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regulator DELLA by promoting histone H2A
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% Check for updates DELLA proteins are conserved master growth regulators that play a central role

in controlling plant development in response to internal and environmental
cues. DELLAs function as transcription regulators, which are recruited to target
promoters by binding to transcription factors (TFs) and histone H2A via

their GRAS domain. Recent studies showed that DELLA stability is regulated
post-translationally via two mechanisms, phytohormone gibberellin-induced
polyubiquitination for its rapid degradation, and Small Ubiquitin-like Modifier
(SUMO)-conjugation to increase its accumulation. Moreover, DELLA activity is
dynamically modulated by two distinct glycosylations: DELLA-TF interactions
are enhanced by O-fucosylation, but inhibited by O-linked N-acetylglucosamine
(O-GlcNAc) modification. However, the role of DELLA phosphorylation remains
unclear as previous studies showing conflicting results ranging from findings
that suggest phosphorylation promotes or reduces DELLA degradation to
others indicating it has no effect on its stability. Here, we identify phosphor-
ylation sites in REPRESSOR OF gal-3 (RGA, an AtDELLA) purified from
Arabidopsis by mass spectrometry analysis, and show that phosphorylation

of two RGA peptides in the PolyS and PolyS/T regions enhances RGA activity
by promoting H2A binding and RGA association with target promoters. Notably,
phosphorylation does not affect RGA-TF interactions or RGA stability. Our
study has uncovered a molecular mechanism of phosphorylation-induced
DELLA activity.

The phytohormone gibberellin (GA) plays a pivotal role in regulating
plant growth and development, from promoting seed germination,
vegetative growth to floral induction and flower and fruit
development'. GA activates its signaling pathway by binding to its
receptor GIBBERELLIN INSENSITIVEL (GID1)°. This interaction triggers

the degradation of DELLA proteins, which are repressors in the GA-
signaling pathway, through the ubiquitin-proteasome pathway’. Spe-
cifically, GA-GID1 induces the polyubiquitination of DELLAs, a process
facilitated by F-box proteins—GID2 in rice (Oryza sativa) and SLEEPY1
(SLY1) in Arabidopsis. These F-box proteins are key components of the
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SCF (Skp1l-Cullin-F-box protein) E3 ubiquitin ligase complex**. DEL-
LAs are nuclear-localized transcription regulators found in all land
plants®. Further studies show that DELLA orthologs are conserved
master growth regulators, which play a central role in coordinating
multiple signaling activities in response to biotic and abiotic cues®~*.
DELLAs belong to a subfamily of plant-specific transcription regulators
known as GRAS (for GAl, RGA, and SCARECROW). All GRAS family
members share a conserved C-terminal GRAS domain, while the DELLA
subfamily also contains a unique N-terminal DELLA domain, char-
acterized by the DELLA sequence motif'®. The DELLA domain is
required for GA-induced degradation. It interacts with the GA-bound
receptor GID1, thereby promoting recruitment of the SCFSY/¢°2 3
ubiquitin ligase for polyubiquitination and proteolysis of the DELLA
protein by the 26S proteasome>**'*8, DELLAs mediate transcription
reprogramming by direct interaction of their GRAS domain with
hundreds of transcription factors (TFs)”*'*?°. By characterizing new
missense alleles of an Arabidopsis DELLA, REPRESSOR OF gal-3 (RGA),
we recently revealed that formation of the TF-RGA-histone H2A com-
plexes at the target chromatin is essential for RGA activity”. The GRAS
domain consists of five conserved subdomains: Leu Heptad Repeat 1
(LHR1), VHIID, LHR2, PFYRE and SAW, three of which (VHIID, PFYRE
and SAW) were named after the conserved amino acid motifs'.
The RGA LHR1 subdomain facilitate its recruitment to target pro-
moters by binding to TFs, while RGA-H2A interaction via the PFYRE
subdomain stabilizes the TF-RGA-H2A complex at the target
chromatin®?. In addition, mutant analyses showed that the VHIID and
LHR2 subdomains are involved in F-box protein binding?>*.

In addition to GA-dependent proteolysis mediated by poly-
ubiquitination, DELLA activity is also modulated by several other post-
translational modifications (PTMs) including Small Ubiquitin-Like
Modifier (SUMO)-conjugation (SUMOylation), glycosylation, and
phosphorylation”2%, SUMOylated DELLA under salt-stress conditions
was shown to sequester GID1 in a GA-independent manner, conse-
quently increasing the amount of non-SUMO-DELLA and causing
growth restriction?. On the other hand, de-SUMOylation of DELLA
under regular growth conditions promotes stamen filament
elongation®’. Besides SUMOylation, recent genetic and biochemical
studies revealed that DELLA activity is oppositely regulated by two
distinct types of O-glycosylation of Ser and Thr residues; i.e., O-linked
N-acetylglucosamine (O-GIcNAc) and O-fucose modifications®?.
O-fucosylation of DELLA by the protein fucosyltransferase SPINDLY
(SPY) enhances DELLA binding to TFs [e.g., BRASSINAZOLE-
RESISTANT1 (BZR1) and PHYTOCHROME INTERACTING FACTORS
(PIFs)], whereas O-GlcNAcylation of DELLA by the O-GlcNAc transfer-
ase SECRET AGENT (SEC) reduces DELLA activity®*>. It was proposed
that O-Fuc and O-GlcNAc modifications may modulate DELLA
activity and plant growth in response to nutrient availability as
O-GlcNAcylation serves as a nutrient sensor in metazoans®>>,

Besides SUMOylation and O-glycosylation, DELLA proteins are
also phosphorylated”. However, the precise role of phosphorylation in
DELLA function is unclear as several studies have provided conflicting
results. Early studies showed that GA promotes phosphorylation of the
rice DELLA, SLENDER RICE1 (SLR1) in the F-box gid2 mutant*, and
phosphorylated DELLA proteins preferentially bind to the F-box pro-
tein by in vitro pull-down assays**. These findings suggest that
phosphorylation of DELLA promotes its degradation. However, a
subsequent study found that phosphorylation of SLR1 does not affect
F-box protein GID2 binding affinity, suggesting that GA-induced SLR1
degradation does not require its phosphorylation®®. On the other hand,
pharmacological studies in seedlings or in vitro showed that phos-
phatase inhibitors block DELLA degradation, suggesting that depho-
sphorylation of DELLAs promotes their proteolysis’’~°. Moreover,
silencing of TOPP4 encoding a type one phosphatase in Arabidopsis
causes increased GFP-RGA accumulation®. Another study further
showed that phosphorylation of SLR1 by a casein kinase I (CK1),

EARLIER FLOWERING1 (EL1), promotes its stability. The e/l mutant
flowers early and exhibits elevated GA response*. Moreover, GA-
induced degradation of SLRI-YFP in the ell mutant background was
faster than in the WT background, suggesting that EL1 enhances DELLA
stability. However, SLR1 phosphorylation by EL1 was only demon-
strated in vitro, and phosphosites in SLR1 have not been identified. The
potential role of phosphorylation has also been studied by mutating
conserved Ser/Thr residues (to Ala or Asp/Glu) in Arabidopsis DELLAs,
RGL2 or RGA and then monitoring the protein stability/activity in
tobacco BY2 cells (RGL2) or in transgenic Arabidopsis (RGA)***2. Six Ala
substitutions at T308, T356, T449, S479, T571 and S578 within the
GRAS domain of RGA (named RGA6A-GFP) appear to reduce RGA
protein stability, whereas Asp mutations (RGA6D) stabilize RGA*™.
Again, these results suggest that phosphorylation may enhance DELLA
stability, although there is no evidence of phosphorylation of these S/T
residues in planta. In addition, these Ser/Thr-to-Ala substitutions are
located in the GRAS domain and may affect RGA/RGL2 activity directly.

To elucidate the role of phosphorylation in regulating DELLA
function, it is crucial to identify DELLA phosphorylation sites in vivo
and conduct functional analysis in planta. By affinity purification from
plant extracts followed by MS/MS analysis, we have identified several
phosphosites in RGA. RGA phosphorylation was elevated under GA-
deficient conditions, although phosphorylation does not affect its
stability. Importantly, co-IP and ChIP-qPCR assays showed that phos-
phorylation within the RGA PolyS/T region promotes its interaction
with H2A and its association with target promoters, revealing the
mechanism of phosphorylation-induced RGA function.

Results

Elevated RGA phosphorylation under GA-deficient conditions
To investigate the role of DELLA phosphorylation, we first examined
whether relative phosphorylation levels (vs. unphosphorylated form)
of endogenous REPRESSOR OF gal-3 (RGA, an AtDELLA) are affected in
different GA mutant backgrounds. We found that relative phospho-
RGA (pRGA) levels were elevated under GA-deficient conditions, either
in a GA-biosynthesis mutant gal-13 or WT Col-0 treated with GA bio-
synthesis inhibitor paclobutrazol (PAC), compared to WT (Fig. 1a).
Because phospho-RGA could not be separated clearly from the
unphosphorylated form by standard SDS-PAGE, we used Phos-tag SDS-
PAGE to detect phospho-RGA as the phosphate binding metal complex
in the Phos-tag Acrylamide reagent causes retarded gel mobility of
phosphorylated proteins®. To monitor RGA phosphorylation more
easily, we also analyzed His-FLAG-RGA in the Prgs:His-FLAG-RGA gal-13
della pentuple (gal dP) transgenic line. Phosphatase treatment con-
firmed that the slower mobility band is phosphorylated His-FLAG-RGA
(Fig. 1b). We further analyzed relative phospho-RGA levels in the F-box
protein mutant slyl-10, which is a semi-dwarf with reduced GA
responses because DELLAs accumulate to high levels’. Due to the
feedback mechanism that regulates GA biosynthesis, the slyl mutant
contains elevated amounts of active GAs. The high GA content in sly1
promotes proteolysis-independent attenuation of DELLAs by GID1
binding**. This is consistent with the less severe phenotype of the slyI
mutant compared to gal, although RGA accumulates to much higher
level in slyI than in gal (Fig. 1c, d). Phos-tag gel blot analysis showed
that the relative phospho-RGA levels (pRGA vs. unphosphorylated
form) in slyl were notably lower than those in gal (Fig. 1d). These
results indicate that RGA phosphorylation is elevated under GA defi-
ciency (gal) and reduced under high bioactive GA content (slyl). GA
treatment induced degradation of both phosphorylated and unpho-
sphorylated RGA proteins (Fig. 1e), indicating that phosphorylation
does not alter RGA stability.

The reduced RGA phosphorylation by GA resembled the previous
finding in rice showing that expression of EL1 encoding a CK1 protein
kinase is downregulated by GA and that £LI phosphorylates SLR1 (the
rice DELLA protein) in vitro*. There are four Arabidopsis EL1-LIKEs
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Fig. 1| GA deficiency promotes RGA phosphorylation. a Increased RGA phos-
phorylation by PAC treatment or gal mutation. WT and gal seedlings grown on
media with different concentration of PAC for 10 days under long-day (LD) con-
ditions. b RGA phosphorylation pattern with or without CIP (Calf Intestinal Alkaline
Phosphatase) treatment. b boiled CIP. c Representative 42d-old plants as labeled.
FR, Proa:His-FLAG-RGA. Bar =3 cm. d FLAG-RGA phosphorylation pattern in FR gal
dP and FR slyl dP lines. The blot contained total protein extracted from these lines.
The FR slyI dP protein sample was diluted 5-fold compared to that of FR gal dP
because FLAG-RGA accumulated to very high levels in the slyI background. e RGA
phosphorylation did not affect GA-induced degradation. The protein blot

contained total protein from Prga His-FLAG-RGA gal dP seedlings after 0.1 M GA4
treatment for the indicated time. In a, b, d, e, proteins were analyzed by both
standard SDS-PAGE and Phos-tag gels (containing 25 uM Phos-tag Acrylamide),
followed by immunoblotting with an anti-RGA antibody (in a) or anti-FLAG anti-
body (b, d, e). pRGA, phosphorylated RGA. pFR, phosphorylated His-FLAG-RGA.
Ponceau S (PS)-stained blot in a, e indicated similar sample loading. The ratios of
phosphorylated RGA/unphosphorylated RGA are shown below the Phos-tag gel
blots in a, b, d, e. -, not detectable. Representative images of 2 biological repeats
are shown. Source data are provided in the Source Data file.

(AEL1-4)*, which are also known as MUT9-LIKE KINASEs (MLKs)*® and
PHOTOREGULATORY PROTEIN KINASEs (PPKs)*. To determine whe-
ther MLKs phosphorylate RGA in Arabidopsis, we introduced Prg4 His-
FLAG-RGA into double and triple mlk mutants. However, our Phos-tag
gel analysis did not detect any notable reduction in RGA phosphor-
ylation in these mutants, suggesting that MLK1-4 do not play a major
role in RGA phosphorylation (Supplementary Fig. 1).

Besides GA levels, DELLA-modulated growth responses can be
also affected by several other hormones [e.g., brassinosteroid (BR),
salicylic acid (SA), jasmonate (JA), and abscisic acid (ABA)] and by
abiotic stresses (e.g., osmotic and salt stresses)’. However, we did not
detect notable changes in RGA phosphorylation by these treatments
(Supplementary Fig. 2).

Identification of RGA phosphorylation sites by LC-ESI-MS/MS

To identify phosphosites in RGA by MS analysis, we used transgenic
Arabidopsis carrying Prga:His-FLAG-RGA®C in either gal-3 rga-24 or
slyI-10 rga-24 backgrounds. His-FLAG-RGA®® contains an extra trypsin
cleavage site by inserting a Lys (K) residue within the PolyS/T region
that enables MS detection of this region® (Fig. 2a). His-FLAG-RGA®¥® is
functional in planta to rescue the rga null phenotype®. The affinity-
purified His-FLAG-RGA®¥® samples from gal-3 rga-24 and sly1-10 rga-24
backgrounds were analyzed by online liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS).
Semi-quantitative analysis for relative peptide abundances was deter-
mined from ion currents detected in the MS1 survey scans. It should be

noted that less than 2-fold differences by this analysis may not be
considered significant. Two highly phosphorylated RGA peptides, LSN-
peptide [LSNHGTSSSSSSISK(DK), 30.5%] and LKS-peptide [(LK)
SCSSPDSMVTSTSTGTQIGK, 28.6%], were identified in RGA®*® purified
from the gal background (Fig. 2a, b, Table 1, Supplementary Table 1,
and Supplementary Data 1-5). Low levels of phosphorylation (2.5%)
were also detected in another RGA peptide (VIP-peptide, VIPG-
NAIYQFPAIDSSSSSNNQNKR) that is immediate upstream of LKS-
peptide. To distinguish among these three peptides more easily, we
will designate them as Pepl (for the LSN-peptide), Pep2 (for the LKS-
peptide), and Pep3 (for the VIP-peptide) for the remainder of this
study. Pepl is located in the PolyS region near the N-terminus, and
Pep3 and Pep2 are within the PolyS/T region downstream of the DELLA
domain. All three phosphorylated sequences in RGA are not conserved
among DELLAs (Supplementary Fig. 3). Interestingly, in the slyI back-
ground with elevated GAs, phosphorylation in Pepl was dramatically
reduced (5.2% in slyI vs. 30.5% in gal), while phosphorylation in Pep2
was similar to that in gal (23.4% in slyI vs. 28.6% in gal, Table 1). MS
analysis identified four mapped phosphosites in RGA and at
least three additional sites that were located in specific peptides
although the precise amino acid could not be mapped (Fig. 2a, b and
Supplementary Table 1). As shown in Supplementary Table 1, Pepl
contains three mapped sites, Pep3 contains two unmapped sites, and
Pep2 contains two sites (only one was mapped). None of these RGA
phosphosites have been identified or analyzed by previous RGA
functional studies*’.

Nature Communications | (2024)15:7694


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52033-x

a b LSN-peptide (Pep 1, 12-28)
DELLA GRAS LSNHGTSSSSSSISKDK
PolyS domain PolyS/T domain
A - ~ LSNHGTSSSSSSISKDK
RGA 1 wea{ 7} ] 587 ——
LSNHGTSSSSSSISKDK
LKS-peptide (Pep 2, 165-185)
LSN-peptide (Pep 1) LKSCSSPDSMVTSTSTGTQIG (K)
1MKRDHHQFQGRLSNHGTS SSSISKDKMMMVKKEED LKSCSSPDSMVTSTSTGTOIG (K)
38 GGGNMDDELLAVLGYKVRS SEMAEVALKLEQLETMMS
75 NVOQEDGLSHLATDTVHYNPSELYSWLDNMLSELNPPP VIP-peptide (Pep3, 140-164)
112 LPASSNGLDPVLPSPEICGFPASDYDLKVIPGNAIYQ VIPGNATIYQFPAIDSSSSSNNONKR
149 FPAIDSSSSSNNQNKRLKSCSSPDSMVTSTSTGTQIG .
186 (K) GVIGTTVTTTTTTTTAAGESTRS  LKS-peptide GVI-peptide (186-207)
(Pep 2) GVIGTTVTTTTTTTTAAGESTR
GVIGTTVTTTTTTTTAAGESTR
d C —pebti i
FR  miA  miD  m2A  m2D :il:lnﬁ?ptr:dsebggp R mmat';’”;
kD #5 #14 #2 #3 #2 #3 #4 #9 #7 #11 9 )
rgam'0 : I.SNHG IDK

Phos-tag 75_. . . . > - - - o 8 aFLAG

LKS-peptide (Pep 2) mutations

18 17 17 17 16 1.8 - - 02 02
75- rgamzA . LKSCAAPDAMV. GTQIG
— — — —— s, W — | AG m2D -
SDS-PAGE rga : LKSCDDPDDMV GTQIG
50- = aTUB
T S S A ——— VIP-peptide (Pep 3) mutations
rgam3A: VIPGNAIYQFPAID NNQNKR

Fig. 2 | Identification of phosphorylation sites in RGA by LC-ESI-MS/MS. a RGA
phosphorylation sites identified by MS/MS. The schematic shows the RGA protein
structure; two structurally disordered regions are indicated as solid black lines. The
DELLA domain is shaded in pink. The LSN-peptide (Pepl) and LKS-peptide (Pep2)
containing abundant phosphorylation are in bold (black letters). The S/T residues
in green letters are confirmed phosphorylation sites. The underlined residues are
amino acid stretches, in which one or more residues are modified (in addition to the
identified sites), but the specific residues could not be mapped. The underlined K in
parenthesis indicates the extra Lys residue in RGA® for creating an additional

trypsin cleavage site. b Summary of PTM sites in RGA. Phosphorylated residues are
in green as described in (a). O-fucosylated residues are in red, O-GlcNAcylated

residues in blue. Same color scheme was applied to the underlined regions, which
are amino acid stretches, in which one or more residues are modified (in addition to
the identified sites), but the specific residues could not be mapped. The underlined
K in parenthesis indicates the extra Lys residue in RGA®*. ¢ Mutated residues in
rga™*, rga™, rga™, rga™® and rga™* are highlighted in orange. d Expression and
phosphorylation pattern of Prga:His-FLAG-RGA/-rga gal dP transgenic lines using
standard SDS-PAGE and Phos-tag (25 puM) gels. Protein blots were probed with anti-
FLAG antibody or anti-tubulin (TUB, as a loading control). Representative images of
3 biological repeats are shown. The mean ratios of phosphorylated RGA/unpho-
sphorylated RGA/rga from 3 biological repeats are shown below the Phos-tag gel
blot. -, not detectable. Source data are provided in the Source Data file.

RGA phosphorylation was not significantly altered by spy or sec
mutation

The phosphorylation sites in RGA are located in the two disordered S-
and S/T-rich sequences (flanking the DELLA domain, Fig. 2a), which
were also shown previously to contain O-GlcNAc and O-Fuc sites,
although most of the MS analyses were done using transiently
expressed RGA in N. benthamiana®™*. To investigate the interplay
among these three PTMs in Arabidopsis, we identified RGA glycosyla-
tion sites and compared the relative abundances of each PTM in
RGA®XC purified from gal-3, slyl-10, slyl-10 spy (two spy alleles, spy-12
and spy-19, were included), and slyI-10 sec-3 mutants. Each spy allele
contains a point mutation that results in an amino acid substitution in
its catalytic domain®?, and sec-3 is a null allele due to transposon Ds
insertion®. A summary of all PTM sites and their relative abundances is
shown in Fig. 2b, Table 1 and Supplementary Table 1. All three PTMs
were detected in Pepl, although O-GIcNAcylation and O-fucosylation
were present at lower levels than phosphorylation. O-GIcNAcylation,
but not O-fucosylation, was also identified in 4.2% of Pep2. Addition-
ally, we found GVI-peptide (GVIGTTVTTTTTTTTAAGESTR) that con-
tains the poly-T track was highly O-GlcNAcylated (69.7% in gal
and 58.4% in slyl), indicating that the levels of GlcNAcylation
were not significantly altered by GA status. This is consistent with
previous studies showing that transcript and protein levels of SPY and

SEC are not regulated by GA**?, We detected only very low levels of
O-fucosylation in Pepl and GVI-peptide due to technical limitations.
Loss of O-Fuc moiety during purification is likely because no effective
fucosidase inhibitors are available in contrast to well characterized
inhibitors for phosphatases and O-GlcNAcase. In summary, phos-
phorylation is located mainly in Pepl and Pep2, but also at low levels in
Pep3. O-GlcNAcylation is highest in GVI-peptide (poly-T track), but is
also present at low levels in Pepl and Pep2. O-Fuc was only detected at
very low levels in Pepl and GVI-peptide (Fig. 2b, Table 1 and Supple-
mentary Table 1).

In Pepl that contains all three PTMs, phosphorylation was not
affected by spy, although it was increased about 2-fold by sec (5.2% in sly1
vs. 12.2% in slyl sec) (Table 1). In contrast, phosphorylation levels in Pep2
remained similar in the presence or absence of spy or sec mutation
(Table 1), suggesting that phosphorylation of Pep2 is not significantly
affected by O-fucosylation or O-GlcNAcylation. O-GlcNAcylation in Pepl
was elevated -5-fold by spy (2.1% in slyl vs 9.5% in slyl spy), whereas
O-fucosylation was increased -3-fold by sec, indicating antagonistic
interaction between O-GIcNAc and O-Fuc modifications.

Phosphorylation of Pepl and Pep2 enhanced RGA activity
Our MS analysis identified two highly phosphorylated RGA peptides,
Pepl and Pep2. To investigate the role of phosphorylation on RGA
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Table 1| Relative abundances of posttranslational modifica-
tions in FLAG-RGA®*®

Peptide/ Relative abundance®

HoS el gal-3 (%) sly1-10 (%) slylspy (%) sly1 sec (%)
LSNHGTSSSSSSISK(DK) (Pep)

PO, 305 5.2 3.0 12.2
O-GlcNAc 1.9 21 9.5 0.0
O-Fuc 0.3 0.7 0.0 2.0
O-Hex® 0.0 0.1 0.1 0.0
VIPGNAIYQFPAIDSSSSSNNQNKR (Pep3)

PO, 2.5 0.0 0.8 0.3
(LK)SCSSPDSMVTSTSTGTQIGE (Pep2)

PO4 28.6 23.4 18.7 24.0
O-GlcNAc 3.7 4.2 4.7 0.0
O-Hex® 0.1 0.7 0.1 0.0
GVIGTTVTTTTTTTTAAGESTR

O-GlcNAc 69.7 58.4 64.6 0.1
O-Fuc 0.4 0.4 0.0 0.3
O-Hex® 14.6 12.6 13.4 0.0

2Peptide abundances were determined from ion currents taken from the MS1 survey scan. PTM
levels are reported as the % of the total peptide abundance detected. Total abundances were
calculated from ion currents observed in the MS1 mass spectra [(modified peptide ion current) /
(sum of all modified peptides + unmodified peptide ion current)] x100. The table shows average
percentage values of peptides with PTMs as specified. The percentage values are average of
three biological repeats for gal-3 and sly7-10 or two biological repeats for sly1-10 sec-3. Per-
centage values for sly1 spy are the average of sly1-10 sly-12 and sly1-10 sly-19 samples.

bThe identity of this hexose has not been established, nor its biological function.

function, we generated transgenic Arabidopsis expressing four muta-
ted rga proteins with the following mutations: rga™* (8 S/T-to-A in
Pepl), rga™P (8 S/T-to-D/E in Pepl), rga™* (8 S/T-to-A in Pep2), or rga™®
(8 S/T-to-D/E in Pep2) in the gal dP background (Fig. 2c). mIA and m2A
should abolish phosphorylation of RGA Pepl or Pep2, respectively,
whereas mID and m2D are phosphomimetic substitutions. Three
independent homozygous transgenic lines for each construct
(ProaHis-FLAG-rga™",  Prga-His-FLAG-rga™”,  Prga-His-FLAG-rga™,
ProaHis-FLAG-rga™P) with similar expression levels as the Prgy:His-
FLAG-RGA lines were used for phenotype analysis (Supplementary
Fig. 4a, b). As expected, His-FLAG-RGA restored the dwarf phenotype in
gal dP. mIA only slightly decreased RGA’s growth repression activity
(Fig. 3a, b, Supplementary Fig. 4c, d), and did not reduce its overall
phosphorylation levels (Fig. 2d). The phosphomimetic mID also
slightly reduced RGA’s growth repression activity. In contrast, m24
completely abolished phosphorylation of RGA (Fig. 2d), and markedly
reduced its growth repression (Fig. 3a, b, Supplementary Fig. 4c, d).
The rga™ gal dP displayed similar dwarf phenotype as that of His-
FLAG-RGA gal dP. These results indicate that Pep2 phosphorylation
appears to play a more major role in promoting RGA activity than Pepl.
To examine the role of Pep3 phosphorylation, we also generated rga™"
(5 S-to-A in Pep3) in the gal dP background. Consistent with the low
levels of phosphorylation in Pep3, rga™* did not impair RGA activity
(Supplementary Fig. 5). The mID and m2D did not confer opposite
effects compared to miA and m2A, respectively. These results are not
surprising because Asp/Glu substitutions do not always capture the
phosphorylation function due to size and charge differences*.
Hypocotyl elongation assays using representative His-FLAG-RGA/
rga lines in the gal dP background further showed that only His-FLAG-
rga™ conferred much elevated GA responses comparing to His-FLAG-
RGA (Fig. 3¢, d). We also compared activities of rga™*, rga™® and RGA
in regulating transcript levels of ten selected RGA target genes?**°°,
including five RGA-activated genes (SCL3, GID1B, Exp-PT1, 1QD22 and
GA200X2) and five RGA-repressed genes (IAA16, EXPS, GH3.3, SAUR16

and PMEI13) by RT-gPCR analysis. Consistent with the whole plant
phenotype results, His-FLAG-rga™* showed reduced activity while His-
FLAG-rga™ displayed similar activity as His-FLAG-RGA in upregulating
or downregulating these target genes, respectively (Fig. 3e, f). These
results indicate that Pep2 phosphorylation promotes RGA activity
more strongly. To examine the combined effect of abolishing phos-
phorylation of both Pepl and Pep2, we generated transgenic lines
expressing His-FLAG-rga™?* with both mIA and m2A mutations in the
gal dP background. In the T1 generation, mi2A resulted in further
lowering growth suppression activity of RGA in comparison to m2A
(Supplementary Fig. 6a-c), supporting that combined mutations
abolishing phosphorylation in both Pepl and Pep2 additively reduced
RGA activity. We further compared the activities of RGA and rga
mutant proteins on inducing target gene SCL3 expression by a dual
luciferase (LUC) assay using the transient expression system in
Nicotiana benthamiana®™ . The Ps¢; sfirefly LUC (fLUC) was used as the
reporter for this assay, and 35S:Renilla LUC (rLUC) was the internal
control to normalize variations in transformation efficiency. The
effectors included 35S:FLAG-RGA and 35S:FLAG-rga constructs. As
expected, when co-expressed with FLAG-RGA, Psc;3fLUC expression
was induced about 13-fold compared to the negative control (Sup-
plementary Fig. 6d, e). The mIA and m2A mutations exhibited additive
effects in reducing RGA transactivation activity (Supplementary
Fig. 6d, e), consistent with the phenotypes of the corresponding
mutant plants (Supplementary Fig. 6b, c).

Pep2 phosphorylation did not affect RGA protein stability or
interaction with PIFs or BZR1

To investigate how Pep2 phosphorylation enhances RGA function, we
first examined the effects of rga™* and rga™® mutations on its sub-
cellular localization and stability. Protein fractionation and immuno-
blot analysis showed that rga™* or rga™ did not alter nuclear
localization or GA-induced degradation of RGA in Arabidopsis (Sup-
plementary Fig. 7). Similarly, rga™* or rga™® did not affect RGA sta-
bility (Supplementary Fig. 7b, ). Considering that O-Fuc and O-GIcNAc
modifications oppositely alter RGA interactions with transcription
factors PIFs and BZR1*"*?, we tested whether rga™* reduced binding to
PIF3 or BZRL. In vitro pulldown assays were performed using recom-
binant GST-tagged PIF3 and BZRI, and protein extracts from trans-
genic Arabidopsis expressing His-FLAG-RGA, His-FLAG-rga™* or His-
FLAG-rga™ (Fig. 4a, Supplementary Fig. 8). However, GST-PIF3 and
GST-BZR1 pulled down His-FLAG-RGA, -rga™ and -rga™® similarly
(Fig. 4a), suggesting that phosphorylation of Pep2 regulates DELLA
function differently from O-glycosylation.

Pep2 phosphorylation increased H2A binding at target
chromatin

We recently found that interaction with histone H2A is essential for
RGA activity by promoting the formation of the TF-RGA-H2A complex
at the target chromatin®. Importantly, rga™ showed reduced affinity
to H2A by co-IP assays (Fig. 4b), supporting that phosphorylation of
Pep2 enhances RGA-H2A interaction in planta. In addition, histones H3
and H4 also co-immunoprecipitated with FLAG-RGA, along with H2A
(Fig. 4b), indicating that RGA mainly interacted with H2A in the
nucleosomes instead of the “free” H2A. The co-IP assay using rga™*
showed very weak H3 and H4 signals by immunoblot analysis, con-
sistent with its weak interaction with H2A (Fig. 4b). On the other hand,
rga™ did not show detectable reduction in H2A binding (Fig. 4c).
ChIP-qPCR analysis was also performed using transgenic lines con-
taining Prga:His-FLAG-RGA or -rga in the gal dP background, and
showed that FLAG-rga™ significantly reduced association with four
selected target promoters, including two RGA-activated genes (SCL3
and GID1B) and two RGA-repressed genes (IAA16 and EXPS) (Fig. 4d). In
contrast, His-FLAG-rga™® displayed similar association with target
promoters as His-FLAG-RGA. These results provide strong evidence for
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Fig. 3 | Phosphorylation of RGA in Pep 2 enhances RGA function.

a, b Phenotypes of His-FLAG-RGA/rga transgenic lines. In (a), Representative 55-d-
old plants under LD conditions. FR (#5), m1A (#3), m1D (#3), m2A (#4) and m2D
(#7). Bar =10 cm. In (b), Boxplot showing final heights of different lines as labeled.
n=6. Center lines and box edges are medians and the lower/upper quartiles,
respectively. Whiskers extend to the lowest and highest data points within 1.5x
interquartile range (IQR) below and above the lower and upper quartiles, respec-
tively. Different letters above the bars represent significant differences (p < 0.01) as
determined by two-tailed Student’s ¢ tests. The phenotypic analysis was repeated
three times with similar results. ¢, d His-FLAG-rga™ gal dP displayed an enhanced
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GA response in hypocotyl growth. Seedlings were grown in medium containing
varying concentrations of GA4. Hypocotyl lengths were measured at day 9. Bar =
3 mm. In (d), Average hypocotyl lengths. Means + SE are listed in the Source Data
file. n=11-12. Exact n and p values for (b) and (d) are listed in the Source Data file.
The assay was repeated three times with similar results. e, fRT-qPCR showing rga™
caused reduced expression of RGA-induced genes (e) and increased expression of
RGA-repressed genes (f). PP2A was used to normalize different samples. Means + SE
of three biological replicates are shown. Different letters above the bars represent
significant differences (p < 0.05) by two-tailed Student’s ¢-test. Source data are
provided in the Source Data file.

the promoting role of RGA Pep2 phosphorylation in binding H2A at
target chromatin.

The PFYRE subdomain within the RGA GRAS domain is essential
for H2A interaction because single amino acid substitutions in this
region result in markedly reduced H2A binding affinity in planta™.
Considering that Pep2 is in the PolyS/T region linking the DELLA
domain and the GRAS domain of RGA, it is possible that phosphor-
ylation of Pep2 may induce a conformational change to make the
PFYRE subdomain more accessible for H2A binding. Alternatively, the
PolyS/T region may also directly involve in H2A binding. Co-IP assays
were performed using N. benthamiana that transiently expressed full-
length (FL) or truncated FLAG-RGA proteins together with Myc-H2A or
Myc-GFP as a negative control. As expected, both the FL-RGA and

C-terminal RGA fragment (CT3) that includes the PFYRE subdomain
were co-immunoprecipitated with Myc-H2A (Fig. 5). Notably, the
N-terminal RGA fragments (NT2 and NT3) that include the PolyS/T
region were also co-immunoprecipitated with Myc-H2A, whereas RGA-
NT1 lacking the PolyS/T region was not (Fig. 5). These results indicate
that both PolyS/T and PFYRE regions play important roles for H2A
binding.

Discussion

In this study, we showed that phosphorylation of the RGA Pep2 in the
PolyS/T region enhanced RGA-H2A interaction and RGA association
with target promoters, while it did not affect RGA interaction with
transcription factors PIF3 and BZR1. This conclusion is based on (1)
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Fig. 4 | Phosphorylation promoted RGA interaction with H2A, but did not
affect TF binding. a In vitro pulldown assay showing rga™ and rga™® did not
affect binding to PIF3 or BZR1. Recombinant GST, GST-PIF3 and GST-BZR1 bound to
glutathione-Sepharose beads were used separately to pull down His-FLAG-RGA/rga
from protein extracts from transgenic Arabidopsis in the gal dP background.
Immunoblots containing input Arabidopsis extracts and pulldown samples were
detected with an anti-FLAG antibody. PS-stained blots indicated that similar
amounts of the GST/GST-fusion proteins were used in each set of the pulldown
assays (Supplementary Fig. 8). Representative images of two biological repeats are
shown. Relative amounts of His-FLAG-RGA/rga pulled down by GST fusion proteins
are shown. The levels of His-FLAG-RGA were set as 1.0. b, ¢ Co-IP assays showing
that rga™* reduced binding to H2A, H3 and H4, whereas rga™ did not affect H2A
interaction. His-FLAG-RGA/rga from protein extracts of transgenic Arabidopsis (in
gal dP background) carrying Prga:His-FLAG-RGA/rga were immunoprecipitated

using an anti-FLAG antibody. Immunoblots containing input Arabidopsis extracts
and IP eluate samples were detected with anti-FLAG, H2A, H3 and H4 antibodies,
separately. Representative images of two or three biological repeats are shown. In
b, ¢, relative amounts of H2A/H3/H4 co-immunoprecipitated with FLAG-RGA/rga
are shown. d ChIP-qPCR analysis showing rga™* reduced association with target
chromatin. ChIP was performed using transgenic lines containing Prg4FLAG-
RGA/rga in the gal dP background as labeled. The parental line gal dP was included
as a control. Two RGA-activated genes (SCL3 and GID1B) and two RGA-repressed
genes (/AA16 and EXPS) were tested by qPCR using primers near the RGA binding
peaks. The relative enrichment fold was calculated by normalizing against ChIP-
gPCR of non-transgenic gal dP control using PP2A. Means + SE of three biological
replicates are shown. Different letters above the bars represent significant differ-
ences (p <0.05) by two-tailed Student’s t-test. Source data are provided in the
Source Data file.

direct detection of RGA phosphorylation sites in planta by MS/MS
analysis; (2) in vivo functional analysis of FLAG-RGA vs FLAG-rga
mutant proteins; and (3) in vivo co-IP and ChIP-qPCR assays. We
recently showed that the PFYRE subdomain within the RGA GRAS
domain is essential for H2A binding, while the LHR1 subdomain is
required for interaction with TFs”. Here we demonstrated that both
PolyS/T and PFYRE regions play important roles for H2A binding. We
further showed that RGA interacts with H2A in the nucleosomes, and
that phosphorylation of Pep2 enhances RGA-H2A binding. The rga™
mutant protein abolishes RGA phosphorylation, and may adopt a dif-
ferent protein conformation that interferes with H2A binding (Fig. 6).

Our MS analysis showed that both Pepl and Pep2 in RGA con-
tained high levels of phosphorylation in the GA-deficient gal back-
ground. In addition to this study, phospho-proteomics studies also
identified phosphorylation within RGA Pepl, although its role had not
been investigated™ . Conversely, phosphorylation of Pep2 has not
been reported previously because this peptide could only be detected
using the RGA®® transgene. Although mIA mutation that abolished
phosphorylation of Pepl only slightly reduced RGA activity in planta, it
had an additive effect when combined with m2A4 to downregulate RGA
activity (Supplementary Fig. 6). Importantly, phosphorylation in Pepl
was much reduced in the slyl mutant containing elevated GAs com-
pared to gal, suggesting that GA promotes dephosphorylation of RGA
to reduce its activity. The mechanism how GA downregulates RGA

phosphorylation requires further studies. One possibility would be
through regulation of the unidentified protein kinase(s). Although
expression of the CKI1 protein kinase, EL1, was shown to be down-
regulated by GA in rice*, our results indicate that higher order muta-
tions in the Arabidopsis £L1 homologs (AEL1-4) did not reduce RGA
phosphorylation. Consistent with our results, a recent phospho-
proteomics study using Arabidopsis AEL overexpression lines and tri-
ple ael mutants did not identify any DELLA proteins as the substrates of
these kinases*. While preparing our manuscript, a GSK3/SHAGGY-like
kinase-encoding gene GSK3 in Triticum aestivum (wheat) was reported
to phosphorylate DELLA (Rht-Blb)¥, although Rht-Blb phosphoryla-
tion by GSK3 has not been demonstrated in planta. Three phosphor-
ylation sites in Rht-B1b located between the DELLA and GRAS domains
(Supplementary Fig. 3) were identified by in vitro enzyme reactions in
the presence of GSK3, followed by MS analysis. Ser-to-Ala substitutions
at all three phosphorylation sites led to reduced Rht-Blb activity in
transgenic wheat, which is consistent with our finding that Ala sub-
stitutions in RGA Pep2 reduced RGA activity. However, their in vitro
protein degradation assay further suggested that phosphorylation also
stabilizes Rht-B1b*. This contrasts with our results showing that Ala
substitutions in RGA Pep2 did not alter its stability in planta. GSK3 in
wheat is an ortholog of BRASSINOSTEROID INSENSITIVE 2 (BIN2) in
Arabidopsis®, which is a negative regulator of BR signaling, and BR
activates its signaling pathway by inducing BIN2 degradation®®. We
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Fig. 5 | H2A binds to both the PolyS/T region and GRAS domain of RGA.

a Schematics of full-length (FL) and a series of truncated RGA proteins. LHR, Leucin
heptad repeat. b Co-IP assays showed that both PolyS/T and GRAS domain inter-
acted with H2A. FLAG-RGA (FL or truncated) was expressed alone (-) or co-
expressed with Myc-H2A in N. benthamiana. Myc-GFP was included as a negative
control. Myc-H2A or -GFP were immunoprecipitated using anti-Myc agarose. Left

panel (Input): Immunoblots containing total protein extracts. Right panel (aMyc
immunoprecipitated samples): Immunoblots containing IP eluates were probed
with aFLAG or aMyc as labeled. Representative images of 2 biological repeats are
shown. Predicted molecular masses for FLAG-NT3 and FLAG-CT3 are 37 kD and
35kD, respectively. Source data are provided in the Source Data file.
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Fig. 6 | Proposed model for the regulatory role of RGA phosphorylation. RGA is
recruited to target chromatin by interaction with TFs via the LHR1 subdomain,
which is then stabilized by binding to H2A via its PolyS/T region and the PFYRE
subdomain to form H2A-RGA-TF complexes. Phosphorylation of the Pep 2 within
the PolyS/T region between the DELLA domain and the GRAS domain by uni-
dentified kinase(s) enhances RGA-H2A binding. The rga™* mutant protein abol-
ishes RGA phosphorylation, and adopts a different protein conformation that

Unstable RGA-TF complex

interferes with H2A binding. This leads to unstable transient TF-rga™" interaction,

and disassociation of rga™* from the target chromatin. The diagram only depicts
RGA-mediated transcription repression. A similar diagram can depict RGA-
mediated transcription activation, except that the H2A-RGA-TF complex will
promote transcription of target genes and that dephosphorylation by rga™* will
reduce transcription. Figure modified from Huang et al.”.

showed that BR treatment does not reduce RGA stability® or phos-
phorylation levels in Arabidopsis (Supplementary Fig. 2), suggesting
that RGA is unlikely to be phosphorylated by BIN2.

The phosphorylation sites identified in RGA are located within the
disordered PolyS and PolyS/T regions that flank the DELLA domain.

Although these phosphorylation sites in RGA are not conserved among
DELLASs, all DELLAS contain at least the PolyS/T region (Supplementary
Fig. 3). These results suggest that phosphorylation of the disordered
PolyS and/or PolyS/T regions alters the conformation of DELLAs to
promote H2A binding.
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In summary, our study has uncovered a key role of phosphoryla-
tion in enhancing DELLA activity by promoting DELLA-H2A interaction
at target chromatin. This adds a third posttranslational regulatory
mechanism to modulate DELLA activity, in addition to protein
stability (by ubiquitination and SUMOylation) and binding affinity to
TFs (by O-GIcNAc and O-Fuc modifications). Identification of protein
kinase(s) for RGA phosphorylation in Arabidopsis will help reveal the
internal and/or external cues that trigger DELLA phosphorylation.
Furthermore, structural analysis of phosphorylated vs. unpho-
sphorylated RGA will help to further elucidate the molecular
mechanism of DELLA-mediated transcription reprogramming.

Methods

Plant materials, growth conditions, and generation of
transgenic lines

In most experiments, Arabidopsis plants were grown in the growth
room under long-day (LD) conditions (16 h light, 22 °C; 8 h dark, 20 °C).
The gal-13, slyl-10 (bc 6x Col-0), and gal-13 della pentuple (gal dP) are
in the Col-0 background®~°. The gal-3 rga-24 and sly1-10 rga-24 double
mutants are in the Ler background®. The mik1 (SALK 026482), mik2
(SALK_035080), mlk3 (SALK_017102) and mlk4 (SALK_1615), all in the
Col-0 background, were obtained from the Arabidopsis Biological
Resource Center (https://abrc.osu.edu/). The double and triple
homozygous mlk mutants were generated by crosses. Transgenic
Arabidopsis lines, Prga:His-FLAG-RGA gal-13 della pentuple (gal dP),
PreaHis-FLAG-RGA* in gal-3 rga-24, slyl-10 rga-24 or slyl-10 sec-3 rga-
24, and the PgziBZRI-CFP line were reported previously®-*>>*,
ProaHis-FLAG-RGA®®® in sly1-10 spy-12 rga-24 or slyl-10 spy-19 rga-24
were generated by crosses between Prga:His-FLAG-RGA®® in slyl-10
rga-24 and different spy alleles. pRGA-His-3xFLAG-RGA, pRGA-His-
3XFLAG-m1A, pRGA-His-3xFLAG-m1D, pRGA-His-3xFLAG-m2A, pRGA-
His-3xFLAG-m2D, pRGA-His-3xFLAG-m12A, pRGA-His-3xFLAG-m3A
constructs were introduced into gal-13 dP by agrobacterium-
mediated transformation. Independent transgenic lines with single
insertion were selected by Basta resistance. Multiple independent
transgenic lines (6 to 9) for each construct were screened by standard
SDS-PAGE gel blot analysis to select for lines that expressed His-FLAG-
RGA or -rga protein at similar levels. The Pgg4:His-FLAG-RGA transgenic
lines in the WT, mlk double and triple mutant backgrounds were
generated by transformation. Transgenic lines for each genetic back-
ground that expressed similar levels of His-FLAG-RGA were used for
further analysis.

Plasmid construction

The following plasmids were described previously: Ps¢;3fLUC, and
358:rLUC*? for dual LUC assays, pEG3F-RGA (35S:FLAG-RGA) and
pEG203-H2A (35S:MYC-H2A)* for transient expression in N. ben-
thamiana, pBm43GW® for cloning, GST-PIF3, GST-BZR1*, and GST-
H2A? for expression in E. coli. Primers and plasmid constructs are
listed in Supplementary Tables 2 and 3, respectively. All DNA con-
structs generated from PCR amplification were sequenced to ensure
that no mutations were introduced. Construction of pRGA-His-
3XFLAG-RGA/m1A/m1D/m2A/m2D/m12A/m3A were generated using
four constructs: JO35 (RGA promoter, 8.1kb), pBm43GW®’, J015(RGA
3’UTR) and pDONR207-His-3XFLAG-RGA/m1A/m1D/m2A/m2D/m12A/
m3A by Gateway LR reaction.

Phenotype analyses

For final height measurement, the seeds of parental line gal dP, and
transgenic lines carrying Prga'His-FLAG-RGA/rga (all in the gal dP
background) were treated with 10 uM GA, for 3 days at 4 °C, washed 6
times with water, and then were sown in soil under LD. The experiment
was repeated 3 times for all, except rga™ was repeated 2 times, with
similar results. For hypocotyl elongation analysis, surface-sterilized
seeds were treated with 10 uM GA, for 3 days at 4 °C, washed 6 times

with water, and were plated on 0.5x Murashige and Skoog (MS) med-
ium supplemented with different concentrations of GA, for 9 days
under LD conditions (16 umol m-2 s-1 white light). Hypocotyl lengths
were measured using ImageJ software (http://rsb.info.nih.gov/ij). Each
experiment was performed at least three times with similar results and
one set of representative results is shown.

Statistics and reproducibility

Statistical analyses were performed for all quantitative data using
Excel, and significant differences determined by Student’s t-tests. No
statistical method was used to predetermine sample size. No data were
excluded from the analyses; The experiments were not randomized;
Investigators were not blinded to allocation during experiments and
outcome assessment. Sample sizes were specified in the figure legends
and Source Data file.

Reverse transcription (RT)-quantitative PCR (qPCR) and immu-
noblot analyses
Total RNA was extracted using the Quick-RNA MiniPrep kit (Zymo
Research), and Reverse transcription was performed using Tran-
scriptor First Strand cDNA Synthesis Kit (Roche) with anchored oligo
dTys. RT-PCR analysis was performed using the FastStart Essential DNA
Green Master mix and LightCycler 96 (Roche Applied Science). Rela-
tive transcript levels were determined by normalizing with PP2A
(At1g13320)%". Primers for the qPCR are listed in Supplementary
Table 2. Primers for SCL3, GIDIB, EXP8, SAURI6, and GH3.3 were
reported previously®.

For immunoblot assays, total proteins were extracted from
10 days-old seedlings using the 2xSDS extraction buffer (125 mM Tris-
HCI pH 8.8, 4% SDS, 20% glycerol, 5% 2-Mercaptoethanol). Immunoblot
analyses were performed using rat anti-RGA antiserum (DURIS,
1:1,000)°, horseradish peroxidase (HRP)-conjugated anti-FLAG M2
mouse monoclonal (Sigma Aldrich A8592, 1:10,000 dilution), rabbit anti-
H3 polyclonal antibody (Abcam ab1791, 1:5,000 for Supplementary Fig. 7
or 1:1000 dilution for Fig. 4b), mouse anti-tubulin antibody (Sigma
T5168, 1:100,000), rabbit anti-H2A monoclonal antibody (Abcam
ab177308, 1:1,000 dilution), rabbit anti-H4 monoclonal antibody (Abcam
ab222763, 11,000 dilution), mouse anti-GFP antibody (Roche
11814460001, 1:1,000 dilution) and mouse HRP-anti-MYC monoclonal
antibodies (BioLegend 626803, 1:2000 dilution). HRP-conjugated don-
key anti-mouse IgG (Jackson ImmunoResearch #715-035-150, 1:10,000
dilution) was used for anti-tubulin and anti-GFP. HRP-conjugated goat
anti-rabbit IgG (Thermo-Fisher #31462, 1:10,000 dilution) was used to
detect anti-H2A, anti-H3, and anti-H4. HRP-conjugated goat anti-rat IgG
(Pierce #31470, 1:6000) was used for anti-RGA (DURI18). Chemilumi-
nescent signals were detected by iBright FL1500 (Invitrogen).

Phos-tag mobility shift assay

Total proteins of 10-days-old seedlings were extracted from ground
samples using the extraction buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.5% Triton X-100, 1x Complete -EDTA free protease inhibitors).
The proteins were separated in a 6% SDS-PAGE gel containing 25 pM
Phos-tag Acrylamide reagent (FUJIFILM Wako Chemicals USA Corp.
#AAL-107) and 50 mM MnCl, following the manufacturer’s instruc-
tions. After electrophoresis at 4 °C, the gel was washed 3 times with
transfer buffer without methanol plus 5 mM of EDTA, rinsed once with
transfer buffer, and then transferred to nitrocellulose membranes for
immunoblot analysis.

In vitro pulldown and co-IP assays

In vitro pulldown assay was performed following the procedures
published previously”*. Recombinant proteins (GST, GST-BZR1, and
GST-PIF3) expressed in BL21-CodonPlus (DE3)-RIL (Agilent Technolo-
gies) were purified using glutathione beads. GST and GST-fusion pro-
teins bound to glutathione beads were then used separately to pull
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down FLAG-RGA/rga from protein extracts of transgenic Arabidopsis
(in gal dP background) carrying Prc4-FLAG-RGA/rga.

For in vivo co-IP assays, total protein complexes were extracted
from Arabidopsis and immunoprecipitated using anti-FLAG-M2-
Agarose beads as described”. Samples were analyzed by SDS-PAGE
and immunoblotting using anti-FLAG-HRP antibody (Sigma-Aldrich,
1:10,000), anti-H2A antibody (Abcam abl77308), anti-H3 antibody
(Abcam ab1791) and anti-H4 antibody (Abcam ab222763). Quantitative
analysis of the relative signal intensity was performed using Image)
software (http://rsb.info.nih.gov/ij) or iBright FL1500 Imaging System.

For mapping RGA interaction domains with H2A, FLAG-RGA,
FLAG-RGA(NT1), FLAG-RGA(NT2), FLAG-RGA(NT3), FLAG-RGA(CT3)
and MYC-H2A were transiently expressed in N. benthamiana leaves.
Co-IP assays were performed using rabbit anti-Myc polyclonal
antibody-conjugated agarose beads (A7470; Sigma-Aldrich), as
described previously®.

Transient expression and dual luciferase assay in N.
benthamiana

The dual luciferase assays in N. benthamiana were performed as
described previously using dual-luciferase reporter assay system®
except that leaves were harvest after 48 h of Agro-infiltration. At least
three biological repeats were conducted for each effector
combination.

Protein purification for MS analysis

His-FLAG-RGA was purified from PggsHisFLAG-RGA®*® transgenic
Arabidopsis rga-24 lines with gal-3 (n=3), slyl-10 (n=3), sly1-10 sec-3
(n=2), sly1-10 spy-12 (n=1) or slyI-10 spy-19 (n=1), following the tan-
dem affinity purification procedures described previously*.

Identification of PTM sites by online liquid chromatography
tandem MS (MS/MS) analyses
Affinity-purified His-FLAG-RGA®*® proteins extracted from Arabidopsis
were trypsin-digested, and peptides were analyzed by online LC-
electrospray ionization (ESI) tandem MS [electron-transfer dissocia-
tion (ETD) and collisionally activated dissociation (CAD) MS/MS] using
a Thermo™ Orbitrap Fusion™ Tribrid™ mass spectrometer equipped
with ETD**%%. MS1 spectra were acquired in the Orbitrap with a reso-
lution of 120,000, followed by low resolution data dependent MS2
analysis. Precursors of charge 2-6 were fragmented by CAD (30%
normalized collision energy), and precursors of charge state 3-6 were
fragmented using ETD with calibrated charge-dependent reaction
times. Dynamic exclusion was included (repeat count of 1, repeat
duration of 30 s, exclusion duration of 10 s).

Protein Metrics Byonic™ (v3.11.3)** was used to search data against
a database containing the UniProt Reviewed®* entries for Arabidopsis
thaliana proteins with the addition of the sequence for 6His-3XFLAG-
RGA®XC, Search settings included fully specific tryptic digestion, 3
potential missed cleavages, 10 ppm precursor mass tolerance, and
0.35 Da fragment mass tolerance. Alkylation of Cys residues was a fixed
modification. Variable modifications included phosphorylation of Ser,
Thr, and Tyr, O-fucosylation of Ser and Thr, O-GlcNAcylation of Ser and
Thr, O-hexosylation of Ser and Thr, oxidation of Met, and the absence
of alkylation on Cys. No manual cutoff based on false discovery rate or
peptide score was applied. Byonic peptide-MS2 spectra matches were
manually validated using both MS1 and MS2 spectra, and the mod-
ification site localization was confirmed by manual inspection of the
MS2 spectra. Each peptide was quantified by integrating peak areas for
all detected charge states including 13 C isotopes for the two most
abundant charge states.

Chromatin immunoprecipitation (ChIP)-qPCR
Transgenic Arabidopsis seedlings carrying pRGA-His-3xFLAG-RGA,
PRGA-His-3xFLAG-m2A and pRGA-His-3xFLAG-m2D (in the gal dP

background) grown for 10 days were harvested and cross-linked in
1% formaldehyde solution for 20 min. ChIP-qPCR assay was per-
formed using anti-FLAG-M2-Agarose beads (Sigma-Aldrich A2220)
as described”. The relative enrichment was calculated by normal-
izing against gal dP control samples using PP2A%.. Primers for the
ChIP-gPCR are listed in Supplementary Table 2. Primers for SCL3,
GID1B, IAA16 and EXP8 were reported previously?.

Multiple sequence alignment
Multiple sequence alignment of DELLA proteins from different species
was performed using MultAlin®.

Accession numbers

Sequence information for Arabidopsis genes included in this article can
be found in the GenBank/EMBL data libraries under accession numbers
RGA (AT2GO01570), SCL3 (AT1G50420), GIDIB (AT3G63010), IAAI6
(AT3G04730), EXP8 (AT2G40610), IQD22 (AT4G23060), GA200x2
(AT5G51810), Exp-PT1 (AT2G45900), SAURI6 (AT4G38860), GH3.3
(AT2G23170), PMEII3 (AT5G62360), PP2A (AT1G13320), MILK1
(AT5GI8190), MLK2 (AT3G03940), MLK3 (AT2G25760), MLK4
(AT3G13670), SPY (AT3G11540), SEC (AT3G04240), H2A (AT1G51060),
H3 (AT5G10400), H4 (AT2G28740), SLYI (AT4G24210), BZRI
(AT1G75080) and PIF3 (AT1G09530).

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

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE®® partner repository with
the dataset identifier PXD046004. All other data generated in this
study are provided in the Supplementary Information, Supplementary
Data files and Source Data file. Source data are provided with
this paper.
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