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Conformational Entropy of Unfolding

It is The factor that makes the greatest contribution to 

stabilization of the unfolded state

decreasing the conformational flexibility of the unfolded 

chain should lead to an increase in the stability of the 

folded 

How?

(ex: by substitution with proline, or by replacement of 

glycine, or disulfides)
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Cases

Two such substitutions (A82P and G77A) in T4 lysozyme 

gave rise to only a small amount of stabilization (0.8 and 

0.4 kcal/mol)! (Matthews et al, 1987) Why?

possibly due to the counterbalancing removal of favorable 

interactions upon mutation

A similar mutation that also eliminated a hydrogen bond 

and some hydrophobic interactions was destabilizing
(Dixon et al, 1992).
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Proline!

Case: oligo- 1,6-glucosidases

Watanabe et al (1994) have found a correlation

between the number of proline residues from a number 

of bacterial species and their thermostability

Structural analysis suggests that the optimal placement is 

at the N-cap of alpha helices and at the second position 

beta type I and beta type II turns.
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Proline!

Case: Alpha amylase

based on structural parameters alone, the mutants 

were either equal in stability to wild-type or 

destabilized!!!

Structural analysis of at least one destabilized mutant 

revealed the creation of a hydrophobic surface cavity 

upon mutation (A. Day & A. Shaw unpublished)

This suggests that, in the absence of any hints from nature in terms 

of homology, proline substitution for stabilization should be used 

with some care.
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Other Factors Affecting Protein 
Stability

They are not major, but are still important!

Salt Bridges

Aromatic-Aromatic Interactions

Metal Binding and

Disulfide Bonds
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Salt Bridges

A salt bridge or ion-pairs is actually a combination of 

two non-covalent interactions between two charged 

residues : hydrogen bonding and electrostatic 

interactions
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Salt Bridges: contentious issue

On the one hand is the observation that thermophilic

and hyper-thermophilic analogues of mesophilic

proteins tend to have increased numbers of salt-bridges

(Tanner et al., 1996; Perutz & Raidt, 1975; Perutz, 1978; Dekker et al., 1991).

On the other hand are mutational studies showing that 

the contribution of salt bridges to stability is small!!!
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mutational studies

case: barnase

Mutation: surface salt bridge (Asp8, Asp12 & Arg110; all 

possible combinations of 1, 2, or 3 alanine mutants.) 

The free energy (contributed to the stability): 

− Asp12/Arg110 : only 1.25 kcal/mol !

− Asp8/Arg110: only 0.98 kcal/mol !

− Removal of Arg 110 has no effect on stability !!!

WHY?

In fact, it is possible that most of the energy of stabilization 

comes from the increase in solvent entropy upon formation of 

the ion pair
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mutational studies

case: Arc repressor (Waldburger et al., 1995)

Mutation: removal of one partner from a buried salt 

bridge 

− Result: destabilization of 3-4 kcal/mol.

Mutation: replacing a buried salt-bridge triad by well 

packed hydrophobic residues

− Result: increase in stability of 4.5 kcal/mol !

Thus:

hydrophobic interactions contribute more to stability 

than a salt bridge triad.
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Aromatic-Aromatic Interactions

About 60% of the aromatic side chains (Phe, Tyr, and 

Trp), found in proteins are involved in aromatic pairings.

optimal geometry: 

perpendicular
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Case (Serrano et al, 1991) 
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case: barnase

Mutation: Tyr13 and Tyr17 to Ala (all combinations)

− Result: destabilization of 4.6 kcal/mol.

Note!

DSC studies indicates that the interaction energy 

between the two aromatic groups contributes only 

1.3 kcal/mol to the protein stability (Carter, 1984; 

Horovitz & Fersht, 1990)



Metal Binding

metal ions are coordinated, usually by lone pair 

donation from oxygen or nitrogen atoms

Experiments have shown that metal binding can 

contribute 6 - 9 kcal/mol to protein stability (Braxton, 1996 

and references therein).

However, this is a little misleading as the comparisons 

made are between the apo- and the holo- enzyme; in the 

apo-enzyme there is often a destabilising cluster of 

negative charge from coordinating acidic side chains
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Disulfide Bonds

They are formed by the oxidation of two cysteine 

residues to form a covalent sulfur- sulfur bond which 

can be intra- or inter- molecular bridges.
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Disulfide Bonds

True or False?

As the enthalpy of a covalent disulfide bond is very high, it 

contributes a great deal to stability
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Disulfide Bonds

True or False?

As the enthalpy of a covalent disulfide bond is very high, it 

contributes a great deal to stability

All of the stabilizing effect of a disulfide bond is 

proposed to come from the decrease in conformational 

entropy of the unfolded state
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Disulfide Bonds

Calculations suggest that a disulfide bond should give 

rise to 2.5 - 3.5 kcal/mol of stabilization (Braxton, 1996).

Experiments in which naturally occurring disulfides are 

either mutated to alanine, or chemically reduced and 

blocked, lead to decreased stability ranging from 2 - 8 

kcal/mol (Betz,1993 and references therein)

WHY?
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Disulfide Bonds

Introduction of novel disulfides into proteins: (case 

study): (Betz, 1993)

Five disulfides have been introduced into T4 lysozyme 

(which has no disulfides in the wild-type).

Two are destabilizing, and three are stabilizing relative 

to their reduced form, but all five are destabilized 

relative to wild-type!!!
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Disulfide Bonds

(Successful cases):

The stability of RNase Hn is increased by 2.8 kcal/mol

upon introduction of a disulfide.

Engineering disulfides into the barnase gave rise to 

increased stability of 1.2 and 4.1 kcal/mol Interestingly, 

the former disulfide encompasses a loop of 34 residues, 

while the latter encompasses 17 ! (Clarke et al., 1995). 
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Disulfide Bonds

Small proteins are often naturally rich in disulfide 

bonds ; perhaps, when the geometry is optimal, 

they compensate for the small number of non-

covalent interactions. 

Disulfide linkages are rare in hyper-thermostable 

proteins, presumably because they are chemically 

labile at high temperatures. 

Disulfides can also contribute a great deal to Kinetic 

Stability.
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Kinetic Stability

It is a measure of how rapidly a protein unfolds

Considering: proteins that unfold very slowly or 

denature irreversibly.

Source of Stability:

free energy difference between the folded and unfolded state
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Permanent change

transition states

Equilibrium



Kinetic Stability
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Unfolded to folded state

Q: does a folded protein reflect the global energy 
minimum for the structure? 
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Subtilisin

Extra-cellular Serine protease

Need 77 aa N-terminal Pro-
sequence for its native folding.

Unlike subtilisin, the pro-subtilisin 
variant unfolds reversibly with 
guanidinium chloride!
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The Pro-sequence lowers the activation energy of 
folding by more than 27 kcal/mol.



Chemical Degradation

the ultimate limit of protein stability must come from:

covalent degradation

At high temperatures (80-120 °C):

− Asn and Gln are susceptible to deamidation

− Asp-Xaa peptide bonds are susceptible to hydrolysis

− disulfides bonds rupture

− Xaa-Pro peptide bonds undergo cis-trans isomerization

Lessons from nature (hyperthermophiles):

− disulfides are absent

− Asn/Gln content is reduced

− deamidation rate of Gln and Asn residues is reduced (presumably by steric 

constraint)
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Evolution and Protein Stability

Why are most proteins only stable to the tune of 5-15 
kcal/mol?

Probably for the same reason that we don't drive around 
in tanks!!!
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Evolution and Protein Stability

Why are most proteins only stable to the tune of 5-15 

kcal/mol?

The evolutionary pressure is for a protein (or a car) to 

be strong enough to perform its function, but no 

stronger!

If a protein accumulates a stabilizing mutation (which 

has no other effects), without evolutionary pressure to 

keep it stable, it will likely soon accumulate another 

destabilizing mutation
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Barnase Vs Bainase

Barnase and binase can be regarded 

as molecular twins according to 

their highly similar structure, 

physical-chemical and catalytic 

properties.

110 aa with only 17 differences.

Mutating barnase to binase: 
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each of point mutations only affected stability 
by between +1.1 and -1.1 kcal/mol and has 
kept stability remarkably constant



What should we do?

True or false?

In order for an enzyme to be an efficient catalyst, it must 

be flexible, which leads to a decrease in stability.
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CONCLUSION

some of the many forces that make small and conflicting 
contributions to protein stability was discussed. 
The total destabilizing and the total stabilizing energies are 
both large, and their difference is small. (problem in 
computational prediction)
our understanding of these many forces is incomplete.
Mutations often have the opposite effect to that which had 
been predicted
the activation energy for folding is an important 

determinant of both kinetic stability and whether a 
protein will fold to a global minimum
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the search for the
solution to The Folding Problem, one 
of the great remaining questions in 

biology, is and
continues to be, an exciting one.
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GOOD LUCK ;)
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