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Phytochrome A (phyA) and phyB are red and far-red photoreceptors that
interact with PHYTOCHROME-INTERACTING FACTORs (PIFs) via active phyA-
binding (APA) or active phyB-binding (APB) motifs. While APB interacts with

the N-terminal photosensory module of phyB (phyB™), it remains unclear
whether APA interacts with phyA™M, We report that both phyA and phyB
interact with APA through C-terminal output module of phy (phy°™), while

phyB interacts additionally with APB through phyB™™. Marchantia Mp-phy also
interacts with PIFs via the phy°"™-APA interaction. The phyB°"™-APA interaction
promotes PIF3 degradation but not mutual phyB destruction. The full-length
phy-APA interaction is light-dependent, whereas the underlying phy®"™-APA
interaction is not. We show that the Pr form, not the Pfr, of phy™™ competes
with APA for phy°™ binding, explaining how the light-dependent phy-APA
interaction arises from the light-independent phy°™™-APA interaction. Toge-
ther, our results suggest that the phy°™™-APA interaction is an ancient feature

conserved in both Arabidopsis phyA, phyB and Marchantia Mp-phy.

Plant phytochrome (phy) is a red and far-red photoreceptor consisting
of three clades in seed plants: phyA/N, phyB/P, and phyC/O". These
clades share a canonical domain structure with related phy clades in
bryophytes and charophytes’. Different plant species possess varying
numbers of phys: Marchantia (Marchantia polymorpha) has one (Mp-
phy)®, Physcomitrium (Physcomitrium patens) has seven (Pp-phyl/3,
-phy2/4, -phy5a/b/c)*, Arabidopsis (Arabidopsis thaliana) has five
(phyA, phyB/D/E, phyC)’, and rice (Oryza sativa) has three (Os-phyA,
-phyB, -phyC)®. All phys undergo a reversible photoconversion
between two spectral forms, red light-absorbing Pr and far-red light-
absorbing Pfr’. Though undergoing the same photoconversion, phys
exhibit different light specificities. In Arabidopsis, five phys regulate a
wide range of light responses: phyA controls light responses in
response to very low light fluence of light and prolonged far-red light,
while phyB controls light responses in response to low fluence of red
light®°. In bryophytes, a single phy regulates both red light and pro-
longed far-red light responses in Marchantia®®, wheras in

Physcomitrium, seven phys regulate either red-light responses (phy4,
phy5a/b/c), or prolonged far-red responses (phyl, phy2, phy3, phy4)".
This suggests that the functional diversification of phys into distinct
red-light and prolonged far-red-light phys evolved independently in
seed plants and Physcomitrium, likely from an ancestral phy that was
not yet functionally specialized.

Phy is a dimeric protein with a monomer composed of an
N-terminal photosensory module (phy™") and a C-terminal output
module (phy°™)2, Phy™M consists of the N-terminal extension (NTE),
N-terminal Period-Arnt-SIM (nPAS), cGMP phosphodiesterase/adenylyl
cyclase/FhlA (GAF), and PHY domains, while phy°™ consists of a PAS-
related domain (PRD: PAS1 and PAS2 connected by a modulator loop)
and a histidine kinase-related domain (HKRD: DHp and CA). The
chromophore phytochromobilin (P®B) covalently attaches to a con-
served cysteine in the GAF domain and is pocketed by residues from
the nPAS, GAF, and PHY domains"™. The Pr form of phy dimerizes
through the interaction between DHp of two protomers and further
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through the interaction between PAS2 of a protomer and nPAS-GAF of
the other protomer'® %, The phy™M-PAS2 of two protomers align head-
to-tail and form a flat platform with 2-fold rotational symmetry, while
the HKRD dimer protrudes below’ . In the Pfr form of phyB, however,
phyB™M of two protomers dimerize head-to-head via alpha-helices in
the GAF domain, while phyB°™ dissociates from phyB™™ and becomes
more flexible®.

Despite their overall sequence and structural similarities, phyA
and phyB have been shown to bind to different conserved amino acid
motifs in PIFs: Active Phytochrome A-binding (APA) and Active Phy-
tochrome B-binding (APB). Mutations of APB sequences abolish the
binding of PIFs to the Pfr form of phyB, while a PIF3 fragment con-
taining the APB binds specifically to the Pfr of phyB but not to other
phys®, confirming that the APB is the binding motif for phyB. PhyB™M
has been shown to be sufficient for binding to PIFs and promoting light
responses®?, further supported by point mutations in phyB™M that
disrupt PIF3 binding disable phyB™s ability to promote light
responses. Similarly, mutations of APA sequences disrupt the binding
of PIFs to the Pfr of phyA*?*. These findings led to a hypothesis that
phyB binds to PIFs through the phyB™M-APB interaction, while phyA
binds through the phyA™-APA interaction. This dichotomy in phy-PIF
interaction, however, fails to explain certain experimental findings.
First, PIF3 was originally discovered as a protein interacting with
phyB®"™2, Second, point mutations in either phyA°™ or phyB°™ dis-
rupted their binding to PIF3*?. Third, expression of phyB°"™ alone
caused PIF3 degradation in transgenic plants”. These findings suggest
that the idea of phys binding to PIFs exclusively through phyA™™-APA
or phyB™™-APB interactions needs reevaluation.

To facilitate the interaction assay between phys and PIFs, we
engineered yeast to produce phycocyanobilin (PCB) and used this strain
in a yeast two-hybrid (Y2H) assay to test light-dependent interactions.
We report that the APA motif interacts with both Arabidopsis phyA°"™
and phyB°™, as well as Mp-phy°™™, while the APB motif interacts with
the phyB™M. Additionally, despite the APA’s interaction with a non-
photosensory domain, the interaction between the full-length phy and
the APA is light-dependent because the Pr form of the phy™™ binds to
phy®™ and inhibits the binding of the APA to phy°™ in the dark.
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Fig. 1| Yeast two-hybrid assay (Y2H) demonstrates light-dependent interaction
between phytochrome and interacting proteins in AH109C. a Y2H showing red
light-dependent interaction between phyB* and PIF3. Y2H was performed to
observe the red light-dependent interaction between the N-terminal photosensory
module of phytochrome B (phyB™™, amino acids 1-652) and PIF3. Serial dilutions of
AH109C yeast cells harboring a GAL4 DNA binding domain (BD)-fused phyB™™ (BD-
phyB"™) with either an empty GAL4 activation domain (AD) vector (AD) or an AD-
fused PIF3 (AD-PIF3) were plated on non-selective agar plates lacking leucine and

BD-phyBPSM / AD-PIF3

Result

The Y2H assay captures light-dependent interactions between
phyB and its interacting proteins in yeast expressing phyco-
cyanobilin biosynthetic genes

To enable light-dependent interaction assays in the yeast two-hybrid
system (Y2H) without the need for exogenous chromophore, we
engineered a commonly used AH109 yeast strain to produce phyco-
cyanobilin (PCB) de novo by expressing four biosynthetic genes: HO1,
PcyA, FD, and FNR (Supplementary Fig. 1a). This strategy has previously
been employed to successfully induce PCB production in mammalian
cells®. This modified strain was named AH109C. The AH109C emitted
red fluorescence when expressing phyB™ with a Y276H mutation
(phyBPsWY¥276H)2 while the unmodified AH109 did not (Supplementary
Fig. 1b), indicating the formation of phyB™™"?¢" holoprotein in
AH109C. The partially purified phyB™™ from AH109C also displayed
characteristic PCB-containing Pr and Pfr absorption spectra, peaking at
650 nm for Pr and 710 nm for Pfr (Supplementary Fig. 1c). These results
demonstrate that the AH109C strain produces sufficient PCB to sup-
port the formation of spectrally active phy.

We tested whether the engineered AH109C strain could be used
for the Y2H to assay light-dependent interactions between phy and its
interacting proteins. AH109C harboring both phyB™™ and PIF3 grew
well on selective media under red light but not in the dark (Fig. 1a),
while AH109C with phyB™M and an empty vector did not grow under
any light conditions. This supports that the Y2H assay successfully
captured the light-dependent interaction between phyB™™ and PIF3 in
AH109C. Similarly, AH109C harboring full-length phyB and other
interacting proteins such as SPA1, SPA2, ELF3, and TZP also grew well
on selective media under red light but not in the dark (Fig. 1b). These
results demonstrate that AH1I09C can be effectively used in Y2H assays
to detect light-dependent interactions between phy and its interacting
proteins without supplementing the exogenous chromophore.

PhyA interacts with the APA motif through its C-terminal
output module

We used the Y2H assay to investigate which domain of phyA interacts
with which motif of PIF3. Full-length phyA interacted with both wild-
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tryptophan (-LW) and selective plates lacking leucine, tryptophan, and histidine
(-LWH). The plates were incubated either in the dark (Dc) or under red light (Rc,
15 umol m2s™). OD600 of 1 was serially diluted (4-folds each). b Red light-
dependent interaction between full-length phyB and interacting proteins. The
interaction between full-length phyB and its interacting proteins under red light
was tested using AH109C cells expressing AD-fused full-length phyB (AD-phyB) and
BD-fused interacting proteins (SPA1, SPA2, ELF3, TZP).
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Fig. 2 | PhyA interacts with PIF3 through the phyA°™-APA interaction. a Y2H
assay showing the interaction between phyA°™ and the APA motif of PIF3. BD-fused
full-length phyA, phyA™™ (1-615 a.a.), or phyA°™ (608-1122 a.a.) were transformed
into AH109C with AD-fused PIF3, PIF3™", PIF3™8, or PIF3™P/™A" Transformants
were spotted on non-selective (-LW, lacking leucine and tryptophan) and selective
(-LWH, additionally lacking histidine) media, then grown in the dark (Dc) or under
red light (Rc). The additional information on AH109C is provided in Supplementary
Figs. 9, 11. b-d In vitro binding assay showing the light-dependent interaction
between phyA and the APA motif of PIF3. GST-fused PIF3 proteins were used to pull
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down either SBP-fused full-length phyA (b), phyA™" (c), or MBP-fused phyA°™
(d). PhyA and phyA™™ were irradiated with either red light pulses (15 pmol m?s7,
5min, Pfr) or far-red light pulses (2.5 umol m™s™, 5min, Pr) before mixing with
GST-PIF3. The pulled-down proteins were separated by SDS-PAGE and detected
with anti-SBP (phyA, phyA™"), anti-MBP (phyA°™), or anti-GST (GST-PIF3, GST)
antibodies. GST control images were taken from the lower part of the same
immunoblot with the respective GST-fused PIF3 bands and demarcated by ver-
tical lines. All in vitro binding assays were independently repeated at least twice
with consistent results.

type PIF3 and APB-mutated PIF3 (PIF3™"®) under red light, but not in
the dark, while phyA did not interact with APA-mutated PIF3 (PIF3™")
or the double mutant (PIF3™PA™AP8) ynder any light conditions, sup-
porting that phyA interacts with PIF3 through the APA. Interestingly,
phyA™ did not interact with wild-type PIF3 or any of the mutated
forms (PIF3™APA, PIF3™MAPB, PJF3mAPAmAPE) reoardless of light conditions.
The lack of interaction was not due to insufficient phyA™ or PIF3
protein expression in yeast (Supplementary Fig. 2). In contrast,
phyA°™ interacted with both PIF3 and PIF3™* but failed to interact
with PIF3™APA or PIF3™PAMAPE (Fig  2a). Similarly, phyA°™, but not
phyA™™ interacted with PIF1 through the APA (Supplementary Fig. 3a).
These results suggest that phyA interacts with both PIF1 and PIF3 via
the phyA°™-APA interaction.

We further conducted in vitro binding assays using recombinant
phyA and PIF3 proteins. Consistent with the Y2H results, the Pfr of full-
length phyA preferentially bound to both PIF3 and PIF3™", while it did
not bind to PIF3™" or PIF3™PAmA™B (Fig 2b). Among phyA domains,
phyA™ did not bind to PIF3 or any mutant forms (Fig. 2c). In contrast,
phyA°™ bound to both PIF3 and PIF3™*" but failed to bind to PIF3™**
or PIF3MAPVMAPE (Fio 2d). Similarly, phyA°™ bound to PIF1 through the

APA (Supplementary Fig. 3b). Together, both the Y2H and in vitro
binding assays show that phyA interacts with PIF1 and PIF3 in a light-
dependent manner through the phyA°™-APA interaction. This is
enigmatic because the light-dependent phyA-PIF interaction arises
from the light-independent phyA°™-APA interaction.

PhyB interacts with the APA motif through its C-terminal output
module and the APB motif through its N-terminal
photosensory module

We used the Y2H assay to determine if phyB°™™ also interacts with the
APA, given that phyB°™ and phyA°™ are functionally
interchangeable®*”". Interestingly, full-length phyB interacted with PIF3
as well as with PIF3™PA and PIF3™® under red light, but not in the dark.
However, phyB did not interact with PIF3™"AmAPB ynder any light
condition. Domain analysis showed that phyB™™ interacted with both
PIF3 and PIF3™"™ under red light, but not with PIF3™"8 o P[F3mAPA/mAPE
confirming that phyB™™ interacts with PIF3 through the APB. In con-
trast, phyB°™ interacted with both PIF3 and PIF3™® but not with
PIF3MAPA or PIF3™APAMAR (Fig 33), Similarly, phyB™" interacted with PIF1
via the APB, while phyB®™ interacted with PIF1 via the APA
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Fig. 3 | PhyB interacts with PIF3 through the phy™v-APB or the phyB°"™-APA  APA (86-221a.a.), only APB (1-113 a.a.), or their mutant versions (mAPA, mAPB) were
interaction. a Y2H assay showing the interaction between phyB and PIF3 via either  used to pull down SBP-fused phyB™ (e) or MBP-fused phyB°™ (f). g, h Semi in vivo
the phyB"™M-APB or phyB°™-APA interaction. BD-fused full-length phyB, phyB*™ (1-  binding assay showing the phyB°™-APA interaction. Transgenic seedling extracts
652 a.a.), or phyB°™ (642-1172 a.a.) were transformed into AH109C along with AD-  expressing mScarlet-fused phyB°™ were pulled down by GST-fused recombinant
fused PIF3, PIF3™"A, PIF3™A" or PIF3™APVmAPE b—( In vitro binding assay demon- full-length PIF3 proteins (g) or PIF3 fragments containing either APA, APB, or their
strating the interaction between phyB and PIF3 via either the phyB™M-APB or mutant versions (mAPA, mAPB) (h). mScarlet-fused phyB°™ proteins were detec-
phyB°™-APA interaction. GST-fused PIF3 proteins were used to pull down either ted with anti-mCherry antibody. Notations are consistent with those in Fig. 2. All
SBP-fused full-length phyB (b), phyB™" (c), or MBP-fused phyB°™ (d). e, fIn vitro in vitro binding assays were independently repeated at least twice with consistent
binding assay showing the interaction between phyB domains and PIF3 fragments  results.

containing either APA or APB. GST-fused truncated PIF3 fragments containing only
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Fig. 4 | The phy°™-APA interaction promotes the PIF3 degradation but not the
mutual phyB destruction. a Inmunoblot assay showing red light-induced
degradation of PIF3 proteins in the phyA-211 mutant background. Four-day-old
dark-grown transgenic seedlings expressing MYC-tagged PIF3 alleles were exposed
to red light for the indicated times (hours in Rc), and PIF3 protein levels were
analyzed by immunoblot using anti-MYC antibody. a-Tubulin (Tub) was deter-
mined using anti-TUB antibody. Numbers indicate relative PIF3 protein levels.
Immunoblot assays with independent transgenic lines are shown in Supplementary
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Fig. 6a. b Immunoblot assay showing the mutual destruction of phyB and PIF3
proteins. Seedlings expressing both GFP-tagged phyB and MYC-tagged PIF3 alleles
were grown in darkness for 4 days, then either kept in the dark for 12 h (D) or
transferred to red light for 12 h (R). PhyB and PIF3 protein levels were analyzed
using anti-GFP antibody for phyB and anti-MYC antibody for PIF3. Transgenic lines
expressing PIF3 alleles were created in the 355:PHYB-GFP/phyB-9 mutant back-
ground. Numbers indicate relative phyB and PIF3 protein levels. Inmunoblot assays
with independent transgenic lines are shown in Supplementary Fig. 6b.

(Supplementary Fig. 4a). These results indicate that phyB interacts
with PIF1 and PIF3 through both the phyB™M-APB and phyB°™-APA
interactions.

We further performed in vitro binding assays with recombinant
phyB and PIF3 proteins. The Pfr form of phyB preferentially bound to
PIF3, as well as to both PIF3™" and PIF3™"®, but did not bind to
PIF3™APAMAPE (i 3b). This confirms that phyB can bind to PIF3 through
either the APA or the APB. Among phyB domains, the Pfr of phyB™M
bound to both PIF3 and PIF3™" but not to PIF3™® or PIF3mAPA/mARE
(Fig. 3c¢), indicating phyB™" interacts with PIF3 through the APB.
Conversely, phyB°™ bound more strongly to both PIF3 and PIF3™*8
than to PIF3™A™ or PIF3™**AMAPE (Fig 3d), indicating that phyB°™
interacts with PIF3 through the APA. Similarly, phyB°™ bound to PIF1
via the APA (Supplementary Fig. 4b). Another in vitro binding assay
with PIF3 fragments containing only APB (1-113 a.a.) or APA (86-221a.a.)
indicate APB and APA are sufficient to bind to phyB™M and phyB°™,
respectively (Fig. 3e, f). Full-length phyB interacted more strongly with
PIF3 than either phyB™™ *? or phyB°™ (Supplementary Fig. 5a) and the
phyB™M-APB interaction was approximately twice as strong as the
phyB°"™-APA interaction (Supplementary Fig. 5b). A semi in vivo
binding assay further demonstrated that transgenic phyB°™ was
pulled down by both recombinant PIF3 and PIF3™8 but not by PIF3™***
or PIF3MAPAMAPE (Ejo 303 Similarly, transgenic phyB°"™ was pulled down
by the APA fragment but not by the mAPA or APB fragments (Fig. 3h).
Together, the results indicate that phyB interacts with PIF1 and PIF3
through both the phyB™M-APB and phyB°"™-APA interactions.

The phyB°"™-APA interaction promotes PIF3 degradation but
does not trigger phyB destruction

We investigated whether the phyB°"™-APA interaction also triggers the
degradation of PIF3, similar to the phy™M-APB interaction”. We gen-
erated transgenic lines expressing PIF3 mutant alleles in a phyA mutant
background to exclude the role of phyA and assessed PIF3 degradation
under red light. Red light rapidly promoted the degradation of PIF3,
PIF3™"A and PIF3™"8, but not PIF3™PA/mAPB (Fig 4a and Supplementary
Fig. 6a). This supports that phyB promotes PIF3 degradation via both
the phyB™™-APB and phyB°"™-APA interactions. Next, we tested if the
phyB°M-APA interaction induces the mutual destruction of phyB and
PIF3, as seen with the phyB™-APB interaction®. We generated trans-
genic lines expressing PIF3 mutant alleles in a 355:PHYB-GFP/phyb-9
background and analyzed the degradation of both transgenic phyB

and PIF3 under red light. While some endogenous PIF3 must be pre-
sent, the degradation would be mainly influenced by the highly
expressed transgenic PIF3 proteins. Red light induced phyB degrada-
tion when co-expressed with PIF3 or PIF3™"A but not when co-
expressed with PIF3™FB or PIF3™MAPAmAPE However, under the same
condition, the degradation of PIF3, PIF3™" and PIF3™"® still occurred,
indicating that phyB destruction, but not PIF3 degradation, was abol-
ished when the APB is mutated (Fig. 4b and Supplementary Fig. 6b).
Together, the phyB°"™-APA interaction promotes PIF3 degradation but
does not induce phyB destruction, whereas the phyB™M-APB interac-
tion leads to mutual destruction of both phyB and PIF3.

Marchantia Mp-phy interacts with the APA motif also through
its C-terminal output module

The phy®"™-APA interaction may have evolved before the divergence of
angiosperm phyA and phyB, as suggested by the fact that bryophyte
phytochromes, such as those in Marchantia (Mp-phy) and Physcomi-
trium (Pp-phys), also interact with their PIFs through the APA***. To
explore this possibility, we performed Y2H assay with Mp-phy and Mp-
PIF. Consistent with a previous report, Mp-phy interacted with Mp-PIF
under red light but not in the dark, and it failed to interact with Mp-
PIF™PA, Among Mp-phy domains, Mp-phy*™ did not interact with Mp-
PIF under any light conditions, while Mp-phy®™ interacted with Mp-PIF
but not Mp-PIF™™ (Fig. 5a). These results indicate that Mp-phy, like
Arabidopsis phyA, interacts with Mp-PIF via the Mp-phy°™-APA
interaction.

If the phy®™-APA interaction originated in an ancestral phy and
inherited to land plant phys, Mp-phy°™™ and Arabidopsis phy°"™ might
still be capable of binding to each other’s PIFs via the APA. Supporting
this, Mp-phy interacted with both Arabidopsis PIF3 and PIF3™"® under
red light but not in the dark, and failed to interact with PIF3™" or
PIF3mAPAmARE  Similarly, Mp-phy interacted with PIF1 through the APA.
Furthermore, while Mp-phy™™ did not interact with either PIF1 or PIF3
regardless of light conditions, Mp-phy®V interacted with both PIF1 and
PIF3 as long as their APA motifs were intact (Fig. 5b and Supplementary
Fig. 7). Reciprocally, both Arabidopsis phyA and phyB interacted with
Mp-PIF under red light but not in the dark, and neither interacted with
Mp-PIF™"A, Of domains, both phyA°™ and phyB°™ interacted with
Mp-PIF through the APA (Fig. 5¢, d). These results demonstrate that the
phy®™™-APA interaction is conserved in the bryophyte Marchantia Mp-
phy and the angiosperm Arabidopsis phyA and phyB.
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The Pr form of the N-terminal photosensory module competes
with the APA for binding to the C-terminal output module

The emergence of the light-dependent phy-PIF interaction from the
underlying light-independent phy°™-APA interaction could be
explained by a hypothesis: the Pr form of phy™ binds to phy°™,
masking the APA binding site. This hypothesis is supported by pre-
vious findings showing that in the dark, the Pr form of phyB™™ binds to
phyB®"™™, masking a nuclear localization signal in phyB°™™*, To test
whether the light-dependent phy-PIF interaction arises from the light-
dependent masking and unmasking of the APA binding site by phy™",
we conducted several experiments.

We performed Y2H to examine whether the phy™-phy°™ inter-
action is general. As reported previously, phyB™M interacted with
phyB°™ in the dark but not under red light. Similarly, both phyA™™ and
Mp-phy™" interacted with their respective phy°™s in the dark but not
under red light (Fig. 6a-c). In vitro binding assays with recombinant
phy™™ and phy°™ also supported these findings: the Pr form of
phyA™™ preferentially bound to phyA°™, and the same was true for
phyB™M and Mp-phy™™ with their respective phy°™s (Fig. 6d-f). These
results indicate that the Pr-dependent phy"™™-phy°®™ interaction is
conserved in both Mp-phy and Arabidopsis phyA and phyB. Next, we
used Y2H to determine whether phy™™ and the APA bind to a similar
region of phy°™. Dividing phyB°"™ into its PRD and HKRD domains, we
found that the PRD domain interacted with PIF3 and PIF3™"®, but not
with PIF3™APA or PIF3mAPAmAPE while the HKRD domain did not interact
with any PIF3 alleles (Fig. 7a). PhyB™M also interacted with the PRD
domain in the dark but not under red light, and it did not interact with
the HKRD domain regardless of light conditions (Fig. 7b). Furthermore,
the previously reported G767R mutation in the PRD domain® dis-
rupted both the phyB™M-phyB°™ and phyB°"™-APA interactions (Sup-
plementary Fig. 8). These results suggest that both phyB™ and the
APA interact with the PRD domain of phyB°™.,

OPM

We then investigated whether the Pr form of phy™™ and the APA
compete for binding to phy°™. If they do, expressing the APA frag-
ment should inhibit the interaction between phy™™ and phy®"™ in Y2H.
Consistent with this hypothesis, the AH109C harboring the phyA™V-
phyA°"Minteraction pair did not grow on selective media, regardless of
light conditions, when the APA fragment was co-expressed, whereas it
grew in the dark but not under red light when co-expressed with the
mAPA fragment (Fig. 7c). Similarly, the APA fragment, but not the
mAPA fragment, interfered with the phyB"™M-phyB°™ interaction
(Fig. 7d). To further validate the competition between APA and phy™™
for binding to phy°™, we conducted in vitro binding assays with
recombinant phy™™ and phy°™ in the presence of the APA fragment.
PhyA™M bound less to phyA°®™ in the presence of APA but not in the
presence of mAPA (Fig. 7e). Likewise, phyB™™ bound less to phyB°™
when APA was present, but not when mAPA was present (Fig. 7). Taken
together, these results indicate that the Pr form of phy™™ and the APA
compete for binding to phy®™. This supports the hypothesis that the
light-dependent masking and unmasking of phy°™ by phy™™ is the
basis for the emergence of light-dependent phy-PIF interaction from
the underlying light-independent phy°"™-APA interaction.

Discussion

Phytochromes bind to PIFs through either the APA or APB motifs. Of
them, phyB™™ has been shown to interact with the APB, but it remains
unclear whether phyA™M interacts with the APA. In this report, we
engineered a yeast strain to produce phycocyanobilin (PCB), allowing
us to capture light-dependent interactions between phy and its inter-
acting proteins, including PIFs, SPAs, ELF3, and TZP in the Y2H. Using
the Y2H, supplemented by in vitro binding assays, we show that
phyA°™ interacts with PIFs through the APA, while phyA™ does not
interact with PIFs. Interestingly, the phy®™-APA interaction is not
limited to phyA; phyB°™ also interacts with PIFs via the APA.
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Fig. 6 | Phy™" preferentially interacts with phy°™ in the dark. a-c Y2H assay
showing the interaction between phy™™ and phy®™ in the dark. AH109C cells were
transformed with either AD-fused phyA™™ and BD-fused phyA°™ (a), AD-fused
phyB™™ and BD-fused phyB°™ (b), or AD-fused Mp-phy™ and BD-fused Mp-phy°™
(c). Notations are consistent with those in Fig. 2a (a-c). d-f In vitro binding assay
showing the interaction between phy™™ and phy°™ in darkness. Recombinant SBP-

fused phy”™™ was pulled down by MBP-fused phy°™ for phyA™™ and phyA°™ (d),
phyB"™ and phyB°™ (e), or Mp-phy™™ and Mp-phy°™ (f). Phy*™ was irradiated with
either a red light pulse (15 umol m™s™, 5 min, Pfr) or a far-red light pulse (2.5 pmol
ms™, 5min, Pr) before mixing with MBP-fused phy°™. Other notations follow
those in Fig. 2b (d-f). All in vitro binding assays were independently repeated at
least twice with consistent results.

Additionally, the Marchantia Mp-phy°™ interacts with both its native
PIF (Mp-PIF) and Arabidopsis PIFs through the APA, while Arabidopsis
phyA°™ and phyB°™ also interact with Mp-PIF through the APA. Our
findings suggest that the phy°™-APA interaction is an ancient feature
conserved in both bryophyte Marchantia Mp-phy and angiosperm
Arabidopsis phyA and phyB, while the phy™“-APB interaction repre-
sents a more recent adaptation specific to phyB (Fig. 7g).

The phyB™M-APB and phyB°"™-APA interactions have both over-
lapping and distinct roles in the degradation of PIF3 and phyB. Both
interactions are sufficient to trigger the degradation of PIF3 by phyB in
response to red light. This finding aligns with previous reports indi-
cating that the phyB°™ is necessary for the degradation of both PIF1
and PIF3 in response to red light and that expression of phyB°"™ alone
(625-1172 a.a.) can promote PIF3 degradation even in the dark?>%%.
The ability of both the phyB™M-APB and the phyB°"™-APA interactions
to drive PIF3 degradation may also explain why some mutations in
phyB™M, such as GI111D, completely abolish the activity of mutant
phyB™™ allele, while only partially impairing the function of full-length
mutant phyB allele”*°. However, the two interactions differ in their
ability to promote the mutual destruction of phyB and PIF3, while the
phyB™M-APB interaction leads to the destruction of also phyB, the
phyB°"™-APA interaction does not. This is consistent with observations
in Marchantia, where the phy°™-APA interaction promotes the
degradation of Mp-PIF but not Mp-phy’. It remains unclear why the
phyB™M-APB interaction uniquely triggers mutual destruction. A pre-
vious study indicated that when phyB binds PIF3, it induces PIF3
phosphorylation by PPKs, which recruits LRBs, BTB-CUL3-type ubi-
quitin E3 ligase components, to the phyB-PIF3 complex***2, The E3
ligase then ubiquitinates both phyB and PIF3, leading to their mutual
destruction. Another set of E3 ubiquitin ligases, EBF1 and EBF2, has also
been suggested to mediate the light-dependent degradation of phos-
phorylated PIF3 without triggering the mutual destruction of phyB*.

Investigating whether LRBs or EBFs specifically recognize the phyB™V-
APB complex or the phyB°™™-APA complex could provide valuable
insights into the mechanisms underlying this selective degradation
process.

Although phy°™ itself interacts with the APA in a light-
independent manner, the full-length phy interacts with the APA in a
light-dependent fashion, presenting an enigma regarding how light
dependence arises from an inherently light-independent interaction.
We propose that this can be explained by light-dependent masking and
unmasking of phy°™ by phy™M, A previous study showed that the Pr
form of phyB™M interacts with phyB°™ to mask a nuclear localization
signal (NLS) in phyB°™, preventing the Pr of phyB from translocating
to the nucleus in the dark®. Our findings extend this model by showing
that the Pr of phy™ interacts with phy°™ not only in phyB but also in
phyA and Mp-phy. This suggests that the Pr-dependent phy"M-phy°™
interaction is evolutionarily conserved. We further demonstrate that
the co-expression of the APA fragment inhibits the Pr-dependent
phy™M-phy®™ interaction in Y2H, and the recombinant APA fragment
interferes with the binding of phy™™ to phy°™ in vitro. These results
support the hypothesis that the Pr of phy"™™ competes with APA for
binding to phy°™. Together, our results suggest that phy™™ interacts
with phy®™ and blocks the binding of APA to phy°™ in the dark, while
phy™M dissociates from phy°™ and unmask phy°™, allowing the APA
to bind preferentially in red light.

The light-dependent masking and unmasking of phy°®™ may also
provide a molecular basis for the light-dependent interactions
between phy and a few other interacting proteins. One example is
SPA1**¢, Previous studies have shown that SPA1 interacts with full-
length phyB in a light-dependent manner but does not bind to phyB™™
(1-640 a.a.), instead interacting light-independently with phyB°"™ (640-
1172 a.a.). Similarly, SPAI1 interacts with full-length phyA in a light-
dependent manner, but not with phyA™™ (1-600 or 1-617 a.a.), while

Nature Communications | (2025)16:3946


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59327-8

HKRD
a PRD b
Dc Dc Re Dc Dc Rc
AD-
BD-PRD BD-HKRD
AD- AD-
PIF3 BD- BD-
AD-phyBPSM AD-phyBPSM
PIF3mAPA BD-PRD BD-HKRD
AD-phyBPSM AD-phyBPSM
I~ W LWH LW -LWH
f
phyAPSM + phyACPM phyBPSM + phyBOPM
APAIMAPB
PIFgmAPA RIRia P
W -LWH AW -LWH Pfr Pr ? ? Pfr Pr ? ?
kDa kDa
TS N W e |« phyAPSM 75 - s wamw v mem |« phyBPSM
c phyAF’SM + phyAOF'M g = s = c§> %
E 26 — e < APA E w } < APA
APA MAPA 2 2 | .
g a
100 e < ohyARV 100 - @ BN S B8 (< phyBOPV
_LWU/Dc V5| - —— e |< phyAPSM 75w meon wom o (< phyBPSM
LWUHDe B8 | 45 "= we |« APA g —— |« APA
£ = | 48
LWUHRG 100 o ———— |« phyACPM 100 - M- - < p[yBOPM
d J
-LWU/Dc
=
R g
N — =
g . -LWUHA/DC — E phyA
£ FR 3
P g
-
_ HnARe =
Mp-phy

Fig. 7 | The Pr form of phy™" competes with the APA for binding to phy°™.

a, b Y2H assay showing the interactions between the APA and the PRD domain of
phyB°" (a) and phyB"™ and the PRD domain of phyB°"™™(b). ¢, d Y2H assay showing
the disruption of the phy™M-phy°™ interaction by APA. The APA of PIF3 (116-221
a.a.) or the mAPA in a vector with the URA3 selection marker was co-transformed
with the phyA™™ and phyA°™ (c) or the phyB™ and phyB°™ pair (d). U and A in
yeast media indicate the additional lack of uracil and adenine. e, f In vitro binding
assay showing disruption of the phy"M-phy°™ interaction by APA. MBP-fused
phyA°™ (e) or phyB°™ (f) was used to pull down SBP-fused phyA™" (e) or phyB*
(P in the presence of either GST-fused APA (86-221 a.a.) or mAPA. All in vitro
binding assays were independently repeated at least twice with consistent results.
g A diagram illustrating the light-dependent phy-PIF interactions via APA and APB
motifs. A plant-type phy is believed to have originated in charophytes, and

subsequently diverged into different phy clades including a bryophyte clade and
spermatophyte clade. Both bryophyte Marchantia Mp-phy and spermatophyte
Arabidopsis phyA and phyB promote light responses by interacting with PIFs
through either APA or APB motif. The phy°™-APA interaction is conserved in both
phyA, phyB, and Mp-phy, while the phy"™-APB interaction is found only in phyB. In
the dark, phy™ interacts with phy°™, blocking the binding of APA to the PRD
domain (light green color) of phy°™. In the light, phy"™ dissociates from phy°™,
unmasking the APA binding site and allowing APA to bind to phy°™. This light-
dependent masking and unmasking mechanism explains how full-length phys
interact with APA in a light-dependent manner, despite the underlying phy°™-APA
interaction being inherently light-independent. This masking mechanism may also
regulate the light-dependent interaction of phytochromes with other proteins,
such as SPA1, that bind to phy°™.

interacting light-independently with phyA°™ (591-1121 a.a.). Mutations
in phyA°™ (such as phyA®?”, phyA¥””¥) also disrupt SPA1 binding,
highlighting the critical role of phyA°™ in the interaction. The
importance of phy°™ for the interaction extends beyond SPAL. For
example, PCH1 interacts with both phyB™™ and phyB°"™¥, TZP inter-
acts with both phyA°"™ and phyB°™*8, and COP1 interacts with phyA°™
but not phyA™™, while it binds to both phyB™™ and phyB°"™***°, ELF3
interacts with phyB°™ and apo-phyB™™", while SWC6 and ARR6
interact light-independently with both phyB™™ and phyB°™, but only
with phyA®™, not phyA™2 Thus, it would be intriguing to

experimentally test whether the light-dependent interactions between
these proteins and full-length phys are also influenced by the light-
dependent masking and unmasking of phy°™,

The PRD domain of phy°™ is likely a region unmasked in the Pfr
form, as both the APA and phy™" interact with it. Although the specific
structural changes that lead to the unmasking of the PRD domain in the
Pfr form are not yet fully understood, the dissociation of phy™™ from
the PRD domain may play a key role in this unmasking process. The
structures of the Pr of both phyA and phyB suggest extensive inter-
actions between phy™™ and the PRD domain'®®, First, the modulator
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loop, a B-hairpin loop located between the PASI and the PAS2 of the
PRD domain, extends to interact with the PHY domain of phy™™.
Second, the PAS2 domain of one protomer interacts with the nPAS-
GAF domains of the other protomer, aligning the phy™" to the PRD of
the two protomers in a head-to-tail dimer arrangement. In contrast, the
structure of the Pfr of phyB bound to 100 amino acids of PIF6 con-
taining the APB motif shows that the phyB™™ domains of the two
protomers align in a head-to-head dimer, with the PRD domain no
longer interacting with phyB™™ and becoming more flexible'. This
significant structural rearrangement has been attributed, in part, to
steric hindrances between the tongue and the modulator structures, as
well as between the PHY domain and the HKRD domains in the Pfr
form. This structural remodeling from Pr to Pfr, leading to the dis-
sociation of the PRD domain from phy™, may represent the process of
unmasking phy°™. Further studies are needed to confirm whether
these structural transitions are directly responsible for the unmasking
of the PRD domain in the Pfr form.

Methods

Plant materials and growth conditions

Arabidopsis thaliana plants were grown at 22 °C in a growth room under
long-day conditions (16 h of white light at 100 pmol m™s™ followed by
8 h of darkness). To generate MYC-tagged PIF3 overexpression lines,
PIF3 and its APA-, APB-, or APA/APB-mutated versions were cloned into
a pBI121(GenBank M14641, clontech)-derived vector with the MYC tag at
the C-terminus. These constructs were transformed into either the
phyA-211 mutant (to assay red light-induced PIF3 degradation by phyB)
or the 35S:PHYB-GFP/phyB-9 line (to assay mutual destruction of phyB
by PIF3 alleles). Independent homozygous lines were selected and used
for subsequent assays. Transgenic lines expressing mScarlet-tagged
phyB°™M (642-1172 a.a.) were generated by cloning the corresponding
gene fragment into a pBl12I-derived vector (35S:PHYB°™-mScarlet).
Homozygous lines were amplified and used for analysis. A schematic
illustration of the phytochrome and PIF alleles used in these constructs
is provided in Supplementary Fig. 9. A schematic illustration of the MCS
of all derived vectors is shown in Supplementary Fig. 10. Primers used
for cloning are listed in Supplementary Table 1.

Engineering of a yeast strain producing phycocyanobilin

To engineer a yeast strain capable of producing phycocyanobilin
(PCB), a PCB biosynthetic gene was synthesized and integrated into the
genome of the AH109 yeast strain, commonly used for yeast two-
hybrid assays (Y2H). The PCB biosynthetic gene consists of partially
codon-optimized phycocyanobilin ferredoxin oxidoreductase (PcyA),
heme oxygenase-1 (HO1), ferredoxin (FD), and ferredoxin NADP*
reductase (FNR) from Synechocystis sp. PCC6803, each of which is
fused to a yeast mitochondrial targeting sequence (MTS) at their
N-termini and linked by 2A peptide to make a single gene. The full
sequence is provided in Supplementary Fig. 11. The GALI promoter in
the HO-pGAL-poly-KanMX4-HO plasmid® was replaced with the GPD
promoter, and the PCB biosynthetic gene was cloned under this GPD
promoter. The resulting PCB biosynthetic gene expression cassette,
along with KanMX conferring G418 resistance, was inserted into the HO
locus of AH109 through homologous recombination, creating the
strain designated AH109C. The production of PCB and the assembly of
holo-phytochrome were assessed by the fluorescence emission of
phyBPSWY¥276H (1.652 a.a., Y276H mutation) and the absorption spectra of
partially purified phyB™™ from AH109C (Supplementary Fig. 1).

For the fluorescence emission analysis of phyB™™Y#¢H in AH109C,
the PHYB™YY78" was cloned into a pGBKT7 (630443, clontech)-derived
vector and transformed into either AH109 or AHI09C. The trans-
formed yeast cells were plated on yeast dropout media lacking tryp-
tophan for selection and incubated at 30 °C in the dark for 4 days. After
incubation, the yeast cells were resuspended in PBS, and fluorescence
emission was observed using a fluorescence microscope (BXS51,

Olympus) with a CY5 filter (39007, Chroma; excitation at 620/50 nm
and emission at 690/50 nm).

To measure the light-dependent absorption spectra of phyl
produced from AH109C, Hisg-tagged PHYB™ was cloned into a
p425GPD**-derived vector and transformed into AH109C. The trans-
formed AH109C cells were cultured in yeast dropout liquid media
lacking leucine at 30 °C for 2 days and harvested by centrifugation
(2600 g, 10 min). The harvested cells were lysed by vortexing with
glass beads (G8772, Sigma) in lysis buffer (50 mM Tris-HCI, 150 mM
NaCl, 10% [v/v] glycerol, 0.1% [v/v] Triton X-100, 1mM PMSF, and a
protease inhibitor cocktail [Roche cOmplete™], pH 7.5) using a Vortex-
Genie 2 (SI-0236, Scientific Industries). The Hisg-tagged phyB™™ pro-
tein was partially purified from the lysed yeast extract by binding to Ni-
NTA agarose and eluting with an elution buffer (50 mM Tris-HClI,
150 mM NacCl, 10% [v/v] glycerol, 0.1% [v/v] Triton X-100, 250 mM
imidazole, pH 7.5). The eluted phyB™™ was then irradiated with either
red light (15 umol m™s™, Pfr) or far-red light (2.5 pmol m™s7, Pr) for
10 min, and the absorption spectra were determined using a UV-Vis
spectrophotometer (UV-1800, Shimadzu) over a wavelength range of
500 nm to 800 nm.

BPSM

Yeast two hybrid assay

For the yeast two-hybrid (Y2H) assay, phytochromes were cloned into
the N-terminal side of either the GAL4 activation domain (AD) in the
PGADT7 (630442, clontech) vector or the GAL4 DNA-binding domain
(BD) in the pGBKT7 (630443, clontech) vector. PIFs and other inter-
acting protein genes (SPA1, SPA2, ELF3, and TZP) were cloned into
either pGADT7 or pGBKT7 vectors. Site-directed mutagenesis was used
to generate PIF3 alleles (PIF3™APA, PIF3MAPE, P[F3mAPAMAPB) and PIF] alleles
(PIF1™PA, PIF1™APE, P[F1mAPA/mAPB) which were subsequently cloned into
Y2H vectors. A schematic illustration of the phytochrome and PIF
alleles used for the constructions is shown in Supplementary Fig. 9,
and primers for cloning are listed in Supplementary Table 1.

The Y2H assay was conducted following the Clontech manual
(PT3024-1). Both BD and AD vectors were co-transformed into AH109C
yeast cells, and transformants were selected on dropout media lacking
leucine and tryptophan (-LW). Several colonies were cultured in liquid
-LW media for 48 h, after which cells were collected, washed twice with
sterile water, and serially diluted to an optical density of 0.02 at
600 nm. The diluted cells were spotted onto -LW agar plates and -LWH
plates (lacking leucine, tryptophan, and histidine) supplemented with
2 mM 3-aminotriazole (3-AT). Plates were incubated at 30 °C either in
darkness or under red light (15 pmol m™s™) for 4 days.

For protein expression analysis, yeast cells were inoculated in
50mL of YPDA and grown until the optical density at 600 nm
(0.D.600) reached 0.8. The cells were collected by centrifugation
(2600 g, 10 min) and washed twice with sterile water. The pellet was
flash-frozen in liquid nitrogen and resuspended in lysis buffer (8 M
urea, 120 mM NaH,PO4, and 10 mM Tris-HCI, pH 8.0). The cells were
lysed by vortexing with glass beads (G8772, Sigma) for 2 min. The
lysate was then centrifuged at 20,000 g for 10 minutes at 4 °C to
remove cell debris. The supernatant was mixed with SDS sample buffer
(5% buffer: 0.25M Tris-HCI, 0.25% [w/v] bromophenol blue, 0.5M
dithiothreitol, 50% [v/v] glycerol, and 10% [w/v] SDS, pH 6.8) and
separated by SDS-PAGE for immunoblotting.

For Y2H assays involving a third protein, the third gene was cloned
into a p416GPD** vector with a URA3 selection marker. To accom-
modate this vector, the URA3 gene was deleted from AH109C via
homologous recombination, generating AHI09CdU. To investigate
whether the APA disrupts the interaction between phy™™ and phy°™,
the APA of PIF3 (116-221 a.a.) fused to NLS and mScarlet was cloned
into p416GPD. The three vectors were co-transformed into AHI09CdU
and plated on dropout media lacking leucine, tryptophan, and uracil
(-LWU). A few transformed cells were cultured, serially diluted, and
spotted on -LWU plates or -LWUH plates (lacking leucine, tryptophan,
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uracil, and histidine with 2 mM 3-AT), or -LWUHA plates (lacking leu-
cine, tryptophan, uracil, histidine, and adenine with 2 mM 3-AT). Plates
were incubated at 30 °C in darkness or under red light (15 pmol ms™)
for 4 days. Primers for cloning are listed in Supplementary Table 1.

Immunoblot assay

Eighty transgenic seeds expressing MYC-tagged PIF3 alleles in either
the phyA-211 background (for the PIF3 degradation by phyB) or the
35S:PHYB-GFP/phyB-9 background (for the mutual destruction of phyB
by PIF3 alleles) were sown on 1/2 MS agar plates with 1% (w/v) sucrose,
stratified for 3 days at 4 °C, and transferred to white light for 6 h to
induce germination. For the PIF3 degradation assay by phyB in the
absence of phyA, the plates were either kept in the dark for an addi-
tional 2 h or exposed to red light (15 pmol m™s™) for 30 min or 2 h. For
the mutual destruction of phyB by PIF3 alleles, the plates were kept in
the dark for an additional 12 h or transferred to red light (15 pmol
m~2s7) for 12 h. Seedlings were harvested, frozen in liquid nitrogen, and
ground using a tissue lyser (Qiagen, Tissuelyser II). The ground tissue
was resuspended in extraction buffer (8 M urea, 120 mM NaH,PO,, and
10 mM Tris-HCI, pH 8.0) and centrifuged to remove debris (20,000 g,
10 min, 4 °C). The supernatant was mixed with SDS sample buffer
(0.25 M Tris-HCl, 0.25% [w/v] bromophenol blue, 0.5 M dithiothreitol,
50% [v/v] glycerol, 10% [w/v] SDS, pH 6.8 for 5x buffer) and separated
by SDS-PAGE. Proteins were transferred to a nitrocellulose membrane
(1060003, GE Healthcare) and analyzed by immunoblotting with
specific primary antibodies. Protein luminescence was detected using
the ChemiDoc XRS+ system (Bio-Rad) and visualized with ECL sub-
strate (34577, Thermo Scientific). The primary antibodies used were a-
MYC (sc-40, Santa Cruz Biotechnology), a-SBP (sc-101595, Santa Cruz
Biotechnology), a-MBP (sc-13564, Santa Cruz Biotechnology), a-GST
(sc-138, Santa Cruz Biotechnology), a-mCherry (632543, Takara), a-
GFP (ab290, Abcam), a-GAL4 DBD (sc-510, Santa Cruz Biotechnology),
o-PIF3 (rabbit polyclonal, Abfrontier), and «-TUB (T5168, Sigma). The
secondary antibodies were goat anti-mouse IgG (H +L)-HRP (31430,
Invitrogen) and anti-rabbit IgG-HRP (70748, Cell Signaling).

In vitro binding assay

Full-length phy and phy™" were cloned into an arabinose-inducible
PBAD/myc-His B> vector with an N-terminal SBP tag and a C-terminal
Hisg tag, while phy®™ was cloned into an IPTG-inducible pMALc2x*®
vector with an N-terminal MBP tag and a C-terminal His, tag. PIF pro-
teins were cloned into an IPTG-inducible pET41a* vector containing an
N-terminal GST tag and a C-terminal Hisg tag. The primers used for
cloning are listed in Supplementary Table 1. Chromophore-bound full-
length phy and phy™™ were purified from the PCB-producing E. coli
strain LMG194>, while PIFs and phy°™ were purified from BL21-
CodonPlus-RIL cells. For full-length phy and phy™", cells were lysed in
lysis buffer (50 mM Tris-HCI, 25 mM NaCl, 2mM EDTA, 0.2% [w/v]
lysozyme, 10% [v/v] glycerol, 0.1% [v/v] Triton X-100, 1 mM PMSF, and a
protease inhibitor cocktail [Roche cOmplete™], pH 7.5) by incubating
at 37 °C for 15 min. RNase-free DNase (10 Kunitz units/mL) and 50 mM
MgSO, were added to remove DNA. Phytochromes were then purified
using Ni-NTA agarose and an elution buffer (50 mM Tris-HCI, 150 mM
NaCl, 10% [v/v] glycerol, 0.1% [v/v] Triton X-100, 250 mM imidazole, pH
7.5). For phy®™ and PIF proteins, cells were lysed in a similar lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA, 10% [v/v] glycerol,
0.1% [v/v] Triton X-100, 1 mM PMSF, 1 mM [-mercaptoethanol, and a
protease inhibitor cocktail [Roche cOmplete™], pH 7.5) with sonication
(2 sec/4 sec pulse, 15 min). Proteins were purified using Ni-NTA agarose
and the same elution buffer.

For in vitro binding assays, glutathione sepharose 4B resin-bound
GST-tagged PIF proteins were incubated with SBP-tagged phy or
phy™M, pre-treated with either red light (15 pmol m™s™, Pfr) or far-red
light (2.5 umol m™s™, Pr) for 5min. For assays between phy™™ and
phy°™, amylose resin-bound MBP-tagged phy°™ was incubated with

PSM

PSM

SBP-tagged phy™", pre-treated with red or far-red light for 5 min. For
assays involving the APA domain of PIF3 (86-221 a.a.), GST-tagged APA
was added to the incubation of MBP-tagged phy°™ and SBP-tagged
phy™M, pre-treated with red or far-red light. For assays between phy°™
and PIF, glutathione sepharose 4B resin-bound GST-tagged PIF pro-
teins were incubated with MBP-tagged phy®™ proteins. Incubations
were performed with 3 ug of each protein in 1 mL of binding buffer
(50 mM Tris-HCI, 150 mM Nacl, 10% [v/v] glycerol, 0.1% [v/v] Triton X-
100,1 mMEDTA, 0.05% [w/v] sodium deoxycholate, pH 7.5) with gentle
rotation at 4°C in the dark for 2h. After incubation, resin-bound
protein complexes were washed three times with the binding buffer
and precipitated by centrifugation (500 g, 1 min). Precipitated com-
plexes were dissolved in the SDS sample buffer for SDS-PAGE. Co-
precipitated GST-PIF, SBP-phy, SBP-phy™M, and MBP-phy°™ were
detected by immunoblotting using antibodies against GST,
SBP, or MBP.

To determine relative binding affinities, 60 nmol of resin-bound
GST-tagged APB or APA was incubated for 2 h with 0-165 nmol of red-
light-treated phyB™™ or phyB°™, at 15 nmol intervals, in 1mL binding
buffer (50 mM Tris-HCI, 150 mM NaCl, 10% [v/v] glycerol, 0.1% [v/v]
Triton X-100, 1 mM EDTA, 0.05% [w/v] sodium deoxycholate, pH 7.5).
The resin was then precipitated, and the pull-downed phy and PIF
proteins were analyzed by immunoblotting. After immunoblotting, the
band intensity was measured using ImageJ software (https://imagej.
nih.gov/ij/). The fraction bound was plotted using GraphPad Prism 10
(https://www.graphpad.com/).

Semi in vivo binding assay

Semi in vivo pulldown assays were performed using recombinant GST-
tagged PIF proteins and extracts from transgenic cells expressing
mScarlet-tagged phyB°™. Seedlings were grown under continuous
white light (22 °C, 40 umol m™s™) for 4 days, harvested, and ground in
liquid nitrogen using a tissue lyser (Qiagen, Tissuelyser II). The ground
tissue was resuspended in lysis buffer (50 mM Tris-HCI, 150 mM NacCl,
10% [v/v] glycerol, 0.1% [v/v] Triton X-100, 1 mM PMSF, and a protease
inhibitor cocktail [Roche cOmplete™], pH 7.5). Incubations were per-
formed in 1 mL soluble supernatants and incubated with glutathione
sepharose 4B resin pre-bound to GST-tagged PIF proteins, with gentle
rotation at 4 °C in the dark for 2h. After incubation, the resin was
washed three times with the binding buffer and precipitated by cen-
trifugation (500 g, 1 min). The precipitated samples were dissolved in
the SDS sample buffer for SDS-PAGE. Co-precipitated GST-PIFs and
phyB°™-mScarlet were detected by immunoblotting using antibodies
against GST and mCherry, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study will be available from the corre-
sponding author upon the request. Source data are provided with
this paper.
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