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Figure 8. Putative model of transcriptional activation and repression by DI. (A) Different activator «B-motifs (sixth T is common) retard similar size
Dl-complexes suggesting that gene activation by DI is probably independent of co-regulators. (B) Gene repression by DI is context-based and
co-repressor dependent as different repressor motifs (sixth A is common) retard DI-complexes of varying sizes indicating presence of proteins of
different sizes (also see Figures 2 and 5). A-tract core in the repressor motifs has intrinsic property to bend. This intrinsic deformability in repressor
motifs is sequence specific which allows specific recruitment of DIl-co-repressors complexes in gene specific manner as shown in the schematic. DI
interaction with the co-regulator could be either cis (B1, upper panel) or trans (B2, lower panel). (C and D) For successful binding, the DNA-protein
interface should match molecular surfaces which includes protein contacts to not only base pairs in the major groove but also to sugar—phosphate
backbone. We have shown that activator and repressor motifs have different major groove conformations. As a result, DI interaction with the two
motifs is different (e.g. interaction of K173 and K174 of DI with the two activator motifs is very similar). On the other hand, binding of the same two
residues with the two repressor motifs is very different. Hence, we opine that ‘A-tract « B’ motifs have deformable structure to facilitate context-based
interaction of the same DI with different co-repressors in gene-specific manner as revealed by differences in their DNA geometry.

indicate core nucleotides) (Figure 1A). Surprisingly,
DNA geometry of these terminal nucleotides is not so
conserved (Supplementary Figure S10). On the contrary

Mammalian kB-motifs have comparable DNA shape

Our analysis of major groove geometries of k B-motifs for

which crystal structures are available indicated a rather
similar DNA geometry. All these xB-motifs have their
major groove maxima at second and eighth positions
and minima at the fifth position that gives the stretched
cagle geometry (Supplementary Figure S10). However,
none of these motifs can be classified as A-tract containing
and thus a crystal structure of Rel monomers bound
to an ‘A-tract’” kB-motif is still not known. In a typical
kB-motif, nucleotides at the termini are involved in
DNA-protein interactions and are more conserved than
core nucleotides GGRNWTTCC (underlined bases

major groove structures of the core nucleotides (positions
4-6), where sequence conservation is the least, is relatively
high (Figure 1 and Supplementary Figure S10). Maximum
conservation of major groove width was observed for the
hinge base (Supplementary Figure S10). This suggests that
these xkB-motifs, in spite of sequence differences, have
common structural paradigm (Supplementary Figure
S10). Conserved geometry of major grooves at positions
4-6 was unexpected (Supplementary Figure S6).
Nitrogenous bases at these positions do not form
hydrogen bonds with Rel proteins (direct contact)
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although they are involved in electrostatic interactions
with different Rel monomers and hence conserved
geometry phosphate backbone at these positions was
intriguing. In our view, conserved geometry of core nu-
cleotides is essential as it provides unique framework to
kB-DNA. We have shown that mutations that affect DNA
geometry in this region are associated with strong pheno-
types (Figure 2 and Supplementary Figure S6). If electro-
static interactions involving phosphate backbone of
protein non-contacted bases were not important then
T¢— A¢ mutation should not have affected repressor/
activator function of DI or its interaction with
co-repressor (Figures 2-5 and Supplementary Figure S6).
These results suggest that phosphate backbone geometry
is sequence dependent and guides Rel-DNA binding.
Thus, we have revealed distinct roles played by protein
contacted and protein non-contacted nucleotides in a
Kk B-motif.

kB-DNA geometry explains permissiveness in Rel binding

DNA-binding RHD is highly conserved, yet different Rel
proteins bind xkB-motifs of their respective target genes
without overlap (70). This raises a question that how dif-
ferent Rel proteins identify their binding motifs specifical-
ly. We suggest that specificity in Rel-DNA interaction is
regulated by protein non-contacted ‘core’ as well as
protein contacted ‘terminal’ nucleotides in respective Rel
binding motifs. A similar example of DNA—protein inter-
action is seen in the HPV E2 system in which the ‘A-tract’
core, which is also not contacted by the protein, ensures
specificity of interaction (71). The importance of the struc-
ture of protein non-contacted nucleotides in DNA-
protein interaction is also highlighted by the overwound
configuration of central nucleotides of the phage 1434
operator (13).

Although core nucleotides of xB-DNA are not con-
tacted by Rel proteins, they play a critical role by impart-
ing the correct conformation to k B-DNA, and hence they
display a conserved geometry. However, it is the major
groove variations at the termini that make ecach «B-
motif structurally different from others (Supplementary
Figure S10). These unique structures of xB-motifs are
compatible with one particular homo/hetero-dimer of
Rel proteins and not others, which can explain the speci-
ficity with which different Rel proteins identify and bind
their cognate xB-motifs. e.g. base-specific contacts within
the p50 and p65 homodimers and p50—p65 hetero-dimer
suggest that the two RHDs contained in each dimer relate
to each other differently in different structures
(Supplementary Figure S10) (72-75). Hence, only Rel
isoforms which have the chemically complementary
DNA geometry will bind that specific kB-motif and not
others. We propose that structural variations at the
terminal positions may explain how different Rel
proteins selectively interact with target gene promoters.
Thus, it is the structural compatibility which is more im-
portant than the sequence of nucleotides in a xB-motif
which in turn can explain the evolution of sequence vari-
ation in a kB-motif (sequence permissiveness).
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Transcriptional property of DI is encoded in its binding
motif sequence

DI, like its mammalian homologues p65, c-Rel and RelB,
possesses transcriptional activation domain and hence is
classified as transcriptional activator (36,37,75). However,
DI has been shown to activate as well as repress transcrip-
tion of different genes along the dorso-ventral axis. There
are at least two models to explain the ability of DI to
activate or repress target genes. According to one model,
DI by default is an activator and works as a repressor only
in specific promoter contexts (51,76,77). However, another
model suggests that DI recognizes two classes of sites
which have different allosteric effects on the protein and
that can result in either transcriptional activation or re-
pression, e.g. DI-binding sites in twi (DI as activator) is less
symmetrical compared to that in zen (D] as repressor) (78).
Even so, it has not been established whether specific
sequence variations in the DI-binding motifs lead to dif-
ferential regulation of DI target genes.

The present study reveals the sequence-specific allosteric
changes in «B-motifs which regulate binding of DI to
precise xB-motifs with complementary structure and
thus confer specificity not only to DI-DNA interaction
but also to DI—co-regulator interaction. This might have
led to the evolution of distinct sequence heterogeneity in
DI-binding motifs viz. ‘A-rich’ «B-motifs in genes re-
pressed by DI and ‘A or T-rich’ «B-motifs in genes
activated by it, i.e. DI-binding motifs exist in two forms
(i) activator, and (ii) repressor conformation (Figure 8).
This is also true for another Rel protein, human p65 which
is a known transcriptional activator but has been shown to
bind to human P-sequence ‘GAAAATTTCC’ of 1L-4 gene
leading to transcriptional repression of IL-4 (A-tract is
underlined). Interestingly, the P-sequence motif has an
A-tract as well. This suggests that A-tract in a xB-motif
is required for transcriptional repression by activator
human Rel protein p65 as well. Whether co-regulator is
involved in transcriptional repression of IL-4, by p65
homodimer or not, is currently not known and needs
further investigation.

Further, we have used this structural information to
identify and characterize the functional DI-binding
motifs in the Drosophila genome and classify them as ac-
tivator or repressor motifs. Conventionally whole genome
and tiling arrays studies have been employed to identify DI
target genes. A major limitation of these approaches is
that they do not give information whether the target
gene is activated or repressed by DI. Our molecular
dynamics approach circumvents this limitation by predict-
ing the structure of the xB-motif as activator/repressor
conformations. This can potentially aid in ‘functional an-
notation’ of Dorsal gene regulatory network.

Our study, importantly, suggests that specificity in DI-
DNA binding may also derive from interactions involving
double helical backbone. Backbone contacts impart speci-
ficity in DNA—protein interactions through the position-
ing of protein recognition elements in orientations
that allow them to make other more specific contacts.
This is particularly important as sequence dependent
deformability of DNA has been observed in
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DNA-protein complexes (79,80). Hence, while a typical
kB-motif is recognized by DI alone the A-tract xB-
motifs, due to their unique shapes, are not. As a result
such motifs are recognized by DI only when bound to its
co-regulator. It is also possible that sequence-dependent
DNA structure may also contribute to co-operative
binding of DI with its co-regulators. This suggests that
sequence-dependent DNA structure may be critical for
binding of individual factors (e.g. co-operative binding
of APl and DI complex on the DI promoter), but also
in the assembly of DI-AP1 multi-protein complex (39).
Further structural studies would be needed to evaluate
the proposals made here. The major limiting factor at
this stage is the lack of crystal structures of Drosophila
Rel proteins. Another limitation is the fundamental diffi-
culty in accommodating small movements of amino acid
side-chains, which are likely to occur in DI interaction
with its binding motif. Additionally, role of hydrophobic
stacking interactions in the recognition process needs to be
understood. Stacking interactions are somewhat sequence
dependent, and it is not clear at present how the intercal-
ation of planar amino-acid side chains can be used in a
DNA-protein recognition system.

Significance of stacking interactions can also be
envisaged from the melting temperatures of different «B-
motifs as shown in Table 1. The T,, was calculated online
using T, Predictor software (http://www.scfbio-iitd.res.in/
chemgenome/Tm_predictor.jsp). This programme expli-
citly accounts for disruption in stacking interactions,
breakage of hydrogen bonds apart from other
physico-chemical parameters to predict 7, of a given
DNA sequence (81). It is evident that the repressor
motifs have lesser T3, compared to corresponding activa-
tor motif e.g. dlkB’ motif (T, = 49.29°C) is an activator

Table 1. Comparison of melting temperatures (7},) of activator re-
pressor combinations of different «B-motifs

Motif Sequence T oc)
dlkB' GGGAATSTCC (Act) 49.29
dik B* AGAAAAsACA (Rep) 38.68
AGAAAAASTCC (Rep) 41.94
AGAAATZACC (Act) 42.76
zen GGGAAAgACC (Rep) 49.29
GGGAATZACC (Act) 50.11
phm GGGATT;ACC (Act) 50.11
GGGAAAGACC (Rep) 49.29

(Act—Activator; Rep—Repressor).

It is evident that activator motifs have higher T}, compared to corres-
ponding repressor motifs. T}, difference is highest for dikB” motif and
its corresponding activator mutant and their backbone structures are
drastically different (Supplementary Figure S6). This is indicative of the
correlation between T, and structural flexibility of the DNA sequence.
This might be an important determinant for interaction of TFs (in
combination with or without co-regulators) with cognate
DNA-binding motifs.

This is also to be noted that this comparison holds true for the repressor—
activator combination of the same xB-motif but not for two different
motifs. e.g. T, of wild-type zen motif can be compared with zen-mutant
and similarly wild-type phm motif can be compared with pim mutant.
Nucleotide at the sixth position is indicated in bold while, mutated
nucleotide at this position is also underlined.

while dikB” motif (T, = 38.68°C) is a repressor (Figures
2, 3 and Supplementary Figure S6). This T, difference is
significant and can potentially explain the kink in the
major groove of the dikB” motif (Figures 3D, E, 5B, 6
and 8). It is interesting to note that although both activa-
tor and repressor motifs have equal number of A or T
nucleotides still T¢-motif has higher 7}, compared to Ag
motif which points to the role of stacking interactions. The
same pattern is also seen in the repressor zen motif (GGG A
AAACC, Ty, = 49.29°C) and its T¢ mutant (GGGAATAC
C, Ty = 50.11°C), which acts as activator. In all these
cases the difference in 7T, of the respective activator—re-
pressor pair is <1°C (Table 1 and Figure 2A-D). It is not
clear whether or not small changes in 77, will have signifi-
cant impact on DNA—protein interactions, but the present
analysis suggests that motifs with low T, will be more
amenable to structural perturbations as compared
to motifs with high 7;,,. We have shown that
AGAAAATCC motif, where sixth nucleotide is A, facili-
tates binding of the co-regulator, but interaction of DI
with its co-regulator is lost upon Ag— T¢ mutation
(Figures 2, 5 and Supplementary Figure S6). These
analyses suggest that «B-motifs with lower T}, may facili-
tate DIl-co-regulator interaction probably because there
are less stacking interactions in such motifs which make
them more amenable to structural perturbation. In other
words A-tract motifs are more deformable which might be
required for DI interaction with co-activator/co-repressor
proteins (Figure 8).

In recent years, information on the role of nucleosome
in gene transcription has begun to emerge. It has been
shown that nucleosomes frequently assume specific pos-
itions on DNA, which is called as nucleosome positioning
(82,83). The signals on DNA for the nucleosome
packaging code reside in the structural properties of
DNA base pair combinations, indicating the role of con-
formation of particular DNA sequences in deciding the
code (84,85), e.g. positioning of nucleosomes was shown
to operate by excluding nucleosomes from ‘A-tract’ DNA.
A-tracts take a context-independent structure, distinct
from canonical B-DNA, due to their ability to switch in
a cooperative manner (86-88). Because of this A-tracts
become a conformationally rigid DNA motifs that con-
strain B-DNA regions bordering them (29). Furthermore,
short A-tracts stabilize the deformation required for
histone facing nucleosomal DNA as a result of which
DNA bending, deformability and other shape readouts
become important in nucleosome positioning (89).

Currently it is not known whether DI binding to its
cognate motif requires a nucleosome-free region or
nucleosome-bound DNA. To study the role of nucleo-
somes in transcriptional regulation by DI would require
the knowledge of nucleosome positions in target genes.
Such a study would also uncover the role of sequence
composition on nucleosome positioning in relation to DI
binding, if any. We have recently shown that swapping of
a repressor motif with an activator motif or vice versa
does not affect the transcriptional property of the respect-
ive motifs in autoregulation of d/ gene by DI (39). Thus
one can speculate that DI binding to its cognate activator
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or repressor motifs in the d/ gene, at least, might be inde-
pendent of nucleosome position.

Current study suggests that the geometry of «B-motif
may determine the specificity with which DI identifies
functional regulatory sites. In addition to providing mo-
lecular understanding of DNA recognition by DI, our data
also provide a protocol for identifying functional regula-
tory «B-motifs. This study also reveals the structural basis
of the sequence code which can discriminate a functional
kB-motif as an enhancer or as a repressor and also high-
lights the allosteric changes that xB-motifs induce on
DNA-protein interaction. The significant aspect of this
study is the elucidation of deformable nature of «B-
motifs where a co-regulator is involved. This structural
deformability is on account of increase in or complete
loss of the major groove facing hydrogen bond in
Rel-binding DNA motifs. In conclusion, we show that
Rel proteins have distinct « B-sequence preferences accord-
ing to their biological functions. We surmise that evolu-
tion of sequence diversity in k B-motifs is not random, and
that it has occurred under selection pressure from Rel-co-
regulator network in a gene-specific manner.
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