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The ability to measure the thermodynamic stability of proteins with precision is important for both
academic and applied research. Such measurements rely on mathematical models of the protein dena-
turation profile, i.e. the relation between a global protein signal, corresponding to the folding states in
equilibrium, and the variable value of a denaturing agent, either heat or a chemical molecule, e.g. urea or
guanidinium hydrochloride. In turn, such models rely on a handful of physical laws: the laws of mass

Keywdrds: action and conservation, the law that relates the protein signal and concentration, and the one that
Equénon. . relates stability and denaturant value. So far, equations have been derived mainly for the denaturation
Intermediate folding state . . . . . . . .
Measurement profiles of homomeric proteins. Here, we review the underlying basic physical laws and show in detail
Mutation how to derive model equations for the unfolding equilibria of homomeric or heteromeric proteins up to
Protein stability trimers and potentially tetramers, with or without folding intermediates, and give full demonstrations.
Review We show that such equations cannot be derived for pentamers or higher oligomers except in special
degenerate cases. We expand the method to signals that do not correspond to extensive protein prop-
erties. We review and expand methods for uncovering hidden intermediates of unfolding. Finally, we
review methods for comparing and interpreting the thermodynamic parameters that derive from sta-
bility measurements for cognate wild-type and mutant proteins. This work should provide a robust

theoretical basis for measuring the stability of complex proteins.
© 2015 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

Contents

1. Introduction . . .. 30
2. Chemicals and heat as protem denaturants . 30
3. Equation of equilibrium, laws of mass action and conservatlon .......................................................................... 30
4. Molar fractions ......... PP X |
5. Variation of the free energyw1th the concentratlon ofchemlcal denaturant AP PP | |
6. Variation of free energy With temMPeratUure ... ........iu ittt ettt ettt e ettt i e ettt ittt e e et eie i 31
7. Evaluation of ACp and M ... e 31
8. Intensive and eXLeNSIVE SIZMALS .. .. ....utntite ittt ettt et e ettt ettt e e e e e e, 32
9. Contribution of the SOIVENL . . .. ...ttt ettt e e e e e e e e e 32
10.  Equation of the signal .. ..32
11.  Pre- andposttran51tlons PP 1)
12.  General procedure for derwmg ﬁttmg equatlons ...................................................................................... 33
13. [Initial values for the fitting equation .. PG
14. Main thermodynamic parameters and functlons deduced from the equatlon ﬁttmg PP
15.  Special case: proteins unfolding according to a two-state MeChaniSIT .. .......ouuutren ettt ettt e et et ie e ieeineneennennennae.. 34
16.  Scope of the theoretical equations .. NP 7
17. Intensive signal: Amaxmﬂuorescencespectroscopy PP 7

E-mail address: hugues.bedouelle@pasteur.fr.

http://dx.doi.org/10.1016/j.biochi.2015.11.013
0300-9084/© 2015 Elsevier B.V. and Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.


Delta:1_given name
mailto:hugues.bedouelle@pasteur.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biochi.2015.11.013&domain=pdf
www.sciencedirect.com/science/journal/03009084
http://www.elsevier.com/locate/biochi
http://dx.doi.org/10.1016/j.biochi.2015.11.013
http://dx.doi.org/10.1016/j.biochi.2015.11.013
http://dx.doi.org/10.1016/j.biochi.2015.11.013

30 H. Bedouelle / Biochimie 121 (2016) 29—37

18. Intensive signal: partition coefficient in fast size-exclusion chromatography ..............coiiiiiiiiiiiiiiii i ittt 34
19. Detecting intermediates with phase diagrams ... .........oiiiiiit ittt it ettt bttt ittt ettt 35
20. Mutational study of proteins: contributions of cooperativity and resistance to denaturation .................coiiiiiiieineenenennanaan... 35
21.  Mutational study of proteins: additivity, Synergy, antagomniSIT .. ... .....euuneeterereneeeenenteeenenane e eeeeeeeeeeeneeinenneeneenaenn.. 36
D2 €10 s o L1 10 1P 36
N1 Lo) W o3 Tl 03 1<) 0 L P 1
Ve €0 01717 T=Ta Fq ' U] Y P |
Y U05)0) (3 10 T<) 1 L Y« = PP 1 ¢
S (] (<) 1 Lo PP |

1. Introduction

The possibility of measuring the stability of proteins with pre-
cision finds many applications in fundamental and applied
research. It has allowed one to understand and quantify the forces
that contribute to the conformational stability of proteins in their
aqueous environment, and the effects of sequence changes on this
stability [1,2]. The data on the stability of proteins and their mu-
tants are important to develop reliable energy functions for pro-
teins [3,4]. These force fields are used in algorithms to predict the
structure or docking of proteins, and to design new proteins and
stabilizing changes. The precise measurement of stability is also
important to understand and describe the unfolding and folding of
proteins at atomic resolution, by a combination of experimental
and theoretical approaches, i.e. the analysis of the ® values and
molecular dynamics [5].

By definition, the conformational stability AG of a protein is
equal to the variation of free energy between its native and
unfolded states. It can be deduced from the constant of equilibrium
between these two conformational states, and thus from the
measurement of concentrations. The stability depends on the
physico-chemical conditions and must therefore be given in stan-
dard conditions, e.g. AG(H,0) in aqueous buffer at 20 °C. The con-
centration of the unfolded state is usually very low in physiological
conditions; therefore the values of the stability are measured in
variable physico-chemical conditions and extrapolated to the
standard conditions. A physical quantity that is sensitive to the
conformational state of the protein, is used for the measurement of
concentrations. Likewise, the difference of stability between two
folding states of a protein is equal to the variation of free energy
between these two states.

Excellent reviews on theoretical and practical aspects of
measuring protein stability have been published recently [6—8] and
the aim of the present paper is not to duplicate them. Rather, it
focuses on the derivation of the equations that are necessary to
quantify stability from experimental data, from a handful of basic
physical laws and principles. It shows that a rigorous process for
deriving such equations enables one to expand the scope of the
proteins that can be studied quantitatively, and allows one to define
new meaningful protein parameters. More specifically:

1) Ireview the improvements that have been made over the years
to the equations that are used to deduce thermodynamic pa-
rameters of protein stability from unfolding equilibria, induced
with denaturants.

2) Some of these improvements have been made to replace
empirical parameters with intrinsic protein parameters, i.e.
parameters that are specific to the protein and independent of
the measuring device.

3) Up to now, equations have been published mainly for mono-
meric, homodimeric and homotrimeric proteins, although there
is at least one report of equations for a heterodimeric protein [9].

I show that one can deduce the equations necessary to measure
the stability of a large variety of proteins, from monomers to
heterotrimers and tetramers, using a small set of principles.

4) 1 mention the intrinsic mathematical limitations of these
methods.

5) The equations that have been derived to measure the stability of
proteins, are only valid when the unfolding equilibria are
monitored with a signal that correspond to an extensive prop-
erty of the protein under study, e.g. the intensity of fluorescence
emission at a given wavelength. I show how these equations can
also be used when the unfolding equilibria are monitored with
such intensive properties as the wavelength Apnax of maximal
fluorescence emission or the mean partition coefficient in size
exclusion chromatography.

6) I review a method that enables one to determine whether a
monomeric protein unfolds according to a two state mechanism
or with an unfolding intermediate, and extend it to other classes
of proteins.

7) Finally I review the equations that allow one to determine the
respective contributions of the resistance to denaturation and
cooperativity of unfolding to the stability of proteins, and the
questions of additivity, synergy or antagonism of multiple mu-
tations on protein stability.

Only the general principles are presented in the main part of this
paper. Their application to the derivation of fitting equations for
different species of proteins is developed in the Supplementary
Informations. Table 1 lists the different cases that are considered.

2. Chemicals and heat as protein denaturants

Many chemicals can be used as protein denaturants. The two
chemical denaturants that are most often used, are urea and gua-
nidinium hydrochloride (GdmCl). Urea is considered to give more
reliable stability measurements than GdmCl [10]. However, some
proteins are not fully denatured in 8 M urea and therefore GdmCl is
used in such cases, as it is a stronger denaturant than urea. It is
often assumed that the stabilities of proteins, measured with either
urea or GdmCl as denaturant, should be the same [11]. However,
this assumption is erroneous. GdmCl is charged whereas urea is
uncharged. The ionic nature of GdmCl can mask electrostatic in-
teractions in proteins, a phenomenon that is absent when the un-
charged urea is used. Thus, GdmCI and urea denaturations may give
vastly different estimates of protein stability, depending on how
important electrostatic interactions are to the protein stability [12].
Heat is another widely used denaturant.

3. Equation of equilibrium, laws of mass action and
conservation

The first equations that one should write, are the equation of the
equilibria under study, which defines the stoechiometries of the
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