation of the samples with red light (620
nm). Absorption spectra were recorded before and after SEC to
verify that the chromoproteins remained enriched in the
desired states (Pr or Pfr).
Absorption and Fluorescence Spectroscopy—Absorption

spectra were measured with a Lambda 650 UV-visible spectro-
photometer (PerkinElmer Life Sciences) with the samples dis-
solved in 30 mM Tris-HCl (pH 8.0). Photoconversions between
Pr and Pfr by red and far-red light were achieved with white
light filtered through appropriate interference filters (10 nm
half-bandwidth) (Andover Corp., Salem, NH), 620-nm and
690-nm filters, respectively, for SyA-Cph1 and SyB-Cph1, and
660-nm and 774-nm filters, respectively, for Syn-Cph1. Ther-
mostability was measured in the dark for Pr samples (absorb-
ance of the Pr absorption maximum was adjusted to 1.5) dis-
solved in 30 mM Tris-HCl (pH 8.0). After heating for 20 min at
the appropriate temperature, the samples were clarified by cen-
trifugation at 16,000 � g, and the amounts of soluble chro-
moproteins remaining were measured spectrophotometrically.
Rates of Pr3 Pfr photoconversion and Pfr3 Pr dark reversion
were measured using the absorbance of the samples at 704 nm
to determine the amount of Pfr generated or lost, respectively.
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Fluorescence excitation and emission spectra were recorded
with a QuantaMaster model C-60/2000 spectrofluorimeter
(Photon Technologies International, Birmingham, NJ). Chro-
moprotein concentrationswere adjusted to have an absorbance
of 0.6 for the Pr absorbance maximum. Emission spectra were
recorded during an excitation at 360 nm. Excitation spectra
were recorded by measuring fluorescence at the peak emission
wavelength (646–664 nm depending on the sample).
RR Spectroscopy—RR spectra were recorded with 1064-nm

excitation (Nd-YAG cw laser, line width �1 cm�1) using Digi-
lab (Bio-Rad) or an RFS 100/S (Bruker Optics, Ettlinger, Ger-
many) Fourier-transform Raman spectrometer (4 cm�1 spec-
tral resolution). The near-infrared excitation line was
sufficiently close to the first electronic transition to generate a
strong pre-resonance enhancement of the chromophoric vibra-
tional bands such that Raman bands of the protein matrix
remained very weak in the spectra of the parent states (18, 43).
All spectra were measured at �140 °C using a liquid nitrogen-
cooled cryostat (Linkam, Waterfield, Surrey, UK). The laser
power at the sample was set at �700 milliwatts, which did not
damage the chromoproteins as checked by comparing the
absorption spectra of the samples obtained before and after RR
data acquisition. The total accumulation time was less than 2 h
for each spectrum. For all RR spectra shown in this work, the
background was subtracted.
To detect photoproducts that accumulate in red light, the

samples were irradiated at room temperature and then rapidly
frozen to liquid nitrogen temperatures. The raw RR spectra
included substantial contributions from residual Pr, which was
subtracted using the characteristic RR bands of Pr as a refer-
ence. Further RR experimental details have been described pre-
viously (18, 19, 43).
NMR Spectroscopy—Isotopically labeled forms of SyB-

Cph1(GAF) assembled with PCB (�2 mM) were dissolved in
93% H2O, 7% D2O, 10 mM deuterated Tris-HCl (pH 8.5), and
0.15 mM NaN3 and placed in a 280-�l Shigemi microcell. Prior
to NMR analysis, the tube was heated to 65 °C for 10 min to
inactivate contaminating thermosensitive E. coli proteases that
slowly compromised the sample (data not shown). NMR spec-
tra were collected at 25 °C using an 800-MHz 1H frequency
Varian INOVA spectrometer (Varian Inc., Palo Alto, CA)
equipped with a cryogenic probe. Samples with a high pro-
portion of Pfr were obtained by irradiating the microcell
solution with saturating red light (620 nm); this photoequi-
librium was maintained throughout NMR data acquisition
by continuous irradiation of the microcell with a low fluence
rate of red light provided by a 1-watt, 620-nm light-emitting
diode (LED) (LiteON LED, Mouser Electronics, Mansfield,
TX) channeled into the glass plunger by a fiber optic cable.
This irradiation scheme maintained �50% of the chro-
moprotein in the Pfr form, based on comparisons of NMR
peak intensities throughout data acquisition. Photoconver-
sion of Pfr back to Pr was completed by irradiating the
microcell with saturating far-red light (690 nm).

1H-15N HSQC spectra with 15N-13C-labeled SyB-
Cph1(GAF) chromoprotein or unlabeled SyB-Cph1(GAF) pro-
tein assembledwith [15N]PCBwere collected as 128* (t1, 15N)�
1022* (t2, 1H) data matrices. Acquisition times were 48 and 85

ms in the t1 and t2 dimensions, respectively. 1H-13C HSQC
spectra that centered on the methyl region of unlabeled SyB-
Cph1(GAF) protein assembledwith [13C]PCBwere collected as
32*(t1, 13C) � 769* (t2, 1H) data matrices. Acquisition times
were 10 and 80 ms in the t1 and t2 dimensions, respectively.
Data were processed and plotted using the NMRPipe software
package (44). AllNMRdatawere collected at theNational Insti-
tutes of Health-sponsored NMR Facility at the University of
Wisconsin, Madison.

RESULTS

SyA-Cph1 and SyB-Cph1 Identify a New Subfamily of Phys—
During our continued effort to determine the breadth ofmicro-
organisms containing Phys (15) and to identify Phys with novel
structures and/or photochemical properties (5–7), we discov-
ered a potentially useful collection from a metagenomics pro-
ject aimed at cataloging microbial communities within Yellow-
stone National Park hot springs (45, 46). The DNA sequences
originated from two newly described cyanobacterial species
designated Synechococcus sp. Octopus Spring (OS)-A and
OS-B�, which based on the optimal growth temperature of the
organisms would likely encode thermostable Phy-type photo-
receptors. Included were possible orthologs of Synechocystis
(abbreviated as Syn) Cph2 (14, 47) and TaxD1/PixJ (48, 49),
suggesting that these cyanobacteria employ an array of bilin-
containing photoreceptors for their light behaviors (50).
For our goals, the most relevant were two Phy genes, desig-

nated here as SyA-Cph1 (TIGR locus number CYA_2779) and
SyB-Cph1 (TIGR locus number CYB_2465), that encode pro-
teins with obvious GAF and PHY domains near their N termini
(Fig. 1). Each of theGAFdomains includes the following. (i) The
positionally conserved cysteine (Cys-138 in SyB-Cph1) used by
Cphs to covalently bind PCB (12, 51). (ii) The conserved aspar-
tic acid (Asp-86 in SyB-Cph1) within the invariant DIP motif
that helps coordinate the pyrrolewater associatedwith the bilin
(13). (iii) A set of conserved/similar residues within the GAF
domain that have been shown to be important for bilin ligation
(e.g.Arg-133, His-139, and His-169 in SyB-Cph1) and Pr3 Pfr
phototransformation (e.g. Tyr-54, Asp-86, Phe-82, Phe-95,
Tyr-142, and His-169 in SyB-Cph1) in other Phys (13, 16–19,
52). Taken together, it was highly likely that these Cphs assem-
ble with linear bilins and become red/far-red photochromic.
A novel structural feature that is most likely common to the

CBDof canonical Phys is a figure-of-eight knot that helps tether
the PAS and GAF domains (10, 13, 53). The �33-amino acid
loop sequence that forms the knot lasso is present within the
GAF domains of both SyA-Cph1 and SyB-Cph1 (Fig. 1B). Like-
wise, amino acid sequence alignments revealed strong conser-
vation within the PHY domains of both photoreceptors (Fig.
1B). Obvious HK domains are also present at their C termini
(supplemental Fig. 1). Included within the HK sequence are
recognizable H, N, D/F, and G boxes present in typical HKs,
with the H box containing the positionally conserved histidine
(His-608) expected to participate in phosphotransfer (8, 12, 54,
76).
The most striking feature of the SyA-Cph1 and SyB-Cph1

sequences is the clear absence of the N-terminal PAS domain
(Fig. 1), an unusual architecture first found with Syn-Cph2 (14,
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