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Introduction 

Proteins are large macromolecules constructed of folded polypeptide chains. To per-

form their specific biological function, most proteins have to fold into precise three-

dimensional structures, the so-called native state (N). One of the unresolved questions 

in biology is how to predict the native structure of a protein from its amino acid se-

quence. If we completely understood the protein folding process, it would be possible 

to predict the tertiary structure from the DNA sequence information alone. Moreover, 

the folding-energy landscape determines the properties of protein structures by con-

trolling the native-state fluctuations and misfolding. Thus, knowledge about protein 

folding can also help us to understand the background of diseases such as amyo-

trophic lateral sclerosis (ALS) and Alzheimer’s disease, where misfolded and aggre-

gated proteins seem to play a key role in the pathology. 

 

The question then arises:  what features of the folding process and folding en-

ergy landscape are dictated by biological function, and what characters are dictated by 

the fundamental physical-chemical constraints?  To answer this question, and to get 

some idea of the freedoms and constraints that biology can play with in the evolution 

of folding-energy landscapes I set out to investigate the extent to which the folding 

process for a given protein can be perturbed by protein engineering.  

 As main method of perturbation I have systematically varied the entropy 

penalty component for folding by circular permutation. In circular permutation, the N- 

and C-terminals of a protein are linked together with a loop, and an incision is made 

in another loop to introduce new N- and C-terminals (Figure 11).  The model system 

for the permutations was the ribosomal protein S6 from Thermus thermophilus, in 

which the chain connectivity (i.e. the order of secondary-structure elements) can be 

varied without changing the lowest free-energy state. 

Although the wild type (wt) protein and the five different permutants fold into 

the same native structure, they reach this native structure by different routes in the 

folding energy landscape. Mutational analysis of the transition state (TS) structures of 
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all the S6 variants reveals a minimal folding nucleus in the form of a two-strand-helix 

motif that is common to all permutants – the minimal cluster of side-chain contacts 

that are required to traverse the free-energy barrier to the native state.  

Although this folding motif is the same in all cases, it is recruited in different parts of 

the S6 structure depending on the permutation. This minimal structure is not unique to 

S6 but can also be discerned in other α/β proteins (Krantz, Dothager, & Sosnick, 

2004; Shimada & Shakhnovich, 2002; Ternstrom, Mayor, Akke, & Oliveberg, 1999). 

Two strands docking against a helix thus seems to be a favourable way to seed a fold-

ing nucleus, and it is evident that there are several competing folding channels 

through which this motif can be established.  

In essence, these transition-state alterations describe a competition between two paral-

lel pathways which both include the central β-strand 1. This strand also forms a struc-

tural overlap between the two competing nuclei. As similar overlap between compet-

ing nuclei is also seen in other proteins, I hypothesize that the coupling of several 

small nuclei into extended ‘super nuclei’ represents a general principle for propagat-

ing folding cooperativity across large structural distances. 

As the final part of this work I used NMR analysis to demonstrate that the existence 

of such multiple folding nuclei renders the H/D exchange kinetics independent of the 

folding pathway, thus showing how the native-state dynamics follow the intrinsic 

features of the folding energy landscape.  

Protein folding 
The central dogma of biochemistry describes how DNA is transcribed into RNA that 

is translated into proteins. For most organisms, this process is quite well known (Fig-

ure 1). Hence, life is dependent on the biological molecules responsible for the stor-

age and transmission of inherited information from a cell and the ability to change 

this genetic information into functional proteins. Our genetic information is stored in 

the nucleus of our cells as DNA packed into genes. Upon request our DNA can be 

transcribed into messenger RNA (mRNA) and transported to the ribosome. The 

mRNA is then translated into amino acids that build up proteins that essentially build 

up life.  
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We can explain these biochemical processes, but how can we understand the process 

of protein folding? It is usually necessary for a protein to fold into a specific three-

dimensional structure, i.e. its native state, before it can perform its biological function.   

We can resolve this three-dimensional structure with nuclear magnetic reso-

nance (NMR) and X-ray crystallography, but we still do not fully understand the pro-

cess of folding.  

 
Figure 1. From RNA to a functional protein. The way in which proteins are expressed 

and translated on the ribosome is well understood. New proteins are constantly 

needed in our cells, thus RNA is expressed from our genes and transported to the ri-

bosome where it is translated into proteins. Once the new protein is released from the 

ribosome it is often in a random coil state without a function. However, we do not yet 

fully understand how proteins find all their native contacts within a reasonable time. 

This Figure shows an example of subunit 6 (S6), a ribosomal protein from Thermus 

thermophilus (in green). Once it has found its three-dimensional form (i.e. its native 

state) the tertiary structure can be determined from the crystal structure, Protein Data 

Bank (PDB) code 1RIS (Lindahl et al., 1994). We also know that S6 has the function 

of binding RNA on the ribosome. What we do not know is how this protein (and other 

proteins) ‘knows’ how to fold into its specific native structure.  
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Early developments in the protein-folding field 
In 1961, Christian B. Anfinsen and co-workers showed that the small protein  

ribonuclease A and staphylococcal nuclease could refold reversibly from its denatured 

state (D) to its native sate, without changing its enzymatic activity (Anfinsen, 1973). 

Hence, they proposed that the information required for a protein to fold is encoded in 

its primary structure, that is, in the amino acid sequence. In other words, not only do 

the amino acid sequences encode their native state, they also encode information on 

how to get there: the process of protein folding.  

 

The folding reaction for a protein was first assumed to be a random search, but the 

speed of the reaction (>1s) and seeming orderliness of protein folding argue against 

this. Charles Tanford demonstrated that folding of small proteins, at least, can be ac-

counted for by a simplistic two-dimensional progress coordinate, where the reaction 

goes from the denatured state to the native state without forming any intermediate 

structures on its way. In this case the protein displays so-called two-state behaviour 

(Tanford, 1968).  

 

Cyrus Levinthal and co-workers argued in the late sixties that proteins in their dena-

tured state have an excessive number of conformations, and that if a protein actually 

sampled all these possibilities in an unbiased search it would take almost forever to 

fold (Levinthal, 1968). One way of resolving this problem would be if the search for 

the native state was not in fact a random walk, but there were defined pathways to 

simplify the process (Levinthal, 1968). Hence, they proposed that the formation of 

secondary elements of a protein, the α-helixes and the β-sheets, could be separated 

from the formation of the three dimensional structure. This led to the framework 

model, a mechanism in which α-helixes and β-sheets form before the tertiary struc-

tures and thereby reduce the size of the search problem (P. S. Kim & Baldwin, 1990; 

Ptitsyn, 1973).  

 

A related idea presented by Karplus (Bashford, Cohen, Karplus, Kuntz, & Weaver, 

1988) was that the secondary structures (i.e. helices) undergo dynamic folding and 

unfolding reactions while they diffuse on their own until they collide with another 

element and are locked into the three-dimensional structure, providing the collision 
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involved properly preformed substructures. This diffusion-collision model was de-

scribed by Bashford et al. in 1988 (Bashford et al., 1988). 

Yet another mechanism is the nucleation model, which proposes that neighbouring 

residues can form a nucleus of α-helixes and/or β-sheets. This nucleus can act as a 

seed to induce the formation of tertiary structure to build up the native state 

(Wetlaufer, 1973, 1990). In this model folding has to proceed from the denatured state 

to the native state without forming any intermediate structures. Another model, the 

hydrophobic-collapse model, suggests that, the hydrophobic parts of the protein col-

lapse into a restricted intermediate state from which the whole structure then needs to 

be reorganized from this collapsed intermediate (Kuwajima, 1989; Ptitsyn, 1995).  

In addition there is a somewhat reconciling view proposed by Fersht (and co-workers) 

called the nucleation-condensation mechanism (A. R. Fersht, 1995b, 1997; Sosnick, 

Shtilerman, Mayne, & Englander, 1997; Tan, Oliveberg, Davis, & Fersht, 1995; Tan, 

Oliveberg, & Fersht, 1996; Veitshans, Klimov, & Thirumalai, 1997). Here, a folding 

nucleus is formed, initially by forming contacts with adjacent residues assisted by 

long distance interaction. The rest of the structure is then able to condense around this 

nucleus to build up native contacts to further stabilize the structure. In this model 

most of the native interactions are engaged in the TS, although there is a characteristic 

graduation of φ values from high at the centre of the nucleus to low at its periphery. 

This nucleus also combines the most critical number of contacts required for the pro-

tein to fold (Creighton, 1995; Tan et al., 1996), so compared to the framework and 

nucleation models, this new model allows for both high and fractional values of φ in 

the TS for a protein (see the description of φ values in the methodology section). 

 

Fractional φ values are not possible in the framework- and nucleation models?  

These models require parts of the secondary structures to be fully formed in the tran-

sition state and these fully formed contacts give rise to values of φ around 1. Experi-

mental results show several examples of proteins with only fractional values and no 

high values of φ, e.g. in S6wt and all its permutants (φ=0.00-0.61), except for P13-14, 

and also in the protein L23 (φ =0.02-0.44). 

 

Interestingly, there are no key residues, that is, those which are necessary for the fold-

ing process to proceed undisrupted. Rather, folding seems to be controlled diffusely 
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by all residues. This observation seems difficult to reconcile with the idea of fixed 

pathways or obligate folding events, but it does suggest that folding is malleable and 

able to adjust to mutation.   

Obligatory pathways vs. diffuse funnels  
Early models of protein folding were dominated by fixed pathways. Following the 

orderly experimental behaviour of proteins studied, folding was modelled as a simple 

chemical reaction in which the ‘reactant’ (an unfolded protein) is converted to a ‘pro-

duct’ (the folded protein) along a linear reaction coordinate (P. S. Kim & Baldwin, 

1982; Matthews, 1993; Schmid, 1983; Tanford, 1968)). However, one important dif-

ference between a chemical reaction and a folding event is the dimensionality. While 

a chemical reaction typically describes the formation of individual covalent bonds, 

folding describe the simultaneous interplay between multiple weak interactions bal-

anced by large losses in entropy. With this in mind, Bryngelson et al. (Bryngelson, 

1989) suggested a funnel theory where, in which, the folding process can be seen as a 

sequence of transitions between phases (the unfolded, native, and any intermediate 

states (I)) rather than individual microscopic conformations. This was illustrated as a 

smooth funnel with organized events that progresses via several unstable conforma-

tions, forming a free-energy barrier between the denatured state and the native state 

(Figure 2).  

 

To test this, I constructed five permutants of the protein S6 and a number of mutations 

to map out the folding behaviour for this protein. My results showed that removing a 

few contacts will not change much. As will be shown below, however, the actual pro-

cess of protein folding is somewhat flexible, so it is possible to mechanistically find 

elements of all early folding models if the conditions are adjusted the right way.   

Accordingly, the folding funnel emerged from a smooth funnel to a rough search 

through the energy landscape, with several energetic traps reported as folding inter-

mediates. The finding of parallel pathways (A. R. Fersht, Itzhaki, elMasry, Matthews, 

& Otzen, 1994; Lam et al., 2007; Wright, Steward, & Clarke, 2004) in the folding 

event added further support to the rugged landscape theory. Parallel pathways also 

indicate how hard it is to destroy the energy landscape, as long as the final structure is 

stable. If one set of routes to the native state is blocked, either by a destabilizing mu-

tation or by changes in the environmental conditions, another set of routes will take 
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over. This might slow down the folding event, but it will not stop the reaction (Otzen 

& Oliveberg, 1999). Finally, the rough landscape theory is supported by both experi-

mental studies and theoretical work.  

Gibbs free energy vs. folding funnel 
Gibbs free energy illustrated as a folding funnel. And what is the connection between 

the high-dimensional funnel and the linear free-energy profile? Generally, the stability 

of the native state as well as the various species along the folding reaction can be de-

scribed by Gibbs free energy (ΔG). ΔG incorporates both enthalpy (ΔH), describes the 

energy gain/loss in a chemical system, and entropy (ΔS), describes randomness or 

disorder in a system, the more organised a system is the less entropy it has, according 

to 

 

€ 

ΔG = ΔH −TΔS      (1) 

 

where T is the temperature in Kelvin.  

As a protein folds it loses entropy and gains enthalpy as illustrated in Figure 2. The 

combination of these energetic effect forms the free energy profile, which is a simple 

model to project the energy landscape. This model accounts for all the energy and 

entropy loss/gain of all the sub-structures between the denatured state and the native 

state. Both energy and entropy decrease as the ensemble of protein species becomes 

more native-like, but they do not decrease at a uniform rate. It is this mismatch be-

tween energy and entropy that creates the free-energy barrier (Figure 2). In essence, 

the folding reaction is initially uphill because it involves an unfavourable entropy 

loss. The unfolding reaction is also uphill because it involves the breaking of contacts.  



 17 

 
Figure 2. The free energy barrier and landscape theory. This explains how the energy 

landscape is related to 

€ 

ΔG = ΔH −TΔS . The free-energy landscape can be described 

as a folding funnel. The top of the barrier is the denatured state, where the width is 

dependent on the total number of conformations (Sstates). As the ensemble moves 

downwards in the funnel and becomes more and more native-like, both energy and 

entropy decrease. If the decrease happens at the same rate, the Gibbs free energy 

would always be zero, but if it happens at a uniform rate it would create a barrier that 

emerges on the free-energy profile (Oliveberg & Wolynes, 2005),  to cross between 

the denatured state and the native state.  

The role of sequence separation 
A number of researchers have investigated the role of contact order to see how it is 

linked to native state topology, following the demonstration by Plaxco et al. of a cor-

relation between contact order and folding rate (Plaxco, Simons, & Baker, 1998). 

Contact order is a topological descriptor which provides a simplistic measure of the 

sequence distance between interacting amino acids in a protein. It is calculated as the 

average sequence distance/separation between residues that form native contacts in 

the folded protein divided by the total length of the protein (Plaxco et al., 1998). Con-

tact order offers an important tool to solve the folding pathway instead of just looking 

at amino acid sequence (as proposed by Levinthal). In practice, this suggests that pro-

T!Sstates !

Sstates !

!GQ !

C
o

n
ta

c
t 

fr
e

e
 e

n
e

rg
ie

s
 (

Q
) 
!



 18 

teins with similar folds, that is with the same tertiary structure and topology, will fold 

in a similar way even though they have low sequence alignment. To test this idea, 

Davidson et al. investigated φ values from a number of published datasets to distin-

guish whether fold is conserved within families. They also examined the importance 

of topology in comparison to amino acid sequence.  

 

Studies of protein L and protein G, two IgG-binding domains with very similar topol-

ogy but different fold (D. E. Kim, Fisher, & Baker, 2000; McCallister, Alm, & Baker, 

2000), showed that the folding pathway and TS structure need not be conserved 

within a protein family. Another study by Nauli et al. showed that the folding path-

way of protein G can be switched to the pathway of protein L, only by changing the 

intrinsic stabilities. This suggests that there are several different routes through the 

free energy landscape to the native state (Nauli, Kuhlman, & Baker, 2001). Neverthe-

less, there are other proteins, such as the SH3 domains (Martinez & Serrano, 1999; 

Riddle et al., 1999), Ig-like domains (Fowler & Clarke, 2001; Hamill, Steward, & 

Clarke, 2000), and AcP/ADAh2 (Chiti et al., 1999; Villegas, Martinez, Aviles, & 

Serrano, 1998), which have similar folding pathway and thus share a conserved TS 

structure. There are also studies of proteins which have similar tertiary structure and 

high sequence similarities but seem to have quite different TS structures, e.g. Suc1 

and Cks1 (Seeliger, Schymkowitz, Rousseau, Wilkinson, & Itzhaki, 2002).  

 

Against this background, it is of interest to look at the evidence for a conserved fold. 

Davidson et al. plotted Δφ, the change in φ-value upon mutation, against the sequence 

of the proteins with the same native-state topology to see whether the corresponding 

residues in all structures were of the same importance for the protein. When there is 

no correlation in the plot, the fold is not conserved, as in the case of protein L and 

protein G, which showed only 13% sequence identity and no correlation in the plot. 

Interestingly, Davidson et al. found some cases where the proteins had divergent 

amino acid sequence, but correlation in the plot showed that fold was conserved: e.g. 

Acp and ADA2h, demonstrated a sequence identity of only 10% but a high degree of 

correlation in the plot (R=0.92). 

Davidson et al. concluded that some proteins have a conserved fold within 

their family while others do not. These conserved TS structures might have a re-
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stricted path from the denatured state to the native state, with a few different paths 

through the free energy landscape, compared to a protein with low structural conser-

vation and several potential pathways (Zarrine-Afsar, Larson, & Davidson, 2005). 

 

To specifically shed light on the factors controlling the protein folding pathway, we 

have experimental evidence in S6 that shows that there are no differences in folding 

reaction/pathway when we try to delete the helix propensity by alanine and glycine 

mutations in one of the α-helixes (unpublished data). This indicates that the formation 

of secondary elements does not affect the folding pathway. 

 

More over, there are several experimental studies that rule out these classical models 

for protein folding, for example, a number of studies have shown that some proteins 

can fold with an intermediate state, e.g. in the case of human serum albumin (HSA) 

(Santra, Banerjee, Krishnakumar, Rahaman, & Panda, 2004), which would rule out 

the nucleation model. The framework and nucleation models state that parts of the 

secondary structures need to be fully formed in the TS: this is not true for S6 and sev-

eral other proteins, where only parts of the protein are folded in the TS. Transition 

state analysis is carried out by the so-called φ-value analysis (see the description of φ 

values in the methodology section). In φ-value analysis, a fully formed environment 

around the probd residue would give a value of around 1. Most proteins have frac-

tional φ values, e.g. S6wt (φ values between 0.08 and 0.51), L23 (φ values between 0.0 

and 0.44) (Hedberg & Oliveberg, 2004) and CI2 (φ values between 0.0 and 0.6) 

(Otzen & Fersht, 1998). 

 

In this context our studies of circular permutations are quite important, because the 

tertiary structure of these permutations are essentially identical to those of the wild-

type protein but with changed connectivity. For S6 we can change the folding path-

way through permutations by destabilizing one of the two different folding routes. 

This is also true for the Spc SH3 domain (Viguera, Serrano, & Wilmanns, 1996) but 

not for chymotrypsin inhibitor 2 (CI2) (Otzen & Fersht, 1998). Nevertheless, this 

proves that both the topology of a protein and its amino acid sequence are of import-

ance for folding. 
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For S6 and its permutants, the Δφ plot (wild type vs. permutant) shows a correlation 

for permutants that fold on the same folding pathway as the wild-type protein, and no 

correlation for the other permutants (Figure 3). This shows that even though they have 

the same amino acid sequence, not all permutants fold in the same way.  

 

 
Figure 3. Comparison of the φ values and sequence in S6wt and its permutants. Indi-

vidually they do not show a good correlation, especially in the case of P13-14, P33-34 and  

P54-55, which uses a different folding route from the denatured state to the native state 

compared to the wild type. On the other hand P81-82 and P68-69 give good correlation 

(R= 0.70 and R= 0.52 respectively), because they use the same folding pathway as 

S6wt. All data plotted together on the same Δφ-plot reveal little correlation, and the R-

value goes down to 0.24 (no significant correlation). 

Hydrophobic effect and other forces affecting folding  
Stabilization of the native state. The major driving force that occurs when two 

(polarizable) groups are close enough to induce a dipole and form a Van der Waals 

interaction is called the hydrophobic effect. This effect was early shown to contribute 

significantly to the stabilization of the native state (Privalov & Makhatadze, 1993). 
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In 1959 Kauzmann proposed that the main forces in folding and unfolding events are 

the hydrophobic interactions (Kauzmann, 1959). Hence, he claimed that as a protein 

folds from its denatured state to its native state the system will lose entropy. The final 

compact native structure is stabilized by the gain in enthalpy on removal of non-polar 

groups from contact with water (Makhatadze & Privalov, 1993). The hydrophobic 

effect is not particularly strong on its own, but the combination of all hydrophobic 

contacts within a protein is very strong.  

 

Other contacts within a protein have less significant effects. As a first approximation, 

hydrogen bonds and salt bridges are assumed to be nearly as strong in water as within 

a folded protein, and so, there is no major gain in terms of stability when forming 

these contacts. As a protein is denatured, it makes hydrogen bonds with the surround-

ing solvent, as water molecules stack around the polypeptide chain in an ordered 

manner to maximize their hydrogen bonds with one another. Therefore, as the protein 

folds it will ‘push’ away the water molecules and exchange the hydrogen-water con-

tacts for contacts within the protein. Hence, there will be no absolute gain in the num-

ber of contacts, because there will always be the same number of contacts in a hydro-

gen bond, either to water molecules or within the structure. Hydrogen bonds are thus 

primarily critical for stabilizing a protein, but to provide specificity. Salt bridges are 

relatively weak ionic bonds between charged amino acids with the same energetic 

role as hydrogen bonds. Nevertheless, both hydrogen bonds and salt bridges are very 

important in terms of specificity for the protein because they can only bind to specific 

amino acids and thereby control how the structure is built up.    

 

What destabilises a protein? The denatured state is not a rigid structure but an ensem-

ble of structures with a flexible polypeptide chain. Therefore, a denatured polypeptide 

chain has many conformational freedoms where the amino acid side chains can rotate 

relative to one another. This flexibility contributes to a high conformational entropy 

of the denatured state compared to the native state. When a protein folds and becomes 

more rigid, it looses conformational freedom. Thus, as the structure becomes stiffer 

with more constraints, the system will lose entropy and gain enthalpy to compensate 

for this entropic loss (described with Equation 1 of Gibbs free energy). 
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The major destabilizing component for a protein is the loss of chain entropy when it 

folds. In practise, it is not easy to distinguish the effects of entropy from those of en-

thalpy, due to interplay with the aqueous solution. Therefore, we can only summarize 

these two energetic factors and describe them in terms of the total stability of the pro-

tein, as Gibbs free energy 

 

€ 

ΔG = −RTlnKD−N = −2.3RTlogKD−N     (2) 

 

where R is the gas constant, T is the temperature in Kelvin and KD-N is the equilibrium 

constant for unfolding ([D]/[N]) in H2O for a protein. 

Protein stability 
It is not only the thermodynamics of the polypeptide chain per se that contributes to 

the enthalpic and entropic values for the folding reaction, but also the thermodynam-

ics of the solvent water. Hence, when a protein is denatured it makes hydrogen bonds 

with the surrounding solvent, which will decrease the entropy and enthalpy of the 

water. This decrease is caused by the gain of hydrogen bonds (Privalov & 

Makhatadze, 1993). As the protein folds it exchanges these non-covalent interactions 

with the solvent for contacts within the structure. As the hydrophobic side chains 

forms the hydrophobic core, the polypeptide chain will release water molecules. Con-

sequently this will increase the entropy of water as a compensation for the loss of con-

formational entropy.  

 

While it is possible to measure enthalpy and entropy experimentally, the situation in 

practise is more complex. We analyze the Gibbs free energy of a solution, but we 

cannot interpret the enthalpic and entropic contributions. In practice Gibbs free en-

ergy can be determined as the equilibrium constant between an unfolded and folded 

protein. A two-state protein goes from the denatured state to the native state without 

forming any intermediate structures in between: that is, a cooperative folding event 

occurs with an all-or-nothing transition from the two states D or N (Figure 6). The 

equilibrium constant can then be described as  
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€ 

KD−N =
D[ ]
N[ ]

=
ku

kf

     (3) 

 

where D is the fraction of denatured molecules and N is the fraction of native mol-

ecules within the reaction, which can be described as the unfolding rate (ku) and re-

folding rate (kf).  

The isomerisation of cis and trans prolines 
One subfield of chemistry that is of particular interest in biochemistry is the study of 

stereochemistry. Stereochemistry describes the orientation of functional groups of the 

amino acids within a molecule. In equilibrium the most energetically stable form of 

each amino acid will dominate. Thus, the reactive groups can either be on the same 

side (cis) or on opposite sides (trans) of a bond which is sterically trapped so that it 

cannot rotate (Figure 4). A polypeptide chain is held together by a covalent bond (i.e. 

a peptide bond with a double-bond character) between the amino acids. This peptide 

bond is sterically hindered from rotating which will obviously complicate/affect the 

folding of a protein. Peptide bonds to proline might be a problem, because of its rigid 

ring-structure that will have large sterical effects on the cis or trans conformation. In 

nature, they are able to populate both the cis and trans isomers though the trans iso-

mer is the most common form in proteins. In the trans formation, the amide nitrogen 

(trans isomer) offers less steric repulsion to the preceding Cα atom than does the fol-

lowing Cα atom (cis isomer) (Figure 4). This cis-trans proline isomerization in pro-

teins has the potential to slow down the folding process by trapping one or more pro-

line residues, crucial for folding, in the non-native isomer. 

 
Figure 4. The two isomer forms of a cis and trans proline. In a trans conformation the 

reactive groups are on opposite sides, while in a cis conformation the active groups 

are on the same side. 
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In kinetic experiments the isomerization shows up as a slow folding phase that can be 

resolved by so called ‘double-jump’ experiments. In a double-jump experiment a na-

tive protein is unfolded for various length of time and then allowed to refold. The 

variation of the final refolding amplitudes together with the unfolding time will ex-

hibit specific properties of a proline isomerization phase (Brandts, Halvorson, & 

Brennan, 1975; Schmid & Baldwin, 1979). However, not all prolines are essential for 

folding, and protein folding may proceed at a normal rate despite any non-native con-

formations of cis-trans prolines within peptide bonds.  

Denaturation 

Reversibility 
There are several different ways that a protein can be denatured in vitro. The easiest 

way is via changes in the physical or chemical environments for example as a result 

of heating, adding a chemical denaturant such as urea or guanidinuim chloride 

(GdmCl), changing the pH or by applying high pressure. For thermodynamic quanti-

fication, the folding process must also be reversible: that is the protein must be able to 

regain its native structure spontaneously in native conditions. Such reversible folding 

behaviour can be tested by a simple equilibrium experiment (Figure 5).  

 

An equilibrium curve can also reveal information about the exposed surface area (see 

mD-N-value, described in section ‘Changes in solvent-exposed surface area and m-

values’), and the stability for the protein can be calculated from this curve.  

However, the folding pathway is also of interest, and a simple equilibrium curve is 

not sufficient to explore the folding route between the denatured state and the native 

state. Hence, we need a more detailed plot (e.g. a chevron plot), as described in ‘Ex-

perimental approaches and achievements’ section ‘Refolding and unfolding curves’ 

and see also Figure 9. 
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Figure 5. Sigmoidal unfolding transition. This titration curve of a protein shows that 

at 0M of denaturant the protein gives rise to a high fluorescence, but as more and 

more denaturant is added the protein starts to unfold. At the equilibrium midpoint 

(MP) the protein will be in an equilibrium where half of the protein molecules are 

folded and half are unfolded protein species. To test the reversibility of the protein, 

the same experiment is performed in the opposite direction with a denatured protein 

being diluted with native buffer so that the protein can fold back into its native state. 

If the reaction is reversible, this will produce the same curve.  

Large proteins and deviations from ideal two-state behaviour. 
Reversible folding behaviour is common for many small proteins, but for larger pro-

teins the refolding reaction can be complicated by misfolding and irreversible aggre-

gation processes. The simplest folding reaction is a two-state behaviour, where no 

folding intermediates are formed. What else can complicate the folding reaction?  

Amino-acid composition is also important for the folding events: as mentioned 

earlier, the problems with cis-trans prolines can complicate end slow down the reac-

tion. Another obscure amino acid is cysteine, which can bind to another cysteine mol-

ecules and make a disulphide bond. In an oxidised environment, the disulphide link-

ing is promoted to bind to one another to form a disulphide bridge, but under reducing 

conditions the disulfide cross-linking is reduced to yield a cysteine residues 

(Creighton, 1977). In a folding reaction this can be complicated, as the probability of 

binding to cysteine within the structure is as large as that of binding to surrounding 
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cysteines. If the cysteine molecules within a protein bind to neighbouring molecule, 

then oligomeric structures can build up instead of the desired monomers. A disulphide 

bond can also trap a protein in an unfolded state with the cross-linking intact so that it 

cannot be completely denatured. It is necessary to be aware of these factors when 

looking at protein folding, so as to be certain of what conditions to use and what one 

is actually looking at. When the protein contains one of these amino acids, care must 

be taken to correctly analyze the results. 

 

Some proteins cannot fold by themselves in vivo, but need the help of other agents, 

such as molecular chaperones, to reach the native state. A chaperone is a protein that 

can interact with partially folded or misfolded parts of a protein to assist correct fold-

ing, or even physically provide the right microenvironments to promote folding and 

avoid aggregation and/or misfolding. A common example is the heat shock protein 

complex GroEL and GroES (Figueiredo et al., 2004). Nevertheless, there are many 

different possible causes of misfolding or folding problems for larger proteins in vivo, 

either because the protein cannot fold or because the cell is much more crowded then 

a reaction in vitro.  

Chemical denaturants  
What stabilizes the denatured state? Often one of the two denaturants urea or GdmCl 

is used to change the native conditions and thus unfold a protein. The denaturant 

achieves this by unfolding a folded protein and thereby solubilizing parts of the native 

structure. The mechanism is not completely understood, but one suggestion is that in a 

denatured state the backbone and side chains are more exposed to solvent than they 

are in a native state. In this state, a denaturant can weakly and rapidly bind to the ex-

posed hydrophobic interfaces. As the protein unfolds, more denaturant molecules can 

bind to the denatured state than to the native state, and as more molecules binds this 

stabilizes the unfolded state. This could either be done indirectly by altering the sol-

vent properties of water, or directly by interacting with groups, such as aromatic 

groups (Tirado-Rives, Orozco, & Jorgensen, 1997), in the protein (Schellman, 1994). 

When denaturant is added to a solution, the free energy profile changes in a predict-

able way: the energy of the unfolded state changes in proportion to the average ex-

posed surface area of the ensemble of unfolded structures. This can be shown as a 

linear relationship between denaturant concentration and the fraction of un-
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folded/folded molecules in the solution. Nevertheless, this folding/unfolding reaction 

can basically be described by the mass action of chemicals in a solution; that is, the 

behaviours of solutions in dynamic equilibrium. 

Changes in solvent-exposed surface area and m-values. 
Another interesting aspect is that as a protein unfolds, the exposed surface area (mD-N) 

will change from that seen in the folded state. The difference in exposed surface area 

between the folded and unfolded state will be greater in large proteins than in small 

protein. Since the exposed surface area is proportional to the number of groups in a 

protein the mD-N-value can be calculated as 

 

€ 

mD−N = mu −mf      (4) 

 

where mD-N is a way to quantify the difference in exposed surface area between D and 

N, and the values of mu and mf describe the exposed surface area from D to TS and 

from TS to N respectively, as in Figure 6. Hence, the m-value is a measure of the 

compactness of the transition state. Denaturants have different effects on small and 

large proteins; for example, a small protein, with a small mD-N-value, is less affected 

by denaturant than a large protein.  

The model system: protein S6 
In my PhD studies, I have worked with the ribosomal protein S6 (Subunit 6) from 

Thermus thermophilus. S6 is a small α/β-protein consisting of 101 amino acids, with 

a molecular weight of about 12kDa (11988.90 kDa). As can be seen from the crystal 

structure, shown in Figure 6 (PDB code 1RIS (Lindahl et al., 1994)) S6 is constructed 

from 4 β-sheets and two α-helices.  
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Figure 6. S6wt (PDB code 1RIS (Lindahl et al., 1994)). A ribosomal protein from 

Thermus thermophilus constructed from four β-sheets and two α-helixes. 

 

There are number of reasons why S6 is a good model system for protein folding stud-

ies. First of all, it has one tryptophan (Trp) at position 62, which is important for ki-

netic measurements where we look at Trp fluorescence. Second, there are no cys-

teines or histidines in the protein, which simplifies the system and makes it easy to 

work with. As previously mentioned, cysteines can complicate a system because they 

can produce disulphide bridges within the protein or between protein molecules. A 

disulphide bridge between molecules can give rise to oligomeric structures in an oxi-

dized environment, and histidines can bind metals that complicate the folding event. 

Third, S6 has two different conformations; it is either folded or unfolded with no 

intermediate states; that is, it follows a so-called ‘two-state’ folding event (Figure 7) 

from the denatured state to the native state. In between these two states all proteins 

have an ensemble of structures, with no completely fully formed elements of secon-

dary structure, where all elements are in the actual process of being formed. This tran-

sition state ensemble (TSE), is not stable enough to be monitored by any instrument 

and so we use a stopped-flow instrument to monitor the different fluorescence signal 

that the Trp produces when the protein is folded or unfolded.  
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Figure 7. An energy diagram of a two-state folding event. The protein crosses an en-

ergy barrier, the transition state, to pass from the denatured state to the native state 

without populating any intermediate states. The energetic difference between the de-

natured state and the native state corresponds to the difference in ΔGD-N, and the reac-

tion coordinate can be seen as the total difference in exposed surface area, ΔmD-N (di-

vided from mf and mu). The reaction rate from the denatured state to TS is seen as the 

folding rate (kf) and the opposite direction, from the native state to TS as the unfold-

ing rate (ku). 

 

As S6 contains prolines, it is also necessary to consider whether these may complicate 

the folding process by cis-trans isomerisation. There are five prolines in S6, at posi-

tions 12 (loop 1), 51 (loop 3), 56 (β3), 68 (loop 4), and 96 (C-terminal); four of these 

are in loops and one is in strand three. They are all in trans conformation. When the 

protein unfolds, it forms a heterogeneous mixture of 32 (25) cis-trans isomeric spe-

cies. Kinetic experiments on S6 show that there is one major refolding phase with the 

highest amplitude and a slow refolding phase with lower amplitude. Double-jump 

experiments reveal that the slow refolding phases do not result from the presence of 

intermediates in the conformational refolding, but rather from heterogeneity in the 

unfolded state of the cis and trans prolines (Garel & Baldwin, 1973). 

Earlier studies of S6 have shown that the TSE for the wild type protein is very diffuse 

(Otzen & Oliveberg, 2002), which means that all parts of the structure are needed to 

hold the protein together, that is, to climb from the denatured state up the hill of the 

TS barrier and cross over to the native state. Nevertheless, as described in the nucle-

ation-condensation model, the whole protein is not folded in the transition state but 
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most contacts have been initiated. The permutant study by Lindberg et al. shows, 

however, that the permutant (P13-14) is very polarized to the right side of the structure 

with extremely high φ values. This indicates that a diffuse nucleus is not required for 

folding per se but could be an evolutionary development to optimize the cooperativity 

in the folding event (M. Lindberg, Tangrot, & Oliveberg, 2002; M. O. Lindberg et al., 

2001). 
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Experimental approaches and procedures 

Stopped-flow techniques 
A stopped-flow instrument consists of two syringes (Figure 8) connected by a mixing 

chamber which leads into the cuvette. One syringe is filled with protein, with a pro-

tein concentration of about 1µM, and the other is filled with denaturant, for example 

urea or GdmCl. The two driving syringes are compressed to express about 50 to 200 

µL from each. The syringes are then mechanically stopped by a stop-syringe to con-

trol the total volume pushed into the cuvette, which is about 50 µL in our system. The 

volume pushed from the protein syringe is smaller than the volume from the denatur-

ant syringe; a typical mixing ratio for our experiments would be 1:10. When the flow 

is stopped, the solution ages normally with time and the detector sees the event occur-

ring after about 1ms. The detector follows the emitted fluoresce light from the Trp 

collected until equilibrium is reached. The limitation of the instrument, the ‘dead 

time’, is the shortest time after mixing at which the reaction can be observed. One 

advantage of a stopped-flow instrument is the low volumes and protein concentrations 

of solution required for one experiment, which is about 100 to 400 µL with a final 

concentration of about 1µM for one reaction. 

 

Our lab has two stopped-flow instruments, one SX-18MV and one PiStar (Applied 

Photophysics, Leatherhead, UK). Both instruments include a housing around the sy-

ringes and cuvette that is connected to a water bath to enclose the system and keep the 

temperature constant. In the work described here, the excitation wavelength was 280 

nm and the emission was collected with a 305 nm cut-off filter. All measurements 

were conducted at 25º C in 50 mM MES at pH 6.3, using GdmCl as denaturant. 

Tryptophan fluorescence 
To be able to follow a folding or unfolding event with a stopped-flow instrument, the 

protein itself has to have some kind of fluorescent signal/probe. The fluorescent signal 

of Trp is often used for this purpose. A Trp residue can be excited at 280 nm and give 
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rise to a fluorescence signal with an emission peak ranging from about 300 to 350 nm, 

depending on the polarity of the local environment. Thus, Trp can be used as a very 

sensitive probe for the conformational state of a protein. There are also some fluores-

cence emissions due to tyrosine and phenylalanine within a protein, but their signals 

are not as strong as those from Trp. 

When excited at 280 nm, the Trp in S6 gives high fluorescence in a folded state and 

low fluorescence in an unfolded state (Figure 9). This difference in fluorescence is 

caused by the quenching effect of water. Quenching is a phenomenon that decreases 

the intensity of a fluorescence signal for a given substance; it is often heavily depend-

ent on pressure and temperature. In kinetic experiments, the surrounding water mol-

ecules can cause quenching of the Trp as the protein is unfolded and the Trp is ex-

posed to the solvent. This is shown as a decrease in the fluorescence signal every time 

the protein is unfolded. 

 
Figure 8. Schematic view of a stopped-flow instrument. The syringes are pushed at 

the same time to fill the cuvette with a mixed sample. The xenon light transfers the 

energy to the Trp so that it starts to fluoresce. The fluorescence is detected with a de-

tector to monitor the equilibrium reaction inside the cuvette. At the end of the system 

there is a stop syringe to control the volume that is inserted into the cuvette.   

 

When a slow folding/unfolding reaction is monitored, the Trp fluorescence may start 

to decrease with time. This could be an effect of photobleaching, a photochemical 

destruction of the fluorophore. In kinetic experiments, photobleaching may compli-

cate the observation of fluorescent Trp molecules since the xenon light in a stopped-

flow experiment will eventually destroy the Trp fluorescence after the long time  
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exposure which is necessary to stimulate the Trp into fluorescing. This is not the case 

for S6 where the reaction is fast we have a fast (about 200 per second). 

Refolding and unfolding curves 
The refolding and unfolding curves of S6 (Figure 9) can be fitted with a single expo-

nential curve of first order kinetics (A. Fersht, 1999) as 

 

€ 

N[ ] t( ) = C1exp(−(kf +ku )t ) + C2     (5) 

 

where (t) is the reaction time, C1 is the amplitude, C2 is the endpoint (the steady state 

level where the reaction has reached its equilibrium). The observed rate constant (kobs) 

is described by kf+ku, which are the refolding and unfolding rates respectively in the 

specific environment/denaturant concentrations. Hence, in each different experiment, 

with different denaturant concentrations, we can obtain kobs of the reaction. At the 

transition midpoint kobs will be equally influenced by the two rates as ku= kf, but in low 

denaturant concentrations kobs is dominated by kf, as ku << kf. Therefore I will refer to 

these rates as the observed refolding (kf) and unfolding (ku) rate constants. The reac-

tion rates can be plotted against denaturant consecration in a chevron plot (Figure 9).  

 

 
Figure 9. Chevron plot and raw data from unfolding/refolding. These curves are fitted 

with the single exponential curve given in Equation 5, and plotted against the real 

[GdmCl], i.e. the concentration of denaturant inside the cuvette after mixing. As the 

reaction reaches the midpoint, where the relationship is 50:50 between folded and 

unfolded molecules, the amplitude decreases to half its original value. In order to per-

form kinetic experiments one requirement is that the reaction has to be reversible. 

 

-1!

1!

2!

3!

0!

1!0! 2! 3! 4! 5! 6! 7!

lo
g

k
!

[GdmCl] (M)!

t (s)! t (s)!

A
 (

v
)! A

 (
v
)!

10!0! 20! 30! 40!10!0! 20! 30! 40!

MP!



 34 

For a two-state protein, the logarithms of kf and ku give a linear relationship when 

plotted against [GdmCl], as in Equation 6. This V-shaped curve is known as a chev-

ron plot (A. Fersht, 1999) (Figure 9); it indicates a classic two-state behaviour and is 

calculated as the folding and unfolding reaction 

  

€ 

logkf = logkf
H2O + mf denaturant[ ]( )    (6) 

 

€ 

logku = logku
H2O + mu denaturant[ ]( )    (7) 

 

where 

€ 

k f
H2O  and 

€ 

ku
H2O are the extrapolated values of the refolding and unfolding reac-

tion in water, and mu and mf are the constants of proportionality for the exposed sur-

face area from N to TS and from TS to D respectively, shown as the slope of the un-

folding and refolding curve in the chevron plot. The logarithmic scale is used to obtain 

a linear relationship between the folding/unfolding rates and denaturant concentra-

tions. 

 

In terms of free energy, the Equation of the whole reaction from the denatured state to 

the native state is described as 

 

€ 

ΔGD−N = ΔGD−N
H2O −mD−N denaturant[ ]       (8) 

 

where 

€ 

ΔGD−N
H2O  is the Gibbs free energy for the unfolding reaction in water and mD-N is a 

way to quantify the difference in exposed surface area between the denatured state 

and native state, as an indication of size. 

 

Chevron plots also provide information about the folding route for a protein (cf. the 

equilibrium curve mentioned earlier, which has no such information). To obtain this 

information, the chevron plot can be fitted as a combination of the refolding and un-

folding rates to get information about the folding route as 

 

€ 

logkobs = log(kf + logku ) = log(10logkf
H2O +mf GdmCl[ ] +10logku

H2O+mu GdmCl[ ]
)   (9) 
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This Equation gives information about log kf, log ku, mf, and mu and from these data 

we can calculate the equilibrium constant K as 

 

€ 

logKD−N = logkf − logku      (10) 

 

where the equilibrium constant log K is used as a measure of protein stability accord-

ing to Equation 2. For a typical globular protein the stability in water is equal to of 

about -6 (ΔG=8.16 kcal/mol), i.e. where the ratio between folded and unfolded mol-

ecules is 1 to a 1000000, where 1 molecule out of 1000000 is unfolded in water. 

 

The kinetic midpoint (Figure 9) can be calculated as  

 

€ 

MP =
logkf

H2O − logku
H2O

mu −mf

     (11) 

 

Information about the transition state is obtained from the Brønsted (Beta) Tanford 

value (βT) (Jackson & Fersht, 1991; Tanford, 1970). βT is a measurement of the aver-

age degree of exposure in the TS relative to the denatured state from the native state 

(Figure 6), and is calculated as 

 

€ 

β T =
−mf

mD−N

=
1−mu

mD−N

     (12) 

 

where the values of mu and mf describe the exposed surface area from D to TS and 

from TS to N respectively, and mD-N is the sum of the two parameters from D to N. βT 

takes a value between zero and one, and is a useful index for the compactness of the 

TS. If βT = 1 the TS is a compact state with a native-like structure, and if βT = 0 the TS 

is a loose state like the denatured state (Figure 6). 

 

It may be asked why it is necessary to go through kinetic experiments when there are 

other techniques to look at proteins, for example equilibrium experiments. However, 

while equilibrium experiments (Figure 4) can provide information about protein sta-

bility as well as information about the mD-N-value and thus the size of the protein, they 
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give no information about the folding pathway and how the protein folds. Therefore, 

stopped-flow experiments and φ-value analysis give a view of what is actually going 

on in the folding reaction.  

φ-value analysis 
To investigate in detail how proteins fold Fersht and co-workers explored the pathway 

of protein folding in 1995 by using point mutations as a model to investigate the TS 

structure of a protein (A. R. Fersht, 1995a; Matouschek, Kellis, Serrano, & Fersht, 

1989). By constructing conservative mutations within a protein, they were able to 

compare the folding and unfolding rates between the mutated protein and the wild 

type. The ideal conservative mutations for a φ-value analysis are those where the side 

chains are removed without changing the character of the amino acids without adding 

new functional groups (A. R. Fersht, 1995a; A. R. Fersht, Matouschek, & Serrano, 

1992; Matouschek et al., 1989). A good example is a mutation that does not change 

the polarity, the charge, or the stereochemistry. To make the choice of mutations 

easier, Fersht and co-workers proposed the convention that the best mutations are 

those that remove a small number of methylene groups, because there is little change 

in the solvation energy of the denatured state. The ideal mutations for investigating 

surface and buried hydrophobic interactions are Ile → Val, Ala → Gly and Thr → 

Ser, followed by Val → Ala, Ile → Ala, and Leu → Ala. Phe → Ala and Tyr → Ala 

(which is radical but still work well enough in practice) (A. Fersht, 1999). The whole 

idea is to take away as many contacts as possible, with the backbone intact, for the 

amino acid side chains; this will show how important that specific amino acid is for 

the folding event. This introduction of a ‘hole’ in the structure where the side chain 

was, without changing the backbone, reveals the perturbation of the TS from the sub-

stitution. The perturbation can be seen as a change of the refolding rate. If the mutated 

amino acid is not important for folding, the ‘hole’ will not affect the folding rate, and 

so the refolding rate will be the same as for the wild-type protein (Figure 10). On the 

other hand, if the amino acid does make a contribution, then the ‘hole’ will perturb the 

TS structure and thereby also the folding route, due to lost contacts from the mutation. 

Hence, the substitution will slow down the folding reaction (Figure 10). The φ value 

provides a measurement of the importance of each mutated amino acid, and is calcu-

lated according to 
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€ 

φ =
logkf

wt − logkf
mut( )

logkf
wt − logkf

mut( ) − logku
wt − logku

mut( )
   (13) 

 

where the difference in refolding rate between the wild type and the mutation is di-

vided by the total difference in the folding reaction between the wild type and muta-

tion. Thus, φ-value analysis is a tool to describe how much the folding is perturbed 

upon mutation (A. R. Fersht, 1995a; A. R. Fersht, Matouschek, & Serrano, 1992; 

Matouschek et al., 1989). φ takes a value between zero and one, with a value of one 

denoting the most important amino acid for the transition state and a value of zero 

meaning that the specific amino acid is not involved in the TS at all. A φ-value of one 

means that the amino acid has all its contacts intact in the TS, and is therefore very 

important for the folding reaction (Figure 10B); it could be said that this amino acid 

experiences a native-like environment in the TS. The other extreme case is a value of 

zero; here, the amino acid has no contacts in the TS (Figure 10A). In this case, all 

contacts are formed on the downhill side of the energy barrier, and the amino acid 

experiences a denatured environment in the TS.  

 

However, not all φ values lie at these extremes. Often a protein has fractional φ 

values, which could be due to several different behaviours; for example, an amino 

acid might have same but not all contacts formed in the TS, or it might have all con-

tacts or the amino acid has all contacts formed but not to 100%. Both these behav-

iours would give fractional values of φ, but it is hard to distinguish between the two.   
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Figure 10. Example of three different φ values. In red, an example of a φ-value of 0, 

where the substituted amino acid has no contacts in the TS. As shown, this will not 

affect the folding rate. In blue, an example of a φ-value of 1, where the substituted 

amino acids has all its contacts fully formed in the TS. Clearly, the folding rate has 

slowed down a lot, and this will therefore affect the folding. In green, an example of a 

fractional φ-value which is very common in proteins. Here, both refolding and unfold-

ing are affected by the mutation. 

 

An other important factor to consider is the destabilization (ΔΔG) of the mutation and 

Fersht et al. showed that the destabilization must be greater then 0.6 kcal/mol in order 

to allow accurate calculations and use of the a φ-value (A. R. Fersht & Sato, 2004). 

Hammond behaviour 
As described in previous section, φ-value analysis provides information on the critical 

contacts for folding; that is, the contacts that the protein needs to initiate the folding 

reaction and climb the hill to the top of the free energy barrier. Additional information 

can be gleaned from the Hammond behaviour, as described in a paper by Hedberg et 

al. which presented a more detailed site-specific analysis of the TS of the two-state 

protein L23. The authors analyzed the Hammond postulate behaviour, shown as small 

m-value changes that manifest as a tilt of the V-shaped chevron plot (Figure 11) 

(Hedberg & Oliveberg, 2004). These shifts are seen as a φ-value growth over the TS 
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barrier around the highest φ values. Where the Hammond behaviour describes the 

degree of TS shifts (Δmu or ΔβT) over the TS barrier, which is proportional to the 

gradient of the mutational perturbation across the free-energy maximum (the top/peak 

of the TS barrier). Any shift in the TS will reveal itself as a changed βT-value or a 

decrease in mu for the mutant compared to the wild-type protein without changing the 

total mD-N value. Δmu and βT is calculated according to 

 

€ 

Δmu = mu
wt −mu

mut      (14) 

or 

€ 

Δβ T = βwt
T −βmut

T      (15) 

 

The question then arises of whether this behaviour is just a shift in βT or a ground state 

movement?  

There are several origins for a TS movement, often inferred from changes of βT, that 

could be from stability perturbation, either from mutations or from the addition of 

GdmCl, or it could be an effect of ground state movement. However, ground state 

movements cannot be the case in the cases of L23 and S6 because both of these have 

constant values of mD-N, within the experimental error. 

 

€ 

ΔlogKD−N
GdmCl[ ] =< mD−N > GdmCl[ ]     (16) 

 

Mutations with a constant value of φ across the TS barrier show no change in m-value 

and therefore no Hammond shifts; see the black mutant in Figure 11. Shifts in βT only 

occur for mutations with interactions that undergo changes when crossing over the 

barrier top; that is, interactions that are in the process of being formed (Matouschek, 

Otzen, Itzhaki, Jackson, & Fersht, 1995). Fully formed or fully unfolded parts of the 

protein are just carried silently over the TS barrier.  

 

Hence, φ-value analysis describes the nucleus to be formed on the uphill side of the 

energy barrier (the static region) while the Hammond postulate behaviour identifies 

the critical contacts needed to pull the upcoming nucleus over the top of the barrier. 

These two methods show that the upcoming nucleus together with the critical contact 
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layer constitutes a minimal structure unit – the minimal unit that is required to spon-

taneously force the reaction down the hill of the free-energy barrier to the native state. 

 

 
Figure 11. Hammond behaviour is detected as a growth of a φ-value in the TS. A φ-

value of zero, i.e. no change of the barrier top, shows no growth in the TS and there-

fore no Hammond behaviour. The red mutation, on the other hand, shows a small 

growth in the left Figure, and a tilt in the chevron plot, in the right Figure. The third 

possibility shown in blue, is a high φ-value around 1; this already has all its contacts 

made in the TS, and therefore crosses the TS barrier silently (Hedberg & Oliveberg, 

2004).  

Circular permutation 
There are six topological variants of S6. In these variants, the mutual order of secon-

dary elements is changed without affecting the final native structure of the protein. 

The only difference from the wild type is that the loops are connected in new ways by 

circular permutation (M. Lindberg et al., 2002; M. O. Lindberg et al., 2001; Otzen & 

Fersht, 1998; Viguera et al., 1996). Abdullaev et al. designed the new loop between 

the N- and C-terminal of S6wt (Abdullaev et al., 1997) to combine β4 and β1 in all 

permutants so that new terminals can be introduced somewhere else in one of the 

loops (Figure 12). This constructed loop is designed to link the two structures without 

stabilizing the structures or changing the folding pathway. It does, however, make a 

small contribution to the stability seen in P54-55.  

Changing the sequence connectivity opens up the possibility of investigating several 

aspects of the folding process. The S6 permutants were constructed to explore how 
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entropy influences the folding process and the folding cooperativity, and to explore 

the effects of varied chain connectivity.  

 
Figure 12. A schematic view of S6wt, seen from above. The incisions for the permu-

tants are shown as circles together with the new constructed loop, shown as a dashed 

line. All circular permutants of S6 are labelled according to the position of the inci-

sions, and their amino acids are numbered according to the wild type sequence, PDB 

code 1RIS (Lindahl et al., 1994).  

Nuclear magnetic resonance (NMR)   
Nuclear magnetic resonance (NMR) techniques have greatly improved in recent 

years, and it is now possible to determine the three-dimensional structure of small 

proteins (i.e. those with a maximum size up to approximately 30kDa). One advantage 

of NMR is that the protein can be studied in solution, as opposed to X-ray crystal-

lography, which requires the protein to be in a crystallized form. Crystallization is not 

always as easy as it sounds, and not all proteins be crystallized. A two-dimensional 

NMR technique such as heteronuclear single quantum coherence (HSQC) is ideal for 

examining the correlation between amide protons 1H to 15N. A small folded polypep-

tide chain often has a well-dispersed spectrum with prominent peaks that are easy to 

distinguish from one another. The number of peaks corresponds to the number of 

amino acids in the protein, plus some additional peaks from side chains with bound 

nitrogen, such as tryptophan, histidines, asparagine and glutamine (Figure 13). 

In order to be able to use an NMR spectrum, each of the peaks has to be assigned; that 

is, all peaks must correlate to the corresponding amino acid. Thus, NMR techniques 

and 1H, 15N-HSQC spectrums give a fingerprint of a protein where all amino acids 

assigned may be studied (Figure 13). 
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Figure 13. HSQC spectrum, a fingerprint of P54-55. The spectrum was collected on a 

Bruker spectrometer operating at a 1H frequency of 900 MHz at 298 K and equipped 

with a cryoprobe. The well-dispersed peaks shows that the protein is folded, and 

where the number of peaks resembles the 96 amino acids in the protein, with the addi-

tion of peaks from side chains with bound nitrogen.  

H/D-exchange 
Once the peaks are assigned, it is possible to perform H/D exchange experiments. 

Lyophilized protein samples are dissolved in D2O to monitor the 1H protons being 

exchanged with deuterium. In a folded structure most of the amide protons are in-

volved in hydrogen bonding, which protects them from exchange with bulk water 

(Figure 14). For an exchange to take place, the hydrogen bond has to break and the 

structure needs to open up so that the hydrogens are exposed. An exposed hydrogen 

may then interact with the solvent D2O (Hvidt & Nielsen, 1966). The protons may be 

exposed to bulk solvent in different ways; either the protein needs to be completely 

unfolded, and so needs to go through so-called global unfolding, or the proton may be 

exposed by local unfolding or by fast vibrational motions with small amplitudes 

(Hilton & Woodward, 1979; Pedersen, Thomsen, Andersen, Madsen, & Poulsen, 

1993; Roder, Wagner, & Wuthrich, 1985; Woodward & Hilton, 1980). 

 

The exchange can proceed in one of two ways, under conditions known as EX1 and 

EX2 respectively. With EX1 conditions, the rate-limiting step is the opening of the 
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structure, and with EX2 conditions, the folding rate constant (kf) has to be much 

higher than the chemical intrinsic rate of exchange (

€ 

kex
int ), in the unfolded state (Hvidt 

& Nielsen, 1966). When the H/D exchange occurs under EX2 conditions, as in the 

case of S6, the equilibrium constant (Kop) between open (accessible state for HD-

exchange) and closed state can be described as  

 

€ 

closed[ ] Kop →  open[ ]⇒ Kop =
open[ ]

closed[ ]
   (17) 

 

Further, the fraction of open states fopen can be calculated according to 

€ 

fopen =
open[ ]

open[ ] + closed[ ]
     (18) 

 

and the observed rate constant (kobs) expressed as  

 

€ 

kobs = fopen × kint ⇒ kobs =
open[ ]

open[ ] + closed[ ]
× kint    (19) 

 

where (kint) is the intrinsic rate constant for exchange from the open state, derived 

from the exchange rates of disordered model peptides. The intrinsic rate constants are 

affected by the surroundings, e.g. by the neighbouring amino acids, temperature, and 

pH (Bai, Milne, Mayne, & Englander, 1993). In the work described here, we used a 

methodology developed by Englander and co-workers (personal communication). We 

made the assumption that the intrinsic exchange rates for the open amide positions are 

the same in open state as in the denatured state. Under conditions where 

[open]<<[closed] Eq. 18 reduces to  

 

€ 

kobs =
open[ ]

closed[ ]
× kint ⇒ kobs = Kop × kint ⇒

1
Kop

=
kint

kobs

   (20) 

 

For practical reasons, the individual values of Kop are commonly given as HD protec-

tion factors (PF), which are calculated as 
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€ 

PF = −logKop = logKop
−1 = log 1

Kop

= log kint

kobs

 

 
 

 

 
    (21) 

 

 
Figure 14. Example of exposed and protected hydrogen bonds, showing the backbone 

of a folded protein. One hydrogen bind to the backbone and is thereby protected from 

exchanging its proton (1H) with the surrounding deuterium. The other possibility is 

when the hydrogen is exposed to the solvent, so that the deuterium can exchange the 

protons; the nitrogen exchanges its 1H so that the reaction goes from N-1H to N-D. 
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Results and discussion 

Protein folding research is often based on a combination of theory, simulations 

(Abkevich, Gutin, & Shakhnovich, 1994) and experimental mapping of site-specific 

contacts in the TS ensemble by protein engineering (A. R. Fersht et al., 1992; Hubner, 

Oliveberg, & Shakhnovich, 2004). From previous investigations, it is evident that the 

folding, as a rule, is controlled by funnel-like free-energy landscapes with few traps 

(Onuchic & Wolynes, 2004). In essence, proteins fold as predicted from simplistic Go 

models that disregard non-native contacts: the sequence of folding events is largely 

determined by the topology of the native structure (Abkevich et al., 1994; Baker, 

2000; Mirny, Abkevich, & Shakhnovich, 1998; Onuchic & Wolynes, 2004) where 

folding follows the pathway of the lowest successive loop-entropy cost (A. R. Fersht, 

2000; Paci, Lindorff-Larsen, Dobson, Karplus, & Vendruscolo, 2005). From these 

models, however, it is also expected that the folding events should be malleable pro-

viding that the perturbation is sufficiently large to rock the protein out of the ‘wild-

type’ pathway. To directly test this idea we have analysed the folding behaviour of 

four topological variants of the ribosomal protein S6 from Thermus thermophilus, i.e. 

the wild-type protein and three permutants, P13-14, P54-55 and P68-69 (Figure 12). In these 

structures the loop-entropy costs of forming pairwise contacts have been systemati-

cally altered through circular permutation to cover a broad spectrum of so-called 

‘contact orders’ (M. Lindberg et al., 2002; Otzen & Fersht, 1998; Viguera et al., 

1996). Thus, the experiments explore how entropy changes and secondary-structure 

connectivity influence the folding process and folding cooperativity. As it turns out, 

these experiments do not only reveal information about the folding process per se, but 

also shed light on the factors controlling the properties of the native structure and, 

therefore, biological function, i.e. structural rigidity (integrity) and the tendency to 

unfold locally. Consequently, the results shed light on how these properties are cou-

pled to the proteins tendency to misfold/aggregate.   
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The minimal structure for folding 
The φ-value analysis (A. R. Fersht, Leatherbarrow, & Wells, 1987; A. R. Fersht et al., 

1992; Oliveberg, 2001) gives a measure of the extent of contact formation in TSE at 

the top of the free-energy barrier, providing a ‘static snap-shot’ (Figure 15, left panel), 

while the Hammond-postulate behaviour (Hedberg & Oliveberg, 2004) identifies the 

‘active’ interactions involved in ‘pulling’ this nucleus over the barrier top, describing 

the critical contact layer where growth takes place (Figure 15, right panel). Together, 

these two analysis methods show that the folding nucleus of S6 outlines a minimal 

structural motif that is common to all permutants – two β-strands docking against a 

single α-helix. Moreover, the spatial location of the two-stand helix motif is flexible 

and can move between α1 and α2 in the S6 structure. This minimal nucleation motif 

is not unique to S6, but has been discerned also in other small α/β-containing proteins 

(Itzhaki, Otzen, & Fersht, 1995; Kazmirski et al., 2001; Sosnick, Dothager, & Krantz, 

2004). 

 
Figure 15. φ and m-value distribution. Left panel. The φ values are plotted according 

to a gradient from low (white) to high (red). The results show that the TSE is plastic 

and, upon circular permutation, changes in a predictable manner. Right panel. The 

values of Δmu are depicted in a blue scale ranging from white (no change) to dark blue 

(large change). The regions with the highest growth rate (blue) are found mainly 

around the high-φ region and describe the critical contact layer that is required to pull 

the nucleus over the top of the folding free-energy barrier. 



 47 

Two-channel landscape 
In Figure 7, I have described the ‘classic’ two-state behaviour in which there is only 

one channel to pass from the denatured state to the native state (also seen in Figure 

16). However, after studying S6 and the permutants (Paper I) we propose that there 

are several competing folding channels through which the protein can nucleate.  

Consistent with this idea, even radical changes in φ-value distribution, both across 

different permutants and across different proteins, usually have very small effects on 

the kinetic m-values, or on refolding rate constants. This indicates that the competing 

nuclei are structurally and energetically equivalent. In terms of the solvent-accessible 

surface area, the critical nuclei all remain quite similar with βT values of 0.58-0.67 

(Maxwell et al., 2005). Therefore, what may be seen as a diffuse (in space) nucleus 

would reflect the ensemble average of parallel pathways, each of which represents 

alternative variants of forming the two-strands-helix motifs (Klimov & Thirumalai, 

1998). The diffuse φ-value distribution of S6wt and also of P81-82 (Paper III), then, 

seems to represent cases where the folding progression is distributed over two pre-

dominant channels. They can use either the α1 or the α2 pathways, comprised of β1, 

β3 and α1 and β1, β4 and α2 respectively, where the emerging sheet is supported by 

either α1 or α2 (Ternstrom et al., 1999). Likewise, the condensed nucleus of P13-14 

seems to represent the contrasting case of a single nucleation site comprising α2, 

while P54-55 and P68-69 fall somewhere between the two (Figure 16). Seemingly analo-

gous two-channel landscapes can also be discerned in proteins with divergent topolo-

gies, e.g. SH3 (unpublished), ankyrin-repeat proteins (Mello & Barrick, 2004; 

Werbeck, Rowling, Chellamuthu, & Itzhaki, 2008), beta-sandwich proteins (Wright, 

Lindorff-Larsen, Randles, & Clarke, 2003), α-spectrin domains (Batey & Clarke, 

2008) and different members of the β-trefoil family (Chavez, Gosavi, Jennings, & 

Onuchic, 2006).
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Figure 16. Two-channel landscape. Left panel. A classic two-state behaviour is de-

scribed using a model of a TS barrier between the denatured state and the native state 

with only one pathway over the TS. Right panel. Two-channel landscape with two TS 

barriers between the denatured state and the native state and, therefore, two different 

channels to choose from. The structure can cross the TS barrier via either the α1 or 

the α2 pathway. The two-channel landscape is still a two-state folding event without 

accumulating any intermediate structures. 

Backbone distance to side-chain partners: ΔLmean 
The topological descriptor ΔLmean presents a quantitative way of examining the loop-

entropy changes between a wild-type protein and its permutants (M. Lindberg et al., 

2002; M. O. Lindberg et al., 2001), where ΔLmean is calculated according to 

 

€ 

Lmean =
Li∑

n
      (22) 

 

where Li is the sequence separation (loop length) between the individual carbon-

carbon contacts (within a radius of 6Å) lost upon mutation, and n is the total number 

of carbon-carbon contacts lost by the mutation in question. To emphasize the contri-

bution of tertiary contacts, four residues on either side of the target side chain were 

excluded from the calculation. 
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ΔLmean describes the average sequence separation between the locally truncated side 

chain contacts. An example is given in Figure 17, in which a mutation of amino acid 2 

in the hypothetical wild-type protein (red sphere) may lose contact with its associating 

amino acids 22 and 29 (grey spheres) when mutated. The sequence distance is shown 

as a red line, from residue 2 in the N-terminal to residue 29 in the C-terminal. If we 

do the same for a permutant, what was previously amino acid 2 is now amino acid 21, 

because of the new loop between the wild-type N- and C-terminal. This will also af-

fect the connecting amino acids, which now are closer in sequence, as numbers 10 

and 17, giving a lower sequence separation in the permutant compared with the wild 

type, which increases the likelihood for this chosen residue to participate in the fold-

ing nucleus of the permutant. By decreasing the sequence separation the entropic pen-

alty of forming the native contacts has simply been reduced.  

 
       ΣLi=L1+(L1+L2)     n=2 

 

Figure 17. Average sequence separation. A way to quantitatively examine the effect 

of changes in loop entropy is to use the local topological descriptor ΔLmean, calculated 

using Equation 22.  

 

The plot of the change in φ-value upon permutation (Δφ) and the underlying change in 

the local descriptor Lmean (ΔLmean) for S6 (filled circles in Figure 18) shows a good  

correlation, with an R-value of 0.78, meaning that the φ-value changes correlate with 

changes in sequence separation. Hence, long-distance contacts yield small values of 

φ while short distances give rise to high φ values, which shows that reduced-contact 

distances increase the participation in the folding nucleus. Interestingly, there are two 

outliers in Figure 18 (open circles). These mutations are in P13-14 and they have both 
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anomalously high φ values >1, i.e. L75A has a φ-value of 1.51 and V88A has a value 

of 1.10. A possible explanation for this behaviour is that the contacts they make in TS 

are non-native in that, they need extra support from a neighbouring cluster of residues 

(unpublished data). If we exclude these two amino acids in P13-14 we get an even better 

correlation for P13-14 alone with an R-value of 0.92.  

 

To test the hypothesis that for other α/β proteins, the φ-value changes correlate with 

changes in sequence separation the Δφ values for α-spectrin SH3 were also plotted 

(Sosnick et al., 2004; Viguera et al., 1996), seen as filled triangles in Figure 18. The 

plot shows that with SH3, and therefore most likely also with other small α/β pro-

teins, increased sequence separation between interacting side chains reduces their 

contribution to TS stability. 

 
Figure 18. Plot of Δφ and the accompanying change in ΔLmean. The main panel shows 

the compiled data for all S6 variants (filled circles) and the corresponding data for the 

α-spectrin SH3 domain (filled triangles). The insert contains data for P13-14 alone, in-

cluding the two excluded outliers with anomalous φ values >1 (open circles).  The 

correlation shows that increased sequence separation between interacting side chains 

reduces/lowers their contribution to TS stability. 

 

The experimental results were further reproduced by simulations from a simplistic Go 

model. The experimental data were interpreted as a set of structural restraints in a 

Monte Carlo optimization method (Paper II). It was demonstrated that the variations 

in nucleation and folding pathway between circular permutations are determined  
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principally by the restraints of topology and specific nucleation, both of which are 

affected by changes in chain entropy. In agreement with the φ-value data, the common 

theme of the permutants is that the critical nucleus is malleable and responds to the 

topological and entropic changes induced by the incision of the new N- and C-

terminal. 

 

To gain a more detailed understanding of the folding process of S6, as well as to im-

prove the statistics of our results regarding how the contact-free energies in the TS 

ensemble are correlated with sequence separation, we constructed the last entropy 

variants of S6, where the wild-type protein was cut in the remaining loops, P33-34 and 

P81-82 (Figure 11). This provided a comprehensive data set and about 100 chevron 

plots for analysis (Figure 19).  

 

The addition of two S6 variants (Figure 12) supports the interpretation of the two-

channel landscape (Papers I-III), where P33-34 follows the α2 pathway and P81-82 fol-

lows the α1 route through the free-energy landscape. Hence, there seems to be a ‘con-

served’ TS structure in all six constructs that can be initiated/accessed from different 

parts of the structure. Even so, the apparent compactness of the TS, as judged directly 

from the φ values, is different between the constructs. P13-14 has the most polarized and 

compact TS, with extremely high φ values in the α2 part of the structure, even around 

1 and above for two of the mutations, L75A (φ=1.47) and V88A (φ=0.94). P81-82, on 

the other hand, turned out to have the most diffuse TS structure (Figure 18). A  

comparison of the entire permutant set showed the order of consolidation of the TS, 

from the most compact to the least compact state to be P13-14>P54-55>P33-34> 

P68-69>S6wt>P81-82. Since we recalculated the data for all constructs in Paper III, there is 

a small deviation from previous papers (Hubner, Lindberg, Haglund, Oliveberg, & 

Shakhnovich, 2006; M. Lindberg et al., 2002; M. J. Lindberg, Normark, Holmgren, & 

Oliveberg, 2004; M. O. Lindberg, Haglund, Hubner, Shakhnovich, & Oliveberg, 

2006; M. O. Lindberg et al., 2001; Otzen & Oliveberg, 2002). The new procedure 

involves cutting the chevron plots at ±2M of [GdmCl] above their individual MP to 

avoid curvatures of the limbs. Where this was not possible, i.e. where MP <2, an av-

erage individual value of mf for each structure was used. The φ values where calcu-

lated at constant [GdmCl] taken at 1M and 4M of [GdmCl], as in Equation 13. This 
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gave a consistent evaluation method and stringent calculations of all data in the ex-

panded set.  

 

In terms of stability, S6wt is not the most stable structure, as might have been ex-

pected. Instead, the most stable structure turned out to be P54-55 whose stability is most 

likely caused by the contribution from the designed loop in combination with the pen-

alty from the incision which is very small. The energetic effect of cutting the β2-β3 

loop is relatively small, which is supported by the observation that mutations in this 

region have a negligible impact on protein stability (data not shown). In other permu-

tants the incision clearly has a larger destabilizing effect. The order of stability  

accordingly is P54-55> S6wt > P68-69> P33-34> P81-82>P13-14 (with  between 6.70 

and 2.94). The critical nuclei, in terms of solvent-accessible surface area, still remain 

quite similar with βT values of 0.58-0.69 (Maxwell et al., 2005). Folding therefore 

seems to be represented by the two-channel landscape introduced in Paper I. 
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Figure 20. φ-value analysis of S6, plotted on a gradient from low (white) to high 

(red), showing that the TSE undergoes significant changes upon circular permutation. 

The folding trajectory is malleable. Even so, the folding rate constants and βT remain 

remarkable similar, indicating that the folding nuclei are similar at some level.  

Identification of local conflicts: dragging the side-chain neighbour in 
the other direction. 
To improve the statistics, we added the new permutations P33-34 and P81-82 to the origi-

nal data set when calculating the sequence separation (Equation 22). Unexpectedly, 

the ΔLmean vs. Δφ plot of all data (Figure 21A) showed a lower correlation, from an R-

value of 0.78 to one of 0.62, as previously shown in Figure 18 (Paper I). What does 

this mean? 

 

We studied the plot and found that three mutations in P81-82 had opposite ΔLmean values 

but almost identical Δφ values, even though they where positioned in the same ele-

ment, i.e. amino acid V88A, V85A and V90A in P81-82 highlighted as red filled circles 

in Figure 21. This behaviour is not due to experimental errors; it is simply caused by 

some of the long-range interactions of V88A extening to α2, hence bridging the gap 

of the backbone incision. In terms of controlling the folding reaction, however, the 

contribution of these interactions is small compared with the other residues in β4. 

This implies that we cannot ignore the surrounding environment for the selected resi-
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dues, as has been done in previous studies of S6 (M. Lindberg et al., 2002; M. O. 

Lindberg et al., 2001). Therefore, to introduce some persistence length of the back-

bone, we included a weight from the nearest neighbours in the L calculations accord-

ing to Equation 23 as the ΔLmean-weighted (ΔLw). Here, the amino acid X is linked to 

the ‘actions’ of its sequence neighbours X-1 and X+1 calculated according to 

 

€ 

Lw
X =

L(X −1) + (2xLX ) + L(X +1)

4
    (23) 

 

Fore mutations positioned at the edges of a secondary element, either L(X-1) or L(X+1), 

were set to zero.  

 

Figure 21B reveals that the correlation of ΔLw vs. Δφ improves somewhat, R= 0.69. 

This shows that the action of residues that are close in sequence is linked to some 

extent. The question now arises: from how far away in sequence can the amino acids 

influence one another? Can we consider the whole element, i.e. a β-strand or an α-

helix, as one unit when we look at sequence separation? Calculating the element as 

one unit as ΔLelement according to 

 

€ 

Lelement =
L(X−1) + LX + L(X +1)

3
    (24) 

 

will further increase the correlation (R= 0.76: Figure 21C). But can the correlation be 

improved even further if we use an even bigger window, i.e. one or more secondary-

structure elements? How far can we go, i.e. how big is the window of contributing 

residues, without just getting a smoothing effect of the evaluations/calculations? 

The answer is not simple; however, it is suggested that at least the nearest neighbours 

should be accounted for when calculating the average sequence separation for a resi-

due, since it makes good sense to include the residues next to the one we are looking 

at. An example of this is the practice of calculating the chemical intrinsic rates (kint) in 

an HD-exchange, as done by Englander in his theoretical methodology (personal 

communication). 
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Examining the ΔLw vs. Δφ plot of all data (Figure 21B), the most significant contribu-

tor to obstructing the correlation between ΔLw and Δφ seems to persist, even though 

we consider the contribution from the nearest neighbour. A group of φ values at large 

negative values of ΔLw appears to be insensitive to circular permutation, giving rise to 

a trumpet-like shape of the plot. Again, this pattern is not due to experimental errors 

but stems from the mechanistic details of the S6 folding reaction. An explanation for 

this anomalous pattern will be presented below. 

 

 
Figure 21. ΔLmean vs. Δφ for all S6 constructs. The new data do not significantly 

change the correlation: however, a small decrease in the R-value is seen, somewhat 

unexpectedly. In earlier ΔLmean calculations we assumed that all mutations work inde-

pendently of their neighbours or other contacts within the element. A new, more de-

tailed view of the average sequence separation is given when we account for these 

artefacts as ΔLw, according to Equation 23, or according to ΔLelement as in Equation 24. 

The overlapping element 
The nucleation motif common to all permutants is observed to appear in different 

parts of the S6 structure (Figure 19). From now on, I will refer to these minimal nu-

clei as ‘foldons’ as they approach the size of an independent cooperative unit, i.e. the 

minimal unit that can form stable cooperative structures on its own, provided that its 

outer boundary/surface is adjusted for solvent interactions. In some contrast to the 

original definition of a foldon by Wolynes (and co-workers) the constituent elements 

in this case do not need to be contiguous in sequence (M. O. Lindberg & Oliveberg, 

2007; Panchenko, Luthey-Schulten, & Wolynes, 1996).   
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Englander and co-workers describe a foldon unit as a metastable structure in a par-

tially unfolded form occupying different free-energy levels from the native state to the 

denatured state. Their foldon may be built up from entire loops or mutually stabilizing 

pairs of whole helices and loops. The authors furthermore suggest that these partially 

unfolded forms (intermediates) may define the unfolding and refolding pathways 

(Bai, Sosnick, Mayne, & Englander, 1995). Even though the intermediates are nor-

mally invisible to measurement (>1s), detailed structure information has come mostly 

from HX pulse-labelling methods (Roder, Elove, & Englander, 1988). In contrast to 

Englander and co-workers’ foldons, ours encompass a minimal ‘proper’ cooperative 

motif (a minimal protein rather than a pair of helices). Moreover, they can be over-

lapping. Notably, one possibility is that their partial unfolding steps actually describe 

the unfolding of half of the proper foldons (like we see unfolding of α2 and β4 but not 

β1 in the overlap). The foldon definition therefore depends on how you define a co-

operative unit, as a single secondary-structure element that can indeed unfold 

(breathe) locally in a cooperative manner, or a complete cooperative motif that could 

in principle consist of a small protein on its own. There are different levels of  

Cooperativity. The lowest could be a single helix or, as in our case, as a small cluster. 

Several foldons in concert would then have an even higher level. 

 

A particularly interesting feature of the S6 foldons is that they seem to partly overlap 

by sharing β-strand 1. A prediction from such a scenario is that the φ values are rela-

tively constant in β1. Such an equal distribution of contacts to the two foldons is in 

good agreement according with the crystal structure of S6, which clearly shows that β 

strand 1 has an equal number of contacts to both foldons, i.e. 78 contacts to α1 and 49 

to α2. This is highlighted by the example of residue V6 in β1, which has 64 % of its 

native contacts to α1 and 36% connections to α2 in its native state, and number V90 

in β4, in which all contacts are to the α2 foldon. Their involvement in the TS reveals 

that V90A has φ values of 0.16-0.61, with high values in P13-14, P33-34 and P54-55 that 

uses the α2 pathway. V6A, on the other hand, has average φ values in all constructs, 

indicating that when folding shifts between the two foldons, the contacts in V6A sim-

ply shift from one side to the other with little effect on the macroscopic φ values. This 

balanced shift of nucleating contacts around β1 provides a concrete example of how 
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structural order can be propagated from one nucleus to the other without the accumu-

lation of partly structured intermediates (Figure 22).  

 
Figure 22. Overlapping folding nuclei. The majority of φ values respond to circular 

permutation, as predicted from changes in sequence separation. The two foldons in S6 

contain two β-strands and one α-helix, seen as two competing pathways in green and 

blue (c.f. the two-channel landscape introduced in Paper I). Distinct exceptions, how-

ever, are the φ values in β1, which remain constant around 0.5. It is further apparent 

from the average φ values in each element that neither of the S6 constructs uses β2 in 

the folding nucleus. 

 

To investigate this idea of an overlapping element, we plotted the ΔLw vs. Δφ plot as 

separate plots of each secondary-structure element (Figure 23A). In the plot of β1 the 

Δφ values cluster around zero (0), in contrast to the other elements where they are 

well spread out. One exception, however, was β2, where we only had a few φ values 

to plot. It was only possible to calculate four φ values (with a ΔΔGD-N value >0.70), too 

few for a conclusive result. However, chevron plots for the mutations in β2 (Figure 

18) showed no differences in folding and/or refolding rates for this element. Hence, 

β2 is not part of the folding nucleus and therefore shows no dependence in Figure 

23A.  
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Figure 23. ΔLw vs. Δφ plotted separately for each element and together. The secon-

dary-structure plots reveal that there is almost no change in the φ values with β1, 

while the φ values are well scattered for the other elements. The trumpet-like shape in 

Figure 21B is caused by the constant Δφ values in β1. A plot of all data (black filled 

circles) excluding β1 (grey filled circles) from the correlation (Figure 23B), increases 

the R-value to 0.82. Hence, β1 cannot be included in the correlation, because it takes 

part in both pathways.  

 

The plot with all data shows a scattered distribution (R=0.69: Figure 23B). It is evi-

dent, from the insensitivity seen in β1, that with this element there is a structural over-

lap between the two foldons. Even so, excluding the β1 data from the correlation 

(Figure 23B) increases the R-value to 0.82, which shows a significant relationship 

between ΔLw and Δφ. From the plot, it is apparent that we have a structural overlap to 

maintain a cooperative folding event in S6 

 

It is therefore reasonable to assume that bigger domains are also compiled from sev-

eral foldon units. These folding units may be spatially separated, or may consist of 
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separated domains of overlapping foldons, where stable, intermediate structures ac-

cumulate between the denatured state and the native state (Figure 24), thus leading to 

multistate folding or a reaction where the protein needs to go through the hazard of 

not being able to fold on its own. Chaperones can sometimes help proteins to fold into 

their correct native state (Hartl, 1996). Folding with an intermediate state may com-

plicate the folding process where a protein may be trapped in the intermediate state 

and never reach the native state. Interestingly, the idea of an overlapping element 

could have been one way for nature to avoid this complicated multi-state folding, by 

keeping the process cooperative even for large domains with several foldons (Figure 

24). This feature of an overlapping element in proteins is also seen in α-spectrin 

(Batey & Clarke, 2006; Tripp & Barrick, 2007) and in ankyrin-repeat proteins 

(Ferreiro, Cho, Komives, & Wolynes, 2005). 
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Figure 24. The overlapping nuclei. Left panel. An ideal two-state protein, comprising 

only one foldon is restricted to a single pathway over the TS barrier. Middle panel. 

Complex two-state proteins with the addition of two (or more) overlapping foldons 

with access to parallel channels across the folding energy landscape. The coopera-

tivity is kept with the structural overlap between the foldons, i.e. the protein folds as 

one unit. Right panel. Multi-state proteins. Without the coupling overlapping element 

but with the two-channel landscape, there will be two folding events, with a folding 

intermediate accumulating between the denatured state and the native state. These two 

events must follow the right order, which could be a complicated process for a pro-

tein, and the intermediate state has to be stable enough to be isolated as one species. 

Bottom panel. Looking at the minimal free-energy landscape with one folding channel 

one would make it appear that adding two channels into one, with a structural overlap, 

may be a safe way for nature to combine two-channel landscapes into one cooperative 

unit or even bigger domains. Is this the answer to how nature can combine several 

small foldons into larger domains that can fold without forming intermediates and 

within reasonable time? 
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Cutting down the S6 structure to its bare foldons. 
Another interesting feature is that neither of the permutants has significant φ values in 

the second β-strand. This implies that none of the structures involves this strand in the 

folding reaction (see the φ-value analysis in Figure 20). To examine this possibility 

more closely, we designed a protein without the second β strand. For practical reasons 

the permutant P54-55 was selected as the basis for the design, because it has the β2 po-

sitioned in the C-terminal. We know from earlier studies of S6 (Otzen, Kristensen, & 

Oliveberg, 2000) that charges on the surface are important as aggregation gate-

keepers, where they can work as repelling forces between protein molecules. There-

fore, with the removal of β2 we had to introduce new charges on the surface of β3 to 

prevent oligomerization. 

 
Figure 25. The crystal structure of P54-55 without β2. The crystal structure of the con-

struct has a great resolution of 0.96Å (shown in green) and is overlaid with the in 

silico structure used as basis for the P54-55 design (shown in white). As can be see in 

the Figure, two structures are very similar except for the lack of β2 in the new con-

struct and the fact that the third strand is slightly shorter in the green construct. Seen 

to the right is (delete β2) showing the four modifications that we had to make to avoid 

oligomeric structures together with the C-terminal KH domain of HNRNP K  (PDB 

code 1KHM).  Showing T14:T15 and Q71:N72 are shown in blue. 

 

From the protein data bank, we found a protein with a similar fold, i.e. three strands 

and two helices, called the C-terminal KH domain of HNRNP K (PDB code 1KHM) 

(Figure 25) which we used as a model to design our new protein. This protein has Thr 

at position 14 and 15 in the edge strand and Gln and Asn in the edge helix at position 
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71 and 72 respectively. Accordingly, we mutated F7T, L8T, T62Q and T63N in P54-55 

to mimic the fold of C-terminal KH domain of HNRNP K. To lose the last strand in 

sequence we introduced a new C–terminal by inserting a stop codon at position 78. 

The crystal structure shows no significant deviations from our model, i.e. a cartoon 

structure of P54-55 designed from PDB code 1RIS (Figure 25). The N-terminal edge 

strand, β3, is, however, slightly shorter than the original strand. The resolution of the 

crystal is very high at 0.96Å. 

 

The chevron plot of P54-55 delete β2 clearly shows that S6 can fold into its native state 

without this element (Figure 26). The kinetic effects are small, with no significant 

changes in the refolding rate but with a faster unfolding rate. There is no shift in βT, 

βT=0.68 in P54-55 and βT=0.69 in the truncated construct, which is within the experi-

mental error. The new construct is less stable than P54-55, with a stability loss of 1.75 

kcal/mol. The φ value for the strand truncation is zero, which is in good accord with 

the predictions for previous φ-value data on this element, with no significant φ values 

seen in β2. This implies that β2 is not important for the folding process of S6. We 

conclude that β2 is just an element sitting in between α1 and β3, and therefore is be-

ing pulled in, from the hairpin with β3, without affecting the folding behaviour (un-

published data).

 
Figure 26. Chevron plot of P54-55 and the truncated construct without β2, P54-55 delete 

β2. The chevron plot of P54-55 (black filled circles) compared with P54-55 delete β2 (red 

filled circles) clearly shows that this protein can fold, even though it is less stable 

without the last β-strand. 
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Deviation from ideal two-channel behaviour: aggregation and 
misfolding 
An interesting detail that showed up with P81-82 was that there was more than one fold-

ing phase for the kinetics experiments. The second phase seems to be initiated by 

folded-state aggregation at low [GdmCl] (unpublished data).  

 

The crystal structure of another permutant (P68-69) reveals a dimeric structure (Figure 

27). It turned out to form a dimer interface from residue 92, which was substituted 

from a lysine (K) in wild type to an alanine (A) when constructing the new loop be-

tween β4-β1 in all permutants. It seems like the charged residue, K92 is an aggrega-

tion gate-keeper to prevent oligomeric structures. To test this, we mutated the alanine 

back to a lysine, which removed this second phase seen in P81-82 (data not shown). 

From double jump experiments we found out that the second phase was concentration 

dependent and could be resolved by adding 0.8M [GdmCl]. So for the permutant 

study, we resolved the complex kinetics by unfolding the permutant in 0.8M [GdmCl] 

for it to remain monomeric. 

 
Figure 27. The crystal structure of P68-69 dimer (unpublished data). From the dimer 

structure of P68-69 it is clear that the dimer interface is constructed from the residue 

A92, which is a charged residue in S6wt. 

Examination of the S6 landscape by HD-exchange motions. 
In previous studies we have examined point mutations and φ values to analyse the 

multi-nuclei landscapes of S6 (Papers I -III), where one channel corresponds to the 

tertiary condensation of β1, α1 and β3 (σ1) and the other to the condensation of β1, 

α2 and β4 (σ2) (Figures 20 and 24). Because of the dual initiation points, the folding 

process of S6 can proceed along either of two parallel pathways. With the results from 



 65 

equilibrium HD exchange we extend the analysis method to examine how pathway 

alterations affect the dynamic motions of the native structure. For this study we use 

two of the S6 constructs with the different folding behaviour, S6wt which folds mainly 

towards the σ1→σ2 pathway, and the permutant P54-55 which mainly folds with the 

reversed σ2→σ1 pathway (Figure 15). The result shows that the native-state fluctu-

ations are not dependent on the sequence of folding.  

Nuclear magnetic resonance spectra and assignments 
The HSQC spectra of S6wt and P54-55 in H2O show well-dispersed peaks, indicating a 

well-structured protein (Figure 28). We were able to assign nearly the complete back-

bone structure and extensive side chains (Figure 28). Overall, the two spectra are very 

similar except for local changes associated with the N- and C- terminal linkage and 

the permutant incision point in the β2 and β3 loop. It is therefore, clear that the spec-

trum of P54-55 is better then that of S6wt. Why this occurs is not entirely clear, but it 

could be an artefact of the long intact loop between the β2 and β3 in S6wt, which is cut 

in two in P54-55. This loop is very flexible and may therefore have several conforma-

tions in the native state. This can also be seen in Figure 29, where this region is more 

flexible in the wild type than in the permutant.  
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Figure 28. The HSQC spectra of S6wt and P54-55 in H2O, showing the assigned peaks. 

The two spectra are well dispersed and show that the signal peaks of almost all amino 

acids are possible to assign. 
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Analysis of the S6 solution structure 
 
The NMR structure of S6wt is in good agreement with the X-ray crystal, PDB-code 

1RIS (Lindahl et al., 1994) (Figure 29). Unfortunately we do not have the crystal 

structure for P54-55, as we were unable to crystallize the protein. Nevertheless, both 

structures are very similar except for the changes made in P54-55, with the new loop 

and the incision between amino acids 54 and 55, which makes the β2 more flex-

ible/frustrated in P54-55 than in the wild type. Moreover, the loop introduced between 

the original N- and C-terminal is in precise agreement with the molecular design 

(Lindahl et al., 1994). The result is also supported by predictions of frustrations in S6, 

showing that the second β-strand is the most frustrated region in the protein (unpub-

lished data from the Wolynes group of researchers). Even so, there are regions (in the 

upper parts of β-strands 2 and 3) in both structure determinations where the multiple 

structures do not align (Figure 29). This may be due to lack of well-defined secondary 

or tertiary structures or to the fact that the proteins have more than one conformation. 

 

 
Figure 29. Nuclear magnetic resonance (NMR) solution structures of S6wt and P54-55. 

An ensemble of 20 structures is shown. The crystal structure (PDB code 1RIS) is used 

as ribbon representation of S6wt and for the basis of the desidn for P54-55 the in silico 

structure was used. Overall, the secondary-structure regions of wild type and the per-

mutant are similar both to 1RIS and to one another, thus indicating no topological 

modifications from permuting the structure. The colour-coding of the ensemble struc-

tures is according to measured heternonuclear 15N-1H NOE factors (blue (most rigid), 
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>0.7; green, 0.7 – 0.5; orange, 0.5 – 0; red, <0 (least rigid)). Residues where it was not 

possible to measure NOEs are shown in grey. 

The H/D-exchange 
In the HD-exchange experiments there are several peaks that disappear within the 

dead-time of the experiment (mixing time of approximately 20 minutes). Correspond-

ingly, after 60 h of incubation in D2O, some peaks still remain strong and unaffected 

by the exchange. Similar slow decay times are expected for the residues exchanged by 

global unfolding. These peaks show the backbone positions where amide protons 

have the strongest protection. Notably, the final spectra of the two proteins are almost 

identical after 60 h even though their folding pathways run in opposite directions 

(Figure 30). This suggests that the most protected region of the two structures looks 

the same and has similar dynamic properties.  

The observed exchange rates involve the exchange of amides with intermediate pro-

tection from solvent interactions. This indicates exchange from locally open states 

€ 

Nn
open( )  with occupancies higher than [D]. The stabilities of these states are generally 

estimated from 

 

€ 

kex
obs = kex

int Nn
open[ ]

Nn
open[ ] + N[ ]

→ kex
obs = kex

intKn
open  when 

€ 

Kn
open  <<1,  (25) 

 

assuming that the intrinsic exchange rates for open amide positions are the same as in 

D. The individual values of 

€ 

Kn
open  are commonly calculated as HD protection factors, 

as in Equation 21. The protection factors of the rapidly exchanging positions where 

set to -2.9 (with half-times < 10 minutes, within the dead-time of the experiment) and 

the slow exchanging residues where set equal to the total stability of the protein, log K 

equal to -6.20 and -6.70 for S6wt and P54-55 respectively, yielding HD half-times be-

tween 440h and 1392h. 
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Figure 30. Heteronuclear single quantum coherence (HSQC) spectra in H2O and after 

60h incubation in D2O. There are still peaks left after 60h incubation in D2O. These 

amino acids are involved in backbone interactions and are therefore protected from 

exchanging their amide protons (e.g. in Figure 14). 

 

Analysis of the positions with intermediate exchange rates shows that the exchange 

that appears in S6wt is almost identical to that in the permutant (Figures 30 and 32). 

The most protected amide protons are situated in β1, α1 and β3, which is a perfect 

match with to σ1 nuclei (Figure 30).   

Relation to φ-value analysis and foldon boundaries 
The plot of the protected amide protons from the HD exchange and the high φ values 

in the S6wt, shows correlation with an R-value of 0.56 (Figure 31A). Conversely, the 

permutant with the reversed folding shows a weak correlation (R=0.10) because P54-55 

has all its high φ values in the σ2 nucleus (Figure 31B). The result reveals a shared 

exchange pattern within the same elements of the σ1 route for the highest protection 

for both structures, while the intermediate protection factors are seen in β4 of α2, 

which agrees well with the σ2 nucleus (Figure 25).  
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Figure 31. Plot of the protected amino acids from the HD exchange vs. high φ values. 

There is a correlation between the protected amino acids and the σ1 pathway in S6wt 

but only a weak correlation of P54-55 which folds with the σ2 pathway. 

 

The only significant difference between the HD-exchange patterns is a slight increase 

in the protection factors near the designed loop of P54-55. Consequently, our results are 

inconsistent with the ‘last out-first in’ hypothesis, which proposes that the last protons 

to exchange are the first region to fold (Englander, 1998). This is clearly not the case 

with P54-55, where the slow exchange region follows the σ1 pathway with the lowest φ 

values (Figures 20 and 32). At the same time, the nearly identical exchange pattern of 

S6wt is a perfect match to the σ1 pathway. These results clearly underline that equilib-

rium-exchange experiments cannot be used on their own to understand the folding 

sequence, but have to be supported by the results from other folding experiments.  
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Figure 32. The results from HD exchange of S6wt and P54-55. Overall, the results reveal 

that the two proteins have very similar exchange patterns, even though they use dif-

ferent folding routes, indicating no response to the changes in the folding pathway 

induced by circular permutation. The backbone positions are colour coded according 

to the protection factors (PF) from low (white) to high (red) values. 

 

Even though the HD exchange and the φ-value analysis show different structural pat-

terns, the results still make sense. Basically, though controversial, the results show 

that the HD exchange and folding events are separate events at different free-energy 

levels. Unfolding attempts involving S6 can be initiated along two competing path-

ways. The two channels represent the characteristics of the folding-energy landscape 
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for S6 (Chavez et al., 2006; M. O. Lindberg & Oliveberg, 2007), where unproductive 

unfolding attempts in both channels occurs continuously. A distribution of partly  

unfolded species arises according to the fundamental laws of thermal motions. It is 

most likely that it is during these motions that the HD exchange takes place, seen as 

€ 

k1
open  in the lower levels of the unfolding barrier in Figure 33. The high protection 

factors in σ1 indicate the opening motions of this channel that occur at free-energy 

levels around and above KD-N, which can be seen as 

€ 

K3
open  in Figure 33. Global unfold-

ing requires much higher excitations to be enable crossing the barrier from the native 

state to the denatured state (Kubelka, Hofrichter, & Eaton, 2004). Even so, there are 

several unfolding attempts that frequently take place further on in the native basin. 

However, these excitations do not lead to productive unfolding events indicating that 

events further down in the native basin are separated from the occasional productive 

excitations that determine the folding pathway (Figure 28). 

 

 
Figure 33. Schematic view of the native basin for S6, with the two-channel landscape. 

When a protein unfolds completely (by global unfolding) all its amino acids are ex-

posed to the surrounding solvent, and are therefore accessible to proton exchange, 

according to D (

€ 

KD
open = D[ ] N[ ] ). Proteins can also have local unfolding events with 

occupancies higher then D (

€ 

K1
open ). Whereas all open states with occupancies similar 

to and lower than D (

€ 

K2
open  and 

€ 

K3
open ) will not be distinguishable from the global ex-

change. Therefore, only the 

€ 

K1
open  can be determined. 
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In essence, the HD-exchange takes place inside the native basin (Figure 36), at differ-

ent free-energy levels lower then the transition state for global unfolding. In this low 

free-energy level all channels are sampled at the same time. Whereas the protein fold-

ing pathway appears at higher free-energy levels then the transition state. This is why 

we can separate the two events and explain the inconsistent results from the ‘last out-

first in’ hypothesis. 

Exchange motions correlates with local stability 
The HD breathing motion necessary to temporarily expose an amide proton to sur-

rounding solvent often involves the motion of just a few residues (Milne, Mayne, 

Roder, Wand, & Englander, 1998). This is supported by the insignificant effects on 

the solvent-exposed surface area (mD-N) (Bai et al., 1995), and insignificant changes in 

the global protein stability (ΔGD-N) from different mutations in  the structure (Clarke 

& Fersht, 1996). Figure 34 reveals a correlation between protection factors and local 

stability as determined by ΔΔGD-N upon point mutation. It shows that the stronger the 

side-chain anchoring point is the higher the protection factor. This shows that this 

type of local fluctuation in the structure most likely occurs at free-energy levels close 

to the native state.   

 
Figure 34. The HD protection factors (-log Kopen) vs. local stability (ΔΔGD-N). All data 

used show the correlation in the plot, including the points at the thresholds for global 

exchange (arrow pointing up) and exchange faster than log

€ 

kex
obs = -2.9 (arrow pointing 

down). The plot reveals the connection between ΔΔGD-N and PF, namely, that the 

stronger the side-chain anchoring point is the higher the protection factor for a pro-

tein.   
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Funnel of competing funnels 
The number of foldons determines the number of ‘robust’ channels in the landscape 

(i.e. component funnels) but the routes an individual protein or construct may use to 

cross this landscape can depend not only on protein topology, but also on the acces-

sible nucleation motifs within the structure. The separation of the HD-exchange mo-

tions and the rare excitations controlling the folding order suggest that the two events 

take place at different levels in the free-energy landscape. The HD exchange also 

supports the idea that unfolding of S6 occurs along two competing channels (Figure 

15).  

 

A quantitative analysis of pathway plasticity at the level of individual side chains, 

demonstrates that the structural cooperativity of S6 is optimized by geometric overlap 

of two competing folding nuclei: folding of one nucleus catalyses the formation of the 

other since they both include β-strand 1. As similar overlapping nucleation motifs are 

also discerned in other proteins, we hypothesize that the coupling of several small 

nuclei into extended ‘super nuclei’ represents a general principle for optimizing the 

folding cooperativity of large proteins. The component nucleation motifs can there-

fore be seen as a property-based level in the structural hierarchy of proteins, describ-

ing the three-dimensional organization of secondary-structure elements (Figure 35). 
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Figure 35. Funnel of funnels. The folding landscape of S6 is composed of two com-

peting funnels that merge into one (Paper I), (M. O. Lindberg & Oliveberg, 2007; 

Olofsson, Hansson, Hedberg, Logan, & Oliveberg, 2007). Depending on permutation 

and sequence details, however, different S6 variants will choose different routes 

across this folding landscape. So this is a way to emerge several folding channels 

without losing the cooperativity for the protein. 

 

Even so, the protein folding event is not an obligatory sequence of events: rather, it is 

a plastic event that can adjust readily to sequence divergence (Olofsson et al., 2007) 
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and functional evolution (Chavez et al., 2006; Gosavi, Whitford, Jennings, & 

Onuchic, 2008) following simple topological rules (M. O. Lindberg & Oliveberg, 

2007). If one route is blocked there is always a competing pathway ready to take over 

in the free-energy landscape (Figure 36), leading to an event where the protein will 

always attempt to fold unless for some reason it aggregates or precipitates. Therefore, 

there will always be an equilibrium of folded and unfolded species.  

 
Figure 36. Schematic illustration of the native basin showing HD-breathing motions 

along the two pathways. The arrows indicate two energetically equivalent excitations. 

On the σ1 pathway the excitation is big enough to cross over from the native state to 

the denatured state. On the other pathway the excitation is too small, so this protein 

falls back into the native basin. The excitation on the σ2 route in this case is just a 

high-energy breathing motion that does not lead to productive unfolding. Thus, the 

HD exchange occurs below the TS in the free-energy landscape, and the two compet-

ing pathways are sampled in parallel below this point. The free energies are coloured 

according to the protection factors in Figure 32. 

 

Moreover, sequence positions accessible for exchange on the native side of the  

unfolding barrier could still show global exchange rates, indicating that there is a cor-

relation between HD-exchange and folding φ values (Figure 20 and 32). Even though 

we have used the rate constants in analysing of the HD exchange, the technique solely 

investigates the occupancy of the various open species at equilibrium. Consequently, 

HD exchange does not contain any information about their order of contact formation. 
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Furthermore, it turns out that the HD-exchange data, in combination with pathway 

information from φ-value analyses, can be used to map out new details of the folding-

energy landscape. Still, the results from the HD-exchange analysis seem to describe a 

parallel breathing of the two folding channels in S6 that occurs independently of the 

folding event. 
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Outlook 

Although this study does not solve the code of protein folding it has provided funda-

mental knowledge about the role of loop entropy in controlling the fluxes across the 

folding-energy landscape. Even if the folding process remains complex because of its 

high dimensionality, it responds in a simple way to entropy perturbations. In my  

thesis I have tried to give a more detailed view of these phenomena using the riboso-

mal protein S6 as model system. S6 together with other small α/β proteins has more 

than one folding pathway to choose from in the free-energy landscape. I have also put 

forward an explanation for how folding cooperativity can be maintained by a struc-

tural overlap. This could be a safe way for nature to combine several small foldons 

into larger domains that can fold within reasonable time without forming intermedi-

ates. However, biophysical characterization of rationally mutated and re-designed 

proteins needs to be done to provide more detailed insight into the mechanism of pro-

tein folding. 

 

As a final piece to the puzzle it would have been interesting to study the totally  

circularized protein to examine how cross-linking of polymer chains can reduce the 

conformational entropy of the unfolded state, resulting in stabilization of the native 

state. An N- and C-terminal circularization of a protein should therefore have the 

maximal effect on the conformational entropy and, consequently, the minimum search 

through the conformational space. Although I have tried for several years I have not 

been able to produce this circularized protein. 

 

Cutting the structure down one step further to obtain a single foldon would be an in-

teresting and natural next step in the foldon analysis, with the aim to produce the 

minimal structure for folding which would be a small, cooperatively folding protein 

of just two β-strands and one α-helix.  

 
After using NMR technique to study S6, I can see how we can continue our research 

and expand our knowledge through relaxation studies. Another interesting study 
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would be to look into the different amplitudes seen in our kinetic experiments. There 

is one dominant phase for the folding/unfolding reaction of our monomeric species, 

but when investigating the curves they can be fitted with double or triple exponential 

equations. This indicates that there may be other species, e.g. multimeric structures of 

S6, or to investigate the slow refolding-phase from proline isomerization. It would be 

interesting with regard to these different amplitudes to solve all folding phases in de-

tail by means of double-jump experiments. 

 

Finally, it would be interesting to study other systems, e.g. an all-helix or all-beta pro-

tein, to examine how these are organized in terms of foldon composition and differ 

from the two-strand-helix nucleation motifs of S6. Of particular interest would be to 

investigate whether foldon overlap exists also in other topologies, and how these are 

organized.  
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Populärvetenskaplig sammanfattning på svenska 

Naturen är uppbyggd av en rad olika komplexa makromolekylära strukturer, däribland 

proteiner. I dagens träningssamhälle pratas mycket om proteiner och proteintillskott, 

men det är inte det jag har fokuserat på under min tid som doktorand. Jag har studerat 

de unika egenskaperna som proteiner har när de veckas. Proteiner har många olika 

funktioner i cellen, så som att exempelvis fungera som ett enzym som hjälper till att 

katalysera andra reaktioner, eller att bygga upp celler och muskler. För att ett protein 

ska kunna fungera och utföra sin specifika funktion behöver det veckas till sin unika 

tredimensionella struktur, det så kallade nativa tillståndet (N). Att denna vecknings-

process kan ske på mindre än en sekund är svårt att förstå mot bakgrund av hur kom-

plicerad den är. En av de centrala och fortfarande olösta frågorna inom biologin är hur 

just denna proteinveckning går till?  

 

Proportionerna på problemet kan skönjas i den så kallade golfparadoxen: om alla 

tänkbara former ses som rutor på en ofantlig golfbana (proteinets veckningslandskap), 

och proteinet liknas vid en blind golfspelare (vilket är rimligt) som tillåts slå 10 000 

000 000 000 gånger i sekunden (vilket är med den hastighet som ett protein kan röra 

sig) skulle det ta länge tid än universums ålder att hitta hålet. Vilket inte är möjligt. 

 

Under min doktorand period har jag studerat det ribosomal proteinet S6, från Thermus 

thermophilus, för att kunna kartlägga vilka delar av proteinet som är viktiga för veck-

ningen samt hur vi kan påverka processen. För att undersöka detta och för att se vil-

ken frihet naturen har i veckningsprocessen har jag studerat hur mycket vi kan störa 

veckningen för ett givet protein med hjälp av ‘protein engineering’, dvs. hur mycket 

kan vi klippa och klistra i proteinet utan att förstöra veckningslandskapet. I huvudsak 

har jag arbetat med att producera olika topologiska varianter av S6, så kallade permu-

tanter, där den inbördes ordningen av sekundärstrukturselementen ändras utan att den 

slutliga nativa strukturen påverkas. Endast looparna knyts på nya sätt med hjälp av så 

kallad cirkulär permutation. Med dessa varianter har vi kunnat se att veckningsland-
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skapet inte är helt platt utan i själva verket är en tratt (Figur 22). Vi har dessutom visat 

att proteiner inte behöver följa en strikt väg i tratten utan kan virvla ner på olika sätt. 

Med hjälp av så kallad φ-värdes analys har vi kunnat visa att det minsta veckningsmo-

tivet som krävs för att ett protein ska veckas är en helix och två strands. Detta veck-

ningsmotiv är inte unikt för S6 utan kan även ses i andra små α/β proteiner. Veck-

ningslandskapet är dessutom plastiskt och kan styras av flera dominanta veckningsvä-

gar. S6 kan antingen veckan via β1, β3 och α1 (foldon 1, σ1→σ2) eller via β1, β4 

och α2 (foldon 2, σ2→σ1). För att behålla en kooperativ veckningen process, dvs. 

behålla en ‘allt eller inget’ reaktion, hålls dessa två vägar samman med hjälp av ett 

överlappande element, där veckning av den ena vägen katalyserar bildningen av den 

andra, då båda innehåller β-strand 1. Med resultatet från HD-utbytes experiment hos 

två S6 konstrukt, S6wt och P54-55, kan vi visa att nativa fluktuationer, så kallade ‘bre-

athing motions’ där amid protonerna exponerar så att ett utbyte kan ske mellan 1H och 

lösningen (D2O). Vi har visat att detta utbyte sker oberoende av veckningsvägen, då 

processerna sker på olika energinivåer i veckningslandskapet. 
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