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Cyanobacteriochromes are cyanobacterial tetrapyrrole-binding pho-
toreceptors that share a bilin-binding GAF domain with photo-
receptors of the phytochrome family. Cyanobacteriochromes are
divided into many subclasses with distinct spectral properties.
Among them, putative phototaxis regulators PixJs of Anabaena
sp. PCC 7120 and Thermosynechococcus elongatus BP-1 (denoted
as AnPixJ and TePixJ, respectively) are representative of subclasses
showing red-green-type and blue/green-type reversible photocon-
version, respectively. Here, we determined crystal structures for
the AnPixJ GAF domain in its red-absorbing 15Z state (Pr) and the
TePixJ GAF domain in its green-absorbing 15E state (Pg). The overall
structure of these proteins is similar to each other and also similar
to known phytochromes. Critical differences found are as follows:
(i) the chromophore of AnPixJ Pr is phycocyanobilin in a C5-Z,syn/
C10-Z,syn/C15-Z,anti configuration and that of TePixJ Pg is phyco-
violobilin in a C10-Z,syn/C15-E,anti configuration, (ii) a side chain of
the key aspartic acid is hydrogen bonded to the tetrapyrrole rings
A, B and C in AnPixJ Pr and to the pyrrole ring D in TePixJ Pg, (iii)
additional protein-chromophore interactions are provided by sub-
class-specific residues including tryptophan in AnPixJ and cysteine
in TePixJ. Possible structural changes following the photoisomeri-
zation of the chromophore between C15-Z and C15-E are discussed
based on the X-ray structures at 1.8 and 2.0-Å resolution, respec-
tively, in two distinct configurations.
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Phytochromes are photosensory proteins responsive to red and
far-red light that regulate a wide range of physiological pro-

cesses in many organisms (1, 2). Their N-terminal photosensory
modules consist of PAS (Per/ARNT/Sim), GAF (cGMP-phos-
phodiesterase/adenylate cyclase/FhlA), and PHY (phytochrome-
specific) domains. In plant and cyanobacterial phytochromes,
a linear tetrapyrrole chromophore, respectively phytochromobi-
lin and phycocyanobilin (PCB), is covalently bound to a con-
served Cys residue within the GAF domain. Bacterial and fungal
phytochromes covalently bind biliverdin IXα (BV) via a con-
served Cys residue N-terminal to the PAS domain. It is generally
accepted that light excitation triggers a Z/E isomerization of the
C15=C16 double bond between pyrrole rings C and D.
Structural studies of phytochromes have implicated con-

formational changes that occur during the reversible photo-
conversion (3–7). The chromophore is buried in a pocket within
the GAF domain with C5-Z,syn/C10-Z,syn/C15-Z,anti configu-
ration in the Pr state, and a C5-Z,syn/C10-Z,syn/C15-E,anti
configuration in the Pfr state. The so-called “pyrrole water” lies
on the α-face of the bilin (8), which is held by the conserved
His260, and is thought to play a key role in the stabilization and
protonation of bilin rings A, B, and C. Controversially, rotation
of ring A, but not ring D, during photoconversion has been re-
ported for the isolated GAF domain of a single thermophilic
phytochrome (9) belonging to a subfamily lacking the PAS do-
main and the knotted architecture.

Cyanobacteriochromes (CBCRs) are a recently identified
group of photoreceptors distantly related to the phytochrome
family that have been found only in cyanobacteria to date (10).
The GAF domain is sufficient for fully reversible photochemistry
in CBCRs but not in phytochromes. The CBCR family includes
regulators of the chromatic acclimation of phycobiliproteins,
RcaE and CcaS (11–13), and regulators of phototaxis, such as
PixJ, PixA/UirS, and Cph2 (14–18). There are a huge number of
uncharacterized CBCRs, which have been detected in many
cyanobacterial genomes (10, 19).
CBCRs are spectrally diverse, covering the visible and near-

UV regions of the spectrum. The CBCRs studied to date fall into
several subclasses based on primary sequence and spectral
properties. The blue/green-type CBCRs represented by TePixJ
(PixJ of Thermosynechococcus elongatus BP-1) show photo-
conversion between violet- or blue-absorbing 15Z (Pv/Pb) and
teal- or green-absorbing 15E (Pt/Pg) forms (8, 16, 17, 19–26).
The red/green-type CBCRs represented by AnPixJ (PixJ of
Anabaena sp. PCC 7120) show photoconversion between red-
absorbing 15Z and green-absorbing 15E (Pg) forms (27–32). In
this type, it is suggested that the Pr form is almost equivalent
to that of the phytochromes and starts a primary photoreaction
with Z-to-E isomerization in a mechanism similar to that in the
phytochromes, but is finally photoconverted to the unique Pg
form (27, 29, 31). Green/red-type CBCRs, represented by CcaS,
show photoconversion between green-absorbing 15Z (Pg) and
red-absorbing 15E (Pr) forms (11, 12).
The blue/green-type CBCRs are most extensively analyzed so

far (8, 16, 17, 19–26). They possess a second conserved Cys
residue in addition to the “canonical” Cys residue that binds to
C31 of ring A. This second Cys is essential for photoconversion
(8, 19, 23, 26). Generally, the blue/green-type CBCRs contain
phycoviolobilin (PVB) as chromophore (22). There have been
two contradictory models concerning the role of the second Cys
during Pb/Pg photoconversion. The reversible-attachment model
suggests that Cys is covalently ligated to C10 of PVB in Pb,
whereas it is not bound to the chromophore in Pg (8, 19). The
stable-double-linkage model suggests that the second Cys is sta-
bly ligated to the C5 atom of PCB to produce a PVB-like chro-
mophore in both Pb and Pg (23). Recent studies such as chemical
modification, chromophore substitution and mass spectrome-
try using blue/green(teal)-type cyanobacteriochromes (Tlr1999,
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Tlr0924, and Cph2) provide significant supports for the revers-
ible attachment model (26, 33, 34). Other types of CBCRs have
been found, including the violet/yellow-type (SyCikA) that har-
nesses the Cys in a modified motif (35) and the violet/orange-
type and UV/blue-type CBCRs that have a different conserved
second Cys residue in an insert sequence (named “insert-Cys
CBCRs,” ref. 36). These CBCRs use PCB as a chromophore
(36). These facts indicate that intrinsically red-absorbing linear
tetrapyrrole chromophores are much more versatile than ex-
pected and that CBCRs harness that versatility in many unex-
pected ways.
In our study, we determined the crystal structures of the GAF

domains of AnPixJ and TePixJ in Pr and Pg forms at 1.8- and
2.0-Å resolutions, respectively. Comparison of these structures
to each other and to available phytochrome structures provi-
des insights into general and diverse aspects of the linear
tetrapyrrole-based photoreceptors.

Results and Discussion
Structure Determination. Crystals of the Pr form of second GAF
domain of AnPixJ (AnPixJg2) were obtained using the hanging-
drop vapor diffusion method in space group P43212 (a = b =
69.1 Å, and c = 124.1 Å) with one monomer per asymmetric unit
(37). The crystal structure of the Pr form of AnPixJg2 was solved
at 1.8-Å resolution via iodine single-wavelength anomalous dif-
fraction and refined to an R-factor of 19.7% and a free R-factor
of 22.4% (Table S1). The N-terminal 11 residues (including the
His-tag used for purification) and the C-terminal nine residues
could not be resolved in the final model because of their diffuse
electron density, which is probably due to structural flexibility.
Crystals of the Pg form of GAF domain of TePixJ (TePixJg)

were obtained using the hanging-drop vapor diffusion method in
space group P65 (a = b = 72.9 Å, and c = 166.7 Å) with two
monomers per asymmetric unit. The crystal structure of the Pg
form of TePixJg was solved at 2.0-Å resolution by the molecular
replacement method using the structure of TePixJg apoprotein
as a search model and was refined to an R-factor of 18.7% and
a free R-factor of 22.3% (Table S1). Two TePixJg molecules in
the crystallographic asymmetric unit are quite similar in overall
structure with rmsd values of 0.390 Å, except for the flexible
N- and C-terminal residues. Here, we describe the structure of
TePixJg by referring mainly to that of chain A because the av-
erage B factor of chain A (29.636 Å2) is smaller than that of
chain B (34.409 Å2).

Overall Fold of the CBCR GAF Domain. AnPixJg2 and TePixJg adopt
typical GAF domain folds (Fig. 1). The GAF domain was divided
into three structural units: the central anti-parallel β-sheet con-
sisting of β1–β6, α-helices (α3, α3′, and α4) on the chromophore-
binding side, and α helices (α1, α2, and α5) on the back side.
These two structures can both be well superimposed with the GAF
domain of the cyanobacterial phytochrome Cph1 (Cph1g) (6) in
secondary structure level, showing rmsd values of 1.52 Å and
1.58 Å, respectively. The protein structure of the chromophore-
binding side of the domain is split into two parts by the cleft in
which the crescent-shaped linear tetrapyrrole is embedded.
Here, we define the structure on the α-face side of the chro-
mophore as the upper part and the structure on the β-face side
the lower part, using the facial definitions of the previous study
(8). Fig. 1 and Fig. S1 show side and top views of the whole GAF
domain with a chromophore and a few shared key residues (Fig.
1 and Fig. S1 Top and Middle). The linear tetrapyrrole chro-
mophore (PCB for AnPixJg2 or PVB for TePixJg) is inserted
into a cleft between the α3 and α4 helices in a similar manner.
Three key residues (Cys522, His523, and Asp492 for AnPixJg2;
Cys321, His322, and Asp291 for TePixJg; Cys259, His260, and
Asp207 for Cph1g), which are critical for chromophore binding,
are arranged relative to the chromophore in a manner similar to
each other (Fig. 1 and Fig. S1). In all structures, the chromo-
phore is covalently ligated to this Cys and lies between the His
and Asp residues on the upper and lower sides, respectively. This
seems to be a core structural motif widely conserved among
phytochromes (4, 5, 7–9) and CBCRs.
On the other hand, there are some significant differences

among these structures in both secondary structure and protein–
chromophore interactions (Fig. S2). A long unstructured loop
between β4 and α4 of Cph1g, which forms the knot with the
neighboring PAS domain (6), is absent in AnPixJg2 and
TePixJg. Next to this coil, the α4 helix is similarly positioned
between AnPixJg2 and TePixJg, but the α4 helix of Cph1g is
significantly closer to the central β sheet. The chromophore-li-
gating Cys residue is located on the beginning of the α4 helix, so
this deviation affects positioning of the chromophores: The
chromophore of AnPixJg2 is significantly farther from the cen-
tral β sheet, compared with that of Cph1g. For example, the
distance between the conserved Tyr residue on β1 strand and
ring C nitrogen is 9.4 Å in AnPixJg2 and 7.4 Å in Cph2g (Fig. 2;
see also Fig. S9). This increased distance and the lack of the
knot insert combine to result in shallower insertion of the
chromophore within the AnPixJg2 pocket, with the A-ring much
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Fig. 1. Overall structures of AnPixJg2 (A, green) and
TePixJg (B, sky blue) in Pr and Pg forms, respectively.
(Insets) Chromophores with key residues of Cys (blue),
His (yellow), and Asp (red).
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more exposed to solvent than in phytochrome crystal structures.
Although the highly rotated PVB of TePixJg cannot be com-
pared with the others, the same PCB molecule is initially in-
corporated into the apoprotein of TePixJg (19). Thus, the
assembly process of PCB may be shared between AnPixJg2 and
TePixJg. The short α3 and α3′ helices are structurally diverse in
these three GAF domains, consistent with the subclass-specific
sequences found in these regions. AnPixJg2 possesses a short
insertion between β2 and β3, whereas the short β3 strand of
AnPixJg2 and Cph1g is an unstructured loop in TePixJg.

Chromophore and Its Binding Pocket of the Pr Form of AnPixJg2.
AnPixJg2 is covalently bound to PCB, validating the results
obtained for AnPixJg2 and other red/green CBCRs by de-
naturation analysis (27, 32). The PCB chromophore of AnPixJg2
is in a partially extended C5-Z,syn/C10-Z,syn/C15-Z,anti con-
formation (Fig. 1A and Fig. S3A). The B and C rings of PCB are
coplanar, whereas ring A is slightly rotated (12°) and ring D is
rotated at an angle of 61° away from this plane (Fig. S4A). The
rotated angle of ring D (61°) is much greater than the ∼25–45°
reported earlier for the Pr forms of the phytochromes (3, 5, 6)
and is in good agreement with the fact that the peak wavelength
of the AnPixJg2 Pr (648 nm) is shorter than that of Cph1 (38).
Cys321 is covalently connected to the C31 carbon of ring A via
a thioether bond, resulting in the S stereochemistry at C31 car-
bon (Fig. 1A).

The detailed hydrogen bonding network within the PCB-
binding pocket of AnPixJg2 is shown in Fig. 3A and Fig. S4C.
The side chain of Cys321 is covalently ligated to the C31 carbon
of ring A. One oxygen atom from the side chain of Asp291 is
hydrogen bonded to the nitrogen atoms of coplanar rings A, B,
and C within 3 Å. Because peak position and molecular extinc-
tion coefficient of the Pr form of AnPixJg2 are quite similar to
those of phytochromes, the Pr form of AnPixJg2 is proposed to
be protonated at the ring C nitrogen atom, as in phytochromes.
In the phytochromes, the pyrrole water is stabilized by His260
and could provide its proton to the ring C nitrogen atom. This
water molecule is clearly absent in AnPixJg2 Pr (Figs. S5 and S6).
Instead, the side chain of Asp291 may be the proton donor
for the ring C nitrogen atom in AnPixJg2. The absence of water
may be due to the hydrophobic environment under the reverse-
oriented imidazole ring of His322, which we inferred from
the hydrogen bond network. Thus, the precise position and ar-
rangement of Asp291 of AnPixJg2 is distinctively different from
the conserved Asp of DIP motif in phytochromes (4–9) despite
of their roughly similar location. Near this Asp291 of AnPixJg2,
Trp289 is hydrogen bonded to C1 carbonyl of ring A and is also
closely located in parallel with ring D in close proximity (3.4∼3.9
Å), indicative of strong π–π stacking.
The ring D carbonyl of C15-Z PCB is hydrogen bonded with

the hydroxyl group of Tyr352 in AnPixJg2, whereas it is bonded
with the conserved His residue in phytochrome Pr at the same
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Fig. 2. Multiple alignment of the GAF domains of
the phytochromes and CBCRs with the secondary
structures. The red/green-type and blue/green-type
CBCRs and the phytochromes are structurally aligned.
Highly conserved residues among the subgroups are
highlighted by pink color. Residues specifically con-
served within the subclasses are highlighted by green
(red/green-type CBCRs), blue (blue/green-type CBCRs),
and gray (phytochromes) colors. Residues that are
near the ring D within 5 Å are highlighted by red.
Domain names are described such as AnPixJg2.
AnPixJg2 means second GAF domain of AnPixJ.
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position in the primary sequence (Figs. 2 and 3). Shallower in-
sertion of PCB into AnPixJg2 than Cph1g resulted in the hy-
drogen bond from opposite side of the ring D carbonyl, and the
bond distance is almost identical (Fig. S7).

Chromophore-Binding Pocket of the Pg Form of TePixJ. The electron
density of the chromophore of TePixJg is clearly fitted to PVB
(Fig. 1B Inset and Fig. S3B). Notably, the electron density of the
methyl carbon C21 is coplanar with ring A, indicative of a C2 =
C3 double bond. This clearly shows that the chromophore is not
PCB but PVB. Ring A is highly rotated (75°) relative to the
slightly rotated B and C rings (21°) (Fig. S4B). Nitrogen atom of
ring A faces out from the crescent-shaped tetrapyrrole, which
is in contrast with C5-Z,syn of PCB in AnPixJg2. Based on the
clear electron density of side chains and C19 carbonyl group
(Fig. S3B), ring D can be fitted to a C15-E,anti configuration,
which is consistent with acid denaturation analysis (22) and with
the only available crystallographic information for the Pfr state
of phytochrome (7). Ring D is highly rotated at 73° relative to
the coplanar rings B and C. Thus, the overall configuration can
be assigned as C10-Z,syn/C15-E,anti of PVB in TePixJg Pg form.
It is evident that the chromophore is anchored to Cys522,
resulting in the S stereochemistry at C31 carbon like AnPixJg2
(Fig. 1B Inset), but free from the second Cys Cys494, as pre-
viously expected based on reversible thiol reactions (26). S ste-
reochemistry of AnPixJg2 and TePixJg is opposite to R stereo-
chemistry of Cph1g (Fig. S1C Lower), although both S and R
stereochemistry is detected in the mutant protein (Y263F)
structure (39). Isomer selectivity of apoprotein for PCB may be
different between AnPixJ/TePixJ and Cph1g.
The detailed hydrogen bonding network within the PVB-

binding pocket of TePixJg is shown in Fig. 3B and Fig. S4D. The
most notable features of the pocket are hydrogen bonding be-
tween the Asp492 side chain and the D ring of PVB and the
connection of another oxygen of the same Asp492 side chain to
rings B and C via a water molecule. In the Pfr structure of the
phytochrome PaBphP (7), the D ring of the C15-E BV chro-
mophore is hydrogen bonded to the Asp side chain of the
conserved phytochrome DIP motif, and rings B and C are
connected to the Cα carbonyl of the same Asp via the pyrrole
water (6). Thus, the hydrogen bond network of the 15E TePixJg
Pg state is similar to that of the 15E phytochrome Pfr state, but
the precise role of the Asp residue is different. The coplanar
rings B and C are covered with His523 imidazole from the upper
side, which is similar to AnPixJg2 and to phytochromes. The
rotated ring A of PVB is firmly fixed with hydrogen bonds from
the side chain of Glu497 to its amide nitrogen at 2.7 Å. Because
this Glu497 is somewhat conserved in the blue/green-type sub-
class of CBCRs (Fig. 2), it may be involved in autoisomerization
from PCB to PVB in the assembly or reversible adduct forma-
tion between Cys494 and PVB.

Residues for Fixing Propionates and Forming Ring D Cavity. In all
three phytochrome and CBCR structures, one propionate chain
of the chromophore is stretched, and another is bent. The ring B
propionate is bent in AnPixJg2, whereas the ring C propionate is
bent in TePixJg and Cph1g. These propionate chains are fixed by
similar but distinctive hydrogen-bonding networks (Fig. S8). The
equivalent His residue (His322/523/260 in AnPixJg2/TePixJg/
Cph1g), which is highly conserved in most CBCR subfamilies
and in phytochromes (Fig. 2), is implicated in fixing the location
of the bent propionate. In the Pr-to-Pfr photoconversion process
of phytochromes, matrix rearrangement of the ring C propionate
is suggested by magic angle spinning NMR spectroscopy (40).
Consistently, the hydrogen bond between the ring C propionate
and this His residue is broken in the Pfr structure of PaBphP (7).
In the case of the CBCRs, similar matrix rearrangement of the
bent propionate may also occur during the photoconversion
process. On the other hand, an Arg residue (Arg301/507/254 in
AnPixJg2/TePixJg/Cph1g), which is conserved within each sub-
class of GAF domains but specific to the subclasses (Fig. 2), is
implicated in fixation of the stretched C8 propionate (Fig. S8).

The D-ring cavity is mainly hydrophobic, with the nitrogen and
carbonyl of the ring D stabilized by hydrophilic interactions in all
structures. Ten, ten and eleven residues are positioned near ring
D within 5 Å in AnPixJg2, TePixJg and Cph1g, respectively (Fig.
2 and Fig. S9). Most of these residues are superimposable. The
equivalent Tyr residue (Tyr256/463/176 in AnPixJ/TePixJ/Cph1),
which is highly conserved among the CBCRs and the phyto-
chromes forms the hydrophobic “floor” of the D-ring cavity in all
three structures, with only slight differences. Phe266/Val473/
Val186 and Trp289/Ile490/Tyr203, which are highly conserved
within each subclass of GAF domains, are also adopted for the
hydrophobic cavity of ring D. Such loosely common arrange-
ments to fix the propionates and ring D may reflect rather loose
structural constraints, which would allow the D ring to move
upon excitation.

Insights into the Photoconversion Mechanisms of AnPixJ and TePixJ.
AnPixJg2 and related CBCRs show red/green reversible photo-
conversion between 15Z Pr and 15E Pg forms. If we assume the
side chain of Asp291 moved toward the D-ring nitrogen atom in
the C15-E,anti PCB of AnPixJg2 Pg form, as observed in the
TePixJg Pg form, the hydrogen bonds between the coplanar rings
A, B and C and the side chain of Asp291 must be broken during
photoconversion. In this regard, Trp289, which is highly con-
served among red/green-type subclass CBCRs, may also play
a crucial role in directing chromophore movements during
photoconversion. The indole ring of Trp289 binds the pyrrole
ring D with a strong π–π interaction in the Pr form of AnPixJg2
(Fig. 3A). The indole NH is also hydrogen bonded to the C1
carbonyl of the ring A. This connection of the rings D and A via
Trp289 must be modified when C15-Z PCB is photoconverted
to C15-E. To examine the role of Trp289, a Trp residue was
replaced with a His residue. The W289H mutant showed the
absorption peaks near 550–570 nm but responded reversibly
(Fig. S10). Because of very low expression yield, we could not
determine the chromophore C15-Z/E configuration. Anyway, the
results support the idea that the connection of rings A and D via
Trp289 is essential for the red absorption in Pr and the large
spectral shift during photoconversion between Pr and Pg. Time-
resolved spectroscopy suggested that Pr-to-Pg phototransition
consists of at least three steps (31): The first step is red-shift of
the absorption, which corresponds to Z-to-E photoisomerization,
and the following two steps are progressive blue-shifts of the
absorption. These blue-shifting steps might be accounted for by
deprotonation of the chromophore ring C nitrogen and/or ro-
tation of the ring A. Similar deprotonation was proposed in
phytochromes. We postulated the ring A rotation based on the
connection between rings A and D via Trp289. We need more
spectroscopic data of wild type and mutagenesis studies for
further dissection of the photoconversion and signaling.
The blue/green-type subclass of CBCRs including TePixJg

possesses a second conserved Cys residue that covalently binds
to the chromophore (8, 19, 23). There have been two contra-
dictory models: The reversible-attachment model presumes that
the covalent bond in Pb is released in Pg, resulting in changes in
conjugated double bonds of the chromophore (8, 19, 26), and
the stable double linkage model presumes that Cys-adduct ena-
bles flexible changes in conjugated double bonds during photo-
conversion. (23). The crystal structure of TePixJg Pg revealed that
Cys494 is located far from the chromophore and, instead, forms
an intermolecular disulfide bond. Although this covalent bond
may be due to an artifact during crystallization, the reversible at-
tachment model seems much more plausible in light of this result
and in light of the retention of color during crystallization (Fig.
S11), indicating that large chromophore rearrangements have not
taken place.
Considering these two CBCR structures together allowed us to

evaluate possible ligation sites for Cys494 in the TePixJg Pb state
(C15-Z PVB). His293 of AnPixJ, which corresponds to the sec-
ond Cys residue on the sequence alignment (Fig. 2), is located
very close to rings B and C, suggesting that the corresponding
Cys494 could be positioned in a distance of covalent bound to
C10 of the chromophore.
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Upon light excitation of TePixJg Pg, isomerization of C15-E
to Z of the chromophore takes place as an initial photoreaction
(25), which must disrupt the hydrogen bonding of ring D
with the Asp492 side chain. The corresponding Asp291 of
AnPixJg2 is released from ring D and binds rings B and C, as
mentioned above. Likewise, Asp492 of TePixJg may switch the
hydrogen-bonding partner from ring D to rings B and C. Be-
cause the second cysteine residue Cys494 is located near
Asp492, the switching of Asp492 could attract Cys494 toward
C10 of the chromophore to form the covalent bond in the sub-
sequent dark. Time-resolved spectroscopy of a similar Pb/Pg-
type CBCR, Tlr0924, revealed at least two intermediates, Lumi-
G and Meta-G, which peak at 550∼565 nm (41). Together with
chemical modification analysis of another related CBCR,
Tlr1999 (26), those intermediates harbor C15-Z PVB, but the
adduct is not yet formed between the second Cys and PVB.
The transient change from Lumi-G to Meta-G may include the
above-mentioned switching of Asp492. On the other hand, the
reverse switching of Asp492 from rings B and C to ring D after
photoconversion of Pb to Pg would then push Cys494 away from
C10, destabilizing the covalent bond between them. It is tempting
to speculate that these movements of Cys494 may lead to sig-
naling to the output domain of TePixJg.
Here we summarize the photoconversion model of the cya-

nobacteriochromes. The side chain carbonyl of Asp residue
forms hydrogen bonds with rings A, B, and C nitrogens in the
Z-configured form, whereas it forms hydrogen bond with ring D
nitrogen in the E-configured form (Fig. 4 A and B). Switching of
these hydrogen bondings may affect the positioning of the Asp
residue, possibly resulting in the signaling out to the output
domain. Anyway, it must be stressed that the photoconversion-
induced switching of the hydrogen bonding seems to be con-
fined within the CBCR GAF domain. On the other hand,
phytochrome switches hydrogen bonding of the analogous Asp
in Pr (Asp of GAF is bonded to a residue of PHY domain in
Cph1) and Pfr (Asp is bonded to ring D nitrogen within GAF in
PaBphP) (Fig. 4 C and D) (6, 7). These switches in hydrogen
bonding may be the critical difference in the intra- and inter-
domain signaling between CBCRs and phytochromes. We de-
scribed insights into photoconversion mechanism of other
CBCRs in SI Results and Discussion.

Quaternary Structure. In the unit cell of crystals, both AnPixJg2
and TePixJg demonstrate a parallel dimeric arrangement of struc-
ture. AnPixJg2 and crystallographic next molecule, related by
twofold axis, form a back-to-back configuration, in which C-
terminal α helix (α5) in one GAF mainly interacts with α helical

A

B

C

D

Asp291

A

B C

D

Asp492

A

B C

D

A

B C

D

A

B C

D

Asp207

Asp194

Arg472

Fig. 4. Reaction scheme of cyanobacteriochromes
and phytochromes with unique Asp residues. (A) Pr
form of AnPixJg2. (B) Pg form of TePixJg. (C) Pr form
of Cph1. (D) Pfr form of PaBphP.

Fig. 5. Quaternary structure of AnPixJg2 (A) and TePixJg (B).
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bundles in the other GAF (Fig. 5). In the structure of TePixJg, the
crystallographic threefold screw operation has generated a back-
to-back parallel dimer in a similar manner to AnPixJg2 (Fig. 5).
These quaternary structures are also homologous to the parallel

dimer of bacterial phytochromes, in which the extended helical
bundles at the dimer interface are suggested to transmit signals over
long distances (7). Similar long distance signaling has also been
proposed in the bacterial chemotaxis receptor MCP proteins (42).
Even though our structures contain the GAF domains only, sec-
ondary structure predictions strongly indicate that α5 of AnPixJg2
and TePixJg is continuously connected to the N-terminal α helix of
the neighbor domain (GAF3 in AnPixJ and HAMP in TePixJ).
Many other CBCRs are also predicted to harbor similar long helical
bundles connected to the neighbor signaling domain. Diverse
CBCRs may share a common signaling mechanism.

Materials and Methods
Protein Preparation and Crystallization. Purification and crystallization of His-
tagged AnPixJg2 were described (37). His-tagged TePixJg was first purified
by Ni-affinity column from Synechocystis sp. PCC 6803 as reported (20),
followed by further purification by using a Superdex 75-gel filtration column

(GE Healthcare). The crystallization of TePixJg was carried out at 4 °C under
the safety light.

Structure Determination. All X-ray diffraction data were collected at 100 K on
thebeamlines of Photon Factory. The structure of AnPixJg2was determinedby
the single-wavelength anomalous diffraction (SAD) method using the bound
iodide ion. The model was refined against the 1.8-Å native data set with the
program Refmac5 (43), with an R-factor of 0.197 and a free-R factor of 0.224
(Table S1). The crystal structure of TePixJg was determined by the molecular
replacement method with a program Molrep in CCP4 (44), using the atomic
model of the TePixJg apoprotein without the chromophore as the search
model. The atomic coordinates, including two molecules of TePixJg in the
crystallographic asymmetric unit, were further refined at 2.0 Å. A crystallo-
graphic R factor and a free-R factor of the final model are 0.187 and 0.223,
respectively (Table S1). Details are described in SI Materials and Methods.
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