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1. Monomeric proteins This section analyzes the following cases: N⇔U N ⇔ I⇔ U N ⇔ I1 ⇔ I 2 ⇔ U N ⇔ I1 ⇔ I2 ⇔ ... ⇔ Ip ⇔ U (general case) where N is the native state of the monomeric protein, U is its unfolded state, and I, I1, I2, ..., Ip are intermediate states. I give a detailed explanation and description of the method for a monomer unfolding according to a two-state model of equilibrium. The description of the methods for other models of unfolding will follow the same logic and will be treated in a more concise way. 1.1 - Two-state equilibrium of unfolding Equilibrium Let P be a monomeric protein; N, its native folded state; and U, its unfolded state. Let us assume that this protein unfolds according to the equilibrium: N⇔U



(1)



In physiological conditions, the protein is almost entirely in its native form N and the concentration of state U cannot be detected. To be studied, the equilibrium of unfolding is generally shifted with a denaturing agent, like urea, guanidinium chloride (GdmCl) or heat. A new equilibrium forms for each value x of the denaturant. An unfolding profile is obtained by measuring a signal of the protein, sensitive to its conformational state, as a function of x. The equations derived in this and the following paragraphs allow one to determine the concentrations of N and U for each value of x. Laws of mass action and mass conservation The laws of mass action and conservation give the two following equations, where K is an equilibrium constant and C (M) the total concentration of protein: [U]/[N] = K



(2)



[N] + [U] = C



(3)
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Molar fractions. Generally, it is more convenient to reason with molar fractions: fn = [N]/C and fu = [U]/C



(4)



Equations 2 and 3 can be rewritten as: fu/fn = K



(5)



fn + fu = 1



(6)



Solution of the equilibrium equations From eqs. 5 and 6, one deduces: fn = 1/(1 + K) and fu = K/(1 + K) = 1/(1 + K-1)



(7)



Law of the signal Let us assume that a signal that corresponds to an extensive property of the protein under study (extensive signal) is used to monitor the unfolding equilibrium of eq. 1. If this signal is the intensity of protein fluorescence for a set wavelength of excitation light, one generally monitors the unfolding reaction at an emission wavelength λΔ such that: |Y(λΔ, 0) - Y(λΔ, xmax)| = maxλ|Y(λ, 0) - Y(λ, xmax)|



(8)



where xmax is the highest value of denaturant attainable. If Yt(x) is the global signal of the unfolding mixture, the law of additivity of the signals applies: Yt(x) = Yn(x)[N](x) + Yu(x)[U](x) + Yd(x)



(9)



where Yn and Yu are the molar signals of states N and U respectively, and Yd is the signal of the solvent. The signal of the solvent alone is generally measured in a separate experiment, and only the protein signal Y(x) is considered: Y = Yt - Yd = Yn[N] + Yu[U]



(10)



Equation 10 can be rewritten with molar fractions: Y = C(Ynfn + Yufu) = C[Ynfn + Yu(1 – fn)] = C[Yu + (Yn – Yu)fn]



(11)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn(x) = yn(1 + xhn); Yu(x) = yu(1 + xhu) = nuyn(1 + xhu) Y = Cyn{nu(1 + xhu) + [1 + xhn - nu(1 + xhu)]fn}



(12)



Note that Cyn is the value of Y(0) in general, i.e. the value of Y for x = 0. However, the two values may be different if the concentration of U is significant for x = 0 (in the case of a chemical denaturant). In any case, Y(0) is a good starting value of Cyn in the fitting of the equilibrium equation to the experimental data (see below). 3



Variation of ∆G with x = [denaturant] When the denaturant is a chemical compound, the variation of free energy between two states is given by the linear equation: ∆G(x) = -RTln[K(x)] = ∆G(H2O) – mx



(13)



and therefore: K(x) = exp{[mx - ∆G(H2O)]/RT}



(14)



The fitting equation is obtained from eq. 12 by successively replacing fn with its expression in eq. 7 and K with its expression in eq. 14: Y = Cyn{nu(1 + xhu) + [1 + xhn - nu(1 + xhu)]/(1 + K)}



(15)



Y = Cyn{nu(1 + xhu) + [1 + xhn - nu(1 + xhu)]/[1 + exp{[mx - ∆G(H2O)]/RT}]}



(16)



Equation (16), which relates the extensive signal Y to the concentration x of denaturant, is fitted to the unfolding data with Cyn, hn, nu, hu, m and ∆G(H2O) as floating parameters. Note that parameters fn, fu, K and ∆G are functions of x. Let x1/2 be the concentration of denaturant that results in half-advancement of the unfolding reaction, i. e. fn(x1/2) = fu(x1/2) = 0.5. The parameter x1/2 is often named resistance to denaturation. In these conditions, eqs. 5 and 13 show that the stability ∆G of the protein is zero and: x1/2 = ∆G(H2O)/m



(17)



Variation of ∆G with T When the denaturant is heat, the variation of free energy between two states is given by the Gibbs-Helmholtz equation. ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)] where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states. Therefore: K = exp[{ΔCp[(Tm - T) + Tln(T/Tm)] - ΔHm(1 - T/Tm)}/RT]



(18)



An approximation ΔCp,th of the global ΔCp value between the N and U states can be determined experimentally by microcalorimetry or predicted from the protein sequence (Main text). Equation 15, where K is developed as in eq. 18 and which relates the protein signal Y to the temperature x = T, is fitted to the unfolding data with Cyn, hn, nu, hu, ΔHm and Tm as floating parameters. Note that for T = Tm, ΔG(Tm) = 0, K = 1 and fn = fu= 0.5.
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Graphical comparison of the molar fractions for protein variants It is often convenient to draw the molar fractions of different protein variants on one graph, together with the experimental data points. The fitted curve fn(x) can be drawn using eq. 7 and eq. 14 or 18. The values of fn for the experimental data points can be deduced from eq. 12: fn(x) = {[Y(x)/Cyn] – nu(1 + xhu)}/[ 1 + xhn – nu(1 + xhu)]



(19)



1.2 - Three-state equilibrium of unfolding Equilibrium. Let P be a monomeric protein; N, its native folded state; I, an intermediate state; and U, its unfolded state. Let us assume that this protein unfolds according to the equilibria: N ⇔ I⇔ U



(1)



Laws of mass action and conservation The laws of mass action and conservation give the following equations, where K1 and K2 are equilibrium constants and C (M) is the total concentration of protein: [I]/[N] = K1; [U]/[I] = K2



(2)



[N] + [I] + [U] = C



(3)



Definition of the molar fractions fn = [N]/C; fi = [I]/C; fu = [U]/C



(4)



Equation (3) can be rewritten as: fn + fi + fu = 1



(5)



From equations (2) and (4), one deduces: fi = K1fn and fu = K1K2fn



(6)



Solution of the equilibrium equations From equations (5) and (6), one deduces fn = 1/(1 + K1 + K1K2)



(7)



Law of the signal Let us assume that an extensive signal is used to monitor the unfolding equilibrium of eq. 1. The protein signal Y(x) is deduced from the global signal Yt(x) of the unfolding mixture by subtracting the contribution Yd(x) of the denaturant as in paragraph 1.1. The law of additivity of the signals applies and therefore
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Y(x) = Yn(x)[N](x) + Yi(x)[I](x) + Yu(x)[U](x)



(8)



where Yn, Yi and Yu are the molar signals of states N, I and U respectively. Equation 8 can be rewritten with molar fractions: Y = C(Ynfn + Yifi + Yufu) = C(Ynfn + YiK1fn + YuK1K2fn) = C(Yn + K1Yi + K1K2Yu)fn



(9)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn(x) = yn(1 + xhn); Yi = niyn = constant; Yu(x) = nuyn(1 + xhu) where Yi is taken as a constant since the intermediate is usually present only in a narrow interval of x values: Y = Cyn[1 + xhn + K1ni + K1K2nu(1 + xhu)]fn



(10)



Variation of ∆G with x = [denaturant] When the denaturant is a chemical compound, the variation of free energy between two states is given by the linear equation: ∆G(x) = -RTln[K(x)] = ∆G(H2O) - mx and therefore: K1(x) = exp{[m1x - ∆G1(H2O)]/RT}



(11)



K2(x) = exp{[m2x - ∆G2(H2O)]/RT}



(12)



The fitting equation is obtained from eq. 10 by successively replacing fn with its expression in eq. 7: Y = Cyn[1 + xhn + K1ni + K1K2nu(1 + xhu)]/(1 + K1 + K1K2)



(13)



and then K1 and K2 with their expressions in eqs. 11 and 12. The fitting equation, which relates the protein signal Y to the concentration x of denaturant, is fitted to the unfolding data with Cyn, hn, ni, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Variation of ∆G with T When the denaturant is heat, the variation of free energy between two states is given by the Gibbs-Helmholtz equation. ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)] where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states under consideration. Therefore: K1 = exp[{ΔCp1[(Tm1 - T) + Tln(T/Tm1)] - ΔHm1(1 - T/Tm1)}/RT]



(14)



K2 = exp[{ΔCp2[(Tm2 - T) + Tln(T/Tm2)] - ΔHm2(1 - T/Tm2)}/RT]



(15)
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An approximation ΔCp,th of the global ΔCp value between the N and U states can be calculated from the protein sequence. Then ΔCp2 = ΔCp,th - ΔCp1. Equation (13) where K1 and K2 are developed as in eqs. 14 and 15, and which relates the protein signal Y to the temperature x = T, is fitted to the unfolding data with Cyn, hn, ni, nu, hu, ΔHm1, ΔHm2, Tm1, Tm2, and ΔCp1 as floating parameters. Total equilibrium constant and ∆G. K = [U]/[N] = ([U]/[I])([I]/[N]) = K1K2 ∆G = -RTln(K) = -RTln(K1K2) = -RTln(K1) - RTln(K2) ∆G = ∆G1 + ∆G2 and in particular, ∆G(H2O) = ∆G1(H2O) + ∆G2(H2O).



(16)



1.3 - Four-state equilibrium of unfolding The derivation of the equations is quite the same as for a 3-state equilibrium. Let I1 and I2 be two intermediate states: Equilibrium: N ⇔ I1 ⇔ I 2 ⇔ U



(1)



Laws of mass action and mass conservation: [I1]/[N] = K1; [I2]/[I1] = K2; [U]/[I2] = K3



(2)



[N] + [I1] + [I2] + [U] = C



(3)



Molar fractions: fn = [N]/C; f1 = [I1]/C; f2 = [I2]/C; fu = [U]/C



(4)



fn + f1 + f2 + fu = 1



(5)



f1 = K1fn; f2 = K2f1 = K1K2fn; fu = K3f2 = K1K2K3fn



(6)



Solution of the equilibrium equation: fn + K1fn + K1K2fn + K1K2K3fn = 1 fn = 1/(1 + K1 + K1K2 + K1K2K3)



(7)



Law of an extensive signal: Y = Yt - Yd = Yn[N] + Y1[I1] + Y2[I2] + Yu[U]



(8)
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Y = C(Ynfn + Y1f1 + Y2f2 + Yufu)



(9)



Y = C(Yn + K1Y1 + K1K2Y2 + K1K2K3Yu)fn



(10)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn = yn(1+ xhn); Y1 = n1yn = constant; Y2 = n2yn = constant; Yu = nuyn(1+ xhu) Y = Cyn[1 + xhn + K1n1 + K1K2n2 + K1K2K3nu(1 + xhu)]fn



(11)



Fitting equation: The fitting equation is obtained by replacing fn with its expression in eq. 7: Y = Y0[1 + xhn + K1n1 + K1K2n2 + K1K2K3nu(1 + xhu)]/(1 + K1 + K1K2 + K1K2K3)



(12)



and then the Ki equilibrium constants (i = 1, 2 or 3) with their expressions in the following equations when the denaturant is a chemical molecule: Ki(x) = exp{[mix - ∆Gi(H2O)]/RT}, i = 1, 2 or 3.



(13)



Total equilibrium constant and ∆G K = [U]/[N] = K1K2K3 ∆G = ∆G1 + ∆G2+ ∆G3



(14)



1.4 - General case: p intermediate states Let I1, ..., Ip be p intermediate states of a monomeric protein, p ≥ 1 Equilibrium: N ⇔ I1 ⇔ I2 ⇔ ... ⇔ Ip ⇔ U



(1)



Laws of mass action and conservation: [I1]/[N] = K1; [Ii]/[Ii-1] = Ki; [U]/[Ip] = Kp



(2)



[N] + ∑i[Ii] + [U] = C, with the summation on i = 1, ..., p.



(3)



Molar fractions: fn = [N]/C; fi = [Ii]/C; fu = [U]/C



(4)



fn + ∑ifi + fu = 1, with the summation on i = 1, ..., p.



(5)



f1 = fnK1



(6)



fi = fi-1Ki = fn∏jKj, with the product on j = 1, ..., i.



(7)



fu = fn∏iKi, with the product on i = 1, ..., p



(8)
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Solution of the equilibrium equation fn = 1/(1 + ∑i∏jKj), with the summation on i = 1, ..., p and the product on j = 1, ..., i.



(9)



Law of an extensive signal: Y = Yn[N] + ∑iYi[I] + Yu[U] , with the summation on i = 1, ..., p



(10)



Y = C(Ynfn + ∑iYifi + Yufu)



(11)



Y = C(Yn + ∑iYi∏jKj + Yu∏iKi)fn, with i = 1, ..., p and j = 1, ..., i



(12)



Y = Cyn[1 + xhn + ∑ini∏jKj + nu(1 + xhu)∏iKi]fn



(13)



Fitting equation: Y = Cyn[1 + xhn + ∑ini∏jKj + nu(1 + xhu)∏iKi]/(1 + ∑i∏jKj), with the summation on i = 1, ..., p and the products on j = 1, ..., i.



(14)



For a chemical molecule as denaturant: Ki(x) = exp{[mix - ∆Gi(H2O)]/RT}



(15)



Total equilibrium constant and ∆G K = [U]/[N] = ∏iKi, with the product on i = 1, ..., p ∆G = ∑i∆Gi, with the summation on i = 1, ..., p.
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(16)



2. Homodimers The following cases are analyzed in this section: N2 ⇔ 2U N2 ⇔ I2 ⇔ 2U N2 ⇔ 2I ⇔ 2U N2 ⇔ I2 ⇔ 2J ⇔ 2U N2 ⇔ 2I ⇔ 2J ⇔ 2U N2 ⇔ I2 ⇔ J2 ⇔ 2U Generalization 2.1 – Two-state unfolding Equilibrium Let N2 be a homodimeric protein in its native state and U be the protomer of this protein in its unfolded state. Let us assume that this protein unfolds according to the equilibrium: N2 ⇔ 2U



(1)



Laws of mass action and conservation K = [U]2/[N2]



(2)



[N2] + [U]/2 = C



(3)



where C is the total concentration (M) of the protein in dimer equivalent. Definition of the molar fractions fn = [N2]/C ; fu = [U]/2C



(4)



fn + fu = 1



(5)



K = 4Cfu2/fn



(6)



Solution of the equilibrium equation: 4Cfu2/K + fu = 1 4Cfu2 + Kfu - K = 0



(7)



The determinant and positive solution of this equation are: Δ = K2 + 16CK fu = [(K2 + 16CK)1/2 – K]/8C
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fn = 1 - fu



(9)



Law of an extensive signal After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N2] + Yu[U] Y = C(Ynfn + 2Yufu) = C[Yn(1 – fu) + 2Yufu] = C[Yn + (2Yu – Yn)fu]



(10)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn = yn(1 + hnx); Yu = ynnu(1 + hux) Y = Cyn[1 + hnx + (2nu + 2nuhux -1 - hnx)fu] Y = Cyn{1 + hnx + [2nu -1 + (2nuhu - hn)x]fu}



(11)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTln[K(x)] = ΔG(H2O) – mx and therefore: K = exp{[mx - ∆G(H2O)]/RT}



(12)



The fitting equation is obtained from eq. 11 by replacing fu with its expression in eq. 8 and K with its expression in eq.12. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, nu, hu, m and ∆G(H2O) as floating parameters. Note that parameters fn, fu, K and ∆G are functions of x. Variation of ∆G with T ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)] where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states N2 and 2U. Therefore: K(T) = exp[{ΔCp[(Tm - T) + Tln(T/Tm)] - ΔHm(1 - T/Tm)}/RT]



(13)



An approximation of the ΔCp value between the N2 and 2U states can be determined experimentally by microcalorimetry or predicted from the protein sequence (Main text). Note that the N2 state is considered to have twice the number of residues of the protein monomer (see the case of the Arc repressor dimer in [1]). The fitting equation is obtained from eq. 11 by replacing fu with its expression in eq. 8 and K with its expression in eq. 13. The resulting developed equation, which relates the extensive signal Y to the temperature x = T, is fitted to
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the unfolding data with Cyn, hn, nu, hu, ΔHm and Tm as floating parameters. 2.2 – Three-state unfolding with a dimeric intermediate Equilibrium N2 ⇔ I2 ⇔ 2U



(1)



Laws of mass action and mass conservation K1 = [I2]/[N2]; K2 = [U]2/[I2]



(2)



[N2] + [I2] + [U]/2 = C in dimer equivalent



(3)



Molar fractions fn = [N2]/C ; fi = [I2]/C; fu = [U]/2C



(4)



fn + fi + fu = 1



(5)



K1 = fi/fn; K2 = 4Cfu2/fi



(6)



fi = 4Cfu2/K2; fn = fi/K1 = 4Cfu2/K1K2



(7)



Solution of the equilibrium equation: 4Cfu2/K1K2 + 4Cfu2/K2 + fu = 1 4C(1 + K1)fu2 + K1K2fu - K1K2 = 0



(8)



The determinant and positive solution of this equation are: Δ = K12K22 + 16C(1 + K1)K1K2 fu = {[K12K22 + 16C(1 + K1) K1K2]1/2 - K1K2}/8C(1 + K1)



(9)



fi = (1 – fu)K1/(1 + K1)



(10)



fn = (1 – fu)/(1 + K1)



(11)



Law of an extensive signal After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N2] + Yi[I] + Yu[U] Y = C(Ynfn + Yifi + 2Yufu) Y = C[Yn(1 – fu) + Yi(1 – fu)K1 + 2Yufu(1 + K1)]/(1 + K1) Y = C{Yn + YiK1 + [2Yu – Yn + K1(2Yu –Yi)]fu}/(1 + K1)



(12)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn = yn(1 + hnx); Yi = ynni; Yu = ynnu(1 + hux)
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Y = Cyn{1 + hnx + niK1 + [2nu + 2nuhux - 1 - hnx + K1(2nu + 2nuhux - ni)]fu}/(1 + K1)



(13)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK(x) = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(14)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(15)



The fitting equation is obtained from eq. 13 by replacing fu with its expression in eq. 9 and K1 and K2 with their expressions in eqs. 14 and 15. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Variation of ∆G with T ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)] where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states under consideration. Therefore: K1 = exp[{ΔCp1[(Tm1 - T) + Tln(T/Tm1)] - ΔHm1(1 - T/Tm1)}/RT]



(16)



K2 = exp[{ΔCp2[(Tm2 - T) + Tln(T/Tm2)] - ΔHm2(1 - T/Tm2)}/RT]



(17)



An approximation ΔCp,th of the global ΔCp value between the N2 and 2U states can be calculated from the protein sequence. Note that the N2 state is considered to have twice the number of residues of the protein monomer (see paragraph 2.1). Then ΔCp2 = ΔCp,th - ΔCp1 where ΔCp1 is the variation of heat capacity between the N2 and I2 states. The fitting equation is obtained from eq. 13 by replacing fu with its expression in eq. 9, and K1 and K2 with their expressions in eqs. 16 and 17. The resulting developed equation, which relates the extensive signal Y to the temperature x = T, is fitted to the unfolding data with Cyn, hn, ni, nu, hu, ΔHm1, ΔHm2, Tm1, Tm2, and ΔCp1 as floating parameters. Total equilibrium constant and ∆G K = [U]2/[N2] = ([U]2/[I2])([I2]/[N2] = K1K2 ∆G = -RTlnK = ∆G1 + ∆G2



(19)
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2.3 - Three-state unfolding with a monomeric intermediate Equilibrium N2 ⇔ 2Ι ⇔ 2U



(1)



Laws of mass action and mass conservation K1 = [I]2/[N2]; K2 = [U]/[I]



(2)



[N2] + [I]/2 + [U]/2 = C in dimer equivalent



(3)



Molar fractions fn = [N2]/C ; fi = [I]/2C; fu = [U]/2C



(4)



fn + fi + fu = 1



(5)



K1 = 4Cfi2/fn; K2 = fu/fi



(6)



fn = 4Cfi2/K1; fu = K2fi



(7)



Solution of the equilibrium equation: 4Cfi2 +K1(1 + K2)fi – K1 = 0



(8)



The determinant and positive solution of this equation are: Δ = K12(1 + K2)2 + 16CK1 fi = {[K12(1 + K2)2 + 16CK1]1/2 - K1(1 + K2)}/8C



(9)



fn = 1 - (1 + K2)fi



(10)



fu = K2fi



(11)



Law of an extensive signal After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N2] + Yi[I] + Yu[U] Y = C(Ynfn + 2Yifi + 2Yufu) Y = C{Yn[1 - (1 + K2)fi] + 2Yifi + 2YuK2fi} Y = C{Yn + [2Yi – Yn + K2(2Yu –Yn)]fi}



(12)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn = yn(1 + hnx); Yi = ynni; Yu = ynnu(1 + hux) Y = Cyn{1 + hnx + [2ni - 1 - hnx + K2(2nu + 2nuhux - 1 - hnx)]fi}
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(13)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTln[K(x)] = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(14)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(15)



The fitting equation is obtained from eq. 13 by replacing fi with its expression in eq. 9 and K1 and K2 with their expressions in eqs 14 and 15. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Variation of ∆G with T ΔG(T) = -RTln[K(x)] = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)] where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states. Therefore: K1 = exp[{ΔCp1[(Tm1 - T) + Tln(T/Tm1)] - ΔHm1(1 - T/Tm1)}/RT]



(16)



K2 = exp[{ΔCp2[(Tm2 - T) + Tln(T/Tm2)] - ΔHm2(1 - T/Tm2)}/RT]



(17)



An approximation ΔCp,th of the global ΔCp value between the N2 and 2U states can be calculated from the protein sequence. Then ΔCp2 = 0.5(ΔCp,th - ΔCp1), where ΔCp2 is the variation of heat capacity between the I and U states. The fitting equation is obtained from eq. 13 by replacing fi with its expression in eq. 9, and K1 and K2 with their expressions in eqs. 16 and 17. The resulting developed equation, which relates the intensity of fluorescence to the temperature x = T, is fitted to the unfolding data with Cyn, hn, ni, nu, hu, ΔHm1, ΔHm2, Tm1, Tm2, and ΔCp1 as floating parameters. Total equilibrium constant and ∆G K = [U]2/[N2] = ([U]2/[I]2)([I]2/[N2]) = K1K22 ∆G = ∆G1 + 2∆G2



(21)



2.4 - Four-state unfolding with one dimeric and one monomeric intermediates Equilibrium N2 ⇔ I2 ⇔ 2J ⇔ 2U



(1)
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Laws of mass action and mass conservation K1 = [I2]/[N2]; K2 = [J]2/[I2]; K3 = [U]/[J]



(2)



[N2] + [I2] + [J]/2 + [U]/2 = C in dimer equivalent



(3)



Molar fractions fn = [N2]/C; fi = [I2]/C; fj = [J]/2C; fu = [U]/2C



(4)



fn + fi + fj + fu = 1



(5)



K1 = fi/fn; K2 = 4Cfj2/fi; K3 = fu/fj



(6)



fi = 4Cfj2/K2; fu = K3fj; fn = fi/K1 = 4Cfj2/K1K2



(7)



Solution of the equilibrium equation 4Cfj2/K1K2 + 4Cfj2/K2 + fj + K3fj = 1



(8)



4C(1+ K1)fj2 + K1K2(1 + K3)fj - K1K2 = 0



(9)



The determinant and positive solution of this equation are: Δ = K12K22(1 + K3)2 + 16CK1K2(1+ K1)



(10)



fj = [Δ1/2 - K1K2(1 + K3)]/8C(1+ K1)



(11)



fn = [1 – (1 + K3)fj]/(1 + K1)



(12)



fi = [1 – (1 + K3)fj]K1/(1 + K1)



(13)



fu = K3fj



(14)



Law of an extensive signal After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N] + Yi[I] + Yj[J] + Yu[U] Y = C[Ynfn + Yifi + 2Yjfj + 2Yufu] Y = C{Yn[1 – (1 + K3)fj]/(1 + K1) + Yi[1 – (1 + K3)fj]K1/(1 + K1) + 2Yjfj + 2YuK3fj} Y = C{Yn + K1Yi + [2Yj - Yn + K1(2Yj – Yi) + K3(2Yu - Yn) + K1K3(2Yu - Yi)]fj}/(1 + K1)



(15)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn = yn(1 + hnx); Yi = ynni; Yj = ynnj; Yu = ynnu(1 + hux) Y = Cyn{1+ xhn + K1ni + [2nj - 1- xhn + K1(2nj – ni) + K3(2nu + 2nuhux - 1 - hnx) + K1K3(2nu + 2nuhux - ni)]fj}/(1 + K1)



(16)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK(x) = ΔG(H2O) – mx
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and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(17)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(18)



K3 = exp{[m3x - ∆G3(H2O)]/RT}



(19)



The fitting equation is obtained from eq. 16 by replacing fj with its expression in eq. 11, and K1, K2 and K3 with their expressions in eqs. 17-19. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nj, nu, hu, m1, m2, m3, ∆G1(H2O), ∆G2(H2O) and ∆G3(H2O) as floating parameters. Total equilibrium constant and ∆G K = [U]2/[N2] = ([U]2/[J]2)( [J]2/[I2])([I2]/[N2] = K32K2K1 ∆G = -RTlnK = ∆G1 + ∆G2 + 2∆G3



(21)



2.5 - Four-state unfolding with two monomeric intermediates Equilibrium N2 ⇔ 2I ⇔ 2J ⇔ 2U



(1)



Laws of mass action and mass conservation K1 = [I]2/[N2]; K2 = [J]/[I]; K3 = [U]/[J]



(2)



[N2] + [I]/2 + [J]/2 + [U]/2 = C in dimer equivalent



(3)



Molar fractions fn = [N2]/C; fi = [I]/2C; fj = [J]/2C; fu = [U]/2C



(4)



fn + fi + fj + fu = 1



(5)



K1 = 4Cfi2/fn; K2 = fj/fi; K3 = fu/fj



(6)



fn = 4Cfi2/K1; fj = K2fi; fu = K3fj = K2K3fi



(7)



Solution of the equilibrium equation 4Cfi2/K1 + fi + K2fi + K2K3fi = 1



(8)



4Cfi2 + (K1 + K1K2 + K1K2K3)fi - K1 = 0



(9)



The determinant and positive solution of this equation are: Δ = (K1 + K1K2 + K1K2K3)2 + 16 K1C
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fi = [Δ1/2 - (K1 + K1K2 + K1K2K3)]/8C



(10)



fn = 1 - (1 + K2 + K2K3)fi



(11)



fj = K2fi



(12)



fu = K2K3fi



(13)



Law of an extensive signal After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N] + Yi[I] + Yj[J] + Yu[U]



(14)



Y = C[Ynfn + 2Yifi + 2Yjfj + 2Yufu] Y = C{Yn[1 - (1 + K2 + K2K3)fi] + 2Yifi + 2YjK2fi + 2YuK2K3fi} Y = C{Yn + [2Yi - Yn + K2(2Yj - Yn) + K2K3(2Yu – Yn)]fi}



(15)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn = yn(1 + hnx); Yi = ynni; Yj = ynnj; Yu = ynnu(1 + hux) Y = Cyn{1+ xhn + [2ni - 1 - hnx + K2(2nj - 1 - hnx) + K2K3(2 nu + 2nuhux - 1 - hnx)]fi}



(16)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(17)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(18)



K3 = exp{[m3x - ∆G3(H2O)]/RT}



(19)



The fitting equation is obtained from eq. 16 by replacing fi with its expression in eq. 10 and K1, K2 and K3 with their expressions in eqs. 17-19. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nj, nu, hu, m1, m2, m3, ∆G1(H2O), ∆G2(H2O) and ∆G3(H2O) as floating parameters. Total equilibrium constant and ∆G K = [U]2/[N2] = ([U]2/[J]2)( [J]2/[I]2)([I]2/[N2] = K32K22K1 ∆G = -RTlnK = ∆G1 + 2∆G2 + 2∆G3



(20)
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2.6 - Four-state unfolding with two dimeric intermediates Equilibrium N2 ⇔ I2 ⇔ J2 ⇔ 2U



(1)



Laws of mass action and mass conservation K1 = [I2]/[N2]; K2 = [J2]/[I2]; K3 = [U]2/[J2]



(2)



[N2] + [I2] + [J2] + [U]/2 = C in dimer equivalent



(3)



fn = [N2]/C; fi = [I2]/C; fj = [J2]/C; fu = [U]/2C



(4)



fn + fi + fj + fu = 1



(5)



K1 = fi/fn; K2 = fj/fi; K3 = 4Cfu2/fj



(6)



fj = 4Cfu2/K3; fi = fj/K2 = 4Cfu2/K2K3; fn = fi/K1 = 4Cfu2/K1K2K3



(7)



Solution of the equilibrium equation 4Cfu2/K1K2K3 + 4Cfu2/K2K3 + 4Cfu2/K3 + fu = 1



(8)



4Cfu2(1 + K1 + K1K2) + K1K2K3fu - K1K2K3 = 0



(9)



The determinant and positive solution of this equation are: Δ = K12K22K32 + 16C K1K2K3(1 + K1 + K1K2) fu = (Δ1/2 - K1K2K3)/8C(1 + K1 + K1K2)



(10)



fn = (1 – fu)/(1 + K1 + K1K2)



(11)



fi = (1 – fu)K1/(1 + K1 + K1K2)



(12)



fj = (1 – fu)K1K2/(1 + K1 + K1K2)



(13)



Law of an extensive signal After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N] + Yi[I] + Yj[J] + Yu[U]



(14)



Y = C[Ynfn + Yifi + Yjfj + 2Yufu] Y = C[Yn(1 – fu)/(1 + K1 + K1K2) + Yi(1 – fu)K1/(1 + K1 + K1K2) + Yj(1 – fu)K1K2/(1 + K1 + K1K2) + 2Yufu] Y = C[Yn(1 – fu) + Yi(1 – fu)K1 + Yj(1 – fu)K1K2 + 2Yu(1 + K1 + K1K2)fu]/(1 + K1 + K1K2) Y = C{Yn + K1Yi + K1K2Yj + [2Yu – Yn + K1(2Yu – Yi) + K1K2(2Yu – Yj)]fu}/(1 + K1 + K1K2) If we take into account the variations of the signal in the pre- and post-transition regions: Yn = yn(1 + hnx); Yi = ynni; Yj = ynnj; Yu = ynnu(1 + hux)
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Y = Cyn{1 + hnx + K1ni + K1K2nj + [2nu + 2nuhux - 1 - hnx + K1(2nu + 2nuhux – ni) + K1K2(2nu + 2nuhux – nj)]fu}/(1 + K1 + K1K2)



(15)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(16)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(17)



K3 = exp{[m3x - ∆G3(H2O)]/RT}



(18)



The fitting equation is obtained from eq. (15) by replacing fu with its expression in eq. 10 and K1, K2 and K3 with their expressions in eqs. 16-18. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nj, nu, hu, m1, m2, m3, ∆G1(H2O), ∆G2(H2O) and ∆G3(H2O) as floating parameters. Total equilibrium constant and ∆G K = [U]2/[N2] = ([U]2/[J2])( [J2]/[I2])([I2]/[N2] = K3K2K1 ∆G = -RTlnK = ∆G1 + ∆G2 + ∆G3



(19)



2.7 - Generalization From the above, it is obvious that it is possible to write and solve the equations for any equilibrium with the form: N2 ⇔ I1,2 ⇔ ... ⇔ Ip,2 ⇔ 2J1 ⇔ ... ⇔2Jq ⇔ 2U where I1,2, ..., Ip,2 are p dimeric intermediates and J1, ..., Jq are q monomeric intermediates. In all these cases, the solution of the equilibrium equation is a second degree polynomial (quadratic) equation.
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3. Heterodimeric proteins The following cases are analyzed in this section: Dn ⇔ Au + Bu Dn ⇔ Di ⇔ Au + Bu Dn ⇔ Ai + Bu ⇔ Au + Bu where Dn is the native state of a heterodimeric protein; Di, an heterodimeric intermediate; Ai, a monomeric intermediate; and Au and Bu, the unfolded states of the two protomers. 3.1 - Two-state unfolding Equilibrium: Let Dn = An:Bn be a heterodimeric protein; Au and Bu, the unfolded states of the A and B protomers. Let us assume that the protein unfolds according to the equilibrium: Dn ⇔ Au + Bu



(1)



Laws of mass action and mass conservation: [Au][Bu]/[Dn] = K



(2)



[Dn] + [Au] = C; [Au] = [Bu]



(3)



Definition of the molar fractions fn = [Dn]/C; fu = [Au]/C = [Bu]/C



(4)



fn + fu = 1



(5)



One deduces: Cfu2/fn = K



(6)



fn = Cfu2/K



(7)



Solution of the equilibrium equation: Cfu2/K + fu = 1 Cfu2 + Kfu – K = 0



(8)



Δ = K2 + 4CK fu = [(K2 + 4CK)1/2 – K]/2C



(9)



fn = 1 - fu
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Law of an extensive signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[Dn] + Yau[Au] + Ybu[Bu]



(10)



Y = C[fnYn + fu(Yau + Ybu)]



(11)



If we write Yu = (Yau + Ybu)/2, then Y = C(fnYn + 2fuYu) = C[(1 – fu)Yn + 2fuYu] = C[Yn + (2Yu – Yn)fu]



(12)



This expression is identical to that for homodimers (see eq. 10 of paragraph 2.1). Therefore, if we take into account the variations of the signal in the pre- and post-transition regions (see Main text): Yn = yn(1 + hnx) and Yu = ynnu(1 + hux) we obtain eq. 11 of paragraph 2.1 again: Y = Cyn{1 + hnx + [2nu -1 + (2nuhu - hn)x]fu}



(13)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K = exp{[mx - ∆G(H2O)]/RT}



(14)



The fitting equation is obtained from eq. 13 by replacing fu with its expression in eq. 9 and K with its expression in eq.14. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, nu, hu, m and ∆G(H2O) as floating parameters. Note that parameters fn, fu, K and ∆G are functions of x. Variation of ∆G with T ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)] where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states. Therefore: K = exp[{ΔCp[(Tm - T) + Tln(T/Tm)] - ΔHm(1 - T/Tm)}/RT]



(15)



An approximation of the ΔCp value between the Dn state and the reunion of the Au and Bu states can be determined experimentally by microcalorimetry or tentatively predicted from the protein sequence (Main text). The fitting equation is obtained from eq. 13 by replacing fu with its expression in eq. 9 and K with its expression in eq. 15. The resulting developed equation,
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which relates the extensive signal Y to the temperature x = T, is fitted to the unfolding data with Cyn, hn, nu, hu, ΔHm and Tm as floating parameters. 3.2 - Three-state unfolding with a dimeric intermediate Equilibrium Let Dn = An:Bn be an heterodimer; Di, a dimeric intermediate of unfolding; Au and Bu the unfolded states of A and B: Dn ⇔ Di ⇔ Au + Bu



(1)



Laws of mass action and conservation: K1 = [Di]/[Dn]; K2 = [Au][Bu]/[Di]



(2)



[Dn] + [Di] + [Au] = C; [Au] = [Bu]



(3)



Definition of the molar fractions fn = [Dn]/C; fi = [Di]/C; fu = [Au]/C = [Bu]/C



(4)



fn + fi + fu = 1



(5)



One deduces: K1 = fi/fn; K2 = Cfu2/fi



(6)



fi = Cfu2/K2; fn = fi/K1 = Cfu2/K1K2



(7)



Solution of the equilibrium equation: Cfu2/K1K2 + Cfu2/K2 + fu = 1 C(1+ K1)fu2 + K1K2fu - K1K2 = 0



(8)



Δ = K12K22 + 4C(1+ K1)K1K2 fu = (Δ1/2 - K1K2)/2C(1 + K1)



(9)



fn = (1 – fu)/(1 + K1)



(10)



fi = (1 – fu)K1/(1 + K1)



(11)



Law of an extensive signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[Dn] + Yi[Di] + Yau[Au] + Ybu[Bu]



(12)



Y = C[fnYn + fiYi + fu(Yau + Ybu)]



(13)



If we write Yu = (Yau + Ybu)/2, then
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Y = C(fnYn + fiYi + 2fuYu)



(14)



Y = C[Yn(1 – fu)/(1 + K1) + Yi(1 – fu)K1/(1 + K1) + 2Yufu] Y = C{Yn + YiK1 + [2Yu - Yn + K1(2Yu - Yi)]fu}/(1 + K1)



(15)



This expression is identical to that for homodimers (see eq. 12 of paragraph 2.2). Therefore, if we take into account the variations of the signal in the pre- and post-transition regions (see Main text): Yn = yn(1 + hnx); Yi = ynni; Yu = ynnu(1 + hux) we obtain eq. 13 of paragraph 2.2 again: Y = Cyn{1 + hnx + niK1 + [2nu + 2nuhux - 1 - hnx + K1(2nu + 2nuhux - ni)]fu}/(1 + K1)



(16)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(17)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(18)



The fitting equation is obtained from eq. 16 by replacing fu with its expression in eq. 9 and K1 and K2 with their expressions in eqs. 17 and 18. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Variation of ∆G with T ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)] where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states. Therefore: K1 = exp[{ΔCp1[(Tm1 - T) + Tln(T/Tm1)] - ΔHm1(1 - T/Tm1)}/RT]



(19)



K2 = exp[{ΔCp2[(Tm2 - T) + Tln(T/Tm2)] - ΔHm2(1 - T/Tm2)}/RT]



(20)



An approximation ΔCp,th of the global ΔCp value between the Dn and the reunion (Au + Bu) of the Au and Bu states can be calculated from the protein sequence. Then ΔCp2 = ΔCp,th - ΔCp1. The fitting equation is obtained from eq. 16 by replacing fu with its expression in eq. 9, and K1 and K2 with their expressions in eqs. 19 and 20. The resulting developed equation, which relates the intensity of fluorescence to the temperature x = T, is fitted to the unfolding data with Cyn, hn, ni, nu, hu, ΔHm1, ΔHm2, Tm1, Tm2, and ΔCp1 as floating parameters.
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Total equilibrium constant and ∆G K = [Au][Bu]/[Dn] = ([Au][Bu]/[Di])([Di]/[Dn]) = K1K2 ∆G = -RTlnK = ∆G1 + ∆G2



(21)



3.3 - Three-state unfolding with a protomeric intermediate Equilibrium Let Dn = An:Bn be a heterodimer; Ai, a monomeric intermediate of unfolding of the A protomer; Au and Bu the unfolded states of the A and B protomers: Dn ⇔ Ai + Bu ⇔ Au + Bu



(1)



Laws of mass action and mass conservation: K1 = [Ai][Bu]/[Dn]; K2 = [Au]/[Ai]



(2)



[Dn] + [Ai] + [Au] = [Dn] + [Bu] = C; [Ai] + [Au] = [Bu]



(3)



Definition of the molar fractions: fn = [Dn]/C; fi = [Ai]/C; fu = [Au]/C; fi + fu = [Bu]/C



(4)



fn + fi + fu = 1



(5)



K1 = Cfi(fi + fu)/fn; K2 = fu/fi



(6)



fu = K2fi; fn = Cfi2(1 + K2)/K1



(7)



Solution of the equilibrium equation: Cfi2(1 + K2)/K1 + fi + K2fi = 1 C(1 + K2)fi2 + K1(1 + K2)fi - K1 = 0



(8)



Δ = K12(1 + K2)2 + 4CK1(1 + K2) fi = [Δ1/2 - K1(1 + K2)]/2C(1 + K2)



(9)



fu = K2fi



(10)



fn = 1 – (1 + K2)fi



(11)



Law of an extensive signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[Dn] + Yi[Ai] + Yau[Au] + Ybu[Bu]



(12)



Y = C[fnYn + fiYi + fuYau + (fi + fu)Ybu)]
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Y = C[fnYn + fi(Yi + Ybu) + fu(Yau + Ybu)]



(13)



Y = C{[1 – (1+K2)fi]Yn + fi(Yi + Ybu) + K2fi(Yau + Ybu)} Y = C{Yn + [Yi + Ybu - Yn + K2(Yau + Ybu - Yn)]fi}



(14)



If we write Yu = (Yau + Ybu)/2, then Y = C{Yn + [Yi + Ybu - Yn + K2(2Yu - Yn)]fi}



(15)



To reduce the number of unknown (floating) parameters, one can assume that Yi + Ybu is constant on the interval of denaturant values where fi is significantly different from zero. Alternatively, if A and B have the same species of fluorophore, e.g. tryptophan residues, A has p copies of the fluorophore and B has q copies of it, then one can assume that: Yau = 2Yup/(p + q) and Ybu = 2Yuq/(p + q) In the first hypothesis and if we take into account the variations of the signal in the pre- and post-transition regions (see Main text): Yn = yn(1 + hnx); Yi + Ybu = 2ynni = constant; Yu = ynnu(1 + hux), one obtains: Y = Cyn{1 + hnx + [2ni – 1 – hnx + K2(2nu + 2nuhux - 1 - hnx)]fi}



(16)



This expression is identical to that for homodimers (see eq. 13 of paragraph 2.3). Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(17)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(18)



The fitting equation is obtained from eq. 16 by replacing fi with its expression in eq. 9 and K1 and K2 with their expressions in eqs 17 and 18. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Total equilibrium constant and ∆G K = [Au][Bu]/[Dn] = ([Ai][Bu]/[Dn])([Au]/[Ai]) = K1K2 ∆G = -RTlnK = ∆G1 + ∆G2



(19)
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4. Homotrimeric proteins The following cases are analyzed in this section: N3 ⇔ 3U N3 ⇔ I3 ⇔ 3U N3 ⇔ 3I ⇔ 3U 4.1 - Two-state unfolding Equilibrium Let N3 be a homotrimeric protein in its native state and U be the protomer of this protein in its unfolded state. Let us assume that the protein unfolds according to the equilibrium: N3 ⇔ 3U



(1)



Laws of mass action and mass conservation: [U]3/[N3] = K



(2)



[N3] + [U]/3 = C in trimer equivalent concentrations.



(3)



Definition of the molar fractions fn = [N3]/C; fu = [U]/3C



(4)



fn + fu = 1



(5)



K = 27C2fu3/fn



(6)



Solution of the equilibrium equation: 27C2fu3/K + fu = 1 fu3 + fuK/27C2 – K/27C2 = 0



(7)



The determinant of this third degree equation is: Δ = -[4(K/27C2)3 + 27(K/27C2)2] < 0



(8)



Since the determinant is negative, there exist one real solution and two complex solutions to this equation. The real solution, fu, can be obtained by the Fontana-Cardan method. Law of an extensive signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N3] + Yu[U]



(9)
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Y = C[Ynfn + 3Yufu] Y = C[Yn(1 – fu) + 3Yufu] Y = C[Yn + (3Yu – Yn)fu]



(10)



If we take into account the variations of the signal in the pre- and post-transition regions (see Main text): Yn = yn(1 + hnx); Yu = ynnu(1 + hux) Y = Cyn[1 + hnx + (3nu + 3nuhux - 1 - hnx)fu] Y = Cyn{1 + hnx + [3nu - 1 + (3nuhu - hn)x]fu}



(11)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K = exp{[mx - ∆G(H2O)]/RT}



(12)



The fitting equation is obtained from eq. 11 by replacing fu with the real solution of eq. 7 and K with its expression in eq. 12. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, nu, hu, m and ∆G(H2O) as floating parameters. Note that parameters fn, fu, K and ∆G are functions of x. Variation of ∆G with T ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)]



(13)



where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states. Therefore: K = exp[{ΔCp[(Tm - T) + Tln(T/Tm)] - ΔHm(1 - T/Tm)}/RT]



(14)



An approximation of the ΔCp value between the N and U states can be determined experimentally by microcalorimetry and might be predicted from the protein sequence (Main text). The fitting equation is obtained from eq. 11 by replacing fu with the real solution of eq. 7 and K with its expression in eq. 14. The resulting developed equation, which relates the extensive signal Y to the temperature x = T, is fitted to the unfolding data with Cyn, hn, nu, hu, ΔHm and Tm as floating parameters.
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4.2 - Three-state unfolding with a trimeric intermediate Equilibrium: Let N3 be a homotrimeric protein in its native state; I3, a trimeric intermediate of unfolding; and U, the protomer of this protein in its unfolded state. Let us assume that the protein unfolds according to the equilibrium: N3 ⇔ I3 ⇔ 3U



(1)



Laws of mass action and mass conservation: [I3]/[N3] = K1; [U]3/[I3] = K2



(2)



[N3] +[I3] + [U]/3 = C in trimer equivalent concentrations



(3)



Definition of the molar fractions: fn = [N3]/C; fi = [I3]/C; fu = [U]/3C



(4)



fn + fi + fu = 1



(5)



K1 = fi/fn; K2 = 27C2fu3/fi



(6)



fi = 27C2fu3/K2; fn= fi/K1 = 27C2fu3/K1K2



(7)



Solution of the equilibrium equation: 27C2fu3/K1K2 + 27C2fu3/K2 + fu = 1 27C2fu3(1 + K1)/K1K2 + fu – 1 = 0



(8)



fu3 + fuK1K2/27C2(1 + K1) – K1K2/27C2(1 + K1) = 0



(9)



Δ = -{4[K1K2/27C2(1 + K1)]3 + 27[K1K2/27C2(1 + K1)]2} < 0



(10)



Therefore, there exist one real solution and two complex solutions to this equation. The real solution, fu, can be obtained by the Fontana-Cardan method. From eqs. 7 and 8, one deduces: fi = (1 – fu)K1/(1 + K1) fn = (1 – fu)/(1 + K1) Law of an extensive signal After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N3] + Yi[I3] + Yu[U]



(11)



Y = C[Ynfn + Yifi + 3Yufu] Y = C[Yn(1 – fu)/(1 + K1) + Yi(1 – fu)K1/(1 + K1) + 3Yufu] Y = C{Yn + YiK1 + [3Yu - Yn + K1(3Yu - Yi)]fu}/(1 + K1)
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(13)



If we take into account the variations of the signal in the pre- and post-transition regions: Yn = yn(1 + xhn); Yi = ynni; Yu(x) = nuyn(1 + xhu)



(14)



Y = Cyn{1 + xhn + niK1 + [3nu + 3nuhux - 1 - hnx + K1(3nu + 3nuhux - ni)]fu}/(1 + K1)



(15)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(16)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(17)



The fitting equation is obtained from eq. 15 by replacing fu with the real solution of eq. 9 and K1 and K2 with their expressions in eqs. 16 and 17. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Total equilibrium constant and ∆G K = [U]3/[N3] = ([U]3/[I3])([I3]/[N3] = K1K2 ∆G = -RTlnK = ∆G1 + ∆G2 4.3 - Three-state unfolding with a monomeric intermediate Equilibrium: Let N3 be a homotrimeric protein in its native state; I, a monomeric intermediate of unfolding; and U, the protomer of this protein in its unfolded state. Let us assume that the protein unfolds according to the equilibrium: N3 ⇔ 3I ⇔ 3U



(1)



Laws of mass action and mass conservation: [I]3/[N3] = K1 ; [U]/[I] = K2



(2)



[N3] +[I]/3 + [U]/3 = C in trimer equivalent concentrations



(3)



Definition of the molar fractions: fn = [N3]/C; fi = [I]/3C; fu = [U]/3C



(4)



fn + fi + fu = 1



(5)



K1 = 27C2fi3/fn; K2 = fu/fi
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fn = 27C2fi3/K1; fu = K2fi



(6)



Solution of the equilibrium equation: 27C2fi3/K1 + fi + K2fi = 1 fi3 + fiK1(1 + K2)/27C2 – K1/27C2 = 0



(7)



Δ = -{4[K1(1 + K2)/27C2]3 + 27(K1/27C2)2} < 0



(8)



Therefore, there exist one real solution and two complex solutions to this equation. The real solution, fi, can be obtained by the Fontana-Cardan method. Then: fn = 1 – fi(1 + K2); fu = K2fi



(9)



Law of the signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = Yn[N3] + Yi[I] + Yu[U]



(10)



Y = C[Ynfn + 3Yifi + 3Yufu] Y = C{Yn[1 – fi(1 + K2)] + 3Yifi + 3YuK2fi} Y = C{Yn + [3Yi – Yn + K2(3Yu - Yn)]fi}



(11)



If we introduce the variations of the signal in the pre- and post-transition regions (Main text): Yn = yn(1 + xhn); Yi = ynni; Yu(x) = nuyn(1 + xhu)



(12)



Y = Cyn{1 + hnx + [3ni - 1 - hnx + K2(3nu + 3nuhux - 1 - hnx)]fi}



(13)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(14)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(15)



The fitting equation is obtained from eq. 13 by replacing fi with the real solution of eq. 7 and K1 and K2 with their expressions in eqs. 14 and 15. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Total equilibrium constant and ∆G K = [U]3/[N3] = ([U]3/[I]3)([I]3/[N3] = K1K23 ∆G = -RTlnK = ∆G1 + 3∆G2



(16)
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5. Heterotrimeric proteins The following cases are analyzed in this section: Tn ⇔ Au + Bu + Cu Tn ⇔ Ti ⇔ Au + Bu + Cu Tn ⇔ Au + 2Bu Tn ⇔ Ti ⇔ Au + 2Bu where Tn is the native state of a heterotrimeric protein; Ti, an heterotrimeric intermediate; and Au, Bu, and Cu, the unfolded states of the protomers. 5.1 - Type A:B:C and two-state unfolding Equilibrium: Let Tn = (A:B:C)n be a heterotrimeric protein in its native state; Au, Bu and Cu, the unfolded states of the A, B and C protomers. Let us assume that the protein unfolds according to the equilibrium: Tn ⇔ Au + Bu + Cu



(1)



Laws of mass action and mass conservation: [Au][Bu][Cu]/[Tn] = K



(2)



[Tn] + [Au] = C; [Au] = [Bu] = [Cu]



(3)



Note that in paragraphs 5.1 and 5.2, the roman type C represents one of the protomers and the italic type C represents the total concentration of protein. Definition of the molar fractions: fn = [Tn]/C; fu = [Au]/C = [Bu]/C = [Cu]/C



(4)



fn + fu = 1



(5)



One deduces: C2fu3/fn = K fn = C2fu3/K



(6)



Solution of the equilibrium equation: C2fu3/K + fu = 1 fu3 + fuK/C2 – K/C2 = 0



(7)
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This third degree equation is different from that for a homotrimeric protein. Its determinant is: Δ = - (4K3/C6 + 27K2/C4) < 0 Since the determinant is negative, there exist one real solution and two complex solutions to this equation. The real solution, fu, can be obtained by the Fontana-Cardan method. Law of the signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = [Tn]Yn + [Au]Yau + [Bu]Ybu + [Cu]Ycu



(8)



Y = C[fnYn + fu(Yau + Ybu + Ycu)]



(9)



If we write Yu = (Yau + Ybu + Ycu)/3, then Y = C(fnYn + 3fuYu) Y = C[(1 – fu)Yn + 3fuYu] Y = C[Yn + (3Yu – Yn)fu]



(10)



If we take into account the variations of the signal in the pre- and post-transition regions (see Main text): Yn = yn(1 + hnx) and Yu = ynnu(1 + hux)



(11)



one obtains: Y = Cyn[1 + hnx + (3nu + 3nuhux -1 - hnx)fu]



(12)



This equation of the signal has the same form as that for a homotrimeric protein. Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K = exp{[mx - ∆G(H2O)]/RT}



(13)



The fitting equation is obtained from eq. 12 by replacing fu with the real solution of eq. 7 and K with its expression in eq. 13. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, nu, hu, m and ∆G(H2O) as floating parameters. Note that parameters fn, fu, K and ∆G are functions of x. Variation of ∆G with T ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)]
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(14)



where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states. Therefore: K = exp[{ΔCp[(Tm - T) + Tln(T/Tm)] - ΔHm(1 - T/Tm)}/RT]



(15)



An approximation of the ΔCp value between the trimeric Tn state and the (Au + Bu + Cu) state can be determined experimentally by microcalorimetry and might be predicted from the protein sequence (Main text). The fitting equation is obtained from eq. 12 by replacing fu with the real solution of eq. 7 and K with its expression in eq. 15. The resulting developed equation, which relates the extensive signal Y to the temperature x = T, is fitted to the unfolding data with Cyn, hn, nu, hu, ΔHm and Tm as floating parameters. 5.2 - Type A:B:C, three-state unfolding and a trimeric intermediate Equilibrium: Let Tn = (A:B:C)n be a heterotrimeric protein in its native state, Ti a trimeric intermediate of unfolding, and Au, Bu and Cu, the unfolded states of the A, B and C protomers. Let us assume that the protein unfolds according to the equilibrium: Tn ⇔ Ti ⇔ Au + Bu + Cu



(1)



Laws of mass action and conservation: K1 = [Ti]/[Tn]; K2 = [Au][Bu][Cu]/[Ti]



(2)



[Tn] + [Ti] + [Au] = C; [Au] = [Bu] = [Cu]



(3)



where C is the total concentration of protein in trimer equivalent Definition of the molar fractions fn = [Tn]/C; fi = [Ti]/C; fu = [Au]/C = [Bu]/C = [Cu]/C



(4)



fn + fi + fu = 1



(5)



One deduces: K1 = fi/fn; K2 = C2fu3/fi fi = C2fu3/K2; fn = fi/K1 = C2fu3/K1K2



(6)



Solution of the equilibrium equation: C2fu3/K1K2 + C2fu3/K2 + fu = 1 fu3 + fuK1K2/C2(1 + K1) - K1K2/C2(1 + K1) = 0



(7)
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This third degree equation is different from that for a homotrimeric protein. Its determinant is: Δ = -[4 K13K23/C6(1 + K1)3 + 27K12K22/C4(1 + K1)2] < 0 Therefore, there exist one real solution and two complex solutions to this equation. The real solution, fu, can be obtained by the Fontana-Cardan method. Then: fn = (1 – fu)/(1 + K1); fi = (1 – fu)K1/(1 + K1)



(8)



Law of the signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = [Tn]Yn + [Ti]Yi + [Au]Yau + [Bu]Ybu + [Cu]Ycu Y = C[fnYn + fiYi + fu(Yau + Ybu + Ycu)]



(9) (10)



If we write Yu = (Yau + Ybu + Ycu)/3, then Y = C(fnYn + fiYi + 3fuYu) Y = C[Yn(1 – fu)/(1 + K1) + Yi(1 – fu)K1/(1 + K1) + 3fuYu] Y = C{Yn + K1Yi + [3Yu – Yn + K1(3Yu – Yi)]fu}/(1 + K1)



(11)



This equation of the signal is identical to that for a homotrimeric protein. If we take into account the variations of the signal in the pre- and post-transition regions (see Main text): Yn = yn(1 + xhn); Yi = ynni; Yu = ynnu(1 + xhu) Y = Cyn{1 + xhn + niK1 + [3nu + 3nuhux - 1 - hnx + K1(3nu + 3nuhux - ni]fu}/(1 + K1)



(12)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(13)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(14)



The fitting equation is obtained from eq. 12 by replacing fu with the real solution of eq. 7 and K1 and K2 with their expressions in eqs. 13 and 14. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Total equilibrium constant and ∆G K = [Au][Bu][Cu]/[Tn] = ([Au][Bu][Cu]/[Ti])([Ti]/[Tn] = K1K2 ∆G = -RTlnK = ∆G1 + ∆G2
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5.3 - Type A:B2 and two-state unfolding Equilibrium: Let Tn = (A:B2)n be a heterotrimeric protein in its native state; Au and Bu, the unfolded states of the A and B protomers. Let us assume that the protein unfolds according to the equilibrium: Tn ⇔ Au + 2Bu



(1)



Laws of mass action and mass conservation: [Au][Bu]2/[Tn] = K



(2)



[Tn] + [Au] = C; [Au] = [Bu]/2



(3)



where C is the total concentration of protein in trimer equivalent. Definition of the molar fractions: fn = [Tn]/C; fu = [Au]/C = [Bu]/2C



(4)



fn + fu = 1



(5)



One deduces: 4C2fu3/fn = K fn = 4C2fu3/K



(6)



Solution of the equilibrium equation: 4C2fu3/K + fu = 1 fu3 + fuK/4C2 – K/4C2 = 0



(7)



The determinant of this third degree equation is: Δ = - (K/C2 + 27)K2/16C4 < 0 Since the determinant is negative, there exist one real solution and two complex solutions to this equation. The real solution, fu, can be obtained by the Fontana-Cardan method. Law of the signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = [Tn]Yn + [Au]Yau + [Bu]Ybu



(8)



Y = C[fnYn + fu(Yau + 2Ybu)]



(9)



If we write Yu = (Yau + 2Ybu)/3, then Y = C(fnYn + 3fuYu)
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Y = C[(1 – fu)Yn + 3fuYu] Y = C[Yn + (3Yu – Yn)fu]



(10)



If we take into account the variations of the signal in the pre- and post-transition regions (see Main text): Yn = yn(1 + hnx) and Yu = ynnu(1 + hux)



(11)



one obtains: Y = Cyn[1 + hnx + (3nu + 3nuhux -1 - hnx)fu]



(12)



This equation of the signal has the same form as that for a homotrimeric protein. Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K = exp{[mx - ∆G(H2O)]/RT}



(13)



The fitting equation is obtained from eq. 12 by replacing fu with the real solution of eq. 7 and K with its expression in eq. 13. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, nu, hu, m and ∆G(H2O) as floating parameters. Note that parameters fn, fu, K and ∆G are functions of x. Variation of ∆G with T ΔG(T) = -RTln(K) = ΔHm(1 - T/Tm) - ΔCp[(Tm - T) + Tln(T/Tm)]



(14)



where Tm is the temperature at which ΔG(T) = 0; ΔHm, the variation of enthalpy between the two considered states at Tm; and ΔCp the variation of calorific capacity between the two states. Therefore: K = exp[{ΔCp[(Tm - T) + Tln(T/Tm)] - ΔHm(1 - T/Tm)}/RT]



(15)



An approximation of the ΔCp value between the trimeric Tn state and the (Au + 2Bu) state can be determined experimentally by microcalorimetry and might be predicted from the protein sequence (Main text). The fitting equation is obtained from eq. 12 by replacing fu with the real solution of eq. 7 and K with its expression in eq. 15. The resulting developed equation, which relates the extensive signal Y to the temperature x = T, is fitted to the unfolding data with Cyn, hn, nu, hu, ΔHm and Tm as floating parameters.
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5.4 - Type A:B2, three-state unfolding and a trimeric intermediate Equilibrium: Let Tn = (A:B2)n be a heterotrimeric protein in its native state, Ti a trimeric intermediate of unfolding, and Au and Bu, the unfolded states of the A and B protomers. Let us assume that the protein unfolds according to the equilibrium: Tn ⇔ Ti ⇔ Au + 2Bu



(1)



Laws of mass action and conservation: K1 = [Ti]/[Tn]; K2 = [Au][Bu]2/[Ti]



(2)



[Tn] + [Ti] + [Au] = C; [Au] = [Bu]/2



(3)



where C is the total concentration of protein in trimer equivalent. Definition of the molar fractions fn = [Tn]/C; fi = [Ti]/C; fu = [Au]/C = [Bu]/2C



(4)



fn + fi + fu = 1



(5)



One deduces: K1 = fi/fn; K2 = 4C2fu3/fi fi = 4C2fu3/K2; fn = fi/K1 = 4C2fu3/K1K2



(6)



Solution of the equilibrium equation: 4C2fu3/K1K2 + 4C2fu3/K2 + fu = 1 fu3 + fuK1K2/4C2(1 + K1) - K1K2/4C2(1 + K1) = 0



(7)



The determinant of this third degree equation is: Δ = -[K1K2/C2(1 + K1) + 27][K1K2/4C2(1 + K1)]2 < 0 Therefore, there exist one real solution and two complex solutions to this equation. The real solution, fu, can be obtained by the Fontana-Cardan method. Then: fn = (1 – fu)/(1 + K1); fi = (1 – fu)K1/(1 + K1)



(8)



Law of the signal: After subtraction of the solvent contribution to the global signal (see Main text): Y = [Tn]Yn + [Ti]Yi + [Au]Yau + [Bu]Ybu



(9)



Y = C[fnYn + fiYi + fu(Yau + 2Ybu)]



(10)



If we write Yu = (Yau + 2Ybu)/3, then
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Y = C(fnYn + fiYi + 3fuYu) Y = C[Yn(1 – fu)/(1 + K1) + Yi(1 – fu)K1/(1 + K1) + 3fuYu] Y = C{Yn + K1Yi + [3Yu – Yn + K1(3Yu – Yi)]fu}/(1 + K1)



(11)



This equation of the signal is identical to that for a homotrimeric protein. If we take into account the variations of the signal in the pre- and post-transition regions (see Main text): Yn = yn(1 + xhn); Yi = ynni; Yu = ynnu(1 + xhu) Y = Cyn{1 + xhn + niK1 + [3nu + 3nuhux - 1 - hnx + K1(3nu + 3nuhux - ni]fu}/(1 + K1)



(12)



Variation of ∆G with x = [denaturant] ΔG(x) = -RTlnK = ΔG(H2O) – mx and therefore: K1 = exp{[m1x - ∆G1(H2O)]/RT}



(13)



K2 = exp{[m2x - ∆G2(H2O)]/RT}



(14)



The fitting equation is obtained from eq. 12 by replacing fu with the real solution of eq. 7 and K1 and K2 with their expressions in eqs. 13 and 14. The resulting developed equation, which relates the extensive signal Y to the concentration x of denaturant, is then fitted to the unfolding data with Cyn, hn, ni, nu, hu, m1, m2, ∆G1(H2O) and ∆G2(H2O) as floating parameters. Total equilibrium constant and ∆G K = [Au][Bu]2/[Tn] = ([Au][Bu]2/[Ti])([Ti]/[Tn] = K1K2 ∆G = -RTlnK = ∆G1 + ∆G2
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6 - Heteromers and two-state unfolding The following general case is analyzed in this section: Pn ⇔ a1A1,u + a2A2,u + ... + aqAq,u, with a1 + a2 + ... + aq = s Equilibrium: Let P be a heteromeric protein, with a number s of subunits, a number q of different types of subunits, Ai (i = 1, ..., q), each subunit having a multiplicity ai. Then ∑iai = s with the summation on i = 1, ..., q. Let us further assume that the native state Pn unfolds according to a two-state mechanism into the unfolded state Ai,u of the subunits. Pn ⇔ ∑iaiAi,u with i = 1, ..., q



(1)



Laws of mass action and mass conservation: ∏i[Ai,u]ai/[Pn] = K with the product on i = 1, ..., q



(2)



[Pn] + [A1,u]/a1 = C; [Ai,u]/ai = [Aj,u]/aj for any i and j



(3)



where [Pn] and [Ai,u] are concentrations and C is the total concentration of protein in the unfolding reaction, in s-mer equivalent. Definition of the molar fractions: fn = [Pn]/C; fu = [Ai,u]/aiC for any i



(4)



fn + fu = 1



(5)



One deduces, since ∑iai = s: ∏i(aiCfu)ai/Cfn = Cs-1fus∏iaiai/fn = K with i = 1, ..., q fn = Cs-1fus∏iaiai/K



(6)



Equilibrium equation and implications for fu = 0.5: Cs-1fus∏iaiai/K + fu = 1



(7)



Let us calculate the value K1/2 of the equilibrium constant for fu = 0.5: Cs-1∏iaiai/2sK = 1/2 K1/2 = Cs-1∏iaiai/2s-1 with the product on i = 1, ..., q



(8)



If the denaturant is a chemical molecule, then the value x1/2 of the denaturant for which fu = 0.5 satisfies the following equation: ΔG(x1/2) = -RTlnK1/2 = ΔG(H2O) – mx1/2
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By combining eqs. 8 and 9, one obtains: ΔG(H2O) = mx1/2 - RTln(Cs-1∏iaiai/2s-1) with the product on i = 1, ..., q



(10)



For a homomeric protein of s identical subunits, we have a1 = s and ai = 0 for i ≠ 1. Therefore: ΔG(H2O) = mx1/2 - RTln(ssCs-1/2s-1)



(11)



Let us write a = ∏iaiai, with the product on i = 1, ..., q. Then 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.
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7. Detecting intermediates with phase diagrams The principle for the detection of unfolding intermediates with phase diagrams has been previously described [2]. Here, we provide a generalization. 7.1 – Monomeric proteins, two-state unfolding Let us assume that a protein unfolds according to a two state model, where N is its native state and U, its unfolded state. N⇔U Let us assume that we use two different signals, Y1 and Y2 that correspond to extensive protein parameters, to monitor the equilibrium of unfolding, for example the intensity of fluorescence emission at two different wavelength λ1 and λ2 upon excitation at a common wavelength λex. The law of the signal for such extensive parameters enables us to write the two following equations: Y1(x) = Y1n[N](x) + Y1u[U](x)



(1)



Y2(x) = Y2n[N](x) + Y2u[U](x)



(2)



where Y1n and Y1u are the molar signal of the protein states N and U, respectively, for signal Y1; Y2n and Y2u, these molar signal for signal Y2; x, the varying value of the denaturing agent; [N](x) and [U](x), the concentrations of states N and U as functions of x; and C, the total concentration of protein. The law of mass conservation gives [N](x) + [U](x) = C



(3)



Equations 1 and 2 constitute a system of two linear equations with two unknown variables [N](x) and [U](x). Therefore, there exists four parameters aij, which depend only on the molar fluorescences Y1n, Y1u, Y2n and Y2u of states N and U, such that: [N](x) = a11Y1(x) + a12Y2(x)



(4)



[U](x) = a21Y1(x) + a22Y2(x)



(5)



provided that the determinant Y1nY2u – Y2nY1u ≠ 0. Introducing eqs. 4 and 5 in eq. 3, one obtains: a11Y1(x) + a12Y2(x) + a21Y1(x) + a22Y2(x) = C and after rearrangement: (a11 + a21)Y1(x) + (a12 + a22)Y2(x) = C



(6)



If the protein signals Y1(x) and Y2(x) remain constant within the pre- and post-transition regions of the unfolding profile, i.e. if the four molar signal Y1n, Y1u, Y2n and Y2u are
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independent of x, then the four coefficients aij are also constant. We conclude that if the system is two states, then the global signals Y1(x) and Y2(x) of the equilibrium mixture are linearly related by an equation whose coefficients do not depend on the value of the denaturant value x. A plot of Y2(x) versus Y1(x) when x varies should give a straight line. By contraposition: if Y1(x) and Y2(x) are not linearly related by an equation that is independent of x, then the system is not two states, i.e. there exists an intermediate of unfolding. Note that if the determinant is equal to zero, then the two signals are not independent. Therefore, if the two signal are independent, then the determinant should be different from zero. As mentioned in the main text, 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 GuHCl is the denaturant [3]. 7.2 – Monomeric proteins, three-state unfolding Let us now assume that a monomeric protein unfolds according to a three state model, where N is its native state; I, an intermediate state; U, its unfolded state; and C, the total concentration of protein. We now have: N ⇔ I⇔ U



(1)



[I]/[N] = K1; [U]/[I] = K2



(2)



[N] + [I] + [U] = C



(3)



Y1(x) = Y1n[N](x) + Y1i[I](x) + Y1u[U](x)



(4)



Y2(x) = Y2n[N](x) + Y2i[I](x) + Y2u[U](x)



(5)



where Y1i and Y2i are the molar intensities of signals Y1 and Y2, respectively, for the intermediate state I. Introducing eq. 2 into eqs. 4 and 5 gives: Y1(x) = {Y1n/K1(x) + Y1i}[I](x) + Y1u[U](x)



(6)



Y2(x) = {Y2n/K1(x) + Y2i}[I](x) + Y2u[U](x)



(7)



or Y1(x) = Y1n[N](x) + {Y1i + Y1uK2(x)}[I](x)



(8)



Y2(x) = Y2n[N](x) + {Y2i + Y2uK2(x)}[I](x)



(9)



Thus, Y1 and Y2 will be related by a linear relation, independent of x, for the values of the denaturant x at which either Y1n/K1(x) 























des documents recommandant







[image: alt]





Supplementary data for Reagentless fluorescent ... - Hugues Bedouelle 

the following equation where is a molar absorbance (Brient-Litzler et al., 2010): yc ... The Stern-Volmer Eq. (S5) was fitted to ... The Stern-Volmer constant.










 


[image: alt]





Untitled - Hugues Bedouelle 

proximity of Tyr-AMP for attack on its carbonyl C. The .... Mutation T1 7A stabilized the initial complex but had no effect on ..... Biochemistry, 26, 8031-8037. Fersht ...










 


[image: alt]





Untitled - Hugues Bedouelle 

CCA3'-OH, remains mobile after the initial binding of tRNAIy to TyrTS. ... basis of the crystal structures of free B stearothermo- .... The phosphate groups of.










 


[image: alt]





Recombinant antibodies specific for the ... - Hugues Bedouelle 

Apr 21, 2010 - acid substitutions: D1E, I2L and L4M in FR1; S28N and S31R in CDR1; P46A ...... Rock EP, Marsh K, Saul AJ, Wellems TE, Taylor. DW, Maloy ...










 


[image: alt]





Full text [PDF] - Hugues Bedouelle 

Mapping the Stability Determinants of Bacterial Tyrosyl .... gene by replacing the codon (CGC, Ala) at position 321 by ...... Protein stability and molecular adap-.










 


[image: alt]





Full text [PDF] - Hugues Bedouelle 

anticodon arm of tRNAThs and binds a different subunit of one synthetase dimer. Keywords: regulation; translation; aminoacyl-transfer RNA synthetase;.










 


[image: alt]





Full text [PDF] - Hugues Bedouelle 

hydrogen bonds depending on residues scattered all ... and six other residues are hydrogen-bonded to ... fusion of charged peptides of up to 37 amino acid.










 


[image: alt]





Full text [PDF] - Hugues Bedouelle 

aminoacyl-tRNA synthetases or on the chemical unknown. ... gained on the sequence elements of tRNAs that ... The N-6-H-2 group of adenine 73 points toward the main-chain oxygen .... inorganic pyrophosphatase/ml, 0-4 nm-wild-type or.










 


[image: alt]





Full text [PDF] - Hugues Bedouelle 

indole-3-glycerol phosphate (IGP) to glyceraldehyde 3- phosphate (G3P) ..... Therefore, the contact the backbone of BGly277, 3Tyr279 and BMet282, effects of ...










 


[image: alt]





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.










 


[image: alt]





Knowledge-based design of reagentless ... - Hugues Bedouelle 

Nov 27, 2009 - biosensors that derive from protein receptors and whose flu- orescence is .... using extended van der Waals radii as described (Rondard and Bedouelle .... given value of [A]0 satisfies the following equation: F ÑŽ F0. F0. Â¼. DF.










 


[image: alt]





transfer RNA interaction as ... - Hugues Bedouelle 

disordered in the crystal (reviewed in ref. l). ... of the synthetase could form salt bridges with the phosphates .... Twenty-seven mutants gave full growth ( + ) in.










 


[image: alt]





Reagentless fluorescent biosensors from artificial ... - Hugues Bedouelle 

of 25 L minâˆ’1 with streptavidin SA sensor chips (Biacore Life. Sciences). .... normalized to the concentration of conjugate). sr is an intrinsic dimensionless ...










 


[image: alt]





Construction of heterodimer tyrosyl-tRNA ... - Hugues Bedouelle 

Oct 7, 1985 - constructed by annealing the HN45 primer to the M13 template, extending the primer for 4 hr with DNA polymerase. I (Klenow fragment) in the ...










 


[image: alt]





Deriving Topological Constraints from Functional ... - Hugues Bedouelle 

neuro and behavioral sciences. ... of health, environment, civil defence and industrial processes. Materials ..... screening for antibodyâ€“antigen interactions using.










 


[image: alt]





Protein of Escherichia coli K12 - Hugues Bedouelle 

Feb 21, 1984 - the payment of page charges. This article must therefore be .... followed by the name of the plasmid between parentheses, for exam- ple, HBlOl (pPD1). ...... no - not detemined. The nmbers i n parenthesis dm frm the sequence.










 


[image: alt]





Overproduction of Tyrosyl-tRNA Synthetase Is ... - Hugues Bedouelle 

jb.asm.org. Downloaded from .... FIG. 1. Structure of the parental and recombinant plasmids and ..... overexpression of tyrS alters the structural properties of .... chemistry 26:8031-8037. 8. Futterer, J., K. Gordon, ... Biochemistry, 2nd ed., p.










 


[image: alt]





Mapping of a dengue virus neutralizing epitope ... - Hugues Bedouelle 

The murine monoclonal antibody 4E11 might be of interest, since it neutralizes dengue ...... hepatitis C virus adsorption to peripheral blood mononuclear cells by.










 


[image: alt]





Mapping to completeness and transplantation of ... - Hugues Bedouelle 

Jun 25, 2007 - Nucleic Acids Res. 13, 4431â€“4443. Catteau, A., Kalinina, O., Wagner, M. C., Deubel, V., Courageot, M. P. ... easy as it seems. Nat Biotechnol 17 ...










 


[image: alt]





Improvement of an Antibody Neutralizing the ... - Hugues Bedouelle 

Mar 28, 2008 - antigen or adsorbed antigen and long elution times in the presence of ..... same was true of the combination of the VL of J24.7 with the VH of ...










 


[image: alt]





The Anticodon-binding Domain of Tyrosyl-tRNA ... - Hugues Bedouelle 

sites (italicized in the primers) of plasmid pET20b(+) to yield. pSN10 (Figure 1). .... promoter for the RNA polymerase of phage T7. Plasmid. pVG3 was a ...










 


[image: alt]





Structure and Dynamics of the Anticodon Arm ... - Hugues Bedouelle 

Dec 13, 2001 - NMR experiments were run at 35 C on a Varian Inova spectrometer resonating at a 499.83 MHz 1 H frequency. Vnmr (Varian) and XEASY.










 


[image: alt]





Promoters of the malEFG and malK-lamB ... - Hugues Bedouelle 

DNA probes allou'ed such purifications by u single-step h.vbridization ... NIl3Hts4. u'as used as a single-stranded DNA probe to purifi' the nalK-lazlB RNA.










 


[image: alt]





Mechanism of Dengue Virus Broad Cross ... - Hugues Bedouelle 

Jan 26, 2012 - The dengue virus (DENV) complex is composed of four distinct but ... contribute to severe disease in cases of heterotypic infections. .... DIII is thought to be involved .... blue) with carbon atoms following the main-chain color schem










 














×
Report Supplementary Informations For - Hugues Bedouelle





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



