






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Principles and equations for measuring and ... - Hugues Bedouelle

how to derive model equations for the unfolding equilibria of homomeric or heteromeric ..... tion of a quadratic equation whose coefficients depend only on the. 

















 Télécharger le PDF 






 312KB taille
 12 téléchargements
 374 vues






 commentaire





 Report
























Biochimie 121 (2016) 29e37



Contents lists available at ScienceDirect



Biochimie journal homepage: www.elsevier.com/locate/biochi



Review



Principles and equations for measuring and interpreting protein stability: From monomer to tetramer Hugues Bedouelle Institut Pasteur, 28 rue Docteur Roux, 75724, Paris Cedex 15, France



a r t i c l e i n f o



a b s t r a c t



Article history: Received 4 August 2015 Accepted 17 November 2015 Available online xxx



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 denaturation 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 action and conservation, the law that relates the protein signal and concentration, and the one that relates stability and denaturant value. So far, equations have been derived mainly for the denaturation proﬁles of homomeric proteins. Here, we review the underlying basic physical laws and show in detail how to derive model equations for the unfolding equilibria of homomeric or heteromeric proteins up to trimers and potentially tetramers, with or without folding intermediates, and give full demonstrations. 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 properties. 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 stability measurements for cognate wild-type and mutant proteins. This work should provide a robust theoretical basis for measuring the stability of complex proteins.  te  Française de Biochimie et Biologie Mole culaire (SFBBM). All rights © 2015 Elsevier B.V. and Socie reserved.
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1. Introduction The possibility of measuring the stability of proteins with precision 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 mutants are important to develop reliable energy functions for proteins [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 F values and molecular dynamics [5]. By deﬁnition, the conformational stability DG 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 standard conditions, e.g. DG(H2O) in aqueous buffer at 20  C. The concentration 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 [6e8] 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) I review the improvements that have been made over the years to the equations that are used to deduce thermodynamic parameters 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 monomeric, homodimeric and homotrimeric proteins, although there is at least one report of equations for a heterodimeric protein [9].



4) 5)



6)



7)



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. I mention the intrinsic mathematical limitations of these methods. 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 property 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 lmax of maximal ﬂuorescence emission or the mean partition coefﬁcient in size exclusion chromatography. 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. 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 mutations 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 guanidinium 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 interactions in proteins, a phenomenon that is absent when the uncharged urea is used. Thus, GdmCl 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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Protomers



States



Intermediates



Denaturant



Monomer Monomer Monomer Monomer Homodimer Homodimer Homodimer Homodimer Homodimer Homodimer Homodimer Heterodimer Heterodimer Heterodimer Homotrimer Homotrimer Homotrimer Heterotrimer Heterotrimer Heterotrimer Heterotrimer



A A A A A2 A2 A2 A2 A2 A2 A2 AB AB AB A3 A3 A3 ABC ABC AB2 AB2



2 3 4 2þp 2 3 3 4 4 4 2þpþq 2 3 3 2 3 3 2 3 2 3



none 1 monomer 2 monomers p monomers none 1 dimer 1 monomer 1 dimer þ1 monomer 2 monomers 2 dimers p dimers þ q monomers none 1 heterodimer 1 protomer none 1 trimer 1 monomer none 1 trimer none 1 trimer



Chem, Chem, Chem Chem Chem, Chem, Chem, Chem Chem Chem Chem Chem, Chem, Chem Chem, Chem Chem Chem, Chem Chem, Chem



Heat Heat



Heat Heat Heat



31



Therefore, the cube of a molar fraction can be expressed as a linear function of itself (see Supplementary Informations). 5. Variation of the free energy with the concentration of chemical denaturant Different equations are used to describe the variation of the free energy DG(x) between two folding states as a function of the concentration x of chemical denaturant. These methods have been discussed elsewhere [13e17]. Here, I have used the linear extrapolation method for simplicity (reviewed in Ref. [10]):



DGðxÞ ¼ RT ln½KðxÞ ¼ DGðH2 OÞ  mx Heat Heat Heat



Heat



(1)



where R is the gas constant, T is the temperature (K) of the experiment, K is the equilibrium constant between the two folding states, and m is named cooperativity coefﬁcient. Moreover, I have used similar linear extrapolation methods for the variations of free energy between the different states of a protein, when intermediate states of unfolding exist.



Heat



6. Variation of free energy with temperature



a



The columns give the polymeric nature of the studied protein, the number and types (A, B or C) of the protomers, the number of different folding states, the nature of the intermediate states, and the nature of the denaturant, either a chemical molecule (Chem) of heat. See the Supplementary Informations for the full demonstration and description of the ﬁtting equations.



different protein species; the law of mass action, which deﬁnes the constants of the unfolding equilibria; and the law of mass conservation. The concentrations of the different protein species that are in equilibrium, are generally expressed as molar fractions (see below). The number of equilibrium constants is equal to the number of protein species minus one. Therefore, the number of independent equations that is provided by these laws is equal to the number of protein species and thus to the number of molar fractions. Thus, it is theoretically possible to solve this system of equations and obtain expressions of the molar fractions as functions of the equilibrium constants at least for the proteins whose quaternary structure goes from monomer to tetramer (see below for the theoretical limitations on the quaternary structures). The equilibrium constants and therefore molar fractions are themselves functions of the denaturant value x, i.e. the concentration of a chemical denaturant or temperature.



4. Molar fractions Many authors deﬁne the total concentration of protein as that of the protein protomer. It seems more appropriate to deﬁne the total concentration C of protein as that of the native protein in its quaternary structure since it is this concentration that is measured, often by absorption spectrometry. In all the cases that I examined, the molar fractions can be expressed as linear functions of one of them. This observation is obvious for two state systems since fn þ fu ¼ 1, where fn is the molar fraction of the native state N and fu, that of the unfolded state U. For monomeric proteins, it results from the fact that all the equilibrium equations are of the ﬁrst degree with respect to the molar fractions. For homo- or hetero-dimeric proteins, it results from the fact that each molar fraction is solution of a quadratic equation whose coefﬁcients depend only on the equilibrium constants between the different states. Therefore, the square of a molar fraction can be expressed as a linear function of itself. For the homo- and hetero-trimers, each molar fraction is solution of a cubic equation that lacks a term a degree two.



The Gibbs-Helmholtz (G-H) equation assumes that DCp ¼ Cp,U e Cp,N is constant with temperature, where Cp,N and Cp,U are the heat capacities of the folded and unfolded states of a protein at constant pressure, respectively:



DGðTÞ ¼ RT ln½KðTÞ ¼ DHm ð1  T=Tm Þ  DCp ½ðTm  TÞ þ T lnðT=Tm Þ



(2)



where Tm is the temperature at which DG(T) ¼ 0; DHm, the variation of enthalpy between the two considered states at Tm; and DCp the variation of caloriﬁc capacity between the two states. The G-H equation can be derived in two ways: (i) from dH ¼ CpdT at constant pressure and the Van't Hoff equation d(lnK)/d(1/T) ¼ DH/R [18]; or (ii) from dH ¼ CpdT at constant pressure, dS ¼ CpdT/T at constant pressure, G ¼ H e TS and DG ¼ RTlnK [19,20]. I have used the G-H equation for the variations of free energy between the different states of a protein, in particular when intermediate states of unfolding exist. 7. Evaluation of DCp and m Differential Scanning Calorimetry (DSC) can be used to characterize protein stability [21]. It provides the value of the molar heat capacity Cp of a protein (in J K1 M1) as a function of temperature T at constant pressure. As a consequence, this method provides the variation DCp ¼ Cp,U  Cp,N of the Cp value between the native state N (at temperature T1) and the unfolded state U (at temperature T2) of a protein. Using the expressions of the ﬁrst and second laws of thermodynamics, it also provides the variation of enthalpy DH ¼ HU e HN and the variation of entropy DS ¼ SU e SN between these two states through the following equations dH ¼ CpdT and dS ¼ (Cp/T)dT. Therefore:



ZT2 DH ¼



ZT2 Cp dT and DS ¼



T1



   Cp T dT



(3)



T1



The value of DCp can also be determined experimentally by measuring the stability DG(H2O) of a protein at different temperatures, as described in paragraph 15 below. Moreover, several methods have been described to predict the value of DCp [22e24] and m [24]. These methods have been experimentally evaluated
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in a number of studies [6,25e27]. 8. Intensive and extensive signals Most often, the signal that is chosen to monitor the unfolding equilibria corresponds to an extensive property of the protein states, i.e. one that is proportional to the amount of material in the system, e.g. the intrinsic ﬂuorescence intensity at given excitation and emission wavelengths [28]. However, signals that correspond to intensive properties, i.e. that do not depend on the system size or the amount of material in the system, e.g. the wavelength of maximal ﬂuorescence emission lmax or the mean partition coefﬁcient Kav of a protein in fast size exclusion chromatography [29e32] have also been used. The ellipticity in circular dichroism can be used for a two-state unfolding but precautions must be taken when intermediates of unfolding are present [33]. The ﬂuorescences of the tryptophan and tyrosine residues are sensitive to their electronic environment. Therefore, the intrinsic ﬂuorescence of proteins is widely used to measure the concentrations of their different molecular states in a reaction of unfolding. Only very small concentrations of protein are needed, which minimizes protein aggregation. Useful ﬂuorescence signals are the intensity Y of the emitted light, and the wavelength lmax at which this intensity is maximal. The Y signal is an extensive property of a protein because it depends only on the light absorbed by the molecules and on their quantum yields of ﬂuorescence (emitted photons/absorbed photons). In contrast, there is no simple law for the composition of the lmax signals. 9. Contribution of the solvent When the signal corresponds to an extensive property of the protein under study, the global signal Yt(x) of the equilibrium mixture can be decomposed into the protein signal Y(x) and the solvent signal Yd(x), where x is the value of the denaturant:



Yt ðxÞ ¼ YðxÞ þ Yd ðxÞ



10. Equation of the signal The simplest way of writing the equation of the signal when the protein under study is homomeric and the signal is an extensive property of this protein, is the following:



X j



h i Yj Ij þ Yu ½U þ Yd ðxÞ; j ¼ 1; …; p



Y ðxÞ ¼ Yn ½N þ



X



h i Yj Ij þ Yu ½U; j ¼ 1; …; p



(5)



j



Similar equations can be written for heteromeric proteins, except that the unfolded state is a collection of the unfolded states of the different protomers (see Supplementary Informations). Equation (5) is transformed subsequently by using the relations between the concentrations and molar fractions fn, fj and fu of the different protein folding states. When the molar signals are deﬁned in this way, one can directly compare them between the different protein states, whatever their oligomeric nature, and thus derive informations on the environment of the ﬂuorescent amino-acid residues. Many authors write the equation of the signal as:



Y ¼ Yn fn þ



X



Yj fj þ Yu fu ; j ¼ 1; …; p



(6)



j



where fn, fj and fu are molar fractions; and Yn, Yj and Yu are now deﬁned as the “respective” signals of the different protein folding states [34,35]. However, these “respective” signals are not molar signals since they include a concentration factor in general and a stoechiometric factor in the case of oligomeric proteins. The use of intrinsic and immediately signiﬁcant parameters has the added advantage that one obtains directly their values and standard errors in the ﬁtting of the resulting equation to the experimental data.



11. Pre- and post-transitions



As the solvent signal can be measured in separate experiments, one can deduce the protein signal by subtraction. When the signal corresponds to an intensive property, a more careful analysis is required. For example, if the signal is the wavelength of maximal ﬂuorescence intensity lmax(x) for a set wavelength of excitation light, one starts by establishing the global spectrum Yt(l, x) of the equilibrium mixture for each value x of the denaturant, where the ﬂuorescence intensity is recorded at varying wavelengths l. As the ﬂuorescence intensity is an extensive property, the spectrum of the protein Y(l, x), and thus lmax, is deduced by subtracting the spectrum of the solvent Yd(l, x), measured in a separate experiment, from the global spectrum Yt(l, x). If the signal is the partition coefﬁcient Kav(x), the total volume Vt(x) and the void volume V0(x) should be measured for each value of x. In practice, one considers that the void volume is constant when x varies and the total volume is measured by adding a small molecule, e.g. ATP, in each equilibrium mixture.



Yt ðxÞ ¼ Yn ½N þ



P where N, Ij and U are folding states, the summation j is on j ¼ 1, …, p; Yt(x) is the global signal of the unfolding mixture; Yn, Yj and Yu are the molar signals of the different protein states; Yd(x) is the signal of the solvent; and [N], [Ij] and [U] are concentrations and functions of x, i.e. the value of the denaturating agent. The signal of the solvent alone is generally measured in a separate experiment, and only the protein signal Y(x) is considered:



(4)



The signal that is used to monitor the unfolding equilibria, generally varies in the pre- and post-transition regions, i.e. at the concentrations of denaturant for which the protein is either in native state or in unfolded state. These variations can be represented by linear relations between the molar signals Yn and Yu of the protein and the value x of the denaturing agent, and extended into the region of transition [11]:



Yn ¼ yn þ mn x; Yu ¼ yu þ mu x



(7)



As the signal Y may depend on the equipment or its set up, I found appropriate to deﬁne parameters, hn, nu ¼ yu/yn and hu, that are intrinsic to the protein:



Yn ¼ yn ð1 þ hn xÞ; Yu ¼ yn nu ð1 þ hu xÞ



(8)



Control experiments have shown that such linear relations do exist between either free tryptophan or N-acetyl-L-tryptophanamide and the concentration x of urea or GdmCl in solution, and that the slope hW,urea is much larger than hW,GdmCl, which is negligible [28,32,36,37]. The parameter yn can either be considered as unknown or determined from the measured value of the signal Y(0) ¼ CYn ¼ Cyn in the absence of denaturant, where C is the total concentration of protein. When x is temperature T, yn and yu are the molar signals of the protein states N and U at 0 K, and thus impossible to measure directly. Therefore, one may replace Eq. (8) by the following equation:
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Yn ðxÞ ¼ yn ½1 þ hn ðx  x0 Þ; Yu ¼ yn nu ½1 þ hu ðx  x0 Þ



(9)



where x0 is ﬁxed and chosen in the transition region of the unfolding proﬁle, and yn and yu ¼ ynnu are the molar signals of the N and U states at x0. In some instances, the variation of Y(x) for the low and high values of x may be better approximated by an exponential function of low curvature (large radius of curvature) in the transition region:



Yn ðxÞ ¼ yn exp½hn ðx0  xÞ; Yu ðxÞ ¼ yn nu exp½hu ðx0  xÞ



(10)



where x0 is again ﬁxed and chosen in the transition region [37]. Note that in all three cases of Eqs. (8)e(10), the variations of Yn and Yu involve three unknown parameters, hn, nu and hu. For proteins that unfold through intermediate states, the molar signal of these intermediates, which exist only for a short range of denaturant values, is assumed to be constant to avoid introducing additional unknown (ﬂoating) parameters:



Yj ðxÞ ¼ nj yn ¼ constant



(11)
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(vi) When the unfolding equilibria are monitored through an extensive protein property, the corresponding signal can be expressed as a linear function of only one molar fraction, the coefﬁcients of which depend on the molar signals of the various folding states, equilibrium constants and total protein concentration C. (vii) The unique molar fraction that is present in the equation of the signal, is replaced by its expression as a function of C and of the equilibrium constants. This expression is given by the solution of the polynomial equation of point iv) above. (viii) Finally, one replaces the equilibrium constants by their expressions as functions of the denaturant value x, obtained from the linear extrapolation method for a chemical molecule (Eq. (1)) or the G-H equation for temperature (Eq. (2)). One thus obtain the equation that is ﬁtted to the experimental values of the signal, measured when the value x of the denaturant varies. Thus, the ﬁtting equation has two different parts: one corresponds to the equation of the equilibrium, and the other one to the equation of the signal. 13. Initial values for the ﬁtting equation



12. General procedure for deriving ﬁtting equations This paragraph describes a general procedure for deriving a ﬁtting equation that relates the measured signal Y to the value x of the denaturing agent, either a chemical molecule or heat. The resulting equation can be adjusted to the experimental values of the signal through ﬂoating parameters that are characteristic of the protein system under study. The procedure follows from the general principles described above. It is exempliﬁed in the Supplementary Informations, for the different protein species of Table 1. (i) The equation that describes the stoechiometry of the different molecular states in equilibrium is written. These states are the native state of the protein, which generally has a deﬁned fold and a minimal energy, one or several folding intermediates, and the unfolded state or collection of unfolded states. (ii) The law of mass action enables one to deﬁne the constants of equilibrium between the different folding states of the protein and their relations with the concentrations of these states. (iii) The law of mass conservation enables one to write one or several relations between the concentrations of the folding states and the total concentration C of the protein under study. The concentrations of the different states are expressed as molar fractions of C. The different molar fractions can be expressed as functions of only one of them by using the deﬁnitions of the equilibrium constants. (iv) The latter expressions of the molar fractions are then introduced into the equation of mass conservation and lead to a polynomial equation in one of them, whose degree is equal to the number of protomers in the protein under study, i.e. ﬁrst degree for a monomer, second degree for a dimer, third degree for a trimer, and so on. The coefﬁcients of such an equation depend on the equilibrium constants and total concentration C of protein. (v) The relations between the molar fractions that are deduced from the law of mass action, are generally of the ﬁrst degree except for the equilibrium that correspond to the dissociation of a multimer into its protomers. However, by using the polynomial equation of point iv) above, one can generally express all the molar fractions as linear functions of only one of them.



The global protein signal Y is equal to CYn in the pre-transition region of the unfolding proﬁle since the totality of the protein is considered to be in state N (Eq. (4)). Therefore, one can determine approximate values of parameters Cyn and hn by restricting the experimental data of Y to the pre-transition region and ﬁtting equation Cyn(1 þ hnx) to them (Eq. (8)). Likewise, Y is equal to CYu in the post-transition region. Therefore, one can determine approximate values of parameters Cynnu and hu by restricting the experimental data of Y to the post-transition region and ﬁtting equation Cynnu(1 þ hux) to them. Initial values for the other ﬂoating parameters may be obtained from well characterized proteins with similar sizes, quaternary structures or states of folding [6,24,38]. In particular, initial values for the parameters of a mutant protein may be taken equal to those for the parental wild type protein. 14. Main thermodynamic parameters and functions deduced from the equation ﬁtting The ﬁtting of the equation that links the global protein signal to the varying value x of the denaturant, provides access to the following thermodynamic parameters. When the denaturant is a chemical molecule, it provides the values of DG(H2O) and m for each equilibrium of the unfolding reaction (eq. (1)). When it is temperature, it provides the values of DG(H2O), Tm and DHm, again for each equilibrium. It is not advisable to consider DCp as a ﬁtting parameter, since a too large number of such parameters prevents the convergence of the ﬁtting algorithm. However, for a protein unfolding through an intermediate (I), one may ﬁx the value of DCp ¼ Cp,U e Cp,N, consider DCp,1 ¼ Cp,I e Cp,N as a ﬂoating parameter, and use the difference DCp e DCp,1 for DCp,2 ¼ Cp,U e Cp,I. The values of the thermodynamic parameters that are obtained through the equation ﬁtting, enable one to express the variations of free energy between the folding states of the protein under study, the equilibrium constants between these states, and the molar fraction of each of these states as functions of the denaturant value x. Plots of these functions can then be drawn. For multimeric proteins, they also enable one to express the molar fractions as functions of the total concentration C of protein in the unfolding reaction. Inversely, these functions give access to the values of x or C for which they take speciﬁc values (see next paragraph for examples). Most ﬁtting softwares can do these inverse calculations
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automatically, e.g. pro Fit (Quantum Soft). 15. Special case: proteins unfolding according to a two-state mechanism For homomeric or heteromeric proteins that unfold according to a two-state mechanism, one is interested in the value x1/2 of the denaturant for which half the number of the protein molecules is unfolded, i.e. fn ¼ fu ¼ 0.5. Let P be a general heteromeric protein with a number s of subunits, a number a1 of type A1 subunits, a2 of type A2, …, aq of type Aq. We have s ¼ a1 þ a2 þ … þ aq. If P unfolds according to a two-state mechanism and the denaturant is a chemical molecule, DG(H2O) can be expressed as a linear function of mx1/2, as demonstrated in the Supplementary Informations:



.   DGðH2 OÞ ¼ mx1=2  RT ln aC s1 2s1



(12)



where a is equal to the product (a1)a1(a2)a2 … (aq)aq; m is the cooperativity coefﬁcient; and C is the total concentration of protein P (in equivalent of its native state). For an homomeric protein with s identical subunits, a ¼ ss, as reported previously [39]. Thus, a is equal to 1 for a monomer, 4 for a homodimer, 1 for a heterodimer, 27 for a homotrimer, 4 for the heterotrimer AB2, and 1 for the heterotrimer ABC. From eq. (1), one can deduce the following expression of the equilibrium constant K:



KðxÞ ¼ expf½mx  DGðH2 OÞ=RTg



(13)



The combination of eqs. (12) and (13) gives:



.  h  . i  RT KðxÞ ¼ aC s1 2s1 exp m x  x1=2



(14)



By using the expression of K in Eq. (14) rather than its expression in Eq. (13), one obtains a ﬁtting equation where DG(H2O) is replaced by x1/2 as a ﬁtting parameter. Usually, the error is lower on x1/2 than on DG(H2O) and an approximate value of x1/2 can be derived from an empirical examination of the denaturation proﬁle. For proteins that are stable over a wide range of temperatures, one can determine their stability DG(H2O) at different temperatures, by using a chemical molecule as a denaturant. The G-H function of Eq. (2) can then be ﬁtted to the experimental values of DG(H2O, T) with DCp, DHm and Tm as ﬁtting parameters, thus providing an additional method to determine the value of DCp experimentally [39]. The expression of the molar fraction fu as a function of T then enables one to deduce the value of T1/2 for half advancement of the unfolding reaction. Moreover, the corresponding values of DG1/2, DH1/2 and DS1/2 can be calculated through Eq. (2), Eq. (3) and DG ¼ DH e TDS, respectively (DCp ¼ Cp,U e Cp,N is assumed to be constant with temperature). 16. Scope of the theoretical equations As the Supplementary Informations show, the derivation of the ﬁtting equations involves the solving of real polynomial equations that are of the same order as the multiplicity of the protein polymer, i.e. ﬁrst degree for a monomer, second degree for a dimer, third degree for a trimer and so on. There are general solutions for real polynomial equations up to the fourth degree but no more for higher degrees (Abel-Rufﬁni's impossibility theorem). The general solution for an equation of the third degree is lengthy and that for an equation of the fourth degree is nearly intractable. Therefore, I will not consider the tetramers here. I have written all the intermediate equations for the trimers and shown that there is a real solution to the third degree polynomial equation involved but I have not written the solution explicitly. I have written the explicit



equations for monomers, dimers and heterodimers. Some of the more complex systems can be reduced to those that are considered in this review. For example, the dissociation equilibrium of a tetramer into two dimers, without any unfolding of the constituent dimers, could be analyzed with the equations for the unfolding equilibrium of a dimer. 17. Intensive signal: lmax in ﬂuorescence spectroscopy The use of the ﬂuorescence intensity Y as a signal to measure the stability of proteins may present difﬁculties. The Y signal is a function of the protein concentration and is therefore sensitive to volumetric errors. The Y signals of the native state N and of the unfolded state U of a protein generally vary with the concentration of denaturant, and Eq. (8) shows that the description of these variations requires additional parameters [11]. The precise determination of these parameters requires a large number of experimental data points and thus large amounts of protein material. The Y signals of states N and U are not always sufﬁciently different for precise measurements ([40e42]. For example, the denaturation of different domains in a protein can lead to variations of Y that compensate each other. The use of the lmax signal avoids many of the above difﬁculties. This signal does not depend on the concentration of protein and increases monotonously during unfolding. The lmax signals of states N and U are often independent of the denaturant concentration [32]. Therefore, the description of an unfolding proﬁle requires less parameters and protein material when it is monitored with lmax, as compared with Y. Thus, the wavelength lmax is a robust signal in practice for monitoring the unfolding of proteins. However, the lmax parameter corresponds to an intensive property of a protein and there does not exist simple laws relating an intensive parameter to the concentration of protein in general. Previously, we have rigorously derived a law of the signal for lmax from that for Y for a monomeric protein that unfolds according to a two state mechanism. From this rigorous law, we could determine the correction that must be applied to the empirical value DG0 (H2O) of the stability, determined by applying an empirical linear law of the signal to lmax. The corrective term depends on the ratio between the curvatures of the emission spectra for states N and U at their respective lmax. This corrective term can be easily determined and is not negligible in general [32]. Generally, it is not possible to record the spectra of an intermediate of unfolding since its molar fraction is lower than 1. Therefore, it is not possible to use lmax as a signal to fully characterize the equilibria of unfolding of a monomeric protein that display unfolding intermediates. However, it is possible to quantitatively determine the global stability of a monomeric protein that unfolds according to a multi-state system when lmax is used as a signal. Indeed, the corrective terms for the protein intermediates cancel out and the only remaining term depends on the curvatures of the emission spectra for states N and U at their respective lmax, as for a monomeric protein unfolding according to a two-state system (Supplementary Informations). 18. Intensive signal: partition coefﬁcient in fast sizeexclusion chromatography The equilibria of denaturation can be monitored by fast sizeexclusion chromatography (fast-SEC), where the adjective fast indicates that the duration of chromatography is much lower that the time of exchange or equilibration between the different states. In such conditions, the mean partition coefﬁcient Y ¼ Kav is equal to the weighted average of the speciﬁc signals for the different
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20. Mutational study of proteins: contributions of cooperativity and resistance to denaturation



conformational states.



Kav ¼



X



 Kav;j Sj



j 



 X 



½Sj



(15)



j



where Sj is a conformational state; [Sj], its concentration; and Kav,j, its speciﬁc partition coefﬁcient. The summation is on the different P protein states [43,44]. For monomeric proteins, j[Sj] is simply the total concentration and therefore:



Kav ¼



X



Kav;j fj
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(16)



j



This equation is bilinear and identical to the equation of signals P that correspond to extensive protein properties. However, j[Sj] is no more equal to the total concentration of protein for multimeric proteins, and therefore speciﬁc equations of the signal should be derived (Supplementary Informations).



The protein engineering approaches and, in particular, the construction of amino acid changes at the genetic level by sitedirected mutagenesis, have been widely used to study the atomic bases of the stability and folding of proteins [1,2,46e48]. Three parameters are generally used to characterize the equilibrium of unfolding, induced with chemical denaturants, for homomeric or heteromeric proteins that follow a two-state mechanism: the difference DG(H2O) of free energy between the native state N and unfolded state U of the protein in the absence of denaturant, the coefﬁcient m of cooperativity for the reaction of unfolding, and the concentration x1/2 of chemical denaturant for half-advancement of the unfolding reaction. Only two of these parameters are independent, and they are linked by Eq. (12). Let us consider a protein whose states N and U have free energies GN and GU, respectively. The free energy of denaturation, or stability, is deﬁned by



19. Detecting intermediates with phase diagrams



DG ¼ GU  GN



The existence of unfolding intermediates may be easy to detect if they are the most stable protein species in a range of denaturant values and if their molar signals are clearly different from those of the native and unfolded states. In such cases, the unfolding proﬁle will be a multi-sigmoid curve. However, if the molar fractions of the intermediates are never high or if their molar signals are similar to those of either the native or the unfolded states, the multi-sigmoid curve will pass unnoticed. In many cases, the occurrence of intermediates is revealed when several sigmoidal-looking unfolding proﬁles that are recorded using independent physical signals, cannot be superimposed; i.e. when the separate ﬁttings of a twostate equation to the different sets of experimental data yield different values for the conformational stability of the protein under study [8]. An alternative method has been developed to detect hidden intermediates of unfolding for a monomeric protein [45]. Let us consider a monomeric protein that unfolds according to a two-state system. If two independent signals that correspond to extensive properties of the protein under study, are available, the laws of the signals provide two linear equations that link the overal protein signals to the concentrations of the native state N and unfolding state U, with the molar signals of these two states as coefﬁcients (Eq. (5)). If the protein signal remains constant in the pre- and posttransition regions, the coefﬁcients of these linear equations are independent of the denaturant value (Eq. (8)). Solving this set of linear equations provides two equivalent linear equations, linking the concentrations of the N and U states to the two global protein signals. The equation of mass conservation then implies that the values of the two independent global protein signals are linked by a linear equation. A plot of one signal as a function of the other signal when the denaturant value varies, named “phase diagram”, should give a straight line. By contraposition, a deviation from a straight line indicates that an additional folding state exists. This method thus gives a sensitive criterion for the presence of an unfolding intermediate. The ﬂuorescence intensity of proteins is an example of a signal that often remain constant in the pre- and post transition regions of unfolding when GdmCl is used as a denaturant [28,32,36]. I have shown that the phase diagram method can be extended to detect hidden intermediates of unfolding for homo- or heteromultimeric proteins that seem to unfold according to a two state mechanism, even when the degree of oligomerization is greater than tetrameric (Supplementary Information).



DG has a positive value since denaturation requires energy. Let us consider a wild type protein (wt) and a mutant derivative (mut), and deﬁne the variations DDG(H2O), Dm and Dx1/2 by the following equations:



(17)



DGðH2 O; mutÞ ¼ DGðH2 O; wtÞ þ DDGðH2 O; mutÞ



(18)



mðmutÞ ¼ mðwtÞ þ DmðmutÞ



(19)



x1=2 ðmutÞ ¼ x1=2 ðwtÞ þ Dx1=2 ðmutÞ



(20)



One can easily show the following points [49]:



DDGðH2 OÞ ¼ DGU ðH2 OÞ  DGN ðH2 OÞ



(21)



where the variations are between the wild type and mutant proteins. Thus, the variation of stability that results from a mutation, depends on the effects of the mutation on both native and denatured states of the protein.



DDGðH2 OÞ ¼ x1=2 ðwtÞDm þ mðwtÞDx1=2 þ r



(22)



Thus, DDG(H2O) can be decomposed into a contribution of Dm, a contribution of Dx1/2 and a remainder r, which is of higher order and should be negligible in most cases. The parameter m is generally proportional to the difference of solvent accessible surface area (ASA) between the native state N and the unfolded state U of a protein [24]. Ignoring the proportionality coefﬁcient, we write:



m ¼ ASAU  ASAN



(23)



As a result of this relation:



Dm ¼ DASAU  DASAN where the variations are between the wild type and mutant proteins. In many cases, the variation of ASAN that results from a point mutation, i.e. the change of one amino-acid side-chain, is negligible. In these cases therefore, the contribution of Dm to the variation of stability is mainly due to DASAU, i.e. the difference in solvent ASA between the unfolded states of the wild type and mutant proteins (note that the unfolded state is a collection of states).
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21. Mutational study of proteins: additivity, synergy, antagonism Mutations of residues that are not in direct contact, generally have additive effects on protein stability [16,50]. The additivity or deviation from additivity (also called coupling) between two mutations or groups of mutations can be measured by thermodynamic cycles of double-mutants [16,51,52]. Let us consider two mutant derivatives, mut1 and mut2, and the double mutant mut1þ2. By deﬁnition, we write:



DDGðH2 O; mut1þ2 Þ ¼ DDGðH2 O; mut1 Þ þ DDGðH2 O; mut2 Þ þ DDGint ðH2 O; mut1 ; mut2 Þ (24) The coupling parameter DDGint(H2O) measures the deviation of DDG(H2O) from additivity when combining two mutations or groups of mutations in the same protein molecule. According to the values of DDGint(H2O, mut1, mut2), one can interpret the effects of two mutations in terms of additivity, partial additivity, synergy and antagonism, and use the concept of inverse thinking as for the catalytic activity of enzymes [52,53]. (i) If DDGint ¼ 0, then the effects of the two mutations are additive. Such an additivity occurs mainly when the effects of the two mutations are independent. (ii) If DDGint < 0, the effects of the two mutations are partially additive. Starting from the double mutant and restoring the mutated residues to the wild type residues, one ﬁnds that the two mutated residue side chains have cooperative effects on stability in the wild type protein. (iii) If DDGint > 0, the effects of the two mutations are synergistic. Starting from the double mutant, one ﬁnds that the two mutated side chains have anticooperative effects on the stability in the wild type protein. (iv) Antagonistic effects of two mutations on stability are deﬁned by less damage in the double mutant than in the more damaged single mutant, i.e.:



DDGðH2 O; mut1þ2 Þ < DDGðH2 O; mut1 Þ and 0 < DDGðH2 O; mut2 Þ < DDGðH2 O; mut1 Þ
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These inequalities imply:



DDGint <  DDGðH2 O; mut2 Þ < 0



proteins but unfortunately not for polymeric proteins of higher degrees. However, because there exist algorithms to ﬁnd numerical approximations to the roots of polynomial equations of any degree, it might be possible to develop complex algorithms to experimentally determine the thermodynamic stability of any protein. I also extended these equations to signals that do not correspond to extensive properties of proteins, e.g. lmax in ﬂuorescence spectroscopy or the partition coefﬁcient Kav in fast size-exclusion chromatography. I extended a method to detect hidden intermediates of unfolding to new types of proteins and reviewed a number of equations that are useful to interpret the thermodynamic parameters of stability in terms of molecular or atomic interactions. Many methods have been developed to increase the stability of proteins that are used as therapeutic, vaccine or detection molecules. Theses methods rely in ﬁne on the capacity to measure accurately the effects of sequence changes on stability. By providing robust theoretical bases, this work should ease the quantitative thermodynamic study of the stability for complex proteins. It might also provide easily assimilable theoretical bases to researchers that are more accustomed to empirical approaches, with fundamental or applied goals.



Therefore, antagonism appears as a particular case of partial additivity. These inequalities imply that the less damaging mutation (mut2) partially repairs the effect of the more damaging mutation (mut1). Using inverse thinking, they show that the side chain of the second mutated residue is destabilizing in the context of the ﬁrst mutant and that the side chain of the ﬁrst mutated residue is less stabilizing in the context of the second mutant than in the context of the wild type protein. All these considerations can be applied to any two states of a protein that unfolds according to a multi-state model.



22. Conclusions In this work on the experimental determination of protein stability, I explicitly described the general physico/chemical laws and the type of reasoning that lead to the necessary ﬁtting equations. These equations link the measured protein signal to the variable value of the denaturing agent (chemical molecule or temperature) through speciﬁc constants of the studied protein. This systematic and rational approach allowed me to give general and homogeneous expressions of these equations in known cases (homomeric proteins) and to derive them in more complex cases. This approach may allow one to establish the necessary equations for tetrameric
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