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Introduction

Protein–DNA interactions are allosteric in nature as a

result of the fact that activators (e.g. transcription fac-

tors) often exert their action as homodimers or hetero-

dimers or by acting in concert with each other by

virtue of their ability to recognize palindromic motifs

within gene promoters [1–5]. Accordingly, the binding

of a transcription factor to DNA at one site modulates

subsequent binding at the same site or at a distant site

through conformational changes along specific alloste-

ric communication channels. Understanding the physi-

cal basis of such allosteric behavior remains a

mammoth challenge in structural biology and promises

to deliver new strategies for the design of next-genera-

tion therapies harboring greater efficacy coupled with

low toxicity for the treatment of disease. Importantly,

conventional wisdom has it that allostery is largely the

result of structural changes within a protein induced

upon ligand binding. However, newly-emerging evi-

dence suggests that ligand binding may also result in

enhanced protein motions and that such protein

dynamics coupled with conformational entropy may

also drive allostery [6,7]. To further advance our

knowledge of the physical basis of allostery driving

protein–DNA interactions, we chose to study the

Jun-Fos heterodimer, a member of the activator pro-

tein 1 (AP1) family of transcription factors involved in
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Although allostery plays a central role in driving protein–DNA interac-

tions, the physical basis of such cooperative behavior remains poorly

understood. In the present study, using isothermal titration calorimetry in

conjunction with site-directed mutagenesis, we provide evidence that an

intricate network of energetically-coupled residues within the basic regions

of the Jun-Fos heterodimeric transcription factor accounts for its allosteric

binding to DNA. Remarkably, energetic coupling is prevalent in residues

that are both close in space, as well as residues distant in space, implicating

the role of both short- and long-range cooperative interactions in driv-

ing the assembly of this key protein–DNA interaction. Unexpectedly, many

of the energetically-coupled residues involved in orchestrating such a coop-

erative network of interactions are poorly conserved across other members

of the basic zipper family, emphasizing the importance of basic residues in

dictating the specificity of basic zipper–DNA interactions. Collectively, our

thermodynamic analysis maps an allosteric communication channel driving

a key protein–DNA interaction central to cellular functions in health and

disease.

Abbreviations

AP1, activator protein 1; bZIP, basic zipper; BR, basic region; ITC, isothermal titration calorimetry; LZ, leucine zipper;

TRE, 12-O-tetradecanoylphorbol-13-acetate response element.
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executing the terminal stage of a myriad of signaling

cascades that initiate at the cell surface and reach their

climax in the nucleus [8–10].

Upon activation by mitogen-activated protein kinas-

es, AP1 binds to 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 the

expression of genes involved in a diverse array of cel-

lular processes such as cell growth and proliferation,

cell cycle regulation, embryonic development and can-

cer [11–14]. Jun and Fos recognize the two closely-

related canonical TGACTCA and TGACGTCA

response elements, respectively referred to as the 12-O-

tetradecanoylphorbol-13-acetate response element

(TRE) and the cAMP response element, within the

promoters of target genes through their so-called basic

zipper (bZIP) domains. The bZIP domain comprises

the BR-LZ contiguous module, where BR is the

N-terminal ‘basic region’ and LZ is the C-terminal

‘leucine zipper’. The leucine zipper is a highly con-

served protein module found in a wide variety of

cellular proteins and usually contains a signature

leucine at every seventh position within the five succes-

sive heptads of amino acid residues. The leucine zippers

adopt continuous a-helices in the context of the Jun-

Jun homodimer or the Jun-Fos heterodimer by virtue

of their ability to wrap around each other in a coiled

coil dimer [10,15,16]. Such intermolecular arrangement

juxtaposes 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 pro-

moter regions in an optimal fashion in a manner akin

to a pair of forceps [16] (Fig. 1).

Several lines of evidence suggest that Jun and Fos

bind to DNA as monomers and that dimerization

occurs in association with DNA leading to high-affin-

ity binding [17–21]. In an effort to understand how the

binding of one monomer may augment the binding of

second monomer in an allosteric manner, we invoked

the role of energetic coupling between basic residues

located within the basic regions of Jun and Fos.

Remarkably, the fact that these basic residues are not

only engaged in close intermolecular ion pairing and

hydrogen bonding contacts with the TGACTCA motif

within the TRE duplex, but also make discernable con-

tacts with nucleotides flanking this consensus sequence

lends further support to our hypothesis (Fig. 1). The

present study aimed to test this hypothesis further and

map a network of residues involved in mediating
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Fig. 1. 3D structural representation of bZIP domains of the Jun-Fos heterodimer in complex with TRE duplex. The LZ and BR subdomains

are shown in green and yellow, respectively. The DNA backbone of TGACTCA consensus motif within the TRE duplex is colored red and

the flanking nucleotides on either side are gray with the bases omitted for clarity. The side chain moieties of basic residues within the BR

subdomains that contact DNA are colored blue and the basic residues that contact the flanking nucleotides within the TRE duplex are

marked with asterisks. The 3D atomic model was built as described previously using the crystal structure as a template [16,30].
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allosteric communication through energetic coupling

upon binding of the Jun-Fos heterodimer to DNA.

Results and Discussion

Basic residues cooperate in driving the binding of

the Jun-Fos heterodimer to DNA

To understand how basic residues drive the binding of

the Jun-Fos heterodimer to DNA with high affinity,

we generated single-alanine mutants of all the key

basic residues within both Jun and Fos contacting the

consensus and flanking nucleotides within the TRE

duplex (Fig. 1). Subsequently, isothermal titration cal-

orimetry (ITC) analysis was conducted to evaluate the

energetic contributions of all single-alanine mutants

alone and in combination with each other. Figure 2

provides representative ITC data for one particular

pair of single-alanine mutants of the Jun-Fos heterodi-

mer analyzed alone and in combination with each

other with respect to binding to DNA relative to the

wild-type proteins. The complete thermodynamic pro-

files for the binding of all single- and double-alanine

mutants of the Jun-Fos heterodimer to DNA are pre-

sented in Tables 1 and 2, respectively. The data reveal

that, with the exception of JunR259, JunR270,

FosR144 and FosR155 residues, single-alanine substi-

tution of basic residues within either Jun or Fos

has little effect on the energetics of binding of the Jun-

Fos heterodimer to DNA. Given their key involvement

in driving protein–DNA interactions through the for-

mation of intermolecular ion pairing and hydrogen

bonding contacts [16], this salient observation suggests

strongly that the basic residues contribute to the ener-

getics of binding through cooperative interactions that

account for little when isolated but, in concert, their

effect is much greater than the sum of the individual

parts. Indeed, the effect of the double-alanine substitu-

tion of basic residues within the Jun-Fos heterodimer

on the energetics of binding to DNA is in stark con-

trast (Fig. 3). For example, JunR261A-FosWT and

JunWT-FosR146A single-mutant heterodimers bind to

DNA with energetics similar to the wild-type Jun-Fos

heterodimer, whereas the binding of JunR261A-

FosR146A double-mutant heterodimer results in the

loss of close to 1 kcalÆmol)1 of free energy. Similarly,

the binding of JunR270A-FosWT and JunWT-

FosR155A single-mutant heterodimers to DNA individ-

ually results in the loss of approximately 1 kcalÆmol)1

of free energy but, in concert, through the binding of

JunR270A-FosR155A double-mutant heterodimer, this

loss is equal to almost 3 kcalÆmol)1.

Fig. 2. Representative ITC isotherms for the binding of TRE duplex to recombinant bZIP domains of (A) JunWT-FosWT, (B) JunR270A-Fos-

WT, (C) JunWT-FosR155A and (D) JunR270A-FosR155A heterodimers. The upper panels show the raw ITC data expressed as change in

thermal power with respect to time over the period of titration. In the lower panels, a change in molar heat is expressed as a function of

molar ratio of TRE duplex to the corresponding Jun-Fos heterodimer. The solid lines represent the fit of data points in the lower panels to a

function based on the binding of a ligand to a macromolecule using ORIGIN software [53]. All data are shown to same scale for direct compar-

ison. Insets in (A) show representative data for the binding of TRE duplex to the thrombin-cleaved bZIP domains of the JunWT-FosWT

heterodimer. Insets in (D) are expanded views of the corresponding data sets.
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To further elaborate on these key insights into the

role of cooperativity in driving protein–DNA interac-

tions, we also analyzed the energetic contributions of

alanine mutants in the context of binding of the Jun-

Jun homodimer to DNA (Table 3). With the exception

of JunR261, JunK268 and JunR272, alanine substitu-

tion of all other residues reduces the binding of the

Jun-Jun homodimer to DNA by more than one order

of magnitude, even though alanine substitution of

these residues alone in the context of binding of the

Jun-Fos heterodimer to DNA has little effect on the

energetics of binding (Table 1). Notably, although the

JunR270A mutation reduces the binding of the Jun-

Fos heterodimer to DNA by approximately four-fold,

it completely abolishes binding to DNA in the context

of the Jun-Jun homodimer when acting in concert as a

double-alanine substitution. This further corroborates

the role of cooperative interactions driving the binding

of the Jun-Fos heterodimer and the Jun-Jun homodi-

mer to DNA.

Several lines of evidence suggest that the basic

regions within leucine zippers are largely unfolded

and only adopt a-helical conformations upon associa-

tion with DNA [22–29], with their folding being trig-

gered in part by the neutralization of their positive

charges with negatively-charged phosphate groups

within the DNA backbone. It is equally conceivable

that alanine substitution of various basic residues

within Jun and Fos results in subtle structural pertur-

bations that could hamper the refolding of basic

regions upon binding to DNA within the correspond-

ing protein–DNA complexes. Importantly, incorpora-

tion of water molecules plays a key role in driving the

binding of bZIP domains to DNA, as noted previ-

ously [28]. Previous studies also suggest that the

binding of the Jun-Fos heterodimer and Jun-Jun

homodimer to DNA are accompanied by large nega-

tive changes in heat capacity [30,31], thereby further

supporting the key role of hydration in the formation

of such protein–DNA complexes. Accordingly, alanine

substitution of basic residues within Jun and Fos

might also compromise the free energy of binding to

DNA through limiting the extent to which protein–

DNA interfaces can become hydrated upon complexa-

tion. Although such structural and hydration differ-

ences within various protein–DNA complexes may

also contribute to the combined loss of free energy

being greater than the sum of individual losses for

alanine substitution of basic residues involved in the

binding of the Jun-Fos heterodimer and Jun-Jun ho-

modimer to DNA, our CD analysis suggests that ala-

nine substitution of various basic residues does not

perturb the structure of bZIP domains to any obser-

vable extent. Thus, the differences in the free energy

Table 1. Thermodynamic parameters for the binding of wild-type and various single-mutant constructs of bZIP domains of the Jun-Fos hete-

rodimer to TRE duplex obtained from ITC measurements. The values for the affinity (Kd) and enthalpy change (DH) accompanying the binding

of TRE duplex to various constructs of the Jun-Fos heterodimer were obtained from the fit of a one-site model, based on the binding of a

ligand to a macromolecule using the law of mass action, to the corresponding ITC isotherms as described previously [30,53]. Free energy of

binding (DG) was calculated from the relationship DG = RT lnKd, where R is the universal molar gas constant (1.99 calÆmol)1ÆK)1) and T is the

absolute temperature (K). Entropic contribution (TDS ) to binding was calculated from the relationship TDS = DH ) DG. Binding stoichiome-

tries generally agreed to within ±10%. Errors were calculated from at least three independent measurements. All errors are given to one

standard deviation.

ID number Jun-Fos heterodimer Kd ⁄ lM DH ⁄ kcalÆmol)1 TDS ⁄ kcalÆmol)1 DG ⁄ kcalÆmol)1

0 JunWT-FosWT 0.20 ± 0.01 )34.64 ± 0.04 )25.49 ± 0.04 )9.15 ± 0.03

1 JunK258A-FosWT 0.37 ± 0.03 )29.77 ± 0.08 )20.98 ± 0.08 )8.79 ± 0.05

2 JunR259A-FosWT 0.99 ± 0.02 )36.49 ± 0.06 )28.30 ± 0.06 )8.20 ± 0.01

3 JunR261A-FosWT 0.25 ± 0.02 )34.56 ± 0.03 )25.54 ± 0.03 )9.02 ± 0.05

4 JunR263A-FosWT 0.60 ± 0.03 )37.14 ± 0.02 )28.65 ± 0.02 )8.50 ± 0.03

5 JunK268A-FosWT 0.23 ± 0.02 )37.40 ± 0.04 )28.34 ± 0.04 )9.06 ± 0.04

6 JunR270A-FosWT 0.80 ± 0.01 )42.46 ± 0.03 )34.13 ± 0.03 )8.33 ± 0.01

7 JunR272A-FosWT 0.21 ± 0.01 )38.30 ± 0.02 )29.18 ± 0.02 )9.11 ± 0.03

8 JunK273A-FosWT 0.27 ± 0.01 )27.86 ± 0.02 )18.88 ± 0.02 )8.98 ± 0.02

9 JunWT-FosR143A 0.31 ± 0.02 )30.11 ± 0.06 )21.23 ± 0.06 )8.88 ± 0.03

10 JunWT-FosR144A 0.94 ± 0.06 )38.69 ± 0.03 )30.46 ± 0.03 )8.23 ± 0.04

11 JunWT-FosR146A 0.21 ± 0.01 )35.63 ± 0.08 )26.52 ± 0.08 )9.11 ± 0.02

12 JunWT-FosK148A 0.27 ± 0.01 )35.38 ± 0.02 )26.40 ± 0.02 )8.98 ± 0.02

13 JunWT-FosK153A 0.26 ± 0.03 )35.38 ± 0.02 )26.40 ± 0.02 )8.98 ± 0.06

14 JunWT-FosR155A 1.15 ± 0.02 )37.14 ± 0.06 )29.19 ± 0.06 )8.11 ± 0.01

15 JunWT-FosR157A 0.34 ± 0.02 )36.34 ± 0.01 )27.50 ± 0.01 )8.84 ± 0.04

16 JunWT-FosR158A 0.36 ± 0.01 )33.65 ± 0.04 )24.84 ± 0.02 )8.81 ± 0.02
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Table 2. Thermodynamic parameters for the binding of various double-mutant constructs of bZIP domains of the Jun-Fos heterodimer to

TRE duplex obtained from ITC measurements. The values for the affinity (Kd) and enthalpy change (DH) accompanying the binding of TRE

duplex to various constructs of the Jun-Fos heterodimer were obtained from the fit of a one-site model, based on the binding of a ligand to

a macromolecule using the law of mass action, to the corresponding ITC isotherms as described previously [30,53]. Free energy of binding

(DG) was calculated from the relationship DG = RT lnKd, where R is the universal molar gas constant (1.99 calÆmol)1ÆK)1) and T is the abso-

lute temperature (K). Entropic contribution (TDS ) to binding was calculated from the relationship TDS = DH ) DG. Binding stoichiometries

generally agreed to within ±10%. Errors were calculated from at least three independent measurements. All errors are given to one standard

deviation.

ID number Jun-Fos heterodimer Kd ⁄ lM DH ⁄ kcalÆmol)1 TDS ⁄ kcalÆmol)1 DG ⁄ kcalÆmol)1

1 JunK258A-FosR143A 0.86 ± 0.07 )25.06 ± 0.06 )16.77 ± 0.01 )8.28 ± 0.05

2 JunR259A-FosR143A 3.49 ± 0.14 )34.22 ± 0.06 )26.75 ± 0.02 )7.45 ± 0.02

3 JunR261A-FosR143A 1.03 ± 0.05 )30.73 ± 0.01 )22.56 ± 0.01 )8.17 ± 0.03

4 JunR263A-FosR143A 2.25 ± 0.05 )43.23 ± 0.01 )35.52 ± 0.01 )7.71 ± 0.01

5 JunK268A-FosR143A 0.72 ± 0.01 )37.34 ± 0.02 )28.96 ± 0.03 )8.38 ± 0.01

6 JunR270A-FosR143A 1.60 ± 0.05 )37.03 ± 0.03 )29.11 ± 0.01 )7.91 ± 0.02

7 JunR272A-FosR143A 0.91 ± 0.07 )37.40 ± 0.01 )29.15 ± 0.05 )8.25 ± 0.05

8 JunK273A-FosR143A 1.22 ± 0.15 )30.42 ± 0.01 )22.34 ± 0.06 )8.08 ± 0.07

9 JunK258A-FosR144A 2.78 ± 0.05 )34.81 ± 0.02 )27.19 ± 0.02 )7.59 ± 0.01

10 JunR259A-FosR144A 15.85 ± 0.62 )36.28 ± 0.02 )29.73 ± 0.04 )6.55 ± 0.02

11 JunR261A-FosR144A 1.84 ± 0.08 )30.29 ± 0.03 )22.46 ± 0.01 )7.83 ± 0.03

12 JunR263A-FosR144A 4.21 ± 0.20 )42.05 ± 0.01 )34.70 ± 0.04 )7.34 ± 0.03

13 JunK268A-FosR144A 1.79 ± 0.02 )43.58 ± 0.02 )35.73 ± 0.01 )7.85 ± 0.01

14 JunR270A-FosR144A 6.70 ± 0.41 )43.27 ± 0.04 )36.21 ± 0.01 )7.07 ± 0.04

15 JunR272A-FosR144A 3.72 ± 0.36 )44.71 ± 0.04 )37.30 ± 0.02 )7.42 ± 0.06

16 JunK273A-FosR144A 3.59 ± 0.30 )33.52 ± 0.01 )26.08 ± 0.06 )7.44 ± 0.05

17 JunK258A-FosR146A 0.66 ± 0.01 )34.96 ± 0.03 )26.51 ± 0.02 )8.44 ± 0.01

18 JunR259A-FosR146A 2.26 ± 0.14 )37.38 ± 0.04 )29.66 ± 0.01 )7.71 ± 0.04

19 JunR261A-FosR146A 1.03 ± 0.02 )37.27 ± 0.05 )29.09 ± 0.04 )8.18 ± 0.01

20 JunR263A-FosR146A 1.04 ± 0.04 )39.95 ± 0.04 )31.77 ± 0.01 )8.17 ± 0.02

21 JunK268A-FosR146A 0.42 ± 0.02 )43.24 ± 0.02 )34.54 ± 0.06 )8.71 ± 0.03

22 JunR270A-FosR146A 1.45 ± 0.13 )41.58 ± 0.03 )33.61 ± 0.03 )7.97 ± 0.05

23 JunR272A-FosR146A 0.75 ± 0.10 )40.70 ± 0.02 )30.32 ± 0.06 )8.37 ± 0.08

24 JunK273A-FosR146A 0.68 ± 0.01 )32.76 ± 0.03 )24.34 ± 0.02 )8.42 ± 0.01

25 JunK258A-FosK148A 0.66 ± 0.02 )33.28 ± 0.01 )24.84 ± 0.02 )8.44 ± 0.02

26 JunR259A-FosK148A 2.26 ± 0.18 )37.16 ± 0.06 )29.45 ± 0.02 )7.71 ± 0.05

27 JunR261A-FosK148A 0.95 ± 0.06 )34.13 ± 0.04 )25.91 ± 0.01 )8.23 ± 0.04

28 JunR263A-FosK148A 1.13 ± 0.01 )35.53 ± 0.04 )27.41 ± 0.04 )8.12 ± 0.01

29 JunK268A-FosK148A 0.46 ± 0.02 )42.16 ± 0.02 )33.51 ± 0.04 )8.65 ± 0.02

30 JunR270A-FosK148A 1.90 ± 0.12 )42.94 ± 0.02 )35.12 ± 0.01 )7.81 ± 0.04

31 JunR272A-FosK148A 0.71 ± 0.02 )41.38 ± 0.01 )32.99 ± 0.01 )8.39 ± 0.02

32 JunK273A-FosK148A 0.76 ± 0.01 )32.12 ± 0.03 )23.77 ± 0.02 )8.35 ± 0.01

33 JunK258A-FosK153A 0.54 ± 0.03 )32.22 ± 0.02 )23.67 ± 0.05 )8.56 ± 0.03

34 JunR259A-FosK153A 1.72 ± 0.15 )37.52 ± 0.05 )29.64 ± 0.01 )7.87 ± 0.05

35 JunR261A-FosK153A 0.61 ± 0.05 )33.94 ± 0.04 )25.43 ± 0.02 )8.49 ± 0.05

36 JunR263A-FosK153A 1.15 ± 0.08 )41.86 ± 0.04 )33.74 ± 0.01 )8.11 ± 0.04

37 JunK268A-FosK153A 0.47 ± 0.06 )40.18 ± 0.04 )31.54 ± 0.11 )8.64 ± 0.07

38 JunR270A-FosK153A 1.61 ± 0.15 )40.98 ± 0.01 )33.08 ± 0.05 )7.91 ± 0.06

39 JunR272A-FosK153A 0.96 ± 0.11 )41.76 ± 0.04 )33.53 ± 0.11 )8.22 ± 0.07

40 JunK273A-FosK153A 0.84 ± 0.05 )35.71 ± 0.01 )27.41 ± 0.05 )8.30 ± 0.04

41 JunK258A-FosR155A 5.38 ± 0.12 )36.24 ± 0.01 )28.76 ± 0.04 )7.20 ± 0.01

42 JunR259A-FosR155A 5.75 ± 0.09 )35.91 ± 0.01 )28.73 ± 0.02 )7.16 ± 0.01

43 JunR261A-FosR155A 2.46 ± 0.03 )42.38 ± 0.02 )34.73 ± 0.03 )7.66 ± 0.01

44 JunR263A-FosR155A 3.88 ± 0.09 )39.30 ± 0.01 )31.91 ± 0.01 )7.39 ± 0.01

45 JunK268A-FosR155A 1.39 ± 0.08 )42.23 ± 0.02 )34.23 ± 0.01 )8.00 ± 0.03

46 JunR270A-FosR155A 28.91 ± 0.47 )28.45 ± 0.08 )22.25 ± 0.07 )6.20 ± 0.01

47 JunR272A-FosR155A 2.67 ± 0.13 )43.35 ± 0.01 )35.74 ± 0.01 )7.61 ± 0.03

48 JunK273A-FosR155A 6.79 ± 0.42 )36.44 ± 0.02 )29.41 ± 0.04 )7.06 ± 0.04

49 JunK258A-FosR157A 1.50 ± 0.08 )34.95 ± 0.03 )27.00 ± 0.01 )7.95 ± 0.03
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of binding to DNA observed between the wild-type

and various mutant bZIP domains are likely as a

result of the loss of energetic contributions of alanine-

substituted residues rather than the effect of such

mutations on protein structure.

In summary, the fact that the combined loss of free

energy is greater than the sum of individual losses for

alanine substitution of many pairs of basic residues

provides evidence that these residues are energetically

coupled upon binding of the Jun-Fos heterodimer and

the Jun-Jun homodimer to DNA. The net difference in

the loss of free energy that results from the cooperative

behavior of such pairs of basic residues is termed the

coupling energy (DGc).

An intricate network of energetically-coupled

residues propagates allosteric communication

underlying the binding of the Jun-Fos

heterodimer to DNA

Table 4 provides coupling energies for all pairs of

basic residues within the Jun-Fos heterodimer involved

Table 2. (Continued)

ID number Jun-Fos heterodimer Kd ⁄ lM DH ⁄ kcalÆmol)1 TDS ⁄ kcalÆmol)1 DG ⁄ kcalÆmol)1

50 JunR259A-FosR157A 3.05 ± 0.12 )34.09 ± 0.04 )26.55 ± 0.01 )7.53 ± 0.02

51 JunR261A-FosR157A 0.89 ± 0.03 )35.81 ± 0.02 )27.56 ± 0.01 )8.26 ± 0.02

52 JunR263A-FosR157A 1.74 ± 0.03 )43.49 ± 0.01 )35.63 ± 0.02 )7.87 ± 0.01

53 JunK268A-FosR157A 0.60 ± 0.03 )41.48 ± 0.02 )32.98 ± 0.05 )8.50 ± 0.03

54 JunR270A-FosR157A 3.56 ± 0.13 )44.23 ± 0.04 )36.80 ± 0.05 )7.44 ± 0.02

55 JunR272A-FosR157A 0.43 ± 0.02 )36.89 ± 0.02 )28.20 ± 0.01 )8.69 ± 0.03

56 JunK273A-FosR157A 1.30 ± 0.08 )32.50 ± 0.03 )24.46 ± 0.01 )8.04 ± 0.04

57 JunK258A-FosR158A 0.96 ± 0.06 )37.15 ± 0.01 )28.93 ± 0.06 )8.22 ± 0.04

58 JunR259A-FosR158A 2.16 ± 0.13 )38.44 ± 0.04 )30.70 ± 0.01 )7.74 ± 0.04

59 JunR261A-FosR158A 0.76 ± 0.02 )36.02 ± 0.02 )27.66 ± 0.01 )8.36 ± 0.02

60 JunR263A-FosR158A 1.12 ± 0.07 )42.63 ± 0.02 )34.51 ± 0.01 )8.13 ± 0.04

61 JunK268A-FosR158A 0.43 ± 0.02 )42.13 ± 0.01 )33.45 ± 0.01 )8.69 ± 0.02

62 JunR270A-FosR158A 1.54 ± 0.05 )42.20 ± 0.01 )34.26 ± 0.03 )7.94 ± 0.02

63 JunR272A-FosR158A 0.62 ± 0.04 )40.35 ± 0.01 )31.88 ± 0.03 )8.47 ± 0.04

64 JunK273A-FosR158A 0.68 ± 0.03 )34.08 ± 0.01 )24.46 ± 0.01 )8.42 ± 0.03

Fig. 3. Plots of relative free energy (DGr) of binding of TRE duplex to single-mutant (A) and double-mutant (B) constructs of the Jun-Fos

heterodimer. DGr is defined as DGr = DGmt ) DGwt, where DGmt and DGwt are the respective free energies of binding of TRE duplex to the

mutant and wild-type constructs of the Jun-Fos heterodimer (Tables 1 and 2). Note that the numerals on the x-axis refer to the ID number

of single- and double-mutant constructs for the corresponding plot as indicated in Tables 1 and 2.
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in driving its binding to DNA. It should be noted that

our present analysis aiming to determine DGc between

a pair of residues is based on the double-mutant strat-

egy first reported by Carter et al. [32]. As shown in

Table 4, the binding of the Jun-Fos heterodimer to

DNA involves an intricate network of energetic

coupling between basic residues. A schematic of such

energetic coupling network for basic residues within

Jun and Fos with DGc > 0.5 kcalÆmol)1 is presented in

Fig. 4. It is interesting to note that energetic coupling

is more prevalent among residues that are distant in

space than those that are located close to each other

within the basic regions of Jun and Fos, implying that

long-range coupling provides an allosteric communica-

tion channel for Jun-Fos heterodimer to bind to DNA

in a cooperative manner. Additionally, the basic

regions within Jun and Fos appear to be reciprocally

coupled: residues within the N-terminal of basic region

of Jun are coupled to residues within the C-terminal of

basic region of Fos and vice versa. Importantly, such a

unique pattern of reciprocal and long-range energetic

coupling is also consistent with the notion that Jun

and Fos bind to DNA as monomers and that dimer-

ization occurs in association with DNA leading to

high-affinity binding [17–21]. Another key feature of

our analysis is that the energetically-coupled residues

may contact the same DNA strand or opposite

strands, providing a mechanism for cross-strand allo-

steric communication upon the formation of this

protein–DNA complex. Of particular note is the

Table 4. Coupling energies (DGc ⁄ kcalÆmol)1) for specific pairs of basic residues involved in the binding of bZIP domains of the Jun-Fos hete-

rodimer to TRE duplex obtained from ITC measurements. The coupling energy (DGc) between a specific pair of residues was derived from

the relationship DGc = [(DDGi,wt + DDGj,wt) ) DDGij,wt], where DDGi,wt and DDGj,wt are the changes in the free energy of binding of TRE

duplex to single mutants i and j of the Jun-Fos heterodimer (Table 1) relative to the wild-type Jun-Fos heterodimer (Table 1), and DDGij,wt is

the change in the free energy of binding of TRE duplex to double mutant i,j of the Jun-Fos heterodimer (Table 2) relative to the wild-type

Jun-Fos heterodimer (Table 1). Errors were calculated from at least three independent measurements. All errors are given to one standard

deviation.

FosR143 FosR144 FosR146 FosK148 FosK153 FosR155 FosR157 FosR158

JunK258 )0.23 ± 0.01 )0.28 ± 0.11 )0.31 ± 0.07 )0.17 ± 0.08 )0.06 ± 0.10 )0.55 ± 0.08 )0.53 ± 0.09 )0.25 ± 0.09

JunR259 )0.47 ± 0.01 )0.72 ± 0.03 )0.45 ± 0.04 )0.32 ± 0.04 )0.16 ± 0.03 )0.00 ± 0.01 )0.35 ± 0.08 )0.14 ± 0.03

JunR261 )0.58 ± 0.02 )0.27 ± 0.09 )0.81 ± 0.05 )0.63 ± 0.02 )0.37 ± 0.09 )0.33 ± 0.06 )0.45 ± 0.09 )0.35 ± 0.11

JunR263 )0.52 ± 0.02 )0.24 ± 0.01 )0.29 ± 0.01 )0.21 ± 0.03 )0.22 ± 0.02 )0.07 ± 0.03 )0.32 ± 0.04 )0.05 ± 0.01

JunK268 )0.41 ± 0.05 )0.29 ± 0.12 )0.31 ± 0.02 )0.24 ± 0.07 )0.26 ± 0.06 )0.02 ± 0.03 )0.25 ± 0.08 )0.05 ± 0.10

JunR270 )0.14 ± 0.03 )0.34 ± 0.02 )0.31 ± 0.05 )0.34 ± 0.04 )0.25 ± 0.02 )1.09 ± 0.02 )0.57 ± 0.08 )0.07 ± 0.05

JunR272 )0.59 ± 0.02 )0.78 ± 0.04 )0.70 ± 0.04 )0.55 ± 0.02 )0.73 ± 0.05 )0.46 ± 0.02 )0.11 ± 0.06 )0.32 ± 0.07

JunK273 )0.63 ± 0.05 )0.62 ± 0.01 )0.52 ± 0.01 )0.45 ± 0.02 )0.51 ± 0.04 )0.88 ± 0.04 )0.63 ± 0.01 )0.23 ± 0.09

Table 3. Thermodynamic parameters for the binding of wild-type and various mutant constructs of bZIP domains of the Jun-Jun homodimer

to TRE duplex obtained from ITC measurements. The values for the affinity (Kd) and enthalpy change (DH) accompanying the binding of TRE

duplex to various constructs of the Jun-Jun heterodimer were obtained from the fit of a one-site model, based on the binding of a ligand to

a macromolecule using the law of mass action, to the corresponding ITC isotherms as described previously [30,53]. Free energy of binding

(DG) was calculated from the relationship DG = RT lnKd, where R is the universal molar gas constant (1.99 calÆmol)1ÆK)1) and T is the abso-

lute temperature (K). Entropic contribution (TDS ) to binding was calculated from the relationship TDS = DH ) DG. Binding stoichiometries

generally agreed to within ±10%. Errors were calculated from at least three independent measurements. All errors are given to one standard

deviation. Note that the binding of the JunR270A-JunR270A homodimer to the TRE duplex was too weak (> 100 lM) to be observed by ITC

measurements. NB, no binding.

Construct Kd ⁄ lM DH ⁄ kcalÆmol)1 TDS ⁄ kcalÆmol)1 DG ⁄ kcalÆmol)1

JunWT-JunWT 0.19 ± 0.02 )33.09 ± 0.02 )23.91 ± 0.06 )9.17 ± 0.05

JunK258A-JunK258A 4.43 ± 0.19 )22.56 ± 0.02 )15.26 ± 0.04 )7.31 ± 0.03

JunR259A-JunR259A 5.25 ± 0.06 )22.48 ± 0.02 )15.27 ± 0.02 )7.21 ± 0.01

JunR261A-JunR261A 0.38 ± 0.02 )25.39 ± 0.01 )16.61 ± 0.06 )8.77 ± 0.03

JunR263A-JunR263A 2.14 ± 0.10 )30.41 ± 0.01 )22.66 ± 0.02 )7.74 ± 0.03

JunK268A-JunK268A 0.40 ± 0.02 )34.18 ± 0.01 )25.43 ± 0.02 )8.73 ± 0.03

JunR270A-JunR270A NB NB NB NB

JunR272A-JunR272A 0.49 ± 0.04 )31.66 ± 0.02 )23.05 ± 0.02 )8.62 ± 0.04

JunK273A-JunK273A 6.52 ± 0.75 26.02 ± 0.02 )18.94 ± 0.06 )7.08 ± 0.07
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observation that the structurally-equivalent residues in

Jun and Fos, which contact opposite DNA strands,

show poor energetic coupling. Thus, for example, of

all the eight possible structurally-equivalent pairs of

basic residues, only JunR259-FosR144, JunR261-

FosR146 and JunR270-FosR155 are strongly coupled.

Furthermore, energetic coupling is also observed

between residues that contact the consensus nucleo-

tides with those that solely make contacts with the

flanking nucleotides within the TRE duplex. It is gen-

erally considered that many transcription factors

initially bind to DNA in a nonspecific manner and

subsequently slide along in a 1D space to bind with

high specificity to the consensus motifs located within

the gene promoters [33–41]. The observation that

residues within Jun and Fos that contact the consensus

and flanking sequences within the TRE duplex are

energetically-coupled lends further support to this par-

adigm of protein–DNA interactions.

Although mapping such an allosteric network of

communication is technically more challenging for

binding of the Jun-Jun homodimer to DNA as a result

of the formation of heterogenous complexes for double

mutants, we nonetheless made an effort to measure

coupling energies between structurally-equivalent resi-

dues within the basic regions of the Jun-Jun homodi-

mer (Table 5). Strikingly, our analysis reveals that

binding of the Jun-Jun homodimer to DNA may

employ a distinct allosteric communication channel

than that mapped for binding of the Jun-Fos heterodi-

mer. Thus, for example, out of a possible eights pairs

of structurally-equivalent residues in Jun-Jun homodi-

mer, only three are strongly coupled with each other

within each monomer: JunK258, JunR270 and

JunK273. By contrast, JunK258 and JunK273, respec-

tively, show little or no coupling with structurally-

equivalent FosR143 and FosR158 in the context of

binding of the Jun-Fos heterodimer to DNA (Table 4).

Nevertheless, some similarities should be expected

between the allosteric communication routes involved

in the binding of the Jun-Jun homodimer versus the

Jun-Fos heterodimer. This argument is further sup-

ported by the observation that JunR270 appears to be

strongly coupled to its structurally-equivalent residue in

the context of both the Jun-Jun homodimer (JunR270)

and the Jun-Fos heterodimer (FosR155). It is notewor-

thy that, although DGc cannot be calculated for the

energetic coupling of JunR270 in the context of binding

of the Jun-Jun homodimer to DNA, the fact that

JunR270A mutation completely abolishes binding is

highly indicative of strong coupling between JunR270

within each monomer of the Jun-Jun homodimer.

Double-alanine substitutions allow Jun-Fos

heterodimer to overcome the enthalpy–entropy

compensation barrier

Figure 5 shows enthalpy–entropy compensation plots

for the binding of various single- and double-alanine

mutants of the Jun-Fos heterodimer to DNA. The

Fig. 4. Energetic coupling network within the basic regions of Jun and Fos involved in driving their binding to DNA. The basic residues ana-

lyzed for energetic coupling in the present study are shown in blue and the numerals indicate their position within the amino acid sequence

of the respective proteins. Basic residues that contact the flanking nucleotides within the TRE duplex are marked with asterisks. Double-

headed arrows indicate energetically-coupled residues with DGc > 0.5 kcalÆmol)1 (Table 4). Note that energetic coupling between residues

contacting the same DNA strand is indicated by double-headed arrows in red, whereas energetic coupling between residues contacting the

opposite DNA strands is denoted by double-headed arrows in green.
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overall linearity of these plots with slopes of close to

unity is indicative of the formation of various protein–

DNA complexes through a common mode. More tell-

ingly, the negative enthalpic changes arise from the

formation of intermolecular ion pairs between oppo-

sitely-charged groups and hydrogen bonding between

protein and DNA. However, such favorable enthalpic

changes are largely opposed by the loss in the degrees

of freedom as a result of both the protein and DNA

becoming more constrained upon complexation,

thereby resulting in entropic penalty. Such enthalpy–

entropy compensation is a hallmark of biological

systems [42–46], in which enthalpic contributions to

macromolecular interactions are largely compensated

by opposing entropic changes such that there is no net

gain in the overall free energy. However, it should be

noted that enthalpy–entropy compensation is not a

thermodynamic law and does not necessarily have to

be obeyed. Indeed, overcoming this compensation bar-

rier is a subject of immense interest among investiga-

tors leading efforts toward the rationale design of

next-generation therapies.

Toward this goal, our analysis shows that, although

the binding of a majority of single- and double-ala-

nine mutants of the Jun-Fos heterodimer to DNA is

enthalpy–entropy compensated, the JunR270A-Fos-

R155A and JunR272A-FosR146A double-mutant

heterodimers manage to overcome this barrier, at least

to some extent. Importantly, although the binding of

JunR270A-FosR155A heterodimer to DNA is con-

comitant with an entropic penalty of approximately

1 kcalÆmol)1 in excess of what would be inferred from

the corresponding enthalpy–entropy compensation

plot, the binding of JunR272A-FosR146A heterodimer

follows exactly the opposite trend in that the accom-

panying entropic penalty is reduced by approximately

1 kcalÆmol)1. In light of the fact that JunR270 and

FosR155 residues engage in close intermolecular con-

tacts with the consensus nucleotides within the TRE

duplex (Fig. 1), these observations suggest strongly

that their alanine substitution not only results in the

loss of key ion pairing and hydrogen bonding contacts

with DNA, but also generates cavities that entrap

water molecules leading to greater entropic penalty

than that predicted by the enthalpy–entropy compen-

sation plot. By contrast, JunR272 and FosR146 resi-

dues engage in intermolecular contacts with the

flanking nucleotides within the TRE duplex (Fig. 1).

Thus, although alanine substitution of JunR272 and

FosR146 residues may result in the loss of favorable

key ion pairing and hydrogen bonding contacts with

DNA, these may be slightly overcome by the

increased flexibility of the resulting protein–DNAT
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interactions, thereby resulting in reduced entropic pen-

alty than that predicted by the enthalpy–entropy com-

pensation plot.

Collectively, these data offer insight into how

changes in protein structure can modulate its thermo-

dynamic behavior and argue for a key role of hydra-

tion in driving protein–DNA interactions through

allosteric communication. In particular, the data

obtained in the present study bear important conse-

quences for the rationale design of drugs that could

benefit from the consideration of enthalpy–entropy

compensation effects.

Energetically-coupled residues within Jun and

Fos are poorly conserved in other members of

the bZIP family

Although the bZIP family of transcription factors

comprises more than 50 members involved in regulat-

ing a myriad of genes in a wide variety of tissues, they

all recognize only a handful of promoter elements,

many of which are subsets of each other [9,13,47–49].

This begs the question of the precise nature of the

specificity of bZIP–DNA interactions. Although only

specific bZIP members have the ability to homodimer-

ize or heterodimerize through their LZ subdomains

and thus bind to DNA in a productive manner, the

nature of basic residues within the BR subdomains

also likely plays a key role in defining the specificity

of bZIP–DNA interactions, particularly in light of

the key role of an intricate network of energetic cou-

pling observed for driving the binding of the Jun-

Fos heterodimer to DNA. To understand how such

energetic coupling between basic residues may deter-

mine the bZIP–DNA specificity, we generated amino

acid sequence alignment of the bZIP domains of all

members of the human bZIP family (Fig. 6). Our

analysis reveals that the basic residues that partici-

pate in energetic coupling upon binding of the Jun-

Fos heterodimer to DNA are predominantly con-

served in only a handful of other members of the

bZIP family. Notably, these include other members

of the AP1 family, such as JunB, JunD, FosB, Fra1,

Fra2, ATF3 and JDP2, as well as the cap ‘n’ collar

family members BACH1 and BACH2. This implies

that the energetic coupling network observed in the

present study for the binding of the Jun-Fos hetero-

dimer to DNA is also likely to be shared by these

members of the bZIP family. However, the fact that

at least one or more basic residue is replaced by a

noncharged amino acid in the vast majority of other

members of bZIP family suggests that such point

mutations may be sufficient to drastically alter the

precise pattern of energetic coupling and hence allo-

steric communication being propagated between these

residues. Consequently, such differences in the precise

network of energetic coupling employed by different

bZIP members may account for their specificity

46

23

A B

Fig. 5. Enthalpy (DH )–entropy (TDS ) compensation plots for the binding of TRE duplex to single-mutant (A) and double-mutant (B) con-

structs of the Jun-Fos heterodimer. Note that the dashed lines indicate the DH ) TDS coordinates for the binding of TRE duplex to the wild-

type Jun-Fos heterodimer. Numerals 23 and 46 are the respective IDs of double mutants JunR272A-FosR146A and JunR270A-FosR155A as

indicated in Table 2. The solid lines represent linear fits to the data in each panel. Error bars were calculated from at least three independent

measurements. All errors are given to one standard deviation.
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BR LZ
* * * *

Jun     257-RKRMRNRIAASKCRKRKLER-IARLEEKVKTLKAQNSELASTANMLREQVAQLKQK-311 P05412
Fos 142-IRRERNKMAAAKCRNRRREL-TDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFI-196 P01100
JunB 273-RKRLRNRLAATKCRKRKLER-IARLEDKVKTLKAENAGLSSTAGLLREQVAQLKQK-327 P17275
JunD 273-RKRLRNRIAASKCRKRKLER-ISRLEEKVKTLKSQNTELASTASLLREQVAQLKQK-327 P17535
FosB 160-VRRERNKLAAAKCRNRRREL-TDRLQAETDQLEEEKAELESEIAELQKEKERLEFV-214 P53539
Fra1 110-VRRERNKLAAAKCRNRRKEL-TDFLQAETDKLEDEKSGLQREIEELQKQKERLELV-164 P15407
Fra2 129-IRRERNKLAAAKCRNRRREL-TEKLQAETEELEEEKSGLQKEIAELQKEKEKLEFM-183 P15408
ATF3 091-RRRERNKIAAAKCRNKKKEK-TECLQKESEKLESVNAELKAQIEELKNEKQHLIYM-145 P18847

* * * *

JDP2 077-RRREKNKVAAARCRNKKKER-TEFLQRESERLELMNAELKTQIEELKQERQQLILM-131 Q8WYK2
BACH1 562-RRRSKNRIAAQRCRKRKLDC-IQNLESEIEKLQSEKESLLKERDHILSTLGETKQN-616 O14867
BACH2 651-RRRSKNRIAAQRCRKRKLDC-IQNLECEIRKLVCEKEKLLSERNQLKACMGELLDN-705 Q9BYV9

ATF1 218-IRLMKNREAARECRRKKKEY-VKCLENRVAVLENQNKTLIEELKTLKDLYSNKSV--271 P18846
ATF2 357-KFLERNRAAASRCRQKRKVW-VQSLEKKAEDLSSLNGQLQSEVTLLRNEVAQLKQL-411 P15336
ATF4 283-KKMEQNKTAATRYRQKKRAE-QEALTGECKELEKKNEALKERADSLAKEIQYLKDL-337 P18848
ATF5 213-KKRDQNKSAALRYRQRKRAE-GEALEGECQGLEARNRELKERAESVEREIQYVKDL-267 Q9Y2D1
ATF6 311-QRMIKNRESACQSRKKKKEY-MLGLEARLKAALSENEQLKKENGTLKRQLDEVVSE-365 P18850
ATF7 348-RFLERNRAAASRCRQKRKLW-VSSLEKKAEELTSQNIQLSNEVTLLRNEVAQLKQL-402 P17544
BATF 031-QRREKNRIAAQKSRQRQTQK-ADTLHLESEDLEKQNAALRKEIKQLTEELKYFTSV-085 Q16520
BATF2 022-LKKQKNRAAAQRSRQKHTDK-ADALHQQHESLEKDNLALRKEIQSLQAELAWWSRT-076 Q8N1L9
BATF3 040-RRREKNRVAAQRSRKKQTQK-ADKLHEEYESLEQENTMLRREIGKLTEELKHLTEA-094 Q9NR55
CEBPa 287-VRRERNNIAVRKSRDKAKQR-NVETQQKVLELTSDNDRLRKRVEQLSRELDTLRGI-341 P49715
CEBPb 276-IRRERNNIAVRKSRDKAKMR-NLETQHKVLELTAENERLQKKVEQLSRELSTLRNL-330 P17676
CEBPd 196-QRRERNNIAVRKSRDKAKRR-NQEMQQKLVELSAENEKLHQRVEQLTRDLAGLRQF-250 P49716
CEBP 209 LRRERNNIAVRKSRDKAKRR ILETQQKVLEYMAENERLRSRVEQLTQELDTLRNL 263 Q15744CEBPe 209-LRRERNNIAVRKSRDKAKRR-ILETQQKVLEYMAENERLRSRVEQLTQELDTLRNL-263 Q15744
CEBPg 067-QRRERNNMAVKKSRLKSKQK-AQDTLQRVNQLKEENERLEAKIKLLTKELSVLKDL-121 P53567
CREB1 288-VRLMKNREAARECRRKKKEY-VKCLENRVAVLENQNKTLIEELKALKDLYCHKSD--341 P16220
CREB3 179-RRKIRNKRSAQESRRKKKVY-VGGLESRVLKYTAQNMELQNKVQLLEEQNLSLLDQ-233 O43889
CREB4 222-RRKIRNKQSAQDSRRRKKEY-IDGLESRVAACSAQNQELQKKVQELERHNISLVAQ-276 Q8TEY5
CREB5 380-KFLERNRAAATRCRQKRKVW-VMSLEKKAEELTQTNMQLQNEVSMLKNEVAQLKQL-434 Q02930
CREB3L1 295-RRKIKNKISAQESRRKKKEY-VECLEKKVETFTSENNELWKKVETLENANRTLLQQ-349 Q96BA8
CREB3L2 299-RRKIKNKISAQESRRKKKEY-MDSLEKKVESCSTENLELRKKVEVLENTNRTLLQQ-353 Q70SY1
CREB3L3 248-RRKIRNKQSAQESRKKKKEY-IDGLETRMSACTAQNQELQRKVLHLEKQNLSLLEQ-302 Q68CJ9

Non-
Conserved CREB3L3 248 RRKIRNKQSAQESRKKKKEY IDGLETRMSACTAQNQELQRKVLHLEKQNLSLLEQ 302 Q68CJ9

CREBzf 209-SPRKAAAAAARLNRLKKKEY-VMGLESRVRGLAAENQELRAENRELGKRVQALQEE-263 Q9NS37
CREM 307-LRLMKNREAAKECRRRKKEY-VKCLESRVAVLEVQNKKLIEELETLKDICSPKTDY-361 Q03060
DBP 260-SRRYKNNEAAKRSRDARRLK-ENQISVRAAFLEKENALLRQEVVAVRQELSHYRAV-314 Q10586
DDIT3 104-KRKQSGHSPARAGKQRMKEK-EQENERKVAQLAEENERLKQEIERLTREVEATRRA-158 P35638
HLF 230-ARRRKNNMAAKRSRDARRLK-ENQIAIRASFLEKENSALRQEVADLRKELGKCKNI-284 Q16534
HP8 270-GYGATNNIAVRKSRDKAKQR-NVETQQKVLELTSDNDRLRNGVEQLSRELDTLRGI-324 Q92657
Maf 293-RRTLKNRGYAQSCRFKRVQQ-RHVLESEKNQLLQQVDHLKQEISRLVRERDAYKEK-347 O75444
MafA 258-RRTLKNRGYAQSCRFKRVQQ-RHILESEKCQLQSQVEQLKLEVGRLAKERDLYKEK-312 Q8NHW3
MafB 243-RRTLKNRGYAQSCRYKRVQQ-KHHLENEKTQLIQQVEQLKQEVSRLARERDAYKVK-297 Q9Y5Q3
MafF 056-RRTLKNRGYAASCRVKRVCQ-KEELQKQKSELEREVDKLARENAAMRLELDALRGK-110 Q9ULX9
MafG 056-RRTLKNRGYAASCRVKRVTQ-KEELEKQKAELQQEVEKLASENASMKLELDALRSK-110 O15525
MafK 056-RRTLKNRGYAASCRIKRVTQ-KEELERQRVELQQEVEKLARENSSMRLELDALRSK-110 O60675
NFE2 271-RRRGKNKVAAQNCRKRKLET-IVQLERELERLTNERERLLRARGEADRTLEVMRQQ-325 Q16621
NFIL3 078-EKRRKNNEAAKRSREKRRLN-DLVLENKLIALGEENATLKAELLSLKLKFGLISST-132 Q16649
NRF2 502-RRRGKNKVAAQNCRKRKLEN-IVELEQDLDHLKDEKEKLLKEKGENDKSLHLLKKQ-556 Q16236
NRF3 583-RRRGKNKVAAQNCRKRKLDI-ILNLEDDVCNLQAKKETLKREQAQCNKAINIMKQK-637 Q9Y4A8
NRL 164-RRTLKNRGYAQACRSKRLQQ-RRGLEAERARLAAQLDALRAEVARLARERDLYKAR-218 P54845
TEF 238-TRRKKNNVAAKRSRDARRLK-ENQITIRAAFLEKENTALRTEVAELRKEVGKCKTI-292 Q10587
XBP1 075-RRKLKNRVAAQTARDRKKAR-MSELEQQVVDLEEENQKLLLENQLLREKTHGLVVE-129 P17861

Conserved

Fig. 6. Amino acid sequence alignment of bZIP domains of the human bZIP family of transcription factors. Each member is denoted by its

acronym in the left column with the corresponding Expasy code (http: ⁄ ⁄ expasy.org ⁄ ) provided in the right column for access to complete

proteomic details on each member. The numerals hyphenated to the amino acid sequence at each end denote the boundaries of the bZIP

domains for each member. Regions corresponding to the BR and LZ subdomains are marked for clarity. The basic residues within the BR

subdomains of Jun and Fos that contact DNA and their equivalents in other members of bZIP family are colored blue. Basic residues within

Jun and Fos that contact the flanking nucleotides within the TRE duplex are marked with asterisks. The five signature leucines (or their

equivalents) within the LZ subdomains are colored red. The various members of the bZIP family are subdivided into ‘Conserved’ and ‘Non-

Conserved’ groups, depending on whether the basic residues are fully conserved or not, respectively. Note that arginine and lysine are con-

sidered as equivalent and interchangeable for the purpose of subdividing the various members into two categories.
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toward a closely-related set of consensus motifs

within the promoters of target genes.

Conclusions

Allostery is central to driving protein–DNA interac-

tions in that it allows the propagation of information

from one monomer to another, which is often the hall-

mark of binding of dimeric transcription factors to

palindromic DNA sequences [1–5]. Although it adds

complexity to the system, allostery confers upon tran-

scription factors many advantages in the form of gene

specificity and functional versatility. Accordingly, by

virtue of their allosteric nature, transcription factors

can attain a close molecular fit around their target

DNA, thereby ensuring not only specific binding, but

also the recognition of a diversity of gene promoters.

In the present study, we have mapped a network of

energetically-coupled basic residues that drive the bind-

ing of the Jun-Fos heterodimer to DNA. Fascinating

as it may sound, the present study does not address

how the information is actually propagated through

the intervening stretch of residues to couple residues

that are spaced apart by as much as 30 Å within the

N- and C-termini of basic regions of the Jun and Fos

proteins. Nonetheless, our new findings map an allo-

steric communication channel involved in driving a

key protein–DNA interaction pertinent to a plethora

of cellular functions central to health and disease

[11–14]. Although the present study primarily focused

on the analysis of energetic coupling between basic

residues, it does not preclude the role of other charged

and noncharged residues within both the BR and LZ

subdomains in mediating allosteric communication

through energetic coupling upon binding of the Jun-

Fos heterodimer to DNA. A full understanding of

such allosteric communication involved in driving

bZIP–DNA interactions may require alanine substitu-

tion of every single amino acid within the bZIP

domains combined with thermodynamic, kinetic and

structural analysis. Given the lack of technology to

conduct such analysis in a feasible manner, the present

study importantly lays the framework for furthering

our understanding of allosteric communication routes

involved in driving bZIP–DNA interactions.

Materials and methods

Protein preparation

bZIP domains of human Jun and Fos were cloned and

expressed as described previously [30,50]. Briefly, the

proteins were cloned into pET102 bacterial expression vec-

tors, with an N-terminal Trx-tag and a C-terminal His-tag,

using Invitrogen TOPO technology (Invitrogen, Carlsbad,

CA, USA). 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, Madison, WI, USA) and purified

on a nickel-nitrilotriacetic acid affinity column using stan-

dard procedures. Further treatment of bZIP domains of

Jun and Fos on a Hiload Superdex 200 size-exclusion chro-

matography column (GE Healthcare, Milwaukee, WI,

USA) coupled to GE Akta FPLC system (GE Healthcare)

led to the purification of recombinant bZIP domains to

apparent homogeneity as judged by SDS ⁄PAGE analysis.

The identity of recombinant proteins was confirmed by

MALDI-TOF MS analysis. Final yields of protein of

apparent homogeneity were typically in the range 10–

20 mgÆL)1 bacterial culture. Protein concentrations were

determined as described previously [30]. Jun-Fos heterodi-

mers were generated by mixing equimolar amounts of the

purified wild-type and various mutant constructs of bZIP

domains of Jun and Fos. It is noteworthy that treatment

with thrombin protease significantly destabilized the recom-

binant bZIP domains and they appeared to be proteolyti-

cally unstable. For this reason, except for control

experiments ensuring that the tags had no effect on the

binding of bZIP domains to DNA, all of the experiments

were carried out on recombinant fusion bZIP domains con-

taining Trx-tag at the N-terminus and His-tag at the C-ter-

minus. Importantly, both the Trx-tag and the His-tag are

separated by flexible linkers (25–30 amino acids) at each

terminus of bZIP domains aiming to minimize their inter-

ference with the binding of bZIP domains to DNA.

Site-directed mutagenesis

pET102 bacterial expression vectors expressing the wild-

type bZIP domains of Jun and Fos were subjected to PCR

primer extension method to generate various single-mutant

constructs [51]. Single-mutant constructs generated for the

bZIP domain of Jun were K258A (JunK258A), R259A

(JunR259A), R261A (JunR261A), R263A (JunR263A),

K268A (JunK268A), R270A (JunR270A), R272A

(JunR272A) and K273A (JunK273A). Single-mutant con-

structs generated for the bZIP domain of Fos were R143A

(FosR143A), R144A (FosR144A), R146A (FosR146A),

K148A (FosK148A), K153A (FosK153A), R155A

(FosR155A), R157A (FosR157A) and R158A (FosR158A).

All mutant bZIP domains were expressed, purified and

characterized as described above. When analyzed by size-

exclusion chromatography using a Hiload Superdex 200

column, all mutant bZIP domains exhibited elution vol-

umes that were almost indistinguishable from those
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observed for the wild-type bZIP domains of Jun and Fos,

implying that the point substitution of specific residues did

not lead to major structural perturbations. These observa-

tions were further confirmed by CD analysis.

DNA synthesis

15-mer DNA oligonucleotides containing the TRE consen-

sus site TGACTCA were commercially obtained from

Sigma Genosys (Spring, TX, USA). The complete nucleo-

tide sequences of the sense and antisense oligonucleotides

constituting the TRE duplex were: 5¢-cgcgTGACTCAcccc-3¢
and 3¢-gcgcACTGAGTgggg-5¢.
Oligonucleotide concentrations were determined spectro-

photometrically on the basis of their extinction coefficients

derived from their nucleotide sequences using the online

software oligoanalyzer, version 3.0 (Integrated DNA

Technologies, Coralville, IA, USA) based on the nearest-

neighbor model [52]. Sense and antisense oligonucleotides

were annealed together to generate the TRE duplex as

described previously [30,50].

ITC measurements

ITC experiments were performed on a Microcal VP-ITC

instrument (MicroCal, Inc., Northampton, MA, USA) and

data were acquired and processed using Microcal origin

software. All measurements were repeated at least three

times. Briefly, the bZIP domains of wild-type and various

mutant constructs of the Jun-Fos heterodimer or Jun-Jun

homodimer and TRE duplex were prepared in 50 mm Tris,

200 mm NaCl, 1 mm EDTA and 5 mm b-mercaptoethanol

at pH 8.0. The experiments were initiated by injecting

25 · 10 lL aliquots of 100–200 lm of TRE duplex from

the syringe into the calorimetric cell containing 1.8 mL of

5–10 lm of the bZIP domains of wild-type and various

mutant constructs of the Jun-Fos heterodimer or Jun-Jun

homodimer at 25 �C. The change in thermal power as a

function of each injection was automatically recorded using

origin software and the raw data were further processed to

yield binding isotherms of heat release per injection as a

function of molar ratio of TRE duplex to dimer-equivalent

Jun-Fos heterodimer or Jun-Jun homodimer. The heats of

mixing and dilution were subtracted from the heat of bind-

ing per injection by carrying out a control experiment in

which the same buffer in the calorimetric cell was titrated

against the TRE duplex in an identical manner. Control

experiments with scrambled dsDNA oligonucleotides gener-

ated similar thermal power to that obtained for the buffer

alone, implying that there was no nonspecific binding of

bZIP domains to noncognate DNA. Experiments on the

binding of thrombin-cleaved bZIP domains to DNA gave

similar results to those conducted on recombinant domains

containing Trx-tag at the N-terminus and His-tag at the

C-terminus, implying that the tags had no effect on DNA-

binding. However, because of poor stability and low yield

of thrombin-cleaved bZIP domains, particularly so in the

case of mutant domains, all the experiments were carried

out on recombinant bZIP domains containing Trx-tag at

the N-terminus and His-tag at the C-terminus. Addition-

ally, titration of a protein construct containing thioredoxin

with a C-terminal His-tag (Trx-His) in the calorimetric cell

with TRE duplex in the syringe produced no observable

signal, implying that the tags did not interact with TRE

duplex. In a similar manner, titration of wild-type or

mutant bZIP domains in the calorimetric cell with Trx-His

construct in the syringe produced no observable signal,

implying that the tags did not interact with any of the wild-

type or mutant domains. To extract thermodynamic param-

eters associated with the binding of TRE duplex to various

wild-type and mutant Jun-Fos heterodimers or Jun-Jun

homodimers, the binding isotherms were iteratively fit to a

built-in one-site model by nonlinear least squares regression

analysis using origin software as described previously

[30,53].
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