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ABSTRACT

BBX proteins are a family of zinc finger transcription factors that are versatile regulators of plant
development. The 32 BBX proteins in Arabidopsis are subdivided into five structural groups based
on their domain structure. Members of group IV play important and diverse roles in light-regulated
development. The N-terminal B-box domains mediate DNA binding and transcriptional regulation.
The C-terminal region determines the functional diversity of the structurally similar group IV
members as reported in our recent study investigating the basis of functional diversification
between BBX21 and BBX24. We also found that multi-layered regulation of HY5 by the BBX proteins
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leads to a diverse repertoire of developmental effects. Here we provide a comprehensive structure-

function analysis of the group IV BBX proteins.

BBX proteins constitute a family of Zinc-finger transcription
factors that are highly conserved across the plant kingdom.
BBX proteins characteristically possess one or two B-box
motifs in their N-terminal region, in some cases together
with a C-terminal CCT domain. The 32-membered BBX
family in Arabidopsis is categorized into five different struc-
tural groups based on the number and types of motifs pres-
ent.! They are largely known for their regulatory roles in
light-mediated developmental processes such as photomor-
phogenesis. Interestingly, closely related BBX proteins hav-
ing comparable structural features have been found to
impart opposite effects on development. A prominent
example is the members of structural group IV. ELON-
GATED HYPOCOTYL 5 (HY5) is a central downstream
regulator of light-mediated developmental processes and
acts as one of the most important factors that promote pho-
tomorphogenesis.” Six among the eight members of group
IV (BBX20-25) regulate photomorphogenesis in a HY5-
dependent manner (Fig. 1). Intriguingly, BBX20, BBX2lI,
BBX22 and BBX23 are positive regulators of photomorpho-
genesis whereas BBX24 and BBX25 are negative regula-
tors.”*>*7® In our recent study, by taking the examples of
BBX21 and BBX24, we have shown that the opposite func-
tions of these proteins are determined by their diverse C-
terminal regions.” Our findings also indicated that multi-
layered regulation of HY5 by closely related BBX proteins is
the key in mediating their antagonistic actions. This work is
aimed at analysing the mechanistic basis of the opposite
roles played by BBX21 and BBX24 and discussing some
insights that can potentially propel questions for the future.

Essential roles for B-boxes in BBX21 and BBX24

Intact B-boxes are crucial for the functioning of BBX proteins
and their domain topology is highly conserved in plants."
Mutations in the B-box motifs of BBX21, BBX22, BBX24 and
BBX25 resulted in disruption of their ability for protein-protein
interactions with HY5.>**! BBX21 has also been shown to
bind the HY5 promoter and positively regulate the transcrip-
tion of HY5.!! In a recent study, it was shown that disruption
of the second B-box, but not the first one, completely abolishes
the function of BBX21."” The zinc-ligating Asp-75 in the sec-
ond B-box of BBX21 was shown to be crucial for its function. A
mutation in this residue (D75A) abrogates its ability to bind on
the T/G box of HY5 promoter, probably by disrupting the
structure of the whole B-box. This abolishes the subsequent
transcriptional activation of HY5.>'> The zinc-ligating residues
in B-box2 are largely conserved between BBX21 and BBX24.
However, BBX21, but not BBX24, transcriptionally regulates
HY5'9,11,12

We have used chimeric domain swap lines to delineate the
basis of this functional difference between BBX21 and BBX24.°
The residues up to the 98" and 101" amino acid respectively in
BBX24 and BBX21 (which include their B-boxes) constitute
the N-terminal region while the C-terminal region represents
the residues after these (Fig. 2a). Interestingly, overexpressing
the chimeric protein with the N-terminal regions of BBX24
and the C-terminal regions of BBX21 (BB24C21) could tran-
scriptionally upregulate HY5 similar to BBX21 overexpressors
whereas overexpression of the chimera BB21C24 did not have
any effect on the mRNA levels of HY5.” Assuming that
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Figure 1. A model showing the HY5-dependency of group IV BBX proteins in the
regulation of photomorphogenesis. Arrowed lines and flat-headed lines respec-
tively indicate positive and negative regulation.

BB24C21 chimera can bind to the HY5 promoter in a similar
way to BBX21 and considering the essentiality of B-box2 in its
DNA binding ability, it is possible that the C-terminal region of
BBX21 has an important regulatory effect on the functioning of
B-box2. Comparing the abilities of the chimeric proteins
BB24C21 and BB21C24 to bind the HY5 promoter might help
to resolve this question.

Importance of C-terminal regions in functional
diversity of group IV BBX proteins

Evolutionary diversification of C-terminal regions seems
largely responsible for the functional diversity of BBX pro-
teins within the same structural groups. We have shown
that the C-terminal regions dictate the opposite roles of
BBX21 and BBX24. As mentioned above, when the C-termi-
nal regions were interchanged, BBX21 functionally behaved
like BBX24 and vice versa.” Similarly, it was shown in a
previous study that sequences C-terminal to the B-boxes of
CO/BBX1 were required for flowering time regulation in
COL1/BBX2."” The C-terminal regions of group IV BBX

proteins possess two conserved motifs of unknown function,
namely Motif 6 (M6) and Motif 7 (M7). Sequence analysis
with 214 full length BBX proteins across the plant kingdom
suggested that M7 motif is highly conserved (98%) whereas
M6 motif is relatively less conserved (64%) among the
group IV members." Our experiments with chimeric lines
suggested that M6 motif might play role in the functional
determination as the C-terminal region of BBX21 lost its
ability to promote photomorphogenesis when its M6 motif
was swapped with that of BBX24 (Fig. 2a). It also indicated
that the highly conserved M7 motif is less important in
functional determination (Fig. 2b).” The M6 motifs of
BBX20 and BBX21 are similar to the conserved M6
sequence whereas the M6 motifs of BBX22, BBX24 and
BBX25 are only partially conserved (Fig. 2b)." BBX23 does
not possess an M6 motif. Since only BBX20 and BBX2I,
not the other members of the group, can regulate HY5 at
transcriptional levels, it would be interesting to examine if
the extent of sequence conservation in the M6 motif has
any relation with the ability of the protein to transcription-
ally regulate HY5.

Multi-layered regulation of HY5 by BBX21

Our data suggest that in addition to the transcriptional regula-
tion, BBX21 regulates HY5 also at post-transcriptional level.”
The physical interaction between BBX21 and HY5 might be
important for this post-transcriptional regulation.” The signifi-
cance of this interaction in the modulation of photomorpho-
genesis has not been adequately addressed so far. BBX21I
overexpressing lines which exhibit very strong phenotypes
showed only two-fold upregulation in HY5 expression. It seems
quite unlikely that the intense effect of BBX21 overexpression
on levels of expression of HY5 target genes, anthocyanin accu-
mulation levels etc. is merely a result of a two-fold increase in
HYS5 expression.”'" The fact that 355:HY5 lines do not pheno-
copy 358:BBX21 lines suggests that mere overexpression of
HYS5 at transcript levels might not be sufficient for significant
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Figure 2. (A) Schematic representation of full length BBX21 and BBX24 proteins. B1 and B2 represent the first and second B-box. Motif 7 and Motif 6 are denoted by M6
and M7. The black arrowhead indicates the position from where the C-terminal regions were swapped to make BB21C24 and BB24C21. The green arrowhead indicates
the position from where the regions containing M6 motif were swapped. (B) Multiple sequence alignment of M7 and M6 motifs in the C-terminal regions of BBX20-

BBX25 using Clustal Omega.



regulatory impact on its downstream targets.'* Additional post-
transcriptional regulation might contribute, perhaps in a more
prominent manner, to regulate HY5 activity on its downstream
targets. Concordantly, in addition to the disruption of its ability
to bind on HY5 promoter, the D75A mutation in the second B-
box of BBX21 also results in a complete loss of HY5 interaction,
suggesting that this mutation attenuates both the transcrip-
tional and post-transcriptional regulation of HY5 by BBX21. In
contrast, the D84A mutation in the second B-box, disrupts the
physical interaction with HY5, but still retains partial ability to
promote photomorphogenesis.™'? This mutation might there-
fore be informative in separating the transcriptional and post-
transcriptional dependency by HY5 on BBX21. While most of
these observations are pointing towards the possible promotion
of the action of HY5 by BBX21 at protein level, in contrast,
BBX21 regulates ABA signalling by forming non-DNA binding
heterodimers with HY5 and hence inhibiting its binding on
ABI5 promoter.15 Together, more studies are needed to eluci-
date the several mechanisms by which BBX21 post-transcrip-
tionally regulates HY5 to control various developmental
processes like photomorphogenesis and ABA signalling in
diverse ways.

Conclusion

In summary, the diverse C-terminal regions of closely related
BBX proteins are crucial for their functional divergence. The
M6 motif in the C-terminal region might play influential role
in the functional determination of group IV BBX proteins. The
loosely conserved nature of this motif within the group might
introduce functional differences among these proteins. BBX21
and BBX24 oppositely modulate photomorphogenesis through
their antagonistic regulation of HY5 at different levels. BBX24
regulates HY5 at protein level whereas BBX21 regulates HY5
both at transcriptional and post-transcriptional levels. We pro-
pose that the post-transcriptional regulation of HY5 by BBX21
play a major role in the modulation of photomorphogenesis,
potentially being more important than its well-characterized
transcriptional regulation of HYS.
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