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1 | INTRODUCTION

Light and its properties (e.g., wavelength, irradiance, direction, and

periodicity) serve as major environmental cues that modulate many
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Abstract

In Arabidopsis, phytochrome (phy) A, phyB, and cryptochrome 1 (cry1) are represen-
tative far-red, red, and blue light photoreceptors, respectively. Members of the SUP-
PRESSOR OF PHYA-105 (SPA) protein family (SPA1-SPA4) form E3 ubiquitin ligase
complexes with CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), which mediates
the degradation of photomorphogenesis-promoting factors to desensitize light sig-
naling. SPA2 has been reported to promote seedling etiolation in the dark. However,
the unique roles of SPA2 and its three functional domains in suppressing photomor-
phogenesis under different light conditions are largely unknown. Here, we demon-
strate that overexpression of the full-length or the central coiled-coil and C-terminal
WD-repeat domains of SPA2 cause hyper-etiolation phenotypes under several light
conditions. The SPA2 central coiled-coil and C-terminal WD-repeat domains are nec-
essary and sufficient for repressing seedling de-etiolation, cotyledon unfolding, and
promoting hypocotyl negative gravitropism under several light conditions. Further-
more, phyA, phyB, cryl, and COP1 repress protein accumulation or nuclear translo-
cation of SPA2 through direct interactions with its kinase-like and coiled-coil
domains located in the N-terminus in response to far-red, red, and blue light treat-
ments, respectively. Taken together, our results demonstrate that SPA2 functions
under multiple light conditions; moreover, light-activated photoreceptors rapidly sup-

press SPA2 activity via direct interactions in response to different light treatments.

KEYWORDS
Arabidopsis thaliana, cryptochrome 1, photomorphogenesis, phytochrome A, phytochrome B,
SPA2

aspects of plant growth and development from seed germination to
flowering time (Bae & Choi, 2008; Deng & Quail, 1999; Li
et al, 2011). Plants monitor light quality, quantity, and duration
through multiple photoreceptors (Briggs & Olney, 2001;

Christie, 2007; Rizzini et al., 2011). Among these photoreceptors, phy-

Su, Zhou, and Guo contributed equally to this article.

tochrome (phy) A predominantly regulates plant far-red (FR) light
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responses; phyB through phyE mediates seedling de-etiolation in red
(R) and white (W) light, with phyB playing a major role (Bae &
Choi, 2008; Fankhauser & Casal, 2004; Li et al., 2011). Cryptochromes
(cry1 and cry2) participate in plant photomorphogenic responses and
photoperiodic flowering in response to blue (B, 400-500 nm) light
and ultraviolet A (UV-A, 320-400 nm) light. Cry1 is more efficient in
high B light, while cry2 largely functions in low B light (Lin, 2002;
Lin & Shalitin, 2005; Whitelam & Halliday, 2007). The UV-B (290-
320 nm) light-absorbing UV RESISTANCE LOCUS10 (UVRS8) protein
controls UV-B-induced photomorphogenesis and the accumulation of
UV-B-absorbing flavonols, which may aid in plant tolerance to abiotic
and biotic stressors (Rizzini et al., 2011; Tilbrook et al., 2013).
Downstream of the photoreceptors in Arabidopsis light signaling
pathways, CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1, a ring fin-
ger protein containing WD40 repeats and a coiled-coil domain), functions
as a rate-limiting repressor of light signaling (Feng & Deng, 2007;
Hoecker, 2017; Holm & Deng, 1999; Lau & Deng, 2012; Li et al., 2011;
Podolec & Ulm, 2018). SUPPRESSOR OF PHYA-105 (SPA) genes, which
constitute a small family of four members (SPA1-SPA4), encode proteins
that contain an N-terminal kinase-like domain, a central coiled-coil
domain, and a C-terminal WD-repeat domain (Hoecker et al., 1999).
COP1 interacts with the SPA proteins to form E3 ubiquitin ligase com-
plexes (Fittinghoff et al., 2006; Laubinger et al, 2004; Laubinger &
Hoecker, 2003). These complexes repress light signaling by targeting a
group of photomorphogenesis-promoting factors for ubiquitylation and
degradation; the targeted factors include ELONGATED HYPOCOTYL
5 (HY5) (Saijo et al., 2003), LONG HYPOCOTYL IN FAR-RED 1 (HFR1)
(Duek et al., 2004; Jang et al., 2005; Yang, Lin, Hoecker, et al., 2005;
Yang, Lin, Sullivan, et al., 2005), LONG AFTER FAR-RED LIGHT 1 (LAF1)
(Seo et al, 2003), PHYTOCHROME RAPIDLY REGULATED 1 (PAR1)
(Zhou et al., 2014), phyA (Zhu et al., 2008), and phyB (Jang et al., 2010).
The role of COP1 ubiquitination is conserved from animals to
plants. Thus, the four plant-specific SPA family members may have
evolved to fine-tune COP1 E3 activity (Fittinghoff et al, 2006;
Marine, 2012). Although SPA proteins possess similar functional
domains, they have overlapping but partially distinct functions in the
regulation of plant development (Laubinger et al., 2004). SPA1 sup-
presses light signaling under R, FR, and B light conditions in a phyA-
dependent manner; it also functions in the dark (Fittinghoff et al., 2006;
Hoecker et al., 1998, 1999; Laubinger et al., 2004; Lian et al., 2011; Liu
et al., 2011; Sheerin et al.,, 2015; Yang & Wang, 2006; Zuo et al., 2011).
SPA3 and SPA4 promote elongation growth only in adult plants
(Fittinghoff et al., 2006; Laubinger et al, 2004; Laubinger &
Hoecker, 2003). Unlike SPA1, SPA3 and SPA4 function in both light-
grown seedlings and adult plants. SPA2 has only a limited function
under light conditions (Fittinghoff et al., 2006; Laubinger et al., 2004).
The function of SPA1 has been well defined (Chen et al., 2016;
Hoecker et al., 1998, 1999; Liu et al,, 2011; Lu et al., 2015; Saijo
et al., 2003; Yang & Wang, 2006; Zheng et al., 2013; Zuo et al., 2011).
SPA1 and SPA2 share about 66% amino acid identity in the C-terminal
WDA40-repeat domain, but considerable differences exist in their N-
terminal kinase-like (23.5% identity) and central coiled-coil (31.2%
identity) domains (Laubinger & Hoecker, 2003). Moreover, SPA1 and

SPA2 strongly differ in their responsiveness to light, while they have
indistinguishable activities in the dark (Chen et al., 2016; Laubinger
et al., 2004). However, the unique roles of SPA2 and its three func-
tional domains in suppressing photomorphogenesis under different
light conditions are largely unknown. In the present study, we found
that SPA2 had functions identical to SPA1 under R, B, and W light
conditions, but these functions were not conserved under FR light.
Overexpression of full-length SPA2 or the central coiled-coil and C-
terminal WD-repeat domains resulted in a hyper-etiolation phenotype
under various light conditions. Thus, the central coiled-coil and C-
terminal WD-repeat domains of SPA2 mimic full-length SPA2 in repre-
ssing seedling de-etiolation and cotyledon unfolding and promoting
hypocotyl negative gravitropism, while both the kinase-like and
coiled-coil domains located in the N-terminus suppress its protein
activity through direct interactions with photoreceptors and COP1.
We confirmed that the SPA2 protein is rapidly degraded in response
to light; moreover, phyA, phyB, cryl1, and COP1 regulate SPA2 protein
activity through direct interactions with its N-terminal kinase-like and
coiled-coil domains.

2 | METHODS

2.1 | Plant materials and plant growth conditions
The phyA-211 (Reed et al., 1994), phyB-9 (Reed et al., 1993), cry1-304
(Mockler et al., 1999), cop1-4 (McNellis et al., 1994), spa1-100 (Yang,
Lin, Hoecker, et al., 2005), spa2-100 (CS410769), PHYB-GFP (Zheng
et al, 2013), Myc-SPA1 (line B1-17), and Myc-SPA1-CT509 (line
B15-9) (Yang & Wang, 2006) transgenic plants are the A. thaliana
Columbia (Col) ecotype. PHYA-GFP (Kim et al., 2000) and CRY1-OE
(Ahmad et al.,, 1998) are in Wassilewskija (WS) ecotype. PHYA-OE
(Boylan & Quail, 1991) is in the Nossen (No) ecotype. Seeds were
sterilized and cold treated as described previously (Zheng et al., 2013;
Zhou et al., 2014) and then sown on MS plates (Murashige and Skoog
medium salts, 1% sucrose, 1% agar, and 0.05% MES [2-(N-
Morpholino) ethanesulfonic acid], pH 5.7). After exposure to white
light for 3 h, the plates were transferred to darkness for 21 h and then
to appropriate light conditions for 4 days at 22°C. FR, R, and B light
are supplied by the light-emitting diode (LED) light sources (model E-
30LEDL3; Percival Scientific, Perry, lowa, USA), with irradiance
fluence rates of approximately 1.9, 24.4, and 11.6 pmol-m~2.s7%,
respectively, unless otherwise indicated (model HR-350 Spectrome-
ter; Taiwan Hipoint Co. Kaohsiung). White light was supplied using
cool-white fluorescent lamps. The hypocotyl lengths of at least
30 seedlings from each sample were measured using ImageJ software
(http://rsb.info.nih.gov/ij/download.html).

2.2 | Plasmids construction

To generate the SPA2 clone, a full-length SPA2 cDNA fragment was
cloned into pEASY-T1 cloning vector (TransGen, Beijing, China) after
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it was obtained by RT-PCR using the primer pairs SPA2-XBE1F and
SPA2-1036XSXR. After pEASY-SPA2 (amino acids 1-1,036) was vali-
dated by DNA sequencing, it was used as template to generate vari-
ous deletion derivatives of SPA2 by PCR cloning. Primer pairs used to
produce various deletion derivatives of SPA2 were as follows:
SPA2-XBE1 and SPA2-566XR (for SPA2-NT566, amino acids 1-566),
SPA2-XBE1 and SPA2-703XSXR (for SPA2-NT703, amino acids 1-
703), and SPA2-565XBEF and SPA2-1036XSXR (for SPA2-CT472,
amino acids 565-1,036) (Primers see Table S1). These PCR products
were cloned into the pEASY-T1 vector to produce their respective
pEASY derivative clones. All PCR inserts of the SPA2 deletion deriva-
tives were validated by DNA sequencing.

To generate the Myc-SPA2, Myc-SPA2-NT703, and Myc-SPA2-
CT472 transgenic plants, the Xhol-Spel fragments from their respec-
tive pEASY clones were ligated into the Xhol and Xbal sites of
pJIM19-Myc binary vector (Yang, Lin, Sullivan, et al., 2005; Yang &
Wang, 2006) to produce pJIM19-Myc-SPA2, pJIM19-Myc-SPA2-
NT703, and pJIM19-Myc-SPA2-CT472 under the control of the con-
stitutive CaMV 35S promoter.

To generate the mCherry-SPA2 transgenic plants, PCR products
of mCherry using primer pair of mCherry-F and mCherry-R were
cloned into the pEASY-T1 clone vector. Then, double digestion frag-
ments of Kpnl and BamH| from pEASY-mCherry were cloned into the
pCAMBIA2300 binary vector (http://www.cambia.org/daisy/cambia/
materials/vectors/585.html), resulting in pCAMBIA2300-mCherry.
Last, a BamHI-Spel fragment of SPA2 from pEASY-SPA2 was cloned
into the BamHI-Xbal site of pCAMBIA2300-mCherry to produce
pCAMBIA2300-mCherry-SPA2.

To generate the constructs for yeast two-hybrid assay of SPA2,
its full length or deletion derivatives were released as the EcoRI-Xhol
fragments from their respective pEASYclones and ligated into the
corresponding sites of the vector pEG202 or pJG4-5 (Wang
et al., 2001) to produce the translational fusions with the LexA DNA
binding domain (BD) or LexA active domain (AD). To generate the BD-
SPA2-dCC, which lacks the coiled-coil domain and has NT566 (amino
acids 1-566) and CT355 (amino acids 682-1,036), two PCR frag-
ments of NT566 and CT355 using primer pair of SPA2-XBE1 and
SPA2-dCCR, or SPA2-dCCF and SPA2-1036XSXR, separately, were
purified and mixed together as templates to do the second PCR next.
The new PCR products of SPA2-dCC using primer pair of SPA2-XBE1
and SPA2-1036XSXR were cloned into TA vector to obtain pEASY-
SPA2-dCC.

To generate the pEASY-PHYA, pEASY-PHYB, and pEASY-CRY1
clones, the full length of PHYA, PHYB, and CRY1 was cloned into the
pEASY-T1 vector using primer pairs of PHYA-1BMF and PHYA-
1122XR, PHYB-1SMF and PHYB-1172SXR, or CRY1-1ESF and
CRY1-681XR, separately. To generate the domain deletion constructs
of PHYA and CRY1, phyA-CT272 and CRY1-CT192 were obtained by
PCR using pEASY-PHYA or pEASY-CRY1 as template with the primer
pairs of PHYA-851MF and PHYA-1122XR, or CRY1-490EF and
CRY1-681XR, separately.

To generate constructs for bimolecular fluorescent complimen-
tary (BIFC), PHYA, PHYB, and CRY1 were cloned into pSPYNE-35S

onsipet [SI@HB] WiLEY L 2o

" SOCIETY FOR EXPERIMENTAL BI0LOGY

(Walter et al., 2004) via double digestion of BamHI-Xhol, Smal-Sall,
and Spel-BamHI from their pEASY clones, respectively. A BamHI-Xmal
fragment of SPA2 from pEASY-SPA2 was cloned into pSPYCE-35S to
produce pSPYCE-SPA2.

To generate the constructs for Co-IP, SPA2-NT566, CRY1-CT192,
and PHYA-FL were released from corresponding pEASY vectors and
then cloned to pJIM19-Myc binary vector (Yang, Lin, Sullivan,
et al., 2005; Yang & Wang, 2006), p1305-Luc-HA binary vector, and
pSYCE-355 to produce Myc-SPA2-NT566, HA-CRY1-CT192, and
pSYCE-PHYA separately.

To generate the constructs for yeast two-hybrid assay of photo-
receptors, the full-length of phyA, phyB, and cry1 or its deletion deriv-
atives were released as Mfel-Xhol (for phyA and phyB) or EcoRI-Xhol
(for CRY1) fragments from their respective pEASY clones and ligated
into the corresponding sites of the vector pEG202 or pJG4-5 (Wang
et al., 2001) to produce the translational fusions with the LexA DNA
binding domain or LexA active domain.

2.3 | Planttransformation and selection of the
transgenic plants

All the binary constructs of pJIM19-Myc-SPA2, pJIM19-Myc-SPA2-
NT703, pJIM19-Myc-SPA2-CT472, pCAMBIA2300-mCherry-SPA2,
and  pJIM19-Myc-SPA1-NT545  were
Agrobacterium tumefaciens strain GV3101 and then introduced into
Arabidopsis Col-0O via a floral dip method (Clough & Bent, 1998).
Transgenic plants were selected as previous described (Zheng

electroporated  into

et al.,, 2013; Zhou et al.,, 2014). For most experiments, homozygous T3
or T4 transgenic plants with single T-DNA insertion were used.

24 | Construction of double mutants

The double mutants phyA-211/Myc-SPA2, PHYA-OE/Myc-SPA2,
phyB-9/Myc-SPA2,  PHYB-GFP/Myc-SPA2,  cry1-304/Myc-SPA2,
CRY1-OE/Myc-SPA2, Myc-SPA2/cop1-4, Myc-SPA2-NT703/cop1-4,
and Myc-SPA2-CT472/cop1-4, PHYA-GFP/mCherry-SPA2, PHYB-
GFP/mCherry-SPA2, and GFP-CRY1/mCherry-SPA2 were derived
from genetic crosses of the two respective single parental mutants
(or transgenic lines). Putative double mutants were selected in the F,
generation and confirmed in the F3 generation based on the mutant
phenotype, or antibiotic selection markers, immunoblot and RT-PCR

analysis.

2.5 | Yeast two-hybrid analysis

The assay system and all the procedures have been described by
Serino et al. (1999). Yeast two-hybrid analysis was performed as pre-
viously described (Yang, Lin, Hoecker, et al., 2005; Zheng et al., 2013).
Two constructs of AD (activation domain)-SPA2 and AD-CRY1 were
able to cause self-activation; thus, we removed the results.
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Imunoblot analysis

For immunoblotting, Arabidopsis seedlings were grown in different
light conditions as indicated in the text. The protein extraction
method and procedure described previously by Yang, Lin, Sullivan,
et al. (2005) were used for immunoblotting. Myc tagged SPA2 pro-
tein, and its domain-deletion mutant forms were detected with anti-
myc monoclonal antibody (Abmart Biotech, Shanghai, China). Endog-
enous phyB was detected with anti-phyB polyclonal antibody
(Zheng et al., 2013). These proteins were visualized by incubation
with the secondary antibodies (1) goat anti-rabbit I1gG alkaline phos-
phatase conjugate (1:5,000, A3687; Sigma-Aldrich, Taufkirchen,
Germany) or goat anti-mouse IgG alkaline phosphatase conjugate
(1:5,000, DCOS5L; Sigma-Aldrich, Taufkirchen, Germany) in the pres-
ence of 5-bromo-4-chloro-3-indolylphosphate and nitro blue tetra-
zolium as substrates or (2) the rabbit and mouse IgG-HRP (1:5,000,
M21003; Abmart Biotech, Shanghai, China) and the Femto-sig ECL
Western Blotting Substrate180-506 (180-506; Tanon Biotech,
Shanghai, China) with Chemiluminescence imaging system (Tanon
5200; Tanon Biotech, Shanghai, China).

2.7 | Nuclear fractionation

Measurement of nuclear fractions was performed following the proto-
col in the CelLytic™ PN Plant Nuclei Isolation/Extraction Kit (Sigma-
Aldrich, Saint Louis, Missouri, USA). Anti-Histone H3 (1:10,000,
ab1791) (Abcam, Cambridge, UK) and anti-HSP90 (1:8000, at-115)
(Santa Cruz, Dallas, Texas, USA) antibodies were used to detect
nuclear and cytosolic markers, respectively.

2.8 | BIFC assays and fluorescence microscopy

The constructs for BIFC were delivered into leaf cells of tobacco
(Nicotiana benthamiana) following the reported procedure (Walter
et al., 2004). Briefly, tobacco plants were co-infiltrated with p19
(Liu et al., 2010) and pSPYCE-SPA2 with either of pSPYNE-PHYA,
pSPYNE-PHYB, or pSPYNE-CRY1 in GV3101 and were transferred
into the dark for 3 days and then transferred into FR, R, and B light
conditions for 8 h. Fluorescence of YFP in the transformed tobacco
was imagined using a BX41 fluorescence microscope (Olympus,
Tokyo, Japan). To visualize protein co-localization of mCherry-
SPA2 (lines 7-6) and the phyA-GFP (Kim et al., 2000), phyB-GFP
(Zheng et al., 2013), or GFP-CRY1 (Gao et al., 2015) in the nucleus
of Arabidopsis cells, GFP or mCherry fluorescence of the PHYA-
GFP/mCherry-SPA2, PHYB-GFP/mCherry-SPA2, and GFP-CRY1/
mCherry-SPA2 seedlings were mounted on slides and were exam-
ined with a BX41 fluorescence microscope (Olympus, Tokyo,
Japan). Double mutants of PHYA-GFP/mCherry-SPA2, PHYB-GFP/
mCherry-SPA2, and GFP-CRY1/mCherry-SPA2 were grown in the
dark for 4 days and then were transferred to FR, R, or Blight for

2, 1, or 1 h, respectively. Nuclei positions were confirmed by
4/ 6-diamidino-2-phenylindole (DAPI) staining.
images were documented by photography with a DP20 digital cam-

Representative

era system (Olympus, Tokyo, Japan). All images were taken from
the same region of hypocotyls or roots with identical exposure. For
each condition, at least 20 seedlings were observed; a representa-
tive image is presented.

2.9 | Invivo co-immunoprecipitation (co-IP) assay

In vivo Co-IP assays were performed as previously described,
unless otherwise indicated (Zheng et al., 2013). To operate in vivo
co-IP of phyA-GFP by Myc-SPA2-NT566 under FR light, tobacco
plant was co-infiltrated with p19 and either or both of PHYA-GFP
and Myc-SPA2-NT566 in GV3101 and then transferred to FR light
for 3 days; leaf extracts were incubated with anti-Myc-conjugated
agarose (M20012; Shanghai Abmart Biotech, China) under FR light

2.57Y) for 4 h at 4°C. The pellets were analyzed by

(1.87 pmol-m™
immunoblotting with anti-Myc and anti-GFP antibodies (Zheng
et al.,, 2013). To perform in vivo co-IP of endogenous phyB by
Myc-SPA2-CT472 under R light, native protein extract was pre-
pared from Myc-SPA2-CT472 (line 8) seedlings grown in R light for
4 days and incubated with anti-Myc-conjugated agarose under R
light. To carry out in vivo co-IP of Myc-SPA2-NT566 by HA-
CRY1-CT192, tobacco plant was co-infiltrated with p19 and either
or both of HA-CRY1-CT192 and Myc-SPA2-NT566 in GV3101 and
then transferred to B light (20 pmol~m’2~s’1) for 3 days; leaf
extracts were incubated with anti-HA-conjugated agarose
(M20003; Shanghai Abmart Biotech, China) under B light
(20 pmol-mfz-sfl) for 4 h at 4°C.

210 | Quantitative RT-PCR (qRT-PCR) Analysis
gRT-PCR were performed according to a previously reported
method (Song et al., 2015; Zhou et al., 2014). The 18S rRNA and
Actin 2 was selected as an internal control, and the primers of detect
genes used for gRT-PCR analysis were showed in Supplementary
Table S1. All samples were analyzed in three biological replicates.
The relative expression levels were calculated using the 2-AACT
method.

211 | Accession numbers

Sequence data from this article can be found in the Arabidopsis
Genome Initiative or GenBank/EMBL databases under the fol-
lowing numbers: SPA2  (At4g11110), SPA1
(At2g46350), PHYA (At1g09570), PHYB (At2g18790), CRY1
(At4g08920), CAB3 (At1g29910), Actin 2 (At3g18780), and Tubu-
lin 2 (At5g62690).

accession
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3 | RESULTS
3.1 | The spa2-100 mutant enhances the seedling

de-etiolation phenotype of the spa1-100 mutant in the
dark and under various weak light conditions

Previous studies involving the spal-3/spa2-1 double mutant, which
was generated from spal-3 (RLD ecotype) and spa2-1 (Columbia eco-
type [Col-0]), showed that SPA2 primarily functions in the dark and
has only a limited role in the light (Hoecker et al., 1998; Laubinger
et al., 2004). To investigate SPA2 functions during seedling de-etiola-
tion, we generated a spal-100/spa2-100 double mutant in the Col-0
ecotype background using the spal-100 (Yang, Lin, Hoecker,
et al., 2005) and spa2-100 alleles. The spa2-100 mutant allele carries
two T-DNA insertions in the sixth intron of the SPA2 gene at 4,008
and 4,036 bp after the presumed start codon (Figures 1a and S1a).
RT-PCR analysis revealed that no SPA2 mRNA was produced in the
spa2-100 mutant (Figure 1b). These results suggest that spa2-100 is a
null allele.

As reported previously for the spa2-1 mutant (Laubinger
et al., 2004), the hypocotyl length of the spa2-100 mutant was indis-
tinguishable from the hypocotyl length of the wild-type (WT) in the
dark or under FR, R, B, and W light conditions (Figures 1c,d and S1b,
c). Although the hypocotyl length of the spal-100/spa2-100 double
mutant did not differ from the hypocotyl length of the Col-O WT or
either of the parental lines in the dark, the seedlings exhibited some
features of light-grown seedlings, such as an open apical hook and
unfolded cotyledons (Figures 1c,d and S1b). When the spal-100/
spa2-100 double
(0.06 ymol-m~2.s7%),  weak  and

mutant was grown under weak FR
medium R (4.05 and
24.40 pmol-m~2.s71, respectively), B (0.17 umol-m~2.s7%), or weak
and medium W light (7.75 and 21.30 pmol-m~2.5~2, respectively) for
4 days, its hypocotyls were significantly shorter than the hypocotyls
of Col-O WT and the spal-100 mutant (Figures 1c,d and S1c). In addi-
tion, the spal-100/spa2-100 double mutant displayed increased
expression of the CAB3 gene (encoding chlorophyll a/b binding pro-
tein 3) in the dark, as well as under various light conditions

(Figure 1e). Furthermore, the spal-100/spa2-100 double mutant was
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FIGURE 1 The spa2-100 mutant enhances the seedling de-etiolation phenotype conferred by the spal-100 mutant in the dark or under
various weak light conditions. (a) Diagram of the genomic structure of the SPA2 gene and the T-DNA insertions (represented by the triangle).

Black rectangles represent the exons and lines are introns. (b) RT-PCR analysis showing that SPA2 mRNA accumulation is abolished in spa2-100
mutant. Tubulin 2 is shown below as a control. (c) Morphology of the Columbia wild type (Col-0), spal-100, spa2-100, and spal-100/spa2-100
grown in darkness (Dk), weak far-red (FR, 0.06 pmol‘m’zls’l), red (R, 4.05 pmol~m’2-s’1), blue (B, 0.17 pmolm’z-s’l), or white light (W,

7.75 pmol-m~2.s71) for 4 days. Bars = 1 mm. (d) Quantification of hypocotyl lengths (average of at least 30 seedlings) corresponding to (c). Bars
stand for standard deviations. The same lower case letter indicates no significant difference (P < 0.05) between two lines according to the F test,
while different lower case letters indicate a significant difference. (e) qRT-PCR analysis of CAB3 in the wild type (Col-0), spa1-100, spa2-100, and
spal-100/spa2-100 in the dark or under FR, R, B, and white light corresponding to (c) and (d). The column shows the mean relative expression of
CAB3/Actin2 of three biological repeats. Error bars indicate the standard deviation. (f) Seedling morphology of the wild type (Col-0), spa1-100,
spa2-100, and spal-100/spa2-100 under short day (8-h-light/16-h-dark) condition for 60 days. See also Figure S1
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smaller than the spal-100 and spa2-100 single mutants under short-
day conditions (Figure 1f). Taken together, these results suggest that
spa2-100 mutant enhances de-etiolation phenotypes caused by

spal-100 mutant under darkness and several weak light conditions.

3.2 | Overexpression of Myc-SPA2 results in a
hyper-etiolation phenotype under R, B, and W light
conditions, but not under FR light

To investigate the functional role of SPA2 in light signaling, we first gen-
erated transgenic plants overexpressing c-Myc epitope-tagged full-length
SPA2 (Myc-SPA2) driven by the constitutively strong CaMV 35S pro-
moter (Figure S2). Independent homozygous transgenic lines (>30) were
obtained for the transgenes, and representative lines were selected for
functional analyses. The transcript abundances of two lines of transgenic
Myc-SPA2 (lines 15 and 33) were 15.4- and 12.6-fold higher than the
transcript abundance of endogenous SPA2 in the Col-0 WT (Figure S3a,
b). The dark-grown Myc-SPA2 transgenic plants possessed hypocotyl
lengths similar to the lengths of WT seedlings (Figure 2a,b). Unlike trans-
genic Myc-SPA1 plants, which had extremely long hypocotyls under FR
light, the Myc-SPA2 transgenic plants unexpectedly displayed hypocotyl
lengths similar to the hypocotyl lengths of WT seedlings in response to
FR light (Figures 2a,b and S4; Yang & Wang, 2006). Strikingly, under R, B,
and W light conditions, overexpression of Myc-SPA2 resulted in a hyper-
etiolation phenotype that was comparable with the phenotype of trans-
genic Myc-SPA1 plants (Figure 2a,b; Yang & Wang, 2006).

Next, we determined the protein abundances of Myc-SPA1 and
Myc-SPA2 under different light conditions. Myc-SPA2 accumulated
at much lower levels than did Myc-SPA1 in the dark (Figures 2c and
S5). Although the Myc-SPA2 seedlings showed no repression of pho-
tomorphogenesis under FR, they accumulated similar quantities of
Myc-tagged protein, compared with Myc-SPA1 seedlings. In contrast,
the Myc-SPA2 and Myc-SPA1 transgenic plants showed an almost
identical level of seedling de-etiolation, and the Myc-SPA2 seedlings
accumulated much less Myc-tagged protein than did the Myc-SPA1
seedlings under R, B, and W light (Figures 2c and S5).

3.3 | SPA2-CT472 (coiled-coil and WD40-repeat
domains), not SPA2-NT703 (kinase-like and coiled-coil
domains), mimics full-length SPA2 in repressing light
signaling

A previous study demonstrated that the SPA1 central coiled-coil and
C-terminal WD40-repeat domains mimic the function of full-length
SPA1 in repressing light signaling and are sufficient for photomorpho-
genesis repression (Yang & Wang, 2006). SPA2 also keeps the three
function domains as SPA1 (Laubinger et al., 2004). To further investi-
gate the relationships among the three structural domains of SPA2,
we generated transgenic plants that overexpressed different versions
of genes encoding the SPA2 c-Myc epitope-tagged region with the N-
terminal kinase-like and central coiled-coil domains (Myc-SPA2-

NT703), as well as the region of SPA2 encoding the central coiled-coil
WD40-repeat (Myc-SPA2-CT472)
(Figure S2). Transcript abundances of transgenic Myc-SPA2-NT703
(#19 and #37) or Myc-SPA2-CT472 (#8 and #15) were 6.8-9.1-fold
or 10.2-10.5-fold higher than the abundance of endogenous SPA2 in
the Col-0 WT (Figure S3c-f).

When grown under various light conditions for 4 days, the

and C-terminal domains

transgenic plants overexpressing c-Myc epitope-tagged SPA2-
CT472 (Myc-SPA2-CT472) (Figure S2) displayed much longer
hypocotyls than did plants overexpressing Myc-SPA1-CT509
(encodes SPA1 central coiled-coil and C-terminal WD-repeat
domains) (Yang & Wang, 2006), with normal etiolation in the dark
(Figure 3a,b). Notably, the hyper-etiolation phenotype caused by
transgenic Myc-SPA2-CT472 in transgenic plants was comparable
with the phenotypes of the phyA-211, phyB-9, cry1-304, and phyB-9
mutants under FR, R, B, and W light conditions, respectively
(Figure 3a,b). Like Myc-SPA1-NT545 (encodes SPA1 lacking both the
central coiled-coil domain and the C-terminal WD-repeat domain)
plants, the hypocotyl length of Myc-SPA2-NT703 (Figure S2) plants
was not visibly different from the hypocotyl length of WT plants
(Figure 3d,e). The level of Myc-tagged protein accumulation was two-
fold to threefold higher in Myc-SPA2-CT472 seedlings than in Myc-
SPA1-CT509 seedlings (Figure 3c); there was only a slight difference
in Myc-tagged protein accumulation between Myc-SPA2-NT703 and
Myc-SPA1-NT545 seedlings (Figure 3f). These results indicate that
SPA2-CT472 is responsible for mediating repressed light signaling,
while SPA2-NT703 is not.

Because metabolizable sugars are involved in seedling de-
etiolation (Short, 1999), we investigated whether sugar availability
affected de-etiolation in the transgenic lines. Our results indicated
that etiolation of Myc-SPA2 and Myc-SPA2-CT472 seedlings, as well
as Myc-SPA1 and Myc-SPA1-CT509 seedlings, was promoted under
FR, R, B, and W light conditions despite the absence of additional
sugar (Figure S6).

34 | Myc-SPA2 and Myc-SPA2-CT472 are
involved in regulating cotyledon unfolding and
hypocotyl negative gravitropism in FR light

To investigate whether the three SPA2 domains are involved in the
regulation of cotyledon unfolding, we compared the cotyledon angles
of the transgenic lines with the WT in response to different light
treatments. All Myc-SPA2, Myc-SPA2-NT703, Myc-SPA2-CT472, and
WT seedling cotyledons were closed in the dark. After FR, R, or W
exposure for 24 h, the angles between the cotyledons of the WT were
136.4°, 154.7°, and 158.8°, whereas the angles of the Myc-SPA2
seedlings (line 15) only reached 66.6%, 51.4%, and 54.2% of the Col-0
WT, respectively (Figure 4a,b). The cotyledons of the Myc-SPA2-
NT703 seedlings (lines 19 and 37) continued to unfold as observed in
the Col-O WT (Figure 4a,b). Notably, the cotyledons of Myc-SPA2-
CT472 (lines 8 and 15) remained folded after exposure to the different
light treatments (Figure 4a,b).
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FIGURE 2 Overexpression of Myc-SPA2 results in hyper-etiolation under red (R), blue (B), and white (W) light-conditions, but not under FR
light. Morphology (a) and quantification of hypocotyl lengths (average of at least 30 seedlings) (b) of the wild type (Col-0), Myc-SPA2 (lines 15 and
33), and Myc-SPA1 (lines B1-17; Yang & Wang, 2006) in the dark or under FR (1.9 pmol-m~2.s71), R (24.4 pmol-m~2.s7%), B (11.6 pmol-m~2.s71%),
or W (7.8 umol-m~2.s7) for 4 days. Bars = 2 mm. Bars stand for standard deviations. The same lower case letter indicates no significant
difference (P < 0.05) between two lines according to the F test, while different lower case letters indicate a significant difference (b).

(c) Quantification of relative Myc-SPA2/HSP90 and Myc-SPA1/HSP90 protein levels of Myc-SPA2 and Myc-SPA1 under different light
conditions. Seedlings of all the lines were grown as (a). See also Figures S2-56

The angles between the hypocotyl and the vertical axis were
measured under FR to detect hypocotyl negative gravitropism; 100%
of the phyA-211 seedlings and 76.2% of Myc-SPA2-CT472 (line 8)
seedlings displayed angles <30°, whereas the remaining Myc-SPA2-
CT472 seedlings had angles <60° (Figure 4c,d). Unexpectedly, the
Myc-SPA2 (line 33) and Myc-SPA2-NT703 (line 19) seedlings showed
much more lodging than did Col-O0 WT seedlings. The Myc-SPA2 (line

33) and Myc-SPA2-NT703 (line 19) seedlings with angles >90° were
2.58- and 2.34-fold more common than were WT seedlings with
angles 290° (Figure 4c,d). These observations suggest that the N-
terminal kinase-like domain of SPA2 is not essential for its repressive
function; moreover, both the central coiled-coil and C-terminal
WDA40-repeat domains are sufficient for repressing light signaling and
promoting hypocotyl negative gravitropism.
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FIGURE 3 SPA2-CT472, not SPA2-NT703, mimics full-length SPA2 in repressing light signaling. Morphology (a, d) and quantification of
hypocotyl lengths (average of at least 30 seedlings) (b, ) of the wild type (Col-0), phyB-9 (in Dk, R, W), phyA-211 (in FR), cry1-304 (in B), Myc-
SPA2-NT703 (lines 19 and 37) and Myc-SPA1-NT545 (lines 2 and 13), Myc-SPA2-CT472 (lines 8 and 15), and Myc-SPA1-CT509 (line B15-9;

Yang & Wang, 2006) in the dark or under FR (1.9 pmol-m~2.s7%), R

(24.4 pmol-m™2.s7%), B (11.6 pmol-m™2.s7%), or W (7.8 pmol-m~2.s~

1) for

4 days. Bars = 2 mm (a, d). Bars stand for standard deviations. The same lower case letter indicates no significant difference (P < 0.05) between
two lines according to the F test, while different lower case letters indicate a significant difference (b, e). Anti-Myc immunoblot analyses of
transgenic (c) Myc-SPA2-NT703 and Myc-SPA1-NT545 and (f) Myc-SPA2-CT472 and Myc-SPA1-CT509. Immunoblots of anti-HSP90 are
shown at the bottom to indicate approximately equal loading. Seedlings were grown in W (7.8 pmol-m~2.s~2) for 4 days. See also Figures $2-56

3.5 | The N-terminal kinase-like and coiled-coil
domains of SPA2 are responsible for its stability during
light signaling

The SPA1 N-terminal kinase-like domain is responsible for the degra-
dation of SPA1 (Yang & Wang, 2006). To determine whether the
SPA2 N-terminal kinase-like domain has a role in regulating the

activity of SPA2, we compared the protein levels of Myc-SPA2, Myc-
SPA2-NT703 (kinase-like and coiled-coil domains), and Myc-SPA2-
CT472 (coiled-coil and WD40-repeat domains) in seedlings that had
been grown in W light. Although all mMRNA levels were in the same
range (Figure S7a,b), the levels of the Myc-SPA2-CT472 protein in
two transgenic lines were approximately 17.2- to 29.8-fold higher
than the levels of the Myc-SPA2 protein (line 15), while the levels of
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FIGURE 4 The coiled-coil and WD-repeat domains of SPA2 are involved in promotion of cotyledon folding and hypocotyl negative gravitropism
response. (a) Comparison of cotyledon folding of Myc-SPA2 (lines 15 and 33) Myc-SPA2-NT703 (lines 19 and 37), and Myc-SPA2-CT472 (lines 8

and 15) with the wild type Col-0. Seedlings were grown in the dark (Dk) for 4 days and subsequently transferred to FR (1.9 pmol-m~2.s7%), R

(24.4 pmol-m~2.571), B (11.6 pmol-m2-s71), or W (7.8 pmol-m~2.s71) for 24 h. Bar = 1 mm. (b) Angles of apical unhooking in and cotyledon unfolding
in response to FR, R, B, or W light treatments according to (a). Error bars depict the means + SD (n = 20). Hypocotyl negative gravitropism response
of the wild type Col-0, Myc-SPA2 (line 15), Myc-SPA2-NT703 (line 19), and Myc-SPA2-CT472 (line 8). The same lower case letter indicates no
significant difference (P <0.05) between two lines according to the F test, while different lower case letters indicate a significant difference. Seedlings
were grown under FR (1.9 pmol-m~2.s~%) for 4 days (c), then the angles between hypocotyl with vertical upward were measured (d)

two transgenic lines of Myc-SPA2-NT703 only reached 23-47% of
the Myc-SPA2 protein (line 15) (Figures 5a,b and S7c). To test
whether the low levels of Myc-SPA2 and Myc-SPA2-NT703 in white
light-grown seedlings might be due to their degradation mediated by
the 26S proteasome pathway, we tested the effects of a proteasome
inhibitor, MG132, on their protein accumulations. Seedling treatment
with the proteasome inhibitor MG132 eliminated the effect of light
on the degradation of Myc-SPA2 and Myc-SPA2-NT703 proteins,
but it did not influence the Myc-SPA2-CT472 protein levels
(Figures 5c and S7d).

Previous studies indicated that SPA2 is degraded through the 26S
proteasome and that COP1 is involved (Chen et al., 2015). To investi-
gate whether COP1 regulated SPA2 degradation through N terminal
kinase-like domain, Myc-SPA2, Myc-SPA2-NT703, and Myc-SPA2-
CT472 transgenes were separately introduced into the cop1-4 mutant
background to generate double-homozygous plants of Myc-SPA2/
copl-4, Myc-SPA2-NT703/copl-4, and Myc-SPA2-CT472/copl-4.

The protein levels of Myc-SPA2 and Myc-SPA2-NT703 were 1.7-
and 4.7-fold higher in the cop1-4 background than in either of their
parental lines under W light, while Myc-SPA2-CT472 accumulated at
almost the same level in the Col-O0 and cop1-4 backgrounds
(Figures 5d and S7e). As expectedly, the accumulation rates of the
Myc-SPA2 protein were 5.2-, 12.8-, 18.7-, and 28.4-fold higher in the
cop1-4 background than in the Col-O WT background in the dark or
under FR, R, and B light conditions, respectively (Figure S8a,b). Yeast
two hybrid assays showed that COP1 was able to interact with the
SPA2 kinase-like and coiled-coil domains (Figure S9a). These results
demonstrate that the N-terminus of SPA2 is necessary to target SPA2
protein for degradation through the 26S proteasome pathway using
COP1 as E3 ligase.

We also explored whether overexpression of Myc-SPA2 and
Myc-SPA2-CT472 could substitute for the loss of COP1 activity. The
Myc-SPA2/cop1-4, Myc-SPA2-NT703/cop1-4, and Myc-SPA2-
CT472/cop1-4 double homozygous plants displayed a phenotype
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and S8

identical to the phenotype of the cop1-4 single mutant in the dark and
under FR, R, B, and W light (Figure 5e,f). This result suggests that the
repressive function of Myc-SPA2 requires functional COP1; the func-
tions of COP1 and SPA2 are not interchangeable.

3.6 | PhyA, phyB and cryl suppress SPA2
activities under R and B light conditions

PhyA, phyB, and cryl are predominantly responsible for promoting
seedling de-etiolation under FR, R, and B light conditions, respectively.
The phyA-211 (Reed et al., 1994), phyB-9 (Reed et al., 1993), and
cry1-304 (Mockler et al., 1999) mutants are nonsense alleles of PHYA,
PHYB, and CRY1 genes. To investigate whether these photoreceptors
regulate SPA2 activities under different light conditions, we intro-
duced Myc-SPA2 (line 33) into the phyA-211, phyB-9, and cry1-304
mutants, as well as plants overexpressing phyA (PHYA-OE) (Boylan &
Quail, 1991), GFP-tagged phyB (PHYB-GFP) (Zheng et al., 2013), or
cryl (CRY1-OE) (Ahmad et al, 1998) backgrounds with genetic
crosses; thus, we generated phyA-211/Myc-SPA2, PHYA-OE/Myc-

SPA2, phyB-9/Myc-SPA2, PHYB-GFP/Myc-SPA2, cry1-304/Myc-
SPA2, and CRY1-OE/Myc-SPA2 plants. The hypocotyl lengths and
cotyledon opening rates of these plants were compared with the
corresponding characteristics in their parental lines under different
light conditions.

Under FR light, the hypocotyl length of phyA-211/Myc-SPA2
plants was almost equivalent to the hypocotyl length of the phyA-211
single mutant and much greater than the hypocotyl lengths of the
Myc-SPA2 and Col-0 WT plants (Figure 6a). Similar to the PHYA-OE
seedlings, the PHYA-OE/Myc-SPA2 plants displayed distinctly shorter
hypocotyls than did Myc-SPA2 and Col-O WT seedlings (Figure 6b).
Under continuous R light, phyB-9/Myc-SPA2 plants had longer hypo-
cotyls than did the Myc-SPA2 and phyB-9 parent plants (Figure 6d),
while the hypocotyls of the PHYB-GFP/Myc-SPA2 seedlings were as
short as the hypocotyls of PHYB-GFP seedlings (Figure 6e). Under
continuous B light, the hypocotyls of the cry1-304/Myc-SPA2 seed-
lings were much longer than the hypocotyls of its parent plants
cry1-304 and Myc-SPA2 (Figure 6g), while the CRY1-OE/Myc-SPA2
seedlings displayed hypocotyls comparable with the hypocotyls of the
CRY1-OE seedlings (Figure 6h).
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FIGURE 6 PhyA, phyB, and cryl suppress SPA2 activities under far-red (FR), red (R), and blue (B) light conditions. The fluence rates of the
FR, R, B, or W were 1.9,24.4,11.6,0r 7.8 pmol-m*2~s*1, respectively, unless otherwise indicated. Quantification of hypocotyl lengths (average of
at least 30 seedlings) of the wild type (Col-0), Myc-SPA2 (parental line #33), (a) phyA-211 and phyA-211/Myc-SPA2; (d) phyB-9 and phyB-9/Myc-
SPA2; (g) cry1-304 and cry1-304/Myc-SPA2; (b) No-0, PHYA-OE (No-0 background, parental line, Boylan & Quail, 1991), and PHYA-OE/Myc-
SPA2 (lines 1 and 16); (€) PHYB-GFP (parental line, Zheng et al., 2013), and PHYB-GFP/Myc-SPA2 (lines 2 and 10); (h) CRY1-OE (parental line,

Ahmad et al., 1998) and CRY1-0OE/Myc-SPA2 (lines 5 and 10) under FR (a, b), R (d, ), or B (g, h)

light condition for 4 days, respectively.

Morphology and percentage of seedlings with cotyledon opening (c) phyA-211 and phyA-211/Myc-SPA2; (f) phyB-9 and phyB-9/Myc-SPA2;
(i) cry1-304 and cry1-304/Myc-SPA2. Seedlings were grown (c) in FR light for 4 days and subsequently transferred to white light for 12 h; (f) in

hourly 10-min pluses of R light for 4 days; (i) in B weak light (0.17 pmol-m

We also evaluated the cotyledon unfolding rates in the double
mutants and their parental lines. When grown under FR for 4 days, all
Col-0 and Myc-SPA2 seedlings had open cotyledons, whereas the cotyle-
dons of the phyA-211 and phyA-211/Myc-SPA2 seedlings remained
folded (data not shown). After they had been transferred to W light for
12 h, 100% of the phyA-211 mutant seedlings had open cotyledons,
while 53.3% of the phyA-211/Myc-SPA2 seedlings had folded cotyledons
(Figure 6c). When subjected to hourly 10-min pulses of R for 4 d, all
Col-0 and Myc-SPA2 seedlings had open cotyledons (data not shown),
but the proportions of phyB-9 and phyB-9/Myc-SPA2 seedlings with cot-
yledon angle <5° were 50.3% and 78.7%, respectively (Figure 6f).
Although the cotyledons unfolded in the Col-O and Myc-SPA2 seedlings
after they had been grown under weak B light (0.17 pmol-m~2.s7%) for
4 days (data not shown), the proportions of cry1-304 and cry1-304/
MycSPA2 seedlings with folded cotyledons were 26.3% and 79.9%,
respectively (Figure 6i). These photoreceptors suppress elongation of the
hypocotyl and folding of the cotyledons caused by Myc-SPA2 over-
expression in response to different light treatments.

-2, —1)

for 4 days. Bars stand for standard deviations

3.7 | SPA2 N-terminal kinase-like and coiled-coil
domains mediate interactions with phyA, phyB, and
cryl in vitro and in vivo

The above results showed that phyA, phyB, and cryl promote photo-
morphogenesis by suppressing SPA2 activity (Figure 6). Previous
results demonstrated that phyA, phyB, and cry1 interact with SPA2 to
(Chen 2015;

However, the domain responsible for interactions

promote photomorphogenesis et Sheerin
2015).

between photoreceptors and SPA2 has been unknown. Here, we

al.,
et al.,

employed a yeast two-hybrid assay to test whether SPA2 interacted
with phyA, phyB, and cryl. Our results indicated that the N-terminal
566-amino acid fragment of SPA2 (NT566, kinase-like domain) inter-
acted with full-length phyA and a C-terminal 272-amino acid fragment
of phyA (PHYA-CT272, HKRD domain) (Figure 7a). Full-length phyB
interacted with full-length of SPA2 and SPA2-NT703 (N-terminal
kinase-like and coiled-coil domains) (Figure 7b). A C-terminal
192-amino acid fragment of CRY1 (CRY1-CT192, DAS domain)



American Society
of Plant Biologists

2o18 | WILEY_V [s1@1B]

SU ET AL

SOCIETY FOR EXPERIMENTAL BIOLOGY

R 9 9 9 9 a8 9
i & g ® & % © S S HS S
BD & &F9O BD <& & BD & O PN PF
JOOONEIOOONEI00®00
AD-SPA2 AD-CRY1
=400 OREE® 0000000
(d) Merge (e) GFP mCherry Merge
gk o g
x| i
W< -~ 7 S
32 | E|&E
en [ £<
z Q [N &]
3 »
| o<
>.§ 2 l u.s-,
5a x|a s
g Bl |z
o= e | a5
] kb 2N E
> <L o
5& ot ‘s. ‘! ;E
2 x®
™ m|Q >
& - o 3
a o 65
& S
v h © ©
() (9) & o & 5 &
9 & oy 5
¢ & &I
& & &8 &
S & $ owS §
S 8 ¥ J_»
e Fa-Myc o~ -a-HA
Total Total Total
—_— a-GFP wsen Fa-phyB [ -a-Myc
IP: v |-a-Myc P: w— ba-Myc IP: ; _"'i La-HA
a-Myc -\ -HA
y lo.grp  @"Myc La-phyB La-Myc
FR R B

FIGURE 7 The N-terminal kinase-like and coiled-coil domains of S

PA2 mediate interaction with phyA, phyB, and cry1 in vitro and in vivo.

The fluence rates of the far-red (FR), red (R), or blue (B) light were FR (1.9 pmol-mfz-s’i), R(24.4 pmol-mfz-sfl), B(11.6 pmol-mfz-sfl), orW

(7.8 pmol-mfz»sfl), respectively, unless otherwise indicated. The intera

activation domain; BD, DNA binding domain. (SPA2, full length) Amino
(SPA2-NT703, kinase-like domain and coiled-coil domain) amino acids

ction between SPA2 with phyA (a), phyB (b), and cry1 (c) in yeast. AD,
acids 1-1,036; (SPA2-NT566, kinase-like domain) amino acids 1-566;
1-703; (SPA2-dCC, which lacks the coiled-coil domain) amino acids 1-

566 and 682-1,036; (phyA, full length) amino acids 1-1,122; (phyA-CT272) amino acids 851-1,122; (phyB, full length) amino acids 1-1,172;
(CRY1-CT192) amino acids 490-681. (d) Protein co-localization of SPA2-YFPc and phyA-YFPN, phyB-YFPN or CRY1-YFPN by BIFC assays in
the nucleus of tobacco (Nicotiana benthamiana) cells. Bars = 5 um. (e) Co-localization of phyA, phyB, cry1 with SPA2 in the nucleus of Arabidopsis

cells in response to FR (2 h), R (1 h), or B (1 h) light transitions. Bar = 5

pm. (f) In vivo co-immunoprecipitation (co-IP) of phyA-GFP by Myc-

SPA2-NT566 in tobacco plant under FR light. (g) In vivo co-IP of endogenous phyB by Myc-SPA2-CT472 in Arabidopsis under R light. (h) In vivo
co-IP of Myc-SPA2-NT566 by HA-CRY1-CT192 in tobacco plant under B light (20 pmollm*2~s*1)

interacted with NT566, NT703, and a deletion derivative of SPA2 that
lacked the coiled-coil domain (dCC) (Figure 7c). These results suggest
that the NT566 (kinase-like domain), NT703 (kinase-like and coiled-
coil domains), and dCC (kinase-like and WD repeat domains) of SPA2
are responsible for interacting with phyA (HKRD domain), phyB, and
cryl1 (DAS domain), respectively.

Next, we observed interactions between SPA2 and phyA, phyB, or
cryl in living plant cells using the bimolecular fluorescence complemen-
tation (BIFC) assay (Walter et al., 2004). Tobacco (Nicotiana ben-
thamiana L.) plants were transfected with the pSPYCE plasmid encoding
SPA2-YFPC and the pSPYNE plasmid encoding phyA-YFPY, phyB-
YFPN, or CRY1-YFPN using A. tumefaciens strain GV3101. After the
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plants had been exposed to FR, R, or B light for 8 h, strong fluorescent
signals indicating protein co-localization were observed by fluorescence
microscopy when SPA2-YFPS was co-expressed with phyA-YFPN,
phyB—YFPN, or CRY1-YFPN: in contrast, cells transfected with the
empty vector produced no fluorescent signal (Figure 7d).

Then, co-localization of SPA2 with phyA, phyB, or cry1 was detected
in the nucleus using transgenic plants that co-expressed mCherry-SPA2
and PHYA-GFP, PHYB-GFP, or GFP-CRY1 in response to different light
treatments. After growth in the dark for 4 days, the PHYA-GFP/mCherry-
SPA2 seedlings were transferred to FR light for 2 h; the GFP fluorescence
signal of phyA-GFP or mCherry fluorescence signal of mCherry-SPA2
was then observed. In FR light, the phyA-GFP and mCherry-SPA2 pro-
teins co-localized in the nucleus at small but clear nuclear bodies (NBs,
small yellow dots) (Figure 7e). After a dark-to-R light transition for 1 h,
phyB-GFP and mCherry-SPA2 in PHYB-GFP/mCherry-SPA2 transgenic
seedlings were co-localized in large and bright NBs (large yellow dots)
(Figure 7e). Unlike the PHYA-GFP/mCherry-SPA2 and PHYB-GFP/
mCherry-SPA2 seedlings, the seedlings of GFP-CRY1/mCherry-SPA2 dis-
played only diffuse GFP and mCherry fluorescence signals in the nucleus
(Figure 7e, yellow nuclear fluorescence).

We conducted in vivo co-immunoprecipitation (co-IP) assays to
investigate whether phyA and SPA2 co-localize in the same protein
complex (Liu et al., 2010). Tobacco plants were co-infiltrated with the
gene-silencing suppressor p19 (Liu et al., 2010) and either or both
PHYA-GFP and Myc-SPA2-NT566 using A. tumefaciens strain GV3101
and then transferred to FR light for 3 days. Subsequently, the native
protein was extracted from tobacco leaves and subjected to co-IP using
antibodies against the Myc epitope. The Myc-tagged SPA-NT566 pro-
tein was co-purified with YFP-tagged full-length phyA (Figure 7f). To
examine whether phyB and SPA2 co-localize in the same protein com-
plex in response to R light, a native protein extract was prepared from
seedlings of the Myc-SPA2-CT472 transgenic line that had been grown
in R light for 4 days and incubated with anti-Myc-conjugated agarose
under R light. The Myc-tagged SPA2-CT472 protein co-purified with
endogenous phyB under R light (Figure 7g). Finally, in vivo co-IP of
Myc-SPA2-NT566 by CRY1-CT192-HA was carried out using
tobacco plants that had been co-infiltrated with p19 and either or both
CRY1-CT192-HA and Myc-SPA2-NT566 using A. tumefaciens strain
GV3101. After the tobacco seedlings had been transferred to B light for
3 days, the leaf extracts were subjected to co-IP using an antibody
against the HA epitope (Figure 7h). The results of all in vivo co-IP assays
showed that phyA, phyB, and cryl co-localize in the same protein com-
plex as SPA2 in FR, R, and B-light treatments, respectively.

3.8 | PhyA, phyB, and cry1 repress SPA2 protein
activity in response to different light treatments
through different ways

The above results indicated that phyA, phyB, and cry1 are responsible
for inhibiting hypocotyl growth and cotyledon unfolding in response
to FR, R, and B light conditions, respectively. Next, we investigated
how phyA, phyB, and cryl inhibited SPA2 activity. Previous studies

revealed that phyA and phyB are involved in the degradation of
nuclear-localized SPA2 protein under light conditions, while cry1 and
cry2 have minimal effects on this process (Chen et al., 2015). We first
detected Myc-SPA2 accumulation under continuous darkness and in
FR, R, B, and W light. The Myc-SPA2 protein accumulated to much
higher levels under R and W light, compared with the dark; much
lower levels accumulated under FR and B light (Figure S10a,b). The
transcript abundances of transgenic Myc-SPA2 were comparable
under the different light conditions (Figure S10c,d) and in the WT,
phyA-211, phyB-9, and cry1-304 backgrounds (Figure S10e,f). There-
fore, the differences in Myc-SPA2 protein levels in these plants were
caused by changes in protein stability in response to different light
treatments.

The Myc-SPA2 total protein was slightly degraded in the Myc-
SPA2 plants during exposure to FR light, but its levels sharply
increased in the phyA-211/Myc-SPA2 seedlings (Figures 8a and
S11a). Although the nuclear Myc-SPA2 protein level was much
higher in the phyA-211 background than in the Col-O WT back-
ground, it tended to decrease in both the phyA-211 and WT back-
grounds in response to FR treatment (Figures 8b and S11a). In
response to R light, the Myc-SPA2 total protein was gradually
degraded in the Myc-SPA2 seedlings, but its levels increased in the
phyB-9/Myc-SPA2 seedlings (Figures 8c and S11b). The nuclear
Myc-SPA2 protein increased much more rapidly in the phyB-9
background than in the Col-O0 WT background in response to R
treatment (Figures 8d and S11b). In response to B light, Myc-SPA2
total protein was gradually degraded in Myc-SPA2 and cry1-304/
Myc-SPA2 plants (Figures 8e and S11c). We also found that accu-
mulation of nuclear Myc-SPA2 protein was faster in cry1-304/
Myc-SPA2 plants than in Myc-SPA2 plants in response to B light
(Figures 8f and S11c). Thus, phyA, phyB, and cry1 repressed SPA2
protein activity in different ways. PhyA inhibited SPA2 protein
accumulation in the cytoplasm but did not affect translocation of
SPA2 into the nucleus in response to FR light (Figures 8a,b and
S11a). Although cry1 protein had minimal effects on SPA2 protein
abundance, it may have inhibited the translocation of SPA2 to the
nucleus in response to B light (Figures 8e,f and S11c). Unlike either
phyA or cry1, phyB induced SPA2 protein degradation in the cyto-
plasm and restrained the translocation of SPA2 into the nucleus
(Figures 8c,d and S11b).

4 | DISCUSSION

4.1 | Similar to SPA1, SPA2 represses Arabidopsis
de-etiolation in the dark and under multiple light
conditions

The functions of SPA1 under various light conditions have been well
characterized. SPA1 was originally identified as a component that acts
negatively in both the phyA-mediated very-low-fluence responses
and high-irradiance responses (Baumgardt et al, 2002; Hoecker
et al.,, 1998, 1999). Then, SPA1 was shown to participate in cry1- and
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cry2-mediated B light signaling (Holtkotte et al, 2017; Lian
et al., 2011; Liu et al., 2011; Zuo et al., 2011). Next, SPA1 was found
to act genetically downstream of phyB to promote seedling etiolation
under R light (Lu et al., 2015). Furthermore, SPA1 acts downstream of
phyB-mediated repression of FR light signaling to enhance COP1
nuclear activity (Zheng et al, 2013). SPA proteins also form
UVR8-COP1-SPA complexes that repress UV-B-induced photomor-
2014). SPA1 is required for several pro-
2006;

elongation

phogenesis (Huang et al.,
including photoperiodic flowering (Ishikawa et al.,
Laubinger 2006),
(Martinez et al., 2018; Zhu et al., 2020), and jasmonate-mediated inhi-
bition of hypocotyl elongation (Zheng et al., 2017).

cesses,

et al, thermosensory hypocotyl

SPA2 was first demonstrated to function primarily in dark-grown
seedlings and to have limited effects on light-grown seedlings and
1998; Laubinger et al., 2004). Although
the spa2-100 single mutant characterized in the present study did not
differ from the Col-O WT, the spal1-100/spa2-100 double mutant

adult plants (Hoecker et al.,

seedlings exhibited conspicuous de-etiolation phenotypes with
increased CAB3 expression under all light conditions (Figures 1c-e
and Si1b,c). Similar to transgenic Myc-SPA1 or Myc-SPA1-CT509
plants, plants overexpressing Myc-SPA2 or Myc-SPA2-CT472 dis-
played a hyper-etiolation phenotype under FR, R, and B light condi-
tions in the presence and absence of additional sugar (Figures 2, 3,
and S6). The hyper-etiolation phenotype caused by overexpression
of full-length or the central coiled-coil and C-terminal WD-repeat
domains of SPA2 indicates that SPA2 is involved in Arabidopsis
light signaling (Figures 2 and 3). The suppressive effects of phyA,
phyB, and cryl on SPA2 activity suggest that SPA2 functions
downstream of these photoreceptors in the FR, R, or B light path-
ways, respectively (Figure 6). In addition, phyA, phyB, and cryl
inhibited SPA2 protein activity through direct interactions in
Taken
together, these results suggest that SPA2 functions both in the

response to different light treatments (Figures 6-8).

dark and under multiple light conditions.
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4.2 | Compared with SPA1 activity, SPA2 activity
is more strictly regulated by light

SPA1-SPA4 have overlapping but distinct functions in the inhibi-
tion of photomorphogenesis in dark- and light-grown seedlings
(Balcerowicz et al., 2011; Chen et al., 2016; Fittinghoff et al., 2006;
Laubinger et al., 2004; Laubinger & Hoecker, 2003). SPA2 is more
closely related to SPA1, while SPA3 is more similar to SPA4
(Figure S12a). SPA2 and SPA1 share 34.5%, 22.9%, and 66.3%
identity at the amino acid level with the kinase-like domain, coiled-
coil domain, and C-terminal WD40-repeat domain, respectively
(Laubinger & Hoecker, 2003; Figure S12b). The SPA1 coiled-coil
domain and WD-repeat domain are responsible for interacting with
COP1 and the substrates of the COP1-SPA1 complex (including
HY5 and HFR1) (Saijo et al., 2003; Yang, Lin, Hoecker, et al., 2005).
Both SPA1 domains mimic the function of full-length SPA1 in rep-
ressing seedling de-etiolation (Yang & Wang, 2006). Similar to
SPA1, the SPA2 coiled-coil and the WD40-repeat domains are suf-
ficient and necessary for promoting hypocotyl elongation, cotyle-
don folding, and hypocotyl negative gravitropism (Figures 3a,b and
4; Yang & Wang, 2006). Furthermore, the Myc-SPA2-CT472 (line
8) seedlings displayed 49%, 31%, 82%, and 61% longer hypocotyls
than did Myc-SPA1-CT509 plants under FR, R, B, and W light con-
ditions, respectively; their hyper-etiolation phenotypes were com-
parable with the phenotypes of phyA-211, phyB-9, and cry1-304
mutants (Figures 3a,b; Yang & Wang, 2006). These results indicate
that the SPA2 coiled-coil and WD40-repeat domains are more
effective than the domains of SPA1 in repressing seedling de-
etiolation.

In contrast to the hypocotyl hyper-elongation caused by Myc-
SPA1 or Myc-SPA2-CT472, the seedlings of transgenic Myc-SPA2
unexpectedly showed no effect on seedling etiolation in response to
FR light (Figures 2a,b; Yang & Wang, 2006). Ectopic expression of a
chimeric domain-swap protein with the SPA1 kinase-like domain
and the SPA2 coiled-coil and the WD40-repeat domains causes long
hypocotyls (similar to full-length SPA1) under FR light (Chen
et al., 2016). Thus, the SPA2 kinase-like domain restrained the repre-
ssing activity on seedling photomorphogenesis from its coiled-coil
and WDA40-repeat domains. The SPA1 kinase-like and coiled-coil
domains are required for interactions with the light-activated photo-
receptors cry2 and phyA (Sheerin et al., 2015; Zuo et al., 2011). In
our experiments, phyA, phyB, and cryl interacted with the SPA2
kinase-like and coiled-coil domains (Figure 7a-c) to repress SPA2
protein activity in response to different light treatments (Figure 8).
SPA2 can interact with itself through its N-terminus (Figure S9b).
Thus, the SPA2 kinase-like and coiled-coil domains are necessary for
COP1 and SPA2 to form a heterotetramer through direct interac-
tions in plants (Figure S9; Zhu et al., 2008; Hoecker, 2017). The
kinase-like and domains are also
COP1-mediated degradation of SPA1 and SPA2 through the 26S
proteasome pathway (Figures 5c,d, S7d,e, and S8; Laubinger
et al., 2004; Yang & Wang, 2006; Chen et al., 2015). These findings
suggest that the SPA2 kinase-like domains may serve as a link to

coiled-coil involved in

connect the light-activation of photoreceptors and stability of the
COP1-SPA complexes. Compared with SPA1 activity, SPA2 activity
is more strictly restrained through its N-terminal kinase-like domain

in response to light.

4.3 | Light-activated phyA, phyB, and cry1 directly
regulate SPA2 activity

Direct protein-protein interactions between photoreceptors and
COP1-SPA complexes are necessary for light signal transduction in
plants. Physical interactions between photoreceptors (phyA, phyB,
and cry2) and COP1-SPA complexes are required for ubiquitination
and degradation of photoreceptors through the 26S proteasome path-
way to repress seedling de-etiolation (Jang et al, 2010; Seo
et al., 2004; Weidler et al., 2012). Conversely, photoreceptors modify
the activities of COP1-SPA complexes to activate light signaling
through direct interactions with COP1 or SPAs (Lau & Deng, 2012;
Podolec & Ulm, 2018). COP1 reportedly functions as an E3 ubiquitin
ligase to mediate the degradation of SPA2 in light (Chen et al., 2015).
In our experiments, FR, R, and B light induced rapid degradation of
the SPA2 protein through the 26S proteasome pathway via direct
interactions with COP1 (Figures 5 and S9a). In the cop1-4 mutant
background, Myc-SPA2 seedlings accumulated 5.2-, 12.8-, 18.7-,
28.4-, and 1.7-fold higher levels of SPA2 protein in the dark or under
FR, R, B, and W light conditions, respectively, compared with the WT
background (Figures 5d, S7e, and S8). In addition, different light
conditions lead to different SPA2 degradation efficiencies, among
which B light is most effective, followed by R light. PhyA, phyB,
and cryl interact with the SPA2 protein; they also inhibit SPA2
activity in response to FR, R, or B light treatments, respectively
(Figures 6 and 8). Both phyA and phyB significantly inhibited accumu-
lation of the SPA2 protein in the cytoplasm in response to FR or R
light treatments, while either phyB or cryl greatly repressed the
translocation of SPA2 to the nucleus under R or B light, respectively
(Figures 8 and S11). In summary, light-activated photoreceptors
rapidly modulate repressing activity of SPA2 on plant de-etiolation via
direct interactions in response to different light treatments
(Figures S13).
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