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introduction

The contribution each residue makes to, or takes away 
from, the stability of a protein is small. 

Thus the stability of a protein is determined by large 
number of small positive and negative interaction energies
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Definition of Stability

Physical biochemists: thermodynamic stability of a protein 

that unfolds and refolds rapidly, reversibly, cooperatively, and with a simple, 

two-state mechanism:

Ku: equilibrium constant for unfolding

Biotechnologists: Kinetic stability
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thermodynamic stability

DG = Gu - Gf

The only factors affecting stability are the relative free 

energies of the folded (Gf) and the unfolded (Gu) states.

G = H – TS
Where T is the temperature in Kelvin

DGu , for a globular protein: 5-15 kcal/mol (compared to e.g. ~30 

- 100 kcal/mol for a covalent bond).
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Kinetic stability

The biotechnologist is more concerned with the 

practical utility of the definition: Is the protein stable 

enough to function under harsh conditions of 

temperature, solvent or etc.? 

the answer to this question may lie in: 

− thermodynamic stability 

− reversibility 

− kinetic stability (for irreversibly or slowly unfolding proteins)

Kinetics deals with all things that impact the rate at which a reaction occurs.
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Kinetically Stable proteins

A large free energy barrier to unfolding is required and the factors 

affecting stability are the relative free energies of the folded (Gf) and the 

transition state (Gts) for the first committed step on the unfolding pathway
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Cases!

Case 1: If a protein unfolds reversibly it may be fully 

unfolded and inactive at high temperatures, but once 

it cools to room temperature, it will refold and fully 

recover activity.

Functional standpoint

− thermostable. 

Thermodynamic standpoint 

− non-thermostable.
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Cases!

Case 2: irreversible or slowly unfolding proteins;

it is kinetic stability or the rate of unfolding that is 

important. Thus:

A protein that is kinetically stable will unfold more 

slowly than a kinetically unstable protein
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The Unfolded State

Most studies and theoretical treatments of protein 

stability have assumed that the unfolded state of a 

protein is a random coil:

− the protein chain is extensively hydrated

− individual residues do not interact with each other

If so: any mutation that effects stability must have its 

effect almost exclusively via the native (folded) 

structure.
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Negative clues!!!

Small angle X-ray scattering studies have shown that the 

radius of gyration of the unfolded state of ribonuclease 

A is smaller than if it is in a random coil (Sosnick & Trewhella, 

1992).

NMR studies have shown that interactions do occur

between residues, particularly between aromatic 

residues, in the unfolded state and that these 

interactions can be non-native (Pan et al, 1995).
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Negative clues!!!

In one mutant of Staphylococcal nuclease, the enthalpy 

of unfolding, DH, was reduced to 50% that of wild-type, 

but with no concomitant change in DG for the unfolding 

process (Tanaka et al, 1993). (remember that DG = DH –

TDS.

− (i) that over half the stabilizing interactions present in the 

wild-type be absent in the mutant

− (ii) that there be a huge increase in the entropy of the (folded) 

mutant over the native protein.
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More acceptable!

A more convincing explanation of the result is that the

enthalpy and entropy changes between mutant and wild-

type are due to changes in the unfolded state, where

introduction of a few interactions in the unfolded mutant

could significantly decrease both enthalpy and entropy vis-

à-vis the wild-type
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The Major Factors Affecting Protein 
Stability
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The Hydrophobic Effect

Major driving force for the folding of globular proteins; 
due to burial of the hydrophobic residues in the core of the protein!

G. S. Hartley: Aqueous Solutions of Paraffin Chain Salts, A Study in Micelle 

Formation, 1936, Hermann et Cie, Paris 

− Oil (paraffin) and water do not mix; (WHY?)

− Is there any actual repulsion between individual water 

molecules and paraffin chains?

− Is there any very strong attraction of paraffin chains 

for one another?
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The Hydrophobic Effect

There is, a very strong attraction of water molecules for one 

another in comparison with which the paraffin-paraffin or 

paraffin-water attractions are slight

The free energy of transfer of a non-polar compound from 

some reference state, such as an organic solution, into water, 

DGtr, is:
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Negligible

The entropy is 
negative

Why?

State one:
room Temperature

DGtr = DHtr - TDStr



The Hydrophobic Effect

There is, a very strong attraction of water molecules for one 

another in comparison with which the paraffin-paraffin or 

paraffin-water attractions are slight

The free energy of transfer of a non-polar compound from 

some reference state, such as an organic solution, into water, 

DGtr, is:
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Positive

Negligible
State Two:
~100 oC

DGtr = DHtr - TDStr



Cold denaturation
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there is some temperature at which the hydrophobic effect is 

strongest, and the effect decreases at temperatures above and below

this temperature. 

The decrease in the strength of the hydrophobic effect with 

decreasing temperatures is probably the major cause of cold-

denaturation in proteins.



The Hydrophobic Effect

Estimation of contribution of the hydrophobic effect to 

globular protein stability:

− measuring the thermodynamics of transfer of model 

compounds (e.g. blocked amino acids, cyclic peptides...) from 

organic solvents to water

− site directed mutagenesis studies on proteins.

The hydrophobic effect of exposing one buried 

methylene group to bulk water: 

− Model compound studies prediction: 0.8 kcal/mol

− Site directed mutagenesis studies: ~1.3 kcal/mol
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Isoleucine Vs Valine
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The Hydrophobic Effect

VDWs (van der Waals surface) interactions
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val3 mutant with the valine colored 
green and in ball-and-stick form

wild-type structure with the delta 
carbon of the ile3 space-filling

T4 lysozyme 



Barnase

BActerial RiboNucleASE

110 aa

It is secreted by the bacterium Bacillus amyloliquefaciens.

it is lethal to the cell when expressed without its inhibitor 

barstar.

Barnase has no disulfide bonds, nor does it require divalent 

cations or non-peptide components to fold.

Its folding is completely reversible.
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Case study (Serrano et al, 1992) 

23

In barnase, 15 mutants 
were constructed in which a 
hydrophobic interaction 
was deleted:

I04A, V36A, V45A,

V10A, I25A, I51A,

I55A, I76A, I109A, 

I04V, I25V, I51V, 

I55V, I76V and I109V

Correlation between the number of side-chain methylene and methyl 
groups, in a radius of 6 A of the group deleted from wild-type, and the 
changes in the free energy of unfolding for mutations of hydrophobic 
residues in barnase. (ranges from 0.60 to 4.71 kcal/mol)



Conclusion

The average free energy decrease for removal of a

completely buried methylene group was found to be

1.5±0.6 kcal/mol. This is additive, such that Ile or Leu to

Ala can destabilize a protein by up to 5 kcal/mol. (Remember

that many mesophilic proteins are stable by <10 kcal/mol, so two deletions such as this

would be enough to destabilize a protein completely).
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Hydrogen Bonds

It occurs when two electronegative atoms, such as 

nitrogen and oxygen, interact with the same hydrogen!

The hydrogen normally covalently attached to the donor

but interacts electrostatically with the acceptor

A geometric component is involved in hydrogen bonds: 

− for single donor acceptor systems, such as N-H---O, the 

strongest hydrogen bonds are collinear.

− deviation of 20° from linearity leads to a decrease in 

binding energy of approximately 10%.



Hydrogen Bonds

90%  of N-H---O bonds in proteins lie between 140°

and 180°, and that they are centered around 158°.

For C=O---H, the range is more broadly distributed 

between 90° and 160° and centered around 129°. 



The groups that participate in hydrogen 
bond interactions in proteins 
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The groups that participate in hydrogen 
bond interactions in proteins 

28



Hydrogen Bonds

The strength of a hydrogen bond is between 2 and 10 
kcal/mol.

in the unfolded state, all potential hydrogen bonding partners 
in the extended polypeptide chain are satisfied by hydrogen 
bonds to water.

When the protein folds, these protein-to-water H-bonds are 
broken, and only some are replaced by (often sub-optimal) 
intra-protein H-bonds.

McDonald & Thornton (1994) showed that while only 1.3% of 
backbone amino groups and 1.8% of carbonyl groups in 
proteins fail to H-bond (without any obviously compensating 
interactions), 80% of main chain carbonyls fail to form a 
second hydrogen bond. 
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Hydrogen Bonds

Thus, if one considers enthalpy terms alone, it would appear 
that hydrogen bonding is destabilizing to folded protein 
structure!!!

When a protein folds, the entropy of the solvent increases. 
The balance between the entropy and enthalpy terms are 
close, and in the recent past it was considered that H-bonds 
made no contribution overall to protein stability!!!

But, it is now generally accepted that H-bonds make a 
positive contribution to protein stabilization.

SDM studies of H-bonds are very difficult because when a 
smaller residue replaces a larger one, a cavity is created and 
sometimes, this cavity may then be filled by water, replacing 
the hydrogen bonding of the deleted group.
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Hydrogen Bonds

An estimation has been made of a positive contribution 
of 1.5±1.0 kcal/mol from the formation of a buried 
intramolecular uncharged hydrogen bond. 

However, in order to form, the unfavorable interaction 
energy from burial of a polar group must be overcome. 
Thus, the net energy gain for formation of a buried H-
bond is approximately 0.6 kcal/mol. 
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Hydrogen Bonds

If we break or delete an intramolecular hydrogen bond in a

protein without the possibility of forming a compensating

H-bond to solvent, that protein will be destabilized.
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Case study I (Tanner et al, 1996) 

A comparison of glyceraldehyde-3-phosphate dehydrogenase 
(GADH) from four organisms with a range of thermostabilities and 
more than 50% sequence identity found that the strongest 
correlation to thermostability was with the number of buried 
charged residues H-bonded to buried neutral residues; 

The enthalpy of H-bond formation is in the order:

charged-to-charged > charged-to-neutral > neutral-to-neutral

the entropic cost of desolvation is in the inverse order:

charged-to-charged < charged-to-neutral < neutral-to-neutral
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Case study II (Serrano et al, 1992) 

We can look at the effect of deleting H-bonds from a protein 
using site-directed mutagenesis. However, we must remember 
that these substitutions also alter non-H-bonding interactions. 

case: (Barnase)

− Tyr24 to Phe: Tyr 24 makes a hydrogen bond of good geometry with the 
buried main chain carbonyl of Asp75. Deletion of this H-bond is 
energetically neutral because the deletion of the H-bond is balanced by 
the increase in hydrophobicity on mutating Tyr to Phe.

− Tyr78 to Phe : Tyr78 makes two H-bonds to Gly81; one to the buried main 
chain carbonyl and one to the partially exposed amino group. Thus 
mutation Try78Phe removes two H-bonds and leads to a net 
destabilization of 1.4 kcal/mol.
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GOOD LUCK ;)
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