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To my family 

 

 

 

“We are what we pretend to be, 

so we must be careful about what we pretend to be.” 

-Kurt Vonnegut 

 

 

 

“Never memorize something that you can look up” 

-Albert Einstein 
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Abstract 

Proteins are important building blocks of all living organisms. They are composed 

of a defined sequence of different amino acids, and fold into a specific three-

dimensional, ordered structure. The three-dimensional structure largely determines 

the function of the protein, but protein function always requires motion. Small 

movements within the protein structure govern the functional properties, and this 

thesis aims to better understand these discrete protein movements. The motions 

within the protein structure are governed by thermodynamics, which therefore is 

useful to predict protein interactions.  

Nuclear magnetic resonance (NMR) is a powerful tool to study proteins at atomic 

resolution. Therefore, NMR is the primary method used within this thesis, along 

with other biophysical techniques such as Fluorescence spectroscopy, Circular 

Dichroism spectroscopy and in silico modeling.  

In paper I, NMR in combination with molecular engineering is used to show that the 

folding of the catalytical subdomains of the enzyme Adenylate kinase does not 

affect the core of the protein, and thus takes a first step to linking folding, 

thermodynamic stability and catalysis.  

In paper II, the structure of the primary allergen from Brazil nut, Ber e 1, is 

presented along with biophysical measurements that help explain the allergenic 

potential of the protein.  

Paper III describes the need for a specific Brazil nut lipid fraction needed to induce 

an allergenic response. NMR and fluorescence spectroscopy is used to show that 

there is a direct interaction between Ber e 1 and one or several components in the 

lipid fraction. 
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1. Introduction 

1.1 Proteins 

Proteins are long polypeptides constituted from amino acids. They are biological 

machines at the molecular level, vital for the function of our bodies. The 

proteinaceous amino acids have different physiochemical properties: hydrophobic, 

polar or negatively/positively charged. Thus, the order of the amino acids, the 

primary structure, governs the physical and chemical properties of the protein, and 

hence its function.  

1.1.1 Protein folding 

Because of steric hindrance, the atoms in the polypeptide chain can only adopt 

certain conformations around the C
α 

atom in the protein backbone. These dihedral 

angles are termed Ψ and Φ. (Fig 1). The restricted Ψ and Φ angles cause the protein 

to adopt certain regular combinations of Ψ and Φ angles that cause the backbone to 

form ordered secondary structure elements, where the most common ones are called 

α-helix and β-sheet [1]. 

 

Fig 1. Schematic figure of a protein backbone. The covalent bonds defining the Ψ 

and Φ angles are illustrated with arrows. The C
β
 atom of the amino acid side chain 

(R) is also indicated. 
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Proteins fold into a specific three-dimensional structure, the tertiary structure, which 

is usually also the native, functional state. The folding must be accurate in order for 

the protein to perform its biological function, and misfolded proteins are frequently 

associated with disease. If protein folding was achieved through a sequential search 

of all possible conformations, it would take billions of years to complete the folding 

of a small protein. However, most proteins fold into their native structure within 

milliseconds to microseconds. This is known as Levinthal's paradox [2].  

Hence, protein folding must be guided through key intramolecular interactions that 

serve to speed up the folding process by formation of intermediates. One important 

drive is to exclude water from the hydrophobic amino acids, and conversely to 

expose polar and charged amino acids to the aqueous solvent. This driving force is 

known as the hydrophobic effect [3]. Just like any chemical reaction, protein folding 

can be described by the laws of thermodynamics. Eq. 1 shows the thermodynamic 

principle of Gibbs free energy, which can be used to describe the favorable state of a 

protein folding reaction: 

   (Eq. 1) 

Where ΔG is the change in Gibbs free energy of the protein upon folding, ΔH is the 

difference in enthalpy, T is the temperature and ΔS the difference in entropy. The 

energy described by ΔH primarily resides in the chemical bonds formed within the 

structure, and the energy contribution TΔS is a reflection of the conformational 

freedom within the protein and the kinetic energy of the surrounding solvent. As 

every system strives for minimum energy, the protein will fold into the 

conformation with the most favorable combination of ΔH and TΔS. As protein 

folding proceeds, ΔS of the protein is gradually decreased. However the decrease in 

entropy of the protein is counteracted by a larger entropy increase of the surrounding 

solvent molecules, and thus the free energy of the whole system also decreases. 

Because of the counteracting entropic contributions of the protein and the solvent, 

proteins are only marginally stable and the stability of the protein fold can easily be 

manipulated by small changes in the chemical properties of the solvent.  
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The Gibbs free energy of any given reaction is also related to the equilibrium 

constant, Keq, as shown in Eq. 2 

   (Eq. 2) 

In a two-state model for protein folding where the protein is in equilibrium only 

between the folded and unfolded state, Keq is related to both the kinetic rate 

constants for folding and unfolding, and the population of folded, [F], and unfolded, 

[U], protein at any given moment, as shown in Eq. 3.  

    (Eq. 3) 

An energy diagram summarizing the thermodynamics involved in a folding process 

is shown in Fig. 2. The rate-limiting step is determined by the energy of the 

transition state (TS). 

 

Fig 2. As the folding reaction proceeds, the protein must first acquire the activation 

energy (Ea) to pass a transition state (TS) before it can enter the folded state with 

negative ΔG. It is important to remember that a folded protein is always in 

equilibrium with the unfolded state, the preponderance of the folded state rests on 

the higher rate of folding, as compared to the rate of unfolding. 
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While the thermodynamics of folding is well described as a two-state transition, 

proteins do not on a molecular level generally follow a two-state mechanism for 

folding. The sequential steps, or formation of intermediates, can be visualized by a 

“folding funnel” [4], where multiple energy barriers and discrete protein states must 

be passed in order to finally end up at the lowest energy conformation, as illustrated 

in Fig. 3. 

 

Fig. 3. Protein folding funnel. In its unfolded state the protein has high energy with 

a large degree of freedom. As the protein folds both its energy and degree of 

conformational freedom reaches a minimum.  

The protein folding funnel also helps to understand why some proteins can misfold, 

as there may be more than one energy minimum in the folding funnel. Misfolded 

proteins are associated with diseases such as Alzheimer’s [5] and Parkinson [6] in 

which proteins form amyloid fibrils, as well as non-amyloid misfolded proteins such 

as SOD1 which causes ALS [7]. Environmental factors such as temperature, pH, 
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presence of metals etc. can have a vast influence on which pathway the protein 

folding will take. 

Protein folding and protein structure are the subjects of papers I and II. In paper I, 

the protein folding pathway of an enzyme is examined and related to its catalytic 

activity, and in paper II the three-dimensional native structure of an allergenic 

protein is presented. 

1.1.2 Protein dynamics and ligand binding 

By looking at the many options in the protein folding pathway, it becomes obvious 

that proteins are not static molecules. Even in the functional native state, proteins are 

dependent on some conformational freedom in order to interact with other molecules 

or perform catalysis, for example. Motions within a protein require that a protein in 

a low energy conformational state A, rearranges its bonds in such a way that it 

adopts a different low-energy conformation, state B. The motions can vary from 

small fluctuations of amino acid side chains to relatively large-scale motions, but 

regardless of the magnitude of the motion, the laws of thermodynamics require that 

an energy barrier with a high-energy transition state must be passed on the way from 

state A to B.  

A key to enabling these motions may lay in the intrinsic instability in parts of the 

protein that exhibit dynamics. This instability is not sufficient to cause unfolding of 

the entire protein, but the protein part may have fewer and/or less stable inter-

residual interactions such as hydrogen bonds or electrostatic interactions. In the 

protein folding funnel (Fig. 3), this would represent interconversion between low-

energy states at the bottom of the funnel.  

For proteins to favorably interact with other molecules there must be a 

thermodynamical advantage. Ligand binding sites are often more dynamic and 

binding of a ligand can stabilize the folding reaction by increasing the apparent 

value of Keq according to the following equation [8]: 
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   (Eq. 4) 

Where Kapp is the apparent equilibrium constant, [FL] is the population of the 

complex of the protein-ligand complex. In paper I, the thermodynamic stability of 

the dynamic ligand-interacting subdomains of an enzyme is investigated, and in 

paper II the copper binding properties of a food allergen is related to intrinsic 

dynamics in the native structure. Paper III puts ligand interaction in a biological 

perspective: the allergenic properties are discussed in relation to lipid binding 

capabilities of the allergenic protein.  

Motions within a protein occur at different magnitudes and at different timescales, 

ranging from small-scale side chain fluctuations on a picosecond timescale to slower 

reactions occurring within days. Enzyme catalysis often occurs at the ms-µs 

timescale [39]. A summary of relevant protein motions and their corresponding 

timescales is shown in Fig. 4 (adapted from [9]).  

 

Fig. 4. Internal protein motions and their corresponding timescale. 
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1.1.3 Hydrogen exchange 

An intrinsic property of the NH bond in the backbone of the protein is that the 

hydrogen will exchange with hydrogens from the surrounding aqueous solvent [10]: 

  (Scheme 1) 

The intrinsic exchange rate (kch) is determined by the pH and the surrounding amino 

acids, but in a folded protein, where the hydrogens are protected due to hydrogen 

bonds in secondary structure elements, the observed exchange rate (kex) is also 

dependent on the rate of unfolding (kop) and folding (kcl) of the local structure. kex is 

heavily dependent on the pH of the solvent, and principally occurs in two different 

regimes [11-12]:  

EX1 where kcl<<kch or EX2 where kcl>>kch. kch is base catalyzed, and therefore EX1 

conditions occur upon elevating the pH. The exchange rate under EX2 conditions is 

summarized in (Eq. 5).  

    (Eq. 5) 

Under the given conditions Eq. 5 can be reduced to Eq. 6, where Kop is the 

equilibrium constant for disruption of hydrogen bonds, which is assumed to be 

concomitant with unfolding: 

    (Eq. 6) 

Therefore, a residue-specific thermodynamic stability, ΔGHX can be deduced: 

  (Eq. 7) 

This quantity can be measured in hydrogen- to deuterium exchange experiments, but 
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ΔGHX can also be influenced by local breathing motions where hydrogen bonds may 

open and close without representing a true unfolding event. These residues are not in 

true EX2 conditions, but the local fluctuations can be separated from true unfolding 

by observing the dependence on ΔGHX from a chemical denaturant according to 

equations 8-10[13]. 

  (Eq. 8) 

   (Eq. 9) 

    (Eq. 10) 

Here, Kunf and Kfl represent the equilibrium constants for cooperative and local 

unfolding and ΔGunf is the residue-specific thermodynamic stability extrapolated to 

native conditions. The denaturant dependency of unfolding is given by mHX and the 

denaturant concentration by [D]. Hydrogen exchange is exploited for investigating 

residue-specific thermodynamic stability in paper I. 
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1.2 Adenylate kinase 

Paper I concerns the thermodynamics of the folding reaction of the enzyme 

Adenylate kinase (Adk). As all enzymes, Adk lowers the activation energy of a 

specific chemical reaction, thus speeding up the reaction. 

Adenylate kinase catalyzes the magnesium-dependent conversion of ATP and AMP 

into two ADP. It is a member of the NMP kinase family and is ubiquitous in many 

different organisms and tissues. Adk from E.coli has been crystallized in its open 

form [33] as well as in its closed, substrate bound form using the substrate-

mimicking inhibitor Ap5A [34]. The structure of Adenylate kinase consists of three 

subdomains: CORE, ATPlid and AMPbd. Upon substrate binding, ATPlid and 

AMPbd undergo large conformational changes, and these conformational changes 

are present already in the substrate-free state. By comparing the catalytic ability of 

Adk from a mesophilic source (Chlamydia pneumoniae) and a thermophilic 

bacterium (Aquifex aeolicus) at ambient temperatures, it has been shown that 

conformational changes in ATPlid and AMPbd occur at the same rate as catalysis 

[35]. Hence, as the flexibility of ATPlid and AMPbd in Adk from the thermophilic 

source is significantly slowed down at 37 degrees, and so is catalysis. Thus, these 

conformational changes are the rate-limiting step of Adk catalysis, which occurs on 

the ms-µs timescale.  
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1.3 Food allergy 

The prevalence of food allergy is increasing worldwide, and fatal reactions are 

usually clustered to a group of protein-rich foods, which together account for a vast 

majority of allergic reactions:  peanuts, tree nuts, cow’s milk, wheat, egg, soy, fish 

and shellfish [14].  

1.3.1 IgE sensitization 

Hypersensitivity against foods is most common as IgE-mediated allergy. The 

mechanisms which activate the immune system in individuals with IgE-mediated 

allergy are different depending on whether the patient has already been sensitized or 

not. A simplified schematic view of the events that occur during allergy sensitization 

is shown and described in Fig. 5. The main goal of this thesis is to shed light 

primarily upon the molecular mechanisms that act during the sensitization phase, 

and not the allergenic phase when IgE antibodies have already been produced, and 

the allergen can act directly at the mast cell through IgE binding. 

In paper III, it is explained what effect different components of an allergenic food 

product can have on the immunological pathways.  
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Fig. 5. Cascade of events during IgE sensitization against an allergen. 1. After the 

allergen has entered the body, it is taken up by an antigen-presenting cell (dentritic 

cell) which in turns presents the digested allergen to a T-cell receptor via the MHC-

II protein complex. The T-cell then differentiates into either a Th1 or Th2 cell, 

where the latter Th2 response gives the allergic response. The Th2 cell then activates 

B-cells which differentiate into plasma cells. Th2 cells also produce IL-4, which 

causes the plasma cells to start producing IgE antibodies. The IgE antibodies then 

bind to the allergen and IgE receptors on mast and basophil cells, which in turn are 

producing histamines etc. which causes the allergic symptoms. When the allergen is 

introduced to the body at a later time, it directly binds to IgE in the already 

sensitized patient, binds to the mast cell and causes degranulation. [15-16] 
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1.3.2 Allergenic proteins 

Most of the food allergens discovered to date cluster into only 0.6% of all protein 

families [17-18]. In plants, the major allergenic protein family is the prolamin 

superfamily. The prolamin superfamily comprises the 2S albumins, among others, 

and the 2S albumin family contains many of the allergens found in tree nuts. 2S 

albumins are small, water soluble proteins that consist of 4 α-helices linked together 

via a conserved pattern of 4 disulfide bridges. However, not all proteins within this 

family are allergens. For instance, the 2S albumin from sunflower seeds has only 

been reported to cause mild, asthma-like symptoms whereas the 2S albumin from 

Brazil nut can cause a severe anaphylactic reaction with lethal consequences [19-

21]. The difference in allergenic potential between these two proteins is intriguing, 

as they show high sequence homology and –as will be shown here -similar three-

dimensional structures. 

The difference in allergenic potential of a protein is largely determined by the 

genetic makeup of an atopic patient, but it has been shown that purified allergens 

from both peanut and brazil nut cannot produce an allergic reaction without presence 

of at least some components of the food matrix [22-23]. Hence, the difference in the 

disease-inducing potential of these proteins may lie not in the protein structure, but 

in extrinsic factors surrounding the protein.  

1.3.3 Ber e 1 

Food allergens are named after the species native to the allergenic protein, and the 

order by which it was discovered. Some types of foods contain many different 

allergenic proteins, for example peanut contains more than 10 different allergens. In 

this thesis Ber e 1, the primary allergen from Brazil nut (Berthoellia excelsa) is used 

as a model system. 

Brazil nut trees can rise 50m above ground and the mature fruit can take 14 months 

to develop after flowering. Ber e 1 is a seed storage protein, which is abundant in the 

nut and primarily located in storage vacuoles [36]. Ber e 1 is sulfur rich and was one 
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of the proteins used in the early days of nutritional supplementation research [24]. It 

gained the most attention when it was the first allergen to be transferred from one 

plant to another with the intent of boosting the nutritional value of soybean (Glycine 

max) [25]. Nordlee et al highlighted the negative consequences that can occur with 

transgenic techniques when it was shown that Brazil nut-allergic patients also 

reacted to the modified soybean. Additionally, Ber e 1 has a remarkable capability to 

stay intact in the human body [26]; one of the reasons is explained by the three-

dimensional structure of the protein which is discussed in paper II.  

In its wild type form Ber e 1 has many different isoforms, with small variations in 

amino acid sequence. The isoform studied herein has been expressed recombinantly 

in Pichia pastoris, and shares the same secondary structure content and allergenic 

properties as the wild type protein [37].  
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2. Methodology  

2.1 NMR Spectroscopy in biological chemistry 

NMR spectroscopy is, along with X-ray crystallography, the only technique that has 

the ability to give atom-specific resolution of proteins and other biological 

molecules. Solution-state NMR is in addition also very powerful at detecting and 

quantifying dynamics within the protein structure, as well as molecular interactions.  

2.1.1 The NMR signal 

The possibility to retrieve an NMR signal is based on a quantum mechanical 

property possessed by all elementary particles, called spin. Atomic nuclei also have 

a certain spin, and there is a nuclear magnetic moment associated with it. The spin 

has a quantum number, I, which it can only assume certain discrete values. All 

nuclei with I≠0 can be observed by NMR, as they also possess nuclear magnetic 

moments. The nuclear magnetic moment (µ) is related to the magnetogyric ratio (γ) 

which is a constant that is unique to a given nucleus.  

When an external magnetic field (B0) is applied, the spin vector will align with the 

external field in order to minimize its energy. A nucleus with spin number= ½ will 

exist two different so called Zeeman levels, with I=½ (α-state), parallel with B0 and 

I=-½ (β-state), antiparallel with B0, and thus NMR spectroscopy with spin ½-nuclei 

only involves one single transition between the energy levels (Fig. 6). When a 

nucleus with I=½ aligns with the external magnetic field, The energy difference of 

the Zeeman levels is defined as:  

    (Eq. 11) 

Applying electromagnetic radiation will stimulate transitions between the energy 

levels.  
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Fig. 6. At equilibrium, the spin ½-nucleus rotates at a frequency determined by γ 

around the Z-axis at two distinct energy levels, α and β where only their z-

component is defined.. 

The sensitivity of NMR spectroscopy depends on the difference in populations (N) 

between the Zeeman levels which according to the Boltzmann equation (Eq. 12) 

depend on E that is governed by the magnitude of γ and B0. 

 
    (Eq. 12) 

Because ΔE is small, the difference between N
α
 and N

β
 is small. For a 

1
H nucleus, 

which has one of the highest magnetogyric constants, the difference in populations 

between α and β states is only in the order of 1 to 10
5
 in an 11.7T magnetic field 

[27]. Hence, NMR spectroscopy is a rather insensitive method requiring high 

concentrations of samples, long measuring times and strong magnetic fields. To 

date, there are NMR magnets available at 23.5T.  

The magnetic moment of the nucleus will precess around the z-axis that is parallel to 
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B0 at a frequency, ν, that is related to the magnetogyric constant according to 

Planck’s law. (Eq. 13 and 14).  

   (Eq. 13) 

   (Eq. 14) 

In biological NMR, spin nuclei with I=½ are most commonly used. Examples of 

these nuclei are 
1
H, 

13
C, 

15
N, 

19
F and 

31
P. 

In the simplest, one-pulse experiment a radiofrequency pulse of frequency ν is 

applied for an appropriate duration to flip the magnetization 90 degrees, causing 

transverse magnetization to precess in the x-y plane. The perturbed magnetization is 

then recorded during the acquisition period, during which a digital representation of 

the free induction decay (FID) is created. The FID can thereafter be Fourier 

transformed, which creates the 1D spectrum. 

In two-dimensional NMR experiments, principally two new elements are introduced 

in the NMR pulse scheme: The evolution time and the mixing time. The evolution 

time creates a second dimension, and the mixing time allows spins to interact via 

selectable mechanisms. There are two principal types of two-dimensional 

spectroscopy techniques, where the interaction is either via through-bond or 

through-space mechanisms. Through-bond spectroscopy makes use of scalar 

couplings that exist between atoms that are separated by a maximum of three bonds 

(
3
J-coupling). The dipolar interaction between spins acts through space; its 

dependence on the distance between the spins and on molecular motion is exploited 

in the NOESY and relaxation measurements, respectively. 
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2.1.2 The HSQC 

The heteronuclear single quantum coherence (HSQC)-experiment is one of the many 

variations of heteronuclear through-bond spectroscopy that is very frequently used 

in protein NMR spectroscopy. Because of the way amino acids is built up (Fig. 1), a 

1
H-

13
C HSQC spectrum will give rise to a large number of cross-peaks even for a 

small protein made up by very few amino acids. In contrast, a 
1
H-

15
N-HSQC will for 

most amino acids only give rise to one cross-peak from the backbone amino group 

(and some from nitrogen-containing amino acid sidechains). In a hypothetical 

protein where all the
 1

H-
15

N groups in a polypeptide chain experience an identical 

chemical environment, the 
1
H and 

15
N chemical shifts of all amino acid residues 

would be identical. However, because of protein folding and different chemical 

properties of different amino acids, each amino acid will have a slightly different 

chemical milieu, and thus the chemical shift will differ for each amino acid. Because 

all proteins have different primary sequences and different folds, the 
1
H-

15
N-HSQC 

spectrums look different for all proteins and each cross-peak is a probe for a single 

amino acid. Therefore, a 
1
H-

15
N-HSQC spectrum is usually referred to as the 

fingerprint of a protein.  

The magnetization transfer that gives rise to the crosspeaks in a HSQC spectrum can 

be severely impacted if an unpaired electron interacts with the spins. Electrons also 

have I=½ and dipolar interaction with unpaired electrons from paramagnetic species, 

for example some metals, causes a rapid relaxation of the 
1
H-

15
N cross-peak 

depending on the distance to the unpaired electron. Crosspeaks that are very close to 

the paramagnetic probe will relax so rapidly that they will be invisible in the NMR 

spectrum. The effective radius is different for each paramagnetic probe and in this 

work the paramagnetic effect of Cu
2+

 was used to find an approximate binding site 

in Ber e 1.  
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2.1.3 NOESY 

NOESY is a 2D experiment that exploits through-space interactions within a spin 

system based on dipolar cross-relaxation. This cause time-dependent changes in the 

intensity of signals of dipolar-coupled spins, via the Nuclear Overhauser effect 

(NOE). During the NOESY mixing time, dipolar cross-relaxation occurs which is 

dependent on the distance (r) between the interacting spins (proportional to ~r
-6

). 

In studies of protein structure by NMR, one of the most important experiments is the 

NOESY experiment. Originally, NOESY was a 2D experiment probing protons to 

nearby protons but it can be expanded to 3D and 4D experiments with 
15

N and/or 

13
C dimensions for increased resolution, which becomes increasingly more 

important with larger proteins. The NOE is observable as a crosspeak in the 

spectrum as long as the protons are less than ca 5Å apart, and crosspeak volume is 

determined by the distance between two nuclei, rij: 

   (Eq. 15) 

Where rref and Vref are known interproton distances and the corresponding NOE 

integrals. 

In protein structure determination, NOESY experiments are useful both probing 

secondary structure, as several interproton distances differ between secondary 

structure elements. NOESY is also a valuable tool for structure determination as it 

gives information about which amino acids are close in space, i.e. how the tertiary 

structure is folded. For structure determination NOEs are usually not translated into 

distances but grouped into distance ranges corresponding to weak, medium and 

strong NOEs. 
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2.1.4 Measuring protein dynamics - Hydrogen exchange, 

heteronuclear NOE and Relaxation rates 

Based on the HSQC, many NMR pulse schemes have been utilized to gain 

information about dynamics within a protein, as this information is impossible to 

retrieve at such high resolution by other methods. In this thesis, protein dynamics 

has been measured at a timescale of minutes to days through hydrogen exchange 

experiments as well as on the ms-µs and ps-ns timescales through 
15

N-spin 

relaxation measurements. 

Experimentally, the NMR setup of a hydrogen exchange experiments is simple. It is 

a series of HSQC spectra of the protein recorded sequentially over several hours. 

The exchange rate (kex) of the amide protons are observed by lyophilizing the 

protein and dissolving it using a deuterated solvent. Exchange of amide protons with 

deuterium leads to disappearance of their signals because 
2
H has I=1, a different 

gyromagnetic ratio and angular frequency. Therefore the exchange of amide protons 

is evident from the decay over time of 
1
H-

15
N crosspeaks in the HSQC spectrum.  

15
N-spin relaxation detected through the bound 

1
H proton in a 

1
H-

15
N correlation 

experiments is a standard setup for studying protein backbone dynamics with NMR. 

The relaxation mechanism of the 
1
H-

15
N vector is dominated by dipole-dipole 

interactions, which is the reason why the relaxation rates of the 
15

N nucleus mainly 

depend on the reorientation of the 
1
H-

15
N vector, meaning that the relaxation rates of 

a 
15

N nucleus are sensitive to conformational dynamics. Information about the 

residue-specific dynamics that occur within a folded protein can be extracted 

through measurements of the relaxation properties: Longitudinal relaxation where 

the relaxation time T1 describes the return of 
15

N magnetization to the equilibrium 

state, and transverse relaxation in the x-y plane (T2), which reflects the loss of 
15

N 

coherence in the x-y plane. Especially T2 is highly dependent on the conformational 

fluctuations that occur at ms-µs timescale. Another relaxation parameter is the 

heteronuclear nuclear Overhauser effect (het-NOE), which is measured by saturating 

the proton signal and observing concomitant changes in the 
15

N signal.  
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The three different relaxation properties T1, T2 and 
1
H-

15
N NOE are commonly 

interpreted in a model-free approach using the Lipari-Szabo formalism. The Lipari-

Szabo methodology is based on the fact that the relaxation parameters depend on the 

correlation function of the 
1
H-

15
N bond, and that this correlation function can be 

factored into a correlation function that describes the overall tumbling of the 

molecule (τm) and internal motion (τi) of the 
1
H-

15
N bond. This correlation function 

can further be used to derive the order parameter, S
2
, which reflects the rotational 

freedom of the 
1
H-

15
N-vector, where a value of 1 equals a completely rigid vector 

and 0 is complete rotational freedom. The description of the relaxation parameters in 

the Lipari-Szabo formalism also yields the exchange term Rex, which in this case 

reflects µs-ms dynamics of the N-H vector. 

2.1.5 Structure determination 

When a sufficient set of NMR parameters consisting of inter-atomic distances and 

backbone dihedral angles have been experimentally derived, the protein structure 

determination proceeds in silico. The experimental parameters are put in a force 

field which ensures that minimum energy is achieved without violating the laws of 

physics, along with constraints such as allowed Ψ- and Φ-angles. Different amino 

acids have different propensity towards α-helix or β-sheet. These properties can be 

used as Ψ- and Φ-angle restraints in the programs Talos [28] and Preditor [29], 

which give the likelihood of allowed dihedral angles based on existing crystal 

structures and NMR structures, respectively. Chemical shifts are also used in the 

structure calculation, as the C
α
 and C

β
 chemical shifts are also sensitive probes of 

secondary structure.  

The structure calculation starts with an extended polypeptide chain at high 

temperature. The temperature is then gradually decreased and the entropic 

contribution decreases. This first step is called simulated annealing, and gives rise to 

a crude low-energy conformation of the protein as the temperature goes down. In the 

second step, the refinement, the simulated annealing process takes place with 

smaller temperature steps in order to prevent the structure from falling into false 

energy minima, and some experimental constraints, such as J-couplings are only 
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applied during the refinement process. When several different refinement 

calculations result in converging low-energy conformations, the final structure has 

been found and is given by the bundle of these conformations. 

2.1.6 Electrostatic potential mapping 

When the structure is found, valuable information about the possible protein 

interactions can be visualized using electrostatic potential mapping. The electrostatic 

potential takes into account all the partial charges that exist on a protein surface, 

their strength and their distance to each other, to summarize the net charge in a 

particular area of the protein. Having access to both the charge and shape of a 

molecule creates a great opportunity to predict binding surfaces of ligands, for 

instance.   
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2.2 CD spectroscopy 

CD spectroscopy is short for Circular Dichroism spectroscopy, and is a valuable tool 

to studying both secondary and tertiary structure content of a protein. Circularly 

polarized can be right- or left-handed, and these two have slightly different speed 

upon passing through an optically active medium. The difference in absorbance 

between left- and right-hand polarized light for chiral molecules causes a phase 

shift, and is the foundation of the CD signal. For studying the secondary structure 

content of proteins, the wavelengths in the far-UV spectrum (~190-250nm) are used, 

where each secondary structure element gives rise to a characteristic pattern in the 

CD spectrum. 

In studying the tertiary structure by CD spectroscopy, one uses the near-UV 

spectrum (~250-350nm) which is sensitive to aromatic residues (which tend to be 

hydrophobic and buried in the core of the protein) as well as disulfide bonds.  

Hence, CD can be very useful in order to monitor the folding status of a protein, and 

the changes that can occur by for instance heating, chemical denaturation or 

selective mutations. 

 



 

23 

2.3 Fluorescence spectroscopy 

Utilizing fluorophores can also be very useful in studying protein structure, as well 

as ligand binding. A fluorophore is a compound that upon excitation of electrons 

absorbs the light at a shorter wavelength, and is then able to re-emit light at a longer 

wavelength. Fluorophores are usually cyclic groups, often fused aromatic rings 

where the electrons are shared in a π-type system. In proteins, the strongest natural 

fluorophore is tryptophan (Trp), but also tyrosine (Tyr) and phenylalanine (Phe) are 

weaker fluorophores. Trp is hydrophobic and tends to be packed into the core of a 

folded protein. The fluorophore is very sensitive to the immediate chemical 

environment, such that a shift from an aqueous to a hydrophobic environment can 

cause dramatic increases in the emitted light, or can shift the wavelength of the 

emission maximum. This property can be used to effectively study the folding of a 

protein either if a fluorophore is hidden in the core of the protein during folding, or 

when a hydrophobic probe can be linked to the protein to probe hydrophobic sites 

on protein surfaces.  
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3. Results 

3.1 Paper I 

In paper I, the independent folding patterns of the catalytically active subdomains of 

Adenylate kinase are studied. Adenylate kinase undergoes a large conformational 

change upon substrate binding, and it is the conversion between open and closed 

states that determines the rate of catalytic turnover.  

The mechanisms by which Adk can undergo such large-scale motions are not clearly 

understood, however. Several hydrogen bonds are rearranged during the 

conformational change, so if the protein were to undergo a “hinge-motion” in order 

to accommodate the substrate a huge amount of energy would be needed. In 

addition, Adk occupies both the open and the closed state in solution even in the 

absence of substrate.  

So could it be that nature utilizes these already existing chemical equilibria to make 

the transition smoother? And what can be understood about the thermodynamics of 

such motions? In order to explain this we set out to study the folding pattern of 

individual amino acid residues of the enzyme by hydrogen/deuterium exchange 

experiments observed by NMR. According to measurements of the global 

thermodynamics of the folding process followed by CD spectroscopy, the ΔG value 

in the direction for global folding is -40 kJ/mol for mesophilic Adk. Thus, if the 

entire protein was to follow a uniform, two-state mechanism for folding, all residues 

should have the same residue-specific thermodynamic stability, ΔGHX. However, the 

catalytically active sites ATPlid and AMPbd have significantly lower 

thermodynamic stability than the core of the protein. Thus, the core of the protein 

can fold independently of ATPlid and AMPbd, and to further test this, glycine 

mutations that disrupt the hydrogen bonding patterns within each domain were 

created. By measuring T2 relaxation times by NMR, it was shown that the residues 

in the mutated subdomain exhibit much more dynamics than the wild type, which is 

indicative of unfolded residues. The core of Adk remained intact, however. 
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3.2 Papers II and III 

Ber e 1 is the primary allergen found in Brazil nuts, and in paper II its solution 

structure has been solved by NMR. The structure is similar to other 2S albumins and 

converges into a low-energy structure with low rmsd. The low rmsd is further 

supported by measurements of the dynamics at a residue specific level, which shows 

that Ber e 1 is a relatively rigid protein, with little dynamics of the backbone 

occurring at the ps-ns timescale, and some dynamics at the µs-ms timescale, 

primarily located in helix 2. Using paramagnetic relaxation enhancement, we located 

a Cu
2+

 binding site in the interface between helix 1 and 2. The copper binding site is 

also located at the bottom of a deep hydrophobic cavity that we detected. The 

hydrophobic pocket is particularly interesting, because Ber e 1 alone is not sufficient 

to cause sensitization against Brazil nuts, but requires the presence of a specific lipid 

fraction.  

In Paper III, the lipid binding properties of Ber e 1 are further mapped, and 

discussed in combination with in vivo experiments performed by our collaborators. 

The lipid fraction was characterized by TLC and 
31

P-NMR, and the hydrophobic 

binding capacity of Ber e 1 was studied with fluorescence spectroscopy using the 

hydrophobic probes ANS and bis-ANS. Interestingly, the binding modes are 

different between the two molecules, although bis-ANS is essentially two ANS-

molecules linked together. The apparent dissociation constant of bis-ANS is 5.6µM, 

indicating a medium-strength of the binding, whereas the binding of ANS is of 

unspecific nature.  

Chemical shift changes in Ber e 1 upon addition of the active lipid fraction were 

observed with NMR. The distribution of amino acids showing the largest chemical 

shift changes is shown on the structure in Fig 7. The chemical shift changes are 

widespread across the protein, a pattern that does not fully clarify the exact binding 

site, but the widespread pattern is similar to how the chemical shifts of the 

homologous non-specific lipid transfer proteins change [40],[41]. It can also be 

due to that the lipid fraction contains a mixture of many polar lipids, and Ber e 1 
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shows biophysical properties that would enable binding both by electrostatic 

interaction with the head of the polar lipid, as well as by hydrophobic interaction 

with the tail.  

 

Fig 7. Structure of Ber e 1 with the largest chemical shift changes upon lipid 

addition from paper III. Many more residues are also affected, but to a lesser extent. 

The influence of lipids on the immunological response was further examined by our 

collaborators in paper III, both in a murine model and human cell lines. The Th2 

response was investigated in iNTK cells in the murine model and CD1d-restricted 

NKT human cell lines, which produce IL-4. The CD1d-restricted T cells can be 

stimulated by lipid antigens, and in this study the NKT cells only produced IL-4 

when a mixture of Ber e 1 and the lipid fraction was present.  
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4. Discussion 

Proteins are important biological machines, but they could not work without 

interaction with other molecules. In paper I, it is discussed how an enzyme can 

undergo conformational change and bind to adenosine-phosphate substrates. This 

study was the first step towards finding a linkage between protein folding and the 

flexibility that underlies enzyme catalysis. It was later shown that Adenylate kinase 

indeed requires partial unfolding and refolding in order to convert between the open 

and the closed conformations, thus linking the folding kinetics to its function [30]. 

Adk can interconvert between the open and closed form even in the absence of 

substrate, as many enzymes do [42-44]. In paper I we have shown that the non-

flexible part of Adk is also a folding intermediate where the core domain remains 

stable despite unfolding of ATPlid and AMPbd. Because of the laws of 

thermodynamics, folding intermediates will always be populated at some 

percentage, as well as the fully unfolded state (although more rarely). Transiently 

populated folding intermediates can act as branching points in the folding trajectory, 

and can in some cases lead to formation of misfolded structures [45]. However, in 

this case the free energy of the folding intermediate is relatively close to the free 

energy of the fully folded protein, which could be a way that nature uses in order to 

thermodynamically enable conformational changes. 

In papers II and III, the food allergen Ber e 1 is examined primarily from a structural 

viewpoint. Given the small number of proteins that are responsible for allergic 

reactions, it is important to elucidate the biophysical properties of these proteins, as 

it will lay the foundation for understanding the fundamental question of why some 

proteins are allergens. Immunological experiments have shown that Ber e 1 alone 

does not suffice to provoke sensitization to the allergen, but require presence of lipid 

components from the food matrix [38]. The exact composition of the lipid fraction 

that provokes the immune system is currently unknown, as only a mixture of lipids 

has been tested so far. Whether or not the combination of lipid and protein requires 

binding between the two is also unclear, as an immune reaction through adjuvance is 

one of the possibilities.  



 

28 

However, from the studies herein it is clear that Ber e 1 does have an affinity 

towards hydrophobic compounds. The protein contains a hydrophobic pocket which 

is large enough to accommodate a lipid molecule, but it could also be interacting 

with hydrophobic phytochemicals. For example polyphenols have been shown to 

bind allergenic peanut proteins and prevent allergenic sensitization [31]. Most of the 

phytochemicals have been shown to have a positive effect against sensitization, but 

there are obviously other compounds present in the nut that act to skew the immune 

response into Th2. Nuts are also rich sources of metal ions, and for example 

selenium have been shown to have immunomodulatory effects [32]. In paper II, it 

was shown that Ber e 1 can bind copper with high affinity. Binding of metals affects 

the electrostatic potential of the protein surface, one of the most important 

determinants of protein interactions. In the case of Ber e 1 the electrostatic potential 

was mainly changed inside the hydrophobic pocket of the protein upon copper 

binding, which inevitably influences the propensity towards hydrophobic 

interaction. Therefore, it is appealing to hypothesize that a combination of lipids and 

metal may alter how the protein is presented to the immune system at the 

sensitization phase. pH is another factor that influences electrostatic potential, 

therefore the pH of the local tissue where the allergen sensitization occurs should 

also be further studied.  

 

Much work remains in order to fully clarify the sensitization process. Genetics is a 

major determinant of the sensitization process, but the common denominators in 

sensitized patients can be pinpointed. First, the exact components that cause the 

immunological effect must be clarified. This is difficult if the immune system in fact 

needs a combination of more than two endogenous compounds, and could be further 

complicated if compounds from the nut have different Th1/Th2 stimulatory effects. 

If mutations that enable or disable the binding of lipids were created, it could be 

determined whether or not the lipid complex is the allergic agent. 

 

 

Footnote: Protein structures for front page image and Fig. 7 were created  using the 

VMD software   [46]. 



 

29 

5. Acknowledgements 

First of all, I would like to thank my supervisor Göran Larsson – for accepting 

me into the group, happy memories and all your kindness! I am very happy for 

where I stand today and grateful for all the support you’ve given me along the 

way. 

Marcos Alcocer – The immunologist behind papers II and III. Thanks for the 

entertaining discussions about all aspects of life! 

Magnus Wolf-Watz – The main guy behind paper I, thank you for introducing 

me to the world of science! 

Jürgen Schleucher – My co-supervisor, Thank you for always providing 

relevant feedback! And to the other German, Gerhard Gröbner, for your input 

and knowing that fika comes first at all times  

Tobias Sparrman – Thank you for rescuing the day when the NMR doesn't 

work as it should and for the excessive matlab scripting in paper.  

Eva Selstam – Thank you for all the help with lipid purification and your funny 

stories! 

Ludmilla M-R – Thank you for always being willing to help and doing so with 

an admirable determination! 

Janusz Zdunek – Thank you for helping to finalize the structure of Ber e 1 and 

trying to teach me .awk scripting. 

Larry Tesler - for his making my computer based work so much easier. 

Everyone at the Medchem department who contribute to a positive work 

environment! Especially Clas and Ingrid for keeping the chaos out, Linus, 

Svenja – my former and present office mates for making it more fun, Ina – for 

all the help in the lab, Matteus, Rima, Katja, Peter, Anna E, Isabelle, Eleonor, 

Miriam, Annelie and Lisette –For all the parties and travels that I will always 

remember! Elisabeth –for all the smiles and nice chats! 

And finally to my beloved family for always supporting me! 



 

30 

6. References 

1. Ramachandran, G.N., C. Ramakrishnan, and V. Sasisekharan, 
Stereochemistry of Polypeptide Chain Configurations. Journal of 
Molecular Biology, 1963. 7(1): p. 95-99. 

2. Levinthal.C, Are There Pathways for Protein Folding. Journal De Chimie 
Physique Et De Physico-Chimie Biologique, 1968. 65(1): p. 44-45. 

3. Kauzmann, W., Some Factors in the Interpretation of Protein 
Denaturation. Advances in Protein Chemistry, 1959. 14: p. 1-63. 

4. Bryngelson, J.D., et al., Funnels, Pathways, and the Energy Landscape of 
Protein-Folding - a Synthesis. Proteins-Structure Function and Genetics, 
1995. 21(3): p. 167-195. 

5. Pro, J.D., C.H. Smith, and S.M. Sumi, Presenile Alzheimer-Disease - 
Amyloid Plaques in the Cerebellum. Neurology, 1980. 30(8): p. 820-825. 

6. Conway, K.A., J.D. Harper, and P.T. Lansbury, Fibrils formed in vitro from 
alpha-synuclein and two mutant forms linked to Parkinson's disease are 
typical amyloid. Biochemistry, 2000. 39(10): p. 2552-2563. 

7. Gurney, M.E., et al., Motor-Neuron Degeneration in Mice That Express a 
Human Cu,Zn Superoxide-Dismutase Mutation. Science, 1994. 
264(5166): p. 1772-1775. 

8. Polshakov, V.I., B. Birdsall, and J. Feeney, Effects of co-operative ligand 
binding on protein amide NH hydrogen exchange. Journal of Molecular 
Biology, 2006. 356(4): p. 886-903. 

9. Henzler-Wildman, K. and D. Kern, Dynamic personalities of proteins. 
Nature, 2007. 450(7172): p. 964-972. 

10. Hvidt, A. and S.O. Nielsen, Hydrogen exchange in proteins. Adv Protein 
Chem, 1966. 21: p. 287-386. 

11. Englander, S.W. and N.R. Kallenbach, Hydrogen-Exchange and 
Structural Dynamics of Proteins and Nucleic-Acids. Quarterly Reviews of 
Biophysics, 1983. 16(4): p. 521-655. 

12. Bai, Y.W., et al., Primary Structure Effects on Peptide Group Hydrogen-
Exchange. Proteins-Structure Function and Genetics, 1993. 17(1): p. 
75-86. 



 

31 

13. Bai, Y.W., et al., Protein-Folding Intermediates - Native-State Hydrogen-
Exchange. Science, 1995. 269(5221): p. 192-197. 

14. Husain, Z. and R.A. Schwartz, Food allergy update: more than a peanut 
of a problem. Int J Dermatol, 2013. 52(3): p. 286-294. 

15. Romagnani, S., Lymphokine Production by Human T-Cells in Disease 
States. Annual Review of Immunology, 1994. 12: p. 227-257. 

16. Wills-Karp, M., Immunologic basis of antigen-induced airway 
hyperresponsiveness. Annual Review of Immunology, 1999. 17: p. 255-
281. 

17. Radauer, C., et al., Allergens are distributed into few protein families and 
possess a restricted number of biochemical functions. J Allergy Clin 
Immunol, 2008. 121(4): p. 847-52 e7. 

18. Ruiter, B. and W.G. Shreffler, The role of dendritic cells in food allergy. 
Journal of Allergy and Clinical Immunology, 2012. 129(4): p. 921-928. 

19. Asero, R., et al., Airborne allergy to sunflower seed. Journal of 
Investigational Allergology and Clinical Immunology, 2004. 14(3): p. 
244-246. 

20. Alcocer, M., L. Rundqvist, and G. Larsson, Ber e 1 protein: the versatile 
major allergen from Brazil nut seeds. Biotechnol Lett, 2012. 34(4): p. 
597-610. 

21. Kean, D.E., et al., Differential polarization of immune responses by plant 
2S seed albumins, Ber e 1, and SFA8. J Immunol, 2006. 177(3): p. 1561-
6. 

22. Dearman, R.J., M.J. Alcocer, and I. Kimber, Influence of plant lipids on 
immune responses in mice to the major Brazil nut allergen Ber e 1. Clin 
Exp Allergy, 2007. 37(4): p. 582-91. 

23. van Wijk, F., et al., The effect of the food matrix on in vivo immune 
responses to purified peanut allergens. Toxicol Sci, 2005. 86(2): p. 333-
341. 

24. Antunes, A.J. and P. Markakis, Protein Supplementation of Navy Beans 
with Brazil Nuts. Journal of Agricultural and Food Chemistry, 1977. 
25(5): p. 1096-1098. 

25. Nordlee, J.A., et al., Identification of a Brazil-nut allergen in transgenic 
soybeans. N Engl J Med, 1996. 334(11): p. 688-92. 



 

32 

26. Bansal, A.S., et al., Dangerous liaison: Sexually transmitted allergic 
reaction to Brazil nuts. Journal of Investigational Allergology and 
Clinical Immunology, 2007. 17(3): p. 189-191. 

27. Cavanagh, J., et al., Protein NMR Spectroscopy: Principles and Practice, 
2nd Edition. Protein Nmr Spectroscopy: Principles and Practice, 2nd 
Edition, 2007: p. 1-888. 

28. Shen, Y., et al., TALOS plus : a hybrid method for predicting protein 
backbone torsion angles from NMR chemical shifts. Journal of 
Biomolecular Nmr, 2009. 44(4): p. 213-223. 

29. Berjanskii, M.V., S. Neal, and D.S. Wishart, PREDITOR: a web server for 
predicting protein torsion angle restraints. Nucleic Acids Research, 
2006. 34: p. W63-W69. 

30. Olsson, U. and M. Wolf-Watz, Overlap between folding and functional 
energy landscapes for adenylate kinase conformational change. Nature 
Communications, 2010. 1. 

31. Singh, A., S. Holvoet, and A. Mercenier, Dietary polyphenols in the 
prevention and treatment of allergic diseases. Clinical and Experimental 
Allergy, 2011. 41(10): p. 1346-1359. 

32. Brown, K.M. and J.R. Arthur, Selenium, selenoproteins and human 
health: a review. Public Health Nutr, 2001. 4(2B): p. 593-599. 

33. Muller, C.W., et al., Adenylate kinase motions during catalysis: An 
energetic counterweight balancing substrate binding. Structure, 1996. 
4(2): p. 147-156. 

34. Muller, C.W. and G.E. Schulz, Structure of the Complex between 
Adenylate Kinase from Escherichia-Coli and the Inhibitor Ap5a Refined 
at 1.9 a Resolution - a Model for a Catalytic Transition-State. Journal of 
Molecular Biology, 1992. 224(1): p. 159-177. 

35. Eisenmesser, E.Z., et al., Intrinsic dynamics of an enzyme underlies 
catalysis. Nature, 2005. 438(7064): p. 117-121. 

36. Alcocer, M., L. Rundqvist, and G. Larsson, Ber e 1 protein: the versatile 
major allergen from Brazil nut seeds. Biotechnol Lett, 2012. 34(4): p. 
597-610. 

37. Alcocer, M.J., et al., The disulphide mapping, folding and characterisation 
of recombinant Ber e 1, an allergenic protein, and SFA8, two sulphur-rich 
2S plant albumins. J Mol Biol, 2002. 324(1): p. 165-175. 



 

33 

38. Dearman, R.J., M.J. Alcocer, and I. Kimber, Influence of plant lipids on 
immune responses in mice to the major Brazil nut allergen Ber e 1. Clin 
Exp Allergy, 2007. 37(4): p. 582-591. 

39. Boehr, D.D., H.J. Dyson, and P.E. Wright, An NMR perspective on enzyme 
dynamics. Chemical Reviews, 2006. 106(8): p. 3055-3079. 

40. Pons, J.L., et al., Refined solution structure of a liganded type 2 wheat 
nonspecific lipid transfer protein. Journal of Biological Chemistry, 2003. 
278(16): p. 14249-14256. 

41. de Lamotte, F., et al., Protein dynamics studies on a wheat type 2 lipid 
transfer protein. Comptes Rendus De L Academie Des Sciences Serie Ii 
Fascicule C-Chimie, 2001. 4(11): p. 839-843. 

42. Eisenmesser, E.Z., et al., Intrinsic dynamics of an enzyme underlies 
catalysis. Nature, 2005. 438(7064): p. 117-121. 

43. Beach, H., et al., Conservation of mu s-ms enzyme motions in the apo- and 
substrate-mimicked state. Journal of the American Chemical Society, 
2005. 127(25): p. 9167-9176. 

44. Henzler-Wildman, K.A., et al., Intrinsic motions along an enzymatic 
reaction trajectory. Nature, 2007. 450(7171): p. 838. 

45. Korzhnev, D.M., T.L. Religa, and L.E. Kay, Transiently populated 
intermediate functions as a branching point of the FF domain folding 
pathway. Proceedings of the National Academy of Sciences of the 
United States of America, 2012. 109(44): p. 17777-17782. 

46. Humphrey, W., A. Dalke, and K. Schulten, VMD: visual molecular 
dynamics. J Mol Graph, 1996. 14(1): p. 33-8, 27-8. 


