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Cyanobacteriochromes (CBCRs) are distantly related to the red/far-red responsive
phytochromes. Red/green-type CBCRs are widely distributed among various
cyanobacteria. The red/green-type CBCRs covalently bind phycocyanobilin (PCB)
and show red/green reversible photoconversion. Recent studies revealed that some
red/green-type CBCRs from chlorophyll d-bearing cyanobacterium Acaryochloris
marina covalently bind not only PCB but also biliverdin (BV). The BV-binding CBCRs
show far-red/orange reversible photoconversion. Here, we identified another CBCR
(AM1_C0023g2) from A. marina that also covalently binds not only PCB but also BV
with high binding efficiencies, although BV chromophore is unstable in the presence of
urea. Replacement of Ser334 with Gly resulted in significant improvement in the yield of
the BV-binding holoprotein, thereby ensuring that the mutant protein is a fine platform
for future development of optogenetic switches. We also succeeded in detecting nearinfrared fluorescence from mammalian cells harboring PCB-binding AM1_C0023g2
whose fluorescence quantum yield is 3.0%. Here the PCB-binding holoprotein is shown
as a platform for future development of fluorescent probes.
Keywords: optogenetics, linear tetrapyrrole, GFP, near-infrared fluorescence, live cell imaging

INTRODUCTION
Phytochromes and cyanobacteriochromes (CBCRs) are photoreceptors that form a large
superfamily with a linear tetrapyrrole-binding GAF (cGMP-phosphodiesterase/adenylate
cyclase/FhlA) domain (Ikeuchi and Ishizuka, 2008; Anders and Essen, 2015). Some CBCRs are
known to be involved in regulation of light acclimation processes such as phototaxis (Yoshihara
et al., 2000; Narikawa et al., 2011; Song et al., 2011; Savakis et al., 2012; Campbell et al., 2015),
chromatic acclimation (Kehoe and Grossman, 1996; Hirose et al., 2010) and light-dependent
cell aggregation (Enomoto et al., 2014, 2015). Only GAF domain of CBCRs is enough for
chromophore ligation and photoconversion, although additional PAS (Per/Arnt/Sim) and PHY
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(phytochrome-specific) domains in phytochromes are necessary.
CBCRs have been roughly categorized into two types according
to the chromophore they contain in the thermostable state:
Phycoviolobilin (PVB) and PCB. In both cases, PCB is initially
incorporated into the GAF domain and Cys residue within the
GAF domain covalently ligates to C31 of the chromophore. PVBbinding CBCRs sense relatively shorter wavelength light covering
ultraviolet-to-green region (Yoshihara et al., 2004; Ishizuka et al.,
2006; Rockwell et al., 2008, 2012a,b; Narikawa et al., 2011; Song
et al., 2011; Enomoto et al., 2012; Ma et al., 2012; Cho et al.,
2015), whereas PCB-binding CBCRs sense longer wavelength
light covering ultraviolet-to-red region (Hirose et al., 2008, 2013;
Narikawa et al., 2008a,b, 2014; Rockwell et al., 2011, 2012c; Chen
et al., 2012). These CBCRs commonly show light-induced Z/E
isomerization of a double bond between rings C and D, followed
by various structural changes such as reversible protochromic
cycle and reversible Cys-adduct formation (Rockwell et al., 2008;
Burgie et al., 2013; Hirose et al., 2013; Narikawa et al., 2013,
2014).
Among the PCB-binding CBCRs, red/green-type CBCRs
are widely spread among various cyanobacteria and most
extensively analyzed so far (Narikawa et al., 2008a, 2013;
Fukushima et al., 2011; Chen et al., 2012; Kim et al., 2012a,b,c;
Rockwell et al., 2012c, 2015a,b; Velazquez Escobar et al., 2013;
Slavov et al., 2015; Song et al., 2015a,b). The red/greentype CBCRs show reversible photoconversion between a redabsorbing form (Pr) with 15Z-PCB and a green-absorbing
form (Pg) with 15E-PCB. Structure of Pr form provides
direct insights into chromophore–protein interaction (Narikawa
et al., 2013). Detailed spectroscopic analyses based on this
structure have revealed their photoconversion mechanism in
which excited state destabilization and ring D distortion
are suggested to occur to form blue-shifted Pg form upon
red-light irradiation (Rockwell et al., 2014; Song et al.,
2015a).
Recently, it has been revealed that red/green-type
CBCRs (AM1_1557g2 and AM1_1870g3) derived from
the chlorophyll d-bearing cyanobacterium Acaryochloris
marina covalently bind not only PCB but also biliverdin (BV;
Narikawa et al., 2015a,b). BV-binding ones show reversible
photoconversion between far red-absorbing (Pfr) form and
orange-absorbing (Po) form, whereas PCB-binding ones show
normal red/green reversible photoconversion. Site-directed
mutagenesis suggests that a Cys residue within the GAF
domain covalently ligates not only to PCB but also to BV.
BV is present in most organisms including mammals and
far-red light can penetrate into deep tissues, with a potential
as optogenetic and bioimaging tools (Ziegler and Möglich,
2015).
Here, we report another GAF domain (second GAF domain
of AM1_C0023 called AM1_C0023g2) from A. marina that
covalently binds not only PCB but also BV. Replacement
of Ser334 with Gly resulted in significant improvement in
yield of the BV-binding holoprotein. Further, we detected
near-infrared fluorescence from mammalian cells harboring
AM1_C0023g2-PCB whose fluorescence quantum yield is
3.0%.
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FIGURE 1 | (A) Domain structure of the full-length gene product,
AM1_C0023. GAF: cGMP-phosphodiesterase/adenylate cyclase/FhlA
domain, HK, Histidine kinase domain; RR, response regulator domain.
Expressed second GAF domain, AM1_C0023g2, was highlighted by black
solid underline. (B) SDS-PAGE analyses of PCB- and BV-binding
AM1_1557g2 and AM1_C0023g2. Upper gel image: Coomassie Brilliant Blue
stained gel. Lower gel image: Linear tetrapyrroles covalently bound to CBCR
GAF domains were detected by in-gel fluorescence imaging. The
Zn2+ -staining was performed as previously described (Berkelman and
Lagarias, 1986). The gel was directly subjected to fluorescence detection. The
gel image was provided with black-and-white inversion for easy detection of
fluorescent bands.

MATERIALS AND METHODS
Plasmid Construction
The nucleotide sequence of AM1_C0023g2 was cloned
into pET28a (Novagen) using In-fusion HD Cloning kit
(TaKaRa) as described previously (Narikawa et al., 2015b).
AM1_C0023g2 sequence was amplified by polymerase
chain reaction (PCR) with a specific primer set (50 CGCGGCAGCCATATGAATATTTCCGAGATTATT-30 , 50 -CT
CGAATTCGGATCCTCAAGCTTCTGCTTTGTTTTT-30 ) and
PrimeSTAR Max DNA polymerase (TaKaRa). The inserted
sequence was confirmed by sequencing with an ABI310
genetic analyzer. Replacement of AM1_C0023g2 Ser334
with Gly (denoted S334G) was performed using a specific
primer set (50 -CAACAAGGATATACAGATTGTCATCTA-30 ,
TGTATATCCTTGTTGATAAATGTCAGC) and PrimeSTAR
max DNA polymerase as described previously.
To construct GFP-fused AM1_C0023g2 and AM1_1557g2, the
nucleotide sequences of GFP, AM1_C0023g2 and AM1_1557g2
were amplified by PCR with specific primer sets and Pyrobest
DNA polymerase (TaKaRa). The following primer sets
were used to introduce restriction enzyme sites, a flexible
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peptide linker sequence, and Kozak sequence: for GFP, 50 ATGCAAGCTTGCCACCATGGTGAGCAAGGGCGAG-30 and
50 -GCATCTCGAGACCTCCGCTACCGCCCTTGTACAGCTCG
TC-30 ; for AM1_C0023g2 and AM1_1557g2, 50 -ATGC
CTCGAGAGCGGCCTGGTGCCGCGC-30 and 50 -GAGCTCG
AATTCGGATCC-30 . All sequences were confirmed by
sequencing with an ABI 310 genetic analyzer. These constructs
were cloned into a mammalian expression vector pcDNA 3.1
(+) (Invitrogen) using the restriction enzyme sites. All the
mammalian expression plasmids were purified using QIAGEN
plasmid kit (Qiagen).

Expression, Purification, and SDS-PAGE
His-tagged AM1_C0023g2 was expressed in both BV- and PCBproducing Escherichia coli (C41 harboring pKT270 and pKT271,
respectively). The His-tagged proteins were isolated by Niaffinity chromatography as described previously (Narikawa et al.,
2015b). The purified proteins were subjected to SDS-PAGE,
followed by in-gel fluorescent assay and Coomassie Brilliant
Blue staining as described previously (Narikawa et al., 2015b).
Fluorescence was visualized through a 600 nm long path filter
upon excitation with wavelength of blue (λmax = 470 nm)
and green light (λmax = 530 nm) through a 562 nm short
path filter (WSE-6100 LuminoGraph, WSE-5500 VariRays;
ATTO).

Estimation of Binding Efficiencies
Protein concentration was determined by standard Bradford
method (Bio-Rad). We determined extinction coefficients of
free PCB (Santa Cruz Biotechnology Inc.) and free BV
(Frontier Scientific) under both acidic urea and 1% SDS
conditions. Extinction coefficients of the free PCB and BV
under the acidic urea condition were calculated to be a
little less than 30000, that is comparable to that reported
previously (Glazer and Fang, 1973). On the other hand,
extinction coefficients of the free PCB and BV under the
1% SDS condition were calculated to be around 17000.
Although extinction coefficients of chromophores under the
1% SDS condition tend to be lower than those under the
acid urea condition, PCB and BV behave similarly under both
conditions. Thus, concentration of PCB bound to proteins was
determined by absorbance at 666 nm when denatured with
8 M urea (pH2.0). Similarly that of BV bound to proteins was
determined by absorbance at 646 nm when denatured with 1%
SDS.

In Vitro Reconstitution
S334G protein that is a mutant of AM1_C0023g2 was used
for in vitro reconstitution analysis because of its high yield of
in vivo reconstitution system (see Figure 4). Free BV and the
apo-S334G protein were mixed in roughly equimolar amounts
and incubated for 30 min at 37◦ C. After removal of unbound
BV by spin column, the sample was subjected to spectral
analyses.

FIGURE 2 | Photoconversion of AM1_C0023g2-PCB and
AM1_C0023g2-BV. (A) Absorption spectra of Pr (magenta) and Pg (blue)
forms of AM1_C0023g2-PCB. (B) Absorption spectra of Pfr (magenta) and Po
(blue) forms of AM1_C0023g2-BV. (C) Difference spectra of PCB- (blue) and
BV-binding (magenta) AM1_C0023g2 before and after photoconversion.
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FIGURE 3 | (A) Absorption spectra of AM1_C0023g2-BV recorded during dark reversion at 25◦ C. (B) Dark reversion kinetics of PCB- (blue triangle for room
temperature) and BV-binding (magenta circle for 15◦ C, orange square for 20◦ C and green diamond for 25◦ C) AM1_C0023g2 from metastable Pg and Po forms to
thermostable Pr and Pfr forms, respectively.

microscope equipped with a Plan-Apochromat 63×/1.4 oil
immersion objective (Carl Zeiss), a 488 nm Ar laser, and a
633 nm He/Ne laser. Green fluorescence of GFP was detected
at 493–538 nm upon excitation with the 488 nm laser (6.5 µW
measured at the back aperture of the objective lens). Nearinfrared fluorescence of CBCR was detected at 638–740 nm upon
excitation with the 633 nm laser (67 µW measured at the back
aperture of the objective lens). Data analysis was performed using
ZEN 2009 (Carl Zeiss).

Spectroscopy
Ultraviolet and visible absorption spectra were recorded with
a Shimadzu UV-2600 spectrophotometer. Monochromic light
of various wavelengths for photoconversion was generated
using a variable wavelength light source (Opto-Spectrum
Generator, Hamamatsu Photonics, Inc.). Acid denaturation
of the proteins was performed with 8 M urea, pH 2.0
under the dark condition. Fluorescence spectra were recorded
with a StellarNet SILVER-Nova spectrometer (StellerNet, Inc.).
Fluorescence quantum yields were measured with QuantaurusQY (Hamamatsu Photonics, Inc.).

RESULTS AND DISCUSSION
Imaging of GFP-fused AM1_C0023g2 and
AM1_1557g2 in Mammalian Cells

AM1_C0023g2 Isolated from
PCB-Producing and BV-Producing E. coli

Human cervical carcinoma (HeLa) cells (ATCC, CCL-2)
were cultured in Eagle’s minimum essential medium (Sigma)
supplemented with 2 mM L-glutamine (Gibco), 10% fetal
bovine serum (Gibco), 100 U/mL penicillin and 100 µg/mL
streptomycin (Gibco) at 37◦ C in 5% (v/v) CO2 . The day before
transfection, HeLa cells were plated onto 35-mm glass-based
dishes (Iwaki). Transfection was performed using lipofectamine
3000 (Life Technologies) according to the manufacturer’s
instructions. Forty-eight hours after transfection, the cells were
washed with Hank’s balanced salt solution (HBSS; Gibco) and
replaced with HBSS containing either 20 µM PCB (Frontier
Scientific) diluted from a stock solution of 20 mM in dimethyl
sulfoxide (DMSO; Wako) or 0.1% (v/v) DMSO as the vehicle
control. After incubation for 4 h, the cells were washed and
replaced with HBSS, and imaged using a Zeiss LSM 710 confocal

Frontiers in Microbiology | www.frontiersin.org

We found that AM1_C0023 is closely related in-paralog of
AM1_1557. AM1_C0023 is 71% identical to and has a domain
architecture same as AM1_1557 (Figure 1A). Second GAF
domain of AM1_C0023 (AM1_C0023g2) is 84% identical to that
of AM1_1557 (AM1_1557g2). Residues highly conserved among
red/green-type CBCRs and important for chromophore ligation
are also conserved in AM1_C0023g2.
AM1_C0023g2 was expressed in both PCB- and BVproducing E. coli and purified by using nickel-affinity column
chromatography. In-gel fluorescence analysis revealed that
AM1_C0023g2 covalently binds not only PCB but also BV
like AM1_1557g2 (Figure 1B). PCB-binding AM1_C0023g2
(AM1_C0023g2-PCB) showed reversible photoconversion
between red-absorbing Pr form at 650 nm and green-absorbing
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FIGURE 4 | Replacement of Ser334 of AM1_C0023g2 with Gly. (A) Photograph of cell pellets harboring apo-AM1_C0023g2, AM1_C0023g2-BV, and
S334G-BV. (B) Absorption spectra of the Pfr and Po forms of S334G-BV.

and negative peaks at 601 and 284 nm, whereas Pr-minus-Pg
difference spectrum of AM1_C0023g2-PCB possesses positive
peaks at 650, 352, and 301 nm and negative peaks at 536 and
270 nm (Figure 2C).
AM1_C0023-BV Pfr showed dark reversion to Po (Figure 3A),
whereas dark reversion of AM1_C0023-PCB Pr was hardly
detected (Figure 3B). Half-lives for the AM1_C0023-BV during

Pg form at 539 nm (Figure 2A), whereas BV-binding
AM1_C0023g2
(AM1_C0023g2-BV)
showed
reversible
photoconversion between far red-absorbing Pfr form at
699 nm and orange-absorbing Po form at 618 nm (Figure 2B).
These spectral features are almost same as those of AM1_1557g2
(Narikawa et al., 2015b). Pfr-minus-Po difference spectrum of
AM1_C0023g2-BV possesses positive peaks at 700 and 377 nm

Frontiers in Microbiology | www.frontiersin.org
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dark reversion measured at 15, 20, and 25◦ C were 1356, 478,
and 180 min, respectively (Figure 3B). Slower dark reversion
was observed under lower temperature. Hardly detectable
and relatively fast dark reversions of PCB- and BV-binding
ones, respectively, are also consistent with those found for
AM1_1557g2 and AM1_1870g3 (Narikawa et al., 2015a,b).

Site-Directed Mutagenesis of
AM1_C0023g2
In the process of site-directed mutagenesis analysis to obtain
proteins with higher fluorescence quantum yields, we incidentally
obtained a unique mutant protein, S334G in which Ser334
was replaced with Gly. This replacement resulted in significant
improvement in expression yield of BV-binding holoproteins
in E. coli (Figure 4A). Colonies were picked up and grown
in small-scale culture. Cell pellet of E. coli expressing only the
wild type protein showed brown color typical of normal E. coli.
Cell pellet of E. coli expressing both the wild type protein and
the heme oxygenase showed pale green color. On the other
hand, cell pellet of E. coli expressing both the S334G protein
and the heme oxygenase showed deep green color. The BVbinding S334G (S334G-BV) showed reversible photoconversion
between Pfr at 699 nm and Po at 611 nm (Figure 4B). Its
Po form is about 7 nm blue-shifted than that of the wild
type. Binding efficiency to BV was calculated to be 1.25-fold
higher than that of the wild type protein (see Evaluation of
Chromophore Binding Efficiencies). In total, judging from the
Pfr absorption peak, recovery of the S334G-BV was about fivefold higher than that of the BV-binding wild type from the same
culture volume. Although Gly317 of AnPixJg2 corresponding to
Ser334 of AM1_C0023g2 does not directly interact with PCB,
Gly317 is placed 4 residues upstream of Cys321 that covalently
ligates to PCB (Narikawa et al., 2013). This replacement may
indirectly affect chromophore-binding pocket to facilitate protein
expression and chromophore incorporation. Apart from the
underlying mechanism, we consider that S334G-BV is a good
platform for further development of optogenetic switches. Slow
dark recovery kinetics and almost full photoconversion (90%
estimated from the absorption spectra) are favorable for longterm and acute regulation.

Chromophore Species and Configuration
Acid-denatured spectra proved that AM1_C0023g2 isolated from
PCB-producing E. coli undoubtedly bound PCB (Figure 5).
Absorption maximum of denatured Pr and Pg were observed
at 665 and 603 nm, respectively (Figures 5A,B). Irradiation
of denatured Pg with white light resulted in red shift of the
absorbance that is almost identical to that of denatured Pr,
whereas irradiation of denatured Pr with white light resulted in
no significant change (Figures 5A,B). Pr-minus-Pg difference
spectrum fits to that during photoconversion of denatured Pg
(Figure 5C). These results clearly show that Pr and Pg bound
15Z- and 15E-PCB, respectively.
Acid-denatured spectra of AM1_C0023g2 isolated from BVproducing E. coli showed completely different spectra (data
not shown) compared with previously reported data (Narikawa

Frontiers in Microbiology | www.frontiersin.org

FIGURE 5 | Acid denaturation of AM1_C0023g2-PCB. (A) Absorption
spectra of acid-denatured AM1_C0023g2-PCB Pr. Absorption spectra just
after denaturation (Pr, magenta) and after white light illumination (Pr WL, blue).
(B) Absorption spectra of acid-denatured AM1_C0023g2-PCB Pg.
Absorption spectra just after denaturation (Pg, magenta) and after white light
illumination (Pg WL, blue). (C) Pr-minus-Pg difference spectrum (Pr-Pg,
magenta) and that during photoconversion of denatured Pg (Pg L-D, blue).
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et al., 2015b). In order to monitor initial spectral change
after denaturation, we denatured samples under 4◦ C and
their absorption spectra were measured at 15◦ C at 0, 1,
3, 5, and 10 min. Subsequently absorption spectra during
white light illumination (1, 3, 5, and 10 min) were recorded.
Absorption maximum just after denaturation of Pfr form was
observed at ∼700 nm (Figure 6A), which corresponded to 15ZBV previously reported (Narikawa et al., 2015b). Absorption
maximum after denaturation of Po form was observed at
∼660 nm (Figure 6B) with a red-shift compared with 15EBV as reported earlier. Because photoconversion from Pfr to
Po is incomplete (Figure 2B), the residual Pfr may affect
the absorption peak of denatured Po resulting in red shift to
∼660 nm.
The ∼700 nm peak observed for Pfr (denatured) decreased
during dark and light processes and final absorption spectrum
was at ∼665 nm (Figure 6A). Difference spectrum during these
processes showed a negative peak at ∼714 nm (Figure 6C,
Pfr W10 – Pfr D0). From these results, we hypothesized that
15Z-BV just after denaturation rapidly converts to an unknown
state (X) at 665 nm. On the other hand, absorption after
Po denaturation slightly decreased under dark process and
largely decreased under light process (Figure 6B). The decrease
under dark process may correspond to conversion from the
residual Pfr to the unknown state “X”. The decrease under
light process may correspond to conversion from Po to “X”
via Pfr. Based on the above-mentioned hypothesis, in the
case of both Pfr denaturation and Po denaturation, their final
products after dark and light processes should be composed
of only “X”. Indeed, absorption spectra of both denatured Pfr
and Po after 10 min white light illumination are at 665 nm
and almost same (Figure 6D), which strongly supports this
hypothesis.
Pfr-minus-Po difference spectrum just after denaturation
showed a positive peak around ∼714 nm and a negative peak
around ∼614 nm (Figure 6C, Pfr D0 – Po D0). These wavelengths
well correspond to those obtained from the difference spectrum
of denatured AM1_1557g2 (Narikawa et al., 2015b). Thus,
the positive peak around 714 nm corresponds to 15Z-BV,
whereas the negative peak around 614 nm corresponds to
15E-BV. However, a negative component around 745 nm was
detected. Based on the above-mentioned hypothesis in which
the denatured 15Z-BV rapidly converts into “X”, 15E-BV from
denatured Po should be more abundant than 15Z-BV from
denatured Pfr. In such situation, absorption tail of 15E-BV
around 745 nm should be larger than that of 15Z-BV, and the
difference spectrum should show the minus component around
745 nm.
Difference spectrum during light and dark processes of
denatured Po showed negative peaks at ∼714 and ∼614 nm
(Figure 6C, Po W10 – Po D0). These wavelengths also
correspond to 15Z-BV and 15E-BV, respectively. Major
negative peak at ∼614 nm is likely to correspond to
conversion from 15E-BV to “X” via 15Z-BV, whereas
minor negative peak at ∼714 nm is likely to correspond
to conversion from 15Z-BV originated in the residual Pfr
to “X”.

FIGURE 6 | Acid denaturation of AM1_C0023g2-BV. (A) Absorption
spectra of acid-denatured AM1_C0023g2-BV Pfr during dark and light
processes. (B) Absorption spectra of acid-denatured AM1_C0023g2-BV Po
during dark and light processes. (C) Difference spectrum during dark and light
processes of denatured Pfr (magenta), during dark and light processes of
denatured Po, and of Pfr-minus-Po just after denaturation (green).
(D) Normalized absorption spectra and difference spectrum of acid-denatured
AM1_C0023g2-BV Pfr and Po after dark and light processes.
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FIGURE 7 | Denaturation with 1% SDS and in vitro reconstitution. (A) Absorption spectrum of AM1_C0023g2-BV Pfr denatured with 1% SDS. (B) Absorption
spectrum of AM1_1557g2-BV Pfr denatured with 1% SDS. (C) Absorption spectra of the Pfr and Po forms of S334G reconstituted with BV in vitro. Photoconversion
was repeated twice. First-round Po: Solid blue line, first-round Pfr: Solid magenta line, second-round Po: Dotted cyan line, second-round Pfr: Dotted pink line. Inset:
SDS-PAGE of in vitro reconstituted S334G. Left, CBB-stained gel. Right, in-gel fluorescence detection. (D) Pfr-minus-Po difference spectra of S334G reconstituted
in vitro and in vivo. In vitro reconstitution: blue (first-round) and magenta (second-round) lines, in vivo reconstitution: black line.

Taking the possibility into consideration that the BV
chromophore bound to AM1_C0023g2 is unstable under
acidic condition, we denatured the AM1_C0023g2-BV under
neutral urea condition. However, the denatured chromophore
was also unstable and its absorption was rapidly bleached
(data not shown). The result suggests that urea is crucial
for the chromophore instability. Thus, we denatured the
AM1_C0023g2-BV Pfr under 1% SDS as previously described
(Ishizuka et al., 2007). As a result, its absorption maxima
was observed at ∼646 nm and almost same as that of

Frontiers in Microbiology | www.frontiersin.org

AM1_1557g2-BV Pfr (Figures 7A,B), indicating that their
chromophores are both BV. To further confirm the result,
we performed in vitro reconstitution analysis using S334G
protein and BV chromophore. Although reconstitution efficiency
was low, BV covalently bound to S334G was detected by ingel fluorescence analysis (Figure 7C, inset). Far-red/orange
reversible photoconversion was observed (Figure 7C) and
is almost same as that observed for in vivo reconstituted
one (Figure 7D). As a conclusion, the chromophore of
AM1_C0023g2 expressed in BV-producing E. coli is indeed BV.
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BV Chromophore Instability in the
Presence of Urea
Although AM1_C0023g2 binds BV as well as the other BVbinding CBCRs and bacteriophytochromes, BV derived from
only AM1_C0023g2 showed unstable nature in the presence
of urea. Very recently, Shcherbakova et al. (2015) obtained
a fluorescent protein that consists of PAS and GAF domain
originally derived from a bacteriophytochrome, RpBphP1
(Shcherbakova et al., 2015). The fluorescent protein, Bph1-FP,
covalently binds BV via Cys residue within the GAF domain. The
crystal structure revealed that covalent-bonding site of Bph1-FP
to BV is heterogeneous, namely C31 or C32 . This means that
a Cys residue within the GAF domain has a potential to ligate
to both C31 and C32 . In this context, we hypothesized that the
Cys residue of AM1_C0023g2 ligates to C31 and the resultant
adduct between the Cys residue and C31 of BV may affect stability
of the denatured chromophore in the presence of urea, whereas
Cys residues of AM1_1557g2 and AM1_1870g3 are likely to
ligate to C32 of BV as well as normal bacteriophytochromes
and the resultant chromophore may be stable under the same
condition. Just after denaturation of Pfr form, a component

FIGURE 8 | Fluorescence spectra of AM1_C0023g2-BV Pfr (magenta)
and AM1_C0023g2-PCB Pr (blue).

FIGURE 9 | Expression of GFP-fused AM1_1557g2 and AM1_C0023g2 in mammalian cells. (A) Schematic diagram of plasmid construct of GFP-fused
AM1_1557g2 and AM1_C0023g2. Kz, Kozak sequence for efficient translation in mammalian cells; GS, a flexible peptide linker sequence (Gly-Gly-Ser-Gly-Gly);
CBCR, AM1_1557g2 or AM1_C0023g2; ∗ , stop codon. (B) Representative confocal fluorescence images of GFP-fused AM1_1557g2 with PCB and AM1_C0023g2
with PCB. Left column, GFP-fused AM1_1557g2 with PCB; right column, GFP-fused AM1_C0023g2 with PCB; green images, GFP fluorescence; red images,
fluorescence of CBCR with PCB. Scale bars, 20 µm. (C) Relative intensity of fluorescence of CBCR with PCB normalized to GFP fluorescence. Error bars represent
standard deviations (n = 16, 16, 16, and 17 for AM1_1557g2 with vehicle, AM1_1557g2 with PCB, AM1_C0023g2 with vehicle and AM1_C0023g2 with PCB,
respectively).
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AM1_C0023g2 and treated with or without 20 µM PCB.
Confocal fluorescence images of GFP-fused AM1_1557g2-PCB
and AM1_C0023g2-PCB show bright green fluorescence of GFP,
indicating that both GFP-fused AM1_1557g2 and AM1_C0023g2
were successfully expressed in the mammalian cells (Figure 9B
upper left and right). Almost the same brightness of GFP
indicates that the expression levels of GFP-fused AM1_1557g2
and AM1_C0023g2 were similar (Figure 9B upper left and
right). No near-infrared fluorescence was detected from both
cells without addition of PCB (Figure 9C). Low fluorescence
quantum yield and/or low intrinsic BV level may be the reason
for this result. On the other hand, the near-infrared fluorescence
was detected from both cells after exposure to PCB. The nearinfrared fluorescence of AM1_C0023g2-PCB was much higher
than that of AM1_1557g2-PCB (Figure 9B lower right and left).
Relative intensities of AM1_1557g2-PCB and AM1_C0023g2PCB normalized to GFP intensities were 0.31 ± 0.10 and
0.49 ± 0.17, respectively (Figure 9C). This is the first report
detecting fluorescence from PCB-binding CBCRs expressed in
the mammalian cells. Their quantum yields are not so high,
but comparable to those of the native phytochromes and
CBCRs (Sineshchekov, 1995; Chen et al., 2012; Rockwell et al.,
2012c; Pennacchietti et al., 2015). Thus, we can consider that
AM1_C0023g2-PCB is appropriate for platform of fluorescent
probe development as a starting material.

corresponding to BV and at 700 nm rapidly converts into a
component at 665 nm. This characteristic in absorbing around
665 nm is somehow similar to that of PCB. In this context,
BV bound to AM1_C0023g2 may break down into PCB-like
chromophore in the presence of urea. Urea may affect conjugated
system of BV bound to AM1_C0023g2. In order to verify these
hypotheses, we are now trying to crystalize both AM1_1557g2BV and AM1_C0023g2-BV.

Evaluation of Chromophore Binding
Efficiencies
We calculated binding efficiencies of AM1_C0023g2 to PCB and
BV at ∼80 and ∼70%, respectively. Based on these values and
in-gel fluorescence analysis (Figure 1B), we also estimated the
binding efficiencies of AM1_1557g2 to PCB and BV at ∼50 and
∼40%, respectively. The binding efficiencies of AM1_C0023g2 to
both PCB and BV are higher than those of AM1_1557g2. The
binding efficiency of S334G to BV was calculated to be almost
100%, which is better than that of the wild type protein (∼70%).
Binding efficiency of AM1_C0023g2 to PCB is comparable
to or slightly higher than that to BV. In this context, it is
intriguing that no BV-binding holoproteins were detected from
PCB-producing E. coli despite that BV should be present as a
precursor. BV may be kept at quite low concentration in the PCBproducing E. coli via substrate-channeling from heme oxygenase
to PcyA.

AUTHOR CONTRIBUTIONS

Fluorescence Spectroscopy
Room temperature fluorescence spectra of the thermostable
forms of AM1_C0023g2-PCB and AM1_C0023g2-BV were
measured to evaluate their potentials as fluorescent imaging
probes (Figure 8). AM1_C0023g2-BV Pfr form fluoresces with
a maximum at 718 nm, whereas AM1_C0023g2-PCB Pr form
fluoresces with a maximum at 679 nm. The fluorescence
maximum of AM1_C0023g2-BV Pfr is red-shifted by 39 nm
compared with that of AM1_C0023g2-PCB Pr, a red shift similar
to that found for their absorption spectra maxima. Fluorescence
quantum yields of the Pr and Pfr forms were 3.0 and 0.2%,
respectively. Fluorescence quantum yield of AM1_C0023g2-PCB
Pr is about two times higher than that of AM1_1557g2-PCB Pr
(Narikawa et al., 2015b).

RN, MI, and MS designed the research. KF, TN, YA, TY, N-N-W,
and RN performed experiments. N-N-W constructed plasmids.
KF and RN performed protein purification and spectroscopic
analyses. TN and YA performed fluorescence detection from
mammalian cells. KF, TN, MS, and RN wrote the manuscript.

FUNDING
This work was supported by Precursory Research for Embryonic
Science and Technology, Japan Science and Technology Agency,
4-1-8 Honcho Kawaguchi, Saitama 332-0012 (to RN) and Grantsin-Aid for Young Scientists (to RN, 26702036).

Expression of AM1_1557g2 and
AM1_C0023g2 in Mammalian Cells

ACKNOWLEDGMENTS

We examined the fluorescence of AM1_1557g2-PCB and
AM1_C0023g2-PCB in live mammalian cells. To precisely
compare the fluorescence intensities of the CBCRs, we fused
GFP to the CBCRs as an expression control (Figure 9A).
HeLa cells were transfected with GFP-fused AM1_1557g2 and

We thank Prof. V.K. Deo (Shizuoka University) for critical
reading of the manuscript. We thank Prof. K. Awai for
experimental supports and helpful discussion (Shizuoka
University).

REFERENCES

Berkelman, T. R., and Lagarias, J. C. (1986). Visualization of bilin-linked peptides
and proteins in polyacrylamide gels. Anal. Biochem. 156, 194–201. doi:
10.1016/0003-2697(86)90173-9
Burgie, E. S., Walker, J. M., Phillips, G. N. J., and Vierstra, R. D. (2013). A photolabile thioether linkage to phycoviolobilin provides the foundation for the

Anders, K., and Essen, L.-O. (2015). The family of phytochrome-like
photoreceptors: diverse, complex and multi-colored, but very useful. Curr.
Opin. Struct. Biol. 35, 7–16. doi: 10.1016/j.sbi.2015.07.005

Frontiers in Microbiology | www.frontiersin.org

10

April 2016 | Volume 7 | Article 588

Fushimi et al.

PCB- and BV-binding Cyanobacteriochrome AM1_C0023g2

blue/green photocycles in DXCF-cyanobacteriochromes. Structure 21, 88–97.
doi: 10.1016/j.str.2012.11.001
Campbell, E. L., Hagen, K. D., Chen, R., Risser, D. D., Ferreira, D. P., and Meeks,
J. C. (2015). Genetic Analysis Reveals the Identity of the Photoreceptor for
Phototaxis in Hormogonium Filaments of Nostoc punctiforme. J. Bacteriol. 197,
782–791. doi: 10.1128/JB.02374-14
Chen, Y., Zhang, J., Luo, J., Tu, J.-M., Zeng, X.-L., Xie, J., et al. (2012).
Photophysical diversity of two novel cyanobacteriochromes with
phycocyanobilin chromophores: photochemistry and dark reversion kinetics.
FEBS J. 279, 40–54. doi: 10.1111/j.1742-4658.2011.08397.x
Cho, S. M., Jeoung, S. C., Song, J.-Y., Kupriyanova, E. V., Pronina, N. A., Lee, B.W., et al. (2015). Genomic survey and biochemical analysis of recombinant
candidate cyanobacteriochromes reveals enrichment for near UV/Violet
sensors in the halotolerant and alkaliphilic cyanobacterium Microcoleus
IPPAS B353. J. Biol. Chem. 290, 28502–28514. doi: 10.1074/jbc.M115.
669150
Enomoto, G., Hirose, Y., Narikawa, R., and Ikeuchi, M. (2012). Thiol-based
photocycle of the blue and teal light-sensing cyanobacteriochrome Tlr1999.
Biochemistry 51, 3050–3058. doi: 10.1021/bi300020u
Enomoto, G., Ni-Ni-Win, Narikawa, R., and Ikeuchi, M. (2015). Three
cyanobacteriochromes work together to form a light color-sensitive input
system for c-di-GMP signaling of cell aggregation. Proc. Natl. Acad. Sci. U.S.A.
112, 8082–8087. doi: 10.1073/pnas.1504228112
Enomoto, G., Nomura, R., Shimada, T., Ni-Ni-Win, Narikawa, R., and Ikeuchi, M.
(2014). Cyanobacteriochrome SesA is a diguanylate cyclase that induces cell
aggregation in Thermosynechococcus. J. Biol. Chem. 289, 24801–24809. doi:
10.1074/jbc.M114.583674
Fukushima, Y., Iwaki, M., Narikawa, R., Ikeuchi, M., Tomita, Y., and
Itoh, S. (2011). Photoconversion mechanism of a green/red photosensory
cyanobacteriochrome AnPixJ: Time-resolved optical spectroscopy and FTIR
analysis of the AnPixJ-GAF2 domain. Biochemistry 50, 6328–6339. doi:
10.1021/bi101799w
Glazer, A. N., and Fang, S. (1973). Chromophore content of blue-green algal
phycobiliproteins. J. Biol. Chem. 248, 659–662.
Hirose, Y., Narikawa, R., Katayama, M., and Ikeuchi, M. (2010).
Cyanobacteriochrome CcaS regulates phycoerythrin accumulation in Nostoc
punctiforme, a group II chromatic adapter. Proc. Natl. Acad. Sci. U.S.A. 107,
8854–8859. doi: 10.1073/pnas.1000177107
Hirose, Y., Rockwell, N. C., Nishiyama, K., Narikawa, R., Ukaji, Y., Inomata, K.,
et al. (2013). Green/red cyanobacteriochromes regulate complementary
chromatic acclimation via a protochromic photocycle. Proc. Natl. Acad. Sci.
U.S.A. 110, 4974–4979. doi: 10.1073/pnas.1302909110
Hirose, Y., Shimada, T., Narikawa, R., Katayama, M., and Ikeuchi, M. (2008).
Cyanobacteriochrome CcaS is the green light receptor that induces the
expression of phycobilisome linker protein. Proc. Natl. Acad. Sci. U.S.A. 105,
9528–9533. doi: 10.1073/pnas.0801826105
Ikeuchi, M., and Ishizuka, T. (2008). Cyanobacteriochromes: a new superfamily
of tetrapyrrole-binding photoreceptors in cyanobacteria. Photochem. Photobiol.
Sci. 7, 1159–1167. doi: 10.1039/B802660M
Ishizuka, T., Narikawa, R., Kohchi, T., Katayama, M., and Ikeuchi, M. (2007).
Cyanobacteriochrome TePixJ of Thermosynechococcus elongatus harbors
phycoviolobilin as a chromophore. Plant Cell Physiol. 48, 1385–1390. doi:
10.1093/pcp/pcm106
Ishizuka, T., Shimada, T., Okajima, K., Yoshihara, S., Ochiai, Y., Katayama, M.,
et al. (2006). Characterization of cyanobacteriochrome TePixJ from a
thermophilic cyanobacterium Thermosynechococcus elongatus strain BP-1.
Plant Cell Physiol. 47, 1251–1261. doi: 10.1093/pcp/pcj095
Kehoe, D. M., and Grossman, A. R. (1996). Similarity of a chromatic adaptation
sensor to phytochrome and ethylene receptors. Science 273, 1409–1412. doi:
10.1126/science.273.5280.1409
Kim, P. W., Freer, L. H., Rockwell, N. C., Martin, S. S., Lagarias, J. C.,
and Larsen, D. S. (2012a). Femtosecond photodynamics of the red/green
cyanobacteriochrome NpR6012g4 from Nostoc punctiforme. 1, Forward
dynamics. Biochemistry 51, 608–618. doi: 10.1021/bi201507k
Kim, P. W., Freer, L. H., Rockwell, N. C., Martin, S. S., Lagarias, J. C.,
and Larsen, D. S. (2012b). Femtosecond photodynamics of the red/green
cyanobacteriochrome NpR6012g4 from Nostoc punctiforme. 2. reverse
dynamics. Biochemistry 51, 619–630. doi: 10.1021/bi2017365

Frontiers in Microbiology | www.frontiersin.org

Kim, P. W., Freer, L. H., Rockwell, N. C., Martin, S. S., Lagarias, J. C., and Larsen,
D. S. (2012c). Second-chance forward isomerization dynamics of the red/green
cyanobacteriochrome NpR6012g4 from Nostoc punctiforme. J. Am. Chem. Soc.
134, 130–133. doi: 10.1021/ja209533x
Ma, Q., Hua, H. H., Chen, Y., Liu, B., Bin Krämer, A. L., Scheer, H., et al. (2012).
A rising tide of blue-absorbing biliprotein photoreceptors - Characterization of
seven such bilin-binding GAF domains in Nostoc sp, PCC7120. FEBS J. 279,
4095–4108. doi: 10.1111/febs.12003
Narikawa, R., Enomoto, G., Ni-Ni-Win, Fushimi, K., and Ikeuchi, M. (2014).
A new type of dual-Cys cyanobacteriochrome GAF domain found in
cyanobacterium Acaryochloris marina, which has an unusual red/blue
reversible photoconversion cycle. Biochemistry 53, 5051–5059. doi:
10.1021/bi500376b
Narikawa, R., Fukushima, Y., Ishizuka, T., Itoh, S., and Ikeuchi, M. (2008a).
A novel photoactive GAF Domain of cyanobacteriochrome AnPixJ that
shows reversible green/red photoconversion. J. Mol. Biol. 380, 844–855. doi:
10.1016/j.jmb.2008.05.035
Narikawa, R., Fushimi, K., Ni-Ni-Win, and Ikeuchi, M. (2015a). Red-shifted
red/green-type cyanobacteriochrome AM1_1870g3 from the chlorophyll
d-bearing cyanobacterium Acaryochloris marina. Biochem. Biophys. Res.
Commun. 461, 390–395. doi: 10.1016/j.bbrc.2015.04.045
Narikawa, R., Ishizuka, T., Muraki, N., Shiba, T., Kurisu, G., and Ikeuchi, M.
(2013). Structures of cyanobacteriochromes from phototaxis regulators AnPixJ
and TePixJ reveal general and specific photoconversion mechanism. Proc. Natl.
Acad. Sci. U.S.A. 110, 918–923. doi: 10.1073/pnas.1212098110
Narikawa, R., Kohchi, T., and Ikeuchi, M. (2008b). Characterization of the
photoactive GAF domain of the CikA homolog (SyCikA, Slr1969) of the
cyanobacterium Synechocystis sp. PCC 6803. Photochem. Photobiol. Sci. 7,
1253–1259. doi: 10.1039/b811214b
Narikawa, R., Nakajima, T., Aono, Y., Fushimi, K., Enomoto, G., Ni-NiWin, et al. (2015b). A biliverdin-binding cyanobacteriochrome from the
chlorophyll d-bearing cyanobacterium Acaryochloris marina. Sci. Rep. 5:7950.
doi: 10.1038/srep07950
Narikawa, R., Suzuki, F., Yoshihara, S., Higashi, S., Watanabe, M., and
Ikeuchi, M. (2011). Novel photosensory two-component system (PixA-NixBNixC) involved in the regulation of positive and negative phototaxis of
cyanobacterium Synechocystis sp, PCC 6803. Plant Cell Physiol. 52, 2214–2224.
doi: 10.1093/pcp/pcr155
Pennacchietti, F., Losi, A., Xu, X., Zhao, K., Gartner, W., Viappiani, C., et al.
(2015). Photochromic conversion in a red/green cyanobacteriochrome from
Synechocystis PCC6803: quantum yields in solution and photoswitching
dynamics in living E. coli cells. Photochem. Photobiol. Sci. 14, 229–237. doi:
10.1039/c4pp00337c
Rockwell, N. C., Martin, S. S., Feoktistova, K., and Lagarias, J. C. (2011). Diverse
two-cysteine photocycles in phytochromes and cyanobacteriochromes. Proc.
Natl. Acad. Sci. U.S.A. 108, 11854–11859. doi: 10.1073/pnas.1107844108
Rockwell, N. C., Martin, S. S., Gulevich, A. G., and Lagarias, J. C.
(2012a). Phycoviolobilin formation and spectral tuning in the DXCF
cyanobacteriochrome subfamily. Biochemistry 51, 1449–1463. doi:
10.1021/bi201783j
Rockwell, N. C., Martin, S. S., Gulevich, A. G., and Lagarias, J. C. (2014). Conserved
phenylalanine residues are required for blue-shifting of cyanobacteriochrome
photoproducts. Biochemistry 53, 3118–3130. doi: 10.1021/bi500037a
Rockwell, N. C., Martin, S. S., and Lagarias, J. C. (2012b). Mechanistic insight into
the photosensory versatility of DXCF cyanobacteriochromes. Biochemistry 51,
3576–3585. doi: 10.1021/bi300171s
Rockwell, N. C., Martin, S. S., and Lagarias, J. C. (2012c). Red/green
cyanobacteriochromes: sensors of color and power. Biochemistry 51, 9667–
9677. doi: 10.1021/bi3013565
Rockwell, N. C., Martin, S. S., Lim, S., Lagarias, J. C., and Ames, J. B. (2015a).
Characterization of red/green cyanobacteriochrome NpR6012g4 by solution
nuclear magnetic resonance spectroscopy: a hydrophobic pocket for the C15E,anti chromophore in the photoproduct. Biochemistry 54, 3772–3783. doi:
10.1021/acs.biochem.5b00438
Rockwell, N. C., Martin, S. S., Lim, S., Lagarias, J. C., and Ames, J. B. (2015b).
Characterization of red/green cyanobacteriochrome NpR6012g4 by solution
nuclear magnetic resonance spectroscopy: a protonated bilin ring system in
both photostates. Biochemistry 54, 2581–2600. doi: 10.1021/bi501548t

11

April 2016 | Volume 7 | Article 588

Fushimi et al.

PCB- and BV-binding Cyanobacteriochrome AM1_C0023g2

Rockwell, N. C., Njuguna, S. L., Roberts, L., Castillo, E., Parson, V. L.,
Dwojak, S., et al. (2008). A second conserved GAF domain cysteine
is required for the blue/green photoreversibility of cyanobacteriochrome
Tlr0924 from Thermosynechococcus elongatus. Biochemistry 47, 7304–7316. doi:
10.1021/bi800088t
Savakis, P., De Causmaecker, S., Angerer, V., Ruppert, U., Anders, K., Essen, L.O., et al. (2012). Light-induced alteration of c-di-GMP level controls motility of
Synechocystis sp, PCC 6803. Mol. Microbiol. 85, 239–251. doi: 10.1111/j.13652958.2012.08106.x
Shcherbakova, D. M., Baloban, M., Pletnev, S., Malashkevich, V. N., Xiao, H.,
Dauter, Z., et al. (2015). Molecular basis of spectral diversity in near-infrared
phytochrome-based fluorescent proteins. Chem. Biol. 22, 1540–1551. doi:
10.1016/j.chembiol.2015.10.007
Sineshchekov, V. A. (1995). Photobiophysics and photobiochemistry of the
heterogeneous phytochrome system. Biochim. Biophys. Acta 1228, 125–164. doi:
10.1016/0005-2728(94)00173-3
Slavov, C., Xu, X., Zhao, K.-H., Gartner, W., and Wachtveitl, J. (2015).
Detailed insight into the ultrafast photoconversion of the cyanobacteriochrome
Slr1393 from Synechocystis sp. Biochim. Biophys. Acta 1847, 1335–1344. doi:
10.1016/j.bbabio.2015.07.013
Song, C., Narikawa, R., Ikeuchi, M., Gärtner, W., and Matysik, J. (2015a). Color
tuning in red/green cyanobacteriochrome AnPixJ: photoisomerization at C15
causes an excited-state destabilization. J. Phys. Chem. B 119, 9688–9695. doi:
10.1021/acs.jpcb.5b04655
Song, C., Velazquez Escobar, F., Xu, X.-L., Narikawa, R., Ikeuchi, M., Siebert, F.,
et al. (2015b). A red/green cyanobacteriochrome sustains its color despite a
change in the bilin chromophore’s protonation state. Biochemistry 54, 5839–
5848. doi: 10.1021/acs.biochem.5b00735
Song, J.-Y., Cho, H. S., Cho, J.-I., Jeon, J.-S., Lagarias, J. C., and Park, Y.-I. (2011).
Near-UV cyanobacteriochrome signaling system elicits negative phototaxis in
the cyanobacterium Synechocystis sp. PCC 6803. Proc. Natl. Acad. Sci. U.S.A.
108, 10780–10785. doi: 10.1073/pnas.1104242108

Frontiers in Microbiology | www.frontiersin.org

Velazquez Escobar, F., Utesch, T., Narikawa, R., Ikeuchi, M., Mroginski, M. A.,
Gärtner, W., et al. (2013). Photoconversion mechanism of the second
GAF domain of cyanobacteriochrome AnPixJ and the cofactor structure
of its green-absorbing state. Biochemistry 52, 4871–4880. doi: 10.1021/bi4
00506a
Yoshihara, S., Katayama, M., Geng, X., and Ikeuchi, M. (2004). Cyanobacterial
phytochrome-like PixJ1 holoprotein shows novel reversible photoconversion
between blue- and green-absorbing forms. Plant Cell Physiol. 45, 1729–1737.
doi: 10.1093/pcp/pch214
Yoshihara, S., Suzuki, F., Fujita, H., Geng, X. X., and Ikeuchi, M. (2000).
Novel putative photoreceptor and regulatory genes Required for the
positive phototactic movement of the unicellular motile cyanobacterium
Synechocystis sp. PCC 6803. Plant Cell Physiol. 41, 1299–1304. doi: 10.1093/pcp/
pce010
Ziegler, T., and Möglich, A. (2015). Photoreceptor engineering. Front. Mol. Biosci.
2:30. doi: 10.3389/fmolb.2015.00030
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The reviewer Y-IlP and handling Editor declared a current collaboration and the
handling Editor states that the process nevertheless met the standards of a fair and
objective review.
Copyright © 2016 Fushimi, Nakajima, Aono, Yamamoto, Ni-Ni-Win, Ikeuchi,
Sato and Narikawa. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

12

April 2016 | Volume 7 | Article 588

