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Arabidopsis (Arabidopsis thaliana) Short Hypocotyl in White Lightl (SHW1) encodes a Ser-Arg-Asp-rich protein that acts as a
negative regulator of photomorphogenesis. SHW1 and Constitutive Photomorphogenicl (COP1) genetically interact in an
additive manner to suppress photomorphogenesis. Elongated Hypocotyl5 (HY5) is a photomorphogenesis promoting a basic
leucine zipper transcription factor that is degraded by COP1 ubiquitin ligase in the darkness. Here, we report the functional
interrelation of SHW1 with COP1 and HY5 in Arabidopsis seedling development. The in vitro and in vivo molecular interaction
studies show that SHW1 physically interacts with both COP1 and HY5. The genetic studies reveal that SHW1 and HY5 work in
an antagonistic manner to regulate photomorphogenic growth. Additional mutation of SHW1 in hy5 mutant background is able
to suppress the gravitropic root growth defect of hy5 mutants. This study further reveals that the altered abscisic acid
responsiveness of hy5 mutants is modulated by additional loss of SHW1 function. Furthermore, this study shows that SHW1
promotes COP1-mediated degradation of HY5 through enhanced ubiquitylation in the darkness. Collectively, this study
highlights a mechanistic view on coordinated regulation of SHW1, COP1, and HY5 in Arabidopsis seedling development.

Plants have evolved with developmental plasticity
to respond to environmental changes. Light acts as
one of the most influential environmental factors for
plant growth and development. Arabidopsis (Arabi-
dopsis thaliana) seedlings follow two distinct devel-
opmental patterns in the presence and absence of
light. The dark-grown seedlings have long hypocotyl
with apical hooks and small and closed cotyledons.
The light-grown seedlings, however, have short hypo-
cotyl with open and expanded cotyledons (Nagatani
et al., 1993; Whitelam et al., 1993; Neff et al., 2000; Chen
et al., 2004; Bae and Choi, 2008). Downstream to pho-
toreceptors, several positive and negative regulators
have been identified that are intimately involved in
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Arabidopsis seedling development (Jiao et al., 2007;
Chen and Chory, 2011).

Constitutive Photomorphogenicl (COP1) is a re-
pressor of photomorphogenesis in the darkness (Wei
and Deng, 1999; Jiao et al., 2007; Lau and Deng, 2012).
COP1 acts as an E3 ubiquitin ligase and targets photo-
morphogenesis promoting factors, such as Elongated
Hypocotyl5 (HY5), Elongated Hypocotyl5 Homolog
(HYH), Long After Far-Red Lightl (LAF1), Long Hy-
pocotyl in Far-Redl (HFR1), Blue Insensitive Traitl,
and LIGHT-REGULATED ZINC FINGER PROTEIN]I,
for degradation in the dark (Osterlund et al., 2000;
Holm et al., 2002; Saijo et al., 2003; Seo et al., 2003; Yang
etal., 2005a, 2005b; Chang et al., 2011). However, COP1
has been shown to be required for the optimum accu-
mulation of G-box Binding Factorl (GBF1)/Z-box
Binding Factor2 (ZBF2) protein in light (Mallappa et al.,
2006, 2008). A COP1 suppressor, CSU1, has recently been
shown to play a major role in maintaining the COP1 ho-
meostasis in dark (Xu et al., 2014a). A group of SPA
proteins (Suppressor of PhytochromeAl [SPA1]-SPA4),
which functions redundantly to suppress photomorpho-
genesis, has been shown to physically interact with COP1
and enhance its function (Saijo et al., 2003; Laubinger et al.,
2004; Zhu et al, 2008). It has been shown that spa
quadruple-mutant seedlings with defects in all four SPA
genes display constitutive photomorphogenesis in the
dark. However, such morphological defects are not ob-
served in any of the single mutants in the darkness
(Laubinger et al., 2004). Also, a group of phytochrome-

2922  Plant Physiology®, December 2015, Vol. 169, pp. 2922-2934, www.plantphysiol.org © 2015 American Society of Plant Biologists. All Rights Reserved.


http://orcid.org/0000-0002-6093-0889
http://orcid.org/0000-0003-1087-1523
http://orcid.org/0000-0001-5253-6673
mailto:sudipchatto@gmail.com
http://www.plantphysiol.org
mailto:sudipchatto@gmail.com
http://www.plantphysiol.org/cgi/doi/10.1104/pp.15.01184

interacting factors (PIFs; PIF1, PIF3, PIF4, PIF5, and PIF7)
that functions redundantly in the dark to suppress pho-
tomorphogenesis has been reported (de Lucas et al., 2008;
Leivar et al., 2008; Leivar and Quail, 2011). Recent studies
have shown that PIF1 promotes the E3 ligase activity of
COP1 in the dark (Xu et al., 2014b).

Transcriptional regulatory networks play an impor-
tant role in light signaling pathways through the coor-
dinated activation and repression of downstream genes
(Maetal., 2001; Tepperman et al., 2001; Jiao et al., 2007).
HY?5 is a positive regulator of light signaling pathways
that acts at various wavelengths of light. HY5 has been
genetically defined as a positive regulator of photomor-
phogenesis based on its partially etiolated phenotype in
light-grown mutant seedlings (Ang and Deng, 1994). HY5
encodes a basic leucine zipper (bZIP) protein that can
physically interact with COP1 (Ang et al., 1998; Osterlund
et al., 2000). DNA-protein interaction studies have re-
vealed that HY5 specifically interacts with the G box and
is required for the proper activation of G box-containing
promoters in light (Chattopadhyay et al,, 1998; Yadav
etal., 2002). It has recently been reported that bZIP protein
GBF1/ZBF2 physically interacts with HY5 and its other
bZIP partner HYH in blue light (BL)-mediated seedling
development (Mallappa et al., 2006, 2008; Singh et al.,
2012; Ram et al., 2014). HY5 is shown to cross talk with
multiple hormonal signaling pathways, including auxin,
cytokinin, GA,, and abscisic acid (ABA; Jiao et al., 2007;
Vandenbussche et al.,, 2007; Alabadi et al., 2008; Chen
et al., 2008). Recent chromatin immunoprecipitation-on-
chip studies have shown that HY5 binds to the pro-
moters of a large number of regulatory genes in Arabi-
dopsis (Lee et al., 2007; Zhang et al., 2011). Recent studies
have shown that HY5 can directly bind to its own pro-
moter in association with Calmodulin? to promote its own
expression (Abbas et al., 2014).

Short Hypocotyl in White Lightl (SHW1), a Ser-Arg-
Asp-rich protein, is constitutively localized in the nucleus,
and its expression is developmentally regulated. SHW1
acts as a negative regulator of light-mediated inhibition of
hypocotyl elongation (Bhatia et al., 2008). The shwl mu-
tants also display shorter hypocotyl in the darkness. It has
been shown that SHW1 acts nonredundantly with COP1
to control hypocotyl elongation in the darkness and
thereby, is functionally interrelated to COP1 in photo-
morphogenesis (Bhatia et al., 2008). In this study, we have
investigated the biochemical interactions of SHW1 with
HY5 and COP1 through in vitro and in vivo studies. We
have further analyzed the in vivo functional interactions
of SHW1 with HY5 and COP1 through mutational studies.
Our data strongly support that SHW1 is an associated
factor of COP1 that helps in the degradation of HY5 in the
darkness.

RESULTS
SHW1 Physically Interacts with COP1

The genetic interaction studies between COP1 and
SHWI1 had earlier revealed that shwl and copl acted in
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an additive manner to repress photomorphogenic
growth in the dark (Bhatia et al., 2008). However, en-
hanced inhibition in hypocotyl elongation of shwl
mutants in white light (WL) requires functional COP1
protein (Bhatia et al., 2008). Therefore, we ask whether
SHW1 physically interacts with COP1. To examine the
physical interactions between SHW1 and COP1, in
vitro pull-down assays were carried out using gluta-
thione S-transferase (GST)-SHW1 and COP1-His fusion
proteins. In these experiments, GST-HY5 and GBF1-His
were used as positive and negative controls, respec-
tively (Ang et al., 1998; Singh et al., 2012). GST-SHW1
and GST-HY5 proteins were separately passed through
columns containing Ni-NTA Agarose (Qiagen) beads
bound to GBF1-His or COP1-His protein. As shown
in Figure 1A, SHW1 was retained in COP1 column,
and the level of retention of SHW1 was comparable
with the amount of HY5 retained in COP1 column.
SHW1 was hardly detectable, if at all, in GBF1-His
column (Fig. 1, A and B; Supplemental Fig. S1). Taken
together, these results indicate that SHW1 physically
interacts with COP1.

To further examine the observed physical interaction
of SHW1 and COP1, yeast (Saccharomyces cerevisiae) two-
hybrid protein-protein interaction assays were carried
out. In this study, we have used full-length and trun-
cated versions of COP1, such as WD40-repeat or zinc-
finger and coiled-coil domain of COP1. The growth of
cotransformed yeast cells on two-dimensional (deficient
in Trp and Leu) and four-dimensional (deficient in
Trp, Leu, His, and adenine) synthetically defined plates
was monitored. As shown in Figure 1, C and D, the full-
length SHW1 was able to interact with full-length
COP1. Comparison of B-galactosidase activity in
SHW1 and COP1 interaction revealed that the
B-galactosidase activity was about 5-fold increased
than the background and comparable with the increased
activity in COP1 and HY5 interaction (approximately
6-fold) used as control (Fig. 1E). However, neither of
the truncated versions of COP1 showed increased
activity compared with background level (Fig. 1E).
These results suggest that SHW1 physically interacts
with COP1 in yeast cells. These results further indicate
that full-length COP1 is required for the interaction
with SHWI.

To further substantiate the physical interactions be-
tween SHW1 and COP1, bimolecular fluorescence
complementation (BiFC) experiments were carried out.
For these experiments, SHW1 full-length coding se-
quence was fused to the C terminus of YFP in pUC-
SPYCE vector (SHW1-cYFP), and COP1 full-length
coding sequence was fused to the N terminus of YFP
in pUC-SPYNE vector (COP1-nYFP; Sethi et al.,
2014). Whereas empty vectors did not produce any
YFP fluorescence (Fig. 1F), interaction of SHW1 and
COP1 produced strong YFP fluorescence in the nu-
cleus with the characteristic speckles known to be
formed by COP1 (Fig. 1F). Taken together, these re-
sults show that SHW1 physically interacts with COP1
in vivo.

2923


http://www.plantphysiol.org/cgi/content/full/pp.15.01184/DC1

Srivastava et al.

2924

A _ Pellet Supernatant B 14
- - - = c 1.2 1
= w <]
b % % % I =z g 1
S A I TR T 2 5 206
S ¢ 6 © O 2204
+ + + + + + %O 02
2 2 o 2 2 2 2 o =
:::i::d IR,
& Q S & K
8 3 8 8 8 8 LSS S P

x
x
x
x
x

E (1) AD + BD

)
(2)AD + BDCOP1 )
)

(3) ADHYS + BD

(4) ADHY5 + BDCOP1 | H

g 5

(5) ADSHW1 + BDCOP1

(6)ADSHW1 + BDCOP1 Zn+CC _}
(7)ADSHW1 + BDCOP1WD40 |}
0 2 4 6 8 10 12 14
Relative B galactosidase activity

YFP Bright field Merge

cYFP
nYFP

SHW1-cYFP
&
COP1-nYFP

Bright field

SHW1-cYFP

&
GBF1-nYFP
&
pPCAMBIA1302

100 pun

Figure 1. SHW1 physically interacts with COP1. A, In vitro binding of SHW1 and COP1: 2 ug of COP1-6His or GBF1-6His (negative
control) was bound to Ni-NTA beads, washed, and incubated with GST-SHW1 or GST-HY5 (positive control). Beads were washed and
fractionated in 12% (w/v) SDS-PAGE. The blot was probed with anti-GST antibodies. B, Quantification of the data (by Bio-Rad multi-imager):
retention of GST-SHW1 and GST-HY5 by COP1-6His or GBF1-6His is shown in the graph. Error bars indicate sem of three replicate
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SHWI1 and HY5 Genetically Interact to Regulate
Hypocotyl Growth

Because SHW1 physically interacts with COP1 and
because earlier studies have shown that shwl copl
double mutants display enhanced photomorphogenic
growth in the darkness (Bhatia et al., 2008), we ask
whether, similar to COP1, SHW1 also genetically in-
teracts with HY5, one of the targets of COP1 in the
darkness (Osterlund et al., 2000). The hy5 mutants ex-
hibit elongated hypocotyl, whereas shwl mutants dis-
play shorter hypocotyl in WL (Ang et al., 1998; Bhatia
et al., 2008). We generated shwl hy5 double mutants
and examined the seedling growth in the dark and at
various wavelengths of light. In the darkness, the shw1
mutants displayed shorter hypocotyl with partially
opened apical hooks, consistent with the previous ob-
servation (Bhatia et al., 2008). The shwl hy5 double
mutants showed hypocotyl length and hook angle
similar to shw1 single mutants in the darkness (Fig. 2, A,
F, and K).

The shwl mutants display shorter hypocotyl in WL
but not in BL, red light (RL), and far-red (FR) light.
When we examined the hypocotyl growth in WL, 6-d-old
shwl hy5 double mutants displayed shorter hypocotyl
than hyb single mutants in WL, suggesting that they seem
to work antagonistically to regulate the hypocotyl growth
in WL (Fig. 2, B and G). Furthermore, although shwl
mutants did not display any alteration in the hypocotyl
length in BL, RL, and FR light (Fig. 2, C-E and H-J; Bhatia
et al., 2008) conditions, the hypocotyl length of shwl hy5
double mutants was significantly reduced compared with
hyb single mutants in BL and RL (Fig. 2, C, D, H, and I).
These results suggest that functional SHW1 is required for
the optimum hypocotyl phenotype of hy5 mutants in BL
and RL conditions. However, the hypocotyllength of shw1
hy5 double mutant was similar to hy5 in FR light (Fig. 2, E
and J), indicating that additional mutation of SHW1 in hy5
mutant does not affect the phenotype of hyb in FR light.

SHW1 Modulates HY5-Mediated Regulation of
Root Growth

The shwl and hy5 mutants display altered root
growth (Oyama et al., 1997; Ang et al., 1998; Bhatia
et al., 2008). To determine whether SHW1 and HY5 can
modulate each other’s function on root growth, we
examined the root growth of shwl hy5 double mutants
compared with single mutants. The shwl mutants de-
veloped shorter roots than the wild type, and the root
length of shwl hy5 double mutants was found to be
similar to shwl (Fig. 3, A and B). Because hy5 mutants

Functional Interrelation of SHW1, COP1, and HY5

do not display any altered root length, these results
indicate that SHW1 works independently of HY5 in the
regulation of root length.

Previous studies have shown that one of the obvious
phenotypes of hy5 mutants is the direction of root
growth. It was nearly horizontal rather than down-
ward, indicating alteration of the gravitropic response.
The angles of lateral roots of hy5 mutants were larger
than the wild type (Oyama et al., 1997). As shown in
Figure 3, A and C, the roots of shwl hy5 double-mutant
plants did not exhibit any defect in gravitropic re-
sponses. These results suggest that additional mutation
of SHWI in hy5 mutant background is able to suppress
the gravitropic root growth defect of hy5 mutants.

HY5 and SHW1 Additively Work in ABA Responsiveness

Recent studies have revealed that light signaling
pathways cross talk with multiple hormone signaling
pathways. For example, HY5 acts as a point of cross
talk in light and ABA signaling pathways. It has
been shown that mutations in HY5 caused Arabidopsis
plants to be less sensitive to ABA (Chen et al., 2008).
To determine further genetic relationship between
SHW1 and HY5, we ask whether mutations in SHW1
can modulate the altered ABA responsiveness of hy5
mutants. Freshly harvested seeds of wild-type and
single- or double-mutant plants were plated on Mura-
shige and Skoog medium (MS) plates without or with
ABA. The rate of germination was found to be similar in
the wild type and various mutants in untreated seeds
(Supplemental Fig. S2A). Whereas 1 um ABA reduced
the rate of germination of wild-type seeds (34%), the
effect was significantly suppressed in hy5 background
(70%). The shwl mutant seeds showed less sensitivity
to ABA-mediated inhibition of seed germination
compared with the wild type (48%). As shown in
Supplemental Figure S2, the rate of seed germination
was found to be significantly higher in shw1 hy5 double
mutants than respective single mutants (82%). These
results indicate that HY5 and SHW1 work in an addi-
tive manner in response to ABA-mediated inhibition of
seed germination.

SHW1 Physically Interacts with HY5

The genetic interaction between SHWI1 and HY5
prompted us to investigate the possible physical inter-
actions between SHW1 and HY5. To examine that,
in vitro pull-down assays were performed using
GST-SHW1 and HY5-His fusion proteins. In these

Figure 1. (Continued.)

experiments. C to E, Yeast two-hybrid interactions between SHW1, COP1, and the truncated versions of COP1. Growth of cotrans-
formed yeast AH109 strain on double-dropout media (C) and quadruple-dropout media (D). The protein-protein interactions were
examined by B-galactosidase assays. The relative B-galactosidase activities were calculated according to Clontech instructions (E). The
error bars indicate st (n=3). The numbers 1 to 7 refer to the constructs used. F, BiFC assay showing that COP1-nYFPand SHW1-cYFP
interact to form a functional YFP in the nucleus, whereas SHW1-cYFP and GBF1-nYFP do not interact. GFP containing pCAMBIA-
1302 vector was used as a control for transformation. The images show transiently transformed onion (Allium cepa) epidermal cells.
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Figure 2. HY5 genetically interacts with SHW1. In A to E, wild-type (WT; Col-0), shw1, hy5, and shw1 hy5 seedlings are shown.
A to E, Visible phenotypes of 6-d-old seedlings grown in constant dark (D), WL (30 pmol m~2s7"), BL (30 wumol m™2s™"), RL
(30 umol m™2s™"), and FR light (30 wmol m~? s~ ") are shown as indicated. F to }, Quantification of hypocotyl length of wild-type,
shwi, hy5, and shwi hy5 seedlings grown under various wavelengths of light. K, Hook angle of 6-d-old constant dark-grown
seedling of wild-type and various mutant lines. Results presented are obtained from five biological repeats, each having at least
30 seedlings. Error bars represent st (Student’s t test). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

experiments, we used GST-HYH as positive control and
GBF1-His as negative control (Holm et al., 2002; Singh
et al., 2012). GST-SHW1 and GST-HYH proteins were
separately passed through columns containing Ni-NTA
beads bound to GBF1-His or HY5-His protein. The level
of SHW1 retained by HY5 was similar to the level of
retention of HYH by HY5, and practically no retention
of SHW1 protein was detected in GBF1 column (Fig. 4,
A and B; Supplemental Fig. S3).

2926

To further substantiate the observed physical inter-
action of SHW1 and HY5, yeast two-hybrid assays
were performed. In these experiments, we used full-
length and truncated versions of HY5 proteins (Fig. 4C).
The growth of cotransformed yeast cells on two-
dimensional (deficient in Trp and Leu) and four-
dimensional (deficient in Trp, Leu, His, and adenine)
synthetically defined media plates was monitored. As
shown in Figure 4, D and E, the full-length HY5 was
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Figure 3. SHW1 and HY5 act antagonistically
to regulate gravitropic root growth. A, The root
growth of 16-d-old WL-grown (30 umol m2sT
wild type (WT) and shw1, hy5, and shw1 hy5
mutants. B, Quantification of the root length
of 16-d-old wild type and various mutants
grown in WL (30 umol m™2 s, C,
Quantification of gravitropic root move-
ment of the wild type and various mutants
grown in WL (30 umol m~2s7"). Results
presented are obtained from three bio-
logical repeats, each having at least 20
plants. Error bars represent st (Student’s ttest).
P <0.001.
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able to interact with full-length SHW1. Furthermore,
the truncated version of HY5, HY5N77, was also able to
interact with SHW1. The comparison of 3-galactosidase
activity in SHW1 with HY5 and HY5N77 interactions
revealed that the B-galactosidase activity was about 6-
to 7-fold increased than the background and similar to
the increased activity in COP1 and HY5 interaction,
used as control (Fig. 4F). These results suggest that
SHW1 is able to interact with the full length and the N-
terminal domain of HY5 protein.

To further substantiate the physical interactions between
SHW1 and HY5, BiFC experiments were carried out. For
these experiments, SHW1 full-length coding sequence was
fused to the N terminus of YFP in pUC-SPYNE vector
(SHW1-nYFP), and HY5 full-length coding sequence was
fused to the C terminus of YFP in pUC-SPYCE vector
(HY5-cYFP; Singh et al., 2012). The empty vectors or a
combination of SHWI1-cYFP and GBF1-nYFP did not
produce any YFP fluorescence; however, interaction of
SHW1 and HY5 produced strong YFP fluorescence in the
nucleus (Fig. 4G). Taken together, these results show that
SHW]1 physically interacts with HY5.

SHW1 Promotes COP1-Mediated Degradation of HY5 in
the Darkness

It has earlier been shown that the extent of abundance
of HY5 protein directly correlates with the level of

Plant Physiol. Vol. 169, 2015

photomorphogenesis (Osterlund et al., 2000). Subse-
quently, it was shown that COP1-SPA complexes in-
teract with various photomorphogenesis-promoting
factors, such as HYH, HFR1, and LAF1, and degrade
these photomorphogenesis-promoting factors through
the ubiquitin/26S proteasome pathway in the dark
(Saijo et al., 2003; Seo et al., 2003; Jang et al., 2005; Yang
etal., 2005a, 2005b; Lau and Deng, 2012). Earlier studies
have shown that additional mutation of SHWI in cop1
mutants enhances the photomorphogenic phenotype of
copl mutants in the darkness (Bhatia et al., 2008). This
study further shows that SHW1 physically interacts
with both COP1 and HY5 (Figs. 1 and 4). Therefore, we
ask whether enhanced photomorphogenesis in shwl
copl background in the dark is caused by an increased
abundance of HY5.

To determine that, we first examined the level of HY5
protein in shwl and shwl copl double-mutant back-
grounds in constant dark-grown seedlings. Whereas
HY5 protein was barely detectable in wild-type
background, it was accumulated in copl mutant
background as expected (Fig. 5A; Osterlund et al.,
2000). Similar to the wild type, HY5 protein was not
detectable in shwl mutants (Fig. 5A). However, al-
though the transcript level of HY5 remains the same
in shwl and shwl copl backgrounds (Supplemental
Fig. S4), the level of accumulation of HY5 protein
was drastically enhanced in shwl copl double mu-
tants compared with copl single mutants (Fig. 5A).
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Figure 4. SHW1 physically interacts with A Pellet
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YFP in the nucleus, whereas SHW1-cYFP
and GBF1-nYFP do not interact. GFP con-
taining pPCAMBIA-1302 vector was used as
a control for transformation. The images
show transiently transformed onion epi-
dermal cells.

Whereas the level of HY5 protein was elevated
to approximately 3-fold in copl mutants, the level
of accumulation in shwl copl double mutant was
increased to approximately 7-fold compared with
wild-type background (Fig. 5B).

To further examine the dark-induced degradation
of HY5 in shwl copl background, we grew the
seedlings for 4 d in WL and then, transferred them to
dark for 2 d and determined the level of HY5 pro-
teins in various single- and double-mutant back-
grounds. As shown in Figure 5, C and D, the level of
accumulation of HY5 was increased in copl mutant
(approximately 6-fold), and the level of HY5 was
further increased (approximately 14-fold) in shwl
copl double mutant. These results indicate that SHW1
promotes COP1-mediated degradation of HY5 in the
darkness.
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SHW1 Enhances COP1-Mediated Ubiquitination of HY5

COP1 is an E3 ubiquitin ligase involved in the deg-
radation of multiple positive regulators of photomor-
phogenesis, including HY5, in the darkness (Osterlund
etal., 2000; Holm et al., 2002; Saijo et al., 2003; Seo et al.,
2003; Jang et al., 2005; Yang et al., 2005a, 2005b; Hong
et al., 2008). To examine the level of ubiquitination of
HYS5 in the presence or absence of SHW1, we performed
in vitro transubiquitylation assays (Saijo et al., 2003;
Seo et al., 2003). The western-blot analysis with anti-
ubiquitin antibody revealed that SHW1 enhanced the
ubiquitylation of HY5 by COP1 (Fig. 6A). Furthermore,
the western-blot results with anti-HY5 antibody also
showed the ubiquitylated HY5 (Fig. 6, B and C). No
ubiquitylation of SHW1 was detected (Supplemental
Fig. S5). The ubiquitylated bands of HY5 in the presence
or absence of SHW1 showed that SHW1 was able to
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Figure 5. HY5 accumulates at a higher level in shwi copT compared with cop1. A, Immunoblot shows HY5 protein levels in
wild-type (WT) and cop1, shwi, shwl copl, and hy5 mutant seedlings (6-d-old constant dark-grown seedlings). ACTIN bands
show the loading control. Total protein was separated on an 8% (w/v) SDS-PAGE gel, blotted onto a polyvinylidene difluoride
membrane, and probed with anti-HY5 antibody. *, Cross reacting bands. B, Quantitation of the accumulated HY5 level in the wild
type and different mutant lines as in A. Results presented are obtained from three biological repeats. Error bars indicate sp. The
Student’s ttests show the significant differences. ***, P<<0.001. C, Immunoblot shows HY5 protein levels in wild-type and cop1,
shwi, and shwi copT mutant seedlings (4-d-old WL-grown seedlings were transferred to dark for 2 d). For experimental details,
see above. D, Quantitation of the accumulated HY5 level in the wild type and different mutant lines as in C. Results presented are
obtained from three biological repeats. Error bars indicate sp. The Student’s ttest shows the significant differences. ***, P < 0.001.

increase approximately 2- to 3-fold transubiquitylation
of HY5 mediated by COP1. Taken together, these re-
sults show that SHW1 promotes COP1-mediated deg-
radation of HY5 by the enhancement of the level of
ubiquitination of HY5.

DISCUSSION

This study provides evidence that SHW1, a unique
negative regulator of photomorphogenesis, works in
concert with COP1 ubiquitin ligase and promotes
the degradation of HY5 in the darkness to suppress
photomorphogenesis. Several lines of experimental
evidences, including protein-protein interactions by
two-hybrid and in vitro pull-down assays, show the
physical interactions of SHW1 with both HY5 and
COP1 proteins. The shw1 copl double mutant has earlier
been shown to display increased photomorphogenic
growth compared with copl single mutants in the dark
(Bhatia et al., 2008). One plausible mechanism of such
genetic and physical interaction of SHW1 with COP1
may be that it controls the COP1-mediated degradation
of HY5. Indeed, the level of accumulation of HY5 pro-
tein in shw1 cop1 double mutant is increased compared
with copl mutants in dark-grown seedlings. Further-
more, COP1-mediated ubiquitination of HY5 protein
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has been enhanced in the presence of SHW1. The higher
level of accumulation of HY5 protein in shwl copl
double mutant than copl mutant alone thereby explains
the enhanced photomorphogenic growth of shwl copl
double mutants in the darkness.

Negative regulators play important roles in light
signaling pathways (Kim et al., 2003; Jiao et al., 2007;
Lau and Deng, 2012; Li et al., 2015). COP1 is an essential
suppresser of photomorphogenesis in dark-grown
Arabidopsis seedlings. COP1 and its interacting part-
ners, SPA proteins, have been shown to establish the
skotomorphogenesis in the darkness and prevent hy-
perphotomorphogenic growth in light-grown seedlings
(Hoecker et al.,, 1998; Laubinger and Hoecker, 2003;
Saijo et al., 2003; Seo et al., 2003). However, whereas
mutation in any single SPA gene family member does
not display any morphological defects in the darkness,
shwl mutants show partial photomorphogenic growth
in the darkness. After all four SPA genes are mutated,
the quadruple mutant shows strong phenotype similar
to copl (Laubinger et al., 2004). Recent studies have
shown that PIF1 promotes COP1-mediated degrada-
tion of HY5 (Xu et al., 2014a, 2014b).

To analyze the physiological significance of the
observed protein-protein interactions between SHW1
and HY5, the genetic interactions between these two
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Figure 6. SHW1 enhances the ability of COP1 to degrade HY5. Recombinant COP1-His, GST-SHW1, and GST-HY5 fusion
proteins were purified from Escherichia coli (BL21DE3), and in vitro ubiquitination assays were performed. A, Ubiquitination
assays were performed using UBE1 (E1), UbcH5b (E2), and His-tagged ubiquitin (His-6-Ub). Recombinant COP1-His was pre-
incubated with 20 mm zinc chloride. Ubiquitinated HY5 was detected using antiubiquitin antibody. *, Nonspecific band. B,
Immunoblot against HY5 antibody shows that increasing concentration of SHW1 results in more ubiquitinated HY5 in vitro. GST
was used as a negative control. C, Quantification of the ubiquitinated HY5 level in the presence of COP1 with increasing
concentrations SHW1. For experimental detail, see Figure 5B. D, Aworking model illustrates the regulatory role of SHW1 on HY5
stability. SHW1 interacts with COP1 and promotes COP1-mediated degradation of HY5.

respective genes were analyzed. These studies have
revealed that SHW1 and HY5 act in an antagonistic
manner to regulate photomorphogenic growth. The
etiolated phenotype of hy5 mutants is partly sup-
pressed in shwl hy5 double mutants in WL. Although
shwl mutants do not display any significant difference
in hypocotyl length in RL, FR light, or BL compared
with wild-type background, the additional mutation in
SHW1 in hy5 mutant was able to partly suppress the hy5
mutant phenotype in RL and BL. These results establish
that SHW1 and HY5 act antagonistically with each
other to regulate photomorphogenic growth in RL and
BL conditions. The gravitropic root growth defect of hy5
mutants is also suppressed by additional loss of func-
tion of SHW1. Although Bhatia et al. (2008) did not find
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any significant change in root length in shwl mutants,
careful examination in this study revealed that, al-
though not drastic, shwl mutants indeed display sig-
nificantly shorter root length than wild-type plants.
Cross talk of light signaling pathways with other
signaling cascades has been shown (Boter et al., 2004;
Lorenzo et al., 2004; Yadav et al., 2005; Henriques et al.,
2009; Huang et al., 2014). Both shw1 and hy5 mutants
display less sensitivity to ABA-mediated inhibition of
seed germination. This individual effect on ABA re-
sponsiveness on seed germination has been enhanced
in shw1 hy5 double mutants. Therefore, although SHW1
and HY5 work in an antagonistic manner in photo-
morphogenic growth, these two proteins function
nonredundantly to regulate ABA-mediated inhibition
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of seed germination. Several reports have earlier shown
the differential regulation of a gene in two different
signaling pathways (Anderson et al., 2004; Kazan and
Manners, 2008). MYC2 works as a negative regulator of
light signaling pathways (Yadav et al., 2005; Gangappa
et al., 2010; Sethi et al., 2014). However, it works as both
positive and negative regulators of jasmonic acid sig-
naling pathways (Dombrecht et al., 2007; Kazan and
Manners 2008, 2013). Furthermore, differential genetic
interaction of HY5 and GBF1 has been shown to work in
a light intensity-dependent manner (Singh et al., 2012).
Recent studies have revealed the cross talk between light
and temperature signaling pathways (Delker et al., 2014;
Johansson et al., 2014; Toledo-Ortiz et al., 2014). It would
be interesting to investigate the possible involvement of
SHW1 and HY5 in temperature signaling pathways.
Furthermore, it would also be interesting to determine
the possible involvement of SHW1, as an associated
factor of COP1, in COP1l-mediated proteasomal degra-
dation of other photomorphogenesis-promoting factors,
such as HYH, HFR1, and LAF1, in future studies.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and Generation of
Double Mutants

The growth conditions and light sources are described in Singh et al. (2012).
For the generation of the hy5 shwl double mutant, homozygous hy5 mutant
plants (hy5-215) in Columbia-0 (Col-0) background were crossed with shwl
(shw1-1) in Col-0 background. In the F2 generation, seedlings were grown in
WL (30 umol m™2 s77) for the identification of hy5 mutant phenotype, and
seedlings were selected and transferred to soil. To determine the genotype at the
SHWTI locus, approximately 40 seedlings from each line were tested by genomic
PCR (Bhatia et al., 2008). For this, individual plants were examined by PCR
using the left border-specific primer. F3 progeny that are homozygous for shwl
and hy5 mutant plants were further examined by reverse transcription (RT)-
PCR and considered as hy5 shwl double mutants. The copl mutant used in this
study is cop1-6 allele (Bhatia et al., 2008).

Root Growth

Seeds were plated on one-half-strength MS (1% [w/v] Suc and 1% [w/V]
agar) on vertical square plates and stratified at 4°C in dark conditions for 4 d to
induce uniform germination. The plates were placed vertically in racks, and the
seedlings were grown under constant WL conditions (40 umol m~2s7"). The
numbers of lateral roots of the wild type and single and double mutants were
counted from 10 to 15 d after germination and tabulated. The root angle was
measured by using Image]J 1.x software (NTH).

Effect of ABA on Seed Germination

The seeds of wild-type, shw1, hy5, and shwl hy5 mutant plants were plated
onto MS plates with or without ABA (Sigma-Aldrich). The plates were kept in
cold and dark for 4 d for stratification and then transferred to constant WL, and
the seeds were monitored for germination.

Cloning of Constructs

For making the recombinant constructs in each case, the desired fragment
was amplified by PCR using a specific pair of forward and reverse primers with
restriction sites at the 5" end of the primers (as indicated in the primers list).
Then, the desired fragment and the vectors were digested with the same pair of
enzymes. The digested sample was purified from the agarose gel using the gel
extraction kit (Qiagen). The different DNA fragments used in this study were
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ligated into respective vectors with T4 DNA ligase using different molar ratios
(insert:vector, 3:1 to 5:1) by incubating overnight at 16°C or 22°C (as per the
company’s recommendation for T4 DNA ligase enzyme). Ligated DNA frag-
ments were transformed into Escherichia coli DH5a-competent cells. Colony
PCR was performed to confirm the transformed cells with recombinant plas-
mid. The clones were confirmed by restriction digestion of plasmids and ad-
ditional sequencing.

For in vitro protein-protein interaction studies, DNA fragments encoding
full-length SHW1 or HY5 were cloned into pGEX-4T2 vector using the respective
primers at BamHI and EcoRI restriction sites to get GST fusion protein. The DNA
fragments encoding full-length HY5 and COP1 were cloned into pET-20b (+)
vector using the respective primers at NdeI-Clal and EcoRI-PstI restriction sites,
respectively, to obtain 6X His tag at the C terminus of the protein. For yeast
(Saccharomyces cerevisiae) two-hybrid protein-protein interaction assay, full-
length SHW1 was cloned into the pGADT7 vector using the respective
primers at EcoRI and BamHI restriction sites to produce translational fusion
proteins with the activation domain. To generate full-length COP1 constructs,
COP1-FL (for full length), COP1-Zn+CC (for coiled coil), and COP1-WD40
were cloned into pGBKT7 vector using the respective primers (Supplemental
Table S1) at EcoRI, Pstl, and BamHI restriction sites to produce translational
fusion with the binding domain. The HY5-FL, HY5-N77 (for N-terminal 77 amino
acids), and HY5AN77 have been cloned into the pGBKT7 vector using the re-
spective primers (Supplemental Table S1) at EcoRI and BamHI restriction sites to
produce translational fusion proteins with the binding domain. For BiFC experi-
ments, full-length CDS (coding sequence) of SHW1 was cloned in the vectors pUC-
SPYNE and pUC-SPYCE (Walter et al., 2004) using the respective primers at BamHI
and Xhol sites to obtain SHW1-YFPN-ter and SHW1-YFPC-ter fusion proteins,
respectively. To obtain COP1-YFPC-ter and COP1-YFPN-ter fusion proteins, full-
length CDS of COP1 was cloned in pUC-SPYCE and pUC-SPYNE vectors, re-
spectively, using the respective primers at Ascl and Xhol restriction sites.

Pull-Down Assay

In vitro protein-protein interaction studies were carried out as described in
Abbas et al. (2014) with slight modifications. DNA fragments encoding full-
length SHW1 or HY5 were cloned into pGEX-4T2 vector, obtaining transla-
tional fusion constructs with the GST protein. GST-SHW1 and GST-HY5 proteins
were overexpressed and purified from E. coli by Glutathione Sepharose 4B
Beads (GE). The DNA fragments encoding full-length COP1 or HY5 were
cloned into pET-20b (+) vector with 6X His tag at the C terminus of the protein.
COP1-His protein was overexpressed and purified from E. coli cells by Ni-NTA
Agarose Beads (Qiagen). For in vitro binding experiments, HY5-His and COP1-
His (2.0 ug each) proteins were bound to His column by incubating with in vitro
pull-down buffer for 2 h at 4°C. Excess unbound protein was washed off,
and GST-HYH, GST-SHW1, and GST proteins were added in equimolar ratio
and incubated in 500 uL of in vitro pull-down buffer (50 mwm Tris-Cl, pH 7.5,
100 mm NaCl, 0.2% [v/v] glycerol, 1 mm EDTA, 0.1% [v/v] Nonidet P-40, 1 mm
phenylmethylsulfonyl fluoride, and full-strength protease inhibitors cocktail;
Sigma) at 4°C. The Ni-NTA beads were collected by brief centrifugation (su-
pernatant was collected separately and saved for further analysis) and washed three
times with 1 mL of in vitro pull-down buffer. Pellet was resuspended in full-strength
SDS loading buffer, boiled for 5 min, and analyzed by SDS-PAGE for protein
binding. Both pellet and supernatant (2%) were probed with anti-GST antibodies.

Total Protein Extraction

The seedlings (100 mg) were frozen in liquid nitrogen and ground in 300 wL of
grinding buffer (400 mm Suc, 50 mm Tris-Cl, pH 7.5, 10% [v/v] glycerol, and
2.5mm EDTA), and phenylmethylsulfonyl fluoride (1 mm stock) was added (0.5 uL
for every 100 uL of grinding buffer). The protein extract was transferred to fresh
microcentrifuge tube and centrifuged at 5,000 rpm for 5 min to pellet down the
debris. The supernatant was transferred to a fresh tube, and an aliquot of 5 uL
was taken out in a separate tube for the estimation of protein by Bradford assay.
To the rest of the protein extract, appropriate volume of 4X sample buffer (200 mm
Tris-Cl, pH 6.8, 400 mm dithiothreitol, 4% [w/v] SDS, 0.025% [w/v] Bromophenol
Blue, and 20% [v/v] glycerol) was added and boiled for 5 min before loading on
SDS-PAGE.

Yeast Two-Hybrid Assay

Yeast two-hybrid assays were performed using the Matchmaker GAL4-
Based Two-Hybrid System as recommended (Clontech Laboratories, Inc.). To
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investigate the protein-protein interaction, full-length SHW1 was cloned into the
pGADTY7 vector (Clontech Laboratories, Inc.) with EcoRI-BamHI restriction sites to
produce translational fusion proteins with the activation domain. To generate
full-length COP1 constructs, COP1-FL, COP1-Zn+CC, and COP1-WD40 were
cloned into pGBKT7 vector (Clontech Laboratories, Inc.) with EcoRI-PstI re-
striction site to produce translational fusion with the binding domain. The HY5-
FL, HY5-N77, and HY5AN77 have been individually cloned into the pGBKT7
vector (Clontech Laboratories, Inc.) with EcoRI-BamHI restriction sites to produce
translational fusion proteins with the binding domain. To assess protein-
protein interactions, the corresponding plasmids were cotransformed into yeast
strain AH109 according to the protocol given by Clontech Laboratories, Inc.
Successfully transformed colonies were identified on quadruple-dropout media
lacking Trp, Leu, His, and adenine. Expression of GAL4 Activation Domain
fused-SHW1 fusion protein was examined by Hemagglutinin antibodies, and
GAL4 Binding Domain fused (BD)-COP1, BD-HY5, and their truncated ver-
sions were examined by c-Myc antibodies (Supplemental Fig. S6). The protein-
protein interactions were also examined by B-galactosidase assays using chlo-
rophenol red-B-p-galactopyranoside as a substrate. The relative -galactosidase
activities were calculated according to Clontech Laboratories, Inc. instructions.

BiFC Assay

Coding sequences corresponding to full-length SHW1, COP1, and HY5 were
amplified using respective primers (Supplemental Table S1) cloned under the
control of the 355 promoter and fused to the N- and/or C-terminal part of YFP
(pUC-SPYNE/pUC-SPYCE; Walter et al., 2004). The desired constructs were
mixed in equal proportions (5 ug each) and cobombarded into onion (Allium
cepa) epidermal cells as described in Abbas et al., 2014. DNA particle bom-
bardment was performed using the helium-driven particle accelerator (PDS-
1000) following the manufacturer’s instructions (Bio-Rad). The bombarded
onion peels were kept in the dark for approximately 20 h at 22°C to allow the
expression of the transfected DNA and reconstruction of the functional YFP,
and then, they were mounted onto glass slide and observed under a confocal
laser-scanning microscope (Leica-TCS-SP-2) with a visible aquistic optical
tunable filter standard filter set.

RT-PCR Analysis

For RT-PCR, RNA from dark-adapted 6-d-old seedlings was extracted using
the RNeasy Plant Mini Kit (Qiagen). One microgram of total RNA was con-
verted into complementary DNA by using Thermo Scientific RevertAid H
Minus First-Strand cDNA Synthesis Kit followed by PCR by using gene-specific
and ACTIN primers. Primer sequences are given in Supplemental Table S1. The
intensity of each band was quantified by the Gel Doc EZ Imager (BIO-RAD),
and the ratio of the HY5 versus ACTIN2 band was determined and plotted.

In Vitro Ubiquitylation Assays

In vitro ubiquitination assays were performed as described previously (Seoetal.,
2003) with minor modifications. Ubiquitination reaction mixtures (30 uL) con-
tained 30 ng of UBE1 (E1; Boston Biochem), 30 ng of UbcH5b (E2; Boston Biochem),
10 ug of His-tagged ubiquitin (Ub; Boston Biochem), 500 ng of COP1-His (pre-
viously incubated with 20 mm zinc chloride), 400 ng of GST-HY5, and 200 ng of
GST-SHW1 in a reaction buffer containing 50 mwm Tris, pH 7.5, 5 mm MgCl,, 2 mm
ATP, and 0.5 mm dithiothreitol. GST was used as a negative control. After 2 h of
incubation at 30°C, the reactions were stopped by adding 5X sample buffer. The
reaction mixtures (30 uL) were then separated onto 8% (w/v) SDS-PAGE gels.
Ubiquitinated HY5 was detected using anti-HY5 (antibody of HY5 was raised
against the peptide [IKEGIESDEEIRRVPC] of HY5 by Bangalore Genel) and anti-GST
antibody (Sigma) and anti-ubiquitin antibody. The intensity of the GST-HY5 bands
detected by anti-HY5 antibody from three independent blots was quantified using
Image] software. Briefly, protein levels in western-blot analyses were quantified by
Gel Doc EZ Imager (BIO-RAD) using Image Lab software (version 4.0). Bands present
in all of the lanes are selected automatically. The band that corresponds to ACTIN in
the wild type is taken as relative. By taking this band as standard, the machine au-
tomatically quantifies the value of relative intensities of other bands. Conventionally,
the machine takes the relative intensity of ACTIN band of the wild type as 1.

Western-Blot Analysis

Western blot was performed using the Super Signal West Pico Chemilumi-
nescent Substrate Kit (Pierce) following the instructions as described in the user’s
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manual provided by the manufacturer. The samples were then run on SDS-PAGE
gel and transferred to a polyvinylidene difluoride membrane (GE) at 130 mA for
1 hin transfer buffer (5.82 g of Tris, 2.93 g of Gly, and 20% [v/v] methanol in 1 L)
in a Genei Dual Transfer Unit Apparatus (Banglore Genei). The membrane was
stained with Ponceau-S to confirm the protein transfer and washed with sterile
milli-Q water. The membrane was then incubated for 1 h in 25 mL of blocking
buffer (5% [w/v] nonfat dry milk [Himedia] in phosphate-buffered saline [PBS]
and 0.05% [v/v] Tween 20) at room temperature on a dancing rocker. The
blocking reagent was removed, and the affinity-purified primary antibody was
diluted (1:500 to 1:10,000) in 10 mL of PBS with 0.05% (v/v) Tween 20 and in-
cubated for 2 h with shaking at room temperature. The membrane was then
washed with 15 mL of wash buffer (PBS and 0.05% [v/v] Tween 20) three
times for 5 min each. The secondary antibody conjugated with horseradish
peroxidise diluted 1:10,000 in 10 mL of blocking buffer with 0.05% (v/v)
Tween 20 was added and incubated for 1 h with shaking at room temper-
ature. The membrane was washed with 15 mL of wash buffer three times at
room temperature. The working solution of substrate was prepared by
mixing peroxide solution:luminol/enhancer solution (1:1), and the blot
was incubated in that working solution for 5 min in dark. The blot was then
removed from the working solution, covered with plastic wrap in cassette,
and exposed to x-ray film for different times.

Primers Used in Various Experiments

The primers used in this study are summarized in Supplemental Table S1.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Physical interaction between SHW1 and COP1 as
shown by in vitro binding assay.

Supplemental Figure S2. ABA-mediated responsiveness of shwl hy5
double mutants.

Supplemental Figure S3. Physical interaction between SHW1 and HY5 as
shown by in vitro binding assay.

Supplemental Figure S4. Transcript levels of HY5.

Supplemental Figure S5. SHW1 enhances the ubiquitylation activity of
COP1 but is not itself ubiquitinated by COP1.

Supplemental Figure S6. The expressed proteins in yeast cells.

Supplemental Table S1. Primers used in this study.
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