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Abstract 

  
Going down the folding funnel, proteins may sample a wide variety of con-
formations, some being outright detrimental to the organism. Yet, the vast 
majority of polypeptide molecules avoid such pitfalls. Not only do they 
reach the native minimum of the energy landscape; they do so via blazingly 
fast, biased, routes. This specificity and speed is remarkable, as the sur-
rounding solution is filled to the brim with other molecules that could poten-
tially interact with the protein and in doing so stabilise non-native, potential-
ly toxic, conformations. How such incidents are avoided while maintaining 
native structure and function is not understood. 
 
This doctoral thesis argues that protein structure and function can be sepa-
rated in the folding code of natural protein sequences by use of multiple 
partly uncoupled factors that act in a concerted fashion. More specifically, 
we demonstrate that: i) Evolutionarily conserved functional and regulatory 
elements can be excised from a present day protein, leaving behind an inde-
pendently folded protein scaffold. This suggests that the dichotomy between 
functional and structural elements can be preserved during the course of 
protein evolution. ii) The ubiquitous charges on soluble protein surfaces are 
not required for protein folding in biologically relevant timescales, but are 
critical to intermolecular interaction. Monomer folding can be driven by 
hydrophobicity and hydrogen bonding alone, while functional and structural 
intermolecular interaction depends on the relative positions of charges that 
are not required for the native bias inherent to the folding mechanism. It is 
possible that such uncoupling reduces the probability of evolutionary clashes 
between fold and function. Without such a balancing mechanism, functional 
evolution might pull the carpet from under the feet of structural integrity, 
and vice versa. These findings have implications for both de novo protein 
design and the molecular mechanisms behind diseases caused by protein 
misfolding. 

 



 

Contents 

List of Publications .................................................................................................................. vi 
Abstract ................................................................................................................................... vii 
Introduction ............................................................................................................................ 11 

Proteins Fold ....................................................................................................................... 11 
Protein Structure ............................................................................................................ 12 

Primary Structure: Polymers of α-Amino Acids ..................................................... 13 
Secondary Structure: Helices, Loops, and Sheets ................................................... 13 
Tertiary Structure: The Monomer Fold ................................................................... 14 
Quaternary Structure: Protein Complexes ............................................................... 15 

Folded Proteins .............................................................................................................. 15 
Unfolded and Denatured proteins ................................................................................. 16 
Disordered Proteins ....................................................................................................... 17 

How Do Proteins Fold? ....................................................................................................... 18 
Folding Can Be Reversible ........................................................................................... 18 
Folding Cannot Be a Random Search ........................................................................... 19 
Folding is Cooperative .................................................................................................. 19 
Protein Stability ............................................................................................................. 21 
The Hydrophobic Effect Drives Folding ....................................................................... 22 

Determination of Protein Stability ........................................................................... 23 
Protein Folding Kinetics ............................................................................................... 26 

Determination of Transition State Structure ............................................................ 28 
Folding Intermediates .............................................................................................. 30 

Accounting for Biologically Relevant Folding Rates ................................................... 31 
Surface Charges Promote and Prevent Intermolecular Interaction ............................... 34 

The Model Systems ................................................................................................................. 38 
Copper/Zinc Superoxide Dismutase ................................................................................... 39 
Ribosomal Protein S6 ......................................................................................................... 41 

Summary of Papers ................................................................................................................ 44 
Paper I ................................................................................................................................. 44 
Paper II ................................................................................................................................ 46 
Paper III .............................................................................................................................. 47 
Paper IV .............................................................................................................................. 49 

Conclusions ............................................................................................................................. 52 
Populärvetenskaplig sammanfattning på svenska .............................................................. 54 
Acknowledgements ................................................................................................................. 55 
References ............................................................................................................................... 57 



 

 



 

Abbreviations 

CO         Relative contact order 
D/DSE        The denatured state ensemble  
GdmCl        Guanidinium chloride 
HSQC        Heteronuclear single quantum coherence 
I          Intermediate 
LFER        Linear free energy relation 
N          The native state ensemble 
NMR         Nuclear magnetic resonance 
pwt         pseudo wild type 
SASA        Solvent accessible surface area 
TS/‡/TSE       Transition state ensemble 
wt          The wild type of a protein 
Amino Acids 
1-letter 3-letter Full Name 
A Ala Alanine 
C Cys Cysteine 
D Asp Aspartic acid 
E Glu Glutamic acid 
F Phe Phenylalanine 
G Gly Glycine 
H His Histidine 
I Ile Isoleucine 
K Lys Lysine 
L Leu Leucine 
M Met Methionine 
N Asn Asparagine 
P Pro Proline 
Q Gln Glutamine 
R Arg Arginine 
S Ser Serine 
T Thr Threonine 
V Val Valine 
W Trp Tryptophan 
Y Tyr Tyrosine 
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Introduction 

What is the protein-folding problem? Nature has no problem folding pro-
teins. As you read this sentence, a huge number of protein molecules are 
synthesised in your body and surroundings and the majority of these fold 
spontaneously to their functional structure, and the housekeeping systems of 
the cell neutralise misfolded proteins. Indeed, if protein folding was a prob-
lem to nature, life as we know it would not exist. The 'problem' is that man 
cannot comprehend how the folding behaviour of natural proteins is possi-
ble. 

Proteins Fold 
All organisms contain proteins. All proteins consist of one or more polypep-
tide chains; unbranched polymers of L-α-amino acids connected by rigid, 
planar, dipolar peptide bonds (Fig. 1). The smallest protein, the designed Trp 
cage (1), contains 20 residues, while the largest, the striated muscle protein 
Titin, can exceed 30000 residues (2). Shorter chains, i.e. oligo-peptides or 
simply peptides, are equally important in vivo, e.g. as neurotransmitters or 
culprits in protein misfolding diseases (3), but are beyond the scope of this 
text. To gain biological function, most proteins must spontaneously self-
assemble into a compactly organised yet dynamic three-dimensional struc-
ture, the 'native' state (N). Oftentimes, functional proteins also require bound 
cofactors such as metal ions or prosthetic groups, or post-translational modi-
fications. 
 
The conformational change of a protein from an expanded, more or less dis-
orded unfolded (U) or denatured (D), state to the tightly packed, organised N 
is termed 'protein folding'. Folding into stable conformations other than N is 
known as 'protein misfolding', and may be induced by e.g. single amino acid 
substitutions or changes in the solution that is surrounding the protein (see 
below). One, often deleterious, aspect of protein misfolding is the clustering 
of misfolded proteins into non-functional aggregates and fibrils (3, 200). 
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Protein Structure 
Protein structure is often divided into four tiers (4): primary, secondary, ter-
tiary, and quaternary structure (Fig. 1), which are the sum of a large number 
of a few different types of individually quite weak interactions (bond 
strengths given below assume the solvent is H2O): 
i) Covalent bonds: The highest energy bond of polypeptide chains (~85 kcal 
mol-1 for C−C). They are short (~1.54 Å for C−C) and connect C−C, C−N, 
and C−S in both the protein backbone and the side chains (see below) (5). 
Disulphide bonds, i.e. S−S between the thiols of two Cys side chains (see 
below), are typically weaker (~40 kcal mol-1) and longer (~2.2 Å) (6). In 
addition, polypeptide chains gain their name from a very special type of 
covalent bond; the peptide bond (see below). 
ii) van der Waals interactions: Weak (~1-4 kcal mol-1), short (<5 Å) interac-
tions caused by reorganisation of the electron distribution whenever two 
molecules are close to each other, e.g. dipole-dipole or induced dipole-dipole 
interactions. The main interactions between non-polar groups in the hydro-
phobic protein core, their relatively low directionality allows certain move-
ment despite the compactly packed environment. Attractive interactions can 
also arise from synchronised fluctuations in the electron clouds of two non-
polar molecules without permanent dipole moments (7). 
iii) Hydrogen bonds (H-bonds): Non-covalent interactions between two elec-
tronegative atoms (2 × −δ) that compete for a hydrogen atom (+δ). In pro-
teins the donors and acceptors are N, O, or S atoms, and the bonds are either 
intramolecular or, equally important, between protein and solvent. H-bonds 
have directionality, i.e. formation only occurs for certain relative orientations 
of donor and acceptor. The closer the bond angle is to 180° the shorter the 
bond length, and the larger the difference in electronegativity between donor 
and acceptor, the stronger the H-bond. Bond energy varies from 0.2 to >15 
kcal mol-1 and bond lengths between 1.7 and 3.5 Å. As the functional groups 
of the donor and acceptor impose geometrical constraints, most H-bond an-
gles in proteins are 170-160° (7). H-bonds between fully charged partners 
are called salt bridges. In proteins, salt bridges primarily occur between the 
charged state of Asp, Glu, Arg, His, and Lys side chains. These ion-pairs are 
stronger (3-7.2 kcal mol-1) and shorter (2.8 Å) and than other H-bonds (6). 
iv) Long-range electrostatic interactions: Ion pairs with >4 Å between donor 
and acceptor lose directionality. The distance and strength of these interac-
tions depend on the dielectric constant and ionic strength of the solvent, as 
described by the Debye-Hückel theory. In essence, the less polar solvent, the 
stronger and longer the electrostatic interactions. Nevertheless, the Debye-
Hückel theory cannot quantitatively capture the dynamic coupled titration 
behaviour of the many charged functional groups within a protein with suffi-
cient accuracy, and neither can alternative theories (7-11). For instance, pKa 
values in D and N must be determined experimentally (12, 13). Development 
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of novel experimental techniques to improve the theoretical models of pro-
tein electrostatics is an area of intense activity, as electrostatic interactions 
are of great importance to protein folding, function, and misfolding (see 
below). 

Primary Structure: Polymers of α-Amino Acids 
The primary structure of a protein is its sequence, the order that the residues 
are connected in (Fig. 1). All natural amino acids except Pro share a zwitter-
ionic structure, +H3NCαHRCOO− at pH 7. R is the side chain, the organic 
substituent that differs between each of the amino acids. R can be non-polar, 
polar, positively charged, negatively charged, and aromatic. 
The backbone structure of all polypeptides varies only in the number of ami-
no acids. Adjacent residues are connected by rigid, planar, dipolar so-called 
'peptide bonds' between the sp2-hybridised carboxyl-carbon of residue i and 
the amino-nitrogen of residue i+1. The p-electrons of Ci−Ni+1 uninvolved in 
sp2-hybridisation align perpendicular to the plane of the sp2-orbitals. These 
electrons make the peptide bond rigid through an additional covalent bond 
that blocks rotation around the Ci−Ni+1 bond. The peptide bonds and the Cα 
atoms form the polypeptide 'backbone'. Most peptide bonds adopt trans con-
formation (ω = 180°), as the cis isomer (ω = 0) is 103 times less energetically 
favourable due to steric clashes between the Cα-atoms and side chains of 
neighbouring residues. The exception is again Pro (see below). 

Secondary Structure: Helices, Loops, and Sheets 
The secondary structure, i.e. α-helices, β-sheets, β-turns, β-hairpins, and 
loops, results from optimal intramolecular H-bond formation between pep-
tide bond C=O and N−H-groups (Fig. 1) (17-20). These repetitive patterns 
make secondary structure rigid (9), and require rotation around the Cα dihe-
drals ϕ (Ni−Cα) and ψ (Cα−Ci). Side-chain clashes restrict α- and β-
conformation to characteristic ϕ,ψ combinations (21). Gly torsion angles are 
less restricted, while the cyclic side chain of Pro restricts rotation around ϕ. 
Loops are solvent-exposed sequences that lack repetitive H-bond patterns. 
While loops are generally considered the most flexible elements of protein 
structure, persistence length is sequence dependent and loops do not neces-
sarily display random-flight behaviour (22-29). Loops often contain func-
tional elements; strands and helices can form a structural scaffold while 
function resides in the loops (paper I-III). Finally, multiple secondary struc-
ture elements can be combined into repeating patterns in protein structures; 
'motifs' or 'supersecondary structure' (30). 
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Fig. 1. The four tiers of protein structure (4), illustrated by crystal structures 
of ribosomal protein S6 (PDB IDs 1RIS (14) and 1QJH (15)). Atoms are N (dark 
grey), O (grey), C (light grey), H (white). The quaternary homotetrameric 
complex is induced by introduction of only 4 substitutions 
(E41A/E42I/R46M/R47V). These substitutions leave monomer stability virtu-
ally unaffected (15). Two monomers in dark grey, two in white. H-atoms were 
added in silico. All molecular graphics in this thesis were made with the UCSF 
Chimera package (16). 

Tertiary Structure: The Monomer Fold 
The tertiary structure or, in more modern classification systems, 'fold' (31-
33), is the conformation of an entire polypeptide chain or a domain. It de-
scribes the relative orientation of secondary structure, side chains, co-factors, 
and any interactions between residues separated in sequence but close in 
space. Tertiary structure makes globular proteins soluble in polar solvents, as 
most hydrophobic side chains are buried in the core of N (see below), and 
permits additional H-bonds to be satisfied intramolecularly. For instance, 
unpaired H-bond partners in the edge strands of two β-sheets can form a β-
barrel (paper I-III). Disulphide bonds reduce conformational entropy by co-
valently connecting residues far apart in the sequence. Electrostatic interac-
tions are also considered part of tertiary structure, although charged residues 
on the surface of globular proteins are not required to form stable tertiary 
structure but rather to fine-tune folding kinetics and quaternary interactions 
(paper IV). 
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Quaternary Structure: Protein Complexes 
Quaternary structure is the interactions and relative orientation of two or 
more polypeptide chains associated into a multimer (Fig. 1). Protein com-
plexes range from homodimers to enormous heteromeric complexes of hun-
dreds of polypeptides (34). Most quaternary interactions are specific. The 
cytoplasmic protein concentration can be as high as 300-400 mg/ml (35-37), 
and 50% of the nonaqueous component of cell mass is protein (38). Promis-
cuous intermolecular interaction in such an environment would be detri-
mental, if not disastrous, to the organism. Specificity is more important than 
protein stability (39), a reasonable assumption from a regulatory point of 
view. 
 
At least two-thirds of all known proteins form complexes, the majority of 
which contain at least two identical chains (40). Although monomers are 
always asymmetric, most multimers are symmetric. Both model systems in 
this thesis can form such oligomers (Figs. 1 and 10). Whether this symmetry 
is of importance to, or just a consequence of, structural and functional evolu-
tion is still unclear (41). Regardless, all metabolic pathways in nature in-
volve molecules that dock to, or form, protein complexes (42). Indeed, the 
human heart beats because of protein complex formation, and the quaternary 
interactions of the complexes responsible for photosynthesis affect the at-
mosphere of planet Earth itself. 

Folded Proteins 
N is the end point of the folding reaction, and the best described state in pro-
tein folding. It has a defined, compact, and unique tertiary or quaternary 
structure (Fig. 1). Just as D is a dynamic ensemble of states, so is N, albeit a 
much smaller and more homogenous one. Reversible conformational shifts 
and breathing without triggering global unfolding are possible due to the 
weak contacts between residues and rotation around backbone dihedrals. 
Even in the densely packed protein interior side-chain flipping can occur in 
milliseconds (43). Such dynamics are essential, as conformational changes 
e.g. the relative movement of domains, secondary structure elements, or 
residues, are important mechanistic features of protein function. 
The number of unique folds in nature is several orders of magnitude lower 
than the number of unique amino acid sequences. Depending on classifica-
tion criteria, the number of unique folds varies from 103 to 105 (33). The 
naturally occurring folds are not equally prevalent, and it is not known 
whether highly populated folds arise from convergent or divergent evolution. 
Although detailed structural classification of native folds often results in 
partially overlapping shades of grey, four broad classes are commonly rec-
ognised: globular, fibrous, membrane, and intrinsically disordered proteins. 
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This thesis work focuses on globular proteins. Such proteins fold into a 
compact globule with most non-polar residues buried in the interior. Polar 
and charged side chains on the protein surface convey solubility and prevent 
promiscuous intermolecular interaction (see below and paper III and IV). 
 
The main techniques for native structure determination are X-ray crystallog-
raphy (paper II), electron microscopy and nuclear magnetic resonance 
(NMR) spectroscopy (papers I, III, and IV). Most published structures are 
available in the Protein Data Bank (PDB) (44). As of July 17, 2012 there are 
83106 structures in the PDB; 0.5% solved by electron microscopy, 11% by 
NMR, and 88% by X-ray crystallography. To put the numbers in perspec-
tive, the first crystal structure, that of myoglobin, was solved in 1958 (45) 
while the first NMR structure, that of proteinase inhibitor IIA, was solved in 
1985 (46). The number of structures in the PDB still increases, although the 
rate has decreased in the last two decades (47). The increasing use of NMR 
is a very positive development as this highly sensitive technique can also be 
used to capture structural dynamics (48, 49) (see e.g. paper I) and barely 
populated states (50), something that the crystalline phase required for satis-
factory X-ray diffraction cannot do. 

Unfolded and Denatured proteins 
U is a large and diverse ensemble, often described by its global properties 
rather than the individual conformations. Most knowledge of U comes from 
denaturation experiments, i.e. induced N→D transitions. Decades before the 
first protein structure was determined experimentally (45), it was recognised 
that the denatured states of the different proteins studied at the time largely 
share the same properties, while the experimental observables of the same 
proteins under native conditions varied considerably (51). It should be em-
phasised that the experimentally induced D is not necessarily equivalent to 
the physiologically relevant U, and the nature of D can depend on the mode 
of denaturation (see below), and on the experimental conditions in general. 
Ideally, U is a random-flight chain devoid of secondary structure, a 'random 
coil'. A random coil has short persistence length, and the conformations all 
have similar G, except those where atoms of the chain come too close to 
each other ('the excluded volume effect') (24). Under strong denaturing con-
ditions, e.g. 6 M GdmCl or 8 M urea unfolded proteins have been found to 
have the average hydrodynamic properties of a random coil (24, 52). There 
is, however, a significant amount of experimental and theoretical studies 
reporting heterogeneity in D even under highly denaturing conditions (53-
57). Despite such reports, cooperative structure like that in N is generally 
absent in D (58, 59), and most chemically denatured proteins have radii of 
gyration corresponding to random coils (60), although the radius of gyration 
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may fail to report on residual structure (61). The reason for the conflicting 
results from different experimental techniques is still debated (62, 63). 

Disordered Proteins 
Based on genome analysis, an average of 2 % of archaeal, 4.2 % of eubacte-
rial and 33 % of eukaryotic proteins are predicted to contain long disordered 
regions in their native state (64). These 'intrinsically disordered' proteins 
(IDPs) are either globally disordered or folded with local disordered seg-
ments of >30–40 residues, that may contain secondary structure but no spe-
cific tertiary structure under physiological conditions and usually behave as 
structural ensembles with distinct and dynamic ϕ and ψ dihedrals (65). Typi-
cally, they lack the hydrophobic cores observed in globular proteins. Disor-
der has been proposed to enable binding to several different ligands, speed 
up molecular recognition (66), and accelerate turnover, thereby providing 
rapid regulation of e.g. the cell cycle, transcription, translation, membrane 
fusion and transport, and stress response (67). Further, disorder also allows 
large intermolecular interfaces without bloating protein, genome, and cell 
size, as a disordered protein can be 2-3 times smaller than a globular protein 
with an interface of comparable size (68). The shorter sequence length re-
duces intracellular crowding. In line with the above, we find in paper I-III 
that the long functional loops of the ubiquitous enzyme superoxide dis-
mutase (SOD1), which are disordered in the apo state and structured parts of 
the dimer interface in the holo state, resemble a separate functional hydro-
philic core in addition to the hydrophobic core. 
The existence of IDPs shows that functional soluble proteins do not need to 
be compact, structured states with hydrophobic cores; the core is needed 
mainly for structural stability and folding. A protein without the residues 
needed to form a hydrophobic core will not be globular, since the sequence 
lacks a bias to satisfy intramolecular H-bonds as polar and charged residues 
can form H-bonds to the solvent without inducing a large entropy loss in the 
solvent. Proteins require hydrophobic residues to form stable structures, but 
not necessarily to function. Charged and polar residues keep these structures 
in solution, direct functional and structural quaternary interactions, and pre-
vent the molecules from sticking together in large lumps, i.e. impose a size 
limit on the clustering caused by the hydrophobic effect (see below). This is 
exactly what we observe when we remove charged residues from the protein 
surface (paper III and IV). 
It should be emphasised that IDPs generally function by binding to a ligand, 
e.g. proteins (69), nucleic acids (70, 71), or membranes (72), and that this 
binding event induces folding of the disordered structure (65). In this sense, 
even IDPs fold to function. 
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How Do Proteins Fold? 
The prevailing paradigm of protein folding is that the amino acid sequence 
of a polypeptide chain determines its structure, which in turn determines its 
function. Proteins fold co-translationally or post-translationally in vivo, and 
depending on N, a protein can be either structural or have a function. Pro-
teins with non-homologous amino acid sequences mostly have different na-
tive conformations, while homologues generally have virtually identical 
fold. How this is possible is not fully established (73). 
There are several theories of protein folding, but it is generally agreed that 
natural proteins have evolved to fold by cooperative transitions along 
smooth, funnel-shaped, energy landscapes biased toward native interactions 
(74-76). The models are inevitably derived from in vitro experiments on 
mainly small single-domain proteins. The main divide is whether folding is 
stepwise with rapid secondary structure formation preceding consolidation 
of the globular tertiary structure as in the framework (77-80) and diffusion-
collision models (81, 82), or if secondary and tertiary structure form concur-
rently as in nucleation-condensation (83). As the models share certain fea-
tures, e.g. cooperativity (see below), they may capture different aspects of 
common underlying principles. Indeed, based on the common features of the 
transition states in diffusion-collision and nucleation-condensation, the 
seemingly conflicting scenarios have been proposed to represent extremes of 
nucleation-condensation and that the folding mechanism will depend on the 
secondary structure propensity of the molecule: the extent of secondary 
structure formation is just larger in diffusion-collision (23, 84). Simulations 
can reproduce experimentally determined native structures of many fast fold-
ing proteins (85), but has yet to falsify any conflicting implications of the 
models mentioned above. 
The models applied in this thesis work are described below; the transfer 
model of chemical denaturation (52, 86), the nucleation-condensation mech-
anism (84, 87) and energy landscape theory (74, 76, 88). 

Folding Can Be Reversible 
The structure of N and the route from D to it, i.e. the folding mechanism, is 
encoded in the amino-acid sequence. This conclusion is based on the finding 
that proteins can fold reversibly. Although reversible protein folding has 
been observed and discussed since the 1930's (89), the pivotal demonstration 
of this phenomenon is generally perceived to be the reversible in vitro dena-
turation of the small globular protein ribonuclease (89-92). It has since been 
established that folding of many small proteins is similar to when you crum-
ple up a piece of paper and flatten it out again, except that proteins appear to 
unfold and refold without contracting any wrinkles. The folding agent is the 
amino acid sequence, the surrounding solution, any co-solutes, and some-
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times other proteins that catalyse folding. Reversibility is central to protein 
folding biophysics, as it permits thermodynamic analysis of the folding reac-
tion (see below). 

Folding Cannot Be a Random Search 
Protein folding cannot be a random sampling of all possible conformations 
of the polypeptide chain. This is illustrated by Levinthal's paradox (93); how 
can a polypeptide chain go from D to N at the rates observed for natural 
proteins? If the only thing dictating folding is the amino acid sequence, and 
the polypeptide chain is randomly sampling all possible configurations on 
the route to N, it would take very long time for any protein to fold. For in-
stance, one of the model systems of this thesis, ribosomal protein S6, con-
tains 101 amino acids. If each bond connecting the amino acids could exist 
in e.g. 3 states, then the entire polypeptide chain would have 3100 possible 
configurations. If the protein sampled the configurations at a rate of 1013 s-1 
(in the range of atomic vibration frequencies), it would take 1027 years to 
sample all of them (94). One should note that 1027 years is longer than the 
carefully calculated age of the universe (95), and yet an S6 molecule folds in 
3 ms (96). In light of these numbers, the protein-folding problem can be 
rephrased into three questions: 
 

i) How is a specific three-dimensional structure and function 
encoded in the amino acid sequence? 
ii) How does the polypeptide chain fold at the rates observed in 
vitro and in vivo? 
iii) How is misfolding avoided? 

 
The answers to these questions are highly sought after by the scientific 
community, as they would enable prediction of protein structure and folding 
kinetics from an amino acid sequence, de novo design of proteins with tai-
lored folds and functions, and last but not least facilitate treatment of a large 
number of severe and fatal misfolding diseases (3). To address the first two 
questions, which we strive towards in all the studies included in this thesis 
work, we need to describe the thermodynamics and kinetics of protein fold-
ing. The third question is the topic of papers III and IV and is discussed in a 
separate section at the end of this introduction. 

Folding is Cooperative 
Not only is folding of small globular proteins reversible, it is also coopera-
tive (52, 97), i.e. an all-or-none transition. Such 'two-state' folding is a first-
order reaction where the only populated low-energy states are D and N (52, 
86): 
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N  D                    (Scheme 1) 
 
The equilibrium constant for the reaction is 
 
KD-N = [D]/[N]                    (1) 
 
A two-state model does not rule out high-energy states (98), but any such 
species are transiently populated. The classical description of two-state fold-
ing is a two-dimensional reaction coordinate where the two ground states are 
separated by a single, high, energy barrier (> 2-3 kBT, i.e. 1.2-1.8 kcal mol-1 
at 25 or 37 °C (99)), with the folding transition state ensemble (TSE) at the 
top (Fig. 2). The spontaneous product is the ground state with lowest Gibbs 
energy, G, i.e. N under native conditions and D under denaturing conditions 
(86).  
 
The majority of proteins smaller than 100 amino acids are believed to fold 
cooperatively. Half-denatured samples of such proteins are a 1:1 mix of 
molecules populating D and N, rather than 100% of the molecules adopting 
half-denatured configurations (see e.g. paper I and III). This view is further 
supported by the observation that half-denatured two-state folding enzymes 
can retain 50% activity (100). If all molecules in the sample had half-
denatured structure, none would be enzymatically active. Domains of similar 
size in multi-domain proteins also appear to fold cooperatively; either inde-
pendently (101), or coupled to varying degree (102, 103), while larger pro-
teins fold via one or more intermediate (I) states (see below). Reversible, 
cooperative, apparent two-state folding has been demonstrated for the model 
systems of this thesis (papers I and IV), and several topologically diverse 
single-domain proteins of ~60-340 residues (104), including all-α (105-110), 
all-β (111-117), and α+β proteins (14, 118-129), and cooperativity has been 
proposed to be a significant factor behind the topology-dependence (130, 
131) of folding rate (see below) (132) 
 
Despite the central role of cooperativity neither its origin, nor the minimal 
amount required to yield specific three-dimensional structures is clear. Co-
operative folding can be a consequence of partially unfolded or non-native 
conformations having less energetically favourable interactions than D or N. 
Also, the total strength of the interactions in N is non-additive; GN may ex-
ceed the sum of its individually weak interactions, as a conformational 
change of one group upon folding can simultaneously orientate another 
group into a position suitable for contact formation (58). Cooperativity of 
urea- and GdmCl-induced unfolding (see below) increases linearly with mo-
lecular mass up to 25–30 kDa, and includes the whole protein (133). Other 
observations suggest that cooperativity can be confined to part of the struc-
ture (134, 135), and that the generally diffuse folding nuclei of natural pro-
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teins are not required for folding (136). Rather, they make N more resistant 
to local destabilisation by assuring cooperativity through foldon overlap. In a 
protein with overlapping foldons, the folding of one foldon triggers folding 
of the other (137). In paper IV, we establish that surface charges are not part 
of the network of weak interactions needed for natural proteins to fold (see 
below); their influence on folding rate is uncoupled from the cooperative 
folding of the monomer. 

Protein Stability 
Protein stability is the total Gibbs energy difference between D and N, ΔGD-

N. It follows that interactions in D are equally important to protein stability 
as those in N. e.g. long-range electrostatic interactions in D have been pro-
posed to reduce the net electrostatic contribution to ΔGD-N (53). The weak 
interactions in proteins (see above) contribute little individually to GN and 
GD, but their large numbers and non-additivity compensate for this weak-
ness. This makes ΔGD-N a difference of two very large numbers. At constant 
protein concentration, temperature, pressure, and solvent composition, ΔGD-N 
can be expressed as: 

ΔGD-N = ΔH −TΔS = −2.3RT logKD-N             (2) 
 
where ΔH is the enthalpy change, ΔS the entropy change, R is the universal 
gas constant (1.987 cal K-1 mol-1) and T is the temperature in degrees Kelvin. 
Typical values for ΔGD-N are 5-10 kcal mol-1, corresponding to KD-N between 
104-107 (58). Since RT is 0.6 kcal mol-1 at 37 °C, N is only marginally more 
stable than D, even under optimally native conditions (97). Further, residues 
that are solvent exposed in N, e.g. charged residues on the protein surface 
(paper IV), do not contribute to ΔGD-N unless their interactions differ in other 
ways between the ground states, e.g. through residual structure in D or salt-
bridges exclusive to N. In paper IV, we demonstrate that while such salt 
bridges contribute to ΔGD-N, they are not crucial for folding and stability. 
 
In vivo, proteins are translated as initially extended polypeptide chains on the 
ribosome from a genetically encoded mRNA template. Peptide bond for-
mation at the ribosome is not spontaneous (ΔG = 2.4 kcal mol-1 at room tem-
perature) (5). Elongation of nascent chains is energetically coupled to GTP-
hydrolysis and occurs only at the carboxyl end of the backbone, i.e. proceeds 
from N to C-terminus. By convention, primary structure (Fig. 1) is always 
written in the same order. As spontaneous hydrolysis of the peptide bond is 
very slow under physiological conditions in absence of a catalyst, all pro-
teins are metastable. 
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The marginal stability of proteins is extremely important as it enables rapid 
up and down-regulation of protein concentration and activity in vivo, a hall-
mark of all biochemical pathways. Global unfolding occurs spontaneously 
for a fraction of the molecules under all conditions. Under native conditions, 
equilibrium is typically shifted by several orders of magnitude towards N 
(see above) and the protein will refold almost instantly following unfolding. 
This behaviour may however result in uncontrolled aggregation if stability is 
very low or if electrostatic repulsion is not present to repel intermolecular 
interactions in D (papers III and IV). 
 

The Hydrophobic Effect Drives Folding 
Most interactions contribute more favourably to both H and G in N than in D 
(58), but the main driving force in the folding of globular proteins is general-
ly the hydrophobic effect (138, 139). In polar solvents, non-polar molecules 
come together into stable aggregates. This is also true for proteins. In vivo, 
the solvent is the polar intra- or extracellular fluid of an organism, or the 
non-polar interior of a biological membrane, and a significant amount of the 
residues in globular proteins are hydrophobic. Consequently, folding of a 
globular protein buries the great majority of its most non-polar side chains 
and the peptide groups while charged and polar residues dominate the sur-
face where they H-bond to other residues and solvent molecules (140). 
 
The hydrophobic effect is believed to result from the entropy increase asso-
ciated with structural rearrangement in the solvent upon folding of the poly-
peptide chain, i.e. it is not an attractive hydrophobic force between non-polar 
molecules. The main factor stabilising D is its large favourable conforma-
tional entropy. Although the details of water solution structure and dynamics 
are not known, the loss of conformational entropy upon folding the polypep-
tide chain is assumed to be compensated for by a gain of entropy in the sur-
rounding solvent as H2O molecules previously locked in an ordered H-
bonded clathrate to the unfolded state of the protein molecule are released, 
giving a spontaneous folding reaction (7). 
The densely packed core is believed to contribute considerably to ΔGD-N; it 
is closer to a solid than liquid phase (141). Still, the size of natural single-
domain proteins tends to be limited to ~200 residues, with larger proteins 
having multidomain architecture. Such multidomain arrangements occur in 
>70 % of all eukaryotic proteins (142). Energetically unfavourable packing 
defects, i.e. cavities, are few in the cores of natural proteins. However, the 
number of such defects has been found to increase with protein size, and can 
be as high as ~10 kcal mol-1 (see above), i.e. equal to typical values of ΔGD-

N, when protein size approaches the observed maximum size of natural do-
mains. It has therefore been proposed that domain formation in larger pro-
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teins prevents packing defects from compromising ΔGD-N of such proteins, 
and that domain size is limited by the frequency of suboptimal packing (7).  

Determination of Protein Stability 
Experimental determination of ΔGD-N of a two-state protein at equilibrium is 
one of the least complicated and most fundamental experiments in protein 
biophysics. The approach used in this thesis work is to determine the equilib-
rium denaturation curve (Fig. 2) by titrating the protein into increasingly 
denaturing conditions (86). Common denaturing agents include temperature, 
pH, pressure, mechanical force, and certain inorganic salts or denaturants 
such as urea or guanidinium chloride (GdmCl) (Fig. 3). The choice of meth-
od depends on the instruments available and the properties of the protein to 
be studied (143). As the curve is an ordinary titration, the analysis below can 
be adapted to different denaturation methods with relatively little modifica-
tion. 

 
 
Fig. 2. Equilibrium denaturation curve of a two-state protein. A. The curve 
contains a single, sharp transition between N and D. B. The reaction coordi-
nate of the two-state transition. 
 
The main denaturation method in this thesis work is solvent denaturation 
using urea or GdmCl. The structures of these denaturants closely resemble 
elements of the polypeptide chain (Fig. 3). Whether such denaturation is 
caused by denaturant binding to polypeptides or by unspecific denaturant-
induced changes in protein solvation has been debated for decades (144). 
While no consensus has been reached for the GdmCl mechanism (145, 146), 
a recent backbone binding model for urea accurately predicts several exper-
imental m-values (see below and (147)). Binding models of denaturation are 
based on mass action; roughly expressed, D is stabilised relative to N in the 
presence of denaturant as the larger solvent-accessible surface area (SASA) 
of D provides a larger number of potential denaturant binding sites (148, 
149). 
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Fig. 3. The structures of urea and GdmCl resemble components of polypep-
tide chains. Urea resembles backbone structure, while Gdm+ corresponds to 
the functional group of the Arg side chain. To emphasise this similarity, the 
Cl− counter ion has been omitted from the GdmCl structure. 
 
At an arbitrary point in the curve, x, in figure 2, [N] can be calculated from 
Eq. 3, where Fx is e.g. the integrated emission spectrum of the protein dis-
solved in x M denaturant. 

N!" #$
N!" #$+ D!" #$

 = 
Fx − FD

FN − FD

                  (3) 

 
In the transition region the equilibrium constant is given by Eq. 4. 

log KD-N  = log KD-N
H2O + mD-N denaturant!" #$             (4) 

 
where the derivative mD-N describes the sensitivity of the equilibrium con-
stant to the denaturant. mD-N correlates with the change in solvent-accessible 
surface area (ΔSASA) upon unfolding (149). The change in Gibbs energy 
when the protein goes from N to D, extrapolated to 0 M denaturant, 
i.e.ΔGD-N

H2O , is is obtained by solving Eq. 4 for the transition midpoint, [dena-
turant]50%, where log KD-N = 0. This gives: 

ΔGD-N
H2O  = − 2.3RT logKD-N

H2O = −2.3RT log mD-N denaturant#$ %&
50%( )     (5) 

 
KD-N at any denaturant concentration may be obtained from Eq. 5 by fitting 
Eq. 6 to the equilibrium denaturation curve. 
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FN and FD are often replaced by linear functions to fit the sloping baselines 
in fluorescence experiments. 
 
Any observable that differs between D and N can be used to quantify dena-
turation. Fluorescent probes are by far the most common. Trp residues bur-
ied in the core of a protein, such as those used in this thesis work, are con-
venient probes of protein folding since Trp fluorescence is highly sensitive 
to the polarity and dynamics of the local environment. Unfolding in polar 
solvent transfers the Trp from non-polar to polar environment. This always 
induces a red shift of emission; the fluorescence of D (FD), i.e. the post-
transition baseline of the denaturation curve, will differ from that of N, i.e. 
the pre-transition baseline (FN), in certain regions of the spectra. The change 
in quantum yield depends on the direct environment of the Trp in N relative 
to that in D. One consequently cannot judge whether a protein is folded or 
denatured based on the relative signal intensities of FD and FN alone, as these 
can even be inverted if residues located close to the Trp in D or N are substi-
tuted, or if the Trp is relocated within the protein. If the protein is folded in 
the absence of denaturant, FN will always correspond to the pre-transition 
baseline. In the model systems of this thesis, Trp fluorescence decreases 
upon unfolding of ribosomal protein S6, and increases upon unfolding in 
SOD1. Further, the protein should preferably contain only a single Trp, since 
the presence of multiple Trp within a protein may complicate analysis 
through overlap of their potentially different signals. A single buried Trp is a 
very good probe because of its high signal-to-noise ratio and a limit-of-
detection that can be as low as pM. Emission occurs within nanoseconds 
following excitation; fast enough to resolve fast folding events. All side 
chains with conjugated π-electron systems, i.e. Phe, Trp, and Tyr, are fluo-
rescent. Trp is still preferred over Phe and Tyr because of the much higher 
extinction coefficient and quantum yield. Also, Phe and Tyr emission is less 
sensitive to environment than Trp emission (150). 
 
Equilibrium unfolding titrations provides estimates of ΔGD-N, the difference 
in solvent accessible surface area (ΔSASA) between D and N, and size of the 
protein. The results do not describe how fast folding proceeds, or what parts 
of the protein that drive the folding reaction. To determine these properties, 
we need to measure the kinetics of the folding reaction, i.e. the relaxation 
from D to N or from N to D. Just as in the equilibrium experiment, relaxa-
tion is monitored using a spectroscopic probe of choice, e.g. Trp fluores-
cence, circular dichroism, or absorbance. 
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Protein Folding Kinetics 
A kinetic experiment measures the rate of relaxation from one state, e.g. one 
point of the equilibrium denaturation curve, to another. As two-state proteins 
fold in microseconds to seconds (151), rapid mixing techniques are critical 
tools in protein folding kinetics (152). Single-mixing stopped-flow, em-
ployed throughout this thesis, is the most common method (153). The 'chev-
ron plot' (Fig. 4), named after the classical v-shaped relation between the 
logarithm of the observed rate constant of a two-state folding protein and the 
denaturant concentration, is a common way of analysing protein folding 
kinetics. 
 

 
 
Fig. 4. The chevron plot of a two-state protein. A. The same barrier profile as 
in Fig. 2, here including the parameters that can be obtained from a kinetic 
experiment. The rate of collapse from the TSE into D or N, kdown, corresponds 
to the kinetic prefactor; approximately ~106 s-1 (154). B. Each data point in 
the chevron plot corresponds to log kobs obtained by fitting Eq. 8 to the aver-
aged, typically exponential, trace from a kinetic experiment. 
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The fundamental requirement for the analysis below is that folding is re-
versible (see above), i.e. that the ground states of both refolding and unfold-
ing are the same, and that folding is a two-state reaction (100). Exponential 
unfolding and refolding traces and v-shaped chevron plots are typical signs 
of two-state kinetics, and have been observed for many small globular pro-
teins (see above). 
 
The amplitude of relaxation from a state with a fluorescence signal F0 to an 
end state with fluorescence Fx is 

A = F0 − Fx                      (7) 
 
The logarithm of the observed rate constant, log kobs, obtained by fitting Eq. 
8 to the exponential kinetic trace: 

F(t) = Aexp(−(kobs )/t )+ Fx                  (8) 
 
is the sum of the rate constants of unfolding and refolding, ku and kf. These 
rate constants can be resolved by fitting Eq. 9 to the chevron data. 

log kobs = (log kf + log ku ) = log(10
logkf

H2O+mf denaturant!" #$ +10logku
H2O+mu denaturant!" #$)   (9) 

 
where log kf

H2O and log ku
H2O are the refolding and unfolding rate constants 

extrapolated to absence of denaturing agent, and mf and mu the slopes of the 
folding and refolding limbs, respectively. mD-N, correlated to the total change 
in solvent accessible surface area (ΔSASA), upon folding or unfolding (149) 
is 

mD-N =mu −mf                     (10) 
 
m-values also reflect protein size, as the SASA of D and N will increase with 
the number of residues. Consequently, the size-dependence of ΔSASA must 
be considered when comparing of m-values from proteins of different size. 
The compactness of the TSE, β‡, is defined as 

β ‡ =
mf
mD-N

                      (11) 

 
The higher the value of β‡, the more native-like is the TSE as the majority of 
ΔSASA occurs climbing the barrier from D, or downhill in the unfolding 
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reaction. mD-N and the kinetic midpoint, MPkin, should correspond to mD-N and 
[denaturant]50% of the equilibrium denaturation curve (100). If so, 

log kf = log kf
H2O +mf [denturant]               (12) 

log ku = log ku
H2O +mu[denturant]               (13) 

KD-N =
D!" #$
N!" #$

=
ku
kf
⇔ logKD-N = log ku − log kf           (14) 

 
ΔGD-N in absence of denaturant is 
 
ΔGD-N

H2O = −2.3RT logKD-N
H2O = −2.3RT log ku

H2O − log kf
H2O( )       (15) 

 
Analysis of chemical denaturation data in this thesis assumes a linear free-
energy relation (LFER) between log KD-N and denaturant concentration (52, 
86), an assumption that is valid for urea, but not always for GdmCl, as ionic 
strength effects cause deviations from the LFER at low concentrations of 
denaturant (146), and extrapolated rate constants may differ between urea 
and GdmCl data. GdmCl will increase the ionic strength of the sample, and it 
is mainly used when a protein is too stable to be denatured by urea as GdmCl 
is typically a more potent denaturant. To avoid introducing errors due to 
deviations from the LFER, all rate constants and thermodynamic parameters 
may be evaluated within the experimentally measured denaturant concentra-
tion range, although this approach is also problematic (155). If the transition 
midpoint is close to the solubility limit of urea, linearity at low GdmCl con-
centrations can be improved by performing the experiment at high ionic 
strength. Despite general awareness of the difficulties with applying this 
linear extrapolation model (156) to GdmCl data (146) it is extensively done 
due to its simplicity and the current lack of widespread alternatives and 
methodological consensus (104). 
The above analysis applies to ensemble measurements, i.e. the experimental 
data reflect the average properties and conformation of all the molecules 
present in the sample. In contrast, single-molecule techniques may resolve 
subpopulations in microscopically heterogeneous samples (157). 

Determination of Transition State Structure 
Macroscopic TSE structure can be determined by ϕ-value analysis (158). 
The extent of tertiary contact formation between individual hydrophobic side 
chains in the TSE is analysed by systematic truncation of such side chains 
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through non-disruptive conservative substitutions, e.g. Val to Ala, creating 
intramolecular cavities. The ϕ-value of substitution is given by Eq. 16. 

φ =
Δ log kf
Δ logKD-N

=
Δ log kf

Δ log kf −Δ log ku
             (16) 

 
The main premise for straightforward interpretation of ϕ-values is that GD is 
unaffected by the substitution. If so, removal of a contact present in the TSE 
will reduce kf, as the barrier height increases relative to D upon its removal, 
giving ϕ > 0 where ϕ = 1 may be interpreted as the contact being fully 
formed in the TSE. If kf is unaffected by the substitution ϕ = 0, i.e. the resi-
due is not forming contacts in the TSE. 
 
The ϕ-value analyses of α, β, and α+β proteins made to date show a less 
clear-cut picture: most proteins have fractional ϕ-values. Still, ϕ-value analy-
sis has produced a picture of the TSE as an expanded and distorted ensemble 
built around an extended nucleus where certain native secondary and tertiary 
interactions are formed, around which the rest of N forms on the downhill 
side of the folding barrier (23). Fractional ϕ-values can be interpreted as the 
macroscopic average of e.g. a heterogeneous ensemble, where a fraction of 
the molecules have fully formed contacts in one region of the protein and the 
rest have fully formed contacts in another region. Alternatively, the ensem-
ble could be homogeneous, all molecules folding via the same nuclear resi-
dues that have formed a fraction of their native contacts in the TSE. In both 
cases, the nucleus appears diffusely distributed across the structure. The 
nucleus can also be polarised, where ϕ-values can locally approach 1, being 
~0 in the rest of the protein (136). Such polarised nuclei have been proposed 
to be underrepresented in natural proteins, as maximal cooperativity is 
achieved by diffuse and overlapping nuclei (137). Interestingly, it has been 
proposed that folding nuclei not necessarily coincide with the evolutionarily 
conserved residues in a protein (159). Traditional sequence alignment algo-
rithms may therefore fail to capture any conserved folding mechanisms. A 
possible explanation for this observation could be that the minimal coopera-
tive unit (137) can correspond to secondary structure motifs that can be satis-
fied by dissimilar sequences, even though the secondary structure elements 
involved in nucleation are conserved. 
 
Many suggestions have been made to improve the accuracy of determination 
and interpretation of folding rates and ϕ-values. The minimum ΔΔGD-N for 
confident interpretation of ϕ has been proposed to be 1.7 kcal mol-1 (160), 
although a lower limit of 0.6 kcal mol-1 was proposed in reply to this study 
(161). The latter study also points out that and that optimal destabilisation is 
in the range of 0.6-2 kcal mol-1 as highly destabilising substitutions may 
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perturb TSE structure, that the equivalence between high ϕ-values and nu-
cleus location can break down if the protein is not folding by a rigorously 
characterised two-state mechanism, and that low ϕ-values can coincide with 
nuclei (162). Point mutations may also introduce m-value changes, and the 
refolding or unfolding limbs of the chevron plot of apparent two-state folders 
often contain curvatures. There are multiple possible causes for such changes 
in m-values, e.g. accumulation of intermediates (163), ground-state fraying, 
or Hammond or anti-Hammond TS shifts (161, 164, 165). Each case has to 
be analysed in the context of the experiment (paper II and (96, 164, 165)). 
For a more thorough discussion of the limitations of ϕ-value analysis, see 
e.g. (155, 161, 166, 167). 

Folding Intermediates 
A TSE corresponds to a free-energy maximum of the reaction coordinate, 
never accumulates, and cannot be observed directly (23). In contrast, inter-
mediates (163) are transiently stable states either on or off the folding path-
way that can be stabilised and studied experimentally. Molten globules (168, 
169) and other intermediates have a central role in folding mechanisms pro-
posed in the 1970s-80s (77, 78), where folding proceeds via a defined order 
of increasingly native-like states along a reaction coordinate. The discovery 
that chymotrypsin inhibitor 2 folds by nucleation-condensation (83, 98, 170), 
however, showed that intermediates are not a mandatory feature of folding 
pathways. As stated in the section on folding kinetics above, energy land-
scapes (see below) of apparent two-state folders can also contain intermedi-
ates, but such states are normally not populated to a detectable extent under 
native conditions because of their high energy. These high-energy states can 
be revealed through addition of co-solutes with strong salting-out propensity, 
e.g. sugars, non-hydrophobic amino acids, and most salts. These molecules 
increase the surface tension of water, and are therefore preferentially exclud-
ed from the protein-water interface compared to the bulk solvent, driving the 
polypeptide to adopt a compact state (171, 172). Further, intermediates may 
contain non-native secondary or tertiary structure (173-181), and some even 
allow passage to N without complete back-tracking to D, e.g. in the folding 
of cytochrome c (181) and Im7 (173). Similarly, one of the model systems in 
this thesis, ribosomal protein S6 (see below), can be forced to fold via a 
normally unpopulated off-pathway intermediate in (177). Upon gatekeeper 
removal (see below) at very high Na2SO4 concentrations, this species turns 
into a conformational 'detour' that allows direct passage to N via this prema-
turely collapsed state, similar to the folding of Im7 (173). We demonstrate in 
paper IV that access to this non-native off-pathway species of ribosomal 
protein S6 is restricted by surface charges; removal of these charges makes 
the coil more prone to premature collapse and folding via this salt-induced 
detour. 
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The role and existence of metastable states continues to be debated (73). It 
was recently shown that a refolding intermediate is able to find its cognate 
chaperone from the whole complement of Escherichia coli soluble chaper-
ones. The authors propose that protein sequences encoding kinetically 
trapped refolding intermediates with higher affinity for cognate chaperones 
than noncognate ones are selected for in evolution (182); an evolutionary 
argument for the prevalence of refolding intermediates. 

Accounting for Biologically Relevant Folding Rates 
The same fold can arise from different sequences (31-33). Further, folding 
rate and the location of the folding nucleus can vary between practically 
identical native structures (136, 183). Consequently, stability can also vary 
considerably between proteins with virtually identical folds. Indeed, substi-
tution of a single amino acid is sometimes sufficient to dramatically alter 
folding time or even prevent folding completely. This raises the question of 
how sequence determines folding rate. The speed limit for folding has been 
estimated to Nres/100 µs for single-domain proteins, where Nres is the number 
of residues (154). However, it is apparent from experiment that natural pro-
teins in general have not evolved to fold this fast. Even ultrafast folders 
could fold at least ten times faster. Similarly, natural proteins are not neces-
sarily as stable as theoretically possible (39, 184, 185). Some of the factors 
behind the folding rates of small, globular proteins are discussed below. 
 
In the classical view of protein folding, the process is a progression through 
a defined series of well-defined states along a two-dimensional reaction co-
ordinate (52, 77, 78, 86). The 'modern' view of folding replaces the reaction 
coordinate with a statistical process where the polypeptide chain travels 
down a funnel-shaped energy landscape (Fig. 5) (75, 76, 88, 186). The width 
of the funnel corresponds to the configurational entropy, S, while the depth 
of the funnel denotes the internal energy of the configuration, E, and the 
amount of native contacts, Q, highest at the top (D) and bottom (N) of the 
funnel, respectively. While the funnel is the poster child of the landscape 
model, the actual energy landscape has higher dimensionality. 
 
As pointed out above, the conformational search must be biased for natural 
proteins to fold in biologically relevant µs-s timescales (151), i.e. N is found 
faster than by pure chance (see above). The central role of this preference for 
native interactions is clearly seen in protein folding simulations (74, 187). 
Even in relatively simple models of folding, such an energy bias reduces 
theoretical folding times to biologically relevant timescales (94). In land-
scape theory this phenomenon is called 'the principle of minimal frustration' 
(74). Natural proteins have evolved to contain native interactions that are 
'minimally frustrated', i.e. formation of the contacts that lead to N are coop-



 32 

erative and produce a low energy conformation that is separated from alter-
native conformations by large energy differences (88). An ideal two-state 
protein folds by descending down a smooth energy landscape without dead-
end conformations creating kinetic traps, with the TSE barrier of the transi-
tion being equally high regardless of route. N is the lowest energy confor-
mation accessible to the polypeptide chain, i.e. the global minimum of the 
funnel (Fig. 5). Any intermediate will introduce one or several local minima 
in the landscape. An obligatory intermediate will be a mote along the entire 
circumference of the funnel, as all molecules would need to pass through it 
on the road to N. Minimisation of frustration smoothens the energy land-
scape. Without it, the bottom of the funnel would be 'rugged', i.e. contain 
many non-native states similar in stability to N. This would slow down fold-
ing rate, as the polypeptide could sample any of these states at approximately 
equal probability as the probability of sampling N. Contacts are 'frustrated' in 
a rugged landscape, i.e. the energetic contributions cannot be simultaneously 
minimised in one specific conformation. Natural proteins are proposed to be 
a trade-off between the above extremes (see below): a minimally frustrated 
heteropolymer with a rugged funnel (188), and methods for estimating the 
amount of frustration in proteins are continuously being made more accessi-
ble (189). All the above scenarios contain one or several activation energy 
barriers. As a polypeptide chain descends down the folding funnel, E and S 
decrease, while enthalphy increases along with Q. (Fig. 5) Mismatch be-
tween the rates of decrease in S and decrease in E gives rise to the energy 
barrier in folding. Whether barrier-free downhill folding occurs in nature is 
still debated (99). 
 

 
 
 
Fig. 5. The funnel-shaped energy landscape of a protein molecule. The land-
scape also contains an intermediate (I), that may or may not be populated 
depending on the pathway of folding, as determined by e.g. solvent condi-
tions (see above). 
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Although the energy landscape model shows significant agreement with 
numerous in vitro studies, the molecular origins of a number of important 
features of protein folding kinetics continue to elude researchers. A central 
observation whose origins are not fully accounted for by theory is the strong 
correlation between folding rate and topology of natural proteins (23, 130-
132, 190-193). Relative contact order (CO) was the first parameter to reveal 
this correlation (130). CO quantitatively describes the average sequence 
separation between all residue pairs in contact in N normalised by chain 
length: 

CO = 1
LN

ΔSi, j
N

∑                    (17) 

 
where L is the number of residues in the protein, N is the number of contacts, 
and ΔSi,j is the number of residues separating contacts i and j. CO is small 
when native contacts are predominantly local and large when residues in 
native contact pairs are mainly far apart in sequence. Two-state folding pro-
teins with low CO have been found to fold faster, suggesting that topology 
directs the folding route of such proteins (130). Multistate folding proteins 
correlate better with absolute CO, i.e. CO × L, and the correlations for both 
two-state and multistate folders can be consolidated by introducing the size-
modified CO, SMCO = CO × LP, the power P being -0.30 ± 0.07 for the 
totality of proteins, 0 for two-state folders and 1 for multistate folders (131). 
The correlation between CO and folding rate thus appears to be general and 
compatible with observations of native-like topology in the TSE (see above). 
It is tempting to attribute the faster folding rates of proteins with low CO to 
the higher energetic cost of loop closure between residues far apart in se-
quence (23, 24, 194). It has been pointed out, however, that such entropic 
penalties correlate with the logarithm of loop length rather than absolute 
length, and that correlations between folding rate and sequence separation 
between residues in contact pairs are poorer than that between topology and 
folding rate (151). Instead, it has been argued that cooperativity may be the 
origin of the topology dependence of folding rate as increased cooperativity 
in lattice models leads to faster folding kinetics that correlate better with 
topology and are more similar to the single-exponential kinetics typical of 
small, two-state proteins (132, 192).  
 
Clearly, folding rate is not determined by a single factor. All papers in this 
thesis contain examples of sequence characteristics that affect folding rate: 
sequence separation between native contacts (paper I-III), ligand coordina-
tion (paper II), net charge (papers III-IV), and TS shifts and ground-state 
fraying (paper II). Residual structure and structural propensity in D has also 
been proposed to be important for folding and structure (53-56) but, alt-
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hough such interactions per definition should contribute to protein stability, 
the details of DSE energetics are much more sketchy than those of N (see 
above). Proline isomerisation should also be mentioned. The cyclic Pro side 
chain makes the trans isomer only marginally more stable than the cis.  
~10% of Pro in globular and unfolded peptides are cis-Pro (9). In vitro, this 
subpopulation is rate limiting in folding if the cis-isomer is incompatible 
with the native structure and the global folding rate is similar to or slower 
than the isomerisation rate. In vivo, isomerisation is catalysed (195). The 
folding funnel clearly has built in braking mechanisms that prevent folding 
from reaching its rate limit. One of the reasons could be to maintain of con-
trol quaternary structure assembly while avoiding aggregation (paper IV). 
Such physiologically important phenomena are not captured by the simple 
form of the funnel model above (196). The role of surface charges in these 
processes is the topic of the next section. 

Surface Charges Promote and Prevent Intermolecular Interaction 
In the smooth energy landscapes described above, competing conformations 
are separated from N by large energy differences. Landscape ruggedness is 
minimal. When the above models are applied to in vitro samples, protein 
concentration is typically kept constant in the µM-mM range to minimise 
interference from protein-protein interaction. In the crowded environment of 
the cell, however, the cytoplasmic protein concentration can be 300-400 
mg/ml (35-37), and 50 % of the nonaqueous cell mass is protein (38). This 
increases the probability of intermolecular interaction relative to the in vitro 
sample (15, 197), altering the relative depths of the minima of the energy 
landscape into a more rugged the energy landscape (196). In this environ-
ment, up to 30 % of all translated proteins are degraded due to ineffective 
folding (198). While intermolecular interactions, e.g. complex formation, co-
factor coordination, and enzymatic catalysis, are fundamental in metabolism, 
there are also non-native intermolecular interactions that can be toxic to the 
cell. These toxic interactions are typically non-transient, and can give rise 
protein aggregates of varying degrees of order, or symmetric structures like 
amyloid fibrils (199) that can surpass N in stability. To account for such 
phenomena, the energy landscape can be expanded to a dual funnel with 
shared DSE; a divide between monomer folding and aggregation (Fig. 6) 
(15, 196, 200). The shape of the bottom of the aggregation funnel is defined 
by the intersection of the energy landscapes of the multiple individual poly-
peptides participating in the intermolecular interaction. Although the details 
of the additional complexity added from the concentration dependence of 
such interactions still are on a conceptual level, a bifurcated funnel is intui-
tively appealing. 
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Fig. 6. The folding funnel and the aggregation funnel are connected. The 
main difference is the greater ruggedness of the aggregation funnel, reflect-
ing the increased frustration and oligomer polymorphism caused by the mul-
tiple possible intermolecular interactions. Note that the amyloid confor-
mation may actually be more stable than the native state, as reflected by the 
depth of the minima. Modified from (200). 
 
Just as the majority of proteins have evolved to fold into specific three-
dimensional structures, proteins have evolved to avoid uncontrolled aggrega-
tion while maintaining the ability to form specific, functional quaternary 
complexes (199, 201, 202). For instance, predictions suggest that the number 
of strongly aggregating sequences is minimised in several proteomes (202). 
What makes the polypeptide chain slide down one or the other funnel is an 
area of intense research (200), as misfolded and aggregated polypeptides 
have been cast in pathological roles in several severe neurodegenerative 
diseases, e.g. Alzheimer's disease, Parkinson's disease, prion diseases, and 
amyotrophic lateral schlerosis (ALS; see below) (3). Experimental misfold-
ing data is constantly used to refine algorithms for predicting amylogenic 
and aggregation prone regions in proteins (203-206). In return, such algo-
rithms are routinely employed to tentatively guide experimental research. 
The driving forces in aggregation are generally believed to be the same as in 
folding, in particular backbone H-bond formation, but the parts of a protein 
involved in aggregation contacts are believed not to coincide with the nuclei 
of monomer folding (200). Instead, non-native quaternary contacts may arise 
from e.g. decreased local solubility (15, 207). For example, monomer mis-
folding or unfolding associated with exposure of nonpolar side chains de-
crease solubility, and such events are generally observed to promote aggre-
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gation (paper III and (208-210)). Similar to native contact formation, final 
contact formation in aggregates also appears to be specific (211-214). Remi-
niscent of the symmetry of quaternary complexes mentioned above (40, 41), 
low sequence identity has been found to prevent aggregation; studies of titin 
suggest that 30-40% sequence identity is a threshold for interactions between 
neighbouring homologous domains (211). Such self-preference could be a 
reason behind the large sequence diversity often observed within a given 
fold, that protein deposits in vivo almost always are dominated by a single 
protein type (211), and that inclusion bodies tend to have rather homogene-
ous protein composition (213). By this reasoning, aggregation is likely pre-
vented by mechanisms similar to those that prevent monomer misfolding, i.e. 
specific three-dimensional structure-relationships caused by patterns in the 
amino acid sequence. 
 
Solvent-accessible charged residues, discussed in paper III and IV, are prev-
alent on the surface of globular proteins (see above). Such residues are im-
portant to protein-protein interactions in general. For instance, they are the 
dominant factor that allows the association rates of such processes to break 
the bonds of the diffusion-limit through charge complementarity between 
interaction partners (197). A canonical textbook example of charged residues 
in functional protein-protein interactions is the catalytic triad of serine prote-
ases (5). Further, charge-complementarity between protonatable residues 
have been observed in e.g. association between cytochrome c and cyto-
chrome c oxidase (5), and between barnase and its inhibitor barstar (39, 197, 
215), where rapid interaction via charged groups appears to have triumphed 
over stability maximisation in evolution. A charge-stability trade-off has also 
been observed in e.g. ubiquitin (185), and modulation of surface electrostat-
ics has been exploited to increase protein thermostability without affecting 
enzymatic activity (216). 
In contrast to the acceleration of functional complex formation through 
complementary electrostatic interactions, aggregation-prevention by surface 
charges is often attributed to the energetic penalty of transfer of unpaired 
charges into hydrophobic phases (86, 217, 218), repulsion, and the shielding 
of interaction-prone groups (15, 200, 207). Negative surface net charge can 
increase solubility (219), and aggregation rates of unfolded polypeptides 
depend on charge content (208). Reduction of net charge by just one unit can 
be sufficient to unleash non-native aggregation: the E6V substitution in sick-
le-cell haemoglobin is a classical example (220-223). More recently, similar 
behaviour has been implied for ALS-related substitutions in the enzyme 
superoxide dismutase (224). Along this line, we note that aggregation pro-
pensity is correlated to reduced negative net charge in paper III of this thesis. 
 
Residues that indirectly prevent misfolding simply by means of their posi-
tion in the tertiary structure (207) have been termed 'gatekeepers' (15, 177). 
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Although gatekeepers are not necessarily charged (177), surface charges are 
still expected to be a very useful and important subset of aggregation gate-
keepers, as they are not expected to compromise protein stability compared 
to other residue classes (86, 185). Gatekeeper residues have been proposed 
to smoothen the energy landscape by restricting access to non-native mini-
ma, and by doing so potentially being part of the physical origin of the prin-
ciple of minimal frustration (15)(see above). In paper IV we find that while 
the surface charge of ribosomal protein S6 constitutes a braking mechanism 
that retards folding 300-fold and prevents misfolding, its charged gatekeep-
ers are not a critical factor behind landscape smoothness. 
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The Model Systems 

Both model proteins used in this thesis work are heterologously overex-
pressed, purified single domain proteins that fold reversibly through a single 
cooperative transition under the experimental conditions unless otherwise 
noted. In protein biophysics, the limits-of-detection of current instruments 
are still orders of magnitude higher than the in vivo concentrations of most 
proteins, and we still lack general methods for separating the signal of an un-
modified specific protein from the complex background noise of a living 
system. Efficient protocols for protein overexpression and purification are 
therefore a prerequisite for most protein folding studies. Before recombinant 
DNA technology, model system selection in protein biophysics was biased 
towards relatively stable proteins that can be acquired in high amounts from 
natural sources, e.g. myoglobin, haemoglobin, RNase, cytochrome c (oxi-
dase), proteinase inhibitor IIA, rubisco, and bacteriorhodopsin. Characterisa-
tion of less abundant proteins was simply either painstaking or impossible. 
The impact from this bias is still felt in the field. The protein must also con-
tain a suitable probe of the folding reaction, and this probe should preferen-
tially produce simple enough kinetics to enable data analysis. All these fac-
tors limit experimental studies to a subset of the naturally occurring proteins, 
and since simulations are benchmarked against experiment these are also 
limited by experimental model system selection in addition to computational 
power and model accuracy. While these are indeed major restraints, the re-
ductionist approach taken so far has still managed to produce significant 
insight into the mechanisms behind protein folding. Because of the domain-
nature of protein structure, much of this knowledge is expected to be trans-
posable onto systems that currently are too complex to study in their entirety. 
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Fig. 7. The model proteins of this thesis work. A. Crystal structure of the 
human copper/zinc superoxide dismutase monomer (PDB ID 1SPD; (225). 
The Cu (grey) and Zn (dark grey) ions are shown as spheres, and the C57-
C146 disulphide bond as light grey sticks. For the dimeric wild-type struc-
ture, see Fig. 10. B. Crystal structure of ribosomal protein S6 from Thermus 
thermophilus (PDB ID 1RIS; (14)). 

Copper/Zinc Superoxide Dismutase 
Copper/zinc superoxide dismutase (SOD1) is a ubiquitous immunoglobulin-
like mainly β-sandwich (226) present in the cytosol, nucleus, peroxisomes, 
and mitochondrial intermembrane space of eukaryotes and the periplasm of 
bacteria (227). SOD1 is one the main scavengers of reactive oxygen species, 
and protects the cell from oxidative stress by catalysing the conversion of 
superoxide radicals, O2•−, into O2 and hydrogen peroxide, H2O2 (228), that is 
subsequently converted into H2O in a reaction catalysed by catalase. 
 
Wild-type human SOD1 is a homodimer, each of the two 153 residue subu-
nits (Figs. 7, 8, and 10) having a molecular mass of 15.8 kDa. Each subunit 
contains two metal binding sites, one for Cu and one for Zn. Metal binding 
and catalysis involve two long loops, IV and VII, structured and packed 
against the β-barrel upon metallation and disulphide oxidation. The catalyti-
cally active Cu ion is coordinated by H46 and H48 in β4, H120 in β7, and 
H63 in loop IV. H63 is also involved in Zn2+ coordination, together with two 
other residues in loop IV; H71 and H80, and D83 at the interface between 
loop IV and β5. In vivo, Cu-loading is assisted by the chaperone CCS. All 
aspects of the Cu-loading mechanism have not been elucidated, and the situ-
ation is similar for Zn-incorporation (229, 230). Each subunit also contains 
an intra-molecular disulphide bond. Such bonds are rare in intracellular pro-
teins due to the reducing environment and low concentration of free O2 in 
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the cytosol, and their existence is may imply functional importance. In 
SOD1, the disulphide contributes to monomer stability, anchors loop IV to 
the β-barrel, and is required to form the catalytically active dimer (231).  

 
 
Fig. 8. The topology of A. the wild type SOD1 monomer and B. SOD1ΔIVΔVII. 
SOD1ΔIVΔVII maintains wild type monomer topology, while shortening the long 
loops IV and VII to GAG tripeptide linkers. Secondary structure elements are 
coloured by the ϕ-values of SOD1pwt (233) as low (white), intermediate (grey) 
and high (dark grey). As the folding nucleus of SOD1ΔIVΔVII is currently being 
characterised, the purpose of the colouring of the SOD1ΔIVΔVII topology dia-
gram is only to relate its topology to that of untruncated SOD1pwt. 
 
SOD1 folding is a multi-layered process. Wild type SOD1 folds through a 
three-state mechanism with monomer folding followed by dimerisation 
(231). Monomer folding can be studied separately from the dimerisation 
event by introduction of the dimer-splitting substitutions F50E/G51E (232), 
and inter-molecular cross-linking can be minimised by substitution of the 
two free Cys in the monomer, e.g. C6A/C111A. This 
C6A/C111A/F50E/G51E pseudo-wild-type SOD1 (SOD1pwt) is used as ref-
erence in paper I and III, while C6A/C111S/F50E/G51E SOD1pwt was used 
in paper II. The SOD1 monomer folds via a two-state mechanism that, in 
contrast to dimerisation, does not require disulphide formation. ϕ-value 
analysis suggests that the nucleus forms by β1-β3 folding against β4-β7 (Fig. 
8). Integration of β7 has been proposed to be the decisive event leading to 
folding, and to be the cause behind the slow folding of SOD1 through the 
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large sequence separation between it and the other high-ϕ regions (233). The 
holo dimer is remarkably stable, with a melting point of ~95 °C (234, 235). 
In contrast, the apo dimer and monomer are quite unstable; 4.5 kcal mol-1 

and 3.0 kcal mol-1, respectively (231). Clearly, the largest contribution to 
monomer stability comes from metallation (236). 
 
More than 140 missense mutations have been identified scattered across the 
SOD1 gene in 12-23 % of the ~10 % (237) of all cases  of the fatal motor-
neuron disease amyotrophic lateral schlerosis that are familial (fALS)(227, 
237-239). Further, aggregated SOD1 has been identified in the central nerv-
ous system of murine models (240) and patients (241), and formation of 
amyloid-like SOD1 fibrils has been induced in vitro through prolonged shak-
ing or stirring the sample (242-244). Such observations have sparked intense 
research on the role of misfolding and aggregation of SOD1 in ALS pathol-
ogy. While the mechanism behind the proposed gain-of-function toxicity of 
SOD1 in ALS is still unknown, toxic aggregation stemming from the apo 
monomer has often been suggested. Three mechanistic hypotheses often 
discussed in conjunction to aggregation are: intermolecular cross-linking via 
C6/C111 (245), cross-molecule entanglement via loops IV and VII (229, 
246), and β-barrel rupture causing exposure of aggregation-prone elements 
(233, 247). 
 
The above hypotheses can be tested using a novel SOD1 variant established 
in this thesis work: the monomeric SOD1ΔIVΔVII (paper I-III), where the long 
functional loops IV and VII are replaced by Gly-Ala-Gly linkers on a 
C6A/C111S/F50E/G51E/C146S SOD1pwt background. This modification 
excises 49 of 153 residues, and leaves a stable monomeric β-barrel (paper I-
II). As a consequence of removing loop IV and VII, SOD1ΔIVΔVII lacks Cys, 
It retains the single Trp32; a popular probe of the folding reaction. In paper 
III, we use SOD1ΔIVΔVII to demonstrate that the globally unfolded state of the 
β-barrel can act as fibrillation precursor in vitro. 

Ribosomal Protein S6 
Ribosomal protein S6 (Figs. 7 and 9) is a conserved RNA-binding protein 
from the bacterial 30S ribosomal subunit (248-250). S6 from Thermus ther-
mophilus (S6wt) is a 12 kDa, 101 amino-acid protein consisting of two α-
helices packed against a 4-stranded β-sheet (14). The protein lacks cofactors. 
Except in nomenclature, bacterial S6 has no direct equivalent in the cytosolic 
eukaryotic ribosome (250, 251). Instead, sequence similarity suggests that a 
counterpart exists in the mitochondrial ribosome (unpublished observation). 
In contrast to the atomic resolution of structural data, the details behind the 
biological function of bacterial S6 is not known. The sole Trp62, located in 
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the third β-strand, is the most commonly used spectroscopic probe of S6 
folding (96). 
 
S6wt folds through a diffuse nucleus by an apparent two-state transition, as 
seen from e.g. the v-shaped chevron plot and overall low ϕ-values distribut-
ed across most of the structure (136). Microscopically, folding of S6 pro-
ceeds via two competing pathways, each involving nucleation in either half 
of the structure (Fig. 9) (134); the energy landscape contains two competing 
funnels that merge into one (193, 252, 253). Both nucleation motifs (α1 and 
α2) consist of one helix docked against two strands  (Fig. 9) (134); a motif 
that also occurs in other α+β proteins, e.g. CI2 (170, 254) and ubiquitin 
(255). Both nuclei involve β1. One side of β1 participates in the α1 nucleus 
(β1+α1+β3), and the other side participates in α2 (β1+α2+β4). 
 

 
 
Fig. 9. The dual folding nuclei of S6. The wild-type structure and general 
topology is shown in the box, showing the two nuclei, α1 (light grey) and α2 
(grey), both involving β1 (each nucleus is named after the helix that it in-
volves). The right panel shows the connectivity and the location of the folding 
nuclei in S6wt and its permutants. Altering the sequence separation of nuclear 
contacts by connectivity changes shifts folding towards either of the two 
channels in the energy landscape. The secondary structure elements of the 
topology diagrams are coloured by their averaged ϕ-value as ϕ<0.15 
(white); 0.15<ϕ<0.30 (light grey); 0.30<ϕ<0.45 (grey); 0.45<ϕ<0.90 (dark 
grey). Modified from (193). 
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Altering CO (see above) through circular permutation can bias folding to-
wards either of the two channels, as reflected by the polarised, high ϕ-values 
observed for all permutants except P81-82 (Fig. 9). This switching between 
nuclei shifts the contacts of β1 from one side to the other. The permutant ϕ-
value analyses show that topology determines the energy landscape of S6 
(134, 193). Connectivity determines the nucleus that is used, but cooperativi-
ty is never compromised by the permutations as topology is maintained. The 
fine details of the primary structure are, however, critical for cooperativity. 
The de novo designed protein albebetin (256) shares the same topology as 
S6, and has the same connectivity as P13-14 (Fig. 9). Yet, albebetin does not 
fold or unfold cooperatively (257). Indeed, the absence of cooperativity 
seems to originate from suboptimal side-chain arrangements in the albebetin 
core (9), as both topology and connectivity are identical to S6. 
 
S6 is a very good model system to study the role of surface charges in pro-
teins (paper IV). S6wt contains 32 % charged residues, all in solvent-exposed 
surface positions, similar to other proteins from thermophilic organisms that 
contain high amounts of solvent exposed charged side chains involved in salt 
bridges (8, 258-261). The charges are symmetrically divided as 16 positively 
charged (12 Arg and 4 Lys) and 16 negatively charged residues (5 Asp and 
11 Glu). In contrast to SOD1, the absence of His and Cys prevents the possi-
bility of pH-induced stability changes around the reference pH 6.3 used for 
most experiments on S6 and SOD1. Consequently, the pH-dependence of 
protein stability becomes less complex, with a transition seen around the 
pKa of Asp and Glu (paper IV), and another at pH>11, the pKa of Lys and 
Arg (unpublished observation). The protein is fully protonated at pH 2.3, and 
exhibits cooperative two-state folding in urea and GdmCl between at least 
pH 1-11 (paper IV and unpublished data) with relatively small pKa shifts in 
N. Further, the pH-dependence of the folding kinetics of several net charge 
variants of S6 has been determined (262). The results from these studies 
suggest that the approximately 2 times higher stability of S6wt compared to 
apoSOD1 variants provides important headroom for the extensive mutagene-
sis required for charge depletion in paper IV. 
Finally, the normally unpopulated, compact non-native off-pathway species 
in the energy landscape of S6wt (see above and (177, 263)) was exploited to 
evaluate the impact of surface charge depletion on misfolding propensity and 
pathway robustness in paper IV. We demonstrate that depletion of surface 
charges promotes misfolding into this state, and that the folding into N via 
this normally off-pathway species rather than using the regular folding nu-
cleus occurs more readily in the absence of surface charges.  
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Summary of Papers 

Paper I 
The influence of loop length on folding is position dependent, and folding 
behaviour and stability can be independent of increased loop entropy provid-
ing that the loop is sufficiently long and the contacts it separates do not par-
ticipate in the folding nucleus (22-29, 194). The opposite must also be true, 
i.e. there are loops in natural proteins that act as independent units and can 
be shortened without affecting folding and stability of the rest of the protein. 
Is this feature exploited to separate structure and function in natural proteins, 
and could this be a reason behind the multiple functions of proteins with 
virtually identical fold seen in nature? To test this, we replaced the long 
functional loops IV and VII in human SOD1 with short GAG tripeptide link-
ers (Fig. 10). As seen in paper III, truncation of these particular loops also 
facilitates identification of what state of the apoSOD1 molecule that could be 
the origin of SOD1 misfolding in ALS patients. 
 
The resulting construct, apoSOD1ΔIVΔVII (Fig. 10), is a soluble monomer. The 
monomeric state is expected, as truncation of loops IV and VII removes the 
majority of the dimer interface. Kinetic analysis and HSQC NMR spectra 
demonstrate that apoSOD1ΔIVΔVII maintains the cooperative folding of the 
apoSOD1pwt monomer. No signs of dimerisation (231) are observed. Loop 
removal induces a nearly 10-fold increase of the folding rate constant, with a 
virtually identical ku to that of apoSOD1pwt. This stability gain is mainly due 
to A111S, that mimics the wild type C111 closer than the smaller Ala in 
SOD1pwt. As expected from its smaller size (see the introduction on m-
values), apoSOD1ΔIVΔVII exposes less of surface area upon global unfolding. 
The reduction in the kinetic m-values is in agreement with the expected con-
tribution from loops IV and VII (229). In all, the effects on the kinetics are in 
good agreement with previous results (231). Loops IV and VII contribute 
relatively little to SOD1 monomer stability, similar to the behaviour of loop 
3 in S6 (unpublished observation). This does not exclude that the reduced 
sequence separation between native contacts alters the TSE, although the 
identical β‡-values of apoSOD1ΔIVΔVII and reduced S111 apoSOD1pwt (paper 
II) suggest that TSE compactness is preserved. 
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Fig. 10. Loop truncation in human SOD1 leaves a stable, monomeric β–barrel: 
apoSOD1ΔIVΔVII. A. The SOD1 wild-type dimer (PDB ID 1SPD; (238)), showing 
the intramolecular disulphide bond, the metal binding sites and the flexible 
loops IV and VII. The left-hand dimer is shown as SASA for a 1.4 Å probe 
radius, with the dimer interface coloured green. B. The predicted structure of 
apoSOD1ΔIVΔVII. The GAG linkers are coloured correspondingly to the loops in 
A. Modified from paper I with permission. 
 
Next, we probed the structure and dynamics of apoSOD1ΔIVΔVII by NMR to 
determine if the SOD1 β-barrel is intact after loop removal and if there are 
any changes in the dynamics of the structure. Significant chemical shift 
changes only occur around the truncation sites and the residues that differ 
from SOD1pwt. Secondary structure content and boundaries match the crystal 
structure of the wild type dimer. Sequential NOEs throughout the backbone 
of apoSOD1ΔIVΔVII and an extensive network of long range NOEs indicate 
that the strands participate in an ordered tertiary structure (264). The contact 
pattern matches that of the wild type crystal structure (238) and NOE data of 
the apoSOD1pwt barrel (265). We conclude that apoSOD1ΔIVΔVII is a rigid β-
barrel in solution, and that truncation of loops IV and VII has no major effect 
on the apo state of the barrel scaffold. 
Loop removal does not change the global dynamics of the β-barrel, judging 
from the very similar H/D exchange patterns of apoSOD1ΔIVΔVII and 
apoSOD1pwt. The small increases in dynamics are situated close to the active 
site beneath the removed loops in β4 and β5, and in D90 close to the G93 
ALS hot spot in loop V. β2,  (Fig. 10), the region in the SOD1 sequence with 
propensity to fibrillate in silico (247, 266) exhibits low protection factors in 
both structures. Based on comparison with H/D exchange data from dimeric 
holoSOD1 (267), we propose that the dynamics in β4, β5, and β7 in 
apoSOD1pwt and apoSOD1ΔIVΔVII are caused by demetallation; metal loss 
increases the dynamics of loops IV and VII (50, 225, 265, 268, 269) as well 
as slower breathing motions of the underlying β4, β5, β7 sheet and loop V. 
We speculate that this allostery may arise from structural frustration in the 
active-site region (229, 270). 
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Paper II 
As seen in paper I, removal of the functional loops from the SOD1 molecule 
leaves a stable monomeric protein. In paper II we further characterise the 
structure and folding behavior of this structural scaffold. 
In agreement with paper I, the crystal structure of apoSOD1ΔIVΔVII is a mon-
omeric β-barrel, highly similar to the barrels of wild-type SOD1 and mono-
meric SOD1pwt; the R.M.S.D. is 0.516 Å relative to the holoSOD1pwt barrel 
(PDB ID 2XJK; (230)). This finding is in line with the extensive network of 
long range NOEs and H/D exchange rates observed in paper I. The β-barrel 
of human SOD1 acts as a scaffold, structurally unaltered by removal of the 
functional loop IV and VII. 

 
 
Fig. 11. The SOD1 barrel may contain a second transition state. A. In addition 
to the stability and retained cooperative folding of SOD1ΔIVΔVII, the insensitivi-
ty of SOD1ΔIVΔVII kinetics to Zn2+ observed in this study further corroborates 
that SOD1 contains two cores: a classical hydrophobic (beige) and a hydro-
philic (blue) associated with function. The structure is the holoSOD1pwt mon-
omer (PDB ID 2XJK; (230)). B. The curved unfolding limb of both apo and holo 
holoSOD1pwt and SOD1ΔIVΔVII GdmCl kinetics suggests that the SOD1 barrel 
may contain a second, more compact, TSE involving elements of the β-barrel. 
At high concentrations of GdmCl, this TSE (red) becomes rate-limiting, re-
tarding unfolding. 
 
While the β-barrel is intact in the naked scaffold, the Zn-site is compro-
mised: all but one Zn-ligand are lost upon removal of loop IV. Accordingly, 
the dramatic stabilisation from Zn2+-binding seen in all previously studied 
SOD1 variants is virtually absent in the naked barrel. The kinetic signature 
of ZnCl2 presence on SOD1ΔIVΔVII is completely different compared to e.g. 
SOD1pwt and a variant of SOD1pwt where the Zn-ligands have been substitut-
ed for Ser (229). As mentioned above, mu after loop truncation matches that 
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of the barrel with unstructured loop IV and VII (229). In the presence of 
equivalent amounts of Zn, the mu decreases further, to become lower than 
that of the previously observed misligated species. Even though Zn does not 
stabilise the barrel to the extent observed in SOD1pwt, it appears that the 
presence of the metal still affects the compactness of SOD1ΔIVΔVII. ZnCl2 
titration of unfolding and refolding kinetics reveals that much higher Zn 
concentrations are needed to affect SOD1ΔIVΔVII kinetics than needed for the 
stabilization of SOD1pwt. Zn-affinity might be reduced in SOD1ΔIVΔVII. The 
underlying mechanism cannot be deciphered from the current data set, but 
the lack of ionic strength dependence of kf of apoSOD1ΔIVΔVII suggests that 
the effect of Zn on SOD1ΔIVΔVII is a specific interaction. No hints of the mo-
lecular origin of the Zn-effect are provided by the SOD1ΔIVΔVII crystal struc-
ture, as it was determined in absence of Zn at pH 4.0. Under such conditions 
one would expect minimal metal binding due to His protonation, even in the 
presence of Zn. The crystal structure does however demonstrate that the 
barrel is intact despite such protonation. Finally, the curvature in the unfold-
ing limb of the GdmCl chevron plots of SOD1pwt and SOD1ΔIVΔVII reveals a 
new layer of complexity in the kinetics of the SOD1 barrel; although such 
effects may arise from ground-state fraying, they may also be caused by a 
shift to a second, more compact transition state in the barrel at high denatur-
ant concentrations (Fig. 11) (96, 164, 165). This possible second TSE is 
currently being mapped by ϕ-value analysis. 
 
Taken together, the results in paper I and II demonstrate that the structural 
scaffold of SOD1 is the barrel. The long functional loops form a second, 
hydrophilic, core that increases frustration but confers additional regulation 
of activity by modulating the stability of enzymatically active SOD1 via 
metallation and dimerisation (Fig. 11). The folding behaviour of SOD1 sug-
gests that functional elements can be added onto an independently folded 
native fold and regulate the stability of that state, thereby acting as a regula-
tory, functional core separate from the hydrophobic core of the protein. Re-
moval of loop IV and VII in SOD1 is also interesting from a medical per-
spective, as these regions have been implied to mediate aggregation of 
SOD1 in ALS patients. A mechanism for SOD1 aggregation with possible 
implications for ALS pathology is proposed in paper III. 

Paper III 
In this study, we demonstrate that the globally unfolded state of human 
SOD1 may act as precursor for fibril formation at physiologically relevant 
pH and temperature, and that the propensity of fibrillation depends on mon-
omer net charge. These finding are important to our understanding of both 
protein aggregation and may be of relevance to the elucidation of the molec-
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ular mechanisms behind the fatal neurodegenerative disease ALS. They also 
corroborate that surface charges prevent non-native intermolecular interac-
tions and misfolding by repulsion. 

 
 
Fig. 12. Identifying the fibrillation precursor of SOD1. A. As electron micros-
copy shows that apoSOD1ΔIVΔVII forms fibrils morphologically indistinguisha-
ble from those of the apoSOD1 monomer, we conclude that misfolding com-
mences from the barrel. Data suggest that it is not local dynamics in the 
native β-barrel (yellow), but rather the denatured barrel, that is the fibrilla-
tion precursor. B. Fibrillation lag-time correlates linearly with global net 
charge variation achieved by Glu-scan of the barrel. Modified from paper III 
with permission. 
 
We observe that apoSOD1ΔIVΔVII (described in the introduction and papers I-
II) forms fibrils that are morphologically identical to fibrils of both oxidised 
and reduced apoSOD1 monomer upon mechanical agitation in vitro. Three 
main hypotheses are frequently evoked to account for SOD1 aggregation: i) 
cross-linking of free Cys residues (245), ii) intermolecular association via 
the long, flexible active site loops IV and VII (229, 246), and iii) exposure of 
aggregation-prone elements upon rupture of the β-barrel (233, 247). 
apoSOD1ΔIVΔVII is an excellent model system for testing all of the above 
hypotheses. As apoSOD1ΔIVΔVII lacks both loops IV and VII as well as all 
Cys, the observation that the protein fibrillates under the same conditions as 
monomeric apoSOD1 allows us to immediately falsify hypothesis i) and ii), 
and conclude that the fibrillar core in this assay is formed from the β-barrel 
(Fig. 12). 
 
More specifically, we show that the globally unfolded state of the SOD1 β-
barrel is the fibrillation precursor. We do so by varying the occupancy of the 
putative precursor by urea titration while quantifying the effect on the aggre-
gation kinetics. The population of denatured SOD1 was calculated using a 
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two-state model, as all three SOD1 variants fold by reversible two-state tran-
sitions without detectable intermediates under the conditions of the fibrilla-
tion assay. Fibrillation is accelerated by shifting the population towards D, 
and fibrils formed in absence of denaturant are indistinguishable from those 
formed in presence of 8 M urea and equally resistant to renaturation. Global-
ly unfolded fibrillation precursors have previously been observed (209, 210), 
and such a precursor is in line with previously reported polymorphism of 
apoSOD1 fibrils (247). That a common denominator of several seemingly 
unrelated SOD1 mutations in ALS patients is an increased population of D, 
either by destabilisation the apo protein (271) or by impaired metal binding 
(230) implies that our in vitro findings may have physiological relevance. 
 
Applying analytical expressions for τlag and νmax (272) to fibrillation data, we 
propose that fibrillation proceeds by a two-step nucleation mechanism as-
sisted by mechanical fragmentation, where fragments elongate by incorpo-
rating globally unfolded monomers. The proposed nucleation mechanism 
proceeds via an initial, loosely bound, transient complex dominated by long-
range electrostatic interactions to a more ordered, specific fibrillar structure 
(197). Accordingly, we observe that τlag decreases linearly with reduction of 
the global negative net charge of the denatured monomer. The variations in 
τlag that are not accounted for by global charge are partly accounted for by 
increased hydrophobicity. The correlation between monomer net charge and 
aggregation tendency under denaturing conditions agrees with the previous 
observation of ALS mutations in SOD1 that neutralise the negative mono-
mer net charge (224). 
 
The results in paper III highlight the importance of surface charges as aggre-
gation gatekeepers and elements of negative design (15, 207, 208). Is this the 
main role of the solvent-exposed charged residues of globular protein mole-
cules? One answer to this question is provided in paper IV. 

Paper IV 
Solvent-exposed side-chain charges are an important feature of proteins, 
affecting solubility (219), aggregation (207), thermal stability (8, 258-261), 
folding, and function (39, 72), but are they required for a protein to fold? In 
paper IV, we examine the general role of surface charges by removing them 
completely from ribosomal protein S6 and observing the effects on the fold-
ing reaction. 
 
Charge-depletion of ribosomal protein S6 was done in two steps (Fig. 13). 
All K and R in S6wt were substituted with S. The resulting negatively super-
charged S6+1-17 (Fig. 13) was overexpressed with good yield in soluble form. 
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The charge-depleted S6+1 was obtained from S6+1-17 by protonation of D, E, 
and the C-terminus at pH 2.3. As described in further detail in the introduc-
tion, ribosomal protein S6 is a very good model system for this approach, 
e.g. the protein is folded despite full protonation at pH 2.3, and the native-
state pKa shifts are relatively small. 

 
 
Fig. 13. Complete removal of side-chain charges from a protein. A. Using a 
two-step combination of mutagenesis and acidic pH, a fully charge-depleted 
protein, S6+1, save for the N-terminal charge, was produced from wild-type 
S6+17-17. B. Barrier profiles of the charge variants in A. Folding is faster with-
out charges. C. Amino-acid sequence of S6wt, asterisks denoting residues 
with charged side chains (32 % of the sequence). Modified from paper IV with 
permission. 
 
Cooperative two-state folding is not compromised by charge depletion and 
native solution structure is retained. The charge-depleted protein actually 
folds ~300 times faster than S6wt (Fig. 13), losing only 50 % of wild-type 
stability. The limited influence of charge on S6 folding is remarkable, as 
optimisation of electrostatic interactions by an increased number of salt 
bridges has been identified as a driving force behind the high thermal stabil-
ity of proteins from hyperthermophilic organisms (8, 258-261). 
 
While folding is not prevented by charge-depletion, misfolding propensity is 
increased. Charges are also critical to long-term solubility. S6+1 aggregates 
even under denaturing conditions, while S6wt and S6+1-17 do not aggregate 
under any conditions used in this study. This agrees well other reports of 
charges as quenchers of aggregation propensity (208, 273). As aggregation 
occurs on timescales >10 times longer than monomer folding, and the impact 
of transient aggregation from gatekeeper loss is minimal at low protein con-
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centrations (15), the two-state kinetics of monomer folding are still well-
separated from aggregation in the stopped-flow experiments. Attempts at 
equilibrium denaturation and detailed assignment of the S6+1 monomer by 
NMR have so far been fruitless, as sufficient data cannot be collected before 
the signal is lost.  
 
To summarise, charges are not required for the cooperative folding of S6. 
Their presence actually limits folding rate, while suppressing misfolding 
propensity and aggregation. The results suggest a dichotomy between the 
codes for tertiary and quaternary contacts, where monomer folding and in-
termolecular interactions are encoded by separate components of the amino 
acid sequence. Monomer folding can be driven by hydrophobicity and hy-
drogen bonding alone, while structural (232) and functional (39, 215) inter-
molecular interaction depends on the relative positions of charges through 
attraction (39, 72, 215, 274) or desolvation penalty (86, 217, 218). 
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Conclusions 

This thesis does not fully reveal how proteins fold in biologically relevant 
timescales. It does, however, provide important pieces to the puzzle. The 
first part of this thesis concerns the structural composition of monomers. We 
demonstrate that evolutionary conserved functional loop segments can be 
removed from a protein, leaving behind a properly folded structural core. 
This indicates that flexible functional elements can be placed on a structural 
scaffold and suggests that the functional and structural parts of a protein may 
evolve semi-uncoupled rather than as a unit. Coupling the structuring of a 
regulatory core, driven by e.g. cofactor and chaperone homeostasis rather 
than hydrophobic collapse, to global stability can rapidly and tightly modu-
late enzymatic activity. Regulation through folding/unfolding and associa-
tion/dissociation events can be both faster and more energetically economic 
compared to biosynthesis/degradation of long stable polypeptides. 
 
The second part of this thesis concerns the role of surface charges in globular 
proteins. We find that the cooperative folding of a small globular protein 
does not require surface charges; monomer folding is accelerated by charge 
depletion. It is well established that surface charges of proteins are important 
for solubility, function, and prevention of misfolding. In line with this, we 
could show that reduced surface charge promotes aggregation of both the β-
protein SOD1 and the α+β protein S6. Solubility, function and misfolding 
are all examples of intermolecular interaction, and surface charges are highly 
involved in regulating such contacts. The observations in this thesis suggest 
that this control mechanism can be uncoupled from cooperativity within the 
limits of protein stability. Surface charges present an instrument, seemingly 
separate from folding of the structural domain, for controlling and restricting 
access to higher order structures such as protein oligomers, enzyme-substrate 
complexes, or misfolded conglomerates such as aggregates and amyloid. 
One can imagine two aspects of this control mechanism: a diffuse repulsive 
net charge that prevents non-specific effects, e.g. incorporation of the mon-
omer into transient complexes such as that proposed in paper III, and a spe-
cific arrangement of charged residues that control the assembly of specific 
quaternary structure, be they functional multimers, enzyme-substrate com-
plexes, disordered aggregates, or ordered oligomeric non-native assemblies 
such as amyloid. 
 



 53 

Taken together, the results are examples of how the code for the cooperative 
formation of protein structure can be separated from the code for function 
and higher-order structure in the amino acid sequence. This dualism can 
potentially decrease the probability of conflicts between fold and function 
during evolution, and prevent functional optimisation from running rampant, 
overturning structural integrity in the process. Without such a mechanism, 
functional evolution might pull the carpet from under its own feet. Still, 
much of the molecular detail of the relation between protein folding and 
function remains to be unearthed by future experiments. The two model sys-
tems established in this thesis work, the charge-depleted protein S6+1 and the 
loop-truncated SOD1ΔIVΔVII, are valuable tools for this task. 
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Populärvetenskaplig sammanfattning på 
svenska 

Alla organismer innehåller proteiner, långa kedjemolekyler uppbyggda av 
aminosyror. I organismen har proteiner en enorm mängd strukturella och 
funktionella roller, bland annat som katalysatorer i ämnesomsättningen, 
grunden till allt liv. För att bli biologiskt aktiva behöver proteiner kunna 
växla mellan två eller flera specifika tredimensionella strukturer. Denna pro-
cess kallas 'proteinveckning'. Veckning av små proteiner är i många fall re-
versibel, likt när man skrynklar ihop en papperslapp och vecklar ut den igen 
förutom att proteiner inte blir skrynkliga av processen. Hur veckning funge-
rar i detalj är inte känt, men det är aminosyrornas turordning i proteinkedjan, 
aminosyrasekvensen, som avgör hur ett protein veckas. I regel motsvarar en 
unik aminosyrasekvens en unik veckad struktur, den s.k. 'nativa' eller funkt-
ionella strukturen. 
Då de flesta proteiner behöver vara lösliga i cellers vattenbaserade innan-
döme sitter i regel laddade eller vattenlösliga aminosyror på proteinets yta, 
medan fettlösliga aminosyror ger proteinet en kompakt, stabil och fet kärna. 
Resultaten i den här avhandlingen visar att laddade aminosyror på ytan av 
små globulära protein inte behövs för att vecka proteinet, utan att deras pri-
mära roll verkar vara funktion samt att förhindra att proteinmolekyler klum-
pas ihop i stora, icke-funktionella sjok, s.k. aggregat eller amyloida fibrer, 
genom att repellera närliggande proteinmolekyler i den tätpackade cellen. 
Sådana ansamlingar av felveckade proteiner har påträffats i centrala nervsy-
stemet hos patienter med allvarliga neurodegenerativa sjukdomar, exempel-
vis Alzheimers sjukdom, Parkinsons sjukdom, prionsjukdomar som galna 
kosjukan samt amyotrofisk lateral skleros (ALS). Proteinet superoxid 
dismutas misstänks vara en av orsakerna bakom ALS, då proteinet bland 
annat har påträffats i aggregat i patienter och även i djurmodeller av ALS. 
Däremot är mekanismen bakom bildandet av aggregaten inte känd. En del av 
experimenten i den här avhandlingen visar att superoxid dismutas kan bilda 
fibrer från sin uppveckade form, och att benägenheten att göra detta ökar om 
proteinets ytladdning minskas. Detta visar att kunskap om ytladdningars roll 
i proteiner inte bara är viktig ur ett grundforskningserspektiv, utan även kan 
vara högst relevant vid utveckling av nya behandlingsformer för neurodege-
nerativa sjukdomar. 
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