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Abstract 
 
 This thesis is based on studies, described in four papers, in which the 
folding energy landscape of MerP was investigated by various techniques. 
MerP is a water-soluble 72 amino acid protein with a secondary structure 
consisting of four anti-parallel β-strands and two α-helices on one side of 
the sheet in the order β1α1β2β3α2β4.  
 The first paper describes the use of CD and fluorescence analysis to 
examine the folding/unfolding process of MerP. From these experiments it 
was found that the protein folds according to a two-state model in which 
only the native and unfolded forms are populated without any visible 
intermediates. With a rate constant of 1.2 s-1, the folding rate was found to 
be unusually slow for a protein of this size. 
 The studies presented in the second and third papers were based on 
measurements of native-state amide proton exchange at different 
temperatures (Paper II) and GuHCl concentrations (Paper III) in the pre-
transitional region. In these studies partially unfolded forms were found for 
MerP which are essentially unrelated to each other. Thus, in the folding 
energy landscape of MerP, several intermediates seem to occur on different 
folding trajectories that are parallel to each other. The slow folding rate of 
MerP might be coupled to extensive visitation of these conformations. 
Hydrogen exchange in MerP did also reveal structure-dependent differences 
in compactness between the denatured states in GuHCl and H2O. 
 In the last paper multivariate data analysis was applied to 2-dimensional 
NMR data to detect conformational changes in the structure of MerP 
induced by GuHCl. From this analysis it was suggested that regions 
involved in the most flexible part of the protein structure are disrupted at 
rather low denaturant concentrations (< 2.1 M GuHCl) while the native 
structures of the most stable parts are still not completely ruptured at 2.9 M 
GuHCl. 
 Finally, the stability, kinetics, contact order and folding nuclei of six 
proteins with similar topology (MerP, U1A, S6, ADA2h, AcP and HPr) 
were compared. In this analysis it was found that their folding properties are 
quite diverse, despite their topological similarities, and no general rules that 
have been formulated yet can adequately predict their folding behaviour. 
 
Keywords: protein folding and stability; hydrogen exchange; intermediate; 
partial unfolding  
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Introduction  
 
Historical background of proteins 
 
 Four classes of molecules constitute the main components in living 
systems: proteins, carbohydrates, lipids, and nucleic acids. Of these 
components proteins have the widest diversity in structure and function. 
 Proteins were first discovered in 1838 by the Swedish scientist Jöns 
Berzelius. The original meaning of proteins is first thing, derived from the 
Greek word for “pre-eminent”. Over the following century it was found that 
the building blocks in proteins are made of 20 different amino acids linked 
together in an unbranched biopolymer known as a polypeptide chain. In the 
early 1950s, Linus Pauling and Robert Corey proposed two possible 
hydrogen-bonded configurations for the polypeptide chain: a helical 
formation,1 and a pleated-sheet configuration2 today known as an α-helix 
and a β-strand, respectively. At almost the same time Fred Sanger, a 
Cambridge scientist, managed to develop new methods for amino acid 
sequencing and was able to determine the complete sequence of insulin (a 
hormone protein).3 The first detailed protein structures were solved, in 1957, 
of myoglobin (a protein that stores oxygen) by John Kendrew and 
colleagues4 and in 1959 of haemoglobin (an oxygen transport protein) by 
Perutz and his collaborators.5 
 
Protein structure and function 
 
 An amino acid contains both amino and carboxylic functional groups. In 
the polypeptide chain the amino acids (also called residues) are linked 
together by a peptide bond, and one molecule of water is released with the 
formation of each peptide link. Figure 1 shows a schematic diagram of two 
amino acids linked together by a peptide bond. The only part that differs 
between the various amino acids is their side chains (labelled R1 and R2 for 
the respective amino acids in Figure 1) except for proline, which has a side 
chain covalently linked to the amide nitrogen and therefore lacks an amino 
group. According to the chemical properties of the side chain the amino 
acids are classified into four different groups: acidic, basic, hydrophilic 
(polar) and hydrophobic (non-polar).  
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Figure 1. Schematic drawing of two amino acids linked together by a 
peptide bond. Protons are coloured white, carbon atoms grey, oxygen atoms 
black and nitrogen atoms light grey. The side chains of the amino acid are 
labelled R1 and R2 for the amino acids to the left and right, respectively. 
 
 Before a protein can function it has to fold into a unique 3-dimensional 
structure called its native state. The protein structure can be described at 
four levels:  

• The primary structure  is the order of the amino acids in the 
polypeptide chain. 

• The secondary structure is composed of repetitive 3-dimensional 
conformational units. The key to this structure is hydrogen bonding 
between the amide protons and carbonyl groups of specific pairs of 
residues.  Most frequently the secondary structure constitutes either 
an α-helix or a β-sheet structure. In an α-helix the structure is 
stabilized by a series of hydrogen bonds from C=O of residue n to 
N-H of residue n + 4 (see Figure 2a), while in the β-sheet the 
structure is stabilized by hydrogen bonds between the C=O and N-H 
groups of two adjacent β-strands (see Figure 2b). Very often the 
structural units between elements of secondary structure constitute 
well-defined (non-repeating) turn structures. 

Amino group 

Peptide group  Peptide bond 

Carboxyl group  

Amide proton 
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Figure 2. Schematic drawings of secondary structural units. (a) α-helix, 
(b) β-sheet. The colour scheme is the same as described in Figure 1. 
Hydrogen bonds are shown by dotted lines. For clarity only the 
backbone atoms are shown. 

 
• The tertiary structure  is the overall 3-dimensional configuration of 

the polypeptide chain, which is stabilised by interactions between 
the side chains of the residues. The tertiary structure can be divided 
into one or more subdomains that constitute local parts with specific 
tertiary structure elements. 

• The quaternary structure is the overall configuration adopted by 
proteins consisting of more than one polypeptide, which is stabilised 
by interactions between the polypeptides. 

 
 The 3-dimensional structure of a protein can be determined by X-ray 
diffraction or Nuclear Magnetic Resonance. Figure 3 shows the 3-
dimesional structure of MerP.  
  

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. The 3-dimensional structure of MerP. 
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 The diversity of the biological functions of proteins is enormous, 
covering a vast range of properties. For example, there are: transport 
proteins like haemoglobin (which carries oxygen to our tissues), hormones 
like insulin (which signals our bodies to store excess sugar), storage proteins 
like myoglobin (which stores oxygen in the muscles), enzymes (which 
catalyse chemical reactions), contractile proteins like actin and myosin 
(involved in muscle contraction), receptor proteins that allow signals to pass 
through membranes, structural proteins like the collagen in our tendons and 
ligaments, and proteins involved in our immune defence system (antibodies) 
etc. In the human body there are between 30 000 and 40 000 genes that 
encode the different proteins responsible for a vast array of biological 
activities.  
 
The protein folding problem 
 
 Today we have a thorough understanding of how cells construct 
sequences of amino acids using the DNA as a template. There are also 
methods to analyze the amino acid contents in specific proteins, and to 
determine the order of the residues. However, there are still major 
uncertainties about how polypeptide chains are able to fold into the well 
defined structures necessary for proteins to perform their specific functions. 
 In the late 1950s Christian Anfinsen showed that the amino acid 
sequence contains enough information for the polypeptide to fold into a 
specific three-dimensional structure and today it is known that for many 
proteins all the information needed for them to correctly fold into their 
biologically active shapes lies in the primary amino acid sequence.6 But the 
question remains, how is it possible for an unfolded protein, with hundreds 
of millions of potential folded states to choose from, to find the correct fold 
in only a few seconds? 
 In the early 1980s researchers found partially folded forms 
(intermediates) of the protein structure,7,8 which have been suggested to play 
key roles in the folding process by simplifying the conformational search for 
the native state.9 Today, intermediates have been found for numerous 
proteins and their implications for the protein folding process have been 
widely discussed.10-22 
 In contrast, a large number of proteins have been shown to fold in a 
cooperative two-state process i.e. without showing any stable 
intermediate.23-26 Interestingly, results from kinetic measurements on 
variants of the apparent “two-state folder” Tendamistat indicates that 
partially folded meta-stable intermediates (i.e. intermediates with higher free 
energy than the unfolded and native states of the protein) might play an 
important role in the mechanism of apparent two-state folding.27 
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 The mechanism by which a protein folds to its native state after 
biosynthesis remains one of the central unresolved issues in structural 
biology.14,28,29 Discovering the folding mechanism is of more than academic 
interest. An increasing number of different human diseases, including 
Alzheimer’s and Parkinson’s diseases, are caused by proteins that misfold 
into structures that differs from the native state, and subsequently forms 
aggregates in cells or the extracellular space.29,30 In order to find new 
therapies to treat these diseases it is highly important to identify the 
mechanism(s) underlying protein folding and misfolding. 
 
 
Conformational properties of proteins 
 
Protein stability 
 
Calculating protein stability 

Under conditions that favour folding, proteins can undergo a spontaneous 
process whereby the unfolded protein chain folds into the native state. The 
difference in Gibb’s free energy (∆G) between the unfolded (U) and the 
native state (N) is used to describe the stability of a protein molecule. Under 
conditions that favour folding the overall free energy change on folding is 
negative i.e. the folding process is thermodynamically favoured according to 
scheme (1): 

 
  

                            ∆G < 0                           (1) 
 

 
Here kf and ku are the folding and unfolding rate constants, respectively. 

In a reversible two-state system the difference in Gibb’s free energy for 
the unfolding process can be calculated from the ratio between the 
concentration of the unfolded and native states, which is equal to the ratio 
between the unfolding and folding constants, (equations (2) and (3)): 
 
 Ku = [U]/[N] = ku/kf (2) 
 
 ∆G = -RT ln Ku (3) 

  
Here Ku is the equilibrium constant for the unfolding reaction. 

kf 
U N

 ku 
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The free energy difference can also be defined as the difference between 
the enthalpy (∆H) and entropy (∆S) changes according to: 

 
 ∆G = ∆H - T∆S (4) 

 
Primary forces involved in protein stability 

An unfolded polypeptide makes many bonds with solvent water 
molecules that need to be disrupted and exchanged upon folding. Thus, new 
interactions within the polypeptide chain and between the chain and water 
molecules must be formed that can stabilize the protein molecule in the 
native state (i.e. the net difference in the enthalpy change must be negative 
to promote the folding process). In addition, the degree of freedom for the 
polypeptide chain will be dramatically reduced during the folding process, 
which will have a negative net value of ∆S, and thus a counteractive effect. 

The major forces that are involved in protein stability are: hydrogen 
bonds, van der Waals interactions, electrostatic interactions, covalent bonds, 
hydrophobic interactions and conformational entropy.  

Hydrogen bonds (H-bonds) are non-covalent interactions that are formed 
between a donor group (such as a hydroxyl -OH or an amino –NH) and an 
acceptor atom (such as oxygen or nitrogen).31 The average distance between 
the donor atom (i.e. the electronegative atom in the donor group) and the 
acceptor atom is around 3 Å.32 There is still an ongoing debate about how 
much hydrogen bonding contributes to the overall stability of the protein. 
Generally, however, around 70 % of all possible peptide H-bonds are 
formed in proteins. Thus, if the net enthalpy change per H-bond formed is -1 
kcal/mol, the total enthalpy contribution for the folding reaction of a protein 
containing 100 peptide bonds, would be -70 kcal/mol.33 

van der Waals interactions can be divided into the attractive dispersion 
forces, which occur between uncharged atoms due to transient dipoles that 
the atoms  induce in each other,34 and repulsion forces, which occur when 
uncharged atoms come very close together without inducing dipoles. The 
interactions are quite weak and short ranged,31 occurring in the interior of a 
protein where the atoms are density packed.35 It is the large numbers of van 
der Waals interactions that make them important for protein stability. 

Electrostatic interactions can be of three types; charge-charge (also 
called salt bridges), charge-dipole and dipole-dipole. Salt bridges are formed 
between positively and negatively charged groups and have been implicated 
as important stabilizing forces in protein structure (reviewed by Shortle 
199236). The energetic contributions of salt bridges have been estimated to 
vary between 0.3 and 5 kcal/mol depending on the environment and the 
actual bond distance.37 However, electrostatic repulsion might, in contrast to 
electrostatic attractions, have a destabilizing effect on the native state of a 
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protein and may be important for the extension of the polypeptide in the 
unfolded state.38 
 Under oxidized conditions the sulfide groups of two cysteine residues 
can be covalently bound to each other to form a –S–S–bridge. Frequently,  
–S–S– bridges help to stabilize the native structure. This is because an 
unfolded polypeptide that contains a –S–S– bridge has a smaller number of 
possible conformations than an unfolded chain without the bridge. 
Interestingly, the protein MerP, used in this study, does not follow this 
trend. In this case the oxidized form is less stable relative to the reduced 
form by 0.7-0.8 kcal/mol. This is most probably because a negative charge 
at Cys17 (which is removed upon oxidation) is important for the protein’s 
stability.39 Covalent bonds can also occur between residues in the protein 
and cofactors such as metal ions.  
 The estimated enthalpy change for Hydrophobic interactions are around 
–1.25 kcal/mol residue, based on the average amount of buried nonpolar 
area per residue in the folding process and a factor that is used to convert 
buried nonpolar surface to free energy.40,41 During the folding process of 
water-soluble proteins the hydrophobic residues become buried within the 
molecule and the hydrophilic parts are exposed to the water. This increases 
the entropy of the system since the surrounding water molecules become 
less ordered when they are not in contact with non-polar groups. This gain 
in entropy is thought to be a very important force promoting the folding 
reaction and is described as the hydrophobic effect. 
 In contrast, the conformal entropy of the polypeptide chain will be 
greatly reduced during the folding process, and this is the major 
destabilizing force42 which needs to be balanced by the hydrophobic effect 
combined with the previously described interactions. Thus, most folded 
proteins are only marginally stable where the free energy of unfolding 
ranges between 3-15 kcal/mol.43 
 
Protein folding 
 
The Levinthal paradox 
 In the beginning of the 1960s Anfinsen found that proteins can fold 
reversibly into thermodynamically stable states.44 This came to be called 
thermodynamic control and was taken as evidence that the folding of 
proteins to their native state is “pathway independent” (i.e. the native 
structure is determined only by the final native conditions). However, this 
process should take a long time because it may require an extensive search 
for the unfolded polypeptide to reach its native state. In 1969 Levinthal45 
pointed out that random searching by a polypeptide to achieve its functional 
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fold would require immense amounts of time, even for small, single-domain 
proteins because there are so many possibly conformations. 
 Assuming that each of the backbone φ (phi) and ψ (psi) angles (the 
angles of rotation about the bond between the N and the α-carbon and 
between the α-carbon and carbonyl-carbon, respectively) in a polypeptide 
chain can adopt only three different values, then a protein containing 100-
residues can adopt ca 3200 ≈ 1095 different possible conformations. If it takes 
around 1 ns for the transition between these conformations to occur the 
protein would need 1078 years to sample all these structures in a random 
search to find its native conformation.46 

But proteins need to fold quickly, in a biological timescale, usually in the 
order of milliseconds to minutes. This came to be called “kinetic control”, 
implying that folding happens quickly because it is “pathway dependent”.44 
This raise questions about how protein folding could be simultaneously 
pathway dependent and pathway independent.47 These two conflicting 
considerations constitute the “Levinthal paradox”. 
 
The “classical view” and the “new view” of protein folding 

There are two major different views on how this paradox may be 
resolved20: (1) the “classical view” and (2) the “new view”.  

In the “classical view” (see Figure 4) it is proposed that the paradox can 
be resolved by the existence of partially unfolded intermediates since they 
might allow folding to occur sequentially step by step, which would 
probably reduce the scale of the conformational search. The search for 
folding intermediates (I) that occur in a sequence from the unfolded form 
(U) to the native form (N) has been thought to provide opportunities to 
study conformational changes in the protein structure during the folding 
process.46 
 

 
 
Figure 4. The ”classical view” of protein folding. 

U  I1  I2  ⋅⋅⋅  N 

Unfolded state Intermediates Native state 
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In the “new view” (primarily based on theoretical studies of protein 
folding) the paradox is resolved by describing the folding process in terms 
of a funnel-shaped energy landscape. The funnel can be smooth if 
conformational dissimilarities with the native state is accompanied with a 
large difference in the free energy48 (see Figure 5a). On the other hand, in a 
rugged energy landscape, small changes in the free energy can be 
accompanied with large conformational changes (see Figure 5b).44 In this 
model there is no specific pathway for the folding process. Instead, the 
unfolded state constitutes an ensemble of polypeptide chains from which 
each molecule follows its own route, and other chains follow different 
trajectories, to the native state.20,44,47 
 

 
 
Figure 5. The ”new view” of protein folding. (a) A smooth funnel. (b) A 
rugged funnel.  Created by Jon Tibell. 
 
Intermediates 

For several proteins intermediates have been found that are stable enough 
to be populated under certain conditions. Many proteins form a “molten 
globule” intermediate that is quite compact and has a native-like secondary 
structure, but only a few well-organized tertiary structure elements.49 Many 
studies support the idea that these “molten globules” represent intermediates 
that are on the protein folding pathway because they can have a very native-
like structure, supporting the “classical view”.17 In the “new view” 
intermediates are not necessary for the unfolded polypeptide chain to fold to 
the native state. Instead, these intermediates might occur as a result of the 
ruggedness of the energy landscape (see Figure 5b).20 This can be visualized 
as skiers going down a mountain who may have to traverse valleys at 
altitudes higher than the lowest point on the mountain range before they 
reach the deepest valley.44 

N N 

U U U U U U U 
U U U U U U U 

a b 
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Two-state folding mechanism 
Intermediates with characteristics of the molten globule state are 

normally found for proteins that are relatively large (> 100 amino acids).49-51 
However, numerous small, single-domain proteins, with 100 amino acids or 
less, have been found to fold without any accumulation of detectable 
intermediates.52 This means that proteins can fold quickly without the 
guidance of intermediate conformations. These proteins are often said to 
fold in a two-state mechanism i.e. only the folded and unfolded forms of the 
protein are populated during the folding event. Some following criteria must 
be fulfilled for a protein to be classified as a “two-state folder”.53 First, the 
protein must exhibit single-exponential decay in both the forward (folding) 
and the reverse (unfolding) direction with no burst-phase within the dead 
time of the experiment i.e. the total difference in signal between the native 
and unfolded states must be detected in the kinetic experiment. Second, the 
ratio of the forward to reverse rate constants (kf/ku) must equal the 
equilibrium constant Kf. Third, the same folding behaviour should be found 
when the folding process is measured by different techniques that probe 
different parts of the protein structure. 

Two different concepts have been postulated for the two-state folding 
behaviour of proteins: the transition-state theory and the funnel model.  In 
the transition-state theory (see Figure 6) an energy barrier impedes, and 
slows, the transition of the unfolded polypeptide towards a diffuse structure 
called the transition state (TS). After reaching TS there is a rapid transition 
to the final native conformation. In this model U, TS and N are macrostates, 
each of which contains a distinct ensemble of microstates (specific atomic 
structures or chain-conformations) that occur in a sequence along a single 
reaction coordinate  i.e. U  TS  N.53 The single-exponential behaviour 
arises from the formation of TS, which is the bottleneck in the protein 
folding event.53  

 
Figure 6. The transition-state theory of two-state folding.   

Reaction coordinate 

Macrostates that 
contains distinct 
ensembles of 
microstates  

N 
U 

∆G 
TS 
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In the funnel model (derived from microscopic theory and simulations) 
of protein folding the two-state kinetics can be described by a very smooth 
energy landscape, Figure 5a, in which the funnel is flat at the top and steeper 
and deeper toward the native structure.44 The funnel model shows how a 
single native structure can be reached rapidly from a large number of 
different unfolded conformations. However, a smooth funnel lacks a barrier 
and, thus, while the funnel model can explain the speed of folding it does 
not provide a good explanation of two-state kinetics.53 In contrast, the TS 
theory can explain the single-exponent behaviour, by postulating the 
existence of an energy barrier, but not really the folding speed because a 
barrier will slow rather than accelerate the process. So the question remains, 
how can we reconcile these conflicting behavioural patterns?  

Recently, Schonbrun and Dill presented three conclusions about the 
microscopic basis for fast-folding kinetics.53 They suggest that fast folding 
results from the occurrence of parallel microscopic routes. In the beginning 
of the folding process the polypeptide does not spend any time searching in 
the unfolded conformational space, rather the protein molecules “fall down” 
the folding funnel like water down a water-fall. The bottleneck, which gives 
rise to the single-exponential behaviour, is found where the funnel becomes 
narrow due to the reduction in the large numbers of folding trajectories 
down the funnel landscape. Initially, folding happens very quickly because 
the unfolded conformation has a much higher probability of making new 
native contacts to proceed downhill, simply because it can happen in so 
many different ways, i.e. there are many routes downhill. In contrast, it 
takes much longer for near-native conformations to make new native 
contacts because there are fewer ways of doing it, i.e. there are only a few 
routes downhill. 

 
Hidden intermediates 

Recent studies on proteins that show apparent two-state folding 
mechanisms have revealed the existence of “hidden” intermediates (HI) that 
occur sequentially along the folding pathway,20 but are masked by the 
transition state. Hidden intermediates cannot be detected by conventional 
kinetic methods because they exist at energy levels that are either higher 
than the unfolded state or located at the native side of the rate-limiting 
energy barrier. The findings of HI have been invoked to question the 
validity of the funnel model for two-state behaviour because, in contrast to a 
folding pathway with a sequence of kinetic species as illustrated in Figure 4, 
the funnel model suggests that multiple folding events occur in parallel, 
there is a continuum of different conformations rather than a discrete 
hierarchy and the energy surface is most likely smooth i.e. without any 
intermediate states.54  
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However, in computer simulations using a two-dimensional folding 
model Ozkan et al54 have demonstrated that hidden intermediates and 
hidden TS can occur in parallel rather than along a single reaction 
coordinate. Consequently, even for apparent two-state proteins the shape of 
the energy landscape might be a highly complex funnel with a certain 
degree of ruggedness. 
 
Structural mechanism of protein folding 

In searches by scientists over the past 40 years to find a model describing 
how the structural parts in the protein structure are formed and added during 
the folding process, different mechanisms have been proposed, a few of 
which are discussed here. 

In the nucleation-growth model55 one or more well-defined kinetic 
nuclei, containing secondary structure elements, are first formed from which 
the tertiary structure is propagated.  

Two other, very similar models are the framework model56 and the 
diffusion-collision model57, which are based on the idea that the hydrogen 
bonded secondary structure is the first to be formed. The pre-formed 
secondary structure elements are then added, either by propagation of the 
structure in a stepwise manner or by diffusion and collision, to finally form 
the tertiary structure in the native state. 

In the hydrophobic collapse model58 folding is thought to be driven by 
water molecules being squeezed out from the hydrophobic parts of the 
polypeptide chain. This will cause the chain to collapse into a state from 
which secondary elements can start to grow. 

According to the nucleation-condensation model13,59 the folding process 
starts with a rapid random search of conformations in the unfolded state, and 
native-like secondary structures in the unfolded polypeptide become 
stabilized by long-range interactions as folding proceeds. When sufficient 
interactions have been made the transition state is reached and rapid 
formation of the final structure ensues. If conformations are formed with 
non-native interactions, which have to be disrupted before the transition 
state is reached, they will slow down folding because of the loss of their 
stabilization energy.60 In contrast to the nucleation-growth model the 
folding nucleus of this model is rather diffuse. 
 
Is there a universal model for protein folding? 

A few years ago it was shown by Baker and coworkers24,61 that the 
folding speed of two-state proteins is related to the contact order (CO) of the 
protein, i.e. the folding speed is related to the average sequence distance 
between all pairs of contacting residues normalized by the total sequence 
length (a high CO value reflects long distances between the contacts in the 
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polypeptide). This indicates that proteins that exhibit more sequence-local 
contacts tend to fold more rapidly than proteins that are stabilized to a larger 
degree by long range contacts. In a very recent study Kamagata et al50 
proposed a unified mechanism of protein folding for “two-state folders” and 
proteins that fold through the formation of an intermediate i.e. “non-two-
state folders”. They found that the rate constants for the formation of folding 
intermediates, and formation of the native state from intermediates, reflect 
the native state topology in a similar way to that found for “two-state 
folders”. They concluded that the folding mechanism of “non-two-state 
folders” may represent a general model of protein folding. In this model, 
two-state folding appears to be a truncated version of the folding mechanism 
found for “non-two-state folders”. 

In a comparative study of transition states, Nötling and coworkers62 
found that the nucleation-condensation model seems to be valid for five of 
six small proteins they tested. Later, in a recent paper by Daggett et al63 it 
was proposed that variations of the nucleation-condensation model (see the 
description of the model above) can be used to describe the overall features 
of folding of most protein domains. If the propensity for stable secondary 
elements increases in the folding nucleus, folding can occur in a more 
hierarchical manner, thus following the framework model. However, if 
hydrophobic interactions are formed too rapidly and strongly the protein 
might fall into a molten globule “trap” according to the hydrophobic 
collapse model.  

The question still remains if there is any way of combining the “classical 
view” with the “new view” of protein folding. A cross-section of the funnel 
landscape, see solid line in Figure 7a, shows that the conformational entropy 
(∆S) of the polypeptide chain decreases much faster than the internal energy 
(∆H) of the system (the broken line illustrates a good match between ∆S and 
∆H). This mismatch causes an energy barrier that is visualised in transition-
state theory (see Figure 7b). A “bump” in the reduction of ∆S promotes the 
formation of an intermediate (I) (dotted line in Figure 7a,b) between the 
native and unfolded states in the energy diagram (Figure 7b). However, in 
contrast to transition state theory, the funnel model clearly shows that there 
might be more than one reaction coordinate for the protein molecule. 

If a protein molecule has an almost infinite number of folding pathways 
(i.e. all kinds of interactions that occur in the unfolded peptide favour the 
folding process) the folding would be a highly cooperative process that 
occurs rapidly. This may be the case for proteins that fold extremely 
quickly, with a time constant of a few ms. One example might be the protein 
CspB, which folds in less than 1 ms.64 In contrast, apparent two-state 
proteins that fold more slowly (with a time constant of hundreds of ms) 
might need an extensive search in the unfolded conformational space before 
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the right interactions are found that will promote the folding process. There 
might be several routes for the folding process, requiring a complex search 
for the polypeptide to find the interactions that must be formed before 
folding can be completed. It is the search for these interactions that takes 
time. This might be the case for the protein MerP (see Papers II and III), 
which takes 400 ms (= the half-time for the folding process) to fold to the 
native state.   

 
 
Figure 7. (a) A cross-section of the funnel landscape. (b) A energy diagram 
of protein folding.  
 
Protein unfolding  
 
Dynamics of proteins 

The marginal stability of a protein has important consequences. In order 
to perform its function the structure needs to be sufficiently flexible. 
Furthermore, at appropriate times proteins need to be degraded in the cell, 
and for this too the protein structure must not be too stable. Thus, in many 
cases proteins can be easily denatured (unfolded) by changing their physical 
or chemical environments.43 The most common methods for doing this 
experimentally are by increasing the temperature or by adding a chemical 
denaturant such as urea or GuHCl. 
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Thermal denaturation 
 In thermally induced protein unfolding the enthalpy and entropy changes 
are dependent on the temperature, because of the differences in heat 
capacities between the folded and unfolded forms of the protein (∆Cp) 
according to65: 
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The change in heat capacity reflects the fact that more heat is required to 
raise the temperature of a solution of unfolded protein than a solution of 
folded protein of the same concentration.41 ∆Cp is related to the hydrophobic 
contribution to protein stability, and in general to the change in solvent-
accessible hydrophobic surface associated with the unfolding transition.66 

When integrating equations (5) and (6) one can determine the enthalpy 
difference between the native and unfolded states over a temperature range 
(TR – T) in which ∆Cp is known65 according to: 
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where TR is a reference temperature. 
If ∆Cp is constant the following equations will apply: 

 
 ∆H = ∆HR + ∆CP (T-TR) (9) 
 
 ∆S = ∆SR + ∆CP ln (T/TR) (10) 
 
From equation (4) it can be concluded that at the midpoint melting 

temperature of the temperature-induced unfolding curve (Tm) (i.e. the 
temperature where ∆G is equal to zero) the following relationship is valid: 
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 ∆Hm = Tm∆Sm (11) 
 
and thus: 

  
 ∆S = ∆HR/TR + ∆CP ln (T/TR) (12) 
 

By inserting equations (9) and (12) into equation (4) and using Tm as the 
reference temperature, a thermal unfolding curve can be generated 
according to the Gibbs-Helmholtz equation:  

 
 ∆G = ∆Hm (1-T/Tm) - ∆CP [(Tm-T) + T ln (T/Tm)]  (13) 
 
 Equation (13) was used in Paper II to calculate the thermodynamic 
parameters for individual amide protons from the hydrogen exchange data. 
 
Chemically-induced denaturation 

The most common chemical agents that are used to unfold proteins are 
GuHCl and urea. It is not yet clearly understood how these chemicals act to 
unfold proteins. Either the protein unfolds via direct binding of the 
chemicals to the polypeptide chain stabilizing the unfolded state (i.e. via the 
increase in solubility of the parts of the protein that are exposed upon 
unfolding)67,68 or the protein unfolds via an indirect mechanism by 
perturbation of the water. According to the latter model the denaturants 
increase the mobility of the water molecules, and thus increase the entropy 
of the water. If so, protein folding may be strongly affected by the entropy 
of the water. In general, features of both of these models may be involved in 
the unfolding event. 
 From a chemically-induced unfolding curve the equilibrium constant for 
the unfolding process can be calculated in the transition region where the 
free energy change is close to zero (i.e. the unfolded and folded forms of the 
protein are almost equally populated according to equation (2)). The free 
energy change in this region can then be calculated using equation (3). From 
a plot of ∆G versus the chemical concentration the stability of the protein, in 
the absence of denaturant, can be calculated by extrapolating the free energy 
from the transition region back to zero concentration of denaturant using 
equation (14)69:  
 
 ∆G ([denaturant]) = ∆G(H2O) – m [denaturant] (14) 
 
where ∆G(H2O) is the free energy change at zero concentration of 
denaturant, while m describes how ∆G is related to the denaturant 
concentration and is a measure of the new surface area exposed to solvent 



 17 

upon unfolding. In Paper III equation (14) was used to fit the plot of the free 
energy for individual amide protons versus different concentrations of 
GuHCl. 
 However, this method assumes that there is a linear dependence of the 
free energy on the denaturant concentration, and this might not be the case 
for all proteins. When using GuHCl the free energy curve can show a 
pronounced upward curvature according to the denaturant binding model of 
Tanford.70,71 In this model the degree of binding of denaturant to a limited 
number of sites of the protein molecule is considered. If the sites are 
equivalent and non-interacting then equation (15) becomes valid: 
 
 ∆G([denaturant]) = ∆G(H2O) - ∆nRT ln (1+Kb[denaturant]) (15) 
 
Here ∆n is the number of additional denaturant binding sites, with averaged 
binding constant Kb, that are exposed when the protein unfolds. Equation 
(15) was used in Paper III to fit the hydrogen exchange data that showed an 
upward curvature in the plot of the free energy versus [GuHCl]. 
 
Protein misfolding 
 

Several different human diseases are now known to be associated with 
aggregations of specific proteins. These aggregates are thought to be 
directly or indirectly involved in the pathological conditions associated with 
the disease. The final form has a well-defined fibrillar structure that is 
known as amyloid, and thus the term amyloidosis is frequently used to 
describe the clinical conditions with which they are connected.30 

Although the molecular structure of amyloid fibrils at atomic resolution 
is not known, a general structure has been proposed consisting of parallel or 
anti-parallel β-sheets that are oriented perpendicular to the direction of the 
fibril axis. This structural concept is based on fibre-diffraction,72 cryo-
electron microscopy,73 mass-spectrometry74 and solid state NMR 
spectroscopy75 studies. 

Today an increasing number of proteins that are not involved in amyloid 
diseases have been reported to have the ability to form fibrils76-78 including 
the model protein MerP examined in this study (see Figure 8). Thus, 
although only a handful of proteins are involved in amyloid-related diseases 
(~25) it seems that the ability of proteins to form fibrils might be a generic 
property of the polypeptide chain.30 

The exact mechanism causing the series of events that give rise to 
amyloid formation is not yet completely understood. However, both 
biophysical studies of in vitro aggregation and animal model studies support 
the idea that ordered pre-fibrillar oligomers or protofibrils may be 
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responsible for cell death rather than the fibrillar end-product of the protein 
aggregation pathway.79-83 

 

 
 
Figure 8. Fibrils of MerP. 
 
 
Techniques used in this study 
 
Nuclear Magnetic Resonance 
 
Basic background  
 Nuclear magnetic resonance (NMR) occurs when the nuclei of certain 
atoms are immersed in a static magnetic field and exposed to 
electromagnetic radiation. Nuclei that have a nuclear spin (I) different from 
zero behave as if they were spinning around their own axis. When nuclei 
with I = ½,  such as protons and 15N nuclei, are placed in a magnetic field, 
each nuclear spin aligns such that its magnetic moment is either in the same 
direction as the applied field, or directly opposed to it, with the former 
alignment occupying a lower energy level. Boltzmann statistics can be used 
to predict the relative populations of the two energy levels. 
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where Nβ and Nα are the number of nuclei in the upper and lower energy 
levels, respectively, kB is the Boltzmann constant and ∆E is the difference in 
energy between the α and β states. ∆E is dependent on the magnetic flux 
density, the specific nucleus and the surrounding conditions. The 
populations of the energy levels are nearly equal, however the lower energy 
level population exceeds that of the upper level in the order of parts per 
million (ppm).84 
 
One-dimensional NMR 
 The spin in the lower energy level can be excited to the higher energy 
level by the absorption of energy from electromagnetic radiation at a 
specific resonance frequency, in the radio frequency (RF) region of the 
spectrum, according to: 
 
  Ehv ∆=   (17) 
 
where ν is the resonance frequency.   
 A 1D NMR spectrum is achieved by simultaneously exciting all the 
nuclei of one species in a sample using a short radiofrequency pulse. 
Immediately after the nuclei have been excited the data acquisition phase 
follows, where the free induction decay (FID) from excited spins is 
monitored as they relax back to the ground state. This results in a time 
domain signal which, after Fourier transformation, gives a frequency 
domain spectrum.84 For convenience, the frequency is converted to the 
chemical shift (δ), which is the frequency difference between the sample 
and an internal standard divided by the sample frequency and expressed in 
ppm. The signal intensity is proportional to the population difference 
between Nβ and Nα, and is thus proportional to the concentration of the 
sample.  
 In a 1D proton NMR spectrum of a protein molecule there will be several 
peaks at different chemical shifts since the shifts are very sensitive to the 
molecular environment of the hydrogen atoms in the molecule. However, 
extensive spectral overlaps will occur between the signals, which complicate 
interpretation of the spectrum. To overcome this problem multi-dimensional 
NMR can be used, which can greatly improve the resolution of the peaks 
because in this type of analysis the shifts are separated in more than one 
dimension, reducing the spectral overlap of the signals. 
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Two-dimensional NMR 
 Multi-dimensional NMR is routinely used nowadays to study protein 
molecules. The basic principles of two-dimensional NMR experiment are to 
insert a delay after the excitation of the nuclei and before the data 
acquisition phase, which is varied between different NMR analyses. The 
second dimension of the spectrum is obtained by performing a Fourier 
transformation with respect to the inserted time domain. Using this 
technique it is possible to disturb the spin of one nucleus and detect its 
effect on the spin state of another nucleus since they are coupled with each 
other. In a COSY spectrum, spin effects from adjacent nuclei transferred 
through covalent bonds are analysed. This approach allows separate spin-
systems to be identified, and thus atoms that are close in sequence can be 
identified and their chemical shifts can be assigned.85 Assignment of 
individual amide protons is needed when studying the exchange rates of 
individual amide protons with surrounding molecules (Papers II and III). In 
a NOESY experiment spin effects that are transferred between nuclei 
through the space are analysed, thus allowing the distance in space between 
adjacent atoms to be determined. This type of experiment can be used to 
solve the structure of proteins.85 

By labelling proteins with 15N it is possible to analyse them in 1H-15N 
Heteronuclear Single Quantum Correlation (HSQC) experiments,86 in which 
the spin interactions between the proton and the nitrogen in the amide group 
of residues can be monitored. Each amino acid residue (except proline) 
gives rise to a cross-peak in the NMR spectrum where the chemical shift for 
the amide nitrogen is displayed along the vertical axis and the chemical shift 
for the amide proton is shown along the horizontal axis. The 1H-15N HSQC 
spectrum of MerP displays a good resolution of the signals (see Figure 9) 
and since the chemical shift is sensitive to the environment of the peptide 
group NH this approach was used in the analyses reported in Paper IV to 
detect conformational changes of MerP at different GuHCl concentrations. 
The proportional relationship between the signal intensities and the 
concentration of amide protons in the sample provides the basis for using 
NMR to monitor exchange rates of the amide protons with surrounding 
molecules, and this was used in Papers II and III to explore the dynamics of 
the protein structure at different amide positions in MerP. This technique is 
called hydrogen exchange analysis, and will be described in the following 
section. 
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Figure 9. 1H-15N HSQC spectrum of MerP at pH 6.5.  
 
Hydrogen exchange 
 
Basic background 
 The hydrogen exchange technique was conceived by Kaj Linderstrøm-
Lang in the early 1950s.87 Based on the idea that the amide proton in the 
peptide group constantly exchanges with the hydrogen of the surrounding 
water molecules he inferred that the exchange rate of the amide proton can 
be correlated with the accessibility of the proton of the water molecules. 
Further, this accessibility must depend on the dynamics of the protein 
structure at the specific proton site. Amide hydrogen-deuterium exchange 
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(1H/2H) is currently one of the most promising techniques for exploring the 
energy landscape of protein folding.88 Experimentally the exchange rate 
(kex) of the amide proton can be measured by dissolving a lyophilised 15N-
labelled protein in 2H2O and examining it in a couple of 1H-15N HSQC 
experiments at different time points. Since 2H is silent in 1H NMR analyses 
the rate of exchange between 1H-15N and 2H-15N can be determined by 
fitting the decay in the cross-peak volumes versus time plots to a single 
exponential decay (see Figure 10).  
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Figure 10. Single exponential decay of cross-peak volumes of an amide 
proton in MerP (Paper II). 
 
 The exchange rates can then be analysed, using a two-state model, 
according to scheme (18)89,90: 
 
  kop krc kcl 
 N1Hclosed ↔ N1Hopen → N2Hopen ↔ N2Hclosed (18) 
 kcl kop 
 
 According to this model the exchange of NH is in equilibrium between a 
solvent-inaccessible conformation (NHclosed) and a solvent-accessible 
conformation (NHopen),

91 where kop and kcl are the opening and closing rate 
constants between these two states, respectively. The rate constant for the 
exchange of the amide proton in the NHopen conformation is denoted krc. 
This rate constant depends on adjacent side chains, temperature and pH and 
can be theoretically calculated under different conditions by using 

Time (min) 
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parameters obtained from experimental studies on model peptides.92 At pH 
below 3 the catalysis of krc is dominated by H3O

+ and at pH above 3 OH-

dominates, resulting in rates ranging from about 10-3 s-1 close to pH 3 to 
greater than 103 s-1 above pH 9, at 25 °C.93 
 Using the two-state model the following equation for kex has been 
derived94: 
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 Under native conditions the equilibrium constant for the opening reaction 
ranges approximately between 10-2 and 10-11, given a typical value for the 
free energy change between  3-15 kcal/mol at 25 °C.91 Thus, under these 
conditions kop << kcl and equation (19) can be simplified as follows: 
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 In the so-called EX1 limit, kcl <<  krc and thus equation (20) can be 
reduced to equation (21): 
 
  opex kk =  (21) 

 
Under this condition the exchange rate is a direct measurement of the rate 
constant for the opening reaction according to scheme (18) and thus the 
kinetics of the protein unfolding/folding reaction can be studied.95 
 However, for most native proteins at room temperature and pH ≤ 7 the 
exchange occurs via an EX2 mechanism96,97 where kcl >> krc. In this limit 
case equation (20) can be reduced to equation (22): 
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 From equation (22) the equilibrium constant (Kop) for the opening 
reaction that leads to the exposure of the amide proton can be calculated 
according to: 
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 Thus, the free energy changes for the opening reaction that promote 
exchange of the amide proton can be calculated using equations (3) and 
(23), as in Papers II and III for individual amide protons at different 
temperatures and GuHCl concentrations, respectively. 

If the amide proton is buried and inaccessible to the surrounding 
molecules, or if the proton participates in a hydrogen bond, the protein 
structure around the proton needs to unfold before exchange can take place. 
This can happen in any one of three ways87 as shown in Figure 11. In the 
first case (Figure 11a) the proton requires a global unfolding event, which 
will expose all protons in the molecule, to become accessible. In the second 
case (Figure 11b) only part of the protein molecule needs to be unfolded 
prior to exchange, and thus only a partial unfolding event is required for the 
exchange to take place, and finally the proton can exchange by a local 
unfolding event that involves very little exposure of the folded surface in the 
protein (Figure 11c). 
 

 
Figure 11. Three unfolding models for protein hydrogen exchange; (a) 
global unfolding, (b) partial unfolding and (c) local fluctuation. 

a 

b 

c 
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Implications from hydrogen exchange studies 
 The most common way to study hydrogen exchange is to measure the 
exchange rate at different temperature and/or denaturant concentrations in 
the pre-transitional region of the equilibrium curve (i.e. the region before the 
protein starts to unfold). This is called native-state HX98 and has been used 
in combination with NMR to study the structural stability of a wide range of 
different proteins at amino acid residue level.99-113 The results from these 
studies have greatly increased knowledge of protein folding, and indicated 
that the folding process can differ substantially between different proteins.  

Using this method partly unfolded forms (i.e. intermediates) have been 
found for proteins that fold by an apparent two-state mechanism,100,106-108,110 
implying that the folding landscape for these proteins might not be a very 
smooth surface. For two of these proteins, cytochrome c (cyt c)100 and Rd-
apocyt b562,

108 the partially unfolded forms belong to substructures with a 
well-defined energy and, interestingly, for cyt c the partially unfolded forms 
resemble kinetic intermediates found on the folding pathway,114 indicating 
that the folding occurs sequentially in a step-wise manner.20 The question 
then arises, is it possible to study kinetic events on the folding pathway by 
using native state HX? The answer seems to be affirmative for some 
proteins, since there is a connection between amide protons that exchange 
most slowly and folding nucleation sites in some cases.99,108,115-119 However, 
no direct relationship between hydrogen-exchange behaviour and the protein 
folding pathway has been found for barnase,101,120,121 CI2105,122 or human 
acidic fibroblast growth factor 1 hFGF-1,123 so the issue remains to be fully 
resolved.  
 Another interesting feature that has been observed for T4 lysozyme,107 
hFGF-1110 LysN106 and MerP (Papers II and III) is that they all have broad 
distributions of free energies that are widely dispersed throughout the 
structure. The observation that residues with similar energies do not cluster 
in well-defined areas suggests that unfolding does not occur via the 
formation of a few discrete partially unfolded forms. Instead, it is consistent 
with the occurrence of a large number of energy levels between the native 
and unfolded forms. This feature might reflect the existence of several partly 
unfolded conformations on different folding trajectories that occur in 
parallel, in line with the “new view” of protein folding. 
 
 Arrhenius analysis of hydrogen exchange data 
  Expressing equation (22) in energy terms using the Arrhenius 
relationship gives the following equation48: 
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where ∆Gop is the free energy of opening the native state, E‡ is the activation 
energy for exchange from an unstructured peptide and C1 is a constant. 
Equation (24) can be rearranged by taking the natural logarithms of both 
sides to: 
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 By expressing the free energy in terms of enthalpy and entropy according 
to equations (4), equation (25) can be rewritten as: 
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 When taking the differential of lnkex with respect to 1/T the following 
equation is obtained: 
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 The slope from an Arrhenius plot of the exchange data (i.e. the natural 
logarithms of the exchange rates versus 1/T) is equal to the expressions in 
equation (27), resulting in the following relationship: 
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where Ea is obtained from the slope of the Arrhenius plot and E‡ can be 
derived, following Bai et al92 from model peptide studies. Thus, the 
enthalpy difference between NHopen and NHclosed (∆Hop) can be calculated 
from the following equation: 
 
  ∆Hop = Ea- E

‡ (29) 
 
 The enthalpy difference between NHopen and NHclosed for amide protons 
that exchange by local fluctuation was calculated and compared with ∆Hm in 
Paper II. 
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Fluorescence spectroscopy 
 

The emission of light of a longer wavelength by some atoms and 
molecules as they relax back to the ground state following excitation by 
radiation at a particular wavelength is called fluorescence. Fluorescence 
emission from proteins originates from the aromatic amino acids124 and is 
dependent on the molecular environment and mobility of the fluorophores. 
Thus, this technique can be used to study the conformational changes that 
occur during unfolding/refolding of proteins. Among the three aromatic 
amino acids found in proteins (phenylalanine, tyrosine and tryptophan) 
tryptophan is the most sensitive fluorophore, but tyrosine can also be used if 
no tryptophan is present in the protein sequence.  
 The fluorescence properties of proteins are highly specific, and their 
behaviour on unfolding is not always predictable.125 However, the emission 
maximum of an unfolded protein is usually shifted to a longer wavelength 
relative to the folded protein, due to the transfer of the fluorophore from a 
hydrophobic to a hydrophilic environment.125 The changes in fluorescence 
emission upon unfolding are strongly related to the conformational changes 
in the tertiary structure of the protein. Thus, conformational changes of the 
tertiary structure can be monitored by measuring the fluorescence of a 
protein sample at various concentrations of denaturant. From the resulting 
data the conformational stability of the protein can be calculated (Paper I). 
Structural changes can also be measured kinetically by fluorescence 
analyses, and from the resulting data the rate constants for the 
unfolding/refolding events can be calculated (Figure 5 in Paper I). 
 
Circular Dichroism spectroscopy 
 
 When a chromophore is part of an asymmetric structure, left-handed and 
right-handed circular polarized light are absorbed to differing extents.124 
This phenomenon is called circular dichroism (CD). In the far-UV spectrum 
(below 250 nm) peptide groups located in asymmetric protein structures of 
the native protein (such as α-helices, β-sheet and turns) absorb the two 
light-forms differently. Far-UV CD gives a characteristic CD spectrum for 
folded proteins (depending on the content of the secondary structure) which 
disappears when the protein becomes unfolded because of the loss of 
symmetry in the unfolded state (Figure 2c in Paper I). Thus, far-UV CD can 
be used to probe structural differences in secondary structure under different 
folding conditions. 
 In the near-UV spectrum (between 250 and 320 nm) the major 
chromophores are the side chains of the aromatic amino acids and therefore 
the fine structure in a near-UV CD spectrum of a folded protein reflects the 
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asymmetry in the tertiary structure. This fine structure is not present in the 
unfolded polypeptide because the aromatic side chains are in a symmetric 
environment in the unfolded state (Figure 2b in Paper I). Thus, near-UV CD 
can be used to monitor structural changes in the tertiary structure under 
different folding conditions. 
 
Multivariate Data Analysis 
 
 Paper IV describes a method for using multivariate data analysis 
(MVDA) to evaluate complex data sets that contain large amounts of 
information. In general MVDA can be used for three main purposes126: (i) to 
obtain an overview of the data table, (ii) to classify groups of observations, 
and (iii) to find the relationship between two block of data, X and Y, which 
can be used to predict Y from X for new observations. Problems of the first 
two kinds can be solved by principal component analysis (PCA) and 
problems of the third kind by partial least square projections to latent 
structures (PLS).126  
 PCA is designed to extract and display the systematic variation in a data 
matrix (X). Such matrices contain N rows (observations) and K columns 
(variables). The matrix in Paper IV has 11 rows (each of which corresponds 
to a specific GuHCl concentration) and 204 800 columns containing the free 
induction decay data obtained from the 2D NMR measurements recorded at 
each GuHCl concentration. In a multidimensional space each observation in 
the data matrix (11 in Paper IV) defines a point in the space spanned by the 
K variables (204 800 in Paper IV). Thus, the X-matrix in paper IV 
corresponds to a swarm of 11 points in a space containing 204 800 vectors.  
 The point-swarm can be described using a mathematical model which 
approximates the data. This involves computing the first principal 
component (PC1): the line in the multidimensional space that best describes 
the variance in the data. Each observation can be projected onto this line to 
obtain a co-ordinate value that is known as the score value. Usually at least 
a second principal component (PC2), which is orthogonal to the first PC, is 
needed to model the systematic variation of the data set adequately. In Paper 
IV the first three principal components of the PCA analysis were calculated 
resulting in an informative 3-dimensional score plot (Figure 2 in Paper IV). 
This plot shows an overview of the variation in the NMR data and made it 
possible to divide the 11 NMR measurements into three sub-groups. 
 PLS is a regression extension of PCA that can be used to relate two data 
matrices, X (factors) and Y (responses), to each other. The X-matrix 
consists of a set of observations (rows) and variables (columns) also referred 
to as independent variables. The Y-matrix has the same number of 
observations but another set of variables, sometimes referred to as 
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dependent variables. In PLS each observation corresponds to two points 
(rather than one in PCA). One point is located in the X-space and the other 
in the Y-space.  In Paper IV each sub-group (from the PCA analysis) was 
subjected to PLS in order to detect spectral changes between the different 
NMR measurements within the group and the way these changes are related 
to the GuHCl concentration. To do this, the denaturant concentration was 
used as the variable in the Y-matrix and the free induction decays obtained 
from the NMR measurements were used as variables in the X-matrix. Each 
row in the X- and Y-matrix corresponds to a specific GuHCl concentration.  
 The first PLS component is the line in the X-space which best describes 
the variation in the point-swarm and provides a good correlation with the y-
vector (with only one y-variable, the Y-space reduces to a one-dimensional 
vector). Each observation can be projected onto this line to acquire a score 
value in a similar way as in PCA. The first X-score vector t1 is the scores of 
all the observations (11 in Paper IV). For each PLS component t are linear 
combinations of X with weights w where X is the data matrix and w is the 
weight vector that shows how the variables in the X-matrix contribute to the 
PLS-model. Thus, w describes how the variables in the X-matrix contribute 
to the direction in the multidimensional space that best describes the 
variation in the point-swarm of the X-space and provides a good correlation 
with the y-vector. In Paper IV the first PLS weight vector, w1 was subjected 
to Fourier transformation, resulting in an NMR spectrum for each sub-group 
reflecting the changes between the various recorded NMR spectra induced 
by the denaturant (Figure 3a-c in Paper IV). 
 
 
The protein MerP 
 
 The function of MerP has been studied by Sahlman and coworkers who 
found it to be involved in the detoxification of mercury ions.127 The mer 
structural genes, which provide resistance to Hg2+, are located on transposon 
Tn21 in Plasmid R100: the initial antibiotic-resistance plasmid that appeared 
in 1956 in a Shigella flexneri strain in Japan. MerP is a water-soluble 
protein located in the periplasm of the bacteria and has the capacity to bind 
Hg2+ to two thiol groups (Cys14 and Cys17) in its reduced form.39 The 
protein contains 72 amino acids after removal of the periplasmic signal 
sequence. High-resolution solution structures of oxidised MerP determined 
by NMR128,129 show that the secondary structure comprises four anti-parallel 
β-strands and two α-helices on one side of the sheet in the order 
β1α1β2β3α2β4 (see Figure 3). This topology is identical to that of three other 
proteins (U1A, S6, ADA2h) and very similar to the topologies of two 
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others, AcP and HPr, for which some folding properties have been 
characterized.130-135  
 In the studies underlying this thesis the oxidized form of the protein was 
examined, and no folding studies have previously been published using 
MerP as a model protein. The oxidized form was chosen because it is easier 
to keep the protein in a homogenous form in this state and thus control the 
system. Furthermore, only one disulphide bridge is formed between two 
adjacent amino acids (Cys14 and Cys17) that were known to be located in a 
loop region128 and thus might not have a major effect on the overall 
structure or folding behaviour of the protein.  
 
 
Summary of the papers 
 
I. Fluorescence and CD analysis of the folding properties of MerP  
 
 The first equilibrium studies of MerP using fluorescence and CD 
indicated that the folding process could be fully reversed by manipulating 
pH, temperature or GuHCl and that it followed a two-state model in which 
only the native and unfolded conformations are populated. Interestingly, 
fluorescence-based kinetic studies of the folding event showed that the rate 
constant for the major fast-folding population is very slow for such a small 
protein (kf = 1.2 s-1). In comparison, U1A136 and ADA2h137 fold 280 and 
630 times faster, respectively, despite having identical topology to MerP. 
Furthermore, the kinetic measurements of the unfolding/folding events 
showed that the unfolded population of MerP is inhomogeneous. The 
stability of the protein (∆G(H2O) from equation (14)) was found to be 2.6-
4.0 kcal/mol at 25 °C, depending on the pH, implying that approximately 
0.1 to 1.2 % of the protein molecules are unfolded under folding conditions. 
The corresponding m value from equation (14) was found to be around 2.4 
kcal mol-1 M-1, which could be expected for a protein of this size.138 Thus, a 
major challenge was to try to understand the underlying reasons for these 
folding properties of MerP.  
 The intrinsic fluorescence from Tyr66 (the only fluorophore in MerP) 
increases markedly upon denaturation in GuHCl and the spectrum is shifted 
to the blue region. Clearly, therefore, Tyr66 is more quenched in the native 
state relative to the unfolded state due to the lower intensities seen in the 
folded spectrum. Another interesting observation is the blue shift of the 
spectrum upon denaturation, indicating that the atoms surrounding Tyr66 in 
the native state cause relaxation around the excited state dipole leading to a 
lowering of the energy in the native state relative to the unfolded state. 
Usually, if the fluorophore is located in a hydrophobic region in the native 
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state the spectrum will be shifted to red upon denaturation because of the 
relaxation caused by the solvent. However, the situation seems rather to be 
reversed for Tyr66 in MerP. 
 The CD experiments suggested that MerP has a well ordered tertiary 
structure due to the characteristic spectrum observed in the near-UV CD 
spectrum. However, this fine structure of the spectrum is completely 
abolished when 3 M GuHCl is added, signifying that the tertiary structure is 
to a large extent disrupted under these conditions. The same conclusions 
could be drawn about the secondary structure from CD measurements in the 
far-UV spectrum. 
 In the folding experiment it was found that there are no hidden phases 
before the experimental dead time of 2 ms. However, the observable change 
in the intrinsic fluorescence upon folding occurs in two exponential phases 
with apparent rate constants of 1.2 s-1 and 0.053 s-1 respectively. Similar 
biphasic behaviour was found in the unfolding experiment with apparent 
rate constants of 2.7 s-1 and 0.012 s-1, respectively. These kinetic 
observations of MerP were found to be best explained using the following 
scheme:  
 
 

  
     
 
which shows that the slow phase occurs due to cis-trans isomerization 
around a particular X-Pro peptide bond (see Figure 12). In this scheme Uc is 
the unfolded form in the cis-conformation and Ut is the unfolded form in the 
trans-conformation.  
 

 
 
Figure 12. The two isomeric states of the proline peptide bond.  
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In an unfolded population of protein molecules, equilibrium eventually 
will be reached where the X-Pro peptide bonds of most of the molecules 
will be in the trans-conformation. However, the bonds of 6-38 % of the 
molecules will be in the cis-conformation depending on the identity of X.139  
MerP contains three proline residues, two of which are located in loop 1, a 
relatively flexible loop (see Paper II). However, the third proline is located 
in loop 5, which is a rigid turn structure (see Paper II) and more 
interestingly this proline is adjacent to Tyr66. Thus, it seems reasonable to 
conclude that the cis-trans relaxation around Tyr66-Pro67 is responsible for 
the slow folding/unfolding phases. Cis-trans isomerization is a rather slow 
process compared to folding/unfolding events. Using pentapeptides it has 
been found that the rate constants kc→t and kt→c range from 3.2 × 10-3 s-1 to 
3.2 × 10-3 s-1 and 4.6 × 10-4 s-1 to 0.4 × 10-4 s-1, respectively, depending on 
the conditions and the amino acid that is adjacent to the proline.139 The 
percentage of cis conformers when Tyr is the adjacent amino acid is around 
24 %.139 

Thus, in the folding process the majority unfolded population 
(accounting for ≈ 80 % of the total), in which the Tyr66-Pro67 bond is in the 
trans-conformation, will fold at the higher rate in a single exponential 
decay. However, the cis-bond in the remaining approximately 20 % of the 
molecules needs to be converted to trans before they can fold to the native 
state, thus causing the much slower second phase. This second phase is 
abolished when the folding process is initiated after only two seconds of 
unfolding equilibration because cis/trans relaxation will not be reached 
within such a short equilibrium time. Thus, when jumping back to native 
conditions all proline peptide bonds will have their native conformation and 
cis-trans isomerizations will not be rate limiting steps. 
 The same argument holds for the biphasic behaviour seen in the 
unfolding experiment. In this case all protein molecules start to unfold in a 
fast single exponential decay. However, equilibration of the unfolded 
system, in which approximately 20 % of the population adopts a cis-
conformation, causes the slower second phase where Ut and Uc clearly have 
different fluorescence properties. This second phase is abolished when 
unfolded proteins are refolded for short periods, in a time scale of ms to 
seconds, before the onset of unfolding, because within the short refolding 
time only the population in the trans-conformation will gain the native 
structure and only this population will then be observable in the following 
unfolding step. 

Although data on the folding mechanism of MerP acquired using these 
conventional methods seem to fit a two-state model perfectly, this does not 
rule out the possibility that intermediates are formed that are not sufficiently 
populated to be detectable in these experiments. Therefore, more 
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experiments were needed to acquire a deeper understanding of the folding 
properties of MerP. 
 
II. Native-state HX of MerP at increasing temperatures 
 
Introduction 
 In the studies discussed in this paper the folding energy landscape of 
MerP was further analysed by monitoring native state hydrogen exchange as 
a function of temperature in the range 7 to 55 °C. The temperature 
dependence of the hydrogen exchange allowed us to determine ∆G (from 
equations (3) and (23)) and ∆H and ∆Cp (from equation (13)) at amino acid 
residue resolution for the conformational processes that permit hydrogen 
exchange. Interestingly, analysis of the data from these experiments 
revealed the existence of partially unfolded structures (i.e. intermediates) 
that might contribute to the unusually slow folding of MerP. 
 
Exchange results 
 The results showed that for 11 residues, the free energy (∆GHX) 
approximates to the free energy of thermal unfolding of MerP as determined 
by far-UV CD measurements.140 These residues (coloured blue in Figure 13) 
are mainly located in β-strand 3, the structure around the amide protons of 
Ala8 and Ser69, the C-terminal end of helix 2 and the beginning of loop 5. 
Clearly, these parts constitute the most stable region of the structure. 
Another 15 amide protons exchange within a broad spectrum of free 
energies that are lower than the free energy for the global unfolding i.e. the 
exchange at these positions is dependent on a mixed mechanism involving a 
temperature-dependent unfolding with lower free energy than the global 
unfolding. The mixed exchange may involve parts of the protein of varying 
sizes. Thus, the exchange at these positions occurs from partially unfolded 
structures. These structural elements are mainly found at residues in β-
strand 1 that have hydrogen bonds with residues in β-strand 3, and at 
residues in helices 1 and 2 (coloured green in Figure 13).  
 For 23 amide protons the exchange is mainly dependent on local 
fluctuations, i.e. the free energy of exchange is quite low and insensitive to 
temperature (coloured red in Figure 13) or the exchange is too fast to 
measure at any of the tested temperatures except 7 °C and 15 °C (coloured 
orange in Figure 13). At 12 other amide protons (coloured yellow in Figure 
13) the exchange was too rapid to be observed. Most of the amide protons 
showing either of these two types of exchange behaviour are located in 
loops 1-4, the beginning of helices 1 and 2, and -strands 2 and 4 (the two 
strands at the edge of the -sheet).  
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Figure 13. Exchange mechanisms at individual amide protons of MerP. 
Amide protons that exchanged by global unfolding are coloured blue, amide 
protons that show a mixed exchange pattern are coloured green and amide 
protons where the exchange was relatively insensitive to the temperature 
are coloured red. Protons where exchange was too rapid to measure at any 
of the test temperatures except 7 and 15 °C are coloured orange and those 
that exchanged too rapidly to be observed are coloured yellow. Amide 
protons for which exchange could not be determined due to spectral overlap 
are coloured white. Carbon atoms are coloured grey, oxygen atoms are 
coloured black and the amide nitrogens are coloured light grey. H-bonds in 
the secondary structure of oxidized MerP, as determined by NMR, are 
shown by red dotted lines. 
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Based on this exchange pattern it was possible to analyse in detail the 
stability in different substructures of MerP. Moreover it was also possible to 
study enthalpies of exchange and to analyze the relationship between ∆Cp 
and the extent of buried surface. Finally, the study made it possible to 
speculate about features of the energy landscape of MerP 
 
Detailed analysis of secondary structure elements 
 β-sheet: In the analysis of the interactions between β-strands 1 and 4 it 
was found that although a global unfolding process is needed for complete 
disruption of the interactions between these strands, the unfolding event 
seems to start by fraying from the C-terminal end of β-strand 4. 
Consideration of the exchange pattern for the amino acids in -strand 3 and 
amino acids in -stands 1 and 2 involved in hydrogen bonding to this strand 
indicated that β-strand 3 is the most stable part of this β-structure. Thus, the 
NH-groups in β-stand 3 seem to be substantially more protected by side 
chains than those in β-stands 1 and 2 after partial unfolding events that 
separate β-strand 3 from either β-strand 1 or 2. 
 

α-helices: The exchange pattern of helix 1 shows that the stability 
increases from the N-terminal to the middle part of the helix, around Ala24, 
and then remains fairly constant towards the C-terminal except at Lys27, 
which exchanges by local fluctuation (i.e. with rather low energy). The 
results suggest that the amide bond of Lys27 can be exposed to solvent 
without a simultaneous exchange competent-exposure of the neighbouring 
hydrogen bonds. Complete unfolding of helix 1 appears to require global 
unfolding of the protein, but the helix can also partly unfold by fraying from 
the N-terminal end, as earlier observed in studies of other proteins.109,141 
 The stability of the structure of α-helix 2 was found to gradually increase 
from Val54 to Ala62. Although the amide protons at the N-terminal of helix 
2 appear to be able to exchange by local unfolding, complete unfolding of 
the helix requires global unfolding of the protein. 
 In addition, it was found that the individual stability of the -helices is 
not correlated to the size of their contact area with the rest of the protein 
structure. Thus, it seems that more specific, long-range interactions are 
responsible for the stabilisation of the helices. 
 

Loops: The stability of the five loops in MerP increases in the following 
order: 3 < 1 < 2 < 4 < 5. While the amino acids in loops 1-4 exchange either 
by a local unfolding process or by partial unfolding of the protein the 
exchange pattern for loop 5 shows that a global unfolding event is required 
for complete exchange-competent exposure of the structure. In addition, the 
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exchange behaviour for Gly65, Tyr66 and Ser69, all of which are associated 
with loop 5, connecting helix 2 and β-strand 4, indicate that a residual 
structure comprising much of this area has a high frequency of occurrence in 
the denatured ensemble. This is because the exchange curves for these 
residues exceed the global unfolding curve at higher temperatures.  
 
Improvement of the secondary structure model  
 From the exchange data and a deeper analysis of the structure using 
MolMol,142 additional hydrogen bonds were suggested, enabling a proposal 
refinements of the secondary structure to be made: β-strands 1 and 3 were 
extended by a hydrogen bond between Val9-NH and Arg 41-CO; helix 1 
was extended by one residue at the N-terminal end where Thr20 forms a 
capping H-bond to its side chain; helix 2 was extended by one residue at 
both ends, where Lys56 (at the N-cap+3 position) is capped by an H-bond to 
the βCO of Ser53; loop 2 may constitute a type II β turn; in loop 4, 
hydrogen bond partners were found to the amide protons of Asp49, Thr50, 
Lys51 and Ala52, and finally the C-terminal end of α-helix 2 might 
constitute a 310 helix. 
 
Enthalpies of exchange 
 Arrhenius analysis of exchange data detected linear behaviour for amide 
protons that exchange by local fluctuation, and thus ∆Hop could be 
calculated from the slopes of Arrhenius plots. The values of ∆Hop for these 
residues are in the range of 4 – 14 kcal/mol.  
 From measurements of the enthalphy for helix formation it has been 
proposed that the peptide H-bond in an alanine helix is favourable for 
folding when it is exposed to solvent (∆H = –0.95 kcal/mol residue).33 
However, using an electrostatic approach to evaluate the energetic role of H-
bonds it has been found that the electrostatic solvation free energy (ESF) of 
a central peptide group in a solvent-exposed 15-residue alanine helix is -2.5 
kcal/mol,33 which can be considered to be enthalpic.143 Most of this value 
(around -2.0) kcal/mol is contributed by interactions between water and the 
peptide CO group.33 In contrast, there might be a desolvation penalty for H-
bonded peptide groups that are formed in the interior of the protein because 
they are buried away from contact with water,144 so buried H-bonds might 
rather destabilise the protein molecule (∆H = 1.55 kcal/mol residue).33 The 
ESF values can be larger than -2.5 kcal/mol for H-bonded peptide groups 
that are more exposed to water than those in the solvent-exposed alanine 
helix (≤ 9.5 kcal/mol),33 and the peptide groups in all residues that exchange 
by local fluctuation are partly exposed to the surface. When comparing the 
∆Hop values for these amino acids with ESF values it seems that only a few 
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hydrogen bonds have to be opened in local fluctuations prior to exchange, 
indicating that the structural rearrangements required for exchange to occur 
at these residues are minor.  
 For amide protons that exchange through a mixed or global mechanism, 
the enthalpy of the unfolding (∆Hm) is in the range of 38 – 62 kcal/mol. 
Clearly, therefore, a considerable number of interactions are disrupted in the 
process preceding exchange of these residues. The Arrhenius plots show the 
mixed and global exchanges to be markedly non-linear, indicating a shift in 
the relative contributions from different interactions to the enthalpy at 
different temperatures. Global and mixed unfolding events involve massive 
exposure of hydrophobic surface (∆Cp = 470 – 1100 kcal mol-1 K-1) and the 
enthalpy of hydration of non-polar groups increases markedly with 
increasing temperature.145 Thus, the observed curvature in the Arrhenius 
plots for global and mixed unfolding indicates that interactions involving 
non-polar groups make major enthalpic contributions to global stability. 
 
Relationship between ∆Cp and the buried surface 
 A correlation was found between the percentages of buried surface for 
the residues in α-helices 1 and 2 and their ∆Cp values, i.e. the ∆Cp assigned 
to each individual residue mainly reflects changes in the buried hydrophobic 
surface of its own side chain. On the other hand, no correlation between the 
buried surface of individual residues and ∆Cp in the β-sheet was observed, 
i.e. the ∆Cp assigned to each individual residue in the β-sheet may also 
include contributions from changes in buried hydrophobic surface among 
neighbouring side chains. The observed discrepancy between the 
correlations between buried surface and ∆Cp for the helices and the β-sheet 
indicates that the unfolding of the helices is much less cooperative than for 
the β-sheet.  
 
The energy landscape of MerP 
 The major conclusion from the results presented in this paper is that, 
although earlier folding studies indicated that MerP behaves as a “two-state 
folder”, partially unfolded forms of MerP are responsible for the observed 
hydrogen exchange reactions of several peptide NH protons. If these 
partially unfolded species correspond to intermediates in the folding 
reaction the energy landscape of MerP might not be smooth (Figure 5a), as 
could be expected for a two-state folding mechanism with no intermediates, 
but rather rugged due to the occurrence of partly unfolded structures (Figure 
5b). The finding that these partially unfolded species are not connected to a 
specific structural element with well-defined energy indicates that several 
rate-limiting chain conformations may exist along different folding 
trajectories that occur in parallel. Finally, it is tempting to speculate that the 
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slow folding rate of MerP might reflect a complex search process in the 
unfolding conformational space in which the intermediates represent 
“traps”, i.e. several intermediate conformations can be visited in the folding 
process and therefore the folding rate is slow. 
 
III. Native-state HX of MerP at increasing concentrations of GuHCl 
 
Introduction 

In this paper measurements of native-state HX as a function of GuHCl 
concentration in the range of 0 – 1.0 M were used to characterise the energy 
landscape of MerP. By analysis of the data using equation (14) it was 
possible to determine m-values and the free energy of exchange in the 
absence of denaturant for individual amide protons. The results confirm the 
earlier observation that existing intermediates of MerP do not contain sub-
structures with well-defined energies. Instead, a broad continuum of 
stabilities was found throughout the protein. However, there seems to be a 
weak hierarchical coupling between the energetics and structural elements 
of the protein since the stabilities increase towards three focal points in the 
structure. Further analysis of the exchange pattern revealed that the 
denatured form of the protein is less compact in GuHCl than in H2O. 
 
Exchange results 
 Results from the measurements showed that 14 of the amide protons 
(coloured yellow in Figure 14) exchanged before the first spectrum had been 
recorded indicating that these protons have more or less the same 
accessibility to the surrounding solvent in the unfolded and native states of 
the protein. However, a detailed analysis of the exchange pattern showed 
that for 16 amide protons (coloured red in Figure 14) there is a weak 
stability dependence on denaturant concentrations, indicating that the 
dominant mechanism for exchange under native conditions at these 
positions involves local fluctuations with the exposure of little new surface. 
Ten of these protons show a stronger GuHCl dependence at higher 
denaturant concentrations, signifying that under these conditions another 
unfolding event with exposure of considerable new surface area starts to 
dominate the exchange mechanism. Yellow and red positions in the 
structure are mostly found in low stability areas of the protein, i.e. in loops 
1-4, the beginning of helices 1 and 2 and β-strands 2 and 4 (see Paper II). 
For 29 other amide protons a strong denaturant dependence can be observed 
over the whole range of GuHCl concentrations, indicating that larger 
portions of the protein structure are involved in the unfolding events 
preceding exchange, involving extensive exposure of new surface areas. 
Thirteen of these amide protons (coloured green in Figure 14) show linear 
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dependency according to equation (14). However, the remaining 16 amide 
protons (coloured blue in Figure 14) show pronounced upward curvatures at 
lower GuHCl concentrations (< 0.5 M) according to equation (15).  

 
 
Figure 14.  Exchange patterns at individual amide protons of MerP. Colour 
code: blue, amide protons for which the exchange curve is curved upward; 
green, amide protons for which exchange is linearly dependent on the 
denaturant concentration; red, amide protons that exchange during local 
fluctuations; yellow, amide protons that exchange too rapidly to be 
observed; white, amide protons for which the exchange cannot be 
characterised, due to spectral overlap. Carbon atoms are coloured grey, 
oxygen atoms black and amide nitrogens light grey. H-bonds in the 
secondary structure of oxidized MerP, as determined by NMR, are shown by 
red dotted lines. 
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Based on this exchange pattern it was possible to analyse the difference 
in the compactness of the unfolded ensemble in H2O and GuHCl. In 
addition it was possible to examine the distribution of partially unfolded 
forms and to discuss the existence of structural and energetic cores in MerP 
and their consequences for the shape of the folding energy landscape of 
MerP.  
 
Residual structure of the unfolded ensemble in water 

Detailed analysis of the upward curvature exchange pattern indicates that 
in the H2O-denaturated state the part of the structure coloured blue in Figure 
3, Paper III, is up to five times more resistant to exchange, and thus more 
protected, than the same region in the GuHCl-denatured state. In other 
words, the unfolded polypeptide in water has a more compact structure than 
the unfolded polypeptide in GuHCl. This is consistent with a hypothesis that 
the upward curvature results from an overestimation of the krc value in 
experiments at low denaturant concentrations. This curvature can be 
corrected by reducing the krc value by a factor of up to five, indicating that 
these amino acids are up to five times more protected from exchange in the 
unfolded polypeptide than in an unstructured polypeptide. This feature is 
found in the most central parts of the secondary structures. In other parts of 
the structure there is no difference in the compactness between the GuHCl- 
and H2O- denatured states.  
 
Distribution of partially unfolded forms with different energies 
 For 38 of the amide protons it was possible to determine the free energy 
value at 0 M GuHCl (∆G(u,0)) and the coupled m-value for the GuHCl-
dependent unfolding process. The stabilities for the individual residues and 
their m-values were found to range between 2.6 to 4.7 kcal/mol and 1.3 to ~ 
3.5 kcal mol-1 M-1, respectively. These broad distributions of denaturant-
dependent ∆G(u,0) energies and m-values in MerP are consistent with the 
occurrence of a large number of energy levels between the native and 
unfolded forms, indicating the existence of partially unfolded forms. It has 
been proposed that coincidence of the ∆G(u,0) and m values for neighbouring 
residues into distinct isotherms implies a subdivision of the protein into 
different PUFs (i.e. partially unfolded forms that contain local substructures 
with well-defined energies).99,100 In these systems (especially for cyt c) it 
has been shown that PUFs identified using native-state hydrogen exchange 
resemble kinetic intermediates and occur sequentially in a stepwise manner 
along the folding pathway,20,100,114 a model that is consistent with the 
“classical view” of protein folding.  

The observation that residues with similar energies do not cluster in well-
defined areas in MerP shows that it does not unfold via the formation of a 
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few discrete partially unfolded forms. Instead, there seem to be large 
numbers of essentially unrelated (uncoupled) partially unfolded forms with 
similar energies. This implies that the energy landscape of MerP may be 
rugged and many structurally dissimilar states with similar energies may 
occur on different folding trajectories that are more or less uncoupled from 
each other. The slow folding rate of MerP might be coupled to the extensive 
visitation of large numbers of partly unrelated conformations during the 
folding process.  
 
Structural and energetic core of MerP 
 The range of observed ∆GHX (H2O) values is rather broad, varying from 
0.6 to 4.9 kcal/mol. A search for correlations between ∆GHX values and 
distances between residues in the structure resulted in apparently linear 
correlations between: (i) the ∆GHX value and the distance to the Cα of 
Leu25 for the residues in helix 1, (ii) the ∆GHX value and the distance to the 
Cα of Asp63 for the residues in helix 2, and (iii) the ∆GHX value and the 
distance to the Cα of Leu7 for the most stable part of the β-sheet. Thus, 
there are weak indications that there are at least three focal points (residues 
7, 25 and 63) that are close to centres to which additional structural elements 
can be gradually added. However it remains to be investigated if these 
observed centres of stability are coupled in any way to nucleation centres in 
the kinetic folding process. 
 
Conclusions 

Fascinatingly, the data from this study are clearly consistent with earlier 
conclusions drawn from the temperature-dependent hydrogen exchange 
study (see Paper II). The energy landscape of MerP is most probably rugged 
with the existence of different folding trajectories that occur in parallel (as 
suggested by the detection of unrelated partially unfolded forms in both 
studies). However, the finding of three centres in the protein that might be 
important for the formation of native structure during the folding process 
indicates that the different folding trajectories might merge into a few major 
pathways that lead to the native state. The search for these routes might be 
complex, slowing down the folding process.  

Finally the hydrogen exchange pattern in MerP did also reveal that the 
most central parts of the secondary structures have a more compact structure 
when the protein is unfolded in H2O than when the protein is unfolded in 
GuHCl, i.e. the central core of the unfolded protein is more protected from 
exchange in an H2O environment than in a GuHCl environment. 
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IV. Multivariate analysis of 2D NMR data 
 
Introduction 
 The spectral shifts in an NMR spectrum are very sensitive to the 
molecular environment of specific nuclei in the molecule being examined. 
Thus, spectral changes for individual amide protons that occur when a 
protein unfolds can provide information at amino acid residue resolution 
about early structural changes during the unfolding process. However, a 
general problem when analysing NMR spectra that reflect variations in the 
environment of target molecules is that different resonances are affected to 
differing extents. Often a few resonances that display the largest frequency 
changes are selected as probes to reflect the examined variation. This paper 
describes the use of multivariate analysis (MVA) to analyse multiple NMR 
spectra recorded under various folding conditions for MerP and also how 
the results can be interpreted in terms of structural changes in the protein 
molecule.  
 
Method description 
 The data used in the analysis consist of 11 1H-15N ge-HSQC spectra, 
recorded at varying GuHCl concentrations. By increasing the denaturant 
concentration stepwise from 0.35 to 2.9 M, the transition from 
predominantly native to unfolded protein was induced. The collected 2D-
NMR time-domain data were then subjected to multivariate analysis.  
 In a first step, PCA calculations were performed on the 2D-NMR time 
domain data in order to quantify how similar the different spectra are to one 
another and thus obtain a statistical representation of the spectral changes. 
Interestingly, the first three principal components of the PCA analysis 
revealed the occurrence of at least three main changes, i.e. the addition of 
denaturant induces spectral changes which do not correspond to the main 
two-state unfolding process of the protein found in Paper I. Thus, the 11 
NMR measurements were divided into three sub-groups covering the 
following denaturant concentrations ranges; 0.4-1.4 M, 1.6-2.1 M and 2.1-
2.9 M GuHCl.  
 In a second step the 2D-NMR time domain data of each subgroup were 
subjected to a PLS analysis.  In this step the GuHCl concentration was used 
as the response, in order to detect spectral changes related to the denaturant 
concentration. To visualise the spectral variation in a single NMR spectrum 
a Fourier transformation of the first PLS weight vector for each sub-group 
was obtained, resulting in three 2D-NMR spectra, hereafter referred to as 
PLS-spectra. These three PLS-spectra only reflect differences between the 
various recorded NMR spectra (within each sub-group) due to 
conformational changes induced by the denaturant since resonances that 
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were not affected by the addition of denaturant would be ignored in this 
procedure.  
 
Results and discussion 

The main feature of the PLS-spectra is that they all resemble a native 
NMR spectrum and the visible resonances from the amide protons either 
appear as positive (blue), if their intensities are positively correlated to the 
GuHCl concentration, or negative (red), if their intensities are negatively 
correlated to the GuHCl concentration. 
 In the PLS-spectrum of sub-group 1 (0.4-1.4 M GuHCl) it can be seen 
that the changes in the spectra for the native resonances are predominantly 
represented by frequency shifts. This is manifested by the peaks having both 
negative (red) and positive (blue) contributions. Such behaviour is expected 
for nuclei that are involved in conformational exchanges that are rapid on 
the NMR time-scale i.e. within a few ms. The rapid exchange indicates that 
the populated conformations are easily accessible, and thus do not represent 
the major unfolding process. Presumably, the bulk of these spectral changes 
are due to the already known affects of GuHCl on resonance frequencies. 
 However, in contrast to the general behaviour of increases in proton 
chemical shifts, the frequency shifts for the amide protons of Phe38 and 
Glu39 decrease upon addition of denaturant. Therefore, these two residues 
can adopt a non-native conformation prior to the main denaturation of the 
protein. Phe38 and Glu39 are located in loop 3, which has previously been 
reported to adopt different conformations in the oxidized and reduced forms 
of MerP,129,146 implying that this loop can adopt different conformations of 
similar energy. Thus, the anomalous spectral changes for these two residues 
might reflect local inter-conversion between these conformations.  
 Further analysis of the PLS-spectrum of sub-group 1 revealed that in 
contrast to the general invariance in the 15N frequency, the resonances for 
some amide protons display significant decreases in their 15N frequencies 
following addition of denaturant. Interestingly, most of these amino acids 
are located in β-strands 2 & 4, and are hydrogen bonded to β-strands 3 & 1, 
respectively. The 15N frequency changes suggest that there are native-like 
conformations where the patterns of the hydrogen bonds between β-strands 
1 & 4 and 2 & 3 differ from their patterns in the native state of the protein. 
Interestingly, such frequency changes are not observed for the amide 
protons connecting β-strands 1 and 3. This behaviour is consistent with 
observations from the temperature-dependent hydrogen exchange study 
suggesting that β-strand 3 is part of the most stable region of the protein 
structure (see Figure 13). 
 The main features of the PLS-spectrum of subgroup 2 (1.6-2.1 M 
GuHCl) is that large numbers of purely negative peaks represent the native 
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state, while unfolded states of MerP appear as less well-resolved positive 
peaks. The appearance of purely red and blue peaks suggests that the 
resonances reflect processes that are involved in slow exchange on the NMR 
time-scale due to significant energy barriers between the conformational 
states involved. Thus, these peaks represent inter-conversions between 
native and unfolded states of the protein, and this GuHCl range corresponds 
to the main transition from the native to the unfolded protein. 
 However, the integrals of the negative peaks are substantially lower for 
eight amino acids found in loops 1 and 3 and at the N-terminal part of helix 
1, indicating that this structural region of the protein has adopted, to a 
certain extent, a non-native conformation prior to this transition. Further 
support for this conclusion comes from the observation that these amino 
acids, along with Ala16, are absent in the PLS-spectrum of sub-group 3 
(2.1-2.9 M GuHCl). Interestingly, in Paper II it was shown that these 
substructures are involved in the most flexible regions of the protein 
molecule (see Figure 13). 
 In contrast, several amino acids can still be observed in the PLS-
spectrum of sub-group 3, most of which are located in the secondary 
structure, indicating that the secondary structure of MerP is not completely 
ruptured, even at the higher denaturant concentrations used in this study. 
 
Conclusions 

The fluorescence and CD equilibrium unfolding analyses of MerP 
revealed only one transition, between approximately 0.7-2.5 M GuHCl (see 
Paper I). However, PCA analysis of 2D NMR data acquired in the same 
region allowed this transition to be divided into three different sub-groups, 
and indicated that the main structural disruption occurs between 1.6 and 2.1 
M GuHCl. In addition, using PLS analysis on each sub-group it was 
possible to detect structural changes at distinct regions in the protein. Thus, 
it has been shown that multivariate data analysis can be successfully applied 
to 2D-NMR time domain data revealing structural changes at amino acid 
resolution. 
 
 
Comparison of proteins with similar topology to MerP 
  

Earlier studies by Plaxco et al proposed that the contact order (CO), 
folding rate (kf) and transition state placement (θm) of single domain 
proteins are correlated,61 i.e. that proteins with mainly local interactions 
(low contact order) tend to fold more rapidly and to have less compact 
folding transition states (lower θm values) than those with more non-local 
interactions. Based on this study the cited authors proposed a model of 
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protein folding in which the size and stability of the organized polypeptide 
segments in the transition state are related to the topological complexity of 
the native state. However, the above study was based on a wide range of 
single domain proteins with different topologies. 
 Table 1 shows the stability, kinetics and contact order for MerP and five 
other two-state proteins that have identical or very similar topologies. These 
values are compared with each other to see if the model suggested by Plaxco 
et al is valid within this homologous protein group. 
 
Table 1.  
 Length k f (s

-1) ∆∆∆∆Gu 
(kcal/mol) 

θθθθm
c CO % Ref 

MerP 72 1.8 3.5 0.35d 18.9 130,140,147 

U1A 102 339 9.9  16.91 148 

S6 101 398 8.2 0.70 18.9 130 

ADA2h 80 758 4.1 0.74 16.96 137 

AcPa 98 0.24 4.9 0.77 21.2 134 

HPrb 85 14.9 4.7 0.64 18.35 135 
a The β-sheet of this protein contains five strands. 
b The β-sheet of this protein contains three strands. 
c θm can be calculated from the ratio of the denaturant dependencies of the free energy of 

folding ( eqm  from equation (14)) and folding transition state (
‡

fm )61 and indicates the 

amount of solvent-accessible surface buried in the native state that is also buried in the 
transition state. Thus, if θm = 0 the transition state is highly unstructured while if θm ≈ 1 
the transition state has a very native-like structure. 
d Calculated from the dependence of the refolding and unfolding rates of MerP on 
GuHCl147 

 
 In a study by Chiti et al134 a negative correlation between lnkf and CO 
was found for U1A, ADA2h, HPr, MerP and AcP (R2 = 0.96) supporting 
Plaxco´s model.  However when S6 is included in this plot the correlation 
coefficient drops to 0.70. Interestingly, MerP and S6 have the same contact 
order, but S6 folds with a 200 times faster rate constant than MerP. 
Therefore, factors other than the contact order of the structure must play a 
major role in the observed differences between the folding rates for these 
two proteins. 

The CO and θm data show no association between these two parameters 
within this subgroup (R2 = 0.01), in contrast to the general pattern found by 
Plaxco et al.61 This indicates that within this group the average distance in 
sequence between interacting residues in the native state does not have a 
significant impact on the compactness of the transition state. 
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 From a comparison of a these proteins131,133,134,149 it seems that the 
folding nuclei within this group are quite diverse and can occur in more or 
less any part of the protein structure. This diversity may reflect the high 
diversity of the kinetics and stability of these proteins. Thus, no general 
rules developed as yet seem to be applicable to the folding properties of 
proteins with this topology.   
 
 
Conclusions 
 
 CD and fluorescence analyses of the unfolding/refolding process indicate 
that MerP behaves as a typical “two-state folder”. However, native-state 
hydrogen exchange analyses revealed the existence of partially unfolded 
forms, which indicates that the energy landscape of MerP is rugged, with 
the existence of several folding trajectories that occur in parallel. The 
different folding routes might merge into three major routes leading to the 
native state. The extensive search in the folding landscape might be the 
reason for the rather slow folding rate of MerP.  

Hydrogen exchange in MerP did also reveal that the unfolded protein 
contains a central core which is more compact in an H2O environment than 
in a GuHCl environment. 
 Multivariate data analysis to detect conformational changes induced by 
GuHCl indicated that the native structure of a discrete region involved in the 
most flexible part of the structure, i.e. loops 1 and 3 and the N-terminal part 
of helix 1 (Paper II), is ruptured at relatively low denaturant concentrations 
(< 2.1 M GuHCl) while the native structure of the secondary elements is 
still not completely ruptured at 2.9 M GuHCl. 
 Finally, by comparing the stability, kinetics, contact order and folding 
nuclei for six proteins (including MerP) with similar topology it was found 
that the folding properties for this topology are quite diverse and no general 
rule can currently be applied to predict their folding behaviour. 
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