Cell

Light-induced remodeling of phytochrome B enables
signal transduction by phytochrome-interacting

factor

Graphical abstract

Dark Red Light

e -

Configuration switch

/ PIF6-APB
@ 1

2]
/:r;)acuvaled phyB

(phyB-Pfr)

Dark-adapted phyB
(phyB-Pr)

C

phyB-Pfr-PIF6
signaling complex

phyB"2/%-PIF6
signaling complex

Constitutively active phyB
(phyB276)

Constitutively active phyB
(phyBY275H)

Highlights
e Red light activates phyB by remodeling the head-to-tail
dimer in the dark-adapted state

e PIF6-APB binding stabilizes the NTE domain and a head-to-
head dimer of activated phyB

e The asymmetric phyB dimer can accommodate only one
PIF6-APB molecule

BY276H

e The constitutively active phy assembles a similar

trimeric complex with PIF6-APB

Wang et al., 2024, Cell 187, 1-16

October 31, 2024 © 2024 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.cell.2024.09.005

Authors

Zhengdong Wang, Wenfeng Wang,
Didi Zhao, ..., Jun Zhao, Xing Wang Deng,
Jizong Wang

Correspondence

deng@pku.edu.cn (X.W.D.),
wangjizong@pku.edu.cn (J.W.)

In brief

Cryo-EM structures of Arabidopsis
photoactivated phyB and its
constitutively active phyBY2”®" mutant in
complex with the N terminus of PIF6
provide insights into light-induced
photoreceptor remodeling and signal
transduction.

¢? CellPress


mailto:deng@pku.edu.cn
mailto:wangjizong@pku.edu.cn
https://doi.org/10.1016/j.cell.2024.09.005

Please cite this article in press as: Wang et al., Light-induced remodeling of phytochrome B enables signal transduction by phytochrome-
interacting factor, Cell (2024), https://doi.org/10.1016/j.cell.2024.09.005

Cell

¢? CellPress

OPEN ACCESS

Light-induced remodeling of phytochrome B
enables signal transduction
by phytochrome-interacting factor

Zhengdong Wang, %35 Wenfeng Wang, -5 Didi Zhao,-*> Yanping Song,"-%>%°5 Xiaoli Lin,’-> Meng Shen,* Cheng Chi,’
Bin Xu,” Jun Zhao,' Xing Wang Deng,’-%3* and Jizong Wang' %6

"National Key Laboratory of Wheat Improvement, Peking University Institute of Advanced Agricultural Sciences, Shandong Laboratory of
Advanced Agriculture Sciences at Weifang, Weifang, Shandong, China

2State Key Laboratory of Protein and Plant Gene Research, School of Advanced Agricultural Sciences, Peking University, Beijing, China
3Peking-Tsinghua Joint Center for Life Sciences, Peking University, Beijing, China

4State Key Laboratory of Plant Genomics, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, China
5These authors contributed equally

6Lead contact

*Correspondence: deng@pku.edu.cn (X.W.D.), wangjizong@pku.edu.cn (J.W.)

https://doi.org/10.1016/j.cell.2024.09.005

SUMMARY

Phytochrome B (phyB) and phytochrome-interacting factors (PIFs) constitute a well-established signaling
module critical for plants adapting to ambient light. However, mechanisms underlying phyB photoactivation
and PIF binding for signal transduction remain elusive. Here, we report the cryo-electron microscopy (cryo-
EM) structures of the photoactivated phyB or the constitutively active phyBY276H mutant in complex with
PIF6, revealing a similar trimer. The light-induced configuration switch of the chromophore drives a confor-
mational transition of the nearby tongue signature within the phytochrome-specific (PHY) domain of phyB.
The resulting a-helical PHY tongue further disrupts the head-to-tail dimer of phyB in the dark-adapted state.
These structural remodelings of phyB facilitate the induced-fit recognition of PIF6, consequently stabilizing
the N-terminal extension domain and a head-to-head dimer of activated phyB. Interestingly, the phyB dimer
exhibits slight asymmetry, resulting in the binding of only one PIF6 molecule. Overall, our findings solve a key
question with respect to how light-induced remodeling of phyB enables PIF signaling in phytochrome

research.

INTRODUCTION

Plants have evolved several families of photoreceptors to
perceive distinct spectra of light signal.” Phytochromes (phys)
are red and far-red light photoreceptors that widely exist in
plants, bacteria, and fungi.>® Plant phys incorporate a bilin
molecule called phytochromobilin (P®B) as a chromophore,
which covalently links to a conserved cysteine residue.’®
Upon light irradiation, the C15=C+¢ double bond in P®B un-
dergoes isomerization, leading to the reversible conversion
of phy proteins between the red-light-absorbing (Pr) and
far-red-light-absorbing (Pfr) conformers, a process known as
photoconversion. In the absence of light, Pfr automatically re-
verts back to Pr through a process called dark or thermal rever-
sion.®’ In plants, Pr is localized in the cytoplasm, whereas the
photoconverted Pfr translocates into the nucleus to regulate
the activities of downstream partners, such as phy-interacting
factors (PIFs),%° or induce genome-wide changes in alternative
promoter selection, ' thereby controlling the entire life cycle of
plants.

In Arabidopsis thaliana (Arabidopsis), phys are encoded by a
small gene family, including PHYA-E."' Among these phys,
phyB plays a dominant role in the light-grown plants.’®™"* Plant
phys typically comprise an N-terminal photosensory module
(PSM), a hinge region containing two tandem period/ARNT/sin-
gleminded (PAS) domains, and a histidine-kinase-related
domain (HKRD)."® The PSM is further divided into four sequential
domains: N-terminal extension (NTE), N-terminal PAS (nPAS),
cGMP phosphodiesterase/adenylate cyclase/FhlA (GAF), and
phy-specific (PHY). Notably, the NTE and nPAS are structurally
linked to the P®B-binding GAF domain by a conspicuous knot
lasso (KL) structure.'® A helical spine links GAF to PHY, while a
tongue structure from PHY extends back to GAF, abutting the
P®B-binding pocket and participating in photoconversion.'®
The PSM of phys is primarily responsible for light perception.*®
For phyB, both the hinge region and HKRD mediate dimerization
and subcellular localization.”'® Furthermore, both the N and C
termini of phyB are involved in signaling.'®2° Interestingly, a mu-
tation in the GAF domain that replaces a conserved tyrosine,
which contacts P®B, with histidine (Y276H), constitutively
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Figure 1. Overall structures of the phyB-Pfr-PIF6 and phyBY27®"-908-PIF6 complexes
(A) PIF6-100 binds to phyB-Pfr. Left: gel filtration profiles of phyB-Pr (blue), phyB-Pfr (pink), and phyB-Pfr-PIF6 (red) proteins. Positions of standard molecular
weights, indicated by dashed lines. Right: peak fractions in the left were visualized by SDS-PAGE followed by Coomassie brilliant blue staining.

(B) PIF6-100 binds to phyBY276H-908. Gel filtration assays of phyB276"-908 (blue) and phyBY27"-908-PIF6 (red) proteins as described for (A).

(C) Color-coded domain architecture of full-length Arabidopsis phyB (left) and PIF6-100 (right). Domain boundaries are indicated by numbers.

(D) Final three-dimensional (3D) reconstruction of phyB-Pfr-PIF6 shown in two orientations. The dashed line delineates protomer-b.
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activates phyB independent of light.”’ However, the exact mech-

anism by which light-induced phyB activation initiates the
signaling process remains largely unknown.

The Arabidopsis PIF family consists of eight members, namely
PIF1-8, which are classified as basic/helix-loop-helix (bHLH)
transcription factors.?”?* Dimerization and DNA binding are
facilitated by the conserved bHLH domain located at the C termi-
nus of PIFs.°2° The N termini of all PIFs contain an active-PHYB-
binding (APB) motif, which primarily interacts with phyB-Pfr.5%°
Under subterranean darkness conditions, PIFs, particularly
PIF1/3/4/5, promote skotomorphogenesis, the developmental
program in dark-grown seedlings that facilitates hypocotyl elon-
gation but suppresses leaf development.”’*° Once seedlings
perceive light, activated phyB negatively regulates the aforemen-
tioned PIFs. This ultimately promotes photomorphogenesis,
including the inhibition of hypocotyl elongation and cotyledon un-
folding.?”~2° Upon association, phyB triggers rapid phosphoryla-
tion, ubiquitylation, and subsequent degradation of PIFs,®9~52
thus effectively controlling their abundance. Additionally, phyB
directly interferes with the transcriptional activity of PIFs.>*%
However, the mechanisms by which illuminated phyB recognizes
PIFs and exerts specific regulatory modes remain poorly
understood.

Studies of bacterial phys reveal that a light-driven configura-
tion switch of the bilin chromophore induces a transition of
PHY tongue from a B-sheet to an a-helix.**° This transition re-
sults in a conformational change in the PHY domain, conse-
quently affecting the downstream histidine kinase (HK) domain
and its activity.'>*C Although plant phys share a similar N-termi-
nal nPAS-GAF-PHY module with their bacterial counterparts,
they substantially differ in their C-terminal domains. Plant phys
have additional PAS1-PAS2 hinge regions and a kinase-deficient
HKRD."*' As a result, plant phys recruit PIFs for signaling,
whereas bacterial phys directly phosphorylate downstream sub-
strates.” Recent structures of full-length phyB-Pr and phyA-Pr
have revealed head-to-tail dimers mediated by PAS2 and
HKRD.*?>*° However, the structures of the active Pfr form of
plant phys and their signaling complexes with PIFs remain un-
known. In this study, we present the structures of full-length Ara-
bidopsis phyB-Pfr or the constitutively active phyBY2"®H mutant
in complex with an N-terminal segment (residues 1-100) of PIF6
(PIF6-100), providing valuable insights into how a light-induced
cascade of phyB remodeling enables PIF binding and signaling.

RESULTS

Reconstitution and cryo-EM reconstruction of the phyB-
Pfr-PIF6 and phyBY27¢H.908-PIF6 complexes

Using a protocol for the purification of phyA protein,* we suc-
cessfully obtained the Arabidopsis P®B-bound full-length phyB
and HKRD-deleted phyBY2"®" (phyBY276"-908) proteins. Sup-
porting normal photoconversion, the absorption peak was
observed at 662 nm in phyB-Pr and shifted to 725 nm in phyB-
Pfr (Figure S1A). Additionally, phyB-Pr appeared cyan while
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phyB-Pfr appeared light green. As previously reported,*® phy-
BY276H_908 exhibited similar spectral characteristics, with a
maximum absorbance at ~662 nm, both in darkness and under
red light irradiation (Figure S1B), confirming the impaired photo-
conversion of phyBY?"®H. Previous studies have shown that the
N-terminal segment (residues 1-100) containing the conserved
APB motif of PIF (PIF-100) is necessary and sufficient for binding
to phyB-Pfr.?° Indeed, all tested PIF-100 proteins, including
PIF1/3/4/6, bound to full-length phyB-Pfr, albeit with varying af-
finities (Figure S1C). Among these PIFs, PIF6-100 showed the
most robust and Pfr-specific interaction with phyB, consistent
with previous findings.?®*"“® After saturating irradiation with
red light, phyB formed a stable complex with PIF6-100, as indi-
cated by their co-migration in gel filtration (Figures 1A and S1D).
Interestingly, part of the red-light-irradiated phyB eluted at posi-
tions earlier than phyB in darkness. Strikingly, phyBY2"®1-908
mainly eluted at a position of ~100 kDa, while PIF6-100 co-
migrated with phyBY27%"-908 to a position of ~200 kDa in gel
filtration (Figures 1B and S1D).

Next, we determined the cryoelectron microscopy (cryo-EM)
structures of the phyB-Pfr-PIF6 and phyBY2"®1-908-PIF6 com-
plexes at resolutions of 3.1 and 3.2 A, respectively (Figures 1C-
1F and S1E; Data S1; Tables S1 and S2). Both structures reveal
a similar trimer, consisting of a phyB dimer and a PIF6-100 mono-
mer. Unexpectedly, only the N-terminal PSM is well defined in the
cryo-EM structures, whereas the C-terminal PAS2 and HKRD do-
mains, which mediate a tightly packed head-to-tail PSM dimer in
the phyB-Pr structure, are completely flexible.*” Furthermore,
the PIF6-bound phyB-Pfr or phyBY2"®1-908 forms a head-to-
head PSM dimer (Figures 1C-1F). PIF6-100 binds to both PSM
modules of phyB-Pfr or phyB"2761-908. The N-terminal portion
of PIF6-100 folds into a B-hairpin structure and binds to one
phyB protomer. This part of APB was therefore designated APB-
B, and its recognizing phyB protomer is called phyB(b), with the
other being referred to as phyB(a). By comparison, the C-terminal
part of PIF6-100, designated APB-«, forms an a-helix and is sand-
wiched between two phyB protomers (Figures 1C-1F). Interest-
ingly, PIF6-100 only binds to one side of the phyB dimer
(Figures 1D-1F), resulting in a 2:1 stoichiometry of phyB-Pfr or phy-
BY2761-908 and PIF6-100.

Light-triggered configuration switch of P®B results in
an o-helical PHY tongue

To probe the light-induced remodeling of the N-terminal PSM of
phyB, we compared the structures of the PSM of phyB-Pr and
phyB-Pfr. The alignment revealed a slight shift in the nPAS
domain and its interacting portion of KL in the GAF domain, while
the majority of GAF remains unchanged (Figure 2A; Data S1).
Similar to phyB-Pr,*? the 150s loop (residues 145-155) in nPAS
and the 380s loop (residues 381-391) in GAF of phyB-Pfr remain
flexible. Notably, there is a distinct rotation of the PHY domain
along the helical spine in phyB-Pfr (Figure 2A; Data S1). As
observed in bacterial phys,**°°°? the PHY tongue undergoes
a noticeable transition from a B-sheet in phyB-Pr to an a-helix in

(E) Model of phyB-Pfr-PIF6 shown in two orientations.

(F) Cryo-EM map of phyBY278H-908-PIF6 superposed with an atomic model in cartoon, shown in two orientations.

See also Figure S1, Data S1, and Tables S1 and S2.
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Figure 2. Light-induced transition of the PHY tongue

(A) Structural comparison of the PSM of phyB-Pfr (color-coded) and phyB-Pr (dark gray, PDB: 7RZW), shown in two orientations. Arrows indicate the rotation of
helical spine or PHY domain.

(B) Left: details of the P®B-binding pocket in GAF of phyB-Pfr (green) and phyB-Pr (dark gray), indicated by black box in (A). P®B of Pfr shown in magenta.
Hydrogen bonds indicated by red (Pfr) or black (Pr) dashed lines. Black arrow indicates the flipping of D-ring; red arrow indicates the sliding of P®B. Right: details
of interactions between the PHY tongue (yellow) and P®B-binding pocket in GAF (green) of phyB-Pfr and phyB-Pr (dark gray), indicated by blue box in (A).
(C) Structural comparison of the PSM of phyB-Pfr (color-coded) and phyBY27H (light gray), shown in two orientations.

(D) Close-up views of interactions highlighted in (C) as described for (B).

(E) UV-vis absorbance spectra of phyBS584E phyBS584A and phyBS%84K proteins in the dark (D), and after saturating irradiation with red light (R).

(F) PHYBS5%4E fajled to recover PHYB functions in phyB-9 seedlings. Left: representative seedlings grown for 5 days under continuous red light (Rc). Statistics on
hypocotyl length (middle) and cotyledon angle (right). Scale bar, 1 cm. Mean + SD, n > 20.

See also Figure S2 and Data S1 and S2.

phyB-Pfr (Figure 2A; Data S1), while the rest of PHY remains phyB-Pfr assume a 5(2)syn-10(2)syn-15(E)anti configuration,
almost identical (Figure S2A). with the D pyrrole ring flipped 180° (Figures 2B and S2B; Data

In comparison with P®B in phyB-Pr, which adopts a 5(Z)syn-  S1). Simultaneously, P®B slides to a different position within
10(2)syn-15(2Z)anti configuration,*>“5°" both P®B molecules in  the GAF pocket and establishes new contacts with phyB-Pfr
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(Figure 2B; Data S1). Notably, dramatic changes occur in the ro-
tamers of Y276, L301, Y303, and Y361 to accommodate the new
conformation of P®B, which potentially drives the transition of
the PHY tongue. Specifically, in Pr, the PHY tongue contacts
the P®B-binding pocket in the GAF domain via interactions
with L301, Y3083 in strand-f3, D307 in helix-23, and Y361 in he-
lix-a5 (Figure 2B). These interactions are disrupted by the
conformational changes in these residues in Pfr, and the new
conformation of Y361 is predicted to cause steric clash with
F585 in Pr, further facilitating the transition of the PHY tongue.
Additionally, the formation of a bifurcated hydrogen bond of
S584 with D307 and Y361 helps stabilize the conformation of
the a-helical PHY tongue in Pfr (Figure 2B). Structural compari-
son also reveals substantial similarity between the PSM of
phyB-Pfr and that of the bacteriophytochrome from Deinococ-
cus radiodurans (DrBphP) (Figures S2C-S2G).>° These structural
observations collectively support a conserved mechanism of the
light-driven transition of the PHY tongue from a B-sheet to an
a-helix in different phy species.

Further supporting the light-induced a-helical PHY tongue in
phyB-Pfr, structural comparison reveals that the structure of
the constitutively active phyBY2"®H is almost identical to that of
phyB-Pfr (Figures 2C and S2H). Consistent with the spectral
data, the P®B in phyBY2"®" adopts a 5(2)syn-10(2)syn-15(2)
anti configuration similar to phyB-Pr (Figures 2D and S1B; Data
S1). However, the position of P®B, located within the binding
pocket of phyBY27®", differs substantially from that in phyB-Pr
but resembles that in phyB-Pfr (Figures 2D, S2I, and S2J).
Furthermore, almost the same set of contacts are formed be-
tween P®B and phyBY?"®" as those in phyB-Pfr (Figure 2D;
Data S1). Notably, H276 adopts a conformation similar to Y276
in phyB-Pfr, which is predicted to clash with the P®B in phyB-
Pr (Figures 2B and 2D). This presumably triggers the sliding of
P®B as observed in phyB-Pfr, leading to the formation of a
similar a-helical PHY tongue.

Supporting the critical role of S584 in stabilizing the a-helical
PHY tongue of phyB-Pfr or phyBY2"®H the S584E mutation
eliminates the Pr-to-Pfr photoconversion of the phyB-PSM pro-
teins.”® We additionally introduced various mutations to this res-
idue, including S584E, S584A, and S584K, and purified the full-
length phyB mutant proteins (Data S2). Similarly, red light irradi-
ation had no impact on the absorbance at 725 nm of these
mutant proteins (Figure 2E). To assess the biological significance
of this residue, we generated transgenic phyB-9 plants express-
ing wild-type (WT) PHYB or PHYBS%%4E_ Expression of PHYB"T
led to shorter hypocotyl and relatively open cotyledons in the
mutant plants (Figures 2F and S2K), whereas no effect was
observed upon expression of PHYBS%%4€_ In conclusion, P®B-
induced transition of the PHY tongue is crucial for phyB
signaling.

The a-helical PHY tongue promotes phyB remodeling

Because of an asymmetric dimer of phyB-Pr,*? the structures of
the two protomers of phyB-Pr and phyB-Pfr were individually
aligned to examine conformational changes in phyB induced
by the a-helical PHY tongue (Figures 3A and 3B). As discussed
earlier, the C-terminal PAS2 and HKRD domains mediating the
head-to-tail dimer of N-terminal PSM in phyB-Pr become flexible
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in phyB-Pfr (Figures 1D-1F).*? This structural observation aligns
with the data indicating that alterations in a loop region known as
the modulator loop (Mod), connecting the PAS2 and PHY do-
mains, disrupt the PAS2-mediated dimerization of phyB-Pr while
promoting the stability of phyB-Pfr.*? In phyB-Pr, the Mod as-
sumes a B-hairpin structure and packs against the PHY B-sheet.
The tip of the B-hairpin projects toward the PHY tongue
(Figures 3A and 3B). Structural comparison shows that the a-he-
lical PHY tongue in phyB-Pfr clashes severely with this tip
(Figures 3A-3C and S3A). This clash triggers conformational
changes in the Mod during the Pr-to-Pfr conversion, which sub-
sequently disturb the Mod-PHY interaction and cause a rotation
of the PHY domain (Figures 3A and S3B). Consequently, the in-
tramolecular contacts between the C-terminal PAS2 and N-ter-
minal PHY are impaired. Overall, these structural observations
demonstrate that P®B-induced transition of the PHY tongue re-
sults in the disruption of the PAS2-mediated dimerization of
phyB-Pr and promotes phyB remodeling.

As discussed above, the PHY domain clearly rotates during
the Pr-to-Pfr conversion (Figures 2A and 3A). This striking
conformational change causes clashes between a loop region
in the PHY domain and a loop region N-terminal to strand-$1
of the HKRD domain in phyB(a) (Figures 3A, 3C, and S3C),
cancelling the intramolecular interaction between HKRD and
PHY in this protomer. Additionally, a noticeable conformational
change occurs in the N-terminal side of GAF-a1 of phyB(b)
upon photoactivation. Compared with the curved GAF-a1 in
phyB-Pr, this a-helix becomes straight in phyB-Pfr (Figure 3B).
The straightened GAF-a.1 collides with the helix-o3 and its C-ter-
minal loop of HKRD (Figures 3D and S3C), eliminating the intra-
molecular HKRD-GAF interaction in phyB(b). Altogether, the
contacts between the distal C-terminal HKRD and the N-terminal
PSM in phyB-Pr are disrupted in phyB-Pfr.

Previous biochemical data indicated that a HKRD-deleted
version of phyB (phyB-908) mainly exists as a PAS2-mediated
dimer in the dark.*’ Our biochemical data showed that the
phyB-908 protein largely eluted at approximately 100 kDa after
red light irradiation in gel filtration (Figures 3E, S3D, and S3E),
indicating a monomeric size similar to the activated phyBY27H-
908 (Figure 1B). Moreover, the PAS2 domain exhibits flexibility
in phyBY2761_908, resembling phyB-Pfr (Figures 2C and S2H).
Overall, our data indicate that the a-helical PHY tongue pro-
motes the further remodeling of phyB, disrupting the interactions
between the N and C termini.

Molecular mechanism of PIF6-100 recognition by phyB

Previous studies have indicated that the PSM of phyB-Pfr is both
necessary and sufficient for binding full-length PIF or PIF-
100.2548:5:53 Fyrthermore, forced nuclear localization of phyB-
PSM results in the activation of phyB responses.'® Consistent
with these data, PSM is involved in both PIF-100 recognition
and phyB-Pfr or phyBY27°"-908 dimerization (Figure A4A).
Because the structures of phyB-Pfr-PIF6 and phyBY?7®H-908-
PIF6 are almost congruent (Figures S2H and S4A), we used the
former for analysis in the following sections. In the cryo-EM
structure, the N-terminal APB-B (residues 15-37) of PIF6-100
binds to the NTE-nPAS-GAF module of phyB(b), while the C-ter-
minal APB-a. (residues 39-60) is sandwiched between the GAF
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Figure 3. The a-helical PHY tongue promotes phyB remodeling for activation
(A) Structural comparison of protomer-a of phyB-Pfr (color-coded) and phyB-Pr (gray, PDB: 7RZW). The PAS2-HKRD module in phyB-Pr, shown in surface.

Arrows indicate the rotation of PHY domain.

(B) Structural comparison of protomer-b of phyB-Pfr (color-coded) and phyB-Pr (gray, PDB: 7RZW). Arrows indicate the orientation of GAF-a1.
(C) Details of clashes between a-helical PHY tongue (yellow) and Mod of PAS2 (gray), indicated by red box in (A) and (B).
(D) Left: details of clashes between PHY (yellow) and HKRD (gray), indicated by green box in (A). Right: details of clashes between GAF (green) and HKRD (gray),

indicated by purple box in (B).

(E) Red light irradiation disrupts phyB-908 dimerization, which is recovered by PIF6-100. The assays were performed as described for Figure 1A.

See also Figure S3.

domain of phyB(a) and the nPAS domain of phyB(b) (Figure 4A;
Data S1). Specifically, E19, L20, and Q32 of PIF6-APB-f form
an extensive hydrogen bond network with NTE-Q109, NTE-
R110, KL-C345, and nPAS-D209 (Figure 4B; Data S1). Notably,
L20, F22, and 127 at the tip of PIF6-APB-f tightly pack against
GAF-F314, NTE-L105, NTE-1101, and NTE-Y61 through hydro-
phobic interactions. G25 is located within the B-turn and serves
as a common marker for stabilizing the overall structure of the
APB-B-hairpin (Figure 4B). The PIF6-APB-a establishes exten-
sive contacts with the a1, a2, and a6 helices of the GAF domain
in phyB(a), as well as the helix-a3 and its following loop of the
nPAS domain in phyB(b) through hydrogen bonds and electro-
static and hydrophobic interactions (Figure 4C; Data S1). A small
fragment (residues 10-14) N-terminal to APB-B also contacts
GAF-a1, GAF-a2 of phyB(a), and the nPAS loop of phyB(b)
(Figure 4C).

To verify the structural mechanism mentioned above, we
generated truncated versions of PIF6-100 and evaluated their
interaction with phyB through pull-down assays. APB-B (resi-
dues 15-37) was able to interact with phyB-Pfr but exhibited
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substantially lower affinity than PIF6-100 (Figure 4D; Data S2).
PIF6 (residues 1-37) displayed a similar affinity to phyB-Pfr, sug-
gesting that the very N-terminal 14 residues are dispensable for
phyB-PIF6 interaction. Removal of the disordered C-terminal
segment of PIF6-100 (residues 65-100), indicated by the cryo-
EM structures, did not affect the phyB-PIF6 interaction
(Figure 4D; Data S2). Consistent with previous findings,”®*” mu-
tations in key residues of APB-f abolished or severely compro-
mised the PIF6- or PIF3-phyB interaction (Figures 4E, S4B,
and S4C; Data S2), further supporting a critical role of this
conserved region of PIF-APB in binding phyB. Sequence align-
ment demonstrated that the key residues in APB-a are weakly
conserved among other PIFs (Figure S4D). Hence, the region
containing APB-a. in PIFs potentially contributes to the varying
affinities of different PIFs for phyB (Figure S1C).

To assess the importance of phyB residues that contact the
conserved APB-B, we generated phyB''*'E, phyB®109AR1104
phyB™1%A and phyB®®'8A mutants and examined their interac-
tions with PIF6-100 using pull-down assays. In full support of
the cryo-EM structures, the first three mutants did not bind
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(D) GST-tagged PIF6 bound to GS4B beads were incubated with an excess amount of full-length phyB under Rc. After extensive washing, the beads were

analyzed by SDS-PAGE and Coomassie brilliant blue staining.

(E) Mutations of PIF6-APB-p around the interface shown in (B) affected the phyB-PIF6 interaction, as assayed in (D).
(F) Mutations of phyB around the interface shown in (B) and (C) affected the phyB-PIF6 interaction, as assayed in (D).
(G) PHYB mutations that reduce the PIF6-binding activity impaired phyB signaling, as assayed in Figure 2F.

See also Figure S4 and Data S1 and S2.

PIF6-100, whereas phyB®®'® was strongly impaired in PIF6
interaction (Figure 4F; Data S2). Conversely, the L226Y mutation
in phyB, predicted to compromise contact with APB-a, margin-
ally reduced the phyB-PIF6 interaction. Consistent with these
biochemical data, expression of PHYB''?'E, pHyBQ!094/R110A
or PHYB®"#4 fajled to fully rescue phyB functions in transgenic
phyB-9 plants (Figure 4G). These mutations had no impact
on the level or nuclear localization of the mutant proteins
but attenuated the stability of photobodies in seedlings
(Figures S4E and S4F). In comparison, phyB-9 seedlings ex-
pressing PHYB?26Y exhibited shorter hypocotyls and relatively

open cotyledons, indicating a moderate effect of this mutation

on phyB function.

NTE has a dual role in recognizing PIF6-APB-3 and

stabilizing phyB-Pfr

As discussed above, NTE directly recognizes PIF6-APB-f (Fig-
ure 4B). Structural comparison between phyB-Pfr and phyB-Pr
reveals a striking remodeling of the NTE upon PIF6-APB-f bind-
ing. NTE assumes a short a-helix in phyB-Pr, folding into three
a-helices (a1-a3) in phyB-Pfr when binding PIF6-APB-B (Fig-
ure 5A; Data S1). Furthermore, the NTE-o3 in phyB(b) becomes
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Figure 5. NTE is involved in specific recognition of PIF6-APB-f and stabilization of phyB-Pfr

(A) Structural comparison of PIF6-APB-B-bound phyB-Pfr (color-coded) and phyB-Pr (gray, PDB: 7RZW).

(B) Details of NTE-mediated intramolecular interactions, indicated by black box in (A).

(C) PIF1/3/4/6/7-APB effectively inhibit the dark reversion of full-length phyB (top) and phyB-908 (bottom). The phyB samples, with or without PIF, were pho-
toconverted to Pfr and allowed to revert back to Pr at 22°C in the dark. Normalized data points indicate reversion measurements at 725 nm and representative of

three technical replicates.

(D) Mutations that disrupt NTE-mediated intramolecular interactions accelerate phyB dark reversion and eliminate the PIF6-mediated inhibition of phyB dark
reversion. The assays were performed as described for (C). Pr generation was utilized to assess phyB dark reversion due to the compromised photoconversion of
these phyB mutants, as illustrated in Figure S5A. Normalized data points indicate reversion measurements at 660 nm.

(E) Mutations that disrupt NTE-mediated intramolecular interactions eliminated the phyB-PIF6 interaction, as assayed in Figure 4D.

(F) PHYBY®3Y failed to fully rescue phyB responses, as assayed in Figure 2F.
See also Figure S5 and Data S1 and S2.

extended and bends outward compared with that in phyB-Pr.
Considering that GAF-o4 and GAF-KL undergo no striking
conformational changes following PIF6-APB-B binding (Fig-
ure 5A), NTE-a1 and NTE-a.3 form the exclusive binding site for
phyB-Pfr to recognize PIF6-APB-B. These structural observa-
tions indicate that NTE enables specific recognition of PIF6 by
phyB-Pfr.

In addition to binding PIF6-APB-B, NTE also forms extensive
intramolecular interactions by contacting P®B and its binding
pocket, as well as the PHY tongue in phyB(b) (Figure 5B), indi-

8 Cell 187, 1-16, October 31, 2024

cating that the newly formed NTE has a role in stabilizing the Pfr
state of this phyB protomer. Specifically, several hydrophobic
residues, including L67, F71, F81, and L87 from NTE-a1,
NTE-02, and their connecting loop, directly contact the hydro-
phobic side of the A-ring of P®B (Figure 5B; Data S1). NTE-a1
is anchored to GAF-04 and GAF-a5 through hydrogen bonding
with Q310 and H355, respectively, while NTE-a2 establishes
hydrogen bonds mainly with the PHY tongue via D82, Y83,
and S84. Notably, Y83 forms a bifurcated hydrogen bond
with D307 in GAF-a3 and S584 in the PHY tongue (Figure 5B).



Please cite this article in press as: Wang et al., Light-induced remodeling of phytochrome B enables signal transduction by phytochrome-
interacting factor, Cell (2024), https://doi.org/10.1016/j.cell.2024.09.005

Cell ¢ CelPress

OPEN ACCESS

>
m

phyB-Pfr(a) PIF6-APB-a phyB-Pfr(b) B phyB-Pfr(b) phyB-FL FA20E-FL
P phyB-Pr(b) . 1228E-FL I855E-FL

-
® o
(==

IN
o

Pfr remaining (%)
)
=)

N
o

0 10 20 30
time (min)

PIF6-100

WT 1228E F420E
PPHYB:phyB-GEP/phyB-9

B
E 20}
£
O H-bond by si i e
- y side chain 5
GAF(b) GAF@@ .. H-bond containing main chain =10t
nPAS(a) a1 a1 nPAS(b) — Contacts <4.3 A g
GAF(b) GAF(a) GAF(b) GAF(a) §
a6 I
&9 PPHYB:phyB-GFP/phyB-9
$ S
) N {1(,1’ Q‘){J’
‘2100
8 8o
2 60t
]
o 40}
3
o 20
>
S o
© Q  pPHYB:phyB-GFP/phyB-9
N4 < <« &
§ & F S

&

Figure 6. A head-to-head dimer of phyB-Pfr stabilized by PIF6-APB-a for signaling

(A) The nPAS-GAF module in phyB-Pfr that mediates the head-to-head dimerization of PSM, shown in side and top views. PIF6-APB-a binds to one side of the
dimerization interface. Arrows indicate the orientation of GAF-a1.

(B) Structural comparison of the nPAS-GAF module of phyB-Pfr (blue) and phyB-Pr (gray, PDB: 7RZW). The PAS2 domain from the other phyB-Pr protomer,
shown in sphere. The 220s loop colored in red. Arrows indicate the orientation of GAF-a.1.

(C) Disruption of PAS2-mediated interactions in phyB-Pr enables the head-to-head dimerization by the nPAS-GAF module in phyB-Pfr. The newly formed
N-terminal portion of GAF-a1 colored in red.

(D) Details of interactions within dimerization interface, indicated by dashed line boxes in (C).

(E) Mutations on the dimerization interface of phyB-Pfr or phyB-Pr differently affected phyB dark reversion, as assayed in Figure 5C.

(legend continued on next page)
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Despite these intramolecular interactions, the NTE in phyB(a)
with no PIF6-APB-B binding is flexible (Figures 1D-1F and
2A; Data S1), suggesting that the NTE remodeling is induced
by PIF6-APB-B binding. This raises the question of why the
PIF6-APB-B-induced remodeling of NTE only occurs in phyB-
Pfr. Structural comparison shows that the PHY tongue of
phyB-Pr is positioned to overlap with NTE-a1 and NTE-a2 in
phyB-Pfr (Figure 5A), thus preventing the NTE remodeling.
Together, these structural observations suggest that the
light-induced transition of the PHY tongue acts as a prerequi-
site for an induced-fit recognition of PIF6-APB-B by the
phyB-NTE.

To further investigate the role of PIF6-100 and other PIF-100s
in stabilizing phyB-Pfr, their effects on phyB dark reversion
were examined. As expected, PIF6-100 greatly hindered the
Pfr-to-Pr dark reversion of full-length phyB or phyB-908 (Fig-
ure 5C). Similarly, PIF1/3/4/7-100, with varying phyB-binding ac-
tivities, showed different degrees of inhibition on phyB dark
reversion (Figures 5C and S1C). PIF6 (residues 1-37) and PIF4
(residues 1-43) also considerably retarded phyB dark reversion
(Figures 5C and S4D), indicating that the APB-B motif has a
conserved role in stabilizing phyB-Pfr. However, their inhibitory
efficiency was lower than that of PIF6-100 or PIF4-100, support-
ing a role for the APB-a motif in stabilizing phyB-Pfr.

To determine whether NTE remodeling is required for APB-
binding and the consequent stabilization of phyB-Pfr, trunca-
tions or site-directed mutations were introduced into phyB to
disrupt NTE-mediated intramolecular interactions. Supporting
the structural observations, all these NTE mutants displayed
accelerated reversion rates (Figures 5D and S5A), similar to the
NTE-deleted version of phyB-PSM (Figure S5B).%%°*>° Notably,
these NTE mutants no longer responded to the PIF6-induced in-
hibition of phyB dark reversion (Figures 5D and S5B), indicating
the importance of NTE-mediated intramolecular interactions in
stabilizing phyB-Pfr. Interestingly, these NTE mutations abol-
ished the phyB-PIF6 interaction (Figures 5E and S5C), support-
ing the requirement of NTE remodeling for binding PIF6. In vivo
study showed that phyB-9 seedlings expressing PHYBY3W con-
taining a mutation in the NTE still exhibited long hypocotyls and
closed cotyledons, indicating impaired phyB responses
(Figures 5F, S5D, and S5E). Intriguingly, fewer photobodies
were observed in these transgenic seedlings compared with
those expressing PHYBY". In summary, the data indicate that
the NTE controls the specific recognition of PIF-APB-B by
phyB-Pfr for phyB signaling.

Head-to-head dimerization of the PIF6-100 bound phyB-
Pfr

The PSM-mediated phyB-Pfr dimerization is necessary for trig-
gering physiological responses.'®*® Supporting this conclusion,
the cryo-EM structure revealed a head-to-head dimer of phyB-
Pfr mediated by both PSM and PIF6-100 (Figures 1D, 1E, 4A,
and 4C). PSM contributes to phyB-Pfr dimerization through
GAF-a1 and GAF-a6 of the two protomers, which form a four-he-

Cell

lix bundle (Figure 6A). Additionally, an nPAS segment packs be-
tween the protomers against GAF-a.1, further stabilizing the four-
helix bundle. Structural comparison shows that the PAS2
domain in phyB-Pr interacts with the same nPAS-GAF module,
mediating a head-to-tail dimer (Figures 6B, S6A, and S6B).*? In
phyB-Pfr, PAS2 becomes flexible, allowing the nPAS-GAF
module to mediate the head-to-head dimerization (Figure 6C).
Compared with phyB-Pr, the nPAS-GAF module in phyB-Pfr un-
dergoes conformational changes. The loop connecting the nPAS
and GAF domains, designated 220s loop (residues 219-229), be-
comes well defined and partially folds into GAF-a1, resulting in
an extended and straightened GAF-«.1 in phyB-Pfr (Figure 6B;
Data S1). The newly formed N-terminal portion of GAF-a1 partic-
ipates in both phyB-PSM dimerization and PIF6-APB-a. binding
(Figure 6C). Hydrophobic contacts dominate the PSM dimeriza-
tion in phyB-Pfr (Figure 6D). Intriguingly, residues of nPAS or
GAF-06 that interact with GAF-a1 in the other protomer vary
considerably between phyB(a) and phyB(b), indicating that the
phyB-PSM dimer is asymmetric.

Despite multiple inter-protomer interactions (Figure 6D), the
Pfr proteins of phyB-PSM or phyB-908, as well as phyBY?7¢H-
908, mainly exist as monomers in solution (Figures 1B and
3E)."%55 However, PIF6-100 co-migrated with photoactivated
phyB-908 or phyBY?76"-908 and eluted at a position close to a
dimeric size (Figures 1B and 3E), indicating that PIF6-100
promotes dimerization of phyB-908-Pfr or phyBY2"®H-908.
Structural observations also indicate that PIF6-APB-o binds
to the PSM-mediated dimerization interface (Figures 4C and
6A). Taken together, these findings suggest an induced-fit
recognition mechanism in which PIF6-APB-o binds to and
stabilizes a head-to-head dimer of phyB-Pfr upon light-
induced disruption of the PAS2-mediated head-to-tail dimer
of phyB-Pr.

To verify the structural observations, 1228E, F420E, and 1855E
mutations were generated. 1228 in GAF-a1 and 1855 in PAS2 are
exclusively involved in phyB-Pfr and phyB-Pr dimerization,
respectively (Figures 6C and 6D), whereas F420 in GAF-a.6 par-
ticipates in both phyB-Pr and phyB-Pfr dimerization. Consis-
tently, 1228E moderately accelerated the dark reversion of
phyB, while F420E and 1855E, which are predicted to destabilize
phyB-Pr, strongly inhibited phyB dark reversion (Figures 6E and
S6C).* Interestingly, 1228E and F420E, which are predicted to
impair the phyB-Pfr dimerization, substantially compromised
the phyB-PIF6 interaction (Figures 6F and S6D). By comparison,
phyB'®%%E bound PIF6-100 similarly to phyB*"T. Supporting these
biochemical data, expression of PHYB'22€ failed to fully rescue
phyB responses in phyB-9 mutant background, while PHYB™2%
recovered phyB functions more effectively than PHYB'??%E, pre-
sumably due to reduced dark reversion (Figures 6G, S6E, and
S6F). Furthermore, the number of photobodies in these two
types of transgenic seedlings decreased to varying extents
compared with PHYB" -expressing seedlings. In conclusion,
PIF6-APB-a. binds to and stabilizes the head-to-head dimer of
phyB-Pfr for phyB signaling.

(F) Mutations on the dimerization interface of phyB-Pfr impaired the phyB-PIF6 interaction, as assayed in Figure 4D.
(G) PHYB mutations that impair phyB-Pfr dimerization reduced phyB responses, as assayed in Figure 2F.

See also Figure S6 and Data S1.
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Figure 7. The asymmetric phyB-Pfr dimer allows the binding of only one PIF6-100
(A) Structural comparison of PIF6-APB-B-bound phyB-Pfr (blue) and free phyB-Pfr (green), shown in two orientations. PIF6-100 (salmon) and phyB-NTE (blue),

shown in surface. Arrows indicate the orientation of GAF-a.1 or nPAS-2.3.

(B) Details of clashes between the N-terminal loop of PIF6-APB-f (salmon) and the nPAS-a4 in phyB(a) (green), indicated by black box in (A).

(C) Top: alignment of PIF6-APB-a. (gray) to the other side of dimerization interface. Bottom: details of clashes between PIF6-APB-a. (gray) and the other side of
dimerization interface (color-coded), indicated by salmon box in top.

(D) Equal amounts of GST- and strep-tagged PIF6-100 (or PIF3) were co-incubated with excessive phyB-908 under Rc (or phyBY276"-908 under white light).
Following pull-down by either of the tags and extensive washing, the beads were simultaneously analyzed by Coomassie brilliant blue staining for GST-tagged
PIF6-100 (or PIF3) and immunoblot for strep-tagged PIF6-100 (or PIF3).

(E) Equal amounts of HA- and FLAG-tagged full-length phyBY2"®" were co-incubated with or without excessive full-length PIF1 (or PIF3) under white light. After

colP using either of the tags and extensive washing, immunoblots were performed to detect these proteins.

See also Figures S7 and S8 and Data S2.

Asymmetric dimerization of phyB-Pfr results in a 2:1
stoichiometry of phyB and PIF6-100

Our structure unexpectedly reveals a 2:1 stoichiometry between
phyB and PIF6-100. Structural comparison indicates that GAF-
a1, GAF-a6, and the nPAS domain in phyB(a) have notably
different conformations from their counterparts in phyB(b)
(Figures 6A and 7A), thus resulting in an asymmetric dimer of
the PIF6-100 bound phyB-Pfr. Helix-a4 of nPAS in phyB(a) sub-
stantially clashes with the N-terminal loop of PIF6-APB-8, while
the helix refolds into a loop in the PIF6-APB-B-bound phyB(b)
(Figures 7A, 7B, and S7A). Additionally, when the PIF6-APB-a.
is aligned to the opposite side of the phyB-Pfr dimerization inter-
face, GAF-a1 in phyB(b) and nPAS-3 in phyB(a) severely clash

with PIF6-APB-a (Figure 7C). Collectively, the structural differ-
ences in the asymmetric phyB dimer account for the 2:1 stoichi-
ometry of the phyB-PIF6-100 complex.

Our biochemical data further demonstrated that when GST-
and strep-tagged PIF6-100 were co-incubated with phyB-908
under red light, the strep-tagged PIF6-100 cannot be detected
in the pull-down sample by GST-tagged PIF6-100, and vice
versa (Figure 7D; Data S2). This result confirms that the two
forms of PIF6-100 cannot coexist simultaneously with a phyB-
Pfr dimer, thereby supporting the 2:1 ratio of phyB-Pfr to PIF6.
Similar results were observed with PIF3-100 (Figure 7D; Data
S2). Furthermore, only one form of PIF-100 was detected in the
pull-down sample with phyBY27%"-908 (Figure 7D; Data S2). To
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further assess the 2:1 phyB-PIF interaction, full-length PIF pro-
teins were used in co-immunoprecipitation (colP) assays. After
co-incubating the HA- and FLAG-tagged phyB"?"®" proteins
with GST-tagged PIF1 or PIF3, in the samples precipitated by
anti-HA beads, the presence of full-length PIF resulted in a sub-
stantial increase in the detection of the FLAG-tagged phyB,
whereas negligible levels were observed in the absence of PIF
(Figure 7E; Data S2). Likewise, when anti-FLAG beads were
used for colP, a significant increase in the detection of the HA-
tagged phyB was evident upon the addition of PIF1 or PIF3.
These results suggest that the full-length dimeric PIF protein
can simultaneously bind to two phyB dimers, supporting a 4:2
(2:1) stoichiometry. Additionally, increased detection of two
types of phyB in the colP samples with PIF was also observed
in the protoplast assays (Figure S7B; Data S2). Altogether, our
data indicate the existence of a 2:1 molar ratio of phyB-Pfr
and PIF.

DISCUSSION

Photoactivation of phyB
Our structures reveal a head-to-head dimer of the photoactivated
phyB-Pfr or constitutively active phyBY2® bound by PIF6-100,
which is mediated by the N-terminal PSM. This finding is sup-
ported by biochemical and functional data. Compared with
phyB-Pr,*? our two PIF6-bound phyB structures reveal a cascade
of structural remodelings during phyB photoactivation. Upon red
light absorption, the P®B molecule switches its configuration,
accompanied by an exchange of new contacts between P®B
and its binding pocket. These events result in the transition of the
PHY tongue in the N-terminal PSM of phyB. These structural ob-
servations remarkably resemble the “flip and slide” and “toggle”
models that illustrate the conformational changes of the bilin chro-
mophore and PHY tongue, respectively, in bacterial phys, ' indi-
cating a conserved mechanism of transducing light signal. Further-
more, our phyBY?"®" structure confirms that the conformation of
P®B-contacting residues and the o-helical PHY tongue match
that of phyB-Pfr. By mimicking the conformation of Y276 in Pfr,
H276 drives P®B to a position similar to that in phyB-Pfr, thereby
triggering subsequent conformational changes of other P®&B-con-
tacting residues and the PHY tongue. These structural observa-
tions also explain why P®B is required for phyBY2"® to initiate
phyB signaling, despite the absence of a light-induced configura-
tion switch.?"+6

The PHY tongue transition subsequently triggers a conforma-
tional change in the C-terminal HK domain for activation in bac-
terial Phys (Figure S3F).*° In comparison, the a-helical PHY
tongue is predicted to directly interfere with the Mod of PAS2
in phyB-Pr, thereby disrupting the head-to-tail PSM dimer stabi-
lized by the C-terminal PAS2 and HKRD domains. As a result,
phyB is fully activated by freeing the N-terminal PSM for PIF
recognition. This agrees with the observation that the interac-
tions between the N and C termini of phyB are disrupted in the
Pfr state.'®°® The Pfr form also exhibits greater flexibility and
susceptibility to protease treatment than the Pr form.>® Addition-
ally, phyB-Pfr is shown to be dimeric (Figure 1A),°® whereas the
Pfr form of phyB-PSM, phyB-908, and phyBY27¢-908 are mainly
monomeric, '®*%°! suggesting that the C terminus of phyB-Pfr
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remains dimeric. It is plausible that phyB-Pfr alone exhibits
high flexibility due to the distinct arrangements of its N and C
termini.

Specific recognition of PIF by phyB-Pfr

PIF6 exhibits a high affinity and specificity for phyB-Pfr,?° mak-
ing it frequently exploited in optogenetics.*®°°% Our study re-
veals the specific recognition of PIF6 by phyB-Pfr through an
induced-fit mechanism, which can be utilized to optimize the
phyB-PIF light-switch tool for optogenetics. Based on our
structures, PIF6-100 can be divided into two parts: the N-termi-
nal PIF6-APB-$ and C-terminal PIF6-APB-a. The recognition of
these two parts of PIF6-100 is dependent on the phyB-NTE and
a head-to-head dimer of phyB-PSM, respectively. However,
the NTE is flexible and the PSM mainly exists as a monomer
in phyB-Pfr, indicating an induced-fit recognition mechanism
wherein PIF6-100 binding leads to the formation of a head-
to-head dimer of phyB-Pfr with a stabilized NTE. This
induced-fit mechanism could explain the versatile functionality
and photo-reversibility of phyB. In addition to the PIFs,
other components have been found to associate with photoac-
tivated phyB.>°*%° The inherent flexibility of phyB-Pfr allows it
to recognize various partners through an induced-fit mecha-
nism. Furthermore, both the stabilized NTE and head-to-head
dimer of phyB-Pfr, induced by PIF6-100 binding, effectively
impede phyB dark reversion. Hence, the induced-fit mecha-
nism favors the reversibility of phyB in the absence of a binding
partner.

NTE is specific to plant Phys and has been shown to control
dark reversion through phosphorylation in phyB signaling.®¢-%%
Our structures reveal that the PIF-APB-B-bound NTE can sta-
bilize phyB-Pfr through contacts with P®B and the o-helical
PHY tongue, whereas the PHY tongue in phyB-Pr is predicted
to prevent the NTE remodeling and PIF6-APB-B binding.
Therefore, the light-induced transition of the PHY tongue is
a prerequisite for recognition of both PIF6-APB-f3 and PIF6-
APB-o. by phyB-Pfr. Supporting our structural observations,
the missense mutations S86E and Y104E in phyB-NTE, which
accelerate dark reversion and impair PIF3 interaction
in vivo,?®°” destabilize NTE (Figure 5B). Moreover, our NTE
structure reveals the exposure of residues S80 and S106,
and the disordered nature of its very N terminus (Figure 5B;
Data S2), rationalizing their respective roles in nuclear import
of phyB and thermal sensing.®®"2

The highly conserved APB-f in other PIFs likely binds to phyB
in a similar manner to PIF6, as suggested by our and previous
studies.?®*” Additionally, phyB mutants with reduced ability to
bind PIF6-APB-B impaired phyB function, likely due to the
inability to control PIF1/3/4/5 signaling. Furthermore, three resi-
dues of phyB, namely R110, G112, and R352, have been demon-
strated to participate in PIF3 binding.”>’* These residues are
located in the KL and its nearby NTE of phyB, coinciding with
PIF6-APB-B-interacting elements. As for the less-conserved
APB-a, our and previous studies demonstrate its contribution
to phyB binding, resulting in varying affinities.?®*® Considering
that the N-terminal PSM dimerization is essential for phyB
signaling,'? it is reasonable to assume that the APB-a of other
PIFs participates in phyB dimerization like PIF6-APB-.
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2:1 stoichiometry of phyB and PIF6-100

Previous in vitro studies have indicated a 1:1 stoichiometry for
the phyB-PIF3 interaction.”> However, an approximate 1:2
stoichiometry was observed between phyB and PIF4.7° Inter-
estingly, our cryo-EM structures reveal a 2:1 stoichiometry be-
tween phyB-Pfr or phyBY?"®" and PIF6-100. This structural
observation is further supported by biochemical data. The
asymmetric phyB dimer stabilized by one PIF6-100 assumes
a non-productive conformation to bind a second PIF6-100
molecule. Intriguingly, the crystal structure of the N-terminal
PSM of phyB-Pr reveals a head-to-head dimer that closely
resembles the PIF6-bound phyB-Pfr or phyBY27®H dimer (Fig-
ure S7C). Both structures share a similar asymmetric dimer-
ization interface (Figures S7D and S7E). Nonetheless, the
crystal structure of the nPAS-GAF segment of Sorghum
bicolor phyB reveals a symmetric dimerization pattern (Fig-
ure S7F).°" Therefore, whether the asymmetry in phyB-Pfr or
phyBY27%" dimer is inherent or induced by PIF6-100 binding
remains to be determined.

Then, what can be the potential significance of the unex-
pected stoichiometry between phyB and PIF6-100? Our data
suggest that this may facilitate the photo-reversibility of phyB.
A single PIF6-100 molecule stabilizes one NTE and binds to
one side of the phyB-Pfr dimer, leaving the opposite side with
a flexible NTE and an empty interface. This conformation facil-
itates the reversion of the PHY tongue and the C-terminal
PAS2-HKRD to their Pr state. Given the spectral data illus-
trating the remarkable inhibition of phyB dark reversion by
PIF6-100, we speculate that the binding of two PIF6 molecules
might freeze phyB in the Pfr state, thereby blocking the revers-
ibility of this photoreceptor. Alternatively, previous studies have
indicated that phyB-Pfr can directly obstruct PIFs from binding
promoter DNAs.**** Qur Alphafold2 predictions show that
the full-length dimeric PIFs have a highly disordered nature
(Figures S7G-S7I).”” Intriguingly, the two individual PIF-APB
motifs, adopting B-hairpin structures, are positioned close to
the opposite side of the bHLH dimer, suggesting a potential
mechanism whereby the binding of two phyB-Pfr dimers to
each PIF-APB could cause steric hindrance with PIF-bHLH
(Figure S7J), thereby impairing its DNA-binding activity. Addi-
tionally, recent reports indicate a transcription activation
domain (TAD) proximal to PIF3-APB.”®"° Thus, if PIF3-APB
binds to a head-to-head phyB dimer like PIF6-100, the function
of TAD could be influenced due to the limited space available
for recruiting transcription-related components. It will be of in-
terest to investigate whether other phyB-PIF interactions also
possess a 2:1 stoichiometry.

In summary, our data support a model wherein the photoacti-
vated phyB recognizes its PIF partner (Figure S8). The phyB-Pr
assembles into a head-to-tail dimer. Light exposure triggers a
configuration switch of P®B, inducing the PHY tongue transition
from a B-sheet to an a-helix. The resulting a-helical PHY tongue
directly clashes with the Mod of PAS2, destabilizing the phyB-Pr
dimer mediated by the PAS2-HKRD module. These structural re-
modelings of phyB enable the binding of APB-$ and APB-a in
PIF6-100, which consequently stabilize the NTE and a head-
to-head dimer of phyB-Pfr by an induced-fit mechanism, culmi-
nating in the assembly of a phyB-PIF signaling complex.
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Limitations of the study

In this study, we reported the structures of the photoactivated
phyB-Pfr or the widely employed active mutant phyBY?"®H,
both in complex with PIF6-100, revealing the activation of a plant
phy by light and its subsequent interaction with a PIF signaling
partner. However, two key questions warrant further investiga-
tion. First, our gel filtration assays indicate the presence of a
small fraction of phyBY27®1-908 or phyB-908-Pfr dimers, sug-
gesting the possibility of solving a structure of phyB-Pfr alone.
This would elucidate whether the asymmetry in the phyB-Pfr
dimer is intrinsic or induced by PIF6-100. Second, an unex-
pected 2:1 stoichiometry between phyB and PIF6-100 was
observed in both structures, a finding corroborated in vitro and
in the Arabidopsis protoplast. However, additional research is
required to ascertain how this interaction mechanism impacts
the DNA-binding activity of full-length PIF6 and whether it is
conserved across the PIF family.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pFastBac-SUMO-phyB This paper N/A
pFastBac-SUMO-phyBY275H This paper N/A
pFastBac-SUMO-phyBY276H-HA This paper N/A
pFastBac-SUMO-phyBY?""-FLAG This paper N/A
pFastBac-SUMO-phyB-908 This paper N/A
pFastBac-SUMO-phyBY27¢H-908 This paper N/A
pFastBac-SUMO-phyB (111-1172) (ANTE) This paper N/A
pFastBac-SUMO-phyB&78A This paper N/A
pFastBac-SUMO-phyBP&2¢ This paper N/A
pFastBac-SUMO-phyBY&3W This paper N/A
pFastBac-SUMO-phyB'"°'E This paper N/A
pFastBac-SUMO-phyB®!09A/R1104 This paper N/A
pFastBac-SUMO-phyB-226Y This paper N/A
pFastBac-SUMO-phyB'22%& This paper N/A
pFastBac-SUMO-phyB®310W This paper N/A
pFastBac-SUMO-phyB™144 This paper N/A
pFastBac-SUMO-phyB®3184 This paper N/A
pFastBac-SUMO-phyB™2°E This paper N/A
pFastBac-SUMO-phyBS84E This paper N/A
pFastBac-SUMO-phyBS%84A This paper N/A
pFastBac-SUMO-phyBS584K This paper N/A
pFastBac-SUMO-phyB'8%E This paper N/A
pFastBac-SUMO-phyB-621 This paper N/A
pPET21b-SUMO-phyB (90-621) This paper N/A
pGEX-6P-1-PIF1-100 This paper N/A
pGEX-6P-1-PIF3-100 This paper N/A
pGEX-6P-1-PIF4-100 This paper N/A
pGEX-6P-1-PIF7-100 This paper N/A
PGEX-6P-1-PIF4 (1-43) This paper N/A
pGEX-6P-1-PIF3-100-Strep This paper N/A
pGEX-6P-1-PIF3-1005314 This paper N/A
pGEX-6P-1-PIF3-100-32% This paper N/A
pGEX-6P-1-PIF3-100"/34A This paper N/A
pGEX-6P-1-PIF3-100%7A This paper N/A
pGEX-6P-1-PIF3-100'3%S This paper N/A
pGEX-6P-1-PIF3-100944A This paper N/A
pGEX-6P-1-PIF6-100 This paper N/A
pGEX-6P-1-PIF6 (1-37) This paper N/A
pGEX-6P-1-PIF6 (14-37) This paper N/A
pPGEX-6P-1-PIF6 (15-64) This paper N/A
pGEX-6P-1-PIF6-10059A This paper N/A
pGEX-6P-1-PIF6-100-208 This paper N/A
pGEX-6P-1-PIF6-100722A This paper N/A
pGEX-6P-1-PIF6-100%2%A This paper N/A
pGEX-6P-1-PIF6-10027S This paper N/A
pGEX-6P-1-PIF6-1009%2A This paper N/A
pGEX-6P-1-PIF1-FL This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pGEX-6P-1-PIF3-FL This paper N/A

PGEX-6P-1-PIF6-100-Strep This paper N/A

pCAMBIA1302-phyB-GFP This paper N/A

pCAMBIA1302-phyBY&*W-GFP This paper N/A

pCAMBIA1302-phyB''*'E-GFP This paper N/A
pCAMBIA1302-phyBQ10AR110A_GEP This paper N/A

pCAMBIA1302-phyB-228Y-GFP This paper N/A

pCAMBIA1302-phyBF1“A-GFP This paper N/A

pCAMBIA1302-phyBS%4E-GFP This paper N/A

pCAMBIA1302-phyB'?2%E_GFP This paper N/A

pCAMBIA1302-phyBF2°E_GFP This paper N/A

pUC19-phyBY276H_HA This paper N/A

pUC19-phyBY?"®1_FLAG This paper N/A

pUC19-Myc-PIF1 This paper N/A

pUC19-Myc-PIF3 This paper N/A

pRSFDuet-1-HO1+Hy2 This paper N/A

Software and algorithms

CryoSPARC v4.1.2 Punjani et al.?° https://cryosparc.com/

RELION v3.3.1 Zivanov et al.®’ https://www3.mrc-Imb.cam.ac.uk/relion
AlphaFold2 Jumper et al.”” alphafold.ebi.ac.uk/

PyMOL Version 1.8 Schrédinger https://pymol.org/2/

UCSF Chimera X v1.17.1 Meng et al.® https://www.cgl.ucsf.edu/chimerax/
COO0T v0.9.8.7 Emsley and Cowtan®® www2.mrc-Imb.cam.ac.uk//personal/pemsley/coot
PHENIX v1.20.1 Adams et al.? https://phenix-online.org/

Origin 2022 OriginLab https://www.originlab.com
GraphPad Prism 10 GraphPad https://www.graphpad.com

Image J NIH https://imagej.nih.gov/ij/

ESPript v3.0 Robert and Gouet®® https://espript.ibcp.fr//ESPript/

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains

Bacterial strain Escherichia coli BL21 (DE3) was used for expression of PIF and phytochromobilin (P®B) in this work. Bacteria were
cultured in LB medium (Oxoid) at 37°C until ODgqg reached 0.6—-1.0, protein expression was induced by addition of 0.8 mM Isopropyl-
B-p-thiogalactoside (IPTG, Sigma-Aldrich) at 16°C for 10-12 h with 170 rpm in shaking incubator (ZQZY-CF8W, Zhi Chu).

Insect cell lines

Insect cell line Spodoptera frugiperda (Sf21) was used for expression of apo-phyB in this work. Cells were cultured in Sf-900 Il SFM
medium (Gibco) at 28°C with 120 rpm in shaking incubator (ZQZY-CF8W, Zhi Chu). Baculovirus infected cells were cultured at 28°C
with 120 rpm for 48 h.

Plant materials and growth conditions
The Arabidopsis thaliana (Arabidopsis) mutant phyB-9 was used in this study. To complement the phyB-9 mutant plants with PHYB
variants, the full-length genomic DNA fragment containing the promoter and coding sequence of phyB was cloned into pCAM-
BIA1302 vector to generate the pPHYB:phyB-GFP construct. The pPHYB:phyB-GFP constructs carrying PHYB mutants were gener-
ated by site-directed mutagenesis(I-5™ 2 x High-Fidelity Master Mix). All constructs were transformed into phyB-9 mutant plants by
the floral-dip method of Agrobacterium tumefaciens (GV3101) transformation. Homozygous transgenic lines were identified by
sequencing, western blot, subcellular fluorescence imaging, and phenotypes.

Seeds were sterilized sequentially by 75% ethanol and 1% NaClO, and then plated on 1/2 MS medium (2.2 g/L MS salts, 5 g/L su-
crose, and 7 g/L agar, pH 5.8). The transgenic seeds were selected on 1/2 MS medium supplemented with 25 pg/ml Hygromycin B.
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The plated seeds were imbibed in the dark at 4°C for 3 days to induce vernalization, and were then exposed to white-light for 6 h of to
induce germination. The Arabidopsis seedlings were grown in a growth room at 23°C and 70% relative humidity under a 16 h/8 h light/
dark photoperiod. For red light treatment, 60 umol-m™-s™ red light was supplied for the Arabidopsis seedlings, unless otherwise
specified.

METHOD DETAILS

Recombinant protein expression and purification

For purification of apo-phyB proteins, the construct of full length phyB (residues 1-1172, generated from the Arabidopsis cDNA library
by a standard PCR-based cloning strategy, cloned into pFastBac-1 vector with a modified N-terminal 6 x His-SUMO tag, and verified
by sequencing) was expressed in Sf21 insect cells (Invitrogen) at 28°C. After recombinant baculovirus infection for 48 h, the cells were
harvested by centrifugation. For biosynthesis of P®B molecules, the construct of pRSFDuet-1-HO1+Hy2 (HO1 (residues 1-240) and
Hy2 (residues 46-329) were codon-optimized in GENEWIZ, Inc., cloned into pRSFDuet-1, and confirmed by sequencing) was trans-
ferred into E. coli BL21 (DE3) in LB medium containing 60 pg/mL kanamycin. After the culture was cooled down to 16°C, 0.8 mM
Isopropyl-3-b-thiogalactoside (IPTG, Sigma-Aldrich) and 100 pM 5-aminolevulinic acid (5-ALA, Sigma-Aldrich) were supplemented
to induce P®B biosynthesis for 10 h with 170 rpm in darkness. The cells were harvested by centrifugation in darkness or dim
green-light.

For recombinant of holo-phyB proteins, pellets of cells expressing apo-phyB and P®B were resuspended and mixed using lysis
buffer (25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5% (v/v) glycerol and 20 mM imidazole) and lysed by sonication on ice in darkness or
dim green-light. The lysate was cleared by centrifugation at 4°C, 13000 rpm for 1 h, and the supernatant was loaded onto columns
containing Ni?* resin for protein purification. The N-terminal 6xHis-SUMO tag was removed using PreScission protease after 8 h
digestion on the column, and the phyB proteins were further purified through ion-exchange column (RESOURCE Q6, Cytiva). The
truncated (phyB-908, phyBY27%"-908) or site-directed mutants of phyB were expressed and purified following the same procedure,
while phyB (90-621) was purified from E. coli BL21 (DE3).

For protein purification of PIF segments, the constructs of GST-tagged PIF1-100, PIF3-100, PIF4-100, PIF4 (residues 1-43), PIF6-
100, PIF6 (residues 1-37), and PIF7-100 (amplified from the Arabidopsis cDNA library by a standard PCR-based cloning strategy,
cloned into pGEX-6P-1, and confirmed by sequencing) were expressed in E. coli BL21 (DE3) as described above. The supernatant
containing proteins of GST-tagged PIF segments after sonication and centrifugation was loaded onto columns containing GS4B
resins for purification. For the reconstitution of phyB-Pfr-PIF6, phyBY27°"-908-PIF6, and phyB-908-PIF6 complexes, the N-terminal
GST tag was removed using PreScission protease after 8 h digestion on the column. For the pull-down or phyB dark reversion assays,
the proteins of GST-tagged PIF segments were eluted from columns by elution buffer (25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5% (v/
v) glycerol and 20 mM reduced glutathione). All these PIF proteins were further purified using gel filtration. The strep tagged PIF3-100
and PIF6-100 were expressed and purified following the same procedures.

Reconstitution of the phyB-PIF6 complexes

The purified holo-phyB was exposed to red light (660 nm, a fluence rate of 219.6 umol-m™-s™") at 4°C for 1 h, and then the phyB
proteins were incubated with an excess amount of PIF6-100 proteins by a molar ratio about 1:10 for 1 h on ice in red light
(660 nm, 219.6 umol-m2-s™"). The phyB-Pfr-PIF6 complex was further purified using gel filtration under red light. The phyB-908-
PIF6 complex was reconstituted following the same procedure. For the reconstitution of phyBY276H—908—PIF6 complex, the purified
phyBY276H1.908 proteins were incubated with PIF6-100 proteins by a molar ratio about 1:1.5 on ice in darkness, and the phyBY27¢"-
908-PIF6 complex was further purified using gel filtration under dim green-light.

Gel filtration assays

The phyB-Pr, phyB-Pfr and phyB-Pfr-PIF6 complex were purified using gel filtration (Superose 6 Increase 10/300 GL, Cytiva) with the
buffer containing 25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 2% glycerol and 3 mM DTT either in darkness or under red light (660 nm,
219.6 umol-m2-s™"). These assays were performed with a flow rate of 0.5 mL/min and an injection volume of 2 mL. Ovalbumin
(44 kDa), aldolase (158 kDa), ferritin (440 kDa) and thyroglobulin (669 kDa) were used as standard protein markers. The phyB-
908-Pr, phyB-908-Pfr and phyB-908-PIF6 complexes were purified by gel filtration (Superdex 200 Increase 10/300 GL, Cytiva)
with an injection volume of 100 pL following the same procedure, while phyBY27°"-908 and phyBY27°"-908-PIF6 complex were pu-
rified by gel filtration (Superdex 200 Increase 10/300 GL, Cytiva) with an injection volume of 2 mL in dim green-light. All the protein
samples were examined by SDS-PAGE followed by Coomassie brilliant blue staining or zinc-induced fluorescence. The PIF6-100,
PIF3-100-strep, and PIF6-100-strep were purified by gel filtration (Superdex 75 Increase 10/300 GL, Cytiva) following the same pro-
cedure. The GST-tagged PIF1-100, PIF3-100, PIF4-100, PIF4 (1-43), PIF6-100, PIF6 (1-37), and PIF7-100 were purified through gel
filtration (Superdex 200 Increase 10/300 GL, Cytiva).

Cryo-EM sample preparation and data collection

For cryo-EM sample analyses of phyB-Pfr-PIF6 and phyBY27%"-908-PIF6, a 3.5 L volume aliquot of 1.5 mg/mL phyB-Pfr-PIF6 or
phyBY276H_908-PIF6 sample was applied to a glow-discharged grids (Au R1.2/1.3 grid (C-flat), 300-mesh). Grids were blotted for
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3-4.5 s with filter paper and plunged into liquid ethane using an FEI Mark IV Vitrobot (Thermo Fisher Scientific) operated at 4 °C and
100% humidity. Then, grids were stored in liquid nitrogen for the further research. Cryo-EM images were collected on a Titan Krios
electron microscope operated at 300 kV and a Gatan K3 Summit direct electron detection camera (Gatan) using EPU software. Im-
ages stacks were recorded in super-resolution mode at a nominal magnification of 105,000 %, corresponding to a physical pixel size
0f0.85A per pixel, with a defocus range between -1 um and -2 um. The dose rate was 15 electron per pixel per second. Exposures of
2.41 s were dose-fractionated into 40 subframes, leading to a total dose of 50 electrons per Az,

Cryo-EM data processing

For phyB-Pfr-PIF6 complex, 7,310 movies were collected. The raw super-resolution dose-fractionated images stacks were 2 x Four-
ier binned, aligned, dose-weighted and summed using Patch Motion Correction in cryoSPARC, resulting in summed micrographsina
pixel size of 0.85 A per pixel. Contrast transfer function (CTF) parameters were estimated using Patch CTF Estimation in cryoSPARC.
After excluding the micrographs with bad Thon rings, 5,489 micrographs were selected for subsequent processing. Blob picker was
performed on a random subset of 1000 micrographs, and around 2,800,000 particles were selected for several rounds of 2D clas-
sification to generate a template for the further template picking. 345,630 particles with good quality were used to perform ab initio
3D reconstruction in cryoSPARC to generate 3D volumes used for further reference-based 3D classification in RELION. These
selected particles were also used to perform Topaz training, and the trained model was further applied to all 5,489 micrographs,
and 3,360,071 particles were selected and extracted with pixel size of 2.55 A per pixel. After a round of 2D classification in cryo-
SPARC, 2,676,259 particles were selected and performed three rounds of 3D reference-based classification in RELION. A total of
325,483 particles were re-extracted with pixel size of 0.85 A per pixel and then used for homogeneous refinement and further local
refinement in cryoSPARC with initial volume generated from 3D classification. Finally, a high-quality cryo-EM map was obtained, with
an estimated resolution of 3.10 A determined by gold-standard Fourier shell correlation (FSC) 0.143, for the subsequent structural
model building. Parameters for data processing and 3D reconstruction are summarized in Data S1; Table S1.

For phyBY27%"-908-PIF6 complex, 15,142 movies were collected. Motion correction and CTF estimation were performed in cry-
0SPARC as described above. After excluding the micrographs with bad Thon rings, 14,636 micrographs were selected for subse-
quent processing. Template picker was performed on all these micrographs, and around 16,839,000 particles were selected and
extracted with pixel size of 1.70 A per pixel for several rounds of 2D classification. 537,616 particles were used to perform ab initio
3D reconstruction in cryoSPARC to generate 3D volumes and subsequent heterogeneous refinement. A total of 36,6884 particles
were re-extracted with pixel size of 0.85 A per pixel and then used for homogeneous refinement and further local refinement with
the original volume in cryoSPARC. Finally, a high-quality cryo-EM map was obtained, with an estimated resolution of 3.19 A deter-
mined by gold-standard Fourier shell correlation (FSC) 0.143, for the subsequent structural model building. Parameters for data pro-
cessing and 3D reconstruction are summarized in Data S1; Table S1.

Model building and refinement

For phyB-Pfr-PIF6 complex, the predicted 3D model of phyB monomer and PIF6 from Alphafold2 was used as the initial template.
The models of phyB-Pfr and PIF6-100 were fitted into the EM density map using UCSF ChimeraX, followed by manual adjustment
and rebuilding in COOT. PDB file of P®B was separated from PDB-8ISJ. The model of phyB-Pfr-PIF6 complex was refined by real-
space refinement (phenix.real_space_refine) in Phenix and manual adjustment in COOT. For phyBY27%"-908-PIF6 complex, the
model of phyB-Pfr-PIF6 was used as the initial template. The subsequent modeling building and refinement were performed following
the same procedure. The structural model statistics are summarized in Tables S1 and S2.

in vitro Pull-down assays

For phyB-PIF interactions, an excess amount of phyB proteins was individually incubated with the GST-tagged PIF segments on the
beads in red light (660 nm, 219.6 pmol-m2-s™") (or white-light for phyBY27®H) at 4°C for 1 h. After washing with 5 mL lysis buffer (25 mM
Tris-HCI (pH 8.0), 150 mM NaCl, 5% (v/v) glycerol) for four times, the GS4B beads were then analyzed by SDS-PAGE, zinc-induced
fluorescence under UV-light, and Coomassie brilliant blue staining.

For the 2:1 stoichiometry between phyB and PIF-100, the equal amounts of GST- and strep-tagged PIF6-100 (or PIF3-100) proteins
were mixed with an excess amount of phyB-908 proteins in red light (660 nm, 219.6 pmol-m2-s™) (or the phyB"27%"-908 proteins in
white light) at 4°C for 1 h. Then one-half of the mixture was incubated with GS4B beads, and the other half was incubated with strep
beads. After incubation for 30 min, the beads were washed with 5 mL washing buffer (25 mM Tris-HCI (pH 8.0) and 150 mM NacCl) for
four times. Proteins bound to beads were separated on a 15% SDS-PAGE gel and detected by zinc-induced fluorescence under UV-
light, Coomassie brilliant blue staining, or anti-Strep immunoblot.

Co-Immunoprecipitation (ColP) assays

For detection of the molar ratio between phyB and full-length PIFs in vitro, the equal amounts of HA-tagged and FLAG-tagged phy-
BY27%" were co-incubated with or without an excess amount of GST-tagged full-length PIF1 or PIF3 synthesized by the in vitro tran-
scription-translation system (TNT® SP6 High-yield Wheat Germ Protein Expression System, Promega) as described previously in
white-light at 4°C for 1 h.?%#¢ Then one-half of the mixture was incubated with anti-HA beads (Smart-Lifesciences), and the other
half was incubated with anti-FLAG beads (Smart-Lifesciences). After incubation for 1 h, the beads were washed with 5 mL washing
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buffer (25 mM Tris-HCI (pH 8.0) and 150 mM NaCl) for four times. Proteins precipitated by the beads were separated on a 10% SDS-
PAGE gel and detected by anti-HA, anti-GST, or anti-FLAG immunoblot.

For Co-IP assays of the protoplast-expressed full-length version of phyB and PIFs, protoplasts from Arabidopsis (Col-0) were indi-
vidually transfected with the phyBY278"-HA, phyBY?"®"-FLAG, Myc-PIF1, and Myc-PIF3 constructs. These proteins were expressed
overnight in darkness. Equal volume of protoplasts expressing phyBY2"®H-HA and phyB"27°"-FLAG were mixed with an excess
amount of protoplasts expressing Myc-PIF1 or Myc-PIF3. The total proteins were extracted with protein extraction buffer (50 mM
HEPES pH 7.5, 150 mM KCI, 1 mM EDTA, 0.5% Trition-X100, 1 mM DTT, protease inhibitor cocktail) in white-light. One half of
the total proteins was incubated with 50 uL anti-FLAG beads (Smart-Lifesciences), while the residual was incubated with 50 pL
anti-HA beads (Smart-Lifesciences). After incubation for 40 min at 4°C in white-light, the beads were washed six times with washing
buffer (50 mM HEPES pH 7.5, 150 mM KCI, 1 mM EDTA, 0.5% Trition-X 100, 1 mM DTT). Proteins precipitated by the beads were
separated on a 10% SDS-PAGE gel and detected by anti-HA, anti-Myc, and anti-FLAG immunoblot.

Immunoblot assays

Five-day-old Arabidopsis seedlings grown under continuous red light were ground into powder in liquid nitrogen. The powder was
then homogenized with protein extraction buffer (50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5% SDS). After centrifugation at 12000 rpm
for 5 min, the supernatant containing the total protein mixture was collected. Proteins extracted from seedlings were separated using
8-12% SDS-PAGE. Following electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane (PVDF, Roche)
at 100 V for 45 min at 4°C. To block non-specific binding, the membrane was treated with 5% skimmed blocking solution (5% (w/v)
skim milk in TBS with 0.5% (w/v) Tween 20), and incubation was carried out by gentle agitation for 1 h at room temperature or over-
night at 4°C. The anti-GFP (EASYBIO, diluted 1:2000) and anti-Actin (EASYBIO, diluted 1:2000) antibodies were used for immunoblot
analyses. The immunoblot assays for protein detection in the aforementioned pull-down or Co-IP assays by anti-Strep (Sangon
Biotech, diluted 1:2000), anti-HA (Abmart, diluted 1:2000), anti-FLAG (Sigma-Aldrich, diluted 1:2000), anti-GST (Abcam, diluted
1:2000), and anti-Myc (Sigma-Aldrich, diluted 1:2000) antibodies were performed following the same procedure.

Subcellular fluorescence imaging

The transgenic Arabidopsis seedlings expressing phyB-GFP were grown in the dark for 5 days and were then exposed to red light for
8 h. The hypocotyl cells were observed using a confocal laser scanning microscope (Nikon A1 HD25+SIM) with GFP fluorescence
excited at 488 nm.

UV-vis absorption spectroscopy and kinetics of dark reversion

UV-vis absorption spectra of phyB proteins were measured by Cary60 spectrophotometer (Agilent) equipped with temperature-
controlled cuvettes PCB-1500 at 22°C using sub-micro cell quartz (10 mm 50 pL, Agilent). To maintain the consistency of spectral
measurements, the buffer for cryo-EM sample preparation of phyB-Pfr-PIF was chosen for assays. The phyB samples were treated
with far-red light (740 nm, 50.4 pmol-m2-s™") irradiation for 30 min, followed by further dark treatment for 1 h, before the spectral
measurements of Pr. For the following spectral measurement of Pfr, the same samples were used after the saturating irradiation
with red light (630 nm, 340.1 umol-m™-s™). The absorbance of continuous wavelength ranging from 200-900 nm was collected
for all these measurements. The scan rate was 4800 nm/min. The difference spectra were generated by a subtraction of the Pfr spec-
trum from the Pr spectrum.

For the measurements of Pfr-to-Pr dark reversion, the phyB samples (phyB alone or mixed with GST-tagged PIF in a molar ratio
about 1:10) were treated with far-red light (740 nm, 50.4 pmol-m2-s™") until they reached a steady state. We recorded the absorbance
at 660 nm and 725 nm in this state, which were labeled as Pry,.x and Pfrin, respectively. Then the phyB samples were exposed to red
light (630 nm, 340.1 umol-m™-s™") until they reached another steady state. The absorbance at 660 nm and 725 nm at this state were
labeled as Pry,i, and Pfrnax, respectively. Thus, the difference between Pfr,o, and Pfr,i, was defined as 100% of phyB-Pfr. Similarly,
the difference between Pr o« and Pry,;, was defined as 0% of phyB-Pr. Then the absorbance at 725 nm or 660 nm was recorded with
appropriate time intervals to evaluate dark reversion of phyB samples at 22°C in darkness. Simulated kinetic profiles for dark rever-
sion were calculated by exponential decay fits of the normalized data points as described previously.>* All spectroscopy data were
collected using Cary WinUV software, and all the data were processed and fit using GraphPad Prism10.

QUANTIFICATION AND STATISTICAL ANALYSIS

All spectroscopic data were recorded using Cary 60 spectrophotometer (Agilent) and presented as means calculated in three bio-
logical replicates. Hypocotyl length and cotyledon angle were measured using Imaged software (https://imagej.nih.gov/ij/), with a
minimum of 20 samples measured for each genotype. The collected data were analyzed using Origin 2022 (https://www.
originlab.com/2022) or GraphPad Prism 10 (https://www.graphpad.com). Statistical analyses and graph constructions were per-
formed using one-way ANOVA, followed by Tukey’s post-hoc test (P < 0.05). Further details can be found in the figure legends.
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BY27¢H related to

Figure S1. Characterization of phyB proteins, pull-down assays for phyB-PIF interactions, and topology of phyB-Pfr or phy!
Figure 1

(A) Left: UV-vis absorbance spectra of phyB-FL in darkness (D) and after saturating irradiation with red light (R). The spectral change ratio (SCR) values are
indicated in parentheses. Right: a cyan color of phyB in Pr state and a light green color after red light saturation.

(B) Left: UV-vis absorbance spectra of phyBY27%"-908 in darkness (D) and after irradiation with red light (R). Right: a cyan color of phyBY27¢"-908 in Pr state or after
red light irradiation.

(C) Pull-down assays for phyB-PIF interactions in dim green light or red light. The pull-down samples were analyzed by SDS-PAGE, followed by Coomassie
brilliant blue staining (left) or zinc-induced fluorescence assay (right).

(D) Zinc-induced fluorescence assays for phyB-Pfr-PIF6 (top) and phyBY2761-908-PIF6 (bottom).

(E) Topological schematic of phyB-Pfr or phyB 276" generated from the structure models of the phyB-Pfr-PIF6 or phyBY276H-908-PIF6 complexes. The secondary
structural elements of the N-terminal PSM containing NTE, nPAS, GAF and its knot lasso (KL) as well as PHY and its tongue are shown. The C-terminal hinge
region (PAS1-PAS2) and HKRD are flexible in the cryo-EM map.



¢? CellPress

Article OPEN ACCESS

PS HK

1T 1
507 522 594 637 747 755
1 11 11

nPAS phyB-Pfr(b, colored)
> @ DrBphP-Pfr (=

D - =Y “
sS4

2e)
o S @
3\7 PPHYB:phyB
(kDa) & -GFP/phyB-9

£l

hyB-GFP
130— ~aphyB-G

phyB-Pr vs phyBY?76H-908 vs phyB-Pfr
(protomer a)

90°

phyB-Pr vs phyBY?76H-908 vs phyB-Pfr
(protomer b)

(legend on next page)




¢ CelPress Cell

OPEN ACCESS

Figure S2. Mechanisms underlying the configuration switch of P®B or BV chromophore and the conformational transition of the PHY tongue
in phyB or DrBphP, related to Figure 2

(A) Alignment of the PHY domain between phyB-Pfr (left: protomer-a, orange; right: protomer-b, yellow) and phyB-Pr (gray, PDB: 7RZW).

(B) Alignment of P®B structures of phyB-Pfr (carbon atoms in magenta) and phyB-Pr (carbon atoms in gray; PDB: 7RZW) from protomer-a (left) or protomer-b
(right).

(C) Color-coded domain architecture of full-length DrBphP. BV, biliverdin 1Xa.

(D) Structural alignment of phyB-Pfr (color-coded) and DrBphP-Pfr (gray, PDB: 8AVX) in two orientations. Black arrows indicate the orientation of the helical spine.
(E) Structural comparison of the PHY domain between phyB-Pfr (yellow) and DrBphP-Pfr (gray).

(F) Alignment of P®B from phyB-Pfr (carbon atoms in magenta) and BV from DrBphP-Pfr (carbon atoms in gray).

(G) Details of the chromophore-binding pocket of phyB-Pfr (left) and DrBphP-Pfr (right). P®B (magenta) or BV (gray) and their contacting residues in the GAF
domain (phyB: green; DrBphP: gray) and PHY domain (phyB: yellow; DrBphP: gray) are shown in sticks. Hydrogen bonds are indicated by red (phyB) or black
(DrBphP) dashed lines.

(H) Alignment of phyB-Pfr (color-coded) and phyB"27"-908 (gray) in two orientations.

(I'and J) Alignment of P®B structures of phyB-Pr (carbon atoms shown in dark gray, PDB: 7RZW), phyB"276H-908 (carbon atoms shown in light gray), and phyB-
Pfr (carbon atoms in magenta) from protomer-a (l) or protomer-b (J) in three orientations.

(K) The GFP-tagged phyBS®®“E proteins expressed in 5-day-old transgenic seedlings grown under continuous red light (Rc) were detected by immunoblot assay.
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Figure S3. Transition of PHY tongue destructs the phyB-Pr dimer stabilized by the PAS2-HKRD module, related to Figure 3

(A) Details of clashes between a-helical PHY tongue (yellow) and Mod of PAS2 (gray) of protomer-b, indicated by red box in Figure 3B.

(B) Rotation of the PHY domain further abolishes contacts between PHY and PAS2, following the clash between the PHY tongue and Mod of PAS2. The PHY
domain of protomer-a (left) or protomer-b (right) of phyB-Pfr is shown in orange or yellow, respectively. The PHY domain of phyB-Pr is shown in gray. The PAS2
domain of phyB-Pr is shown in gray and surface. The dashed arrow indicates the rotation of PHY domain from Pr to Pfr state. The PHY-B3 shifts to the position
where the Mod was originally located.

(C) Top: the cyro-EM densities (black mesh) well define the residues (in sticks) of PHY that clash with HKRD during photoactivation in phyB(a). Bottom: the cyro-
EM densities (black mesh) well define the residues (in sticks) of GAF-a1 that clash with HKRD during photoactivation in phyB(b).

(D) UV-vis absorbance spectra of phyB-908 proteins in darkness (D) and after saturating irradiation with red light (630 nm, 340.1 pmol-m~2-s~") (R). The spectral
change ratio (SCR) values are indicated in parentheses.

(E) Zinc-induced fluorescence assays for light-induced destruction of phyB-908 dimer in Pr state.

(F) Structural comparison of DrBphP-Pfr (wheat, PDB: 8AVX) and DrBphP-Pr (cyan, PDB: 8AVW). The dashed arrow indicates the shift in the PHY domain. Black

arrows indicate the orientations of the C-terminal HK domains.
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Figure S4. Mechanisms of PIF6-100 or PIF3-100 recognition by phyB-Pfr or phyBY?7®H, related to Figure 4

(A) Alignment of phyB-Pfr-PIF6 (color-coded) and phyB "27®"-908-PIF6 (gray) structures in two orientations. PIF6-100 binds to phyB-Pfr or phyB2"® in a similar
manner.

(B) Mutations of PIF3-APB- affected phyB-PIF3 interaction in vitro, as assayed in Figure 4D. The full SDS-PAGE gels were visualized by Coomassie brilliant blue
staining (left) and zinc-induced fluorescence (right).

(C) Mutations of PIF6-APB- affected phyBY2"®"-PIF6 interaction in vitro, as assayed in Figure 4D. The full SDS-PAGE gels were visualized by Coomassie brilliant
blue staining (left) and zinc-induced fluorescence (right).

(D) The amino acid sequences of PIF1/3/4/5/6-100 were aligned based on the structure of PIF6-100 from phyB-PIF6 complex. The highly conserved APB-f motif
and less conserved APB-a motif are indicated by red bars. The red solid circles indicate the residues involved in phyB-PIF6 interactions.

(E) The GFP-tagged phyB''%'E, phyBQ109RT10A \nyBFS14A o hhyB226Y proteins expressed in 5-day-old transgenic seedlings grown under Rc were detected by
immunoblot assay.

(F) Subcellular fluorescence observations indicate that the above mutant proteins are localized within the nucleus of transgenic seedlings but exhibit a diminished
capacity to form photobodies. 5-day-old transgenic seedlings, grown in darkness and subsequently exposed to red light for 8 h. Red arrows indicate the nucleus.
Scale bar: 50 um (top) and 10 um (bottom).
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Figure S5. Mutations disrupting NTE-mediated intramolecular interactions affect dark reversion, PIF6 interaction, and signaling of phyB,

related to Figure 5

(A) UV-vis absorbance spectra of the phyB-NTE mutant proteins in darkness (D), and after saturating irradiation with red light (630 nm, 340.1 ymol-m~2-s~") (R).

The spectral change ratio (SCR) values are indicated in parentheses.

(B) Top: UV-vis absorbance spectra of the phyB-621 (PSM) and phyB (90-621) in darkness (D) and after saturating irradiation with red light (R). Bottom: PIF6-100
effectively inhibited the Pfr-to-Pr dark reversion of phyB-PSM (phyB-621) but has no effect on phyB (90-621). The assays were performed as described for

Figure 5C.

(C) The full SDS-PAGE gels were visualized by Coomassie brilliant blue staining (left) and zinc-induced fluorescence (right) for Figure 5E.

(D) The GFP-tagged phyBY®3" proteins expressed in 5-day-old transgenic seedlings grown under Rc were detected by immunoblot assay.

(E) Subcellular fluorescence observations indicate that the GFP-tagged phyBY2*" proteins expressed in transgenic seedlings are localized in the nucleus, but
they form fewer photobodies compared with wild-type phyB. The assays were performed as described for Figure S4F.
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Figure S6. PIF6-APB-« induces and fits a head-to-head dimer of phyB-Pfr through the nPAS-GAF module, related to Figure 6
(A) Superposition of the PIF6-bound phyB-Pfr (blue) protomer and phyB-Pr dimer (gray, PDB: 7RZW). The other phyB-Pfr protomer (green) is aligned to the
remaining protomer of phyB-Pr dimer. The PAS2 domain in phyB-Pr dimer is incompatible with PIF6-APB-a.
(B) Structural comparison of the nPAS-GAF module of phyB-Pfr (green) and phyB-Pr (gray, PDB: 7RZW). The PAS2 domain from the other phyB-Pr protomer,
shown in sphere. The 220s loop colored in red. Arrows indicate the orientation of GAF-a.1.
(C) UV-vis absorbance spectra of the phyB mutants, with impaired dimerization of phyB-Pfr or phyB-Pr, in darkness (D) and after saturating irradiation with red
light (630 nm, 340.1 pmol-m~2-s~") (R). The spectral change ratio (SCR) values are indicated in parentheses.
(D) The full SDS-PAGE gels were visualized by Coomassie brilliant blue staining (left) and zinc-induced fluorescence (right) for Figure 6F.

(legend continued on next page)
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(E) The GFP-tagged phyB'?2%€ and phyB™2°E proteins expressed in 5-day-old transgenic seedlings grown under Rc were detected by immunoblot assay.
(F) Subcellular fluorescence observations indicate that these mutant proteins expressed in transgenic seedlings are localized in the nucleus, but the photobodies
they formed are less stable than those of wild-type phyB. The assays were performed as described for Figure S4F.



Cell ¢ CelPress

Article OPEN ACCESS

nPAS
a4
phyB-Pfr vs Pr (protomer b) phyB-Pfr (a) vs phyB-Pfr (b) protomera protomer b
D
-+ -+ - 4+ - - - - - - GST-PF1
- - - - - - -+ - 4 - + GSTPF3
+ 0+ o+ o+ o+ o+ o+ o+ + o+ + + phyBY?78H.-HA

+ 0+ 4+ o+ o+ o+ o+ o+ + o+ + + phyBY?SH.FLAG
Anti-FLAG

= CR

Input IP:HA IP: FLAG  Input IP: HA IP: FLAG

e o e | [

E F
phyB-Pfr (a)
phyB-Pfr (b) nPAS(a)J) »
phyB-PSM-Pr ] AW,
PIF6-APB-a £l
GAF(a)3 )
al al al a1 protomer a * protomer b
GAF(b) GAF(a) GAF(b) GAF(a)
G H PIF3(a) .‘
T } s
PIF1(a) _— —_ PIF3(b) {
J § == \
P|F1(b)fr’/ ’ . \ Y -

g
=
bHEA(a)
I3 \\‘ . > ( 2 ‘ 2
\ & X7 ! J N /
N~ N 0 - . .~ phyB-PSM dimer
PIF6(a) P b
I /™ PiFs(n) v J
S8~ APB(a APB(b
\ (a) (b)
jﬂ( APB(a)
{ -
| bHLH(b) bHLH(a) bHLH(b
\‘\ \ 3 phyB-PSM dimer phyB-PSM dimer
U ‘J, 7 bHLH(a) bHLH(b)
) g 5 g
N\ e phyB:PIF = 4:2 phyB:PIF = 2:2

(legend on next page)



¢ CelPress Cell

OPEN ACCESS

Figure S7. Mechanisms for the asymmetry in the phyB-Pfr dimer, the resulting 2:1 molar ratio of phyB-PIF6 interaction, and the predicted
model of how this interaction mode affects the DNA-binding activity of PIF, related to Figure 7

(A) Alignment of the nPAS domain between phyB-Pfr (green or blue) and phyB-Pr (gray, PDB: 7RZW) from protomer-a (left) or protomer-b (middle). Alignment of
the nPAS domain between protomer-a (green) and protomer-b (blue) in phyB-Pfr (right).

(B) Arabidopsis (Col-0) protoplasts individually expressing phyBY2”¢"-HA and phyBY27®H-FLAG were mixed and lysed, with or without an excess of protoplasts
expressing Myc-PIF1 or Myc-PIF3. Total proteins were precipitated by anti-HA or anti-FLAG beads. After extensively washing, the precipitates were analyzed by
the anti-HA, anti-FLAG, and anti-Myc immunoblot. The results clearly demonstrate enhanced detection of both phyBY2"®H variants in the presence of PIF1 or
PIF3. Notably, the full-length PIF1 or PIF3 proteins display a smeared appearance in the immunoblots, indicative of hyperphosphorylation or proteolytic
degradation of the protoplast-expressed PIF proteins.

(C) Structural comparison of PIF6-bound phyB-Pfr dimer (color-coded, in surface) and the PSM of phyB-Pr (gray, in cartoon; PDB: 40UR).

(D) Details of the asymmetric dimerization interface mediated by the nPAS-GAF module in PIF6-bound phyB-Pfr (color-coded) and the PSM of phyB-Pr (gray),
indicated by blue box in (C), shown in two orientations.

(E) The asymmetric GAF-a1 helices in the PIF6-bound phyB-Pfr dimer (left) and the PSM of phyB-Pr (right). PIF6-APB-a binds to GAF-a.1 of phyB-Pfr protomer-a.
(F) Crystal structure of the nPAS-GAF segment of Sorghum bicolor phyB (Sb.phyB) reveals a symmetric dimerization mode (PDB: 6TC5).

(G-I) Structures of full-length homodimers of PIF1 (G), PIF3 (H), and PIF6 (l), as predicted by AlphaFold2, are depicted. The two protomers are distinguished by
coloring in green and blue. The N-terminal APB motifs, which form B-hairpin structures, and the C-terminal a-helical bHLH domains are specifically indicated.
(J) Model onthe 4:2 (2:1) or 2:2 (1:1) ratio of phyB and PIF. The predicted structures of PIF dimers (G-l) indicate that the two N-terminal PIF-APB motifs are spatially
segregated on the opposite side of the C-terminal bHLH domains. A model depicting a 4:2 ratio of phyB to PIF, shown on the left, suggests that the binding of two
phyB-PSM dimers to each PIF-APB motif may induce steric clashes with the PIF-bHLH dimer, consequently impairing its DNA-binding capability. Conversely, for
a 2:2 ratio of phyB to PIF presented in the right, the PIF-APB motifs would require substantial conformational adjustments to accommodate a single phyB-PSM
dimer. The cylinders indicate PIF-bHLH, rectangles indicate PIF-APB, and the irregular rectangles indicate the N-terminal PSM of phyB (phyB-PSM).
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Figure S8. Model on light-activated phyB recognizing its PIF partner, related to Figure 7

In phyB-Pr (stage 1), the PAS2-HKRD module stabilizes a head-to-tail dimer. Upon red light irradiation, P®B undergoes a configuration switch by flipping the
D-ring, which facilitates a transition of the PHY tongue from a B-sheet in Pr to an a-helix in Pfr. This structural change leads to the dissociation of the C-terminal
PAS2-HKRD module from the N-terminal PSMs. The resulting phyB-Pfr keeps dimeric by the C-terminal HKRD, while the free and monomeric N-terminal PSMs
confer enhanced flexibility to phyB-Pfr in solution (stage 2). PIF6-100 binds to phyB-Pfr, thereby stabilizing the NTE and a head-to-head dimer of phyB-Pfr by the
B-hairpin-forming APB- and the a-helix-forming APB-a. of PIF6-100, respectively (stage 3).
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