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SUMMARY
Although Ca2+ has long been recognized as an obligatory intermediate in visual transduction, its role in plant
phototransduction remains elusive. Here, we report a Ca2+ signaling that controls photoreceptor phyB nu-
clear translocation in etiolated seedlings during dark-to-light transition. Red light stimulates acute cytosolic
Ca2+ increases via phyB, which are sensed by Ca2+-binding protein kinases, CPK6 and CPK12 (CPK6/12).
Upon Ca2+ activation, CPK6/12 in turn directly interact with and phosphorylate photo-activated phyB at
Ser80/Ser106 to initiate phyB nuclear import. Non-phosphorylatable mutation, phyBS80A/S106A, abolishes nu-
clear translocation and fails to complement phyBmutant, which is fully restored by combining phyBS80A/S106A

with a nuclear localization signal. We further show that CPK6/12 function specifically in the early phyB-medi-
ated cotyledon expansion, while Ser80/Ser106 phosphorylation generally governs phyB nuclear transloca-
tion. Our results uncover a biochemical regulatory loop centered in phyB phototransduction and provide a
paradigm for linking ubiquitous Ca2+ increases to specific responses in sensory stimulus processing.
INTRODUCTION

Ca2+ is the most versatile intracellular second messenger and is

ubiquitously involved in numerous stimulus-specific biological

processes. How the paradoxical versatility and specificity of

Ca2+-mediated signaling are achieved has been a long-standing

puzzle.1–3 In plants, changes in the cytosolic calcium concentra-

tion ([Ca2+]cyt) have been implicated in the transmission of diverse

responses to environmental stresses. For instance, a variety of

stimuli, such as soil salinity, touch, drought, extreme temperature,

or herbivore attack, evoke an acute, transient [Ca2+]cyt increase,

which issensedand relayed intodistinctphysiological outputs.4–10

The fundamental question of how the specificity of a particular

signaling pathway is defined by [Ca2+]cyt transients then arises.

Light is a critical environmental factor that exerts a wide range

of biological effects. Decades ago, red light has been reported to

induce [Ca2+]cyt increases in algae and in protoplasts.11–13 Early

biochemical evidence further shows that microinjecting Ca2+

into tomato hypocotyl cells promotes light-responsive gene acti-

vation,14,15 implicating Ca2+ in light signaling. Although it has

been well established that Ca2+ functions as an obligatory inter-

mediate in the cascade of visual transduction and photoreceptor

light adaptation in animals,16 the lack of putative target proteins
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of Ca2+ or any genetic evidence means that the mechanism un-

derlying Ca2+ signaling in plant phototransduction remains

unidentified.

Plants utilize light as a source of both energy and information

cues about their surrounding environment. After geminating in

subterranean darkness, plant seedlings undergo etiolated

growth. Light triggers a dramatic transition from skotomorpho-

genic to photomorphogenic development, termed de-etiolation,

when plants emerge from the soil.17,18 The light signals initiating

this vital transition are primarily perceived by photoreceptor phy-

tochromes (phys, phyA through phyE in Arabidopsis).19–22 As the

dominant red light photoreceptor, phyB is characterized by

switching between two photoreversible conformers.23–27 In

dark-grown seedlings, phyB proteins accumulate in the cyto-

plasm in their biologically inactive red-light-absorbing form

(Pr).23,24,28 Upon light activation, phyB proteins are photocon-

verted into their biologically active far-red-light-absorbing form

(Pfr) and rapidly translocate into the nucleus, where they directly

interact with and induce the degradation of transcription factors

(TFs) to alter gene expression.29–34 Thus, the light-dependent

nuclear import of photoreceptors is an early determinant step

in phy signal transduction that delivers light information from

its perception in the cytoplasm directly to nuclear events.
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Here, we show that red light exposure evokes a robust

[Ca2+]cyt increase in seconds, which is stimulated by photore-

ceptor phyB and sensed by two calcium-dependent protein ki-

nases, CPK6 and CPK12 (CPK6/12). We find that CPK6/12

directly interact with and phosphorylate phyB upon activation

by Ca2+ and light, respectively. Phosphorylation of phyB at

S80 and S106 residues generally determines the nuclear translo-

cation of phyB, in which CPK6/12 play a predominant role during

initial light exposure of etiolated seedlings. This phyB-Ca2+-

CPK6/12-phyB regulatory loop triggers stimulus-specific re-

sponses by coordinating cytosolic Ca2+ signaling and light infor-

mation into the phosphorylation and nuclear import of phyB, thus

providing insights into the mechanisms of phyB nuclear translo-

cation and the action of calcium in plant light signaling.

RESULTS

Red light triggers a transient [Ca2+]cyt increase
through phyB
To investigate the roles of Ca2+ in light signaling, we first exam-

ined light-induced live [Ca2+]cyt changes by using transgenic ae-

quorin (AEQ) seedlings.4 When exposing 3-day-old etiolated

AEQ seedlings to red light (peaks at approximately 670 nm

with a 10-nm half bandwidth), a pronounced increase in [Ca2+]cyt
was stimulated within 30 s (Figures 1A and 1B). Either chelating

exogenous Ca2+ with EGTA or blocking calcium channels with

LaCl3 abolished the light-induced [Ca2+]cyt elevation

(Figures 1A and 1B). As the control, no measurable lumines-

cence above background was detected in the red-light-irradi-

ated wild-type (WT) seedlings with coelentrazine pretreatment

or AEQ seedlings without coelentrazine pretreatment (Fig-

ure S1A). These results indicate that red light triggered a Ca2+

influx in etiolated seedlings. Because the etiolated seedling

has long hypocotyl with closed cotyledons, individual seedling

cannot be placed in a fixed position in the solution to count the

luminescence accurately using luminometer. We then performed

AEQ-based calcium calibration using 9-day-old, dark-adapted

seedlings. Time-lapse recording analysis revealed a resting

[Ca2+]cyt level of �108 nM that was transiently elevated to

�221 nM in response to red light, followed by a rapid decrease

to basal levels within 2 min (Figure 1C). Neither far-red nor green

light evoked significant cytosolic Ca2+ changes, and the red-

light-triggered increase in [Ca2+]cyt exhibited a red/far-red light

reversibility (Figures 1D and 1E), suggesting a specific response

of phyB. To further verify whether phyB is required, we generated

AEQ/phyB-9 (AEQ/phyB) by genetic cross and examined the

[Ca2+]cyt changes in it (Figures 1F and 1G). Comparing with WT

background, the red-light-stimulated [Ca2+]cyt increase was

mostly abolished in phyB mutant (Figures 1F and 1G). These re-

sults demonstrate a specific red-light-triggered increase in

[Ca2+]cyt through phyB.

Ca2+ signaling is required for the light-induced phyB
nuclear import
Wenext wondered whether this light-triggered [Ca2+]cyt transient

is physiologically related to light responses. 3-day-old etiolated

WT seedlings were transferred into red light exposure for

10 min. RT-qPCR analysis showed that the transcription of
light-responsive marker genes, including PIL1, IAA29, and

HLS1, was altered (Figure 1H). Notably, inhibiting Ca2+ influx

by using either LaCl3 or EGTA significantly repressed the light re-

sponses of these genes (Figure 1H), indicating that Ca2+ influx is

involved in light-regulated gene expression.

The cytoplasmic-to-nuclear translocation determinates red

light signal transducing to photo-responsive genes, yet the reg-

ulatory mechanism is unclear.29,35,36 The involvement of Ca2+

influx in light-regulated gene expression prompted us to wonder

whether Ca2+ mediates the nuclear import of phyB. To test this

hypothesis, we assessed the effects of Ca2+ on phyB subcellular

localization by fluorescence imaging and fractionation immuno-

blot analysis using 35S:phyB-GFP (PBG) transgenic plants.

Consistent with previous reports,30 phyB-GFP entered the nu-

cleus upon red light irradiation (Figure 1I). An intriguing observa-

tion was that the phyB-GFP signals were rarely detected in the

nucleus in either EGTA- or LaCl3-treated samples without

affecting total phyB-GFP protein levels (Figures 1I and S1B).

Immunoblot analysis further showed that the light-induced nu-

clear phyB accumulation was largely repressed by EGTA appli-

cation (Figures 1J and S1C). These findings suggest that the

[Ca2+]cyt increase precedes and is necessary for light-induced

phyB nuclear translocation.

CPK6 and CPK12 interact with phyB in a light- and
calcium-dependent manner
As the main calcium signal decoders, CPKs undergo Ca2+-bind-

ing-regulated conformational changes to stimulate their kinase

activity and transmit Ca2+ signals.37–39 In search of putative tar-

gets potentially involved in specifically relaying light-triggered

[Ca2+]cyt transients, CPK6 and CPK12 (CPK6/12) were identified

as phyB-interacting proteins. CPK6 and CPK12 belong to sub-

group I CPK gene family39,40 (Figure 2A). Firefly luciferase

complementation imaging (LCI) assays showed that strong

luciferase activity was specifically reconstituted when phyB

was co-expressed with CPK6 or CPK12 in tobacco leaves

(Figure 2B). Although CPK5 and CPK6 show high similarity, their

variable and intrinsically disordered N-terminal domains might

mediate to form distinct intermolecular interfaces for phyB

recognition.40–43 These results suggest that CPK6 and CPK12

may play specific roles in phyB signaling; nevertheless, what

sequence feature or protein topology shared by CPK6 and

CPK12 leads to selective interaction with phyB is unknown.

We next explored whether the associations between CPK6/12

and phyB are light regulated. 35S:CPK6/12-Myc transgenic

plants were used to investigate the interactions of phyB with

CPK6/12 in Arabidopsis seedlings. Few endogenous phyB

proteins were coimmunoprecipitated by CPK6/12-Myc in

etiolated seedlings, whereas red light exposure strongly

increased the abundance of coimmunoprecipitated phyB pro-

teins (Figures 2C, 2D, S1D, and S1E). Together with semi-in vivo

immunoprecipitation of phyB-GFP and MBP-CPK6/12 proteins

(Figures S1F–S1I), it is indicated that red light enhances the inter-

action of CPK6/12 and phyB. To assess the physical binding of

CPK6/12 and phyB in vitro, we performed pull-down assays in

which the interactions between MBP-CPK6/12 and His-tagged

photo-inactive or active conformers of phyB (phyB-Pr or phyB-

Pfr) were examined in the absence or presence of Ca2+. The
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Figure 1. Red-light-triggered cytosolic Ca2+ influx through phyB is essential for light-induced phyB nuclear import
(A and B) Representative images (A) and quantification (B) of aequorin bioluminescence indicating that red light triggers Ca2+ influx inArabidopsis seedlings. AEQ

seedlings pretreated with H2O, EGTA, or LaCl3 for 10 min were imaged as the dark control and were then irradiated with 30 s of red light, followed by imaging.

Luminescence change rate (DL/L0) was calculated as: the luminescence intensity of the light-irradiated sample minus that of the dark control sample and then

was divided by the luminescence intensity of the dark control sample. Mean ± SD, n = 3.

(C) Time course analysis of red-light-stimulated [Ca2+]cyt elevation. AEQ seedlings were pretreated with either H2O or 5-mM LaCl3 for 10min. RL represents 1min

of red light irradiation. Mean ± SD, n = 3.

(D and E) Representative images (D) and quantification (E) of aequorin bioluminescence under different wavelengths of light. AEQ seedlings were imaged as the

dark control and were then irradiated with 30 s of the indicated light, followed by imaging. Mean ± SD, n = 3.

(F and G) Representative images (F) and quantification results (G) of aequorin bioluminescence. AEQ (WT) or AEQ/phyB-9 (phyB) seedlings were imaged as the

dark control, and the seedlings were then irradiated with 30 s of red light, followed by imaging. Mean ± SD, n = 3.

(H) RT-qPCR results for the early light-responsive gene expression. Etiolated seedlings with H2O, EGTA, or LaCl3 treatment were either maintained in darkness

(D) or irradiated with red light (R) for 10 min. Mean ± SD, n = 3.

(I) Subcellular fluorescence observations of red-light-induced phyB nuclear import. 35S:phyB-GFP (PBG) etiolated seedlings with H2O, 5-mM EGTA, or 5-mM

LaCl3 treatment were irradiated with red light. Scale bars, 10 mm (top) and 50 mm (bottom).

(J) Representative subcellular immunoblot images of phyB-GFP proteins. PBG etiolated seedlings with H2O or 5 mM EGTA treatment were irradiated with red

light. Nuc, nuclear fractions; Cyto, cytoplasmic fractions.

See also Figure S1 and Methods S1 and S2.
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Figure 2. phyB physically interacts with

CPK6/12 in a light- and Ca2+-dual-depen-

dent manner

(A) Relationship tree of subgroup I CPKs based on

alignment of protein sequences.

(B) LCI assays showing the protein-protein in-

teractions of phyB with individual members of the

subgroup I CPKs in tobacco leaves. Full-length

phyB or individual CPKwas fused in frame with the

split luciferase (LUCn or LUCc). �, empty vector;

C.P.S., counts per second. Mean ± SD, n = 3.

(C and D) CoIP assays showing the associations of

phyB and CPK6 (C) or CPK12 (D) in Arabidopsis

seedlings. Etiolated 35S:CPK6-Myc (C) or

35S:CPK12-Myc (D) seedlings were either main-

tained in the dark (D) or irradiated with red light (D

to R) for 0.5 h and then were subjected to extrac-

tion.

(E and F) CPK6 (E) and CPK12 (F) preferentially

interact with the active Pfr conformer of phyB in a

Ca2+-dependent manner. Pull-down was per-

formed in the absence (�, 1-mM EGTA) or pres-

ence (+, 0.5-mM CaCl2) of Ca
2+. Ni-NTA resin was

used to pull-down the MBP-CPK6 (E) or MBP-

CPK12 (F) bait proteins.

See also Figure S1.
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MBP-CPK6/12 proteins preferentially bound to the photo-acti-

vated phyB-Pfr in the presence of Ca2+ (Figures 2E, 2F, S1J,

and S1K). In the parallel controls, very few MBP-CPK6/12 pro-

teins were pulled down by either inactive phyB-Pr in the pres-

ence of Ca2+ or active phyB-Pfr in the absence of Ca2+

(Figures 2E, 2F, S1J, and S1K). These data collectively reveal

the dual dependence of light and Ca2+ for the interactions of

CPK6/12 and phyB.

CPK6 and CPK12 are required for the light-induced
nuclear import of phyB
Given that both phyB nuclear translocation and CPK6/12-phyB

interaction require the coaction of light and Ca2+, we detected

whether CPK6/12 affect phyB nuclear import. Immunoblot anal-

ysis showed that endogenous phyB existed exclusively in the

cytoplasmic fractions of dark-grown WT seedlings and became

detectable in the nuclear fractions after 2 h of red light irradiation

(Figures 3A and S2A). External Ca2+ application notably acceler-

ated this process (Figures 3A and S2A). However, no phyB pro-

teins were detected in the nuclear fractions of red-light-treated

cpk6 cpk12 mutant, and this defect could not be restored by

external Ca2+ application (Figures 3A and S2A). The requirement

of CPK6/12 for light-induced phyB nuclear translocation was
further supported by subcellular fluores-

cence imaging. Using the CRISPR-Cas9

gene editing technique, we mutated

CPK6 andCPK12 in the PBG background

(PBG/cpk6 cpk12-Cas) (Figure S2B). The

protein levels of phyB-GFP were not

altered (Figure S2C), but red-light-trig-

gered nuclear import of phyB-GFP was

greatly reduced in PBG/cpk6 cpk12-Cas
seedlings (Figure 3B). These results demonstrate that CPK6

and CPK12 mediate the red-light-induced phyB nuclear

translocation.

In addition, we examined the nucleo/cytoplasmic partitioning

of phyA in etiolated seedlings exposed to red light. Consistent

with previous reports,44–46 red light irradiation induced the

import of phyA from the cytoplasmic-to-nuclear fractions (Fig-

ure S2D). Interestingly, red-light-induced nuclear import of

phyA was also repressed by EGTA treatment (Figure S2D); how-

ever, it was not altered in cpk6 cpk12mutant (Figure S2E). These

results suggest that CPK6/12 play specific roles in red-light-

induced phyB nuclear translocation rather than generally control

protein nuclear import.

CPK6 and CPK12 mediate the phyB-PIFs signaling
pathway
In the nucleus, phyB directly interacts with TFs phytochrome-in-

teracting factors (PIFs), resulting in the rapid degradation of PIFs

and subsequent transcriptional changes.31,32 To assess whether

CPK6/12 are necessary for phyB signaling, we examined

whether CPK6/12 function in these primary red light responses.

CPK6/12mutation did not alter the protein levels of PIF1 or PIF3

in dark-grown seedlings but largely abolished the light-triggered
Cell 186, 1230–1243, March 16, 2023 1233



Figure 3. CPK6 and CPK12 are indispens-

able for red-light-induced nuclear translo-

cation of phyB in light signaling

(A) Subcellular immunoblot analysis indicating that

light- and Ca2+-dependent phyB nuclear import is

mediated by CPK6 and CPK12. Etiolated seed-

lings under H2O or CaCl2 treatment were irradiated

with red light for the indicated periods. Nuc, nu-

clear fractions; Cyto, cytoplasmic fractions.

(B) Subcellular fluorescence observations indi-

cating that CPK6 and CPK12 are required for

phyB-GFP nuclear import. Etiolated seedlings

were irradiated with red light. Scale bars, 10 mm

(top) and 50 mm (bottom).

(C) Immunoblot analysis of PIF1 (top) and PIF3

(bottom) indicating that the red-light-induced

degradation of PIF proteins requires CPK6 and

CPK12. Etiolated seedlings were irradiated with

10 mmol m�2 s�1 red light for the indicated periods.

(D) RT-qPCR results showing that CPK6 and

CPK12 mediate the light-regulated transcription of

PIF direct target genes in the dark-to-light transi-

tion. Etiolated WT and cpk6 cpk12 (cpk6/12)

seedlings were either maintained in darkness (D) or

irradiated with red light (R) for 10 min. Mean ± SD,

n = 3.

See also Figure S2.
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degradation of PIF1 or PIF3 during the dark-to-light transition

(Figures 3C, S2F, and S2G). Moreover, red-light-regulated tran-

scription of PIF direct target genes,18,47–49 was mostly un-

changed in the cpk6 cpk12 mutant (Figure 3D). These analyses

support the essential roles of CPK6/12 in mediating phyB signal

transduction.

CPK6 and CPK12 phosphorylate phyB at S80/S106
depending on both light and calcium
Previous studies have shown that a region from 80 to 120 amino

acids in the N-terminal extension of phyB is preferentially phos-

phorylated under light.50,51 In terms of the serine/threonine pro-

tein kinase activity of CPKs, we postulated that phyB might be a

substrate of CPK6/12. In vitro kinase assays showed that CPK6/

12 directly phosphorylated the Pfr phyB N terminus (phyBN, 1–

610 amino acids) in the presence of Ca2+, and either the Pr

conformer or the absence of Ca2+ greatly decreased the phos-

phorylation of phyBN (Figures 4A, 4B, S3A, and S3B), consisting

with the light- and Ca2+-dependent CPK6/12-phyB interactions.

To map the candidate phosphorylation sites of phyB during

the dark-to-light transition, phyB-GFP proteins were purified

from the dark-grown PBG seedlings without or with 0.5 h of

red light exposure and were subjected to mass spectrometry

analyses. Three serine residues, S80, S86, and S106, were

shown to be phosphorylated with a PTM site probability

greater than 99% using phosphoRS algorithm in all replicates

(Figures S3C–S3E), and the relative abundance of phosphoryla-

tion for S80 and S106 was significantly elevated by red light (Fig-

ure 4C). Among these residues, phyBS86A has been reported to
1234 Cell 186, 1230–1243, March 16, 2023
exhibit elevated nuclear accumulation under dim red light and

show no significant differences from phyB-WT under saturated

red light conditions,52 differing from what was observed in the

cpk6 cpk12 mutant (Figures 3A and 3B). We then assessed the

involvement of S80 and S106 in the CPK6/12-mediated phyB

phosphorylation. S80 and S106 were mutated to non-phosphor-

ylatable alanine residues (phyBN-2A). Compared with phyBN-

WT, phosphorylation of phyBN-2A by CPK6 or CPK12 was

largely reduced (Figures 4A, 4B, S3A, and S3B), indicating that

S80 and S106 are the target sites responsible for CPK6/12-

mediated phyB phosphorylation.

S80/S106 phosphorylation is indispensable for light-
induced phyB nuclear import
To investigate whether S80/S106 phosphorylation is involved in

light-induced phyB nuclear translocation, different variants of

YFP-fused phyB proteins, including WT (phyB-WT), non-phos-

phorylatable double S80 and S106 mutant (serine to alanine,

phyB-2A), and phosphomimic double S80 and S106 mutant

(serine to aspartate, phyB-2D), were expressed in phyB-9

mutant (phyB-WT, phyB-2A, and phyB-2D). Fluorescence imag-

ing observations showed that phyB-WT, phyB-2A, and phyB-2D

proteins were located in the cytoplasm of etiolated seedlings

(Figure 4D). Upon red light exposure, phyB-WT and phyB-2D

proteins were predominantly distributed in the nucleus (Fig-

ure 4D). In contrast, the phyB-2A protein was conspicuously re-

tained in the cytoplasm, with no obvious fluorescence signals

detected in the nucleus (Figure 4D). Immunoblot analysis further

showed that phyB-WT and phyB-2D exhibited light-induced



Figure 4. Phosphorylation of phyB at S80/

S106 by CPK6/12 drives phyB nuclear trans-

location

(A and B) In vitro kinase assays showing the Ca2+-

and light-dependent phosphorylation of phyB at

S80/S106 by CPK6 (A) and CPK12 (B). The assays

were performed in the absence (�, 1-mM EGTA) or

presence (+, 0.5-mM CaCl2) of Ca2+. CB, Coo-

massie brilliant blue staining.

(C) Relative abundance of phosphorylation at S80,

S86, and S106 of phyB during dark-to-light tran-

sition. PBG etiolated seedlings were irradiated

without (D) or with (R) 0.5-h red light exposure. The

precursor abundance ratio at a given site was

calculated as the abundance of phosphorylated

residues divided by the total abundance of phos-

phorylated and non-phosphorylated residues. The

relative abundance of R sample was expressed

relative to that of D sample (set as 100%). Mean ±

SD, n = 3.

(D) Subcellular fluorescence observations of phyB-

YFP protein in Arabidopsis seedlings indicating

that the phosphorylation of phyB at S80/S106

contributes to light-induced phyB nuclear import.

Etiolated seedlings were maintained in darkness

(D) or irradiatedwith red light (D to R). 2A, S80A and

S106A. 2D, S80D and S106D. Scale bars, 50 mm.

(E) Subcellular immunoblot analysis indicating that

S80/S106 phosphosites are critical for red-light-

induced phyB nuclear translocation. Etiolated

seedlings were maintained in darkness (dark) or

irradiated with red light (dark to RL 2 h). Nuc,

nuclear fractions; Cyto, cytoplasmic fractions.

See also Figures S3 and S4.
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nuclear accumulation, while phyB-2A was exclusively located in

the cytoplasm, even after 2 h of red light irradiation (Figures 4E

and S4A). Considering the results together, we conclude that

S80 and S106 are the target sites whereby CPK6/12 mediate

light-induced phyB nuclear translocation.

CPK6/12-regulated phyB nuclear import is essential for
de-etiolation transition
We next assessed the physiological function of CPK6/12-regu-

lated phyB nuclear translocation. The initial light-induced

photomorphogenic transition was defective in cpk6 and cpk12

mutants, exhibiting retarded cotyledon opening and expanding

phenotype (Figures 5A and 5B). More severe defects of coty-

ledon were observed in cpk6 cpk12 double mutant, indicating

the functional redundancy of CPK6 and CPK12 (Figures 5A

and 5B). The defective cotyledon phenotypes of cpk6 cpk12

were reminiscent of those observed in phyB-9 mutant, and

phyB-9 cpk6 cpk12 triple mutant behaved similarly to phyB-9,

suggesting that CPK6/12 function in phyB signaling pathway

for accomplishing de-etiolation transition (Figures 5A and 5B).

To verify whether the defective cotyledon phenotypes of cpk6

cpk12 are due to the impaired phyB nuclear import, we trans-

formed a nuclear localization signal (NLS) fused phyB-YFP into
cpk6 cpk12-Cas mutant (Figure S4B). The NLS-fused phyB-

YFP proteins were constitutively localized in the nucleus and

photobodies were induced by red light (Figure S4C). With com-

plementing the nuclear localized phyB, the photomorphogenic

defects of cpk6 cpk12-Cas mutant were fully restored

(Figures S4D and S4E). These data demonstrate that CPK6/12

regulate de-etiolation transition through controlling phyB nuclear

translocation.

CPK6/12 function specifically in etiolated seedlings
upon initial light exposure
Upon prolonged light exposure, the cotyledon defects of

cpk6 cpk12 mutant were gradually relieved from those

reminiscent of phyB-9 mutant to those of WT (Figures S4F–

S4H). Consistently, phyB-GFP nuclear import was largely

impaired in cpk6 cpk12 mutant after 2-h red light exposure

but translocated to the nucleus with prolonged irradiation,

despite the appearance of small foci with dispersed signals

as compared with the large photobodies in WT (Figure S5A).

We also examined the hypocotyl elongation of seedlings

grown under different day-night conditions or continuous

light with various fluence rates, and the results showed that

cpk6 cpk12 mutant exhibits no significant difference from
Cell 186, 1230–1243, March 16, 2023 1235



Figure 5. Phosphorylation of phyB at S80/

S106 by CPK6/12 mediates phyB’s physio-

logical function

(A–D) Representative cotyledon opening (A and C,

top) and expanding phenotypes (A and C, bottom)

of etiolated seedlings subjected to 10-mmol m�2

s�1 red-light irradiation for 12 h were shown. Scale

bar, 0.5 mm. The cotyledon areas in a red light

irradiation time course experiment were quantified

(B and D). Mean ± SD, n R 10.

(E) Subcellular fluorescence observations of phyB-

YFP proteins in 5-day-old red-light-grown seed-

lings indicating that the phosphorylation of phyB at

S80/S106 is required for the nuclear localization of

phyB under continuous red light exposure. Scale

bars, 50 mm.

(F) phyB-WT and phyB-2D but not phyB-2A com-

plement the defects of phyB-9 mutant under

continuous red light exposure. Representative

images (top) and hypocotyl lengths (bottom) of

5-day-old, red-light-grown seedlings were shown.

Scale bars, 2 mm. Mean ± SD, n R 10.

See also Figures S4, S5, and S6.
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WT (Figures S5B and S5C). During day-night cycles, phyB-

GFP proteins exhibited large-sized photobodies in the day,

which dispersed at night, but their nuclear localization re-

mained almost unchanged (Figure S5D),53,54 indicating that

nucleo-cytoplasmic partitioning is not the main regulatory

mechanism of phyB under day-night conditions. To investi-

gate whether CPK6/12-mediated phyB nuclear import is

tissue or organspecific, we examined phyB nuclear transloca-

tion separately in cotyledon and hypocotyl cells, and similar

defects were observed in both cotyledon and hypocotyl

of cpk6 cpk12 mutant (Figure S5A). Additionally, CPK6/12

were not obviously altered at either the transcript or

protein level during dark-to-light transition, except for a

slight decrease in CPK6 protein accumulation after 8 h

light irradiation (Figures S5E and S5F). Taken together, we

demonstrate that CPK6/12 regulate the nuclear

translocation of phyB to promote cotyledon opening and

expansion specifically in etiolated seedlings upon initial light

exposure.
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S80/S106 phosphorylation
contributes to phyB signaling
outcomes
Next, we analyzed the photomorpho-

genic phenotypes of phyB-WT, phyB-

2A, and phyB-2D transgenic plants. In

agreement with the nucleo-cytoplasmic

partitioning results, phyB-2A exhibited

delayed opening and less expanded cot-

yledons, whereas phyB-2D effectively

restored the photomorphogenic defects

of phyB-9 mutant (Figures 5C and 5D).

During the generation of phyB-2A trans-

genic plants, we noticed that phyB-2A

always displayed phenotypes similar to

those of phyB-9. To verify this observa-
tion, we further examined the subcellular localization of phyB

variants under continuous red light conditions. phyB-WT

and phyB-2D proteins predominantly accumulated in the nu-

cleus, while phyB-2A did not undergo nuclear localization,

mainly located in the cytoplasm with dim fluorescence

observed in the nucleus (Figure 5E). Consistent with the subcel-

lular localization, overexpressing phyB-2D restored the defects

of phyB-9 mutant (Figures 5F and S6A). Neither moderate nor

high levels of phyB-2A were able to complement phyB-9

mutant, and these seedlings displayed an etiolated-like long

hypocotyl (Figures 5F and S6A). We also observed that

phyB-2D with higher levels of phyB protein exhibited similar

phenotypes as phyB-WT (Figures 5D, 5F, and S6A), suggesting

that phyB-2D may not be fully functional as phyB-WT.

These results are consistent with the reported data showing

a partially functional phyBS106D.50 Collectively, these data

indicate the essential roles of phyB phosphorylation at S80/

S106 in the nuclear translocation and physiological function

of phyB.
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S80/S106 phosphorylation controls phyBnuclear import
without affecting its activity
Given the essential roles of S80/S106 phosphorylation in phyB

function, we assessed whether phyB-2A controls only the nu-

clear translocation or also affects the biological activity of

phyB. CoIP results showed that phyB-2A underwent the light-

dependent interactions with PIF1 or PIF3 (Figures 6A and S6B),

indicating a normal photo-activation capacity of phyB-2A. We

further introduced the NLS-fused phyB-WT, phyB-2A, or phyB-

2D into phyB-9 mutant, and transgenic lines with comparable

phyB protein levels were chosen (Figure S6C). NLS-fused

phyB-WT, phyB-2A, and phyB-2D proteins dispersed evenly in

the nucleus of etiolated seedlings and formed speckles either

upon 2-h red-light irradiation or under continuous red light

(Figures 6B and S6D). Unlike phyB-2A, phyB-2A-NLS fully

restored the photomorphogenic defects of phyB-9 mutant as

phyB-WT (Figure 6C). The fluence rate response curves for hy-

pocotyl lengths of phyB-WT-NLS, phyB-2A-NLS, and phyB-

2D-NLS seedlings were also similar (Figure S6E). Moreover,

adult phyB-2A plants still resembled those of phyB-9 mutant,

while phyB-2A-NLS complemented the pale-green and long

leaf petiole phenotypes of phyB-9 to restore that of WT

(Figures 6D and 6E). These findings demonstrate the full activity

of phyB-2A-NLS, supporting the notion that S80/S106 phos-

phorylation solely controls phyB nuclear translocation.

The phosphorylation-controlled nuclear import
mechanism is conserved in phyB, phyD, and phyE
Previous phylogenetic analysis indicated that phyA/C and phyB/

D/E diverged more than 300 mya and that S106 was subject to

positive selection along with the separation of phys.55 Alignment

of the five Arabidopsis phytochrome protein sequences showed

that S80/S106 are conserved in phyB/D/E but not in phyA/C (Fig-

ure S6F). As noted above, we found that the defects in red-light-

regulated rapid gene expression, and PIF1/3 protein degradation

were more severe in cpk6 cpk12 mutant than those in phyB

mutant (Figures 3C, 3D, S2F, and S2G),56,57 which cannot be ex-

plained by altered nuclear import of phyB alone. We also found

that CPK6/12 did not affect the nuclear import of phyA (Fig-

ure S2E). These results prompted us to wonder whether CPK6/

12-directed phosphorylation also regulates the nuclear translo-

cation of phyD/E. To test this hypothesis, we first detected

the protein interactions between CPK6/12 and phyD/E. The

LCI results showed that both phyD and phyE interacted with

CPK6/12 in tobacco leaves (Figures S7A and S7B). CoIP results

further revealed the preferential interactions between CPK6/12

and the Pfr conformer rather than the Pr conformer of phyD/E

(Figures S7C and S7D).

To evaluate whether phosphorylation of phyD at S82/S108 or

phyE at S44/S68, which are homologous to the S80/S106 of

phyB, respectively, contributes to their nuclear translocation,

we generated non-phosphorylatable double-mutant phyD-2A

and phyE-2A. YFP-fused variants of phyD/E were expressed in

tobacco leaves, and the subcellular localization was observed

by confocal imaging. We found that phyD-WT and phyD-2A

were mainly localized in the cytoplasm of the dark-adapted to-

bacco epidermal cells (Figure S7E). With red-light irradiation,

phyD-WT proteins translocated into the nucleus and formed
photobodies. By contrast, phyD-2A proteins retained in the cyto-

plasm, whereas NLS fusion resulted in the constitutive nuclear

localization and light-induced photobody formation of phyD-2A

(Figure S7E). On the other hand, phyE underwent light-induced

nuclear translocation with less and smaller photobodies, and

phyE-2A partially impaired the nuclear import of phyE (Fig-

ure S7F). These results reveal that CPK6/12-directed phyto-

chrome phosphorylation for nuclear translocation could be

conserved in the phyB/D/E linage. It should be noted that phyA

plays a strong role in red-light-induced PIF degradation; thus,

the stable PIF proteins in cpk6 cpk12mutant may not be fully ex-

plained by the defects of phyB/D/E nuclear import. Taken

together, S80/S106-controlled nuclear import might contribute

to the specificity of phyA- and phyB-branched signaling, sug-

gesting an important role of nucleo-cytoplasmic partitioning

in determining the properties of individual photoreceptor

members.

DISCUSSION

The discovery of light-dependent phyB nuclear translocation is a

milestone in plant photobiology. Numerous attempts had previ-

ously been made to determine the cytoplasmic intermediates

and cascades participating in the early transduction pro-

cess.13–15,23,58,59With the identification of phyB nuclear localiza-

tion,29,44 investigations of phyB signaling shifted to focus on

the actions of phyB-PIFs in the nucleus.17,31,60–63 However, the

mechanism by which light signals are transduced to initiate the

nuclear import of phyB remains elusive. In this study, we uncover

a general mechanism for phyB nuclear translocation controlled

by phyB phosphorylation at S80/S106, in which a Ca2+-CPK6/

12 pathway is specifically activated and functions during the dra-

matic developmental transition of etiolated seedlings (Figure 7).

Red light triggers an acute increase in [Ca2+]cyt via phyB, causing

the activation of two Ca2+ sensors, CPK6 and CPK12. In turn,

activated CPK6/12 directly interact with and phosphorylate

phyB, and additional specificity is achieved by preferential

interaction with phyB in the Pfr conformer. CPK6/12 and phyB

proteins sense Ca2+ and light signals, respectively, followed by

the formation of a CPK6/12-phyB module that converts the

signals to induce the phosphorylation and nuclear import of

phyB-Pfr and, thus, initiate light responses. Hence, our studies

shed light on the central role of Ca2+ signaling in plant photo-

transduction and provide the associated molecular framework.

The timely de-etiolation transition is critical for the survival of

emergent seedlings. In subterranean darkness, phyB proteins

exclusively accumulate in large abundance as the Pr conformer

in the cytoplasm. When emerging to reach light, massive photo-

activated phyB proteins must enter the nucleus to initiate de-

etiolation. The Ca2+-CPK6/12 pathway provides a route for the

nuclear import of massive cytosolic phyB in a short time. Seeds

can also germinate in the light and then grow under continuous

light or day-night conditions. In continuous light, as the newly

synthesized phyB is photo-activated and enters the nucleus,

there may not be sufficient phyB accumulated in the cytoplasm

to stimulate a robust increase in [Ca2+]cyt over the threshold

needed to activate CPK6/12. The constitutively active Y276H

mutant simulates seedlings grown in light.64 In day-night
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Figure 6. Phosphorylation at S80/S106 is

required for the nuclear import but not the

activity of phyB

(A) The light-dependent interactions between phyB

and PIF1 (left) or PIF3 (right) are not affected by the

non-phosphorylatable mutation of S80/S106 in

phyB.

(B) Subcellular fluorescence observations of NLS-

fused variants of phyB-YFP proteins in 5-day-old

red-light-grown seedlings. Scale bars, 50 mm

(left) and 10 mm (right).

(C) phyB-2A-NLS complements the seedling phe-

notypes of phyB-9mutant. Representative images

(top) and hypocotyl lengths (bottom) of 5-day-old,

red-light-grown seedlings were shown. Scale bars,

2 mm. Mean ± SD, n R 10.

(D and E) phyB-2A-NLS complements the adult

plant phenotypes of phyB-9 mutant. Representa-

tive images (D) and petiole lengths (E) of 4-week,

long-day-grown adult plants were shown. Scale

bars, 2 cm. Mean ± SD, n R 10.

See also Figure S6.
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conditions, phyB Pfr conformer undergoes thermal reversion

during the night; however, it is still retained in the nucleus.

Although the newly synthesized phyB may activate Ca2+-

CPK6/12 at dawn, since there exists abundant phyB in the nu-

cleus, the physiological outcomes of CPK6/12 could bemasked.

Thus, S80/S106 phosphorylation imposes a general role, while

CPK6/12 specifically function in etiolated seedlings upon initial

light exposure in controlling phyB nuclear import. Although we

have not found all the kinases responsible for S80/106 phos-

phorylation, we do show some interesting trends that kinases

other than CPK6/12 contribute to the different phenotypes of

cpk6 cpk12 and phyB-2A during prolonged light exposure or
1238 Cell 186, 1230–1243, March 16, 2023
when seeds germinate in the light.

Studies in animals have demonstrated

that distinct kinases phosphorylate the

same residues of tumor suppressor P53

to regulate cell apoptosis in response

to different stimuli.65,66 As the main

photoreceptor, phyB regulates numerous

responses throughout the entire life

cycle of plants. Various kinases may

be adopted to regulate phyB nuclear

import during different developmental

stages or in response to fluctuating

environments.

The nuclear import of phyB is an indis-

pensable and rate-limiting step in phyB

signaling.34,67 We reveal that S80/S106

phosphorylation determines phyB nu-

clear translocation without altering its

activity. Two NLS-bearing proteins, far-

red-elongated hypocotyl 1 (FHY1) and

FHY1-like (FHL), function as shuttle pro-

teins for phyA nuclear import without

changing phyA activity.36,68–71 It is plau-

sible to hypothesize the existence of
NLS-bearing proteins that might recognize the S80/S106 sites

phosphorylated phyB-Pfr and transport it into the nucleus.

Also, the relationship between phyB phosphorylation and un-

masking of NLS-like motif in the C terminus of phyB-Pfr needs

investigation.72 Moreover, mutation of CPK6/12 mostly abol-

ishes the initial nuclear import of phyB but not phyA; however,

EGTA impairs the nuclear import of both phyA and phyB. Since

the pharmacological effect of EGTA may be more general,

whether EGTA regulates phyA nuclear import via the known

FHY1/FHL pathway and how EGTA affects the nuclear import

of different phytochromes are important subjects for further

studies.



Figure 7. A Ca2+-based sensory system

controls red light signal transduction in etio-

lated seedlings upon initial light exposure

In etiolated seedlings, large amounts of photore-

ceptor phyB proteins as the Pr conformer exclu-

sively accumulate in the cytosol, and Ca2+ sensors

CPK6 and CPK12 (CPK6/12) are inactive. Red light

exposure triggers an acute [Ca2+]cyt increase

through phyB to activate CPK6/12. In turn, the

activated CPK6/12 interact with and phosphory-

late the photo-activated Pfr conformer of phyB.

This Ca2+-sensor-directed phyB phosphorylation

controls phyB nuclear translocation and trans-

duces light signals from their perception directly to

the nuclear events, including transcription factor

(TF) degradation and gene expression alternations,

thus achieves timely de-etiolation transition.

See also Figure S7.
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Plants are faced with and have to distinguish and respond to

various stimuli simultaneously. The prevailing notion is that the

spatial and temporal kinetics of Ca2+ signals, known as calcium

signatures, encode information about input stimuli to induce

specific responses.1 Observations showing that similar calcium

signatures induce different responses or that different calcium

signatures ultimately result in similar responses have also given

rise to the hypothesis that calcium functions as ‘‘a chemical

switch’’ in conjunction with other components to determine

response specificity, which nevertheless remains largely specu-

lative.73,74 We reveal a regulatory loop of phyB-Ca2+-CPK6/12-

phyB centered in plant phototransduction. This loop is stimu-

lated by and targets phyB, a receptor with the highest specificity

in signaling pathways, and thus distinguishes its positive light

signaling function from the Ca2+-CPK regulation of other re-

sponses. The CPK6/12-phyB connection can be reconstituted

by simultaneously applying external Ca2+ and red light irradiation

in vitro, supporting the notion that calcium ions may act as

generic activators with the specificity of responses being en-

crypted jointly with photoreceptors.

Regarding the events that occur between phyB activation and

[Ca2+]cyt increases, we speculate that cytosolic phyB activates

plasma membrane calcium-permeable ion channels to trigger

calcium influx upon red light exposure. This hypothesis is based

on several lines of evidence: (1) red light stimulates [Ca2+]cyt in-

creases within seconds, and this response is blocked by a

plasma membrane calcium channel inhibitor and mostly abol-

ished in phyB mutant. (2) phyB has been previously shown to

interact with plasma membrane-associated proteins such as

phytochrome kinase substrate 1,75,76 indicating the potential as-

sociation between phyB and plasma membrane-localized pro-

teins. (3) A series of microinjection experiments have suggested

that heterotrimeric G proteins are the most upstream compo-

nents of phytochrome signaling.14,15 Therefore, it is likely
that phyB by itself or through other inter-

mediates, such as heterotrimeric G pro-

teins, activates plasma membrane cal-

cium channels. A future task is to

identify the exact Ca2+ channels respon-
sible for the red-light-stimulated Ca2+ influx, which further raises

the question of how phyB activates the Ca2+ channels and what

the connections between phytochromes, Ca2+ channels, and G

proteins are.

Relatedly, photoreceptors photo1/2 were previously shown

to be involved in blue-light-induced [Ca2+]cyt increase.77–79

Recent studies reported that the immune-receptor-associated

kinase BIK1 directly interacts with and phosphorylates Ca2+-

permeable channels to trigger Ca2+ influx during pathogen

attack,9,80 and a receptor-channel trio activates Ca2+ signaling

for pollen tube reception.81 The direct interface of signal recep-

tors and Ca2+-based components might represent a universal

mechanism for environment-sensing and signal transduction

of plant cells.

Limitations of the study
In this study, we reveal a Ca2+-centered regulatory loop in phyB

phototransduction, providing a conceptual framework showing

how the most versatile agent of Ca2+ is sensed and relayed

into specific signaling outcomes. Althoughwe show that red light

stimulates increases in [Ca2+]cyt via photoreceptor phyB, the

mechanism of how phyB triggers Ca2+ influx needs further inves-

tigations. The [Ca2+]cyt dynamics and the responsible Ca2+ chan-

nels in etiolated seedlings upon initial red light remain to be de-

ciphered. In addition, we uncover that phosphorylation of phyB

at S80/S106 represents a general mechanism controlling phyB

nuclear import, where CPK6/12 play specific roles in etiolated

seedlings upon initial light exposure. It is conceivable that multi-

ple kinases are responsible for S80/106 phosphorylation of phyB

under various conditions. Identifying those kinases would illumi-

nate how plants employ diverse regulatory mechanisms of phos-

phorylation-determined phyB nuclear import to optimize their

growth and development in accordance with varying environ-

mental conditions.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shangwei

Zhong (shangwei.zhong@pku.edu.cn).

Materials availability
Constructs and unique reagents generated in this study will be available from the lead contact upon request.

Data and code availability
d All data reported in this paper are available from the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant Material and Growth Conditions
The main ecotype of Arabidopsis thaliana used in this study was Columbia (Col-0), excepting that 35S:phyB-GFP (PBG) was gener-

ated in the Landsberg erecta (Ler-0) background. PBG, phyB-9, AEQ (Col-0 expressing aequorin), pif1 and pif3 were previously re-

ported.4,61,82–84 The Arabidopsis T-DNA insertion lines cpk6 (SALK_025460C) and cpk12 (SALK_090011C) were obtained from Ara-

bidopsis Biological Resource Center, and homozygosity was confirmed by PCR.85 The cpk6 cpk12 and phyB-9 cpk6 cpk12mutants
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were obtained by genetic crossing and confirmed by PCR. AEQ/phyB-9was obtained by genetic crossing AEQwith phyA-211 phyB-

9 and confirmed by sequencing along with antibiotic resistance selection (Methods S1).86 The CPK6/12 mutations in PBG/cpk6

cpk12-Cas and cpk6 cpk12-Cas were generated by using the CRISPR/Cas9 system in the PBG and Col-0 background, respec-

tively.87 sgRNAs targeting the CPK6 and CPK12 locus obtained from the website https://crispr.dbcls.jp was cloned into the binary

vector pEx-ptAtUBQ-Cas9.88 The coding region of phyB amplified from Arabidopsis cDNA by PCRwas cloned into the pENTR4 vec-

tor (Invitrogen) to generate the pENTR4-phyB-WT construct. pENTR4-phyB-2A/2D constructs were generated by site-directed

mutagenesis (Transgen, China). All entry clones were inserted into pGWB-641,89 and transformed into phyB-9 mutant. phyB-

WT#14, phyB-2A#30, and phyB-2D#10, expressing comparable levels of phyB-YFP proteins, were used unless otherwise specified.

The coding region of CPK6 or CPK12 amplified from Arabidopsis cDNA by PCR was cloned into pGWB-617 for generating the

35S:CPK6-Myc and 35S:CPK12-Myc plants.89 The floral-dip method of Agrobacterium tumefaciens (GV3101) transformation was

used for Arabidopsis transformation.

Seeds were surface-sterilized by using sterilization buffer containing 75% ethanol and 0.1% Triton X-100 and were then plated on

half-strength MS medium (2.2 g/L MS salts, 5 g/L sucrose, and 8 g/L agar, pH=5.7). The plated seeds were imbibed in darkness at 4
�C for 3 days and were then illuminated under white light for 6 h to induce germination before incubation under the indicated con-

ditions. For dark incubation, the seeds were irradiated with 50 mmol m-2 s-1 far-red light for 5 min and were then incubated in dark-

ness.90 For red light treatment, 30 mmol m-2 s-1 red light was supplied, unless otherwise specified. Arabidopsis seedlings were grown

at 22 �C in a growth chamber. Adult Arabidopsis plants were grown under a 16 h/8 h day/night photoperiod at 22 �C. For chemical

treatment, the seedlings were treated with 20 mM EGTA, 10 mM LaCl3 or 2 mM CaCl2, unless otherwise specified.38,91

METHOD DETAILS

Red light treatment
To investigate the effects of red light on calcium signaling, we used a light-emitting diode (LED) red light source, which has a narrow

spectral output that peaks at approximately 670 nm, with a 10 nm half bandwidth (Methods S2). To examine whether the autofluor-

escence of photosynthetic pigments was induced or not by our narrow band red light source, we additionally detected the signals of

WT (with coelentrazine pretreatment) and AEQ (without coelentrazine pretreatment) upon red light irradiance. No measurable

luminescence above background was detected in these controls. Therefore, the luminescence signal we detected is not due to

fluorescence from the photosynthetic pigments.

Ca2+ Signal imaging
Aequorin bioluminescence-based Ca2+ signal determination was performed as previously described with some modifications.6,9

AEQ seedlings were grown on 1/2 MS medium in the dark for 3 days. Thereafter, the seedlings were evenly sprayed with 80 mM

coelenterazine (NanoLight Technologies) and incubated in the dark overnight. For light treatment, 30 s of 300 mmol m-2 s-1 red light,

10 mmol m-2 s-1 far-red light, or 10 mmol m-2 s-1 green light exposure was performed. Aequorin bioluminescence images were re-

cordedwith 3min exposure time using BERTHOLD TECHNOLOGIES LB985, and the bioluminescence intensity was quantified using

IndiGo (Berthold Technologies). Luminescence change rate (DL/L0) was calculated as: the luminescence intensity of the light-irradi-

ated sampleminus that of the dark control sample and thenwas divided by the luminescence intensity of the dark control sample. For

the time-course analysis of Ca2+ signals, AEQ transgenic seedlings were grown under white light for 9 days and were then irradiated

with far-red light to inactivate phytochrome. Individual seedlings were transferred to one well of 96-well plates containing 100 ml 0.1&
Triton X-100 supplemented with 20 mM coelenterazine and were then incubated in the dark overnight. For light treatment, 1 min of

300 mmol m-2 s-1 red light exposure was performed. Luminescence (L) was recorded at intervals of 5 s using BERTHOLD TECHNOL-

OGIESMultimode Reader LB942. At the end of the experiment, the total remaining aequorin was discharged using 1MCaCl2 in 10%

(v/v) ethanol, and the [Ca2+]cyt was calculated according to the formula pCa = 0.332588 3 (-log k) + 5.5593 described previously.91

Subcellular fluorescence imaging
For experiments involving Arabidopsis seedlings, transgenic Arabidopsis plants expressing phyB-GFP or phyB-YFP were grown in

the dark for 3 days and were then irradiated with red light for 2 h unless otherwise specified. Hypocotyl and cotyledon cells were

observed with a confocal laser scanning microscope (Carl Zeiss, LSM520 Meta). GFP fluorescence was excited at 488 nm, and

YFP fluorescence was excited at 514 nm.

For experiments involving tobacco leaves, Agrobacterium tumefaciens carrying the indicated constructs were infiltrated intoNico-

tiana benthamiana leaves. After 2 days of growth, dark-adapted tobacco plants were irradiated by far-red light for 30 min and then

were incubated in darkness overnight before observation. YFP fluorescence from tobacco epidermal cells was observed with a

confocal laser scanning microscope (Carl Zeiss, LSM520 Meta) at an excitation wavelength of 514 nm.

Cytoplasm and nuclear separation assays
Seedlings were grown in the dark for 3 days and were then maintained in darkness or irradiated with red light for 2 h unless otherwise

specified. Approximately 0.5 g of seedling samples were harvested and ground to fine powder in liquid nitrogen under dim green light

in a dark room. Twomilliliters of cold lysis buffer (20 mMTris-HCl, pH=7.4, 20mMKCl, 2 mMEDTA, 2.5 mMMgCl2, 250mM sucrose,
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25% glycerol, 30 mM b-mercaptoethanol, 1 mM PMSF, and a Roche protease inhibitor cocktail) was added to the powder. The

homogenate filtered through a nylon mesh was centrifuged at 1500 g for 20 min and then at 12000 g for 20 min at 4 �C, and the clear

supernatant was collected as the cytoplasmic fraction. The pellet was suspended by pipetting it with 3 ml washing buffer (20 mM

Tris-HCl, pH=7.4, 150 mM NaCl, 10 mMMgCl2, and 0.5 mM EDTA), and this suspension was centrifuged at 1500 g for 10 min. After

washing three times, the final nuclear pellet was suspended as the nuclear fraction. The cytoplasmic and nuclear fractions in SDS

loading buffer were separated by SDS-PAGE. Histone is a nuclear protein marker, and tubulin is a cytoplasmic protein marker.

Anti-histone (Sigma-Aldrich, H0164, 1:2000 dilution), anti-tubulin (Sigma-Aldrich, T8203, 1:2000 dilution), anti-GFP (Abcam,

ab13970, 1:2000 dilution), anti-phyA (1:1000 dilution),46 and anti-phyB (1:1000 dilution)33 antibodies were used for immunoblotting.

For quantification, the relative protein levels in the nucleus were calculated as the protein levels in Nuc fractions divided by the total

protein levels (Nuc proteins + Cyto proteins).

Immunoblot assays
Seedlings were harvested and ground to a fine powder in liquid nitrogen under dim green light in the dark room. The powder was

homogenized in plant protein extraction buffer (50 mM Tris-HCl, pH=7.5, 150 mM NaCl, 1 mM EDTA, 0.25% Triton X-100, 1 mM

PMSF), and the protein supernatant was collected by centrifugation. The protein supernatant in SDS loading buffer was separated

by SDS-PAGE. Anti-PIF3 (1:1000 dilution),92 anti-PIF1 (1:1000 dilution), anti-HSP (Thermo Fisher, MA1-10372, 1:3000 dilution), anti-

GFP (Abcam, ab13970, 1:2000 dilution), anti-Myc (Sigma-Aldrich, M4439, 1:2000 dilution), anti-Actin (Sigma-Aldrich, A0480, 1:2000

dilution), and anti-RPN6 (Abmart, X-Q9LP45-N, 1:1000 dilution) antibodies were used for immunoblotting. A PIF1 antibody was

generated against full-length PIF1 protein antigen in rabbit. For quantification, the relative protein levels were calculated by dividing

with the mean of the protein levels detected in WT etiolated seedlings (D to R, 0 min), which was set to 100%.

RNA extraction and RT–qPCR
Total RNAwas extracted and purified by using a SpectrumPlant Total RNAKit (Sigma-Aldrich). RNA quality control was performed by

gel electrophoresis and spectrophotometric analysis. Two micrograms of RNA were used for the synthesis of cDNA with ReverTra

Ace qPCR RT Master Mix (Toyobo). SYBR Green Mix (Takara) was used for qPCR on ABI Fast 7500 real-time system. PP2A

(AT1G13320) was used as reference genes for normalization.92 Three technical replicates were averaged to calculate the value

for each biological replicate, and three biological replicates were used for statistical analysis.

Firefly Luciferase Complementation Imaging (LCI) Assay
The full-length coding sequences of CPKs amplified from Arabidopsis cDNA by PCRwere cloned into the pCAMBIA1300-LUCc vec-

tor to generate CPK-LUCc. The full-length coding sequences of phyB/D/E were cloned into the pCAMBIA1300-LUCn vector to

generate the phyB/D/E-LUCn constructs. Agrobacterium tumefaciens carrying the indicated combinations of the CPK-LUCc and

phyB/D/E-LUCn constructs was infiltrated into Nicotiana benthamiana leaves. After infiltration, tobacco plants were grown under

white light for additional 3 days. A D-luciferin (Promega) solution was then infiltrated into the leaves, and luciferase activity was re-

corded using BERTHOLD TECHNOLOGIES LB985.

Protein expression and purification
The full-length coding sequences ofCPK6 andCPK12were cloned into the pMAL vector to generate the pMAL-CPK6/12 constructs.

TheMBP-CPK6/12 proteinswere expressed in E. coli strain BL21 and purified using amylose resin (NEB). The coding sequence of the

N-terminus of phyB (1-1830 bp) was cloned into the pET28a vector to generate the pET28a-phyBN construct. The pET28a-phyBN-

80A/106A construct was generated by site-directed mutagenesis (Transgen, China). The His-phyBN and His-phyBN-80A/106A pro-

teins were expressed in E. coli strain BL21 and purified by using Ni-NTA agarose (QIAGEN). The full-length coding sequence of phyB

was cloned into the pFastBacHT B vector to generate the pFastBacHT B-phyB construct. The His-MBP-phyB protein was expressed

in the High Five insect cell line and purified using HisTrap affinity chromatography (Sigma-Aldrich) as previously reported.67

Coimmunoprecipitation (Co-IP) Assays
Three-day-old etiolated seedlings were maintained in the dark or irradiated with red light for 0.5 h. Under dim green light in the dark

room, the harvested seedlings were ground to a fine powder in liquid nitrogen and homogenized in lysis buffer (50 mM Tris-HCl,

pH=7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% Tween 20, 1 mM PMSF and a Roche protease inhibitor cocktail). The su-

pernatant was collected by cold centrifugation twice at 14000 rpm for 5min. For semi in vitro Co-IP, purified recombinantMBP-CPK6

or MBP-CPK12 proteins were added and incubated by gentle rotation at 4 �C for 1 h. GFP-Trap agarose (Chromotek) or EZview Red

c-Myc-Agarose (Sigma-Aldrich) were used for immunoprecipitation. Anti-MBP (NEB, E8032S, 1:2000 dilution), anti-Actin (Sigma-

Aldrich, A0480, 1:2000 dilution), anti-RPN6 (Abmart, X-Q9LP45-N, 1:1000 dilution), anti-Myc (Sigma-Aldrich, M4439, 1:2000 dilu-

tion), anti-phyB (1:1000 dilution),33 and anti-GFP (Abcam, ab13970, 1:2000 dilution) antibodies were used for immunoblotting.

For Co-IP in HEK293T cells, the indicated coding sequences were cloned into the pcDNA3.1 vector, and the recombinant proteins

were expressed and extracted from HEK293T cells. Protein extracts containing phyB-2A-YFP were incubated with phycocyanobilin

(PCB) on ice under 0.5 h of far-red or red light exposure to reconstitute the Pr or Pfr conformer, respectively. Equal amounts of protein

extracts, as indicated, were incubated in binding buffer (20 mM Tris-HCl, pH=7.5, 150 mM NaCl, 1 mM EDTA) at 4 �C for 1 h with
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gentle rotation. GFP-Trap agarose (Chromotek) was used for precipitation and was then washed three times with washing buffer

(50 mM Tris-HCl, 1 mM EDTA, 0.1% Triton X-100, and 10% glycerol). Anti-GFP (Abcam, ab13970, 1:2000 dilution), anti-HA (Cell

Signaling Technology; C29F4, 1:1000 dilution), and anti-Myc (Sigma–Aldrich, M4439, 1:2000 dilution) antibodies were used for

immunoblotting. For quantification, the relative co-IP protein levels were calculated by dividing with the mean of the most abundant

co-IP protein levels detected, which was set to 100%.

In vitro Pull-down assays
Recombinant purified His-MBP-phyB proteins were incubated with phycocyanobilin (PCB) on ice under 0.5 h of far-red or red light

exposure to reconstitute the Pr or Pfr conformer, respectively, as reported previously.67,93 Equal amounts of the Pr or Pfr conformers

of the His-MBP-phyB and MBP-CPK6/12 proteins were incubated in binding buffer (20 mM Tris-HCl, pH=7.5, 150 mM NaCl) in the

presence of 0.5mMCaCl2 or 1mMEGTA as indicated at 4 �C for 1 hwith gentle rotation. Ni-NTA agarose (QIAGEN) was used for pull-

down and was then washed three times with washing buffer (50 mM Tris-HCl, 1 mMEDTA, 0.1% Triton X-100, and 10% glycerol). An

anti-MBP (NEB, E8032S, 1:2000 dilution) antibody was used for immunoblotting. For quantification, the relative bait protein levels

were calculated by dividing with the mean of the most abundant bait protein levels detected, which was set to 100%.

In vitro phosphorylation assays
For phosphorylation analysis, 1 mg of substrate and 0.3 mg of kinase proteins in kinase buffer (150 mM Tris-HCl, pH=7.5, 200 mM

NaCl, 10 mMMgCl2, 20 mM ATP and 2 mM 6-Fu-ATPgS) supplemented with 0.5 mM CaCl2 or 1 mM EGTA, as indicated, were incu-

bated at 30 �C for 0.5 h.38,94 Then, 2.5 mM PNBM (Abcam) was added, and the mixture was incubated at room temperature for 2 h.

SDS loading buffer was added to stop the reactions. Phosphorylation was analyzed by immunoblotting with thiophosphate ester rab-

bit monoclonal antibody (Epitomics, #2686-1, 1:2000 dilution). Coomassie staining was used as a loading control. For quantification,

the relative phosphorylated protein levels were calculated by dividing with the mean of the most abundant phosphorylated protein

levels detected, which was set to 100%.

Immunoprecipitation Mass Spectrometry (IP-MS) Analyses
Sample preparation and digestion

Three-day old etiolated PBG seedlings were maintained in darkness or exposed to red light for 0.5 h. One gram of seedling materials

was harvested and ground to a fine powder in liquid nitrogen under dim green light in the dark room. Total proteins were extracted in

cold lysis buffer (50 mM Tris-HCl, pH=7.5, 150 mMNaCl, 1 mM EDTA, 10% glycerol, 0.1% Tween, 1 mM PMSF, 13 Roche protease

inhibitor cocktail, and 13 Roche phosphatase inhibitor cocktail). The homogenate was centrifuged and filtered through microcloth.

GFP-Trap agarose beads (Chromotek) were used for immunoprecipitation. The eluted proteins were separated by SDS-PAGE with

Coomassie Blue Staining, and the phyB-GFP protein bands in the gels were excised. After dithiothreitol (DTT) reduction and iodoa-

cetamide (IAA) alkylation, the proteins were digested with porcine trypsin (sequencing grade modified; PierceTM) and subjected to

MS analyses.95

Easy-nLC Conditions

Using an Easy-nLC 1200 system (Thermo Fisher Scientific), samples were loaded at a speed of 280 nL/min onto a trap column (C18,

Acclaim PepMap TM 100 75 mm x 2 cm nanoViper Thermo) and eluted across an analytical resolving column (C18, Acclaim PepMap

TM 75 mm x 15 cm nanoViper RSLC Thermo) with a 75 min gradient. Buffer A consisted of 0.1% (v/v) formic acid in H2O and Buffer B

consisted of 0.1% (v/v) formic acid in 80% acetonitrile. The gradient was set as follows: 4%–8% B in 7 min; 8%–25% B in 68 min;

25%–35% B in 20 min; 35%–55% B in 20 min; 55%–90% B in 3 min; 90% B in 2 min.

Mass spectrometry conditions

Data-dependent tandemmass spectrometry (MS/MS) analysis was performed with a ThermoOrbitrap Fusion Lumos (Thermo Fisher

Scientific) using a nano-electrospray ion source with an electrospray voltage of 2.2 kV. The MS full scan was performed using an

Orbitrap Mass Analyzer (300-1500 m/z) with a resolution of 120,000 @ m/z 200, AGC target 5e5, and a maximum injection time of

50 ms, followed by MS/MS scans generated by HCD fragmentation at a resolution of 30,000 @ m/z 200. AGC target 5e4 and

maximum injection time mode was set dynamic. Isolation width was set at 1.6 m/z and the HCD collision energy was set at 30%.

MS scan functions and nLC solvent gradients were controlled by the Xcalibur data system (Thermo Fisher Scientific).

MS Data processing

Full MS and tandem mass spectra were extracted from raw files, and the tandem mass spectra were searched against the Uniprot

Arabidopsis thaliana (Mouse-ear cress) [3702]_UP000006548 database using Proteome Discoverer 2.2 software (Thermo Fisher

Scientific). The processing workflow includes Sequest HT, Percolator, PhosphoRS and Precursor Ions Quantifier (Thermo Proteome

Discoverer User Guide). Enzyme specificity was set as trypsin and themaximum of missed trypsin cleavage sites as 2. The precursor

mass tolerance was set to 10 ppm, and the fragment ion mass tolerance was set to 0.02 Da. Carbamidomethylation (C) was consid-

ered as a fixed modification. Oxidation (M) and acetylation (protein N-term) were variable modifications. Serine, threonine and tyro-

sine were treated as dynamically modified by +79.9663 Da for phosphorylation. The false discovery rate (FDR) applied at the peptide

and protein levels was 1%. The threshold of PTM site probability using PhosphoRS was set as 99%. Precursor abundance of the

indicated site was determined by area at the MS1 level using Precursor Ions Quantifier. The abundance ratio at a given site was

calculated as the ratio of the abundance of phosphorylated residues to the total residue abundance.96,97
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Sequence alignment
Arabidopsis thaliana phytochrome A-E and CPK subgroup I protein sequences were downloaded from the NCBI website (phyA GI:

3482934, phyB GI: 15224231, phyC GI: 15239211, phyD GI: 15234859, phyE GI: 240255991, CPK1 GI: 1032281076, CPK2 GI:

1032290200, CPK4 GI: 1032283773, CPK5 GI: 1032286569, CPK6 GI: 30679935, CPK11 GI: 15219693, CPK12 GI: 15237791,

CPK20 GI: 1032295269, CPK25 GI: 1032293588, CPK26 GI: 332661500). The MAFFT website (https://mafft.cbrc.jp/alignment/

server/) was used for the alignment of phytochrome A-E.MEGA softwarewas used for CPK subgroup I sequence alignment and infer-

ring the phylogenetic tree.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cotyledon area and hypocotyl length were measured using ImageJ software (https://imagej.nih.gov/ij/). Observations of more than

10 seedlings were recorded for each sample. Immunoblot band intensity was quantified using ImageJ software. Student’s t tests for

two independent groups were performed using Microsoft Excel, with significant differences indicated as *P < 0.05, **P < 0.01, and

***P < 0.001. The sample size used for determining the mean and SD for each sample was presented in figure legends.
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Supplemental figures

Figure S1. Ca2+ mediates phyB nuclear import and CPK6/12 interact with phyB, related to Figures 1 and 2

(A) Representative images of red-light-triggered-aequorin bioluminescence in Arabidopsis seedlings. WT and AEQ seedlings with coelentrazine pretreatment,

and AEQ seedlings without coelentrazine pretreatment were imaged. Etiolated seedlings were irradiated with 30 s of red light, followed by imaging.

(B) phyB-GFP protein levels are not altered by the treatment of Ca2+ signaling inhibitors. PBG etiolated seedlings under H2O, 5-mM LaCl3 or 5-mM EGTA

treatment were irradiated with red light.

(C) Quantification of the subcellular fractionation analysis of phyB-GFP proteins in Figure 1J. Mean ± SD, n = 3.

(D and E) Quantification of the coIP assays of phyB and CPK6/12 in Figures 2C and 2D. Mean ± SD, n = 3.

(F–I) Semi in vivo coIP assays showing the red-light-stimulated interaction between phyB and CPK6/12. PBG etiolated seedlings were either maintained in the

dark (D) or irradiated with red light (D to R) for 0.5 h and were then subjected to extraction. Purified recombinant MBP-CPK6 (F and G) or MBP-CPK12 (H and I)

protein was incubated with protein extracts. The representative immunoblot images (F and H) and quantification results (G and I) were shown. Mean ± SD, n = 3.

(J and K) Quantification of the in vitro pull-down assays of phyB and CPK6/12 in Figures 2E and 2F. Mean ± SD, n = 3.
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Figure S2. CPK6/12 are required for red-light-induced phyB but not phyA nuclear import to mediate subsequent PIF degradation, related to

Figure 3

(A) Quantification of the subcellular fractionation analysis of phyB proteins in Figure 3A. Mean ± SD, n = 3.

(B) DNA sequence information of the CPK6 and CPK12 loci edited by the CRISPR-Cas9 system in the PBG background. #4 and #6 are two independent

transgenic lines.

(C) Western blot results showing that phyB-GFP protein levels are not altered by the mutation of CPK6/12. Etiolated seedlings were irradiated with red light.

(D and E)Western blot results showing that CPK6/12 are not involved in red-light-induced nuclear import of phyA. EtiolatedWT seedlings with H2O or 5-mMEGTA

treatment (D), or etiolated WT and cpk6 cpk12 seedlings (E), were maintained in darkness or exposed to 10 mmol m�2 s�1 red light for 0.5 h. The representative

immunoblot images (top) and quantification results (bottom) were shown. Mean ± SD, n = 3.

(F and G) Quantification of the light-induced PIF protein degradation in Figure 3C. Mean ± SD, n = 3.
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Figure S3. Mass spectrometric analyses of phyB phosphosites during dark-to-light transition, related to Figure 4

(A and B) Quantification of in vitro kinase assays of phyB by CPK6/12 in Figures 4A and 4B. Mean ± SD, n = 3.

(C and D)Mass spectrometric analyses of phyB phosphosites in three biological replicates. Etiolated PBG seedlings weremaintained in darkness (C) or irradiated

with red light for 0.5 h (D).

(E) Representative tandem mass spectrum of phosphopeptides showing that S80, S86, and S106 were phosphorylated in vivo.
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Figure S4. The de-etiolation defects of cpk6 cpk12mutant were fully restored by an NLS-fused phyB and were attenuated by prolonged red

light irradiation, related to Figures 4 and 5

(A) Quantification of the subcellular fractionation analysis of the YFP-fused phyB variants in Figure 4E. Mean ± SD, n = 3.

(B) DNA sequence information of the CPK6 and CPK12 loci edited using the CRISPR-Cas9 system in 35S:phyB-NLS/cpk6 cpk12-Cas (phyB-NLS/cpk6 cpk12-

Cas) plants.

(C) Subcellular fluorescence observations of the NLS-fused phyB-YFP proteins in seedlings. 4-day-old phyB-NLS/cpk6 cpk12-Cas seedlings were grown in

darkness without (D4) or with 2 h of red light exposure (D4 to R 2 h) or were grown under continuous red light exposure (R4). Scale bars, 50 mm (left) and

10 mm (right).

(D–H) Representative cotyledon opening (D, top; F) and expansion phenotypes (D, bottom; G) of etiolated seedlings subjected to 10 mmol m�2 s�1 red light

irradiation for 12 h (D and E), or for the indicated periods (F and G), were shown. Scale bars: 0.5 mm in (D) and (F) and 0.2 mm in (G). The cotyledon areas in a red

light irradiation time course experiment were quantified (E and H). Mean ± SD, n R 10.
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Figure S5. CPK6/12 regulate phyB nuclear import to promote de-etiolation transition specifically in etiolated seedlings upon initial light

exposure, related to Figure 5

(A) Subcellular fluorescence observations of phyB-GFP in the hypocotyl and cotyledon cells in etiolated seedlings with red light irradiation. Etiolated seedlings

were irradiated with red light for the indicated periods. Scale bars, 5 mm.

(B and C) The hypocotyl elongation of seedlings grown in various day-night conditions (B), or under continuous red light of different light fluence rates (C) for

5 days. Mean ± SD, n R 10.

(D) Subcellular fluorescence observations of phyB-GFP in seedlings grown under day-night (12 h/12 h) condition and phyB-GFP signals were observed at the

indicated time points. Scale bars, 5 mm (top) and 50 mm (bottom).

(E) RT-qPCR results showing the gene expression levels of CPK6 and CPK12 during dark-to-light transition. Etiolated seedlings were exposed to red light for the

indicated periods. Mean ± SD, n = 3.

(F) Quantification of immunoblot analysis of CPK 6 and CPK12 protein levels during dark-to-light process. 35S:CPK6-Myc (left) or 35S:CPK12-Myc (right)

etiolated seedlings were exposed to red light for the indicated periods. Mean ± SD, n = 3.
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Figure S6. S80/S106 phosphorylation does not affect phyB activity, related to Figures 5 and 6

(A and C) Western blot results indicating protein levels of various version phyB-YFPs in 5-day-old red-light-grown transgenic seedlings.

(B) Quantification of the coIP assays of phyB-2A and PIFs in Figure 6A. Mean ± SD, n = 3.

(D) Subcellular fluorescence observations showing that NLS-fused phyB-YFP variants are constitutively localized in the nucleus and exhibit normal light-induced

photobody formation. 4-day-old, etiolated seedlings were maintained in the dark (D4) or transferred to red light exposure (D4 to R 2 h) for 2 h. Scale bars, 50 mm

(left) and 10 mm (right).

(E) Fluence rate response curves for hypocotyl lengths of transgenic seedlings expressing NLS-fused phyB variants. Seedlings were grown in darkness or under

continuous red light of different light fluence rates for 5 days. Mean ± SD, n R 10.

(F) Alignment of Arabidopsis phytochrome A-E amino acids. The amino acid sequences of the five phytochrome proteins were aligned by using MAFFT (V7.452).

The residues aligned to phyB S80, S86, and S106 are indicated in the red box.

ll
Article



Figure S7. CPK6/12 phosphorylation-determined nuclear translocation could be conserved in the phyB/D/E lineage, related to Figure 7

(A and B) LCI assay showing the protein-protein interactions of phyD and phyE with CPK6/12 in tobacco leaves. Full-length phyD (A) or phyE (B) was fused in

frame with the split N terminus of luciferase (LUCn). Full-length CPK6 (C6) or CPK12 (C12) was fused in frame with the split C terminus of luciferase (LUCc). V,

empty vector.

(C and D) CoIP assays showing the light-dependent interactions of phyD/E and CPK6/12. The representative immunoblot images (top) and quantification results

(bottom) were shown. Mean ± SD, n = 3.

(E and F) Subcellular fluorescence observations of YFP-fused phyD and phyE variants in tobacco leaves. The dark-adapted tobacco plants were maintained in

darkness (dark) or irradiated by 3 h of 10 mmol m�2 s�1 red light for phyD or 1 h of 1 mmol m�2 s�1 red light for phyE (dark to RL). Scale bars, 50 mm (top) and 5 mm

(bottom).
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