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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 
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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 
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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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2.1 Abstract 

 

Upon blue-light irradiation, the bacterium Halorodospira halophila is able to modulate the 

activity of its flagellar motor and thereby evade potentially harmful UV radiation. The 14 

kDa soluble cytosolic photoactive yellow protein (PYP) is believed to be the primary 

mediator of this photophobic response, demonstrating a UV/Vis absorption spectrum that 

closely matches the bacterium's motility spectrum. In the electronic ground state the p-

coumaric acid (pCA) chromophore of PYP is negatively charged and forms two short 

hydrogen bonds to the side chains of glutamic acid 46 and tyrosine 42. The resulting acid 

triad is central to the marked pH-dependence of the optical-absorption relaxation kinetics 

of PYP. Here, we demonstrate a NMR approach to sequence-specifically follow all 

tyrosine side chain protonation states in PYP from pH 3.41 to 11.24. The indirect 

observation of the non-protonated 13Cγ resonances in sensitive and well-resolved two-

dimensional 13C-1H spectra proved pivotal in this effort, as observation of other ring-

system resonances was hampered by spectral congestion and line broadening due to ring 

flips. We observe three classes of tyrosine residues in PYP, which exhibit very different 

pKa values, depending on whether the phenolic side chain is solvent exposed, buried or 

hydrogen bonded. In particular, our data show that tyrosine 42 remains fully protonated in 

the pH range 3.41 - 11.24 and that pH-induced changes observed in the photocycle kinetics 

of PYP cannot be caused by changes in the charge state of Y42. It is therefore very 

unlikely that the pCA chromophore undergoes changes in its electrostatic interactions in 

the electronic ground state.  
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2.2  Introduction 

Photoactive yellow protein is a soluble, cytosolic protein from the purple phototropic 

eubacterium Halorhodosphira halophila. PYP shows a UV absorption spectrum that 

closely matches the wavelength dependence of the escape of the bacterium from 

potentially harmful blue-light radiation (Sprenger et al., 1993). Due to this observation 

PYP has become an important example of a soluble bacterial light sensor, and a rich model 

system for the study of PER-ARNT-SIM (PAS) domain signaling (Pellequer et al., 1998). 

 

PYP consists of 125 residues which form a 6-stranded β-sheet flanked by 5 α-helices in an 

α/β fold (Borgstahl et al., 1995). In the active site, the para-coumaric acid (pCA) 

chromophore forms a thioester bond to the side chain of C69. This chromophore is 

stabilized by the formation of two short hydrogen bonds  (SHBs) between pCA and E46, 

and also between pCA and Y42 (Anderson et al., 2004; Fisher et al., 2007),  as shown in 

Fig 1.  

 

 

 

 

 

 

 

 

 

Figure 2.1.  The hydrogen-bond network of PYP in the active centre. 

 

Recent high-resolution neutron and X-ray crystallographic structures reveal a shared low-

barrier hydrogen bond (LBHB) between pCA and E46, whereas the hydrogen bond 

between pCA and Y42 is qualified as a short ionic hydrogen bond (SIHB) (Yamaguchi et 

al., 2009) (6). The two hydrogen bonds have been detected using 1D 1H NMR by Sigala et 

al (Sigala et al., 2009). As depicted in Fig 1, the phenolic oxygen of Y42 also participates 

as a proton acceptor in the hydrogen-bond formation with the hydroxyl proton of T50. Y94 
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is also involved in the hydrogen-bond network in the active centre by donating its side 

chain proton to the backbone oxygen of C69 (Anderson et al., 2004; Brudler et al., 2000).  

 

Upon blue-light irradiation, PYP undergoes a number of changes in its optical properties 

that are associated with changes in its structure (Imamoto and Kataoka, 2007; Imamoto et 

al., 1997; Xie et al., 1996). Initially, the para-coumaric acid (pCA) chromophore 

undergoes a series of rapid bond isomerizations on the picosecond time scale to the pR 

state. This process is followed by proton transfer in the microsecond time scale, which 

involves the dissolution of the shared LBHB (Yamaguchi et al., 2009) and protonation of 

pCA to form the pB’ state(Carroll et al., 2010; Ujj et al., 1998). Spectroscopic evidence 

has shown that the N-terminal domain of PYP dissociates from its PAS domain and 

becomes unfolded. This state is then recognized as pB, in which  λmax of the chromophore 

absorption changes from 446 nm (in the ground state, pG) to 355 nm (in the pB state) (Düx 

et al., 1998; van der Horst et al., 2001). Finally, the intermediate (pB) relaxes slowly (sub-

second) to the initial pR state, a process associated with the formation of the central β 

sheet and part of the helical structures, and succeeded by a consolidation of structure 

around the pCA chromophore (Düx et al., 1998). The time scales indicated here are only 

approximate, and display a strong pH dependence (Brudler et al., 2000; Hendriks and 

Hellingwerf, 2009; Imamoto et al., 2004). Central to the mechanism of photoactivation is 

the presence of a low-barrier hydrogen bond (LBHB) between pCA and E46 in the ground 

state. Photoactivation causes a breaking of this LBHB, followed by significant 

conformational rearrangement of all helices except part of helix α5 (Düx et al., 1998). Thus 

a distinct epitope is presented for interaction with downstream partners in the phototactic 

response, although the corresponding signaling pathway still remains unknown (Imamoto 

and Kataoka, 2007). 

 

In order to study the role of electrostatic interactions in protein function, it is important to 

assemble a set of NMR experiments that can accurately determine the protonation states of 

titratable amino acid side chains. Individual pKa’s can be determined by following 

chemical shifts of nuclei in the amino acid side chain. The first, obvious choice is 1H NMR 

(Karplus et al., 1973), because of its high NMR receptivity, so it does not require any 
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isotopic enrichment. However, there are several challenges: the 1H NMR spectrum of 

larger proteins is highly crowded, the response of 1H chemical shifts to protonation state is 

often relatively small, and 1H chemical shifts are sensitive to other ionization equilibria 

than that of the amino acid to which the proton is attached (Karplus et al., 1973). The 

chemical shifts of 13C or 15N nuclei at the site of (de)protonation tend to undergo larger (> 

1 ppm) chemical-shift changes, and are therefore ideal reporters of protonation states. 

Moreover, such large variations in nuclear shielding are caused mainly by changes in the 

electron distribution within the side chain, rather than by charges developing in the 

environment, and can therefore be used as more selective probes of protonation states and 

pKa values of amino acid side chains.  

 

To accurately determine the protonation states of tyrosine residues, one can use several 13C 

chemical shifts as reporters for the charge state of the tyrosine ring (Table 1 and Figure 2) 

(Norton and Bradbury, 1974). 

Table 2.1. 13C chemical shift reporters in the tyrosine 

side     chain and    their corresponding chemical shift 

changes upon deprotonation (Norton and Bradbury, 

1974). 

                        

 

 

  

 

 

 

Figure 2.2 Tyrosine side chain. 

1D 13C NMR on uniformly 13C-enriched protein samples is hindered by the presence of 

13C-13C splittings in the spectrum and additional overlap with the 13Cz signals of arginines. 

Therefore, 1D 13C NMR has been combined with selective incorporation of 13C-Tyr(Kato-

Toma et al., 2003; Ugurbil and Bersohn, 1977; Wilbur and Allerhand, 1976). In this 

approach, the assignments were obtained by removing individual tyrosine residues through 

Carbon chemical shift reporter  ∆δ (ppm) 

Cγ -6.2 

Cδ  0   

Cε  +3.3    

 Cζ +10.4  
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mutagenesis, requiring the parallel production and purification of multiple protein samples. 

It is furthermore required that the removal of each tyrosine does not significantly perturb 

the structure, so that the spectral change can be unambiguously attributed to the mutation 

site.  

 

Alternatively, 2D 1H-13C or 1H-15N NMR experiments applied to uniformly 13C/15N 

enriched proteins are ideally suited to record the heteronuclear chemical shifts as a 

function of pH, as they offer excellent sensitivity and resolution, and permit the 

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

far, experiments of this type 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 addressing Tyr charge states was missing until 

recently (Baturin et al., 2011). 

 

In this study, we present a strategy for the comprehensive determination of pKa values of 

the   protein. We investigate the pH-dependent protonation state of Y42, which forms a 

short hydrogen bond to the pCA chromophore, stabilizing its delocalized negative charge. 

The presence of a short hydrogen bond under physiological condition has been firmly 

established on the basis of X-ray and neutron crystallographic structures (Yamaguchi et al., 

2009), NMR spectroscopic observation (Düx et al., 1998; Sigala et al., 2009), as well as 

other spectroscopic data and theoretical calculations (Boggio-Pasqua et al., 2009). 

However, the basis for the pH dependence of the photocycle kinetics is not fully 

understood at atomic resolution. We shall show that Y42 remains fully protonated in the 

pH range 3.41 -11.24 indicating that the pH dependence of the PYP photocycle kinetics 

cannot be caused by changes in the charge state of Y42, and it is therefore very unlikely 

that the pCA chromophore undergoes changes in its electrostatic interactions in the 

electronic ground state.  

 

2.3 Material and Methods  

2.3.1 Sample preparation 

Uniformly 13C, 15N labeled wild type PYP was produced in M9 minimal medium 
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containing uniformly 13C-enriched glucose and 15NH4Cl and purified as described 

previously (Mihara et al., 1997). NMR samples contained ~1.0 mM of doubly labeled [13C, 

15N] PYP, 0.15 mM DSS, 10% D2O and either 15 mM sodium  acetate –d3 , 5 mM  

potassium phosphate or 15 mM sodium bicarbonate as buffer for the pH ranges pH 3.4 -

5.8, 5.9-8.6, 8.7-11.24, respectively.   The pH was changed in steps of 0.2 pH units by 

adding a few μL of concentrated HCl or NaOH solution. For calibrating the pH meter (PB-

11-P11, Sartorius mechatronics), standard calibration buffers of pH 4.0, 7.0 and 10.0 were 

used. For measurements below pH 4 and above pH 10, a 0.1 M HCl solution (pH 1.0) and 

a 10 mM NaOH solution (pH 12) were used for calibration.  

 

2.3.2 NMR spectroscopy   

All NMR experiments were carried out using a Varian Unity INOVA 600 MHz 

spectrometer equipped with a pulsed field-gradient probe at 293 K. All aromatic proton-

carbon correlations were established from 2D constant-time 1H-13C HSQC spectra. This 

experiment was performed with the carrier position at 125 ppm in the 13C domain. 512 

(Haro) x 128 (Caro) complex points were recorded, with maximum acquisition times of 64 

and 16 ms for 1H and 13C, respectively. An inter-scan delay of 1 second was used with 2 

scans per FID, giving rise to a measurement time of 9 minutes.   

To obtain the signal from 2-bond correlations between Cζ and Hε, a constant-time 1H-13C 

HSQC experiment was performed with the INEPT delay set to 24 ms (Takeda et al., 2009). 

512 (Haro) x 128 (Caro) complex points were recorded, with maximum acquisition times of 

64 and 16 ms for 1H and 13C, respectively. The number of scans per FID was 96, and the 

inter-scan was 1 s. The total experiment time was 7.5 hours.Cγ-Hβ correlations in tyrosine 

side chains were recorded using a 2D CG(CB)HB experiment  with constant-time Cγ 

evolution (Prompers et al., 1998). The spectra were acquired using 90 (Cγ) x 512 (Hβ) 

complex points with maximum evolution times equal to 15 and 64 ms, respectively. The 

carrier position was placed at 130 ppm in the 13C domain to excite the Cγ region. An 

interscan delay of 1 s was used and 20 scans per FID were recorded, giving a total 

experiment time of about 1 hour for every 2D spectrum.  
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All spectra were processed using NMRPipe (Delaglio et al., 1995) and analysed using 

SPARKY (Goddard and Kneller, 2003).  Mirror-image linear prediction was applied 

during processing to extend the 13C time-domain signal and improve the spectral 

resolution. All chemical shifts were referenced to DSS based on IUPAC recommendation 

(Markley et al., 1998). All tyrosine peaks were assigned based on the strategy described by 

Oktaviani et al (Oktaviani et al., 2011). Complete assignment of PYP will be presented in 

a forthcoming publication. 

 

2.3.3. Data analysis 

The titration data for all tyrosine chemical shifts were fitted to the Henderson-Hasselbalch 

equation, appropriate for rapid exchange of the nuclei between the environments 

associated with the neutral and charged states of the side chain: 

 

    δobs = δAH + ∆δ
10

n H (pH−pK a )

1+ 10n H (pH−pK a )        (1) 

where δAH denotes the chemical shift for the protonated form, and ∆δ = δA– – δAH is the 

change in chemical shift upon deprotonation. nH is the Hill coefficient (nH > 1 indicates 

apparent positive cooperativity). All calculations were performed using Mathematica 

(Wolfram Inc.).  

 

2.4 Results and Discussion 

As the chemical-shift response to (de)protonation is sufficiently large for 13Cε, the 

unambiguous determination of the charge state of individual tyrosine side chains could, in 

principle, be achieved by recording 2D HSQC or HMQC spectra, which exhibit high 

sensitivity. The 2D 1H-13C HSQC spectrum for PYP is shown in Figure 2. 3.  
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Figure 2.3. Region of the 2D aromatic 13C-1H HSQC spectrum for PYP containing the Tyr C-

H correlations. Peak of Y118 Cεεεε overlaps with Y76 Cεεεε. Signals for Trp, and His side chains 

also fall in this spectral region. Assignments of the correlations are indicated. 

 

Signals for the surface-exposed residue Y98 are easily identified, Y76 overlaps with Y118, 

but resonances for Y42, Y94 are weak or invisible. This is probably due to the slow 

rotation of several tyrosines in the protein interior leading to exchange broadening. This 

may be a serious limitation for experiments that aim at utilising the Hd or He ring-proton 

resonances for other proteins as well. 

 

Alternatively, 2D experiments that correlate 13C with a 1H nucleus two bonds removed via 

successive homonuclear and heteronuclear transfer through large one-bond couplings have 

been designed for the determination of acidic side chain groups of Asp and Glu and the C-

terminus (Oda et al., 1994). These experiments offer excellent sensitivity and resolution. In 
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a recent paper, (Baturin et al., 2011) a 2D HE(CE)CZ pulse sequence, which correlates 

Hε and Cζ, was successfully applied to the tyrosine pKa determination in Bacillus circulans 

Xylanase. An approach to assign Tyr 13Cζ in the context of SAIL isotope labeling (Takeda 

et al., 2009) employs the two-bond Hε-Cζ coupling. This experiment is also applicable to 

uniformly enriched samples, where three bond Hδ-Cγ correlations may be observed in 

addition. Unfortunately, these experiments suffer from sensitivity losses in the case of ring 

flips, when the Hδ and Hε protons move between different magnetic environments. In the 

case of PYP, only signals from Y76 and Y98 are observed using the latter experiment, as 

shown in Figure 2. 4. 
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Figure 2. 4. 2D 13C-1H HSQC spectrum that correlates Hδδδδ and Hεεεε with Cζ ζ ζ ζ for Tyr residues of 

PYP. Assignments of the correlations are indicated. Signals for Y42, Y94, and Y118 were not 

observed. 

A final alternative would be the indirect detection of the 13Cγ chemical shifts. These can be 

correlated to Hb chemical shifts via successive magnetization transfers through the large 

CγCβ (1JCC ~ 45 Hz) and CβHβ (1JCH ~ 130 Hz) coupling constants. This could be done via 
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an out-and-back HB(CB)CG experiment, but for larger proteins increased sensitivity can 

be obtained by avoiding one of the long and lossy homonuclear 13C-magnetization transfer 

steps, by starting on the non-protonated 13Cγ ((30) CG(CB)HB spectra are generally well 

resolved, even for larger proteins (> 20 kDa), as they exhibit significant variation in the Cγ 

chemical shift as a function of amino acid type and secondary structure, and because there 

are two non-equivalent protons available to read out the Cγ shift in the resulting 2D 

spectrum. Partial deuteration will improve the sensitivity of the technique for proteins with 

higher molecular weights (Gardner and Kay, 1998). Improved sensitivity of HB(CB)CG-

type measurements have been reported with a ~50% level of deuteration (Prompers et al., 

1998). For PYP, all tyrosine side chain signals were observable with good sensitivity, and 

there is not a single instance of overlap in the spectrum. In addition, we could detect the Cγ 

resonance of His3 (which showed a pKa value of 6.5) but not that of His118. We note that 

His Cγ detection could be improved by 15N decoupling during Cγ evolution, which was not 

done here. 
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Figure 2.5. 2D CG(CB)HB spectrum that correlates Hββββ2/Hββββ3 with Cγγγγ for Tyr residues of PYP. 

His correlations were also detected. Assignments are indicated. 

 

We followed the various chemical shifts that can be used as reporters of the side chain 

charge state for the two tyrosine residues that titrate below pH 11. These are given in Table 

2. For Y76 and Y98 it can be confirmed that the chemical shifts of Cγ and Cε stand out as 

responsive reporters for the side chain protonation state, and that the Cδ resonance 

positions cannot be employed for this purpose. The small pH-dependent changes measured 

for the ring-proton chemical shifts yield pKa values that are within 0.1 from those 

determined by 13C chemical shifts. However, small changes in 1H shifts can also result 

from changes in the charge states of nearby side chains. In particular, the pKa values of Lys 

amino groups are very similar to those of Tyr side chains, and this could lead to 

misinterpretation. The fact that this does not seem to occur for PYP is due to the spatial 

separation of the titrating groups. The fact that 1H chemical shifts are particularly reactive 
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to changes in the local distribution of charges has been documented in the literature (Harris 

and Turner, 2002).  

 

Table 2.2 Best-fit values for the pH-dependent 13C chemical-shift changes and pKa’s 

of Y76 and Y98 of PYP.  

residue Nucleusa δ0 (ppm) ∆δ (ppm) pKa nH 

Y76 Cδ 132.47 - - - 

 Cε 117.1 ± 0.1 2.23 ± 0.04 10.14 ± 0.02 1.24 ± 0.06 

 Cγ  

(at Hβ2/3) 

127.8 ± 0.1 -3.77 ± 0.08 

 

10.21 ± 0.02 1.16 ± 0.04 

 Hβ 3.003 - - - 

 Hδ 6.05 - - - 

 

  

Hε 6.46 ±0.04 0.162±0.004 10.1 ±0.03 1.3± 0.1 

global 

fitb 

Cδ 

Cε 

Cγ  

132.47 ± 

0.02 

117.1 ± 0.1 

127.7 ± 0.1 

-0.08 ± 0.02 

2.30 ± 0.04 

-3.73 ± 0.06 

 

10.20 ± 0.03 

 

1.18 ± 0.06 

 

residue Nucleusa δ0 (ppm) ∆δ (ppm) pKa nH 

Y98 Cδ 133.00 - - - 

 Cε 118.6 ± 0.1 2.8 ± 0.1 10.32 ± 0.03 1.12 ± 0.08 

 Cγ  

(atHβ2/3) 

129.5 ± 0.1 -4.8 ± 0.1 10.20 ± 0.01 1.54 ± 0.06 

 Hβ 3.15 - - - 

 Hδ 7.231±0.004 0.157±0.04 10.43±0.03 1.05±0.05 

 Hε 6.85± 0.01 0.28± 0.01 10.37±0.04 1.14±0.1 

global 

fitb 

Cδ 133.00 ± 0.02 -0.23 ± 0.02  

10.21 ± 0.03 

 

1.48 ± 0.08 
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a Cδδδδ, Cεεεε, Hδδδδ and Hεεεε resonances were monitored by 13C-1H HSQC spectroscopy; Cγγγγ and Hββββ 

resonances were recorded by CG(CB)HB spectroscopy. 

b for global fitting the four titrations pertaining to the same tyrosine ring (probed at CγγγγHββββ2, 

CγγγγHββββ3, CδδδδHδδδδ and CεεεεHεεεε) were combined and fitted simultaneously to a model with one pKa 

and one nH for that tyrosine. Standard deviations for the best-fit parameters resulting from 

the individual fits were estimated by analysis of the c2 function (Berendsen, 2011); for the 

global-fit parameters the standard deviations were estimated using a Monte Carlo protocol in 

which estimated standard deviations per data point (0.05 in pH and 0.03 ppm in chemical 

shift) were used. See text for a further discussion of the accuracy of these results. 

 

Figure 2.6.A shows the location of the two solvent-exposed Tyr residues in PYP, together 

with titration curves of their 13Cγ resonances. The pKa’s for the solvent exposed residues 

Y76 and Y98 are 10.20 and 10.21, respectively, which is 0.5 units above the intrinsic pKa 

reported for Tyr in aqueous solution (Harris and Turner, 2002). Since the net protein 

charge is about -6 at pH 9, this upshift of 0.5 units (which corresponds to an energy 

difference of about 2.8 kJ/mol) is probably due to coulombic forces that favor the neutral 

form of Tyr. 

 

Fits of Equation 1 to the experimental data improved significantly when the Hill 

parameters were allowed to become greater than 1, especially for Y98. This is unusual  

for pH titrations in compactly folded proteins, where electrostatic interactions between 

nearby groups that titrate in the same pH range are expected to lead to an apparent negative 

cooperativity (nH<1). Even more puzzling is the observation that two titrations pertaining 

to the same residue (e.g. Y98, see Table 2) yield different values for the Hill parameter. 

We conclude that small systematic errors (e.g. in the measurements of the highest pH 

values) must be part of the explanation. However, we also note that structural 

rearrangements in the direct environment of Tyr residues (in response to the increasing 

Cε 

Cγ 

118.6 ± 0.1 

129.5 ± 0.1 

2.5 ± 0.1 

-4.8 ± 0.1 
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density of negative charges) can in principle explain apparent positive cooperativity in 

their titration curves. 

 

The fact that the 13Cδ resonance shifts 0.23 ppm downfield in the pH range around 10.5 

(Table 2) is another indication that structural rearrangements must occur, since the 13Cδ 

chemical shift is normally unresponsive to ionization of the side chain (Norton and 

Bradbury, 1974).  

 

 

Figure 2.6. (A) PYP structure with the solvent-exposed residues Y76 (red) and Y98 (blue) 

indicated. pH titration profile of Y76 (B) and Y98 (C) using the 13Cγγγγ chemical shifts as 

reporters. 

As shown in Figure 2.7(A), Y118 is partly (9%) buried within the protein interior but its 

hydroxyl group is not involved in hydrogen bonding. The titration curve for the 13Cγ  of 

Y118 is shown in Fig 7B. At the highest pH value the 13Cγ resonance has moved only -0.7 

ppm.  Assuming that ∆δ= -4 ppm (similar to the value measured for Y76), its estimated 

pKa based on Eq 1 is 11.6, which is higher than those of the solvent-exposed residues Y76 

and Y98. Substitution of ∆δ values within the range -3 to -6 ppm, yielded estimated pKa 

values between 11.4 and 12.0. The difference in the pKa value of 1.4 pH unit between 
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solvent-exposed tyrosine and buried tyrosine can be explained by the different dielectric 

properties of water as a solvent and the protein interior which is more hydrophobic. The 

more polar the environment, the more easily an acid/base can be ionized. Thus, in the 

hydrophobic environment of Y118, its pKa has shifted to a higher value. 

 

 

Figure 2. 7. Buried Y118 in PYP structure (A) and its corresponding pH titration profile using 

the 13Cγγγγ chemical shift as reporter  (B).  

  

The two remaining tyrosine residues in PYP, Y42 and Y94 are 82% and 27% buried, 

respectively, and involved in hydrogen bonding. Their location in the protein is indicated 

in Fig 2.8A. As the changes in their 13Cγ chemical shifts are less than 0.1 ppm up to pH 

11.24, the pKa values of those side chains are significantly higher than 13, and cannot be  

determined reliably. The pKa value of Y42 is of special mechanistic interest in the case of 

PYP, as this side chain shares a proton with the pCA chromophore, and forms a short 

hydrogen bond. Our data demonstrate that this hydrogen bond is extremely stable and 

remains intact over the entire pH range, from 3.41 to 11.24 (see Figure 2.8 (B), black). In 

this pH range, the protein is folded and the active centre is intact. However, the disruption 

of the hydrogen-bonding network involving the chromophore at very low pH (<3) results 

in partial protein unfolding (Craven et al., 2000), whereas at very high pH (>11) it leads to 

hydrolysis of the thioester bond that connects the pCA chromophore to C69 (Hoff et al., 

1996). Y42 is also known to play an important role in stabilizing the native conformation 

of the pCA chromophore through hydrogen bonding. The mutation of Y42 into Phe 

(Y42F) disrupts the hydrogen-bond network between Y42 and the pCA chromophore as 

well as that between Y42 and the hydroxyl group of T50. This causes the distance between 
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Y42and T50 to increase due to van der Waals repulsion, and movement of the pCA 

chromophore toward T50. As a consequence, a second conformation of the pCA 

chromophore can be observed in the protein population as a shoulder in the UV/Vis 

spectrum at 391 nm (Brudler et al., 2000). However, the Y42F mutation does not have a 

significant effect on the pH dependence of the photocycle kinetics. The maximum rate 

constant for the transition of pR to pB in the Y42F mutant occurs at a similar pH, 

compared to wild-type PYP(Brudler et al., 2000). This finding agrees with our result that 

Y42 remains fully protonated in the pH range 3.41-11.24, which makes it unlikely that pH-

induced changes observed in the photocycle kinetics of PYP are caused by changes in the 

electrostatic interactions involving the chromophore in the ground state.     

 

Y94 is also buried and donates a hydrogen bond to the backbone of C69 and the hydroxyl 

side chain of serine 72 (S72). Fig 2.8 (B) (blue) shows that the protonation state of Y94 is 

pH-independent, indicating that Y94 is protonated over the entire pH range 3.41-11.24.  

Although there is no direct hydrogen bond between Y94 and the pCA chromophore, the 

stability of the hydrogen-bond network over a wide pH range may be important also for 

the stability of the thioester bond between C69 and pCA.This result is supported by the 

fact that the mutation Y94A shifts the absorption maximum by 4 nm towards the blue (442 

nm) (Morishita et al., 2007). In agreement with these findings spectroscopic studies also 

imply that the hydrogen bond between the side chain of Y94 and the hydroxyl side chain 

of S72 is important for maintaining the helical secondary structure (Morishita et al., 2007). 
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Figure 2.8. Hydrogen-bonded Tyr side chains in PYP. Y42 forms a hydrogen bond to pCA 

and the hydroxyl group of T50, whereas Y94 forms hydrogen bonds to the backbone of C69 

and the hydroxyl group of S72 (A). pH titration profile of Y42 (below) and Y94 (above) using 

the 13Cγγγγ chemical shift as reporter (B).  

 

2.5 Conclusions 

We present an NMR approach based on 2D Cγ-Hβ correlation spectroscopy to determine 

the residue-specific pKa values of individual Tyr side chains in native proteins with high 

sensitivity and resolution. This approach offers a number of advantages over existing 

practices. Our approach does not require mutagenesis to assign the NMR resonances and 

facilitates the complete and comprehensive analysis of electrostatic interactions involving 

tyrosine side chains in proteins.  

 

For photoactive yellow protein from H. halophila, we were able to determine the pH-

dependence of the protonation states of all individual Tyr side chains. In PYP we observe 

three classes of tyrosines based on their titration behavior: solvent exposed (Y76 and Y98), 

buried in the hydrophobic environment (Y118) and hydrogen bonded (Y42 and Y94), with 

pKa values of ~10, 12 and above 13, respectively. Our study also shows that the short 

hydrogen bonds to the p-coumaric acid chromophore persist over the entire pH range 

where the protein is chemically and thermodynamically stable. Our data indicate that 

previous observations of pH-dependent changes in PYP photocycle kinetics cannot be 

caused by changes in the charge state of Y42, and it is therefore very unlikely that the pCA 
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chromophore undergoes changes in its electrostatic interactions in the electronic ground 

state.  
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3.1 Abstract 

 

The ability to avoid blue-light radiation is essential for bacteria to survive. Photoactive 

yellow protein (PYP) shows an ultraviolet (UV) absorption spectrum that correlates well 

with the wavelength dependence of the escape response of the bacterium under potentially 

harmful blue-light irradiation. Its response to the blue light is mediated by changes in the 

optical properties of the chromophore para-Coumaric acid (pCA) in the active site of PYP. 

This protein is known to display strong pH-dependence in its photocycle kinetics, and 

ground-state recovery displays a bell-shaped profile with a maximum around pH 8. 

However, there is still no consensus about what causes the pH dependence of ground state 

recovery of PYP (Demchuk et al., 2000; Saito and Ishikita, 2012). Therefore, a 

comprehensive pKa determination of the active-site amino acid residues is crucial in order 

to clarify the mechanism.   

 

Here we report nearly complete backbone and sidechain 1H, 13C and 15N NMR assignments 

at pH 5.8 and 20 °C of PYP in its electronic ground state. We utilized these assignments to 

follow the sidechain 13C and 15N chemical shifts of titratable groups of PYP during a pH 

titration, with the aim to determine the pKa of the corresponding amino acids.  One 

important result is that Glu-46 remains protonated from pH 3.4 - 11.4. This conclusion is 

consistent with the observation that the hydrogen-bond proton between Glu-46 and pCA is 

present in that same pH range. Our study also demonstrates that Arg-52 does not undergo 

protonation state changes. Together these findings show that the active site of PYP does 

not undergo any changes in its protonation state in the pG state. Therefore the pH 

dependence of PYP in the photocycle can only result from such changes in the pB state.  

 

 

Keywords: NMR, protonation state, photoactive yellow protein, pKa. 
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3.2 Introduction 

Photoactive yellow protein (PYP) is a small (14 kDa) soluble protein. Its absorption 

spectrum correlates beautifully with the wavelength dependence of the negative 

phototactic behavior of H. halophila. Hence, it has been suggested that this protein serves 

as a photoreceptor for negative phototaxis (Sprenger et al., 1993). 

 

PYP contains 125 amino acids, which form a sheet of six anti-parallel β−strands flanked 

by five α−helices in α/β folds (Figure.3.1.A). High resolution structures of PYP have been 

determined by X-ray diffraction, neutron crystallography and NMR spectroscopy 

(Borgstahl et al., 1995; Düx et al., 1998; Yamaguchi et al., 2009). The chromophore of 

PYP, para-coumaric acid (pCA), is buried in the hydrophobic core of the protein and 

forms a covalent thioester bond with Cys-69 and short hydrogen bonds with Tyr-42 and 

Glu-46. Backbone atoms of Cys-69 are involved in two hydrogen bonds with sidechain 

atoms of Tyr-94 and Ser-72 (Figure 3.1.B). Arg-52 functions as a gateway in the active 

centre of PYP. When it opens, it causes solvent exposure and protonation of the 

chromophore (Genick et al., 1997a).    

 

                          (A)                                                                                (B) 

 

Figure 3.1. Representative structure of PYP (A) and hydrogen-bond network in the active site 

of PYP (B) 

 

Upon blue-light irradiation, absorption of a photon triggers trans-to-cis isomerization of 

the pCA cofactor on the picosecond time scale (Kort et al., 1996). This process is followed 

by the dissociation of the N-terminal region from its PAS domain, and proton transfer 
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leading to the breakage of a short hydrogen bond between pCA and Glu-46. As a 

consequence, the pCA becomes protonated and its active site becomes exposed to the 

solvent. This state is known as the pB or dark state. The wavelength where pCA emission 

is at a maximum, changes from 446 nm in the ground state (pG) to 355 nm in the pB state 

(Düx et al., 1998; van der Horst et al., 2001). Finally, partially folded PYP in the pB state 

relaxes back to the pG state, which is characterized by the formation of a central β−sheet 

and consolidation of some residues close to pCA in the sub-second time scale (Düx et al., 

1998) (Figure. 3.2)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Photocycle kinetics of PYP. Reproduced from (Changenet-Barret et al., 2005) with the 

permission of the Royal Society of Chemistry (RSC) on behalf of the European Society for 

Photobiology, the European Photochemistry Association and the RSC. 

 

During every step in this photocycle, PYP undergoes structural changes and the rates of 

these events display a strong pH dependence (Figure 3.3) (Brudler et al., 2000; Hendriks 

and Hellingwerf, 2009; Imamoto et al., 2004).  Rate of recovery from pB to pG of  wild-

type PYP exhibits bell-shaped curve of pH dependence with maximum is at pH 7.9 and the 

extracted pK values from that curve are 6.4 and 9.4 (Figure 3.3 A) (Genick et al., 1997b). 

However, when Glu-46 is mutated into Gln, the recovery rate curve changes from bell-
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shaped to sigmoidal pH dependence and increases its rate at two orders of magnitude. The 

extracted pK value from that curve is shifted to 8 (Figure 3.3 B). On the other hand, the 

pH-dependence of photocycle kinetic of Arg52Ala displays very similar profile on pH 

dependence of photocycle kinetic of wild-type PYP (Figure 3.3C), although the recovery 

rate is slower by the factor of 6.  

 

 

 

 

 

 

 

 

 

Figure 3. 3: Effect of pH on the kinetics of the pB to pG recovery of PYP. Native recovery has 

maximum rate constant 6.3 s-1
 and pK = 6.4 and 9.4; E46Q recovery has maximum rate constant 280 

s-1
  and pK = 8.0 ; R52A recovery has maximum rate constant 1.1 s-1

 and pK= 6.5 and 9.6. Reprinted 

with permission from (Genick et al., 1997b) copyright American Chemical Society. 

 

Few years ago, neutron crystallography study showed that Glu-46 forms a low-barrier 

hydrogen bond (LBHB) with the pCA chromophore based on the analysis of the distance 

between OGlu46-OpCA from the density map. The presence of LBHB strongly suggests that 

the stabilization of negative charge of pCA is not necessary anymore due to charge 

delocalization between pCA and Glu-46 (Yamaguchi et al., 2009). This study also 

concludes that the pKa of donor and acceptor should be very similar as it is prerequisite of 

LBHB formation. Surprisingly, Arg-52 was found to be deprotonated in this study, which 

is supported by the fact that the absorption maximum of pCA does not change when Arg-

52 is mutated into the neutral amino acids Gln or Ala (Genick et al., 1997b; Imamoto et al., 

2001; Meyer et al., 2003).  

 

However, recent computational study that analyzed two short distances from crystal 

structure of PYP have different view about the electrostatic interaction in the active site of 
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PYP. Their calculations using a QM/MM approach shows that Glu-46 and chromophore 

pCA have pKa 8.6 and 5.4, respectively, on the ground state, which is very unlikely to 

fulfill the requirement of LBHB formation between Glu-46 and pCA (Saito and Ishikita, 

2012). This study also shows that calculated pKa value of Arg-52 is 13.7, which indicates 

that it is protonated. Hence, the calculation of chromophore’s pKa in this study disagree 

with the previous studies (Kroon et al., 1996; Meyer, 1985; Philip et al., 2008).  

 

Another theoretical study also demonstrated that in the pB state, pKa of Glu-46 and 

chromophore pCA are 6.37 and 9.37, respectively (Demchuk et al., 2000). In this study, 

they revealed that the extracted pK constants from bell-shaped curve showed by Genick et 

al  correspond to pKa of chromophore pCA and Glu-46 (Genick et al., 1997b). At lower 

pH, both of Glu-46 and chromophore pCA are protonated and the repulsion between two 

charges causes slow recovery from pB to pG state. As the pH increases, Glu-46 becomes 

deprotonated and this condition accelerates the rate recovery and raises the maximum 

recovery rate at pH 7.9. Above this pH, the chromophore pCA becomes deprotonated and 

the repulsion between Glu-46 and chromophore pCA causes the slow rate recovery of PYP 

(Figure 3.4).  However, this explanation also seems to be possible also with the QM/MM 

study, which suggested the pKa of Glu-46 and chromophore pCA in the pG state are 8.6 

and 5.4, respectively (Saito and Ishikita, 2012). In this study, they revealed that 

chromophore pCA will be deprotonated first at pH 5.4 and later at pH 8.6, Glu-46 becomes 

deprotonated and decreases recovery rate at higher pH. 
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Figure 3.4.The possibility of Glu-46 and pCA protonation state at lower, higher and 

maximum pH based on the interpretation from rate recovery pH dependence curve. 

Adapted with permission from (Genick et al., 1997b) copyright American Chemical Society. 

 

Unfortunately, until now, there are no strong experimental evidences which show whether 

pH dependence of photocycle ground state recovery of PYP due to 

protonation/deprotonation occurs in the pG or pB state. Furthermore, it is also still unclear 

which residues involved and what the pKa of the residues participates in the pH 

dependence of ground state recovery of PYP are.  

 

In this study, we present nearly complete backbone and side chain 1H, 13C and 15N 

resonance assignments at pH 5.8 and 20 °C of PYP in its electronic ground (pG) state.  

Next, we used 2D and 3D heteronuclear NMR experiments to follow the pH-dependence 

of all titratable group in PYP. NMR spectroscopy has been established as the most reliable 

method to determine the protonation state of individual titratable groups in proteins. 

Several 2D NMR experiments have been developed to determine the individual sidechain 

pKa for titratable groups such as His, Asp, Glu, Tyr, Lys and Arg in proteins (André et al., 

2007; Baturin et al., 2011; Hass et al., 2009; Oda et al., 1994; Oktaviani et al., 2012). Our 

results demonstrate that none of the titratable group change their protonation state in the 

ground state.  Hence, the pH dependence of PYP in the photocycle can only be explained 

by pH-dependence changes in the pB state. 



Chapter 3 

62 

 

3.3 Material and Methods  

3.3.1 Sample preparation 

3.3.1.1 [13C, 15N] labeled PYP 

Uniformly 13C, 15N labeled wild type PYP was produced in M9 minimal medium 

containing 13C glucose and 15NH4Cl, whereas 12C-Tyr PYP was produced in M9 minimal 

medium containing 13C glucose, 15NH4Cl and 12C-Tyr (1g in 1L of medium) (Krishnarjuna 

et al., 2011). Both uniformly 13C, 15N labeled wild type PYP and 12C Tyr PYP were 

purified as described previously (Mihara et al., 1997). NMR samples contained ~1.0 mM 

of doubly labeled [13C, 15N] PYP, 0.15 mM DSS, 10% D2O. 5mM phosphate buffer, 15 

mM sodium (bi)carbonate buffer or 15 mM sodium acetate-d3 buffer was used for the pH 

ranges of 5.9 - 9.2, 8.6 - 11.4 and 3.4 - 5.8, respectively. The pH was changed in steps of 

0.2 pH units by adding a few μL of HCl or NaOH solution. For calibrating the pH meter on 

the range pH 4 up 10, calibration buffers of pH 4.0, 7.0 and 10.0 were used; for calibrating 

the pH meter on the range pH 1.0-4.0, a 0.10 M HCl solution and calibration buffer pH 4 

were used; for calibrating pH meter on the range pH 10-12, 10 mM NaOH and calibration 

buffer pH 10.0 were used.  

 

3.3.1.2 Arginine 

For the pH titration of arginine, 100 mM of natural-abundance L-Arg solution was made in 

H2O with 10% D2O and 0.15 mM DSS. Data was obtained at pH 10.0, 11.0, 12.0, 12.45, 

12.71, 13.3, 13.7 and 15. For adjusting the pH, HCl and NaOH solutions were used. Above 

pH 13.0, no calibration was possible, therefore the pH values above pH 13 are not very 

accurate.  

 

3.3.2 NMR experiments  

1D 13C and 15N NMR data were obtained using a Varian 500 MHz spectrometer with dual 

broadband probe. All 1D 1H, 2D and 3D NMR experiments were carried out at 293 K 

using a Varian Unity INOVA 600 MHz spectrometer equipped with a field-gradient probe. 

For experimental settings, see Table I. The 2D and 3D NMR data were processed using 

NMRPipe (Delaglio et al., 1995) and the spectra were analysed using Sparky (Goddard 

and Kneller, 2003). All chemical shifts were referenced to DSS following the IUPAC 

recommendation (Markley et al., 1998). 
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Table 3.1 Experimental settings of NMR experiments  

Experiment 

Number 

of scans 

Relaxation 

delay Nucleus  

Spectral 

width (Hz) 

number of 

increments 

carrier 
position 

(ppm) 

acquistion 

time (ms) 

total 
experimental 

time  

1H-15N HSQC 2 1.3'' H 

N 

8000 

2000 

1024 

128 

~4.8  

~119 

64 

64 

12' 

CBCA(CO)NH 4 1" H 

C 

N 

8000 

11000 

2500 

1024 

71 

57 

~4.8 

~46 

~117 

64 

64.5 

22.8 

20h 42' 

HNCACB 20 1" 
H 

C 

12001 

12064 

2048 

81 

~4.8 

~47 

85 

6.7 69h58' 

N 1944 33 ~118 16.98 

(H)C(CO)NH-

TOCSY 
4 1.3" H 

C 

N 

8000 
10000 

1650 

1028 
64 

40 

~4.8  
~43 

~119 

64 
6.4 

24 

16h44' 

H(CCO)NH-TOCSY 4 1.3" 

H 

(direct 

domain) 
H 

(indirect 

domain) 
N 

8000 
4000 

1650 

1024 
128 

40 

~4.8  
~4.8  

~119 

64 
32 

24 

33h42' 

1H-13C CT HSQC 
2 1" H 

C 

8000 

8000 

1024 

128 

~4.8  

~42.5 

64 

16 
9'41" 

1H-13C CT 
HSQCAro 

2 1" H 
C 

8000 
8000 

1024 
128 

~4.8 
~125 

64 
16 

9'33" 

1D 1H  12 1" H 14005.6 112044 ~4.8 4000 1'46" 

H2(C)CO 8 1" H 

C 

8000 

1250 

1024 

128 

~4.8 

~178 

64 

102.4 
40' 

(HBGCBG)CO 

(CBGCACON)H 
64 1" H 

C 

9900 

2000 

1268 

128 

~4.8 

~180 

64 

64 
5h31" 

CB(CGCD)HD 384 1" H 
C 

8000 
8000 

2048 
65 

~4.8  
~35 

128 
8.1 

16h13' 

CB(CGCDCE)HE 128 1" H 

C 

8000 

8000 

2048 

256 

~4.8  

~35 

128 

32 

21h31' 

1H-13C HSQC CParo 104 1" H 

C 

8000 

9000 

1024 

250 

~4.8  

~136 

64 

27.7 
16h14' 

CG(CB)HB 20 1" H 
C 

8000 
6000 

1024 
90 

~4.8  
~130 

64 
15 

1h6' 

H2CENZ 8 1” H 

N 

9000 

1440 

1152 

128 

~4.8 

~34 

64 

88.8 

1h 

H2CDNE 128 1" H 

N 

9000 

1440 

1152 

128 

~4.8  

~86 

64 

88.8 
10h43' 
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HNCO 4 1" H 

C 

N 

12001.1 

1809.2 

1944.3 

2048 

64 

64 

~4.8  

~176.0 

~120.3 

85.3 

35.3 

32.9 

21h31' 

HNCACO 16 1" H 

C 

N 

8000 

1809.2 

1944.3 

1024 

64 

64 

~4.8  

~174 

~120 

64 

35.4 

32.9 

85h31' 

HE(NE)CZ 4 1" H 

C 

12001 

3769.1 

2048 

64 

~4.8 

~169 

85.3 

16.9 
10'12" 

1D 13C  1500 1" C 33167 33167 ~100 1 50' 

1D 15N   1"   10155 13127 ~100 1.3 30' 

 

 
3.3.3 Data analysis 

The titration data for all chemical shifts were analysed using the Henderson-Hasselbalch 

equation, appropriate for rapid exchange of the nuclei between the environments 

associated with the neutral and charged states of the side chain: 

For single event :  

δobs = δAH + ∆δ
10n H (pH−pK a )

1+10n H (pH−pK a )
                        (1) 

and for several titrating events 

...
101

10

101

10
)(

)(

2)(

)(

1
2,

2,

1,

1,

+
+

∆+
+

∆+=
−

−

−

−

aH

aH

a
H

a
H

pKpHn

pKpHn

pKpHn

pKpHn

AHobs δδδδ
 (2) 

 

where δAH denotes the chemical shift for the protonated form, and ∆δ = δA– – δAH is the 

change in chemical shift upon deprotonation. nH is the Hill coefficient (nH > 1 indicates  

positive cooperativity). 1,2 refers to first and second titrating event respectively. All 

calculations were performed using Mathematica software (Wolfram Inc.)       
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To select the best fit, F-test statics was used.  F-test statistics is given in the equation (3), 

and after rearrangement in equation (4), where n is number of data points, p is the number 

of fitting parameter, χ2 correspond to sum of squared deviations of the fit and  subscript 1,2 

refers to the simplest and the extended fitting respectively.  
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2
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2

1
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pnpn
F

−

−−−

−

=
χ

χχ

                               (3)                                                    
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2

12

)(

))((

χ
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−
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                        (4)
 

 

In an F-test, the lower probability means that the extended fitting model is more prefered  

 

3.4 Results  

3.4.1 Assignment 

3.4.1.1 Backbone Assignment 

The assignment of backbone resonances, which was based on a suite of 3D NMR 

experiments (HNCACB, CBCA(CO)NH, HNCO and HN(CA)CO), is more than 96% 

complete (Figure. 3.5). Missing assignments are the amide backbone 15N resonances of the 

four Pro residues, and the amide nitrogen and proton resonances of Met-1 and Gly-7. At 

this pH no backbone assignment was possible for Glu-12. The 13C’ resonances of Phe-6, 

Asp-10 and Ile-11 were not found. 
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Figure 3.5 2D 15N-HSQC spectrum of PYP at pH 5.8 and 20°C 

 

 

 

The backbone assignment was translated into structural propensity using the neighbor-

corrected structural propensity protocol (ncSPC) (Tamiola and Mulder, 2012), which 

demonstrates the presence of 5 helical regions flanked with 6 β-sheet regions (Figure 3.6). 

This structural propensity agrees with the secondary structure determined by X- ray 

crystallography. 
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Figure. 3.6 Backbone structural propensity of PYP at pH 5.8 and 20° C 

 

3.4.1.2 Side chain assignments 

The 1H, 13C and 15N side chain resonance assignment is over 85% complete. To 

accomplish most of the side chain assignment, the strategy outlined by Oktaviani et al was 

performed (Oktaviani et al., 2011). Unassigned side chain resonances mainly involve 

labile protons and their attached heteroatoms, such as protons connected to oxygen (i.e. 

Tyr, Ser and Thr OH), protons bound to nitrogen and their corresponding nitrogens in the 

imidazole group of His residues, Hζ of Lys, and also resonances due to several non-labile 

groups, such as methyl Cε/Hε of Met residues. Signals of Arg Hζ−Nζ can be obtained at 

lower temperature (2oC) and will be presented below.  

 

The Cζ resonances of the tyrosine residues were assigned based on a 13C-1H HSQC 

experiment (Zuiderweg et al., 1996). The assignment of Hδ and Hε can be accomplished 

by using a combination of CB(CGCD)HD and CB(CGCDCE)HE spectra (Yamazaki et al., 

1993). However, Tyr-76 and Tyr-118 have very similar Hε frequencies, making it difficult 

to determine which Hε-Cζ peak corresponds to which residue. Therefore, we used the pH-

titration experiments, in which the tyrosine Cγ and Cζ chemical shifts change 
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simultaneously by large amounts. As has been shown in the previous chapter, the Tyr-76 

signals start moving at a lower pH than Tyr-118, making it possible to assign their Cζ 

resonances. Two short hydrogen-bond signals, which belong to Tyr-42 and Glu-46 can be 

detected using a 1D proton water flip-back sequence (Figure. 3.7). These two proton NMR 

signals have been previously assigned by Sigala et al. (Sigala et al., 2009). The 1H, 13C and 

15N assignments can be found in the BioMagResBank under accession number 18122. 

 

 
                                                                                                                                                                   

 

Figure 3.7 1D 1H NMR spectrum of PYP at pH 5.8, obtained with a selective water flip-back 

pulse, to detect the hydrogen bonds donated by Tyr-42 andGlu-46 to the chromophore 

oxygen. The downfield region is enlarged. The hydroxyl resonances of E46 and Y42 are observed 

at 15.25 and 13.55 ppm, respectively.  

 

3.4.2 pH titration  

pH titration experiments were performed in the pH range 3.4 - 11.4. In this pH range, the 

protein is still folded as indicated by 15N-1H HSQC signals and also by the presence of two 

short hydrogen bonds belonging to Glu-46 and Tyr-42. Below pH 3, the protein would be 

partially unfolded (Craven et al., 2000), and above pH 11.7, the thioester bond that 

connects the pCA chromophore and Cys-69 would be hydrolyzed (Hoff et al., 1996). 
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Glutamic and aspartic acid residues 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Structure of Aspartate (A) and Glutamate (B) 

 

The protonation state of Glu and Asp residues has been established by monitoring the side 

chain carboxyl (Cγ/Cδ) (Figure 3.8) chemical-shift changes using 2D NMR H2(C)CO 

spectrum (Oda et al., 1994). This spectrum shows the correlation between Hβ-Cγ in Asp 

and Hγ-Cδ in Glu residues. Hβ and Hγ signal were assigned based on the H(CCO)NH-

TOCSY spectrum. The signals of Glu-46 and Asp-53 were not found in the H2C(C)O 

spectrum. In the case of Asp-53, this amino acid is followed by a proline, therefore its 

signal does not appear in a H(CCO)NH-TOCSY spectrum. For some residues, the pKa can 

not be determined accurately, because their titration curves are not complete. The pKa 

values of all Asp and Glu residues are shown in Table 2. The complete pH titration profiles 

of these residues are presented in the appendix.  
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Table 2.  Estimated pKa of Asp and Glu 

Residues pKa Note 

D10 4.3 assuming ∆δCγ ~ 3ppm 

D19 3.96 assuming ∆δCγ ~ 3ppm 

D20 

D24 

D34 

4.38 

n.d 
assuming ∆δCγ ~ 3ppm 

n.d   

   

D36 3.83 assuming ∆δCγ ~ 3ppm 

D48 4.42 assuming ∆δCγ ~ 3ppm 

D65 2.5 assuming ∆δCγ ~ 3ppm 

D70 4.38 assuming ∆δCγ ~ 3ppm 

D71 4.79 assuming ∆δCγ ~ 3ppm 

D97 3.3 assuming ∆δCγ ~ 3ppm 

D116 3.97 assuming ∆δCγ ~ 3ppm 

E2 pKa1= 3.9   

  pKa2=6.85 

E9 

E12 

3.89 

n.d   

E74 3.94   

E81 4.03   

E93 4.01   

 

Protonation state of Glu-46 

However, since the Cδ signal of Glu-46 could not be observed in this spectrum, it was 

necessary to use another chemical shifts reporter to report the protonation state of Glu 

unambiguously. Thus, to determine the protonation state of Glu-46 we utilized the 13Cγ 

chemical shift obtained from 3D (H)C(CCO)NH-TOCSY NMR. This experiment 

correlates the chemical shifts of aliphatic side chain carbon nuclei of residue i with those 

of the backbone amide proton and amide nitrogen of residue i+1 (Logan et al., 1993). This 

approach has, for example, been applied by Croke RL et al  (Croke et al., 2011) to 

determine the side chain pKa value of Glu  and Asp in unfolded alpha-synuclein. 
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Figure 3.9. Strip plots at the of Glu-46 (A) and Glu-74  (B) backbone 15N resonance 

frequencies taken from a 3D (H)C(CO)NH TOCSY spectrum, and  graph of Cγγγγ    chemical shift 

as a function of pH of Glu-46 (C) and Glu-74(D) 

 

As exemplified, for the solvent-exposed residue Glu-74 in Figure 3.9.B and 3.9 D, 

deprotonation is typically accompanied by a change of Cγ chemical shift of about 3.8 ppm. 

Figures 3.9 A and 3.9 C clearly demonstrates that there is no chemical shift changes in pH 

range 3.4-11.4 and it indicates that the protonation state of Glu-46 stays constant in that pH 
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range. 

 

pH titration of the two hydrogen-bond protons of Tyr-42 and Glu-46 

NMR detection and assignment of the Tyr-42 and Glu-46 hydrogen-bond proton signals 

have been presented before by Sigala et al (Sigala et al., 2009) and  Pool et al (Pool et al., 

2013). Using water-flip-back based 1D proton NMR spectroscopy, we observed these 

proton signals are present in the entire pH range from 3.4 - 11.42, even at 20°C (Figure 

3.10). This result is in consistent with our previous result (23), that Tyr-42 stays protonated 

in that pH range 3.4 up to 11.4.    

 

 

Figure 3.10.  PYP active site and its corresponding two hydrogen bonds as indicated by 

arrows (A) 1D 1H NMR spectra showing the resonances of the hydrogen-bond protons of Glu-

46 and Tyr-42 from pH 3.4 -11.4  (B) 

 

This result demonstrates that the side chain carboxylate group of Glu-46 and the hydroxyl 
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group of Tyr-42 forms persistent hydrogen bonds to the pCA chromophore. Those two 

hydrogen bonds can maintain formal negative charge by delocalization of electron density 

over a large and highly conjugated network, including the chromophore pCA and Glu-46.  

Apparently, electrostatic interactions in the active site of PYP remain unaltered in the pH 

range 3.24-11.4. In addition, the chemical shift of hydrogen bonded of Glu-46 and Tyr-42 

proton signals do not change. This implies that those bonds have persistent geometry in 

that pH range. 

 

Arginine 

 

Figure 3.11 Structure of Arginine 

 

Early NMR studies described the use of 1D 15N NMR to determine the side chain pKa of 

Arg (Figure 3.11) residues (Kanamori et al., 1978). More recently, a 2D NMR experiment 

has been developed by monitoring indirectly about 6 ppm chemical shift changes of 

Nε nucleus (André et al., 2007). The advantage of using this experiment is that the 2D 

H(C)N NMR technique measures the correlation between Nε and the non-labile Hδ 

protons, which are visible at any pH. Unfortunately, we found very weak signal for Arg-

52, whereas good signal to noise ratio was observed for Arg-124. This finding is likely 

caused by the fact of restricted mobility for the partly buried side chain of Arg-52, as 

opposes to the solvent accessible Arg-124. This fact notwithstanding, our experimental 

results show that from pH 5.8 to 10.7, there is no chemical shift change for Arg-52 Nε (see 

Appendix). 
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Figure 3.12. 2D H(2)CN spectra of Arg signals in PYP at pH 5.8 (A) 7.08 (B) 8.04 (C) 9.07 (D) 

and 10.07 (E) . These spectra show the Nε-Hδ correlation in arginine side chains. Both Arg-52 and 

Arg-124 chemical shifts do not change in that pH range.  

 

To further confirm the finding that the Arg-52 side chain does not titrate, we decided to 

follow an additional side chain chemical shift that is responsive to de(protonation).We 

found that deprotonation of Arg causes Cζ chemical shift to change by about 4 ppm upon 

pH titration (see Appendix). Unfortunately, in PYP, the Arg Cζ signals suffer from 

extensive overlap with the Cζ signals from Tyr, in the spectral region around 157-162 

ppm. Therefore, we addressed this problem by using simple and cheap strategy to obtain 

only Cζ signal from Arg without interference from Tyr signals:  we added 12C-Tyr to the 

growth medium, which also contained the uniformly labeled 13C-glucose and 15NH4Cl.  By 

mean of this, the E coli bacteria will overexpress 13C-15N-label all amino acids, except Tyr. 

This reverse labeling resulted in the complete unlabeling of tyrosine in PYP, and 1D 13C 

NMR spectrum no longer shows signals from Cζ Tyr chemical shifts, providing clean 

access to Arg Cζ signals (see Figure 3.13). Based on 3D HeNeCz experiment, which gives 

the correlation Hε -Nε- Cζ (Pool et al., 2013), we found that the Cζ signals from Arg-52 

and Arg-124 are overlapping. 
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Figure 3.13. 1D 13C NMR spectroscopy in the region 144-166 ppm of U-13C PYP (above) and 

12C-Tyr PYP (below). The incorporation of 12C-Tyr  to U-13C PYP works successfully and only 

Arg Cζ signals are present in the spectra (below). As shown before (Pool et al, 2012), the Cζ 

resonances of Arg-124 and Arg-52 overlap. 

 

Next, we performed pH titration and detect 1D 13C detection of the arginine Cζ signals.  

As demonstrated on Figure 3.14, no chemical shifts changes was observed for the arginine 

Cζ signals in the range pH 3.2 to 11.2 (see Figure 3.14)  
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Figure 3.14. 1D 13Cζζζζ arginine signals as a function of pH. 

 

Since Arg-124 is solvent exposed, therefore its sidechain will be deprotonated above pH 

12.5. However, as Arg-52 is partially buried residue (38%), thus its side chain pKa may be 

lower than random coil pKa value for Arg. Our pH titration data clearly demonstrates that 

there is no change in protonation state of Arg, particularly in the side chain of Arg-52. In 

addition, we were able to detect the guanidino signal of Arginine (Nη-Hη) using 1H-15N 

CPMG-HSQC experiment (Mulder et al., 1996)  at 20C and pH 5.9 and the signals could 

be assigned based on a 3D 1H-1H-15N NOESY-HSQC experiment (see Appendix and 

Table 2).  

 

We found very strong peaks corresponding to the Arg-124 Nη1-Hη1 and Nη2- Hη2 

correlations, whereas Arg-52 only has one peak of weak-intensity (Figure 3.15). The 

presence of separate resonances due to both the Nη1-Hη1 and Nη2-Hη2 correlations of 

Arg-124 indicates that rotation around the partially double Nε-Cζ bond is slow on the 

chemical-shift time scale. Interestingly, exchange cross peaks (indicated by arrows in 
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Figure 3.15) signify magnetization transfer between Nη1 and Nη2 during t1 and the final 

INEPT period due to slow rotationt around the Nε-Cζ bond. A similar case has been 

observed and explained before by Yamazaki et al (Yamazaki et al., 1995) . The 

observation of a single peak of Arg-52 means that the rotations around the Nε-Cζ and Nη-

Cζ bonds are all fast on the chemical-shift time scale.  

 

 

 

 

Figure 3.15 15N-1H HSQC spectrum of arginine guanidino groups at 2°°°° C 

 

In agreement with previous work (Kanamori et al., 1978) , The Arg Nη chemical shifts 

undergoes ~9 ppm change downfield upon deprotonation in aqueous solvent (see 

Appendix).  We observe that the Arg-52 Nη chemical shift is found around 70 ppm, which 

would typically be interpreted to mean that Arg-52 is protonated. However, previous study 

demonstrates that the 15N chemical shifts of the terminal guanidine group depend strongly 

on the solvent chosen for measurements (Xiao and Braiman, 2005): a non polar 

environment leads to more shielding and hence a lower chemical shift. Hence, chemical 
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shift data alone are not sufficient to allow for an unambiguous interpretation of the Arg-52 

protonation state of PYP. 

 

Table 2. 1H and 15N assignment of the arginine guanidino groups of PYP at 2o C and pH 5.9. 

Residue Atom Chemical shift (in ppm) 

Arg-52 Nε 

Hε 

Nη 

Hη 

86.639 

 

7.489 

 

70.559 

 

6.795 

 

Arg-124 Nε 

Hε 

Nη1 

Hη1 

Nη2 

Hη2 

84.270 

7.540 

71.770 

6.706 

72.631 

7.180 

 
 

pH dependence of the Thr-50 backbone carbonyl resonance 

Based on crystal structure of PYP, the backbone carbonyl of Thr-50 participates in a 

hydrogen bond network with Hη of Arg-52 (Sprenger et al., 1993). Previous study showed 

that the backbone carbonyl chemical shift changes can be used to probe hydrogen bonding 

of non-titrating residues. For example, the changes about 1 ppm in backbone-carbonyl 

chemical shift of Lys-10 in the B1 domain of protein G, which is hydrogen-bonded to the 

sidechain carboxyl group of Glu-56, is found to accurately reflect the pKa value of Glu-56 

(Lindman et al., 2007).  

 

We therefore used the pH-dependence of the Thr-50 backbone carbonyl 13C chemical shift 

to confirm the protonation state of Arg-52, using 2D CO(CA)HA spectroscopy (Dijkstra et 

al., 1994). This 2D NMR experiment, which correlates backbone carbonyl and Hα signals, 

is suitable for pH titration study since Hα’s do not exchange with water. As shown in 

figure 3.15, there is no chemical shift change of the Thr-50 carbonyl resonance during the 

titration from pH 5 - 11.2. As comparison , we observe about 0.7 ppm change in the 

backbone carbonyl chemical shift of Thr-70, which reports the pKa  value of Asp-71 (see 
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Figure 3.16 B).This observation supports the conclusion that there is no change in the 

protonation state of Arg-52 in that pH range (see Figure 3.16 A) 

 

 

Figure 3.16. pH dependence of backbone 13C’ chemical shift of Thr-50 (A) and Thr-70 (B) 

 

Lysine  

 

 

 

 

 

 

 

 

 

 

Figure 3.17 Lysine structure 

 

One of chemical shift reporter which can determine the pKa value of Lysine side chain is 

Nζ (Figure 3.17) The 2D H2(CE)NZ experiment, which correlates the Nζ and Hε 

resonances (André et al., 2007), is suitable to measure the Nζ chemical shifts because the 

Hε protons do not exchange with water, thus these Nζ-Hε signal are visible even at high 

pH. The sidechain pKa of the Lys residues can not be determined accurately (see 

Appendix) since the chemical shifts do not reach their plateau value at the last titration 

point, Assuming that the Δδ = -7 ppm (André et al., 2007) upon deprotonation, the pKa’s 
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can be estimated, based on the Henderson-Hasselbalch equation, as shown in Table 3. 

Although all lysine residues are solvent exposed, almost all the estimated pKa values are 

above their intrinsic value of 10.4. The upfield shifts of about ~0.6 are caused by the total 

net charge of PYP, which is -6 at pH 9: there are 19 negatively charged (aspartic and 

glutamic acid) and 13 positively charged (arginine and lysine) residues. Therefore, it 

requires more energy to deprotonate the Lys residues due to coulombic forces that favor 

the positively charged form of Lys.  

 

Table 3. Estimated pKa for the Lys residues 

Residue pKa assuming δ∆=- ~7 

K17 

K55 

K60 

K64 

K78 

K80 

K104 

K106 

K110 

K111 

K123 

11 

11.4 

11 

11.6 

10.5 

11.1 

11.1 

11.2 

11 

11.1 

10.4 

 

Histidine  

 

 

 

 

 

 

Figure 3.18 Histidine structure 

 

The protonation state of His residues can be determined by monitoring the Cδ, Hδ, Cε, Hε 

and Cγ chemical shifts (Figure 3.18) (Hass et al., 2009). Cδ2-Hδ2 and Cε1-Hε1 

correlations in His can be detected by recording 1H-13C CT HSQC experiment (Vuister and 
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Bax, 1992). As described on the previous chapter, Cγ chemical shifts can be followed via 

the CG(CB)HB 2D NMR experiment, which correlates Cγ and Hβ chemical shifts 

(Oktaviani et al., 2012).  

 

 

 

Figure 3.19  pH titration profile of His-3  using Cγ γ γ γ (A), Cδ δ δ δ (B) and Cεεεε (C) as chemical-shift 

reporters  

 

PYP consists of two His residues: His-3 and His-108. We found only the Cγ-Hβ signal of 

His-3 is visible in the CG(CB)HB spectrum. Using the Cγ chemical shift as reporter, the 

sidechain pKa of His-3 was found to be 6.54 ± 0.04. Interestingly, the Cγ-Hβ peak of His-3 

disappears between pH 8.5 and 10 for a reason that we still don’t understand.  The pKa 

value based on Cγ as chemical shift reporter is in agreement with the pKa reported by the 

Cε chemical shift (6.49 ± 0.02, Figure 3.19.A). In contrast, when using Cδ as chemical 

shift reporter, we observed two titration events, which demonstrate very different pKa 

values compare to Cγ and Cε as chemical shifts reporters. The pKa of the first titration 

event (at lower pH) cannot be determined since the titration point has not completely 

reached its plateau. The pKa of the second titration event is  about 7.7 ± 0.1, which 

probably reflects the pKa value of the N-terminus  (usually has a pKa ~ 8 in proteins) 

(Pace et al., 2009).  

 

For His-108, Cδ2 reports a pKa value of 4.92 ± 0.044, in agreement with the value 

reported by the backbone NH of His-108 in the 15N-1H HSQC spectrum, which has the pKa 

value of 4.79 ± 0.06361 (Figure 3.20 A and D). However, the pKa value reported by the 

Cε chemical shift is estimated to be 4.20 ± 0.082, which is about 0.7 lower than the pKa 
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value reported by the Cδ2 and backbone NH. This discrepancy may be explained by the 

small chemical shift change (0.3 ppm) upon pH titration and the low intensity of the Cε 

resonance, which together make this chemical shift becomes less ideal to determine the 

pKa value accurately. 

 

In addition, using the Hε chemical shift as reporter, the pKa of His -108 is shown to be 

4.71± 0.049, which is closer to the pKa value determined by Cδ2 and NH.  This chemical 

shift changes over 1 ppm upon deprotonation, which is larger than chemical shift changes 

reported by Cε. Hence, the Hε chemical shift is more reliable as a chemical shift reporter 

to determine the pKa value of His-108 although the Cε-Hε peak is broadened beyond 

detection at some pH values 

 

Figure 3.20  pH titration profile of sidechain His-108  using the Cδδδδ    (A), Cεεεε    (B) and Hεεεε (C) and 

NH (D) chemical shifts as reporters.  

 

Unfortunately, the Cγ-Hβ peak of His-108 can not be observed in the CG(CB)HB 

spectrum. This may be due restricted mobility of His-108 since it is 50% buried in the 

hydrophobic core. The same phenomenon occurs in the 13C-1H HSQC spectrum where the 
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His-108 sidechain peaks are less intense than those of His-3.   

 

Tyrosine  

 

Figure 3.21 Tyrosine structure 

 

Tyr sidechain (Figure 3.21) pKa can be reported using Cε, Hε, Cγ, Cζ chemical shifts. Cε-

Hε and Cζ-Hε correlation can be recorded using 13C-1H HSQC through 1-bond and 2-bond 

magnetization transfer, respectively. Later, it has been found that these experiments suffer 

from sensitivity losses due to slow ring rotation, when the Hε protons move between 

different magnetic environments (Oktaviani et al., 2012). Therefore, as has been mentioned 

in the previous chapter, the Cγ chemical shift is the best reproter of the Tyr protonation 

state. It can be conveniently measured by the CG(CB)HB 2D NMR experiment (Oktaviani 

et al., 2012).  
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Figure 3.22 pKa profile of Tyr-42 (A) Tyr-76 (B), Tyr-94 (C) Tyr- 98 (D) and Tyr-118 (E).  

 

 The protonation states of Tyr sidechain of PYP can be classified into three types:  

1. Solvent exposed Tyr residues, which are Tyr-76 and Tyr-98. These residues  

       have sidechain pKa about 10.2 (Figure 3.22 B and D) 

2. Partially buried Tyr residue, which is Tyr-118. The pKa of this residue can not be 

determined accurately. It is estimated to be 11.4- 12.0 (assuming ∆δ values within 
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the range -3 to -6 ppm and hill parameter equals to 1) (Figure 3.22(E)) 

3. Hydrogen-bonded Tyr residues, which are Tyr-42 and Tyr-94. The hydroxyl group 

of Tyr-42 forms a hydrogen bond with the chromophore pCA, whereas the 

hydroxyl group of Tyr-94 participates in the hydrogen bonding to the backbone of 

Cys-69. Both of those residues remain protonated in the range pH 3.41 -11.24 

(Figure 3.22 (A) and (C)).  

 

3.5 Discussions 

pKa determination of sidechain residues of PYP 

We report comprehensive determination of sidechain pKa values of PYP. However, since 

we limit the titration range only from pH 3.4 up to 11.4, therefore we can not get 

comprehensive pH profile, which are sufficient to determine the pKa value for several 

amino acid residues. In this case, we made an assumption for chemical shift changes based 

on value that is typically found in protein. In general, the amino acid pKa is influenced by 

several factors: the presence of hydrogen bond with other residue, coulombic interaction 

with other residues and energy required to bring unit charge into certain dielectric 

constant. Interesting example is to compare the pKa value of His-3 and His-108. Normally, 

His has its intrinsic pKa value ~ 6.5, for example side chain pKa value of His 3 is 6.5 since 

this residue is solvent accessible. In contrast, His-108, which is partially buried (50%), has 

pKa 1.6 unit lower relative to its intrinsic pKa value. In this case, desolvation effect for His 

influences its side chain pKa value, where the neutral form becomes more favorable.                                                                      

 

Protonation state of titratable groups in the active site of PYP 

The NMR chemical shifts of nuclei near titratable groups in proteins carry information 

about of individual titrable amino acid’s group in the protein. In this present study, we 

show that the side chain of Glu-46 does not change its protonation state over the entire 

range pH 3.4 - 11.4. Our study also shows that the side chain of Tyr-42 stays protonated in 

the same pH range. Those conclusions are supported by the existence of two hydrogen 

bonds between Glu-46 and pCA and between Tyr-42 and pCA based on 1D 1H NMR 

experiment. This finding also indicates that chromophore pCA stays deprotonated in that 

pH range. Moreover, the side chain of Tyr-94, which forms a hydrogen bond with the 
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backbone carbonyl of Cys-69, also remains protonated in the pH range 3.4 - 11.4. Here, we 

also demonstrated that Arg-52 does not change its protonation state in the range pH 3.2 - 

11.2. Comparing to the pH titration profile of free Arg in water, the chemical shift of the 

nitrogen guanidino group (Nη) seems likely to show that Arg-52 is protonated (see 

Appendix). The positive charge of Arg-52 might be stabilized by the backbone carbonyl of 

Thr-50, which does not show significant change on its chemical shift upon pH titration. 

However, since the chemical shifts of 15N guanidino depends on the solvent chosen for the 

measurement, the protonation state of Arg-52 Nη might be misinterpreted since the 

chemical environment is less polar. Taking those results together with our previous study, 

we conclude that the protonation state of all titratable groups in the active site of ground-

state PYP are persistent over the entire range pH 3.4-11.4 where PYP is still in the pG 

state. Combined with optical spectroscopy and neutron crystallography data, a picture 

emerges in which a change in protonation state in any of the active site residues would 

destabilize the pG state, and lead to the formation of an alternate protein conformation, 

which is likely to resemble the long-lived state that is stabilized by changes in active site 

electrostatics following blue light absorption. 

 

Stabilisation of pCA chromophore  

When Glu-46 and Tyr-42 are mutated, significant changes in the absorption maximum of 

chromophore pCA are observed (Imamoto et al., 2001; Meyer, 1985). The short hydrogen 

bonds between the phenolic oxygen of the chromophore pCA and the side chains of Glu-

46 and Tyr-42 stabilizes surplus electron density by redistribution over an extended 

conjugated network. The mutation of Glu-46 to Gln and Ala red-shifts the absorption 

maximum of pCA from 446 nm to 462 nm (Imamoto et al., 2001; Meyer, 1985). This shift 

can be rationalized in terms of an increased negative charge density on the chromophore 

since the hydrogen bond between Gln and pCA is weaker than between Glu and pCA. A 

red- shift in the  absorption maximum (from 446 nm to 466 nm) is also found when PYP is 

reconstituted with a modified chromophore containing an electron withdrawing cyano 

group (Sigala et al., 2009). Also, when Tyr-42 is mutated to Phe, two peaks occur in the 

absorption spectrum of pCA (458 nm and 385 nm) (Imamoto et al., 2001; Meyer, 1985). 

This result demonstrates that two populations are present which correspond to the 

structural change of chromophore pCA. Since the absorption at 385 nm is much closer to 



Comprehensive side chain pKa determination for PYP by NMR 

 

87 

 

the absorption chromophore pCA in the pB state, this also may indicate that some 

population may shifts toward the pB state, in which the chromophore pCA does not stay 

intact anymore in the active site of PYP.  

 

A recent QM/MM computational study suggested that the pKa of Glu-46 and chromophore 

pCA are 8.6 and 5.4, respectively (Saito and Ishikita, 2012) and this clearly disagree with 

the neutron crystallography study which proposed the similar value for pKa Glu-46 and 

chromophore pCA (Yamaguchi et al., 2009) as consequence of the presence LBHB 

between them. However, this computational study is not in agreement with our 

experimental result. The fact that side chain Glu-46 does not change its protonation state 

over pH range 3.4 - 11.4 means that the ability of this moiety to form hydrogen bond with 

pCA stores an energy of more than 41.5 kJ/mol (relative to the intrinsic pKa of glutamic 

acid). This finding shows that the hydrogen bond between pCA and Glu-46 is very strong 

and important to keep the chromophore pCA locked in the active site of PYP.  

 

The pH-dependence of kinetic recovery  

Our study reveals that the pH-dependence of ground state recovery is not due to a 

protonation or deprotonation event of pG state. Therefore, this pH-dependence should 

result from protonation state changes in the pB state. Interestingly, the bell-shaped curve 

which shows rate constant of PYP from pB to pG state as function of pH reflects two pK 

constant of 6.37 and 9.37 (Genick et al., 1997b). Those pK constants possibly correspond 

to the pKa of Glu-46 and pCA in the pB state. Our results seems to be in agreement with 

the theoretical study by Demchuk et al (Demchuk et al., 2000) which suggested that Glu-

46 and Arg-52 are also protonated in the ground state. The pKa value for Glu-46 is 

predicted to be extremely high and for chromophore pCA to be around 2.7 in the ground 

state, based on UV-Vis spectroscopy (Philip et al., 2008). Moreover, a theoretical study 

suggested the pKa values of pCA and Glu-46 be closer to their intrinsic values of 9.0 and 

4.3 respectively, in the pB state (Demchuk et al., 2000), because the reaction centre is 

exposed to the solvent. At low pH (< 4.3), pCA and Glu-46 are both protonated in the pB 

state, whereas in the pG state only one proton is shared between these two residues. 

Apparently, this imbalance slows down the recovery process. At pH 7.9, the glutamate is 
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deprotonated but the pCA is protonated in the pB state. Therefore, the number of protons is 

the same as in the pG state, and the recovery is fast. At higher pH, both pCA and Glu-46 

are deprotonated in the pB state, and this shortage of one proton compared to the pG state 

also slows down the recovery process (Genick et al., 1997b). Moreover, this theoretical 

study also calculates that pKa of Glu-46 and pCA in the pB state are 6.37 and 9.35, 

respectively, based on macroscopic electrostatic model incorporating atomic details and 

using higher dielectric constant of protein (Demchuk et al., 2000). This calculation reflects 

the extracted pK constants from bell-shaped curve of pH-dependence of pG recovery.    

 

When Glu-46 is substituted by Gln, different kinetics is observed. The recovery rate is 

slow below pH 7 and almost two orders of magnitude faster than the optimum of the 

kinetic of wild type at high pH (Figure 3.3 B). At lower pH, pCA has not been 

deprotonated in the pB state, therefore the presence of proton from pCA and also Gln 

sidechain can slow down the pG recovery. In contrast, at higher pH chromophore pCA is 

supposed to be deprotonated in the pB state, and since Gln has non titrable group in the 

side chain, thus the formation of hydrogen bond between Gln and pCA is easier and this 

condition enables the pG recovery becomes a lot faster (Anderson et al., 2004). In a second 

mutant, Arg52Ala, the rate of recovery shows bell-shaped curve with extracted pK values 

of 6.5 and 9.6 (Genick et al., 1997b). The fact that this curve is very similar with the curve 

of the wild type, it suggests positive charge on Arg-52 does not affect the pH-dependence 

of photocycle. This result is in contrast with previous studies, which suggest that positively 

charged Arg-52, together with Glu-46 and Tyr-42, stabilized deprotonated pCA (Baca et 

al., 1994; Borgstahl et al., 1995; Kim et al., 1995).  However, the fact that this mutation 

can slow down the pG recovery by factor of 6 still remains unclear. It may be the presence 

of guanidino group from Arg side chain is important for the formation hydrogen bond with 

backbone carbonyl Thr-50 and also Tyr-98 as has been described in the crystal structure 

(Borgstahl et al., 1995), thereby the absence of this guanidino group can slow down the 

kinetic of recovery. 

 

3.6 Conclusions 

We demonstrate comprehensive pKa determination of sidechain pKa of PYP using NMR 

spectroscopy. Our study shows that there is no chemical shift changes of Glu-46, sidechain 
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in pH range 3.4 -11.4. This result is supported by the fact that Tyr-42 and Glu-46 

hydrogen-bond proton signals are also present in the same pH range. Our data is consistent 

with the previous study where Tyr-42 has pKa >> 12. In addition, we also investigated the 

protonation state of Arg-52 using 1D 13Cζ NMR experiment. To avoid extensive 

overlapping signals between Arg and Tyr 13Cζ signals, we applied reverse labeling 

strategy, in which Tyr 13Cζ signals became unlabeled and only 13Cz is observable in the 

region 157- 162 ppm. Our pH titration data also clearly demonstrates that there is no 

change in protonation state of Arg, particularly in the side chain of Arg-52 in the same pH 

range. Together these finding show that none of those titratable groups in the PYP active 

site change their protonation states in the pG state. Therefore, these experimental results 

conclusively establish that the pH-dependent ground-state recovery kinetics are due to 

protonation events in the pB state. These findings are consistent with the view that return 

to the pG state requires two mutually opposing pH-dependent events, deprotonation of the 

chromophore and protonation of Glu-46 
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Figure A.3.1 pH titration profile of Asp (D) and Glu (E) of PYP using the Cγγγγ (Asp) and Cδδδδ (in 

Glu) chemical shifts as reporters. 
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Figure A.3.2 pH titration profile of Lys (K) of PYP using the Nζζζζ chemical shift as reporter. 

 

Figure A.3.3 pH titration profile of Arg using the Nε ε ε ε (A), Cζζζζ (B), Nηηηη (C) chemical shifts as 
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reporters. 
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Figure A.3. 4.  Strip plot from a 3D 15N NOESY-HSQC spectrum showing arginine guanidine  

resonances of PYP at 2°°°° C. Note that the Arg-52 Nη strip plot matches the Arg-52 Nε strip plot, 

and also the Arg-124 Nη strip plot agrees with the Arg-124 Nε strip plot.  
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4.1 Abstract 

It has been more than a decade since it was proposed that non-fibrillar forms of amyloid-

β (Aβ) may play important role in Alzheimer’s disease (AD). Soluble Aβ dimers have 

been detected in the extract of Alzheimer’s human brains, indicating that Aβ dimer may be 

the basic building block of AD that associated with synaptotoxic species.(O’Nuallain et al., 

2010) For this reason, information about the structural details and properties of Aβ dimers 

are of great interest. Here we study the aggregation properties and conformational details 

of Aβ  monomer 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 at the side chain of Tyr-10, called [Aβ (M1-40)]tyr. Our data 

show that these three species aggregate at different rates, and form fibrillation products 

with different morphologies. NMR measurements demonstrate that the three Aβ (M1-40) 

species are fully disordered and show minimal differences in structural propensities, and 

yet, display strongly variable aggregation properties. 
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4.2 Introduction 

 

  

Alzheimer’s disease (AD) is the most common form of human dementia. It is a progressive 

brain disorder that slowly destroys memory and cognitive skills that can eventually be 

lethal (Shankar and Walsh, 2009). The end-stage of the AD brain is characterized by the 

decline of hippocampal formation and cerebral cortex and ventricular enlargement (see 

Figure 4. 1). It has been shown that amyloid plaques and neurofibrillary tangles (NFT) are 

detected throughout the hippocampus and cerebral cortex. The principle component of 

NFT is the microtubule-associated protein tau whereas amyloid plaques mainly contain 

Amyloid β-peptide (Aβ) (Walsh et al., 2005).  

 

 

Figure 4.1. The comparison of brain of a normal person (left) and the brain of person who suffers 

from Alzheimer’s disease (adapted from Wikipedia) 

 

Aβ is a peptide of 36-43 amino acids, processed from the β-amyloid precursor protein 

(APP) by the action of two aspartyl proteases called β- and γ- secretase, respectively 

(Haass et al., 1992; Seubert et al., 1992; Shoji et al., 1992). APP is an integral membrane 

protein expressed in many tissues and concentrated in the synapses of neurons.  This 

protein is first cleaved by β-secretase, leading to a 99 amino acid C-terminal fragment. 

This C terminal polypeptide is subsequently cleaved by γ- secretase, producing the Aβ 

peptides. 
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Figure 4.2 Processing of β-amyloid precursor protein (APP) by β- and γ- secretases, producing the 

Aβ peptide. Several mutations that occur in APP are indicated. Adapted with permission from 

(Walsh and Selkoe, 2007)). Copyright Wiley-VCH Verlag GmbH &kGaA 

 

Depending on the exact point of cleavage by γ-secretase, there are 3 principal forms of Aβ, 

consisting of 38, 40, or 42 amino acid residues. Aβ peptide is present in the brains and 

cerebrospinal fluid (CSF) of normal humans during their entire life. The production of 

small numbers of Aβ peptide does not cause neurodegeneration, but the over-expression of 

all Aβ or an increase of 42-amino acid form, appears to cause early onset AD (Walsh and 

Selkoe, 2007). For this reason, Aβ peptide is believed to play an important role in 

Alzheimer’s disease (Walsh and Selkoe, 2007).  

 

Several facts support the idea of a causative role for Aβ in AD. For example (1) Synthetic 

Aβ peptides are toxic to hippocampal and cortical neurons, in vivo and in vitro. (2) 

Inherited mutations in the APP gene that occur within the Aβ region change the 

aggregation properties of Aβ and are sufficient to cause early-onset AD, a dementia 

developing before age 65 (Walsh and Selkoe, 2007).  
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Like several other disease-associated proteins, Aβ has the ability to self-associate and form 

different assembly forms (including dimers, trimers, tetramers, nonamers)(McLean et al., 

1999). Some studies have shown that neuronal injury appears as a result of Aβ self-

association (Busciglio et al., 1992; Geula et al., 1998; Pike et al., 1991). Initially, it was 

believed that amyloid plaques are related to toxicity.  However, in human brain the amount 

of amyloid plaque does not correlate with the severity of dementia (Katzman, 1986; Terry 

et al., 1991). 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). Kuo et al isolated a range of non-fibrillar forms of Aβ  both 

from AD and healthy human brain using aqueous buffer (Kuo et al., 1990). In addition, 

McLean et al demonstrated the presence of variable proportions of monomeric, dimeric, 

trimeric Aβ species from the extracted samples of AD brain (McLean et al., 1999). 

Strikingly, also the number of spines dramatically decreases when neurons are grown in 

the presence of sub-nanomolar concentrations Aβ oligomer (Shankar et al., 2007). 

Furthermore, Shankar et al shows that human brains contain Aβ assemblies that eluted 

from size exclusion columns, and migrate on SDS polyacrylamide gels, with sizes of ~ 8 

kDa, and that these low-molecular weight oligomers can block LTP and impair memory 

consolidation (Shankar et al., 2008). This finding suggests that SDS-stable dimers may be 

basic building blocks of AD-associated synaptotoxic Aβ assemblies (Kuo et al., 1996; 

Roher et al., 1996)  

 

Previous studies demonstrated that (AβS26C)2 is a potent to neurotoxin (Hu et al., 2008; 

Shankar et al., 2008). It was further investigated whether this toxicity depended on 

aggregation, where it was found that (AβS26C)2 formed protofibril-like assemblies more 

rapidly than AβS26C or wild-type monomers (O’Nuallain et al., 2010). The protofibril-

like oligomers formed by (AβS26C)2 persisted longer, and potently inhibited long term 

potentiation (LTP) in mouse hippocampus (O’Nuallain et al., 2010). In addition, elevated 

levels of Aβ  dimers with  dityrosine cross-links have been observed in the hippocampus, 

neocortical brain regions and ventricular cerebrospinal fluid of the AD brain (Hensley et 

al., 1998). 
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Although there are several lines of evidence suggesting that non-fibrillar water-soluble 

forms of Aβ may underlie neurotoxicity in AD brain, structures of non-fibrillar Aβ still 

remain largely unidentified (Hardy and Selkoe, 2002; Klein et al., 2001, 2004). Structures 

of Aβ dimers may provide important clues about the basic building blocks of AD-

associated synaptotoxic assemblies. Previous structural studies using solid state NMR 

spectroscopy (SS-NMR) and electron microscopy showed various morphologies and 

structures of Aβ40 fibrils (Bertini et al., 2011; Paravastu et al., 2008; Petkova et al., 2006). 

However, several evidences suggested that toxicity was mediated by non-fibrillar 

components of Aβ (Chimon et al., 2007). Those species also had been found in human 

brain (Kokubo et al., 2005; Tomic et al., 2009). Here we present a study of the structures 

of Aβ [M1-40] monomer and two dimeric forms of Aβ [M1-40] in atomic details using 

NMR spectroscopy: [Aβ M(1-40)S26C]2, which has a covalent disulfide bond at position 

26, and [Aβ (M1-40)]dityr, which has a covalent bond at the side chain of tyrosine-10 

(Figure 4.3). Our results demonstrate that there is only a very slight difference in the 

structural propensities of the Aβ [Μ1−40] species, which display significantly distinct 

aggregation properties.    

 

Figure 4.3 Schematic representations of the bonds linking the monomers in (A) [Aβ(1-

40)]dityr and (B) [Aβ(1-40)S26C]2. 
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4.3 Material and Methods 

 

Reagents 

Unless otherwise stated, all chemical reagents were purchased from Sigma (Sigma-

Aldrich, St. Louis, MO) and were of the highest purity available. Water was purified using 

the Milli-Q Water Purification System (Millipore, Billerica, MA). Synthetic peptides, 

Aβ(1-40) (D A E F R H D S G Y E V H H Q K L V F F A E D V G S N K G A I I G L M 

VG G V V) and Aβ(1-40) in which serine-26 was substituted with cysteine, Aβ(1-

40)S26C,were synthesized, purified, and characterized by Dr. James I. Elliott at Yale 

University, (New Haven, CT). The peptide mass and purity were determined by 

electrospray/ ion trap mass spectrometry and purified by reverse phase HPLC. 

 

Recombinant Peptide Production: 

Recombinant Aβ(M1-40) and Aβ(M1-40)S26C were expressed and purified essentially as 

described previously (Walsh et al., 2009). pET vectors containing a gene beginning with 

“AUG” (start codon, methionine) followed by the full length Aβ sequence, for both Aβ(1-

40) wild type and serine-26 substituted for cysteine, Aβ(1-40)S26C, were used to 

transform Escherichia coli BL21* DE3 pLysS cells (Promega Biosciences, San 

LuisObispo, CA). Transformed cells were grown on LB Agar plates containing 50 μg/ml 

ampicillin and 38 μg/ml chloramphenicol as selecting antibiotics. A starter culture of a 

single colony produced was grown in 50 ml LB media containing selecting antibiotics by 

incubation at 37oC in a New Brunswick I-2500 orbital shaker and incubator (Eppendorf, 

Hauppauge, NY), rotating at 120 rpm overnight. 4 ml of overnight culture was used to 

inoculate 8x 400 ml of LB media in 2 L baffled flasks, which were incubated at 37oC with 

orbital shaking at 120 rpm. Optical density at 600 nm (OD600) was monitored every 45 

minutes on a SpectraMax M2 cuvette reader (Molecular Devices, Sunnyvale, CA) until a 

value of 0.6 was achieved. Peptide expression was induced by addition of IPTG to a final 

concentration of 0.4 mM and bacterial growth was continued until there was a steady 

plateau in OD600. Bacterial cells were collected by centrifugation at 4200 rpm in a 

Beckmann centrifuge (Beckmann Coulter, Indianapolis, IN) and 2 L pellets snap frozen in 

25 ml 10 mM Tris-HCl, pH 8.5/ 1 mM EDTA. Pellets were thawed at room temperature 

subjected to 3 x rounds of sonication in 25 ml 10 mM Tris-HCl, pH 8.5/ 1 mM EDTA, 
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followed by centrifugation at 18,000 g in a Sorvall RC5C Plus centrifuge with SS-150 

rotor (DuPont BioSciences), to isolate Aβ containing inclusion bodies. Inclusion bodies 

were solubilized by sonication in 15 ml 8 M Urea/ 10 mM Tris-HCl, pH 8.5/ 1 mM  EDTA 

and centrifugation as above. Supernatant of the centrifugation was diluted 1:4 with 10 mM 

Tris-HCl, pH 8.5/ 1 mM EDTA and applied to previously prepared Whatman DE23 anion-

exchange resin (Whatman cat. # 4053-025) and incubated at room temperature with 

rocking for 30 minutes. The resin bound Aβ was applied to a vacuum filter and washed 

with 2 x 25 ml 10 mM Tris-HCl, pH 8.5/ 1 mM EDTA and 1 x 25ml 25mM NaCl/ 10 mM 

Tris-HCl, pH 8.5/ 1 mM EDTA. Aβ was eluted from anion-exchange resin by 6 sequential 

washes with 25 ml 125 mM NaCl/ 10 mM Tris-HCl, pH 8.5/ 1 mM EDTA. Aβ elution was 

confirmed by SDS-PAGE with silver staining. Elution fractions were transferred to 3 kDa 

snakeskin dialysis tubing (Thermo Scientific cat. # 68035) and dialyzed against 3x 5 L 10 

mM ammonium bicarbonate, pH 8.5. Anion-exchange resin was regenerated by washing 

with 1x 25 ml 500 mM NaCl/ 10 mM Tris-HCl, pH 8.5/ 1 mM EDTA followed by 8M 

Urea in 500 mM NaCl/ 10 mM Tris-HCl, pH 8.5/ 1 mM EDTA and then removal of trace 

salts with washing and storage in 10 mM Tris-HCl, pH 8.5/ 1 mM EDTA, labelling resin 

container with respective Aβ peptide that was purified from it. Dialysed Aβ peptide was 

aliquoted to 6x 25 ml portions in 50 ml conical tubes, frozen and lyophilised on a 

FreezeZone 2.5 freeze drier (Labconco, Kansas City, MO). Lyophilisates of semi-purified 

bacterial extract were dissolved in 3 ml 7 M guanidine HCl/ 50 mM Tris-HCl, pH 8.5/ 5 

mM EDTA. In the case of Aβ(M1-40)S26C, crude bacterial extract was incubated with 

2.5% 2 mercaptoethanol to reduce disulfide crosslinking that may have occurred during 

dialysis. Semi-purified bacterial extract was further purified by gel filtration 

chromatography using a superdex 75 16/60 column (GE Healthcare Biosciences, 

Pittsburgh, PA) connected to a DuoFlow FPLC (Bio-Rad, Hercules, CA). Peptide was 

injected and eluted at 0.8 ml/ min in 50 mM ammonium bicarbonate, pH 8.5, collecting 0.6 

ml fractions using a BioFrac fraction collector (Bio- Rad, Hercules, CA). Peak fractions of 

peptide determined by UV chromatographic analysis at 280 nm, were collected, pooled 

and the concentration determined by UV absorbance at 275 nm. The average yield of 

peptide was approximately 8 mg/ L of culture, of which 5 mg of SEC isolated Aβ(1-40) 

was aliquoted to 0.5 mg portions and 27 mg was cross-linked to form [Aβ(1-40)]dityr. For 
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Aβ(1-40)S26C the yield was also approximately 8 mg/ L of culture and the entire 

monomer peak fraction collected was cross-linked. 

 

Isotopically labelled Aβ peptide: 

13C and 15N isotopically labelled peptide was produced as described above, in minimal 

media containing 13C-glucose and 15NH4Cl (Cambridge Isotope, Cambridge, MA) as 

described previously (Studier, 2005). 

 

Peptide quality control: 

20 μg samples of cross-linking raw materials and finished products were dissolved in 

either 200 μl 0.1% TFA/ 99.9% H2O or 1 x sample buffer and the purity determined by 

reverse phase HPLC and SDS-PAGE with silver-staining respectively. 20 μl of a 0.1 

mg/ml sample was injected onto a Capcell PAK CN UG120 C18-HPLC column (Shiseido, 

Tokyo, Japan) and eluted over 60 minutes with a 0% - 60% gradient of acetonitrile with 

0.1% TFA/ H2O on a Beckmann 128 HPLC system (Beckmann Coulter, Indianapolis, IN). 

10 μl of a 0.1 mg/ml solution was loaded onto a 16% SDS-PAGE and electrophoresed at 

125 V for 2 hours. Gels were visualized by silver stain. The peptide sequence was 

confirmed by MALDI-TOF mass determination. 1 μg samples were prepared in a sinapinc 

acid/ HCCA solution, acquired in linear mode at 20kV and run on a 4800 MALDI-

TOF/TOF. Spectra were produced from an average of approximately 1200 shots over a 

specific mass-range of 3 kDa to 10 kDa. 

 

Oxidative cross-linking: 

SEC isolated Aβ(1-40) or Aβ(M1-40) was diluted to 40 μM and incubated at 37oC 

overnight in the presence of 2.2 μM horseradish peroxidase (Thermo Scientific cat. 

#34190) and 250 μM H2O2 (Moir et al., 2005). Reduced Aβ(1-40)S26C monomer was 

diluted to 40 μM and incubated at room temperature with infusion of 95% oxygen (Airgas, 

Hingham, MA) for 5 minutes every 24 hours for 72 hours (O’Nuallain et al., 2010). For 

both dimer preparations, 25 μl samples of the reaction mixture were taken and analyzed by 

SDS-PAGE with silver staining for the presence of Aβ dimer. Following cross-linking, the 

reaction mixtures were frozen, lyophilized and re-dissolved in 3 ml 7 M guanidine HCl/ 50 

mM Tris-HCl, pH 8.5/ 5 mM EDTA,  
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incubated overnight at room temperature. The dimer was then isolated by gel filtration 

chromatography on a superdex 75 16/60 column. Peak fractions of dimer were pooled and 

the concentration determined by UV absorbance. 1 mg and 3 mg aliquots of peptide were 

made for further biophysical characterization, frozen and lyophilized. 20 μg samples were 

also prepared for quality control analysis, frozen and lyophilized. 

 

Experimental peptide preparation: 
1 mg (low concentration Aβ experiments) or 3 mg (high concentration Aβ experiments) 

were dissolved in 0.5 ml 7 M guanidine HCl /50 mM Tris-HCl, pH 8.5/ 5 mM EDTA and 

incubated overnight at room temperature. Aβ monomer or dimer were isolated from 

aggregates by gel filtration chromatography by injection onto a superdex 75 30/300 

column (GE Healthcare Biosciences, Pittsburgh, PA) eluting at 0.5 ml/ min in desired 

experimental buffer. 

Concentration determination: 

1 mg of Aβ(1-40) or [Aβ(1-40)]dityr was dissolved in 0.5 ml 7M guanidine HCl/ 50 mM 

Tris-HCl, pH 8.5/ 5 mM EDTA and isolated from aggregates by gel filtration 

chromatography on a superdex 75 30/300 column (GE Healthcare Biosciences, Pittsburgh, 

PA) eluting in 20 mM sodium phosphate, pH 8.0. Peak fractions of both peptides were 

collected a sample transferred to a 200 μl, 1 cm quartz cuvette (Starna Scientific, Hainault, 

UK) and a UV scan performed between 240 nm and 320 nm on a SpectraMax M2 cuvette 

reader (Molecular Devices, Sunnyvale, CA). UV scans indicate the maximal wavelength 

(λmax) for Aβ(1-40) at 275 nm and [Aβ(1-40)]dityr at 283 nm. UV absorbance was 

recorded for Aβ(1-40) and [Aβ(1-40)]dityr at these respective wavelengths and a 20 μl 

sample of the peak fraction was transferred to a hydrolysis tubes in duplicate and sealed 

with parafilm. 180 μl of the peak fraction was diluted to 200 μl (90% of peak fraction), the 

absorbance recorded and a 20 μl sample transferred to a hydrolysis tube in duplicate. This 

was repeated for 80- 60% dilutions. Hydrolysis tube samples were frozen and lyophilized 

and hydrolyzed at 110oC in 6 M HCl for 24 hours. Concentrations of samples were 

determined by quantitative amino acid analysis and graphed against their UV absorbance. 

A curve forced through zero was plotted and the slope of the curve taken as the extinction 

coefficient (ε). 
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Thioflavin T Dye Binding Assay 

Aggregation of samples was monitored by continuous thioflavin T (ThT) dye binding 

assay. Samples were treated with 100 x (ThT) solution to yield a final concentration of 20 

μM ThT and 20 μM peptide solution. Dilutions of the sample were prepared using elution 

buffer containing 1 x ThT. 120 μl of each Aβ concentration to be analyzed were reverse-

pipetted into a black Nunc* non-treated, flat bottom, black 96 well plate (Fisher Scientific: 

#1256609) in 6 replicates. A blank (no peptide containing) sample was also prepared. The 

outer edge wells of the plate were filled with sample buffer and never used for sample 

analysis. At time zero (t = 0), plates were analyzed on a SpectraMax M2 microplate reader 

(Molecular Devices, Sunnyvale, CA) with excitation at 435nm and emission read at 

485nm. The samples were homogenized in wells with 5 seconds of shaking before 

readings. Plates were then covered with a 96 well plate cover slip and incubated at 37oC 

with shaking at 700 RPM on a WorTemp 56 incubator/ shaker with an orbit of 3 mm 

(Labnet International, Windsor, UK). Readings were taken every 20 minutes for 3 hours 

and then at defined times thereafter. Data is presented as relative fluorescence units plotted 

against time in hours. Curves were produced by point-to-point connecting lines with no 

curve fit. The lag time was defined as the first time point showing a statistically significant 

increase (Student T-test) in fluorescence compared to the t = 0 hours reading, the rate of 

aggregation is calculated from the slope of the linear aggregation phase and the point of 

heterogeneous species mixture 

 

Negative stain Transmission Electron Microscopy (TEM): 

10 μl of TEM samples (samples were incubated at 37oC with shaking minus ThT) were 

applied to a carbon-coated Formvar grid for one minute before cross-linking sample to the 

grid using 10 μl 0.5% TEM grade gluteraldehyde. Grids were washed gently with MQ H2O 

and stained for two minutes with 2% urnyl acetate (Electron Microscope Sciences, Fort 

Washington, PA), blotted dry and further air dried under cover. All TEM samples were 

prepared in duplicate and electron micrographs visualized on a Technai G2 

SpiritBioTWIN electron microscope (FEI, Hillsboro, OR). TEM grids were scanned in a 

serpentine fashion at a relatively low magnification (~12000 x), noting the abundance of 

structures visible. Images were recorded as representatives of the entire sample over two 

TEM grids. 
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NMR Spectroscopy 

Isotopically labeled U-[13C,15N] Aβ(M1-40) monomer, dimer [Aβ(M1-40)S26C]2 and 

[Aβ(M1-40)]tyr were eluted fresh from size exclusion chromatography, and  prepared for 

NMR measurement at ~ 200 µM in 25 mM ammonium bicarbonate buffer pH 8. NMR 

samples included 28 µL of 1.5 mM DSS in D2O. 

 

All NMR experiments were carried out on a Varian Unity INOVA 600 MHz spectrometer 

equipped with a pulsed field gradient probe. The spectra were recorded at 278 K. 2D and 

3D NMR experiments were performed to obtain backbone and side chain assignment. The 

list of NMR measurements is shown in Table 1 

 

Table 1. List of NMR measurement for Aβ peptides 

Experiment 
number 

of scans 
Nucleus 

Spectral 

Width 

(Hz) 

Carrier 

position 

(ppm) 

Max 

evolution 

time 

(ms) 

Total 

experimental 

time 

Ref 

15N-1H 

HSQC 
16 

15N 1650 119.288 77.6 
1 h 17'   

1H 8000 5.028 64 

13C-1H 

HSQC 
8 

13C 10000 43.3261 20 
1h 15'   

1H 8000 5.028 64 

2D 

CO(CA)H 
32 

13C 1500 174 133 
7h 55'   

1H 8000 5.028 64 

2D 

HA(CA)N 
84 

1H 8000 5.028 64 
7h43'   

15N 1650 119.28 85 

 

3D HNCO 
8 

1H 8000 5.028 64 

16h19'   15N 1650.01 119.28 24.2 

13C 1500 176.251 26 

 

3D HNCA 
8 

1H 8000 5.028 64 

16h17'   15N 1650 119.28 24.2 

13C 3920 56 10 

1D 128  1H  8000  5.028 1  5’ 

 

The raw data from 2D and 3D NMR experiments were processed using NMRPipe 

(Delaglio et al., 1995) and the obtained spectra were analyzed using Sparky (Goddard and 
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Kneller, 2008). All chemical shifts were referenced to DSS based on IUPAC 

recommendation (Markley et al., 1998).  

 

4.4 Results  

We compared the aggregation properties of three species of Aβ(1-40): Monomer Aβ(1-40), 

dimer [Aβ(1-40)S26C]2 and dimer [Aβ(1-40)]dityr.. Our data shows that  for [Aβ(1-

40)S26C]2, the ThT fluorescence signal increased rapidly without any measurable lag time 

and reached its plateau after ~70 h. In contrast, there was no appreciable increase in ThT 

signal for Aβ(1-40) and [Aβ(1-40)]dityr over the same time period. The aggregation kinetics 

data for [Aβ(1-40)S26C]2  is found to be  in a good agreement with a previous report  

(O’Nuallain et al., 2010). 

 

Figure 4.4: [Aβ(1-40)S26C]2, but not Aβ(1-40) or [Aβ(1-40)]dityr, readily aggregates under 

quiescent conditions. SEC-isolated Aβ(1-40) ( ), [Aβ(1-40)]dityr ( ) and [Aβ(1-40)S26C]2 

( ) were diluted to 20 µM with SEC elution buffer, 20 mM sodium phosphate pH 8.0, combined 

with 20 µM thioflavin T and incubated at 37oC. As a control, buffer alone ( ) was also 

analysed. ThT fluorescence was measured at regular intervals. 

 

Next, we investigated the aggregation properties of Aβ(1-40) monomer and dimer, when 

they were shaken and incubated at 37oC in the same pH and buffer condition. The 

monomer Aβ(1-40) Tht fluorescent signals increased rapidly, within 1 hour and reaches a 
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plateau after less than 2 hours (Figure 4.5 A). Interestingly, dimer [Aβ(1-40)]dityr, 

aggregates even more slowly than monomer Aβ(1-40) since its fluorescence signal 

intensity reaches log time  after 15-20 hours. The opposite results were found for dimer 

[Aβ(1-40)S26C]2 ,  where there is no appreciable lag time and it reaches its plateau after 20 

hours with higher fluorescence signal intensity. When end-point samples were used for 

negative contrast TEM, different fibril forms were obtained (Figure 4.5.B) 

 

 

 

Figure 4.5: Aβ(1-40), [Aβ(1-40)]dityr and [Aβ(1-40)S26C]2 aggregate at different 

rates and form different products. (A) 2.5 – 40 μM of SEC-isolated Aβ(1-40), [Aβ(1-

40)]dityr or [Aβ(1-40)S26C]2 in sodium phosphate, pH 8.0, were combined with 20 μM ThT. 

Samples were incubated at 37oC with shaking and ThT fluorescence monitored at regular intervals. 

Each point is the average of 6 replicates +/- standard error of the mean. Curves were generated by a 

point-to-point line and for some points the error is smaller than the symbol. The results shown are 

representative of at least 3 independent experiments. (B) End-point samples incubated in the 

absence of ThT were used for negative contrast electron microscopy. 
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The conformational details of monomeric and dimeric of Aβ(M1-40 were studied by NMR 

spectroscopy. Nearly complete backbone assignment of Cα, Hα, N, C’ for Aβ(M1-40), 

[Aβ ([M1-40)S26C]2 and [Aβ (M1-40)]dityr at pH 8 have been obtained using 2D and 3D 

NMR experiments (see SI). The assignment approach taken here at pH 8.0 relies mainly on 

the observation of Hα protons, as most backbone amide signals are broadened beyond 

detection by exchange with solvent.  

               

 

Figure 4.6. The spectra of covalent dimers of Aββββ(M1-40) are remarkably similar to the 

monomeric form. Overlay of 2D 13C-1H aliphatic HSQC on the Cα-Hα region of Aβ(M1-40) (red) 

with (A) [Aβ(M1-40)]dityr  (green) and (B) [Aβ(M1-40)S26C]2 (blue). 

 

Figure 4.6 shows a comparison of 2D 13C-1H aliphatic HSQC spectra for monomer 

[Aβ(M1-40)] and covalent [Aβ(M1-40)] dimers. [Aβ(M1-40)S26C]2 and [Aβ(M1-40)]dityr 

NMR spectra overlay very well with that of the monomer Aβ(M1-40), except for some 

local changes that affect only a few residues. Since the Cα chemical shift is very sensitive 

to secondary structure changes, Figure 4.6 allows conclusions to be drawn about structural 

differences between the Aβ monomer and dimers. The small changes that we observe, 
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indicate that the covalent dimers are also intrinsically disordered, and that covalent 

modification only marginally affects their average structures in solution. This result is 

consistent with a previous study that utilized circular dichroism  (CD) spectroscopy to 

obtain the secondary structure content of (AβS26C)2 (O’Nuallain et al., 2010) 
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Figure 4.7 Di-tyrosine and di-cysteine dimers of Aββββ(M1-40) remain intrinsically 

disordered, and demonstrate opposite propensities for secondary structure contents. 

Structural propensity of Aβ(M1-40) (A), [Aβ(M1-40)]dityr (B) [Aβ(M1-40)S26C]2  (C) at pH 8 

based on Cα, Hα, N, and C’ backbone chemical shifts, and compared with Aβ(1–40) in complex 

with the affibody ZAβ3 (12–58). The structural propensity for every backbone chemical shifts was 

determined using the neighbor-corrected structural propensity calculator ncSPC (Tamiola and 

Mulder, 2012).  Resonance assignments for the complex of Aβ(1–40) with ZAβ3  were taken from the 

BioMagResBank repository (BMRB ID 17159). 

 

In recent studies, it has been known that the affibody ZAβ3 is capable of dissolving 

preformed Aβ oligomers (Luheshi et al., 2010; Sandberg et al., 2010) and also can prevent 

Aβ from aggregation (Lindgren et al., 2010). Sandberg and co-workers showed that the β-

hairpin conformation of Aβ40 was observed in complex with ZAβ3 and this conformation is 

very similar to a model of the AβA21C/A30C double mutant (AβCC), in which the β-

hairpin conformation is locked by a disulfide bond. They showed that this β-hairpin 

conformation mediates Aβ toxicity (Sandberg et al., 2010).  

 

However, when our 13Cα, 15N, 1Hα, 13C’ chemical shifts data were translated into 

structural propensities using neighbor corrected structural propensity (ncSPC) calculations 

(Figure 4.7) (Tamiola and Mulder, 2012), we observed that the structural propensity of 

Aβ(1–40) in complex with ZAβ3 is very different from the structural propensities of 

monomer Aβ(M1-40) and the [Aβ(M1-40)]dityr and [Aβ(M1-40)S26C]2. Both Aβ(M1-40) 
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dimers remain unstructured, and their structural propensities are very similar to that of 

monomer Aβ(M1-40), with the exception of several small deviations. The covalent link 

introduced at the Tyr-10 side chain leads to a slight increase of helical propensity around 

position 10, but it does not affect the beta sheet propensity of the regions that are known to 

form the core of Aβ amyloid fibril structures (Bertini et al., 2011; Tycko, 2011). In 

contrast, the introduction of a disulfide bond at residue 26 in [Aβ(M1-40)S26C]2 leads to a 

small, but observable, increase in beta-sheet propensity, especially within the first region 

(residue 16-24). 

 

Figure 4.8.  Covalent dimerization at tyrosine-10 leads to marginal and strictly local 

structural changes, while covalent dimerization at cysteine-26 leads to marginal structural 

changes, which extend beyond the point of attachment. Chemical shift differences (Δδ) between 

[Aβ(M1-40)]dityr and Aβ(M1-40) observed for (A) 1Hα, (B) 13Cα and (C) 13C’ and between [Aβ(M1-

40)S26C]2 and Aβ(M1-40) observed for (D) 1Hα, (E) 13Cα and (F) 13C’ at pH 8.0. Chemical shift 

differences between  [Aβ(M1-40)]dityr and Aβ(M1-40) are calculated as Δδ = δ[Aβ(M1-40)]dityr - 

δ[Aβ(M1-40)] and chemical shift differences between  [Aβ(M1-40)S26C]2 and Aβ(M1-40) are 

calculated as Δδ = δ[Aβ(M1-40)S26C]2 - δ[Aβ(M1-40)].  

 

Careful examination of the chemical shift difference between [Aβ(M1-40)]dityr  and  

Aβ(M1-40), and also between [Aβ(M1-40)S26C]2  and  Aβ(M1-40) were carried out based 

on Cα, Hα and C’ chemical shifts (Figure 4.8). Significant chemical shift differences 
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between [Aβ(M1-40)]dityr  and  Aβ(M1-40) are limited to residues 8 to 13 (Figure 4.8 A-C). 

Changes in backbone dihedral angles lead to chemical shift differences (spectral peak 

position) for backbone nuclei. A decrease in beta sheet propensity or an increase in alpha-

helical content will manifest itself in decreased values for 1Hα, whereas the opposite trend 

is observed for 13Cα and 13C'. 

 

In contrast, significant chemical shift differences between [Aβ(M1-40)S26C]2 and Aβ(M1-

40) are found for the region around residue 26 (from residue 23 to 27), but also for the 

more remote part, residues 16 to 20 (Figure 4.7 D-F). The longer-range changes in 

chemical shifts that are observed for this region suggests that the disulfide linkage 

modulates the structural propensity in distant parts of the sequence. Yet, also in this case 

the changes are very limited, and the secondary structure content outside the immediate 

region around the cystine bridge is altered by only a small fraction. 

 

Next, we analyzed the signal intensities in the 2D NMR spectra for monomer and dimeric 

peptides, as these can be used to qualitatively probe dynamics changes: Motional 

restriction will lead to reduced signal intensities in constant-time 13C-1H HSQC 

experiment, due to increased T2 relaxation., As shown in Figure 4.9, we observed very low 

signal intensity around the attachment point for both [Aβ(M1-40)]tyr and [Aβ(M1-

40)S26C]2. Clearly, the introduction of covalent bonds for Aβ dimer formation limits chain 

mobility arround the attachment point. 

 

 

Figure 4.9. Covalent dimer formation restricts chain mobility around the attachment point. 

Cα-Hα cross-peak signal intensities for Aβ(M1-40) (A), [Aβ(M1-40)]dityr (B) and [Aβ(M1-

40)S26C]2  (C) at pH 8, in 13C-1H HSQC spectra. 
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4.6 Discussion 

Small differences in structural propensities of dimeric forms of Aββββ(M1-40) correlates 

with differences in aggregation properties.   

We performed here structural studies of monomer Aβ(M1-40) and two dimers of Aβ(M1-

40), which are covalently linked at position 10 and 26, in relation with their aggregation 

properties. Our data demonstrate that the introduction of different covalent bonds to form 

dimeric Aβ(M1-40) correlates with altered kinetics of fibril formation. Interestingly, we 

found that the dityrosine dimer of Aβ(M1-40) does not exhibit rapid aggregation and the 

introduction of covalent bond at the side chain of Tyr-10 induces only slight impacts on 

the helical propensities from residue 8 to 13, but does not affect beta sheet propensities. On 

the other hand, different results were found when we compare with (Aβ(M1-40)S26C)2, 

which show very rapid aggregation kinetics, even under quiescent condition. Our NMR 

data shows only a slight increase in beta sheet propensity for the first region (16-24). 

These data suggest that possibly, beta-sheet propensity in first region (residue 16-24) can 

accelerate the aggregation kinetic of fibril formation. The result presented here is similar to 

the result from an investigation of the conformational ensembles of monomeric Aβ40 and 

Aβ42 peptides (Ball et al., 2013). Although the difference between these two peptides is 

only two additional hydrophobic amino acid residues at the C-terminus in Aβ42, the two 

peptides have significantly different aggregation properties and toxicities. Several studies 

have demonstrated that Aβ42 aggregates much faster in vitro than Aβ40 (Hasegawa et al., 

1999; Jarrett et al., 1993)) and causes more extensive damage in neuronal cells (Dahlgren 

et al., 2002; Gravina et al., 1995; Roher et al., 1996). In the structural studies performed by 

Ball A.K et al, they showed that the proton and carbon chemical shifts also do not differ 

significantly from random coil values, and that J-coupling values are similar values for the 

two peptides. However, based on  MD simulation data, refined with the ENSEMBLE 

method and validated with NMR data, they showed that the most significant difference in 

structural ensembles of both peptides is the type of β structures they populate (Ball et al., 

2013). As several studies have shown that beta sheets form the core of amyloid fibrils 

(Bertini et al., 2011; Tycko, 2011) these small differences may be meaningful.  
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The fact that ([Aβ(M1-40)]S26C)2 aggregates very rapidly suggests that the introduction of 

a covalent disulfide bond in the turn region might be sufficient to increase beta sheet 

propensity for the region 16-20 containing several hydrophobic side chains, and thereby 

increase the beta sheet propensity for the entire peptide. In contrast, increasing helical 

propensity in the region around Tyr-10 seems to slow down the aggregation kinetics. 

 

Previous study demonstrated that the predominant morphology in Aβ (1−40) samples can 

be affected by subtle changes in growth conditions, for example the presence or the 

absence of gentle agitation of the Aβ peptide solution during the fibril formation (Petkova 

et al., 2005). However, without changing the growth conditions, we found that the small 

structural propensity differences among monomer and dimers Aβ(M1-40) does not solely 

influence the aggregation kinetic, but also fiber morphology (Figure 4.6). Our finding 

suggests that slight difference in structural propensity of Aβ dimer may also cause 

different fiber morphology.  

 

Several studies have shown that soluble non-fibrillar Aβ can produce higher levels of 

toxicity on per basis molecule rather than mature fibril, which is also found to be 

correlated with cognitive impairment (Chimon et al., 2007; Hardy and Selkoe, 2002). The 

presence of dimer [Aβ(M1-40)tyr] has been found in the brain of patients with AD 

(Hensley et al., 1998), although it is still unclear whether this dimer causes Aβ toxicity or 

not.  Our results show that this dimer aggregates more slowly than Aβ [Μ1−40] monomer 

and displays a slightly more helical structural propensity in the region. In the case of 

(AβS26C)2, a previous work has examined carefully that this dimer aggregates rapidly to 

form protofibril-like assemblies and can inhibit LTP (O’Nuallain et al., 2010).  In the latter 

study, it was also suggested that (AβS26C)2 is a potent mediator of Aβ toxicity.  Here, we 

found that [Aβ(M1-40)S26C]2 remains disordered, and only a slight increase in beta sheet 

propensity is observed. This result is different from the covalently modified Aβ structure 

determined by Sandberg et al. They showed that the β-hairpin conformation can be locked 

by a disulfide bond (AβA21C/A30C), to form a structured dimer with strong beta sheet 

propensity (cf. Figure 4.7), which may well mediate Aβ toxicity (Sandberg et al., 2010). 



Disordered covalent Aββββ dimers with different aggregation properties 

 

 119 

However, our result clearly suggest that it may already be sufficient to slightly modulate 

structural propensities of the unstructured Aβ dimer in the initial phase, and thereby 

already affect Aβ toxicity. 

 

4.6 Conclusion 

In this study, we showed the aggregation properties of monomeric and two dimeric forms 

of Aβ (Μ1−40):  [Aβ(M1-40)tyr], which has covalent link at side chain of Tyr-10 and 

(Aβ(M1-40)S26C)2, which has disulfide bond at side chain of Cys-26. The former peptide 

exhibits slower aggregation kinetics compared to monomer, while the latter aggregates 

very rapidly even under quiescent conditions. The three peptides form different aggregates, 

as characterized by TEM, where different form fibrils were obtained. Structural studies 

using NMR spectroscopy demonstrate that [Aβ(M1-40)tyr] and (Aβ(M1-40)S26C)2 are 

both disordered, with only slight differences in their structural propensities. [Aβ(M1-40)tyr] 

displays slightly higher helical propensities in the region 8-13, while (Aβ(M1-40)S26C)2  

exhibits slightly increased beta sheet propensities from residue 23 up to 27 and also from 

residue 16 to 20. The fact that the differences in structural propensities of those peptides 

are quite marginal, suggests that it might be sufficient to only slightly modulate the 

structural propensities of the Aβ (Μ1−40) to affect their aggregation properties and 

toxicity. 
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4.8 Appendix 

Resonance list of Aββββ(M1-40) monomer at pH 8 and temperature 278 K 

 

Residue HN Cα Hα C NH 

M0              55.829 3.64 178.255 42.447 

D1                54.315 4.575 176.16 

A2 52.794 4.228 177.763 

E3 56.514 4.167 176.13 

F4 8.296 57.835 4.489 175.3 121.427 

R5 55.629 4.245 

H6 56.652 4.542 174.794 

D7 53.984 4.592 176.358 121.839 

S8 59.066 4.351 175.193 116.804 

G9 45.336 3.86 174.096 110.791 

Y10 8.041 58.055 4.512 175.752 120.156 

E11 8.488 56.9 4.105 176.198 122.754 

V12 8.203 62.785 3.918 176.072 121.282 

H13 56.502 4.555 

H14 56.848 4.456 

Q15 55.851 4.237 

K16 56.324 4.257 176.322 

L17 8.349 55.097 4.312 176.846 123.938 

V18 8.111 61.938 4.01 175.185 121.772 

F19 8.384 57.331 4.567 174.789 124.706 

F20 8.341 57.286 4.559 174.737 123.31 

A21 8.357 52.298 4.202 177.295 126.429 

E22 8.472 56.569 4.188 176.284 120.18 

D23 8.532 54.062 4.631 176.624 122.081 

V24 8.27 62.734 4.123 177.123 120.88 

G25 8.66 45.477 3.981 174.566 111.972 

S26 
 

58.506 4.415 174.585 
 

N27 
 

53.254 4.723 175.497 120.675 

K28 56.669 4.258 177.214 121.972 

G29 45.086 3.923 173.776 

A30 52.389 4.296 177.672 

I31 8.306 61.052 4.136 176.471 121.022 

I32 8.42 61.063 4.141 176.719 126.66 

G33 8.594 45.156 3.928 173.704 113.326 

L34 8.178 55.064 4.328 177.359 121.855 



Disordered covalent Aββββ dimers with different aggregation properties 
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M35 55.207 4.517 176.194 122.281 

V36 8.376 62.486 4.116 176.732 122.772 

G37 45.2 3.966 174.489 113.35 

G38 45.037 3.969 173.722 

V39 8.197 62.421 4.161 175.605 120.138 

 V40 7.947 63.717 4.041 181.061 128.683 

 
 

 

 

Resonance list of (Aββββ(M1-40)S26C)2 at pH 8 and temperature 278 K 

 

Residue HN Cα Hα C NH 

M0 55.818 3.642 178.205 42.452 

D1 54.334 4.594 176.153 

A2 8.568 52.797 4.227 177.776 124.721 

E3 8.476 56.582 4.175 176.16  

119.707 

F4 8.299 57.863 4.536 175.317 121.671 

R5 8.122 55.885 4.248 175.643 124.009 

H6 8.455 56.664 4.502 121.624 

D7 53.967 4.591 121.855 

S8 8.519 59.048 4.35 175.219 116.808 

G9 8.608 45.283 3.871 174.041 110.813 

Y10 58.117 4.511 175.763 120.145 

E11 8.485 56.9 4.105 176.262 122.762 

V12 8.2 62.734 3.933 176.055 121.312 

H13 8.305 56.471 4.561 123.036 

H14 8.409 56.836 4.464 121.871 

Q15 55.798 4.254 175.51 

K16 8.015 56.321 4.264 176.281 123.391 

L17 8.344 55.036 4.325 176.84 123.938 

V18 8.109 61.842 4.029 175.13 121.643 

F19 8.373 57.289 4.578 174.872 124.484 

F20 8.372 57.274 4.568 174.847 123.012 

A21 8.372 52.337 4.216 177.315 126.258 

E22 8.482 56.595 4.351 176.206 120.016 

D23 8.508 54.132 4.619 176.38 121.783 

V24 8.197 62.613 4.127 176.87 120.728 

G25 8.618 45.343 3.951 174.361 111.389 

C26 8.401 55.47 4.655 174.53 118.454 
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N27 8.736 53.363 4.713 175.254 120.44 

K28 8.44 56.651 4.264 177.175 123.984 

G29 8.544 45.098 3.912 173.718 109.647 

A30 8.144 52.341 4.304 177.649 123.672 

I31 8.29 60.999 4.145 176.483 120.886 

I32 8.403 61.16 4.153 176.714 126.436 

G33 8.571 45.173 3.929 173.717 113.163 

L34 8.165 55.111 4.335 177.374 121.814 

M35 8.557 55.201 4.499 176.221 122.185 

V36 8.368 62.472 4.12 176.731 122.645 

G37 8.71 45.163 3.979 174.511 113.308 

G38 8.363 45.089 3.974 173.745 108.841 

V39 8.193 62.411 4.168 175.628 120.102 

 V40 7.938 63.697 4.039 181.055 128.638 

 

 

Resonance list of [Aββββ(M1-40)]dityr at pH 8 and temperature 278 K 

 

Residue HN Cα Hα C NH 

M0 55.787 3.656 177.998 42.475 

D1 54.343 4.592 176.114 123.952 

A2 8.552 52.74 4.227 177.725 124.681 

E3 8.47 56.509 4.172 176.121 119.756 

F4 8.295 57.788 4.513 175.293 121.634 

R5 8.148 55.978 4.204 124.022 

H6 56.805 4.486 175.483 

D7 8.425 54.045 4.572 176.362 122.004 

S8 8.477 58.932 4.33 175.161 116.722 

G9 8.586 45.501 3.847 110.769 

Y10 8.105 58.13 4.474 175.949 120.459 

E11 56.9 4.181 176.421 

V12 8.119 62.911 3.836 176.234 120.915 

H13 8.231 56.252 4.523 122.758 

H14 56.787 4.466 

Q15 55.87 4.231 

K16 56.334 4.233 176.412 

L17 8.287 55.113 4.316 176.92 123.663 

V18 8.095 61.922 4.008 175.258 121.672 

F19 8.358 57.355 4.57 174.897 124.579 

F20 8.334 57.341 4.558 174.819 123.198 



Disordered covalent Aββββ dimers with different aggregation properties 
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A21 8.327 52.283 4.203 177.319 126.396 

E22 8.456 56.515 4.169 176.186 120.258 

D23 8.54 54.067 4.629 176.69 122.056 

V24 8.276 62.773 4.117 177.181 120.993 

G25 8.649 45.418 3.968 174.516 111.916 

S26 8.177 58.518 4.411 174.55 116.257 

N27 53.256 4.721 175.549 120.655 

K28 56.684 4.255 177.275 

G29 8.521 45.127 3.924 173.782 109.702 

A30 8.128 52.378 4.29 177.722 123.726 

I31 8.3 61.045 4.134 176.521 121.026 

I32 8.408 61.121 4.137 176.724 126.611 

G33 8.59 45.072 3.918 173.761 113.38 

L34 8.167 55.066 4.328 177.389 121.848 

M35 8.562 55.195 4.516 176.245 122.266 

V36 8.366 62.526 4.112 176.778 122.745 

G37 8.722 45.174 3.969 174.53 113.368 

G38 8.36 45.175 3.972 173.769 108.844 

V39 8.191 62.427 4.163 175.658 120.137 

 V40 7.938 63.721 4.038 181.089 128.678 
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5.1 Abstract 

We report here the rapid and sensitive recording of solution-state NMR data for unfolded 

proteins using tunable extrinsic relaxation enhancement. Due to the short electron-spin 

relaxation times of nickel(II), the neutral organometallic complex Ni(DO2A) was found to 

be particularly suitable for this purpose. Addition of 30 mM of the chelate caused the 

average proton relaxation rate for the intrinsically disordered protein α-synuclein to 

increase from 1.76 s-1 to 5.46 s-1 with negligible line broadening or other changes to the 

NMR spectrum. This result is in stark contrast to the use of the neutral Gd-DTPA-BMA 

chelate, which caused significant line broadening and concomitant signal loss. The 

observations are rationalized by consideration of the theory for 'outer-sphere' electron-

nuclear dipolar relaxation. With Ni(DO2A), a high-quality 3D HNCO spectrum of α-

synuclein was recorded in as little as 15 minutes, using projection-reconstruction 

techniques. Our data show that the neutral paramagnetic agent Ni(DO2A) is accessible to 

the entire disordered polypeptide chain, which offers a significant advantage over its 

application to folded proteins. 
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5.2 Introduction 

 

Over the last decade, intrinsically disordered proteins (IDPs) have attracted great interests 

due to their significant abundance in eukaryotic proteomes, with over 40% of human 

proteins containing long disordered regions, or being completely void of structure under 

native conditions (Tompa, 2002; Uversky, 2002). It is becoming increasingly recognized 

that IDPs play pivotal roles in cellular processes such as molecular recognition, 

transcription, and replication, and, moreover, are implicated in the development of 

numerous human pathologies, such as neurodegenerative and cardiovascular diseases and 

cancer (Bullock and Fersht, 2001; Dobson, 2003; Uversky et al., 2008). 

 

Without question, nuclear magnetic resonance (NMR) spectroscopy is the most suitable 

technique to obtain insight into the details of protein conformational disorder at atomic 

resolution. However, due to the inherent lack of persistent differences in the nuclear 

magnetic environments, NMR spectra of IDPs are highly congested. As a consequence, 

overlap makes the resonance assignment for these proteins very challenging. To complete 

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

are needed, which adequately sample the time evolution of all nuclear precession 

frequencies. Unfortunately, these spectra generally require long recording times, which 

demands excellent time-stability of the protein samples without aggregation, a requirement 

that is not always met for IDPs.  Therefore, it is of great interest to speed up the NMR 

recording time for IDPs.  

 

There are several ways proposed in the literature to meet this goal (Kupce and Freeman, 

2004; Marion, 2005; Schanda et al., 2006). First, sparse but optimally selected data points 

can be recorded to increase the signal-to-noise (SNR) per unit time(Eghbalnia et al., 2005; 

Jaravine et al., 2006). Second, as demonstrated by Kupce and Freeman (Kupce and 

Freeman, 2004), for example, by collecting 2D spectra at different projection angles  
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and the use of subsequent reconstruction algorithms (Coggins and Zhou, 2008), a complete 

high-dimensional NMR spectrum can be obtained. An alternative approach to speed up the 

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

consequently can be used to reduce the inter-scan delay (recycle delay) between 

consecutive scans, while maintaining the same overall sensitivity. Because relaxation 

times in flexible molecules can be long (about one second), recycle delays can easily 

consume 80% of the NMR recording time. Several groups showed that an application of 

selective 1H pulses can achieve an efficient spin-lattice T1 relaxation (Diercks et al., 2005; 

Pervushin et al., 2002; Schanda et al., 2006).   

 

We consider here another, yet more simple and tunable way to reduce the nuclear T1 

relaxation times for IDPs, making use of solvent paramagnetic relaxation enhancement 

(PRE). In this case, a concentration-dependent relaxation contribution is introduced by 

adding paramagnetic solutes.  In this study, we investigate the effect of solvent PRE 

Ni(DO2A) and Gd-DTPA-BMA to NMR measurement of unfolded protein, a-synuclein. 

Our study shows that fast and sensitive of recording NMR data of unfolded proteins can be 

achieved by applying solvent PRE Ni(DO2A). 

 

5.3 Material and methods 

5.3.1 Sample preparation 

5.3.1.1 Paramagnetic agent Ni(DO2A)  

An organic compound of 1,4,7,10-tetraazacyclododecane and-1,7-(bis acetic acid) (DO2A) 

was prepared according to [Jurrian Huskens, 1997]. A complex Ni(DO2A) was formed by 

mixing NiSO4 into DO2A (5% in excess). NiSO4.6H20 (0.125 mmol) and DO2A (0.1316 

mmol) were dissolved in water (total volume 1 mL). An OH-form anion exchange resin 

(Dowex 1 x 8-100) was added in small portions into this mixture by shaking. The pH of 

solution was adjusted until pH 7 and turned into a purple solution. This solution was stored 

at room temperature overnight and then filtered to remove the anion exchange resin. The 

Ni(DO2A) solution was freeze-dried to give  a 22.4 mg (0.0649 mmol)of a desalted-

Ni(DO2A) [Cai, 2005]. 
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5.3.1.2 [13C, 15N] αααα-synuclein. 

[13C,15N] a-synuclein protein samples within 20mM tris buffer pH 8.0  and 100mM NaCl 

were kind gifts from Dr. Gertjan Veldhuis. The buffer sample was exchanged  

with20 mM phosphate buffer pH 7.4 and ,100 mM NaCl and 0.02% azide. NMR samples 

contained 0.2 mM  doubly labeled [13C, 15N] a-synuclein, 20 mM phosphate buffer pH 7.4, 

100mM NaCl, 0.02% azide, 10% D2O and 0.15 mM DSS  

 

5.3.2 NMR experiments.  

All experiments were carried out on a Varian Unity INOVA 600 MHz spectrometers 

equipped with pulsed field gradient probes. A standard inversion recovery experiment of 

proton water T1 relaxation was measured upon the titration of several concentrations of 

Ni(DO2A) into water in which the final concentrations of every titration point were 0.5, 

1.0, 1.5, 2, 5, 10 and 20 mM.  Proton and nitrogen relaxation experiments of intrisically 

disordered protein alpha synuclein (14,4 kDa)  (the protein, alpha synuclein was a gift 

from Gertjan Veldhuis) were recorded at 283 K. The protein NMR sample contained ~ 0.2 

mM [13C,15N]- enriched α-synuclein, 20 mM buffer phosphate pH 7.4, 100mM NaCl, 

0.02% azide, 0.1 mM DSS and  7% D2O.This NMR sample was titrated by adding 1M 

Ni(DO2A) in which the final concentrations of Ni(DO2A) in NMR solution were 0, 

5,10,15,20 and 30 mM.  The concentrated 1M Ni(DO2A) sample was shaken (vortex) and 

small amount of Ni(DO2A) was taken using a analytical calibrated pipette (eppendorf) and 

put into a small tube of eppendorf.  Some protein NMR sample were pipetted using a long-

stretch-glass pipette and put into the same tube of eppendorf with Ni(DO2A). The 

Ni(DO2A) and protein NMR sample were mixed gently by pipetting up and down  several 

times. The mixture was then carefully put back into the NMR tube using the same a long-

stretch-glass pipette.  

 

5.3.2.1 1H T1 relaxation 

1H T1 relaxations of 3 titration points (0, 15, 30 mM Ni(DO2A)) were measured using a 

proton saturation recovery with a standard sensitivity-enhanced 2D 15N-1H HSQC pulse 

sequence (kay). This experiment was achieved using 120 degree of proton pulses repeated 
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300 times (Markley et al 1971). All spectra were recorded with  number of increment in 

indirect domain was 160 and number of scans was 24. The spectral widths of 8000 Hz and 

1650 Hz were employed in F1 and F2 respectively.  The water signal was suppressed by 

applying water flip back sequence in the pulse sequence (). The small step titration points 

(0, 5, 10 and 15 mM Ni(DO2A)) were measured using a standard sensitivity-enhanced of 

1D 1H- HSQC pulse sequence to have a rough estimation. The 2D and 1D experimental 

data of average proton T1 relaxation were consistent. To obtain T1 values, the spectra 

were recorded withdifferent delay T (shown in Table 1). 

 

5.3.2.2 15NT1 relaxation 

15N T1 relaxations of 3 titration points (0, 15, 30 mM Ni(DO2A)) were measured using a 

standard 2D 15N-1H of 15N T1 enhanced sensitivity pulse sequences employing pulsed field 

gradients (Farrow, biochemistry, 1994). The spectral width of 1650 Hz and 8000 Hz were 

applied  in F1 and F2 domain respectively. The spectra were recorded with 8 scans and 

160 number of increments. The water signal was suppressed by employing the water flip-

back strategy. 

 

5.3.2.3 1H and 15N line width 

1H and 15N line width were measured using CPMG refo dipsi 15N-1H HSQC pulse 

sequence (Kay et al., 1992). This pulse sequence employed CPMG block with the νCPMG  is  

to ensure that there was no extra line width broadening due to improper shimming. To 

guarantee that we recorded only pure nitrogen line width, the refocused INEPT was 

applied in this sequence before t1 evolution period to have nitrogen in phase magnetization. 

The broadband decoupling dipsi3 was employed during t1 evolution period. The water flip 

back strategy was utilized in the sequence to suppress water signal.   

 

5.3.3 Data processing and analysis 

The spectra were processed using NMRPipe [Delaglio et al, 1995] and analysed using 

SPARKY [Goddard and Kneller, 2004]. The T1 values were obtained by plotting the 

intensity of 65 isolated peaks. The data were processed using Mathematica (wolfram).  
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To determine the proton and nitrogen line width, no window function were applied and 

every spectrum were processed in the same NMRPipe script.     

Table 5.1. Delay T of 1H and 15N T1 experiments in different concentrations of Ni(DO2A).  

Concentration of 

Ni(DO2A) (mM) 

Type of experiment Delay T (ms) 

0  

0 

0 

 

5 

10 

15 

15 

 

15 

 

30 

 

30 

1D of 1H T1 relaxation 

2D of 1H T1 relaxation 

2D of 15N T1 relaxation 

 

1D of 1H T1 relaxation 

1D of 1H T1 relaxation 

1D of 1H T1 relaxation 

2D of 1H T1 relaxation 

(based on HN-NH plane) 

2D of 15N T1 relaxation 

(based on HN-NH plane) 

2D of 1H T1 relaxation 

 

2D of 15N T1 relaxation 

200, 400, 600, 800, 1000 

200, 400, 400, 600, 800, 1000, 1200, 1600  

100, 200, 300, 300, 500, 500, 700, 700, 1000, 

1400 

200, 400, 600, 800, 1000 

200, 400, 600, 800, 1000 

200, 400, 600, 800, 1000 

100, 200, 200, 300, 400, 500, 600, 700, 800, 

1400 

100, 100, 200, 200, 300, 300, 400, 500, 500, 

600, 700, 900 

100, 100, 200, 300, 400, 500, 600, 700, 800, 

1000 

100, 100, 200, 200, 300, 

 300, 400, 500, 500, 600, 700, 900 

 

5.4 Results and Discussions 

Previously, it was shown that 1 mM Gd3+ can reduce water proton T1 from 3 s to 0.3 s 

(Hiller et al., 2005), and that the addition of a few mM of neutral Gd3+ complexes can be 

used to affect the spin relaxation of folded proteins (Eletsky et al., 2003; Madl et al., 2009; 

Pintacuda and Otting, 2002). Since IDPs are flexible molecules with significant chain 

dynamics and little or no stable structure, we anticipated that the neutral Gd3+-chelate 

gadodiamide (gadolinium diethylene triamine pentaacetic acid-bismethylamide; Gd-

DTPA-BMA; Omniscan™) would increase the amide proton T1 relaxation times in a 
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manner that would be observable for the entire protein, and could thus be used to increase 

the speed of acquisition of NMR spectra and/or increase the SNR per unit measurement 

time. Indeed, it was observed that upon addition of 2 mM of the widely used MRI-contrast 

solution Omniscan™ to human α-synuclein, the proton T1 was reduced by about a factor of 

three. Unfortunately, the addition of Gd-DTPA-BMA also caused significant line 

broadening (see Fig. 1). Application of Omniscan™ to the intrinsically disordered 

cytoplasmic domain of human neuroligin-3 (Wood et al., 2011) yielded very similar 

observations (data not shown).  

 

Figure 5.1. 2D 15N-1H HSQC spectra of the intrinsically disordered protein human αααα-

synuclein without (left) and with (right) 2 mM Gd[DTPA-BMA]. A trace at 120 ppm 

is shown (indicated by arrow) to gauge the signal-to-noise in both spectra. 

 

To understand the origin of the line broadening in the presence of paramagnetic Gd3+-

chelate in solution, we briefly consider the theory of solvent PRE caused by random 
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collisions of paramagnetic ions and dissolved protein molecules (Bertini and Luchinat, 

1992; Cai et al., 2006; Caravan, 2009; Eletsky et al., 2003; Peters et al., 1996). In the 

presence of a dissolved paramagnetic agent, the longitudinal and transverse relaxation 

rates contain both paramagnetic (R1p and R2p) and diamagnetic (R1d and R2d) contributions: 

      

                                         (1) 

                                         (2) 

 

Assuming that the interaction between the unpaired electron and nuclear spin is purely 

dipolar, the paramagnetic relaxation enhancement terms in the bound state are described 

by (Bertini and Luchinat, 1992; Bloembergen and Morgan, 1961; Solomon, 1955). We 

noted typing mistakes in equations (1) and (2) of Eletsky et al. (2003), but these are not of 

consequence when T1e = T2e, as implicitly assumed in the derivation by Peters (Peters et 

al., 1996): 

 

(3) 

 

 

(4) 

 

 

Here S is the electron spin quantum number of the paramagnetic ion, γI is the 

magnetogyric ratio of nucleus I, g is the electronic g factor, β is the Bohr magneton, ωI and 

ωS are the Larmor frequencies of the nuclei I and electrons, respectively, and r is the 

distance between the electron and nuclear spin. When the complex is long-lived compared 

to reorientational tumbling, the effective longitudinal (τc1) and transverse (τc2) nuclear 

correlation times are determined by the rotational correlation time (τr) of the nucleus-

electron vector and the electron relaxation times (T1e, resp. T2e) from the paramagnetic 

species, as follows: 
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                             (5) 

 

 

                             (6) 

 

Despite the flexible nature and lack of structure of IDPs, their peptide bonds do not 

reorient freely, but experience slow and potentially anisotropic tumbling on time scales of 

a nanoseconds. Since Gd3+ has electronic relaxation times (T1e and T2e) of about 10-8 – 10-6 

s, τc1 and τc2 are dominated by the rotational tumbling characteristics of the correlated 

complex of paramagnetic centre and polypeptide. In this limit, (wStr » 1), equations (3) and 

(4) can be simplified to: 

 

               (7) 

 

               (8) 

 

 

Equations (7) and (8) reveal that for paramagnetic nuclei with long electronic relaxation 

time (>10-8 s) the transverse PRE is larger than the longitudinal enhancement. Moreover, 

the transverse nuclear spin relaxation of nuclei with large magnetogyric ratio, such as 

protons, will be in the 'macromolecular limit' (wItr > 1), in which extensive line broadening 

is brought about by the leading term in Eq (8). This fits our observations very well, and we 

are led to conclude that Gd3+ complexes are unsuited to use as solvent PRE agents for 

proton-detected experiments, even for highly flexible IDPs. 

        

We, therefore, turned our attention to transition metal ions that demonstrate short 

electronic relaxation times. In what follows we investigate the use of Ni2+ for which  

T1e ≈ 10-13 – 10-10 s, such that effective correlation times become dominated by the 

electronic relaxation times (i.e., τc1 ≈ T1e and τc2 ≈ T2e). When T1e ≈ T2e and, in addition, 
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wItc « 1 and wStc « 1, the longitudinal and transverse paramagnetic relaxation 

enhancements will become equal: 

 

      (9)                                                             

 

Since the nuclei in biological macromolecules generally have longitudinal relaxation times 

that significantly exceed their respective transverse relaxation times, solvent PRE can 

significantly shorten T1 relaxation with negligible effect on T2 relaxation. In such a 

situation, a large gain in SNR is possible in the fast-pulsing limit, with marginal increase in 

the spectral line widths. 

 

In the case of weak association of dilute molecules rapid exchange of the paramagnetic 

ligand between free and bound states takes place. In this case, the PRE is proportional to 

the bound fraction, and therefore dependent on concentration. In the case where the 

binding equilibrium lies far to the side of the unligated species, the NMR spectrum of the 

protein will not show any spectral changes, and the longitudinal and transverse PRE can 

also be expressed as: 

         (10) 

 

         (11) 

 

where c is the concentration of the paramagnetic agent in mM, and the relaxivities r1 and r2 

are defined as the experimental paramagnetic relaxation induced by 1 mM of the 

compound (Caravan, 2009). 

 

Because of its previous successful application to large folded proteins (Cai et al., 2006) we 

synthesized 50 mg of the neutral organometallic complex Ni(DO2A) (1,4,7,10-

tetraazacyclododecane-1,7-(bis acetic acid)), following published procedures (Cai et al., 

2006; Huskens et al., 1997). Addition of 30 mM Ni(DO2A) to 0.2 mM α-synuclein did not 

induce any visible changes to the NMR spectrum of the protein (Figure 5. 2) 
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Figure 5. 2. Overlay of 2D 15N-1H HSQC spectra of α-synuclein with (blue) and without (red) 

30 mM Ni(DO2A). 

 

However, measurement of the proton longitudinal relaxation rates (R1=1/T1) showed an 

average increase from 1.76 s-1± 0.01 to 5.46 ± 0.03 s-1 (Figure 5.3). Careful analysis of the 

spectral line widths showed an increase from 18.6 to 19.7 Hz in the proton dimension upon 

the addition of 30 mM Ni(DO2A), whereas the line width in the indirect dimension 

remained 14.2 Hz to within 0.1 Hz. 
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Figure 5.3. Average amide proton (squares) and nitrogen-15 (triangles) longitudinal 

relaxation rates (R1) for human α-synuclein. 

 
To verify that the nuclear spin relaxation rates for the IDP α-synuclein are indeed 

dominated by dipolar relaxation, we measured the amide proton and nitrogen longitudinal 

relaxation rates at 0, 15, and 30 mM Ni(DO2A). Figure 5.3 shows the relaxation rates as a 

function of the concentration of paramagnetic agent, averaged over all residues. The data 

demonstrate the expected linear increase with concentration, and are in line with the 

expectation that the effect for protons is (gH/gN)2 ≈ 100 times larger than the effect for 

nitrogen-15. In addition, applications that excite the proton polarization, but detect at 13C 

or 15N, benefit equally well from a gain in SNR in the case of rapid repetition. On the other 

hand, applications that employ the nuclear polarization of low-gamma nuclei require a 

much higher concentration of the paramagnetic agent to be added, but this is not 

problematic: The polar complex is very  

soluble, and furthermore demonstrates low conductivity, permitting its use also on 

cryogenic probes.  
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Next, we investigated if the neutral Ni2+-chelate indeed would non-specifically interact 

with the disordered protein, and, thereby, exert its PRE effect throughout the entire 

polypeptide sequence. Figure 5.4 shows indeed that the amide proton T1 values are evenly 

decreased as a function of residue number. Intriguingly, the relaxation times in the acidic 

C-terminal tail of α-synuclein are consistently larger, pointing to differences in the 

reorientational dynamics of proton-proton internuclear dipolar vectors in the two segments, 

and/or differences in the proton density distributions around the amide protons. This 

observation is consistent with other spectroscopic differences between the two domains 

(residues 1-100 and 101-140, respectively) in this protein (Cho et al., 2009). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5. 4. Proton T1 of intrinsically disordered α-synuclein in the absence (red) and 

presence of 15 mM (green) or 30 mM (blue) Ni(DO2A). 

 

To assess the benefit of using Ni(DO2A) for solvent PRE, we determined the total sum 

signal intensity in 2D 15N-1H HSQC spectra of a 0.2 mM α-synuclein NMR sample, in the 

absence or presence of 30 mM Ni(DO2A) as a function of the recycle delay (RD). RD is 

defined here as the time from the start of acquisition of the NMR signal in one experiment 

until the first excitation pulse for the next transient. This data is plotted in Figure 5.5(A). 
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Figure 5.5. (A) Total signal sum intensity in 2D 15N-1H HSQC spectra of α-synuclein with 

(squares) and without 30 mM NiDO2A) (circles). The lines are best fits to the saturation-

recovery equation M(t)=[1-exp(-t/T1)]M(∞∞∞∞). (B) Relative sensitivity gain for 2D 15N-1H HSQC 

spectrosopy of α-synuclein upon addition of 30 mM NiDO2A as a function of the recycle 

delay. 

 

Subsequently, the sensitivity of the experiment is defined as the total sum intensity divided 

by the total experiment time. Taking the ratio of the sensitivity for the spectra recorded in 

the presence of 30 mM Ni(DO2A) relative to those recorded in the absence of the 

paramagnetic agent as a function of the relaxation delay yields the curve in Figure 5.5B. 

Clearly, for IDPs, solvent PRE from neutral complex with a paramagnetic centre with a 

very short relaxation time boosts the sensitivity of NMR spectroscopy that employs 

protons for starting magnetization. Because the solvent PRE is concentration-dependent, 

the resultant gain is fully tunable. In practice, however, the very rapid repetition of NMR 

experiments is often hampered by technical limitations, such as amplifier duty cycle safety 

precautions, or RF heating of the sample.In addition, the RD cannot be reduced to zero, as 

the FID needs to be recorded as well. In the applications presented below, 128 ms were 

used for acquisition of the FID and a short additional delay of 64 ms was employed before 

the next scan. Despite the high duty cycle, no heating was detected from low-power 15N 

decoupling during the acquisition period (ω1/2π = 0.5 kHz). Under these experimental 

conditions, the presence of Ni(DO2A) in the solution is expected to enhance the SNR by a 

factor two, or allows the total experiment time to be reduced by a factor four. 
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Finally, the utility of employing solvent PRE for IDPs is demonstrated by the rapid 

recording of 3D HNCO spectra for α-synuclein. The rapid acquisition of high-dimensional 

data sets is crucially important for IDPs due to their spectral congestion in 2D or even 3D 

spectra as a consequence of the limited amide proton spectral dispersion. In many 

instances the resolution of high-dimensional spectra may be compromised by the long 

acquisition time necessary to complete the independent time-incrementation of all indirect 

time domains. Due to the short RD (192 milliseconds) that could be used in the presence of 

30 mM Ni(DO2A), the 3D HNCO spectrum could be recorded with 40 × 40 complex 

points in the indirect 13C and 15N dimensions in 1 hour on a 200 mM protein sample, 

resulting in excellent resolution of the resulting 3D data set, without access to a more 

sensitive cryogenic probehead. Using tuneable PRE, we thus obtained twice the sensitivity 

for spectra recorded in the presence of the paramagnetic agent Ni(DO2A) (Figure 5.6(B)) 

compared to those obtained in its absence (Figure 5.6(A)). 

 

 

Figure 5.6.  NCO planes of 3D HNCO experiments recorded for α-synuclein, recorded with a 

recycle delay of 0.192 s, in the absence (A) and presence (B,C) of 30 mM Ni(DO2A). Spectrum 

(C) was produced by projection-reconstruction using the following 16 projection angles (in 

degrees): (0, ±±±±11.3, ±±±±21.8, ±±±±33.7, ±±±±45, ±±±±56.33, ±±±±68.2, ±±±±78.7, 90). 

 

As sensitivity was not a limiting factor, we could combine the paramagnetic relaxation 

enhancement effect from Ni(DO2A) with projection-reconstruction techniques, and 

recorded an addition 3D HNCO spectrum for α-synuclein, measuring data for 16 

projection angles. This procedure was sufficient to obtain a 3D spectrum that was equally 

well resolved, but could be obtained in as little as 15 minutes. 
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5.5 Conclusions 

In summary, we have shown that fast and sensitive recording of NMR data for intrinsically 

disordered proteins is possible using the paramagnetic relaxation enhancement of 

Ni(DO2A). The agent did not produce any observable spectral changes, and induced 

negligible line broadening in the concentration range desired for applications to proteins. 

Ni(DO2A) was observed to be accessible to the entire polypeptide sequence of the 

intrinsically disordered protein α-synuclein, offering significant advantages over its 

application to folded proteins. The combination of solvent paramagnetic relaxation 

enhancement with projection-reconstruction methods further reduced the NMR 

experimental time considerably, and a sensitive, resolved 3D HNCO spectrum of α-

synuclein was obtained in minutes for limited amount of protein sample using a room-

temperature probe. We believe that this methodology is generally useful for boosting the 

sensitivity and speed of NMR spectroscopy applied to intrinsically disordered proteins. 

Applications that may benefit in particular include studies of peptides that are only 

obtainable in low quantities, or investigations of proteins that have limited time stability 

due to degradation or aggregation. 
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6.1 Abstract 

Co-solute paramagnetic relaxation enhancement (co-solute PRE) offers an attractive and 

tunable avenue to improve the sensitivity and resolution of NMR spectroscopy. The ideal 

co-solute PRE agent for protein applications would (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 (vi) effectively reduce the solvent water T1. The 

neutral high-spin iron chelate Fe(DO3A) is shown to meet these criteria for biomolecular 

NMR applications involving intrinsically disordered proteins (IDPs). Rapid data 

acquisition is important for IDPs, as unfolded proteins are often aggregation-prone. We 

report a four-fold acceleration for 1H excited NMR spectroscopy of intrinsically disordered 

human α-synuclein, using only 4 mM Fe(DO3A). Similar time savings are obtained for 

proton-less NMR spectroscopy of deuterated α-synuclein, employing 20 mM Fe(DO3A). 

 

 

 

 

Key words: NMR, solvent-PRE, Fe(DO3A), intrinsically disordered proteins.  
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6.2 Introduction 

Over the past decade, intrinsically disordered proteins (IDPs) have attracted great interests 

due to their high abundance in eukaryotic proteomes, with estimates as high as 40% for the 

human proteome (Tompa, 2002; Uversky, 2002). Numerous proteins are found to be 

partially or fully disordered under physiological conditions, and they may or may not form 

stable structures when they bind to their receptors(Dyson and Wright, 2002; Tompa and 

Fuxreiter, 2008; Wright and Dyson, 1999). IDPs are known to play important roles in 

cellular processes, molecular recognition, transcription, replication (Ward et al., 2004) and 

are implicated as causative agents in the development of numerous human diseases such as 

neurodegenerative disorders and cancer (Luheshi et al., 2008). Insight into structural 

propensities of this type of proteins is important for understanding their biological 

functions and interactions or for elucidating disease mechanism in atomic detail.  

 

NMR spectroscopy has proven to be the most suitable methodology to obtain insight into 

the details of protein conformational disorder (Uversky and Longhi, 2011), provided that 

two principal challenges are met. First, because IDPs lack persistent differences in the 

magnetic environment of their nuclei, the NMR spectra of IDPs are inherently congested 

and therefore more challenging to be assigned. To this end, high-resolution, high-

dimensional NMR spectra can now be obtained through advanced pulse sequence design, 

as well as novel acquisition and detection schemes (Bermel et al., 2006; Takeuchi et al., 

2010. As an example, the backbone assignment of fully intrinsically disordered proteins 

with highly repetitive sequences can be completed via 5D NMR experiments (Motackova 

et al., 2010; Nováček et al., 2011).  Second, the NMR experiment needs to provide 

sufficient sensitivity: Hyperdimensional NMR experiments involve many magnetization 

transfer steps, and are compromised by spin-spin relaxation during successive periods of 

coherent evolution; The rapid and sensitive acquisition of NMR data for IDPs is a condicio 

sine qua non for reduced dimensionality, projection-reconstruction and APSY 

approaches(Atreya and Szyperski, 2004; Hiller et al., 2008; Kupce and Freeman, 2004; 

Schanda et al., 2006). Moreover, unfolded polypeptides may be aggregation-prone, such 

that it is necessary to work with dilute samples and record data in as short time as possible. 

In addition, the use of proton-less experiments has been demonstrated to be beneficial for 
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NMR spectroscopy of IDPs close to physiological conditions, since the spectra are not 

compromised by high temperature and/or pH (Bermel et al., 2006; Hsu et al., 2009) but at 

the expense of sensitivity.  Reducing scan-wise NMR recording times while at the same 

time retaining sensitivity would conjointly meet these challenges. 

 

There are several approaches proposed in the literature to reduce NMR experimental time 

(Kupce and Freeman, 2004; Marion, 2005; Schanda et al., 2006) The approach taken here 

is to speed up the recording of NMR experiments by shortening the nuclear T1 relaxation 

times, allowing for accelerated data acquisition with improved sensitivity. Since relaxation 

times in flexible molecules can be long (on the order of one second), recycle delays 

generally consume most time during an NMR experiment. Ideally, this idle time would be 

reduced to zero. Several groups showed that an application of selective 1H pulses can 

achieve an efficient spin-lattice T1 relaxation (Diercks et al., 2005; Pervushin et al., 2002; 

Schanda et al., 2006). An alternative and fully tunable way to speed up protein NMR 

spectroscopy relies on relaxation enhancement provided by paramagnetic co-solutes. 

Tunable means here that depending on the concentration of paramagnetic agent, the 

protein relaxation rates follow (Cai et al., 2006; Caravan, 2009) :     

 

                                                                                       i=1,2                                                          (1)    

where Ri is the observed relaxation rate, Ri,d  is the relaxation rate in the absence of 

paramagnetic agent, c is the concentration of paramagnetic agent, and rip its relaxivity 

(defined as the relaxation enhancement induced by 1 mM of the paramagnetic agent), and 

i=1,2 refer to longitudinal and transverse relaxation, respectively. Previous studies showed 

that Ni(II) provides suitable co-solute PRE, with enhanced longitudinal relaxation rates 

and negligible effects on protein line widths (Cai et al., 2006; Oktaviani et al., 2010; 

Theillet et al., 2011). Briefly (more detail is provided in the Supporting Information), since 

the electronic rotational correlation times (T1,2e) of Ni2+ are on the order of 10-11 s, and the 

rotational correlation time of amide bond vectors in IDPs is on the order of a few ns 

(Modig and Poulsen, 2008), the longitudinal and transverse nuclear relaxation times are 

dominated by the electron relaxation times of Ni2+. When T1e ≈ T2e, the longitudinal and 

transverse paramagnetic relaxation enhancements then are equal: 
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                                      (2)                                 

                                                                                                                             

Thus, ideal co-solute PRE agents possess electron spin relaxation times that are shorter 

than the rotational correlation times of protein bond vectors, i.e. T1,2e < 10-9 s, to minimize 

line broadening. Furthermore, small polar, neutral paramagnetic chelates are expected to 

be best suited, since these minimize the chance of persistent interactions due to 

hydrophobic and electrostatic interactions between the PRE co-solute and amino acid side-

chains, while at the same time providing sufficient solubility in watery milieus. For 

example, the nickel(II) complex of 1,4,7,10-tetraazacyclododecane-1,7-diacetate, 

Ni(DO2A), was successfully employed to reduce protein T1 values and improve the 

sensitivity of NMR spectroscopy for folded proteins (Cai et al., 2006). Subsequent 

applications of Ni(DO2A) to IDPs showed even distributions of PRE over the probed 

polypeptide sequences (Oktaviani et al., 2010; Theillet et al., 2011). The lack of persistent 

structures in IDPs allows proximity of the paramagnetic agent to all protein nuclei, and 

therewith offers significant advantages for the application of co-solute PRE to IDPs over 

its application to folded proteins. Despite the important observation that nickel (II) could 

be used to shorten nuclear T1 relaxation times without inducing appreciable line 

broadening, the very short electron spin relaxation time (~ 10-11 s) has two disadvantages: 

First, relatively high concentrations (~ 30 mM) are necessary to reduce protein 1H T1 

values significantly. As the PRE scales with the magnetogyric ratio squared, this means 

that nickel is not of practical use to reduce 13C relaxation times in proton-less applications 

(Bermel et al., 2006). Second, Figure 6.1B demonstrates that at 30 mM Ni(DO2A) the 

water T1 is on the order of 250 ms, which means that water protons are not efficiently 

relaxed between scans, limiting the potential benefits of rapid solvent proton relaxation 

(Bertini et al., 2001). 

 

6.3 Results and discussion 

No ideal co-solute PRE agent for protein applications has so far been reported that would 

meet all the 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 
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relaxation times without concomitant line broadening; (v) be equally effective for the 

entire polypeptide chain; (vi) effectively reduce the solvent water T1. Herein it is 

demonstrated for the first time that the neutral high-spin iron (III) complex of 1,4,7,10-

tetraazacyclododecane-1,4,7-triacetate, Fe(DO3A), (Figure 1.A) can simultaneously satisfy 

all the above criteria in applications to IDP NMR spectroscopy. High spin Fe3+ has 

electronic relaxation times of ~100 ps (Bertini et al., 2001) , and can be incorporated into a 

neutral complex with the chelating ligand DO3A. We found that water proton relaxation 

enhancement in the presence of Fe(DO3A) is about 30-fold that of Ni(DO2A) (Figure 

6.1B). Water proton relaxivities with Fe(DO3A) and Ni(DO2A) are 3.47 s-1/mM and 0.137 

s-1/mM, respectively. As a result, the addition of several mM Fe(DO3A) results in 

complete water proton relaxation between scans at a repetition time of 200 ms, which is 

sufficient for the execution of the NMR pulse program and acquisition of the FID, and 

simultaneously maintaining a reasonable RF duty cycle.  
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Figure 6.1. Water proton relaxation enhancement by the paramagnetic co-solutes Fe(DO3A) and 

Ni(DO2A). (A) Chemical structures of Fe(DO3A) and Ni(DO2A) (B) Water proton longitudinal 

relaxation rates (R1=1/T1) upon the addition of Ni(DO2A) (squares) and Fe(DO3A) (circles) 

 

The electronic relaxation time of high-spin Fe3+ is longer than that of Ni2+, but it is still 

shorter than the rotational correlation time of biomolecules, including IDPs. Therefore, the 

PRE effect is still dominated by electronic relaxation of high spin Fe3+. In this case, the 

PRE due to the presence of high spin Fe3+ also follows equation (2).  We investigated the 
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influence of Fe(DO3A) on [U-1H,15N]-labeled α-synuclein, and found that there is no 

effect on the NMR spectra, precluding any structural changes upon the addition of 4 mM 

Fe(DO3A (Figure 6.2A), nor is there any noticeable line broadening observed in the 1H-

15N HSQC spectrum. As expected, a lower concentration of Fe(DO3A) is required to 

achieve the same PRE effect as with Ni(DO2A) (Figure 6.2B). Average protein amide 

proton relaxivities are 0.43 s-1/mM and 0.11 s-1/mM for Fe(DO3A) and Ni(DO2A), 

respectively. Of note, Fe(DO3A) is about equally accessible to the entire polypeptide 

sequence (Fig 6.2.C), as previously also noted for Ni(DO2A) (Oktaviani et al., 2010; 

Theillet et al., 2011). 
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Figure 6.2  The influence of Fe(DO3A) on the spectra and amide proton relaxation of protonated α 

-synuclein. (A) Overlay of 1H-15N HSQC spectra for [13C,15N]- labeled α –synuclein with (blue) and 

without (red) 4 mM Fe(DO3A). (B) Average amide proton longitudinal relaxation rates (R1=1/T1) 

for human α-synuclein upon the addition of Ni(DO2A) (squares) and Fe(DO3A) (circles). (C) 1H T1 

of intrinsically disordered α-synuclein in the absence (green) and presence of 3 mM (black) and 8 

mM (red) Fe(DO3A). 

 

As Fe(DO3A) is a more potent PRE agent, it can potentially increase the relaxation of 

nuclei with lower gyromagnetic ratio, like 13C. Indeed, we are able to demonstrate 

accelerated, sensitive proton-less 2D and 3D 13C NMR spectroscopy for [U-13C,15N ,2H] α-
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synuclein. Upon the addition of 20 mM Fe(DO3A), the average magnetization recovery 

time of the deuterated 13Cα nuclei is reduced from 2.5 s to 1.1 s, such that the recycle delay 

can be reduced to obtain a signal gain of up to a factor 2.2 (Figure 6.3A). Equivalently, the 

experiment time can be reduced by about five-fold. Figure 6.3B shows the sensitivity 

increase of CACO NMR spectroscopy (recycle delay =1 s) by addition of 20 mM 

Fe(DO3A). The addition of 20 mM Fe(DO3A) does not lead to measurable line 

broadening, as verified by 3D CANCO NMR spectroscopy (see Appendix). 

 

 

Figure 6.3.  (A) Total signal sum intensity in 2D CACO spectra of [U-13C,15N ,2H]-labelled α-

synuclein with (red, circles) and without (black, squares) 20 mM Fe(DO3A).The lines are best fits 

to the saturation-recovery equation M(t)=[1-exp(-t/T1)]M(∞). Maximum signal-to-noise per unit 

time is obtained when (t/T1)opt = 1.269. This optimum recycle delay (Opt RD) is indicated by 

arrows, and equals 1.4 s and 3.2 s, for the situations with and without 20 mM Fe(DO3A), 

respectively. (B) Relative sensitivity gain for 2D CACO spectroscopy of α-synuclein upon addition 

of 20 mM NiDO2A as a function of the recycle delay. 

 

6.4 Conclusion 

Co-solute PRE is particularly suitable for disordered proteins and protein segments that are 

solvent accessible. Herein we have introduced the use of the neutral chelate Fe(DO3A) for 

applications in biomolecular NMR spectroscopy, and shown that fast and sensitive 

recording of NMR data for intrinsically disordered proteins is possible. The Fe(DO3A) 

complex offers significant advantages, by lowering the concentration of paramagnetic 

agent necessary for speeding up and increasing the sensitivity of 1H NMR experiments, as 
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well as enabling accelerated proton-less NMR spectroscopy of IDPs. Fe(DO3A) did not 

induce any observable spectral changes or line broadening in the desired concentration 

range. Fe(DO3A) was observed to be accessible to the entire polypeptide sequence of the 

intrinsically disordered protein α-synuclein. Although interactions with charged side 

chains have been reported for a DO3A-lanthanide complex (Aime et al., 2002), the present 

data show that Fe(DO3A) results in uniform paramagnetic contributions for a model IDP. 

Since α-synuclein consists of a charged N-terminal domain, a central hydrophobic domain 

and a very acidic C-terminal domain, our results suggest that Fe(DO3A) can be generally 

employed to speed up NMR spectroscopy of IDPs, irrespective of their charge signature 
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Figure S1. 2D CACO spectra of [13C,15N,2H] α-synuclein in the absence (A) and in the presence (B) 

of 20 mM Fe(DO3A) 
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Figure S2. 2D N-CO projections from 3D CANCO spectra in the absence (A) and in the presence of 

20 mM Fe(DO3A) (B). No significant line broadening was observed in these spectra.  

 

Material and Methods 

 

Paramagnetic agent Fe(DO3A) 

1,4,7-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane (H3DO3A) was prepared 

according to the method described by Huskens (Huskens et al., 1997). Tri-tert-butyl 
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2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (0.5 g, 0.97 mmol)  was 

dissolved in 16 mL of 20% HCl and refluxed for 1 day. HCl was removed under reduced 

pressure, to yield a white solid. Absolute ethanol (8 mL) and diethylether (2 mL) were 

added, and the white precipitate was filtered over a glass of filter, washed with an ethanol-

ether (1:1) mixture (3.5 mL) and with diethylether (3 x 3.5 mL), and then dried in a stream 

of dry nitrogen gas to yield 0.35 g (80%) of a white solid. 

 

The complex Fe(DO3A) was synthesized based on the procedure described by Chang et al, 

1993 (C. A. Chang, 1993). Fe(OH)3 (1 mmol) was prepared by reacting (0.268 g , 1 mmol) 

FeCl3 and H2O with (0.125 g, 3.1mmol) NaOH. Fe(OH)3 was then reacted with 0.35 g (1 

mmol) of H3DO3A in water. The resulting suspension was stirred and heated at 90 OC for 1 

h. The resulting clear yellow solution was evaporated under reduced pressure to give a 

yellow-green solid. The compound was crystallized by dissolving the solid in 18 mL 

boiling ethanol containing 1% water and cooling the solution slowly to 0 OC. The yellow 

crystals were collected, washed with 2.5 mL ethanol and subsequently 2.5 mL acetone. 

The sample was checked using elemental analysis procedure. Anal. Cal. for C14H23FeN4O6: 

C 40.79, H 5.98 N 13.59. Found C 40.56,  H 5.78,  N 13.56 

 

[13C, 15N] αααα-synuclein. 

The chemically synthesized gene of α-synuclein was cloned into a pET25b vector, and the 

protein was overexpressed in E.coli BL21 (DE3). Cells were grown in M9 minimal 

medium containing 13C-glucose and 15NH4Cl at 37°C with 100 µg/mL ampicillin and the 

expression was induced using 1 mM IPTG (isopropyl-thiogalactoside) at an OD600 ~0.6. 

Cells continued growing for 4 h until they reached their plateau (OD600 ~0.8-0.9).  

 

To purify [13C,15N] α-synuclein, cell pellets were resuspended in 100 mL buffer containing 

50 mM Tris-HCl pH 8, 0.1 mM DTT, 5 mM EDTA, 1 mM PMSF and lysozyme (2 mg/1g 

of bacterial cells). The suspension was incubated for 15 min and sonicated. After 

sonication, the cells were centrifuged (20,000 rpm, 30 min and 4°C) and streptomycin was 

added to the cell lysate slowly up to 5 %(w/w) at low temperature. The suspension was 

centrifuged (20,000 rpm, 30 min and 4°C) and the supernatant was heated at 80 °C for 20 
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min. During the heating process, most of the proteins were precipitated and α-synuclein, 

which was in the supernatant, was separated by centrifugation (20,000 rpm, 30 min and 

4°C). The proteins in the supernatant was precipitated using 70% (NH4)2SO4. The 

precipitated proteins were separated from the supernatant by centrifugation  (20,000 rpm, 

30 min and 4°C). The pellet was dissolved in 20 mL buffer  (50 mM Tris-Cl pH 7.2, 1mM 

PMSF, 2 mM EDTA) and the solution was desalted using a NAP-20 column. The protein 

was then purified using anion exchange (Q-trap column) followed by gel filtration. The 

purity of [13C,15N] α-synuclein was confirmed using 12.5% SDS-PAGE. 

 

The solvent of the sample was exchanged with 20 mM phosphate buffer pH 7.4 containing 

100 mM NaCl and 0.02% azide. NMR samples contained 0.2 mM  [13C, 15N] α-synuclein, 

10% D2O and 0.15 mM DSS (2,2-dimethyl,2-silapentane,5-sulfonic acid) for chemical 

shift referencing. 

 

 

[13C, 15N, 2Hα] α−α] α−α] α−α] α−synuclein. 

 

To overexpress [13C, 15N, 2Hα] α-synuclein, cells were grown in M9 minimal medium 

containing 13C-glucose and 15NH4Cl at 37°C and ~100% D2O. The expression was induced 

using 1mM IPTG (isopropyl-thiogalactoside) at an OD600 ~0.6. Cells continued growing 

for 4 h until they reached their plateau (OD600 ~0.7-0.8).  

 

Purification of [13C, 15N, 2Hα] α-synuclein followed the same procedure as that followed 

for [13C,15N] α-synuclein. 

 
1H T1 relaxation 

1H T1 relaxation was measured in samples containing 0, 5, and 8 mM Fe(DO3A) using 

proton saturation recovery, detected with a standard sensitivity-enhanced 2D 1H-15N 

HSQC pulse sequence (Kay et al., 1992). Proton saturation was achieved using a train of 

300 120o proton pulses. All spectra were recorded with 24 scans per increment and with 

160 increments in the indirect domain. Spectral widths of 8000 Hz and 1650 Hz were 
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employed in F2 (1H) and F1 (15N) respectively. The experiment was performed on a Varian 

Unity INOVA 600 MHz spectrometer equipped with a z-field-gradient probe at 293 K. 

 

2D CACO IPAP experiments 

The experiments were carried out using a Bruker 950 MHz spectrometer equipped with a 

triple-resonance TCI cryogenic probe with a z-axis gradient coil. The spectra were 

acquired using 33 (13Cα) x 512 (13CO) complex points, with maximum evolution times of 

4.5 and 54.8 ms, respectively. The carrier position was placed at 56 ppm in the 13Cα 

domain and 174.7 ppm in the 13CO domain. Interscan delays of 1, 2, 3, 4, and 5 s were 

used for recording the 2D CACO IPAP experiments of pure [13C, 15N, 2Hα] α-synuclein. 

Interscan delays of 1, 1.5, 2, 2.5, 3, 4, and 5 s were used for recording these spectra in the 

presence of 20 mM Fe(DO3A). 

 

3D CANCO IPAP experiment 

The experiments were performed using the same spectrometer as that for 2D CACO 

experiments. The spectra were acquired using 22 (13Cα) x 38 (15N) x 512 (13CO) complex 

points with maximum evolution times of 3.08, 11.29 and 54.8 ms, respectively. The carrier 

position was placed at 56.6 ppm in the 13Cα domain, 119 ppm in the 15N domain and 174.7 

ppm in the 13CO domain. An interscan delay of 2 s and 16 scans per FID were used, giving 

a total experimental time of about 33 hours. 

 

Data processing and analysis.  

The spectra were processed using NMRPipe4 and analysed using SPARKY5. Relaxation 

data were analyzed using Mathematica (Wolfram Inc). 

 

Theoretical background 

The longitudinal and transverse relaxation rates in the presence of a paramagnetic agent 

can be expressed as: 

R1 = R1d + c.r1    (1) 

 

R2 = R2d + c.r2
                     (2) 
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where R1d and R2d are the longitudunal and transverese relaxation rate in the absence of 

paramagnetic agent, respectively, c is the concentration of the  

paramagnetic agent in mM, and the relaxivities r1 and r2 are defined as the experimental 

paramagnetic relaxation induced by 1 mM of the compound 6. 

 

In the derivation by Peters (Peters et al., 1996): 
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S is the electron spin quantum number of the paramagnetic ion, γI is the magnetogyric ratio 

of nucleus I, g is the electronic g factor, β is the Bohr magneton, ωI and ωS are the Larmor 

frequencies of the nucleus I and electron S, respectively, and r is the distance between the 

electron and nuclear spin. When the complex is long-lived compared to molecular 

reorientation, the effective longitudinal (τc1) and transverse (τc2) nuclear correlation times 

are determined by the rotational correlation time (τr) of the nucleus-electron vector and the 

electron relaxation times (T1e, resp. T2e) of the paramagnetic species, as follows: 

 

1

τ c1

=
1

τ r

+
1

T1e

   (5) 

1

τ c2

=
1

τ r

+
1

T2e

    (6) 

 

If the electronic relaxation times T1e, T2e, τr (Ni2+, low spin Fe3+, high spin Fe3+; τr for IDPs 

is about 1 ns), the effective correlation times become dominated by the electronic 

relaxation times (i.e., τc1 ≈ T1e and τc2 ≈ T2e). Assuming T1e ≈ T2e and, in addition, ωIτc  « 1 

and ωSτc >> 1, the longitudinal and transverse paramagnetic relaxation enhancements will 

become equal 
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Based on Eq.7, R1p is proportional to the electronic relaxation time T1e. Therefore, a very 

short T1e, leads to a very low R1p. In this situation, to gain more PRE (R1p), a higher 

concentration of paramagnetic agent is needed (see Eq 1). In the case of high-spin Fe3+, the 

electronic relaxation time is longer than that of Ni2+ (see Table S1 below), but still shorter 

than τr . This condition results in higher PRE with negligible line broadening.  

 
Table S1. Electronic relaxation times for several metal ions (Bertini et al., 2001). 

 

Metal ions Electronic relaxation times (T1e) 

(ps) 

Low spin Fe3+  

Ni2+ 

High spin Fe3+ 

Gd3+, Mn2+, Cu2+ 

~1 

~10 

~100 

~1000-3000 

 

 

If the electronic relaxation time (T1e,T2e)˂  τr (Gd3+, Mn2+, Cu2+), then the effective 

correlation times become dominated by the rotational correlation times of the nucleus-

electron vector (i.e., τc1 ≈ τr and τc2 ≈ τr). Assuming T1e ≈ T2e and ωSτc >> 1, the 

longitudinal and transverse paramagnetic relaxation enhancements become  
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In this situation, R2p >> R1p, and the addition of such a paramagnetic agent leads to 

significant line broadening.  
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Summary and Future Perspectives  

Solution state NMR spectroscopy is the most powerful technique to study folded and 

unfolded proteins in atomic details. Through the utilization of this technique, we can 

obtain comprehensive information involving structures, dynamics, electrostatic 

interactions, and protein-protein interactions, which are very essential for comprehensive 

understanding of many biological mechanisms at atomic details. Tremendous and rapid 

developments in NMR methodologies push the size limit to study folded proteins, 

accelerate the protein NMR measurement, and overcome the challenging problem to 

assign the highly overlapping signals of the intrinsically disordered proteins (IDPs).  

In this dissertation, we studied both the electrostatic interactions of folded protein, 

photoactive yellow protein (PYP), and conformation detail of soluble unfolded amyloid-β 

peptides. We also developed the NMR methodologies: (i) a new approach to determine 

Tyr sidechain pKa value in folded protein (ii) a simple and tunable way to speed up NMR 

measurement of intrinsically disordered proteins using solvent paramagnetic relaxation 

enhancement (PRE).  

Comprehensive determination of side chain pKa values of PYP: method development 

and explanation of strong pH dependence of ground state recovery PYP  

We presented an NMR approach based on 2D Cγ-Hβ correlation spectroscopy to 

determine the pKa values of individual Tyr side chains in native PYP proteins with high 

sensitivity and resolution. This method provides a number of benefits over existing 

practices. First, it does not require mutagenesis to assign the NMR resonances; and 

secondly, it facilitates the complete and comprehensive analysis of electrostatic 

interactions of tyrosine side chain in proteins.  

For PYP from H. halophila, we successfully determined the pH-dependence of the 

protonation states of all individual Tyr side chains using 2D CG(CB)HB experiment. In 

PYP, three classes of tyrosines were observed based on their titration behavior: 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. This study also demonstrated that the short hydrogen bonds between Tyr-42 
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the p-coumaric acid (pCA) chromophore persists over the entire pH range where the 

protein is chemically and thermodynamically stable. Our results indicate that previous 

observation of pH-dependence changes in PYP photocycle kinetics cannot be caused by 

protonation state change in Tyr-42 in the ground state. This study implies that it is very 

unlikely that the pCA chromophore undergoes changes in its electrostatic interactions in 

the electronic ground state.  

We found that out and back HB(CB)CG pulse sequence did not provide better sensitivity 

for recording Cγ-Hβ spectrum of fully protonated PYP due to long and lossy 13C 

magnetization transfer step. However, the sensitivity of recording NMR measurement of 

Cγ-Hβ spectrum can be improved by performing partial deuteration. This method might be 

useful for determining the side chain pKa of higher molecular weight protein. Moreover, to 

achieve better sensitivity of much higher molecular weight protein, 2D 13C detection 

experiment of fully deuterated of protein can be utilized.  Indeed, using 13C detection 

experiment can consume longer experimental time since the sensitivity is proportional to 

γ3/2 of detected nuclei. Fortunately, the tremendous advances in technology, which allow 

the use of cryogenic probe and much higher magnetic field, enable to improve the 

sensitivity of the NMR spectra.  

We also performed comprehensive side chain pKa determination of PYP, particularly 

focus in the active site of PYP. This investigation aims at explaining strong pH 

dependence of ground state recovery PYP. We accomplished nearly complete 

assignments of backbone and side chain 1H, 13C and 15N resonance at pH 5.8 and 20 °C of 

PYP in its electronic ground (pG) state.  Using this assigned chemical shifts, we monitored 

the pH-dependence of all titratable chemical shifts in PYP using 2D and 3D heteronuclear 

NMR experiments. NMR spectroscopy has been established as the most reliable method to 

determine the protonation state of individual titrable groups in proteins. Several 2D NMR 

experiments have been developed to determine the individual side chain pKa for titrable 

groups such as His, Asp, Glu, Lys, Arg and Tyr, which have been explained in chapter 2. 

 

Our study demonstrated that none of the titratable group change their protonation state in 

the ground state. We showed that the side chain of Glu-46 and Tyr-42 form persistent 



166 

 

hydrogen bonds to the pCA chromophore over the entire pH range. This finding implies 

that those bonds have persistent geometry in that pH range. Hence, the pH-dependence of 

PYP in the photocycle can only be explained by pH-dependence changes in the pB state. 

  

Several studies suggest that the side chain of Arg-52 is protonated. However, neutron 

crystallography study shows that the side chain of Arg-52 is deprotonated. Our NMR data 

demonstrates that there is no change in the protonation state of Arg-52 in the pG state from 

pH 3.4 up to 11.2. We observe that the 15N chemical shift of Arg-52 guanidino group 

around 70 ppm, which would typically be interpreted that Arg-52 is protonated. However, 

previous study shows that the 15N chemical shifts of the terminal guanidine group depend 

strongly on the solvent chosen for measurements (Xiao and Braiman, 2005): a non polar 

environment leads to more shielding and hence a lower chemical shift. Hence, chemical 

shift data alone is not sufficient to enable for an unambiguous interpretation of the Arg-52 

protonation state. Using another technique such as FTIR might provide more information 

which supports one of the study. Moreover, comprehensive determination of side chain 

pKa in the active site of PYP Arg52Ala might also explain why the bell-shaped profile of 

pH dependence of kinetic recovery of this mutant is similar with the wild-type but the rate 

of kinetic recovery is different. To confirm the presence of Low-Barrier-Hydrogen-Bond 

(LBHB) between chromophore pCA and Glu-46 and Tyr-42, one can determine the pKa of 

chromophore pCA unambiguously by incorporating labeled (13C,1H) chromophore pCA 

into unlabeled PYP and monitor the chemical shift changes of carboxyl group as function 

of pH. Similar pKa between side chain of Glu-46 and chromophore pCA can prove the 

existence of LBHB in PYP active site. Monitoring chemical shift in the pB state will be 

important to explain which residues involved in the pH-dependence of photocycle kinetic 

and what the corresponding pKa they have. To achieve this goal, one need to set up NMR 

experiments which facilitate blue light irradiation upon measurement.  The results from 

this study also can be used to improve some parameters for theoretical calculation. One 

can use also the N-terminally truncated of PYP (Delta25-PYP) since it exhibits very 

similar photocycle as the corresponding wild-type PYP but the lifetime of pB state is much 

longer (Bernard et al., 2005) 
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Unstructured of soluble Amyloid β β β β dimers leading to different aggregation properties  

Non-fibrillar form of soluble amyloid-β (Aβ) is believed to play important role in 

Alzheimer’s disease (AD). The fact that soluble Aβ dimers are detected in the extract of 

Alzheimer’s human brains indicates that Aβ dimer may be the basic building block of AD 

associated with synaptotoxic species. Due to this reason, the information about the 

structural details and properties of Aβ dimers is very important to be explored in order to 

find clues to prevent, suppress, or even to cure Alzheimer`s disease.  

In chapter 4, we investigated the aggregation properties and conformation details of Aβ 

monomer and two Aβ dimers: [Aβ (M1-40)S26C]2,, which is Aβ (M1-40) containing Cys 

in place of Ser-26, providing disulfide cross-linked dimer; and [Aβ (M1-40)]tyr, which has 

a covalent dimerization at the side chain of Tyr-10. Our data showed that all three species 

of monomer and dimer Aβ (M1-40) aggregate at different rate and form different products. 

NMR results demonstrated that all three species of Aβ (M1-40) are fully unstructured and 

have little differences in structural propensities, which are correlated with their 

aggregation properties. Apparently, it may be sufficient to modulate structural propensities 

only slightly, thereby affect their aggregation properties and toxicity. 

For further study, comparison of LTP measurement result for every species of Aβ 

monomer and dimer is very important as it provides insight into their toxicity. Producing 

several Aβ dimers which have disulfide covalent bond in different position (e.g disulfide 

covalent bond in first beta sheet region or in second beta sheet region) and investigating 

their aggregation properties, toxicities and conformation details might give valuable 

information about Aβ conformation related to their toxicities and aggregation properties 

Studying aggregation properties and conformation details of Aβ(Μ1−42) and the dimeric 

form of Aβ(Μ1−42) is also deep interests because the amount of Aβ42 is higher in the 

brain of AD patients. Since Aβ42 aggregates more rapidly than Aβ40, therefore the fast 

and sensitive NMR measurement for these peptides become necessary. Rapid NMR 

measurement of this fast aggregating peptide can be accommodated using neutral 

paramagnetic agent Fe(DO3A).  
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Metal ion, which enter the body via many sources, including drinking water, from foods 

such as shellfish, nuts, red meat and many fruits and vegetables, and also food supplement. 

Metal ions are found to promote (Bush et al., 1994; Mantyh et al., 1993) or hinder 

amyloidosis (Miura et al., 2000; Raman et al., 2005; Yoshiike et al., 2001). However, the 

interaction between soluble low n-oligomer (especially Aβ dimer) and metal ion and how 

these metal ion can promote or hinder amyloidosis are still poorly understood. Studying 

the interaction between Aβ dimer and metal ions might provide valuable information 

related to the mechanism of amyloidosis.  

Several studies suggest that the presence of soluble low-n-oligomer Aβ species cause 

neuronal dysfunction and memory impairment in Alzheimer's disease rather than mature 

fibrils (Bucciantini et al., 2002; Walsh and Selkoe, 2007). Comprehensive information 

about aggregation processes in atomic details can be investigated by studying the 

aggregation and conformation details of more extended Aβ peptides (trimer, tetramer). The 

purpose of this study is to know what the most toxic of Aβ species are and their 

aggregation properties and conformation details  

Studying Aβ species as therapeutic target for Alzheimer’s disease offers significant contrib

ution for AD treatment. Previous study indicated that toxicity can be reduced by decreasin

g the amount of stable low-n-oligomer Aβ species. Therefore, such molecules which can a

ccelerate the polymerization, might be important to reduce the neurotoxicity. A recent stud

y demonstrated the acceleration of Aβ fibrillation through the action of orcein-related smal

l molecule O4 (2,8-bis-(2,4-dihydroxy-phenyl)-7-hydroxy-phenoxazin-3-one) which bind t

o the hydrophobic residue of Aβ peptides and suppressed inhibition of LTP (Bieschke et al

., 2012). However, it is still unclear whether this compound can promote the aggregation o

f Aβ peptides at nanomolar concentration in vivo.   Similar case was shown by conserved 

protein called MOAG/SERF, which can speed up the aggregation kinetics of amyloid fibril

lization (Falsone et al., 2012; van Ham et al., 2010). One important question is how this pr

otein interact with Aβ peptides and promote the aggregation. Furthermore, it also needs to 

be investigated whether the presence of MOAG/SERF can suppress the inhibition of LTP i

n vivo   
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Speed and sensitivity of NMR spectroscopy of intrinsically disordered proteins using 

solvent that paramagnetic relaxation enhancement  

 

For more than a decade, intrinsically disordered proteins (IDPs) have attracted great 

interests due to their significant abundance in eukaryotic proteomes, with over 40% of 

human proteins containing long disordered regions, or being completely lack of structure 

under physiological conditions. IDPs are also known to play important roles in cellular 

processes such as molecular recognition, transcription, and replication. Moreover, they are 

also found to be vital in the development of numerous human pathologies, such as 

neurodegenerative diseases, cardiovascular diseases, and cancers. 

 

NMR spectroscopy is the most suitable method to gain insight into the details of protein 

conformational disorder at atomic resolution. However, the NMR spectra of IDPs are 

highly crowded due to the inherently flexible nature of IDPs that composes of extensive 

conformational averaging, thus extremely reduces nuclear chemical shift dispersion. As 

consequences, spectral overlaps make the resonance assignment for these proteins become 

very challenging. To complete the unambiguous resonance assignment for unfolded 

proteins, high-dimensional spectra are needed, which require the sampling of the time 

evolution in every dimension. The acquisition of these spectra generally require very long 

recording time. It implies that excellent time-stability of the protein samples without 

aggregation should be achieved, which is a difficult requirement for IDPs.  Therefore, it is 

of great interest to speed up the NMR recording time for IDPs.  

 

In chapter 5, we demonstrated a fast and sensitive solution-state NMR data measurement 

for unfolded proteins using tunable extrinsic paramagnetic relaxation enhancement (PRE), 

Ni(DO2A). Due to the short electron-spin relaxation time of nickel (II), the neutral 

organometallic complex Ni(DO2A) was found to be particularly suitable for this goal. 

Addition of 30 mM of Ni(DO2A) caused the average proton relaxation rate for the 

intrinsically disordered protein α-synuclein to increase from 1.76 s-1 to 5.46 s-1 with 

negligible line broadenings or other changes to the NMR spectra.  
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By combining solvent PRE Ni(DO2A) and projection reconstruction techniques, we record 

a high-quality 3D HNCO spectra of α-synuclein as little as 15 minutes. Our data 

demonstrated 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. 

In chapter 6, as extension to our findings, we described an optimal paramagnetic relaxation 

agent for NMR spectroscopy of IDPs. We found the neutral high-spin iron chelate 

Fe(DO3A) can fulfil the criteria for biomolecular NMR applications involving intrinsically 

disordered proteins (IDPs). Rapid data acquisition is important for IDPs, as unfolded 

proteins are often prone to aggregation. We reported a five-fold acceleration for 1H 

detection NMR spectroscopy of intrinsically disordered human α-synuclein, using only 4 

mM Fe(DO3A) Furthermore, we obtained similar time savings for proton-less NMR 

spectroscopy of deuterated α-synuclein, employing 20 mM Fe(DO3A). These results 

demonstrate the robustness of the usage of PRE to speed up the NMR measurement times. 

Many IDPs, which involve in many important processes (e.g neurodegenerative diseases), 

are not stable in the high concentration and they can aggregate easily. Application of 

Fe(DO3A) or Ni(DO2A) to NMR measurement of  easily aggregating proteins or peptides 

will provide significant benefit on accelerating NMR recording time and increasing 

sensitivity enhancement. Co-solute PRE Fe(DO3A) or Ni(DO2A) offer simple and tunable 

way to improve the sensitivity and resolution of NMR spectroscopy. In addition, 

paramagnetic agent Fe(DO3A) and Ni(DO2A) are also can be applied to reduce the 

instrumental time of  5D NMR experiments of IDPs, which are useful to overcome the 

problem of assigning highly overlapping signals. As shown in chapter 6, one can combine 

solvent PRE with other methods (e.g projection reconstruction) to reduce the NMR 

instrumental time.   

Some biomolecules, such as unlabeled peptide, primary and secondary metabolite, and 

also natural products from plant or organisms, are extracted in very low yield. Depending 

on the size of the molecules, these paramagnetic agent offer an aid to improve the 

sensitivity and/or resolution of NMR measurement of those biomolecules by reducing T1 

relaxation of the excited nuclei. To get benefit on reducing T1 relaxation with negligible 
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line broadening, one should use paramagnetic agent which has electronic T1 relaxation 

shorter than rotational correlation time of the molecule. Moreover, in the presence of these 

paramagnetic agent one can also record 2D NMR experiment in shorter time to 

unambigously assign unlabeled peptide.  

NMR spectroscopy is also suitable technique to analyze metabolites quantitatively in 

biological samples. However, since T1 relaxation of every biomolecules varies a lot, 

therefore one need to apply long recycle delay between consecutive scans to make sure 

that all magnetizations of excited nuclei have returned back to equilibrium. These 

paramagnetic agents also can be applied for analyzing metabolites quantitatively using 

NMR spectroscopy. The choice of paramagnetic agent depend on the size of metabolites. 

For small molecules (few kDa), it is better to use Ni(DO2A) rather than Fe(DO3A) since 

the use of Fe(DO3A) only can create significant line broadening on the spectrum. 

This dissertation provides not only insight into protein properties at atomic details, which 

are related to their biological system, but also knowledge about NMR method 

development, which can be useful to be applied for many biological systems.  

Through the works done in this dissertation, we hope that this dissertation is not only 

beneficial for particular subjects but also can give valuable contribution for NMR 

community to develop NMR methodologies.  
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Abstract 

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

various biological functions, involving replicating DNA, catalyzing metabolic reaction, 

and transporting molecule from one location to another. The classical paradigm reveals 

that the specific function of proteins is determined by their unique and well-defined three-

dimensional (3D) structure. This paradigm is supported by the fact that more than 60 000 

high-resolution protein structures are stored in the Protein Data Bank (PDB), enables the 

interpretation of functions based on their structures. Therefore, getting information about 

the 3D structure of proteins is essential in order to understand their structure-function 

relationship. 

However, in the recent decade, several studies have shown shortcomings of the classical 

structure-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 and molecular recognition. 

Furthermore, these types of proteins are also involved in neurodegenerative diseases and 

cancer. Such proteins are called intrinsically disordered proteins (IDPs) or natively 

unfolded protein. 

Nuclear Magnetic Resonance (NMR) Spectroscopy is the most suitable technique to study 

folded and unfolded proteins in atomic details. Through the utilization of this technique, 

we can obtain comprehensive information involving structures, dynamics, electrostatic 

interactions, and protein-protein interactions, which are essential for a comprehensive 

understanding of biological mechanisms at atomic details.  

In this dissertation, we studied both the electrostatic interactions of a folded protein, 

photoactive yellow protein (PYP), and the conformational details of soluble unfolded 

amyloid-β peptides. We also developed two NMR methodologies: (i) a new approach to 

determine Tyr sidechain pKa values in folded proteins (ii) a simple and tunable way to 

speed up the NMR measurement of intrinsically disordered proteins using solvent 

paramagnetic relaxation enhancement (PRE).  

Chapter 1 describes the characteristics of folded and unfolded proteins. This chapter 

shows a general overview of NMR studies of folded and unfolded proteins. 



174 

 

Multidimensional NMR spectroscopy provides detailed insight about structure, dynamics 

and kinetic, electrostatic, and molecular interactions between a protein and its partner. 

Hence, the atomic-resolution experimental data from NMR can provide a complete picture 

of the behavior of a protein and contribute to the understanding of many biological 

mechanisms in living organisms. This chapter addresses the rapid development in NMR 

methodologies, which push the size limit to study folded proteins, accelerate protein NMR 

measurements, and how to overcome the challenging problem to assign the highly 

overlapping signals of the intrinsically disordered proteins (IDPs). 

 In Chapter 2, a novel strategy is presented for the comprehensive determination of Tyr 

side-chain pKa constants for photoactive yellow protein (PYP). The utility of non-

protonated 13Cγ resonances in sensitive and well-resolved 2D spectra is very important, as 

recording of the chemical shifts for other ring-system nuclei was hampered by spectral 

congestion and line broadening due to ring flips. Depending on the position of the phenolic 

side-chain in the protein, we found three types of Tyr residues in PYP, which demonstrates 

very different pKa values: solvent exposed (Tyr-76 and Tyr-98; pKa ~10), buried in the 

hydrophobic environment (Tyr-118; pKa ~12) and hydrogen bonded (Tyr-42 and Tyr-94; 

pKa > 13). 

In Chapter 3 it is described that during every step in its photocycle, PYP undergoes 

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

ground-state recovery of PYP exhibits a bell-shaped profile with a maximum around pH 8. 

However, the underlying electrostatic interactions are still debated: It has been suggested 

that pH-dependent (de)protonation events in the electronic ground state form (pG) of PYP 

active site are responsible for the recovery profile, or alternatively, from protonation 

equilibria in the long-lived photo-excited intermediate (pB).  

In this chapter, the nearly complete assignment of 1H, 13C and 15N resonances for PYP 

using 2D and 3D NMR experiments is described. Using this assignment, chemical shift 

changes of all titratable groups were monitored to determine the pKa values of side-chain 

residues in PYP. In particular, we focused on electrostatic interaction in the active site to 

study the pH-dependent photocycle kinetics of PYP. Our data showed that Glu-46 stays 

protonated from pH 3.4 - 11.4. This result is consistent with the observation that the 

hydrogen-bond between Glu-46 and pCA is present in that same pH range. Our study also 
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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 soluble Aβ dimers. These have been detected in extracts of 

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

Alzheimer Disease-related synaptotoxic species.  

In this chapter, the aggregation properties and structural differences of three different 

Aβ species were studied using solution-state NMR spectroscopy: 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 at the side chain of Tyr-10, named [Aβ (M1-40)]tyr). Nearly complete assignment of 

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

obtained. Our data demonstrate that the three Aβ (M1-40) species are fully disordered and 

show little difference in structural propensities, although they display strongly variable 

aggregation properties and fiber morphology. This study suggests that it might be 

sufficient to only slightly modulate the structural propensities of the Aβ (Μ1−40) to affect 

their aggregation properties and toxicity. 

In chapter 5, it is explained 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 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 developed a methodology to speed up NMR experimental time and increase the 

sensitivity for 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 
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proteins. Furthermore, by combination of solvent PRE and projection-reconstruction 

techniques, a high quality 3D HNCO spectrum could 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) being water-soluble (ii) effective at low 

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

reducing protein T1 spin relaxation significantly without contributing to line broadening. 

Fe(DO3A) can accelerate proton-excited NMR spectroscopy of IDPs about four-fold better 

than Ni(DO2A), with negligible line broadening. This paramagnetic agent could also 

effectively increase the speed of recording of protonless NMR experiments for 

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

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

aggregating peptides using solution-state NMR. 
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Samenvatting 

 

Eiwitten als biomoleculen zijn alomtegenwoordig in elk levend organisme en voeren 

verschillende biologische functies uit, onder andere het repliceren van DNA, 

katalyseren van metabolische reacties en het transport van moleculen van de ene 

locatie naar de andere. Het klassieke paradigma onthult dat de specifieke functie van 

eiwitten wordt bepaald door hun unieke en goed gedefinieerde driedimensionale 

(3D-)structuur. Dit paradigma wordt ondersteund door het feit dat meer dan 60 000 

hoge-resolutie eiwitstructuren opgeslagen zijn in de Protein Data Bank (PDB), wat 

interpretatie van functies op basis van hun structuren mogelijk maakt. Daarom is het 

verkrijgen van informatie over de 3D-structuur van eiwitten essentieel om de 

structuur-functie relatie van eiwitten te begrijpen. 

 

In de afgelopen tien jaar hebben verscheidene studies tegenstrijdigheden tussen de 

klassieke structuur en het functie paradigma. Veel eiwitten missen een geordende 

3D-structuur onder fysiologische omstandigheden, maar ze nemen deel aan veel 

belangrijke processen zoals transcriptie, translatie, post-translationele modificatie of 

moleculaire herkenning. Bovendien zijn dit soort eiwitten betrokken bij 

neurodegeneratieve ziekten en kanker. Dergelijke eiwitten zijn intrinsiek 

ongestructureerde eiwitten, ook wel ‘intrinsically disordered proteins’ (IDPs) 

genaamd. 

 

Kernspinresonantie of Nuclear Magnetic Resonance (NMR) spectroscopie is de 

meest geschikte techniek om gevouwen en ongestructureerde eiwitten te bestuderen 

in atomair detail. Door gebruik te maken van deze techniek kunnen we uitvoerige 

informatie verkrijgen op atomair niveau betreffende structuren, dynamica, 

elektrostatische interacties en eiwit-eiwit interacties, welke essentieel zijn voor ons 

begrip van vele biologische processen. 
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In dit proefschrift bestuderen we zowel de elektrostatische interacties van het 

gevouwen fotoactief geel eiwit (PYP) – in het Engels Photoactive Yellow Protein – 

alsook structurele details van oplosbare ongestructureerde beta-amyloïdeiwitten. We 

ontwikkelden ook NMR methoden: (i) een nieuwe aanpak om van een gevouwen 

eiwit de pKa waarden van Tyr zijketens te bepalen, en (ii) een eenvoudige en 

flexibele manier om NMR metingen van intrinsiek ongestructureerde eiwitten te 

versnellen met behulp van ‘paramagnetic relaxation enhancement’. Dit laatste houdt 

in dat oplosbare paramagnetische metaalionen aan het opgeloste eiwit toegevoegd 

worden om haar relaxatie te verhogen, waardoor de tijd tussen NMR scans verkort 

kan worden.  

 

 

Hoofdstuk 1 beschrijft de kenmerken van gevouwen en ongestructureerde eiwitten 

en geeft een algemeen overzicht van NMR studies van deze eiwitten. 

Multidimensionale NMR spectroscopie biedt gedetailleerd inzicht in de structuur, 

dynamiek en kinetische, elektrostatische en moleculaire interacties tussen een eiwit 

en haar partner. Vandaar dat atomaire-resolutie experimentele gegevens van NMR 

een compleet beeld van het gedrag van eiwitten kunnen opleveren en bijdragen aan 

het begrip van vele biologische processen in levende organismen. Dit hoofdstuk 

behandelt de snelle ontwikkeling in de NMR methodiek, welke ervoor zorgen dat 

groottelimiet van te bestuderen gevouwen eiwitten verlegd wordt, dat de NMR-

metinging versnelt worden, en dat de problematiek van sterk overlappende signalen 

voor IDPs overwonnen kan worden. 

 

In hoofdstuk 2 wordt een nieuwe strategie gepresenteerd voor de volledige bepaling 

van pKa constanten voor Tyr zijketens van PYP. De niet-geprotoneerde 13Cγ 

resonanties in gevoelige en goedopgeloste 2D spectra zijn erg belangrijk, want de 

registratie van de chemische verschuivingen voor andere kernen in de ring-systemen 

werd verhinderd door spectrale overlap en lijnverbreding door ‘ring flips’. 

Gebaseerd op de positie van de fenolische zijketen in het eiwit werden er drie 

soorten tyrosine residuen gevonden in PYP, welke alle drie een verschillende pKa 
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hebben. Aan oplossing blootgestelde residuen (Tyr-76 en Tyr-98) hebben een pKa 

van rond de 10, tyrosine begraven in de hydrofobe omgeving (Tyr-118) heeft een 

pKa van 12 en de waterstofgebonden residuen (Tyr-42 en Tyr-94) hebben een 

waarde van boven de 13. 

 

In hoofdstuk 3 beschrijven we dat tijdens elke stap in zijn fotocyclus, PYP een 

structurele verandering ondergaat en de snelheid van deze gebeurtenissen tonen een 

sterke pH-afhankelijkheid. Het terugvallen van PYP naar de grondtoestand vertoont 

een klokvormig profiel met een maximum rond pH 8 (Genick et al., 1997). Echter, 

de onderliggende elektrostatische interacties staan nog steeds ter discussie: Er wordt 

enerzijds gesuggereerd dat bovenstaand profiel voortvloeit uit pH-afhankelijke 

(de)protoneringen in de elektronische grondtoestand (pG) van het actieve centrum 

van PYP, terwijl anderen suggereren dat dit te wijten is aan 

protoneringsevenwichten in het langlevende foto-geëxciteerde tussenproduct (pB).  

 

In dit hoofdstuk beschrijven we de bijna volledige toekenning voor PYP van 1H, 13C 

en 15N resonanties, gedaan met behulp van 2D- en 3D-NMR experimenten. Gebruik 

makende van deze toekenning worden veranderingen in de chemische verschuiving 

van alle titreerbare groepen gevolgd om de pKa waarden van deze zijketens te 

bepalen. In het bijzonder richten we ons op de elektrostatische interacties in het 

actieve centrum om de pH-afhankelijkheid van de kinetiek van de fotocyclus van 

PYP te bestuderen. Onze gegevens toonden aan dat Glu-46 geprotoneerd blijft van 

pH 3,4 tot 11,4. Dit resultaat is consistent met de waarneming dat de waterstofbrug 

tussen Glu-46 en pCA aanwezig is in hetzelfde pH-gebied. Onze studie liet ook zien 

dat de protonatietoestand van Arg-52 niet verandert. Samen demonstreren deze 

bevindingen dat in de pG-vorm van PYP geen van de titreerbare groepen in het 

actieve centrum protonen opneemt of afstaat, met als gevolg dat de pH-

afhankelijkheid zijn oorsprong heeft in de electronisch aangeslagen toestand. 

 

In hoofdstuk 4 bespreken we oplosbare Aβ dimeren. Deze zijn waargenomen in het 

extract van hersenen van mensen waarbij Alzheimer geconstateerd was. Dit 
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impliceert dat Aβ dimeren een belangrijke bouwstof vormen voor moleculen die 

toxisch zijn voor synapsen (O'Nuallain et al., 2010).  

In dit hoofdstuk bestuderen we de aggregatie-eigenschappen en structurele 

verschillen met behulp van NMR spectroscopie van drie verschillende Aβ soorten, 

namelijk het Aβ monomeer [M1( 1-40 )] en twee Aβ dimeren waarin een chemische 

veranderingen is aangebracht in [M1(1-40)], te weten [Aβ (M1-40)S26C]2, waarin 

Ser-26 door een cysteine vervangen is, waardoor er een zwavelbrug in het dimeer 

gevormd kan worden en [Aβ (M1-40)]tyr waarin de zijketens van Tyr-10 (M1-40) 

verbonden zijn door een covalente binding. We verkregen de bijna volledige 

toekenning van resonanties van de hoofdketens van Aβ [M1(1-40)], [Aβ (M1-

40)S26C]2, en [Aβ (M1-40)]tyr. Onze gegevens tonen aan dat de drie Aβ (M1-40) 

soorten volledig ongestructureerd zijn en laten geringe verschillen in neiging tot 

secundaire struktuur (structurele propensiteit) zien, hoewel ze sterk variabele 

aggregatieeigenschappen vertonen. Deze studie suggereert dat wanneer de 

structurele propensiteit van Aβ (M1-40) licht gemoduleerd is, dit gevolgen heeft 

voor eigenschappen als aggregatietoestand en toxiciteit. 

 

In hoofdstuk 5 leggen we uit dat NMR spectroscopie de meest geschikte techniek is 

om inzicht te krijgen in de details van ongestructureerde eiwitconformaties op 

atomair niveau. Om een eenduidige resonantietoekenning voor ongestructureerde 

eiwitten te verkrijgen zijn meerdimensionale spectra vereist, waar in verschillende 

dimensies evolutie van chemische verschuiving gevolgd wordt. Helaas vereisen 

zulke spectra langdurige opnametijd, welke een uitstekende tijdsstabiliteit van het 

eiwitmonster verlangt waarin geen aggregatie mag optreden; een eis die niet altijd 

vervuld wordt door IDPs. 

We ontwikkelden een methode waarin de snelheid van NMR en de gevoeligheid 

voor IDPs verhoogd wordt. Ddit wordt bereikt met behulp van ‘paramagnetic 

relaxation enhancement’ (PRE). We vonden dat het oplosbare neutrale 

paramagnetische molecuul Ni(DO2A) toegang heeft tot de gehele wanordelijke 

eiwitketen, wat een belangrijk voordeel oplevert ten opzichte van de toepassing 

ervan op gevouwen eiwitten. Verder, door de combinatie van PRE en projectie-
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reconstructietechnieken kan een kwalitatief hoogwaardig 3D HNCO spectrum 

worden opgenomen in slechts 15 minuten. 

 

In opvolging van hoofdstuk 5 beschrijft hoofdstuk 6 de verklaring achter het 

identificeren van een optimaal paramagnetisch molecule voor het verbeteren van 

NMR spectroscopie toegepast op IDPs. We vonden dat het neutrale ‘high spin’ 

ijzerchelaat Fe(DO3A) geschikt is voor dit doel, want het voldoet aan de volgende 

criteria: (i) wateroplosbaar (ii) effectief bij lage concentratie (iii) bindt niet specifiek 

of sterk aan aminozuren (iv) verlaagd de T1 spinrelaxatietijd significant zonder bij te 

dragen aan lijnverbreding. We hebben aangetoond dat wanneer Fe(DO3A) 

toegevoegd wordt aan IDPs dit protongebaseerde NMR spectroscopie kan versnellen 

met ongeveer een factor vier vergeleken met Ni(DO2A), dit met verwaarloosbare 

lijnverbreding. Het paramagnetische molecuul kan, in gematigde concentratie, ook 

de NMR opnamesnelheid van koolstofgebaseerde ('proton-less') experimenten 

verhogen, zoals gedemonstreerd aan de hand van gedeutereerd α-synucleïne. Het 

zeer prangende probleem van snelle eiwitaggregatie kon overwonnen worden door 

gebruik te maken van Fe(DO3A). 
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