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Abstract 
 

Intrinsically Disordered Proteins (IDPs) are flexible proteins that challenge 

structural biology due to the fact that they cannot be studied with the standard 

methods developed to characterize well-folded proteins. In the last decades, the 

discovery of their widespread presence and involvement in many biological 

functions, despite their deviation from the structure-function paradigm, has 

pushed the scientific community towards a growing acceptance of the 

importance of IDPs and to the development of new tools for studying their 

structure, dynamics and functions. In this context, Nuclear Magnetic Resonance 

(NMR) spectroscopy plays the leading role of most suitable technique to 

characterize IDPs. 

In this doctoral thesis, my contribution to the advancement of NMR 

spectroscopy, achieved by developing new experiments to study IDPs, is 

described. The new methods enable the characterization of structural disorder 

and allow to address topics of general interest such as the study of protein 

linkers and low-complexity regions, two areas of high biological relevance for 

which only very limited atomic resolution information is available so far. 

The methodological progress in NMR and the findings on the studied IDPs 

reported here give a contribution to the discovery of new roles for structural 

disorder and prompt towards an unified understanding of structure-dynamics-

disorder/function relationships. 

Keywords 
 

Intrinsically Disordered Proteins · Nuclear Magnetic Resonance · 13C detection · 

Non-Uniform Sampling · Longitudinal Relaxation Enhancement · α-synuclein · 

CREB Binding Protein · Androgen Receptor 
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Aim of the thesis and summary 
of the project 
 

The recent birth of the Protein Ensemble Database (PED)1 (Varadi et al., 2014), in 

which experimental data and calculated structure ensembles can be deposited, 

shows the increasing awareness of the importance of focusing on the high-

resolution investigation of Intrinsically Disordered Proteins (IDPs). Indeed, with 

respect to the large variety of studies on globular and well-folded proteins, the 

investigation and characterization of structural disorder are still at their early 

stages. Only a limited amount of high-resolution structural and dynamic 

information is available on highly flexible disordered systems. The molecular 

basis of the mechanisms through which IDPs perform their biological functions 

are still largely unknown. 

The aim of this thesis has been to contribute to this exciting area of research by 

developing a suite of new NMR experiments to allow fast and efficient study of 

highly flexible IDPs. The new methods, besides making the experimental 

characterization of IDPs easier and more accurate, aim to open new investigation 

avenues for researches that would not have been possible otherwise. They 

enable the structural and dynamic investigations at high-resolution of large and 

heterogeneous IDPs and allow focusing on general themes of high biological 

importance that have not been addressed so far. 

Functional studies of IDPs have illustrated the broad impact of disorder on many 

areas of cellular biology, ranging from signaling processes to transcriptional and 

regulation mechanisms. However, malfunctioning of IDPs is also known to play 

key roles in many neurodegenerative diseases, thus giving biomedical relevance 

to this field of study. 

                                                           
1
 http://pedb.vib.be/ 
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Among the many open questions in the field of IDPs, I have specifically addressed 

through the new methods the study of the roles of flexible protein linkers and of 

the so-called “low-complexity regions” in large proteins. These two general 

themes have been studied by focusing on two selected examples of high 

biomedical relevance, i.e. the disordered regions of the CREB Binding Protein and 

the N-terminal domain of the Androgen Receptor. The results highlight new roles 

for protein function, strongly related to the highly heterogeneous structural and 

dynamic properties of the proteins.  

After an introductory chapter on IDPs and NMR, the results obtained during my 

doctoral studies along these two specific lines of research are described in the 

context of the scientific literature. In chapter 2, after reviewing the available 

methodologies and carefully investigating how to optimize the NMR parameters 

to study IDPs, the appropriate approaches to improve the NMR methodology for 

the study of IDPs are described; the experimental design and the assignment 

strategy tailored to characterize highly disordered systems are illustrated. In 

chapter 3, the thorough characterization of the studied linkers and low-

complexity regions, achieved thanks to the developed methods, is presented; the 

findings on the two topics of general interest that have been addressed open 

new perspectives for the general understanding of how the highly 

heterogeneous structural and dynamic properties of proteins influence their 

function, in a much broader and more sophisticated way with respect to what is 

known so far. The scientific publications and review articles, presenting the 

results obtained in a more extended manner, are provided in the Appendix.  



 
 

Chapter 1 

Introduction 
 

Structural biology is the study of the structure and function of biomolecules in 

order to understand their relationship. At its basis there is the structure-function 

paradigm, which explains that the three-dimensional structure of a molecule 

determines and influences its function. For example, the folding of a polypeptide 

allows specific residues to be spatially close as to provide local and specific 

properties to the molecule. This concept was derived from early studies 

examining the specificity of enzymes and the structures of folded proteins 

determined primarily via crystal X-ray diffraction. However, this picture is not 

complete, as structural disorder has been identified to play a role of equal 

importance in determining the properties of a molecule. 

With the recent discovery of structural disorder, structural biology is now asked 

new questions whose answers go beyond the structure-function paradigm 

(Figure 1.1). It was discovered that molten globules and disordered protein 

states can exploit their high flexibility to perform specific biological functions 

which can have also peculiar origins, like disorder-to-order transitions or form 

fuzzy complexes, or to enable interactions with multiple partners when highly 

specific and low-affinity interactions are required for reversible binding (Uversky 

et al., 2000; Demchenko, 2001; Uversky, 2002a; Dyson et al., 2002; Dyson et al., 

2005; Habchi et al., 2014; van der Lee et al., 2014; Tompa et al., 2014). 
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Figure 1.1 Folded proteins/domains and intrinsically disordered proteins/regions represent the 
two opposite extreme cases of three-dimensional organization of proteins. The interplay 
between structure and disorder increases the functional versatility of proteins through the so-
called continuum model of protein structure, schematically shown in the bottom of the figure. 
The color gradient represents a continuum of conformational states ranging from compact, 
globular, folded states (blue) to dynamic, flexible and disordered conformational ensembles 
(green). As highlighted, the established structure-function paradigm depicts only a portion of the 
possible protein functions. Therefore, understanding how nature exploits structure and disorder 
will be crucial for uncovering the full extent of protein functions. 

 

Classical biochemical methods to isolate and purify proteins are strongly biased 

towards the production and characterization of folded and active proteins. 

Indeed, standard preparation methods calls for the isolation and homogenization 

of plant or animal tissues, which are then assayed for the activity of interest 

before the active protein is purified. This methodology highly favors isolation of 

folded proteins, as during homogenate formation release of proteases results in 

the degradation of disordered proteins, which are much more sensitive than 

folded proteins in these conditions. Thanks to recent advances in bioinformatics, 

scientists have now access to a vast library of gene sequences, which can be 
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exploited using recombinant technology to express and purify disordered 

proteins. The study of these particular proteins, the so-called Intrinsically 

Disordered Proteins (IDPs), is the subject of this doctoral thesis. 

1.1 Intrinsically Disordered Proteins 

IDPs are a peculiar class of proteins characterized by the absence of a single and 

stable tridimensional structure in the physiological state. In solution these 

proteins possess multiple conformations separated by low energy barriers, 

therefore their structure constantly interconverts between different states 

(Tompa, 2005; Uversky et al., 2010). Their discovery was a breakthrough in the 

structural biology field as it opened new avenues to the comprehension of their 

physiological relevance in mechanisms at the basis of fundamental biological 

processes (Xie et al., 2007; Vucetic et al., 2007; Uversky, 2011a; Uversky, 2013; 

Wright et al., 2015). In fact, the high flexibility of IDPs allows them to perform a 

multitude of functions in the cell, which range from gene regulation to signaling 

processes (Wright et al., 1999; Iakoucheva et al., 2002; Tompa, 2002; Iakoucheva 

et al., 2004); structural disorder provides a unique tool to modulate and fine-

tune highly-specific interactions. The lack of a stable tertiary structure exposes 

the protein backbone so that Short Linear Motifs (SLiMs) are allowed to interact 

with different partners (Fuxreiter et al., 2007; Van Roey et al., 2014) and Post-

Translational Modifications (PTMs) sites become accessible for reaction (Lu et al., 

2002; Theillet et al., 2012); transient local structural elements and pre-structured 

motifs (PreSMos) act as specificity determinants for recognition by target 

proteins (Fuxreiter et al., 2004; Lee et al., 2012; Lee et al., 2014); highly-specific 

and interacting-prone disordered regions called Molecular Recognition Features 

(MoRFs) (Vacic et al., 2007) fold upon binding and exploit disorder-to-order 

transitions to provide new functions to the protein. Although IDPs are involved in 

many physiological pathways, they are also found to have direct implications in 

several diseases and pathologies involving amyloid formation, like Alzheimer, or 
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different types of cancers (Masters et al., 1985; Bellotti et al., 1999; Iakoucheva 

et al., 2002; Dev et al., 2003; Uversky et al., 2008; Uversky, 2011b). This makes 

this class of proteins absolutely worth studying. 

IDPs are quite abundant in living organisms. Bioinformatics studies predict that 

IDPs and Intrinsically Disordered Regions (IDRs) longer than 30 residues 

constitute about 30% of the eukaryotic genomes and that this number increases 

with the complexity of an organism (Dunker et al., 2000; Dunker et al., 2002; 

Uversky, 2002b; Ward et al., 2004). Such studies identify IDPs by targeting 

peculiar properties in their amino acid composition: bias towards the so-called 

disorder-promoting residues (Dunker et al., 2001; Vucetic et al., 2003; Hansen et 

al., 2006), high abundance of glycine and proline residues (Theillet et al., 2013), 

preference for charged and hydrophilic residues rather than hydrophobic ones 

(Romero et al., 2001). Interestingly, amino acidic sequences of IDPs and IDRs 

correspond to those for which no electron density is available in the Protein Data 

Bank (PDB)2 (Berman et al., 2000) and, consequently, no structural information is 

known. On these basis, several structural-disorder predictors have been 

developed to recognize IDPs from their amino acid sequence, like PONDR-FIT3 

(Xue et al., 2010), IUPred4 (Dosztányi et al., 2005), FoldIndex5 (Prilusky et al., 

2005), DisEMBL 1.56 (Linding et al., 2003b), GlobPlot 2.37 (Linding et al., 2003a) 

and DISOPRED38 (Jones et al., 2015). These tools have been used to drive the 

design of laboratory experiments to target structural disorder so that, at the 

present time, several hundreds of proteins have been shown experimentally to 

be either completely or partially disordered. According to the latest release of 

DisProt9 (May 2013) (Sickmeier et al., 2007), an established database of protein 

                                                           
2
 http://www.rcsb.org/pdb/home/home.do 

3
 http://www.disprot.org/pondr-fit.php 

4
 http://iupred.enzim.hu/ 

5
 http://bip.weizmann.ac.il/fldbin/findex 

6
 http://dis.embl.de/ 

7
 http://globplot.embl.de/ 

8
 http://bioinf.cs.ucl.ac.uk/psipred/?disopred=1 

9
 http://www.disprot.org/ 
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disorder which collects experimental data on IDPs/IDRs, 1539 disordered regions 

have been experimentally identified in 694 proteins. 

1.2 NMR: a strategic tool to study IDPs 

Nuclear Magnetic Resonance (NMR) spectroscopy is the most powerful 

technique to study IDPs. NMR enables the characterization of IDPs and the 

investigation of their biological functions thanks to its unique ability to provide 

structural and dynamic information at atomic resolution (Ishima et al., 2000; Kay, 

2005; Bonvin et al., 2005; Mittag et al., 2007; Kleckner et al., 2011; Jensen et al., 

2014; Parigi et al., 2014). Contrary to X-ray crystallography, NMR does not 

require the protein of interest to be crystallized, but allows for study while in 

solution. In fact, the high flexibility of IDPs usually prevents crystallization, 

although they may be suitable candidates for X-ray crystallography when/if 

tightly bound to an interacting partner. Therefore, NMR provides the great 

advantage of examining IDPs in a more physiologically relevant context, in which 

they are free to adopt different conformations. 

For most applications, NMR requires the biomolecule to be isotopically enriched 

(commonly in 13C and 15N, but also in 2H in particular conditions). The 

replacement of NMR-silent nuclei with isotopes with an experimentally-suitable 

nuclear magnetic moment allows the collection of chemical shifts, the 

frequencies at which nuclei resonate. Chemical shifts values provide structural 

information, including how atoms are bound and their local chemical 

environment. Once chemical shifts are associated to the originating nuclei 

through the so-called sequence-specific resonance assignment, they can be used 

to derive structural information or monitor events like protein interactions at 

atomic resolution (Bonvin et al., 2005; Cavalli et al., 2007; Shen et al., 2008). 

Particularly valuable for IDPs is the collection of backbone Cα and Cβ chemical 

shifts, as the difference between experimental and theoretical random-coil 

values directly correlates with the presence of protein secondary structures 
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(Spera et al., 1991). This analysis, termed Chemical Shift Index (CSI) (Wishart et 

al., 1994; Wishart et al., 1995), can be used to identify and determine the 

location of residual structural elements in IDPs (Kragelj et al., 2013). CSIs from 

different nuclei can also be combined to obtain an overall Secondary Structure 

Propensity (SSP) score (Marsh et al., 2006; Tamiola et al., 2012), which describes 

the conformational sampling of the protein. Recently, the establishment of a 

sequence-specific random-coil chemical shift library of IDPs has improved the 

accuracy of this analysis (Tamiola et al., 2010). 

In addition to chemical shifts, there are many other sources of information 

provided by NMR. Intensities and volumes of NMR signals can encode 

observables which complement the information provided by chemical shifts and 

allow a full characterization of the protein under investigation (Bertini et al., 

2012; Brutscher et al., 2015). Examples include, 15N relaxation parameters (15N 

T1, 15N T2, 15N{1H} NOEs) (Kay et al., 1989; Barbato et al., 1992; Farrow et al., 

1994; Peng et al., 1994; Farrow et al., 1995) allow the study the dynamic 

properties of the protein, as they are sensitive to motions occurring from the 

pico- to nanosecond timescale. Being sensitive to fast local motions, they allow 

to identify protein regions characterized by different extent of mobility and thus 

can be used to validate structural data. Complementary dynamic information on 

the millisecond timescale can be retrieved by performing Car-Purcell-Meiboom-

Gill (CPMG) relaxation dispersion measurements (Dittmer et al., 2004). 1H-1H 

Nuclear Overhauser (NOE) distance constraints can be collected to identify and 

calculate the structure of secondary structure elements (Wüthrich, 1986). 

Determination of 3
J scalar couplings, like 3

JHN-Hα, provides information about the 

dihedral torsion angles of the protein backbone through Karplus equations 

(Vuister et al., 1993; Bax et al., 1995; Wang et al., 1996; Griesinger et al., 1999; 

Vögeli et al., 2007; Li et al., 2015). Quantification of chemical exchange at amide 

sites reports about compactness and solvent exposure of the protein (Hwang et 

al., 1998; Melacini et al., 1999; Schanda et al., 2006a; Bertini et al., 2011; 
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Rennella et al., 2014). Measurement of Residual Dipolar Couplings (RDCs) yields 

orientational restraints, which describe the spatial arrangement of different 

domains (Louhivouri M. et al., 2003; Bernadó et al., 2005; Obolensky et al., 2007; 

Salmon et al., 2012). Paramagnetic Relaxation Enhancement (PRE) provides long-

range distance information that can complement NOE restraints by deriving 

distances between the spin label and the NMR active nuclei from increased R2 

relaxation rates (Bentrop et al., 1997; Bertini et al., 2001a; Bertini et al., 2001b; 

Teilum et al., 2002; Dedmon et al., 2005; Bertoncini et al., 2005; Allison et al., 

2009). They are particularly suited also to monitor weak protein-protein 

interactions, provided that the paramagnetic tag engineered in the protein does 

not alter its properties (Wu et al., 2010). 

These and other observables constitute the wealth of high-resolution 

information provided by NMR. The possibility to detect local residual secondary 

structures and obtain a full description of the dynamic properties of the protein 

under investigation renders this technique extremely useful for the study of 

highly dynamic systems such as IDPs. 

 1.3 Challenges of IDPs to NMR 

NMR is the most appropriate technique to study IDPs at atomic resolution. 

However, the peculiar properties of IDPs often complicate, even dramatically, 

their spectroscopic characterization. The high flexibility and the lack of a stable 

tridimensional structure have a strong impact on the resulting NMR spectra. 

The possibility to explore a vast conformational space leads to an averaging of 

most of the contributions to the chemical shifts. As a consequence, chemical 

shifts of the same amino acid type result poorly differentiated. NMR spectra of 

IDPs are thus characterized by a smaller chemical shift dispersion with respect to 

analogues of folded proteins, especially in the proton dimension (Figure 1.2). The 
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great extent of cross-peak overlaps allows standard triple-resonance 3D 

experiments to resolve just a small fraction of the NMR signals. 

 

Figure 1.2 Spectroscopic properties of folded and disordered proteins. The different chemical 
shift dispersion of folded proteins and IDPs is highlighted by comparing the 2D 

1
H-

15
N 

Heteronuclear Single Quantum Correlation (HSQC) spectra of human ubiquitin (left) and α-
synuclein (right). The spectra, reported with identical scales in Hz, were acquired on a 

13
C, 

15
N-

labeled sample of human Ubiquitin (0.5 mM Ubiquitin, 20.0 mM HEPES, pH 7.0, 298.0 K) and on a 
13

C, 
15

N-labeled sample of human α-synuclein (1.0 mM α-synuclein, 20 mM Pi, 200 mM NaCl, 0.5 
mM EDTA, pH 6.5, 285.5 K) with a Bruker Avance III 950 MHz spectrometer equipped with a 
cryogenically-cooled triple-resonance probe. Despite their different size, ubiquitin and α-
synuclein were chosen in the example since they are well-established standard samples routinely 
used to setup NMR experiments. 

 

The solvent-exposed backbone hampers the formation of intra-molecular 

hydrogen bonds, resulting in 1HN proton nuclei pronounced chemical exchange at 

amide sites, especially when physiological conditions are approached (high 

temperature and pH). This reduces the sensitivity of the NMR experiments and 

causes extensive line broadening, further decreasing the spectral resolution. For 

fast proton exchange rates, cross-peaks are often broadened even beyond 

detection. As a consequence, routine NMR experiments based on 1HN detection 

fail to provide complete information (Figure 1.3). 
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Figure 1.3 Increasing chemical exchange at amide sites of IDPs with consequent line broadening, 
even beyond detection, when approaching physiological conditions. The 2D 

1
H-

15
N HSQC spectra 

were acquired at different temperatures on a 
13

C, 
15

N-labeled sample of the N-terminal domain 
of human Androgen Receptor “4Q” (0.4 mM 4Q, 20.0 mM Pi, 1.0 mM TCEP, pH 7.4) with a Bruker 
Avance 700 MHz spectrometer equipped with a cryogenically-cooled triple-resonance probe 
optimized for 

13
C direct detection. All the spectra are plotted with the same contour levels. 

 

The biased amino acid composition causes amino acid sequences of IDPs to be 

highly repetitive. This complicates the sequence-specific resonance assignment, 

as many ambiguities arise due to the redundancy of amino acid patterns. Proline 

residues, very abundant in IDPs as their peculiar structure is not compatible with 

secondary structure elements, further hinder the chemical shift assignment. 

Indeed, this residue is not observable in experiments employing amide proton 

detection, breaking chains of sequential connectivities.  

Combination of all the above factors makes the characterization of IDPs by NMR 

a challenging task. Therefore, in recent years a variety of NMR experiments 

tailored for IDPs has been developed (Panchal et al., 2001; Hiller et al., 2007; 

Motáčkova et al., 2010; Zawadzka-Kazimierczuk et al., 2010; Mäntylahti et al., 

2010; Narayanan et al., 2010; Nováček et al., 2011; Mäntylahti et al., 2011; 

Bermel et al., 2012b; Zawadzka-Kazimierczuk et al., 2012b; Bermel et al., 2013b; 

Kazimierczuk et al., 2013; Sólyom et al., 2013; Pantoja-Uceda et al., 2013a; Piai et 

al., 2014; Pantoja-Uceda et al., 2014; Dziekański et al., 2015; Żerko et al., 2015). 
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Chapter 2 

Methodological advancement: 
improving NMR experiments to 
characterize IDPs 
 

Implementation of proper measures while designing the experiments may 

mitigate the detrimental effects impacting the quality of NMR spectra of IDPs 

which derive from the high mobility of disordered polypeptides. Indeed, the 

exploitation of the methods described in the next paragraphs makes a difference 

in the feasibility of the NMR characterization of IDPs, especially when complex 

and large proteins are studied (Dyson et al., 2001; Dyson et al., 2004; Felli et al., 

2014; Konrat, 2014; Nováček et al., 2014; Brutscher et al., 2015). 

In recent years, several methods have been successfully developed to study IDPs. 

These methods should not be regarded in a competitive context, but rather as a 

great resource that allows for more possible studies of IDPs. Each method has its 

particular advantages and disadvantages; some approaches may be more 

suitable than others depending sample conditions. In fact, use of more than one 

of the methods would be preferable as together they could provide 

complementary data, and ultimately a more thorough understanding of IDPs. 

2.1 Theoretical background and technical aspects 

As discussed in section 1.2, NMR represents a unique spectroscopic tool for the 

high-resolution investigation of IDPs. Before starting any methodological 

development, it is important to study and review the state of the art of the 

available techniques. Indeed, the most appropriate already-existing approaches 
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can be employed and/or optimized to achieve the desired goals; new methods 

can be developed based on the knowledge of the already established ones. With 

the aim to develop new NMR experiments to study disordered systems, the most 

recent NMR advancements which were proven useful to deal with the 

spectroscopic features of IDPs have been reviewed in two book chapters. 

In the first one, the main focus is on the recently developed NMR methods based 

on 13C direct detection, which were developed to provide additional 

complementary information to that available through 1H detected NMR 

experiments. While applicable as a general tool for biomolecular applications, 

the suite of 13C detected experiments can provide unique additional information 

on proteins when 1H detection finds limitations, such as in paramagnetic 

proteins, very large macromolecular assemblies or proteins characterized by a 

high extent of disorder, flexibility and solvent exchange, such as IDPs. This first 

review comprises a broad range of applications of the suite of 13C detected 

experiments and provides an overall description of the experiments including key 

technical aspects (Appendix – Article 1).  

The second review focuses on the optimal methods for the investigation of IDPs, 

comprising both 13C and 1H detected experiments. Different aspects ranging from 

the basic principles of NMR spectroscopy, including hardware requirements, to 

the design and application of complex NMR experiments, are discussed. Practical 

guidelines to the collection and interpretation of NMR data are given, describing 

the currently best strategies and approaches to obtain structural and dynamic 

properties of highly disordered systems. In particular, benefits provided both by 

1H and 13C detection are highlighted considering the intrinsically different 

properties of these two different nuclei, which provide the rationale for a great 

variety of developed experiments. The technical aspects that need to be solved, 

as well as the many experimental variants available which can be exploited to 

study IDPs, are presented (Appendix – Article 2). 
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2.2 Increasing the chemical shift dispersion 

The small chemical shift dispersion observed in the NMR spectra of IDPs is one of 

the major drawbacks for their analysis. The ability to resolve resonances is very 

important to extract information at atomic resolution. Therefore, approaches 

able to increase spectral resolution and/or reduce spectral overlaps are 

recommended to be used. 

Studies of unfolded protein states have shown that heteronuclei exhibit greater 

chemical shift dispersion with respect to proton nuclei (1HN < 13C′ < 15N) (Yao et 

al., 2001; Wirmer et al., 2006; Gerum et al., 2009). Indeed, the proton dimension 

in NMR spectra of IDPs is the most collapsed (Figure 2.1). Consequently, the 

superior chemical shift dispersion of heteronuclei should be exploited by 

preferring to acquire 13C and 15N dimensions. In 1H detected experiments, this is 

done by labeling chemical shifts of heteronuclei in the indirect dimensions. 

Alternatively, 13C detection represents a valuable option, as it provides high-

resolution also in the direct dimension. Therefore, this approach is 

recommended in order to diminish accidental cross-peak overlaps in the 

spectrum. However, this effect is particularly pronounced in the case of IDPs. In 

fact, chemical shift dispersion of amide proton nuclei and carbonyl carbon nuclei 

of folded proteins is comparable, but the acquisition of the former provides 

more experimental sensitivity. 

Spectral resolution can also be improved by designing experiments in which 

detected correlations involve neighboring residues. Indeed, due to the lack of a 

stable structure, contributions to the chemical shifts for a given amino acid type 

are almost identical with the consequence that chemical shifts result very similar. 

Nonetheless, if contributions deriving from neighboring residues are exploited by 

transferring magnetization from/to them, NMR signals result more disperse in 

the spectrum and can be better discriminated (Bermel et al., 2013a; Brutscher et 

al., 2015). 
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Figure 2.1 Chemical shift dispersion in IDPs. The 2D 
1
H-

15
N HSQC and 2D CON spectra of human 

α-synuclein are shown. Both spectra were acquired on a 
13

C, 
15

N-labeled sample of α-synuclein 
(1.0 mM α-synuclein, 20 mM Pi, 200 mM NaCl, 0.5 mM EDTA, pH 6.5, 285.5 K) with a Bruker 
Avance 700 MHz spectrometer equipped with a cryogenically-cooled triple-resonance probe 
optimized for 

13
C direct detection. The different chemical shift dispersions of the most exploited 

backbone nuclei, namely 
1
H

N
, 

13
C’ and 

15
N, are highlighted in the 1D projections of the spectra 

(green, red and blue boxes, respectively). The spectra are reported with identical scales in Hz. 

 

Finally, spectral resolution can be increased by acquiring multidimensional (≥4D) 

NMR experiments in which cross-peaks are separated in multiple indirect 

dimensions (Narayanan et al., 2010; Motáčkova et al., 2010; Zawadzka-

Kazimierczuk et al., 2010; Nováček et al., 2011; Bermel et al., 2012b; Zawadzka-

Kazimierczuk et al., 2012b; Kazimierczuk et al., 2013; Bermel et al., 2013b; Piai et 

al., 2014; Nowakowski et al., 2015; Dziekański et al., 2015; Żerko et al., 2015). 

Alternatively, spectral crowding can be simplified by performing amino acid-

selective experiments, providing NMR spectra in which only signals belonging to 

particular amino acids, selected on the basis of their topology, are detected 

(Dötsch et al., 1996b; Dötsch et al., 1996c; Dötsch et al., 1996a; Dötsch et al., 

1996d; Grzesiek et al., 1992; Schubert et al., 2001a; Schubert et al., 2001b; 

Schubert et al., 2001c; Schubert et al., 2005; Lescop et al., 2008; Pantoja-Uceda 
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et al., 2008; Bermel et al., 2012a; Pantoja-Uceda et al., 2012; Pantoja-Uceda et 

al., 2013b). 

2.3 13C detection 

13C detection is a widely-established technique commonly used in the study of 

small molecules. Nowadays, it is usefully applied also in several fields of 

biomolecular NMR, like in the characterization of large and/or paramagnetic 

proteins and for solid-state applications. In recent years, 13C detection has 

become a key tool in the research field of IDPs (Bermel et al., 2006; Csizmok et 

al., 2008; Nováček et al., 2011; Felli et al., 2013; Felli et al., 2014; Pantoja-Uceda 

et al., 2014; Dziekański et al., 2015). 

The greatest advantage provided by 13C detection relies on the superior chemical 

shift dispersion of 13C with respect to 1H when studying flexible systems such as 

IDPs (Figure 2.2). This contributes considerably to the enhancement the spectral 

resolution by reducing accidental cross-peaks overlap. However, this comes at 

the price of lower sensitivity, due to smaller gyromagnetic ratio of 13C with 

respect to 1H. Nowadays, thanks to major improvements in instrumental 

technologies, 13C detection guarantees remarkable results if sample 

concentration exceeds 200-300 μM, as in many situations of practical interest 

(Ardenkjaer-Larsen et al., 2015). Therefore, it represents the ideal tool for 

investigation of IDPs due to a good compromise between resolution and 

sensitivity, in particular when physiological conditions are approached (Gil et al., 

2013). Indeed, carbon nuclei are insensitive to chemical exchange processes, 

contrary to amide proton nuclei which experience severe line broadening at high 

temperature and pH. Moreover, carbon nuclei are less-sensitive to detrimental 

effects of high salt concentrations, often required to prevent sample aggregation 

(Serber et al., 2001). Finally, 13C detection allows to directly observe proline 

residues, very abundant in IDPs and therefore precious sources of information 

towards a complete characterization of the protein under investigation. 
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Figure 2.2 The 2D 
1
H-

15
N HSQC (left) and 2D CON (right) spectra of the fourth disordered region 

of human CREB Binding Protein “ID4” are shown. The spectra, reported with identical scales in 
Hz, emphasize the superior chemical shift dispersion provided by 

13
C detection with respect to 

1
H 

detection. At 16.4 T, the resolution in the direct dimension increases from about 500 Hz to 1200 
Hz. Noteworthy, 

13
C detection allows to observe proline residues. The experiments were 

performed on a 
13

C, 
15

N-labeled sample of ID4 (0.6 mM ID4, 20 mM Pi, 100 mM KCl, pH 6.5, 283.0 
K) with a Bruker Avance 700 MHz spectrometer equipped with a cryogenically-cooled triple-
resonance probe optimized for 

13
C direct detection. 

 

Differently from proton nuclei, homonuclear couplings between carbon nuclei 

are very large. This results in the presence of significant line splittings in the 

forms of doublets (13C′ detection) or doublets of doublets (13Cα detection) in the 

direct dimension of the spectra. For this reason, clever strategies to achieve 

homonuclear decoupling have been developed (Shimba et al., 2003; Bermel et 

al., 2008; Ying et al., 2014). Among them, virtual decoupling methods such as 
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IPAP, DIPAP and S3E have become the most widely used due to their efficient and 

robust performance (Figure 2.3) (Bermel et al., 2005; Bermel et al., 2008; Felli et 

al., 2015). Of course, these methods rely on the assumption that homonuclear 

couplings have almost identical magnitude through all the protein, which is the 

case of the large one-bond couplings between α and carbonyl carbon nuclei 

(1JC’Cα ≈ 52 Hz) and α and β carbon nuclei (1JCαCβ ≈ 35 Hz). 

 

 

Figure 2.3 C’ virtual decoupling IPAP scheme for the removal of 
1
JC’Cα homonuclear scalar 

couplings. A portion of the 2D CON spectrum of human ID4, acquired in the experimental 
conditions reported in the caption of Figure 2.2, is shown to exemplify the use of the IPAP 
scheme. First, the In Phase (IP) and Anti-Phase (AP) components of the signal, reported on the 
left, are acquired (negative cross-peaks are shown in grey). Then, as shown on the right,  linear 
combinations are performed to separate the two multiplet components, which are shifted to the 
center of the original multiplet by 

1
JC’Cα/2 and finally summed together, thus removing the 

splitting due to the one-bond homonuclear scalar coupling (bottom right). 

 

Experimental sensitivity of 13C detected experiments can be enhanced by 

exploiting proton nuclei as starting source of polarization. In this way, it is 
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possible to take advantage of the higher gyromagnetic ratio of proton nuclei 

while still retaining the experiment “exclusively heteronuclear” (Bermel et al., 

2009b). The most convenient pool of proton nuclei (1HN, 1Hα or 1Hali) can be 

chosen according to the particular design of the NMR experiment (Bermel et al., 

2009b; Hošek et al., 2015). However, selection of amide proton nuclei will result 

in a loss of correlations originating from proline residues. 

An additional motivation for the exploitation of aliphatic proton nuclei as starting 

source of polarization comes from the fact that recycle delays of the experiments 

can be shortened, as proton nuclei exhibit faster longitudinal recoveries with 

respect to carbon nuclei. Further improvements can be achieved by 

implementing techniques for Longitudinal Relaxation Enhancement (LRE) 

(Schanda et al., 2005; Schanda et al., 2006b; Lescop et al., 2007; Bermel et al., 

2009a; Hošek et al., 2015). For example, recovery rates of amide proton nuclei 

can be enhanced by using either the HN-flip (Bermel et al., 2009a; Bertini et al., 

2011) or the Band-Selective Excitation Short-Transient (BEST) approach (Schanda 

et al., 2006b; Lescop et al., 2007). 

2.4 1H detection 

A great number of NMR experiments for structural biology applications is based 

on 1H detection. Despite the fact that it provides less resolution with respect to 

13C detection, it can be still a valuable option to study IDPs, especially when 

dealing with low concentrated or short-living samples. Indeed, 1H detection 

provides very good experimental sensitivity thanks to the higher gyromagnetic 

ratio of 1H. 1HN detection, the most established, can be applied to IDPs in 

conditions able to prevent or diminish chemical exchange rates of amide proton 

nuclei, i.e. at low temperature and pH. The great extent of cross-peaks overlap, 

due to the narrow chemical shift dispersion of 1HN, can be partially mitigated by 

using Transverse Relaxation-Optimized Spectroscopy (TROSY) (Pervushin et al., 

1997). This approach is based on the interference between two spin relaxation 
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mechanisms, the Dipolar Coupling (DD) and the Chemical Shift Anisotropy (CSA), 

in scalar coupled 1HN and N backbone nuclei. For each component of the 

multiplet, this interference can be either constructive or destructive, resulting in 

a faster or slower apparent relaxation rate, respectively. TROSY enhances 

spectral resolution by retaining only the slowest relaxing component of each 

cross-peak, thus providing sharper lines. TROSY-based NMR experiments can be 

combined with BEST, providing a twofold advantage: i) LRE is achieved and faster 

experiments can be performed; ii) the loss in sensitivity deriving by the 

application of TROSY can be regained by acquiring a higher number of transients 

in a given amount of time (Sólyom et al., 2013). Additionally, the simultaneous 

application of both approaches allows to further increase the experimental 

sensitivity by enhancing 15N polarization through the recovery of undetectable 1H 

polarization which originates from longitudinal relaxation during the pulse 

sequence (Favier et al., 2011). 

Alternatively, 1Hα detection can be employed. Even if less frequently used than 

1HN detection, examples of its application for the study of IDPs are present in 

literature (Mäntylahti et al., 2010; Mäntylahti et al., 2011; Piai et al., 2014). 1Hα 

detection provides good sensitivity, allows to observe proline residues and 

enables to work at physiological conditions, since 1Hα are not affected by 

chemical exchange. On the other hand, chemical shift dispersion of α proton 

nuclei is even smaller than that of amide proton nuclei, and 1Hα resonate nearby 

the water signal, therefore an excellent experimental setup is required to 

achieve optimal water suppression. As an alternative, fully deuterated solvent 

can be used in order to avoid solvent suppression, provided that 1HN are not 

exploited in the pulse sequence and measured chemical shifts are corrected for 

the isotopic shift.  
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2.5 Non-Uniform Sampling 

A possible solution to overcome the resolution problem of IDPs is to acquire 

experiments containing a high number of dimensions. The possibility to correlate 

several chemical shift evolutions enhances spectral resolution by spreading 

overlapping resonances into a larger frequency space. In practice, the maximum 

number of dimensions of a NMR experiment is limited by the fact that each 

indirect dimension costs in terms of experimental time and sensitivity. The latter, 

resulting from magnetization losses due to increasing length of the pulse 

sequence with the number of dimensions, has a minor impact on highly flexible 

IDPs with respect to what is found for folded proteins, as high flexibility 

translates into favorable relaxation properties which allow coherence to sustain 

long transfers and delays. On the contrary, the problem of excessive 

experimental time is independent from the properties of the protein under 

investigation, but is intrinsically related to the way multidimensional NMR 

experiments are built-up. Indeed, each indirect dimension causes an increase of 

the overall acquisition time proportionally to the desired resolution and 

according to the requirements of phase-sensitive quadrature detection. As a 

result, high-resolution multidimensional experiments cannot be performed 

without the use of proper strategies to reduce their experimental duration. 

In recent years, many different approaches have been proposed to overcome the 

sampling limitation problem: i) LRE, which allows for faster recovery of 

equilibrium magnetization and thus higher experimental repetition rate; ii) 

spatial encoding of spectral frequencies, employed for ultrafast measurement of 

multidimensional spectra in a single scan (Frydman et al., 2002; Mishkovsky et 

al., 2009); iii) Non-Uniform Sampling (NUS) (Kazimierczuk et al., 2006; Mobli et 

al., 2006; Kazimierczuk et al., 2007; Coggins et al., 2007; Kazimierczuk et al., 

2010; Kazimierczuk et al., 2010; Kazimierczuk et al., 2012), in which fewer data 

points than those required by the Nyquist theorem are acquired (Figure 2.4). In 

particular, the latter approach allows to obtain excellent results in terms of 
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maximum spectral resolution and number of dimensions, and therefore is 

particularly advantageous for the study of IDPs. 

 

 

Figure 2.4 Conventional and non-uniform sampling. On the left, 900 sampling points regularly 
spaced on the time grid, as required to build up the indirect dimensions in conventional NMR 
experiments (3D in the example), are shown. On the right, the same number of points (which 
translates in the same experimental time) are distributed over the time domain space with a 
sampling density of 25%, thus providing a spectrum with twice higher resolution in both indirect 
dimensions. The NUS sampling points were generated using the Poisson disk algorithm 
(Kazimierczuk et al., 2008) and the distribution was relaxation-optimized according to the 
Gaussian distribution exp(-t

2
/σ

2
), with σ=0.5. Contrary to conventional sampling, NUS data sets 

cannot be processed using the discrete Fourier transform. 

 

Requirements for a proper performance of NUS are: i) sufficient experimental 

sensitivity; ii) optimization of the sampling scheme and number of points; iii) 

choice of the most appropriate method to process the data. The first issue comes 

from the fact that in NUS experiments signal to noise is traded for shorter 

acquisition time and higher resolution. In practice, this is achieved by selecting 

sampled points at longer acquisition times, which provides higher resolution but 

also greater relaxation losses. Therefore, experimental sensitivity should be 

maximized, for example by matching the sampling list with the relaxation decay 

of the signal. The second point arises from the fact that under-sampling 

translates into the presence of spectral artefacts, resulting from missing 

information with respect to conventional sampling. Consequently, artefacts must 

be minimized by designing proper sampling schemes, taking into account that 

the arrangement and the number of sampled points determine the spectral 
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distribution of artefacts and the signal-to-artefact ratio, respectively 

(Kazimierczuk et al., 2007). NUS, in the great majority of cases, precludes the use 

of the discrete Fourier transform (FT) for computing spectra (Ernst et al., 1966). 

Therefore, alternative methods should be employed based on their 

reconstruction efficiency and computational cost. Currently, the most 

established methods range from the general Multidimensional Fourier Transform 

(MFT) (Kazimierczuk et al., 2007) to more sophisticated methods such as 

Maximum Entropy (ME) (Hoch et al., 1996; Mobli et al., 2007; Mobli et al., 2008), 

MultiDimensional Decomposition (MDD) (Luan et al., 2005; Jaravine et al., 2006; 

Jaravine et al., 2008; Orekhov et al., 2011a), Compressed Sensing (CS) (Orekhov 

et al., 2011b; Holland et al., 2011) and Spectroscopy by Integration of Frequency 

and Time-domain information (SIFT) (Matsuki et al., 2009). Additional post-

processing cleaning procedures like Iterative Soft Thresholding (IST) (Hyberts et 

al., 2012), CLEAN (Coggins et al., 2008) and Signal Separation Algorithm (SSA) 

(Stanek et al., 2012), can be exploited to further reduce residual NUS artefacts. 

4-5D experiments are extremely useful for the study of IDPs because of their 

higher resolving power. A very convenient way to process such high-dimensional 

spectra is by employing MFT. Indeed, one of the advantages of this method is the 

possibility to compute only a subspace of the full multidimensional spectrum at 

arbitrary frequency coordinates. This approach, known as Sparse 

Multidimensional Fourier Transform (SMFT) (Kazimierczuk et al., 2009), allows to 

simplify the analysis of multidimensional spectra by displaying only 2D cross-

sections computed at some pre-known frequencies collected in a lower 

dimensionality “basis spectrum” (2-3D), which shares the same dimensions with 

the higher dimensionality experiment (4-5D) (Figure 2.5). In this way, the 

interpretation of 4-5D spectra becomes very manageable and the collection of 

cross-peaks results facilitated. Importantly, SMFT provides additional 

functionality over automated protocols, as it allows to manually inspect and 

cross-check results of crowded spectral regions with severe peak overlaps. 
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Figure 2.5 Schematic illustration of a possible method to process and visualize multidimensional 
NMR spectra. A 3D spectrum can be thought as a bidimensional spectrum in which each cross-
peak is related to another frequency in the third dimension, as shown with colors. Analogously, a 
4D spectrum can be imagined as a 2D basis spectrum, which shares two dimensions with the 4D 
spectrum (δ1 and δ2), in which each peak is associated to another 2D spectrum (cross-sections) 
containing the two further dimensions (δ3 and δ4); a 5D spectrum can be analyzed as a series of 
two-dimensional cross-sections (δ4 and δ5), each one correlated to a given peak of the related 3D 
basis spectrum (δ1, δ2 and δ3). SMFT does not compute the full spectrum, but just the series of 
highly resolved 2D cross-sections, which provide the added information content with respect to 
the reference spectrum. 

 

Another approach which can be used to reduce the number of dimensions of a 

high multidimensional spectrum is projection spectroscopy, in which a series of 
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projections are acquired rather than the full spectrum (Szyperski et al., 1993; 

Malmodin et al., 2005; Coggins et al., 2010). In this way, the analysis of the 

spectrum results facilitated as it consists in that of a collection of a series of 2D 

projections. Automation of such analysis, called Automated Projection 

Spectroscopy (APSY) (Hiller et al., 2005), yields a peak list of the full-

dimensionality spectrum, without reconstructing it. Therefore, this approach 

results particularly convenient to analyze spectra which could not be directly 

inspected, for example due to excessive data storage size, like 7D spectra (Hiller 

et al., 2007; Narayanan et al., 2010). 

2.6 Strategies for sequence-specific resonance 
assignment of IDPs 

The first step towards a full characterization of an IDP by NMR is the sequence-

specific resonance assignment. The assignment procedures rely on successful 

identification of connectivities between neighboring residues by using one or 

more chemical shifts to establish unambiguous sequential correlations. Due to 

the very poor chemical shift dispersion of IDPs, chances to obtain unique 

connections are reduced, with the consequence that the complexity of the 

process grows with the size of the protein under investigation. Therefore, the 

success of an assignment greatly depends on the choice of nuclei to correlate, 

since best connections are those providing the lowest possible number of 

ambiguities. 

Contrary to folded proteins, Cα and Cβ chemical shifts of IDPs are not the most 

dispersed, although they still remain characteristic for different amino acid types. 

Therefore, they are primarily exploited to identify residue type of spin systems 

rather than to establish sequential correlations. Given the lower dispersion of HN 

chemical shifts, N and C’ result the most appropriate nuclei to identify 

connectivities between neighboring residues (Bermel et al., 2013b; Pantoja-

Uceda et al., 2013a; Piai et al., 2014; Nováček et al., 2014). The fact that C’ and N 
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evolution times can be set to tens of milliseconds satisfies the need for utmost 

resolution necessary to obtain the sequence-specific assignment of an IDP. 

In recent years, several NMR experiments dedicated to backbone and side-chain 

assignment of IDPs have been developed. Different techniques have been 

exploited to improve and speed-up the resonance assignment procedure. Among 

all the different approaches, NUS (par. 2.5) has been proven to provide greatest 

benefits. Indeed, the possibility to introduce a high number of dimensions with 

high-resolution increases the resolving power of the experiment by correlating 

more frequencies at the same time and by establishing more robust 

connectivities, thus reducing the number of ambiguous correlations. Combined 

use of NUS with 13C detection and techniques for LRE guarantees further 

improvements in terms of chemical shift dispersion, experimental time and 

sensitivity. 

For these reasons, these approaches have been profitably merged together is the 

so-called “CON-CON” assignment strategy (Piai et al., 2014): 5D (HN-

flipN)CONCACON, 5D (HCA)CONCACON and 5D (H)CACON(CA)CON experiments 

(Bermel et al., 2013b) have been designed to correlate frequencies of 

neighboring residues through the simultaneous exploitation of C’ and N 

dimensions (Appendix – Article 3). In this way, sequential correlations between 

cross-peaks of a 2D CON spectrum are established (Figure 2.6). Building up such 

connections throughout larger numbers of subsequent residues allows to map 

them onto the protein sequence, using complementary information provided by 

4D HCBCACON or 4D HCCCON experiments to recognize different amino acid 

types (Bermel et al., 2012b). Despite the intrinsic lower sensitivity of 13C 

detection, these experiments can be acquired in a short time at very high-

resolution in all the indirect dimensions thanks to the use of NUS, 1H-excitation 

and techniques to achieve LRE, e.g the HN-flip. 
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Figure 2.6 “CON-CON” assignment strategy exemplified by showing a series of 2D cross-sections 
of a 5D (HACA)CONCACON spectrum acquired on a 

13
C, 

15
N-labeled sample of the N-terminal 

domain of human Androgen Receptor “25Q” (0.4 mM 25Q, 20.0 mM Pi, 1.0 mM TCEP, pH 7.4, 
278.0 K) with a Bruker Avance 700 MHz spectrometer equipped with a cryogenically-cooled 
triple-resonance probe optimized for 

13
C direct detection. In each cross-sections, two pairs of 

sequential 
13

C’ and 
15

N frequencies are present (filled black cross-peaks; empty cross-peaks 
correspond to the superimposed 2D CON spectrum). The sequential specific assignment is 
performed by connecting the cross-peaks of consecutive cross-sections, exploiting 
simultaneously 

13
C’ and 

15
N frequencies to minimize the occurrence of possible overlaps. As 

shown by colors, the order of the 2D cross-sections reflects that of 
13

C’ and 
15

N pairs along the 
protein backbone. 

 

With the goal to form a complete set of experiments for sequence-specific 

assignment of highly flexible IDPs, three analogous 5D experiments exploiting a 

conceptually identical approach, but based on 1H detection, have been 

developed (Appendix – Article 4). The experiments, i.e. 5D 

(HACA)CON(CACO)NCO(CA)HA, 5D BT-(H)NCO(CAN)CONNH and 5D BT-

HN(COCAN)CONNH (Piai et al., 2014), taking advantage either of the properties 

of α or amide proton nuclei, overcome the low dispersion of proton chemical 

shifts by exploiting the best resolved correlations provided by C’ and N nuclei in 

the indirect dimensions. Also for this set of experiments, NUS has been 
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employed to achieve excellent resolution in all spectral dimensions; in particular, 

in the case of 1HN detection, it allows a full exploitation of the resolution 

enhancement provided by TROSY, while BEST further speeds up the experiments. 

Noteworthy, the information derived from the two BEST TROSY (BT) experiments 

can be combined so to extend the assignment strategy to “HNCO-HNCO”, as 

three frequencies, those collected in a 3D HNCO spectrum, are simultaneously 

employed to establish almost unambiguous sequential correlations (Figure 2.7). 

 

Figure 2.7 “HNCO-HNCO” assignment strategy exploiting 5D BT-(H)NCO(CAN)CONNH and 5D BT-
HN(COCAN)CONNH experiments. All the spectra were acquired on a 

13
C, 

15
N-labeled sample of 

human α-synuclein (1.0 mM α-synuclein, 20 mM Pi, 200 mM NaCl, 0.5 mM EDTA, pH 6.5, 285.5 K) 
with a Bruker Avance III 950 MHz spectrometer equipped with a cryogenically-cooled triple-
resonance probe. 2D cross-sections of 5D BT-(H)NCO(CAN)CONNH and 5D BT-HN(COCAN)CONNH 
spectra are reported on the left and on the right, respectively; the 3D BT-HNCO basis spectrum, 
required to process the 5D experiments with the SMFT method, is shown in the middle (only its 
2D projections are displayed). The sequence-specific assignment is performed through 
simultaneous exploitation of 

13
C’, 

15
N and 

1
H

N
 frequencies. First, a cross-peak (e.g. the green one, 

Gly68
13

C’-Ala69
15

N-Ala69
1
H

N
) of the 3D basis spectrum is chosen. Then, the related 2D cross-

sections of the two 5D spectra are inspected in order to retrieve the 
13

C’-
15

N and 
1
H

N
-

15
N 

frequencies of the residue immediately following the one selected in the basis spectrum (only the 
filled black cross-peaks are observed in the cross-sections; empty cross-peaks represent the 
superimposed 2D projections). Since the cross-sections of the two 5D spectra share the nitrogen 
dimension, the provided information can be merged identifying simultaneously the 

13
C’, 

15
N and 

1
H

N
 frequencies of the following residue. Once such cross-peak (the red one in the example, 

Ala69
13

C’-Val70
15

N-Val70
1
H

N
) is found in the 3D basis spectrum, it becomes sequence-specifically 

linked to the previous. Analogously, the assignment procedure continues forming chains of 
sequential 

13
C’i-

15
Ni+1-

1
H

N
i+1 cross-peaks. 
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Considered together, these experiments allow to obtain a highly efficient 

backbone resonance assignment of flexible proteins in a great variety of 

experimental conditions. Indeed, they present different advantages and 

disadvantages depending on the particular sample conditions (concentration, 

lifetime, pH, temperature, etc.). For example, while the 13C or 1Hα detected 

experiments are especially useful to study IDPs near physiological conditions 

and/or characterized by proline-rich repetitive amino acid sequences, the 1HN 

detected ones are expected to be favorable for low concentrated or short-lived 

IDPs, provided they can be studied under conditions where solvent exchange is 

sufficiently slowed down. Needless to say, the availability of such a variety of 

complementary experiments is extremely important for accurate determination 

of resonance frequencies in the case of complex IDPs. 

Highly-resolved correlations provided by multidimensional experiments result 

particularly suitable for automation in the sequence-specific resonance 

assignment process. For this reason, several algorithms for automatic assignment 

like MARS (Jung et al., 2004), FLYA (Schmidt et al., 2012), Memetic Algorithm and 

Combinatorial Optimization Heuristics (MATCH) (Volk et al., 2008) and Tool for 

SMFT-based Assignment of Resonances (TSAR) (Zawadzka-Kazimierczuk et al., 

2012a) have been developed and successfully employed to assign IDPs. 

In particular, the automatic assignment program TSAR, tailored to analyze 2D 

cross-sections of high dimensional spectra processed with SMFT, has been 

optimized to exploit all the information provided by the experiments described 

above and allows to speed up the assignment of IDPs when employing the “CON-

CON” strategy (Bermel et al., 2013b). In addition, a set of 13C detected 

experiments for spin-system identification has been improved so to provide 

complementary information on amino acid type to further improve TSAR 

performances. The acquisition time necessary to acquire a series of amino acid 

selective 2D (HCA)CON and (HCA)NCO experiments has been reduced, at no cost 

for spectral resolution, by exploiting NUS; a novel 4D γ-selective-HCBCACON 
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experiment in which cross-peak signs are modulated according to the number 

and type of γ carbon nuclei present in each amino acid side-chain, has been 

designed in order to diminish the number of possible mistakes in automatic 

amino acid recognition (Appendix – Article 5). With this method, a fast and 

reliable automatic assignment of chemical shifts of α-synuclein has been 

accomplished. 

The developed strategy, from the acquisition of the data to the assignment of 

the frequencies, enables the investigation of IDPs of increasing size and 

complexity and provides a solid and robust method to characterize structural 

disorder, as shown in chapter 3.  

2.7 α-synuclein: a suitable standard for the 
development of new NMR experiments and a 
reporter of the effects of cellular crowding  

α-synuclein is a presynaptic neuronal protein constituted by 140 residues 

typically found in the brain, but in smaller amounts also in the heart and muscles. 

In the brain, α-synuclein is found mainly in the presynaptic terminals of neurons, 

where it interacts with membrane lipids and other proteins (Jao et al., 2008). 

Although its physiological function is yet not well understood, studies suggest 

that it plays a crucial role in maintaining a supply of synaptic vesicles for the 

release of neurotransmitters, e.g. dopamine (Alves da Costa, 2003; Burré et al., 

2010). It is also known that α-synuclein can form aberrant oligomers responsible 

for Parkinson’s disease (Dev et al., 2003; Spinelli et al., 2014), a progressive 

pathology which causes resting tremor, rigidity, postural instability and 

bradykinesia. Indeed, these toxic species are the major constituents of Lewy 

bodies, protein clumps that are at the basis of this neurodegenerative pathology 

(McLean et al., 2000; Cookson, 2009). Recently, it has been reported that α-

synuclein may have also an involvement in Alzheimer’s disease, even if this 

statement is still controversial (Larson et al., 2012). 
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Because of its relevant biological importance, α-synuclein has been widely-

studied. The efficient expression and purification protocol, the high solubility and 

moderate size and the acceptable sample stability make α-synuclein an excellent 

choice as a standard for the development of NMR experiments tailored for the 

study of IDPs. The sequence-specific assignment previously reported (Bermel et 

al., 2006) in the Biological Magnetic Resonance Bank (BMRB)10 (Ulrich et al., 

2008) has been initially used and then extended to incorporate chemical shifts of 

a larger set of nuclear spins as well as to report chemical shift changes upon 

variations of the experimental conditions in order to approach physiological ones 

(Appendix – Table 2). Then, the protein has been used as a benchmark for the 

development of new experiments. 

The obtained full chemical shift assignment of α-synuclein has been also used to 

address one of the many open questions in the field of IDPs, i.e. the effects of 

molecular crowding on the properties of a protein. The cellular environment 

contains a variety of macromolecules occupying up to 30% of the available 

volume which can have significant effects on a variety of processes occurring in 

the cell, including protein aggregation. Different crowding agents have been used 

to investigate the effects on the kinetics and mechanism of aggregation of 

several proteins with a variable degree of intrinsic disorder. The results indicate 

that factors other than the excluded volume effect, such as non-specific chemical 

interactions of proteins with polymers, are likely to be involved in the 

phenomenon of macromolecular crowding and that the effects of neutral 

polysaccharides on protein aggregation are strongly dependent on the structure 

of both proteins and polysaccharides. In general, crowding has been found to 

promote the formation of the most stable and/or compact protein conformation 

and inhibited aggregation of proteins forming stable oligomers or folded 

monomers; on the contrary, compact conformations stabilized by crowding of 

                                                           
10

 http://www.bmrb.wisc.edu/ 
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partially or completely disordered proteins are likely to be on the pathway to 

amyloid formation (Appendix – Article 6). 
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Chapter 3 

Structural disorder, flexibility 
and new functional roles 

 

As discussed in chapter 1, functional studies of IDPs have illustrated the broad 

impact of disorder on many areas of cellular biology, ranging from signaling 

processes to transcriptional regulation mechanisms. Such a wide range of 

functions is reflected by a great variety of disorder degrees, which make each IDP 

specifically tuned to perform its biological role. Out of the many possible 

categories of structural disorder, two important classes are represented 

by protein linkers, connecting globular domains of complex proteins, and low-

complexity regions (LCRs). 

Many eukaryotic proteins contain flexible linker regions, separating globular 

domains, about which no structural and dynamic information is available at high-

resolution. Linker sequences can be very different for length and composition; 

however, many of them are often rich in polar and uncharged amino acids, small 

residues (such as alanine and glycine residues) and proline residues. Most of 

these residues have a propensity to populate the polyproline-II region of the 

Ramachandran plot (Shi et al., 2002; Rucker et al., 2002; Rucker et al., 2003), 

which means that they prefer to adopt a highly extended conformation, even if 

remaining overall flexible. Therefore, in the absence of their targets, the primary 

function of a linker is to guarantee a relatively unhindered spatial search by the 

attached domains. However, binding can induce structural changes in protein 

linkers which can have significant functional consequences, like a proper 

orientation of the neighboring domains, the formation of weak but highly 

specific interactions, the fine-tuning of biological processes. In this regard, the 
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new NMR experiments I developed extend the number of available tools to 

further understand the array of functions of protein linkers. 

To date, atomic resolution information on low-complexity regions (LCRs) has not 

been accessible in their native contexts. Indeed, despite their abundance in 

protein sequence, LCRs of disordered protein regions are largely under-

represented in the PDB. LCRs are characterized by little variety in amino acid 

composition, which can range from regions comprising few different amino acids 

to those comprising just one residue type, such as polyglutamine (polyQ) tracts 

(Wootton et al., 1993; Kumari et al., 2015). Frequency degeneracies and signal 

overlaps often prevent to derive site-specific structural properties by NMR, 

which are fundamental towards a full understanding of the wide range of 

biological function performed by such disordered elements, most of which 

remain still to be elucidated. LCRs promise to be a very important subject of 

study as they are found in a great number of proteins (Wootton, 1994): they are 

estimated to represent about 12% of the protein content classified in the current 

release of UniProt (The UniProt Consortium, 2015). Recently, it has been 

discovered that LCRs are preferentially located towards protein termini and that 

their positions within the sequence have an influence in determining their 

binding properties and biological roles (Coletta et al., 2010; Martins et al., 2015). 

Noteworthy, mutations or alterations of such regions often lead to the 

development of severe neurodegenerative diseases characterized by the 

occurrence of protein aggregation (Das et al., 2014). Therefore, a deeper 

understanding of their biological roles will result extremely useful in order to 

design new medical applications. The NMR methods developed during my 

doctoral research provide new strategies to tackle such systems. 
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3.1 The role of flexible linkers: characterization of 
three IDRs of CREB Binding Protein  

Long extended protein linkers are probably the most widespread disordered 

regions within proteins. Many proteins, especially large ones, exploit such 

modules to provide conformational flexibility to the attached globular domains. 

However, linkers may also perform additional functions and be involved in 

recognition and regulation processes, e.g. the fine-tuning of highly specific 

interactions. With the goal to get new insights into the structural and functional 

roles of these protein elements, ID3, ID4 and ID5 linkers of CREB Binding Protein 

(corresponding to residues 674-1079, 1851-2058 and 2109-2442 of the full-

length protein) have been characterized. The choice of CREB Binding Protein as a 

model system to address the theme of protein linkers was due to the fact that 

such protein, well-studied for its high biological relevance, is constituted by 

several disordered domains and it is known to have a multitude of interacting 

partners (Dyson et al., 2005). 

Cyclic-AMP-Response-Element-Binding protein (CREB)-Binding Protein (CBP), like 

its paralog p300, is a transcription factor which integrates signals from numerous 

signal transduction pathways and plays critical roles in basic cellular processes 

ranging from embryonic development to DNA repair (Goodman et al., 2000; 

Smith et al., 2004; Dyson et al., 2005). Its biological function is related to its 

ability to interact with a large number of proteins, functioning as a scaffold for 

the recruitment and assembly of the transcriptional machinery, as well as to its 

acetyl-transferase activity, through which it modifies both chromatin and 

transcription factors (Giordano et al., 1999; Goodman et al., 2000; Blobel, 2000). 

CBP inactivation or malfunctioning is associated with the occurrence of cancer. 

CBP is a modular protein constituted by seven folded domains performing 

different activities, whose 3D structures have been determined in recent years 

either by X-ray crystallography or NMR (Legge et al., 2004; De Guzman et al., 
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2005; Liu et al., 2008; Miller et al., 2009; Kjaergaard et al., 2010; Lee et al., 2010; 

Wang et al., 2012; Filippakopoulos et al., 2012; Plotnikov et al., 2014). Four of 

them require zinc binding to adopt a stable fold: the Transcriptional-Adaptor 

Zinc-finger-1 domain (TAZ1, residues 347-439), the Plant HomeoDomain (PHD, 

residues 1224-1317), the zinc-binding domain near the dystrophin WW domain 

(ZZ, residues 1694-1753) and the Transcriptional-Adaptor Zinc-finger-2 domain 

(TAZ2, residues 1762-1855). The other folded domains are the KID-binding 

domain (KIX, residues 586-673), the Bromodomain (Bromo, residues 1081-1197) 

and the Histone Acetyl-Transferase domain (HAT, residues 1318-1693); finally, a 

domain named Nuclear-receptor Coactivator-Binding Domain (NCBD, residues 

2057-2116) is intrinsically disordered, but folds upon binding to its partner(s). 

More than half of the 2,442 residues of the protein are predicted to be 

intrinsically disordered and have not been characterized yet at atomic resolution 

(Dyson et al., 2005). They form five linker regions named ID1 (N-terminus), ID2 

(connecting TAZ1 and KIX domains), ID3 (connecting KIX and Bromo domains), 

ID4 (connecting TAZ2 domain and NCBD) and ID5 (C-terminus) (Figure 3.1). A 

peculiar feature of such linkers is that they are evolutionary conserved in amino 

acid composition (≈ 70% are polar residues), even if not in sequence and length. 

Although they exhibit the amino acidic compositional bias typical of IDPs, they 

also include several conserved segments containing relatively high proportions of 

charged and hydrophobic residues, which may represent yet unidentified 

interaction motifs. 

Even if the main role of CBP linkers seems to be to confer enough flexibility for 

the assembly of the transcriptional machinery (Gunasekaran et al., 2003), they 

may also provide binding sites for transcriptional regulatory proteins or recruit 

protein factors through the so-called “fly-casting” mechanism (Shoemaker et al., 

2000; Huang et al., 2009). I have thus undertaken the characterization of these 

IDRs. 
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Figure 3.1 Structural organization of CBP: ID1 (gray), TAZ1 (cyan, PDB code: 1U2N), ID2 (violet), 
KIX (gold, PDB code: 2LQI), ID3 (red), Bromo and PHD (light blue, PDB code: 4N4F), HAT (light 
green, PDB code: 3BIY), ZZ (pink, PDB code: 1TOT), TAZ2 (purple, PDB code: 2KJE),  ID4 (green), 
NCBD (orange, PDB code: 2KKJ) and ID5 (blue). Disordered regions have been generated using 
the IntFOLD

11
 web resource (Roche et al., 2011). 

 

The three which were assigned so far resulted structurally very heterogeneous 

(Figure 3.2). The longest linker, ID3, even if overall disordered, is characterized by 

several regions exhibiting small but significant structural propensities, which 

render its behavior not that of a fully random-coil protein (manuscript in 

preparation). ID4, the linker containing the highest percentage of proline 

residues (22%), appears to be highly flexible except the regions encompassing 

residues 2-25 and 101-128 (1852-1875 and 1951-1978 in the full-length CBP) 

which exhibit a high degree of α-helical sampling. Interestingly, proline residues 

have been found to be uniformly distributed along the linker except for these 

two structured regions, indicating that they play an active role in modulating the 

structural features of this CBP fragment (Appendix – Article 7). ID5, the C-

terminal disordered region of CBP, is the one containing the higher structural 

content among the all. Indeed, even if the sequence-specific resonance 

assignment of this IDR is still in progress, preliminary results indicate that the 
                                                           
11

 http://www.reading.ac.uk/bioinf/IntFOLD/ 
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regions encompassing the 18 residues long polyQ tract (residues 66-88) and 

residues 164-174 (2189-2211 and 2287-2297 in full-length CBP, respectively) 

adopt an α-helical conformation, while the polypeptide is completely disordered 

elsewhere (manuscript in preparation). In all cases, the experiments described in 

chapter 2 resulted fundamental to achieve the full characterization of the linkers 

at atomic resolution. 

 

 

Figure 3.2 Neighbor corrected Structural Propensity (ncSP) plots of ID3 (red), ID4 (green) and ID5 
(blue) linkers of CBP. In the figure, the numbering of each linker has been considered out of the 
context of the full-length protein. The SSP scores were calculated from experimentally measured 
N, C′, C

α
 and C

β
 chemical shifts by using the neighbor corrected Structural Propensity Calculator 

(ncSPC) tool
12

 (Tamiola et al., 2012). The Tamiola, Acar and Mulder random coil chemical shift 
library was chosen for the analysis (Tamiola et al., 2010). Positive and negative values correspond 
to α-helical and β-sheet propensities, respectively. 

 

The atomic resolution investigations of the structural and dynamic properties of 

these IDRs provide a striking example of how the concept of protein linkers as 

mere connecting elements between structured domains is far from the truth. 

Indeed, PreSMos as those identified in ID4 and ID5 may represent so far 

uncharacterized functional modules which can exploit their plasticity to 

modulate the relative orientations of neighboring folded domains, while at the 

same time fine-tuning interactions between CBP and its partners. 

My colleagues and I are currently working in getting more insights into their 

biological functions by studying possible interactions of the linkers with proteins 

of high biomedical relevance. In particular, we have started collecting the first 

                                                           
12

 http://nmr.chem.rug.nl 
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evidences of the interaction between ID3 and a disordered fragment of the Zinc 

Finger Protein 106 (ZFP106) (Grasberger et al., 2005) and between ID5 and a 

fragment of the Ras GTPase-activating-like protein IQGAP1, a scaffold protein 

known to be overexpressed in many types of cancer (Jadeski et al., 2008;Abel et 

al., 2015). These evidences, if confirmed by additional experiments, will provide 

two strong proofs that protein linkers do actually contribute to the interaction 

and/or recruitment of different proteins, thus actively participating in the fine 

regulation of several cellular processes. In this regard, the sequence-specific 

assignments of ID3 and ID5 will result fundamental to study these interactions by 

NMR at high-resolution. 

3.2 The molecular basis of a polyQ disease: the case 
study of the N-terminal domain of Androgen Receptor 

Polyglutamine repeats are renowned exponents of the category of low-

complexity regions. Despite their abundance in proteins, they are mostly known 

for their implication in several neurodegenerative disorders rather than for their 

physiological functions, which are still unclear. To get more insights into the 

development of one of these pathologies and characterize the structural 

properties of a polyQ tract in its native protein context, a N-terminal fragment of 

Androgen Receptor was studied. 

Androgen Receptor (AR) is a steroid-hormone activated transcription factor 

which regulates the development and maintenance of the male phenotype 

(Gelmann, 2002). The protein, constituted by 919 residues, has three major 

functional domains: the intrinsically disordered N-Terminal Domain (NTD, 

residues 1-558) (McEwan et al., 2007), the zinc-finger DNA-Binding Domain (DBD, 

residues 559-631) (Shaffer et al., 2004) and the Ligand-Binding Domain (LBD, 

residues 670-919) (Pereira de Jésus-Tran et al., 2006). Between DBD and LBD, a 

hinge region that contains a nuclear localization sequence is present (Figure 3.3). 

In the resting state, AR is a cytosolic protein in complex with molecular 
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chaperones bound to the NTD. Upon binding the hormone ligand to the LBD, the 

receptor dissociates from accessory proteins and translocates into the nucleus, 

where it dimerizes and then stimulates transcription of androgen responsive 

genes called Androgen Response Elements (AREs) (Shaffer et al., 2004). Once the 

DBD is bound to the DNA, the NTD recruits the general transcription factors and 

co-regulators needed to assemble the transcription machinery (Wang et al., 

2007). The NTD of the protein contains a polyQ tract which is typically 

constituted by 9 up to 36 glutamine residues (Kumar et al., 2011; Ryan et al., 

2011). Its variable length results from an expansion of the CAG and GTC 

trinucleotide repeats in the AR gene due to their propensity to form non-B-DNA-

structures, which cause slippage during DNA replication (Wells et al., 2005; 

Mirkin, 2007). When the length of the polyQ tract exceeds 40 glutamine 

residues, a neuromuscular disease called Spinal Bulbar Muscular Atrophy (SBMA) 

is developed (La Spada et al., 1991; Zoghbi et al., 2000).  

 

 

Figure 3.3 Structural organization of AR: NTD (gray), DBD (green, PDB code: 1R4I) and LBD (blue, 
PDB code: 2AM9). The polyQ tract is highlighted in red. Disordered regions have been generated 
using the IntFOLD web resource. 

 

SBMA, also known as Kennedy disease (Kennedy et al., 1968), is a rare disorder 

which damages motor neurons, leading to muscles’ weakness and atrophy 

(Katsuno et al., 2006; Thomas et al., 2006; Rhodes et al., 2009). Although the 
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molecular basis of the disease are not yet fully understood, it has been reported 

that caspase cleavage of AR is a crucial event in cytotoxicity (Merry et al., 1998). 

Indeed, protein fragments containing the expanded polyQ tract accumulate 

within the nerve cells and interfere with normal cell functions by formation of 

toxic aggregates (Li et al., 1998; Chen et al., 2002; Adachi et al., 2005). However, 

the molecular mechanism by which the polyQ tract is involved in the formation 

of the nuclear inclusions associated with SBMA has not been described so far. 

To get more insights into the pathological mechanisms of SBMA and characterize 

the structural and dynamic properties of a polyQ tract within its native protein 

context, a N-terminal fragment of AR, containing the polyQ tract responsible for 

the onset of the disease, has been studied. This fragment, constituted by the first 

156 residues of the NTD, is the product of proteolytic cleavage by caspase 3 

(Merry et al., 1998; Kobayashi et al., 1998; Ellerby et al., 1999). 

Two different constructs, featuring a polyQ tract spanning either 4 or 25 

glutamine residues (4Q and 25Q), have been characterized at high-resolution 

employing the NMR experiments and the NMR approaches described in chapter 

2 (Appendix – Article 8). Analysis of chemical shifts and 15N relaxation 

measurements revealed that there is a correlation between the structural 

properties and the length of the polyQ tract, as the latter has been found to 

adopt an α-helical conformation when the number of glutamine residues is 25 

(Figure 3.4a). The study of the aggregation properties of a third construct 

(25QΔL), in which the 4 leucine residues immediately preceding the polyQ tract 

have been removed, allowed to understand that this short protein sequence 

flanking the polyQ tract is responsible for the induction of α-helical propensity in 

the polyQ tract, which in turn reduces fibril formation by adding a helix unfolding 

step in the mechanism of the transition. Although this can act as a mechanism 

adopted by nature to protect against aggregation, the influence of the flanking 

region on the secondary structure of the polyQ tract spans a limited range of 
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residues, thus ceasing to be effective when the polyQ tract is too extended as 

found in SBMA. 

To further characterize the mechanism of this process, the early stages of 

oligomerization of 25Q have also been studied (Appendix – Article 9). Time-

resolved NMR experiments have been used to achieve a direct and 

unprecedented characterization of the mechanism of self-assembly and to 

identify precisely which residues undergo any structural changes during 

oligomerization. The hydrophobic region encompassing residues 22-36, distant 

from the polyQ tract, has been discovered to be responsible for the inter-

molecular interactions that trigger AR oligomerization (Figure 3.4b); the latter 

then proceeds only if the length of the polyQ tract is sufficiently long. 

 

 

Figure 3.4 Structural and dynamic properties of 25Q. a) Neighbor corrected Structural Propensity 
(ncSP) of 25Q. The SSP score was calculated from experimentally measured N, C′, C

α
 and C

β
 

chemical shifts by using the neighbor corrected Structural Propensity Calculator (ncSPC) tool. The 
Tamiola, Acar and Mulder random coil chemical shift library was chosen for the analysis. Positive 
and negative values correspond to α-helical and β-sheet propensities, respectively. b) 
Concentration-dependent backbone dynamics in 25Q. 

15
N R2 relaxation rates are reported as a 

function of residue number at three different protein concentrations: 125 (green), 250 (red) and 
500 μM (black). The error bars have been removed from the figure to facilitate the comparison. 

 

Taken together, these findings provide new insights into the structural properties 

of polyQ tracts and offer a compelling example of how flanking regions can affect 

the rate and extent of formation of toxic fibrillar species by proteins harboring 

this peculiar sequences. The increased understanding of how sequence context 
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influences the properties of polyQ tracts opens up new avenues for the 

development of therapeutic strategies for polyQ diseases based on targeting the 

flanking regions rather than the polyQ tracts themselves. In particular, further 

insights into the mechanism of AR oligomerization in SBMA have been achieved, 

leading to a simple explanation for the relationship between cleavage of AR by 

caspase-3 and the formation of nuclear inclusions. 
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Chapter 4 

Conclusions and perspectives 

 

In recent years, IDPs have turned out to be an important category of proteins. 

They have been shown to be involved in many cellular processes, able to exploit 

their flexibility and plasticity to perform highly specific biological functions. 

Therefore, the study of structural disorder is essential to increase our 

understanding of key cellular processes, whose malfunction can cause severe 

diseases. 

Among the biophysical techniques available to study IDPs, solution NMR 

spectroscopy occupies a unique position thanks to its ability to provide high-

resolution site-specific information and address protein dynamics. The possibility 

to obtain simultaneously structural and dynamic information can provide a huge 

contribution to the understanding of how IDPs function. Nevertheless, so far 

the application of NMR has been mostly targeted to the study of well-folded 

proteins. Indeed, the peculiar properties of IDPs decrease dramatically the 

performances of established NMR experiments and render them inadequate in 

terms of sensitivity and resolution. For these reasons, my doctoral project has 

focused on improving the available NMR methods to study IDPs. 

Continuous increase in magnetic field strengths, improvements in 

instrumentation and renovation of acquisition and processing software, make 

feasible long and complex NMR experiments. Such a technological progress, 

together with the fast molecular tumbling of highly flexible IDPs which results in 

slowly relaxing spin coherences, allows the design of advanced pulse sequences 

correlating nuclei in a larger number of dimensions beside the standard three. 4-

5D NMR experiments provide enough resolution to simplify crowded and 

overlapping spectra such as those of large disordered systems. This thesis 
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gathers a suite of novel 5D NMR pulse sequences tailored to achieve sequence-

specific assignment of IDPs, forming a robust protein backbone assignment 

protocol (“CON-CON” strategy). The experiments have been designed in such a 

way to reduce signal overlaps, to detect proline residues and to provide 

sufficient experimental sensitivity for practical use. Approaches for chemical shift 

labeling of backbone carbonyl carbons and nitrogen nuclei to exploit their larger 

chemical shift dispersion have been included in all the experiments, at the same 

time taking full advantage of LRE and NUS to enhance experiments’ 

performances. 

Each pulse sequence has been optimized on α-synuclein first and tested to 

reproduce the assignment of such well-known IDP; then the experiments have 

been employed to study so far uncharacterized disordered systems to gain 

knowledge on their structural and dynamic properties and mechanisms of action. 

Finally, all the NMR experiments have been assessed for automation in their 

analysis by customizing the automatic assignment program TSAR to fully exploit 

their information content. Tests performed on different combinations of spectra 

acquired on α-synuclein led to the conclusion that, for disordered proteins of 

moderate size, about 80-90% of cross-peaks can be correctly assigned with such 

tool, speeding up the sequence-specific assignment process. 

The developed NMR experiments resulted particularly useful to characterize 

several IDPs/IDRs that could have not been studied otherwise. 

Traditionally, IDRs have been considered to be simply passive segments in 

protein sequences that link structured domains. However, the NMR 

characterizations of the ID3, ID4 and ID5 linkers of CBP provide a striking 

example of how IDRs can be heterogeneous in terms of structural and dynamic 

properties. These features may increase the functional states in which a protein 

exist in the cell by enable the interaction and/or the recruitment of different 

proteins, thus contributing to the fine regulation of several cellular processes. 
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The study of the N-terminal domain of Androgen Receptor allowed an 

unprecedented NMR characterization of a 25 residues-long polyQ tract in its 

native sequence context. Flanking regions of the polyQ tract have been 

discovered to induce secondary structure elements in the polyQ tract itself, 

modulating its aggregation properties. On this basis, a model describing the 

events occurring during the initial stage of AR oligomerization in SBMA has been 

proposed. 

In conclusion, the presented NMR experiments expand the number of IDPs that 

can be studied at atomic resolution through NMR, particularly near physiological 

conditions. The exploitation of a high number of dimensions in the experiments 

results essential to extend the size and complexity of IDPs that can be 

characterized. The proposed methods allow to overcome potential limitations 

deriving from the peculiar properties of IDPs (high proline content, extensive 

spectral overlap, fast amide proton nuclei exchange) and open new possibilities 

for the characterization at atomic level of PTMs and intermolecular interactions; 

they contribute to the methodological advancement of NMR and increase the 

number of available applications to study IDPs. Furthermore, topics of general 

interest such as the characterization of protein linkers and low-complexity 

regions, chosen as key examples in the broad area of IDPs, were addressed; the 

thorough NMR characterization of several disordered systems such as the N-

terminus of AR and the ID3, ID4 and ID5 linkers of CBP provided important 

insights into their structural properties and functions. 

Clearly, much work still needs to be done. It is very probable that the study of 

IDPs will change the concept of functional protein, which will evolve from a static 

picture to that of a highly dynamic ensemble of conformations. The advent of 

more powerful computational methods to screen protein sequences for intrinsic 

disorder will certainly reveal many more proteins that belong to this class: hence 

the importance of further improving NMR experiments. Experimental 

characterization of such proteins is expected to provide a large amount of data 
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contributing to increase our understanding of the molecular basis responsible for 

their function and to reveal a much larger number of ways in which proteins 

communicate in the cell, filling a gap of knowledge of about 50 years with 

respect to the study of well-folded proteins. 

The NMR methods presented in this thesis are a key contribution to make 

possible such kind of studies. 
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Appendix 
 

Developed pulse sequences 

The new NMR experiments are listed in the table below. 

 

Experiment Provided correlations 

5D (HCA)CONCACON 

13C’i-1-15Ni-
13Cα

i-
15Ni+1-13C’i 

13C’i-
15Ni+1-13Cα

i-
15Ni+1-13C’i 

5D (H
N-flip

N)CONCACON 

13C’i-1-15Ni-
13Cα

i-
15Ni+1-13C’i 

13C’i-
15Ni+1-13Cα

i-
15Ni+1-13C’i 

5D (H)CACON(CA)CON 

13Cα
i-

13C’i-
15Ni+1-13C’i+1-15Ni+2 

13Cα
i-

13C’i-
15Ni+1-13C’i-

15Ni+1 

5D (HACA)CON(CACO)NCO(CA)HA 
13C’i-1-15Ni-

15Ni+1-13C’i-
1Hα

i 

5D BT-(H)NCO(CAN)CONNH 
15Ni+1-13C’i-

13C’i-1-15Ni-
1HN

i 

5D BT-HN(COCAN)CONNH 
1HN

i+1-15Ni+1-13C’i-1-15Ni-
1HN

i 

4D γ-selective-HCBCACON 
1Hα/β

i-
13Cα/β

i-
15Ni+1-13C’i 
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Chemical shift assignments 

The following NMR chemical shifts assignments have been deposited in the 

BMRB. 

 

BMRB 

entry 

Protein Experimental conditions 

6968 α-synuclein 
20.0 mM Pi, 200.0 mM NaCl, 0.5 mM 
EDTA, pH 6.5, 285.5 K 

26671 α-synuclein 
20.0 mM Pi, 200.0 mM NaCl, 0.5 mM 
EDTA, pH 7.4, 308.0 K 

26616 ID4 20.0 mM Pi, 100.0 mM KCl, pH 6.5, 308.0 K 

26639 ID4 20.0 mM Pi, 100.0 mM KCl, pH 6.5, 308.0 K 

25606 4Q 20.0 mM Pi, 1.0 mM TCEP, pH 7.4, 278.0 K 

25607 4Q 20.0 mM Pi, 1.0 mM TCEP, pH 7.4, 308.0 K 

25608 25Q 20.0 mM Pi, 1.0 mM TCEP, pH 7.4, 278.0 K 
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Abstract

Carbon-13 direct detection NMR provides a complementary tool for biomolecular appli-

cations, thanks to the development of a large variety of experimental variants and to

recent improvements in instrumental sensitivity. It can be used as a general tool for

any protein study and it can provide unique information very relevant for the charac-

terization of a variety of different systems such as paramagnetic proteins and large mul-

timeric protein assemblies, as well as intrinsically disordered proteins.

The different properties of 13C respect to 1H, which provide the rational for the

experiments developed, are discussed. The technical aspects that needed to be solved,

as well as themany experimental variants developed to address different cases, are pres-

ented. Application areas where these experiment result particularly useful are also

described.

Annual Reports on NMR Spectroscopy, Volume 80 # 2013 Elsevier Ltd
ISSN 0066-4103 All rights reserved.
http://dx.doi.org/10.1016/B978-0-12-408097-3.00006-8

359



Key Words:
13C direct detection, Virtual decoupling, Protonless NMR, Exclu-

sively heteronuclear NMR, Multidimensional NMR, Longitudinal relaxation

enhancement (LRE), Non-uniform sampling (NUS), Paramagnetic proteins,

Very large proteins, Intrinsically disordered proteins (IDPs)

1. INTRODUCTION

Carbon-13 direct-detectedNMR experiments are widely used for the

study of small molecules, thanks to the great amount of information that can

be obtained from the observed chemical shifts and coupling topologies.

However, after the pioneering studies by the group of John Markley, 13C

direct detection for biomolecular NMR applications in solution has been

abandoned. A wide variety of experiments based on 1H detection, which

exploit heteronuclei in the indirect dimensions, have been developed, on

the grounds of the much higher intrinsic sensitivity of 1H with respect to

that of 13C, and are routinely used. Therefore, why worry about 13C direct

detection for biomolecular applications in solution?

The reason is probably twofold. On the one hand, the great improve-

ment in instrumental sensitivity we have achieved in the past decade, initially

exploited to study systems with limited solubility, can also be exploited to

investigate nuclear spins characterized by a smaller gyromagnetic ratio and

thus lower sensitivity. On the other, the great progress in the hardware,

the vast array of experimental methods that have been developed, as well

as progress in sample preparation and isotopic labelling strategies, have

opened the way to the characterization through NMR spectroscopy of sys-

tems of increasing complexity. Several areas in which 1H-detected experi-

ments find limitations (despite the high sensitivity) have thus emerged,

stimulating the design of alternative methods able to exploit the intrinsically

different properties of the various nuclear spins. The fast progress in the

implementation of hyperpolarization techniques might completely change

our way of thinking in the future, with the intrinsic sensitivity of a specific

nucleus playing a minor role in the choice of the specific approach!

Most of the high-field high-resolution NMR instruments are nowadays

equipped with probe-heads characterized by an excellent sensitivity, not

only for 1H but also for 13C. A wide variety of multidimensional NMR

experiments based on 13C direct detection have been developed for biomo-

lecular NMR applications. It is thus time to evaluate the progress and the

perspectives in this field. In this review, we focus on the peculiar properties

of the heteronuclei and of 13C in particular, to identify the key features of
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heteronuclei that may be useful and complementary to the ones of protons

(Fig. 6.1). We then summarize the many approaches proposed to overcome

the problem of homonuclear couplings in the direct acquisition dimension

that could potentially complicate the spectra and reduce the sensitivity.

A survey of experiments that have been developed for a variety of different

cases will then be presented, highlighting the many variants proposed.

Finally, as biomolecular 13C direct detection in many cases is not limited

any longer by sensitivity, we show how all the approaches to reduce exper-

imental time that have recently been implemented find application in the

various 13C-detected experiments. The suite of experiments developed

can thus be used as a general complementary tool for biomolecular applica-

tions and can provide additional unique information for different kinds of

proteins, such as paramagnetic proteins, large multimeric assemblies and

intrinsically disordered proteins (IDPs) (Fig. 6.1).

2. INTRINSIC PROPERTIES OF HETERONUCLEI (
13
C,

15
N)

Despite sharing the same nuclear spin S¼1/2, the isotopes 1H, 13C

and 15N on which protein biomolecular NMR is based1,2 do have

Figure 6.1 A schematic picture highlighting the intrinsically different properties of 1H
and 13C spins, as well as different classes of proteins (paramagnetic, very large,
intrinsically disordered) for which 13C direct-detected exclusively heteronuclear NMR
experiments can provide additional information respect to that available through
1H-detected experiments. The proteins shown at the bottom aremonomeric Cu(II)/Zn(II)
superoxide dismutase, ferritin and oxidized cox17. Adapted with permission by Wiley.
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significantly different properties. The possibility to exploit three different

nuclei that cover nearly all sites in a protein, and to correlate them one to

the other through different interactions, accounts for the great success of

NMR spectroscopy to study biological macromolecules with a wide variety

of NMR experiments under continuous development. The three different

nuclei differ in their gyromagnetic ratio, the contributions to their chemical

shifts, the spin–spin coupling constants and, in general, the coupling topol-

ogies as well as the nuclear relaxation properties. The final result of a specific

experiment depends on all the above and in several instances it may be useful

to perform heteronculear-detected experiments even if it is well known that

heteronuclei are characterized by a lower gyromagnetic ratio and thus by a

lower intrinsic sensitivity compared to proton.

The intrinsic instrumental sensitivity depends on a variety of factors,

including the static magnetic field and construction details of a specific

probe-head, but assuming them constant, it depends on the gyromagnetic

ratio of the excited (ge) and observed nuclei (go), according to gego
3/2. This

explains the great success of inverse detection of heteronuclei through

NMR experiments in which protons are used as a starting polarization

source, heteronuclei are frequency labelled in the indirect dimensions,

and then coherence is transferred back to protons and detected.3,4 For this

reason, throughout the years, probes were generally optimized for 1Hdetec-

tion at the expense of 13C sensitivity. However, thanks to initial successful

case studies,5–10 the design of room temperature probes optimized with

the internal, more sensitive coil dedicated to 13C,11,12 and the leap in sen-

sitivity deriving from the introduction of cryogenic technology in the hard-

ware design,13,14 13C sensitivity has experienced an increase of more than an

order of magnitude in the past 10 years, making experiments possible now-

adays that we could only think of until a few years ago. This instrumental

improvement in the intrinsic sensitivity partly compensates for the unavoid-

able loss experienced when shifting from 1H to 13C detection, allowing a

large number of applications. The variety of successful examples in which
13C direct detection does contribute to recover information that would

be lost using 1H detection is described at the end of this chapter.

The gyromagnetic ratio, related by definition to the magnitude of the

magnetic moment associated to the nuclear spin, and for this reason

responsible for the intrinsic sensitivity of an NMR experiment, is also

responsible for the magnitude of the dipole–dipole interactions between

nuclear spins. These are averaged out by fast molecular tumbling in
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solution and thus do not contribute to the signal frequencies, unless a par-

tial orientation of the molecule is induced, but they do provide the major

contributions to nuclear relaxation. The dipolar contributions to relaxation

depend, among other factors, on the product of the square of the gyromag-

netic ratio of the two spins involved in the dipole–dipole interaction as well

as on the effective correlation time, through the values of the spectral den-

sity function at the relevant frequencies. It is well known that one of the

major bottlenecks for NMR applications arises when contributions to

transverse relaxation shorten coherence lifetimes, broadening lines beyond

detection. In this frame, protons, through their high gyromagnetic ratio,

are one of the major sources of dipolar contributions to relaxation. There-

fore, focusing on heteronuclei constitutes one of the approaches to reduce

contributions to transverse relaxation and thus provides valuable alterna-

tives when 1H spins are not detectable any longer or when the dense net-

work of 1H spins does constitute the limiting factor for a specific

application. Two well-known examples that are described in detail in

the last part of this chapter are the presence of a paramagnetic centre

and the increase in molecular mass. In the first case, the presence of one

or more unpaired electrons, through the much higher magnetic moment

in respect to nuclear ones, causes a wealth of additional contributions to

nuclear relaxation that often broaden lines beyond detection.15,16 As dipo-

lar contributions to relaxation deriving from a paramagnetic centre depend

on the square of the gyromagnetic ratio of the observed nuclear spin, the

shift from 1H detection to 13C detection, with other parameters remaining

the same, causes a reduction of a factor of (gH/gC)
2, which may make the

difference between being able or not to detect signals.10,16 The other major

source of transverse relaxation is caused by the increase in molecular mass

that causes a growth of the rotational correlation time tr, and thus of all the

contributions to transverse relaxation, with the dipolar ones involving pro-

tons playing a major role. Therefore, one of the strategies to extend the

molecular mass limit of proteins that can be studied through NMR is

the isotopic enrichment with 2H, characterized by a smaller gyromagnetic

ratio in respect to protons, in order to reduce the magnitude of the dipolar

contributions to transverse relaxation deriving from the dense 1H network

of dipole–dipole interactions.17 When all 1H nuclear spins are substituted

by 2H spins, the most favourable spin to detect is thus 13C. This shows how

the high gyromagnetic ratio of a nucleus is not necessarily an advantage and

that it may actually constitute a limitation.
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Other possible sources of fast transverse relaxation potentially able to

broaden lines beyond detectable limits are the contributions originating

from exchange processes. Indeed, it is well known that local fluctuations

between different conformations may provide fluctuating local magnetic

fields for efficient transverse relaxation. Of course, the conformational

changes experienced will differently affect the chemical shifts depending

on the kind of nuclear spins considered. This means that not all kinds of spins

are equally affected by conformational exchange processes and therefore the

possibility to look not only at protons but also directly at the heteronuclei

provides an additional tool to detect resonances, also in cases of conforma-

tional exchange processes.18 The most useful cases in which heteronuclei

may provide alternative solutions are perhaps those in which exchange pro-

cesses with the solvent are responsible for 1H broadening.19,20 This often

occurs either for solvent exposed loops or for specific conditions of pH that

are of physiological relevance.21 Obviously, 2D 1H–15N correlation exper-

iments, as well as all the amide proton-detected 3D and multidimensional

NMR experiments, which play a central role in biomolecular NMR appli-

cations, suffer from exchange broadening of amide protons, whereas non-

exchangeable nuclei do not. So, it may be useful to develop experiments that

exploit non-exchangeable nuclei, such as for example carbonyls and Cas.

Another nice property of heteronuclei consists in the large chemical shift

dispersion that has contributed to one of the major steps forward in biomo-

lecular NMR applications. Indeed, the possibility to sample not only proton

sites but also to directly detect heteronuclei, provides a tool to monitor the

vast majority of nuclei in a protein. In addition the heteronuclei, thanks to

their improved chemical shift dispersion compared to protons, contribute to

increase the resolution. For example, the 10 ppm 1H dispersion of a typical

protein spectrum becomes 200 ppm for 13C spins. Considering instead spe-

cific types of spins in proteins, Has resonate in a 2.5 ppm region and Cas in a

20 ppm region, showing the improved dispersion. Finally, different types of
13C spins (carbonyls, aliphatic, aromatic, etc.) can be manipulated indepen-

dently through band-selective pulses and this feature has stimulated the

design of a variety of experiments.

Therefore, the possibility to perform experiments based on 13C direct

detection in principle provides a tool to contribute to enhance the chemical

shift dispersion of the observed correlations. In general, this constitutes an

added value but it becomes particularly relevant in all the cases in which

the major limitation to NMR applications derives from resonance overlap
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rather than from fast transverse relaxation, as in the case of systems that lack a

stable 3D structure, such as unfolded proteins or IDPs.

While the large dispersion of isotropic chemical shifts does provide

unquestionable advantages, the anisotropic part of the chemical shift inter-

action should also be considered, as it can provide sizeable contributions to

nuclear relaxation. While for aliphatic 13C spins the chemical shift anisot-

ropy is very small and does not have a large impact on nuclear relaxation,

it may become sizeable for aromatic carbons and carbonyls, having a signif-

icant impact on transverse nuclear relaxation, in particular when molecular

mass increases. This aspect should thus be carefully taken into account in the

experimental design for specific kinds of applications.

Isotopic enrichment of proteins with 13C and 15N has stimulated the

development of a large array of experiments, thanks also to the large number

of scalar coupling constants that can be exploited for coherence transfer.

Among them are the large one-bond 13C–13C scalar couplings (a specific

property of 13C spins with respect to 1H spins) that mediate very efficient

coherence transfers requiring only a short time, thus minimizing relaxation

losses, as well as the 13C–15N scalar couplings that can be used in a very selec-

tive and complementary way to correlate different spins and to achieve

information for sequential assignment. The 3J 13C–13C scalar couplings

(and possibly the 3J 15N–15N), although much smaller than the 3J 1H–1H

analogues, can also be used to achieve coherence transfers when designing

NMR experiments or to access information on dihedral angles. The 1H–13C

and 1H–15Ncouplings can be exploited not only to achieve coherence trans-

fers and/or determine residual dipolar couplings but also to exploit longitu-

dinal relaxation enhancement (LRE) as described later.

Finally, it is worth mentioning more technical features of 13C direct

detection that may prove useful. Indeed, for protein NMR the most widely

used solvent is H2O, which contributes to a very intense signal (in general,

about five orders of magnitude larger than the solute’s signals). Exchange of

the water with D2O enables to avoid the problem of solvent suppression at

the expense of all exchangeable protons, which are lost in the exchange.

Many clever solutions have been proposed to suppress the solvent signal,22

but in some cases, it may still be useful to acquire spectra of proteins in water

without the need for suppressing the strong solvent signal. The other advan-

tage of 13C detection in respect to proton detection is when dealing with

high ionic strength samples. In fact the influence of high salty samples is

much less pronounced when dealing with 13C direct detection, again
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because of the lower frequency of detection.13,23 Thus 13C direct detection

can be exploited in the study of very salty samples.13,23

2.1. The homonuclear coupling

The presence of homonuclear couplings, which complicate the spectra based

on 13Cdirect detection, is readily evident from the example shown in Fig. 6.2,

reporting the 2D 13C0–15N correlation spectrum (CON) acquired on human

securin, an IDP of 202 amino acids.24 As shown in the figure, the nice chem-

ical shift dispersion of the correlations observed would not be very useful

without performing homonuclear decoupling in the direct acquisition dimen-

sion. This problem is less dramatic when dealing with spectra based on 1H

detection since, in this case, homonuclear couplings are roughly an order

of magnitude smaller in respect to the case of 13C and often of comparable

magnitude to the linewidths. On the other hand, if we manage to suppress

the large one-bond 13C–13C couplings, the remaining homonuclear ones

involving 13C are smaller than in the case of 1H, providing little contributions

to the observed signals’ linewidth.

Figure 6.2 The problem of the 13C–13C homonuclear couplings in the direct acquisition
dimension. The 2D CON spectra of human securin are reported here, without (left) and
with (right) 13C–13C homonuclear decoupling. The huge improvement in resolution pro-
vided by the application of homonuclear decoupling is clearly visible. Spectra were
acquired at 700 MHz, 283 K on a 13C, 15N-labelled sample of 0.7 mM human securin
(25 mM Na2HPO4, 150 mM KCl and 10 mM 2-mercaptoethanol, pH 7.2). The IPAP
approach was used for homonuclear decoupling of carbonyls to suppress the one-bond
C0
–Ca coupling in the direct acquisition dimension.
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Heteronuclear decoupling is easier to perform both in the direct as

well as in the indirect dimensions, simply by applying one of the many

decoupling sequences or using 180 pulses in indirect dimensions. For

the homonuclear case, when performing decoupling in indirect dimensions

of NMRexperiments, it is quite straightforward to decouple C0 fromCa and

vice versa by using band-selective pulses.1,2Alternatively, if transverse relax-

ation allows, constant time versions of the experiments can be used to refo-

cus the evolution of homonuclear couplings.

The additional complications related to performing homonuclear

decoupling in the direct acquisition dimension derive from the fact that

we would need to give radio frequency pulses at a specific frequency very

similar to the one that we would like to sample, while keeping the receiver

open for acquisition. Therefore, it is not trivial to filter one from the

other. A solution is conceived in sharing the acquisition time between

the “acquisition-mode” and the “decoupling-mode”. This switch should

of course be very quick, faster than the sampling speed that we want to

achieve, in order to allow some time for decoupling between each acquired

data point. A similar approach has been proposed also for 1H detection in

order to identify coupling partners by irradiating at the frequency of a spe-

cific signal and monitoring which multiplets are then perturbed.25

In case of 13C detection, if the frequency ranges of different types of spins

are well separated and far from each other, such as C0 and Ca spins, it is easy

to perform band-selective irradiation of Ca while acquiring carbonyls (and

vice versa), removing in this way the large 13C–13C coupling affecting car-

bonyls (for all carbonyls at once).10,26However, one of the drawbacks of this

approach consists in the appearance of decoupling side bands, and not for all

NMR signals the expected gain in intensity is achieved. This approach

works fairly well to decouple carbonyls from Cas and vice versa, whereas

it is more difficult to implement complete decoupling of Cas from Cbs,

which also share a large one-bond coupling, due to the very close frequency

ranges between these two kinds of nuclear spins.26 Moreover, from a more

technical point of view, this set-up may require the use of special filters.

Another large class of methods that has been proposed relies on

maintaining the coupling active andon letting it selectively evolve in alternate

experiments, in order to sample the in-phase (IP) and the anti-phase (AP)

components of the signal or their different linear combinations.12,27–30These

approaches are very elegant and do not require an additional radio frequency

channel, since the effect can be achieved by using band-selective pulses.

This idea is very simple and is illustrated schematically in Fig. 6.3 (top

panels). Once the carbonyls are transverse, it is possible to refocus or to allow
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Figure 6.3 Schematic representation of the methods for homonuclear decoupling
(top), of how they can be implemented in different kinds of experiments (middle)
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the evolution of the C0–Ca couplings for a selected overall time (D¼1/2J) to

obtain either the IP or AP components of the signal, of course using the same

number of pulses and delays to make sure that potential pulse imperfections

or relaxation losses affect both components in the same way. The figure also

shows the linear combinations that need to be performed to separate the

two multiplet components, which are then shifted to the centre of the

original multiplet and summed together, removing in this way the splitting

due to the one-bond coupling. The implementation of this approach

(IPAP)31 to the simplest case of carbonyl decoupling in the 1D mode is

shown in Fig. 6.4A.12,29 An alternative approach (S3E) is based on the

reduction of the overall time in which the coupling is allowed to evolve

to D/2¼1/4J, so that both components of the signal (IP and AP) are

simultaneously present at the time of acquisition (Fig. 6.4B).30,32 In this case,

separation of the two multiplet components is achieved by acquiring two

different linear combinations of IP and AP components by changing the

relative sign of the two. For example, a 180" band-selective 13C pulse right

before or right after the J evolution period can be used to selectively change

the sign of only one of the two components in alternate experiments.32

Indeed, while at the beginning of the block only IP magnetization is present

and so the sign change affects both components deriving from the initial IP

signal, at the end of the block the two components result orthogonal one to

the other, and so the 180" pulse changes only the sign of one of them while

preserving the one of the other. Analogously, the two independent

and how to extend the approach to more than one large coupling (bottom). Top: the
three panels indicate schematically the various options to achieve homonuclear
decoupling which include band-selective homonuclear decoupling as well as the
design of different variants to acquire the in-phase (IP) and anti phase (AP) components
of the signals, in order to have the necessary data for subsequent linear combinations to
suppress the coupling in the direct acquisition dimension. Middle: the three panels
schematically indicate how the different spin-state-selective variants can be
implemented in different kinds of experiments, either by adding an extra block at
the end of the experiment or by introducing specific variants in the last coherence trans-
fer step or finally, even shortening the pulse sequence by implementing the S3E variant
when the last coherence transfer step consists in refocusing of the coupling that we
need to suppress. Bottom: the two panels schematically indicate how one can design
experimental variants to suppress more than one coupling, such as adding one block
after the other or merging them to reduce the overall duration of the block and thus the
relative relaxation losses.
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Figure 6.4 Implementation of C0 and Ca virtual decoupling in the 1D mode. The IPAP,
S3E, DIPAP and DS3E building blocks for virtual decoupling are reported here. The first
two can be used in C0 direct-detected experiments, while the second two in Ca direct-
detected experiments. Band-selective 13C pulses are denoted by shapes (narrow and
wide ones represent 90! and 180! pulses, respectively). The pulses are applied along
the x-axis unless noted differently. The lengths of the delays and the phase cycles
are reported case by case. For each different pulse scheme, the resulting 1D spectrum
is shown as an example. All the spectra have been acquired on a 13C, 15N-labelled cyclic
octapeptide hymenistatin. The IPAP building block is reported in panel (A). Panels (A1)
and (A2) show the two variants of IPAP pulse scheme to acquire the in-phase and the
anti-phase components, respectively. The results of both experiments are reported in
panel (A3) and indicated with IP and AP, respectively. Panel (A3) also shows the
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components are then summed and subtracted in order to separate the two

multiplet components. After applying a 90 phase correction to one of

the two, they are again shifted to the centre of the original multiplet and

summed to obtain virtual decoupling (Fig. 6.4B). Slightly different variants

of this approach have also been proposed.33,34

These methods perform very well for C0 homonuclear decoupling due to

the fact that the couplings are very uniform throughout the sequence, so the

block can be optimized at once for all the signals. Good separation between

the two components can be achieved with an improvement of the signal of a

factor of two, as expected. However, the gain in S/N is also affected by the

unwanted increase in the noise, which arises from the linear combination of

the different FIDs. Taking into consideration all these effects, the final gain is

mathematical approach employed to treat the data. The delay D is 1/(2JCaC0)¼9 ms,
where 2JCaC0 is the coupling to suppress. The phase cycles are: (A1) fIPAP¼x, #x and
frec¼x,#x; (A2)fIPAP¼#y, y andfrec¼x,#x. The S3E building block is reported in panel
(B). Panels (B1) and (B2) show the two variants of S3E pulse scheme to acquire the two
independent FIDs needed to separate the two C0 multiplet components (with respect
to Ca). The results of both experiments as well as schematic representation of the manip-
ulations necessary to separate the twomultiplet components and shift them to the centre
of the original multiplet to obtain virtual decoupling are reported in panel (B3). The delay
D is 1/(2JCaC0)¼9 ms, where 2JCaC0 is the coupling to suppress. The phase cycles are: (B1)
fS3E¼ x,# x andfrec¼x,#x; (B2)fS3E¼ y,# y andfrec¼x,#x. The DIPAPmethod for Ca

direct detection to remove the two large Ca–C0 and Ca–Cb splittings in the direct acqui-
sition dimension is shown in panel (C). Panels (C1)–(C4) report the four variants of the
pulse scheme to acquire and store separately the four components indicated with IP–
IP, AP–IP, IP–AP and AP–AP, respectively. The results of the four experiments are shown
in panel (C5). The four different linear combinations as well as the final results are shown
in panel (C6). The latter is scaled relative to the other traces in order to have the same
noise intensity. The delay D is 1/(2JCaC0)¼9 ms, while D0 is set to 1/(2JCaC0)¼14 ms.
The phase cycles are: fDIPAP (C1)¼x, #x; fDIPAP (C2)¼y, #y; fDIPAP (C3)¼#y, y; fDIPAP
(C4)¼x, #x; frec¼x, #x. The DS3E building block for Ca direct detection to remove
the two large Ca–C0 and Ca–Cb splittings is reported in panel (D). The four variants of
the 1D experiment that are necessary to separate, through linear combinations, the four
components of the Ca multiplet are reported in panels (D1)–(D4). The four different 1D
experiments are reported in panel (D5); the four different linear combinations are
reported in panel (D6); the two dispersive components, after applying a first order 90 

phase correction, are shown in panel (D7) together with the final result. The delays a,
b and c are set to allow for the evolution of the one-bond Ca–C0 and Ca–Cb couplings
for a total evolution time of 1/4J each (aþbþc¼1/4JCaCb¼7.1 ms and a#bþc¼1/
4JCaC0¼4.5 ms, with aþb¼c). The phase cycles are: fDS3E (1)¼x, #x; fDS3E (2)¼#y, y;
fDS3E (3)¼y, #y; fDS3E (4)¼x, #x; frec¼x, #x.
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thus reduced to the square root of two, ignoring losses due to relaxation and/

or pulse imperfections.35

For simplicity, the principles on which these approaches are based have

been described referring to transverse carbonyl coherence. Therefore, this

block can be added at the end of any pulse sequence in which carbonyls

are acquired (Fig. 6.3, middle panels). The same results can be obtained also

starting from an AP coherence, just inverting the two blocks (the one that

prevents the evolution of the coupling yields the AP, whereas the other the

IP component). The IPAP approach can thus be implemented without the

inclusion of additional delays in all the experiments in which the last coher-

ence transfer step is used to refocus a carbonyl coherence. Band-selective

pulses on Ca spins should be introduced to modulate the extent of the evo-

lution of the scalar coupling to obtain the two independent components.

Indeed, the IPAP approach is often used in 2D CON experiments and more

generally in all the experiments that exploit the N to C0 transfer step in the

last part, since this final transfer step is equal to 1/2JNC0, which is longer than

1/2JCaC0. If instead the experiment ends with a Ca to C0 transfer step, in

substitution to the IPAP approach, it is possible to implement the S3E

scheme, which provides a reduction of the duration of the pulse sequence

(Fig. 6.4B).32,35 This strategy may be particularly useful when transverse

relaxation is an issue.32

Another approach that has been proposed for 2DCACOexperiments, in

which Ca
i–C

0

i correlations are retrieved, is referred to as “COCAINE”.36 In

this experiment, the orthogonal component of the signal that comes from

the chemical shift evolution period is recovered through a very simple

approach and used to perform homonuclear decoupling.

Finally, all these spin-state-selective approaches can also be used for het-

eronuclear decoupling. For example, the one described above has been

implemented in the 2D CON experiment for 15N heteronuclear

decoupling37 (in a way similar to what was proposed also for 1H–15N

decoupling in 2D HSQC experiments38), allowing to acquire the carbonyl

FID as long as necessary without being limited by the maximal duration

imposed by 15N decoupling.

The extension of these ideas to the situation of a spin sharing two scalar

couplings is conceptually straightforward (Fig. 6.3, bottom panels). In prin-

ciple, two blocks, each one optimized for the specific coupling to suppress,

can be designed and implemented one after the other as initially proposed in

solid-state applications.27,28 They can also be merged reducing the total

duration of the block to that of the longer one of the two.12,32 Both
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strategies, named DIPAP12 and DS3E,32 can be implemented, as shown in

the case of Ca direct detection. Ca spins are indeed characterized by two

coupling partners, carbonyl and Cb (except for glycines). A technical com-

plication derives from the fact that, due to the proximity of Ca and Cb

chemical shifts, it is very difficult to selectively invert Cbs with respect to

Cas. A possible solution to this problem consists in the employment of
13C 180 band-selective pulses only on Cas or, alternatively, on both Cas

and Cbs, providing a tool to achieve the discrimination needed. The variants

developed (DIPAP andDS3E, where D stands for “double”, referring to two

couplings involved) are shown in Fig. 6.4(C and D). As it can be observed,

the separation of the four different lines in the multiplet is very efficient as

well as the final result of simplification of the original multiplet, with the

removal of the two large couplings. Different manipulations of the acquired

data also yield properly decoupled Ca resonances for glycines, which lack the

Cb, without the need to acquire a second set of data. In terms of sensitivity,

also in this case, the manipulations of the different FIDs cause a reduction of

the expected increase in S/N ratio, since not only signals but also noise is

summed. The two approaches (DIPAP and DS3E) can be easily

implemented in experiments ending with IP Camagnetization, as for exam-

ple in 13C–13C NOESY experiments or in experiments ending with a C0–

Ca or N–Ca block.35

It is worth noting that the approaches for “virtual” homonuclear 13C

decoupling described above, initially proposed for solid-state NMR spec-

troscopy of biological systems,27,28 where 13C has been, at least until

recently, the nucleus of choice for direct detection, have then been extended

and further developed for solution NMR applications,12,35 and then intro-

duced back in solid-state NMR.39,40This provides an interesting example of

how effective cross-fertilization between these two fields has stimulated a

faster progress, showing how common and also complementary aspects

between solution and solid-state NMR provide key tools to extend the

range of systems that can be investigated through NMR.

One interesting property of the “virtual” decoupling methods that

emerged while implementing these techniques in solid-state NMR exper-

iments, where many of the commonly used experiments are based on

the acquisition of both C0 and Ca, is that the coupling interaction is pre-

served, allowing thus to mutually decouple the two spins involved in the

coupling, without losing any of the information on the two. This is a subtle

but interesting difference in respect to the methods in which radio frequency

irradiation decoupling schemes are applied to one of the two spins involved
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in the coupling (and thus the information on one of the two spins is lost).

This property has been exploited in the solid state39,41 and might also prove

useful for solution state NMR.

Finally, in several cases, it may not be trivial to implement homonuclear

decoupling, or it may even be preferable to avoid it. For example, when

acquiring all aliphatic signals that are characterized by different coupling

topologies, a unified approach is not possible and thus couplings are

retained.42 Dedicated versions for specific applications (methyl groups, aro-

matic rings) can be designed.32,43 In other cases in which fast transverse

relaxation might be a limiting factor (e.g. very large or paramagnetic pro-

teins), it has been proposed to acquire only the AP component of the signal

in order to shorten, and thus simplify, the pulse sequences.7,44

2.2. The suite of NMR experiments

Once direct 13C detection on uniformly 13C, 15N-labelled proteins can be

performed with 13C homonuclear decoupling, a wide variety of different

experiments can be developed. In addition, dedicated isotopic enrichment

schemes can be designed to improve the performance of key experiments

that may prove useful in particular situations. In analogy to the suite of
1H-detected experiments, 13C-detected experiments can be differentiated

on the basis of the active interactions exploited in the coherence transfer

steps (scalar couplings, cross-relaxation rates), in the starting polarization

source (13C or 1H), in the kind of detected nuclei (C0, Ca, Cali or others)

and in the kind of homonuclear decoupling method used (IPAP, S3E,

DIPAP, DS3E).

After pioneering papers proposing 13C direct detection to study proteins

by the group of Markley stimulated by the advent of uniform isotopic label-

ling of proteins with 13C and 15N,45–47 inverse detection of heteronuclei3,4

promoted the development of the suite of 1H-detected triple resonance

experiments that is being used for many years to study proteins through

NMR.1,2 However, recent technical improvements in instrumental sensi-

tivity, as well as limits encountered in the application of 1H-detected exper-

iments on various kinds of proteins (paramagnetic proteins, very large

multimeric assemblies, high salt conditions, etc.), attracted interest again

in the direct detection of heteronuclei as a tool to overcome limitations

imposed by the properties of protons and proton detection in general.

Indeed, fast proton transverse relaxation in the presence of a paramagnetic

centre as well as with increasing molecular mass constitutes a severe
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limitation andmay cause broadening of signals beyond detection. Therefore,

exploitation of protons in any of themagnetization transfer steps of an exper-

iment has a detrimental effect. This idea stimulated the design of 2D exper-

iments based on 13C direct detection in which only the heteronuclei were

exploited in the magnetization transfer steps to be used as a complementary

tool to 1H-detected experiments.7,8,48,49The experiments that were initially

proposed were based on 13C-start, 13C-detection and completely avoided

protons in any of the magnetization transfer steps. For this reason, they were

referred to as protonless NMR experiments.50 The initial set of protonless

NMR experiments included various kinds of 2D experiments correlating

carbon spins, such as the 13C–13CCOSY and the 13C–13C TOCSY, as well

as the CACO or COCA experiments, correlating Ca and C0 in different

ways. Indeed, the large one-bond 13C–13C scalar couplings provide a very

efficient coherence transfer mechanism. In addition, the 2D experiments

correlating Ca or C0 to nitrogen (CAN and CON) were also proposed.8–10

Furthermore, it was suggested to exploit the 13C–13C NOESY experiment

as an additional tool to be used in cases in which fast transverse relaxation

constitutes the major limitation.29,51,52 In fact, when fast transverse relaxa-

tion still constitutes a limiting factor, it might still be possible to detect addi-

tional correlations in 13C–13C NOESY experiments, in which cross-peaks

originate from relaxation processes occurring, while magnetization is longi-

tudinal (longitudinal auto-relaxation and cross-relaxation rates). Despite the
13C–13C cross-relaxation rates are expected to be much smaller than 1H–1H

ones, the 13C–13C NOE effects between directly bound carbons are easily

detectable and it was soon realized that spin diffusion through directly bound

carbons becomes a very efficient process providing in this way 2D spectra

similar to either 13C–13C TOCSY spectra in solution or one of the many
13C–13C dipolar correlation experiments in the solid state.29 In parallel,

other experiments based on 13C direct detection that exploit 1H as a starting

polarization source were proposed. These proved useful in several cases,

such as long out-and-back experiments,5,23,53–57 affected by losses due to

long coherence transfer pathways or for very salty samples that cause dra-

matic reduction in 1H sensitivity while 13C is less affected,23 or because there

is no need to implement solvent suppression.

Thanks to these examples demonstrating the usefulness of 13C-detected

experiments in several situations of practical interest, in the following years a

leap in 13C sensitivity was achieved. This was initially obtained through the

design of dedicated room temperature probes with optimized 13C sensitiv-

ity, followed by the implementation of the “cryo-technology” also to 13C
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direct detection.11,13,14This opened the way to the implementation of more

challenging experiments. It was thus shown that 3D protonless NMR

experiments on proteins could be conducted in a few days;11,30 in parallel,

all the methods to achieve homonuclear decoupling were tested and

implemented in 2D and 3D experiments. This enabled the design of the

complete suite of 2D/3D experiments based on 13C direct detection.30,37

The correlations that can be detected in these experiments and the relevant

scalar couplings actively used are shown schematically in Fig. 6.5. Carbonyl

detection was initially selected due to the presence of only one large cou-

pling to suppress the direct acquisition dimension and to the efficiency of

homonuclear decoupling methods.35 Carbonyls can thus be correlated to

the neighbouring carbon (Ca) through a 13C–13C transfer step. In addition,

Ca can be further correlated to the Cb through a 13C–13CCOSY step and to

all the aliphatic side chain through a 13C–13C TOCSY step to obtain the

2D/3D CBCACO12 and CCCO30 experiments, respectively. By introduc-

ing a further transfer step, it is also possible to include an additional dimen-

sion in which the attached nitrogen (in respect to the carbonyl) is frequency

labelled. Therefore, the 3D experiments CACON, CBCACON and

CCCON were designed.30 These enable the identification of all the spin

systems in a protein, including those involving prolines. Several additional

experiments were then proposed in which different couplings are exploited

to detect the complementary correlations to link amino acid spin systems in a

sequence-specific manner. Experiments featuring 1JCAN/
2JCAN

(CANCO)11,58 coherence transfers, as well as the variant including also

the information about the Cb chemical shift (CBCANCO),24 provide the

complementary information to that available in the CACON/CBCACON

experiments for sequence-specific assignment. In addition, other experi-

ments providing correlations which involve carbonyl carbons or nitrogen

atom nuclei of the previous and of the following amino acids were proposed

as a further tool to reduce potential ambiguities. These include the

COCON59 experiment, exploiting a 13C–13C transfer step mediated by a
3JCOCO, which gives best results when using the MOCCA scheme for
13C–13C transfer,60 as well as the (H)NCANCO37 experiment in which

the N–Ca–N step is tuned to correlate the 15N of one amino acid with

two neighbouring ones.

Another backbone 13C nuclear spin that can be tackled in a general way

and used to design a whole series of experiments is Ca.12,61–63 It is even char-

acterized by a larger chemical shift dispersion with respect to C0, so in prin-

ciple, it can provide even larger resolution than C0. However, as stated
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above, it is also coupled to the Cb (except for glycines) through a large one-

bond coupling which makes homonuclear decoupling a bit more demand-

ing, even if feasible. Indeed, band-selective homonuclear decoupling is not

easy to implement and virtual decoupling approaches, which instead per-

form very nicely, do require that we pay a price in terms of reduced sensi-

tivity. For these reasons, when possible, carbonyls are usually preferred to

Figure 6.5 The suite of 2/3D 13C0 direct-detected NMR experiments. The schematic illus-
tration shows a series of experiments which correlate the direct dimension, where 13C0 is
frequency labelled, to the other heteronuclei. As reported on the left, all these exper-
iments can be considered an expansion of the 2D CON experiment, with the possibility
to add in the third dimension correlations useful to identify the spin systems or for
sequential assignment. That is why only these planes are reported in the picture,
whereas the third dimension in which nitrogen evolves has just been represented as
an arrow. These experiments can also be conducted in the 2D mode: in this case, their
final appearance would be as drawn. All the cross-peaks have been coloured according
to the particular scalar coupling/s exploited in each experiment, as shown in the top
panel. The resulting spectra are schematically illustrated in the lower part of the illus-
tration. The NCANCO experiment can be used to retrieve sequential connectivities
towards both the N- and C-terminal part of the protein, since it correlates simulta-
neously three neighbouring nitrogens. Similarly, the COCON experiment can be used
for the same purpose, since it correlates three adjacent carbonyls. The CANCO and
its expansion CBCANCO experiments can instead be exploited to establish sequential
correlations along the Ca and Ca/Cb dimensions. Finally, the CACON, CBCACON and
CCCON experiments exploit the side chain carbon nuclei in order to unambiguously
identify the spin systems. All experiments can be conducted either starting with 13C
polarization (13C-start) or, with small modifications, with 1H polarization in the non-
selective (1H-start) or selective (1H-flip) modes. The NCANCO, which in principle can
be acquired starting from 15N polarization, is generally acquired in either the 1H-start
or 1H-flip modes to increase the sensitivity. Printed with permission by Wiley.
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Cas and thus the experiments proposed exploiting Ca detection were devel-

oped a bit later and in a smaller number. Nevertheless, the CAN experiment

was proposed to detect the two correlations between Ca and the intra and

sequential nitrogen, as well as a variant to highlight the sequential correlation

and thus discriminate it from the intra-residue one.61,62 In addition, the Ca-

detected versions of the COCA, 13C–13C TOCSY and 13C–13C NOESY

experiments, together with different variants of virtual decoupling (DIPAP

and DS3E, Fig. 6.4), are available.50

Thanks to the potential of experiments based on Ca direct detection for

the study of higher molecular mass proteins, it was proposed to exploit the

isotopic labelling strategy that avoids neighbouring 13C spins (and thus also

the need of homonuclear decoupling in the direct 13C dimension), designed

for solid-state applications.64 Several experiments based on Ca direct detec-

tion that exploit this isotopic labelling schemewere thus proposed, including

the CANCA and the CACA TOCSY experiments.61,62 Of course, these

experiments can also be implemented on fully labelled samples using one

of the homonuclear decoupling tricks. More recently, it was realized that

the experiments based on Ca direct detection might also prove useful for

the study of IDPs.63

For all the systems in which fast transverse 1H relaxation is not an issue

but poor chemical shift dispersion is the limiting factor, such as in disor-

dered or unfolded proteins, it is possible to exploit 1H as a starting polar-

ization source and design a set of experiments that provide the same

correlations as the ones described above (Fig. 6.5), but with a higher sen-

sitivity.37 In order to maximize the dispersion of the correlations, only the

heteronuclei are frequency labelled in the detected dimensions. For this

reason, this set of experiments based on 13C detection is indicated with

the more general term of “exclusively heteronuclear NMR experiments”

in respect to the initial one (“protonless NMR experiments”). However,

analogous versions in which 1H is frequency labelled in the indirect dimen-

sions have also been proposed.56,57

2.3. Speeding up 13C direct-detected experiments

Since 13C detection is not limited any longer by the sensitivity, at least in

many cases of practical interest, it is possible to implement all the variants

that have been recently developed to reduce the duration of NMR exper-

iments or to improve the resolution in a given amount of time (Fig. 6.6).65

These include longitudinal relaxation enhancement (LRE) strategies to
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reduce the time between the acquisition of two subsequent FIDs, as well as

non-uniform sampling (NUS) strategies to reduce the number of points nec-

essary to build multidimensional NMR experiments. These approaches are

briefly explained hereafter and their implementation in 13C-detected exper-

iments are described.

2.3.1 Longitudinal relaxation enhancement

It is well known that recovery of magnetization to equilibrium does not only

depend on the intrinsic relaxation rates (auto- and cross-relaxation rates) but

also on the initial conditions. Indeed, it has been shown that in the macro-

molecular limit (for folded proteins), selective perturbation of a subset of

protons, for example, amide protons, while leaving all other spins

unperturbed, greatly enhances the recovery of magnetization to the equilib-

rium position. This effect, which can be demonstrated through the relaxa-

tion matrix approach, has been implemented in proton-detected

experiments in order to reduce the inter-scan delay and thus shorten the

duration of a given experiment. This effect, first introduced for the acqui-

sition of 2D HN experiments,66–71 was then extended to the whole set of

triple resonance experiments,70 contributing to a drastic reduction of the

time necessary to collect the multidimensional experiments necessary for

the complete assignment of a protein.

Figure 6.6 Speeding up the acquisition of multidimensional NMR spectra. An
n-dimensional NMR experiment divided into four basics elements: preparation, evolu-
tion, mixing and acquisition periods. The evolution and mixing periods are repeated
n 1 times, where n is the dimensionality of the experiment. In the illustration, a 4D
experiment is shown as example (n¼4). The experiments can be shortened in twoways:
by reducing the inter-scan delay, exploiting longitudinal relaxation enhancement (LRE)
in order enhance the recovery of the magnetization (left panel, from black to red curve),
and by sampling only a subset of the time points needed to build the indirect dimen-
sions of the experiment, using non-uniform sampling (NUS) schemes.
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Along the same lines, the idea to selectively manipulate a subset of spins,

while leaving all others unperturbed with the aim of speeding up their

recovery, can be implemented in an even easier way in 1H-start-13C-

detected experiments.72,73 Indeed, since in this case 1H spins are only used

as a starting polarization source, after the initial polarization transfer step

there is no need to perturb them again. Since one of the nice features of

the suite is that one can access information about all amino acids, including

prolines, the first implementation of the approach was to 1Ha start experi-

ments.72 Therefore, in place of band-selective pulses proposed to focus on

amide protons, it was suggested to exploit the evolution of the 1H–13C scalar

coupling in order to only perturb Ha spins and return all other spins to the

þz-axis. If necessary, during chemical shift evolution periods, the evolution

of heteronuclear-proton scalar couplings can be refocused through the use of

180! 1Hpulses, which can be applied in pairs one close to the other to flip 1H

Figure 6.7 The H-flip approach for longitudinal relaxation enhancement in 13C
detected exclusively heteronuclear NMR experiments. The blocks needed to acquire
the inversion recovery profiles of HN and Ha protons in the selective and non-selective
(omitting the 180! pulse on the heteronucleus and changing the phase of the last
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magnetizationback toþz-axis.This approach, referred to asHa-flip, is schemat-

ically illustrated in Fig. 6.7. The performance of it on a well-known protein

sample (ubiquitin) is also shown in the figure by the inversion recovery profiles

acquired in the selective and in the non-selective modes. The modifications

necessary to implement the Ha-flip in the CON pulse sequence are also shown

(Fig. 6.7).The same approachwas thenextendedalso to theHN start versions of

the experiments, providing also in this case a significant LRE.73,74

The next obvious question is whether similar ideas could also be

exploited to contribute to the longitudinal enhancement of 13C magneti-

zation. In this case, the magnitude of homonuclear cross-relaxation rates

becomes comparable with the one of longitudinal relaxation rates only

when dealing with extensively 2H-enriched proteins of large molecular

mass, as indicated by the inversion recovery profiles acquired either

inverting all spins or only a subset of them for different proteins of different

proton pulse by 180!) mode are reported in the top of the illustration. On the right, the
HN and Ha inversion recovery profiles of the residue 56 of human ubiquitin are shown.
The benefit that can be gained perturbing selectively amide or aliphatic protons is
clearly visible. In the bottom part, the pulse sequence of the (Ha-flip)CON experiment
is reported. The H-flip version of the experiment can be easily obtained by introducing
minor modifications in the first part of the pulse sequence to restore on the z-axis the
magnetization of proton spins not involved in the first magnetization transfer step, pro-
moting longitudinal relaxation enhancement. All pulses are given with phase x, unless
otherwise specified. Band-selective 13C pulses are denoted by shapes and rectangular
pulses represent hard pulses. The wide and narrow pulses correspond to p and p/2 flip
angles. Pulse field gradients (PFG line) are also indicated by shapes. The delays are:
e¼ t1(0), d¼3.6 ms, d1¼2.2 ms, D¼9 ms, D1¼25 ms, D2¼27 ms. The phase cycles
are: f1¼#x; f2¼4(x), 4(#x); f3¼8(x), 8(#x); f4¼x, (#x); f5¼2(x), 2(#x); f6¼8
(#x), 8(x); fIPAP(IP)¼x; fIPAP(AP)¼#y; frec¼x, (#x), (#x), x, (#x), x, x, (#x). Quadrature
detection was obtained by incrementing phase f5 (t1) in a States-TPPI manner. For

13C
band-selective p/2 and p flip angle pulses Q5 (or time reversed Q5) and Q3 shapes were
used with durations of 274 and 220 ms, respectively, except for the p pulse indicated in
grey (band-selective inversion of Ca spins respect to Cb, Q3, 860 ms) and for the p pulse
indicated in crossed stripes (adiabatic inversion pulse over the C0 and Ca regions, Chirp,
500 ms, 25% smoothing, 80 kHz sweep, 11.3 kHz strength). The 1H and 15N carriers are
placed at 4.7 and 125 ppm, respectively. The change in the position of the 13C carrier
(39 ppm for Cali, 55 ppm for Ca and 173 ppm for C0, 100 ppm for the adiabatic pulse) is
indicated by vertical arrows. Decoupling of the 1H and 15N was achieved with waltz-16
(1.7 kHz) and garp-4 (1.0 kHz), respectively. The experiment employs the IPAP approach
to suppress the Ca–C0 coupling and the in-phase (IP) and anti-phase (AP) components
are acquired and stored separately by using the pulse schemes illustrated, doubling the
number of FIDs recorded in one of the indirect dimensions.
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sizes. As it can be observed, for 13C recovery the effect between selective

and non-selective inversion of all spins is minor for proteins of molecular

size as ubiquitin, while it becomes sizeable going to proteins with increas-

ing molecular mass, as indicated in Fig. 6.8 (top panels). Therefore, the

effect is of potential interest and could be exploited. For proteins of

Figure 6.8 How about 13C longitudinal relaxation enhancement? Three inversion recov-
ery profiles obtained perturbing selectively the carbonyl spins or all the carbons spins
are reported in the top of the figure for ubiquitin (8.5 kDa), Cu(I)/Zn(II) superoxide dis-
mutase (32 kDa) and ferritin (480 kDa). From their comparison, it is readily visible how
the gain obtained perturbing only the carbonyl spins increases together with themolec-
ular mass of the protein. In the middle of the figure, it is reported the flip-CON-IPAP
pulse sequence, which allows to exploit this effect in order to reduce the duration of
the inter-scan delay. The only difference between this pulse sequence and its analogue
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intermediate size, such as superoxide dismutase (32 kDa), it was shown that by

taking care of flipping back to þz-axis all “unused” 13C spins in CON-type

and CAN-type experiments, the overall sensitivity can be improved (Fig. 6.8,

bottom panels). Therefore, on proteins of bigger size such effect is expected to

be even larger. However, it should also be considered that most of the scalar-

type experiments will also suffer from reduced sensitivity.

2.3.2 Non-uniform sampling

A complementary approach to speed up the acquisition time reducing the

inter-scan delay between each repetition of a given experiment consists

in reducing the overall number of repetitions of the experiment necessary

to build indirect dimensions of NMR experiments.

Conventionally, the acquisition of multidimensional NMR experi-

ments is in fact performed sampling, in each indirect dimension, time

points equally spaced on the Cartesian grid, where by time point we refer

to each repetition of the experiment with different delay/s for chemical

shift evolution/s. The grid spacing is dictated by the Nyquist theorem,

in the same way the sampling interval is determined in the direct dimen-

sion. Such a theorem requires the sampling rate to be faster than the highest

frequency expected. In other words, the delay between data points placed

along a particular dimension of the Cartesian grid is calculated as the recip-

rocal of the desired spectral width. Unfortunately, the observation of such

rule results in an enormous growth of experimental time as the

CON-IPAP is the presence of a 180! shaped pulse (shown in red) selectively applied on
aliphatic 13C spins to flip back 13C spins inverted by the previous pulse. The effect of the
addition of this pulse are reported in the lower part of the figure, where the spectra of
these two versions of the 2D CON-IPAP experiment acquired on Cu(I)/Zn(II) superoxide
dismutase are reported. Fixing the experimental time, the gain in signal intensities is
evident, as also shown in the bottom left for three sections of these spectra. All the
pulses of the flip-CON-IPAP pulse sequence are given with phase x, unless otherwise
specified. Band-selective 13C pulses are denoted by shapes and rectangular pulses rep-
resent hard pulses. The wide and narrow pulses correspond to p and p/2 flip angles.
Pulse field gradients (PFG line) are also indicated by shapes. The delays are: D¼9 ms,
D1¼25 ms, e¼ t1(0)þpC#pCali, where pC is the duration of the adiabatic 180! pulse
(shown in grey) in the middle of the 15N chemical shift evolution time and pCali is
180! is the duration of the shaped pulse (shown in red) selectively applied on aliphatic
13C spins. The phase cycles are: f1¼x, #x; f2¼2(x), 2(#x); f3¼2(#x), 4(x); f4¼4(x), 4
(#x); frec¼x, (#x), x, 2(#x), x,#x,#x. All the other parameters are the same as reported
in Fig. 6.7.
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dimensionality of the experiment is increased, especially when a consistent

number of increments are required to achieve optimal resolution in the

indirect dimensions.

In the past two decades, an alternative sampling approach known as

NUS has been introduced in NMR to reduce experimental time, or

achieve higher resolution in the same amount of time or be able to acquire

spectra of high dimensionality with appropriate resolution. NUS eludes the

limitation of conventional sampling by sampling only a subset of the time

points of the Cartesian grid, according to some predetermined sampling

scheme. However, sparsely sampled data cannot be processed with the

well-known fast Fourier transform, for which signals would be corrupted

due to missing data, but need different strategies for a proper treatment.

Clearly, the quality of the resulting spectra is therefore determined by

the sampling schedule and spectral reconstruction or processing method

adopted, which have thus become growing fields of research. Currently,

several non-linear algorithms for data reconstruction or processing have

been proposed and optimized, such as maximum entropy,75,76 forward

maximum entropy,77,78 multidimensional decomposition (MDD),79 com-

pressed sensing (CS),80 spectroscopy by integration of frequency and time

domain information (SIFT)81 and multidimensional Fourier transform

(MFT).82 Principally, these methods differ in the assumptions that have

to be introduced to reconstruct the missing data. For example, ME

methods rely on the optimization of a penalty function in order to find

the spectrum with highest entropy, while CS performs an l1-norm mini-

mization to recover the sparsest spectrum; MDD compensates the lack of

sampled points simplifying the description of the spectrum as a direct prod-

uct of Lorentzian shapes, whereas SIFT replaces the time data omitted with

some spectral points assumed to be equal to zero; finally, MFT simply Fou-

rier transforms the NUS data with a multidimensional procedure. Of

course, since different assumptions may be more appropriate for different

NUS spectra, the overall efficiency of each method generally depends from

case to case. Apart from that, other relevant differences between these

methods are the computational efficiency and the kind of input and output,

as well as the degree of automation.

However, a common drawback of all these methods is the appearance of

spectral artefacts in the final spectrum, as an effect of the transformation of

the so-called “sampling noise”, namely the noise that can be attributed to the

irregular data points distribution rather than to sensitivity. The artefacts can

manifest in many forms, such as ridges, phase distortions or peaks of various
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intensity: in fact, artefact final appearance and distribution largely depend on

the type of sampling schedule and algorithm used to reconstruct the data. For

most common applications however, the artefact level is generally very low.

In particular, this is true for spectra in which peaks have similar amplitudes,

since artefact intensities are proportional to the ones of the real peaks, and in

such case, there is almost no risk to confuse “true” and “false” signals one

with the other. On the contrary, when peak intensities are very different

(as e.g. inNOESY-type spectra), smaller peaks can be hidden under the sam-

pling noise. For such cases, ME and MDD are recommended, since these

methods are able to efficiently reduce the artificial noise, even if at elevate

computational expense. For other methods which do not directly treat the

sampling noise, like MFT, very effective post-processing cleaning proce-

dure, like the signal separation algorithm83,84 and CLEAN,85 can be used

to achieve similar results.

In parallel, many efforts have been put into the optimization of the sam-

pling schemes, since it has been proved that the artefact patterns are strictly

related to the distribution of the time points.86 Several sampling schemes

have been evaluated: possibilities range from more ordered distribution of

time points, like spiral and radial sampling, to completely disordered distri-

butions, like random sampling. Evidences have shown that the higher is the

degree of randomness in the time-point schedules, the lower are the overall

artefact levels. In fact, random sampling schemes do not cluster the artefacts

in some specific spectral regions, but spread the artefacts over the entire fre-

quency domain. However, it has been demonstrated that a certain degree of

“order” can be beneficial too, in term of artefact control. Indeed, the use of

explicit restraints for the minimum relative distances between the time

points, which therefore leads to more even (but still random) schemes,

has been shown to shift the artefacts towards empty spectral regions and

to provide relatively clean areas in the proximity of the signals.86 Among

several algorithms which generate sampling schedules imposing distance

restraints between the time points, Poisson-disk sampling scheme is one

of the most effective.

In conclusion, all the methodologies and improvements described in this

paragraph allow thus a fast and accurate acquisition of several typologies of

NMR experiments. In particular, NUS and LRE can be effectively

exploited also for 13C-detected applications, and combined with all the

approaches described before, such as the ones for virtual homodecoupling.

As an example, the acquisition of 3D 13C-detected experiments could be

significantly reduced as shown in Fig. 6.9.
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2.4. 13C direct-detected NMR experiments of high
dimensionality

Thanks to the methodological improvements described in the previous par-

agraph, experiments of high dimensionality can be conducted with high res-

olution in a reasonable amount of time, with the only limitation being the

relaxation properties of the molecule under investigation.

Multidimensional experiments which involve four to five chemical shift

evolutions are feasible only with the use of LRE and NUS: many improve-

ments have thus been done to facilitate the generation of the sampling sched-

ules and to simplify the processing of the acquired data. The setup of the

sampling lists has become very user-friendly, since in most of the

programmes only a few steps are generally required to define the type of

sampling, the total number of time points and the maximum evolution

times. Also, the programmes for data reconstruction have been significantly

improved to automatically read the experimental parameters required for

Figure 6.9 Implementation of longitudinal relaxation enhancement (LRE) and non-
uniform sampling (NUS) in one of the 3D 13C-detected exclusively heteronuclear NMR
experiments, the (H)CANCO. The figure shows the C0

–N projections of the 3D CANCO
spectra acquired with the 1H-start variant (A), with the 1H-flip variant (B) and with
the 1H-flip variant also reducing the sampling in indirect dimensions to 40% of the data
(C). The overall time necessary to conduct the experiment is significantly reduced (about
a factor of 10), still showing all the expected cross-peaks without causing a reduction in
the signal-to-noise. This fact is clearly evident looking for example at the peak
highlighted with an arrow in the 1D projections. Adapted with permission by ACS.
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processing, and some of them have already been implemented in the acqui-

sition softwares of the spectrometers to be routinely used.

However, the main barrier which initially limited the reception and dif-

fusion of high multidimensionality experiments was the prejudiced idea that

more than three dimensions could be practically very difficult to handle. For

a long time, the common feeling has been that the abundance of information

encoded in such spectra cannot be totally retrieved, since no proper strate-

gies to visualize and analyse the spectra were available at the moment.

Recently, many efforts have thus been made in this direction, with the

aim of familiarising the user in his confrontation with these kinds of exper-

iments. Among all the proposals, a new approach known as sparse multi-

dimensional Fourier transform (SMFT)82 has turned out to be one of the

most interesting ones, for its simplicity and effectiveness. In fact, this method

greatly simplifies the visualization of the n-dimensional space of any nD

experiment (like a 4 or 5D) decomposing it as a series of lower dimension-

ality spaces (like 2 or 3D), which of course are familiar to almost all the

NMR users.

The acronym SMFT, which just means the “sparse” or “local” applica-

tion of the MFT procedure, already explains how the decomposition of the

n-dimensional space is performed: the features of MFT (mentioned in the

previous paragraph) are exploited to focus on spectral regions of

multidimensional spectra only at arbitrary chosen frequencies. In other

words, instead of processing the full spectrum, only its slices which contain

peaks are computed, thus greatly simplifying the picking of the signals. As an

example, if we consider a 4D spectrum in which di, dj, dk and dl chemical

shift evolutions are labelled, the spectrum is processed as a series of 2D cross-

sections (e.g. di and dj) obtained fixing, for each of them, a particular pair of

the other two frequencies (dk and dl). The frequencies to be fixed can be

selected based on the information retrieved from a spectrum of lower

dimensionality previously recorded, which shares these two dimensions

with the 4D experiment (e.g. a 2D spectrum containing dk and dl
dimensions). Thus, a 4D spectrum can be thought of as a 2D spectrum (ref-

erence spectrum) in which each peak is associated to another 2D spectrum

(cross-section). Analogously, any 5D experiment can be processed splitting

the full 5D spectrum in a 3D reference spectrum in which each peak is

coupled to a further 2D spectrum. This approach is schematically illustrated

for all possible cases in Fig. 6.10.

Therefore, SMFT greatly facilitates the analysis of high-dimensional

spectra, since it provides a way to collect the resonances without the need
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Figure 6.10 A strategy for the visualization of multidimensional NMR spectra. The pro-
gressive steps towards experiments of higher dimensionality are schematically shown
here from the 1D to the 5D case, together with a simple approach which can be used to
easily retrieve the information content of a spectrum of any dimensionality. It is also
shown how the resolving power increases along with the addition of further dimen-
sions. The transition from 1D to 2D, and similarly from 2D to 3D, is well known by all
NMR spectroscopists, and is reported here only for sake of completeness. The figure
shows how such spectra are usually visualized and the benefits gained in term of res-
olution due to the addition of a further dimension. The following step from 3D to 4D,
which could seemmore awkward, is instead very easy. A 4D spectrum can be visualized
associating each peak of a 2D reference spectrum, which shares two dimensions with
the 4D spectrum (di and dj), to an another 2D spectrum containing the other two dimen-
sions (dl and dm). In this way, instead of the full 4D, only the slices containing peaks,
numerically equal to the number of detected peaks in the 2D reference spectrum,
are computed. Analogously, the same way of proceeding can be used for the final step
from 4D to 5D. The only difference in respect to the previous case is in the choice of the
reference spectrum, which in this case should be a 3D. As a consequence, the five-
dimensional space is split in the sum of a three-dimensional (di, dj and dk) and a
two-dimensional space (dl and dm).
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to explore all the huge n-dimensional space of the full spectrum. By the way,

this approach provides also other important advantages. For example, it

allows the use of automatic peak-picking tools, which can perform their task

very reliably and efficiently because the signals are generally well resolved

due to the several dimensions employed in such experiments. This typology

of processing allows also to save a huge amount of disk space, since the spec-

tra of high dimensionality are not fully processed, but only a limited number

of bidimensional sub-spectra are computed: in this way, it is possible to

maintain a high digital and spectral resolution in all the detected dimensions

without any dramatic increase of file sizes.

Of course, the discussed benefits provided by the exploitation of the het-

eronuclei and 13C-direct detection can be easily combined together with the

use of several dimensions to achieve results as good as possible. Recently,

several 4/5D heteronuclear experiments which include all these approaches

have been established and efficiently used for the investigation of specific and

complex biological systems, for example the sequence-specific assignment of

several large-sized IDPs (discussed later). Here, we would like to give to the

reader just an overview of the most recent experiments, as an example of the

great results that can be obtained when all these approaches are combined

together. These experiments are reported in Fig. 6.11.

The suite of the 4D experiments has been built on the basis of the most

simple heteronuclear 2D CON experiment, chosen as reference spectrum,

in which C0

i–Niþ1 correlations are present.
87,88 All the 4D experiments can

thus be thought of as the association of each cross-peak of the 2D CON

spectrum with two extra dimensions, in which two particular frequencies

are chemical shift labelled depending on the specificity of each experiment.

In this way, once the signals present in the 2D reference spectrum are col-

lected, the analysis of the complete set of 4D spectra simply consists in the

inspection of the 2D planes associated to each cross-peak retrieved in the

CON spectrum. The 4D experiments reported in Fig. 6.11, tailored both

for spin-system identification and sequence-specific assignment, have been

recently proposed.87 The correlations present in each experiment, as well as

the magnetization transfer pathways involved, are also reported in

Fig. 6.11. Briefly, the 4D HCBCACON and HCCCON experiments

allow to identify the type of amino acid to which each CON peak belongs,

whereas the 4D HCBCANCO, (HN-flip)NCACON and (HN-flip)

NCANCO experiments are specifically designed for the sequential assign-

ment of the resonances. An alternative version of the 4D HCBCANCO

experiment, in which a 1J(NCa) selective transfer is used, has also been

proposed.88
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Figure 6.11 An overview of the most recent 4/5D 13C direct-detected NMR experi-
ments. A series of 13C direct-detected experiments of high dimensionality tailored both
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Extending the same concepts with the addition of a further dimension,

several 5D experiments have been established in order to provide extremely

resolved signals, with the aim of making the specific sequential assignment

even easier.87,89 However, contrary to the 4D case previously described,

these experiments do not correlate a common set of three spin resonances,

and thus a unique 3D spectrum cannot be chosen to process all the 5D spec-

tra exploiting the features of the SMFT algorithm. Therefore, different 3D

reference spectra have to be recorded depending on the correlations

expected in the 5D experiments. Of course, also in this case, the analysis

of each 5D is then reduced to the inspection of the 2D cross-sections asso-

ciated to each peak of the reference spectrum. The experiments reported in

Fig. 6.11 are the 5D HN-flip NCACON and HN-flip NCANCO,87 which

add a proton dimension to their 4D analogues, and the 5D (H)

NCOCANCO and (HN-flip)CACONCACO,89 which instead exploit

C0 and N frequencies for the sequential assignment.

2.5. 13C direct-detected amino acid-type-selective NMR
experiments

Another possibility to simplify the spectra and reduce signal overlap consists

in exploiting the methods proposed in the literature to select specific types of

amino acids or amino acid groups in order to drastically reduce the amount

of cross-peaks that are detected in the spectra. There are a variety of different

for spin-system identification and sequential assignment is schematically reported here.
The 4D experiments are presented in the upper part of the figure, while the 5D exper-
iments are described below. The experiments are shown as processed using the SMFT
algorithm, retaining thus a simple intuition for the analysis of the data. For each exper-
iment, its reference spectrum is reported on the left side of the picture, whereas an
example of one of the additional 2D planes containing the specific information
depending on the design of each particular experiment is shown on the right side. Since
all the 4D experiments share the chemical shift evolution of the carbonyls and the
attached nitrogen, the 2D CON experiment is chosen as the reference spectrum. The
additional information content of the various 4D experiments can be retrieved in the
associated 2D cross-sections; the expected correlations are schematically illustrated,
as well as the nuclei involved in the coherence transfer pathways. The 5D experiments
are reported in the middle and lower part of the panel. In this case, different 3D refer-
ence spectra are needed depending on the magnetization transfer pathways exploited.
In particular, the 5D (HN-flip)NCANCO experiment requires two different 3D reference
spectra to retrieve all the information.

391Recent Advances in Solution NMR Studies



approaches to select a specific amino acid or a group of amino acids with

common spectroscopic characteristics or on the basis of their chemical struc-

ture.90–108These experiments are based on a variety of selection criteria such

as multiple quantum filters to select XHn groups (with X being 13C or 15N),

band-selective pulses on heteronuclei (13C, 15N) to irradiate specific fre-

quency ranges, tuning of delays to pick up specific coherence transfer path-

ways, and matching of increasing numbers of coherence transfer steps to a

particular spin topology.

In principle, all amino acids can be distinguished using different permu-

tations of such selection criteria. Importantly, the overall selection block

which generally exploits specific features of amino acid side chains can be

implemented in different kinds of pulse sequences. These experiments are

particularly well suited to simplify crowded spectra, such as those of IDPs.

It is precisely the problematic spectral resolution of IDPs which renders

them excellent candidates for such an approach, since amino acid side chain

resonances are expected to cluster in very narrow frequency bands, corre-

lating far better with amino acid type than in structured proteins.109 In addi-

tion, the succession of filter and transfer steps, which are the essence of such

experiments, greatly benefits from the flexibility of IDPswhichmitigates loss

of signal due to nuclear relaxation. This suggests the advantage of realizing

the 13C direct detection and amino acid-selective NMR (CAS-NMR)

experiments for IDPs while utilizing the exclusively heteronuclear

approach.110

The (H)CBCACON pulse sequence represents the most suitable tem-

plate to be used as a starting variant to introduce the modifications

to select correlations deriving only from specific types of amino acids

(Fig. 6.12). The pulse sequence starts with 1H polarization and thus enables

to use the editing tricks based on the multiplicity of the XHn group. The

MUSIC variant was implemented following the approach proposed by

the group of Oschkinat.104–105 This enables to easily distinguish between

CH3, CH2 groups and of course also to select NH2 side chain groups of

asparagine and glutamine amino acids. Another very useful approach to dis-

criminate between the different amino acids is to combine this selection

criterion with the number of carbon–carbon (–C–C–) transfer steps in

the pulse sequence. For example, the simple use of these two criteria readily

suggests very straightforward modifications of the experiment to select

correlations deriving from glycine residues (a CH2 and only C) as well as

of alanine residues (a CH3 and only one C transfer). The other very useful

way to discriminate between the different amino acids types consists in the

use of band-selective 13C pulses.
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Figure 6.12 Amino acid selection to simplify crowded spectra. In top of the figure, a 2D
CON spectrum and three 2D (HCA)CON spectra in which three different amino acids
(types A, B and C) are selected are schematically represented. In the bottom of the fig-
ure, the same spectra acquired on reduced cox17 are reported to show how the CON
spectrum can greatly be simplified. In the three examples, alanine, serine and glycine
are specifically selected. The 2D (HCA)CON experiment used to acquire the spectra is
reported in the middle of the figure. The arrows indicate the key coherence transfer
steps: H!C (with triple quantum selection) and Cb!Ca, Ca!C0; other amino acids
that have a CH3 group do not contribute to the spectra, as more C–C transfer steps
are necessary. Band-selective 13C pulses are denoted by shapes and rectangular pulses
represent hard pulses. The wide and narrow pulses correspond to p and p/2 flip angles.
Pulse field gradients (PFG line) are also indicated by shapes. The delays are: D¼9 ms,
D1¼8 ms, D0¼25 ms, e¼ t1(0)þpC, where pC is the duration of the adiabatic 180$ pulse
(shown in grey) in the middle of the 15N chemical shift evolution period. The phase
cycles are: f1¼2(30), 2(90), 2(150), 2(210), 2(270), 2(330); f2¼12(x), 12(%x); f3¼x,
%x; fIPAP (IP)¼x; fIPAP (AP)¼%y; frec¼x, 2(%x), 2(x), 2(%x), 2(x), 2(%x), x, %x, 2(x), 2
(%x), 2(x), 2(%x), 2(x), %x. Quadrature detection in the F1 dimension was obtained by
incrementing f3 in a States-TPPI manner.



As already noted several times, the well dispersed 13C resonances render

easier the design of band-selective 13C pulses to excite or invert 13C spins

belonging only to the selected amino acids. Indeed, it is sufficient to use

p band-selective pulses to refocus interactions only for selected amino acids.

A very pertinent example in this respect is the selection of serine residues that

result by a combination of a CH2 filter, only one carbon–carbon (–C–C–)

transfer, using a p pulse that only covers the C–C region of serine residues.

The pulse sequences may become more complicated for different kinds of

amino acids or some variants may enable selection of groups of amino acids.

However, with combinations of these approaches, it is possible to simplify

the spectra and through different combinations to identify resonances

belonging to virtually all different amino acids (with just a couple of amino

acids that are more difficult to be discriminated so far).

These selection criteria, since they basically exploit differences in the

spectroscopic properties of amino acid side chains can also be implemented

using just the (H)CBCACO experiment as a starting sequence or

implemented in (H)CBCANCO-type pulse sequences, providing in this

way the complementary correlations to be used for sequence-specific assign-

ment and/or just a different variant.110

2.6. NMR observables for structural and dynamics
characterization of proteins

The chemical shifts of the heteronuclei are the first valuable source of struc-

tural information deriving from 13C detected exclusively heteronuclear

NMR experiments.111–113 Inter-nuclear distance information from
13C–13C nuclear Overhauser effects is instead not trivial to achieve. Indeed,

the long-range distances between carbon spins are in general larger than the

analogous ones between their directly bound protons responsible for the

reduced 13C–13C long-range NOEs in respect to 1H–1H ones. Therefore,
13C–13C NOESY spectra result very useful as a complementary tool for

spin-system identification, but not to achieve inter-nuclear distance infor-

mation in an analogous way to what routinely done exploiting 1H–1H

NOESY spectra. Therefore, the structural and dynamic information that

can be achieved from 13C-detected experiments, in addition to that naturally

encoded in chemical shifts, resides in all the effects that can be determined by

modifications of a basic 2D experiments, such as the CACO or the CON

experiment, such as for example couplings (in particular residual dipolar

couplings), relaxation rates and exchange effects.73,114–116
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A series of experiments to determine one-bond couplings, which can

thus be used for the determination of residual dipolar couplings, has been

recently proposed.114 These experiments exploit the 2D CON as a refer-

ence, since it is used for many applications. To enhance the sensitivity of

the experiments without actively labelling proton chemical shifts in any

of the dimensions of the NMR experiment, 1H is used only as a starting

polarization source, even if it is not a necessary requirement. Ha protons,

which provide a starting pool for all residues in the protein and are generally

less prone to exchange processes that may broaden the NMR lines, are used

as a starting polarization source, through an extra coherence transfer step

involving Ca to obtain in the end a C0-N correlation spectrum, which how-

ever also allows to determine observables involving Ca. One peak per amino

acid is detected permitting to have complete information on all the residues

in the protein, still keeping the overall number of peaks as small as possible.

Any experiment can be modified to determine scalar couplings as long

as transverse coherence is created involving one of the two nuclei sharing

the scalar coupling that we would like to determine. Several different

experimental approaches to determine couplings have been proposed in

the literature (E. COSY,117–120 quantitative J correlation,121–124 fitting

modulations,125 IPAP31). Among them, the IPAP approach was selected

for its simplicity and robustness.31 Simple modifications of the pulse

sequence enable the determination of the C0–N coupling, and of the

N–HN coupling which can in this way be determined also in cases in which

the amide proton is broadened beyond detection. Separation of the two

multiplet components into two sub-spectra is always useful to minimize

the occurrence of peak overlap. The remaining one-bond couplings that

are of interest (C0–Ca, Ca–Ha) involve nuclei other than 15N, which is fre-

quency labelled in the indirect dimension of the experiment. In these cases,

it is possible to combine the evolution of the desired coupling with the 15N

chemical shift evolution by a joint, synchronous increment of another delay

in the pulse sequence, in addition to the one incremented to achieve 15N

chemical shift evolution. Thus, the evolution of the desired coupling

induces a modulation in the detected signal that will cause a splitting in

the indirect dimension of the experiment, proportional to the coupling

itself. For the scalar coupling determination, this approach allows to

encode the information about the desired scalar coupling in the most appro-

priate indirect dimension.126 Therefore, all the desired couplings can be

determined maintaining the same basic pulse sequence and type of experi-

ment, chosen on the basis of the favourable chemical shift dispersion
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properties of the two nuclear spins that are frequency labelled in the two

dimensions of the experiment. This is a very important aspect in general,

but it becomes one of the key features for the study of systems that lack

the signal dispersion typical of well-structured molecules, such as in the case

of unfolded proteins or IDPs. Several variants of the experiment can be

designed to determine the C0–Ca coupling, since transverse coherence of

each of the two nuclear spins is created, in different time intervals in the pulse

sequence. The best results were obtained by exploiting C0 transverse coher-

ence rather than Ca.

A comment is due on the possibility to determine both C0–N and C0–Ca

couplings in the direct acquisition dimension. Indeed, an elegant experiment

based on C0 direct detection has recently been proposed to determine the

C0–Ca coupling.127 Moreover, the spin-state-selective block used for C0

homonuclear decoupling,35,50 recently extended also to C0–N decoupling,37

provides the coupling information “for free”. However, the presence of addi-

tional 13C–13C couplings in the direct acquisition dimension, even if much

smaller than the one-bond ones, may cause small distortions in the signals that

are acceptable for the purpose of virtual decoupling but are inadequate for the

precise determination of the desired scalar coupling. Therefore, as long as a suf-

ficient resolution can be obtained in the indirect dimension, the determination

of the coupling in this dimension has to be preferred.

Also, relaxation rates are widely used to characterize the structural and

dynamic properties of a protein and can conveniently be measured with
13C direct detection experiments, in order to obtain complementary

information of those obtained with 1H-detected experiments.114,115 In par-

ticular, the basic pulse sequences can be modified for the determination of

longitudinal and transverse carbonyl and nitrogen relaxation rates. The

determination of transverse 13C relaxation for a 13C-enriched sample is

complicated by the presence of the homonuclear scalar couplings that

induce oscillatory behaviour in the transverse decays.128,129 This effect

can be explicitly included in the fitting function. However, inclusion of

more fitting parameters may render the determination of the rates less accu-

rate. Therefore, it is better to prevent the evolution of these couplings, as

also previously proposed for the determination of carbonyl relaxation dis-

persion profiles.129 In this way, the oscillations due to the large one-bond

Ca–C0 scalar coupling are avoided (small oscillatory behaviours may remain

for residues such as aspartic acid, asparagine, glutamic acid and glutamine,

due to the presence of C0–Cg and C0–Cd couplings which cannot be

refocused).
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Finally, exchange processes with the solvent provide indirect structural

information which can however prove useful to discriminate between

amide protons buried in hydrophobic cores or involved in strong hydrogen

bonds and the ones located insolvent exposed loops. The 13C-detected

experiments offer in this frame a valuable tool to access this information indi-

rectly, enabling minimal perturbation of the water resonance.

3. EXAMPLES OF APPLICATIONS

The great improvement in instrumental sensitivity that we have

assisted to in recent years, in parallel with the experimental methods that

have been developed to exploit heteronuclear properties, in particular in

all the cases in which proton detection approaches find their limitations,

have opened a new chapter in biomolecular NMR providing a new tool

of investigation to be exploited. The suite of experiments based on 13C

direct detection can thus be used in parallel to the one based on 1H direct

detection to access complementary information in any protein study. In

addition, for a variety of different kinds of applications, these experiments

provide unique additional information. In this sense, 13C detection can

be considered paradoxically more sensitive than 1H detection when it helps

to recover information that would be lost using only 1H detection. These

applications are described hereafter.

3.1. Paramagnetic molecules

The initial motivation to focus on heteronuclear direct detection was pro-

vided by the need for improved methods for the characterization of

paramagnetic proteins. Paramagnetic molecules are characterized by the

presence of additional contributions to chemical shifts and nuclear relaxation

arising from the so-called hyperfine interaction, that is the interaction

between the nuclear spin I and the electron spin S. This interaction occurs

via two different mechanisms, a through-bond interaction which depends

on the amount of unpaired electron spin-density delocalized onto the inves-

tigated nuclear spin (contact interaction)130,131 and a through-space interac-

tion132,133which depends on the dipole–dipole interaction between nuclear

and electron spins. Both effects contribute to chemical shifts and nuclear

relaxation and provide a wealth of structural and dynamic information that

cannot be accessed otherwise. The specific effects sensed by nuclear spins

(chemical shifts, relaxation, partial alignment of molecules in high magnetic

fields) depend on the properties of the paramagnetic centre present in the
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molecule and thus, thanks to their peculiar nature, can be exploited for

biomolecular NMR.

Due to the paramagnetism-induced relaxation, the NMR signals

belonging to nuclei located in the surrounding of the paramagnetic centre

can be broadened beyond detection. Independently from the mechanism by

which it originates, paramagnetic relaxation depends on the square of the

gyromagnetic ratio g of the observed nucleus. This means that, assuming that

all the other conditions remain the same (type of paramagnetic centre, dis-

tance from it), shifting the NMR detector form 1H to 13C enables to gain a

factor of (gH/gC)
2 in terms of reduced contributions to relaxation. This is not

the case for paramagnetism-induced chemical shifts. Therefore, 13C direct-

detected experiments provide in principle the same content of information

as 1H ones, but the loss of information due to paramagnetism-induced line

broadening will be much less effective. The keynote finding is that hyperfine

relaxation provide metal-nucleus distance restraints16 and this observable,

based on 13C nuclei, may actually provide structural information in regions

of a protein where 1H resonances are broadened beyond detectable limits, as

long as 1H are never exploited in any of the magnetization transfer steps of

the experiment (“protonlessNMR”). In other words, the use of 13C-detected

protonlessNMR experiments enables to recover information that would not

be available through 1H detection and improve the characterization of the

system (Fig. 6.13).

Depending on the specific kind of paramagnetic centre, it may be more

appropriate to quantify paramagnetic contributions to relaxation measuring

either longitudinal or transverse relaxation rates. This effect is often used to

access structural information by determining rates on a diamagnetic state and

on a paramagnetic one, either exploiting paramagnetic centres naturally pre-

sent in a protein, or recurring to metal substitution to exploit these effects or

finally by engineering on purpose paramagnetic tags in a protein. In all these

cases, the use of 13C-detected NMR experiments enables to recover valu-

able information, in a complementary range to that accessible through 1H

detection, to improve the characterization of the system.

The experiments established on 13C-based approach can be further opti-

mized for paramagnetic molecules by selecting the most efficient coherence

transfer pathways and identifying those that are least affected by fast relaxa-

tion. In principle, the most sensitive experiments are those based on coher-

ence transfer mechanisms mediated by large scalar couplings in order to

minimize the duration of delays present in the pulse sequence. The

COSY-based experiments were the first to be used for paramagnetic
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proteins.6,7,9,48,49 As an alternative, several other experiments based on

coherence transfer via the C0–Ca scalar couplings, and also via the smaller

N–C0 scalar coupling, exploiting either the single quantum or multiple

quantum coherence transfer, can be used.8–10 Signal losses due to fast relax-

ation can be reduced by shortening the coherence transfer delays10 and even

further by completely removing the building block in which the AP C0–Ca

coherence is refocused and detecting directly the AP component.134,135

However, when transverse relaxation is much faster than longitudinal relax-

ation, experiments based on the 13C–13C nuclear Overhauser effect can be

usefully exploited, especially at higher fields.136

The use of protonless NMR experiments based on 13C detection for

structural purposes was initially applied to the study of copper binding

Figure 6.13 The paramagnetic impact on nuclear relaxation illustrated for monomeric
Cu(II)/Zn(II) superoxide dismutase. In paramagnetic proteins, the longitudinal and
transverse nuclear relaxation rates R1 and R2 are proportional to the product of terms
listed in the figure, namely the square of the gyromagnetic ratio gI of the nuclear spin,
the square of the gyromagnetic ratio gS of the unpaired electron spin, the reciprocal of
their distance to the power of six and a function of the correlation time f(t). As a con-
sequence, the closer to the paramagnetic centre the atoms, the higher the relaxation
rates are. In the case of Cu(II)/Zn(II) superoxide dismutase, the protons located inside
the green sphere (11 Å radius) cannot be detected since are broadened beyond detec-
tion. 13C direct detection allows instead to detect the carbon spins of the residues sit-
uated in proximity of the paramagnetic centre, except the ones belonging to the
ligands (inside the purple sphere, 5 Å radius), thanks to their lower gyromagnetic ratio
in respect to the one of protons. Adapted with permission by ACS.
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proteins, in particular to those containing a type-II Cu2þ centre that is

known to cause broadening of 1H signals in a large sphere of about 11 Å

around the copper ion.9,10,137 The protonless experiments enabled to detect

all heteronuclear signals in the blind sphere, except the metal ligands, and
13C-detected saturation recovery experiments were proposed as a tool to

quantify LREs. These were used in conjunction with dihedral angle con-

straints deriving from chemical shifts, to determine a 3D structural model

of the protein, despite the large “blind sphere” for 1H detection.137

This approachwas also applied to the study of several other metal binding

proteins, such as other copper binding proteins,138,139 iron binding pro-

teins140–143 as well as nichel containing ones.8,144. In addition, metal substi-

tution of a diamagnetic metal ion with a paramagnetic one can be used to

determine additional observables which involve the paramagnetic centre

and thus contain structural and dynamic information. The most well-known

example consists in calcium binding proteins, such as calbindin and

oncomodulin, where the calcium ion was substituted by a lanthanide metal

ion.7,43,136,145–148 In these studies, thanks to the large anisotropy character-

istic of the metal ions, it was possible to determine pseudocontact shifts and

use them to achieve structural information. The large anisotropy of the metal

ion also provides the driving force for partial orientation of the proteins in

high magnetic fields so that this effect can be exploited to determine residual

dipolar couplings. 13C-detected protonless experiments provide a particularly

valuable tool to this end at they enable to determine such effects in regions

where protons are broadened beyond detection and also residual dipolar

couplings involving protons, if proton longitudinal relaxation is not too

large.116

Another area in which the protonless strategy finds application is that of

paramagnetic tags, engineered on purpose on protein surfaces to access

long-range structural information either within the protein itself or on its

interactions with partners.149 In this case, in addition to metal ions, also

organic radicals are used to introduce paramagnetic effects. These have

markedly different relaxation properties in respect to metal centres and thus

in this case it is more convenient to quantify contributions to transverse

relaxation rather than to longitudinal relaxation on the grounds that the lat-

ter are predicted to be much smaller and thus difficult to quantify accurately.

Indeed, the same experiment is first conducted with the tag in a diamagnetic

state, and then after the tag has been brought to a paramagnetic state, com-

paring the two spectra. A nice example in this context is provided by the case

of the RNA recognition motif, a protein composed by two globular
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domains connected by a flexible linker, in which the paramagnetic tags were

used to define the relative orientations of two domains of the protein,

important for its function.149 It was shown that the complementary infor-

mation derived from the combined use of 1H- detected and 13C-detected

protonless experiments on the protein with one spin label was as useful as

the combination of the 1H-detected spectra acquired on a much larger num-

ber of tags.

Finally, highly relaxing agents, such as gadolinium complexes, can be

added to a protein solution to identify protein surfaces.150 Again the com-

plementary use of 1H-detected and 13C-detected experiments to monitor

paramagnetic relaxation enhancements were shown to provide useful infor-

mation to characterize protein surfaces, to contribute to solution structure

refinement and to monitor complex formation.

3.2. Large proteins

The problems deriving from too fast transverse relaxation present in para-

magnetic molecules are also common to the field of proteins of increasing

molecular mass. Protonless experiments were thus applied to proteins of dif-

ferent molecular size in order to evaluate their potential in the investigation

of large proteins.32,52,151 Results showed that they can give a crucial contri-

bution in the study of systems that are so large that only a limited amount of

information is available using solution state NMR, such as, for example, very

large multimeric, highly symmetric proteins, or labelled proteins in other-

wise unlabelled large macromolecular complexes, where the increase in

molecular mass is not reflected by an analogous increase in the number of

expected signals.52,61,62,139,150,152

It is well known that for folded proteins the increase in molecular mass

causes an increase in the rotational correlation time. This has an impact on

transverse relaxation rates, which contain contributions that are linearly pro-

portional to the rotational correlation time. The first limitation that it is

encountered is due to the large dipole–dipole interactions involving pro-

tons. As a consequence, it has been proposed to isotopically label proteins

with 2H.17 Deuterium, despite the fact that it is characterized by S¼1

and thus is more difficult to be directly exploited, is characterized by a lower

gyromagnetic ratio compared to 1H, and thus reduces the large contribu-

tions to relaxation which would have derived from the dense 1H network

present in proteins, even if at expense of the number of nuclear spins that can

be directly sampled. Very clever experiments, designed to recover as much
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information as possible through the constructive use of cross-correlated

relaxation phenomena, have been proposed.153 Specifically, the information

is recovered selectively reintroducing amide protons (exploiting the
1H–15N/15N dipole-chemical shift anisotropy cross-correlation rate)153–155

or methyl groups (exploiting the 1H–13C dipole–dipole interactions).156,157

Also, other effects have been proved to be potentially useful (CH2 groups,

CH aromatic groups),154 but they have not become widely used.

Another important consideration when focusing on large macromole-

cules consists in evaluating the most promising kinds of 13C spins for their

investigation. Indeed, it is well known that carbonyls, characterized by a

fairly large chemical shift anisotropy, are strongly influenced by the chemical

shift anisotropy relaxation mechanism which quadratically grows with the

increase in magnetic field strength, generally necessary when studying large

(and thus complex) systems.158Therefore, the most suitable nuclear spins for

the investigation of large macromolecules in solution are aliphatic 13C spins

in 2H-labelled molecules, thanks to the favourable relaxation properties also

upon increase in rotational correlation time at high magnetic fields. Other

relaxation properties that benefit by an increase in rotational correlation time

are the homonuclear cross-relaxation rates. These are responsible for the

observation of cross-peaks in NOESY experiments. Although 13C–13C

cross-relaxation rates are smaller than 1H–1H ones, because of the smaller

gyromagnetic 13C ratio they can be allowed to evolve for longer mixing

times thanks to the slower longitudinal relaxation rates, conditions that

are very favourable for the detection of cross-peaks in 13C–13C NOESY

experiments. Moreover, in 13C uniformly labelled proteins, the short
13C–13C distance between directly bound carbon spins partly compensates

the smaller gyromagnetic ratios, enabling an easy detection of the correla-

tions between neighbouring carbons. Spin diffusion within the network

of directly bound 13C chains becomes a very efficient phenomenon

(Fig. 6.14). Therefore, 13C–13C NOESY-type experiments are promising

for the study of very large macromolecules. On the other hand, experiments

that feature long delays in which carbonyls are in the transverse plane, such as

for example CON-type experiments (and more in general the CON-based

suite), suffer by pronounced relaxation losses due to the large carbonyl trans-

verse relaxation rates.

The performance of 13C–13C NOESY experiments was first tested on

superoxide dismutase, a 153 amino acid protein that can be obtained in

the monomeric and dimeric forms allowing the assessment of the effect of

increasing molecular mass on the various kinds of experiments.29,51 It was
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shown that one-bond correlations can be easily detected and that the effect

of spin diffusion becomes operative increasing the molecular mass.29,51

13C–13C NOESY experiments were then acquired on ferritin, a 480 kDa

highly symmetric multimeric protein.52 In this case, the amount of informa-

tion that could be detected through 1H, relaxation optimized experiments

was very poor, whereas a variety of spin systems are detectable in the 2D

spectrum. Several spin systems of amino acids characterized by well isolated

chemical shifts can be detected52 and resolution in crowded regions can be

improved using appropriate acquisition schemes.32 So, in principle, and as it

has been shown, these 13C–13CNOESY experiments can be used to follow

changes upon changes in experimental conditions, just as 1H–15N HSQC

are generally used in all cases amenable to 1H detection.161 This means that

information that would not be available otherwise can be recovered.

However, despite the correlations detected, one is left with the problem

of sequence-specific assignment. Indeed, all the methods that one can think

of, based on exploiting scalar couplings in solution, end up with either too

small couplings or too large transverse relaxation of at least one of the two

spins involved in the coupling. Another option would be to detect longer

range correlations in 13C–13C NOESY experiments. Indeed, if sensitivity

Figure 6.14 The left panel schematically illustrates the information content of 13C–13C
NOESY spectra in solution, as exemplified for three different amino acids: alanine (red),
serine (blue) and isoleucine (green). As an example, a portion of the 2D 13C–13C NOESY
spectrum acquired on dimeric Cu(II)/Zn(II) superoxide dismutase is shown in the right
panel.
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would allow to access long-range 13C–13C distance information, this would

open new avenues to access structural information never seen before in solu-

tion NMR. However, these effects are expected to be very small, and on

completely isotopically enriched samples long-range correlations would

be at least two orders of magnitude smaller in respect to the one-bond cor-

relations (and spin diffusion ones). Despite the evidence that these correla-

tions are in principle detectable, they are really at the limits of instrumental

sensitivity; therefore, another significant leap in sensitivity would be neces-

sary, either in the instrument technology or perhaps through one of the

methods for hyperpolarization.

One solution proposed to circumvent the problem of the assignment in

case of very large proteins is the combined use of solution and solid-state

NMR spectroscopy.159–161 Indeed, the slow re-orientation of large mole-

cules in solution, which is responsible for line broadening, does not consti-

tute a limitation in the solid state. Therefore, backbone carbonyl carbon and

nitrogen atoms of large molecules become detectable in MAS solid-state

experiments and a variety of experiments can be used for sequence-specific

assignment. An increasing number of MAS solid-state NMR experiments

are now being developed enabling the study of more complex mole-

cules.162,163 Moreover, it has recently been shown that highly concentrated

solutions of highmolecular mass proteins tend to sediment uponmagic angle

spinning inside rotors, providing a complementary tool for solution state

studies of large systems.164 As this area is experiencing very fast develop-

ment, combination of solution and solid-state MAS NMR experiments is

likely to become a very valuable tool in the near future.

3.3. Intrinsically disordered proteins (IDPs)

IDPs are a class of proteins characterized by the lack of a well-structured

three-dimensional fold. In fact, in physiological conditions, IDPs do not

undergo the folding process,165–167 but maintain highly flexible conforma-

tions during their resting state.

Despite the absence of a rigid secondary or tertiary structure, IDPs fulfil

a number of biological functions.168–170 In fact, IDPs carry out many

important activities in the cell, which range from regulation of transcrip-

tion and translation, storage of small molecules and regulation of the

self-assembly of large multi-protein complexes. Moreover, some IDPs

are involved in binding to several partners, playing in this way an impor-

tantrole in signal transduction and various regulatory processes.171
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Bioinformatics indeed shows that a large portion of the genome encodes

for proteins that remain fully or partially disordered in the cell: more or

less one third of the eukaryotic proteins (25–41%) contain in fact unstruc-

tured regions longer than 30 consecutive residues that do not possess any

regular secondary or tertiary structure.172 This is the main reason why, in

the past decade, unstructured polypeptide sequences have been attracting

an increased attention of biochemists and structural biologists.172–177 It is

thus becoming accepted that the peculiar properties of IDPs do confer

them functional advantages that are highly complementary to those deriv-

ing from the presence of a well-defined 3D structure, demanding the

extension of the well-accepted structure–function paradigm in a new

dimension of high flexibility and disorder.

The peculiar features of IDPs prevent them from being suitable targets

for crystallographic studies. In fact, the lack of a well-defined structure

and the consequent high flexibility allow these proteins to adopt multiple

and variable conformations, making impossible the preparation of ordered

crystals and thus leading to failure in crystallographic structural analysis.

As a consequence, NMR spectroscopy plays a crucial role in the inves-

tigation of disordered proteins, being the only method that allows a

high resolution description of IDPs’ conformations and dynamics in

solution.167,175,178–180

However, the biophysical characterization of IDPs by NMR presents

several drawbacks too. In fact, the peculiar properties of IDPs, namely a high

degree of structural and dynamic heterogeneity, as well as the presence of

highly solvent exposed backbones do have a significant impact on the

NMR observables that strongly influences the quality of NMR spectra,

the information that can be retrieved as well as the subsequent interpretation

of the results. First, the lack of a well-defined 3D structure and the dynamic

inter-conversion between different conformers average out the majority of

the contributions to chemical shifts arising from the 3D structure (neigh-

bouring groups, dihedral angles, etc.). This means that the chemical shift

ranges are drastically reduced causing a great degeneracy of NMR signals.

As a consequence, the overlap in the spectra is often so severe to prevent

standard NMR experiments to provide sufficient resolving power for the

unambiguous assignment of the resonances, especially in the case of amino

acid sequences with highly repetitive motifs. Second, under physiological

conditions, labile amide protons, which are much exposed to the solvent

due to the lack of structured elements exchange rapidly with the sol-

vent, broadening 1HN resonances even beyond detection, with consequent
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decrease in sensitivity and resolution of the set of experiments based on

amide proton detection. In addition, IDPs often contain multiple

proline-rich polypeptide segments which, lacking of the amide protons,

cause difficulties in sequential assignment of residues. All these peculiar

properties of IDPs should thus be taken into account in the design of

NMR methods to be able to increase the size and complexity of IDPs that

can be studied at atomic resolution through NMR.180

In the past years, great improvements have been made in the optimiza-

tion of several NMR experiments for the investigation of

IDPs.37,87,89,181–184 In particular, themost promising ones exploit the chem-

ical shift labelling of several heteronuclei and use 13C-direct detection.

There are many reasons behind this choice.

To begin with, 13C-direct detection has the great advantage to be not

influenced by the rate of 1HN exchange, and therefore is very useful to

recover information that might be lost with 1HN detection.19–21 Indeed,

when looking carefully in the literature, it can be seen that many of the stud-

ies performed on IDPs have been conducted at low pH and/or low temper-

ature, in order to minimize the contributions to the 1HN exchange

broadening and improve the quality of the 1H–15N HSQC spectra and

related suites of triple resonance experiments. However, it is much more

interesting to study IDPs in conditions closer to physiological ones, and

in this frame, the exclusively heteronuclear NMRexperiments based on car-

bon detection offer a valuable tool of investigation. Moreover, since the

reduction in the chemical shift dispersion upon loss of a stable 3D structure

is more pronounced for 1H than for 13C (Fig. 6.15), carbon and the other

heteronuclei result better candidates to be exploited for the study of IDPs

thanks to the higher chemical shift dispersion in respect to protons.59,109,185

These considerations can be used to decide the most appropriate experi-

ments to achieve the sequence-specific assignment of the polypeptide. As

an example, assuming a completely random coil behaviour, which repre-

sents the minimal chemical shift dispersion situation, one can predict the dis-

persion of cross-peaks in the most sensitive 2D experiments correlating the

backbone nitrogen with the directly bound proton or carbon (amide proton

and carbonyl carbon, Fig. 6.16). Indeed, chemical shifts can be calculated for

any protein by simply taking the primary sequence and using random coil

values typical of each amino acid,111 properly corrected using the contribu-

tions from neighbouring amino acids.186 This shows that C0–N correlations

display the most favourable chemical shift dispersion and that proline resi-

dues, often very abundant in IDPs, can be easily detected by using 13C direct
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detection NMR experiments (Fig. 6.16). The possibility to perform 13C

direct detection has of course opened new avenues for the study of IDPs,

enabling to take maximum advantage of the large heteronuclear dispersion,

in all detected dimension of multidimensional NMR experiments.

Experiments to perform sequence-specific assignment of IDPs can be

designed to detect correlations between backbone heteronuclei, in partic-

ular carbonyls and nitrogens, exploiting the small 3JC0C0 as well as multiple

magnetization transfer steps mediated by heteronuclear scalar couplings

such as 1JC0N,
1JCN,

2JCN.
37,59,60,87,89 Indeed the conventional strategy used

for sequence-specific assignment of folded proteins, based on Ca and Cb

chemical shifts, does not really work well for IDPs since the nuclei of

amino acid side chains tend to be affected to a minor extent by the con-

tributions of the neighbouring amino acids in the primary sequence and, in

the absence of a partially structured conformation, tend to average to the

random coil values typical of each amino acid (Fig. 6.15). However, this

aspect, which on one hand causes extensive spectral overlap, can be prof-

itably used as a criterion to identify amino acid types, provided other

nuclear spins are used to resolve the resonances coming from different

amino acids. To this end, the most suitable nuclear spins are backbone

Figure 6.15 The chemical shift dispersion in IDPs. The 2D 1H–15N HSQC, 13C–15N CON-
IPAP and 1H–13C HSQC spectra of 13C, 15N human a-synuclein are shown. The different
chemical shift dispersion of the nuclei belonging to the backbone, namely 1Ha, 1HN,
13Ca, 13C0 and 15N, is highlighted in the 1D projections of the spectra. The three spectra,
recorded at 16.4 T, are reported with the same Hz/cm ratio.
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ones, which are more influenced by the contributions of neighbouring

amino acids, in particular those involved in the peptide bond. Moreover,

since in disordered proteins chemical shifts tend to cluster to those typical

of each amino acid type, correlating nuclear spins deriving from different

amino acids (a natural feature contributing to the nice resolution of the

CON experiment) provides a way to reduce the problem of extensive

overlap.63 Therefore, multidimensional experiments devoted to spin-

system identification can be merged with information retrieved from

experiments designed to obtain sequential correlations in a very efficient

way. Fortunately, the almost unrestricted motional freedom makes the

relaxation properties of IDPs ideal for high multidimensional NMR stud-

ies, thanks to the relatively long transverse relaxation times even on rela-

tively long polypeptide chains. Exploitation of a higher number of

dimensions appears as the only way to overcome the issue. In fact, further

chemical shifts evolution periods can spread the overlapping resonances

and thus lead to a more reliable and less ambiguous assignment. The more

the frequency-labelled nuclei are chosen among the ones which exhibit the

Figure 6.16 The predicted chemical shift dispersion of cross-peaks in 2D 1H–15N HSQC
and 13C–15N CON-IPAP spectra. The two plots show how it is possible to improve the
chemical shift dispersion correlating nitrogens to attached carbonyls rather than to pro-
tons. Random coil chemical shifts, properly corrected for the contributions of neigh-
bouring aminacids in the primary sequence, were used for the plots. The primary
sequence of human securin was chosen as an example. Printed with permission by Wiley.
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greater chemical shift dispersions and belong to two or even three different

residues, the less are the chances to still not resolve overlapping peaks.

Therefore, appropriate magnetization transfer pathways can be selected

in order to identify less ambiguous sequential linkages, in respect to the

connectivities provided by 3D experiments, making this approach

extremely useful to sequentially join consecutives residues especially for

proteins characterized by a very repetitive sequence. Therefore, experi-

ments of higher dimensionality are feasible on IDPs and can be extremely

helpful where the suites of well established and routinely used 3D NMR

experiments fail. Thanks to the great improvement in NUS and to the

available programs for data processing, experiments which involve several

chemical shifts evolution periods can be efficiently used for IDPs. These

methods allow to obtain spectra in which high resolution is provided in

all indirect dimensions, making the resolving power of such experiments

adequate for IDPs. The high number of dimensions, together with the high

resolution, is the key to minimize as much as possible the occurrence of the

cross-peak overlaps.

Additional experiments based on 13C detection that exploit the nice dis-

persion of the 2D CON as a read-out scheme, have been developed to

achieve additional information for the structural and dynamic characteriza-

tion of IDPs. These include, as described above, experiments to determine

relaxation rates, one-bond couplings to access residual dipolar couplings,

as well as experiments to determine exchange processes with the solvent

as well as heteronuclear NOEs. These experiments are expected to con-

tribute to extending the size and complexity of IDPs that can be charac-

terized at atomic resolution and have already been used in a number of

cases.19,20,24,37,57,59,74,88,89,187–189
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21. Gil S, Hosek T, SolyomZ, Kümmerle R, Brutscher B, Pierattelli R, et al. NMR studies
of intrinsically disordered proteins near physiological conditions. 2013.

22. Zheng G, Price WS. Solvent suppression in NMR. Prog NMR Spectrosc 2010;56:267.
23. Shimba N, Kovacs H, Stern AS, Nomura AM, Shimada I, Hoch JC, et al. Optimization

of 13C direct detection NMR methods. J Biomol NMR 2004;30:175.
24. Csizmok V, Felli IC, Tompa P, Banci L, Bertini I. Structural and dynamic character-

ization of intrinsically disordered human securin by NMR. J Am Chem Soc
2008;130:16873.

25. Hammarström A, Otting G. Improved spectral resolution in 1HNMR spectroscopy by
homonuclear semiselective shaped pulse decoupling during acquisition. J Am Chem Soc
1994;116:8847.

410 Isabella C. Felli et al.
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 Chapter       3  
       NMR Methods for the Study of Instrinsically 
Disordered Proteins Structure, Dynamics, and 
Interactions: General Overview and Practical 
Guidelines  

  Bernhard Brutscher, Isabella C. Felli, Sergio Gil-Caballero, Tomáš Hošek, 
Rainer Kümmerle, Alessandro Piai, Roberta Pierattelli and Zsófia Sólyom 

                   Abstract       Thanks to recent improvements in NMR instrumentation, pulse sequence 
design, and sample preparation, a panoply of new NMR tools has become available 
for atomic resolution characterization of intrinsically disordered proteins (IDPs) 
that are optimized for the particular chemical and spectroscopic properties of these 
molecules. A wide range of NMR observables can now be measured on increasingly 
complex IDPs that report on their structural and dynamic properties in isolation, 
as part of a larger complex, or even inside an entire living cell. Herein we present 
basic NMR concepts, as well as optimised tools available for the study of IDPs in 
solution.   In particular, the following sections are discussed hereafter: a short intro-
duction to NMR spectroscopy and instrumentation (Sect. 3.1), the effect of order 
and disorder on NMR observables (Sect. 3.2), particular challenges and bottlenecks 
for NMR studies of IDPs (Sect. 3.3), 2D HN and CON NMR experiments: the 
fingerprint of an IDP (Sect. 3.4), tools for overcoming major bottlenecks of IDP 
NMR studies (Sect. 3.5), 13C detected experiments (Sect. 3.6), from 2D to 3D: from 
simple snapshots to site-resolved characterization of IDPs (Sect. 3.7), sequential 
NMR assignment: 3D experiments (Sect. 3.8), high-dimensional NMR experiments 
(nD, with n > 3) (Sect. 3.9) and conclusions and perspectives (Sect. 3.10).
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            1  A Short Introduction to NMR Spectroscopy 
and Instrumentation  

  The possibilities     offered by modern nuclear magnetic resonance (NMR) spectros-
copy are enormous and cover a wide range of applications in physics, chemistry, 
biology, medicine and material sciences. Past and present progress in the field is 
mainly based on technical improvements of the NMR spectrometer (magnetic field 
strength, NMR electronics, probes, etc.) and on the development of a variety of 
pulse sequences that exploit the basic principles of NMR spectroscopy in an inge-
nious way in order to obtain the desired information on a particular sample. The first 
part of this chapter will therefore be dedicated to the most recent key developments 
in NMR instrumentation, mainly stimulated by emerging scientific challenges, and 
to the basic principles of NMR spectroscopy.  

  The phenomenon of nuclear magnetic resonance was discovered by Purcell et al. 
( 1946 ) and Bloch ( 1946 ); shortly afterwards they were awarded the Nobel Prize 
in Physics  “for their development of new methods for nuclear magnetic precision 
measurements and discoveries in connection therewith” . Since its discovery, NMR 
spectroscopy, further to its fundamental role in physics, has become a very power-
ful tool in chemistry and biology for structural studies of small organic and inor-
ganic compounds as well as large systems, including polymers and biomolecules. 
Besides X-ray crystallography and electron microscopy, NMR is the only method 
capable of providing atomic resolution information on the structure of biological 
macromolecules. Compared to X-ray crystallography, it allows studies of biological 
macromolecules in the liquid state—meaning that crystallization of the molecule 
is not required. This makes structural studies of highly dynamic systems such as 
intrinsically disordered proteins (IDPs) possible. NMR spectroscopy can also be 
employed for studies of interactions of biomolecules with small ligands, metal ions 
and other biological macromolecules. Recently, the importance of regarding bio-
molecules as dynamic ensembles instead of a single static entity has become widely 
recognized. NMR spectroscopy provides a unique tool to access dynamics informa-
tion at atomic resolution, from the picosecond timescale to slow exchange processes 
on the second (or even slower) timescale. This is particularly important for intrinsi-
cally disordered proteins, which are often characterized by heterogeneous dynamic 
properties along the polypeptide chain.  

          1.1 The Basic Principles of NMR  

  NMR spectroscopy studies the interaction of matter with radiofrequency electro-
magnetic waves that excite magnetic transitions of the atomic nuclear spins. Indeed, 
an atomic nucleus, in order to be observable by NMR spectroscopy, has to possess 
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a nonzero spin quantum number  I . The relevant nuclear isotopes for NMR studies 
of proteins are  1 H,  13 C, and  15 N; all of them have a spin quantum number of  I  = ½. 
When the nuclei are placed in a static magnetic field B0, which is by convention 
aligned along the  z- axis, the nuclear magnetic momentum  μ  of the spins interact 
with the magnetic field leading to a splitting of the energy levels (Zeeman splitting) 
according to Eq. 3.1  

       (3.1)   

    where  γ  is the gyromagnetic ratio and  ħ  is the reduced Planck constant. For spin ½ 
nuclei the magnetic quantum number  m  can take the values of  m  = + ½ and  m  = -½. 
The gyromagnetic ratios and natural abundance of the nuclear isotopes important in 
biomolecular NMR are summarized in Table  3.1 .      

   Equation 3.1 is of the utmost importance for the sensitivity of NMR experiments. 
The energy difference between the two Zeeman energy levels is given by:  

       (3.2)   

    where ω  0   is the characteristic NMR frequency (Larmor frequency) of a nuclear spin 
at a given magnetic field strength.  

  At thermal equilibrium and temperature  T,  the ratio of nuclear spins in the lower 
(  E   α  ) and higher (  E   β  ) energy state can be calculated from the Boltzmann distribution:  

       (3.3)   

    where  k  is the Boltzmann constant.  
  The NMR signal is proportional to the magnetization, which is in turn dependent 

on the spin polarization  P  given by the population difference between the two states 
divided by the total number of spins:  

       (3.4)   

     In the case of  1 H nuclei, which possess the highest gyromagnetic ratio among the 
spin ½ nuclei in proteins, the ratio of spins in the upper energy state versus the lower 
energy state is 0.999872 at room temperature on an 800 MHz magnet (  B   0   = 18.8 T). 
This means that only a very small fraction of the spins present in the sample contributes 

E B I B B�

ΔEΔ � �B

N
N

E
β

αN
−
ΔEE

P
N N
N N
α βN N

α βN N

    Table 3.1       Gyromagnetic ratios and natural abundance of nuclei important for NMR studies of 
proteins    
  Isotope    Spin I    Gyromagnetic ratio γ n  

(10 6  rad s −1  T −1 )  
  Gyromagnetic ratio/2π 
γ n /2π (MHz T −1 )  

  Natural abundance 
isotope (%)  

   1 H    ½    267.513    42.576    99.98  
   13 C    ½    67.262    10.705    1.108  
   15 N    ½    −27.116    −4.316    0.37  
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to the observed NMR signal. Furthermore, in the case of  13 C and  15 N nuclei (often 
called heteronuclei), the natural abundance of the NMR active nuclei is very low, as 
shown in Table  3.1 . Isotope enrichment techniques have therefore been developed to 
enhance the sensitivity of NMR techniques involving such heteronuclei.  

  Sensitivity and resolution are the two most important factors influencing the 
outcome of NMR experiments. NMR sensitivity, which is defined as the signal to 
noise ratio (SNR) obtained in a fixed amount of time, can be described by the fol-
lowing equation:  

       (3.5)   

    where  N  is the number of spins,  V  the active volume,  γ   exc   the gyromagnetic ratio of 
the excited nuclei and  γ   det   that of the detected nuclei,  B   0   the static magnetic field, 
 n   scan   the number of scans (experimental repetitions),  R   S   the resistance of the sample 
and  R   c   that of the coil,  T   a   the temperature of the preamplifier and  T   s   and  T   c   those 
of the sample and of the coil, respectively (Hoult and Richards  1976 ; Kovacs et al. 
 2005 ). Other factors that depend on the properties of the sample under investiga-
tion and on the type of pulse sequence used contribute to the sensitivity of an NMR 
experiment, and therefore to the possibility of accessing the desired information. 
These will be discussed in detail in the following paragraphs.  

  Some general conclusions for improving the sensitivity of an NMR experiment 
can be derived from Eq. 3.5. The NMR signal is proportional to the amount of 
spins present in the sample; it is therefore desirable to use highly concentrated 
samples for NMR spectroscopy. However, in practice, the maximum concentra-
tion of a protein sample is often limited by protein solubility and obtaining large 
quantities of isotopically labelled proteins can be expensive and time consuming. 
Most protein NMR experiments use proton excitation and detection because of 
the high gyromagnetic ratio of these nuclei; nevertheless,  13 C direct detection also 
provides a valuable tool for biomolecular NMR applications (see Sect. 3.6). The 
linear dependence on  B   0   explains the on-going efforts of NMR manufacturers to 
develop magnets with higher magnetic fields. To date, the highest magnetic field 
of a commercial magnet corresponds to 1 GHz proton Larmor frequency (23.5 T), 
and 1.2 GHz magnets (28.2 T) are under development. The SNR increases with 
the square root of the number of scans. Increasing the overall measurement time 
thus represents a common method for spectral improvement. The last contribution 
to NMR sensitivity comes from the electronic detection circuit. The SNR of NMR 
increases with a lowering of the temperature of the preamplifier (  T   a  ), the sample 
(  T   s  ), and the coil (  T   c  ), as well as the resistance of the sample (  R   s  ) and the coil (  R   c  ). 
A recent development that greatly enhanced the sensitivity of NMR spectroscopy 
was the introduction of probes with cryogenically cooled (to about 20 K) detection 
circuits. However, protein samples with high ionic strengths degrade the beneficial 
effects of cryogenically cooled probes.  

  Resolution is the other important factor to extract atomic resolution information 
from NMR spectra. It depends on chemical shift dispersion and signal linewidths. 
Two peaks can be resolved when their difference in frequency is larger with respect 
to their linewidths. Nuclear spins that are characterized by favourable chemical 
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shift dispersion and small linewidths for the system investigated should thus be 
exploited to improve the resolution of the spectra. The possibility of introducing 
additional indirect dimensions in NMR experiments provides the other invaluable 
tool for enhancing the resolution by spreading signals in additional dimensions and 
thus reducing the possibility of accidental cross-peak overlap.  

           1.2 NMR Instrumentation and Recent Improvements  

  NMR spectrometers are composed of three main components, plus some optional 
accessories, such as automatic sample changers or variable temperature (VT) gas 
preconditioning devices:  

     1.      The superconducting magnet generating the static magnetic field B 0 , with the 
superconducting coil immersed in liquid helium at a temperature of 4.2 K (or 
about 2 K for subcooled “pumped” magnets). Commercially available supercon-
ducting NMR magnets have a freely accessible vertical bore with a diameter of 
50–54 mm (standard bore, used mainly for liquid state and solid state applications), 
89 mm (wide bore, used mainly for solid state and micro-imaging applications) 
or 154 mm (super wide bore, mostly used for micro-imaging applications). The 
temperature inside the magnet bore can be adjusted independently.  

     2.      The probe, positioned in the bore of the superconducting magnet, is equipped 
with radiofrequency (RF) coils/antennas emitting RF pulses and detecting 
with the same RF coils the voltage induced by the precessing nuclear spin 
magnetization in the NMR sample. One can distinguish between three major 
fields of NMR applications, requiring different types of probes: imaging (or 
micro-imaging), magic-angle spinning (MAS) solid-state applications, and high-
resolution liquid-state applications. In the following, we will focus on NMR 
probes for liquid-state applications. The standard sample tube diameter is 5 mm, 
but optimized probes are available for sample diameters in the range 1 to 10 mm. 
Modern probes are equipped with temperature control, a field lock channel (e.g. 
 2 H), an actively shielded coil enabling pulsed field gradients of ~5 mT along one 
or several axis by applying DC currents (~10 A), and the capability to optimize 
the resonance circuit tuning and matching via software control. Most liquid state 
probes are built with two distinct RF coils to accommodate 2, 3 or 4 frequency 
circuits besides the field lock. Consequently, they are called double, triple or 
quadruple resonance probes. A further distinction or classification can be done 
depending on whether the inner RF coil (closer to the sample) is tuned to  1 H 
(“inverse probe”, TXI) or to a X nucleus (“observe probe”, TXO). Historically, 
the inner coil of probes was tuned to observe the less sensitive X nuclei. With the 
introduction of pulse sequence elements like INEPT, the advantage of detecting 
X nuclei via the more sensitive  1 H nucleus has led to the development of inverse 
probes that provide increased sensitivity.  

     3.      The spectrometer console has all the electronic components required for 
executing complex multi-channel, multi-nuclear pulse experiments, as well as 
for detection of the electronic signal induced in the RF coils of the probe. In 
particular, RF pulses are generated at the Larmor frequencies of the nuclear spins 
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that need to be manipulated during the experiment. The console ensures their 
correct timing, phase and amplitude modulation, and signal amplification. The 
spectrometer electronics is typically characterized by the number of indepen-
dent radiofrequency (RF) channels, e.g. the number of different nuclei being 
addressable within one NMR experiment. A further distinction is the peak power 
delivered by the RF amplifier, the requirements strongly depending on the probe 
used for the application. For liquid state NMR, high-band frequency ( 3 H,  1 H,  19 F) 
excitation typically needs less than 50 W, whereas for low γ nuclei (often also 
called X nuclei) RF pulses may require more than 500 W at high B 0  fields. The 
console also hosts an equipment, called spectrometer or field lock, that serves 
to maintain the magnetic field strength seen by the spins throughout the whole 
experiment duration, resulting in field variations of less than ~ 0.1 Hz ( 1 H Lar-
mor frequency). This corresponds to a precision of ~10 −10  of the static B 0  field, 
maintained for up to several days (in the case of long biomolecular experiments). 
The B 0  field is homogenized over the sample volume by means of a shim unit 
that generates additional small magnetic fields (so-called shims), again result-
ing in spatial B 0  field variation of less than 10  −9 . Last but not least, a variable 
temperature unit serves to measure and regulate the NMR sample temperature 
throughout the experiment.      

  Over the past years all these spectrometer components have seen major technological 
improvements, so that besides ease of use, both performance and stability of modern 
NMR spectrometers have been significantly improved.  

   Improved Magnet Technology.     Using NbTi and Nb 3 Sn as superconducting material, 
combined with state-of-the art wire technology, the highest currently achievable 
magnetic field strength is 23.5 T, equivalent to a  1 H Larmor frequency of 1000 MHz. 
Increasing the magnetic field strength further will require the use of new types of 
superconducting wire, so-called high temperature superconducting tapes presenting 
substantially higher critical currents I C  compared to conventional low temperature 
superconductors in the presence of magnetic field. The first next generation mag-
nets with a magnetic field strength of ~ 1.2 GHz are expected to become available 
within the next 3 years. For magnetic field strengths up to 21.1 T (900 MHz) incre-
mental improvements of low temperature superconducting wire have been made 
over the past years to design more compact and better shielded magnets. These 
compact magnets have, at identical field strength, smaller dimensions and less 
weight with substantially reduced stray fields, thus making the laboratory and on-
site space requirements for an NMR spectrometer less critical and less costly. As an 
example, the weight of an 18.8 T magnet (800 MHz) could be cut in half with two 
design steps over the last decade.  

   In addition, modern NMR magnets have a significantly reduced consumption of 
liquid helium. This not only translates into reduced operational costs, but increased 
liquid helium hold times may become critical during periods of helium shortage, 
as experienced at the end of 2012/beginning of 2013. Recently also “cryogen-free” 
magnets became available, where an active refrigeration technology, mainly con-
sisting in two pulse tubes, allows to re-liquefy evaporating helium gas (zero boil-
off), and to completely avoid the outer liquid nitrogen dewar. Such “cryogen-free” 
magnets are currently available for magnetic resonance imaging (MRI) systems, 
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and for gyrotron magnets of solids DNP NMR spectrometers. However, they are 
not (yet) suitable for high-resolution NMR applications as required for the study 
of IDPs.  

   Improved Probe Technology.     Experimental sensitivity at constant mass or constant 
sample concentration has always been a critical factor for NMR probe design. A 
first possibility to improve the probe performance is to enhance the efficiency of 
the RF coil, e.g. to achieve higher B 1  fields in the sample with a given coil current 
I (B 1 /I). This can be achieved for smaller sample geometries, so that for example 
the mass sensitivity of a 1 mm probe is roughly 4-fold higher compared to a 5 mm 
inverse probe. A second possibility to enhance sensitivity for a given probe type is 
to reduce the contribution of the thermal noise originating from the RF coil, RF res-
onance circuit as well as the pre-amplification of the observed NMR signal (CPTXI, 
CPTXO). Cooling these parts down from room temperature to roughly − 200 °C 
(using liquid nitrogen as cooling medium) leads to sensitivity enhancements of a 
factor of 2 to 3. Using helium gas (instead of nitrogen) to cool the pre-amplification 
stages allows to further decrease the temperature to roughly − 260 °C, resulting in 
sensitivity gains of a factor 4–5 compared to an equivalent conventional probe. 
Historically, such helium cooled probes were actually available before the nitrogen-
cooled ones. A drawback of these helium-cooled cryoprobes is that they require a 
more complex and costly infrastructure (helium compressor, cooling of the helium 
compressor) compared to the liquid nitrogen cooled probe, resulting in higher run-
ning costs. Also note that these maximum sensitivity gains stated above for cryo-
genically cooled probes only apply to samples of low electronic conductivity. For 
salty samples the gain in sensitivity is less. However, the situation may be improved 
by using NMR sample tubes of smaller diameter or of optimized geometry.  

   The impressive improvements in sensitivity achieved with cryogenic technology 
have also enabled the design of probes optimized for  13 C direct detection, stimulat-
ing the design of a variety of new experiments optimized for IDPs, as described 
later in this chapter.  

   Improved NMR Electronics.     Modern console electronics typically offer fully digi-
tal RF frequency generation with a timing resolution of a few tens of nanoseconds 
to enable the user fast switching of frequency, amplitude and phase as required for 
modern NMR experiments. The timing as well as the amplitude of the delivered 
RF and field gradient pulses need to be stable over the full length of the NMR 
experiment, e.g. up to several days. Another critical parameter for high-resolution 
NMR spectroscopy is the uniformity and stability of the NMR sample temperature. 
Most NMR samples are positioned in a stream of temperature-controlled gas, and 
the sensors are placed outside the NMR sample volume in the gas flow. This setup 
allows a high level of temperature stability and uniformity over the sample volume. 
However, the RF pulses in the NMR pulse sequence may heat up the sample, an 
effect that is not detected by the external temperature sensors. As a result the actual 
sample temperature may deviate by several degrees from the temperature measured 
close to the sample. This problem is most critical for high frequency nuclei. It can 
be reduced by optimizing the RF probe coil design to limit the presence of electri-
cal fields in the sample area, or by reducing sample conductivity if possible. An 
alternative is the measurement of the actual temperature during an experiment from 
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the  2 H resonance of spins within the NMR sample. Such an “NMR thermometer” 
requires the presence of two  2 H spin species with temperature-dependent chemical 
shifts. The measurement of the chemical shift difference of the two  2 H signals, via 
the lock channel, allows to regulate permanently the temperature within the NMR 
sample and to correct for RF heating. A major advantage of this direct measurement 
of the sample temperature via the nuclear spins is the possibility of recording data 
on different NMR spectrometers (e.g. field-dependent relaxation studies) at identi-
cal absolute temperature.  

           2 The Effect of Order and Disorder on NMR Observables  

  In the following sections we will introduce the main NMR observables that are used 
to derive structural and dynamic information on proteins, with a particular emphasis 
on how the particular features of IDPs affect these NMR observables.  

          2.1  Structured Versus Disordered Proteins  

  In order to better understand the impact of structural order and disorder on NMR 
experiments and spectral parameters, it is important to recognize the principal fea-
tures that distinguish a well-folded globular protein from a largely unfolded, highly 
flexible IDP. These are illustrated in Fig.  3.1 .      

   Hydrophobic interactions and the formation of hydrogen bonds are the main 
driving forces for the folding process of a polypeptide chain into a globular 3D 
structure and for the stabilization of such a compact fold. The main consequences 
of the presence of a stable and well-defined structure that are of importance for the 
NMR properties of the molecule are a high proton density, the exclusion (to a large 
extent) of water from the interior of the protein and, to a first crude approximation, 
the possibility of describing its rotational motion with an overall rotational correla-
tion time. The high proton density and large rotational correlation time make  1 H- 1 H 
nuclear Overhauser effects (NOEs) the main source of structural information for 
globular proteins, whereas they are only of little use in IDP research, where the ef-
fect is mainly restricted to proton pairs that are close in the primary sequence and is 
on average smaller than that for globular proteins. Indeed, the dynamic behaviour of 
IDPs is significantly different from that of structured proteins as a result of the small 
energy difference between conformers that is responsible for the high flexibility 
typical of IDPs and allows easy inter-conversion between many different conforma-
tions. Therefore, even to a first approximation, a single overall rotational correlation 
time cannot be defined for IDPs and local effective correlation times are on average 
smaller with respect to those used to describe structured proteins of similar size. 
The differences in  1 H density and molecular dynamics between IDPs and globular 
proteins also have a strong influence on the NMR signal chemical shifts and the 
relaxation parameters. Conformational averaging drastically reduces contributions 
to chemical shifts deriving from the local environment and causes severe resonance 
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overlap. The high flexibility of IDPs has a strong impact on nuclear relaxation rates, 
and thus on NMR linewidths. Depending on the time scale of motions, several 
situations can be encountered: on one hand, conformational exchange processes 
can result in extensive line broadening, and in the extreme case, the absence of 
any detected NMR signal. On the other hand fast motions result in narrow NMR 
lines, a property that makes highly flexible IDPs particularly amenable to NMR 
characterization. A variety of complex NMR experiments can be conceived for such 
highly flexible IDPs, where the favourable relaxation properties allow for multiple 
transfer steps and the narrow linewidths contribute to increase the resolution in the 
resulting spectra. Finally, IDPs are also characterized by non-compact conforma-
tions and the exposure of labile protons, e.g. amide protons, to the solvent results in 
high exchange rates. In fact, the measurement of solvent exchange rates is used to 
distinguish between highly structured and disordered regions of proteins by iden-
tifying solvent exposed and solvent protected amide sites (Schanda et al.  2006a ). 
Approaching physiological pH and temperature, chemical exchange of solvent 
exposed amide protons may broaden resonances beyond detection and in this case 
alternative nuclear spins, such as aliphatic  1 H or  13 C, should be detected to access 
information on the IDP through NMR (Gil et al.  2013 ).  

 Fig. 3.1     Schematic illustrations of differences between structured ( a ) and intrinsically disordered 
( b ) proteins (for reasons of clarity the molecules of water were omitted in the ensemble of IDP 
conformers), and energy landscapes of well-folded proteins ( c ) and IDPs ( d ) in the native state  
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           2.2  NMR Peak Positions and Chemical Shifts  

  Peak positions are dependent on the resonance frequencies of the observed nuclei. 
Based on Eq. 3.2 one would expect to observe a single line in the NMR spectrum 
for each nucleus of a given type ( 1 H,  13 C,  15 N) at the respective Larmor frequency. 
However, this would be true only in the hypothetical experiment of observing “na-
ked” nuclei. In practice, nuclei of the same type resonate at slightly distinct frequen-
cies if they are in chemically different environments within the molecule. The rea-
son is that the nuclei experience a net magnetic field  B  that is the sum of the static 
field  B   0   and secondary shielding fields induced by the local electronic environment:  

       (3.6)   

    where  σ  is the isotropic average shielding factor. This is at the origin of the term 
“chemical shift” used to measure resonance positions in NMR spectroscopy. Chem-
ical shift values  δ  are typically measured relative to the chemical shift of a standard 
according to:  

       (3.7)   

    where ω0 is the Larmor frequency in MHz,  Ω  the frequency offset of the nucleus of 
interest in Hz and Ωref  the offset of the standard in Hz. In this way the chemical shift 
becomes a field-independent quantity, expressed in parts per million (ppm). The 
chemical shift makes NMR an atomic resolution technique: once the resonances 
are assigned to their respective nuclei, their response to further manipulations can 
be followed.  

  Chemical shifts can be very characteristic for nuclei in different chemical moi-
eties such as the different amino acids constituting a protein, and they provide the 
first useful information that can be obtained from the NMR spectrum. The stable 
local three-dimensional structure, or partially populated secondary structural confor-
mations, create a unique local electronic environment and thus the contribution to 
chemical shift coming from isotropic shielding is different for each nuclear spin. In 
IDPs, the lack of a stable structure results in averaging of a large part of the contribu-
tions to the chemical shift coming from the local chemical environment, which is the 
reason for the low chemical shift dispersion observed in the NMR spectra (Fig.  3.2 ).      

   In addition, peak intensities (areas or volumes) can be easily determined and 
may provide useful atomic resolution information. Peak intensities in the NMR 
spectra are proportional to the number of nuclear spins giving rise to the peaks. 
They also report on differential signal loss during an NMR experiment due to re-
laxation processes. They therefore provide a first useful indication of the heteroge-
neous structural and dynamic properties of a protein. Peak linewidths would also 
provide useful information but they are more difficult to measure as they are in-
fluenced by different factors (see Sect. 3.2.5). In many cases, for simplicity, the 
determination of peak heights is used.  
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           2.3  Secondary Chemical Shifts  

  The chemical shifts of backbone nuclei are sensitive to the local backbone geom-
etry, and therefore provide useful information on the occurrence and propensity of 
secondary structural elements along the protein backbone (Spera and Bax  1991 ; 
Wishart et al.  1991 ). For a  13 C,  15 N enriched protein, a large number of chemical 
shifts ( 1 H N ,  15 N,  13 Cʹ,  13 C α ,  13 C β ) can be measured, all of which are reporters of sec-
ondary structure even if to a different extent. In order to extract this information, a 
so-called secondary chemical shift is computed as the difference of the measured 
chemical shift and a predicted random coil value for each nucleus (Wishart et al. 
 1992 ; Wishart and Sykes  1994 ; Schwarzinger et al.  2001 ; Tamiola et al.  2010 ; 
Kjaergaard et al.  2011 ; Kjaergaard and Poulsen  2012 ). Random coil chemical 
shifts are the theoretical chemical shifts of a polypeptide of the same amino acid 
sequence characterized by lack of long-range order and secondary structure. How-
ever, the conformational sampling of a polypeptide is never completely random, 
in the sense that all dihedral angles are sampled with equal probability because of 

 Fig. 3.2     The different chemical shift dispersion of the structured and intrinsically disordered pro-
teins is demonstrated by 2D  1 H- 15 N correlation spectra acquired on two proteins of similar size, but 
characterized by different structural properties.  a  The HSQC spectrum of structured monomeric 
Cu(I)Zn(II) superoxide dismutase (1.5 mM sample in 20 mM phosphate buffer, pH 5.0, at 298 K; 
PDB code: 1BA9).  b  The HSQC spectrum of intrinsically disordered α-synuclein (1.0 mM sample 
in 20 mM phosphate, pH 6.4, 0.5 mM EDTA, 200 mM NaCl, at 285.5 K). The experiments were 
acquired on a 700 MHz Bruker AVANCE spectrometer equipped with a CPTXI probe  
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steric hindering and chemical interactions between neighbouring side-chains. The 
distribution of the sampled dihedral angles along the protein backbone is deter-
mined by the conformational Gibbs free energy, which in turn depends on tempera-
ture and solvent effects. The accuracy of secondary chemical shifts thus depends on 
the quality of the predicted random coil chemical shift values. This aspect becomes 
even more crucial for IDPs, since the measured chemical shifts are usually close to 
the corresponding random coil values. Figure  3.3  illustrates how C α  and C β  second-
ary chemical shifts can be used to identify α-helical and β-sheet regions and highly 
unstructured segments in globular proteins, as well as residual secondary structures 
in IDPs.      

   Different tables of  13 C and  15 N random coil values for different amino acids, tak-
ing into account next and previous neighbours, pH and solvent effects can be found 
in the literature (Schwarzinger et al.  2001 ; Zhang et al.  2003 ; Tamiola et al.  2010 ; 
Kjaergaard et al.  2011 ; Kjaergaard and Poulsen  2012 ). One of the most commonly 
used random coil chemical shift data sets, based on chemical shift measurements 
on small poly-glycine peptides, is the one reported by Wishart et al. (Wishart et al. 
 1995 ). Recently, temperature and pH correction factors have been introduced from 
a peptide-based study employing glutamine peptides, as their conformational sam-
pling is considered to be more representative (Kjaergaard et al.  2011 ). The other 

 Fig. 3.3      a  Histograms of the C α  and C β  secondary chemical shift distribution in an α-helix and a 
β-sheet (adapted from Spera and Bax  1991 ).  b  The identification of the secondary structure ele-
ments based on the secondary chemical shifts is shown on the examples of the structured metal-
lochaperone Atx1 (Arnesano et al.  2001 ), the partially structured oxidized form of the copper 
chaperone Cox17 (Arnesano et al.  2005 ) and of its unfolded reduced form (Bertini et al.  2011a ). 
(Adapted from Felli et al. 2012)  
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type of reference data can be obtained from protein chemical shift databases. This 
approach has the drawback that sample conditions such as pH and temperature vary 
between different entries. Furthermore, neighbouring and other chemical effects 
will be biased depending on the composition of the entries. The most commonly 
used database is refDB by Zhang et al. (Zhang et al.  2003 ). An IDP-based random 
coil chemical shift database has recently been introduced (Tamiola et al.  2010 ). 
Neighbour corrections are usually required to account for changes in conformation-
al sampling because of steric clashes and other chemical effects such as electrostat-
ics or ring current shifts (Wishart et al.  1995 ; Schwarzinger et al.  2001 ; Kjaergaard 
and Poulsen  2011 ).  

           2.4  Line Splittings and Spin Coupling Constants  

  Nuclear spins are never completely isolated; mutual interactions between neigh-
bouring nuclear spins are therefore always present and give rise to couplings. The 
coupling derives from two main contributions: scalar (through bonds) and dipolar 
(through space). While the latter is averaged out in isotropic solutions, the former, 
mediated by the electrons in covalent bonds (scalar or   n   J- coupling, where  n  indicates 
the number of covalent bonds separating the two nuclei involved in the coupling), 
causes splitting of the NMR signal. The frequency differences between the multiplet 
components of an NMR signal measured in Hz then reflect the strength of the scalar 
couplings. Scalar couplings involving  1 H,  13 C and  15 N are exploited for coherence 
transfer in the majority of multidimensional NMR experiments discussed in the 
following paragraphs. Scalar couplings, in particular   3   J -couplings in a polypep-
tide, also contain valuable structural information as they depend on the intervening 
dihedral angle according to the Karplus relation (Karplus  1959 ). Inter-conversion 
between different conformers typical of IDPs results in averaged scalar couplings; 
while this has little impact on coherence transfer in multidimensional NMR experi-
ments, it does influence the interpretation of   3   J -couplings in terms of intervening 
dihedral angles. For example,   3   J  HH  couplings are sometimes used to confirm the 
presence of partially populated secondary structural elements (Billeter et al.  1992 ; 
Vuister and Bax  1993 ; Case  2000 ; Otten et al.  2009 ).  

  The magnetic moments of two nuclear spins interact “through space” via the 
dipolar mechanism with an interaction strength that is inversely proportional to  r   3  , 
with  r  being the inter-nuclear distance. The dipolar interaction has a particular an-
gular dependence with respect to the static magnetic  B   0   field and, as a consequence, 
in isotropic solutions where all orientations are sampled with equivalent probability 
this interaction averages to zero and does not give rise to line splittings. However, 
it is possible to reintroduce the dipolar coupling by either exploiting the natural 
magnetic anisotropy of a molecule, resulting in slightly unequal sampling of the 
molecular orientations in a strong static magnetic field due to partial molecular 
alignment (Tolman et al.  1995 ; Tjandra et al.  1996 ; Banci et al.  1998 ), or by dis-
solving the protein in an anisotropic “alignment” medium, e.g. a liquid crystalline 
solution (Bax and Grishaev  2005 ). This allows residual dipolar coupling (RDC) to 
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be measured as a line splitting, similarly to what is done for the measurement of 
 J -coupling constants. In fact, the measured couplings in a partially aligned sample 
are the sum of the scalar and residual dipolar couplings. RDCs provide important 
information on local and global structure and dynamics in the molecule as explained 
in more detail in Chaps. 4 and 5.  

           2.5  NMR Spin Relaxation, Line Widths and Intensities  

  Relaxation of nuclear spins after excitation by a radio-frequency is caused by 
time-dependent local magnetic fields induced by the molecular tumbling and lo-
cal rotational fluctuations that modulate the anisotropic spin interactions, the 
chemical shielding anisotropy (CSA) and the dipolar (DD) interaction. Addition-
al contributions to spin relaxation arise from exchange processes, e.g. chemical 
exchange between labile protein and solvent protons, or exchange between different 
molecular conformations. In a simplified representation of nuclear spin relaxation, 
the relaxation process is described by two time constants. The longitudinal relaxation 
time constant  T   1   accounts for the return of the spin system to thermal equilibrium 
associated with a loss of energy, while the transverse relaxation time constant  T   2   
describes the dephasing of coherence. A main consequence of spin relaxation for a 
particular NMR experiment is the loss of signal during the various transfer steps and 
chemical shift evolution delays. In addition, the longitudinal relaxation properties 
of the excited spin species determine the rate at which a pulse sequence can be re-
peated, as will be explained in more detail in Sect. 3.5.5, while transverse relaxation 
properties of nuclear spins determine their NMR linewidth.  

  The NMR linewidth is given by the transverse relaxation rate  R   2   (reciprocal of 
 T   2  ) of the detected nuclear spin, Δν =  R  2 /π, plus inhomogeneous contributions arising 
from the experimental setup (sample heterogeneities,  B   0   inhomogeneity, temperature 
gradients, etc.). IDPs, in particular highly flexible ones, are generally characterized 
by large transverse relaxation time constants  T   2  , which lead to narrow peaks in the 
NMR spectra in comparison to the ones observed for globular proteins of compa-
rable size. On the other hand, chemical and conformational exchange processes can 
be highly pronounced in IDPs, causing broadening of the peaks, especially in the 
spectra exploiting labile amide protons or in the case of structurally and dynamically 
heterogeneous proteins. Comparisons of cross-peak intensities (areas or volumes) 
thus report on differential intensity loss during the pulse sequence, while compari-
sons of cross-peak heights also report on differences in linewidth. The NMR analysis 
software often determines the peak heights in the spectrum during the peak picking 
procedure. When the peak is picked the program fits a function, such as a Lorentzian 
or Gaussian, and the maximum gives the peak height. For IDPs, peak heights in 
simple 2D spectra like the 2D HN and 2D CON (see Sect. 3.4.2) are often hetero-
geneous because relaxation properties of the spins vary depending on the extent of 
transient structure and on differences in local mobility. Therefore they provide a first 
indication of the different structural and dynamic properties of the protein.  

  Relaxation effects, including auto-correlated as well as cross-correlated relax-
ation rates, can in many cases be accurately quantified and used to extract structural 
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and dynamic information. In this chapter we mainly focus on the determination of 
 15 N relaxation rates, one of the major tools to obtain information on the local dynam-
ics of different parts of protein backbones (Barbato et al.  1992 ; Peng and Wagner 
 1994 ). Other interesting relaxation rates that can be determined and exploited to 
achieve structural and dynamic information on IDPs are instead discussed in Chap. 5 
(paramagnetic relaxation enhancements, cross correlation rates). The determination 
of  1 H- 1 H NOEs is instead not discussed in detail as it plays a minor role in the study 
of IDPs and many excellent books and reviews are available (Neuhaus and William-
son  1989 ; Cavanagh et al.  2007 ). However, the major contributions to  1 H relaxation 
are discussed in Sect. 3.5.5 because they are at the basis of the longitudinal relaxation 
enhancement effects that provide a valuable tool for the design of NMR experiments.  

           2.6 15N Relaxation Parameters 

 The quantification of nuclear spin relaxation effects provides a valuable tool to 
characterize local and global molecular motions.  15 N relaxation values, notably  T   1  , 
 T   2   and the  1 H- 15 N heteronuclear NOE (HETNOE), are the most commonly deter-
mined to characterize the dynamic behaviour of proteins, for both globular proteins 
and IDPs (Kay et al.  1989 ; Peng and Wagner  1992 ; Palmer  2004 ). The longitudinal 
relaxation time  T   1   (or relaxation rate  R   1   = 1/ T   1  ) measures the decay of  15 N polariza-
tion, while the transverse relaxation time  T   2   (or relaxation rate  R   2   = 1/ T   2  ) accounts 
for the loss of spin coherence. The HETNOE quantifies the polarization transfer 
from an amide  1 H to its attached  15 N.  

  Indeed, the major contributions to  15 N relaxation of a backbone amide  15 N in a 
protein are the  15 N chemical shift anisotropy (CSA) and the  15 N- 1 H dipolar interac-
tion (DD) with the directly bound proton, which to a good approximation, can be 
considered of equal magnitude throughout the protein backbone. This means that 
variations in  15 N relaxation properties of backbone amide  15 N spins can be interpret-
ed in terms of differences in local motions (Peng and Wagner  1994 ). The measured 
 15 N relaxation parameters provide quantitative information on the amplitudes and the 
time scales of motions experienced by the  15 N- 1 H amide group of a specific residue. 
 15 N relaxation (  T   1  ,  T   2   and HETNOE) is sensitive to motion occurring on the pico- to 
nanosecond time scale. As an example, Fig.  3.4  shows  1 H- 15 N heteronuclear NOE 
values measured for individual amide sites along the backbones of different proteins; 
being especially sensitive to fast local motions, these observables allow protein re-
gions characterized by different levels of local mobility to be easily identified.      

   The  15 N  T   2   relaxation times are in addition also sensitive to slower conforma-
tional exchange processes in the micro- to millisecond time range that induce a 
change in the isotropic chemical shift. This exchange contribution (  R   ex  ) adds to the 
relaxation induced by time modulation of the CSA and dipolar interactions (1/ T   2   = 1
/ T   2  (CSA) + 1/ T   2  (DD) +  R   ex  ). In order to separate the exchange contribution, different 
experimental approaches have been proposed: repeating the relaxation measure-
ments (i) at several static magnetic field strengths B 0 , or (ii) by varying the applied 
radio-frequency field amplitude during the relaxation period. For more details, we 
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refer the reader to the scientific literature (Palmer et al.  2001 ; Tollinger et al.  2001 ; 
Palmer and Massi  2006 ).  

  As mentioned in the previous section, the oscillating magnetic fields induced by 
local and global rotational motions are causing spin relaxation in NMR. In order to 
account for the stochastic nature of these motions, they are best described by their 
frequency distribution, also called the power spectral density function  J (ω). Fur-
thermore, according to the standard relaxation theory for NMR spin relaxation, the 
so called BWR theory (Wangsness and Bloch  1953 ; Bloch  1956 ; Redfield  1957 ), 
spin relaxation is caused by the fluctuating magnetic fields created by molecular 
motions at the spin transition frequencies of the coupled  15 N- 1 H spin system ( ω  N , 
 ω  H ,  ω  H  ̶  ω  N  and  ω  H  +  ω   N  ) and at zero-frequency. The three relaxation parameters 
(  T   1  ,  T   2   and HETNOE) show a different dependence on the corresponding spectral 
density components (  J (0),  J ( ω  N ),  J ( ω  H ),  J ( ω  H  −  ω  N ) and  J ( ω  H  +  ω  N )) as described by 
the following equations:  

     1
20 151

2 2

T1

d c JH N N H N N15
= + +[ (J[ (JJ ) (3J33 ) (6J )] ( )NωHωN (6J6J JJ+ωNN (

 Fig. 3.4      a  Variations of the steady-state NOE with the correlation time for the  1 H- 15 N pair in a 
field of 11.74 T.  b  The graphs show the  1 H- 15 N heteronuclear NOE for the majority of the residues 
of structured Atx1 protein (Arnesano et al.  2001 ), and of the partially structured oxidized form of 
the copper chaperone Cox17 (Arnesano et al.   2005 ) and of its unfolded reduced form (Bertini et al.  
 2011a ). The experiments were acquired on a 500 MHz Bruker AVANCE spectrometer equipped 
with a CPTXI probe  . Adapted from (Felli et al. 2012)
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         (3.8)   

    with  d rH N NHr
−μ

π
γH
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4
   the dipolar coefficient,  c N= ω σNΔ    the  15 N chemical shift 

anisotropy and  R   ex   the contribution from conformational exchange processes, if any.  
  In order to extract the desired dynamics information, the measured  15 N relaxation 

data (  T   1  ,  T   2   and HETNOE) can be analysed in several ways. A first quick analysis of 
the relaxation data, or some combinations thereof, already yields valuable qualita-
tive information on the global and local conformational properties of the protein. 
For example, we have shown above that the HETNOE, which is only sensitive 
to high-frequency components of the spectral density (see Eq. 3.8), highlights 
highly-flexible protein segments (Fig.  3.4 ). Typical HETNOE values range from 
about + 0.9 for amide groups in rigid protein fragments to largely negative values 
(HETNOE  <   <  0) for highly flexible sites in disordered regions. Thus, the HETNOE 
provides a measure of the orientational degree of freedom of a particular amide 
group, a property that is also called an order parameter. In addition, the  T  1 / T  2  ratio 
can be computed as it provides information on the local protein rigidity (Kay et al. 
 1989 ). For globular proteins,  T  1 / T  2  is to a good approximation proportional to the 
protein's overall rotational correlation time. For IDPs,  T  1 / T  2  allows to distinguish 
peptide regions displaying significant secondary and tertiary structural propensi-
ties, characterized by longer effective correlation times, from segments lacking any 
residual structure, characterized by shorter effective correlation times.  

  Arguably, the most commonly used method for the analysis of  15 N relaxation 
data of globular proteins is the model-free formalism introduced by Lipari and 
Szabo where the molecular tumbling, described by a global correlation time, is sep-
arated from local motions (Lipari and Szabo  1982 ), characterized by site-specific 
correlation times and order parameters. This separation is justified by the difference 
in time scales of these motions in the case of globular proteins, but this model is not 
rigorous for random coil-like polymers and IDPs. However, a similar approach can 
still be applied for IDPs by replacing the global correlation time of the protein by an 
effective segmental correlation time that varies over the polypeptide chain, report-
ing on the persistence lengths of the segmental chain motions.  

  Another possibility for analysing  15 N relaxation data that applies also to IDPs is 
the reduced spectral density mapping approach, which provides information about 
the shape of the spectral density function at individual sites (Farrow et al.  1995 ). If 
we neglect for the moment conformational exchange (  R   ex  ) contributions to  15 N re-
laxation, Equation 3.8 shows that the three measured rates depend on five different 
spectral density components. In order to reduce this number to three, and thus match-
ing the number of NMR observables, the high-frequency spectral density compo-
nents  J ( ω  H ),  J ( ω  H  ̶̶  ω  N ) and  J ( ω  H  +  ω  N ) are replaced by an effective  J (0.87∙ ω  H ) value. 
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This allows to solve Eq. 3.8 analytically. The validity of reduced spectral density 
mapping for very flexible IDPs has recently been investigated and a slightly differ-
ent approach was proposed, including the removal of exchange contributions by the 
measurement of additional cross-correlated relaxation rates (Kadeřávek et al.  2014 ).  

           3  Particular Challenges and Bottlenecks for NMR 
Studies of IDPs  

  A wide range of NMR experiments has been developed throughout the years for 
the study of globular proteins and their interactions, with the major objective of 
providing high-resolution structural and dynamic information. These experi-
ments are the natural starting point for the NMR investigation of IDPs. However, 
the peculiar properties of IDPs have a strong impact on NMR spectra, as already 
outlined in the previous section, and thus on NMR experiments. This means that 
conventional NMR experiments need to be tailored for the specific properties of 
highly disordered proteins in order to study IDPs of increasing size and complex-
ity. The main bottlenecks for NMR studies of IDPs will be briefly reviewed in the 
following sections.  

    3.1       Spectral Resolution  

  In order to extract structural and dynamic information for single nuclear sites in an 
IDP, we need sufficient spectral resolution to distinguish individual resonances (or 
correlation peaks). As mentioned in the previous section the first consequence of 
the lack of a stable structure is the averaging of a large part of the contributions to 
the chemical shift deriving from the local chemical environment. This results in a 
drastic reduction of the chemical shift ranges for the different nuclear spin species 
( 1 H,  13 C,  15 N) and thus in a problem of strong overlap in the corresponding NMR 
spectra (see Fig.  3.5 ).      

   This resolution problem is especially pronounced for  1 H NMR, as will be dis-
cussed in more detail later on. Identifying strategies to overcome the problem of reso-
nance/cross-peak overlap is of key importance to be able to study IDPs of increasing 
size and complexity. Several strategies to address this critical point are discussed in 
the next sections, such as exploiting the favourable resolution in exclusively het-
eronuclear NMR experiments, correlating nuclei of neighbouring amino acids and 
exploiting amino acid selection to simplify spectra and identify residue types.  

           3.2 Experimental Sensitivity  

  We have already introduced the theoretical basis and the main determinants of 
NMR sensitivity in Sect. 3.1.2. Here we will focus on IDPs, which are by definition 
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very flexible macromolecules. From an NMR sensitivity point of view, this flexibil-
ity has both advantages and disadvantages. The fast timescale molecular motions 
in IDPs are responsible for reduced effective rotational correlation times, a feature 
that in many cases contributes to long spin coherence lifetimes (long  T   2  ) and narrow 
NMR lines. In principle, this enables the design of complex high-dimensional NMR 
pulse schemes to achieve the necessary resolution required for IDPs. It is interesting 
to note that for highly flexible IDPs the increase in molecular size does not have a 
major impact on relaxation times and linewidths, while it does for folded proteins. 
However, for protein regions with a significant amount of transient structure, this 
is no longer the case, as illustrated by amide 15 N  T   2   relaxation time constants of the 
NS5A protein of HCV (Fig.  3.6 ). Some peptide segments have  T   2   relaxation time 
constants that are four times shorter than those observed for other regions. This re-
sults in a large dynamic range of peak intensities observed in the NMR spectra. This 
feature becomes even more pronounced for complex NMR experiments involving 
an increasing number of transfer steps and frequency editing periods.      

   The effects of the presence of partially structured peptide regions and extensive 
conformational dynamics on the NMR spectra can become so pronounced that most 
of the nuclear spins are affected. No or only very limited solutions remain to study 
proteins characterized by strongly line-broadened resonances by NMR. Examples 
that often fall into this category are the so-called molten globule states that represent 
the “dark side” of biomolecular NMR, in between well-folded globular and highly 
disordered states.  

  Sensitivity can also be reduced because of protein aggregation, which is gov-
erned by the same principles as protein folding. Some IDPs, such as α-synuclein, 

 Fig. 3.5     The difference in the  1 H,  13 C and  15 N chemical shift dispersion of the IDPs is illustrated 
on the 1D spectra of α-synuclein. The experiments were acquired on a 700 MHz Bruker AVANCE 
spectrometer equipped with a CPTXO probe on a 1 mM α-synuclein sample (20 mM phosphate 
buffer, pH 6.4, 200 mM NaCl, 0.5 mM EDTA, at 285.5 K)  
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tau, or prion proteins, are known to cause neurodegenerative diseases in the ag-
gregated form. Tendencies to aggregate can hamper NMR studies of these proteins. 
On the other hand, higher molecular mass aggregates become amenable to other 
NMR techniques, such as solid-state magic-angle spinning (MAS) NMR, which 
however is not addressed in this chapter (Tycko  2006 ; Chimon et al.  2007 ; Bertini 
et al.  2011c ).  

           3.3 Experimental Time Requirements  

  Sample stability problems are often encountered because of aggregation, as men-
tioned before, or proteolytic degradation of IDPs. When the stability of the protein 
permits sample stabilization by boiling, the proteases can be deactivated by heat de-
naturation. However, in the case of significant residual structure, this is often not a 
valuable option as extensive heat treatment may result in irreversible changes of the 
structural features of the IDP (Chap. 6). In such cases the NMR spectra have to be 
acquired before sample degradation occurs. The requirements of short experimental 
times and at the same time high spectral resolution, achieved by long acquisition 
times in all dimensions of a high-dimensional (3D, 4D, etc.) experiment, seem to be 
contradictory, but they can be reconciled by the use of the fast NMR data acquisi-
tion techniques discussed in Sects. 3.5.3 and 3.5.5.   

           3.4 Sample Optimization  

  The conformational dynamics and transient structure of IDPs are highly sensi-
tive to experimental conditions such as pH, buffer composition, salt concentration 
and temperature. Under certain conditions, some parts of the IDP may undergo 

 Fig. 3.6      15 N amide T 2  relaxation time constants of NS5A measured as a function of the amino 
acid sequence at 278 K, at 18.8 T field. Red cylinders indicate regions adopting transient α-helical 
secondary structure  
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conformational dynamics on a timescale that leads to extensive line broadening in 
the NMR spectra and thus missing correlation peaks. Optimization of the sample 
conditions is thus even more important than for globular proteins. On the other 
hand, because of the dependence of the structural features of the IDP on the experi-
mental conditions, one may want to study the IDP under close to physiological con-
ditions such as neutral pH and relatively elevated temperature. Studies of enzymatic 
reactions, for example the occurrence of post-translational modifications, also often 
require neutral pH and high temperature to ensure optimal enzyme activity. Finally, 
in-cell NMR can be used in order to experimentally show that IDPs remain flexible 
 in vivo  and that disorder is not just an artefact of the chosen sample conditions.  

           3.5 Prolines are Abundant in IDPs  

  Further problems can occur because of the typically large proline content in the 
amino acid sequence of IDPs (Tompa  2002 ; Theillet et al.  2013 ). As prolines do 
not have backbone amide protons, they are not detected in amide  1 H detected NMR 
spectra and therefore represent breakpoints in the sequential backbone resonance 
assignment strategy based on  1 H N  detected triple-resonance experiments. For the 
same reason, variants of 2D  1 H- 15 N correlation experiments typically used to fol-
low or monitor physiological processes, such as interactions or post-translational 
modifications, or to measure observables such as  15 N relaxation rates, paramagnetic 
relaxation enhancements or residual dipolar couplings, do not provide information 
about prolines.  

           4  2D HN and CON NMR Experiments: The Fingerprint 
of an IDP  

  Uniform  13 C and  15 N isotope labelling of proteins (and thus IDPs) in bacterial ex-
pression systems has become routinely used and is currently a necessary require-
ment to proceed with any high resolution NMR investigation. The nuclear spins we 
can deal with are therefore  1 H,  13 C and  15 N, meaning the vast majority of the nuclei 
in a protein.  

  The main considerations when designing or choosing an NMR experiment are 
its overall sensitivity, the resulting spectral resolution, the number of detected peaks 
and the information contained in the spectral parameters (peak positions and in-
tensities). In order to optimize these parameters we can choose the source of spin 
polarization, the directly observed nuclei, the number and nature of the indirectly 
detected nuclei, the type of transfer steps used and the dimensionality of the experi-
ment, to cite only the most important ingredients of an NMR experiment. The most 
useful 2D NMR experiments to characterize IDPs are introduced here.  
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          4.1  NMR Properties of  1 H,  13 C and  15 N in IDPs  

  According to Eq. 3.5, the sensitivity of the NMR experiment strongly depends on 
the gyromagnetic ratio of the nuclear spins (see Table  3.1 ) directly detected at the 
end of the pulse sequence and those serving as polarization source at the begin-
ning of the experiment. Because of the high gyromagnetic ratio of  1 H, most NMR 
experiments for protein applications are based on  1 H excitation and  1 H direct detec-
tion, while heteronuclear chemical shifts ( 13 C and  15 N) are exploited in indirect di-
mensions of multidimensional NMR experiments (Sattler et al.  1999 ; Lescop et al. 
 2007 ). However,  13 C detection has recently evolved into a useful tool to study bio-
molecules (Felli and Pierattelli  2014a ), in particular thanks to the larger chemical 
shift dispersion of  13 C nuclei compared to protons and to other specific benefits of 
the technique that improve the sensitivity of the NMR experiment, thus compensat-
ing for the lower gyromagnetic ratio (Sect. 3.6).  15 N detection in protein NMR is 
rarely used, although some experiments have been proposed for specific applica-
tions (Vasos et al.  2006 ; Takeuchi et al.  2010 ; Gal et al.  2011 ). NMR sensitivity is 
also influenced by the specific properties of the investigated system, in particular by 
its relaxation properties as well as by homonuclear couplings, all contributions not 
explicitly considered in Eq. 3.5. These aspects should also be carefully considered 
in the choice of the most appropriate experimental strategy to access a specific kind 
of information, as discussed more in detail in the next sections considering applica-
tions to IDPs.  

  The second important point to consider is spectral resolution. It is well known 
from NMR textbooks that  13 C and  15 N nuclei show superior chemical shift disper-
sion compared to  1 H. This is definitely an interesting property provided it also holds 
for IDPs. As an example, Fig.  3.5  shows the chemical shift dispersion observed in 
α-synuclein, a well-characterized IDP, for three backbone nuclear spins,  1 H N ,  13 C′ 
and  15 N. It is clear that the chemical shift dispersion increases from  1 H N  to  13 C′ to 
 15 N even in the absence of a stable structure. The same holds true for aliphatic and 
aromatic spin pairs, with  13 C yielding a higher resolution in the NMR spectrum than 
the attached  1 H. Therefore, the exploitation of the improved frequency resolution 
in the  13 C and  15 N dimensions of multidimensional NMR spectra is crucial for the 
study of IDPs.  

  For  1 H and  13 C resonances in the side-chains of IDPs we observe a larger overall 
dispersion (compared to backbone nuclei) due to the differences in chemical struc-
ture between different amino acids. However, side-chain resonances from the same 
amino acid type cluster in the same spectral region. Side chain resonances are there-
fore mainly used as indicators of the amino acid type of a given residue, while they 
are only of little use for the characterization of site-specific structure and dynamics 
in the IDP. As an example, the 2D  1 H- 13 C (HC) correlation spectrum acquired on 
α-synuclein is shown in Fig.  3.7 . Despite the high sensitivity of this experiment, 
the overlap of signals deriving from the same type of amino acid and the presence 
of resolved homonuclear couplings (see below) are responsible for the extensive 
overlap observed.      

   Since relatively narrow peaks are observed in the NMR spectra of IDPs in 
the absence of unfavourable dynamics, homonuclear  J -couplings may contribute 
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significantly to the linewidth. Excluding for the moment the one-bond   1   J   CC   
couplings from the discussion, which definitely need to be suppressed experimen-
tally to obtain well-resolved  13 C spectra (as explained in Sect. 3.6.1), the magnitude 
of  2  J  and  3  J  homonuclear coupling constants decreases passing from  1 H to  13 C to  15 N 
as an indirect consequence of the gyromagnetic ratios of these nuclei. This feature 
is thus again in favour of the detection of  13 C or  15 N instead of  1 H, unless the IDP 
has been perdeuterated and back-protonated at amide sites to suppress homonuclear 
 1 H- 1 H couplings.  

           4.2      2D  1 H- 15 N and  13 C ́- 15 N Correlation Fingerprint Spectra 
of IDPs  

  Recording simple 2D NMR “fingerprint” spectra of the IDP provides some use-
ful information on the protein and allows the evaluation of the overall sample 
properties and the feasibility of a subsequent high resolution NMR study even in 
the absence of a sequence-specific resonance assignment. Indeed, the number of 
cross-peaks detected in the spectrum compared to the number of peaks expected 
from the primary sequence provides a first estimation of the amount of spectral 
overlap and indicates whether the totality of the peptide sequence or only a part 

 Fig. 3.7     The  1 H- 13 C HSQC 
spectrum acquired on a 
950 MHz Bruker AVANCE 
spectrometer equipped with 
a CPTCI probe on a 1 mM 
α-synuclein sample (20 mM 
phosphate buffer, pH 6.4, 
200 mM NaCl, 0.5 mM 
EDTA, at 285.5 K)  
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of it is NMR-visible under the chosen sample conditions. The latter case occurs 
quite often as many proteins exhibit a significantly heterogeneous nature in terms 
of structural and dynamic properties leading to conformational exchange and/or ag-
gregation induced line broadening. The observed chemical shift dispersion allows 
the identification of whether the protein is structured, partly structured, or highly 
unstructured.  

  For such a fingerprint spectrum, we want to detect a single correlation peak per 
residue with good dispersion in a reasonable amount of data acquisition time. The 
most common experiments used are therefore  1 H detected  1 H- 15 N (HN) (Favier and 
Brutscher  2011 ) and  13 C detected  13 Cʹ- 15 N (CON) (Bermel et al.  2006a ) correlated 
spectra, as shown in Fig.  3.8  for human securin, a 200 amino acid IDP with more 
than 20 % prolines.      

 Fig. 3.8     The schematic illustration (  top ) of the correlations observed in the basic 2D  1 H- 15 N 
HSQC and  13 C- 15 N CON-IPAP experiments. The  1 H- 15 N HSQC (  left ) and  13 C- 15 N CON-IPAP 
(  right ) spectra were acquired on the  13 C,  15 N-labeled sample of the intrinsically disordered human 
securin protein (0.7 mM sample in 25 mM phosphate buffer, pH 7.2, 150 mM KCl, 10 mM 2-mer-
captoethanol, at T 283 K) (Csizmok et al.  2008 ). The experiments were performed on a Bruker 
AVANCE 700 MHz spectrometer equipped with a CPTXO probe  
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   While the HN experiment is much more sensitive and can be recorded in a sig-
nificantly short time, prolines are only detected in the CON spectrum, which also 
shows a better spectral resolution. In addition, the CON spectrum does not suffer 
from hydrogen-exchange-induced line broadening and thus can still be recorded 
under conditions of high pH and temperature, where many HN peaks are no longer 
detectable (Gil et al.  2013 ); this is shown in Fig.  3.9 , which reports the HN and 
CON spectra acquired on α-synuclein with increasing temperature. On the other 
hand, high-quality HN correlation spectra can be recorded on protein samples at 
concentrations of only a few μM on a spectrometer equipped with a cryogenic 
probe. The 2D HN and CON spectra are thus highly complementary both in terms 
of detectability and information content. These 2D correlation experiments can be 
acquired in different ways. The most appropriate variants for applications to IDPs 
are discussed in detail in the following section.      

   These 2D spectra can also be used to follow changes in the properties of the IDP 
upon changing the experimental conditions such as temperature, pH, ionic strength, 
buffer, reducing/oxidizing environment, or the addition of potential partners such as 
metal ions, small molecules, nucleic acid fragments and proteins. They also enable 
chemical reactions such as the occurrence of post-translational modifications to be 
followed (Selenko et al.  2008 ). Finally, they provide an invaluable tool to take a 
snapshot of a protein inside an entire cell (Serber et al.  2006 ; Selenko and Wagner 
 2007 ; Felli et al.  2014 ). As an example, the 2D HN and CON experiments acquired 

 Fig. 3.9     2D  1 H- 15 N HSQC ( a ) and  13 C- 15 N CON-IPAP ( b ) spectra acquired on a 1 mM α-synuclein 
sample (20 mM phosphate buffer, pH 7.4, 200 mM NaCl, 0.5 mM EDTA) at different tempera-
tures, from  left  to  right : 285.7 K, 295.5 K and 304.8 K. Each spectrum was acquired with one scan 
per increment and with the same resolution (in Hz)  
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on α-synuclein in cell are compared with those acquired on the purified protein 
(Fig.  3.10 ), showing that they can be used for the investigation of IDPs in-cell.      

   Finally, modifications of these basic 2D experiments (HN and CON) enable the 
determination of a variety of observables that report on different properties of the 
IDP at atomic resolution, once sequence-specific assignment becomes available. 
These include  15 N relaxation rates, scalar couplings, residual dipolar couplings 
(RDCs), paramagnetic relaxation enhancements (PREs), cross-relaxation (σ HH ) and 
cross-correlation rates (CCR), as well as solvent exchange rates. All of these NMR 
observables report on the structural and dynamic features of the IDP and will be 
discussed in detail in Chaps. 4 and 5.  

         5   Tools for Overcoming Major Bottlenecks of IDP NMR 
Studies  

           5.1  Multidimensional NMR, Indirect Frequency Editing 
and Non-uniform Sampling  

  The large number of NMR-active nuclei in a protein results in severe resonance 
overlap in one-dimensional spectra ( 1 H,  13 C,  15 N), making it practically impossible 
to extract atom-resolved information from them. This problem is circumvented by 
using multidimensional (nD) NMR techniques that spread and correlate the signals 
of individual nuclear spins along different frequency dimensions (Ernst et al.  1987 ). 
Multidimensional NMR data are recorded by repeating the basic pulse sequence 

 Fig. 3.10     The 2D  1 H- 15 N SOFAST-HMQC ( a ,  b ) and  13 C- 15 N H α-flip CON ( c ,  d ) spectra acquired 
on α-synuclein overexpressed in  E. coli  cells ( b ,  d ) and on cell lysates ( a ,  c ). The experiments 
were acquired on a Bruker AVANCE 700 MHz spectrometer equipped with a CPTXO probe; the 
acquisition time of SOFAST-HMQC was 13 min and of H α-flip CON 44 min  
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numerous times. For each repetition of the experiment (transient), the observable 
NMR signal is detected along one dimension, while additional ‘indirect’ dimensions 
are sampled by incrementing a time variable in the pulse sequence from one repeti-
tion to the next. Despite the great success of multidimensional NMR, an important 
drawback of this stepwise sampling procedure is the long experimental time, which 
is a direct result of the hundreds or even thousands of transients that are required for 
a single data set (Fig.  3.11 ).      

   In this section we will discuss different editing techniques to improve the spec-
tral resolution in the indirect dimensions of nD NMR experiments and advanced 
non-uniform sampling (NUS) approaches that are indispensable for recording high-
dimensional spectra in reasonable experimental times.  

           5.2  Real-time, Constant-time and Semi-constant Time Frequency 
Editing  

  Frequency editing of nuclear spins is the key step for introducing indirect di-
mensions in multidimensional experiments. In order to do so, a pulse sequence 
element that allows time evolution of the frequency-edited spins (  I ) while sup-

 Fig. 3.11     Schematic representation of the multi-dimensional NMR spectra (  left ), and the increas-
ing number of experimental repetitions required, resulting in longer acquisition times (  right )  
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pressing (refocusing) all other chemical shift and  J -coupling evolutions is required. 
Figure  3.12  shows five common pulse sequence implementations of  I -spin editing 
during an incremented time variable  t   1  : (a) conventional real-time, (b) optimized 
real-time, (c) and (d) constant-time (CT) and (e) semi-CT editing.      

   In the conventional real-time implementation, heteronuclear  J   IS   and  J   IK   coupling 
evolutions are refocused by a 180° pulse applied in the middle of  t   1  . In this context 
“heteronuclear” means that the particular spin species can be manipulated separately 
by an appropriately shaped radiofrequency pulse. As an example,  13 Cʹ and  13 C α  can 
be manipulated separately as they have well-separated chemical shift ranges, while 
 13 C α  and  13 C β  have generally overlapping chemical shift ranges and thus cannot be 
separated spectroscopically. Therefore, the  13 C α  - 13 C β  coupling gives rise to a peak 
splitting in the  13 C α  dimension of a NMR spectrum recorded with conventional real-
time editing as illustrated in Fig.  3.13a . A slightly optimized version of real-time 
editing is shown in Fig.  3.12b , where chemical shift evolution of the  I -spins during 
the 180°  S -spin decoupling pulses, as well as Bloch-Siegert phase shifts, are refo-
cused. This allows recording a data set that does not require any phase correction 
in the corresponding indirect dimension (  t   1  ) in order to avoid baseline distortions.      

   In order to avoid line splitting due to homonuclear  J   II  -coupling evolution, the 
CT editing blocks of Figs.  3.12c  and  3.12d  can be used, with the CT delay  T  set to 
 T = 1/J   II  . A  1 H N - 13 C α  correlation spectrum recorded with the pulse sequence block 
of Fig.  3.12c  is shown in Fig.  3.13b . The detected NMR signal in this spectrum is 
modulated by a factor cos   n   (πJ   cc   T) , where  n  is the number of carbon atoms attached. 
In addition, signals with different sign provide meaningful information about the 
spin-coupling topology; for example, correlation peaks of glycine residues are of 
opposite sign with respect to all others, as glycines have no  13 C β  attached to the  13 C α . 

 Fig. 3.12     Common pulse sequence implementations of  I -spin editing during an incremented 
time variable  t   1  :  a  conventional real-time;  b  optimized real-time;  c  and  d  constant-time ( CT), and 
 e  semi-CT editing  
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Alternatively, CT frequency editing can be applied during an INEPT-type coher-
ence transfer step (Morris and Freeman  1979 ). This is shown in Fig.  3.12d , where 
the  I -spins are edited during an  I  to  S  transfer. Here, the CT delay has to be set to 
 T = 1/(2J   IS   )  in order to achieve complete transfer.  

  A drawback of CT editing is that the maximum possible evolution time (  t   1    max  ) is 
limited by the CT delay  T  so that  t   1    max    ≤ T . This, of course, has an effect on the achiev-
able spectral resolution, which is a crucial point for NMR studies of IDPs as discussed 
before. A possible solution could be to increase the CT delay to  n ∙ T , where  n  is an 
integer number. However, introducing too long delays in the pulse sequences may 
cause pronounced relaxation losses. Semi-CT editing has therefore been proposed to 
enhance the spectral resolution while still exploiting spin evolution during a coherence 
transfer delay. The improvement achieved with semi-CT evolution in terms of spectral 
resolution in the  15 N dimension of an HNCA experiment is illustrated in Fig.  3.14 .      

            5.3 Strategies for Non-uniform Data Sampling in Multi-D NMR  

  The amplitude of the NMR signal, or free induction decay (FID), is typically mea-
sured (sampled) at discrete, uniformly spaced time points. In a multidimensional 
NMR experiment, the same approach is generally employed in the indirect dimen-
sions as well, since uniform sampling is required for data processing using the fast 
Fourier transform (FFT). The Nyquist theorem states that the sampling rate needs to 
be faster than twice the highest frequency expected or, in other words, determines a 
maximum value for the time interval between sampled points (dwell time) that has 
to be used to avoid spectral folding of the peaks. Hence, the sampled data points 
form a Cartesian grid with the spacing between time points in each dimension given 
by the inverse of the spectral width of the edited nuclei. As a result of this uniform 

 Fig. 3.13     Expansion of  1 H- 13 C α  plane from a BEST-TROSY HN(CO)CA spectrum of NS5A 
recorded with real-time ( a ) and CT evolution ( b ). In both cases the acquisition time in the indirect 
 13 C α  dimension was 20 ms with 200 points recorded and a spectral width of 30 ppm  
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data sampling procedure, the experimental time requirement increases roughly by 
about two orders of magnitude for each additional dimension, making high-dimen-
sional experiments (  >  3D) impractical or requiring strong compromises on the spec-
tral resolution in the indirect dimensions.  

  In order to overcome these limitations, alternative sampling strategies combined 
with appropriate processing tools have been developed over the past two decades 
(Hiller et al. 2005; Kazimierczuk et al.  2006 ; Mobli et al.  2006 ; Coggins and Zhou 
 2007 ; Kazimierczuk et al.  2007 ; Kazimierczuk et al.  2010a ; Kazimierczuk et al.  2012 ; 
Yao et al. 2014). These sparse or non-uniform sampling (NUS) techniques rely on a 
reduction of the overall number of sampled time points by recording only a subset of 
the data points of the Cartesian grid. Examples of alternative sampling schemes are 
shown in Fig.  3.15 .      

   Some of these sampling grids, e.g. linear under sampling or radial sampling, still 
yield data sets that can be processed using FFT (Szyperski et al.  1993b ; Brutscher 
et al.  1995b ; Kupce and Freeman  2003 ). The general NUS scheme, however, where 
a certain percentage of the grid points is randomly chosen, requires alternative pro-
cessing tools. Several algorithms for processing non-uniformly sampled data are 
currently available and well-established, such as multidimensional decomposition 
(MDD) (Luan et al.  2005 ; Tugarinov et al.  2005 ), maximum entropy (MaxEnt) 
methods (Hoch and Stern  1996 ), compressed sensing (CS) (Holland et al.  2011 ; Ka-
zimierczuk and Orekhov  2011 ), multidimensional Fourier transform (MFT) (Kazim-
ierczuk et al.  2010a ) and spectroscopy by integration of frequency and time domain 
information (SIFT) (Matsuki et al.  2009 ). The common feature of all these methods 
is that they aim to find the NMR spectrum that, when applying the inverse Fourier 
transform, best reproduces the measured time data points. As in the case of sparse 
data sampling, this is an underdetermined computational problem. Some additional 
assumptions must therefore be made in order to choose the most likely spectrum from 

 Fig. 3.14     Expansion of the  1 H- 15 N plane from BEST-TROSY HNCA of NS5A acquired with  a  
CT editing using the maximum number of increments (CT = 24.5 ms) and  b  semi-CT evolution 
(CT = 53 ms). In both cases the spectral width in the  15 N dimension was 30 ppm  
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among the possible solutions. For example, MDD exploits the prior knowledge that 
NMR signals are the direct product of Lorentzian (or Gaussian) line shapes in each 
frequency dimension. MaxEnt relies on the optimization of a penalty function in or-
der to select the spectrum that has the highest entropy (minimal number of signals). 
Similarly, CS performs a  l  1 -norm minimization to recover the sparsest spectrum, 
while MFT performs a discrete multidimensional Fourier transform of the data using 
appropriate data weighting and filtering for the reduction of sampling noise. Finally, 
SIFT is an iterative method that replaces the missing time domain data points by zero 
for the first iteration, allowing classical FFT processing. In subsequent iterations, the 
missing data points are replaced by the result of the inverse FT of the obtained NMR 
spectrum after having set known empty spectral regions to zero.  

  At present, the question of the most appropriate sampling grid and processing 
technique for a given experiment is non-trivial, but a few general recommenda-
tions can be given: (i) the percentage of sampled data points can be decreased with 

 Fig. 3.15     Examples of different sampling schemes to speed up the acquisition of a 3D experiment. 
 a  Schematic illustration of a typical three-dimensional H-X-Y correlation experiment and the con-
ventional time-domain sampling grid required to build the two indirect dimensions. Each point on 
the grid corresponds to a single repetition of the basic pulse sequence.  b  Some NUS schemes are 
shown. All the sampling patterns can be employed to reduce the experimental time, since a smaller 
number of points with respect to those of the conventional sampling grid are measured. The linear 
under sampling pattern can be used to fold chemical shifts in an advantageous manner, whereas 
radial sampling is generally employed in automated projection spectroscopy (APSY). Instead, 
random non-uniform sampling schemes are most commonly used when non-linear methods for 
spectral reconstruction such as MDD or MFT are used  

  



 B.   Brutscher  et al.80

increasing dimensionality of the experiment and sparseness of the final NMR spec-
trum (number of expected correlation peaks). Typically, in the case of a 4D back-
bone assignment experiment, a few percent of sampled data points are sufficient. 
(ii) A random distribution of the sampled data points is particularly recommended to 
spread the sampling noise over the entire frequency domain (with apparent reduc-
tion of its overall amount), preventing the clustering of artefacts in specific spectral 
regions. (iii) The choice of the processing algorithm mainly depends on the avail-
able software (degree of automation, required expertise for proper parameter ad-
justment) and the computer power (some algorithms require more computer power 
and memory than others). If possible, it is always a good option to test different 
processing tools on the same data set. Recent developments by spectrometer manu-
facturers have made it straightforward to set up a random sampling scheme and run 
experiments in NUS mode. Also, some of the non-linear processing routines, such 
as MDD and CS, have been interfaced with the NMR spectrometer software and 
are available for routine use. Alternatively, most of the processing algorithms can be 
accessed online and downloaded. These advanced data acquisition and processing 
tools should be largely exploited for NMR investigations of IDPs, as they allow the 
performance of experiments of high dimensionality in a reasonable amount of time 
at very high spectral resolution, as discussed in detail in Sect. 3.9.1.  

           5.4  Selecting  15 N Spin States with Favourable Transverse 
Relaxation Properties  

  Multi-dimensional NMR correlation experiments require a series of coherence 
transfer steps and frequency editing periods during which the detectable NMR sig-
nal, and thus the sensitivity of the experiment, decreases due to transverse spin 
relaxation. In order to improve the performance of such experiments and therefore 
their applicability to large IDPs and low sample concentrations, it is important to 
select the coherences with the longest transverse relaxation times for the transfer 
and chemical shift editing steps. Here we present two commonly used techniques 
for reducing signal losses during  15 N transverse evolution periods as required for 
all amide  1 H detected NMR experiments, and that are also of importance in  13 C 
detected experiments.  

  In a standard INEPT-type  15 N→ 13 C transfer step,  15 N single quantum coher-
ence (SQC) oscillates back and forth between in-phase (  N   x  ) and anti-phase (2 N   y   H   z  ) 
coherence, as a result of  15 N- 1 H scalar coupling evolution. As a consequence, the 
effective relaxation during the transfer is given by the average of in-phase and anti-
phase SQ relaxation rates. In uniformly  13 C,  15 N labelled proteins, relaxation of anti-
phase SQC is about 30 % faster than relaxation of in-phase SQC. This difference 
is even more pronounced in the case of significant solvent exchange rates between 
the amide and water protons, further reducing the lifetime of anti-phase SQC. 
Improved transfer efficiency is thus achieved by  1 H composite pulse decoupling, 
which removes the  15 N- 1 H scalar coupling evolution and maintains the in-phase 
SQC throughout the duration of the transfer. Common  1 H decoupling schemes are 
MLEV-16 (Levitt et al.  1982 ), DIPSI-2 (Shaka et al.  1988 ), WALTZ-16 (Shaka et al. 
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 1983a ; Shaka et al.  1983b ) and GARP-1 (Shaka et al.  1985 ). They are all composed 
of a basic pulse sequence element (R) that basically performs a broadband 180° spin 
inversion and is repeated by applying an additional phase cycle. They differ mainly 
by the B 1  field strength required to achieve a certain decoupling bandwidth.  

  A different approach to enhancing spectral resolution in  15 N spectra, especial-
ly at high magnetic field strength, is transverse relaxation-optimized spectros-
copy (TROSY) introduced by Pervushin et al. in 1997 (Pervushin et al.  1997 ). 
The TROSY effect is based on the interference between two different spin relax-
ation mechanisms, e.g. the dipolar coupling (DD) and the chemical shift anisot-
ropy (CSA), in a scalar coupled spin pair such as  1 H- 15 N. This interference can 
be constructive (increasing the apparent relaxation rate) or destructive (decreasing 
the apparent relaxation rate) for different components of the peak multiplet (see 
Fig.  3.16 ). The TROSY pulse sequence allows the selection of the multiplet compo-
nent (single-transition spin states) giving the sharpest lines (Pervushin et al.  1997 ). 
The TROSY effect for  1 H- 15 N is highest at magnetic field strengths of about 1 GHz 
and increases with the effective tumbling correlation time. TROSY-based pulse se-
quences are thus especially useful to enhance the peak intensities and line shapes of 
the IDP regions that are involved in transient structure formation.      

            5.5  Longitudinal-relaxation Enhancement for Increased 
Sensitivity and Reduced Acquisition Times  

  In this section we discuss the dependence of the experimental sensitivity on the 
recovery delay  T   rec   (Schanda  2009 ). A schematic drawing of an NMR experiment 

 Fig. 3.16     Small spectral region of  a   1 H- 15 N coupled HSQC and  b  TROSY spectrum of NS5A 
recorded on a 950 MHz spectrometer. The spectral region displays correlation peaks for two NS5A 
residues. The TROSY effect is less pronounced for the left residue, which is located in a highly 
flexible region of the IDP, compared to the right one, which is part of a peptide segment with a 
high propensity to form an α-helical structure. In both cases the acquisition time in the indirect 
dimension was 44 ms with 256 points recorded and a spectral width of 30 ppm  

  



 B.   Brutscher  et al.82

is shown in Fig.  3.17 , consisting of a pulse sequence of length  t   seq  , a data acquisi-
tion period  t   acq   and an additional inter-scan delay  t   rec  . A recovery delay is required 
for relaxation of the system in order to restore sufficient spin polarization to restart 
the experiment for a subsequent scan (  T  rec  =  t  acq  +  t  rec ). Its duration depends on the 
longitudinal relaxation time constant  T   1  . On one hand, the detected signal intensity 
is proportional to the amount of spin polarization available at the beginning of each 
scan under steady-state conditions. On the other hand, the SNR scales with the 
square root of the number of scans that can be performed during a given experi-
mental time, and thus the scan time  T t t tscanTT set q at cq rec+tset q   . These two effects can be 
described analytically by the following equation:      

       (3.9)   

    Equation 3.9 implies that maximum sensitivity is obtained by adjusting the recycle 
delay  T   rec   to:  

       (3.10)   

    and thus the dependency of the experimental sensitivity on the longitudinal relax-
ation time  T   1   is approximately given by:  

       (3.11)   

    derived substituting  TreTT c   and  TscanTT    with  T1TT    in Equation 3.9.  
   Enhancing the longitudinal relaxation efficiency of the excited spins thus pro-

vides an interesting way to increase the experimental sensitivity and additionally 
to reduce the minimal data acquisition time. Here we will focus on  1 H excitation 
experiments. In order to understand the experimental schemes that have been pro-
posed for longitudinal proton relaxation enhancement, we need to briefly discuss 
the spin interactions that govern proton relaxation. There are essentially two differ-
ent mechanisms that are responsible for proton longitudinal relaxation in a protein: 
(i)  1 H- 1 H dipolar interactions; (ii) hydrogen exchange processes between labile pro-
tein protons, e.g. amide and hydroxyl protons, and water solvent protons. The time 
evolution of the polarization of each proton spin in the molecule is given by the 
Solomon or Bloch-McConnell equations (Bloch  1946 ; Solomon  1955 ; McConnell 
 1958 ):  

SNRN
expexp T
TscanTT

1 1TT− exp /( /TreTT c− )

1( )rec max TT ( ) 1 25

SNRN
T
1

1TT

 Fig. 3.17     A schematic draw-
ing of an NMR experiment  
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       (3.12)   

    where  H   iz   denotes the  z -component of the polarization of proton  i  and  H   iz    
0   is its 

thermal equilibrium value. The different  ρ  and  σ  terms stand for auto- and cross-
relaxation rate constants, with values depending on the distance separating the two 
protons involved as well as the global and local dynamics of the protein experienced 
at the sites of the two protons.  W   z   stands for the bulk water polarization and  k   ex, i   are 
the hydrogen exchange rates for individual protons with the water.  

  Equation 3.12 indicates that the relaxation of an individual proton spin depends 
on the spin state of all the other protons in the protein, as well as the bulk water, at 
the start of the recovery time. The selective spin manipulation of a subset of protons, 
e.g. amides, while leaving all other protein and water proton spins unperturbed, 
thus provides an efficient spectroscopic tool for enhancing longitudinal proton spin 
relaxation, as will be shown in the following section.  

  The contributions of solvent exchange and dipolar cross-relaxation of amide pro-
tons with unperturbed aliphatic proton spins depend on the size and residual struc-
ture of the IDP and the sample conditions. Figure  3.18  shows apparent amide  1 H  T   1   
values measured for different IDP samples upon selective or non-selective inversion 
of different sets of proton spins (Gil et al.  2013 ; Solyom et al.  2013 ). For NS5A and 
BASP1, studied at low temperature and pH, the major relaxation enhancement mech-
anisms are dipolar interactions, while this situation changes as solvent exchange be-
comes more efficient, as shown for α-synuclein and PV core protein, which were 
studied at higher temperature and pH. The average  T   1   values measured for the differ-
ent IDPs shown in Fig.  3.18 , as well as the range of predicted exchange rates using 
the SPHERE program are given in Table  3.2  (Bai et al.  1993 ; Zhang  1995 ).          

    When dipolar interactions provide the dominant relaxation mechanism, non-
selective  1 H  T   1   values are on the order of 900 ms, while selective spin manipu-
lation allows them to be reduced by a factor of three to four, reaching values of 
200–300 ms (Schanda and Brutscher  2005 ; Lescop et al.  2007 ). This difference 
becomes even more pronounced in the case of fast hydrogen exchange. Under these 
conditions, the non-selective  1 H  T   1   approach the  T   1   of bulk water (~ 3 s at 25 °C), 
while the selective  T   1   become as short as 60 ms (Gil et al.  2013 ). For α-synuclein 
at pH 7.4 and 15 °C, the average amide  1 H  T   1   is reduced by a factor of 38, resulting 
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in a potential sensitivity gain of a factor of 6, according to Eq. 3.11. This clearly 
motivates the use of amide  1 H start pulse schemes that leave aliphatic and water 
protons unperturbed throughout the NMR experiment.  

  The simplest and probably most efficient way to achieve longitudinal relaxation 
enhancement (LRE) is the use of band-selective  1 H pulses, especially in the case of 
amide protons resonating in a frequency range that is well separated from aliphatic 
and water protons. Pulse sequences exploiting this concept have been termed band-
selective excitation short-transient (BEST) experiments (Schanda et al.  2006b ; 

    Table 3.2       Ranges of predicted amide proton solvent exchange rates ( k  ex ) (predictions were per-
formed with the SPHERE program (Bai et al.  1993 )) and their average over all residues are listed 
as well as the averages of the apparent longitudinal relaxation time ( T  1 ) constants measured at 
800 MHz as shown in Fig.  3.19     
    NS5A    BASP-1    α-synuclein    PV core  
  Conditions  
  pH    6.5    2.0    7.4    7.5  
  T (°C)    5    5    15    5  
  Predictions  
  Range of 
 k   ex  (s −1 )  

  7.6 × 10 −2 –1.2 × 10 +2     1.9 ×10 -4 –1.3 × 10 −3     1.8 × 10 −1 –2.1 × 10 +2     8.7 × 10 −2 –1.6 × 10 +2   

   kexk    (s −1 )    1.5    3.7 × 10 -4     1.7 × 10 +1     1.1 × 10 +1   

  NMR data  

   T hard1,,TT    (s −1 )    0.92    0.91    2.27    1.46  

   T WFBFF1,TT    (s −1 )    0.70    0.89    0.09    0.14  

   T sel1,,TT    (s −1 )    0.21    0.31    0.06    0.09  

 Fig. 3.18     Apparent  1 H T 1  relaxation time constants measured by inversion recovery experiments. 
Amide proton-selective (  red ), water-flip-back (  green ) and non-selective (  black ) inversions were 
used. The four samples and the conditions were:  a  NS5A D2D3 protein (pH 6.5, 278 K);  b  BASP1 
(pH 6.5, 278 K);  c  α-synuclein (pH 7.4, 288 K);  d  PV core (pH 7.5, 278 K)  
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Lescop et al.  2007 ; Favier and Brutscher  2011 ; Solyom et al.  2013 ). BEST pulse 
sequence elements are available for all basic pulse sequence elements (building 
blocks) (Cavanagh et al.  2007 ), e.g. INEPT, sensitivity-enhanced reverse-INEPT 
(SE-RINEPT or planar mixing) and TROSY (or double-S 3 CT) required for setting 
up most of the common triple-resonance experiments. In this section we will focus 
on BEST-TROSY (BT) pulse sequences, which have proven to be particularly use-
ful for the study of IDPs using high magnetic field NMR instruments.  

  BEST-TROSY combines the advantages of longitudinal relaxation optimization, 
discussed in the previous section, with those of transverse relaxation-optimized 
spectroscopy, discussed in Sect. 3.5.4. A special feature of BEST-TROSY is that the 
proton (Hz) polarization that builds up during the pulse sequence as a consequence 
of spin relaxation is converted to  15 N polarization (  N   z  ) by the final ST2-PT se-
quence element (Favier and Brutscher  2011 ). In a conventional TROSY sequence, a 
large portion of this additional polarization is lost due to  15 N  T   1   relaxation during the 
long recovery delay that restores  1 H polarization. In BEST-type experiments, how-
ever, most of the polarization is conserved because of the short recycle delays used. 
This provides an additional mechanism for sensitivity and resolution improvement.  

  The  1 H- 15 N BEST-TROSY sequence and spectra recorded for two large (250 
residue) IDPs are shown in Fig.  3.19 . Long  t   1   acquisition times in the  15 N dimension 
result in highly resolved 2D correlation maps, despite the low chemical shift resolu-
tion observed in the  1 H dimension. The high resolution obtained in the  15 N dimen-
sion of a 2D BEST-TROSY spectrum can also be transferred to higher-dimensional 
BT  1 H- 13 C- 15 N or BT  1 H- 15 N- 15 N correlation experiments, as required for sequential 

 Fig. 3.19     2D  1 H- 15 N BEST-TROSY spectra recorded on two large IDPs (~ 270 residues),  a  NS5A 
D2D3 (pH 6.5) and  b  BASP1 (pH 2.0) at 278 K  
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resonance assignment (Sect. 3.7.1), by using the semi-CT editing scheme discussed 
in Sect. 3.5.2. Furthermore, it has been shown that BEST-TROSY implementations 
of such experiments provide a 20 to 80 % increased SNR compared to BEST-HSQC 
versions for different IDP samples at 800 MHz  1 H frequency (Solyom et al.  2013 ). 
BT also results in a more uniform distribution of peak intensities in the spectrum, as 
the signal enhancement is efficient for residues in transiently structured peptide re-
gions which tend to be the ones characterized by the smallest intensities in optimal 
conditions for 2D HN correlation experiments.  

                6 13C Detected Experiments  

 The recent progress in instrumental sensitivity (Kovacs et al.  2005 ) and the de-
velopment of new NMR experiments made  13 C direct detection a useful tool for 
biomolecular applications (Felli et al.  2013 ). The first aspect to consider when per-
forming  13 C direct detection on uniformly labelled protein samples consists of the 
presence of large splittings of the  13 C resonances in the direct acquisition dimen-
sion due to the presence of large homonuclear one-bond couplings, a feature that 
definitely represents a novelty with respect to  1 H direct detection. Indeed, even 
though  13 C- 13 C couplings are very useful in the design of multidimensional NMR 
experiments, they are responsible for large signal splitting which, as evident from 
Fig.  3.20 , needs to be suppressed in order to preserve high resolution in the direct 
acquisition dimension.      

 Fig. 3.20     Example of 2D  13 C detected CON spectra without and with homonuclear decoupling. 
The experiments were acquired on α-synuclein (1 mM sample in 20 mM phosphate buffer, pH 
6.4, 200 mM NaCl, 0.5 mM EDTA, at 285.5 K) on a 700 MHz Bruker AVANCE equipped with a 
CPTXO probe  
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           6.1  Homonuclear  13 C Decoupling  

  Achieving homonuclear  13 C decoupling in the direct dimension is more complex 
than in the indirect dimensions because it typically requires the application of ra-
diofrequency pulses at a similar frequency to those of the nuclear spins that are in 
the process of being detected. A possible solution to this problem consists of sharing 
the detection period between data acquisition and decoupling pulses (band-selec-
tive homonuclear decoupling). This, however, reduces the overall sensitivity of the 
experiment, and introduces Bloch-Siegert phase shifts (Emsley and Bodenhausen 
 1990 ) and decoupling side bands (Waugh  1982 ) in the spectrum. Recently improved 
experimental variants exploiting this general idea that however use hard pulses ap-
plied at regular intervals during the acquisition period have been proposed (Ying 
et al.  2014 ). Alternatively, post-acquisition methods, such as data deconvolution us-
ing maximum entropy reconstruction, may be used (Shimba et al.  2003 ). A last, and 
arguably the most elegant class of methods for  13 C homonuclear decoupling (Felli 
and Pierattelli  2014b ), also known as “virtual decoupling”, uses spin-state selection.  

  Virtual  J   CC   decoupling uses an additional spin evolution delay prior to detection 
and requires the recording of at least two experiments with different parameter set-
tings. In the first experiment, spin evolution under the  J   CC   coupling is suppressed 
resulting in an in-phase (IP) line splitting in the detected spectrum, while in the 
second experiment the  J   CC   coupling evolves for a time 1/(2  J   CC  ) resulting in anti-
phase (AP) line splitting in the final spectrum. A single resonance line (without 
splitting) is then obtained by calculating the sum and the difference of the two 
recorded spectra. Finally, the two resulting (sum and difference) spectra are shifted 
by the amount  J   CC  /2 with respect to each other and added up to yield a single line at 
the correct chemical shift position (Duma et al.  2003a ; Duma et al.  2003b ; Bertini 
et al.  2004 ; Bermel et al.  2006a ). This approach, illustrated in Fig.  3.21  for virtual 
decoupling of  13 C α  in the NMR spectrum of carbonyls, is at the basis of most of 
the  13 C detected multidimensional experiments. In order to work properly, virtual 
 J   CC   decoupling requires quite uniform  J   CC   couplings in the protein, which is the 
case for the large one-bond coupling between α carbons ( 13 C α ) and carbonyls (  1   J   CαC'   
≈ 53 Hz). It is worth noting that the two experiments rely on the same number of 
pulses and lengths of delays, in order to ensure identical signal loss due to pulse 
imperfections and spin relaxation effects. Another prerequisite of this technique is 
that the two nuclear spins, e.g.  13 Cʹ and  13 C α , are sufficiently well separated to allow 
their selective manipulation through band-selective pulses. There is also a price to 
pay in terms of sensitivity for the virtual decoupling method, as during the linear 
combinations necessary to achieve homonuclear decoupling also the thermal noise 
is increased, thus leading to a reduction of the signal to noise ratio.      

   Virtual decoupling can be appended to any pulse sequence ending with in-phase 
 13 Cʹ transverse coherence (Bermel et al.  2008 ). Most of the triple resonance experi-
ments based on  13 Cʹ direct detection end with a coherence transfer step that involves 
refocusing of either  13 Cʹ- 15 N or  13 Cʹ- 13 C α  antiphase coherence (or both). Therefore, 
virtual decoupling can be implemented without appending an additional block by 
slightly changing the position of the  13 C α  inversion pulses in the last coherence 
transfer steps, as illustrated in Fig.  3.21 .  
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  Finally, as these spin-state selective approaches to achieve homonuclear decou-
pling perform so well, it is worth mentioning that they can also be implemented for 
heteronuclear decoupling (Kern et al.  2008 ; Bermel et al.  2009a ). Indeed, a clever 
variant to achieve heteronuclear  15 N decoupling has been proposed both for  1 H N  and 
 13 Cʹ direct detection experiments. This can be useful when the  13 Cʹ coherence life-
times allow for long acquisition times or to reduce the radiofrequency load/heating 
on the  15 N channel during acquisition, which is particularly useful in the fast pulsing 
regime (Gil et al.  2013 ).  

          6.2  Starting Polarization Source  

  The other important point to consider in the design/choice of a  13 C detected experi-
ment is the starting polarization source. From Sect. 3.1.2, it is immediately clear 
that a relevant contribution to increase the sensitivity of  13 C detected experiments 

 Fig. 3.21  13 C  detected 1D and 2D experiments with implemented IPAP decoupling sequence. 
Implementation of  13 Cʹ- 13 C α  IPAP virtual decoupling building blocks in the 1D mode (a, b) and 2D 
mode: CACO (d, e) and CON (f, g). Band-selective 13C pulses are denoted by rounded rectangles 
(narrow and wide ones represent 90° and 180° pulses, respectively). The pulses are applied along 
the x-axis unless otherwise noted. The delays are Δ=1/(2JCαCʹ)=9 ms and Δ1=1/(2JNCʹ)=25 ms. The 
phase cycles are: (a) φ1=x, -x and φrec=x, -x; (b) φ1=-y, y and φrec=x, -x; (d) φ1=x, -x φ2=4(x), 4(y) 
φIPAP=2(x), 2(-x) and φrec=x, 2(-x), x, -x, 2(x), -x; (e) φ1=x, -x φ2=4(x), 4(y) φIPAP=2(-y), 2(y) and 
φrec=x, 2(-x), x, -x, 2(x), -x; (f) φ1=x, -x φ2=2(x), 2(y) φ3=4(x), 4(y) φIPAP=x and φrec=x, -x, x, 2(-x), 
x, -x, x; (g) φ1=x, -x φ2=2(x), 2(y) φ3=4(x), 4(y) φIPAP=x and φrec=-y, -x, x, 2(-x), x, -x, x. (c) The 
schematic illustration of the post-acquisition processing for obtaining decoupled spectra.
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can come from the use of  1 H as the starting polarization source (Shimba et al.  2004 ; 
Bermel et al.  2009a ; O’Hare et al.  2009 ). In fact, the large one-bond scalar cou-
plings can be easily used to transfer polarization from  1 H to the directly bound het-
eronuclei while still keeping experiments “exclusively heteronuclear”. This means 
that only heteronuclear chemical shifts are frequency labelled in all the spectral 
dimensions to take advantage of their larger chemical shift dispersion compared to 
that of  1 H, while still exploiting the larger  1 H polarization deriving from its higher 
gyromagnetic ratio. Therefore, several exclusively heteronuclear NMR experi-
ments, such as the (H)CBCACON and (H)CBCANCO experiments (Bermel et al. 
 2009a ), feature  1 H as a starting polarization source.  

  With protons exploited only to increase the experimental sensitivity, it is worth 
thinking about the possibility of implementing  1 H longitudinal relaxation enhance-
ment techniques to reduce the duration of NMR experiments or to increase the 
sensitivity per unit of time or the resolution. Actually, in these experiments it is very 
easy to manipulate different sets of  1 H spins in a selective way, an essential require-
ment to promote LRE. Indeed, a simple modification of the initial INEPT block can 
be introduced to flip-back all the other spins not directly involved in the coherence 
transfer pathway (H flip  method (Bermel et al.  2009b ; Bertini et al.  2011b )).  

  The solution described above for amide protons based on the use of band-selec-
tive pulses (BEST approach), can also be implemented in  13 C detected experiments 
(Nováček et al.  2011 ; Gil et al.  2013 ). Amide protons indeed resonate in a quite 
isolated region of the  1 H spectra, well separated from the water resonance; they can 
therefore be selectively manipulated leaving both water and aliphatic resonances 
unperturbed.  

  As discussed above, the LRE effect deriving from exchange processes with the 
solvent is very pronounced in IDPs and adds to that deriving from  1 H- 1 H NOEs, 
which may contribute at low temperature conditions or in the presence of partially 
structured elements, even if to a minor extent. Approaching physiological condi-
tions (high temperature and neutral pH), the LRE effect is so large that the recovery 
of amide polarization to equilibrium becomes extremely fast and recycle delays 
between transients are therefore no longer necessary. In fact, in this type of experi-
ment the longitudinal recovery already starts before the end of the pulse sequence, 
as protons get perturbed only in the very initial part of the experiment. Therefore, 
the optimal set-up consists of an inter-scan delay equal to zero as implemented 
for the H N-BEST  CON experiment (Gil et al.  2013 ). Its high sensitivity enables 2D 
spectra to be collected in a couple of minutes, as shown in Fig.  3.22 , making it an 
ideal technique for  in-cell  applications. However, the use of  1 H N  as the starting 
polarization source renders the experiment susceptible to the loss of information 
about prolines and reintroduces a dependence on exchange rates of amide protons 
with the solvent that impacts the experimental sensitivity.      

   Alternatively,  1 H α  can be exploited as the starting polarization source. In this 
way, all backbone sites can be sampled (including prolines) and exchange processes 
with the solvent are avoided. On the other side of the coin, this also means that only 
LRE effects deriving from  1 H- 1 H NOEs can be exploited. Therefore, LRE effects 
become sizeable either at lower temperature or for partially structured proteins. The 
most convenient way of achieving LRE for  1 H α  consists of exploiting the one-bond 
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scalar coupling (  1   J   CαHα  ) with the attached carbon ( 13 C α ) to selectively manipulate 
 1 H α  and flip-back all other protons that are not actively used in the magnetization 
transfer pathway (H flip  method) (Bermel et al.  2009b ). Therefore, this trick can be 
easily implemented in any  1 H α -start pulse sequence to achieve LRE. Increasing the 
temperature also provides a simple tool to increase the longitudinal relaxation of 
 1 H α  protons that does not require selective manipulation of  1 H α  protons.  

  Alternatively,  13 C-start versions of such  13 C detected experiments can be 
designed. Indeed  13 C spins are not directly involved in chemical exchange processes 
and are characterized by large chemical shift dispersion. The high flexibility of IDPs 
results in relatively short  13 C  T   1   values, which are on the order of seconds, so that 
recovery delays remain sufficiently short. In addition, the  1 H- 13 C NOE effect can be 
exploited in the case of highly flexible IDPs to enhance the signal-to-noise ratio just 
by irradiating protons during the recovery delay (Bertini et al.  2011b ). Therefore, 
in many cases of practical interest, the sensitivity of  13 C-start- 13 C detected versions 
of experiments, in particular for the simplest 2D experiments such as CON, CACO 
and CBCACO, is sufficient to obtain informative spectra (Bermel et al.  2005 ).  

          7  From 2D to 3D: From Simple Snapshots 
to Site-resolved Characterization of IDPs  

  Multidimensional NMR experiments that encode chemical shift information in sev-
eral indirect dimensions provide the necessary resolving power to separate correla-
tion peaks from different sites in an IDP. In this section, the general strategy used to 
achieve site-specific resonance assignment of the NMR signals will be discussed, 

 Fig. 3.22     The 2D  13 C- 15 N 
H N-BEST CON spectrum of 
α-synuclein overexpressed 
in  E. coli  cells acquired in 
20 min  
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and a selection of commonly used multidimensional experiments for sequential 
resonance assignment, as well as complementary techniques for amino acid type 
identification, will be presented.  

          7.1 Sequential NMR Assignment: The General Strategy  

  In order to extract site-specific information from the NMR experiments, each reso-
nance observed in the spectra needs to be associated to a specific nuclear spin of 
the protein. This task is commonly called sequence-specific (or sequential) reso-
nance assignment. In the early days of biomolecular NMR spectroscopy, resonance 
assignment was based on the information contained in 2D homonuclear  1 H correla-
tion experiments (Wüthrich  1986 ). The combined analysis of a set of through-bond 
(COSY, TOCSY) and through-space (NOESY, ROESY) spectra allows sequence-
specific assignment of well-folded proteins of moderate size (~100 residues). In 
the case of highly disordered proteins and IDPs, which are characterized by low 
chemical shift dispersion in the 2D  1 H spectra, this strategy is limited to pep-
tides of less than a few tens of residues. As a consequence, NMR studies of IDPs 
require uniform  13 C and  15 N labelled samples that enable the use of 3D (or higher-
dimensional) through-bond-only experiments for sequential resonance assignment 
purposes (Dyson and Wright  2001 ; Eliezer  2009 ). These experiments are based on a 
series of coherence transfer steps, which exploit the large one- and two-bond scalar 
couplings (Fig.  3.23 ) (Sattler et al.  1999 ; Cavanagh et al.  2007 ).      

   Starting from a chosen polarization source, typically amide  1 H, aliphatic  1 H, or 
 13 C, a series of subsequent coherence transfer pathway steps allows the correlation 
of NMR frequencies of different nuclear spins in the protein with high efficiency. 
Ideally this strategy could be used to transfer coherence (and thus information) all 
along the polypeptide chain. In practice, due to spin relaxation effects, coherence 
transfers are limited only to nuclear spins within the same or neighbouring resi-
dues. Therefore, a set of spectra providing complementary connectivity informa-
tion is required for sequential resonance assignment. The most widely used experi-
ments are introduced in the next sections. They can be divided into three categories: 
(i) intra-residue, (ii) sequential, and (iii) bi-directional correlation experiments, 
according to the type of information they contain. A schematic drawing showing 

 Fig. 3.23     Schematic repre-
sentation of a protein and the 
size of the  1  J  and  2  J  coupling 
constants that are frequently 
used for magnetization 
transfer in  13 C,  15 N labelled 
proteins  
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how a pair of such spectra can be used in the sequential resonance assignment pro-
cedure is reported in Fig.  3.24 .      

   The basic strategy for sequential assignment is that the different nuclei corre-
lated in a 2D HN or 2D CON fingerprint spectrum, as introduced in Sect. 3.4.2, 
are connected in a 3D data set with one (or more) additional nuclei, e.g.  13 C α ,  13 C β , 
 13 Cʹ, 15 N, or  1 H α , that are frequency labelled in the third dimension (indicated as X 
nuclear spins).  1 H- 15 N or  13 Cʹ- 15 N pairs are then recognized as belonging to neigh-
bouring residues when the corresponding X frequencies match. In the case of iden-
tical or similar resonance frequencies of two or more X nuclei, ambiguities can be 
solved by combining the information obtained from different pairs of intra- and 
inter-residue 3D H-N-X or CO-N-X spectra. As a result of this assignment step, 
chains of sequentially connected residues ( 1 H- 15 N or  13 Cʹ- 15 N pairs) are identified. 
This so-called “sequential assignment walk” might be interrupted by missing cor-
relation peaks, either due to unobservable (line-broadened) NMR signals, e.g. be-
cause of pronounced conformational exchange processes or chemical exchange at 
physiological conditions, missing correlation information, e.g. amide  1 H in prolines 
and/or remaining frequency ambiguities; the information provided by 3D H-N-X 
and 3D CO-N-X spectra can therefore be combined in order to reduce interruptions 
in the sequence-specific assignment and ambiguities contributing in this way to 
the completeness and accuracy of assigned resonances. The final assignment step 

 Fig. 3.24     A sequential walk through the NMR spectra for the sequence-specific assignment is 
illustrated on the example of 3D intra-HNCA and HN(CO)CA (seq-HNCA) experiments  
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consists of mapping the identified peptide fragments (correlated NMR nuclei) to 
their specific positions in the protein sequence. In order to do so, amino acid type 
information on some (or all) of the residues that form the fragment is required, as 
illustrated in Fig.  3.25 . Such amino acid type information is obtained from side-
chain  13 C chemical shifts, or from specifically tailored experiments that use spectral 
editing techniques to differentiate spin-coupling topologies in the amino acid side 
chains (see Sect. 3.8.4).      

           8 Sequential NMR Assignment: 3D Experiments  

          8.1 1HN Detected Experiments 

 The most common and established resonance assignment approach for proteins uses 
a set of  1 H N -detected 3D correlation experiments (Ikura et al.  1990 ; Kay et al.  1990 ). 
The resulting spectra share as common frequencies those of amide protons in the 
direct dimension and amide nitrogen atoms in one of the indirect dimensions. The 
most useful experiments and their underlying coherence transfer pathway(s) are 
briefly presented in this section (Fig.  3.26 ). As discussed in Sect. 3.5.4, most amide 
 1 H detected experiments for IDP studies should be implemented as BEST or BEST-
TROSY versions in order to enhance experimental sensitivity and spectral resolu-
tion (Lescop et al.  2007 ; Solyom et al.  2013 ).      

   The most sensitive coherence transfer pathway correlates the amide  1 H N  and  15 N 
of amino acid  i  with the  13 Cʹ of the preceding (  i − 1 ) residue. This experiment, called 
3D HNCO (Kay et al.  1990 ; Grzesiek and Bax  1992b ; Schleucher et al.  1993 ; Soly-
om et al.  2013 ), is often used to “count” the number of cross-peaks and therefore to 
estimate the number of resolved residues that are observed. Additional transfer steps 

 Fig. 3.25     Sequence-specific assignment procedure. The fragments obtained from the sequen-
tial walk through the spectra ( a ) are combined with the primary sequence, and sequence-specific 
assignment is achieved ( b )  by exploiting the amino-acid type information 
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allow correlating the amide  1 H N  and  15 N with the  13 C α  and  13 C β  of the preceding 
(  i  − 1) residue, in the so-called 3D HN(CO)CA (Bax and Ikura  1991 ; Grzesiek and 
Bax  1992b ; Solyom et al.  2013 ) and 3D HN(CO)CACB (Grzesiek and Bax  1992a ; 
Yamazaki et al.  1994 ; Solyom et al.  2013 ) experiments. Note that the intrinsic sensi-
tivity decreases with each additional transfer step, making HN(CO)CACB the least 
sensitive experiment of the series. For sequential resonance assignment, the informa-
tion obtained from the experiments correlating nuclei of neighbouring amino acids 
needs to be complemented with that provided by experiments correlating the amide 
 1 H N  and  15 N with the  13 Cʹ,  13 C α  and  13 C β  of the same (  i ) residue. This can be achieved, 
for example, by acquiring 3D HNCA (Kay et al.  1990 ; Lescop et al.  2007 ; Grzesiek 
and Bax  1992b ), 3D HNCACB (Wittekind and Mueller  1993 ; Muhandiram and Kay 
 1994 ; Lescop et al.  2007 ) and 3D HN(CA)CO (Clubb et al.  1992 ; Kay et al.  1994 ; 
Briand et al.  2001 ; Lescop et al.  2007 ) experiments belonging to the class of “bi-
directional experiments”. All of these experiments result in two cross-peaks per resi-
due because of the similar size of the   1   J   NCα   and   2   J   NCα   coupling constants (Fig.  3.23 ), 
one corresponding to the desired intra-residue correlation, the other one to the se-
quential correlation already detected in the previous set of experiments. In order 
to avoid recording of redundant information and to limit the risk of peak overlaps 
in the spectra, purely intra-residue correlation experiments, 3D iHNCA (Brutscher 
 2002 ; Nietlispach et al.  2002 ; Solyom et al.  2013 ), 3D iHNCACB (Brutscher  2002 ; 
Nietlispach et al.  2002 ; Solyom et al.  2013 ) and 3D iHN(CA)CO (Nietlispach  2004 ; 

 Fig. 3.26     Schematic representation of the  1 H N  detected 3D experiments used for the sequence-
specific assignment of IDPs  
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Solyom et al.  2013 ), have been proposed as an alternative to the bi-directional ex-
periments discussed above. The bi-directional and intra-residue experiments are less 
sensitive than their sequential counterparts and thus, as a rule of thumb, the num-
ber of scans should be at least doubled. Recently, improved HNCA + , HNCACB + , 
and HNCO + pulse sequences have been introduced to perform bi-directional ex-
periments with improved sensitivity for the sequential correlations (Gil et al.  2014 ). 
These experiments are especially useful for the study of fragile IDP samples as they 
allow the complete information required for sequential assignment to be retrieved 
from a single set of 3D experiments.  

  An additional class of experiments, especially useful for IDP samples, is re-
ferred to as 3D H-N-N, since their main characteristic is that  15 N frequencies are 
labelled in both indirect dimensions. This allows the sequential assignment walk 
to be performed by matching  15 N frequencies, which, as discussed in Sect. 3.4.2, 
experience the largest chemical shift dispersion for IDPs lacking a stable structure. 
A drawback of these pulse schemes is that they require more or longer transfer 
steps, thus resulting in reduced sensitivity especially for IDP residues involved in 
transient secondary structure formation. The coherence transfer pathways for the 
3D (H)N(COCA)NH and 3D (H)N(CA)NH experiments (Weisemann et al.  1993 ; 
Grzesiek et al.  1993b ; Bracken et al.  1997 ; Panchal et al.  2001 ; Kumar and Hosur 
 2011 ) are shown in Fig.  3.27 . In the 3D (H)N(COCA)NH, the HNCO sequence is 
extended passing coherence from  13 Cʹ to  13 C α  and then to  15 N of the neighbouring 
amino acid, resulting in the correlation of  1 H N  and  15 N of amino acid  i  with  15 N 
of amino acid  i  and  i −  1, while the 3D (H)N(CA)NH is an extension of HNCA, 
yielding correlations with  15 N of residues  i  − 1,  i,  and  i  + 1. In the case of highly 
flexible IDPs resulting in large  T   2   values, these pulse schemes can be optimized to 
detect mainly the sequential correlations, while suppressing to a large extent the 
“diagonal” N i -N i  correlation peak (Grzesiek et al.  1993b ).      

   A last class of experiments allows the assignment to be extended to the side chain 
 13 C resonances and the provision of valuable information on the side chain length 
and  13 C chemical shifts, important for distinguishing between amino acid types. The 
most widely used pulse sequence is called 3D (H)C(CO)NH-TOCSY (Montelione 

 Fig. 3.27     Polarization transfer pathway of (H)N(CA)NH ( a ) and (H)N(COCA)NH ( b ) experiments  
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et al.  1992 ; Logan et al.  1992 ; Logan et al.  1993 ; Gardner et al.  1996 ; Grzesiek et al. 
 1993a ). The sequence starts from aliphatic  1 H polarization of residue  i , which is 
transferred via TOCSY and INEPT steps to the amide group of the following (  i + 1 ) 
residue for final  1 H N  detection.  

           8.2 13C Detected Experiments 

 As discussed in Sect. 3.4, the 2D HN and CON spectra provide complementary 
tools for the investigation of IDPs. Therefore, similarly to the H N -based experi-
ments discussed above,  13 Cʹ detection can be extended to higher dimensions, thus 
providing the required correlation information for sequential resonance assignment 
of the protein.  

  A suite of 3D experiments based on  13 Cʹ detection is shown in Fig.  3.28 . The 
building blocks used for the coherence transfer steps are very similar to those em-
ployed in the analogous  1 H N  detected experiments.  1 H polarization can be used as 
a starting source to increase the sensitivity of  13 Cʹ detected experiments, while still 
keeping the experiments “exclusively heteronuclear”. In all of the spectra recorded 
with these experiments, the detection dimension is the  13 Cʹ of residue  i  (Cʹ i ), while 
the  15 N of residue  i  + 1 (N i + 1 ) is frequency labelled in one of the indirect dimensions. 
These Cʹ i -N i + 1  correlations are then dispersed in the third dimension by the chemi-
cal shift of one (or more) additional nuclear spin(s). In a first set of experiments, 
CACON and CBCACON (Bermel et al.  2006a ; Bermel et al.  2006c ; Bermel et al. 
 2009a ), C α  i  only or both C α  i  and C β  i  are edited in the third dimension, resulting in 
one set of correlation peaks per residue, similarly to the sequential  1 H N  detected 

 Fig. 3.28     Schematic representation of the  13 Cʹ detected 3D experiments used for the sequence-
specific assignment of IDPs  
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experiments. In addition, the CCCON-TOCSY experiment (Bermel et al.  2006c ; 
Bermel et al.  2009a ) allows the  13 C chemical shift information to be extended to 
all aliphatic side chain carbons of residue  i . As a result of this set of experiments, 
each residue of the protein is associated to a set of C aliph  i -Cʹ i -N i + 1  correlations. The 
number of aliphatic carbons detected and their chemical shifts provide information 
on the amino acid type of the corresponding residue.      

   The complementary information necessary for sequence-specific assignment is 
then obtained by acquiring a second set of  13 Cʹ-detected 3D experiments named 
CANCO and CBCANCO (Bermel et al.  2006c ; Bermel et al.  2009a ) that corre-
late the Cʹ i -N i + 1  to C α  i + 1  and C α  i  (CANCO) or C α  i + 1 /C β  i + 1  and C α  i /C β  i  (CBCANCO) 
resulting in two correlation peaks per residue if only C α  chemical shifts are detected 
in the third dimension, or four, if both C α  and C β  are detected. These experiments 
thus belong to the class of bi-directional correlation experiments. In addition, the 
3D (H)N(CA)NCO (Bermel et al.  2009a ) spectrum can be recorded to obtain cor-
relations involving an additional  15 N nuclear spin. This experiment thus belongs to 
the CO-N-N class of spectra (in analogy to the H-N-N ones introduced above for 
H N  detected experiments). In the 3D (H)N(CA)NCO experiment, the Cʹ i -N i + 1  pair 
is further correlated in the third dimension with the  15 N of residues  i ,  i  + 1, and  i  + 2. 
Finally, the 3D COCON experiment (Bermel et al.  2006b ) was developed to corre-
late the Cʹ i -N i + 1  pair with carbonyls of residues  i ,  i  + 1, and  i  − 1, providing additional 
complementary information in this way. The MOCCA mixing scheme significantly 
improves the sensitivity of this experiment (Bermel et al.  2006b ; Felli et al.  2009 ).  

  If the whole set of experiments is performed, sequential resonance assignment is 
obtained by simultaneous matching of C α , C β , Cʹ, and N chemical shifts from intra-
residue and sequential correlations. The requirement for simultaneous frequency 
match of four different nuclear spins provides a robust way of solving assignment 
ambiguities due to resonance overlap in spectra of IDPs.  

  As also prolines are detected in these spectra,  13 Cʹ direct detection provides 
an ideal tool for complete sequence-specific assignment of an IDP, provided that 
sensitivity is sufficient to enable acquisition of the whole set of experiments in a 
reasonable overall measurement time (Bermel et al.  2005 ; Bermel et al.  2006a ). 
Our experience with several IDPs characterized by high flexibility indicates that 
the complete set of 3D experiments described here can be collected with cryogen-
ic probes optimized for  13 C detection and yields the complete sequence-specific 
assignment without any other additional information. For samples of limited 
solubility (~100 μM) or using less optimal spectrometer hardware, it is still possible 
to acquire the most sensitive 2D (CACO, CBCACO, CON) (Bermel et al.  2005 ) and 
3D experiments (CBCACON, CCCON) (Bermel et al.  2006a ) in order to comple-
ment the spectral information obtained from a series of  1 H N  detected experiments.  

           8.3 Aliphatic  1 H Detected Experiments  

  An alternative to the two previously discussed approaches based on the two most 
well resolved 2D spectra to study IDPs (HN and CON), based either on  1 H N  or 
 13 Cʹ direct detection, consists in focusing on  1 H α  detection, as proposed for the 
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assignment of proline-rich regions (Kanelis et al.  2000 ). More recently, a set of 
five triple resonance experiments was developed for sequence-specific resonance 
assignment of IDPs (Mäntylahti et al.  2010 ; Mäntylahti et al.  2011 ). The coherence 
transfer pathways and correlated frequency information obtained from these experi-
ments are shown in Fig.  3.29 . The 3D iH(CA)NCO, iHCAN and (HCA)NCO(CA)H 
experiments were designed for spin system identification, while the 3D H(CA)CON 
and (HCA)CON(CA)H provide the complementary connectivity information. The 
 1 H α  signals are clustered in a narrow chemical shift region where also the water 
proton spins resonate. Resolution in the direct dimension is therefore quite limited, 
in particular for amino acids of the same kind. Furthermore, excellent water sup-
pression performance is mandatory. Alternatively, the protein can be dissolved in a 
fully deuterated solvent (99.99 % D 2 O), which is characterized by higher viscosity 
with respect to H 2 O and causes an increase in the transverse relaxation rates of the 
nuclear spins in the protein sample. This approach has been successfully applied 
to an IDP of about 110 amino acids (Mäntylahti et al.  2011 ).  1 H α -detected experi-
ments might be considered under conditions where H N  detection of the IDP is not 
feasible, e.g. at near physiological conditions, and when the protein concentration 
or the experimental setup does not provide the required sensitivity for  13 C detection.      

            8.4 Experiments for Amino Acid Type Editing or Selection  

  In addition to the experiments discussed in the previous sections, which pro-
vide sequential correlation information connecting nuclear spins of neighbouring 

 Fig. 3.29     Schematic representation of the  1 H α  detected 3D experiments used for the sequence-
specific assignment of IDPs  
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residues, information on the amino acid type of a given residue is necessary to 
complete the sequential resonance assignment of a protein. Amino acid type infor-
mation may be obtained from NMR data by the selective incorporation of labelled 
(or unlabelled) amino acids at the protein expression level (McIntosh and Dahlquist 
 1990 ; Cowburn et al.  2004 ; Tong et al.  2008 ), from  13 C α ,  13 C β  and  13 C side chain 
chemical shift data (Grzesiek and Bax  1993 ), or from specifically tailored NMR 
experiments that exploit the particular spin-coupling topologies and chemical shifts 
in the different amino acid side chains (Wittekind et al.  1993 ; Olejniczak and Fesik 
 1994 ; Yamazaki et al.  1995 ; Rao et al.  1996 ; Rios et al.  1996 ; Dötsch et al.  1996a , 
 1996b ; Pellecchia et al.  1997 ; Schubert et al.  1999 ,  2001a ,  2001b ; Pantoja-Uceda 
and Santoro  2008 ). The latter approach has the advantage that unambiguous amino 
acid type information is obtained from a series of NMR experiments recorded on 
a single uniformly  13 C/ 15 N labelled sample. Such experiments, which often rely on 
band selective pulses to perturb only specific frequency ranges, benefit from the 
narrow chemical shift ranges of side chain resonances typical of IDPs. A selection 
of the most common experiments available for amino acid type discrimination is 
presented in this section.  

  Conceptually we can distinguish between experiments for  amino acid type 
selection  and those performing  amino acid type editing . In the first approach (amino 
acid type selection), only correlation peaks from specific amino acid types are 
detected, while in the second approach (amino acid type editing), correlation peaks 
from different classes of amino acids are separated in different NMR subspectra. 
The two classes of experiments share, as common features, several ingenious ways 
to distinguish different amino acids exploiting peculiar spectroscopic features of 
amino acid side chains such as characteristic chemical shifts, coupling topologies, 
side chain length, etc., as described in the early NMR literature (Wittekind et al. 
 1993 ; Olejniczak and Fesik  1994 ; Yamazaki et al.  1995 ; Dötsch et al.  1996a ,  1996b ; 
Löhr and Rüterjans  1995 ; Pellecchia et al.  1997 ).  

  The MUSIC (multiplicity selective in-phase coherence transfer) strategy 
proposed by the Oschkinat group (Schubert et al.  1999 ; Schubert et al.  2001a ; 
Schubert et al.  2001b ), recently extended to  13 C direct detection experiments (CAS-
NMR) (Bermel et al.  2012a ), provides the most complete set of amino acid-selec-
tive experiments. Different variants of two basic experiments (HN(CO)CACB and 
CBCACON) allow the selection of correlations deriving only from specific amino 
acid types from the basic 2D HN and CON spectra respectively (Fig.  3.30 ). The 
resulting spectra are very simple, contributing in this way to reducing the problem 
of cross-peak overlap. The various pulse schemes mainly differ in the number and 
lengths of transfer steps required and thus their overall sensitivity. As a rule of 
thumb, the experiments for shorter side chains are more sensitive than the corre-
sponding pulse sequences for selecting amino acids with longer side chains. The 
different pulse sequence elements designed to select correlations of specific amino 
acids can also be implemented in “bidirectional” experiments (HNCACB, CBCAN-
CO), providing additional information in this way.      

   As mentioned before, prolines are abundant in IDPs and can be easily detected 
in 13C detected experiments; the identification of proline-neighbouring residues is 
of particular importance for resonance assignment strategies based on  1 H N   detected 
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pulse schemes (Tompa  2002 ). Proline-selective experiments based on BEST-
TROSY HN(COCAN) and iHN(CAN) pulse sequences, exploiting the particular 
 15 N chemical shift of prolines in IDPs, have therefore been proposed that yield in-
creased sensitivity with respect to their corresponding MUSIC counterparts for the 
identification of proline-neighbouring residues (Solyom et al.  2013 ). 13C detected 
variants of the experiments tailored for prolines have also been proposed (Bermel 
et al 2012a).  

  Amino acid type editing differs from amino acid-type selection by the fact that 
correlation peaks for all (observable) residues are detected in the final spectrum, 
while amino acid type information is obtained by sign encoding. In the simplest type 
of amino acid type editing, the correlation peaks corresponding to a specific class 
of amino acids are of opposite sign with respect to all others, thus allowing simple 
discrimination of this particular class of amino acids. In addition, if a second (ref-
erence) experiment is recorded where all NMR signals have the same sign, peaks 

 Fig. 3.30     Amino acid-selective experiments to simplify crowded spectra.  a  A schematic represen-
tation of a 2D CON spectrum and three 2D (HCA)CON spectra, in which three different amino 
acids (types A, B and C) are selected.  b  CAS-NMR spectra of Cox17. From  left  to  right : reference 
2D CON spectrum, and (CA)CON spectra from experiments selecting Ala, Ser and Gly of Cox17. 
The experiments were acquired on Cox17 protein (1.8 mM sample in 20 mM phosphate buffer, 
pH 7.0, 0.25 mM EDTA, 20 mM DTT, at 307 K) on a 700 MHz Bruker AVANCE spectrometer 
equipped with a CPTXO probe (Felli et al.  2013 )  
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belonging to different amino acid type classes can be separated in different spectra at 
the processing level by addition and subtraction of the two recorded data sets. Such 
a simple sign encoding has been proposed for many basic correlation experiments 
involving C α  and/or C β  carbons, requiring only slight modifications of the original 
pulse sequences (Grzesiek and Bax  1992b ; Panchal et al.  2001 ; Brutscher  2004b ). 
The same concept of sign encoding can also be used to differentiate between more 
than two classes of amino acids by using HADAMARD spectroscopy (Kupce et al. 
 2003 ; Brutscher  2004a ). In short, to distinguish between  n  amino acid classes, HA-
DAMARD NMR spectroscopy requires the recording of  n  spectra with different 
sign encoding according to a particular HADAMARD scheme, also called a HA-
DAMARD matrix. HADAMARD matrices exist for  n  = 2, 4, 8, 12, … (multiples of 
4). The same HADAMARD matrix employed for encoding is then also used at the 
processing level to calculate linear combinations of the recorded data set resulting 
in separate spectra for each amino acid class. This concept (with  n  = 8) is used in 
the HADAMAC (Hadamard-encoded amino acid type editing) experiments (Lescop 
et al.  2008 ; Feuerstein et al.  2012 ; Pantoja-Uceda and Santoro  2012 ). The sequential 
HADAMAC (sHADAMAC) experiment, based on the sensitive (H)CBCACONH 
(Grzesiek and Bax  1992a ; Grzesiek and Bax  1993 ) correlation sequence, provides 

 Fig. 3.31      a  iHADAMAC and  b  HADAMAC spectra acquired on an 800 MHz spectrometer at 298 K 
on a 90 μM sample of a NS5A fragment. 100 complex points were recorded in the  15 N indirect dimen-
sion for a spectral width of 2000 Hz using semi-CT editing for both spectra. The total acquisition times 
were set to 12 h (iHADAMAC) and 2 h (sHADAMAC). The seven subspectra corresponding to the 
different amino acid type classes are color-coded and superposed on the same graph  
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amino acid type information for the residue preceding the detected amide group, and 
allows differentiation between seven classes of amino acids: (1) Val-Ile-Ala, (2) Gly, 
(3) Ser, (4) Thr, (5) Asn-Asp, (6) His-Phe-Trp-Tyr-Cys and (7) Arg-Glu-Lys-Pro-Gln-
Met-Leu (Fig.  3.31b ). The same approach has also recently been extended to intra-
residue amino acid type editing (iHADAMAC, Fig.  3.31a ) (Feuerstein et al.  2012 ).      

            8.5 Automated Assignment  

  The establishment of a vast series of multidimensional NMR experiments has opened 
the way to the development and improvement of automated assignment programs 
and to their application to IDPs. The very low chemical shift dispersion and high 
chemical shift degeneracy typical of disordered proteins have always been the major 
limitations to the performance of such programs. However, in recent years many 
efforts have been made to increase the robustness and reliability of automatic as-
signment procedures and several algorithms are now ready for use. Out of the many, 
MARS (Jung and Zweckstetter  2004 ), FLYA (López-Méndez and Güntert  2006 ) and 
TSAR (Zawadzka-Kazimierczuk et al.  2012a ) are some examples of the most well-
established and promising algorithms that can be exploited to assign IDPs.  

  In general, the programs require as input only a set of experimental peak lists and 
the primary sequence of the protein to be assigned. The output can be very differ-
ent depending on the particular algorithm employed. For example, the assignment, 
usually provided to the user as a text file, can be accompanied by graphical repre-
sentations and/or additional text files containing, for instance, information about the 
reliability of the assignment and/or suggestions related to a missing or ambiguous 
assignment. In addition, to facilitate the manual validation of the assignment, some 
programs provide assignment results also in suitable formats to be directly loaded 
and read by tools for spectral analysis.  

  Most importantly, recent improvements have made the input files more and more 
flexible, accepting peak lists from any combination of multidimensional experi-
ments provided they are written according to a simple but specific set of rules that 
describes the magnetization transfer pathways employed. Using all the experimen-
tal data simultaneously, also incomplete peak lists in which some peaks are missing 
can be used; furthermore, peak lists containing redundancy of information can be 
exploited to increase the reliability of the chemical shift assignment.  

  Finally, automatic resonance assignment algorithms differ in the calculation time 
necessary to perform the assignment procedure. For example, programs like TSAR 
are really fast, since they simply compare the submitted chemical shift values and 
map them along the amino acid sequence of the protein. On the contrary, programs 
like MARS and FLYA require more computation time since they employ several itera-
tive cycles to find the best correspondence between predicted and submitted chemical 
shift values, minimizing the propagation of possible initial errors in the assignment 
and/or in the experimental peak lists. Therefore, the more peak lists are complete and 
provide complementary information (for example combining  1 H N  and  13 C′ detection), 
the less time is required by the assignment algorithms to reach convergence.  
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          9 High-dimensional NMR Experiments (nD, with n  >  3)  

  As discussed in the previous sections, various experimental strategies allow im-
provement of spectral resolution. However, in the case of severe spectral overlaps, 
we recommend increasing the dimensionality of the NMR experiments. Indeed, 
encoding more than three frequencies into a cross-peak observed in multidimen-
sional NMR experiments reduces the chances of accidental signal overlap. In order 
to take maximum advantage of this approach it is important to maintain the highest 
resolution in all the detected dimensions. To this end, the combination of fast puls-
ing techniques with non-uniform sampling strategies and the respective processing 
approaches, described in detail in Sect. 3.5, is crucial to keep experimental time and 
spectral resolution in a reasonable range.  

  By high-dimensional NMR we refer to experiments in which three or more 
indirect dimensions are used to encode chemical shift information within the same 
experiment. In many cases, in order to cope with the low dispersion of resonance 
frequencies typical of IDPs, increasing the number of dimensions provides a unique 
tool to enhance the resolution in order to accelerate the resonance assignment pro-
cedure or to make it possible in difficult cases.  

  High-dimensional (4-5D) NMR experiments are presented in the next section, 
focusing on recent developments tailored for IDPs. A very convenient strategy to 
simplify the inspection and analysis of the resulting spectra is presented, as well as 
the most useful high-dimensional experiments tailored for IDPs.  

          9.1 Analysis and Inspection of High-dimensional NMR Spectra  

  One of the main barriers to the reception and diffusion of high dimensional NMR 
experiments has always been the idea that more than three dimensions could be 
conceptually difficult to handle. Indeed, while it is easy to visualize three-dimen-
sional objects, the same does not hold for objects characterized by a higher number 
of dimensions. A possible solution consists of breaking them down into combi-
nations of objects of lower dimensionality, as also done when inspecting three-
dimensional spectra. Indeed most of the available software applications for the 
analysis of 3D NMR spectra display only two dimensions at a time, extracted at 
a specific frequency in the third dimension. In a similar way, higher dimensional 
NMR spectra can be inspected by visualizing only two dimensions at a time, which 
are associated to a peak in a 2D or 3D reference spectrum in the case of 4D and 
5D experiments, respectively. This procedure is possible because, in most cases, 
higher dimensional experiments are extensions of 2D or 3D spectra in which the 
new information is encoded in the additional indirect dimensions. This idea is im-
plemented in the sparse multidimensional Fourier transform (SMFT) algorithm 
(Kazimierczuk et al.  2010b , 2013).  
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  SMFT proposes an innovative strategy to intuitively examine four or five-
dimensional spectra in a very simple and straightforward way. Acquired data are 
processed with the MFT algorithm (mentioned in Sect. 3.5.3), but only at some 
predefined frequencies (hence the prefix “sparse”): in this way, the inspection of 
the full spectrum is reduced to that of a limited number of spectral regions that are 
extremely small with respect to the  n -dimensional space of the full spectrum. For 
convenience, these cross-sections are processed as two-dimensional spectra, which 
are very familiar to almost all NMR users. Therefore, four and five-dimensional 
spectra appear as a series of 2D spectra to which two or three further frequencies, 
respectively, are associated. Of course, a prior knowledge of these frequencies is 
needed: together with the 4D or 5D experiment, respectively a 2D or 3D spectrum, 
called the “basis spectrum”, which shares the same correlations with the higher 

 Fig. 3.32     A possible way to visualize high-multidimensional NMR spectra. A schematic illustra-
tion of the progressive steps towards experiments of higher dimensionality is reported from the 
1D to the 5D case. Spectra up to three dimensions are visualized in a standard way, whereas 4D 
and 5D spectra are presented by decomposing them into lower dimensionality ones. The algorithm 
exploits the prior knowledge of the correlations provided by a lower dimensionality spectrum in 
order to extract only the additional information from a related multidimensional spectrum, thus 
reducing the number of dimensions that have to be inspected. So, for example, a 4D spectrum can 
be thought as a 2D basis spectrum, which shares two dimensions with the 4D spectrum (δ i  and δ j ), 
in which each peak is associated to another 2D spectrum containing the two further dimensions 
(δ l  and δ m ). In this way, instead of the full spectrum, only a series of cross-sections are effectively 
computed, in equal number to the peaks detected in the basis spectrum. Similarly, a 5D spectrum 
can be analysed as a series of two-dimensional spectra (δ l  and δ m ), each one correlated to a given 
peak of the related 3D basis spectrum (δ i , δ j  and δ k )  
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dimensional one, should be acquired to retrieve them. In this way, the dimensions 
in which the frequencies of the peaks are already known are not processed, whereas 
the additional two dimensions containing the new information are fully computed, 
as the positions of the signals are unknown there. This approach is schematically 
illustrated in Fig.  3.32  for 4D and 5D experiments.      

   SMFT facilitates the analysis of high-dimensionality spectra, since this method 
provides a way to retrieve all the spectral information content without the need to 
explore the vast  n -dimensional space of the full spectrum. The visualization of the 
spectrum through inspection of 2D cross-sections also provides further advantages: 
for example, it enables the use of automatic peak picking tools, which perform in a 
very reliable and efficient way, as the signals are well-resolved thanks to the high 
dimensionality of the experiment. In addition, it allows great amounts of disk space 
to be saved, since just a small subset of the full spectrum is actually processed; in 
this way, high digital resolution can be set in all the indirect dimensions.  

           9.2  Examples of High-dimensional Experiments Tailored for IDPs  

  The benefits provided by chemical shift labelling of the heteronuclei including  13 C 
direct detection,  1 H longitudinal relaxation enhancement and TROSY, all discussed 
in Sects. 3.5 and 3.6, can be combined with the resolving power of high-dimension-
al NMR experiments specifically tailored for IDPs. In recent years a large number 
of high-dimensional experiments has been developed and profitably used to achieve 
the sequence-specific assignment of several IDPs of medium and large molecular 
mass. Their number is expected to increase with future methodological advance-
ments and hardware improvements.  

  Several of the three-dimensional experiments based on coherence transfer via 
 J- couplings, discussed in Sects. 3.7 and 3.8, can easily be extended to 4D or 5D 
versions by explicitly frequency labelling the heteronuclear spins only exploited 
in 3D experiments for coherence transfer (the nuclear spins generally included in 
parentheses in the pulse sequence acronyms). Taking the 3D (H)N(COCA)NH as an 
example, the coherence is transferred through  13 Cʹ and  13 C α  to N. With the introduc-
tion of one or two chemical shift evolution periods,  13 Cʹ or/and  13 C α , nuclei can also 
be frequency labelled, extending the experiment to 4D or 5D, respectively. Another 
interesting example is provided by the extension to 4D of the 3D HN(CA)CO and 
HN(CO)CA, commonly used for sequence-specific assignment (4D HNCOCA and 
4D HNCACO) (Brutscher et al.  1995a ; Yang and Kay  1999 ; Xia et al.  2002 ). Based 
on the 2D HN experiment (H N   i  -N  i  ), they provide sequential correlations via the 
 13 Cʹ and  13 C α  nuclei for backbone assignment (Cʹ  i   -1  -C α   i −   1   and C α   i  -C'  i  /C α   i −   1  -Cʹ  i −   1  , 
respectively) as shown in Fig.  3.33a . The former can be used to resolve frequency 
degeneracy in the 3D HNCO spectrum, whereas the latter relies on  13 C α  and  13 Cʹ 
chemical shifts to establish sequential correlations. An additional 4D iHNCOCA 
experiment can also be designed (Konrat et al.  1999 ). As a general rule, the price 
to pay for the additional information retrieved in high-dimensional experiments 
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 Fig. 3.33     Different examples of the polarization transfer pathways of 4D and 5D experiments  
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compared to their lower dimensional analogues consists of a loss in experimental 
sensitivity of at least a factor of  2    for each additional dimension introduced, due 
to the requirement of phase-sensitive quadrature detection and because additional 
spin relaxation occurs during the frequency editing periods.      

   An overview of the most useful experiments, exemplifying the many possi-
bilities available to retrieve sufficient information for unambiguous sequence-
specific assignment, is presented hereafter. A summary of the experiments dis-
cussed, together with the correlations provided, is reported in Tables  A.1  and  A.2  
in the Appendix. The high-dimensional experiments can be grouped into different 
categories according to their lower dimensional basis 2D (HN or CON) and 3D 
(HNCO or CACON) spectra as well as to the type of information retrieved in 
the additional indirect dimensions (amino acid-type information through  13 C side 
chain chemical shifts, sequence-specific information through C α , C β , C′ and N 
chemical shifts).  

  Starting from the most simple and intuitive ones, the 5D HCBCACONH (Grze-
siek and Bax  1993 ; Staykova et al.  2008 ; Kazimierczuk et al.  2010b ), 5D HCCCO-
NH (Montelione et al.  1992 ; Clowes et al.  1993 ; Mobli et al.  2010 ), 4D HCB-
CACON (Bermel et al.  2012b ) and 5D HC(CC-TOCSY)CON (Montelione et al. 
 1992 ; Logan et al.  1992 ; Logan et al.  1993 ; Grzesiek et al.  1993a ; Gardner et al. 
 1996 ; Hiller et al.  2008 ) (Fig.  3.33b ) provide information on the chemical shifts 
of the  1 H and  13 C aliphatic spins of each amino acid (i) by exploiting the HNCO 
(C′ i , N  i + 1 , H N   i + 1 ,) or the CON (C′ i , N  i + 1 ) as basis spectra, respectively. There-
fore, the related 2D cross-sections that need to be inspected resemble 2D  1 H- 13 C 
planes which however contain only the correlations observed at the respective 
frequencies in the basis spectra, in this way providing very clean and straightfor-
ward information to identify the residue type and assign side chain  1 H and  13 C 
chemical shifts. If necessary, the 5D experiments that exploit the HNCO as the 
basis 3D spectrum can easily be reduced to their 4D analogues (which exploit the 
2D HN as a basis spectrum) by simply omitting the evolution of  13 C′ chemical 
shifts.  

  Along the same lines, the 2D HN and CON spectra can be used as basis spectra 
for high-dimensional experiments that provide information to achieve sequence-
specific assignment in the additional dimensions. A variety of different experi-
ments can be included in this class. For example, the 4D HNCACB (Zawadzka-
Kazimierczuk et al.  2010 ; Gossert et al.  2011 ) and 4D HCBCANCO (Bermel et al. 
 2012b ; Nováček et al.  2012 ) (bidirectional experiments) yield in cross-section the 
information on the  1 H and  13 C chemical shifts of amino acids (i) and (i + 1) for each 
cross-peak observed in the 2D HN (N  i + 1 , H N   i + 1 ) and 2D CON spectra (C′ i , N i + 1 ), 
respectively.  

  Another class of experiments provides sequential connectivities through  15 N 
chemical shifts. These are particularly useful because, depending on the experi-
mental variant used, they still exploit the same basis spectra (3D HNCO or 2D HN 
and 2D CON) and provide information on the  15 N chemical shifts of neighbouring 
residues in the additional dimensions.  
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  This category includes the 4D HN(COCA)NH (Shirakawa et al.  1995 ; Brack-
en et al.  1997 ), 4D HN(CA)NH (Zawadzka-Kazimierczuk et al.  2010 ), 5D 
HN(CA)CONH (Kazimierczuk et al.  2010b ) and 5D HN(COCAN)CONH (Piai 
et al.  2014 ) ( 1 H N  detected) as well as a variety of different experimental variants 
based on  13 C direct detection described below. The  1 H N  detected ones reported above 
correlate the H N   i  -N  i   peak of the 2D  1 H- 15 N HSQC spectrum (the H N   i  -N  i  -Cʹ  i −   1   peaks 
of the 3D HNCO spectrum, in the 5D case) with the  1 H N  and  15 N nuclei of neighbor-
ing residues. Instead, when amide protons are merely exploited as a starting source 
of magnetization,  15 N and  13 Cʹ resonances can be used to establish sequential cor-
relations, such as in the 5D (H)NCO(NCA)CONH (Zawadzka-Kazimierczuk et al. 
 2012b ) (N  i −   1  -Cʹ  i-2   and N  i  -Cʹ  i −   1  ) and 5D (H)NCO(CAN)CONH (Piai et al.  2014 ) 
(N  i  -Cʹ  i −   1   and N  i   +   1  -Cʹ  i  ) experiments (Fig.  3.33c ).  

  As regards the  13 C detected analogues, they can be acquired in the 4D mode, 
using the 2D CON as basis experiment, or extended to the 5D mode by exploiting 
the C α  chemical shift as an additional dimension of the basis experiment. They in-
clude 5D NCOCANCO (Nováček et al.  2011 ), 5D (H N-flip N)CONCACON (Bermel 
et al.  2013 ), 5D (HCA)CONCACON (Bermel et al.  2013 ) and 5D (H)NCO(CAN)
CONH (Bermel et al.  2013 ) experiments. Sequential correlations are established by 
exploiting  15 N and  13 Cʹ frequencies, both retrieved in the 2D cross-section of the 
experiments (“CON-CON strategy”).   

  For  13 C detection, also a series of experiments that rely on CACO as the basis 
2D spectrum have been proposed. The C α   i  -Cʹ  i   frequencies of the basis spectrum are 
correlated to C α   i   +   1  -N  i   +   1   and C α   i −   1  -N  i   or to C α   i −   1  -Cʹ  i −   1   nuclei, respectively through 
the 4D (H)CANCACO (Bermel et al.  2012b ) and the 5D CACONCACO (Nováček 
et al.  2011 ) experiments. Finally, the 5D H N-flip NCACON (Bermel et al.  2012b ) and 
5D H Nflip NCANCO (Bermel et al.  2012b ) experiments relate the  15 N of residue  i  
with those of residue  i  + 1 and  i  + 2, respectively (Fig.  3.33d ).  

  High-dimensional NMR experiments featuring  1 H α -start/ 1 H α -detection have 
also recently been designed. These experiments may be useful at temperature 
and pH conditions in which  1 H N  are not detectable and/or in the case of short-
lived or low concentration samples that partly limit the use of high-dimen-
sional  13 C detected experiments. Extensions to higher dimensionality partly 
counterbalance the low chemical shift dispersion of  1 H α  in the direct dimension 
(Piai et al.  2014 ).  

  In conclusion, due to their high resolving power and increased information con-
tent, high-dimensional experiments provide a valuable tool to extend the size and 
complexity of IDPs that can be characterized by NMR at atomic resolution, pro-
vided the sample’s relaxation properties allow for multiple (and often long) coher-
ence transfer times. The combination of the different approaches described in this 
chapter offers a rich toolbox that can be exploited for the investigation of complex 
IDPs (Fig.  3.34 ).      
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           10 Conclusions and Perspectives  

  Thanks to recent improvements in NMR technology, the array of NMR experiments 
that have been developed, and their optimization for the specific properties of IDPs, 
a number of tools are available for the atomic resolution structural and dynamic 
characterization of IDPs.  

  As of today, IDPs as large as 400 amino acids have been investigated, with 
two known examples being MAP (Nováček et al.  2013 ) and Tau (Mukrasch et al. 
 2009 ); a number of other examples of high resolution investigations of IDPs in 
the range between 100 and 300 amino acids have appeared in the literature. Many 
more high-resolution NMR experimental investigations of IDPs are expected to be 
accomplished in the near future.  

  Indeed the sequence-specific assignment and initial structural and dynamic char-
acterization through the analysis of chemical shifts and  15 N relaxation rates can 
readily be achieved through the experiments described in this chapter. Already at 

 Fig. 3.34     A schematic illustration of a series of  13 C and  1 H N  detected 4D spectra. For each pair 
of experiments the information provided is the same, except for the direct dimension. Since the 
4D experiments share Cʹ i -N i + 1  or H i + 1 -N i + 1  frequencies, the 2D CON (reported on the  left ) or 2D 
HN (reported on the  right ) can be respectively used as basis spectra to collect these common fre-
quencies. The new information content of the various 4D experiments can then be easily retrieved 
inspecting a series of 2D cross-sections, reported in the middle part of the illustration, where the 
correlation provided by each experiment is shown  
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this stage the sequence-specific assignment and  15 N relaxation measurements are 
sufficient to describe the overall properties of the IDP in its native state and they 
can be used as the basis for further investigation of its function by monitoring in-
teractions and post-translational modifications as well as by taking snapshots of the 
IDP inside whole cells. Many more experiments can be performed to gain further 
information, as discussed in the next chapters.  

  Among the many experimental strategies discussed in detail in this chapter, the 
optimal one for a specific IDP to be investigated can be readily identified by acquir-
ing a small set of initial 1D and 2D spectra that provide information on the sensitiv-
ity and resolution that can be achieved as a result of the relaxation properties and 
chemical shift dispersion of the investigated IDP. In particular, the 2D HN and CON 
spectra are the most suitable to evaluate the appropriate experimental strategy for 
sequence-specific assignment. A large panoply of optimized pulse sequences and 
processing tools are currently available, as are user-friendly computational tools for 
the analysis of the resulting spectra, including higher dimensional ones.  

  NMR spectroscopy is continuously improving in terms of hardware performance 
and experimental approaches. We expect that future progress will aim at further 
extending the size limit of IDPs that can be investigated at high resolution through 
NMR, as well as the determination and interpretation of a larger number of observ-
ables reporting on the structural and dynamic properties of IDPs, and finally the 
possibility of characterising the behaviour of IDPs in different aggregation states, 
ranging from solution to solid state to in-cell, through a combination of different 
NMR techniques.  

  Finally, speculating on more long-term perspectives, the development of im-
proved NMR methods to study IDPs is expected to provide a large amount of 
experimental data on them, contributing to our understanding of the molecular basis 
responsible for their function and filling a gap of about 50 years with respect to 
our knowledge on the structural and dynamic behaviour of folded proteins. This is 
expected to reveal a much larger number of ways in which proteins communicate 
in the cell. Other expected outcomes of NMR experimental data on IDPs include 
the improvement of prediction tools, which still suffer from the bias that they are 
derived from the missing information in the electron density maps in X-ray crystal-
lography data.  

              Appendix  

   

    1   H detected experiments   
  Dimen-
sionality  

  Experiment    Correlations 
observed  

  References  

   Experiments for spin-system identification   
  3    HN(CO)CA    H N   i  -N  i  -C α   i − 1      (Bax and Ikura  1991 ; Grzesiek and Bax 

 1992b ; Solyom et al.  2013 )  

  Table A.1       High-multidimensional  1 H detected experiments for backbone and side-chain reso-
nance assignment  
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    1   H detected experiments   
  Dimen-
sionality  

  Experiment    Correlations 
observed  

  References  

  3    HN(CO)CACB    H N   i  -N  i  -C α/β   i − 1      (Grzesiek and Bax  1992a ; Yamazaki 
et al.  1994 ; Solyom et al.  2013 )  

  3    (H)C(CC-TOCSY)
(CO)NH  

  C ali   i − 1  -N  i  -H N   i      (Logan et al.  1992 ; Montelione et al. 
 1992 ; Logan et al.  1993 ; Gardner et al. 
 1996 )  

  3    iHNCA    H N   i  -N  i  -C α   i      (Brutscher  2002 ; Nietlispach et al.  2002 ; 
Solyom et al.  2013 )  

  3    iHNCACB    H N   i  -N  i  -C α/β   i      (Brutscher  2002 ; Nietlispach et al.  2002 ; 
Solyom et al.  2013 )  

  3    iHCAN    H α   i  -C α   i  -N  i      (Mäntylahti et al.  2010 )  
  4    (H)CBCACONH    C α/β   i − 1  -Cʹ  i − 1  -N  i  -H N   i      (Grzesiek and Bax  1992a ; Grzesiek and 

Bax  1993 )  
  5    HCBCACONH    H α/β   i − 1  -C α/β   i − 1

  -Cʹ  i − 1  -N  i  -H N   i    
  (Grzesiek and Bax  1993 ; Staykova et al. 
 2008 ; Kazimierczuk et al.  2010b )  

  5    HNCOCACB    H N   i  -N  i  - Cʹ  i − 1  - C α   i − 1  -
C β   i − 1    

  (Hiller et al.  2007 ; Zawadzka-Kazim-
ierczuk et al.  2012b )  

  5    HC(CC-TOCSY)
CONH  

  H ali   i − 1  -C ali   i − 1  -
Cʹ  i − 1  -N  i  -H N   i    

  (Logan et al.  1992 ; Montelione et al. 
 1992 ; Logan et al.  1993 ; Grzesiek et al. 
 1993a ; Grzesiek et al.  1993b ; Gardner 
et al.  1996 ; Hiller et al.  2008 )  

   Experiments for sequential assignment   
  3    HNCO    H N   i  -N  i  -Cʹ  i − 1      (Kay et al.  1990 ; Grzesiek and Bax 

 1992b ; Schleucher et al.  1993 ; Solyom 
et al.  2013 )  

  3    HNCA    H N   i  -N  i  -C α   i − 1   & 
H N   i  -N  i  -C α   i    

  (Kay et al.  1990 ; Grzesiek and Bax 
 1992b ; Lescop et al.  2007 )  

  3    HNCACB    H N   i  -N  i  -C α/β   i − 1   & 
H N   i  -N  i  -C α/β   i    

  (Wittekind and Mueller  1993 ; Muhandi-
ram and Kay  1994 ; Lescop et al.  2007 )  

  3    HN(CA)CO    H N   i  -N  i  -Cʹ  i − 1   & 
H N   i  -N  i  -Cʹ  i    

  (Clubb et al.  1992 ; Kay et al.  1994 ; Bri-
and et al.  2001 ; Lescop et al.  2007 )  

  3    (H)N(COCA)NH    N  i   +   1  -N  i  -H N   i      (Grzesiek et al.  1993b ; Bracken et al. 
 1997 ; Panchal et al.  2001 )  

  3    (H)N(CA)NH     N  i − 1  -N  i  -H N   i   & 
N  i   +   1  -N  i  -H N   i    

  (Grzesiek et al.  1993b ; Weisemann et al. 
 1993 )  

  3    iH(CA)NCO    H α   i  -N  i  -Cʹ  i      (Mäntylahti et al.  2010 )  
  3    (HCA)NCO(CA)H    H α   i  -Cʹ  i  -N  i   +   1      (Mäntylahti et al.  2011 )  
  3    H(CA)CON    H α   i  -Cʹ  i  -N  i   +   1      (Mäntylahti et al.  2010 )  
  3    (HCA)CON(CA)H    H α   i  -N  i  -Cʹ  i − 1   & 

H α   i  -N  i   +   1  -Cʹ  i    
  (Mäntylahti et al.  2011 )  

  4    HCACON    H α   i  -C α   i  -Cʹ  i  -N  i   +   1      (Kay et al.  1991 )  
  4    HNCOCA    H N   i  -N  i  -Cʹ  i − 1  -C α   i − 1      (Brutscher et al.  1995a ; Yang and Kay 

 1999 ; Xia et al.  2002 )  
  4    HNCACO    H N   i  -N  i  -C α   i  -Cʹ  i   & 

H N   i  -N  i  -C α   i − 1  -Cʹ  i − 1    
  (Yang and Kay  1999 ; Xia et al.  2002 )  

  4    HNCO, CA    H N   i  -N  i  -Cʹ  i − 1  -C α   i − 1   
& H N   i  -N  i  -Cʹ  i − 1  -C α   i    

  (Konrat et al.  1999 )  

Table A.1 (continued) 
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    1   H detected experiments   
  Dimen-
sionality  

  Experiment    Correlations 
observed  

  References  

  4    HNCACB    H N   i  -N  i  -C α   i − 1  -C β   i − 1   
& H N   i  -N  i  -C α   i  -C β   i    

  (Gossert et al.  2011 )  

  4    HCBCANH    H α/β   i  -C α/β   i  -N  i  -H N   i   & 
H α/β   i − 1  -C α/β   i − 1  -N  i  -H N   i    

  (Zawadzka-Kazimierczuk et al.  2010 )  

  4    HACANH    H α   i  -C α   i  -N  i  -H N   i   & 
H α   i − 1  -C α   i − 1  -N  i  -H N   i    

  (Boucher et al.  1992 ; Szyperski et al. 
 1993a )  

  4    HNCAHA    H N   i  -N  i  -C α   i  - H α   i   & 
H N   i   +   1  -N  i   +   1  -C α   i  - H α   i    

  (Xia et al.  2002 )  

  4    HACA(CO)NH    H α   i − 1  -C α   i − 1  -N  i  -H N   i      (Boucher et al.  1992 )  
  4    HN(CO)CAHA    H N   i   +   1  -N  i   +   1  -C α   i  - H α   i      (Xia et al.  2002 )  
  4    (H)CACO(CA)NH    Cʹ  i  -C α   i  -N  i  -H N   i   & 

Cʹ  i − 1  -C α   i − 1  -N  i  -H N   i    
  (Löhr and Rüterjans  1995 )  

  4    HN(COCA)NH    H N   i   +   1  -N  i   +   1  -N  i  -H N   i   
& H N   i  -N  i  -N  i  -H N   i    

  (Shirakawa et al.  1995 ; Bracken et al. 
 1997 ;)  

  4    HN(CA)NH    H N   i   +   1  -
N  i   +   1  -N  i  -H N   i   & 
H N   i − 1  -N  i − 1  -N  i  -H N   i    

  (Zawadzka-Kazimierczuk et al.  2010 )  

  4    HN(CO)CA(CON)
CA  

  H N   i  -N  i  -C α   i − 1  -C α   i − 1   
& H N   i  -N  i  -C α   i − 1  -C α   i    

  (Bagai et al.  2011 )  

  4    HNCO(N)CA    H N   i  -N  i  -Cʹ  i − 1  -C α   i − 1   
& H N   i  -N  i  -Cʹ  i − 1  -C α   i    

  (Bagai et al.  2011 )  

  5    HACACONH    H α   i − 1  -C α   i − 1  -
Cʹ  i − 1  -N  i  -H N   i    

  (Kim and Szyperski  2003 ; Hiller et al. 
 2005 ; Malmodin and Billeter  2005 )  

  5    HACACONH    H α   i  -C α   i  -Cʹ  i  -N  i  -H N   i   
& H α   i − 1  -C α   i − 1  -
Cʹ  i − 1  -N  i  -H N   i    

  (Kim and Szyperski  2004 )  

  5    HACA(N)CONH    H α   i  -C α   i  -Cʹ  i − 1  -N  i  -H N   i   
& H α   i − 1  -C α   i − 1  -
Cʹ  i − 1  -N  i  -H N   i    

  (Zawadzka-Kazimierczuk et al.  2012b )  

  5    (HACA)CON(CA)
CONH  

  Cʹ  i-2  -N  i − 1  -
Cʹ  i − 1  -N  i  -H N   i   & 
Cʹ  i − 1  -N  i  -Cʹ  i − 1  -N  i  -H N   i    

  (Zawadzka-Kazimierczuk et al.  2012b )  

  5    HCBCA(CAN)
CONH  

  H α/β   i − 1  -C α/β   i − 1  -
Cʹ  i − 1  -N  i  -H N   i   & H α/β   i   
-C α/β   i  -Cʹ  i − 1  -N  i  -H N   i    

  (Staykova et al.  2008 )  

  5    HN(CA)CONH    H N   i − 1  -N  i − 1  -Cʹ  i − 1  
-N  i  -H N   i   & 
H N   i  -N  i  -Cʹ  i − 1  -N  i  -H N   i    

  (Kazimierczuk et al.  2010b )  

  5    (H)NCO(NCA)
CONH  

  N  i − 1  -Cʹ  i-2  -
Cʹ  i − 1  -N  i  -H N   i   & 
N  i  -Cʹ  i − 1  -Cʹ  i − 1  -N  i  -H N   i    

  (Zawadzka-Kazimierczuk et al.  2012b )  

  5    (H)NCO(CAN)
CONH   

  N  i   +   1  -Cʹ  i  -Cʹ  i − 1  -N  i  -H N   i      (Piai et al.  2014 )  

  5    HN(COCAN)
CONH   

  H N   i  + 1 -N  i   +   1  -
Cʹ  i − 1  -N  i  -H N   i    

  (Piai et al.  2014 )  

  5    (HACA)
CON(CACO)
NCO(CA)HA  

  Cʹ  i − 1  - N  i  - N  i   +   1  -Cʹ  i  -
H α   i    

  (Piai et al.  2014 )  

Table A.1 (continued) 
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    13   C detected experiments   
  Dimen-
sionality  

  Experiment    Correlations observed    References  

   Experiments for spin-system identification   
  3    (H)CACON    C α   i  -N  i   +   1  -Cʹ  i      (Bermel et al.  2006c ; 

Bermel et al.  2009a )  
  3    (H)CBCACON    C α/β   i  -N  i   +   1  -Cʹ  i      (Bermel et al.  2006c ; 

Bermel et al.  2009a )  
  3    (H)C(CC-TOCSY)

CON  
  C ali   i  -N  i   +   1  -Cʹ  i      (Bermel et al.  2006c ; 

Bermel et al.  2009a )  
  4    HCBCACON    H α/β   i  -C α/β   i  -N  i   +   1  -Cʹ  i      (Bermel et al.  2012b ; 

Nováček et al.  2012 )  
  4    HC(CC-TOCSY)CON    H ali   i  -C ali   i  -N  i   +   1  -Cʹ  i      (Bermel et al.  2012b )  
  5    HC(CC-TOCSY)

CACON  
  H ali   i  -C ali   i  -C α   i  -N  i   +   1  -Cʹ  i      (Nováček et al.  2013 )  

   Experiments for sequential assignment   
  3    (H)CANCO    C α   i  -N  i   +   1  -Cʹ  i   & C α   i   +   1  -N  i   +   1  -Cʹ  i      (Bermel et al.  2006c ; 

Bermel et al.  2009a )  
  3    (H)CBCANCO    C α/β   i  -N  i   +   1  -Cʹ  i   & C α/β   i   +   1  -N  i   +   1  -Cʹ  i      (Bermel et al.  2006c ; 

Bermel et al.  2009a )  
  3    (H N-flip )N(CA)NCO    N  i  -N  i   +   1  -Cʹ  i   & N  i   +   2  -N  i   +   1  -Cʹ  i      (Bermel et al.  2009a ; 

Bermel et al.  2012b )  
  3    (HCA)NCACO    N  i  -C α   i  -Cʹ  i   & N  i   +   1  -C α   i  -Cʹ  i      (Bermel et al.  2012b )  
  3    COCON    Cʹ  i −   1  -N  i   +   1  -Cʹ  i   & Cʹ  i   +   1  -N  i   +   1  -Cʹ  i      (Bermel et al.  2006b )  
  4    HCBCANCO    H α/β   i  -C α/β   i  -N  i   +   1  -Cʹ  i   & H α/β   i   +   1  -C α/

β   i   +   1  -N  i   +   1  -Cʹ  i    
  (Bermel et al.  2012b ; 
Nováček et al.  2012 )  

  4    (H N-flip )NCANCO    N  i  -C α   i  -N  i   +   1  -Cʹ  i   & 
N  i   +   2  -C α   i   +   1  -N  i   +   1  -Cʹ  i    

  (Bermel et al.  2012b )  

  4    (H N-flip )NCACON    N  i  -C α   i  -N  i   +   1  -Cʹ  i   & N  i   +   1  -C α   i  -N  i   +   1  -Cʹ  i      (Bermel et al.  2012b )  
  4    (H)CANCACO    C α   i −   1  -N  i  -C α   i  -Cʹ  i   & 

C α   i   +   1  -N  i   +   1  -C α   i  -Cʹ  i    
  (Bermel et al.  2012b )  

  5    H N-flip NCANCO    H N   i  -N  i  -C α   i  -N  i   +   1  -Cʹ  i   & 
H N   i   +   2  -N  i   +   2  -C α   i   +   1  -N  i   +   1  -Cʹ  i    

  (Bermel et al.  2012b )  

  5    H N-flip NCACON    H N   i  -N  i  -C α   i  -N  i   +   1  -Cʹ  i   & 
H N   i   +   1  -N  i   +   1  -C α   i  -N  i   +   1  -Cʹ  i    

  (Bermel et al.  2012b )  

  5    (H)NCOCANCO    N  i   +   2  -Cʹ  i   +   1  -C α   i   +   1  -N  i   +   1  -Cʹ  i      (Nováček et al.  2011 )  
  5    (H)CACONCACO    C α   i −   1  -Cʹ  i −   1  -N  i  -C α   i  -Cʹ  i      (Nováček et al.  2011 )  
  5    (H N-flip N)

CONCACON  
  Cʹ  i −   1  -N  i  -C α   i  -N  i   +   1  -Cʹ  i   & 
Cʹ  i  -N  i   +   1  -C α   i  -N  i   +   1  -Cʹ  i    

  (Bermel et al.  2013 )  

  5    (HCA)CONCACON    Cʹ  i −   1  -N  i  -C α   i  -N  i   +   1  -Cʹ  i   & 
Cʹ  i  -N  i   +   1  -C α   i  -N  i   +   1  -Cʹ  i    

  (Bermel et al.  2013 )  

  5    (H)CACON(CA)CON    C α   i  -Cʹ  i  -N  i   +   1  -Cʹ  i   +   1  -N  i   +   2   & 
C α   i  -Cʹ  i  -N  i   +   1  -Cʹ  i  -N  i   +   1    

  (Bermel et al.  2013 )  

  Table A.2       High-multidimensional  13 C detected experiments for backbone and side-chain reso-
nance assignment  
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Abstract We present three novel exclusively heteronu-

clear 5D 13C direct-detected NMR experiments, namely

(HN-flipN)CONCACON, (HCA)CONCACON and (H)CA-

CON(CA)CON, designed for easy sequence-specific reso-

nance assignment of intrinsically disordered proteins

(IDPs). The experiments proposed have been optimized to

overcome the drawbacks which may dramatically compli-

cate the characterization of IDPs by NMR, namely the

small dispersion of chemical shifts and the fast exchange of

the amide protons with the solvent. A fast and reliable

automatic assignment of a-synuclein chemical shifts was

obtained with the Tool for SMFT-based Assignment of

Resonances (TSAR) program based on the information

provided by these experiments.

Keywords Intrinsically disordered proteins �
13C direct-detection NMR � Non-uniform sampling �
Longitudinal relaxation enhancement �
Multidimensional NMR experiment � Automatic

assignment

Introduction

Intrinsically disordered proteins (IDPs) are a class of

flexible proteins characterized by the lack of stable sec-

ondary and tertiary structures. Despite the absence of a

defined fold, IDPs are able to perform a great variety of

essential functions in the cell (Wright and Dyson 1999;

Uversky et al. 2000; Dunker et al. 2001; Tompa 2002,

2009; Dyson and Wright 2005), leading to a reconsidera-

tion of the well-established structure–function paradigm.

X-ray crystallography is not an appropriate technique to

characterize IDPs as the extreme mobility prevents the

formation of suitable crystals, and NMR spectroscopy

assumes the role of best candidate to investigate their

disorder. In fact, NMR can provide structural and dynamic

information at atomic resolution, giving a meaningful

description of the properties of all the conformations

sampled by the protein.

The most accessible and informative observable that can

be obtained by NMR spectroscopy and used to characterize

IDPs is the chemical shift of the signals of the amino-acids

nuclei. These, once assigned, can in fact be used to cal-

culate conformational properties, to evaluate propensities

for transient secondary structures and to map possible

interaction/binding regions. In contrast to what is usually

found for globular and folded proteins, IDPs chemical

shifts are not modulated by the presence of secondary

structure and their values tend to be averaged out by the
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fast conformational exchange processes of the protein. This

fact of course leads to crowded spectra with high chances

to encounter overlapping peaks. Moreover, amide protons

not being protected by the presence of secondary structural

elements, often experience chemical exchange with the

solvent that can be so dramatic as to broaden their signals

beyond detectable limits.

Exploiting heteronuclear chemical shifts is thus man-

datory for assignment strategies of IDPs due to their high

chemical shift dispersion as well as to their reduced sen-

sitivity to exchange processes (Bax and Grzesiek 1993;

Dyson and Wright 2001; Panchal et al. 2001; Hiller et al.

2005; Mittag and Forman-Kay 2007; Narayanan et al.

2010; Kumar and Hosur 2011; Mantylahti et al. 2011).

Thanks to great recent improvements in instrumental sen-

sitivity, direct detection of heteronuclei can be performed

to take maximum advantage of these properties. 13C direct

detection exclusively heteronuclear NMR experiments

were successfully used for the study of IDPs (Csizmok

et al. 2008; Knoblich et al. 2009; O’Hare et al. 2009; Pérez

et al. 2009; Hsu et al. 2009; Novacek et al. 2012). Several

additional approaches to overcome the problem of exten-

sive cross peaks overlap have been proposed (Bermel et al.

2012a, 2013; Pantoja-Uceda and Santoro 2012, 2013;

Thakur et al. 2013), including the use of high multidi-

mensionality experiments (4-5D) (Novacek et al. 2011,

2012, 2013; Bermel et al. 2012b; Haba et al. 2013), with

the goal of increasing the resolution of the spectra. To

reduce the experimental time while preserving high reso-

lution in all indirect dimensions, non-uniform sampling

(NUS) (Kazimierczuk et al. 2010) and approaches for

longitudinal relaxation enhancement (LRE) proved to be

very useful (Schanda et al. 2007; Bermel et al. 2009b;

Solyom et al. 2013; Gil et al. 2013).

Starting from the above results, we propose here three

new multidimensional NMR experiments in which 13C

direct-detection, NUS and LRE (when appropriate) are

combined in order to overcome as much as possible limi-

tations of IDPs. The accurate and unambiguous determi-

nation of chemical shifts guaranteed by these experiments

allowed the TSAR program (Tool for SMFT-based

assignment of resonances) (Zawadzka-Kazimierczuk et al.

2012) to perform a fast, reliable and automatic assignment

of the collected frequencies. The combined use of these

NMR experiments and software can thus be employed to

speed up the sequence-specific resonance assignment of

IDPs.

The effectiveness of the experiments proposed com-

bined with the TSAR program were tested on a well-studied

IDP of 140 amino acids, human a-synuclein. The strategy

described here can successfully be applied to other IDPs,

extending the size and complexity of proteins that can be

investigated by NMR.

Materials and methods

All NMR experiments were performed at 16.4 T on a

Bruker Avance spectrometer operating at 700.06 MHz 1H,

176.03 MHz 13C and 70.94 MHz 15N frequencies, equip-

ped with a cryogenically cooled probehead optimized for
13C-direct detection. A sample of 1.0 mM uniformly 13C,
15N labeled human a-synuclein in 20 mM phosphate buffer

at pH 6.5 was prepared as previously described (Huang

et al. 2005). EDTA and NaCl were added to reach the final

concentration of 0.5 and 200 mM, respectively, and 10 %

D2O was added for the lock. All experiments were acquired

at 285.5 K. Parameters specific to each experiment are

reported in the captions of the figures describing the pulse

sequences, all reported in the Supplementary Material. For
13C band-selective p/2 and p flip angle pulses Q5 (or time

reversed Q5) and Q3 shapes (Emsley and Bodenhausen

1992) of durations of 300 and 220 ls, respectively, were

used, except for the p pulses that should be band-selective

on the Ca region (Q3, 860 ls) and for the adiabatic p pulse

to invert both C0 and Ca [smoothed Chirp 500 ls, 25 %

smoothing, 80 kHz sweep width, 11.3 kHz RF field

strength (Böhlen and Bodenhausen 1993)]. The 13C band

selective pulses on Ca/b, Ca, and C0 were given at the center

of each region, respectively, and the adiabatic pulse was

adjusted to cover the entire 13C region. Decoupling of 1H

and 15N was achieved with waltz16 (Shaka et al. 1983)

(1.7 kHz) and garp4 (Shaka et al. 1985) (1.0 kHz)

sequences, respectively. All gradients employed had 1 ms

of duration and a sine-shape. Each experiment was

acquired in a pseudo-2D mode, with the States method

applied in all indirect dimensions to achieve quadrature

detection. All experiments employ the IPAP approach

(Bermel et al. 2006a, 2008) to remove the splitting in the

direct acquisition dimension caused by the Ca–C0 cou-

plings. The in-phase (IP) and antiphase (AP) components

were acquired and stored in an interleaved manner, dou-

bling the number of FIDs recorded (Bermel et al. 2006c).

All the experiments were performed using on-grid non-

uniform sampling. The on-grid ‘‘Poisson disk’’ sampling

scheme (Kazimierczuk et al. 2008) was chosen to generate

the time schedules with the RSPack program. The distri-

bution was relaxation-optimized, i.e. the density of points

was decaying according to the Gaussian distribution exp(-

t2/r2), with r = 0.5. All the spectra were acquired using

Bruker TopSpin 1.3 software. The experimental data were

converted with nmrPipe (Delaglio et al. 1995). 3D data

were processed using the Multidimensional Fourier

Transform (MFT) (Kazimierczuk et al. 2006) algorithm

implemented in the ToASTD program. 4/5D data were

processed using the Sparse MFT (SMFT) algorithm (Ka-

zimierczuk et al. 2009) implemented in the reduced pro-

gram. Both programs, ToASTD and reduced, are included
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in the MFT package software, available at http://nmr.cent3.

uw.edu.pl/software. Finally, Sparky (Goddard and Kneller

2000) and TSAR (Tool for SMFT-based assignment of

resonances) (Zawadzka-Kazimierczuk et al. 2012) pro-

grams were used to analyze the spectra and automatically

assign the resonances, respectively.

Results and discussion

NMR experiments design

Our strategy exploits the use of 13C direct detection both to

avoid the problem of amide proton exchange as well as to

increase the chemical shift dispersion in the direct dimen-

sion of the experiments. The superior chemical shift dis-

persion of the heteronuclei with respect to protons is

exploited by exclusively labeling the chemical shifts of the

backbone’s heteronuclei, using protons only as a starting

source of magnetization to increase the overall sensitivity of

the experiments. The resolution of the experiments has been

maximized correlating five different frequencies in five

different dimensions, all built up using long evolution times

exploiting the favorable relaxation properties of IDPs. To

substantially reduce the experimental time and maximize

resolution, non-uniform sampling (NUS) was employed in

all the proposed experiments. In the 5D (HN-flipN)CONCA-

CON experiment, additionally the H-flip approach was

used, in order to achieve a longitudinal relaxation

enhancement and thus reduce the duration of the inter-scan

delay. The H-flip approach (Bermel et al. 2009a; b) allows to

manipulate only the desired set of 1H spins to shorten the

period needed for magnetization recovery to the ?z axis. For

IDPs, the gain in time is usually more substantial when

selectively inverting 1HN rather than 1Ha spins, because
1HNs experience exchange processes with the solvent, hence

not perturbing the water proton spins is of high importance.

On the contrary, 1Ha spins which of course are not affected

by exchange, do not experience significant longitudinal

relaxation enhancement by their selective manipulation due

to the small 1H–1H NOEs resulting from fast tumbling and

low proton density in the absence of a 3D structure. For that

reason, the H-flip approach was implemented only in the
1HN-start version of the experiments.

Since data sampled at not uniform intervals cannot be

treated with the Fast Fourier transform (FFT), the 5D

experiments were processed using the Sparse Multidi-

mensional Fourier Transform (SMFT) algorithm (Ka-

zimierczuk et al. 2009). The features of this type of

processing greatly simplifies the visualization of the mul-

tidimensional spectra, since the analysis of the 5D spectra

is reduced to the inspection of a series of 2D cross-sections

extracted from the full spectra at some fixed triads of fre-

quencies. The fixed frequencies have been collected from a

3D (H)CACON lower dimensionality spectrum (the ‘‘basis

spectrum’’), because the correlations it provides are also

shared by all the 5D experiments discussed here. There-

fore, once the peaks of the 3D basis spectrum are collected,

the analysis of the 5D spectra merely consists of the

examination of a series of 2D planes. In these planes the

two extra dimensions (with respect to the basis spectrum),

containing the sequential correlations, are displayed. The

information provided by the experiments is summarized in

Fig. 1, while the coherence transfer pathways are reported

in Fig. 2. In the latter it is also specified which dimensions

were fixed with the SMFT algorithm and which were then

extracted and analyzed in the 2D cross-sections.

Since the 3D (H)CACON experiment correlates the Ca

and C0 of a residue with the N of the following one (Ci-1
a –

C0i-1–Ni), the 5D experiments were designed with the idea

of establishing the sequential correlations along C0 and N

frequencies, the most dispersed in terms of chemical shift

(Bermel et al. 2013). The C0–N frequencies of two neigh-

boring residues were thus connected, adding the chemical

shift labeling of the Ca to minimize the occurrence of

overlap. This choice has the great advantage that the same

strategy can be used also when the 4D version of these

experiments is acquired, since the same sequential con-

nections can be established, even if without the help of the

Ca dimension. In this case, it is sufficient to record a 2D

CON experiment (to obtain the basis spectrum) and use the

4D spectra to sequentially link all the CON peaks (Ci-1

0
–Ni).

The magnetization transfer pathway of the 5D

(HN-flipN)CONCACON experiment (Fig. 1), once the common

Ci-1
a –Ci-1

0
–Ni frequencies (in dimensions F3, F5 and F4

respectively, Fig. 2) are fixed, provides 2D cross-sections

(F1–F2 planes) containing two sequential CON peaks

(Ci-1

0
–Ni and Ci-2

0
–Ni-1). One of them correlates the

same Ci-1

0
–Ni frequencies that are retrieved in the 3D

(H)CACON experiment and, together with the Ci-1
a fre-

quency, fixed while performing the SMFT algorithm,

whereas the other provides the chemical shifts of the pre-

ceding CON peak (Ci-2

0
–Ni-1). The sequence-specific

assignment can then be completed just linking together the

2D planes, as shown in Fig. 3, exploiting the chemical shift

dispersion of Ci-1

0
–Ni correlations. The simultaneous

exploitation of the C0 and N frequencies reduces the

ambiguities, since sequential correlations are established

along both dimensions, and the frequency labeling of the

Ca contributes to resolve overlaps in 2D CON cross-sec-

tions. However, the presence of proline residues interrupts

the linkage between the residues, since this experiment

exploits the amide protons as a starting point of the mag-

netization transfer pathway. This drawback is not so dra-

matic if the proline content of the protein sequence is not
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large but prolines can be very abundant in IDPs (Radivojac

et al. 2007). For such cases, the 5D (HCA)CONCACON

experiment has to be preferred.

The 5D (HCA)CONCACON experiment can be con-

sidered as a variant of the 5D (HN-flipN)CONCACON

experiment previously described, since the magnetization

transfer pathways, except for the first two steps, is the same

(Fig. 1). However, the fact that this experiment exploits Ha

protons as starting source of polarization ensures that also

correlations involving the nuclei of prolines are detected.

This experiment is thus recommended especially for pro-

line-rich biomolecules and, used in combination with the

previously described one, provides robust redundant

information to reduce ambiguities in the assignment.

Again, the sequence specific assignment is performed

linking together the 2D cross-sections (F1–F2 planes) as

shown in Fig. 4, where the peaks belonging to the nuclei of

prolines are visible.

Both the above experiments were designed in order to

provide negative peaks if the magnetization transfer path-

way involves Ca of glycines, allowing their straightforward

identification. This is obtained setting the Ca evolution

time to 1/JCa-Cb. As an example, in Fig. 3 six sequential

cross-sections of the 5D (HN-flipN)CONCACON spectrum

in which a glycine is present are reported.

Due to the fact that both experiments provide the same

sequential links, one may opt for acquiring only one

instead of both experiments. In this case, to choose

between the 5D (HN-flipN)CONCACON and 5D

(HCA)CONCACON, one should consider proline content

of the protein, level of chemical exchange, the available

NMR time, stability and concentration of the sample.

Finally, a different version of the 5D (HCA)CONCA-

CON experiment was also designed, in which the first Ca is

frequency labeled instead of the second. This experiment,

named 5D (H)CACON(CA)CON, provides different infor-

mation with respect to the previously described ones, since

in the 2D cross-sections (F5–F4 planes) Ci-1

0
–Ni and C0i–

Ni?1 correlations are detectable. The sequential assignment

can thus be accomplished starting from the N-terminal part

and going towards the C-terminal end of the protein,

whereas in the previous two experiments it proceeds in the

opposite direction. Apart from this, the way to connect the

cross-sections is essentially the same, since in each of them

two sequential CON peaks are present. Since the Ha protons

are used at the beginning of the magnetization transfer

pathway, the prolines can be detected in this experiment too.

The two Ca evolution times are set around 1/JCa–Cb, which

means that the relative sign of cross peaks cannot be used as

a straightforward criterion to identify glycines as in the

previous experiments, although this can be used as a crite-

rion to cross check results. Another difference between this

experiment and those previously described is that here the

direct dimension (F5) is not fixed when using the SMFT

algorithm, since the Ci-1
a –Ci-1

0
–Ni frequencies that have to

be fixed are all present in the indirect dimensions (F1, F2 and

F3 dimensions). Artifact ridges are then present along the

direct dimension (F5) of the 2D cross-sections (F5–F4

planes) in which the correlations for the sequential assign-

ment are present (Figure S5). Even if they are not a limita-

tion to the effectiveness of the experiment, it has to be

Fig. 1 The experimental strategy proposed together with the sum-

mary of the correlations provided by each experiment is schematically

illustrated. Since the 5D experiments share Ci-1
a –Ci-1

0
–Ni frequencies,

the 3D (H)CACON spectrum (reported on the left) is used as ‘‘basis

spectrum’’ to collect these common correlations. After having fixed

these frequencies with the SMFT algorithm, the information content

of the various 5D experiments is easily retrieved inspecting a series of

2D cross-sections, reported in the middle part of the illustration,

where the correlations provided by each experiment are shown. The

CON peak which correlates the same Ci-1

0
–Ni frequencies as the

associated peak in the basis spectrum is marked by an asterisk. On the

right part of the figure, the nuclei involved in the coherence transfer

pathways are highlighted on the backbone of the protein
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reported that they may complicate the analysis of the cross-

sections and the peak picking procedure.

Automatic assignment using TSAR

Sequence-specific assignment of resonances based on the

proposed experiments can be performed automatically by

Fig. 2 The flow of the magnetization in the proposed experiments is

schematically illustrated. The indirect dimensions in which chemical

shift evolutions are present are indicated as F1, F2, F3 and F4,

whereas the direct dimension is designated as F5. On the left side, the

beginning of the coherence pathway of each experiment is shown: 1J

scalar couplings were used to transfer magnetization (red arrows). In

the middle part of the panel, the final steps of the coherence pathways,

which are common to all the experiments, are reported. Only the

arrow representing the last transfer from N to C0 (grey arrow in the

summary), prior to acquisition, is not shown along the backbone. Also

in this case, arrows symbolize magnetization transfers mediated by

scalar couplings: green when 1J and 2J were involved and yellow

when only 1J were exploited. On the right side, a summary of which

dimensions were fixed with the SMFT algorithm and which were then

extracted in the cross-sections is reported. Finally, in the bottom of

each panel, the correlations retrieved in the experiment are listed

explicitly

Fig. 3 Six 2D cross-sections of the (HN-flipN)CONCACON spectrum

are shown. In the top of each panel, the Ci
a–Ci

0
–Ni?1 frequencies that

have been fixed to extract the particular 2D plane are reported. In each

cross-section, two sequential CON peaks are present. The CON peak

which correlates the Ci-1

0
–Ni frequencies that have been used together

with Ci-1
a frequency to extract the particular cross-section is labeled

with an asterisk. Black peaks are positive, red negative. Inversion of

peak sign is expected when the Ca belonging to a glycine is frequency

labeled. Negative peaks thus allow to immediately identify glycines.

The sequential specific assignment is performed connecting the CON

peaks of two consecutive cross-sections, as shown with colored lines

in the figure. Please note that the peaks are correlated using both N

and C0 chemical shift, thus making the sequential assignment

extremely reliable. As clearly visible, the use of five different

dimensions minimize the chance of possible overlaps

Fig. 4 Six 2D cross-sections of the (HCA)CONCACON spectrum

are shown. All the labels, lines and asterisks have the same meaning

as described in the captions of Fig. 3. The peaks in which the nitrogen

belonging to a proline is frequency labeled (highlighted with a red

arrow), not present in the (HN-flipN)CONCACON spectrum, are here

visible. The sequential specific assignment is thus not interrupted. The

use of five different dimensions, together with the high resolution

obtained in each indirect dimension, ensure to resolve very close

peaks (as the case reported in the top left panel)
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using the TSAR program (Zawadzka-Kazimierczuk et al.

2012), available at http://nmr.cent3.uw.edu.pl/software.

This program is designed to analyze the multidimensional

data processed with SMFT. What distinguishes TSAR from

other automatic assignment algorithms is a very informa-

tive output, including also information on the correct order

of cross-sections. This provides easy access to spectral data

thus facilitating manual verification and/or completion of

assignment. Input for the TSAR program includes the peak

list of the basis spectrum and one or more peak lists

obtained from higher-dimensional experiments. The latter

ones contain only the two dimensions not fixed for SMFT,

as three other frequencies are already specified in the peak

list of the basis spectrum. The experiments used for TSAR

assignment should be defined in a text file, where peak

types together with their intensity signs (positive, negative,

unknown or changing under specific conditions) are

described (for details see Supplementary Material).

One major modification of the TSAR program was made

to adjust it to the newly proposed experiments. In the

previous version TSAR accepted peaks originating from

three consecutive residues (on each cross-section). Now

this range was enlarged to accept up to four consecutive

residues. This was necessary as the simultaneous analysis

of e.g. 5D (HCA)CONCACON and 5D (H)CA-

CON(CA)CON data imply that the cross-sections obtained

by fixing Ci-1
a –Ci-1

0
–Ni frequencies contain Ci-2

0
–Ni-1,

Ci-1

0
–Ni and Ci

0
–Ni?1 peaks, thus involving residues i - 2,

i - 1, i and i ? 1.

Operation of TSAR includes construction of cross-sec-

tion spin systems (CSSSs), where the information of cor-

responding cross-sections from various spectra are

collected, formation of chains of CSSSs and mapping of

these chains onto the primary sequence of the protein. The

last step is based on identification of amino-acid type(s) for

some of the CSSSs. Thus, to operate correctly, TSAR

requires at least one experiment providing sequential con-

nectivities and at least one experiment providing infor-

mation on amino-acid type of some CSSSs. Two types of

methods for amino-acid type recognition are available:

statistical and topological. The former one utilizes Cb and/

or Hb chemical shifts and analyzes them using the Bio-

logical Magnetic Resonance Bank (BMRB, Ulrich et al.

2007) statistics. The latter one exploits information on

amino acid structure (e.g. absence of HN proton in proline

or presence of two possibly different Hb protons in all

residues except for alanine, isoleucine, threonine and

valine). Within the topological methods one routine is

especially useful: recognition of glycine, based on peak

amplitude sign. As mentioned above, it utilizes the fact that

in some techniques scalar coupling between Ca and Cb

carbon nuclei evolves for approximately 1/1JCa–Cb, thus the

sign of a peak corresponding to the glycine residue, not

possessing the Cb, is inverted with respect to those of all

other amino acid residues. In perspective, variants of the

pulse sequences which select correlations deriving only

from specific aminoacid-types can provide very useful

information to contribute to the unambiguous identification

of selected residue-types (Bermel et al. 2012a).

All the 5D experiments proposed in the current paper

provide the sequential connectivities. Two experiments

(5D (HN-flipN)CONCACON and 5D (HCA)CONCACON)

enable peak-sign-based glycine recognition, which is suf-

ficient for CSSS’s chain mapping if the content of glycine

residues in the studied protein is substantial. The infor-

mation on amino-acid type provided by 5D (H)CA-

CON(CA)CON experiment cannot be exploited in the

current version of the TSAR program, due to ambiguities in

its interpretation: negative peak means that glycine is at

i - 1 or i position (but not at both of these positions).

Since the test protein (a-synuclein) contains almost

13 % of glycine residues in its primary sequence, glycine

recognition is in principle sufficient for mapping the chains

of cross-sections. Due to the protein size and to the fact that

it is fully disordered, we decided however to use at least

two sequential experiments able to provide links, reducing

possible ambiguities in chains formation. We have con-

structed two data sets consisting of data from two experi-

ments, plus 3D (H)CACON as a basis spectrum. Data set 1

contained 5D (HN-flipN)CONCACON and 5D (H)CA-

CON(CA)CON, while data set 2 contained 5D

(HCA)CONCACON and 5D (H)CACON(CA)CON. In

both cases the first experiment ensured peak-sign based

glycine recognition and both experiments provided the

sequential connectivities. The assignment was successful:

87.1 and 91.8 % of correctly assigned resonances were

obtained for data set 1 and 2, respectively.

Despite the apparent redundancy of the information

(both experiments from each data set provide the sequential

links via N and C0 chemical shifts), adding the 5D

(H)CACON(CA)CON to the single-experiment data sets

enabled resolving the ambiguities. This is because this

experiment allows to make the forward link (Ci-1

0
–Ni, Ci

0
–

Ni?1), while two others show backward links (Ci-2

0
–Ni-1,

Ci-1

0
–Ni).

Both data sets above allowed to assign the chemical shifts

of N, C0 and Ca nuclei. When HN, Ha, Hb and/or Cb chemical

shifts are required as well, some other experiments have to be

employed additionally. Preferably, 13C-detected experi-

ments which can be SMFT-processed using the same basis

peak list (H)CACON should be employed. For instance these

can be the previously published (Bermel et al., 2012b) 5D

HN-flipNCACON (containing Hi
N–Ni and Hi-1

N –Ni-1 peaks

on each cross-section) and 4D HCBCACON (containing Hi-

1
a–Ci-1

a and Hi-1
b –Ci-1

b peaks on each cross-section). To

assess the assignment capability using these sets of
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information, three further data sets were constructed: data

set 3 additionally providing HN chemical shifts (5D

(H)CACON(CA)CON, 5D (HCA)CONCACON and 5D

HN-flipNCACON experiments), data set 4 additionally provid-

ing Ha, Hb and Cb chemical shifts (5D (HN-flipN)CONCACON,

5D (H)CACON(CA)CON and 4D HCBCACON experi-

ments) and data set 5 providing all the backbone chemical

shift (5D (H)CACON(CA)CON, 5D HN-flipNCACON and

4D HCBCACON experiments). The results were as follows:

92.7 % of correctly assigned resonances for data set 3,

88.6 % for data set 4 and 86.7 % for data set 5. Please note,

that the percentages were calculated with respect to the

number of all resonances possible to assign using the given

techniques, which was different for each data set (see

Table 2). Thus, larger number of correctly assigned reso-

nances does not mean that the fraction of correctly assigned

resonances will also be larger. The fractions of incorrect

assignments varied from 0.8 up to 2.4 % of assigned reso-

nances. The reason for which the fractions for data sets 4 and

5 are relatively low is as follows. Both of these data sets

contain 4D HCBCACON experiment that provides Ha, Hb

and Cb chemical shifts. Each of these frequencies is known

just from a single cross-section. This is not the case with N,

C0 and Ca resonances, which are usually known from two or

three cross-sections corresponding to consecutive residues.

That is why if one cross-section is missing in assignment, it

does not necessarily mean that any N, C0 or Ca resonances

will be missing (usually they can be obtained from adjacent

cross-sections), but it always means that some Ha, Hb and Cb

resonances will be missing.

All the discussed data sets were gathered in Tables 1

and 2, together with experimental times required to record

the respective data sets. Correctly and incorrectly assigned

chemical shifts by TSAR were recognized upon comparison

with the ones deposited in the BMRB, entry 6968 (Bermel

et al. 2006b, 2012b), where the assignment of all backbone,

Cb and Hb chemical shifts of a-synuclein is present.

The indicator of the reliability of the result of TSAR pro-

gram are the lengths of assigned chains of cross-sections

(Table S1): the longer they are, the more reliable the result is.

In all the data sets some incorrect assignments were

observed, generally for short chains (up to three cross-sec-

tions). Another problem of TSAR operation was observed in a

case of chemical shift degeneration of pairs of residues, as in

two fragments of a-synuclein: 34Lys-35Glu-36Gly and

45Lys-46Glu-47Gly. In this case the same chain of three

cross-sections should be assigned to both of these sequence

fragments. However, in the current version, TSAR cannot

assign one cross-section to two different residues, thus

leaving both above fragments unassigned. Importantly, if the

assignment is not complete, the program provides informa-

tion facilitating manual accomplishment of the task.

Conclusions

The three novel exclusively heteronuclear 13C direct-

detected 5D NMR experiments proposed here can be

acquired in a short time preserving excellent resolution in

all indirect dimensions, thanks to the use of NUS, H-flip

Table 1 Summary of the types

of experiments reported in this

work

Experiment label Name Dimensionality Experimental time (h)

A (basis spectrum) (H)CACON 3D 13

B (HN-flipN)CONCACON 5D 58

C (HCA)CONCACON 5D 71

D (H)CACON(CA)CON 5D 54

E HN-flipNCACON 5D 14

F HCBCACON 4D 28

Table 2 TSAR assignment results for different data sets

Data set

number

Experimentsa Assigned nuclei Total exp.

time (h)

Number of resonances % of correctly

assigned

resonancesAssigned

correctly

Assigned

incorrectly

All

1 A ? B?D N, C0,Ca 123 363 10 417 87.1

2 A ? C?D N, C0,Ca 138 383 9 417 91.8

3 A ? C?D ? E HN, N, C0,Ca 152 511 11 551 92.7

4 A ? B?D ? F N, C0,Ca,Cb,Ha,Hb 153 707 6 798 88.6

5 A ? D?E ? F HN, N, C0,Ca,Cb,Ha,Hb 109 808 7 932 86.7

a See Table 1 for experiments’ labeling
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(when appropriate) and SMFT processing of the data. A

fast and reliable automatic assignment of chemical shifts

can be accomplished with the TSAR program. The strategy

discussed here, from the acquisition of the data to the

assignment of the frequencies, can be applied to investigate

IDPs of increasing size and complexity.

Supplementary Material

5D (HN-flipN)CONCACON, 5D (HCA)CONCACON, 5D

(H)CACON(CA)CON and 3D (H)CACON pulse sequen-

ces; experimental parameters for the recorded experiments.

Explanation of the TSAR input data, example of an input

file with definitions of all experiments used for assignment

in the article.
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2 

 

NMR experiments 

In this section the pulse schemes for the following NMR experiments are described: 5D (H
N-

flip
N)CONCACON, 5D (HCA)CONCACON, 5D (H)CACON(CA)CON and 3D (H)CACON. 

The arrows indicate the switching of the 
13

C carrier frequency. Narrow and wide symbols 

stand for 90° and 180° pulses, respectively. The pulses were applied along the x axis unless 

noted differently. The rectangles represent 
15

N and 
1
H non-selective pulses, the round shapes 

represent band-selective 
13

C pulses. The grey round shape represents a 
13

C adiabatic pulse, the 

round shape marked by an asterisk represents a 
13

C 180° pulse applied both on C
α
 and 

C
β, while the round shape marked by two asterisk represents a 

13
C 180° pulse applied 

selectively on C
α
. The two different variants necessary for the IPAP virtual carbonyl 

decoupling approach are shown. The line denoted with PFG stands for pulsed field gradients 

applied along the z-axis. The phase cycle, the position of the carriers and the duration of the 

delays for these experiments are reported case-by-case in the captions of the figures 

describing the pulse sequences. 

The experimental parameters of each experiment, including the NUS sampling parameters, 

are indicated in the final part of the captions describing the pulse sequences. 
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Figure S5. Examples of 2D cross-sections of high-dimensional spectra with a) direct 

dimension frequencies fixed (5D (HCA)CONCACON spectrum, F1-F2 plane) or b) not 

fixed (5D (H)CACON(CA)CON spectrum, F5-F4 plane) for SMFT procedure. 

In the top of each panel, the Cα
i-C’i-Ni+1 frequencies that have been fixed to extract the particular 2D plane are 

reported. The threshold was set at the level allowing observation of sampling artifacts. In the case of the cross-

section not containing direct dimension (panel a), the artifacts are evenly distributed on the whole plane, while in 

the case of cross-section containing direct dimension (panel b), an artifact ridge along the direct dimension is 

observed. As clearly visible, such artifacts are not dramatic and do not limit the effectiveness of the experiment. 

However, if the peak is exactly located on a ridge, the peak picking procedure may become more difficult. 
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Input for the TSAR program 

The TSAR program accepts almost any type of experiment, but it has to be properly defined. 

In Figure S6, there is an example of input.txt file, in which all the experiments mentioned in 

the article are defined. Of course, in a real case not all of them have to be used, but one can 

choose an optimal set for a particular sample. The file starts with a definition of the basis 

spectrum, containing its name, dimensionality and peak definition. Thereafter the definitions 

of all higher-dimensional experiments follow. They start with peak-types definitions with the 

names and relative positions of the nuclei of the two dimensions that are not fixed during the 

SMFT procedure (i.e. the dimensions which appear on the cross-sections). In the same line 

also the sign of peak amplitude is defined (p – positive, n – negative, u -unknown). If certain 

sign changes under the presence of some amino acid (usually glycine) – it is indicated after a 

colon. The chemical shift tolerances have to be set for each not fixed dimension of high-

dimensional spectrum, as inverse of maximum evolution time in the corresponding dimension 

of a given experiment, expressed in ppm. 

For the details see [Zawadzka-Kazimierczuk, A., Koźmiński, W. and Billeter, M. (2012) 

TSAR: a program for automatic resonance assignment using 2D cross-sections of high 

dimensionality, high-resolution spectra. J. Biomol. NMR, 54, 81-95] or the manual for the 

TSAR program, available at http://nmr.cent3.uw.edu.pl/software. 
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Figure S6. An extract from the input.txt file containing the description of all the 

experiments used in the current article. 

The file contains the description of all the experiments used in the article. Should the user choose not all of the 

experiments, the file can be modified by cutting out the fragments corresponding to unused experiment. The 

colored signs are not a part of the file, they are included to explain the file’s structure. The experiments’ symbols 

(A-F) were defined in Table 1 in the article. 
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Table S1. Cross-section spin systems (CSSS) chains lengths. 

 

Data set 

number 
Experiments 

a
 

Number of CSSS chains formed by 

TSAR 

long 

(≥8 CSSS) 

medium 

(3-7 CSSS) 

short 

(1-2 CSSS) 

1 A+B+D 6 4 18 

2 A+C+D 7 3 15 

3 A+C+D+E 8 3 13 

4 A+B+D+F 6 4 18 

5 A+D+E+F 6 9 24 

a
 See main text for the explanation of the labeling 
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Alessandro Piai • Tomáš Hošek • Leonardo Gonnelli •

Anna Zawadzka-Kazimierczuk • Wiktor Koźmiński •
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Abstract Intrinsically disordered proteins (IDPs) are a

class of highly flexible proteins whose characterization by

NMR spectroscopy is complicated by severe spectral

overlaps. The development of experiments designed to

facilitate the sequence-specific assignment procedure is

thus very important to improve the tools for the charac-

terization of IDPs and thus to be able to focus on IDPs of

increasing size and complexity. Here, we present and

describe the implementation of a set of novel 1H-detected

5D experiments, (HACA)CON(CACO)NCO(CA)HA, BT-

(H)NCO(CAN)CONNH and BT-HN(COCAN)CONNH,

optimized for the study of highly flexible IDPs that exploit

the best resolved correlations, those involving the carbonyl

and nitrogen nuclei of neighboring amino acids, to achieve

sequence-specific resonance assignment. Together with the

analogous recently proposed pulse schemes based on 13C

detection, they form a complete set of experiments for

sequence-specific assignment of highly flexible IDPs.

Depending on the particular sample conditions (concen-

tration, lifetime, pH, temperature, etc.), these experiments

present certain advantages and disadvantages that will be

discussed. Needless to say, that the availability of a variety

of complementary experiments will be important for

accurate determination of resonance frequencies in com-

plex IDPs.

Keywords Intrinsically disordered proteins �
13C detection � 1HN detection � 1Ha detection � NUS �
Multidimensional NMR experiment � BEST-TROSY �
Backbone assignment

Introduction

The role of intrinsic disorder is essential in many cellular

mechanisms (Tompa 2009, 2012; Uversky 2013a, b),

which range from gene regulation to signaling processes.

Intrinsically disordered proteins (IDPs) or intrinsically

disordered protein regions (IDPRs) play key roles in many

of these cellular events (Uversky and Dunker 2013), thanks

to their local flexibility and conformational freedom, which

allow them to modulate such processes. These evidences

are pushing the scientific community towards a reconsid-

eration of the structure/function paradigm, taking into

account that many disordered proteins are able to carry out

specific functions despite the absence of secondary and

tertiary structures (Wright and Dyson 1999; Uversky et al.

2000; Dunker et al. 2001).

With X-ray crystallography being incapable to describe

conformational disorder, nuclear magnetic resonance

(NMR) spectroscopy becomes the most qualified tool of
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CEA, Rue Jules Horowitz 41, 38027 Grenoble Cedex 1, France

W. Bermel

Bruker BioSpin GmbH, Silberstreifen, 76287 Rheinstetten,

Germany

123

J Biomol NMR (2014) 60:209–218

DOI 10.1007/s10858-014-9867-6

http://dx.doi.org/10.1007/s10858-014-9867-6


investigation, thanks also to its unique ability to provide

information at atomic resolution (Konrat 2014; Felli and

Pierattelli 2014; Nováček et al. 2014). However, in respect

to what is found for well-folded proteins, the peculiar

properties of IDPs introduce additional challenges that

need to be overcome to prevent drastic reduction in the

quality of the spectra. First, the conformational freedom

experienced by IDPs leads to severe collapse of chemical

shifts, since their values are mostly determined by the

amino acid chemical structure and by the primary sequence

while contributions deriving from the three-dimensional

structure are missing. Secondly, the high rates of solvent

exchange processes endured by amide protons, that in

absence of a stable fold are largely solvent exposed, can

dramatically compromise the information content of mul-

tidimensional spectra based on 1HN detection, since at

physiological temperature and pH many signals may be

broadened even beyond detection. Finally, IDPs are often

characterized by repetitive amino acid sequences in which

prolines are usually abundant, thus complicating the reso-

nance assignment procedure. To overcome these limita-

tions as much as possible, several IDP-dedicated NMR

experiments have been recently proposed (Panchal et al.

2001; Hiller et al. 2007; Mäntylahti et al. 2010; Motáčkova

et al. 2010; Narayanan et al. 2010; Mäntylahti et al. 2011;

Nováček et al. 2011; Favier and Brutscher 2011; Bermel

et al. 2012; Zawadzka-Kazimierczuk et al. 2012b; Pantoja-

Uceda and Santoro 2013a, b; Nováček et al. 2013; Bermel

et al. 2013b; Kazimierczuk et al. 2013; Solyom et al. 2013;

Pantoja-Uceda and Santoro 2014); however, NMR exper-

iments able to deal with all these complications still need to

be fully developed.

To cope with the low chemical shift dispersion of IDPs/

IDPRs, high spectral resolution is mandatory. Therefore,

increasing the number of dimensions of NMR experiments

provides a unique tool to enhance the resolution, provided

non-uniform sampling (NUS) (Kazimierczuk et al. 2010a,

2012) and, when possible, longitudinal relaxation

enhancement (LRE) (Pervushin et al. 2002; Schanda and

Brutscher 2005; Schanda et al. 2005; Deschamps and

Campbell 2006; Felli and Brutscher 2009; Solyom et al.

2013; Gil et al. 2013) are used to achieve high resolution

also in indirect dimensions without exponentially increas-

ing the duration of NMR experiments. In fact, since the

number of hypercomplex points correlates with the number

of cross-peaks, by adding another dimension the required

experimental time is usually doubled. The exploitation of

the heteronuclei and in particular the chemical shift

labeling of 15N and 13C frequencies provide great benefits

to reduce spectral crowding (Ikura et al. 1991; Sattler et al.

1999; Dyson and Wright 2004; Mittag and Forman-Kay

2007). In our previous paper (Bermel et al. 2013b), we

proposed three novel 5D 13C direct-detected NMR

experiments in which two pairs of 15N and 13C frequencies

are correlated in order to provide robust information for

fast and reliable backbone assignment. 13C detection was

chosen to exploit at best the greater chemical shift dis-

persion and the reduced sensitivity to exchange broadening

of carbons in respect to protons (Csizmok et al. 2008; Pérez

et al. 2009; Hsu et al. 2009; Knoblich et al. 2009; O’Hare

et al. 2009; Skora et al. 2010; Felli et al. 2013). Here, we

extend the same experimental strategy also to proton

detection, combining the advantages given by heteronuclei

in terms of spectral resolution with the direct acquisition of

protons, which are characterized by about a 4-times larger

gyromagnetic ratio resulting in higher intrinsic sensitivity.

The new experiments should not be considered a replace-

ment of the 13C detected ones, but valid alternatives that

can be adopted when appropriate, as discussed later.

Indeed, we strongly believe that 1H and 13C detection

provide complementary tools that allow to extend the size

and complexity of IDPs/IDPRs that can be investigated by

NMR. In fact, the chemical shift assignment is a mandatory

step towards the structural and dynamic characterization of

proteins, as well as of their interactions. The usefulness of

the new experiments is demonstrated on a paradigmatic

IDP, human a-synuclein (14,460 Da).

Materials and methods

NMR samples

A sample of 0.9 mM uniformly 13C, 15N labeled human a-

synuclein in 20 mM phosphate buffer at pH 6.5 was pre-

pared as previously described (Huang et al. 2005). EDTA

and NaCl were added to reach the final concentration of 0.5

and 200 mM, respectively, and 10 % D2O was added for

the lock (Sample A). An identical sample, but in fully

deuterated solvent (99.99 % D2O), was also prepared

(Sample B). The HN and Ha-based experiments were

acquired on sample A and B, respectively, both in 3 mm

NMR sample tubes to reduce the detrimental effects of

high salt concentration. The temperature was set to

285.5 K for Sample A, to reduce the rate of chemical

exchange of amide protons, and to 310.0 K for Sample B,

to work as close as possible to physiological conditions.

NMR data acquisition

All the NMR experiments were performed at 22.3 T on a

Bruker Avance III spectrometer operating at 950.20 MHz
1H, 238.93 MHz 13C and 96.28 MHz 15N frequencies,

equipped with a cryogenically cooled probehead. Parame-

ters specific to each experiment are reported in the captions

of the figures describing the pulse sequences, all reported in
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the Supplementary Material. E-BURP2 (or time reversed

E-BURP2) (Geen and Freeman 1991) and REBURP (Geen

and Freeman 1991) shapes of durations of 1,200 and

1,180 ls, respectively, were employed for 1H band-selec-

tive p/2 and p flip angle pulses; BIP-750-50-20 pulse

shapes (Smith et al. 2001) of duration of 200 ls were used

for broadband 1H inversion. For 13C band-selective p/2 and

p flip angle pulses G4 (or time reversed G4) (Emsley and

Bodenhausen 1990) and Q3 shapes (Emsley and Boden-

hausen 1992) of durations of 260 and 161 ls, respectively,

were used, except for the p pulses that should be band-

selective on the Ca region (Q3, 667 ls) and for the adia-

batic p pulse to invert both C0 and Ca (smoothed Chirp

500 ls, 20 % smoothing, 80 kHz sweep width, 11.3 kHz

RF field strength) (Böhlen and Bodenhausen 1993). The
13C band selective pulses on Ca and C0 were applied at the

center of each region, respectively. For the 1Ha experi-

ments, decoupling of 1H and 13C was achieved with DIPSI-

2 (Shaka et al. 1988; Cavanagh and Rance 1992) (3.1 kHz)

and GARP-4 (Shaka et al. 1985) (4.5 kHz) sequences,

respectively. All gradients employed had a smoothed

square shape. The parameters used for the acquisition of

the 3D and 5D experiments are reported, respectively, in

Table 1 and 2. Each experiment was acquired with the

States or Echo-Antiecho method applied in the indirect

dimensions to achieve quadrature detection. All the

experiments were performed using on-grid non-uniform

sampling (NUS). The on-grid ‘‘Poisson disk’’ sampling

scheme (Kazimierczuk et al. 2008) was chosen to generate

the time schedules with the RSPack program. The distri-

bution was relaxation-optimized, i.e. the density of points

was decaying according to the Gaussian distribution exp

(-t2/r2), with r = 0.5. All the spectra were acquired

using Bruker TopSpin 3.1 software.

NMR data processing and analysis

The experimental data were converted with nmrPipe

(Delaglio et al. 1995). 3D data were processed using the

multidimensional Fourier transform (MFT) algorithm

implemented in the ToASTD program (Kazimierczuk et al.

2006). 5D data were processed using the Sparse MFT

(SMFT) algorithm implemented in the reduced program

(Kazimierczuk et al. 2009, 2010b). Both programs are

available at http://nmr.cent3.uw.edu.pl/software. Finally,

Sparky (Goddard and Kneller 2000) was used to analyze

the spectra.

Handling and inspection of 5D NMR spectra

The SMFT algorithm (Kazimierczuk et al. 2009) was

employed to process the 5D data sets. This method enables

to process data with very high resolution in all dimensions

by storing only the informative parts of multidimensional

Table 1 Experimental parameters used for the 3D experiments (providing the basis spectra)

Spectral widths and

maximal evolution times

No.

of

scans

Inter-

scan

delays

(s)

No. of

complex

points

(aq)

No. of

hypercomplex

points

Duration

of the

experiment

Relative

data

points

density (%)

3D

(HACACO)NCO

(CA)HA

3.5 kHz (15N)

35.7 ms

2.0 kHz (13C0)
35.0 ms

13.3 kHz

(1Ha)

4 1.0 1,024 1,450 8 h 20.3

5D BEST TROSY

HNCO

1.8 kHz (13C0)
41.7 ms

2.6 kHz (15N)

40.4 ms

13.3 kHz

(1HN)

4 0.2 1,024 1,575 3 h 20.0

Table 2 Experimental parameters used for the 5D experiments

Spectral widths and maximal evolution times No.

of

scans

Inter-

scan

delays

(s)

No. of

complex

points

(aq)

No. of

hyper-

complex

points

Duration

of the

experiment

Relative

data

points

density

(%)

Cross-sections Dimensions shared

with the basis

spectrum

5D (HACA)

CON(CACO)

NCO(CA)HA

2.0 kHz

(13C0)
35.0 ms

3.5 kHz (15N)

35.7 ms

3.5 kHz (15N)

35.7 ms

2.0 kHz

(13C0)
35.0 ms

13.3 kHz

(1Ha)

8 1.0 1,024 1,150 2 days, 7 h 0.0015

5D BEST

TROSY

(H)NCO

(CAN)CONNH

2.6 kHz (15N)

40.4 ms

1.8 kHz

(13C0)
41.7 ms

1.8 kHz

(13C0)
41.7 ms

2.6 kHz (15N)

40.4 ms

13.3 kHz

(1HN)

4 0.2 1,024 1,200 11 h 0.0019

5D BEST

TROSY HN

(COCAN)

CONNH

2.0 kHz

(1HN)

40.0 ms

2.6 kHz (15N)

40.4 ms

1.8 kHz

(13C0)
41.7 ms

2.6 kHz (15N)

40.4 ms

13.3 kHz

(1HN)

4 0.2 1,024 1,200 11 h 0.0018

J Biomol NMR (2014) 60:209–218 211

123

http://nmr.cent3.uw.edu.pl/software


spectra. Indeed processing NMR spectra with high reso-

lution in all dimensions would provide prohibitively large

data files for spectra with more than three dimensions.

However, in most cases the number of expected cross-

peaks in the spectra does not increase passing from a 3D to

a higher dimensional experiment. Therefore, these high

dimensional spaces are essentially ‘‘empty’’ with interest-

ing information confined in very narrow regions, those

where cross-peaks are observed in the lower-dimensional-

ity 3D spectra. One interesting feature of SMFT is its

unique ability to simplify the analysis of multidimensional

spectra, by considering that a 5D spectrum can be

decomposed into a 3D spectrum in which each detected

correlation peak is associated to an additional 2D spectrum,

contributing the remaining two chemical shifts. Actually,

the 3D spectrum (to which we refer as ‘‘basis spectrum’’)

can be conveniently obtained from a simpler (and thus also

more sensitive) 3D experiment correlating three (out of the

five) resonances. The two remaining frequencies, which are

the new information-content of the 5D spectrum, are

retrieved in a series of 2D spectra (to which we refer as

‘‘cross-sections’’), which are the only spectra computed

from the 5D data sets. Therefore, the analysis of a 5D

spectrum is simplified to the inspection of a series of 2D

cross-sections, to which the three ‘‘basic’’ frequencies,

retrieved in the corresponding 3D spectrum, are joined.

Results and discussion

To acquire high dimensional NMR experiments (4D, 5D,

etc.), the use of sparse sampling strategies is very conve-

nient. In fact, data sampling at non-uniform intervals is not

only an ingenious way to speed up the acquisition of

multidimensional NMR experiments, but mostly a power-

ful method to significantly increase the achievable spectral

resolution of the indirect dimensions, as demanded by

IDPs. Therefore, all the spectra were acquired using NUS.

An inconvenient feature of NUS data processing is the

appearance of sampling artifacts in the spectrum. Sampling

artifacts can be efficiently suppressed, for example by

employing the signal separation algorithm (SSA) (Stanek

et al. 2012). However, in the case of protein backbone

assignment, with spectra characterized by a small number

of correlation peaks, artifacts are of low intensity and can

be safely ignored.

Using the experimental strategy outlined in the ‘‘Mate-

rials and methods’’ section, we recently built a set of 4D

and 5D NMR experiments based on 13C-direct detection,

specifically tailored to facilitate the chemical shift assign-

ment of IDPs (Bermel et al. 2012, 2013b). The high

dimensional experiments were designed as expansion of

the well-known 2D CON-IPAP and 3D CACON-IPAP

experiments (used as basis spectra to process the 4D and

5D data sets, respectively). From our experience, the

experiments in which two pairs of 15N and 13C0 frequencies

belonging to two neighboring residues are correlated, in

order to sequentially link the peaks retrieved in the 2D

CON-IPAP spectrum, provide the best result in terms of

rapidity and reliability of the sequential backbone assign-

ment (Bermel et al. 2013b; Pantoja-Uceda and Santoro

2014). This assignment approach, to which we like to refer

as ‘‘CON-CON strategy’’, takes advantage of the relatively

good chemical shift dispersion of 15N and 13C0 frequencies

(Bermel et al. 2013a) of IDPs, which significantly improve

the resolution of the spectra together with the use of three

or four indirect dimensions. The employment of 13C-direct

detection provides a series of additional benefits. First, it

reduces the minimum number of dimensions needed to

apply the CON-CON strategy to four, because one of the

two 13C0 dimensions is directly acquired. Secondly, it

allows to detect correlation peaks for all residues, included

prolines that are missing in amide 1H-detected experi-

ments. Finally, it allows to perform experiments at near

physiological conditions (high temperature and pH), since

carbon nuclei are not directly affected by chemical

exchange with the solvent. The major drawback of 13C0

direct-detected experiments is the 13C intrinsic lower sen-

sitivity, largely compensated by recent technological

improvements, which however can still become a limiting

factor for complete assignment of less-concentrated or

short-lived protein samples. Herein we now propose a set

of 5D NMR experiments that still exploit the CON-CON

strategy, but make use of protons instead of carbons for

detection.

In order to take advantage of the particular properties of

aliphatic and amide 1H, we developed two different pulse

sequences in which either Ha or HN nuclei are exploited for

detection as well as for the starting source of magnetization.

The new 5D experiments, named (HACA)CON(CA-

CO)NCO(CA)HA, BT-(H)NCO(CAN)CONNH (and its

variant BT-HN(COCAN)CONNH) will be discussed in the

following in more detail. In all experiments, pairs of 15N and
13C0 resonances are collected in the indirect dimensions.

Semi-constant time or real time chemical shift evolution is

used to achieve highest possible spectral resolution in all

dimensions, making transverse relaxation the only limita-

tion for choosing the appropriate acquisition time.

For its similarity with carbon detection, alpha proton

detection (Mäntylahti et al. 2011) was chosen in the design

of the 5D (HACA)CON(CACO)NCO(CA)HA experiment.

In fact, Ha are not influenced by chemical exchange with

the solvent even at high temperature and pH, thus being

very appropriate to investigate IDPs at near physiological

conditions. Moreover, Ha-based experiments provide direct

information on proline residues, giving the possibility to
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obtain virtually complete assignment. The use of deuter-

ated water as solvent (99.99 % D2O) ensures to completely

prevent missing signals under the residual water peak. It

also provides further advantages that can enhance the

spectrometer performance, like the possibility to work at

receiver gain values where digitizer noise is not an issue

and to avoid all the phenomena related to radiation

damping which become an issue when working with

cryoprobes and high salt sample conditions, often neces-

sary when dealing with IDPs. A slight drawback is the

increased viscosity of D2O with respect to H2O that results

in increased transverse relaxation rates. This effect is,

however, counterbalanced by the possibility to work at

higher temperature, as there is no need to slow down sol-

vent exchange processes.

The coherence transfer pathway and the information

provided by the 5D (HACA)CON(CACO)NCO(CA)HA

experiment are reported in Fig. 1, top panel. The flow of

magnetization, which starts and ends on alpha protons, is

established through 1J scalar coupling transfer steps; in

particular, the back-transfer step mediated by 2J(N–Ca)

scalar coupling is suppressed. Therefore, the experiment

correlates C0i-1–Ni–Ni?1–C0i–Hi
a nuclei, making the mag-

netization transfer pathway unidirectional. In this way, the

sequence-specific backbone assignment procedure

becomes a ‘‘walk’’ through a series of CON cross-peaks.

The sequence was designed to detect only one peak in each

cross-section, reducing at maximum the risk of peak

overlaps. For SMFT processing, a 3D (HACACO)

NCO(CA)HA experiment (Mäntylahti et al. 2010) has to be

performed, as it provides Ni?1–C0i–Hi
a frequency correla-

tions (basis spectrum), that are used to extract from the 5D

spectrum the additional C0i-1–Ni frequencies. Hence, the

‘‘CON-CON strategy’’ is carried out sequence-specifically

linking the pairs of C0i and Ni?1 resonances, retrieved in

the cross-sections, to the ones present in the basis spec-

trum, as shown in Fig. 2. To facilitate the mapping of the

linked resonances on the amino acidic sequence, the 5D

(HACA)CON(CACO)NCO(CA)HA experiment has been

designed in a way that cross peaks for glycine residues (at

the i position) are of opposite sign with respect to all

others, as illustrated in Fig. 3 where six cross-sections of

the 5D spectrum are shown. It is interesting to note that,

with the resolution obtained in the direct 1H dimension,

doublets due to 3J(Ha–Hb) scalar couplings are detected for

alanine, valine, isoleucine and threonine residues. How-

ever, these line splittings do not significantly complicate

the analysis of the spectra.

As an alternative to Ha detection, the 5D BT-

(H)NCO(CAN)CONNH experiment was developed to

exploit the same ‘‘CON-CON strategy’’, but using amide

proton detection. The coherence transfer pathway and the

information provided by this experiment are reported in

Fig. 1, bottom panel. The experiment is a variant of the

previously published 5D (H)NCO(NCA)CONH experi-

ment (Zawadzka-Kazimierczuk et al. 2012b). However, in

our new pulse sequence, the magnetization is transferred

from and to neighboring amide protons by again only

exploiting 1J scalar coupling transfer steps, resulting in

unambiguous Ni?1–C0i–C0i-1–Ni–Hi
N correlations. The

experiment is implemented as a BEST-TROSY (BT) ver-

sion, in order to benefit from the short selective longitu-

dinal relaxation times of amide protons in IDPs (Solyom

et al. 2013; Gil et al. 2013). The combination of BEST

(Pervushin et al. 2002; Schanda 2009; Schanda et al. 2006)

and TROSY (Pervushin et al. 1997), as described by Favier

and Brutscher (Favier and Brutscher 2011), ensures highest

Fig. 1 The flow of the magnetization in the proposed experiments is

schematically illustrated. The magnetization transfer pathway of the

5D (HACA)CON(CACO)NCO(CA)HA experiment is reported in the

top panel, whereas that of the 5D BT-(H)NCO(CAN)CONNH and

BT-HN(COCAN)CONNH experiments at the bottom. All arrows

represent coherence transfer steps through 1J scalar couplings. For

each experiment, the correlations retrieved are also listed explicitly.

Those embedded in colored boxes are the ones frequency-labeled

within the experiments. Blue rectangles show the dimensions shared

with the basis spectrum, whereas red, magenta and green rectangles

indicate the dimensions of the 2D cross-sections of the 5D

(HACA)CON(CACO)NCO(CA)HA, 5D BT-(H)NCO(CAN)CONNH

and 5D BT-HN(COCAN)CONNH experiments, respectively. The

two variants of the BEST TROSY experiments have in common four

dimensions
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experimental sensitivity and spectral resolution in very

short overall acquisition times. As amide protons are

affected by chemical exchange with the solvent, it is

opportune to perform the experiment at lower temperature

and pH in order to prevent extensive line broadening. In

order to obtain the basis spectrum, correlating C0i-1–Ni–Hi
N

nuclei, an additional BT-HNCO (Solyom et al. 2013)

spectrum is recorded. The frequency information, obtained

from BT-HNCO, then allows to extract a series of 2D

cross-sections from the 5D BT-(H)NCO(CAN)CONNH

data set that adds the additional Ni?1–C0i information

(Fig. 4, panel a). Then, as described for the Ha-detected

experiment, it is possible to establish sequential correla-

tions linking the pairs of C0i and Ni?1 frequencies present

in the 2D cross-sections of the 5D spectrum to those

embedded in the 3D basis spectrum (Fig. 2). The only

difference with the Ha-detected experiment is that the

sequential walk now proceeds from the N- to the C-ter-

minus, instead of the inverse. Because of the higher

intrinsic sensitivity and shorter overall experimental time

requirements, the 5D BT-(H)NCO(CAN)CONNH experi-

ments is especially appealing for fast-degrading or low-

concentrated IDP samples.

Finally, the above described ‘‘CON-CON strategy’’ can

be extended to include the amide 1H, thus becoming a

‘‘HNCO-HNCO strategy’’. For this purpose, the Hi?1
N needs

to be added to the frequency information contained in the 5D

BT-(H)NCO(CAN)CONNH spectrum. In principle, this can

be achieved by recording a 6D BT-HNCO(CAN)CONNH

correlation spectrum, adding an amide 1H chemical shift

evolution period at the beginning of the pulse sequence

(Zawadzka-Kazimierczuk et al. 2012b). Here we have

chosen an alternative approach that consists in recording a

second 5D experiment, BT-HN(COCAN)CONNH, where

chemical shift evolution of one of the carbonyls is

replaced by that of the remaining amide proton, thus

correlating Hi?1
N –Ni?1–C0i-1–Ni–Hi

N nuclei (Fig. 1, bot-

tom panel). The same 3D BT-HNCO spectrum can be

used to compute the 2D cross-sections for this additional

5D experiment. Recording of the two 5D data sets with a

different set of frequency-labeled nuclei is equivalent to

recording a complete 6D data set as long as there is no

degenerate Ni?1–C0i-1–Ni–Hi
N frequency correlation. This

strategy is well-known as projection spectroscopy (Kupce

and Freeman 2003). The ‘‘HNCO-HNCO strategy’’ is

likely to provide a high level of unambiguous sequential

Fig. 2 Schematic illustration of the ‘‘CON-CON strategy’’. The

sequence-specific assignment is performed through simultaneous

exploitation of C0 and N resonances, linked between the 2D cross-

sections of the 5D spectrum and the 3D basis spectrum. The same

procedure can be used both for 1Ha and 1HN detected spectra, as

described here schematically. First, a cross-peak (light green in the

example) of the 3D basis spectrum is chosen (a). Thereafter, the

related 2D cross-section of the 5D spectrum is inspected (b) to

retrieve the frequencies of the CON peak immediately preceding or

succeeding (for the 1Ha and 1HN spectrum, respectively) the one of

the basis spectrum (c). Once the cross-peak (blue in the example) of

the 3D basis spectrum with the same C0 and N frequencies is found

(d), it becomes sequence-specifically linked to the one found in (a).

Then, the procedure continues in (e) and (f) as explained in (b) and

(c), forming chains of adjacent CON peaks in the primary sequence of

the protein
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assignment, even for large IDPs with repetitive primary

sequences, since it is very rare even for IDPs that two or

more peaks retrieved in the 3D HNCO spectrum are

completely overlapping. Analogously, a similar strategy

could also be considered for the Ha-detected experiment

although the added value is less pronounced due to the

lower chemical shift dispersion of Ha.

Finally, it’s worth mentioning that sequence-specific

assignment of resonances based on the proposed experi-

ments can be performed automatically, for example by

using the TSAR program (Zawadzka-Kazimierczuk et al.

2012a), available at http://nmr.cent3.uw.edu.pl/software.

However, the programs for automatic assignment usually

require at least one experiment providing sequential con-

nectivities and at least one experiment providing infor-

mation on amino-acid type. Therefore automatic

assignment procedures were not attempted in the present

work, since all proposed experiments belong to the first

category.

Conclusions

We have presented new high-dimensional (5D) experiments

exploiting C0i–Ni?1 pairs for sequence-specific assignment,

based on either Ha or HN detection. These experiments

provide new complementary tools to the previously descri-

bed 13C-detected experiments for highly efficient backbone

resonance assignment of flexible IDPs. The ‘‘CON-CON

strategy’’, including different experimental variants based on
13C, 1Ha and 1HN detection, and its extension to the ‘‘HNCO-

HNCO strategy’’, in case of 1HN detection, allow to establish

almost unambiguous sequential correlations along the pro-

tein backbone. While the Ha–detected experiment is espe-

cially useful for IDP samples studied under near

physiological conditions and/or characterized by proline-rich

repetitive amino acid sequences, the HN-detected experi-

ments are expected to be favorable for low concentrated or

short-lived IDP samples that can be studied under conditions

where solvent exchange is sufficiently slowed down.

Fig. 3 Six 2D cross-sections of the 5D (HACA)CON(CACO)NCO

(CA)HA spectrum are shown (right side), extracted at the Ni?1–C0i–
Hi

a frequencies reported on the top of each panel and schematically

indicated by circles on the 2D C0–N projection of the 3D basis

spectrum. In each cross-section, the observed cross-peak allows to

identify the frequencies of the previous CON cross-peak (Ni–C0i-1).

Black peaks are positive, red negative. Inversion of peak sign is

expected when a glycine is frequency-labeled. Therefore, negative

peaks allow a straightforward identification of glycines. The

sequential specific assignment is performed connecting the CON

peak of a given cross-sections to the one of the basis spectrum with

identical C0 and N frequencies, as explained in Fig. 2 and illustrated

here with the use of colors, so that each color identifies a specific pair

of Ni?1–C0i frequencies. The simultaneous exploitation of carbonyl

carbon and nitrogen makes the sequential assignment extremely

reliable. As clearly visible, the use of five dimensions provide

extremely-resolved cross-sections, minimizing the chance of possible

overlaps
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SUPPLEMENTARY MATERIAL 



2 

 

NMR experiments 

In this section the pulse schemes for the following NMR experiments are described: 5D BT-

(H)NCO(CAN)CONNH, 5D BT-HN(COCAN)CONNH, 3D (HACACO)NCO(CA)HA and 

5D (HACA)CON(CACO)NCO(CA)HA. 

E-BURP2 and REBURP shapes of durations of 1200 and 1180 ms, respectively, were 

employed for 
1
H band-selective π/2 and π flip angle pulses; BIP-750-50-20 pulse shapes of 

duration of 200 ms were used for broadband 
1
H inversion. For 

13
C band-selective π /2 and π 

flip angle pulses G4 (or time reversed G4) and Q3 shapes of durations of 260 and 161 ms, 

respectively, were used, except for the π pulses that should be band-selective on the C
α
 region 

(Q3, 667 ms) and for the adiabatic π pulse to invert both C' and C
α 

(smoothed Chirp 500 ms, 

20% smoothing, 80 kHz sweep width, 11.3 kHz RF field strength). The 
13

C band selective 

pulses on C
α
 and C' were applied at the center of each region, respectively. For the 

1
H

α
 

experiments, decoupling of 
1
H and 

13
C was achieved with DIPSI-2 (3.1 kHz) and GARP-4 

(4.5 kHz) sequences, respectively. All gradients employed had a smoothed square shape. 

In the figures, the arrows indicate the switching of the 
13

C carrier frequency. Narrow and wide 

symbols stand for 90° and 180° pulses, respectively. The pulses were applied along the x axis 

unless noted differently. The rectangles represent non-selective pulses, the round shapes 

represent band-selective pulses. The 
13

C π pulses that should be highly band-selective on the 

C  region are marked by an asterisk, while the grey round shapes represent 
13

C adiabatic 

pulses. Open squares on 
1
H channel are used to indicate BIP-720-50-20 broadband inversion 

pulses applied in the BEST TROSY (BT) experiments. The line denoted with PFG stands for 

pulsed field gradients applied along the z-axis. The phase cycle and the duration of the delays 

for these experiments are reported case-by-case afterwards in the captions of the figures 

describing the pulse sequences. 

Instead, for the 3D BT-HNCO experiment only the experimental parameters are given. 
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Abstract 

Resonance assignment is a prerequisite for almost any NMR-based study of proteins, but in some 

cases it can be very challenging due to the nature of the protein under investigation. This is the case 

of intrinsically disordered proteins, whose NMR spectra suffer from low chemical shifts dispersion 

and generally low resolution. For these systems sequence specific assignment is very time-consuming 

and thus the perspective to exploit automatic strategies for their assignment is very attractive. In this 

article we present a new version of the automatic assignment program TSAR dedicated to 

intrinsically disordered proteins. In particular, we demonstrate how the automatic procedure can be 

improved by the incorporation of methods for amino acid recognition and information on chemical 

shifts of selected amino acids. The approach was tested on a 140-amino acid long intrinsically 

disordered protein, showing remarkably good results. 

 

Keywords 

intrinsically disordered proteins, automatic assignment, amino acid-selective experiments, 13C direct-

detection NMR, high-dimensional NMR experiment, non-uniform sampling, compressed sensing, 

sparse multidimensional Fourier transform 

 

1. Introduction 

Nuclear magnetic resonance (NMR) is the most powerful method for studying intrinsically 

disordered proteins (IDPs). It allows to obtain a variety of information, including structural 

propensities, dynamics and interactions with other molecules. Nonetheless, IDPs are rather 

difficult objects to study with NMR. The high mobility of the polypeptide chain results with 

exceptionally narrow ranges of chemical shifts. The effect is further amplified by the high 

incidence of sequential repeats; stretches of three or four residues of the same type are often 

present in IDPs’ sequences. Also the high abundance of disorder-promoting amino acids and 

underrepresentation of others (Dunker et al. 2008) contributes to the low chemical shifts 

dispersion. The usually high content of prolines, which are not observable in experiments 

employing amide proton detection, breaks chains of sequential connectivities. Combination of all 

the above factors makes the complete sequence-specific resonance assignment of IDPs a 

challenging task.  

Employment of high-dimensional (≥4D) experiments (Kazimierczuk et al. 2013; Nowakowski et al. 

2015) allows to spread cross-peaks over a larger spectral space and thus better resolve them. 

However, such techniques require the use of non-uniform sampling (NUS) to accelerate the data 

acquisition. Several methods of processing NUS data have been proposed (Mobli and Hoch 2008; 

Coggins et al. 2010; Orekhov and Jaravine 2011; Freeman and Kupče 2012; Hiller and Wider 2012; 

Kazimierczuk et al. 2012; Holland and Gladden 2014) which allowed to develop many experiments 

of high dimensionality, applied with success to IDPs. Many efforts were put also into the 

development of carbon direct-detected techniques (Bermel et al. 2009; Felli and Pierattelli 2014)  

which are invaluable when the fraction of prolines is high or amide protons undergo fast chemical 
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exchange (Gil et al. 2013). Their benefit originates also from the superior chemical shift dispersion 

of carbonyl carbons direct-detected experiments compared to that of amide protons-detected 

experiments (Brutscher et al. 2015). The two above strategies can be also combined and several 
13C-detected approaches for high-dimensionality have been proposed (Nováček et al. 2011; 

Nováček et al. 2012; Bermel et al. 2012b; Nováček et al. 2013; Bermel et al. 2013; Dziekański et al. 

2015). 

During the resonance assignment process, the amino acid types of at least some of the residues 

have to be recognized to map the chains of sequentially-linked residues onto the protein 

sequence. Given a single uniformly-labeled protein sample (e.g. without selective isotope 

labeling), three main methods are used for this purpose: (i) by using statistical values of chemical 

shifts for various nuclei of different amino acids, (ii) by using some topological information, and 

(iii) by acquiring amino acid type selective experiments. The (i) method is widely used, as it usually 

does not require any additional experiments. Cβ and Hβ chemical shifts, which are particularly 

useful for the purpose, are often recorded within a set of assignment experiments. The statistical 

values are available from the Biological Magnetic Resonance Bank (BMRB) data base (Ulrich et al. 

2008), where average Cβ and Hβ chemical shifts for each amino acid are calculated based on at 

least a few thousands of chemical shifts. For IDPs an additional statistics are available (Tamiola et 

al. 2010) which considers not only the residue type, but also the residue’s closest neighbors (i-1 

and i+1) and thus is more reliable. In the (ii) method, the presence of some nuclei chemical shift 

excludes one or more amino acids, for instance the presence of Cβ chemical shift precludes 

glycine, the presence of HN chemical shift excludes proline, the presence of two different Hβs 

excludes alanine, isoleucine, threonine and valine. 

The amino acid selective experiments ((iii) method) was originally proposed by Dötsch and 

collaborators (Dötsch et al. 1996a; Dötsch and Wagner 1996; Dötsch et al. 1996c; Dötsch et al. 

1996b). This approach was based on the triple-resonance CBCA(CO)NH pulse sequence (Grzesiek 

and Bax 1992), modified to acquire signal just for some topology-selected amino acid types. The 

resulting 2D 1H-15N-HSQC-like spectra contained just the resonances originating from the desired 

amino acid residues. This concept was then extensively developed, providing several new 

selections criteria (Feng et al. 1996; Rios et al. 1996; Schubert et al. 1999; Schubert et al. 2000; 

Schubert et al. 2001c; Schubert et al. 2001b; Schubert et al. 2001a; Schubert et al. 2005; Barnwal 

et al. 2008) and resulting in many different strategies, e.g. the multiplicity selective in-phase 

coherence transfer (MUSIC), developed by Schubert and coworkers. For selection, several types of 

pulse sequence components can be employed, including multiple quantum filters (for 13CHn or 
15NHn), band-selective pulses on 13C and/or 15N (for specific nuclei excitation), delay tuning (for 

choosing the desired coherence transfer pathway) and setting a proper number of coherence 

transfer steps (for choosing side-chains of the desired length). Instead of selecting specific 

correlations, editing can be implemented and combined with the idea of Hadamard encoding to 

accelerate the data collection (Lescop et al. 2008; Pantoja-Uceda and Santoro 2008; Lescop and 

Brutscher 2009; Feuerstein et al. 2012; Pantoja-Uceda and Santoro 2012). Amino acid selection 

was finally incorporated also into 13C-detected experiments (Bertini et al. 2006; Pantoja-Uceda 

and Santoro 2011; Chakraborty et al. 2012; Jaipuria et al. 2012; Bermel et al. 2012a). 

In the current study we show how different amino acid recognition methods can be exploited in 

automatic resonance assignment and how the assignment completeness and reliability can 
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benefit from that type of information. We present an improved version of the TSAR (Tool for 

SMFT-based Assignment of Resonances) program (Zawadzka-Kazimierczuk et al. 2012), designed 

for automatic resonance assignment using experiments of high dimensionality (≥4D), to include 

the information provided by 13C-detected amino acid-selective experiments (Bermel et al. 2012a). 

Additionally, the IDPs’ chemical shifts statistics (Tamiola et al. 2010) were incorporated for more 

efficient chain mapping. Finally, we present a small modification of the 4D HCBCACON pulse 

sequence (Bermel et al. 2012b) in which peaks of residues possessing a single aliphatic Cγ carbon 

are of the opposite sign with respect to that of all other residues. The approach was tested on α-

synuclein protein, using both 1H-detected (Piai et al. 2014) and 13C-detected experiments (Bermel 

et al. 2012b; Bermel et al. 2013). To accelerate the data collection, all spectra were acquired using 

NUS and making use of all the recently developed sampling and processing strategies 

(Kazimierczuk et al. 2009; Kazimierczuk and Orekhov 2011).  Data from the high-dimensional 

experiments were processed using sparse multidimensional Fourier transform (SMFT) algorithm 

(Kazimierczuk et al. 2009), whereas data from the 2D amino acid-selective experiments were 

processed using compressed sensing (CS) algorithm (Kazimierczuk and Orekhov 2011). 

 

2. Materials and Methods 

All NMR experiments were performed at 16.4 T on a Bruker Avance spectrometer operating at 

700.06 MHz 1H, 176.03 MHz 13C  and 70.94 MHz 15N frequencies, equipped with a 13C cryogenically 

cooled probehead optimized for 13C-direct detection. A sample of 1.0 mM uniformly 13C, 15N 

labeled human α-synuclein in 20 mM phosphate buffer at pH 6.5 was prepared as previously 

described (Huang et al. 2005). EDTA and NaCl were added to reach the final concentration of 0.5 

mM and 200 mM, respectively, and 10% D2O was added for the lock. All experiments were 

acquired at 285.5 K. Parameters specific to each amino acid selective experiment are reported in 

the original publication (Bermel et al. 2012a), while those related to the-selective-HCBCACON 

experiment are given in the caption of the figure describing the pulse sequence, reported in the 

Supplementary Material (Figure S1). For 13C band-selective π/2 and π flip angle pulses Q5 (or time 

reversed Q5) and Q3 shapes (Emsley and Bodenhausen 1992) of durations of 300 and 220 μs, 

respectively, were used, except for the π pulses that should be band-selective on the Cα region 

(Q3, 860 μs) and for the adiabatic π pulse to invert both C´ and Cα (smoothed Chirp 500 μs, 25% 

smoothing, 80 kHz sweep, 11.3 kHz RF field strength (Bohlen and Bodenhausen 1993)). The 13C 

band selective pulses on Cali, Cα, and C´ were given at the center of each region, respectively, and 

the adiabatic pulse was adjusted to cover the entire 13C region. Decoupling of 1H and 15N was 

achieved with waltz16 (Shaka et al. 1983) (1.7 kHz) and garp4 (Shaka et al. 1985) (1.0 kHz) 

sequences, respectively. Each experiment was acquired in a pseudo 2D mode, with States method 

applied in all indirect dimensions to achieve quadrature detection. All experiments employ the 

IPAP approach (Bermel et al. 2008) to remove splitting in the direct acquisition dimension caused 

by the homonuclear Cα-C´ couplings.  

The experimental parameters used for the acquisition of all experiments proposed here are 

reported in Table 1. All the experiments were performed using on-grid non-uniform sampling. 

“Poisson disk” sampling scheme (Kazimierczuk et al. 2008) was chosen to generate the time 

schedules with RSPack software. All the spectra were acquired using Bruker TopSpin 1.3 software. 

The experimental data were converted with nmrPipe (Delaglio et al. 1995) and then processed 
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either using Compressed Sensing (Kazimierczuk and Orekhov 2011) IRLS algorithm with iteratively 

changed lp norm (p: 1 -> 0) with 30 iterations (2D data sets) or the Sparse Multidimensional 

Fourier Transform (SMFT) (Kazimierczuk et al. 2009) (4D and 5D data sets), implemented in 

Reduced program. Finally, the program Sparky (Goddard and Kneller 2002) was used for 

visualization of spectra and TSAR (Zawadzka-Kazimierczuk et al. 2012) was used for assignment of 

resonances. The programs RSPack, Reduced and TSAR are available at 

http://nmr.cent3.uw.edu.pl/software (free of charge for academic users). 

 

3. Results and discussion 

Methods 

The program TSAR (Zawadzka-Kazimierczuk et al. 2012) was developed to analyze the data from 

experiments of high dimensionality processed using sparse multidimensional Fourier transform 

(SMFT) algorithm (Kazimierczuk et al. 2009). In this method, instead of computing the full 

multidimensional spectrum, just a set of 2D cross-sections are calculated. This can be done using 

the peak list of a lower-dimensional basis spectrum, which shares some of the dimensions with 

the high-dimensional spectrum. For each basis peak, usually a single cross-section can be 

calculated. Depending on the experiment type, in each cross-section there is one or more peaks; if 

the experiment provides sequential connectivities, in the cross-sections originating from adjacent 

residues some peaks are redundant. Importantly, if several multidimensional spectra have to be 

analyzed together, they all should be processed using the same basis peak list. The strategy for 

resonance assignment using this kind of input relies on the comparison of peaks positions, 

creating chains of cross-sections. Recognition of amino acid type of some of the residues allows to 

map the cross-section chains onto the protein sequence, which completes the assignment. Up to 

now, TSAR employed just two of the three methods described in the Introduction for amino acid 

identification: (i) BMRB chemical shift statistics for Cβ, Hβ, Cα, Hα nuclei and (ii) topological 

information.  

The main goal of the present work was the implementation of the (iii) method, i.e. amino acid-

selective experiments. Up to now only the change of the sign of peak intensities in the absence of 

Cβ nucleus for glycine residues, which occurs in experiments where Cα transverse magnetization 

evolves for c.a. 1/JCα-Cβ, was exploited. Aiming to achieve automated assignment of highly 

overlapping IDP resonances, we decided to use 2D spectra with N and CO dimensions, which 

provide superior resolution and allow to detect prolines. Two types of such spectra are available 

(Bermel et al. 2012a): CACON- and CANCO-based. In the 2D (CA)CON amino acid-selective 

spectrum, a COi-1-Ni peak shows up if residue i-1 is of the specified type. In the 2D (CA)NCO amino 

acid-selective spectrum, a COi-1-Ni peak appears if residue i-1 or residue i is of that type. The 

comparison of the two spectra then allows to discriminate COi-1-Ni peaks related to i-1 or i 

residues (Figure 1). The idea of using such experiments in parallel with SMFT-processed high-

dimensional data is to find the basis peaks corresponding to the selected amino acids. This can be 

done if the dimensions of the amino acid-selective experiments, in our case amide nitrogen and 

carbonyl carbon dimensions, are also present in the basis spectrum. Then, the basis peak list can 

be plotted on the amino acid-selective spectrum and the basis peaks corresponding to the given 

http://nmr.cent3.uw.edu.pl/software
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amino acid can be easily picked (Figure 2). Information on these basis peaks numbers is then given 

to the TSAR program to support the assignment process (see Supplementary Material for the 

format of TSAR input files). Of course, it may happen that two basis peaks show up at the position 

of the amino acid-selective spectrum peak if they are overlapping or the amino acid-selective 

spectrum is not resolved enough. TSAR is able to cope with such a situation, but of course it 

makes the task more difficult. As said above, the only requirement to combine SMFT-processed 

data with the amino acid-selective data is to have CO and N dimensions in the basis spectrum. 

Therefore, although (CA)CON and (CA)NCO experiments exploit carbon detection, they can be 

combined with carbon-detected (e.g. with 3D CACON basis spectrum) but also with proton-

detected (e.g. with 3D HNCO basis spectrum) experiments for resonance assignment, rendering 

their use more general. 

In this work, we also exploited another idea of getting amino acid-related information. We 

modified the 4D HCBCACON pulse sequence (Bermel et al. 2012b) so that cross-peaks’ signs 

depend on topological properties of the residue. The delay for Cβ scalar couplings evolution was 

increased up to 21.0 ms (see Supplementary Material), which allowed to keep the efficiency of 

the coherence transfer (additional relaxation losses can be neglected for IDPs) and, at the same 

time, reverse peak signs for some residues. If a residue i possesses exactly one aliphatic Cγ carbon 

(E, H, K, L, M, P, Q, R, T and W residues), the Hβ
i-C

β
i peak results with opposite sign with respect to 

that of all the other residues. Such zero-one information adds to Cβ and Hβ chemical shifts values, 

which was the only information provided by the previously published 4D HCBCACON experiment 

(Bermel et al. 2012b), thus improving the performances of the automated assignment. The new 

pulse sequence also allows to unambiguously distinguish some residues possessing C and H 

chemical shifts which may be not so different: S can be easily discriminated from T, I from L, V 

from E, H, K, M, P, Q and R. Additionally, the extension of the Cα/β chemical shift evolution 

increases the resolution of that dimension, with consequent benefit for the comparison of cross-

peak spectral positions performed by TSAR. In the old version, TSAR was prepared for single 

amino acid recognition by peak sign, which was used only for glycine. The current software 

version accepts sign change in the presence of a user-defined set of residues.  

The last major change that allowed for more efficient amino acid recognition in TSAR was to 

incorporate the statistical chemical shift values calculated using a set of IDPs (Tamiola et al. 2010). 

TSAR uses statistical chemical shift values at two stages of operation: (a) recognition of possible 

amino acids for a single plane (before forming cross-section chains); (b) cross-section chains 

mapping. During the former stage, the working procedure of TSAR implies that if some chemical 

shifts exceed the statistical average with four standard deviations for some amino acids, then 

these amino acids are excluded from the range of possible ones; during the latter stage, if one 

chain matches in a few sites or a few chains of similar length fit in one site, the deviation from the 

statistical values (in units of standard deviations) is calculated and if the best score is at least 

three times smaller than the second best, then the better chain is assigned. In the previous 

release of TSAR, at both stages the BMRB values were used. In the version of TSAR we present 

now, at the stage (b) the IDPs-specific values (Tamiola et al. 2010) are used. Such values cannot be 

employed during the stage (a) when the neighboring residues are not yet known, as these values 

depend on the preceding and following residue type. Thus, at the stage of amino acid recognition 

for a single plane, the BMRB values are still used. Nonetheless, also at this stage some IDPs-
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oriented changes were made: it was found out that for IDPs it is more optimal to exclude an 

amino acid if the chemical shift exceeds two (instead of four) standard deviations. Additionally, C 

chemical shifts were incorporated for amino-acid recognition, while before only glycine residues 

could be identified basing exclusively on  C chemical shifts. 

Assignment performance 

The new methods of amino acid recognition were tested by combining different sets of 13C-

detected experiments for amino acid identification with one, two or three 5D either 13C- or 1H-

detected experiments assuring sequential links, all processed with SMFT. The TSAR program 

constructs cross-sections chains whose lengths depend on the quality of the experiment(s) 

providing sequential correlations. Thus, the data sets containing different combinations of the 

latter(s) were generated to evaluate the efficiency of amino-acid recognition methods for various 

chain lengths. Regarding amino acid recognition, in some data sets either the 4D HCBCACON or 

the 4D -selective-HCBCACON experiments yielding C and H chemical shifts were employed, 

while in others the information provided by amino acid-selective experiments was used. The 

latter consist of 13C-detected 2D (CA)CON- and (CA)NCO-based amino acid selective experiments, 

including the following selections: A, D, E, FHYW, G, N, Q and S. The experiments’ selectivity is 

reported in Table S1 in the Supplementary Material. In all the spectra, only the peaks of the 

selected amino acid(s) are present, with few exceptions: in Q-selective 2D (CA)CON and 2D 

(CA)NCO experiments there is a leakage of N peaks, but in the 2D (CA)NCO experiment they have 

opposite sign with respect to that of Q peaks (and thus are very easy to recognize); in E-selective 

2D (CA)CON experiment, D peaks appear, but with opposite sign than E peaks; in G- and S-

selective and 2D (CA)NCO experiments, peaks originating form P residues are present, but in the 

former experiment they have opposite sign than the other peaks. TSAR was thus trained to handle 

such cases. Regarding the information completeness, in all the amino acid-selective spectra all 

expected peaks were retrieved. 

High-dimensional 13C-detected experiments such as 5D (H)CACON(CA)CON, 5D HNCACON and 5D 

(HACA)CONCACON (Bermel et al. 2012b; Bermel et al. 2013) were used to collect sequential 

correlations; they all feature a 3D (H)CACON as basis spectrum. To measure C and H chemical 

shifts, the 4D HCBCACON (Bermel et al. 2012b) and the new 4D -selective-HCBCACON 

experiments were acquired. Out of these data, three data sets were constructed (Table 2): data 

set A, containing only the links-yielding 5D (H)CACON(CA)CO experiment; data set B, including the 

5D (H)CACON(CA)CON and 5D HNCACON experiments; data set C, comprising the 5D 

(H)CACON(CA)CON, 5D HNCACON and 5D (HACA)CONCACON experiments. For each data set, four 

additional subsets were created depending on the type of amino acid information provided: 

subset (1) does not contain any information on amino acids; subset (2) exploits the 4D HCBCACON 

experiment; subset (3) uses the 4D -selective-HCBCACON experiment which carries extra 

information in peak signs; subset (4) employs all 2D amino acid selective experiments, both in 

(CA)CON and (CA)NCO versions. 

The results obtained by the TSAR program for different data sets of 13C-detected experiments are 

gathered in Table 3 and shown in Figure 3. The data analysis shows the effectiveness of the 

approach. Even using a single experiment yielding the sequential connectivities, almost 80% of 

correct assignment is achieved when combined with amino acid-selective data. Employing two 
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linking experiments allows to exceed 83% of correct assignments, with no more than 2.9% of 

incorrectly assigned peaks. Importantly, the incorrectly assigned cross-sections were parts of 

short chains (of up to three cross-sections) or the very last cross-section of longer chains. Subsets 

(1) and (2) allowed to compare the performance of the old and new version of the TSAR program 

(the data of two other subsets cannot be accepted by the old version). Results demonstrate that 

the new version of TSAR performs better than the previous one. The strongest effect is observed 

for data providing relatively short cross-section chains (data set A): the long chains are easily 

assignable even using simple methods. Incorporation of C chemical shift statistics for non-glycine 

residues is reflected in the significant improvement in program’s performance for subsets (1). 

Using -selective-HCBCACON experiment (subset 3) instead of the standard HCBCACON 

experiment (subset 2) does not cause a significant change in the assignment results, although for 

data set A it significantly reduces the number of incorrect assignments. Exploitation of the amino 

acid-selective experiments (subset 4) seems to be a reliable alternative to measure C and H 

chemical shifts for amino acid recognition; in the case of shorter cross-section chains (data set A), 

TSAR performs even better than when using beta chemical shifts. It is noteworthy that the 

measurement time of a set of 2D amino acid-selective experiments was over twice shorter than 

experimental time required for the HCBCACON (12 hours compared to 28 hours). Of course, if C 

and H chemical shifts are essential for further studies, the method of choice would be the 

acquisition of the 4D HCBCACON experiment. However, if only the backbone assignment is 

desired, the collection of a full set of amino acid-selective 2D spectra is worth considering. 

However, especially for complex systems, the availability of complementary data contributes to 

more robust results. 

Alternatively, also 1H-detected experiments providing sequential connectivities can be used, e.g. 

5D BT-HN(COCAN)CONNH and 5D BT-(H)NCO(CAN)CONNH experiments (Piai et al. 2014), which 

require a 3D BT-HNCO as basis spectrum. Three data sets featuring such experiments were 

constructed (Table 4): data set D, containing the 5D BT-HN(COCAN)CONNH experiment; data set 

E, including the 5D BT-(H)NCO(CAN)CONNH experiment; data set F, gathering both experiments. 

In these case, for each data set six subsets containing different combinations of amino-acid 

selection experiments were formed: subset (1), including all selections (A, D, E, FHYW, G, N, Q, S) 

in both (CA)CON and (CA)NCO versions; subset (2), containing the same selections but only in the 

(CA)CON version; subset (3), comprising A, E, G, FHYW and Q selections in both (CA)CON and 

(CA)NCO versions; subset (4), gathering A, E, G, FHYW and Q selections only in the (CA)CON 

version; subset (5), including A, E and G selections in both (CA)CON and (CA)NCO versions; subset 

(6), containing A, E and G selections only in (CA)CON version. 

The results provided by the TSAR program using these data sets are summarized in Table 5  and 

Figure 4. Also in this case, the assignment performance is satisfactory: while using all amino acid 

selection experiments (subsets 1), the percentage of correct assignments exceeds 79 % even using 

just a single 5D experiment to establish sequential correlations. It is worth mentioning that in no 

cases the fraction of incorrect assignments exceeds 0.7 %, and that all the incorrectly assigned 

cross-sections belong to short chains. The data allowed to evaluate the benefits provided by 

different sets of amino acid-selective spectra: the completeness of the resonance assignment 

decreases reducing the amount of amino acid-selective data, even if this effect is less and less 

visible with increasing the length of the cross-section chains. Therefore, the fraction of cross-
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sections in short chains is a very important parameter to suggest how many amino acid selective 

experiments are worth acquiring. Also, the content of short chains suggests whether the 

experiments should be recorded in the (CA)CON and/or (CA)NCO versions. The more of the 

formed chains are short, the more different selections should be made (even if only in (CA)CON 

version). On the contrary, if short chains are just few, it is more beneficial to apply less type of 

amino acid selections but acquire them in both (CA)CON and (CA)NCO modes. Obviously, while 

making the selections for a particular sample, one should consider the protein’s sequence: it is 

more valuable to identify the amino acids which are abundant in a given molecule. 

4. Conclusions 

In this study we have further developed the automatic resonance assignment TSAR program, by 

improving its assignment efficiency and reliability for intrinsically disordered proteins. The 

implemented changes were tailored to exploit peaks’ signs depending on the originating residue, 

to employ the chemical shift statistics established especially for IDPs and to analyze the data from 

amino acid-selective experiments. Besides improving the TSAR program, we have also proposed a 

modification of an existing 4D HCBCACON experiment, so that information on the amino acid type 

is coded in the peak sign. The methods were tested on α-synuclein, a 140-amino acids-long IDP, 

for both proton- and carbon-detected experiments. The analysis shows that incorporating the 

above methods significantly improves the assignment results, especially for data sets in which the 

cross-sections chains are short. Amino acid-selective experiments, which are relatively quick when 

performed using non-uniform sampling, can be used as an alternative to amino acid recognition 

based on chemical shift analysis. The proposed methods facilitate the resonance assignment of 

IDPs and makes it more reliable and complete. 
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Table 1 Experimental parameters used for the acquisition of the NMR experiments. 
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2D A-sel 
(CA)CON 

8800 Hz 
(

13
C´) 
 

2550 Hz 
(

15
N) 

100.0 
ms 

  12 1.5 512 40 55 min  15.6 

2D A-sel 
(CA)NCO 

8800 Hz 
(

13
C´) 
 

2550 Hz 
(

15
N) 

31.8 ms 
  12 1.5 512 40 55 min 48.8 

2D D-sel 
(CA)CON 

8800 Hz 
(

13
C´) 
 

2550 Hz 
(

15
N) 

100.0 
ms 

  8 1.5 512 40 40 min  15.6 

2D D-sel 
(CA)NCO 

8800 Hz 
(

13
C´) 
 

2550 Hz 
(

15
N) 

31.8 ms 
  8 1.5 512 40 40 min 48.8 

2D E-sel 
(CA)CON 
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(
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2550 Hz 
(
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100.0 
ms 

  8 1.5 512 40 40 min  15.6 
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13
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(
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N) 

31.8 ms 
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(CA)CON 
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(
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N) 

100.0 
ms 
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1 h, 15 
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(
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C´) 
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(

15
N) 

31.8 ms 
  16 1.5 512 40 

1 h, 15 
min 

48.8 

2D G-sel 
(CA)CON 

8800 Hz 
(
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C´) 
 

2550 Hz 
(

15
N) 

100.0 
ms 

  8 1.5 512 40 35 min  15.6 
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2550 Hz 
(
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2D Q-sel 
(CA)NCO 

8800 Hz 
(

13
C´) 
 

2550 Hz 
(

15
N) 

31.8 ms 
  8 1.5 512 40 40 min 48.8 

2D S-sel 
(CA)CON 

8800 Hz 
(

13
C´) 
 

2550 Hz 
(

15
N) 

49.8 ms 
  8 1.5 512 32 30 min 25.0 

2D S-sel 
(CA)NCO 

8800 Hz 
(

13
C´) 
 

2550 Hz 
(

15
N) 

31.8 ms 
  8 1.5 512 40 40 min 48.8 

4D -
selective- 
HCBCACON 

8800 Hz 
(

13
C´) 
 

2550 Hz 
(

15
N) 

60.4 ms 

12500 
Hz 

(
13

C
α,β

) 
20.5 ms 

5000 Hz 
(

1
H) 

15.0 ms 
4 1.1  512 1540 

28 
hours 

0.051 

Experimental parameters for the 3D (H)CACON, 4D HCBCACON, 5D (HACA)CONCACON, 5D (H
N-flip

N)CONCACON, 
5D (HA)CACON(CA)CON, 3D BT-HNCO, 5D BT-(H)NCO(CAN)CONNH and 5D BT-HN(COCAN)CONNH experiments 
are available in the original publications (Bermel et al. 2012b; Bermel et al. 2013; Piai et al. 2014). 

 

 

Table 2 Data sets of 13C-detected experiments. 

Data 
set 

Basis experiment and 
sequential link-providing 
experiment(s) 

Percentage of cross-
sections in chains… 

Subset Experiment(s) 
providing 
information on 
amino acids 

Total 
exp. 
time, 
hours 

long 
(≥8) 

medium  
(4-7) 

short 
(1-3) 

A 3D CACON 

5D (H)CACON(CA)CON 
11.4 42.1 46.4 (1) none 67 

(2) 4D HCBCACON  95 

(3) 4D -selective-
HCBCACON 

95 

(4) all 2D amino 
acid selective 
experiments 

79 

B 3D CACON 

5D (H)CACON(CA)CON 
5D HNCACON 

62.9 16.4 20.7 (1) none 81 

(2) 4D HCBCACON  109 

(3) 4D -selective-
HCBCACON 

109 

(4) all 2D amino 
acid selective 
experiments 

93 

C 3D CACON 

5D (H)CACON(CA)CON 
5D HNCACON 
5D (HCA)CONCACON 

79.3 7.9 12.9 (1) none 152 

(2) 4D HCBCACON  180 

(3) 4D -selective-
HCBCACON 

180 

(4) all 2D amino 
acid selective 
experiments 

164 

 

 

 



11 
 

Table 3 Automatic assignment results for 13C-detected experiments. 

 
 

Subset \ Data set 

Percentage of 
correctly / incorrectly assigned residues 

A B C 

(1) 42.4 / 0.0 
(11.5 / 0.0) a 

83.5 / 1.4 
(53.2 / 5.0) a 

89.2 / 0.0 
(87.8 / 2.2) a 

(2) 68.3 / 10.1 
(56.8 / 7.2) a 

87.8 / 2.9 
(88.5 / 2.9) a 

89.2 / 0.0 
(89.2 / 0.7) a 

(3) 64.7 / 2.9 89.2 / 2.9 89.2 / 0.0 

(4) 78.4 / 0.7 87.1 / 2.9 89.2 / 0.0 
a
 For the data sets accepted by the old version of the TSAR program, the results obtained using that 

version were shown in parenthesis. 

 

 

Table 4 Data sets of 1H-detected experiments. 

Data 
set 

Basis experiment and 
sequential link-providing 
experiment(s) 

Percentage of cross-
sections in chains… 

Subset Experiment(s) 
providing 
information on 
amino acids 

Total 
exp. 
time, 
hours 

long 
(≥8) 

medium  
(4-7) 

short 
(1-3) 

D 3D HNCO 

5D BT-HN(COCAN)CONNH 
32.3 28.6 39.1 (1) all selections, 

(CA)CON and 
(CA)NCO 

26 

(2) all selections, only 
(CA)CON 

20 

(3) A, E, G, FHYW, Q 
selections, 
(CA)CON and 
(CA)NCO 

22.25 

(4) A, E, G, FHYW, Q 
selections, only 
(CA)CON 

18 

(5) A, E, G selections, 
(CA)CON and 
(CA)NCO 

18.5 

(6) A, E, G selections, 
only (CA)CON 

16.25 

E 3D HNCO 

5D BT-(H)NCO(CAN)CONNH 

61.7 20.3 18.0 (1) all selections, 
(CA)CON and 
(CA)NCO 

26 

(2) all selections, only 
(CA)CON 

20 

(3) A, E, G, FHYW, Q 
selections, 
(CA)CON and 
(CA)NCO 

22.25 

(4) A, E, G, FHYW, Q 
selections, only 

18 
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(CA)CON 

(5) A, E, G selections, 
(CA)CON and 
(CA)NCO 

18.5 

(6) A, E, G selections, 
only (CA)CON 

16.25 

F 3D HNCO 

5D BT-HN(COCAN)CONNH 
5D BT-(H)NCO(CAN)CONNH 

74.4 
9.8 

15.8 (1) all selections, 
(CA)CON and 
(CA)NCO 

37 

(2) all selections, only 
(CA)CON 

31 

(3) A, E, G, FHYW, Q 
selections, 
(CA)CON and 
(CA)NCO 

33.25 

(4) A, E, G, FHYW, Q 
selections, only 
(CA)CON 

29 

(5) A, E, G selections, 
(CA)CON and 
(CA)NCO 

29.5 

(6) A, E, G selections, 
only (CA)CON 

27.25 

 

 

Table 5 Automatic assignment results for 1H-detected experiments. 

 
 

Subset \ Data set 

Percentage of 
correctly / incorrectly assigned residues 

D E F 

(1) 79.9 / 0.7 88.8 / 0.0 91.8 / 0.0 

(2) 76.1 / 0.7 82.8 / 0.0 91.8 / 1.5 

(3) 73.9 / 0.7 86.6 / 0.0 90.3 / 0.0 

(4) 55.2 / 0.7 80.6 / 0.0 90.3 / 1.5 

(5) 52.2 / 0.0 67.2 / 0.0 90.3 / 0.0 

(6) 39.6 / 0.0 64.2 / 0.0 90.3 / 0.0 
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Figure 1 Analysis of amino-acid selective experiments. As an example, asparagine-selective 2D 

(CA)CON (left) and (CA)NCO (right) spectra are reported. The basis peak list (black dots) is plotted on 

top of both spectra. For each COi-1-Ni cross-peak, the comparison of the two spectra allows to 

distinguish if asparagine residues are at positions i-1 or i. 

 

 

Figure 2 Alanine-selective 2D (CA)CON spectrum (red) with the basis peak list superimposed (black 

dots). On the left, the close up view of the spectral region inside the blue square is reported. In the 

example, during the automatic assignment stage basis peaks on top of the NMR signals are known by 

TSAR to be related to alanine residues. To make the picture more clear, the number of each basis 

peak has been shown only in the spectral region extracted on the left. 
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Figure 3 Automatic assignment results. For each data set, the percentage of correct (data set 

A – blue, data set B – green, data set C – purple) and incorrect (red) assignment is shown. For 

data sets accepted by the old version of the TSAR program (subsets i and ii), also the results 

obtained using that version are shown (light colors). 

 

 

Figure 4 Automatic assignment results. For each data set, the percentage of correct (data set 

D – green, data set E – yellow, data set F – orange) and incorrect (red) assignments is shown. 
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Supplementary Material 

 

NMR experiments 

In this section the pulse scheme for the 4D γ-selective-HCBCACON experiment is described. 

The arrows indicate the switching of the 13C carrier frequency. Narrow and wide symbols 

stand for 90° and 180° pulses, respectively. The pulses were applied along the x axis unless 

noted differently. The rectangles represent 15N and 1H non-selective pulses, the round 

shapes represent band-selective 13C pulses. The grey round shape represents a 13C adiabatic 

pulse. The two different variants necessary for the IPAP virtual carbonyl decoupling 

approach are shown. The line denoted with PFG stands for pulsed field gradients applied 

along the z-axis. All gradients employed had 1 ms of duration and a sine-shape. The phase 

cycle, the position of the carriers and the duration of the delays for the experiment are 

reported in the caption of the figure describing the pulse sequence. 
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Using amino acid-selective data by the TSAR program 

In order to use the data from amino acid-selective (CA)CON and (CA)NCO experiments, the 

‘aa_select.txt’ file has to be created. The format of such a file is described below. 

Incorporating of such an input file for TSAR is optional. The TSAR program, together with a 

detailed manual, can be downloaded from the website http://nmr.cent3.uw.edu.pl/software 

 

Figure S2. Description of the ‘aa_select.txt’ file format. 

The file contains information on the numbers of peaks corresponding to the selected amino acids. In the figure 

a single line (for one amino acid selection) is shown. 

 

Figure S3. Example of the ‘aa_select.txt’ file. 

 Sample file, containing information on eight different amino acid selections, all in both (CA)CON and (CA)NCO 

versions. Due to not full selectivity of the Q-selective spectrum, the selection was defined as ‘QN’, instead of 

‘Q’. 

http://nmr.cent3.uw.edu.pl/software
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Table S1 The selectivity of 2D amino-acid selective experiments. 

selection (CA)CON (CA)NCO 

Selectivity selectivity 

A no u. p. a no u. p. 

D no u. p. no u. p. 

E D peaks (of opposite sign) no u. p. 

FHYW no u. p. no u. p. 

G no u. p. P peaks (of opposite sign) 

N no u. p. no u. p. 

Q N peaks N peaks (of opposite sign) 

S no u. p. P peaks 

a no unexpected peaks (peaks of different amino acids) 
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The intracellular environment contains high concentrations of macromolecules occupying up to 30% of the total
cellular volume. Presence of these macromolecules decreases the effective volume available for the proteins in
the cell and thus increases the effective protein concentrations and stabilizes the compact protein conformations.
Macromolecular crowding created by various macromolecules such as proteins, nucleic acids, and carbohydrates
has been shown to have a significant effect on a variety of cellular processes including protein aggregation. Most
studies of macromolecular crowding have used neutral, flexible polysaccharides that function primarily via ex-
cluded volume effect as model crowding agents. Here we have examined the effects of more rigid polysaccha-
rides on protein structure and aggregation. Our results indicate that rigid and flexible polysaccharides
influence protein aggregation via different mechanisms and suggest that, in addition to excluded volume effect,
changes in solution viscosity and non-specific protein–polymer interactions influence the structure and dynam-
ics of proteins in crowded environments.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Protein aggregation is associated with a variety of human dis-
eases including Alzheimer's, Parkinson's, and Huntington's diseases,
prionopathies, and type II diabetes. Protein aggregation usually
starts from the protein in a partially unfolded conformation similar
to the pre-molten globule state [1]. In order to access this conforma-
tion, a folded protein needs to partially unfold, while an intrinsically
disordered protein (IDP) needs to partially fold. In addition, the
mechanism of aggregation is usually a rather complex process with
many intermediate oligomeric states characterized by variable extent
of secondary structure [2–5]. Some of these oligomers easily convert
to fibrils while others have a high degree of kinetic stability.

Investigation of protein aggregation is complicated by the fact that
the in vivo environment is crowded with macromolecules, such as pro-
teins, nucleic acids, and carbohydrates, which occupy up to 30% of the
available volume.Macromolecular crowding increases the effective pro-
tein concentration, decreases the protein diffusion rate, promotes par-
tial folding of some intrinsically disordered proteins and facilitates
their aggregation [6]. It has beenpreviously shown thatmacromolecular
crowding has a significant effect on protein–protein interactions
vuversky@health.usf.edu

ights reserved.
including protein aggregation [7]. Crowding tends to stabilize compact
protein conformations. These conformations can be either on the path-
way to folding or on the pathway to aggregation depending on the pro-
tein and the assay conditions. Thus, the effect of crowding agents on
protein aggregation depends on the nature of the protein.

Most studies of the effects of crowding on protein aggregation have
used flexible, hydrophilic polymers (PEG, dextran and Ficoll). Due to
their compact, largely spherical shape these polymers have relatively
small surface to volume ratio. They are neutral and relatively hydrophil-
ic minimizing their specific interactions with proteins. Thus these poly-
mers are believed to act primarily via excluded volume effect by
decreasing the effective volume available for the proteins in the cell
and thus increasing the effective protein concentration. It has been
shown that aggregation of many proteins and peptides is accelerated
by the presence of dextrans and other neutral flexible crowding agents
[8–12]. However, for some proteins with highly stable folded native
states (e.g. lysozyme or superoxide dismutase) addition of crowding
agents has been shown to inhibit aggregation [11].

A variety of other,more rigid biopolymers are also present in vivo in-
cludingDNA, protein fibers and polysaccharide components of extracel-
lular matrix. Solutions of rigid polymers have higher viscosity that may
affect protein diffusion and slow down protein folding or aggregation.
These polymers also have lower density making them more effective
in creating excluded volume effect as intrinsic viscosity of a polymer is
proportional to its volume [13]. Lower polymer density also increases

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbapap.2013.11.004&domain=pdf
http://dx.doi.org/10.1016/j.bbapap.2013.11.004
mailto:lbreydo@health.usf.edu
mailto:vuversky@health.usf.edu
http://dx.doi.org/10.1016/j.bbapap.2013.11.004
http://www.sciencedirect.com/science/journal/15709639
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the exposed surface of rigid polymers available for interactions with
proteins. Here we investigated the effects of both compact, flexible
polysaccharides (dextrans) and more rigid cellulose derivatives
(hydroxypropyl celluloses or HPCs) on the kinetics and mechanism
of aggregation of several proteins with variable degrees of intrinsic
disorder. We selected neutral, hydrophilic polysaccharides to minimize
the specific protein–polymer interactions. In order to test the effects of
these polymers on the protein structure and aggregation, we selected
several small proteins with different structural and dynamic properties
such as the degree of intrinsic disorder and oligomeric state. We tested
aggregation of these proteins in the presence of polysaccharides in the
conditions previously determined to be favorable for their conversion
to amyloid fibrils. We examined the effects of the polysaccharides
both on kinetics of aggregation and the structure of the aggregates.

2. Materials and methods

2.1. Materials

Recombinantα-synucleinwas a gift fromDr.Munishkina (University
of California Santa Cruz). Recombinant human insulin was from Akron
Biotech (Boca Raton, FL). A commercially available mixture of core his-
tones H2A, H2B, H3 and H4 from calf thymus (Calbiochem) was used
without additional fractionation. Recombinant 13C–15N enriched α-
synuclein was prepared as previously described [14]. All other proteins
and chemicals were from Sigma, Fisher Scientific or VWR Scientific.

2.2. Methods

2.2.1. Protein aggregation assays
Conditions for protein aggregation were optimized for each protein.

Aggregation of insulin was studied in two sets of conditions: low pH,
which stabilizes the monomeric form of the protein, and neutral pH,
which stabilizes the insulin hexamer. At low pH aggregation of insulin
(0.5 mg/ml) was conducted in glycine buffer (20 mM, pH 2.5) at
37 °C. The protein was dissolved directly in this buffer and incubated
for 5 min prior to the start of the reaction. At neutral pH insulin
(1.2 mg/ml) was aggregated in 20 mM sodium phosphate (pH 7.5) at
37 °C. Aggregation of histones (0.75 mg/ml) was conducted in the gly-
cine buffer (20 mM glycine, pH 2.5) in the presence of 0.7 M NaCl at
37 °C. Histones were initially dissolved in 5 mM HCl at 4 mg/ml, incu-
bated in this solution for 5 min and diluted into thefinal reaction buffer.
Aggregation of α-synuclein (0.4 mg/ml) was conducted in 20 mM ace-
tate buffer, pH 3.5 in the presence of 0.1 M NaCl at 37 °C. Protein was
initially dissolved in 5 mMNaOH at 4 mg/ml, incubated in this solution
for 1 min and diluted into the final reaction buffer. α-Lactalbumin
(0.2 mg/ml) was aggregated in 40 mM phosphate buffer (pH 7.0) in
the presence of 0.1 M NaCl, 1 mM EGTA and 2 mM DTT at 30 °C. Lyso-
zyme (0.25–0.75 mg/ml) was aggregated in 25 mM potassium phos-
phate buffer (pH 2.0) in the presence of 225 mM NaCl at 39 °C using a
modification of the method of Hill et al. [15].

Protein aggregation in the automated format was carried out in a re-
action volume of 0.1 ml in black, flat-bottomed 96-well plates in the
presence of 10 μM ThT. Two Teflon or polyethylene balls (2.38 mm di-
ameter, Precision Ball, Reno, PA) were placed into each well of a 96-
well plate. The reaction mixture containing protein and ThT (350 μl)
was split into three wells (100 μl into each well), the plates were cov-
ered byMylar septum sheets (Thermo), and incubatedwith continuous
orbital shaking at 280 rpm in an Infinite M200 Pro microplate reader
(Tecan). The kinetics was monitored by top reading of fluorescence in-
tensity every 3–8 min using 444 nm excitation and 485 nm emission
filters. Data from replicate wells were averaged before plotting fluores-
cence vs time. The data were fit to a sigmoidal equation using Origin
(OriginLab, Northampton, MA). The equation [16,17] was:

F ¼ Aþ B= 1þ exp k� t−tmð Þð Þð Þ ð1Þ
where A is the initial level of ThT fluorescence, B is the difference be-
tween the final level of ThT fluorescence and its initial level, k is the
rate constant of amyloid accumulation (h−1) and tm is the midpoint of
transition. The lag time (tl) of amyloid formation was calculated as
tl = tm − 2 / k. The parameters derived from this equation are: yield
of amyloid (B), lag time (tl), and elongation rate (k) of amyloid. Initia-
tion rate was defined as the inverse of lag time. Although Eq. (1) gave
good fits for the ThT kinetic profiles, the expression is strictly an empir-
ical means of deriving kinetic parameters from the data and does not
necessarily reflect the underlying complex kinetic scheme.

2.2.2. Electron microscopy
10 μl aliquots of protein solutions (0.1–0.3 mg/ml) were adsorbed

onto 200 mesh formvar/carbon-coated nickel grids for 5 min. The
grids were washed with water (10 μl), stained with 2% uranyl acetate
for 2 min and washed with water again. The samples were analyzed
with a JEM 1400 transmission electron microscope (JEOL) operated at
80 kV.

2.2.3. NMR
All the spectra were acquired at a 21.1 T Bruker AVANCE spectrom-

eter operating at 898.71 MHz for 1H. Samples were measured at
285.5 K, unless otherwise specified, by using a cryogenically cooled
triple-resonance probe head. The stock α-synuclein solution was
0.6 mM 13C, 15N labeled α-synuclein in 20 mM potassium phosphate
buffer, pH 6.5, 200 mM NaCl, 0.5 mM EDTA. Generally the samples
were prepared by taking 150 μl of the stock solution and adding either
buffer or the appropriate amount of crowder and buffer up to a final vol-
ume of 200 μl in a 3 mm NMR tube. Final concentrations of polymers
were 5% for dextran 100 and 2.5% for HPC 100. The peak volumes
were calculated using a routine implemented in the programCARA [18].

2.2.4. FTIR
FTIR spectra were measured with a Bruker Tensor 37 FTIR instru-

ment (Bruker Optics, Billerica, MA) equipped with a DTGS detector.
Aqueous protein solutions (25 μl, 1.2 mg/ml) were loaded into the
BioATRcell II. 512 scans at 2 cm−1 resolution were collected for each
sample, corrected for water vapor, and background spectra were
subtracted.

2.2.5. CD
Far-UVCD (195–260 nm) spectra of proteinsweremeasured using a

JASCO J-815 spectropolarimeter at room temperature. A solution of pro-
tein (110 μl, 1 mg/ml) was placed into a 0.2 mm pathlength cell
(0.1 mm pathlength for histones), and the CD spectra were acquired
with 20 nm/min scan speed at 0.1 nm step size and 1.0 nm bandwidth
under constant purging with nitrogen. Four spectra were accumulated
and averaged for each sample. The same buffer was used for CD and
FTIR measurements and for protein aggregation experiments.

2.2.6. Viscosity measurements
Viscosity of polymer solutions was determined with an Ostwald vis-

cometer (Cannon Instruments) at 25 °C. In a typical experiment, a solu-
tion of polymer in water (2 ml) was loaded into the viscometer and the
time taken for it to pass between the marks was measured with a stop-
watch. Each measurement was performed at least in triplicate.

2.2.7. Determination of global stability
Aggregated samples (1–3 μl) were suspended inHEPES buffer (20 μl

total volume, 50 mM, pH 7.5) containing different concentrations of
GdnSCN. The solution was incubated for 1 h at 24 °C and then diluted
to 300 μl with 6 M GdnSCN and HEPES buffer (50 mM, pH 7.5)
adjusting the final concentration of GdnSCN to 0.2 M. Fluorescence
spectra were recorded in the presence of 10 μM ThT. Excitation wave-
length was 442 nm and emission spectrum was recorded in 470–
500 nm range. Excitation slit was at 2.5 nm and emission slit at 5 nm.



348 L. Breydo et al. / Biochimica et Biophysica Acta 1844 (2014) 346–357
Emission spectra were recorded in triplicate and averaged. The mea-
surements were performed in duplicate for each sample.

3. Results

3.1. Selection and characterization of polysaccharides

To mimic the effect of a variety of biopolymers on protein aggrega-
tion, we selected several neutral polysaccharides of different shapes
and sizes. The advantage of usingpolysaccharides is that their hydrophi-
licity minimizes specific protein–polymer interactions. Neutrality of
these polymers helps avoid protein binding due to charge–charge inter-
actions. Thus, the effects of neutral polysaccharides on proteins are
more likely to be due to either their effects on solution properties or
to non-specific interactions with proteins.

We have selected polymers that are composed from the same sub-
units but differ in their structure: dextran and hydroxypropyl cellulose
(HPC). Dextran is a polyglucoside (~5% branching) with main chain
Fig. 1. (A) Structures of polysaccharides. (B–F) Effect of crowding agents on the secondary struc
spectra. CD spectra of insulin at pH 2.5 (B), insulin at pH 7.5 (C),α-synuclein (D), histones (E)
(MW1 MDa) are shown. Protein alone is in black, protein in the presence of 0.1%HPC1000 in re
100 in yellowandprotein in thepresence of 10%dextran 100 in blue. (G–H)Relative ellipticity at 2
dextran 100 and 0–0.25% of HPC 1000). This plot allows one to see the conformational changes i
black, insulin at pH 7.5 — in red, α-synuclein in green, histones in yellow, and lysozyme in blue.
connected by α-1,6-glycosidic linkages while branches begin from α-
1,3 linkages. Dextrans are known to adopt a random coil conformation
in water with significant intermolecular interactions observed at high
concentrations [19,20]. α-Glycosidic linkages are quite flexible, and
their presence ensures high flexibility of structure of this polymer
[21,22]. Cellulose is a linear, unbranched polymer consists of a linear
chain of glucose units connected by β-1,4-glycosidic linkages. The
rigid nature of these linkages makes the cellulose chains adopt the ex-
tended, rod-like conformation. HPC is a derivative of cellulose where
some of the hydroxyl groups of cellulose have been modified with hy-
droxypropyl residues (Fig. 1A).

We determined intrinsic viscosities of several preparations of dex-
trans and hydroxypropyl celluloses with different average molecular
weights by measuring the dependence of viscosities of solutions of
these polymers on their concentrations (Fig. S1). For expanded flexible
polymer chains, the intrinsic viscosity is related to molecular weight by
an empirical relation, the Mark–Houwink equation ([η] = K ∗ MWa),
where MW is the average molecular weight of the polymer while K
ture of proteins was evaluated by examining the changes in their far UV circular dichroism
and lysozyme (F) alone and in the presence of dextran 100 (MW 100 kDa) and HPC 1000
d, protein in thepresence of 0.25%HPC1000 in green, protein in the presence of 4% dextran
22 nm for several proteins is plotted as a function of polysaccharide concentration (0–10%of
n the proteins with the increasing polysaccharide concentration. Insulin at pH 2.5 shown in
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and a are the constants [13]. a reflects the flexibility of the polymer in a
given solvent with values around 0.5 corresponding to a highly flexible
polymer and values above 0.8 reflecting a semi-rigid polymer. Extreme-
ly rigid, rod-like polymers (e.g. double-stranded DNA) have a values
around 2. Values of this constant were determined for our polymers
from the log plot of their intrinsic viscosity vs. averagemolecularweight
(Fig. S1). Dextran was determined to have an a value of 0.45 consistent
with the values previously reported, indicating a highly flexible poly-
mer. Cellulose derivatives had a values around 1, indicating significantly
more rigid polymers as expected based on their structure (Fig. S1).
These coefficients are similar to the values previously reported for
these polymers (0.5 for dextrans and 1.1 for HPCs) [23,24].

3.2. Oligomeric state and conformation of proteins in the assay conditions

In order to test the effect of polysaccharides on protein structure and
aggregation,we selected several small proteinswith different structural
and dynamic properties. We paid special attention to the degree of in-
trinsic disorder in the protein sequence and oligomeric state of the pro-
tein in the assay conditions. Both of these parameters are known to play
an important role in protein aggregation. Structural features of the pro-
teins we analyzed (insulin, α-synuclein, histones, lysozyme and α-
lactalbumin) are described below. We tested aggregation of these
proteins in the presence of polysaccharides in the conditions previously
determined to be favorable for their conversion to amyloid fibrils.

Insulin is a primarilyα-helical protein (MW5.5 kDa). It is hexameric
at neutral pH, and addition of dextrans and other flexible polysaccha-
rides has been shown to inhibit its aggregation presumably due to
hexamer stabilization [8]. At lower pH values, an insulin hexamer disso-
ciates to dimers and eventually to monomers. We examined aggrega-
tion of insulin at pH 2.5 where this protein is primarily monomeric
[8,25] and at pH 7.5 where it is primarily hexameric. Low pH ismore fa-
vorable for insulin aggregation but fibril formation is possible in both
sets of conditions [8,9]. CD spectra (Fig. 1B–C) confirm that insulin is pri-
marily alpha-helical at both sets of conditions although some degree of
disorder can be seen at pH 2.5 as judged from higher intensity of the
208 nm peak in CD spectrum.

α-Synuclein is an intrinsically disordered, highly amyloidogenic
protein. It exists as a monomer (MW 14 kDa) in most conditions
although it has been suggested to exist as a tetramer in vivo [26,27]. De-
spite lack of stable secondary structure, α-synuclein is known to be
more compact than expected for coil-like conformation [28,29]. In the
assay conditions, CD spectra (Fig. 1D) indicate that α-synuclein is pri-
marily disordered.

Histones are lysine-rich intrinsically disordered proteins that bind
to DNA as octamers [30]. They exist in a variety of oligomeric states
ranging from monomer (MW 14 kDa) to octamer depending on the
conditions [31–33]. High salt concentrations decrease repulsion between
these highly charged proteins and promote both their oligomerization
and aggregation. A combination of low pH and high salt concentration
has been shown to be especially favorable for aggregation of these pro-
teins [31,34], and these conditions were used in the current study. CD
spectra (Fig. 1E) indicate that histones are mostly disordered in the
assay conditions. Earlier studies [31] have shown that in the conditions
(pH 2, 0.5 M NaCl) similar to those used here for histone aggregation,
histones are present as a complex mixture of oligomers ranging from
monomers to octamers with tetramers being themost prevalent species.

Hen egg white lysozyme, a glycoside hydrolase, is a small (14 kDa)
globular protein composed of a mixture of α-helices and β-sheets
(Fig. 1F). Lysozyme partially unfolds and aggregates at low pH and ele-
vated temperature [35]. In these conditionsmonomeric lysozyme either
converts directly to fibrils or first forms stable oligomeric intermediates
depending on salt concentration [15]. In the conditions we used
(pH 2.0, 225 mM NaCl) oligomeric intermediates are present [15].

α-Lactalbumin, a regulatory subunit of lactose synthase, is a small
(14 kDa), primarily α-helical calcium-binding protein containing four
disulfide bonds [36]. Upon removal of calcium this protein is converted
to a molten globule state. Upon reduction of disulfide bonds, the struc-
ture of apo-α-lactalbumin is expanded further with the protein becom-
ing primarily disordered judging from its CD spectrum [37], and the
protein becomes highly prone to aggregation. Flexible hydrophilic poly-
mers have been shown to inhibit aggregation of this protein [37].
3.3. Interaction of proteins with polysaccharides

Although neutral polysaccharides such as dextrans do not form
stable complexes with proteins, there is some evidence of weak and
non-specific chemical interactions between proteins and neutral poly-
saccharides [38,39]. We have examined interaction of our proteins
with polysaccharides using CD and NMR spectroscopy.

We measured far UV CD spectra of most proteins we used in this
study both alone and in the presence of dextran 100 (dextran, MW
100 kDa) and HPC 1000 (HPC, MW 1 MDa) in the conditions we used
for their aggregation at 25 °C. CD spectra of α-lactalbumin are not
shown since after the reduction of disulfide bonds this protein rapidly
aggregates and its CD spectra may be affected by this process. For
most proteins we did not observe any significant effect of either poly-
mer on the protein secondary structure (Fig. 1B–F). α-Synuclein, how-
ever, proved to be an exception. In the presence of dextran the peak at
200 nm corresponding to unfolded structure shifted to higher wave-
length (205–208 nm) and a shoulder at 222 nm significantly increased
in intensity. This is an indication of induced secondary structure in the
presence of dextrans. In the presence of HPC, on the other hand, the
shoulder at 222 nm decreased in intensity signifying further unfolding
of the protein. So overall, polysaccharides had a significant effect on
the structure of α-synuclein with dextran promoting its folding and
HPC promoting its unfolding. Our experiments were conducted at
pH 3.5 where α-synuclein is present in a relatively compact conforma-
tion that may be more sensitive to the effects of crowding agents [29].

Interestingly, earlier studies conducted at neutral pH did not show
any effect of crowding agents on the secondary structure of α-
synuclein [9]. We decided to use 2D NMR to examine binding of these
polymers to α-synuclein at pH 6.5 [40]. In NMR experiments, solutions
of polymers (dextran, MW 100 kDa, and HPC, MW 100 kDa) were
added to a 0.6 mM solution of 13C, 15N labeled α-synuclein in neutral
buffer. No significant changes in 13C or 15N chemical shifts were ob-
served in the presence of crowding agents (Fig. 2A–B). HN and CN 2D
correlation spectra (Fig. 2C) also showed no effect of either dextran or
HPC on protein structure. Chemical shift index is the difference between
the experimentally measured chemical shifts and the chemical shifts
predicted on the basis of the primary sequence assuming a completely
random coil behavior. These differences are generally used to identify
the secondary structure propensity of different regions of the protein.
We have examined the changes in the chemical shift index of α-
synuclein in the presence of these polysaccharides. The experimental
chemical shifts were obtained from CN correlation spectra. The chemi-
cal shifts for random coil were predicted according to the primary se-
quence of α-synuclein taking into account up to 2 previous and the 2
following residues using Poulsen's reference data (http://www1.bio.
ku.dk/english/research/pv/sbin_lab/staff/MAK/randomcoil/script/).
The chemical shift indices for 15N and 13C nuclei (Fig. S2 A–D) showed
that the protein is unfolded before and after the addition of the polysac-
charides. No visible changes in the secondary structure due to the pres-
ence of crowding agents were detected. We have also examined the
changes in the peak volumes in NMR spectra with the addition of poly-
saccharides. The peak volumes were calculated with a routine imple-
mented in the program CARA [18] that assumes an ideal peak shape.
Both NH and CN correlation spectra were used (HSQC and CON respec-
tively). The data (Fig. S2 E–F) indicates no significant effect of either
polymer on the peak volume. Overall, NMR experiments did not detect
an interaction betweenα-synuclein and polysaccharides or a structural

http://www1.bio.ku.dk/english/research/pv/sbin_lab/staff/MAK/randomcoil/script/
http://www1.bio.ku.dk/english/research/pv/sbin_lab/staff/MAK/randomcoil/script/


Fig. 2.Multi-dimensional NMR spectra of 13C/15N labeled α-synuclein in the presence of crowding agents. Variations of 13C and 15N chemical shifts in respect to α-synuclein alone are
reported in (A) and (B), respectively. In both panels, red dots belong to α-synuclein in the presence of 5% dextran 100, whereas blue dots to α-synuclein in the presence of 2.5% HPC
100. In the bottom part of the figure, the H–N (C, D) and C–N (E–F) correlation spectra are reported. Blue spectra belong to α-synuclein alone, red ones to α-synuclein in the presence
of 5% dextran 100 (C, E) or 2.5% HPC 100 (D, F). The spectra do not show significant spectral changes due to the presence of crowding agents.
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change in theα-synuclein in the presence of polysaccharides at neutral
pH.

3.4. Kinetics of protein aggregation in the presence of crowding agents

Effects of crowding agents on protein aggregation have been exten-
sively investigated in the past. It has been shown that aggregation of
many amyloidogenic proteins and peptides is accelerated by the pres-
ence of dextrans and other neutral flexible crowding agents [8–12].
This acceleration has been attributed to the excluded volume effect
[7,41] although weak interactions between proteins and polymers
have been detected aswell [6,19,38,42]. On the other hand, aggregation
of stable folded proteins such as lysozyme has been inhibited by
crowding agents presumably due to monomer stabilization [11].

We have examined the effect of polymers on kinetics of fibril for-
mation from our set of proteins in the conditions previously deter-
mined to be favorable for their conversion to amyloid fibrils. For
insulin two sets of conditions were used: pH 2.5 where insulin is pri-
marily monomeric and pH 7.5 where it is primarily hexameric. We
found (Figs. 3–4) that dextrans with MW from 100 to 500 kDa signif-
icantly decreased the lag phase of aggregation of IDPs (histones and
α-synuclein). They had a modest effect on the lag phase of fibril for-
mation from folded proteins (insulin at pH 2.5 and lysozyme) and in-
creased the lag phase of fibril formation from the proteins forming
stable oligomers (insulin at pH 7.5 and reduced α-lactalbumin). In
addition, dextrans decreased the apparent fibril elongation rate for
most proteins except histones. This effect has been previously ob-
served for aggregation of IAPP and attributed to high viscosity of dex-
tran solutions slowing down fibril growth [19]. Effects of dextrans on
apparent fibril yield as detected by ThT fluorescence were similar in
Fig. 3. Kinetic parameters (initiation rate, fibril elongation rate and ThT fluorescence) for a
100, HPC 370, and HPC 1000. Insulin at pH 2.5 shown in black, insulin at pH 7.5 — in re
magenta.
direction but smaller in magnitude to their effects on the lag phase.
No clear correlation between the molecular weight of dextran and
its effect on protein aggregation was observed in the narrow range
of molecular weights we examined.

Both initiation and elongation rates of fibrils were significantly de-
creased in the presence of HPCs for most proteins we studied with the
exception of histones (Figs. 3–4). HPCs also decreased the apparent fi-
bril yield although their effects on this parameterwere less pronounced.
Higher MW HPCs were more effective inhibitors acting at lower poly-
mer concentrations (Fig. 3). It is interesting to note that while the effect
of dextrans on both initiation and elongation rates was usually propor-
tional to the polymer concentration in a linear fashion, the effects of
HPCs on these rates were often non-linear with significant inhibition
observed even at the lowest HPC concentrations we tested. This can
be seen in Fig. 3 comparing the gradual changes in initiation rates
with the addition of dextrans to significant decrease in initiation rate
for most proteins even at the lowest concentration of HPC. The same
trend is observed in elongation rates as well. These differences are
also visible in Fig. 4 if one compares relatively gradual decrease of lag
phase with increasing concentration of dextran (Fig. 4A–B) to a more
abrupt increase in lag phase with increasing concentrations of HPC
(Fig. 4C–D). This effect is an indication that inhibition of protein aggre-
gation with HPC is saturable and thus may be driven by bimolecular
protein–polymer interaction.

3.5. Contribution of solution viscosity to the effects of polysaccharides on
aggregation kinetics

Variations in solution composition alter many solution properties
and it is often extremely difficult to separate the effects of these
ll proteins aggregated in the presence of dextran 100, dextran 250, dextran 500, HPC
d, α-synuclein in green, histones in yellow, α-lactalbumin in blue and lysozyme in

image of Fig.�2
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image of Fig.�3


Fig. 4. Fibril formation from insulin andα-synuclein in the presence of dextran 100 and HPC 1000. (A) Insulin (pH 2.5) in the presence of increasing concentrations of dextran 100; (B)α-
synuclein in thepresenceof increasing concentrations of dextran 100. Protein alone is in black, protein in thepresenceof 2%dextran 100 in red, protein in thepresence of 5%dextran 100 in
dark blue and protein in the presence of 7.5% dextran 100 in light blue. (C) Insulin (pH 2.5) in the presence of increasing concentrations of HPC 370; (D) α-synuclein in the presence of
increasing concentrations of HPC 370. Protein alone is in black, protein in the presence of 0.05% HPC 370 in red, protein in the presence of 0.2% HPC 370 in dark blue and protein in the
presence of 0.5% HPC 370 in light blue.
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changes. High molecular weight polymers significantly increase the so-
lution viscosity, and changes in viscosity can influence the kinetics and
mechanismof protein folding and aggregation [9,43]. It has been shown
that protein folding rate is inversely proportional to viscosity [44]. The
same relationship was shown to hold for protein aggregation [45].

Both excluded volume effect and viscosity have been shown to play
an important role in the effect of compact polysaccharides like dextran
and Ficoll on protein folding and aggregation [22,46]. Ficoll is a compact,
highly branched polysaccharide synthesized by crosslinking sucrose
with epichlorohydrin [21,47]. Due to its higher density Ficoll has
lower viscosity than dextran but generates similar excluded volume ef-
fect. Higher viscosity of dextran has been proposed to explain differen-
tial effects of these polymers on several processes including IAPP
aggregation [19] and β-hairpin peptide folding [22]. We have examined
the effect of Ficoll 400 on aggregation of α-synuclein and insulin at
pH 2.5 and compared its effect to the effect of dextran 500, a polymer
with similar molecular weight (Fig. S3). We have observed that Ficoll
promoted aggregation of these proteins more effectively than dextran.
This difference could be due to higher viscosity of dextran solutions par-
tially counteracting the excluded volume effect.

Since solutions of cellulose derivatives have much higher viscosity
than dextran, viscosity should play an even more important role for
HPCs. In order to directly compare the effects of dextrans and HPCs
with different molecular weights on kinetics of aggregation at the
same solution viscosity, we have replotted the nucleation rates for α-
synuclein and α-lactalbumin from Fig. 3 using the solution viscosities
of polymers as the x axis (Fig. 5A–D). The data (Fig. 5A–B) confirms
our earlier observation that the effect of dextrans on protein aggrega-
tion is not directly proportional to the viscosity of dextran solutions.
The data for HPCs (Fig. 5C–D) shows significant inhibition of fibril for-
mation at low polymer viscosity followed by less pronounced inhibition
at higher viscosity values. Inhibition of aggregation at high viscosity
values could conceivably be due to the effect of viscosity since highly
viscous solutions have been shown to inhibit protein aggregation
[9,45], and this inhibition was specifically attributed to solution viscos-
ity [45]. However, significant inhibition of aggregation by low concen-
trations of HPCs cannot be attributed to bulk solution viscosity, and
other factors are likely to be involved.

3.6. Effects of crowding agents on fibril morphology, stability and secondary
structure

Changes in the kinetics of aggregation often lead to alteration in the
secondary structure and/or morphology of the resulting aggregates.We
have examined the changes in morphology of fibrils caused by the ag-
gregation in the presence of polysaccharides.We found that fibrils of in-
sulin at pH 2.5 and α-synuclein formed in the presence of dextrans
were shorter than in the absence of polysaccharides but otherwise
their morphology remained unchanged. α-Synuclein fibrils and fibrils
of insulin at pH 7.5 were longer in the presence of HPCs than in the ab-
sence of polymers (Fig. 6). α-Lactalbumin formed very short fibrils in
the absence of polymers that appeared longer when formed in the



Fig. 5. Fibril nucleation rates ofα-synuclein andα-lactalbumin in the presence of polysaccharides plotted vs viscosity of polysaccharide solution. (A)Nucleation rates ofα-synuclein in the
presence of dextrans. (B) Nucleation rates of α-lactalbumin in the presence of dextrans. Dextran 100 is in black, dextran 250 in red and dextran 500 in green. (C) Nucleation rates of α-
synuclein in the presence of HPCs. (D) Nucleation rates of α-lactalbumin in the presence of HPCs. HPC 100 is in black, HPC 370 in red and HPC 1000 in green.
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presence of either polymer. Histone fibrils appeared unchanged in the
presence of dextrans and somewhat shorter in the presence of HPCs.
Thesemorphological changes correlated to some extentwith the kinetic
data (Fig. 3) as shorter lag phase of aggregation is usually associated
with higher fragmentation rate for fibrils and thus shorter fibrils. Corre-
lation was quite good for dextrans where proteins that formed shorter
fibrils (insulin at pH 2.5, α-synuclein and histones) aggregated faster.
For HPCs correlation was weaker but it could be due to the fact that
these polymers inhibited both nucleation and elongation of fibrils.

We have also examined the effect of polysaccharides on the stability
of fibrils formed by several proteins towards denaturation. Fibrils were
denatured by the increasing concentrations of guanidinium thiocyanate
(GdnSCN) for 1 h, and the sample was then diluted to 0.2–0.25 M
GdnSCN and ThT (10 μM) was added. ThT fluorescence was used as a
readout of the amount of fibrils remaining after the denaturation. The
data shows that the effects of additives on the fibril stability strongly
depended on the protein.

Addition of either dextran 250 or HPC 370 significantly decreased
the stability of insulin fibrils formed at pH 2.5 (Fig. 7A): C1/2 values for
these fibrils were 0.65–0.7 M vs 0.85 M for insulin fibrils formed in
the absence of polysaccharides. α-Synuclein fibrils formed in the pres-
ence of either polysaccharide (Fig. 7B) were also significantly less
stable: C1/2 0.45–0.6 M vs 1.1 M for α-synuclein alone. The difference
in stability was even more pronounced for this protein compared to in-
sulin correlating with stronger effect of polysaccharides on the kinetics
of α-synuclein aggregation. Stability of histone fibrils was largely un-
changed by the presence of polysaccharides (Fig. 7C) with C1/2 of
0.95 M. Overall, we see significantly lower stability towards denatur-
ation for insulin and α-synuclein (although not histone) fibrils formed
in the presence of polysaccharides.
We have also examined the secondary structure of insulin and his-
tone fibrils formed in the presence of polysaccharides with FTIR spec-
troscopy (Fig. 7D–E). Overall, the spectra of amide I band were
dominated by the absorbance peak at 1625–1630 cm−1 corresponding
to intermolecular parallel β-sheets as expected for amyloid fibrils
[31,48,49]. In the insulin fibrils formed in the presence of polysaccha-
rides this peak was shifted to slightly higher wavenumber (from
1626 cm−1 to 1628 cm−1) indicating stronger carbonyl bonds and
weaker intersheet hydrogen bonds. This is an indication of weakening
of β-sheet structure in the insulin fibrils formed in the presence of poly-
saccharides. These results are consistentwith the lower stability of insu-
lin fibrils formed in the presence of polysaccharides as observed in the
denaturation experiments (Fig. 7A). For histone fibrils similar shift
(from 1626 to 1629 cm−1) was observed in the presence of HPC al-
though not in the presence of dextran. In addition, additional peaks at
1645–50 cm−1 corresponding to random coils appeared in the pres-
ence of both polysaccharides. These peaks are likely due to disruption
of the fibrillar structure since the spectra of soluble oligomers would
not be detectable in the assay conditions. Overall, FTIR spectra indi-
cate structural disruption in the fibrils formed in the presence of
polysaccharides.

4. Discussion

We have shown that biopolymers have variable effects on protein
aggregation depending on the structure of the polymer. We have ana-
lyzed polymers of two types: relatively flexible dextrans and rigid cellu-
lose derivatives (HPCs). Since these polymers have the same charge and
hydrophobicity, they presented a good test case of the effect of shape
and structural rigidity of polymers on protein aggregation. We have

image of Fig.�5


Fig. 6. TEManalysis of protein aggregates formed in the presence of crowding agents. TEM images of aggregates of insulin at pH 2.5, insulin at pH 7.5,α-synuclein, histones,α-lactalbumin
and lysozyme formed in the presence of either dextran or HPC.
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also selected several proteinswith different degrees of intrinsic disorder
and in different oligomeric states. In the aggregation conditions insulin
is a folded monomer at low pH and a folded hexamer at neutral pH, ly-
sozyme is a folded monomer, histones are a mixture of disordered
monomers and oligomers, α-synuclein is a disordered monomer, and
reduced α-lactalbumin is a partially disordered monomer that rapidly
forms oligomers.

Our results show that in the presence of dextrans fibril formation
from the proteins that are either present as stable oligomers (insulin,
pH 7.5) or rapidly form stable oligomers in the process of aggregation

image of Fig.�6


Fig. 7.Denaturation of amyloid fibrils in the presence of guanidinium thiocyanate shows that fibrils formed in the presence of crowding agents are generally less stable. (A) Insulin, pH 2.5:
a denaturation curve for fibrils formed in the absence of polysaccharides is in black, in the presence of 3% dextran 250 — in red, in the presence of 0.2% HPC 370 — in light green. (B) α-
Synuclein: a denaturation curve for fibrils formed in the absence of polysaccharides is in black, in the presence of 4% dextran 100— in red, in the presence of 1.5% HPC 100— in light green.
(C) Histones: a denaturation curve for fibrils formed in the absence of polysaccharides is in black, in the presence of 3% dextran 100 — in red, in the presence of 0.3% HPC 370 — in light
green. FTIR spectra of insulin (D) and histone (E) fibrils confirm this observation. FTIR spectra of fibrils formed in the absence of polysaccharides are in black, in the presence of 3% dextran
250 — in red, and in the presence of 0.2% HPC 370 — in light green.
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(α-lactalbumin)was inhibited. On the other hand, fibril formation from
IDPs (histones and α-synuclein) was accelerated. Effect on monomeric
folded proteins (lysozyme, insulin at pH 2.5) was intermediate with ei-
ther weak acceleration or weak inhibition. This result is consistent with
stabilization of the most stable and compact protein conformations by
dextrans via excluded volume effect. While we didn't see the effect of
dextrans on the secondary structures of most proteins, the effect on
the less stable aggregation intermediates is likely to be a lotmore signif-
icant than on the ground state conformations. For IDPs more compact
intermediates are likely to be on pathway to amyloid formation due to
absence of stable compact conformations of these proteins. For natively
folded proteins excluded volume effect may stabilize the intermediates
either on the pathway to folding or to misfolding and aggregation.
Structural differences between the protein conformations leading to
normal folding and aggregation are often subtle. For example, Kay and
coworkers have shown [50] that in a mutant SH3 domain a small struc-
tural change allows the protein to switch between folding and aggrega-
tion pathways.

HPCs inhibited fibril formation from all proteins except histones. All
aggregation parameters were affected with significant increases in the
lag phase and decreases in ThT fluorescence and the fibril elongation
rate. Decreased ThT fluorescence could indicate a significantly decreased
yield of fibrils in the presence of HPCs. However, ThT fluorescence is not
a very reliable indicator as it can be affected by displacement of ThT
from fibrils or a structural change in fibrils affecting ThT binding. Lack of
inhibition of histone aggregation by HPCs may be due to inability of his-
tones to fold in the assay conditions.

It has been previously shown that in relation to their sensitivity to
crowded environments, IDPs can be grouped into two classes, foldable
and non-foldable [51,52]. Foldable IDPs can gain some structure in
crowded conditions due to formation of a hydrophobic core. Non-
foldable IDPs have a higher charge density and lower hydrophobicity
that the foldable ones and remain unstructured even at the crowded
conditions. Out of IDPs examined here histones are known to be non-
foldable [53–55] while α-synuclein is known to be foldable [29,56,57].
As expected, CD data (Fig. 1E) didn't indicate any effect of crowding
agents on histones. Effects of polymers on α-synuclein at pH 3.5, on
the other hand, have been quite significant. This result correlates well
withwell-knownhigh conformational flexibility of foldable IDPs in gen-
eral [58] and α-synuclein specifically [29,57] compared to both non-
foldable IDPs and folded proteins. At neutral pH the conformation of
α-synuclein is much less sensitive to the environment as observed in
our NMR experiments (Fig. 2) and reported previously [9,29] due to
higher charge–charge repulsion at neutral pH stabilizing the disordered
protein conformation.

What factors played a role in the effect of polysaccharides on protein
aggregation?Acceleration of protein aggregation (Figs. 3–4) in the pres-
ence of dextrans is consistentwith the excluded volume effect being the
primary factor for this polymer. However, in addition to steric repulsion,
attractive interactions between proteins and other polymers are always
present [59]. Pielak and coworkers [38,39,60] found that the addition of
compact polysaccharides to proteins leads not only to entropic changes
expected for excluded volume effect but also to significant enthalpic
changes attributed to chemical interactions between proteins and poly-
saccharides. These interaction don't necessarily involve specific binding
and are likely to be similar to preferential solvation of proteins by alco-
hols in alcohol–water mixtures [61,62] or preferential association of
chaotropic ions with polysaccharides in aqueous solutions [63].

Non-specific chemical interactions are likely play an even more im-
portant role for HPCs since they have a higher surface to volume ratio
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compared to dextrans. Inhibition of protein aggregation by low concen-
trations of HPCs is an indication that direct protein–polymer interac-
tions play a more important role for these polymers than excluded
volume effect. At highHPC concentrations bulk solution viscosity is like-
ly to contribute to inhibition of protein aggregation by these polymers
as the extent of inhibition becomes proportional to solution viscosity
(Fig. 6). Since rigid polymer molecules increase the solvent viscosity in
their vicinity [13], it is possible that interaction with HPC molecules
keeps the protein molecules in the environment that is more viscous
than bulk solution further inhibiting their aggregation.

Both FTIR and fluorescence spectroscopy indicate that fibril stability
was lower and intermolecular hydrogen bonds were weaker for fibrils
formed in the presence of polysaccharides. A possible explanation of
this effect is that the changes in the secondary structure of the aggrega-
tion intermediates in the presence of crowding agents lead to formation
of fibrillar structures that are far from optimal for this protein resulting
in less stable and potentially more pathogenic [64] fibrils.

Overall, we found that effects of biopolymers on protein aggregation
aremore complex than it was previously believed. Compact hydrophilic
polymers act primarily via excluded volume effect increasing effective
protein concentration and stabilizing compact conformations. As a re-
sult IDP aggregation is accelerated while the effects on aggregation of
folded proteins are mixed depending on the stability of the folded con-
formation of the protein and its tendency to form off-pathway oligo-
mers. We have shown that rigid polymers strongly inhibit aggregation
ofmost proteins. Factors such as protein–polymer interactions and solu-
tion viscosity are likely to be responsible for this inhibition. Both types of
polysaccharides were shown to alter the structure of amyloid fibrils
resulting in less stable and potentially more pathogenic fibrils. Biologi-
cal environment contains a variety of biopolymers with different struc-
tural properties. Many of these biopolymers such as nucleic acids,
fibrous proteins and polysaccharides comprising the extracellular ma-
trix are structurally rigid. Our results indicate that biopolymers influ-
ence protein aggregation not only via excluded volume effect but
rather via a complex interplay of several effects including excluded vol-
ume effect, solution viscosity and protein–polymer interaction.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbapap.2013.11.004.
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Fig S1. Intrinsic viscosity of crowding agents. The black curve (dots) refers to 

hydroxypropyl cellulose, whereas the red one (triangles) to dextran. 

 

 

 

Fig S2. Chemical shift index (CSI) analysis and variations of peak volumes of 13C/15N 

labeled α-synuclein at pH 6.5 in the presence of crowding agents. The CSI analysis 

was performed using data collected from 2D C–N correlation spectra (A–D). 13C CSI of 

α-synuclein alone and in the presence of 5% dextran 100 is compared in (A), 

whereas13C CSI of α-synuclein alone and in the presence of 2.5% HPC 100 in (B). 

Analogously,15N CSI is compared in (C) and (D). The changes of peak volumes in 

HSQC and CON spectra of α-synuclein after the addition of the crowder (blue is 5% 

dextran 100 and red is 2.5% HPC 100) are reported in panels (E) and (F), respectively. 

All the analysis excluded relevant changes due to the presence of crowding agents. 



Fig S3. Comparison of effects of dextran and Ficoll on fibril formation from insulin 

(pH 2.5) and α-synuclein. (A) Initiation rate of fibril formation in the presence of 

increasing concentrations of Ficoll 400 or dextran 500; (B) elongation rate of fibrils in 

the presence of increasing concentrations of Ficoll 400 or dextran 500. Insulin at 

pH 2.5 in the presence of Ficoll 400 is shown in black, α-synuclein in the presence of 

Ficoll — in red, insulin in the presence of dextran 500 is in light green and α-synuclein 

in the presence of dextran 500 is in yellow. 
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Abstract 

Here, we present the structural and dynamic description of CBP-ID4 at atomic resolution. ID4 
is the fourth intrinsically disordered linker of the CREB-Binding Protein (CBP). In spite of the 
largely disordered nature of CBP-ID4, NMR chemical shifts and relaxation measurements 
show a significant degree of α-helix sampling in the protein regions encompassing residues 
2-25 and 101-128 (1852-1875 and 1951-1978 in full-length CBP). Proline residues are 
uniformly distributed along the polypeptide, except for the two α-helical regions, indicating 
that they play an active role in modulating the structural features of this CBP fragment. The 
two helical regions are lacking known functional motifs, suggesting that they represent thus-
far uncharacterized functional modules of CBP. The present work provides novel insights 
regarding the functions of this protein linker, which may exploit its plasticity to modulate the 
relative orientations of neighboring folded domains of CBP and fine tune its interactions with 
a multitude of partners. 

 

Keywords 

Intrinsically disordered proteins; IDPs; CREB-binding protein; CBP; prolines 

 

Introduction 

Large proteins are often composed by several folded domains separated in the primary 
sequence by flexible linkers. While folded domains are generally well characterized at atomic 
resolution, only little information is available for linkers. These protein segments seldom 
crystallize, and they are often quite challenging to be characterized by nuclear magnetic 
resonance (NMR) spectroscopy because of their peculiar amino acid composition and their 
structural and dynamic properties. However, it is unlikely that linkers play passive 
connecting roles only, because they often constitute as much as half of the primary 
sequence of complex proteins. In fact, their amino acid sequences often show functional 
features such as interaction motifs, post-translational modification sites and conservation in 
the primary sequence across species (1, 2). To learn more on the role of these protein 
elements it is important to focus on their experimental characterization, exploiting recently 
developed NMR tools (3-14). With this in mind we decided to focus on a well-studied key 
protein in biological systems, the transcription factor CREB-Binding Protein (CBP).  

CBP and its paralog p300 are transcriptional co-regulators that integrate signals from 
numerous signal transduction pathways, and play critical roles in basic cellular processes 
ranging from development and differentiation to DNA repair (15). Their biological function is 
related to their ability to interact with a large number of proteins through multiple protein-
interaction domains as well as to their acetyl-transferase activity. There are seven 
autonomous folded domains in CBP/p300, the 3D structures of which have been determined 
in recent years either by X-ray crystallography or NMR (16-24). Four of them require zinc(II) 
ions in order to adopt a stable fold: the transcriptional-adaptor zinc-finger-1 domain (TAZ1), 
the plant homeodomain (PHD), the zinc-binding domain near the dystrophin WW domain 
(ZZ) and the transcriptional-adaptor zinc-finger-2 domain (TAZ2); other folded domains are 
the KID-binding domain (KIX), the bromodomain and the histone acetyl-transferase domain 
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(HAT). Finally, a domain named nuclear-receptor coactivator-binding domain (NCBD) is 
intrinsically disordered, but folds upon binding to its partner(s). 

Regions between CBP folded domains represent more than 50% of the total 2,442 residues 
of the protein; these are predicted to be mostly intrinsically disordered (25). In fact, the 
folded domains listed above are spatially separated by five linkers of different length, 
denoted as CBP-ID# (where ID stands for Intrinsically Disordered and # represents the 
number of the linker), which have not been yet characterized at atomic resolution. Very little 
is known about their structural and functional roles, which may range from maintaining a 
specific distance between the various folded domains to fine-tuning and modulation of 
interaction processes. The second hypothesis is supported by the fact that the primary 
sequence of CBP linkers is well conserved in evolution. 

The amino acid composition of CBP linkers is biased towards disorder-promoting amino 
acids, as typically found in the case of intrinsically disordered proteins (IDPs) (26-28). Overall, 
they contain a high proportion of prolines (16%), glutamines (15%), serines (11%), glycines 
(9%) and alanines (9%). In particular, CBP-ID4 and CBP-ID5 exhibit the most distinctive amino 
acid composition, since almost 40% of their primary sequences is constituted by prolines and 
glutamines. 

In this work we present the characterization by NMR spectroscopy of CBP-ID4, the 207 
residues long linker (CBP residues 1851-2057) located between the TAZ2 and NCBD domains. 
Among all CBP linkers, ID4 is the one containing the highest percentage of proline residues 
(22%) and it is predicted to be intrinsically disordered, two aspects that make it a challenging 
target for NMR. To obtain its sequence specific assignment we thus used a strategy tailored 
for IDPs, combining 1H and 13C detection and multidimensional experiments (14, 29, 30 and 
references therein), which resulted in the complete NMR characterization of this linker. 

We believe the findings described in the present work will open new frontiers towards a 
deeper understanding of the roles of CBP linkers and represent the demonstration that NMR 
can provide a wealth of information on IDPs difficult to access with other techniques. 

 

Materials and Methods 

Protein expression and purification 

The recombinant vector pET21a-CBP-ID4 containing the human CBP-ID4 native gene was 
transformed into E. Coli BL21 (DE3) for protein expression. For 15N- and 13C,15N-labeled 
protein production, a colony from a freshly transformed plate was selected to inoculate in LB 
medium (50 ml) containing ampicillin and was grown overnight at 37°C and 180 rpm. Cells 
from the overnight LB growths were diluted 1:100 into 4 l of LB medium and grown at 37°C 
with constant agitation at 160 rpm. Once an OD600 of 0.7–0.8 was reached, the cells were 
gently centrifuged at 4500 rpm for 20 min. The pellet was resuspended in 1 l of minimal 
medium (48.5 mM Na2HPO4, 22.0 mM K2HPO4, 8.5 mM NaCl, 0.2 mM CaCl2, 2.0 mM MgSO4, 
1 mg l-1 each of biotin and thiamin, 7.5 mM (15NH4)2SO4 and 11.1 mM glucose/13C6-glucose) 
and grown at 37 °C for 1 hour with constant agitation at 160 rpm, following the Marley’s 
method (31). The cells were induced with 0.5 mM IPTG and allowed to grow for additional 4 
hours at 30°C. The culture was then harvested at 8000 rpm for 20 min and the pellet was 
stored at -20°C. Frozen cells were thawed and suspended in 45 ml of equilibration buffer A 
(50 mM MES, 10 mM EDTA, 20 mM NaCl, pH 5.5). Cells were disrupted by sonication on ice 
(at 80% sonication power) with cycles of 6 s with 4 s delay pulses for 25 min. Lysed cells were 
centrifuged at 40000 rpm for 40 min at 4°C and the supernatant (≈ 40 ml) was warmed at 



3 
 

80°C for 20 min in order to remove contaminants. This solution was spun at 8000 rpm for 20 
min at 4°C and the supernatant was filtered through a 0.22 μm pore membrane in 
preparation for the purification steps. Cation exchange chromatography was performed on a 
6 ml Resource S column (GE Healthcare) pre-equilibrated with buffer A. A linear gradient 
between buffer A and buffer B (buffer A with 0.5 M NaCl) was applied over 20 min at a flow 
rate of 2.5 ml/min. The CBP-ID4 was eluted with a salt concentration around 300 mM. 
Fractions were analyzed by SDS–PAGE and those containing the target protein were 
concentrated until 2 ml. The sample was further purified by gel filtration on Hiload 16100 
superdex 75 (GE Healthcare) in 20 mM potassium phosphate buffer at pH 6.5, 100 mM NaCl, 
50 μM EDTA. The fractions containing pure CBP-ID4 were concentrated up to 2 ml and 
stored at 4°C for biophysical analysis. Mass spectrometry (MALDI) was performed to confirm 
the molecular mass of purified CBP-ID4.   

 

NMR samples 

All the multidimensional NMR experiments for sequence-specific assignment were 
performed on a sample of 0.6 mM uniformly 13C, 15N labeled human CBP-ID4 in 20 mM 
potassium phosphate buffer, 100 mM KCl at pH 6.5, with 10% D2O added for the lock. 15N 
relaxation experiments were acquired on a 0.5 mM uniformly 15N labeled human CBP-ID4, in 
the same experimental conditions. For all the experiments, 3 mm NMR sample tubes were 
used to reduce the detrimental effects of high salt concentration. 

 

NMR data acquisition 

A set of multidimensional 1HN and 13C detected NMR experiments tailored to achieve 
sequence-specific assignment of IDPs was acquired at 283.0 K. 2D CON-IPAP (32, 33), 3D 
(H)CBCACON-IPAP (34), 3D (H)CBCANCO-IPAP (34), 4D (HCA)CON(CA)CON-IPAP (35) and 4D 
(HN)CON(CA)CON-IPAP (35) experiments were acquired at 16.4 T on a Bruker Avance 
spectrometer operating at 700.06 MHz 1H, 176.03 MHz 13C and 70.94 MHz 15N frequencies, 
equipped with a cryogenically cooled probehead optimized for 13C-direct detection. 2D BEST-
TROSY (BT) (11, 36), 3D BT-HNCO (11, 37, 38), 3D BT-HN(CA)CO (11, 38), 3D BT-HNCACB (11, 
38), 3D BT-HN(CO)CACB (11, 38), 3D BT-(H)N(COCA)NH (11) and 3D BT (H)N(CA)NNH (39) 
experiments were performed at 21.1 T on a Bruker Avance spectrometer operating at 
898.57 MHz 1H, 225.95 MHz 13C and 91.05 MHz 15N frequencies, equipped with a 
cryogenically cooled probehead. 5D BT-(H)NCO(CAN)CONH (40) and 5D BT-HN(COCAN)CONH 
(40) experiments were collected at 22.3 T on a Bruker Avance III spectrometer operating at 
950.20 MHz 1H, 238.93 MHz 13C and 96.28 MHz 15N frequencies, equipped with a 
cryogenically cooled probehead. 

Heteronuclear 15N relaxation experiments (41-44) for the measurement of 15N R1, 15N R2 and 
15N-1H NOEs, (CLEANEX-PM)-FHSQC experiments (45) for the estimation of the extent of 
amide proton exchange with the solvent and the 3D HNHA experiment (46) for the 
determination of homonuclear 3JHN-Hα were measured at 283.0 K at 16.4 T on a Bruker Avance 
spectrometer operating at 700.13 MHz 1H, 176.05 MHz 13C and 70.94 MHz 15N frequencies, 
equipped with a cryogenically cooled probehead. 

The temperature dependence of CBP-ID4 was investigated by acquiring a series of 2D BEST-
TROSY and 2D CON-IPAP spectra in the range 238.0-308.0 K, with steps of 5 degrees, at 22.3 
T on a Bruker Avance III spectrometer operating at 950.20 MHz 1H, 238.93 MHz 13C and 
96.28 MHz 15N frequencies, equipped with a cryogenically cooled probehead. 
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The parameters used for the acquisition of all the experiments are reported in the 
Supporting Material (Tables S1-S5). All the data sets were acquired using Bruker TopSpin 1.3 
or 3.1 software. 3/4/5D experiments for the sequence-specific assignment were performed 
using on-grid non-uniform sampling (NUS). The on-grid ‘‘Poisson disk’’ sampling scheme (47) 
was chosen to generate the time schedules with the RSPack program [J. Stanek, A. 
Zawadzka-Kazimierczuk, unpublished]. The distribution was relaxation-optimized, i.e. the 

density of points was decaying according to the Gaussian distribution exp(-t2/2), with 

=0.5. 

 

NMR data processing and analysis 

Conventionally sampled NMR data sets were processed using Bruker TopSpin 1.3 software. 
Instead, when NUS was employed, the NMR data were converted with nmrPipe (48) and 
then processed using either the Multidimensional Fourier Transform (MFT) algorithm (for 3D 
data sets) or the Sparse MFT (SMFT) algorithm (for 4/5D data sets), respectively 
implemented in ToASTD (49) and reduced (50, 51) programs. Both programs are available at 
http://nmr.cent3.uw.edu.pl.  

CARA (52) and Sparky (53) were used to analyze 3D and 4/5D spectra, respectively, whereas 
CcpNmr Analysis (54) was employed to analyze 15N relaxation data. 

The secondary structure propensity from the heteronuclear chemical shifts was determined 
by using the neighbor corrected structural propensity calculator (ncSPC) tool (55), available 
online at http://nmr.chem.rug.nl. The Tamiola, Acar and Mulder random coil chemical shift 
library (56) was chosen for the analysis. 

Theoretical helical propensities were calculated using the Agadir algorithm (57-61), available 
online at http://agadir.crg.es. For the calculation the pH was set to 6.5, the temperature to 
283.0 K and the ionic strength to 0.1 M. 

Intrinsic protein disorder was predicted by using IUPred (62) and PONDR-FIT (63) tools, 
available at http://iupred.enzim.hu and http://www.disprot.org. 

For the conservation analysis, a comprehensive data set of 39 experimentally validated 
homologous amino acid sequences was assembled by performing a PSI-BLAST (64) against 
the non-redundant protein data set of NCBI. The query sequence was the ID4 segment of the 
human CBP protein (residues 1852-2057) [UniProt ID: Q92793], and the retrieved sequences 
covered all major vertebrate taxonomic groups from mammals to fish. The multiple 
sequence alignment was generated using MAFFT (65) and then used as input for the 
sequence- and disorder conservation analysis. We used the local version of the DisCons tool 
to analyze the multiple sequence alignment (66). DisCons was used with default parameters, 
namely predicting disorder with IUPred, and quantifying the sequence conservation with 
Jensen-Shannon divergence; the maximum allowed fraction of gaps for a position was set to 
0.6. 

The presence of linear motifs and functional sites was investigated by using the Eukaryotic 
Linear Motif (ELM) computational biology resource (67), available online at 
http://elm.eu.org. 

Potential serine, threonine and tyrosine phosphorylation sites were predicted exploiting 
NetPhos 2.0 (68), available online at http://www.cbs.dtu.dk. Potential kinase specific 
phosphorylation sites were predicted by using using NetPhosK 1.0 (69), available online at 
http://www.cbs.dtu.dk.  
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To obtain the ensemble description of the protein linker under investigation 10,000 
conformers were generated using the program flexible-meccano (70), available online at 
http://www.ibs.fr. The SSP score calculated from experimentally measured chemical shifts 
was used as input in the calculation to allow also the generation of conformers whose 
backbone dihedral angles deviate substantially from those typically found in pure random 
coils. The ensemble and the underlying data were deposited in the Protein Ensemble 
Database (http://pedb.vib.be, 71) under the accession ID PED5AAE. 

 

Results and Discussion 

NMR sequence-specific resonances assignment 

The 2D BEST-TROSY and 2D CON-IPAP fingerprint spectra of CBP-ID4 are reported in Figure 
1. The 1H-15N correlation spectrum exhibits all the peculiar NMR features of an IDP, namely 
the reduced chemical shift dispersion particularly pronounced in the 1H dimension, and the 
high degree of signal crowding. The 2D CON-IPAP spectrum benefits from the larger spectral 
width in the 15N dimension, which includes signals due to proline residues nitrogen nuclei, 
and the fact that the experiment provides inter-residues correlations, which are more 
resolved with respect to intra-residue ones (72). A series of triple-resonance 3/4/5D NMR 
experiments (see Materials and Methods Section) specifically designed for IDPs, exploiting 
either 1HN or 13C detection, was acquired. Non-uniform sampling (NUS) (73) was exploited to 
reduce the experimental time while preserving high spectral resolution in the indirect 
dimensions (74). 
 

 
Figure 1. Amino acid sequence and fingerprint spectra of CBP-ID4. a) primary sequence of CBP-ID4, b) 2D BEST-
TROSY and c) 2D CON-IPAP spectra of CBP-ID4. Both spectra are reported with the same Hz/cm ratio in the 
direct dimension. 
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The 13C-detected 3D and 4D spectra (34, 35) provided the key information to achieve the 
sequence-specific assignment of this proline-rich IDP. The 3D BEST-TROSY (BT) triple-
resonance experiments (11) were acquired to obtain the complementary information 
needed to complete the assignment, further supported by the 5D BT-(H)NCO(CAN)CONH 
and 5D BT-HN(COCAN)CONH experiments (40), used to resolve a few ambiguities and to 
confirm the chemical shift assignment obtained with the 3D spectra. 

This set of spectra tailored for the study of IDPs made it possible to assign the resonances 
belonging to all HN, N, C′, Cα and Cβ nuclei. The chemical shift assignment of CBP-ID4, both at 
283.0 and 308.0 K, is deposited in the BioMagResBank (BMRB, http://www.bmrb.wisc.edu,  
(75), entries 26616 and 26639. 

 

NMR characterization 

The presence of secondary structure propensity within CBP-ID4 was investigated by 
comparing experimentally measured heteronuclear chemical shifts (N, C′, Cα and Cβ 
nuclei) to the corresponding random coil values (55). The obtained differences (Figure 2) are 
distributed around zero, consistently with the disordered nature of CBP-ID4. However, two 
regions, encompassing residues 2-25 and 101-128, exhibit significantly positive values 
suggesting a high propensity to form α-helices in these regions.  
 

 
Figure 2. Secondary structure propensity score obtained from experimentally measured N, C′, C

α
 and C

β
 

chemical shifts. Positive and negative values correspond to α-helical and β-sheet propensities, respectively. The 
two protein regions which exhibit significant propensity for α-helix are colored in blue. Proline residues are 
highlighted along the protein sequence as black triangles on the top and result clustered in the most 
disordered regions of the protein. 

 

The 3JHN-Hα coupling constants (46) shown in Figure 3, provide complementary information to 
detect contingent residual structural propensity along the polypeptide chain, and are 
therefore often used in structural characterizations of chemically unfolded or intrinsically 
disordered proteins (76-80). The obtained average value of about 7 Hz is similar to values 
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obtained for flexible proteins and other disordered peptides (79, 80). Only two protein 
regions (residues 13-16 and 106-118) substantially deviate from this trend, corresponding to 
those of highest predicted α-helical propensity. Therefore, conformations with values for the 
angle φ towards 60° are increasingly being populated in these protein regions. Interestingly, 
also residues 92-99 show significantly lower values, suggesting that a certain amount of 
structural organization may be present there too, as revealed by the SSP analysis (Figure 2). 
From 3JHN-Hα values alone it is not possible to conclude whether this include canonical α-
helical or polyproline type II (PPII) structures (81, 82). 
 

 
Figure 3. 

3
JHN-Hα coupling constants for the intrinsically disordered protein domain CBP-ID4. The two protein 

regions characterized by higher propensity for α-helix are highlighted in blue. 

 

Backbone dynamics of CBP-ID4 was investigated through the measurement of 15N R1, 15N R2 
relaxation rates and heteronuclear 15N-1H NOE values. Relaxation parameters, determined 
for the majority of the assigned cross-peaks in the 2D 1H-15N HSQC spectrum, are reported in 
Figure 4. Considerably higher 15N R2 and 15N-1H NOE values are observed in the regions 
encompassing residues 2-25 and 101-128, confirming a reduced flexibility in these regions 
likely related to the observed α-helical propensity (Figure 2). Interestingly, the magnitude of 
the 15N R2 values indicates that the transient α-helix located between residues 101-128 is 
more rigid than that comprising residues 2-25. 15N-1H NOE values reveal that the fragments 
separating the two partially populated α-helices are highly flexible, with the first fragment 
(residues 26-103) more flexible than the second one (residues 129-207). 
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Figure 4 Dynamic characterization of CBP-ID4. The two protein regions characterized by higher propensity for 
α-helix are highlighted in blue. a) 

15
N R1 relaxation rates; b) 

15
N R2 relaxation rates; c) 

15
N-

1
H NOEs. All 

15
N 

relaxation measurements were carried out at 16.4 T at 283.0 K. 

 

Local solvent accessibility was investigated by monitoring H2O exchange processes for 
backbone amide protons (45). The results, reported in Figure 5, show that exchange effects 
are overall very pronounced, becoming operative for the majority of the residues already 
with 16 ms of mixing time (τm). Notably, the two protein regions exhibiting significant α-
helical propensity, in particular the one encompassing residues 101-128, which is more rigid 
by 15N R2 measurements, appears to exchange less with the solvent; on the contrary, the 
other residues of the polypeptide chain are characterized by high-solvent exchange effect. 
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Figure 5. Extent of amide proton exchange with the solvent. The residues belonging to the two protein regions 
characterized by high propensity for α-helix are shown in blue, the others in red. Iτm/IRef values measured 
through the (CLEANEX-PM)-FHSQC experiments are reported as a function of residue number for two different 
mixing-times, namely 16 ms (filled dots) and 40 ms (empty dots). Error bars have been removed to facilitate the 
comparison and are provided as Supporting Material (Figure S1).  

 

The temperature dependence of CBP-ID4 was investigated by acquiring a series of 2D BEST-
TROSY and 2D CON-IPAP spectra in the range 283.0-308.0 K (shown in Figures S2 and S3 in 
the Supporting Material). These spectra enabled the transfer of the resonances assignment 
obtained at 283.0 K to the other temperatures by following the chemical shift changes of the 
cross-peaks with temperature. A 3D CBCACON experiment was acquired to confirm the 
signals assignment at 308.0 K.  
In Figure 6a the difference of cross-peak intensities in the 2D BEST-TROSY NMR spectra 
acquired at 308.0 and 283.0 K is reported. The majority of cross-peaks become weaker or 
broadened with increasing temperature as a consequence of the higher rate of amide 
proton exchange with the solvent protons. Instead, the signals belonging to residues 101-
128, those exhibiting a significant propensity to form α-helix, become more intense at high 
temperature. This evidence suggests that this protein region results less affected by 
chemical exchange processes and benefits from an improved correlation time resulting from 
the faster rotational tumbling. Interestingly, an opposite behavior is observed in the other 
protein region characterized by high α-helix propensity (residues 2-25): it is destabilized by 
increasing temperature and experiences a decrease in signal intensities similar to that of the 
other unstructured regions of the protein.  
Correlations between amide proton temperature coefficients (ΔδHN/ΔT) and hydrogen 
bonds (83, 84) were also investigated (Figure 6b). Less negative temperature coefficients are 
clustered in the two protein regions exhibiting higher propensity to form α-helix, in 
agreement with the results of the other analysis. In particular, in the case of the transient α-
helix encompassing residues 101-128, the great majority of amide proton temperature 
coefficients result less negative than -4.6 ppb/K, a value considered the threshold below 
which the presence of intramolecular hydrogen bonds can be excluded with a predictive 
value of 85% (84). Therefore, transient intra-molecular hydrogen bonds are likely to be 
present in this protein region, which again appears more structured than the region 
comprising residues 2-25. 
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Figure 6. Temperature dependence of CBP-ID4. The two protein regions experimentally identified as exhibiting 
high propensity to form α-helix are colored in blue. a) cross-peak intensity changes in the 2D BEST-TROSY 
spectrum acquired at 308.0 and 283.0 K; b) temperature coefficients (ΔδH

N
/ΔT) reported as a function of 

residue number. The black dashed line at -4.6 ppb/K represents the threshold to discriminate between intra- 
and inter-molecular hydrogen bonds (with a predictive value of 85%). 

 

Structural and dynamic properties of CPB-ID4 

The overall picture resulting from the high resolution experimental characterization of the 
structural and dynamic properties of CBP-ID4 reveals two well-defined partially populated 
helical fragments, termed helix I and helix II, which display properties significantly different 
from one another, separated by segments characterized by high local flexibility. It is 
interesting to note that prolines, the most abundant amino acid in CBP-ID4 (22%), are 
distributed quite uniformly throughout the protein primary sequence (Figure 1a) with the 
exception of the two parts of the protein exhibiting α-helical propensity (Figure 2). Proline 
residues may be selected against in the α-helical segments because of their helix-breaking 
properties: their peculiar side chain disrupts the H-bond network and interferes with the 
backbone helical packing of adjacent residues. Furthermore, it can be noted that 7 proline 
residues are clustered in the region immediately preceding the inner transient helix II, 
suggesting that they are involved in its stabilization. In fact, it has been reported that 
prolines present in proximity of the so-called pre-structured motifs (PreSMos) (85) of IDPs 
are very important in promoting and delimiting the PreSMos themselves (86). Therefore, the 
prolines flanking helix II (residues 101-128) seem to play a specific structural role (87). This 
would also explain why this partially structured protein region appears to be more stable 
than that comprising residues 2-25, which in the full-length protein is preceded by a 
structured domain but is here unrestrained.  

The degree of α-helical propensity could have an important role in providing specific 
patterns for partner recognition through a specific surface provided by the helix itself, as 
shown in the literature in several different examples (25, 88, 89). On the other hand, the 
transition from a random-coil, extended conformation of the protein backbone to partially 
formed helices represents the more drastic local change for backbone dihedral angles, with 
the helical conformation constituting the most compact one (1.5 Å shortening for each 
amino acid part of the helix with respect to an elongated conformation). The presence of the 
secondary structure element can also reduce the degree of freedom of the polypeptide, 
which cannot freely bend to form compact structures. Therefore, the extent of local helical 
propensity could be a way to modulate the overall length of a specific polypeptide fragment 
with local cooperative changes in backbone dihedral angles. In this way, the insertion of a 
partially populated helical segment in between largely random coil backbone fragments, 
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such as observed for the case of CBP-ID4, could provide a mean to modulate the overall 
length and orientation of the linker itself.  

To visualize the possible conformers populating the ensemble of structures in dynamic 
equilibrium in solution, the secondary structure propensities determined experimentally for 
CBP-ID4 were used as input to calculate an ensemble of conformers through the program 
Flexible-Meccano (70), using the statistical coil potential proposed for IDPs. The computed 
ensemble shows a great variability in the overall radius of gyration (Figure S4 in the 
Supplementary Material), in agreement with the idea that flexible linkers can indeed fine-
modulate the relative distance between folded units (PED ID PED5AAE). The obtained 
structures can be inspected locally to evaluate the properties of the partially populated 
helical conformers. In the present case, the two regions characterized by secondary 
structural propensities feature quite different composition in terms of the constituent amino 
acids, which has an impact on the properties of the partially populated helices. In particular, 
helix I (2-25) is characterized by the presence of several charged amino acids, resulting in an 
overall positive electrostatic potential (Figure 7e), with a quite peculiar methionine-rich 
patch on one side (3 methionine residues quite close to each other on the helix surface, 
Figure 7d). Instead, helix II (101-128) has an overall hydrophobic surface (Figure 7i) with 
some charged residues (three positive arginine residues and three negative glutamic acids 
residues, Figure 7h). Therefore, the two partially populated helical elements provide 
significantly different modules for protein-protein interactions. Both helices share a large 
number of polar amino acids, with a predominance of glutamine residues, which may 
promote the stability of these two segments. 

Although CBP-ID4 has never been characterized in detail before, the crystal structure of the 
TAZ2 domain of human p300, paralogue of CBP, was solved earlier (19). The construct used 
in that study, in addition to the TAZ2 domain, included at its C-terminus 21 residues of the 
subsequent linker, which is homologous to the initial part of CBP-ID4 (16/21 residues are 
conserved in the two protein sequences). Specifically, these residues correspond to residues 
1-21 of CBP-ID4, identified as exhibiting significant α-helical propensity. Interestingly, in the 
crystal structure these residues assume a α-helix conformation, which extends outside the 
globular structure of TAZ2 domain. Furthermore, it has been reported that such α-helix 
contributes actively to the binding of p300 to the transcription factor Myocyte Enhancer 
Factor 2 (MEF2) (90). This observation fits with the general notion that IDPs often function 
by binding to partner molecules via structural elements that are dynamically sampled in the 
disordered ensemble (91). Such motives are conserved structural/functional elements of 
IDPs, and their presence can be concluded from the structural propensity of certain regions 
of the IDP chain. 
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Figure 7. Representative ensemble of conformers for CBP-ID4. a) Location of the helical segments within the 
primary sequence;  glutamine, arginine and methionine residues are shown in green, blue and gold. b) Subset 
of conformers obtained superimposing residues of helix I (residues 2-25). All the helical segments are shown in 
blue. c) Close-up of a set of superimposed helix I with amino acids atoms represented as sticks. d) Helix I with 
amino acids atoms represented as spheres; glutamine, arginine and methionine residues are shown in green, 
blue and gold. e) Electrostatic potential on the surface of helix I; positively charged, negatively charged, and 
neutral amino acids are represented in blue, red, and white. Panels f-i) contain similar information of panels b-
e) for helix II (residues 101-128). The backbone models were generated with flexible-meccano (70), while side-
chains and hydrogen atoms were added by using Molmol 2.0 (92); the energy of the models was minimized 
using Chimera (93) and the electrostatic potentials were computed by using APBS (94). 

 

Prediction of functional regions within CBP-ID4 

It is interesting to compare the picture resulting from the experimental characterization of 
CBP-ID4 with all the information that can be predicted on the basis of the primary sequence, 
starting from the local propensities for local order/disorder, the local secondary structure, all 
the way to interaction motifs or post-translational modification sites.  

The significant local propensity for secondary structure that was observed in the ensemble 
model can hint at the presence of binding motifs within the helical regions, as often seen in 
IDPs (95, 96). Furthermore, the potential functional importance of the two helical regions 
should also manifest themselves in their sequence conservation. Thus, we have collected 
and aligned 39 CBP sequences and used the DisCons online tool to quantify the conservation 
of the amino acid sequence and of the structural disorder (66) (Figure 8 and Figure S5). The 
position-specific conservation scores of the amino acid sequence of regions 2-25 and 101-
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128 are consistently high, and in fact higher than the conservation of disorder, which is 
suggestive of their functional importance and might indicate that these segments act as 
molecular recognition features, which are known to have higher sequence conservation and 
lower disorder with respect to their flanking regions (66). 

 

 
Figure 8 Evolutionary conservation of the amino acidic sequence (blue) and disorder tendency (red) of CBP-ID4. 

 

We have used the Eukaryotic Linear Motif (ELM) database (67) to identify the presence of 
Short Linear Motifs (SLiMs) in the sequence, since SLiMs are known to be involved in 
recognition and targeting processes (97). By definition, they are highly specific short 
structural/functional elements of 3-10 amino acids, mostly located in intrinsically disordered 
regions of proteins, which are able to mediate protein-protein interactions without the need 
of a stable three-dimensional structure. Remarkably, more than 95% of the SLiMs identified 
by ELM are located in the most disordered regions of CBP-ID4 (Figure S6a in the 
Supplementary Material). 

The position of potential serine, threonine and tyrosine phosphorylation sites of CBP-ID4 
were also identified using NetPhos 2.0 (68), an artificial neuronal network-based method for 
predicting phosphorylation sites. The importance of post-translational modification (PTM) 
sites derives from their frequent involvement in the modulation of protein functions (98-
101). The location of the recognized sites (Figure S6b in the Supplementary Material), 
similarly to SLiMs, are distributed exclusively along the most flexible regions of the protein, 
and are excluded from the two α-helical segments. In particular, several identified 
phosphorylation sites are located in the region 26-103 which, by 15N-1H NOE analysis, is  the 
most flexible region of the entire protein (Figure 4c). Therefore, we can infer that the 
negligible secondary structure content of this protein region may facilitate the interaction 
between the phosphorylation sites and the corresponding phosphotransferases (102). 

Based on the characterization of CBP-ID4 presented here, which shows that two parts of the 
polypeptide chain have an intrinsic propensity to adopt a helical conformation in solution, 
one might speculate on the active role played by this protein regions in the communication 
between different parts of complex proteins or between different partners. It is feasible that 
both transient α-helices identified in CBP-ID4 may promote the interactions between CBP 
and its partners. In addition, the highly flexible parts linking the two partially populated 



14 
 

helices may provide complementary functional advantages through their largely exposed 
and flexible protein backbones. 

 

Conclusions 

The NMR description of CBP-ID4 presented here reveals very heterogeneous structural and 
dynamic properties of this “linker”, which combines a great extent of structural disorder 
together with two protein regions characterized by significant α-helical propensities. These 
findings lead to a reexamination of the concept of protein linker, traditionally considered as 
mere connection between folded domains, which instead may modulate and fine-tune 
protein function through an heterogeneous structural disorder. This study shows that the 
recently developed NMR methods allow to overcome potential limitations deriving from the 
peculiar properties of linkers (high proline content, extensive spectral overlap, fast amide 
protons exchange) and opens new possibilities for the characterization at atomic level of 
PTMs and of intra- and inter-molecular interactions of CBP-ID4, starting with the partners 
known to interact with adjacent folded domains of CBP.  
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Supporting figures 

 

 

 

Figure S1. Extent of amide proton exchange with the solvent. Iτm/IRef values measured 

through the (CLEANEX-PM)-FHSQC experiments are reported as a function of residue 

number. In the top right of each plot, the length of the mixing time τm is indicated. The 

residues belonging to the two protein regions characterized by higher propensity for α-helix 

are reported in blue.  
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Figure S2. Temperature dependence of CBP-ID4. 2D BEST-TROSY spectra acquired at 

different temperature (from 283.0 to 308.0 K) are reported. The spectra are plotted with the 

same contour levels. 
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Figure S3. Temperature dependence of CBP-ID4. 2D CON-IPAP spectra acquired at different 

temperature (from 283.0 to 308.0 K) are reported. The spectra are plotted with the same 

contour levels. 
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Figure S4. Radius of gyration of the conformers of the computed ensemble. The wide 

distribution of the radius of gyration reflects the ability of the linker to fine-modulate the 

relative distance between attached globular domains. 

 

 

 

 

Figure S5. Disorder tendency of CBP-ID4 as predicted by IUPred (red), PONDR-FIT (blue) and 

Agadir (green). 
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Figure S6. Distribution of potential SLiMs (a) and phosphorylation sites (b) of CBP-ID4. The 

two protein regions characterized by significant α-helical propensity are highlighted in gray: 

almost no SLiMs and phosphorylation sites are predicted in these regions (a). The protein 

region highlighted in magenta was discarded from the analysis since recognized by the 

protein families database (Pfam) as the interlocking domain of CBP, which forms a 3-helical 

non-globular array that forms interlocked heterodimers with its target. b) Residues having a 

phosphorylation potential above the threshold are considered to be highly probable 

phosphorylation sites. Phosphorylation sites predicted to be kinase specific are the 

following: Ser 34 (p38MAPK and cdk5 kinases); Thr 52 (p38MAPK, GSK3 and cdk5 kinases); 

Ser 62 (GSK3 and cdk5 kinases); Ser 67 (p38MAPK and cdk5 kinases); Thr 85 (PKC kinase); Ser 

90 (DNAPK kinase). 
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NMR data acquisition and processing information 

3D BEST-TROSY (BT) NMR experiments were performed at 21.1 T on a Bruker Avance 

spectrometer operating at 898.57 MHz 
1
H, 225.95 MHz 

13
C and 91.05 MHz 

15
N frequencies, 

equipped with a cryogenically cooled probehead. PC9 and E-BURP2 (or time reversed E-

BURP2) shapes of durations of 1800 and 1270 ms, respectively, were employed for 
1
H band-

selective π/2 flip angle pulses; REBURP shape of duration of 1250 ms was used for 
1
H band-

selective π flip angle pulse; BIP-750-50-20 pulse shapes of duration of 140 ms were used for 

broadband 
1
H inversion. For 

13
C band-selective π/2 and π flip angle pulses G4 (or time 

reversed G4) and Q3 shapes of durations of 274 and 190 ms, respectively, were used, except 

for the π pulses that should be band-selective on the C
α
 region (Q3, 660 ms). The 

13
C band 

selective pulses on C
α
 and C' were applied at the center of each region, respectively. All 

gradients employed had a smoothed square shape. 

5D BT-NMR experiments were collected at 22.3 T on a Bruker Avance III spectrometer 

operating at 950.20 MHz 
1
H, 238.93 MHz 

13
C and 96.28 MHz 

15
N frequencies, equipped with 

a cryogenically cooled probehead. E-BURP2 and REBURP shapes of durations of 1200 and 

1180 ms, respectively, were employed for 
1
H band-selective π/2 and π flip angle pulses; BIP-

750-50-20 pulse shapes of duration of 200 ms were used for broadband 
1
H inversion. For 

13
C 

band-selective π /2 and π flip angle pulses G4 (or time reversed G4) and Q3 shapes of 

durations of 260 and 161 ms, respectively, were used, except for the π pulses that should be 

band-selective on the C
α
 region (Q3, 667 ms) and for the adiabatic π pulse to invert both C' 

and C
α 

(smoothed Chirp 500 ms, 20% smoothing, 80 kHz sweep width, 11.3 kHz RF field 

strength). The 
13

C band selective pulses on C
α
 and C' were applied at the center of each 

region, respectively. All gradients employed had a smoothed square shape. 

3D and 4D 
13

C detected experiments were acquired at 16.4 T on a Bruker Avance 

spectrometer operating at 700.06 MHz 
1
H, 176.03 MHz 

13
C and 70.94 MHz 

15
N frequencies, 

equipped with a cryogenically cooled probehead optimized for 
13

C-direct detection. For 
13

C 

band-selective π /2 and π flip angle pulses Q5 (or time reversed Q5) and Q3 shapes of 

durations of 300 and 220 ms, respectively, were used, except for the π pulses that should be 

band-selective on the C
α
 region (Q3, 860 ms) and for the adiabatic π pulse to invert both C’ 

and C
α
 (smoothed Chirp 500 ms, 25 % smoothing, 80 kHz sweep width, 11.3 kHz RF field 
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strength). The 
13

C band selective pulses on C
α/β

, C
α
, and C’ were given at the center of each 

region, respectively, and the adiabatic pulse was adjusted to cover the entire 
13

C region. 

Decoupling of 
1
H and 

15
N was achieved with waltz16 (1.7 kHz) and garp4 (1.0 kHz) 

sequences, respectively. All gradients employed had a sine-shape. All experiments employ 

the IPAP approach to remove the splitting in the direct acquisition dimension caused by the 

C –C’ couplings. The in-phase (IP) and antiphase (AP) components were acquired and stored 

in an interleaved manner, doubling the number of FIDs recorded. 

The most relevant experimental parameters used for the acquisition of 
1
H

N
 and 

13
C detected 

NMR experiments for sequence-specific assignment are reported in Table S1 and Table S2, 

respectively. Experimental parameters of 
15

N relaxation NMR experiments are provided in 

Table S3. 
15

N relaxation rates (R1 and R2) were determined by fitting cross-peak intensities, 

measured as a function of a variable delay, as single-exponential decay. 
15

N-
1
H NOEs were 

obtained as the ratio between cross-peak intensities in spectra recorded with and without 
1
H 

saturation.  

The most relevant experimental parameters for (CLEANEX-PM)-FHSQC and 3D HNHA 

experiments are given in Table S4.  Exchange rates between amide protons and water 

protons were estimated by analyzing the ratio between cross-peak intensities in spectra 

recorded with and without CLEANEX-PM mixing period. Homonuclear 3
JHN-Hα couplings were 

quantified by measuring the diagonal-peak to cross-peak ratio obtained in the 3D 
15

N-

separated quantitative J-correlation HNHA spectrum. 

Finally, parameters related to the NMR experiments for temperature dependence are shown 

in Table S5. 
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Sequence Context Influences the Structure and Aggregation 
Propensity of a PolyQ Tract** 
Bahareh Eftekharzadeh1, Alessandro Piai1, Giulio Chiesa, Daniele Mungianu, Jesús García, 

Roberta Pierattelli, Isabella Felli, and Xavier Salvatella* 

 
Abstract: Expansions of polyglutamine (polyQ) tracts in nine different 
proteins cause a family of neurodegenerative disorders called polyQ 
diseases. There is great interest in characterizing the conformations 
that these tracts adopt and in understanding how their properties are 
influenced by the sequences flanking them. We used solution NMR to 
study at single residue resolution a 156-residue long fragment of the 
androgen receptor produced by caspase 3 cleavage. This fragment 
contains the polyQ tract that causes the polyQ disease spinobulbar 
muscular atrophy, also known as Kennedy disease. Our findings 
indicate that a Leu-rich region preceding the polyQ tract causes it to 
become α-helical and reduces its aggregation propensity. We 
conclude that sequence context strongly influences the 
conformational properties of polyQ tracts and that induction of α-
helical propensity has a protective role with respect to formation of 
aggregates, which suggests a new therapeutic strategy for polyQ 
diseases. 
 
A group of nine disorders termed polyglutamine (polyQ) diseases 
occur as a result of the expansion of polymorphic polyQ tracts in 
proteins that are otherwise unrelated.[1] The variable length of 
such tracts is due to the propensity of CAG and GTC codon 
repeats that codify for them to form non-B-DNA structures that 
cause slippage during DNA replication.[2] As a consequence of 

these expansions, proteins with polyQ tracts are often found to 
misfold, oligomerize and aggregate to form fibrillar species 
resembling amyloid fibrils. 

Characterizing the structural and dynamical properties of 
polyQ tracts is crucial for understanding the molecular basis of 
polyQ diseases.[3] However, these regions of low sequence 
complexity are considered challenging targets for conventional 
methods in structural biology. This is due, in addition to their low 
solubility, to their high propensity to be intrinsic disordered, that in 
general precludes crystallization, and to the highly repetitive 
nature of their primary sequence, that can render their 
investigation by NMR challenging. A number of pioneering 
studies attempted to determine the structure of polyQ tracts, but 
to date, it has not been possible to report on the structure of one 
such tract in its native context and without fusing it to a 
solubilizing moiety.[4;5] 

We focus here on a polyQ tract occurring in the 
transactivation domain of the androgen receptor (AR) which plays 
a key role in the onset of spinal bulbar muscular atrophy (SBMA), 
a rare hereditary neuromuscular polyQ disease also known as 
Kennedy disease.[6] AR is a nuclear receptor activated by 
androgens such as dihydrotestosterone that regulates the 
expression of the male phenotype.[7] The polymorphic polyQ tract 
in AR starts at position 58 and can be between 14 and 34 
residues long in healthy individuals. Sizes over 37 residues are 
associated with SBMA and the length of the polyQ tract anti-
correlates with the age of onset. 
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Supporting information for this article includes experimental 
details as well as three additional figures (Fig S1-S3). 

Figure 1. a) Relative positions of the transactivation (NTD), DNA (DBD) and 
ligand binding (LBD) domains of AR with an indication of the positions of the 
LLLL motif, shown in green, of  the polymorphic polyQ tract, shown in 
purple, and of the caspase 3 cleavage site b) AR constructs used in this 
work. 
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The polyQ tract plays an important role 

in the formation of the aggregates associated 
with SBMA[8]. Neither its structure nor its 
involvement in the mechanism of AR 
aggregation are however known and this acts 
as an important hurdle for the development of 
therapeutic approaches for this rare disease. 
To characterize these important properties of 
polyQ tracts and understand how sequence 
context can influence their behavior, we used 
solution NMR to investigate the conformation 
of a N-terminal fragment of AR found in the 
aggregates associated with SBMA. This 156-

residue fragment is the product of proteolytic 
cleavage by caspase 3 and plays a key role in 
the progression of the disease (Fig. 1).[6]  

To study how the properties of the tract 
depend on its length we used constructs 
containing 4 and 25 Gln residues (4Q and 
25Q). The disordered nature of the protein and the presence of a 
25 residue polyQ tract required an experimental strategy based 
on the use of 4D 13C-detected NMR experiments that lead to the 
complete sequence specific assignment of the fragment.[9;10] 
Heteronuclei were exploited to take advantage of their improved 
chemical shifts dispersion, compared to that of protons, and of 
their reduced sensitivity to exchange processes.[11] The extensive 
cross-peak overlap in the spectra was overcome by acquiring 
high-dimensional experiments and by exploiting non-uniform 
sampling (NUS) to reduce experimental time while preserving 
high spectral resolution in the indirect dimensions. To our 
knowledge, a full characterization at atomic resolution of a polyQ 
tract under native conditions is unprecedented. The chemical 
shifts of 4Q and 25Q  (1HN, 1Hα, 1Hβ, 15N, 13C', 13Cα, 13Cβ) have 
been deposited in the BMRB (www.bmrb.wisc.edu, entries 25606 
and 25607).[12]  

As shown in Figure 2, in which we present the central 
regions of the 2D 1H-15N HSQC and 2D CON-IPAP spectra of 4Q 
and 25Q, the spectral differences between these two constructs 
are limited to the resonances of the polyQ tract and to the 4 Leu 
residues immediately preceding it (54LLLL57). An interesting 
feature of the spectra of 25Q is the presence of pseudo-
diagonals, a characteristic fingerprint, consisting of the cross- 
peaks corresponding to the residues of the polyQ tract, which 
have HN, N and C’ chemical shifts that correlate with their position 
in the sequence of the fragment (see also Fig. S1). 

We analyzed the chemical shifts to derive the 
conformational properties of 4Q and 25Q (Fig. 3a) in terms of 
secondary structural propensities (SSP).[13;14] The values that we 
obtained indicate the absence of persistent secondary structure 
except for the polyQ tract and for the 4 Leu residues preceding it, 
which show significant α-helical propensity, and a marked 
increase in helical propensity upon expansion of the tract from 4 
to 25 residues. This is a quite surprising observation considering 
that polyQ tracts are in general disordered or, when involved in 
the formation of fibrils, in an extended conformation.[5,15] That the 
helical propensity of the polyQ tract increases with its length was 
confirmed by CD analysis (Fig. S3) and 15N relaxation 
measurements (Fig. 3b and Fig. S2). Interestingly, the helicity 
was found to be most pronounced at the beginning of the tract 
and to decrease gradually towards its end. 

The fact that the residues of the 54LLLL57 motif, which 
precedes the polyQ tract, undergo very substantial chemical shift 
changes upon expansion of the latter (Fig. 2) indicates a certain 
degree of cooperativity in the conformational transition caused by 
expansion of the tract and suggests that they induce the 
formation of the α-helix. To confirm this we analyzed by CD and 
NMR a mutant of 25Q in which the motif 54LLLL57 was removed 
(25QΔL). The results that we obtained indicate a substantial loss 
of α-helical propensity, which decreased from ca 30% to 5% 
according to CD measurements, and a marked decrease in the 
chemical shift dispersion in the resonances corresponding to the 

Figure 2. Comparison of the NMR spectra of 4Q and 25Q. Central region of (a) the CON-IPAP 
spectrum and (b) the 1H-15N HSQC spectrum of 4Q (black) and 25Q (red) with an indication of the 
resonances which experience the largest chemical shift variations upon increasing the length of the 
polyQ tract. A close up of the CON-IPAP spectrum of 25Q with the full assignment of the polyQ tract 
is provided as supplementary information (Fig. S1). 

Figure 3. a) Secondary structure 
propensity of 4Q and 25Q. b) 15N R2 
relaxation rates reported as a function 
of residue number for 4Q and 25Q. 
Additional relaxation parameters (15N 
R1 and {1H}-15N NOEs) are provided 
as supplementary information (Fig. 
S2). In a) and b), to facilitate the 
comparison, values for residues of 4Q 
which follow the polyQ tract are shifted 
to the right by 21 units. Values for 
residues 55 to 62, corresponding to 
the 55LLLL58 motif and the first 4 Gln of 
the polyQ tract, are shown in blue to 
highlight the variation of the structural 
properties of the protein due to the 
different length of the polyQ tract 
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polyQ tract (Fig. 4). Both observations are in agreement with the 
hypothesis that the motif 54LLLL57 induces a helical conformation 
in the polyQ tract. 

To investigate the effect of the 4 Leu on the kinetics of 
oligomerization of the AR fragment, we compared the temporal 
evolution of 25Q and 25QΔL by dynamic light scattering (DLS), a 
technique that is well-suited to characterize the early stages of 
protein aggregation. The results (Fig. 4c) show that the particle 
size (Dhz) increases much faster and reaches higher values for 
25QΔL than for 25Q, indicating that the motif 54LLLL57 decreases 
the oligomerization propensity of the fragment. This observation, 
together with recent reports indicating that Leu is under-
represented in intrinsically disordered regions[16] but over-
represented in regions of sequence flanking polyQ tracts in 

eukaryotic proteomes,[17] supports the hypothesis that the latter 
have evolved to counterbalance the intrinsic aggregation 
propensity of these tracts by influencing their secondary structure. 

The high resolution investigation of a polyQ tract achieved 
here by using a recently developed NMR strategy in combination 
with complementary techniques (CD, DLS) provides an example 
of how flanking regions can influence the secondary structure and 
aggregation propensity of such tracts. Indeed, our findings reveal  
how a motif flanking a polyQ tract at its N-terminus can induce 
helical structure in the latter, which in turn influence fibril 
formation by adding a helix unfolding step in the mechanism of 
the transition. The intra-molecular hydrogen bonds that stabilize 
this compact secondary structure must indeed break before the 
cross-β structure, rather elongated and stabilized by inter-
molecular hydrogen bonds, can form.[18] Although this can indeed 
act as a mechanism to protect against aggregation our results 
also show that the influence of flanking regions on the secondary 
structure of polyQ tracts spans a limited range, in our case ca 20 
residues (Fig. 3), and that it may cease to be effective for the long 
tracts which cause polyQ diseases.[19,20] 

Our findings provide new insights into the structural 
properties of polyQ tracts and offer a compelling example of how 
flanking regions can affect the rate and extent of formation of 
toxic fibrillar species by proteins harboring this peculiar 
sequences. Our increased understanding of how sequence 
context influences the properties of polyQ tracts opens up new 
avenues for the development of therapeutic strategies for polyQ 
diseases based on targeting the flanking regions rather than the 
polyQ tract themselves. 

 
Keywords: polyglutamine diseases · protein aggregation · 
intrinsically disordered proteins · nuclear magnetic resonance · 
13C-detection 
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Experimental Section 

Protein expression and purification 

The genes codifying for 4Q, 25Q and 25QΔL were purchased from GeneArt and 

cloned in a pDEST-HisMBP vector (Addgene). Expression of the resulting genes led 

to fusion proteins containing a His6 tag and a maltose binding protein (MBP) moiety 

that were used, respectively, to purify and increase the solubility of the proteins. 15N 

labeled protein expression was carried in Rosetta E. coli cells grown in MOPS at 

37ºC until the value of OD600 was 0.7 and induced with 0.5 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG) for 4 hours at 28ºC. Cells were harvested by 

centrifugation and re-suspended in core buffer (50 mM sodium phosphate, 500 mM 

NaCl, 5% (v/v) Glycerol, 1 mM 2-Mercapto-ethanol, pH 8.0). A HisTrap HP 5 ml 

column (GE Healthcare) was used to purify the proteins, which were eluted by an 

imidazole gradient (final composition: 500 mM imidazole, 50 mM sodium phosphate, 

500 mM NaCl, 5% Glycerol, 1 mM 2-Mercapto-ethanol, pH 8.0), followed by a size 

exclusion step carried out in a Superdex HighLoad S200 26/60 column (GE 

Healthcare) equilibrated in a buffer with the following composition: 500 mM NaCl, 12 

mM sodium phosphate, 5% (v/v) Glycerol, 1 mM DTT, pH 7.5. The pure proteins 

were then incubated with His6-tagged TEV protease for 16 hours at 4°C by dialysis 

against a buffer containing 20 mM sodium phosphate, 100 mM NaCl and 0.5 mM 

EDTA (Ethylenediaminetetraacetic acid), pH 8.0. The product of the proteolytic 

cleavage was purified by Ni2+ affinity chromatography, employing a buffer containing 

8 M urea (500 mM imidazole, 50 mM sodium phosphate, 100 mM NaCl, 8 M urea, pH 

8.0) to prevent the aggregation of the cleaved AR in the column. Finally, the cleaved 

proteins were stored at –80°C. 

NMR sample preparation (Urea Incubation followed by Dialysis, UID) 

The protein solutions stored at -80°C were thawed and dialyzed for 16 hours at 4°C 

against a buffer containing 20 mM sodium phosphate and 1 mM tris(2-

carboxyethyl)phosphine (TCEP) at pH 7.4. Finally, 10% (v/v) D2O and 0.015 mM 

DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) were added to the samples. 
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DLS and CD sample preparation (Stringent Disaggregation Procedure, SDP) 

The protocol was adapted from the one developed by Linse group for Aß peptide 

kinetic measurements.[1] After purification, the lyophilized protein was dissolved in a 

buffer containing 20 mM sodium phosphate, 100 mM NaCl, 6 M Guanidine 

Thiocyanate, pH 7.4 and 5 mM TCEP until complete reduction of the protein, as 

monitored by HPLC measurement with a C18 column. The solution was passed 

through a PD-10 column (GE Healthcare) equilibrated in 20 mM sodium phosphate 

and 100 mM NaCl, pH 7.4. The most concentrated fraction was then purified with a 

Superdex 75 10/300 SEC column and the fractions containing exclusively the 

monomeric protein were centrifuged at 386,000 g for 1 hour at 4°C, using an Optima 

MAX preparative ultracentrifuge (Beckman). Only the upper ¾ of the centrifuged 

solutions were used for the assays.  

Dynamic light scattering (DLS) 

Before the measurements, samples were spinned with a tabletop centrifuge at 4ºC 

for 10 minutes at 13,000 rpm. Measurements were taken with a Malvern Zetasizer 

Nano S equipped with a He-Ne of 633 nm wavelength laser. For each experiment, 20 

repetitions of 20 seconds were recorded. Three measurements were performed at 

each time point. 

Circular Dichroism (CD) spectroscopy 

Far-UV CD measurements were performed on a JASCO 815 spectropolarimeter 

using a 0.1 cm length cuvette. Freshly prepared sample was diluted to the desired 

concentration with 20 mM sodium phosphate buffer (pH 7.4). The spectra were 

acquired at 0.2 nm resolution with a scan rate of 50 nm/min. For each sample, 10 

spectra were collected and averaged, after subtraction the blank. CD measurements 

were performed at 4ºC and 37ºC. Spectra were recorded in the range 190-260 nm. 

NMR experiments 

0.4 mM samples of 13C,15N double-labeled 4Q and 25Q in 20 mM sodium phasphate, 

1 mM TCEP, pH 7.4 were prepared. 10 % (v/v) D2O was added for the lock. Identical 

samples, but exclusively enriched in 15N, were used to acquire 15N relaxation 

experiments. 
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13C-detected and 1H-detected NMR experiments for sequence-specific resonance 

assignment were acquired at 16.4 T on a Bruker Avance spectrometer operating at 

700.06 MHz 1H, 176.03 MHz 13C and 70.94 MHz 15N frequencies, equipped with a 

cryogenically cooled probehead optimized for 13C-direct detection (TXO), and at 22.3 

T on a Bruker Avance III spectrometer operating at 950.20 MHz 1H, 238.93 MHz 13C 

and 96.28 MHz 15N frequencies, equipped with a cryogenically cooled probehead 

(TCI). 15N relaxation experiments were performed at 16.4 T Bruker Avance 

spectrometer operating at 700.13 MHz 1H, 176.05 MHz 13C and 70.94 MHz 15N 

frequencies, equipped with a cryogenically cooled probehead (TXI), by measuring 
15N backbone longitudinal (R1) and transverse (R2) relaxation rates and the 

heteronuclear 15N{15H} NOEs. All the experiments were collected at 278 K. 

A data set consisting of a combination of 13C-detected (4D HCBCACON,[2] 4D 

HCBCANCO,[2] 4D (HCA)CON(CA)CON[3] and 4D (HN)CON(CA)CON[3]) and 1H-

detected (3D TROSY HNCO,[4] 4D TROSY (H)NCO(CA)NNH[5] and 4D TROSY 

HN(COCA)NNH[5]) NMR experiments was used to achieve the full sequence-specific 

assignment of 4Q. Instead, 13C-detected 4D HCBCACON[2] and 4D 

(HN)CON(CA)CON[3] experiments, and 1H-detected 3D TROSY HNCO[4], 3D TROSY 

HN(CA)CO[6] and 4D TROSY HN(COCA)NNH[5] experiments were acquired to obtain 

the complete resonances assignment of 25Q. All the experiments were performed 

using on-grid non-uniform sampling (NUS). The o “Poisson disk” sampling scheme 

was chosen to generate the time schedules with the RSPack program.[7] The 

assignments of HN, Hα, Hβ, C', Cα, Cβ and N resonances of 4Q and 25Q are reported 

in the BMRB (www.bmrb.wisc.edu),[8] entries 25606 and 25607. The parameters 

used for the acquisition of the experiments are reported in Tables S1-S4. 

NMR data processing and analysis 

NUS NMR data were converted with NMRPipe[9] and then processed using 

ToASTD[10] and reduced[11;12] programs. Uniformly sampled NMR data were 

processed with TopSpin. Sparky[13] and CcpNMR Analysis[14] were used to visualize 

the spectra and analyze the 15N relaxation data, respectively. 

The secondary structure propensity from the heteronuclear chemical shifts was 

determined for 4Q and 25Q by using the neighbor corrected structural propensity 

calculator (ncSPC) tool,[15] available online at http://nmr.chem.rug.nl/ncSPC/. 
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Tamiola, Acar and Mulder random coil chemical shift library was chosen for the 

analyses.[16] 
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Table S3 Experimental parameters used for the acquisition of the 15N relaxation 

NMR experiments on 4Q 

 

 Spectral widths and 
maximal evolution times 

No. of 
scans 

Inter-scan 
delays (s) 

15N R1 
1600 Hz 

(15N)  
156.8 ms 

10500 Hz 
(1H) 

97.6 ms 
8 3.0 

15N R2 
1600 Hz 

(15N)  
156.8 ms 

10500 Hz 
(1H) 

97.6 ms 
8 3.0 

Steady-state heteronuclear 
15N{1H} NOEs 

1600 Hz 
(15N)  

156.8 ms 

10500 Hz 
(1H) 

97.6 ms 
64 6.0 

For the determination of R1, 10 experiments were acquired changing the variable 
delay from 15 to 995 ms. For the determination of R2, 10 experiments were 
acquired changing the variable delay from 30 to 565 ms. 

 

 

Table S4 Experimental parameters used for the acquisition of the 15N relaxation 

NMR experiments on 25Q 

 

 Spectral widths and 
maximal evolution times 

No. of 
scans 

Inter-scan 
delays (s) 

15N R1 
1600 Hz 

(15N)  
156.8 ms 

10500 Hz 
(1H) 

97.6 ms 
8 3.0 

15N R2 
1600 Hz 

(15N)  
156.8 ms 

10500 Hz 
(1H) 

97.6 ms 
8 3.0 

Steady-state heteronuclear 
15N{1H} NOEs 

1600 Hz 
(15N)  

177.7 ms 

10500 Hz 
(1H) 

97.6 ms 
64 6.0 

For the determination of R1, 10 experiments were acquired changing the variable 
delay from 15 to 995 ms. For the determination of R2, 10 experiments were 
acquired changing the variable delay from 30 to 315 ms. 
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Supporting Figures   

 

 

Figure S1 Close up view of the CON-IPAP spectrum of 25Q with the full assignment of the polyQ 
tract. 13C dimension increases the chemical shift dispersion of the resonances and reduces cross-
peak overlaps in the polyQ region. 
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Figure S2 15N R1 relaxation rates and {1H}-15N NOEs reported as a function of residue 
number for 4Q (red) and 25Q (black). To facilitate the comparison, error bars have been 
removed and values for residues of 4Q which are C-terminal to the polyQ tract are shifted 
to the right by 21 units. 
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Figure S3 CD spectra of 130 µM samples of 4Q and 25Q 
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Abstract 

 

Spinal bulbar muscular atrophy (SBMA) is a rare hereditary neuromuscular disease 

caused by the elongation of a polymorphic polyglutamine (polyQ) tract in the 

transactivation domain (NTD) of the androgen receptor (AR). Although the molecular 

basis of SBMA is not yet fully understood, the observation of nuclear inclusions 

containing AR in specific tissues has suggested that it is linked to the aggregation of 

AR fragments. To characterize the mechanism of this process we have investigated 

the structural properties of AR constructs with polyQ tracts of increasing length as 

well as the early stages of oligomerization by solution nuclear magnetic resonance 

(NMR) spectroscopy. We identified a hydrophobic and Q/N-rich specific region of 

sequence, distant from the polyQ tract, as that responsible for the inter-molecular 

interactions that nucleate AR oligomerization.  

 

Introduction 

 

Spinal bulbar muscular atrophy (SBMA), also known as Kennedy disease1, is a rare 

neuromuscular disease with a prevalence of 1 per ca. 50,000 males that belongs to 

a group of nine disorders termed polyglutamine (polyQ) diseases2,3. These occur as 

a result of the expansion of polymorphic polyQ tracts in proteins that are otherwise 

unrelated4. The variable length of such tracts is due to their unstable nature, that is 

caused by the propensity of CAG and GTC codon repeats to form non-B-DNA 

structures which cause slippage during DNA replication5,6. As a consequence of 

these expansions the codified proteins are often found to misfold, oligomerize and 

aggregate to form fibrillar species resembling amyloid fibrils7–11. 

 

The polyQ tract responsible for SBMA is found in the N-terminal transactivation 

domain (NTD) of androgen receptor (AR) (Figure 1a). AR is a nuclear receptor 

activated by androgens such as dihydrotestosterone that regulates the expression of 

the male phenotype. Although the molecular basis of SBMA is not yet fully 

established there are strong indications that AR aggregation is the main cause of the 

disease12. This hypothesis is supported by the observation that SBMA patients 

exhibit AR loss of function symptoms, such as gynecomastia and infertility, attributed 

to the depletion of the soluble receptor, in addition to gain of function symptoms, 
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such as progressive muscle cramps, fasciculations and dysphagia13, caused by the 

cell-specific toxicity of AR aggregates to muscle cells and motor neurons9,14–18. 

 

Prior to activation by androgens AR is a cytosolic protein in complex with molecular 

chaperones that bind to the NTD (residues 1-558, Figure 1a), which is intrinsically 

disordered (ID)19, and stabilize it against degradation and aggregation. Androgen 

binding to the ligand-binding domain (LBD, residues 670-919, Figure 1a) leads to a 

collective conformational change that causes the dissociation of this complex and 

targets the receptor to the nucleus by exposure of a nuclear localization signal found 

in the hinge region that connects the LBD with the DNA-binding domain (DBD, 

residues 559–631, Figure 1a). The DBD of nuclear AR interacts with specific DNA 

sequences known as androgen response elements (AREs) found in promoters and 

enhancers of genes regulated by AR. Once AR is bound to DNA, the NTD recruits 

the general transcription factors and transcriptional co-regulators needed to 

assemble the transcription machinery, leading to transactivation20.  

 

The polymorphic polyQ tract in AR starts at position 58 and can be between 14 and 

34 residues long in healthy individuals. Sizes over 37 residues are associated with 

SBMA and the length of the polyQ tract anti-correlates with the age of onset21. 

Although the role of the polyQ tract is not yet known, there are indications that it is 

involved in the regulation of AR function as individuals with short polyQ tracts exhibit 

a higher propensity to suffer from prostate cancer, that relies on AR expression and 

activation for progression22–24.  

 

There is evidence from Drosophila melanogaster and mice models that the 

development of the SBMA phenotype requires AR activation25,26. These observations 

suggest a mechanism for the onset of this disease in which AR aggregation occurs 

when the complex that it forms with molecular chaperones dissociates after 

androgen binding. Given that activation leads to nuclear translocation this hypothesis 

is in agreement with the nuclear localization of AR aggregates, known as nuclear 

inclusions (NIs), and with the results of studies of the effect of AR antagonists on 

transgenic mice expressing human AR with an elongated polyQ tract. Indeed 

untreated mice have a phenotype closely resembling that of SBMA patients whereas 

those treated with AR antagonists appear healthy27–29. 
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Although the polyQ tract is thought to play an important role in the formation of the 

inclusions associated with SBMA neither its structure nor its involvement in the 

mechanism of AR oligomerization are well characterized and this lack of 

understanding acts as an important hurdle for the development of therapeutic 

approaches for SBMA based on decreasing of AR aggregates. To remedy this, we 

have used solution NMR to investigate the structural properties as well as the early 

stages of oligomerization of a N-terminal fragment of AR found in NIs. This fragment 

is the product of proteolytic cleavage by caspase 3 (Figures 1a and 1c) and plays a 

key role in the onset of the disease12,30,31. 

 

The NMR strategy we used32 to investigate this system enabled the structural and 

dynamical characterization of the entire fragment and to monitor the occurrence of 

the oligomerization process. The availability of residue-specific information enabled 

us to establish that the rate of oligomerization does not exclusively depend on the 

length of the polyQ tract providing striking example of how regions immediately 

flanking a polyQ tract can influence its structural properties and of how regions of 

sequence distant from it can modulate its propensity to oligomerize. In addition, our 

data unambiguously identify the region of sequence 22GAFQNLFQSVREVIQ36 

(Figure 1b) as that nucleating the oligomerization of AR in SBMA and put it forward 

as a possible therapeutic target for this currently incurable and relatively neglected 

rare disease.  

 

Results 

 

Preparation of solutions of monomeric AR fragments 

 

Preparing solutions of monomeric aggregation-prone proteins is challenging but 

essential for characterizing their structural properties33–35. We expressed in E. coli 

two AR constructs spanning the sequence of the fragment and containing polyQ 

tracts of 4 and 25 Gln residues (4Q and 25Q, Figure 1c) fused to His6-tagged 

maltose binding protein (MBP). After purification of the fusion proteins by affinity and 

size exclusion chromatographies and cleavage of the His6-MBP moiety by the 

tobacco etch virus (TEV) protease 4Q and 25Q were rendered monomeric by 
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applying a stringent disaggregation procedure (SDP, see Materials and Methods) 

based on the one recently put forward by the Linse laboratory for the preparation of 

monomeric A1-42 solutions34 and successfully applied also to 4Q and 25Q36.  

Solutions of 4Q and 25Q obtained in this way were shown to be more than 98% 

monomeric by dynamic light scattering (DLS) (Supplementary Figure 1). The 

hydrodynamic radii of 4Q and 25Q calculated from the DLS data were ca 3.5 nm, in 

agreement with the values determined from the elution volume obtained by size 

exclusion chromatography (SEC). The oligomeric state of the samples was also 

analyzed by sedimentation velocity analytical ultracentrifugation (SV-AUC), which 

yielded a narrow distribution of particles centered on a main species with a 

sedimentation coefficient of 1.1 S (for 4Q) and 1.3 S (for 25Q). Data fitting performed 

with the software SEDFIT37 revealed, for both polyQ lengths, a low but detectable 

population of a second species (1-3%), with a sedimentation coefficient of 2.6 S (4Q) 

and 2.8 S (25Q). By comparison of the experimental frictional ratios with their 

theoretical counterparts we obtained that, for both constructs, the major species 

corresponded to the monomer, whereas the minor one likely to a tetramer 

(Supplementary Figure 2). A similar distribution of oligomeric states was recently 

described for synthetic peptides corresponding to exon 1 of the protein Huntingtin, 

which also harbors a polyQ tract38. 

 

Analysis of AR oligomerization 

 

To characterize the oligomerization of 4Q and 25Q we monitored the time evolution 

of 20 M samples of these constructs by time resolved DLS, a technique that is very 

sensitive to the presence of soluble oligomers. The analysis of the temporal 

evolution of the weighted mean diameter of the ensemble of particles (Z-average- 

Dhz (d.nm)) revealed that, in its early stages (<150 hours), oligomerization occurs in 

both cases with a rate that appeared to be relatively independent of the length of the 

polyQ tract (Figure 2a). 

 

We then monitored the structural properties of the AR fragment and their evolution 

during oligomerization by circular dichroism (CD) and NMR spectroscopies. CD 

spectra collected immediately after preparing the monomeric protein solutions 
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indicated that 4Q and 25Q were ID with a fractional content of -helix (ca. 12% for 

4Q and ca. 30% for 25Q, Figure 2b). To study whether the secondary structure of 

25Q evolved with time, a 20 M solution of this protein was analyzed by CD at 

various times within 170 hours of incubation: the resulting spectra indicated that no 

substantial change in secondary structure occurred during oligomerization (Figure 

2c).  

Time-resolved NMR experiments were then performed to study the early stages of 

oligomerization at high resolution. A 50 µM sample of 25Q enriched in 15N was 

incubated under the same conditions employed for the DLS and CD measurements 

and a series of 2D 1H-15N HSQC experiments was acquired at 18.8 T (800 MHz) in a 

time-resolved fashion. The majority of resonances remained unaltered but a fraction 

of the cross-peaks of 25Q evolved with time by decreasing in intensity and, in some 

instances, by splitting in two or more peaks (Figure 3). 

 

That a relatively small number of resonances evolved during oligomerization 

indicated that the changes in chemical environment that occurred during this process 

were specific and, therefore, that NMR had the potential to provide unique insights 

into the mechanism of self-assembly39. However, the low stability of these samples 

precluded the acquisition of the multidimensional NMR experiments necessary to 

assign the resonances of the polypeptide.  

 

Preparation of a kinetically stable sample and characterization by NMR 

 

To produce kinetically stable samples, 400 M solutions of 4Q and 25Q were 

incubated in 6 M urea overnight and then dialyzed (1:1000) against 20 mM sodium 

phosphate buffer at pH 7.4 as previously described36. The 2D 1H-15N HSQC 

spectrum of the sample obtained by this procedure (urea incubation followed by 

dialysis, UID) was very similar to that of monomeric 25Q obtained by SDP and only 

presented changes in the resonances corresponding to residues near H42 and H103, 

which we attribute to small pH differences and to the influence of residual urea. 

Importantly for our purposes this spectrum did not change significantly over the 

period of time required to acquire the multidimensional NMR experiments that were 

used to assign the resonances. The kinetic stability of this sample was also 
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confirmed by DLS, which showed that the Z-average was, although slightly higher 

than that of the SDP sample, indicating the presence of oligomers of 25Q, 

approximately constant (Supplementary Figure 4).  

 

The available sequence-specific assignments of both UID 4Q and 25Q36 and the 

secondary structure propensity analysis (SSP) performed to derive the 

conformational properties of 4Q and 25Q from the C', Cα, Cβ, and N backbone 

chemical shifts40-41 indicates the absence of persistent secondary structure in the 

polypeptides, except for the residues including the polyQ tract36, which in the longer 

construct appears to be fully formed (Figure 4a). The backbone dynamics of 4Q and 

25Q studied by measuring 15N nuclear relaxation rates lead to similar results for 4Q 

and 25Q, except for the polyQ tract and the regions of sequence immediately 

flanking it. Notably, the R2 values identified three regions of sequence characterized 

by particularly fast transverse 15N relaxation rates: those, which in 4Q correspond to 

the regions 22GAFQNLFQ29, 55LLLLQQQQ62 and 87TGYLVLD93, the latter 

corresponding to residues 108-114 in 25Q. 

 

22GAFQNLFQ29 is part of a region of sequence of low disorder propensity42 and high 

average area buried upon folding (AABUF), a property of amino acids that has a 

direct correlation with hydrophobicity43 (Figure 1b). Importantly, in full length 

androgen-bound AR, it can interact with the LBD44,45 and this inter-domain 

interaction is thought to be critical for the physiological function of the receptor. The 

second region, 55LLLLQQQQ62, also with high AABUF, was identified by the SSP 

analysis as partially α-helical in 4Q and remarkably structured in 25Q (Figure 4a). 

The third one, 87TGYLVLD93 in 4Q or 108TGYLVLD114 in 25Q, is part of a region of 

sequence with relatively high AABUF (Figure 1b), which has no helical propensity 

(Figure 4a). 

 

A comparison of the transverse 15N relaxation rates of 4Q and 25Q reveals 

substantially higher values for the 55LLLLQQQQ62 region of the latter, which we 

attribute mainly to the increase in helical propensity caused by the elongation of the 

polyQ tract (Figure 4b).36 Equivalent results were obtained in analyzing the hetNOE 

and longitudinal 15N backbone relaxation rate (Figure 4c and 4d), which in both 

cases reflect the formation of a more rigid structure upon elongation. In summary, 
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therefore, we find that all regions of sequence of 25Q showing fast backbone 15N 

transverse relaxation have high AABUF and, hence, high hydrophobicity. 

 

Identification of the residues undergoing structural changes during oligomerization of 

25Q 

 

The remarkable similarity of the 1H-15N HSQC spectra of UID and SDP samples of 

25Q (Supplementary Figure 3) allowed us to unambiguously transfer the 1H and 15N 

backbone chemical shift assignments from the former to the latter, and therefore to 

identify the residues of 25Q which undergo changes in chemical environment during 

oligomerization (Figure 3). This analysis revealed that they belong to three regions of 

sequence: 22GAFQNLFQSVREVIQ36, 139GAAVAAS145 and, to a lesser extent, the 

polyQ tract and the residues immediately flanking it. 

 

A detailed analysis of the temporal evolution of the position and intensity of the 

cross-peaks in the 1H-15N HSQC spectrum revealed that the regions of sequence 

described above undergo changes with different rates. The first of these changes, 

which is already noticeable after two days of incubation, halves the signal intensity 

(I/I0 ≈ 0.5) of the resonance of the residues in the 22GAFQNLFQSVREVIQ36 region 

and also affected, although to a lesser extent, residues in the 139GAAVAAS145 region 

(I/I0 ≈ 0.65). Incubation of the sample for two additional days leads to further 

decreases in the signal intensity to values of I/I0 of 0.30 and 0.45, respectively. 

Additionally, a modest decrease (I/I0 ≈ 0.70) in the region 50-85, which includes the 

polyQ tract and the residues flanking it, is observed. Further incubation for a total of 

seven days leads to major decreases in signal intensity of the residues constituting 

the 22GAFQNLFQSVREVIQ36 region, which in many cases can no longer be 

observed (I/I0 ≈ 0), and to an enhancement of the effects observed in the polyQ tract 

and in the 139GAAVAAS145 region (I/I0 ≈ 0.6 and 0.3, respectively).  

 

As already mentioned, the resonances of a small number of residues, in addition to 

decreasing in the intensity split into two or more peaks. These resonances, which 

are amongst those that exhibit the earliest changes in intensity, correspond to the 

region of sequence 29QSVREVIQ36. This indicates that oligomerization proceeds via 

the formation of species with well-defined chemical shifts in this specific region of 
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sequence. A particularly striking case is Val 31, shown in detail in Figure 3c, which 

evolves via the formation of at least one intermediate, in slow exchange with 

monomeric 25Q, with chemical shifts that have values between those of the 

monomer and those observed at the end of incubation.  

 

Although most of the cross-peaks in the 1H-15N HSQC spectra of the SPD and UID 

samples are in the same positions, allowing the transfer of the assignments, the 

intensities of many resonances of the sample treated with urea are lower than those 

measured in the spectra of samples that were disaggregated (Supplementary Figure 

3). In addition, whereas the Z-average of the SDP samples was very low shortly after 

dissolution (ca. 8 nm), but quickly increases as oligomerization takes place, that of 

the UID samples has a relatively low value of ca. 100 nm and hardly increases 

during incubation (Supplementary Figure 4). Taken together, these results strongly 

suggest that the kinetically stable samples contain oligomeric species in equilibrium 

with monomeric 25Q.  

 

To study the nature of inter-molecular interactions that stabilize these oligomers, we 

acquired 2D 1H-15N HSQC spectra of UID 25Q samples at various concentrations 

(125, 250 and 500 M) and observed that the positions of all resonances remained 

unaltered but that the relative signal intensity of those corresponding to residues in 

the region 22GAFQNLFQ29 decreased with concentration (Supplementary Figure 5). 

Subsequent measurements of the 15N transverse relaxation rates (R2) confirmed that 

the decrease in relative signal intensity was indeed due to the concentration-

dependence of the 15N transverse relaxation rates, which we attribute to the 

contribution of exchange processes (Rex) to the linewidth of the resonances of 25Q 

due to oligomerization46 (Figure 5). 

 

In summary, we have listed the regions of 25Q that undergo changes in their 

structure and dynamics as oligomerization takes place. We clearly identify the region 

22GAFQNLFQSVREVIQ36 as that establishing the first inter-molecular interactions in 

the mechanism of self-assembly. It is interesting to note that this region has 

hydrophobicity and high propensity to fold and in addition, is rich in Q and N residues. 
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Discussion 

 

The characterization of the structural and dynamical properties of polyQ tracts is 

crucial for understanding the molecular basis of polyQ diseases. However, they are 

generally considered very challenging targets for conventional structural biology 

approaches such as X-ray crystallography and solution NMR. This is due, in addition 

to their low solubility, to their high propensity to intrinsic disorder, which in general 

precludes crystallization, and to the highly repetitive nature of their primary 

sequences, which can render the NMR resonances assignment challenging due to 

spectral overlap32,47-49. 

 

In a previous work we have used relatively sophisticated sample preparation 

methods and a battery of newly developed solution NMR experiments43 to obtain the 

complete assignment of the backbone resonances of the protein, including the polyQ 

tract,36 and to derive from them the secondary structure propensity of each residue, 

including prolines.36 Our findings indicate that the polyQ tract of the NTD of AR has a 

strong propensity to adopt an -helical secondary structure contrary to what had 

been found to be the case for the vast majority of such tracts studied to date50-55. 

 

Studies of the mechanism of aggregation of proteins with polyQ tracts have relied on 

comparing the aggregation rates of peptides with tracts of various lengths after 

introducing mutations in the flanking regions37,59. They have showed a correlation 

between the length of the polyQ and the rate of aggregation60 and have suggested 

that the flanking regions can play a role in the early stages of aggregation by 

stabilizing on-pathway oligomers through inter-molecular interactions61. Our results 

based on time-resolved NMR experiments provide a direct and unprecedented 

characterization of the mechanism of self-assembly and identify precisely which 

residues undergo structural and dynamic changes during oligomerization. 

 

The results that we have obtained indicate that monomeric 25Q is in equilibrium with 

an oligomeric form of the protein stabilized by inter-molecular interactions involving 

residues in the motif 22GAFQNLFQ29 (Figure 6). This motif is in a Q/N-rich region of 

sequence of low helical propensity but high AABUF (Figure 1b), suggesting that the 
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nature of the interactions, which stabilize the oligomers that form earliest, is 

hydrophobic. Given that the equilibrium between monomeric 25Q and these 

oligomers is relatively fast on the NMR timescale, it is unlikely that 25Q undergoes 

substantial structural changes of the type that occur at later stages, discussed below. 

Most of the residues of 25Q, which experience chemical shift perturbations during 

oligomerization, are found in the motif 30SVREVIQ36, of predicted high helicity, which 

is directly adjacent to the motif 22GAFQNLFQ29 discussed above (Figure 3). That the 

resonances of the monomeric 30SVREVIQ36 motif are in slow exchange with those 

appearing during incubation indicates that monomeric 25Q coexists with well-defined 

oligomeric species, with a different conformation in this region of sequence, that are 

of a size which do not prevent their observation by solution NMR. We therefore 

conclude that the second step in the oligomerization of 25Q is the formation of 

oligomers stabilized by inter-molecular interactions involving, at least initially, mainly 

residues in the motif 30SVREVIQ36.  

 

The chemical shift perturbations observed in 30SVREVIQ36 occur concomitantly with 

a decrease in signal intensity of the resonances belonging to monomeric 25Q 

(Figure 3). It is important to clarify that a substantial number of residues of 25Q, such 

as residues 1-10 and 90-120, do not experience such a decrease in signal intensity 

during incubation (Figure 3b). This observation confirms that the phenomenon 

described in Figure 3B is not due to the aggregation of 25Q but, rather, to the 

structural and dynamic changes occurring in the protein as it oligomerizes. 

 

By using such decreases in signal intensity as reporters of the involvement of 

specific residues in oligomerization, we conclude that the polyQ tract and the regions 

of sequence immediately flanking only establish inter-molecular interactions after the 

motif 22GAFQNLFQSVREVIQ36 does. This is clearly illustrated by signal intensities 

reported after two days of incubation in Figure 3B, which are substantially decreased 

in the region 22GAFQNLFQSVREVIQ36 but remain essentially unchanged in the 

polyQ tract. We thus infer that the third step in the oligomerization of 25Q is a 

conformational change in the polyQ region occurring in on-pathway oligomers 

stabilized by inter-molecular interactions involving the region 

22GAFQNLFQSVREVIQ36, especially the motif 30SVREVIQ36. The mechanism of 

self-assembly that we propose for 25Q is summarized in Figure 6. 
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A detailed analysis of the 22GAFQNLFQSVREVIQ36 region of sequence, which 

experiences the earliest and largest decrease in signal intensities as well as the 

greatest chemical shift perturbations during oligomerization, indicates that it has 

some of the features expected in a sequence which forms coiled coils, such as the 

presence of hydrophobic residues in positions a and d of two consecutive imperfect 

heptad repeats starting at positions F24 and V31. This suggests that the on-pathway 

oligomers that form during the aggregation of 25Q might be stabilized by coiled coil 

interactions established by partially helical motifs, as proposed for huntingtin51 on the 

basis of bioinformatics predictions and on the observation that the flanking region of 

the polyQ tract in huntingtin have helical character62-64.  

 

The results that we present in this work have implications for our understanding of 

the mechanism of oligomerization in vivo and for the identification of therapeutic 

strategies for SBMA. As previously discussed the motif which establishes the earliest 

inter-molecular interaction in 25Q, 22GAFQNLFQ29, binds to the LBD as an -helix 

after the full length AR is activated by androgens44,65. If, as expected, this inter-

domain interaction diminishes the propensity of the motif to oligomerize, our results 

provide a simple explanation for the relationship between cleavage by caspase-3 

and AR oligomerization. In the mechanism that we propose caspase-3 would 

facilitate oligomerization by producing an N-terminal AR fragment devoid of the LBD 

and with an exposed hydrophobic and Q/N-rich sequence. Finally, our work clearly 

identifies the region 22GAFQNLFQSVREVIQ36, in particular the 22GAFQNLFQ29 motif, 

as a potential therapeutic target for SBMA.  

 

 

Materials and methods 

 

Protein expression and purification 

 

The 4Q and 25Q constructs were expressed and purified as previously described.36  

 

Urea Incubation followed by Dialysis (UID, NMR Sample preparation) 
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The protein solutions stored at -80 °C were thawed and dialyzed for 16 hours at 4 °C 

against a buffer containing 20 mM sodium phosphate and 1 mM tris(2-

carboxyethyl)phosphine (TCEP) at pH 7.4. Finally, 10% (v/v) D2O and 0.015 mM 

DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) were added to the samples. 

 

Stringent Disaggregation Procedure (SDP) 

 

The protocol was adapted from the one developed by Linse group for Aß peptide 

kinetic measurements34. After purification, the lyophilized protein was dissolved in a 

buffer containing 20 mM sodium phosphate, 100 mM NaCl, 6 M Guanidine 

Thiocyanate, pH 7.4 and 5 mM TCEP until complete reduction of the protein, as 

monitored by HPLC measurement with a C18 column. The solution was passed 

through a PD-10 column (GE Healthcare) equilibrated in 20 mM sodium phosphate 

and 100 mM NaCl, pH 7.4. The most concentrated fraction was then purified with a 

Superdex 75 10/300 SEC column and the fractions containing exclusively the 

monomeric protein were centrifuged at 386,000 g for 1 hour at 4°C, using an Optima 

MAX preparative ultracentrifuge (Beckman). Only the upper ¾ of the centrifuged 

solutions were used for the assays.  

 

Dynamic light scattering (DLS) 

 

Before the measurements, samples were spinned with a tabletop centrifuge at 4ºC 

for 10 minutes at 13,000 rpm. Measurements were taken with a Malvern Zetasizer 

Nano S equipped with a He-Ne of 633 nm wavelength laser. For each experiment, 

20 repetitions of 20 seconds were recorded. Three measurements were performed 

at each time point. 

 

Analytical ultracentrifugation (AUC) 

 

Sedimentation Velocity data were acquired with an Optima XL-A (Beckman) at 

38,000 rpm. Sample displacement profiles were obtained by interferometry and UV 

absorbance at 280 nm. The buffer used contained 20 mM sodium phosphate and 

100 mM NaCl. The experiments were acquired right after the samples were treated 
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with the ultracentrifugation step, as explained in Stringent Disaggregation Procedure 

(SDP) section. Experimental data were analyzed with SEDFIT 14.136. The mass of 

the monomeric species was calculated with the following equation: 

 

M=RTS/(D(1-νρsolv)) 

 

where M is the calculated mass; R=8.31 J/K∙mol; T=293 K;  ρ=1.000416 g/ml; 

ν=0.7201 ml/g and D is the translational diffusion coefficient (expressed in cm2/s), 

obtained by performing a parallel DLS experiment with a DynaPro instrument 

(ProteinSolutions). 

 

Circular Dichroism (CD) spectroscopy 

 

Far-UV CD measurements were performed on a JASCO 815 spectropolarimeter 

using a 0.1 cm length cuvette. Freshly prepared sample was diluted to the desired 

concentration with 20 mM sodium phosphate buffer (pH 7.4). The spectra were 

acquired at 0.2 nm resolution with a scan rate of 50 nm/min. For each sample, 10 

spectra were collected and averaged, after subtraction the blank. For both proteins, 

CD measurements were performed at 4ºC and 37ºC. Spectra were recorded in the 

range 190-260 nm. 

 

Time-evolution NMR experiments 

 

A freshly prepared sample containing 50 M 15N-labeled SDP 25Q in 20 mM 

phosphate buffer (pH 7.4), 1 mM TCEP and 10% (v/v) D2O was used to acquire a 

series of 2D 1H-15N HSQC spectra at 278 K on a 18.8 T Bruker Avance 800 MHz 

spectrometer equipped with a triple-resonance cryogenically-cooled probehead (TCI). 

DSS was used as internal reference. 1H-15N HSQC experiments were acquired with 

1024 complex points in the F2 (1H) dimension and 512 increments in the F1 (15N) 

dimension, 16 scans for each increment and a spectral width of 8000 Hz (10.0 ppm) 

in F2 and 1800 Hz (22.0 ppm) in F1. The inter-scan delay was 1 s. 1H-15N HSQC 

spectra of the same sample were recorded right after preparation and after 2, 4 and 
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7 days. Between experiments, the sample was kept at 310 K. Spectra were 

processed with NMRPipe66 and analyzed using CcpNMR Analysis67. 

 

 

Equilibrium NMR experiments 

 

The 1H-detected and 13C-detected NMR experiments for sequence-specific 

resonance assignment were acquired at 278 K on a 16.4 T Bruker Avance 700 

spectrometer, equipped with a cryogenically cooled probehead optimized for 13C-

detection (TXO), and on a 22.3 T Bruker Avance III 950 spectrometer, equipped with 

a triple-resonance inverse cryogenically cooled probehead (TCI) as previsously 

reported.36 The assignment deposited in the BMRB (entries 25606, 25607 and 

25608) were used for chemical shift analysis and mapping. 

 

Relaxation experiments on both 4Q and 25Q (the latter at three different protein 

concentrations: 125, 250 and 500 µM) were performed at 278 K on a 16.4 T Bruker 

Avance 700 spectrometer, equipped with a cryogenically cooled probehead (TXI), by 

measuring 15N backbone longitudinal (R1) and transverse (R2) relaxation rates and 

the heteronuclear 15N{15H} NOEs as previously reported.36 

 

NMR data processing and analysis 

The secondary structure propensity from the heteronuclear chemical shifts was 

determined for 4Q and 25Q by using the neighbor corrected structural propensity 

calculator tool (http://nmr.chem.rug.nl/ncSPC/). Tamiola, Acar and Mulder random 

coil chemical shift library40 was chosen for the analyses. 

 

Prediction data 

Theoretical helical propensities were calculated using AGADIR68,69 

(http://agadir.crg.es/) online. The conditions used for the calculations were pH 7.4, 

278 K and 0.1 M ionic strength. PONDR-FIT70 was used to predict the intrinsically 

disordered regions (http://www.pondr.com/). The AABUF was calculated with an 

averaging window of 7 residues43.  

 

http://nmr.chem.rug.nl/ncSPC/
http://agadir.crg.es/
http://www.pondr.com/
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Figures 

 

 

Figure 1. Domain organization of AR and predicted structural properties of the 

fragment produced by caspase-3. (a) Organization of AR domains with an indication 

of the positions of the polymorphic polyQ tract, shown in purple, of the caspase 3 

cleavage site and, in the resulting fragment, of the 21GAFQNLFQSVREVIQ35, 

54LLLL57, 103TGYLVL108 and 134GAAVAAS140 regions, respectively colored in red, 

green, blue and orange; in this and in the following panel residues are numbered 

according to the Uniprot entry for AR (www.uniprot.org/uniprot/P10275). (b) Average 

area buried upon folding (AABUF), predicted helicity according to Agadir and 

disorder propensity as calculated by PONDR-FIT of the fragment reported as a 

function of residue number. (c) 4Q and 25Q constructs used in this work, where the 

difference in the numbering with panels A and B, is due to the addition of a residue 

at the N-terminus after cleavage of the MBP by using the TEV protease. In the motifs 
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highlighted in the figure, hydrophobic residues are underlined and Q and N residues 

are shown in bold. 

 

 

 

 

Figure 2. Characterization of the oligomerization of 4Q and 25Q. (a) Time resolved 

DLS analysis of the oligomerization rate of 20 µM SDP 4Q and 25Q solutions. (b) 

CD spectra of 130 µM SDP 4Q and 25Q solutions acquired immediately after sample 

preparation. (c) CD spectra of 20 µM SDP 25Q solution after 0, 96 and 170 hours of 

incubation at 37°C. 
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Figure 3. Analysis of the oligomerization of 25Q by NMR. (a) 1H-15N HSQC spectrum 

of a 50 µM SDP sample of 15N-labeled 25Q immediately after preparation (black) 

and after 7 days of incubation at 37ºC (red). (b) Top: chemical shift perturbations 

(∆δ) observed after 7 days of incubation reported as a function of residue number. 

∆δ values shown as blue dots correspond to the difference in chemical shift between 

two signals in slow exchange originating from a cross-peak of monomeric 25Q that 

splits during oligomerization; bottom: decreases in signal intensity relatively to that 

after sample preparation (I/It=0d) reported as a function of residue number and as a 

function of time, after 2 (green), 4 (blue) and 7 (red) days of incubation. (c) Detail of 

the spectral changes observed in a specific region of the 1H-15N HSQC spectrum 

immediately after dissolution (black) and after incubation of the sample at 37ºC for 2 

(green), 4 (blue) and 7 (red) days. In the motifs mentioned in the figure, hydrophobic 

residues are underlined and Q and N residues are shown in bold. 
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Figure 4. Structural and dynamical properties of 25Q. (a) Secondary structure 

propensity of 25Q based on an analysis of the C', Cα, Cβ and N backbone chemical 

shifts carried out by using the data deposited in BMRB (entry 25608) (b) 15N R2 

relaxation rates, (c) 15N R1 relaxation rates and (d) steady-state heteronuclear 

15N{15H} NOEs reported as a function of residue number for 25Q at 500 μM protein 

concentration.  
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Figure 5. Concentration-dependent backbone dynamics in 25Q. 15N R2 relaxation 

rates for 25Q reported as a function of residue number at three different protein 

concentrations: 125, 250 and 500 μM. The error bars have been removed from the 

figure to facilitate the comparison. 
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Figure 6. Mechanism of AR oligomerization in SBMA. Scheme of the mechanism of 

oligomerization proposed for the N-terminal AR fragment based on the results 

obtained in this work.  
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Supplementary Figure 1  

 

 

 

 

 

 

 

 

Dynamic light scattering size distribution by volume of 4Q and 25Q. 20 μM 4Q (blue) and 

25Q (red) were measured at 37°C immediately after preparation. The mean size values 

are 5.6 nm and 6.1 nm respectively. 

 

Supplementary Figure 2  

 

 

 

 

 

 

 

 

Sedimentation velocity analytical ultracentrifugation of 4Q and 25Q. 310 μM 4Q (blue) and 

280 μM 25Q (red) stock solutions were measured immediately after preparation. 

Sedimentation coefficients representing the monomeric protein are 1.1 S for 4Q and 1.3 S 

for 25Q. For both constructs, an additional small but detectable population with 

sedimentation coefficient of 2.6 S (4Q) and 2.8 S (25Q) is observed. 
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Supplementary Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison of the 1H-15N HSQC spectra of UID (pink) and SPD (black) 25Q. 

Representative examples of cross-peaks with lower intensity in the 1H-15N HSQC 

spectrum of the UID 25Q sample compared to that of the SDP one are indicated. 
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Supplementary Figure 4  

 

 

 

 

 

 

 

 

Time evolution monitored by DLS. 20 μM 25Q disaggregated with the stringent 

disaggregation protocol (SDP, black) and with urea incubation followed by dialysis (UID, 

red) are compared. While the SDP sample rapidly evolves into larger assemblies, the UID 

one, even if more oligomeric, does not evolve significantly from the initial time t0. 

 

Supplementary Figure 5  

The relative signal intensity of the resonances of UID 25Q from 2D 1H-15N HSQC spectra 

at various protein concentrations. The relative signal intensity of the resonances belonging 

to the motif 22GAFQNLFQ29 decreases with concentration.  


