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Abstract

Protein unfolding is a dynamic cooperative process with many short-lived intermediates.
Cooperativity means that similar molecular elements act dependently on each other. The
thermodynamics of protein unfolding can be determined with differential scanning
calorimetry (DSC). The measurement of the heat capacity provides the temperature profiles of
enthalpy, entropy and free energy. The thermodynamics of protein unfolding is completely
determined with these thermodynamic properties. We emphasise the model-independent
analysis of the heat capacity. The temperature profiles of enthalpy H(T), entropy S(T) and
free energy G(T) can be obtained directly by a numerical integration of Cy(T). In evaluating
different models for protein unfolding. It is essential to simulate al thermodynamic
properties, not only the heat capacity. A chemical equilibrium two-state model is a widely
used approximation to protein unfolding. The model assumes a chemical equilibrium between
only two protein conformations, the native protein (N) and the unfolded protein (U). The

model! fits the heat capacity Cy(T) quite well, but fails in simulating the other thermodynamic
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properties. In this review we propose a modification of the chemical equilibrium two-state
model, which removes these inconsistencies. We also propose a hew statistical-mechanical
two-state model based on a smple, two-parameter partition function Z(T), from which all
thermodynamic parameters can be derived. The thermodynamic predictions of the new
models are compared to published DSC-experiments obtained with lysozyme, a globular
protein, and B-lactoglobulin, a B-barrel protein. Good fits to al thermodynamic properties are
obtained. In particular, the models predict a zero free energy for the native protein, which is
confirmed experimentally by DSC. Thisis in contrast to the often-cited chemical equilibrium
two-state model, which predict a positive free energy for the native protein. Two-state models
use macroscopic fit parameters, the conformational enthalpy and the heat capacity difference
between native and unfolded protein. These simulations provide no molecular insight. The
review therefore includes a recently published multistate cooperative model based on
physicality well-defined molecular parameters only.

Key words. Protein unfolding, differential scanning calorimetry, Zimm-Bragg theory, cold

denaturation, free energy
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1. Introduction

Many proteins are only marginally stable at room temperature and can be denatured by
heating or cooling. The analysis of protein stability is thus an important problem in
developing biological therapeutics. Protein unfolding is a cooperative process with many
short-lived intermediates. Cooperativity means that similar molecular elements (e.g. amino
acid residues) act dependently on each other. Despite the relevance of cooperativity, protein
heat- and cold-denaturation was so far analyzed almost exclusively with a chemical two-state
equilibrium [1-9]. This model considers only two types of protein conformations in solution,
the native protein (N) and the fully unfolded protein (U). No molecular interactions are
specified in a two-state model, which therefore must be classified as non-cooperative. The
often-cited chemical equilibrium two-state model as presented, for example, in reference [10]
fits the heat capacity quite well. However, it is not consistent with the results obtained with
differential scanning calorimetry (DSC) regarding the temperature profiles of enthalpy,
entropy and free energy. In this review we therefore present new two-state models, which
avoid these difficulties Better agreement with DSC is obtained with an empirical modified
chemical equilibrium two-state model, in which al thermodynamic functions are multiplied
by the extent of unfolding (©y(T)-weighted chemical equilibrium two-state model). And even
more precise fit of the DSC data s is obtained with a completely different statistical-
mechanical two-state model, which is based on rigourous statistical thermodynamics.

The fundamental parameter of all thermodynamic properties of protein unfolding is the
heat capacity Cy(T), which can be measured with differential scanning calorimetry. In this
review we first show how the thermodynamic functions enthalpy H(T), entropy S(T) and free
energy, G(T) can be obtained by numerical integration of Cy(T) without the application of any
protein unfolding model. We then discuss the standard and the ©y(T)-weighted version of the
chemical equilibrium two-state model. Finally, we propose two newstatistical-mechanical
models based on rigourous thermodynamic partition functions. The models are compared to
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DSC measurements of lysozyme and B-lactoglobulin. We emphasise again the model-
independent analysis of heat capacity in terms of enthapy, entropy and free energy. The
experimental data are then used to test the different models. The statistical-mechanical models
are based on rigorous thermodynamics and provide perfect simulations of all measured
thermodynamic properties. The chemical equilibrium two-state model shows discrepancies
with respect to entropy and free energy and casts doubt on the physical redlity of the
postulated positive free energy of the native protein. A modified chemical equilibrium two
state model is proposed which corrects most of the insufficiencies. A historical perspective of

the chemical equilibrium two-state model can be found in references [7, 8].

2. Method - Differential scanning calorimetry (DSC). Model-independent
thermodynamic analysis of protein unfolding experiments

Differential scanning calorimetry (DSC) is the method of choice to study the
thermodynamic properties of protein unfolding. Details of the DSC method can be found in
references [3, 4, 9, 11]. DSC measures the heat capacity Cy(T) and the relevant literature is
focused almost exclusively on the smulation of the heat capacity peak associated with protein
unfolding. However, DSC can do more. By numerical integration of the heat capacity the

fundamental thermodynamic properties of protein unfolding can be derived. that is[12, 13]

i ‘ , 1
enthal py AHDsc(Ti):Z[Cp(-ﬁ)+2Cp(TI+1)}[Ti+1_Ti] ¥
1
L Co(Ti,0) +Cy (T,
tiopy  ASpee(T) =3 ; W, -] @
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freeenergy  AGpgc(T;) =H(T;) -TiT;) ()

Note that al thermodynamic properties can be evaluated without resorting to a particular

unfolding model.
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Native proteins have a substantial heat capacity.[14] After unfolding, the heat capacity is even

larger. The increase AC?, is caused essentially by the binding of additional water molecules

[15].

A typical DSC-thermogram is shown in figure 1A. Cy(T) starts out almost linearly
with the basic heat capacity of the native protein. Unfolding gives rise to a sharp heat capacity
peak, which is followed by a region of again rather constant heat capacity of the unfolded
protein. The choice of the DSC-baseline is important and is handled quite differently in the
literature.[9] The subtraction of a sigmoidal baseline is quite common such that native and

denatured protein have zero heat capacities [16]. With this correction the further analysis is

limited to the conformational change proper. The increase in the basic heat capacity AC‘; of

the unfolded protein is ignored. However, this has been criticized as “it is clear that in
considering the energetic characteristics of protein unfolding one has to take into account all
energy which is accumulated upon heating and not only the very substantial heat effect
associated with gross conformational transitions, that is, all the excess heat effects must be

integrated” [11].
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Figure 1.DSC of lysozyme. Model-independent thermodynamic analysis (50 uM, 20% glycine

buffer, pH 2.5,). (A) Heat capacity. DSC data (temperature resolution 0.17 °C) taken from
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reference[17, 18]. (B) Enthalpy AHpsc(T) (€9.1). (C) Entropy ASsc(T) (eq.2). (D) Gibbs free

energy AGpsc(T) (eg.3).

The analysis of DSC experiments as performed in this review is shown in figure 1 for the
thermal unfolding of lysozyme [17, 18]. Lysozyme is a 129-residue protein composed of
~25% o-helix, ~40% B-structure and ~35% random coil in solution at room temperature [17].
Upon unfolding, the o-helix is almost completely lost and the random coil content increases
to ~60%. Thermal unfolding occurs in the range of 43 °C < T < 73 °C and is completely
reversible. Lysozyme isthe classical example to demonstrate two-state unfolding [6, 10, 19].

Figure 1A displays the heat capacity Cn(T) [17, 18]. The midpoint of unfolding is at
Tm =62 °C. Panels 1B -1D show the summation of Cy(T;) according to equations 1 — 3. Due
to baseline correction , the basic heat capacity of the native lysozyme is removed and the
figure shows the heat capacity of the unfolding transition proper. The heat capacity is hence
zero for the native protein according to basic thermodynamics it follows that all
thermodynamic properties must also be zero for C, = 0 cal/molK.

As shown in figure 1A, the heat capacity Cy(T;) is a non-linear function of temperature.

dT and Gibbs free energy

T
Consequently, enthalpy H(T) = J C,(T)dT, entropy S(T) = ICPT()

G(T)=H(T)-TYT) are also non-linear in temperature T. Indeed, enthalpy and entropy

display sigmoidal temperature profiles (figs. 1B,1C). The free energy of lysozyme is zero for
the native protein, is slightly negative up to the midpoint temperature T, and decreases
rapidly beyond T, (fig. 1D).

Figure 1A istypical for the heat capacity profiles of protein unfolding. Surprisingly, the
relevant literature reports only heat capacity measurements, but not the corresponding
temperature profiles of enthalpy, entropy or free energy, even though these thermodynamic
functions become essential in a model-guided analysis.
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Unfolding models generally assume baseline-corrected thermograms with a zero heat
capacity for the native protein. Equations, 1-3 are not limited to baseline corrected
thermograms. Evaluations which include the substantial heat capacity of the native protein

found in arecent publication on cooperative protein unfolding [12].

3. Theory. Modelsfor protein unfolding
3.1. Chemical equilibrium two-state models

Protein unfolding is a cooperative process. Nevertheless, in spite of many short-lived
intermediates, protein unfolding is amost exclusively described by a chemical equilibrium
between a single native protein conformation (N) and a single denatured molecule (U). The
temperature-dependent equilibrium constant is defined as

K NU (T) = M @

[N]
[U]and [N]denote the concentrations of unfolded and native protein, respectively. The

temperature dependence of Knu(T) is handled differently in different models.

3.1.1. Van't Hoff enthalpy model
The early version of the two-state model is based on van't Hoff's law.[1, 3, 4] The
temperature dependence of the chemical equilibrium constant is given by

dINK,, (T) _ AH, ®)
T RT?

AHo is the conformational enthalpy. Integration of equation 5 yields

INK(T)=(-AH,/RT)+C

e ¥
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The integration constant C was chosen such that the equilibrium constant is unity at the
midpoint temperature of unfolding Tp, that is, Knu(Tm) = 1. At T, native and unfolded
protein occur at equal concentrations.

In the van't Hoff model the enthalpy is temperature-independent and the unfolded
protein has the same basic heat capacity as the native protein.[3, 4, 20]. To account for the
experimentally observed increase in the heat capacity of the unfolded protein, the van't Hoff

model was replaced by a more general model with atemperature-dependent enthal py.

3.1.2. Free energy chemical equilibrium two-state mode (“ standard model” )

This model is based on the free energy [21, 22]. We follow the common nomenclature [11,
22, 23]. The temperature dependence of the N € U equilibrium is calculated with the free
energy AGnu(T).

~AGyy (M) 7
KNU(T):M:e o )

[N]

The free energy AGny(T) is composed of the enthalpy AHnu(T) and the entropy ASyu(T).

AH,, (T) =AH,+AC(T-T,) ®)
AHp is the conformational enthalpy proper and Aij istheincrease in heat capacity between

the native and the unfolded protein. The entropy Syu(T) is defined as

9
ASvu(T):ASo+ACg|nTl=A_I_H°+ACg|nTl ©

m m m

The conformational entropy AS, is evaluated by assuming a first-order phase transition (e.g.

melting of ice). In such a phase transition the total heat AH,is absorbed at a constant.

temperature T, and the entropy change is ASy= AHo/Tr. With the assumption the free energy

follows as
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T 0 ory T (10)
AG,,(T)=-RTInK,(T) = AHO(l—_I_—) +AC,(T-T,)-TAC, In(_l_—)

It should be noted however, that in protein unfolding AHo is absorbed not at a constant
temperature but over atemperature range of 20 - 50 °C.

The extent of unfolding ©y(T) is

~AGyy (T) (11)
o,(m=rrull - € 7
u -AG,, (T)
1+ K, (T) NU
l1+e RT

The thermodynamic definition of the heat capacity is C (T)=(dH(T)/dT),.The heat
capacity of the chemical equilibrium two-state model is

(12)

C,(T)=
(1) aT aT

+0,(T)AC]

It should be noted that the unfolding enthalpy AHNu(T) is multiplied with the extent of
unfolding ©y(T) to account for the non-linear temperature profile of the heat capacity Cy(T).

Equation 12 is identical to equation 14 in reference [22] and is the hallmark of the standard

chemical equilibrium two-state model.
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Figure 2. The thermodynamic functions of the standard chemical equilibrium two-state

model calculated with AHg =110 kcal/mol and AC2=2.2 kcal/molK. Dashed vertical line:

midpoint temperature T, = 62°C. (A) Enthalpy AHnu(T). Eq. 8. (B) Entropy ASw(T). EQ. 9.
(C) Gibbs free energy AGnu(T). Eq. 10. (D Heat capacity Cy(T)). Eq. 12.but

The thermodynamic predictions of this model are shown in figure 2. The enthalpy is a
linear function of temperature, the entropy is almost linear, and the free energy AG(T) has the
approximate shape of an inverted parabola. The native protein has a free energy maximum of
7.51 kcal/mol. At 290 K = 17 °C. However, as the heat capacity is zero at the same
temperature this reveals a thermodynamic inconsistency. As shown experimentaly in figure
1, azero heat capacity leads to zero values for all thermodynamic functions. The temperatures
for heat and cold unfolding are T, = 63 °C and Teod = -24 °C, respectively. At these
temperatures, folded and unfolded protein have the equal concentrations. Cold denaturation

may not be feasible experimentally but T.,g can be estimated as

oy (13)
Tcold = Tm (ZeTmACP -1

The temperature difference between heat and cold denaturation is

—AH, (14)

AT = 2T, (1-e™%)

AT depends essentially on the ratio AHo/ ACﬁ. The two parameters have opposite effects. AHg

increases AT, AC) decreasesiit.

3.1.3. Ay(T)-weighted chemical equilibrium two-state model [ 24]
The heat capacity of lysozyme in figure 1A shows a non-linear temperature profile. This
is taken into account in the chemical equilibrium model by differentiating not AHnu(T)

(which would result in a constant heat capacity, eg. 8), butAH,,(T)©,(T). As Cy(T) is non-

10
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linear other thermodynamic functions must also be non-linear. The solution is to extend the

empirical approach of equation 12 to entropy and free energy. We therefore define a new set

of ®©y(T)-weighted thermodynamic functions.

AH,(T) =0, (T)AH,,(T) (15)
AS,(T) =AS,(NO,(T) (16)
AG@ (T) = AGNU (T)Gu (T) (17)

The heat capacity is equation 12 and is not repeated here. The resulting temperature profiles

are shown in figure 3.
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AHo =107 keal/mol, AC}=2.27 kcal/molK

The weighting factor ©y(T) generates sigmoidal temperature profiles for enthal py and entropy
and a trapezoidal profile for the free energy. AG,(T) of the native protein is zero, which is

now consistent with the zero heat capacity. Nevertheless, ©y(T) is an empirical weighting

factor, not based on solid thermodynamic reasoning. Indeed, closer inspection of equation 17

11
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reveals residual small positive free energies in the vicinity of the midpoint temperatures Tn,

and Tcaq (fig. 3D). These are not confirmed by DSC experiment (cf. fig. 7).

3.2. Statistical-mechanical models

3.2.1. Partition function Z(T) and thermodynamic properties

Statistical-mechanics provides a rigorous thermodynamic approach to protein unfolding. The
heat capacity Cy(T) is intimately related to the partition function Z(T). Knowledge of the

partition function Z(T) then leads to the following thermodynamic relations [25, 26]

Helmholtz free energy: F(T)=—RTInZ(T) (18)
9
Inner energy: E(T) = RT? dln 'ZI'(T) (19)
- 20
Entropy: S M= M (20)
_ BE(T)j <E(T)*>-<E(T)>’ (21)
: = =
Heat capacity C, (T ( ), -

3.2.2. Satistical-mechanical 2-state model [ 24]
The problem is to find the partition function of a one-component two-state system. Based on
the statistics of the linear Ising model as described in reference[27], the following continuous

canonical partition function can be defined

{AEy+C, (T-T, ][ 1 1} (22)
Z(T)_[1+e R ]

AEy is the conformational energy of the unfolded protein. It is temperature-dependent with

the heat capacity C,. For convenience the partition function is simplified by introducing

[AEg+C, (T-Tw)]( 1 1} (23)
Qm=e F T

12
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leading to
Z(T)=(1+Q(T)) (24)
The fraction of unfolded protein ©4(T) is

dInZ(T) _ Q(T) (25)
olnQ  1+Q(T)

GS(T) =

Os(T) is included for completeness only. It is not needed to calculate thermodynamic
functions. The partition function Z(T) suffices to predict all thermodynamic properties. Figure

4 displays the predictions of equations 18 -22.
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Figure 4 Satistical-mechanical two-state model. Red lines calculated with 4E, = 110
kcal/mol and C, = 1.05 kcal/molK.. (A) Inner energy AE(T). (B) Entropy AS(T. (C) Helmholtz
energy AF(T). (D) Heat capacity Cy(T). Dashed blue line in panel 4D is the heat capacity
calculated with the standard chemical equilibrium two-state model (eg. 12), using, A4Hy =107

kcal/moal, AC3=2.27 kcal/molK). Dashed vertical lines: midpoint temperature T, = 62°C.

The native protein is the reference state with all thermodynamic functions being zero. In

particular, the free energy AFR(T) is zero at 20°C and becomes slightly negative, but never

13
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positive, between T, and Teqq. AF(T) decreases rapidly for temperatures T > Tyand T < Tegqg
according to

m

26
AK(T); (EO+CV(T—Tm)[1_le_ (26)

The free energy AF(T) of the statistical mechanical two-state model thus aso displays a
trapezoidal temperature profile. Cold denaturation takes place at

AE, @7

T

cold

=T —

AEq and C, have opposite effects on Teqg. INcreasing AE,, lowers Teoq, increasing C, leads to

an upward shift.

Figure 4D compares the heat capacities predicted by the statistical-mechanical two-state
model and the chemical equilibrium two-state model. The high-temperature peaks of the two
models overlap precisely but cold denaturation occurs at different temperatures. A discussion
of other differences will follow in connection with the protein examples discussed below.

In summary, the statistical mechanical two-state model makes no assumption about the
entropy. Also, as mentioned before, no weighting function ©y(T) is needed. to calculate

correctly, the thermodynamic properties.

3.2.3. Multistate cooperative unfolding model[ 12]
The energy of a system with N particles is characterised by its partition function

. (28)
Z(T) =29

The partition function is the sum of exponential terms (Boltzmann factor) over all energy
levels &, multiplied with their degeneracies g. The partition function determines the
thermodynamic properties of the system (egs. 18 -21) [25, 26]. Here we use the partition

function of the multistate cooperative Zimm-Bragg theory, originally developed for the -

14
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helix-to-coil transition of polypeptides [28-30]. Its application to protein unfolding has been
discussed recently.[12] The Zimm-Bragg theory has been applied successfully to the
unfolding of helical and globular proteins of different structure and size [12, 13, 17, 18, 31-

35]. Here we use[12]

1 oq(M))'(1 (29)
zm-e o, o) )
m[;_gj (30)
q(T) —e R T T
h(T)=h,+c,(T-T,) (31)

ho is the energy change of the native — unfolded transition of a single amino acid residue. hg
is temperature-dependent with the heat capacity c,. N is the number of amino acids
participating in the transition. The cooperativity parameter ¢ determines the sharpness of the
transition. The ¢ parameter is typically in the range of 103-10". T, is a fit parameter to shift
the position of the heat capacity peak. Ty is usually close to Tr. The temperature difference

between heat and cold denaturation is AT = & :
CV

Figure 5 shows the thermodynamic temperature profiles predicted by equation. 29 in
combination with equations 18 - 21. Sigmoida shapes are predicted for inner energy and
entropy, and atrapezoidal shape for the free energy. Figure 5 is very similar to figure 4 of the

statistical-mechanical two-state model, but is calculated with molecular parameters only. In

particular, the free energy is again zero or negative, but never positive.

15
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points: thermal unfolding of lysozyme measured with DSC. Same data asin figure 1.

Figure 5 includes the DSC data of lysozyme heat denaturation (fig. 1). An excellent
agreement between theory and experiment is obtai ned.

The multistate cooperative model describes protein unfolding with molecular
parameters of well-defined physical meaning. In contrast, two-state models provide
MaCroscopic parameters.

Equation 29 can be applied to proteins of any size, including large antibodies with

~1200 amino acid residues and unfolding enthalpies of ~1000 kcal/mol [12].
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4. Results. DSc experiments compar ed to protein unfolding models

4.1. Lysozyme heat unfolding

l/molK)
-3

al
o
5
>

heat capacity C,, (kc.
S omn s o o5
thalpy H(T) (kcal/mol)

o

20 40 60 80 100

° o
N >
© & & O o

°

S
o
5

°
IS
free energy G(T) (kcal/mofy | en

entropy S(T) (kcal/molK)

12
20 40 60 80 100 0 20 40 60 80 100

o

temperature (°C)

Figure 6. Analysis of lysozyme heat unfolding with 2-state models. Black data points. DSC
data of figure 1. Red lines: statistical-mechanical two-state model (4Ep = 110 kcal/mol and
C, = 1.05 kcal/molK). Magenta dotted line: weighted chemical two-state model (4Ho =107
kcal/mol, AC2=2.27 kcal/molK).(A) Heat capacity. (B) Enthalpy. (C) Entropy. (D) Free

energy.

Figure 6 compares the experimental date of lysozyme unfolding with two unfolding
models. The heat capacity Cy(T) maximum is a T = 62 °C and the heat capacity increase is

AC; = 2.27 kcal/molK, in agreement with literature data of AC] = 1.54 - 2.27 kcal/mol [6,

10, 15, 17, 19, 36, 37]. Thered linesin figure. 6 represent the statistical-mechanical two-state
model and were calculated with AEp = 110 kcal/mol and C, = 1.05 kcal/molK. A perfect fit of
the experimental datais achieved.

The magenta dotted lines represent the weighted chemical equilibrium two-state model.
The agreement with the experimental data is also very good. However, a small difference to

the experimental data is observed near the midpoint of unfolding. Figure 7 displays an an
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Figure 7. Enlarged view of the free energy. Black data points: DSCresults for lysozyme heat
unfolding. Red line: statistical mechanical two-state model (4Ep = 110 kcal/mol, C, = 1.05
kcal/mol). Magenta line: &(T)-weighted chemical equilibrium two-state model (eg. 17, Ho =

1107 kcal/mol, AC3=2.27 kcal/molK).

view of this region. DSC reports a zero free energy for the native lysozyme. The free energy
becomes immediately negative upon unfolding. This result is correctly reproduced by the
statistical-mechanical two-state model. In contrast, the ©y(T)-weighted chemical equilibrium
two-state model (eq. 17) predicts spikes of positive free energy at temperatures just before the
midpoints of unfolding. While these spikes are small and of no practical importance, they
signify a thermodynamic discrepancy. Of course, the difference between experiment and
model would be much larger if the parabolic free energy profile (eg. 10, fig 2C) would be
included.

The multi-state cooperative model as described in figure 5 aso yields a perfect fit of the

lysozyme DSC experiment [12].
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In summary, three different models provide a good to excellent description of lysozyme
DSC unfolding. At the midpoint temperature T, al three models predict the extent of
unfolding exactly as ®y = %2 Native and unfolded protein occur at equal concentrations,
Nevertheless, the free energy is not zero but DSC reports AGpsc(Tm)= -0.756 kcal/moal.
Indeed, a negative free energy is intuitively plausible as the protein is partially denatured at

Tm. This result is supported by two theoretical models. The statistical-mechanical two-state
model yields AR(T,) = -0.462 kcal/mol, the multistate cooperative model  yields AF(Ty)=
-0.855 kcal/mal. In contrast, the ©y(T)-weighted chemical equilibrium two-state model

predicts AGe(Tm) = 0 kcal/mol.

4.2. -lactoglobulin. Cold and heat denaturation

Bovine B-lactoglobulin (MW 18.4 kDa, 162 aa) folds up into an 8-stranded, antiparallel (-
barrel with a 3-turn a-helix on the outer surface. B-Lactoglobulin in buffer without urea
displays only heat denaturation (black squares in fig. 8A, data taken from fig.1 of reference
[38]). Unfolding takes place between 55 °C < T < 96 °C with the Cy(T) maximum at 78 °C.
The unfolding enthalpy is AHpsc = 74.5 kcal/mol (cf. [38], table 1, 0 M urea), the entropy
ASpsc = 0.213 kca/molK, and AHpsc/ASpsc = 349K = 76°C, consistent with the Cy(T)

maximum.
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Figure 8. DSC of S-lactoglobulin in 0.1 M KCI/HCI, pH 2.0 buffer. Black data point in in
panel A are taken from reference[38]( fig. 1). Magenta lines: ©y(T)-weighted chemical

equilibrium two-state modd (4H, = 50 kcal/mol, AC‘; = 1.3 kcal/mal). Red lines: statistical-

mechanical two-state model (4Eo = 55 kcal/mol, C, = 0.6 kcal/molK) Green lines: multistate
cooperative model (ho = 380 cal/mol, ¢, = 3 cal/molK, o= 7x10®, N = 160). (A) Heat

capacity. (B) Unfolding enthalpy. (C) Unfolding entropy). (D) Free energy of unfolding.

The Oy(T)-weighted chemical equilibrium model, the statistical-mechanical two-state model,
and the the multistate cooperative model overlap completely. as far as the heat capacity is
concerned. On the other hand, some small differences are observed for enthalpy, entropy and
free energy. The most conspicuous difference is seen for the free energy. The Oy(T)-
weighted chemical equilibrium model predicts a small peak of positive free energy for the
native protein, which is not confirmed by the DSC experiment.

The conformational enthalpy is AHy = AEp = 50 -55 kcal/mol, which is small for a

protein with 162 amino acid residues. Likewise, the molecular enthalpy parameter hy = 380
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cal/moal is aso small compared to the typical 900-1300 cal/mol of globular proteins.[17] The
molecular origin of the small unfolding enthalpy is of B-lactoglobulin can be traced back to its
extensive B-structure content. The enthalpy hgg for the reaction B-structure— disordered
amino acid was measured as hog = 230 cal/mol in a membrane environment [39].

A protein can aso be unfolded by cooling. Cold denaturation usually occurs at subzero
temperatures but can be shifted to above 0 °C by high concentrations of chemical denaturant

or extreme pH values. All models discussed above, predict cold denaturation, provided the
heat capacities ACfr’,or Cy are non-zero. In fact, the temperature difference between heat and
cold denaturation depends strictly on the ratio of conformational enthal py/heat capacity.

Only a few DSC experiments showing at least partial cold denaturation are available.

One of the best example is DSC-unfolding of -lactoglobulin in 2.0 M urea solution (figure

9).
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Figure 9. Thermal folding and unfolding of S-lactoglobulin in 2.0 M urea solution. Magenta

lines: @y(T)-weighted chemical equilibrium model. AHo = 56 kcal/mol; AC] = 2.4kcal/mol.

Red lines; statistical-mechanical two-state model. AF = 55 kcal/mol; C, = 1.2 kcal/molK;
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Green line: multistate cooperative model. hy=0.58 kcal/mol, ¢, = 13 cal/molK, o= 6x10°, N
= 80. (A) DSC heat capacity data taken from reference [38]. Smulation with the &y(T)-
weighted chemical equilibrium model. (B) Same DSC data as in panel A. Smulations with the
statisticall models (C) Enthalpy AH(T)psc. Integration of the Cy(T) data according to
equation 1 generates the blue data points. The data are then shifted by -78.3 kcal/mol, the
enthalpy released upon cold denaturation, resulting in the black data points. This scale shift
assigns a zero enthalpy to the native protein. (D) Free energy. Evaluation of Cy(T) according
to equations 1-3 leads to the blue data points. A related scale shifts for the entropy as for the
enthalpy (not shown) and recalculation of the free energy results in the black data points. The
free energy of the native protein is now zero. Cold and heat denaturation generate negative
free energies (for more more details see reference [ 24]).

The DSC data are taken from figure 2 of reference [38]. The simulation of Cy(T) is
shown in figure 9A for the ©y(T)-weighted chemical equilibrium model and in figure 9B for
the two statistical models. The DSC experiment begins at -9°C where the protein is in a
disordered state. Heating induces a disord — order transition with a heat capacity maximum at
4°C, a folding enthalpy AHpsc = 78.3 kcal/mol and an entropy change of ASpsc = 0.282
kcal/molK. The ratio AHpsc/ASpsc is 277K = 4°C, consistent with the heat capacity
maximum.

At ~18-30 °C the protein is in the native-like conformation. Cooling reverses the before
mentioned process and returns a disordered conformation with a simultaneous release -78
kcal/mol (cf.fig. 9C).The heat capacity peak at 4°C is hence the mirror image of cold
denaturation (see fig. 2 in [38]. Heating B-lactoglobulin above 30°C destroys the native
structure. The order — disorder transition has a heat capacity maximum at 57°C, AHpsc = 104
kcal/mol and ASpsc = 0.312 kcal/molK. The ratio AHpsc/ASpsc of heat denaturation is 333K

=60 °C.
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B-Lactoglobulin is less stable in urea solution as the midpoint temperature Tr, is shifted
from 78 °C to 57 °C. Such a decrease in temperature is common in chemical denaturants.
However, it is usually associated with a decrease in enthalpy, not an increase [34, 35, 40]. In
the present case the enthalpy increases by ~40%, the entropy by ~50%, resulting, in turn, in a
20°C downshift of Tm.

The DSC data were analysed with the ©y(T)-weighted chemical equilibrium model
and the two statistical models. The conformational enthalpy AHp is equal to the inner energy

AEq with AHo=AEp = 56 kcal/mol. These parameters are also identical to those obtained for

B-lactoglobulin in buffer. In contrast, the heat capacities AC?, C, and ¢, are 2 — 3 times large,

most likely due to the binding of urea molecules.

The three models discussed above, provide good simulation of all experimental data. In
particular, they reproduce the trapezoidal temperature profile of the free energy (black squares
in fig. 9D). The native protein has a zero heat capacity and, in turn, a zero free energy.
Unfolding leads to negative free energies, both for heat and cold denaturation. The two
statistical model exactly the produce this profile. The ©y(T)-weighted chemical equilibrium
two-state model displays small positive peaks in the vicinity of T, and Tcaq, Which are not

supported by DSC

5. Conclusions

Under equilibrium conditions protein stability is determined by the midpoint of heat
denaturation, by the temperature difference between heat and cold denaturation, and by the
width and cooperativity of the unfolding transitions. These parameters are intimately
connected to the thermodynamic properties of the system. The thermodynamics of protein
unfolding is completely characterised by the temperature profiles of enthalpy, entropy and

free energy. The building stone of these thermodynamic properties is the heat capacity Cy(T),
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which can be measured precisely with differential scanning calorimetry. In this review we
have emphasised the ailmost completely ignored concept of the direct and model-independent
evaluation of the heat capacity in terms of the thermodynamic functions H(T), S(T) and G(T).
The evaluation is straightforward and ssimple. It is hence quite surprising why this approach is
not considered in the relevant literature.

Thermodynamic unfolding models should predict not only the heat capacity Cy(T), but
also the complete set of thermodynamic functions. The DSC experiment reveals a sigmoidal
temperature profiles for enthalpy and entropy and a trapezoidal profile for the free energy.
Focusing on the unfolding transition proper, the heat capacity of the native protein is zero and
all thermodynamic functions are equally zero. No positive free energy is measured for the
native protein, which is in contrast to the prediction of the often-cited chemical equilibrium
two-state model. Experimental temperature profiles were shown for the heat-induced
unfolding of the globular protein lysozyme and for the heat and cold denaturation of the -
barrel protein B-lactoglobulin. The experimental results are compared to the predictions of
four different models, that is, two chemical equilibrium two-state models and two statistical
mechanical models. All four models described the heat capacity equally well. The popular
chemical equilibrium two state model fails however in the simulation of the thermodynamic
temperature profiles. This model was therefore modified into the ©y(T)-weighted chemical
equilibrium model by multiplying the thermodynamic functions with the extent of unfolding.
Thisisis an empirical approach which fits al thermodynamic data quite well, but displays a
small discrepancy to the experimental results in the vicinity of the unfolding transition. The
two statistical-mechanical models have a rigourous thermodynamic foundation and avoid this
difficulty. They provide the best simulations of the experimental data.

Two-state models are non-cooperative approximations to a cooperative multistate

protein folding€ unfolding equilibrium. They describe protein unfolding in terms of two
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macroscopic parameters, the conformational enthalpy AHp; AEp and the heat capacity ACﬁ :

2C,. . In contrast, the multistate cooperative unfolding model uses molecular parameters, that
is, the enthalpy ho per amino acid residue, the heat capacity c,, the cooperativity parameter
o, and N, the number of participating amino acid residues. The multistate cooperative model
can be applied to proteins of any length, e.g. antibodies with 1200 amino acid residues and
unfolding enthalpies of 1000 kcal/mol.[12, 35]. In contrast, two-state unfolding models are
best suited for unfolding enthalpy is of 50-200 kcal/moal, typically found for small proteins
only.

Protein unfolding is characterised by large enthalpies and entropies but a small free
energy (enthalpy-entropy compensation). As discussed in detail by comparing lysozyme and
lactoglobulin. The free energy is not a good criterion to judge protein stability. Better
parameters are defined above. The-beaded chemical equilibrium two state model, the
statistical-mechanical two state model and the multistate cooperative model provide

guantitative thermodynamic interpretations of these parameters.

Funding: Stiftung zur Forderung der biologischen Forschung, Basel, Switzerland
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