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Abstract:  One of the most challenging tasks remaining in the field of 

biochemistry is the one of understanding how the information within the amino 

acid sequence of proteins translates into a unique structure. Solving this 

problem would lead to endless possibilities for application in the medical and 

biotechnology industry. 

Many decades ago scientists realized that the process that facilitates the 

folding of a polypeptide chain could not be random and happen by chance; 

there needs to be direction in the folding free energy landscape. This landscape 

is defined by the thermodynamic factors entropy and enthalpy. The contribution 

made by enthalpy i.e. the contact energies from intra- and intermolecular 

interactions have been extensively investigated by various mutational studies. 

The influence of entropy on the other hand, is less well understood. My work 

focuses on the effect of altering the entropic components of forming the various 

parts of a known protein scaffold. This is done by genetic engineering in 

combination with biophysical characterisation and analysis. The results show 

effects on protein folding rates as well as on the pathway for nucleation and 

emphasis the ability of the folding landscape to readjust to entropic variations. 

Proteins are therefore not required to fold along a unique route to their final 

structure but can do so in several ways. The folding pathways we observe today 

have hence likely evolved as an adaptation to biological demands. 
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INTRODUCTION 

 

THE NATURE OF PROTEINS 

 

The general knowledge of proteins is often limited to something that we need to eat for 

health reasons and perhaps something that helps build our bodies. Having encountered 

proteins from a research point of view, however, proteins are without exaggeration one of 

the most intriguing features of life as we know it today. Hence the cleft between the 

common and the experts view is huge. 

To perform the wide variety of essential biological functions in living organisms 

proteins are required to find the right three-dimensional form. This is made possible by 

the laws of physics, through a network of chemical bonds and a set of substructures.  

 

 

Properties of chemical bonds 
 

Within the protein molecule numerous chemical bonds can be formed that contribute 

to their unique features. In order to discuss protein structure, stability and folding it is 

essential that we know the properties of these bonds. In the following section the nature of 

the chemical bonds (Ringe 2004) will be briefly summarised.  

 

• Covalent bonds: covalent bonds, with a typical distance of 1.5Å, are very 

strong (~85kcal/mol) and in proteins mainly represented by C-C and C-N bonds. In 

certain cases and under certain conditions one can, however, also find covalent 

bonds between –SH groups, S-S (disulfide bridge). Disulfide bridges have a typical 

distance ~2.2Å and are also strong (~40kcal/mol).  

 

• Hydrogen bonds (h-bonds): a noncovalent bond between a donor atom, which 

is bound to a positively polarised hydrogen atom, and an acceptor atom which is 
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negatively polarised. For a bond to be formed the distance between donor and 

acceptor atom should be less than 3.5Å, the typical length of the formed bond is 3Å. 

The hydrogen bond is direction dependent, i.e. prefers linearity, and the strength of 

the bond depends on how strongly polarised the donor and acceptor atoms are and 

on the surrounding environment. On average the strength of a hydrogen bond is 

0.5-1.4kcal/mol in water and 3-5kcal/mol if either donor or acceptor is charged. 

 

• Salt bridges: when the donor and acceptor atom in a hydrogen bond is fully 

charged it is called a salt bridge. This bond is shorter (2.8Å) and significantly 

stronger (3-7.2kcal/mol) than the hydrogen bond.  

 

• Long–range electrostatic interactions: an interaction between two charged 

atoms or groups of atoms that can grow very strong in a nonpolar environment but 

very weak when shielded in water. The distance for bond formation and the 

distance of the formed bond vary.  

 

• Van der Waals interactions: a weak interaction between two atoms or groups 

of atoms due to fluctuations in electron distribution that induces dipoles and result 

in an electrostatic interaction. Van der Waals interactions are distance dependent 

and the probability of making an interaction drops when the distance between 

groups exceeds 5Å. In addition, van der Waals interactions are relatively direction 

independent when compared to the other bond mentioned above and therefore 

allows certain movement of the atoms involved. The strength of the bond varies 

depending on the surrounding environment (~1-4kcal/mol).  

 

It is important to note that proteins in general are in need of flexibility and dynamics 

for proper function. The largest contribution to rigidness and flexibility in a protein are 

hydrogen bonds and hydrophobic van der Waals interactions, respectively (Figure 1). The 

oily nature of van der Waals interactions (direction independence) in the core of a protein 

facilitates flexibility and enables proteins to perform such diverse tasks as enzyme activity, 

mechanical work and biological binding. However, the flexibility in a protein must be kept 
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within certain limits to maintain the structural integrity, keeping all parts together, and 

this is made possible by the rigidness of the hydrogen bond network. 

 

 
Figure 1. Important properties of the major non-covalent chemical bonds made within the protein 

architecture. 

 

 

Primary structure 
 

Proteins are heteropolymers made up of 20 different amino acids. All amino acids 

share the same molecular base and they get their unique properties from their so called R-

group (side chain) (see Figure 2, left).  

 

 
Figure 2. Schematic illustrations of the molecular base of an amino acid (left) and a small oligopeptide 

displaying the planar peptide bond in grey (right). 

 

The amino acids are linked to each other through covalent amide bonds, known as 

peptide bonds, and are therefore often referred to as polypeptide chains (Figure 2, right). 

The conformational freedom of the polypeptide backbone, that is, its freedom to move, is 
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defined by the nature of the peptide bond and the combination of R-groups. The peptide 

bond has partial double-bond character which makes it plane and limits the rotation 

around the bond, as we will see in a later section this has implications for how the 

polypeptide chain can fold. The other two bonds around the α-carbon (Cα) have single 

bond character that allows free rotation. This free rotation can, however, be limited in a 

steric manner by the R-group. In the late 1960s the Indian biophysicist G.N. 

Ramachandran investigated this conformational restriction by calculating the sterically 

allowed regions for all amino acids and plotting them in, what would later be called a 

Ramachandran plot (Ramachandran and Sasisekharan 1968). In the Ramachandran plot 

the allowed phi (φ) angle (N-Cα bond) for an amino acid is plotted against the allowed psi 

(ψ) angle (Cα-C bond). Examining the Ramachandran plot of a certain protein can illustrate 

if there are side chains in the protein that is in a “non-allowed” steric position causing 

strain in the molecule. 

Two of the common amino acids have particularly unique torsional properties. Glycine 

has the smallest R-group consisting of only a hydrogen atom, this result in a much higher 

degree of torsional freedom and it can adopt a wide variety of conformations making the 

backbone more flexible. Proline is another exceptional amino acid since it is circularised by 

the R-group forming a covalent bond with the nitrogen in the base of the amino acid. This 

effectively restricts the φ angle torsion around the N-Cα bond and decreases the 

conformational freedom of the backbone. The resulting conformational structure in a 

protein is hereby dictated by the composition of the R-groups in the backbone. 

Besides the angular properties of amino acid side chains the general characteristics of 

the R-groups can be divided into three major groups, hydrophobic, polar and charged. 

The composition of these groups will dictate the properties of the protein. 

 

 

Secondary structure 
 

An extended polypeptide chain in aqueous solution can fulfil all possible hydrogen 

bond opportunities by interactions with water molecules. When finding a secondary order 

of structure in proteins, it is therefore energetically necessary to replace water-polypeptide 
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interactions with intramolecular hydrogen bonds. When the backbone is adjusted to the 

allowed torsional angles and satisfies as many hydrogen bonds as possible two main 

secondary structures are formed: α-helix and β-sheet. (Pauling and Corey 1951; Pauling 

and Corey 1951; Pauling et al. 1951). 

 

 
Figure 3. Schematic drawings of an α-helix (left) and an anti-parallel β-sheet (right). 

  

The α-helix is a cylindrical structure that is stabilised by intrahelical hydrogen bonds 

(Figure 3, left). Each backbone carbonyl oxygen (C=O) of residue i makes a hydrogen bond 

with an amide group (N-H) of residue i+4. In this fashion all hydrogen bonding 

possibilities in the backbone is satisfied except for the N-H group of the first residue in the 

helix and the C=O group of the last residue. The residues at the end must therefore be able 

to make hydrogen bonds to either solvent or another residue. The amino acid side chains 

are pointing out perpendicular to the axis of the helix. 

A β-sheet is formed when extended strands of the polypeptide backbone align parallel 

or anti-parallel to one another and form hydrogen bonds (Figure 3, right). The side chains 

are ordered perpendicular to the sheet in an alternating fashion one pointing up and the 

next pointing down. On the edge of the β-sheet there are often unsatisfied N-H and C=O 

groups that are free to bind to water or other amino acids. Parallel sheets are always 

buried while anti-parallel sheets are often exposed. This observation suggests that anti-

parallel β-sheets are more stable and this is probably a result of the fact that the hydrogen 

bonds are more linearly aligned.  

In addition to these common large secondary structures there are also other smaller 

ones. A β-bend (β-turn) is often found between two anti-parallel strands in a β-sheet. In β-

bends the C=O group of residue i forms a hydrogen bond to the N-H group of residue i+3.  
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In conclusion, α-helices and β-sheets satisfy necessary hydrogen bonds and form stable 

and very rigid structures. Between the helices and sheets the backbone makes various 

turns (loops) that often have high flexibility. 

 

 

Tertiary structure 
 

Even though the secondary structure arrangement is made to satisfy as many hydrogen 

bonds as possible there will still be unpaired N-H and C=O groups in the polypeptide 

chain. In addition there will also be a great deal of hydrophobic side chains pointing out 

into the aqueous environment making an unfavourable contribution to the energetics of 

the system. Proteins have solved this problem by creating a third layer of structure; 

tertiary structure.  

 

When a protein folds to its tertiary structure it buries approximately 83% of its most 

non-polar side chains and 82% of the peptide groups (Lesser and Rose 1990). The interior 

is tightly packed and closer to a solid than liquid phase (Klapper 1971). The bonds that are 

formed in the interior of the protein are, as described above, weak in comparison to 

covalent bonds but this is compensated by their vast number. Weak interactions have an 

advantage in that they are less rigid and provide the protein with more flexibility and 

dynamics. The tight packing of the core is thought to give a considerable contribution to 

protein stability (Pace et al. 2004).  

Left on the surface of the protein are the majority of the polar and charged side chains. 

The latter are very important for protein solubility (Malissard and Berger 2001). When the 

size of proteins increases the portion of buried charged amino acids also increases. This is 

thought to be used as a way for nature to keep the stability of proteins within a biological 

safe range (Kajander et al. 2000).  

Another useful feature of tertiary structure is that it can solve the problem of unpaired 

hydrogen bond partners at the edge of β-sheets by turning the sheet around creating a so 

called beta barrel, a common motif in proteins. 
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Tertiary structures are designed to facilitate the function of a particular protein. The 

demand on stability, flexibility and dynamics varies depending on the task the 

macromolecule is facing; enzymatic, transport, structural etc. 

In the cellular factory there is also a great demand for regulation. Up-regulation i.e. 

production of new proteins, must be balanced by down-regulation i.e. degradation of 

proteins that are not needed. In this context it is important that the stability of proteins is 

moderate and kept within a certain range to enable degradation thus maintaining a viable 

balance in the cell.  

Furthermore, the integrity of the three dimensional structure, i.e. that all parts are held 

together, is important under some circumstances and can be a hinder in others. If one 

element, or part, of the structure is loose and floppy it can expose sticky surfaces that 

could result in erroneous side reactions like aggregation and amyloid formation. In other 

cases certain floppiness could be required for functional reasons e.g. in domain swapping, 

where two proteins exchange a part of their structure forming a pair. 
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PROTEIN STABILITY AND FOLDING 
 

The importance of biophysical studies on proteins is becoming more and more evident. 

Recently, the involvement of biophysical methods, to complement molecular biology, 

biochemistry and genetics, has proved insightful in studies of proteins that cause various 

diseases. The efforts are aimed at understanding the features of the folded and the 

unfolded protein as well as the pathway that lie in-between.  

 

 

PROTEIN STABILITY 

 

Stability: a fine balance of entropy versus enthalpy 
 

In this work the definition used for protein stability will be based on a 

thermodynamically reversible system where temperature and pressure are held constant. 

Therefore we can apply Gibbs free energy (∆G) (Josiah Willard Gibbs, 1839-1903) to the 

system, 

 

STHG ∆−∆=∆  (1) 

 

where, H is the enthalpy, T the temperature and S the entropy of the system. Enthalpy can 

be described as the energy the system gains by forming chemical bonds and the entropy as 

the energy the system gains by increasing the number of accessible states, i.e. 

conformational freedom. At any given condition in a chemical reaction the state with the 

lowest free energy will be most stable and hence populated. 

Looking at the polypeptide chain alone, i.e. in vacuum, we have the following 

relationship between the two ground states, native (N) and denatured (D).  

In the native state thousands of weak chemical bonds are formed and though each 

individual interaction energy is small the vast number of bonds makes a huge positive 
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contribution to the enthalpy. At the same time the freedom of movement in the chain is 

strongly restricted, hence resulting in low conformational entropy.  

In a fully denatured state (random coil) the contribution from intramolecular bonds to 

enthalpy is small since there are few intramolecular contacts formed. The entropy on the 

other hand is high since the polypeptide chain is free to move and sample many 

conformations. For a folded protein to stay native in vacuum it is therefore necessary that 

the enthalpic contribution from forming intramolecular bonds more than compensates for 

the loss of conformational entropy. As a result of this fine balance between the two large 

numbers of entropy and enthalpy most proteins in nature are found to be only marginally 

stable, 2-10kcal/mol (Pace et al. 2004). 

The covalent peptide bonds are not contributing directly to this stability since they exist 

in both states. 

 

 

How can we measure conformational transitions?  
 

To quantify the relationship between two conformational states we are in need of an 

experimental toolbox. We also have to find experimental conditions were we can access 

both states and enable a transition between them. In addition, we need to find a way to 

monitor, at a molecular level, the changes that take place in the three dimensional 

structure.  

 

 

How to denature proteins? 

 

The functional environment for a protein in a cell is typically an aqueous solution at 20-

40ºC. These are conditions that in most cases favour the fully folded state of the protein. In 

order to enable a transition from the native to the denatured state we have to change the 

conditions so that they favour the latter. In general this can be done by increasing the 
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temperature, adding chemical denaturants or changing the pH. The first two methods will 

be discussed in greater detail below. 

 

 

Temperature  

 

Raising the temperature will enhance the motion in a system. As movement increases 

the system will gain entropy and the non-covalent chemical bonds will be broken hence 

decreasing the enthalpic contribution to stability. Entropy will prevail and the protein 

unfolds. In the unfolded state the hydrophobic side chains are exposed and if the 

concentration of denatured polypeptides is sufficiently high they will stick to one another 

and form aggregates. The nature of these aggregates often prevents the protein from 

regaining its native structure when the temperature is lowered. Temperature denaturation 

is in these cases described as an irreversible transition (method). 

 

 

Chemical denaturants 

 

The most commonly used chemical denaturants are urea and guanidinium chloride 

(GdmCl), see Figure 4.  

 

 
Figure 4. Schematic drawings of the two most commonly used chemical denaturants, urea and guanidinium 

ion. 

 

Both denaturants favour the denatured state by increasing the solubility of the 

unfolded chain in an aqueous solution. In 8M urea and in 6M GdmCl proteins are thought 

to approach a random coil state (Tanford 1968, Pace & Vanderburg 1979). The exact 
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mechanism of how this is accomplished is still under debate. One of the theories is the 

denaturant binding model (Tanford 1970, Pace & Vanderburg (1979). In this model the 

denaturant molecules bind to peptide groups and side chains and thereby create a “shell” 

around the folded and the unfolded polypeptide chain (Figure 5). As the concentration of 

denaturant increases the unfolded state will be favoured since it has a larger surface area 

exposed to the solvent, more molecules can bind. The driving force for denaturation with 

chemical denaturants is therefore proportional to the change in exposed surface area going 

from the native to the denatured state. 

 

 
Figure 5. Schematic illustration of the driving force for chemical denaturation. The grey dots are 

representing the chemical denaturant and the black line the polypeptide. 

 

In contrast to temperature denaturation, chemical denaturation is often a reversible 

process. This is possible since the hydrophobic groups of the unfolded chain are shielded 

by the denaturants, which prevent aggregation. The fact that the process is reversible and 

that the protein approaches a maximum unfolded state is important when we want to 

measure conformational transitions. 
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Detecting changes in the structure 
 

In the following section I will discuss two of the more prominent methods used in 

biophysical studies of proteins, fluorescence spectroscopy and circular dichroism. 

 

 

Fluorescence  

 

When a protein is denatured the most significant solvent change, hydrophobic to 

hydrophilic, occurs around residues in the interior of the protein. To quantify this change 

we need a chemical signal, a probe. Among the 20 amino acids there are three side chains 

that possess this property, tryptophan, tyrosine and phenylalanine. The common 

denominator of the three is the presence of aromatic rings with delocalised pi-electrons 

that can be excited by light. When a photon is absorbed the compound will reach an 

excited state that decays by re-emission of the photon. This emitted light is called 

fluorescence and a fluorescent molecule is called a fluorophore. Tryptophan is the 

strongest probe absorbing light at 275-295 nm and re-emitting at 330-340 nm. Fortunately, 

the fluorescence from these groups is sensitive to polarity changes in their environment. 

When exposed to a nonpolar solution (hydrophobic core) the fluorescence signal is high 

and when transferred to a more polar solvent the signal is reduced. At the same time the 

fluorescence maxima is shifted to a longer wavelength i.e. a red shift (see Figure 6). 

The major advantage with fluorescence is the high sensitivity; often a concentration of 

1µM is sufficient for analysis. In cases where the protein of interest lacks a (buried) 

tryptophan residue and the signal from tyrosine and phenylalanine are insufficient for 

analysis the solution can be to create a pseudo wild-type. In this pseudo wild-type a 

suitable buried side chain of another amino acid is mutated to a tryptophan. 

Moreover, when certain other side chains or molecules, such as iodide ions, are in the 

close vicinity of the fluorophore the emission can be quenched. Quenching is a 

phenomenon where the energy that is supposed to be released as fluorescence instead is 

transferred as vibrational energy to the neighbouring molecule. The effect of quenching 
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can sometimes be useful, like in studies of substrate binding in active sites, but can also 

cause unexpected behaviour and be a puzzle to scientists.  

 

 
Figure 6. Illustration of the properties of fluorescence. 

 

 

Circular dichroism 

 

Circular dichroism (CD) is a method where plane polarized light is shone on an optical 

active sample solution. The plane polarized light is made up of two different circularly 

polarized vector components; one left-handed and one right-handed. When plane 

polarized light passes through an optically active sample different amounts of left- and 

right-handed polarized light is absorbed. This difference in absorbance is due to the fact 

that the extinction coefficients for the two types of polarized light differ (Fersht 1999).  

The polypeptide backbone in proteins is optically active in the far-UV region between 

170nm and 250nm. In the far-UV region the most characteristic CD signal originate from 

α-helices with two strong negative peaks at 208nm and 222nm and one positive peak at 

192nm (see Figure 7). The other secondary structure elements also give CD signals but not 

as clear and pronounced as α-helices.  
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In addition to the far-UV region where backbone signals dominate the spectra there is 

also the near-UV region (~270-300nm). In the near-UV region the aromatic residues in 

proteins show a characteristic contribution that is sometimes called fingerprint. The nature 

of this fingerprint reflects the tertiary arrangement around the involved amino acids.  

The sensitivity of CD is not as high as with fluorescence owing to a worse signal-to-

noise ratio. Due to this poorer sensitivity higher protein concentrations are needed for CD 

spectroscopy. Another problem with CD is the absorbance of buffers, chemicals and 

contaminants. Filtering the solutions through a 0.02µm filter prior to measurement reduces 

the noise caused by particles. Moreover, when using high concentrations of denaturants 

such as GdmCl and urea, wavelengths in the far-UV CD region below ~210nm are 

unworkable due to the absorbance. A way to minimises the influence of buffer absorbance 

is to use shorter path length in the cuvette, this however, require higher protein 

concentrations.   

 

 
Figure 7. Schematic illustration of the characteristics of secondary structures viewed with circular dichroism. 
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All or nothing: a barrier in folding 
 

In a simple temperature denaturation experiment, monitored by fluorescence, the 

result for a small single domain protein could look something like Figure 8, upper panel. In 

the middle of the transition, here at 65º C, the signal is reduced to half that of the native 

protein. When we continue raising the temperature we will reach a new steady level of 

fluorescence that responds to the signal from the denatured state. Since we observe no 

intermediate levels there can be only two populated states, native and denatured. Now the 

question arises; at 65º C, referred to as the melting point, what is the nature of the protein 

ensemble? Are all the proteins half-folded or are half of them folded at the same time as 

the other half is unfolded?  

 

 
Figure 8. A schematic melting curve of a small single domain two-state protein (upper panel) and the 

corresponding hypothetical activity curve (lower panel). 

 

If we assume that the protein is an enzyme the answer is provided by measuring the 

activity over the same temperature range, see Figure 8 lower panel. It turns out that the 
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point of 50% activity coincides with the melting point. Since it seems unlikely for an 

enzyme to have an activity in a half-folded state we can conclude that at the melting point 

50% of the proteins are folded and 50% are denatured at all times. This “all or nothing” 

behaviour and the fact that the transition is smooth lacking signs of other levels than D 

and N suggest that; in a simple two-state reaction there are no intermediate states that 

populates and hence any other states must be higher in energy than the two ground states. 

In an energy diagram we could draw this as a high energy barrier between the two 

ground states, Figure 9.  

 

 
Figure 9. Drawing representing the high free-energy barrier in a two-state folding reaction 

 

 

Protein unfolding by chemical denaturants: part I 
 

In equilibrium titration experiments with denaturants the previously described 

thermodynamic relation of free energy (i.e. ∆G=∆H-T∆S) cannot be used practically to 

determine ∆G between two conformational states. The reason for this is the fact that we 

are lacking a good way to quantify the entropic and enthalpic contributions. Instead we 

use the equilibrium constant, K, between the native and the denatured state. In a two-state 

mechanism the following equations apply. 

 

           (2) 
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N
D=K  (3) 

 

KRTKRTG log3.2lnND −=−=∆ −  (4) 

 

Where ∆GD-N is the conformational stability of the protein, K is the equilibrium constant, R 

the gas constant and T the temperature in degrees Kelvin.  

A schematic figure of a GdmCl denaturation experiment is shown in Figure 10. At the 

transition midpoint (MP) the concentration of N equals the concentration of D (50% N, 

50% D), giving an equilibrium constant K=1, log K=0 and ∆GD-N=0. In other words the 

stability of the denatured state and the native state is the same and they are equally 

populated at that concentration of denaturant. 

 

 
Figure 10. An equilibrium transition curve displaying the fraction of molecules populating the two states, D 

and N, in the transition region. 

 

Plotting the logarithm of the equilibrium constant ( )NDlog −K  in the transition region 

against the concentration of denaturant gives an empirical straight line with a slope, 

denoted mD-N. This empirical relation was first seen by Tanford and co-workers in the late 

1960:s looking at solvation energies upon transfer of a group from water to denaturants 

(Tanford 1968). An easy way to get an estimate of the conformational stability in water 

( )H2O
ND−∆∆G  is to assume that the linear free energy relation (LFER) in the transition region 
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also applies at lower concentrations of denaturant (see Figure 11). That gives us the 

equation 

 

[ ]denaturantmGG ND
H2O

NDND −−− +∆=∆   (5) 

or 

[ ]denaturantmKK ND
H2O

NDND loglog −−− +=   (6) 

 

 
Figure 11. Schematic linear free energy relations (LFERs) for a hypothetical protein, log K (left) and ∆G 

(right). 

 

As an example extrapolation to zero denaturant for a small two-state protein could give 

6log H2O
ND −=−K , hence, in water 1 molecule is denatured on every 1 000 000 native.  

 

In a model where the denaturant binds to the polypeptide and thereby favours the 

unfolded state, the mD-N value reflects the ratio between the numbers of bound molecules 

in the two states. As the global volume of a protein increases more than the surface area 

when a polypeptide chain gets longer, the driving force for unfolding is stronger in larger 

proteins i.e. the ratio of exposed surface area in D compared to N increases. In other words 

a large protein is more sensitive to denaturants and has a steeper transition, i.e. a higher 

mD-N. An immediate consequence of this is that one cannot compare stabilities for different 

proteins by just looking at the midpoint of transition without considering the mD-N value.  
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PROTEIN FOLDING 
 

Since 1953 when Watson and Crick presented the structure of the DNA-doublehelix 

there have been great advances in the field of biochemistry (Watson and Crick 1953). We 

have learned how the information in DNA flows via mRNA and the ribosome to protein. 

We have also acquired considerable knowledge about how proteins function and what 

happens when proteins malfunction. There is, however, one big question left to answer: 

how does the information in the amino acid sequence code for the three-dimensional 

structure? In the research community this has come to be known as the “protein folding 

problem”. 

More than three decades ago there was an initial breakthrough in the field by Cyrus 

Levinthal (Levinthal 1968). Levinthal showed that if the polypeptide chain should search 

through all possible combinations of allowable torsion angles, a protein of only 100 amino 

acids would take ages to fold (Figure 12). Therefore, he concluded that there must be a 

guided search through conformational space to the functional three-dimensional structure. 

Further advances were made when Anfinsen in 1973 showed that proteins can fold 

spontaneous in vitro (Anfinsen 1973). The information needed for a protein to fold and 

find its three dimensional structure must consequently lie within the amino acid sequence.  

 

 
Figure 12. Illustration pinpointing the fact that a random search through all possible conformations in a 

polypeptide chain would take forever. 
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Why do proteins fold? 
 

As mentioned above the unfolded state of a polypeptide chain is a state of high 

randomness and, with the exception of peptide bonds, has very few chemical bonds. In an 

aqueous environment there are an abundance of energetically unfavourable interactions 

for the exposed hydrophobic side chains. The desire to escape this poor solubility situation 

is thought to be the major driving force for protein folding and is referred to as the 

hydrophobic effect. 

 

 

The role of water 
 

The energetic relationships for the polypeptide chain in vacuum was briefly discussed 

above and upon folding of the chain can be summarized as; a large gain in enthalpy from 

forming numerous weak bonds and a great loss of conformational entropy. As a result it 

will be very important for a protein to satisfy as many chemical bonds as possible upon 

folding to compensate for the loss of entropy.  

When we look at the same system in an aqueous environment everything becomes 

much more complicated since the structure of water is so poorly understood. In the 

unfolded state it is believed that water molecules coordinate the exposed hydrophobic 

groups of the protein by making hydrogen bonds to one another (Fersht 1999). In this way 

the water molecules is stacked in “ice bergs” around the unfolded chain and the entropy 

of water is reduced. At the same time the hydrogen bonds that are made thereby lowers 

the enthalpy (Privalov and Makhatadze 1993). In addition, the exposed polypeptide 

hydrogen bond donors and acceptors tie down additional water molecule (Makhatadze 

and Privalov 1996). When the protein folds the water molecules are released and water 

gains entropy. This gain in entropy is thought to compensate considerably for the loss of 

conformational entropy in the chain (Fersht 1999).  
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In the previous section on protein stability we draw the conclusion that in a two-state 

system there must be a high energy barrier between the two ground states. The 

justification for this conclusion was that since we do not observe any intermediates in the 

reaction, all states in-between D and N must be higher in energy and therefore not 

populated.  

The uphill process, going from D towards N, is governed by the search for polypeptide 

conformations where the enthalpic contribution, i.e. chemical bonds, can overcome the 

loss of conformational entropy. This passage has been referred to as the “entropic 

bottleneck” (Onuchic et al. 1996) of protein folding, and is commonly denoted the 

transition state (TS or ‡) for folding. One minimalist view of the transition state is that it is 

an ensemble of structures, all of which are considerably more ordered than the denatured 

state and have many favourable interactions formed. When a protein has reached the 

transition state, or through the bottleneck, and the critical contacts has been formed it falls 

down to the low free energy minima of the native state. 

 

 

Kinetics to learn more about protein folding 
 

From equilibrium measurements we can get information about the stability of the 

native state relative to the denatured state, i.e. ∆GD-N. We can also estimate the difference 

in surface exposure between D and N and get an idea about the size of the protein. What 

we cannot do, is to say anything about the pathway between the two ground states. Is it 

bumpy? Are there hills? And if so, are they late, early, broad or narrow? Is there more than 

one pathway?  

To be able to answer these questions we need another tool from our chemical toolbox: 

we need kinetics! The technical definition of kinetics is, “the branch of mechanics 

concerned with the forces that cause motions of bodies”, and in chemical and biological 

applications we measure rates of events occurring in a reaction. 
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Protein unfolding by chemical denaturants: part II 
 

From the folded state of a protein we can study the rate of unfolding by adding 

chemical denaturants such as guanidinium chloride or urea. If the system is reversible we 

can also measure the rate of refolding by diluting the solution back to water. The system 

can then be describes as 

 

     (7) 

 

where ku is the rate constant of unfolding and kf is the rate constant of the refolding 

reaction. The equilibrium constant can then be written as 

 

f

u
ND N

D
k
kK ==−   (8) 

 

and if we use the logarithm it becomes 

 

fuND logloglog kkK −=−   (9) 

 

or in terms of free energy 

 

fuND GGG ∆−∆=∆ −  (10) 

 

In other words the rate constant for refolding (kf) will be proportional to the height of 

the TS-barrier going from D, which in turn responds to the free energy difference (∆Gf) 

between the denatured state and the transition state (‡) (see Figure 13). In the same way 

the unfolding rate constant (ku) will reflect the height of the unfolding barrier going from 

N to ‡, i.e. ∆Gu. The difference between the two activation energies equals the 

thermodynamic stability of the protein.  
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Figure 13. Schematic view of the kinetic parameters in two-state folding. 

 

In the previous section on protein stability an empirical linear relationship between the 

logarithm of the equilibrium constant (log KD-N) and the concentration of denaturant was 

described, Eq 6. Under the assumption that the downhill rate constants (‡ to D and ‡ to N) 

are not to a significant extent dependent on the concentration of denaturant, it is then 

reasonable to assume that also transitions between the ground states and the transition 

state i.e. D to ‡ and N to ‡, are linear. Since, fuND logloglog kkK −=− (Eq 9) for a two-state 

reaction it follows that the folding and unfolding rate constants vary with the denaturant 

concentration in the same linear relation 

 

[ ]denaturantmkk ×+= u
H20
uu loglog  (11) 

[ ]denaturantmkk ×+= f
H20
ff loglog  (12) 

 

where H2O
ulog k and H2O

flog k are the extrapolated rate constants for unfolding and refolding 

in water (or at zero molar denaturant). The slope of the linear fit is given by mu and mf and 

describes the change in solvent exposure going from N to ‡ (mu) and from D to ‡ (mf) 

respectively. The total change in surface exposure going from D to N can then be written 

as 

 

fuND mmm −=−  (13) 

 



 24

Since mu and mf describes changes in surface exposure going from the ground states to the 

transition state, the position of the transition state in terms of surface exposure, can be 

described as 

 

ND

f‡

−

=
m
mβ   (14) 

 

where β‡ is the Tanford β-value. If β‡ = 0.5 for a given folding reaction the compactness of 

the transition-state ensemble is half that of the native state in comparison to the denatured 

state.  

 

 

How do we measure protein folding: collecting data 
 

Besides a pure protein sample there are a few other factors one has to consider when 

setting up a kinetic experiment. If it is a comparative study the use of buffer, choice of 

temperature, denaturant, ionic strength and pH has to be adjusted to fit the whole set of 

data. In this way it becomes important that there are some guidelines available for the 

research field so that data for different proteins can be compared at similar conditions. 

This has recently been provided by a joint effort lead by Kevin Plaxco (Maxwell et al. 2005). 

In some cases there might, however, be conditions that are unsuitable for some proteins 

e.g. proteins that interact with phosphate groups should not be run in phosphate buffers. 

The choice of denaturant is depending on the characteristics of the protein. GdmCl is more 

potent than urea and therefore preferred if the protein is resistant to chemical denaturants. 

The guanidinium ion is also charged (see Figure 4) and has a counter ion (e.g. chloride) 

that will have a huge impact on the ionic strength at high concentrations (that might 

change the pH depending on buffer strength).  
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Figure 14. Drawing of a stopped-flow apparatus. 1, power controlled lamp supply. 2, lamp unit. 3, 

monochromators. 4, sample unit with cuvette-housing. 5, computer. 6, photometric controller.   

 

The most commonly used method for studying protein folding kinetics is stopped-flow 

measurements. The stopped-flow apparatus is made up by a lamp source, two 

monochromators, a sample unit with an optical cell, a detector, a photometric controller 

and a computer (Figure 14). The technique is based on rapid mixing of two solutions 

where the volume ratio can be altered by changing the syringes that are connected to the 

sample unit. For protein folding studies the volume ratio used is often 10:1, one large 

syringe of 2500µl and one small syringe of 250µl. For an unfolding experiment the protein 

is placed in the small syringe and the denaturant in the large one, thereby facilitating a 

large change from native to denaturant conditions upon mixing. The two solutions exits 

the syringes in separate tubing through a valve and are mixed prior to entry into the 

cuvette in the optical unit (see Figure 15). The total volume of the cuvette in our system is 

50µl. The syringes and the tubing that connect them to the cuvette are placed in a 

thermostatic water compartment held at constant temperature. To the cuvette housing 

different spectroscopic units can be attached depending on the nature of the experiment, 

often circular dichroism or fluorescence is used. 
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Figure 15. Schematic drawing of the sample unit in the stopped-flow apparatus. For protein folding studies 

the ratio between the two syringes A and B are 1 to 10, respectively. After injection the samples are mixed 

prior to entering the cuvette (C). At each new shot the old sample is flushed out to the stop-syringe (D). 

 

On the other side of the cuvette the outlet goes through a tube to a stop-syringe. At the 

bottom of the stop-syringe there is an electric trigger that cuts the power and ends each 

measurement. The stop-syringe volume is adjustable and determines the total volume of 

each run. Every run starts by emptying the stop-syringe volume, then a pressure is 

instantly applied to the two sample syringes in the sample unit. As the sample syringes 

are pushed forward the solution in the cuvette is replaced with new sample until the stop-

syringe is filled up again and the power is cut, hence the name stopped-flow 

measurement. To guarantee that only newly mixed sample occupy the cuvette at the each 

new run the volume of the stop-syringe must be more than twice the volume of the 

cuvette.  

Depending on the viscosity of the solutions, the time for thorough mixing will differ 

and decides the mixing dead-time of the experiment, i.e. the time resolution limit. For a 

typical setup with high viscosity GdmCl solutions the dead-time of the experiment is 

approximately 3-5ms. 

The most commonly used detection method is tryptophan fluorescence which has the 

advantage of high sensitivity and an ability to quantify subtle tertiary structure changes. 

When the sample has entered the cuvette it is excited by light with a certain predefined 
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wavelength e.g. 280nm that excites the aromatic side chains in proteins. The emission is 

collected perpendicular to the axis of the incoming light and can be monitored either as a 

single wavelength trace or an accumulated trace over a certain cut-off wavelength e.g. 

above 320nm. To maximise the observed change in fluorescence, one can in advance 

measure and compare the equilibrium fluorescence spectra at high and low concentration 

of denaturant with a wavelength scan. By choosing a wavelength or cut-off where the 

areas of the curves differ most the signal can be optimised.  

The protein concentration required for a stopped-flow experiment will vary depending 

on the intrinsic fluorescence of the protein. In general a concentration of 0.5 to 2 µM after 

mixing is sufficient. In a typical unfolding experiment a highly concentrated denaturant 

solution is mixed with the native protein in buffer. Once the solutions mix in the cuvette 

the protein starts to unfold and most often the intensity of the fluorescence signal is 

reduced going from native to denatured. This change in fluorescence intensity is 

monitored over time, as equilibrium is reached, until it reaches a steady state level (see 

Figure 16). This steady state level reflects the ratio of native protein molecules to the 

fraction of denatured, e.g. at the midpoint of transition the steady state level will 

correspond to the fluorescence from 50% native and 50% denatured protein molecules. At 

denaturant concentrations above the transition-state region the final fluorescence signal 

will therefore be the signal intensity of the denatured state. In the refolding experiment the 

curve will go in the opposite direction since we are folding back to high fluorescent native 

molecules. 

 

 
Figure 16. Hypothetical fluorescence traces showing a typical unfolding (left) and refolding (right) curve. 
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The folding and unfolding time course 
 

For two-state proteins the transition from N to D and vice versa is a cooperative process 

that displays first order kinetics (Fersht 1999). The curves from unfolding and refolding 

over time (t) can therefore be fitted with a first order exponential equation describing the 

change in concentration of native molecules 

 

[ ] ( )
2

)(
1

ufexp)(N CCt tkk += +−  (15) 

 

where C1 is the amplitude, C2 the endpoint i.e. steady state level and kf and ku are the 

observed rate constants for folding and unfolding at the given condition. 

The observed rate constant, kobs is the sum of the two individual rate constants ku+kf. 

Under strongly folding conditions kf >>ku and dominates the expression, but at the MP of 

transition the rates of ku and kf are equal. Hence, independent of if we are running 

unfolding or refolding the amplitudes and rates should be the same at the midpoint.  

Every concentration of denaturant in an unfolding experiment will give a rate constant 

and amplitude. The rate constant of the unfolding will decrease as the concentration of 

denaturant goes down and the amplitude will also be reduced when we enter the 

transition region.  

For refolding we need to denature the protein in advance in a sufficiently high 

concentration of denaturant. That is, to maximise the signal upon refolding we need to 

denature as many protein molecules as possible. In order to do this it is needed to know at 

what concentration the protein can be considered to be fully denatured. The protein is 

then jumped into native-like conditions that favour folding. 

 

 

The Chevron plot 
 

Plotting the logarithm of the rate constants against the denaturant concentration will, in 

a classical two-state system, result in a v-shaped plot referred to as a chevron plot, see 

Figure 17 (Fersht 1999). 
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Figure 17. A schematic chevron plot showing the kinetic parameters involved in a two-state transition. 

 

Fitting the data with the equation, 

 

[ ]))((log))((log
ufobs

u
H2O
uf

H2O
f 1010log)log(log denaturantmkdenaturantmkkkk ++ +=+=  (16) 

 

gives H2O
flog k  and H2O

ulog k , i.e. the folding and unfolding rate constants extrapolated to 

zero denaturant. In addition we also obtain mf and mu that describes the change in solvent 

accessible area going from D to ‡ and N to ‡, respectively. With this information we can 

calculate H2O
N-Dlog K , mD-N and β‡ according to equations 6, 9 and 10. Furthermore the kinetic 

midpoint of transition (MPkin) can be calculated from equations 7 and 8. 

 

 
fu

H2O
u

H2O
fkin loglogMP

mm
kk

−
−=  (17) 

 

All the above mentioned parameters would be of little interest if not used in a 

comparative analysis with other similar proteins and/or with the same protein under 

different conditions or as a result of mutations. 
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Mutational analysis: φ values 
 

One can easily affect the rate of folding/unfolding by varying solvent conditions, e.g. 

by salt or ozmolytes, or by changing the temperature. This analysis does not, however, 

give site specific local structural information. To gain knowledge about contributions from 

individual side chains one has to change the R-group by mutagenesis. 

As mentioned earlier the hydrophobic effect is very important when a protein folds. 

Any given natural protein has a vast number of hydrophobic side chains that might or 

might not contribute to the folding reaction. To investigate the importance of a particular 

amino acid a part of its side chain can be truncated by mutagenesis. If such a truncation 

does not alter the free energy of the denatured state any change detected in the refolding 

rate constant could be attributed to changes in the free energy of the transition state. The 

assumption of an iso-energetic level of D is true as long as the truncated moiety does not 

participate in any intramolecular bonds or alter the conformational entropy of the 

denatured state.  

In this context it is also important that every mutation, if possible, only alters one 

physical property such as charge, polarity, size and stericity. If one would mutate a large 

charged side chain to a small hydrophobic the effect would be hard to interpret; is it due 

to removal of the charge and thereby affecting the charge-charge interactions or is it due to 

creating a cavity where noncovalent bonds are lost? Another subject to consider is the 

allowable torsional angles and steric hindrance, mutations from or to glycine and proline 

should be avoided since they alter the conformational freedom of the chain. 

To resolve these problems Fersht and co-workers formed a convention where only 

strictly conservative mutations are included in the analysis of the folding nucleus. The 

convention defines a conservative mutation as; “non-disruptive deletion mutations” 

(Fersht et al. 1987; Fersht 1999). This is preferably a cavity creating substitution of buried 

hydrophobic side chains.  

 

In the late 1980s the method of φ-value analysis was first described by Alan Fersht and 

his team at the Imperial College of Science and Technology in London (Fersht et al. 1987; 

Fersht et al. 1992). The first protein characterized was the chymotrypsin inhibitor 2 (CI2) in 
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1995 (Fersht et al. 1987; Itzhaki et al. 1995). φ values are used to quantify the individual 

contribution of a certain amino acid side chain to the stability of the transition state and 

the native state. The φ value is calculated by comparing the rate constants for folding and 

unfolding according to 

 

uf

f

loglog
log

kk
k
∆−∆

∆=φ  (18) 

 

where flogk∆ is the change in folding rate constant upon mutation 

 
mut
f

wt
ff logloglog kkk −=∆  (19) 

 

and ulogk∆ is the change in unfolding rate constant 

 
mut
u

wt
uu logloglog kkk −=∆  (20) 

 

If a truncated moiety is not important for the formation of the transition state, the 

transition state will not be destabilized ( wt
D-‡

mut
D-‡ GG ∆=∆ ) upon mutation, and the refolding 

rate constant will be the same as in the wild-type i.e. 0log f =∆ k . If, at the same time the 

native state is destabilized, ( wt
N-‡

mut
N-‡ GG ∆<∆ ), the unfolding rate constant will increase in the 

mutant, mut
u

wt
u loglog kk < . The φ value for a mutation only destabilizing the native state (see 

Figure 18a) is therefore zero, and the interactions made by that specific side chain is not 

considered to participate in the folding process. A φ value of zero is one of the two 

extremes in φ analysis, the other extreme is a φ value of 1. The definition of φ=1 is that the 

truncated moiety destabilizes the transition state to the same extent as the native state i.e. 

the studied side chain has formed all its native contacts in the transition state (see Figure 

18b). Typical chevron plots displaying the two extremes in φ-value analysis are also show 

in Figure 19. 

If a mutation causes a stabilization of the native state i.e. wt
ND

mut
ND −− ∆>∆ GG , the result can 

be interpreted in a structural aspect but not described with a φ value e.g. a φ value of 0.9 
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for a stabilizing mutant does not have the same structural implication as for a destabilizing 

mutant. In the destabilizing mutant the truncated moiety have a positive impact on the TS 

and in the stabilizing mutant it has a negative impact i.e. when it is removed folding 

speeds up. 

 

 
Figure 18. Schematic free energy diagrams describing a φ value of 0 (a) and a φ value of 1 (b). 

 

 

 

Figure 19. Chevron plots showing the two extremes (φ=0 and φ=1) in φ-value analysis. The wild-type is 

represented by filled black circles, a φ value of 0 with open squares and a φ value of 1 by open circles. 

 

 



 33

The Critical contact layer: A new dimension 
 

As described above the position of the transition state (β‡) along the reaction coordinate 

D to N, can be affected by changes in denaturant concentration and/or by mutation. Upon 

mutation the individual contact contribution of a certain amino acid to the transition state 

can be estimated by the φ value. Each mutation will destabilize the native state to a certain 

degree, ∆∆GD-N, and the transition state by ∆∆G‡. The combination of the m-value and the 

φ-value information for a particular mutation was recently used by Hedberg et al in their 

analysis of the ribosomal protein L23 (Hedberg and Oliveberg 2004). The authors 

demonstrate that the scatter revealed in the Hammond plot (mu versus log ku) is related to 

the heterogenic growth of φ values (φ(β‡)), see Figure 26.   

 

 
Figure 26. The figure show the free energy perturbation, caused by mutation, over the coordinate β. This 

emphasize the difference in growth of interactions at the transition state, low growth (blue) and high growth 

(red). The figure was taken from (Hedberg and Oliveberg 2004). 

 

That is, the free energy gradient (φ(β‡)∆∆GD-N) with which a mutation perturbs the 

energy landscape along the reaction coordinate D to N will depend on where the 

substituted residue starts making interactions i.e. the growth of the φ value. A residue with 

a constant φ value over the narrow window of the barrier that we monitor in kinetic 
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studies will not show a deviating transition-state shift. On the other hand a residue with a 

steep φ-value growth in the transition-state region will cause a larger shift in β‡ than 

expected. In this way residues with interactions that are “clicking in” at the transition state 

i.e. fast growing contacts, will perturb the TS significantly, creating a considerable 

Hammond shift. A residue with φ=0.4 could therefore either be fast growing i.e. a large 

∆(φ(β‡)∆∆GD-N) at the transition state or not grow at all. In the former case that residue is 

likely one of the residues which contacts are critical for the TS to overcome the entropic 

barrier and fall into the downhill reaction, consolidating to the native state. In their result 

the authors show that for L23 the high φ-value aliphatic region is not the one that makes 

the TS turn-over i.e. those amino acids does not show strong φ growth at the TS. Instead 

the nearby region that surrounds the aliphatic core shows significant φ-value growth 

indicating the formation of a, for folding, critical contact layer. 
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REVIEW on φ values 
 
 

Diffuse or polarised 
 

Over the past decade φ values has been used to characterize the folding transition-state 

ensemble (TSE) of a large number of small proteins belonging to different classes of 

structure, all α-helical, all β-sheet and mixed α-helical/β-sheet. In most of these studies the 

φ values have been fractional, i.e. 0.1-0.5, and the transition-state ensemble has been 

interpreted as diffuse (Jackson 1998). However, there are also examples of more polarised 

transition states with primarily high and low φ values (Grantcharova et al. 1998; 

McCallister et al. 2000; Lindberg et al. 2002). 

A diffuse transitions state, defined by fractional φ values, could be achieved in at least 

two different ways: (i) all protein molecules in the TS have specific core residues that 

interact with a fraction of their native contacts to form the folding nucleus, (ii) one 

population of proteins in the ensemble have fully formed contacts in one part of the 

structure and a second population of proteins in another part of the structure. In the latter 

example it would imply that there are multiple ways to arrange the topology in the TS to 

overcome the entropic bottleneck and form the folding nucleus. Both examples would, 

however, give an average φ value for each amino acid in the TSE that is fractional.  

At the extreme the polarised transition-state ensemble of the S6 permutant P13-14 

(Lindberg et al. 2002), with φ-values grouping close to 1 and 0, could be interpreted as one 

high order structure region and one low order structure region. In this case it would seem 

likely that the transition-state ensemble is narrow and that the ordered region is more or 

less the same in every molecule in the ensemble while the less ordered region varies. 

According to the simple description of φ values made above the analysis seem very 

robust and portraying, there are, however, a number of factors that makes the familiar 

reader of φ-value papers concerned. In the sections that follow I will try to illustrate some 

of the key concerns of φ-value analysis. 
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Anomalous φ values 
 

Besides the extremes (φ=1 or φ=0) and fractional φ values there are also many reports of 

anomalous φ values, that is, φ values above 1 and below 0. The interpretation of such 

anomalous φ values is more complex.  

For a φ value to be larger than one, the transition state needs to be destabilised to a 

larger extent than the native state. A negative φ value results from a mutation that 

stabilises the transition state while destabilizing the native state (Zarrine-Afsar and 

Davidson 2004)  

Several studies have suggested how such effects can arise: (i) loose packing of the 

hydrophobic core in the transition state, compared to the tight packing of the native state, 

could favour large hydrophobic side chains and, hence, lower the free energy of the TS 

When such side chains are mutated the transition state is destabilized to a greater extent 

than the native state (Northey et al. 2002; Ventura et al. 2002), (ii) the burial of non-native 

hydrophobic residues that then rearrange in the native state (Canet et al. 2003).  

The fact that anomalous φ values exist makes the interpretation of φ-values more 

uncertain since the assumption that all interactions in the transition state are present in the 

native state is not always true. Fortunately, as discussed below, the risk of attaining 

anomalous φ values can be reduced by the choice of mutation. 



 37

Treatment of kinetic data 
 

Another uncertainty in the φ-value analysis is the way data are treated. In a perfect 

two-state reaction with v-shaped chevron plots and sufficient destabilization, fitting and 

evaluating the kinetic data is straightforward. However, often one of the limbs is either (i) 

very short i.e. few data points due to low stability, or (ii) tilts as a response to changed 

denaturant dependence. When the number of data points in a limb decreases the 

individual influence of each point on fitting increases and as a consequence, one poorly 

measured or erroneous value can give rise to large discrepancies in slope. Moreover, some 

use the log k values extrapolated to water which could cause large errors due to varying 

slopes of the limbs i.e. the fit and the number of data points. A better way, in our opinion, 

is to use the data retrieved from a certain concentration of denaturant where the actual 

rate is known e.g. for S6wt refolding rates at 1M and unfolding rates at 5M.  

Some of the characterised proteins also show curvature in one or two limbs and the 

way this curvature is treated is another factor that influences the φ values. If the curvature 

is similar in wild-type and mutants, or if it changes, will affect the results of the analysis. 

Fitting the data to a polynomial function might give a more precise value of log k (in the 

measured region) for φ-value calculation but may not be justified by physics. These 

uncertainties in the measuring and fitting procedures make way for a cautious 

interpretation and presentation of data. A minimalist way to interpret data could be a 

coarse assessment of φ-value data set to high, medium and low. 

 

 

Degree of destabilization and reliability 
 

The amount of destabilization of the native state (∆∆GD-N) needed for a correct estimate 

of a φ value has recently been discussed in the literature. A mutant with a small effect on 

∆∆GD-N could have a φ value of 1 and still only give a very small contribution to the 

stability of the TS, while a mutant with a larger destabilization and a low φ value can 

contribute more to the TS stability. In a paper by Sanchez et al the authors argues that, in a 
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φ-value analysis, any mutation giving less than 1.7kcal/mol destabilization cannot be used 

in a reliable way (Sanchez and Kiefhaber 2003). They also conclude that for 11 proteins in 

the literature most anomalous φ values are caused by mutations with stability change of 

less than 1.7kcal/mol. In an answer to the criticism Alan Fersht, however, defends the φ-

value analysis and argues that the test set used by Sanchez and co-workers were 

intentionally chosen to be unsuitable for φ-value analysis since the mutations where 

structurally disruptive (Fersht and Sato 2004). In conclusion Fersht also states that 

“provided mutations are made within the prescribed rules and that a sufficient number 

are analyzed, then reliable results will be obtained down to changes in ∆∆GD-N of ≈0.6 

kcal/mol under optimal conditions”. A higher value of ∆∆GD-N will, however, give 

statistically more precise data although too large changes in ∆∆GD-N might again decrease 

accuracy since they may arise from perturbations in the structure (Fersht and Sato 2004).  
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A study of published φ values  
 

To investigate the subject I reviewed a set of 28 small two-state proteins with more than 

520 mutations, see table 1. The mutational characters investigated in the analysis are 

shown in Figure 20, demonstrating a majority of conservative deletion mutants. 

 

Table 1. Small single domain proteins 
Protein PDB  Structure Number of residues
ACBP 2ABD α 86 
AcP 1APS α/β 98 
ADA2h 1PBA α/β 81 
cks 1 1QB3 α/β 79 
CI2 1COA α/β 64 
CI2 intact  α/β  
CI2 fragments.  α/β  
FKBP12 1FKB α/β 107 
FNfn10 1TTG β 94 
Im 7 TS 1AYI α 85 
Im 9 1IMQ α 87 
L23 1N88 α/β 96 
Protein L 2PTL α/β 62 
Protein G 1PGA α/β  
SH3 src 1FMK β 64 
SH3 src SS  β  
SH3 src NC  β  
SH3 α-s 1BK2 β 62 
SH3 sso7d 1BF4 α/β 64 
Suc 1 1SCE α/β 113 
S6 1RIS α/β 101 
S6 P13-14  α/β 96 
S6 P54-55  α/β 96 
S6 P68-69  α/β 98 (96) 
TI I27 (titin) 1TIT β  
TNfn3 (tenescin) 1TEN β 90 
Villin 1VIK α/β 126 
U1A β‡=0.7 1URN α/β 102 
This set was originally selected for another task and was not, in any way, chosen to favour the direction of 
the debate mentioned above. The mutational characters investigated in this analysis are shown in Figure 20, 
demonstrating a majority of conservative deletion mutants. 
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Figure 20. The character of the mutations in the study. 

 

Plotting the φ values for these mutations against the amount of destabilization, with the 

cut-off of ∆∆GD-N=0.6kcal/mol given by Fersht, renders a plot with a “horizontal funnel-

like” distribution in resemblance with that published by Sanchez et al, Figure 21. 

Approximately 57% of the 520 mutations are destabilized 1.7kcal/mol or more. The 

average φ value above and below the proposed limit of ∆∆GD-N=1.7kcal/mol are 0.32 and 

0.31 respectively. All of the anomalous φ values that are >1 and most of the negative (φ <-

0.1) are eliminated when using the Kiefhaber cut-off 1.7kcal/mol. Notably, there is still a 

broad and statistically significant distribution of φ values (0-0.9) above the 1.7kcal/mol 

cut-off, indicating a heterogeneous distribution of contact energies in the transition state 

ensemble. Moreover, φ values describe on the whole graduated patterns when plotted 

onto the individual protein structures, i.e. a nucleation condensation signature. Taken 

together, this suggests that φ values contain site-specific information about the nucleation 

event.  
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Figure 21. Distribution of φ values from 520 single point mutations in 28 small two-state proteins as 

indicated by their individual destabilization. Mutations resulting in less than 0.6kcal/mol destabilization 

were omitted. 

 

 

The free energy of the denatured state 
 

In the beginning of the section on φ-value analysis the method was described as a 

comparison of the effect a mutation has on the free energy of the native state relative to the 

transition state. However, there is also a third “state”, the denatured ensemble that is 

assumed to be fixed. If all three states were to move it would be difficult to interpret any 

changes in the kinetics of folding since there is no reference state. Is this assumption of iso-

stability in the denatured state valid?  

Once again the nature of the mutation will affect the denatured state in different ways 

and conservative mutations of hydrophobic residues to alanine are probably the best way 

to increase the probability of iso-stability in D. Mutations to or from proline and glycine 

should in any way be avoided since they directly change the freedom of movement, i.e. 

the entropy of the chain in the denatured state.  

The character of the denatured state in high denaturant concentration and after a jump 

to native like conditions e.g. in stopped-flow measurements, is an important factor and 



 42

will be discussed below in the section on m-values. However, if there is some kind of 

compactication or specific residual structure in the denatured state, any given mutation 

could have an impact on D, affecting the free energy and thereby making the φ value 

uninterpretable. 

 

 

The heterogeneity of published φ values 
 

To visualise the complexity of determining φ values and illustrate the diversity of φ 

values reported in the literature we collected some of the data published until 2003 for the 

28 small two-state proteins in Table 1. Reviewing data in this way is not an effortless task 

since there is no real convention for how experiments are planed, executed and how data 

is interpreted and presented. To solve the problem we had to set some preferences: (i) all 

mutations with less than 0.6 kcal/mol destabilization was discarded, (ii) in the case 

multiple mutations were made at one position we chose the one going from the naturally 

occurring amino acid to alanine (or glycine) if available, (iii) any disruptive mutations 

were omitted (not that many were present). 

 

Moreover, we plotted the frequency with which a certain amino acid is mutated and 

the percentage of anomalous φ values retrieved upon mutation (Figure 22). In the 

distribution of frequencies upon which a certain amino acid is mutated it can clearly be 

seen that the hydrophobic residues Val (V), Leu (L) and Ile (I) are most readily mutated 

and the percentage of anomalous φ values are low (< 5%). For alanine (A) to glycine (G) 

mutations which is also a fairly common mutation the number of anomalous φ values 

increases to approximately 10%. Most of the 10% is φ values greater than 1, indicating that 

the alanine methyl group is more important in the TS than in the native state. However, it 

should be noted that the glycine residue increases the entropy of the denatured and hence 

lower its free energy. Among the aromatic side chains Phe (F) and Tyr (Y) are equally 

often mutated and with on exception there is no anomalous φ values. The exception is 

position Y28A in ACBP (∆∆GD-N=2.52kcal/mol) which has a relatively high surface 

exposure. The reason why tryptophan is so rarely mutated is probably due to its useful 
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properties as a fluorescent probe. In the polar amino acid group threonine (T) is the most 

frequently mutated amino acid followed by serine (S). Of all the 57 polar amino acid 

substitutions in this study there are only 3 anomalous φ values (Q and T to A) and they are 

negative i.e. φ<0. The charged amino acids shows the highest percentage of anomalous φ 

values, six negative and one >1 out of 47 mutations in which all are mutated to alanine.  

In conclusion this shows that if φ-value analysis is based on only strictly conservative 

mutations i.e. Ile – Leu – Val to alanine, the number of anomalous φ values will be 

minimized (less than 2.5%).  

 

 
Figure 22. Statistical overview of the 520 mutations included in the test set. 
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In addition to the individual aspects of amino acids substitutions the frequency with 

which φ values appear can be envisioned in a graph. In Figure 23 the distribution of φ 

values among the 28 proteins studied are plotted against the frequency with which they 

occur. From this picture it is obvious that the majority of substitutions yield fractional φ 

values (0.1-0.6) and only 12% of the reviewed mutations have φ values in the range 0.6-1.0. 

 

 
Figure 23. A statistical distribution of the 520 φ values presented in this study. 
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REVIEW on m-values 
 

As the field of protein folding grows, a steadily increasing amount of characterized 

proteins and new experimental constructs are published. With this development follows a 

growing number of non-linear, non-v-shaped and apparent non-two-state kinetics in 

denaturant studies. These effects are illustrated by curved and kinked limbs on chevron 

plots as well as by changes in the slopes of mD-N, mu and mf, see Figure 24. The reason for 

these apparent deviations from ideal two-state behaviour with linear chevron plots is 

currently under investigation in labs all over the world. Some of the results and ideas that 

have been put forward so far will be briefly discussed in the sections that follow, focusing 

on ground state changes, transition-state movement. 

 

 
Figure 24. Variation in chevron plots. 

 

The errors of individual m-values are proportional to the number of data points used in 

the fitting of data. A small number of data points makes individual points more prominent 

and hence the system more influenced by outliers. However, when a trend is universal for 

a large set of data it is unlikely that small differences in individual values will seriously 

affect the result.  
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In 1995 Myers et al found that the total m-value for the reaction going from denatured 

to native, mD-N, correlates well with the change in exposed surface area between the native 

and the denatured state and can be measured either by equilibrium titration or by kinetic 

experiments (mu+mf) (Myers et al. 1995). Changes in mD-N must therefore either: (i) reflect a 

change in surface exposed area in one of the two ground states, (ii) be an artifact of the 

experiment or (iii) a flaw in the model used to fit the data.  

From the kinetic measurements we can calculate the change in surface exposure going 

from the denatured ensemble to the TS (mf) and from the TS to the native state (mu). The 

slope of these two parameters can be affected either by ground state movements, 

transition-state movements (or by denaturant activity effects). In any given system there 

can also be a mixture of these effects where one could disguise or enhance the other. 

 

 

Changes in the native state 

 

The nature of the native state is often seen as very robust where all parts are kept 

together by numerous weak bonds spread out evenly through the structure. When a two-

state protein unfolds it does so in a global cooperative event without intermediate states 

(Fersht 1999). Recently, we proposed that the commonly described diffuse nucleus among 

two-state proteins (Jackson 1998; Fersht 1999), play an important role in maintaining 

structural integrity in the native state (Lindberg et al. 2002). The diffuse nucleus is doing so 

by “tying in” all structural elements in the folding transition state, safeguarding the 

downhill reaction to N, avoiding “fraying” of the native state. Fraying is a phenomenon 

that would arise from local unfolding of the native state resulting from fluctuations at 

ground-state level under native conditions. In kinetics this could appear in the dead-time 

of the unfolding experiment leading to a decreased mu-value without effecting mf and 

hence result in a reduced mD-N-value (see Figure 24 a). The importance of a cooperative 

core to protect the native state from fraying has subsequently been discussed by Itzhaki 

and co-workers for the cks1 and suc1 proteins (Seeliger et al. 2003). They suggest that the 

higher cooperativity of the core in suc1 prevents local fraying in the unfolding reaction, 

which is seen as a reduced slope in the unfolding limb of mutants of cks1. 
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In general the result of individual point mutations have been shown by NMR and 

crystallography to have very little effect on the structure of the native state and hence 

should in most cases not affect the solvent exposed area (Zarrine-Afsar and Davidson 

2004). 

 

 

Changes in the denatured state 
 

The denatured or unfolded state is at the moment one of the most debated areas in the 

field of protein folding. What is the nature of the denatured state? Is the denatured state at 

high denaturant conditions fully unfolded or does some native structure persist? What 

happens when we, in kinetic studies, jump the protein from good to poor solvent 

conditions (i.e. from high denaturant concentration back to native-like conditions), is there 

compactication of the coil? And if so, is it a specific (native-like or non-native) or a random 

compact state that forms? These issues will greatly affect the outcome of a mutational 

experiment and the interpretation of the results. 

In 1968, experiments by Tanford showed that at 6M GdmCl or 8M urea the polypeptide 

chain is approaching a random coil although there might still be pockets of structures left 

(Tanford 1968). Recently, a lot of effort has been invested to elucidate the true nature of the 

denatured state under different conditions.  

In the lab of Mayor and co-workers a mutant (L16A) of the Engrailed Homeodomain 

(En-HD) was constructed and shown not to populate the native state under native 

conditions. The wild-type En-HD was, by multiple analyses, shown to have no significant 

residual structure at high concentration of denaturant. Investigations of the mutant L16A 

under wild-type native conditions, did however, display a compact and globular state 

with extensive native helical secondary structure. The side chains and backbone was 

nevertheless still highly mobile (Mayor et al. 2003).  

One way to study the characteristics of the denatured ensemble is to measure residual 

dipolar couplings (RDC-NMR) of denatured proteins in strained polyacrylamide gels. 

Using this method the small protein staphylococcal nuclease was shown to have a “native-

like spatial positioning and orientation of chain segments (topology) that persists to 
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concentrations of at least 8M urea” demonstrating that long range ordering can occur in 

advance of a compact native fold (Shortle and Ackerman 2001). The same authors 

conclude in a subsequent paper that substitution of ten hydrophobic residues important 

for native state stability, to polar residues, does not significantly alter the native-like 

denatured structure at 8M urea (Ackerman and Shortle 2002). This robustness to changes 

in the amino acid sequence is proposed by Ackerman et al to show that mainly local steric 

interactions between side chains and backbone are important for the long range structure 

of the denatured state. 

Furthermore, investigation of long-range structure by NMR (residual dipolar 

couplings) in the protein Eglin C, again reveals that the denatured state has a native like 

global structure (Ohnishi et al. 2004). Native-like hydrophobic interactions was also found 

in the acid denatured state of ACBP (Fieber et al. 2004). This acid-denatured structure also 

showed the presence of a precursor of the folding transition state under acid denaturing 

conditions discovered by an Ile to Ala mutation measuring the RDCs. 

Recently the lab of Kurt Wuthrich has shown with NMR that the outer membrane 

protein X (ompX) in 8M urea is globally unfolded but local non-random conformations 

persists in two regions (Tafer et al. 2004). In one of the two regions there is a small helical 

segment with disordered side chains and in the other region a hydrophobic cluster 

involving a tryptophan residue. 

All the spectroscopic studies mentioned above suggests that long range hydrophobic 

interactions and native like secondary structure is present even at high denaturant 

concentrations. However, other methods such as intrinsic viscosity, hydrodynamic radii 

and small-angle X-ray scattering (SAXS) studies, indicate that the dimensions of 

chemically denatured proteins scale with polypeptide length in accordance with the 

power-law relationship expected for random-coil behaviour (Kohn et al. 2004). The authors 

have used SAXS to investigated a set of 28 crosslink-free, prosthetic-group-free, chemically 

denatured proteins and found that only 2 of them deviate significantly from the power-

law relationship. Furthermore, Jacob and Sosnick have examined the small two-state 

proteins Ubiquitin (Ub) and common-type acylphosphatase (ctACP) with time-resolved 

SAXS and CD222nm (Jacob et al. 2004). Both of these two proteins have shown a “burst 
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phase” upon refolding, yet when going from high denaturant to low (<1M) they observe 

no considerable chain contraction in the submillisecond timescale. 

There are also examples in the literature where structures in the unfolded state involve 

non-native buried hydrophobic residues. In drkSH3 there is evidence of residual structure 

in the central core of the β-sheet (Crowhurst et al. 2002). In this hydrophobic structure 

experiments have confirmed the presence of a buried tryptophan residue that is exposed 

in the native state (Crowhurst et al. 2002; Crowhurst and Forman-Kay 2003). Further 

evidence for the contribution of non-native residues to hydrophobic residual structure was 

put forward by Canet and co-workers (Canet et al. 2003). In their study the side chain of 

Trp 48 is shown to be non-natively buried in the residual structure of the histidine-

containing phosphocarrier protein (HPr). The authors speculate that this hydrophobic 

collapse in the early stages of folding is important to prevent the protein from aggregating 

prior to the formation of the native structure where the hydrophobic residues are exposed 

to serve their proper function. In the case of HPr the wild-type Phe48 is involved in 

binding to enzyme I and II that mediates the transfer of a phosphoryl group between the 

two enzymes (Canet et al. 2003).   

 

Denaturant and mutation dependencies in refolding kinetics due to compactication of 

the denatured state can be seen in different ways: (i) if there is residual structure that 

persist at high denaturant concentration, the increasing concentration of denaturant in a 

refolding experiment would not affect that structure, and the refolding limb will be 

straight. The mf and mD-N-values are then lower than what would be expected from the 

change in surface exposed area going from fully unfolded to the transition state. If one of 

the important residues in the compact D state is mutated all or part of the structure could 

be dissolved, leading to an increase in mf (and mD-N) (see Figure 24 b), (ii) if the compact 

structure is formed upon the jump going from good solvent conditions to poorer solvents 

conditions, the compactication of D will/might be reduced as the concentration of 

denaturant increases (better solvation) in an refolding experiment. As the compactified 

state is reduced the mf-value will increase and the refolding limb will show curvature (i.e. 

mf increases with denaturant concentration), see Figure 24 c. A mutation of residues 

involved in this kind of compact state could either reduce or totally deplete curvature in 



 50

the refolding limb. Changes in mf upon mutation, accompanied by changes in mD-N, might 

thereby be seen as a probe of compact structure in the denatured state.  

If native like structure exists in the denatured ensemble prior to the global folding 

event, this will have impact on a mutational analysis. If a residue participating in D, TS 

and N is mutated the free energy of D would change (stabilized or destabilized) at the 

same time as TS and N is destabilized. This energetic movement of D in respect to the TS 

would undermine the credibility of the φ value.  

 

 

Transition-state movements 

 

In 1955 George S Hammond postulated that “If two states, as for example, a transition 

state and an unstable intermediate, occur consecutively during a reaction process and 

have nearly the same energy content, their interconversion will involve only a small 

reorganization of the molecular structures." In other words, species with similar energies, 

along the reaction coordinate, also have similar structures. Essentially the same idea is 

sometimes referred to as “Leffler’s assumption”, namely, that the transition state bears the 

greater resemblance to the less stable species (reactant or reaction 

intermediate/product)(Leffler 1953; Leffler 1963). In protein folding the interpretation of 

these statements would be that; as the native state is destabilized the transition-state 

moves closer to N, thus becoming more native-like in structure. As mentioned above the 

position of the transition state, β‡ (the Tanford β-value), can be calculated from the kinetic 

m-values and the equilibrium m-value as described in Equation 10. The m-values can be 

affected in particular by mutation or by denaturant (Matouschek and Fersht 1993). To 

ensure that it is actually a shift in the position of the transition state and not ground state 

movement, the global mD-N-value must be constant i.e. if mu decreases, mf should increase 

with the same amount. For a mutation this is easily seen as a tilt of the linear v-shaped 

chevron, see Figure 24 d (filled circles). When destabilizing the native state by denaturant, 

the Hammond effect will be seen as a smooth downward curvature of both limbs in the 

chevron plot i.e. as the concentration of denaturant increases, mf increases and mu 

decreases (Figure 24 e). If the barrier of folding is broad the Hammond effect will be more 
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evident than if the barrier is narrow (Silow and Oliveberg 1997), see Figure 25 a and b. 

 

 
Figure 25. Overview of the effect of Hammond behaviour on different transition barriers: a, narrow barrier. 

b, broad barrier. c, sequential barriers. d, parallel barriers. 

  

Movement of the transition state along the reaction coordinate in a Hammond 

postulate way, was shown in 1993 for the small protein Barnase (Matouschek and Fersht 

1993; Matthews and Fersht 1995) and in 1995 for Chymotrypsin inhibitor 2 (CI2) 

(Matouschek et al. 1995). The Hammond behaviour was observed for both proteins when 

destabilized with temperature, denaturant and upon mutation. However, when mutated 

all over the structure, CI2 showed Hammond effects at all positions correlating TS 

movement with destabilization, while Barnase only showed Hammond behaviour in some 

parts of the structure. This difference was thought to be a consequence of the more diffuse 

TS in CI2, making the destabilizing effect on the TS more general throughout the structure 

(Matouschek et al. 1995). 

In a more recent paper Kiefhaber et al conclude that among 21 well-characterized 

proteins Hammond behaviour is very rare and that apparent TS movements seen in ρDS 

cross-section parameters are often caused by ground state movement (e.g. regularly from 

changes in the unfolded state) (Sanchez and Kiefhaber 2003). 

Another way to account for shifts in the slope of kinetic un-/refolding limbs is to 

consider sequential or parallel transition states. The distinction between a broad transition 

barrier and a barrier with two or more distinct sequential barrier tops is not trivial to make 

on the counts of kinetics. A smooth broad barrier would, if experiencing a Hammond 

effect, cause a smooth curvature as the transition state moves along the barrier top, see 

Figure 25b. A destabilization of a transition state with multiple sequential peaks would 
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induce several discrete jumps between peaks resulting in a very similar shape. A more 

apparent change in the unfolding limb could be seen if there are just two distinct 

sequential peaks that are sufficiently separated on the reaction coordinate (Figure 25 c); a 

shift from one peak to the other in the unfolding region of a chevron plot would cause a 

kink i.e. a decrease in the mu-value at a certain concentration of denaturant (Figure 24 f, 

filled circles). 

If there are two parallel transition states folding will proceed over the one that is lowest 

in energy, see Figure 25d. In accordance with linear free energy relations a destabilization 

of the native state with denaturant would destabilize a late transition state to a greater 

extent than an early transition state thereby facilitating a switch in transition state. So, if 

the late TS is the rate limiting step at native like conditions it can switch two the early TS 

upon destabilization, this event is often referred to as a anti-Hammond behaviour 

(Sanchez and Kiefhaber 2003). A mutation in a protein with multiple parallel transition 

states could specifically destabilize a late barrier and thereby facilitate a switch in TS, 

visualized as a decreased mf-value accompanied by an increased mu (Figure 24 d, open 

circles). 
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REVIEW on folding rate determinants 

 

Topology as a refolding rate determinant 
 

The physical properties that determine the folding rate of a protein has for many years 

been one of the most eagerly discussed subjects in the protein folding community. The role 

of the topology of the native structure, connectivity of secondary structure elements, 

thermodynamic stability, hydrophobic content and sequence specific information has been 

extensively studied in experiments and theory. The work has been focused on 

understanding the simplest protein systems available, namely apparent two-state folding 

proteins (although multi-state proteins are also considered in some studies). The folding 

kinetics of more than three dozen of these two-state proteins has been explored and 

characterized. Classification of different folds into families and by secondary structure, 

such as all-α, all-β and α/β proteins have proved important when comparing results from 

various studies. In this section some of the topological methods that have evolved over the 

last couple of years, aimed at describing the variation in refolding rates, will be briefly 

discussed. 

 

At this time I would like to clarify the use of the two parameters topology and 

connectivity in this thesis: native state topology, is a description of the overall topological 

composition of the native state, that is, if two proteins have two α-helices packed on top of 

a 4 stranded β-sheet, they have the same native state topology. Connectivity, is the way 

these secondary structure elements are linked to one another covalently, which might also 

be termed primary structure topology or sequence topology. So, in the case of my studies 

of the ribosomal protein S6, all the constructs share the same native state topology but 

they vary in connectivity.  
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Relative contact order (RCO) 

 

In 1998, Kevin Plaxco and colleagues pinpointed the important correlation between the 

average sequence separation between contacting residues in the native state and folding 

rates as well as transition-state placement (Plaxco et al. 1998). This correlation was shown 

for a set of 12 non-homologous simple, single domain two-state proteins and was 

proposed to reflect the chain entropy contributions to the folding barrier. In this model, 

that describes topological complexities, the fraction of local versus non-local contacts are 

estimated, the parameter was named relative contact order, RCO. Relative contact order is 

the average sequence distance between all pairs of contacting residues normalized by the 

total sequence length of the polypeptide (Plaxco et al. 1998): 
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where L is the total number of residues, N is the total number of contacts and ∆Si.j is the 

sequence separation, in residues, separating the residues i and j. Proteins with a high 

degree of local contacts (i.e. α-helical proteins), thus have a low RCO and proteins with a 

high extent of non-local contacts (i.e. β-sheet proteins) have a high RCO. The statistically 

significant correlations, shown by Plaxco and co-workers were: (i) a negative correlation 

between RCO and folding rates (r=0.81), that is, as the RCO decreases folding rates speed 

up, (ii) a positive correlation between RCO and transition-state placement (β‡)(r=0.68), 

indicating that high RCO results in a native-like transition state. Furthermore, the authors 

concluded that there was no apparent correlation between sequence length or stability of 

the native state and RCO in the available test set. More recently RCO has also been shown 

to account for changes in folding rate upon loop length variation i.e. changes in chain 

entropy (Ladurner and Fersht 1997; Fersht 2000; Plaxco et al. 2000; Lindberg et al. 2002). In 

line with this it has been suggested that RCO is related to cost of loop closure, this thought 

is though rejected recently by Gillespie and Plaxco stating that, “loop-closure entropy is 

proportional to the logarithm of loop length rather than loop length per se, and average log 
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(separation) between interacting residues is more poorly correlated with rates than RCO” 

(Gillespie and Plaxco 2004).  

However, over the past few years there have been some concerns with the nature of 

RCO, some of these have recently been reviewed by Kuznetsov et al in a statistical analysis 

(Kuznetsov and Rackovsky 2004). Among the concerns the authors mentioned are: (i) a 

report with a RCO of only 0.64 for a set of 18 proteins in a paper by Munoz et al (Munoz 

and Eaton 1999), (ii) RCO does not account for effects of single mutation (Goldenberg 

1999) nor does it account for large variation in folding rate observed in homologous 

proteins (with similar RCO) and in a given protein under varying conditions (Jackson 

1998), (iii) in β-sheet proteins the stability of the native state has been shown to be an 

important determinant of folding (Dinner and Karplus 2001). iv, a small β-barrel protein 

P13MTCP1, with a low contact order (~0.14) folds very slow (Roumestand et al. 2001).  

In the statistical analysis used by Kuznetsov et al the various classes of proteins were 

investigated in relation to their rates and RCO, the test set consisted of 7 all-α, 7 all-β and 

12 α/β proteins. They conclude that all three structural classes have class-specific average 

RCO, but the difference between α/β and all-β proteins are very small. In addition it was 

found that only α-helical proteins have distinguishable class-specific folding rates and that 

RCO accounts for essentially all the variation in that class (96%). This result makes them 

suggest that RCO is strongly determined by the number of residues in helical 

conformation. The analysis also shows that RCO can only account for ~56% of the 

variation among β-sheet containing proteins, which implies that there are other factors 

that contribute to the variance among β containing proteins. So, among two-state proteins 

RCO predicts rates for α-helical proteins very well but gives a poorer result with α/β and 

all-β proteins, hence there must be other determinants of folding rates for those proteins. 

When considering these results, the size and choice of the test set should, however, be kept 

in mind, and that a larger/different test set could give different results. This is shown by 

comparing these results with the results of Gromiha et al from 2001 when they found the 

following correlation between RCO and folding rates among two-state proteins in 

different structural classes; all-α r= -0.56, all-β r= -0.46 and mixed α/β r= -0.82 (Gromiha 

and Selvaraj 2001).   
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In addition, to two-state proteins there are also experimental data for multi-state 

proteins and peptides (e.g. β-hairpins) available. Guided by a theoretical model that 

predicts folding rate to decrease with protein length as L2/3 and the fact that folding rates 

of multi-state proteins correlate strongly with size and badly with RCO, Ivanko et al re-

examined the dependence of rate on RCO and length (Ivankov et al. 2003). This effort was 

made to find a more global structural parameter that could account for folding rates in a 

large number of diverse proteins. The authors show that abs_CO, that is, RCO x length (L), 

is able to predict folding rates for the totality of proteins rather accurately (r=-0.74). 

 

 

Long-range order (LRO) 

 

This method for predicting folding rates for two-state proteins was described in 2001 

by Michael Gromiha and colleagues (Gromiha and Selvaraj 2001). The parameter of long-

range order (LRO) illustrates the importance of interactions between residues that are 

close in space but far away in the sequence. The method was calibrated by testing different 

definitions for when a contact between two residues was considered made and also for 

how far apart in the sequence they should be to be considered as a long-range interaction. 

The authors found the best correlation when the Cα-Cα distance was 8Å and the sequence 

separation was 10-15 residues. When LRO was plotted against the experimental folding 

rates for a set of 23 small two-state folding proteins the correlation coefficient was, r=-0.78. 

Furthermore a strong correlation with RCO was found (r=0.77). A significant correlation 

was also observed between LRO and folding rates in the individual structural classes. 

Interestingly, the minimal sequence separation giving the highest correlation coefficient 

varied among the structural classes; it was 27 for all-α proteins, 44 for all-β proteins and 10 

for mixed class proteins. The authors argue that this is evidence for the presence of more 

residues being able to serve as folding nucleus in α/β proteins then in the other two 

classes.  

In conclusion the major difference between RCO and LRO is that RCO takes into 

account local contacts i.e. contacts with a residue separation less than 10-15 residues. The 



 57

importance of such short-range local structural propensities, i.e. secondary structure 

propensity, for folding rates are reported to be great in some papers (Gong et al. 2003; 

Kuznetsov and Rackovsky 2004) and low in others (Zhou and Zhou 2002). 

The outcome, however, is approximately the same for the two methods and it can be 

deduced that long-range contacts is important for folding rates in two-state proteins. 

 

 

Total contact distance (TCD) 

 

Total contact distance (TCD) is a parameter that is related to RCO and LRO as; TCD= 

RCO × LRO if LRO is calculated using the same sequence separation cut-off as RCO (Zhou 

and Zhou 2002). In their paper Zhou & Zhou used a data set of 28 two-state or weakly 

three-state proteins (4 all-α proteins, 13 all-β-proteins and 11 α/β proteins). The results 

showed a better folding rate correlation and rate prediction than with RCO and LRO 

individually, and this is true in all three classes of proteins. Furthermore, the prediction of 

folding rates is even better than the best method using neural networks, including contact 

order and stability per residue (Dinner and Karplus 2001). TCD seems also to be almost 

independent of the inclusion of short-range interactions in the prediction, which makes 

the authors suggest that only long-range contacts with a sequence separation of more than 

14 residues are important for folding. However, one should note that the data set used 

only includes 4 all-α proteins which could explain the lack of dependence on local 

structural propensities (i.e. short-range local contacts). 

 

An alternative model for folding, using the parameter TCD, was recently proposed by 

Bai and co-workers, illustrating the importance of the critical nucleation size of a transition 

state and how it correlates with folding rate (Bai et al. 2004). The method uses the TCD as a 

constraint to reduce the native structure in the search of the “transition-state” structure 

assuming that the transition state is the smallest substructure with a TCD close to that of 

the native state. Correlating this transition-state size with folding rates rendered a 

correlation coefficient of r=0.8 (when two proteins where excluded). The authors propose 
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that the size of the transition state, encoded by the topology of the native state, is the 

dominant determinant for 5 orders of magnitude difference in folding rates. In addition 

the detailed energetic interactions at atomic level are responsible for modulating folding 

rates ±50 fold and for determination of the exact structure of the transition state.  

 

The permutant result from this thesis show no correlation among the four constructs 

between log kf (in water) and either RCO, LRO or TCD (data not shown). The previously 

reported weak correlation (see Paper I) was disrupted by the third permutant (P54-55). The 

correlation improves when the influence of global stability is reduced by plotting the 

folding rate at midpoint. However, there is still significant scatter in the data, implying 

that these topological descriptors fail to completely describe the change in rate upon 

permutation even though differences in stability are accounted for. For all correlations 

with RCO, LRO and TCD the patterns are the same, emphasising the similarity between 

these parameters. 

 

 

Cliquishness – or clustering coefficient 

 

In an investigation focused on finding additional topological properties, besides 

contact order, that correlates with folding rates and TS placement, Micheletti and 

colleagues constructed the parameter cliquishness, or clustering coefficient (Micheletti 

2003). 

Cliquishness is based on native contact maps, where any two heavy atoms of the amino 

acids are considered to be in contact if they are at a distance of less than a certain cut-off 

distance. Then the definition of cliquishness, gives a measure of the extent to which 

different sites interacting with a certain position (i), is also interacting with each other. 

Proper definition thus requires that the position chosen at least interact with two other 

sites. To ensure this, the authors included the covalently bonded interactions (i, i+1). The 

author’s further stress the importance of cliquishness to describe the cooperativity of the 

folding process since a higher interdependence of contacts (a large cliquishness) likely will 
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result in higher cooperativity. The cliquishness was calculated for 38 proteins (28 two-

state, 10 three-state) with known folding rates and transition-state positions (β‡). Among 

two-state folders RCO was shown to have a significantly higher correlation with folding 

rate (r=0.75) than cliquishness (r=0.6), on TS position on the other hand, cliquishness is 

more accurate in describing the variance than RCO. A combination of RCO and 

cliquishness improves the correlation with folding rates (r=0.79) for the two-state proteins, 

and indeed also for the whole set of 38 proteins. 

 

 

A graph-theoretical concept – Effective Contact Order (ECO) 

 

This is a computational model, proposed by Weikl and Dill, used to predict folding 

rates and routes from native contact maps (Weikl and Dill 2003). The model focuses on 

configurational entropies of folding and not on contact energies. In line with this the 

authors argue that while there are many folding routes a protein can follow to lower its 

energy, there are only a small fraction of those that are low-entropy-loss routes, and hence 

those routes are predicted to be very important. They predict proteins to fold by “zipping 

up” the chain in small-loop-closure events governed by the native fold. In their model 

they use a graph-theoretical model based on effective contact order, ECO. The ECO of a 

contact between two monomers are dependent on which other contacts are formed/not 

formed, in a particular configuration, and thus is route dependent. In this way a non-local 

contact (i.e. high CO) between two residues far apart in the sequence can have a low ECO 

if there are “bridges” in the sequence made up by non-covalent bonds that create 

shortcuts. To summarize, the model describes quick formation of local structures that then 

provide a template to bring non-local structures into spatial proximity for assembly (Weikl 

and Dill 2003). The authors find that experimental rates for a set of 24 two-state proteins 

are well predicted and furthermore they also find a good agreement with the published φ 

values. They conclude that: (i) two-state protein folding involves heterogeneity, showing 

both sequential and parallel processes, (ii) folding rates and routes are strongly 

determined by conditional conformational entropies (Weikl and Dill 2003).  
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In a more recent paper, by the same authors, the ECO-model was used to reproduce 

results from experiments on topologically (connectivity) mutated proteins (Weikl and Dill 

2003). The proteins studied were either circularized, circularly permuted or cross-linked 

versions of CI2, SH3-domains and the ribosomal protein S6. The authors show overall 

good agreement with experimental data. The model indicates that folding proceeds via 

multiple supply lines (not a linear sequence of events) with rapid and early formation of 

local structural building blocks, followed by assembly of non-local contacts to form the 

native state. In this process φ values indicate the rate-limiting control points, of which 

there might be more than one. Furthermore, they conclude that topological mutations may 

change the time-line of events without changing the φ-value distribution. 

We compared the results presented in the study with our experimental data and found 

overall descent agreement for the order of events and rates of folding with the exception of 

the folding rate of the first permutant (P13-14) that seems clearly overestimated. 

 

 

From the abundance of theoretical topology descriptors that shows correlations with 

folding rates it seems that there is evidently a link between native-state topology and the 

rate with which proteins fold. But, since the knowledge of the starting point for folding i.e. 

the denatured state, is so vague, and might very well vary between proteins, and classes of 

proteins, there are many possible explanations for variations and scatter.  

However, as Plaxco and Gillespie express it “the topological methods seems to 

correlate equally well with experimental data, suggesting that they reflect a common 

underlying physics” (Gillespie and Plaxco 2004). This is also inferred from work done by 

Gromiha and co-workers stating that “native state topology is the major determinant for 

folding rates for two-state proteins” (Gromiha 2003). Exactly how the mechanism of these 

underlying physics work, is yet to be understood, and in addition the amount of various 

contributions made by other, non-topological factors. 

As discussed in paper II, the common diffuse nature of the folding nucleus and the 

coupling to native-state topology could also have arisen from a selective pressure to 

optimizing the folding cooperativity. If so, the correlation between kf and RCO could 

reflect the slow-folding limit, i.e. the slowest possible folding rate for a given topology 
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where the loss of configurational entropy is maximised through involvement of the entire 

structure in the folding nucleus. 

 

 

Other folding rate determinants 
 

Among homologous proteins (i.e. with the same topology, TS and length) only stability 

and specific amino acid properties can account for different folding rates, and among these 

proteins the rates do not differ more than 1 magnitude (Plaxco et al. 2000). Stability effects 

is, however, considered a major source of scatter in the RCO-rate relation, strengthened by 

a report of 10 proteins that significantly deviate from the RCO-rate correlation and show 

large stability effects (Plaxco et al. 2000). Stability also seems to be an important rate 

determinant under different solvent conditions (Jackson 1998) and in single point 

mutations (Goldenberg 1999). Furthermore, the statistical analysis by Kuznetsov et al that 

showed a weak correlation between rate and RCO for β-sheet containing proteins, in 

addition with a study by Dinner et al, implies the importance of stability in the kinetics of 

β-sheet containing proteins (Dinner and Karplus 2001). 

Besides contact order parameters and global stability, the hydrophobic content in the 

sequence has recently been proposed as an important determinant of folding rates within 

the acylphosphatase family (Calloni et al. 2003; Bemporad et al. 2004). Interestingly, the 

best correlations are observed when hydrophobicity is plotted against the refolding rate at 

the midpoint of transition i.e. where all proteins are equally stable. However, experiments 

redesigning, over-/under-packing the hydrophobic core show various somewhat 

ambiguous result. For ubiquitin an over-packed core show no change in refolding rate 

while an under-packed core displays a significant decrease (Benitez-Cardoza et al. 2004). In 

the characterization of an over-packed α-spectrin SH3 domain with an increased core 

hydrophobic volume of 16%, both refolding and unfolding rates are increased due to 

stabilization of the transition-state ensemble (Cobos et al. 2003). In this latter case the 

authors also imply the importance of hydrophobicity in modulating kinetic pathways and 

behaviour. 
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THE MODEL SYSTEM 
 

Since the protein folding problem is of general nature and concerns all proteins the 

choice of model system to address the issue at hand is free. To facilitate a system that is 

easy to work with, i.e. a system with high expression levels and simple straight forward 

purification, the choice often comes to small single domain proteins, preferably with 

known structure. To simplify characterization of thermodynamic and kinetic properties it 

is also of great importance that the protein of interest lacks cysteines and prosthetic groups 

(such as metals and organic compounds). The protein should also fold autonomously, that 

is, it should unfold/refold reversibly and spontaneous in vitro.  

In this thesis work the model system used is the ribosomal protein S6 from Thermus 

thermophilus. S6 is a 12kDa, 101 amino acid protein with a known three dimensional 

structure (PDB 1RIS) consisting of two α-helices packed on top of a four stranded β-sheet 

(Lindahl et al. 1994), the secondary structures are arranged in a so called split β-α-β motif. 

The function of S6 involves binding to the ribosomal protein S18 and docking onto RNA as 

part of the 30S ribosomal subunit (Agalarov et al. 2000). Expression levels in E. coli are high 

and purification is easily performed by a two step chromatographic scheme. There are no 

cysteine residues or prosthetic groups in the structure and S6 folds autonomously. 
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SUMMARY OF PAPERS 
 

PAPER I – Folding of Circular Permutants with Decreased Contact Order: 

General Trend Balanced by Protein Stability 

 

In this study we tried to shed light on the interplay between chain connectivity, global 

stability and protein folding rates. Two circular permutants of the split β-α-β ribosomal 

protein S6 were constructed by linking the N- and C-termini with a designed loop, and 

then cutting the sequence between residues 13-14 and 68-69, respectively (see Figure 1). 

The average sequence separation between interacting residues, i.e. the relative contact 

order (RCO), was hereby reduced from the wild-type value 18.9, to 14.3 and 12.8 in P68-69 

and P13-14 respectively. The overall native topology was assumed to be unchanged, 

consistent with maintained values of mD-N. 

 

 
Figure 1. Schematic drawing of the ribosomal protein S6 topology. Secondary structure elements 

participating in the transition state are pictured in grey. The black arrows point at the site where the 

incisions were made in each permutant and the grey double arrow show the location of the designed loop.  

 

The ability of RCO to significantly describe the variance in folding rates among small 

two-state proteins have been shown in many studies over the years (Plaxco et al. 1998; 

Chiti F. 1999; Fersht 2000; Makarov et al. 2002; Ivankov et al. 2003; Kuznetsov and 
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Rackovsky 2004). However, a recent statistical analysis shows that the variance in folding 

rates are better described by RCO for helical proteins than for β-sheet containing proteins 

(Kuznetsov and Rackovsky 2004). This discrepancy in describing the variance among β-

sheet proteins and also the disability of RCO to predict changes in rates for different 

solvent conditions, mutations and among homologous proteins, indicates that there are 

also other factors affecting the folding rates e.g. global stability (Plaxco et al. 2000; 

Kuznetsov and Rackovsky 2004). The fact that, as RCO increases, the position of the 

transition-state moves closer to the native state (Plaxco et al. 1998), i.e. becomes more 

native-like, further supports an increasing dependence on global stability of the transition 

state at high RCO. 

Folding of S6 wild-type is initiated between the β1-strand and helix-1 through the 

centre of the hydrophobic core, followed by the joining of β3 and helix-2 to form the 

transition-state ensemble, see Figure 1 (Otzen and Oliveberg 2002). Our results shows that 

by altering the chain connectivity, reversing the entropy balance in the S6-scaffold, the 

transition-state ensemble shifts towards the helix-2 side, see Figure 2. This change in 

pathway and nucleation has an important implication for this study, that is, the two 

permutants presented here should not be considered as mutations of the same protein, but 

instead as “different” proteins sharing the same native topology. It is therefore justified to 

compare the kinetics of the permutants with other two-state proteins in the literature.  

 

 
Figure 2. Schematic presentation of the φ-value distributions in S6wt and the two permutants, P13-14 and P68-69. 

The φ values are plotted according to the colour-range displayed to the left of the structures. 
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In general any modification in the primary structure of a protein is likely to affect the 

folding rate and the global stability. The decrease in global stability observed for the 

permutants in this study can, however, not simply be explained by the construction, i.e. 

poor loop design. This is evident from the fact that both permutants have the same loop 

between β1 and β4, and moreover, from the results of a third permutant, P54-55 (not 

presented here), with the same loop showing an increase in stability compared to the wild-

type. 

Both permutants have incisions that interfere with the wild-type nucleus; P13-14 cuts in 

the first layer (β1/α1) of the nucleus and P68-69 in the second layer (β3/α2), see Figure 1. 

The effect of splitting the folding nucleus have been investigated in both simulation; 

showing a decrease in folding rate (Li and Shakhnovich 2001), and in experiments; 

resulting in a decrease as well as an increase in log kf (Viguera et al. 1996; Otzen and Fersht 

1998). The consequence of splitting the wild-type nucleus is therefore somewhat 

ambiguous. However, the expected increase in folding rate when decreasing RCO is likely 

affected by splitting the wild-type nucleus and reducing the stability. In spite of this, the 

refolding rates of both permutants, and in particular P13-14, are higher than the wild-type 

and correlates reasonably well with RCO for the general trend among two-state proteins. 

If the rates are measured at the midpoint of transition, where all proteins are equally stable 

(log KD-N=0), the correlation with RCO is even more significant. When the third permutant 

(P54-55), not discussed in this paper, is added to the plot the correlations are somewhat 

poorer.  

Moreover, the mu-value of the three proteins correlates well with folding rate (in water) 

in the way that, the folding rate decreases as the transition-state moves towards the native 

state, which is in agreement with the observation by Plaxco and co-workers that a more 

native-like transition-state ensemble slows down folding, see Figure 3 left panel (Plaxco et 

al. 1998). This trend in compactness of the transition state is also reflected in the response 

of folding rates upon increasing stability with Na2SO4; the folding rate of the more 

compact, native-like, transition state of S6wt is more affected by changes in stability than 

P13-14, see Figure 6 in paper I. 
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Notably, in contrast to the data presented in Plaxcos study, there is an obvious positive 

correlation between RCO and stability, see Figure 3 right panel. The stability of the native 

state thus increases with an increased amount of non-local interactions. The two latter 

correlations are also strengthened by the fact that the third permutant (P54-55) agrees well 

with these observations (P54-55 is included in Figure 3). 

 

 
Figure 3. Plots showing correlations for the three permutants and the wild-type. In the left panel, the slope of 

the unfolding limb is plotted against the folding rate in water (R=0.99) and in the right panel, the relative 

contact order (RCO) versus the global stability (R=0.93). 

 

In conclusion, the mentioned observations emphasizes the combined action of stability 

and chain connectivity in controlling protein folding rates and on the basis of this we 

postulated that for two-state proteins 

φ=∆∂∂ −NDf /log Gk   

where the characteristic value of 3.0/log NDf ≈∆∂∂ −Gk is a measure of the average degree 

of contact formation in the transition-state ensemble for naturally evolved proteins. 

 

One concern in this study is that the mf-value of P13-14 is significantly (more than the 

experimental error), smaller than the wild-type value (and not just compensated by an 

increase in mu). Whether this decrease in mf is resulting from a change in the barrier profile 

or from denatured state effects is not yet known and a more thorough investigation of this 

subject is needed. 
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PAPER II – Complete Change of the Protein folding Transition State upon 
Circular Permutation 

 

The structure of the ribosomal protein S6 can be viewed as two symmetrical mirror 

units of β-α-β structure, see Figure 1a. The long loop connecting the secondary structure 

elements on the helix-2 side (β1-α2-β4) make this region entropically disfavoured for 

nucleation compared to the helix-1 side. In the wild-type a diffuse nucleus, observed as 

fractional φ values throughout the structure, is formed involving two secondary structure 

elements from each side (β3-α1-β1-α2), see Figure 1c. 

 

 
Figure 1. Schematic drawings of the topology, connectivity and nucleation in S6 wild-type and P13-14. a and b, 

displaying the topology and connectivity for the wild-type and P13-14, respectively. c and d, showing the 

secondary structure elements involved in nucleation. Light grey represents the diffuse wild-type nucleus 

and dark grey the locally condensed P13-14 nucleus. 

 

Upon permutation the P13-14 transition-state ensemble is shifted towards the helix-2 side 

of the protein and the calculated φ values tend to cluster around 0 and 1, indicating a more 

polarized and condensed transition-state ensemble compared to the wild-type (Figure 1d). 

The aim of this study was to elucidate the physical mechanisms contributing to the drastic 

change in transition-state ensemble observed in the circular permutant, P13-14.  
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In P13-14 the wild-type nucleus is entropically disfavoured by the incision between β1 

and helix-1, while the helix-2 side is favoured by connecting β1 and β4 (Figure 1b). This 

swap in entropy could explain the shift in transition-state ensemble towards the helix-2 

side but hardly the strong polarization observed. To further investigate the reason behind 

the change, we mapped the free energy changes upon mutation (∆∆GD-N) over the 

structure of S6 wild-type (see Fig 2a, in paper II). From this picture it is evident that the 

contacts made by β1 and β4 (and the connecting turn α2-β4) are stronger than the average 

contacts. Plotting the average sequence separation to lost contacts upon mutation (Lmean) 

against the change in free energy (∆∆GD-N) gives a positive correlation (r=0.76) 

demonstrating that long-range interactions in S6 wild-type are compensated by high 

interaction energies, i.e. long loops are anchored by strong contacts (Fig 2b, in paper II). 

This biased dispersion of contact energies towards the helix-2 side, is in the wild-type 

accompanied by an entropic bias towards the helix-1 side, hence allowing the wild-type to 

fold via a diffuse transition state, see Figure 2 left panel. In P13-14, the entropy is reversed, 

now favouring the helix-2 side coinciding with the strong contact energies, thus the 

outcome is a condensed and polarized nucleus, Figure 2 right panel.  

 

 
Figure 2. A schematic view of the proposed strong entropic (blue) and enthalpic (yellow) components in S6wt 

and P13-14. In the wild-type (left panel) the two regions compensate each other, involving all structural 

elements in a diffuse transition state. In P13-14 (right panel) the entropic and enthalpic regions are engineered 

to concur (green) resulting in an atypically condensed and polarised transition state. 
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Our hypothesis of the importance of contact energies in S6 has recently been supported 

by two independent theoretical studies where incorporation of biased interaction energies 

in the models have resulted in good agreement with experimental data (Chen et al. 2004; 

Matysiak and Clementi 2004). 

 

The results of this study further suggest that a diffuse transition state is not a 

requirement for folding, but could instead be an evolutionary development to ensure high 

cooperativity. The advantage of high cooperativity, i.e. to include all structural elements of 

the native state in the folding nucleus, could easily be imagined. In a diffuse transition-

state ensemble, with high cooperativity, native state fluctuations leading to local 

unfolding, i.e. native state fraying, is prevented since all secondary structure elements are 

tied into the transition state (Figure 3 left panel). In a polarized and locally condensed 

transition-state ensemble, on the other hand, the small cooperative unit excludes some 

structural elements in the transition-state ensemble allowing floppiness in these regions in 

the native basin, Figure 3 right panel. 

 

 
Figure 3. Schematic view of hypothetical barriers displaying a globally diffuse (left panel) and a polarized 

(right panel) transition state. 

 

In a more recent paper our suggestion of the importance of high cooperativity in the 

transition-state ensemble is supported by Itzhaki and co-workers (Seeliger et al. 2003). The 

authors stress the significance of a cooperative nucleus to protect the native state from 
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fraying (native state breathing) and argue that the higher cooperativity of the core in suc1, 

compared to the homologous protein cks1, prevents local fraying in the unfolding 

reaction. 

Moreover, it should be noted that the way in which S6 achieves the diffuse transition-

state ensemble, i.e. by entropy/enthalpy compensation, does not seem to be universal but 

stems from the symmetry of its structure. The generality of entropy/enthalpy 

compensation for natural proteins is nevertheless suggested by the observation that long 

loops are tied into the hydrophobic core (Doyle et al. 1997). This could imply an early 

selection for topologies that fulfil this criterion, i.e. topologies with cooperative folding 

transitions. 

Finally, the results from the analysis of the transition states of S6wt and P13-14 show that 

S6 can nucleate and fold in at least two different ways, without compromising the folding 

rate or the native structure. In addition, previous studies have suggested yet another 

folding pathway, induced by salt or mutation of gatekeeper residues, involving a more 

compact route and an intermediate (Otzen and Oliveberg 1999). The ability of the 

ribosomal protein S6 to fold via such, apparently diverse, pathways as a response to gross 

changes in connectivity, mutation and buffer conditions suggests plasticity in the folding 

landscape of this protein.  
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PAPER III - Qualitative assessment of φ values for proteins with complex 
folding free energy profiles 

 

The results of my first two studies were based on φ-value analysis of two permutants of 

the ribosomal protein S6 that, for many mutations, show curvature in the unfolding limb. 

Since the appearance of curvature in apparent two-state proteins is common in the 

literature the question arises whether it is justified to make simplified estimates of φ values 

from curved chevron plots or if the model describing data must be revised? Curvatures, 

kinks and tilts in the unfolding and refolding limbs of apparent two-state folders can 

reflect changes in the solvent accessible area in either the ground states (D or N), the 

transition state or be a combination of both, see Figure 1. At the transition-state level the 

variation could arise from complex barrier profiles involving either multiple sequential or 

parallel pathways (Figure 1b and c).   

In this paper we compare the previously published simple visual assignment of φ from 

the ribosomal protein S6 data (Otzen and Oliveberg 2002) with variants of a more 

quantitative analysis of curved chevron plots proposed by the Kiefhaber group (Sanchez 

and Kiefhaber 2003).  

 

 
Figure 1. A schematic figure of phenomena that can explain experimentally observed variations in kinetic m-

values; a, changes in solvent accessible area in the ground states D or N. b and c, changes in rate-limiting step 

due to complex barrier profiles that could be either sequential (b) or parallel (c). 

 

In the S6 data set the wild-type and a few of the mutants show v-shaped chevron plots 

while the majority of the 30 variants display curved unfolding limbs and, to varying 

extent, a tilt in the refolding limb that increases the slope (mf). By visual inspection, Otzen 
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et al estimated the φ values from the experimental data at three different concentrations of 

denaturant; at 0M (extrapolated to water), at midpoint (1M and 4M) and at 7M (Otzen and 

Oliveberg 2002). From this visual inspection the authors conclude that the φ values of S6 

display a systematic increase upon addition of denaturant. 

In the Sanchez paper the authors claim that 17 mutants of S6 can be fitted to a two 

transition-state model where the position of the two transition states, within the 

experimental error, are identical (Sanchez and Kiefhaber 2003). Here, we have fitted all 30 

mutants to the two transition-state model in three different ways: (i) a “free fit” where the 

m-values and folding rate constants were free to vary, (ii) a “global mD-N” fit, where the 

equilibrium m-value (mD-N) was kept global, shared for all data, (iii) a “free mf” fit where 

the solvent accessible surface area (SASA) of the denatured state was allowed to vary 

while the unfolding m-values ( )TSE2
u

TSE1
u ,mm  were kept global.  

All three variants result in overall good fits, improving the precision from the one 

transition-state model. However, in the “global mD-N” and the “free mf” fits there is 

observable forced curvature in some of the straight unfolding limbs, indicating “strain” in 

the model, and in addition very poor fits for a few of the mutants. Moreover, an intricate 

problem with the initial “free fit” is that v-shaped chevron plots lack information about 

two transition states and is hence underdetermined. The only three valid solutions when 

fitting a v-shaped chevron plot to a two transition-state model are: (i) folding and 

unfolding over TSE1, (ii) folding and unfolding over TSE2, or (iii) folding over TSE1 and 

then, at midpoint, switching to unfolding over TSE2. Since the wild-type is v-shaped and 

therefore underdetermined φ values cannot be calculated for the “free fit” procedure. For 

the other two procedures the influence of curved chevron plots are inferred on the v-

shaped plots by the common global parameter, facilitating a comparison of the results and 

subsequent calculation of φ values. 

To compare the transition-state ensembles from the different methods we excluded the 

poor fits from the data set and mapped the 8 highest φ values for TSE1 from the “global 

mD-N” and the “free mf” fit along with the φmidpoint from Otzen et al onto the PDB structure, 

Figure 1. The resemblance of the transition-state structures is quite striking; implying that 

the simple visual inspection and the more quantitative model equally well captures the 

key features of the proposed TSE1.  
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Figure 2. φ-value distributions mapped onto the S6wt structure (1RIS). The four highest φ values are colour-

coded red and the next four φ values in orange. On the left is a representation of the published φmidpoint 

values, in the middle the φ values calculated from fits with “global mD-N” and to the right from fits with “free 

mf” fit. 

 

To further test this assumption we also plotted φmidpoint against the “global mD-N” and 

“free mf” φ values in Figure 2. The strong correlations strengthen our confidence in that a 

simplistic treatment of curved chevron data, made by ocular inspection, is sufficient for a 

coarse assessment of the φ values. 

 

 
 

Figure 3. Correlations between φ values from visual inspection and the ones calculated from fits to a two 

transition-state mechanism with, left, a “global mD-N”-value (R=0.78) and, right, a “free mf”-value (R=0.9). 

Data from poor fits was excluded (L30A from “global mD-N”-fit and I26A, L30, F60A, V88A and V90A from 

“free mf”-fits). 

 

Furthermore, as the two transition-state model failed to encompass all variation in the 

S6 data we speculate about expanding the model with either more sequential transition 

states or a parallel pathway.  
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An interesting feature in the S6 data is the presence of an anti-Hammond like increase 

in the slope of the unfolding limb of two mutants in helix-1 (I26A and L30A), notably, the 

effect is even more obvious in the double mutant I26A/L30A, see Figure 4.  

 

 
Figure 4. Chevron plot showing the increased slope in the unfolding limb of; I26A (open squares), L30A 

(open diamonds) and I26A/L30A (open triangles) compared to the S6wt (filled circles). 

 

This anti-Hammond like behaviour with an increase in the slope of mu can be explained 

by either (i) a sequential pathway where an early transition state is more compact than a 

later one resulting in a φ value that decreases from TSE1 to TSE2 (Scott et al. 2004), or (ii) 

by a shift from one pathway to a parallel pathway with a less compact (more denatured-

like) transition state. Due to the symmetric nature of the S6 structure (βαβ+βαβ) and that 

the permutants in this thesis show multiple folding pathways nucleating in connection to 

either helix-1 or helix-2, it seems reasonable to assume more than one major route in the 

free energy landscape. The possibility of parallel pathways are also inferred from 

theoretical calculations in the Wolynes lab (personal communication, data not shown) and 

by the fact that the structural homologues U1A and ADA2h nucleate in connection to 

helix-1 and helix-2, respectively (Villegas et al. 1998; Ternstrom et al. 1999).  

To test the assumption of parallel pathways the mutant L30A in helix-1, displaying 

considerable anti-Hammond like behaviour, was used as background for φ-value analysis. 

If L30A shifts the flow in the free energy landscape from the primary route to a parallel 

route, the importance of residues in another part of the structure is likely to increase. 

Notably, initial results show increased φ values for residues in connection to helix-2, 
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indicating a shift in the weight of φ values from the helix-1 to the helix-2 side. To further 

pinpoint and examine the existence of a parallel pathway the double mutant I26A/L30A, 

extensively weakening the helix-1 contribution to folding, could be used as a pseudo wild-

type for characterisation by φ-value analysis. 

In conclusion, upgrading to a two transition-state model improves the fits, but is still 

insufficient to describe all variation within the kinetic data for S6. Notably, the choice of 

model seems to have little consequence for a coarse assessment of the transition-state 

ensemble by φ-value analysis. Furthermore, initial results support a minimalist model 

describing the S6 data involving two sequential peaks on parallel pathways to the native 

state. 
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PAPER IV - Panning for the minimal protein folding nucleus through loop-
entropy perturbations 

 

The results in paper III strengthen our confidence in a simplistic treatment of curved 

chevron plots for coarse assessment of experimental φ values. In this paper we have 

extend the set of topological mutants to include four variants with different connectivity 

within the S6 scaffold, covering a range in relative contact order from 12.8 to 19.7, see 

Figure 1. 

 

 
Figure 1. Schematic drawing of the four topological variants in this study. The constructed loop connecting 

β1 and β4 is shown as a dashed line. The relative contact order for the four variants are, S6wt=18.9, P13-

14=12.8, P54-55=19.7 and P68-69=14.3.  

 

Our aim was to examine the importance of entropy for folding within a given well 

defined contact matrix. In addition we ponder on the malleability of the initial- and critical 

nucleus upon permutation, hence, the ability of the protein folding landscape to 

accommodate changes in connectivity.  

The kinetic characteristics and sequence outline of the four S6 variants are shown in 

Figure 1 and Table 1 in paper IV. The residues that were chosen for this comparative study 

are mapped onto the S6 structure and displayed, along with the mutant data forming the 

base for the transition-state analysis, see Figure 2.  
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Figure 2. a, A ribbon representation of the ribosomal protein S6 with the mutations discussed in this thesis 

mapped on top of it. Figure created with PyMol, DeLano, W.L. The PyMOL Molecular Graphics System 

(2002) DeLano Scientific, San Carlos, CA, USA. http://www.pymol.org. b and c, next two pages, chevron plots 

for all constructs in this thesis, wild-types are represented by filled circles and each mutant with open circles. 

S6wt from (Otzen and Oliveberg 2002). 
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Figure 2b.  
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Figure 2c. 
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The transition-state ensembles of S6 wild-type and the three permutants were mapped by 

a combined φ- and m-value analysis, depicting the high φ core and the flanking critical 

contact layer (Hedberg and Oliveberg 2004) (see Figure 2 in paper IV). The interpretation 

of this analysis is that the high φ core forms on the uphill side of the folding barrier and 

that the critical contact layer, describing contacts that grow, is required for the protein to 

cross the top of the barrier and fall into the downhill reaction to the native state. Notably, 

the observed changes in m-values, reflecting the critical contacts, are adjacent in the 

structure to the high φ region in all cases. However, in P13-14 the critical contact layer is 

limited to the lower part of helix-2, the reason for this small growth region is unknown, 

but could be linked to the fact that this permutant shows the most condensed nucleus, i.e. 

with φ values of ~1. 

 When the transition-state ensembles of the four constructs are compared, three general 

features crystallize: (i) the N- and C-termini show low φ values in all cases, (ii) the β1-

strand is present in the high φ core in all four constructs and, (iii) a common motif of high 

φ values consisting two β-strands and one α-helix is found in all variants.  

From this observation we conclude that the N- and C-termini are entropically penalised 

and, hence, do not participate in the nucleation process for statistical reasons. 

Furthermore, the β1-strand is required for folding and may recruit various other 

secondary-structure elements to accommodate changes in connectivity, Figure 5.  
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Figure 5. Schematic drawing of the transition-state variants formed as a result of changes in connectivity. 

The seemingly obligate β1 strand is represented in dark green and the secondary structure elements 

recruited in each construct in light green.  

 

 In an attempt to capture the effect of connectivity on φ values we calculated the 

average sequence separation to lost contacts upon mutation (Lmean) for all constructs and 

plotted the change upon permutation (∆Lmean) against the corresponding change in φ value 

for each position.  

Notably, there is a significant negative correlation showing that, when a permutation 

changes the connectivity, decreasing the loop length to the interaction partners of a certain 

residue, Lmean decreases while the φ-value increases, and vice versa (Figure 6). This 

observation implies that there is a quantitative link between φ values and loop entropy 

penalty. However, there are two significant outliers (open circles) in the plot, namely 

positions L75A and V88A in permutant P13-14, these two positions are the only mutations 

in this study that show anomalous φ values and are also outliers within the correlation for 

P13-14 alone (see insert in Figure 6). The structural origin of these anomalously high φ 

values is not yet known, from a phenomenological perspective, however, truncation of 

these residues seems to destabilise the transition state to a greater extent than the native 

state.  
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Figure 6. Plot showing the correlation between the average sequence separation to lost contacts upon 

mutation (Lmean) and the corresponding change in φ values (∆φ). Two significant outliers (open circles) are 

found in the P13-14 data that are also outliers within the set for that permutant (inserted plot in the upper 

right corner). 

 

Nevertheless, this observation suggests that the importance of a certain side chain in 

the transition state is influenced by the sequence proximity of the interaction partners 

within its contact sphere. A change to a more local contact sphere favours involvement in 

nucleation and hence increases the φ values of that particular residue, see Figure 7. 

 

 
Figure 7. A drawing of a hypothetical permutation that reduces the sequence separation to a particular 

residues interaction partners (Lmean decreases from ~23 to~9) and hence would favour participation in 

nucleation and folding. The likelihood for the chosen residue to participate in the folding nucleus is colour-

coded as low (yellow) and high (red), c.f. Figure 2 in the Paper I summary.   
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CONCLUSIONS 
 

Conclusions Paper I 

• The two permutants constructed in this study are, despite the loss in stability 

and a cut in the wild-type nucleus, folding faster than S6wt. 

• The transition-state ensemble is shifted in both permutants and significantly 

polarised in P13-14, indicating different folding “pathways” for each construct 

which justifies treatment as “different” proteins and comparison with other 

proteins. 

• The correlation between folding rate and relative contact order (RCO) improves 

when the difference in stability is accounted for by either adding salt or 

estimating the folding rate at midpoint of transition where all proteins have the 

same stability. 

• The results indicate a combined action of stability and chain connectivity in 

regulating folding rates and thus we propose that 

   φ=∆∂∂ −NDf /log Gk   

where the characteristic value of 3.0/log NDf ≈∆∂∂ −Gk is a measure of the 

average degree of contact formation in the transition-state ensemble for 

naturally evolved proteins. 

 

Conclusions Paper II 

• S6 wild-type show a biased dispersion of contact energies that facilitate a diffuse 

transition state by anchoring long loops with strong contacts. 

• In P13-14 strong contacts and short loops are engineered to concur resulting in an 

atypical condensed and polarized nucleus. 

• The results also indicate that a diffuse transition state is not a requirement for 

folding per se but could be an evolutionary development to optimize the 

cooperativity in the consolidation to the native state. 



 85

• The fact that the ribosomal protein S6 can adjust and fold via multiple pathways 

to accommodate gross changes in connectivity implies great plasticity in the free 

energy landscape. 

 

Conclusions Paper III 

• Upgrading the model describing the folding of S6 from one to two transition 

states is insufficient to account for the variation in kinetic data; hence, another 

level of complexity must be added.  

• The choice of model used to account for various kinks and curvatures seems to 

have little consequence for a coarse assessment of the transition-state ensemble 

by φ values. 

• Rational double mutant experiments indicate that an expanded model to 

describe S6 data, containing two parallel folding pathways to the native state, is 

realistic. 

 

Conclusions Paper IV 

• The high φ core in this study is flanked by regions showing growth of φ values 

forming the critical contact layer to facilitate a turn-over to the native state. 

• From this study it is evident that the N– and C-termini of all four constructs are 

entropically penalised by the change in connectivity, disfavouring their 

involvement in the nucleation event. 

• The β1-strand participates in nucleation of all constructs and seems to be able to 

recruit various other secondary-structure elements to accommodate changes in 

connectivity. 

• The common motif, found in the transition-state ensemble of all constructs, are 

two β-strands docked on to one α-helix. 

• The importance of a certain side chain in the transition state is influenced by the 

sequence proximity of the interaction partners within its contact sphere. A 

change to a more local contact sphere favours involvement in nucleation and 

hence increases the φ value of that particular residue. 
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POPULÄRVETENSKAPLIG SVENSK SAMMANFATTNING 

Det senaste hundra årens forskning inom biokemi har hjälpt oss att förstå hur våra 

anlag förs vidare från generation till generation genom vår arvsmassa, DNA. Vi vet idag 

hur vårt DNA kopieras när celler delas och hur den lagrade informationen överförs till 

RNA och vidare till proteiner. Utöver detta så har vi också lärt oss mycket om funktionen 

hos de mogna proteinerna i olika organismer och hur de påverkas av miljön. Det som dock 

återstår att förstå är hur den information som finns i proteiners linjära grundstruktur 

kodar för den ”veckning” som leder till den funktionella tredimensionella formen hos det 

mogna proteinet, se Figur 1. Det är denna fråga som forskare inom ”protein vecknings”-

fältet jobbar med att lösa.  

 

 
Figur 1. Proteinveckningens stora mysterie. 

 

Proteinernas grundstruktur består av sammanlänkade organiska molekyler som kallas 

aminosyror. Det finns 20st naturligt förekommande aminosyror i proteiner (alla med sina 

speciella egenskaper) vilket ger näst intill oändliga möjligheter till olika kombinationer i 

den sammanlänkade kedjan. En andra ordning av struktur, benämnd α-helix och β-

strängar, kan bildas där sammansättningen av aminosyror favoriserar en sådan struktur. 

Till sist kan den tredje ordningen, det mogna proteinets struktur, bildas likt ett 

garnnystan. Det inre av garnnystanet kommer att bestå främst av aminosyror med ”feta” 

delar, detta p.g.a. att dessa kommer att undvika kontakt med den omgivande lösningen av 

samma princip som att olja inte blandar sig med vatten.  
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Individuella aminosyrors bidrag till ”veckningen” av ett protein har länge studerats 

med hjälp av genetiska modifikationer s.k. mutationer (en aminosyra byts ut mot en 

annan). Resultaten från dessa studier har visat att hastigheten med vilken proteinet hittar 

sin form kan påverkas men att vägvalet till det färdiga proteinet i huvudsak är densamma. 

I min forskning om proteinet S6 har jag fokuserat på att studera hur hastigheten för 

veckningsförloppet och vägvalet till det mogna proteinets struktur påverkas av att man 

varierar den inbördes ordningen hos de strukturella enheterna, α-helixar och β-strängar. 

Den ursprungliga ordningen som skapats av naturen (βαββαβ) har modifierats till tre nya 

varianter där det slutgiltiga proteinets struktur inte förändrats. Två av dessa varianter 

visar sig, mot förmodan, hitta sin mogna struktur något snabbare än det ursprungliga 

proteinet. Naturens val av konstruktion verkar således inte vara styrd för att optimera 

hastigheten av processen utan av något annat. Till exempel kan en hög intigritet, där det 

mogna proteinets alla delar hålls väl samman, vara fördelaktigt för att motverka 

sjukdomsframkallande förlopp. Vad gäller den väg som proteinkedjan väljer för att hitta 

sin slutgiltiga struktur så pekar våra data på att det finns mer än en möjlig väg. Resultaten 

tyder också på att betydelsen av närhet under veckningsförloppet är stort, element som 

ligger långt ifrån varandra i den linjära strukturen men nära i det mogna proteinet 

missgynnas. När man istället kopplar ihop dessa, gynnas området och får en ökad 

betydelse för veckningen.  

Alla dessa mer eller mindre grova förändringar i proteinet S6:s linjära grundstruktur, 

som ändå alltid resulterar i rätt mogna struktur, visar på en stor anpassningsförmåga hos 

proteinet under veckningen.  
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