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1.1 Folded and Unfolded Proteins 

Proteins as biomolecules are ubiquitously found in every living organism and perform 

various biological functions. The structural organization of proteins starts from primary 

sequence, to local organization of polypeptide (secondary structure). In a folded protein, 

the secondary structure components, loops and other parts of the polypeptide chain forms a 

compact structure stabilized by some interactions, involving hydrophilic and hydrophobic 

residues. The resulting formation of spatial protein organization is called tertiary structure 

of protein. Finally, the interactions among various folded protein chains to constitute a 

complete and functional unit is defined as quarternary structure (Figure 1.1) 

 

 

Figure 1.1 Structural organization in protein: from primary structure (A), secondary structure 

components (alpha helix and beta sheet), (B) tertiary structure, (C) and quarternary structure (D). 

Tertiary and quarternary structure are represented by the monomer and the tetramer of Cu, Zn 

superoxidase dismutase (PDB: 2SOD). 
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The classical paradigm states that the specific function of proteins is determined by their 

unique and well-defined three-dimensional (3D) structure (Uversky, 2002).  This idea also 

has been used to describe lock and key theory, in which the active site of an enzyme can 

bind to its substrate with high specificity. The high specificity here means that the active 

site of an enzyme has certain geometric shape, which can be complemented with the 

geometric shape of its substrate (Fischer, 1894). This paradigm is supported by the fact 

that more than 60 000 high-resolution protein structures stored in the Protein Data Bank 

(PDB), enables the interpretation of functions based on their structures (Felli, et al., 2012). 

Hence, getting the information about 3D structure of proteins are very essential in order to 

understand the structure-function relationship of proteins. 

 

However, in the recent decade, some studies show contradictions with classical structure 

and function paradigm. Many proteins lack an ordered 3D structure under physiological 

conditions, but they participate in many important processes, such as transcription, 

translation, post-translational modification, molecular recognition. Furthermore, these 

types of proteins are also involved in neurodegenerative diseases and cancer (Luheshi et 

al., 2008; Ward et al., 2004).  Such proteins are called intrinsically disordered proteins 

(IDPs). Importantly, the predicted proportion of IDPs increases in the higher level of 

organism (see Figure 1.2)   

 

From statistical data, IDPs are characterized by a unique combination of low overall 

hydrophobicity and high net charge. IDPs are also manifested by larger  

hydrodynamic dimensions compared to typical native globular proteins with corresponding 

molecular mass, low content of ordered secondary structure and high intramolecular 

flexibility (Uversky et al., 2000) 
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Figure 1.2 Predicted distribution of intrinsically disordered proteins in different 

organisms. Eubacteria (A) Eukaryotic (B) Human (C) (Ward et al., 2004). 

 

The molecular function of IDPs can be classified into two major groups (Felli, et al., 

2012): 1. as an entropic chain, which usually determine the orientation/localization of 

bound proteins/attached domains or provide elasticity. For example the IDPs located in the 

nuclear pore complex (Meinema et al., 2011)  2. To bind with their partner. In many cases, 

IDPs undergo induced folding when they bind to their partner, for example in 

ubiquitination (Collins et al., 2008) and  phosphorylation  (Radivojac et al., 2010).  

 

Nuclear Magnetic Resonance (NMR) spectroscopy is a versatile technique to study the 

structure and dynamics of biomolecules and monitor how they interact with the other 

biomolecules or with small ligands in atomic detail. The biomolecular interactions can be 

investigated from several viewpoints: structural, kinetic and thermodynamic (Bertini et al., 

2012). The information obtained from NMR spectroscopy provides us with a way of 

understanding many processes in living organisms at atomic details. 

 

Nowadays, NMR is widely used to study not only small organic compounds, but also 

DNA, RNA, carbohydrates, soluble proteins, membrane proteins, intrinsically disordered 

proteins, protein complexes, protein fibrils, metabolomites and proteins in cells.       
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1.2 NMR studies of folded proteins 

1.2.1 Protein structure determination using NMR spectroscopy 

1.2.1.1 Chemical shift assignment 

The first protein structure solved by Kurt Wuthrich and his co-workers in 1984 using 

solution-state NMR was proteinase inhibitor IIA, which is a small protein containing 57 

amino acids (Williamson et al., 1985).  Now, about 9545 solution NMR structures (11.3% 

from the total structures) have been deposited in the Protein Data Bank (PDB). The first 

step towards determination of protein structure and also to obtain any information on the 

atomic details using NMR spectroscopy is chemical shift assignment, which aims to find 

out which chemical shift associates to which atom (nucleus). For studying small peptides 

(<5 kDa), the use of 2D 1H-1H NMR experiments is usually sufficient for spectral analysis. 

However, for larger size proteins, 1H-1H NMR experiments show severe limitation due to 

limited chemical shift dispersion and highly overlapping proton signals (Ferella et al., 

2012).  Therefore, the introduction of a third frequency dimension for 15N chemical shifts 

in 15N labeled protein (15N edited TOCSY or NOESY) increases the size of proteins that 

can be structurally determined or analyzed using NMR spectroscopy.   

 

Unfortunately, for proteins larger than 18 kDa-20 kDa (Ferella et al., 2012), the use of 3D 

15N editing NMR experiments are not sufficient to provide enough resolution required for 

spectral analysis. As consequence, another method, which relies on the use of uniformly 

doubly labeled [U-13C,15N] protein samples using triple resonance experiments, was 

introduced. 

 

Triple resonance experiments offer advantages due to their simplicity: contain only few 

peaks on each frequency, therefore reduce the problem of spectral overlap (Ferella et al., 

2012). Generally, backbone triple resonance experiments are recorded based on these 

following experiments: HNCA, HN(CO)CA, HNCAB, CBCA(CO)NH, HNCO, and 

HN(CA)CO (see Figure 1.3 A-F).  
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Figure 1.3. Schematic overview of commonly used heteronuclear NMR experiments for 

recording protein backbone and side chain chemical shift. .HNCA (A) HN(CO)CA (B) HNCAB 

(C) CBCA(CO)NH (D) HN(CA)CO (E) HNCO (F) HC(CO)NH-TOCSY (G) 15N-1H TOCSY-

HSQC (H). Solid circles indicate the correlation which are measured in the experiment and dash 

circles indicate magnetization transfer without recording the chemical shifts. 
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These six experiments contain a 1H-15N projection plane, which is similar to a 2D 1H-15N 

HSQC spectrum, extended with a carbon dimension. In the beginning, one needs to 

perform the backbone sequential assignment, by matching the chemical shifts of each spin 

system with that of the preceding amino acid residue. For example: in the HN(CA)CO 

spectrum, each HN-NH peak is connected with the carbonyl frequencies of residue i and 

residue i-1 (i indicates residue number). The sequential assignment is made by matching 

C’ chemical shifts (Figure 1.4)  

 

V122

R124 R124

V125

F121

V122

K123 K123

 

Figure 1.4 A schematic of HN(CA)CO strip plot of [13C, 15N] αααα- synuclein. Pairs of schematic 

strips comes from a given  15NH chemical shifts value and 1HN chemical shifts. 

 

After finishing the backbone sequential assignment, the aliphatic side chain chemical shifts 

can be assigned by 3D H(CCO)NH-TOCSY, (H)C(CO)NH TOCSY, TOCSY-HSQC 

experiments (Figure 1.3 G-H). Once the complete or nearly complete assignment has been 

accomplished, this chemical shift information can be translated into secondary structure 

and for further NMR studies (dynamic, protein-protein interactions electrostatic 
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interaction, etc) or as input for experimental restraints for protein structure determination 

by NMR: distance restraint, angle restraint and orientation restraint. 

 

 

 

1.2.1.2 Distance restraints 

Distance restraints are mainly determined from Nuclear Overhauser Effect spectroscopy 

(NOESY) (e.g. 3D 15N NOESY-HSQC, 13C NOESY-HSQC). These spectra provide 

information about nuclei that are close in space (distance smaller than 5Å). The signal 

intensity in a NOESY spectrum depends on the distance r between two nuclei i and j.  

For a rigidly tumbling globular protein 

 

                                          NOEij ~1/rij
6                                               (1) 

 

Assigning NOESY spectrum can be very labor intensive since proteins usually give rise to 

thousands of signals. Nowadays, some computer programs, like CYANA (Güntert, 2004), 

UNIO (Herrmann, 2007) and ARIA (Rieping et al., 2007) provide automated NOESY 

cross peak assignments. 

 

1.2.1.3 Angle restraints 

In addition to distance restraint, dihedral angle restraints (for e.g. φ and ψ angles) can be 

produced from scalar constants using Karplus equation. 

                                  J(θ) = A cos2θ + B cosθ + C                                    (2) 

where J is coupling constant, and θ is dihedral angle. Coupling constant are usually 

measured by 3D HNHA (Vuister and Bax, 1993), 3D HN(CO)CO, HCACO(N) (Wang and 

Bax, 1996), or HNHB (Archer et al., 1991) experiments. 

 

1.2.1.4 Orientation restraints 

The common technique to determine the orientation of protein complexes is by measuring 

residual dipolar coupling (RDC) that occurs when molecules in solution undergo partial 

alignment leading to incomplete averaging of spatially anisotropic dipolar couplings. RDC 
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measurement process is divided into two steps: First, the alignment of the molecules. 

Several media can be used for aligning the molecules, e.g. liquid crystalline bicelles, lipid 

bicelles (Douglas et al., 2007; Metz et al., 1995;  

Tjandra and Bax, 1997). Second, the actual NMR experiments. Numerous NMR 

experiment methods have been designed for recording the coupling constant accurately, 

either based on frequency (e.g selective-coupling enhanced HSQC and ECOSY 

experiments) or intensity (i.e. quantitative J modulation experiment) (Prestegard et al., 

2000). 

 

One can use those experimental restraints as input for structure calculation, which results 

in structural ensembles. Once those structural ensembles have been produced, one needs to 

validate and refine the structure, to produce a more accurate structure and correct any error 

in the previous steps.  

 

1.2.2 NMR Method developments in determining protein structure 

NMR is a very powerful method to study protein in atomic details. However, the potential 

of NMR in determining 3D protein structure is limited due to the slower molecular 

tumbling of bigger proteins in solution, which increases the line width of NMR signals and 

decreases signal-to-noise. Fortunately, rapid development in solution-state NMR pushes 

this size limit by combined improvements in hardware, sample preparation and NMR 

methodology.  

 

1.2.2.1 Development in hardware 

The signal to noise ratio (S/N) of NMR measurements is influenced by several factors, as 

given in the following expression (Cavangah et al., 2007):                  

 

[ ]( )

3 2 3 2
0nucl e d

C C A C S S S

N B K
S N

f T R T R R T R

γ γ
∞

∆ + + +
                                     (3) 

where Nnucl is the number of observed nuclei in the sample. γe, γd are the gyromagnetic ratio 

of the excited and detected nuclei, respectively. B0 is the static magnetic field strength. K is 



General Introduction  

 

10 

 

factor dependent on the coil design. ∆f is the receiver bandwidth (in Hz). RC, TC are coil 

resistance and coil temperature, respectively. TA is  

the noise temperature of the preamplifier. TS, RS are sample temperature and resistance 

induced by the sample in the coil, respectively.  

 

Cooling the rf coil and preamplifier can reduce the noise, and thereby increasing the S/N 

ratio. This kind of probe is called cryogenic probe. Nowadays, tremendous improvement in 

hardware encompass the introduction of cryogenically cooled probes for detection of 

proton, carbon and nitrogen nuclei and also an increase of static magnetic field strength, 

which can increase the resolution and sensitivity of NMR measurements. Today, the 

strongest commercially available NMR spectrometer in the world can be found at the 

Lyon's European Nuclear Magnetic Resonance Center, CNRS-Lyon, France, which has a 

proton Larmor frequency of 1 GHz and mainly used for solid state NMR. 

 

1.2.2.2 Development in sample preparation 

Using perdeuteration is another way to increase the sensitivity and resolution of NMR 

spectra by removing the contributions from 1H-1H dipolar relaxation. Lower gyromagnetic 

ratio of 2H relative to 1H (γ2H / γ1H≈ 0.15), significantly weakens the dipolar interaction, 

which is the main contribution of relaxation for 13C nuclei. Furthermore, incorporation of 

specifically labeled amino acids in proteins can reduce the number of overlapping signals, 

and improve the relaxation properties of the remaining protons. Examples include the 

methods introduced by Kay and co-workers, such as selective methyl protonation 

strategies for Ile δ1(Gardner and Kay, 1997; Goto et al., 1999), Ile γ2 (Ruschak et al., 

2010), Val and Leu (Goto et al., 1999). The labeling of protonated methyl groups in a 

deuterated background provides crucial information about long-range NOEs between 

amide proton and methyl proton, and also between methyl protons themselves. This 

strategy was successfully applied to the structure determination of the 82 kDa malate 

synthase G (MSG) (Tugarinov et al., 2005). 

 

Furthermore, Kainosho and co-workers established a new approach, called SAIL (stereo-

array isotope labeling), utilizing the cell-free expression system, which incorporates 



Chapter 1  

 

 

11 

 

chemically or enzymatically synthesized amino acids (Oba et al., 1998, 1999, 2001). This 

method applies a complete stereospecific and regiospecific pattern using stable isotopes, 

resulting in optimal quality and information content of the resulting NMR spectra  

(Kainosho et al., 2006).  

 

An alternative method to assign methyl groups for larger protein in a cost-effective way is 

by relying on protein samples produced by bacterial expression in [1H, 13C] glucose and 

~100% D2O. A 3D Methyl C-TOCSY-CHD2 spectrum was produced by employing a pulse 

sequence with selection of the CHD2 methyl isotopomer for detection (Otten et al., 2010). 

 

1.2.2.3 Development in NMR methodologies 

The introduction of TROSY (transverse relaxation-optimized spectroscopy) meant a 

breakthrough to improve the sensitivity and resolution of NMR spectra of higher 

molecular weight proteins. The TROSY method utilizes the constructive use of 

interference between dipole-dipole (DD) coupling and chemical shift anisotropy (CSA) 

relaxation mechanisms (Pervushin et al., 1997), which reduces the transverse relaxation in 

multidimensional NMR experiments.  The 1H and 15N spins of backbone amide are scalar 

coupled, and four multiplet components can be observed in a 1H-15N HSQC spectrum 

recorded without decoupling in both dimensions. For small proteins, using decoupling 

techniques, these four components are merged into one, which enhances the signal 

intensity However, the situation is different for high molecular weight systems. Here, 

TROSY selects the narrowest, slowly relaxing component. Therefore, the combination 

between TROSY and perdeuteration labeling methodologies are often used to improve the 

resolution of higher molecular size proteins (Pervushin et al., 1997). 

 

1.2.3 Protein dynamics by NMR 

Proteins are dynamic molecules, which undergo conformational changes when doing their 

biological functions, for example ligand binding or catalysis. In line with the structural 

information, NMR spectroscopy provides the insight into protein dynamics on broad range 

of time scale using various types of NMR experiments. Depending on the time scales (see 
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Figure 1.5), one can exploit the dynamic behavior of protein using NMR spectroscopy 

such as local flexibility, which is on the fast time scale (ps-ns) as well as collective domain 

motion or conformational exchange on slower time scales (µs-ms). 

 

Nuclear spin relaxation rate measurements provide useful information about residue 

specific internal motion of protein on nanosecond time scale. Local flexibility within a 

protein usually changes upon binding to their partner. NMR relaxation experiments are 

useful to investigate which residues in a binding site are flexible. For example, high 

resolution X-ray structure of HIV-inhibitor complexes showed that its active site is 

covered by a lid, and functions to cleave the viral gag-pol polyproteins. To performs its 

function, the lid must be sufficiently  flexible to enable substrate to come in and product to 

come out (Ishima and Torchia, 2000). When conformational changes occur on 

microsecond to millisecond time scales, NMR signals may be broadened. Such processes 

can be identified by measuring the transverse relaxation rate (R2) rate as function of the 

effective radiofrequency field using spin- lock and Carr-Purcell-Meiboom-Gill (CPMG). 

An approach which combines TROSY selection with deuterated protein and relaxation 

compensated experiment also gives the possibility to measure R2 of proteins as large as 54 

kDa (Loria et al., 1999) 

 

Information about global stability and local fluctuation can be reported by measuring 

amide proton exchange rates. Very slow exchange (from minutes to day) can be measured 

by monitoring the loss of amide proton signal intensities after dissolution in D2O. This 

method provides information about solvent accessibility of protein structure (Legge et al., 

2000). Hydrogen exchange experiments can also be used to measure thermodynamic 

parameters. The exchange of hydrogen depends on local unfolding events, and enable the 

direct measurement of local thermodynamic parameters (Bai et al., 1995). Insight into the 

structure of folding intermediate, the nature of barrier processes that often come along 

intermediate formation and the implication of intermediate pathway are often major 

questions in protein folding. Protein folding intermediates and pathways can be studied 

using hydrogen exchange experiments. This experiment provides information about the 

presence or the absence of hydrogen bonding at a large number of site-specific amide 
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residues. The measurement of hydrogen exchange rates gives information about transient 

opening equilibrium constants, which is useful to determine the free energy of opening. 

This information is helpful to determine the absence and the presence of hydrogen bonds. 

The pattern of hydrogen bonding can be used to identify the secondary structure of  

folding intermediates, which can be distinguished from the native structure (Englander, 

2000).   

 

 

Figure 1.5. Protein dynamics on different time scales or frequency and NMR methods 

to study them. (Osawa et al., 2012) 

 

Hence, all these features make NMR spectroscopy a useful technique to understand 

biomolecular systems in atomic details.   

 

1.2.4 Electrostatic interaction studied by NMR 

NMR is also a very powerful method to study the interaction among biomolecules and 
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intra- and inter-molecular electrostatic interactions. In many cases, electrostatic 

interactions play an important role in specific molecular recognition and are required to 

control the catalytic reaction of a protein. Furthermore, intra or intermolecular electrostatic 

interaction, such as hydrogen bonds, charge-dipole interactions and salt bridges are 

required for protein stability, protein-protein and protein-DNA/RNA interaction. The 

presence of charges on protein surfaces is also required to keep proteins soluble and 

prevent aggregation. Insight into charge state and electrostatic interaction is definitely 

essential in order to understand many biological phenomena (Nakamura, 1996). The 

charge state of the ionizable group is not only influenced by the intrinsic acidity but also 

by other factors, for example, the heterogeneous dielectric environment from the protein 

solution system and the electrostatic interaction with neighboring titratable groups. The 

main biological interest is to obtain information about local charge state properties at 

specific positions in proteins. Unusual pKa values of titratable group are often found at the 

active site of enzymes. For example, in the pepsin-like aspartic proteases (Hsu et al., 

1977), the two catalytic Aspartate residues, Asp-32 and Asp-215, have very low and high 

pKa values, respectively.  

 

There are several experimental methodologies to obtain information about the electric field 

at particular positions in proteins. One method is measuring the internal Stark effect  

(Lockhart and Kim, 1992). Stark effect is the shift of electronic energy levels due to the 

presence of external electric field.  One needs to attach a neutral aromatic probe at specific 

position where one would like to know the electric field (Nakamura, 1996). Light 

irradiation will induce different dipole moments between the ground state and excited 

state, and the energy difference between these two states should be proportional to the 

electric field at the probe (Nakamura, 1996). A recent study demonstrated the utility of 

nitril bonds as infrared probe for electrostatic in Ribonuclease S. They used different nitril-

containing amino acids in the active site, with marginal perturbation in structure and 

activity (Fafarman and Boxer, 2010). The charge state of the residue of interest can be 

altered by mutagenesis. However, the replacement of amino acid may disrupt the local 

structure in the protein. More precise analysis can be done by subtracting the artifact and 

leave only the charge effects (Serrano et al., 1990), which may enable the evaluation of the 
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free energy related with several kinds of electrostatic interaction (Nakamura, 1996). The 

other methodology to study electrostatic interactions at particular locations in proteins is 

by using NMR chemical shifts.  

 

NMR spectroscopy is an established method to measure site-specific protein pKa values by 

monitoring chemical shift changes. Previously, 1D 1H NMR was often chosen as chemical 

shifts reporter to study site specific pKa values, due to its high NMR receptivity, so it does 

not require isotopic enrichment (Karplus et al., 1973). However, several challenges are 

often found when following 1D 1H NMR chemical shifts: (1) 1D 1H NMR spectra for 

larger protein are very crowded, so it is very difficult to follow chemical shift changes 

without ambiguity (2) the response of 1H chemical shifts to protonation state is often 

relatively small (i.e. less than 1 ppm) (3) 1H chemical shifts are sensitive to the 

development of charges other than that of the amino acid to which the proton is attached 

(Karplus et al., 1973).  Recording 2D 1H-13C or 1H-15N NMR experiments applied to 

uniformly 13C/15N labeled proteins is a suitable way to monitor heteronuclear chemical 

shifts as a function of pH, as these offer high sensitivity and resolution, and also provide 

comprehensive and residue-specific assignments of individual amino acid resonances. 

Several experiments that are suitable to follow chemical shift changes upon pH titration, 

have been described for Asp, Glu, Lys, Arg and His side chains, as well as the C- and N-

termini (André et al., 2007; Hass et al., 2009; Oda et al., 1994), but an analogous method 

for determining side chain Tyr pKa value was missing until recently (Baturin et al., 2011). 

In some proteins, recording frequency correlations for proton and carbon nuclei that are 

located in in the aromatic ring is seriously compromised due to the slow rotation of 

Tyrosines in the protein interior, which leads to exchange broadening. Therefore, for 

comprehensive protein Tyr pKa determination, a new approach is required, which is able 

to overcome this problem. Here, we demonstrate an alternative approach to determine Tyr 

pKa values for Photoactive Yellow Protein (PYP). Using this method, we were able to 

record all Tyr resonances and monitor chemical shift changes as a function of pH (Chapter 

2). In chapter 3, we present a comprehensive pKa determination of PYP, aimed at 

understanding electrostatic interactions, particularly in the active site of the protein.   
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1.3 NMR studies of unfolded protein 

1.3.1 Structural characterization of unfolded proteins 

Structural characterization of unfolded and partially folded proteins is of main importance 

for understanding many biological mechanisms in atomic detail. Solution state NMR 

experiments can provide detailed insight into protein conformational disorder and 

dynamics of unfolded states. The inherently flexible nature of IDPs results in extensive 

conformational averaging, which reduces the nuclear chemical shift dispersion 

considerably. Chemical shifts, especially of protons, progressively collapse to those of 

random-coil polypeptides, causing extensive resonance overlap (see Figure 1.6). As a 

consequence, resonance assignment of IDP spectra becomes very challenging. 
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Figure 1.6. 1H-15N HSQC spectra of folded protein PYP (A) and unfolded protein 

human αααα-synuclein (B) 
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The use of 13C and 15N isotope labeling and multidimensional NMR is very important to 

assign the chemical shifts of IDPs. Backbone 15N and 13CO resonances are not only 

affected by residue type, but also by the local amino acid sequence. Therefore, these 

resonances are relatively well dispersed, even in unfolded proteins (Braun et al., 1994; Yao 

et al., 1994; Zhang and Forman-Kay, 1995) (see Figure 1.7) 

 

 

Figure 1.7. H-N (left) and CO-N (right) projection of unfolded α−α−α−α−synuclein from 3D HNCO 

spectrum 

 

One benefit of working with unfolded proteins is that peaks are much narrower than they 

would be in a folded protein of similar molecular weight, due to the intrinsic flexibility of 

IDPs. However, for partially folded proteins or molten globules, NMR spectra are more 

complicated since they contain a mixture of sharp (from unfolded domains) and broad 
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peaks (from folded proteins). Indeed, many molten globules are challenging to be studied 

by NMR because their peaks are broad due to the intermediate exchange processes. 

Nonetheless, Wijesinha-Bettoni and co-workers successfully characterized the molten 

globule state of α-lactalbumin (Wijesinha-Bettoni et al., 2001). 

 

1.3.1.1 Chemical shifts 

Chemical shifts are the primary information obtained from NMR studies. Once resonance 

assignments have been accomplished for partially folded and unfolded protein, a number 

of NMR experiments can be applied for further characterization of conformational 

ensembles. For example, the deviations of backbone chemical shifts from random coil 

values provide valuable information about secondary structural propensities, especially for 

13Cα, which is determined primarily by the backbone φ angle (de Dios et al., 1993; Spera 

and Bax, 1991; Wishart and Nip, 1998; Wishart and Sykes, 1994)  and 13CO 

(Schwarzinger et al., 2001). In α-helices, the 13Cα chemical shifts are found downfield 

relative to random coil values by on average 3.1±1 ppm, whereas in β sheets, these 

resonances are shifted upfield from their position in random coil states by -1.5± 1.2 ppm 

(Spera and Bax, 1991). Once all backbone chemical shifts (Cα, CO, HN, NH, Hα) have 

been assigned, they can be translated into structural propensities using the neighbor 

corrected structural propensity calculator (ncSPC) (Tamiola and Mulder, 2012). Compared 

to folded proteins, only very little secondary structure can be observed for unfolded human 

α-synuclein at physiological pH, whereas the folded protein PYP clearly shows 5 α-helical 

regions, flanked by 6 beta strands (Figure 1.8).  
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Figure 1.8.  Structural propensity for the folded protein PYP at pH 5.8 (A) and for the 

unfolded protein αααα-synuclein at pH 7.4 (B) 

 

1.3.1.2 Coupling constants 

Coupling constants provide information about backbone conformational sampling in 

partially folded proteins and unfolded proteins (Smith et al., 1996). For example, the 

coupling constant 3JHNα ranges from 4-5 Hz in α-helices to 8-10 Hz in β-strands. 

However, conformational averaging in unfolded proteins usually results in intermediate 

values of 3JHNα, which are not particularly diagnostic for the structural propensities of 
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unfolded proteins. Thus, coupling constants are not used as much as chemical shifts for 

characterization of the conformation ensemble for unfolded proteins (Dyson and Wright, 

2002) 

 

1.3.1.3 Nuclear Overhauser Effect (NOE) 

As for the folded states, NOEs can give valuable information about secondary structure, 

tertiary structure and long range interactions. However, in unfolded states, the NOE is 

difficult to interpret quantitatively, because of the rapid interconversion of multiple 

conformations. Due to the intrinsic flexibility and poor resonance dispersion, it is also very 

difficult to observe and to assign long range NOEs for IDPs (Dyson and Wright, 2002). 

However, the dαN(i, i+1), dNN(i, i+1) NOEs between adjacent amino acid residues can give 

insight into local conformation preferences of the protein backbone, which can supplement 

the information about secondary structural propensities based on chemical shifts.  

 

1.3.1.4 Paramagnetic relaxation 

 A better alternative approach to detect long range interaction for unfolded and partially 

folded proteins is the use of paramagnetic relaxation probes such as the nitroxide spin label 

PROXYL. This method is based on the use of spin labels at specific sites in the protein, 

and requires site-specific mutagenesis of particular amino acids to be substituted by 

cysteine. By attaching spin labels at multiple  

sites, information about long range interaction can be obtained, which can be used to 

determine the global topology of unstructured and partially unstructured polypeptides. In 

1997, Gillespie and Shortle successfully applied this method to  

characterize long range interactions in an unfolded state of staphylococcal nuclease 

(Gillespie and Shortle, 1997). 

 

1.3.2 NMR Method development for unfolded proteins: Speeding up the recording of 

multi-dimensional NMR data for unfolded proteins 

Resolution and sensitivity are two important factors to obtain the best quality of spectra. 

Nowadays, recent advances in NMR methodology, especially pulse sequence development 

for multidimensional NMR spectroscopy, provide some solutions to get high spectral 
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resolution. For example, the backbone assignment of fully intrinsically disordered proteins, 

even with highly repetitive sequences, can be completed via 5D NMR experiments 

(Motáčková et al., 2010; Nováček et al., 2011). However, recording NMR spectra using 

multi-dimensional NMR experiments requires long measurement times associated with the 

number of scans and evolution times required to sample each spectral dimension. In many 

cases, unfolded proteins do not have long-time stability, tend to aggregate or oligomerize 

at higher concentration. Hence, it is very important to speed up NMR experiments for 

unfolded proteins.  

 

There are several approaches mentioned in the literature to reduce NMR instrumental time 

(Kupce and Freeman, 2004; Marion, 2005; Schanda et al., 2006). One way to speed up the 

recording of NMR experiments is by reducing the nuclear T1 relaxation time, which 

consequently can reduce the inter-scan delay (recycle delay) between consecutive scans. 

Since nuclear T1 relaxation times of proteins can be long (about one second), recycle 

delays can easily consume 80% of the NMR instrumental time. Therefore, reducing T1 for 

the excited nucleus can shorten the NMR recording time, or improve the sensitivity by 

adding more scans per unit time. Several studies showed that the use of selective 1H pulses 

can achieve efficient spin-lattice (T1) relaxation (Diercks et al., 2005; Pervushin et al., 

2002; Schanda et al., 2006), which consequently can help to speed up NMR recording 

time.  An alternative of and fully tunable approach to speed up NMR spectroscopy is based 

on the relaxation enhancement provided by a paramagnetic agent. Tunable means here that 

depending on the concentration of paramagnetic agent. Paramagnetic agents used for this 

purpose should meet these following criteria : (i) be water-soluble; (ii) be effective at low 

concentration; (iii) not bind to the protein of interest; (iv) provide significant reduction of 

protein T1 spin relaxation times without concomitant line broadening; (v) be effective for 

the entire polypeptide chain; and possibly also (vi) effectively reduce the solvent water T1. 

In this thesis we consider several paramagnetic agents to speed up the NMR recording of 

data for intrinsically disordered proteins. Moreover, we combine solvent PRE and 

projection-reconstruction to achieve even faster NMR recording experiments of 

multidimensional datasets.  
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1.4 Aim and Outline of this thesis 
 
The content of this thesis consists of NMR method developments and insight into protein 

mechanism both for folded and unfolded proteins. The development of NMR 

methodologies here focuses on (i) a novel approach for Tyr pKa’s determination for folded 

protein (ii) acceleration of the NMR experimental time for intrinsically disordered proteins 

(IDPs) using solvent paramagnetic relaxation enhancement (PRE).  We demonstrated that 

solvent PRE is fully accessible to the entire of disordered proteins.  Furthermore, we 

combined PRE  

and projection reconstruction to enable a lot faster recording of multidimensional NMR 

spectra for IDPs. We performed comprehensive pKa determination of Photoactive Yellow 

Protein (PYP) in order to understand the electrostatic interactions, especially in the PYP 

active center. We also study structural difference among three species of monomeric and 

dimeric Aβ (Μ1−40) species in relation to their aggregation properties.  

 

In chapter 2, we describe a novel strategy for comprehensive determination of Tyr side-

chain pKa constants for PYP. The utility of non-protonated 13Cγ resonances in sensitive 

and well-resolved 2D spectra is very important, as recording of other ring-system was 

hampered by spectral congestion and line broadening due to ring flips. Depending on the 

position of phenolic side-chain, we found three types of Tyr residues in PYP which 

demonstrates very different pKa: solvent exposed (Tyr-76 and Tyr-98), buried in the 

hydrophobic environment Tyr-118) and hydrogen bonded (Tyr-42 and Tyr-94) with pKa 

values of ~10, 12 and above 13, respectively.  

 

In chapter 3, we describe that during every step in its photocycle, PYP undergoes 

structural changes and the rates of these events demonstrate a strong pH-dependence 

(Brudler et al., 2000; Hendriks and Hellingwerf, 2009; Imamoto et al., 2004). The ground-

state recovery of PYP exhibits bell-shaped profile with a maximum around pH 8 (Genick 

et al., 1997). However, the underlying electrostatic interactions are still debated: It has 

been suggested that electrostatic interactions within the electronic ground state form (pG) 

of PYP active site may be responsible, or alternatively, could result from protonation 
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equilibria in the long-lived photo-excited intermediate (pB). Moreover, there is still 

controversy about what causes the pH dependence of ground state recovery of PYP 

(Demchuk et al., 2000; Saito and Ishikita, 2012). In this chapter 3, we obtained the nearly 

complete assignment of 1H, 13C and 15N resonances for PYP using 2D and 3D NMR 

experiments. Using this assignment, we monitor chemical shift changes of all titratable 

group to determine the pKa values of side-chain residues in PYP. In particular, we focus 

on the electrostatic interaction in the active site to study the pH-dependence of PYP 

photocycle kinetics. Our data shows that Glu-46 stays protonated from pH 3.4 - 11.4. This 

result is consistent with the observation that the hydrogen-bonded proton between Glu-46 

and pCA is observable by NMR in that same pH range. Our study also demonstrated that 

Arg-52 does not change its protonation state. Together these findings show that none of the 

titratable group in the active site of PYP undergoes any changes in its protonation state in 

the pG state. Our study suggests that the pH dependence of PYP in the photocycle can only 

result from such changes in the pB state 

 

In chapter 4, we discuss that several studies have demonstrated a strong correlation 

between soluble Aβ levels and the extent of synaptic loss and severity of cognitive 

impairment (Lue et al., 1999; Wang et al., 1999). Soluble Aβ dimers have been detected in 

the extract of Alzheimer’s human brains, indicating that Aβ dimers may be the basic 

building block of AD-related synaptotoxic species (O’Nuallain et al., 2010).  

 

In this chapter 4, we study the aggregation properties and structural differences of three 

different Aβ species (Aβ monomer [M1(1-40)] and two Aβ dimers: Aβ (M1-40) 

containing Cys in place of Ser-26, producing a disulfide cross-linked dimer, called [Aβ 

(M1-40)S26C]2; and Aβ (M1-40), which has a covalent bond the side chain of Tyr-10, 

named [Aβ (M1-40)]tyr.) using solution-state NMR spectroscopy. We obtained nearly 

complete assignment of backbone resonances of Aβ [M1(1-40)], [Aβ (M1-40)S26C]2, and 

[Aβ (M1-40)]tyr. Our data demonstrate that the three Aβ (M1-40) species are fully 

disordered and show little differences in structural propensities, although they display 

strongly variable aggregation properties. This study suggests that it might be sufficient to 
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only slightly modulate the structural propensities of the Aβ (Μ1−40) to affect their 

aggregation properties and toxicity. 

 

In chapter 5, we explain that NMR spectroscopy is the most suitable technique to obtain 

insight into the details of protein conformational disorder at atomic resolution. To 

complete the unambiguous resonance assignment for unfolded proteins, high-dimensional 

spectra are required, which sample chemical shift evolution in several distinct dimensions. 

Unfortunately, such spectra require long recording times, which demands excellent time-

stability of the protein samples without aggregation, a requirement that is not always 

fulfilled by IDPs.   

 

We develop a methodology to speed up NMR experimental time and increase the 

sensitivity for intrinsically disordered proteins (IDPs) using solvent paramagnetic 

relaxation enhancement by Ni(DO2A). We found that the neutral paramagnetic agent 

Ni(DO2A) is accessible to the entire disordered polypeptide chain, which provides a 

significant advantage over its application to folded proteins. Furthermore, by combination 

of solvent PRE Ni(DO2A) and projection reconstruction, a high quality 3D HNCO 

spectrum can be recorded in as little as 15 minutes. 

 

As an extension to chapter 5, chapter 6 describes the rationale for identifying an optimal 

paramagnetic relaxation agent for improving speed and sensitivity of NMR spectroscopy 

of IDPs. We found that the neutral high-spin iron chelate Fe(DO3A) is suitable for this 

purpose, since it meets the following criteria: (i) be water-soluble (ii) effective at low 

concentration (iii) not bind to amino acid residues of the protein interest  (iv) reduce 

protein T1 spin relaxation significantly without contributing line broadening. We 

demonstrated that Fe(DO3A) can accelerate proton excited NMR spectroscopy of IDPs 

about four-fold better than Ni(DO2A), with negligible line broadening. This paramagnetic 

agent also can effectively increase the speed of recording proton-less NMR experiment of 

deuterated α-synuclein at moderate concentration. The utilization of co-solute PRE 

Fe(DO3A) will overcome the most challenging problem in studying the rapidly 

aggregating peptides using solution-state NMR 
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