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ABSTRACT HMGA2 is a DNA minor-groove binding protein. We previously demonstrated that HMGA2 binds to AT-rich DNA
with very high binding affinity where the binding of HMGA2 to poly(dA-dT)2 is enthalpy-driven and to poly(dA)poly(dT) is entropy-
driven. This is a typical example of enthalpy-entropy compensation. To further study enthalpy-entropy compensation of HMGA2,
we used isothermal-titration-calorimetry to examine the interactions of HMGA2 with two AT-rich DNA hairpins: 50-CCAAAAAAAA
AAAAAAAGCCCCCGCTTTTTTTTTTTTTTTGG-30 (FL-AT-1) and 50-CCATATATATATATATAGCCCCCGCTATATATATATAT
ATGG-30 (FL-AT-2). Surprisingly, we observed an atypical isothermal-titration-calorimetry-binding curve at low-salt aqueous
solutions whereby the apparent binding-enthalpy decreased dramatically as the titration approached the end. This unusual
behavior can be attributed to the DNA-annealing coupled to the ligand DNA-binding and is eliminated by increasing the salt
concentration to ~200 mM. At this condition, HMGA2 binding to FL-AT-1 is entropy-driven and to FL-AT-2 is enthalpy-driven.
Interestingly, the DNA-binding free energies for HMGA2 binding to both hairpins are almost temperature independent; however,
the enthalpy-entropy changes are dependent on temperature, which is another aspect of enthalpy-entropy compensation. The
heat capacity change for HMGA2 binding to FL-AT-1 and FL-AT-2 are almost identical, indicating that the solvent displacement
and charge-charge interaction in the coupled folding/binding processes for both binding reactions are similar.

4144 Biophysical Journal Volume 96 May 2009 4144–4152
INTRODUCTION

The HMGA2 is a nuclear protein associated with mensen-

chymal cell development and differentiation (1–3).

HMGA2 is only expressed in proliferating, undifferentiated

mesenchymal cells and is undetectable in normal fully differ-

entiated adult cells (1,4). Disruption of its normal expression

patterns causes deregulations of cell growth and differentia-

tion. For instance, Hmga2 knock-out mice developed the

pygmy phenotype (1). These mutant mice were severely

deficient in fat cells and other mesenchymal tissues (almost

a 20-fold decrease). Furthermore, it was demonstrated that

disruption of the Hmga2 gene caused a dramatic reduction

in obesity of leptin-deficient mice (Lepob/Lepob) in a gene-

dosage dependent manner: Hmga2þ/þ Lepob/Lepob mice

weighed over three times more than Hmga2�/� Lepob/Lepob

animals, and the weight of Hmga2þ/� Lepob/Lepob mice was

in between (2). These results suggest that HMGA2 plays an

important role in fat-cell proliferation and is a potential target

for the treatment of obesity (2). HMGA2 is also directly

linked to the formation of various tumors, including malig-

nant tumors such as lung cancer (5), hepatocellular carci-

noma (6), prostate cancer (7), and leukemia (8); and benign

tumors such as lipomas (9,10), uterine leiomyomas (11,12),

and pulmonary chondroid hamartomas (13). Whereas rear-

rangements of chromosomal bands 12q13–15 where the
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HMGA2 gene is located are the main cause for the tumori-

genesis of the benign tumors with mesenchymal origin

(14,15), the over- and/or aberrant-expression of HMGA2

has been attributed to the formation of the malignant tumors

(16–18). Intriguingly, the expression level of HMGA

proteins, including HMGA2, often correlates with the degree

of malignancy, the existence of metastasis, and a poor prog-

nosis (19,20). These results suggest that HMGA proteins

should be considered as diagnostic markers of metastatic

potential and poor prognosis for many human carcinomas

(14,16,17). These results also suggest that HMGA proteins

are potential targets of microRNAs’ therapy (21,22) and

chemotherapy (17,23) for cancer patients.

HMGA2 is a DNA minor-groove binding protein and

belongs to the HMGA protein family (24). Each protein in

this family contains three small ‘‘AT-hook’’ DNA-binding

motifs, which have a consensus core sequence, PRGRP,

surrounded on each side with one or two positively charged

amino acids, such as arginine or lysine. One unique feature

of the AT-hook DNA-binding motifs is that, in the absence

of DNA, they are natively ‘‘disordered’’ (25,26). However,

when they bind to the minor-groove of the AT-rich DNA

sequences, the AT-hooks adopt a well-defined structure.

The RGR core penetrates into the minor-groove of AT-rich

sequences with two arginine residues forming extensive

contact with the floor of the minor-groove (26). The two

prolines, on the other hand, direct the backbone of the

peptide away from the minor-groove floor and position the

positively charged arginine or lysine near the phosphates

of DNA to make further contact. This ‘‘disordered-to-

ordered’’ structural change upon binding to AT-rich DNA

is very important for the AT-hook proteins, which allows
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them to participate in many essential nuclear activities, such

as transcription (27,28), DNA replication (29), and DNA

repair (30).

To understand how HMGA2 interacts with AT-rich DNAs,

we have previously carried out various biochemical and

biophysical studies (31,32). Our results demonstrated that

HMGA2 is a sequence-specific DNA-binding protein and

binds to AT-rich DNAs as a monomer (31). We also showed

that HMGA2 binds to poly(dA-dT)2 and poly(dA)poly(dT)

with very high affinity in which the binding of HMGA2 to

poly(dA-dT)2 is enthalpy-driven and to poly(dA)poly(dT) is

entropy-driven (32). This is a typical example of enthalpy-

entropy compensation for a ligand binding to two different

DNA substrates with similar binding free energies. In this

study, we further examined enthalpy-entropy compensation

using two AT-rich deoxyoligonucleotide hairpins: 50-CCAA

AAAAAAAAAAAAAGCCCCCGCTTTTTTTTTTTTTTT

GG-30 (FL-AT-1) and 50-CCATATATATATATATAGCC

CCCGCTATATATATATATATGG-30 (FL-AT-2). Both

oligomers contain a 15 bp AT sequence: FL-AT-1 contains

a 15 bp A-tract; FL-AT-2 contains a 15 bp AT alternate

sequence. To our surprise, our results showed unusual ITC

curves in low-salt aqueous solutions, e.g., 1�BPE containing

50 mM of NaCl. The apparent binding enthalpy decreased

dramatically as the DNA approached depletion. Interestingly,

our results showed that this unusual behavior was eliminated

by increasing the salt concentration to ~200 mM NaCl. At this

condition, e.g., 1� BPE, 200 mM NaCl, HMGA2 binding to

FL-AT-1 is entropy-driven and to FL-AT-2 is enthalpy-

driven.

MATERIALS AND METHODS

Protein and DNA samples

HMGA2 was expressed and purified as described previously (32,33).

An extinction coefficient of 5810 cm�1 M�1 was used to determine the

HMGA2 concentration. Synthetic deoxyoligonucleotides, FL-AT-1,

FL-AT-2, FL238, and FL239 were purchased from MWG-Biotech, Inc.

(High Point, NC). DNA oligonucleotides were annealed in a 4 L water

bath, which was heated to 98�C for 10 min and slowly cooled to room

temperature.

ITC

ITC experiments were carried out using a VP-ITC titration calorimeter (Mi-

croCal LLC, Northampton, MA). Samples were extensively dialyzed against

1� BPE buffer containing 200 mM NaCl or the indicated salt concentration.

Typically, the titration was set up so that 15 mL of 35.7 mM HMGA2 was

injected every 200 seconds, up to a total of 18 injections, into a DNA sample

(1.44 mL of 100 mM (bp)) in the sample cell. The heat liberated or absorbed

with each injection of ligand is observed as a peak that corresponds to the

power required to keep the sample and reference cells at identical tempera-

tures. The peaks produced over the course of a titration are converted to heat

output per injection by integration and corrected for cell volume and sample

concentration. Control experiments were carried out to determine the contri-

bution to the measurement by the heats of dilution arising from (1) protein

into buffer and (2) buffer into DNA. The net enthalpy for each protein-DNA

interaction was determined by subtraction of the component heats of dilu-
tion. The ITC data was fitted using the built-in curve fitting model for a single

set of identical binding sites to obtain the DNA-binding constant and other

thermodynamic parameters.

DSC

DSC experiments were carried out using a VP-DSC calorimeter (MicroCal

LLC). Samples were extensively dialyzed against 1� BPE buffer containing

50 mM or 200 mM of NaCl. DSC scans were conducted between 0�C and

110�C at a rate of 60�C per hour. Baselines, obtained by filling both calorim-

eter cells with the corresponding buffer, were subtracted from the sample

experimental thermograms.

EMSA

EMSA experiments were performed as previously described (31). The

AT-rich DNA oligomer FL-AT-3 was annealed from two complementary

single-stranded deoxyoligonucleotides, FL238 (50-AAAAATTTTTAAA

AA-30) and FL239 (50-TTTTTAAAAATTTTT-30) in 20 mM Tris-HCl

(pH 8.0), 50 mM NaCl, and 1 mM EDTA. The protein-DNA complexes

were formed by addition of appropriate amounts of the protein to a solution

containing 200 nM of FL-AT-3 in the 1 � DNA-binding buffer containing

20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 0.5 mM EDTA, 1 mM dithiothre-

tiol, 0.5 mM MgCl2, and 5% glycerol. After equilibration for 60 min at

24�C, the samples were loaded on a 12% native polyacryamide gel in

0.5 � TBE buffer (0.045 M Tris-Borate, pH 8.3 and 1 mM EDTA) to sepa-

rate free and bound DNA.

RESULTS

The unusual ITC titration curves of HMGA2
binding to AT-rich DNA oligonucleotides
under low-salt buffer conditions

ITC was used to investigate the DNA-binding properties of

HMGA2 binding to the AT-rich DNA hairpins FL-AT-1

and FL-AT-2. Fig. 1 shows the results of HMGA2 titrating

into FL-AT-1 and FL-AT-2 solutions in 1 � BPE containing

FIGURE 1 The unusual ITC-binding curves under a low-salt condition.

Sample raw data for the titration of HMGA2 into FL-AT-1 (A) and

FL-AT-2 (B) at 25�C in 1 � BPE containing 50 mM of NaCl (total

66 mM Naþ). Top: each peak shows the heat produced by injection of an

aliquot of 15 mL of HMGA2 (35.7 mM) into DNA solution (1.44 mL of

5 mM). Bottom: the binding isotherm generated from integration with

respect of time with appropriate dilution correction.
Biophysical Journal 96(10) 4144–4152
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50 mM NaCl (total 66 mM of Naþ). Both titration curves are

quite unusual. The enthalpy initially increased, then

decreased, and finally increased again. These results suggest

that more than one reaction exists in the ITC experiments.

The existence of multiple nonidentical binding sites could

explain the observed behavior, but it is known that there is

only a single binding site of HMGA2 in these two oligomers

(31,32). In this case, it is unlikely that the unusual ITC titra-

tion curves are results of HMGA2 binding to different

HMGA2 sites on these two oligomers. Another possibility

is that the unusual binding curves may result from the

coupled-annealing of the oligomers to HMGA2 binding.

Because FL-AT-1 and FL-AT-2 are AT-rich oligonucleo-

tides, a small amount of the oligomers may be partially

annealed at relatively low-salt concentrations (see later

discussion for details). The binding of HMGA2 to both olig-

omers should shift the equilibrium toward the annealed

status, especially near the end of the binding reaction. As

demonstrated previously, the annealing of oligonucleotides

is an exothermal reaction (34,35). Therefore, as the binding

reaction nears the end, a decrease of the binding enthalpy

may be observed. If this possibility is the case, the unusual

ITC binding curves should depend on the salt concentration

and the reaction temperature, i.e., a relatively high-salt

concentration and/or a relatively low temperature should

give normal ITC binding curves for HMGA2 binding to these

two AT-rich oligomers (a ‘‘normal’’ ITC curve refers to

a thermogram resulting from a binding reaction with a single

set of identical binding sites). Indeed, our results shown in

Figs. S1 and S2 in the Supporting Material demonstrated

that the atypical ITC curves can be converted to the normal

ITC curves at a high-salt concentration or a low temperature

(compare Fig. S1, A and B; also compare Fig. S2, A and B).

For example, in 1 � BPE buffer containing 150 mM of

NaCl at 5�C and 15�C, titrating HMGA2 into FL-AT-1

results in normal ITC curves with a stoichiometry of 1:1

and the DNA-binding constant of 1.0 and 1.4 � 108 M�1,

FIGURE 2 The DSC thermograms of the AT-rich DNA FL-AT-1 in

1 � BPE containing 50 mM (A) or 200 mM (B) of NaCl. The molar heat

capacity (Cp) is plotted against temperature after baseline correction. The de-

convolution of the two overlapping peaks is also shown (red and blue lines).
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respectively. Similar results were also obtained for oligomer

FL-AT-2 (data not shown).

We also performed DSC experiments to study the thermal

stability of oligomer FL-AT-1 in two different salt concen-

trations: 50 and 200 mM of NaCl. Fig. 2 shows our DSC

results. After baseline subtraction, the DSC thermograms

were deconvoluted into two overlapping transitions for

FL-AT-1 in both salt concentrations. These results suggest

that two conformers, a partially annealed and a fully an-

nealed conformer of FL-AT-1 exist in the solutions. The first

and second transitions of the DSC thermograms should come

from these two FL-AT-1 conformers, respectively. As

expected, the Tm values of FL-AT-1 in 200 mM of NaCl

are higher than those in 50 mM of NaCl (66.4 � 1.9 and

73.0 � 0.2�C for 200 mM of NaCl; 58.0 � 0.4 and 65.1 �
0.1�C for 50 mM of NaCl; Table 1). Intriguingly, although

the total melting enthalpy values of FL-AT-1 under the

two salt conditions are similar, the melting enthalpies of

FL-AT-1 for each transition are different (Table 1). The

melting enthalpies of FL-AT-1 were determined to be 62.1

and 80.5 kcal mol�1 for the first and second transitions,

respectively, in 1 � BPE containing 50 mM of NaCl. In

contrast, the melting enthalpies of FL-AT-1 are 39.1 and

124.2 kcal mol�1 for the first and second transitions, respec-

tively, in 1 � BPE containing 200 mM of NaCl. If we

assume that the enthalpy value is proportional to the amount

of the conformers in the solutions, these results suggest that

the partially annealed conformer of FL-AT-1 can be con-

verted into the fully annealed conformer upon increasing

the salt concentration. In other words, in 1� BPE containing

50 mM of NaCl, almost half of FL-AT-1 is in a partially an-

nealed status in the temperature near Tm (we believe that the

amount of FL-AT-1 in the partially annealed status is much

less at 25�C). In contrast, in 1 � BPE containing 200 mM of

NaCl, most of FL-AT-1 (~80%) is fully annealed around Tm.

These results suggest that the unusual ITC curves may come

from the partially annealed DNA conformer, and the ITC

titration experiments should be performed in 1 � BPE con-

taining 200 mM of NaCl. Similar results were also obtained

by using FL-AT-2 as the DNA oligomer (data not shown).

So far, we only used the DNA hairpins for our ITC

experiments. As demonstrated previously, DNA hairpins

are thermally more stable than the DNA duplexes derived

from the complementary strands (36–38). Therefore, we

decided to perform some ITC experiments by using an

TABLE 1 DNA melting temperatures and melting enthalpies

of FL-AT-1 in 1 � BPE containing 50 or 200 mM of NaCl

[NaCl] Tm (�C) DH (kcal mol�1)

mM T1 T2 DH1 DH2

50 58.0 65.1 62.1 80.5

200 66.4 73.0 39.1 124.2

The DNA melting temperatures and melting enthalpies of FL-AT-1 were

determined from DSC experiments as shown in Fig. 4.
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FIGURE 3 The annealing of the AT-rich oligomer

FL-AT-3 is coupled to the binding of HMGA2 to DNA.

Sample raw data for the titration of HMGA2 into FL-AT-3

at 25�C in 1 � BPE containing (A) 50 mM or (B) 100 mM

of NaCl. Top: each peak shows the heat produced by injec-

tion of an aliquot of 15 mL of HMGA2 (35.7 mM) into

DNA solution (1.44 mL of 5 mM). Bottom: the binding

isotherm generated from integration with respect of time

with appropriate dilution correction. (C) EMSA experi-

ments for binding HMGA2 to FL-AT-3. The preannealed

FL-AT-3 (200 nM) was incubated with increasing concen-

trations of HMGA2 in 50 mL of 1 � DNA binding buffer

containing 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 0.5

mM EDTA, 1 mM dithiothretiol, and 5% glycerol.

EMSA experiments were performed as described under

Materials and Methods. After staining with nucleic acid

stain SYBR Gold, the gels were visualized and photo-

graphed under ultraviolet light. Lanes 1 and 2 represent

the single-stranded oligomer FL-238 and FL-239, respec-

tively. Lanes 3 and 4 are the free FL-AT-3. In addition to

FL-AT-3, lanes 5–12 also contain 50, 100, 200, 500,

1000, 2000, 5000, and 10,000 nM of HMGA2, respec-

tively. Labels: F1, the free single stranded FL239; F2, the

free single-stranded FL238; D1, the fully annealed FL-

AT-3; D2 and D3, the partially annealed FL-AT-3; C, the

HMGA2-FL-AT-3 complex.
AT-rich dsDNA oligomer as the DNA template. A 15 bp

AT-rich oligomer (FL-AT-3) was used (the top strand: 50-A
AAAATTTTTAAAAA-30). Fig. 3, A and B shows the

results of the ITC experiments in 1 � BPE containing 50

and 100 mM of NaCl, respectively. Surprisingly, a very large

negative binding enthalpy (~�160 kcal mol�1) was obtained

for the first two injections of the ITC experiment in 1 � BPE

containing 50 mM of NaCl (Fig. 3 A). The enthalpy then

increased to ~ �20 kcal mol�1, decreased, and increased

again. When the NaCl concentration was increased to

100 mM, we did not get the large negative enthalpies for

the first two injections (Fig. 3 B). Nevertheless, the ITC titra-

tion curve is similar to the ITC curves shown in Fig. 1.

(Similar results were obtained by decreasing temperature to

15�C as well (data not shown)). We also used EMSA to

study HMGA2 binding to FL-AT-3. In this experiment,

HMGA2 was titrated into a solution containing 200 nM of

FL-AT-3 in 20 mM Tris-HCl (pH 8.0) and 50 mM of

NaCl. In the absence of HMGA2, FL-AT-3 was partially
dissociated into single-stranded DNA (compare lanes 1 and

2 to lanes 3 and 4 of Fig. 3 C). Furthermore, three additional

bands, which represent the double-stranded FL-AT-3, ap-

peared in the gel. This result suggests that FL-AT-3 exists

in solution in at least three different states: single-stranded,

partially annealed, and fully annealed states. When

HMGA2 bound to FL-AT-3, the single-stranded DNA and

two minor species of the partially annealed dsDNA disap-

peared (compare lanes 3 to 6 with lanes 8 to 12 of Fig. 3 C);

simultaneously, one shift band corresponding to the

HMGA2-DNA complex appeared. These results strongly

suggest that the binding of HMGA2 to FL-AT-3 drove the

equilibrium toward the formation of the fully-annealed

dsDNA.

The binding of HMGA2 to FL-AT-1
is an entropy-driven reaction

At this stage, our results showed that the optimal condition for

our ITC experiments is in 1 � BPE containing 200 mM of
Biophysical Journal 96(10) 4144–4152
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NaCl. Under this condition, the DNA-binding enthalpy,

the DNA-binding stoichiometry, and the DNA-binding

constant can be measured directly. Fig. 4 A shows results

from the ITC experiment in which HMGA2 was titrated

into FL-AT-1 in 1 � BPE containing 200 mM NaCl at 5�C.

Binding of HMGA2 to FL-AT-1 is an endothermic reaction,

which yields a positive enthalpy of þ10.2 (�0.2) kcal mol�1.

The binding constant and the binding stoichiometry were

determined to be 3.4 (�0.9)� 107 M�1 and 1:1, respectively.

The DNA-binding free energy and entropy were calculated to

be�9.6 (�2.5) kcal mol�1 andþ71.2 cal mol�1 K�1, respec-

tively. These results clearly showed that the binding of

HMGA2 to FL-AT-1 is an entropy-driven reaction.

DH values for the interaction of HMGA2 with FL-AT-1

were determined at different temperatures (from 5�C to

25�C) by ITC. Fig. 4 B shows the results in which the

slope of a linear least-squares fit gives a value of DCp,

dDH/dT of �330 (�30) cal mol�1 K�1. The free energy of

FIGURE 4 The binding of HMGA2 to FL-AT-1 is an entropy-driven

reaction. (A) Sample raw data for the titration of HMGA2 into FL-AT-1

at 5�C in 1 � BPE containing 200 mM of NaCl (total 216 mM Naþ).

Top: each peak shows the heat produced by injection of an aliquot of

15 mL of HMGA2 (35.7 mM) into DNA solution (1.44 mL of 5 mM).

Bottom: the binding isotherm generated from integration with respect of

time with appropriate dilution correction. (B) Heat capacity change (DCp)

for binding HMGA2 to FL-AT-1. Linear least-squares fitting of the enthalpy

data (up triangles) determined by ITC giving a DCp value of�330 (�30) cal

mol�1 K�1. The dependence of DG (circles) and �TDS (down triangles) on

temperature are shown. The standard deviation of DH at different tempera-

tures was estimated to be 0.1 (5�C), 0.1 (10�C), 0.2 (15�C), 0.3 (20�C), and

0.2 (25�C) kcal mol�1, respectively.

TABLE 2 Comparison of thermodynamic parameters

for HMGA2 binding to FL-AT-1 and FL-AT-2

DNA Kobs DGobs DH �TDS DCp

FL-AT-1 1.6 � 107 �9.8 3.4 �13.4 �330

FL-AT-2 2.9 � 107 �10.2 �12.1 1.9 �377

Kobs (M�1) is the binding constant for the interaction of HMGA2 with DNA

and refers to solutions containing 0.20 M NaCl at 25�C. DGobs (kcal mol�1)

is the binding free energy calculated from the equation DGobs¼�RTlnKobs.

The DNA-binding enthalpy DH was determined by ITC experiments.�TDS

was calculated by subtraction, �TDS ¼ DG�DH.
Biophysical Journal 96(10) 4144–4152
DNA-binding was calculated from DG ¼ �RTlnK in which

the DNA-binding constant was also determined from the ITC

experiments. Interestingly, the free energy change is less

sensitive to temperature than the DNA-binding enthalpy

DH. The DNA-binding enthalpy is linearly compensated

by the DNA-binding entropy, which results in relatively

small changes of the free energy. Our results are summarized

in Table 2.

The binding of HMGA2 to FL-AT-2
is an enthalpy-driven reaction

Fig. 5 A shows results from the ITC experiment in which

HMGA2 was titrated into a solution containing FL-AT-2

and 200 mM NaCl at 25�C. The binding of HMGA2 to

FL-AT-2 is an exothermic reaction, producing a negative

enthalpy of �12.1 (�0.1) kcal mol�1. The binding constant

and the binding stoichiometry were determined to be 2.9

(�0.4) � 107 M�1 and 1:1, respectively. The DNA-binding

free energy and entropy were calculated to be �10.2 (�1.4)

kcal mol�1 and þ6.6 cal mol-1K�1, respectively. In contrast

to HMGA2 binding to FL-AT-1, the binding of HMGA2 to

FL-AT-2 is an enthalpy-driven reaction.

DH values for the interaction between HMGA2 and

FL-AT-2 were also determined at different temperatures by

ITC experiments (Fig. 5 B). The slope of a linear least-squares

fit yields a value of DCp of �377 (�50) cal mol�1 K�1.

As expected, the calculated DNA-binding free energy

change is less sensitive to temperature than DH. The values

FIGURE 5 The binding of HMGA2 to FL-AT-2 is an enthalpy-driven

reaction. (A) Sample raw data for the titration of HMGA2 into FL-AT-2

at 25�C in 1 � BPE containing 200 mM of NaCl (total 216 mM Naþ).

Top: each peak shows the heat produced by injection of an aliquot of

15 mL of HMGA2 (35.7 mM) into DNA solution (1.44 mL of 5 mM).

Bottom: the binding isotherm generated from integration with respect of

time with appropriate dilution correction. (B) Heat capacity change (DCp)

for binding HMGA2 to FL-AT-2. Linear least-squares fitting of the enthalpy

data (up triangles) determined by ITC giving a DCp value of�377 (�50) cal

mol�1 K�1. The dependence of DG (circles) and �TDS (down triangles) on

temperature are shown. The standard deviation of DH at different tempera-

tures was estimated to be 0.2 (5�C), 0.3 (10�C), 0.2 (15�C), 0.3 (20�C), and

0.1 (25�C) kcal mol�1, respectively.
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of DH and DS are linearly correlated, and the change in

enthalpy is compensated by changes in the entropy to yield

small changes of the free energy. These results also summa-

rized in Table 2.

DISCUSSION

In this study, we demonstrated that the ITC curves of

HMGA2 binding to all three AT-rich oligomers, FL-AT-1,

FL-AT-2, and FL-AT-3 are quite unusual at low-salt concen-

trations. The binding enthalpy initially increased, then

decreased, and finally increased again (Fig. 1 and Figs. S1,

S2, and S3). We also showed that these unusual ITC curves

are dependent on the salt concentration and temperature

(Figs. S1 and S2). We believe that this unusual ITC behavior

can be best explained by a coupled DNA-annealing model

shown in Fig. 6. The AT-rich DNA oligomers, under low-

salt buffer conditions, should be a mixture of partially and

fully annealed oligomers (Fig. 6, a and b). If HMGA2 only

binds to the fully annealed oligomers (Fig. 6 b), the binding

of HMGA2 to the AT-rich oligomers should shift the equi-

librium to the side of the fully annealed DNA. In this case,

DHobs ¼ DHa þ DHb þ DHc, whereby DHobs, DHa, DHb,

and DHc are the observed enthalpy change, the annealing

enthalpy of the partially annealed DNA oligomer, the

DNA-binding enthalpy of HMGA2, and the protein-folding

enthalpy of HMGA2, respectively. Because HMGA2 is

a natively unfolded protein (25,26), the protein folding

enthalpy DHc should be equal to 0, i.e., DHc ¼ 0

FIGURE 6 A coupled DNA-annealing model to explain the unusual ITC

titration curves for HMGA2 binding to AT-rich DNA oligomers. a to f

represent the partially annealed DNA oligomer, the fully annealed DNA

oligomer, the partially unfolded protein, the fully folded protein, the

protein-DNA complex with the fully annealed oligomer, the protein-DNA

complex with the partially annealed oligomer, respectively. DHa, DHb,

DHc, DHa’, and DHb’ represents the enthalpy change associated with each

step.
(DHc does not include the enthalpy change associated with

the protein conformation change upon binding to DNA,

which cannot be differentiated from the DNA-binding

enthalpy, i.e., DHb); therefore, DHobs ¼ DHa þ DHb. In

any case, DHa should be proportional to the amount of

partially annealed DNA oligomers in solution and thus sensi-

tive to the experimental conditions, such as salt concentra-

tion and temperature. Indeed, our DSC results showed that

the amount of partially annealed DNA oligomer is a function

of the salt concentration (Fig. 2). Therefore, DHa can be

minimized by increasing the salt concentration or by

decreasing the experimental temperature. As demonstrated

previously, DNA annealing is an exothermic reaction

(34,35), i.e., DHa < 0. If the amount of the partially annealed

DNA oligomer is significant in the ITC experiment, DHobs

will be much lower than DHb, especially near the end of

the reaction. This is probably the reason why a decrease of

the binding enthalpy is always observed as the binding reac-

tion approaches the end under the low-salt buffer conditions.

An alternative pathway of the coupled DNA-annealing

model is also shown in Fig. 6. As the titration approaches

the end, the fully annealed DNA oligomer is depleted. In

this case, HMGA2 binds to the partially annealed DNA olig-

omer to drive the partially annealed form (Fig. 6 f) into the

fully annealed form (Fig. 6 e). If DHb’ þ DHa’ < DHb,

a decrease of the apparent binding enthalpy should be

observed in the end of the titration.

The most direct evidence to support the coupled DNA-

annealing model comes from the results of the ITC and

EMSA experiments using the AT-rich oligomer FL-AT-3

(Fig. 3). In the solution containing 50 mM of NaCl,

FL-AT-3 exists in three different forms: the single-stranded,

the partially annealed, and the fully annealed form (Fig. 3 C).

The single-stranded and partially annealed FL-AT-3 can be

converted to the fully annealed form of FL-AT-3 upon

binding to HMGA2 (Fig. 3 C). Intriguingly, the enthalpy

change of the first two injections of the ITC experiment at

50 mM of NaCl is so large and cannot be explained from

the contribution of the binding of HMGA2 to FL-AT-3.

Instead, the large enthalpy change may stem from the anneal-

ing of the two complementary single-stranded strands of

FL-AT-3 into the double-stranded DNA, which is coupled

to the binding of HMGA2 to FL-AT-3, because, under this

condition, a significant amount of FL-AT-3 is single

stranded (Fig. 3 C). Increasing the salt concentration to

100 mM resulted in a much smaller enthalpy change for

the first two injections of the ITC experiment (compare

Fig. 3, A to B). These results suggest that the unusual ITC

curves are the result of the coupling reaction between the

binding of HMGA2 to DNA and the annealing of the

unpaired DNA strands.

Similar unusual results were observed by Fodor and

Ginsburg (39) during the ITC titration of the cardiac-specific

homeodomain NK � 2.5(C56S) protein into a solution

containing a specific 18 bp DNA oligomer. They also found
Biophysical Journal 96(10) 4144–4152
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a large sudden decrease in enthalpy as the free DNA neared

depletion, when the temperature of the ITC experiment was

sufficiently high. The sudden decrease of the binding enthalpy

was attributed to the refolding of the impaired DNA or

unfolded protein, which is consistent with our interpretation.

The only difference is that HMGA2 is a natively unfolded

protein, and the oligomers used in our ITC experiments are

AT-rich. In our case, the decrease of the binding enthalpy

should come exclusively from the annealing of the unan-

nealed DNA basepairs, and protein folding should not be

a factor. There are a few cases of unusual ITC curves for the

binding of small ligands to DNA (40–42). For example, the

titration of the minor-groove binder, netropsin, into a few

DNA hairpins yielded rather complex ITC curves (40) that

were fit and explained by a ‘‘two-fractional-sites’’ model. In

this model, the total number of sites is one netropsin per

DNA molecule, but the two fractional sites have relative

stoichiometries. We have noticed some differences between

our ITC data and the results of netropsin titrating into DNA

hairpins. For instance, the magnitude of the enthalpy decrease

in our ITC experiments is much larger as the free DNA

approaches depletion. In addition, HMGA2 is a macromole-

cule, and the DNA hairpins used in this study are AT-rich.

Nevertheless, we cannot rule out the possibility that the

unusual ITC behaviors in our ITC experiments are the results

of the existence of two fractional sites for HMGA2.

FIGURE 7 Comparison of the thermodynamic profiles for HMGA2

binding to FL-AT-1 and FL-AT-2.
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In this study, we clearly demonstrated that HMGA2 uses

different driving forces to interact with different DNA

substrates (Fig. 7). At 25�C in 1 � BPE containing 200 mM

of NaCl, HMGA2 binding to FL-AT-1 is exclusively entropy-

driven with an unfavorable DH of þ3.4 kcal mol�1, a DG of

�9.8 kcal mol�1, and a favorable DS of þ44.5 cal mol�1

K�1 (�TDS, �13.2 kcal mol�1). In contrast, under the same

experimental condition, HMGA2 binding to FL-AT-2 is over-

whelmingly enthalpy driven with a favorable DH of �12.1

kcal mol�1, a DG of �10.2 kcal mol�1, and a small unfavor-

able DS of �6.6 cal mol�1 K�1 (�TDS, þ1.9 kcal mol�1).

Similar to HMGA2 binding to poly(dA)poly(dT) and pol-

y(dA-dT)2 (32), this is another example of isothermal

enthalpy-entropy compensation for one ligand binding to

two different substrates (43). A possible reason for the

enthalpy-entropy compensation is that the HMGA2-FL-AT-

1 complex is more dehydrated than the HMGA2-FL-AT-2

complex, i.e., HMGA2 binding to FL-AT-1 releases more

water molecules than its binding to FL-AT-2 (44). Alterna-

tively, the binding of HMGA2 to FL-AT-1, an A-tract mole-

cule, may result in a conformational transition in FL-AT-1,

which is specific for the A-tracts (45). The positive binding

enthalpy may come from the helix-to-helix transition of the

A-tract. Regardless, the coupled DNA conformation transi-

tion is directly linked to the disruption of hydration in the

minor-groove of FL-AT-1 (45). In this study, our data also

showed that the binding free energies for HMGA2 binding

to both AT-rich DNA hairpins are almost independent of

temperature (~�10 kcal mol�1). However, the enthalpy and

entropy changes are highly dependent on the temperature,

which is another aspect of enthalpy-entropy compensation.

As pointed out by Sharp (46), this temperature-dependent

enthalpy-entropy compensation is a restatement of the ther-

modynamic definition of DCp ¼ dDH
dT
¼ dDS

dT
at constant pres-

sure. Because DCp for HMGA2 binding to the two hairpins

is temperature independent, a plot of DH versus DS at

different temperatures appears linear. A likely molecular

interpretation of the temperature-dependent enthalpy-entropy

compensation in our system is that the more favorable

binding-entropy at lower temperatures is mainly due to the

DS component associated with the displacement of water

molecules in the minor-groove. At lower temperatures, it

takes more heat or greater enthalpy to ‘‘melt’’ the ordered,

ice-like molecules in the minor-groove (47). As a result, it

will generate more favorable entropic changes to drive the

binding reaction to completion.

As demonstrated previously (32), HMGA2 binding to

poly(dA-dT)2 is accompanied by a large negative heat

capacity change (DCp, �705 � 113 cal mol�1 K�1) in 1 �
BPE containing 4 mM of NaCl (total 20 mM Naþ). We

attributed this large DCp to three components: the dehydra-

tion of the groups in the interface between HMGA2 and

DNA, the protein folding induced by DNA-binding, and

the charge-charge (electrostatic) interaction in the minor-

groove between the highly positively charged HMGA2 and
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the highly negatively charged DNA (32). We believe that the

contribution of the electrostatic interaction (Coulombic

forces) to DCp is substantial and should decrease strongly

with increasing salt concentration. Indeed, our results

showed that DCp is ~�350 cal mol�1 K�1 for HMGA2

binding to both AT-rich hairpins, FL-AT-1 and FL-AT-2,

in 1 � BPE containing 200 mM of NaCl (total 216 mM

Naþ) and significantly smaller than DCp determined in the

solution containing 20 mM of Naþ in our previous study

(32). These results suggest that the charge-charge interaction

plays a key role in HMGA2 binding to AT-rich DNAs.

Interestingly, an almost identical DCp value was obtained

for HMGA2 binding to different oligomers, FL-AT-1

(�330 (�30) cal mol�1 K�1) and FL-AT-2 (�377 (�50)

cal mol�1 K�1). These results suggest that the solvent

displacement and charge-charge interaction in the coupled

folding/binding processes for these binding reactions are

similar.
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