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Chaperone-like protein DAY plays critical roles in
photomorphogenesis

Ho-Seok Lee!?, llyeong Choi4, Young Jeon?, Hee-Kyung Ahn@® 3, Huikyong Cho?, Jiwoo Kim', Jae-Hee Kim',

Jung-Min Lee!, SungHee Lee!, Julian Biinting!, Dong Hye Seo?, Tak Lee® >, Du-Hwa Lee® ', Insuk Lee® ©,

Man-Ho Oh’, Tae-Wuk Kim®8, Youssef Belkhadir® '™ & Hyun-Sook Pai 24

Photomorphogenesis, light-mediated development, is an essential feature of all terrestrial
plants. While chloroplast development and brassinosteroid (BR) signaling are known players
in photomorphogenesis, proteins that regulate both pathways have yet to be identified. Here
we report that DE-ETIOLATION IN THE DARK AND YELLOWING IN THE LIGHT (DAY), a
membrane protein containing Dnal-like domain, plays a dual-role in photomorphogenesis by
stabilizing the BR receptor, BRI1, as well as a key enzyme in chlorophyll biosynthesis, POR.
DAY localizes to both the endomembrane and chloroplasts via its first transmembrane
domain and chloroplast transit peptide, respectively, and interacts with BRI1 and POR in their
respective subcellular compartments. Using genetic analysis, we show that DAY acts inde-
pendently on BR signaling and chlorophyll biogenesis. Collectively, this work uncovers DAY
as a factor that simultaneously regulates BR signaling and chloroplast development, revealing
a key regulator of photomorphogenesis that acts across cell compartments.
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ARTICLE

fter germination, seedlings must activate developmental

programs appropriate to their current environment to

optimize photosynthesis. When germinated in the dark,
seedlings undergo skotomorphogenesis. In dicots, this results in
etiolated morphologies including elongated hypocotyls, tightly
closed cotyledons, and undeveloped chloroplasts. In contrast,
seedlings germinated in the light undergo photomorphogenesis,
resulting in short hypocotyls, open and expanded cotyledons, and
the development of chloroplasts from their precursor organelles,
etioplasts!-3. Light-dependent switching to photomorphogenic,
rather than skotomorphogenic, development is critical for plant
survival. The transition to photomorphogenesis depends on sig-
naling through the brassinosteroid (BR), gibberellin (GA), and
auxin hormones’24>.

Mutants impacting BR-biosynthesis and BR-signaling are
constitutively photomorphogenic, suggesting that BR serves as a
developmental bridge between skotomorphogenesis and
photomorphogenesis®~8. BRASSINOSTEROID INSENSITIVE 1
(BRI1) is a BR receptor protein that constitutively cycles between
the plasma membrane and the trans-Golgi network/early endo-
somal system (TGN/EE)®. BR signaling initiates at the plasma
membrane, while the TGN/EE recycles BRI1 to the plasma
membrane or mediates receptor sorting to late endosomal com-
partments for vacuolar delivery!0-15. BRI1 regulates two major
transcription factors, BRI1-EMS-SUPPRESSOR 1 (BES1) and
BRASSINAZOLE-RESISTANT 1 (BZR1), by modulating their
phosphorylation ~ status!®!”. In the absence of BR,
BRASSINOSTEROID-INSENSITIVE 2 (BIN2) phosphorylates
and inhibits BES1 and BZR1!8. Together with PHYTOCHROME
INTERACTING FACTORS (PIFs), BZR1 negatively regulates
genes that are positive targets of light-signaling transcription
factors!®-21. In addition, BZR1 induces the expression of genes
encoding negative regulators of photomorphogenesis, including
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COPI1) and
SUPPRESSOR OF phyA-105 1 (SPAL), but represses genes
encoding positive light-signaling components, such as PHYTO-
CHROME B (PhyB) and PHOTOTROPIN 1192223, Collectively,
BR antagonistically regulates photomorphogenesis and is a major
positive regulator of skotomorphogenesis.

Mumination of dark-grown seedlings triggers chlorophyll
biosynthesis, and the subsequent conversion of etioplasts into
photosynthetically active chloroplasts, leading to cotyledon
greening>?42°. The first step, triggering chlorophyll biosynthesis
upon light exposure, involves the conversion of proto-
chlorophyllide (Pchlide) to chlorophyllide through two enzymes:
Pchlide oxidoreductase (POR), which functions in the light, and
Pchlide oxidoreductase (DPOR), which functions in the dark.
POR and DPOR catalyze conversion of Pchlide to chlorophyllide
through the trans addition of hydrogen across the C17-C18
double bond of the D-ring of Pchlide. While both enzymes are
found across oxygen-generating photosynthetic organisms,
including some plants, bacteria, and algae>?°, flowering plants
(angiosperms) have only the POR gene. Since POR-mediated
catalysis requires light, chlorophyll biosynthesis arrests at Pchlide
in dark-grown angiosperm seedlings®»2°. POR accumulates in
dark-grown seedlings together with Pchlide, NADPH, lipids, and
carotenoids in a structure called the prolamellar body (PLB)
within etioplasts. Illumination triggers degradation of POR and
breakdown of PLBs, in parallel with chlorophyll synthesis and
chloroplast development®2>. While these processes are critical to
productive plant growth, a versatile factor capable of regulating
the collective processes that comprise the switch to photo-
morphogenesis remains unknown.

Previously, we reported that CELL GROWTH DEFECT
FACTOR 1 (CDF1)/CHAPERONE-LIKE PROTEIN OF POR 1
(CPP1) promotes chlorophyll biosynthesis and chloroplast

biogenesis by enhancing POR stability in Nicotiana benthamiana
(N. benthamiana) and Arabidopsis thaliana®®. CPP1 deficiency
impairs PLB formation in etioplasts of dark-grown plants, thus
inhibiting chloroplast biogenesis upon illumination?®-27. Though
CPP1 knockdown plants have only 10% of the CPPI transcripts
present in wild type, they eventually showed some greening upon
illumination, especially in low-light conditions?. We therefore
predicted that other factors function together with CPP1 to sta-
bilize POR after the transition from dark to light. The Arabidopsis
genome encodes two homologs of CPP1: CDF-RELATED GENE
RESPONSIVE TO SENESCENCE (CRS) and At3g51140282°,
Arabidopsis loss-of-function c¢rs mutants exhibit no visible
phenotypes?®. Thus, we focused on At3g51140, which has a Dna]-
like (JL) domain characteristic for DnaJ/Hsp40-type cochaper-
ones predicted to have holdase chaperone activity20-30-31,

We observed that At3g51140 knockdown in Arabidopsis results
in de-etiolation in the dark and leaf yellowing in the light, and
thus named it DE-ETIOLATION IN THE DARK AND YEL-
LOWING IN THE LIGHT (DAY). DAY is localized to chlor-
oplasts and the endomembrane system, and this chaperone-like
protein plays a dual role in photomorphogenesis. DAY functions
with CPP1 in chloroplasts to promote chlorophyll biosynthesis by
stabilizing POR. In the endomembrane system, DAY enhances
BR signaling by interacting with and stabilizing BRI1. Our data
thus point to DAY as a central, multifunctional enhancer that
operates in multiple subcellular compartments and across light
conditions to regulate photomorphogenic development in plants.

Results

DAY promotes photomorphogenesis. Previously, we analyzed
the genotype of the T-DNA tagging mutant seeds of DAY
(SALK_068109). All of the seeds examined were wild-type; there
was neither day/day homozygous nor DAY/day heterozygous
mutants. Therefore, we generated CRISPR/Cas9-day mutant
lines. Two independent mutant lines (#1 and #2) have a large
deletion in exon 2 of the DAY gene, 19 and 13 bp, respectively
(Supplementary Fig. la). These mutant plants produced small
siliques containing reduced numbers of seeds, compared with the
WT (Supplementary Fig. 1b). Progeny analysis of CRISPR/Cas9-
day lines #1 and #2 showed non-Mendelian inheritance. The
genotype of the progeny was either DAY/DAY or DAY/day, but
day/day plants have not been found, and some DAY/day plants
showed photo-bleaching and died prematurely (Supplementary
Fig. 1c-e). The lack of day/day genotype among progeny is
consistent with the analysis of T-DNA tagging mutant lines.
These results suggest that the DAY gene is essential for seed/
embryo development and also the post-embryonic growth of
Arabidopsis plants.

Since we were unable to obtain viable homozygote day
mutants, we used dexamethasone (DEX)-inducible DAY RNAi
(DAYi) to determine the in vivo effects of DAY deficiency in
Arabidopsis (Fig. 1a-g). Quantitative reverse transcription PCR
(RT-qPCR) and immunoblotting showed reduced DAY tran-
scripts and proteins upon DEX-treatment (Fig. 1b). DAYi plants
were grown in soil and sprayed with either ethanol (EtOH) or 1
uM DEX. After spraying plants with DEX, both vegetative- and
reproductive-stage plants showed growth retardation and leaf
yellowing (Supplementary Fig. 1f-h). Reproductive-stage plants
treated with DEX exhibited abnormal silique development,
similar to BR biosynthesis (det2-1) and receptor (bril-301)
mutants (Supplementary Fig. 1h). We obtained similar results of
growth retardation and leaf yellowing using virus-induced gene
silencing (VIGS) of Arabidopsis DAY (Supplementary Fig. 2).
When grown on a medium containing 1 uM DEX in the dark,
DAYi seedlings showed a de-etiolation phenotype, including
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Fig. 1 DAY promotes cotyledon development in the light and BR signaling in the dark. a Cotyledon opening responses of dexamethasone (DEX)-
inducible DAY RNAI (DAYi) transgenic lines #1 and #2. Representative images of cotyledons from seedlings grown in the dark for 5 days in the presence
(+) or absence (—) of TuM DEX and then exposed to light (D — L) for either 6 or 24 h. Scale bar, 0.1cm. b, DAY mRNA and protein levels are significantly
decreased in DAYi plants upon DEX treatment. Seedlings were grown in the light for 7 days in 1/2 MS medium containing ethanol (EtOH) or 1pM DEX. RT-
gPCR was used to determine DAY transcript levels in the knockdown plants (upper). Transcript levels of DAY were normalized relative to PP2A A3 mRNA.
Error bars indicate SD from three technical replicates. Statistical significance was determined by unpaired, two-tailed Student's t-test. **P < 0.01.
Immunoblotting with anti-DAY antibody showed reduced DAY protein levels after DEX treatment (lower). The asterisk indicates a minor isoform of DAY
that is consistently detected. DAY iso 1 and DAY iso 2 refer to major isoforms of DAY. ¢ DAY promotes the accumulation of POR in the dark and
CHLOROPHYLL A/B BINDING (CAB) proteins during the dark-to-light transition. Immunoblot analyses of seedlings (+) or (—) TuM DEX were exposed to
light (D — L) for either 6 or 24 h. POR protein levels are very high in the dark in etioplasts, but significantly reduced upon illumination by protein
degradation. Anti-POR, anti-CAB, and anti-cpHSP70 antibodies were used to analyze lysates from the two independent transgenic lines indicated on the
top. d Reduction of DAY dosage phenocopies a BR signaling mutant. Morphology of 5-day-old dark-grown seedlings of wild-type, bri1-301, DAYi #1 and #2
lines grown on medium containing TuM DEX in the absence or presence of 250 nM propiconazole (PPZ), 50 nM brassinolide (BL), or 30 uM bikinin is
shown. Scale bars for all pictures, 1cm. e, f Hypocotyl length of 5-day-old dark-grown DAYi seedlings in the absence (EtOH) or presence of 1uM DEX at
increasing PPZ concentrations (e). Length of 5-day-old dark-grown seedlings on medium containing TuM DEX in the absence or presence of 50 nM
brassinolide (BL) or 30 uM bikinin (f). Hypocotyl lengths are expressed relative to those of mock-treated samples. Values are means + SE (n =10 plants for
each treatment). Statistical significance was determined by unpaired, two-tailed Student’s t-test. **P < 0.01. g A model for DAY interplay with BRIT and
POR in the dark and light, respectively.
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short hypocotyls and open cotyledons, and were hypersensitive to
the BR biosynthesis inhibitor propiconazole (PPZ) (Fig. la, d, and
e). Furthermore, the shortened hypocotyl de-etiolation phenotype
of DAYi plants was partially rescued by exogenous treatment with
Brassinolide (BL) or bikinin, an inhibitor of Arabidopsis BIN2
kinases, suggesting DAY promotes BR signaling (Fig. 1d, f and
Supplementary Fig. 3). In addition, DAY knockdown plants
exhibited reduced cotyledon greening upon transfer from dark to
light conditions (Fig. 1a). This impairment in de-etiolation was
associated with a reduced POR abundance in the dark and a
failure to accumulate CHLOROPHYLL A/B BINDING protein
(CAB) during the dark-to-light transition (Fig. 1c). Neither crs
nor BR signaling mutants exhibited POR instability or impaired
cotyledon greening in the dark-to-light transition (Supplementary
Figs. 4 and 5). These results indicate that DAY is uniquely and
specifically involved in two distinct photomorphogenesis pro-
cesses (Fig. 1g).

Multiple subcellular localization of DAY. Chlorophyll biogen-
esis takes place in the chloroplast while the BR signal transduction
cascade occurs between the cell surface and nucleus®?, raising the
question of which subcellular compartment(s) DAY functions in.
DAY is predicted to have a chloroplast transit peptide (cTP) that
has to be cleaved during translocation from cytosol to chloroplast,
a JL domain for holdase activity, and 4 transmembrane domains
(Fig. 2a). We transiently expressed Flag-tagged DAY (DAY-Flag)
and a deletion mutant lacking the cTP (AcTP-Flag) in N. ben-
thamiana leaves. We detected signals above 35kDa (DAY iso 1)
and signals above 25 kDa (DAY iso 2), indicating that DAY exists
in two isoforms (Fig. 2b). To confirm that endogenous DAY is
present in two isoforms, we generated anti-DAY antibodies and
performed immunoblotting of aerial tissues and roots from Ara-
bidopsis seedlings (Fig. 2b). In both tissues, we detected DAY iso 1,
but DAY iso 2 was only detected in aerial tissues. To determine
the subcellular localization of two isoforms of DAY, we performed
subcellular fractionation using WT seedling extracts, followed by
immunoblotting with anti-DAY antibody (Fig. 2c). Using
immunoblotting with anti-BRI1 and anti-POR antibodies, BRI1
and POR were detected as the markers for microsomal fractions
and chloroplasts, respectively. The microsomal fractions contained
the larger DAY protein (DAY iso 1), while chloroplast fractions
contained the processed smaller form of DAY (DAY iso 2).

Next, we examined the subcellular localization of DAY using
fluorescent fusion proteins expressed in N. benthamiana leaves.
We used confocal microscopy to compare the localization of
Arabidopsis DAY fused to mRFP (DAY-mRFP) with markers for
the endoplasmic reticulum (ER-GFP), the TGN/EE (TGN/EE-
GFP), and chloroplasts (chlorophyll auto-fluorescence) in leaf
epidermal cells. We detected DAY-mRFP at the plasma
membrane and also found it colocalized with the chloroplasts,
TGN/EE-GFP, and ER-GFP (Supplementary Fig. 6a). We
confirmed this localization in N. benthamiana protoplasts using
fluorescent protein combinations (Fig. 2d and Supplementary
Fig. 6b). We also examined the localization of DAY-GFP in 35S::
DAY-GFP transgenic Arabidopsis plants. Cotyledon cells from
dark-grown plants and root cells from light-grown plants had
DAY-GFP signals at the plasma membrane, in intracellular mesh-
like structures, and as punctate spots within the cytoplasm
(Supplementary Fig. 6¢).

To confirm the broad subcellular distribution of DAY, we
performed RT-qPCR for DAY and 4 other genes encoding
chloroplast-localized proteins in chloroplast-rich aerial tissues
and roots from light-grown WT seedlings. We found that levels of
DAY mRNA in roots were significantly higher than the other
chloroplast-localized proteins, consistent with DAY expression in

tissues lacking chloroplasts (Fig. 2b and Supplementary Fig. 6d).
Collectively, these results demonstrate that DAY is localized to
both chloroplasts and the endomembrane system.

Different domains of DAY control its subcellular location. To
identify the domains controlling DAY localization, we expressed
deletion mutants in N. benthamiana protoplasts and mesophyll
cells and compared localization with markers for chloroplasts
(chlorophyll), the ER (ER-mRFP), and the TGN/EE (SYP61-
mREFP) (Fig. 2e and Supplementary Figs. 7 and 8). Deletion of the
first transmembrane domain alone or in combination with the
second transmembrane domain resulted in DAY-GFP accumu-
lation in round structures resembling chloroplasts and prevented
TGN/EE localization (Fig. 2e). Deletion of the cTP alone or in
combination with the 3rd and 4th transmembrane domains
individually did not affect the localization of DAY to the endo-
membrane system (Supplementary Figs. 7 and 8). These results
indicated that the first transmembrane domain controls DAY
localization to the TGN/EE. To determine if the cTP is sufficient
to localize proteins to the chloroplast, we fused the cTP from
DAY to GFP. cTP-GFP colocalized with chlorophyll when
expressed in N. benthamiana mesophyll cells (Fig. 2f). Taken
together, these results suggest that DAY protein exists in two
forms, and the first transmembrane domain and the c¢TP region
are critical for targeting DAY protein to the endomembrane
system and chloroplasts, respectively.

DAY exhibits chaperone activity for POR. Given that DAY
knockdown results in reduced POR levels and prevents chlor-
oplast development (Fig. 1a, c), we tested whether DAY controls
POR stability. VIGS of DAY in N. benthamiana resulted in leaf
yellowing and growth retardation with spontaneous cell death,
accompanied by reduced POR protein levels (Supplementary
Fig. 9). We used CLSM to examine chloroplasts and GFP-fused
POR C, a major POR isoform after illumination in Arabidopsis2°,
in DAY VIGS N. benthamiana plants. DAY knockdown caused a
significant reduction in chlorophyll autofluorescence and POR C-
GFP fluorescence, suggesting that DAY protein is critical for
maintaining chloroplast integrity and POR C accumulation
(Fig. 3a). To determine if DAY has chaperone activity, we
assessed its ability to prevent heat-induced denaturation and
aggregation of proteins in vitro. We found that maltose-binding
protein (MBP)-fused AcTP DAY (MBP-AcTP) suppressed ther-
mal aggregation of malate dehydrogenase (MDH) in a
concentration-dependent manner (Fig. 3b). The addition of DAY
lacking the JL domain (AJL) failed to prevent MDH aggregation,
indicating that the JL domain is required for chaperone activity
(Fig. 3b).

We next tested for direct interaction between DAY and either
POR or CPP1 using bimolecular fluorescence complementation
(BiFC), in which the N- and C-terminal portions of yellow
fluorescent protein (nYFP and cYFP) are separately fused to the
candidate interacting proteins. We expressed DAY and POR as
nYFP and cYFP fusion proteins in N. benthamiana leaves and
visualized protoplasts by CLSM. We observed strong YFP
fluorescence within chloroplasts, indicating an interaction
between DAY and POR (Fig. 3c). As a negative control, we
performed BiFC  with DAY and MAGNESIUM-
PROTOPORPHYRIN IX METHYL TRANSFERASE (MgPMT),
which also localizes to the chloroplast. We also observed a
positive signal for BiFC using between CPP1 and DAY, but not
CPP1 and MgPMT (Fig. 3d). In vitro pull-down assays further
confirmed a direct interaction between immobilized MBP- AcTP
and glutathione S-transferase (GST)-fused CPP1 (GST-CPP1),
but not with GST. GST-CPP1 specifically bound MBP-ACTP but
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Fig. 2 Localization of DAY in chloroplasts and the endomembrane system depends on the cTP and TM1, respectively. a Schematic representation of
DAY with its chloroplast transit peptide (cTP), Dnal-like domain (JL) and four transmembrane domains (TM1-4). The amino acid (aa) positions that define
the domains are indicated at the bottom. b DAY exists in two major isoforms in vivo. N. benthamiana leaves expressing either full-length FLAG-tagged DAY
(DAY-Flag) or a variant lacking the chloroplast transit peptide (AcTP-Flag) were subjected to immunoblotting (IB) analysis using anti-Flag antibodies (left
panel). Immunoblot analysis of aerial and root tissues from wildtype Arabidopsis seedlings using anti-DAY antibodies (right panel). DAY iso 1 and DAY iso
2 refer to major isoforms of DAY. The asterisk indicates a minor isoform of DAY that is consistently detected. ¢ Subcellular fractionation. WT seedling
extracts were fractionated and subjected to immunoblotting with an anti-DAY antibody. BRIT and POR were detected as the markers for microsomal
fractions and chloroplasts, respectively. d DAY localizes to chloroplasts, ER, and TGN/EE. Co-localization of DAY with ER-mRFP (upper panel), SYP61-
mRFP (lower panel), and chlorophyll support is shown. mRFP and DAY-GFP fusion proteins were transiently co-expressed in N. benthamiana leaves by
agroinfiltration, and protoplasts isolated from infiltrated leaves were imaged using confocal laser scanning microscopy (CLSM). SYP61 (SYNTAXIN OF
PLANTS 61) was used as a TGN/EE marker. Scale bar, 10 um. e TM1 is responsible for ER and TGN/EE localization of DAY. GFP fusions to a DAY deletion
series were co-expressed with SYP61-mRFP in N. benthamiana leaves via agroinfiltration and protoplasts were observed by CLSM. Scale bar, 10 um. f The
DAY cTP is sufficient for chloroplast targeting. cTPpay-GFP fusion proteins were expressed in N. benthamiana leaves via agroinfiltration and mesophyll cells

were imaged using CLSM. Scale bar, 20 um.

not MBP alone (Fig. 3e). Given that DAY has a JL domain similar
to those found in DnaJ/Hsp40 cochaperones that function as
partners of the highly conserved Hsp703031, we performed BiFC
to test whether DAY interacts with chloroplast Hsp70 (cpHsp70)
or cytosolic Hsp70 (Hsp70) (Supplementary Fig. 10). As BiFC
controls, co-expression of Hsp70 and Hspl01 (cytosolic), and
cpHsp70 and Hsc90 (chloroplast) resulted in yellow fluorescence.
The lack of fluorescence despite the abundant protein expression
suggested that DAY interacts with neither cpHsp70 nor Hsp?70.
This is likely caused by the fact that DAY lacks the HPD (His-
Pro-Asp) motif3®3! that is critical for interaction with Hsp70%6.
Collectively, these data demonstrate that DAY in the chloroplast
stabilizes POR C with its holdase chaperone activity and also
interacts with CPP1.

DAY alters BRI1 stability and enhances BR signaling. Since the
DAY chaperone is in the same compartment as BRI1, we tested
whether it affects BRIl stability. We monitored BRI1-GFP
fluorescence in transgenic Arabidopsis seedlings (pBRI1:BRI1-

GFP x DAYi) in response to DAY knockdown. BRII-GFP
aggregates accumulate in DAY knockdown Arabidopsis roots
(Fig. 4a). To determine whether general vesicular transport is
affected in DAY knockdown plants, we followed endocytosis by
labeling roots with the endocytic tracer FM4-64 and marked the
TGN/EE using the vacuolar HT ATPase Al subunit (VHA-al-
RFP). DAY knockdown did not affect endocytosis or TGN/EE
distribution in roots (Supplementary Fig. 11).

To determine whether DAY increases BRI1 kinase activity, we
performed peptide kinase assays using the synthetic peptide
BR1332, We isolated a Flag-tagged version of the BRI cytosolic
domain (Flag-BRI1:CD) from E. coli before and after induction of
kinase expression3? and monitored kinase activity in the presence
of MBP alone or fused to DAY (MBP-DAY). BRI1 kinase activity
on the BR13 peptide was similar in the presence of MBP or MBP-
DAY, indicating that DAY does not enhance BRI1 kinase activity
(Supplementary Fig. 12). Although the addition of DAY to the
in vitro kinase reaction did not affect BRI1 activity, immunoblot-
ting of DAY knockdown plants grown in the light revealed
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Fig. 3 Together with CPP1, DAY regulates the stability of protochlorophyllide oxidoreductase (POR) through its holdase chaperone activity. a

Reduction of DAY causes POR instability in N. benthamiana. Virus-induced gene silencing (VIGS) of N. benthamiana DAY (NbDAY) was performed. Then the
VIGS plants (TRV:NbDAY) were agroinfiltrated with the POR C-GFP construct, and leaf mesophyll cells were examined by CLSM. POR C is a major POR
isoform in light-grown Arabidopsis. NbDAY silencing caused a significant reduction in chlorophyll autofluorescence and POR C-GFP fluorescence. Scale bar,
20 um. b DAY has holdase activity. Absorbance at 340 nm (Az40) was measured at 1min intervals to quantify turbidity. Thermal aggregation of malate
dehydrogenase (2 pM) was measured at 43 °C over 16 min with 0-6 uM of MBP-AcTP DAY or, as controls, 4 uM MBP-AcTP/AJL DAY (del JL) and 10 uM
BSA. AcTP, deletion of cTP; AJL, deletion of the DnaJ- like domain (JL). ¢, d DAY interacts with POR C and CPP1 in chloroplasts. BiFC assays between DAY
and POR C (c) or CPP1 (d). YFP signals were examined by CLSM in protoplasts after agroinfiltration. MAGNESIUM-PROTOPORPHYRIN IX METHYL

TRANSFERASE (MgPMT), which is involved in chlorophyll biosynthesis, was used as a negative control. Scale bar, 10 um (€) or 20 um (d). e DAY directly
interacts with CPP1 in vitro. Lysates of E. coli cells expressing GST or GST-CPP1 were incubated with MBP or MBP-AcTP DAY (MBP-AcTP) immobilized on
amylose agarose resins. The resulting eluates were analyzed by immunoblotting using anti-GST antibody. The amount of MBP and MBP-AcTP used in the

pull-down assay were visualized by Coomassie staining.

decreased BRII levels (Fig. 4b and Supplementary Fig. 13) and
increased BZR1 phosphorylation (i.e., inactive BZRI; Fig. 4c).
These results indicate that DAY promotes BR signaling.

We next genetically tested whether DAY positively regulates
BR signaling. We knocked down DAY with RNAI in brassinazole
resistantl1-1D  (bzrl-1D) plants. bzrl-1D mutants carry a
dominant gain of function mutation in BZRI, resulting in a
constitutive BR response!”. Following DEX treatment, DAYi
wild-type and DAYi x bzrl-1D plants both displayed leaf yellow-
ing phenotypes, while only DAYi plants displayed extremely short
petioles (Fig. 4d and Supplementary Fig. 14a), indicating that the
short petiole phenotype of DAY-silenced seedlings resulted from
impaired BR signaling. RT-qPCR experiments with DAYi wild-
type seedlings and DAYi x bzrl-1D seedlings confirmed effective

DEX-induced knockdown of DAY and showed that bzri-1D
rescued the decrease in BR-related gene expression in DAY-
silenced plants (Supplementary Fig. 14b). If DAY stabilizes BRI,
we predicted that DAY overexpression would enhance BR
signaling. Immunoblotting of 35S:DAY-GFP showed that DAY
enhances BRI1 protein accumulation in Arabidopsis (Supple-
mentary Fig. 15). As BR regulates hypocotyl elongation, we
measured hypocotyl length of 35S:DAY-GFP plants in the dark
with or without BR biosynthesis inhibitor brassinazole (Brz).
DAY overexpression seedlings showed longer hypocotyls upon
Brz treatment compared with WT seedlings, indicating reduced
sensitivity to Brz (Supplementary Fig. 16). Lastly, we introduced
35S:DAY-GFP to the weak bril mutant allele bril-301. DAY
overexpression partially rescues the thermosensitive dwarfism34
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Fig. 4 DAY regulates BRI1 stability. a DAY deficiency triggers BRI1 instability. DAY silencing causes aggregation of BRI1-GFP in Arabidopsis roots. The
pBRI1::BRIT-GFP x DAY seedlings were grown in medium containing ethanol or TuM DEX in the light for 9 days, and their roots were observed by CLSM.
Scale bar, 20 um. b DAY silencing decreases BRI1 protein levels. 9-day-old seedlings of WT (Ws-2 and Col-0), bril mutants (briT-5 and bril-116), and DAYi
plants grown in the presence of ethanol or 1TuM DEX were subjected to immunoblotting with anti-BRI1 and anti-cpHSP70 antibodies. € DAY silencing

increases phosphorylated BZR1. 9-day-old DAYi seedlings grown in the presence of ethanol or 1pM DEX were subjected to immunoblotting using anti-BZR1
and anti-cpHSP70 antibodies. d, The dominant mutation bzr1-1D rescues the short petiole phenotype, but not chloroplast defect, of DAY-silenced seedlings.
Seedlings from DAYi and DAYi x bzr1-1D lines were grown on 1/2 MS medium for 5 days at 22 °C and then transferred to medium containing ethanol or 1
uM DEX at 28 °C for 7 days. Scale bar, 1cm. e, f, Overexpression of DAY partially rescues a BR signaling mutant. Plants were grown in soil for 4 weeks at
22 °C (e, left panel) or 2 weeks at 22 °C and then transferred to 24 °C for 2 weeks (e, middle panel). Expression of DAY-GFP protein in bril-307 mutant was
shown by immunoblotting with anti-GFP antibody (e, right panel). Morphology of 5-day-old dark-grown seedlings of wild-type, bril-301, 35 S::DAY-GFP /
bri1-307 #1 and #2 transgenic lines on medium in the absence (f, left panel) or presence of 250 nM brassinazole (Brz) (f, middle panel). Hypocotyl lengths
are quantified relative to those of mock-treated samples (f, right panel). Genotypes are indicated. Dots represent individual ratio values (%) between mock-
treated and Brz-treated independent seedlings. n denotes numbers of biologically independent hypocotyls, Brz- (left number), and mock-treated (right

number). Statistical significance was determined by one-way ANOVA, Dunnett's multiple comparisons test ****P < 0.0001. Scale bars: 3cm (e) or Tcm ().

and growth retardation phenotypes in bril-301 (Fig. 4e). We also
measured hypocotyl length of 35S:DAY-GFP / bril-301 in the
dark with or without Brz. DAY overexpression partially rescued
Brz hypersensitivity in bril-301 in the dark (Fig. 4f).

Since. DAY enhances BR signaling, possibly via
BRI1 stabilization, we performed RNA-Seq on seedlings of DAYi
and the bril null mutant allele bril-116. We compared the
transcriptomes of DAYi and bril-116 seedlings grown in the
dark or light. We found that the transcriptome of DAYi seedlings
significantly overlaps with that of the bril-116 mutant,

especially in the dark (Supplementary Figs. 17-19). Collectively,
these data indicate that DAY acts as a positive regulator of BR
signaling.

DAY interacts with BRI1 in the endomembrane system. Since
DAY promoted BR signaling via BRI1, we used BiFC to test
whether DAY and BRI1 interact in the endomembrane system.
Co-expression of BRI1-nYFP and DAY-cYFP resulted in YFP
fluorescence in the plasma membrane and at intracellular puncta
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(Fig. 5a). The puncta-localized BiFC interaction signal co-
localized with SYP61-mRFP, pointing to the TGN/EE as sites of
DAY-BRII interaction (Fig. 5a). To confirm this interaction and
define interacting domains, we performed yeast two-hybrid
(Y2H) assays, extracellular domain interaction assays (EDIA)3>,
and pull-down assays. In the Y2H assays, DAY strongly inter-
acted with the cytosolic domain of BRI1 (BRIL:CD) in the
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presence of the cTP (Fig. 5b). Extracellular domain interaction
assays (EDIA) revealed that DAY does not interact with the
extracellular domain of BRI1 (Fig. 5¢). Finally, immobilized Flag-
BRIL:CD pulled down both MBP-DAY and MBP-AcTP, but not
MBP (Supplementary Fig. 20a), consistent with the Y2H results
(Fig. 5b). The cTP sequence stimulated the binding between DAY
and BRI1 CD in both the Y2H and the pull-down experiments.
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Fig. 5 DAY directly interacts with BRI1. a DAY interacts with BRITin TGN/EE and plasma membrane. BiFC between BRIT1-nYFP and DAY-cYFP results in
yellow fluorescence, suggesting protein interaction in vivo (middle, lower panel). BiFC fluorescence was compared with SYP61-mRFP fluorescence, which
marks the TGN/EE (right panel). N. benthamiana epidermal cells were observed two days after agroinfiltration. Enlarged views of the boxed areas are shown
(En). Scale bar, 50 um. b DAY directly interacts with the BRIT cytosolic domain. Yeast two-hybrid assays suggest that both DAY deletion variants (AcTP/
TM and ATM) interact with the cytosolic domain of BRI1. The p53/T-antigen and Lambda/T-antigen combinations were used as positive and negative
controls, respectively. CD, the cytosolic domain; ATM, deletions of all four TMs. ¢ Extracellular domain interaction assays show that neither of the DAY
deletion variants, AcTP/TM and AcTP, interact with the extracellular domain of BRI1. DAY variants and the extracellular domain of BRI1 are expressed as
prey and bait, respectively. The prey was fused with alkaline phosphatase (AP) and the bait with the fragment crystallizable region (Fc) from the tail region
of the antibody. BAK1/BRI1 with brassinolide (+BL) was used as a positive control. (n = 2 technical replicates) d Co-immunoprecipitation shows that DAY
interacts with BRI1. Total Arabidopsis seedling proteins were immunoprecipitated with GFP-Trap Agarose, and co-immunoprecipitated proteins were

detected using the anti-BRI1 antibody. Two isoforms of DAY protein, DAY isol, and iso2, are indicated. e Deletion of the N-terminal lobe in the BRI1 kinase
domain reduces its binding affinity for DAY. Upper panel; diagram of the cytosolic domain of BRI1. JM juxta-membrane domain, KD kinase domain, CT C-
terminal tail, N-lobe N-terminal lobe, C-lobe C-terminal lobe, AC activation loop. Amino acid residue numbers are indicated. Lower panel; lysates of E. coli
cells expressing the Flag-tagged KD of BRI1 (Flag-KD) or the Flag-tagged KD of BRI1 lacking the N-terminal lobe (Flag-AN-lobe) were incubated with MBP
or MBP-AcTP DAY (MBP-AcTP) immobilized on amylose agarose resins. Eluates were analyzed by immunoblotting with anti-Flag antibody or Coomassie

staining.

We found that MBP-DAY also interacts with cytosolic domain of
BRI1-Like 1 (BRL1), a BRI1 homolog, via pull-down assays
(Supplementary Fig. 20b). Collectively, these results indicate that
DAY directly interacts with the cytosolic kinase domain of BRI1,
but not with its extracellular domain.

To confirm the interaction between full-length BRI1 and DAY
in vivo, we performed co-immunoprecipitation assays using total
proteins from transgenic 35S:DAY-GFP Arabidopsis seedlings
with WT (Col-0) as control (Fig. 5d). DAY-GFP protein was
pulled-down by GFP-Trap Agarose. Then immunoblotting with
anti-BRI1 antibody detected native BRI1 protein as co-immuno-
precipitates, suggesting in vivo interactions between BRIl
and DAY.

To determine which cytosolic region of BRIl interacts with
DAY, we performed in vitro binding assays. The cytosolic domain
of BRIl consists of the (i) juxta-membrane domain (JM), (ii)
kinase domain (KD), which contains an N-terminal lobe (N-
lobe), C-terminal lobe (C-lobe), and activation loop (AC), and
(iii) C-terminal tail (CT) (Fig. 5e). Immobilized Flag-BRI1 KD
with either the JM or CT domain, as well as the full-length
cytosolic domain of BRI, pulled-down MBP-DAY (Supplemen-
tary Fig. 20c). To examine the region of the BRI1 KD responsible
for binding DAY, we performed in vitro binding assays using
purified BRI1 KD (Flag-KD) or BRI1 KD without the N-lobe
(Flag-AN-lobe) and recombinant MBP-ACTP or MBP. Deletion
of the N-lobe from the BRIl KD significantly reduced the
interaction with MBP-ACTP, suggesting the importance of the N-
lobe sequence for the interaction (Fig. 5e). Together, these results
suggest that the N-lobe of BRI1 KD and the ¢TP of DAY may be
critical for interactions between DAY and BRI1 KD.

Discussion

In this study, we show that DAY is a chaperone-like protein that
may stabilize BRI1 and POR. Through deletion analysis, we find
that DAY localizes to the chloroplast through its cTP and to the
endomembrane via its first transmembrane domain. DAY also
has a DnaJ-like domain with a holdase activity that prevents
protein aggregation in vitro. Despite the importance of the DnaJ-
like domain, there is a possibility that other regions of DAY
protein may also be required for its substrate-stabilizing activity
in vivo. Our results demonstrate that DAY regulates photo-
morphogenesis through two different pathways: BR signaling and
chlorophyll biogenesis. These findings uncover an unexpected
link between BR signaling and chloroplast development. While
some proteins have been shown to be transported to the chlor-
oplast via the secretory pathway, this is, to our knowledge, the

first evidence that such a protein functions in both subcellular
compartments36-37,

We previously reported that CPP1 not only protects POR from
photo-oxidative damage but may also contributes to anchoring POR
to the thylakoid and envelope membrane?®. However, salt extraction
experiments indicated that CPP1 is not as tightly bound to the
chloroplast membranes as would be expected for an intrinsic
membrane protein, given that CPP1 has four transmembrane
domains?’. DAY may play a role in anchoring POR to the thylakoid
and envelope membrane together with CPP1 (Fig. 3a). Indeed, BiFC
showed that the majority of the interactions between CPP1 and DAY
occur in the chloroplast envelope membrane (Fig. 3d). Monitoring
POR protein aggregation revealed that a 2 fold-higher molar ratio of
CPP1 is required to protect POR from oxidative stress?®. POR is the
most abundant protein within PLB in etioplasts®2®, suggesting that
another factor or protein also protects POR from photo-oxidative
stress upon illumination. DAY may work together synergistically
with CPP1 to protect POR.

The most well-described chaperone for kinase is the
Hsp90-Cdc37 (chaperone-cochaperone) pair in animals, which
interacts with diverse kinases3®. A deletion study of lymphocyte-
specific protein tyrosine kinase showed that the Hsp90-Cdc37
pair binds to the N-lobe of the kinase domain3. Chaperone
seems to bind to the intrinsically unstable N-lobe, stabilizing its
substrate8. In some kinases, e.g., C-Jun N-terminal kinases, the
N-lobe can be stabilized by a polypeptide motif within the same
protein®0. Caplan et al. 3 demonstrated that the stability of the
N-lobe determines whether kinases interact with chaperones.
Indeed, the crystal structure of the phosphorylated BRI1 kinase
domain revealed that phosphorylation of Thr872 within the N-
lobe of BRI, which is essential for kinase activity3, hindered
crystallization. They were only able to obtain crystals after
mutating Thr872 to alanine*!, indicating that phosphorylated
BRI1 may be intrinsically unstable. Furthermore, DAY binds to
BRI1 mainly via the N-lobe of its kinase domain (Fig. 5e). In
contrast, LORELEI-LIKE GLYCOSYL PHOSPHATIDYL
INOSITOL-ANCHORED PROTEIN 1 (LLGI) acts as a chaper-
one that delivers the receptor-like kinase FERONIA (FER) to the
plasma membrane by interacting with its extracellular domain. In
the llgl-2 mutant, FER fails to reach the plasma membrane and
remains trapped in the ER%2, similar to our observation that BRI1
fails to reach the plasma membrane in DAYi (Fig. 4a). Collec-
tively, we propose that the N-lobe in the BRI1 kinase domain is
intrinsically unstable, and that DAY may serve as a chaperone to
stabilize it.

Looking back at the incredible stress placed on a seedling
exposed to light for the first time, we favor a model in which DAY
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Fig. 6 A model for stabilization of BRI1 and POR by DAY in different subcellular compartments. DAY binds to and stabilizes BRI1 and POR in the
endomembrane system and chloroplast, respectively. The cTP sequence is sufficient to transfer DAY to the inner envelope membrane of chloroplast and
the first transmembrane domain is required for DAY localization in ER, TGN/EE, and plasma membrane. DAY-mediated BR signaling and chlorophyll
biosynthesis are essential for photomorphogenesis. The illustration of nuclear envelope-ER-Golgi is purchased from Biorender.

mediates photomorphogenic development directly in both the
endomembrane system and chloroplasts (Figs. 1g and 6). In this
way, a plant can initiate a rapid and harmonized response to the
first exposure, and then adjust to the ambient light environment
as it adapts. A similar model has been proposed for the orche-
strated action of the nuclear- and chloroplast-localized protein
HEMERA (HMR) during photomorphogenesis. Nuclear HMR is
required for the proteolysis of PHYA, PIF1, and PIF3, while
chloroplast HMR directly regulates the expression of photo-
synthetic genes as a transcriptional regulator3-47,

The transition from skotomorphogenesis to photo-
morphogenesis is a dramatic developmental change that entails
transcriptional changes in one-third of all genes, as seen in 9216
expressed sequence tag analysis*8. This developmental transition
is critical; since dark-germinating seedlings have limited energy
reserves, they must transition to photosynthetic autotrophy as
quickly as possible when provided with light. Morphological and
biochemical changes become obvious within 6h of light
exposurel222 and analysis of light-regulated genes found that
more than 26 cellular pathways are affected*. Indeed, the
mechanism we have uncovered, where a single protein simulta-
neously regulates multiple pathways in different subcellular
compartments, would explain this fast, efficient transition
occurring in the cell. Moreover, there is an obvious biological
advantage to have a single protein localized to multiple com-
partments, since the number of genes that provide the same
function in different subcellular compartments can be reduced,
and the switch can be easily coordinated. For example, about 100
proteins are localized to both the mitochondria and chloroplasts,
where many of them provide similar functions, such as organellar

DNA replication and protein synthesis?®. DAY may have been
co-opted to regulate morphogenetic change and chloroplast
development through BR signaling and chlorophyll biogenesis,

respectively. It is interesting to note that a homolog of the higher-

plant DAY/CDF family genes has been found in cyanobacteria®®.

The ubiquitous presence of DAY across the plant kingdom and
cyanobacteria suggests an essential role for DAY in light-
regulated development.

Methods

Plant materials and growth conditions. The A. thaliana Col-0 accession was used
throughout this study, except for the bril-5 mutant which is in the Ws-2 back-
ground. A. thaliana and N. benthamiana plants were grown in a growth room at
22 °C under 16h-light/8h-dark (long day) conditions. To grow seedlings, seeds were
surface-sterilized and grown on plates with 1/2 Murashige and Skoog (MS) with 1%
sucrose and 0.8% phyto agar at 22 °C under long-day conditions.

Plasmid construction. All plasmids were constructed using PCR-based conven-
tional cloning or the Gateway system (Invitrogen™;TOPO™ TA Cloning™ or
GreenGate). Detailed information is listed in Supplementary Data 1.

Silique clearing. Mature siliques were fixed overnight in ethanol:acetic acid (3:1)
solution at room temperature. The next day, siliques were cleared with modified
Hoyer’s solution (200% chloral hydrate and 20% glycerol in Mono Q). Siliques
were mounted in solution on a slide-glass and observed with a LEICA M165 FC.
Representative pictures of siliques were taken with a LEICA DFC 7000T.

Agrobacterium tumefaciens-mediated transient expression. Agrobacterium
C58C1 strains containing various expression constructs were resuspended to
OD600 =1 in MES buffer (10 mM MES, pH 7.5, 10 mM MgSO,, and 200 uM
acetosyringone) after overnight culture. After 2-3 h incubation at room tempera-
ture, the suspension was infiltrated into N. benthamiana leaves. Agrobacterium
C58C1 carrying the 35S::p19 constructs was co-infiltrated to enhance expression.
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Leaves were subjected to immunoblotting or analyzed by confocal microscopy
3 days after infiltration.

Co-immunoprecipitation assays and immunoblotting. For N. benthamiana,
samples were prepared by grinding leaves in liquid nitrogen and immediately
extracted with Co-immunoprecipitation (co-IP) buffer (50 mM Tris-HCI pH 7.5,
150 mM NaCl, 10% glycerol, 5mM dithiothreitol, 2 mM Na,MoO,, 2.5 mM NaF,
1.5 mM activated Na;VO,, 1 mM phenylmethanesulfonyl fluoride (PMSF), 1%
IGEPAL, and cOmplete™ Protease Inhibitor Cocktail (Roche)). Immunoblotting
was performed as previously described2®.

For Arabidopsis, 7 days old seedlings were used for co-IP. Total proteins for
each sample were incubated with 15 pl of GFP-Trap Agarose® (GFP Nanobody
coupled to agarose beads; Chromotek) 6 h in the cold room. GFP-Trap Agarose”
were washed with the co-IP buffer four times, then used for immunoblotting.

Anti-POR (1:1000), cpHSP70 (1:5000), and BRII (1:1000) antibodies were
purchased from Agrisera (AS05 067, AS08 348, and AS12 1859). Anti-Flag
(1:5000), a-Tubulin (1:5000), GST (1:5000), and MBP (1:5000) antibodies were
purchased from Sigma-Aldrich (A8592, T6199, RPN1236, and M1321). Anti-GFP
(1:1000) antibody was purchased from Miltenyi Biotec (130-091-833). Native DAY
antibody, X-Q94C78-C (1:500), was purchased from AB-mart (http://www.ab-
mart.com). X-Q94C78-C mouse monoclonal antibody gives raised with three
amino acids from the C-terminal end of DAY protein sequence.

Peroxidase conjugated anti-Mouse (1:5000) and anti-Rabbit (1:10,000)
secondary antibodies were purchased from Sigma-Aldrich (A9044 and A6154).

Subcellular fractionation. Subcellular fractionation was performed as described>?
with minor modification. 7-day old, light-grown seedlings were used for subcellular
fractionation. After homogenization, 10 mL of isolation buffer (0.3 M sorbitol, 20
mM HEPES-KOH pH 8, 5 mM MgCl,, 5mM EGTA, 5mM EDTA) was added to
the powder and vortexed for 10 s. Debris was removed using Miracloth and
samples were centrifuged for 5 min at 4000 rpm. The resulting pellet was used for
the isolation of intact chloroplasts. Pellets were resuspended in 2 mL isolation
buffer and loaded onto 10 mL of a 30% percoll solution (percoll was diluted in
isolation buffer) and centrifuged at 1800xg for 7 min. After elimination of the
supernatant, the intact pellet was resuspended in 5 mL of import buffer (50 mM
HEPES-KOH pH 8, 0.33 M sorbitol) and centrifuged at 1200xg for 5 min. The
pellet was then dissolved in 1 mL import buffer and mixed with 5x SDS/PAGE
sample buffer dye for further immunoblot analysis.

For isolation of a purified microsome fraction, 7-day old, light-grown seedlings
were used. After homogenization, 2 mL of ice-cold sucrose buffer [20 mM Tris pH
8, 0.33 M Sucrose, 1 mM EDTA pH 8, protease inhibitor (Roche)] were added.
Samples were centrifuged for 15 min at 5000xg at 4 °C. The supernatant was
filtered through two layers of Miracloth and the centrifugation step was repeated
until the supernatants were clear. The resulting total protein fractions were
centrifuged at 4 °C for 60 min at 20,000xg to pellet microsomes. The pellet was
resuspended in 100 pL of immunoprecipitation buffer (50 mM Tris pH 8, 150 mM
NaCl, 1% Triton X-100) with extensive pipetting until the pellet was no longer
visible and subsequently placed on a rotating wheel for 30 min at 4 °C. Samples
were then pelleted for 10 min at 20,000xg at 4 °C. After this step, the supernatant
was enriched in microsomal-associated proteins.

Reverse transcription-quantitative PCR. Total RNA was extracted from seed-
lings or specific tissues using the Spectrum Plant Total RNA kit (Sigma Aldrich) or
Universal RNA purification kit (Gene MATRIX). Total RNA was subjected to
cDNA synthesis using the RevertAid First Strand cDNA synthesis kit (Thermo
Fisher Scientific) or High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Reverse
transcription-quantitative PCR was performed using the StepOnePlus Real-Time
PCR system (Applied Biosystems) or LightCycler 96 (Roche) with SYBR green
master mix. Transcription levels were normalized to that of PP2A A3 and are
shown relative to the expression levels in indicated genotypes or treatment.
Detailed information about primers is provided in Supplementary Data 2.

Purification of recombinant proteins. Protein purification was performed as
described®!. DAY variants were cloned into a pMal-C2X vector (New England
Biolabs) for MBP fusion and transformed into E. coli BL21 (DE3) cells. Cells were
grown until they reached an OD600 between 0.6 and 0.8 in LB medium containing
ampicillin (50 ug/mL) at 37 °C. 0.25 mM IPTG was then added and the cells were
incubated for an additional 8 h for protein induction at 25 °C. MBP fusion proteins
were purified with Amylose Resin (New England Biolabs) according to the man-
ufacturer’s instructions with minor modification. A single buffer (20 mM Tris-HCl
pH 7.5, 200 mM NaCl, 1% IGEPAL) was used throughout the purification pro-
cedure and proteins were eluted with elution buffer (20 mM Tris-HCl pH 7.5, 200
mM NaCl, 1% IGEPAL, 10 mM maltose). After purification, proteins were con-
centrated using Amicon Ultracel 30K (Millipore) according to the manufacturer’s
instructions and maltose was removed by dialysis in either single buffer (20 mM
Tris-HCl pH 7.5, 200 mM NaCl) or 50 mM HEPES-KOH pH 8.0 buffer for further
analysis.

In vitro binding assays. Bait proteins, immobilized on specific resin based on the
corresponding protein tag, were incubated with Escherichia coli lysates expressing
prey proteins in buffer (20 mM Tris-HCI pH 7.5, 200 mM NaCl, 10% glycerol, and
1% IGEPAL) for 1h at room temperature. After washing four times (20 mM
Tris-HCI pH 7.5, 200 mM NaCl, 10% glycerol, and 1% IGEPAL) on the resin,
bound proteins were eluted with SDS sample buffer and subjected to
immunoblotting.

Measurement of chaperone activity. MDH (2 pM) was incubated in 50 mM
HEPES-KOH pH 8.0 at 43 °C for 16 min with various concentrations of MBP-
AcTP DAY2 or 4 uM MBP-AcTP/AJL DAY or 10 uM BSA. Aggregation of MDH
induced by heat was determined by following turbidity increase (A340) at 1-min
intervals using a temperature-controlled spectrophotometer (DU800; Beckman).

Virus-induced gene silencing. TRV2 vector carrying a fragment of DAY ¢cDNA
was used for VIGS in Arabidopsis. Agrobacterium harboring the TRV1 (pBINTRA)
vector and Agrobacterium transformed with the cloned or empty TRV2 vector were
cultured in LB medium supplemented with 10 mM MES-KOH pH 5.7 and 20 uyM
acetosyringone and grown overnight at 28 °C. Agrobacteria were harvested and
resuspended in the infiltration buffer (10 mM MgCl,, 10 mM MES-KOH pH 5.7,
and 200 uM acetosyringone). TRV2 and TRV1 agrobacteria were mixed at a 1:1
ratio with ODggo = 1 and incubated for 4 h, and then co-infiltrated into 10-day-old
Arabidopsis seedlings. For N. benthamiana plants, VIGS was carried out with a
similar method to Arabidopsis VIGS as described?. The sequence of N. ben-
thamiana DAY is provided in Supplementary Data 3.

Kinase assays. Kinase assays were performed as described®3. Briefly, 40 uL reac-
tions typically contained 0.1 mg/mL synthetic peptides, 1.0 ug of indicated proteins,
and 0.1 mM [y-32P]ATP in a buffer consisting of 50 mM MOPS [3-(N-morpho-
lino) propane sulfonic acid], pH 7.5; 10 mM MgCl,, and 0.2 mM CaCl,. After 20
min incubation at 25 °C, 20 uL of the reaction was spotted on a 2 x 2 cm piece of
P81 phosphocellulose paper. The paper was washed three times in 75 mM H;PO,
and then 32P incorporation into the peptide was determined by liquid scintillation
counting. The Flag-BRI1 cytoplasmic domain was incubated with MBP or MBP-
DAY 30 min before the assays. Kinase assays were performed with the BR13
peptide substrate (sequence: GRJKKIASVEJJK).

Hypocotyl elongation measurement. These measurements were performed as
described®2. Briefly, sterilized seeds were plated on 1/2 MS with 1% sucrose and
0.8% phyto agar at 22 °C under long-day conditions. After 2 days of incubation at
4°C, seedlings were irradiated with white light for 6 h to promote germination and
then incubated in the dark. Hypocotyl lengths were measured using Image]
software.

Transcriptome analysis. RNA-seq was performed with Illumina Nextseq500. The
Truseq-stranded mRNA prep kit (Illumina) was used for library preparation. The
raw data were mapped and aligned with Tophat v2.0.133, using the TAIR10
version of the Arabidopsis reference genome. Cuffdiff v2.2.0°* was used to identify
differentially expressed genes (DEGs) using a threshold of fold change > 2. Gene set
analysis was performed by calculating the enrichment of DEGs in Gene Ontology:
Biological Process (GO:BP) terms> with the Fisher’s exact test. The enrichment
was considered significant if P-value <0.01 for each GO:BP term.

Yeast two-hybrid. The cytosolic domain of BRI1 was introduced into pGBKT?.
Two deletion constructs of DAY (AcTP and AcTP/TM) were cloned into pGADT?7.
Various combinations of bait and prey plasmids were co-transformed into yeast
(AH109). Yeast two-hybrid was performed according to the manufacturer’s
instructions (Clontech). Interactions between BRI1 and DAY were defined by
growth on SD/-Leu/-Trp/-His/-Ade media plates.

Extracellular domain interaction assay. DAY deletion variants and the extra-
cellular domain of BRI1 were expressed in S2 cells. DAY variants and the extra-
cellular domain of BRI1 were cloned into pECIA2 as a prey tagged with AP and
PpECIA14 as a bait tagged with Fc, respectively. Protein A-coated wells were washed
with phosphate-buffered saline (PBS) containing 0.1% Tween-20, and Fc-fusion
proteins (bait) and AP-fusion proteins (prey) were then added prior to incubation
overnight at 4 °C. Absorbance at 650 nm was measured at 2 h using a BioTek
Synergy 4 with gen5 2.08 software by adding the BluePhos Phosphatase Substrate
(Seracare Life Sciences) to each well.

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

Data availability

RNA sequencing data were deposited into the Gene Expression Omnibus database under
accession number GSE177028 and the NCBI Sequence Read Archive under accession
number SRP323708. Arabidopsis mutants and transgenic lines used in this study are
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available from the corresponding author upon reasonable request. The source data for all
figures and Supplementary figures can be found in the Source Data file. Source data are
provided with this paper.
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