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ARTICLE INFO ABSTRACT

Keywords: The importance of knowing the conformational structure of a protein and the related mechanism of denaturation
Proteins stems from the crucial role that these macromolecules perform in the biological world, and hence the wide
Multimers

spectrum of possible applications in the frame of biological and pharmaceutical research activities. However, in a
biological context where a significant number of proteins exists as multimers, stand-alone thermodynamic
equations able to simulate and fit Differential Scanning Calorimetry (DSC) profiles involving dissociation phe-
nomena are still missing: different valuable models have been reported in the literature since the 1980s but all
were based on the application of experimental protein conversion fractions from the native to the dissociated/
denatured state.

In this frame, the present work develops thermodynamic equations that are completely independent of
experimental data and are related to three main models: i) N, < nD; ii) N, < nM < nD; iii) N, < I, & nD. Beside
inspecting the influence of each fitting parameter on the theoretical C,(T) curve for the single models, two
applications to experimental results are also discussed.

Furthermore, aiming at simplifying the application of thermodynamic equations to proteins of biological and/
or pharmaceutical interest, the work develops extensively the solutions for all the models considering the most
common homomers, i.e., dimers, trimers, and tetramers.

The methodology and strategy proposed here, that link statistical mechanics concepts (canonical partition
function) with the classical thermodynamics’ equilibrium constant, are general and pave the way for the
development of models that may reflect more complex scenarios than those considered in this work, if the case.

Homomer dissociation

Thermal denaturation
Thermodynamic models
Differential scanning calorimetry

1. Introduction

Proteins act as main characters in most of the biological processes
related to the normal physiological activity of living organisms, such as
cell signalling, gene expression and control, etc. [1] as well as to the
onset and progression of several pathologies of enormous social impact,
such as cancer, neuropathies, and viral diseases [2-5]. For this reason,
many efforts are devoted to the achievement of knowledge about the
protein native conformations and the “forces” that stabilize the protein
in a specific environment [6-8].

Especially for globular proteins, the conformational structure ac-
quired by the proteins in their native state during the folding process
among other structural possibilities has been shown to be driven by
many features, such as surface hydrophobicity, local distribution of
hydrophilic and hydrophobic amino acid residues, presence of internal
structural cavities and their interaction with water molecules [9-12].

* Corresponding author.
E-mail address: francesca.saitta@unimi.it (F. Saitta).

https://doi.org/10.1016/j.tca.2025.180143

Often the protein native conformation can involve multiple domains
that may behave differently in terms of functionality and/or suscepti-
bility to denaturation, all aspects that are often linked to the thermo-
dynamic properties of the protein itself [13-15].

The depicted scenario is also more complex if we realize that a large
cut of proteins with known structure (about 30-50 %) has a natural
tendency to self-associate into multimers, mostly existing as homomers,
i.e., homo-oligomeric protein complexes composed of two or more
identical subunits [16,17]. In addition, even roughly 45 % and 60 % of
eukaryotic and prokaryotic proteins, respectively, that are deposited in
data banks as single polypeptide chains also exist as homomers [18].
Such a tendency has been hypothesised and established to be related to
possible advantages arising from the association of monomeric units,
such as the achievement of a “closed structures” with an intrinsic sym-
metry and probably an enhanced stability [19,20]. In particular, the
potential advantages of being a multimeric protein in living systems
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have been mainly identified as: genetic saving, that relies on both the
energy save and the reduced probability of errors during gene replica-
tion encountered by cells when synthetizing small monomeric units
rather than large polypeptide chains; functional gain, intended as any
enhancement in the efficiency of the biological action upon oligomeri-
zation; structural advantage, that, among others, is related to the ability
of finely tuning the protein (often enzyme) activity through subtle
conformational changes more easily allowed in multimers [16,21].

In this context, High-Sensitivity Differential Scanning Calorimetry
(HS-DSC) has been widely applied to assess the energetic landscape and
thermodynamic stability that govern protein behaviour, all information
that are achievable by studying the protein denaturation phenomenon
[22]. Furthermore, throughout the years, the intersection of equilibrium
thermodynamics and statistical mechanics have led to the development
of methods for the quantitative analysis of the denaturation phenome-
non of monomeric proteins [23-25]. In particular, the models developed
have produced equations that permit to simulate the calorimetric pro-
files for those single-standing globular proteins that undergo thermal
denaturation, also including and discriminating domain contributions, if
multiple domains are present, and/or, in some cases, irreversible phe-
nomena such as protein aggregation (if any) [14,26,27]. These theo-
retical models are independent and not biased by any experimental
parameter: in other words, they permit a fair fitting with the experi-
mental DSC profiles as ce (T) (in excess with respect to the protein
native state specific heat capacity), allowing to gain information about
the thermodynamic stability and denaturation mechanism of the
protein.

On the other hand, much less theoretical progress has been experi-
enced concerning the description of multimeric proteins that undergo
thermal denaturation, although several biochemical, spectroscopic, and
computational methods were developed in the recent years to assess the
protein oligomer structural features [28]. Indeed, even in the simplest
case of a multimeric protein undergoing a N, < nD equilibrium, where
N, and D indicate the protein native and denatured forms, respectively,
the intersection of equilibrium thermodynamics and statistical me-
chanics is no longer so simple since, apparently, the total number of
molecules changes when moving from the native state to the denatured
one.

To overcome this difficulty, the most applied quantitative methods
for modelling a protein denaturation process with simultaneous multi-
mer dissociation through the years have been based on an approach
proposed by Privalov and Potekhin in the 1980’s [25], which took
advantage of the degree of advancement 9(T) of the experimental
calorimetric profile (partial area/total area ratio) for the derivation of a
fitting equation based on the classical thermodynamic equilibrium
vant’Hoff equation. Nevertheless, although this method is a very useful
tool to validate thermodynamic aspects of equilibria involving multi-
mers, the emerged C,(T) equation to be compared to the experimental
calorimetric profile is actually dependent on the experimental data itself
(that is 9). In other words, this approach is a validation method that
always returns a profile that is bound to the experimental data and not a
method that permits an independent simulation of the calorimetric
curve for a fair fitting of the experimental data.

Conscious of the great importance of recognizing the mechanisms
involved in the thermal denaturation of protein multimers, in this work
the authors developed independent thermodynamic models for the
description of three possible dissociation/denaturation equilibria to
fulfil this gap, also critically inspecting the properties of the proposed
models. In particular, the approach is based on the same concept of the
statistical mechanics’ canonical ensemble applied for the development
of the quantitative investigation of monomeric proteins undergoing
denaturation through an equilibrium mechanisms [23,24] and is applied
to the i) N, < nD, ii) N, &»nM e nD, and iii) N, < I, < nD equilibria
(being N, the native multimer, M the dissociated monomer, I, an in-
termediate multimer, D the denatured monomer), that are the most
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common ones according to the literature [16,29]. Furthermore, being
aware of the complexity of the general equations encompassed, this
work also aims at providing the literature with the solutions and
ready-to-use equations for three of the most common homomers, namely
dimer N,, trimer N3, and tetramer N4 [16].

2. Methods and models
2.1. General considerations and strategy

The experimental DSC output for protein thermal denaturation, that
is normally shown in terms of C;“(T) (specific heat capacity in excess
with respect to the native state, see Appendix E for details), is commonly
expressed per mole of overall protein present in the measurement cell. In
the case of a protein that we presume is in a multimeric state, N,, with n
to be defined, it is good practice to express the data per mole of protein
monomers, M. The theoretical models developed here are precisely
intended to produce an output suitable to fit experimental data
normalized per mole of protein monomers.

It is worth noting that the choice of expressing the calorimetric data
in terms of monomers is more profound than applying a simple multi-
plicative factor. As a matter of fact, this way permits a simple devel-
opment and description of any protein thermal denaturation model
involving a dissociation step in terms of statistical mechanics. Indeed,
despite the total number of molecules changes during a dissociation
process according to the dissociation stoichiometry, the total number of
monomers, My, remains constant. In this view, we can treat the system
of protein monomers as a canonical ensemble of energetic states (which
demands the total number of molecules to be constant throughout the
process), that is a classical and discrete representation of the system
itself: for such an ensemble, the canonical partition function, Q, that is
the normalization function that takes into consideration the probability
of each possible state the system could be in, can be easily defined [23].

Going into details, whatever the dissociation model assumed is, we
can represent all the species in terms of monomers, hence involving for
instance native monomers either associated into the multimeric form or
dissociated, associated or dissociated monomers in an intermediate
state, or also denatured monomers. Being each of these conditions a
possible energetic state the monomers can be in, we can always state
that ) ;n; = My, by denoting with n; the number of monomers in the
energetic state i.

According to the law of large numbers, the probability P; of each
monomer to be in the i state coincides with the molar fraction of
monomers f;, that can also be represented as a ratio of molar concen-
trations when considering solution equilibria like our case:

n [i]

P.=f= =
' fl MfOt [M]tot

@

It is important to note that the possibility of expressing the proba-
bilities as simple ratios of molar concentrations allows us to link the
statistical mechanics’ equations with the classical thermodynamics’
ones, i.e., in terms of classical thermodynamics’ equilibrium constants,
whose temperature dependence is clear and immediate [30,31].

Indeed, by selecting one specific monomeric condition (i.e., a specific
energetic state) as the reference state, the mass balance expressed per
molar concentration at a given temperature results

M), = [ref] + > il )

i#£ref

being [ref] and [i] the molar concentrations of the monomers present in
solution in the reference and i states, respectively, and [M],,, the total
molar concentration of the monomers. By dividing each member of the
Eq. (2) by the [ref], we obtain the function
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(i
Q=1+) —= 3
2

The function Q defined in Eq. (3) coincides with the canonical
partition function of the system, and it is easy to verify that

foef = é and f; = W with frr + Y fi=1 4

i#ref

being f.r and f; the molar fraction of the monomers in the reference and
ith states, respectively.

The knowledge of the temperature dependence of the partition
function Q(T), and in turn of the species distributions through f..r and f;,
would allow to gain the enthalpy variation AH(T) with respect to the
reference state and expressed per mole of monomer, and hence also the
theoretical specific heat capacity C,(T) curve

dAH(T)

Cy(T) = T (5)

that could be used to fit the experimental data (please note that Eq. (5)
does not include the overall intrinsic heat capacity drop, AqCp, which is
not taken into consideration in this work since the corresponding
experimental value is often affected by a rather large error and then is
generally neglected in the fitting procedures — see Appendix E for further
details).

Through the aforementioned connection between statistical me-
chanics and classical thermodynamics, the temperature dependence of
the canonical partition function Q(T) can be obtained by applying the
concept of the classical thermodynamics’ equilibrium constant K(T),
that will be used and integrated to Eq. (3) taking trace of the stoichi-
ometry according to the peculiar dissociation model under
investigation.

In this context, we must also acknowledge that the thermodynamic
approach discussed only operates under the assumption of quasi-
equilibrium DSC experiments, where irreversible kinetic effects are
negligible.

2.2. Concomitant multimeric protein dissociation/denaturation
equilibrium model

This model considers a multimeric protein N, in the native state that
can undergo, upon heating, a dissociation equilibrium into monomers
concurrently with the thermal denaturation of the monomers them-
selves. For such a situation, the following equilibrium model can be
considered as descriptive of the overall process

N, &nD (6)

where “"D” represents the dissociated monomer in the denatured state
and K is the related thermodynamic equilibrium constant given by

7

considering that, for properly diluted solutions, the molar concentra-
tions [N,] and [D] are allowed to replace the thermodynamic activities
ay, and ap, respectively.

When talking in terms of monomers, we may identify two species in
solution, namely the native monomers associated into the multimeric
form, “AM” (“associated monomers” belonging to the N, structure), that
we assume as the reference state, and the monomers in the dissociated/
denatured state, “D”. Following the Eqs. (2) and 3, we have

[M],,; = [AM] + [D] ®

and
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[D]
=1+-—— 9
Q AM] ©)]
Accordingly, the protein monomeric fraction that exists in the
associate state, fay, and the one that exists in the denatured state, fp, at a
given temperature are given by Eq. (4)

ﬂmzéamszgggﬂ,mmhm+ﬁ:1 10)

The enthalpy variation AH(T) with respect to the reference state, i.e.,
the native “AM”, and expressed per mole of monomers is given by

AH(T) = fp-AgaH" an

being A4H® the molar standard enthalpy variation associated to the
transition (dissociation/denaturation) from the “AM’ state to the “D”
state.

The temperature-derivative of AH(T) provides the theoretical spe-
cific heat capacity C,(T) curve that can be used to fit the experimental
data according to Eq. (5) (see Appendix E).

The equations listed so far contain the [D]/[AM] fraction, that de-
pends on temperature. However, this dependence is unknown at this
stage, so it has to be made explicit in terms of the model’s fitting pa-
rameters. To this purpose, by reminding that [AM] = n[N,] and from Egs.
(7)-9, we obtain

K

=14+ — 12
Q +nm“1 12)

and fp becomes

K 1
fo= Wa 13)

where [D] is obtainable from the resolution of the related mass balance
equation (see Appendix B for details):

DI" + [D] = nlN; ] = 0 a4

The temperature dependence of the equilibrium constant K is
obtainable by the well-known solution of the van’t Hoff equation:

'H
K(T) = K(Tgs)-exp {% (i - %)} (15)

with the dissociation temperature, Tg;;, defined as the temperature at
which half of the multimer population has undergone dissociation/
denaturation, that means that [N,| = [N,],,/2 at this temperature, and
K(T4ss) obtainable from the mass balance equation as reported in
Appendix A.i:

B Tln [Nn}n—l

K(Taiss) lewt (16)

Instead, AH"" is the standard enthalpy variation associated to the
entire process (dissociation/denaturation) expressed per mole of mul-

timer N, being the K referred to the equilibrium in Eq. (6).

By applying this approach and developing the model for the various
dissociation stoichiometries n of interest, different sets of equations are
determined, allowing to achieve the theoretical specific heat capacity
Cp(T) curves given by the Eq. (5) and needed when attempting the fitting
of a DSC trace. In any case, the only fitting parameters for this specific
model are Ty and AHY, being AguH' = AHYH /n.

The final equations for the model accounting for the most common
multimeric systems, namely N, N3, and N4 proteins, are shown
explicitly in Appendix B and can be easily transferred to a spreadsheet to
obtain the theoretical specific heat capacity C,(T) curve for each case, so
to be used for the fitting of the DSC thermograms.
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It is worth to note that, although the equations to obtain [D] and
K(Tgss) contain [N,],, as a parameter, this term is actually cancelled
through the substitution of the solutions to the overall equations that
lead to the fiy and fp as shown in Appendix B, and the population
fractions are actually independent of the total protein concentration as
expected for an equilibrium process.

As an example, the final equations for n = 2 are listed below (see
Appendix B for details):

1 ik Valest SN
Q:l—}—ﬁ—qu: 2 an
AHH [ 1 1
:exp{ R <Tdm—?>} a7
1 1
fam = Q and fp = 200 (18)
'H
C,(T) = dAfT(T), with AH(T) = fy-AgH and AgH — 25 (19)

where Ty, and AH'Y are the only fitting parameters.

2.3. Multimeric protein dissociation with consecutive denaturation
equilibrium model

Although the most common behaviour shown by a multimeric pro-
tein is a simultaneous temperature-dependent dissociation/denatur-
ation equilibrium (described by the model reported above), some
proteins characterized by more labile association among monomers may
exhibit dissociation before the actual thermal denaturation process.
Such a scenario needs to consider two distinct equilibria, namely a
dissociation equilibrium prior the thermal denaturation one, according
to the following scheme

Kiiss

N, ¥ nM & np (20)

being Ky and Ky the thermodynamic equilibrium constants related to
the specific step and given by
iy ap (D]

o= G M o
Kdlss = ax, ~ [N,J and Kd = an ~ [M] (21)

considering that, for properly diluted solutions, the molar concentra-
tions [Ny, [M], and [D] are allowed to replace the thermodynamic ac-
tivities an,, am, and ap, respectively.

By representing all the species in terms of monomers, the equilibria
considered in Eq. (20) involve:

e “AM” as the native monomer associated into the multimeric form
Nyto be considered as the reference state;

e “M as the dissociated (free) monomer;

e “D” as the denatured monomer.

For the mass balance equation, we obtain
(M, = [AM] + [M] + [D] (22)

According to Eq. (3), the partition function Q taking the native “AM”
state of the protein as a reference simply becomes
M | D]

Q=1+ 7+

M) " fam] 23)

Accordingly, the monomer fraction that exists in the associated
native state, f4y, the one that exists in the dissociated native state, fy,
and the one that exist in the denatured state, fp, at a given temperature
can be written as
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[M]/[AM]

1 [D}/[AM]
fAM - Q7 fM - Q

, and fp = —QqQ with fay +fu+ fo =1
(24)

Therefore, the overall enthalpy variation AH(T) of the whole process
with respect to the reference state, i.e., “AM”, becomes

AH(T) = fu-AgissH + fo-(AgissH + AgH") (25)

being Ay H® the standard enthalpy variation associated to the dissoci-
ation event from the “AM” to the “M” state, and AyzH° the standard
enthalpy variation associated to the denaturation transition from the
“M” to “D” state. All these enthalpy variations are expressed per mole of
the total monomers.

The temperature-derivative of AH(T) provides the theoretical spe-
cific heat capacity C,(T) curve that can be used to fit the experimental
data. Hence, by following the same strategy described above to make the
temperature-dependence of the [M]/[AM] and [D]/[AM] ratios explicit in
terms of the model’s fitting parameters, we obtain through Egs. (21)-23

Kiiss KaissKa
H[M]'kl n[M]n—l

Q=1+ (26)

whereas the respective fay, fu, and fp fractions can be obtained as

1 Kgss 1
fAM:a, fu :TI[A;T.E’ and fp

_ KasKq 1
nM™"' Q

27)

where [M] is obtainable from the resolution of the related mass balance
equation (see Appendix C for details):

n
Kdixx

M)" + (1 +Kq)[M] — 1[Ng],,, = 0 (28)

Again, the temperature dependence of both the equilibrium con-
stants is obtainable by the well-known solution of the van’t Hoff equa-
tion. In particular, for the dissociation equilibrium we have

AHM /1 1

Kiiss(T) = Kdiss(Tdiss)'eXp|: R (Tdiss —T)} (29)
where Ty is the dissociation temperature having the same meaning
described in Eq. (15) for the above model, AH" is the enthalpy variation
involved in the dissociation step expressed per mole of multimer N,
(since Ky, is referred to the first equilibrium in Eq. (20)), and (see
Appendix A.ii for details)
NG 1

Kdi.ss (Tdiss) == o

2n-1 [1 + Kd(Tdiss)}n (0

Instead, for the denaturation equilibrium we have

K4(T) = exp {% (Tldi%ﬂ (€20)]

being AjH® the denaturation enthalpy defined as above (i.e., the tran-
sition from the “M” dissociated state to the “D” state) and T, the dena-
turation temperature. Here we underline that we use the common
definition for the denaturation temperature, that is the temperature at
which the value K4(T4) =1, or in other words, the temperature at which
the “M” and “D” states are equally populated [22,26].

Also for this model, its development for the specific dissociation
stoichiometries n of interest provides different sets of equations that
allow to achieve the theoretical specific heat capacity C,(T) curves given
by the Eq. (5) and needed to fit a DSC trace. The fitting parameters
characterizing this specific model are four (two for each equilibrium),
namely Ty, AH, Ty, and AgH, being AgisH® = AH"H /n.

The final equations for the model accounting for the most common
multimeric systems, namely N, N3, and N4 proteins, are shown
explicitly in Appendix C and can be easily transferred to a spreadsheet to



D. Fessas and F. Saitta

obtain the theoretical specific heat capacity C,(T) curve for each case, so
to be used for the fitting of the DSC thermograms.

Again, it is worth to note that, although the equations to obtain [M]
and Kgiss(Taiss) contain [Ny],,, as a parameter, this term is actually
cancelled through the substitution of the solutions to the overall equa-
tions that lead to the faum, fu, and fp as shown in Appendix C, and the
population fractions are actually independent of the total protein con-
centration as expected for equilibrium processes.

As an example, the final equations for n = 2 are listed below (see
Appendix C for details):

1 K

Q=1+ W + W (32)
—(1+Kq)+, [(1+Kq)*+=28

. _ K . 1 N Gl

withM = T & and Ky, = mexp{ R (Td,ss -

ol

T

1 1 _ Kq
famr = ol fu = Q' and fp = SMQ (33)
dAH(T
Cy(T) = dTE ), with AH(T)

AR

= furBaissH + fo (BassH + AgH') and AgisH = (34)

where Tgs, AH'H, Ty, and AgH° are the fitting parameters.

2.4. Partial conformational transition of a multimeric protein with
consecutive dissociation/denaturation equilibrium model

Although it might be considered a less frequent situation, it may
happen that a multimeric protein N, undergoes a modification to an
intermediate multimeric protein I, with monomers that are no longer in
their native form but still remain in an associated form. Considering that
a multimer is often dismantled upon even slight conformational modi-
fications affecting the amino acids of the protein association core, a
“preliminary” transition from N, to I, might occur, as an example, on
proteins composed by heavier monomers exhibiting two or more ther-
modynamic domains, with the association core’s domains remaining
unaffected by the conformational change (that hence could be described
as a modification involving the most “external” protein domains).
Consequently, the dissociation phenomenon might occur concomitantly
to the denaturation of the association core, for instance by following a
scheme similar to the one of the first model her presented (Eq. (6)).

Therefore, such a scenario needs to consider two distinct equilibria,
namely a one-step conformational transition equilibrium prior the
concomitant dissociation/denaturation one, according to the following
scheme

N, &1, &nD (35)

being K; and K the thermodynamic equilibrium constants related to the
specific step and given by

an
andK=-2~

_a, ]
- an, - [Nx] a,  [I]

K= (36)

considering that, for properly diluted solutions, the molar concentra-
tions [N,], [I.], and [D] are allowed to replace the thermodynamic ac-
tivities ay,, ai,, and ap, respectively.

By representing all the species in terms of monomers, the equilibria
considered in Eq. (35) involve:

e “NAM” as the native monomer associated into the multimeric form
Nyto be considered as the reference state;
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e “IAM” as the intermediate monomer associated into the multimeric
form I;
e “D” as the dissociated/denatured monomer.

According to the species listed above, the mass balance equation can
be written as

[M],,, = [NAM] + [IAM] + [D] (37)

tot T

therefore, the partition function Q that considers the “NAM” state of the
protein as reference becomes

[rAM]
[NAM]

D]

[NAM)] (38)

Q=1+

+

according to Eq. (3).

Accordingly, the monomer fraction present in the associated native
state, fyam, the one present in the associated intermediate state, fjay, and
the one present in the dissociated/denatured state, fp, at a given tem-
perature can be written as

o — MébﬂﬁgVA | ands,

— MgAM], with fyam + fiam + fo =1 (39

Therefore, the overall enthalpy variation AH(T) of the whole process
with respect to the reference state, i.e., “NAM”, becomes

Qlr

f NAM =

AH(T) = fiam-AtH + fo-(AIH + AgaH") (40)

being A;H° the standard enthalpy variation associated to the confor-
mational transition leading to the formation of the intermediate “IAM”
from the native “NAM” state, and A H® the standard enthalpy variation
associated to the transition (dissociation/denaturation) from the “IAM”
state to the “D” state. All these enthalpy variations are expressed per
mole of the total monomers.

The temperature-derivative of AH(T) provides the theoretical spe-
cific heat capacity C,(T) curve that can be used to fit the experimental
data. Hence, by following the same strategy described above to make the
temperature-dependence of the [[AM]/[NAM] and [D]/[NAM)] ratios
explicit in terms of the model’s fitting parameters, we obtain through
Egs. (36)-38

Ki-K

=1+K+—— 41
Q + I+n[D]"71 (41)

whereas the respective fyam, fiam, and fp fractions become

1 K KK 1
fram = 67 fam = 61-, and fp = n[DITa (42)

where [D] is obtainable from the resolution of the related mass balance
equation (see Appendix D for details):

n(1 +K;p)

0 43
KK 43

[D]n +[D] - H[N,.]m =

Also in this case, the temperature dependence of both the equilib-
rium constants is obtainable by the solution of the van’t Hoff equation.
In particular, for the first step of conformational transition we have
K;(T) that recalls the dependence of a thermodynamic constant for a
denaturation phenomenon as in Eq. (31), i.e.,

K(T) = exp {Af (%—%)} 44)

with T; having the same meaning of that for a one-step conformational
transition (that means K;(T;) = 1 as for Eq. (31)) and A;H" expressed per
mole of monomer, whilst for the second equilibrium related to the
dissociation/denaturation event, K(T) is given by Eq. (15), with the
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dissociation temperature, Ty, defined as the temperature at which half
of the multimer population in all possible states has undergone disso-
ciation/denaturation (that means that [N,]+ [I] = [Nn],./2 at this
temperature), AH"Y considered as the enthalpy variation involved in the
dissociation/denaturation step expressed per mole of multimer I, and
K(T4ss) obtainable from the mass balance equation as reported in
Appendix A.iii:

" [Nal" 1+ Ki(Taiss)

tot

2n-1 Ki(Taiss) “5)

K(Tdiss) =

Also here, different sets of equations can be developed for the specific
dissociation stoichiometries n of interest, thus achieving the theoretical
specific heat capacity C,(T) curves given by the Eq. (5) and needed for
DSC trace fit attempts. The fitting parameters characterizing this specific
model are four (two for each equilibrium), namely T;, A;H", Ty, and
AHY, being AyH = AHY /n.

The final equations for the model considering N2, N3, and N4 proteins
are shown explicitly in Appendix D and can be used to obtain the
theoretical specific heat capacity C,(T) curve for each case, so to be
applied for the fitting of the DSC thermograms.

In analogy with the models described above, we may note that the
dependence of the equations on [N,],, is only apparent since this
parameter is actually deleted through the substitution of the solutions to
the overall equations that lead to the fyam, fiam, and fp fractions as
shown in Appendix D, as expected for equilibrium processes.

As an example, the final equations for n = 2 are listed below (see
Appendix D for details):

1
Q:1+Kl+ﬁ (46)

1+Kp
Ly /148t

oy oy . 14K (T H
with D' = ™ and K, = lsenp S (11 - )
1 K, 1
fram = Q fam = 617 and fp = 200 (47)

dAH(T)

Cp(T) = dT

, with AH(T)

AR

:flAM'AIH JrfD(AIH +AddH) and AddH = (48)

where Tj, A{H’, Ty, and AHH are the fitting parameters.
3. Results and applications

The most common scenario that includes dissociation is described by
the first model (Eq. (6))

N, &nD

hence an equilibrium that reflects an always concomitant dissociation/
denaturation of the multimeric protein.

In this case, the main characteristic of a DSC thermogram that should
induce the suspect of the occurrence of a dissociation process is an
asymmetry with respect to the T4, with a prolonged part at lower
temperatures and a steep descent of the trace followed by a gradual
return to baseline at higher temperatures (Fig. 1).

Following the Occam’s Razor philosophy, the fitting attempt on such
a type of thermograms by using the simplest N« D thermodynamic
model for a single-domain monomeric protein often fails, especially on
the left hand of the profile since the equations produced through this
model are symmetric [26,27]. Nonetheless, it is worth noting that
single-domain monomeric proteins may sometimes show skewed dena-
turation peaks too if irreversible kinetic events occur simultaneously,
such as post-denaturation protein aggregation phenomena [27]. How-
ever, although post-denaturation aggregation (even without a
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Fig. 1. DSC thermal denaturation curve of TmArgBP reported from [32] (grey
circles) and theoretical C,(T) trace (blue solid line) for Ny < 2D equilibrium ob-
tained by the application of Eqs. (17)-19. The distribution AM and D species are also
shown by referring to the secondary axis.

detectable exothermic contribution) can produce a depletion of the
high-temperature region of the thermogram together with an abrupt
signal drop (with a slope that usually is higher than the dissociation case
[32]), the first part of the trace still reflects the first region of the sym-
metric profile typical of a simple protein native-to-denatured state
equilibrium. In any case, kinetic phenomena can be previously recog-
nized since they are sensitive to the DSC scanning rate as well as the
overall protein concentration [33].

Furthermore, even the introduction of multiple thermodynamic do-
mains produces an unsuccessful fit though usually asymmetric as well.
Indeed, each domain curve involved results too broad (due to the
splitting of the enthalpy values) to be compatible with a typical disso-
ciation profile [14]. For the same reason, applying a dissociation sce-
nario with n > 2 to model a DSC trace of a monomeric protein
constituted by multiple thermodynamic domains produces an unsuc-
cessful fit since, in this case, the enthalpy value per monomer required to
reach the experimental profile produces a too sharp trace with respect to
the experimental one.

As an example, Fig. 1 shows the DSC thermogram for an arginine-
binding protein from Thermotoga maritima (TmArgBP), a system that
was characterized on a previous work [32] and was found to exist as a
high stability dimer at those experimental conditions, according to the
test equations developed by Privalov and Potekhin [25]. As indicated
above, the calorimetric signal exhibited by TmArgBP is asymmetric and
shows a drop of the trace at higher temperatures. The application of Eqs.
(17)-19, that are produced by considering a Ny « 2D equilibrium, al-
lows to achieve a satisfactory fit with Ty, = 114.45 °C and AH" = 1400
kJ-mol ! of N, (hence, AggH® = 700 kJ-mol ! of monomer). Fig. 1 also
shows the distribution of the species all considered as monomers, ie.,
AM defined as the monomer associated into the dimeric form and D
defined as the monomer in its denatured state. It is possible to observe
that the intersection of the two distribution curves, that of course occurs
at a species distribution of 50 % for both, has an abscissa that corre-
sponds to Tg;s value, that is always lower than the Tqc detected on an
experimental DSC profile.

Focusing on the model under discussion (Eq. (6)), Fig. 2 shows the
influence of n (dissociation stoichiometry), Tgss, and AggH® (the latter
being directly comparable to the experimental AH,,, value and corre-
sponding to AgH' = AH'/n) on the C,(T) profiles to emphasise the
weight of each fitting parameter.

In particular, as concerns the influence of n by keeping Ty and
Ag4qH constant (Fig. 2a), we observe that the left side of the thermogram
is only slightly affected by the variation of n, whereas the trace drop on
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Fig. 2. Theoretical C,(T) profiles expressed per mole of protein monomers and
comparing the influence of each single fitting parameters: a) comparison of
various n by keeping AggH® and Ty constant; b) comparison of various AggH®
by keeping n and Ty constant (for completeness, the inset also compares the
peaks’ contours at a common unitary enthalpy); ¢) comparison of various Tgjs
by keeping n and AgH® constant.

the right side becomes increasingly sharper as the value for n increases,
as well as the peak height raises. This greater evidence of differences on
the left side of the thermogram is to be found on the temperature
dependence of Kg. Indeed, at a certain AHY, Ky depends more
severely on temperature at higher temperatures just by the exponential
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itself, according to Eq. (15). Consequently, considering that AHY needs
to become greater with the increase of n if we want to maintain the same
AgH (AHH = AgH-n), Kgs acquires a greater temperature depen-
dence that becomes even much more relevant at higher temperatures
with the increase of n.

Almost the same effect is also observed when varying the AgH® by
keeping n and Ty constant (Fig. 2b). Indeed, here AH" increases
proportionally to AgiH, and we observe a contraction of the peak at
both its ends as expected for a AgH" increase, though the thermogram
still results increasingly sharper on the right side for the same reason
illustrated for the variation of n.

Instead, the variation of Ty, by keeping n and AyzgH® constant,
modifies the transition temperature region of course, but its influence on
the profile results to be modest and only related to a slight reduction of
the peak height with greater Ty, values.

At last, beside this inspection, it is important to emphasise that the
risk of degeneracy for this model is rather low since this type of inter-
relation among the fitting parameters reduces the degrees of freedom
and always produces a typical profile that, in general, is not able to fit an
experimental profile that does not correspond to the simple model of
concomitant dissociation/denaturation.

In the case the simplest dissociation model in Eq. (6) failed in fitting
the experimental data, the application of the following models may also
be attempted:

Kaiss

Kq
N, & nM < nD

N, &1, &nD

In both these cases, multiple equilibria are considered, hence, the
number of fitting parameters rises to four for any stoichiometry chosen
for the dissociation step, thus increasing the risk of degeneracy. None-
theless, since these models are sequential, the position of the dissocia-
tion step produces scenarios that are fundamentally different, as shown
in Fig. 3.

Going into details about the second model, which is characterized by
a dissociation equilibrium followed by a denaturation step as repre-
sented by Eq. (20), a typical and reasonable theoretical profile is
depicted in Fig. 4.

80 -
70 - R
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5 N, & 2D
60 1 N, & 2M o 2D
Ny, &I, & 2D

w
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L

S
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Fig. 3. Theoretical C,(T) traces produced through the three models (coloured
solid traces) by involving the dissociation of a dimer N, also compared to the
simplest N < D profile (dashed grey trace) for completeness. For a fair com-
parison, the curves are presented with the same AH,, of 400 kJ-mol! of
monomer and with a common Ty (for both N < D and N, < 2M < 2D models),
T4ss (for the Ny < 2D model), and T; (for the Ny < Iy« 2D model) corre-
sponding to the value of 60 °C.
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In particular, we observe again an asymmetry of the curve charac-
terized by an extended tail on the left side of the thermogram, that is
dictated by the dissociation phenomenon, and a smoother signal drop on
the right side of the thermogram, that recalls the typical symmetry of the
trace describing the simplest one-step denaturation equilibrium. Logi-
cally, being N,, & nM < nD constituted by two sequential equilibria each
regulated by a couple of two fitting parameters, the profiles that can be
provided by such a model are numerous. In any case, all of them have to
be coherent with the scheme by basing on the same general assumption
of considering a multimer with an association thermal stability that is
lower than the overall thermal stability of the monomer form against
denaturation, that means Ty < Ty, as well as having a total enthalpy
variation mainly given by the denaturation step, that means

AgissH < AgH".

Furthermore, taking advantage of the species distribution curves
reported in Fig. 4, two meaningful intersection points can also be
observed, the first between the distributions of AM and M+ D, the
second between the distributions of M and D: the x-coordinate of two
points corresponds to the Ty and to the Ty, respectively. Specifically, it
is worth to emphasise that the intersection giving Ty always occurs
when both AM and M + D reach a molar fraction of 0.5, that reflects the
definition of Ty as temperature at which [N,,] = [Ny],,./2, whereas the
intersection giving Ty always occurs when M and D reach a 1:1 molar
ratio, according to common definition reported above.

To highlight the weight of the fitting parameters on the C,(T) pro-
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Fig. 5. Theoretical C,(T) profiles expressed per mole of protein monomers and comparing the influence of each single fitting parameters (T is always considered as a
constant for simplicity): a) comparison of various n by keeping Tgss, AgH", and AgH® constant; b) comparison of various Ty by keeping n, AgH°, and AgisH®
constant; ¢) comparison of various AgjH® by keeping n, Ty, and AgisH® constant; d) comparison of various AgH® by keeping n, Ty, and AgH constant. For
completeness, the insets in panels ¢ and d also compare the peaks’ contours at a common unitary enthalpy.
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files, the influence of n (dissociation stoichiometry), Tgss, AgH', and
Agis H° (the latter being preferred instead of AHY for the comparison
because A H = AH"H /n and it is expressed per mole of monomer) are
illustrated in Fig. 5.

As concerns the influence of n (Fig. 5a), analogously to the first
model we observe that the peak height raises, and the profile becomes
sharper on the right side as the value for n increases because of the
dependence of Ky(T) on AH' (see above). Nonetheless, the very last
part of the peak ends smoothly and similarly regardless n since the main
contribution is given by the denaturation event, whilst the K;; does not
affect this region significantly.

When inspecting the effect of the gap between the two temperature
parameters, that in fact consists in outdistancing the two equilibria,
Fig. 5b reveals that the profile becomes slightly broader and gains
symmetry as the distance between the two events increases. Actually,
this behaviour is unsurprising because the greater the gap between Ty,
and Ty, the less the peak contributions separately ascribable to dissoci-
ation and denaturation overlap to each other, hence leading to a profile
almost symmetric if not for its very beginning.

At last, as regards the effects of the enthalpic contributions, Fig. 5¢
shows that the increase of the A4H’ term causes the growth of the peak
height together with a slight contraction of the peak at both its ends,
though a bit greater on the right side of the tracing, as expected for a
common one-step protein denaturation profile and emphasised by the
figure’s inset comparing curves normalized at unitary areas. On the
other hand, the increment of Ay, H° makes the dissociation event more
significant when summing the two contributions to obtain the overall
profile (Fig. 5d). Therefore, it results in an overall broadening of the
Cp(T) curve with a downshift of the peak maximum towards lower
temperatures as the dissociation equilibrium becomes increasingly more
enthalpically relevant.

Concerning the case of a more complex scenario (Eq. (35)), instead,
the N, & I, & nD model considers the possibility of a multimeric protein
that undergoes a partial conformational transition with a consecutive
dissociation/denaturation equilibrium. In particular, the first step
conformational transition in the protein is assumed to not compromise
the association region of the protein yet, which remains still resilient till
the dissociation process occurs at higher temperature (T} < Tgss). As
mentioned above, this scenario is likely shown in some cases by heavier
proteins that might exhibit multiple thermodynamic domains that
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Fig. 6. Theoretical C,(T) trace (blue solid line) for N3 « I <> 2D equilibria
obtained by the application of Eqs. (46)-48. The parameter values used to
obtain the curve are T; = 58 °C, A;H"= 200 kJ-mol ! of monomer, Tgss = 62 °C,
and AggH® = 200 kJ-mol™! of monomer (hence, AHy; = 400 kJ-mol™! of
monomer). The distribution NAM, IAM, and D species, together with
NAM+IAM, are also shown by referring to the secondary axis.
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behave differently. An example of theoretical curve produced by the
application of the model under discussion is reported in Fig. 6.

Also in this case, we observe an asymmetric profile that usually
covers larger temperature intervals because of a significantly extended
low-temperature region followed by a signal drop that recalls the
properties of the first model in Fig. 1.

Furthermore, Fig. 6 also reports the distribution curves for all the
species involved in the process. Analogously to the second model, we
can note two intersection points between NAM and IAM curves and
between NAM + IAM and D curves, indicating T; and Tj;; on the x-axis,
respectively. In particular, since the meaning of T; is somehow related to
the definition of Ty, it always occurs when NAM and IAM reach a 1:1
molar ratio, whilst the Ty intersection always occurs when NAM + IAM
and D achieve a molar fraction of 0.5, according to the definition re-
ported above.

Following the same strategy applied so far, we also compared in
Fig. 7 the effects of all the fitting parameters on the C,(T) curve
generated by this third model.

As regards the influence of n (Fig. 7a), we observe profiles becoming
increasingly sharper on the right side as the value for n increases, also
producing a discreet upshift of the peak maximum towards higher
temperatures as a consequence. Considering that n is a parameter
involved in the dissociation process only, it can be reasonably noted that
it affects only the second half region of the thermogram coherently to
what exhibited by the first model in Fig. 2a, whilst the first part is
completely unaffected.

When analysing the influence of outdistancing the two equilibria by
increasing the gap between T; and Ty (Fig. 7b), we observe that the
profiles become continuously broader and more asymmetric. Being both
the two contributions underneath the overall C,(T) curve significant in
terms of areas, peak shoulders may appear even if the two temperature
parameters are not exaggeratedly far from each other.

At last, as regards the effects of the enthalpic contributions, Fig. 7c
and d show variations on the peak outline according to the increase of
either the A;H® or the Ag4H’, respectively. Specifically, the A;H® term
only contributes to a peak area increase together with a slight downshift
of the peak maximum towards lower temperatures, leaving the late part
of the curve unaffected. On the other hand, the AgH° terms leads to a
sharper signal drop consequently to the right side’s area increment,
together with a discreet upshift of the peak maximum towards higher
temperatures, as expected for a modification of AHY that directly in-
fluences the Ky;5(T) dependence. In this last case, the low-temperature
region of the thermogram is also slightly affected, as emphasised by
Fig. 7d’s inset that only focuses on the thermogram contours by
comparing traces with unitary areas.

Fig. 8 reports as an example the fitting attempts undertaken on the
experimental DSC profile recorded for peanut agglutinin (PNA), a
galactose-recognizing lectin from Arachis hypogaea studied for other
aspects in a previous work [34].

PNA is reported in the literature to be a homotetramer, or, by being
more precise, a dimer of dimers, with a very peculiar open quaternary
structure characterized by only three inter-subunits interfaces at phys-
iological pH [35].

For a protein with known multimeric structure, the asymmetry of the
profile is itself a strong indication of the occurrence of a dissociation
event, provided that no simpler model produces satisfactory fits (see
above). The application of the first (Ny«<4D) and the second
(N4 < 4M < 4D) model were unable to give back reasonable fits whereas
a fair fit was obtained for the scheme N4 < I4 < 4D (third model with T;
=52.7 °C, AjH* = 240 kJ-mol ™! of monomer, Ty = 57.0 °C, and AgqH’
=180 kJ-mol ! of monomer), confirming the above analysis for which,
despite the presence of four fitting parameters, the probability of de-
generacy between these sequential equilibrium models is very low.

A detailed analysis of this protein, reported here as an example, is
beyond the scope of this paper. Nonetheless, for the sake of complete-
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ness, we report here that an amelioration of the fit was obtained by
considering the scheme Ny < I « 2D (with T; = 51.5 °C, A;H* = 220
kJ-mol~! of monomer, Ty = 56.8 °C, and AgH = 210 kJ-mol ™! of
monomer), that is consistent with the idea of “dimer of dimers”
supposing a prior low energetic dissociation event of the tetramer to
dimers. However, the profile differences obtained by n = 2 or n = 4 are
small and very close to the experimental error. This means that, despite
the probability of degeneracy between these complex models is low, the
risk of degeneracy within the same model as regards the stoichiometry
exists, and further information might be needed (structural information,
experiments at different conditions, etc.) to assess the real scenario.

4. Conclusions

This study shows the development and some applications of new
stand-alone thermodynamic equations useful for the description of
dissociation/denaturation phenomena from DSC thermograms, which
usually display an asymmetry of the calorimetric trace in such cases. The
three models proposed, which mainly differentiate from each other for
the simultaneity or sequentiality with which protein dissociation and
denaturation occur, highlight how the calorimetric profiles can be
different according to the underlying dissociation/denaturation molec-
ular mechanism. Consequentially, the risk of degeneracy between the
three models during a fitting procedure is very low in fact. On the other
hand, the risk of degeneracy might increase when trying to discriminate
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among different dissociation stoichiometries (n parameter) within the
same model, especially for models with more than two fitting parame-
ters (as happens for the second and the third ones presented here).

In general, this study addresses a significant gap in the thermody-
namic modelling of multimeric protein denaturation processes that
involve dissociation events. Furthermore, this study also provides
practical, ready-to-use solutions for the most common homomers (di-
mers, trimers, and tetramers), making these complex equations acces-
sible for a better understanding of the conformational stability of
multimeric proteins, which may have direct implications on biological
and pharmaceutical (or similar) research fields.

The general methodology and strategy proposed for the development
of these models, that link the statistical mechanics concept of partition
function with the classical thermodynamics’ equilibrium constant also
for the multimeric proteins, pave the way for the development of models
that may reflect more complex scenarios than those considered in this

Appendix A

Determination of K(Tg;,) for the three models
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The term K(Tg;s) is the value of the equilibrium constant at the dissociation temperature. Ty is defined as the temperature at which [N,] = [Ny],,
/2 for the model i) and ii), whereas [Ny] + [I,] = [Np),,/2 for the model iii). In detail, the value for K(Tg;) can be obtained from the mass balance
equation specific for each equilibrium considered and the from the corresponding relation for the equilibrium constant under the approximation of
equality between the thermodynamic activities and the related molar concentration terms.

i) N, &nD
The mass balance equation for this equilibrium is
H[Nn]w[ = [AM] + [D]

n[N”]to[ = H[Nn] + [D]

By substituting [N,,] with the corresponding value at T = Ty, we have

n[Nn]tot = H%Jr [D]
D] =n [N;]wt

Therefore, the K(Tg4;ss) can be written as

- (P (1) -2

(A1)

(A.2)

(A.3)

(A.4)

(A.5)

For the sake of completeness, we report here the K(Ty;) values for the three most common n:

n=2: K(Tdm) = 2[N2]tot

K(Tgs) = 27/4[N3)>

n=3: ot

n=4: K(Tus) = 32[N3,
i) N, "< nM < nD
The mass balance equation for this equilibrium is

n[N,l,,, = [AM] + [M] + [D]

][U[
N[Ny],,e = n[Na] + [M] + Kq[M]

N[Ny = n[Na] + [M](1 +Ka)

By substituting [N,] with the corresponding value at T = Ty, we have

[N'l]tot. 1

M] =n= 1+ Ka(Tass)

(A.6)
(A7)

(A.8)

(A.9)

with Ky(Tg;ss) being the value of the monomer denaturation constant at the dissociation temperature Tgss.
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Consequently, the K (Taiss) can be written as

_ [M)" _ 1" [NnJ: [Nalwe\ nn[NnHlo? 1
Ko (Ta) = N {2"[1 +Kd(Tdtss)]"}/< 2 ) o 2vt 1+ Ky(Tas)]"

For the sake of completeness, we report here the Kg;ss(Taiss) values for the three most common n:

1
n=2: Ki(Tas) = 2[N2]totm
d\ L diss

1
n=3: Ks(Tas) = 274N}
aiss (Taiss) /4l 3Lt[1+Kd(Tdm)]3

1
n=4: Kgs(Tys) = 32[Ns)S —————
dlSS( dLsS) [ 4]wt[1+Kd(Tdiss)]4

with Kg(Tgss) = exp {% (T%, — TL)}
iii) N, &1, & nD
The mass balance equation for this equilibrium is
N[Nu],,, = [NAM] + [IAM] + [D]
NN, = 1((No] + L)) + [D]
By substituting [N, + [I,] with the corresponding value at T = Ty, ie.,
[Nn] + [In] = [Nn]tot/z

we have

[N n]tot
2

[Dl=n
Therefore, the K(Tg4;ss) can be written as

— [D]n _ n"[Nn]:lot [Nn]tot KI(TdBS) _ nn[N"]?OII 1 +KI(Tdm)
K(Tgiss) AR ( on )/( 2 1 +K,(Td,-_§s)> o 2onl Ki(Tgiss)

by considering the definition of K; (Eq. (36) and Eq. (A.13)).
For the sake of completeness, we report here the K(Tg;s;) values for the three most common n:
1 + Ki(Tass)

n=2: K(Tdm) = 2[N2]tat K[(Td‘ )
1SS

2 14+ Ki(Tyiss)

n=3: K(Tdiss) = 27/4[N3L’" K](Td' )

3 1+ Ki(Tgss)

n=4: K(Tas)= 32[Nal,, Ki(Tase)
1SS

with Ki(Tgss) = exp {% (% - %)} :

Appendix B

Derivation of equations for the N, &~ nD model

Thermochimica Acta 753 (2025) 180143

(A.10)

(A11)

(A.12)

(A.13)

(A.14)

(A.15)

Let’s consider that, to obtain the C,(T) curve, it is necessary to know the distribution of all the fractions of protein f; involved in the process, for
which the knowledge of the partition function Q is always needed. This means that the derivation of the equations for every model below is driven by

the need of making the partition function Q explicit in terms of the lowest number possible of fitting parameters.

i) Ny & 2D

The partition function Q is given by Eq. (12) and becomes for n = 2

K
Q=1+3p]

(B.1)

The [D] term can be determined by merging the mass balance equation (Eq. (A.2)) and the corresponding relation for the equilibrium constant
under the approximation of equality between the thermodynamic activities and the related molar concentration terms (Eq. (7))

12
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n

Ny = IDI" + (D] ®.2)

n n
;([D] +[D] = n[Nyp =0 (B.3)

tot —

that becomes forn = 2

2
I_<[D]2 +[D] - 2[N2]tot =0 (B.4)
with
~1+ /1 +168x
D] = %-K (B.5)
The term K is dependent on temperature according to the van’t Hoff equation
ARH /1 1
K(T) = K(Tuss)-€xp —— =) | =K(Tass)-K = 2N, K (B.6)
R Tass T

where K(Tgs) is substituted according to Eq. (A.5) for n = 2, and K is defined as the exponential term of Eq. (B.6).
By replacing K in Eq. (B.5) with Eq. (B.6), we obtain

-1+,/1+%
D] = %-K (B.7)

and, by gathering the ( -1+44/1+8/K ) /4 fraction under the symbol D/,
D] =D'K (B.8)

Therefore, the partition function Q from Eq. (B.1) becomes

Z[NZ]wt'K 1

-1 — = B.9
R, T AT > (B.9)
noting that the [N,],,, terms are mutually deleted, whereas the population fractions fay and fp are obtained as

f _1 nd fp = ! (B.10)
AM = Q a b=5p Q .
and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as

H
AH(T) :fD'AddH with AddH0 = AHY (Bll)

For this specific model, Ty, and AH" are the only fitting parameters gathered under the D' term, and there is no dependence on protein con-
centration (please note that each grouping under symbols, namely K’ and D/, is free from the total protein concentration term).

i) N3 & 3D

The partition function Q is given by Eq. (12) and becomes forn = 3
K
14 2 (B.12)
R

The [D] term can be determined by merging the mass balance equation (Egs. (A.2) and (B.3)) and the corresponding relation for the equilibrium
constant under the approximation of equality between the thermodynamic activities and the related molar concentration terms (Eq. (7)). Forn = 3,
Eq. (B.3) becomes

3
ZIDF + D] — 3[Ns],,, = 0 (8.13)
Being Eq. (B.13) a third-order equation, we can consider that the analytical solution for the generic ax® + bx? + cx +d = 0 (a # 0) is given by

x:,£+\3/,ﬂ+\/z+s,ﬂ,\/z (B.14)
3¢\ 2 2

when A > 0, with

13
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c b?
- B.1
P=4" 32 (B.15)
d bc 2b°
_a_bc B.1
1737 32 + 27a® (B.16)
¢ p’
A==—+4— B.17
7T (8.17)
For Eq. (B.13), the p, q and, v/A terms (the latter directly considered as square root for convenience) can be written as
K
== B.18
P=3 (B.18)
q = —[Ns]i, K (B.19)
[ L t K
ot |, B B.2
VA =K\t o (B.20)
Considering that K depends on temperature according to
ARH (1 1 27
K(T) = K(Tdm)-exp{ R (m - T)] = K(Tass) K = T[Ng]fm.K (B.21)

where K(Tgs) is substituted according to Eq. (A.5) for n = 3, and K is defined as the exponential term of Eq. (B.21), for the sake of simplicity, Eq.
(B.20) can be further simplified by including Eq. (B.21):

tot [N3]mt K [N3]wtK 1+ £ _ [N3]2tozK /A (B.22)

27-4 2 27

with A’ indicating the radicand for simplicity.
Therefore, the analytical solution for Eq. (B.13) is

D] = \/[NS]mt N3]th\/— 3/[N3] totK [N3]torK\/Z _ \/N3 e (] 4 \/7 \/ wK (1- \/Z) (B.23)

2

By including Eq. (B.21), we have

[D] \/3 [1\;3]tot 1 + \/_ \/ 7 totK (1 _ \/Z) — 3[1\;3]mt |:\3/K’(1 + \/Z) + {/Kl(]. _ \/Z)J — 3[1\;3]IUI,D’ (B24)

where D' indicates the contents enclosed by brackets.
At last, by replacing K and [D] according to Egs. (B.21) and (B.24), respectively, the partition function Q in Eq. (B.12) becomes

Q=14+ (57)2 (B.25)
noting that the [N3],,, terms are mutually deleted, whereas the population fractions fay and fp are obtained as

fam = é and fp = ﬁ (B.26)
and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as

AH(T) = fp-AgaH with AgH = AT (B.27)

For this specific model, Ty and AH" are the only fitting parameters gathered under the D' term, and there is no dependence on protein con-
centration (please note that each grouping under symbols, namely K’ and D, is free from the total protein concentration term).

iii) Ny & 4D

The partition function Q is given by Eq. (12) and becomes for n = 4

K
Q=1+—_ (B.28)
4p)°
The [D] term can be determined by merging the mass balance equation and the corresponding relation for the equilibrium constant under the
approximation of equality between the thermodynamic activities and the related molar concentration terms, that finally provides Eq. (B.3). Forn =4,
Eq. (B.3) becomes

14
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2D]* + D] — 41Ny, = 0 (8.29)

Eq. (B.29) is a fourth-order equation, thus, among the four solutions available, we can consider that the only valid analytical solution for the
generic ax* + bx® + cx? + dx + e = 0 (a # 0) is given by

b 1 R S
X= o Z4 o[ A2 -2t (B.30)

where
8ac — 3b?
=" B.31
8 (B.31)
29 3
_ 8a’d — 4abc + b (B.32)
8a®
12 1 q
Z = 5 \/—§P + 3a (Ao + A_()) (B.33)
with
2 _ 3
Ao — [ AEVEZ 49 V324q (B.34)
q = 12ae — 3bd + c* (B.35)
s = 27ad® — 72ace + 27b%e — 9bcd + 2¢° (B.36)
Considering that K depends on temperature according to
H
K(T) = K(Tys)-exp {MZV (Ti - %)] = K(Tais) K = 32[N, ]2 K (B.37)
diss

where K(Ty;;s) is substituted according to Eq. (A.5) for n = 4, and K’ is defined as the exponential term of Eq. (B.37), for the sake of simplicity, all the
terms from Eq. (B.31) to Eq. (B.36) can be calculated:

2
_ 73 : (B.38)
8[N4]tutK
6
g=— (B.39)
[N4]totK
o (1] 27 N ( 27 >2+4< 6 3 3|1 27 1 (27) +463 LN (B.40)
’ 2 |8[N4J5, K 8[N4 ]}, K [N4]me’ [N4]mr 2 SK/ 8 K| [Naly °
S =8N, K (B.41)

1 K 1 ) 6 1
z-1 \/3.4 ([Nz;]m % ks = My s N7 (B.42)

noting that the term p in Eq. (B.31) is null, and that Ay and Z' symbols are included in Eq. (B.40) and Eq. (B.42), respectively, for simplification
purposes.
By collecting all the terms obtained above, we can calculate the solution for Eq. (B.29) from Eq. (B.30)

2
Dl =x = [N Z + \/ a2+ |z 2 2 = (.43)

where D' indicates the contents enclosed by brackets.
Hence, by replacing K and [D] according to Egs. (B.37) and (B.43), respectively, the partition function Q in Eq. (B.28) becomes
8K

¢ oy

(B.44)

noting that the [Ny4],,, terms are mutually deleted, whereas the population fractions fay and fp are obtained as

tot

15



D. Fessas and F. Saitta Thermochimica Acta 753 (2025) 180143

1 8K

fam=— andfp = ———-— (B.45)
Q (D/)3 Q

and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as

AR
AH(T) :fD'AddH with AddHD =

(B.46)

For this specific model, Ty and AH' are the fitting parameters gathered under the D' term, and there is no dependence on protein concentration
(please note that each grouping under symbols, namely K’ and D/, is free from the total protein concentration term).

Appendix C

Derivation of equations for the N, < nM < nD model
Analogously to the cases shown in Appendix B, we need to begin from arranging the partition function Q in terms of the lowest number possible of
fitting parameters to obtain the C,(T) curve.

d

i) N, & oM & ap

The partition function Q is given by Eq. (26) and becomes for n = 2

Kiss n KissKa

Q=1 oM 2w

(cn

The [M] term can be determined by merging the mass balance equation (Eq. (A.8)) and the corresponding relation for the equilibrium constant
under the approximation of equality between the thermodynamic activities and the related molar concentration terms (Eq. (21))

n n
M+ (1+Ko)[M] = n{N ] = 0 ©2)
that becomes for n = 2

2
H[M]z + (14+Kq)[M] — 2[Nz],,, =0 (C.3)
with

—(1+Kg) + /(1 +Kq)* + 16 52k
M] = 2 Kais c4
Both the equilibrium constants K; and Kg;s are dependent on temperature according to the van’t Hoff equation:
AH (1 1
K4(T) = exp [dT <T - ?ﬂ (C.5)
d

being the value K;4(T4) = 1 as a consequence of the definition of the denaturation temperature, and

AHH /1 1 ,
n (Tdm - f)} = Kaiss(Taiss) Kgiss = 2[Na) oy

1

[1 +Kd(Tdiss)]2-Kdm = Z[Nz]

tot'K;ES (c.e)

Kdm(T) = Kdiss(Tdixx)'eXp |:

where Kyiss(Tasss) is substituted according to Eq. (A.10) for n = 2, K, is defined as the exponential term of Eq. (C.6), and K}, = Kj;../[1 + Ka(Taiss)]>
term, gathered for the sake of simplicity.
By replacing Kg;ss in Eq. (C.4) with Eq. (C.6), we obtain

—(1+Kg) + /(1 +Ka)* + 2

M] = 2 ™ Kuis (c.7

and, by indicating the entire main fraction under the symbol M,
[M] = M -Kyss (C.8)
Therefore, the partition function Q from Eq. C.1) becomes

2[N2]mt 'K;m
AN, K

2[1"2]mt'1:;isskd 1 Ky
M [I“Z]tot' di

liss

Q=1+ +

tot”

noting that the [N5],,, terms are mutually deleted, whereas the population fractions fam, fu, and fp are obtained as

16
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1 1 Kq
_1 . CF_ C.10
fw =g fu =550 o =3nr0 (€100
and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as
. ARH
AH(T) = fu-BascH -+ for (BasH -+ AH) with AgH = =5 (C.11)

For this specific model, Ty, AH™, T,, and AjH° are the fitting parameters gathered under the M' term, and there is no dependence on protein

concentration (please note that each grouping under symbols, namely K, K}, and M/, is free from the total protein concentration term).

i) N5 & 3mM & 3p

The partition function Q is given by Eq. (26) and becomes forn = 3
Kaiss | KaissKa

2 + 2
3M]°  3[M]

Q=1+ (C.12)

The [M] term can be determined by merging the mass balance equation (Egs. (A.8) and (C.2)) and the corresponding relation for the equilibrium
constant under the approximation of equality between the thermodynamic activities and the related molar concentration terms (Eq. (21)). Forn = 3,
Eq. (C.2) becomes

[M] (1 +Kd)[M] - 3[N3]to[ =0 (C13)

Kdtss

Being Eq. (C.13) a third-order equation, we can consider that the analytical solution for the generic ax® + bx? + cx +d = 0 (a # 0) is given by Eq.
(B.14). Similarly to the case reported in Appendix B.ii, for Eq. (C.13), the p, ¢, and V/A terms (the latter directly considered as square root for con-
venience) defined by Egs. (B.15), (B.16), and (B.17), respectively, can be written as

_ (1 4 Kq)Kaiss

C.14
3 ( )
—[N3] K (C.15)
[Nsl (1 + Ka)*Kaiss
VA = Kd,-ss\/ R (C.16)
Considering that K; depends on temperature according to Eq. (C.5), and that Ky, temperature-dependence is given by
AHH (1 1 , 27 1 , 27 .,
Kiiss(T) = des(Tdm)exp{ N (Tdm - f)} = Kaiss (Taiss)-K gss = T[Ns]?otm' diss = Ve K, (C17)

where K gis; (Tgsss ) is substituted according to Eq. (A.10) forn = 3, K., is defined as the exponential term of Eq. (C.17), and Kj;, ;. =K}, /[1 + Ka(Tass))*,
gathered for the sake of simplicity, Eq. (C.16) can be further simplified by including Eq. (C.17):

2 3 2 35
VA = Kdm\/[N3]mt + (1 +Ka)+[N3]ioK i _ [N3] oK aiss 1+ (1 +Ka) K _ [N3] oK aiss \/Z (C.18)
4 27-4 2 27 2

with A’ indicating the radicand for simplicity.
Therefore, the analytical solution for Eq. (C.13) is

\/[N3]torKdlSS [Ns tothm /A \/N3]thdm [N3] tothlSS /A — \/N3 thdm 1+ /A \/ thdm (a- \/Z) (C.19)

By including Eq. (C.17), we have

[M] _ \3/3 [ wthz.ss 1+ \/_ tO[KdlSS (1 - \/Z) _ 3[N23]mt |:\3/K;B5(1 + \/Z) + \3/K'd’m(1 - \/Z)J _ 3[Nz3]tat.M’ (C.20)

23 23

where M indicates the contents enclosed by brackets.
At last, by replacing Kg;s and [M] according to Egs. (C.17) and (C.20), respectively, the partition function Q in Eq. (C.12) becomes

Kdiss 4 Kdisst

—14 (C.21)
T
noting that the [Ns],, terms are mutually deleted, whereas the population fractions fam, fu, and fp are obtained as
1 K, K, Ky
ot = fu= 05 f = s (C.22)
Q (M)*Q (M)*Q

17
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and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as
ARH
3

For this specific model, Ty, AH", T;, and A4H’ are the fitting parameters gathered under the M’ term, and there is no dependence on protein
concentration (please note that each grouping under symbols is free from the total protein concentration term).

AH(T) = fur-AaisHE + fo- (AgissH + AH') with AgH' = (C.23)

i) N, & amM & ap

The partition function Q is given by Eq. (26) and becomes for n = 4

Kaiss | KaissKa
4mP - amp?

Q=1+ (C.24)

The [M] term can be determined by merging the mass balance equation and the corresponding relation for the equilibrium constant under the
approximation of equality between the thermodynamic activities and the related molar concentration terms, that finally provides Eq. (C.2). Forn =4,
Eq. (C.2) becomes

4

diss

[M]* + (1+Kg)[M] — 4[N4],,, =0 (C.25)

tot —
Being Eq. (C.25) a fourth-order equation, we can consider that, among the four solutions available, the only valid analytical solution for the generic
ax* +bx® + cx? + dx + e = 0 (a # 0) is given by Eq. (B.30).
Knowing that K; depends on temperature according to Eq. (C.5), and that Ky;; temperature-dependence is given by
AHH (1 1 , 1 , Y
R (Tdm - 7‘)} = Kaiss (Taiss) Kiss = 32[N4]?mm'l<dm = 32[Nu5, K i (C.26)

Kdm(T) = Kdiss(Tdm)'eXp |:

diss — des/[l + Kd(Tdiss)]4
term, gathered for the sake of simplicity, all the terms p, S, Z, Ao, q, and s for Eq.( C.25) (each defined by Egs. (B.31) to (B.36), respectively) can be
calculated:

where Kss(Taiss) is substituted according to Eq. (A.10) for n = 4, K, _ is defined as the exponential term of Eq. (C.26), and K,

o 27(1 +Ky)*
 8INAJ Ky,

tot

(C.27)

6

_ ' (C.28)
[N 4]fo£Kdiss

q:

2

N LY R0 S {27(1+Kd)2r+4< 6 )3 _ 1 s feask)? 1 {27(1+Kd)2] S G Y .29
’ 2 8[N4]3 Kdtss 8[N4]t30tK;i.ss [N"]tZath;iss [N4]f0t 2 8K(ilss Ktélss 8 Kt;LSS [N4]mf °

tot

S = 8[NyJ;, Ky (1 +Ka) (C.30)

1 Kdm< 1. 6 ) 1 [8K, < 6 )
Z== Ay — —— ) = Nulyes iss (( Ay — ———) = [Nl o Z (C.31)
2\/34 [N4]tot ’ [N4]to[KdissAO [ 4]t[2 3 ’ dissAO [ 4]t[

noting that the term p in Eq. (B.31) is null, and that A, and Z symbols are included in Eq. (C.29) and Eq. (C.31), respectively, for simplification
purposes.
By collecting all the terms obtained above, we can calculate the solution for Eq. (C.25) from Eq. (B.30)

-7+ \/_(Z)2 + 2Kdiss(;,+Kd) _ [N4]

M) = x= ~[Ni], Z +§\/ a2y oK)y oM ©32)

where M indicates the contents enclosed by brackets.
Hence, by replacing Ky;s and [M] according to Egs. (C.26) and (C.32), respectively, the partition function Q in Eq. (C.24) becomes

SK;hss + SK;lzsst

—1 4 SRas (C.33)
Ty ey
noting that the [N4],,, terms are mutually deleted, whereas the population fractions fam, fu, and fp are obtained as
1 8K, 8K, Kq
fam == fu= dis s o= i (C.34)
Q (M)*Q (M)*Q

18



D. Fessas and F. Saitta Thermochimica Acta 753 (2025) 180143

and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as
ARH
4

For this specific model, Ty, AH™, T,, and AjH° are the fitting parameters gathered under the M term, and there is no dependence on protein
concentration (please note that each grouping under symbols is free from the total protein concentration term).

AH(T) :fM'AdissH +fD'(AstH + AdH) with AstH =

(C.35)

Appendix D

Derivation of equations for the N, < I, < nD model
Analogously to the cases shown in Appendices B and C, we need to begin from arranging the partition function Q in terms of the lowest number
possible of fitting parameters to obtain the C,(T) curve.

)N, &1, & 9D

The partition function Q is given by Eq. (41) and becomes for n = 2

KK
Q—1+K1+m (D.1)
The [D] term can be determined by merging the mass balance equation (Eq. (A.12)) and the corresponding relation for the equilibrium constant
under the approximation of equality between the thermodynamic activities and the related molar concentration terms (Eq. (36))

N[Np] o = %D}n (K%Jr 1) + D] (D.2)
n(l+K). . _
KT[D] + [D] = n[Ny], =0 (D.3)

that becomes forn = 2

2(1 + K,
TI)[D]Z + [D] - 2[Ny],,, =0 (D.4)
with
1+ /1 +16[N,), 1%
D] = OB KK (D.5)

4(1 +K;)
Considering that K; depends on temperature analogously to Eq. (C.5), the temperature-dependence of K is given by
AR ( 1 1

. E,Tﬂ = K(Taiss)-K = 2[No),,,

1+ Ki(Tiss)
KI(Tdi.ss)

K(T) = K(Td-m)-exp[ K = 2Ny] K 0.6)

where K(Tjs;) is substituted according to Eq. (A.15) for n = 2, K is defined as the exponential term of Eq. (D.6), and K" = K'[1 +K(Tiss)] /Ki(Taiss)
term, gathered for the sake of simplicity.
By replacing K in Eq. (D.5) with Eq. (D.6), we obtain

—1+ /14854

KK

D] = 41+K)

KK (D.7)

and, by gathering the entire fraction under the symbol D,
D] = D'K;K (D.8)
Therefore, the partition function Q from Eq. (D.1) becomes

2[Ny) . KiK' 1
i S b | _— D.
AD[N,] + K+ (D.9)

=1+K,
Q=1+Ki+ KK 2D

tot

noting that the [N3],,, terms are mutually deleted, whereas the population fractions fyawm, fiam, and fp are obtained as

tot

1 K, 1
fNAMza;fIAM:61§fD:m (D-10)

and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as
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AHH

AH(T) :fMM~A1H +fD(A1H +AddH) with AddH = (Dl].)

For this specific model, T; (defined similarly to the denaturation temperature T, for a simple N < D equilibrium), A;H’, Ty, and AHY are the fitting
parameters gathered under the D' term, and there is no dependence on protein concentration (please note that each grouping under symbols, namely
K, K’, and D, is free from the total protein concentration term).

i) N &1, &3D

The partition function Q is given by Eq. (41) and becomes for n = 3

KK
Stk K (.12)
Q= 3P
The [D] term can be determined by merging the mass balance equation (Egs. (A.12) and (D.3)) and the corresponding relation for the equilibrium
constant under the approximation of equality between the thermodynamic activities and the related molar concentration terms (Eq. (36)). Forn = 3,
Eq. (D.3) becomes
3(1 +K,
( XK I)[D]3 + [D] _ 3[N3L0t =0 (D.13)
Being Eq. (D.13) a third-order equation, we can consider that the analytical solution for the generic ax® + bx? + cx + d = 0 (a # 0) is given by Eq.
(B.14). Similarly to the case reported in Appendix B.ii, for Eq. (D.13), the p, g, and v/A terms (the latter directly considered as square root for con-
venience) defined by Egs. (B.15), (B.16), and (B.17), respectively, can be written as

1 KK

- D.14
31+K; ( )
KK
—[N,] /1 D.1
[ 3][0[1 +K; ( 5)
KK [N3]wt KK
=— D.16
Va=Tir\ 4 +2721+K1 (D.16)
Considering that K; depends on temperature analogously to Eq. (C.5), and that K temperature-dependence is given by
AR (11 27 1 4 Ki(Taiee)
K(T) = K(Tdiss)‘exp{ R <Tdm - f)} K(Tgss)-K = [Nx]itﬁ K = 7[N3]tot (D-17)

where K(Ty;;s) is substituted according to Eq. (A.15) for n = 3, K is defined as the exponential term of Eq. (D.17), and K" = K'[1 +K(Taiss)] /Ki(Taiss)
term, gathered for the sake of simplicity, Eq. (D.16) can be further simplified by including Eq. (D.17):

_ KK N3l 3K (Ko \ _[Nsl (KK L KK [Ny (KK (D.18)
(i ) P () B () e ()

T1+K 274 \1+K; 2 1+K; 27 \1+K; 2 1+K;

with A’ indicating the radicand for simplicity.
Therefore, the analytical solution for Eq. (D.13) is

- (P () P () 5 () P ()
_ \/[N;]m (1K+I§<> VA - \/[N3 1111;1)(17@) (D.19)

By including Eq. (D.17), we have

3 3 3 ! ! 1 ’ 3 1 } I- ’ ’
[D] — \/3 [Nglth (1 +K[> + \/_ \/ 23totK ( K )(1 _ \/X) — 3[N3]tot |:\/ KK 1 + \/_ KK 1 _ \/Z) — 3[1\;3]101?.1)

1+K 2 1+ K, 1 K,
(D.20)
where D' indicates the contents enclosed by brackets.
At last, by replacing K and [D] according to Egs. (D.17) and (D.20), respectively, the partition function Q in Eq. (D.12) becomes
KK’
Q=1+K +- (D.21)
(D)*

noting that the [N3],,, terms are mutually deleted, whereas the population fractions fyam, fiam, and fp are obtained as
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1 K; KK
Sram = 6 fam = 6; fo= Wz (D.22)
and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as
. AR
AH(T) = fian-AtH + fp- (A + AgqH') with AgqH' = (D.23)

For this specific model, T; (defined similarly to the denaturation temperature T, for a simple N < D equilibrium), A;H, Ty, and AHY are the fitting
parameters gathered under the D' term, and there is no dependence on protein concentration (please note that each grouping under symbols, namely
K, K, and D), is free from the total protein concentration term).

i) Ny &1, 54D

The partition function Q is given by Eq. (41) and becomes for n = 4
KK

=1
Q=1+K; +4[D]3

(D.24)

The [D] term can be determined by merging the mass balance equation and the corresponding relation for the equilibrium constant under the
approximation of equality between the thermodynamic activities and the related molar concentration terms, that finally provides Eq. (D.3). Forn =4,
Eq. (D.3) becomes

41+ K))

i IDI* + (D] — 4[N

wr =0 (D.25)
Being Eq. (D.25) a fourth-order equation, we can consider that, among the four solutions available, the only valid analytical solution for the generic
ax* + bx® + cx?> + dx + e = 0 (a # 0) is given by Eq. (B.30).
Knowing that K; depends on temperature analogously to Eq. (C.5), and that K temperature-dependence is given by

AHVH( 1 1 3 1+ Ki(Taiss)

R Tais - 7—-):| = K(Tdiss)'K = 32[N4Lat KI(TdLss)

K = 32[N,)3 K’ (D.26)

tot”

K(T) = K(Tg)xp [

where K(Tg;;) is substituted according to Eq. (A.15) for n = 4, K’ is defined as the exponential term of Eq. (D.26), and K}, ; = K'[1 +K;i(Taiss)] /Ki(Taiss)
term, gathered for the sake of simplicity, all the terms p, S, Z, A, g, and s for Eq. (D.25) (each defined by Egs. (B.31) to (B.36), respectively) can be

calculated:

e (58)
q= f[Nf]?m (}T;’) (D.28)
oo () o (o) e G i) [ () () i o
S =8[NJJ3, (%KK) (D.30)
o (o) - S ()] - e

noting that the term p in Eq. (B.31) is null, and that A, and Z' symbols are included in Eq. (D.29) and Eq. (D.31), respectively, for simplification
purposes.
By collecting all the terms obtained above, we can calculate the solution for Eq. (D.25) from Eq. (B.30)

2 2 (KK
_Z+\/—(Z) +Z<1+K[>

D = x = ~[NiJuZ + \/ a2+ S () — e

= [N4]wt.p’ (D.32)

where D' indicates the contents enclosed by brackets.
Hence, by replacing K and [D] according to Egs. (D.26) and (D.32), respectively, the partition function Q in Eq. (D.24) becomes
8K;K'

=1+K,
Q + 1+(D)3

(D.33)

noting that the [N4],,, terms are mutually deleted, whereas the population fractions fyam, fiam, and fp are obtained as
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K, 8KK

1
fram = 6 fiam = Q' fo= (D)3Q (D.34)
and the temperature-dependent enthalpy variation involved in the process, expressed per mole of monomer, is obtained as
. AR
AH(T) = fian-AtH + fp- (A + AgqH') with AgqH' = (D.35)

For this specific model, T; (defined similarly to the denaturation temperature T, for a simple N « D equilibrium), A;H’, Tys, and AHY are the fitting
parameters gathered under the D' term, and there is no dependence on protein concentration (please note that each grouping under symbols, namely
K, K’, and D, is free from the total protein concentration term).

Appendix E

Obtaining the theoretical C,(T) from the models’ solutions on a spreadsheet
As emerges from Appendices B, C, and D, the development of the models always allows to achieve very specific expressions for the AH(T) function
that finally include all the fitting parameters needed. Hence, the temperature-derivative of AH(T) function

dAH(T)

CP(T) = dT

(E.1)

provides the theoretical C,(T) curve for the fitting of the experimental DSC thermograms.

If for the simplest case of a monomeric protein denaturation equilibrium the development of the derivative in Eq. (E.1) can produce the explicit
Cp(T) function straightforwardly [30,31], the same procedure applied to the equations determined above might be unnecessarily troublesome.
Consequently, it is more practical to obtain the C,(T) function by numerical derivation of the AH(T) function either by means of a suitable software or
alternatively through the simple general equation for x;,y; columns on a spreadsheet

dy(x) Y1 — Vi

X X — X (E.2)
In other words, the graphical representation of the theoretical C,(T) profile can be obtained through
AH(T) AH(T),,,; — AH(T),
CP(T) — d ( ) — ( )1+1 ( )1 (E3)

dr Tin—T;

being careful to set the T column with small temperature steps (for instance, with AT steps no wider than 0.1 K).

Such a theoretical representation can thus be compared to the experimental data, that need to be represented in terms of C;(T) (normalized per
mole of protein monomer and in excess with respect to the native state), a physical quantity that is the result of raw data treatments. In this context, it
is worth recalling that a raw calorimetric signal may be shown as Heat Flow (HF) or Power (P) depending on the calorimeter type used (but always
reporting the difference of the heat flow between the sample and the reference cells). In any case, the calorimetric signal is just

dQ

signal = HF (or P) = dt (E.4)

with Q as heat and t as time, whose unit is a multiple or submultiple of Watt if Q is expressed in Joules and t is expressed in seconds.

Considering that Q corresponds to the thermodynamic state function enthalpy H when at constant pressure (dQ = dH), by multiplying the signal by
the conversion factor f = 1/(f-n), where g = dT/dt is the scanning rate of the DSC measurement considered and n is the number of monomer moles,
HF can be easily converted into an apparent specific heat capacity at constant pressure, C;”

11 dHd1 ©s)

pn dtdTn °

In turn, C;** can be obtained from C by coherent baseline subtraction. This procedure is crucial for any globular protein (both monomeric and
multimeric) thermal denaturation experiment, and literature reports many works related, including ours devoted to this issue. In particular, for the
experiments shown in this work, we followed the procedure proposed and described in details in our previous works [30,36]. Briefly, the subtraction
of a first baseline obtained from buffer-buffer experiment is recommended. Concerning the treatment of pre-/post-denaturation region, criteria for a
proper baseline choice are discussed to detect the onset/offset temperatures of the thermal transition as well as to obtain the overall intrinsic heat
capacity drop A4C, between the native and final denatured state.

As a matter of fact, the A4C, is often too small compared to the calorimetric denaturation peak. Hence, in spite of precautions, it may be affected by
rather large errors during baseline treatment that might compromise the theoretical modelling even further. For this reason, a third sigmoidal baseline
is used, throughout the peak temperature range, that distributes the C,(Ty) — C,(T;) difference according to the evolution (degree of advancement) of
the calorimetric peak. We observed that this procedure reduces the potential error of the A;C, value and produces only almost negligible effects on the
profile of the final experimental the C;(T) curve to be used for the fitting procedure of the theoretical models.

We may say that when dealing with multiple protein thermal events, such as protein dissociation and denaturation, recovering information on the
A4C, drop distribution for each event is possible for each model only after obtaining the species fractions if simple additivity can be assumed to obtain
the overall A4C, drop. However, the A;C, depends on entropic factors as well as on the accessible surface area to the solvent, and additivity is not
guaranteed. These details depend on the peculiar system and cannot be generalized. This is the second reason (to be added to the experimental
uncertainty) that the A4C, is not further exploited in this work (this is almost the case also for many theoretical models for monomers).
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