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Summary

e The Arabidopsis LEAFY (LFY) transcription factor is a key regulator of floral meristem emer-
gence and identity. LFY interacts genetically and physically with UNUSUAL FLORAL
ORGANS, a substrate adaptor of CULLIN1-RING ubiquitin ligase complexes (CRL1). The
functionally redundant genes BLADE ON PETIOLET (BOP1) and -2 (BOP2) are potential can-
didates to regulate LFY activity and have recently been shown to be substrate adaptors of
CULLIN3 (CUL3)-RING ubiquitin ligases (CRL3).

o We tested the hypothesis that LFY activity is controlled by BOPs and CUL3s in plants and
that LFY is a substrate for ubiquitination by BOP-containing CRL3 complexes.

e When constitutively expressed, LFY activity is fully dependent on BOP2 as well as on
CUL3A and B to regulate target genes such as APETALAT and to induce ectopic flower forma-
tion. We also show that LFY and BOP2 proteins interact physically and that LFY-dependent
ubiquitinated species are produced in vitro in a reconstituted cell-free CRL3 system in the
presence of LFY, BOP2 and CUL3.

e This new post-translational regulation of LFY activity by CRL3 complexes makes it a unique
transcription factor subjected to a positive dual regulation by both CRL1 and CRL3 complexes
and suggests a novel mechanism for promoting flower development.

ubiquitination.

Introduction

In Arabidopsis, the LEAFY (LFY) gene participates in floral meris-
tem formation (Moyroud et al., 2010; Chahtane ezal., 2013; Li
et al., 2013; Yamaguchi ez al., 2013) and regulates floral meristem
identity by establishing, in particular, the expression of the
MADS-box floral homeotic genes responsible for floral organ
identity (Weigel & Nilsson, 1995; Blazquez ez al., 1997; Nilsson
etal, 1998; Parcy etal, 1998; Parcy, 2005; Siriwardana &
Lamb, 2012; Denay etal, 2017). In /fy mutants, the inflores-
cence meristem fails to produce proper flowers and instead gener-
ates shoots or abnormal flowers subtended by bracts (Weigel
etal., 1992). Conversely, ectopic expression of LFY is sufficient
to convert most aboveground meristems into flowers, demon-
strating that the floral fate of meristems is governed by LFY
(Weigel & Nilsson, 1995).

While LFY transcript and LEY protein are present throughout
the floral meristem, direct target genes of LFY, such as the floral
organ identity genes APETALAI (API), APETALA3 (AP3),
AGAMOUS (AG) or SEPALLATA3, are expressed in distinct spa-
tial domains, implying that additional mechanisms are involved
to confer distinct modes of action to LFY. One of these mecha-
nisms is the concerted action of LFY with other partners, such as
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the transcription factors WUSCHEL (WUS) and SEPALLATA3,
to activate AG (Lenhard ezal, 2001; Lohmann ezal, 2001; Liu
et al., 2009) or chromatin remodelling factors of the SWI2/SNF2
family (Wu eral., 2012) that bind AP3 and AG loci. Another
LFY co-factor is the F-box protein UNUSUAL FLORAL
ORGANS (UFO) required to activate AP3 in Arabidopsis
(Wilkinson & Haughn, 1995; Parcy eral, 1998; Hepworth
etal., 2006; Chae ez al., 2008). In other species, such as petunia,
rice or gerbera, the role of UFO appears wider, as it both triggers
floral meristem growth and induces floral organ identity genes
(Souer etal., 2008; Zhao etal, 2016). Such a broader role of
UFO in floral meristem growth might also be valid for Arabidop-
sis, as plants mutated in both UFO and FILAMENTOUS
FLOWER or UFO and REVOLUTA display aborted filaments
instead of flowers (Sawa ez al., 1999).

F-box proteins are components of CULLINI-RING (CRL1
or SKP-CULLIN1-F-Box (SCF)) complexes that act as E3 ubig-
uitin ligases to mark target proteins by ubiquitination, usually for
proteasome-dependent degradation (Zhao eral, 2001; Gagne
et al., 2002). CULLIN-RING ubiquitin ligase complexes (CRLs)
E3 ligases constitute the largest superfamily of E3 complexes and
share a similar modular architecture. The CULLIN (CUL) pro-
teins (CUL1, CUL3 or CUL4 in plants) serve as an elongated
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scaffold, holding the ubiquitin-conjugating E2 enzyme at one
end and the substrate-receptor subunit at the other (Choi ezal,
2014). F-box proteins such as UFO are responsible for the speci-
fic recognition of the substrates by CRL1 complexes in which
CULLI is used as the scaffold. Studies in Arabidopsis and Petunia
have shown a direct interaction between UFO and LFY (Chae
etal., 2008; Souer etal, 2008). Moreover, the translational
fusion between UFO and the SRDX repression domain mimics
an LFY loss-of-function phenotype (Chae ezal, 2008), while a
fusion between UFO and the VP16 activation domain produces
ectopic meristems and flowers in an LFY-dependent manner
(Risseeuw ez al., 2013). These results strongly suggest that com-
plexes with LFY and UFO can occur at the DNA level and that
UFO acts as a transcriptional co-factor to regulate LEFY activity.

How the SCFV™® complex promotes LFY activity is unclear,
but it might be similar to the activation of a variety of tran-
scription factors in yeast or animals whose degradation by the
ubiquitin proteasome system coordinately promotes their tran-
scriptional activity (Kwak ez al., 2011; Shabek & Zheng, 2014).
Although ubiquitinated forms of LFY were detected in overex-
pressing plants, they do not appear to be exclusively dependent
on UFO activity, suggesting that LFY ubiquitination might
depend on multiple E3 ligases (Chae ezal, 2008). As LEY is
involved in the regulation of several temporally and spatially dis-
tinct gene expressions (Wagner ezal., 1999; Saddic ez al., 2006),
such as AP and AG, it is possible that LFY transcriptional activ-
ity would be differentially regulated by distinct interactions with
E3 ligases complexes.

Among the genes involved in flower development, the func-
tionally redundant genes BLADE ON PETIOLEI (BOPI) and -2
(BOP2) are potential candidates to regulate LFY activity. BOP
proteins are members of the small NON EXPRESSOR OF
PATHOGENESIS RELATED GENES (NPR) family (see Khan
etal., 2014 for review) and are characterized by a BTB/POZ (for
Broad Complex, Tramtrack, and bric-a-brac/POX virus and zinc
finger) domain that is found in many proteins associated with the
CULLIN3-RING E3 ligase (CRL3) complexes (Figueroa et al.,
2005; Weber ezal., 2005). BOP proteins are also known to be
transcriptional co-activators (Jun eral, 2010). It was recently
shown that BOP proteins serve as substrate adaptors in a
CUL3 E3 ligase complex to control the degradation of the
PHYTOCHROME INTERACTING FACTOR4 (PIF4)
(Zhang er al., 2017). BOP and LFY genes display similar expres-
sion profiles in young floral meristems and participate in similar
flower development processes, such as floral fate determinacy,
bract suppression and meristem formation, although BOP genes
are not restricted to these pathways and play additional roles,
such as leaf margin development and abscission zone differentia-
tion of floral organs (Norberg et al., 2005; Karim et al., 2009; Xu
etal., 2010). BOP was shown to regulate API expression inde-
pendently of LFY (Xu ez al., 2010) and also to contribute to LFY
expression together with PUCHI (Karim ez al., 2009).

In this study, we investigated whether BOP proteins are
involved in controlling LFY activity and found that BOP2 could
act as cofactor for the establishment of floral identity and API
activation. We bring evidence that LFY is post-transcriptionally
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activated by BOP2 and CUL3A/B genes in seedlings. Physical
interactions between BOP2 and LFY and ubiquitination reac-
tions 77 vitro using CRL3®°" components support the hypothe-
sis that a CRL3"°"? complex is necessary for LFY stability and
transcriptional activity. The dual regulation of LFY by
CRL3"°"? and CRL1Y"© E3 ligases in a positive manner is a

unique situation in plants and animals.

Materials and Methods

Plant materials and growth conditions

All Arabidopsis thaliana L. Heynh. (thale cress) plants used in this
study are in Columbia-0 background. Seeds were sown on 1/2
Murashige and Skoog basal salt mixture medium, with addition
of kanamycin for selection of plants DW151.2.5 containing the
358::LFY transgene (Weigel & Nilsson, 1995; Nilsson eral.,
1998). The 358:LFY transgene was homozygous in all lines
except in the cu/3b/+ background, for which no homozygous
lines could be obtained. Petri dishes were kept 3 d at 4°C in the
dark and transferred at 22°C under long day conditions
(16 h:8h, light:dark). When required, seedlings were trans-
ferred on a soil-vermiculite (4:1 v/v) mixture. Mutant alleles
used in this study have been characterized previously: bopl-5
(SAIL T-DNA 14c02) and bop2-2 (SALK T-DNA N575879)
from Norberg eral. (2005); cul3a-3 (SALK T-DNA 012973)
and cul36-1 (GABY-KAT 003D02) from Thomann eztal,
(2005); and /fy-12 from Maizel & Weigel (2004). Oligonu-
cleotides sequences used for plant genotyping are listed in Sup-
porting Information Table S1. The 2.2 kb AP promoter, which
contains three LFY binding sites, was used for API::GUS experi-
ments and was described previously (Benlloch ez 4/, 2011).

Phenotypic analysis described in Fig. 1 was done as follows.
Plants were grown in long days, and nodes 1—40 of the primary
inflorescence of each individual were characterized. For every five
nodes, a mean was determined for each genotype using a majority
rule. If more than half the individuals had bracts at a certain node
position, a bract was indicated on that position in Fig. 1. If more
than half of the bracts were larger than 2 mm then a large bract
was indicated, otherwise a small bract was drawn.

Western blots

Leaves from seedlings grown under long days in Petri dishes for
16 d (see later Figs 3, 8) or in soil for 4 wk (see later Fig. 4) were
used for protein blot analysis. For each genotype, single leaves
from three to five independent seedlings were pooled, weighed
and frozen in liquid nitrogen to be powdered using an MM30
mixer (Retsch, http://www.retsch.com/) at 30 Hz for 2 min.
Plant extracts were then suspended in denaturing buffer (50 mm
trisaminomethane hydrochloride (Tris-HCI) pH 6.8; 1% sodium
dodecyl sulfate (SDS); 10% glycerol; 0.4% dithiothreitol;
0.0025% bromophenol blue) with a ratio of 8 pl mg ™" of initial
fresh material. After 5 min at 95°C, 10 pl of plant extracts was
separated using 10% SDS polyacrylamide gel electrophoresis and
western blotted onto a polyvinylidene difluoride membrane
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Fig.1 Cauline leaf, bract and shoot development in Arabidopsis thaliana
plants with various combination of mutations. The upper panel shows
schematic leaf/bract organization at the first 40 nodes of the main
inflorescence axis. The first cauline leaf represents node 1. At each node,
either a large cauline leaf/bract (> 2 mm), small cauline leaf/bract (<2 mm)
or absence of a cauline leaf/bract is shown. The lower panel shows
frequency (%) of cauline leaf/bract development at the first 40 nodes of
the main inflorescence. Dark grey shading represents the presence of
cauline leaves/bracts; light grey represents absence of bracts. Error bars
indicate the 95% confidence. Ten to 15 plants were analysed for each

A. thaliana genotype. The null /fy-12 allele was used (Maizel & Weigel,
2004).

(Immobilon®-P, Millipore http://www.merckmillipore.fr/). The
remaining steps were done on Snap ID1 (Millipore) according to
the manufacturer’s instruction. Purified anti-LFY antibodies
(named JA70 and raised in rabbit against recombinant LFY pro-
tein) were used as previously described (Moyroud ezal., 2011).
Anti-KARI antibodies (described in Dumas ez 4/, 1989) or anti-
RPNG6 antibodies (BML-PW8370, Enzo Life Sciences, http://
www.enzolifesciences.com/) were used as loading controls.
Detection was done using an ECL2 western blotting substrate
(Thermo Fisher Scientific-Life Technologies, Villebon sur Yvette,
France) and scanned on a Typhoon 9400 scanner (GE
Healthcare, Velizy Villacoublay, France) according to the manu-
facturer’s instruction. LFY/Rubisco, LFY/KARI or LFY/RPNG
ratios were calculated for each genotype and using IMAGE] soft-
ware, with appropriate setup (uncalibrated optical density).
Quantitative western blotting results presented here are then rela-
tive to wild-type control lane (%). Statistical analysis was done
using R software (v.3.0.2).
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Bimolecular fluorescence complementation

For bimolecular fluorescence complementation assays, comple-
mentary DNA (cDNA) of LFY was introduced in pENTRY-
LEY or pENTRY-LFY containing a STOP codon, and thus
transferred by Gateway® Cloning (LR) into pBiFP destination
vectors containing a split yellow fluorescent protein (YFP) coding
sequence (Azimzadeh ezal, 2008). The newly formed vectors
were then incorporated into Agrobacterium tumefaciens strain
C58 pMP90 for tobacco transfection (namely pHC07, pHCO08
and pHCO09 coding respectively LFY—CYFP, LFY-NYFP and
NYEP-LFY). cDNA BOP2 sequence was obtained by PCR from
vector pGV732 and incorporated in a pENTRY-BOP2 or
pENTRY-BOP2. The procedures followed were performed as
described for LFY. Vectors introduced in A. tumefaciens strain
C58 pMP90 are called pHCO015 and pHCO013 coding for
BOP2—CYFP and NYFP-BOP2, respectively.

The LFY and BOP2 fusion constructs were co-transfected
in four different into 4-wk-old Nicotiana
benthamiana leaves by agroinfiltration as previously described
(Gehl eral., 2009). Fluorescence of the lower epidermis of leaf
discs 2 d after infiltration was visualized with a confocal micro-
scope (Leica, Wetzlar, Germany). Lambda scans around the YFP
emission were performed to ensure that the signal was a specific

YFP signal.

combinations

Quantitative PCR

RNA extractions were performed from isolated leaves of 16-wk-
old seedlings grown in long days in Petri dishes using an RNA
extraction kit (Qiagen, http://www.qiagen.com/) and treated
with Ambion turbo DNA-free DNAse (Invitrogen, http://www.
lifetechnologies.com/) to avoid genomic DNA contamination.
Reverse transcription and quantitative PCR were performed as
previously described (Chahtane eral, 2013) except that
POLYUBIQUITIN10 (AT4G05320) was used as the reference
gene. Primers used for real-time PCR were designed with the
QUANTPRIME software (www.quantprime.de/) and are listed in
Table S1. PCR reactions were performed in 15 pl using 0.1 pm
for each primer, 1x mix SYBR Green ]umpStart® (Sigma-
Aldrich) and 3.125ng of ¢DNA in the Rotor Gene 3000
(Qiagen) with default cycle parameters. The relative expression of
a target gene was calculated by the AACt method according to
(Pfaffl, 2001) using the reference gene POLYUBIQUITINIO as
previously described (Czechowski ezal, 2004; Guénin etal.,
2009). Statistical analyses were made using REsT 2009 software
(Pfaffl et al., 2002).

Chromatin immunoprecipitation PCR

Whole 3-wk-old seedlings grown in Petri dishes were used. Plants
were fixed at 4°C for 2+8min in crosslinking buffer (1%
formaldehyde, 0.4M sucrose, 10 mm Tris-HCI pH 8, 1 mm
phenylmethylsulfonyl fluoride (PMSF), 1 mm EDTA) under vac-
uum. The crosslink reaction was stopped by adding 0.1 M glycine
under vacuum (4 +4 min), then washed and frozen in liquid
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nitrogen. Fixed frozen tissues were ground, and nuclear extrac-
tion was performed in Honda buffer (0.44 M sucrose, 1.25%
Ficoll, 2.5% Dextran T40, 20mwm 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, potassium hydroxide pH 7.4,
10 mM magnesium chloride, 0.5% Triton X-100, 5 mM dithio-
threitol, 1 mm PMSF, 1% plant protease inhibitors). Chromatin
was extracted using nuclei lysis buffer (50 mm Tris-HCI, pH 8.0,
10mM EDTA, 1% SDS, 1mm PMSF, 1% plant protease
inhibitors) and sonicated with a Bioruptor® to obtain DNA frag-
ments shorter than 300 bp. The solubilized chromatin was incu-
bated with anti-LFY antibody JA-70 (Moyroud ezal., 2011) for
5 h at 4°C. Washed protein A agarose/salmon sperm DNA (Mil-
lipore) was incorporated in tubes and incubated overnight at 4°C
under agitation. Beads were washed four times with binding/
washing buffer (150 mm sodium chloride, 20 mm Tris-HCI pH
8.0, 2mmM EDTA, 1% Triton X-100, 0.1% SDS, 1 mm PMSF)
followed by a washing using TE buffer (Tris 10 mm pH 8.0,
EDTA 1 mmM). Supernatant was removed and Chelex® 10% was
added and samples were warmed 10 min at 95°C. Proteins were
degraded by adding 20 pg proteinase K and incubated at 37°C
for 1h followed by inactivation of proteinase at 95°C. Super-
natants were collected and used for PCR amplification of the
AP1I regulatory region containing the LFY binding site.

In vitro ubiquitination assays

His-GST-LFY, His-GST-GFP, His-MBP-BOP2 and His-MBP-
GFP (His, histone; GST, glutathione S-transferase; GFP, green
fluorescent protein; MBP, myelin basic protein) were generated
from Escherichia coli BL21 cells and purified using nickel
nitrilotriacetic acid agarose from Qiagen according to the manu-
facturer’s protocol. Human Cullin3/Ring-Box  protein 1
(CUL3/RBX1) recombinant proteins were purchased from
Ubiquigent (UK). The Neddylation of the Cullin3 was per-
formed as previously described using a NEDDS8 conjugation
reaction buffer kit from R&D Systems Europe (Abingdon, UK)
(Duda eral, 2008). The recombinant human ubiquitin-
activating enzymes (UBE1) and ubiquitin-conjugating enzymes
(UbcH5b) were purchased from R&D Systems Europe.
Ubiquitination reactions were performed as described previously
with slight modification (Ni ez 4l., 2015). About 100 nM UBEI,
1 mM UbcH5b, 100 nM Cul3/Rbx1, 290 nM GST-LFY and
500 nM MBP-BOP2 were incubated at 30°C for 1 h in a buffer
containing 40 mM biotin—ubiquitin, 5mM adenosine 5'-
triphosphate magnesium salt, 50 mM Tris-HCI pH7.6, 200 mMm
sodium chloride, 10 mM magnesium chloride, 1 unit inorganic
pyrophophatase and 1 mM dithiothreitol. Reactions were then
pulled down with 10 pl glutathione Sepharose 4B beads. GST-
LFY and ubiquitinated proteins were detected by western blot
analysis using anti-GST antibodies and streptavidin—horseradish
peroxidase (HRP) conjugates respectively. Anti-MBP antibodies
were used for detection of the MBP proteins after pulldown. The
reactions without E1, E2, or Cul3/Rbx1, and the reactions with
MBP-GFP or GST-GFP were used as negative controls. The
anti-GST antibody—HRP (sc-459 HRP) was from Santa Cruz
(Heidelberg, anti-MBP

Biotechnology Germany),  the
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monoclonal antibody (E8032S) was from New England Biolabs
(Evry, France) and the streptavidin-HRP conjugate (RPN1231)
was from GE-Healthcare (Velizy Villacoublay, France).

Protoplast transfection and co-immunoprecipitation

A. thaliana ecotype Columbia cell suspension cultures were used
for protoplast isolation. Isolation and transfection of Arabidopsis
protoplasts was performed as described previously (Zhang ez al.,
2017) using myc-BOP1, myc-BOP2 and haemagglutinin (HA)-
LFY constructs.

Results

LFY and BOP genes regulate bract development

During flower development, BOPand LFY genes have been impli-
cated in the control of some common processes such as the sup-
pression of bracts and AP induction (Norberg ez al., 2005; Xu
etal.,, 2010; Siriwardana & Lamb, 2012; Khan ezal, 2014). To
investigate their genetic interaction in detail, we characterized
bract formation on the main inflorescence in various mutant com-
binations. As shown in Fig. 1, LFY appears to repress bract forma-
tion mainly in the lower part of the inflorescence, while BOP1
and BOP2 act mainly in the upper part. However, there is clear
evidence that LFY and BOP2 do not simply work independently.
Indeed, the /fy bop2 double mutant triggers >90% of bract out-
growth along the stem, while single /fy and bop2 mutants display
on average 45% and 8% bract outgrowth respectively, with a strik-
ing effect on the upper part of the inflorescence that is barely
affected in single mutants. In addition, the /fy mutation also trig-
gers similar bract outgrowth in the bop2/+ background, further
supporting that LFY and BOP work together in this process. This
genetic interaction is unlikely due to a downregulation of LFY
gene expression in the bop2/+ background as BOP genes regulate
LFY expression only in combination with APETALA2-like genes
such as PUCHI (Xu et a/., 2010; Chandler & Werr, 2017).

We concluded that LFY and BOPs genetically interact in the
regulation of bract development, with LFY and BOP2 playing a
major role and acting both together and independently.

LFY overexpression phenotype is dependent on the BOP2
gene

We investigated the nature of the LFY-BOP interaction. Such
analysis is complicated by the fact BOP genes are shown to regu-
late LFY expression at the transcriptional level (Karim ezal,
2009; Xu eral., 2010). To minimize this regulation, we studied
the influence of BOP genes on plants constitutively expressing
LFY. For this, the 355::LFY construct (Weigel & Nilsson, 1995)
was introduced in bop mutant backgrounds. Compared with
wild-type plants (Fig. 2a,g,m), 35S::LFY plants formed ectopic
flowers at the base of rosette leaves, and secondary inflorescences
were converted into terminal flowers subtended by a bract
(Fig. 2b,h,n) (Weigel & Nilsson, 1995). Similar phenotypes were
observed in 358::LFY bopI-5 plants (Fig. 2¢,i,0), indicating that
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BOP1 activity is not required for LFY-dependent floral identity
determination. By contrast, the bop2-2 mutation fully suppressed
the 35S8::LFY phenotype: 355::LFY bop2-2 plants were like wild-
types with no ectopic flowers nor shoot-to-flower conversions
(Fig. 2¢,k,q). In addition, this suppression was observed in 35S::
LFY bop2-2/+ plants (Fig.2d,j,p), indicating that the bop2-2
allele becomes dominant over the 35S::LFY transgene. The com-
plete suppression of 35S::LFY phenotype was also observed in
358::LFY bopl bop2 plants, which phenocopied bopI bop2 dou-
ble mutants with ectopic blade growth (Fig. 2f,L,r).

LFY activity is post-transcriptionally regulated by BOP2

In order to understand at which level LFY gene activity is affected
by bop mutations, we first measured LFY transcript level in leaves
(Fig. 3a). Compared with 35S::LFY plants, LFY transcript levels
were similar in leaves of 358::LFY-expressing plants in bopI-5,
bop2-2 and bopl-5 bop2-2 mutant backgrounds, indicating that
bop mutations do not affect LFY transcript level when expressed
from the 35S promoter. To determine whether the LFY protein
level was altered, we measured the abundance of LFY protein by
western blot in seedling leaves.

As expected, the LFY protein was not detected in wild-type
plants (Blazquez eral., 1997) but was present in both 358::LFY
and 358::LFY bop plants (Fig. 3b). In the presence of the bop2

mutation, LFY level was more variable, with a twofold average

Col 35S8::LFY 35S::LFY

bop1-5

reduction (Fig. 3¢). However, independently of LFY levels being
reduced or not, 358:LFY bop2 or 35S5::LFY bopl bop2 plants
never showed the 35S::LFY phenotype. Furthermore, individual
bopI bop2 plants transformed with a 358::LFY-YFP construct
show no reduction in LFY-YFP levels and no LFY overexpression
phenotype compared with wild-type plants transformed with the
same construct (Fig. S1). These data indicate that the LFY level is
partially dependent on BOP2 whereas LFY activity is fully depen-
dent on BOP2, suggesting that BOP2 controls LFY activity
mainly through post-translational processes.

This is further supported by the strong enhancement of the
358::LFY phenotype in plants overexpressing both LFY and
BOP2, as shown in Fig. 4(a—c). In these 358:LFY 355::BOP2
plants, termination of inflorescence meristems occurs early in
development as in very strong 35S::LFY lines (Weigel & Nilsson,
1995) because of the conversion to a terminal flower. Also, BOP2
does not appear to modify significantly the LFY level (Fig. 4d),
reinforcing the hypothesis that BOP2 rather controls LFY activ-
ity.

As previously described, ectopic LFY expression in wild-type
plants is sufficient to induce ectopic expression of API (Parcy
etal., 1998), a direct target gene of LFY. To assess LFY transcrip-
tional activity in bop mutant backgrounds, we analysed API
expression. Ectopic API expression was observed in the wild-type
and bopI backgrounds (Fig. 3a), but not in 358::LFY bop2, 355::
LFY bopl bop2 (Fig. 3a) and 358::LFY-YFP bopl bop2 (Fig. S1)

35S::LFY 35S::LFY 33S:LFY
bop2-2/+ bop2-2 bop1-5
bop2-2

Fig.2 The 35S::LFY phenotype in wild-type and bop mutant backgrounds of Arabidopsis thaliana. (a—f) Rosettes of plants grown in long days (4 wk).
Plants ectopically expressing LFY in a (b) wild-type or (c) bop7-5 backgrounds grow at a slow rate compared with bop2 mutant backgrounds (e, f) than
wild-type plants (a). Leaf initiation rate of bop7 bop2 double mutants is also slower (Norberg et al., 2005). (g-1) Ectopic flower formation at rosette leaf
axils. Wild-type rosettes show only leaves (g), whereas 35S::LFY plants develop ectopic flowers at the base of rosette leaves (h, i) except in (j) bop2/+ and
(k, 1) bop2 mutant backgrounds. Plants were grown for 6 wk in long days. (m-r) Secondary shoots on the main axis. Secondary shoots are formed in the
axil of wild-type cauline leaves (m), whereas 35S::LFY plants develop ectopic flowers subtended by a bract (n, o), except in (p) the bop2/+ and (q, r) bop2
backgrounds that are similar to wild-type. Twenty plants were observed. The phenotypes described are very robust and were seen in all plants of a given

genotype. Bars: (a—f) 1 cm; (g-r) 2 mm. BOP, BLADE ON PETIOLE; LFY, LEAFY.
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Fig. 3 LFY expression and activity in wild-type and bop mutant backgrounds of Arabidopsis thaliana. (a) Relative expression of LFY, APT and TFL1. LFY
transcript level is similar in all genotypes, while AP transcript level is strongly reduced and TFL7 transcript level is strongly de-repressed in bop2 mutant
backgrounds. Error bars represent standard deviation. (b) LFY protein level in wild-type and bop mutant backgrounds. While LFY is not detected in wild-type
rosette leaves, LFY protein level in 355::LFY plants is only mildly affected by bop7 and bop2 mutations. Isolated leaves from 16-d-old seedlings grown in
long days in Petri dishes were used. (c) Relative LFY protein level in wild-type and bop mutant backgrounds. The box plot represents LFY protein level in
eight biological replicates, with whiskers indicating minimal and maximum values for each genotype. On average, a twofold reduction is observed when the
bop2 background is present. LFY level in 35S::LFY plants was used for normalization. Asterisks represent a significant difference according to the Kruskal-
Wallis test followed by a post-hoc nonparametric Tukey-type test. AP7, APETALAT; BOP, BLADE ON PETIOLE; LFY, LEAFY; TFL1, TERMINAL FLOWERT.

plants where API expression was completely abolished. We
looked at the expression of TERMINAL FLOWERI (TFLI), a
direct target of LFY whose expression is downregulated by AP1
(Ratcliffe et al, 1999; Chahtane ez al., 2013). Consistent with the
regulation of AP expression, the downregulation of 7FLI in
plants overexpressing LFY was observed in wild-type and bop1
backgrounds but not in bop2 or bopl bop2 backgrounds (Fig. 3a).
This result suggests that LFY transcriptional activity is BOP2-
dependent. We also analysed whether BOP controls API expres-
sion in response to endogenous LFY expression (Fig. 5a,b). We
used a short-day to long-day shift protocol where API induction
depends on LFY (Xu eral, 2010; Benlloch eral, 2011). We
observed that the bopI bop2 double mutation strongly decreases
API1::GUS (Fig. 5a) and API messenger RNA level (Fig. 5b)
expression in this time window, without affecting LFY messenger
RNA level (Fig. 5b), consistent with the hypothesis that BOP
proteins are required for LFY protein to be fully active.
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To determine whether LFY DNA-binding activity was con-
trolled by BOP2, we next looked at LFY binding to the API
promoter in bop mutant background using chromatin immuno-
precipitation PCR. As illustrated in Fig. 5(c), the PCR-amplified
API fragment was present in similar amounts in 35S::LFY and
358::LFY bop1 bop2 plants. Thus, although AP upregulation by
LFY was fully dependent on BOP2, LEY DNA-binding activity
does not appear to require BOP factors, suggesting that BOP2
plays a role in the activation of transcription by LFY.

Altogether, these results show that BOP2 is required for main-
taining both LFY activity in leaves and axillary meristems.

LFY physically interacts with BOP2 protein in plant cells

BOP proteins and their homologue NPR1 have been shown to
act as transcriptional co-activators by physically interacting with
transcription factors of the TGA family (Després eral., 20005
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Fig.4 Increase of LFY activity by BOP2 in Arabidopsis thaliana transgenic
plants. (a) A representative 35S::LFY plant. After formation of a few
flowers along the primary stem, a terminal flower is formed leading to
stem growth arrest (white arrowhead). (b) A representative 355::B0P2
plant. Terminal flowers occasionally on stems (white arrowhead). (c) A
representative 35S::LFY 355::BOP2 plant. Plants flower very early, and
primary stem growth is stopped after terminal flower formation (white
arrowhead). Bar, 1 cm. (d) Relative LFY protein level in wild-type and 35S::
BOP2 mutant backgrounds. The box plot represents LFY protein level in
three biological replicates, with whiskers indicating minimal and maximum
values for each genotype. LFY level in 35S::LFY plants was used for
normalization. The asterisk represents a significant difference according to
the Kruskal-Wallis test followed by a post-hoc nonparametric Tukey-type
test. Isolated leaves from 4-wk-old seedlings grown in long days on soil
were used. BOP, BLADE ON PETIOLE; LFY, LEAFY.

Hepworth ezal., 2005; Johnson eral, 2008). Recently, BOP2
was shown to physically interact with the transcription factor
PIF4 to regulate its level (Zhang eral, 2017). We therefore
wondered whether BOPs and LFY could interact in plant cells.
Transient expression of tagged BOP and LFY proteins in proto-
plasts followed by co-immunoprecipitation showed that HA-
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tagged LFY was immunoprecipitated together with either myec-
BOP1 or myc-BOP2 proteins (Fig. 6a), suggesting that LFY
interacts with both BOP1 and BOP2 proteins. To confirm that
BOP2 interacts with LFY in plant cells, bimolecular fluores-
cence complementation assays were carried out between LFY
and BOP2 (Fig. 6b). When co-expressing BOP2-CYFP with
LEFY-NYFP, YFP signal was detected in nuclei of plant cells, as
well as in the cytoplasm.

Taken together, these results indicate that LFY establishes a
direct interaction with BOP1 and BOP2 proteins both i vitro
and in planta.

LFY is likely ubiquitinated in vitro in a BOP2- and CUL3-
dependent manner

Previous studies suggest that overexpressed LFY-FLAG, or tightly
associated components, might be ubiquitinated iz vivo (Chae
etal., 2008). Whether LFY can be a direct substrate of ubiquiti-
nation complexes has never been addressed 77 vitro. We utilized a
GST-LFY fusion protein in standard 7z wvitro ubiquitination
assays together with biotinylated-ubiquitin, E1, E2 and CRL3-
RBX1 and MBP-tagged BOP2 (Zhang ez al., 2017). Transfer of
biotinylated-ubiquitins onto LFY were monitored by western
blot against the streptavidin-HRP (Fig. 7). While the GST-GFP
control protein showed no detectable ubiquitinated signals
(Fig. 7, lane 6), two main bands were observed when LFY was
present (Fig. 7, lane 7).

A first ¢. 115 kDa Ub-containing product was detected when
all components of the reaction were present (Fig.7, lane 7).
Omission of either GST-LFY, MBP-BOP2 or CUL3A-RBX1
failed to yield this specific band strongly, suggesting that LFY is a
target for ubiquitination. The size of this product is well above
the expected GST-LFY size (72 kDa), indicating that LFY might
be ubiquitinated.

A second Ub-containing product was also detected in the
absence of CUL3A-RBX1 or BOP2 when Ub, E1, E2 and GST-
LFY were present (Fig. 7, lanes 4, 5 and 7). Interestingly, this
band was not present when GST-PIF4 was used instead of GST-
LFY in similar conditions (Zhang et al., 2017), suggesting that it
is LFY dependent.

For both bands, it is unclear whether they are ubiquitinated
forms of full-length or truncated versions of the GST-LFY fusion
(Fig. 7a). Interestingly, the BOP2-LFY interaction seems to be
stronger when all components are present, as more BOP2 seems
to be co-immunoprecipitated (Fig. 7d, lane 7) compared with
reactions with missing components (Fig. 7d, lanes 2, 3 and 4).

Mutations in CUL3A/B genes affect 355::LFY in a similar
manner as a bop2 mutation

Several BTB domain proteins, including BOP-like proteins
such as NPR3 and NPR4 (Pintard et l., 2004; Fu etal., 2012),
are known to participate in E3 ligase complexes involving
CUL3 protein. Moreover, a recent study has reported a physi-
cal interaction between BOP1 or BOP2 and CUL3A (Zhang
etal., 2017), strongly suggesting that BOP and CUL3 act
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Fig. 5 BOP-dependent expression of AP7 and LFY association with AP7 locus in Arabidopsis thaliana. (a) Photoperiodic activation of the AP7 promoter.
Transgenic plants harbouring the 2.2 kb wild-type AP7 promoter fused to the GUS reporter gene (Benlloch et al., 2011) were grown in short day (SD)
conditions for 25 d before being shifted to long day (LD) conditions. The activation of the promoter was monitored by localization of the GUS activity in
the apex at 2 or 4 d after the shift as indicated. (b) Relative expression levels of LFY and AP7 in wild-type and bop7 bop2 plants. The box plots represent
LFY and AP1 transcript levels in apices of 4-wk-old plants grown in SD for 4 wk then shifted to LD. Apices were harvested before the shift (TO), and 4 and
7 d after shift. Apices from three plants were pooled as one biological replicate. Six biological replicates were analysed by quantitative PCR analysis. The
results are shown as box-and-whiskers plots, with circles representing each replicate. Asterisks indicate statistically significant differences between bop7
bop2 and wild-type plants, tested by Welch-corrected t-test (two-tailed): **, P<0.01. (c) A representative semi-quantitative PCR gel showing that LFY
associates with AP7 locus similarly in wild-type and bop7 bop2 backgrounds. On the right, quantification of LFY association with AP7 locus. The box plot
represents LFY binding in three biological replicates. Asterisks represent a significant difference according to the Kruskal-Wallis test followed by a post-hoc
nonparametric Tukey-type test. *, P < 0.05; ns, nonsignificant. AP7, APETALAT; BOP, BLADE ON PETIOLE; LFY, LEAFY.

together in CRL3 complexes. To determine whether CRL3
complexes play a role in LFY activity, we studied the activity of
358:LFY in cu/3 mutants. The two CUL3 genes of Arabidop-
sis, CUL3A and CUL3B, are essential for embryo development
(Figueroa eral., 2005). We took advantage of the cu/3a-3
cul3b-1 double mutant (Thomann efal, 2005), which is
knocked out for CUL3B and partially functional for CUL3A4,
to investigate whether LFY is active in a CUL3-deficient back-
ground. In the Fy generation, all 358:LFY cul3a-3/+ cul3b-1/+
plants displayed a wild-type phenotype, suggesting that the
overexpressed LFY was not functional. Analysis of subsequent
generations showed that the weak c#/34-3 allele was acting as a
semi-dominant allele reducing the phenotype of 358:LFY
(Fig. S2), while the cu/3b-1 allele was acting as a dominant
allele (Fig. 8a) fully suppressing the 358::LFY phenotype.
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The transcriptional activation of API by 355:LFY in leaves
was completely abolished in cu/3a or cul3b/+ backgrounds
(Fig. 8b) compared with 35S8::LFY plants. Ectopic LFY protein
was present in lower amounts in the c#/32 homozygous back-
ground compared with the wild-type background and in
amounts comparable to the bopl bop2 background (Fig. 8c). In
the cul3b/+ background, the level of LFY was decreased further.
Thus, as for the BOP2 gene, CUL3A and -B genes play a role in
controlling both LFY levels and LFY activity.

Taken together, these results strongly support that BOP genes
act together with CUL3s in CRL3 complexes and positively con-
trol LFY activity in plants. This genetic interaction is reinforced
by the phenotype comparisons of c#/3a cul3b and bopI bop2 dou-
ble mutants. As previously reported (McKim ez 4l., 2008), plants
carrying  bopl bop2 mutations were affected in flower
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Fig. 6 Physical interaction between LFY and BOP proteins. (a) Co-immunoprecipitation of LFY and BOP in Arabidopsis thaliana protoplasts.
Co-immunoprecipitated HA-LFY was detected by western blotting using anti-HA antibodies, after immunoprecipitation of myc-BOP1 or myc-BOP2 by
anti-myc antibodies. Precipitate probed with anti-myc antibodies and supernatant probed with anti-HA antibodies are shown as controls. (b) Bimolecular
fluorescence complementation assays of LFY and BOP2 interaction in A. thaliana. NYFP, N-terminal part of YFP; CYFP, C-terminal part of YFP; YFP-NLS,
YFP fused to a nuclear localization signal; BOP, BLADE ON PETIOLE; HA, haemagglutinin; LFY, LEAF. Bars, 10 um.

development, resulting in a loss of floral organ abscission and
delay in senescence, resulting in siliques with permanently
attached floral organs compared with the wild-type. Interestingly,
cul3a cul3b plants also showed defects in floral organ abscission
and senescence (Fig. S3) compared with the wild-type. In cu/3a
cul3b plants, floral organs could be detached upon mechanical
stress, suggesting that floral organ abscission was partial com-
pared with the bopI bop2 phenotype. Thus, these results illustrate
that both BOP1/2 and CUL3A/B proteins can regulate a com-
mon mechanism, further supporting that BOPs act in CRL3
complexes through CUL3 interaction.

Discussion

Proteasome-mediated protein degradation plays a pivotal role in
many plant growth and developmental processes, including pho-
tomorphogenesis and plant hormone signalling (Vierstra, 2009).
Transcription factors and transcription co-activators are among
targets of the proteasome in several of these processes. In most
cases, the proteasome either degrades activators to suppress tran-
scription or degrades repressor proteins to activate gene expres-
sion. However, several studies indicate that proteasome-mediated
turnover of activators may also be essential for their ability to
activate target gene transcription (Collins & Tansey, 2006), such
as the immunity master regulator NPR1 (Spoel ez al., 2009) in
plants whose degradation is necessary for its turnover to promote
efficient expression of downstream defence response genes.
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LFY is also a major regulator whose activity is regulated by the
proteasome. The F-box protein UFO is required together with
LFY for the activation of AP3 expression in developing petal and
stamen primordia (Ingram eral, 1995; Jack eral, 1992; Lee
etal., 1997; Levin and Meyerowitz, 1995; Wilkinson & Haughn,
1995) and for ectopic activation of AP3 (Parcy eral., 1998) indi-
cating that a CRL1-based mechanism is involved in LFY activity.
Additional studies suggest a regulation of LFY activity via protein
degradation and concomitant activation of LFY as well as ubiqui-
tination with UFO functioning as a DNA-associated transcrip-
tional co-factor (Chae ez al., 2008).

We present here several lines of evidence that LFY is also post-
transcriptionally regulated by CRL3 complexes with BOP2 act-
ing as a substrate adaptor targeting LFY.

BOP2 and CUL3 proteins are required for both LFY stability
and LFY activity

BOP and LFY genes are involved in similar processes suppressing
bract formation and reducing flowering time in short days (Nor-
berg eral, 2005). The work presented here provides evidence
that BOP2, CUL3A and -B, all components of CRL3 complexes,
are required for the control of LFY protein level and activity in
plants.

Interestingly, in the /fy and 35S::LFY backgrounds, the BOP2
mutant allele acts as a dominant allele, whereas BOPI seems to
play a minor role. This was also recently shown in the regulation
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Fig.7 CUL3-BOP2 complex mediates the polyubiquitination of LFY in
ubiquitination assays. A cullin3 E3 ubiquitin ligase complex was assembled
with recombinant MBP-BOP2 and incubated with GST-LFY. Inputs are
shown using (a) anti-GST and (b) anti-MBP antibodies. The reactions were
then pulled down with glutathione Sepharose 4B beads followed by
western blotting analysis using (c) streptavidin-HRP and (d) anti-MBP
antibodies. Streptavidin-HRP were used for detection of biotin-labelled
ubiquitinated protein. MBP-GFP and GST-GFP were used as negative
controls. The human E1, E2 and CUL3/RBX proteins were used. The two
main ubiquitinated bands seen in (c) were always observed in our
experiments. Some intermediate forms were sometimes observed between
these two main bands, as illustrated in Supporting Information Fig. S4. A
representative experiment is shown among the three experiments
performed. BOP, BLADE ON PETIOLE; CUL3, CULLIN3; GFP, green
fluorescent protein; GST, glutathione S-transferase; HRP, horseradish
peroxidase; LFY, LEAFY; MBP, myelin basic protein; RBX, Ring-Box.

of PIF4 activity, where BOP2 promotes degradation of PIF4 in
response to light (Zhang ez al., 2017). This suggests that the level
of BOP2 protein is critical compared with the BOP1 level or that
BOP2 displays specific properties, such as its ability to make
stronger interactions with itself (Hepworth ez al., 2005) or with
CUL3 proteins (Zhang ezal., 2017). Regarding CUL3 genes,
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both CUL3A and CUL3B mutant alleles act as dominant alleles
in the 358::LFY background, even though the CUL3A protein is
largely predominantly expressed with respect to CUL3B protein
in seedlings (Figueroa ez al., 2005).

Although the decrease in LFY level does not account for the
complete lack of LFY activity in bop2 and cu/3 backgrounds, our
data show that BOP2 and CUL3 genes play a role in maintaining
LFY level in seedlings. It is not known how the LFY level is regu-
lated, nor whether it correlates with its DNA binding or tran-
scriptional activities. One hypothesis is that BOP2 binds the
fraction of LFY that is not bound to DNA as NPR1 does to
TGA2 (Johnson ezal., 2008) and that LFY regulation by BOP2
does not fit a simple model in which simply activating transcrip-
tion is the signal for its degradation and turnover (Muratani &
Tansey, 2003). This is in contrast with UFO, which regulates
LFY activity but does not affect the overall LFY level, raising the
possibility that UFO specifically acts to modulate the stability of
promoter-bound LFY (Chae ezal, 2008). Thus, our work sug-
gests that CRL3 and CRLI components have different roles in
controlling LFY activity.

Our findings support a fundamental function of CRL3 com-
plexes in the control of a subset of LFY activities in A. thaliana.
While this control can take place in plants overexpressing LFY in
both vegetative tissues, as seen with the regulation of AP/ and
TFL1 expression, and in axillary meristems, as seen with the con-
trol of ectopic flower formation, it remains to be determined
whether this regulation occurs in wild-type plant development.
The fact that bop! bop2 plants do not show an /fy phenotype sug-
gests that BOP proteins control only a subset of LFY functions
and that additional factors (such as UFO and other unknown fac-
tors) are likely important for other LFY activities in the wild-
type.

Several observations indicate that LFY, BOP2 and CUL3A/B
genes participate in the same developmental pathways. Pheno-
typic similarities in floral development are observed between /fy
and bopl bop2 plants, such as the lack of bract repression or the
impaired API activation, and between bop1 bop2 and cul3a cul3b
plants, such as delayed floral organ abscission. In addition, both
lfy (Winter etal, 2011) and cul3a cul3b (Spoel etal., 2009)
mutants play a role in the control of pathogen responses. Finally,
expression profiles of LFY, BOP2 and CUL3A/B genes highly
overlap, especially during early floral meristem development (Ses-
sions et al., 2000; Norberg ¢z al., 2005; Thomann ezal., 2005). It
is possible that additional BTB proteins of Arabidopsis are
involved in LFY regulation in floral meristems. Introduction of
other BTB gene mutations in bopl bop2 or the use of conditional
cu/3 mutants might be necessary to study this regulation of LFY
activity in planta.

LFY is ubiquitinated in a cell-free assay in vitro

We show here that LFY physically interacts with BOP1 and
BOP2 in plant cells and 77 vitro. As BOP2 interacts with CUL3
proteins (Zhang ez al., 2017), it is tempting to speculate that LFY
is a substrate of a CRL3 complex with BOP2 acting as an adaptor
between CUL3A and LFY.

In a reconstituted in vitro
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Fig. 8 35S::LFY phenotype in Arabidopsis thaliana cul3 mutant backgrounds. (a) Phenotype analysis of 35S::LFY in wild-type and cul3 backgrounds. Each
column represents a single plant from bottom to top, with each square representing a phenotypic observation. The thick horizontal black line represents
the rosette—stem junction. Note that 355::LFY cul3b—/— plants could not be obtained possibly because the 35S::LFY transgene is genetically linked to the
CUL3B locus. Plants were grown for 6 wk. (b) LFY and AP7 transcript levels in cu/3 backgrounds. Error bars represent SE. (c) Relative LFY protein level in
rosette leaves of cu/3 mutant backgrounds. The box plot represents LFY protein level in three biological replicates, with whiskers indicating minimal and
maximum values for each genotype. LFY level in 355::LFY plants was used for normalization. Asterisks represent a significant difference according to the

Kruskal-Wallis test followed by a post-hoc nonparametric Tukey-type test. Mutations of bop or cul3 affect LFY proteins level in a similar manner. AP7,

APETALAT; CUL3B, CULLIN3B; LFY, LEAFY.

ubiquitination assay, we show that incubation of GST-LFY, but
not GST-GFP, together with all other standard components,
produced a specific ¢. 115 kDa Ub-containing product. Omission
of either LFY, BOP2 or CUL3A failed to yield this specific band,
strongly suggesting that LFY is a target for ubiquitination.
Interestingly, a second Ub-containing product was also
detected in the absence of CUL3A or BOP2 when Ub, E1, E2
and LFY were present. This product shows a molecular weight
that is compatible with monoubiquitination of LFY. Although
we cannot exclude a direct ubiquitination by the human E2 used
as reported previously (David ezal, 2010), the ability of obtain
an LFY-dependent ubiquitinated band might indicate that LFY
possesses an intrinsic E3 ligase activity even if the examination of
its sequence does not reveal any obvious domain with such an
activity. Transcription factors have been reported to display an
E3 ligase activity, such as the human hDREF (Yamashita ezal.,
2016), or viral transcription factors, which also display an auto-
ubiquitination activity (Yu etal, 2005). These two putative
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forms of LFY ubiquitination are reminiscent of the regulation of
FOXO transcription factor activity in animals with a monoubiq-
uitinated form displaying increased transcriptional activity,
whereas polyubiquitinated forms are degraded by the proteasome
(van der Horst et al., 2006). It remains to be determined whether
several lysines of LFY are monoubiquitinated or whether a single
lysine is polyubiquitinated or alternatively whether a combina-
tion of both mono- and polyubiquitinations are involved. Fur-
thermore, identification of LFY lysine residues targeted for
ubiquitination in the two evolutionarily conserved domains of
LFY (Sayou eral, 2014, 2016) will allow one to determine
whether LFY ubiquitination is a conserved mechanism of LFY
regulation.

Combined with previous results (Xu ez /., 2010), our findings
indicate that BOP might act both as a transcriptional co-activator
(recruited by PERIANTHIA in an LFY-independent manner)
and as an adaptor for cullin, just as NPR3 and NPR4, which are
both adaptors between CUL3 and NPR1 and co-activators of
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TGA transcription factors (Fu ez al., 2012). These two functions
might actually be linked, and recruitment of BOP on promoters
where LFY is also bound might be the key for synergistic gene
activation by both proteins.

Dual regulation of LFY activity by SCF and CRL3 complexes

Our data indicate that LFY is likely regulated by ubiquitination
by CRL3 complexes with BOP2 acting as an adaptor bridging
CUL3A/B with LFY. This suggests a model in which flower
development is controlled via protein degradation and concomi-
tant activation of LFY. As for other proteins (van der Horst ez al.,
2006; Spoel et al., 2009), LEY would be targeted by a CRL3"°™
complex and ubiquitinated for protein degradation through the
26S proteasome system after interacting with the transcriptional
machinery, thus allowing new LFY molecules to bind on cis
regulatory regions. This turnover would concern a small portion
of LFY proteins, as BOP2 does not seem to regulate the overall
DNA-bound LFY fraction, as seen with chromatin immunopre-
cipitation PCR on the API locus.

Our work reveals an intriguing aspect of LFY, which is its dual
regulation by two distinct E3 ubiquitin ligases. To our knowl-
edge, only one transcription factor is known to be regulated by
such a dual CRL1 and CRL3 E3 ligase targeting. In Drosophila,
Cubitus interruptus (Ci) is a zinc-finger transcription factor that
plays a role in the signal transduction cascade of the morphogen
peptide Hedgehog (Hh) (Ou ez al,, 2002; Zhang ez al., 2006). In
the absence of Hh, Ci is targeted to the SCF*"™_based E3 ligase
complex that mediates its partial degradation, which leaves the
DNA binding domain acting as a repressor of target genes; by
contrast, at high Hh levels, a CUL3®"™®_based E3 ligase forms a
negative feedback loop to target full-length Ci for complete
degradation. Intermediate levels of Hh define a boundary
between the anterior and posterior parts of organ primordia
where Ci activates Hh response genes. Interestingly, both UFO
and BOP help to define boundary regions in the floral meristem
or leaves (Durfee et al., 2003; Zadnikova & Simon, 2014), and it
would be of interest to determine whether LFY could participate
in the establishment of boundaries in the floral meristem by a
dual post-transcriptional regulation. Nevertheless, LFY seems to
be unique, since both SCFYFC and CUL3®°T E3 ligases are
required for its activity rather than inactivating it.
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