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Abstract
Arabidopsis (Arabidopsis thaliana) CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) and members of the SUPPRESSOR
OF PHYTOCHROMEA-105 (SPA) protein family form an E3 ubiquitin ligase that suppresses light signaling in darkness by
polyubiquitinating positive regulators of the light response. COP1/SPA is inactivated by light to allow photomorphogenesis
to proceed. Mechanisms of inactivation include light-induced degradation of SPA1 and, in particular, SPA2, corresponding
to a particularly efficient inactivation of COP1/SPA2 by light. Here, we show that SPA3 and SPA4 proteins are stable in
the light, indicating that light-induced destabilization is specific to SPA1 and SPA2, possibly related to the predominant
function of SPA1 and SPA2 in dark-grown etiolating seedlings. SPA2 degradation involves cullin and the COP10-
DEETIOLATED-DAMAGED-DNA BINDING PROTEIN (DDB1) CDD complex, besides COP1. Consistent with this finding,
light-induced SPA2 degradation required the DDB1-interacting Trp-Asp (WD)-repeat domain of SPA2. Deletion of the
N-terminus of SPA2 containing the kinase domain led to strong stabilization of SPA2 in darkness and fully abolished light-
induced degradation of SPA2. This prevented seedling de-etiolation even in very strong far-red and blue light and reduced
de-etiolation in red light, indicating destabilization of SPA2 through its N-terminal domain is essential for light response.
SPA2 is exclusively destabilized by phytochrome A in far-red and blue light. However, deletion of the N-terminal domain of
SPA2 did not abolish SPA2-phytochrome A interaction in yeast nor in vivo. Our domain mapping suggests there are two
SPA2-phytochrome A interacting domains, the N-terminal domain and the WD-repeat domain. Conferring a light-induced
SPA2-phyA interaction only via the WD-repeat domain may thus not lead to COP1/SPA2 inactivation.

Introduction
Plants constantly adjust their growth, development, and me-
tabolism to the ambient light environment and seasons.
This includes seed germination, seedling de-etiolation, the
shade avoidance response, and photoperiodic induction of
flowering. To sense the light, plants have evolved several

classes of photoreceptors. In particular, phytochromes and
cryptochromes are responsible for seedling de-etiolation in
red (R), far-red (FR), and blue light (B). In Arabidopsis
(Arabidopsis thaliana), phytochromes are encoded by a
small gene family comprising five genes. Phytochrome B
(phyB) is the most important phytochrome active in
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continuous R (Rc), while phytochrome A (phyA) is the sole
photoreceptor that initiates responses in continuous FR
(FRc). Blue light is sensed by phyA as well as by the two
cryptochromes cry1 and cry2 (Kami et al., 2010).

In darkness, light signaling is actively suppressed by
three repressor systems, the PHYTOCHROME-
INTERACTING FACTORS (PIFs), the CONSTITUTIVE
PHOTOMORPHOGENESIS 1/SUPPRESSOR OF
PHYTOCHROME A-105 (COP1/SPA) complex, and the
COP10-DE-ETIOLATED1 (DET1)-DAMAGED DNA-BINDING
PROTEIN (DDB1) (CDD) complex. Mutations in any of the
three components cause constitutive photomorphogenesis
in darkness, with seedlings exhibiting features of light-grown
seedlings in complete darkness (Huang et al., 2014; Hoecker,
2017; Favero, 2020). The COP1/SPA complex acts as a
CULLIN4 (CUL4)-dependent E3 ubiquitin ligase that polyubi-
quitinates positive regulators of the light response, mainly
transcription factors, in darkness, thereby causing their deg-
radation in the 26S proteasome. In light-grown plants, the
light-activated phytochromes and cryptochromes directly
bind to the COP1/SPA complex, leading to the inactivation
of the COP1/SPA E3 ubiquitin ligase activity and subsequent
stabilization of a number of transcription factors, such
as ELONGATED HYPOCOTYL5 (HY5), which promotes
seedling de-etiolation, CONSTANS (CO), which is involved
in photoperiodic flowering, or PRODUCTION OF
ANTHOCYANIN PIGMENT1 (PAP1) and PAP2, which acti-
vate anthocyanin biosynthesis (Osterlund et al., 2000;
Laubinger et al., 2006; Jang et al., 2008; Liu et al., 2008; Maier
et al., 2013). The extent of COP1/SPA inactivation positively
corresponds to the fluence rate of light and also involves
polyubiquitination of photoreceptors, in particular phyA
and cry2, as a negative feedback mechanism (Seo et al.,
2004; Weidler et al., 2012; Debrieux et al., 2013).

The COP1/SPA complex is a tetramer consisting of two
COP1 and two SPA proteins, with any combination of the
four SPA proteins (SPA1–SPA4) possible (Zhu et al., 2008).
Both, COP1 and SPA proteins are necessary for the activity
of the COP1/SPA complex. This is evidenced by the finding
that both cop1 and spa quadruple mutants undergo consti-
tutive photomorphogenesis in darkness (Deng et al., 1991;
Laubinger et al., 2004; Ordonez-Herrera et al., 2015). The
four SPA genes have overlapping but also partially distinct
functions during growth and development (Menon et al.,
2016). SPA1 and SPA2 are the primary SPA genes responsible
for suppression of photomorphogenesis in dark-grown seed-
lings. In light-grown seedlings, SPA1, SPA3, and SPA4, but
not SPA2, prevent overstimulation by light. SPA3 and SPA4
mainly regulate leaf expansion, while SPA1 and SPA4 are the
primary regulators of photoperiodic flowering (Laubinger
et al., 2004, 2006; Fittinghoff et al., 2006).

The COP1 protein carries three functional domains, an
N-terminal RING-finger domain, which likely is responsible
for recruiting ubiquitin-conjugated E2 for in vitro ubiquitina-
tion assays, a central coiled-coil domain responsible for

COP1 homodimerization and COP1/SPA heterodimerization,
and a C-terminal WD-repeat domain which binds substrates
as well as DDB1 of the CUL4-DDB1-RBX1 scaffold
(Deng et al., 1992; Huang et al., 2014; Uljon et al., 2016). SPA
proteins also contain a WD-repeat domain closely related to
the WD-repeat of COP1 and with apparent similar func-
tions. They carry a coiled-coil domain responsible for the
COP1/SPA complex formation and an N-terminal kinase
domain with weak sequence similarity to Ser/Thr protein
kinases (Hoecker et al., 1999; Hoecker, 2017). Recently, it
was shown that SPA1 exhibits kinase activity towards PIF1
(Paik et al., 2019).

Light inactivates the COP1/SPA complex via at least four
distinct mechanisms (Podolec and Ulm, 2018; Ponnu, 2020).
It causes nuclear exclusion of COP1, disruption of the
COP1–SPA1 interaction by the photoreceptors phyA, phyB,
and cry1, cry-mediated competitive displacement of sub-
strates from COP1, and by destabilization of SPA1 and SPA2
proteins. SPA2 stands out from the other SPAs because it is
most efficiently inactivated by light when compared to the
other three SPAs. A spa1 spa3 spa4 triple mutant retaining
only SPA2 function etiolates like wild-type in darkness but
resembles a spa quadruple mutant once exposed to even
extremely low fluence rates of light (Laubinger et al., 2004;
Balcerowicz et al., 2011). This effective light-induced inactiva-
tion of SPA2 corresponds to a very rapid degradation of
SPA2 in light-exposed seedlings (Balcerowicz et al., 2011).
A short pulse of light with a very low fluence rate is suffi-
cient to cause degradation of SPA2. Rapid SPA2 degradation
is dependent on phytochromes but independent of crypto-
chromes, even in B (Chen et al., 2015). This indicates that
light-induced SPA2 degradation is specifically mediated by
phytochrome photoreceptors. SPA2 destabilization requires
COP1 and the COP1-interacting coiled-coil domain of SPA2,
suggesting that COP1 is the ubiquitin ligase responsible for
ubiquitinating SPA2 in light-grown plants (Chen et al.,
2015). SPA1 is destabilized by light as well but much less
effectively than SPA2 (Balcerowicz et al., 2011). Moreover,
the light-induced degradation of SPA1 is counteracted by a
light-induced increase in SPA1 expression, while the tran-
script levels of SPA2 are not affected by light (Hoecker et al.,
1999; Fittinghoff et al., 2006). These observations are consis-
tent with the lower rate of SPA1 inactivation by light when
compared to SPA2, as evidenced from the phenotype of
spa2 spa3 spa4 and spa1 spa3 spa4 mutants (Balcerowicz
et al., 2011). Domain swap approaches have shown that the
distinct protein stabilities of SPA1 and SPA2 as well as the
retained repressor activity in light-grown seedlings maps to
the N-terminal domains of SPA1 and SPA2 (Chen et al.,
2016). Indeed, the sequence divergence between SPA1 and
SPA2 is highest in their respective N-terminal domains
(Laubinger and Hoecker, 2003).

Here, we have addressed the mechanism of light-induced
SPA2 degradation by examining the roles of E3 ligase com-
ponents and specific domains in the SPA2 protein as well as
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their consequence on SPA2 activity in darkness and in the
light. Moreover, we analyzed the protein stability of SPA3
and SPA4 to test whether there is further functional
specificity among SPAs with respect to their stability in the
light.

Results

SPA2 instability depends on CUL4, CSN, and the
CDD complex
We have shown previously that light-induced degradation of
SPA2 requires COP1 and the COP1-interacting coiled-coil
domain of SPA2 (Chen et al., 2015), suggesting that COP1 is
the E3 ubiquitin ligase responsible for SPA2 degradation in
the light. In vivo, COP1 acts as a CUL4-based E3 ubiquitin li-
gase towards its transcription factor targets (Chen et al.,
2010). However, in vitro, COP1 is capable of ubiquitinating
targets without the addition of CUL4 complex components;
its RING finger domain is sufficient to recruit E2 (Saijo et al.,
2003). Hence, it cannot be excluded that there are sub-
strates of COP1 that do not require the CUL4 scaffold. We
therefore investigated whether SPA2 degradation requires
CUL4 and the COP9 SIGNALOSOME (CSN), a complex that
regulates the activity of cullins (Schwechheimer and Isono,
2010). SPA2 protein levels were higher in the hypomorphic
cul4-1 mutant than in the wild-type. This was most evident
in dark-grown seedlings, while light-induced degradation of
SPA2 was still observed in cul4-1 (Figure 1, A and B). In the
csn5a mutant which is defective in a core component of the
CSN (Jin et al., 2014), SPA2 protein levels were also higher in
dark-grown seedlings when compared to the wild-type. In
addition, SPA2 protein levels remained high upon exposure
to FR, indicating that light-induced degradation was strongly
impaired in the absence of CSN activity (Figure 1, C and D).
Taken together, these results indicate that normal SPA2 de-
stabilization requires cullin activity in the light as well as in
darkness. The observation that light-induced degradation of
SPA2 was relatively normal in cul4-1 may be due to the
hypomorphic nature of the cul4-1 allele (Bernhardt et al.,
2006). In agreement with this interpretation, cul4-1 mutants
exhibit only very weak constitutive photomorphogenesis in
darkness (Bernhardt et al., 2006).

In addition to COP1, the CDD complex is required for the
suppression of photomorphogenesis in darkness (Lau and
Deng, 2012). We therefore determined SPA2 protein levels
in cop10 and det1-1 mutants, which are defective in two
components of the CDD complex. SPA2 levels were higher
in dark-grown and FR-exposed cop10 mutants when com-
pared to the wild-type. In particular, light-induced degrada-
tion of SPA2 occurred much more slowly in cop10 mutants
than in the wild-type (Figure 2, A and B). To an even larger
extent, this observation was also made in the det1-1 mutant:
SPA2 protein levels were much higher in dark-grown det1-1
mutant seedlings when compared to wild-type seedlings
and degradation of SPA2 was almost absent upon exposure
to FR (Figure 2, C and D). These results indicate that the

CDD complex destabilizes SPA2 in darkness and is required
for normal light-induced SPA2 degradation.

The WD-repeat domain and the N-terminal domain
of SPA2 are required for light-induced degradation
of SPA2
Since the interaction of SPA proteins with the CUL4–DDB1–
RBX1 complex depends on an intact WD-repeat domain of
SPAs (Chen et al., 2010), we asked whether the WD-repeat of
SPA2 is required for light-induced SPA2 degradation. To this
end, we expressed SPA2DWD lacking the WD-repeat under
the control of the native SPA2 promoter and 30-untranslated
region (UTR) in transgenic spa1 spa2 spa3 mutant plants.
The SPA2 promoter is constitutive and not affected by light
(Fittinghoff et al., 2006; Balcerowicz et al., 2011). For protein
detection, an HA tag was added to the SPA2 coding sequence
(Figure 3A). As expected, SPA2DWD-HA did not comple-
ment the spa1 spa2 spa3 mutant phenotype, while the ex-
pression of full-length SPA2 restored seedling etiolation in
darkness (Figure 3B; Balcerowicz et al., 2011). The SPA2DWD-
HA protein was stable after exposure to light, while full-
length SPA2-HA was undetectable upon short exposure to
light (Figure 3C). Thus, light-induced degradation of SPA2
requires the WD-repeat of SPA2.

We also examined whether the N-terminal kinase domain
of SPA2 is involved in SPA2 stability. We therefore expressed
DN SPA2-HA lacking the complete N-terminal domain—but
retaining the coiled-coil domain in transgenic seedlings. An
artificial nuclear localization sequence (NLS) was fused to
DN SPA2 to replace the missing NLS located in the N-termi-
nal domain of full-length SPA2 (Figure 4A). NLS DN
SPA2-HA accumulated to much higher levels than full-
length SPA2-HA in dark-grown as well as in seedlings grown
in FRc or Rc (Figure 4, B and C). In particular, no light-in-
duced degradation of NLS DN SPA2-HA was observed. Even
very high fluence rates of 5 mmol m�2 s�1 FRc or 30 mmol
m�2 s�1 Rc over a period of 4 d did not destabilize NLS DN
SPA2-HA (Figure 4, B and C). These results demonstrate
that the N-terminal domain of SPA2 is required for light-in-
duced degradation of SPA2 as well as for destabilization of
SPA2 in darkness.

Seedlings expressing NLS DN SPA2 are insensitive to
FR and B and exhibit a reduced sensitivity to R
To assess the activity of the NLS DN SPA2-HA protein as a
repressor of photomorphogenesis, we analyzed seedling
growth. NLS DN SPA2-HA is expressed in the spa1 spa2
spa3 mutant, which shows constitutive photomorphogenesis
in darkness (Laubinger et al., 2004). Transgenic spa1 spa2
spa3 mutant seedlings expressing NLS DN SPA2-HA under
the control of the native SPA2 promoter showed full com-
plementation of the spa1 spa2 spa3 mutant phenotype in
the dark: transgenic seedlings fully etiolated and exhibited
the same phenotype as the wild-type and spa1 spa2 spa3
seedlings expressing full-length SPA2-HA (Figure 5, A and B).
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When grown in FRc, NLS DN SPA2-HA seedlings did not
de-etiolate but retained a hypocotyl length similar to dark-
grown seedlings. Even at very high fluence rates of FRc (30
mmol m�2 s�1), these seedlings remained in a mostly etio-
lated state with only slightly opened cotyledons (Figure 5, A
and B). In contrast, spa1 spa2 spa3 seedlings expressing full-
length SPA2-HA were very responsive to FRc, fully de-etiolat-
ing already at very low FRc fluence rates, as also reported
previously (Balcerowicz et al., 2011; Chen et al., 2016).

To assess a molecular phenotype, we determined HY5
protein levels in FR-exposed seedlings. HY5 did not accumu-
late in spa1 spa2 spa3 mutant seedlings expressing NLS DN
SPA2-HA (Figure 5C) which agrees with the etiolated pheno-
type of these seedlings when grown in FRc. spa1 spa2 spa3
seedlings expressing full-length SPA2-HA, in contrast, accu-
mulated HY5 protein. Similarly, other de-etiolating geno-
types, such as the wild-type and the spa1 spa2 spa3 mutant,
exhibited high HY5 protein levels. The FR-insensitive phyA
mutant and the hy5 mutant did not accumulate any detect-
able HY5 protein, as expected (Figure 5C). These results
indicate that NLS DN SPA2 prevents a light-induced
accumulation of HY5 by causing constitutive degradation
of HY5, even in the light. Taken together, these results
demonstrate that DN SPA2 is an active repressor of photo-
morphogenesis, which cannot be inactivated by FRc. Thus,

the N-terminal domain of SPA2 is required for FR-induced
inactivation of SPA2.

When grown in Bc, NLS DN SPA2-expressing seedlings
failed to de-etiolate as well (Figure 6, A and B). The hypo-
cotyl length at high Bc fluence rates was similar to that of
dark-grown seedlings. Only hook and cotyledons opened in
response to very high Bc (Figure 6A). In Rc, NLS-DN SPA2
seedlings de-etiolated, but with a much reduced sensitivity
when compared to full-length SPA2-HA-expressing seedlings
(Figure 6, A and B). At very high Rc fluence rates of 100
mmol m�2 s�1, expression of DN SPA2 allowed only partial
de-etiolation while spa1 spa2 spa3, wild-type and spa1 spa2
spa3 mutants expressing full-length SPA2-HA exhibited max-
imum de-etiolation with an extremely short hypocotyl. In
summary, deletion of the N-terminal domain of SPA2
caused strong insensitivity to FRc as well as Bc and a reduc-
tion in the sensitivity to Rc.

Adult plants expressing DN SPA2 mimic a phyB
mutant
Adult plants expressing NLS DN SPA2 exhibited elongated
petioles and slightly earlier flowering when compared to the
wild-type, the progenitor spa1 spa2 spa3 and spa1 spa2
spa3 mutants expressing full-length SPA2 (Figure 6C;
Supplemental Figure S1, A–C). Adult plants of the

Figure 1 Normal SPA2 destabilization depends on CUL4 and CSN5. A and C, SPA2 protein levels in WT and cul4-1 (A) and csn5a-2 (C) mutant
seedlings that were grown in darkness for 4 d and then transferred to far-red light (FR) (0.35 mmol m�2 s�1) for the indicated time. SPA2 was
detected in nuclear-enriched extracts using a-SPA2 antibodies. Histone H3 (H3) detected by specific antibodies was used as loading control. B
and D, Quantification of relative SPA2/H3 protein levels. SPA2/H3 levels in the dark-grown WT was set to 1. Error bars indicate the SEM of three
(B) or two (D) independent experiments.
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progenitor spa1 spa2 spa3 behave almost like the wild-type
due to the activity of SPA4 (Laubinger et al., 2004; Ordonez-
Herrera et al., 2015). Therefore, expression of full-length
SPA2 in spa1 spa2 spa3 is not expected to alter this pheno-
type. In contrast, NLS DN SPA2 caused a phenotype that is
very similar to that observed in phyB mutant plants (Reed
et al., 1993; Supplemental Figure S1, A–C). Hence, it might
reflect negative regulation of phyB signaling.

Domain mapping suggests two interacting domains
between SPA2 and phyA
We have shown previously that phyA is the primary photo-
receptor initiating SPA2 degradation in FR, R, and B (Chen
et al., 2015). Since phyA is also a substrate of COP1/SPA
(Seo et al., 2004; Debrieux et al., 2013), we first tested
whether phyA accumulates in NLS DN SPA2-expressing
seedlings. Immunoblot analysis showed that phyA levels
were not dramatically altered in NLS DN SPA2-expressing
seedlings when compared to seedlings expressing full-length
SPA2 (Supplemental Figure S2). Hence, the FR-insensitivity
of NLS DN SPA2-expressing seedlings is not due to a failure
to accumulate phyA. We therefore asked whether NLS DN

SPA2 may be incapable of interacting with phyA. To this
end, we conducted a yeast two-hybrid assay using various
deletion-derivatives of SPA2. Figure 7A shows that phyA
interacted with full-length SPA2, but also with NLS DN
SPA2 and SPA2DWD, in an R-dependent fashion. SPA2 lack-
ing a coiled-coil domain also interacted with phyA. These
results indicate that none of the three SPA2 domains is es-
sential for an interaction with phyA. In conclusion, there are
likely two phyA-interacting domains in SPA2, the N-terminal
domain as well as the WD repeat domain. Indeed, the N-ter-
minal domain of SPA2 comprising the kinase-like domain
but lacking the coiled-coil domain was sufficient to interact
with phyA. It interacted much more strongly in yeast than
full-length SPA2 (Figure 7, A and B). However, the WD-re-
peat domain was not sufficient to interact with phyA since
WD-SPA2 showed no interaction with phyA (Figure 7A).
Hence, intra- or intermolecular cooperativity may be needed
for WD-SPA2 to interact with phyA in the yeast two-hybrid
assay.

We subsequently performed in vivo co-immunoprecipita-
tion experiments using the SPA2-HA lines described above.
phyA was used as the bait by immunoprecipitating it from

Figure 2 Normal SPA2 destabilization depends on COP10 and DET1. A and C, SPA2 protein levels in WT and cop10 (A) and det1-1 (C) mutant
seedlings that were grown in darkness for 4 d and then transferred to far-red light (FR) (0.35 mmol m�2 s�1) for the indicated time. SPA2 was
detected in nuclear-enriched extracts using a-SPA2 antibodies. Histone H3 (H3) detected by specific antibodies was used as loading control. B
and D, Quantification of relative SPA2/H3 protein levels. SPA2/H3 levels in the dark-grown WT was set to 1. Error bars indicate the SEM of two in-
dependent experiments.
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extracts of R-exposed seedlings using a-phyA-coupled beads
(Figure 7C). Successful and specific immunoprecipitation
was demonstrated by immunodetection of phyA in all sam-
ples except for the phyA-211 mutant. phyA co-immunopre-
cipitated full-length SPA2-HA, NLS DN SPA2-HA, as well as
SPA2-DWD-HA. No co-immunoprecipitation of these pro-
teins was observed in samples lacking the a-phyA antibody.

These results confirm the observations from the yeast two-
hybrid experiment, indicating that neither the N-terminal
domain nor the WD-repeat domain of SPA2 is essential for
an association of SPA2 with phyA. Taken together, these
results indicate that the FR-insensitivity of NLS DN SPA2-
expressing seedlings is not due to a failure to bind phyA.
However, it is possible that the phyA-DN SPA2 interaction
is nonproductive with respect to light-induced degradation
and inactivation of SPA2.

Figure 3 The WD-repeat domain of SPA2 is necessary for the light-in-
duced degradation of SPA2. A, Schematic representation of SPA2-HA and
SPA2DWD-HA. Both were expressed under the control of the SPA2 pro-
moter in the spa1 spa2 spa3 mutant. B, Representative spa1 spa2 spa3
mutant seedlings expressing SPA2-HA or SPA2DWD-HA. Seedlings were
grown in darkness for 5 d. C, SPA2-HA or SPA2DWD-HA protein levels
of transgenic seedlings grown in darkness for 4 d and subsequently ex-
posed to a pulse of red light (Rp) of 30 mmol m�2 s�1 for 200 s followed
by darkness for the indicated period of time. SPA2-HA proteins were
detected using a-HA antibodies. HSC70 detected by specific antibodies
was used as loading control. Asterisks indicate SPA2-HA degradation
products.

Figure 4 The N-terminal kinase domain of SPA2 is necessary for the
light-induced degradation of SPA2. A, Schematic representation of
SPA2-HA and NLS DN SPA2-HA. Both were expressed under the
control of the SPA2 promoter in transgenic spa1 spa2 spa3
mutants. An artificial NLS was fused to DN SPA2 to replace the
missing NLS located in the N-terminal domain of full-length SPA2.
B and C, SPA2-HA and NLS DN SPA2-HA protein levels in trans-
genic seedlings grown in darkness (D) or continuous far-red light
(FRc) (5 mmol m�2 s�1) (B) or R (30 mmol m�2 s�1) (C) for 4 d.
SPA2-HA was detected using a-HA antibodies. HSC70 (B) or tubu-
lin (TUB) (C) detected by specific antibodies were used as loading
controls. Asterisks indicate SPA2-HA degradation products.
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SPA3 and SPA4 are light-stable proteins
We had observed previously that SPA1 and SPA2 differ in
their light-induced destabilization, with SPA2 being much
less stable than SPA1 (Balcerowicz et al., 2011; Chen et al.,
2016). To extend the analysis to SPA3 and SPA4 we
expressed HA-tagged SPA3 and SPA4 under the control of
the light-independent SPA2 promoter in transgenic plants,
as we had done before for SPA1-HA and SPA2-HA

(Balcerowicz et al., 2011). SPA3-HA and SPA4-HA fusion
proteins were functional as indicated by the increased hypo-
cotyl elongation observed in the transgenic seedlings
(Figure 8A). Figure 8B shows that SPA3-HA and SPA4-HA
protein levels did not change when dark-grown seedlings
were exposed to FR. SPA1-HA and SPA2-HA levels, in con-
trast, dramatically decreased upon FR irradiation
(Balcerowicz et al., 2011; Figure 4). These results indicate
that SPA3 and SPA4 are light-stable proteins and, therefore,
differ from SPA1 and SPA2.

Discussion
The four SPA proteins act in complexes with COP1 to sup-
press photomorphogenesis in dark-exposed plants. While
COP1 also exists in animals, SPA genes are limited to the
green lineage (Han et al., 2019), suggesting that SPAs may
be key to the light-induced inhibition of COP1/SPA activity
found in plants. Indeed, SPA proteins are intricate to the
light regulation of COP1/SPA activity: they dissociate from
COP1 in response to light (Lian et al., 2011; Liu et al., 2011;
Lu et al., 2015; Sheerin et al., 2015), they are required for
light-induced nuclear exclusion of COP1 (Balcerowicz et al.,
2017) and for an in vivo association of COP1 with CRY1 in
blue light (Holtkotte et al., 2017). Moreover, SPA1 and SPA2
are rapidly destabilized in response to light. SPA2, in particu-
lar, is a highly instable protein in light-grown seedlings
(Balcerowicz et al., 2011).

We have shown previously that COP1 is the likely E3
ubiquitin ligase responsible for the SPA2 degradation in the
light (Chen et al., 2015). COP1 might act on SPA2 via two
possible ways: via its own RING finger domain which can
recruit ubiquitin-charged E2 or as part of the CUL4–DDB1–
RBX1 complex in which the RING finger protein RBX1
recruits E2-ubiquitin. We found that cul4 and csn5 muta-
tions impair SPA2 degradation, suggesting that SPA2, like
transcription factor targets of COP1, is destabilized by a
CUL4-DDB1-RBX1COP1/SPA2 E3 ubiquitin ligase. Mutations in
the CDD complex also strongly increased SPA2 levels. This
indicates that the CDD complex is also involved in SPA2
degradation. A similar result was recently observed for COP1
(Ca~nibano et al., 2020). Hence, a CUL4-dependent CDD E3
ubiquitin ligase may directly polyubiquitinate COP1 and
SPA2, in concert with COP1. Alternatively, the CDD com-
plex might indirectly enhance the activity of COP1 via a
thus far unknown mechanism. spa1 and det1 mutations
were also shown to act synergistically in regulating photo-
morphogenesis and HY5 degradation (Nixdorf and Hoecker,
2010). Mutations in CSN5, DET1, and COP10 clearly impaired
the light-induced degradation of SPA2, but also stabilized
SPA2 in dark-grown seedling, though to a much lesser ex-
tent. A similar observation was made in the cop1-4 mutant
(Chen et al., 2015). Hence, light-exposure enhanced the ac-
tivity of these E3 ligases towards SPA2 while at the same
time reducing the E3 ligase activity toward the transcription
factor targets of the COP1/SPA E3 ligase.

Figure 5 Seedlings expressing NLS-DN SPA2 are insensitive to far-red
light. A, Visual phenotype of the indicated genotypes grown in dark-
ness or in 30 lmol m�2 s�1 continuous far-red light (FRc) for 4 d.
B, Hypocotyl length of seedlings of the indicated genotypes grown un-
der various fluence rates of FRc for 4 d. SPA2-HA and NLS DN SPA2-
HA seedlings are in the spa1 spa2 spa3 mutant background. Error bars
indicate the SEM. n¼ 9–25 seedlings. C, Immunodetection of HY5 pro-
tein levels. Seedlings were grown in darkness for 4 d and then shifted
to FRc (1 mmol m�2 s�1) for 6 h. HYS was detected using a-HY5 anti-
body. HSC70 levels, detected by a-HSC70, are shown as a loading con-
trol. All transgenes were expressed under the control of the
constitutive SPA2 promoter. DN SPA2 carried an artificial NLS to re-
place the missing NLS located in the N-terminal domain of full-length
SPA2.
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All three domains of SPA2 were required for light-induced
degradation of SPA2, i.e. the levels of SPA2 deletion-deriva-
tives lacking either the N-terminal domain, the coiled-coil
domain, or the WD-repeat domain were not responsive to
light. The WD-repeat domain confers binding to DDB1

(Chen et al., 2010); hence it may be required due to its
interaction with the CUL4–DDB1–RBX1 complex. The
coiled-coil domain is required for COP1 interaction and is,
therefore, likely required (Chen et al., 2015). A lack of the N-
terminal domain very strongly stabilized SPA2 in dark-grown

Figure 6 Transgenic lines expressing NLS-DN SPA2 exhibit reduced sensitivity to red and blue light and flower early. A, Visual phenotype of the in-
dicated genotypes grown in continuous blue (Bc) or red light (Rc) for 4 d. B, Hypocotyl length of seedlings of the indicated genotypes grown un-
der various fluence rates of Bc or Rc for 4 d. SPA2-HA and NLS-DN SPA2-HA were expressed under the native SPA2 promoter in the spa1 spa2
spa3 mutant background. Error bars indicate the SEM. n ¼ 9–24 seedlings. C, Visual phenotype of the indicated genotypes grown in long day.
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and light-grown seedlings when compared to full-length
SPA2. DN SPA2 was present at very high levels in light-
grown seedlings, corresponding to the failure to accumulate
HY5. Similarly, DN SPA2-expressing seedlings did not de-eti-
olate in response to FR and B, even at very high fluence
rates, and showed a reduced de-etiolation in R. These results

indicate that a tight downregulation of SPA2 protein stabil-
ity is essential for light responsiveness. DN SPA1
also accumulated to higher levels than full-length SPA1 in
dark- as well as light-grown seedlings, though a direct com-
parison between light- and dark-grown seedlings has not
been conducted so far (Fittinghoff et al., 2006; Yang and

Figure 7 The N-terminal and WD-repeat domains of SPA2 are not necessary for the SPA2-phyA interaction in yeast two-hybrid and in vivo. A
and B, Yeast two-hybrid assays expressing the indicated proteins. Yeast cells were grown in darkness or in 1 lmol m�2 s�1 continuous red light
(Rc). Error bars indicate the SEM. C, Co-immunoprecipitation of SPA2-HA and SPA2-HA deletion proteins by phyA. Seedlings of the indicated geno-
types were grown in darkness for 4 d, incubated in MG132 for 3 h to prevent SPA2-HA degradation and then transferred to 5 lmol m�2s�1 Rc
for 10 min to allow nuclear accumulation of phyA. After further 10 min in darkness, phyA was immunoprecipitated using protein-A beads with
(þ) or without (�) a coupled phyA antibody. Co-immunoprecipitated SPA2-HA or SPA2-HA deletion proteins were detected using an a-HA anti-
body. phyA was detected using an a-phyA antibody. Tubulin (TUB) served as a loading control for the input samples. All input samples were run
on the same gel with one lane removed. The IP samples were run on two separate gels.
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Wang, 2006; Holtkotte et al., 2016). However, in contrast
to the mostly light-unresponsive DN SPA2-expresssing
seedlings, DN SPA1-expressing seedlings de-etiolated in the
light. Hence, it would be interesting to analyze whether DN
SPA1 levels are reduced upon light-exposure. The exact role
of the N-terminal domain in SPA proteins is thus far un-
known, but it was recently shown to exhibit kinase activity
(Paik et al., 2019). Whether the kinase activity of the N-ter-
minal domain regulates SPA1 and SPA2 protein stability
remains to be tested. However, missense mutations in the
predicted kinase domain did not change SPA1 protein sta-
bility, suggesting that the kinase activity per se is not in-
volved (Holtkotte et al., 2016).

We hypothesized that DN SPA2 is not degraded in re-
sponse to light because it may fail to bind photoreceptors.
We therefore investigated the interaction with phyA, the
main photoreceptor controlling SPA2 degradation under all
light conditions (Chen et al., 2015). DN SPA2 interacted
with phyA in the yeast two-hybrid system as well as in vivo.
SPA2DWD also retained an interaction with phyA,
indicating that two domains of SPA2 interact with phyA,
the N-terminal domain and the WD-repeat domain.
However, NT-SPA1, but not WD-SPA1, was sufficient to in-
teract with phyA in yeast and, moreover, NT-SPA1 exhibited
a very strong interaction with phyA in yeast. Hence, al-
though deletion of the N-terminal domain of SPA2 did not
abolish an interaction with phyA, it might play a primary
role in binding phyA in the light. Hence, the deletion of the
N-terminus of SPA2 might cause a non-productive interac-
tion that does not lead to SPA2 degradation and subse-
quent light response. Interestingly, two previous studies
obtained seemingly contrasting results, defining the N-termi-
nal domain or the WD-repeat domain of SPA1, respectively,
as the phyA-interacting domain using yeast two-hybrid
assays (Lu et al., 2015; Sheerin et al., 2015). This supports
the idea that there are two interaction hubs between SPAs
and phyA.

We showed here that SPA3 and SPA4 are light-stable
proteins and thus behave very differently from SPA1 and
SPA2. Hence, following gene duplication during evolution
the four SPAs diverged with respect to protein stability. This
may have facilitated fine-tuning of the diverse light
responses to environmental conditions, in particular with re-
spect to the rapidity of response to sudden light exposure.
SPA1 and SPA2 have the most important activities during
seedling etiolation in darkness, which needs to be termi-
nated quickly once a seedling grows out of the soil to allow
rapid opening of cotyledons and the onset of photosynthe-
sis. SPA3 and SPA4, in contrast, mainly function in the ex-
pansion of true leaves, which likely does not require light
responses within minutes. SPA3 and SPA4 proteins are very
similar in sequence (74% sequence identity) and form a sub-
class distinct from SPA1 and SPA2 (Laubinger and Hoecker,
2003). To determine the ancestral regulation of SPA protein
stability, i.e. whether light-induced instability was gained or
lost following gene duplications, evolutionarily more ancient
SPA proteins would need to be analyzed. Domain-swap
analyses between SPA1 and SPA2 mapped the distinct pro-
tein stability of SPA1 and SPA2 mainly to the respective
N-terminal domain (Chen et al., 2016). Indeed, the N-termini
of SPA3 and SPA4 share only very weak sequence similarity
with those of SPA1 and SPA2, while the four WD-repeat
domains are very similar. In addition, the N-terminal
domains of SPA3 and SPA4 are approximately 200 amino
acids smaller than those of SPA1 and SPA2 (Laubinger and
Hoecker, 2003). Hence, the divergence in the N-terminal se-
quence of the SPA3/SPA4 pair may be responsible for the
light-stable behavior of SPA3 and SPA4. Domain swap

Figure 8 SPA3 and SPA4 are light-stable proteins. A, Phenotype of seed-
lings expressing SPA3-HA or SPA4-HA under the control of the consti-
tutive SPA2 promoter. SPA3-HA lines were in the spa3-1 background,
SPA4-HA lines were in the Col background. Seedlings were grown in
0.5 mmol m�2 s�1 continuous far-red (FRc) light for 4 d. Scale bar indi-
cates 5 mm. B, SPA3-HA or SPA4-HA levels in seedlings of the indicated
genotypes. Seedlings were grown in darkness for three days and subse-
quently transferred to 1 mmol m�2 s�1 FRc for 15 or 60 min. SPA3-HA
and SPA4-HA were detected using an aHA antibody. Tubulin (aTUB)
detected by a specific antibody was used as a loading control.
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experiments between SPA2 and SPA3 or SPA4 can test this
hypothesis in the future.

Materials and methods

Plant material, growth conditions, and phenotypic
analysis
The Arabidopsis (Arabidopsis thaliana) mutants spa1-7
spa2-1 spa3-1 (Fittinghoff et al., 2006), cul4-1 (Bernhardt
et al., 2006), csn5a-2 (Dohmann et al., 2005), det1-1 (Chory
et al., 1989), cin4 (Vogel et al., 1998) were described previ-
ously. All mutants are in the Col accession. The transgenic
lines expressing full-length SPA2-HA under the control of
SPA2 promoter and 30-UTR (SPA2::SPA2-HA) were described
in Balcerowicz et al. (2011). SPA2::NLSDN SPA2-HA expresses
an artificial NLS, amino acids 462 until the C-terminus of
SPA2 followed by a triple HA tag. SPA2::SPA2DWD-HA
expresses amino acids 1–720 followed by a triple HA tag.
Both SPA2 deletion-proteins are expressed in the spa1-7
spa2-1 spa3-1 mutant background and under the control of
the same SPA2 promoter and 30-UTR as full-length SPA2-
HA. SPA3-HA and SPA4-HA fusion proteins were expressed
in the spa3-1 and Col wild-type background, respectively,
under the control of the constitutive SPA2 promoter and
30-UTR. Details on the construction of the vectors used for
Arabidopsis transformation are described in the
Supplemental Materials and Methods. Primer sequences are
provided in Supplemental Table S1.

Seedlings and plants were grown and their phenotypes
were analyzed as described in Laubinger et al. (2004,, 2006).
LED light sources (CLF Plant Climatics, Wertingen, Germany)
were used with a kmax of 670 nm (R), 745 nm (FR), and 470
nm (B).

Immunoblot analyses
Nuclear-enriched fractions for SPA2 detection using a-SPA2
antibodies were obtained as described in Cheng et al.
(2009). a-SPA2 antibodies were described previously (Maier
et al., 2013). a-histone H3 antibodies (Abcam, Cambridge,
MA, USA) were used as loading controls. For detection of
HA-tagged proteins, total protein was extracted from seed-
lings and quantified as described in Chen et al. (2015), ex-
cept that no MG132 was added to the extraction buffer. For
the detection of HY5 and phyA protein levels, total protein
was extracted from seedlings using 2� sodium dodecyl sul-
phate (SDS) buffer (0.125 M Tris–HCl [pH 6.8], 4% (w/v)
SDS, 20% glycerol, 1� cocktail of protease inhibitors, and 1-
mM phenylmethylsulfonyl fluoride (PMSF)) and quantified
via bicinchoninic acid (BCA) assay (Pierce BCA Protein
Assay Kit, Thermo Fisher Scientific) as described in Ponnu
et al. (2019). HY5 was detected using a-HY5 antibodies.
phyA was detected using a-phyA antibodies (Hirschfeld
et al., 1998). a-HA-HRP antibodies (Roche, Mannheim,
Germany) were used for the detection of HA-tagged pro-
teins. a-HSC70 (Stressgen Biotechnologies, San Diego, USA)
or a–a-tubulin (Sigma-Aldrich) antibodies were used as

loading controls. All immunoblots were performed accord-
ing to standard procedures.

Co-immunoprecipitation
Four-day-old seedlings were pretreated with 50-lM MG132
for 5 h and treated with 5-lmol m�2 s�1 R for 10 min fol-
lowed by 10-min dark incubation. Total protein was isolated
using extraction buffer (50-mM Tris–HCl pH 8.0, 150-mM
NaCl, 10% glycerol, 1-mM DTT, 25-mM b-glycerophosphate,
0.1% Nonidet P-40, 1-mM PMSF, 50-lM MG132, 1� prote-
ase inhibitor cocktail (Sigma-Aldrich)). Total protein lysate
(0.5–1 mg) was incubated with 50-lL protein A magnetic
lMACSTM MicroBeads (Miltenyi Biotec, Germany) and 1-
lL a-phyA antibody (Agrisera) in a microtube on a rotator
at 4�C for 2 h. After incubation, it was transferred onto l
columns that had been preincubated with extraction buffer.
The columns were washed four times with 1-mL ice cold ex-
traction buffer containing 0.2% Nonidet P-40. Bound pro-
teins were eluted according to manufacturer’s protocol
using 50-lL pre-warmed 1� Laemmli buffer. Input and co-
immunoprecipitated fractions were separated by SDS–poly-
acrylamide gel electrophoresis; proteins were detected using
a-phyA and a-HA antibodies.

Yeast two-hybrid assays
BD-PHYA (D153AH-phyA; Hiltbrunner et al., 2006) and re-
spective AD plasmids were co-transformed into yeast
(Saccharomyces cerevisiae) strain Y187. Transformed colonies
were selected on drop-out medium lacking Leu and Trp.
Four to five transformed single colonies were picked and
suspended in 1-mL sterile water. Three biological replicates
for each transformation were prepared. The yeast suspen-
sions were diluted to an optical density OD600 of 0.1 and
plated in spots of 10 lL on drop-out plates lacking leucine
and tryptophan, supplemented with 20-lM phycocyanobilin
(Livchem Logistics, Frankfurt a.M., Germany). Plates were in-
cubated at 26�C in constant R (1 lmol m�2s�1) or in dark-
ness for 2 d. After incubation, the colonies were collected
and resuspended in ice cold sterile water. For each biological
replicate two technical replicates were generated. LacZ activ-
ity was measured using o-Nitrophenyl-b-D-galactopyarno-
side (ONPG) as a substrate as described previously
(Laubinger and Hoecker, 2003).

Accession numbers
SPA2 (At4g11110), SPA3 (At3g15354), SPA4 (At1g53090),
SPA1 (At2g46340), COP1 (At2g32950), phyA (At1g09570),
HY5 (At5g11260), CUL4 (At5g46210), CSN5a (At5g46210),
COP10 (At5g46210), DET1 (At5g46210).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Transgenic lines expressing
NLS-DN SPA2 exhibit longer petioles and early flowering.

Supplemental Figure S2. Immunodetection of phyA
protein levels.
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