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Optogenetics is a powerful tool to precisely manipulate cell signaling
in space and time. For example, protein activity can be regulated by
several light-induced dimerization (LID) systems. Among them, the
phytochrome B (PhyB)-phytochrome-interacting factor (PIF) system is
the only available LID system controlled by red and far-red lights.
However, the PhyB-PIF system requires phycocyanobilin (PCB) or phy-
tochromobilin as a chromophore, which must be artificially added to
mammalian cells. Here, we report an expression vector that coex-
presses HO1 and PcyA with Ferredoxin and Ferredoxin-NADP+ re-
ductase for the efficient synthesis of PCB in the mitochondria of
mammalian cells. An even higher intracellular PCB concentration
was achieved by the depletion of biliverdin reductase A, which
degrades PCB. The PCB synthesis and PhyB-PIF systems allowed
us to optogenetically regulate intracellular signaling without any
external supply of chromophores. Thus, we have provided a prac-
tical method for developing a fully genetically encoded PhyB-PIF
system, which paves the way for its application to a living animal.
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Intracellular signal transduction pathways are information-
processing systems in which the information of input signals is
processed and subsequently leads to the generation of output
responses as cellular phenotypes (1, 2). These pathways are
comprised of a series of biochemical reactions with cross-talk
regulations and feedback regulations that form a highly com-
plex network (3-5). While the complexity of the intracellular
signaling network poses a significant challenge, considerable
evidence has accumulated that certain network modules such as
feedback loops have developed an intrinsic resistance to mo-
lecular targeted drugs (6-8), highlighting the critical importance
of understanding the signaling network as a system.

Methods capable of rapidly and reversibly perturbing cellular
systems are essential for analyzing the dynamics of feedback and
cross-talk regulations. The perturbations have to be faster than
the representative time constant of a feedback regulation to
track the transient change in the system (9). While a chemical-
induced dimerization (CID) system has been widely used to
quickly perturb cellular signaling by small compounds (10), most
CID systems are irreversible, and it is difficult to manipulate the
dimerization at the subcellular level. Currently, several light-
induced dimerization (LID) systems, in which photoactivatable
proteins are dimerized by light in a reversible manner, are
available. Among them, the cryptochrome 2 (CRY2) and
cryptochrome-interacting basic helix-loop-helix] (CIB1) pair
has been widely used to control cell signaling through its light-
induced heterodimerization (11-13). CRY2 associates with its
binding partner CIB1 upon exposure to blue light within a few
seconds, and the complex is dissociated under a dark condition
within several minutes (14). The CRY2 protein utilizes flavin as
a chromophore, and the CRY2-CIB1 LID system is thereby fully
genetically encoded, so that it is not necessary to add a cofac-
tor to mammalian cells. However, this system has potential
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drawbacks. First, the dissociation reaction has slow kinetics and is
uncontrollable, though faster dissociation mutants of the CRY2-
CIBL1 pair have been reported recently (15). Second, the use of
blue light for photoactivation of the CRY2-CIB1 is not compat-
ible with fluorescence imaging with GFP-based biosensors such as
FRET biosensors (16, 17).

Currently, phytochrome B (PhyB)-phytochrome-interacting
factor (PIF) is the only LID system that operates at long wave-
length light (14, 18, 19). PhyB ligates phycocyanobilin (PCB) or
phytochromobilin as a photoabsorbing chromophore (20). Upon
red light exposure, PhyB binds to PIF within seconds, and the
resulting PhyB-PIF complex dissociates within seconds upon far-
red light exposure. Taking advantage of its potential for quick
and reversible control of association and dissociation by light,
researchers have used the PhyB-PIF system to manipulate cel-
lular signaling at higher resolution in both space and time (14,
18, 21). However, there is also a key disadvantage of the PhyB-
PIF system. Namely, the chromophore is produced only in
photosynthetic organisms; in other organisms, the chromophore
must be added before the PhyB-PIF system can be applied. To
overcome this issue, a PCB biosynthesis system has been con-
structed in bacterial and mammalian cells by expressing two
biosynthetic enzymes, heme oxygenasel (HO1) and PCB:ferre-
doxin (Fd) oxidoreductase (PcyA) (22-24) (Fig. 14). So far,
however, no PCB biosynthesis system has been used successfully
to operate the PhyB-PIF system in mammalian cells, probably
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Fig. 1. PCB synthesis in mammalian cells. (A) The pathway of PCB synthesis in cyanobacteria. (B) Scheme for measurement of PCB fluorescence. The PhyB
mutant PhyB-Y276H emits fluorescence from PCB when it binds to PCB. (C) Fluorescence images of PhyB-Y276H-mCherry-HRas C terminus (HRasCT) (Upper)
and PCB fluorescence bound to PhyB-Y276H (Lower) are shown for the indicated condition in HeLa cells. pkKMO087 is a bicistronic vector expressing MTS-PcyA
and MTS-HO1 (24). (Scale bars, 25 pm.) (D) Quantification of PCB synthesis. PCB fluorescence bound to PhyB-Y276H was divided by mCherry fluorescence,
followed by normalization to the average PCB-bound PhyB-Y276H/mCherry value of 2.5 pM PCB-treated cells. The box extends from the first to the third
quartile, with the whiskers denoting 1.5 times the interquartile range. Red crosses are outliers. n = 24. (E) Structure of the pPHFF plasmid expressing MTS-
PcyA, MTS-HO1, MTS-Fd, and MTS-Fnr. These cDNAs are connected by the cDNAs of a self-cleaving 2A peptide, P2A, which allows stoichiometric expression of
multiple proteins flanking the 2A peptide. (F) Fluorescence images of PhyB-Y276H-mCherry-HRasCT (Upper) and PCB (Lower) are shown as in D. (Scale bars,

20 pm.) (G) PCB fluorescence in Hela cells expressing PHFF was quantified as in D. n = 23.

because the biosynthesis systems tested did not yield sufficient
amounts of PCB for the PhyB-PIF system (Fig. 14).

In this study, we demonstrate that PCB biosynthesis in mam-
malian cells is enormously boosted by the coexpression of Fd and
Fd-NADP* reductase (Fnr) with HOI and PcyA. A further in-
crease in PCB synthesis is achieved by knockout (KO) or
knockdown (KD) of biliverdin reductase A (BVRA). Using this
genetically encoded PCB synthesis system, we have succeeded in
optogenetic control of cell signaling by the PhyB-PIF system in
the absence of exogenous chromophores.

Results

Reconstitution of the PCB Synthesis Pathway in Mammalian Cells.
Two enzymes, heme oxygenase (25) and ferredoxin-dependent
bilin reductase (26, 27), are committed to phytochrome chro-
mophore biosynthesis from heme. In photosynthetic organisms
such as cyanobacteria, PCB is produced from heme through
HO1-mediated degradation, followed by PcyA-mediated bili-
verdin reduction (Fig. 14). Both reactions are coupled with a
reduction by reduced Fd. The oxidized Fd (Fd,y) is then recycled
by Fnr to regenerate reduced Fd. In our preliminary experi-
ments, expression of HO1 and PcyA derived from Thermosy-
nechococcus elongatus BP-1 was not sufficient for operation of
the PhyB-PIF system in mammalian cells. We hypothesized that
the failure might have been due to the lack of Fd and Fnr. Be-
cause heme exists primarily at mitochondria in mammalian cells
(28, 29), we attempted to coexpress Fd and Fnr derived from
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Synechocystis sp. PCC6803 with HO1 and PcyA to reconstitute
the PCB synthetic pathway in human cells.

To quantify the amount of PCB in a living cell, we employed
the Tyr-276-His mutant of PhyB (PhyB-Y276H), which emits
red fluorescence upon binding to PCB (30) (Fig. 1B). The PhyB-
Y276H protein was fused with mCherry, which was used as an
internal standard, and the H-Ras C terminus (HRasCT) was
used for plasma membrane localization. HeLa cells expressing
PhyB-Y276H-mCherry-HRasCT emanated 680 nm red fluores-
cence in the presence of exogenous PCB (Fig. 1C). Miiller et al.
(24) realized PCB synthesis in mammalian cells by using a
pKMO87 expression vector that encodes mitochondria-targeting
sequence (MTS) fused with PcyA and MTS-HO1. However, the
fluorescence from PhyB-Y276H was below the detectable level
in pKMO087-expressing HeLa cells (Fig. 1 C and D).

To our surprise, when MTS-Fd and MTS-Fnr were coex-
pressed with MTS-PcyA and MTS-HOL, the red fluorescence of
PhyB-Y276H from HelLa cells became almost comparable to
that observed in the presence of 2.5 pM PCB (Fig. 1 C and D).
Exclusion of any one of these four genes abolished the fluores-
cence from the cells (Fig. 1D). Human homolog of HO1, Fd, or
Fnr was unable to substitute for HO1, Fd, or Fnr in PCB syn-
thesis (Fig. S1). These data indicated that PcyA, HO1, Fd, and
Fnr, which are derived from T. elongatus BP-1 or Synechocystis
sp. PCC6803, were required for the efficient PCB production in
mammalian cells.
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To facilitate gene delivery, these four genes were connected
with the cDNA of the self-cleaved P2A peptide, generating a
synthetic gene “PHFF” (Fig. 1E and Fig. S2). The HelLa cells
transfected with the pPHFF expression vector for PHFF ema-
nated red fluorescence from PhyB-Y276H at a level comparable
to that of cells expressing the four genes independently (Fig. 1 F
and G). PCB is known to be covalently attached to PhyB. The
covalent attachment of PCB to the PhyB was confirmed by SDS
PAGE followed by zinc blot analysis (Fig. S3). Moreover, PHFF-
expressing Schizosaccharomyces pombe produced intracellular
PCB to the level evoked by the addition of a saturating amount
of extracellular PCB (Fig. S4 and Table S1).

LID by the PHFF-PhyB-PIF System. Next, we examined whether
expression of pPHFF is sufficient for PhyB binding to PIF. For
this purpose, PhyB-mCherry-HRasCT and PIF-mEGFP were
coexpressed at the plasma membrane and cytosol, respectively,
with pPHFF. The cells were reciprocally illuminated with red
and far-red lights to turn on and off, respectively, the binding of
PIF-mEGFP to PhyB-mCherry-HRasCT at the plasma mem-
brane (Fig. 24). We examined four pairs of PhyB and PIF—that
is, PhyB (1-908 aa) and PhyB621 (1-621 aa) for the PhyBs (Fig.
2B), and PIF3 and PIF6 for the PIFs (31). PhyB621 was com-
prised of the minimal photosensory core—namely, the PAS-like,
GAF, and Phy domains (20). The pair of PhyB and PIF3 resulted

in a clear change in PIF3 distribution upon red and far-red light
exposure, whereas the pair of PhyB621 and PIF3 showed a
limited subcellular relocalization (Fig. 2 C and D, Upper and Movie
S1). PIF6 was also associated with PhyB and PhyB621 under the
red light exposure, while it was not completely dissociated from
PhyB and PhyB621 by the far-red light (Fig. 2 C and D, Lower and
Movie S1). The reductions of cytoplasmic PIF-mEGFP intensities
compared with the far-red light condition were quantified for each
of these four combinations (Fig. 2 D-G), indicating fast and re-
versible membrane translocation of PIF by red and far-red light
exposure on the second time scale (Fig. 2 D-G). Interestingly,
PIF3 reproducibly showed faster association and dissociation rate
constants than PIF6.

Enhancement of PhyB-PIF LID by the Depletion of BVRA. To further
enhance PhyB-PIF LID, we depleted BVRA, which metabolizes
biliverdin and PCB into bilirubin and phycocyanorubin, re-
spectively (32) (Fig. 34). To this end, we established BVRA KO
HeLa cells by using the CRISPR/Cas9 system. As expected, the
KO of BVRA reduced intracellular bilirubin, as visualized by
UnagG, a bilirubin sensor (33) (Fig. S5). In BVRA KO HelLa cells,
PhyB-Y276H fluorescence was increased to approximately
threefold the level in control HeLa cells (Fig. 3 B and C). RNAI-
mediated KD of BVRA also increased PhyB-Y276H fluorescence
(Fig. S6). The enhancement of PhyB-Y276H fluorescence may

A B Photosensory core Regulatory domain
- PAS-ike GAF  Phy PAS PAS HK-related
625 Yy _-_-.-.I ...................
/~miChei- " A (1-908 aa) 1173za
) 908 aa
PhyB (Pr) 730nm (00 PhyB (Pfr PhyB621
yB (Pfr) (1621 83) _-.l-- ....................
PIF <~ MEGFP ~I 621 aa
C 0.2 PIF3, PhyB 0.2 PIF3, PhyB621
PhyB-mCherry-HRasCT PhyB621-mCherry-HRasCT |, ' ' 625 nm
a 01 W 0.1 = 730 NM
T =
§5 0 0 PR TN
PIF3- S 0 60120180240300360 O 60 120 180 240 300 360
mEGFP 20 Time (sec) Time (sec)
S PIF6, PhyB 02. PIF6, PhyB621
&
5 o 0.1 0.1 W
PIF6- 52 W
mEGFP % 0 0
= 0 60 120180240300360 O 60 120 180 240 300 360
Time (sec) Time (sec)
E Amplitude (A.U.) F On rate (/sec) G Off rate (/sec)
0.00 0.10 0.20 0.00 0.25 0.50 0.00 0.10 0.20
PhyB-PIF3 ' PhyB-PIF3 . PhyB-PIF3 : '
PhyB621-PIF3 |i=— PhyB621-PIF3 PhyB621-PIF3
PhyB-PIF6 — PhyB-PIF6 |=— PhyB-PIF6

PhyB621-PIF6 PhyB621-PIF6 |=-

PhyB621-PIF6

Fig. 2. PhyB-PI LID with endogenously-synthesized PCB. (A) A schematic representation of the PhyB-PIF LID system. PhyB-mCherry-HRasCT is localized at the
plasma membrane. PIF fused with mEGFP is translocated to the plasma membrane through the binding to PhyB-mCherry-HRasCT upon illumination with red
light (625 nm). Illumination with far-red light (730 nm) induces dissociation of the PhyB-PIF heterodimer. (B) Domain structures of PhyB (1-908 aa) and
PhyB621 (1-621 aa). (C) PhyB-PIF LID assay. PIF-mEGFP fluorescence images are shown in Hela cells expressing PHFF, PhyB-mCherry-HRasCT (Left column) or
PhyB621-mCherry-HRasCT (Right column) and PIF3-mEGFP (Upper) or PIF6-mEGFP (Lower) upon the illumination with red light (Left) and far-red light (Right).
(D) Membrane-recruited PIF-mEGFP was quantified by the fractional change in the fluorescence intensity of PIF-mEGFP at the cytoplasm in comparison with
that under the condition of far-red light exposure. The average values (bold lines) are plotted as a function of time with the SD. n = 8. (E-G) Quantification of
PhyB-PIF LID. Amplitude (E), on rate (F), and off rate (G) of PIF membrane translocation were quantified by curve fitting the data in D with a single ex-
ponential curve. The bar graphs show the average values with the SD. A.U., arbitrary unit.
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Enhancement of PCB synthesis by KO of the BVRA gene. (A) Scheme of the metabolic pathway of biliverdin and PCB. BVRA degrades both biliverdin

and PCB, generating bilirubin and phycocyanorubin, respectively. (B) PCB synthesis in control (Left) and BVRA KO Hela cells (Right). Representative images of
PhyBY276H-mCherry-HRas CT (Upper) and PCB (Lower) are shown as in Fig. 1C. (Scale bars, 25 um.) (C) PCB fluorescence in the control and BVRA KO cells was
divided by mCherry fluorescence and normalized to the average PCB/mCherry value in control cells as 1.0. The normalized PCB fluorescence is shown as a box
plot as in Fig. 1D. (D) Purified PCB was supplied to control (gray) and BVRA KO (red) HelLa cells expressing PhyBY276H-mCherry-HRasCT. PCB fluorescence is
plotted as a function of PCB concentration. (E) PhyB-PIF LID assay. PIF-mEGFP fluorescence images are shown in BVRA KO Hela cells as in Fig. 2C.
(F) Quantification of PhyB-PIF LID. Membrane-recruited PIF-mEGFP was quantified, and the average values (bold lines) are plotted as in Fig. 2D. n = 8.
(G-/) Quantification of PhyB-PIF LID. Amplitude (G), on rate (H), and off rate (/) of PIF membrane translocation were quantified by curve fitting the data in F

with a single exponential curve. The bar graphs show the average values with the SD. A.U., arbitrary unit.

have been due to the decrease in degradation of PCB, because
BVRA KO HelLa cells demonstrated higher PCB fluorescence by
the addition of purified PCB than control HeLa cells did (Fig.
3D). Meanwhile, it is reported that supplementation of Heme
precursor, 5-aminolevulinic acid (ALA), and iron(ii) sulfate in-
creases Biliverdin biosynthesis up to threefold (34). Contrary to
our expectation, these treatments did not significantly increase
PCB synthesis in either control HeLa or BVRA KO Hela cells
that expressed PHFF (Fig. S7). Notably, neither the expression of
PHFF nor the depletion of BVRA affected cell growth rates in
HelLa cells and mouse embryonic stem cells (mESCs) (Fig. S8).
Next, we evaluated the effect of BVRA KO on LID in the same
PhyB and PIF pairs as in Fig. 2E. In BVRA KO HeLa cells
expressing PHFF, both the PIF3 and PhyB pair and PIF3 and
PhyB621 pair showed distinct translocation of PIF3-mEGFP upon
red light and far-red light exposure (Fig. 3E, Upper and Movie S2).
PIF6 also demonstrated clear association with PhyB and PhyB621
by red-light exposure, but a substantial amount of PIF6-mEGFP
remained at the plasma membrane even under a far-red light

Uda et al.

condition in both the combinations with PhyB and that with
PhyB621 in BVRA KO Hela cells (Fig. 3E, Lower and Movie S2).
The quantification showed a much better response of PIF-mEGFP
translocation in BVRA KO cells (Fig. 3 F-I) than control cells (Fig.
2D) under all conditions. The PIF3 and PhyB pair exhibited rapid
translocation almost comparable to that of the PIF3 and PhyB621
pair, with reversible PIF translocation (Fig. 3 F-I, Upper). Meanwhile,
slower and smaller translocations of PIF6-mEGFP were observed
with the PIF6 and PhyB pair and PIF6 and PhyB621 pair, re-
spectively (Fig. 3 F-I, Lower). On the other hand, we verified whether
the PhyB-PIF3 combination is effective in other types of cells. PCB
synthesis was also observed in mESCs and mouse embryonic fibro-
blasts (MEFs) that expressed PHFF and shRNA against mouse
BVRA (mBVRA) (Figs. S6 and S9). Under this condition, PhyB-PIF3
LID was reproducibly observed in mESCs (Fig. S9).

Application of the PhyB-PIF System to Manipulating Signal Transduction.
Finally, we employed the genetically encoded PhyB-PIF system to
control intracellular signaling. It is known that activation of Racl, a
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small GTPase, leads to actin reorganization and lamellipodia for-
mation (35). To optogenetically activate the endogenous Racl
protein Tiam1, a Racl-specific guanine nucleotide exchange factor
(36) was fused with PIF3 and mEGFP, and this chimeric protein
was recruited to the plasma membrane through binding to PhyB-
mCherry-HRasCT upon exposure to red light (Fig. 44). Indeed,
red light exposure induced rapid formation of thin lamellipodia
along the cell periphery in HEK-293 cells expressing sh-hBVRA
(Fig. 4 B and C and Movie S3), indicating the activation of Racl
by light illumination.

One advantage of the PhyB-PIF system is that it enables both
the manipulation of cell signaling and detection of the output
signals with a GFP reporter or CFP/YFP-based FRET biosensor.
The ERK MAP kinase pathway was activated by the recruitment
of CRaf-PIF3 to the plasma membrane by red light, and the
subsequent activation of ERK was monitored by EKAREV-
NLS, an ERK FRET biosensor (37) (Fig. 4D). Importantly, the
excitation light for the FRET biosensor caused slight PhyB ac-
tivation, and therefore, the nonspecific activation was prevented
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Fig. 4. Manipulation of intracellular signaling by the PhyB-PIF system with
endogenously synthesized PCB. (A) Schematic representation of Racl acti-
vation by the PhyB-PIF system. Tiam1-PIF3-mEGFP, a Rac1 activator, is trans-
located to the plasma membrane upon exposure to red light, leading to
Racl activation. (B and C) BVRA KD HEK-293 cells stably expressing PhyB-
mCherry-HRasCT and Tiam1-PIF3-mEGFP were transfected with pPHFF. Two days
after transfection, the cells were subjected to a far-red light condition (before),
followed by a red light condition (after). Fluorescence images of PhyB-mCherry-
HRasCT (B) and the montage image in the yellow box of B (C) are shown.
(Magnification: B, 60x.) (D) Schematic representation of ERK activation by the
PhyB-PIF system. Recruitment of CRaf-PIF3 to the membrane by PhyB-PIF LID
results in ERK activation, which is monitored by a FRET biosensor, EKAREV-NLS.
(E and F) BVRA KO Hela cells expressing PHFF, PhyB-mCherry-HRasCT, CRaf-PIF3,
and EKAREV-NLS were imaged under the conditions of far-red light and red
light illumination. Images of ERK activity are represented in the IMD mode (E).
The average ERK activity (normalized FRET/CFP ratio) was quantified and plotted
as a function of time with the SD (F). n = 9.
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by global illumination with far-red light. The FRET/CFP ratio,
which correlated with ERK activity (11), was increased upon red
light illumination (Fig. 4E and Movie S4), and this increase was
suppressed by far-red light illumination (Fig. 4F).

Discussion

We induced PCB synthesis in mammalian cells through the
expression of a synthetic gene, PHFF, that was made up of the
four genes PcyA, HOI, Fd, and Fnr, which are derived from
T. elongatus BP-1 or Synechocystis sp. PCC6803. Moreover,
BVRA KO or BVRA KD was shown to increase the level of
cellular PCB by reducing the metabolism of biliverdin and PCB
(32). The amount of synthesized PCB was sufficient for use in a
genetically encoded PhyB-PIF system for the modulation of
intracellular signaling.

Miiller et al. (24) have reported PCB synthesis by the ex-
pression of HOI and PcyA in mammalian cells, but we found that
the amount of PCB synthesized by this method was not sufficient
for operation of the PhyB-PIF system. Of note, mammalian cells
endogenously express Fd-1, an Fd-like protein (also known as
adrenodoxin) (38). However, the amino acid sequence homology
between human Fd-1 and Synechocystis sp. PCC 6803 Fd was
limited to 26%. Additionally, sequence and structure studies of
mammalian Fnr/adrenodoxin reductase suggested no functional
overlap with Synechocystis sp. PCC 6803 Fnr (39, 40). The robust
increase in PhyB-Y276H fluorescence observed in the present
study (Fig. 1 C and D) strongly suggests that mammalian ferro-
doxin-1/adrenodixin and Fnr/adrenodoxin reductase cannot
support the PCB synthesis by cyanobacterial HOI and PcyA.

Faster association and dissociation kinetics were observed in
the PIF3-PhyB bindings in comparison with the PIF6-PhyB
bindings (Figs. 2 and 3). PIF6 was originally reported to show
fast and reversible bindings to PhyB in the LID system (18).
However, under our experimental conditions, PIF6 tended to be
retained at the plasma membrane even after far-red light expo-
sure (Figs. 2 and 3). Although the precise mechanisms un-
derlying this retention are still unclear, the sustained binding of
PIF6 to PhyB may leak signals of the LID system even under far-
red light illumination and eventually decrease ON and OFF re-
sponses. For this reason, PIF3 would be more suitable than
PIF6 as a binding partner of PhyB in the PhyB-PIF system.

Depletion of BVRA by CRISPR/Cas9-mediated gene KO or
shRNA resulted in an enhancement of PCB synthesis and
thereby an increase in the efficiency of PhyB-PIF LID (Fig. 3
and Fig. S6). Heme and its metabolites, biliverdin and bilirubin,
are known to have diverse physiological functions including
electron transfer and antioxidant and cell signaling, respectively
(28, 41, 42), though their cellular functions remain controversial
(43). In our experiments, we did not observe any detectable ef-
fects of PHFF expression and/or BVRA KD on cell growth rates
in HeLa cells and mESCs (Fig. S8). This might be because
biliverdin and bilirubin are delivered from the serum. Addi-
tionally, it should be noted the possible alteration of insulin
signaling by depletion of the BVRA gene (44). Therefore, new
strategies are needed to improve PCB synthesis without af-
fecting BVRA function.

The genetically encoded system of PCB synthesis will provide
a potential advantage for establishing transgenic animals that stably
synthesize PCB endogenously, thereby enabling the optogenetic
manipulation of cell signaling in deeper tissues without injecting
PCB. Biliverdin-bound PhyB mutants or other phytochromes
should also be explored in future studies.

Materials and Methods

pKMO087 was the kind gift of Dr. Weber (University of Freiburg, Freiburg,
Germany) (24). The cDNAs of PcyA and HOT1, which were originally derived
from T. elongatus BP-1, were amplified from pKMO087. The cDNAs of Fd and
Fnr of Synechocystis sp. PCC 6803 were synthesized with codon optimization
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for humans by GenScript. The MTS (MSVLTPLLLRGLTGSARRLP) was derived
from human cytochrome C oxidase subunit VIIl. These cDNAs were subcloned
into the pCAGGS vector (45) to generate pCAGGS-MTS-PcyA, pCAGGS-MTS-
PcyA-mCherry, pCAGGS-MTS-HO1-mCFP, pCAGGS-MTS-Fd-mVenus, and
pCAGGS-MTS-Fnr-tagBFP. The ¢cDNA of PHFF, which contained MTS-PcyA-
FLAG-P2A-MTS-HA-HO1-P2A-MTS-Myc-Fd-P2A-MTS-Fnr-T7, was synthesized
by GenScript and subcloned into the pCAGGS vector to obtain pPHFF. The
cDNA sequence of PHFF is included in Fig. S2. pcDNA3.1-UnaG-mCherry was
a kind gift from Atsushi Miyawaki (RIKEN, Wako, Japan) (33). The details of
other materials and methods are described in S/ Materials and Methods.
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