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A B S T R A C T   

Intrinsically disordered proteins (IDPs) and intrinsically disordered regions (IDRs) of complex multi-domain 
proteins are now identified as a trend topic by the scientific community. NMR constitutes a unique investiga
tion tool to access atom resolved information on their structural and dynamic properties, in isolation or upon 
interaction with potential partners (metal ions, small molecules, proteins, nucleic acids, membrane mimetics 
etc.). Their high flexibility and disorder, in contrast to more compact structures of globular protein domains, has 
a strong impact on NMR observables and NMR experiments should be tailored for their investigation. In this 
context, 13C direct detection NMR has become a very useful tool to contribute to IDPs/IDRs characterization at 
atomic resolution. 2D CON spectra can now be collected in parallel to 2D HN ones, and reveal information, which 
in some cases is not accessible through 2D HN spectra only, particularly when studying proteins in experimental 
conditions approaching physiological pH and temperature. The 2D HN/CON spectra are thus becoming a sort of 
identity card of an IDP/IDR in solution. Their simultaneous acquisition through multiple receiver NMR exper
iments is particularly useful to investigate the properties of highly flexible intrinsically disordered regions within 
complex multi-domain proteins, rather than in isolation as often performed to reduce the complexity of the 
system, an interesting perspective in the field.   

1. Introduction 

Our understanding of protein function has been, until recently, 
largely based on the concept of structural order. A vast number of atomic 
coordinates of three-dimensional protein structures accumulated in the 
protein data bank (PDB - https://www.rcsb.org/) providing information 
on how molecular architecture can encode specific functions. Beautiful 
images of proteins can be found in textbooks to show how they 
assemble, interact with other proteins through complementary surfaces 
and bind with high affinities with small molecules through well-defined 
binding pockets. Drug discovery largely relies on the knowledge of 
three-dimensional protein structures to identify small molecules that 
perfectly fit into protein cavities and design novel drugs with improved 
affinity following a lock-and-key drug design approach. Recent progress 
in machine learning/artificial intelligence (AI) methods enabled the 
expansion of the structure coverage (https://alphafold.ebi.ac.uk/), 
learning from the information deposited in the PDB [1]. Still, many 
entire proteins or fragments of complex proteins that do not adopt a 
stable structure and cannot be modeled remain [2]. 

Neglected for a long time as outliers in the mainstream structure- 

function paradigm, proteins that function also in the absence of a sta
ble structure, even when identified were reported in the early literature 
in very naive ways (malleable, vulnerable, chameleon, protein clouds, 
dancing proteins…) [3,4] and seldom studied in detail. On the other 
hand, it is obvious that a high extent of disorder and flexibility confers to 
proteins several properties that are highly complementary to the ones 
deriving from a well-defined conformation. Highly flexible disordered 
protein fragments can carry out complementary functional roles with 
respect to folded ones [5–13]. For example, while enzyme catalysis is 
often optimally carried out by stable folds, recognition, signaling and 
regulatory processes are strongly linked to protein flexibility [14–16]. 
The possibility to adopt different conformations enables proteins to bind 
to different partners, an important feature for proteins that act in nodal 
points of interaction pathways [12,14,17,18]. The exposed proteins’ 
backbone is often site of post translational modifications, an extra layer 
of complexity encoded in protein primary sequences [19–21]. Alterna
tive splicing is also generally linked to exposed parts of polypeptide 
chains [22,23]. Short sequences with specific aminoacidic composition 
(the so called short linear motives—SLiMs - or Eukaryotic Linear 
Motifs—ELMs) [24–26] can engage in interactions with minimal use of 
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information introducing novel ways to communicate inside a cell. Short 
disordered regions, constituted by repeated amino acids of the same 
type, called low-complexity regions, might be involved in liquid-liquid 
phase separation, another process important for cells’ life [27,28]. 
Recent work is revealing a number of novel functional modules that can 
be encoded in the primary sequence of highly flexible protein regions by 
specific patterns of amino acids. The image that emerges from this initial 
collection of data is even more fascinating than originally expected! 

2. NMR: a unique tool to access atom-resolved information on 
IDPs/IDRs 

NMR constitutes a strategic tool, if not the unique one, to access 
atomic resolution information on intrinsically disordered proteins 
(IDPs) or on highly flexible regions of complex multi-domain proteins 
(IDRs). The high extent of disorder and flexibility has a profound impact 
on NMR observables that should be carefully considered before the se
lection or the design of the most appropriate NMR experiments for the 
investigation of IDPs/IDRs. Indeed, while some aspects are advanta
geous, such as the long coherence lifetimes linked to the high flexibility 
which enable the use of sophisticated multidimensional pulse sequences 
[29–33], some others introduce critical points such as extensive chem
ical shift clustering and efficient solvent exchange of amide protons 
[33–35]. These are discussed in detail in the following paragraphs. 
However just a quick look at a 2D HN correlation spectrum, the first one 
usually acquired on a protein, provides interesting insights on the 
different structural and dynamic properties of an IDP with respect to a 
globular protein. 

Let’s start with a paradigmatic IDP, α-synuclein. This protein 
attracted the attention of the scientific community because of its link 
with Parkinson’s disease [36]. Constituted by 140 amino acids it fea
tures different regions with specific properties: a positively charged 
N-terminal region, that tends to adopt helical conformations when in 
contact with membranes [37–41], a central NAC region as well as a 

negatively charged C-terminal region also hosting three out of four 
tyrosine and all the proline residues [42,43]. The chameleonic structural 
and dynamic properties of α-synuclein, ranging from the highly flexible 
and disordered monomer, to various helical forms when 
membrane-bound, to oligomeric forms, all the way to fibrillary aggre
gates, make it one of the most eclectic proteins in terms of structural 
dynamics [44], probably a key aspect at the basis of its physiological 
role, an aspect that is still a matter of debate. The highly flexible, 
disordered monomeric form is taken here as an example to illustrate 
how the increased disorder and flexibility, with respect to globular 
proteins, impact NMR spectra. 

The 2D HN HSQC spectrum of α-synuclein shown in Fig. 1(left 
panel), clearly illustrates the profound effect of its structural and dy
namic properties on NMR spectra. The first major consequence that 
emerges consists of a pronounced reduction in the chemical shift 
dispersion of the resonances, responsible for a high extent of cross-peak 
overlap in the spectrum. This effect however is more evident in the 1H 
dimension with respect to the 15N one, in agreement with the notion that 
heteronuclear spins are very important for the study of proteins in 
general but especially for the study of IDPs/IDRs. While in globular 
proteins the local environment differentiates the spins and causes large 
chemical shift dispersion, in IDPs/IDRs these contributions are largely 
averaged out and only contributions to chemical shifts arising from the 
covalent structure remain [45,46]. This is particularly evident when 
looking at the spectrum of ubiquitin, a small globular protein often used 
as a model system for the set-up of NMR experiments, reported in Fig. 1 
(right panel). 

The increased local mobility, when passing from globular proteins to 
highly flexible ones, is reflected in smaller effective local rotational 
correlations times, a crude approximation of the complex motions in 
IDPs/IDRs that however describes the major effect of the lack of a 
globular structure on motional properties [47,48]. This effect is 
responsible for narrower NMR lines in IDPs with respect to folded pro
teins, which partly alleviates the problem of severe cross-peak overlap. 

Fig. 1. Impact of protein disorder and flexibility on NMR spectra. 
The figure shows the comparison between the 2D HN (1H-15N HSQC) spectra of two proteins with different structural and dynamic properties: (left panel) an 
intrinsically disordered protein (α-synuclein 0.6 mM in 20 mM potassium phosphate buffer, 100 mM NaCl, 50 µM EDTA at pH 6.5 and 298 K); (right panel) a globular 
protein (ubiquitin 1.0 mM in 50 mM HEPES at pH 7.0 and 298 K) both acquired at 16.4 T. The left panel reports one of the possible models of α-synuclein, the right 
panel reports the ribbon representation of ubiquitin (PDB 1UBQ). The 1H-15N HSQC spectrum of α-synuclein is characterized by a low cross-peak dispersion and 
presents many peaks in overlap one to the other, a common feature of intrinsically disordered protein spectra. The 1H-15N HSQC spectrum of ubiquitin shows the 
large cross-peak dispersion typical of folded proteins. 
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The opening of protein backbones to the solvent introduces many 
more degrees of freedom for the chemical exchange of amide protons 
with the solvent. This effect is modulated by the samples’ conditions, 
and especially by pH, temperature (T) and ionic strength. Fine-tuning of 
these factors can be used to minimize exchange effects and enables the 
measurement of informative 2D HN spectra [49]. However, it is 
important to be able to study the protein of interest in a broad range of 
informative conditions (pH, T, ionic strength), that approach the phys
iological ones. Very sensitive 2D spectra, like 2D HC HSQCs, often have 
poor resolution when acquired on IDPs due to the limited chemical shift 
dispersion of aliphatic 1H and 13C nuclear spins as well as to the presence 
of many 1H-1H scalar couplings. Worth noting, experimental interesting 
alternatives have recently been proposed [50]. 

2.1. The contribution of 13C direct detection NMR for the study of IDPs/ 
IDRs 

Needless to say, additional tools are important to render the inves
tigation of IDPs more accurate and straightforward. As discussed above, 
cross peaks in 1H detected NMR spectra of an IDP tend to cluster in re
gions foreseen for the different types of amino acids, especially moving 
away from the backbone. Backbone resonances, in particular those of 
the peptide bond involving two different amino acids, are the ones that 
retain a certain chemical shift dispersion also in the absence of a 3D 
structure. From this, the idea is to exploit as much as possible hetero
nuclear spins, such as 13C and 15N, to obtain informative NMR spectra 
[51]. 

The increase in instrumental sensitivity experienced in recent years 
allowed us to reintroduce heteronuclear direct detection also in bio
molecular NMR investigations [52–54]. Heteronuclear spins have many 
valuable properties for the study of IDPs: they are characterized by large 
intrinsic chemical shift dispersion, do not suffer from exchange pro
cesses with the solvent and reveal information about proline residues 

[55,56], often abundant in IDPs, in a straightforward and clean way. The 
intrinsic lower sensitivity of heteronuclei compared to protons is the 
major drawback which however has been partly compensated by the 
development of tailored probeheads and by the increasing of magnetic 
field strength [54,57]. 

A suite of NMR experiments based on 13C detection has been 
developed throughout the years [58] and is now widely used for the 
investigation of IDPs in parallel to the set of experiments based on 1H 
detection. A key experiment is the 2D CON [35,59], which correlates 
two nuclear spins involved in the peptide bond, a feature that contrib
utes to the excellent chemical shift dispersion of the cross peaks in these 
spectra also in the case of IDPs [60]. 

Thanks to these properties the use of 2D CON spectra in parallel to 
2D HN ones has become widely employed to ease IDPs investigations, as 
shown in Fig. 2A and B through the example of CBP-ID4, a 207 amino 
acids long linker connecting two structured domains of the CREB- 
binding protein [61]. The availability of 2D CON spectra in parallel to 
2D HN ones enriches the information content thanks to the excellent 
chemical shift dispersion of heteronuclei. This allows for example to 
count the number of signals and compare them with the expected ones, a 
key aspect to understand in the initial phases of an NMR investigation 
whether one will manage to fully characterize the protein of interest. 
The 2D HN and 2D CON spectra can thus be considered as an initial 
identity card (ID) of a protein. Inspection of Fig. 2 clearly shows that the 
combined use of the two spectra allows focusing on proteins displaying 
different structural and dynamic properties. However, it’s worth noting 
that the relaxation properties, exemplified at this stage in the cross-peak 
linewidths, are not markedly influenced by the protein size, as can be 
noted comparing the 2D CON spectra reported in the various Figures of 
this paper, at variance to what is observed for globular proteins of 
similar size. The possibility of detecting signals of proline 15N nitrogen 
spins in a very clean region of the spectra enables also the design of 
experiments tailored for this residue, which allow the acquisition of 

Fig. 2. Complementary information on IDPs/IDRs from 2D HN, 2D CON, 2D CONPRO NMR spectra. 
Panels A and B show the 2D HN (1H-15N HSQC) and the 2D CON spectra recorded at 16.4 T on a 0.2 mM CBP-ID4 sample in 20 mM potassium phosphate buffer, 100 
mM NaCl, 0.1 mM EDTA at pH 6.5 and 283 K. The 13C dimension in the CON spectrum features a higher chemical shift dispersion if compared to the 1H dimension of 
the HSQC spectrum, letting to count signals and helping in the initial analysis of the protein. 
The content of information in the 2D HN is limited also by the absence of the proline residues correlations due to the lack of the amide proton. As shown in panel C, 
the CON experiment can be designed to zoom on the proline region, particularly informative in CBP-ID4. Proline residues, displayed in the conformer of CBP-ID4 
reported in panel D, constitute 21.9 % of the protein’s content. 
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spectra that can be considered a “proline fingerprint” for all the IDPs 
that count a high number of residues of this type (Fig. 2C) [55]. 

Proline-rich regions are often found in IDRs and indeed proline res
idues were initially classified as disorder promoters. The disorder is 
generally associated with high flexibility. However, prolines feature the 
most constrained side chain (a closed ring, lacking the amide proton) 
and these residues are even used as “rigid spacers” in some experimental 
techniques [62–64]. Recent work indeed showed how dipeptides 
constituted by a proline and an aromatic residue have a key role in 
stabilizing compact states of disordered protein regions in which 
long-range contacts are present in the absence of short-range ones [56, 
65]. Cis-trans isomers of amide bonds involving proline in disordered 
regions were recently investigated and correlated to functional features 
[66–69]. It is thus important to investigate in detail the properties that 
prolines confer to intrinsically disordered protein regions as they are 
likely to cover unexplored functional niches. If sensitivity allows, minor 
isomers of peptide bonds can also be detected and easily identified in the 
15N proline region of 2D CON spectra [56,68,69], as demonstrated for 
osteopontin (OPN, Fig. 3) which features 12 proline residues grouped in 

key regions of the polypeptide. 
Increasing the protein size also means obtaining spectra with several 

peaks clustering in crowded regions with an overall increased difficulty 
in the spectral analysis. For this reason, the possibility of obtaining as 
much resolution as possible becomes a fundamental argument in the 
study of IDPs through NMR. The application of NMR experiments at very 
high fields provides exquisite resolution thanks to the larger dispersion 
of the NMR signals in the frequency domain (in Hz) moving from lower 
to higher fields [57,70]. 

A striking example is provided by proteins containing low 
complexity “polyQ” regions, an acronym that is used to indicate protein 
tracts constituted by several consecutive glutamine residues. These are 
linked to the so-called polyQ diseases, which include different kinds of 
neurodegenerative diseases that have, as the only common feature, a 
polyQ fragment as part of different proteins involved in the formation of 
aggregates at the origin of the disease [71,72]. These proteins do not 
crystallize, as most IDPs, and are not easy to study through NMR. Con
flicting evidence was reported in the literature about their structural and 
dynamic properties achieved by studying small constructs. Recent work 

Fig. 3. Identification of cis/trans X-Pro conformations from 2D CON spectra. 
The figure reports the 16.4 T 2D CON spectrum acquired on 2.0 mM osteopontin protein in PBS buffer at pH 6.5 and 310 K (only the region containing C′ X - N Pro 
cross-peaks is shown). 
The spectrum is shown using different base levels, to highlight the presence of minor forms deriving from cis/trans isomers of X-Pro peptide bonds. The magenta 
contours are optimized to visualize only the major trans conformation while the blue ones also show the minor cis conformation. Traces of the peaks arising from the 
resonances of C′ Ala 128 - N Pro 129 are reported in the bottom of the figure to compare the intensity of the major trans (magenta) and minor cis (blue) forms. A 
model of a tripeptide with the X-Pro peptide bond in cis (blue) and trans (magenta) conformation is also shown on the top of the figure. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article). 

M. Schiavina et al.                                                                                                                                                                                                                              



Journal of Magnetic Resonance Open 18 (2024) 100143

5

on the N-terminal fragment of the androgen receptor, involved in the 
onset of spinal bulbar muscular atrophy, highlighted the role of the 
sequence context in modulating the structural and dynamic properties of 
polyQ regions (Fig. 4) [73,74]. In particular, a leucine-rich region pre
ceding a polyQ tract was shown to induce a helical conformation in the 
subsequent glutamine residues engaging backbones in intramolecular 
interactions (rather than intermolecular ones); in other words, a tran
sient secondary structural element (a “polyQ helix”) exists and protects 
the protein from aggregation as experimentally verified in vitro [73,74]. 
Surprisingly this module was then found in other naturally occurring 
proteins, revealing that this module deserves further investigation 
[75–77]. 

Low complexity regions are not limited to polyQ. Another interesting 
case is provided by protein tracts that are very rich in amino acids with a 
defined charge, such as aspartates and glutamates conferring a negative 
charge or arginine and lysine conferring a positive charge at neutral pH 
to the protein stretch. An obvious role for these highly charged regions 
would be to mediate intermolecular recognition contributing to target
ing, signaling and regulatory functions. Indeed, electrostatic in
teractions are among the strongest ones and can be established at long 
distances. Although a few nice examples were recently described in the 
literature [78–80], very little high-resolution information is available so 
far. These examples are probably just a glimpse of novel ways in which 
flexible protein regions modulate functions that are not yet described in 
the PDB. 

2.2. Sequence specific assignments are necessary: a quick overview 

The possibility to access atom-resolved information derives from 
associating each cross peak in 2D NMR spectra to a specific pair of nu
clear spins within the protein under investigation. This process is 
commonly known as “sequence-specific” assignment of the resonances. 
Many different strategies have been proposed throughout the years. 
Among them, the most successful ones rely on exploiting the backbone 

scalar couplings within 13C and 15N enriched proteins. Triple resonance 
experiments, based on amide proton detection have been widely applied 
to obtain the backbone assignment of proteins [81–83]. More recently 
13C′ detected 3D experiments have been proposed for the assignment of 
IDPs [51,84–86]. Variants that exploit 1Hα or 15N direct detection were 
also proposed [87–89]. 

To understand how 3D spectra are used for the residue-specific 
assignment of proteins, the 3D CBCACON [59,90] spectrum of α-synu
clein is reported as an example in Fig. 5. This is a 13C detected experi
ment in which the backbone carbonyl carbon (C′) is the directly 
observed nuclear spin. Each signal of the spectrum encodes the infor
mation about the chemical shifts of the 15N nucleus of the residue i, the 
13C′ and the 13Cali (both 13Cα and 13Cβ) of the residue i − 1. In this way, it 
is possible to correlate two adjacent residues in the primary sequence. 
The 3D spectrum is usually sliced along one of the three axes (15N in this 
example) to obtain a series of planes that can be analyzed like 2D 
spectra. As shown in Fig. 5, each plane obtained by slicing the 3D 
CBCACON spectrum at a given 15N chemical shift value contains the 
resonances of the 13Cα/β of the previous residue in the sequence. This 
experiment can be analyzed in parallel to the 3D CCCON which also 
provides information about the remaining 13C nuclear spins of the side 
chain (the aliphatic part). Once most expected resonances are identified 
in 3D CBCACON/3D CCCON spectra, it is important to place them in the 
primary sequence by correlating them one with another exploiting the 
information of the primary sequence of the protein. To this end the 3D 
CBCACON experiment is analyzed together with the 3D CBCANCO (not 
shown), in which two sets of cross peaks involving 13Cα/β are present: 
one from residue i − 1 and one from residue i, providing the information 
required for sequence specific assignment [59,90]. An additional 
experiment that is very useful towards this objective is the 3D COCON 
experiment [51,56,91,92] which provides the correlations between 
carbonyls of neighboring amino acids (i − 1, i, i + 1), contributing to 
more accurate and robust results. 

The set of 13C detected NMR experiments is thus particularly well 

Fig. 4. Atomic resolution information on polyQ tracts from 2D CON spectra. 
Panel A shows the superimposition of 16.4 T 2D CON spectra acquired on 0.4 mM 4Q (lilac) and 25Q (green) constructs of the N-terminal region of the androgen 
receptor (20 mM sodium phosphate buffer, 1 mM TCEP at pH 7.4 and 278 K) [73]. Panel B is an enlargement of the region of the spectrum where the polyQ tract 
peaks are observed. The specific sequence assignment of the resonances is shown. An ensemble of possible conformers of 25Q is reported in panel C, highlighting in 
colors the 55L-80Q fragment (structures are superimposed considering residues 55–80). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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suited to focus on highly flexible IDPs/IDRs as it provides extended in
formation about the amino acids in the protein primary sequence, 
including proline residues as well as amino acids whose amide proton is 
affected by line broadening beyond detection. Of course, the acquisition 
of a complete set of 3D NMR experiments combining 1H and 13C 
detected ones, is always welcome when focusing on complex systems. 
Experimental conditions may be optimized to improve the detectability 
of amide proton resonances by reducing the temperature and/or the pH 
to minimize exchange broadening with solvent protons. In these con
ditions, in particular when protein solubility is limited, it may be useful 
to focus through 13C direct detection on the information that is 
completely lacking in 1HN detected experiments, that is correlations 
involving proline 15N resonances [55]. The latter 15N resonances fall in a 
very particular spectral region in IDPs, quite isolated from the one where 
15N resonances of amide nitrogen nuclei fall. This is a property that can 
be used to design NMR experiments that focus on this region by utilizing 
band-selective 15N radio-frequency pulses [93]. Along these lines, a suite 
of 3D experiments tailored for 15N proline resonances was proposed and 
offers a useful tool to complement information that is completely lacking 
in 1HN detected triple resonance experiments, even if in optimized pH 
and T conditions [93]. These experiments can be imagined as a small 
region of the complete 3D experiments and can be acquired with 
excellent resolution in a reduced amount of time with respect to the ones 
acquired on the full 15N spectral region. 

The set of 13C detected NMR experiments for sequence-specific 
assignment, as well as the 1H detected variants, can also be extended 
to include additional dimensions and acquire higher dimensionality 
NMR experiments (nD, with n > 3) [30,92,94]. These NMR experiments 
are very useful to focus on complex systems. Indeed, the increased 
number of frequencies associated with each cross peak detected in these 
spectra provides an increase in resolution reducing the chances of 
accidental cross peak overlap, one of the major problems encountered 
when focusing on IDPs/IDRs. It should also be mentioned that the suc
cess of these experiments is strongly linked to the sample properties, in 
terms of protein concentration as well as high flexibility/disorder. 
Indeed, long coherence lifetimes typical of IDPs allow for complex 

experiments with many coherence transfer pathways. Acquisition of 
these experiments with the needed resolution to be useful for the 
investigation of IDPs/IDRs through conventional uniform sampling 
strategies would require excessively long times (several days) and large 
disk spaces. Many non-uniform sampling (NUS) approaches have been 
proposed in recent years to overcome this limitation and render these 
spectra very useful in challenging cases [95–101]. 

As a result of the sequence specific resonance assignment procedure 
chemical shifts are available for most of the nuclear spins within each 
amino acid in the protein primary sequence. These are crucial to achieve 
information with atomic resolution through NMR. However, they also 
provide initial information about the structural and dynamic properties 
of the protein. This can be evinced by comparing the observed chemical 
shifts with those predicted for the protein primary sequence assuming a 
fully disordered state (random coil chemical shifts). The approach al
lows to easily identify regions of the primary sequence that transiently 
adopt secondary structural elements, generally indicated as secondary 
structural propensities [102–104]. 

2.3. 15N relaxation provides useful information about differential local 
dynamics 

The 15N NMR relaxation measurements are one of the first observ
ables to be determined when starting the investigation of a protein. They 
allow to have an initial idea of the overall relaxation properties of the 
protein and, in the second stage of the investigation, to determine local 
differences in relaxation rates between different parts of the protein it
self to link 15N NMR relaxation rates to differential local mobility along 
the polypeptide chain. 

The 15N R1, 15N R2 and 1H-15N NOE values measured for α-synuclein 
are reported in Fig. 6. 15N R1 values are generally not very informative at 
high fields, while 15N R2 and 1H-15N NOE values immediately give us 
some indications about overall and local flexibility of the protein along 
its primary sequence. Indeed, both values are low with respect to the 
expected values for a well-folded protein of similar size (schematically 
indicated by a dashed line in Fig. 6). The large reduction in transverse 

Fig. 5. Sequence specific resonance assignment through 13C-detected 3D NMR experiments. 
The left panel shows the 3D CBCACON spectrum of 0.4 mM α-synuclein in 20 mM TRIS buffer, 50 mM NaCl, 0.5 mM EDTA at pH 7.4 and 298 K recorded at 28.2 T. 
This experiment correlates the amide nitrogen of residue i with the C′, Cα and Cβ of the residue i − 1. Usually, the 3D spectra are sliced along one axis, as shown by the 
light grey plane inside the cube. By slicing the spectrum along the 15N axis, the 13C′-13Cα/β planes are obtained. The slices corresponding to the 15N chemical shift of 
the five proline residues of α-synuclein, highlighted in magenta in the model, are reported on the right. In each plane, at the C′ chemical shift of the i − 1 residue, the 
cross-peaks of the Cα and Cβ of the i − 1 residue are detected. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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relaxation rates upon loss of a stable 3D structure that characterizes 
highly flexible IDPs/IDRs has a general impact on the characteristics of 
NMR spectra of IDPs/IDRs. Indeed, the low transverse relaxation rates 
are linked to narrow linewidths, an aspect that allows for mitigating the 
problem of resonance overlap deriving from the low chemical shift 
dispersion. The low transverse relaxation rates permit long evolution 
times in multidimensional experiments, a key aspect for achieving good 
resolution. Finally, experiments which feature many coherence transfer 
steps, such as the nD ones, can be collected thanks to the long coherence 
lifetimes. 

A comment is due on 13C detected experiments to determine 15N 
relaxation rates [106]. While several variants are available, probably the 
most interesting and useful ones are those devoted to the determination 
of 15N relaxation rates for proline residues [107] that cannot be ach
ieved through other methods. The ability to selectively focus on the 15N 
region of proline residues allows researchers to narrow down the spec
tral region of interest, resulting in excellent resolution with minimal 
increments, and thus saving in the overall experimental time, compared 
to studying the entire amide region in proteins. This feature is particu
larly attractive for investigating complex proline-rich proteins. It is 
worth noting that the absence of a directly bound proton contributes to a 
reduction in the 15N nuclear relaxation rates, leading to sharp NMR 
lines. 

At higher pH and temperature, the interpretation of 15N relaxation 
rates for non-proline amino acids, obtained from 1H detected experi
ments, becomes challenging due to efficient solvent exchange. In such 
cases, heteronuclear relaxation rates involving nonexchangeable nu
clear spins like 13C can be beneficial and offer complementary infor
mation to that obtained from 15N relaxation. Experimental variants to 
determine 13C’ R1,  13C’ R1ρ, 13C’ R2 and 1H-13C NOE data have been 
proposed [108–110]. 

2.4. IDPs/IDRs fingerprints 

The complementarity between 2D HN and 2D CON spectra, and the 
inclusion of 2D CACO and 2D CBCACO spectra, that reveal information 
about two additional nuclear spins (13Cα and 13Cβ) as well as about side 
chain resonances of aspartate, glutamate, asparagine, and glutamine 

residues, provide a set of experiments that can be exploited to obtain 
atom resolved information on the properties of a protein in different 
environments (buffer, pH, etc.) as well as upon addition of potential 
partners. The possibility of studying the system through different ex
periments and exploring different points of view can help to increase the 
quality and the quantity of the information that can be achieved, 
expanding the panorama of sample conditions accessible. 

As an example, Fig. 7 recaps the complementarity of 2D HN (A), 2D 
CON (B), and 2D CACO (C) on α-synuclein. The 2D HN spectrum shows 
extensive overlap of the peaks due to the absence of a stable three- 
dimensional structure of the protein. Moreover, only a subset of the 
expected cross peaks is observed, in agreement with the notion that 
amide proton signals are very sensitive to solvent exchange processes, 
which broaden the peaks beyond detection. 13C detection helps to study 
the system in temperatures and buffer conditions in which the exchange 
processes are effective (T = 308 K and pH = 7.4 in this case). Indeed, a 
quick count of the observed cross peaks in the CON spectrum shows that 
the vast majority of the expected cross peaks can be detected, revealing 
information lost in 2D HN spectra in these experimental conditions (note 
as an example the region of the spectra where 15N resonances of glycine 
residues are detected). Moreover, 2D CON allows monitoring the five 
proline residues present in the final part of the α-synuclein primary 
sequence. The CACO clearly shows two regions of the spectrum 
reporting information about the backbone and the side chains of amino 
acids with carbonyl or carboxylate functional groups in their side chains. 
The latter are expected to be the primary actors involved in interactions 
with potential partners but are seldom investigated due to extensive 
cross peak overlap, in particular in IDPs. 13C detection offers the pos
sibility to monitor these resonances in detail through simple 2D NMR 
spectra as illustrated here through the example of the interaction of 
α-synuclein with calcium ions. Indeed α-synuclein is exposed to Ca2+

concentration bursts associated with neurotransmitter release [111] and 
the interaction with calcium ions might also trigger easier aggregation 
and be linked to the onset of Parkinson’s disease. The possibility of 
monitoring resonances of side chain carboxylate functional groups 
present in aspartate and glutamate residues is very helpful to reveal the 
initial steps of the interaction with Ca2+ [79]. Interestingly, only a 
subset of glutamate and aspartate side chains is found to be affected by 

Fig. 6. Relaxation properties of 15N in IDPs: the example of α-synuclein. 
The 15N R1, 15N R2 and 15N {1H} NOE values for 1.0 mM α-synuclein in 20 mM potassium phosphate buffer, 200 mM NaCl at pH 6.3 and 298 K, measured at 16.4 T, 
are shown. The extensive disorder and high flexibility of α-synuclein are responsible for the low values of 15N R2 and 15N {1H}NOE. For comparison, a globular 
protein constituted by a similar number of amino acids has a very different behavior such as 15N R1, 15N R2 and 15N {1H} NOE values of about 1.5 s− 1, 15 s− 1, 0.8 
respectively [105]. 
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the interaction indicating that, even in a disordered protein such as 
α-synuclein only specific regions of the protein are involved in the 
interaction (panels D and E in Fig. 7). The 2D CON also reveals addi
tional information: two out of the five proline residues present in 
α-synuclein are found to be highly perturbed by the addition of calcium 
ions [79], a surprising finding considering that prolines do not have 
pronounced metal ion binding properties. Interestingly the two per
turbed proline residues lie in between two negatively charged amino 
acids, revealing a local motif involved in the interaction (DPD, EPE, 
panel F in Fig. 7). The region involved in the interaction is also rich in 
tyrosine residues, which were found to be perturbed upon addition of 
Ca2+ [79]. These findings highlight particular motives in the C-terminal 
region of the protein involved in the interaction with metal ions, even in 
the presence of high flexibility and disorder [79]. 

3. Multidomain proteins: a key perspective in the field 

Proteins are often investigated focusing on a single domain, 
neglecting the fact that they are usually composed of a sequence of 
different domains each with its own function. This “divide-and-conquer” 

approach has been widely exploited, allowing important features to be 
understood [112]. However, the interplay between the different do
mains is not captured through this approach. 

The study of multidomain proteins in their entirety requires different 
NMR strategies that should consider the structural heterogeneity of each 
domain. Indeed, these modular proteins are usually composed of a 
succession of globular and disordered domains which can be investi
gated using different NMR approaches. As discussed above, the selection 
of the most appropriate NMR experiment as well as the optimization of 
the relevant parameters depends on the structural and dynamic prop
erties of each domain rendering the investigation of multidomain pro
teins very challenging. Moreover, the complexity of the NMR spectra, in 
terms of the number of expected signals, obviously increases when 
focusing on multidomain proteins rather than on single isolated do
mains. Needless to say innovations that allow to study increasingly 
complex protein constructs are very important to fully understand also 
mutual interactions between the different domains themselves and to 
clarify how their interplay influences protein function. 

The idea is thus to exploit the different spectral characteristics of 
globular and disordered domains to discriminate resonances from the 

Fig. 7. Following the interaction of α-synuclein with calcium ions. 
Panel A, B and C show 2D NMR spectra (2D HN, 2D CON and 2D CACO) acquired on 0.6 mM α-synuclein in TRIS 20 mM at pH 7.4 and 308 K with a 16.4 T NMR 
spectrometer. The information that can be derived by these three spectra provides a complete fingerprint of the protein with information about all the backbone 
nuclear spins as well as of some side chains (Cδ, Cγ of Glu and Gln Cγ, Cβ of Asp and Asn, highlighted in the box in panel C). Panel D and E illustrate enlargements of 
2D CACO spectra containing the cross peaks of Asp and Glu side chains respectively and their shifts upon addition of calcium ions. This suite of 2D NMR spectra is 
useful to follow interactions at the atomic level; they reveal particular motifs of α-synuclein involved in the interaction of with calcium ions (model in panel F). The 
overlay of the CON spectra in the proline region (not reported) also revealed two proline residues (P120, P138) flanked by negatively charged residues involved in 
the interaction with calcium ions [79]. 
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two domain types in the spectra or to simplify spectra in order to detect 
correlations from one type of domain only. The complementarity of 1H 
and 13C detected experiments is a valuable source of information. For 
example, the 2D HN spectrum, the first one that is often acquired when 
starting a protein investigation, provides signals from both domain 
types. The well-dispersed signals, arising from the globular domains can 
be easily identified whereas those of the disordered regions are clustered 
in a small central region of the spectra featuring extensive cross-peak 
overlap, as also evident from the two examples reported in Fig. 1. 
Depending on the experimental conditions (pH, temperature, ionic 
strength), some of the HN resonances of disordered protein regions can 
be difficult to observe because of line broadening. On the other hand, in 
the absence of extreme solvent exchange processes the signals of the 
disordered regions that can be observed in the spectra are generally 
more intense with respect to the ones deriving from globular compo
nents because of the intrinsically different transverse relaxation prop
erties. However, as discussed above, they are generally characterized by 
significant resonance overlap, due to the reduced chemical shift 
dispersion typical of IDPs/IDRs. In this context, experiments based on 
carbonyl carbon direct detection offer a useful tool to selectively 

highlight the cross peaks deriving from the IDRs also when part of 
complex multidomain proteins. Indeed, the favorable chemical shift 
dispersion of heteronuclei provides a large contribution to increasing 
the resolution. In addition, the relaxation properties of carbonyl nuclear 
spins in the different motional regimes, combined with long delays in 
which transverse carbonyl relaxation is operative in CON-based exper
iments, results in a large difference in experimental sensitivity for 
globular and disordered regions. These differences are so pronounced 
that only cross peaks deriving from IDRs are generally observed in CON- 
based spectra. This constitutes a useful property to selectively highlight 
cross peaks deriving from disordered regions in complex multidomain 
proteins in a clean and complete way. 

The improvement of hardware components allowed for the devel
opment of consoles equipped with multiple receivers for the simulta
neous detection of different FIDs. With this technology it becomes 
possible to easily design experiments that involve different nuclear spins 
and different magnetization transfer pathways in order to acquire more 
experiments in the time needed for a single one [113–117]. These ex
periments, known as “multiple receivers” experiments, enable to detect, 
within the same transient, two or more different FIDs deriving from 

Fig. 8. Multiple receiver NMR experiments: different views on complex multi domain proteins. 
Panel A shows NTR, the 1–248 residues construct of the nucleocapsid protein from SARS-CoV-2, is a modular protein constituted by the presence of two disordered 
regions (IDRs, green) flanking a globular domain (NTD, orange). A possible strategy for the investigation of such a system is represented by multiple receiver ex
periments. The mr_CON//HN scheme is schematically reported in panel B. The recycle delay needed for the 2D CON experiment is used to acquire a 2D HN 
experiment. The resulting spectra, acquired on NTR are reported in panel C (2D HN) and D (2D CON) [118]. It is worthy of note that the 2D HN experiment allows for 
the detection of the residues in the folded and in the disordered regions. The 2D CON experiments work as a relaxation filter and allow for a clear characterization of 
the IDRs also in the context of multidomain proteins. 
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different nuclear spins in the same experiment. Fig. 8 shows an example 
of how fruitfully the MR receiver strategy can be implemented to study a 
modular protein, the Nucleocapsid protein from SARS-CoV-2. 

The nucleocapsid protein from SARS-CoV-2, expressed in high copy- 
number by the virus upon infection, has an important role in packaging 
the RNA genome of the virus, but it also plays several important roles in 
the transcription and assembly of the virion within the infected host 
[119]. Constituted by alternating disordered and globular domains, it is 
characterized by heterogeneous structural and dynamic properties, 
important for its function. The 3D structure of the globular domains is 
known: the N-terminal domain (NTD) is responsible for RNA binding 
and the C-terminal one (CTD) is responsible for homo-dimerization 
[120]. The three disordered linkers (IDR1, IDR2 and IDR3) are 
believed to be responsible for an intricate mechanism involved in the 
formation of the ribonucleoprotein complex [118,121–124]. They are 
also engaged in many interactions with other viral proteins or host 
proteins. The N protein from different coronaviruses seems to be 
genetically more stable than other structural proteins of the virus, which 
makes it an excellent candidate for developing antiviral therapies [125]. 

The NTR construct, which comprises the NTD flanked by two 
intrinsically disordered regions (IDR1 and IDR2), has been studied to 
understand how the flanking disordered regions contribute to the 
overall properties of this protein domain as well as to investigate their 
role in interactions with possible partners, such as RNA and other pol
yanions [118,126]. The multiple receivers experiment used to investi
gate NTR, is a CON-based variant in which an HSQC is included during 
the CON interscan delay. The two experiments exploit different nuclear 
spins as starting polarization source. It is thus quite straightforward to 
include the instructions to acquire a 2D HN HSQC within the relaxation 
delay of the CON experiment. Care should be taken to use 15N-13C 
decoupling strategies during the HN HSQC evolution time that allow to 
restore carbonyl carbon polarization to equilibrium before the begin
ning of the CON experiment. This can be easily accomplished by the use 
of 180◦ 13C pulses for decoupling during 15N chemical shift evolution, 
flanked by a second 180◦ 13C pulse to restore the 13C polarization to the 
z-axis right after or right before the 15N evolution time. As a result, two 
spectra, the 2D CON and 2D HN HSQC, can be collected in the time 
needed for the 2D CON experiment, without essentially any compromise 
with respect to their independent acquisition [117]. 

The results obtained on the NTR construct are reported in Fig. 8. The 
2D HN HSQC shows a number of well dispersed signals that derive from 
the globular NTD domain together with other signals clustered in a very 
narrow region of the spectrum, deriving from the flanking intrinsically 
disordered regions. While it is quite straightforward to identify the 
signals of the NTD domain, the situation becomes more complicated in 
the central region of the spectrum. The simultaneous acquisition of the 
2D CON spectrum allows for selective highlighting of the signals from 
the flanking disordered regions (IDR1, IDR2). The availability of reso
nance assignment of these cross-peaks allows to follow at the atomic 
level, perturbations deriving from the addition of potential partners to 
the solution. A particularly interesting interaction in this context is that 
with RNA, the polymer that is packaged inside the virion thanks to the 
activity of the Nucleocapsid protein itself. While several interaction 
studies of NTD with RNA indicated a quite extended interaction region 
centred on the flexible positively charged “finger” of the globular 
domain [127–130], no information at atomic resolution was available 
on the role of the flanking disordered regions in this interaction. Several 
studies with other techniques however indicated the importance of 
linkers for the interaction but, in general, only overall data were re
ported without going into the details of specific regions because of 
extensive resonance overlap in the 2D HN NMR spectra. The use of 2D 
CON spectra, in particular when acquired simultaneously with 2D HN 
ones through the multiple receivers approach, revealed interesting 
atomic resolution information highlighting selected regions within the 
IDR1 and IDR2 involved in the interaction. These comprise positively 
charged regions that, together with the highly flexible finger region of 

NTD, also positively charged, form a “flexible” ridge that is particularly 
well suited to sense and interact with negatively charged RNA back
bones. The construct thus seems well suited to interact with long poly
anions, such as RNA fragments [118]. 

Along these lines, another interaction that was studied was the one 
with heparin, one of the most negatively charged, natural, linear poly
anions. Heparin was also used, for different reasons, in the treatment of 
severely ill covid19 patients and it was thus interesting to see whether a 
direct interaction with the N protein could occur. The use of the 
mr_CON//HN approach allowed to monitor the interaction with atomic 
resolution and reveal again an important role played by the IDRs in the 
interaction [126]. 

4. Conclusions and perspectives 

As the number of investigated IDPs/IDRs increases, their important 
role in protein function is becoming evident. A strong link is also 
emerging between the misfunction of IDPs/IDRs and several diseases 
that are difficult to treat nowadays. NMR is playing a crucial role in 
revealing molecular details that encode specific features for protein 
function. These are already beginning to highlight functional modules 
associated to a high extent of flexibility and disorder. 

The investigation of complex protein constructs that comprise both 
globular and disordered domains is generally very challenging, but it is 
also expected to reveal the interplay between the different modules. By 
understanding how globular and disordered domains interact, we can 
learn more about how complex proteins work and how they are regu
lated. This knowledge could lead to the development of new drugs and 
therapies for a variety of diseases. 

A variety of NMR methods optimized for the investigation of IDPs/ 
IDRs has been proposed in recent years and is extensively used in many 
NMR labs. However, there is still wide room for further improvements 
thanks to the great versatility and potential of NMR spectroscopy, in 
particular when stimulated by challenging examples, such as the 
increasing complexity of the IDPs/IDRs under investigation, their 
involvement in a broad range of different types of interactions, their 
important role in promoting liquid-liquid phase separation (LLPS). 
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methods for intrinsically disordered proteins studies, Methods 148 (2018) 81–87, 
https://doi.org/10.1016/j.ymeth.2018.04.031. 

[99] Y. Pustovalova, M. Mayzel, V.Yu. Orekhov, XLSY: extra-large NMR spectroscopy, 
Angew. Chem. Int. Ed. 57 (2018) 14043–14045, https://doi.org/10.1002/ 
anie.201806144. 

[100] M.A. Zambrello, A.D. Schuyler, M.W. Maciejewski, F. Delaglio, I. Bezsonova, J. 
C. Hoch, Nonuniform sampling in multidimensional NMR for improving spectral 
sensitivity, Methods 138–139 (2018) 62–68, https://doi.org/10.1016/j. 
ymeth.2018.03.001. 

[101] S. Robson, H. Arthanari, S.G. Hyberts, G. Wagner, Nonuniform sampling for NMR 
spectroscopy, in: A.J. Wand (Ed.), Methods in Enzymology, 2019, pp. 263–291, 
https://doi.org/10.1016/bs.mie.2018.09.009. 

[102] K. Tamiola, F.A.A. Mulder, Using NMR chemical shifts to calculate the propensity 
for structural order and disorder in proteins, Biochem. Soc. Trans. 40 (2012) 
1014–1020, https://doi.org/10.1042/BST20120171. 

[103] C. Camilloni, A. De Simone, W.F. Vranken, M. Vendruscolo, Determination of 
secondary structure populations in disordered states of proteins using nuclear 
magnetic resonance chemical shifts, Biochemistry 51 (2012) 2224–2231, https:// 
doi.org/10.1021/bi3001825. 

[104] J. Kragelj, V. Ozenne, M. Blackledge, M.R. Jensen, Conformational propensities of 
intrinsically disordered proteins from NMR chemical shifts, ChemPhysChem 14 
(2013) 3034–3045, https://doi.org/10.1002/cphc.201300387. 

[105] L. Banci, I. Bertini, F. Cramaro, R. Del Conte, A. Rosato, M.S. Viezzoli, Backbone 
dynamics of human Cu,Zn superoxide dismutase and of its monomeric F50E/ 
G51E/E133Q mutant: the influence of dimerization on mobility and function, 
Biochemistry 39 (2000) 9108–9118, https://doi.org/10.1021/bi000067z. 

[106] C.W. Lawrence, S.A. Showalter, Carbon-detected 15N NMR spin relaxation of an 
intrinsically disordered protein: FCP1 dynamics unbound and in complex with 
RAP74, J. Phys. Chem. Lett. 3 (2012) 1409–1413, https://doi.org/10.1021/ 
jz300432e. 

[107] M. Schiavina, R. Konrat, I. Ceccolini, B. Mateos, R. Konrat, I.C. Felli, R. Pierattelli, 
Studies of proline conformational dynamics in IDPs by 13C-detected cross- 
correlated NMR relaxation, J. Magn. Reson. 354 (2023) 107539, https://doi.org/ 
10.1016/j.jmr.2023.107539. 

[108] G. Pasat, J.S. Zintsmaster, J.W. Peng, Direct 13C-detection for carbonyl relaxation 
studies of protein dynamics, J. Magn. Reson. 193 (2008) 226–232, https://doi. 
org/10.1016/j.jmr.2008.05.003. 

[109] W. Bermel, I. Bertini, I.C. Felli, R. Peruzzini, R. Pierattelli, Exclusively 
heteronuclear NMR experiments to obtain structural and dynamic information on 
proteins, ChemPhysChem 11 (2010) 689–695, https://doi.org/10.1002/ 
cphc.200900772. 

[110] I Bertini, I.C. Felli, L. Gonnelli, M.V. Vasantha Kumar, R. Pierattelli, High- 
resolution characterization of intrinsic disorder in proteins: expanding the suite of 
(13)C-detected NMR spectroscopy experiments to determine key observables, 
Chembiochem 12 (15) (2011) 2347–2352, https://doi.org/10.1002/ 
cbic.201100406. 

[111] R. Llinás, M. Sugimori, R.B. Silver, Microdomains of high calcium concentration 
in a presynaptic terminal, Science 256 (1992) 677–679, https://doi.org/10.1126/ 
science.1350109 (1979). 

[112] T. Wiegand, C. Gardiennet, R. Cadalbert, D. Lacabanne, B. Kunert, L. Terradot, 
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