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Abstract

In response to mitogenic stimuli, the heterodimeric transcription factor Jun–Fos binds to the promoters of a diverse array of
genes involved in critical cellular responses such as cell growth and proliferation, cell cycle regulation, embryogenic development
and cancer. In so doing, Jun–Fos heterodimer regulates gene expression central to physiology and pathology of the cell in a specific
and timely manner. Here, using the technique of isothermal titration calorimetry (ITC), we report detailed thermodynamics of the
bZIP domains of Jun–Fos heterodimer to synthetic dsDNA oligos containing the TRE and CRE consensus promoter elements. Our
data suggest that binding of the bZIP domains to both TRE and CRE is under enthalpic control and accompanied by entropic
penalty at physiological temperatures. Although the bZIP domains bind to both TRE and CRE with very similar affinities, the
enthalpic contributions to the free energy of binding to CRE are more favorable than TRE, while the entropic penalty to the free
energy of binding to TRE is smaller than CRE. Despite such differences in their thermodynamic signatures, enthalpy and entropy of
binding of the bZIP domains to both TRE and CRE are highly temperature-dependent and largely compensate each other resulting
in negligible effect of temperature on the free energy of binding. From the plot of enthalpy change versus temperature, the mag-
nitude of heat capacity change determined is much larger than that expected from the direct association of bZIP domains with
DNA. This observation is interpreted to suggest that the basic regions in the bZIP domains are largely unstructured in the absence
of DNA and only become structured upon interaction with DNA in a coupled folding and binding manner. Our new findings are
rationalized in the context of 3D structural models of bZIP domains of Jun–Fos heterodimer in complex with dsDNA oligos con-
taining the TRE and CRE consensus sequences. Taken together, our study demonstrates that enthalpy is the major driving force for
a key protein–DNA interaction pertinent to cellular signaling and that protein–DNA interactions with similar binding affinities may
be accompanied by differential thermodynamic signatures. Our data corroborate the notion that the DNA-induced protein structural
changes are a general feature of the bZIP family of transcription factors.
� 2008 Elsevier Inc. All rights reserved.
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Protein–DNA interactions play a critical role in coupling
extracellular information in the form of growth factors,
cytokines, hormones and stress to DNA transcription and,
in so doing, regulate a diverse array of cellular processes such
as cell growth and proliferation, cell cycle regulation,
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embryogenic development and cancer. Discovered as
components of the transcription factor AP1, Jun and Fos
recognize—as Jun–Jun homodimer or Jun–Fos heterodi-
mer—the pseudo-palindromic TGACTCA and palindromic
TGACGTCA consensus sequences found in the promoters
of a multitude of genes such as metallothionein IIa, collage-
nase, interleukin 2 and cyclin D1 [1–8]. The consensus
sequences TGACTCA and TGACGTCA, respectively,
referred to as the TPA (12-O-tetradecanoylphorbol-13-ace-
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Jun 258-KRMRNRIAASKCRKRKLERIARLEEKVKTLKAQNSELASTANMLREQVAQLKQK-311
Fos 143-RRERNKMAAAKCRNRRRELTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFI-196
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5’-CGCTTGATGACGTCAGCCGGAA-3’
3’-GCGAACTACTGCAGTCGGCCTT-5’

Basic Region

* * *

Leucine Zipper

5’-CGCTTGATGACTCAGCCGGAA-3’
3’-GCGAACTACTGAGTCGGCCTT-5’

a

b c

Fig. 1. Protein and DNA sequences. (a) Amino acid sequence alignment of the leucine zipper and basic region in human Jun and Fos that dimerize to
form the bZIP domains. The five signature leucines (L1–L5) characteristic of leucine zipper, spaced exactly six residues apart, are boxed and bold faced.
The basic residues in the basic region that contact the DNA bases and the backbone phosphates are marked by asterisks and bold faced. (b) Nucleotide
sequence of 21-mer dsDNA oligo containing the TRE site (bold faced). (c) Nucleotide sequence of 22-mer dsDNA oligo containing the CRE site (bold
faced).
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tate) response element (TRE)1 and the cAMP response ele-
ment (CRE), occur with a high frequency in the human gen-
ome [9,10]. Jun and Fos are expressed in a wide variety of
tissues and are subject to activation by a diverse array of
mitogenic inputs, including up-regulation by MAP kinases
[11,12]. Upon activation, Jun and Fos can switch on gene
transcription via their direct involvement and through their
co-operation with other transcription factors in the recruit-
ment of the transcriptional machinery to the site of DNA
[10,13–16]. Jun and Fos are potent activators of mitogenic
transcription and, as such, their hyperactivity is positively
correlated with oncogenic transformations of cells [14–16].
To combat such undesirable effects, the activity of Jun and
Fos is tightly regulated at various levels, including gene
expression, post-translational phosphorylation, and interac-
tion with other cellular proteins [14].

Jun and Fos are modular proteins and contain regions
with conserved leucine residues at every seventh position
that enable them to form coiled coils termed leucine zippers
[7,17]. Located N-terminal to leucine zippers in both pro-
teins are clusters of basic residues that together with leucine
zippers constitute what have come to be known as the basic
zipper (bZIP) domains of Jun and Fos (Fig. 1a). The bZIP
domains enable the recruitment of Jun and Fos to the site
of transcription by virtue of their ability to recognize the
TRE and CRE consensus sequences in DNA at the pro-
moters of the target genes [7,14]. Once recruited to the site
of transcription, Jun and Fos unleash their full transactiva-
tion potential and participate in the transcriptional
machinery through regions that lie outside the bZIP
domains [14,18]. While Jun can homodimerize with itself
or heterodimerize with Fos via the formation of leucine
zippers to form transcriptionally-active species, the exis-
tence of Fos as a homodimer has never been observed
under physiological conditions and Fos alone does not pos-
sess any transcriptional activity [17].
1 Abbreviations used: TRE, TPA (12-O-tetradecanoylphorbol-13-ace-
tate) response element; CRE, cAMP response element; bZIP, basic zipper;
IPTG, isopropyl b-D-1-thiogalactopyranoside; ITC, isothermal titration
calorimetry; SEC, size exclusion chromatography; dsDNA, double-
stranded DNA; SASA, solvent-accessible surface area.
The availability of 3D structure of the bZIP domains of
Jun–Fos heterodimer in complex with dsDNA oligo con-
taining the TRE site has significantly contributed to our
understanding of the molecular mechanism of action of
this transcription factor at structural level [19]. In this
structure, the heterodimeric bZIP domains adopt continu-
ous a-helical conformations of about 15 turns and wrap
around each other like a pair of forceps that inserts into
the major grooves of DNA via the N-terminal basic
regions. While the a-helices are held together by numerous
inter-helical hydrophobic contacts and salt bridges, hydro-
gen bonding between the sidechains of basic residues in the
bZIP domains and the sidechains of nucleotides accounts
for high affinity binding of bZIP domains to DNA. Further
knowledge of how bZIP domains interact with their cog-
nate sequences in DNA comes from kinetic studies that
suggest that although bZIP domains of Jun and Fos can
heterodimerize rapidly in the absence of DNA, the rate
of heterodimerization is significantly enhanced in the pres-
ence of DNA and that the pathway in which the bZIP
monomers associate with DNA prior to heterodimerization
appears to be highly favored on kinetic grounds [20].

Despite such wealth of structural and kinetic data, little
is known about the thermodynamic mechanism of the
binding of bZIP domains of Fos and Jun to DNA. Here,
using the technique of isothermal titration calorimetry
(ITC), we report detailed thermodynamics of the bZIP
domains of Jun–Fos heterodimer to synthetic dsDNA oli-
gos containing the TRE and CRE consensus promoter ele-
ments. Our data suggest that binding of the bZIP domains
to both TRE and CRE is under enthalpic control and
accompanied by entropic penalty at physiological tempera-
tures. Although the bZIP domains bind to both TRE and
CRE with very similar affinities, the enthalpic contribu-
tions to the free energy of binding to CRE are more favor-
able than TRE, while the entropic penalty to the free
energy of binding to TRE is smaller than CRE. Despite
such differences in their thermodynamic signatures,
enthalpy and entropy of binding of the bZIP domains to
both TRE and CRE are highly temperature-dependent
and largely compensate each other resulting in negligible
effect of temperature on the free energy of binding. From
the plot of enthalpy change versus temperature, the magni-
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tude of heat capacity change determined is much larger
than that expected from the direct association of bZIP
domains with DNA. This observation is interpreted to sug-
gest that the basic regions in the bZIP domains are largely
unstructured in the absence of DNA and only become
structured upon interaction with DNA in a coupled folding
and binding manner. Our new findings are rationalized in
the context of 3D structural models of bZIP domains of
Jun–Fos heterodimer in complex with dsDNA oligos con-
taining the TRE and CRE consensus sequences. Taken
together, our study demonstrates that enthalpy is the major
driving force for a key protein–DNA interaction pertinent
to cellular signaling and that protein–DNA interactions
with similar binding affinities may be accompanied by dif-
ferential thermodynamic signatures. Our data corroborate
the notion that the DNA-induced protein structural
changes are a general feature of the bZIP family of tran-
scription factors.

Materials and methods

Protein preparation

bZIP domains of human Jun (residues 251–331) and human Fos
(residues 136–216) 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. Trx-tag was included to
maximize protein expression in soluble fraction, while the His-tag was
added to aid in protein purification through Ni-NTA affinity chroma-
tography. 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) cultured in LB media and
purified on Ni-NTA affinity column using standard procedures. Briefly,
bacterial cells were grown at 20 �C to an optical density of 0.5 at 600 nm
prior to induction with 0.5 mM isopropyl b-D-1-thiogalactopyranoside
(IPTG). After further overnight growth at 15 �C, the cells were harvested
and disrupted using a beadbeater. After separation of cell debris at high
speed centrifugation, the cell lysate was subjected to Ni-NTA column and
washed extensively with low concentrations of imidazole to remove non-
specific binding of bacterial proteins to the column. The recombinant
bZIP domains of Jun and Fos were subsequently eluted with 500 mM
imidazole and dialyzed against an appropriate buffer to remove imidazole.
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
and 20 mg protein of apparent homogeneity per liter of bacterial culture.
The treatment of recombinant proteins with thrombin protease signifi-
cantly 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 con-
centrations were determined by the fluorescence-based Quant-It assay
(Invitrogen) and spectrophotometrically using extinction co-efficients of
14,230 and 14,230 M�1 cm�1 at 280 nm for the bZIP recombinant
domains of Jun and Fos, respectively. The extinction co-efficients were
calculated using the online software ProtParam at ExPasy Server [21].
Results from both methods were in an excellent agreement. 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 chro-
matography (SEC) analysis using a Hiload Superdex 200 column.
DNA synthesis

HPLC-grade DNA oligos containing the consensus TRE and CRE
sites were commercially obtained from Sigma Genosys. The complete
nucleotide sequences of these oligos are presented in Fig. 1b and c. 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 [22]. To obtain double-stranded
DNA (dsDNA) annealed oligos, equimolar amounts of sense and anti-
sense oligos were mixed together and heated at 95 �C for 10 min and then
allowed to cool to room temperature. The efficiency of oligo annealing to
generate dsDNA was close to 100% as judged by Native-PAGE and size
exclusion chromatography (SEC) analysis using a Hiload Superdex 200
column.
ITC measurements

Isothermal titration calorimetry (ITC) experiments were performed on
Microcal VP-ITC instrument and data were acquired and processed using
fully automized features in Microcal ORIGIN software. All measurements
were repeated 2–3 times. Briefly, the protein and DNA samples were
prepared in 50 mM Tris, 200 mM NaCl, 5 mM EDTA and 5 mM b-
mercaptoethanol at pH 8.0 and de-gassed using the ThermoVac accessory
for 10 min. The experiments were initiated by injecting 25 � 10 ll injec-
tions of 100–200 lM of dsDNA oligo from the syringe into the calori-
metric cell containing 1.8 ml of 5–10 lM of Jun–Fos heterodimer at a fixed
temperature in the narrow range 15–35 �C. The bZIP domains of Jun and
Fos form heterodimers with an affinity of less than 0.1 lM [20]. Thus,
under the ITC conditions, the bZIP domains of Jun and Fos would be
expected to predominantly exist as heterodimers with negligible amounts
of monomers. The change in thermal power as a function of each injection
was automatically recorded using Microcal ORIGIN software and the raw
data were further processed to yield binding isotherms of heat release per
injection as a function of DNA to protein molar ratio. The heats of mixing
and dilution were subtracted from the heat of binding per injection by
carrying out a control experiment in which the same buffer in the calori-
metric cell was titrated against the dsDNA oligos in an identical manner.
Control experiments with scrambled dsDNA oligos generated similar
thermal power to that obtained for the buffer alone—as did the titration of
dsDNA oligos containing TRE and CRE sites against a protein construct
containing thioredoxin with a C-terminal His-tag (Trx–His). Titration of
concentrated Trx–His protein construct into the calorimetric cell con-
taining the bZIP domains of Jun–Fos heterodimer produced no obser-
vable signal, implying that neither Trx-tag nor His-tag interact with the
bZIP domains of Jun and Fos. To extract various thermodynamic
parameters, the binding isotherms were iteratively fit to the following in-
built function by non-linear least squares regression analysis using the
integrated Microcal ORIGIN software:

qðiÞ ¼ ðnDHVP=2Þf½1þ ðL=nPÞ þ ðKd=nPÞ� � ½½1þ ðL=nPÞ

þ ðKd=nPÞ�2 � ð4L=nPÞ�1=2g ð1Þ

where q(i) is the heat release (kcal/mol) for the ith injection, n is the bind-
ing stoichiometry, DH is the binding enthalpy (kcal/mol), V is the effective
volume of protein solution in the calorimetric cell (1.46 ml), P is the total
protein concentration in the calorimetric cell (lM), L is the total concen-
tration of DNA added (lM) and Kd is the apparent equilibrium binding
constant (lM). The above equation is derived from the binding of a ligand
to a macromolecule using the law of mass action assuming a 1:1 binding
stoichiometry [23]. The iterative fit of binding isotherms to the above
in-built function thus directly generated values for Kd and DH. The free
energy change (DG) upon ligand binding was calculated from the
relationship:
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DG ¼ RT ln Kd ð2Þ

where R is the universal molar gas constant (1.99 cal/K/mol), T is the
absolute temperature in Kelvin and Kd is in the units of mol/L. The entro-
pic contribution (TDS) to the free energy of binding was calculated from
the relationship:

TDS ¼ DH � DG ð3Þ

where DH and DG are as defined above. Heat capacity change (DCp) in the
protein upon DNA binding was calculated by measuring DH as a function
of temperature (T) in the narrow range 15–35 �C—with the slope of the
DH versus T plot yielding the value of DCp. To improve the accuracy of
ITC measurements, the c value was controlled in the approximate range
10–200. The c-value is a dimensionless parameter and defined by the ratio
of total protein concentration in the calorimetric cell divided by Kd. Mea-
surements with the c-value outside the range 5–500 are subject to error.
Despite the stability conferred upon the bZIP domains of Jun and Fos
by the presence of Trx- and His-tags, only the recombinant Jun–Fos het-
erodimer was stable at protein concentrations above 5 lM needed for ITC
experiments, while the recombinant Jun–Jun homodimer lacked the stabil-
ity for any reliable ITC measurements. For this reason, only ITC measure-
ments on the binding of Jun–Fos heterodimer to DNA are reported in this
study.

SASA calculations

The magnitude of changes in polar and apolar solvent-accessible sur-
face area (SASA) in the bZIP domains of Jun–Fos heterodimer upon
binding to dsDNA oligos containing the TRE and CRE consensus sites
were calculated from thermodynamic data obtained using ITC and com-
pared with those obtained from structural data based on the 3D structural
models (see below).

For calculation of changes in polar SASA (DSASApolar) and apolar
SASA (DSASAapolar) upon the binding of dsDNA oligos containing the
TRE and CRE consensus sites to bZIP domains of Jun–Fos heterodimer
from thermodynamic data, it was assumed that DCp and DH at 60 �C
(DH60) are additive and linearly depend on the change in DSASApolar and
DSASAapolar as embodied in the following empirically-derived expressions
[24–28]:

DCp ¼ a½DSASApolar� þ b½DSASAapolar� ð4Þ
DH 60 ¼ c½DSASApolar� þ d½DSASAapolar� ð5Þ

where a, b, c and d are empirically-determined co-efficients with values of
�0.26 cal/mol/K/Å2, +0.45 cal/mol/K/Å2, +31.34 cal/mol/Å2 and
�8.44 cal/mol/Å2, respectively. The co-efficients a and b are independent
of temperature, while c and d are referenced against a temperature of
60 �C, which equates to the median melting temperature of the proteins
from which these constants are derived [24–26]. DCp was calculated from
the slope of a plot of DH versus T in the narrow temperature range 15–
35 �C for the binding of TRE (�0.87 kcal/mol/K) and CRE
(�0.81 kcal/mol/K) dsDNA oligos to the bZIP domains of Jun–Fos het-
erodimer using the ITC instrument. DH60 was calculated by the extrapo-
lation of a plot of DH versus T to 60 �C for the binding of TRE
(�60.56 kcal/mol) and CRE (�64.95 kcal/mol) dsDNA oligos to the bZIP
domains of Jun–Fos heterodimer using the ITC instrument. With DCp and
DH60 experimentally determined using ITC and the knowledge of co-effi-
cients a–d from empirical models [24–28], Eqs. (4) and (5) were simulta-
neously solved to obtain the magnitude of changes in DSASApolar and
DSASAapolar independent of structural information upon the binding of
dsDNA oligos to the bZIP domains of Jun–Fos heterodimer.

To determine changes in DSASApolar and DSASAapolar upon the
binding of dsDNA oligos to bZIP domains of Jun–Fos heterodimer from
structural data, two models of binding were assumed—the Rigid Body
model and the Induced Fit model. In the Rigid Body model, it was
assumed that the bZIP domains of Jun–Fos heterodimer undergo no
conformational change upon binding to dsDNA oligos containing TRE
and CRE sites. In the Induced Fit model, it was assumed that the basic
regions in the bZIP domains of Jun–Fos heterodimer are fully unstruc-
tured and only become structured upon binding to dsDNA oligos con-
taining TRE and CRE sites. Changes in DSASApolar and DSASAapolar

upon the binding of dsDNA oligos to bZIP domains of Jun–Fos hetero-
dimer from structural data were calculated using the following
relationships:

DSASApolar ¼ SASAbp � ðSASAfp þ SASAdpÞ ð6Þ
DSASAapolar ¼ SASAba � ðSASAfa þ SASAdaÞ ð7Þ

where SASAbp and SASAba are the polar and apolar SASA of bZIP do-
mains of Jun–Fos heterodimer bound to DNA, SASAfp and SASAfa are
the polar and apolar SASA of free bZIP domains of Jun–Fos heterodimer,
and SASAdp and SASAda are the polar and apolar SASA of free dsDNA
oligos. SASAbp and SASAba were calculated from structural models of
bZIP domains of Jun–Fos heterodimer in complex with dsDNA oligos
(containing atomic coordinates of both the bZIP domains and the corre-
sponding sense and antisense dsDNA oligos), SASAfp and SASAfa were
calculated from structural models of bZIP domains of Jun–Fos heterodi-
mer in complex with dsDNA oligos (but containing atomic coordinates of
the bZIP domains only) for the Rigid Body model, while SASAfp and SA-
SAfa were calculated from structural models of bZIP domains of Jun–Fos
heterodimer determined in the absence of DNA with basic regions allowed
to adopt extended conformations (see below) in the Induced Fit model,
and SASAdp and SASAda were calculated from structural models of bZIP
domains of Jun–Fos heterodimer in complex with dsDNA oligos (but con-
taining atomic coordinates of only the corresponding sense and antisense
dsDNA oligos). All SASA calculations were performed using the online
software GETAREA with a probe radius of 1.4 Å [29].

Structural modeling

3D structures of bZIP domains of Jun–Fos heterodimer alone and in
complex with dsDNA oligos containing TRE and CRE sites were modeled
using the MODELLER software based on homology modeling [30]. The
model of bZIP domains of Jun–Fos heterodimer in the absence of DNA
was obtained using the crystal structure of bZIP domains of Jun–Fos
heterodimer in complex with a dsDNA oligo containing the TRE con-
sensus sequence as a template [PDB code: 1FOS]. However, only the
structural coordinates of atoms within leucine zipper regions were used to
model the free structure of the bZIP domains of Jun–Fos heterodimer,
while the residues in the N-terminal basic regions were allowed to adopt
an open extended conformation and allowed to reach the energy minima
without any restraints supplied by corresponding residues in the template.
The model of bZIP domains of Jun–Fos heterodimer in complex with 21-
mer dsDNA oligo containing the TRE site was obtained using the crystal
structure of bZIP domains of Jun–Fos heterodimer in complex with a
dsDNA oligo containing the TRE consensus sequence TGACTCA but
differing in flanking sequences as a template [PDB code: 1FOS]. The model
of bZIP domains of Jun–Fos heterodimer in complex with 22-mer dsDNA
oligo containing the CRE site was obtained using the crystal structure of
bZIP domains of Jun–Jun homodimer in complex with a dsDNA oligo
containing the CRE consensus sequence TGACGTCA but differing in
flanking sequences as a template [PDB code: 1JNM]. 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 [31] and superimposed in
MOLMOL [32]. All other calculations were performed on the lowest
energy-minimized structural model.

Results and discussion

Enthalpy drives the protein–DNA interaction

In an attempt to unravel the thermodynamic mechanism
of the binding of bZIP domains of Jun–Fos heterodimer to
dsDNA oligos containing the TRE and CRE sites, we
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employed the powerful technique of ITC (Fig. 2). Compar-
ison of the various thermodynamic parameters is presented
in Table 1. Our data suggest that the bZIP domains of Jun–
Fos heterodimer bind to TRE and CRE sites with very sim-
ilar affinities of 0.15 and 0.21 lM, respectively (Table 1).
These observations are in an excellent agreement with pre-
vious studies based on semi-quantitative analysis [6,17,33–
35]. What sets our study apart from anything previously
reported is the striking observation that binding of the
bZIP domains of Jun–Fos heterodimer to TRE and CRE
sites in DNA is under strong enthalpic control accompa-
nied by entropic penalty at physiological temperatures.
This observation is consistent with enthalpic-driven nature
of the interaction of the bZIP domains of the yeast tran-
scription factor GCN4 to TRE and CRE sites in DNA
[36,37].

The favorable enthalpic change is most likely due to the
formation of hydrogen bonding, hydrophobic contacts and
electrostatic interactions between the bZIP domains of
Jun–Fos heterodimer and its target DNA duplexes as
observed in the 3D structure [19]. Interestingly, despite
the slightly weaker interaction of the bZIP domains of
Jun–Fos heterodimer to CRE site relative to TRE site,
the binding to CRE site appears to be enthalpically more
favorable by about 5 kcal/mol (Table 1), implying that
the presence of an extra base pair between the TGA and
TCA half-sites in CRE accounts for favorable electrostatic
and hydrophobic interactions with the protein. However,
Fig. 2. ITC analysis of the binding of the bZIP domains of Jun–Fos heterodim
of Jun–Fos heterodimer in the calorimetric cell were titrated with 25 � 10 ll
injection and the corresponding heat release are not shown due to systematic un
final buffer of 50 mM Tris, 200 mM NaCl, 5 mM EDTA and 5 mM b-merca
function based on the binding of a ligand to a macromolecule using the Micr
the enthalpic advantage of CRE over TRE is offset by an
equally greater entropic penalty, resulting in the overall
weaker binding of CRE relative to TRE. This salient obser-
vation is in stark contrast to the finding that DH is more
negative for the binding of bZIP domains of GCN4 to
TRE versus CRE [36,37]. However, in these previous stud-
ies [36,37], the more favorable DH for the binding of bZIP
domains of GCN4 to TRE is offset by a much greater
entropic penalty relative to CRE and the net result is that,
unlike the scenario reported here, it is CRE site that overall
appears to bind to GCN4 with a slightly higher affinity rel-
ative to TRE site. It is worthy of note that enthalpy-driven
nature of protein–DNA interactions observed here is nei-
ther a rule nor an exception to the rule, as numerous exam-
ples of protein–DNA interactions under enthalpic as well
as entropic control have been reported previously [36,38–
45].

Although protein–DNA interactions can be driven by
either enthalpic or entropic or a combination of both fac-
tors [36,39–42,46–48], the large unfavorable entropic
change—�75 cal/mol/K for the binding of TRE and
�91 cal/mol/K for the binding of CRE—observed here is
of significant interest. What might be the molecular basis
of such an unfavorable entropy change observed here?
Net entropic changes (DS) upon protein–DNA interactions
are widely considered to result from an interplay between
three major entropic forces symbolized as DSsolv, DSconf

and DSmix. DSsolv is the favorable entropy change due to
er to dsDNA oligos containing TRE (a) and CRE (b) sites. bZIP domains
injections of dsDNA oligo from the injection syringe at 25 �C. The first
certainties in the measurement. The proteins and the DNA were both in a

ptoethanol at pH 8.0. The solid lines represent the fit of the data to the
ocal ORIGIN software [23].



Table 1
Experimentally determined thermodynamic parameters for the binding of
bZIP domains of Jun–Fos heterodimer to dsDNA oligos containing TRE
and CRE consensus sequences using ITC at 25 �C and pH 8.0

Kd/lM DH/kcal mol�1 TDS/kcal mol�1 DG/kcal mol�1

TRE 0.15 ± 0.01 �31.62 ± 0.09 �22.29 ± 0.08 �9.33 ± 0.01
CRE 0.21 ± 0.02 �36.23 ± 0.06 �27.10 ± 0.11 �9.12 ± 0.04

The values for the various parameters shown were obtained from the fit of
a function—based on the binding of a ligand to a macromolecule using the
law of mass action assuming a 1:1 binding stoichiometry [23]—to the ITC
isotherms shown in Fig. 2. The binding stoichiometries to the fits agreed to
within ±10%. Errors were calculated from 2–3 independent measure-
ments. All errors are given to one standard deviation.

Fig. 3. Dependence of thermodynamic parameters Kd, DH, TDS and DG

on temperature for the binding of bZIP domains of Jun–Fos heterodimer
to dsDNA oligos containing TRE (�) and CRE (N) sites. bZIP domains of
Jun–Fos heterodimer in the calorimetric cell were titrated with 25 � 10 ll
injections of dsDNA oligo from the injection syringe at various temper-
atures in the range 15–35 �C. The proteins and the DNA were both in a
final buffer of 50 mM Tris, 200 mM NaCl, 5 mM EDTA and 5 mM b-
mercaptoethanol at pH 8.0. To determine the various thermodynamic
parameters, the ITC isotherms were fit to the function based on the
binding of a ligand to a macromolecule using the Microcal ORIGIN
software [23]. Each data point is the arithmetic mean of 2–3 experiments.
All error bars are given to one standard deviation. The solid lines for the
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enhancement in the degrees of freedom of solvent mole-
cules as a result of their restructuring and displacement,
particularly around apolar groups, upon molecular associ-
ations. In the case of protein–DNA association, the release
of counterions from DNA upon binding to protein is also
likely to contribute favorably to DSsolv. DSconf is the unfa-
vorable entropic change that arises from the restriction of
conformational degrees of freedom of the backbone and
sidechain atoms upon molecular associations. It has been
suggested that the basic regions in the bZIP domains of
Jun–Fos heterodimer are unstructured in the absence of
DNA and undergo folding only upon DNA binding [49].
Thus, such restructuring of protein upon DNA binding
could further negatively contribute to the DSconf. Finally,
DSmix is the unfavorable entropic change due to the restric-
tion in the translational, rotational and vibrational degrees
of freedom of molecules upon binding. Several lines of evi-
dence suggest that DSmix typically contributes no more
than about �10 cal/mol/K of entropy penalty to the over-
all entropic change upon binding [27,50–52]. On the basis
of these arguments, we attribute the unfavorable entropic
change incurred upon the binding of bZIP domains of
Jun–Fos heterodimer to DNA largely to the loss of confor-
mational degrees of freedom of backbone and sidechain
atoms in both the protein and DNA as embodied in the
term DSconf.
DH versus temperature and TDS versus temperature plots show linear fits
to the data, while the solid lines for the Kd versus temperature and DG

versus temperature plots show straight lines merely connecting the data
points for clarity.
Enthalpy and entropy compensate the effect of temperature

on binding

Thermodynamic behavior of intermolecular associations
can be highly dependent on the ambient temperature and
knowledge of how thermodynamics vary as a function of
temperature can provide invaluable insights into the mech-
anism of molecular recognition. In an effort to determine
the effect of temperature on the various thermodynamic
parameters, we analyzed the binding of the bZIP domains
of Jun–Fos heterodimer to dsDNA oligos containing the
TRE and CRE consensus sites in the temperature range
15–35 �C (Fig. 3). Our data indicate that both the enthalpic
(DH) and entropic (TDS) contributions to the overall free
energy of binding (DG) show strong temperature-depen-
dence and that both DH and TDS largely compensate for
each other to generate DG that is virtually independent of
temperature—while DH and TDS experience more than
20 kcal/mol change in their contributions to binding in
going from 15 to 35 �C, DG gains no more than 1 kcal/
mol over the same temperature range. Consistent with this
observation is the relatively constant nature of the binding
affinity (0.1–0.4 lM) over the same temperature range for
the interaction of both the TRE and CRE dsDNA oligos
with the bZIP domains of Jun–Fos heterodimer. It is of
worthy note that the binding affinity for the interaction
of bZIP domains with CRE appears to experience a sudden
increase from a value of about 0.4 lM at a temperature of
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20 �C and lower to a value of about 0.2 lM at a tempera-
ture of 25 �C and higher. This unexpected break cannot be
accounted for and we do not believe that it is of any signif-
icance. We limited our investigations of the effect of tem-
perature on the thermodynamics of protein–DNA
interaction within this narrow temperature range due to a
number of technical hurdles—below a temperature of
15 �C, the observable ITC signal in the form of thermal
power becomes substantially attenuated such that no reli-
able measurements can be made, while above a tempera-
ture of 35 �C, bZIP domains have the tendency to
undergo melting and thus measurements at higher temper-
atures may lead to inconsistencies [36,37]. Regardless of
these limitations, our data suggest that within this temper-
ature range, the thermodynamics of binding of the bZIP
domains of Jun–Fos heterodimer to TRE and CRE sites
are overwhelmingly driven by favorable enthalpic changes
with unfavorable entropic contributions to the overall free
energy of binding.

The linear and opposing dependence of DH and TDS as
a function of temperature, while maintaining a more or less
constant DG, is a common feature observed in protein fold-
ing and binding reactions [25,53,54]. This phenomenon
implies that there exists a temperature TH where DH contri-
bution to the free energy of binding changes sign. In the
case of the binding of bZIP domains of Jun–Fos heterodi-
mer to their DNA duplexes, DH will become endothermic
and hence thermodynamically unfavorable below this TH.
Our analysis of the dependence of DH versus temperature
suggests that TH for the binding of bZIP domains of
Jun–Fos heterodimer to TRE and CRE sites is �10 and
�20 �C, respectively—the binding of Jun–Fos heterodimer
to TRE and CRE sites will be expected to be endothermic
below temperatures of about �10 and �20 �C, respectively,
and thus under these conditions, entropy not enthalpy is
likely to drive the binding process. For further curiosity,
we also determined the temperatures at which TDS and
DG will change sign for the binding of bZIP domains of
Jun–Fos heterodimer to TRE and CRE sites in DNA.
Extrapolation of the plots of TDS versus temperature sug-
gests that TDS will become positive and hence thermody-
namically favorable below temperatures of about 0 and
�10 �C for binding to TRE and CRE, respectively. Simi-
larly, extrapolation of the plots of DG versus temperature
suggests that DG will reach zero at approximate tempera-
tures of �210 and �125 �C for binding to TRE and
CRE, respectively—the temperatures at which enthalpic
and entropic contributions to the free energy of binding
will have exactly equal and opposing components.

It is thus striking that despite an entropy penalty
encountered at physiological temperatures, the entropy
change will be favorable below a temperature of about
�10 �C for the binding of Jun–Fos heterodimer to both
the TRE and CRE sites in DNA and, below a temperature
of about �20 �C, the binding will be predominantly driven
by entropic factors with unfavorable contributions from
enthalpic forces. We believe that the driving force for bind-
ing to switch from being under enthalpic control at physi-
ological temperatures to being under entropic control at
lower temperatures is largely due to the change in the
DSconf component of the overall entropy change of the sys-
tem. Unlike at physiological temperatures, the change in
DSconf is unlikely to be the major entropic penalty at lower
temperatures due to the loss of reduction in the degrees of
freedom of backbone and sidechain atoms available to
molecules prior to binding as a result of loss of kinetic
energy. Thus, molecular associations may not suffer from
the loss of DSconf as much as those encountered at higher
physiological temperatures. With the DSconf penalty being
significantly reduced at lower temperatures, the DSsolv gain
as a result of displacement of water molecules surrounding
molecular surfaces that become occluded from the solvent
upon binding is likely to generate favorable entropic
changes needed to drive the binding to completion against
the backdrop of unfavorable enthalpic changes—which
may also be accounted for by the loss of kinetic energy
available for molecular collisions at lower temperatures.

Heat capacity change results from both folding and binding

The temperature-dependence of DH is related to heat
capacity of binding (DCp) by Kirchhoff’s relationship
DCp = d(DH)/dT—the slope of a plot of DH versus tem-
perature equates to DCp. Heat capacity is an important
thermodynamic parameter in that it is related to the extent
of the burial, occlusion and dehydration of molecular sur-
faces from surrounding solvent molecules upon intermolec-
ular association—technically referred to as the change in
solvent-accessible surface area (DSASA) [25,39,55,56]. As
such, this information is critical to understanding the
mechanism of molecular recognition and, in the context
of protein–DNA interactions, such information can further
help us understand the role of thermodynamics pertinent to
the regulation of transcriptional machinery.

In an attempt to understand how the binding of Jun–
Fos heterodimer to DNA affects SASA, we calculated
DCp of �0.87 and �0.81 kcal/mol/K from the slopes of
DH versus temperature plots obtained for the binding of
bZIP domains of Jun–Fos heterodimer to TRE and CRE
sites, respectively (Fig. 3). What might be the significance
of the negative values of DCp observed here? A positive
value of DCp implies that the occlusion of polar surfaces
dominates the intermolecular association over apolar sur-
faces [25,57,58]. The fact that the values of DCp are nega-
tive suggests that the occlusion of apolar surfaces
dominates the occlusion of polar surfaces for the binding
of the bZIP domains of Jun–Fos heterodimer to both the
TRE and CRE sites. The slightly more negative DCp for
the binding of the bZIP domains of Jun–Fos heterodimer
to TRE likely reflects a greater burial of apolar surfaces
over polar surfaces for the binding of CRE. Experimental
determination of values of DCp combined with DH60

(enthalpy change at 60 �C) have been widely used to quan-
titatively calculate changes in polar SASA (DSASApolar),
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apolar SASA (DSASAapolar) and total SASA (DSASAtotal)
upon intermolecular association [24–28]. Such changes in
SASA upon the binding of bZIP domains of Jun–Fos het-
erodimer to DNA from our thermodynamic measurements
are reported in Table 2.

It has been suggested that the basic regions in bZIP
domains are largely unstructured in the absence of DNA
and undergo folding only upon binding to DNA [59–63].
Although the solution or crystal structure of the bZIP
domains of Jun–Fos heterodimer in the absence of DNA
has never been determined, circular dichroism studies pro-
vide stern evidence that the basic regions in the bZIP
domains of Jun–Fos heterodimer are also unstructured in
the absence of DNA and undergo folding only upon
DNA binding [49]. In light of this foregoing argument, it
is likely that change in SASA determined from our thermo-
dynamic measurements above represents the folding of the
basic regions in the bZIP domains of Jun–Fos heterodimer
in concert with binding to DNA. To test that this is so, we
also determined changes in SASA upon the binding of the
bZIP domains of Jun–Fos heterodimer to DNA from struc-
tural data independent of our thermodynamic measure-
ments. To calculate changes in SASA upon the binding of
the bZIP domains of Jun–Fos heterodimer to DNA from
structural data, we assumed two models of binding—the
Rigid Body model and the Induced Fit model. In the Rigid
Body model, it was assumed that the bZIP domains of Jun–
Fos heterodimer undergo no conformational change upon
binding to dsDNA oligos containing TRE and CRE sites.
In this model, the 3D structure of the bZIP domains of
Jun–Fos heterodimer and the dsDNA oligos containing
TRE and CRE sites were identical in both the free and
the bound states—the Rigid Body model of binding
assumes that no folding occurs in the protein or the DNA
upon association and that the protein–DNA interaction is
solely driven by the binding process alone. In the Induced
Fit model, it was assumed that the basic regions in the bZIP
domains of Jun–Fos heterodimer are fully unstructured and
only become structured upon binding to dsDNA oligos
Table 2
Changes in polar SASA (DSASApolar), apolar SASA (DSASAapolar) and tot
heterodimer to dsDNA oligos containing TRE and CRE sites

DNA site ? TRE

Method ? Thermodynamic Structural

Model ? None Rigid Body Induc

DSASApolar/Å
2 �2905 �1371 �2602

DSASAapolar/Å
2 �3612 �1401 �3489

DSASAtotal/Å
2 �6517 �2772 �6091

The changes in SASA are calculated and compared from both the thermodyna
obtained from the measurement of DCp for the binding of the bZIP domains
(Fig. 3) using expressions (4) and (5), while SASA values based on structural dat
heterodimer alone and in complex with dsDNA oligos containing TRE and CR
from structural data, two models were assumed—the Rigid Body model and t
bZIP domains of Jun–Fos heterodimer undergo no conformational change upo
regions in the bZIP domains of Jun–Fos heterodimer are fully unstructured and
from thermodynamic data make no assumptions and are thus model-independ
containing TRE and CRE sites—the Induced Fit model
of binding assumes that partial folding of the bZIP domains
in the basic regions occurs concomitantly upon association
and that the protein–DNA interaction is accompanied by
both the folding and the binding process.

Table 2 summarizes and compares values for DSASApo-

lar, DSASAapolar and DSASAtotal upon the interaction of
the bZIP domains of Jun–Fos heterodimer to TRE and
CRE sites, as calculated from our thermodynamic and
structural data. Our analysis shows that there are signifi-
cant deviations between the values calculated from thermo-
dynamic data and the Rigid Body model of binding. In
contrast, the values determined from thermodynamic data
agree par excellence with those calculated from the Induced
Fit model. While the changes in SASA determined from
thermodynamic data are off by more than 50% relative to
those determined from structural data assuming the Rigid
Body model for both TRE and CRE binding, these values
agree within about 5% and 20% to those calculated from
structural data assuming the Induced Fit model for TRE
and CRE binding, respectively. The small anomalies in
the values for changes in SASA between those obtained
from thermodynamic data versus those calculated from
structural data assuming the Induced Fit model are likely
due to errors in the atomic coordinates of the structural
models. These anomalies particularly become more pro-
nounced in the case of the binding of the bZIP domains
of Jun–Fos heterodimer to CRE site due to the poor qual-
ity of the 3D structural model of bZIP domains of Jun–Fos
heterodimer in complex with CRE versus TRE site. While
the structural model of the bZIP domains of Jun–Fos het-
erodimer in complex with dsDNA oligo containing TRE
site was determined from reliable atomic coordinates of
the crystal structure of this complex [PDB code: 1FOS],
experimental structure of the bZIP domains of Jun–Fos
heterodimer in complex with CRE site is not available
and thus had to be modeled on the basis of sequence
homology with the bZIP domains of Jun–Jun homodimer
in complex with CRE site [PDB code: 1JNM].
al SASA (DSASAtotal) upon the binding of bZIP domains of Jun–Fos

CRE

Thermodynamic Structural

ed Fit None Rigid Body Induced Fit

�3028 �1430 �2507
�3550 �1484 �2499
�6578 �2914 �5006

mic and structural data. SASA values based on thermodynamic data were
of Jun–Fos heterodimer to dsDNA oligos containing TRE and CRE sites
a were derived from 3D structural models of the bZIP domains of Jun–Fos
E sites (Fig. 4) using expressions (6) and (7). For SASA values calculated

he Induced Fit model. In the Rigid Body model, it was assumed that the
n binding to DNA. In the Induced Fit model, it was assumed that the basic

only become structured upon binding to DNA. DSASA values calculated
ent.
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An alternative explanation for the anomalies observed
in the values for changes in SASA between those obtained
from thermodynamic data versus those calculated from
structural data assuming the Induced Fit model may be
due to the assumption that DNA experiences no conforma-
tional change upon interaction with the protein in spite of
the evidence that it undergoes bending upon binding [64–
67]. Nonetheless, this latter assumption is an excellent
approximation in our a priori calculations of changes in
SASA from structural data due to negligible occlusion of
molecular surface in DNA upon bending compared to
rather large surface area buried upon protein–DNA con-
tacts coupled with protein folding. It is thus not surprising
that, despite small anomalies, our values for changes in
SASA upon protein–DNA interaction calculated from
thermodynamic data versus those calculated from struc-
tural data assuming the Induced Fit model show remark-
able consistency. In short, we believe that the significant
underestimation of changes in SASA calculated from struc-
tural data assuming the Rigid Body model are due to the
unrealistic assumption that neither protein nor DNA
underwent any conformational change upon the formation
of protein–DNA complex. However, in the Induced Fit
model of binding, this unrealistic assumption is eliminated.
The fact that the changes in SASA obtained from the struc-
tural data assuming the Induced Fit model and thermody-
namic studies agree to within experimental error
unequivocally demonstrates that the bZIP domains of
Jun–Fos heterodimer undergo coupled folding and binding
to DNA.

Structural modeling allows rationalization of thermodynamic
data

In an attempt to rationalize our thermodynamic data in
structural terms, we modeled 3D structures of the bZIP
domains of Jun–Fos heterodimer alone and in complex
with dsDNA oligos containing TRE and CRE sites on
the basis of homology modeling (Fig. 4). Given that the
insertion of an extra base pair at the center of the CRE site
would increase the distance between the TGA and TCA
half-sites, our structural models would also test the extent
Fig. 4. Modeled structures of bZIP domains of Jun–Fos heterodimer alone a
clarity, only the core regions of bZIP domains of Jun (residues 258–311) and Fo
the TRE (TGACTCA) and CRE (TGACGTCA) sites are also omitted. (a) bZIP
are shown in cyan and the basic regions in purple. While the leucine zippers a
largely unstructured and most likely adapt extended conformations. (b) bZIP do
zippers in the bZIP domains are shown in cyan and the basic regions in purple.
(green) in bZIP domains and the DNA bases (gray) plus the backbone phospha
of bZIP domains of Jun–Fos heterodimer in complex with dsDNA oligo cont
bZIP domains of Jun–Fos heterodimer in complex with CRE site (yellow). Leuc
purple. The inset shows the intermolecular interactions between critical basi
backbone phosphates (yellow). The structural model was generated using the c
dsDNA oligo containing the CRE site [PDB code: 1JNM] as a template in MO
Jun–Fos heterodimer in complex with TRE site (red) versus its orientation i
alignment of the backbone N, CA and C atoms of the five signature leucines L1
headed horizontal arrows compare the distance between the two ends of the b
sites. The double-headed vertical arrow compares the rotation of the bZIP fo
to which the bZIP domains of Jun–Fos heterodimer may
have to undergo conformational change to accommodate
the wider spacing between these half-sites in the major
grooves of DNA.

In agreement with our thermodynamic data, our 3D
structural model of the bZIP domains of Jun–Fos
heterodimer shows the basic regions unstructured and
more or less fully extended in the absence of DNA
(Fig. 4a). It is believed that such unfolding occurs due
to unfavorable interactions between closely spaced basic
residues. However, the basic regions become structured
upon the introduction of dsDNA oligos containing
TRE and CRE sites due to neutralization of basic charge
with negative DNA backbone phosphates (Fig. 4b and
c). Our model predicts that the key residues in the basic
regions that contact the DNA bases and backbone phos-
phates would have to undergo significant conformational
changes from being fully exposed to solvent to becoming
dehydrated upon contact with DNA—a scenario that
fully accounts for the magnitudes of DCp observed in
our thermodynamic measurements for the binding of
bZIP domains of Jun–Fos heterodimer to TRE and
CRE sites (Table 2). The conformational changes
occurring in the protein upon DNA binding can be
best visualized in the form of a movie accessible on
the WWW @ http://labs.med.miami.edu/farooq/movies/
AP1bZIP.

Consistent with the crystal structure of the protein–
DNA complex [19], the bZIP domains of Jun–Fos hetero-
dimer bind to half-sites within the major grooves formed
by the TRE site related by a 180� rotation about the dyad
axis of the complex (Fig. 4b). One half-site of TRE packs
against the basic region of Jun bZIP while the other against
the basic region of Fos bZIP. Since the TRE site is pseudo-
palindromic, it is believed that the basic regions within Jun
and Fos may assume no preferred orientation and that
these could easily switch between the two half-sites
[19,35]. However, the bZIP domains of Jun–Fos assume
asymmetry in that the helical axis of Fos is somewhat
straighter than that of Jun and the latter appears to wrap
around the straighter axis of Fos. Although the central axis
of the coiled-coil bZIP domains of Jun–Fos is almost per-
nd in complex with dsDNA oligos containing TRE and CRE sites. For
s (residues 143–196) are shown. For the same reason, nucleotides flanking
domains of Jun–Fos heterodimer in the absence of DNA. Leucine zippers

dapt a-helical conformations, the basic regions that contact the DNA are
mains of Jun–Fos heterodimer in complex with TRE site (yellow). Leucine
The inset shows intermolecular interactions between critical basic residues
tes (yellow). The structural model was generated using the crystal structure
aining the TRE site [PDB code: 1FOS] as a template in MODELLER. (c)
ine zippers in the bZIP domains are shown in cyan and the basic regions in
c residues (green) in bZIP domains and the DNA bases (gray) plus the
rystal structure of bZIP domains of Jun–Jun homodimer in complex with
DELLER. (d) Superimposition of the orientation of the bZIP domains of

n complex with CRE site (blue). Superimposition was performed by the
, L2, L3, L4 and L5 in each bZIP pair of Jun–Fos heterodimer. The double-
ZIP forceps in each of the two complexes in contact with TRE and CRE

rceps in contact with TRE site relative to CRE site.

"

http://labs.med.miami.edu/farooq/movies/AP1bZIP
http://labs.med.miami.edu/farooq/movies/AP1bZIP
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pendicular to the double-helical axis of DNA, it is believed
that this may not always be the case and that the central
axis of the bZIP domains could undergo bending to some
degree and that such a flexibility may represent a general
feature of the interaction of bZIP domains with DNA
[19]. A number of residues in the basic regions of Jun
and Fos engage in hydrogen bonding, hydrophobic con-
tacts and electrostatic interactions with the bases and back-
bone phosphates in the TRE site and are believed to be
essential for high affinity binding of Jun–Fos heterodimer
to DNA [35,68]. In particular, these include the basic resi-
dues R259, R263 and R270 in the basic region of Jun, and
R144, K148 and R155 in the basic region of Fos (inset to
Fig. 4b).
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How does an increase in the distance between the TGA
and TCA half-sites in the consensus sequence TGACTCA,
as a result of insertion of an extra base pair to generate the
CRE site, affect the binding of Jun–Fos heterodimer to
DNA? As for TRE site, the bZIP domains of Jun–Fos het-
erodimer bind to CRE site in a very similar manner—the
more curved Jun wraps around a straighter Fos and the
central axis of the coiled coil Jun–Fos heterodimer is
almost perpendicular to the double-helical axis of DNA
(Fig. 4c). However, our structural model of the bZIP
domains of Jun–Fos in complex with CRE site suggests
that the increase in the distance between the TGA and
TCA half-sites would be compensated by a slight re-orien-
tation of the basic regions in the bZIP domains of Jun–Fos
heterodimer so as to splay apart the bZIP forceps and re-
align the key residues in the basic regions that contact
the DNA bases and backbone phosphates (inset to
Fig. 4c). Additionally, the extra G insert at the center of
the CRE site would contribute to strong favorable hydro-
gen bonding and hydrophobic interactions with the bZIP
domains of Jun–Fos heterodimer. These additional pro-
tein–DNA interactions may also account for the more
favorable enthalpic change observed upon the binding of
bZIP domains of Jun–Fos heterodimer to CRE site relative
to TRE site (Table 1).

Superimposition of bZIP domains of Jun–Fos heterodi-
mer in complex with TRE site versus CRE site reveals that
the backbone atoms of basic regions in Jun and Fos open
up by about 2 Å at their N-termini in contact with major
grooves of DNA (Fig. 4d). This increase in the distance
is consistent with the knowledge that the addition of an
extra base pair to DNA adds about 3 Å to its double-heli-
cal length. Furthermore, there is also a rotation of about
20� of the bZIP domains of Jun–Fos heterodimer in com-
plex with CRE site relative to TRE site due to the insertion
of an extra base pair. Binding of bZIP domains of Jun–Fos
heterodimer to CRE site is further aided by the slight bend-
ing of DNA relative to that in TRE site. Our model of
bZIP domains of Jun–Fos heterodimer in complex with
CRE site also predicts that the residues in the basic regions
of both Jun and Fos that are critical for interaction with
TRE site are also likely to play a key role for interaction
with CRE site and that the insertion of an extra base pair
does not alter the pattern of protein–DNA interactions.
These observations are in an excellent agreement with the
crystal structure of the bZIP domains of GCN4 in complex
with CRE site [69,70].

Apart from the subtle differences in the protein and
DNA conformations mentioned above, both the TRE
and CRE sites appear to occlude similar surface areas at
the protein–DNA interface upon binding (Table 2).
Although the larger CRE site would be expected to engage
in more extensive contacts with DNA and hence lead to
greater occlusion of surface area upon binding, the confor-
mational change in the protein necessary to accommodate
the larger CRE site appears to counterbalance this due to
slight re-arrangement of residues at the protein–DNA
interface. Nonetheless, the additional contacts made by
the introduction of an extra base pair between the TGA
and TCA half-sites manifests itself in the form of addi-
tional release of heat of about 5 kcal/mol relative to TRE
site upon binding to the bZIP domains of Jun–Fos hetero-
dimer. This favorable gain in enthalpy is, however, offset
by an equal but opposing amount of unfavorable entropic
cost for the binding of CRE site relative to TRE site, mak-
ing the latter site equally favorable, if not more favorable,
for binding the Jun–Fos heterodimer.

Conclusions

Although critical role of the Jun–Fos heterodimeric
transcription factor in cellular signaling was reported over
two decades ago [1–8], thermodynamics of this key pro-
tein–DNA interaction have hitherto not been reported.
Knowledge of thermodynamics is central to understanding
the intrinsic forces that determine the structure and stabil-
ity of protein–DNA interactions. In an attempt to elucidate
the role of various thermodynamic forces at play in the
binding of the Jun–Fos heterodimer to DNA, we have
reported herein a detailed ITC analysis of this key pro-
tein–DNA interaction pertinent to cellular signaling and
cancer. The lack of availability of such thermodynamic
information over the past two decades underlies the diffi-
culties of biophysical analysis of free bZIP domains and
this has been particularly problematic in the case of the
bZIP domains of Jun–Fos heterodimer. However, the
knowledge that tagging recombinant proteins with thiore-
doxin may enhance their stability in solution led to our suc-
cess with being able to work with recombinant thioredoxin-
tagged bZIP domains of Jun–Fos heterodimer under con-
ditions necessary for their biophysical analysis and thus
gaining invaluable insights into the thermodynamics of this
key protein–DNA interaction.

One might be tempted to question the validity of our
thermodynamic data due to the enhanced stability afforded
by the presence of thioredoxin tag at the N-termini of bZIP
domains of Jun and Fos. However, we have shown herein
that the thioredoxin tag does not physically interact with
either bZIP domain and that its role here is simply to
enhance the bZIP stability through its ability to offset the
balance of destabilizing interactions of bZIP domains with
water molecules. In this regard, the thioredoxin tag may act
as a blessing-in-disguise in that it may impart upon bZIP
domain a conformation more reminiscent to that found
in the context of full-length Jun or Fos protein. On the con-
trary, thermodynamic studies on untagged isolated bZIP
domains could also raise the question of their validity as
these domains may behave in a slightly differential manner
when taken out of the context of a full-length protein. Ide-
ally, one would like to carry out studies of this nature on
bZIP domains in the context of their full-length proteins
but given that their expression and purification could pose
new challenges, one will always be reduced to work with
some sort of assumptions.
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Given the reasonable assumption that the thioredoxin
tag is unlikely to alter the thermodynamic properties of
bZIP domains in any significant way, our study shows
for the first time that the binding of Jun–Fos heterodimer
to DNA is under enthalpic control and that this process
is accompanied by an unfavorable loss of entropy at phys-
iological temperatures. We attribute this entropic penalty
to the loss of conformational degrees of freedom of back-
bone and sidechain atoms in both the protein and DNA
upon binding. The net entropic change (DS) can be decom-
posed into the following major entropic contributions:

DS ¼ DSsolv þ DSconf þ DSmix

where DSsolv, DSconf and DSmix are the entropic contribu-
tions due to restructuring of solvent, changes in conforma-
tional degrees of freedom of backbone and sidechain
atoms, and changes in translational, rotational and vibra-
tional degrees of freedom upon binding, respectively. While
DSsolv has been shown to be equal to DCp ln[T/385] (where
T is the absolute temperature), DSmix is essentially the cra-
tic entropy for a bimolecular reaction and equates to
�8 cal/mol/K [27,51]. From the experimentally determined
values of DCp here (Fig. 3), DSsolv for the binding of bZIP
domains of Jun–Fos heterodimer to TRE and CRE can be
shown to be equal to +226 and +210 cal/mol/K, respec-
tively, at 25 �C. Thus, given that DS for the binding of
bZIP domains of Jun–Fos heterodimer to TRE and CRE
is, respectively, �75 and �91 cal/mol/K at 25 �C (Table
1), DSconf for the binding of bZIP domains of Jun–Fos het-
erodimer to both TRE and CRE turns out to be �293 cal/
mol/K at 25 �C. In other words, the entropic penalty due to
the loss of conformational degrees of freedom of backbone
and sidechain atoms in both the protein and DNA upon
binding is �293 cal/mol/K at 25 �C. However, this penalty
is largely compensated by the favorable entropic gain of
+226 and +210 cal/mol/K at 25 �C due to the restructuring
and displacement of water molecules upon the binding of
bZIP domain of Jun–Fos heterodimer to TRE and CRE
sites, respectively.

Although it has been known that the bZIP domains of
Jun–Fos heterodimer could recognize both the TRE and
CRE sites [6,34,35], our study here shows that the binding
of Jun–Fos heterodimer to both sites occurs with almost
indistinguishable affinities and that differences in the ther-
modynamic parameters DH and TDS largely compensate
for each other without any significant impact on the overall
DG for binding. This is remarkably striking given that the
insertion of an extra base pair between the TGA and TCA
half-sites is expected to increase the distance between them
by about 3 Å. Our structural models of bZIP domains of
Jun–Fos heterodimer in complex with TRE and CRE sites
suggest that this increase in distance between the TGA and
TCA half-sites is counteracted by an equally accommodat-
ing conformational change in the protein that allows the
basic regions in the bZIP domains to open up by about
2 Å at the protein–DNA interface and further undergo a
rotation of about 20� relative to their positions in contact
with TRE site in DNA. The magnitude of heat capacity
changes and associated changes in SASA upon protein–
DNA interaction determined from ITC measurements sug-
gest strongly that the basic regions in the bZIP domains of
Jun–Fos heterodimer are partially unstructured and
become structured only upon interaction with DNA in a
coupled folding and binding manner. This finding corrob-
orates the notion that the coupled folding and DNA-bind-
ing is a general feature of the bZIP family of transcription
factors [59–63].

Finally, current strategies for the design of drugs that
can inhibit the oncogenic action of Jun–Fos heterodimer
on cellular machinery are based on molecules that either
interfere with the heterodimerization, or alternatively,
compete with TRE and CRE sites for binding to Jun–
Fos heterodimer. Our demonstration that the Jun–Fos het-
erodimer undergoes conformational change upon DNA
binding may offer novel opportunities for the design of
drugs that lock the Jun–Fos heterodimer in its partially
unstructured state so as to completely abrogate its DNA
binding potential.
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