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Living organisms detect changes in temperature using thermosen-
sory molecules. However, these molecules and/or their mechanisms
for sensing temperature differ among organisms. To identify
thermosensory molecules in plants, we investigated chloroplast
positioning in response to temperature changes and identified a
blue-light photoreceptor, phototropin, that is an essential regulator
of chloroplast positioning. Based on the biochemical properties of
phototropin during the cellular response to light and temperature
changes, we found that phototropin perceives temperature based on
the temperature-dependent lifetime of the photoactivated chromo-
phore. Our findings indicate that phototropin perceives both blue
light and temperature and uses this information to arrange the
chloroplasts for optimal photosynthesis. Because the photoactivated
chromophore of many photoreceptors has a temperature-dependent
lifetime, a similar temperature-sensing mechanism likely exists in
other organisms. Thus, photoreceptors may have the potential to
function as thermoreceptors.
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iving organisms perceive temperature using thermosensory

molecules. Various types of thermosensory molecules have
been identified in microorganisms, animals, and plants, and these
molecules perceive temperature via temperature-dependent intra-
and intermolecular interactions (1-3). However, these thermo-
sensory molecules and/or their mechanisms for temperature
sensing differ among organisms (1).

As photosynthetic organelles, chloroplasts change their in-
tracellular position in response to light and temperature (4-7).
For example, under low light conditions at 22 °C, chloroplasts
accumulate at the cell surface (along the periclinal cell wall) to
maximize photosynthetic efficiency, in a phenomenon termed
the accumulation response (4, 6). However, under the same light
conditions, but at a temperature of 5 °C, the chloroplasts move to
the cell periphery (along the anticlinal cell wall), possibly to
avoid the light, in a phenomenon termed the cold-avoidance
response or the cold-positioning response (5, 6). Because the
cold-avoidance response is temperature dependent (5), the re-
sponse is likely controlled by a thermosensory molecule. In a
previous study, we found that the blue-light (BL) photoreceptor
phototropin (phot) is responsible for the cold-avoidance re-
sponse in the fern Adiantum capillus-veneris, which has three
types of phot molecules (photl, phot2, and neochromel) (5, 8).
In this fern, phot2 mediates the cold-avoidance response (5).
Therefore, in the present study, we hypothesized that phot is
involved in temperature perception and we further analyzed the
cold-avoidance response in the liverwort Marchantia polymorpha,
which has only a single copy of the PHOT gene (MpPHOT) (9).

Results and Discussion

First, we examined whether MpPHOT is essential for the cold-
avoidance response in M. polymorpha. When the wild type (WT),

9206-9211 | PNAS | August22,2017 | vol. 114 | no.34

the knockout mutant (Mpphot*®), and the complementation line
(Mpphot/Mpphot*®) (9) (Fig. S1) were treated with low white light
at 5 °C for 24 h to induce the cold-avoidance response, all plants
exhibited the response except for the Mpphot“® mutant (Fig. 14).
To determine the position of the chloroplasts in the treated plants,
we measured the intensities of chlorophyll autofluorescence along
the periclinal (P) and anticlinal (A) cell walls, and the ratio of P/A
autofluorescence was used as an arbitrary value to determine
chloroplast position, according to previous reports (5, 6). The P/A
ratio was lower at 5 °C than at 22 °C in the WT and the Mpphot/
Mpphot“® line, but the ratio was equivalent in the Mpphot*® mu-
tant at 5 °C and 22 °C (Fig. 1B). These results indicate that Mpphot
is essential for the cold-avoidance response in M. polymorpha.
Next, we examined whether BL is required by Mpphot for the
cold-avoidance response. Following the induction of the accumu-
lation response at 22 °C with low light, the WT cells were treated
with weak BL and two control conditions (red light and darkness) at
5 °C. The cold-avoidance response was observed in the BL-treated
plants, but not in those subjected to control conditions (Fig. 1 C and
D). To confirm the BL-dependent response, we constructed a
temperature-controlled microscope (10), equipped with a BL mi-
crobeam irradiation system, and performed single-cell analysis.
When the WT cells were irradiated with weak BL at 22 °C, the
chloroplasts accumulated in the irradiated area (Movie S1). How-
ever, when the cells were irradiated at 5 °C, only the chloroplasts
inside the irradiated area exhibited the cold-avoidance response
and moved to the outside of the cell to avoid the light (Movie S2).
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Living organisms perceive temperature using thermosensory
molecules. In this study, we found that phototropin, a blue-
light photoreceptor, perceives temperature via a mechanism
based on the photoactivated chromophore’s lifetime to induce
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Fig. 1. The cold-avoidance response is dependent on Mpphot and BL.
(A) Cold-avoidance response in the wild type (shown as WT), the Mpphot®
mutant (shown as phot<©), and the Mpphot/Mpphot<® complementation line
(shown as Phot/phot©) (Fig. S1) under white-light conditions. Chlorophyll
fluorescence images at 22 °C and 5 °C under weak white light (140 pmol
photons m~2s~") are shown. To induce the cold-avoidance response, the
samples were incubated at 5 °C for 24 h. (B) Quantitative analysis of the
samples shown in A using the P/A ratio. (C) Cold-avoidance response of
WT cells in different light conditions, including blue (25 pmol photons m™2 :s~")
and red (35 pmol photons m=2s7") light, and in darkness. The samples were
incubated at 5 °C for 24 h. (D) Quantitative analysis of the samples in C using
the P/A ratio. (B and D) Error bars represent SDs.

These results indicate that the cold-avoidance response requires
BL, suggesting that BL perception by Mpphot is essential.

BL perception by phot is carried out by two photosensory light/
oxygen/voltage (LOV1 and LOV2) domains at the N-terminal
region (Fig. 24), which have active and inactive states determined
by a bond with a flavin mononucleotide (FMN) (11). In darkness,
the LOV domain noncovalently binds to the FMN conferring the
inactive state (Fig. 2B). Upon BL excitation, on a microsecond
scale, the LOV domain covalently binds to the FMN at a con-
served cysteine residue conferring the active state (Fig. 2B). The
state change is thermoreversible; a temperature increase causes
the active LOV domain to disconnect from the FMN and to
return to the inactive state on a second scale (Fig. 2B). Because
the thermodependent reversion can be experimentally observed
under dark conditions, this phenomenon is termed dark reversion
or thermal reversion. This state change regulates the activity of a
serine/threonine kinase at the C-terminal region of phot (Fig. 24).
The kinase-mediated signaling of phot induces the BL-dependent
movement of the chloroplasts (11).

To determine whether the state change of the LOV domain is
involved in the cold-avoidance response, the conserved cysteine
residue (9) was substituted with alanine (C328A and C628A for
LOV1 and LOV2, respectively) to block the covalent binding with
FMN and eliminate the active state of the LOV domains (Fig. 2C).
The absorbance spectra of recombinant LOV1 and LOV2 proteins
fused with maltose-binding protein (MBP-LOV1 and MBP-LOV?2,
respectively) were dramatically changed by pulse BL irradiation
(200 pumol photons m—2s~") for 30 s (blue line) and were restored
after dark treatment (5 min) (black line). By contrast, BL irradia-
tion did not affect the absorbance spectra in MBP-LOV1S%4
and MBP-LOV2“°4 indicating complete elimination of the active
state (Fig. 2C). When transgenic plants lacking active LOVI
(Mpphot “%4/Mpphot“®) or LOV2 (Mpphot“***/Mpphot°) were
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produced (Fig. S2), Mpphot“**** could induce the cold-avoidance
response, whereas Mpphot“®®** could not (Fig. 2 D and E). Thus,
active LOV2 mediates the cold-avoidance response.

Because active LOV2 induces autophosphorylation of phot via
the C-terminal kinase (12) (Fig. 24), the level of autophosphor-
ylation reflects the amount of active LOV2 (12). To determine the
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Fig. 2. Active LOV2 mediates the cold-avoidance response. (A) Schematic il-
lustration of Mpphot. The number of amino acids is shown above the image.
N and C indicate the N and C termini, respectively. (B) Schematic illustration of
the state change of the LOV domain. F indicates FMN. (C) Elimination of the
active LOV1 and LOV2 domains of Mpphot. Bacterially expressed MBP-LOV1,
MBP-LOV13%8A, MBP-LOV2, and MBP-LOV2“*%” were purified and then an-
alyzed using a double-beam spectrophotometer equipped with a temperature-
controlled cuvette cell. (D) Disruption of the active LOV domain by the cold-
avoidance response at 5 °C for 24 h. Crossed-out text shows disruption of the
indicated LOV domain. Mpphot/Mpphot“®, Mpphot©24/Mpphot*© (line 1, Fig.
52), and Mpphot“®Z®4/Mpphot*© (line 2, Fig. 52) plants are shown as LOV1LOV2,
LOVALOV2, and LOV1EOM2, respectively. (E) Quantitative analysis of the sam-
ples in D. (F) Detection of autophosphorylated Mpphot by the electrophoretic
mobility shift assay. Dark-adapted plants were incubated under weak BL
(25 pmol photons m=2s~") at 22 °C or 5 °C for 24 h. The dashed line indicates the
basal band position of the dark sample. (G) Band intensity histograms of the
samples in F. The dashed line indicates the basal band position of the dark
sample. (H) Quantitative analysis of the mobility shift of the samples shown in
F. Relative distance from the band position of the dark sample was measured.
Student'’s t test was performed for statistical evaluation (*P < 0.001). (E and H)
Error bars represent SDs.
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amount of active LOV2 in WT cells during the cold-avoidance
response, we analyzed autophosphorylation of Mpphot by the
electrophoretic mobility shift assay. The autophosphorylation level
under weak BL was significantly higher at 5 °C than at 22 °C (Fig.
2 F-H and Fig. S3), suggesting that levels of active LOV2 increase
during the cold-avoidance response.

To increase the amount of active LOV2 during the cold-
avoidance response, the lifetime of active LOV2 should be pro-
longed by slow thermal reversion under low temperatures (Fig. 2B).
Using LOV2 from Mpphot, we confirmed that this molecule un-
dergoes thermodependent reversion from the active to inactive state
(Fig. S4) and found that the lifetime of active LOV2 at 5 °C [half-life
(t1/2) ~ 120 s] was fourfold longer than that at 22 °C (¢, ~ 30 s) (Fig.
34 and Fig. S5). Given the temperature-dependent change of the
lifetime, we predicted that Mpphot perceives temperature using the
lifetime of active LOV2 to selectively induce the accumulation re-
sponse or the cold-avoidance response. To test this possibility, we
used an amino acid substitution (V594T) (13) (Fig. S6) that accel-
erates the speed of thermal reversion fourfold and confirmed that
the lifetime of active LOV2Y>**T at 5 °C (¢,, ~ 30 s) is comparable
to that of active LOV2 at 22 °C (t;, ~ 30 s) (Fig. 34 and Fig. S5).
We hypothesized that LOV2Y>**T would misperceive the 5 °C
temperature as 22 °C. When the transgenic plants (MpphotV594T/
Mpphot“©) containing LOV2Y***T (Fig. S7) were treated with weak
BL at 5 °C to induce the cold-avoidance response, Mpphot*>**"
misperceived the 5 °C temperature as 22 °C and thereby induced
the accumulation response, but not the cold-avoidance response
(Fig. 3 B and C). In the transgenic plants (Mpphot“>**T/Mpphot“©),
the autophosphorylation level of Mpphot">*T (i.e., the amount of
active LOV2Y>**T) under weak BL was confirmed to be comparable
at 22 °C and 5 °C (Fig. S8). These results indicate that Mpphot
perceives temperature using the lifetime of active LOV2, which
then determines the accumulation response or the cold-avoidance
response.

The accumulation response induced by Mpphot-mediated per-
ception of normal temperatures (e.g., 22 °C) for plant growth and
development contributes to the maximum photosynthetic effi-
ciency (4), whereas the physiological significance of the cold-
avoidance response by the perception of low temperature (e.g.,
5 °C) remains to be determined. In a previous study, we observed
the cold-avoidance response in evergreen ferns, but not in
summer-green ferns, suggesting that the cold-avoidance response
may be involved in maintaining photosynthesis at low temperature
(5). To examine this possibility, we determined the impact of the
cold-avoidance response on photosynthesis. When the maximum
efficiency of photosystem II was measured after induction of the
cold-avoidance response in the WT, the Mpphot“® mutant, and
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the Mpphot/Mpphot“® complementation line (Fig. S1), the effi-
ciency was notably reduced in the Mpphot“° mutant (Fig. 44).
This result suggests that the Mpphot-mediated cold-avoidance
response may serve to reduce photodamage of the chloroplasts
to maintain photosynthesis at low temperatures.

Based on these findings, we concluded that Mpphot perceives
temperature using the lifetime of active LOV2 and thereby op-
timizes photosynthesis under different temperatures (Fig. 4B).
The same cold-avoidance response mediated by phot has also
been found in different clades of plants, including the fern
Adiantum (5) and the angiosperm Arabidopsis (14) (Movies S3—
S5), and the response may be conserved in many plant species.
Based on our biochemical and physiological experiments, LOV2
plays a central role to perceive temperature, and the lifetime
of active LOV2 determines appropriate chloroplast position-
ing at different temperatures. However, temperature perception
by phot may be more complicated in vivo, because the lifetime
(or the kinetics of dark reversion) of active LOV2 is altered in
LOV1-LOV?2 fusion and full-length phot proteins of Arabidopsis
(15). In this context, the lifetime of active LOV2 seems to be
affected by intramolecular interactions with other domains such
as LOV1 and/or kinase. Further experiments such as in vivo
measurement of the lifetime will be necessary to elucidate the
phot-mediated perception of temperature in plants. As observed
for chloroplasts, relocations of the nucleus and peroxisome under
cold conditions (6) were impaired in the Mpphot“° mutant (Fig.
S9). Thus, multiple organelle relocations under cold conditions
are mediated by phot. Recently, the red/far-red light photore-
ceptor, phytochrome (phy), in Arabidopsis was reported to per-
ceive temperature (2, 3). Because the bioactive form of phy, which
has a red-light-activated chromophore, thermally reverts to the
inactive form, the molecular mechanism underlying temperature
perception was inferred to be the temperature-dependent lifetime
of the bioactive form (2, 3). Given that the lifetime of phy is rel-
atively long (f;, = over 30 min) (16), phot, which has a short
lifetime (#;, = ~30 s), may be better able to cope with sudden
changes of temperature in plants. Although both phot and phy
require light to perceive temperature, their light-absorbing spectra
(blue and red/far-red, respectively) predominate in sunlight at
different times of day (morning and evening, respectively). Taken
together, these findings suggest that plants use various thermo-
sensory photoreceptors, such as phot and phy, to perceive ambient
conditions. Furthermore, like phot and phy in plants, many pho-
toreceptors (e.g., cryptochrome and rhodopsin) in other organisms
have a photoactivatable chromophore that exhibits a temperature-
dependent lifetime (i.e., the lifetime of the photoactivated form of
the chromophore is determined by a thermal reversion mechanism)
(17). Thus, photoreceptors may have the potential to function as
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Fig. 3. Mpphot perceives temperature using the lifetime of active LOV2. (A) Lifetime of active LOV2 and LOV2V***T at 22 °C and 5 °C. The graph shows the
half-life (t;,,) in seconds. (B) Cold-avoidance response in Mpphot/Mpphot“© (shown as Phot) (Fig. S1) and the accumulation response in Mpphot¥***"/Mpphot*®
(shown as Phot*°*") (line 3, Fig. 57) at 5 °C for 24 h. (C) Quantitative analysis of the samples shown in B. (A and C) Error bars represent SDs.
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Fig. 4. Physiological significance of the cold-avoidance response and a suggested model. (A) Comparison of the maximum efficiency of photosystem II
between the wild type (shown as WT), Mpphot® (shown as phot“®), and Mpphot/Mpphot“® (shown as Phot/phot*®) (Fig. S1). The plants were incubated
under weak white light (70 pmol photons m=2:s™") at 22 °C or 5 °C for 24 h. Error bars represent SDs. Means with different letters show significant differences
(Tukey’s HSD, P < 0.001). (B) Schematic illustration of a suggested model of phot induction and its functions.

thermoreceptors, and the lifetime-mediated mechanism for per-
ceiving temperature may be a common molecular principle in living
organisms.

Materials and Methods

Plant Materials and Culture Conditions. The liverwort M. polymorpha was
grown in a culture room (temperature: 22 °C, humidity: ~40%) and asexually
maintained on M51C or one-half-strength B5 medium with 1% agar under
75 pmol photons m~2:s~" continuous white light (FL40SW, NEC Corporation)
as described previously (18-20). The male accession Takaragaike-1 (Tak1),
which was used as the WT, and Mpphot<® and Mpphot/Mpphot® plants
were kindly provided by Takayuki Kohchi, Kyoto University, Kyoto; the
Mpphot“® and the Mpphot/Mpphot<© plants were previously produced by
Aino Komatsu, Kimitsune Ishizaki, Noriyuki Suetsugu, Masamitsu Wada, and
Takayuki Kohchi (9). Arabidopsis thaliana (gl line as the WT, phot1-5, and
phot2-1) were cultured on one-half-strength MS medium in the same culture
room. A. thaliana seeds were kindly provided by Masamitsu Wada, Tokyo
Metropolitan University, Tokyo. The other culture conditions for A. thaliana
were previously reported (21, 22).

Light and Temperature Treatments. Light and temperature treatments for
M. polymorpha were previously described (6). Ten-day-old sporelings (thalli
grown from spores) or 1-d-old gemmalings (thalli grown from gemmae) in
Petri dishes were incubated at 22 °C or 5 °C in temperature-controlled incu-
bators (1100 and 1J101, Yamato Scientific). To induce the cold-avoidance re-
sponse, an illuminator with white- or blue-colored light-emitting diodes (LEDs)
(OptoSupply) was set to 140 pmol photons m™2s~" or 25 umol photons m=2s~"
in the incubator. The LEDs were controlled by a direct-current stabilized power
supply (AD-8723D, A&D Company). In some experiments (Fig. 1 C and D), blue
(25 pmol photons m™2s~") and red (35 umol photons m™2s~") lights were
obtained from white-colored LEDs through plastic films (catalog no. 72 for
blue and no. 21 for red, Tokyo Butai Showmei Holdings) (5). The light intensity
was measured with a light meter LI-250A (LI-COR Bioscience).

Analysis of Chloroplast Position with Chlorophyll Fluorescence. Chloroplast
positions were observed by monitoring chlorophyll fluorescence using a Leica
MZ16F stereo fluorescence microscope (Leica Microsystems) equipped with an
excitation filter at 480/40 nm and a long-pass barrier filter at 510 nm.
Fluorescence images were acquired as TIFF (tagged image file format) files of
red/green/blue (RGB) digital images using a DP73 digital camera (Olympus).
Image processing was carried out using ImagelJ software (https:/imagej.nih.
goV/ij/). The chloroplast position in thalli cells of M. polymorpha was eval-
uated using the P/A ratio method, as previously reported (6). The P/A ratio
(i.e., the brightness ratio of chlorophyll fluorescence emitted from chloro-
plasts along the periclinal and anticlinal cell walls) is a quantification method
used to determine chloroplast position. The P/A ratios with a SD were
obtained as an average of experiments repeated five times.
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Time-Lapse Observations. In a previous study, we constructed a temperature-
regulated microscope system for observing chloroplasts under cold conditions
(10). In this system, an inverted light microscope DM IL LED (Leica Micro-
systems) was used. In the present study, to equip the microscope with a
microbeam irradiation system, a light-guiding optics module was used in-
stead of a conventional fluorescence module. A blue-colored LED fiber at
450.8 nm (FOLS-01, Pi Photonics, Inc.) was used as the light source, and the
beam diameter was determined with the diaphragm of the optical system.
The intensity of the microbeam was measured using a power meter 1918-R
(Newport Corporation) with a silicon detector 918D-SL-OD1. Chloroplast
movement was tracked using a time-lapse video-recording system with a
complementary metal oxide semiconductor (CMOS) camera, Moticam2000
(Shimadzu Rika Corporation), and analyzed with ImageJ software.

Plasmid Construction. Gateway Cloning Technology (Invitrogen) was used to
construct plasmids according to the manufacturer’s instructions. To introduce the
mutations (C328A, V594T, and C628A) into the genomic fragment of MpPHOT
(QMpPHOT), pENTR-gMpPHOT (9) (a donor vector containing gMpPHOT) was
used as a template for the following PCR experiments. pENTR-gMpPHOT was a
gift from Takayuki Kohchi, Kyoto University, Kyoto. For the C328A mutation,
Dpnl-mediated site-directed mutagenesis (23) was performed using the primers
5'-GAGGTCATCGGAAGAAACGCGTACGCATTC-3' and 5-GAATGCGTACGCGTTT-
CTTCCGATGACCTC-3". The V594T and C628A mutations were introduced by
overlap extension PCR (24) with complementary primers (for V594T: 5-CGAATT-
GAGAAGAATTTCACGATTACAGATCCTCG-3' and 5-CGAGGATCTGTAATCGTGA-
AATTCTTCTCAATTCG-3', and for C628A: 5-ATTATCGGAAGAAATGCTCGGTAAG-
TGGCG-3' and 5-CGCCACTTACCGAGCATTTCTTCCGATAAT-3), 5-end primer
(5'-AGTACCGGTTGATGGGGGATCAAGAATGA-3'), and 3’-end primer (5-GAGG-
CCTAGGAAAGACAACACGAGAGTGATTCGCC-3'). The mutated DNA fragments
were replaced with the corresponding sequences in pENTR-gMpPHOT using
the unique restriction enzyme sites, Agel/Avrll. The resulting plasmids were
mixed with a destination vector, pMpGWB301 (25), and the LR reaction
was performed to produce pMpGWB301-MpPHOT®%A,  pMpGWB301-
MpPHOTV*%*T, and pMpGWB301-MpPHOT®%A,

DNA fragments for the LOV1 and LOV2 domains of Mpphot were ampli-
fied with MpPHOT cDNA as template (26) by PCR with primers (for LOV1:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCAGCAGACCTTTGTGGTC-3" and
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCATGTGTATTTGCTGACC-3/, and
for LOV2: 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAGAGTATTGATGA-
CAGT-3' and 5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAGTGCTCACTTCC
ATCG-3') and cloned into the pDONR207 vector by the BP reaction. The C328A
mutation for LOV1 and the C628A or V594T mutation for LOV2 were introduced
by Dpnl-mediated site-directed mutagenesis with the following primers (for
C328A: 5'-ATCGGAAGAAACGCTCGATTTCTCCAGGGA-3' and 5-TCCCTGGAGAA-
ATCGAGCGTTTCTTCCGAT-3', for C628A: 5'-ATCGGAAGAAATGCTCGGTTTCTGC-
AAGGG-3’ and 5-CCCTTGCAGAAACCGAGCATTTCTTCCGAT-3/, and for V594T:
5'-CGAATTGAGAAGAATTTCACGATTACAGATCCTCG-3' and 5'-CGAGGATCTGTA-
ATCGTGAAATTCTTCTCAATTCG-3'). The resulting plasmid was mixed with
pKM839 (27), a destination vector for the N-terminal maltose-binding protein
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(MBP)-tag fusion and bacterial expression, and the LR reaction was performed
to produce pKM839-LOV1, pKM839-LOV1%A, pKM839-LOV2, pKM839-
LOV2<528A and pKM839-LOV2V>%4T, pKM839 (Addgene plasmid 8838) was a
gift from David Waugh, National Cancer Institute, NIH.

Transformation of M. polymorpha. For transformation of M. polymorpha,
Agrobacterium-mediated transformation methods (AgarTrap methods)
were used (18-20). The resulting M. polymorpha (T1) transformants were
cultivated for about 1 mo and then G1 gemmae were obtained. Sub-
sequently, the G1 gemmae were cultivated for 1 mo and then G2 gemmae
were obtained. Transgenic G2 gemmae were used for all experiments.

Immunoblot Analysis. Four-day-old gemmalings incubated on one-half-strength
B5 medium with 1% agar were used for immunoblot analysis of Mpphot. The
gemmalings were frozen in liquid nitrogen and kept at —80 °C until use. The
frozen samples were homogenized in a mortar and mixed in lysis buffer [150 mM
Nadl, 1% Triton X-100, and 50 mM Tris-HCl (pH 8.0)] containing protease inhibitor
mixture cOmplete Mini (Roche). The homogenates were mixed with 2x sample
buffer [4% (wt/vol) SDS, 20% (volivol) glycerol, 0.01% (wt/vol) bromophenol blue,
10% (volAvol) 2-mercaptoethanol, and 0.5 M Tris-HCl (pH 6.8)] and then incubated
at 95 °C for 5 min. After centrifugation at 14,000 x g for 10 min at 4 °C, the total
protein amount was quantified using an XL-Bradford Kit (APRO Science). Then,
15 pg of protein was subjected to SDS-polyacrylamide gel electrophoresis
(SDS/PAGE) using an 8% (wt/vol) polyacrylamide gel. After electrophoresis, the
proteins were transferred to a polyvinylidene difluoride (PVDF) membrane.
Mpphot protein was detected with rabbit antibodies (anti-MpPHOT) as the primary
antibody raised against a synthetic peptide (C+VDERAPPSKGSAKE) (custom-made
antibodies, Eurofins Genomics). Horseradish peroxidase-conjugated anti-rabbit
IgG (catalog no. 32460, Thermo Scientific) was used as the secondary antibody.
The primary and the secondary antibodies were used at dilutions of 1:3,000 and
1:2,000, respectively. Subsequently, chemiluminescent signal was detected using
ECL-Select (GE Healthcare) and Light Capture (ATTO).

Recombinant Protein. The appropriate plasmid (pKM839-LOV1, pKM839-
LOV1©3284 pKM839-LOV2, pKM839-LOV2<4%#A, or pkKM839-LOV2V>%T) was
transformed into Escherichia coli strain Rosetta2 (Novagen) and recombi-
nant protein was bacterially expressed under white light (200 pmol
photons m™2s7") at 20 °C for LOV1, LOV1©3?#4, LOV2, and LOV2<5%8A, or at
14 °C for LOV2Y>%4T. After centrifugation at 18,000 x g for 20 min at 4 °C, the
bacterial cells were frozen at —20 °C, thawed on ice, and resuspended in lysis
buffer [S0 mM Tris HCl (pH 8.0), 150 mM Nacl, and 2 mM CaCl;] with 200 pg
of ml~" lysozyme and 0.2% Triton X-100. The cells were lysed by sonication
on ice and the MBP-tagged recombinant proteins were purified using Am-
ylose Resin High Flow (New England Biolabs) and Poly-Prep Chromatography
Columns (Bio-Rad) according to the manufacturers’ protocols. The MBP-LOV
proteins were concentrated with Amicon Ultra Centrifucal Filters (Millipore)
and diluted in 20 mM Tris-HCI (pH 7.8) buffer containing 200 mM NacCl and
10% glycerol.

Analysis of Phosphorylated Mpphot. Four-day-old gemmalings were in-
cubated in darkness at 22 °C for 3 d. The dark-adapted gemmalings were
then incubated for 24 h at 22 °C or 5 °C under weak BL (25 umol photons m™2s~")
or in darkness. Each sample was collected, frozen in liquid nitrogen, and stored
at —80 °C until use. The dark-treated gemmalings were collected under red-light
conditions. The frozen samples were homogenized in 1x sample buffer [2% SDS,
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10% glycerol, 5% 2-mercaptoethanol, and 0.25 M Tris-HCl (pH 6.8)] using a
mortar and then incubated at 95 °C for 5 min under red light. The phosphory-
lated Mpphot was separated by SDS/PAGE using an 8% gel (acrylamide: N,
N’-methylenebisacrylamide = 29.9:0.1), and detected by immunoblot
analysis as described above. The migration distance was determined using
Imagel software. Pairwise comparison of the means (n = 6) was performed
using a Student’s t test in R statistical software.

Photochemical Analysis. The procedure for photochemical analysis was previously
reported (12). The photochemical reaction of the LOV domains was recorded
using a U-2810 spectrophotometer (Hitachi Hitec). The temperature of the cu-
vette was controlled by a water circulated cell holder (catalog no. 210-2111,
Hitachi Hitec) with a NCB-1200 chiller unit (EYELA). The samples were excited in
the cuvette under an illuminator with blue-colored LEDs (OptoSupply).

Photosynthetic Analysis. To determine the maximal quantum efficiency of
photosystem I, chlorophyll fluorescence was measured with a Junior-PAM
pulse amplitude-modulated fluorometer according to the manufacturer’s
instructions (Walz). Gemmalings were cultured on a sterilized black cloth
rested on one-half-strength B5 medium to reduce scattered light. After the
incubation under weak white light (70 pmol photons m=2:s™") at 22 °C or 5 °C
for 24 h, the minimal chlorophyll fluorescence at the open photosystem Il
center (Fo) was determined by measuring light at 460 nm. A saturating pulse
at 460 nm was applied to determine the maximal chlorophyll fluorescence at
the closed photosystem Il center (Fm). The maximal quantum efficiency of
photosystem Il (termed as Fv/Fm) was calculated using the following equa-
tion: (Fm — Fo)/Fm (28). Tukey’s honest significant difference (HSD) test was
performed using R statistical software.

Observation of the Nucleus and Peroxisome. To visualize the nucleus and
peroxisomes in Mpphot<© cells, pPMpGWB102-Citrine-NLS (nuclear localiza-
tion signal) and pMpGWB102-Citrine-PTS (peroxisome targeting signal)
plasmids (6) were introduced into the cells by particle bombardment,
according to a previously described method (29). The bombarded cells were
observed by confocal laser scanning microscopy (SP8X, Leica Microsystems)
with the time-gating method (26) for blocking chlorophyll autofluorescence.
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