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Introduction

Summary

¢ In Arabidopsis, copper (Cu) transport to the ethylene receptor ETR1 mediated using RAN1,
a Cu transporter located at the endoplasmic reticulum (ER), and Cu homeostasis mediated
using SPL7, the key Cu-responsive transcription factor, are two deeply conserved vital pro-
cesses. However, whether and how the two processes interact to regulate plant development
remain elusive.

e We found that its C-terminal transmembrane domain (TMD) anchors SPL7 to the ER,
resulting in dual compartmentalisation of the transcription factor. Immunoprecipitation cou-
pled mass spectrometry, yeast-two-hybrid assay, luciferase complementation imaging and
subcellular co-localisation analyses indicate that SPL7 interacts with RAN1 at the ER via the
TMD.

¢ Genetic analysis revealed that the ethylene-induced triple response was significantly com-
promised in the sp/7 mutant, a phenotype rescuable by RAN1 overexpression but not by SPL7
without the TMD. The genetic interaction was corroborated by molecular analysis showing
that SPL7 modulates RAN1 abundance in a TMD-dependent manner. Moreover, SPL7 is
feedback regulated by ethylene signalling via EIN3, which binds the SPL7 promoter and
represses its transcription.

o These results demonstrate that ER-anchored SPL7 constitutes a cellular mechanism to regu-
late RAN1 in ethylene signalling and lay the foundation for investigating how Cu homeostasis
conditions ethylene sensitivity in the developmental context.

partition mechanisms have evolved in eukaryotes for the precise
allocation of Cu to specific target proteins (Burkhead ez 4/, 2009;

Copper (Cu) is an essential transition metal in plants. Due to its
excellent redox potential, Cu serves as a critical cofactor for numer-
ous enzymes and electron carriers (Burkhead ez 4/, 2009; Robinson
& Winge, 2010; Merchant er al., 2020; Ishka ez al, 2022). Conse-
quently, Cu is required for multiple plant growth and development
processes, including, for example, the photosynthetic electron trans-
port (Katoh, 1960; Weigel et al, 2003; Zhang ez al., 2014), cell wall
remodelling (Berthet ez al,2011; Zhuang er al,2020) and seed
germination (Jiang er al,2021). However, free monovalent Cu
drives redox chemistry that is highly toxic to macromolecules
(Burkhead ez al., 2009; Robinson & Winge, 2010). A strong chelat-
ing capacity is present in the cytosol of eukaryotic cells that allows
for less than one free Cu ion per cell (Rae er al, 1999; Finney &
O’Halloran, 2003). As a result, elaborate transport systems and
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Robinson & Winge, 2010; Hoppen ez al., 2019).
SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE 7
(SPL7) in Arabidopsis and its orthologous SBP domain contain-
ing transcription factors that modulate Cu homeostasis in the
green plant lineage (Kropat ez al,2005; Yamasaki ez al., 2009;
Merchant et al., 2020). The SBP domain consists of two uncon-
ventional zinc fingers overlapping with a bipartite nuclear locali-
sation signal (NLS) and therefore facilitates nuclear import of
SPL7 and confers selectivity for DNA binding (Yamasaki
et al., 2004, 2009; Birkenbihl er 4/, 2005; Yang ez al., 2008). In
both Arabidopsis and the green alga Chlamydomonas reinbhardtis,
it has been shown that the SPL7 orthologues regulate the expres-
sion of genes related to Cu homeostasis, many of which possess
the GTAC motif-containing Cu response elements in their
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promoters (Kropat ez al.,2005; Yamasaki ez al., 2009; Sommer
et al.,2010; Zhang & Li, 2013; Zhang ez al.,2014). Structural
and functional analyses suggested that Cu ions could inhibit the
DNA-binding activity of the SPL7 orthologues by displacing zinc
bound to the SBP domain (Kropat er al,2005; Sommer
et al.,2010). Based on these findings, it is proposed that SPL7
acts as a Cu sensor in the nucleus to regulate gene expression in
response to changes in cellular Cu levels.

Ethylene is a small gaseous signalling molecule that exerts potent
effects on plant growth, development, and response to environmen-
tal stresses (Johnson & Ecker, 1998; Merchante ez a/., 2013; Dubois
et al.,2018). Perception of the ethylene signal is intrinsically con-
nected to Cu homeostasis. The receptor proteins, exemplified by
ETHYLENE RESPONSE 1 (ETRI1) in Arabidopsis, are cupropro-
teins localised on the endoplasmic reticulum (ER) membrane that
form tripartite complexes with Cu and ethylene to enable percep-
tion of the hormone (Rodriguez ez al, 1999; Chen ez al, 2002).
The tripartite receptor complexes deactivate the negative regulator
CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) (Kieber
et al., 1993; Clark et al, 1998). The signal is then relayed from the
ER to the nucleus by proteolytic regulation of ETHYLENE
INSENSITIVE 2 (EIN2) (Alonso et al,1999; Qiao et al.,2012;
Wen et al., 2012; Li et al., 2015), where stabilisation of two paralo-
gous transcription factors, EIN3 and EIN3-LIKE 1 (EIL1), pro-
gramme the expression of the vast majority of ethylene-responsive
genes (Chao ez al., 1997; Solano ez al., 1998).

Delivery of Cu to the ethylene receptors requires
RESPONSIVE-TO-ANTAGONIST 1 (RANT1). Functioning in
the endomembrane system, RANT1 is a P-type ATPase that trans-
ports Cu to the ER lumen (Hirayama ez al, 1999; Woeste &
Kieber, 2000). Strong loss-of-function ranl alleles completely
abolish ethylene-binding activity of the receptors (Woeste &
Kieber, 2000; Binder ez 4/, 2010). By contrast, weak ranl alleles
result in ethylene-like response to the ethylene antagonist trans-
cyclo-octene, an effect that can be partially suppressed by Cu sup-
plementation (Hirayama ez 4/, 1999). Without Cu, as mani-
fested in the ranl loss-of-function mutants or the presence of Cu
chelators, the receptors are permanently disabled, leading to con-
stitutive activation of downstream signalling events (Hirayama
et al., 1999; Woeste & Kieber, 2000; Zhao et al, 2002; Binder
et al., 2010; Li er al., 2017). Despite this knowledge of the critical
requirement of Cu in ethylene perception, how the ethylene sig-
nalling pathway interacts with the SPL7-based cellular Cu home-
ostasis mechanism to regulate plant response to the hormone
remains largely unexplored.

In addition to the nucleus, SPL7 contains a putative C-terminal
transmembrane domain (TMD) and transiently expressed SPL7
may localise to the ER (Garcia-Molina et al., 2014). The current
study was aimed to functionally investigate the TMD of SPL7
(SPL7™P) " Cell biology experiments demonstrated that
SPL7™P is necessary and sufficient for targeting SPL7 to the ER
membrane, where it interacts with RAN1. Genetic analysis in
Arabidopsis revealed that SPL7™P is required for regulating
RANI1 abundance and ethylene sensitivity. Molecular biology
studies have shown that EIN3 binds to the SPL7 promoter and

transcriptionally represses SPL7 expression in the presence of
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ethylene. Together, these results indicate that ER-anchored SPL7
constitutes a cellular mechanism to regulate plant sensitivity to
the ethylene signal by modulating RAN1 that transfers Cu ion to
the ethylene receptors.

Materials and Methods

Plant materials and growth conditions

The wild-type plant used in this study was Arabidopsis thaliana
ecotype Col-0. The ¢/n3 eill line has been described previously
(Kieber ez al., 1993; Alonso er al., 2003). To express full-length
SPL7 and its various truncations in Arabidopsis, the respective
coding sequences were cloned into the p/imI9-¢GFP binary vec-
tor under the control of the CaMV 35S promoter. The resulting
constructs were introduced into the wild-type or sp/7-1 back-
ground using standard Agrobacterium-mediated transformation.
Transformants were selected with 50 mgl™"  hygromycin
(Roche), allowed to propagate to the T3 generation, and multiple
homozygous lines identified for subsequent experiments. To
express RAN1, the coding sequence was cloned into the p/im19-
eGFP vector. The resulting 355:RANI1-GFP construct was intro-
duced into the wild-type plant, selected with 50 mgl™'
kanamycin (Roche), and allowed to propagate to the T3 genera-
tion. Identified homozygous lines were crossed with sp/7-1 to
generate the 355:RANI-GFP spl7-1 plants.

The coding region of HY5 was cloned into the p/IM19-
mCherry vector to generate 35S:mCherry-HY5 as a nucleus
marker. The 358:WAK2-mCherry-HDEL (ER-mCherry) construct
was generated using the p/IM19-mCherry vector to express an ER
localisation marker as previously described (Nelson ez 4., 2007).
In brief, the ER marker was created by first inserting the HDEL
ER retention signal at the C-terminus of mCherry using a syn-
thetic oligonucleotide (5'-CATGACGAGCTGTAACTGCAG).
Subsequently, the signal peptide of WAK2 was cloned to the N-
terminus of mCherry-HDEL (Nelson ez 4/, 2007). These con-
structs were introduced individually into the 358:SPL7"?"-
GFP, 35S8:SPL7 % 815.GFP, or 358:SPL7"P-GFP plants via
Agrobacterium-mediated transformation to generate the mCherry-
HY5 SPL7'2"°-GEP, ER-mCherry SPL7 " ®'5-GFP and ER-
mCherry SPL7"™P-GFP plants, respectively. Primers used for
cloning and genotyping are listed in Supporting Information
Table S1.

To grow Arabidopsis seedlings, seeds were surface sterilised
and plated on agar-solidified Murashige and Skoog medium con-
taining 1% (w/v) sucrose. The plates were incubated at 4°C for
3 d in the dark and then transferred to a growth chamber with
23°C/21°C, 16h:8h, light:dark settings. Adult plants were
maintained in commercial soil and 16 h: 8 h, light: dark condi-
tions, with 120 pumol m™?s~" light intensity provided by white
fluorescence bulbs, 50% relative humidity and a temperature of
23°C/21°C. Tobacco (Nicotiana benthamiana) plants used for
transient expression experiments were maintained in a growth
chamber with 16 h: 8 h, light: dark conditions, a light intensity
of ¢ 200 umol m~%s™", a relative humidity of 50% and a tem-
perature of 25°C/21°C.
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Chemical treatments

Triplin (1-(1-morpholino-1-(thiophen-2-yl) propan-2-yl)-3-(2-
(trifluoromethoxy) phenyl) thiourea) (Life Chemicals) was dis-
solved in 1% DMSO and added to the standard Murashige &
Skoog medium to a final concentration of 10 or 20 pM.
Bathocuproinedisulfonic acid (BCS) or 1-amino-cyclopropane-
1-carboxylic acid (ACC) (Sigma-Aldrich) was dissolved in water
and added to the medium at the indicated final concentrations.
Gaseous ethylene treatment of Arabidopsis seedlings was per-
formed as previously described (Qiao ez al., 2012). Seedlings were
grown on plates in an air-tight container kept in the dark.
Ethylene was injected into the container to a final concentration
of 20 ppm. Vernalised seeds plated on medium containing vari-
ous combinations of the chemical treatments were allowed to
grow in the dark for ¢. 4 d after germination. Hypocotyls were
perpendicularly photographed using a digital camera, and the
length and hook curvature were measured using IMAGE] software.
Replicates were individual seedlings.

Quantitative transcript analyses

Seedlings were homogenised with liquid nitrogen to isolate total
RNA using TRIzol (Invitrogen), which was treated with DNase I
(TaKaRa, Dalian, China) and reverse transcribed using the
PrimeScript II 1st Strand cDNA Synthesis Kit (TaKaRa). qPCR
was performed using the SYBR Green master mix on an ABI
7500 Fast Real-Time PCR System (Applied Biosystems, Shang-
hai, China). ACTIN7 was used as the internal control and nor-
malisation standard. Replicates were individual qPCR performed
on the same RT reaction. All experiments were repeated at least
three times and one set of representative experiment was shown
(Table S2). Differential expression was called using a two-fold
change cutoff. Primers used for qPCR are listed in Table S1.

Fluorescence microscopy

For transient expression in tobacco leaf epidermal cells, Agrobac-
terium GV3101 cells harbouring the 35S5:SPL7-GFP, 35S:
SPL7A™P.GFP, 358:SPL7" ?"°-GFP, 355:SPL7"7*°-GFP, 355:
SPL7AN'S-GFP, 35S:SPL7"***'*-GFP, or 35S:SPL7"™P-GFP
construct were mixed with GV3101 cells harbouring the 35S:
mCherry-HY5, 358:ER-mCherry, or 35S:RANI1-mCherry con-
struct and co-infiltrated into the leaf epidermis with a syringe.
After 3 d, the cells were observed using an LSM 800 laser scan-
ning confocal microscope (Zeiss). Fluorescence microscopy anal-
ysis of proteins stably expressed in Arabidopsis was performed on
7-d-old seedlings. Cells in the root and the cotyledon were anal-
ysed using an LSM 800 laser scanning confocal microscope.
Line-scan co-localisation was carried out using IMAGE] software.

LUC complementation imaging

The assay was performed as described (Jing et al.,2016) with
minor modifications. Briefly, the coding sequences of various
SPL7 forms and RAN1 were cloned into the pCAMBIA1300-

New Phytologist (2022) 236: 878-892
www.newphytologist.com

New
Phytologist

nLUCand pCAMBIA1300-cLUC vector, respectively, to generate
the N-terminal or C-terminal luciferase fusion constructs. The
pCAMBIAI300-nLUC or pCAMBIAI300-cLUC vector alone
was used as a control. Agrobacterium GV3101 cells harbouring
the desired constructs were resuspended in the infiltration buffer
to an ODggg of 0.8. The 355:P19-HA (Jing et al.,2016) con-
struct and the suspension were co-infiltrated into tobacco leaf
epidermis with a syringe. After 2 d, the leaves were sprayed with
20 mg ml™! potassium luciferin (Gold Biotech) and incubated in
the dark for 5min. LUC activity was detected using the
NightShade LB 985 system (Berthold) with an exposure time of
5 min. Replicates were individual infiltration events.

Promoter activity assays

LUC assays for promoter activity were performed as previously
described (Xie er al,2017). Briefly, tobacco leaves were co-
infiltrated with the 355:GFP or the 355:EIN3-GFP effector con-
struct along with the pSPL7:LUC reporter construct and incu-
bated at 25°C for 3 d. The infiltrated leaf area was imaged for
luciferase luminescence. Quantification of luciferase activity was
performed using INDIGO (v.2.03.0). Replicates were individual
infiltration events. The REN/LUC dual luciferase assays were
performed as described (Liu et @/, 2014) by cloning the promoter
regions into the pGreen II 0800-LUC vector. Tobacco leaf proto-
plast isolation and DNA transfection were performed as
described  (http://molbio.mgh.harvard.edu/sheenweb/protocols_
reg/protocols_reg_.php#proto_reg). Transformed protoplasts
were collected, homogenised, and dual luciferase reactions carried
out using the Dual-Glo Luciferase Assay System (Promega).
Luciferase activity was quantified using a Multimode Reader LB
942 luminometer (Berthold, Bad Wildbad, Baden Wiirttemberg,
Germany). Replicates were individual transfection events.

Cellular fractionation

The membrane fraction of total protein was isolated from
¢. 500 mg of Arabidopsis seedlings as previously described (Zhao
et al.,2002). The cellular homogenate was sequentially cen-
trifuged at 8000 g for 5 min and then at 100 000 g for 30 min.
The membrane pellet was resuspended in a membrane wash
buffer (10 mM Tris at pH 7.5, 150 mM NaCl, 1 mM EDTA,
and 10% glycerol with protease inhibitors). The supernatant con-
sisting of the cytosolic fraction was collected for further analysis.
The nucleus fraction of total protein was isolated from 1-g
seedlings as previously described (Cho er al,2006). The
homogenate was filtered through a double layer of Miracloth and
centrifuged for 10 min at 1000 g at 4°C. The pellets containing
the nuclear fraction were washed with 5 ml NIB buffer (20 mM
Tris—HCI at pH7.4, 25% glycerol, 2.5 mM MgCl,, 30 mM
B-mercaptoethanol, 0.5% Triton X-100, 1 mM phenylmethyl-
sulfonyl fluoride and 1x protease inhibitor cocktail) three times.
The nuclear pellet was resuspended in 200 pl 2% sodium dodecyl
sulphate (SDS) protein extraction buffer (80 mM Tris—HCl
pH 6.8, 4% SDS, 4 mM B-mercaptoethanol, 8% glycerol and
0.02% bromophenol blue).
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Protein detection

Following electrophoresis, standard immunoblotting analyses
were performed. The blots were probed with either a custom rab-
bit ant-RANT1 polyclonal antibody, which was raised against the
N-terminal 299 amino acids of RAN1, or a custom rabbit anti-
SPL7 polyclonal antibody, which was raised against amino acids
418 to 752 of SPL7. Antibody for GFP (AE012; Abclonal,
Wuhan, China) was used to detect GFP and YFP fusion proteins.
Antibodies for H-ATPase (AS07 260; Agrisera, Vannas, Swe-
den) and binding immunoglobulin protein (BiP) (AS09 481;
Agrisera), ACTIN (CW0264; Cwbio, Taizhou, China), and H3
(HO164; Sigma-Aldrich) were used as loading standard for the
membrane fraction, the cytosolic fraction and the nucleus frac-
tion, respectively. Protein detection was performed using the
ChemiDoc XRS+ imaging system (Bio-Rad). Relative protein
levels were quantified using IMAGE] software. Replicates for
immunoblotting experiments were individual protein preps.

IP-MS/MS

Total protein was isolated from 10-d-old 35S:GFP and 35S:
SPL7 818 GEp seedlings with an extraction buffer containing
25 mM Tris—HCl at pH 7.5, 150 mM NaCl, 10% glycerol, 0.5%
NP40, 1 mM EDTA, 0.5 mM Na3;VO, 1mM DTT, 1 mM
PMSEF, and 1x protease inhibitor cocktail (Roche). Following
affinity purification using anti-GFP affinity beads (SA070005;
Smart-Lifesciences, Changzhou, China), equal amounts of pro-
teins from 35S:GEP and 35S:SPL7"**8'5.GFP were gel sepa-
rated, digested with porcine trypsin (Promega), and extracted as
previously described (Yang ez al,2021). The extracted samples
were dried in a vacuum centrifuge concentrator and resuspended
in 10pM 0.1% formic acid. Liquid chromatography tandem
mass spectrometry (LC-MS/MS) was performed on an Orbitrap
Exploris 480 mass spectrometer interfaced with an Easy-
nLC1200 liquid chromatography system (Thermo Fisher Scien-
tific) as previously described (Yang ez al., 2021). The raw MS data
were searched against the Arabidopsis Information Resource
(https://www.arabidopsis.org) with no redundant entries using
SEQUEST of PROTEOME DISCOVERER (v.2.2; Thermo Fisher Scien-
tific, Shanghai, China). False discovery rate was set at 1% for each
analysis. The SPL7™P-associated proteins were identified as
those recovered from 35S:SPL7"%*"5"5_GFP but not from 35S:
GFP for specificity, and with a peptide spectrum match (PSM)
value greater than three for reliability.

Protein co-IP

Total protein extracts from 35S:GFP and 35S:SPL7** #15.GFP
seedlings, membrane fraction of protein extracts from wild-type
and 3585:RANI-GFP seedlings, or nucleus fraction and mem-
brane fraction from 358:YFP-SPL7 seedlings were incubated with
anti-GFP affinity beads (SA070005; Smart-Lifesciences) at 4°C
for 1 h. The beads were washed three times with a wash buffer
(25mM Tris-HCI at pH7.5, 150 mM NaCl, 10% glycerol,
0.5% NP40, 1mM EDTA, 1mM DTT with protease
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inhibitors). The precipitates and input extracts were then sub-
jected to immunoblotting analysis using the indicated antibodies.

Yeast-two-hybrid assay

Full-length as well as various SPL7 truncations and full-length
RAN1 were cloned in-frame with the binding domain in the
pLexA vector and the activation domain in the pB42AD vector
(Clontech, Beijing, China), respectively. Combinations of the
pB42AD and pLexA constructs were co-transformed into the
yeast strain EGY48 (Clontech). Transformants were cultured in
liquid minimal SD medium (—Ura/—His/—Trp) at 30°C until
an ODggg of 1.2-1.5 was reached. Equal amounts of cells were
collected, resuspended in distilled water, and plated on SD/Gal/
Raf (—Ura/—His/—Trp) induction medium containing X-gal.
Liquid assays were performed according to the Yeast
B-Galactosidase Assay Kit manual (Thermo Fisher Scientific).

Phylogenetic analysis

Sequences of representative SPL7 orthologues (Table S3) were
aligned using MuscLE in MEGA X with default settings (Kumar
et al.,2018). An unrooted neighbour-joining tree was constructed
using MEGA X by applying the neighbour-joining method. The
evolutionary distance was calculated as number of amino acid sub-
stitutions per site using the Poisson correction method.

ChlIP-seq analysis

ChIP-seq data to determine EIN3 binding at the SPL7 promoter
were obtained and reanalysed from a previous study (Chang
et al., 2013), including a series of timepoints (0, 0.25, 1, 12 and
24 h) after ethylene treatment. Raw reads were aligned to the
TAIR10 Arabidopsis reference genome using BowTie2 (Lang-
mead & Salzberg, 2012), allowing two mismatches and no gaps.
Only uniquely mapped reads were retained, aligned to the 1.5 kb
promoter region of SPL7, and extracted to calculate mean reads
per kilo base per million mapped reads (RPKM) among the three
biological replicates.

Measurement of Cu content

Here, 4-d-old etiolated seedlings grown on half-strength
Murashige and Skoog medium were collected and washed twice
with 1 mM EDTA and then double-distilled water. For each
genotype, four independent biological samples of pooled
seedlings were analysed with a NexION 350X inductively cou-
pled plasma mass spectrometer (Perkin Elmer, Shanghai, China)
as described previously (Zhang er al., 2014).

Results

The conserved C-terminal TMD anchors SPL7 to the ER

Consistent with their function as a transcription factor (Kropat
et al.,2005; Yamasaki ez al.,2009; Bernal er al,2012; Zhang
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et al.,2014), SPL7 orthologues in land plants and green algae all
possess a conserved bipartite NLS near the amino terminus
(Fig. Sla,b). However, SPL7 orthologues in angiosperm also pos-
sess a 20-amino-acid hydrophobic a-helix near the carboxy ter-
minus that is absent in green algae (Fig. S1a,b). Interestingly, the
predicted likelihood of this region forming a TMD correlated
with the phylogenetic relationships of the plant lineage (Fig. Slc),
suggesting that a putative TMD has specifically evolved for SPL7
orthologues in angiosperm.

To investigate whether the TMD is functional, we carried
out a comprehensive assessment of SPL7 subcellular localisa-
tion. We fused the GFP to seven forms of SPL7, including the
full-length  (SPL7' ®'®.GFP), full-length with the TMD
deleted (SPL7A™P.GFP), full-length with the NLS deleted
(SPL7ANYS_GFP), a truncated variant lacking the C-terminus
spanning the TMD (SPL7'7#°-GFP), a truncated variant only
containing the N-terminus (SPL7' 2'°-GFP), and two trun-
cated variants composed primarily of the TMD (SPL774¢ 815
GFP and SPL7'"™P-GFP) (Fig. S2a). We found that SPL7'"
815_GFP transiently expressed in tobacco leaf epidermal cells
exhibited dual localisation in the nucleus and the endomem-
brane (Fig. S2b). Comparison of the six transiently expressed
truncated versions of SPL7 showed that those without the
TMD were exclusively located in the nucleus, whereas those
containing the TMD exhibited endomembrane localisation
(Fig. S2b). Co-expression with either mCherry-tagged nucleus
marker ELONGATED HYPOCOTYL 5 (HY5) (mCherry-
HY5) or an engineered ER marker (ER-mCherry) confirmed
the dual localisation of full-length SPL7 (Figs 1a, S3a) and the
nucleus localisation of SPL7A™P_GFP, SPL7'74°.GFP, and
SPL7' ?">-GFP  (Fig.S3b—¢). By contrast, presence of
SPL7*N'S.GFP, SPL7™P-GFP and SPL77***'*.GFP was
found in ER-like tubular membrane networks that co-localised
with ER-mCherry (Fig. 1b—¢). These results indicated that the
TMD is both necessary and sufficient for anchoring transiently
expressed SPL7 to the ER membrane.

To confirm the dual localisation of SPL7 in Arabidopsis, we
generated transgenic plants expressing three SPL7 variants tagged
with GFP driven by the CaMV 35S promoter, including 35S:
SPL7™P_GFP, 355:SPL7"** %'5-GFP, and 35S:SPL7" *"-GFP.
Whereas the fluorescence signals in 35S:SPL7" ?"°-GFP were
restricted to the nucleus and co-localised with the nucleus marker
HY5 (Fig. S4a—e), fluorescence signals in 355:SPL7 TMP_GFP and
358:SPL7*815_GFp highlighted an ER network-like distribu-
tion (Figs2a, S4f). The ER location was confirmed by co-
localisation analysis with the ER-mCherry marker expressed in
the same transgenic plants (Fig. 2a,b). Moreover, we performed a
subcellular fractionation analysis of the 35S:SPL7*#/5.GFp
plants. We separated cellular compartments into the nucleus, the
membrane and the cytoplasm, which were confirmed by
immunoblotting analysis of marker proteins representing these
compartments (Fig. 2c). Immunoblotting using an anti-GFP
antibody showed that SPL774¢ 818 GEP is present in the mem-
brane fraction, but not in the nucleus and cytoplasmic fractions
(Fig. 2¢). Together, these results demonstrated that the TMD tar-
gets SPL7 to the ER.
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SPL7 interacts with RAN1 at the ER

Towards elucidating the function of SpL7™P

immunoprecipitation followed by liquid chromatography cou-
pled tandem mass spectrometry (IP-LC-MS/MS) analysis of pro-
teins precipitated by a GFP antibody in the 35S:SPL7"#¢8/5.
GFP and 35S5:GFP seedlings. We identified proteins specifically
associated with SPL7™P a5 those that were recovered in 355
SPL7#¢ 88 GEP but not in 35S:GFP. Following this analysis,
we obtained a set of 655 candidate SPL7™P-associated proteins
(Table S4). Markedly, essentially all ER-located proteins involved
in ethylene perception and signal transduction were identified,
including the receptors ETR1, EIN4 (ETHYLENE
INSENSITIVE 4), and ERS1 (ETHYLENE RESPONSE
SENSOR 1), RANT1 that transports Cu to the receptors, and the
key signal transducers CTR1 and EIN2 (Fig. 3a).

We performed four sets of experiments to validate the interac-
tion between SPL7 and RANI. First, we carried out yeast-two-
hybrid assays using SPL7 as the bait and RANI1 as the prey
(Fig. S5a). Whereas full-length and the N-terminal portion of
SPL7 both appeared self-activating (Fig. S5b), truncations that
removed the AHA domain abolished this self-activation
(Fig. S5¢). Further testing the truncated SPL7 forms revealed that
only regions spanning the TMD (SPL7'3278¢ and SPL74678)
were able to interact with RANT1 in yeast (Fig. S5¢,d).

Second, we used the firefly luciferase (LUC) complementation
assay to test the interaction of SPL7 and RANT1 transiently co-
expressed in tobacco leaf epidermal cells. We generated various
constructs expressing the N-terminal half of LUC (nLUC) or the
C-terminal half of LUC (cLUC) either alone or fused in-frame
with other proteins. We found that the EIN3-nLUC/cLUC-
SPL7, nLUC/cLUC-SPL7, and RAN1-nLUC/cLUC combina-
tions generated LUC signals indistinguishable from the back-
ground (Fig. 3b). By contrast, the RAN1-nLUC/cLUC-SPL7
combination produced significantly greater LUC activity
(Fig. 3b). Using cLUC-SPL7 ™" instead of cLUC-SPL7 pro-
duced the same results (Fig. 3¢), indicating that the TMD was
sufficient for the RAN1-SPL7 interaction in the transient expres-
sion system.

Third, we generated a custom antibody for RANI1, which
detected a protein consistent with the predicted size of RANT at
107 kD (Fig. S6a). In Arabidopsis plants expressing the 35S:
RANI-GFP transgene, in which full-length RAN1 was fused in-
frame at its C-terminus with GFP under control of the 35§ pro-
moter, a band of an apparent size of 135 kDa, corresponding to
the RAN1-GFP chimera, was detected in addition to the endoge-
nous RAN1 (Fig. S6b), indicating that the antibody is specific
for RANI. Using this antibody, we performed co-
immunoprecipitation (co-IP) to examine the interaction between
SPL7 and RANI in Arabidopsis. We found that an anti-GFP
antibody was able to precipitate RAN1 from total protein in the
358:SPL7 " #"5_GFP but not from the 35S:GFP seedlings
(Fig. 3d). Furthermore, the RAN1-SPL7 interaction in Ara-
bidopsis was also confirmed using the 355:RANI-GFP and the
358:YFP-SPL7 (full-length SPL7 fused to yellow fluorescent pro-
tein) transgenic lines by co-IP analysis (Fig. S7a,b). Taken

, we performed
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Fig. 1 Transiently expressed transmembrane
domain (TMD) of SPL7 is sufficient for
endoplasmic reticulum (ER) localisation. (a—d)
Subcellular localisation of SPL7-GFP (a),
SPL7ANS-GFP (b), SPL7™P-GFP (c), and
SPL7746818.GFP (d). The fluorescent
proteins together with ER-mCherry, a
mCherry-tagged ER marker, in tobacco
epidermal cells and subjected to fluorescence
microscopy examination. Bar, 10 um. (e)
Line-scan analysis of the co-localisation of
SPL7-GFP, SPL7AN"*-GFP, SPL7™P-GFP and
SPL774¢878.GFP with ER-mCherry, which
are shown from top to bottom. AU, arbitrary
unit; R, Pearson correlation coefficient.

together, these results indicated that the TMD-mediated SPL7
interaction with RANT in Arabidopsis.

Finally, we pinpointed whether the RAN1-SPL7 interaction
takes place at the ER. Consistent with previous reports (Hirayama
et al., 1999; Li et al., 2017), we found that RAN1-GFP tran-
siently expressed in tobacco cells predominantly co-localised with
the ER-mCherry marker (Fig. S8). We co-expressed SPL7-GFP,
SPL7A™P_GFP, or SPL7*N'"-GFP with RANI1-mCherry in
tobacco leaf epidermis for quantitatively analysing co-localisation.
Compared with full-length SPL7 that exhibited nucleus—ER dual
localisation, SPL7*™P_GFP, but not SPL7*N"-GFP, abolished
co-localisation with RAN1 (Fig. 4a). This conclusion was corrob-
orated by line-scan analysis of RAN1 co-localisation with the
three SPL7 variants, which showed that the correlation coefficient
between SPL7"™P_GFP and RAN1-mCherry was drastically
lower than that exhibited by SPL7-GFP and SPL7*™-“-GFP
(Fig. 4b). Collectively, these results confirmed the ER localisation
of the SPL7"™P_mediated SPL7-RANT interaction.

SPL7™P is required for ethylene-induced triple response

Given the critical role of Cu in ethylene signal transduction
(Hirayama et al, 1999; Rodriguez et al, 1999; Woeste &
Kieber, 2000), we investigated whether SPL7™P g required for
ethylene signalling. The so-called ‘triple response’ is commonly used
as an ethylene-specific response, which refers to exaggerated apical
hooks and shortened hypocotyls and roots of etiolated seedlings
exposed to ethylene (Binder, 2020). We used the sp/7-1 mutant
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containing a T-DNA insertion after the SBP domain (Fig. $9a) that
had been characterised as a loss-of-function mutant (Yamasaki ez al,
2009; Zhang ez al., 2014). Treating etiolated sp/7-1 seedlings with
various concentration of the ethylene precursor ACC revealed a sig-
nificantly alleviated triple response, manifesting as more elongated
hypocotyls and less exaggerated apical hooks compared with the
wild-type seedlings (Fig. 5a—c). This result indicated that SPL7 is
necessary for proper ethylene response.

To determine whether the TMD was involved in regulating
ethylene response, we expressed full-length SPL7 and SPL7 with-
out the TMD in the sp/7-1 background to generate the 355:SPL7-
GFP spl7-1 and 35S:SPL7"7*-GFP spl7-1 plants, respectively.
Characterisation of multiple independent transgenic lines showed
that the 35S5:SPL7-GFP or the 355:SPL7""**-GFP transgene was
properly expressed in sp/7-1 (Fig. S9b). We found that expression
levels of representative SPL7-regulated genes, including M/R398C,
MIR408, and COPT2 (COPPER TRANSPORTER 2) (Yamasaki
et al., 2009; Zhang et al., 2014) were restored in 35S:SPL7-GFP
spl7-1 and 358:SPL7 =746_GFp spl7-1 plants (Fig. S9¢). Moreover,
growth defects of the sp/7-1 seedlings, including smaller cotyle-
dons, shorter roots and reduced fresh weight, were rescued to com-
parable levels as the wild-type in 355:SPL7-GFP spl7-1 and 35S:
SPL7"7%_GFP spl7-1 (Fig. S10). Therefore, the C-terminal TMD
is not required for the SPL7 function as a Cu-responsive transcrip-
tion factor under the examined conditions.

We found that the reduced sensitivity of sp/7-I seedlings to
ACC was fully rescued in 358:SPL7-GFP spl7-1 (Fig. Sa—c).
However, compared with the wild-type and 355:SPL7-GFP spl7-
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Fig. 2 The transmembrane domain (TMD)
targets SPL7 to the endoplasmic reticulum
(ER) in Arabidopsis. (a) Subcellular
localisation of SPL774¢ 8'8.GFP and
SPL7™P_GFP. Cotyledons of 7-d-old
Arabidopsis seedlings expressing 355:
SPL77#878.GFP or 355:SPL7™MP-GFP

(b)5 150 4 RP=089 R S together with a mCherry-tagged ER marker
< c}e}’e 6“0<b OQ\Q’ were subjected to fluorescence microscopy.
Z 100 4 (c) W T Bar, 2 um. (b) Co-localisation of SPL7746-8"8.
< GFP (upper panel) or SPL7™P-GFP (lower
< 35 kD — = Anti-GFP panel) with the ER-mCherry. Line-scan
© 50 1 analysis was performed across the regions
s 95 kD - indicated by the yellow lines in (a). AU,

& 0 , , , , = Anti-BiP arbitrary unit; R, Pearson correlation
0 2 4 6 8 72 kD 4 coefficient. (c) Cellular fractionation analysis
_ . of SPL7746818_GFP |ocalisation. Nuclear,
2 150 1 R#=083 — GFP 95 kD s Anti-H*-ATPase membrane, and cytosolic fractions were
e —— mCherry prepared from 10-d-old 355:SPL77#6-878.
’é 100 1 GFP seedlings and subjected to western
o ) blotting with the indicated antibodies. BiP
s 17kD-| D Anti-H3 (LUMINAL BINDING PROTEIN), H'-ATPase,
= histone H3 and actin were used as markers
3 for the ER membrane, the plasma
& 0 T T T 1 43kD @ | Anti-Actin membrane, the nucleus anz the cytoplasm,
0 2 4 6 8 respectively. Size markers are indicated on
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1 seedlings, 358:SPL7"7*°-GFP spl7-1 seedlings maintained sub-
par triple response as the sp//-I mutant, based on quantification
of the relative hypocotyl length and the apical curvature in
response to ACC (Fig. 5a—c). To further corroborate this obser-
vation, we treated the four genotypes with gaseous ethylene. We
found that 20 ppm ethylene caused a similar triple response in
the etiolated wild-type and 358:SPL7-GFP spl7-1 seedlings
(Fig. S11a). However, the relative hypocotyl lengths of the sp/7-1
and 358:SPL7""*°-GFP spl7-1 seedlings were significantly longer
after exposure to ethylene (Fig. S11b). Based on these results, we
concluded that the C-terminal TMD of SPL7 was essential for
proper ethylene response in Arabidopsis.

The spl7-1 mutant is hypersensitive to Triplin-induced triple
response

Because SPL7 is key to Cu homeostasis under Cu deficiency
(Yamasaki et al.,, 2009; Bernal ez al., 2012; Zhang ez al., 2014),

we tested whether it was required for the ethylene response under

New Phytologist (2022) 236: 878-892
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Cu starvation. Previously it was reported that the Cu chelator
Triplin causes a dose-dependent triple response in etiolated Ara-
bidopsis seedlings (Li ez al., 2017). To confirm this effect, we
treated wild-type seedlings with two different Triplin concentra-
tions (10 and 20 uM) and found that the degree of hypocotyl
shortening increased in response to increasing Triplin levels
(Fig. S12). Moreover, Triplin treatments did not alter the mor-
phology of the etrl-I and ctri-1 seedlings, mutants that disrupt
ethylene signalling (Fig. S12). These observations indicated that
the Triplin-induced triple response depended on the integrity of
the ethylene signalling.

Consistent with its function in transporting Cu to the ethylene
receptors, previous studies have shown that 47/ mutants are
hypersensitive to Triplin (Li ez al., 2017). We used seedlings har-
bouring the rani-2 allele (Fig. S6a), which contained a G173E
substitution that reduces the metal-binding capacity of RAN1
(Hirayama ez al., 1999), to confirm the reported phenotype of
the ranl mutants. Compared with the wild-type, Triplin caused
the ranl-2 seedlings to display a significantly more shortened
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RAN1 AT5G44790 85.60 22 26 Copper delivery to ethylene receptors
EIN2 AT5G03280 83.10 24 21 Ethylene signal transduction
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Fig. 3 SPL7 interacts with RAN1 via its transmembrane domain (TMD). (a) Ethylene signalling-related proteins identified from an immunoprecipitation-
mass spectrometry (IP-MS) analysis of 355:SPL77#¢-878.GFP seedlings using a green fluorescent protein (GFP) antibody coupled to agarose beads. Score,
score calculated by the Sequest HT search engine for matching the peptides to each spectrum. Coverage, the percentage coverage of the identified peptide
sequence relative to the annotated protein sequence. PSM, peptide spectrum match estimating relative protein content. (b, ¢) Luciferase (LUC) comple-
mentation imaging assay for validating the interaction of full-length SPL7 (b) and SPL7™P (c) with RAN1. RAN1 and SPL7/SPL7™P were fused with the
N- and C-terminal portions of LUC, respectively, to generate the RAN7-nLUC and cLUC-SPL7/SPL7™P constructs. The constructs were combined with
either cLUC, nLUC or EIN3-nLUC as indicated, co-expressed in tobacco leaf epidermal cells, and imaged in the presence of luciferin. Colours indicate rela-
tive luminescence intensity. (d) Co-immunoprecipitation analysis of the SPL7-RAN1 interaction in Arabidopsis. Total proteins extracted from the 35S:GFP
and 355:5PL77#¢"878_GFP seedlings were incubated with agarose beads coupled to an anti-GFP antibody. Input and precipitated proteins were analysed

using the indicated antibodies. Size markers are indicated on the right.

hypocotyl and more exaggerated apical hook (Fig. 6a,b). We
found that the Triplin-induced response was also significantly
enhanced in the sp/7-1 mutant, based on quantification of the rel-
ative hypocotyl length and hook curvature (Fig. 6a,b). These
effects on sp/7-1 were confirmed using another Cu chelator BCS
(Fig. S13). Moreover, quantification of endogenous Cu contents
revealed no significant differences between sp/7-1 and the wild-
type either in the absence or the presence of Triplin (Fig. S14a,
b). These results indicated that SPL7 is required for the triple
response induced by Cu deficiency.

SPL7 modulates RAN1 abundance

Immunoblotting analysis revealed that the RANT1 level increased
to ¢ four-fold in the sp/7-1 mutant in comparison with that of
the wild-type (Fig. 7a). Consistent with their effects in restoring
ethylene sensitivity of the sp/7-1 mutant, elevated RAN1 protein
levels were observed in 35S:SPL7"7#*-GFP spl7-1 but not in
358:SPL7-GFP spl7-1 compared with the wild-type (Fig. 7a).
Using reverse transcription-coupled quantitative PCR (RT-
gqPCR), we found that the RANI transcript level did not vary sig-
nificantly among these genotypes (Fig.S15a). Based on these

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

observations, we concluded that SPL7 modulates RAN1 protein
abundance in a TMD-dependent manner and that its absence
elicits overcompensation of RAN1 accumulation.

To explore the mechanism by which SPL7 regulates RAN1,
we performed the following sets of experiments. First, we carried
out pharmacological analysis using Triplin. While RT-qPCR
analysis revealed no significant changes in RANI transcript abun-
dance following Triplin treatment (Fig. S15b), immunoblotting
showed that RANT levels increased to four-fold compared with
that in the mock-treated seedlings (Fig.7b). Moreover, we
observed that RANI1 protein abundance in ranl-2 seedlings
increased to over three-fold compared with the wild-type
(Fig. 7¢), in the absence of a significant increase in the transcript
level (Fig. S15¢). These results indicate that Cu deficiency or
reduced Cu delivery activity of RANT results in overcompensa-
tion of RANT accumulation as in sp/7-1 and 358:SPL7"715-GFP
spl7-1. Next, we introduced the 355:RANI-GFP transgene into
the spl7-1 background. In the 358:RANI-GFP spl7-1 seedlings,
we observed that the overall level of RAN1 was elevated to ¢. 20-
fold that in the wild-type and five-fold that in sp/7-1 (Figs 7d,
S6b). Under these circumstances, we found that the level of
endogenous RAN1 in sp/7-1 was brought down to a level
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Fig. 4 The transmembrane domain (TMD) of
SPL7 mediates co-localisation with RAN1. (a)
Subcellular localisation of SPL7 variants.
SPL7-GFP (top), SPL7A™P-GFP (middle), or
SPL7AN'S_GFP (bottom) were expressed
together with RAN1-mCherry in tobacco

Relative intensity (AU)

R?2=0.8

epidermal cells and subjected to fluorescence
microscopy analysis. Bar, 10 um. (b) Line-
scan analysis of co-localisation of different
SPL7-GFP variants with RAN1-mCherry.
Fluorescence intensities for the indicated
channels were scanned in regions
represented by the yellow lines in the merged
images in (a). Average intensities from the
two channels were separately calculated and
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comparable with that of the wild-type in 355:RANI-GFP spl7-1
(Fig. 7d). This finding indicated that direct elevation of RANI
level could alleviate the compensatory effect caused by the
absence of a functional SPL7. Furthermore, we compared the
spl7-1 and 358:RANI-GFP spl7-1 seedlings for sensitivity to
ACC. Following ACC treatments, we found that both the rela-
tive hypocotyl length and the angle of the apical hook of the 35:
RANI1-GFP spl7-1 seedlings were brought to levels comparable
with the wild-type but significantly different from sp/7-1 (Fig. 7e,
f). Taken together, these results indicated that, through the
TMD-mediated interaction with RAN1, SPL7 facilitates RAN1-
based Cu delivery to the ethylene receptors for a proper response
to the ethylene signal. In the absence of SPL7"™™P, the RAN1
level is compensatively elevated but not sufficiently enough to
fully restore ethylene sensitivity.

Feedback repression of SPL7 by ethylene signalling

Our final aim was to investigate the relationship between SPL7
expression and ethylene signalling. This investigation was facili-
tated by the availability of genome-wide EIN3 binding profiles
over a time course of ethylene treatment (Chang ez 4/, 2013). In
the 1.5kb upstream regulatory region starting from the

New Phytologist (2022) 236: 878-892
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transcription start site (TSS) of the SPL7 gene, no EIN3 binding
was found before ethylene treatment (Fig. S16a). However,
immediately following ethylene treatment, EIN3 binding at the
SPL7 promoter began to increase and plateaued at 1h after
ethylene treatment (Fig. S16a,b). Ethylene-induced EIN3 bind-
ing to the SPL7 promoter declined by 4 h after treatment and
returned to baseline levels by 24 h (Fig. S16a,b). These results
indicated that EIN3 specifically binds to the SPL7 promoter in
response to ethylene signalling.

To validate and assess the net effect of EIN3 binding to the
SPL7 promoter, we generated a pSPL7:LUC construct in which
the native SPL7 promoter was used to drive the expression of the
LUC reporter. We observed that LUC activity from pSPL7:LUC
was significantly weakened when EIN3 was used to co-infiltrate
tobacco leaf epidermis (Fig. S16¢), indicating that EIN3 nega-
tively affected SPL7 promoter activity. This conclusion was fur-
ther validated by comparing the effects of EIN3 on the SPL7 and
ERF1 (ETHYLENE RESPONSE FACTOR 1) promoters, using
the dual LUC and Renilla luciferase (REN) system (Liu et al,
2014). Consistent with previous reports (Solano et al, 1998;
Chang ez al., 2013), we found that EIN3 increased the promoter
activity of ERFI, a hallmark EIN3-activated gene, transiently
expressed in tobacco protoplasts (Fig. S16d). However, LUC
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Fig.5 The transmembrane domain (TMD) of
SPL7 is required for proper response to 1-
. L ACC (uM)
amino-cyclopropane-1-carboxylic acid
(ACQC). (a) Morphology of wild-type, sp/7-1,
35S:SPL7"7#6-GFP spl7-1, and 35S5:SPL7-
GFP spl7-1 etiolated seedlings treated with
different concentrations of ACC. Bar, 5 mm.
(b) Enlarged view of individual seedlings

I
showing the apical hook. Bar, 1 mm. (c)
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activity driven by the SPL7 promoter was significantly weakened
when EIN3 was co-expressed (Fig. S16d), therefore confirming
that EIN3 specifically represses the SPL7 promoter.

To examine how SPL7 responds to ethylene signalling, we
stably expressed pSPL7:LUC in Arabidopsis. We found that
ACC treatment resulted in significantly reduced LUC activity in
etiolated pSPL7:LUC secedlings (Fig. S16e,f). Using RT-qPCR
analysis, we found that the SPL7 transcript level decreased upon
ACC treatment in a concentration-dependent manner in the
wild-type but not in the ein3 eill double mutant that blocks tran-
scriptional response to ethylene (Chao ez 4/, 1997) (Fig. S16g).
Taken together, these results indicated that, as a positive regula-
tor of ethylene response, SPL7 is feedback repressed by ethylene
signalling via EIN3.

Discussion

In Arabidopsis, seemingly conflicting with its function as a key
transcriptional regulator of Cu homeostasis in the nucleus
(Yamasaki ez al., 2009; Bernal ez al., 2012; Zhang et al., 2014;
Yan ez al., 2017), SPL7 contains a putative C-terminal TMD
(Garcia-Molina et al., 2014) and is predicted to pass the mem-
brane just once with the large N-terminus outside and the short
C-terminus inside the ER lumen (Fig.8). We characterised
SPL7™P and determined its function using four sets of experi-
mental approaches. First, imaging and subcellular fractionation
analyses of plants expressing various SPL7 truncation forms
demonstrated that SPL7™P anchors SPL7 to the ER membrane
(Figs 1, 2, S2). Second, biochemical experiments including IP-
MS/MS, LUC complementation imaging, yeast-two-hybrid
assay, and co-IP revealed that SPL7'™P interacts with ER-
located RAN1 (Figs 3, 4, S5, S7). This finding juxtaposed ER-
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localised SPL7 to the ethylene perception machinery that consists
of clusters of receptor homodimers associated with CTR1 and
EIN2 in high-molecular-mass complexes at the ER (Bin-
der, 2020). Third, genetic analysis confirmed that SpL7™P par-
ticipates in regulating ethylene and the Cu chelation-induced
triple response (Figs5, 6, S11). Finally, biochemical analysis
revealed hyperaccumulation of RAN1 under Cu deficiency, in
ranl-2, spl7-1, and 35S:SPL7"7*-GFP spl7-1, but not in 35S:
SPL7-GFP spl7-1 and 35S:RANI-GFP spl7-1 (Fig.7). These
findings indicated that SPL™?® regulates RAN1 activity and/or
accumulation.

Summarising findings from the current study and previous
knowledge, we proposed a working model on the role of the
ER-localised SPL7 in regulating ethylene signalling (Fig. 8). In
this model, the Cu-responsive transcription factor forms a mod-
ule with RAN1 via its C-terminal TMD. Because only Cu-
bound receptors are capable of perceiving ethylene and RANT is
necessary for the biogenesis of the Cu-bound receptors
(Rodriguez er al, 1999), the physiological results (Figs5, 6,
S11) collectively demonstrated that ER-located SPL7 modulates
RAN1-based Cu delivery to the ethylene receptors across the
ER membrane (Fig. 8). The exact biochemical mechanism by
which SPL7 regulates RAN1 function is yet to be elucidated,
but it could be envisioned that SPL7 does so either directly by
facilitating Cu transfer to RAN1 or indirectly by modulating
RAN1 abundance (Fig.7). As SPL7 is transcriptionally sup-
pressed by ethylene signalling (Fig. S16), the SPL7-RAN1 mod-
ule therefore has the capacity to fine-tune ethylene sensitivity of
the plant (Fig. 8).

Cu transfer between protein partners along the cellular routes
is driven by gradients of increasing Cu-binding affinities (Banci
et al., 2010). Previous studies have shown that RAN1 acquires
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Cu from the cytosolic ATX1 chaperone family before passing the
cofactor to the ethylene receptors (Li ez al., 2017; Hoppen et al.,
2019) (Fig.8). RAN1 and ATXI orthologues exhibited Cu-
binding affinities that were approximately four orders of magni-
tude higher than that exhibited by SPL7 orthologues (Yatsunyk
& Rosenzweig, 2007; Sommer ez al, 2010). Therefore, it is
unlikely that Cu is drawn from ATX1 to SPL7 and then passed
to RANI1. Given the recently demonstrated cupric reductase
activity of histone H3 (Attar ez 4/, 2020), we speculated that the
nucleus is a source for monovalent Cu and the nucleus—ER parti-
tioning of SPL7 may serve as an alternative route for delivering
Cu to RAN1 (Fig. 8). Further biochemical studies are necessary
to resolve the molecular structures and dynamics of the Cu trans-
port routes to RANT to substantiate the biological importance of
the SPL7-RANI interaction.

Ethylene perception and the resulting transcriptional program-
ming are compartmentalised to the ER and the nudleus, respectively
(Chao er al, 1997; Solano et al, 1998; Chang & Shockey, 1999;
Chen er al, 2002). Fluorescence microscopy showed that GFP
tagged to the C-terminus of SPL7 was observed in the nucleus
(Figs 4a,b, S2b, S3a), indicating that at least a portion of the
nucleus-localised SPL7 may still had an intact C-terminus and
therefore the TMD. Previously it was reported that the transcrip-
tional regulation activity of SPL7 requires farnesylation of heat
shock protein 40 (Barghetti et al, 2017). Therefore, it is possible
that similar post-translational modification mechanisms may regu-
late parttioning of SPL7 between the nucleus and the ER. Alterna-
tively, SPL7 might be subjected to proteolysis at the C-terminus
that removes the TMD to allow differential subcellular localisation

New Phytologist (2022) 236: 878-892
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Fig. 6 The sp/7-1 mutant is hypersensitive to
Cu chelation. (a) Photographs of
representative etiolated seedlings of the
indicated genotypes grown on medium
containing 1% dimethylsulphoxide (DMSO)
or 10 uM Triplin dissolved in DMSO. Bar,
2 mm. (b) Quantification of the relative
hypocotyl length (left) and the angle of
ns apical hook (right) of the etiolated seedlings.
|—| Relative hypocotyl length was determined by
normalisation against the untreated seedlings
of the same genotype. Data represent
mean = SD from 25 individual seedlings. ns,
— not significant; ***, P <0.001 by Student's t-
test. Experiments were repeated four times
with similar results.

of the various truncation forms. This later scenario is parallel to the
regulation of EIN2, the central signal transducer that undergoes
proteolytic activation and relays the ethylene signal from the ER to
the nucleus (Alonso er al, 1999; Qiao ez al., 2012; Wen et al,
2012). It would be interesting to fully identify and compare the
EIN2 and SPL7 proteolysis systems in future investigations to
provide more insights into the interplay between Cu homeostasis
and ethylene signalling. Moreover, feedback regulation of SPL7
expression by ethylene signalling in an EIN3-dependent manner
(Fig. S16) adds SPL7 to the many regulatory loops that facilitate the
communication between the ER and the nucleus for properly relay-
ing and tuning ethylene signal transducton (Merchante e al,
2013). Through these interconnected regulatory feedback loops, it is
anticipated that sophisticated calculations could be performed to
achieve optimal cellular sensitivity to the hormone.

It was first realised half a century ago that ethylene must bind
to a metal-containing receptor to enact its biological effects (Burg
& Burg, 1967). Indeed, cloning of the ethylene receptor genes
revealed the receptors to be cuproproteins (Rodriguez er al,
1999; Hirayama & Alonso, 2000). Subsequently, RAN1 was
identified as the ER-located Cu transporter for the ethylene
receptors (Hirayama ez al, 1999; Woeste & Kieber, 2000).
Despite this apparent biochemical foundation for a Cu—ethylene
crosstalk, the underpinning cellular mechanisms remain largely
unexplored. Our findings that SPL7 modulates RAN1 abun-
dance and participates in feedback regulation of ethylene
response filled a gap in the understanding of the Cu—ethylene
crosstalk. As SPL7 orthologues act as Cu sensors for regulating
gene expression in response to changes in cellular Cu levels
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Fig.7 SPL7 regulates RAN1 abundance. (a—
d) Examination of relative RAN1 abundance
in the indicated genotypes using
immunoblotting. The wild-type seedlings
were also treated with dimethyl sulphoxide
(DMSO) (mock) and 10 pM of the copper
chelator Triplin. Values are the mean + SD
from three independent experiments. One
representative set of blots is shown on the
bottom. Size markers are indicated on the
right. H'-ATPase was used as the loading
control. (e) Morphology of etiolated

seedlings treated with different (f)

. . 1.2 - 500
concentrations of ACC. Enlarged views show £ —~ OowT
the pical hook of individual seedlings. Bar, g X 400 - @ spi7-1
5 mm. (f) Quantification of relative hypocotyl s ke W 355:RANT-GFP spi7-1  a a
length and angle of the apical hook for the 3 T 300 1
indicated genotypes following 1-amino- § £
cyclopropane-1-carboxylic acid (ACC) S %5 200 1
treatments. Data represent mean + SD from % g 100 4
15 individual seedlings. Different letters 3 <
denote genotypes with significant differences 0

(one-way ANOVA; P<0.001). Experiments
were repeated four times with similar results.

(Kropat et al., 2005; Yamasaki ez al, 2009; Sommer ez al., 2010;
Zhang er al., 2014; Yan et al., 2017), it can be postulated that
SPL7 may incorporate inputs from Cu homeostasis to dynami-
cally couple ethylene sensitivity to Cu availability in different cell
types or over developmental courses. Analysing other compo-
nents of the Cu delivery and allocation network in relation to
ethylene signalling will further elucidate the mechanisms govern-
ing regulation and control of the ethylene pathway (Burkhead
et al., 2009; Penarrubia e 2/, 2015). In addition to molecular
and modelling efforts, specific probes for monitoring Cu level in
different subcellular compartments and tracing intracellular Cu
trafficking are highly desired (Hong-Hermesdorf ez al., 2014) to
improve our understanding of ethylene signalling in the context
of plant development and metabolism.

Plant ethylene receptors are derived from the prevalent two-
component kinase receptor family in prokaryotes (Chang ez al.,
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1993), presumably via horizontal transfer after endosymbiosis
with a cyanobacterium (Mount & Chang, 2002). Consistent with
this evolutionary history, ethylene signal transduction is conserved
in land plants and green algae (Ju ez al., 2015). Phylogenetic anal-
yses revealed that SPL7 is also deeply conserved between green
algae and land plants (Kropat ez 4/, 2005; Guo ez al., 2008; Som-
mer et al., 2010). We found that SPL7™P is only conserved in
angiosperm, but not in green algae and other plant lineages
(Fig. S1). This finding together with the fact that the triple
response is not in place in the green algae indicates that the TMD
of the SPL7 orthologues has specifically evolved in angiosperms to
modulate RANT1 function in the context of the triple response.
It will be interesting to further elucidate the role of SPL7™P,
in addition to the triple response, in ethylene-regulated
development and adaptation processes that are unique to
angiosperm.

New Phytologist (2022) 236: 878-892
Www.newphytologrst.com

85U8017 SUOWWIOD BAIIa.1D 3(edl|dde auy Aq peusenob ke sapie O 8sn o Sa|ni Joj AkeiqiT8UIIUQO AB]IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M Afe.d 1 |BulUO//SdhL) SUORIPUOD PuUe S 1 8L} 88S *[£202/T0/90] Uo Aeiqiauluo Ao|im ‘Ues eluio}ied JO AsieAlun Ag 92€8T Udu/TTTT 0T/I0pwW00 Ao 1M Akeiq pul|uoydu//sdiy Wwo.y pepeojumod ' 'z



New
Phytologist

890 Resarch iy

EIN2 ER lumen

SPLT® L eRt

“ RAN1 .".'v @@
@ Ethylene signaling
SPL7SBP @_/ "u,.
2 X ?

ER membrane

—_— ——> —>
CTR1 \_/
" ATX1

[ Triple
- T response

Fig. 8 A model for SPL7 in modulating ethylene sensitivity. ER-located Cu transporter RAN1 is a main component of the ethylene signalling pathway
responsible for delivering the monovalent Cu cofactor to the endoplasmic reticulum (ER)-located ethylene receptors represented by ETR1. The Cu-
responsive transcription factor SPL7 contains two conserved functional domains: SPL7°®" on the N-terminus that binds Cu and SPL7™P® on the C-terminus
that anchors the protein to the ER membrane and interacts with RAN1. The interaction between SPL7 and RAN1 via SPL7™P is important for regulating
ethylene signalling in the triple response either directly by promoting Cu transfer to RAN1 or indirectly by modulating RAN1 abundance. Although the Cu
source and the transfer mechanism are not yet known, the SPL7-RAN1 interaction potentially represents an alternative route of the cytosolic Cu transport
pathway mediated by the ATX1 family of chaperons. As SPL7 is transcriptionally repressed by ethylene signalling, indicating by the blunt ended arrow, the
SPL7-RAN1 interaction is therefore critical for maintaining proper sensitivity to ethylene. The Cu transport route and ethylene signalling steps are depicted

Transcriptional repression

with broken and solid arrows, respectively.
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Fig. S1 Angiosperm SPL7 orthologues contain a C-terminal
transmembrane domain.

Fig. §2 Schematic depiction of SPL7 domains and various trun-
cated forms for subcellular localisation analysis.

Fig. 83 Absence of the TMD results in exclusive nuclear localisa-
tion of SPL7.

Fig. S4 Subcellular localisation of the N-terminal and C-terminal
portions of SPL7 expressed in Arabidopsis.

Fig. S5 Confirmation of RANI interaction with SPL7 using
yeast-two-hybrid assay.

Fig. S6 Verification of the RANT1 antibody.
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Fig.S7 Co-IP analysis of the interaction between full-length
SPL7 and RANT1 in Arabidopsis.

Fig. 88 Verification of RAN1 localisation on the ER.

Fig. S9 Characterisation of SPL/-related transgenic lines.

Fig. S$10 Phenotypic analysis of SPL7-related transgenic lines.
Fig. S11 The TMD of SPL7 is required for ethylene response.
Fig. S12 Ethylene signalling mutants are insensitive to Triplin.
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Fig. $14 Cu content in whole seedlings.
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Fig. 8§16 Feedback regulation of SPL7 transcription using
ethylene signalling.

Table S1 Oligonucleotide sequences of the primers used in this
study.
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