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Two B-Box Proteins Regulate Photomorphogenesis
by Oppositely Modulating HY5 through their
Diverse C-Terminal Domains' 9N
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The Arabidopsis (Arabidopsis thaliana) BBX family comprises several positive and negative regulators of photomorphogenesis.
BBX24, a member of BBX structural group IV, acts as a negative regulator of photomorphogenesis, whereas another member
from the same group, BBX21, is a positive regulator. The molecular basis for the functional diversity shown by these related BBX
family members is unknown. Using domain-swap lines, we show that the C-terminal regions of BBX24 and BBX21 specify their
function. Because both BBX21 and BBX24 work in close association with HY5, we hypothesized that these proteins differentially
regulate the levels or activity of HY5 to fulfill their opposite roles. We show that BBX21 can regulate HY5 post-transcriptionally
and the two proteins can coordinate to promote photomorphogenesis. By contrast, BBX24 interferes with the binding of HY5 to
the promoter of an anthocyanin biosynthetic gene, possibly by heterodimerizing with HY5 and preventing it from binding DNA.
Our finding that both BBX21 and BBX24 regulate HY5 activity post-transcriptionally, in opposite ways, suggests that closely

related B-box proteins execute contrasting functions through differential regulation of HY5.

Plants must integrate various external and internal
signals to precisely initiate and execute proper devel-
opmental responses. Among the various environmental
signals to which plants are exposed, light plays crucial
regulatory roles throughout a plant’s life cycle. Light
influences plant development from the very beginning,
facilitating the physiological and molecular changes
associated with germination. Thereon, seedling growth
is modulated according to the quantity, quality, dura-
tion, and direction of available light. By carefully sur-
veying these signals, plants are able to appropriately
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respond to both seasonal changes and changes in their
immediate surrounding environment (Sullivan and
Deng, 2003). Perhaps the most dramatic response to
light is seen when a dark grown (etiolated) seedling is
first exposed to light (de-etiolation). This environmen-
tal transition induces the rapid inhibition of hypocotyl
elongation, unfolding of the apical hook, opening of
the cotyledons, and biosynthesis of anthocyanin/
chlorophyll pigments (Sullivan and Deng, 2003).

The contrasting developmental programs shown by
seedlings grown in light and dark, better known as photo-
and skotomorphogenesis, respectively, feature the in-
volvement of numerous molecular players. Light of
different wavelengths is perceived by a set of specialized
photoreceptors including phytochromes, cryptochromes,
phototropins, and UVRS. Phytochromes detect light from
the red/far-red region of the spectra; cryptochromes and
phototropins sense the blue region; and UVRS specifically
recognizes UV-B (Galvdo and Fankhauser, 2015). The
perceived light signals are then transmitted through
downstream factors to induce massive transcriptional
reprogramming that ultimately alters the morphological
and physiological status of the plant (Ma et al., 2001).

ELONGATED HYPOCOTYL5 (HY5) is one of the
central factors acting downstream to the photorecep-
tors to mediate light-regulated developmental re-
sponses (Oyama et al., 1997; Gangappa and Botto,
2016). Acting as a master regulator, this bZIP fam-
ily transcription factor regulates the expression of
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numerous genes that belong to different pathways and
operates in seedling development mainly by positively
regulating the key features of photomorphogenesis
(Oyama et al., 1997). HY5 is also known to play an
important role in integrating the light signals with various
other processes such as hormonal signaling, pigment ac-
cumulation, abiotic stress responses, circadian rhythm,
flowering, shade avoidance response, and nutrient as-
similation (Gangappa and Botto, 2016). Although HY5
was originally identified to bind directly to the promoters
of its target genes on a conserved G-box motif (CACGTG),
high-throughput studies have later suggested that HY5
binds to approximately one-third of all genes in Arabi-
dopsis (Arabidopsis thaliana) (Chattopadhyay et al., 1998;
Lee et al., 2007). Concordantly, HY5 has also been shown
to target many ACGT-containing elements, including
Z-box, C-Box, and hybrid C/G- and C/A-boxes (Song
et al.,, 2008; Zhang et al., 2011). Having such a massive
range of targets implies that it is extremely important for
HYS5 to regulate its target genes in a well-coordinated and
systematic manner. Interestingly, in light-dark transition
experiments, HY5 is constitutively bound to the pro-
moters of several light- and circadian-regulated genes,
indicating that HY5 by itself might not be sufficient to
regulate transcription, and that additional cofactors may
contribute to such precise regulation (Lee et al., 2007).

Post-transcriptionally, HY5 is tightly regulated
by the CONSTITUTIVE PHOTOMORPHOGENIC1
(COP1)/SUPPRESSOR OF phyA-105 (SPA) complex,
which comprises a central negative regulator of pho-
tomorphogenesis (Lau and Deng, 2012; Menon et al.,
2016). In the dark, HY5 interaction with the COP1/SPA
complex results in ubiquitination followed by degra-
dation of HY5 (Ang et al., 1998; Osterlund et al., 2000).
However, upon light perception, activated photore-
ceptors directly interact with and inhibit the activity of
COP1/SPA, allowing for HY5 accumulation and pro-
motion of photomorphogenesis (Liu et al., 2011; Zuo
et al., 2011; Lu et al., 2015; Sheerin et al., 2015). In ad-
dition, various other factors act in association with HY5
to fine-tune its activity and carry out light-mediated
seedling development. The BBX family of proteins is
well known to be among these factors.

The BBX family is composed of a group of Zn finger
proteins with one or two conserved B-box motifs in
tandem toward their N-terminal region (Gangappa and
Botto, 2014). The 32 members of the Arabidopsis BBX
family are subdivided into five structural groups based
on the number and types of domains they carry
(Khanna et al., 2009; Gangappa and Botto, 2014). Al-
though several B-box proteins from different structural
groups have been shown to regulate photomorpho-
genic development (Datta et al., 2006; Holtan et al.,
2011), the six HY5 interacting BBX proteins (BBX20 to
BBX25) identified thus far belong exclusively to struc-
tural group IV (Datta et al., 2007, 2008; Jiang et al., 2012;
Gangappa et al., 2013a; Wei et al., 2016; Zhang et al.,
2017). Similar to HY5, the accumulation of these pro-
teins in response to light has been shown to be depen-
dent on COP1 (Indorf et al., 2007; Datta et al., 2008;
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Chang et al., 2011; Fan et al., 2012; Gangappa et al.,
2013a; Xu et al., 2016). Furthermore, their action largely
appears to require functional HY5 to regulate inhibition
of hypocotyl elongation and anthocyanin accumulation
in response to light (Datta et al., 2008; Gangappa et al.,
2013a; Wei et al., 2016; Xu et al., 2016).

With regard to the many similarities between these
B-box proteins, it is intriguing that BBX20, BBX21,
BBX22, and BBX23 have been characterized as positive
regulators of photomorphogenesis, whereas BBX24 and
BBX25 act as negative factors. Recently, it was proposed
that BBX21 acts by directly binding the promoter of
HY5 to positively regulate its transcription (Xu et al,,
2016), and as overexpression of BBX20 similarly results
in increased HY5 levels, it is possible that BBX20 acts in
a similar manner (Wei et al., 2016). However, BBX21
also regulates HY5 at the post-transcriptional level by
physically interacting and interfering with HY5 binding
on the ABI5 promoter to fine-tune ABA signaling (Xu
etal., 2014). HY5 on the other hand, positively regulates
the transcription of BBX22 (Gangappa et al., 2013a),
whereas cotransfection assays showed that both BBX24
and BBX25 act on HY5 to interfere with its transcrip-
tional activation of BBX22 (Gangappa et al., 2013a).

Although the HY5 dependency of these group IV BBX
proteins for their functioning in light sighaling is clear, the
nature of the opposing functions within this group is less
understood. Hence, it is apt to consider whether the different
modes by which these proteins modulate HY5 action might
determine their opposing roles in photomorphogenesis.
Here, we show that the contrasting functions of the closely
related B-box proteins BBX21 and BBX24 are conferred by
variations in their C-terminal regions. Furthermore, we
provide evidence for post-transcriptional regulation of HY5
by BBX21 in addition to a previously reported transcrip-
tional regulation. Finally, we uncover the mechanism by
which BBX24 post-transcriptionally sequesters HY5 to
modulate the expression of HY5 target genes. By comparing
the post-transcriptional modulation of HY5 by BBX21 and
BBX24, we demonstrate how the differential regulation of
HYS5 by different associated factors can ultimately result in
diverse physiological consequences in plants.

RESULTS

BBX21 and BBX24/BBX25 Independently Regulate
Hypocotyl Elongation and Anthocyanin Accumulation
through HY5

BBX21, a structural group IV BBX protein, positively
regulates photomorphogenesis by inhibiting hypocotyl
elongation and enhancing anthocyanin accumulation
(Datta et al., 2007). In contrast, two other members of the
same structural group, BBX24 and BBX25, appear to play
an opposite role in photomorphogenesis (Gangappa
et al., 2013a). To investigate the genetic relationship be-
tween these factors, we generated the bbx24-2bbx25-
1bbx21-1 triple mutant plants and proceeded to analyze
inhibition of hypocotyl elongation and anthocyanin ac-
cumulation. As previously reported, we observed a
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short hypocotyl and high anthocyanin accumulation in
the bbx24-2bbx25-1 mutant whereas bbx21 shows opposite
phenotypes (Fig. 1, A and B). Interestingly, the bbx24-
2bbx25-1bbx21-1 triple mutant shows an intermediate
phenotype, suggesting that these two groups of B-box
proteins act largely independently of each other (Fig. 1,
A and B). Furthermore, we measured the transcript
levels of CHALCONE SYNTHASE (CHS) and FLAVA-
NONE-3-HYDROXYLASE (F3H), two early genes
in the anthocyanin biosynthetic pathway, and found
a similar relationship where the bbx24-2bbx25-1bbx21-
1 triple mutant showed transcript levels similar to the
wild type (Fig. 1, C and D).

Although apparently acting independently of each
other, BBX21 and BBX24/BBX25 are known to act up-
stream of HY5 to execute their regulatory roles in hy-
pocotyl elongation and anthocyanin biosynthesis,
evident by the epistatic relationship of hy5-215 to bbx24-
2bbx25-1 and bbx21-1 (Supplemental Fig. S1, A and B;
Datta et al., 2007; Gangappa et al., 2013a). To confirm
that this relationship also applies to the regulation of
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Figure 1. BBX21 and BBX24/BBX25 independently regulate anthocy-
anin biosynthesis. A, Hypocotyl measurements of indicated seedlings
grown for 5 d at 75 umol m~? s~ of red light. Error bars represent s,
n > 21. B, Anthocyanin content relative to fresh weight of 5-d-old
seedlings grown in 75 umol m~2 s~ of red light. Error bars represent s,
n=>5.Cand D, CHS (C) and F3H (D) transcript levels in 4-d-old
seedlings grown in 75 umol m 2 s~ of red light. Error bars represent s,
n = 4. Statistical groups indicated by letters were determined by one-
way ANOVA, P = 0.05. FW, fresh weight; WT, wild type.
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CHS and F3H, we analyzed the transcript levels of these
genes in dark-grown seedlings exposed to 2 h of red
light. Consistent with reports of these genes being direct
targets of HY5 (Shin et al., 2007), the light-induced
transcription of CHS and F3H was severely impaired
in the hy5-215 mutant. Furthermore, the light-induced
expression of these genes was promoted and inhibited
in bbx24-2bbx25-1 and bbx21-1, respectively, whereas the
regulation in both bbx24-2bbx25-1hy5-215 and bbx21-
1hy5-215 was similar to hy5-215 (Supplemental Fig. S1, C
and D). Together, these results suggest that although
BBX21 and BBX24/25 function independently, their an-
tagonistic regulatory functions require HY5.

BBX24/BBX21 Chimera Retains Molecular Properties
Shared between BBX24 and BBX21

To elucidate the molecular basis of the HY5-
dependency of BBX24 and how it influences its function
opposite to BBX21, we compared the possible structural
differences possessed by BBX24 and BBX21. To do so, the
amino acid sequence of BBX24 and BBX21 was aligned
using the software Clustal Omega (Sievers et al., 2011). As
expected, the sequences showed high amino acid identity
in the N-terminal regions (60%) comprising the two
B-boxes (Fig. 2A; Supplemental Fig. S2). The residues after
the second B-box (after the 98th and 101st amino acid in
BBX24 and BBX21, respectively) showed only approxi-
mately 23% identity in the alignment (hereafter broadly
called the “C-terminal region”), supporting the notion
that the functional differences are more likely attributed to
the differences in the C-terminal region (Supplemental
Fig. S2). To investigate if this is the case, we generated
constructs expressing chimeric BBX24 and BBX21 pro-
teins with their C-terminal regions swapped with each
other, named “BB24C21” and “BB21C24”, respectively
(Fig. 2A). As the B-box regions of both BBX24 and BBX21
previously have been shown to be important for the in-
teraction with the bZIP domain of HY5 (Datta et al., 2008;
Gangappa et al., 2013a), the ability to interact with HY5
was tested to confirm the functionality of the chimeric
proteins’ N-terminal domains. As previously reported
using yeast two-hybrid assay (Datta et al., 2007; Jiang
et al., 2012), BBX24 or BBX21 fused to the Gal4 activation
domain (AD) expressed with HY5 fused to the LexA
DNA binding domain (DBD) results in yeast growth on
the SD4 media, indicating that these proteins interact
(Fig. 2B). In addition, AD-BB24C21 and AD-BB21C24
expressed together with DBD-HY5 resulted in growth
similar to that observed for BBX24 and BBX21, suggesting
that their structural integrity and functional viability are
intact in the yeast system (Fig. 2B). Quantitative mea-
surements using a [B-galactosidase assay further con-
firmed these observations (Supplemental Fig. S3).

BBX21 and BBX24 have a putative nuclear localiza-
tion signal (NLS) sequence at their C terminus, which
has been shown to be required for nuclear localization
(Yan et al., 2011; Xu et al., 2017). To verify the proper
nuclear localization of the chimeric proteins in planta,
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Figure 2. BBX24/BBX21 chimeric proteins retain expected functions. A, Schematic presentation of full-length BBX24 and BBX21
proteins and the two chimeric versions. B, Yeast two-hybrid assay using HY5 as baitand BBX24, BBX21, BB24C21, and BB21C24
as prey. C, Nuclear localization of GFP-fused domain-swapped chimeric proteins in hypocotyl cells of 4-d-old dark grown
seedlings exposed to 2 h of white light (scale bar, 10 wm). D, Immunoblot analysis of GFP-fusion proteins grown for 4 d in darkness

(D) and exposed to 75 umol m™2 s~

white light for 2 h and 8 h. E, Immunoblot analysis of seedlings grown for 4 d in 75 umol m

-2

s~ " of white light and moved to darkness for 8 h and 24 h. Anti-GFP was used to detect GFP-BBX fusion proteins and anti-UGPase
was used as a loading control. Wild type served as a negative control. BT, first B-box; B2, second B-box; SD2, media lacking Trp,
Leu; SD4, media lacking Trp, Leu, His, Ura; 3-AT, addition of T uM 3-amino-1, 2,4-triazol to the growth media; L, light; 2L, white
light for 2 h; 8L, white light for 8 h; 8D, dark for 8 h; 24D, dark for 24 h; WT, wild type.

we monitored the GFP fluorescence in transgenic Ara-
bidopsis lines expressing proteins tagged with GFP at
their N terminus under the control of a 35S promoter
(designated GFP-BBX24, GFP-BBX21, GFP-BB24C21,
and GFP-BB21C24). Visualization of hypocotyl cells of
6-d-old seedlings showed a clear nuclear localization of
GFP-BBX24, GFP-BBX21, and of the chimeric GFP-
BB24C21 and GFP-BB21C24 proteins (Fig. 2C).

As targets of COP1-mediated degradation, the pro-
tein levels of both BBX24 and BBX21 are stabilized by
light and degraded in darkness (Datta et al., 2007; Indorf
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et al., 2007; Yan et al., 2011; Xu et al., 2016). Although
BBX24 contains a well-defined C-terminal VP domain
important for the interaction with COP1 and the degra-
dation of BBX24 in the dark, BBX21 also harbors an
uncharacterized VP pair at the C-terminal end (Holm
etal., 2001; Yanetal., 2011; Fig. 2A; Supplemental Fig. S2).
To validate the expected light-dependent accumulation
pattern of the chimeric proteins, an immunoblot experi-
ment was carried out with transgenic GFP-BBX24, GFP-
BBX21, GFP-BB24C21, and GFP-BB21C24 seedlings.
Similar to previous reports (Indorf et al., 2007; Xu et al.,
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2016), we observed accumulation of GFP-BBX24 and
GFP-BBX21 in response to 2 h and 8 h of white light
compared to darkness, consistent with light inhibition of
COP1 activity (Fig. 2D). Likewise, GFP-BB24C21 and
GFP-BB21C24 accumulate in response to light, showing
no discernible difference to BBX24 and BBX21 (Fig. 2D).
Furthermore, when seedlings grown in white light were
moved to the dark, chimeric and nonchimeric protein
levels gradually decreased after 8 h and 24 h, indicating
that the swapped proteins retained their ability to interact
with and be regulated by COP1 in the dark (Fig. 2E). From
this set of control experiments, we conclude that three
features shared between BBX24 and BBX21 (HY5 inter-
action, nuclear localization, and light regulation) are
maintained in BB24C21 and BB21C24, suggesting that
both the N-terminal and C-terminal parts of these two
chimeras are likely to be functional.

BBX24 Functionally Mimics BBX21 when it Contains the
BBX21 C-Terminal Regions

To study the role of C-terminal regions in the func-
tional antagonism shown by BBX24 and BBX21, two
independent homozygote lines expressing each of the
N-terminally GFP-tagged constructs driven by a 355
promoter were identified. The expression of fusion
protein of the expected size of approximately 55 kD
(GFP-BBX24 and GFP-BB21C24) and approximately
68 kD (GFP-BBX21 and GFP-BB24C21) were confirmed
by immunoblotting probing against the GFP-tag (Fig.
3A). The growth phenotypes of all the different lines,
along with the loss-of-function mutants (bbx24-2bbx25-
1 and bbx21-1), were compared in both vegetative and
flowering stages. At both stages, the bbx24-2bbx25-
1 and bbx21-1 mutants did not show any notable dif-
ference from the wild-type plants (Fig. 3, B and C).
Although the seedling phenotypes of transgenic plants
overexpressing BBX21 and its molecular basis are well
characterized (Xu et al., 2016), the growth behavior in
late vegetative and adult stages has not been reported.
Interestingly, the GFP-BBX21 lines showed retarded
growth with significantly smaller rosette size in vege-
tative stage (Fig. 3B) and a dwarf stature during flow-
ering and maturation (Fig. 3C; Supplemental Fig. S54).
The overall slow growth of GFP-BBX21 plants also af-
fected its transition from vegetative to reproductive
stage, causing considerably delayed flower initiation. If
the differences in the C-terminal regions are responsible
for the known opposing functions of BBX24 and BBX21
proteins, plants overexpressing the chimeric proteins
BB24C21 and BB21C24 are expected to show pheno-
types corresponding to their respective C-terminal re-
gions. Justifying this expectation, the GFP-BB24C21 and
GFP-BBX21 lines behaved similarly in terms of exhib-
iting slow growth, delayed flowering, and an overall
dwarfed stature. In contrast, transgenic GFP-BB21C24
and GFP-BBX24 plants showed no significant growth
defects (Fig. 3, B and C; Supplemental Fig. S4). These
phenotypes indicate that the C-terminal region of
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BBX21 is important for regulating adult development,
and further suggests that this region might determine
the opposing functions of BBX21 and BBX24.

C-Terminal Domains of BBX24 and BBX21 Dictate their
Role in Light Signal Transduction

The opposite regulatory roles of BBX24 and BBX21 in
photomorphogenesis are manifested in overexpressing
lines via longer and shorter hypocotyl lengths, respec-
tively, when compared to the wild type (Indorf et al.,
2007; Xu et al., 2016). To investigate the contribution of
C-terminal domains in determining the antagonistic roles
of BBX24 and BBX21, the hypocotyl lengths of GFP-
BB24C21 and GFP-BB21C24 transgenic lines were mea-
sured in red, far-red, and blue light under a wide range of
intensities and compared with the phenotypes of GFP-
BBX24 and GFP-BBX21 seedlings. In all light conditions,
the GFP-BB24C21 lines displayed hypersensitivity to
light, exhibiting shorter hypocotyls similar to GFP-BBX21.
In contrast, GFP-BB21C24 showed longer hypocotyls at
high intensities of light, comparable to GFP-BBX24 (Fig. 4;
Supplemental Fig. S5). These results support a role for the
C-terminal domains of BBX24 and BBX21 in determining
their opposite functions during photomorphogenesis.

Because BBX24 and BBX21 also regulate light-mediated
anthocyanin accumulation, we further asked if the
C-terminal region also dictates this function. Over-
expression of BBX24 has been reported to reduce antho-
cyanin accumulation whereas BBX21 overexpression
results in increased levels (Indorf et al., 2007; Xu et al,,
2016). Consistent with these observations, we noticed re-
duced and strongly increased anthocyanin levels in the
GFP-BBX?24 and GFP-BBX?21 lines, respectively (Fig. 5, A to
Q). Furthermore, the chimeric GFP-BB24C21 lines accu-
mulated high levels of anthocyanin similar to that of GFP-
BBX21 whereas GFP-BB21C24-expressing lines had re-
duced anthocyanin content comparable to GFP-BBX24.
These phenotypes prevailed in all monochromatic light
conditions, i.e., red, farred, and blue (Fig. 5, A and C;
Supplemental Fig. S6). To further support the role of the
C-terminal domain of these B-box proteins in regulation of
anthocyanin accumulation, the relative expression levels of
both early (CHS, CHI, and F3H) and late (F3'H, LDOX, and
DEFR) genes in the anthocyanin biosynthesis pathway were
measured. In line with the phenotypic results, transcript
levels of all six genes analyzed were reduced in the GFP-
BBX24- and GFP-BB21C24-overexpressing lines whereas
they were elevated in GFP-BBX21 and GFP-BB24C21 (Fig.
5D), indicating that it is the C-terminal domain that plays a
crucial role in the transcriptional regulation of anthocyanin
biosynthesis genes by BBX24 and BBX21.

A Possible Role of C-Terminal Motif 6 for BBX21 Function

After mapping the regions of BBX24 and BBX21 that
facilitate their opposing functions during photomor-
phogenic development, we further pursued to resolve
the region within the C-terminal sequence. Interestingly,
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Figure 3. BBX24 functionally mimics BBX21 when their C-terminal regions are interchanged. A, Immunoblot analysis of
transgenic seedlings expressing GFP-BBX24, GFP-BBX21, GFP-BB24C21, and GFP-BB21C24 driven by the 35S promoter.
Samples from 4-d-old dark-grown seedlings exposed to 75 wmol m~? s~ of white light were harvested and anti-GFP antibodies
were used to visualize the fusion proteins. Upper and middle panels (labeled as GFP) represent a short and a long exposure,
respectively. UGPase was used as loading control. B and C, Photograph of representative plants grown for 3 (B), 7 and 9 (C) weeks

in long day conditions (16:8 light/dark) of 100 umol m™2

by searching for conserved protein motifs in a large set of
plant BBX protein sequences, Motif 6 and Motif 7 (M6
and M7) of unknown function have previously been
identified in proteins belonging to the structural group
IV (Crocco and Botto, 2013). Although M7, located just
adjacent to the second B-box, is highly similar between
BBX24 and BBX21, the more C-terminally located M6
shows considerable differences (Supplemental Fig. S2).
Compared to BB24C21, which contains the B-box do-
mains and part of M7 from BBX24 followed by the
C-terminal domain of BBX21 (Fig. 2A; Supplemental Fig.
S2), we created two additional chimeric constructs. In

s " white light.

addition to the two B-boxes of BBX24, these constructs
further contained the full M7 and 49 additional amino
acids (BBM7_24) or both M7 and M6 (BBM7M6_24)
followed by the corresponding C-terminal sequence of
BBX21 (Fig. 6A; Supplemental Fig. S2). To begin, we
confirmed that these two chimeric proteins retained their
interaction with HY5 in yeast, suggesting that the B-box
domains of these proteins are fully functional (Fig. 6B).
To verify the nuclear localization of BBM7_24 and
BBM7M6_24 in planta, we observed the GFP fluores-
cence in transgenic Arabidopsis lines expressing the
proteins tagged with GFP at their N terminus and under
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Figure 4. C-terminal domains of BBX24 determine its role in light signal transduction. A to C, Hypocotyl measurements of
5-d-old seedlings grown at indicated fluence rate of monochromatic red (A), blue (B), and far-red (C) light. Error bars represent s,
n = 17. D, Photograph of representative seedlings grown in 100, 10, and 1 umol m~? s™' of red, blue, and far-red light,
respectively. Scale bars, 10 mm. Color-coded * and ** indicates P < 0.05 and P < 0.01, respectively, compared to wild type at
each fluence rate as determined by one-way ANOVA. WT, wild type.
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the control of a 355 promoter (designated GFP-BBM7_24
and GFP-BBM7M6_24; Supplemental Fig. S7). Together,
these observations suggest that both the N-terminal
B-box domains and the C-terminally located NLS of both
BBM7_24 and BBM7M6_24 retain functionality, and
that these proteins accumulate in the transgenic lines.
To determine the possible effect of BBM7_24 and
BBM7M6_24 in photomorphogenic development, we
measured the hypocotyl length of two independent
lines of each construct grown under red light for 5 d
(Fig. 6C). Interestingly, although the two indepen-
dent GFP-BBM7_24-expressing lines show a strong
hypersensitivity to light similar to the GFP-BBX21 line,
no hypersensitivity is observed in GFP-BBM7M6_24 #1
and a weak hyposensitivity is observed in GFP-
BBM7M6_24 #4 (Fig. 6C). These results suggest that
not only are the B-box domains exchangeable between
BBX21 and BBX24 for BBX21 function, but also M7 and
the following 49 amino acids. Interestingly, although ex-
changing the M6 region of BBX21 to that of BBX24 renders
the protein unable to promote photomorphogenesis,
we cannot rule out the possibility that M6 determines
the positive functions of BBX21 in light signaling.

Transcriptional and Post-Transcriptional Regulation of
HY5 by BBX21

The experiments above indicated the importance of
the C-terminal region in determining the functions of
BBX24, antagonistic to the functions played by
C-terminal region of BBX21. Although it was reported
that both these proteins depend upon HY5 to regulate
photomorphogenesis, how their HY5-dependency dif-
fered from each other to execute the opposite functions
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Figure 5. BBX24 and BBX21 regulate
the transcription of anthocyanin bio-
synthetic genes dependent on their
C-terminal domains. A to C, Anthocy-
anin content relative to fresh weight of
5-d-old seedlings grown in 100, 10,
and 1 pmol m~2 57" of red (A), blue (B),
and far-red (C) light, respectively. Error
bars represent s, n = 4. D, Expression
levels of CHS, CHI, F3H, F3'H, LDOX,
and DFR in 4-d-old wild-type, GFP-
BBX24, GFP-BBX21, GFP-BB24C21,
and GFP-BB21C24 seedlings grown in
100 wmol m™2s™" of red light shown on
a logarithmic scale. Error bars represent
se, n = 4. * and ** indicates P < 0.05
and P < 0.01, respectively, compared
to wild type as determined by one-way
ANOVA, P = 0.05. WT, wild type.

remained elusive. Recently, BBX21 was shown to reg-
ulate photomorphogenesis by binding to the promoter
region of HY5 to directly promote its transcription (Xu
etal., 2016). Although this mechanism is consistent with
the genetic relationship between HY5 and BBX21
(Supplemental Fig. S1; Datta et al., 2007; Xu et al., 2016),
this mechanism does not rely on the observed physical
interaction between these two factors (Fig. 2B; Datta
et al., 2007). We therefore hypothesized that if BBX21
operates only through transcriptional regulation of
HY5, lines overexpressing HY5 should not show any
additional phenotype if BBX21 is also overexpressed.
On the other hand, an enhanced phenotype in the
double overexpressing line might indicate that BBX21
can modulate HY5 post-transcriptionally in addition to
its transcriptional regulation. To test these scenarios, we
crossed hy5 355:HA-HY5 with 355:GFP-BBX21 and
analyzed the F1 generation as propagation was not
possible due to severely retarded adult growth or ob-
vious transgene silencing. Corresponding control
crosses (hy5 x Col-0, hy5 355::HA-HY5 x Col-0, and 355::
GFP-BBX21 x hy5) were therefore made for each line to
keep one functional copy of HY5. To confirm the
overexpression in these F1 lines, we analyzed the
transcript levels of BBX21 and HY5 by gPCR and found
that the transcript levels were similar in 355:GFP-
BBX21 x hy5 355:HA-HY5 to the corresponding con-
trols (Supplemental Fig. S8). In agreement with previ-
ous observations (Xu et al., 2016), HY5 expression in
GFP-BBX21 #1 showed a small approximately 1.5-fold
increase compared to hy5-215 x Col-0 (Supplemental
Fig. S8B). We then analyzed the inhibition of hypocotyl
elongation in response to low red light (0.5 uMm *s™ "),
as GFP-BBX21 show a strong, but not saturated,
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phenotype in this condition (Fig. 4A). Interestingly,
whereas both HY5 and BBX21 overexpression
results in a reduced elongation in these conditions,
overexpression of both factors together results in an
additive phenotype (Fig. 7A). These results suggest
that, although HY5 is required for BBX21 function
(Supplemental Fig. S1; Xu et al., 2016), BBX21 likely acts
by a mechanism independent of HY5 transcriptional
regulation. To further support these observations, we
analyzed the transcript levels of CHS and F3H in
the different crosses. Strikingly, whereas GFP-BBX21
strongly induces CHS and F3H, HA-HY5 appears to
have no or little effect, respectively (Fig. 7, B and C).
However, when overexpressed together, a significant
increase of both CHS and F3H is observed compared to
either overexpressing line, indicating that BBX21 and
HY5 act in concert to regulate these genes, consistent
with a post-transcriptional mechanism by which BBX21
regulates HY5 action.

Nonetheless, we could also confirm that BBX21
positively regulates HY5, whereas no regulation of
HY5 transcript levels was observed in the BBX24-
overexpressing line (Supplemental Fig. S9). In addition,
BBX24 could regulate HY5 transcription when it
possessed the C-terminal regions of BBX21, whereas
BBX21 lost the ability to transcriptionally regulate HY5
when it possessed the C-terminal domains from BBX24
(Supplemental Fig. S9).

BBX24 Physically Interacts with HY5 and Hinders its
Binding on Target Promoters

Having determined that BBX21 mainly acts to regu-
late HY5 at the post-transcriptional level, we also
wanted to address the mechanism of BBX24 action.
Several lines of evidence support a post-transcriptional
mechanism by which BBX24 alters HY5 activity. First,
we did not observe any effect of BBX24 overexpression
on HY5 transcript levels (Supplemental Fig. S9). Sec-
ond, BBX24 physically interacts with HY5 (Fig. 2B;
Jiang et al., 2012), and this interaction has previously
been mapped to the B-boxes of BBX24 and the bZIP
domain of HY5 (Gangappa et al, 2013b). Lastly,
cotransfection experiments in Arabidopsis protoplasts
have revealed that BBX24 and BBX25 inhibit the ability
of HY5 to promote BBX22 transcription, and this inhi-
bition was dependent on the functionality of the B-box
domains (Gangappa et al., 2013a). We therefore hy-
pothesized that BBX24 might directly interfere with
HY5 activity by inhibiting HY5 interaction with pro-
moter regions. To test this, we performed an EMSA
using a promoter region of CHS, which previously has
been characterized as a direct transcriptional target of
HY5 and for which we had observed regulation by
BBX24 (Supplemental Fig. S1C; Fig. 5D; Shin et al., 2007;
Gangappa et al., 2013a). We analyzed the promoter
region of CHS and designed probes containing the
HY5-binding G-box motif (CACGTG). Similar to pre-
vious reports (Shin et al., 2007), the HY5-binding to the
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Figure 6. BBX21-specific function is not dependent on Motif 7.
A, Schematic presentation of full-length BBX24 and BBX21 proteins and
two chimeric versions. B, Yeast two-hybrid assay using HY5 as bait and
BBX24, BBX21, BBM7_24, and BBM7M6_24 as prey. C, Hypocotyl
measurements of 5-d-old seedlings grown in 100 pmol m™? s™' mon-
ochromatic red light. Error bars represent se, n = 21. * and ** indicates
P < 0.05 and P < 0.01, respectively, compared to wild type as deter-
mined by one-way ANOVA, P = 0.05. B1, first B-box; B2, second
B-box; 7, Motif 7; 6, Motif 6; SD2, media lacking Trp, Leu; SD4, media
lacking Trp, Leu, His, Ura; 3-AT, addition of 1 uM 3-amino-1, 2,4-tri-
azol to the growth media; VP, VP domain; WT, wild type.

biotin-labeled G-box containing CHS probe was lost
when the G-box was mutated (Fig. 8A). Furthermore,
upon the addition of an increasing amount of BBX24,
we observed reduced binding of HY5 to the G-box of
CHS (Fig. 8A). As no signal corresponding to the direct
binding of BBX24 to the CHS promoter fragments
alone, or in combination with HY5, was detected, we
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conclude that BBX24 does not compete with HY5 for
binding to the G-Box motif. Hence, these data are con-
sistent with the possible formation of non-DNA bind-
ing BBX24-HY5 heterodimeric complexes that prevent
the binding of HY5 to its target promoters.

DISCUSSION

The importance of the bZIP transcription factor HY5
in plant development is well documented (Gangappa
and Botto, 2016). During the de-etiolation response,
light-dependent inhibition of COP1 results in the ac-
cumulation of HY5, which ultimately promotes the in-
hibition of hypocotyl elongation, chlorophyll, and
anthocyanin accumulation (Osterlund et al., 2000).
However, besides the well-known regulation by COP1,
HYS5 action is further modulated by a number of other
factors (Gangappa and Botto, 2016). In this study, we
have further characterized the function of two of these
factors, BBX24 and BBX21, two homologous B-box
proteins that, respectively, negatively and positively
regulate photomorphogenic development dependent
on HY5 (Datta et al., 2007; Indorf et al., 2007; Gangappa
etal.,, 2013a; Xu et al., 2016). Our results suggest that the
C-terminal regions of BBX24 and BBX21 are responsible
for their distinct functions in light-mediated seedling
development. Furthermore, we demonstrate that
BBX21 regulates HY5 not only at the transcriptional
level but also post-transcriptionally to promote photo-
morphogenesis. In contrast, the physical interaction of
BBX24 with HY5 interferes with the ability of HY5 to
bind target promoters. These findings suggest distinct
and multilayered regulation of HY5 by B-box proteins
in structural group IV.

BBX24 and BBX21 Signaling Converge on HY5-Dependent
Regulation of Anthocyanin Accumulation

Although belonging to the same structural group of
the B-box zinc finger family, BBX24 and BBX25 have
been characterized as negative regulators of photo-
morphogenesis whereas BBX20, BBX21, BBX22, and
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Figure 7. BBX21 regulates HY5 ac-
tivity post-transcriptionally. A, Hy-
pocotyl measurement of indicated
F1 seedlings grown for 5 d in 0.5
wmol m™2 s~ of red light. Error bars
represent se, n > 21. B and C, Rel-
ative CHS (B) and F3H (C) transcript
levels in indicated F1 seedlings
grown for 4 din 0.5 umol m 25" of
red light. Error bars represent s,
n = 3. Statistical groups indicated by
letters were determined by one-way
ANOVA, P = 0.05. WT, wild type.
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BBX23 positively regulate light-dependent processes
(Datta et al., 2007, 2008; Gangappa et al., 2013a; Wei
et al., 2016; Zhang et al., 2017). Furthermore, all these
proteins are described as HY5-interacting factors that
largely require HY5 for their function when grown in
monochromatic light conditions (Datta et al., 2007,
2008; Jiang et al., 2012; Gangappa et al., 2013a; Wei
et al., 2016; Zhang et al., 2017). Interestingly, although
the functions of BBX24/BBX25 and BBX21 are clearly
HY5-dependent (Supplemental Fig. S1), our analysis of
the bbx24-2bbx25-1bbx21-1 mutant grown in red light
suggests that BBX24/BBX25 and BBX21 act through a
mechanism independent of each other (Fig. 1). Fur-
thermore, when analyzing the regulation of anthocya-
nin biosynthetic genes in response to red light, we
found that CHS and F3H are positively and negatively
regulated by BBX21 and BBX24 /25, respectively (Fig. 1,
Cand D). As this regulation was completely dependent
on HY5 (Supplemental Figure S1, C and D), CHS and
F3H represents a point of convergence where BBX24/
BBX25 and BBX21 act antagonistically by modulating
HYS5 action to regulate anthocyanin accumulation.

Functional Diversification of BBX Proteins Is Mapped to
the C-Terminal Regions

Two of the BBX proteins in structural group 1V,
BBX24 and BBX21, possess two tandem repeated
B-box motifs in the N-terminal region. Although the
C-terminal parts of these proteins are less defined,
BBX24 contains a small well-characterized VP do-
main, located at the C terminus, which is directly re-
sponsible for its interaction with COP1 (Holm et al.,
2001) and consequently required for BBX24 degrada-
tion in the dark (Yan et al., 2011). Similarly, BBX21
also interacts with COP1 (Xu et al., 2016); however,
the possible role of a predicted VP domain in the
C-terminal part of this protein is currently unknown
(Supplemental Fig. S2; Crocco and Botto, 2013).
Considering the many common features of these two
proteins, it is intriguing that their function seems an
opposing one in regard to photomorphogenesis.
Therefore, to determine the functional relevance of the
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Figure 8. BBX24 interferes with the binding of HY5 to its target pro-
moters. A, EMSA shows the binding of GST-HY5 to the G-box con-
taining promoter fragment of CHS followed by gradual decrement of
binding upon increasing HIS-BBX24 (1X, 2X, and 4X). B, Proposed
model based on the data from this work (dotted lines) and that of Xu
et al. (2016), indicating the regulation of HY5 at transcriptional and
post-transcriptional levels by BBX21 and BBX24 to modulate the ex-
pression of anthocyanin biosynthesis genes. CHS, biotin-labeled wild-
type fragment; mCHS, G-box mutated CHS fragment.

B-boxes and the C-terminal domains responsible for
the negative and positive role of BBX24 and BBX21,
respectively, we constructed two domain swap con-
structs harboring the B-box domains BBX24 and the
C-terminal domain of BBX21 (BB24C21), and vice
versa (BB21C24; Fig. 2A). As the structural integrity of
the B-box domains of both BBX24 and BBX21 is
known to be important for their interaction with HY5
(Datta et al., 2008; Gangappa et al., 2013b), the fact
that BB24C21 and BB21C24 retained this ability sug-
gests that the B-box domains of these chimeric pro-
teins are fully functional (Fig. 2B). Likewise, the
observed nuclear localization of our four constructs
and the light-dependent stabilization in planta is
consistent with previously published data (Datta
et al., 2007; Indorf et al., 2007; Xu et al., 2016), and
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suggests that the known functional features of the
C-terminal domains were retained (Fig. 2, C and E).

The B-box domains are known to be crucial in mediating
protein-protein interactions and transcriptional regula-
tion, and possess domain topology largely conserved
across the plant kingdom (Datta et al., 2007; Qi et al.,
2012; Crocco and Botto, 2013; Gangappa et al., 2013a).
The highly conserved nature of B-box domains, espe-
cially within a structural group, suggests that func-
tional diversification within each group is most likely
due to changes in the C-terminal domains (Crocco and
Botto, 2013). In support of this notion, our phenotypic
and molecular analysis of transgenic GFP-BBX24,
GFP-BBX21, GFP-BB24C21, and GFP-BB21C24 seed-
lings clearly suggests that the C-terminal domains
strictly determine the function of BBX24 and BBX21 in
regulation of hypocotyl elongation (Fig. 4) and an-
thocyanin accumulation (Fig. 5). Similarly, previous
analysis of two B-box proteins in structural group I
revealed that exchanging the B-box domains of
CONSTANS LIKE1 (COL1/BBX2) with the B-box
domains of CONSTANS (CO/BBX1; a central regula-
tor of flowering time) does not confer the ability to
promote flowering to COL1. In contrast, swapping the
entire first exon of CO with COL1, which contains
C-terminal regions after the two B-boxes, is sufficient
to convey the functionality of CO to COL1 (Kim et al.,
2013). Nonetheless, the B-boxes of CO are still likely to
be essential for CO function as many isolated co mu-
tants contain single amino acid substitutions within
the first or second B-box domain (Robson et al., 2001).
Likewise, point mutations of highly conserved resi-
dues within the first and second B-boxes of BBX24 and
BBX21, likely disrupting the structural integrity of
each B-box domain, have indicated that the B-boxes of
both these proteins are essential for their interaction
with HY5 and their ability to regulate transcription
(Datta et al., 2008; Gangappa et al., 2013a, 2013b).
Thus, although the B-box domains appear to be es-
sential for the function of different groups of B-box-
containing proteins, our data, and that of others,
suggests that the functional diversification within each
group is mainly a result of evolutionary diversification
of the C-terminal domains. In this context it is interesting
to note that M6 and M7 were identified in proteins be-
longing to the structural group 1V, located C-terminally
of the two N-terminal B-boxes (Supplemental Fig. S2;
Crocco and Botto, 2013). By constructing two additional
chimeras, BBM7 24 and BBM7M6_24, we were able to
show that the highly conserved M7 was interchangeable
between BBX24 and BBX21, meaning that M7 does not
contribute to the divergent functions of these proteins
(Fig. 6). In contrast, the BBM7M6_24 chimera, which
contains the two B-boxes M7 and M6 from BBX24, fol-
lowed by the corresponding C-terminal sequence of
BBX21, failed to promote photomorphogenesis (Fig. 6).
Although the functional relevance of these two motifs
remains unknown, it is tempting to speculate that M6
plays some role in determining the function of the
C-terminal domain in light signaling.

Plant Physiol. Vol. 176, 2018


http://www.plantphysiol.org/cgi/content/full/pp.17.00856/DC1

Opposing Modes of Post-Transcriptional Regulation of
HY5 by BBX21 and BBX24

Functional diversification within the same family of
proteins has previously been reported. In Arabidopsis,
the PHYTOCHROME INTERACTING FACTORSs
(PIFs) and LONG HYPOCOTYL IN FAR-RED1 (HFR1)
belong to subfamily 15 of the bHLH superfamily and
promote skotomorphogenesis and photomorphogene-
sis, respectively (Toledo-Ortiz et al., 2003; Yang et al.,
2005; Leivar et al., 2008; Leivar and Quail, 2011). For
these factors, the opposing roles are explained by the
formation of HFR1-PIF heterodimers that inhibit the
promoter binding of the PIFs to their target genes
(Hornitschek et al., 2009; Lorrain et al., 2009; Shi et al.,
2013, 2015). In addition, PIF4 and PIF5 directly promote
the expression of HFR1, thus forming a negative feed-
back loop (Lorrain et al., 2009). Interestingly, as BBX24
was recently shown to associate with BBX20, which
similar to BBX21 also promotes HY5 transcript levels
when overexpressed (Wei et al., 2016), it is tempting to
speculate that a similar regulation takes place between
these two groups of B-box proteins. However, our
analysis of the bbx24-2bbx25-1bbx21-1 triple mutant
suggests that these factors act independently (Fig. 1).
Although this genetic relationship might be masked by
possible overlapping functions of BBX20, BBX21,
BBX22, and BBX23, the fact that BBX24-overexpressing
lines do not reduce HY5 transcript levels, is not sup-
portive of this model (Supplemental Fig. S9A). Instead,
we show that BBX21, in addition to its well-
characterized transcriptional regulation of HY5 (Xu
etal., 2016), is also a potent regulator of HY5 at the post-
transcriptional level and acts in concert with HY5 to
regulate downstream genes (Fig. 7). The fact that
we only observe a 1.5-fold to 2-fold increase of
HYS5 transcript levels in our BBX21-overexpressing line
(Supplemental Figs. S8 and S9B) and that over-
expression of HY5 has been reported to not cause strong
hypersensitivity to light (Ang et al., 1998), suggests that
the post-transcriptional regulation of HY5 by BBX21
might play a more important role in photomorpho-
genesis (Fig. 8B). In contrast, BBX24 inhibits the ability
of HY5 to bind to its target promoters, possibly by the
formation of BBX24-HY5 heterodimers that are unable
to bind HY5 target sequences (Fig. 8A). This proposed
mechanism is consistent with the observed requirement
of HY5 for BBX24 function (Supplemental Fig. S1).
Furthermore, as one target of HY5 transcriptional ac-
tivity, we have previously shown that HY5 activates the
BBX22 promoter in transiently transfected protoplast
assays. Coexpression of BBX24 or BBX25 with HY5
significantly reduced BBX22 promoter activity
(Gangappa et al., 2013a), which is consistent with the
proposed mechanism of formation of non-DNA bind-
ing BBX24-HY5 heterodimers (Fig. 8). The importance
of the C-terminal domain for the antagonistic roles and
the post-transcriptional regulation of HY5 in opposite
ways from BBX21 also suggests a role for the C-terminal
regions of BBX24 in heterodimer formation with HY5.
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In addition, the fact that intact B-box domains appear
essential for the function of BBX24 (Gangappa et al,,
2013b) implies that the B-box domains and the
C-terminal regions might cooperate to mediate its reg-
ulation of HY5. Hence, it is probable that one region
mediates the initial interaction with HY5 or stabilizes
the interaction whereas the other region hinders the
DNA binding domain of HY5, ultimately resulting in its
reduced target binding.

In conclusion, our data indicate that the opposite
roles played by BBX24 and BBX21 in photomorpho-
genesis are determined by their C-terminal regions
whereas the N-terminal B-box domains are inter-
changeable. This also suggests that the functional di-
versity within B-box proteins in structural group IV is
caused by divergence of the C-terminal domains. Fur-
thermore, we have shown that both these factors act at
the post-transcriptional level to regulate HY5 action in
opposite ways to ultimately fine-tune the plant’s re-
sponses to changing light conditions. Our study opens
up the perspective of further investigations to identify
the motifs and residues in the C-terminal regions of BBX
proteins responsible for the precise regulation of pho-
tomorphogenesis.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The bbx21-1, bbx24-2bbx25-1, hy5-215, bbx21-1hy5-215, and bbx24-2bbx25-
1hy5-215 mutant lines are all in the Col-0 background and have been described
in Datta et al. (2007) and Gangappa et al. (2013a). The bbx21-1bbx24-2bbx25-
1 triple mutant was obtained by crossing bbx21-1 with bbx24-2bbx25-1 followed
by PCR-based genotyping in the F2 generation.

For experiments in monochromatic light, seeds were surface-sterilized and sown
on 1/2 MS media containing 1% (w/v) agar without Suc. To promote synchronized
germination, the seeds were stratified for 3 d at 4°C before being exposed to a 2 h
white light pulse (approximately 75 umol m 2 s™") at 21°C. After the light pulse, the
seeds were kept in darkness for 22 h before being moved to the experimental con-
ditions. For analysis of adult development, seeds were sown directly on soil and
stratified for 3 d at 4°C before being transferred to a growth cabinet at 21°C with a
diurnal 16:8 long day light cycle (100 wmol m 2 s~ white light).

Creation of Overexpressing Lines

To create the overexpression lines, the coding sequence of BBX24 and BBX21
was amplified from c¢cDNA using the primer pairs attB1_BBX24_FP and
attB2_BBX24_RP, and attB1_BBX21_FP and attB2_BBX21_RP, respectively,
followed by recombination into the pDONR221 (Invitrogen) vector using the BP
GATEWAY system reaction. To create the BB24C21 domain swap that consti-
tutes amino acids 1 to 98 from BBX24 and amino acids 102 to 332 from BBX21, the
primer pairs attB1_BBX24_FP and 24N_RP, and 21C_FP and attB2_BBX21_RP,
were used, respectively. The two fragments were then mixed and used as
template for a consecutive PCR reaction using the primer pair attB1_BBX24_FP
and attB2_BBX21_RP, to create BB24C21, which was then recombined into the
pDONR221 vector. Likewise, to create the BB21C24 domain swap construct that
constitutes amino acids 1 to 101 from BBX21 and amino acids 99 to 248 from
BBX24, the primer pairs attB1_BBX21_FP and 21N_RP, and 24C_FP and
attB2_BBX24_RP, were used, respectively. The two fragments were then used as
template for a consecutive PCR reaction using the primer pair attB1_BBX21_FP
and attB2_BBX24_RP, to create BB21C24, which was then also recombined into
the pDONR221 vector.

To create BBM7_24 containing amino acids 1 to 149 from BBX24 followed by
amino acids 159 to 332 of BBX21, the primer pairs attB1_BBX24_FP and
24M21M_RP, and 24M21M_FP and attB2_BBX21_RP, were used, respectively.
The two PCR fragments were purified and used together as template for a
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consecutive PCR reaction using the primer pair attBl_BBX24_FP and
attB2_BBX21_RP, to create BBM7_24. Similarly, to create BBM7M6_24 con-
taining amino acids 1 to 158 from BBX24 followed by amino acids 193 to 332 of
BBX21, the primer pairs attB1_BBX24_FP and 24MM21_RP, and 24MM21_FP
and attB2_BBX21_RP, were used, respectively, and later fused by a PCR reaction
using the primer pair attB1_BBX24_FP and attB2_BBX21_RP. The BBM7_24 and
BBM7M6_24 PCR fragments were then recombined into the pDONR221 vector.

The six constructs in the pDONR221 vector were then shuttled to the
GATEWAY-compatible vector pB7WGF2 (Karimi et al., 2002) through an LR
reaction resulting in fusion proteins containing an N-terminal eGFP driven by
the 35S promoter. 355::GFP-BBX24, 355::GFP-BBX21, 355::GFP-BB24C21, 35S::
GFP-BB21C24, 35S:GFP-BBM7_24, and 355:GFP-BBM7M6_24 transgenic
plants were then created by transforming these vectors into Agrobacterium
tumefaciens (GV3101) followed by transformation into Arabidopsis (Arabidopsis
thaliana; Col-0) by the floral-dipping method (Zhang et al., 2006). Primary
transformants and homozygote transgenic lines were selected by their resis-
tance to Basta.

To create the hy5-215 355:HA-HY5 transgenic plants, the HY5 coding se-
quence was amplified using the attB1_HY5_FP, attB2_HY5_RP primer pair
from a cDNA template, followed by recombination into the pDONR221 vector
using the GATEWAY system BP reaction. HY5 in the pDONR221 vector was
then shuttled to the GATEWAY-compatible vector pPGWB15 (Nakagawa et al.,
2007) through an LR reaction resulting in a fusion protein containing an
N-terminal 3xHA tag. This vector was then transformed into the Arabidopsis
hy5-215 mutant to generate stable homozygote hy5-215 355::HA-HY'5 transgenic
plants.

All primer sequences used for the cloning of these constructs are listed in
Supplemental Table S1.

Hypocotyl and Anthocyanin Measurements

For measurements of hypocotyl lengths, seedlings were flattened and
photographed followed by measurements of the hypocotyl length using the
software Image] (https:/ /imagejnih.gov/ij/). To measure anthocyanin levels,
seedlings were harvested, weighed, and frozen in liquid nitrogen. Each sample
was then ground before the addition of 600 uL extraction buffer (1% (v/v) HC1
in methanol). The samples were then incubated at 4°C overnight, before ad-
dition of 200 uL H,0O and 650 uL chloroform. Absorbance of the aqueous phase
was measured at 530 nm and 657 nm, and anthocyanin quantification was
performed by the equation A530 — 0.33 A657/(tissue weight in grams).

Yeast Two-Hybrid Assay

For preparing the vectors used for the yeast assays, HY5 in the pDONR221
vector was shuttled to the GATEWAY-compatible vector pBTM116 through an
LR reaction resulting in a fusion protein containing an N-terminal LexA DNA
binding domain. Likewise, BBX24, BBX21, BB24C21, BB21C24, BBM7_24, and
BBM7M6_24 were shuttled from the pPDONR221 vector into pPGADA42, resulting
in an N-terminal fusion to the Gal4 activation domain. Yeast two-hybrid ex-
periments were performed essentially as described in Dortay et al. (2008). In
short, single colonies of primary transformants harboring the AD and DBD
constructs were grown in liquid media lacking Trp and Leu. Cells were pelleted
and OD600 was adjusted to 0.3. Cells were then dropped on SD2 (-Trp, -Leu),
SD4 (-Trp, -Leu, -His, -Ura), and SD4 + 1 uM of 3-amino-1, 2,4-triazol (3-AT)
and grown for 5 d at 30°C. Alternatively, B-galactosidase activity was measured
in liquid cultures as described in the Yeast Protocols Handbook (Clontech).

Confocal Microscopy

Seedlings expressing GFP were grown in darkness on vertically positioned
plates for 3 d or 4 d (as indicated) before being exposed to a 2 h white light pulse.
Seedlings were mounted on glass slides and visualized with an LSM 780 confocal
microscope (Carl Zeiss).

Immunoblotting

Extraction of total protein was carried out as described in Duek et al. (2004).
In short, the harvested tissue was quickly frozen in liquid nitrogen and ground
to a fine powder using a tissue lyser. After the addition of extraction buffer
[50 mm Tris-HCl, pH 7.5, 150 mm NaCl, 1% (w/v) sodium deoxycholate, 0.5%
Triton X-100, 1 mm DTT, 50 uM each of MG132, MG115, ALLN, PS1, and
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1X Complete protease inhibitor cocktail (EDTA-free, Roche)] the samples were
centrifuged for 10 min at 4°C and the total protein sample was collected from
the supernatant. Samples were then separated on a 10% SDS-PAGE gel and
transferred to a PVDF membrane. Anti-GFP (Cat. no. ab290; Abcam) and Anti-
UGPase (Cat. no. AS05 086; Agrisera) were used at a 1:2000 and 1:3000 dilution,
respectively, followed by the secondary Anti-rabbit-HRP (Cat. no. A0545;
Sigma-Aldrich) 1:2000.

Analysis of Transcript Levels

Samples for RNA extraction were grown for 4 d as described, before being
harvested and frozen in liquid nitrogen. The samples were ground using a
tissuelyser and total RNA was extracted using the RNeasy Plant Mini Kit
(Qiagen) according to the manufacturer’s instructions, including on-column
DNAse treatment. cDNA was synthesized using Superscript III Reverse Tran-
scriptase (Invitrogen) and a combination of oligo (dT25) and random N9
primers. Primers used for the qPCR reactions are listed in Supplemental Table
S1 and the qPCR was performed with the CFX96 Real-Time System (Bio-Rad).
For analysis of transcript levels, ACT2 and UBC21 were used as reference genes,
and transcript levels relative to the control were calculated according to
Vandesompele et al. (2002).

Statistical Analysis

Statistical analyses were performed using the software Prism7.03 (GraphPad
Software). The data were log-transformed and analyzed by a one-way ANOVA,
followed by Tukey’s or Dunnett’s post hoc test depending on whether one
compares all data to itself (Tukey) or only to one control (Dunnett’s); P =< 0.05.

EMSA

Full-length coding sequences of BBX24 and HY5 were cloned into pET28a (for
N-terminal 6X His tag) and pGEX-4T-1 (for N-terminal GST tag) vectors, re-
spectively (primers are listed in Supplemental Table S1). Proteins were
expressed in Escherichia coli BL21 cells by 0.1 mM of isopropyl B-b-1-thio-
galactopyranoside. His-tagged proteins were purified using Ni-NTA agarose
beads (Qiagen) and GST-tagged proteins were purified using Glutathione
Agarose Resins (ABT). EMSA was done using biotin-labeled probes and the
Light Shift Chemiluminescent EMSA Kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Briefly, 50 bp of synthesized single-stranded
oligonucleotides was biotinylated (Biotin 3' End DNA Labeling Kit; Pierce), and
complementary strands were annealed to obtain a double strand probe
(Supplemental Table S1). A quantity of 20 fmol of biotinylated probes was in-
cubated with 800 ng (1X) of purified GST, GST-HY5, and 6XHIS-BBX24 in the
presence of 10 mm Tris-HCl pH 7.5, 1 mm DTT, 150 mm KCl, 50 ng/ uL poly (dI-
dC), 2.5% (v/v) glycerol, 0.05% (v/v) Nonidet P-40, 0.1 mg/mL BSA and
100 mm MgCl, for 20 min at room temperature and separated on 6% (v/v)
native polyacrylamide gels in 0.5X TBE. The gels were electroblotted onto a
positively charged nylon membrane (Amersham Hybond-N+; GE Healthcare
Life Sciences) in 0.5X TBE for 50 min followed by 20 min UV-B cross-linking at
302 nm using a Transilluminator (Thermo Fisher Scientific). Labeled probes
were detected with the Chemiluminescent Nucleic Acid Detection Module
(Thermo Fisher Scientific), using the manufacturer’s instructions.

Accession Numbers

Sequence data from this article are found in the GenBank/EMBL data li-
braries under the following accession numbers: BBX21/STH2 (AT1G75540),
BBX24/STO (AT1G06040), BBX25/STH (AT2G31380), HY5 (AT5G11260), CHS
(AT5G13930).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The hy5 mutant is epistatic to bbx24bbx25 and
bbx21.

Supplemental Figure S2. Alignment of BBX24 and BBX21.

Supplemental Figure S3. BB24C21 and BB21C24 interact with HY5 in
yeast.
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Supplemental Figure S4. Adult growth of second transgenic lines.

Supplemental Figure S5. Hypocotyl measurements in monochromatic
light and darkness.

Supplemental Figure S6. Measurements of anthocyanin levels in second
transgenic lines.

Supplemental Figure S7. Nuclear localization of GFP-BBM7_24 and GFP-
BBM7M6_24.

Supplemental Figure S8. BBX21 and HY5 transcript levels in F1 crosses.
Supplemental Figure S9. BBX21 promotes HY5 transcript levels.

Supplemental Table S1. Primers used in this study.
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