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Abstract

The Jun-Fos heterodimeric transcription factor is the terminal link between the transfer of
extracellular information in the form of growth factors and cytokines to the site of DNA transcription
within the nucleus in a wide variety of cellular processes central to health and disease. Here, using
isothermal titration calorimetry, we report detailed thermodynamics of the binding of bZIP domains
of Jun-Fos heterodimer to synthetic dsSDNA oligos containing the TGACTCA cis-element and all
possible single nucleotide variants thereof encountered widely within the promoters of a diverse array
of genes. Our data show that Jun-Fos heterodimer tolerates single nucleotide substitutions and binds
to TGACTCA variants with affinities in the physiologically relevant micromolar-submicromolar
range. The energetics of binding are richly favored by enthalpic forces and opposed by entropic
changes across the entire spectrum of TGACTCA variants in agreement with the notion that protein-
DNA interactions are largely driven by electrostatic interactions and intermolecular hydrogen
bonding. Of particular interest is the observation that the Jun-Fos heterodimer binds to specific
TGACTCA variants in a preferred orientation. Our 3D atomic models reveal that such orientational
preference results from asymmetric binding and may in part be attributable to chemically distinct
but structurally equivalent residues R263 and K148 located within the basic regions of Jun and Fos,
respectively. Taken together, our data suggest that the single nucleotide variants of the TGACTCA
motif modulate energetics and orientation of binding of the Jun-Fos heterodimer and that such
behavior may be a critical determinant of differential regulation of specific genes under the control
of this transcription factor. Our study also bears important consequences for the occurrence of single
nucleotide polymorphisms within the TGACTCA cis-element at specific gene promoters between
different individuals.
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The transcription factor AP1 (activator protein 1), comprised largely of constituent proteins
Jun and Fos, executes the terminal stage of many critical signaling cascades that initiate at the
cell surface and reach their climax in the nucleus (1,2). Upon activation by MAP kinases, AP1
binds to the TGACTCA consensus motif and many closely related sequences within the
promoters of a multitude of genes as Jun-Jun homodimer or Jun-Fos heterodimer. In so doing,
Jun and Fos recruit the transcriptional machinery to the site of DNA and switch on expression
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of genes involved in a diverse array of cellular processes such as cell growth and proliferation,
cell cycle regulation, embryonic development and cancer (3-5).

Jun and Fos recognize the TGACTCA and related sequences at the promoters of specific genes
through their so-called basic zipper (bZIP) domains (Figure 1a). The bZIP domain can be
further dissected into two well-defined functional subdomains termed the basic region (BR) at
the N-terminus followed by the leucine zipper (LZ) at the C-terminus. The leucine zipper is a
highly conserved protein module found in a wide variety of cellular proteins and usually
contains a signature leucine at every seventh position within the five successive heptads of
amino acid residues. The leucine zippers adapt continuous a-helices in the context of Jun-Jun
homodimer or Jun-Fos heterodimer by virtue of their ability to wrap around each other in a
coiled coil dimer (6-8). Such intermolecular arrangement brings the basic regions at the N-
termini of bZIP domains into close proximity and thereby enables them to insert into the major
grooves of DNA at the promoter regions in an optimal fashion in a manner akin to a pair of
forceps (8). The basic regions are believed to be unstructured and fold into a-helices only upon
association with DNA in a coupled folding-binding manner (9-13). While the a-helices are
held together by numerous inter-helical hydrophobic contacts and salt bridges, hydrogen
bonding between the sidechains of basic residues in the basic regions and the DNA bases
accounts for high affinity binding of bZIP domains to DNA.

X-ray crystal structure analysis shows that the bZIP domains of Jun-Fos heterodimer bind to
the TGACTCA sequence in a non-preferred orientation (8), implying that this promoter
element does not dictate the orientation of the Jun-Fos heterodimer. Given that the AP1
transcription factor cooperates and acts in concert with a diverse array of other transcription
factors, including many steroid hormone receptors, within the transcription initiation complex
in regulating gene expression, the orientational binding of Jun-Fos heterodimer to gene
promoters could be a key determinant of its transcriptional potency. But how would this be
achieved? Since the discovery of TGACTCA motif as an essential cis-element for recognizing
the AP1 transcription factor within the promoter of metallothionein 2A gene over two decades
ago (14), there has been a growing number of studies demonstrating the key role of single
nucleotide variants (SNVs) of this element within a diverse spectrum of genes for recruiting
AP1 to the site of transcriptional machinery (15-27). This exciting episode of spicing up the
TGACTCA motif with genetic variation across a diverse array of gene promoters took yet
another twist recently upon the demonstration that this element may not only be subject to
SNVs but that single nucleotide polymorphisms (SNPs) may also feature heavily within this
element across different individuals, especially those from distinct ethnic groups (28). Thus,
while SNVs may allow differential regulation of specific AP1-responsive genes, SNPs may
determine the phenotypic makeup of an individual by virtue of their ability to differentially
modulate the binding of transcription factors to identical promoter regions between different
individuals and thus could account for differential response of individuals to specific diseases.
A SNP within the promoter of MDM2 ubiquitin ligase gene, a negative regulator of p53 tumor
suppressor, has indeed been implicated in cancer (29).

Although the binding of AP1 to promoter elements containing the TGACTCA sequence has
been extensively explored in biophysical terms over the past two decades or so, the effect of
genetic variations within this sequence upon protein-DNA interaction remains hitherto poorly
understood. In an attempt to analyze the effect of such genetic variations within the TGACTCA
sequence on AP1-DNA interactions and whether such variations could dictate their relative
orientation, we have employed here isothermal titration calorimetry (ITC) to study detailed
thermodynamics of the binding of bZIP domains of Jun-Fos heterodimer to synthetic dSDNA
oligos containing the TGACTCA cis-element and all possible SNVs thereof encountered
widely within the promoters of a diverse array of genes. Our data suggest that TGACTCA
variants modulate energetics and orientation of binding of the Jun-Fos heterodimer and that
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such behavior may be a critical determinant of differential regulation of specific genes under
the control of this transcription factor. Our study also bears important consequences for the
occurrence of SNPs within the TGACTCA cis-element at the promoters of identical genes in
different individuals.

Materials and Methods

Protein preparation

bZIP domains of human Jun and Fos were cloned and expressed as described previously
(30). Briefly, the proteins were cloned into pET102 bacterial expression vector, with an N-
terminal thioredoxin (Trx)-tag and a C-terminal polyhistidine (His)-tag, using Invitrogen
TOPO technology. Additionally, thrombin protease sites were introduced at both the N- and
C-termini of the proteins to aid in the removal of tags after purification. Proteins were
subsequently expressed in Escherichia coli Rosetta2(DE3) bacterial strain (Novagen) and
purified on Ni-NTA affinity column using standard procedures. Further treatment of bZIP
domains of Jun and Fos on MonoQ ion-exchange column coupled to GE Akta FPLC system
led to purification of recombinant domains to apparent homogeneity as judged by SDS-PAGE
analysis. The identity of recombinant proteins was confirmed by MALDI-TOF mass
spectrometry analysis. Final yields were typically between 10-20mg protein of apparent
homogeneity per liter of bacterial culture. As noted previously (30), the treatment of
recombinant proteins with thrombin protease significantly destabilized the bZIP domains of
both Jun and Fos and both domains appeared to be proteolytically unstable. For this reason,
all experiments reported herein were carried out on recombinant fusion bZIP domains of Jun
and Fos containing a Trx-tag at the N-terminus and a His-tag at the C-terminus. The tags were
found to have no effect on the binding of these domains to DNA under all conditions used here.
Protein concentrations were determined as described earlier (30). Jun-Fos bZIP heterodimers
were generated by mixing equimolar amounts of the purified bZIP domains of Jun and Fos.
The efficiency of bZIP heterodimerization was close to 100% as judged by Native-PAGE and
size exclusion chromatography (SEC) analysis using a Hiload Superdex 200 column.

DNA synthesis

HPLC-grade 15-mer DNA oligos containing the TGACTCA consensus motif and all possible
single nucleotide variants thereof were commercially obtained from Sigma Genosys. The
flanking nucleotides were appropriately chosen to prevent self-annealing of sense and antisense
strands. The design of such oligos and the numbering of various nucleotides relative to the
central C/G base pair are depicted in Figures 1b-d. Oligo concentrations were determined
spectrophotometrically on the basis of their extinction co-efficients derived from their
nucleotide sequences using the online software OligoAnalyzer 3.0 (Integrated DNA
Technologies) based on the nearest-neighbor model (31). Double-stranded DNA (dsDNA)
oligos were generated as described earlier (30).

ITC measurements

Isothermal titration calorimetry (ITC) experiments were performed on Microcal VP-ITC
instrument and data were acquired and processed using Microcal ORIGIN software. All
measurements were repeated 2-3 times. Briefly, the bZIP domains of Jun-Fos heterodimer and
dsDNA oligos were prepared in 50mM Tris, 200mM NaCl, imM EDTA and 5mM B-
mercaptoethanol at pH 8.0. The experiments were initiated by injecting 20 x 10ul aliquots of
50-100uM of dsDNA oligo from the syringe into the calorimetric cell containing 1.8ml of
5-10uM of the bZIP domains of Jun-Fos heterodimer at 25°C. The data were fit to a 1-site
model derived from the binding of a ligand to a macromolecule using the law of mass action
to extract the various thermodynamic parameters as described previously (30). Although Tris
buffer is not ideally suited for ITC analysis due to its high ionization enthalpy, enthalpy of
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binding of Jun-Fos heterodimer to dsDNA oligos was identical in both Tris and phosphate
buffers, implying that the values of enthalpy being reported here solely arise from the binding
process with no contributions from coupled equilibria due to protonation/deprotonation.

Structural modeling

3D structures of bZIP domains of Jun-Fos heterodimer in complex with dsSDNA oligos
containing the TGACGCA variant motif in two possible orientations | and 11 were modeled
using the crystal structure of bZIP domains of Jun-Fos heterodimer in complex with a dSSDNA
oligo containing the TGACTCA sequence as a template (with PDB code of 1FOS) in
MODELLER (32). Additionally, hydrogen bonding restraints were introduced. For orientation
I, hydrogen bonds were added between the NH1 atom of R263 in Jun and O6 atom of G+1 in
the sense strand of TGACGCA motif, between the NH2 atom of R263 in Jun and O6 atom of
G+1 in the sense strand of TGACGCA motif, and between the NZ atom of K148 in Fos and
O4 atom of T+1 in the antisense strand of TGACGCA motif. For orientation I1, hydrogen bonds
were added between the NH1 atom of R263 in Jun and O4 atom of T+1 in the antisense strand
of TGACGCA motif, between the NH2 atom of R263 in Jun and O4 atom of T+1 in the
antisense strand of TGACGCA motif, and between the NZ atom of K148 in Fos and O6 atom
of G+1 in the sense strand of TGACGCA motif. In each case, a total of 100 structural models
were calculated and the structure with the lowest energy, as judged by the MODELLER
Objective Function, was selected for further energy minimization in MODELLER prior to
analysis. The structures were rendered using RIBBONS (33).

Results and Discussion

Jun-Fos heterodimer tolerates single nucleotide substitutions at all positions within the
TGACTCA motif

A previous study based on an analysis of highly qualitative nature demonstrated that single
nucleotide substitutions at specific positions within the TGACTCA motif completely
abrogated binding by the bZIP domains of Jun-Fos heterodimer (34). This conclusion is highly
surprising given that all possible single nucleotide variants of the TGACTCA motif are
encountered within the promoter regions of a diverse array of genes whereby they act in concert
with other promoter elements to regulate the action of AP1 transcription factor in a differential
manner (15-27). In light of this argument coupled with the fact that the overall binding energy
results from the summation of all interactions between protein residues and DNA bases in a
cooperative manner, we reasoned that single substitutions within the TGACTCA motif may
result in the reduction of free energy associated with such protein-DNA interactions but are
unlikely to lead to complete abrogation within the physiological context. To test our hypothesis,
we introduced all possible single substitutions within the TGACTCA motif and measured their
effect on the binding of bZIP domains of Jun-Fos heterodimer using the powerful and highly
quantitative technique of ITC. Figure 2 shows representative isotherms obtained from such
experiments, while detailed analysis of all the associated thermodynamic parameters is
presented in Table 1. Our data indeed support our hypothesis that no single nucleotide
substitution at any position within the TGACTCA motif is sufficient per se to completely
abolish the binding of Jun-Fos heterodimer. The binding affinities observed are in the
physiologically relevant range and vary by up to 60-fold from a value of 0.14uM to 8.10uM,
implying that genetic variations within the TGACTCA motif at distinct gene promoters may
be critical determinants of tightly modulating the transcriptional potency of the Jun-Fos
heterodimer.

To further rationalize the effect of such genetic variations on the transcriptional output of Jun-
Fos heterodimer, we categorized the spectrum of binding affinities observed between bZIP
domains and variants of TGACTCA motif into three major classes: those substitutions that
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bind with an affinity similar to the wildtype (WT) motif containing the TGACTCA sequence,
those that bind with submicromolar affinity and those that bind with micromolar affinity. The
only motif that binds to bZIP domains with an affinity similar to the WT motif is the one
containing G at 0 position (GO) within the TGACTCA sequence. That this is so is expected in
light of the fact that the TGAGTCA motif is related to the TGACTCA motif by a two-fold
symmetry with identical TGA and TCA half-sites in both the sense and antisense strands but
in opposite orientations. There are four single nucleotide substitutions within the TGACTCA
sequence that reduce the binding affinity of bZIP domains only moderately by up to about four-
fold to submicromolar levels. These include the substitutions A at 0 position (A0), T at 0
position (TO), A at +1 position (A+1) and G at +1 position (G+1). All other single nucleotide
substitutions within the TGACTCA motif reduce the binding affinity of bZIP domains by at
least an order of magnitude to micromolar levels. In summary, we report here for the first time
that no single nucleotide substitutions at any given position within the TGACTCA motif
abrogate the binding of bZIP domains of Jun-Fos heterodimer. Our new findings suggest that
single nucleotide substitutions within the cis-acting promoter elements may have evolved as a
subtle mechanism to differentially regulate transcriptional activity of AP1 at distinct promoters
through differential binding. It is likely that the effect of such single nucleotide substitutions
on the energetics of binding directly correlates with the transcriptional activity of AP1 under
physiological context. This hypothesis will be tested in our future studies.

Enthalpy-entropy compensation buffers the binding of Jun-Fos heterodimer to single
nucleotide variants of the TGACTCA motif

It is evident from our data that the binding of bZIP domains to DNA is largely driven by
favorable enthalpic contributions accompanied by entropic penalty at physiological
temperatures regardless of the position of nucleotide substitution within the TGACTCA motif
(Table 1). This is not at all surprising given that an extensive network of hydrogen bonding,
electrostatic interactions and hydrophobic contacts between residues in the basic regions of
bZIP domains and DNA have to be established. On the other side, the entropic penalty largely
results from the overall difference between two major opposing entropic forces. The favorable
entropic force is the increase in the degrees of freedom of water molecules while the
unfavorable entropic force is the decrease in the degrees of freedom of backbone and sidechain
atoms within the protein and DNA molecules upon complexation. The substantial entropic
penalty observed here thus suggests that the protein and DNA molecules experience a greater
loss of entropy than that gained by water molecules upon intermolecular association.

It should be particularly noted here that enthalpy and entropy are not necessarily opposing
forces but they often act in an antagonistic manner in biological systems to maintain more or
less constant energetics of binding in response to external factors such as temperature and
internal changes such as mutations. Such thermodynamic homeostasis, or thermostasis as a
portmanteau, also appears to be a hallmark of the binding of bZIP domains of Jun-Fos
heterodimer to TGACTCA motif containing various single nucleotide substitutions. As
exquisitely illustrated in Figure 3, various pairs of TGACTCA variants undergo enthalpy-
entropy compensation with little or negligible effect on the overall binding energetics. These
data thus underscore how subtle genetic variations within cis-elements may not necessarily
translate into loss of binding energetics and that such a feat may be accomplished through an
underlying enthalpy-entropy compensatory mechanism intrinsic to biological systems.

Jun-Fos heterodimer binds to specific variants of the TGACTCA motif in a preferred

orientation

The TGA and TCA half-sites within the TGACTCA motif are related by a two-fold symmetry
— 180° rotation of either half-site about the central C/G base pair within the context of dSDNA
generates the other (Figures 1b-d). However, the TGACTCA motif is not a perfect palindrome
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and therefore Jun and Fos may have a preference for one half-site over the other due to non-
identical contacts with the central C/G base pair. Such a scenario may blossom into the binding
of Jun and Fos to TGACTCA motif with a preferred orientation. If this is indeed true, one
would expect differential energetics of binding of Jun and Fos to dsDNA oligos containing
symmetrically related TGACTCA variants since non-identical contacts with TGA and TCA
half-sites would almost certainly be expected to result in varying binding affinities. On the
other hand, if Jun and Fos engage in identical contacts with TGA and TCA half-sites, this
would not be expected to result in differential energetics of binding to dsSDNA oligos containing
symmetrically related TGACTCA variants. This latter scenario would be indicative of non-
preferred orientation of Jun-Fos heterodimer in association with DNA due to the fact that
equivalent energetics of binding would allow the two monomers to freely exchange with each
half-site. In an attempt to analyze the extent to which Jun and Fos may exhibit such orientational
preference and the extent to which it may be modulated by genetic variations, we plotted
relative binding affinities of symmetrically related pairs of dSDNA oligos containing
TGACTCA variants to bZIP domains of Jun-Fos heterodimer (Figure 4).

Itis clearly evident from our data that the vast majority of symmetrically related pairs of ASDNA
oligos bind to Jun-Fos heterodimer with relative binding affinities of close to unity, implying
that they most likely bind without a preferred orientation due to little or negligible differences
in the energetics of binding. Among these symmetrically related pairs of dsDNA oligos that
appear to assume non-preferred orientation are the TGACTCA (WT) and TGAGTCA (G0)
motifs — an observation that is consistent with X-ray structural analysis of Jun-Fos
heterodimer in complex with dsDNA oligo containing the TGACTCA motif and a number of
other studies reported previously (8,35-37). Although the finding that Jun and Fos bind to
TGACTCA motif in a non-preferred orientation was expected, the fact that they employ quite
adistinct interplay between underlying enthalpic and entropic forces is being reported here for
the first time (Table 1). Such enthalpy-entropy compensation to smooth out any differentiation
between the overall binding energetics to symmetrically related WT and GO dsDNA oligos
cannot be accounted for by structural data and points to the need for further understanding of
protein-DNA interactions in biophysical terms. We believe that such differences in the
underlying thermodynamic parameters for the binding of Jun-Fos heterodimer to
symmetrically related WT and GO dsDNA oligos are most likely due to the differences in the
flanking nucleotides. In order to avoid self-annealing of sense and antisense strands, it has not
been possible at this stage to completely eliminate the contributions of flanking nucleotides on
our thermodynamic measurements reported herein. However, it should be noted that such
contributions should be minimal given that the flanking nucleotides make no discernable
contact with Jun-Fos heterodimer (8). We will fully explore the effect of flanking nucleotides
on the thermodynamics of binding of Jun-Fos heterodimer to DNA in our future studies.
Interestingly, our analysis also reveals that Jun-Fos heterodimer binds in a non-preferred
orientation to symmetrically related dsDNA oligos containing the TGAATCA (A0) and
TGATTCA (T0) motifs, indicating that the central C/G base pair can be substituted by A/T
base pair without any effect on the orientation of Jun-Fos heterodimer. However, unlike the
central C/G base pair, the underlying interplay between entropic and enthalpic forces appears
to be very similar in the case of A/T base pair (Table 1). Perhaps even more striking is the
observation that the Jun-Fos heterodimer binds without preferred orientation to symmetrically
related motifs A-3/T+3, C+3/G-3, A-2/T+2, C-2/G+2, T-2/A+2 and C+1/G+1, which all
contain a non-central single nucleotide substitution.

The preference for orientation however does not completely escape the Jun-Fos heterodimer
in its quest to bind to single nucleotide variants of the TGACTCA motif. The symmetrically
related motifs C-3/G+3, T-1/A+1 and C-1/G+1 clearly exhibit differential energetics of binding
to Jun-Fos heterodimer as demonstrated through their relative binding affinities of over 3-fold,
4-fold and 6-fold, respectively. That this is so implies strongly that the Jun-Fos heterodimer
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binds to these pairs of symmetrically related motifs in a preferred orientation due to formation
of non-identical contacts with DNA in the two possible orientations allowed.

3D atomic models provide structural basis of the binding of Jun-Fos heterodimer to the
TGACGCA variant in a preferred orientation

X-ray crystallography analysis provided the structural basis for the non-preferred orientation
of Jun-Fos heterodimer in complex with dsDNA oligo containing the TGACTCA motif (8).
This seminal work revealed that the lack of such preference for orientation was not due to the
symmetric binding of Jun and Fos to the central C/G base pair but, on the contrary, asymmetric
interactions were observed between R270 in Jun and R155 in Fos with DNA bases. Thus, while
R270 sidechain was observed to hydrogen bond with the central C (C0) in one strand, R155
sidechain engaged in hydrogen bonding with the central G (GO0) in the other strand. However,
such binding asymmetry should not be expected to translate into preferred orientation for Jun-
Fos heterodimer due to the fact that R270 and R155 respectively occupy structurally equivalent
positions within the a-helical basic regions of Jun and Fos, and are therefore able to exchange
freely with each other as exquisitely demonstrated in the crystal structure (8). In other words,
the R270-C0 and R155-G0 contacts are energetically equivalent due to the involvement of an
identical hydrogen bonding partner, guanidino moiety, in each case. Thus, although the lack
of orientational preference upon the interaction of Jun-Fos heterodimer with TGACTCA motif
can be rationalized in structural terms, the question as to how certain single nucleotide
substitutions within this motif might confer oriented binding raises further curiosity.

Our data presented here suggest strongly that the Jun-Fos heterodimer binds to CGACTCA,
TGACTCG, TGTCTCA, TGACACA, TGCCTCA and TGACGCA variants ofthe TGACTCA
motif in a preferred orientation (Figure 4). In an effort to gain insights into the structural basis
of such preference for oriented binding, we modeled 3D structures of the bZIP domains of Jun-
Fos heterodimer in complex with dsDNA oligos containing the TGACGCA motif in two
possible orientations, hereinafter referred to as orientations | and 11 (Figure 5). Given that the
T—G substitution at +1 position within the TGACTCA motif to generate the TGACGCA motif
would destroy the symmetric location of T at +1 position (T+1) within both strands, it might
be reasonable to suspect that the oriented binding could result from the differential protein-
DNA contacts at G+1 in the sense strand and its topologically equivalent counterpart T+1 in
the antisense strand within the TGACGCA motif. Our structural analysis indeed reveals that
G+1 in the sense strand and its topological equivalent T+1 in the antisense strand within the
TGACGCA motif make non-equivalent contacts with Jun-Fos heterodimer. Thus, while G+1
in the sense strand hydrogen bonds with the guanidino moiety of R263 in Jun, T+1 in the
antisense strand is involved in hydrogen bonding with the e-amino group of K148 in orientation
I (Figure 5a). These contacts are exquisitely mirrored by R263 and K148 in orientation 11
through the free exchange of Jun and Fos due to occupation of structurally equivalent positions
within the basic regions (Figure 5b). Given the unique chemistry of guanidino moiety relative
to e-amino group, R263-G+1 and K148-T+1 contacts are likely to be energetically non-
equivalent and thereby such energetic difference could favor the binding of Jun-Fos
heterodimer to TGACGCA motif in only one of two possible orientations with important
consequences on its transcriptional role. It is of worthy note that the TGACGCA element is
found within the promoters of genes such as fibronectin 1 and sodium/iodide symporter (22,
23). In the latter case, it is immediately flanked between the cis-elements for the TTF-1 and
Pax-8 transcription factors (38-40). Given such topological arrangement, it is conceivable that
the precise orientation of Jun-Fos heterodimer in association with the TGACGCA element
within the promoter of sodium/iodide symporter gene may be a critical determinant of the
nature of other interacting cellular partners and hence gene expression.
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Although our 3D structural models provide a compelling rationale for the binding of Jun-Fos
heterodimer to the TGACGCA motif with a preferred orientation, it should be borne in mind
that only structural analysis through experimental means can confirm the accuracy of such
models and which one of the two possible orientations may actually be the preferred one. We
also emphasize that for the binding of Jun-Fos heterodimer to other variants of the TGACTCA
motif with a preferred orientation, R263 and K148 may not necessarily be responsible for
differential protein-DNA contacts but rather the role of additional residues within the basic
regions may have to be invoked. It has indeed been previously shown that amino acid
substitutions within the basic regions of bZIP domains can result in oriented binding of Jun-
Fos heterodimer to DNA (37). In short, our study warrants extensive X-ray crystallographic
analysis of Jun-Fos heterodimer in complex with specific TGACTCA variants to fully unravel
the structural basis of the preference for oriented binding and, needless to say, our future efforts
will be directed along these lines of curiosity.

Conclusions

Transcription factors do not act alone but rather in concert in a cooperative manner within the
transcriptional initiation complex responsible for switching on gene expression. The
architecture of such cooperative machinery parallels the design of composite sites within gene
promoters for the recognition of a diverse array of transcription factors that often arrive in
droves and in association with each other. The orientation of transcription factors relative to
each other as well as DNA coupled with the sequence of specific cis-elements thus play a key
role in gauging the transcriptional output in a spatial and temporal manner. Because of such
inter-dependence and added versatility, the cis-elements within a composite site may not
necessarily contain an optimal sequence for binding to a corresponding transcription factor.
Understanding how subtle nucleotide changes within such cis-elements may affect their
binding energetics to trans-factors is thus of paramount importance to not only unraveling the
regulatory mechanisms of transcriptional machinery but may also offer insights into the role
of genetic variations, such as single nucleotide polymorphisms, in specific promoter regions
between different individuals. It is this curiosity that led to the design of our current study.

Here, we report how single nucleotide variants of the TGACTCA consensus motif modulate
energetics and orientation of binding of the AP1 transcription factor. The major conclusions
of our study are that the single nucleotide substitutions within the TGACTCA motif do not
abrogate the binding of Jun-Fos heterodimer. On the contrary, the Jun-Fos heterodimer binds
to the TGACTCA variants with affinities in the physiologically relevant micromolar-
submicromolar range. Given that TGACTCA variants are widely encountered within the gene
promoters (15-27), we believe that such differential energetics of binding may have emerged
as an evolutionary mechanism for the differential regulation of AP1-responsive genes. Our
data also indicate that certain single nucleotide variants of the TGACTCA motif may also
dictate the orientation of the Jun-Fos heterodimer in complex with DNA and that such a feat
may be attributable to chemically distinct amino acid residues located in structurally equivalent
positions within the basic regions of Jun and Fos. Supporting this corollary is the salient
observation that amino acid substitutions within the basic regions of bZIP domains can result
in oriented binding of Jun-Fos heterodimer to DNA (37). Our present study thus mirrors this
previous finding in that specific nucleotide substitutions within the TGACTCA motif can also
accomplish a similar fate on the Jun-Fos heterodimer.

In concluding, the demonstration that single nucleotide variants within the TGACTCA motif
can modulate energetics and orientation of binding of Jun-Fos heterodimer suggests that it may
be a general feature of other cis-elements acting within the gene promoters. Our study thus
clearly provides a precedent for guiding the design of future experiments to expand our
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understanding of the regulatory mechanisms underlying the operation of the transcriptional
machinery.
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Figure 1.

Protein and DNA sequences. (a) Subdivision of bZIP domain into its respective N-terminal
basic region (BR) and the C-terminal leucine zipper (LZ) for Jun and Fos transcription factors.
The BR and LZ subdomains are colored blue and brown, respectively. The five signature
leucines (L1-L5) characteristic of LZ subdomains are boxed and bold faced. The basic residues
within the BR subdomains that hydrogen bond with specific DNA bases are labeled by vertical
arrows. (b) Nucleotide sequence of 15-mer dsDNA oligo containing the TGACTCA motif.
The TGACTCA motif is capitalized whilst the flanking nucleotides are shown in small letters.
The numbering of various nucleotides relative to the central C/G base pair (assumed to be at
zero position) in both strands is indicated. The TGA and TCA half-sites within this motif are
also marked. (c) Nucleotide sequence of dsDNA oligo containing the T—A mutation at —3
position and herein referred to as the A-3 oligo. The variant nucleotides in both strands are
underlined. (d) Nucleotide sequence of dsDNA oligo containing the A—T mutation at +3
position and herein referred to as the T+3 oligo. The variant nucleotides in both strands are
underlined. Note that the A-3 and T+3 oligos shown in (c) and (d) are examples of a pair of
symmetrically related dSDNA oligos in that they contain identical half-sites in opposite
directions— these half-sites are indistinguishable upon the rotation of the variant motif by 180°
in the plane of the paper (two-fold symmetry).
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Figure 2.

Representative 1TC isotherms for the binding of bZIP domains of Jun-Fos heterodimer to
dsDNA oligos containing the promoter sites TGACTCA (a), TTACTCA (b) and TGAGTCA
(c). Note that the variant motif TGAGTCA is related to the wildtype TGACTCA motif by 2-
fold symmetry. The position of the variant nucleotide in each of the sites relative to the
consensus sequence TGACTCA is underlined. The solid lines represent the fit of the data points
in the lower panels to a function based on the binding of a ligand to a macromolecule using
the Microcal ORIGIN software (41).
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Differential thermodynamic signatures for the binding of bZIP domains of Jun-Fos heterodimer
to various pairs of dSDNA oligos containing TGACTCA variants with similar affinities: (a)
TGACGCA relative to TGACACA,; (b) AGACTCA relative to TGTCTCA; (c) TGACTGA

relative to CGACTCA,; (d) TGACTCC relative to TGACTCT; (e) TGACTCG relative to

TGACTAA,; and (f) TTACTCA relative to GGACTCA. The position of the variant nucleotide
in each of the sites relative to the consensus sequence TGACTCA is underlined. AAH, TAAS
and AAG were calculated from the relationships AAH=AH,-AHy, TAAS=TAS,-TASy and

AAG=AG4-AGy, where the subscripts x and y denote the corresponding thermodynamic

parameters for the binding of bZIP domains of Jun-Fos heterodimer to dsDNA oligo x relative
to oligo vy, respectively (Table 1).
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Analysis of relative binding affinities of symmetrically related pairs of dsSDNA oligos
containing TGACTCA variants to bZIP domains of Jun-Fos heterodimer. Relative binding
affinity is defined as the ratio of the binding affinity of one dsSDNA oligo to Jun-Fos heterodimer
over that of the other. The nomenclature for the various dsDNA oligos shown is the same as

that indicated in Table 1.
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Figure 5.

3D structural models of bZIP domains of Jun-Fos heterodimer in complex with dsSDNA oligos
containing the TGACGCA motif in two possible orientations I (a) and 11 (b). The two
orientations are related by a 180°-rotation of the Jun-Fos heterodimer about the dyad axis of
symmetry. The backbones of LZ and BR subdomains of the bZIP heterodimer are colored
brown and blue, respectively. The backbone of dSDNA is shown in yellow. The sidechains of
R263 in Jun and K148 in Fos are colored green. The guanine at position +1 (G+1) in the sense
strand TGACGCA and thymine at position +1 (T+1) in the antisense strand TGCGTCA are
colored red. Insets show close-up views of contacts between specific bZIP residues with DNA
bases.
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