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Protein Stability



PROTEIN STABILITY



Why are we interested in protein stability ?

1) Biotechnological implications: 
Practical applications of proteins are often hampered by 
low stability.

2) Fundamental issues:
For instance: protein stabilization makes a good model problem 
to test and refine our knowledge about the structure-energetics
relation in proteins (understanding the relation between
structure and energetics is an essential requisite for rational
protein design).



WHAT IS PROTEIN STABILITY ?

* High denaturation temperature 

* It remains active during the time required for a given 
application (kinetic stability)

* It is stable under storage conditions for a long time: shelf life
(kinetic stability).

* Comparatively high value of the unfolding free energy at 
room temperature (thermodynamic stability)



IRREVERSIBLY IRREVERSIBLY 
DENATUREDDENATURED

PROTEINPROTEIN

U

THERMODYNAMIC STABILITYTHERMODYNAMIC STABILITY vs.              vs.              KINETIC STABILITYKINETIC STABILITY

K=exp(-∆G/RT)

Xu=K/(1+K) τ=τ0exp(∆GN→TS/RT)

Time-scale for irreversible denaturation

Native Unfolded

NU G-G∆G =

TS

N



Thermodynamic stability

The protein stability curve
Structure-energetic relationships
Residual structure in protein denatured states
Deviations from two-state behavior: intermediate states
Deviations from two-state behavior: downhill folding

Kinetic stability

The role of transition-state structure
Alternative native or nearly-native states
Natural selection for kinetic stability

DIFFERENTIAL SCANNING CALORIMETRYDIFFERENTIAL SCANNING CALORIMETRY



What is differential scanning calorimetry ?

Protein
solution Buffer

The sample and reference cells are heated at constant
scanning rate.

When an endothermic process takes place in the sample cell
(protein denaturation, for instance), its temperature lags behind
that of the reference cell.

The feedback system of the calorimeter gives an extra power to
the sample cell to eliminate the temperature difference. That extra
power is proportional to the heat capacity of the protein solution
(taking the buffer as reference)

Sample cell Reference cell



What is heat capacity ?

dT
dHCP = H ≡ Enthalpy ≅ Energy

Heat capacity is a measure of the system efficiency
to store energy

Liquid water has a high heat capacity because of an efficient energy
storage mechanism: breakage of hydrogen bonds.

Protein denaturation processes gives rise to “peaks” in DSC thermograms,
because the denaturated protein has higher energy and denaturation
provides an energy storage mechnism.
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Representative examples of DSC Representative examples of DSC thermogramsthermograms::
MesophilicMesophilic and and thermophilicthermophilic ribonucleaseribonuclease HH
GuzmanGuzman--CasadoCasado, Parody, Parody--MorrealeMorreale, , RobicRobic, , MarquseeMarqusee, Sanchez, Sanchez--Ruiz (2003)Ruiz (2003)
J. Mol. Biol. 329:731J. Mol. Biol. 329:731--743.743.



The two-state equilibrium model

Only two macrostates of the protein are significantly populated:
the native state (N) and the unfolded state (U).

The relative amounts of N and U are determined by an equilibrium
constant that changes with temperature.
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TheThe proteinprotein stabilitystability curvecurve
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∆H(T)=∆H(Tm)+∆CP·(T-Tm)

∆S(T)=∆H(Tm)/Tm+∆CP·ln(T/Tm)



StructureStructure--energeticsenergetics relationshipsrelationships

∆CP: interactions with the solvent of residues exposed upon unfolding.

∆H: breaking of internal interactions (van der Waals interactions, hydrogen
bonds…) and interactions with the solvent of residues exposed upon unfolding.

∆S: conformational entropy change (backbone and side-chain contributions) and
Interactions with the solvent of residues exposed upon unfolding. 

Native Unfolded

ND G-G∆G =



ParametrizationParametrization in terms of unfolding changes in accessible surface area!in terms of unfolding changes in accessible surface area!

Luque and Freire (1998) Methods Enzymol. 295:100-127.
Robertson and Murphy (1997) Chem. Rev. 97:1251-1267.



The good news…

ProteinsProteins can be can be stabilizedstabilized throughthrough thethe rationalrational desingdesing ofof
““minorminor”” energeticenergetic contributionscontributions! ! 

•Sanchez-Ruiz & Makhatadze, TRENDS in Biotechnology, Vol.19, No.4, 132-35 (2001)
•Loladze, Ibarra-Molero, Sanchez-Ruiz & Makhatadze, Biochemistry, Vol.38, No.50, 
16419-23 (1999)
•Ibarra-Molero, Loladze, Makhatadze & Sanchez-Ruiz, Biochemistry, Vol.38, No.25, 8138-
49 (1999)

K6

H68

R42

R72

Human Ubiquitin



ISSUE: ISSUE: whatwhat isis thethe unfoldedunfolded statestate??

Native Unfolded

NU G-G∆G =



Guzman-Casado, Parody-Morreale, Robic, Marqusee, Sanchez-Ruiz (2003)
Energetic evidence for formation of a pH-dependent hydrophobic cluster in 
the denatured state of Thermus thermophilus ribonuclease H.
J. Mol. Biol. 329, 731-743.
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Recent experimental studies suggest the existence 
of long-range interactions and cooperative processes 
in protein denatured states:
Shortle & Ackerman (2001) Science 293, 487-489.
Klein-Seetharaman et al. (2002) Science 295, 1719-1722.



ISSUE: ISSUE: whatwhat ifif therethere are are intermediateintermediate statesstates??

Native Unfolded

NU G-G∆G =



Undistorted DSC data contain all relevant information
about equilibrium protein folding/unfolding mechanism

Freire & Biltonen (1978) Biopolymers 17, 463-479

I1 (N) ⇔I2 ⇔I3 ⇔......⇔ In-1 ⇔In (D)

Partition function = sum of statistical weights
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Irun, Garcia-Mira, Sanchez-Ruiz, Sancho (2001). Native hydrogen bonds
in a molten globule: the apoflavodoxin thermal intermediate.
J. Mol. Biol. 306, 877-888.





Thórolfsson, Ibarra-Molero, Fojan, Petersen, Sanchez-Ruiz, Martinez (2002).
L-Phenylalanine binding and domain organization in human phenylalanine
hydroxylase: a differential scanning calorimetry study.
Biochemistry 41, 7573-7585

TC, characteristic temperature of the transition

PA and PB, binding polynomials for states A and B

There are no binding sites for L-Phe in the regulatory domains!



Two-state model:

Native (N)             Unfolded (U)

Multi-state equilibrium:

I0(N)  ↔ I1 ↔ I2………In-2 ↔ In-1 ↔ In(U)

In a sense, these are chemical models.

But, protein folding is not a chemical reaction

BIG ISSUE: BIG ISSUE: WhatWhat ifif thethe descriptiondescription in in termsterms ofof
wellwell--defineddefined statesstates isis notnot appropriateappropriate ??
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High free energy for microstates of 
Intermediate degree of unfolding.

Thermodynamic barrier.

Cooperative unfolding.



Kinetic analysis suggest that folding barriers for many natural proteins are
small in the chemical sense [Kubelka, Hofrichter, Eaton (2004) Current 
Opinion in Structural Biology 14, 76-88].

Computer designed proteins fold faster (lower barrier) than their natural 
counterparts, although no selection for folding efficiency was included in 
the design strategy [Scalley-Kim, Baker (2004) Journal of Molecular 
Biology 338, 573-583].

Perhaps, folding barriers are not an intrinsic feature of protein folding and
must not be taken for granted (e.g., the Corex program of Freire and cols.)

If there is no barrier, we have:

Barrierless, single-state, continuous, gradual, non-cooperative, 
DOWNHILL FOLDING
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Garcia-Mira, Sadqi, Fischer, Sanchez-Ruiz, Muñoz (2002). Experimental
identification of downhill folding.
Science 298, 2191-2195.

BBL



Adapting classical Landau theory to protein folding:

We describe the protein as an ensemble of “enthalpy microstates” and
write the partition function in terms of a density of states:

∫ −= ⎟
⎠
⎞

⎜
⎝
⎛ dHRT

HHQ ·)·exp(ρ

H is an ethalpy scale defined by native baseline substraction. We expect this
enthalpy scale to be reasonably close to a true structural scale and we use
H as the order parameter in a Landau-style expansion of the free energy
at a characteristic temperature (T0):
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The sign of β determines whether there is a barrier or not!

If β>0, its value gives the height of the barrier.
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folding scenarios depending on the value of folding scenarios depending on the value of ββ
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Barrier heights can be determined from the fitting of the model Barrier heights can be determined from the fitting of the model to theto the
experimental DSC profilesexperimental DSC profiles
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Muñoz, Sanchez-Ruiz (2004) PNAS 101:17646-17651 



AN EVEN BIGGER ISSUE: How do AN EVEN BIGGER ISSUE: How do wewe know know thatthat wewe
can can applyapply equilibriumequilibrium thermodynamicsthermodynamics ??

Calorimetric reversibility!

Calorimetrically Reversible                            Calorimetrically Irreversible         



IRREVERSIBLY DENATUREDIRREVERSIBLY DENATURED
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Lumry-Eyring model
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Kinetic stability is important in biotechnological applicationsKinetic stability is important in biotechnological applications
Thermal Thermal denaturationdenaturation of lipase is irreversible, kineticallyof lipase is irreversible, kinetically--controlled and conformscontrolled and conforms
to the twoto the two--state irreversible model (Nstate irreversible model (N→→F)F)

Rodriguez-Larrea, Minning, Borchert, Sanchez-Ruiz (2006) J. Mol. Biol., 360, 715-724.
Rodriguez-Larrea, Ibarra-Molero, Sanchez-Ruiz (2006) Biophys. J.,  L48-L50.

N

TS



D E
E D
I V
V I

Residue number
20 40 60 80 100

∆∆
G

 (k
J/

m
ol

)

-5

-4

-3

-2

-1

0

1

2

85

60

41

38

23

55

45

91

75
72

13

2

43
47

9

10

4

5 16

25

30
61

44

48

101

10486

Natural selection for kinetic stability (a high free-energy barrier for unfolding)
can be detected in sequence alignment analysis!

KineticKinetic stabilitystability isis relevantrelevant in vivoin vivo
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KineticKinetic stabilitystability may may leadlead toto
alternativealternative nativenative oror cuasicuasi--nativenative statesstates
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Rodriguez-Larrea, Ibarra-Molero, De Maria, Borchert, Sanchez-Ruiz (2007)
Proteins, in press.



THANKS!THANKS!

GRANADA
José Manuel Sánchez Ruiz
Beatriz Ibarra Molero
Maria del Mar García Mira
Asunción Delgado Delgado
David Rodriguez Larrea
Hector García Seisdedos
Rocio Arco

Antiguos miembros:
Raul Perez Jimenez
Raquel Godoy Ruiz

Visitantes recientes:
Susanne Bomke (Alemania)
Susanne Dammers (Alemania)
Oyvind Halskau (Noruega)
Angel L. Pey (Noruega)
Alejandro Fernandez Velasco (México)




