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Abstract: Cyanobacteriochromes (CBCRs), which are known as linear tetrapyrrole-binding
photoreceptors, to date can only be detected from cyanobacteria. They can perceive light only in a
small unit, which is categorized into various lineages in correlation with their spectral and structural
characteristics. Recently, we have succeeded in identifying specific molecules, which can
incorporate mammalian intrinsic biliverdin (BV), from the expanded red/green (XRG) CBCR lineage
and in converting BV-rejective molecules into BV-acceptable ones with the elucidation of the
structural basis. Among the BV-acceptable molecules, AM1_1870g3_BV4 shows a spectral red-shift
in comparison with other molecules, while NpF2164g5_BV4 does not show photoconversion but
stably shows a near-infrared (NIR) fluorescence. In this study, we found that AM1_1870g3_BV4 had
a specific Tyr residue near the D-ring of the chromophore, while others had a highly conserved Leu
residue. The replacement of this Tyr residue with Leu in AM1_1870g3_BV4 resulted in a blue-shift
of absorption peak. In contrast, reverse replacement in NpF2164g5_BV4 resulted in a red-shift of
absorption and fluorescence peaks, which applies to fluorescence bio-imaging in mammalian cells.
Notably, the same Tyr/Leu-dependent color-tuning is also observed for the CBCRs belonging to the
other lineage, which indicates common molecular mechanisms.

Keywords: spectral diversity; spectral tuning; mammalian intrinsic chromophore; near-infrared;
optogenetics; fluorescence imaging; dark reversion
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1. Introduction

Cyanobacteriochromes (CBCRs), which are known as linear tetrapyrrole-binding
photoreceptors, to date can only be detected from cyanobacteria [1,2]. Only a cGMP-
phosphodiesterase/adenylate cyclase/FhlA (GAF) domain is required for chromophore ligation and
proper photoconversion, while two or three domains, including the GAF domain, are required for
those in the case of the distantly related phytochromes. The CBCR GAF domains are categorized into
several lineages, and the expanded red/green (XRG) CBCR lineage is one of the most characterized
[3-19]. The typical XRG CBCR GAF domains covalently ligate phycocyanobilin (PCB) and show
reversible photoconversion between the red-absorbing Pr form (15Z-PCB in dark states) and the
green-absorbing Pg form (15E-PCB in photoproduct states) [3-5]. Three-dimensional structures of
both forms have provided the structural basis for the mechanism of photoconversion of this lineage
[20-22].

We have recently revealed that the XRG CBCR GAF domains from the chlorophyll d-bearing
cyanobacterium Acaryochloris marina covalently incorporate biliverdin (BV, Figure 1A) and show
reversible photoconversion between the far-red-absorbing form (Pfr) (15Z-BV in the dark state) and
the orange-absorbing form (Po) (15E-BV in the photoproduct state) [23,24]. Based on the comparison
between the BV-acceptable and the BV-rejective molecules, we have identified four residues crucial
for BV incorporation (BV4) [25]. In some cases, the introduction of BV4 into the BV-rejective
molecules resulted in efficient BV incorporation. We have further revealed the crystal structure of
one of such molecules in its Pfr form [25]. One of the engineered BV-binding CBCR GAF domains,
AM1_1870g3_BV4, has shown red-shifted spectral property for the Pfr form in comparison with the
other BV-binding molecules. However, the molecular mechanism behind this unique red-shifting
event has not been elucidated.

The BV-binding molecules have attracted much attention for application to optogenetics and
fluorescence bio-imaging mainly for two reasons [26-29]. First, because BV is a chromophore intrinsic
to mammalian cells, heterologous expression of only the apoprotein would be sufficient for these
applications. Second, far-red light absorbed by BV can penetrate into the deep mammalian tissues.
These properties are advantageous for in vivo optogenetic control and fluorescence bio-imaging. In
fact, we have succeeded in visualizing the mouse liver without invasion by using the BV-binding
near-infrared (NIR) fluorescent probe, NpF2164g5_BV4, which is another engineered BV-binding
CBCR GAF domain that does not show photoconversion but stably shows NIR fluorescence [25].
Because longer wavelength light would penetrate into deeper mammalian tissues, rational red-
shifting mutagenesis should greatly contribute to develop better NIR fluorescent probes for in vivo
imaging.

In this study, we found that highly conserved Leu residue near the D-ring of the chromophore
is replaced with Tyr specifically in AM1_1870g3_BV4 (Tyreos). The replacement of the Tyr residue
with Leu resulted in a blue-shift of the Pfr form. Conversely, the replacement of the Leu residue with
Tyr in NpF2164g5_BV4 (Leuss) resulted in a large red-shift of not only the absorption peak but also
the fluorescence excitation and emission peaks, which applies to fluorescence bio-imaging in
mammalian cells.

2. Results

2.1. Rational Site-Directed Mutagenesis for Spectral Tuning

Among the BV-binding XRG CBCR GAF domains, AM1_1870g3_BV4 showed red-shifted
absorption spectra among the BV-binding CBCR molecules [25]. Thus, it was considered that
AM1_1870g3_BV4 possessed specific residue(s) crucial for this red-shifted property. To identify such
residue(s) crucial for spectral tuning, we compared the AM1_1870g3_BV4 sequence with those of the
other BV-binding ones based on the structural information of the BV-binding AnPixJg2_BV4 (Figure
1B,C) [25]. As a result of the in silico analysis, Tyres was identified as a residue within 6 A of the
chromophore specific to AM1_1870g3_BV4, whereas the other molecules possessed Leu residue at
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this position. Because this Tyr/Leu position was located near the D-ring (Figure 1B), these residues
may affect the m-conjugated system of the chromophore contributing to spectral tuning.

To verify this assumption, Tyrsis was replaced with Leu to generate AM1_1870g3_BV4_YeosL.
His-tagged AM1_1870g3_BV4_YssL was purified by nickel affinity chromatography (Figure 2). The
purified AM1_1870g3_BV4_YeosL covalently incorporated BV and showed photoconversion and dark
reversion (details of the dark reversion are described below) (Figure 2, Figure 3A,B lower panel, and
Table 1). An absorption peak of the dark state, Pfr form, was at 704 nm, which was 9 nm blue-shifted
in comparison with that of the background molecule AM1_1870g3_BV4 peaking at 713 nm (Figure
3A upper panel, and Table 1). The photoproduct state of AM1_1870g3_BV4_YeisL. showed broad
absorbance from the orange to red region probably because of incomplete photoconversion, and we
could not assign its peak wavelength (Figure 3A lower panel), which was similar to the case for
AM1_1870g3_BV4 (Figure 3A upper panel). The incomplete photoconversion observed for these
molecules may be due to relatively high dark reversion kinetics and low photoconversion quantum
yield, which prevented us from determining the absolute absorption peaks of the photoproduct states
of these molecules. Next, to obtain spectral information about the photoproduct state, we compared
the Pfr-minus-photoproduct difference spectra of these two molecules (AM1_1870g3_BV4_YsosL and
AM1_1870g3_BV4) and found that positive peaks corresponding to the dark states (Pfr forms) were
at 708 and 718 nm, and negative peaks corresponding to the photoproduct states were at 605 and 619
nm, respectively (Figure 3C and Table 1). Not only the positive peak but also the negative peak of
AM1_1870g3_BV4_YeosL were blue-shifted in comparison with those of AM1_1870g3_BV4, indicating
that this replacement may also affect the photoproduct color-tuning. The SAR (Specific absorbance
ratio; Pfr peak absorbance/Protein peak absorbance at 280 nm) values were calculated as 0.79 and
0.85, respectively, indicating BV-binding efficiency and molecular coefficient were comparable to
each other (Table 1). In conclusion, these results were clearly consistent with our assumption, which
states that the Tyr/Leu position is crucial for spectral tuning.

Because we succeeded in obtaining the loss-of-function molecule to absorb a shorter wavelength
region, we next focused on the gain-of-function molecule to absorb a longer wavelength region. To
transfer this basic insight into applied science, we focused on the BV-binding molecule,
NpF2164g5_BV4, which has been proven to be applicable as a NIR-fluorescent probe without
photoconversion, although shorter wavelength absorption peaking at 680 nm should be improved
[25]. We replaced Leuss: with the Tyr residue to generate NpF2164g5_BV4_LoY. His-tagged
NpF2164g5_BV4_Ls2Y was purified by nickel affinity chromatography (Figure 2). The purified
NpF2164g5_BV4_Ls:2Y covalently incorporated BV and showed absorption around the far-red region
(Pfr form, Amax 697 nm) (Figure 2, Figure 4A,B lower panel, and Table 1). Expectedly, the absorption
peak of NpF2164g5_BV4_Los2Y was largely red-shifted by 17 nm in comparison with the background
molecule, NpF2164g5_BV4 (Pfr form, Amax 680 nm) whose spectral shapes were comparable to each
other (Figure 4A,B upper panel, and Table 1). Although we measured the excitation and emission
fluorescence spectra of NpF2164g5_BV4_LoxY and NpF2164g5_BV4 at room temperature (r.t.), these
spectra were highly broad (Figure 4C left). To characterize fluorescence property in detail, we further
measured low-temperature fluorescence spectra under -196°C in liquid nitrogen. The excitation and
emission fluorescence spectra of NpF2164g5_BV4_LsY were largely improved, peaking at 711 nm
and 728 nm, respectively, which also red-shifted in comparison with those of NpF2164g5_BV4
peaking at 696 nm and 707 nm, respectively (Figure 4C right and Table 1). The fluorescence quantum
yield of NpF2164g5 BV4_ LY was calculated as 2% and was lower than 4% of the background
molecule NpF2164g5_BV4 (Table 1) [25]. The SAR values of the variant and the background molecule
were calculated as 0.86 and 0.89, respectively, indicating BV-binding efficiency and molecular
coefficient are comparable to each other (Table 1).
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Table 1. Biochemical and photochemical properties of BV-bound AMI_1870g3 BV4 and
NpF2164g5_BV4 variants.

Absorption Maximum (Dark State)*  Dark State — Photoproduct State Dark Reversion

Amax (nm) SARP Positive (nm)  Negative (nm) half life (sec)¢
AM1_1870g3
BV4 713 0.79 718 619 73 + 003
BV4_YeosL 704 0.85 708 605 206 =+ 0.11
Absorption maximum (Dark state)d Fluorescence maximume Fluorescence
Amax (nm) SAR®P Excitation (nm) Emission (nm) quantum yield (%)f
NpF2164g5
BV4 680 0.86 696 707 4
BV4_LoeY 697 0.89 711 728 2

a. The absorption maxima in the Pfr forms were calculated from these absorption spectra measured
at 10 °C. b. The specific absorbance ratio (SAR) of each variant protein was calculated as the ratio of
the Pfr peak absorbance to the protein peak absorbance at 280 nm. c. The half-lives (mean + standard
division, n = 3) were calculated from the photoconversion/dark reversion cycles at 25 °C. d. The
absorption maxima in the Pfr forms were calculated from these absorption spectra measured at r.t. e.
The fluorescence maxima from these fluorescence spectra measured at =196 °C. f. The fluorescence
quantum yields were calculated from the ratio of fluorescence emission to light absorption. That of
NpF2164g5_BV4 has been reported in a previous study that was shown [25].
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t— Canonical Cys

Figure 1. In silico analysis of the XRG CBCR GAF domain possessing BV4 residues. (A) Chemical
structure of biliverdin (BV). The C32 position on a side chain of BV is covalently bound to a conserved
canonical Cys residue within the expanded red/green (XRG) CBCR GAF domains having BV4
residues. Z/E isomerization of a double bond between the C15 and C16 positions occurs during the
photoconversion or dark reversion of their domains. Generally, linear tetrapyrrole pigments (or bilin
pigments) incorporated into CBCR GAF domains form Z-isomer in dark states (or ground state) and
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E—-isomer in the photoproduct states (or excited state). (B) The crystal structure of the Pfr form of
AnPix]Jg2_BV4 containing BV (PDB ID: 5Z0H) [25]. Tyr/Leu position is important for spectral tuning
(orange), BV4 residues, and canonical Cys (deep pink) with BV (light green) are shown as a stick
model. The subscripts, AM_BV4 and An_BV4 on each amino acid number, mean amino acid residues
of AMI1_1870g3_BV4 and AnPixJg2 BV4, respectively. (C) Sequence comparison between
AM1_1870g3_BV4 (red-shifted XRG CBCR GAF domain, magenta) and the other XRG CBCR GAF
domains having BV4 residues (cyan). Tyr/Leu position, orange; BV4 residues, light green; highly
conserved residues, black. Asterisks are shown as amino acid residues within 6 A of the chromophore.

kDa
310 —

Fluorescence

M BV4 BV4 BV4 BV4
Y505L L962Y
AM1_1870g3 NpF2164g5

Figure 2. SDS-PAGE analyses of BV-bound AM1_1870g3_BV4, NpF2164g5_BV4, and their variants
compared with marker proteins (M) (upper panel, CBB stained; lower panel, fluorescence imaging).
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Figure 3. Photochemical properties of BV-bound AM1_1870g3_BV4 and BV4_YeosL. (A) Absorption
spectra of AM1_1870g3_BV4 (upper panel) and BV4_YeosL (lower panel) in dark states (Pfr forms,
dark red), and the photoproduct states (orange) under native conditions. These native spectra were
recorded at 10 °C to repress dark reversion. Each peak of the Pfr form was indicated by the dotted
line. (B) Absorption spectra of AM1_1870g3_BV4 (upper panel) and BV4_YeosL (lower panel) in dark
states (15Z forms, light green), and the photoproduct states (15E forms, light blue) under acid-
denatured conditions. The acid-denatured spectra were recorded at r.t. and compared with those of
BV-bound AnPixJg2_BV4 [25]. (C) Normalized difference spectra (dark state—photoproduct state) of
AM1_1870g3_BV4 (magenta) and BV4_YeosL (cyan). Positive peaks corresponding to the dark states
and negative peaks corresponding to the photoproduct states were indicated by dotted lines (BV4,
pink; BV4_YeosL, blue). (D) Photoconversion and dark reversion cycles of AMI1_1870g3_BV4
(magenta) and BV4_YersL (cyan). These processes between far-red light irradiation and dark
incubation were monitored at the absorption maxima of each Pfr form (BV4, 718 nm; BV4_ YeosL, 708
nm) at 25 °C.
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Figure 4. Photochemical properties of BV-bound NpF2164g5 BV4 and BV4_Ls2Y. (A) Absorption
spectra of NpF2164g5_BV4 (upper panel) and BV4_La2Y (lower panel) in dark states (Pfr forms, dark
red) under native conditions. These native spectra were recorded at r.t. Each peak of the Pfr form was
indicated by dotted line. (B) Absorption spectra of NpF2164g5_BV4 (upper panel) and BV4_Loe2Y
(lower panel) in the dark states (15Z forms, light green) under the acid-denatured condition. The acid-
denatured spectra were recorded at r.t. and compared with that of BV-bound AnPixJg2_BV4 [25]. (C)
Normalized fluorescence excitation (cyan) and fluorescence emission spectra (magenta) of
NpF2164g5_BV4 (light colors) and BV4_Lss2Y (deep colors). These fluorescence spectra were recorded
atr.t. (left) and —196 °C (right).

2.2. Dark Reversion

Because initial preliminary experiments clarified that both photoproduct states of
AM1_1870g3_BV4 and AM1_1870g3_BV4_YeosL showed rapid dark reversion to the dark states (Pfr
forms), we measured the Po absorption spectra at 10 °C by irradiating far-red light to repress the dark
reversion (Figure 3A). Moreover, we calculated the half-lives of the dark reversion of these two
molecules at 25 °C (Figure 3D and Table 1). The dark reversion half-life of the AM1_1870g3_BV4 was
7.3 s +0.03 at 25 °C, whereas that of BV4_YeosL was 20.6 s + 0.11 under the same conditions. These
molecules exhibited a moderately fast dark reversion in comparison with the other BV-binding
molecules except for AnPixJg4_BV4 (2.8 s + 0.10 at 25 °C), which showed 3- and 7-fold faster dark
reversion than AM1_1870g3_BV4 and BV4_YeosL, respectively [25].
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2.3. Fluorescence Imaging in Living Mammalian Cells Using NpF2164g5_BV4_Los2Y

To demonstrate the applicability of NpF2164g5 _BV4_LoY for in vivo imaging, we tested
whether the NIR fluorescence from NpF2164g5_BV4_Los2Y could be observed in a living mammalian
cel. HeLa cells were transfected with a humanized infrared fluorescent protein (iRFP),
NpF2164g5_BV4, or NpF2164g5_BV4_LoY that were N-terminally fused with an enhanced green
fluorescent protein (EGFP). After incubation with BV, the cells were imaged using a confocal
fluorescence microscope. The iRFP was a previously developed NIR-fluorescent probe incorporating
BV and was used as a positive control in this study [26]. Although HeLa cells expressing only the
EGFP tag emitted only green fluorescence without NIR fluorescence (Figure 5, EGFP), HeLa cells
expressing the fused ones emitted not only green fluorescence but also NIR fluorescence (Figure 5,
EGFP-hiRFP, EGFP-hNpF2154g5_BV4, and EGFP-hNpF2164g5_BV4_Los2Y). Notably, the exciting red
laser powers were 2%, 4%, and 15% for EGFP-hiRFP, EGFP-hNpF2154g5 BV4, and EGFP-
hNpF2164g5_BV4_ LY, respectively, indicating that the NIR fluorescence yield of EGFP-
hNpF2164g5_BV4_Ls2Y was weaker than those of the other two molecules.

EGFP-hNpF2164g5- EGFP-hNpF2164g5-

BV4_Lgg,Y
g

EGFP-hiRFP

NIR fluorescence Transmitted light image

Green fluorescence

Figure 5. Fluorescence imaging in the HeLa cells using NpF2164g5 BV4_LoY. Transmitted light
image (upper), NIR fluorescence detection (middle), and green fluorescence detection (lower) for the
Hela cells expressing EGFP, EGFP-hiRFP, EGFP-hNpF2164g5_BV4, and EGFP-
hNpF2164g5_BV4_Los2Y. The cells were imaged using a confocal microscope, 48 h after transfection.
Bar =20 pum.

3. Discussion

In this study, we identified the cruciality of single amino acid replacement for spectral tuning of
the XRG CBCRs. The replacement of Tyr with Leu in AM1_1870g3_BV4 resulted in a spectral blue-
shift (Figure 3 and Table 1), whereas the converse replacement of Leu with Tyr in NpF2164g5_BV4
resulted in a spectral red-shift (Figure 4 and Table 1). The Leu residue of the homologous molecule,
AnPixJg2_BV4 faces the chromophore D-ring (Figure 1B). Based on this structural arrangement, we
can assume that the well-established trapped twist model would also be involved in this spectral
tuning [1,16,30,31]. The D-ring of the dark state is twisted against the rings B-C plane in the
AnPix]Jg2_BV4 structure, which has the Leu residue [20]. The bulky Tyr residue instead of the Leu
residue may push the D-ring to facilitate a less twisted geometry, which would result in extended -
conjugated system. Instead, a phenolic hydroxy group in the Tyr residue may interact with the D-
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ring via a water molecule(s), which affects the localization of the m-electrons. These interactions
would result in the spectral red-shift. In the case of the AM1_1870g3_BV4, not only the dark state but
also the photoproduct state was suggested to be also red-shifted in comparison with the
AM1_1870g3_BV4_YsosL variant based on the difference spectra (Figure 3 and Table 1). Because the
Leu residue is also positioned near the D-ring in the photoproduct states of the homologous
molecules, NpR6012g4 and SIr1393g3, the spectral tuning of the photoproduct state can also be
explained in the context of the same trapped twist model [21,22]. We also found that the YeosL
replacement in AM1_1870g3_BV4 resulted in modulation of the photoproduct stability, in which the
YsosL variant showed a rather slower dark reversion than the background molecule (Figure 3C and
Table 1). The Tyr/Leu residue is suggested to affect the D-ring geometry of the photoproduct state,
which would contribute to the stability of the photoproduct. Notably, AM1_1870g3 possesses the Tyr
residue at this position among the XRG CBCR lineage (Figure 1C), indicating that AM1_1870g3
would specifically acquire the Tyr residue for spectral tuning.

Recently, we have reported the design of multicolored photo-switches based on a single CBCR
scaffold, AM1_1499¢g1, which belongs to a certain DXCF lineage (lineage possessing highly conserved
Asp-Xaa-Cys-Phe motif) distinct from the XRG lineage [32]. During the engineering process, we
succeeded in spectral tuning the dark state by introducing the replacement of two amino acid
residues and modulating the D-ring geometry. Notably, one of the replacements was similar to the
Tyr/Leu replacement at the same position on the primary sequence as the case for this study (Figure
6). Furthermore, Leu contributes to the spectral blue-shift, whereas Tyr contributes to spectral red-
shift, which is also consistent with this study. Interestingly, only AM1_1499g1 possesses the Tyr
residue, whereas the other molecules within this lineage possess the Leu residue instead of the Tyr
residue (Figure 6B), indicating that AM1_1499g1 specifically acquired the Tyr residue for spectral
tuning, which is quite similar to that of AM1_1870g3. Taken together, convergent evolution to acquire
the Tyr residue would occur for the spectral red-shift in these two independent lineages. Spectral
tuning to introduce corresponding replacements may be possible for the other CBCRs derived from
distinct lineages.

The BV-binding molecules are advantageous for the regulation and visualization of molecules
within the mammalian cells. Because a longer wavelength of light deeply penetrates into the
mammalian tissues, NpF2164g5_BV4_Ls2Y may be a good developmental platform for a better NIR-
fluorescent probe. In this study, we succeeded in detecting the red-shifted NIR fluorescence of
NpF2164g5_BV4_Lo2Y from the purified protein (Figure 4C). While a single fluorescence peak was
observed in the emission fluorescence spectra at the NIR region, multiple fluorescence peaks were
observed in the excitation fluorescence spectra; the main peak was detected in the far-red region, and
minor ones were detected in the shorter wavelength red region. Because components corresponding
to the minor peaks were not clearly observed in the absorption spectra, minor fluorescent
components undetectable by the absorption spectrum would be present for this molecule. Similar
heterogeneity has also been reported for the phytochromes and other CBCRs [21,33]. Detailed
characterization may solve this issue in future experiments.

We succeeded in detecting the red-shifted NIR fluorescence of NpF2164g5_BV4_Lo:Y from
living mammalian cells (Figure 5), although the fluorescence was dim in comparison with that of the
iRFP and background molecule. Because the experimental setup using 640 nm excitation light for
mammalian cell imaging is disadvantageous for the red-shifted NpF2164g5_BV4 LY, an
improvement in the experimental setup should prove effective. Furthermore, low fluorescence
quantum yield should be greatly improved for practical use as a NIR-fluorescent probe. Random
mutagenesis is one of the powerful methodologies to obtain brighter molecules [26,27], which we
would like to address in the near future.

In this study, we have revealed that pinpoint Leu-to-Tyr replacement is crucial for red-shifting
of the BV-binding CBCRs. More comprehensive mutagenesis to modify the D-ring configuration may
result in obtaining much more red-shifted molecules, which contributes to further improvement.
Furthermore, this study would provide insights into the improvement of the other BV-binding
molecules, such as the bacteriophytochrome-based ones.
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D-ring of 15Z-BV D-ring of 15Z-PVB
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AnPixJg4 (654-719) VWEDTYIQETQGGRYAKGETLVVNDLYEACHSPCHLEILEQFEVRAYVIVPVFINEOLWGLLATYQ
AM1 1557g2 (271-336) VWODTYLQENQGGKYRDNATTVVADIYOHESYRDCHLEILEWYKIRAYMVVPVFIGETLWGLLAAYQ

AM1 C0023g2 (305-370)
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DXCF CBCR GAF = GanonialCys
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AM1 1499g1 (113-178) RVQODDSFGENYATKYQLGRVFAVADVYDAGLSDCHIQI YERFQVRATLVVPLLQGEKLWGLLCTHQ
AM1 6305g1l ( 94-159) NVRDDCFGHNYANKYQQGQVFAVADIYAENLSDCHVRILERFQVRANLVVPLLQGEKLWGLLCTHQ
NpR5113g1l ( 93-158) KVYDHCFGEQFASSYQOGRVQAVADIYNAGLSDCHAAILSKFOVKANLVVPLSROKELWGLLCIHQ
NpR1597gl (100-165) KLCDHCFSEEFASLYQOQOGRIRAIADIYQVNASDCYIQILERFQVRANITAPLIKGKNLWGLLCIHQ
NpR5113g3 (448-513) KIYDYCFGENFASLYAQGRVNAIADIYQAKFPGCYIQILEKFQVRANLVAPLLKKGELWGLLCIHQ
TePixJg (489-554) VIEDPCFREHWVEAYRQOGRIQATTDIFKAGLTECHLNQLRPLKVRANLVVPMVIDDQLFGLLIAHQ
SyPixJg2 (559-624) TIADPCFADSYVEKYRSGRIQATRDIYNAGLTPCHIGQLKPFEVKANLVAPINYKGNLLGLLIAHQ

DXCF motif —J — DXCF Cys t_ Canonical Cys

Figure 6. Tyr/Leu position is conserved in various CBCR GAF domains. (A) Leu residues (orange) on
the Tyr/Leu position of XRG CBCR GAF domain (Leuszs in AnPixJg2_BV4 of the Pfr form with 15Z-
BV (light green), PDB ID: 5ZOH [25]) and of the DXCF CBCR GAF domain (Leusz in TePix]g in the
Pb form with 15Z-PVB (phycoviolobilin, red purple), PDB ID: 4GLQ [34]). These structures are shown
by the stick and sphere models. (B) Sequence alignments of the XRG CBCR GAF (magenta) and DXCF
CBCR GAF (cyan) domains. The Tyr/Leu position, orange; key residues for photosensory roles in the
XRG (magenta), and the DXCF (cyan) groups; BV4 residues, light green; highly conserved residues,
black. Asterisks are shown as amino acid residues within 6 A of each chromophore.
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4. Materials and Methods

4.1. Bacterial Strains and Growth Media

The Escherichia coli strain J]M109 (TaKaRa, Shiga, Japan) was used for cloning plasmid DNA. The
E. coli strain C41 (DE3) (Cosmo Bio, Tokyo, Japan) harboring biliverdin (BV) synthetic system,
pKT270, was used for protein expression as previously reported [24,35]. Bacterial cells were grown
in Lysogeny Broth (LB) medium containing 20 pg/mL kanamycin with or without 20 ug/mL
chloramphenicol.

4.2. Bioinformatics

Multiple sequence alignment was constructed using the MEGA7 software [36]. The crystal
structures of AnPixJg2_BV4 in the Pfr form (PDB ID: 5Z0OH [25]) were utilized to assess the key amino
acid residues for spectral tuning. Molecular graphics of AnPixJg2_BV4 in the Pfr form and TePix]g in
the Pb form (PDB ID: 4GLQ [34]) were generated using the UCSF Chimera software [37].

4.3. Plasmid Construction

Plasmids for protein expression in E. coli have been constructed by insertion of gene fragments,
AM1_1870g3_BV4 (amino acid positions of the background molecule: 469-676) and NpF2164g5_BV4
(amino acid positions of the background molecule: 862-1033), fused with His-tag sequence on their
N-terminal into a pET28a vector (Novagen, Madison, WI, USA) [25]. The plasmids of
AM1_1870g3_BV4_YesisL. and NpF2164g5 BV4_LoY were prepared by site-directed mutagenesis
based on each background plasmid. The PrimeSTAR Max Basal Mutagenesis kit reagents (TaKaRa,
Shiga, Japan) with appropriate nucleotide primer sets (AM1_1870g3_BV4, forward primer 5'-
GAAACCCcttCACTACTACCAGATTAAGGCC-3' and reverse primer 5'-
GTAGTGaagGGTTTCCAAATGACAGGG-3' for the replacement of Tyres by Leu; NpF2164g5_BV4,
forward primer 5-GAGATTtacGAGAAAATCCAGGCTAAGGCTTAC-3" and reverse primer 5'-
TTTCTCgtaAATCTCTAGGTAGCATTGAACATAACC-3' for the replacement of Leuss: by Tyr; each
mutation site is shown by small letters) were used for mutagenesis.

Plasmids for protein expression in mammalian cells were constructed by insertion of the codon-
optimized gene fragments, NpF2164g5_BV4 and iRFP, fused with EGFP-flexible linker sequence on
their N-terminal into a pcDNAS3 vector (Invitrogen, Thermo Fisher Scientific, Waltam, MA, USA)
whose cytomegalovirus (CMV) promoter was replaced with the CAG promoter [25]. The plasmid of
NpF2164g5_BV4_LsY was prepared by site-directed mutagenesis based on its background plasmid.
The PrimeSTAR Max Basal Mutagenesis kit reagents with appropriate nucleotide primer set (forward
primer  5-GAGATTtacGAGAAGATCCAGGCCAAAGCC-3' and  reverse  primer 5'-
CTTCTCgtaAATCTCCAGATAGCACTGCAC-3' for the replacement of Leuss by Tyr; the mutation
site is shown by small letters) were used for mutagenesis. All plasmid sequences were confirmed by
DNA sequencing (Eurofins Genomics).

4.4. Protein Expression and Purification

All the proteins were expressed in E. coli C41 pKT270, which was cultured in 1 L LB medium at
37 °C until the optical density at 600 nm was 0.4-0.8. The cells were cultured overnight at 18 °C after
isopropyl p-D-1-thiogalactopyranoside (IPTG) addition (0.1 mM for AM1_1870g3 variants and 1.0
mM for NpF2164g5 variants). The cells were collected by centrifugation at 5000 x g for 15 min and
then frozen at -80 °C. The cells were suspended in a lysis buffer (20 mM HEPES-NaOH pH 7.5, 0.1
M NaCl, and 10% (w/v) glycerol) and disrupted by Emulsiflex C5 high-pressure homogenizer at
12,000 psi (Avestin, Inc., Ottawa, ON, Canada, Canada)). The mixtures were centrifuged at 165,000x
g for 30 min to separate the pellets and the supernatants. The collected solutions were filtered through
a 0.2 um cellulose acetate membrane and loaded onto a nickel-affinity His-trap column (GE
Healthcare, Piscataway, NJ, USA) using an AKTAprime plus (GE Healthcare, Piscataway, NJ, USA).
His-tagged proteins were purified using the lysis buffer containing 100 to 400 mM imidazole with a
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linear gradient system (1 mL/min, total 15 min) after the column was washed using the lysis buffer
containing 100 mM imidazole. The purified proteins were added with EDTA (final concentration, 1
mM), incubated on ice for 1 h, and then dialyzed against the lysis buffer to remove imidazole and
EDTA. The Bradford method (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to measure
the protein concentrations using bovine serum albumin for the standard curve.

4.5. Electrophoresis and Zinc-Induced Fluorescence Assay

The purified proteins were diluted in a buffer (60 mM Tris-HCI pH 8.0, 2% (w/v) sodium dodecyl
sulfate (SDS) and 60 mM dithiothreitol (DTT)) for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The samples were denatured at 95 °C for 3 min and then were
electrophoresed at room temperature (r.t., about 20-25 °C) using a 12% (w/v) acrylamide gel.

To detect the fluorescence of the purified proteins, the electrophoresed gels were soaked in 20
mM zinc acetate at r.t. for 30 min. The gels were exposed by blue light (Amax 470 nm) and green light
(Amax 527 nm) using a WSE-5500 VariRays (ATTO, Tokyo, Japan) with a short path filter (passing
through <562 nm) to visualize the fluorescence of the proteins through a long path filter (passing
through >600 nm). The fluorescence bands were imaged using a WSE109 6100 LuminoGraph (ATTO,
Tokyo, Japan). After the observation, the gels were stained with Coomassie brilliant blue R-250 (CBB).

4.6. Spectroscopic Analysis

Ultraviolet and visible absorption spectra of native NpF2164g5_BV4 and BV4_Ls2Y were
recorded at r.t. using a UV-2600 spectrophotometer (SHIMADZU, Kyoto, Japan), whereas those of
native AM1_1870g3_BV4 and BV4_YeosL were recorded at 10 °C to repress dark reversion. An Opto-
Spectrum Generator (Hamamatsu Photonics, Inc., Hamamatsu, Japan) was used to generate
monochromic near-infrared (NIR) light (700-720 nm) for photoconversion. To monitor the absorption
spectra during light irradiation, a light-system was set up, in which the measuring light of the UV-
Vis spectrometer vertically crossed the actinic light of the generator.

Fluorescence excitation and fluorescence emission spectra of NpF2164g5_BV4 and BV4_LoeY
were recorded at r.t. and low temperature (-196 °C, using liquid nitrogen) using a RL-6000
spectrofluorophotometer (SHIMADZU, Kyoto, Japan), in which the excitation light vertically crossed
the detecting path of the emission light. Unde rr.t., these fluorescence excitation spectra were
monitored by emission wavelength at 710 and 740 nm, respectively, while these fluorescence
emission spectra were monitored by excitation wavelength at 640 and 657 nm, respectively. Under
the low temperature, these fluorescence excitation spectra were monitored by emission wavelength
at 720 and 740 nm, respectively, while these fluorescence emission spectra were monitored by the
same excitation light as the r.t. experiments. These fluorescence spectra were corrected by the
automatic function of the apparatus.

A Quantaurus-QY (Hamamatsu Photonics, Inc, Hamamatsu, Japan) was used to measure
fluorescence quantum yields. The Quantaurus-QY can calculate the absolute value of the fluorescence
quantum yield by simultaneously measuring sample absorption and fluorescence emission without
known reference standards, as previously described [25]. The excitation wavelength used was 650
nm for NpF2164g5_BV4_Ls2Y bound to BV.

4.7. Biochemical and Photochemical Characterization of Cyanobacteriochromes

All the proteins were denatured by 7 M guanidinium chloride (GdmCl)/1% (v/v) HCI.
AM1_1870g3 and NpF2164g5 variants in the dark state were treated in the dark at r.t,, whereas
AM1_1870g3 variants in the photoproduct state were treated just after turning off the far-red light on
ice. The absorption spectra of the denatured proteins were measured at r.t. before and after white
light irradiation. To identify the chromophore species and configuration, their absorption spectra
were compared with those of the BV-bound AnPix]Jg2 BV4 [25].

To monitor the photoconversion and dark reversion processes, absorbance at 718 and 708 nm
against the far-red light (720 and 710 nm) was measured for AM1_1870g3_BV4 and BV4_YeosL,
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respectively, for 2 min with dark intervals of 5 min at 25 °C. Dark reversion half-lives were calculated
from the dark reversion kinetics.

4.8. Mammalian Cell Culture and Transfection

HeLa cells were cultured in Dulbecco’s Modified Eagle’s medium (Nissui, Tokyo, Japan)
supplemented with 10% fetal bovine serum (SIGMA, St. Louis, MO, USA) and
penicillin/streptomycin (Gibco, Thermo Fisher Scientific, Waltam, MA, USA). At 24 hours before
transfection, HeLa cells were plated onto 35-mm glass-base dishes IWAKI, AGC Techno glass,
Shizuoka, Japan) with a medium containing 25 uM BV (Frontier Scientific, Inc., Logan, UT, USA),
which was added from a stock solution. The stock solution of BV was prepared at 25 mM in dimethyl
sulfoxide (DMSO, WAKO, Osaka, Japan). Transfection was performed using FuGENE HD
Transfection Reagent (Promega, Madison, WI, USA) according to the manufacturer’s instructions.

4.9. Confocal Fluorescence Imaging

HeLa cells were transfected using EGFP, EGFP-hiRFP, EGFP-hNpF2164g5 BV4, or EGFP-
hNpF2164g5_BV4_Los2Y. The cells were replaced with a medium containing 25 uM BV 24 hours after
transfection. The cells were washed and replaced with Opti-MEM (Gibco, Thermo Fisher Scientific,
Waltam, MA, USA), 48 hours after transfection, and imaged using a Nikon Al confocal microscope
equipped with a Plan-Apochromat 40 x objective. NIR fluorescence of the transfected cells was
detected at 663-738 nm upon excitation at 640 nm. Green fluorescence of the transfected cells was
detected at 500-550 nm upon excitation at 488 nm.

Author Contributions: Conceptualization, K.F., M.S., and R.N.; Data curation, K.F., HH., N.5.-N,, YK, K.M,,
T.N., and R.N.; Funding acquisition, M.S., and R.N.; Investigation, K.F., HH., N.S.-N., Y.K, KM, T.N.,, and R.N.;
Supervision, M.S., F.K., and R.N.; Writing—original draft, K.F., HH., N.S.-N., and R.N.; Writing—review &
editing, KF., HH., N.S.-N,, YK, KM,, TN, M.S, FK, and R.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by JST, CREST (JPMJCR1653 to M.S., and R.N.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fushimi, K.; Narikawa, R. Cyanobacteriochromes: Photoreceptors covering the entire UV-to-visible
spectrum. Curr. Opin. Struct. Biol. 2019, 57, 39-46.

2. Fushimi, K,; Ikeuchi, M.; Narikawa, R. The expanded red/green cyanobacteriochrome lineage: An
evolutionary hot spot. Photochem. Photobiol. 2017, 93, 903-906.

3.  Narikawa, R.; Fukushima, Y.; Ishizuka, T.; Itoh, S.; Ikeuchi, M. A novel photoactive GAF domain of
cyanobacteriochrome AnPix] that shows reversible green/red photoconversion. J. Mol. Biol. 2008, 380, 844—
855.

4. Rockwell, N.C; Martin, S.S.; Lagarias, ].C. Red/green cyanobacteriochromes: Sensors of color and power.
Biochemistry 2012, 51, 9667-9677.

5. Chen, Y,; Zhang, J.; Luo, J; Tu, J.-M.; Zeng, X.-L.; Xie, J.; Zhou, M.; Zhao, J.-Q.; Scheer, H.; Zhao, K.-H.
Photophysical diversity of two novel cyanobacteriochromes with phycocyanobilin chromophores:
Photochemistry and dark reversion kinetics. FEBS |. 2012, 279, 40-54.

6.  Fukushima, Y.; Iwaki, M.; Narikawa, R.; Ikeuchi, M.; Tomita, Y.; Itoh, S. Photoconversion mechanism of a
green/red photosensory cyanobacteriochrome AnPix]: Time-resolved optical spectroscopy and FTIR
analysis of the AnPixJ-GAF2 domain. Biochemistry 2011, 50, 6328-6339.

7.  Velazquez Escobar, F.; Utesch, T.; Narikawa, R.; Ikeuchi, M.; Mroginski, M.A.; Gértner, W.; Hildebrandt,
P. Photoconversion mechanism of the second GAF domain of cyanobacteriochrome AnPixJ and the cofactor
structure of its green-absorbing state. Biochemistry 2013, 52, 4871-4880.

8.  Scarbath-Evers, L.K,; Jahnigen, S.; Elgabarty, H.; Song, C.; Narikawa, R.; Matysik, J.; Sebastiani, D.
Structural heterogeneity in a parent ground-state structure of AnPixJg2 revealed by theory and
spectroscopy. Phys. Chem. Chem. Phys. 2017, 19, 13882-13894.



Int. ]. Mol. Sci. 2020, 21, 6278 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Song, C.; Velazquez Escobar, F.; Xu, X.-L.; Narikawa, R.; Ikeuchi, M.; Siebert, F.; Gartner, W.; Matysik, J.;
Hildebrandt, P. A red/green cyanobacteriochrome sustains its color despite a change in the bilin
chromophore’s protonation state. Biochemistry 2015, 54, 5839-5848.

Song, C.; Narikawa, R, Ikeuchi, M., Gartner, W.; Matysik, J. Color tuning in red/green
cyanobacteriochrome AnPix]: Photoisomerization at C15 causes an excited-state destabilization. J. Phys.
Chem. B 2015, 119, 9688-9695.

Slavov, C.; Xu, X, Zhao, K.-H., Girtner, W.; Wachtveitl, J. Detailed insight into the ultrafast
photoconversion of the cyanobacteriochrome Slr1393 from Synechocystis sp. Biochim. Biophys. Acta 2015,
1847, 1335-1344.

Kim, P.W.; Freer, L.H.; Rockwell, N.C.; Martin, S.S.; Lagarias, J.C.; Larsen, D.S. Second-chance forward
isomerization dynamics of the red/green cyanobacteriochrome NpR6012g4 from Nostoc punctiforme. J. Am.
Chem. Soc. 2012, 134, 130-133.

Kim, P.W.; Freer, L.H.; Rockwell, N.C; Martin, S.S.; Lagarias, ].C.; Larsen, D.S. Femtosecond
photodynamics of the red/green cyanobacteriochrome NpR6012g4 from Nostoc punctiforme. 1. Forward
dynamics. Biochemistry 2012, 51, 608-618.

Kim, P.W.; Freer, L.H.; Rockwell, N.C,; Martin, S.S.; Lagarias, ].C.; Larsen, D.S. Femtosecond
photodynamics of the red/green cyanobacteriochrome NpR6012g4 from Nostoc punctiforme. 2. Reverse
dynamics. Biochemistry 2012, 51, 619-630.

Chang, C.-W.; Gottlieb, S.M.; Kim, P.W.; Rockwell, N.C.; Lagarias, J.C.; Larsen, D.S. Reactive ground-state
pathways are not ubiquitous in red/green cyanobacteriochromes. J. Phys. Chem. B 2013, 117, 11229-11238.
Rockwell, N.C.; Martin, S.S.; Gulevich, A.G.; Lagarias, ].C. Conserved phenylalanine residues are required
for blue-shifting of cyanobacteriochrome photoproducts. Biochemistry 2014, 53, 3118-3130.

Rockwell, N.C; Martin, S.S; Lim, S.; Lagarias, ].C.; Ames, ].B. Characterization of red/green
cyanobacteriochrome NpR6012g4 by solution nuclear magnetic resonance spectroscopy: A protonated bilin
ring system in both photostates. Biochemistry 2015, 54, 2581-2600.

Rockwell, N.C; Martin, S.S; Lim, S.; Lagarias, J.C; Ames, ].B. Characterization of red/green
cyanobacteriochrome NpR6012g4 by solution nuclear magnetic resonance spectroscopy: A hydrophobic
pocket for the C15-E,anti chromophore in the photoproduct. Biochemistry 2015, 54, 3772-3783.

Gottlieb, S.M.; Kim, P.W.; Chang, C.-W.; Hanke, S.]J.; Hayer, R.J.; Rockwell, N.C.; Martin, S.S.; Lagarias, ].C.;
Larsen, D.S. Conservation and diversity in the primary forward photodynamics of red/green
cyanobacteriochromes. Biochemistry 2015, 54, 1028-1042.

Narikawa, R.; Ishizuka, T.; Muraki, N.; Shiba, T., Kurisu, G.; Ikeuchi, M. Structures of
cyanobacteriochromes from phototaxis regulators AnPix] and TePix] reveal general and specific
photoconversion mechanism. Proc. Natl. Acad. Sci. USA 2013, 110, 918-923.

Lim, S.;; Yu, Q.; Gottlieb, 5.M.; Chang, C.-W.; Rockwell, N.C.; Martin, S.S.; Madsen, D.; Lagarias, ].C.; Larsen,
D.S.; Ames, ].B. Correlating structural and photochemical heterogeneity in cyanobacteriochrome
NpR6012g4. Proc. Natl. Acad. Sci. USA 2018, 115, 4387-4392.

Xu, X.; Port, A.; Wiebeler, C.; Zhao, K.-H.; Schapiro, I.; Gartner, W. Structural elements regulating the
photochromicity in a cyanobacteriochrome. Proc. Natl. Acad. Sci. USA 2020, 117, 2432-2440.

Fushimi, K.; Nakajima, T.; Aono, Y.; Yamamoto, T.; Ikeuchi, M.; Sato, M.; Narikawa, R. Photoconversion
and fluorescence properties of a red/green-type cyanobacteriochrome AM1_C0023g2 that binds not only
phycocyanobilin but also biliverdin. Front. Microbiol. 2016, 7, 588.

Narikawa, R.; Nakajima, T.; Aono, Y.; Fushimi, K.; Enomoto, G.; Itoh, S.; Sato, M.; Ikeuchi, M. A biliverdin-
binding cyanobacteriochrome from the chlorophyll d-bearing cyanobacterium Acaryochloris marina. Sci.
Rep. 2015, 5, 7950.

Fushimi, K.; Miyazaki, T.; Kuwasaki, Y.; Nakajima, T.; Yamamoto, T.; Suzuki, K,; Ueda, Y.; Miyake, K,;
Takeda, Y.; Choi, J.-H.; et al. Rational conversion of chromophore selectivity of cyanobacteriochromes to
accept mammalian intrinsic biliverdin. Proc. Natl. Acad. Sci. USA 2019, 116, 8301-8309.

Filonov, G.S.; Piatkevich, K.D.; Ting, L.-M.; Zhang, J.; Kim, K.; Verkhusha, V.V. Bright and stable near-
infrared fluorescent protein for in vivo imaging. Nat. Biotechnol. 2011, 29, 757-761.

Shu, X.; Royant, A.; Lin, M.Z.; Aguilera, T.A.; Lev-Ram, V.; Steinbach, P.A.; Tsien, R.Y. Mammalian
expression of infrared fluorescent proteins engineered from a bacterial phytochrome. Science 2009, 324, 804—
807.



Int. J. Mol. Sci. 2020, 21, 6278 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Shcherbakova, D.M.; Stepanenko, O.V.; Turoverov, K.K.; Verkhusha, V.V. Near-infrared fluorescent
proteins: Multiplexing and optogenetics across scales. Trends Biotechnol. 2018, 36, 1230-1243.

Redchuk, T.A.; Omelina, E.S.; Chernov, K.G.; Verkhusha, V.V. Near-infrared optogenetic pair for protein
regulation and spectral multiplexing. Nat. Chem. Biol. 2017, 13, 633-639.

Rockwell, N.C.; Martin, S.S.; Lagarias, ].C. Mechanistic insight into the photosensory versatility of DXCF
cyanobacteriochromes. Biochemistry 2012, 51, 3576-3585.

Rockwell, N.C.; Martin, S.S.; Gulevich, A.G.; Lagarias, ].C. Phycoviolobilin formation and spectral tuning
in the DXCF cyanobacteriochrome subfamily. Biochemistry 2012, 51, 1449-1463.

Fushimi, K.; Hasegawa, M.; Ito, T.; Rockwell, N.C.; Enomoto, G.; Lagarias, ].C.; Ikeuchi, M.; Narikawa, R.
Evolution-inspired design of multicolored photoswitches from a single cyanobacteriochrome scaffold.
Proc. Natl. Acad. Sci. USA 2020, 117, 15573-15580.

Velazquez Escobar, F.; Lang, C.; Takiden, A.; Schneider, C.; Balke, J.; Hughes, J.; Alexiev, U.; Hildebrandt,
P.; Mroginski, M.A. Protonation-dependent structural heterogeneity in the chromophore binding site of
cyanobacterial phytochrome Cphl. J. Phys. Chem. B 2017, 121, 47-57.

Burgie, E.S.; Walker, J.M.; Phillips, G.N., Jr.; Vierstra, R.D. A photo-labile thioether linkage to
phycoviolobilin provides the foundation for the blue/green photocycles in DXCF-cyanobacteriochromes.
Structure 2013, 21, 88-97.

Miyake, K.; Fushimi, K.; Kashimoto, T.; Maeda, K.; Kimura, H.; Sugishima, M.; Ikeuchi, M.; Narikawa, R.
Functional diversification of two bilin reductases for light perception and harvesting in unique
cyanobacterium Acaryochloris marina MBIC 11017. FEBS ]. 2020, doi:10.1111/febs.15230.

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870-1874.

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF
Chimera— A visualization system for exploratory research and analysis. . Comput. Chem. 2004, 25, 1605—
1612.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



