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Heat does not come in different colours:
entropy—enthalpy compensation, free energy windows,
quantum confinement, pressure perturbation
calorimetry, solvation and the multiple causes of heat
capacity effects in biomolecular interactions
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Abstract

Modern techniques in microcalorimetry allow us to measure directly the heat changes and associated thermody-
namics for biomolecular processes in aqueous solution at reasonable concentrations. All these processes involve
changes in solvation /hydration, and it is natural to assume that the heats for these processes should reflect, in some
way, such changes in solvation. However, the interpretation of data is still somewhat ambiguous, since different
non-covalent interactions may have similar thermodynamic signatures, and analysis is frustrated by large entropy—
enthalpy compensation effects. Changes in heat capacity (AC,) have been related to changes in hydrophobic
hydration and non-polar accessible surface areas, but more recent empirical and theoretical work has shown how this
need not always be the case. Entropy—enthalpy compensation is a natural consequence of finite AC,, values and,
more generally, can arise as a result of quantum confinement effects, multiple weak interactions, and limited free
energy windows, giving rise to thermodynamic homeostasis that may be of evolutionary and functional advantage.
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The new technique of pressure perturbation calorimetry (PPC) has enormous potential here as a means of probing
solvation-related volumetric changes in biomolecules at modest pressures, as illustrated with preliminary data for a
simple protein-inhibitor complex. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Modern techniques in microcalorimetry allow
us to directly measure the heat changes and asso-
ciated thermodynamics for biomolecular processes
in aqueous solution at reasonable concentrations.
Using isothermal titration microcalorimetry (ITC)
we can directly probe the thermodynamics of
protein—ligand, protein—protein, and protein—
DNA interactions for example. Using differential
scanning calorimetry (DSC) we can observe the
heat energy uptake in processes such as protein
unfolding and helix-coil transitions. All these
processes involve changes in solvation /hydration,
and it is natural to assume that the heats for
these processes should reflect, in some way, such
changes in solvation. However, the interpretation
of data is still somewhat ambiguous [1,2]. The
problem arises because there is no characteristic
thermal signature of the different kinds of non-
covalent interactions and associated solvation ef-
fects responsible for biomolecular stability and
interactions. A typical system comprises a multi-
tude of weakly interacting groups, involving inter-
actions variously described in terms of hydrogen
bonding, van der Waals/dispersion forces, hy-
drophobic, and other polar and non-polar ther-
modynamic interactions in which the dynamics of
solvent molecules are intimately involved. Dif-
ferent contributions may be endothermic or ex-
othermic, depending on circumstances, and there
are no straightforward ways of dissecting out the
individual contributions. Moreover, the individual
enthalpic (AH) and entropic (AS) contributions
can vary enormously, but often in a compensatory
fashion, to give relatively smaller variations in the
free energy (AG) that ultimately determines the
thermodynamic stability of any process. Such en-
tropy—enthalpy compensation is a source of con-
siderable frustration in the thermodynamic un-
derstanding of macromolecular interactions. Here

we will review briefly the calorimetric background
and discuss a number of fundamental reasons
why such entropy—enthalpy compensation and re-
lated thermodynamic properties are inevitable in
systems such as these. We shall also present pre-
liminary data using the new technique of pressure
perturbation calorimetry (PPC) that might help
resolve some of the ambiguities.

2. Microcalorimetry: the thermodynamics of
protein stability and interaction

Typical experimental data from differential
scanning (DSC) and isothermal titration (ITC)
calorimetry are given in Figs. 1 and 2, illustrating
the kind of measurements now routinely possible
for biomolecules in solution. DSC is useful for
investigating thermal transitions in solution [3,4]
and has been widely applied to study the thermo-
dynamics of protein folding [5]. In favourable
circumstances, unfolding transitions with protein
concentrations as low as 0.2 mg/ml may be mea-
sured, and for simple cooperative reversible
processes the complete thermodynamics of the
transition may be obtained (Fig. 3a). ITC directly
measures the heats changes upon addition of
small volumes (5-10 wl) of one solution to an-
other in the calorimetric cell (1-2 ml), and is
typically used to study protein—ligand binding or
protein—protein interactions [6—8]. In dilution
mode it may also be used to determine
monomer—dimer or oligomer—dissociation equi-
librium parameters [9]. Since (almost) all interac-
tion processes involve heat change in one form or
other, ITC may be applied simply as a convenient,
non-invasive, non-destructive analytical method
for determining binding stoichiometry (n) and
affinity (K). But in addition, for those interested
in the fundamental thermodynamics of such
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Fig. 1. Typical DSC data for the unfolding of a small globular
protein (lysozyme) in solution at various pH values. The insert
shows the variation in mid-point unfolding temperature (7}, )
as a function of pH. The increase in area under each en-
dotherm with higher T, and the higher heat capacity base-
lines after the unfolding transitions, are both indications of
the significant positive AC, commonly associated with such
processes.

processes, it yields enthalpy data (AH) which,
together with free energy (AG° = —RTInK), al-
lows calculation of entropy (AS°) and, given tem-
perature dependent data, the heat capacity change
(AC,) for the process as well. Typical thermody-
namic data for a protein—protein interaction are
illustrated in Fig. 3b (see, e.g. [10-12]). All these
examples illustrate the strong temperature depen-
dence of both AH and AS, a consequence of the
large AC, effects that are a common feature of
many biomolecular and other interactions in solu-
tion. Despite such large variations in entropy and
enthalpy, the free energy change upon which
equilibrium stability ultimately depends is rela-
tively much less affected. This almost ubiquitous
‘entropy—enthalpy compensation’ (see below)
leads to considerable difficulty in rationalising the
large number of quite detailed studies involving
careful mutagenesis and structural analysis in
terms of the underlying thermodynamic forces [2].

3. The origins of ubiquitous entropy—enthalpy
compensation

Entropy—enthalpy compensation effects have
been noted in many earlier studies, with the par-
ticular significance in biomolecular systems high-
lighted by the classic work of Lumry and Rajen-
der [13], and the phenomenon has given rise to
much subsequent discussion (summarised re-
cently in [14]). This substantial body of work
shows how large changes in enthalpy (AH) and
entropy (AS) with variation of experimental con-
ditions (particularly temperature) frequently ap-
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Fig. 2. Typical ITC data for binding of a trisaccharide inhibi-
tor (tri-N-acetyl-glucosamine; tri-NAG) to hen egg white
lysozyme, in 0.1 M acetate buffer, pH 5. Each exothermic heat
pulse (upper panel) corresponds to injection of 10 pl of
tri-NAG (0.45 mM) into the protein solution (36 pwM). Inte-
grated heat data (lower panel) constitute a differential binding
curve that may be fit to a standard single-site binding model to
give, in this instance, the stoichiometry of binding, N = 0.99,
binding affinity, K,,, =3.9X 10° M™! (K, =2.6 uM), and
enthalpy of binding, AH = —51.7 kJ mol L.
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Fig. 3. Typical thermodynamic parameters as a function of temperature for biomolecular processes determined by microcalorime-
try. (a) Free energy (AG®,,), enthalpy (AH,;) and entropy (TAS°,,;) of unfolding in solution of a typical globular protein, with
heat capacity increment upon infolding, AC, = 9 kJ K~! mol~!. The free energy data are also shown expanded in the upper panel,
for clarity. (b) Free energy (AG°,,), enthalpy (A H, ) and entropy (TAS°,,,) of association interaction between protein subunits in
solution. In this case the strong temperature dependence of the enthalpy (heat) of binding corresponds to a AC, value of -1.9 kJ
K~ ! mol ™!, typical of many such interactions [10-12], and shows how the enthalpy may even change sign, being endothermic at low
temperatures but exothermic at higher temperatures.

pear to be correlated in such a manner as to 3.1. ‘Free energy windows’
compensate and give comparatively smaller
changes in Gibbs free energy (AG = AH — TAS)

for the process. The effect is seen in numerous Perhaps one of the most surprising aspects of
systems, but is particularly apparent in aqueous entropy—enthalpy compensation is the way in
systems where non-covalent interactions domi- which it appears even between apparently chemi-
nate. Early work suggested that such correlations cally unrelated species. Our attention was first
might arise as artefacts of inappropriate analysis drawn to this when attempting to rationalise the
of experimental data, particularly when using in- thermodynamic data obtained from calorimetric
direct methods, such as van’t Hoff analysis of the measurements on protein—protein interactions in
temperature dependence of equilibrium con- the colicin—porin system [16—18]. These studies
stants, to determine A H and AS, but more direct involved numerous site-directed mutants and pro-
calorimetric measurements now possible show the tein fragments, and gave a wide range of binding
same phenomenon. More recently, Dunitz [15] enthalpies and entropies that proved impossible
has shown how compensation can be a natural to rationalise in straightforward structural terms.
consequence of perturbation of any system com- Despite this, there appeared to be a clear correla-
prising a multiplicity of weak non-covalent inter- tion between AH and AS of binding obtained for
actions, of which macromolecular systems in wa- the different species (Fig. 4), suggesting some
ter are just one example. We shall show below underlying thermodynamic principle. Even more
how this comes about. In this section we examine surprising was the observation that this apparent
this and other quite general sources of correlation extended to a much wider range of

entropy—enthalpy compensation. molecules and different kinds of interaction (Fig.
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Fig. 4. Examples of entropy—enthalpy compensation in chemically distinct biomolecular species. In all cases the data were obtained
by direct calorimetric methods at 25°C. The solid lines indicate linear regression fits with slope close to 300 K. (a) Membrane
protein interactions: binding of colicin-TolA mutants and fragments [18,43]; (b) enzyme—substrate complexation: binding of ATP,
ADP and 3-phosphoglycerate to phosphoglycerate kinase (PGK) under different buffer conditions [44]; (¢) protein—protein
interactions: dimerization of insulin in the presence of cyclodextrins [9]; (d) peptide antibiotic interactions: ligand-induced
association of vancomycin [7,21]. (¢) Combined data from panels a to d. The dashed lines show isoenergetic (constant AG®) contours

for K=10? to 108 M~! at 300 K.

4), involving peptides and proteins of different
sizes and structures, such that almost any pair of
AH/AS values obtained on any system appear
likely to fall on a common line, typically with a
slope or ‘characteristic temperature’ of approxi-
mately 300 K. Similar correlations are found for
the thermodynamics of unfolding of a large num-
ber of site-directed mutants of different proteins
(Fig. 5) [19,20].

Although such correlations between totally un-
related chemical species may appear significant,
they are simply a consequence of the limited
Gibbs ‘free energy window’ afforded by experi-
mental techniques, and also the limited range of
free energies likely to be of functional signifi-
cance. Although there are no such constraints on
possible AH and AS values, as shown also re-

cently by Sharp [14], the combination of the two
to lie in a finite free energy range gives rise to an
apparent linear correlation. This can be shown as
follows.

Thermodynamic expressions relating the Gibbs
free energy under standard conditions to the
equilibrium constant (K), standard enthalpy
(A H°) and entropy (AS®),

AG°= —RTInK=AH°—-TAS®
rearrange to give:
AH®°=AG°+ TAS®

Consequently if, for whatever reason, AG® were
to remain constant, enthalpy/entropy plots would
be linear, regardless of the system. Moreover, the
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Fig. 5. Examples of enthalpy—entropy compensation in the thermal unfolding stability of globular proteins. Thermodynamic data,
determined by two-state analysis of DSC thermograms, are given for a range of barnase [20] and chymotrypsin inhibitor-2 [19]
mutants at 320 K. (a) Enthalpy (A H) vs. entropy (AS) of unfolding of wild type barnase and 41 mutants, measured at pH 3.4-4.4.
(b) Wild type Ci2 and 22 mutants, measured at pH 3.0-3.5. (c) Combined data for two different proteins and their mutants. The
dashed lines show isoenergetic contours at 320 K for AG® = 2—4 kcal mol™! (8-17 kJ mol™!).

slope of such plots would be equal to 7, the
absolute temperature of the measurement. Nor-
mally, of course, AG® is not fixed and should be
free to vary from system-to-system. However,
practical and functional constraints suggest that
observed free energies in most systems would
usually be confined to a relatively small range of
values. For example, instrumental considerations
[6] restrict the range of K values normally acces-
sible from I'TC measurements roughly to the range
K=10% to 108 M~'. This corresponds to an
observable AG®° range (or ‘window’) of approxi-
mately = —10 to —45 kJ mol~'. Other experi-
mental methods will have similar limitations.
Moreover, for functional and dynamic flexibility
in biomolecular interactions, K values in most
systems will be confined to a similar region. Con-
sequently, although not necessarily constant, the
range of observable AG® values is experimentally

limited and may give rise to apparently linear
plots. So if, for whatever reason, AH and/or
TAS are large compared to AG, then plots of AH
vs. AS may appear linear, with slope = T. This is
illustrated in Figs. 4 and 5, where the dashed lines
indicate the limits imposed by the free energy
window estimated above. All experimental data
collected so far, from a range of calorimetric
studies, fall within such windows.

3.2. Heat capacity (AC » ) and temperature effects

The large temperature dependencies of AH
and AS, such as seen in Fig. 3, are simply thermo-
dynamic consequences of the significant heat ca-
pacity change, or AC, effect, associated with such
interactions. Regardless of the origin of this AC,
simple algebraic considerations show the mere
presence of a finite heat capacity can lead to
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entropy—enthalpy compensation effects with
change in temperature [21]. Recall that the varia-
tion of AH and AS with respect to some ar-
bitrary reference temperature 7, ; is given by the
integral relationships:

AH(T) = AH(T,,) + [ AC,dT
T

ref

AS(T) = AS(T,,,) + fTT (AC,/T)dT

If AC, is constant, independent of temperature
(not necessarily true, but usually a reasonable
approximation over a limited temperature range),
then integration gives:

AH(T) = AH(T,,) + AC,(T — T,,)

AS(T) = AS(T,¢) + AC,In(T/T,;)

For small changes in temperature with respect
to absolute T, ., 8T =T — T, these become:

ref> ref»
AH(T) = AH(T,;) + AC,3T

AS(T) = AS(T,p) + AC,In(1 + 8T/T,,;)
=~ AS(T, )1 + AC,8T /T,

using the approximation In(1 + x) = x, for x < 1.
Consequently, to the extent that this approxima-
tion is valid:

AG(T)=AH—-TAS
= AH(T}cf) - TAS(Trcf) - AC‘pSTZ/Tref

= A(;(Tref )
to first order in 7. Moreover, over a limited
temperature range for which this approximation

is valid:

AH(T) = AH(T,;) + T,.;,(AS — AS(T,;))

so that a plot of AH vs. AS would appear linear
with slope T, ;.

3.3. Cooperativity and multiple weak interactions

But this begs the question: why is AC so large
in bio/macromolecular systems? Conventionally,
large AC, effects are associated with hydrophobic
interactions [22,23], and the magnitude of ACP
can be correlated with changes in solvent accessi-
ble surface areas (AASA) in protein folding and
other interaction processes [24,25]. But the wider
applicability of such AC,/AASA correlations is
now being questioned [10,26-28]. Moreover,
Dunitz [15] has shown how such effects are ex-
pected for any system made up of a multiplicity of
weak interactions, of which hydrophobic interac-
tions are just a special case. More recently, we
have shown how similar AC effects may be asso-
ciated with cooperative hydrogen-bonded net-
works [29].

This can be seen quite generally as follows.
Any (bio)macromolecular transition, such as the
unfolding of a globular protein or the dissociation
of two subunits, will normally involve the break-
ing of a cooperative network of interactions that
are then replaced by a much less cooperative set
of interactions with solvent molecules. The inter-
actions will generally be of a similar type and
strength (weak van der Waals, hydrogen bonds,
etc.), the major difference being that they act
cooperatively in one state and less so in the other.
This can be treated theoretically using classical
lattice theories of statistical thermodynamics [30],
which are also applicable to protein transitions
[31].

Picture a lattice of N molecular units (Fig. 6),
where each unit might represent either a water
molecule or a peptide group or some other com-
ponent of the macromolecule, enclosed in a cav-
ity. Assume for simplicity that all these units are
identical. Imagine further that each unit may
exist in one of two states: either ‘bound’ in some
way with its neighbours, or ‘free’ in the sense that
interaction with neighbours is broken.

In the absence of any cooperativity, each of
these units may be bound or free at random, with
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Fig. 6. Sketch illustrating a simple lattice model for cooperative transitions with multiple weak interactions. Each lattice point
represents one unit in the system, which may be viewed as either a solvent molecule or a protein group (amino acid residue or
smaller component). Each unit may be ‘bound’ (solid squares) or ‘free’ (open circles). In state ‘X’ an number of these (protein)
units are cooperatively constrained to the bound state, but in state ‘Y’ are free to adopt a Boltzmann distribution of bound or free

states, just like surrounding solvent.

a statistical probability given by the Boltzmann
factor:

p(free) = gexp(—e/RT)

where ¢ is the energy difference between ‘free’
and ‘bound’ states, and g is the relative degener-
acy of the free unit compared to the bound state
(representing the increased configurational free-
dom of the unit when free of directional interac-
tions with neighbouring groups). R is the gas
constant and 7 the absolute temperature. The
statistical mechanical partition function for this
system (Z) will be given by summation over all
possible states, bearing in mind the number of
permutations of lattice defects:

Zy=1+Np+{N(N—-1)/2}p*+...
+{N/(N=Djl}p’ + ...
={1+gexp(— s/RT)}N
using the standard binomial expansion.
Imagine now that, for some reason or other, a

small number 7 of the total N are not allowed to
be free. This may be because they are all units

within a folded protein, or at the interface
between two protein subunits, for example. In
this case the partition function is given by:

Zy={1+gexp(—e/RT))" "

The transition from state X to state Y repre-
sents a cooperative transition in which the n
units, held in the bound state and unable to break
free independently of the others, all break simul-
taneously and join the larger ensemble where
they are free to behave non-cooperatively.

Following statistical thermodynamics, the equi-
librium constant (K) for X =Y is given by the
ratio of partition functions:

K=2,/Zy={1+gexp(—e/RT)}"
from which other thermodynamic functions fol-
low:

Gibbs free energy change:

AG°= —RTInK
= —nRTIn{1 + gexp(—&/RT)} @))
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Enthalpy change:

AH®°=RT?*)InK /9T = ngeexp(—e/RT)
/{1 +gexp(—e/RT)}

(2
Heat capacity change:
AC, = dAH /9T
=nge’exp(—&/RT)
/| RT*(1 + gexp(~&/RT)Y’] (3)

This simple model illustrates the general ther-
modynamic principle that positive heat capacity
changes are to be expected in any cooperative
order—disorder transition involving weakly-inter-
acting units, of which protein unfolding or disso-
ciation of protein subunits are just examples.

Fig. 7 shows typical values using Egs. (1)-(3)
for € =3 kcal mol™! (12.5 kJ mol™!; cf. RT = 0.6
kcal mol™!; 1 cal = 4.184 J), g = 50, that might be
typical order-of-magnitude parameters per amino
acid residue (including side-chain motions and
interactions) for unfolding of a small (100 residue)
globular protein. For comparison, observed AC,
values for unfolding of globular proteins is ap-
proximately 50 J K~! mol~! per residue, or ap-
proximately 5 kJ K~! mol™! for a protein of this
size [29]. Perhaps fortuitously, this simple lattice
model also predicts a decrease in AC, at higher
temperatures similar to that observed for the
unfolding of globular proteins. A more detailed
treatment of protein unfolding based on a similar
hydrogen-bonded network picture emphasises
both the qualitative and quantitative agreement
that can be found with such models [29].

Order—disorder transitions during protein asso-
ciation /dissociation reactions need not only in-
volve solvation changes. Recent studies [32] have
shown how globular proteins behave like ‘surface
molten solids’, in which the dense rigid packing of
groups in the centre of the protein becomes more
fluid and dynamic as one approaches the surface.
This is a natural consequence of thermodynamic
fluctuations and Brownian motion at the molecu-
lar level [33-35]. But it allows one to imagine
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Fig. 7. Lattice model calculations of thermodynamic parame-
ters for a cooperative order—disorder (X — Y) transition in-
volving 100 weakly interacting units together with a much
larger number of similarly interacting solvent units, as might
be typical for unfolding of a small globular protein. Calcula-
tions based on Eqs. (1)-(3), with & =3 kcal mol~! (12.5 kJ
mol~!) and g = 50. Parameters are expressed per cooperating
unit.

how, during dimerization of two protein subunits
for example, surface molten regions of each sub-
unit become buried at the interface, forming a
more rigid, less dynamic conformation. Such
changes in conformational dynamics will con-
tribute to thermodynamic parameters in just the
same way as described above.

3.4. Quantum confinement

Quantum mechanical effects are not usually
considered to be significant in biomolecular ther-
modynamics, but there are possible instances
where this may not be the case. Any molecular
association or assembly process involves the con-
finement or conformational restriction of atoms
or groups, and this can give rise to unexpected
effects at the quantum mechanical level. In par-
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ticular, once the confinement falls below certain
levels, the discrete quantisation of available en-
ergy levels for the particle or group in the cavity
means that the usual continuum approximation is
no longer valid. Moreover, for tightly confined
objects, the zero-point energy effects (a conse-
quence of the Heisenberg uncertainty principle)
become much more apparent.

This is illustrated in Fig. 8, where we have
sketched the energy level diagrams for a point
particle confined in one-dimensional boxes of
varying dimensions. The ‘particle-in-a-box’ is a
classic problem in quantum mechanics, with de-
tails available in most physical chemistry texts
(e.g. [36]. In such systems the allowed energy
levels are given by:

E,=n*h?/(8mlL*); n=1,23...

where & is the Planck constant, m is the mass of
the particle, and L is the length of the (one-
dimensional) box. The actual occupancy of energy
levels depends on temperature, according to the
Boltzmann probability expression, and the aver-

age thermal energy (per particle) may be evalu-
ated using:

(E,Y = XE,exp(—E, /kT) (4)

where k is the Boltzmann constant and the sum-
mation is over all energy levels (n = 1,2,3..).

As may be seen (Fig. 8), for tightly confined
particles the separation between energy levels
becomes comparable to or greater than kT, and
the ground-state, zero point energy increases sig-
nificantly. In the hypothetical case illustrated in
Fig. 4 of a particle ‘binding’ to a cavity with
potential depth of 5 kJ mol™! (=2 kT), once the
cavity size (or particle ‘elbow room’) falls below
approximately 0.2 A the zero point energy effects
mean that it is no longer energetically favourable
for the particle to fall into this well.

There are temperature dependent effects too.
At any temperature above absolute zero there is
a finite probability (given by the Boltzmann equi-
librium expression) that the particle in the box
may be found at energy levels higher than the
ground state, but this gets harder the greater the

Energy Levels / kJ mol”

"Free" particle

5 kJ mol”

A —— e ——————

1A 0.5A 024 0.1A

Fig. 8. Effect of quantum confinement on the available energy levels of a particle. This sketch illustrates the hypothetical case of a
free particle (m =20 amu) falling into different potential energy wells, each of the same depth (5 kJ mol~!) but with different
widths (L), corresponding to 1, 0.5, 0.2 and 0.1 A “elbow room’, respectively. The sphere shows the calculated average energy of a
particle in each of the boxes with respect to the free particle at room temperature (kT = 2.5 kJ mol~!). Energy levels are calculated
using E, =n’h*/(8mL?), and average thermal energies determined by numerical evaluation of the appropriate partition function

and Eq. (4).
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Fig. 9. Quantum confinement effect on the enthalpy of bind-
ing of a 20 amu particle in a hypothetical 5 kJ mol~! potential
well of different dimensions as a function of temperature
using Eq. (4).

separation in energy levels compared to kT. The
average energy of a particle in a box at any given
temperature can be estimated from the statistical
mechanical partition function (see [37], or other
standard text for details), as utilised in Eq. (4),
and this is also illustrated in Fig. 8. Such average
energies will depend on temperature and, conse-
quently, so will the energy of ‘binding’ of the
particle to the box from the free particle state.
This is plotted for cavities of different size in Fig.
9. This shows that, even for straightforward enclo-
sure of an object in a cavity, with no extraneous
solvent or other effects, quantum mechanics im-
poses restrictions on available energies that trans-

late into a temperature dependence of the energy
of interaction: a AC, in other words.

Quantum effects of molecular confinement on
thermodynamic parameters in weakly interacting
systems may be summarised as follows:

e Over and above any other interactions, simple
confinement of any particle (molecule) is an
endothermic process. This is a quantum effect
for which there is no macroscopic interpreta-
tion: it is simply a consequence of ‘zero point
energy’, arising from the Heisenberg Uncer-
tainty Principle.

e The effects are normally negligible (in
macroscopic or covalent systems), but become
comparable to kT (i.e. comparable to non-co-
valent interactions) when freedom of move-
ment at the molecular level drops below ap-
proximately 0.5 A.

e There is a trade-off between tightness of fit
(favourable) and zero point energy (un-
favourable).

e AH,, . (large cavity —» smaller cavity) de-
pends on temperature, ie. it shows a AC,
effect.

e For ‘loosely-fitting’ cavities, AC, is small (and
slightly positive). For ‘tightly-fitting’ cavities,
AC, becomes negative. .

e In the limit, for really tight fit (=0.1 A),
AC,— —3R/2= —125 J K" mol™' (per
‘degree of freedom’).

The magnitude of this effect is comparable to
experimental values such as: AC, (protein fold-
ing) approximately —50 J K~! mol ™' per residue
(each with several degrees of freedom) [29], or
the AC, associated with protein—protein interac-
tion, burial of non-polar surface area, of approxi-
mately —1.34 J K™! mol"!/A> = -13 J K™!
mol~! per water molecule [24,38]. Consequently
it may be important to consider quantum con-
finement effects when designing close-fitting pro-
tein—drug complexes or self-assembling and other
related systems.

3.5. Hot spots and neutral interactions

The relative insensitivity of many macromolec-
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ular systems, at least at the free energy level, to
mutations or other chemical changes suggests that
many contacts (or interactions) at the macro-
molecular interface may be thermodynamically
neutral. That is, as illustrated by the colicin-porin
data, such systems can be surprisingly tolerant to
quite large chemical changes. Although mutations
may give rise to large changes in AH and AS,
such changes compensate to give much less of an
effect on the AG of interaction. A corollary of
this is that most of the binding affinity (contribu-
tion to AG) must reside in just one (or a few)
crucial locations or ‘hot spots’. One may picture a
situation in which just a few contacts at a macro-
molecular interface might be responsible for the
majority of the binding free energy, but that the
remainder control stereochemical (structural?)
specificity, for example. The latter may make a
zero contribution to AG in the correct conforma-
tion (even though AH and AS might be finite),
but any distortion from the correct configuration
would incur a free energy penalty. In such a way,
these interactions will be thermodynamically neu-
tral in the sense that they do not contribute to
the overall free energy of the interaction, but are
nonetheless vital to control the specificity of the
complex. Deletion of such ‘neutral’ groups would,
thus, not affect the overall AG of interaction
(even though AH and AS would change in a
complementary fashion), though the specificity
might suffer. This is consistent with similar views
obtained by structural analysis of protein inter-
faces [39,40].

3.6. Thermodynamic homeostasis

Although, as we have seen, entropy—enthalpy
compensation effects seem inevitable in any non-
covalent macromolecular interacting system, and
indeed frustrate attempts to characterise such
interactions, they confer thermodynamic stability
and buffering against environmental and mutatio-
nal challenges that may be of significant advan-
tage in the evolution and function of biomolecu-
lar systems. Living organisms depend on a deli-
cate interplay and balance of intermolecular in-
teractions, and anything that upsets this balance

is likely to be a disadvantage in evolutionary
terms.

Regardless of the actual molecular origin of
entropy—enthalpy compensation, the buffering of
thermodynamic free energy that arises in conse-
quence may well be of considerable importance.
As illustrated in Fig. 3, in the presence of large
AC, effects, the temperature variations in AH
and AS° tend to cancel to give relatively much
smaller changes in AG® and, consequently, smaller
changes in K. In contrast, if AH and AS were
constant (AC, =0), then no such compensation
would occur and both AG° and K would vary
much more rapidly with 7. Bearing in mind that
biological systems depend on a very delicate
balance of interactions, and that the extent of
such interaction is determined by K and AG,
rather than by AH and AS, this ‘thermodynamic
homeostasis’ would allow a developing or evolving
organism to withstand much greater fluctuations
in environmental conditions than might otherwise
be the case. Similar arguments may be applied to
explain stability to (most) random mutations.

Such homeostasis might also be a useful design
feature in synthetic self-assembling systems and
in attempts at rational drug development. On the
one hand, if AH/AS compensation is unavoid-
able, then attempts to improve binding affinities
(AG® or K) are frustrated by thermodynamic
homeostasis. On the other hand, having op-
timised the binding affinity of one’s ligand or
receptor, there may be reasons why one might
wish to introduce modifications for other pur-
poses (solubility, stability, antigenicity . ..) without
compromising binding affinity. In such instances
thermodynamic homeostasis is a potential advan-
tage.

4. Pressure perturbation calorimetry

PPC is a new technique recently introduced by
MicroCal LLC [41] that exploits the sensitivity of
calorimetric methods to determine volumetric
properties in solution. The device is based on
DSC, but with the additional facility to apply or
release pressure simultaneously to both sample
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and reference cells. The inert gas pressure pulses
used are relatively small (AP typically up to +5
atm), and the system measures the difference in
heat released (AQ) due to pressure—volume
changes in the sample and reference solutions
under isothermal conditions. For a simple solu-
tion (two-component system) the differences arise
because the volume occupied by solute molecules
in the sample cell is occupied by solvent molecules
in the reference cell. This differential heat effect
is related to the differences in thermal expansion
coefficients (o) of solvent and solute in the fol-
lowing way [41]:

AQ=-TAPguv (o, —ay)

where T is the absolute temperature, g, is the
total mass of solute in the sample cell, v, (ml/g)
is the partial specific volume of the solute, and
a=(1,/v)9v/dT), is the (partial specific) coef-
ficient of thermal expansion of solute (ag) or
solvent (a,), respectively.

This has been successfully employed [41] to
measure the temperature variation in o for pro-
teins during the thermal unfolding transition, and
integration of «, vs. T gives estimates of the
change in partial specific volume on unfolding
(AV,,;) comparable to results from much less
convenient high pressure methods. Trial experi-
ments on the unfolding of ubiquitin in mixed
methanol /water solvents (Cooper and Jakus, un-
published results) indicate that the volumetric
changes associated with thermal unfolding of this
small protein disappear at approximately 40%
v/v methanol, the same concentration at which
the AC, effects normally associated with hy-
drophobic hydration also disappear [42].

However, interpretation of such complex
processes is still not easy, and in preliminary
experiments we have examined the potentially
simpler case of volumetric changes upon ligand
(inhibitor) binding to a protein active site. For a
multi-component system such as a protein-ligand
mixture, measured with respect to a reference cell
containing pure solvent (buffer), the magnitude of
the PPC heat pulse is given by summation (3)
over the individual solute species:

AQ = —TAPV L[SIVi(og — )

where V| is the volume of the calorimeter cell,
[S] and Vg are the molar concentrations and
partial molar volumes of solutes (S), and quanti-
ties have been converted to molar units using:
g0 = VyVi[S]. Summation is over each additional
molecular species present in the sample cell. This
expression shows how the PPC heat effect de-
pends upon Vg(ag— o), the difference in abso-
lute volume thermal expansivity (Vo = [V /3T 1)
between the solute molecule and its equivalent
volume occupied by solvent.

For the particular case of enzyme-inhibitor
binding (or any other equivalent host—guest com-
plex):

E+I=EI

we must compare three different solutions: (a)
enzyme alone; (b) inhibitor alone; and (c¢) en-
zyme /inhibitor mixture at the same concentra-
tions, in order to determine any changes that take
place upon complex formation. If C and C, are
the total molar concentrations of E and I, re-
spectively, and Vg, V; and Vg, are the associated
partial molar volumes of each species, the three
heat effects are given by:

Enzyme alone:

AQ(a) = —TAPV,CVi(ag — ay)

Inhibitor alone:
AQ(b) = —TAPV,CV(a;— ay)

Enzyme /Inhibitor:
AQ(c) = = TAPV{[ElVE(ag —ay)
+ IV oy — o) + [EXVE (g — o)}
For comparison, the double-difference may be
written as follows:
AAQ =AQ(c) — AQ(a) — AQ(b)
= —TAPV,[EIl{Vg (o g — )
—Ve(ag —ay) = Vi(a; —ay)}
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showing that any differential PPC heat effect
depends (naturally) on the concentration of en-
zyme—inhibitor complex formed, and on the dif-
ference in volumetric expansivity properties of
the complex compared to the free molecules.
Typical data for such an experiment involving
binding of a trisaccharide inhibitor (tri-NAG) to
hen egg white lysozyme are given in Table 1.
These experiments examine the effects on PPC
heat pulses of lysozyme in the presence or absence
of a tightly binding inhibitor (tri-NAG), de-
termined under the same conditions as used for
the ITC binding example shown in Fig. 2, together
with some control experiments using a much
weaker inhibitor (NAG) and another enzyme
(ribonuclease) that does not bind tri-NAG. The
first point to note from these preliminary data is
that the differential heat effects are very small
using these relatively low molecular weight lig-
ands, and must be interpreted with caution whilst
we develop a better understanding of PPC and its
range of applicability. Nonetheless, it is clear
from Table 1 that the binding of tri-NAG to
lysozyme does give rise to volumetric changes that
are not observed in control experiments with
non-binding ligands. In particular, the magnitude
of AQ for the lysozyme /tri-NAG mixture is less
exothermic than one would expect from the sum
of the individual components, with AAQ =3 pJ

under conditions where (using the binding
parameters determined in Fig. 2) more than 90%
of the protein has inhibitor bound (AAQ for the
non-binding controls are closer to zero, within
experimental error).

This suggests that the protein—inhibitor com-
plex expands less with temperature than one
would expect for the simple addition of the sepa-
rate components. There are several possible ex-
planations for this. Firstly one should note that
proteins are dynamic, flexible structures, held
together in their cooperative (globular) structures
by a multiplicity of weak interactions, and subject
to quite large thermodynamic fluctuations under
the influence of Brownian motion effects of sur-
rounding solvent [33,34]. Indeed, there is a funda-
mental thermodynamic relationship between
thermal expansion coefficient () and the magni-
tude of thermal fluctuations in energy and volume
in such mesoscopic systems [34]. Binding of lig-
ands to protein active sites is known to reduce
conformational fluctuations, usually leading to a
more rigid conformation that might have a conse-
quently lower thermal expansivity. But, of course,
the situation will be complicated by solvation
changes taking place in the protein active site and
ligand upon binding. For small molecules in solu-
tion, the apparent thermal expansion coefficient
is probably dominated by solvation. This is be-

Table 1

Pressure perturbation calorimetry data for enzyme-inhibitor complexation

Experiment Contents AQ/u] AAQ /] a/ 1074 K!

a Lysozyme —60.5 (4) 5.70 (3)
tri-NAG —-63(5) 2.8(5)

c Lysozyme + tri-NAG —63.7(5) 31(£1.4) 5.92(3)
NAG =315 474

e Lysozyme + NAG —69.0 (4) —54(£1.5) 6.21 (3)

f RNase —87.1(5) 7.77 (5)

g RNase + tri-NAG —-91.7(5) 1L7(£1.5) 8.22(5)

Experimental: Data determined at 20°C in 0.1 M acetate buffer, pH 5.0, using a Microcal PPC system with approximately 60 psi
(4 atm) pressure pulses, each experiment comprising multiple pulses (> 20). Proteins (hen egg white lysozyme, ribonuclease A) and
inhibitors (N-acetyl-glucosamine (NAG), and tri-NAG), obtained from Sigma, were dissolved in buffer and solutions degassed
before loading into the PPC cell, with identical buffer as reference. Concentrations used: lysozyme (3.8 mg/ml, 0.26 mM),
ribonuclease (4.0 mg/ml), tri-NAG (0.23 mg/ml, 0.35 mM), NAG (0.28 mg/ml) — determined by weight or by 280-nm absorbance,
as appropriate. Data are means of multiple determinations, corrected for buffer /buffer controls, with standard errors in final

digit(s) given in brackets.
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cause the excluded volume of a small molecule by
itself, held together solely by covalent bonds and
with no secondary or tertiary structure, will re-
spond very little to temperature change, because
covalent bond vibrational excitation energies lie
well above normal experimental temperatures,
and covalent bond lengths will not change much
with temperature. The solvation shell around the
molecule, however, involves much weaker non-co-
valent forces and will be much more sensitive to
temperature. Consequently, at least for small rigid
ligands, volumetric changes upon binding are
likely to reflect mainly changes in solvation. Re-
moval of the hydration layer around tri-NAG
upon binding to lysozyme is therefore likely to
reduce the overall thermal expansivity, as
observed.

5. Conclusions

Calorimetric techniques yield detailed informa-
tion about the thermodynamics of biomolecular
interactions, in which solvation plays a major role,
but interpretation in terms of specific interactions
is frustrated by the lack of characteristic thermo-
dynamic signatures and by ubiquitous entropy—
enthalpy compensation.

There are numerous reasons for entropy—en-
thalpy compensation, but the thermodynamic
homeostasis that results may be of evolutionary
significance in allowing adaptation to harsher en-
vironments.

Limited free energy windows, conditioned ei-
ther by experimental limitations or by functional
relevance, give rise to apparent entropy—enthalpy
compensation even between chemically unrelated
species.

Heat capacity effects, which give rise to en-
tropy—enthalpy compensation in the temperature
domain, are an inevitable consequence in cooper-
ative systems comprising networks of weakly in-
teracting units.

Even in the absence of specific interactions,
molecular confinement can give rise to quantum
zero-point energy effects and temperature depen-
dence of enthalpies.

Pressure perturbation calorimetry of protein—

ligand complexes shows how changes in thermal
expansion properties may be related to changes in
macromolecular conformational dynamics and
solvation.
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