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Abstract

The capabilities of contemporary differential scanning and isothermal titration microcalorimetry for studying the thermodynamics of protein
unfolding/refolding and their association with partners, particularly target DNA duplexes, are considered. It is shown that the predenaturational
changes of proteins must not be ignored in studying the thermodynamics of formation of their native structure and their complexes with partners,

particularly their cognate DNA duplexes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since it was realized that the formation of the unique spatial
structures of biological macromolecules, i.e. proteins, nucleic
acids and their specific complexes are in principal reversible,
thermodynamically driven reactions, investigation of the
thermodynamics of these processes has gained high priority.
This has required direct measurements of the heat effects
associated with these intra- and inter-macromolecular processes
using highly dilute solutions of these molecular objects.
Realization of this program required development of special
super-sensitive calorimetric techniques, differential scanning
(DSC) and isothermal titration (ITC) microcalorimetry, for
measuring the heats associated with change in temperature at
fixed solvent conditions or with change in solvent conditions at
fixed temperature, particularly on forming specific complexes
of proteins with other molecules.

Contemporary DSC instruments are characterized not only
by high sensitivity but by the high stability of their baseline
and the ability to scan aqueous solutions up to and above
100 °C under excess pressure and by supercooling down
below 0 °C. The wide operational range is important because

* Corresponding author.
E-mail address: privalov@jhu.edu (P.L. Privalov).

0301-4622/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bpc.2006.05.004

changes of many macromolecules take place over a very
broad temperature range. As for the stability of the baseline,
this is important since it permits determination of the partial
heat capacity of the solute (macromolecule) in dilute solution.
As shown below, knowledge of the absolute partial heat
capacity of macromolecule over a wide temperature range
opens new prospects for studying their thermodynamic
properties.

The main specificities of the contemporary ITC instruments
are their sensitivity (i.e. the nanomolar consumption of material
for experiment), the stable work at various fixed temperatures
and fast equilibration at reloading the sample and changing the
temperature at which measurements are carried out.

Below, we consider examples of using these contemporary
microcalorimetric techniques in solving problems of structural
molecular biology.

2. Heat capacity studies of proteins

The very first calorimetric studies of the temperature induced
unfolding of compact globular proteins showed that this process
is associated with extensive heat absorption over a temperature
range that depends on the solvent conditions and results in a
significant heat capacity increment (Fig. la,b). Increase of pH
increases the stability of proteins, the heat effect of unfolding
and its sharpness.
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Fig. 1. The partial molar heat capacity functions of (a) barnase (Mw=12.4 kDa) and (b) ubiquitin (Mw=28.4 kDa), in solutions with different pH. The dashed lines
represent the partial molar heat capacity of native and unfolded proteins. For the native state, it is obtained by the linear extrapolation of the initial slope of the heat
capacity function; for the unfolded state, it is a curved function calculated by summing up the heat capacities of the amino acid residues constituting its polypeptide

chain. For details, see [1,2].

The areca of the heat absorption peak represents the
calorimetric enthalpy of the unfolding process, ANH®'=
HY—HN. From the sharpness of unfolding (the shape of the
heat absorption peak), one can derive the van’t Hoff enthalpy,
ANH'™, assuming that this process represents a two-state
transition [3—5]. For small, single domain globular proteins,
the calorimetric enthalpy was found to be in a good
correspondence with the van’t Hoff enthalpy of unfolding.
The correspondence of these two enthalpies, the calorimetric and
van’t Hoff; is the strongest indication that the unfolding of single
domain globular proteins is a highly cooperative transition,
proceeding without noticeable intermediates [4]. In that case, the
Gibbs energy difference between the native and unfolded
states, A§G=GU— GY, is zero at the transition midpoint 7,

AUG(T) = AUH(T,) — TAYS(T) = 0 (1)

and for the transition entropy we have:
ARS(T) = AGH(T)/ T, 2)

Since according to Kirchhoff’s relation, 0AH/0T=AC,, and
similarly 0AS/0T=AC,/T, using the difference between the
heat capacities of the folded and unfolded forms of the protein,
AN C(D)= Cp(T)U - Cp(T)N, one can determine the temperature
dependencies of the enthalpy and entropy of protein unfolding:

AUH(T) = AYH(T) + [ Yy (T)ar 3)

Ti

T
ARS(T) = ARS(Ty) + / ANGy(T)dInT

T,

= ARH(TY) /T + / ' ARC,o(T)dInT (4)

T,

ARG(T) = ANH(T) — TARS(T) (5)

Thus, the main problem in determining these thermodynamic
functions specifying protein unfolding/refolding is in specifying
the heat capacity of the native and unfolded states of the protein
over the whole considered temperature range. In the first
calorimetric experiments, when the precision of the calorimetric
measurements was not high, it was assumed that the difference
between the heat capacity of the native and unfolded state does
not depend on temperature and the enthalpy of protein
unfolding is a linear function of temperature [3]. With the
appearance of precise scanning calorimeters having a stable
base line over a broad temperature range [6,7], it was found that
the heat capacities of the native and unfolded states of proteins
do not change in parallel [8]. Detailed studies of the heat
capacity of unfolded proteins showed that this is represented by
a curved function of temperature (Fig. la,b). As regards the
partial heat capacities of native compact globular proteins (such
as BPTI, barnase, myoglobin, lysozyme and ubiquitin), they
appeared to be a rather similar linear function of temperature.
Thus, the difference between the heat capacities of the native
and unfolded states appeared to be a decreasing function of
temperature, vanishing at about 120 °C. Correspondingly,
enthalpies of protein unfolding calculated using Eq. (3) were
described by asymptotic functions approaching some level at
this temperature (Fig. 2, curves 1 and 2).

However, with an increase in the number of calorimetrically
studied proteins, it became evident that there are many proteins
with a much steeper slope of the heat capacity function in the
predenaturational temperature range than previously found when
studies were restricted to compact globular proteins with rigid
native structures (Fig. 3a,b). In these cases, extrapolating the heat
capacity function of the initial state to higher temperatures resulted
in its crossing the heat capacity function of the final state at
temperatures very much lower than 120 °C. Thus, the difference
between the heat capacities of the unfolded state and the
(apparent) heat capacity of the folded state, AECP(T), appeared
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Fig. 2. Temperature dependencies of the specific enthalpy of unfolding of
barnase (1), ubiquitin (2), HMG Sox-5 DBD (3), leucine zipper GCN4 (4),
calculated by the linear extrapolation of the initial heat capacity function.

to change sign at low temperature significantly lower than 120 °C.
This led to the confusing conclusion that, according to Egs. (3) and
(4), above this “crossing over” temperature, the enthalpy and
entropy of cooperative protein unfolding become decreasing
functions of temperature (Fig. 2, curves 3 and 4). This shows that
the straightforward extrapolation of the apparent heat capacity
function of the native protein cannot be correct. It became clear
that the increasing heat capacity of the native protein with
temperature rise is not simply due to intensifying vibrations of the
protein structure, but reflects an accumulation of energy upon
heating that results from other changes in the protein’s structure.
Larger slopes of the partial specific heat capacity function are
particularly seen for proteins that form complexes with other
molecules and especially for DNA binding-domains (Table 1).
Fig. 4 illustrates the range of initial slopes of partial specific heat
capacity functions of various proteins. It is remarkable that all
these heat capacities converge as the temperature decreases,
implying that at low temperatures (about —20 °C) they must be
rather similar.

Fig. 4 and Table 1 include also the specific heat capacity of
an anhydrous protein (chymotrypsinogen) measured by an

(a)

35

Table 1
Thermodynamic characteristics of proteins calculated per mole of amino acid
residue assuming the molecular mass of residue 115 Da

N Protein C, dC,/ The gross cooperative AH™
(reference) (0°C) dT' unfolding (120 °C)
Ty AC,y AH, AH
1 Anhydrous 133 0.47
protein [9]

2 BPTI[19] 141 0.65 100.5 22 53 57 5.7
3 Barnase [19] 140 070 543 53 4.8 62 6.7
4  Myoglobin [19] 138  0.80 70.8 63 3.4 58 7.0
5 Lysozyme [19] 140 0.82 753 57 43 57 13
6 Cytochrome C 143 090 72.1 42 2.8 5.6 63
[19]
7 Ubiquitin [19] 143 090 90.0 33 4.0 5.0 6.6
8 Tylysozyme [19] 148 090 644 50 3.6 52 7.0
9 RNase Tl [19] 140 092 612 45 4.88 63 73
10 RNase A [19] 144 1.10 579 43 3.9 52 6.7
11 Engrailed [50] 154 130 48.7 25 2.0 1.1 75
12 Mat a2 [50] 163 143 522 19 1.7 0.6 8.0
13 Antennapedia 145 148 550 23 33 2.1 6.5
[50]
14 HMGD-74 [38] 145 1.54 41.6 0 23 —-04 7.7
15 LZ-GCN4 [15] 144 175 625 —16 08 —-05 93
16 HMG SOXS5 [33] 148 1.88 46.1 14 2.23 0 72
17 Zn-finger TFIIIA 153 1.73

[52]
18 NHPO6A [39] 155 207 386 —-06 1.5 =25 172
19 SRY [39] 172 2.65 38.0 —37 023 —10.0 8.3
20 Lef-79 [39] 176 273 445 —-40 -03 -8 7.3

T, the transition temperature; AH,, the enthalpy of cooperative unfolding at the
transition temperature calculated by linear extrapolation of the initial heat
capacity function; AH|,y, the enthalpy of gross cooperative unfolding
extrapolated to 120 °C; AH|,p**, the total enthalpy of unfolding at 120 °C
calculated by the excess heat capacity integration from —20 °C using as a
baseline the heat capacity of the folded BPTL

T in °C; C, and AC, in J/K(mol-res), dC,/dT in J/K?(mol-res); AH in kJ/
(mol-res).

absolute heat capacity calorimeter [9]. In the absence of water,
the specific heat capacity functions of all studied proteins and
polypeptides (i.e. calculated per gram or mole of residue) are

(b)
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Fig. 3. Temperature dependencies of the molar partial heat capacity of (a) the DNA binding domain (DBD) of Sox-5 [14] and (b) the dimerization domain (leucine
zipper) of the GCN4 bZIP [15]. Line 1 shows the linear extrapolation of the initial heat capacity slope; line 2 shows the heat capacity function calculated for the fully
unfolded protein; line 3 shows the heat capacity function expected for the fully folded protein (i.e. the partial specific heat capacity of BPTI recalculated to the

molecular weights of Sox-5 GCN4-bZIP).
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Fig. 4. Temperature dependencies of the initial partial specific heat capacities of
various native proteins calculated per mole of amino acid residue, assuming that
the averaged molecular mass of a residue is 115 Da. For the proteins and
references, see Table 1: the numbers on the curves correspond to those given in
the first column of the table.

very similar and in the considered temperature range appear to
be perfectly linear [9—-11]. It is known that the structure of
anhydrous protein is very rigid and does not unfold at any
specific temperature. The slight increase of its heat capacity
with heating results from the increasing thermal vibrations of its
structure [12]. In the presence of water, protein structure
becomes more labile. The hydrated protein is more vulnerable
to rapid and reversible local disruptions of its structure, which
increase in intensity as the temperature rises [13]. It appears
therefore that the slope of the heat capacity function depends on
the lability of the native protein structure. It is clear that in
considering the energetic characteristics of protein unfolding
one has to take into account the all energy which is accumulated
upon heating and not only the very substantial heat effect
associated with gross conformational transitions, i.e. all the
excess heat effects must be integrated.

The main problem which is faced here is how to determine
this excess heat effect? Previously, it was determined simply by
extrapolation of the initial slope of the heat capacity function,
which was supposed to correspond to the heat capacity of the
completely folded native protein, as shown by the dashed line in
Fig. 1. We now know that for most proteins such a line does not
represent the heat capacity of the completely folded state.
Among the studied proteins, the heat capacity function of
bovine pancreatic trypsin inhibitor, BPTI, the structure of which
is highly stable being heavily S—S crosslinked, has the minimal
slope (Table 1 and Fig. 4). It is sensible therefore to use the
partial specific heat capacity of BPTI for determining the excess
heat capacity of all other proteins. In Fig. 3, this standard heat
capacity is shown by the dashed-and-dotted line 3.

To determine the enthalpy of protein unfolding is also
needed the heat capacity of the unfolded state, i.e. the heat
capacity function of the completely unfolded polypeptide chain
of protein over a broad temperature range (line 2 in Fig. 3). It
can be calculated by summing up the partial specific heat
capacities of the individual amino acid residues the values of
which are well known in the temperature range from 0 to 120 °C

[16—-18]. If we now assume that at temperature 7, the protein is
completely folded, the total enthalpy and entropy of its
unfolding can be determined by the integrations:

Tmax
[Cy — CyJdT — /T [cy — cyldT (6)

Tinax

AVH(T) = /T D

Tmax
ARS(T) = / [(Cp — C}ldInT — /
T, T

Here C, is the heat capacity of the protein, Cg is the heat
capacity of unfolded protein and CIF, is the heat capacity of the
completely folded state of the protein calculated using as a
standard the specific heat capacity of BPTI, and T),. is the
temperature to which the protein was heated in the calorimetric
experiment and at which it is assumed to be completely
unfolded. It is reasonable to start integration from 7,=—20 °C
where the heat capacities of all the considered proteins are likely
to converge and one can assume that all these proteins are in
thermodynamically similar states (Fig. 4). Although the partial
heat capacities of proteins in aqueous solutions are usually
determined down to 0 °C and in some cases by supercooling
aqueous solutions down to — 10 °C, their linear extrapolation to
—20 °C will not result in significant error in the overall enthalpy
and entropy of unfolding.

As follows from Table 1, the total enthalpies of unfolding
calculated per mole of amino acid residue for 120 °C, AH*"
(120 °C), differ considerably from the enthalpies of the gross
conformational transition at that temperature, AH,,,, deter-
mined by the linear extrapolation of the initial heat capacity: for

Tnax

[Cy — CyldInT  (7)
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Fig. 5. Temperature dependencies of (a) the total enthalpy and (b) entropy of
unfolding of various proteins calculated per mole of amino acid residue using as
standard the fully folded state of the protein with the partial specific heat
capacity of BPTIL. The averaged molecular mass of an amino acid residue is
assumed to be 115 Da.
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the proteins with loose structure the linear extrapolation of the
initial heat capacity function gives totally unrealistic values, e.g.
for SRY HMG box one finds that the enthalpy of unfolding is
—10 kJ/(mol-res). The functions of total enthalpy and entropy of
unfolding are presented in Fig. 5a,b. It is remarkable that these
functions for very different globular proteins converge as the
temperature increases. Some exception presents BPTI which,
being heavily S—S crosslinked does not unfolds completely
even at 120 °C. For all other proteins, the averaged asymptotic
limit at 120 °C for the enthalpy of unfolding is about 7+1 kJ/
(mol-res) and for the entropy about 20+2 J/K(mol-res). These
values of the total enthalpies and entropies of unfolding are 30%
larger than the enthalpies and entropies of the gross cooperative
transitions of globular proteins that were previously determined
for compact globular proteins by linear extrapolation of the
initial heat capacity function, i.e. ignoring predenaturational
changes [19].

The values of the enthalpy and entropy of protein unfolding
at 120 °C are of special interest because the enthalpy and
entropy of hydration of apolar groups do not contribute at that
temperature [19—21]. This is because the heat capacity effect of
hydration of apolar groups is positive and, therefore, the
negative enthalpy and entropy of hydration of these groups
decrease in magnitude with heating and vanish at about 120 °C.
In contrast, the heat capacity effect of hydration of polar groups
is negative and the negative enthalpy and entropy of hydration
of these groups increases in magnitude upon heating [19,22—
24]. The enthalpy of unfolding at 120 °C therefore comes from
disruptions of van der Waals contacts and hydrogen bonds
between polar groups of protein and their hydration. Similarly,
the entropy of unfolding at that temperature includes the
positive entropy resulting from increase of conformational
freedom of the polypeptide chain and the negative entropy of
hydration of exposed polar groups. The later explains why the
entropy of unfolding reached at 120 °C is significantly lower
than the entropy expected for the increase of conformational
freedom on protein unfolding that, according to theoretical
estimates [25—32], should be about 40 J/K(mol-res).

It is curious that the hydration entropy of polar groups was
almost completely ignored in the literature. This is surprising
because in explaining the observed small value of the enthalpy of
hydrogen bonding in proteins at room temperature, nobody
doubted that this is due to the large negative enthalpy of hydrating
polar groups compensating almost completely the enthalpy of
breaking the hydrogen bonds between protein groups. However,
when water molecules interact strongly with polar groups, this
should result in a significant decrease in their freedom, i.e. in a
decrease of the entropy of water surrounding these groups.

Another temperature of interest is around 20 °C. This is
because at that temperature the negative enthalpy of forming
van der Waals contacts between nonpolar groups is compen-
sated by the positive enthalpy of their dehydration, i.e. the net
enthalpy of hydrophobic interactions is close to zero [19]. At
that temperature, the electrostatic interactions also do not
contribute much to the enthalpy of protein unfolding since in
aqueous solution these interactions are largely entropic. The
enthalpy of protein unfolding at 20 °C should therefore be

attributed mostly to the hydrogen bonds that stabilize the
protein’s structure.

3. Analysis of the predenaturational changes in proteins

In the case of some small globular proteins the initial
increase of heat capacity proceeds so steeply that one might
indeed doubt this results from a gradual process of intensifi-
cation of local fluctuations, rather than a cooperative transitions
of some sub-parts of these proteins [33]. The great advantage of
calorimetry in analysis of the melting profiles of biological
macromolecules is that enthalpy and temperature are conjugate
extensive and intensive thermodynamic parameters specifying
the system and their functional dependence includes all the
information on the states of the system populated over the
considered temperature range [34—37]. Therefore, this infor-
mation can be revealed by the deconvolution analysis of the
heat capacity function. Such analysis showed that small
globular proteins with compact rigid structure, such as barnase,
lysozyme, ribonuclease, ubiquitin, unfold in a single coopera-
tive stage, i.e. their structure represents a single highly
cooperative domain [4,19]. However, in the cases of many
other small globular proteins, the temperature induced change
of their structure proceeds not in one but in several cooperative
stages. For example, the DNA binding domains (DBDs) of the
HMG box family, the molecular mass of which is only about
10 kDa, unfold in several cooperative stages (Fig. 6a,b): the
non-sequence-specific DBDs unfold in two stages, while the
sequence-specific DBDs unfold in three stages [33,38,39].

The low temperature transitions in these HMG DBDs
proceed with small enthalpy and are correspondingly spread
out over a wide temperature region, strongly overlapping. Thus,
without deconvolution analysis of the heat capacity profiles it
would be impossible to show that unfolding of these proteins
proceeds in several cooperative stages. Since a two-state
transition in proteins usually corresponds to unfolding of a
cooperative domain organized around a hydrophobic core [40],
one can conclude that the L-shaped structure of the HMG box
DBDs is subdivided into several cooperative subdomains, three
for SRY and two for NHP6A. Correspondingly, it follows that
the sequence-specific SRY-DBD has a more flexible structure

(b) (@)

C,. kd/Kmole

0 20 40 60 0 20 40 60

Temperature, °C

Fig. 6. Deconvolution analysis of the heat capacity functions of the HMG box
DNA binding domains of (a) Sry and (b) NHP6A showing that the structure of
these two small proteins (Mw about 10 kDa) is subdivided into three (in the case
of SRY) and two (in the case of NHP6A) subdomains. For details, see: [39].
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Fig. 7. Heat capacity functions of the GCN4 leucine zipper (Leu-ZIP GCN4)
determined by DSC for protein concentrations of 136 pM and 880 uM and the
deconvolution into their component transitions according to [15].

than the non-sequence-specific NHP6A-DBD. For details of
calorimetric studies of the stability of HMG DBDs, see
[33,38,39].

Another example of a small protein that unfolds upon
heating in several discreet stages is the leucine zipper, the
dimerization domain of the yeast GCN4 transcription factor.
This dimeric coiled-coil is of only ~7 kDa mass and many
authors considered its rather sharp temperature induced
unfolding as a perfect two-state transition [41-47]. However,
deconvolution analysis of the excess heat capacity function
showed that GCN4 leucine zipper unfolds in three stages,
among which only the last one depends on concentration, i.e.
represents the cooperative dissociation of strands (Fig. 7b,c).
Optical studies of this process showed that the first transition is
associated with unfolding of the N-terminus of the leucine
zipper and the second with repacking of the interface of this
coiled-coil. For details, the reader is referred to the original
paper [15,48].

4. Formation of protein—-DNA complexes

The energetics of formation of specific protein complexes
with other proteins or nucleic acids is now attracting increasing
attention since it actually represents a most basic biological
function. It is widely accepted practice to determine the
enthalpy of complex formation by an isothermal titration
microcalorimeter (ITC) at different fixed temperatures (Fig. 8a).
Assuming that Kirchhoff’s relation (6AH/0T=AC,) is appli-
cable to the studied case, the dependence of the enthalpy of the
association reaction on temperature is usually regarded as the
heat capacity effect of complex formation, ACj.

The heat capacity effect of binding is a very important
parameter because it is known that the change of heat
capacity in the reaction between macromolecules in aqueous
solution is mainly caused by the change in hydration, and
since hydration effects are proportional to the exposed surface
areas of polar and apolar groups, the heat capacity change
yields information on the extent and polarity of the interface
formed between the components of the complex [49]. In
using the temperature dependence of the binding enthalpy for
estimating the intrinsic heat capacity effect of binding and the
associated dehydration effect, it is not always appreciated that
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Fig. 8. (a) The ITC-measured association enthalpies of the DNA binding
domains of SRY and NHP6A with their optimal DNAs plotted as functions of
temperature. (b) The association enthalpies corrected for the refolding of
proteins upon binding. For details, see [39].

this assumes that the components of this process do not
change their state over the considered temperature range, i.e.
the heat capacities of all the components of the reaction are
constant. However, association into a complex results in
significant stabilization of the all components of binding
reaction. This is especially true for DNA binding proteins
since the structure of most of them is rather unstable in the
absence of DNA and at ambient temperatures they are partly
unfolded. Fig. 9a,b presents some typical examples: the heat
capacity profiles show that on heating, the protein/DNA
complexes unfold cooperatively at somewhat higher temper-
ature than the free proteins and free DNA duplexes. Thus,
protein refolds upon association with DNA. Therefore, the
heat of association measured by ITC at some temperature
includes the heat of protein refolding. If we wish to determine
the enthalpy of DNA association with the as folded protein as
it is in the complex, we have to exclude the heat of protein
refolding from the ITC-measured heat effect of association.
Correction for these heat effects of temperature-induced
changes in the components of the association reaction was
considered in detail in [14].

The enthalpies of association for the SRY and NHP6A HMG
DBDs with their cognate DNA duplexes, corrected on
refolding, are shown in Fig. 8b. One can see that correction
for the refolding of protein significantly alters not only the
absolute values of the association enthalpy but also its

-

N

o
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CP, kJ/K mol

20 40 60 80 20 40 60 80
Temperature, °C
Fig. 9. The partial molar heat capacity functions of the free DBDs of SRY and

NHPO6A, their free cognate DNA duplexes, their complexes and the sum of the
heat capacities of free protein and DNA. For details, see [39].
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Fig. 10. The enthalpy of association of various DNA-binding proteins to their
target DNA duplexes at 20 °C in 100 mM KCI, 10 mM potassium phosphate, pH
6.0. The data were taken from: HMG boxes SRY, Sox5, Lef86, Lef79, NHP6A
and Box-B’ [39]; HMGD-100 and HMGD-74 [38]; homeodomains Antenna-
pedia, desAntp, MATa2, engrailed [S0]; bZIP [39]; IRFs [51]; zinc fingers [52].

dependence on temperature, i.e. the heat capacity effect of
association. In the case of the sequence-specific association of
the SRY HMG box with its target DNA duplex, while the
apparent heat capacity effect is AC,=—4.0 kJ/K mol, the
corrected value is only half of this, —2.0 kJ/K mol [14,39].

Correction of the calorimetrically measured thermodynamic
characteristics for refolding is especially important when
making a structural analysis of the energetic basis of forming
the complex. This is because in the structure of the complex
determined by crystallography or NMR the protein is folded and
the interface is formed by the folded protein. Thus the structural
parameters of forming the complex (e.g. the change in water
accessible surface area (AASA) of the apolar and polar groups
at the interface) would be expected to correlate with the
thermodynamic characteristics of complex formation only after
correcting for refolding.

5. Thermodynamics of protein binding to the minor and
major groves of DNA

Fig. 10 presents the corrected on refolding enthalpies of
binding of various proteins to their target DNAs. It is most
remarkable that binding to the major and minor grooves of
DNA differs qualitatively: the enthalpies of binding to the minor
groove are always positive, while the enthalpies of binding to
the major groove are invariably negative.

The key question is therefore why is there a difference in
the sign of the enthalpy of association for binding to the
minor and major grooves? One of the possible explanation is
that binding to narrow minor groove results in significant
deformation of DNA, which requires some work [14,53,54].
The other, perhaps more substantiated explanation is that
these two grooves differ in hydration: water in the minor
groove is much more ordered than water in the major groove
and its removal upon protein binding requires more enthalpy.
The presence of a spine of well-ordered water molecules in
the minor groove of AT-rich DNA sequences has been shown
indeed by high-resolution crystallography and neutron
diffraction [55-57].

6. Conclusion

In studying the energetics of protein, unfolding/refolding
attention has usually been concentrated on the most pronounced
stage of this process, the gross cooperative transition. This is
because this stage takes place over a relatively short range of
external variables (e.g. temperature); it can be observed by a
variety of experimental techniques and can easily be analyzed
and specified quantitatively in thermodynamic parameters. The
physics of this cooperative process of protein unfolding/
refolding does indeed represent an interesting and important
problem. This interest, however, has almost completely
obliterated other, more subtle changes of protein structure
under the influence of changing environmental conditions,
particularly temperature. These changes are less impressive than
those of the gross cooperative conformational transition because
they are not so pronounced but are gradual, or proceed with low
cooperativity and with many overlapping stages; correspond-
ingly, their experimental investigation is more difficult and the
theoretical analysis is more complicated. However, they take
place at physiological temperatures and may therefore have
functional significance. These changes show that the structures
of small proteins, which were usually considered as a single
domain, are not uniform in stability and flexibility and might
have unstable parts that fluctuate intensively. The stability of a
protein, or its subdomains, can change upon association with its
functional partners: another protein, nucleic acid or specific
ligand. These dynamic properties of protein structure which are
displayed at physiological temperatures are now of particular
interest because of their possible functional significance. As
shown here, without studying the thermodynamics of these
subtle predenaturational changes of proteins one cannot get a
proper understanding of the energetic basis of their structure nor
of their specific complexes with partners. For such studies, the
combined use of the isothermal titration and differential
scanning microcalorimeters is critical.

The other important result of the calorimetric studies is the
revealed qualitative difference in the energetic signatures of
protein binding to the minor and major grooves. Its nature
certainly requires the most thorough investigation to understand
the mechanism of DNA recognition.
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